RADIOMETRIC PARTIAL DISCHARGE CHARACTERISATION

Carlos Ramirez Pacheco

Submitted for the degree of Doctor of Philosophy in the Department of Electric and
Electronic Engineening at Strathclyde Umversity, Glasgow

2007




COPYRIGHT

Attention 1s draw to the fact that copyright of this thesis with this author.

This copy of the thesis has been supplied on condition that anyone who consults it is
understood to recognize that this copyright rests with its author and that no quotation
from the thesis and no information derived from it may be published without the prior

written consent of the author.

STATEMENT OF RESTRICTION

This thesis may be available for the consultation within the university library and may

be photocopied or lent to other librarnes for the purpose of consultation.

© Carlos Ramirez Pacheco 2006

DECLARATION OF RIGHTS

The copyright of this thesis belongs to the author under the terms of the United Kingdom
Copynight Acts as qualified by University of Strathclyde Regulation 3.51. Due

acknowledgement must always be made of the use of any material contained in, or

derived from, this thesis.



Acknowledgements

The Author wishes to thank the follow individuals and institutions:

CONACYT (Consejo Nacional de Ciencia y Tecnologia) for financial support that
allowed me to study for this Doctoral Thesis.

CFE (Comision Federal de Electricidad), especially to the UIE (Umidad de Ingeniena
Especializada), the Subdireccion Tecnica and the members of the SUTERM (Sindicato
Unico de Trabajadores Electricistas de la Republica Mexicana) for all the support for the

completion of this thesis.

IPN (Instituto Politecnico Nacional) for all the kind support that allowed me to complete
this thesis.

To my supervisor Professor Phil J. Moore for his useful adwvice, support and

encouragement.

To the group members of Professor Phil Moore, Iliana, Li, Sa, Sven and Myself (©)
who have made my stay all this time smooth and happy.

Special thanks are given to Prof. Gilberto Enriquez Haper and Ing, Moises Moreno
Ramirez for their support and help.

And finally thanks to my wonderful family (Carmelita, Bonny, Paty, Vero, Mary

and Nico) this is the result of your love and care, thanks a lot.

To all my friends (you know who you are!).

Thanks to Ged for all your blessings.



Summary

The process of generation, transmission and distribution of electric energy appears to be
very simple. However, the continuous flow of power through electric networks is
affected by several factors, normally of two kinds: failures caused by agemg of
Insulating materials and failures caused by defective equipment or design. The energy
supplied to small and big consumers can be interrupted for long penods causing
disastrous economic losses. The origin of most failures normally is found in electrical
insulation, which is an essential component in all electrical systems especially in power
equipment such as transformers and circuit breakers, the cost of which is very high.
Betfore the insulation fails, there are manifestations of this condition, called partial

discharges (PD) and because of this, PD have been subject of an extensive study and

investigation.

PD 1dentification relies on the intrinsic characteristics of the generated discharge. This
thesis shows the behaviour of radiated discharge through the analysis of the
characteristic frequency spectra and pulse distnibution to create pattern classification 1n
the laboratory. This research is based on a novel technique that uses wide band, high
resolution equipment, composed of an antenna array, that receives the radiated
discharge, and a high resolution oscilloscope that accurately measures and samples the
propagated signal. The second part of the laboratory setup comprnses the
characterization of partial discharges using a high voltage transformer and measurement
devices that accurately apply a range of voltages to specimens containing insulation

defects. The advantages of having accurate PD sources are evident: availability, free of

ambiance noise, accurate AC reference and PD location. Results show that patten

recognition to identify PD’s using a non invasive system and point on wave information

is possible and reliable.
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CHAPTER 1.

INTRODUCTION

This introduction outlines the importance of the identification and prevention of
partial discharges using a non invasive system and the state of the art of the existing
methods. All the relevant objectives in this project are established 1n order to give to

the reader a clear idea of the structure of this thesis.
1.1. Importance of non invasive survey and identification of PD’s.

Electrical utilities rely on the efficiency and reliance of power equipment working at
different voltage levels as most power systems have three operational areas clearly
identifiable: generation, transmission and distribution [1.1]. Every one of the latter
areas must operate continuously within the standardized energy quality parameters to
deliver power to large and small consumers. Often power equipment suffers
important disruptions that lead to long lasting blackouts in service. Power systems
operators avoid these disruptions using protection relays to protect against system
faults that involve high currents, surge arresters for short duration transients such as
lightning, and preinsertion resistors in circuit breakers for long lasting transients such
as switching of transmission lines [1.2]. In spite of its efliciency power system

protection is not exempt from malfunctions, thus the best method to avoid equipment

failures in power systems is through proper maintenance and prevention.

A high percentage of disruptions involve insulation failure: the cause of this is a

combination of external and internal factors occurring in power equipment, but 1t 1s



well know that the prime factors affecting insulation are ageing, atmospheric
conditions, manufacturing defects, pollution, mechanical and electrical stress [1.3].
The manifestations of defective insulation range from corona to partial discharges

and complete breakdown. Partial discharges can be difficult to detect through single
observation, since insulation can be often found inside transformers, circuit breakers,
generators, motors and instrument transformers. Hence, in general, it is difficult to

apply prevention methods to detect partial discharges, even for external insulation.

