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Abstract 

Continuity and reliability of the power supply is the need of today's fast-developing 

country and the major root cause of failure of the power supply is the non-reliable 

performance of outdoor insulators. Insulators account for only 5% to 8% of the direct 

capital cost of the line; they are associated with more than 70% of line outages and up to 

50% of line maintenance costs. Therefore in any power network, condition assessment of 

the outdoor insulator is one of the most important maintenance services.  

One of the reasons for the non-reliable performance of outdoor insulators is the frequent 

contamination flashover. When the energized contaminated outdoor insulators are wetted, 

there is a flow of leakage current (LC) on its surface which may develop flashover 

conditions. Composite insulators which are also known as Silicone rubber (SiR) insulators 

are increasingly being used in new AC and DC high voltage transmission systems due to 

their superior performance in wet-polluted conditions compared to traditional porcelain 

and glass insulators. However, in severely polluted environments, sustained discharge 

activities and dry band arcing due to surface contamination cause tracking, erosion, and the 

loss of hydrophobicity on the Surface of composite insulator. This degradation can 

accelerate damage to the insulator surfaces, increasing the probability of a flashover and 

enduring insulator failure.  

To avoid the flashover, utilities spend a significant amount of money on preventive 

maintenance, which includes insulator washing and cleaning. This expensive operation is 

scheduled by the subjective judgment of line engineers, based on historical experience or 

total hours of service since the last washing. Exact predictions of pollution build-up and 

identification of the time when the flashover is imminent have significant value to utilities. 

A condition-based maintenance program requires insulator washing only when specific 

diagnostic criteria indicate that such washing is warranted. Obviously, an accurate 

diagnostic criterion is needed to determine the condition of the insulator surface and to 

identify the possibility of flashover. Laboratory studies and industrial experience has 

shown that insulator surface LC carries information about approaching flashover. It also 

shows that the design of the insulator affects the surface LC.  

Therefore in this research, the attention is given in two directions: first is optimizing the 

washing schedule by knowing the pattern and magnitude of the LC on insulator surface 
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which may lead to the flashover, and second is to optimize the design of the insulator 

which gives less LC compared to the available design and hence the life of the insulator 

will be increased. 

To optimize the washing schedule, a performance index that can be used as a warning 

alarm to the utility to schedule the washing of insulator was developed. For this, the 

experimental- setup was prepared to derive the LC signal of 11kV artificially polluted 

composite Insulator and then Fast Fourier transform (FFT) was applied to design the 

performance index. It was found that the ratio 3rd/ 5th harmonics is continuously increasing 

and just prior to the flashover it was drastically reduced. Hence this ratio is useful to 

suggest a condition-based maintenance schedule by continuously measuring the online LC.  

The online method is expensive and complex as it is difficult to locate it on each tower 

where insulators mounted, the offline method is developed. The offline method is the 

predictive one which predicts LC based on the surface contamination and environmental 

condition of Insulators.  An artificial neural network (ANN) based model is constructed to 

predict the LC that usually causes the flashover. Pollution level and the humidity, the two 

main root causes of the flow of the LC, are taken in the construction of the model to find 

out the LC at different pollution and humidity level. The model’s results show predicted 

values with the average accuracy error near about 5% with the real experimentally 

measured values. This yielded result is under tolerance limit, and if the predicted LC is 

going higher than an acceptable then this may be a sign or alarm for washing schedule for 

the utility. 

In the second solution, an optimized design of an 11 kV composite Insulator is proposed 

using the Finite element method which gives a 12.4% reduction in LC compared to the 

available design. Weight, overall size, and cost of the insulator were considered as the 

constraints during optimizing the design of the insulator in COMSOL 5.3 Multiphysics 

software.  

The efforts are in the direction to help the utility to predict an accurate washing schedule 

and to suggest the modified dimensions of design parameters for the composite insulator so 

the chances of flashover can be reduced. It overall improves the reliability and 

performance of the whole power system. 
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CHAPTER-1 

Introduction 

1.1 Overview 

Continuity and reliability of the power supply is the need of today’s fast-developing 

country as a great number of industries depend upon the availability of an uninterrupted 

power supply. Any Transmission and Distribution system essentially consists of 

transmission towers, conductors, insulator strings, line hardware accessories, etc. Fig.1.1 

shows the Composite insulator which is also known as silicone rubber (SiR) insulator in 

the high voltage transmission system. 

 

FIGURE 1.1 Typical High Voltage Power Transmission systems [1] 

Outdoor insulators provide mechanical support and electrical isolation to overhead 

conductors. One of the major root causes of failure of the power supply is the non-reliable 

performance of outdoor insulators. Any failure in the satisfactory performance of high 

voltage insulators will result in considerable loss of capital. The Insulators account for only 

5%to 8% of the direct capital cost of the line, they are associated with more than 70% of 

line outages and up to 50% of line maintenance costs [1]. Hence it is essential to 
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understand the field performance of outdoor insulators for ensuring reliable operation of 

the transmission and distribution system. 

The insulators fail due to flashover or puncture. The term flashover can be defined as an 

unintended disruptive electric discharge over or around the insulator. Due to the 

flashover, the dielectric strength of the insulating material deteriorates and so the insulator 

may easily be punctured under the high electric stress. Punctured insulator behaves as a 

conductor, as a result, a line to ground fault occurs through the cross arm of tower and 

relay trips the supply line.   Puncture is the permanent damage of the insulator and in that 

case, the insulator has to be replaced by a new one. Time taken in finding the faulty 

insulator and subsequent replacement causes power supply interruption to the consumers 

and hence state incurs some loss of revenue. If the causes of the flashover are well 

understood, then the maintenance can be done to remove or to decrease the impact of that 

causes which may lead to flashover and hence the reliability of the supply can be 

maintained.  

One of the main causes of flashover is wet contamination on the insulator surface [1].  The 

outdoor insulator has to work in an open environment and hence it is likely affected by 

environmental factors like pollution, temperature, humidity, UV rays, etc. In 2011, 

Northern Regional Power Committee (NRPC), India has noticed instances of grid failure 

due to pollution flashover on a 400 kV single circuit line during fog condition. In such 

instances, the line has been put to operation after identifying the location of a failure and 

taking remedial action which has resulted in an outage for a long period of time. In view of 

this issue, NRPC had called a meeting for the banning of the brick kiln and other industries 

in the vicinity of the transmission line which creates pollution in the atmosphere. The 

meeting paper is shown in appendix A and its snapshot is shown in Fig. 1.2. The reason for 

the flashover is that the particles in that pollution accumulate on the surface of the insulator 

and when it becomes wet due to rain, fog or dew provides a conductive path for the 

current. This current is known as surface leakage current (LC) which creates flashover and 

due to that, the short circuit faults occurs in transmission and distribution system. The 

pollution particles accumulate on the surface of the insulator is technically known as a 

contaminant and the flashover of the insulator due to this contamination is known as 

contamination flashover. 
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FIGURE 1.2: Meeting paper [Source: Northern Regional Power Committee, Appendix A] 

In addition to the industry, the coastal area is also a source of contaminant for the 

insulators of transmission and distribution lines passing through it. In fact, it is more severe 

pollution as it contains particles of Sodium chloride (NaCl) which is a very good conductor 

for the current. The line passing through the seashore of Bhatia, Dwarka, Gujarat, India, 

had been de-rated from 220 kV to 132 kV due to the coastal contamination flashover 

problem which was having porcelain insulator. Now it is rated again at 220 kV by 

replacing the porcelain insulator with SiR Insulator.  

The conventional insulator known as ceramic insulator has hydrophilic properties which 

enable water to easily form a continuous conductive film along the creepage path of the 

insulator surface. This property of insulating material may lead to flashover and hence 

cause failure in the power transmission lines. Due to the advancement in material science, 

the novel material has been developed for the housing of the insulator which has a 

hydrophobic surface property that is the SiR. The hydrophobic property is the ability of a 

surface to bead water in drops and hence refuses to create a continuous film. SiR is one 

type of polymer. Due to this property of the surface, the LC is reduced since it prevents 

water to form a solid conducting layer on its surface. However, the hydrophobic property 

may deteriorate due to the effect of aging and harsh environmental factors and hence the 

chances of the flow of LC on the surface of SiR are increased. This LC may cause the short 
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circuit faults when it turns into the flashover. The flashover phenomenon is shown in 

Fig.1.3.The literature review undertaken indicates that the issue related to contamination 

flashover in a heavily polluted environment is still under concern. The behavior of the 

insulator under wet polluted condition is very complex. 

 

 

FIGURE 1.3: Flashover phenomenon in Insulator 

 

 
The remedy of the contamination flashover which was traditionally adopted by the 

electrical utility is to clean and wash the insulators by de-energizing the line. As this is the 

dead maintenance method, it causes loss of supply and for that, the Electricity utilities 

receive customer complaints or are financially penalized. Therefore preventive 

maintenance, deploying live line maintenance techniques, prove the best solution. Fig.1.4 

shows the live line washing with help of a helicopter and hydraulically powered Robotic-

arm which is obviously time-consuming and costly. 
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 (a)   (b)   

FIGURE 1.4: Washing of insulator (a) With helicopter (b) With hydraulically powered Robotic Arm [58] 

It may possible that the actual requirement of a washing insulator is before the predefined 

schedule as the activity of LC is pronounce and it may lead to flashover. It may also 

possible that the LC activity is not so pronounced at the time of washing as per the 

predefined schedule and it leads to the wastage of revenue. Hence, if the LC is predicted, 

the maintenance schedule can be optimized and the flashover may be avoided. Hence it is 

required to develop condition-based maintenance schedule. 

In any power network, condition assessment of the outdoor insulator is one of the most 

important maintenance services. So many mechanisms have been reviewed and applied for 

condition assessment of insulator like LC measurement, Hydrophobicity evaluation, and 

Equivalent salt deposit density (ESDD) measurement. In addition to this, an artificial 

neural network (ANN) has also been applied for the prediction of flashover voltage. 

However, the literature shows that no method exists for the accurate prediction of 

contaminated flashover for the SiR insulators.  

As the main cause of the contaminated flashover is the flow of LC on the polluted surface 

of insulator, the other way is to improve the insulator design for that it gives less LC and 

hence the chances of flashover may reduce. Some guidelines and standards are available 

which suggest the different insulator profile for different polluted environments. In IEC-
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60815-3 the selection and dimensioning of the insulator has been suggested while in IEC-

60815-1 the classification of severity of pollution level has been given [2].  By considering 

these standards, one can improve the design of the insulator by changing the different 

design parameters in the acceptable range given in IEC-60815-3 for the different working 

environments in IEC-60815-1.    

1.2 Problem Definition  

The motivation for this research work is the need for utility companies and the power 

system industry to improve the performance of the outdoor insulator in the polluted area. 

The insulators are associated with more than 70% of line outages and up to 50% of line 

maintenance costs. Due to flashover of insulator supply is interrupted which creates 

inconvenience to the customer and loss of revenue to the utility. In the present scenario, the 

utility has adopted the preventive predefined maintenance schedule for the washing of 

insulator which is irrespective of the surface condition of an insulator. Therefore it is 

required to develop suitable condition-based apt washing scheduling. Also to improve the 

performance and life of the insulator it is essential to optimize the design of the insulator. 

1.3 Objective and Scope of work 

The aim of the research work is to reduce the chances of an outage of electricity supply 

due to the flashover of the outdoor Insulator. One of the solutions to avoid the flashover is 

to wash and the clean insulator based on the condition of its surface and not as per the 

predefined maintenance schedule. This understanding leads to develop the condition-based 

maintenance schedule. The condition of the surface can be estimated by analyzing the LC 

flowing on its surface and hence the research work focuses on the experimental 

investigation of LC characteristics under different severity of pollution conditions. The 

outcomes of the experiment can be used in the CBM schedule and for that, an online 

warning alarm index was prepared which triggers the right time for maintenance.   

To develop an online warning alarm index, the experimental set-up was prepared which 

provides almost similar outdoor situations for the insulator. As the offline condition 

monitoring is easier and cheaper than the online, ANN was used to develop offline 

condition-based maintenance schedule. Also, the possibility of improving the performance 

and life of insulators by redesigning the profile of insulators has been explored here. 
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1.3.1 Objective 

The objective of the research is to find ways to attain a significant performance of outdoor 

insulators for a long time while minimizing their maintenance costs. This can be generally 

achieved as follows:  

 
1) By increasing the frequency of periodic maintenance to clean insulators. However, 

it is time consuming, costly and may crate supply interruption if the line is de-

energized for maintenance purposes.  

2) By increasing the creepage distance between the live electrode and ground electrode 

to reduce LC and hence the flashover, but this solution increases the cost of the 

insulator.  

3) Scheduling maintenance on-demand based by knowing the pattern and the 

magnitude of LC flowing on the surface of an insulator.  

4) Optimizing the design parameter of the available insulator by using the same 

quantity of material to reduce the L.C.  

From the above solutions, since the first and second methods cause cost increment 

therefore third and fourth ways are focused on this thesis. 

1.3.2 Scope of work 

The scope of the study involves the following stages to achieve the required objective.  
 

• Review of IEC standards 60507, 60815-1, and 60815-3 

• Develop the experiment set-up to analyze the behavior of LC and define the warning 

alarm index in terms of LC characteristics to avoid the flashover.  

  To develop the ANN-based model to predict LC that is useful for suggesting the 

Condition-based maintenance schedule. 

• To develop a mathematical model of insulator using Finite element method (FEM)  

•  To perform the parametric study to determine the optimized dimensions of the 

insulator.  
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1.4 Methodology 

To accomplish the objectives of the research different computational approaches like 

analytical study, experimental work, simulation of insulator model, parametric study, and 

modification of design are done. The objective related to scheduling demand based 

maintenance is yielded by two methods: first, the online method that infers the severity of 

LC by estimating the ratio of the 3rd to 5th harmonics and the other method is offline one 

which employs ANN based prediction model. Whereas another objective related to the 

design of the insulator is obtained by the FEM using COMSOL 5.3a Multiphysics 

software. 

1.5 Thesis Organization 

This thesis is structured into the following chapters. In this chapter, a brief overview of the 

thesis is given. Moreover, the research problem, research objectives and scope, 

methodology and the main contributions of this work are briefly described. 

Chapter 2 covers the Literature review on the advancement of insulator material, 

performance of outdoor insulator in polluted conditions, different condition assessment 

techniques, different IEC standards, optimization methods, and different numerical 

methods which are useful for simulation of the insulator and finally research gap was 

identified after rigorous literature survey. 

Chapter 3 presents the measurement and analysis of the LC for 11kV SiR Insulator in 

different polluted conditions. The artificial climate chamber (ACC) has been prepared to 

analyze the performance of contaminated insulators under humidity. The Fast Fourier 

transform (FFT) was applied on the LC waveform to find out the harmonic level of LC and 

from that condition-based maintenance schedule is suggested based on the ratio of 3rd to 5th 

harmonic ratio.  

Chapter 4 includes the modeling and design of the available design of 11 kV SiR Insulator 

using COMSOL 5.3 Multiphysics which is a software that incorporates the Finite element 

method (FEM) for design purposes. The purpose of this chapter is to analyze the effect of 

wet contamination on the voltage and electric field distribution of insulators. The current 

density and current magnitude are also computed under contaminated conditions.  
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Chapter 5 is related to the design optimization of the insulator. Here the aim is to reduce 

the surface LC by changing the design parameters. The two parameters shed angle and the 

distance between two sheds were selected as variable design parameters. The reason 

behind selecting these two parameters is that the material requirement remains the same so 

the cost is not affected. The parametric study was adopted in the limit suggested by the 

IEC-60815 standard. By using COMSOL 5.3 software, the design is optimized. The 

comparison between the available design and the optimized design has been shown in this 

chapter.  

Chapter 6 The purpose of this chapter is to develop the offline predictive model for LC 

which causes flashover. Here the predictive model was constructed using the ANN 

approach where humidity and ESDD were taken as inputs and the LC as an output to the 

model. To train the network in-house experimental data was used. The predicted results are 

in good agreement with the actual experimental result. This is the offline method which 

suggests the utility to schedule washing of insulator. 
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CHAPTER: 2 

Literature Review 

2.1 Introduction 

The energy sector is facing so many challenges during the transmission and distribution of 

electricity. One of them is the flashover and puncture of the insulator because due to these 

two issues, the power supply is interrupted which results in the loss of revenue. The over-

voltages due to switching and lightning surges and the contamination on the insulator 

surfaces under severe environmental conditions are the most common causes of the 

flashover. The flashover due to contamination is termed as “Contamination flashover”. In 

this research, the investigations are focused on AC contamination flashover. The 

contamination flashover occurs due to the poor performance of the outdoor insulator 

against the pollution. As the outdoor insulator works in an open environment, it has to face 

pollution that occurs in the working area. The application of a composite insulator 

invariably known as silicone rubber (SiR) insulator is becoming popular and accepted by 

the manufacturer, utility and private consumers due to its outstanding performance in the 

polluted area. The SiR insulators give better flashover performance for polluted 

environments when compared with the ceramic insulators due to its unique characteristic 

known as hydrophobicity; however, under harshly polluted conditions, surface discharge 

phenomenon and pollution flashovers are not completely removed. Hence, the electrical 

performance of the SiR insulator under the polluted environmental conditions is still an 

issue of concern.  

The main focus of this chapter is to highlight the causes of flashover and to review the 

existing solutions in the field and suggested by different researchers to avoid flashover. 

The constraints and limitations of these methods have been also reviewed. The review of 

the different IEC standards for the selection and dimensioning of outdoor SiR Insulator has 

been also done and finally found the research gap in this area.     
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2.2 Outdoor Insulator 

Outdoor insulators are extensively used in power transmissions and distribution systems. 

There are main two functions of the Outdoor insulators, one is to provide mechanical 

support to the overhead line conductors, and the second is to isolate them electrically from 

the tower. They have been commonly classified based on the type of insulation housing 

material as conventional ceramic with porcelain or glass housing and non-ceramic with 

polymeric housing (weather sheds), as shown in Fig. 2.1.  

 
FIGURE 2.1 Types of Insulators (a) Porcelain insulator string (b) Porcelain insulator single disc (c) Glass 
insulator string (d) Glass insulator single disc (e) Polymeric insulator [Picture source: High Voltage 
Laboratory, Indian Institute of Science, Bangalore] 
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The development and use of composite insulators started in the middle of the 1960s [3,4], 

and by 1990, they had become a prevalent product in power systems [4,5] and getting 

larger acceptance in current years due to their excellent characteristics. 

2.3 Silicone Rubber Insulator 

Unlike the conventional insulators which consist of multiple discs, polymeric insulators are 

made as a single unit with varying number of sheds (creepage distance) as shown in Fig. 

2.1(e).The typical profile of a composite insulator unit is shown in Fig.2.2. As this housing 

material contains a polymer of silicone they are termed as polymer.   

 

 

FIGURE 2.2: Different parts of the composite insulator [6] 

The Composite insulators are made of three main components [6]:  

1) Fiberglass reinforced core often known as FRP rod, which is an internal part of a 

polymeric insulator and provides high mechanical strength.  

