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 الرسالة ملخص

 حًج دساست انعٕاصل انصذد نٓزا .حعخبش انعٕاصل يٍ بيٍ الأخضاء الأكثش أًْيت في َظاو انطاقت       

 بٓذف انحذ يٍ  في ْزا انبحث انسيشاييكيت ٔغيش انسيشاييكيت انًسخخذيت في خطٕط َقم انطاقت انكٓشبائيت

 حى حُفيز ْزِ الأطشٔحت يٍ أخم ححهيم أداء انعٕاصل عٍ طشيق.  أفضم أداءْاحذْٕس أسطحٓا ٔبانخاني حقذيى

 انًدال انكٓشبائي عهٗ ححسيٍ أداء انعٕاصل عهٗ حٕصيعسيساعذ ححسيٍ .  حٕصيع انحقم انكٓشبائيدساست

  .انًذٖ انطٕيم

اندضء الأٔل يٍ ْزا انبحث يٓذف إنٗ دساست اسخخذاو انحهقت الاكهيهيت في َٓاياث أطشاف انعٕاصل     

نهقياو بزنك ، حى . ٔحخفيض قيًّ انقصٕٖ ٔ حأثيشْا عهٗ حٕصيع  انحقم انكٓشبائي (غيش انسيشاييكيت)انًشكبت 

انًسخُذة إنٗ حقُيت انخحسيٍ نهحصٕل عهٗ يعاييش   (BAT Algorithm)  انخفافيشحطٕيش خٕاسصييت

انحذٔد ة كاة ٔحى اسخخذاو طشيقانعاصل انًشكب نهًحل  ًَٕرج حى حصًيىنقذ.انخصًيى الأيثم نهحهقت الاكهيهيت

 . انعاصل نذساست حٕصيع انحقم انكٓشبائي عهٗ طٕل سطح ْزا (FEM) انًخُاْيت

حيث يذسط ْزا اندضء إيكاَيت حطٕيش انبٕسسلاٌ يٍ . اندضء انثاَي يٍ الأطشٔحت يخعهق بانبٕسسلاٌ    

يغهف : كًا أخشيج يحاكاة نسطح ْزا انعاصل في انحانخيٍ. يٕاد خاو يحهيت ٔباسخعًال انضخاج انًعاد حذٔيشِ

ٔقذ أظٓشث انُخائح أٌ انغلاف انًسخخذو يحسٍ يٍ يقأيت انعاصل ٔأٌ حٕصيع انحقم انكٓشبائي . ٔ غيشيغهف

. يهحٕظاسطح يظٓش ححسُا ْزا عهٗ طٕل 

نعثٕس عهٗ أفضم انحهٕل نًشاكم عٕاصل ل أكثش دقت يعهٕياثإٌ انُخائح انخي حى انحصٕل عهيٓا حعطي     

      .اندٓذانعاني

 

طشيقت انحذٔد ، خٕاسصييت انخفافيش ،  انحقم انكٓشبائيعاصل يشكب ، حهقت كٕسَٔا ، : الكلمات المفتاحية

 .ء ، إَشا، بٕسسلاٌ ( FEM)انًخُاْيت 

  

 

 



   

 

Résumé 

    Les isolateurs sont parmi les parties les plus importantes du système d'alimentation 

électrique. Les isolateurs céramiques et non céramiques utilisés dans les lignes de transport 

d’énergie ont été étudiés dans le but de réduire la dégradation de la surface et d’offrir  les 

meilleures performances. Cette thèse a été réalisée dans le but d'analyser les performances 

des isolateurs via leur distribution de champ électrique. En améliorant la distribution du 

champ électrique, cela contribuera à améliorer les performances à long terme des 

isolateurs.  

      La première partie de ce travail vise à étudier l'utilisation de l'anneau corona au niveau 

du raccord d'extrémité HT pour améliorer le champ électrique et les distributions de 

potentiel, puis pour minimiser les décharges par effet corona sur un isolateur polymérique. 

Pour ce faire, un algorithme BAT basé sur une technique d'optimisation est développé pour 

obtenir les paramètres optimisés de l'anneau corona. L'isolateur polymérique est modélisé 

pour la simulation et une méthode FEM a été utilisée pour étudier la contrainte de champ 

électrique le long de la surface de cet isolateur.  

      La deuxième partie de la thèse concerne l'isolateur en porcelaine. Cette partie étudie la 

possibilité de développer une porcelaine à partir de matières premières locales et de verre 

recyclé. Des simulations de surfaces isolantes revêtues et non revêtues de porcelaine ont 

également été effectuées. Les résultats obtenus montrent que le revêtement améliore la 

résistance à la rupture de la porcelaine et que la distribution de la tension le long de la 

surface montre une amélioration significative.   

       Les résultats obtenus présentent une conclusion plus précise dans la recherche des 

meilleures solutions aux problèmes des isolateurs haute tension. 

Mots-clés : isolateur composite, anneau corona, champ eléctrique, algorithme chauve-

souris, MEF, porcelaine, élaboration. 



   

 

Abstract 

    Insulators are the important part of the power system. Ceramic and non ceramic 

insulators used in power transmission lines were studied with the aim of reducing 

degradation over its surface and presenting the best performance. This thesis has been 

made to analyze insulator performance via their electric field distribution. By improving 

the electric field distribution, it will help in enhancing their long term performance of 

insulator. The first part of this work is aimed to investigate the use of corona ring at the 

HV end fitting for improving the electric field and potential distributions and then for 

minimizing the corona discharges on composite insulator. To achieve this, optimization 

technique based Bat algorithm is developed for obtaining the optimized corona ring 

parameters. Composite insulator is modeled for simulation and FEM method has been 

employed to investigate the electric field stress along the insulator surface.  

           The second part of the thesis concerns the porcelain insulator. In this part the 

possibility of development porcelain from locally raw materials using recycled waste glass 

is studied. Simulations for coated and uncoated insulator surfaces of porcelain were also 

performed. The obtained results showed that Coating enhances the breakdown strength of 

the porcelain and the voltage distribution along the leakage surface of coated ceramic 

insulators show a significantly improvement. 

     The obtained results present more accurate result in finding best solutions for high 

voltage insulators problems.  

 

Keywords : composite insulator, corona ring, electric field, bat algorithm, FEM, porcelain, 

elaboration.



  

  i  
 

Table of contents 

 
 

Table of contents .................................................................................................................... i 

List of figures ....................................................................................................................... iv 

List of tables ........................................................................................................................ vii 

List of abbreviations ........................................................................................................... viii 

List of symbols ..................................................................................................................... ix 

 

Chapter 01 

General Introduction 

1.1. Background .............................................................................................................. 1.1 

1.2. Problem statement .................................................................................................... 1.2 

1.3. Objectives ................................................................................................................ 1.4 

1.4. Contributions of this thesis ...................................................................................... 1.5 

1.5. Thesis Organization ................................................................................................. 1.5 

 

Chapter 02 

High voltage insulators: A literature review 

2.1. Introduction .............................................................................................................. 2.1 

2.2. Ceramic insulators ................................................................................................... 2.3 

2.2.1. Porcelain insulator ............................................................................................. 2.3 

2.3. Composite insulators ................................................................................................ 2.7 

2.3.1. Advantages of composite insulator ................................................................... 2.8 

2.3.2. Degradation of composite insulator .................................................................. 2.9 

2.4. The evolution of the use composite insulators according to GRTE ...................... 2.15 

2.5. Literature survey .................................................................................................... 2.17 



  

  ii  
 

2.6. Conclusion ............................................................................................................. 2.18 

 

Chapter 03 

Optimization of Corona Ring Design for Improved 

Electric Field Performance 

3.1. Introduction .............................................................................................................. 3.1 

3.2. Field Optimization techniques ................................................................................. 3.2 

3.2.1. Corona Ring Installation ................................................................................... 3.2 

3.3. Insulator model ........................................................................................................ 3.4 

3.4. Bat Algorithm .......................................................................................................... 3.5 

3.4.1. Natural Bat behavior ......................................................................................... 3.6 

3.4.2. Variants of Bat Algorithm ............................................................................... 3.11 

3.4.3. Bat flowchart ................................................................................................... 3.12 

3.4.4. Bat algorithm applications .............................................................................. 3.14 

3.5. Finite Element Method .......................................................................................... 3.17 

3.6. COMSOL Multiphysics Software ......................................................................... 3.18 

3.7. Minitab software .................................................................................................... 3.19 

3.8. Project Process Flow .............................................................................................. 3.19 

3.9. Conclusion ............................................................................................................. 3.21 

 

Chapter 04 

Performance Analysis of non Ceramic Insulator 

4.1. Introduction .............................................................................................................. 4.1 

4.2. Optimization structure of the Corona rings based on BAT algorithm ..................... 4.1 

4.2.1. Problem formulation ......................................................................................... 4.1 

4.3. Main effect plots and interactions effect of corona ring parameters ....................... 4.4 

4.4. Implementation of the bat algorithm in designed corona ring ................................. 4.6 



  

  iii  
 

4.5. Simulation Analysis ................................................................................................. 4.7 

4.6. Potential and Electric field distribution analysis ................................................... 4.10 

4.7. Conclusion ............................................................................................................. 4.13 

 

Chapter 05 

Characterization and Improvement  of porcelain 

insulator 

5.1. Introduction .............................................................................................................. 5.1 

5.2. Development of new porcelain insulator based on economic raw materials ........... 5.2 

5.3. Experimental analysis .............................................................................................. 5.2 

5.3.1. Materials and methods ...................................................................................... 5.2 

5.3.2.Characterization ................................................................................................. 5.8 

5.4. Electrical performance of porcelain coated with TiO2 thin film............................ 5.24 

5.4.1. Introduction ..................................................................................................... 5.24 

5.4.2. Importance of high voltage insulator's coating ............................................... 5.24 

5.4.3. Experimental procedure .................................................................................. 5.25 

5.4.4. Coating evaluation........................................................................................... 5.26 

5.4.5. Electrical tests and results ............................................................................... 5.29 

5.4.6. E-field distribution and current density analysis ............................................. 5.32 

5.5. Conclusion ………………..………………………………………………………5.36 

 

Chapter 06 

General Conclusions 

6.1. Conclusions .............................................................................................................. 6.1 

6.2. Recommandations .................................................................................................... 6.2 

Bibliographic References 
 



  

  iv  
 

List of figures 

 

Figure 2. 1 Classification of power line insulators ............................................................ 2.2 

Figure 2. 2 Porcelain insulator structure ............................................................................ 2.4 

Figure 2. 3 Radial cracking due to cement growth on porcelain insulators. ..................... 2.5 

Figure 2. 4 Corroded pin in porcelain insulator ................................................................. 2.6 

Figure 2. 5 Composite insulator structure.......................................................................... 2.8 

Figure 2. 6 Degradation of composite insulator .............................................................. 2.10 

Figure 2. 7 Corona discharge ........................................................................................... 2.11 

Figure 2. 8 Evolution of the use of composite insulators in Algeria according to GRTE…...

 .........................................................................................................................................  2.16 

Figure 2.9 Evolution of the installation of polymer insulator chains with respect to the 

total length of the network ................................................................................................ 2.16 

Figure 3. 1 Insulator string equipped with corona rings                                              3.3                                                                                                              

Figure 3. 2 Model of composite insulator and corona ring................................................ 3.5 

Figure 3. 3 A bat use echolocation to determine prey. ...................................................... 3.7 

Figure 3. 4 Loudness (A) ................................................................................................... 3.9 

Figure 3. 5 Pulse Emission Rate (r) ................................................................................... 3.9 

Figure 3. 6 Flowchart of Bat Algorithm .......................................................................... 3.13 

Figure 3. 7 Bat algorithm applications ............................................................................ 3.14 

Figure 3. 8 Flow diagram of electric field optimization for polymeric insulator ............ 3.20 

Figure 4.  .1 Electric potential distribution without corona ring. 4.2 

Figure 4. 2 Main effect plots of corona ring parameters H, R and Dr on the maximum 

value of E-field. .................................................................................................................. 4.5 

Figure 4. 3  Interaction effect plots of corona ring parameters H, R and Dr on the 

maximum E-field ................................................................................................................ 4.5 

Figure 4. 4 Convergence of objective function during the optimization model. ............... 4.6 

Figure 4. 5 Maximum electric field as a function of applied voltage. ............................... 4.8 

Figure 4. 6 E-field variation along the insulator length with and without corona ring. .... 4.9 

Figure 4. 7 Electric potential along the studied composite insulator. ................................ 4.9



 List of figures 

  

  v  
 

Figure 4. 8 (a):Electrical field distribution ,(b):equipotential contours around composite 

insulator  in the case without Corona ring. ....................................................................... 4.11 

Figure 4. 9 (a): Electrical field distribution,(b):equipotential contours around composite 

insulator  in case with Corona ring ................................................................................... 4.12 

Figure 5. 1 samples sintered at different temperatures for 2 h 5.3 

Figure 5. 2 Bruker diffractometer .......................................................................................................5.5 

Figure 5. 3  spectroscopy (FTIR) Perkin Elmer 700 type ............................................................5.6 

Figure 5. 4 Setaram DTA 92 thermal analysis system..................................................................5.7 

Figure 5. 5 Components of scanning electron microscopy (SEM). ..........................................5.8 

Figure 5. 6  XRD patterns of samples sintered at different temperatures for 2 h (a) N00, (b) 

G10, (c) G20 and (d) G30 ................................................................................................................... 5.10 

Figure 5. 7 FT-IR spectra of the samples sintered at 1100°C for 2 h .................................... 5.11 

Figure 5. 8 DTA curves for samples mixtures during heating. ............................................... 5.12 

Figure 5. 9 Bulk density and Open porosity of the samples sintered at different 

temperatures ............................................................................................................................................ 5.14 

Figure 5. 10 (a): Shrinkage and (b): Water absorption of the samples sintered at different 

temperatures ............................................................................................................................................ 5.16 

Figure 5. 11 SEM micrographs of the samples sintered at1100°C for 2h :(a) G00, (b) 

G10,(c) G20,and (d) G30 .................................................................................................................... 5.18 

Figure 5. 12  Experimental set-up for measurement of mechanical proprieties .................. 5.19 

Figure 5.13 Vickers micro-hardness versus the sintering temperatures for samples 

containing N00, G10, G20 and G30 ................................................................................................. 5.19 

Figure 5. 14 Precision impedance analyzers ................................................................................. 5.21 

Figure 5. 15 Dielectric constant ('), (b): Dielectric loss factor ('') versus frequency 

(MHz) ........................................................................................................................................................ 5.22 

Figure 5. 16 Dielectric loss tangent (tan δ) versus frequency (MHz). .................................. 5.23 

Figure 5. 17 Phase angle  (°) versus frequency (MHz). .......................................................... 5.24 

Figure 5. 18 Gwyddion GUI (Graphical User Interface) with AFM Data ........................... 5.27 

Figure 5. 19 3D and 2 D image profiles of (a) uncoated sample and (b) coated sample  

with TiO2 film. ........................................................................................................................................ 5.28 

Figure 5. 20 Micro-Raman spectra of TiO2 of the surface of coated insulator. ................. 5.29 

Figure 5. 21 Overall view of Experimental setup. ...................................................................... 5.30 



 List of figures 

  

  vi  
 

Figure 5. 22 Studied insulator model. ............................................................................................. 5.30 

Figure 5. 23 Leakage current as function of applied voltage for coating and un-coated 

samples at (a) positive polarity (b) negative polarity. ................................................................. 5.32 

Figure 5. 24 Results of COMSOL simulations of coated sample (a) E-field distribution and 

(b) electric potential .............................................................................................................................. 5.33 

Figure 5. 25 Results of COMSOL simulations of un-coated sample (a) E-field distribution 

and (b) electric potential. ..................................................................................................................... 5.34 

Figure 5. 26 E-field (a) and current density (b) as function of applied voltage. ................ 5.36 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 



  

  vii  
 

List of tables 

 

 

Table 3. 1 Design parameters of studied composite insulator in mm. ......................................3.4 

Table 4. 1 Corona ring parameters and their levels .......................................................................4.3 

Table 4. 2  Computational results. ......................................................................................................4.3 

Table 4. 3 Optimized CR Parameters Values ..................................................................................4.7 

Table 4. 4  Comparison between PSO and BA ............................................................................ 4.10 

Table 5. 1 Chemical compositions of the starting raw materials, mass (%) ...........................5.2 

Table 5. 2  Percentage of additive material of samples, mass (%) ............................................5.3 

Table 5. 3 Chemical compositions of all samples, mass (%) ................................................... 5.13 



  

  viii  
 

List of abbreviations 

 

HV High Voltage 

CR Corona Ring 

GRTE Société Algérienne de Gestion du Réseau de Transport 

de l’Electricité 

FEM Finite Element Method 

2D/3D Two/three Dimensional 

BA Bat Agorithm 

PSO Particle Swarm Optimization 

GA Genetic Algorithm 

NO Neuro Optimizer 

BSO Bee Swarm Optimization 

ANOVA Analysis of variance 

OA 
Ortoganal Array 

EPRI Electric Power Research Institute 

AC Alternating Current 

DC Direct Current 

XRD X-Rays Diffraction 

FT-IR Fourier-Transform infrared spectroscopy 

DTA Differential Thermal Analysis 

SEM Scanning Electron Microscope 

AFM Atomic Force Microscopy 

UV Ultra Violet 

Hv Hardness vickers 



 

  ix  
 

List of symbols 

 

mm Millimeter 

cm Centimeter 

m Meter 

H Corona ring height 

Dr Corona ring tube diameter 

R Corona ring radius 

E Electric Field 

F
2   

                                                                                                                                                

s 

Coefficient of determination            

second  

kV Kilovolt 

mg Milligram 

G 
Glass 

N No glass 

MHz Megahertz 

kHz Kilohertz 

' Dielectric Constant 

" Dielectric loss factor 

tng  Loss tangent 

 Angle phase  

TiO2 Titanium dioxide 



  

 

 

 

 

 

 

 

Chapter 01 
 

 

 

 

  

  

 

General Introduction 



  

1p.1. 
 

