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Abstract

Doctor of Philosophy

Degradation Analysis of Metal Oxide Varistors under Harmonic Distortion

Conditions

by Pitshou BOKORO

Modern electrical networks provide an opportunity for inevitable interaction between
metal oxide arresters and power system harmonics. Therefore, these arrester devices
are continuously exposed to the combined effect of distorted system voltage and envi-
ronmental thermal stresses. Recent studies supported by field experiments have shown
significant rise in the leakage current through these surge arrester devices when exposed
to ac voltage with harmonics. However, the major shortcoming in the current knowledge
and applications of varistor arresters resides on the reliability and the electrical stabil-
ity of these overvoltage protection units, when subjected to long-term and continuous

distorted ac voltage and thermal stresses from the environment.

Commercially-sourced ZnO arresters of similar size and electrical properties are tested
using standard ac accelerated degradation procedure or electro-thermal ageing test; the
V' — I characteristic measurement and the high-frequency impulse tests. The times
to degradation, the coefficient of non-linearity, the reference voltages, as well as the
clamping voltage measured are used to analyse the reliability and the electrical stability
of the metal oxide-based arrester samples. The resistive component of the leakage current
is extracted from the measured total leakage current. The three-parameter Weibull

probability model is invoked in order to analyse the degradation phenomenon.

The results obtained indicate that for respective increase of 4.4%, 3.1% and 5.7% in the
374, the 5 and the 7" harmonic content, the resistive current is increased by 92.67%.
The mean life of the arrester samples is reduced by 40.91%, and the probability of
accelerated time to degradation is found to be 58.93%. The accelerated loss of stability
is proven by 81.71% reduction in the coefficient of non-linearity and 43.75% drop in the
reference voltage, which both indicate the shift of the V' — I characteristic curve towards

the high conduction region.
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Chapter 1

Introduction

1.1 Background Theory

Modern electrical or power systems increasingly experience harmonic-distortion as a
result of continuous growth in the use of non-linear loads [1, 2]. Power system harmonics
have since been reported to be one of the fastest rising power quality disturbances
encountered in recent years [3, 4]. On the other end, overvoltage protection in electrical
systems nowadays consists of essential practice given the high cost of equipment involved,

as well as for the purpose of ensuring service reliability.

Over the last three decades, metal oxide varistors (MOVs) have proven to be quite a pop-
ular and efficient protection option available against lightning or switching surges. The
effectiveness of varistor arresters could mainly be attributed to the following qualities:
non-linear current-voltage (V' — I) characteristic; high energy absorption capabilities;

and relatively fast surge clamping mechanism [5, 6].

However, the long-term stability of MOVs, which is critical to the performance of these
surge protective devices (SPD), remains somewhat dependent on the environmental
(electrical or physical) conditions in which these devices may be subjected to operate
under. The loss of stability often referred to as degradation or ageing is reported to be

one of the most common causes of MOV failure [7, 8].

Electrical Degradation results from long-term operation of varistor devices under ac or
dc voltage[9, 10], as well as from high magnitude of surge currents discharged through
these protection units [11, 12]. The degradation phenomenon is manifested in terms of
measurable changes in electrical (decrease in the coefficient of non-linearity, decrease in

the reference voltage, increase in the degradation rate, V' — I shift, increased clamping
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voltage...) or physical properties (reduced double schottky barrier...) of varistor

arresters [13, 14].

The prevalence of harmonic-producing loads or power electronics equipment in modern
electrical circuits has paved the way to the inevitable operation of MOV-based arresters
in ac circuits and systems with distorted voltage. Therefore, the performance reliability
and the stability of MOVs operating under the above described condition is worthy of

investigation.