2) The metal end fittings, usually aluminum alloy or forged steel, are provided to 

convey the mechanical load to the inner core. During the designing phase of the 

metal end fitting, the shape of it is main consideration because it is very important 

to limit the corona discharges that may cause the housing material to become 

fragile and possibly to crack, thereby, damaging the insulator due to moisture 

intake into the fiberglass core [7].  
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3) The polymeric housing, which is the external part of the core, consists of weather 

sheds. The weather sheds provide the required leakage distance which behaves as 

the effective electrical isolation between two metal fittings.  

The manufacturing of the SiR insulators can be done by using several techniques. The 

most adopted technique involves molding the insulator housing directly around the FRP 

core as shown in Fig.2.3. In this method, the housing can be chemically joined to the core 

[8]. Metal end fittings are generally attached to the core by Crimping [9]. 

 

 
FIGURE 2.3 Molding of insulator 

The Silicone rubber insulator has many advantages over the conventional ceramic 
insulators. 

1) It gives a 10% reduction in the weight of a polymeric insulator compared to the 

porcelain or glass insulator and hence the cost is reduced [10]. 

2) Lower cost of design towers, construction, transportation, and maintenance. 

3) Increases transmission capacity of existing lines by providing a light and practical 

tower design, which requires little space and is sufficiently flexible to accept more 

circuits [11, 12].  

4) High mechanical strength, which allows the construction of long spans of towers 

[6, 13].  

5) Reduces vulnerability to severe damage from vandalism that causes the insulator 

shatter and drops the conductor [14].  
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6) Improve contamination performance for outdoor service due to their low surface 

energy, which means they can maintain a good hydrophobic surface property in 

severely polluted environments [15, 16].  

7) Better ability than glass and porcelain insulators to withstand higher voltage [17]. 

8) Improves flashover performance under polluted and wet conditions by limiting the 

formation of a continuous film of water [18-20].  

The field performance of the polymeric insulators is less than the ceramic; its long term 

field performance is yet to be understood. From the literature and available field data, it is 

observed that environmental stresses like UV radiation, pollution, fog, temperature, rain, 

etc. degrade the performance of polymeric insulator [21]. The sheds of aged insulators can 

be easily wet and it may lead to frequent flashovers in rainy, humid, and contaminated 

environments. As the outdoor insulator has to work in an open environment, we cannot 

avoid the environmental effects. Hence, the long term reliability of such composite 

insulators under harsh environment is the main concern to the power utilities. In view of 

this, a comprehensive literature survey has been carried out and is presented in the 

following section. 

SiR material now implies to be the preferred option for overhead insulators due to its 

excellent hydrophobic properties compared with other polymeric materials. The 

hydrophobicity of SiR is due to the low molecular weight (LMW) silicone chains that are 

diffused to the surface [22-25]. The migration of LMW silicone oil from the bulk to the 

surface allows the material to recover its hydrophobicity if it is lost. The chemical structure 

of SiR is composed of alternating inorganic siloxane bond (Si-O) with methyl groups 

(CH3) added, forming poly dimethyl siloxane (PDMS) as shown in Fig.2.4. The 

substitution of the methyl groups with other organic functional groups facilitates the 

application of SiR in outdoor insulation. For example, vinyl groups can be useful to 

improve the cross-linking during curing of the housing material. Therefore, vinyl poly 

dimethyl siloxane is a common silicone elastomer used in the manufacturing of housing 

materials for outdoor insulators [1]. 
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FIGURE 2.4 Molecular structure of the PDMS [1] 

 

Silicone-based insulation housing can be classified with respect to the curing temperature 

to high temperature vulcanizing (HTV), room-temperature vulcanizing (RTV) and liquid 

SiR (LSR). The HTV SiR is cured at high temperature, at 180oC, and pressure, and is 

commonly used in outdoor transmission and distribution as well as station post insulators. 

The RTV SiR can be supplied either in one- or two-component compounds. The first is 

cured at room temperature and commonly used in the coating of ceramic insulators; 

whereas, the two-part RTV SiR cures at a lower temperature as compared to the HTV SiR 

and is widely used for insulation housing of large equipment, such as transformer bushings 

in power stations. Unfilled LSR is supplied in two parts including the base polymer and 

curing agent, and can be cured at 200oC within a few minutes [1]. 

SiR insulation housing includes reinforcing silica and additives such as colorants and UV 

stabilizers, which are added relatively in small amounts. Inorganic fillers are also added 

both to reduce the cost of the insulator, as they replace the specialty silicone-based 

polymer in the composite, and to improve the erosion resistance. 

2.4 Contamination performance of outdoor insulator 

2.4.1 Contamination deposition phenomenon 

Outdoor insulators suffer from natural and industrial pollution with serious problems of 

flashover occurrence. In outdoor polluted conditions, contaminants are deposited on the 

surface of the insulation housing mainly due to the force of the wind, and the type of 

contaminants is dependent on the location of the insulators installed in commercial, 

industrial, residential or coastal areas [1-2]. Among these factors, the most impactful 

factors are pollutants in coastal environments [26]. The wind speed is also affected by the 

accumulation of pollution in HV insulators [27,28]. Contaminant accumulation increased 
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with the increase in wind speed and decreased with a long distance from the shoreline to 

inland [29]. The phenomenon of contaminant deposition can be explained with the 

following steps [1-2, 30]: 

1) The pollution particles are moved towards the surface of the insulator by air.  

2) The particles attract close to the energized surface due to the major three action of 

forces; the wind, electrostatic and gravitational forces.  

3) Among the parts of the airborne particles, the relatively heavy particles deposit at 

the surface point where no force will remove it.  

The common pollutants that have a negative impact on outdoor insulator performance are 

summarized in Table 2.1. 

TABLE 2.1 Common pollutants affecting the outdoor insulators and their sources [31] 

Contaminant Source of Pollution 

Salt 

Coastal areas 

Salt industries 

Salt from snow melting 

Fertilizers 
Fertilizers plants 

Fertilizers used in cultivated fields 

Cement 
Cement plants 

Construction sites 

Coal 
Coal handling Process 

Brick-kiln areas 

Metallic Mining Process 

Smoke 
Industrial Burning 

Agriculture Burning 

2.4.2 Types of Contamination 

The natural contaminations mainly consist of two types of components, namely, non-

soluble and soluble. The soluble component is commonly represented in terms of 

equivalent salt deposit density (ESDD), which refers to the amount of sodium chloride 

(NaCl) in milligrams (mg) per unit surface area of the insulator (cm2). The non-soluble 

component, such as Kaolin, is normally expressed in terms of non-soluble deposit 
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density (NSDD), which corresponds to the number of milligrams of kaolin removed from a 

considered surface of the insulator divided by the area of this surface (cm2) [32]. 

The site pollution severity (SPS) can be defined as the maximum values of ESDD and 

NSDD measured as per the methods described in [32]. To consider the climate changes, 

the measurements of ESDD/NSDD are recorded for the minimum period of one year. The 

severity of pollution can be quantified in terms of the equivalent salt deposition density 

(ESDD) in mg/cm2. Table 2.2 shows the classification of SPS based on the ESDD level 

and it is according to the IEC 60815-1 standard. The SPS is classified into five types as 

follows [32]: 
 

Table2.2. Pollution severity based on the equivalent salt deposition density (ESDD) [32]. 

ESDD(mg/cm2) Site severity classes based on Pollution 

0.01 a-Very light 

0.01-0.04 b-Light 

0.04-0.15 c-Medium 

0.15-0.40 d-Heavy 

0.40 e-Very heavy 

 

2.4.3 Flashover phenomenon due to Contamination  

A flashover is defined as a disruptive discharge that occurs over the surface of a solid 

insulator as a result of water drop accumulation and/or due to overvoltage. The flashover 

mechanism due to pollution and the dry band formation of hydrophilic insulators have 

been well explained and understood [34-35]. However, the nature of the hydrophobic 

surface of SiR Insulators suggests that a different flashover mechanism occurs. The 

pollution flashover phenomenon is a multi-step process for a SiR insulator.  

The main steps involved in the flashover phenomenon are summarized as follows [36-39] 

and shown in the Fig.2.5: 

 
1) Contamination builds up: The dust or other industrial pollutants are deposited 

onto the surface of the insulator due to wind. Due to the fog, dew, and rain, dry 

contamination becomes wet contamination. The interaction between 
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contamination and water creates a solid surface layer, and hence the insulator is 

covered by a uniform pollution layer.  

2)  Diffusion of LMW chains: Diffusion has been considered as the natural behavior 

of SiR Insulators and due to this the LMW polymeric chains may migrate out 

from the weather shed material. The LMW chains develop a thin layer above the 

pollution layer, which assures that the surface recovers hydrophobicity after the 

completion of the arcing period.  

 
FIGURE 2.5 Flashover development on SiR insulators [36] 

3)  Wetting of the surface: Due to the early morning fog, high humidity, dew or 

light rainwater droplets creates on the hydrophobic surface of the polymeric 

insulator, as shown in Fig. 2.5(a). If the pollutant contains salt then it dissolves 

in the water droplets and makes them conductive. The remaining dry surface 

pollution is progressively wetted by the migration of the droplets. This 

produces a high resistive layer around droplets, as illustrated in Fig. 2.5(b).  

4) Ohmic heating: When the insulator is energized, the small leakage current passes 

through a highly resistive layer of the insulator surface. As the electrolyte has a 
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negative thermal coefficient, the resistance of the surface will decrease 

gradually, and the leakage current will increase due to heating. On the other 

hand, drying and loss of moisture increase the surface resistance. These two 

contradictory phenomena attain equilibrium at a lower level value of leakage 

current.  

5) Effect of Electric field on water droplets: The expansion of the wetting process 

increases the water droplets’ density and reduces the distance between them. The 

application of an electric field develops a force, which flattens and lengthens the 

droplets. If the distance between the drops is very small, the adjacent droplets 

gather together, and the continuous water filaments are created, as shown in Fig. 

2.5 (c).  

6) Spot discharges: Filaments reduces the distance between the electrodes, which 

may lead to an increase in the electric field among the adjacent filaments. This 

field strength produces spot discharges between the filaments, as illustrated in 

Fig. 2.5(d).  

7) Loss of hydrophobicity: Due to the spot discharges, the hydrophobicity is 

reduced and this reduction of hydrophobicity joins the filaments together and 

again the field strength increases. The high electric field around the electrodes 

may initiate the corona discharges on the surface. These discharge activities 

eradicate the hydrophobicity, which eventually leads to irregular shape 

formations in the wet region as shown in Fig. 2.5(e). 

8) Dry band formation: The region of the surface with the highest power 

dissipation remains dry and creates dry bands. The activity of surface discharges 

will continue in the dry band area (DBA) as far as the band develops to an 

adequate length to withstand the applied voltage. The subsequent discharge 

activities lead to surface erosion.  

9) Flashover: Lengthens of the filaments and formation of the wet regions finally 

leads to short the insulator via a conductive path. This electrolyte water surface 

supports the track of the arc, which propagates along the surface of the 

conductive layer and causes flashover, as demonstrated in Fig. 2.5(f).  
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The leakage current and the electric field strength on the polluted surface of SiR Insulators 

have the greatest density in the regions of the smallest contour edges around the shank 

areas, resulting in increased surface power dissipation. Consequently, localized heating 

leads to the formation of dry bands, and this, with surface discharge, may eventually cause 

degradation of or damage to the insulator surface [40, 41]. Fig. 2.6 depicts the erosion 

mechanism of SiR due to DBA, showing moisture to play the key role by dissolving the 

deposited contaminants, thus, forming conductive channels for LC [42].  

 

FIGURE 2.6 Erosion mechanism of SiR insulators by DBA. 

The induced DBA, as well as localized hot spots, enhance the effect of thermal 

degradation, which, along with other mechanisms such as ultraviolet (UV) radiation and 

corona erodes the housing material. Erosion is the permanent loss of insulation mass, 

dominantly, through heat. Heat ablation of the housing material may leave the fiberglass 

core vulnerable to moisture and voltage, which are conducive to tracking failure of the rod, 

thus to insulation failure. The development of SiR Composites with acceptable erosion-

resistant has, therefore, been the essential task investigated in the development of SiR 

housing materials for outdoor insulation applications. 
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2.5 Aging and degradation of polymeric insulators due to Flashover 

As the aging process of these insulators differs from that of the ceramic insulators, they 

still have concerns about their long-term aging behavior [43,44]. The degradation of an 

insulator by different environmental factors and electrical stresses is known as aging and it 

is a very important issue. The different type of aging is shown in Fig. 2.7. 

 

FIGURE 2.7: Factors affecting the aging of SiR insulators [45]. 

The factors leading to aging are environmental factors, discharge activities in the form of 

surface arcing or mechanical stresses. Weathering factors are may be temperature, 

humidity moisture, and UV sunlight. The discharge may be turned into corona which is the 

most important factor leading to aging. These factors also have an interactive effect that 

can accelerate degradation [45]. 
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The porcelain and glass are inorganic material while the polymeric insulator is an organic 

material and hence there can be changes to its electrical and mechanical strength with time 

under severe stress. It has been proved that the fiberglass (FRP) core will not be damaged 

if the applied stress limit is lower than the degradation limit and there will be no reduction 

in the mechanical strength [46]. Therefore, the mechanical aspects will not be the main 

concern. In fact, the main issue of concern is the long-term electrical performance, which 

depends upon the insulator design and housing.  

Due to the aging of the housing material, the ability of the insulator to provide the services 

voltage reduces and hence it may lead to flashovers, and it can cause degradation of the 

housing by tracking and/or erosion. So these two aspects, namely, degradation and 

flashover, are the main issues on the overall electrical performance. Service experience in 

[47] concludes that these two aspects are not interdependent. It was indicated that 

polymeric insulator flashovers may occur without any substantial degradation like 

tracking/ erosion and in some reported studies, surface erosion has occurred without 

leading to a flashover. 

2.6 Composite insulators failure modes 

In the beginning stages of composite insulators, it was believed that they have excellent 

resistance to degradation caused by the conditions found in service. The composite 

insulation was widely used in underground cables, as it was considered safe with regard to 

degradation under service conditions [48]. However, recent research has shown that all 

polymeric (Composite) insulators are sensitive to the multiple factors which damage them 

when they under the service and finally leads to failure. The most common factors that 

affect polymeric insulators include discharges, humidity, and other environmental and 

electrical stresses. In [49], the authors have analyzed the main aging factors leading to the 

failure of polymeric insulators. Fig.2.8 shows the important failure/degradation modes that 

occur in polymeric insulators [50-52]:  

 Tracking/carbonizing: Irreversible degradation mode caused by the formation of 

conductive paths initiating and developing on the insulation surface even in dry 

conditions as shown in Fig. 2.8(a).  

 Erosion: Fig. 2.8(b) shows irreversible and non-conducting degradation of the 

insulator surface that occurs due to the major loss of materials; it can substantially 

reduce the thickness of the polymeric sheath.  
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FIGURE 2.8 Most common failure modes of Composite insulators [50-52]. 
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 Chalking: The appearance of a rough and whitish powdery surface due to the 

exposure of filler materials from the insulator housing and caused by UV radiation 

and electrical activity [54] that is shown in Fig.2.8(c).  

 Cutting/splitting: Fig. 2.8(d) shows cracks or breaks in the insulator housing 

(sheath or/and shed), which may consequently lead to the removal of materials and 

so significantly reduce the creepage distance.  

 Crazing: Shallow cracks (micro-fractures) on the surface of the insulator, with a 

depth of less than 0.1 mm as shown in Fig. 2.8(e) are known as crazing.  

 Color changes: Fig. 2.8(f) shows the changes in the color of the housing materials 

of the polymeric insulators due to environmental and chemical influences [55].  

 Puncture: A hole in the insulator sheds or/and shank/sheath. See Fig. 2.8(g).  

 Brittle fracture: This leads to mechanical degradation of the fiberglass core rod and 

is characterized by some smooth fracture surfaces. This failure mode is attributed to 

an attack by nitric acid generated by corona discharge activity in a moist 

environment as shown in Fig. 2.8(h) [56].  

2.7 Condition monitoring 

2.7.1 Significance of Condition monitoring 

To avoid the above-mentioned failure mode, condition monitoring is required. In general, 

the aim of condition monitoring and diagnostics techniques is to provide useful 

information about the state of the insulator in the service. Condition monitoring can help to 

make decisions about if and when the maintenance or replacement of the insulator should 

be done. The main concern is for reducing the risk of damage and minimizing the cost 

[57]. In view of the outdoor insulator, condition monitoring is the method that gives the 

idea of surface degradation, amount of LC on the surface, Contamination on the surface in 

terms of ESDD and NSDD, loss of hydrophobicity of the housing material like Silicone 

rubber.  

2.7.2 Condition Monitoring Techniques and assessments 

In [58], techniques and systems to clean the surface of insulator materials have been 

proposed and are still used today on a scheduled basis, particularly in the vicinity of the 

sea/ocean where salt and dirt can build up on the insulator surfaces. The cleaning is 
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required as, when exposed to the moisture from dew, frost, or light rain, the dampened 

contaminants can conduct current and lead to partial discharge, flashover or the electrical 

failure of the insulator. Most of the insulator's designs depend on wind and rain to clean the 

surfaces of the insulator, but, when natural cleaning is insufficient; other methods are 

required to clean the insulators. The high-pressure systems and robotic arms are generally 

used to spread cleaning liquids to clean and apply a silicon coating to improve the surface 

hydrophobicity. This approach is time-consuming and costly so it is imposed to optimize 

the washing schedule by adopting suitable condition monitoring techniques.  

Nowadays, most condition monitoring methods used by the utilities are visual inspections, 

evaluate the hydrophobicity, measurement of ESDD, and measure the leakage current. 

Visual inspections 

This is the utmost method used by utilities to determine defective polymeric insulators in 

service [59]. It is suitable for detecting visible faults on housing material, such as splitting, 

tracking, erosion, puncture, or any other obvious damage. 

Imaging techniques, such as light amplification equipment, infrared thermography, and UV 

were able to detect the presence of discharge activities on the insulator surface. IR imaging 

equipment was found very useful for giving indications of internal faults, like tracking, 

which may potentially lead to failure of the insulator [57]. 

Hydrophobicity evaluation 

Hydrophobicity is treated as the resistance to the formation of conducting water tracks that 

increase leakage current, chances of flashover, and other deterioration effects. The superior 

contaminant performance of polymer outdoor insulating materials is due to their 

hydrophobic surfaces. The hydrophobic surface is water repellent it means on surface 

water beads are formed instead of a continuous water channel. Hydrophobicity affects 

polymeric silicon rubber materials/insulators in two ways. Firstly, the loss of 

hydrophobicity causes a reduction in electrical insulation and pollution withstands 

performance. Secondly, it also prominently influences the aging process of SIR insulators. 

Hydrophobicity of a material can be described using the contact angle (ɵ) on the material 

surface that liquid drop makes when it comes into the contact with a solid surface; this 
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angle is a measure of the surface wettability. The material which is easily wettable allows 

water to touch a large surface area and hence makes a contact angle of less than 90°; 

hydrophobic material allows less water surface contact and thus makes a contact angle 

greater than 90° as shown in Fig. 2.9. 

 

 
 

FIGURE 2.9 Water drop on the surface of the insulator [22]. 