Chapter 01 

 General Introduction 

 

1.1. Background 

 

In recent years, electricity has become one of the most important necessities in 

human life and extra high voltage power lines have been widely used to transmit the 

electric energy from the power stations to the end users. Insulators are among the 

key devices of the electric power transmission systems. They play a significant role 

in maintaining the reliability of the network. They are used to support, separate and 

contain conductors at high voltage. The insulators need to withstand not only 

regular voltages and over voltages, such as lightning, but also various 

environmental stresses such as rain, snow and pollution. 

Insulators are made from dielectric materials such as glass, ceramic and composite 

materials. An insulator ideally is a substance which does not allow electric charge to 

flow through it and has no effect on the electric fields [1.1]. Therefore, dielectric 

materials which have high electric resistance and dielectric constants are used as an 

insulator. Starting with simple glass and porcelain insulators, it has rapidly 

developed since early of the century. These types of insulators can be considered as 

classic insulators and may put into the same category called as ceramic insulators. 

From research and service experience [1.2], they are reliable and cost effective for 

major outdoor installations. Although porcelain and glass insulators have good 

performance over the years, their main disadvantages are due to their bulky size 

which make them difficult to install in remote area, vulnerable to vandalism and 

most importantly is their poor performance in polluted environment. The modern 

style of polymeric outdoor insulators was introduced to replace ceramic insulators. 

The reason of this replacement was not a failure of ceramic insulators but 

the benefits offered by polymeric insulators over ceramic ones.
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During recent decades, polymer insulators have been introduced and widely used 

due to their better pollution performance. Insulators made of polymer materials are 

often called composite or non-ceramic insulators. They are mostly preferred 

because of their superior insulation performance. The most important factor that 

determines the physical dimensions of outdoor insulators is their performance under 

pollution conditions. Depending on the pollution severity and the wetting conditions 

of the site, outdoor insulators need to have sufficient surface leakage length to 

ensure that dry band formation and surface arcing is minimized. 

Pollution flashover is one of the main problems that endanger the reliability of an 

electric power system. The presence of contamination on the insulator surface, 

combined with highly humid and wet conditions such as fog, dew or rain, is 

particularly responsible for many insulator pollution flashovers [1.3]. With higher 

and higher voltages, the problem of insulator pollution flashover increases and the 

penalties increase sharply due to the damage to the equipment. Therefore, more and 

more attention must be paid to improve the pollution performance of insulators.  

Reliability of the insulator is the most important property that must be taken into 

consideration whether it is a polymeric (composite) insulator or ceramic insulator. 

The good insulator should offer optimum electrical and mechanical strengths [1.4]. 

 

1.2. Problem statement 

Most of the insulators being used nowadays are of the porcelain and glass insulators 

considering their well known field performance. However, there is favorable 

improvement in the use of non-ceramic insulators which have shown advantages 

compared to ceramic and glass insulators such as low weight construction, good 

performance in contaminated environments and easy handling.  At higher voltages, 

electric fields can be high enough to cause surface flashover on porcelain/glass 

insulator, in case of polymeric type insulator damage to the insulator sheath due to 

the corona discharge. 
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The performance of polymeric insulators is important for both dry and wet 

condition. These insulators are exposed to various environmental stresses, which 

include many forms of precipitation, UV radiation and pollution. The voltage and 

electric field near conductors is much higher than other area of the insulator, which 

may lead to corona discharge and even flashover. The study of electric field on 

polymeric insulator when subjected to high voltage provides an important insight to 

improve the performance of the insulator. The design of a post insulator plays an 

important role in the insulator's performance. The performance and reliability of 

insulators may improve with the continuous improvement in the design. Several 

researchers have focused on the electric field optimal distribution along non- 

ceramic insulators string in order to reduce corona degradation. In addition, 

different techniques and insulators materials are developed. Among them, the 

installation of conventional corona rings. There are no specific standards for the 

design and placement of corona rings. Each manufacturer makes their own 

recommendations for the use of corona rings. 

On the other hand, porcelain and glass insulators have outstanding insulating 

properties and weather resistance. However, they are lack in terms of their bulky 

size which becomes more difficult to install in remote area, vulnerable to 

vandalism. Moreover, their performances in polluted area are poor. This is due to its 

hydrophilic properties which enable water to easily form a continuous conductive 

film along the creepage path. This formation has encouraged the flashover and 

could cause the failure in power transmission lines.  

In order to improve porcelain insulator performance, coatings were used to mitigate 

surface leakage current, surface discharges and reduce flashover occurrence on 

existing and installed porcelain insulators. 

Optimized design of corona ring of the insulator and coatings are needed to ensure 

that the insulator can perform better and can provide longer service. 
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1.3. Objectives 

The reliability of the insulator is the most important property that must take into 

consideration whether it is a ceramic insulator or polymeric insulator. The 

performance and reliability of insulators may improve with the continuous 

improvement in the design. The study of electric field on insulators when subject to 

high voltage provides an important insight to improve the performance of the 

insulator.  The overall works of the project will stress on the optimization of the 

electric fields around the composite insulator and assess the performance of coating 

used to minimize leakage current on a new prepared porcelain insulator. 

The principal aims of this research work are as follows: 

1. To identify the optimum corona ring location installation to improve the 

electric field around the composite insulator. 

2. To examine the effectiveness of a new developed nature-inspired 

optimization approache that links the electric field strength to the corona ring 

structure parameters. 

3. To simulate and analyse electric field distribution around composite 

insulators. 

4.  To develop porcelain from locally available raw materials. 

5. To improve the mechanical and dielectric properties of the porcelain 

insulator. 

6. To evaluate the effect of coating on the performance of the prepared 

porcelain by comparing its leakage current suppression and its flashover 

voltage performance in comparison with non coated porcelain. 

In order to achieve these aims, it was required to use computer techniques to 

evaluate the electric field and leakage current: 

 COMSOL MULTIPHYSICS 

 MINITAB 

 The simulations are done by using Finite Element Methods (FEM). 
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1.4. Contributions of this thesis 

The results of this project show that: 

 The design parameters (corona ring height, corona ring radius and corona 

ring tube diameter) can be successfully optimized using Bat Algorithm; 

 Maximum electric field on the live end side is importantly reduced  around 

the composite insulator below the corona threshold;  

 by glass addition, mechanical and dielectric properties of porcelain prepared 

at low temperature are improved; 

 When applied to the porcelain insulator, coating minimized the leakage 

current over its surface. 

 

1.5. Thesis Organization 

The thesis contains six chapters.  

Chapter 1 mainly focuses on the background of the project which is the problems 

faced by polymer insulators and the objectives that driven this project. 

Chapter 2 provides a general overview of different outdoor insulators along with 

their role in the power system networks. Further, the factors accelerating insulation 

degradation for insulators either ceramic or non ceramic insulators are reviewed. 

The objectives of the research are presented. 

This chapter providing also a review of the literature related to the work concept 

and the previous works by other researchers. 

Chapter 3 reviews the influence of electric field on insulator performance and the 

techniques to optimize the electric field. The experimental methods, bat algorithm 

and Finite element method which are employed for insulator modeling to determine 

electric potential and field distribution along the non-ceramic insulator. Also, a 

model of polymer insulators is used to study the effect of optimization techniques 

employed. 
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Chapter 4 discusses the results of and analysis.  One of the factors governing the 

electrical performance of polymeric insulator is characterized by its field 

distribution along their length. By improving the electric field distribution, it will 

help in enhancing their long term performance of insulator. 

Chapter 5 discusses the possibility of developing porcelain using locally economic 

raw materials and studies the effect of coating on its electrical properties.   

Chapter 6: presents the conclusions based on the findings from this study and 

outlines some recommendations for future investigations.  
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Chapter 02 

High voltage insulators: A literature review 

  

2.1. Introduction 

The transport of electrical energy requires the use of high voltage lines. Overhead 

transmission lines are responsible for delivering electric power from generators to 

industrial and residential customers. The outdoor insulation is an important component 

of an electric power system. High voltage insulator plays an important role by serving 

two important functions [2.1]:  

 They isolate the conductor electrically from the grounded tower structure and 

 They serve as mechanical support for the conductor. 

Nowadays insulators adopted for transmission/distribution are made of ceramic, glass 

or polymeric type. Porcelain and glass insulators have been used for a long time and 

there is considerable experience in manufacturing, installation and their field 

performance is well known. Composite insulator represents the last acquisition in the 

field of outdoor insulation; their use begun recently and knows an explosive 

development in the last years. Figure 2.1 shows the classification of the main types of 

insulators. Insulators are able to handle electrical and mechanical stresses when the 

line is energized. Most of the insulators have outdoor applications where they are 

subjected to environmental conditions such as moisture, high temperature, 

contamination, and icing. To choose the right type of insulator before the installation, 

the environmental conditions of the site have to be studied.   

The aim of this chapter is to present both the advantages and disadvantages of each of 

porcelain and composite insulator and also focuses on the problems faced by these 

outdoor insulators. A review of the literature related to the work concept and the 

previous works by other researchers is presented. 

 



Chapter 02                                                 High voltage insulators: A literature review    

 

2p.2. 
 

 

 
H

v 
in

su
la

to
rs

C
er

am
ic

 in
su

la
to

rs
Po

ly
m

er
ic

 in
su

la
to

rs

C
om

po
si

te
 

in
su

la
to

rs
: F

ib
re

 

gl
as

s 
ro

d 
w

ith
 

po
ly

m
er

ic
 s

he
d

C
as

t c
yc

lo
al

ph
at

ic
 

ep
ox

y 
re

si
n 

in
su

la
to

rs

E
PD

M
 

ru
bb

er

Si
lic

on
 

ru
bb

er

G
la

ss

Po
rc

el
ai

n

B
uc

hi
ng

 a
nd

 

ho
llo

w
 c

or
e 

in
su

la
to

rs

Po
st

 ty
pe

 a
nd

 

lin
e 

po
st

 

in
su

la
to

rs

Pi
n 

ty
pe

 

in
su

la
to

rs

L
on

gr
od

 

in
su

la
to

rs

C
ap

 a
nd

 P
in

 

in
su

la
to

rs

 

 

Figure 2. 1 Classification of power line insulators 
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2.2. Ceramic insulators 

Ceramic insulators have been in use for more than 100 years [2.2]. They have proven 

to give excellent service history backed by years of manufacturing experience from 

reputable firms. The basic components used to make the ceramic insulator are clay, 

fine sand quartz and feldspar. The design and manufacturing of the ceramic insulators 

are being researched and improved in order to carter the needs of today’s power 

distribution and transmission system. However, limitations are given on their sheds 

design to meet the surface electrical leakage distance needed for higher voltage 

transmission. Ceramic insulators present a high mechanical strength; they provide 

excellent resistance to material degradation cause by electrical stress and discharge 

activities. They demonstrated also a proven track record in various aspects of the 

insulation performance, particularly ageing and lifespan. Ceramic insulators can be 

divided into two types namely porcelain and glass which give a little difference 

regarding to their cost and performance. The design and manufacturing of the ceramic 

insulators are being researched and improved in order to carter the needs of today’s 

power distribution and transmission system. However, limitations are given on their 

sheds design to meet the surface electrical leakage distance needed for higher voltage 

transmission. To smooth the surface of the insulator, glazing is used apart from 

increasing the mechanical strength and improving the surface’s hydrophobicity [2.3]. 

2.2.1. Porcelain insulator  

Earlier insulators are made from high quality glazed porcelain and pre-stressed or 

toughened glass. They are reliable and cost effective for major outdoor insulations. 

Porcelain insulators have a long journey of history. Initially, it has been used in the 

telegraph line. It has been in the market since 1910. A considerate number of these 

insulators are now in service in Algeria. They are by far the most commonly used 

outdoor insulator in service. The market of glass and porcelain insulators is still 

dynamic at the moment, with all the disadvantages related to their mass, the assembly 

and installation costs, and the fragility to mechanical stresses or vandalism. Figure 2.2 

shows the structure of porcelain insulator. 



Chapter 02                                                               High voltage insulators: A literature review    

 

4p.2. 
 

 

 

 

 

 

 

 

Figure 2. 2 Porcelain insulator structure 

The different insulator configurations are:  

 Cap and pin insulator  

 Station post insulators  

 Transformer and circuit breaker bushings  

The large lifetime was the main reason for maintaining these types of insulators in 

operation, and, in certain cases, they represents the reliable solution. The weight of 

porcelain insulators used to be a problem, but the newer generations do not suffer from 

the weight issue anymore [2.4].  

2.2.1.1. Mechanical and electrical performance of porcelain 

Electrical properties of insulators come from the dielectric that they are made of. to 

study the electrical properties of porcelain insulators, dielectric properties of porcelain 

should be studied. There are two dielectric property measures; volume dielectric 

property and surface dielectric property [2.5]. The mechanical performance of 

insulators on the overhead transmission lines is as important as the electrical 

performance. These properties such as internal attachment of the metal pins to the 

dielectric are mainly concerned during the manufacturing process. 
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2.2.1.2. Failure of traditional porcelain 

Porcelain insulators can fail due to a variety of reasons. Prior to the installation, some 

insulators might get physically damaged during shipping and transportation. 

Vandalism is another reason of porcelain insulators failure. It suffers from having 

hydrophilic surface properties, which means that water can easily form a continuous 

conductive film along the creepage path, thus allowing high surface leakage currents 

to flow on their wetted surfaces. Such currents cause dry bands at areas of high current 

density and lower wetting rates, which eventually cause surface arcing and frequently 

complete flashover of the insulator. Poor manufacturing and low quality control are 

two other reasons of porcelain insulators failures. 

2.2.2.2.1. Radial Cracking 

This type of failure has been attributed to cement growth phenomenon as depicted in 

figure2.3. Cement can absorb moisture during wet conditions, thus escalating the 

expansion process. Such radial cracking of porcelain disks can eventually result in 

internal puncture. There are no reliable statistics regarding the incidence of this type of 

failure but it is widely published that failure rates of porcelain insulators due to cement 

growth problems are generally associated with specific production batches [2.6].  

 

 

 

 

 

 

 

 

Figure 2. 3 Radial cracking due to cement growth on porcelain insulators [2.6]. 
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2.2.2.2.2. Hardware corrosion 

 

 

 

 

 

 

 

 

Figure 2. 4 Corroded pin in porcelain insulator 

Corona discharge can occur as a result of inappropriate electric stress grading at the 

cap of the insulator near the line end of a string of insulators. The metallic cap 

subsequently becomes exposed to corrosion as the discharge slowly degrades the 

protective galvanizing layer. Leakage current may also flow on the surface of the 

insulator during contamination and wet atmospheric conditions, which create a salt 

solution on the surface. Pin corrosion produced by electrolytic action can weaken the 

mechanical and cross-sectional strength of the pin. Damage of this sort can lead to an 

event as serious as conductor dropping. Figure 2.4 is an example of hardware 

exhibiting a very high degree of corrosion.  

2.2.2.2.3. Insulator contamination  

Under humid and moist conditions, surface contamination can cause flashover, which 

leads to system outages. Dust, rubber particles, sand, industrial pollution, and salt from 

the sea are some of the primary sources of insulator surface contamination. The 

deposition of contaminating particles is dependent on a number of factors, such as the 

speed and direction of the wind, the insulator type, and the orientation of the 

transmission line. Although, rain and heavy winds can wash away dust accumulated on 

insulators’ surface; the dust can still be accumulated on the bottom ribs. The 
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orientation of the insulator string also influences the amount of contamination. 

Vertically oriented insulators, also known as an information, are prone to greater 

contamination than are V-shaped and horizontally oriented insulators. During moist 

conditions, the surface becomes highly conductive and the magnitude of the leakage 

current increases [2.7]. Dry band arcing that leads to flashover is the main problem 

under heavy contamination conditions [2.8]. Equivalent salt deposit density (ESSD) 

and non-soluble deposit density (NSSD) are the factors used for quantifying the level 

of contamination. ESSD is the amount of sodium chloride that, when dissolved, 

provides the same conductance as that of the natural deposit removed from the surface 

of the insulator divided by the area of that surface. NSSD is the amount of non-soluble 

residue removed from a given surface of the insulator divided by the area of that 

surface 

2.3. Composite insulators  

During recent decades, polymer insulators have been introduced and widely used at 

distribution voltage levels due to their better pollution performance. Composite 

insulators or known as non-ceramic insulators are widely used to replace porcelain and 

glass insulators in transmission lines. They were introduced in 1960’s and start to be 

installed in United States in 1970’s and since then, they become major option for 

utility companies around the world.  Non ceramic insulators are usually made up of 

silic one rubber, Poly-Tetra -Fluoro-Ethane (PTFE) or Ethyl Propylene Diene 

Monomer (EPDM) rubber. 

Figure 2.5 shows the structure of polymeric insulators with all three components 

flanges crimped to a fibre reinforce rod (FRP) encapsulated within weather shed 

polymeric housing. 
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Figure 2. 5. Composite insulator structure 

 

Composite Insulators consist of three parts :   

 Steel/aluminium end fitting terminals to support mechanical loads on 

conductors, 

 Fiber reinforced rod (FRP) core to carry mechanical load and insulation 

between two terminals, 

  Polymeric weather shed housing to protect the FRP rod against environmental 

influences, external pollution and humidity..  

With the improvements in design and manufacturing, polymeric insulator becomes 

more attractive to the utility companies around the world to use it. The developments 

of new materials continue to grow with a number of new insulating materials that have 

been developed. 