1.2 Problem Statement

Recent studies conducted in this field suggested that harmonic distortion in the applied
voltage to MOV-based arresters cause the third harmonic current (THC) component of
the leakage current to increase, and thus introducing errors in the THC-based condition
assessment of these devices. Although the influence of voltage harmonics on the acceler-
ated loss of stability or degradation of MOV-based arresters is intuitively not expected,
field experience suggest that similar MOV units will unexpectedly fail at different times
and for several well documented causes. The one cause of accelerated failure that has
not been considered or explored in this field is the long-term effect of voltage and current
harmonics on performance reliability and electrical stability, and hence the useful life of
MOV-based surge arrester units. Since the continuous operation of MOV units under
fundamental ac voltage and temperature results in the decrease of the Schottky barrier
interface or the intergranular regions. It is therefore important to establish whether or
not harmonic voltage components embedded on the applied voltage, and temperature
will on the long run significantly increase the pace or reduce the time at which the
Schottky barrier is overcome, and consequently accelerating the electrical degradation
process. Thus the following fundamental research question: Will voltage and/or current

harmonics accelerate the degradation of MOVs under long-term distorted ac supply?

1.3 Scope of the Study

This study firstly entails the physical implementation of accelerated degradation test of
low voltage ZnO-based surge arresters, at elevated voltage and temperature with and
without an injection of harmonic voltage components from an external source of harmon-
ics. Secondly, the scope of this study extends to the statistical analysis and comparison
of the following parameters: the mean time to degradation (or mean life) based on the

reliability function and the probability of reduced time to degradation or failure between
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two Weibull probability distributions; the frequency or rate of degradation based on the
failure rate functions; the electrical stability of these ZnO overvoltage components based
on the non-linear coefficient, the reference voltage and the shift in the V — I charac-
teristic curve; the high-frequency protection voltage based on the clamping voltage; the
resistive component of the total leakage current before and after injection of harmonics.

Therefore, this study is aimed at attaining the following broad and specific objectives:

1.3.1 Broad Objective

The broad objective of this research study is to analyse the probability of accelerated
degradation of MOV-based surge arresters under long-term distorted ac voltage supply

conditions.

1.3.2 Specific Objectives

The specific objectives of this study consist of the following:

1. To evaluate the non-linearity coeflicient of MOV samples subjected to accelerated

with and without harmonic-distortion.

2. To analyse the degradation rate of MOV samples subjected to accelerated ac degra-

dation with and without harmonic-distortion.

3. To examine the behaviour of the clamping voltage of MOV samples subjected to

accelerated degradation with and without harmonic-distortion.

1.4 Significance of Accelerated Degradation under Harmonic-

Distortion

Over the last three decades, MOV-based surge arresters have been effectively used to
mitigate or reduce the risk of insulation failure in power systems, as a result of high
amplitude induced voltage and currents that may originate from switching or lightning
surges. Therefore, production stalling and subsequent economical and financial impli-
cations that may arise as a result of insulation breakdown in power systems depend
somehow on the health condition and performance of MOV-based surge arresters under

both steady-state and transient operation conditions.

Just as MOVs are important components in electrical networks, power electronics devices

consist of efficient and cost-effective means of providing control and switching of electrical
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loads in power systems. However, the drawback in this switching technique remains the
flow of non-linear currents which interact with the system impedance, and thus causing
the system voltage to be distorted. Under inevitable harmonic-distortion conditions,
risk prevention of insulation failure in power systems requires in-depth knowledge and
understanding of the reliability of MOV-based surge arresters operating under distorted

system voltage.

Accelerated electrical degradation of MOV arresters subjected to distorted ac system
voltage at standard operating temperature shall therefore imply the probability of re-
duced life expectancy or time to degradation, and significant loss of electrical stability
of these overvoltage devices. The probability of reduced life expectancy measures the
reliability of these devices and the shift of the V' — I characteristic curve indicates the

loss of electrical stability.

The practically implemented electrical degradation of MOV-based surge arresters under
the influence of temperature and voltage, such as undertaken in this study, provides the
best possible and available representation technique of arrester’s useful life deterioration
under continuous ac or dc conduction. Therefore, accelerated degradation can be logi-
cally evaluated in terms of statistical comparison of the average or mean time to electrical
degradation and the average rise in the resistive current component of two populations
of ZnO arrester devices. Fundamentally, the mean time to electrical degradation and the
increase in the resistive leakage current for ZnO arresters imply the following physical

significances:

1.4.1 The Time to decrease the Schottky Barrier Height

The mean time to electrical degradation is associated to the time corresponding to
increased number of charge carriers in the varistor microstructure, sufficient to overcome

the intergranular regions and thus leading to the decrease in the schottky barrier height.