 
It is clear from Fig. 2.9 that the smaller is the contact angle, the more wettable is the 

surface and vice versa. Surfaces are assumed to be hydrophilic when the contact angle is 

less than 35°; for contact angles greater than 90°, the surface is assumed to be hydrophobic 

and the surfaces characterized by the contact angles from 35° to 90° are is partially 

wettable. 

It is obvious that the measurement of the contact angle technique is applicable only in the 

laboratory evaluation and is difficult to perform for the whole insulator surface. Hence a 

simple test method for hydrophobicity classification (HC) has been suggested by the 

Swedish Transmission Research Institute (STRI) [60] and now it has been recommended 

by the IEC [61]. Table 2.3 shows the criteria for evaluating HC as per the STRI. 

In this test, the hydrophobicity of the insulator surface is characterized by comparing the 

surface with one of the standard photographs of the hydrophobicity classes (HC), which 

ranges between HC1 to HC7. As the measurement is based on the operator’s judgment, it 

may vary from person to person and this is the disadvantage of this technique. To 

overcome this issue, Berg et al. [62] proposed a new digital image analysis technique for 
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characterizes the hydrophobic measurement of the surface. This application is nothing but 

image processing where computer software can analyze the image makes the examination 

more precise. 
 

TABLE 2.3 Classification of the hydrophobicity classes [60] 

HC Description Pictures 

1 Only discrete droplets are formed. 
θC= 80° or greater for the majority droplets. 

 

2 Only discrete droplets are formed. 
50°< θC<80° for the majority of droplets. 

 

3 
Only discrete droplets are formed. 

The majority of the surface area is covered by 
droplets that are no longer circular. 
This corresponds to 20°< θC<50°. 

 

4 
Both discrete droplets and wetted traces from the 

water runnels are noticed (θC=0°). 
Completely wetted area <2 cm2. 

Together they cover <90% of the tested area. 
 

5 Some entirely wetted area >2 cm2. 
Together they cover <90% of the tested area. 

 

6 The wetted area covered is >90% (i.e. small 
unwetted areas (spots/ traces) are still noticed. 

 

7 Continuous water film is observed over the whole 
tested area. 
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The leakage current measurement 

The leakage current can be used as a rational criterion of insulator performance and it can 

be measured easily and rapidly by means of simple instruments. He found that the steady 

value of the leakage current of an insulator chain varies between 0.2 to 1.0 mA, depending 

on the weather conditions. In fog or with dirty insulators under humid conditions surging 

takes place and current reaches about 100 mA. He explained that the effect of fog in 

industrial districts is to deposit a dirty film on the surface of the insulator in the presence of 

a saturated atmosphere. This film gives rise to the cumulative production of local 

discharges on the surface of the insulator. 

A detailed study of leakage current on HV SiR Insulators under various pollution 

conditions was reported [63]. The results showed that, in the case of clean/dry and 

clean/wet insulators, the increment in leakage current is linear with the applied voltage. 

However, it is observed that in the case of pollution with saline solution, there is a 

nonlinear relationship between the applied voltage and leakage current and also the 

flashover of the HV insulators occurs more rapidly than in the previous cases. The 

existence of a saline solution also supports partial discharge, which leads to the flashover 

event, and causes traces of erosion and tracking on the surface of insulators. The flashover 

and aging of silicon insulators were also examined under the different classes of pollution 

severity under dry band arcing [64]. The results indicate that the electric field stress occurs 

at the edges of the dry band and not at the electrode ends such as in the case of uniform 

pollution layers. The study also implied that the polymeric content in the silicone rubber 

surface decreases after flashover while the hydrophobic content increases. 

Even though the leakage current is a cause of aging, it could be useful as an indicator of 

surface degradation [65]. Numerous efforts have been made to correlate leakage current 

parameters to the pollution level and to the surface damage, such as erosion, tracking, loss 

of hydrophobicity, dry band arcing, and valuable information has been gained [66,]. Gorur 

et al. [67] suggested that both the magnitude of the peak current and the number of current 

pulses may be considered as the good indicators of the surface condition and tracking 

damage of the EPDM insulators. 

Bruce et al. [68] reported low-frequency surface behavior can be used to evaluate material 

degradation.  This can be achieved by assessing the time distribution of the leakage current 

magnitude using the 15 samples per second recorder. This data can then be illustrated as a 
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measure of intermittency, making it possible to calculate the total duration time a sample 

spends in a non-conducting mode during the test. This gives more accurate information 

relating to the state of the surface of a conducting filament with or without a discharge 

present. Results from the literature [69, 70] verify that the parameters of leakage current 

waveforms like peak and RMS values provide useful information that can be used to 

describe the polymeric insulator performance under different test conditions. 

The third harmonic component has been shown to be a useful indicator of DBA [71-73] 

with the energy of the DBA correlated to erosion as well as the DBA temperature [74]. 

Furthermore, the energy of the LC harmonics obtained in a wavelet-based multiresolution 

analysis (MRA) has been correlated to the erosion of SiR [75, 76]. 

ESDD measurement 

ESDD is globally used for comparison criteria with other methodologies. In order to 

determine the contamination level of an insulator using the ESDD method, the unit has to 

be taken down to the lab for the measurements. In other words, this method cannot be used 

for live line maintenance purposes, it is an offline method. According to the IEC 60815-1 

standard, ESDD classifies the pollution level in the zone as a ‘very light’ to ‘very heavy’ 

contamination.  By means of this method, it is possible to detect the growth of the pollution 

level. In [77], the ESDD measured at an interval of months and plot the graph ESDD 

versus the month and suggest the washing schedule. The disadvantage of this method is 

that the measurements made after rain will be lower because the rain has washed the 

insulation. In [78] the strong correlation between contamination level and leakage current 

has been clearly shown. Any increment in contamination level will increase the value of 

leakage current. Theoretically, it can be said that the contamination level is directly 

proportional to leakage current. To measure the level of contamination of insulators ESDD 

was used. A detailed study carried out to observe the effect of ESDD on flashover voltage 

of a contaminated insulator. It was observed that the higher level of ESDD reduces the 

flashover voltage level. 

ANN-based condition monitoring  

In [79] ANN has been used to recognize the pattern of Partial Discharge (PD) which not 

only provides the possibility of detecting the  PD activity or the defect,  but also the 

classification of the specific insulator defect which allows identifying the root of the 



 Literature Review 

30 

problem for PD activity. In [80] an ANN model is proposed as part of a monitoring system 

for post insulators during icing events for protection against potential flashover hazards. In 

[81], the concept of different patterns of leakage current during the various stages of 

contamination level involved in the development of flashover has been suggested for the 

condition monitoring of Insulators. The process of identification of a surface condition of 

the insulation structure was automated using ANN with Back Propagation Training 

Algorithm. An ANN has been used to categorize the LC into four classes, based on the 

magnitude of the fundamental and harmonic components of the LC. Another network has 

been trained to classify the waveform as sinusoidal, nonlinear, or containing discharge. A 

feed-forward back-propagation ANN with two layers has been employed for the 

classification Although the classification has been successful, no attempts have been made 

to predict the level of LC which is directly associated with the chances of flashover. 

2.8 Artificial pollution testing methods of SiR Insulators 

The performance of the insulator under pollution is an important factor for the selection 

and dimensioning of insulators, which increases the requirement to establish a common 

standard test method for evaluating outdoor insulation [82]. In view of this, several types 

of artificial test methods are in use; the tracking wheel test, the inclined plane test, the salt 

fog, and clean fog tests, and other approaches for evaluating tracking and erosion have 

been developed [83-87]. It was suggested by the subcommittee of the IEEE working group 

on lightning and insulator [88] that the most common artificial pollution tests employed are 

the clean fog test, wet contamination test, and the salt fog method. 

In the technique of clean fog test, energized and dry contaminated insulators are exposed to 

a fog generated from tap water. This test method simulates the condition in which a 

contaminant that has gathered on the insulator surface is gradually wetted by natural 

sources of moisture leading to an increase in the possibility of the flashover phenomenon. 

While in the salt fog test method, clean insulators are energized and subjected to a fog 

produced by atomizing water [82]. This technique is most suitable for coastal 

environments, where insulators are exposed to direct salt spray. The wet contamination 

method which is not adopted as a standard technique, insulators with a wet conducting 

coating are subjected to electric stress [89]. 
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2.9 Design optimization of Outdoor insulator  

Many researchers have given their contribution to the optimization of the design of the 

porcelain or glass insulator to reduce the chances of flashover by reducing the electric 

field.  

2.9.1 Significance of Electric Field 

The withstand voltage of the external insulation of apparatus designed with non-self 

restoring insulation is determined by the maximum value of electric field intensity within 

the insulation system. Thus, a comprehensive study of the electric field distribution in and 

around high-voltage equipment is of great practical importance [90]. 

According to the study [91], the presence of the water droplets in addition to the 

contaminant on the surface of a non-ceramic insulator causes electric field enhancement. 

Industrial pollution generally generates due to the combustion processes which contain 

gases and solid particles. Due to the wind, the combustion products propagate in the air 

and the suspended carbon particles (soot) may be deposited onto the HV insulator surface 

due to electrostatic forces and gravity [92,93]. The layer of the carbon particles on HV 

insulators become conductive due to the ionized atmosphere around the insulator and can 

cause a distortion of the EF distribution [94-96]. This distortion enhances the EF strength 

to a level that is larger than the air breakdown, leading to partial discharge which may 

ultimately lead to an undesirable surface flashover. Hence the analysis of the electric field 

and voltage distribution in and around high voltage insulators is a very significant factor in 

the operation condition. The excessive electric stress on the disc insulators near to the 

energized conductor leads to insulator aging and surface discharges. In addition to this, the 

knowledge of the EF is helpful for the detection of defects in insulators [97]. 

2.9.2 Methods to find Electric Field 

The methods that are employed for the determination of the electric field are detailed in 

Fig.2.10.  
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Methods for Electric field distribution

Graphical Methods

Experiment al Techniques

Differential Equation Technique

Finite Difference Method

Finite Element Method

Monte Carlo Techniques

Fixed Random Walk Method

Floating Random Walk Method

Integral Equation Techniques

Charge Simulation Method

Surface charge Simulation Method

Boundary Element Method

Analytical Methods

Numerical Methods

 
         FIGURE 2.10 Different methods for the determination of the electric field distribution [90] 
 

An inherent advantage of analytic solutions is exactness. However, analytic solutions for 

the electric field are available only for problems having simple configurations with less 

complexity. When the complexities of theoretical formulae make analytic solutions
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extremely difficult then one has to take resort to non-analytic methods. One possibility is 

to make simplifying assumptions ignoring the difficulties to reduce the problem to one that 

can be easily handled. Sometimes this approach works; but, more often than not, it leads to 

serious inaccuracies. With the availability of computers today, a more viable alternative is 

to retain the complexities of the problem and find an approximate numerical solution. 

Numerical methods make it possible to solve practical problems, which are very complex 

in nature when appropriate procedural steps are followed. Numerical methods are 

commonly based on the solutions of partial differential equations or integral equations with 

some analytic simplification for easy implementation [98]. 

Several approximate numerical analysis methods have evolved over the years that have 

been discussed in the next section. 

2.9.3 Numerical methods to find EF 

The electric field evaluation of a practical insulator is so complex that an analytical method 

is very difficult to compute the exact solutions. Numerical methods are thus often adopted 

to find the electric field in and around the insulator. The use of different numerical 

methods have been found in many publications to calculate the E-field and potential 

distribution for high voltage insulators. 

Mukherjee and Roy [99] calculated the EFD in and around a disc insulator of simple 

geometry using the charge simulation method (CSM)[100]. Chakrobati [101] has shown 

the effect of uniform pollution, partial pollution, dry band on the electric field of post 

insulators using CSM. Wei et al. [102] applied (CSM) to calculate potential and electric 

field distribution along insulator strings, but they simplified the problem which could not 

include the influence of conductors or towers. A finite difference method (FDM) to 

calculate the electric field in and around polluted insulators with asymmetric boundary 

conditions has been proposed by Morales et al. [103]. Zhao et al. [104] applied the 

boundary element method (BEM) in calculating the potential and electric field distribution 

along with insulators. Their method considered the effects of conductors, grading devices 

and transmission towers. But computational requirements were high. Sima, W[104] has 

compared the effect of ice on the surface of the ceramic and composite insulator with the 

help of the finite element model. For the comparison, he has chosen the voltage and 

electric field distribution. A two-dimensional finite element model for potential and 
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electrical field calculation along an ice-covered ceramic string insulator and the composite 

insulator is presented in [105] and insulators compared with each other. Their calculation 

results show that the presence of the ice layer and the icicles has significantly influenced 

the electric field distribution along the ice-covered composite insulator; and also the 

maximum electric field along with the water films and dry band increases with decreasing 

the dry-band length. FEM has been proved to be very efficient in electric field analysis in 

two-dimensional (2D), axisymmetric and three-dimensional (3D) systems having multiple 

dielectric media.[106]. 

2.9.4 Design optimization using Numerical methods 

Optimization methods are applied to the high-voltage system so as to design electrodes as 

well as insulator contours in such a way that prescribed field distributions on defined 

surfaces in the critical domain are obtained. Consequently, such methodologies help to use 

the field space optimally within the high-voltage system. This chapter presents a review of 

the works done in the area of optimization of the high-voltage field. 

For safe and reliable operation of any high-voltage equipment, the maximum values of 

electric field stresses in the insulating system must be lower, or at the most equal, to the 

allowable values. The optimal insulating system element contours are those on which the 

uniformly distributed field stresses or the desired distribution of field stresses remain 

within the allowable limit. In view of design aspects the efficient approach is to optimize 

the profile(s) of the electrode and/or insulator such that the dimensions are minimum for a 

given voltage rating, thus minimizing the space needed for and also the cost of installation. 

In 1975, Singer and Grafoner [107] published a methodology for optimizing electrodes and 

insulators designed for practical use. In their method, domains with constant field intensity 

were obtained for axisymmetric arrangements by displacing contour points successively. 

Some more conventional methods of electric field optimization were reported in 

References [108–110]. 

2.10 Summary of Literature review 

From the above review, it is noticed that the contamination on the insulator surface causes 

the flashover condition which interrupts the availability and reliability of the power supply.  
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Due to advancements in material technology, a new material like Silicone rubber has been 

proposed which has better electrical performance compared to the conventional porcelain 

and Glass insulator. However, the surface situation of polymeric insulators that are 

operated in severe environmental conditions has been found to be worsen with age. Aging 

has been found to reduce the overall electrical performance of polluted SiR Insulators and 

cause an increased incidence of discharge activities and dry band arcing on the surface. 

This increase can degrade the housing material by tracking and/or erosion, which in severe 

cases, leads to damage to the insulator and lead to the flashover.  

To avoid the flashover preventive maintenance is adopted by the utility which is subjective 

to the individual operator. So it is required to develop the condition-based preventive 

maintenance to optimize the washing schedule. Different researchers have suggested 

different methods which are useful to judge the surface condition of insulator which 

includes the visual observation, hydrophobicity evaluation, ESDD calculation, and the LC 

measurement. All these techniques provide the correlation between SiR Insulator surface 

condition and the aging of insulator.  

It was felt that the direct investigation of the state of the insulator surface with leakage 

current measurement may become a useful technique in predicting flashover and hence it 

was concluded to go with investigation of LC characteristics and develop the condition 

based monitoring system   for preventive maintenance of outdoor Insulator. 

To pollute the insulator artificially, different methods were reviewed suggested by the 

different researchers and given in IEC standards.  

From the literature review it is also observed that the insulator profile also affects the 

amount of LC and contribute in the flashover. Hence in this research, design approach 

which includes the modification of insulator profile parameters was adopted to reduce the 

LC. 
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CHAPTER: 3 

Measurement and Analysis of Leakage Current 

3.1 Introduction 

The environmental factors and the contamination affect the performance of outdoor 

insulators as these factors deteriorate the insulating properties of the insulator. As 

presented in the literature review, in the presence of dew, fog or rain which is the wet 

atmospheric conditions, the contamination particles (Like NaCl) are dissolved into the 

water and provide a continuous conductive path between the live voltage terminal and 

ground terminal. Under the voltage stress, this conductive path leads to the flashover and 

creates an interruption in supply. Most utilities employ periodic insulator replacement or 

its washing in order to prevent flashover. However, if this is performed based on the 

information need for intervention then washing or replacement can be scheduled and hence 

effort and cost can be optimized. Therefore, here an online condition-based monitoring 

(CBM) system is introduced and suggested to the utilities to optimize the washing 

schedule. In literature, different condition monitoring methods for polymeric insulators 

such as measurement of Equivalent salt deposit density (ESDD) level, measurement of 

Non-soluble deposit density (NSDD) level, surface conductivity measurement and leakage 

current (LC) measurement are proposed to avoid flashover. Among these methods, the LC 

analysis is found to be probably the most suitable method for CBM of Silicone rubber 

(SiR) insulators. In general, a current flowing from hot (high voltage) conductor to ground 

over the outside surface of equipment is called Leakage Current (LC).  

In this chapter, online CBM for the artificially contaminated SiR Insulator is illustrated by 

the continuous measurement of its LC. The insulator was placed in an experimental set-up 

developed at the company Radiant Ele-lite co. (RELCO), Shapar, Rajkot, Gujarat, India.  

The experimental set-up was developed to reflect the natural condition of the atmosphere 

where insulators are installed in real situations. LC was measured for the 11kV 



                                                                                                                      Introduction          
                                                                                                                                              

37 

contaminated Silicone rubber (SiR) insulator under dry and wet conditions and later 

analyzed in both time and frequency domains. Various features of LC and its relationship 

to the surface condition that undergo arcing phenomena were studied and investigated. In 

this study, it was found that the frequency components (Some harmonics) of LC strongly 

represent the arcing phenomenon on the insulator surface. The alarm index in terms of 

harmonics ratio is proposed which intimate the utility that the surface of the insulator is 

facing severe arcing and now it is required to wash the insulator to avoid complete 

flashover. The insulators were artificially polluted as per the solid layer method described 

in the standard 60507 and tested in the artificial climate chamber (ACC).  

3.2 Purpose of online Leakage current Analysis   

The purpose of performing the LC measurement and subsequent online analysis are:  
 

1. To measure the LC of artificially polluted SiR Insulator continuously until the 

complete flashover by using an appropriate LC sensor. Here a very simple 

sensor, shunt resistor was used as a sensor.  

2. To study the behavior of arcing phenomena and to detect any abrupt changes in 

the waveform of LC, this might indicate the possibility of flashover.  

3. To extract the features of LC to establish a condition-based performance index 

which may be used to warn operating personnel to take appropriate action if the 

threshold limits of the performance index will be exceeded. 

3.3 Experimental Technique 

3.3.1 Preparation of artificially polluted SiR Insulator 

Suspension type 11 kV SiR Insulators were bought from the aforementioned Polymer 

insulator manufacturing company for the experiments. These insulators were new. The 

insulator’s parameters are shown in Table 3.1 and the insulator sample is shown in 

Fig.3.1.The two samples were prepared by implementing the solid layer method in which 

firstly the insulator was washed and rinsed. Then they were dried under the natural sunlight 

rays before taking them for experimental work. As the nature of the silicone 
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surface is hydrophobic, it does not allow the surface for uniform contamination. So for 

that, Kaolin, an inert binder powder, was used to create a layer on the surface. A solution 

which contains 40 gm Kaolin, 50 gm NaCl and 1 liter water was prepared and after that, 

the insulator were immersed in that solution to pollute them artificially. The insulators then 

dried under the natural sunlight. The inert binder, Kaolin is non-conducting and the 

quantity of salt represents the level of conductive contamination. 

