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Résumé

Les lignes aériennes de transport et de distribution d'énergie électrique sont exposées a diverses
contraintes. Parmi celles-ci, la pollution des isolateurs. La présence de pollution entraine la
dégradation des propriétés électriques de I’isolateur des lignes de transport, et favorise
I’apparition de I’arc de contournement.

Ce travail a été réalisé dans ce cadre, dans un premier temps, nous examinons I’impact de la
conductivité ainsi que la répartition de la pollution sur le comportement de 1’isolateur capot et
tige 1512L, artificiellement pollué. De plus, l'influence de la pollution sur la tension de
contournement, le courant de fuite ainsi le déphasage (tension-courant) sont étudiés. Enfin, le
comportement du modéle réel et expérimental de l'isolant est étudié. Les résultats obtenus
montrent que la présence d'une couche de pollution sur la surface d'un isolateur modifie
complétement le comportement de 1’isolateur de haute tension.

Dans un second temps, nous avons proposé¢ un nouveau concept de simulation numérique basé
sur la logique floue et les réseaux de neurones artificiels comme deux techniques d’intelligence
artificielle pour prédire la tension de contournement, ou l’isolateur est soumis a une tension
Alternative S0Hz. Les résultats obtenus ont montré la capacité et la facilité d’utiliser la logique
floue et les réseaux de neurones artificiels dans de telles études.

Dans la dernicre étape, la prédiction des performances de l'isolateur réel sous pollution. Pour ce
faire, la distribution du potentiel et du champ ¢électrique le long de 1'isolateur de haute tension est

¢tudiée a l'aide d'une méthode numérique. Les résultats sont favorables et prometteurs.

Mot clé: Isoltacurl512L, Model circulaire, contournement, courant de fuite, pollution
discontinue, haute tension, Intelligences artificielles (LF, RNA), Prediction, Simulation, potentiel

¢lectrique, champ électrique, MEF.




Abstract

Overhead power transmission and distribution lines are exposed to various constraints. Among
these, the pollution of insulators. The presence of pollution causes degradation of the electrical
properties of the insulator of the transmission lines, and promotes the appearance of the flashover
arc.

This work was done in this context; the behavior of the real and experimental model of the
insulation is studied. First we examine the impact of conductivity and the distribution of
pollution on the behavior of the cap and pin insulator, artificially polluted. In addition, the
influence of pollution on the flashover voltage, the leakage current and the angle phase (voltage-
current) are studied. The results obtained show that the presence of a pollution layer on the
surface of an insulator completely modifies the behavior of the high voltage insulator.

In a second step, we proposed a new concept of numerical simulation based on fuzzy logic and
artificial neural networks as two techniques of artificial intelligence to predict the flashover
voltage, where the insulator is subjected to AC voltage (50 Hz) .The obtained results have shown
the ability and ease of use of fuzzy logic and artificial neural networks in such studies.

In the last step, the prediction of the performance of the actual insulator under pollution has been
presented. To do this, the distribution of the potential and the electric field along the high voltage

insulator is studied using a numerical method. The results are auspicious and promising.

Keyword: Isolator1512L, Circular model, flashover, leakage current, discontinuous pollution,
high voltage, Artificial Intelligences (FL, ANN), Prediction, Simulation, electric potential,
electric field, MEF.
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General Introduction

General Introduction

The transport and the reliability of the electric power delivery networks used by an
insulator string which provides the function of insulation. So, transmission lines used in electric
power delivery are subject to various constraints; such as insulator pollutions, which is of prime

interest regarding power quality issues. [1-2]

Insulator pollution phenomena are considered as a continuous or intermittent accumulation
of impurities coming from various sources. This can resulting from a cloud of smokes to
industrial and urban pollution [3], small particles of salt in coat regions (marine pollution) [4-5]

or fine particles coming from sandstorm in the desert regions. [6-7]

The investigation of pollution insulator illuminates the reader on how far relevant concepts
have been researched and what particular fields and topics need further investigation and study.
Lots of researchers and engineers have done some great work to investigate the mechanisms

involved in contamination flashover [8].

The modeling of polluted insulator flashover started from a mathematical pollution
flashover model put forward by Obneuas [9], In 1958, is proposed an electric circuit model of a
partial arc in series with a residual resistance to represent the wet, polluted surface of an insulator
[9]. Based on this model, many researchers improved and developed the pollution flashover
model under various conditions, and built up both static and dynamic models [10-13].

Several researchers have worked to make useful contributions to this subject and have been

summarized in [10].

Such particles, often made up by a combination of several kinds of pollution (mixed
pollution) [14-15], brought by the wind and accumulated on the insulator for a long time may

cause a number of malfunctions in the presence of high humidity.

Actually, the accumulated pollution causes a remarkable and a persistent leakage current in
the insulator, depending on the severity of the pollution in the considered site. In such situation,
flashover will occur, when critical leakage current as reached [16], and then transmission line

will be broken.

Site comments have shown that the accumulated pollution made of sand layers on the cap
and pin insulator, are concentrated on the most protected parts against self-cleaning factors. The

discontinuous distribution of the accumulated pollution depends mainly on the insulator profile,
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wind direction, sandstorms, rain fall rating and the location of insulator chains and the relative

distance to the ground.

Several experimental and theoretical studies have investigated DC and AC models where
outdoor and laboratory tests for different voltage shapes (forms) (DC, AC, and impulse voltage
[17-19]) have been carried out in order to assess their effectiveness. In fact, most of the research
studies have been devoted to highlight the flashover mechanism taking place in insulators under
pollution and to study the main parameters that govern flashover voltage such as the degree of
the agent on the polluted surface [20], chemical constitution of polluted layer covering the
insulator[21], and its width, ...etc [22]. Good theoretical and experimental models for
calculating the flashover voltage are valuable as they can permit engineers to make reasonable
predictions over a wide range of operating conditions, insulator shapes and materials, thereby

enhancing the value of information obtained from laboratory tests and field experience [23].

Practical tests, under natural pollution, have the advantage for accounting of all constrains
with their related complexity, in a given site. The main disadvantage of this natural test is the
required number of years to assess the behavior of the tested insulator. Hence, artificial
reproduction in a laboratory test of natural pollution conditions, has attracted many researchers
in different laboratories in order to get results and carry out fast comparisons, in a easy way and

cost effective rather than in outdoor tests.

The aim is the evaluation of the behavior of a high voltage insulator (real and model) such
as the flashover voltage, leakage current and the phase angle (between applied voltage-leakage
current) for different surface conductivity. The experimental results of our laboratory will be

presented and compared under AC voltage.

In recent years, Artificial Intelligence (AI) methods such as Artificial Neural Networks
(ANN) [24-25] and Fuzzy Logic (FL) [26] have been used in high voltage applications, such as

prediction for flashover voltage.

The use of (Al) in the study of insulators flashover can provide simplicity in prediction of
the flashover voltage for different insulators types. These techniques can be classified into four
groups: techniques based on neuronal networks, fuzzy logic, genetic algorithms and expert
systems [27-36]. Among the existing artificial intelligence techniques, we have applied the fuzzy
logic (FL) and artificial neuronal networks (ANN) techniques to predict insulator flashover

voltage.
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Several models and techniques are used to improve the understanding insulator flashover
phenomenon. Among these models and techniques, we have interested to use fuzzy logic (FL)
and artificial neuronal networks (ANN) as two artificial techniques to study polluted insulators
flashover. Some authors have already applied these two techniques in similar area of research.

[35-37, 27].

Neural network and fuzzy logic algorithms and their hybridization have been successfully
used in insulator flashover studies. The application of these two techniques requires a collection
of database numerically or practically. The consideration of diverse types of inputs/outputs in the
FL and ANN applications can lead to different and new studies of insulator flashover. In cited
works [25,29,35-38].and others works, the ANN and FL are used for studding insulator flashover
considering different parameters as leakage current, acoustics signal, different insulator
parameters and pollution characteristic...etc., which gives an originality to each work carried

using artificial intelligence technique.

The use of FL and ANN for prediction of flashover voltage of high voltage insulator
remains one of subjects rarely studied. Most authors used in their published works the leakage
current as the most important parameters for studding insulator flashover phenomenon. In our
work we considered other parameters different from those used in cited works. We have
considered the high applied voltage, artificial pollution conductivity and artificial pollution

quantity in insulator as essential parameters influencing insulator flashover.

In our study we used this technique to predict insulator flashover voltage which gives
another advantage to our study. The determination of internal parameters of FL and ANN for our
application is an essential step during their implementation. The utilization of MATLAB

interface graphic can help to determinate their parameters as we have explained during our study.

In this part, we propose a new concept for the prediction of flashover voltage of outdoor
insulator of type cap and pin insulator (1512L) largely used by the Algerian company of
electricity and gas (SONELGAZ).

The flashover effects in insulators can cause the breakdown of a transmission system.
Furthermore, the knowledge of the electric field is helpful for the detection of defects in
insulators. Recently, the electrical (electric) field and potential distribution can be estimated
using various numerical techniques, such as Charge Simulation Method (CSM), Finite
Difference Method (FDM), Boundary Element Method (BEM) and Finite Element Method
(FEM).
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A numerical simulation is an approach that gives researchers the possibility to analyze the
behavior of several phenomena which, because of their complexity, are beyond the scope of
classical calculus [39]. Consequently, it is important to model the electric fields and potentials in
the study of the characteristics and the behavior of the polluted insulators. For this reason,
Comsol Multiphysics can serve as a powerful and interactive way to solve complex problems

using the finite element method.

In the field of high voltage transmission line applications, the published results of the
numerical simulation of the potential distribution and the electric field of some studies are all for
simple geometries [40-45]. The numerical models based on the finite element method [39,49],
give better results in the modeling of the flashover phenomenon of the insulators polluted
compared to the static and dynamic models. This peculiarity encouraged us to use the finite

element method to study the performance of a real insulator.

Comsol Multiphysics is a widely used tool in various fields of scientific research. It amply
facilitates the modeling steps. The Finite Element Method (FEM) is most well-situated for
calculate the electric field and potential distribution in high voltage insulator, because it is one of
the more successful numerical methods to solve electrostatic problems (using the discretization
of the domain) [47]. Hence, it is a method flexible and led to relatively simple techniques
allowing to estimate the fields at the surface of the electrode thin and highly curve with various

dielectric materials, which is well adapted to problems of complicated geometry [42-45].

Electric field and potential distribution along a cap and pin insulator (1512L) has been
calculated in Comsol Multiphysics. Electric currents formulation has been used to study the
effect of pollution conductivity on the electric field distribution. Level of pollution has been
fixed (L1: Level of discontinuous pollution) with various conductivities and influence of the
destroyed ribs and their widths to investigate effect of pollution on electric field and potential
distribution.

To do so, we opted to use the following software:

» arapher is used to make 2D graphics, very easy to use, both useful for students and teachers,
we can better understand and understand a mathematical problem by visualizing it in its 2D
form.

» EEMM and AUTOCAD are used for the construction of the geometry of the components of

the real insulator.
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»somsol Multiphysics is numerical simulation software based on the finite element method.
Used the AC/DC Module is used to simulate the potential and electric field distribution in static
and low frequency applications. Typical applications are capacitors, inductors and insulators.

» MATLAB is used as an interface for the exploitation and visualization of numerical results.
This thesis focuses on the study of the behavior of the insulator of high voltage under AC voltage
installed in the regions of Sahara of Algeria. This PhD dissertation is the continuity of work done

in the M.Sc thesis.
The thesis is structured into four major chapters.

In the first chapter, presents the experimental study the flashover process, the leakage
current and phase angle under 50 Hz applied voltage on real and a circular model witch
simulating the 1512 L high voltage insulator largely used by the Algerian company of electricity
and gas (SONELGAZ): installed in the electric area in the algerian sahara region. This chapter
consists in presenting the impact of conductivity as well as distribution of discontinuous
pollution on the behavior of a real and experimental model artificially polluted. This model of
laboratory is subjected to a distribution of discontinuous pollution reproducing the surface
quality of the cap and pin insulator 1512L. In the present work there are also experimental
observations of tests carried in the high voltage laboratory and the various measures of the
flashover voltage, leakage current and phase angle between applied voltage and the leakage
current under the influence of artificial pollution deposited on the insulator surface to study its

behavior under AC voltage.

In the second chapter, we have presented the theory of the artificial intelligence technique
and the methodology used to predict the flashover voltage of a real model of high voltage
insulator 1512 L under different electro-geometric conditions such as conductivity, pollution
levels. The technique based on Fuzzy Logic (FL) has been applied. The necessary bases for the
understanding of the method are presented in this chapter, such as the use of fuzzy logic
concepts, description of the constituents of a fuzzy system, the linguistic variable concept and
the fuzzy inference system. The results obtained during our work will be presented and
interpreted under normal conditions and with different electro-geometric parameters. We

exploited the database of the first chapter to create our model.

In the third chapter, we will use the experimental data in chapter I to construct a model
based on ANN architectures that can estimate the flashover voltage on the real model using as

inputs some characteristics of the pollution (conductivities (6) and level of pollution (L;) or zones
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of pollution (Z;)), utilization of interface graphic can help to determinate their parameters as we
have applied and explained during our study, and we conclude our chapter with a comparison

between the two artificial intelligence methods of Chapter II (FL) and Chapter IIT (ANN).

In the fourth chapter, we have studied the numerical results using the Comsol Multiphysics
based on the finite element method (FEM), for different electro-geometric parameters such as the
influence of conductivities, the width of ribs, ribs thus destroys and the influence of the applied
voltage of the high-voltage line under AC voltage, a brief description of the real model of
insulator, parameters and material properties in the Finite Element Method (FEM) to estimate the
electric field, electric potential, electric field and potential distribution artificially polluted of cap
and pin insulator (1512L), our work based on the real model. Numerical results using Comsol

Multiphysics are presented and discussed.

Finally, we present a general conclusion of this work and the outlook suggested by this

study.
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Chapter 1 Experimental Study

1.1. Introduction

Outdoor insulators are exposed of experienced different atmospheric condition
(pollutions) at different geographic area of a country. These pollutants are also known as
contaminants. Contamination caused insulator flashover has been studied by many researchers

in the recent years [1-9].

Insulator pollution research is usually performed in areas of medium to heavy pollution
severity, [10] (for example Algerian Sahara). It is a phenomenon that acts negatively on the
high voltage insulators “behavior”. Into investigations of the flashover voltage mechanism
have been studied by many researchers. The behavior is studied by analyzing the evolution of
the main parameters such as flashover voltage, leakage current (LC), and phase angle between

leakage current-Applied voltage.

The aim of this chapter is the experimental study of the flashover process and the
leakage current under 50 Hz applied voltage on real and a circular model witch simulating
the 1512 L high voltage insulator largely used by the Algerian company of electricity and gas
(SONELGAZ): installed in the electric area in the Algerian Sahara region. The previous
knowledge of pollution severity in these regions this work consists in presenting the impact of
conductivity as well as distribution of discontinuous pollution on the behavior of an real and
experimental model artificially polluted. This model of laboratory is subjected to a
distribution of discontinuous pollution reproducing the surface quality of the cap and pin
insulator 1512L. In the present work there are also experimental observations of tests carried
in the high voltage laboratory and the various measures of the flashover voltage and leakage
current under the influence of artificial pollution deposited on the insulator surface to study its

behavior under AC voltage.
I1.2. General description of real and experimental model

The impact of the conductivity as well as the distribution of pollution on the behavior of
the 1512L cap and pin insulator (Figures 1.1 and 2) and its experimental model proposed

(figure 1.3) under AC voltage then due a comparison has been examined.
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Fig. I.1. 1512L insulator profile.

4] 12 Glass disc

Fig. 1.2. Cap and pin1512L insulator
Fig. 1.3. 1512L Proposed model

dimension (Table 1)

The dimensions of the 1512L experimental model proposed in this paper are obtained
from the dimensions of the insulator (table 1.1). The proposed model has a shape of a glass
disc with a radius () of 200 mm (figure 1.3) and thickness (e) of 5 mm, having the property of
resisting heat due to electrical discharge. The proposed model is provided with two electrodes
in aluminum paper. The first one is circular (radius ;= 86 mm) represented the cap and
connected to the ground. The second one is circular too (radius 7= 13 mm) represented the
pin related to high voltage supply. The pollution is supposed distributed in the form of
circular bands on the surface of the proposed experimental model which reproduces the
surface condition of the 1512L insulator. For both the 1512L insulator and its proposed
experimental model, the artificial pollution is realized by a salt solution (NaCl + distilled
water), having various conductivities. The artificial pollution is applied by pulverizing the
surface of the experimental model (figure 1.3), and filling the 1512 L (zones (figure 1.4, table

1.2)) insulator.
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Tab. I.1. Dimension of 1512L.

Dimensions Values
1 Leakage distance 292 mm
2 Cement 14 mm
3 Air flashover distance 230 mm
4 Insulator cap 488 mm
5 Insulator pin 250 mm
Net weight of the insulator 3. 75 Kg

Z1(L1-L5)

Z2(L1-L8)

Z3(L1-L2)

Z4(L1-L2)

Z3+ZA(L3-L8)

Fig. 1.4. Distribution of polluted zones on the 1512L high voltage.

Tab. I.2. Dimensions of polluted area and clean area for experimental

Level of Experimental model Real model
pollution | Polluted area (mm) Cleaned area (mm) Polluted area (ml)
P1 | P2 | P3| P4 |Cl|C2]| C3 C4 | Z1 | 22 73 74

L1 51119 17 | 18 | 9 | 38| 40 8 30 15 11 15
L2 53 123 |21 |22 5 |34 | 36 6 60 | 30 22 30
L3 83| 0 |25 26| 0 | 30| 32 4 90 | 45 | 87,5 | 87,5
L4 8 | 0 |29 130 | 0 | 26 | 28 2 120 | 60 123 123
L5 87 |1 0 |33 (34| 0 | 22| 24 0 150 | 75 | 158,5 | 158,5
L6 89 | 0 |37 (34| 0 | 18| 22 0 - 90 194 194
L7 91 | 0 [ 41 |34 | 0 | 14 | 20 0 - 105 | 229,5 | 229,5
L8 93 | 0 |45 (34| 0 | 10 | 18 0 - 120 | 265 265
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1.3. Experimental study

The test voltage is measured using a capacitive divider, connected to the secondary of a
transformer test (220 V/140 kV, 5 kVA), whose primary winding is connected to a regulating
transformer in order to adjust the voltage with the desired value. It can deliver a secondary
voltage ranging from of 0 to 140 kV. An average of 10 tests is performed in each case.
Different conductivities of the pollution are used by varying the salt concentration of the salt
solution, eight conductivities (1.823 mS/cm, 3.33 mS/cm, 8.02 mS/cm, 12.61 mS/cm, 16.32
mS/cm, 30.5 mS/cm, 50.4 mS/cm, 93.7 mS/cm) are obtained.