1.4.2 The Biasing Effect of Voltage Harmonics

The rise in the resistive current component through ZnO devices when harmonics are
present in the voltage stress has been well documented in the literature. The relatively
shorter life expectancy of ZnO arresters when subjected to distorted ac voltage stress,
such as observed in this study, has paved the way for the fundamental understanding of
the effect of voltage harmonics on the varistor microstructure. Therefore, the time to
degradation, the electrical stability and other electrical measurements observed in this

study consist of reasonable manifestation of the physical changes that may have taken
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place in the microstructure of ZnO arrester populations. The reduction in the time to
the occurrence of the described physical changes in the microstructure of ZnO arresters
poses a significant threat to the reliability of power systems, as the shorter the time to

degradation, the quicker the electrical degradation process.

1.5 Overview of the Study

Chapter 1 introduces the relevance of MOV-based overvoltage protection and harmonic-
distortion in modern power systems. The potential risk of accelerated degradation asso-
ciated with varistor-based SPDs subjected to long-term and continuous operation under
harmonic-distortion conditions is highlighted. The extent at which, the underlined prob-
lem in this study is approached, is discussed in this chapter. Before concluding on this
chapter, the pertinence and the significance as well as the layout of this report are

discussed.

The second chapter of this study commences with a survey of major causes, aggravating
factors and typical symptoms of electrical degradation or ageing associated with MOV
arresters. A review of problematic interaction between varistor SPDs and power sys-
tem harmonics is also undertaken, followed by the physics or mechanisms of electrical

degradation. Chapter 2 concludes on the following:

e The inaccuracies and lack of practical implementation for many of the techniques

suggested in a bid to extract the resistive component of the total leakage current;

e The application of the accelerated degradation test, at elevated voltage and tem-
perature, as a viable technique to simulate electrical degradation of MOV-based

surge arresters;

e The appropriate application of the Weibull probability distribution in the analysis

of electrical degradation or failure;

e The gap in the knowledge of the effect of voltage harmonics on the acceleration of

electrical degradation of varistor arresters.

Chapter 3 presents a description of the varistor samples used, the experimental works
undertaken and the measurement conditions of the electrical parameters required in
this study. The performance conditions of the V' — I characteristic test and the high-
frequency test, before and after degradation are indicated. The set-up of the accelerated

degradation procedure as well as the systematic measurement of the degradation or
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failure times and the leakage current are also discussed. This chapter paves the way to

the analysis of electrical degradation based on the measurements obtained.

Chapter 4 introduces the application of the Weibull probability distribution on the
analysis of the degradation times. The assessment and determination of the average
values of the V' — I characteristic, the coefficient of non-linearity, the reference voltages

and the clamping voltages. This chapter concludes on the following;:

e The comparative behaviour of the PDF and C'DF patterns of the degraded ZnO

arrester populations;

e The probability of accelerated time to degradation for arrester populations sub-

jected to harmonic distortion;

e The accelerated rate or frequency of degradation for arrester populations subjected

to harmonic distortion;

e The accelerated loss of stability for arrester populations subjected to harmonic

distortion.

e The Influence of degradation under distorted voltage on the clamping voltage

behaviour.

Chapter 5 investigates the impact of voltage harmonic content in the applied stress
on the resistive component of the total leakage current, and consequently on electrical
degradation of MOV-based surge arresters. This chapter concludes on the contribution of
voltage harmonics to the net biasing voltage effect, which results on the resistive current
being increased, hence the electrical degradation of MOV arresters. The fundamental
and the third harmonic resistive current (THRC) are proven to be the most dominant
current components in the resistive current. The fundamental concept of accelerated
electrical degradation with respect to the microstructure behaviour of ZnO devices is

also discussed.