2.3.1. Advantages of composite insulator  

Composite insulators become popular due to various advantages offered. Polymeric 

outdoor insulators made of polymeric material, especially silicone rubber, exhibit 

excellent electrical performances under moderate to heavily polluted environments 

[2.9]. In a wet atmosphere, water tends to bead up on the polymeric surface, thus 

reducing the leakage current and the probability of dry band formation, which 

FRP core    

Silicon rubber    

shed 

Silicon rubber  

     Sheath 

Hot-dip galvanized  

forged steel     
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consequently results in reduced flashover voltages. Interestingly, this property can also 

be transferred to an overlying pollution layer [2.10] enabling improved pollution 

performance for insulation systems in highly contaminated regions such as coastal and 

industrial areas. Even though silicone housing can temporarily lose its hydrophobicity 

under severe conditions, the materials have been reported [2.11, 2.12] to be able to 

regain hydrophobicity after a sufficient resting period with the absence of discharge 

activity. Polymeric insulators offer significant weight reduction compared to the 

corresponding ceramic insulation systems [2.13]. There is less need for strong heavy 

support and cranes for installation, which results in easier handling and substantial 

savings in overall installation, operation and maintenance costs. In addition, voltage up 

rating and compact transmission tower design for Ultra-High Voltage (UHV) 

distribution networks can be practically realized with polymeric insulators. Polymeric 

insulators have a high mechanical strength to weight ratio that allows for longer spans 

and less expensive tower structures. They provide improved mechanical strength under 

bending, deflection and compression stress. It has been reported [2.14-2.16] that 

polymeric insulators passed mechanical tests under extreme conditions without any 

permanent damage. Insulation housing with elastic properties also helps to prevent the 

risk of breakage during transportation or vandalism from gunshots that could lead to 

cascading failure as was experienced with ceramic insulators. In addition, complex 

weather shed designs are feasible and easily moulded using polymeric composite 

material.  

2.3.2. Degradation of composite insulator 

Despite the abovementioned advantages, polymeric outdoor insulators however suffer 

from a problem of material deterioration as shown in figure 2.6, known as ageing. This 

is primarily due to concurrent stresses; environmental, electrical and mechanical 

stresses encountered in diverse range of service conditions [2.12]. 
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Figure 2. 6  Degradation of composite insulator 

 

2.3.2.1 Electrical stress 

The electric field distribution is not uniform along high voltage insulator where the 

highest field regions are at the high voltage end terminals and core areas. Electric 

discharges in the form of corona, dry band arcing and flashover will occur due non-

uniform and high fields on the insulator [2.17, 2.18].  

2.3.2.1.1. Corona discharges 

Corona is phenomenon that has the capability for degrading insulators, and can cause 

systems to fail. It is also known as partial discharge where type of localized emission 

resulting from transient gaseous ionization in an insulation system when the voltage 

stresses or voltage gradient exceeds its critical value. There are three types of corona 

which are plume, brush and glow. Plume is the most spectacular corona and it is called 

as so because of its general resemblance to a plume. It also has audible manifestations 

which are rather intense snapping and hissing sound. Brush corona is a streamer 

projecting radially from the conductor. The audible manifestation that is associated 

with brush corona is generally a continuous background type of hissing or frying 

sound. The glow corona is a very faint, weak light which appears to hug the 

conductor‟s surface and there is generally no sound that is associated with it. 
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Corona discharges occur at the insulator surface when the electric field gradients on 

the surface exceed the air breakdown strength. Corona formation is dependent upon 

atmospheric conditions such as air breakdown, humidity and insulator geometry. 

Corona cause radio and TV interference, noise, ozone, and energy loss. Corona 

accelerates the polymer aging by producing ozone and ultra-violet light [2.19, 2.20].  

The effects of corona in transmission lines can be summarized as below: 

 a violet glow is observed around the conductor. 

 produces a hissing noise, 

 produces ozone which can be readily detected by its odor, 

 the glow is maximum over rough and dirty surfaces of the conductor, 

 accompanied by a power loss 

 charging current under corona condition increases because the corona induces 

harmonic currents.  

Figure 2.7 shows corona discharge activity.  

 

 

 

 

 

 

 

 

Figure 2. 7  Corona discharge 
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2.6.2.1.2. Insulator Flashover 

Active discharge activities from corona, water droplets and dry band arcing generate 

considerable thermal heating that cause further drying on the insulator surface. Electric 

discharges that are short at the beginning gradually elongate as the dry regions widen. 

Under favourable conditions, successive discharges may extend over multiple dry 

bands and join with other electric discharges that can eventually lead to a complete 

flashover [2.21].  In the event of prolonged wetting and heavy rain, polymeric weather 

sheds can be bridged by the water stream. The role of the creepage path along the 

insulator surface in limiting leakage current in this case is not effective. Water 

cascading promotes inter-shed arcing, and can easily lead to insulator flashover even at 

lower pollution severity. In addition, the flashover can occur at much lower voltage 

levels than the rated value. Polymeric insulators with an alternating shed design can be 

a good practice to minimise the probability of water bridging the weather sheds [2.22]. 

 

2.3.2.2. Environmental Stress 

2.3.2.2.1. Pollution 

Environmental pollution is one of the major threats to polymeric outdoor insulation 

systems. Depending on the location and the surrounding area, insulators encounter 

different types of pollutants: sand and soil elements in desert and mining areas, 

metallic and chemical substances in industrial and agricultural lands, and salt particles 

in coastal regions. Deposits of these airborne particles gradually form a solid pollution 

layer on the insulator surface, which has a significant effect on both short and long-

term performance of the insulation system. Electric field distribution is highly 

distorted by a non-uniform pollution layer on the insulator surface [2.23]. This 

contributes to localised field enhancement which could trigger corona and random 

partial discharges over the polymeric surface. In the presence of moisture, soluble 

contaminants dissolve in water establishing a conductive pollution film that allows the 

flow of leakage current along the creepage distance, increasing the risk of damaging 

dry band discharges. In some cases, the insulator may also be subjected to conductive 
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moisture sources such as salt water, industrial acid fog, chemical mist and fertilizers, 

crop spraying and acid rain. These electrolyte-type pollutants can cause instantaneous 

leakage current and trigger flashover voltage even without the accumulation of 

pollution on the insulator surface [2.24, 2.25]. 

2.3.2.2.2. Ultra-violet radiation 

Polymeric insulators installed for outdoor applications are open to ultra violet (UV) 

radiation from sunlight. The surfaces are attacked by UV photons that release 

substantial energy to break crosslink chains or individual molecules within the base 

matrix [2.26]. Polymeric compounds for high voltage insulation housing contain 

impurities such as vulcanizing agents, catalysts and fillers that are vulnerable to UV 

radiation due to their weak molecular bond. The presence of these additives weakens 

the strong carbon-based polymer i.e. C-C, C-H and Si-O bonds, thereby reducing the 

resistance of polymeric weather sheds housing to UV exposure. Thermal and 

photooxidation cause chain scissions that destroy hydrophobicity and lead to surface 

cracking and degradation of the polymeric material [2.27]. The condition is 

exacerbated in high temperature regions such as deserts. From service experience 

reported in [2.28], polymeric surfaces that faced the sun appeared to be less 

hydrophobic and showed chalking and discoloration compared to those on the shaded 

side. 

2.3.2.3.Mechanical Stress 

An important function of the line insulator is to transfer mechanical support from the 

transmission tower to hold the heavy overhead conductor well in the air. Line 

insulators experience vertical load (tensile and compression stress) or 

cantilever/transverse load (bending stress) depending on system configuration and 

tower structure. Suspension insulators, when first installed on transmission towers, for 

example, encounter constant axial stress by the loading of bundle cables in which the 

weight could reach up to several tonnes for UHV transmission systems. Over time, 

continuous strain could gradually deteriorate and weaken the joint between the core 



Chapter 02                                                               High voltage insulators: A literature review    

 

14p.2. 
 

and the terminal, which will eventually result in the mechanical failure of the 

polymeric insulators. Extra mechanical stress may also develop when strong winds 

move the line, causing oscillation. The consequent vibrations can cause the formation 

of fissures at the joint interface between the core and the metal flanges. In some cold-

climate countries, ice accretion on both the conductor and weather sheds housing 

could generate additional loading stress on the polymeric insulator. In hot desert 

regions, the average temperature can easily reach 40°C during the day, and drop below 

10°C at night. This considerable change in ambient temperature results in a cyclic 

process of thermal expansion and shrinkage that can loosen the connection at the core-

end fitting interface, affecting the mechanical strength of the polymeric insulators. 

In the face of these problems, insulation materials must have some specific properties. 

Such as,  

1. It must be mechanically strong, so that to carry tension and weight of the 

conductors.  

2. The dielectric strength must be very high, so that to withstand the high voltage 

stress.  

3. The insulation resistance must be high, so that to prevent the leakage current to the 

earth.  

4. It must be free from unwanted impurities and should not be porous.  

5. It should be non-hydroscopic.  

6. Its physical and electrical properties must be less affected due to change in 

temperature.  

 

Table 2.1 shows the advantages of composite materials (SIR) over ceramics. 
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Table 2.  1 Advantages of composite materials (SIR) over ceramics 

 

2.4. The evolution of the use composite insulators according to GRTE 

In Algeria, Composite insulators introduced since 2000. They are used in 60 and 220 

kV transmission line. Figures 2.8 and 2.9 represent the evolution of the use composite 

insulators and evolution of the installation of polymeric insulator chains with respect 

to the total length of the network in Algeria, respectively. It is noted that the 

percentage of the installation of polymeric chains is very low as shown in figure 2.9 .it 

begin by installing 330 insulating chains. This number is increased 4400 in 2002. Due 

to vandalism acts, the installation of composite insulator is decreased in 2006 and 2007 

before it started to rise again in 2008 by installing 3801 insulator chains. 

A high voltage level is introduced by SONELGAZ (the Algerian society of electricity 

and gaz) due to the increasing demand for a continuous electric power supply and high 

quality service. For this, M. Bouhaouche et al. [2.29] proposed integring composite 

insulators in the 400 kV transmission lines which are recently begin in service with the 

objective of improving Electric field distribution. Reported results confirm that to use 

Advantages of composite materials (SIR) over ceramics 

Criteria Ceramic Composite (SIR) 

weight Heavy Leger (90% Lighter) 

transport Expensive and risky of breakage Resistance to shocks 

installation Risky, expensive, need for more labor Easy and economic 

vandalism Susceptible Very resistant 

breaking behavior 
Fragile shock and vibration / brittle 

fracture 
Insensitive to shock 

resistance to 

electric arcs 
low High 

erosion resistance Very low High 

dielectric strength lower Exellente 

Pollution behavior Facilitated affected Not affected 

hydrophobicity 

Hydrophilic-formation of water film on 

the surface that increases the risk of 

electric arc 

Hydrophobic- 

formation of water 

droplet 

contamination Presence of salute, sand, salt and snow Absente 

maintenance Cleaning No maintenance 

conception 
Limited flexibility design - wider and 

heavier structure 

Gain weight, size and 

cost 
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of this type of insulators instead the glass insulation will be useful on the 400 Kv in 

transmission in Algeria. Experimental test under dry, clean and uniformity polluted 

surface conditions show also that the maximum electric field gets its minimum value 

when composite is used compared the glass one.  

 

 

 

 

 

 

 

Figure 2. 8  Evolution of the use of composite insulators in Algeria according to 

GRTE 

 

 

 

 

 

 

 

 

 

Figure 2. 9  Evolution of the installation of polymer insulator chains with respect to 

the total length of the network 
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2.5. Literature survey 

The following paragraphs show some of the project referred in completing this thesis.  

Yang Qing et al. proposed a new optimization Method on Electric Field Distribution of 

Composite Insulator [2.30]. The results show that by his proposed method, the electric 

field distribution near the ends of composite insulators is significantly reduced, which 

can prevent the partial discharge and the aging of the composite material. 

W. Sima et al.  studied the optimization of corona ring design for long-rod insulators 

using FEM based computational analysis [2.31]. This research presents a method to 

optimize the location and the dimensions of the corona ring for transmission line 

composite. The procedure used to optimize the corona ring design, which handles 

more than one parameter, has been verified with examples that have an analytical 

solution or known optimal values. 

D. Cruz Dominguez used two electrical stress grading techniques for non-ceramic 

insulators. In both techniques some parameters were optimized for a 115 kV non 

ceramic insulator with the objective of optimizing the electric field grading systems in 

non-ceramic insulators [2.32]. 

Edward Niedospial et al proposed a study about the application of corona and grading 

rings for composite insulators [2.33]. The addition of a corona ring to a polymer 

insulator will improve the insulators performance, but it must be the right ring used for 

the right reasons to realize the benefits. 

E. Akbari et al. analyzed the effects of disc insulator type and corona ring on electric 

field and voltage distribution over 230-kv insulator string by numerical method [2.34]. 

According to the results, distribution of voltage and electric field over insulator strings 

without corona ring and the degree of improvement of voltage distribution using 

corona ring depends on insulator material and profile, as well as the corona ring 

configuration parameters. 
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Suat İlhan [2.35] studied the effect of corona ring application to the electric field stress 

and potential distribution along insulator. He found that the usage of corona ring will 

significantly decrease the voltage percentage. That is, potential distribution will be 

more uniform with the help of corona ring. Furthermore, the maximum electric field 

strengths on the live end side will importantly decrease with the usage of corona ring. 

Moreover, the electric field on the corona ring surface can also change with the design 

parameters. 

Zhao [2.36] studied the electric field and potential distribution along non-ceramic 

insulators. Results showed that the maximum electric field strength decreases when the 

length of the conductor increases; and the tower structure in the vicinity of the 

insulator and the diameter and the location of the grading ring are important in 

determining the maximum E-field. 

S. M Braini investigate and assess on his thesis titled ―coatings for outdoor high 

voltage insulators‖ the performance of different coating materials used to minimize 

leakage current, reduce the heat and eliminate flashover in high voltage insulators that 

run in polluted environments. He found that with a nano-coating applied to the 

porcelain insulator, the surface becomes highly hydrophobic. It suppressed leakage 

current and reduced the energy dissipated over, the surface but the nano-coated 

insulator had a lower flashover voltage than an uncoated porcelain insulator having 

similar geometry. The nano-coated insulator lost its hydrophobicity showing a water 

film on its surface when exposed to fog application as seen through polluted wet tests 

[2.37]. 

 

2.6. Conclusion 

This chapter allowed us to present the notions useful to the good conduct of this 

research project. We have discussed about the overview of benefits and limitations of 

polymeric and ceramic insulators also, a literature survey related to the work concept 

and the previous works by other researchers is presented. 
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Chapter 03 

 

Optimization of Corona Ring Design for Improved 

Electric Field Performance 

3.1. Introduction 

The performance of composite insulators depends on E-field distribution along the 

surface of insulators. It is essential to understand the E-field distribution along the 

length of insulator. The electric field distribution of non-ceramic insulator is different 

compared to porcelain insulators. Generally the electric field distribution of a non-

ceramic long insulator is more nonlinear than that of a porcelain insulator. The reason 

is that there are no intermediate metal parts for a non-ceramic insulator. 

The electric field strength on non-ceramic insulators needs to be controlled for the 

following reasons [3.1]: 

• To prevent significant discharge activity on the surface material of non-ceramic 

insulators under both dry and wet conditions which may result in the degradation of 

the pollution performance of non-ceramic insulators. 

• To avoid the internal discharge activity inside the fiberglass rod and the sheath 

rubber material that could result in mechanical or electrical failure of non-ceramic 

insulators. 

• To prevent corona activity from the metal hardware or the non-ceramic insulator, 

which may cause radio interference and acoustic emissions. 
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3.2. Field Optimization techniques 

Surface discharge process and continuous corona on the insulator contribute to 

generate degradation. It causes the reduction of the long term performance of 

composite insulators [3.2].To minimize this phenomenon, many methods of 

optimizing electric field distribution on composite insulator are discussed, such as 

modifying insulator weather sheds profile, applying non-linear field grading material 

as insulator fillet, or by installing corona rings. The last one is discussed in many 

previous studies [2.33-2.36]. Each of these studies confirmed that the usage of corona 

ring in a composite insulator will significantly decrease the electric field distribution. 

Several studies have been carried out to optimize the design of the corona ring because 

there is no available standard for its design and placement. 

 

3.2.1. Corona Ring Installation 

The electric field (E-field) distribution along the insulator is an important factor which 

impacts the life expectancy as high E-field can result in a discharge activity which in-

turn can damage the insulating material resulting in failure [3.3]. In order to prevent or 

reduce the discharge activity, it is important that the utilities ensure that the electric 

field distribution is managed to keep maximum recorded values below threshold 

levels. To this end, corona rings are applied. The function of the corona ring is to 

grade or disperse the electric field gradient, thus reducing the voltage stress on the 

rubber housing near the line end fitting. The corona ring can be attached to the 

composite insulator directly or as part of the hardware. When applied as part of the 

hardware, the grading device is commonly referred to as a Corona Shield [3.4]. 

Insulator strings (Figure3.1) are equipped with auxiliary apparatus to provide 

connections and to improve insulator string performance. Both the geometry and the 

design of these apparatus are dependent on the transmission voltage level and the 

insulator type.  
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Figure 3. 1  Insulator string equipped with corona rings 

Corona rings are the auxiliary fittings used with the insulator strings and can be used 

with any type of insulator. They improve the performance of insulator string in several 

ways:  

- They reduce corona discharges on the terminals of the insulator string,  

- They reduce the audible noise, radio interference (RI) and television interference 

(TVI) voltages,  

- They can adjust the voltage distribution along the insulator string; reducing the 

maximum electric field strength [3.5].  