The pollution is applied on the 1512L insulator by filling the different zones (figure 1.4)
by the salt solution with different conductivities to obtain different levels of pollution (figure

1.4, table 1.2).

1.3.1. Flashover process

To observe the effect of the pollution on the behavior of the insulator (real model), one
value of conductivities is prepared and to measure the flashover voltage corresponding, the
following steps must be complied:
e%’leaning the insulator: The insulator is cleaned at first with distilled water and dried with
papers. Then it is cleaned with 70° alcohol.
e=Preparing the level L; (figure L.5) of pollution by filling the zones (Z,+Z,+Z3+Z4) of the
insulator (figure 1.4) as is referred to in table 1.2 by salt solution.
e_=Applying a high voltage until a flashover is obtained.
eu=laking the measurement of flashover voltage. For each level, all steps are repeated until

level Lg.

c
| L3
3. |> L4
' :__'i: S
NG BN 7
'\_‘L‘L L7
A L8

Levels of pollution &/_/I

Fig. I.5. Determination of different levels of pollution for 1512L insulator.
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In order to study the effect of the pollution severity, another value of conductivities is

chosen with respect to all precedent steps and taking measurement.

In order to study the effect of the pollution on the behavior of the experimental model
(figures 1.6 and 7), at first, one value of conductivities is prepared, and to measure the

flashover voltage corresponding, the following steps must be complied:

eu%’leaning the experimental model. The insulator is cleaned first with distilled water and

dried with papers. Then it is cleaned with 70° alcohol.

e Preparing the level L; (figures 1.6 and 7) of pollution by pulverizing the surface of the

experimental model as is referred to in table 1.2 by salt solution.
eApplying a high voltage until a flashover is obtained.

ed'aking the measurement of flashover voltage.

-

Level of pollution

v

Z1(L1-L5)

Z3+74(L1-L8) 72(L1-L8)

Fig. 1.6. Experimental model verses real model of 1512L insulator.

11
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* Polluted area (P;)
Clean area (C))

Fig. 1.7. Determination of clean and polluted area insulator (Tab. 1.2).

1.3.1.1. Laboratory observations

The work presented in this study has been carried out in the laboratory of high voltage

of the Mohamed kheider University of Biskra. (figure 1.8).

We have carried out an experimental work which consists mainly of the study of the
impact of pollution on the behavior of a real insulator and of an artificially polluted laboratory

model on certain parameters such as: the level of pollution & surface conductivity.

Experimental studies have been carried out using experimental test bench shown in
figure 1.9, at High Voltage Laboratory ( University of Biskra, Algeria), the flashover voltage
is measured using a capacitive voltage divider connected to the secondary of a high-voltage
transformer. The alternating measuring devices are respectively shown in figure 1.9, where the
following elements are found:
o= High voltage transformer, 140kV/5kVA/50Hz,
o= Regulating transformer, U;=220V, U,=0 a 250V, 5500 VA,
o= [solating transformer, U;=220V, U,=220V,
o= A capacitor to measure the applied voltage Cm=100 pF,
o= A digital scope meter. (25 Mhz, 250M Sa/s)
o= Control panel, powered by 220V, not presented in the figure,
o= A PC used for data acquisition, and a video camera to record the evolution of electrical

discharge behavior.

The figure 1.9 corresponds to the assembly is carried out in the laboratory of high voltage.

12
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(2)measurement capacity
(3)Test object
(4)Faraday cage
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(b)
Fig. 1.8. Test circuit. (a) Real model, (b) Experimental model.

T / RT
f
220V
50Hz Circuit leakage
Insulating current
l_/ / / / support L
s =

L.T: Isolating transformer.
R.T: Regulating transformer.
V.C: Video, Camera.

T.O: Test object (insulator 1512L),
H.V: High voltage transformer,

Cu : A capacitive for measuring the applied tension

Fig. 1.9. Schematic diagram of the experimental setup.

The AC voltage whose maximum up to 140 kV in our laboratory. The flashover voltage
has been obtained by the "voltage increase" method, that is to say any voltage is applied to
the insulator (real or model) for a sometime, if the flashover does not occur on increases this

applied voltage. We continue until we get flashover. During the development of the flashover
the applied voltage is kept constant.

13
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It has been observed that the application of a few kilovolts between the electrodes
generates a leakage current (initiation of arcs figure 1.10(a) and figure 1.11(a)). The high
current density in the vicinity of the HV (High Voltage) electrode causes an evaporation of
the salt solution, by the Joule effect, and a dry area appears. The increase in the applied
voltage causes the lengthening of the arcs in the direction of the opposite electrode (figure
1.10(b), figure 1.11(b)). By increasing the voltage, a critical state is reached, beyond which
further increases in voltage causes a total flashover by development of the random arcs

(figure 1.10(c), figure 1.11(c)).

Fig. 1.10. Flashover process observed in laboratory for 1512L polluted insulator

(a)daitialization of the arc; (b) evolution of the arc; (c) total flashover.

14
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_c_
Fig. I.11. Flashover process observed in laboratory for experimental model polluted insulator

(a) Initialization of the arc; (b) evolution of the arc; (c) total flashover.

1.3.1.2. Effect of pollution on the flashover voltage

In this section, the variation of flashover voltage according to the conductivity figure
.12 (a) (real model) and figure 1.12 (b) (experimental model) is investigated. This
phenomenon, characterized by the no generation of partial arcs, is due at the same time to the
nature of the pollution used and the fact that the overall length of the equivalent clean band

exceeds the breaking value from which no stable discharge is propagated [11-19].

Figure 1.12 present the variation of the flashover voltage according to different levels of
pollution for real model and experimental model respectively. An increase in flashover
voltage following the reduction in the level of pollution is expected. However, this increase is
unimportant and does not exceed in the extreme case 30% of the initial flashover voltage in
real model and the value of 21% in experimental model. In these conditions, the average gap

calculated between the experimental results (real and model) is equal to 18%.

15
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Fig. 1.12. Flashover voltage-level of pollution for different conductivities(d).

1.3.1.3. Effect of pollution severity on the flashover voltage

The variation of flashover voltage according to different conductivities is presented in
figure 1.13. It is noted that the flashover voltage reveals a clear reduction for conductivities
lower than 30.5 mS/cm and more slowly beyond this conductivity. On the other hand, the
reduction in the flashover voltage becomes less accentuated when conductivity is higher. It

could be deduced that the isolating system (insulator) is more rigid when the conductivity is

weak.
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Fig. 1.13. Flashover voltage-conductivity for different levels of pollution(L;).
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1.3.2. Leakage current

In this section, we interested to measure and visualized the leakage current forms for
the different pollution layers under different voltage levels using a digital oscilloscope. The
leakage current wave is reported using a coaxial cable, allowing the voltage (leakage current
image) to be displayed on a digital oscilloscope (DSO 25MHz). In order to fully collect the

current signal, we used an adapter at the input of the oscilloscope. (figure 1.14).

Leakage current

& 18m= @LIHME EDGE FRAC
B oo 2 E8ml) 058, 027EH=

Fig. 1.14. Visualizations of leakage current waves for applied voltage 10kV.

Figure I.15 to figure 1.19 present the variation of leakage current according to the level
of pollution for each conductivity studied and applied voltage, (a) for real model & (b) for
experimental model. An increase in current is noted. This is explained by the reduction in the
surface resistivity of the clean zones which depends on their temperature. A reduction in the

leakage current length caused by the level of pollution is also confirmed.

17
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Fig. 1.15. Leakage current-level of pollution for different conductivities for an applied
voltage of 5kV.
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Fig. I.17.Leakage current-level of pollution for different conductivities for an applied voltage
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Figure 1.20 to figure 1.27 illustrate the variation of the leakage current as a function of the

conductivity and the applied voltage, (a) for real model & (b) for experimental model.

For low conductivities, it is noted that the increase in leakage current is relatively low
for the lower voltage levels applied to 15 kV (lower 25% of the flashover voltage), and
discharges at the active electrode are not yet intense, which can explain the low values of
leakage currents.

For important conductivity, values of the leakage current are significantly greater with
respect to other conductivities, once the voltage level of U = 25 kV (greater than 50% of

flashover voltage) is attained.

1
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This is due to the activity of discharges that becomes intense when they exceed 50% of
the flashover voltage, which may explain the sudden increase in the leakage current. In

addition, the rigidity of the insulation system decreases when conductivity pollution increases.
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Fig. 1.21. Leakage current-conductivity for various applied voltages for level L, of
pollution (Tab. 1.2).
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Fig. 1.22. Leakage current-conductivity for various applied voltages for level L3 of
pollution (Tab. 1.2).
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Fig. 1.23. Leakage current-conductivity for various applied voltages for level L4 of
pollution (Tab. 1.2).
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Fig. 1.24. Leakage current-conductivity for various applied voltages for level Ls of
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Fig. 1.25. Leakage current-conductivity for various applied voltages for level Lg of
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Fig. 1.26. Leakage current-conductivity for various applied voltages for level L; of
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Fig. 1.27. Leakage current-conductivity for various applied voltages for level Lg of
pollution (Tab. 1.2).

In the figure 1.28 to figurel.35 we show the variation of the leakage current as a function of
the applied voltage, (a) for real model and (b) for experimental model, and this for all the
conductivities studied. We find that the leakage current varies almost linearly as long as the

applied voltage increases for all pollution levels.
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Fig. 1.29. Leakage current- applied voltage for various level of pollution 3.33 mS/cm
(Tab L.1).
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Fig. 1.35. Leakage current- applied voltage for various level of pollution 93.7 mS/cm
(Tab. L.1).

1.3.3. Angle phase (Leakage current_Applied voltage)

Figure 1.36 shows the visualizations of the angle phase for different values of the
applied voltage. By using the digital oscilloscope, the simultaneous recording of the leakage
current wave and that of the applied voltage makes it possible to obtain the phase angle. This

phase angle displayed on the oscilloscope screen and saved on our PC.

The recording of the two signals shows that there is a fluctuation at the applied voltage

(figure 1.36), this fluctuation is probably due to the non-linear magnetic characteristics of the
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high-voltage transformer. This study shows that the angle phase is always of a capacitive

nature.

Figure .37 shows the leakage current-voltage angle phase as a function of the applied
voltage for different conductivities. The phase angle is not affected by the applied voltage for

two models (real and experimental model) (figure 1.37).

Figure 1.38 shows the (leakage current-applied voltage) angle phase as a function of
the level of the pollution, for different conductivities. The phase angle is evolved irregularly
according to the width of the pollution layer for a given surface conductivity. For
experimental and real model, these observations illustrate that the capacitive character is
dominant, so the increase in surface conductivity causes a slight reduction of the capacitive
character, tending to make it more resistive. The maximum phase angle is obtained in the
clean case and is equal to an average of 80 ° for the real model and 72 ° for the experimental

model.
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Fig. 1.36. Displays of the angle phase for different

values of the applied voltage.
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for different conductivities, SkV = Cste.

The aim of this work is to determine the leakage current, the flashover voltage, the

phase angle as well as the influences of the level and the conductivity of pollution on the

performance of the polluted insulators.

In our chapter, the tests carried out at the High Voltage Laboratory of the University of

BISKRA were aimed at studying the behavior of the artificially polluted cap and pin insulator

type 1512L, and the proposed model when an AC voltage is applied.

In this present work we exposed the principal experimental results relating to the

influence of the discontinuity of the polluting layer on the behavior of a model of the insulator

of high voltage cap and pin of the 1512L type and its proposed experimental model tested
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under an alternating voltage. We carried out many tests in the laboratory for the two models
(real one and the proposed model). Several solutions of various conductivities (1.823mS/cm,
3.33mS/cm, 8.02mS/cm, 12.61mS/cm,16.32mS/cm,30.5mS/cm,50.4mS/cm, 3.7mS/cm) and a
distribution of pollution (discontinuous by pulverizing the surface of the experimental model

and filling different zones of the real one) were applied.

During the experimental tests, we followed the variations of the voltage flashover as
well as the leakage current. We concluded that the flashover and the leakage current change

according to the conductivity and the width of the polluting layer.

Indeed, the flashover decreases with the increase in the surface conductivity of
pollution. Consequently, the insulator is less rigid when it is applied a polluting layer. It is
obvious that the flashover voltage is affected by the surface quality of the insulator. The
flashover is more important in the case of the dry state than in the polluted case. According to
the width and the conductivity of pollution, the low voltage of the flashover has been obtained

for the level of pollution 8 and conductivity 93,7 mS/cm.

It is clear that the isolator in the dry and clean state is characterized by a capacitive
effect. The humidification or filling of the insulator generates, in general, a decrease in this

capacitive character by making it more resistive.

In the next parts we apply the methods of artificial intelligence to make the validation of

the experimental results for our real model.
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Chapter |1 Prediction of Flashover Voltage Using Fuzzy Logic (FL)

I1.1. Introduction

Today, fuzzy logic is an important research foctisnany scientists. Technological spin-
offs are already available, both in the field of dreneral public (cameras, washing machines,...)
and in the industrial field (regulation and contafl complex processes related to energy,

transport, the transformation of matter, robotied enachine tools).

The difficulty of obtaining a full mathematical meldto study the phenomenon of
pollution in the field of high voltage has prompteeveral researchers to introduce different
analyzes, models and methods to study such a sulrjeghat follows, we will use the artificial
intelligence (Al) technique to predict the flashoweltage of a real model of the 1512L high

voltage insulator.

The objective in this part is to predict the flagbo voltage under different electro-
geometric conditions, such as conductivity, potlatlevels where the fuzzy logic technique has

been applied.

In this chapter, we will present the theory of #réficial intelligence technique (Fuzzy
Logic (FL)) as well as the methodology followedpieedict the flashover voltage of a real 1512
L high voltage insulator model. Therefore, the ekplion of the results obtained during our
work will be presented and interpreted under themab conditions and with different electro-

geometric configurations.
[1.2. Fuzzy Logic (FL)

For a long time, man has sought to master the tanges and imperfections that are
peculiar to his nature. The first real manifestatmf the desire to formalize the taking into
account of uncertain knowledge has been the dewaopof the theory of probability from the
XVIlI century. However, the probabilities cannot control psychaaly and linguistic
uncertainties. Therefore, subjective probabilitydhes were developed (in the 1950s), obviously
(in the 1960s) [1-2], and later the Logic.

This is an extension of Boolean algebra by Lofti&ain 1965 based on his mathematical
theory of fuzzy sets, which is a generalizatiomhef classical set theory. [3-4] By introducing the
level concept in the checking of a condition whaam be in a state other than true or false, the
fuzzy logic provides a very appreciable flexibilifpr the reasoning it uses it, which the
consideration of inaccuracies and uncertaintiey pessible. One of the major interests of the
fuzzy logic in the formalization of human reasoniaghat the rules are spelled out in a natural

language.[5]
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In 1970 First experiences in Europe.

1980’s Applications in Decision Making and Data Analyg6]

198Cs: Fuzzy logic has been introduced in Japan by rekea M.

[+

Sugeno. Japanese companies quickly realized ithinied and

]

commercial advantage. The research has been nothadretical but also
applied. Application for industrial control, strorggowth in the use of

fuzzy systems. [6]

” Mid-1990’s: Appear in many applications in Germany and omnmaller

scale in the United States of America. First USliappons (competition

R— requires), combination with neural networks. [6]

The fuzzy logic is a very powerful problem-solviteghnique with a wide applicability in
the control and decision-making process [7-8]s Nery useful when the mathematical model of
the problem to be treated does not exist or ekistglifficult to implement, or it is too complex
to be relatively quickly evaluated for real-timeeogtions (our case) [7-10dr when human
experts are available to provide subjective desonp of the system behavior with terms in a
natural language. The fuzzy logic is also meanwtok in situations where there is a broad

uncertainty and unknown variations in the systenamp&ters and structure.
[1.3. Fuzzy logic vs. classical logic

The fuzzy logic is an extension of the classicalidocapable of modeling of the data
weaknesses and to some extent gets close to Kilgilitg of human reasoning .[6-10]
In the classical logic, the managed variables ar@dan, that is to say, they take only two values
0 or 1. However, the fuzzy logic aims at reasoronghe basis of the imperfect knowledge that
shows resistance to the classical logic. For teason, the fuzzy logic suggests replacing the
Boolean variables with fuzzy ones [11]. In facte fluzzy logic, which is based on fuzzy sets,
uses a natural language besides; it is charaatieoizés generalization. Actually, it is considered
as an alternative through the experience of anrexygeen the deterministic model is difficult to
obtain. Moreover, it is used in several fields, kswas in control and regulation, in signal

processing, and in robot control. .[8,12]
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[1.4. Basic concept of fuzzy sets

The concept of a set is one of the fundamental emadgttical concepts, however, it cannot
reflect the simple and quite frequent situationsabse in the theory of classical sets, an element
belongs or does not belong to a given Bet. example, it is easy to define all the men among
people, however, it is impossible to define allesldnen who do not become old overnight but
they gradually age. For the purpose of taking axtoount such situations, L. Zadeh introduced

the notion of a vague set based on the concemrtiipmembership. [13-14]
[1.4.1. The membership functions

The fuzzy set A can be defined by a set of paiesritvership degree element’ [3]:
A=j/,1A(x)/x (I1.1)

Such as :

X is a point space with a generating elemerthereforeX :{X}. A fuzzy set Ain X is a set

defined by its functiop/,(X) which, with each point inX , associates a real number belonging to
interval [0 1].
pa():x ~ [0 1] (11.2)

This real number represents the membership ded@redroA:

=1 xisa full element of A
1,(x)10]o1 xis a full element of A (1.3)
=0 xisnot a full element of A
Each fuzzy subset can be represented by its mehipduction.
Hence, the main membership functions presentedhle til.1 are summarized in the following
table:
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Tab. 11.1. Principal membership functions.