Chapter 6 concludes the study on the basis of the results obtained and discussed in
chapters 4 and 5. The recommendations pertaining to further research opportunities in

this field of study are also provided.

1.6 Conclusion

The efficient and reliable coexistence between power electronics devices and MOV-based

surge arresters in modern power systems, justifies the basis of further knowledge on
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probable accelerated electrical degradation, of these overvoltage protective units, under
harmonic-distortion conditions. Therefore, the performance reliability and the electrical
stability of MOV-based arresters subjected to continuous operation under harmonic-
distortion and environmental temperature are important contribution to the current

knowledge and applications of ZnO arrester devices.



Chapter 2

Literature Review

2.1 Introduction

In this section, a survey of studies pertaining to the fundamental causes and multiple
symptoms or characteristics of electrical degradation or ageing, as applicable to MOV-
based surge arresters, is undertaken. The state of knowledge associated to the interaction
between varistor arresters and power system harmonics is equally discussed. A brief
description of statistical and probabilistic approaches to electrical degradation analysis
is also highlighted, followed by a review of the major theories and principles that support

the mechanisms or physics of electrical degradation in MOV arresters.

2.2 Electrical Degradation of Varistor Arresters: Causes

and Symptoms

Electrical degradation of varistor arresters is generally caused by the discharge of high-
amplitude surge or impulse currents and by long-term exposure to continuous ac or dc
current conduction [9]-[12]. Environmental conditions such as heat, humidity or radi-
ation, are reported to be contributing factors or favouring agents to the degradation
phenomenon [10, 13, 14]. Therefore, electrical degradation or ageing fundamentally
requires a trigger action, which is generally known as the primary cause, to which ac-
celerating or aggravating factors is usually associated. The electrical characteristics or
symptoms associated to electrical degradation in MOVs are inevitably studied in con-
junction with the standard developed techniques of artificially inducing or causing this

form of degradation phenomenon.
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2.2.1 High Amplitude Surge Currents

High amplitude surge currents generally result from switching and lightning transients.
The following studies made use of standard lightning impulse wave generators to induce

degradation on MOV arresters:

1. Sargent, Dunlop and Darveniza [11] used standard 8/20us impulse, at rated surge
current of zinc oxide varistor samples involved, to study the effects of both single
and multiple surge currents on the degradation of metal oxide arresters. The

following observations are made:

e Both single and multiple pulses are capable of causing changes in electrical,

physical and the microstructure of the MOVs.

e Severe degradation is encountered in case of multiple pulse currents being

discharged through the MOV arresters.

This work seems to be focussed on the amplitude and number of pulse currents
as the major factor responsible for physical and electrical changes observed, as
well as for the development of additional phases and the formation of localised hot
spots in the microstructure of the MOV samples. However, for similar number
and magnitude of pulse currents applied at a constant time between successive
activation, different degrees of MOV defects or rather degradation observed could

be attributed to several other factors clearly not considered in this study.

2. De Salles, Martinez and de Queiroz [10] applied a set of standard 8/20us impulse
currents to similar MOV arresters at the following environmental or surface tem-
perature conditions: room temperature or 20° C; 60° C and 80° C. The amplitude
of the surge currents used are of the following values: 10 kA, 15 kA, 20 kA and
30 kA. The electrical ageing of the arrester devices was monitored on the basis
of measured changes in the watt losses, which best fitted the logistic probability
distribution. The Boxplot Minitab statistical software tool was invoked to evalu-
ate the confidence intervals and the mean values of the measured parameter under
different surface temperature conditions considered in this study. The following

observations are made:

e Similar watt loss pattern is noted at amplitudes close (10 kA and 15 kA) to
the rated surge current discharge of the samples at the temperature of 80° C

and for the same number of impulses.

e Increasingly higher watt loss pattern is observed at much higher amplitudes
(20 kA and 30 kA) to the rated current discharge of the samples at the

temperature of 80° C and for the same number of impulses.
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e For each pulse amplitude discharged through the samples, the highest watt
loss for 10 kA and 30 kA amplitude is measured at the highest surface tem-

perature.