 

 
FIGURE 3.1 Sample of SiR Insulator 

 
 

TABLE 3.1 Specifications of SiR Insulator 

Parameters Specification 

Creepage Distance 340 mm 

Dry arcing distance 170 mm 

No. of shed 3 

Shed Diameter 105 mm 

Core Diameter 24 mm 

Weight 1.280 kg 
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3.3.2 Fog chamber 

The tests were performed in the ACC which had stainless steel structure with 

polycarbonate sheeted walls. The dimensions of the chamber are 1590 mm × 1560 mm × 

1330 mm (2m3) which is according to IEC 60507 standards. The chamber was designed at 

the aforementioned company’s premises. The purpose of the ACC is to provide a humid 

environment by providing clean fog to the artificially polluted insulators under the test. 

Ultrasonic humidifier having the adjustment feature of relative humidity levels was used to 

generate the fog. In this experiment the relative humidity was adjusted at 70% which was 

measured by the wall-mounted Hygrotherm instrument. It has an integrated sensor that 

measures temperature and humidity. The SiR Insulator samples were suspended vertically 

on the ceiling of the chamber, about 2.5 ft from the chamber wall. Fig.3.2 shows the Fog 

chamber with the humidifier. 

 

 
(a)                                                               (b) 

FIGURE 3.2 Photographs of fog chamber (a) fog chamber with specimen (b) Inlet of Humidifier 

3.3.3 Experimental set-up 

The block diagram of the experimental set-up is shown in Fig.3.3.The high voltage cable 

was inserted in the chamber using plastic bushing and the sufficient clearance was 

maintain from the ground. The High voltage A.C. test kit a product from Rectifier and 

Electronics Pvt. Ltd was used to generate the high voltage which contains the control panel 

and the cascade transformer as shown in Fig. 3.4. 
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FIGURE 3.3 Block Diagram of Experimental Setup 

 

 
                                                 (a)                                                                              (b) 

 
FIGURE 3.4 A.C. High voltage test kit (a) Control panel (b) Cascade transformer 
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Fig. 3.5 shows the test specimen under test. The insulator specimens were energized from 

the cascade transformer 125 kV ×2 =250 kV with leakage current of 50 mA. The  voltage 

maintained constant at the phase voltage 11/√3 kV. 

 

 

FIGURE 3.5 Specimen under the test 

 
                                       FIGURE 3.6 Experimental set-up for LC measurement 
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3.4 Leakage Current Measurement and Data Storage 

The LC was continuously acquired and stored for about half an hour (until complete 

flashover) during flashover tests. To measure the LC, a measuring system was developed 

which consists of a shunt resistor to convert the current signal to a voltage signal, a Digital 

storage oscilloscope (DSO) and a laptop. The LC was measured through the shunt 

resistance of value 1Ω connected in the ground lead. The voltage across the shunt is 

proportional to the leakage current. As shown in Fig.3.6 a DSO was used to visualize the 

LC patterns and the signals were captured at a sampling rate of 1GSa/s and the data was 

stored in the laptop for further processing. The measurement of LC was carried for two 

conditions to observe the behavior of insulator, i.e. with contamination under the dry and 

wet condition:  

(1) Contaminated surface with NaCl solution of 50gm/lt, without fog and  

(2) Contaminated surface with NaCl solution of 50gm/lt, with fog at a different time   

interval.  
 

 

 
(a)                                                                 (b) 
 

FIGURE 3.6 Measurement of LC (a) Conversion of the current signal to a voltage signal using a shunt resistor  

(b) Waveform in DSO 
 
The prepared artificially polluted samples were used for the experiment. First of all the one 

sample was hanged in the chamber vertically and energized with 11/√3 kV A.C supply. 

During this stage, no fog was created and the waveforms were captured. This stage is 

considered as the effect of dry contamination on LC. In the second stage, another insulator 
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was hanged then fog was fumed in the chamber by a humidifier for a period of 30 minutes 

before the insulator was energized. This process enabled the insulator to be uniformly wet 

with fog. Once the chamber was uniformly humid, the sample was energized with the 

11/√3 kV A.C supply. The discharge activity on the insulator surface was observed until 

the flashover. The waveforms were captured and stored for further analysis at different 

intervals of time which is described in the below section. The following section includes 

motivation behind the signature analysis and essential mathematical background for 

frequency domain analysis. 

3.5 Signature analysis of LC 

The changes in the surface condition of SiR Insulators affect the magnitude and shape of 

the LC. The arcing further modifies the magnitude and shape of the LC. Therefore, the LC 

carries information which could be identified and extracted for the diagnosis of SiR 

Insulator surface condition. Usually, it can be obtained by signature analysis of the 

waveform that was performed in the time and frequency domain. In the time domain, 

mostly peak and RMS currents are observed but literature showed that many times it is not 

sufficient to diagnose the surface condition. This leads to the concept of frequency content 

analysis of the LC waveform. 

In the time-domain analysis, the peak value of the LC waveform at every 60 ms (3 cycles) 

was taken. While in frequency domain analysis, the fundamental component of LC, 

percentage magnitude of different harmonics, and total harmonic distortion (THD) were 

calculated. The basic mathematical background of frequency domain and analysis of the 

waveform in this domain is described below. 

3.5.1 Frequency domain analysis 

Here Frequency domain analysis is performed to calculate the harmonic content in the 

leakage current signals. In this domain, frequency content, energy, and power spectrum can 

also be computed and analyzed. In the literature, different algorithms were used to extract 

the harmonic content in the signals, like Fast Fourier Transformation (FFT) analysis, 

spectral analysis with a parametric method such as Welch or Burg (Min-Norm) method 

and Wavelet transform. FFT approach to spectrum analysis is computationally efficient 

and produces reasonable results for a large class of signal processes. 

3.5.2 Fast Fourier Transform 
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The signals are transformed from the time domain to the frequency domain using the 

Fourier series and Fourier transform. Discrete Fourier Transform (DFT) is a powerful 

computation tool and it allows evaluating Fourier Transform of a discrete signal. DFT 

requires about N2 (N is the length of signal) complex multiplications, which can be reduced 

by using symmetry properties of the trigonometric function. In 1965, Cooley and Tukey 

gave a method of computing DFTs reducing a number operation proportional to Nlog2N, 

which is referred to as FFT. Therefore, the speed goes up in the order of (log2N)/N.  

Let y(t) be the time-domain representation of a given signal y; the frequency domain 

representation of signal y is denoted by Y(f) as shown in (3.1). 

 
2( ) ( ) j ftY f y t e dt






   (3.1) 

If the same signal is discretized with N sample and given by y (n) then DFT of the signal is 

expressed as in (3.2). 

 1
2 /

1
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j nf N
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Y f y n e 






  (3.2) 

If y(t) is considered as LC and Y(f) is its Fourier transform then the RMS value of the 

harmonics in the frequency domain can be calculated by (3.3).  

 

 Amplitude LC 2 ( )h,rms (I ) Y fi  for i=1 to  
 
 -1 (3.3) 

The total harmonic distortion is calculated by (3.4). 

 
2Ih,rms

h=2THD = ×100%
Irms




 (3.4) 

 
Where,  2I Irms h,rmsh=1


   (3.5) 
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3.6 Experimental Results and data analysis 

Visual observation of the time trend of the leakage current on an oscilloscope shows that 

the current undergoes characteristic change as the trough surface goes from moistened to a 

wetted state and then to a completely dry state. 

FFT based spectral analysis of LC was followed to investigate the LC measurements since 

the frequency content is correlated not only with the LC amplitude but also with the shape 

of LC waveforms. The behavior of the frequency content as LC passes through various 

stages of activity has been thoroughly investigated. The behavior of the ratio of the third to 

fifth harmonics and THD have also been investigated for the dry contamination condition 

and wet contamination condition at different time intervals. 

.

  

FIGURE 3.8 Insulator under dry contamination with NaCl solution 50gm/lt. 
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Figure 3.8 (upper) shows the pattern of LC in the time domain when the pre-contaminated 

insulator was energized with the 11/√3kV A.C. supply without fog. The Fig.3.8 (lower) 

shows the FFT analysis of the LC for the same condition. Here the magnitude of different 

harmonics has been shown as a percentage of the fundamental harmonic. 

The waveform has slightly deviated from the pure sine wave shape which indicates very 

fewer harmonics content. The magnitude of the fundamental component of the LC is 

1.477mA which is very less because the contamination NaCl was not conducive due to the 

absence of the fog. The %THD is 32.9 and it is observed that the 5th harmonic is only the 

dominating among all the order of harmonics. It is also observed that the 3rd order 

harmonics is very less compared to other low order harmonics. We can highlight that if the 

5th harmonic is the highest one and the 3rd harmonic is the lowest one among the lower 

order harmonics, the insulator is in the normal state even though it is polluted.  

 
FIGURE 3.9 Insulator under wet contamination with NaCl solution 50gm/lt.(stage I-after 10 minutes) 
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Figure 3.9 (upper) shows the waveform which was taken when the arcing was observed 

around after 10 minutes ones the insulator was energized under the fog. When the fog was 

applied, the NaCl contaminant dissolves into the water drops formed on the surface and 

reduce the surface resistance. Due to this, the LC will flow which initiates partial discharge 

in the form of an arc. Due to the non-linear nature of arc, the 3rd harmonic is increasing 

noticeably in the waveform. The test results in withstand but the field exceeds the 

withstand capability and it initiates the arc discharge. The effect of these discharges is to 

create current surges and to modify the current wave shape. 

It is observed that there is an increase in the magnitude of the fundamental component of 

LC when compared with the clean surface condition, which is mainly because of the 

increase in surface conductivity. Fig.3.9 (lower) shows the FFT analysis of the LC for the 

same condition. The magnitude of the fundamental component of the LC is 12.8 mA and 

the %THD is 44.74. Here it is also observed that the lower order harmonics are noticeably 

increased compared to the previous no fog condition. Among the lower odd-order 

harmonics, the 5th and 3rd harmonics are increasing continuously with reference to the 

previous case. 

Figure 3.10 (upper) shows the waveform which was taken after 20 minutes ones the 

insulator is energized under the fog and the Fig.3.10 (lower) shows the FFT analysis of the 

LC for the same condition. As humidity was increased more arcing took place compared to 

stage 1 which leads to increment in 3rd and 5th harmonics. The magnitude of the 

fundamental component of LC is 13.43 mA and the %THD is 64.71. Here it is observed 

that all the lower order harmonics except 3rd and 5th are decreased drastically compared to 

the previous two cases while the 3rd and 5th are continuously increased. The arcing was 

intense and comparatively long partial arc has been observed. 

Figure 3.11 (upper) shows the pattern of LC when the pre-contaminated insulator is 

energized with the 11/√3 kV A.C. supply with fog. The waveform is taken after 30 minutes 

ones the insulator is energized under the fog. Lower side of Fig.3.11 (lower) shows the 

FFT analysis of the LC for the same condition. 

The waveform is now towards the pure sine wave shape which indicates the reduction in 

the harmonics. The magnitude of the fundamental component of LC is 13.44 mA and the 

percentage THD is 16.03%. This indicates that the now the LC is not increased noticeably 
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and also the harmonic are reduced.  Here it is observed that with all the order of harmonics, 

the 3rd and 5th are also decreasing which is reversed compared to all previous cases where 

both harmonics (3rd and 5th) were increased. The insulator was still under the fog and 

finally, the flashover has occurred.  The reason is that LC caused the heating effect which 

leads to a rapid dry band formation and partial discharges across these dry bands. The heat 

dissipated in that location seems higher and therefore they would dry fast. After some time, 

dry bands could not sustain the applied voltage caused heavy scintillations activity which 

may culminate in flashover. 

 

FIGURE 3.10 Insulator under wet contamination with NaCl solution 50gm/lt.(stage 2-after 20 minutes) 

The 3rd and 5th harmonic components are continuously increasing when and dominant prior 

to the flashover which is strongly correlated with the dry band activity. Just prior to the 

flashover both the mentioned harmonics again start to reduce. The decreasing trend of 3rd 

and 5th harmonics gives an indication of the arrival of flashover.  
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     FIGURE 3.11 Insulator under wet contamination with NaCl solution 50gm/lt.(stage 3-after 30 minutes) 

The following Table 3.2 summarizes the observation for the same.  
 

TABLE 3.2: Harmonic ratio in varying fog condition  

Condition 

%Harmonics Magnitude of 
Fundamental 

component 
(mA) 

%THD 
Ratio 

3rd/5th 3rd 5th 

Contaminated  

without fog 
2.06 29.35 1.477 32.9 0.070 

         Contaminated  

     With Fog (stage 1) 
25.9 33.65 12.8 44.74 0.769 

         Contaminated  

     With Fog (stage 2) 
38.43 46.95 13.43 64.71 0.818 

         Contaminated  

     With Fog (stage 3) 
6.14 13.13 13.44 16.03 0.467 
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The following features of the LC are measured and stored to achieve the conclusion:  

1. The magnitude of the fundamental component of the LC 

2. Third harmonic  

3. Fifth harmonic 

4. Total Harmonic distortion 

From the above results and discussion, we can conclude that the severe condition of 

flashover can be predicted by observation of the ratio of the 3rd to 5th order harmonics. In 

normal conditions, the ratio is very less but as the arcing becomes severe, it is drastically 

increased and under the high humidity the ratio is drastically going to reduce but the 

magnitude of LC is still increasing which shows the beginning of tracking on surface of 

the insulator. So, the ratio is significant to determine the pollution level and so to 

predetermine the flashover. If the ratio increases beyond a certain level and corrective 

action will not be taken then the flashover will occur. 

The advantages of such a system over the traditional predetermined washing schedule are: 

• The techniques for data acquisition and analysis are non-invasive and inexpensive. 

• Contamination-caused flashovers can be reduced since the insulator surface condition is 

constantly being monitored and diagnosed. 

• The washing cycles could be optimized, the overall operational costs reduced and the 

transmission system made more reliable. 

3.7 Conclusion 

This chapter has presented the experimental results of LC measurement and its harmonic 

analysis for 11 kV artificially polluted Silicone rubber insulator under the dry and wet 

conditions. In the experiment, the surface discharge phenomenon is observed until the 

flashover occurred. It was found that the surface discharge has distinctive stages of 

development and that the upcoming flashover modifies the harmonic content. These 

findings suggested that the frequency signature of the leakage current may indicate the 

imminence of flashover. It is observed that the high-frequency components are less 

significant compared to the low order harmonics as the change in low order harmonics is 

measurable compared to the high order harmonics. The lower order harmonics have more 

impact on the pollution level and humidity level. Therefore, the lower order frequency 
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components can reveal the insulator performance at different relative humidity and 

pollution levels. Among the lower order harmonics, the change in 3rdand 5th harmonics is 

noticeable. The 3rdand 5thharmonic components have a direct correlation with the surface 

arcing activity of the insulator and the ratio of 3rd to 5th harmonics can be used as a 

performance index to warn the operating personal.  
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CHAPTER: 4 

Modeling and Simulation of Insulator 

4.1      Introduction 

In high-voltage equipment, as a thumb rule, the cost of insulation increases with the cube 

of voltage rating. However, practical experience shows that insulation failure is the most 

frequent cause of the major breakdown of electrical equipment. It is the intensity of the 

electric field (EF) that determines the onset of breakdown and the rate of increase of 

current before breakdown. Therefore, it is very essential that the magnitude and 

distribution of electric stress should be properly estimated in high voltage apparatus.  

Insulator loses insulating property when it undergoes the high EF for normal operating 

conditions. The high EF induces a surface leakage current (LC) to flow from conductor to 

the ground terminal through a polluted insulator surface which may result in a flashover. 

So it is very important to study the EF as well as surface LC of the insulator. It is required 

that the insulation in electrical equipment withstands the EF stresses with an adequate 

safety margin. As the outdoor insulator is in direct contact with the surrounding air, the 

produced EF field must be less than the dielectric strength of the air which is 30 kV /cm at 

the standard condition of temperature and pressure (STP). If it is higher than this value, it 

will ionize the surrounding air and the arcing will take place on the surface of the insulator 

which deteriorates the dielectric strength of the housing material. The presence of the water 

droplets in addition to the contamination on the surface of Silicone rubber (SiR) insulator 

causes EF enhancement. If the contamination is very high, the EF is enhanced and hence 

the surface LC may flow which may lead to the flashover termed as the contamination 

flashover. So it is required to study the performance of SiR Insulator under the polluted 

condition and this is the aim of this chapter. Once the EF is computed under the conductive 

pollution, the current density can be derived from it and by taking the surface integration of 

current density, the surface LC can also find out. 
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Different methods have been used to investigate the EF distribution along with insulators. 

These different methods can be divided into two categories, experimental methods, and 

numerical analysis methods. In experimental methods, capacitive probes, flux meters, 

dipole antennas, and electro-optical quartz sensors can be used as EF measuring devices to 

study the EF distribution along with polymeric insulators. Measurement techniques are 

expensive and they do not have the capability to measure in regions of interest (i.e., 

internal to the insulator or close to the rubber weather shed surface). They also require a 

large number of trial-error tests to determine the optimum dimensions and hence numerical 

techniques that are based on modeling and simulation are gaining importance.  

The biggest advantage of the modeling and simulation is in the design cycle of any 

product. The modeling and simulation can be used to determine the real-life behavior of a 

new design concept under various practical conditions. There is a possibility of refinement 

of the design prior to the creation with the help of computer-aided design (CAD), where 

changes are inexpensive. Once a detailed CAD model is developed, the different numerical 

methods like Finite element method (FEM) can be used to analyze the design in detail, 

which saves time and we can verify its performance and also improve it as per customer 

satisfaction. The literature survey also concluded that the EF stress varied considerably 

depending on the design, configuration and it could be reduced by using appropriate 

geometry design. In this chapter, 11 kV SiR Insulator was simulated to find the effect of 

pollution on the voltage distribution, EF distribution and on the LC with the help of 

COMSOL Multiphysics 5.3a software based on FEM.  

4.2 Electric field distribution 

The proper design of any HV apparatus requires complete knowledge of the EF 

distribution. It is always relatively easy to calculate scalar quantity than the vector 

quantity; therefore electric potential which is a scalar quantity has advantages over the 

calculation of electric field intensity, which is a vector quantity. Once electric potential is 

determined, the EF intensity can be computed by taking the spatial gradient of electric 

potential. A suitable approach to the calculation of electric potential is to relate it to electric 

charge density that causes electric potential.  

The relationship between electric flux density (D) and electric charge density (ρv) is given 

by the differential form of Gauss’s law, that is, 
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For homogeneous medium having uniform dielectric permittivity (ɛ) throughout the 

volume, the electric flux density and electric field intensity are related as 
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By putting (4.2) in (4.1) the following (4.3) can be obtained as follow: 
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Further, electric field intensity and electric potential are related as 
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Hence, from (4.5), it may be written that 
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Equation (4.9) is a partial differential equation of elliptic form and is named after the 

French mathematician Siméon Denis Poisson. Thus, it is commonly known as Poisson’s 

equation. In (4.9), the mathematical operation, the divergence of the gradient of a function

2 
 

, is called the Laplacian, such that,  
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Therefore, (4.9) can be written as follows: 
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In electrostatic field problems, the dielectric media may be considered to be ideal 

insulation. In such a case, free charges reside only on the conductor boundaries. Hence, the 

volume charge density (ρv) within the field region is zero. Then (4.9) reduces to 
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Equation (4.14) is a second-order partial differential equation named after French 

mathematician Pierre-Simon Laplace and is commonly known as Laplace’s equation. 