Name Form Equation
. {X_a it x0O[a,b]
Triangular ! b-a
membership 05 E T 4(x) = {z: ;( if xO][b,c]
function ! {0 if x is elsewhere
a__ Ib —c
U(X) rapezoida -
Trapezoidal - e i {;_ Z if x0[a, b]
membership i i 1 if xOlb,c
function I I #0) = { [ ]
! ! d-x .
) ! {d—c if xD[c,d]
o I X 0 if xis elsewhere
| | {
a b c d
“(X) ' ' ‘ ' Gaulssian ' ' 2
Gaussian ! -%[ﬂj
—_ a
membership H(x) =¢
function where :¢,m:the variance,
Average of the Gaussian.
H(x) g I V(G0 P
__________ — s .+ —
; (1
Sigmoid ;f i [ 1
membership = === f------ e u 1 H(X) =
‘ / o l+expa(x—c))
function . x X
v /I 1 ‘I IIIII . E——
c2la ¢ cr2a

[1.4.2. Reasoning in Fuzzy Logic

Reasoning is the most important sub-part and teeneg of the fuzzy logic. [7,12] In the

classical logic, the arguments are of the form:

If pthenq
If pistrus, thenqis true

In the fuzzy logic, the fuzzy reasoning, which &led approximate reasoning, is based on
fuzzy rules expressed in a following natural largriasing the language variables of the form:
If [premises] then [conclusion].
The result of the application of a fuzzy rule degeon two factors:
e The definition of the membership function of thefy set of the proposal provided in the
conclusion of the fuzzy rule.

e The degree of the proposal validity located inghemise.
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[1.5. The Fuzzy logic controller

Management of the traffic road, air traffic confrtiie environment, medicine, and many
others. It has been introduced into the world cfteipns control for the first time by Mamdani
and Assilian in 1974 [5], in the Fuzzy Logic Corigo (FLC). [15] A fuzzy controller has the

following elements:

[1.5.1. The linguistic variables
A linguistic variable is characterized by a quideufV,T(V), X,G,M) in which:
 V is the name of the variable defined on the speacletse X .

« TV)=A,A....A is a set of linguistic terms which are fuzzy nunsbénat define the

restrictions on the values thdtakes in X .[16-17]
* G a set of syntactic rules which help form other Uirsgic words usingrl (V) . These rules are
called linguistic modifiersFor instance, in order to define the membershipction of the
linguisticterm«pas A» , we use the expression:

Hinsiiy =17 1 (11.4)
* M is the set of semantic rules that define the listiciterms. [16-17]

Figure 1.1 shows an example of the "speed" lstgu variable using three linguistic terms:

small, medium and large.

Speed <« Linguistic Variable
AN
H(v) : \ L
1 Small Medium Large <«—— Linguistic terms

Membership functions

»V/(km/h)

Fig. Il. 1. Linguistic variable.

11.5.2. Fuzzification

Fuzzification is carried out in the input interfagkthe fuzzy controller. [18] During this
phase, information from the system is first staddsd and then transformed into language
skills using semantic rules defined by an experturiily the normalization phase, each
measurement from the system is modified to proedelue belonging to a relatively simple

speech universe.
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The discourse universe is then represented bygai$itic variable containing a relatively small
number of terms (usually three, five or seven)neo to reduce the one of the rules. Finally, the
normalized values deduced from each of the engiedransformed into linguistic qualifications
using the corresponding linguistic variables.

During the fuzzification stage, each input and attpariable is associated with fuzzy subsets.
[12,15]

11.5.3. Fuzzy rules

The fuzzy rules make us deduce knowledge abousttite of the system according to the
linguistic qualifications provided by the fuzzifitan stage. This knowledge is also a language
qualification. Usually, the fuzzy rules are deduéexin the experience acquired by the operators
or experts.This type of knowledge is translated into simpléesuthat can be used in a fuzzy
inference process. For example, if an expert espseshe rule, "if the water temperature is
warm, cold water should be added”, the system wgd a rule of the type, "if p, then q". This
kind of expressions forms what is called linguistégiables of the fuzzy logic.[19] This strategy

will be described in more detail later in this tises

[1.5.4. Fuzzy inference

A Fuzzy Inference System (FIS) is designed to fansinput data into output data based
on the evaluation of a set of rules. The inputs €d®mm the process of fuzzification and the set
of rules normally are defined by the expert’s sil&]

An FIS consists of four steps:

* Fuzzing (fuzzification);

* Inference;

» Defuzzification;

» The fuzzy knowledge base. [20-21]

Fuzzy inference is a fuzzy relationship definedwsetn two subsets. The definition of this
relationship can theoretically involve any combioatoperator. However, the fuzzy inferences

defined by Mamdani and Takagi-Sugeno are often.used

[1.5.4.1. Mamdani’s fuzzy inference

Let us suppose that the knowledge base consists ioference rules each of which
contains premises and a conclusion. The inferemgeeps can be described by the following
schema: [19,22-23]
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Rulel: Si(x is A,) and... and X, is A ); then(vis B,)

Rule 2: Si(x is A,,) and... andx, is A, ); then(Y is B,)

Rule n:Si(x is A ) and... and X, is A ); then(vis B,)

In which x,,..x, are elements of the discourse universsg..x, and A, (j =1..m), are fuzzy
quantities on the discourse univerxe, and B;, (j =1,...m), are also vague quantities on the
discourse univers¥. In order to define a single premise for a rulehe propositionsx; is A,

»,(j =1,...m) ,are combined by the minimum operator. The memberkhiction of this unique
premise is therefore given by:

/'IRAi (X:L """ Xm) = IL[Ail(Xl) D |]IL[Aim(Xm) (“5)
[1.5.4.2. Takagi-Sugeno-Kang’s fuzzy inference

This topic discusses the Sugeno, or Takagi-Sugear@K method of fuzzy inference.
Introduced in 1985 [24], this method is similartt@ Mamdani method in many respects. The
first two parts of the fuzzy inference process,zftying the inputs and applying the fuzzy
operator, are the same. The main difference betw#mdani and Sugeno is that the Sugeno
output membership functions are either linear anstant. A typical rule in a Sugeno fuzzy
model has the form:

If Input 1 isx and Input 2 iy, then Output is:
z=ax+by+c (11.6)

Takagi-Sugeno proposed a fuzzy inference methodgharantees the continuity of the
output. This method of inference is very effectimeapplications involving both linear and
adaptive optimization techniques.[23] In Sugemoference, the fuzzy rules are expressed as

follows:

Rule i: if(x is A;)and.... andx,isA,); theny= f (x...X,)

in which x,..x and y are elements of the discourse univerdg...X, and A,,...A, are
linguistic terms on these same universes of dis@uw is a function ofx,..x,,. Compared to

Sugeno's inference, Mamdani's inference is monaitimé, more general, and is particularly
suited to the use of knowledge derived from humqredise.[19,21,25-26]
[1.5.5. Defuzzification

Defuzzification consists of characterizing the lirgdic variables used in the system. It is

therefore a transformation of the real inputs iattuzzy part defined on a representation space
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linked to the input. This representation spaceoismally a fuzzy subset. During the fuzzification
stage, each input and output variable is associitbdxdfuzzy subsets. [27,28]

[1.5.6. The fuzzy knowledge base

It contains the set of the fuzzy rules describimg $ystem behavior.

[1.5.7. Diagram of the fuzzy control
Figure 1.2 Shows a general structure of a fuzgyddrased system (FL). The implementation of

a fuzzy control revealed three large modules.[29]

Fuzzy Inference System (FIS)

N Fuzzy Fuzzy
Real || Fuzzification putpuy|  Inference joutput | pefzzification |4 Real
inputs| 3| W o Engine g output
(1) L ! rER | (B)TQ_,
!
i |
N ¢ | |
|
| If.....then |
|
| |
|
!

Fig. 11.2. General structure of a system based
on fuzzy logic (FL).

e The first module (1) deals with the system inputs (setting values)stFiwe define a
discourse universe, a partitioning of this univerge classes for each input, and membership
functions for each of these inputs (for examplegda small, weak pressure, and change of the
measurement deviation from the material flow fromeay high, high, medium, negative, and
very negative hopper). The first step, which idezhfuzzification, consists in attributing to the
real value of each entry, at time t, its functidnbelonging to each of the previously defined

classes, which transforms the actual entry intazay subset.

» The second module (2)s the set of rules and the choice of fuzzy opegatit transforms the
fuzzy part resulting from the fuzzification phaseoi a new fuzzy part in accordance with the
fuzzy rules, and associates each rule with an owglue. This module is composed of a rule

base and an inference engine that helps with tlceletion.
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* The third module (3)and the last one describe the defuzzification,stdych is the inverse
transformation of the first one. It makes it potesiio pass from a control belonging degree to the

determination of the value to assign to this cdntro

[1.6. Prediction of flashover voltage using Artifidal Intelligence (Al)

Experimental (practical) tests can help us detegrnttie flashover voltage of a high voltage
insulator. These tests are performed under vergifspeonditions of temperature, pressure,

humidity, type of voltage applied to the insulatoretc.

The study of the flashover of insulators under Adltage can be carried out by practical
tests or by studies of mathematical modeling ofitteailator behavior under the effect of the

different constraints applied to it.

The artificial intelligence techniques can alsouked in the study of the insulator behavior
under the effect of different constraints, in partar, in the prediction of the insulator flashover
voltage. In our study, we will use one of the &i#l intelligence techniques, which is the fuzzy
logic to predict (calculate) the flashover voltagfea high-voltage insulator. The application of
this technique in such a study requires the dé&imiof the various parameters necessary for its

implementation, such as, the inputs, the outphtsirtference engine,.... etc.

The objective of this chapter is to arrive at tle¢etmination of the inference table, which
is an essential element in our study by fuzzy ldgised on the practical tests carried out in the
first chapter that can help us to collect a basdaté that will allow us to create this inference
table.

In this work, we will present the experimental sesarried out and used in the creation of
our fuzzy inference system (FIS) proposed for thedigtion of the flashover voltage to be
studied and the results obtained with the abs@uta and the value of the voltage calculated in
the prediction. These tests are performed in tlgh Woltage laboratory of the University of

Biskra.

It should be noted that the experimental testsemtesl in this part were conducted by Hani
et al [30]. In fact, we used the results they oisdifor the creation of our FIS. The purpose of
the fuzzy inference system (FIS) is to predict tlashover voltage of the 1512L cap and pin
insulator, which is used by the Algerian Electyi@ind Gas Company (SONELGAZ).
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[1.6.1. Prediction of the flashover voltage by thé-uzzy Logic (FL)

Flashover modeling by fuzzy logic has been a tapititerest for many researchers [29-
31]. A major problem in all those investigationghg definition of the numbers and values of
terms linguistic (variable linguistic) of the ingu In this part of our study, we use the FIS
(Fuzzy Inference System) for the prediction of ffeshover voltage (V) of a high voltage
insulator subjected to various pollution constsirguch as (conductivityy (mS/cm)) and the
pollution zones Zi (ml), given thad''is the conductivity of the applied pollution, "Zand the
areas of the insulator which were mentioned inpifleerious chapter and [32].

The aim of the fuzzy logic is to formulate and iemplent human reasoning. It is well
known that the latter, in most studies, involves tipinion of an expert in different fields,
especially for the creation of the inference tabijch is the most difficult element to be
identified in the literature by means of the futagic analysis.

A fuzzy logic system takes, as an input, inaccuda and vague expressions (such as small,
medium, large) and provides decisions on the outptiables which are themselves fuzzy [33-
34].

The advantage of the use of fuzzy logic is to idelthe observation and analysis of human
expert when this observation is difficult to exged mathematically. The proposed fuzzy
concept, is formed by a fuzzy inference system "Bt®wn in figure 11.3.

During tests we have noticed that the electricatliairge develops by increasing the applied

voltage. It occupies some percentage of the insusatrface at the beginning of its development.

Rules+Operation on

fuzzy sets

o(mS/cm)
Z,(ml) v v o
1 Z,(ml) ——|  Fuzzifier | Fuzzy Inference _ |Fuzzyy 3
_—» input | (Fuzzy Reasoning)output | Défuzzifier <V(KV)} o
Zs(ml) /—> i +— sets” Sets 7| =
©
2, (ml) t t t 1 5

Fuzzy Inference Methodg

Fuzzy sets « MAMDANI »

Fig. 11.3. Architecture of a fuzzy inference system (FISHgtd.
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Our problem formulation in the fuzzy logic requitég definition of:

[1.6.1.1. The inputs and outputs of the FIS (Fuzzynference System)

The inputs and outputs chosen for our study arengin table 11.2.

Tab. Il.2. Variable of inputs and output.

Input Output
Symbol Designation Symbol | Designatior
d (mS/cm) Conductivities
Zi (21, 2o, Z3, Zs) Pollution zones in the| V(kV) F\I/a:)slpa(;veer
(ml) HV insulator

[1.6.1.2. The fuzzy characteristics

The truth values are mentioned in the followingléah.3. The discourse universes or

intervals of these values are shown in figuretiv.figure 11.9.

Tab. [1.3. Decomposition of input and output variables.

Input Output
Linguistic Variable of Inputs and Outputs
Conductivities Zone Z; (ml) Zone Z, (ml) Zone Zz(ml) Zone Zy(ml) Flashover
6 (mS/cm) Voltage V(kV)
[0 — 94] [0 - 150] [0-120] [0 -270] [0 - 270] [20 - 80]
TL S TL S TL S TL S TL S TL S
Very small Small Small Small Small Very small
VSC | conductivity | SQ1 Quantity | SQ2 | Quantity | SQ3 Quantity SQ4 Quantity | /gy Voltage
[0-2] [0-57] [0-39] [0-20] [0-30] [20 — 44]
Small Average g\ljzrnat%e Average Average Small
SC | conductivity | AQ1 Quantity | AQ2 [27_75]3/ AQ3 Quantity AQ4 Quantity SV Voltage
[2-15] [40-101] [14-215] [18-228] [39 — 49]
High High High High
Average . . . . Average
AC | conductivity HQ1 Quantity | HQ2 | Quantity HO3 Quantity HQ4 Quantity AV Voltage
[13-29] [84 -150] [64-120] [196-270] [211-270] [47 - 67]
High High
HC | conductivity HV Voltage
[27-59] TLLanguage Term [51-78]
Very high . Very high
VHC | conductivity S : Meaning VHV Voltage
[60-94] [56-80]
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u(\Vv)
VHV

»V(kV)

Fig. 11.4. Membership function of the output (V).

1)
_AVSC SC AC HC VHC

»5 (MS/cm

Fig. I1.5. Membership function of the conductivitied (

4 SQ AQ; HQ,

»Z, (ml)

Fig. 11.6. Membership function of zone 1 (Z1).

1 4+ SQ AQ, HQ,

» Z->(ml)

Fig. 1.7. Membership function of zone 2 (Z2).

u(Z7)
HQs

4

1 4 S% X AQs
:Za(ml)

Fig. 11.8. Membership function of zone 3 (Z3).

U(Za)
y Q4 HQ4

, 4 SQ X A
:ZA(ml)

0

Fig. 11.9. Membership function of zone 4 (Z4).
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The fuzzy intervals for each language variablehi@ previous table are chosen to include all
values that may indicate one of the flashover stépkage values "V" below "20 kV" mean that
no step is reached.

11.6.1.3.The membership functions of the input andutput variables

They are shown in figures (1.4 to 11.9) and thedatiurse universes (intervals of these truth

values) of the Inputs and output variables, whighdefined in the figures.
[1.6.1.4.The fuzzy inference rules

In this section the fuzzy rules connecting the sets- of inputs and outputs have been
entered. This stage consists in identifying thatrehs between the input and output set based on
what has been obtained as results in practice. folh@wing table shows the relationships

between inputs and output in linguistic terms.
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Chapitre IT

VHC
SQ1AQ1 |HQ1

VsV

VsV

VSV | VSV

VSV | VSV

VSV | VSV

sSv | sV

SV | VSV | VSV

sV

Sv | sV
SV
SV

VSV | VSV | VSV

VSV | VSV | VSV

HC

HQ1
AV
AV
AV

VSV

VsV

AQ1
AV
AV
AV

AV

AV

VSV

VSV

SQ1
AV
AV
AV

AV
AV

AV
AV

VSV

VSV

AC

HQ1
AV
AV
AV

AV

AV

VSV

VsV

AQ1
HV
AV
AV

AV

AV
AV

AV

AV

AV

SQ1
HV
HV
HV

AV

AV
AV

AV

AV

AV

AV

AV

sc
AQ1
HV
HV
AV

HQ1
AV
AV
AV

AV

AV

AV

AV

AV

AV

AV

AV
AV

AV

AV

AV

AV

AV

SQ1
HV
HV
HV

AV
AV
AV
AV
AV
AV

AV
AV

AV
AV

VSC

HQ1
HV
HV
HV

AV
AV
AV
AV
AV
AV

AV

AV

AQ1l
HV
HV
HV

AV
AV
AV
AV
AV
AV

AV

AV

SQ1
VHV

HV
HV

AV

AV
AV

AV

AV

AV

AV

AV

AV
AV

SQ2
AQ2
HQ2

SQ2
AQ2
HQ2

SQ2
AQ2
HQ2

SQ2
AQ2
HQ2

SQ2
AQ2
HQ2

SQ2
AQ2
HQ2

SQ2
AQ2
HQ2

SQ2
AQ2
HQ2

SQ2
AQ2
HQ2

SQ3

AQ3

HQ3

SQ3

AQ3

HQ3

SQ3

AQ3

HQ3

SQ4

AQ4

HQ4

Inference matrix

Tab. Il. 4.
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» The boxes that contain the symbol "X" are casesd@anot be made in laboratories.

(False combination) (lllogical).
11.6.1.5. Fuzzification

This section consists in calculating, for each nuecaé input value, the membership
degrees of the fuzzy sets associated and preddfintbe fuzzy system database. This block
achieves the conversion of the digital inputs ifitbzy symbolic information which can be
used by the inference mechanism. The used expemimgatabase is that of our laboratory

cited in [31] about a real insulator.

The database processing, which takes into accdurhe findings and observations
during the tests, helps identify the impact of eagut on the flashover voltage.
* The existence of a low conductivity and a low legEpollution implies that the insulator
is rigid and the flashover voltage is high.
* An average conductivity and a low pollution leveeans that the flashover voltage is
average and thus the system becomes less rigid.
» The flashover voltage depends on both the condticand the level of pollution.
* In general, our experience in the high voltage fatoyy helped us deduce how the
evolution of the electric arc has a variety of pttin conditions under an AC voltage, This
made us suggest the discourse universes and thg iinervals for each input and output
variable.
* The input discourse universe is chosen given taeh dinguistic variable can represent a
stage.
* The output discourse universe is selected on ttss bthat that each "V" value can
represent a flashover stage, as has been alrepthyreed and detailed in the previous chapter,
and that the evolution of the flashover voltage loampresented by means of different values.