These findings seem to confirm that the amplitude level of the surge current,
discharged through MOV devices, is the main trigger of electrical degradation.
However, the major benefit of this work resides on the fact that it tends to complete
the work presented in [11], in the sense that the contributing effect of environmental
temperature condition, in which arrester devices are subjected to, is demonstrated

to be an aggravating factor to the ageing process.

3. Vasic et al [15] subjected two different types of varistors, amongst other available
overvoltage protection units, to a thousand 8/20us impulses. Varistor samples used
in this study consisted of: 10 mm and 14 mm diameter size, with rated ac value of
230 V for each. The rated surge current withstand capabilities were 2.5 kA and 4.5
kA, respectively. The degradation process is measured on the basis of the change
in the voltage-current (V — I) characteristic curve, the voltage-resistance (V —
R) characteristic curve and the varistor breakdown or reference voltage (Vim,4).
These measurements are obtained after every hundred pulse currents. A Statistical
analysis was conducted on the obtained data and the following conclusions are

drawn up:

e An increase in varistor activation results in an increase of the varistor resis-

tance and the breakdown voltage value.

e The V —1I characteristic of varistor seems to drift towards the high conduction

region as the number of activation increases.

e The rate at which the V' — I characteristic drifts towards the high conduction
region appears to be quite low, and this could be translated in a small change

of the coefficient of non-linearity (o).

The major contribution of this study is founded on the fact that previous pulse
current discharges do not necessarily cause drastic change of the non-linearity
coefficient of MOV devices. Furthermore, high varistor resistance and breakdown
voltage observed could be attributed to polarisation phenomenon, which in many
cases is described as a manifestation stage of degradation [16, 17]. However, the
pulse currents used in this study are rated amplitude transient currents, which
sum up this work as an attempt to investigate the effects of several cumulative
pulse currents of rated amplitude discharged on MOV arresters. The contributing
effect of temperature is completely overlooked on the basis that it is likely to be

pronounced when degradation results from dc or ac continuous conduction.
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4. Nahm [18] investigated the ageing characteristics of Er90O3 doped PrO; .83 — ZnO
varistors with the aid of a multi-surge current generator, capable of producing
standard 8/20 us impulse currents in various amplitudes. The content of the
Ery03 additives used in the study was 0.5 mol% and 2.0 mol%. The time be-
tween three successive impulses of similar magnitude was two minutes, whereas ten
minutes transition time are conceided each time a higher magnitude triggering is
conducted. At respective content of Er,0s3, the following quantities are measured
before and after surge degradation at various amplitude levels: the current-density
curve (E — J); the breakdown field (E1,, 4/cm2); the non-linear coefficient at differ-
ent (V — I) curve regions; the clamping voltage (V;); and the clamp voltage ratio

(ke = Ve/Vima). The following observations are made:

e PrO1g3 — ZnO varistor samples doped with 0.5 mol% of Er,0O3 exhibited
small variation of the E—J characteristics in the breakdown region, whereas
those doped with 2.0 mol% of EroOs exhibited large variation in the break-

down region.

e Pr0i.s3—Zn0 varistors with 0.5 mol% content of Er,0O3 show small variation

in the %AE],4/em2? and %Aa as opposed to those with 2.0 mol% content.

e The clamping voltage of PrO; gs—ZnO varistors doped with 0.5 mol% content
of Ery03 increased in the range of 272-324 V//mm for surge currents of 5-50
A, and 544-640 V//mm for surge currents of 0.4-1.8 kA. For 2.0 mol% content
of Ere0s, The clamping voltage increased in the range of 365-510 V//mm for
surge currents of 5-50 A, and 670-930 V/mm for surge currents of 0.4-1.8
kEA.

e The clamp voltage ratio of PrO;g3 — ZnO varistors doped with 0.5 mol%
content of Ery0j3 increased in the range of 1.65-1.97 for surge currents of
5-50 A, and 2.22-3.17 for surge currents of 0.4-1.8 kA. For 2.0 mol% content
of Ere0s3, the clamp voltage ratio increased in the range of 1.56—1.84 for surge
currents of 5-50 A, and 1.92-3.13 for surge currents of 0.4-1.8 kA.