There are inherent difficulties in solving these equations for two or three-dimensional 

fields with complex boundary conditions, or for insulating materials with different 

permittivities and/or conductivities. 

There are several numerical methods are available [90] to find the solution of Laplace’s 

differential equations and the proper solution is found by specifying the appropriate 

boundary conditions. 
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4.3 Types of Numerical methods 

An inherent advantage of analytic solutions is exactness. For a simple physical system with 

some symmetry, it is possible to find an analytical solution. However, in many cases, the 

physical systems are very complex and complexities of theoretical calculations make 

analytic solutions extremely difficult, if not impossible, then one has to take resort to non-

analytic methods. Graphical, experimental and analog methods are applicable to solve 

fewer problems, which have less complexity. With the advent of fast digital computers, 

numerical methods came into prominence. Analytic solutions for the EF are available only 

for problems having simple configurations. When the practical problems are very complex 

in nature, numerical methods make it possible to solve when appropriate procedural steps 

are followed to find EF. Numerical methods are commonly based on the solutions of 

partial differential equations or integral equations with some analytic simplification for 

easy implementation.  

There are mainly two numerical methods using either differential equations or integral 

equations which are as shown in Fig. 4.1. 

 

FIGURE 4.1 Types of Numerical Methods  

The Charge simulation method (CSM) and Boundary element method (BEM) which are 

integral methods are also known as boundary-based methods or source distribution 

methods. The Finite element method (FEM) and Finite differential method (FDM) which 

are differential methods are also known as Field approach or Domain-based method. 

A fundamental equation for the EF is Laplace’s equation or Poisson’s equation; which are 

the simplest among many partial differential equations that express physical phenomena. 



Types of Numerical Methods 

57 

FDM can be used for calculation of potential at nodes only but FEM can be used for 

calculation of potential at nodes as well as within the elements. As FDM represents the 

solution region by an array of grid points; its application becomes difficult with problems 

having irregularly shaped boundaries. Such problems can be handled more easily by using 

FEM. The FDM is generally restricted to simple geometries in which an orthogonal grid is 

possible to construct. For irregular geometries, a global transformation of the governing 

equations (e.g. Poisson’s equation in HV fields) must be made to create an orthogonal 

computational domain. Moreover, the implementation of boundary conditions in FDM is 

often cumbersome.  

The beginning of the FEM actually stems from the difficulties associated with using FDM 

for solving difficult, geometrically irregular problems. A finite element model of a problem 

gives a piecewise approximation to the governing equations. The basic premise of the FEM 

is that a solution region can be analytically modeled or approximated by replacing it with 

an assemblage of discrete elements. As these elements can be put together in a variety of 

ways, they can be used to represent exceedingly complex shapes. In FEM, a better 

approximation of the boundary shape is obtained because the curved boundary is 

represented by straight lines of any inclination. BEM is not so widely used in the case of an 

inhomogeneous and nonlinear problem because a fully populated system of equations often 

occurs in BEM and hence increases the storage requirement and computational time 

significantly. Since the research task is related to inhomogeneous, non-linear and open 

boundary problems, the self-adaptive FEM has been used for the study purpose. FEM 

offers accurate computation results and hence, minimizes error. 

4.4 Finite element method and simulation software 

The FEM is one of the most popular methods that have been used extensively due to its 

versatility, making it easier to be incorporated into a standard program. FEM is very 

flexible and can be applied to the most complicated geometries. It is capable of giving 

highly accurate results and the accuracy of results depends on the number of elements 

considered in the geometry. The main disadvantage of this method is that the entire domain 

space is divided into elements. In the case of unbounded regions which are known as open 

boundary problems, the number of elements considered becomes extremely large which in 
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turn increases computation burden. The remedy of this problem is to create the fictitious 

boundary surrounding the region of interest (ROI).  

4.4.1 Fundamentals of the Finite Element Method 

The finite element analysis of any problem involves basically four steps:  
 

(A) Discretization of the solution region into a finite number of non-overlapping 

sub-regions or elements. 

(B)  Deriving governing equations for a typical element. 

(C)  Assembling all the elements in the solution region, and 

(D)  Solving the system of equations obtained. 

Finite Elements Discretization: 

In the beginning, the ROI is discretized into finite elements. We divide the solution region 

into a number of finite elements as illustrated in Fig. 4.2. To discretize the ROI, either 

triangular elements or quadrilateral elements can be used. Here as the boundary of ROI is 

sufficiently irregular, the quadrilateral elements are not suitable and hence the triangular 

elements have been used.  

Here, the interest is to approximate the potential Ve within an element ‘e’ and then inter-

relate the potential distributions in various elements such that the potential is continuous 

across inter-element boundaries. 

 
FIGURE4.2 A typical finite element subdivision of an irregular domain. 
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The approximate solution for the whole region is 
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Where N is the number of triangular elements into which the solution region is divided. 

The most common form of approximation for Ve within an element is a polynomial 

approximation for a triangular element, namely, 
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The potential Ve, in general, is nonzero within element ‘e’ but zero outside ‘e’. By 

assuming that the electric field is uniform within the element;  
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Governing Equations of Each Finite Element: 

Consider a triangular element, as shown in Fig.4.3. 
 

 
FIGURE4.3 A typical triangular element  

 
The governing equation, for example, Laplace’s or Poisson’s equations, is now applied to 

the domain of a single element. The potential Ve1, Ve2, and Ve3 at nodes 1, 2, 3, 

respectively, are obtained by using (4.16); that is 
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 The coefficients a, b, c is determined from (4.18) as 

  

(4.19) 

 
 

Substituting this into (4.16) gives, 
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Equation (4.21) gives the potential at any point (x, y) within the element provided that the 

potentials at the vertices are known. A is the area of the element ‘e’; that is 
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1
2

A x x y y x x y y         (4.23) 

 

βi  is known as element shape functions and they have the following properties: 
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The energy per unit length associated with the element e is given by  

 

 221 1
2 2e eW E dS V dS      (4.25) 

 

From (4.21), 
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    (4.26) 

 

Substituting (4.26) into (4.25), 
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       (4.27) 

 
If we define the term in brackets as 

 ( )e
ij i jK dS     (4.28) 

 
We may write (4.27) in matrix form as 
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Where the superscript T denotes the transpose of the matrix  eV  and, 
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The matrix [ K(e)] is usually called the element coefficient matrix. The matrix element ( )e
ijK

of the coefficient matrix may be regarded as the coupling between nodes i and j; its value 

is obtained from (4.22) and (4.28). For example, 
 

 ( )
12

e
i jK dS     

 

     2 3 3 1 3 2 1 32

1
4

y y y y x x x x dS
A

          

(4.31) 

 

Similarly, other elements of the matrix ( )e
ijK can find out. 

Calculations will be easier if we define 
 

 M1= 2 3y y  M2=  3 1y y   M3=  1 2y y  

N1= 3 2x x   N2= 1 3x x   N3= 2 1x x  
(4.32a) 

 

Where, Mi and Ni where i=1,2,3 are the local node numbers, each term in the element 

coefficient matrix is found as 
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Where, 
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1
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Assembling All The Elements: 
 
Once the typical element has been considered, the next step is to assemble all such 

elements in the solution region. The energy associated with the assemblage of all elements 

in the mesh is 
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Where, 
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 (4.34) 

n is the number of nodes, N is the number of elements, and [K]is called the overall or 

global coefficient matrix, which is the assemblage of individual element coefficient 

matrices. The major problem now is obtaining [K] from [ K(e)]. The process to achieve the 

global coefficient matrix from the individual element coefficient matrices is known as the 

assembling of all elements. Consider the finite element mesh consisting of three finite 

elements as shown in Fig.4.4. 

Here the outer side nodes are numbed as 1,2,3,4,5 which is called global numbering. The 

numbering i-j-k is called local numbering and it corresponds with 1-2-3 of the element in 

Fig.4.3. For example, for element 3 in Fig. 4.4, the global numbering 3-5-4 corresponds 

with local numbering 1-2-3 of the element in Fig.4.3. Note that the local numbering must 

be in a counterclockwise sequence starting from any node of the element. By considering 

Fig.4.4 the global coefficient matrix [K], has the following formulation (4.35). It is 5 X 5 

matrix since five nodes (n = 5) are involved. 

 
FIGURE 4.4 Assembly of three elements: i-j-k corresponds to local numbering 1 -2-3 of the element in 

Fig. 4.3 
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 (4.35) 

 
Again, Kij is the coupling between nodes i and j. We obtain Kij by utilizing the fact that the 

potential distribution must be continuous across inter-element boundaries. The contribution 

to the i, j position in [K] comes from all elements containing nodes i and j. To find K11, for 

example, we observe from Fig.4.4 that global node 1 belongs to elements 1 and 2 and it is 

local node 1 in both; hence, 

 (1) (2)
11 11 11K K K   (4.36) 

By using the same concept, other elements of [K] matrix can find out and finally it is 

formed as below.  
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 (4.37) 

 

Note that element coefficient matrices overlap at nodes shared by elements and that there 

are 27 terms (nine for each of the three elements) in the global coefficient matrix [K]. 

Solving Resulting Equations: 

Laplace's (or Poisson's) equation is satisfied when the total energy in the solution region is 

minimum. Thus we require that the partial derivatives of W with respect to each nodal 

value of the potential be zero; that is, 
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 (4.38) 

Or 
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0, 1,2,...,

k

W k n
V


 


 (4.39) 

For example, to get W / 1V = 0 for the finite element mesh of Fig.4.4, we substitute 

(4.35) into (4.33) and take the partial derivative of W with respect to V1. We obtain, 
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 (4.40) 

In general W / kV =0 leads to 

 

1
0

n

i ik
i

V K


  (4.41) 

 
Where n is the number of nodes in the mesh. By writing eq. (4.41) for all nodes k = 1,2,. . 

., n, we obtain a set of simultaneous equations from which the solution of [V]T can be 

found. Let us assume that node 1 in Fig.4.4, for example, is a free node. The potential at 

node 1 can be obtained from (4.40) as 
 

 5

1 1
211

1
i i

i
V V K

K 

    (4.42) 

 
In general, the potential at a free node k is obtained from (4.41) as  
 

 

1,

1 n

k i ik
i j kkk

V V K
K  

    (4.43) 

 
This is applied iteratively to all the free nodes in the mesh with n nodes. Since Kki= 0 if 

node k is not directly connected to node i, only nodes that are directly linked to node k 

contribute to Vk in (4.43). 

Thus if the potentials at nodes connected to node k are known, we can determine Vk using 

(4.43). The iteration process begins by setting the potentials at the free nodes equal to zero 

or to the average potential. 

 
min max

2ave

V VV 


 (4.44) 
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Where Vmin and Vmax are the minima and maximum values of the prescribed potentials at 

the fixed nodes. With those initial values, the potentials at the free nodes are calculated 

using (4.43). At the end of the first iteration, when the new values have been calculated for 

all the free nodes, the values become the old values for the second iteration. The procedure 

is repeated until the change between subsequent iterations becomes negligible. 

4.4.2 Simulation software 

A number of computer program packages have been developed for the solution of the 

numerical methods. For FEM application, a few commercial software packages are 

available like Quick Field(Tera Analysis Ltd), ANSYS(Ansoft corporation Inc.), 

NISA(Engineering Mechanics Research Centre), Flux, ANSYS Maxwell, ESTAT, 

ALGOR, FEMM and COMSOL Multiphysics. In this chapter, COMSOL Multiphysics 

5.3a is used to simulate the finite elements for the insulator. The modeling features of 

COMSOL allow us to simultaneously modeling any of the combinations of phenomena in 

two and three-dimensional, for all fields of engineering and sciences. COMSOL graphical 

user interface includes functions for CAD modeling, physics or equation definitions, 

automatic mesh generation, equation solving, visualization, and post-processing. The 

whole solution beginning from the geometry until the computation, the same software is 

used. To draw geometry the CAD commands are available in the software itself.  

4.5 Steps involved in simulation  

For any problem investigation, it is important to identify the process that involved 

obtaining the desired result. The simulation is performed in three consecutive stages 

namely pre-processing, solving, and post-processing stages as shown in Fig.4.5. 

Geometrical domain, element type, geometric properties, material properties, element 

connectivity (meshing), physical constraints (boundary conditions) and loading are defined 

in the pre-processing stage. The mathematical model expresses as differential equations 

that describe the physical problem is executed in solving the stage. Finally, in the post-

processing stage plots are generated by simulation in terms of variables or parameters. 
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FIGURE 4.5 Process flow for getting the electric field using simulation 

4.5.1 Pre-processing 

The following paragraph describes the steps involved in the pre-processing stage. 

Modeling: Create a model of the SiR Insulator 

An 11 kV SiR Insulator as shown in Fig.4.6 is used as a specimen for electric field and   

LC investigation. The main dimensions are tabulated in Table 4.1 and the detailed 

dimensions are given in Appendix B. This design is provided by the company, Hi-Tech 

Trans Technocrates Pvt. Ltd., Rajkot, Gujarat, India. 
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FIGURE 4.6 Specimen insulator used to simulate LC 

 

TABLE 4.1 Insulator configuration and dimensions 

Configuration and dimensions 

Rated voltage 11kV 

Number of shades 3 

Minimum Creepage Distance 340 mm 

Dry arcing Distance 155 mm 

FRP road Diameter 32 mm 

Spacing (S) 50 mm 

Weight 1.25 kg 
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The SiR Insulator model as shown in Fig.4.7 was created by using CAD drawing tools 

available in the COMSOL Multiphysics 5.3a. Since the insulator geometry is cylindrical in 

shape, the modeling is simplified into a two-dimensional (2D) problem with considering 

the RZ plane (Rotational Geometry). For example, the structure of the power transformer 

indicates that normally 3D computation of the electric field is required because there is no 

symmetry in order to ignore one dimension. Here only half geometry was drawn and this 

simplification made the simulation faster without affecting the simulation result accuracy. 

There is a tool in COMSOL called a mirror image which allows drawing the full geometry 

if it is axisymmetric which is shown in Fig. 4.8.  
 

 
 FIGURE 4.7 Insulator’s Geometry in COMSOL 

 

SiR Insulator has three major components:  

(a) fiber-reinforced polymer (FRP) rod,  

(b) Polymer (Silicone) weather sheds and  

(c) Metal end fittings. 

To visualize each and every part clearly, the Fig.4.8 is enlarged and shown in Fig. 4.9 with 

an indication of different parts of geometry. The considered problem is an axisymmetric 

unbounded field region problem. In such cases, a fictitious boundary has to be considered 

for FEM analysis. In this example, a rectangle boundary is assumed as shown. The basic 

rule of assuming the fictitious boundary is that the boundary should be considered at a 

location where the field variation is very small in space. 
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FIGURE 4.8 Complete Insulator Geometry using Mirror tool in COMSOL 

 

 

 FIGURE 4.9 Different parts of Insulator  

To simulate the pollution layer, a layer of 1mm thickness is uniformly created on the 

surface of the insulator as shown in Fig. 4.10.  
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FIGURE 4.10 Insulator’s Geometry with Pollution Layer 
 

Insulator Material Property: 

In the finite element method, each component’s material properties and boundary need to 

be assigned for mathematical calculation. The components’ materials are available in the 

standard material library where each material property can be changed according to the 

required specification. The HV and ground terminal are made from forged steel with 

conductivity, σ = 5.9x107 S/m and relative permittivity (ɛr) = 1. The FRP core has low 

conductivity, σ = 1x10-12 S/m and ɛr is 7.2. Silicon rubber housing has low conductivity σ = 

1.0x10-12 S/m and ɛr= 4.3.  

The conductivity of the pollution layer is mainly dependent upon the type of pollutant 

which may be an industrial or marine or coastal pollutant. Here the pollution due to the 

coastal area is considered where the main pollutant is sea salt. In addition to this, the 

thickness of the pollution layer is dependent on the severity of contamination and it may 

vary from 1mm to 2 mm for the low, medium and heavy pollution levels [28]. Here the 

thickness is considered as 1 mm. The conductivity of pollution is set to 0.6 μS/m as per the 

laboratory measurement report described in chapter 6 and the relative permittivity is set to 

81 considering that the pollution layer is completely wet and saturated with moisture. The 
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pollution layer was assumed homogenous and uniformly distributed along the creepage 

path of 1mm thickness. The air surrounding insulator was specified with very low 

conductivity, σ = 1.0x10-15 S/m. Since salt has greater conductivity, it leads to quicker 

flashover because of an increase in the electric field. The material properties in this 

simulation are summarized in Table 4.2. 

 

TABLE 4.2 Insulator’s Material Properties 

Sr. No. Material name Relative permittivity Electrical conductivity 
(S/m) 

1 Silicon rubber 4.3 1×10-12 

2 FRP 7.2 1×10-12 

3 Forged steel 1 5.9 × 107 

4 Air 1 1× 10-15 

5 Water sea 81 4 

Boundary condition: 

If EF exists in a region consisting of two different media, the condition that the field must 

satisfy at the interface separating the media is called boundary condition. These conditions 

are helpful in determining the field on one side of the boundary if the field on the other 

side is known.   

As explained in section 4.2 the problem is related to the equation 2 vV 


   . In element 

analysis, equivalent surface charge density is determined by boundary conditions. 

Boundary conditions dictated by the type of material used. In the case of practical 

configurations comprising multiple homogeneous dielectric media, there could be many 

dielectric–dielectric boundaries. On such dielectric–dielectric boundaries, there could be 

charges depending on the dissimilarities of the dielectric media that are present on the two 

sides of the boundaries. These surface charges will serve as a source of electric field acting 

in opposite directions on the two sides of the boundary. Consequently, electric field 

quantities get changed in the direction as well as magnitude on the two sides of the 

boundary. In the case of SiR Insulator with conductive contamination on the surface, the 

boundary condition has to be considered are as follows: 
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1. Dielectric – dielectric boundary condition:  Boundary between FRP and Weather shed 
(Silicone rubber) 

 
2. Dielectric – Conductor boundary condition: Boundary between Weather shed and the 

conductive layer 
 
3. Conductor – Free space boundary condition:  Boundary between the conductive layer 

and   free space (Air) 
 
 
To determine the boundary condition Maxwell’s equations are used which are: 

 0
L
E dl 
 
  

 

(4.45) 

 
encls

D ds Q 
 
  (4.46) 

 

We consider the Electric field in the closed path and the electric field density in the closed 

surface. The E and D both have tangential and normal components. Now in the following 

section for each case, the boundary conditions have been explained.  
 

1. Dielectric – dielectric boundary condition:   

Consider two dielectric material having permittivity,휀1= 휀0휀푟1 and 휀2= 휀0휀푟2 and the field 

are E1 and E2 respectively and there is no free charge on the dielectric surface. By applying 

(4.45) we conclude that the tangential component EF which is Et is said to be continuous 

across the boundary.  
 