» A bibliographic research showed that the choicethefmembership function is random. In
our case, we have chosen the triangular and trage@zaonembership function, which may be
suitable first to represent the fuzzy variablesh# input and the output of the FIS since it
shows a stable value of the variable on a givesgrwal. This form can be altered to improve
the achieved results, in other words, it is the bkeice that gives the best result.
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a. The linguistic variable and the fuzzy interval

Actually, the input and output fuzzy variables attg mentioned in table 11.3, and their
discourse universes (fuzzy intervals) are showfigures I1.4to 11.9.
The choice of the input and output linguistic tensignade in a random way so as to explain
the concept.

b. The membership function

A fuzzy set is defined by its membership functidratt corresponds to it. All the
membership functions are inputs and outputs, wimtibe presented in the next titles.

The choice of the type of the membership functisnbased on our expertise. Before
introducing the types of membership functions tathave chosen, the fuzzy intervals and
variables as well as the discourse universe shHmilthosen from the start.

Table 1.5 gives the number of functions and furatgrvals chosen for the inputs and
outputs, the number of the input and output vaeslaind the type of the chosen membership
function. In fact, there is no rule that should fodowed in choosing the number of the
variables or the intervals or even the form of thembership function, Therefore, only the
results of the prediction of the flashover voltagehe real insulator obtained for each choice

can judge the efficiency and reliability of our posed model.

Tab. II.5. Number of fuzzy intervals, number and type of mersiig function of

the inputs and the outp

Number of | Number of Type of
intervals functions functions
Conductivitiess(mS/cm) 5 5
Zone 1 Z1(ml) 3 3 Trapezoidal
Inputs Zone 2 Z2(ml) 3 3 &
Zone 3 Z3(ml) 3 3 Triangular
Zone 4 Z4(ml) 3 3
Output Flashover voltage (kV) 5 5

[1.6.2. The fuzzy rules

In this stage, the fuzzy rules that connect theutignd output subsets have been
applied. This step is performed in order to detaarthe relationship between the input and
output set based on what has been obtained assrasylractice (in the experimental) in the
first chapter. Moreover, the rules are always ye lgualified expert or an operator, which is

one of the most used methods.
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We used our experimental result to exploit and aiatle the set of fuzzy rules of our used

FIS, and validate our FL based prediction system.

To take into account all the cases and the inteiaedtates, an inference matrix (table
[1.4) has been used. It contains the best fuzzgsrtihat gave the best output with a minimum
error. This matrix helped illustrate 405 cases {8*3*3) where there are 180 cases
identified in table "X", which are cases that cdet achieved in practice because they are

false combinations; therefore, we finally have 22/&s to calculate the "V" output.

Other researchers showed that expertise has thietageduce the number of rules by
keeping the same results. We tried to minimizertibes and ultimately reduce them up to 25
while keeping the same achieved results.

Actually, we proposed a first set of the establishdes. After that, we adjusted these
rules as well as the membership functions to im@rthe results according to the collected
experimental data. The inference table (IV.4) cmstdhe best fuzzy rules that gave the best
outputs. The method of collecting these rulespsid of the natural extraction methods of the
fuzzy rules by referring to an expert’s skills. Tddjustment of the membership functions will

be detailed in this section.

These are some of the suggested rules:

» If (Conductivities (mS/cm)is VSC) and (Z1(ml) is $Qand (Z2(ml) is SQ2) and (Z3(ml)
is SQ3) and (Z4(ml) is SQ4) then (flashover (kVYidV)

» If (Conductivties (mS/cm)is SC) and (Z1(ml) is S@hd (Z2(ml) is SQ2) and (Z3(ml) is
SQ3) and (Z4(ml) is SQ4) then (flashover (kV)is HV)

» If (Conductivties (mS/cm)is AC) and (Z1(ml) is SQANd (Z2(ml) is SQ2) and (Z3(ml) is
SQ3) and (Z4(ml) is SQ4) then (flashover (kV)is HV)

etc.
The operators used in this case are operators oinidix type Mamdani”. To identify the
output of each activated rule and the gravity aentethod of the "response surface" to

predict the numerical value of the "V" output.
[1.6.3. Implementation of the fuzzy inference systa

Our objective consists in increasing the numbempfits to take into account all the

constraints that affect the flashover voltage.
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The graphical interface "Fuzzy logic", which is gale in Matlab, will operate in this

part of the current chapter to implement the fuz#grence system "FIS" and predict the

flashover voltage under an AC voltage and in vaigollution conditions. A detailed

description of the implementation of our fuzzy meflece system "FIS" is presented in the

following part.

11.6.3.1. Implementation of the Fuzzy Inference Syem "FIS" under MATLAB

Figure 11.10 shows the used FIS. There are seweagls of defining the degrees of

membership of the output variable to its fuzzy sets. These methods essentially differ in

the way that the "and and or" operators used inrtteeence rules will be put into effect.

Our current work is based on the so-called "MAMDAMhalysis which is the most

used in the prediction studies. The following figwhows its different chosen characteristics
(MIN for the "and" operator, Max for "or", MAX fothe aggregation and defuzzification per
gravity centre), the input and output variablesvali as the basis of the rules which are often

grouped together to form the knowledge base.
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Fig.ll.10. Principal window of fuzzy inference system "FIS tedi

under MATLAB
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a. Fuzzification of the input and output variables

We chose §" conductivity and the zones (areas) "Zi (Z1, Z3, Z4)", as input and a
single output, which is the "V" flashover voltagéis choice has been made on the basis of
our experiences and analyses of the experimergialise However, other tests may take other

inputs and outputs.

The following figure shows the input and output atren using the FIS under
MATLAB. To improve the results, we made severaluatinents. In fact, we kept the forms
(shapes) of the membership functions that give ailfmim average error with correct

predictions by comparing the experimental datdégrevious chapter.

Figure 11.11 shows the forms of the implementediirgnd output membership functions of

the FIS using the fuzzy logic under Matlab in thaf phase.

VEC " scac ' Ho ' ' " wHC 501 ' AO1 ' Ha
a: 6(mS/cm) - b: Z1(ml)
sQ2 a0z ' ‘Haz $a3 ' AQ3 ' ' Ha3
= - - ~ 0 = o 100 150
C cz2m) - N d: Z3(ml)
S04 AQ4 HQ4 _ ' VSV SV AV HY ' ' VH
e: Z4(ml) f:V (kV)

Fig. II.11. Inputs and output under the interface FIS
a,b,c,d,e: Inputs, f: Output.
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b. Inference rules

Figure 11.12 shows the window used to introduceftlzzy rules applied in our FIS.

; Rule Editor: hani_floue 12 ‘E|E

_FiIe Edit View Options

11. If (Conductivities maicm) is VSC) and (Z1imi) & 5Q1) &nd (Z2{mi) s S02) and (Z3(mi) is Q3] and (Z4{mi) is 304) then (Flashover(kV) s VHV) (1) A
2. If (Conductivities(mSicm) is 3C) and (Z1(ml) is Q1) and (Z2(ml) is 302) and (Z3(ml} i 503} and (Z4(ml} is 304) then (Flashover(kV) is HV) (1) -
13. [f {Conductivties(mS/em) is AC) and (Z1(ml) iz Q1) and (Z2(ml) i SQ2) and (Z3(ml) iz S03} and (Z4(ml) iz 504) then (Flashover(kV) is HV} (1}
|4, If (Conductivities(mSicm) is HC) and (Z1(ml) is SQ1) and (Z2(ml) is 302) and (Z3{mi] & 503} and (Z4(ml} is 5Q4) then (Flashover(kV) is AV} (1)
|5, If (Conductivities(mSicm) is VHC) and (Z1(ml) is 301} and (Z2{m) is 502) and (Z3(ml) is 503) and (Z4(ml) s S04} then (Flashover(kV) is 3V} (1)
B, i (Conductivities(mSicm) is VEC) and (Z1(mi) is AQ1) and (Z2(ml) is AQ2) and (Z3(ml) is AQ3) and (Z4(ml} is AQ4) then (Flashaver(kV) is AV) (1)
7. If (Conductivities(mS/cm) is 3C) and (Z1(ml) is AQ1) and (Z2(ml) i AQ2) and (Z3(ml) i AQ3) and (Z4(m) iz AQ4) then (Flashover(kV) is AV} (1)
|8, If (Conductivities(mS/cm) is AC) and (Z1{ml} is AQ1) and (Z2(ml} is AQ2) and (Z3(ml) i AQ3) and (Z4{ml) i3 AQ4) then (Flashover(kV) is AV) (1)
|9, If (Conductivities(mS/cm) is HC) and (Z1(ml) is AQ1) and (Z2(ml) is AQ2) and (Z3(ml) is AQ3) and (Z4(ml) is AQ4) then (Flashover(kv) is 3V) (1)

}10 If {Conductivities(mS/em) is VHC) and (21(ml) is AQ1) and (Z2(ml) is AQ2) and (Z3(ml) is AQ3) and (24{ml) iz AQ4) then (Flazhover(kV} is VSV) (1) -
and and and and Then
wluctivtiesimsicm) is Ii(ml) iz Z2ml) is Zatmi) iz Zd(ml) iz Flasha
= = =1 == == 1l
.| M. THEN . T .| ETEE . Vs
|AQ1 a02 |03 |a04 5y
= [ Haz IHa3 Had !AV
none none Inone none tv
- I = - = - = - = - :JEUJ-E_
of || ot "ot | ot | "ot | "ot
Connection Waight:
[ Jor
9 and 1 Delete ule Add rile Chenge ik |
FIS Mlame: hani_flove 12 Heln | Chose ‘

Fig. 11.12. Window for visualization fuzzy rules.

» The fuzzification of five input variables is showntable II.2.

* The appearance functions resulting 135 inferenies an be generated.

* The graphical interface "FIS" makes it possibleénwoduce and modify the number of
rules without exceeding the maximum numberour work the number resulting maximum
405 rules (5*3*3*3*3). Overlooked on the unfavorabtase gains in experience, so the
maximum number becomes 135 rules.

» The membership functions associated with the inpytheir linguistic terms, defining the
output affected by this rule, which is also defitgdts associated linguistic term.

The set of the used rules is grouped in table I11.3.

c. Defuzzification

The last step to have a fuzzy operational systdiedcthe defuzzification is the method
most widely used is that of the determination oé& thravity centre of the resulting

membership function. It is one of the most usedhiss.
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The defuzzification stage occurs in two steps:

* The common linguistic variables should be mergedr®ans of a fuzzy logic operator
chosen by the system designer. Therefore, it isrg Mnportant step in the inference system
since it enables to calculate the value of thel finazy output variable on the basis of the
fuzzy inputs stemming from fuzzification and fronh the basic rules by using an inference
method.

* In a second step, we can really begin the deligateof defuzzification. We have a series

of linguistic variables that characterize the ueigund same data.

Figure 11.13 shows an example of the Matlab defiizaion stages. It shows (a) an example
of the 25 rules Matlab defuzzification steps, (b tsame example of 135 rules Matlab

defuzzification steps that gave the same results.

Figure 11.13 also shows an example of the appbcatf our FIS for the following inputs:
6=3.33mS/cm, Z1=30ml, Z2 =11 ml, Z3 = 15 &4, = 15 ml. The vector [3,33 30 11 15
15] for both cases includes (a) 25 rules, and @B fules. The value of the calculated
(predicted) output after the defuzzification shatws flashover voltage. Both cases gave the

same output voltage.

Rule Viewer. hani_floue 10 mm@ Rule Viewer: hani floue 12 E@
File Edit View Options Output File Edit View Options
onductivite(mSicm) = 3.33 Z1(mi) = 30 Z2(mi) = 15 Z3(mi)= 11 Z4(m) =15 1&nsmn[k\f}=64.9| |C0ndudivhies(m$fcm)=333 (=30 i =15 i) =11 i) =15 | Flashmvetl) = 49 |
;

2 7 T ]
1[0 ] : -

4 T :

§ L f T

6§ = T I

li T 8 i
i | I | I | i ] i | [ ——— 190

9 ] [ ! f ] [ ] [ ] [ ] I i

1 — | | i ] | | = ] ne ;
HEe—g | Mmax-min = ] | |e= 13

22— | Method — | ] | |==3 14

R mi— [ — [ ] [ ] [ ] 18

14 ] | ]| ] 1| | ] il -

15 ] ] ] ] | |=—= e

16 | I | I | i ] i | [——— 19

17 ] [ ] [ ] [ ] [ ] [ | pil

18 %12 L

19 I L -

; = |: ;

2l I I K i - -

2 I ] & % I
A I ! i b T

pL3 ] ] 0 i ] [ ] [ ] [ ] ] [ 2
: bl ] i ] i ] I ] ] [ ———
& L L . = kil ] ] ] I ] ] ] ] I ]
oo | ampur | (PP yyy fore Fih | vgi| down | i L PR T 1 R
| (pened system hani_flaue_10, 23 nies | Number of rules Help Close | Opened systen hani_flaue 12, 1393 ep ose

(@) (b)

Fig. 1. 13. Window for visualization fuzzy rules
(a) 25 Rules, (b) 135 Ruls
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| apply another example now the clean case; théowgd O O O 0] or6=0 mS/cm,
Z1=0 ml, Z2=0 ml, Z3=0 ml, Z4=0 ml. The output \auk is 72 kV (predicted) for both cases
(a) and (b).

[1.6.3.2. Tests and validation

The prediction results obtained by the FIS for ¥hdous input valuess| Z1, Z2, Z3
and Z4] will be shown in table 1.6 and then, ik compared to the practices collected from

our laboratory as well as to those obtained by kitran.

» The prediction results obtained by the FIS systemieu MATLAB were obtained for a
trapezoidal and triangular shape (form) of the trgnd output membership functions.

» According to the following tables, the average ersdahe order of 7% (6.426%).

* These results enabled us to state that the fuzztgmyis valid, efficient and reliable in
predicting the flashover voltage tests of the H\1AL5 insulator which has been studied and
performed in the laboratory. This led us to suggssig the simulated fuzzy system to predict
other results for other input values not availabléhe laboratory.

» The obtained results show that the fuzzy logic hagreat power in the study of the
flashover voltage prediction.

* The correct choice of the used fuzzy inference esysparameters (input and output
variables, number, type and shapes of the memipefshctions, the inference rules, the
defuzzification method) produce better results.

* Any changes in the FIS settings may alter the tesuh our study, we modified the gates
of the different functions of the input and outfn@longing while keeping their trapezoidal
and triangular forms, which helped us improve #gwults.

such as:

V_exp: Experimental voltage (kV),

V_cal : Calculated voltage (kV),

| Error | : Absolute error $V_exp — V_cal (kV),
Error (%) =|Error|*100/V_exp (%),

Li: Level of pollution,
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Tab. I1.6. Results of tests conducted in the laboratory \cutated (predicted)

our proposed modwsing FIS

$=1,823mS/cm $=3,33mS/cm
Sts["\t/e g)fq')r(‘i\‘j')?tor V_cal (k) | Error (%) St‘f‘\t,e g;ggi&')?tor V_cal (k) | Error (%)
L1 | Flashover 68,2 1,639 L1 Flashover 64,9 1,452
L2 Flashover 56,9 8,521 L2 Flashover 56,8 7,117
L3 |  Flashover 56,9 1,897 L3 Flashover 56,8 1,248
L4 |  Flashover 56,9 4,982 L4 Flashover 56,8 9,063
L5 |  Flashover 56,9 | 10,916 L5 Flashover 48,4 2,008
L6 |  Flashover 56,9 | 14,257 L6 Flashover 43,8 7,548
L7 |  Flashover 43,7 | 7,806 L7 |  Flashover 438 | 3,736
L8 Flashover 43,7 4,585 L8 Flashover 43,8 0,491
(a) (b)
$=8,02mS/cm 6=12,61mS/cm
St‘["‘\t/e :L;)'(‘If\ﬂ')"j‘tor V_cal (kv) | Error (%) St‘f‘\t/e g;;)’glfc')?tor V_cal (kv) | Error %)
L1 Flashover 62,5 2,099 L1 Flashover 61,2 1,608
L2 Flashover 55,2 4,000 L2 Flashover 55,1 0,362
L3 Flashover 55,4 0,727 L3 Flashover 55,4 5,524
L4 Flashover 55,2 8,798 L4 Flashover 54,8 13,693
L5 Flashover 44,9 5,894 L5 Flashover 44,9 0,223
L6 Flashover 43,8 2,719 L6 Flashover 43,8 1,860
L7 Flashover 43,8 0,455 L7 Flashover 43,8 6,311
L8 Flashover 43,8 2,643 L8 Flashover 43,8 10,050
(©) (d)
6=16,32mS/cm 6=30,5mS/cm
St?\t/e g;;)r(lE\L;l)?tor V_cal (kV) Error (%) St?\t/e g;;?i\ljl)?tor V_cal (kV) Error (%)
L1 Flashover 61,9 1,223 L1 Flashover 56,2 3,872
L2 Flashover 55,1 4,952 L2 Flashover 53,2 11,502
L3 Flashover 52,7 5,190 L3 Flashover 43,8 0,491
L4 Flashover 43,8 5,538 L4 Flashover 43,8 5,127
L5 Flashover 43,8 4,038 L5 Flashover 43,8 8,631
L6 Flashover 43,8 7,353 L6 Flashover 43,8 11,416
L7 Flashover 33,9 15,216 L7 Flashover 32,6 15,544
L8 Flashover 33,9 11,257 L8 Flashover 32,6 11,892
(e) )
Clean state
St?\t/e g)f(g(]i\%?tor V_cal (kV) Error (%)
Flashover 72 6,015

(@
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8=50,4mS/cm 6=93,7mS/cm
State of insulator State of insulator V_cal
IV exp(kV)] V_cal (kV) | Error (%) IV _exp(kV)] (EV) Error (%)
L1 Flashover 54,9 0,370 L1 Flashover 43,8 1,245
L2 Flashover 53,6 16,522 L2 Flashover 38,4 4,000
L3 Flashover 43,8 3,458 L3 Flashover 33,3 10,963
L4 Flashover 43,8 7,733 L4 Flashover 33,9 4,775
L5 Flashover 43,8 13,354 L5 Flashover 33,5 2,899
L6 Flashover 43,8 15,567 L6 Flashover 34,3 5,215
L7 Flashover 33,8 7,902 L7 Flashover 34,6 14,570
L8 Flashover 33,8 5,056 L8 Flashover 34,6 20,557
(h) 0}

* When analyzing table 1.6 on a case-by-case baggjotice that the maximum error is of

the order of 20% for a single case, whereas ietsvben 10 and 16% for 13 cases and below

10% for the remaining ones.