The corona rings are also used for arc protection. For insulator flashovers, it is 

necessary to keep the power arc away from the insulator and to fix the root of the arc 

on the ring to avoid heating of the end fittings. Moreover, some testing experience has 

demonstrated that certain design of corona rings have a favorable effect of preventing 

dry band arcing near the end fittings of the composite insulators in polluted conditions 

[3.6].  

In addition, corona rings can affect the AC, lightning impulse, switching impulse 

withstands/flashover levels of the insulator strings.  

Many research works have been carried out to optimize the design of the corona ring 

because there is no available standard for its design and placement [3.7-3.9].  
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In [3. 7, 3.8], particle swarm optimization (PSO) algorithm was used and a relationship 

between the maximum E-field and the geometrical parameters of the corona ring was 

established. A similar study was done in [3.9], in which the above relationship was 

modeled and optimized using the response surface methodology and reported results 

show the influence of the ring tube diameter on the E-field distribution. In [3.10], the 

authors evaluated the use of corona rings on 115 kV non-ceramic insulators to reduce 

the maximum electric field on its surface based on the geometry modifications. It is 

found that the tangential electric field can be reduced with the adequate geometry and 

relative permittivity value of the housing material. Diako et al. [3.11] have applied 

Neuro optimizer (NO) and genetic algorithm (GA) methods to study and compare the 

impact of distance and the size of the corona ring, on the magnitude and distribution of 

electrical potential across the polymer insulators.   

In fact,   there is many optimization problems related to design high voltage insulation 

used the meta-heuristic approaches to minimize different proposal mathematical 

models of the objective functions, in presence of various constraints. Based on a 

previous literature survey, and to the author’s knowledge, no work has been conducted 

to optimize corona ring design using Bat algorithm. 

 

3.3. Insulator model 

This chapter presents the proposed corona ring optimization for a composite insulator 

which consists of fiberglass rod and metal end fitting. The insulator profile is shown in 

Figure. 3.2. The numerical values of the basic parameters are listed in table 3.1, were P 

is the dry arcing distance, L is the creepage distance, d1/d2 is the sheds spacing, N1/N2 

is the number of sheds, D1/D2 is the shed diameter and d is the rod diameter, 

respectively. The insulator unit contains 25 large and 25 small sheds.  

Table 3. 1 Design parameters of studied composite insulator in mm. 

N0 P L d1/d2  N1/N2 D1/D2 D 

A 2037 6510 36/75 25/25 140/110 25 
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Relative permittivities of the silicone rubber and the fiber glass rod are assumed to be 

4.3and 7.2 respectively [3.9]. The composite insulator model as shown in Figure. 3.2 

was created using COMSOL Multiphysics. In order to make the simulation faster 

without affecting results accuracy, insulator model is simplified into a two-

dimensional (2D) problem.  

H2R
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D

D2
D1

Triple Point

d2

d1

 

Figure 3. 2  Model of composite insulator and corona ring. 

 

3.4. Bat Algorithm 

This section is discussing on how the work is carried out in order to obtain the aims of 

this project. We presented a general review on Bat algorithm. It is proposed to 

determine the optimal design of corona ring.  A composite insulator is modeled using 

FEM to study the E-field distribution on its surface. The main and interaction effects 

of the corona ring parameters have been evaluated using the variance analysis 

technique using the MINITAB software in combination with COMSOL. 
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Nowadays, many optimization issues in engineering have been solved based on 

animals swarm behaviors, such as bees, particles, fishes and more others. These 

animals, in nature, basically cooperate to solve a big problem for the swarm which is 

found in foods; from this idea researchers inspired their optimization algorithms such 

as PSO, BSO, etc. 

Bat algorithm (BA) is a new nature-inspired algorithm developed by Xin-She Yang 

[3.12] in 2010, considered as a new metaheuristic algorithm based on Bat behavior. In 

this chapter, a short review of the natural and biological behavior of bats is described. 

Then, the original Bat algorithm and its several variants are described. Finally, a 

review of BA applications is presented. 

3.4.1. Natural Bat behavior 

The BA is formulated based on the studies made on the biological behaviors of bats, 

from which the fascinating concept of echolocation in the form of a sonar system is 

identified. The bats use this technique to move around, find preys, detect objects, and 

locate their crevices in the dark [3.13, 3.14]. In the process of echolocation, bats create 

pulses that vary depending on their hunting strategies and the species. These pulses are 

generated within a high-frequency range of 25–100 kHz, and the pulses can be 

differentiated from the other sounds in the ambient environment. Where, each pulse 

last’s up to 10 ms and each ultrasonic burst may last for 5–20 ms, and bats emit 

approximately 10–20 of such sound bursts every second [3.13, 3.14]. The pulse 

emission rate increases depending on how close the bats are to the prey. These emitted 

pulses are in the ultrasonic spectrum and can vary from the loudest range (up to 110 

dB and occurs when they are seeking for a prey) to the quietest range (occurs when 

they are homing toward the prey). This procedure shows the great communication and 

signal processing of the bats in their prey searching behavior [3.13, 3.15]. Figure 3.2  

illustrates the principle of the Echolocation behavior in bats, where the blue pulses 

represent the sonar waves that are sent by the bat and where the red lines indicate the 

reflected signal that is sent back from the prey or the obstacle. This significant 
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behavior used by the bats is mathematically modeled as an optimizing algorithm called 

the bat algorithm. It has been developed to behave as a band of bats tracking 

prey/foods using their capability of echolocation.  

 

 

 

 

 

 

 

Figure 3. 3  A bat use echolocation to determine prey. 

For this aim, Yang has proposed three main rules to simulate micro-bats [3.16] 

behavior, as follows:  

1) All bats use echolocation to sense distance, and they also guess the difference 

between food/prey and background barriers in some magical way. 

2) Bats fly randomly with velocity Vi at position Xi with a fixed frequency fmin, 

varying wavelength λ and loudness A0 to search for prey. They can automatically 

adjust the wavelength (or frequency) of their emitted pulses and adjust the rate of pulse 

emission r ∈  [0, 1], depending on the proximity of their target.                                         

3)  Although the loudness can vary in many ways, we assume that the loudness varies 

from a large (positive) A0 to a minimum constant value Amin. Each step of basic bat 

algorithm is explained below: 

a) Initialization of Bat Algorithm 

 Initial population is generated randomly for number of bats. Each individual of the 

population consists of real valued vectors with dimensions. The following equation is 

used to generate the initial population. 
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                𝑥𝑖𝑗 = 𝑥min 𝑗  +  𝑟𝑎𝑛𝑑 (0.1)(𝑥𝑚𝑎𝑥𝑗  -𝑥𝑚𝑖𝑛𝑗 )                                                  (3.1) 

Where i=1,2………., n; j= 1,2…..,d;The 𝑥𝑚𝑎𝑥𝑗  𝑎𝑛𝑑 𝑥min 𝑗   are the upper and lower 

boundaries for dimension j. 

b)  Solution, Frequency & Velocity  

Step size to generate new solution in Bat algorithm is defined by the frequency. The 

pulse frequency is an arbitrary value for each solution, ranges between upper and 

lower boundaries f min and f max. The frequency controls the pace and range of the 

movement and updates the bat position and velocity. The velocity and position of bat 

is updated using the following equations [3.17]. 

            𝑓𝑖 = 𝑓𝑚𝑖𝑛 +  𝑓𝑚𝑎𝑥 − 𝑓𝑚𝑖𝑛  ∗ 𝛽                                                                  (3.2)             

                   𝑣𝑖
𝑡 = 𝑣𝑖

𝑡−1 +  𝑣𝑖
𝑡−1 − 𝑥𝑏𝑒𝑠𝑡  𝑓𝑖                                                         (3.3)                    

                   𝑥𝑖
𝑡 = 𝑥𝑖

𝑡−1 + 𝑣𝑖
𝑡                                                                                         (3.4) 

Where β indicates randomly generated number, fi is the frequency generated for 

solution i, 𝑣𝑖 represents the new velocity for solution i, 𝑥𝑏𝑒𝑠𝑡 represents the global best 

solutions in the population. In r (pulse rate) probability, a solution is selected 

amongthe best solution and random walk is applied in order to increase exploration. 

Thus a new candidate solution is generated. 

                        𝑥𝑛𝑒𝑤 = 𝑥𝑜𝑙𝑑 + 𝜀𝐴𝑡                                                                    (3.5) 

Where 𝜀 ∈  −1,1 is a random number and A
t
 is the average loudness of all the bats at 

time t. The new solution replaces the old one when the loudness criterion is satisfied 

and the new solution is better than the old one [3.17]. 

c)  Loudness and Pulse Emission Rate  

Basically, as bats approach to their preys, they need to update the loudness A and rate r, 

where the pulse emission rate increases while loudness usually decreases, as follows 

[3.18]:  
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             𝐴𝑖
𝑡 = 𝛼                                                                                                     (3.6) 

            𝑟𝑖
𝑡 = 𝑟𝑖

0 1 − 𝑟𝛾𝑡−1                                                                  (3.7)                            

𝑥𝑖
𝑡 = [𝑥1

𝑡 , 𝑥1
𝑡 , … . 𝑥𝑖

𝑡 , … . 𝑥𝐵𝑛−1,
𝑡 𝑥𝐵𝑛        

𝑡 ]                                                                             (3.8) 

Where α, γare constants, 𝑟𝑖
0and Ai are factors which consist of random values and 𝐴i

t  

can typically be [0, 2], while 𝑟𝑖
0 can typically be [0, 1]. Bat algorithm balance between 

global and local search by adjusting the loudness and pulse rate. However, there are so 

much loudness and pulse rate combinations, that it is hard to choose the most proper 

one for different problems.The following figures show the characteristics of equation 

(3.6) and (3.7) as the iteration proceeds. 

 

 

 

 

 

 

 

  

 

Figure 3. 4. Loudness (A) 

 

 

 

 

 

 

 

 

 

Figure 3. 5   Pulse Emission Rate (r) 
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The pseudo-code of the Bat algorithm is given as follows: 

Algorithm 01: Bat algorithm 

1: Input: empirical parameters: MaxIter, P. 

2: Output: the best solution xbest and its corresponding 

value fmin = min (f(x)). 

3: Objective function f(xi); xi = (xi1; xi2;….;xip )
T
 ; 

4: Initialize the bat population xi and vi for (i = 1, 2,.., p) ; 

5: Define pulse frequency fi at xi ; 

6: Initialize pulse rates ri and the loudness Ai ; 

7: while (t < Max number of iterations) do 

7.1: Generate new solutions by adjusting frequency 

and updating velocities and locations/solutions using 

equations (2) to (4). 

7.2: if (rand > ri) then 

            7.2.1: select a solution among the best ones ; 

     7.2.2: Generate a local solution around the     

            selected best solution ; 

end if 

7.3: Generate a new solution by flying randomly 

7.4: if (rand <Ai and f(xi) < f(x*)) then 

7.4.1: Accept the new solutions 

7.4.2: Increase ri and reduce Ai 

end if 

7.5: Rank the bats and find the current best x*; 

end while 

8. Post-process results and visualization. 
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3.4.2. Variants of Bat Algorithm 

The standard bat algorithm has many advantages, and one of the key advantages is that 

it can provide very quick convergence at a very initial stage by switching from 

exploration to   exploitation. This makes it an efficient algorithm for applications such 

as classifications and others when a quick solution is needed. However, if we allow the 

algorithm to switch to exploitation stage too quickly by varying A and r too quickly, it 

may lead to stagnation after some initial stage. In order to improve the performance, 

many methods and strategies have been attempted to increase the diversity of the 

solution and thus to enhance the performance, which produced a few good and 

efficient variants of bat algorithm. From the literature survey, we found the following 

bat algorithm variants: 

 Fuzzy Logic Bat Algorithm (FLBA) : Khan et al. (2011) presented a variant by 

introducing fuzzy logic into the bat algorithm, they called their variant fuzzy 

bat algorithm. 

 Multiobjective bat algorithm (MOBA): Yang (2011a) extended BA to deal with 

multiobjective optimization, which has demonstrated its effectiveness for 

solving a few design benchmarks in engineering. 

 K-Means Bat Algorithm (KMBA) : Komarasamy and Wahi (2012) presented a 

combination of K- means which is one of the mainly popular clustering 

methods and bat algorithm. The proposed combination have been utilizes the 

concepts of Bat optimization techniques and K-Means Algorithms for efficient 

clustering. Clustering is one of the popular data mining methods aiming at 

representing large dataset by a collection of cluster. 

 Chaotic Bat Algorithm (CBA) : Lin et al. (2012) presented a chaotic bat 

algorithm using L ́evy flights and chaotic maps to carry out parameter 

estimation in dynamic biological systems. 
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 Binary bat algorithm (BBA): Nakamura et al. (2012) developed a discrete 

version of bat algorithm to solve classifications and feature selection problems. 

 Differential Operator and L ́evy flights Bat Algorithm (DLBA) : Xie et al. 

(2013) presented a variant of bat algorithm using differential operator and L ́evy 

flights to solve function optimization problems. 

 Improved bat algorithm (IBA) : Jamil et al. (2013) extended the bat algorithm 

with a good combination of L ́evy flights and subtle variations of loudness and 

pulse emission rates. They tested the IBA versus over 70 different test functions 

and proved to be very efficient. 

 

3.4.3. Bat flowchart 

The following describes the execution steps of the standard bat algorithm;  

Step 1:  initialize the bat population t, the pulse frequency, after that we define the 

pulse rates.  

Step 2: Update the velocities to update the location of the bats, and decide whether 

detonate the random walk process. 

Step 3: Rank the bats according to their fitness value, find the current near best 

solution found so far, and then update the loudness and the emission rate.  

Step 4: check the termination condition to decide whether go back to step 2 or end the 

process and output the result. Detailed steps about the standard bat algorithm are 

presented in figure 3.6.  
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                                       Figure 3. 6  Flowchart of Bat Algorithm 
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3.4.4. Bat algorithm applications 

 

Figure 3. 7 Bat algorithm applications 

Bat algorithm has already proven its efficiency since its first application in continuing 

optimization [3.16]. This makes researchers use bat algorithm to solve several 

problems in many fields and disciplines, such as: optimization, image processing, 

scheduling, data mining and others, as illustrated in Figure 3.6. In the following, we 

detailed the most works that use bat algorithm. 

3.4.4.1. Optimization 

Optimization is the biggest discipline that uses nature inspired algorithms to find the 

optimal solution for each problem. It has four main types: Continues, Con- strained, 

Unconstrained and Multi-objective optimization, where bat algorithm has been applied 

with success. In [3.13], Yang has put the original BA in application for continues 

optimization with several benchmark functions. This work proves the improvement of 

convergence rate against GA and PSO. This rate has been more improved in another 

work. In which BA was hybridized with differential evolution strategies [3.13].  

Moreover, in [3.19] a hybridization with harmony search is made which speed up the 

global convergence rate without losing the strong robustness of the basic BA. Xie et al. 
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[3.20] proposed a new BA with a differential operator and Levyights to cope with the 

slow convergence rate and low accuracy of BA. The experiments showed that the 

proposed algorithm was feasible and effective, and also had superior approximation 

capabilities within high-dimensional spaces. Gandomi et al.[3.21] have used BA for a 

constrained optimization, The authors declare, after testing with classical benchmarks 

and real world constrained problems, that BA is very efficient and overcome, in many 

cases, the existing algorithms. 

Also, BA has a better dynamic control of exploration and exploitation. On the other 

hand, Goel et al. [3.22] tested the performance of BA for unconstrained optimization 

using five standard test functions. The results prove that for bat algorithm to work 

efficiently for unconstrained optimization problems the dimension of the algorithm 

should be kept small whereas the population size should be large. In addition, BA has 

been successfully applied within multi objective optimization problems. As mentioned 

above, Yang [3.23] has proposed a version of BA to deal with multi-objective 

optimization problems which proved its efficiency against other methods. Other work 

[3.24] proposed a multi-objective version that deals optimization problems in binary 

search space. 

3.4.4.2. Data mining 

Data mining is one of the fastest growing domains in computer science due to the large 

data stored last years. Many efficient algorithms are developed for data mining where 

nature inspired algorithms is some of them. In the last five years bat algorithm has 

been applied to many times for many problems in data mining, such as: classification, 

clustering, feature selection and association rule mining, etc. In [3.25] a model has 

been developed for classification using a bat algorithm to update the weights of a 

Functional Link Artificial Neural Network (FLANN) classifier. The results show the 

superiority of bat algorithm against FLANN and PSO-FLANN. In [3.26], the authors 

proposed a comparison of BA, GA, PSO, BP 

and LM for training feed forward neural networks in e-Learning context. Moreover, 

Bat algorithm has been applied for clustering. Khan et al. [3.27] presented a method 
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called fuzzy bat clustering for ergonomic screening of office workplaces. The results 

of the experiments showed that the method is fast, efficient and provides better 

performance in-face-of fuzzy c-means clustering algorithm. The same authors 

presented a study of clustering problems using bat 

algorithm and its extension as a bi-sonar optimization variant with good results [3.28]. 

Komarasamy [3.29] studied K-means clustering using bat algorithm and they 

concluded that the combination of both K-means and BA can achieve higher efficiency 

and thus performs better than other algorithms. Recently, Aboubi et al [3.30] have 

applied BA for Clustering large data sets called BAT-CLARA. That is based on BA 

and k-medoids partitioning. The computational results revealed that BAT-CLARA 

outperforms all compared algorithms to solve the clustering problems. Also, a new 

version of BA called the Binary bat algorithm (BBA) was developed for feature 

selection which is a technique aims to find important information from a set of 

features. As well, the experiments performed on fivve standard datasets prove the 

superiority of BBA in face of PSO, FFA and GSA. In [3.31] a combination of Bat 

Algorithm with a support vector machine (SVM) classifier for simultaneous feature 

and optimal SVM parameters selection, to reduce data dimensionality and to improve 

IDS detection. 