 1 2t tE E
 

 

(4.47) 

As D E
 

 
 

(4.48) 

 1 1

1 2

t tD D
 

  (4.49) 

 

Equation (4.49) indicates that the tangential component of D undergoes some change 

across the interface i.e. it discontinuous across the boundary which depends upon the 

dielectric constant of that medium.  
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Now by applying (4.46) for surface integration and considering no free charges at the 

surface, we get (4.50) and (4.51). 

 

 
1 2n nD D  (4.50) 

 
1 1 2 2n n
E E   (4.51) 

 

2. Conductor – Dielectric boundary condition:  
 
Here consider the perfect conductor which has EF zero inside it. In this case, the electric 

potentials of all points on the boundary are known. This is possible if the available 

conductor is connected to a fixed potential source. It is applicable when any conductor and 

dielectric material comes in contact. It is known as the Dirichlet boundary condition. For 

the conductor, discontinuity function equals the charge on the surface.  

 
By applying the maxwell’s (4.45) and (4.46) we can get respectively (4.52) and (4.53). 

 0tE   (4.52) 

 Dn s  (4.53) 

 

3. Conductor – Free space boundary condition:  

When this boundary condition imposed on an ordinary or a partial differential equation, 

specifies the value that the derivative of the solution is to take on the boundary of the 

domain, for example, if the whole charge on the boundary surface is known, while the 

electric potential over different points is unknown. This is a case when the available 

conductor is not connected to a fixed potential (floating). Normally in such a case, the 

whole charge is equal to zero i.e. ∂V/∂n=0.  This boundary condition implies at the 

intersection between conductors and free space by the following equation. This boundary 

condition is also known as the Neumann boundary condition. 

By applying the maxwell’s (4.45) and (4.46) we can get respectively (4.54) and (4.55). 

 0tD   (4.54) 

 Dn s  (4.55) 
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In short, in the problem under consideration, the Dirichlet boundary condition is applied at 

the electrode and FRP interfaces while the Neumann boundary condition is applied to the 

fictitious boundary. 

The electrical potential applied at the upper or live electrode is 11/√3 kV and the 0 kV is 

applied at the bottom or ground terminal. The air is made large enough to minimize its 

effect on electric field distribution along the insulator and both terminals. The outer edge 

of the air background region is assuming zero external currents which are Neumann 

boundary conditions. 

 

Meshing: 

After assigning all the material properties and boundary conditions, the entire domain 

problem was discretized into non-overlapping triangle elements during the meshing 

process as shown in Fig. 4.11. For better accuracy on the interest region, the meshing 

refinement can be done by selecting proper meshing size. The density of the finite 

elements is higher in the critical regions of the insulator where higher accuracy is required. 

Triple junction point has the largest number of meshes and the number of meshes is found 

to decrease as we move away from the insulator. A larger number of meshes imply greater 

accuracy increase the processing time. In the case of geometry without pollution as shown 

in Fig. 4.11, the meshing contains 15018 no. of triangular elements. The zoom in of this 

meshing is shown in Fig. 4.12. 

 

 

FIGURE 4.11 Meshing of geometry- without pollution 
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FIGURE 4.12 Zoom in of Meshing for the geometry- without pollution 

 

The meshing of geometry with pollution is shown in Fig. 4.13 and the zoom in of it is 

shown in Fig. 4.14. The blue line shows the pollution layer. The meshing contains 16060 

triangular elements among 1486 elements are for the pollution layer of 1 mm thickness. 

 

 

FIGURE 4.13 Meshing of geometry- with pollution 
 

The usual finite element analysis would proceed from the selection of a mesh and then to 

the generation of a solution to an accurate assessment and analysis. Adaptive procedures 

try to automatically refine, or relocate a mesh to achieve a solution having a definite 

accuracy in an optimal way. The computation typically begins with a trial solution 

generated on a coarse mesh with a low order basis. The error of this solution is evaluated. 
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If it fails to satisfy the prescribed accuracy, adjustments are made with the goal of 

obtaining the desired solution with minimal error. The computer simulation flow chart of 

this method is shown in Fig.4.15. 
 

 

FIGURE 4.14 Zoom in of Meshing for the geometry- with pollution 

Input Data
Geometry, Material, Source, Boundary condition

Coarsh Mesh
(h, p)

Compute error 
e=Vf -Vc

Calculate E and 
display

Solve Fine Mesh
(Vf )

New optimal 
coarse Mesh

Display V

Fine Mesh
(h/2, p+1)

Solve Course Mesh
(Vc )

e ≤ 0.001

 
FIGURE 4.15 Flowchart for Simulating Self Adaptive FEM 
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4.5.2 Solution Phase 

The A.C/D.C. module in COMSOL 5.3a was used. The study used in this insulator model 

was simulated by using a combination of two solvers Electrostatic and electric current 

solver, where the material conductivity and permittivity was specified. 

The equations which are solved by the Electrostatic solver are: 

 E V 
 

 (4.56) 

And 

   vE   
 

 (4.57) 

Where ɛ=ɛ0ɛr 

The relative permittivity is taken from the properties assigned to the material. 

The fictitious boundary has zero charges is considered. 

The equations which are solved by the Electric current solver are:  
 

 J E  (4.58) 

 
S

I J dA   (4.59) 

 

Where electric conductivity (σ) is taken from the properties assigned to the material. The A 

is the surface area of the pollution layer.
 

4.5.3 Post-processing Phase 

In this phase required results were obtained. The color contour of voltage distribution and 

electric field distribution of the model were obtained. The graphical plots of voltage 

distribution and Electric field distribution along the creepage distance were plotted. The 

current density along the pollution layer was plotted and by taking surface integration the 

magnitude of LC was obtained.  

The steps which are involved from the beginning of the creation of geometry until the 

result achievements are summarized in the flowchart shown in Fig. 4.16.  
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FIGURE 4.16 Flowchart for the methodology of 2-D software 

4.6 Simulation Results and discussion 

To analyze the effect of pollution on the electric field, the simulations were done for two 

cases: (1) Without pollution (2) With pollution. 

4.6.1 Without Pollution 

The following Fig 4.17(a) and 4.17(b) respectively give the electrical potential distribution 

and the EF intensity contours. The right-hand side, color legend bar shows the magnitude 
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of the quantity in terms of the color. 11 /√3 kV is applied to the upper electrode or live 

electrode which can be clearly seen by red color in Fig.4.17 (a). The lower terminal is at 

the ground potential and hence the 0 V is applied to it which can be seen by blue color.  

 

 
(a) 

 

 
(b) 

FIGURE 4.17Without Pollution (a) Voltage distribution (b) Contour of Electric Field 

 

As we are moving from the live electrode towards the lower (ground) electrode, the 

magnitude is reduced from 11 /√3 kV to 0 kV. In Fig. 4.17(b), the color code of field lines 

denotes the intensification levels of the EF around the insulator surface. From Fig. 4.17(b), 

it is clear that the maximum EF is at the HV electrode and its enlarged view is shown in 

Fig. 4.18. 
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FIGURE 4.18 Enlarged view of the electric field at Upper Electrode 

 

The EF is non-uniformly distributed around the outer surface of the insulator due to the 

unsymmetrical configuration of end fitting at both high voltage side and low voltage side. 

The maximum field value obtained at the upper electrode is 5.11×105 V/m and minimum 

field values are observed at the shed regions of the insulator (blue colored field lines). 

It is obvious from the figure that the triple junctions (electrode-Silicone rubber-air) are 

critical areas where EF stress is maximum and hence damage and consequent breakdown 

may occur, especially for the first shed near to upper electrode. In addition, the EF contour 

lines are also concentrated at the tip of the weather sheds to some extent and maximum 

electric stress is noticed at the tip of the first and third shed compared to the middle shed. It 

may be due to the fact that the first shed is near to the live electrode and the third shed is 

near to the ground electrode. 

Fig. 4.19(a) and Fig. 4.19(b) show the potential distribution and EF distribution along the 

surface of the weather sheds which is known as the creepage distance. Creepage distance is 

known as the shortest distance between the two electrodes along with the surface of the 

Insulator. Here creepage distance is measured from high voltage end to low voltage end is 

360 mm approximately. 

The non-linear property of the voltage distribution along the surface of the SiR insulator is 

clearly seen from Fig. 4.19(a).  
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(a) 

 

 
(b) 

 

 
(c) 

FIGURE 4.19 Without Pollution (a) Voltage distribution (b) Contour of Electric Field (c) Location of 
different region 
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The irregular shape of the graph of EF as shown in Fig. 4.19(b) is due to the discontinuity 

in EF intensity at the boundary between two different dielectric media. The value of EF 

field intensity may increase or decrease at the boundary depending on the relative values of 

the permittivity of the two dielectric media at the boundary. The relation between EF and 

relative permittivity is inversely proportionality and nonlinear relation; hence there is a 

nonlinear variation of EF values. Here the model considered is multi-dielectric 

arrangement hence more irregularity can be seen in the graph.  

To understand the behavior of EF along the sheath (trunk) and shed region, the creepage 

distance has been marked from a to k which is shown in Fig. 4.19(c). In the figure, a-b, d-

e, and g-h are the sheath region while the b-c-d, e-f-g, and h-i-j are the shed region. From 

Fig. 4.19(b) it is clear that the maximum value of the EF strength is at the junction between 

the sheath and the shed at point b which is 9.5678×104 V/m and the EF strength near the 

edge of the shed is suddenly drops. Peaks are due to the sheds protruding from the sheath. 

These sheds have a higher permittivity than air. The result shows that the EF strength on 

the sheath region is higher than that on the shed region, especially at the junction region 

between the sheath and the shed. The EF strength is only enhanced at the up and downside 

of the shed edge, but it is much lower at the center of the shed edge. The EF strength on the 

top of the shed is very close to the EF on the downside of the shed. 

4.6.2 With Pollution 

The following Fig 4.20(a) and 4.20(b) respectively give the electrical potential on the 

surface and the EF intensity contour under the polluted condition. The explanation for Fig, 

4.20(a) is similar to that for Fig. 4.19(a). From Fig 4.20(b) it is clear that the EF intensity is 

increased compared to the clean condition (without pollution), so the probability of 

electrical breakdown in the polluted condition is more than the condition without pollution. 

The maximum field value obtained at the upper electrode is 5.8×105 V/m and minimum 

field values are observed at the shed regions of the insulator (blue colored field lines). It is 

also observed that the concentration of the EF contour lines at the tip of the weather sheds 

is higher than the case without pollution. In addition, maximum electric stress is noticed at 

the tip of the first and third shed compared to the middle shed. 
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(a) 
 

 
(b) 

FIGURE 4.20 With Pollution (a) Voltage distribution (b) Contour of Electric Field 
 
 

Fig. 4.21(a) and Fig. 4.21(b) show the potential distribution and electric field (EF) 

distribution along the surface of the pollution. The maximum electric field values are 

observed at the HV electrode and as well as the ground electrode. The maximum EF occurs 

at the triple junction (pollution layer-HV electrode-air) which is 12.4×104 V/m. The triple 

point is referred to as the point of the interface of three dielectric mediums. The electric 

field enhancement at the triple point may lead to either partial discharge or even flashover. 

The excessive electric stress on the disc insulators near to the energized conductor leads to 

insulator aging and surface discharges. 
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(a) 

 
(b) 
 

FIGURE 4.21With Pollution (a) Voltage distribution (b) Contour of Electric Field  
 

4.6.3 Comparison of cases Without Pollution and With Pollution 

Fig. 4.22(a) and Fig. 4.22(b) show the comparison of the potential distribution and electric 

field (EF) distribution along the surface of the pollution. The voltage distribution of the 

non-polluted insulator is capacitive, which means that is mainly defined by the own 

capacitance of the insulator as well as by its stray capacitances. After adding the pollution 

layer the insulator surface becomes more conductive and the voltage distribution turns into 

the resistive –capacitive. As the pollution conductivity raises the voltage distribution 

gradually approaches to the linear resistive distribution. It can be concluded that as the 

conductivity of the pollution layer increases the linearity of the voltage distribution 

increases compared to the without polluted condition. The creepage distance is somewhat 

increased due to the thickness of the pollution layer.   
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(a) 

 
(b) 

FIGURE 4.22 Comparison of (a) Voltage distribution (b) Contour of Electric Field  

The comparison of the EF at the various locations as shown in Fig. 4.19(c) is summarized 

in Table 4.3. The electric field enhancement factors are also calculated. 

 
TABLE 4.3 Electric field enhancement factor 

Location Without Pollution With Pollution EF enhancement Factor 

a 8.195 × 104 12.4× 104 1.51 

b 9.568× 104 11.821× 104 1.23 

c 0.7368× 104 0.973× 104 1.32 

d 3.308× 104 4.374× 104 1.32 

e 3.727× 104 4.2975× 104 1.15 

f 0.1874× 104 0.5463× 104 2.91 

g 3.3312× 104 3.8727× 104 1.16 

h 3.2853× 104 3.9459× 104 1.20 

i 0.6768× 104 0.8027× 104 1.18 

j 8.0862× 104 9.3251× 104 1.15 

k 7.5694× 104 10.685× 104 1.41 
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Hence the electric field is enhanced 1.51 times at the HV electrode and 1.41 times at the 

ground electrode due to pollution on the surface of the insulator. 

4.6.4 Leakage current under the polluted condition 

To determine the effect of pollution on the surface LC, the insulator surface was polluted 

with the contamination which has conductivity 0.6 μS/m and relative permittivity   81.  The 

surface LC has been obtained from the current density J. The surface integration of the J 

provides the surface LC. The current density has been obtained as per the following 

relation,   

 J E
 

 (4.60) 

 

Where, σ is the conductivity of the pollution layer. Fig. 4.23 shows the current density 

obtained. The current density is non-uniform as the area is non-uniform along the creepage 

distance. 

 

FIGURE 4.23 Current Density along the Creepage distance of Insulator 

Once the current density was obtained, the surface LC was obtained as per the following 

formula: 

 
S

I J dA   (4.61) 

The scalar result of this integral is the magnitude of the total current flowing in the 

direction of the unit normal. 
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Fig. 4.24 shows the magnitude of the LC which is 9.67×10-4 A. 

 

FIGURE 4.24 Surface Leakage Current 

The flow of the surface LC leads to the formation of dry bands in the regions with higher 

current density and lower wetting level. As a result, the voltage is redistributed and due to 

the higher electrical stress of the dry regions, partial arcs evolve, which may eventually 

cause the full insulator flashover depending on the wet layer resistance. 

4.7 Conclusion 

In this chapter, the effect of wet pollution on the voltage and EF distribution was analyzed. 

11kV SiR Insulator was modeled with and without pollution using COMSOL 5.3a which 

incorporates FEM. The electric field is compared at the different regions on insulator 

surfaces like trunk, shed, HV electrode, LV electrode and the triple junction. It was found 

that the maximum electric stress occurred at the triple junction on the HV side electrode. It 

was also found that the voltage distribution on the surface became linear in polluted 

conditions compared to clean conditions because the pollution layer provides a conductive 

surface. The electric field was enhanced 1.51 times at the HV electrode and 1.41 times at 

the ground electrode compared to the clean condition. The LC under the polluted condition 

was found that is 967 µA. If the conductivity of the pollution layer increases the LC value 

is also increased which may create the arc under the electric stress.  
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CHAPTER: 5 

Optimization of Insulator Design 

5.1      Introduction 

For safe and reliable operation of any high voltage equipment, the maximum values of the 

electric field (EF) stresses in the insulating system must be lower, or at the most equal, to 

the allowable values. The EF intensities have to be controlled; otherwise higher stress 

accelerates the aging of the insulation and leads toward the failure. Many methods for 

controlling and optimizing the field intensities to get the most economical designs have 

been developed for different high voltage equipment.  Optimization methods are applied to 

the high voltage system to design electrodes as well as insulator contours in such a way 

that prescribed field distributions on defined surfaces in the critical domain are obtained. 

Consequently, such methodologies help to use the field space optimally within the high 

voltage system. When the insulators are polluted the EF is enhanced as described in the 

previous chapter in section 4.5. The produced EF in the insulator affects the magnitude of 

surface leakage current (LC). The LC is responsible for the flashover of Insulator and 

hence to reduce the chances of flashover it is required to reduce the LC.   

This chapter presents the design optimization of 11 kV Silicone rubber (SiR) Insulator 

provided by the Company, Hi-Tech Trans Technocrates Pvt. Ltd., Rajkot, Gujarat, India 

which manufactures different types of polymer insulators. Optimization was achieved with 

the help of simulation software COMSOL 5.3a Multiphysics which is based on the Finite 

Element Method (FEM), a numerical method. The design provided by the company was 

modified to reduce the EF and hence the LC compared to the available design. The 

available design (without optimization) is provided in appendix B. The design was 

optimized by parametric study; two design parameters shed angle and spacing between two 

sheds were chosen as the variable design parameters. The optimal values of these two 

parameters yielded the least LC among the all possible combination range. 
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5.2 Methods for optimization  

An efficient approach to an electrode and insulator design is to have an optimized profile 

of the electrode and/or insulator such that the dimensions are minimum for a given voltage 

rating, thus minimizing the space needed for and also the cost of installation. The criterion 

most commonly used for the optimization of electrode contour is the minimization of the 

normal component of the electric field intensity on the surface of the electrodes, as it 

increases the discharge initiation voltage. On the other hand, the minimization of the 

tangential component of the electric field intensity along the surface is the preferred 

criterion for insulator contour optimization, as it increases the onset voltage of surface 

flashover. However, the minimization of the resultant field intensity on the insulator 

surface is also used as a criterion for insulator contour optimization. 
 
The literature review indicates that the change in the field on the surface of a given 

electrode can be obtained by a change in the curvature of the contour. Conventional 

Contour Correction Techniques for Electrode and insulator Optimization and Soft-

Computing Techniques for Electrode and Insulator Optimization have been reviewed in 

chapter 2. Artificial Neural Network (ANN) has been also used as a soft computing 

technique for optimization. If an ANN is trained with the geometric dimensions as input 

and the electric field intensities as output patterns, then the trained ANN can estimate the 

electric field intensity for any set of given dimensions without going into detailed electric 

field computation. 

In most of the reviewed methods, the creepage distance is increasing which increases the 

cost of the material. Hence, in this research, the attempt has been made to reduce the EF 

followed by LC, without increasing creepage distance or the number of sheds. The 

insulator design can be modified with three techniques which are: 

 i) Modify the polymeric shape.  

ii) Installation of corona rings at the proper location and suitable ring size. 

iii) Adding non-linear material as insulator filler.  

In this chapter, the first method was adopted. 
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5.3      Methodology adopted for optimization 

In this research, the aim is to optimize the available design of the 11 kV SiR Insulator 

provided by the manufacturer. The optimization is based on finding the minimum LC on 

the surface under polluted conditions compared to the available design without increasing 

the amount of the material used. If the LC can be reduced then the chances of the flashover 

can be reduced. 

The steps involved to achieve the task are:  

1. Review the IEC-60815-3 standard which is on the selection and dimensioning of the 

polymer insulator.  

2. Select the variable design parameters in such a way that the amount of material should 

not increase. 

3. Analyze the available design in terms of the EF and the LC.  

4.  Apply parametric sweep and to obtain the optimum design parameters which give the 

least EF and LC. 