* In the majority of cases where the error becomeasatnes, the predicted (calculated)

voltage is greater than the measured voltage (empatal results), V_cal> V_exp. In fact,
Table 1.7 shows the cases where the error is ufgeve) than 10%.

Tab. I.7. Error results upper than 10%.

- | Level of | Conductivities State predict with

N pollution (mS/cm) Error(%) pFL

1 L2 30,5 11,502 Flashover
2 L2 50,4 16,522 Flashover
3 L3 93,7 10,963 XXX

4 L4 12,61 13,693 Flashover
5 L5 1,823 10,916 Flashover
6 L5 50,4 13,354 Flashover
7 L6 1,823 14,257 Flashover
8 L6 30,5 11,416 Flashover
9 L6 50,4 15,567 Flashover
10 L7 16,32 15,216 XXX
11 L7 30,5 15,544 XXX
12 L7 93,7 14,570 Flashover
13 L8 12,61 10,050 Flashover
14 L8 16,32 11,257 XXX
15 L8 30,5 11,892 XXX
16 L8 93,7 20,577 Flashover
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» If I overlooking the cases where the flashoverlsn done, then our FIS model to predict
that in some cases the flashover is already dotieeserror equals zero (0%), and the average
error becomes 4.080%.

If | apply this remark for all the results obtaineg FIS, the average error will become
2.605%.

[1.7. Conclusion

One of the advantages of the fuzzy logic is thalogs not need the unrequired mathematical
model, which makes it easy to interpret and impleime

This chapter describes an MAMDANI type of the fuzkygic based artificial
intelligence approach developed for the predictidrthe flashover voltage. Actually, this
chapter includes the background necessary for miderstanding of the method. Hence, we
presented both the use and the concepts of thad-&,general description of the components
of a fuzzy system, then, the concept of the linquigariable as well as the fuzzy inference
system (FIS).

The FL is used to represent the doubtful and impeeknowledge, which enables us to
say that the FL requires the help of an expertclvis very valuable when designing a fuzzy
system. A good choice of the different parametéth® system represents the most important
phase of the application of the fuzzy logic thegpaeters of which will be implemented on
the basis of the different needed steps.

The results obtained using the FL show their eiffeaess in terms of the rate of good
predictions and very short calculation time. Hoam\the encountered difficulty in using the
fuzzy logic lies in the choice of its parameters.fact the real difficulties are related to the
fuzzification of the input and output variablesr(foof the membership function, number of
fuzzy sets associated with each variable), ancttbation of the fuzzy rules that connect the
inputs to the output. It can be said here thatetlaee no rules to be followed in choosing the
parameters of the fuzzy inference system.

The implementation of the fuzzy inference systeniS"Funder the MATLAB
environment using interface "Fuzzy Logic" is chaeaized by its simplicity. This chapter

shows the effectiveness of our proposed modelddiptrthe flashover voltage.

Due to the difficult adaptation of our model to tbleange in the environment, there is no
formal method for adjustment. In the next chaptbe technique of artificial intelligence
based on neural networks will be used as flasheotage prediction technique for the same

purpose of the current chapter (1512L real insujato
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Chapter |11 Prediction of Flashover Voltage Using ANN

l11.1. Introduction

The critical flashover voltage of a polluted ingolais a significant parameter for the
reliability of power systems. However, the mentidnests for the study of the insulator behavior
under pollution, they are of long duration and dwst of the equipment that is necessary for
these experiments is very high. For the above resagbseems to be very useful to predict the
performance of insulators under pollution condidiarsing analytical expressions and computer
models.

Several approaches have been developed for tmeadistn of the flashover voltage. In last
years, the computational intelligence technique leen successfully applied in many studies.
Several models and techniques are used to imprawderstanding insulator flashover
phenomenon. Among of these methods, artificial alesetwork (ANN) architectures have been
widely used, due to their computational speed, stirss and great efficiency, to study polluted
insulators flashover. Some authors have alreadlieabfhese two techniques in similar area of
research.

Artificial neural networks (ANN) can be used in pkems requiring function
approximation, modeling, pattern recognition andssification, estimation and prediction

(calculated), etc.[1]

In the field of high voltage insulators, ANN can lxeed to estimate the pollution level, [2]
to predict a flashover, to analyze surface trackingolluted insulators, [3] and also to estimate
the critical flashover voltage on a polluted insoika[4]

This last case will be thoroughly examined later.

In this chapter we will use the experimental datehapter | to construct a model based on
ANN architectures that can estimate the flashowwtage on the real model using as inputs
some characteristics of the pollution (conduct@at) and level of pollution () or zones of
pollution (Z)), utilization of interface graphic can help toteleninate their parameters as we
have applied and explained during our study, ancceveclude our chapter with a comparison
between the two artificial intelligence methodsGtfapter Il (FL) and Chapter 11l (ANN).

I11.2. Artificial neural networks

The phrase "artificial neural network” has becadime dream of many researchers who
want to make better use of the data available émnthThis tool is essentially inspired by the

process of information processing performed byhim@man brain. A network of artificial neurons
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Is a model of calculation the design of which isywechematically inspired by the functioning of

biological neurons. [5]

As indicated in its definition, the primary goal & artificial neural network is to perform

a calculation the main asset of which lies in b8iy to learn to do it alone through experience.

Artificial neural networks are highly connected blementary processors operating in
parallel. Each elementary processor calculatesnglesioutput based on the information it
receives. Any hierarchical network structure isiobsly a network that tries to simulate the
reasoning process of human intelligence and thused instead of mathematical functions.
Artificial neural networks are typically specifiesing the three following factors:

» Architecture: it specifies which variables are ilweal in the network and their relationship
with topological purposes. For example, the vadabhvolved in a neural network could be the
weights of connections between the neurons anddb#vities.

» Activity Rule: Most of the neural network modelsvhaa short dynamic depending on the
time scale: the local rules define how the neudiviies change. Typically, the rule of an
activity depends on the weights (the parameteef)dkist in the network.

* Learning: The learning rule specifies how the wtsgbf the neural network change over
time. This learning is generally expected to take@ on a longer time scale than the time of
dynamics under the activity rule. Usually, the feag rule depends on the neuron activities as it
can also depend on the target values provided thydteacher and the weight current value.

An artificial neural network is a group of interecmcted nodes similar to a large network of
neurons in the brain. In figure 1ll.1, each cirqueode represents an artificial neuron and an

arrow represents a link between the outputs ofn@ueon at the input of another.

Hidden
Input /—H

Fig. lll.1. Structure of a neuron network.
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I11.2.1. Mathematical model of a "Formal" or an ' 'Artificial" neuron

The formal neuron model is a very simple matheraatnodel derived from the analysis

of the biological reality the structure of whichgiven in figure 111.2. [6]

Figure 111.2 shows the structure of an artificiunon where each artificial neuron is an
elementary processor that receives a variable nuofdaputs from upstream neurons. Each of
these inputs is associated with a weight w, which representative of the connection strength.
Each elementary processor has a single output wireaches out to feed a variable number of
downstream neurons where each connection is agseth a weight.

(|n1

In,

Input
A

Output

Inj3

Fig. lll.2. General diagram of an artificial neuron.

The mathematical formulation of this neuron is diésd by the following relation:

i
5=2(w In) 1)
Or: ]
s . is the output of the neuron
In :is thei™ input of the neuron, it characterizes the datarnanicated by the sensor (detection
test) or by the expert (diagnosis and basis osfantl knowledge).
f : Activation function (the sigmoid),
w : Weight of connections with the inputs.

He five most common activation functions are prés@nAn activation function performs

a mathematical operation on the signal output.tiddl activation functions described here are
also supported by MATLAB. (Table IIl.1). [7]
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Tab. 1ll.1. ANN activation function.[7]

Input / output Input / output lcon Name in
relationship relationship Matlab
a=0 if n<O0 .
Threshold a=1 if n>0 J: hardlim
Symmetrical a=-1 if n<0 .
threshold a=1 if n=0 :F Hardlims
Symmetrical _ :
threshold a=n 74 Purelin
a=0 if n<O
Linear saturated a=n if 0sns<1 ya Satlin
a=1 if n>1
_ a=-1 if n<-1
Linear satu_rated a=n if -1<n<1 _7[ Satlins
symmetric _
a=1 if n>1
o a=0 if n<0 _
Positive linear a=n if n>0 _4 Poslin
Sigmoid a:%+ exp” Logsig
Hyperbolic tangent _¢€ _e_n/ Tansi
yp g a b L g
N it a=1 if n maximum N .
ompetitive a=0 if n other C ompe

I11.2.2. Characteristics of the ANN

The basic element of a neural network is of cotheeartificial neuron. A neuron contains
two main elements: (figure 111.2)
* A set of weights associated with neuren thanections;
* An activation function.

Neural networks in figure 111.3 are generally chaesized by:
[11.2.2.1. The input layer

The number of neurons in this layer correspondth&d of the inflows (inputs) in the
neuron network. This layer consists of passive spth&t is, that do not participate in the actual

signal change but only transmit the signal to tévet hayer.
[11.2.2.2. The hidden layer

This layer has an arbitrary number of layers withaabitrary number of neurons. The
nodes in this layer participate in the modificatadrthe signal, therefore, they are active.

s
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[11.2.2.3. The output layer

The number of neurons in the output layer is thahe neuron network outputs. The nodes

in this layer are active. (Figure.lll.3). [8]

Hidden

Hidden layer

Fig. 111.3. General architecture of a neuron network.

[11.2.3. Feed-Forward propagation networks

The "back propagation” learning technique is usetiain the networks of the architecture
neurons of "Feed Forward" type also called uncotatesetworks. It is a multilayer architecture,
which means that the input layer connected to ddnidayer which can, in turn, be connected to
another hidden layer or directly connected to thgpuat layer. In general, there is only one layer
hidden in this kind of architecture where it is werare to find more than two layers.
Mathematically, this does not change the operatibthe network.. In fact, these architectures

are the most commonly used.[9]
[11.2.3.1. Mono-layer perceptron

Historically, the first ANN, which has been devedopby Rosenblatt in the 1950s, is a
simple network as it consists only of an input fagad an output layer. In fact, it is basically
modeled on the visual system and therefore prignadiésigned for pattern recognition.
Moreover, it can be used to classify and solve Enipgical operations (such as "AND" or
"OR"), however, its main limitation is that it canlve only separable problems on a straight-line
basis. It usually follows a supervised learningoadmg to the error correction rule (or according
to Hebb’s rule).[10]

The neuron in figure 1l.4 performs a simple wegghtsum of its inputs, compared to the

threshold value, and provides a binary output respo
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Input layer
Fig. lll.4. Perceptron monolayer type

of network: Structure.

[11.2.3.2. Multi-layer Perceptron

This perceptron is an extension of the previous, avith one or more hidden layers
between the inputs and the outputs. Each neuraniager is connected to all the neurons of the
previous layer and the next layer (except for thmut and output layers), besides, there are no
connections between the cells of the same layes. adtivation functions used in this type of
network are mainly threshold or sigmoid functioAsmultilayer perceptron can solve straight
line separable problems and more complicated logioablems. It also follows a supervised

learning according to the error correction rule.

The choice of the number of hidden layers usuaéipethds on the complexity of the
problem to be solved. In theory, a single hiddegmianay be enough to solve a given problem,
but may have several hidden layers that make ieets solve a complex problem. [11]. Figure
[11.5 gives an example of a network containing mput layer, a hidden layer and an output layer.

Fig. lIl.5. Multi-layer perceptron network: Structure.
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[11.2.4. Learning

Learning is a phase in the development of the hewetvork during which the neuron
weights are calculated so that the outputs of thisvark can be as close as possible to the

desired outputs. In fact, learning involves examplethe behavior of the process to be modeled.

For an artificial neural network (ANN), learningrcde considered as the problem of
updating the weights of connections within the roetwin order to succeed in the task that it
requires. Learning is the main characteristic ef ANNs, which can be made in different ways

and according to different rules.

[11.2.4.1. Supervised learning

In this type of learning, the network will be adegtthrough a comparison between the
result it has calculated, on the basis of the plediinputs, and the expected response output.

Therefore, the network will change until it findeetright output corresponding to a given input.
[11.2.4.2. Strengthening (The reinforcement)

Strengthening is actually a type of supervisedniear which is also classified by some
authors in the category of supervised modes. Adegrtb this approach, the network should
know the input/output correlation via an estimatet® error, that is, the failure/success ratio.
The network will therefore tend to maximize the fpenance index called reinforcement
(Strengthening) signal, which is provided to it.

In this case, the system is aware of whether teevanit provides is correct or not, but it

does not know the correct answer.
[11.2.4.3. Unsupervised (or self-organizing) mode

In this case, learning is based on probabilitidse metwork is going to change depending
on the statistical regularities of the input anthklsh categories by assigning and optimizing a

quality value to the recognized categories.
[11.2.4.4. Hybrid mode

The hybrid mode is in fact based on the other tpor@aches since some of the weights

will be determined by supervised learning and sbgnensupervised learning.
[11.2.5. Learning rules

The synaptic weight change strategies are deriged the following general rules:
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111.2.5.1. Error correction rule

This rule is part of the supervised learning payadithat is to say the case where the
network is provided with an input and the correspog output. If we consider that "y" as the
output calculated by the network is the desiregbutitthe principle of this rule is to use the error

to change the connections and thus reduce thelbsgstem error.

[11.2.5.2. Boltzmann learning

Boltzmann networks are recurring symmetrical neksofhey consist of two sub-groups
of cells, the first is related to the environmesu-€alled visible cells) whereas the second is not
(so-called hidden cells). This learning rule ischtmstic (= which is partially random) and
consists in adjusting the weights of the connestiea that the state of the visible cells will

satisfy a desired probability distribution.

[11.2.5.3. The Hebbiantheory

This rule, which is based on biological data, medkE fact that if, on either side, synapse
neurons are synchronically and repeatedly activdtedconnection synaptic strength is going to
rise. It should be noted that learning is localjzéitht is to say that the synaptic weight

modification of w; depends only on the activationioand j neurons.
[11.2.5.4. Competitive learning rule

The special feature of this rule is that learnirgehis about only a single neuron. The
principle of this learning consists in grouping ttata into categories. This means that the
similar patterns will be stored in the same classeld on the correlations of the data then will be
represented by a single neuron, hence, one spdabkst dwinner-take-all*. In a simple
competition network, each output neuron is conrktbethe neurons of the input layer, to the
other cells of the output layer (inhibitory connens) and to themselves (excitatory connection).

The output will depend on the competition betwdenihhibitory and excitatory connections.

[11.3. The back-propagation algorithm

The back propagation network refers to the muitetaneurons that use the back-
propagation algorithm for learning. Most often, tilaler feed-forward neural networks are
used for the back-propagation algorithithe back-propagation algorithm is one of the best
known algorithms for the prediction of the weigbtshe neural network. It has been developed
by "David Rumelhart”, Geoff Hinton and RJ Willianrs 1986.[4] It is also one of the most

popular learning algorithms given its success imgeof simplicity and applicability.
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The algorithm consists of two phases: a learnirgspland recall phase (validation & test).
In the learning phase, the weights are randomlyalimed and the outputs are calculated and
compared to the desired outputs. Subsequentlydtveork error is calculated and used to adjust
the weights of the output layer. Similarly, the wetk error is spread backward and used to
update the weights of the previous laydiise learning phase will be completed when the error
value is lower than the one set by the supervi€bre of the disadvantages of the back-
propagation algorithm is that the learning phaseery long. During the recall phase (validation
& testing), the network and the final weights réisigl from the learning method are used. The
retro-propagation algorithm is the extension of thelta rule" used in the learning of neural
networks (a layer (perceptron)).[6,7]

111.4. Validation

Once the neural network is trained (after learnimgls necessary to test it on a database
different from that used for learning. This tedbak both to assess the performance of the
neural system and to detect the type of data thases problems. If the performances are not
satisfactory, it will be necessary, either to mgdtie architecture of the network, or to modify

the base of learning.[12]
[11.5. The strategy followed in this work

The development of a neural network model "feedvéyd” raises some problems, the
most important of which is the absence of a previguarantee for the model to behave similarly
to the current problengeveral studies have been developed to find oun#tbods that can lead
to the most performing models because there isheorétical background as to how this
architecture will be found. The most typical metHotlowed is the "test and error" process for
which a large number of different architectures eaxamined and compared. However, this
process is very long and is mainly based on theique experience and intuition of the human
expert, which may lead to a high level of uncetta[t3]

In order to understand this problem, it is necessarexamine in detail the characteristics of a
"feed-forward" Artificial Neural Network (ANN). Ifact, there are four elements that make up
the architectures of a feed-forward ANN: [13]

* The number of layers,

e The number of neurons in each layer,

e The activation function of each layer,

* The learning algorithm.

63



Chapter |11 Prediction of Flashover Voltage Using ANN

[11.5.1. Step of neural network design

Neural networks are often used to solve classiioaand regression problems in order to
design a neural network.[14]

The developing process a neural network alwaysnisegith the selection and preparation
of data samples (inputs and outputs). Like in @ecf data analysis, this step is crucial asit ca
help the designer to identify the most approprigpe of network to solve our problem. The way
in which the sample is presented determines the ¢§phe network, the number of the input and
output neurons and the way in which learning, ngséind validation will be conducted.[15]

[11.5.1.1. Determination of the neural network inputs/outputs.

The inputs and the output are shown in the foll@wigure 111.6:

Artificial pollution quantity in zones 1

1) =P Flashover voltage

Artificial pollution quantity in zones 2
(22)

A
B0
PAAPRX

LR

Vl',"‘&\“‘

v "%\“\‘V‘;;

0,

Artificial pollution quantity in zones N
(23)

Artificial pollution quantity in zones 4
(24) : HE

—~ - —~
Inputs Hidden layers

Fig. lll.6. Structure of our neural network.

Conductivity as well as the quantities of pollutionl,2,3,4 zones are considered as inputs with

a single output which is the flashover voltage.