3.4.4.3. Engineering 

Engineering is a crucial field for nature inspired algorithm applications. Thus, BA 

becomes important technology applied for solving issues in engineering practice. In 

image processing, Senthilnath et al. [3.32] proposed to use BA to classify Multi- 

spectral Satellite Image. In this proposal, a partitional clustering used to extract 

information in the form of cluster centers, and then the extracted clusters are validated. 

The performance of the Bat Algorithm is compared with the traditional K-means, GA 

and PSO, which prove BA can be successfully applied to solve crop type classification 

problems. Other work can be found within the field of image processing in [3.33]. This 

later presented a new bat algorithm with mutation, known as BAM, between bats 

during the generation of new solutions for image matching issues. The results 
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illustrated that this method was more efficient than differential evolution and studied 

genetic algorithm models. Within the same field, Abdel-Rahman et al. [3.34] proposed 

to use bat algorithm for articulated human motion tracking from multi-view video 

data. Results showed that BA performs better than Particle Filter, Annealed Particle 

Filter and Particle Swarm Optimization algorithms. Scheduling problem is one of the 

biggest issues in engineering where BA has been applied successfully. Musikapun and 

Pongcharoen [3.35] solved multi-stage, multi- machine, multi-product scheduling 

problems using bat algorithm, and they solved 

a class of non-deterministic polynomial time (NP) hard problems with a detailed 

parametric study. In addition, BA was used to solve multistage hybrid or shop 

scheduling problems which are known as strongly NP-hard problem. The 

computational results show that the proposed BA is an efficient approach for solving 

the HFS scheduling problems [3.36]. In [3.37] optimal design of Power System 

Stabilizers (PSSs) in a multi-machine environment parameter tuning problem is 

converted to an optimization problem which is solved by BAT algorithm. Another 

work uses BA to obtain the optimal solution of economic load dispatch [3.38]. 

Experimentation showed that BA has good convergence property and better in quality 

of solution than PSO. 

 

3.5. Finite Element Method 

In this work, the potentials and electric fields distribution along developed polymeric 

insulator has been evaluated using Finite Element Method (FEM) computational 

simulation. Finite element method (FEM) is a numerical method to solve various 

partial differential equations (PDE) that represents a physical system. The basic idea of 

FEM is to discretize the domain of interest, where the PDE is defined, in order to 

obtain an approximate solution of the PDE by a linear combination of basic functions 

defined within each subdomain. Then, the assembly of subdomains, which is based on 

the process of putting the finite elements back into their original positions, results in a 

discrete set of equations which are analogous to the original mathematical problem.   
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3.6. COMSOL Multiphysics Software 

In this project, COMSOL Multiphysics is used to simulate the finite elements for the 

insulator. The simulation is performed in three consecutive stages namely pre-

processing, solving, and post processing stages. Geometrical, material and boundary 

properties, and meshing criteria of the elements are the inputs in the pre-processing 

stage. The mathematical model express as differential equations that describe the 

physical problem is executed in solving stage. Finally, the plot processing stage is that 

of the plot generated by simulation in terms of variables or parameters. 

 

 

 

 

 

 

  

 

 

 

 

Figure 3. 7  General procedures of FEM simulations 
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3.7. Minitab software 

Minitab is a statistical software package that provides a wide range of data analysis 

capabilities. In this thesis, the obtained test data were analyzed by L27 Taguchi 

standard orthogonal array and an analysis of variance (ANOVA) using Minitab. 

Design of Experiments using Taguchi approach is a powerful technique to study the 

effect of multiple variables simultaneously and then the tests number to obtain the 

solution is reduced. Moreover, in this method the number of factors studied can be 

very large, the detection of interactions between factors is possible, it gives better 

details on the results and mathematical modeling of the results is also possible. Finally, 

when combined with BAT algorithms, the approach can economically satisfy the 

needs of problem solving to estimate the ring parameters to control the E-field lower 

than the maximum recommended threshold. With the proposed methodology the time 

required for tests investigations is significantly reduced and then it can be considered 

as an efficient fast working tool. 

The simulation based on the finite element method combined with the experimental 

design methodology and the BAT optimization method found to be very efficient tool 

to evaluate their effects on the E-field distribution increasing the insulator long term 

performance. 

 

3.8. Project Process Flow 

In obtaining and analyzing electric fields distribution along composite insulator, the 

process flow of the project can be simplified in Figure 3.8. The flow diagram shows all 

of the processes involved starting from the initial stage until the desired results is 

obtained.  
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Figure 3. 8  Flow diagram of electric field optimization for polymeric insulator 
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3.9. Conclusion  

This part of the thesis discussed on how the work is carried out in order to obtain the 

aims of this project. It discussed the installation of corona ring as a useful technique 

for optimizing electric field on outdoor polymeric insulators. To define the optimum 

location of the corona ring, experimental methods are used. The main and interaction 

effects of the corona ring parameters have been evaluated using the variance analysis 

technique using the MINITAB software in combination with COMSOL. 

Finite element method is employed for insulator modeling to determine electric 

potential and field distribution along the non-ceramic insulators. For this, a model of 

polymer insulators is developed to evaluate the optimization techniques employed.        

This chapter discussed a new nature inspired bat algorithm as a new and efficient tool 

of optimization.                                           

The definition of this algorithm, its variants, and applications are reviewed. 
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Chapter 04 

Performance Analysis of non Ceramic Insulator 

4.1. Introduction 

To advance the previous studies on Corona ring optimization, this chapter presents a 

new approach to minimize the electric field under the threshold value and by 

consequence, improving the performance of composite insulator. Bat algorithm (BA) 

is proposed to determine the optimal design of corona ring. This algorithm leads to the 

optimization of the Corona ring parameters which are then verified by FEM.  

4.2. Optimization structure of the Corona rings based on BAT algorithm 

4.2.1. Problem formulation 

The MINITAB
® 

software in combination with COMSOL
®

 was used to obtain an 

optimum design. ANOVA statistical analysis has been performed to obtain an 

optimum response using a 2
nd

 degree polynomial model. The analysis of the obtained 

response takes into account the effects of the factors and their interactions. A quadratic 

model by regression was established and given by the following form: 

         𝑌 = 𝑎0 +  a𝑖
3
𝑖=1 X𝑖  +  a𝑖𝑖  

3
𝑖=1 X𝑖

2 +  𝑎𝑖𝑗
3
𝑖<𝑗 𝑋𝑖𝑋𝑗                                                (4.1) 

Where, Y is the desired response, a0 is constant. Ai, aii and aij are the coefficients of 

linear, quadratic and cross-product terms, respectively. Xi is the coded factors related 

to the considered parameters.  The maximum applied voltage at the ends of the 

insulator was 220 ∗
 2

 3
= 179.629 kV as shown in Figure 4.1.                                        
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Figure 4.  1  Electric potential distribution without corona ring. 

Solve design problems by means of optimization techniques have an objective 

function. The optimal design is achieved by reducing the electric field via this 

function. The objective function consisting of a mathematical relation between the 

electric field magnitudes and corona ring parameters. It is represented as follows: 

E = 4.296 + 10−6 13H2 + R2 + 113Dr2 − 4HR + 13HDr + 19RDr − 4383H +

213R − 37910Dr                                                                                (4.2) 

Using statistical analysis, the coefficient of determination (F
2
) was found to be nearly 

0.98 (F
2
, approaches the unity) which can be considered a good estimate. In this work; 

we studied the influence of important design parameters on the maximum electrical 

field stresses. Variation ranges of all important design parameters are shown in Table. 

4.1. Corona ring position (H), corona ring radius (R) and corona ring tube diameter 

(Dr), are the important design parameters. They affect the electric field and the 

potential distributions along the insulator. To improve the electric field distribution of 

composite insulator and identify the effect of the ring, variation range of each 

parameter is chosen and will in turn be evaluated by the simulations. They are 0,200, 

and 400 mm for the ring position, 150, 250, and 350 mm are for the ring radius and 

finally, 20, 50 and 80 mm for the ring tube diameter. Previous research results 

indicated that the choice of design parameters of corona ring was necessary to limit the 
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surface E-field on insulators for compact transmission lines. The E-field values were 

obtained for all configurations indicated in table 4.2. In this work, we studied the 

influence of important design parameters on the maximum electrical field stresses.  

Table 4. 1 Corona ring parameters and their levels 

Parameters significations variation ranges 

Corona ring position H 0 200 400 

Corona ring radius R 150 250 350 

Corona ring tube diameter Dr 20 50 80 

Table 4. 2  Computational results. 

CR Parameters Results 

H R Dr E 

0 150 20 4.100 

0 150 50 3.235 

0 150 80 2.610 

0 250 20 4.260 

0 250 50 3.545 

0 250 80 3.035 

0 350 20 4.480 

0 350 50 3.860 

0 350 80 3.410 

200 150 20 3.460 

200 150 50 2.650 

200 150 80 2.093 

200 250 20 3.850 

200 250 50 3.120 

200 250 80 2.615 

200 350 20 4.200 

200 350 50 3.550 

200 350 80 3.100 

400 150 20 4.140 

400 150 50 3.580 

400 150 80 3.205 

400 250 20 4.240 

400 250 50 3.665 

400 250 80 3.280 

400 350 20 4.420 

400 350 50 3.870 

400 350 80 3.490 
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Physically, to avoid an impractical or even impossible corona ring size in applications, 

the variation range of ring parameters must be carefully chosen depending upon the 

geometric feasibility, since the installations of corona rings minimize the dry arcing 

length and change the air gap. Corona rings with big diameters and higher installation 

(over 400mm) further reduce the dry arcing distance, which is not desirable. The 

research space (0-400mm), for the ring height, is enough to characterize the best 

position of the ring. It should be also noted that large tube diameters more (more than 

80mm) are not economical. Radius value R varies between 150mm and 350mm. R 

lower than 150mm causes undesirable contact with the large shed of the insulator. On 

the other hand, installing corona ring with radius beyond 350 mm did not reduce the 

electric field significantly. 

 

4.3. Main effect plots and interactions effect of corona ring parameters  

The main effect plots and interactions effect of corona ring parameters can be 

represented graphically as shown bellow. 

Figure 4.2 presents the effect of plots of corona ring parameters on the maximum 

value of E-field is represented in. It is seen that, corona rig position has a decreasing 

effect on the maximum E- field. After 200 mm, the position has an increasing effect on 

the maximum E- field. On the other hand, Corona ring radius has an increasing 

influence on the maximum E- field and corona ring tube radius has a decreasing effect.  

The interaction effect plots of corona ring parameters on the maximum E-field is 

shown in figure 4.3 This plot shows the influence of the interactions on the 

relationship between factors and responses. When lines are parallel, there are no 

interactions. Interactions appear when the lines become not parallel. The interaction 

between position (H) and corona ring radius (R) is the most observed. However, the 

interaction between corona ring position and corona ring tube diameter is slight.  A 

high decreasing impact of corona ring radius on the maximum E- field when the 

corona ring tube diameter is higher; if the interaction between these two parameters is 

analyzed.   
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Figure  4. 2 Main effect plots of corona ring parameters H, R and Dr on the maximum 

value of E-field. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. 3 Interaction effect plots of corona ring parameters H, R and Dr on the 

maximum E-field 
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4.4. Implementation of the bat algorithm in designed corona ring 

As the corona ring parameters affect the electric field on the end fittings and the 

surface of the composite insulator, the optimization with Bat algorithm, are performed. 

In this section, the optimization process of the technique used to reduce electric field 

on the surface of the insulator is described. The objective is to maintain the electrical 

field intensity lower than the threshold value of 420 kV/m [4.1- 4.2].The bats in the 

BA refer to a duty cycle in Equation (3.8), which can be a solution for the CR 

optimization. Bn in this equation refers to the number of bats that participate in the 

optimization, and the objective function is the electric field (E). An appropriate 

stopping condition is required for the algorithm to end the tracking process and 

finalize an appropriate duty cycle for a steady-state operation [4.3]. 

Predefined algorithm iteration is considered in many studies for the stopping 

conditions of optimization. In this work, the number of iterations taken for generating 

optimal solution in BA is 200. Stopping condition occurs when the fitness difference 

of all participating bats is less than a small predefined error or when the iteration count 

crosses the predefined iteration count which could be configured when running the 

simulation results. This is the place where the optimization algorithm converges [4.1, 

4.4].  

 

 

 

 

 

 

 

Figure 4. 4  Convergence of objective function during the optimization model. 
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The convergence characteristics are shown in Figure. 4.4 From this figure, it can be 

seen that the objective function reaches its lowest value after the few number of 

iterations and after there is no change. The simplicity of the BA reduces the 

computation time. It is clearly seen that the optimization using bat algorithm reduces 

the computational time in average, if it compared with the case without optimization. 

Bat method is used to get the minimum value for E-field and select the optimum 

location of the Ring. A good agreement was achieved between the results of Bat 

method and COMSOL. The optimized parameters of the corona ring are presented in 

table 4.3. 

Table 4. 3 Optimized CR Parameters Values 

Parameters (mm) Optimized value Electric Field [kV/cm] 

Corona ring position (H) 128.2 

1.75 Corona ring radius (R) 150 

Corona ring tube diameter ( Dr) 80 

 

4.5. Simulation Analysis 

The investigations are carried out in order to analyze the influences of corona ring 

along the studied insulator. Simulations of potential and E-field distributions are 

conducted in this section. Fig.4.5 represents the maximum E-field variation along the 

insulator length with, without corona ring and with recommended corona ring versus 

the applied voltage. For the same applied voltage (180 kV), the maximum E- field is 

found to be 6.93 kV/cm and 2.68 kV/cm for the cases without CR and with the 

recommended CR, respectively. However, the field is only 1.74 kV/cmfor the case of 

the optimized CR which is much lower than the two previous cases. The maximum E-

field is then significantly reduced close to the fitting end. Numerically, the percentage 

of E- field has decreased by about 75 % compared to the E-field in the case without 

corona ring and by about 35% compared to the case of the recommended CR. This is 

due to the best placement of the optimized ring. The EPRI recommended threshold 

value (4.2 kV/cm) is shown by the horizontal line. Note that for all analysis, the 

maximum E-field is computed based on the line voltage. On the other hand, it is 

clearly seen that the optimized corona ring, decreases the field gradient below the 

corona threshold and becomes lower by about 58.6%. 
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Figure 4. 5  Maximum electric field as a function of applied voltage. 

Figure.4.6 illustrates a comparison of the electric field distribution along the composite 

insulator between the three studied cases. It shows a decrease in the electric field for 

the two cases, with optimized CR and recommended CR. In presence of optimized 

corona ring, the magnitude of field is decreased and takes place away from energized 

end. It can make the field more uniform by decreasing it at HV side and increasing it 

slightly at earth side. The reduction in the energized end is attributed to the presence of 

the phase wire and the clamp that helps to reduce the non-uniformity of the electric 

field at such end of the insulator. Figure.4.7 presents the effects on electric potential 

distribution along the studied length of composite insulator, in the case of insulator 

with and without CR. The results show that the electric potential significantly 

decreases from the HV end fitting. The potential near the energized end is similar to 

the line voltage, due to the material permittivity and the insulator form, the voltage 

rapidly falls off from the energized ends of the insulator, such a voltage repartition 

creates high E-field in the vicinity of energized end [4.5], as shown in figure.4.7 

because the half of the applied voltage is supported only by 33.20 cm of the insulator 

length in absence of corona ring. However, by using the optimized corona ring, this 

distance reaches 65.40 cm. The corona ring height has a significant influence on the 

electric field and potential. The optimization discussed previously, is responsible for 



Chapter 4                                                         Performance Analysis of non Ceramic Insulator  

9p.4. 
 

the obtained minimum E-field. For this case, new mathematical relationship (objective 

function) between the electric field and the corona ring parameters is established. 

Using Bat algorithm technique, the optimized corona parameters retained are those 

giving the minimal value of the maximum E-field at the considered central axis point. 

 

 

 

 

 

 

 

 

 

Figure 4. 6 E-field variation along the insulator length with and without corona ring. 

 

 

 

 

 

 

 

 

                                                                                                                                                                                            

Figure 4. 7  Electric potential along the studied composite insulator. 
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A comparison of results to similar work – that uses different approaches - in terms 

efficiency was made using the same insulator profile as in [4.3] where particle swarm 

optimization (PSO) algorithm with dynamic population size is employed to deal with 

the optimization of corona ring. Table 4.4 gives the obtained results. As can be seen, 

the results show that the computational time taken by BA is lower than PSO. In 

addition, the optimized corona ring parameters proposed by Bat algorithm seems to be 

optimum value minimizing significantly the E- field. This evaluation clearly indicates 

that bat algorithm is fast and better in terms of identifying the best solution.  

Table 4. 4  Comparison between PSO and BA 

 

4.6. Potential and Electric field distribution analysis 

Electric potential and field distributions along the insulator surfaces are the basic 

standards to evaluate the corona and flashover phenomena. Computing these two 

parameters becomes easy using computer technologies. There are several commercial 

software packages, based on Finite Element for 2D and 3D electric field problems 

This section presents and discusses the results of finite element analysis of the studied 

composite insulator using COMSOL MULTIPHYSICS software. 

Electric field distribution and equipotential distribution in case without ring are given 

in Figure. (4.8a) and Fig. (4.8b), respectively. 

As can be seen, in the case of absence of CR, the electric field magnitude is higher at 

the HV side, this magnitude decreases exponentially along the composite insulator 

length. This situation reduces the long term performance of composite insulators. 