5.4 Review of IEC/TS 60815-3 

IEC/TS 60815-3, technical specifications, are applicable to the selection and dimensioning 

of polymer insulators for AC systems. The objective of this technical specification is to 

provide guidelines for selecting appropriate profiles of the insulator for the transmission 

and distribution line passing from different polluted areas. For the purposes of 

standardization, five classes of pollution characterizing the site pollution severity (SPS) are 

qualitatively defined in IEC/TS 60815-1, from very light pollution to very heavy pollution, 

as follows: 

a – Very light; 

b – Light; 

c – Medium; 

d – Heavy; 

e – Very heavy. 

In this work, the two design parameters Shed angle and spacing between two sheds were 

considered for optimization of the design to reduce the LC.  In IEC 60815-3 standard, the 
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guidelines are given for the selection and dimensioning of the polymer insulator for the 

outdoor application. Here, certain limits are recommended for the different design 

parameters. 

5.4.1 General recommendations for polymer profiles 

In general, polymer shed profiles are simpler than those of glass or porcelain insulators and 

the majority can be classified as open profiles as shown in Fig. 5.1. Commonly, their top 

slope is less than 20° and their underside angle similar or less. There are no deep under-

ribs. They are generally acceptable in all types of environmental conditions, both types A 

and B, in both vertical and horizontal orientations. These profiles are beneficial in areas 

where the pollution is deposited onto the insulator by wind, such as in deserts, heavily 

polluted industrial areas or coastal areas. They are particularly effective in climates which 

are characterized by extended dry periods. Open profiles have good self-cleaning 

properties and are also more easily cleaned if maintenance is required. 

 

FIGURE 5.1 Typical open profile [IEC 60815-3] 

5.4.2 Recommendations for spacing between sheds 

Consider Fig. 5.2 where “d” is the distance between adjacent sheds of the same diameter. 

Minimum spacing between two consecutive sheds is one of the more important 

characteristics for insulator profile evaluation.  

For the acceptance of the Insulator design, the recommendation is provided for the spacing 

between two consecutive sheds in the standard as shown in Table 5.1. It is applicable to 
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both uniform and alternating shed design, where it is clearly seen that the uniform shed 

design having 25 mm≤ d ≤ 50 mm is acceptable. 

 
 

                                                   (a)                                    (b) 

FIGURE 5.2 Spacing between two sheds (a) Uniform sheds (b) Alternating sheds [IEC 60815-3] 

 

 

TABLE 5.1 Recommended deviations for  “d”[IEC 60815-3] 

 
 

5.4.3 Recommendations for shed angle 

The concept of shed angle “α” is shown in Fig. 5.3. Open profiles allow for more efficient 

natural washing of insulator surfaces, provided the shed angle is not so low as well as not 

so high. If the shed angle is too low then it impedes excess water run-off and if it is so 

high, the underneath portion of the shed cannot get the benefit of self-cleaning. The 

allowable shed angle is given in Table 5.2 where it is clearly shown that its acceptable 

value of α is between5 to 25 for the vertical type of insulator. 
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FIGURE 5.3 Shed angle “α” 

 

TABLE 5.2 Recommended deviations for shed angle “α”[IEC 60815-3] 

 

5.5 Parametric study 

Optimization itself can be regarded as a kind of multi-design parameter variation. In the 

design of the insulator, different design parameters are involved like creepage distance, dry 

arcing distance, core diameter, shed diameter, shed angle, the spacing between two 

consecutive sheds, etc. In this work, a parametric FE model was used for a convenient 

variation of two design parameters shed angle and spacing between two sheds. The 

selection of these two parameters was done on the basis that by changing these variables 

the amount of material which is silicone rubber is remaining the same. 

In the original design, the shed angle and the shed spacing are 150 and 50 mm respectively. 

As per the IEC- 60815-3, the angle can be varied between  50 to 250 and the distance can 

be varied between 25 to 50 mm. 

The voltage distribution, Electric field distribution, and Leakage current have been 

computed for each sweep for the available design with the pollution layer. To assign 

parametric sweep to the complicated geometry is not a simple task. The design variables 

are assigned to the geometry as shown in Fig. 5.4. The variables slop_line and slop_ line 2 
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were assigned to change the shed angle and the variable d is assigned to change the spacing 

between two sheds. 

For the different magnitude of shed angle, the magnitude of Slop_ line and the Slop_line2 

has been calculated and with each retrieves angle different combinations of spacing d has 

been calculated by the program. The process flow for the parametric sweep has been 

shown in Fig. 5.5. 

 
FIGURE 5.4 Variable assigned for the parametric sweep 

Start

Initialize Design Parameters 

Calculate Electric Field  and LC

Optimum 
Reached?

Optimized Design Parameters 
achieved

End

Modified Design Parameters 
using Parametric Sweep

No

Yes

 
FIGURE 5.5 Flowchart for Optimization Process 
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5.6 Results and Discussion 

The results of the parametric study in terms of the LC have been tabulated in Table 5.3. 

Here for each value of angle which distance gives less LC has been tabulated. From the 

tabulated readings it has been seen that the minimum LC is 0.8458 mA (highlighted with 

gray color), obtained for the shed angle 100 and the spacing between two sheds is 27mm.    

TABLE 5.3 LC magnitudes at different shed angles 

Shed Angle (0) Spacing between two Sheds (mm) Leakage Current (mA) 

5 27 0.856 

6 25 0.8732 

7 27 0.8626 

8 29 0.8593 

9 27 0.8556 

10 27 0.8458 

11 26 0.8599 

12 26 0.8585 

13 25 0.8675 

14 25 0.8624 

15 26 0.9227 

16 25 0.9128 

17 26 0.917 

18 30 0.9375 

19 25 0.912 

20 26 0.95835 

21 27 0.9586 

22 27 0.995 

23 25 1.143 

24 26 1.085 

25 26 1.184 
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The voltage distribution and the EF distribution along the creepage path at an angle 100 for 

each defined spacing between sheds while all other parameters have fix were determined 

and shown in Fig. 5.6(a) and Fig. 5.6(b). The middle part of both of the graphs has 

remained the same for all parametric readings as the middle shed position is not changed. 

Because of the large number of simulations carried out, only some results extracted from 

FEM software and are presented here as a sample. 

 
(a) 

 
(b) 

FIGURE 5.6 Graph of (a) Voltage distribution (b) Electric Field distribution at 100 angle with different 

spacing between sheds 



Optimization of Insulator Design 

98 

The magnitude of the LC at an angle 100 for the different spacing between sheds has been 

shown in Fig. 5.7. From the figure, it is clear that the minimum LC has been obtained at 

spacing 27mm between two consecutive sheds which is 0.8458 mA.  

 

FIGURE 5.7 Magnitude of LC at shed angle 100 for the different spacing between two sheds 

So it is concluded that the minimum LC can be achieved at the 100 shed angle and the 

spacing is 27 mm. 

Comparison of Available and Proposed design 

From the parametric sweep, it is concluded that the minimum LC is evaluated at the 100 

shed angle and the spacing between consecutive sheds is 27 mm. However, the available 

design has 150 and 50 mm distance. It is required to observe the reduction in the results of 

the Electric field and the leakage current compared to the available design. So in this sub-

section, the comparison has been shown. 

Fig.5.8 shows the comparison of the voltage distribution for the available and proposed an 

optimized design in polluted conditions. Here it can be seen that the voltage distribution is 

more linear in the proposed design (red line).   
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FIGURE 5.8 Comparison of Voltage Distribution 

 

Fig.5.9 gives the comparison of the Electric field distribution for the available and 

proposed an optimized design in polluted conditions. The maximum electric stress in 

available design is 96830.63 V/m while in the proposed design it is 82300.57 V/m. The 

percentage reduction is 15% in the electric field.  

 

FIGURE 5.9 Comparison of Electric field Distribution 

Fig. 5.10(a) and Fig. 5.10(b) show the surface leakage current for the available and 

proposed design respectively. It is clear that the LC for the available design is 0.967 mA 

while in the proposed design it is 0.847mA. Hence new design gives a reduction of 12.4% 

in LC. 
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FIGURE 5.10 Surface LC (a) Available design (b) Proposed design 

5.7 Conclusion 

In this chapter, the available design of 11 kV SiR Insulator provided by the company was 

optimized which gives less LC. The constraint is the amount of silicone rubber remains 

same so the cost is not affected. The two parameters namely shed angle and spacing 

between two shed were taken as variable parameters keeping other parameters constant. 

The shed angle and the shed spacing are 150 and 50 mm respectively for the available 

design. To optimize the design, the parametric study was implemented under the guideline 

provided by the IEC/TS 60815-3. 

It was found that the insulator with shed angle 100 and spacing between shed 27 mm gives 

least LC. The LC of available design was 0.967mA while in the proposed design it is 

0.847mA. Hence new design gives a reduction of 12.4% in LC. In addition to this, 

proposed design gives 15% reduction in the maximum electric field. 

As the electric field and LC are less in the proposed design it gives better electric 

performance compared to the available design. This methodology can be helpful to see the 

effect of different parameters on the performance of insulator. 
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CHAPTER: 6 

Prediction of Leakage Current using ANN 

6.1      Introduction 

The leakage current (LC) is a good indicator as concluded in chapter 3 for predicting the 

flashover. It is evident from the previous studies that there is a correlation between the 

level of LC and surface conditions of non-ceramic insulators. In the actual situation where 

the insulators are installed on a tower, the LC measurement and instrumentation system is 

complex and expensive. If the level of LC is predictable, it will be possible to forecast the 

surface degradation of Silicone rubber (SiR) insulators. Several mathematical tools such as 

linear regression, logistic regression, Wavelet transform and artificial neural network 

(ANN) are used to predict outcomes based on prior information.  

In this chapter, an ANN-based mathematical model is proposed to predict the LC for the 11 

kV SiR insulator. ANN is a powerful class of computational methods that are used for 

prediction, detection, and synthesis problems. The reason for choosing ANN for prediction 

(also known as function approximation) is because of its ability to construct a model based 

on the supervised learning that yields expected outcomes with greater reliability and 

robustness [114]. 

It is observed that LC depends on environmental factors like temperature, humidity and 

airborne particles like NaCl. However, because temperature and humidity are inter-related 

therefore only humidity and constituents of pollution are taken as inputs for the predictive 

model to predict LC. The reason behind the selection of humidity as an environmental 

factor because it converts dry pollutants to wet pollutants which are the source of 

LC.[10,11]. Hence, two parameters are taken as inputs, i.e. conductivity of the pollution 

and the humidity. The magnitude of the LC is the output of the ANN model. In order to 

obtain the data for the LC predictive model and validation, an experimental setup, 
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consisting high voltage supply source, fog chamber, humidifier, and online LC 

measurement kit was prepared. It was observed that the LC was affected by the level of 

conductive contamination on the surface and humidity level in the working condition of 

the insulator.  

6.2      Concept of Equivalent salt deposit density (ESDD)  

Contamination flashover, as discussed earlier is the major problem in deteriorating the 

surface conditions of SiR Insulators. There are two main types of contaminations, Soluble 

Salt deposit and non-soluble material deposit like dust and sand. The pollution degree is 

generally determined by measuring equivalent salt deposit density (ESDD) on the 

insulators which are removed from the existing transmission lines and/or field testing 

stations. ESDD is the standard method for reporting the electrical conductivity of an 

arbitrary pollution deposit with unknown composition. It can be expressed generally in 

mg/cm2. 

6.3 Measurement of ESDD 

6.3.1 Measuring Procedure 

ESDD is normally measured with a rag - wipe method. A distilled water of 500 ml or 1 lt is 

put into a beaker then absorbent cotton is immersed into that water. The conductivity of 

water with immersed cotton should be less than 0.001 S/m. The pollutants are wiped from 

the top and the bottom surfaces of an insulator with the squeezed cotton. The cotton with 

pollutants is put back into the beaker as shown in Fig. 6.1. 

 

 
FIGURE 6.1 Rag-wipe method for collection of pollutant 
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The pollutants should be dissolved into the water by shaking and squeezing the cotton in 

the water. Wiping should be repeated until no further pollutants remain on the insulator 

surface. Attention must be given that the quantity of water is not changed significantly 

before and after collecting pollutants. The conductivity of the water containing the 

pollutants is measured with a conductivity meter, at the same time the temperature of the 

water is measured. 

6.3.2 ESDD Calculation Procedure 

The change in conductivity with temperature is an important factor, especially when 

extrapolating results in freezing temperatures. In literature review it was noted that this is 

true both for pre-contaminated insulators and for those exposed to salt fog. Since the wash 

water is a mixture of ions in unknown concentrations and proportions, it is prudent to use 

linear interpolation to read out the conductivity corrected to 20 ° C.IEC 60507 and IEEE 

Standard-4 offer an expression for correcting the measured conductivity σT at temperature 

T as given below: 

 8 4 5 2 3 2 2
20 3.2 10 1.096 10 1.0336 10 5.1984 10 1.0788T T T T T                   

      (6.1) 

Where, 
σT  is the conductivity of the collected water (NaCl solution) at temperature T, 

T is the solution temperature in ° C, and 

σ20 is the conductivity of the collected water (NaCl solution) corrected to 20° C. 

Once a value for the wash water conductivity at 20° C, σ20, has been estimated, the 

international practice for converting this value into ESDD is to first calculate the salinity 

Sa  according to (6.2) and then ESDD by (6.3). 

  1.03
5.7Sa 20  (6.2) 

 VESDD Sa
A

   
(6.3) 
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Where V, measured in cm3, is the volume of deionized water which is used to prepare 

thesolution and A  is the area of the artificially polluted surface of insulator. 

6.4 Specimen preparation for Experimental results 

Specimens of SiR Insulators at different level of environmental pollution were prepared to 

perform experiment on LC measurement. In the process of specimen preparation, first 

pollutants of different ESDD were formed and then deposited over the surface of the 

insulator. 

6.4.1 Preparation of pollutant 

In the case of transmission and distribution line passing through the seashore area, the 

main constituent of pollution is Sodium Chloride (NaCl). The relationship between the 

ESDD level and the contamination classification according to the IEC 60815-1 standard is 

shown in Table 6.1 [33]. According to IEC 60815-1, the polluted area may be classified 

into 5 categories as shown in Table 6.1[3]. 

 
TABLE 6.1: Classification of contamination severity as per IEC 60815-1 

 

 

The solutions were prepared by dissolving kaolin and NaCl in the half a liter of distilled 

water. Kaolin is an inert chemical powder that is used to bind the contamination to the 

surface. The ingredients of solution were kept in proportion according to IEC-60507 

guıdeline which instructs to keep Kaolin only 40 gm in the solution while the proportion of 

NaCl can be changed to obtain a different level of ESDD. Four different solutions of 

varying ESDD from light to very heavy as indicated in Table 6.2 were prepared. 

 

Class Pollution severity     ESDD (mg/cm2) 

a Very light              <0.01 

b     Light            0.01-0.04 

c Medium            0.04-0.15 

d    Heavy            0.15-0.40 

e Very heavy               >0.40 
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TABLE 6.2: Composition of solution 

Pollution Level ESDD(mg/cm2) NaCl(gm) Kaolin(gm) 
       Light   0.01-0.04 10 40 
     Moderate   0.04-0.15 20 40 
      Heavy   0.15-0.40 30 40 
   Very Heavy      >0.40 40 40 

6.4.2 Preparation of artificially polluted specimen 

In this process, pollutants were deposited on the surface of the specimen by following the 

solid layer method directed by the IEC-60507 standard. Under this method, firstly the 

specimen was washed and cleaned carefully by distilled water and clean cloth. Secondly 

the solutions of different ESDD shown in Fig. 6.2 are sprinkled on the surface or the 

insulators to create a coating of contamination and then allowed to dry for 24 hours as 

shown in Fig.6.3. The area of the specimen surface is1026 cm2 which was polluted. 

 
FIGURE 6.2 Solutions of Kaolin and NaCl at different ESDD 

 
FIGURE 6.3 Samples prepared for the experiment 
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6.4.3 ESDD Calculation of the Specimen 

The contaminant which has been deposited on the surface is wiped out as per the rag-wipe 

method. When the surface deposit has been wiped clean, the rag is put back into the wash 

water. The conductivity is measured at the solution temperature as shown in Fig. 6.4. The 

display of conductivity meter shows 휎푇, 19.3 mS/cm, conductivity at temp. 푇, 24.6 
o
C. The 

conductivity meter was initially calibrated using a 0.1N KCl solution.  

  
FIGURE 6.4 Conductivity measurement 

ESDD was calculated using 휎 ,σ20 and Sa  from equations (6.1- 6.3). These calculated 

values of ESDD are shown in Table 6.3. 

TABLE 6.3: Calculation of ESDD 

Insulator 
surface 
area, 

A ( cm2) 

Volume 
of 

Deionized 
water, 
V ( ml) 

Electrical 
conductivity 
at temp. T, 
휎  (mS/cm) 

Solution 
temp., 
T (0C) 

Electrical conductivity 
at 200 C,σ20  (mS/cm) 

Sa  
Salinity 
(kg/m3) 

ESDD 
(mg/cm2) 

1026 500 ml 54.5 24.2 57.8 1.144 0.572 

1026 500 ml 41.8 24.5 36.28 0.560 0.343 

1026 500 ml 30.8 24.6 25.06 0.256 0.087 

1026 500 ml 19.3 24.6 12.75 0.114 0.037 
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6.5 Experimental set-up and Measurement 

To measure LC in four insulator specimen an experimental set-up was developed at the 

High Voltage laboratory of MEFGI as shown in Fig. 6.5. Under this set-up, a chamber of 

polycarbonate material with dimensions 1590mm×1560mm×1330mm (2m3), as per the 

IEC guideline was prepared. The insulator is subjected to the electric stress with the 

11/√3 kV phase voltage under the humid environment. As here the interest is to observe 

the flashover due to contamination, the supply voltage was only the nominal voltage and 

not the flashover voltage. 

The activity of arcing due to LC is only observed for the wet insulator surface, the clean 

fog was generated in the chamber with the help of a humidifier to saturate the chamber 

before hanging the insulator in the test chamber. The ultrasonic humidifier with adjustable 

relative humidity is used to create fog in the chamber. During the testing, few insulators 

are failed due to the severe flashover. The leakage current is measured with the current 

transformer and the waveform and the readings are displayed on the laptop with the help of 

a data acquisition system. At the different humidity, the magnitude of LC is different or the 

same ESDD level. Table 6.4 shows the reading of the leakage current. 