[11.5.1.2. Elaboration of the network structure

In our work we have used a multi hidden layer teate our ANN architecture. In theory
there is no exact method to determine the hiddgeréaand number of neurons per layer
necessary four our ANN application. We have appliesimple method to determine them which

will be detailed during this work.
[11.5.1.3. Network Learning

Learning consists first in calculating the optinvaights of the different links using a
sample. The most used method is the back-propagdtience, we include values of the input

cells and, depending on the output error, we waitrect the weights. This cycle is repeated until
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the error curve of the network sops increasing (mest be careful not to over-train a neural
network that will become less efficient). [15]

[11.5.1.4. Test and validation

While the tests are related the verification of pgeformance of a non-learning neural
network and its generalization ability, validatisnsometimes used during the learning process.
Actually, once the network is calculated, testsusth@lways be performed to verify that the
network is properly responding. In the generalt pathe sample is simply dropped out from the
training sample and kept for out-of-sample testigr example, we can use 60% of the sample
for learning, 20% for validation and 20% for testifjl4]

[11.5.2. Implementation and simulation

The use of simulation within engineering is wellcagnized. Actually, simulation
technology belongs to the set of engineering toolall the application fields and has been an
integral part of the engineering expertise managent@imulation helps reduce the costs,
improve the product and system quality, and docuraed archive the lessons learned. In our
work, we use the MATLAB as a tool for predictingetiflashover voltage of a high voltage

insulator.
[11.5.2.1. Software presentation

To predict the flashover voltage, we used the Maticulation software in its version 7.9.
We have used its inbuilt NNTOOL (neural networkljqmackage. On the other hand, to build
our network, we need a databank that can be diremtported from an excel file after
normalization. After exporting the databank by engpthe "nntool" command in the command
window, a graphical interface appears, (figure/)llwhich enables us to create, visualize, train

and simulate a network and export the output values

A5 Hebwork Dot Marager | P |

BoirputDots: 0000 T hetworo 2l Qutput Dot

KD Target Dats: o ErvorDats:

<) Inpist Dby States: 53 Layer Dielay States:

B Import., 7 e, J Cipe T— X Delciz P Help || D Ciose

Fig. l1.7. Graphical interface "nntool".
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111.5.2.2. Data normalization

Actually, neural networks require that their inpuid output data be normalized to have the
same order of magnitude. However, this normalinaisovery critical for some applications, [6]
because it has an influence on the quality of tieelyced output. Normalization is an important
operation because the network learns better witdgalarized interval crowded with inputs than
with arbitrary values. It is also an important edniting factor in improving the generalization
capacity of the network.

Moreover, if sigmoidal or tan-sigmoidal activatibmctions are used, they are particularly

used with a data range falling in the range oflJG&and [-1, 1], respectively.[4]

111.5.2.3. Data creation

Before creating a network, we should first introglitbe inputs, which are in our case,
conductivity, the quantities of pollution in zong2,3,4, and property that must be reached by
the network, which is in our case the flashovertage. Then, by clicking on import (figure
[11.7), a graphical interface appears in figure8Jlwhich enables us to introduce the inputs and

the value that must be reached by the network.

| 5 Imgiart to Network/Tieta Manager El E @'

| Source Select 3 Variable Destination

| @ mpertrom VATLAR workepacd fino selectin
. s — iin|:-J:
e Load from disk file harge:

MAT-fi= Flame Imper Az

hams

@ Input [ets

7 Target Data
InitiatIngut States
Initial Layer States
Outgut Data

Error Data

i 0 Close

Fig. I11.8. Data import window.

111.5.2.4. Performance function

During the network training step, a performancectiom should be employed to identify
the best possible combination of the adjustablarpaters that minimize the error between the
produced (calculated) results and the values toatl@eved (desired) which are relevant
throughout the learning process. In fact, the reuwdwork tool enables us to use the following
performance features:

* The mean squared error (MSE),
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» The MSEREG hybrid method (MSE version with weiglttdaration),
e The sum of squared errors (SSE).
In our work, we will use the MSE method to evaludwe error at the ANN output.[11]

[11.5.2.5. Levenberg—Marquardt algorithm

Once the architecture is chosen, the ANN must wudarlearning phase which consists in
calculating the synaptic coefficients so that teenal network outputs will be, for the examples
used during the training, as close as possiblegd'desired” outputs. These outputs correspond
either to the data values of the function that mtend to tackle or to the process output that we
try to model.[16,17] Learning from our network wibbe made with the Levenberg Marquardt
algorithm because it has advantages:

« The target error has been reached by this methadhigh speed of convergence,

* A large capacity of approximations,

The reason which led us to adopt this algorithnttie continuation of the work is that:

* The Levenberg-Marquardt algorithm is presentedddevis [11,18]: Presenting the input
vector by propagating (spreading) it to the ougmd calculating the quadratic error,

» The Jacobian matrix computation,

Calculation of AW to correct the network weights with the weight eatron rule presented as
follows:

Aw=-J"I+ul)tJ7e (111.2)
Aw : is the adaptation rate of the network weight matr

J: The Jacobian matrix of the error derivatives,

M is an adaptive coefficienty >> is the algorithm which is closer to GradientsPent
method. However, ifu <<is small, the algorithm is close to the Gaugsvddbn method.

e : is the error vector.

» Calculation of the new weights and adjustmenhefg parameter,

« Verification of the convergence towards the regghierror, which is1®in our case.
[11.5.2.6. Mean Squared Error (MSE)

MSE is a network performance function. It meastinesnetwork's performance according

to the mean of squared errors.
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If we designatee, (n)

the learning error is associated with a neyronhen, the

instantaneous quadratic error value is defineéék?y. Similarly, the value of the squared sum of

the instantaneous, denoted &) is defined by: [11]

Em =30

(111.3)

It is obtained by adding the terr%sef which correspond to all the neurons of the outpyer.

The expression of the mean of the sum of the qtiadsaor is given by:

MSE (n) = ﬁz_f(n)

(I11.4)

with N the number of examples representing the learnirsg.b@he MSE value is calculated

after each iteration (presentation of the lear@rgmples to the network).[11]

[11.5.3. Application of the ANN in the prediction of the flashover voltage

Given their performance, artificial intelligence tineds are increasingly used to deal with

advanced research topics in all the fields, speadlii the high voltage one.

[11.5.3.1. Neuron network model (Structure of the éaborated ANN)

The table below gives the most important techrdedh about the established networks.

Tab.lll.2. Characteristic of the established neuron network.
Parameters Choice
Structure X]Ic\ltlze elaborateq Multi-layer Perceptron (feed-forward)
Input data Conductivities & quantities of pollutiaones

Output data

Flashover voltage

Number input

5 (vectors of 5x65) examples

Number output

1 (vectors of 1x 65) examples

-Learning Algorithm

Learning function Levenberg-Maggdt (TRAINLM)

Adaptation function

LEARNGDM for the adjustment of the weights by thesdent of
the gradient with momentum with a step of learrang a fixed
momentum.

Performance function

Mean square error (MSE)

Activation functions T layer

Tangential sigmoid transfer function (LOG$fGr hidden layers.

Activation functions? layer

Linear transfer function (PURELIN) for thatput layer.

Number of layers
intermediate

2

Number of neurons by
hidden layers

6

Number of iterations

1000 epochs
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In our work, two databases are used, the firsseduo learn the ANN, which consists of
(5x45) inputs §, Z1, Z2, Z3, Z4), (45) corresponding outputs (Hlaver voltage) while the
second is composed of (5x20) o,(Z1, Z2, Z3, Z4), used to test the ANN for thedicton of
the flashover voltage.

111.5.3.2. Creation of the network

To generate a new network, one should click on "Nekence, a new window appears in
figure 111.9, and then, the type of preprogrammedwork is chosen. The feed-foward Back-

propagation designates everything for its converggamoperties and approximation capabilities.

Create Hebwork or Date [ ==}

Metwork | Data

alalalyia

7 e 2 Restors Defautts

< Help | O Clese |

Fig. 111.9. Network creation window.

For this reason, the "TRAINLM" training function ehosen as a "LEARNGDM" learning
function and the "MSE" as a performance functiontaict, there are two hidden layers, the first
consists in activating the "TANSIG" tangential smoh while the second has the role of
activating the "PURLIN" linear function.

The only variable that must be incrementally optiedi for each network is the number of
hidden neurons. After creating the network, it asqble to view it by clicking on "view",

therefore, the following window appears in figuhel.

4\ Neural Network Viewer (view) |£| E”EI

Fig. 111.10. Neural network used for the experiment.
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[11.5.3.3. Determination of the number of hidden lasers, number of neurons per hidden
layer and number of iteration

The flowchart presented in figure 111.11 used foe thoice of the number of hidden layers
and the number of neurons per layer will be caraétdr the analysis network performance. In
this stage, the architecture is maintained, whias bn error and a number of neurons and
minimum number of iterations. [11,19]

Learning
Algorithm

Data base. : —
 Architecture Constitution of the ANN
v « Number of hidden layers, <«
Normalize the data. * Number of hidden neurot <«
v v
Import data into Train ANN
workspace. v

Calculate and save the errM3E)

Y

Validated
model?
*MSE <<
* |teration
complete..

* Keep the architecture that has the minimal erfog,number of
hidden layers and number of neurons per layer #sas/¢he
minimum number of iterations.

* Showing results.

Fig. lll.11. Design flowchart of a neural network.
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Then, the code is applied as follows:

* The number of hidden layers is provided,

» The number of iterations is given,

» We start with a neuron per hidden layer and wewgndith the number of neurons that gave
the smallest possible of mean square error (MSE).

* In fact, the same procedure is applied to find thhet number of layers as well as that of
iterations that gave the smallest possible of MSE.

The test series carried out to better identifyribhenber of hidden neurons and layers as well as
that of iterations are shown in the following table

Tab. I1l.3. Different ANN parameters tested to optimize the banof hidden layers, neurons

per layer so the number of iterations.

neural interval

. Interval of iterations used
per hidden layers

Interval of hidden layers

[2,3,4] [2,4,6,8,10,12,14,16,18] [1000,2000,3000]

[11.5.3.4. Implementation of the network

By clicking on "Create" in the network creationdrface shown in figure 111.9, and on the
name of the network "create" in the "network datnager" seen in figure I11.12, a new window
appears, which enables us to train the network aféecting the appropriate databank, and

adjust the parameters, such as the epochs anésiredlerror.

W Metweork networkl ZZ@

| Wicw Train | Simalate | Adapt | Reinitisiz= Weights | View/Edit Weighs|

Training Data Traiming Results
L Outputs nebworkl_putpuis
. Ernoes network]_grors

FinalInput Delay Sates networkl inputitates

Firial Layer Delay Srates

% Tosin Neboork | |

Fig. 111.12. Learning window and network simulation.

The most important criteria to stop the learningoathm are: the performance function,
the gradient amplitude of the performance funcaod the number of failures of the validation
(max_fail) called "the maximum number of validatiohecks ", which is that of successive

iterations where the validation of the performafwetion does not decrease.
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Moreover, there are other criteria for stopping tearning algorithm, such as the
maximum training time (time), the minimum perfornsanvalue (0.00001) (goal) and the
maximum number iterations (epochs), which can infrthe training of the ANN.[18,20] In
fact, the learning parameters are selected, wldokes the learning to stop in two cases, the first

when the number of epochs is completed, second Wigegoal (error) is reached.

[11.5.3.5. Choice of the number of neurons per hiddn layer/ number of hidden layer and

number of iterations

By setting the number of the hidden layers toh2nt the number of iterations will be
1000. According to table Ill.4 below, the arrangemehich gave the smallest error is the
number of 6 neurons in the hidden layer while tifaterations is 1000.

The used function is the logsig.

Tab. 1ll.4. Choice of neuron number per hidden layer.

Number of iterations Number of hidden layer Numbgr of neurons MSE
per hidden layer
2 0,00038
4 0,00687
6 0,00001
8 0,00001
1000 2 10 0,00008
12 0,00009
14 0,00002
16 0,00003
18 0,00058

Moreover, by setting the number of neurons perdnddyer to 6 as well as the one of iterations

to 1000
Tab. lll.5. Choice of hidden layer number.

Number of neurons

Number of iterations per hidden layer

Number of hidden layer MSE

2 0,00001
1000 6 3 0,00070
4 0,00004

The best choice for the number of hidden layetkasefore 2.

Then, by setting the number of neurons per hiddgerlto 6 as well as hidden layers to 2.
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Tab.lll.6. Choice of the number of iteration.

Number of hidden

Number of neurons

: Number of iterations MSE
layer per hidden layer
1000 0,00001
2 6 2000 0,00005
3000 0,00016
Finally, the best choice that gives the optimunerbr is: (table 111.7)
Tab. 1ll.7. Final parameter of the ANN structure.
Number of hidden Numbgr of neurons Number of iterations MSE
layer per hidden layer
2 6 1000 0,00001

[11.5.3.6. Result of the number of number of neuros per hidden layer, hidden layer and

that of iterations

Finally, if we click on "train network", figurdll12, a graphic appears automatically with
the status of learning shown in figure 111.13. Thter stop after the number of times reaches the

[ Himira| Ntk Taiing mrarbo =m0 fml| | 4N Neiral Nebwork Traing (rnbiaintnely ] o
Heursd Metwork Keural Nefwosk
Luer Laysr  ly Layer
Input [~ [ Duiput nput 1 i = Dtput
-1 e W | R | M PN R

= B H] () = = i I
Alggoe s Jgosridhary
T Levenberg-Maruandt Levenberg-Marquardt 114
Beommarce:  Mean Sqused Eror Petformance;  Memr Squsred Error
Dita Divisicn: Randorn Datn Divisicee  Rardom (i
Prio P
Epnch: o 1008 ftsratiori: o 1o Epuch: (N | Sditerskions ] 1000
Tirme: [y Time: L
e e 0036L omgs | 1o0ets - 7] 1o0eas
Gradient: Lm Tl 10020 Akl 1] 190610
M o [ 10603 | 1ogerin Lz | 1one10
Validsbion Chrecks: ] 150 ] 15900
Fiot
| Periermance |
__________

Tramng tete |

Begression |
Blot Interval: '/ 1 epochy Plot ke | 1 epachs
& Musimun epoch reached W e . ot

@

Fig. 11.13. Window of the train network in the case:
(a) two hidden layers and two neurons per laydr avthousand iteration number,
(b) two hidden layers and six neurons per layién & thousand iteration number.

Based on the previous figure, it can be said saty th
» Cease of the condition is verified,

« Maximum number of reached iteration.
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Based on the analysis of these results, it carobeleded that all of the final parameters of our

established ANN are shown in table I11.2.

[11.5.3.7. Network performance

The training process requires a set of examplgsagder network behavior network inputs
and target outputs. During training the weights bhiages of the network are iteratively adjusted
to minimize the network performance function. Thefadlt performance function for
feedforward networks is mean square error MSE Vleeage squared error between the network

outputs and the target outputs.

Figure IIl.14 gives four curves which represent tberelation between each data type and
corresponding desired data. The dash line in eachrepresents the ideal result (R=1). The
solid line represents the best fit linear regressime between outputs and targets data
(calculated flashover voltage equal target valuasgording to figure 111.14, the training of our
network is perfectly realized since the value of IRapproximately equal "1" in four regression

curve type.

The ordinates of each curve in figure 111.14 repréghe outputs of the network (calculated
"V" values) for the inputs reserved for learninigg £ntries reserved for validation and the inputs
reserved for the test.
» The continuous straight lines (the lines drawn emtmuous) of each curve of figure 111.14
represent the regression (fitting) of the relatiopdbetween the outputs calculated by ANN and
the desired one (values of "V" chosen). The dditexb represent the desired (perfect) reference
(regression) approximation (desired outputs = dated outputs).[20]
When these two lines almost merge or become totalhfused, then we speak about a better
performance.
» The black circles represent the desired "V" voltagkies (targets). Obviously, the more the
point cloud is tightly linked to the perfect apprmation straight line, the better the performance
will be.[11,20]
* The "R" value represents the ratio of the netwalkwated outputs to the targets. If "R= 1",
this implies that the calculated outputs are etju#te targets.[20] In this case, the drawn dotted
lines (perfect regression) and the continuous (taied regression) coincide completely and
hence, perfect performance is obtained. Therefooan be said say that a better learning gives
"R" values very close to "1".

Table 111.8 explains the "R" value for each curfigyre Ill.14 (-a-,-b -, - ¢ -, - d-)).

s
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Tab.lll. 8. Demonstration of the value of "R" of each curve.

Figures R Comments
¢ 99.961% of the "V" values calculated at the outpiuthe
Figure lll.14-a-| 0,99961 ANN are the same as those desired for the datavesbéor
learning.
) e 99.04% of the calculated "V" values are the samthase
Figure Ill.14-b- | (0 9904 _ o
’ desired for the data reserved for validation.
- .14 e 99.271% of calculated "V" values are the same agatb
igure lll.14-C- | 099271
' data reserved for the test.
) e This means that 99.549% of the desired values bfdbé
Figure 111.14-d- | o 99549
' the same as those calculated from the total dat¢abas
Training: R=0.99961 Walidation: R=0.9904
. . . ) 1
2 Data <= Data
0ar Fit a0 Fit
g ------- V=T § 03 - ¥=T
E F
2 07y 508 ©
E el Vt des![red_ g oy
=2 (targets) S 07 A
: ]
2 o5} 2
= 2086 o)
o = ,
L 0 4
04 , , , , 055 o
04 05 06 07 08 05 06 07 08 09
-a- Target -b- Target
Test: R=0.99271 All: R=0.99549
0.8 1
2 Data Z Data
_ 075 Fit o 0.9 Fit
[{n] — — || e —_
8 gl Y=T 3 Y=T
Lo}
2 0.3
£ 065 /- T
gu 0 Perfegt F 0.7
- regressio n
1 055 L 06
Z o g
3 08 S 05
045
/ 044 .
Y 06 0.7 0.8 0.4 06 08
-C- Target -d- Target

Fig. lll .14.Regression curves.
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This table shows that all the obtained "R" valus® very close to "1", which means that
our ANN is well trained, and that the learning tdmsls been successful. It should also be noted
that these values are obtained after a severaktoheestarting the learning until the best "R"

values (very close to 1) are obtained.
[11.5.3.8. Results and comparison "ANN" & "FL"

Using the graphical interface "nntool" in MATLAB,enxcan summarize the steps of our
work until the result is achieved:
» Select the data current has five variables andanget,
» Use the import option to workspace,
* Type nntool in command window,
» Import input (Input) and target (target),
* Now create the network by clicking New,
- From network type we can choose the desired netvingile | am choosing feed forward with
back-propagation,
- Select the input, output and training and learm@lggrithms (functions),
* We can see the training, testing, validation aneraV data regression oh it is bad fitting until
to get good fitting we can train the network,
* Even we can change the weights and retrain theanketw
* Again bad results but | won't leave it,
* Even we can change training parameters,

* Now export the network predicted values and otlaeameters to work space.