Fortunately there are several methods to detect and prevent partial discharges. Those
methods approach the inherent properties of PD’s [1.4]. Tt can be said that there are
two methods to detect PD’s: invasive or direct methods, and non invasive or indirect
methods, the advantages of the second method to detect and identify PD’s is that it
implies the complete isolation of the measurement and diagnostic system from the
power equipment, thus avoiding any interruption in the service. Any PD diagnostic
system must be reliable and effective to justify its application. If the power
equipment 1s not properly diagnosed, it can lead to an unnecessary interruption of
service or, 1n the worst case, the unnecessary replacement. The test must not give a
false diagnosis of equipment deterioration since this can erode the credibility of the
PD detection system which due to a single important failure it must be discarded
from the PD test program [1.5]. Thus the successfully implementation of any PD
monitoring system depends on the correct 1dentification of the PD characteristics and
parameters, the latter requirement can only be achieved if extensive research in the
laboratory and field is made. Little is know about the intrinsic characternistics of the
radiated discharges when a non invasive method using antennas is employed. This
method is affected by several factors such as the propagating media, the size and
configuration of structures acting as antennas, and the acquisition system. Although
several research works have been made concerning the behavior of radiated
discharges using antennas [1.6], it has been focused mainly on the location and
discrimination of the discharge from the background noise using filtenng techniques

[1.7]. Hence the development of a laboratory setup for the characterization and

identification of partial discharges using the properties of the radiated

electromagnetic wave is sought.




1.2. Research objectives.

The prime objective in this research work is to develop a method to identity difterent
types of partial discharge and its inherent characteristics using an expenimental setup

in laboratory. This research can be divided in two parts:

e Investigation of the inherent characteristics of radiated electromagnetic waves

e To develop a method to differentiate between different kinds of partial

discharges (pattern classification)

1.3. Thesis structure.

The thesis structure has been designed to present the research project at different
levels, from its conceptual requirements to its practical application in a transparent
and simple manner. The thesis document can be divided into two parts that show

information in different levels:

1. The main body of the thesis: this is divided in 9 chapters that give an overview
of the research without unnecessary detail. The following is a description

chapter by chapter:

e Chapter 2 will give to the reader a general overview of the partial discharges
theory, starting with a background in electnical insulation which
understanding is essential for a suitable understanding of the PD mechanism.
A basic explanation of the causes that trigger partial discharges and a general
description of the main kinds of partial discharges is provided. After the PD
description, the different kinds of partial discharge detection methods are
described, following by the mathematical representation of a cavity discharge

using an equivalent electric circuit. Chapter 2 ends with the explanation of
PD’s 1n SF(;.



e Chapter 3 1s a summary of the importance and background of partial
discharge 1dentification; the chapter starts with the history of the monitoring
and identification of PD’s and a summary of the off-line and on-line PD

detection systems. This chapter also surveys the modem PD detection and
location systems and gives general considerations for its design.
Radiofrequency transients in power systems are explained and evaluated in
this chapter, the concept of sferic and its identification is provided. This

chapter ends with a general overview of pattern classification of partial

discharges.

e In chapter 4 a detailed explanation of the making of the laboratory test set
system used 1n this research is provided: the description starts with the test set
simulation and a description of its components; the software used for the
analysis of the obtained results is described. All the system tests and
verification i1s described step by step. Finally a general overview of the test

set 1S given.

e Chapter 5 1s a description of the tests carried out in order to asses the several
factors that affect the conducted and radiated discharge in laboratory, for
these tests, discharges in air and o1l were generated in the developed test set
and 1ts charactenistics in frequency and time were analyzed. A novel method

to compensate the effect of surrounded objects and structures is included.

e Chapter 6 is a description of the tests carried out in laboratory using samples
that represent several defects in insulation. The different samples using for
the generation of PD’s are described and the results are explained, the results
of the tests conducted using the samples are explained in the context of the
frequency domain analysis (FFT) and the time domain analysis (point in

wave information), at the end of this chapter a comparison between different

samples is analyzed.



e Chapter 7 is an analysis of the application of discrimination methods to the
generated partial discharges using the obtained results; this chapter starts with
the justification of the use of discrimination techniques to the conducted and
radiated discharges, afterwards, the use of statistical operators as a reliable
method for PD discnimination and classification is explained, and ends with

the use of the principal component analysis (PCA).

e Chapter 8 provides the conclusion of the research and results conducted in the

HYV laboratory, the conclusions are divided for every result obtained.

e Finally chapter 9 gives the suggestions for future research concerning the
results obtained so far, that were not covered by this investigation, but that

could be developed for future applications.

2. Appendices: they give detailed information about the employed methods and

results.
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CHAPTER 2.

PARTIAL DISCHARGES: STATE OF THE ART

This chapter provides an overview of PD basics and common diagnostic techniques
to detect PD in power equipment and installations, and the introduction of new
technologies as a consequence of a reliable delivery of continuous power tlow to
consumption centers. The description of the advantages and disadvantages of partial

discharge monitoring and its characteristics is worked out and applied to the present

research.

2.1. Electrical insulation

Modem power systems comprise of several components that perform a specific task
in carrying power from generation plants to consumer centers. One of the tasks is to
isolate the low, medium and high voltage from ground potential. In order to perform

this task efficiently, insulators are used, which are made of different matenals, the

most common materials can be classified into five main groups [2.1]:

e Solids
e Liquids
e (jases

¢ Vacuum

e Composites



Further combinations of these maternials can be found, but they are the basis for

insulation 1n power equipment.

Depending on the application, the insulation of power equipment can be exposed to
meteorological conditions (extemal 1nsulation) 1.e. to sun and uv light, rain, pollution
etc, or it can be confined to internal parts of the devices (intemal insulation). In both
cases insulation 1s always exposed to high or low voltage and mechanical stress. It is
very common to find combinations of these three groups in electrical devices such as
transformers or circuit breakers. These combinations form insulating interfaces that
can be critical for the design of power equipment as we will see in detail in the
follow sections. External or internal insulation 1s affected in different ways, it can be
noticed that external insulation 1s the most affected, since it 1s exposed to
atmospheric air, but it can be diagnosed and replaced easily. The behavior and
conditio