For the purpose of Nahm'’s study, an impulse generator is used to induce degrada-
tion and to subsequently observe the clamping characteristics of the varistor de-
vices. A dc wave generator was also used to monitor the stability characteristics of
arresters involved. The findings obtained in this study showed that PrO; g3 — ZnO
varistors doped with 0.5 mol% content of EroO3 prove to be more stable than those
doped with 2.0 mol% content of Ero0O3. The high clamping characteristic is associ-
ated with high content of EreOs in PrO; g3 — ZnO varistors. Therefore, it clearly
emerges out of this study that the stability and clamping characteristics of MOV
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arresters are important performance parameters of MOV-based arresters. Further-
more, excellent stability behaviour of MOVs may not necessarily be associated to

good clamping characteristics.

5. Tsukamoto [19] investigated the degradation mechanism of MOV surge arresters
as a result of 4/10 us, 8/20 ps and 10/350 ps impulse waves. The change in the
varistor voltage point (AVi,,4) recorded after impulse application was therefore
measured against the impulse charge transfer. The impulse current distribution
across the edge and centre parts of varistor samples was conducted using the spot
electrode method. Therefore varistor arresters having a diameter between 32-74
mm and a height between 3-36 mm were used in this study. The following findings

are obtained:

e For a 10/350 us single shot the change in the varistor voltage started to occur
at the charge transfer of 0.2 C'/em? and rapidly changed to -10 % above 0.35
C/em?.

e For a 4/10 pus and 8/20 us, the change in the varistor voltage is recorded
at much lower charge transfer of 0.03 C'//cm? and reached -10 % above 0.1
C/em?.

e The spot electrode method showed that for steep waveforms such as the 4/10
us and 8/20 ps, the drop in varistor voltage is high on the edge. This implies
higher impulse current distribution on the edge of MOV samples.

e The change in varistor voltage in terms of the number of shots indicated that
for a positive applied impulse, the varistor voltage is continuously decreased
until saturation is reached (no change despite increase in number of shots).
For a negative applied impulse, the varistor voltage continuously increases.
These phenomena could be attributed to the reported increase of interstitial
zinc ion concentration near grain boundary and the damage of the bismuth

oxide in grain boundary which causes reduction of resistance.

The most important contribution of this work rests on the high decrease of varistor
voltage mostly across the edge as a result of higher steep impulse wave current
distribution in this region of MOV arresters. This finding basically attempts to
provide fundamental understanding of the degradation mechanism as a result of

high-frequency and high amplitude surge currents.
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2.2.2 Continuous ac or dc Current Conduction

Continuous ac or dc current conduction result from long-term exposure of MOV arresters
to dc or/and power-frequency voltages. The following studies made use of dc or 50 Hz

ac sine wave voltage generators to induce degradation on varistor arresters:

1. Eda, Iga and Matsuoka [9] used laboratory prepared ZnO samples of 14 mm di-
ameter and 1.8 mm thickness to study the effect of dc and ac voltage bias, and
that of temperature biasing on thermal runaway or degradation. The V' — I char-
acteristics of the arresters is measured using a dc constant current supply ranging
from 1A to 1 mA. The capacitance and dielectric properties are measured at 1
Vrus at frequency range of 500 Hz to 1 MHz using a capacitance bridge, and the
bias voltage for capacitance dependence was assessed at 1 kHz in the range of 0 to
100 V/mm. The thermally stimulated current (TSC) is measured in quartz tube
by changing the ambient temperature at a rate of 0.333°K/s with no bias voltage.