Now, tests will be carried out to check the quabifythe neural model predictions by
presenting new examples of inputs (5x200f41, Z2, Z3, Z4)) that are not part of the leagnin
set of the collected from literature so that itca#htes the corresponding outputs.

For this purpose, we will use the simulation fuoetdefined as follows: s = sim (Resul,Z1
Z2 73 Z4]).

s: the "V" output calculated using the network, ethis called "Result" in our case.

All the prediction results of the flashover voltalgg the ANN are given in table II1.8. These
results are compared to the ones obtained by Ebapter II.
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Input data Output data (test)
Zones of pollution Artificial Neural Network (ANN) Fuzzy Logic (FL)
Z1 z2 Z3 Z4 V_exp| V.cal | |Eror| |Emor% | E.av% | V_exp| V_cal | |Eror | | Error% | E_av%

1,823 | L4 120 60 123 123 54,200 54,818 0,613 1,131 54,200 | 56,900 2,700 4,982

1,823 | L7 150 105 229,5 229,5 47,40 47,459 0,059 0,124 07,4043,700 3,700 47,40

3,33 | L2 60 30 22 30 61,150, 61,363 0,213 0,348 61,152 56,800 4,352 7,117

3,33 | L4 120 60 123 123 52,080 53,894 1,814 3,483 52,080 8086, 4,720 9,063

3,33 | L8 150 120 265 265 44,016  44,84p 0,83 1,886 44,016 8063, 0,216 0,491
~ | 8,02 | L5 150 75 158,5 158,5| 47,712 47,060 0,652 1,36[7 47,7124,900 2,812 5,894
g 8,02 | L7 150 105 229,5 229,5| 44,00 43,781 0,219 0,498 04,0043,800 0,200 0,455
% 12,61 | L3 90 45 87,5 87,5 52,500 52,216 0,284 0,541 52,500 4085 2,900 5,524
E 12,61 | L7 150 105 229,5 229,5 41,20 41,299 0,099 0,240 01,2043,800 2,600 6,311
ﬁ 16,32 | L3 90 45 87,5 87,5 50,100 50,038 0,067 0,134 1727 50,100 7082 2,600 5,190 3911
;g 16,32 | L4 120 60 123 123 46,368 46,041 0,327 0,705 ' 46,368 8083, 2,568 5,538 ’
% 16,32 | L7 150 105 229,5 229,5 39,984 39,591 0,393 0,983 39,0833,900 6,084 15,216
3 30,5 | L2 60 30 22 30 47,712 47,711 0,001 0,007 47,712 53,200 5,488 11,502
S 30,5 | L6 150 90 194 194 39,312 39,056 0,257 0,654 39,312 8083, 4,488 11,416
©) 50,4 | L1 30 15 11 15 55,104| 56,561 1,463 2,654 55,104 54,900 0,204 0,370

50,4 | L5 150 75 158,5 158,5 38,640 38,932 0,292 0,75p 38,64@3,800 5,160 13,354

50,4 | L8 150 120 265 265 35,600  31,76P 3,838 10,781 35,6003,808 1,800 5,056

93,7 | L2 60 30 22 30 40,000 41,474 1,476 3,690 40,000 38,400 1,600 4,00

93,7 | L4 120 60 123 123 35,600 35,628 0,023 0,065 35,600 9083, 1,700 4,775

93,7 | L7 150 105 229,5 229,5 30,200 28,843 1,357 4,493 80,2034,600 4,400 14,570
V_exp : Experimental Voltage (kV) Percentage of correct predictions vs. experimeaallts | Percentage of correct predictions vs. experimeatallts
V_cal : Calculated Voltage (kV) (%) (%)
| Error| (E): Error between V_exp & V_cal (absolute valug))
E_av : Average Error (%) 08.273 91.083

L;: Level of pollution

Tab. Ill. 9. Experimental (practical) data collected and préalictesults by "ANN" and "FL".
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l11.6. Discussion of the results obtained

The prediction results obtained by the ANN for eliéint input valuess| Z1, Z2, Z3 and
Z4] are shown in table 111.9. These results will d@mpared to the practices collected in our
laboratory and those obtained by simulation.
* The prediction results obtained by the ANN under MAB for different inputs were
obtained, our predicted (calculated) result obthibg ANN depend directly on the parameters
of the network.
» According to Table 111.9, the average error is loé torder of 2% (1.727%), for the Neural
Network Method (ANN), which means that more tha®&98f the results are calculated by the
ANN method more efficient and more robust. Theseilte allowed us to judge that the ANN
system is valid, efficient and reliable to prediliculate) the flashover voltage tests of the HV
1512L insulator studied in our thesis.
» The results obtained also show that the neuralor&tivas a very great power in the study of
the flashover voltage.
» The simulations carried out for the determinatibthe number of hidden layers, number of
neurons by layer as well as the number of iteratioecessary for a satisfactory prediction, so
the number of layer chosen is 2, the number ofareuby layer is 6 with 1000 of iterations that
gives the minimal MSE error, this clearly showstttie resolution of our problem requires
more than one hidden layer, more than one neurdndaien layer and 1000 iterations.
* By comparison, improved prediction results by ANNMmpared to that of the previous
chapter (FL).
» It is clear from the results obtained that fuzzgido(FL) has great power in the study of the
prediction of the flashover voltage, the averageres of the order of 9% (8.911%) , for the

fuzzy logic method, which means that more than @f%e calculated results are correct.

The good choice of the parameters of the used/fuderence system (input and output
variables, number and type and forms of the merhigergunctions, inference rules,
defuzzification method) leads to better results.

* Regarding the use of Artificial Neural Networkse tfate of the correct predictions of the of
the carried out tests is the highest in all thehoe$ used (studied).

I11.7. Conclusion

Among the advantages of the mentioned neural nksagrthe speed and efficiency as

well as a very low error rate compared to otheficdl intelligence methods. Neural networks
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do not require the use of very complex mathematiaadels for their operation. Indeed, thanks
to their learning capacity, they are mainly basedh® data models to be processed.

This chapter describes a neural approach (ANN)Ildped for the prediction of flashover
voltage. The ANN approach, which is a supervisednieg network, has been applied using
the electro-geometric constraints Z1, Z2, Z3, Z4) of the insulator as input varedbhnd the

flashover voltage (V) as an output variable.

An ANN based algorithm has also been used for émeespurpose of chapter Il. In fact,
we have presented the use of neural networks astidinial intelligence technique to predict

the flashover voltage of the 1512L cap and pinlatsu.

Regarding the Artificial Neural Networks (ANN), thaifficulties encountered during
their implementation lie in the choice of the typethe ANN to be used, its architecture
(number of hidden layers, number of neurons byrlayel number of iterations), the learning
method and its optimization, the stopping criter{performance function) without forgetting

the choice of the database used for learning.

The implementation of ANNs in the MATLAB environmeusing the graphical interface
is mainly characterized by its simplicity in cre@tiANNS, however, learning can diverge.

The obtained results showed that the ANNs areieffian terms of high percentage of
good predictions (more than 98%) and a very shaltutation time. The used practical
(experimental) data to conduct this work are cedldespecially from the validation of the two
techniques (ANN & FL) used, are collected from bigh voltage laboratory at the university

of Biskra.

The results obtained by the multilayer perceptrearal network approach (ANN) were
compared with those obtained by fuzzy logic (FL)e Wéund that the results obtained by the
ANN approach are more efficient compared to thosmd by the FL. The most important step
in such an artificial intelligence study, in padi@r FL and ANN, is to manage to collect the
necessary databases. Unlike conventional modeletfpads, where many parameters must be

considered that influence the behavior of the phesrmn studied.

Finally, it can be said that the application of thdificial intelligence techniques
proposed in this study for the prediction of thasHover voltage of the various electro-
geometric parameters is efficient and simple. Yauehonly to choose the different parameters

of each technique.
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Chapter VI Numerical Simulation

IV.1. Introduction

The knowledge of the distribution of the electric field within and around high voltage
equipment is a crucial aspect of the design, performance and exploitation of high voltage
insulators. It could be useful for the detection of defects in insulators.[1,2]

Computer simulation has become an essential part of science and engineering, the
simulation methods give the possibility to examine the behaviour of models with very
complex geometry without using analytical methods or experiments numerical. it is a
complementary means of investigations, interesting in its flexibility and speed [3]. It is an
approach that gives researchers the possibility to analyze the behavior of several phenomena
which, because of their complexity, are beyond the scope of classical calculus [4]. For this
reason, COMSOL Multiphysics® can serve as a powerful and interactive way to solve

complex problems using the finite element method.

COMSOL Multiphysics® is a widely used tool in various fields of scientific research. It
amply facilitates the modeling steps. The Finite Element Method (FEM) is most well-situated
for calculate the electric field and potential distribution in high voltage insulator, because it is
one of the more successful numerical methods to solve electrostatic problems (using the
discretization of the domain) [5]. Hence, it is a method flexible and led to relatively simple
techniques allowing to estimate the fields at the surface of the electrode thin and highly curve
with various dielectric materials, which is well adapted to problems of complicated geometry
[6-9].

In this chapter, the model with two dimensions of finite element method (FEM)
developed by real geometrical dimension, anditis implemented to calculate the electric
field and the potential distribution of insulator. The main objective is to study the electrical
field and potential distribution of clean and dry insulator under discontinuous uniformly
polluted. Electric field and potential distribution along a cap and pin insulator (1512L) has
been calculated in COMSOL Multiphysics®. Level of pollution layer has been fixed (L1:
Level of discontinuous pollution) and with various conductivities to investigate effect of

pollution on electric field and potential distribution.

The objective of this work is predicting the behavior of polluted insulator under AC
voltage. For thus, the distribution of the potential and the electric field along high voltage
insulator is investigated using a numerical method. The commercial Comsol Multiphysics
proved to be one of the best software used in 2D modeling. The potential and the electric field

distributions along this insulator are simulated under various conditions: the two cases: clean
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and polluted insulators and applying different conductivity values. We used electrostatic 2D

simulations in the AC/DC module. The results are auspicious and promising.
IV.2. Modeling on the comsol software

Numerical simulations essentially consist of integrating differential equations,
minimizing the impact of numerical defects on the simulated physical situation. COMSOL
Multiphysics® is a powerful interactive environment for modeling and solving all kinds of
scientific and engineering problems based on partial differential equations (PDEs).
[5,8-9]

COMSOL Multiphysics® software is above all a tool for solving finite element partial
differential equations. It now has its own graphical environment allowing both the drawing of
geometries and the display of results in post-processing. Its specificity is also to allow the
coupling of different EDPs, so as to describe multiphysical phenomena. It has been chosen for
the following reasons:

e Specializes in solving electromagnetic problems,

e Possible to take into account the presence of several dielectrics,

e Possible to model a thin conductive surface (layer of pollution),

e Work in static or quasi-static mode (50 Hz)

e Finally, it allows a quick modeling of the problem. This software uses the F.E.M.

In our case the modeling and simulation of the insulator can be shown in figure IV.1

Preprocessor
e Preparation of the geometry in

Software D
FEMM
Comsol solver
multiphysics o Physwgl model, ‘
e Properties of materials,
Software e Boundary conditions,
comsol e Generation of meshes.

Post-processor
e Analyze and visualize

Fig. IV.1. Basic structure of the software Comsol

Multiphysics
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The basic structure can be summarized in five successive steps:

e The first step is to define the entire model geometry the isolator through a graphical design
interface,

e The second step concerns the definition of the electrical properties of the materials present.
This involves defining the relative permittivities and the conductivities of each domain. In
addition, it is necessary to choose the type of analysis, that is to say either static or quasi-
static,

¢ In the third stage, we define the boundary conditions which are translated by the potential
imposed on each electrode and determine the boundaries of the electrical insulation, (the
boundaries where the electric field can be considered as zero),

e The fourth step is to solve the problem by applying the numerical method,

e The last step consists in displaying the results obtained, among which the equipotential, the

norm of the electric field and its normal and tangential components, etc.

1V.3. Method of the simulation

Cap and pin insulators have four major components. It constituted of an insulating block
carrying to its upper part a cap sealed out of malleable pig iron and inside a steel stem, with
grooves and whose conical head is also sealed in glass. The lower end of this stem is round
and has dimensions wanted to penetrate in the cap of the following element and to be
maintained by a pin there.

The symmetry of the insulator has been exploited when creating the Finite Element
Model in two dimensional (2D). The insulator, which is simulated, is shown in figure. IV.2.

In this part, an insulator made of the glass material is considered for the simulation
dimensions of the 220 kV insulation. Figure IV.2 and table IV.1 shown the real insulator used
for the simulation study. So, the FEM model of the real insulator used in this work has been
shown in figure IV.3. We examine the electric field and potential distribution of glass
insulator in two different surface conditions. The first, clean model and the second, under
discontinuous pollution for different conductivities. The properties of the materials of the
various domains of the insulator (cap, pin, glass..etc.) are shown in table IV.2. The level of

discontinuous pollution (L1) has been kept constant in our chapter.
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! Cap of insulator

Distance of

- leakage current

Pin of insulator

Fig. IV.2. Parameters of cap and pin insulator 1512L.

Tab. I'V.1. Geometrical parameter of cap and pin 1512L insulator.

Parameters Size (mm)
Distance of leakage current 292
Cap of insulator 244
Pin of insulator 125

Portland

(a) | " Level of discontinuous (b)
Pollution (Artificial pollution)(L1)

Fig. IV.3. FEM model in the software of 220kV insulator

(a) Clean model, (b) Discontinuous uniformly polluted model.
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Tab. IV.2. Material properties of FEM model of cap and pin 1512L insulator.

Cap Portland
Artificial
Properties & | Glass & Air T 1c.1a
. pollution
pin Cement
Relative permittivity (s ) | 10° | 6 5 1.0005 80
Conductivities (us/cm) | 10° | 1. le' le' | 0,70,700,1200,3000

IV.4. Mathematical Model

Electrostatic problems consider the behavior of electric field intensity: £, and electric
flux density (alternatively electric displacement): D . There are two conditions that these
quantities must obey. The first condition is the differential form of Gauss Law, which says
that the flux out of any closed volume is equal to the charge contained within the volume
[10-11]. The basic equations used to calculate the potential (electric field) are Maxwell's
equations:

For the electrostatic model, the following equations are used:

divD=p (IV.1)
D=¢E (IV.2)
E=—gradV (Iv.3)
The combination of these three equations gives:

dive(-grad V)= p (Iv.4)
dive grad V=—p (Iv.5)

This expression (IV.4, IV.5) is called the Poisson equation.

So the Laplace’s equation can be obtained by making space charge p=0.
In our case, in high-voltage equipment, space charges are not present or negligible (p =0)

and therefore the equation to be solved for the dielectric media is [11-13]:

Hence the preceding equation becomes (IV.4):

dive(—gradV)=0 (Iv.6)
The program solves (IV.6) for voltage (potential) distribution V' over a user-defined domain

with user-defined sources and boundary conditions.

For conductive media in stationary mode, it comes, sincediv j=0 et j=0F :

div (o(—gradV))=0 (Iv.7)

The equation of the place in Cartesian coordinates is:
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o’V o oV
YN
o°’x 0y 0z
The calculation software determines the electrical potential to obtain the field distribution by solving

div grad V = (IV.8)

the following partial differential equation for two dimensions [14].

—divegradV—-divogradV =0 (Iv.9)
For resolution steps in Comsol Multiphysics can be summarized in the following four

successive steps:

e The first step is to define the two-dimensional (2D) geometry of the 1512L insulator in the
Comsol (software).

e The second step concerns the definition of the electrical properties of the materials present.
It consists of defining the relative permittivities & and the conductivities o for each part of
the insulator. Also, it is necessary to define the boundary conditions which translate into the
potential imposed on each electrode (Dirichlet conditions).

e The third step is devoted to solving the problem by applying the numerical method and by

the construction of the system of equations (—divggTadV—divo-grjiV:O), and this by
introducing the factors of each part of the equation.

e The final step is to solve the problem and display the simulation results as the potential
distribution and electric field.

The simulation algorithm flowchart computer for COMSOL has shown in figure 1V 4.

The first thing to do once the program is
open is to draw the geometry of our
system (1512L insulator).

v

Introduction of domain properties
(¢p, 0 ...etC).

A4

Discretization in finite elements and
determination of mush elements.

A 4
Identify the system (governing) equation

—divegradV—divogradV =0

v

Solving the problem.

Fig. IV 4. Resolution Steps in COMSOL
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IV.5. Results and Discussion

Electric field distribution and voltage distribution mainly depends on applied voltage,
properties of materials used in insulator and surrounding or environmental condition.
Pollution effect plays an important role in determining the potential distribution and the
electric field along the insulator. To demostrate this effect, several values of the conductivities
of the pollution layer were used. The clean case has been also introduced for reference; we
suppose that the Finite Elements Method has been best suited to the constraints imposed by
the problem. Also, this method has been successfully applied in calculating the electrical field
and potential distribution around the insulators. We introduced presented our model with all
its specifications in table IV.2 to this software. Due to the complexity of our real model, we
have drawn the model in the FEMM software; then we call the model in the software comsol,
we followed all the steps as shown by figure IV.4. We fixed the applied voltage of the active
electrode with 30 kV.

Numerical results for different meshing presented by figure IV.5. In fact, the type of the
mesh has been changed based on the elements number. For thus, two meshes have been tested.
The first case corresponds to a coarse mesh composed of 15668 elements (see figure IV.5(a)).
The second case corresponds to 62672 elements after refining (see figure IV.5(b)). The
corresponding time calculation and the number of nodes and all characteristics of meshing are

presented in table IV.3.

7

(a) 15668 elements (b) 62672 elements
Fig I'V.5. Discretization in finite elements and determination of

mush elements of the insulator 1512L.Multiphysics.
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Tab. I'V.3. Characteristic of the meshing.

. Number | Number of .
Triangular Time
of boundary .
elements calculation (s)
nodes elements
Number of elements 15668 15668 7860 912 3.025
Number of elements 62672 62672 31387 1824 7.285
after the first refining

IV.5.1. Electric potential distribution

This first part is devoted to the study of the distribution of the electrical potential on the
insulator 1512L.

1V.5.1.1. Influence of the conductivities

We were interested in determining the potential distribution on the 1512L. We have
introduced in the software, values of the conductivities ¢ =0, 70, 1200, 3000 pS/cm.
The applied voltage of the line has been fixed to 30 kV. It helps to simulate the behavior of
the insulators of high voltage (220 kV).