 

 

Method PSO Bat Algorithm (BA) 

Electric Field [kV/cm] 1.55 1.29 

time(s) 178 4 

Convergence convergence Fast and better 

Accuracy Accurate more accurate 

complexity complex Less complex 
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Figure 4. 8  (a): Electrical field distribution , (b): Equipotential contours around 

composite insulator  in the case without Corona ring. 
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Figure 4. 9  (a): Electrical field distribution, (b): Equipotential contours around 

composite insulator in case with Corona ring 
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Electric field distribution and equipotential distribution for R = 150 mm, H= 128.2 mm 

and Dr =80 are given in Fig. (4.9a) and Fig. (4.9b), respectively. One can see that, 

using the optimized ring, the electric field gradient near the high voltage end and 

ground end of the composite insulator decreases significantly. Thus the E-field 

distribution along the whole composite insulators is improved and the installation of 

optimized CR leads to uniform voltage distribution. Moreover, the maximum electric 

field strengths on the live end side will importantly decrease. The obtained results lead 

to long term performance of the insulator. 

 

 

4.7. Conclusion  

The aim of this chapter was the study of the electric field distribution along the 

composite insulator. The use of corona ring at the HV end fitting for improving the 

electric field distribution is archived by using an optimization technique based on the 

Bat algorithm which is developed for obtaining the optimized corona ring parameters. 

Reported results show that the maximum electric field strengths on the live end side 

was importantly decreased when the optimized corona ring parameters is used. 

Compared to the case without corona ring, the potential distribution has become more 

uniform in the case with optimized corona ring parameters. 

The proposed technique gives an efficient fast working tool to examine and optimize 

the performance of the composite insulator.  
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Chapter 05 

Characterization and Improvement of porcelain 

insulator 

5.1. Introduction 

Today, the majority of porcelain manufactured is still obtained from silico-aluminous 

mineral raw materials that are available in nature in large quantities forming the bulk 

of the earth's crust. The development and manufacture of porcelain have been the 

object and interest of researchers and industrialists. Among the materials used once 

can cite: kaolin (45-50%), quartz (20-25%) and feldspar (20-25%). Our country has 

several deposits of kaolin (Jebel Debbagh, Tamazert, ...) and quartz (Tamanrasset). 

The characterization of the raw material used and their behavior during the different 

stages of preparation are indispensable in porcelain industry. Porcelain is often 

obtained by sintering, generally between 1000 and 1400 ° C depending on the 

composition of the mixture used and the physicochemical properties of its compounds. 

This step, which is essential for the porcelain manufacturing process, is accompanied 

by a transformation of minerals. These phenomena, controlled by the kinetics of 

material transfer, are of course dependent on the conditions of the heat treatment 

carried out. The phases created in the silico-aluminate binary systems have an 

important role on the porcelain properties.   

In this part of the thesis, we have prepared and studied several blends from local raw 

materials: DD2 kaolin, quartz, feldspar and glass. Feldspar is replaced with a 

windshield glass to recycle it. In this work, the improvement of mechanical and 

dielectric properties of the porcelain insulator sintered at different temperatures has 

been investigated. To reduce the fabrication cost of these materials, the effects of 

recycled waste glass in partial replacement of K-feldspar on the crystallization 

behavior of porcelain prepared from Algerian kaolin (DD2), quartz and feldspar were 

also studied. The second part of this chapter discusses the influence of coating with                                                   

TiO2 on the electric performance of the prepared porcelain. 
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5.2. Development of new porcelain insulator based on economic raw materials 

In this section, we will talk about the development of porcelain from locally available 

raw materials. This porcelain is prepared from the mixture of kaolin, quartz, feldspar, 

and recycled waste glass. We have prepared and studied several blends from local raw 

materials: DD2 kaolin, quartz, feldspar and glass. Feldspar is replaced with a 

windshield glass to recycle it. For this, the work of this thesis concerns the study of 

four mixtures: (50% kaolin + 20% quartz + 30% feldspar + 00% Glass); (50% kaolin + 

20% quartz + 20% feldspar + 10% glass); (50% kaolin + 20% quartz + 10% feldspar + 

20% glass) and (50% kaolin + 20% quartz + 00% feldspar + 30% glass). 

 

5.3. Experimental analysis 

5.3.1. Materials and methods 

White porcelains were prepared from mixtures of four raw materials: kaolin (DD2) 

[5.1] from the mine of Djebbel Debbagh (Guelma- Algeria), which is white in color 

and enriched in alumina; quartz from Tamazert (Algeria), which is white in color and 

highly pure; feldspar from Spain (beige in colour and with  more than 10% of 

potassium oxide, its formula is KAlSi3O8) and waste glass derived from broken car 

glass. The chemical composition of the starting raw materials as determined by X-ray 

fluorescence (XRF) is shown in Table 5.1. 

Table 5. 1 Chemical compositions of the starting raw materials, mass (%) 

Recycled waste  glass Feldspar Quartz K (DD2) Oxides 

70.22 69 99.90 45.52 SiO2 

01.08 17.15 00.03 38.73 Al2O3 

00.08 00.17 00.01 0.04 Fe2O3 

12.01 02.32 - 00.18 CaO 

13.10 00.37 - 00.05 Na2O 

00.03 10.22 - 00.03 K2O 

01.55 - - - MgO 

00.38 00.16 - - SO3 

- 00.42 00.01 15.44 L.O.I 

98.45 99.81 99.95 99.99 Total 

https://en.wikipedia.org/wiki/Potassium
https://en.wikipedia.org/wiki/Potassium
https://en.wikipedia.org/wiki/Potassium
https://en.wikipedia.org/wiki/Potassium
https://en.wikipedia.org/wiki/Silicon
https://en.wikipedia.org/wiki/Oxygen
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Four compositions were prepared by milling the ready mixed powder according to the 

batch compositions shown in Table 5.2.  

Table 5. 2  Percentage of additive material of samples, mass (%) 

 

 

 

 

 

The prepared powder mixtures are named as N00, G10, G20 and G30, where N stands 

for 0% glass while G stands for glass and 10, 20 and 30 denotes the weight percentage 

of glass in the composition Figure 5.1. This figure shows the forms of all samples 

heated at different temperatures. The samples G30 start to melt at 1150°C since they 

contain a large amount of the solvent (Na2O, CaO), but the samples G20 begin to melt 

in 1250 °C. The samples G00 and G10 have not absolutely dissolved even when the 

temperature reached 1300°C. This photo shows the impossibility of measuring the 

shrinkage of the samples dissolved and this confirms that the temperature of sintering 

was reduced to 200°C. 

 

 

 

 

 

 

 

 

Figure 5. 1 samples sintered at different temperatures for 2 h 

Recycled waste glass Feldspar Quartz K (DD2) Samples 

00 30 20 50 N00 

10 20 20 50 G10 

20 10 20 50 G20 

30 00 20 50 G30 
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Recycled waste glass was added to kaolin and quartz to partially replace potash 

feldspar. Chemical analysis of feldspar (Table 5.2) shows that it is a potash feldspar 

composed mainly of SiO2. Its K2O and CaO content is 10.22 wt. % and 2.32 wt. % 

respectively. The chemical composition of the recycled waste glass reveals that it is 

composed of high SiO2 content (70.22%), (12.01%) CaO and (13.10%) of Na2O. Raw 

materials mixtures were charged into zirconia vials (250 ml in volume) together with 

zirconia balls (15 units). Milling was performed through a planetary ball mill (Fritsch 

P6) for 5 hours with a rotation speed of 250 rpm. The slurry was dried at 110°C, 

powdered and sieved through a 100 µm mesh and then compacted at a pressure of 100 

MPa using a cold uniaxial press. Disc specimens of 13 mm diameter and about 5 mm 

thickness were shaped. In order to determine an optimum preliminary sintering 

temperature, the compacts were thermal treated under atmospheric conditions at 

different temperatures within the range of 1000-1300°C for 2 h of soaking with 

heating rate of 10°C/min and cooled down inside the furnace. 

 X-Ray Diffraction  (XRD ) 

X-ray diffraction (XRD) is a method universally used to identify the nature and 

structure of crystallized products. This method does not apply until recently, only in 

crystalline environments (rocks, crystals, minerals, pigments, clays ...) characteristics 

of the crystalline state, the method clearly distinguish amorphous products (glasses ...) 

from crystallized products. It also allows studying the conditions of formation of the 

phases, their evolution as a function of the temperature or atmosphere, so to know the 

behavior of a material under the conditions use. The diffractometer is one of the most 

commonly used devices in the industrial world and research, because of its simplicity 

and ease of use. 

XRD analyses were carried out using a Bruker D8 diffractometer (figure 5.2) and The 

tests conditions were Ni-filtered Cuk α X radiation (35kV-30mA) with a scanning 

speed of 37° (2θ) per minute and at an increment of 0.05°.  

 

 

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=2ahUKEwjRh_m2xLnjAhWeAWMBHXMzD1AQFjAAegQIAxAB&url=https%3A%2F%2Fparticle.dk%2Fmethods-analytical-laboratory%2Fxrd-analysis%2F&usg=AOvVaw2NNmX3Pk0WpGArl6P_cgJR
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=2ahUKEwjRh_m2xLnjAhWeAWMBHXMzD1AQFjAAegQIAxAB&url=https%3A%2F%2Fparticle.dk%2Fmethods-analytical-laboratory%2Fxrd-analysis%2F&usg=AOvVaw2NNmX3Pk0WpGArl6P_cgJR
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=2ahUKEwjRh_m2xLnjAhWeAWMBHXMzD1AQFjAAegQIAxAB&url=https%3A%2F%2Fparticle.dk%2Fmethods-analytical-laboratory%2Fxrd-analysis%2F&usg=AOvVaw2NNmX3Pk0WpGArl6P_cgJR
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=2ahUKEwjRh_m2xLnjAhWeAWMBHXMzD1AQFjAAegQIAxAB&url=https%3A%2F%2Fparticle.dk%2Fmethods-analytical-laboratory%2Fxrd-analysis%2F&usg=AOvVaw2NNmX3Pk0WpGArl6P_cgJR
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Figure 5. 2  Bruker diffractometer 

 

 Fourier Transform Infrared Spectroscopy ( FTIR) 

Fourier transform infrared spectroscopy (FTIR) is a technique that is used to obtain an 

infrared spectrum of absorption, emission, photoconductivity or Raman scattering of a 

solid, liquid or gas. An FTIR spectrometer simultaneously collects spectral data in a 

wide spectral range. This confers a significant advantage over a dispersive 

spectrometer that measures intensity over a narrow range of wavelengths at a time. 

The chemical functional groups were investigated by FTIR Perkin Elmer (Figure 5.3) 

within the wave number range of 400-4000 cm
−1

. The method described in this study 

is generally adopted with satisfactory results. The substance is finely and smoothly 

ground under Nujol directly on the KBr pellet and the mull gently pressed between two 

KBr pellets in order to reduce it to a thin and uniform layer. After recording the 

spectrum, the pellets are carefully separated, and Nujol is repeatedly washed with very 

light petroleum ether leaving the fine powder on the surface of the pellets which are 

then joined again as a sandwich. A second spectrum on the dry powder is then 

recorded, normally only in the spectral regions masked by the Nujol bands.  

https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=17&cad=rja&uact=8&ved=2ahUKEwiAl7abybnjAhX98eAKHRh9DtwQFjAQegQIBBAB&url=https%3A%2F%2Fwww.gasmet.com%2Fproducts%2Fftir-fourier-transform-infrared%2F&usg=AOvVaw30u7hMrY3lw-gD21CHsV4y
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=17&cad=rja&uact=8&ved=2ahUKEwiAl7abybnjAhX98eAKHRh9DtwQFjAQegQIBBAB&url=https%3A%2F%2Fwww.gasmet.com%2Fproducts%2Fftir-fourier-transform-infrared%2F&usg=AOvVaw30u7hMrY3lw-gD21CHsV4y
https://www.google.com/url?sa=t&rct=j&q=&esrc=s&source=web&cd=17&cad=rja&uact=8&ved=2ahUKEwiAl7abybnjAhX98eAKHRh9DtwQFjAQegQIBBAB&url=https%3A%2F%2Fwww.gasmet.com%2Fproducts%2Fftir-fourier-transform-infrared%2F&usg=AOvVaw30u7hMrY3lw-gD21CHsV4y
https://www.sciencedirect.com/topics/materials-science/infrared-spectroscopy
https://www.sciencedirect.com/topics/materials-science/photoconductivity
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Figure 5. 3  spectroscopy (FTIR) Perkin Elmer 700 type 

 

 Differential Thermal Analysis (DTA) 

Thermal analysis is a series of techniques that measure the behavior of the sample to 

be tested during an imposed rise in temperature. Differential Thermal analysis (DTA) 

is a thermal analysis technique that consists of following the evolution of the 

difference of the sample temperature and the reference material temperature.  All 

mixtures were subjected to differential thermal analysis (DTA) using Setaram DTA 92 

thermal analysis system with 10°C/min heating rate in air. The bulk density and open 

porosity of samples sintered at different temperature were measured using a 

densimeter model KERN ARS 220-4 and quantified according to Archimedes 

principle [5.2]. Water absorption was estimated by immersion in boiling water, 

according to recent standards [5.3]. Linear shrinkage on firing (L.S%) was evaluated 

through the equation [5.3]: 

                          L. S% =
D1−D2

D1
× 100%                                               (5.1) 

where D1 and D2 are the outer diameters of the samples before and after sintering, 

respectively. 

The morphology of fracture surface was observed by JEOL JSM-7001F Scanning 

Electron Microscope on samples etched with 10% HF (High Frequency) for 30s. 
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Figure 5. 4  Setaram DTA 92 thermal analysis system 

 

 Morphological observations 

 - Scanning Electron Microscope (SEM) 

SEM is widely used to investigate the microstructure and chemistry of a range of 

materials. The main components of the SEM include a source of electrons, 

electromagnetic lenses to focus electrons, electron detectors, sample chambers, 

computers, and displays to view the images (Figure 5.5). Electrons, produced at the 

top of the column, are accelerated downwards where they passed through a 

combination of lenses and apertures to produce a fine beam of electrons. The electron 

beam hits the surface of the sample mounted on a movable stage under vacuum. The 

sample surface is scanned by moving the electron-beam coils. This beam scanning 

enables information about a defined area of the sample. The interaction of the electron 

beam with the sample generates a number of signals, which can then be detected by 

appropriate detectors. 
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Figure 5. 5 Components of scanning electron microscopy (SEM). 

 

5.3.2. Characterization 

5.3.2.1. Microstructural characterization 

X-rays diffraction patterns obtained from the samples heated at different temperatures 

are shown in Figure.5.6.  

The XRD (X- Ray Diffraction) diffractogram for N00 sample heat treated at 1000°C 

shows the peaks corresponding quartz and anorthite (Fig. 5.6a). At 1050°C, the 

dissolution of anorthite and the formation of mullite as new phase is observed and X-

ray patterns of samples fired in [1150° - 1300°C] indicate the dissolution of quartz and 

the development of a glassy phase. 

The XRD spectra for the samples G10 (Fig. 5.6b) shows peaks corresponding to quartz 

and small peaks corresponding to mullite. From 1050°C, the presence of a new phase 

of anorthite is revealed. At 1100°C the dissolution of anorthite and quartz is observed. 

A completely dissolution of quartz is noted at 1200°C. At higher temperature (1250° 

and 1300°C) the presence of only mullite and glassy phase is observed. 
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Figure 5. 6  XRD patterns of samples sintered at different temperatures for 2 h (a) 

N00, (b) G10, (c) G20 and (d) G30 

 

Fig. 5.6c shows the X–rays diffraction patterns recorded from the samples G20 where 

a notable decrease in intensity with temperature between 1000° and 1300°C is 

(a) 

(c) 

(d) 
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observed. At 1000°C, XRD peaks corresponding to quartz, anorthite and mullite are 

observed. Anorthite and quartz begins to dissolve from 1100°C. At 1150°C, the 

presence of a glassy phase and mullite were noted.  

In the G30 samples (Fig. 5.6d), three phases of mullite, quartz and anorthite were 

presented at 1000°C [5.4]. The intensity of the peaks corresponding to quartz 

decreases notably with temperature (1000°–1100°C). At 1100°C, a glassy phase 

appears. 

The functional groups in porcelain samples synthesized at different temperatures were 

evaluated by FTIR as shown in Figure. 5.7. The spectrum as a whole is divided into 

two sections; the first one comprises the main sharp distinctive and characteristic 

absorption bands extending in the mid IR region. From 500 to about 2000 cm
-1

, and 

the second part reveals only two small peaks, at about 2851 and 2918 cm
-1

 followed by 

a broad band in the far IR region centred at about 3616 cm
-1

. Moreover, an additional 

small band around 2239 cm
-1

 is also observed [5.5-5.6]. The spectra corresponding to 

N00 sample heated at 1100°C reveals the presence of two bands at 515 and 542 cm
-1

 

relating to the vibrations of bond Si–O [5.7-5.8].  

 

 

 

 

 

 

 

  

 

Figure 5. 7  FT-IR spectra of the samples sintered at 1100°C for 2 h 
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In Figure 5.7, the spectra corresponding to N00 and G10 are almost identical. Other 

bands around 622 and 815 cm
-1

 are attributed to Si–O–Si symmetric stretching of 

bridging oxygen between tetrahedral. In G20 samples there is a clear modification of 

the functional groups [5.9]. A new band at 1294 cm
-1

 corresponding to Si–O in the 

sample heated at 1100°C appears [5.10-5.11]. Moreover, the band observed at 1873 

cm
-1

 can be related to the asymmetric stretching vibration of CO3
2-

 anions [5.4]. 