The following are observed:

e Asymmetrical change in the V' — I characteristic of ZnO ceramics is caused

by applied dc bias.

e Symmetrical change in the V' — I characteristic of ZnO ceramics is caused by

applied ac bias.

e A decrease in the capacitance and an increase in the dielectric loss in the

low-frequency region after dc and ac biasing.
e A TSC is observed in ZnO ceramics after dc biasing.

e Both asymmetrical and symmetrical changes in the V — I characteristic of

ZnO ceramics can be attributed to the deformation of the schottky barrier.

The V — I characteristic, the capacitance and the dielectric loss are used in this
study as basic degradation symptoms of MOV devices subjected dc and ac continu-
ous conduction. Therefore, the findings obtained suggest that dc or ac conduction
can each effectively cause varistor arresters to reach degradation or end of life.
However, the degradation symptoms or characteristics produced are mainly de-
pendant on the nature and the time of biasing voltage applied to MOV arresters.

The operating temperature appears to be an important factor in this process.

2. Zhou, Zhang and Gong [20] studied the degradation phenomena of low voltage
ZnO varistors caused by dc biasing on the basis of the V — I characteristic and
the capacitance-voltage (C' — V') measurement. The ZnO samples are therefore

subjected to dc bias at the temperature of 140 °C for 120 hours of operation. The
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magnitude of the dc bias was set at 0.75 Vi,,4. The V — I characteristic is used to
analyse the stability of ZnO varistors against dc bias, and the C' — V relationship
served to estimate the barrier height and the depletion width before and after dc
degradation. The complex-capacitance plane analysis is also invoked to investigate
the impact of dc degradation on deep bulk traps of low-voltage ZnO varistors. The

following observations are made:

e The change in V — I characteristic implies an increase in the leakage current

and a decrease in the reference voltage after degradation.

e The leakage current increases with the biasing time, and this could be inter-
preted as stability measurement of ZnO devices against biasing, as suggested

n [21]. The following relationship is therefore applied:
Ip=1Ip, +k-tY/? (2.1)

Where: Iy, is the leakage current at biasing time ¢, Iy, is the leakage current

at t = 0, k is the coefficient of stability or the degradation rate expressed in
A /h.

e The decrease in the barrier height and the depletion width after degradation

could be explained in terms of the defect structure model proposed in [22, 23].

e The properties of the deep bulk traps change after degradation, and the
decrease in the relaxation time is due to the fact that trapped electrons are

easily released from the deep bulk trap.

These findings confirm the observations made in [9], as far as dc biasing and the
schottcky barrier are concerned. While the V' — I characteristic as well as the
leakage current are proven to be important measuring parameters which reveal
the stability of MOV arresters. The biasing time and the magnitude of the bias
voltage, together with the operating temperature consist of major triggering and

aggravating factors of dc degradation process, respectively.

3. Nahm [24] applied dc bias or stress to investigate the effect of EroOs additives on
the microstructure, and consequently the electrical properties and the degradation
behaviour of ZnO — PrgO11 — CoO — Cry03 — Y503 — EreOs. The electric field-
current density (E — J) characteristics, the breakdown field i, 4/cm2 and the
leakage current density at 0.8 E'y,,4/cm2 are systematically measured to achieve
the objectives of this study. The non-linearity coefficient is also assessed within the
following range of the current density: 1.0 mA/em? - 10 mA/cm?. The following
relationship is applied:
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1

e 2.2
@ logEs — logFr (2:2)

Where: E; and F5 are electric fields at leakage current density of 1.0 mA/em? and
10 mA/em?, respectively. The dc stress applied consisted of four continuous con-
ditions: 0.85FE1,,4/115°C/24h; 0.90FE1,,4/120°C/24h; 0.95F1,,4/125°C/24h and
0.95F1,,4/150°C/24h. The degradation rate was determined using equation 2.1.

The following results are obtained:

e The addition of ErsO3 content shift the ¥ — J characteristic curve towards
the lower field strength.

e The breakdown field increases with an addition of Er9Osz content to the
varistor ceramic microstructure. This could be attributed to the decrease

in the average grain size.
e The non-linearity coefficient increases with an increase of Ero(O3 content.

e Excellent stability is observed at 1.0 mol % content of Er50s3.