 

FIGURE 6.5 Experimental set-up 
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FIGURE 6.6 Online Leakage current Analyzer 

 

TABLE 6.4: Experiment Results 

Sr. No.      ESDD 
(mg/cm2) 

 

    %RH  Leakage Current 
             (µA) 
 

 Sr. No.     ESDD 
(mg/cm2) 

 

  %RH  Leakage Current 
          (µA) 

 1       0.08 95% 2747 26 0.18 70% 2800 

2       0.08 90% 2126 27 0.18 65% 2010 

3       0.08 85% 2010 28 0.18 60% 1860 

4       0.08 80% 1987 29 0.18 55% 1780 

5       0.08 75% 1940 30 0.18 46% 768 

6       0.08 70% 1809 31 0.2 95% 7300 

7       0.08 65% 1750 32 0.2 90% 6801 

8       0.08 60% 1700 33 0.2 85% 5800 

9       0.08 55% 1669 34 0.2 80% 4237 

10       0.08 46% 630 35 0.2 75% 3737 

11       0.12 95% 3870 36 0.2 70% 3128 

12       0.12 90% 3046 37 0.2 65% 2298 

13       0.12 85% 2213 38 0.2 60% 2273 

14       0.12 80% 2126 39 0.2 55% 1804 

  15       0.12 75% 1987 40 0.2 46% 785 

16       0.12 70% 1850 41 0.5 95% 8725 

17       0.12 65% 1793 42 0.5 90% 7543 

18       0.12 60% 1712 43 0.5 85% 6801 

19       0.12 55% 1693 44 0.5 80% 5438 

20       0.12 46% 637 45 0.5 75% 4088 

21       0.18 95% 6547 46 0.5 70% 3286 

22       0.18 90% 6130 47 0.5 65% 2874 

23       0.18 85% 5780 48 0.5 60% 2463 

24       0.18 80% 3921 49 0.5 55% 1908 

25       0.18 75% 3220 50 0.5 46% 890 
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6.6      LC Prediction model with Artificial Neural Network 

A predictive mathematical model is constructed based on the neural network inspired 

computation technique. Here, a description of a basic ANN model is given, then the steps 

taken to build a reliable model for LC prediction based when some environmental 

information like ESDD and RH are known are explained.  

6.6.1 Basics of ANN-based feed-forward model 

ANN is a widely used class of techniques for the forecast or prediction problem regardless 

of the field of application. Since reliable ANN-based models require supervised learning, 

therefore, the LC data shown in Table 6.4 were prepared and arranged for supervised 

learning in which major percentage of the data is given to the ANN model for learning and 

some to test the model’s suitability. A well-known fact related to ANN is about its 

incapability to auto-select some of the important elements in the configuration of the 

model, such as number of neurons in hidden layer, deepness of the hidden layer, activation 

function, training algorithms, and learning rate, etc., in order to find the best performing 

architecture. Therefore, various combinations of parameters’ specifications along with 

different network architecture have experimented. The parameters which were taken to 

prepare the models were the number of neurons in hidden layers, depth of hidden layers, 

learning rate, momentum constant, training algorithms and the activation function to obtain 

the minimum squared error in the training process. These ones were adjusted in a way to 

find the best-approximated value to the outcome by avoiding underfitting that shows large 

mean squared error and overfitting that shows a large variance in the learning curve. The 

basic model of the ANN is shown in Fig. 6.7, where humidity and ESDD as inputs and 

leakage current as the only output are indicated. The main task in building an ANN-based 

model is to adjust weights of connections between two neurons while minimizing the error 

between the target output and predicted output during the learning process. 
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FIGURE6.7 Basic ANN model for LC prediction 

푤 (푘 + 1) = 푤 (푘) − 휂
휕푓
휕푤

+ 훼[푤 (푘) −  푤 (푘 − 1)] (6.4)

Where, 푤  are the weights of the connection between neurons, 푓 is activation function, 휂 

is learning rate, and 훼 momentum constant in 푘푡ℎ iteration required to obtain convergence 

in the learning process. The output of the model is estimated by linearly multiplying the 

weights of the neuron to the inputs. The error predicted data and real output are minimized 

in the learning process. Mean square error (MSE) calculated in each step (epoch) during 

the training process in most of the training algorithms. The MSE is calculated as per the 

(6.5), where 푡 the target is output and y  is the estimated output and n is the number of 

outputs. This error has to be minimized in order to obtain the best trade-off model. In fact, 

this also determines the stage at which the training process is complete. If MSE is high for 

test data then the training process continues with modified network architecture. 

푒 =
1
푛

(푡 − 푦 )          (6.5)
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FIGURE 6.8 ANN model construction for LC prediction 

6.6.2 Process for constructing a predictive model 

ANN-based model for prediction of leakage current with the depending variables, ESDD 

and RH, are constructed as described in the flow chart shown in Fig.6.8. It shows that input 

and output data are normalized or pre-processed. Then, simulation experiments are 

performed to select the best performing model. As the flow chart depicts, the first number 

of neurons and depth of the hidden layer are determined with the selected training 

algorithm, activation function, learning rate, and momentum constants. Once this is 

defined, the rest of the parameters are adjusted within a range in order to reduce MSE and 

convergence time. The process of selecting a model by performing some steps is 

elaborated in the subsection below. For model construction, the Neural network toolbox of 

MATLAB version 8(R2013a) was used as simulation software therefore some 

nomenclatures of the training parameters are adopted here as defined in the software.  
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Pre-processing or Data normalization 

Input data, ESDD and Relative Humidity have a different range of variations hence a 

normalization preprocessing is required to accelerate the learning process and avoid 

overfitting in the model. In this work, input data is normalized between 0 and 1 using the 

min-max technique as given in (6.6). 

 

 푥 =
푥 − 푥

푥 − 푥
        (6.6) 

In (6.6), 푥 is data, 푥  and 푥  are maximum and minimum, respectively, of the input 

data. Some other methods for normalization like mean-standard deviation and normalizing 

between any given values (e.g. -1 and 1) were also attempted but the max-min method was 

discovered to be empirically suited in the prediction of the leakage current.  

Data preparation  

Data preparation constitutes partition of complete data set, in this case as shown in Table 

6.4, into the target set and the test dataset. Almost 85% of the total 50 recordings are taken 

as target set and rest is chosen for the test while taking care that both sets include 

recordings from each level of ESDD. 

Neuron and hidden layer 

In order to find a simple and less computational ANN model, the depth of the hidden layer 

must be less. Therefore, the first experiment is performed with a varying number of 

neurons in each block of the hidden layer. Table 6.5 includes the suitable number of 

neurons in the network, as it can be observed that 4 neurons in a single hidden layer are 

showing the least MSE. 
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Table 6.5 Neurons in the hidden layer. Grey highlighted row is of the minimum error. 

Neuron Learning Rate Momentum Constant Maximum Epoch MSE( Test Data) 

2 0.0001 0.9 68 0.467997 

3 0.0001 0.9 1001 0.75849 

4 0.0001 0.9 988 0.076339 

5 0.0001 0.9 547 0.142976 

6 0.0001 0.9 258 0.664445 

7 0.0001 0.9 841 0.10595 

8 0.0001 0.9 1001 0.51924 

9 0.0001 0.9 1001 1.078463 

    10 0.0001 0.9 1001 5.927686 

    11 0.0001 0.9 1001 0.982614 

    12 0.0001 0.9 1001 0.457357 

    13 0.0001 0.9 1001 2.573551 

    14 0.0001 0.9 1001 4.105947 

Activation function 

Decision making in the neuron is taken by an activation function. Based on the 

organization and nature of the data set, the activation function is selected that may be 

nonlinear or linear is selected. Various activation functions can be taken in training process 

however in this work three following activation functions are tested: 

 Tan sigmoid function (tansig), 푓(푥) = tanh(푥) =    (6.7) 

 Logarithmic sigmoid function (logsig), 푓(푥) =    (6.8) 

 Linear function (purelin), 푓(푥) = 푥   (6.9) 

Table 6.6 shows nonlinear activation functions tan-sigmoid and log-sigmoid, showing the 

less MSE than the linear function. The nonlinear nature of tan sigmoid seems to perform 

best when test data is given to the prepared model in which the hidden layer has a single 

layer of four neurons.  
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      Table 6.6   MSE and training parameters in the training process. A best-trained model is shown in shadow. 

Training 
Algorithm 

Transfer 
function 

  Neuron Learning 
    rate 

Momentum    
Constant 

Maximum 
   Epoch 

   MSE 
(test data) 

Le
ve

nb
er

g 
-M

ar
qu

ar
dt

 tansig 4 0.0001 0.9 1001 0.68583 

logsig 4 0.0001 0.9 1001 0.797547 

purelin 4 0.0001 0.9    5 0.765067 

B
FG

S-
 

Q
ua

si
-N

ew
to

n 
 

tansig 4 0.0001 0.9 988 0.076339 

logsig 4 0.0001 0.9 1001 0.751296 

purelin 4 0.0001 0.9    17 0.765067 

Sc
al

ed
 C

on
ju

ga
te

  
gr

ad
ie

nt
 

tansig 4 0.0001 0.9 1001 0.112945 

logsig 4 0.0001 0.9 1001 0.751296 

purelin 4 0.0001 0.9    17 0.765067 

R
es

ili
en

t 

tansig 4 0.0001 0.9 1001 0.419248 

logsig 4 0.0001 0.9 1001 0.186242 

purelin 4 0.0001 0.9    47 0.765067 

Learning algorithm 

Different training algorithms are used for the learning purpose of the ANN topology.  

Levenberg-Marquardt backpropagation (trianlm), Broyden, Fletcher, Goldfarb, and Shanno 

(BFGS)– quasi-Newton backpropagation (trainbfg), Scaled conjugate gradient 

backpropagation (trainscg), and resilient backpropagation (trainscg) algorithms are 

employed for training of the ANN model. 

Learning rate 

The learning rate is an important factor that determines the quantum of weight adjustment 

calculated from the gradient-descent. This is chosen between 0 and 1. In this experiment, 

four values of learning rate are used, i.e. 0.0001, 0.001, 0.01 and 0.1. MSE convergence is 

met sooner when the learning rate is high. In fact, the effect of the learning rate is on MSE 

is not seen in terms of minimizing its value but reducing the time of convergence. Table 

6.7 shows the effect of the learning rate on MSE and convergence time. It is evident that 
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MSE is not reduced further when the learning rate is varied however on the other hand 

convergence time is reduced significantly. 

               Table 6.7 MSE and model Convergence in training at  different learning rate and momentum constant 

 

Momentum constants 

Momentum constant gives momentum to the learning rate in the process of training. From 

Table 6.7 it can be noticed that momentum constant 훼 plays a significant role in weight 

updates on each iteration during the leaning process. The table also shows the MSE on 

varying momentum constants, 0.5, 0.7 and 0.9 where it can be observed that convergence 

time is more when momentum constant is less. Similar to the learning rate it does not 

affect the final value of MSE but the timing to the training process is reduced as its value 

changes.  

Figure 6.9 shows the performance of the four training algorithms. BFGS-quasi-Newton 

(trainbfg) algorithm exhibits slow convergence but less error compared to the Levenberg-

Marquardt (trainlm). Fast convergence is not a matter of concern when the training process 

is performed offline therefore the model built with BFGS-quasi-Newton training algorithm 

is selected for prediction.  

Neuron Training  
algorithm 

Transfer  
Function 

Learning  
   Rate 

Momentum  
  Constant 

  Maximum 
   Epoch 

   MSE  
  (test data) 

 Convergence  
   time (sec) 

4 trainbfg tansig 0.0001 0.9 988 0.076339 1.694 

4 trainbfg tansig 0.0001 0.7 988 0.076339 1.669 

4 trainbfg tansig 0.0001 0.5 988 0.076339 1.707 

4 trainbfg tansig 0.001 0.9 988 0.076339 1.706 

4 trainbfg tansig 0.001 0.7 988 0.076339 1.861 

4 trainbfg tansig 0.001 0.5 988 0.076339 1.709 

4 trainbfg tansig  0.01 0.9 988 0.076339 1.766 

4 trainbfg tansig  0.01 0.7 988 0.076339 1.696 

4 trainbfg tansig  0.01 0.5 988 0.076339 1.681 

4 trainbfg tansig   0.1 0.9 988 0.076339 1.74 

4 trainbfg tansig   0.1 0.7 988 0.076339 1.704 

4 trainbfg tansig   0.1 0.5 988 0.076339 1.687 



FIGURE 6

6.7 Results and Discussion

After constructing the model suggested above, test dataset in which almost 15 percent 

ESDD and RH are taken to examine the model. Table 

members of ESDD and RH as 

leakage currents, respectively. It can be observed that the 

predicted result which is 

cause the flashover. 

A pictorial illustration of the 

HV lab along with the predicted (approximated) LC 

different markers for training as well as test LC in order to make 

original tests LC and predicted one

are almost overlapping which implies that 

and ESDD kept in the test set nearly 
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FIGURE 6.9 Performance curves of the four training algorithms

and Discussion 

After constructing the model suggested above, test dataset in which almost 15 percent 

ESDD and RH are taken to examine the model. Table 6.8 shows the 

members of ESDD and RH as the test data set and corresponding predicted and original 

, respectively. It can be observed that the average error

predicted result which is close to negligible for issuing a warning based on the 

A pictorial illustration of the original LC with respect to ESDD and RH 

along with the predicted (approximated) LC is shown in 

for training as well as test LC in order to make 

original tests LC and predicted ones. The markers of original test LC and predicted ones 

which implies that the built ANN model calculates LC with %RH 

and ESDD kept in the test set nearly like the original ones. 

Prediction of Leakage Current using ANN 

 

of the four training algorithms 

After constructing the model suggested above, test dataset in which almost 15 percent 

shows the selected input 

test data set and corresponding predicted and original 

average error of 5.46 % in the 

close to negligible for issuing a warning based on the LC that may 

LC with respect to ESDD and RH measured in the 

is shown in Fig.6.10. It contains 

for training as well as test LC in order to make a distinction between 

The markers of original test LC and predicted ones 

built ANN model calculates LC with %RH 
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Table 6.8 Approximated or predicted leakage current with the obtained neural network model 

   ESDD  
(mg/cm2) 

  RH(%)       Original  
Leakage   Current  
        (mA) 

      Predicted  
Leakage Current  
          (mA) 

 Error  
   (%) 

Average  
Error (%) 

  0.5 46 0.890 1.0675 19.94 

     5.46 

0.02 46 0.608 0.6328 4.07 

0.08 75 1.94 1.9204 1.01 

0.08 70 1.809 1.8540 2.48 

0.12 60 1.712 1.7585 2.71 
0.18 55 1.780 1.7064 4.13 
0.18 46 0.768 0.7020 8.59 
  0.2 55 1.804 1.7909 0.72 

 

 

                                        FIGURE. 6.10 Predicted values of Leakage Current 

It is evident that prediction error, MSE, can be even further minimized if LC is measured 

on the narrower incremental value of ESDD. Furthermore, it can be noted in Fig. 6.10 that 

LC from ESDD’s 0.2 to 0.4 is not measured which is responsible for the yielded error. 

Prediction for continuously recorded data can be exercised with more precision. In future 
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work, the measurement of LC will be performed with less interval of ESDD and RH to 

develop a model to predicted values with the least error.  

6.8 Conclusion 

In this chapter, an experimental set-up was prepared to obtain leakage current at various 

contamination levels and humidity. An artificial neural network-based mathematical 

prediction model was proposed that uses ESDD and %RH as inputs in order to predict an 

estimated value of leakage current. A feedforward network with a single hidden layer 

constructed by varying several topologies along with the training parameters such as 

training algorithms, activation function, learning rate and momentum constant. BFGS-

quasi-Newton backpropagation with the activation function hyperbolic tangent as an 

activation function showed the best-predicted values. Average predicted error is under the 

tolerance limit therefore when this value goes higher than a standard value, then a warning 

for insulator washing can be given. 
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CHAPTER: 7 

Conclusions and Future scope 

7.1      Conclusions 

In the research, the attempt was done to help the utility to predict an accurate washing 

schedule and to suggest the modified dimensions of design parameters for the composite 

insulator so the chances of flashover can be reduced. It overall improves the reliability and 

performance of the whole power system. The following points are concluded from the 

experimental results, predicted results of LC and the optimized new design compared to 

the existing one.  

i. In a case of dry insulator surface, the leakage current flow on the surface 

was almost negligible even if is contaminated with dry pollutants. The LC 

waveform is almost sinusoidal and all orders of harmonics were negligible 

except 5th one. Less percentage of THD was the evidence of the absence of 

arc on the surface which has a nonlinear nature. It can be concluded that the 

only 5th harmonic presence is an indication of insulator to be in normal 

condition of Insulator.  

ii. When the fog was applied to the contaminated insulator, the discharge 

phenomenon was observed on the surface in the form of a partial arc. As the 

period of time was increased for what the insulator under the fog, the 3rd and 

5th harmonics were continuously increased. The presence of the 3rd 

harmonic can be correlated with the presence of arc. Due to the heating 

effect of surface LC, the dry band was formed on the surface which was not 

able to sustain the electric stress and finally, the flashover occurs. As the dry 

bands provide a high resistive path, the harmonics were reduced especially 

3rd and 5th. Hence the severe condition of flashover can be predicted by 
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observation of the ratio of the 3rd to 5th order harmonics. Just prior to the 

flashover, the ratio was drastically going to reduce. So, the ratio is 

significant to determine the pollution level and so useful to schedule 

preventive maintenance. This concept can be applied to the insulator in the 

field by continuously monitoring of harmonics of LC and when the 3rd/5th 

ratio going down after continuous increment washing of insulator can be 

scheduled. If the washing schedule is optimized the unnecessary outage of 

the supply can be avoided and hence the loss of revenue can be avoided. 

iii. It was found that the surface discharge  has distinctive stages of 

development and that the upcoming flashover modifies the harmonic 

content. These finding suggested that the frequency signature of the leakage 

current may indicate some chances of flashover. 

iv. An artificial neural network-based mathematical prediction model was 

proposed, that takes ESDD and RH as inputs in order to predict an 

estimated value of leakage current. The same can be used to optimize the 

washing schedule. 

v. BFGS-quasi-Newton backpropagation with the activation function 

hyperbolic tangent as an activation function showed the best-predicted 

values. Average predicted error is under the tolerance limit therefore when 

this value goes higher than a set value (according to the standard), then 

warning for insulator washing can be given. 

vi. Calculations of the electric field are useful in the identification of 

vulnerable areas of insulator units where damage and consequent 

breakdown may occur. From the results presented it is found that one of the 

most critical areas of electric field stress is a triple junction (Electrode-

Silicone rubber-air).  

vii. With the help of simulation, it was found that the pollution on the insulator 

surface enhances the electric field and the % increment in the maximum EF 

is 15%. 
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viii. By changing the two design parameters shed angle and spacing between 

sheds, the LC was reduced by 12.4% which indicates less chance of the 

flashover and increases the life of insulator compared to the available 

design. The research approach is cost-effective as the material required is 

remained the same. The use of a new design optimizes the washing 

schedule which aids the utility in saving time and cost in insulator 

maintenance. 

The insulators simulated in this work are common in the power system; hence it is believed 

that the results can be very useful for the manufacturers and utilities. 

7.2 Recommendation for Future work 

On the basis of the observations and conclusions from the current study, the following 

recommendations are suggested for future research: 

 The ANN model for the prediction can be built more precisely if the reading of LC 

will be taken with minor variation in ESDD and %RH. 

 More environmental factors like temperature, UV radiation, etc can be considered 

to observe the effect on LC.  

 For the simulation instead of the 2-D model, the 3-D model can be used for the 

investigation. 

 In the research work, the uniform contamination layer is considered in the 

simulation. It can be extended by considering the partially or non- uniform 

pollution layer.   

 The comparisons of flashover voltage and leakage current for different types of 

damage shown in Fig. 2.8 can be include for the future work. 

 Comparing performances of ANN with any other existing method can be taken as future 

work.   
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Appendix B: Detailed design of 11Kv Composite insulator 
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