The crystallization kinetics of mullite formation in the porcelain may be determined by 

the DTA technique, which allows to follow the evolution during a continuous heating 

(isothermal treatment) from ambient temperature to high temperature (1300°C). DTA 

curves of studied porcelain samples recorded during heating with a rate of 10°C/min 

are shown in Figure. 5.8.  

On the curves of all samples, two peaks at about 500° and 950°C are observed. The 

first one (endothermic) is due to the dehydration of kaolinite, while the second peak 

(exothermic) is due to spinel formation [5.5-5.11].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 8  DTA curves for samples mixtures during heating. 
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The first endothermic peak does not experiment any change with addition of feldspar 

or recycled waste glass, because this peak is related to kaolinite transformation [5.12]. 

However both intensity and temperature of the second exothermic peak decrease with 

recycled waste glass addition from 950° to 990°C for samples N00 and G30, 

respectively. The proportion of the solvent (CaO, Na2O, (Table 3) increases with 

increasing percentage of glass addition, and thus facilitating the formation of spinel 

phase [5.13-5.14]. 

Table 5. 3 Chemical compositions of all samples, mass (%) 

 

The bulk density and open porosity are shown in figure 5.9.  

Figure. 5.9a represents the bulk density of the pellet disks sintered at various 

temperatures. It is observed that the bulk density represents a maximum value (2.5 

g/cm
3
) in all the samples after thermal treatment for two hours at 1050°C [5.15]. For 

N00 samples, it is seen that the bulk density is practically constant between 1050 and 

1150°C. Then, it decreases up to 1200°C and becomes constant from 1250°C. This 

reduction is possibly due to the transformation of residual open porosity into closed 

porosity and/or the appearance of a new phase (liquid phase) resulting from the 

presence of K2O. 

 

G30 G20 G10 N00 Elements 

63.81 63.68 63.56 63.44 SiO2 

19.70 21.31 22.92 24.49 Al2O3 

00.04 00.05 00.06 00.08 Fe2O3 

03.69 02.72 01.75 00.79 CaO 

03.95 02.68 01.41 00.14 Na2O 

00.02 01.04 02.06 03.08 K2O 

00.46 00.31 00.15 - MgO 

00.11 00.16 00.07 00.05 SO3 

07.72 07.76 07.81 07.85 L.O.I 

99.51 99.71 99.79 99.92 Total 
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(a) 

 

 

 

 

 

 

 

 

(b) 

Figure 5. 9  Bulk density and Open porosity of the samples sintered at different 

temperatures 
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In G10 samples, the bulk density is practically constant between 1015° and 1150°C, 

which is due to the stability of the constituent phases. From 1200°C, a small decrease 

in bulk density which is due to the appearance of the liquid phases is observed. 

In the case of G20 samples, the bulk density is constant between 1050° and 1100°C 

and is equal to 2.5 g/cm
3
. Then, a linear decrease in the bulk density from 1100° to 

1250°C is due to the formation of a liquid phase from the presence of a large amount 

of different fluxes (K2O, Na2O and CaO) (See table 5.3). In the case of samples G30, a 

marked decrease in density can be observed from 1100 °C. This reduction is probably 

due to the appearance of a large amount of glassy phase. The samples sintered at 1200° 

and 1250°C show relatively low density values (lower than 1 g/cm
3
) due to boiling of 

the constituent phases [5.15]. Fig. 5.9b shows the evolution of the open porosity in 

porcelain samples according to the sintering temperature. For N00 and G10 samples, 

almost zero values have been detected between 1050° and 1200°C, which indicates the 

final stage of the sintering process. The appearance of the liquid phase at higher 

temperature (1250° and 1300°C) permits an easy release of gas trapped in the closed 

pores, which leads to the formation of new open porosity. The role of the liquid phase 

in microstructure formation and porosity reduction is not as predominant as in vitrified 

porcelain [5.16]. In the case of G20 and G30 samples, an increase of open porosity at 

1100° and 1150°C is observed. The decreasing of temperature where open porosity 

occurs confirms that porosity is due to the presence of liquid phases. 

Fig. 5.10a shows the shrinkage of porcelain samples on firing. All samples show 

almost constant shrinkage (11-13%) between 1000° and 1150°C. These values are 

lower than those reported by Kim et al [5.1-5.17]. At 1200 °C, the sample N00 

achieves the maximum shrinkage value (18%), which indicates the best sintering 

temperature. From 1250°C the decrease in shrinkage is due to the appearance of liquid 

phases. 

Generally, the presence of the liquid phases facilitates the sintering process, but in this 

case, the existence of a great amount of liquid phase with low density leads to a 

swelling of the samples. The same remarks were noted for G10 sample. 
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Regarding G20 samples, a significant reduction in the shrinkage from 1150°C is due to 

the presence of the high quantity of the glassy phase. In samples G30, the melting of 

the materials after 1150°C (exaggerated swelling) is observed. A high correlation 

between the shrinkage and bulk density is noted. 
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Figure 5. 10  (a): Shrinkage and (b): Water absorption of the samples sintered at 

different temperatures 

(a) 

(b) 
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Fig. 5.10b shows the evolution of water absorption of the porcelain samples as a 

function of temperature. The absorption of water near to zero or very low between 

1050° and 1250°C for N00 and G10 samples. This means that the open porosity is 

completely converted to closed porosity. The appearance of the liquid phase between 

1250° and 1300°C causes a swelling of the samples. The release of gases trapped in 

the closed pores produces a small amount of open porosity. However the absorption of 

a small amount of water means that the porosity is small.  

In the G20 samples, there is a sharp increase in water absorption from 1250°C. This 

increase is due to the creation of open porosity. For G30 samples, there is a slight 

increase in water absorption from 1150°C. It also means a strong increase at 1200° and 

1250°C, which is explained by the creation of a large degree of open porosity. In 

general, the water absorption is in agreement with the results obtained in open 

porosity. 

Figure. 5.11 shows the microstructure of all samples sintered at 1100°C for 2 h. Based 

on phase chemical analysis and phase morphology, it was possible to identify the 

phases named in Figure 5.11. All fired samples contain quartz. This residual quartz is 

retained from the original quartz contained the starting raw materials. In N00 and G10 

samples, a well-nigh of quartz grains (randomly form with the vitreous phase) and 

small grains of mullite are observed as shown in Fig (5.11a and 5.11b) respectively 

[5.18]. In G20 samples, quartz grains are showing different grain sizes, which 

confirms the relatively good densification of samples sintered at 1100° In this case 

multiple phases such as mullite and anorthite were revealed (Fig 5.11c). The presence 

of anorthite was a consequence of the calcium oxide within the waste glass 

composition. Moreover, the presence of pores is clearly visible in this sample. For the 

G30 samples (Fig 5.11d), a notably change of the microstructure is observed. There 

are substantial amounts of both crystalline (quartz) and glassy phases. The sample 

containing glass 20 wt % and sintered at 1100 
◦
C, shows an improvement on the 

physical behaviour of the insulator. 
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Figure 5. 11  SEM micrographs of the samples sintered at1100°C for 2h :(a) G00, (b) 

G10,(c) G20,and (d) G30 

 

5.3.2.2. Hardness measurement 

The micro-hardness test is an excellent way to evaluate the effect of variables on 

hardness or resistance to penetration of porcelain samples, mainly after surface 

etching. This procedure allows the selection of areas free of porosities and allows 

indentations on heterogeneous areas. The procedure allows determining the Vickers 

hardness (Hv). It is known from the literature [5.19] that the produced impression 

dimension is related to the applied load according to the hardness of the material. 

Vickers micro-hardness (Hv) of sintered samples were determined using a Zwick 

microhardness tester model 3210.Hv is measured by pressing a rod tip into the 

material surface and finding the amount of deformation from the dimensions of the 
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formed indenter. A load (P) of 500 g was used; this load was optimized through 

changing the load from 100 g to 500 g [24]. The time period of the indentation was 12 

s immediately after the indentation, the diameters (d) of the formed indents were 

measured. Hv is quantified using the equation 

       𝐻𝑣 = 1.8544 
𝑃

𝑑2                                                                          (5.2) 

 

 

  

 

 

 

Figure 5. 12  Experimental set-up for measurement of mechanical proprieties 

 

 

 

 

 

 

 

 

Figure 5. 13  Vickers micro-hardness versus the sintering temperatures for samples 

containing N00, G10, G20 and G30 
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Figure.5.13 shows the Vickers micro-hardness (Hv) as function of sintering 

temperatures. The Vickers hardness values increased from 4 to 8 GPa as the sintering 

temperatures between (1000 and 1100°C) and it is influenced by glass additions. The 

existence of mullite increases the micro hardness of porcelain (mullite hardness ≈ 15 

GPa) [5.20, 5.21]. 

It is observed that the addition of glass in porcelain composition leads to an increase in 

micro hardness values. For G10 and G20 samples, the micro-hardness increase by 33 

% and 38 % respectively, in relation to the reference porcelain sample N00 sintered at 

1100°C. The increase in both mullite content and bulk density resulting from glass 

addition porcelain contribute to this improvement. Mullite is considered a key phase 

during the formation of the porcelain [5.22]. According to XRD patterns, the 

concentration of mullite increases by adding glass. The concentration of any phase is 

related to the intensity of their peaks [5.23]. It can be observed also that G30 sample 

(containing glass instead of Feldspar) sintered at 1000°C shows a high micro-hardness 

value, which decreases in sample prepared at 1100°C. This is due to a higher 

densification at 1000°C, which is followed of an increase in residual porosity as 

temperature increases. However, the micro-hardness values of G10 and G20 samples 

are approximately constant at the limit of 8 GPa. This is due to presence of feldspar 

and glass  (K2O, Na2O) in the original raw material mixture since these fluxing 

elements facilitate the sintering process and eliminate the residual porosity. 

The addition of glass has a positive effect on mechanical properties. The optimal 

Vickers micro-hardness (8 GPa) is observed in G20 sample thermal treated at 1100°C. 

This value is relatively raised when compared to that (6.5 GPa) obtained by [5.23, 

5.24] but near to that (8.5 GPa) reported by [5.25]. The variation of mechanical 

properties is mainly related to the vitrification degree and residual porosity [5.26].  

Developing an insulator having excellent mechanical strength was realized. The 

composition has 20 wt % sintered at 1100 
◦
C found to be most suitable for mechanical 

applications 
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5.3.2.3. Dielectric properties 

 

 

 

 

Figure 5. 14  Precision impedance analyzers 

The dielectric constant ('), dielectric loss factor ('') and dielectric loss tangent (tan δ) 

were measured using a Precision Impedance Analyzer model wayne kerr N°6420. 

Figure 5.14. In this test, samples of 1.5mm thickness and 13mm diameter were used. 

Samples were inserted between two planar copper electrodes. This capacitor is 

subjected to an alternating electric field for different frequencies (200 KHz – 1 MHz). 

The dielectric values were improved by adding a glass content of 20 wt % in the base 

composition. A change of dielectric properties as function of both; conditions of the 

manufacture of the porcelain body and conditions of measuring was observed, the 

dependence of dielectric constant ('), dielectric loss factor ('') and dielectric loss 

tangent (tan δ) on the frequency (f) is shown in Figure. 5.15(a, b) and Figure 5.16, 

respectively. It is noted that N00 and G20 samples sintered at 1100 ◦C show a slight 

decrease and relative stability of the dielectric constant (') with the increase in the 

frequencies as shown in (Fig. 5.15a). This is due to the decrease in the polarization of 

the space charges. The stability of the dielectric constant (') at high frequencies means 

that the effect of space charge was suppressed [6.25]. On further addition of glass, the 

dielectric constant value decreases for G20 sample compared with N00 values when 

measured within the frequency range of 200 KHz–1MHz.  

Figure.5.15b shows the dielectric loss factor ('') as function of frequency (Hz). It is 

clearly shown that N00 and G20 samples sintered at 1100
 ◦C show a reduction of 

dielectric loss factor ('') values when measured within the frequency range of 200 
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KHz–1MHz. After that a stability of loss factor values is noted. The results concerning 

the loss factor values are approximately similar to those reported by several authors 

[5.16, 5.26]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 15  Dielectric constant ('), (b): Dielectric loss factor ('') versus frequency 

(MHz) 

(a) 

(b) 
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Figure 5. 16  Dielectric loss tangent (tan δ) versus frequency (MHz). 

 

Fig. 5.16 shows the dielectric loss tangent (tan δ) as function of frequency (Hz). A 

decrease of (tan δ) is found within the range of 200 KHz–1MHz. These values are also 

approximately similar to values archived by [5.20]. A minor improvement of (tan δ) by 

adding glass (G20) is reported. 

It is known that the dielectric constant of porcelain increases in presence K
+
 and Na

+
 

cations [5.27] and decreases when they are replaced by Ca
2+

, Mg
2+

, and Ba
2+

 cations 

[5.28]. These dielectric properties decrease with the glass addition. Thus, G20 sample 

showed a 31.02 % of improvement in relation of the reference porcelain sample (N00) 

at high frequency. Glass phase has a dominant influence on electrical and dielectric 

properties of fired ceramics. These properties are determined by the concentration and 

mobility of K
+
 and or Na

+
 ions in this phase [5.29]. On the other hand, mullite has a 

vital role on dielectric properties. XRD analyses indicated that samples with added 

glass showed higher percentage of crystalline phases than classic porcelain without 

glass addition, which can explains the improvement of dielectric strength.  
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Figure 5. 17  Phase angle  (°) versus frequency (MHz). 

 

Fig. 5.17 shows phase angle () as function of frequency (Hz). A significant decrease 

of phase angle values was observed with increasing frequencies. It brings near to (-

89.2°). It is important to notify that this result proves that our prepared insulator is a 

capacitor circuit. This porcelain sample is suitable for application as electrical 

insulators in the present form because of its higher dielectric. 

5.4. Electrical performance of porcelain coated with TiO2 thin film 

5.4.1. Introduction 

In order to improve porcelain insulator performance, coatings were used to mitigate 

surface leakage current, surface discharges and reduce flashover occurrence on 

existing and installed porcelain insulators. In this section, TiO2 was added to the 

surface of our prepared porcelain to study its effect on the electrical properties. 

5.4.2. Importance of high voltage insulator's coating 

Flashover of insulators due to the accumulation of contaminants poses a threat to the 

reliability of power systems. Insulator flashover results in undesirable power outages 
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which are expensive. A combination of contaminants and moisture due to fog or rain 

on the surface of the insulator will give rise to a leakage current, and uncontrolled 

leakage currents in this manner leads eventually to complete insulator flashover. The 

washing of insulators is a common method used to remove the accumulations of 

surface contaminants in polluted areas. This practice is labour intensive, and therefore 

expensive. The application of a suitable protective coating to these insulators 

eliminates the requirement for frequent washing, thus reducing maintenance costs. The 

coating systems are able to suppress leakage currents. This enables an insulation 

system to attain increases in flashover voltage of up to 30% when compared with 

uncoated insulators. Additionally, due to the reduced leakage current magnitudes on 

the surface of the coated insulators, power dissipation and hence energy losses are 

reduced, and the resulting reduction of surface heating lessens material degradation. 

This serves to increase the working life of the coating system. Increasing the insulation 

level allows power systems engineers to utilise more compact transmission tower 

designs, which leads to reduced cost to the utilities [5.30]. 

Several type of coating, such the application of silicones or grease on the insulator 

surface; have been developed to increase the anti flashover ability, but this alternative 

is relatively expensive. Also, TiO2 films are coated on the suspension porcelain 

insulator surface to improve the anti contamination performance. Based on the testing 

results of photo-induced self-cleaning performance. In this part of the present work, 

TiO2 was added to the surface of porcelain samples, and its effect on the electrical 

properties was studied. 

5.4.3. Experimental procedure 

5.4.3.1. Preparation of TiO2 thin film 

Many methods have been used to prepare TiO2 thin films; electric beam evaporation, 

sputtering, sol-gel method and vapor deposition. The latter, which is a gas deposition 

process, provides homogeneous deposits, requiring less equipment. Titanium dioxide 

is known to crystallize in one of three phases, rutile (tetragonal), anatase (tetragonal) 

and brookite (orthorhombic). In nature, rutile is the most common crystalline phase, 
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while brookite is rare. The rutile phase is the most stable at high temperatures. On the 

other hand, anatase and brookite are metastable phases; and are transformed into rutile 

by increasing the temperature [5.31]. The aim of the work is to study the effect of a 

thin layer of TiO2 on the porcelain properties. In this study, the TiO2 thin films were 

obtained by the chemical phase deposition process vapor at atmospheric pressure. The 

precursor used is titanium tetrachloride (TiCl4) and the reactor gas is Oxygen. The 

tests evaluated the performance of porcelain, coated and un-coated samples. 

5.4.4. Coating evaluation 

5.4.4.1. Atomic Force Microscopy (AFM)  

Atomic force microscopy (AFM) is one of most important imaging techniques in 

nanotechnology.  Within two and half decades, AFM has been quickly developed as a 

multi-functional tool to probe rich information related to mechanical, electrical, 

magnetic, chemical and capacitive properties of surfaces at nanometer scale.  

In this thesis, AFM analysis provides very detailed information about the structural 

details of the porcelain surface, coated with TiO2 thin film. 

Samples surface was scanned in a liquid medium using a microscope with commercial 

atomic force (PSIA Xe-100) equipped with a scanner and a liquid quartz cell. The 

topographic images (512 X 512 pixels) are acquired in semi- contact mode comparable 

with the tapping mode at ambient temperature using  points ―silicon nitride V‖ Si3N4. 

In each case, the excitation frequency of the tip is fixed around 300 KHz and the 

scanning rate on the surface of the sample is 0.5 HZ. 