Figure IV.6 to figure IV.8 shows, the potential distribution of the insulator, electrical
potential distribution for different conductivities and the variation of the potential along the
distance of leakage current for different conductivities respectively.

The maximum voltage is achieved at the insulator pin of the line end unit whereas the
minimum voltage is achieved at the insulator cap.

The potential is very important to the high voltage electrode and then decreases as one
move away from the ground electrode. In the case of the clean and polluted model, 30kV is
the maximum value of the voltage, shown around the active electrode, and then decreases as it
moves away from this electrode to the grounding electrode where the potential is canceled.
For a ¢ =0, 70, 1200, 3000 uS/cm the curves of the potential are confused. In the clean state,
the curves of the potential are closer to that of ¢ =0, 70, 1200, 3000 uS/cm.

We note that the variation of the conductivity of the polluted layer a slight difference
can be observed between the results when the insulator is cleaned and when its polluted. The
distribution of the voltage along the insulator is not uniform, the part of the insulator nearer
the conductor being more highly stressed. Also, the insulator is higher stressed under
pollution conditions.

It concluded that the voltage distribution is non-linear and non-uniform along the

surface of insulator because of stray capacitance.

R
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Fig. IV.6. Potential distribution and equipotential lines (clean model).

Clean band 70 uS/cm

1200 uS/em " 3000 pS/em

700 uSlem

Fig. IV.7. Electrical potential distribution for different conductivities.
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Fig. I'V.8. Electric potential-leakage distance for different conductivities.

IV.5.1.2. Influence of the applied voltage of the line

Figure IV.9 presents the distribution of potential depending on the leakage distance for
different applied voltage. Shows that in function of the applied voltage of the line, only the
values of applied voltage change, the shape is the same. The cap and the pin being the
metallic parts. The voltage to their levels remains constant; they are the parts equipotential
(active electrode (HV) and ground electrode). The variation of the potential depending on the
leakage distance for different applied voltage.
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30kV 50kV

60kV
Fig. IV.9. Electrical potential distribution for different applied voltage of the line.

Given in figure IV.10 four levels of applied voltage were considered. We in function of
the applied voltage of the line, the potential are distributed equitably along the leakage
distance. The three curves are passing equally by three regions where the potential remains

constant. It has to do with the metallic parts of the insulator.
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a sc10?
—— 30kV
—— 40kV
—— 50kV
—— 60kV

Electric potential (V)

1] 5 10 15 20 25 30 35
Leakage distance (cm)

Fig. I'V.10. Electric potential-leakage distance for different applied voltage of the line.

IV.5.2. Electric field distribution

For the outdoor high voltage transmission line applications, the insulator strings are
exposed not only to the atmosphere but also to the different type of pollutant conditions.
Electric field stress at any point along the insulator surface is considered to be responsible for
corona and dry band arcing under certain conditions. Non-uniform electric field distribution
along the insulator surface can affects their flashover characteristics and can damage the

insulator in long term due to corona discharges. [2]

Investigations of the electric field have been studied by many researchers
[1-2, 7-10, 10-12, 16-20, 22-23]. In the case of the clean model, (figure IV.11).
We concluded the following:

Within the two electrodes (active and ground electrodes), the electric field is
practically zero, because the two electrodes are conductive, the vectors of the electrical fields
emerge from the activated electrode to ground electrode. The vectors shown in figure V.11
are a tangent, we see that the electric field is more significant with the internal dimensions of
the electrodes.

The electric fields vectors emerge from the activated electrode to ground electrode.
The vectors (tangent) shown in figure IV.11 are stronger at the junction of insulator pin-
cement- verre. The electric field vectors are scattered throughout the specified region. We see
that the electric field is more significant with the internal dimensions of the electrodes.

We noted that the electric field intensity is higher at those points which are closer to

energized end (insulator pin) than those points which are closer to the grounded end (insulator
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cap). Also it is observed that, the magnitude of electric field has higher values at the junction

of (air-cap-glass).

Fig. IV.11. Electrical (electric) field distribution for a clean model.
IV.5.2.1. Influence of the conductivities

For a constant voltage of 30kV, figure IV.12 presents the variations of the intensity of
electric field along of the leakage distance of the insulator. The intensity electric field is very
high notably when the model is polluted, in the cap of insulator (ground).

Electric field investigated in literature that corona and dry band arcing are closely
related with the ageing, degradation of insulator surface [24]. Electric field distribution along
a 1512L insulator has been investigated under contamination conditions to evaluate the effect
of pollution on electric field stress along the insulator surface and the possibility of corona

and dry band arcing initiation.

] |—— clean model
1 |— ops/cm

70 pS/cm

H —— 700 pS/cm
1200 pS/cm
3000 pS/cm
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3000 pS/cm
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Fig. IV.12. Electric field-leakage distance for different conductivities.
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In the clean layers on the surface of the insulator, the electric field is more intense,
which explains experimentally, the appearance of the electric arcs at the levels of the clean
layers before the flashover of the insulator. Indeed, the electric arcs were observed in
experimental studies by many researchers [16,22,25-29]. The electric fields lines diverge from
the active electrode (oriented from the HV electrode to the ends of the insulator and converge
towards the ground electrode) and the system becomes less rigid and the conductivity of the
surface of the insulator increases. In the near of the active electrode, the electric field is
intense and decreases as it moves away from the active electrode and closer to the ground
electrode. Also, the electric field vectors diverge (from the HV (active) electrode to the
ground electrode). In the near area of the active electrode, the electric field is important, and
zero in the clean zones (figure IV.12 (a)). figure IV.12 (b) on the logarithmic scale shows that
in the dielectric material, the electric fields is never canceled, but takes values close to zero,
(The field does not disappear in the insulator but gives a very low value).

Otherwise, figure.IV.13 shows that the increase in the conductivity of the layer of
pollution generates an increase in the current density and consequently the electric field. The
influence of the pollution severity on the distribution of the electric field has been presented in
[30], and it has been shown that the intensity of the electric field increases with the increase of

the conductivities of the pollution.

000

Clean model 0 pS/cm 70 uS/cm

000

700 puS/cm 1200 puS/cm 3000 pS/cm

Fig. IV.13. Electric field distribution for different conductivities.

e ————
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IV.5.2.2. Influence of the applied voltage of the line

For a clean model, we present in the figure 1V.14 electric field along the leakage

distance for different applied voltage, (a) simple scale & (b) logarithmic scale.
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Fig. IV.14. Electric field-leakage distance for different applied voltage.
(a) Simple scale (b) Logarithmic scale.

The increase of the applied voltage of the line increases the intensity of the electric field
(Figure 1V.14 (a)). Also, the insulator becomes less rigid, which explains exactly in the
experiment that the increase in the applied voltage causes the flashover of the insulator.

We also note that electric field gets maximal values at the extremities of the insulator
(cap and pin of the insulator). Obviously, as shown, that the electric field never vanishes in
the dielectric materials (glass), but gives a very small value (figure IV.14 (b)). Figure IV.15
presents the electric field distribution for different applied voltage of the line, the increase of

the applied voltage leads to the increase of the intensity of the electric field.
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50kV

Fig. IV.15. Electric field distribution for different applied voltage.

1V.5.3. Influence of the rib width of the insulator

In this part we have been able to find, if possible, the model with the same leakage
distance, the same surface and practically the same shape (form) as the real model, but with a
better distribution of the field. This leads us to assume that the real model can be improved.
Always our system studied has been mentioned previously in figure .IV.2 having the
characteristics presented in table IV.1.

Our work is to change the geometry of the real insulator (1512L) by changing the length
of leakage distance and keeping the same radius (R). The results of the field thus obtained will
be compared with those obtained by the real model. In order to see the influence of the width
of the ribs (x;234) of the cap and pin insulator, to determine the distribution of the electric

field on this insulator model, which is mentioned in figure IV.16.
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Glass surface
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Fig. IV.16. Dimensioning of the ribs of the insulator 1512L.
(a)Real Model, (b) Model 02, (c) Model 01.

e Real Model (a) keeping our real dimensions of the cap and pin insulator 15121, with a
surface of 47.949c¢m’.

e Model 02 (b) by decreasing the width of the ribs by 0.5 of its real width, but keeping the
same radius (R) as the real model, with a surface of 42.7028 cm®.

e Model 01 (c) by increasing the width of the ribs by 1.5 of its actual width, but keeping the
same radius (R) as the real model, with a surface of 53.873 cm?.

e Changes in the real model, are made in a hazardous way in (figure IV.16 a, b, c), table

V4.
Tab. I'V.4. Sizing of proposed HV insulator.

Model study Dimension Radius Glass surface
(cm2)
Real model xX’’=x =[ X1, X2, X3, X4] (fig.IV.15.-a-) R 47.949
Model 02 | x’=0.5*x=0.5* [ Xy, X2, X3, X4] (fig.IV.15.-b-) R 42.7028
Model 01 x’=1.5*x=1.5*[ x4, Xp, X3, X4] (fig.IV.15.-c-) R 53.873

Figure IV.17 ((a) simple scale, (b) logarithmic scale),

shows respectively the

distribution of the normal tangential component of the electric field on the insulator on the
leakage distance for the three cases studied (real model, model 01, model 02), for the models

indicated in table IV. 4. We apply a voltage of 30 kV in the case of the insulator.
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Fig. IV.17. Electric field-leakage distance for three studied cases (real

model, model 01, model 02). (a) Simple scale, (b) Logarithmic scale.

The results cited above demonstrate the importance and influence of the geometric
shape of the insulator on its dielectric behavior.

We notice that the electric field fluctuates between the cap and the pin of the insulator,
it presents several local maximums. These local fluctuations and local maximums explain the

appearance of localized arcs on the surface of the insulator.

We also note that the distribution of the field on the leakage distance follows the same
variations of the real model with a spatial shift due to the difference of the leakage distance
lengths. In general, the shape of the field distribution is similar for all models studied. Since
the changes made are done in a hazardous manner, the chance of achieving a good result is

very small.
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From the results that we have come up the real model is the model optimize, the value
of the electric field to the cap of the real insulator is optimal with compared the other two

models.

IV.5.4. Performance of a destroyed insulator

The insulator during its service is under several constraints: mechanical, electrical and
environmental.
These constraints can affect the performance in several ways such that the destruction of the
ribs due to mechanical force acts on the insulator.
For this we change the geometry of the insulator 1512L so as to reduce the line of leakage
distance of the insulator and keeping the same radius (R).
The changes made to the real model are shown in figure IV.18. Two cases studied:
e One for a broken of the four ribs of the insulator,

e The other for broken only two ribs in the middle.

m-m) ' |
. Xl. - . . X2

X2 X3 X4 X3

(b) (©)

Fig. IV.18. Insulator destroyed for two cases
(a) Real model
(b) Broken ribs X234
(c) Partially broken (the two internal ribs x; 3)

Figure IV.19 ((a) Simple scale (b) Logarithmic scale), represents respectively the
distribution of the normal tangential component of the electric field on the line of leakage
distance of the insulator for the three cases studied (real model, broken ribs, partial broken
ribs), you can see that the distribution of the electric field on the leakage distance takes the

same form of a real model, with a spatial shift due to the decrease of the leakage distance.
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So we can say that this figure IV.18 confirms that the decrease of the leakage distance with
maintaining the constant radius, leads to a change in the geometric shape of the insulator lead
the increase of the electric field, which could reduce the flashover voltage.
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Fig. IV.19. Electric field-leakage distance for three studied cases (real model,

broken ribs, partial broken ribs). (a) Simple scale, (b) Logarithmic scale.

IV.6. Conclusion

In this work, we have studied the electric field and electric potential distribution
artificially polluted of cap and pin insulator (1512L) largely used by Algerian Society for
Electricity and Gas (SONELGAZ). It has been analyzed using COMSOL multiphysics based
on the finite element method (FEM), for different electro-geometric parameters such as the

influence of conductivity and applied voltage of the line under AC voltage.
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The surface state which affects the distribution of the potential and the electric field.
Indeed, the potential distribution is practically equitable since all the elements of the insulator
will receive a very close potential difference. Moreover, the parts near the active electrode are
most exposed to the electric constraints, namely, the potential difference and the electric field.
The metal parts of the insulator, in this case, the cap and the pin, are equipotential and the
value of the potential is always fixed. We also noted that potential and the electric field
increases with the applied voltage. However, the form (shape) of the electric field and
potential remain the same. In other words, the difference is in the magnitudes and not in the
form. We have noted that the potential and the electric field increase with the increase in
applied voltage.

The maximum value of the electric field is obtained when the insulator is polluted
(3000 puS/cm). On the other hand, the effect of the surface state and the conductivity of the
pollution is very negligible on the potential distribution. The performance study of a real
insulator has the advantage of taking into account all the complexity of the real model for a
good analysis of the physical phenomena.

The modification of the geometric shape of the insulator generates an increase in the
electric field, then a reduction of the flashover voltage.

Finally, in this chapter, it has been shown how Comsol Multiphysics have been used to
calculate the electric field, and potential distribution for electrostatics problems have been

achieved.
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General Conclusion

The presence of a pollution layer on the surface of an insulator completely changes the
behavior of the high voltage insulator. This study allowed us, first of all, to acquire knowledge
about the phenomena of conduction and electric discharge on contaminated insulating surfaces,

and to contribute, afterwards, to the study of the behavior of polluted insulators.

As part of this thesis, we studied the flashover phenomenon of polluted insulators of high
voltage. In particular, Our research work is a contribution to the study of the behavior of an
insulator 1512L of HV in the conditions of pollution under electro-geometric stress when an AC

voltage is applied to it.

In a first place, we made a comparative experimental study between the real model and our
proposed model based on the experimental tests. However our model facilitates the observations
and the measurements necessary for a good (functional) analysis of the physical phenomena of

flashover.

The original idea in this part that the sophisticated (complex) form of the insulator has
been replaced by a developed model also called circular model. The advantage of the latter is
that it gives the opportunity to see and better understand the phenomenon of flashover retaining
the same characteristics of the real model, especially the distance of leakage current.

The following results have been reported:

- During the development of the arc, the leakage current increases.

- The flashover of polluted insulators is initiated with lower leakage current.

- The value of the minimum flashover voltage is obtained for higher conductivity and pollution
level (L8 and & = 93.7 mS/cm).

- The flashover of polluted insulators depends on the conductivity as well as the level of
pollution that is applied to the surface of the insulators.

- The leakage current increases with the applied voltage, the conductivity and the level of
pollution.

- The insulator has a capacitive character in the proper case, this is explained by the domination
of clean areas compared to polluted ones and takes the resistive case in the polluted case where
the insulator becomes less rigid.

- Pollution on the surface of insulators creates a non-uniform distribution of voltage along the

length of the leakage distance.
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The prediction of flashover voltage using two artificial intelligence methods "LF" also
referred to as fuzzy inference system "FIS" based on human expertise, and the "ANN" neuron

network.

The results obtained by the ANN method are more efficient compared to those found by
the fuzzy logic "FL". This is justified by the coefficient of determination (error%) making it
possible to evaluate the performance of the artificial intelligence method between the estimated
values (calculated) and the experimental values of the flashover voltage. The percentage of

correct predictions relative to the experimental results obtained by the fuzzy logic is 91.083%.

The coefficient of determination R obtained by the ANN approach is 99.271% of the
calculated "V" values are the same as the desired data reserved for the test, it is very acceptable
and superior to that found by FL. It should be noted that the maximum value of R is 1. The
percentage of correct predictions compared to the experimental results obtained by the neuron
network is 98.273%. Although ANNs demonstrate good efficiency and attractive performance
in some areas, an appropriate definition of their parameters, in advance, remains a crucial task to

ensure their smooth operation.

The original idea in this is the involvement of artificial intelligence " FL & ANN " to
predict the flashover voltage of an insulator of HV. The results from the validation show that the
ANN method is more efficient in predicting the flashover voltage than the fuzzy method "FL",
these results also show the importance and interest of ANN neuron network in the improved

performance of the estimate (calculate).

The validation of two proposed ANN & FL methods has been justified by the evaluation
indices. The average error (E_av (%)), the absolute error | Error| and in percentage (Error%),
the coefficient of determination ( R) thus the rate of correct predictions compared to the

experimental results in (%).

We can also say that apart from its originality, its potential and universality of
application, the ANN and FL approach could be considered as a step further in the field of
research of the phenomenon of flashover of polluted insulators, particularly the prediction of the
flashover voltage. About the use of artificial neural networks, the rate of correct predictions of

the tests carried out is the highest in all the methods used (studied).

The difficulty we have encountered in the use of artificial intelligence techniques (ANN
and LF) lies in the choice of their parameters. Let's start with the fuzzy logic, the difficulties

concerns, the fuzzification of the input variables and the output (a form of the membership
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function, number of fuzzy sets associated for each variable) and the creation of the fuzzy rules
that connect the inputs to the output. We can say here that there are no rules for choosing fuzzy

inference system parameters.

The implementation of the fuzzy inference system "SIF" in the MATLAB environment
using the graphical interface "SIF" is characterized by its simplicity. The choice of the various
system parameters is the most crucial phase of the application of the fuzzy logic, then implement

it according to the different necessary steps.

Finally and with the aim of studying the performances of a real insulator of HV by the
finite element method "FEM" with the advantage of taking into account all the complexity of the
model for functional (good) analysis of the physical phenomena based on the Comsol

Multiphysics environment.

As primary results, we can say that the conductivity of the polluting layer has practically
no effect (no observed) on the distributions of the potential and the electric field. On the other

hand, it is the surface state of the insulator which influences the distribution of the electric field.

The maximum field is reached at the pin whatever they are of the dimensions of the

insulator, so the field remains relatively high at the cap.

The electric field increases with the applied voltage. However, the shape (form) of the field
and the electrical potential remain the same. In other words, the difference is in the values and

not in the form.

To get better performance of the insulator, keeping us the same rayan of the real insulator
but we play on the dimensioning of the ribs randomly leads to a change in the geometric shape
(form) of the insulator and increases the electric field, which could lead to a reduction in the

flashover voltage.

The modification of the geometrical shape of the insulator generates an increase of the

electric field, then a reduction of the flashover voltage.

The followed approach and results presented in this work open to multiple perspectives as
an experimental point of view than a view of modeling and numerical simulation of physical
phenomena occurring on insulators for transmission lines and distribution of electrical energy in
humid conditions (rain, dew ...) withan aim of optimization of the real model by using

ANSYS in the response surface window.

e ——————————————
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1512L insulator in ANSYS.

We hope to humbly contribute, by this thesis, to see the behavior of insulators exposed to

pollution under AC voltage.
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