The measurement of thickness and roughness parameters are prime importance in thin 

film technologies. First In this work the AFM images have been studied to obtain the 

roughness and thickness using gwyiddion software (Figure 5.18). The statistical 

parameters obtained through the software provide the depth in the understanding the 

texture and morphology in AFM data measurements. In this regards gwyddion helps in 

providing the user friendly software for measuring thickness and roughness from the 

scanned profiler data. 

 



Chapter 5                                Characterization and Improvement of Porcelain Insulator 

  

27p.5. 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 18  Gwyddion GUI (Graphical User Interface) with AFM Data 

 

The surface morphology and thickness of the TiO2 film were evaluated (Figure 5.19) 

The result showed that the film was homogeneously distributed on the surface, so it 

can be said that the coated surface is highly improved the surface- finish of the 

substrate. On the other hand, the adhesion to the substrate is one of property that 

evaluates the durability of coating [5.32]. The obtained results such as smooth and 

homogeneous surface, enhance the adhesion between the substrate and nano TiO2 

coatings [5.33]. Coatings which do not adhere well to porcelain are not useful as 

maintenance tool. From the AFM measurements, the roughness and thickness were 

calculated for a surface of 10 µm x 10 µm. The measured thickness was 133.11 nm. 

Surface roughness parameters were obtained also from AFM analysis (Figure.5.19). 

The sample showed a decreasing roughness value 192.766 nm compared with un-

coated sample 223.768 nm. A low roughness is a condition to obtain a surface with 

hydrophilic characteristics [5.34]. The measured value in this study is obeyed to this 

requirement. It is difficult to compare these results with the data in the literature 

because roughness parameters depend strongly on the scanning length and the 

thickness of the film. 
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Figure 5. 19   3D and 2 D image profiles of (a) uncoated sample and (b) coated 

sample  with TiO2 film. 

 

The analysis by Raman technique was carried out in a closed microscope chamber of 

the spectroscope, with samples being placed on the microscope plate. This technique is 

used to evaluate the coating and confirm the presence of TiO2.  

To assess the presence of TiO2, The analysis by Raman technique was carried out in a 

closed microscope chamber of the spectroscope, with samples being placed on the 

microscope plate. This technique is used to evaluate the coating and confirm the 

presence of TiO2 on the surface. Figure.5.20. shows Micro-Raman spectra obtained 

from the surface of the coated insulator. TiO2 was found and identified on the basis of 

the main titanium band at 144 cm
-1

 as a characteristic band. This Raman map made it 

possible to assess the presence of TiO2 on a micro-scale on the surface. The 

characteristic bands at 144, 399, 519 and 638 cm
-1

 correspond to the anatase TiO2. 
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Figure 5. 20   Micro-Raman spectra of TiO2 of the surface of coated insulator. 

 

The examination of TiO2 coating by Raman, in consistent with AFM results, confirms 

the presence of TiO2 and the films are homogeneous and crack free on the entire 

surface which shows a proper homogenization of the coating used in this study.  

 

5.4.5. Electrical tests and results 

The study of the development of leakage current was made using DC voltage source. 

The experimental setup is shown in Figure 5.21.The measuring circuit of the flashover 

voltage is composed of a high-voltage transformer Tr, which delivers a maximum 

voltage of (120 kV). This circuit is rectified by a diode D and is smoothed by a 

condenser C. A sample is connected at the boundaries of the protection resistance Ra 

and at the resistive voltage divider (R0, Ru). The voltage of each test is read directly 

on a digital crest voltmeter (V).The maximum speed of the slope of the voltage is fixed 

at (4 kV/s). The selection of this value was made to prevent the partial draining of the 

pollution’s layer deposited on the material surface during the variation of the test’s 

applied voltage. The visualization of the parallel electric discharges is performed by a 

fast camera (Cam). 
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Figure 5. 21  Overall view of Experimental setup. 

CU: transformer control unit; Tr: HV transformer; D: Diode; R0, Ru and Ra: resistances; V:digital peak 

voltmeter; PC :personal computer; Ca: Camera 
 

In this work, pollution was prepared in the laboratory using NaCl and distilled water to 

achieve a conductivity of 30 µS. 

 Disc specimens of 13 mm diameter and 5 mm thickness were tested. Samples of each, 

coated and uncoated were polluted at the ambient temperature. After that, the samples 

were energized at different values Figure. 5.22 The leakage current was continuously 

monitored by the equipment display. 

 

 

 

                                          

 

 

 

 

 

 

Figure 5. 22   Studied insulator model. 
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This part deals with the analysis of the performance of coating by monitoring the 

leakage current on the polluted insulator surface. The applied voltage and the leakage 

current for both coated and uncoated porcelain were investigated. It was observed that 

the coating reduces the leakage current under positive and negative polarity 

Figure.5.23.  It is clearly seen that the leakage currents recorded for the coated 

insulators are lower than those of the uncoated insulators, for all the applied voltage 

values. In porcelain with-out coating, for a voltage of 6Kv, the obtained value for 

leakage currents was 148.2.mA, under positive polarity. For the same applied voltage, 

the leakage current becomes 130.1mA with coating which had ability to suppress 

leakage current by about 13%.  On the other hand, in coated porcelain under negative 

polarity, the leakage current becomes lower than porcelain with coating under positive 

polarity. The leakage current depends on the bias polarity. As a result, the conduction 

mechanism should be electrode limited for at least one of the metal–insulator 

junctions. From the same tests conducted, the voltage breakdown values for both types 

of insulator (coated and non- coated) tested under positive and negative polarity, it can 

be summarized that the value of the breakdown voltage is higher when tested under a 

positive polarity compared to a negative polarity. It was observed also that the 

presence of TiO2 thin film presented the lower leakage current with higher breakdown 

voltage compared to uncoated sample. 
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Figure 5. 23  Leakage current as function of applied voltage for coating and un-coated 

samples at (a) positive polarity (b) negative polarity. 

 

According to the obtained results; 

- The presence of the coating showed superior performance over the non-coated 

porcelain in suppressing leakage current.  

- The low leakage current corresponds with high surface resistance which indicates 

high quality of insulator [5.35].  

- The presence of coating affects the current voltage characteristic of the positive 

polarity, in Fig. (5.23.a) and negative polarity in Fig. (5.23.b) 

- The leakage current and breakdown depends on the polarity.  

- Coating of insulator surface using TiO2 film improving the breakdown strength of 

the porcelain. 

 

5.4.6. E-field distribution and current density analysis 

The finite element method (FEM) aims at modeling insulators to determine the electric 

potential and the distribution of the electric field. The regions with high stress on the 

surface of the insulator are determined by the simulation of the field on the surface of 

(b) 
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the insulator [5.36]. The present insulator model is developed for coated and uncoated 

insulator. The porcelain structure can be simplified into a 2-D model. The simulation 

was performed using COMSOL multiphysics® 4.3b software and the results were 

given in figures 5.24 and 5.25. The simulation was carried out under identical 

conditions, whether for the coated or uncoated insulator. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5. 24. Results of COMSOL simulations of coated sample (a) E-field 

distribution and (b) electric potential 
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Figure 5. 25  Results of COMSOL simulations of un-coated sample (a) E-field 

distribution and (b) electric potential 

 

The Figure 5.24(a) shows a fairly regular distribution for the coated insulator by 

comparing with sample without coating Figure 5.25(a). This distribution is the 

consequence of the improvement of the surface by the deposited coating. When the 

distribution is not regular, it will cause an increase of the temperature of the surface 

and consequently the degradation of this one because of the thermal stress [5.37]. 

Figures 5.25(b) and 5.24(b) show the equi-potential contours along the surface 

distance of coated and uncoated insulators respectively. 

(a) 

(b) 
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 It is noticed that the potential contours in the case of the coated sample, are 

concentrated near the metal fittings, indicating high field regions with less field 

intensity along the insulator surface compared with uncoated sample. From the 

simulation results obtained, it can be seen that the field stress is very much improved 

in the case of an insulator coated with TiO2. The measured electric field and current 

density profiles are shown in Figures 5.26(a) and 5.26(b) respectively.  

The values of current density and the electrical field in coated sample with TiO2 are 

less than the uncoated one for the same applied voltage. This indicates that the film has 

good insulating property. A difference in the electric field distribution has been 

observed along the coating sample, compared with un-coating one. This is due to the 

amelioration of the surface. Good agreement was obtained between the results, which 

were obtained by electrical tests and those obtained by simulation. 
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Figure 5. 26  E-field (a) and current density (b) as function of applied voltage. 

 

5.5. Conclusion 

In this chapter, the development of porcelain from locally raw materials was lighted.  

The effects of recycled waste glass in partial replacement of feldspar for porcelain are 

discussed. Measurements have been performed by different characterization methods. 

Experimental results showed significant effects of recycled waste glass substitution on 

physico-mechanical properties. TiO2 thin film was added to the surface of porcelain 

samples and its effect on the electrical properties was studied and discussed. AFM 

analysis provides very detailed information about the structural details of the porcelain 

surface. Electrical tests showed that Coating of insulator surface improves the 

breakdown strength of the porcelain and the presence of the coating showed superior 

performance over the non-coated porcelain in suppressing leakage current.   
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Chapter 06 

                                              General Conclusions 
 

6.1. Conclusions 

Outdoor insulators are widely used in overhead transmission lines. Surface 

degradation which is caused by electrical stress on the high voltage terminal of the 

insulators is the major cause its failure. That is why reliability of the insulator is the 

most important property that must take into consideration whether it is a polymeric 

insulator or ceramic insulator. The good insulator should offer optimum electrical and 

mechanical strengths.  

The work presented in this thesis concerns the study of performances of composite and 

porcelain insulators. The first part of this study deals with the use of corona ring at the 

HV end fitting for improving the electric field and potential distributions and then for 

minimizing the corona discharges on composite insulator. To achieve this, 

optimization technique based Bat algorithm is developed for obtaining the optimized 

corona ring parameters. The reduced intensify of electric field can help the insulator to 

improve its performance and furthermore will improve its reliability. The potentials 

and electric fields distribution along developed polymeric insulator has been evaluated 

by using Finite Element Method (FEM) computational simulation. Maximum electric 

field strengths on the live end side were importantly decreased. Reported results show 

also that the potential distribution has become more uniform in this case. Compared to 

other methods, Bat Algorithm was found faster, more efficient and sustainable 

compared with other methods of optimization in the literature. The second part of the 

thesis concerns the other type of insulator: Porcelain. In this part we study the 

possibility of development porcelain from locally raw materials using recycled waste 

glass. This last, is responsible for the improvement in the Vickers micro-hardness as 

well as the dielectric constant value. The low dielectric constant provides the
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advantage of using the insulator in high voltage. Moreover, The TiO2 thin film was 

added to the surface of porcelain samples and its effect on the electrical properties was 

studied and discussed. Simulations for coated and uncoated insulators surfaces were 

also performed. The obtained results showed that Coating of insulator surface using 

TiO2 film enhances the breakdown strength of the porcelain and the presence of the 

coating showed superior performance over the non-coated porcelain in suppressing 

leakage current.  A good agreement was achieved between the results of the 

experiments, those obtained using the electrical tests and those obtained using the 

simulation program. This correlation provides useful information about the influence 

of TiO2 thin film and its role in i0mproving the electric properties of porcelain. 

The proposed techniques in this thesis give an efficient fast working tool to examine 

and optimize the performance of the two studied insulators without extra high effort.  

6.2. Recommandations 

The work can be extended to further studies as mentioned below: 

 Study of degradation and ageing of composite insulator under various 

contingenesis conditions like, contamination and other degrading effects to 

assess short and long-term grading performance. 

 

 Development of 3D FEM modeling to take into account the effect of practical 

configurations for a better and more realistic electric field computation and 

analysis. 

 

 Measurements of surface conductance of polluted insulator require repetitions.  

In order to establish a reliable non-linear pollution model for computational 

modeling and simulation. 
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 الرسالة ملخص

 حًج دساست انعٕاصل انسيشاييكيت ٔغيش انسيشاييكيت انًسخخذيت انصذد نٓزا. حعخبش انعٕاصل يٍ بيٍ الأخضاء الأكثش أًْيت في َظاو انطاقت     

حى حُفيز ْزِ الأطشٔحت يٍ أخم .  أفضم أداءْا بٓذف انحذ يٍ حذْٕس أسطحٓا ٔبانخاني حقذيى في ْزا انبحث في خطٕط َقم انطاقت انكٓشبائيت

 انًدال انكٓشبائي عهٗ ححسيٍ أداء انعٕاصل عهٗ انًذٖ حٕصيعسيساعذ ححسيٍ .  حٕصيع انحقم انكٓشبائي دساستححهيم أداء انعٕاصل عٍ طشيق

ٔ  (غيش انسيشاييكيت)اندضء الأٔل يٍ ْزا انبحث يٓذف إنٗ دساست اسخخذاو انحهقت الاكهيهيت في َٓاياث أطشاف انعٕاصل انًشكبت  .انطٕيم

انًسخُذة   (BAT Algorithm)  انخفافيشنهقياو بزنك ، حى حطٕيش خٕاسصييت. ٔحخفيض قيًّ انقصٕٖ حأثيشْا عهٗ حٕصيع  انحقم انكٓشبائي

ة كاة ٔحى اسخخذاو طشيقانعاصل انًشكب نهًحل  ًَٕرج حى حصًيىنقذ.إنٗ حقُيت انخحسيٍ نهحصٕل عهٗ يعاييش انخصًيى الأيثم نهحهقت الاكهيهيت

حيث . اندضء انثاَي يٍ الأطشٔحت يخعهق بانبٕسسلاٌ. انعاصل نذساست حٕصيع انحقم انكٓشبائي عهٗ طٕل سطح ْزا (FEM) انحذٔد انًخُاْيت

كًا أخشيج يحاكاة نسطح ْزا انعاصل في . يذسط ْزا اندضء إيكاَيت حطٕيش انبٕسسلاٌ يٍ يٕاد خاو يحهيت ٔباسخعًال انضخاج انًعاد حذٔيشِ

ْزا ٔقذ أظٓشث انُخائح أٌ انغلاف انًسخخذو يحسٍ يٍ يقأيت انعاصل ٔأٌ حٕصيع انحقم انكٓشبائي عهٗ طٕل . يغهف ٔ غيشيغهف: انحانخيٍ

. سطح يظٓش ححسُا كبيشا

      .انعاني نعثٕس عهٗ أفضم انحهٕل نًشاكم عٕاصل اندٓذل أكثش دقت يعهٕياثإٌ انُخائح انخي حى انحصٕل عهيٓا حعطي     

 .، إَشاء، بٕسسلاٌ ( FEM)طشيقت انحذٔد انًخُاْيت ، خٕاسصييت انخفافيش ،  انحقم انكٓشبائيعاصل يشكب ، حهقت كٕسَٔا ، : الكلمات المفتاحية

Résumé  

   Les isolateurs sont parmi les parties les plus importantes du système d'alimentation électrique. Les 

isolateurs céramiques et non céramiques utilisés dans les lignes de transport d’énergie ont été étudiés dans le 

but de réduire la dégradation de la surface et d’offrir  les meilleures performances. Cette thèse a été réalisée 

dans le but d'analyser les performances des isolateurs via leur distribution de champ électrique. En 

améliorant la distribution du champ électrique, cela contribuera à améliorer les performances à long terme 

des isolateurs.  La première partie de ce travail vise à étudier l'utilisation de l'anneau corona au niveau du 

raccord d'extrémité HT pour améliorer le champ électrique et les distributions de potentiel, puis pour 

minimiser les décharges par effet corona sur un isolateur polymérique. Pour ce faire, un algorithme BAT 

basé sur une technique d'optimisation est développé pour obtenir les paramètres optimisés de l'anneau 

corona. L'isolateur polymérique est modélisé pour la simulation et une méthode FEM a été utilisée pour 

étudier la contrainte de champ électrique le long de la surface de cet isolateur.  La deuxième partie de la 

thèse concerne l'isolateur en porcelaine. Cette partie étudie la possibilité de développer une porcelaine à 

partir de matières premières locales et de verre recyclé. Des simulations de surfaces isolantes revêtues et non 

revêtues de porcelaine ont également été effectuées. Les résultats obtenus montrent que le revêtement 

améliore la résistance à la rupture de la porcelaine et que la distribution de la tension le long de la surface 

montre une amélioration significative. Les résultats obtenus présentent une conclusion plus précise dans la 

recherche des meilleures solutions aux problèmes des isolateurs haute tension. 

Mots-clés : Isolateur composite, anneau corona, champ eléctrique, algorithme chauve-souris, MEF, porcelaine, 

élaboration. 

Abstract  

    Insulators are the important part of the power system. Ceramic and non ceramic insulators used in power 

transmission lines were studied with the aim of reducing degradation over its surface and presenting the best 

performance. This thesis has been made to analyze insulator performance via their electric field distribution. 

By improving the electric field distribution, it will help in enhancing their long term performance of 

insulator. The first part of this work is aimed to investigate the use of corona ring at the HV end fitting for 

improving the electric field and potential distributions and then for minimizing the corona discharges on 

composite insulator. To achieve this, optimization technique based Bat algorithm is developed for obtaining 

the optimized corona ring parameters. Composite insulator is modeled for simulation and FEM method has 

been employed to investigate the electric field stress along the insulator surface. The second part of the thesis 

concerns the porcelain insulator. In this part the possibility of development porcelain from locally raw 

materials using recycled waste glass is studied. Simulations for coated and uncoated insulator surfaces of 

porcelain were also performed.  

   The obtained results showed that Coating enhances the breakdown strength of the porcelain and the 

voltage distribution along the leakage surface of coated ceramic insulators show a significantly 

improvement. The obtained results present more accurate result in finding best solutions for high voltage 

insulators problems.  

Keywords: Composite insulator, corona ring, electric field, bat algorithm, FEM, porcelain, elaboration. 



  

 

 

 