These findings demonstrate the improved stability of varistor devices as a result
of Ery03 oxide additives doping. Therefore the higher the breakdown field and
the coefficient of non-linearity, the lower the leakage current and the coefficient of
stability or degradation rate. Furthermore, since the (V' —I) characteristic change
in the slope is temperature dependant[25], the measure of the stability coefficient

of a varistor device is always measured at specific operating temperature.

4. Wang, Tang and Yao [26] used ac degradation characteristics to test the effect of
mol % content of Nd2O3 additives on the electrical properties of low-voltage Zinc
Oxide varistor ceramics. Therefore varistor ceramics with 0; 0.03; 0.06; 0.09 and
0.12 mol % content of NdyO3 are degraded with continuous ac stress of 1.0 Vi,,4
magnitude, at 125°C for 24 hours. The V — I characteristic, the non-linearity
coefficient «, the varistor voltage Vi,,4 and the coefficient of stability k are thus
evaluated. The C' — V' characteristic is also used to determine the barrier height

and the depletion width. The following findings are made:

e The V — I characteristic of varistor ceramics with NdsO3 content show more

linear response in the breakdown region.

e The varistor voltage increases with an increase in Nd2Oj3 content. This can

be attributed to the decrease in the average grain size.
e The non-linearity coefficient increases with an increase of NdoOs3 content.

e The leakage current decreases with an increase in NdyO3 content.
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e The coeflicient of stability decreases with an increase in NdyO3 content.

The major contribution of this study lies on the improved stability of MOV ar-
resters when the content of NdoO3 additives is increased. However, the shortcom-
ing is that the effect of NdyO3 additives on the clamping characteristics is not

known.

5. He et al [27] studied the influence of Y203 on ac degradation or ageing character-
istics of high voltage gradient ZnO varistors. These varistor devices are subjected
to continuous ac stress of 0.85Vi,,4 at 135°C for a duration of 168 hours. The
Y503 doping content was as follows: 0.00 mol %; 0.50 mol %; 0.75 mol % and 1.00
mol %. The E — J characteristic curve, the breakdown field and the non-linear
coefficient, before and after ac stress, are measured for varistors with and without
Y503 content. Similarly, the leakage current measured at 0.75F1,,4 before and
after the stress are used to assess the coefficient of stability. The C' — V' charac-
teristic curve and the double barrier schottcky parameters were also determined.

The following findings were observed:

e The most obvious increase in the breakdown field is observed in samples with

1.00 mol % content of Y503- doped varistor devices.

e The leakage currents for all the samples at different content of Y203 increased
after ac stress. However, the most significant increase is observed for 0.50 mol
% of YQOg.

e The lowest coefficient of stability is found to be 0.081uA /h, which is higher
than that of the samples with 0.00 mol %, and is associated to samples doped
with 0.75 mol % of Y503 content.

e The barrier height reduction after ac degradation is quite pronounced for
samples doped with Y203 content or high voltage gradient samples, with the

largest variation being recorded at 0.50 mol% content of Y50s3.

These findings indicate that high voltage gradient varistor samples, produced by
doping of traditional varistors with different mol % content of Y503 additives,
are not stable given their relatively high degradation rates. Therefore, this study
evaluated the benefit of producing high voltage gradient varistor arresters on the
basis of operational stability under continuous 50 Hz ac voltage stress. However,
the reasons behind the negative impact of the oxide additives, used in this work,

are not clearly revealed in this study.
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2.3 Power System Harmonics and Varistor Arresters

The increasing demand of high efficiency converters and other power electronic compo-
nents, for improved control and switching of modern electrical and electronic systems
or equipment, has paved the way for the continued presence of distorted voltage and
currents in circuits involving these devices. The interaction between MOVs and power
quality problems, such as harmonics, is becoming more and more pronounced in modern
power systems [28]. Therefore, the use of MOV-based arresters for overvoltage protec-
tion of non-linear devices inevitably implies direct exposure to distorted voltages and
currents. The current state of knowledge pertaining to the interaction between MOV
arresters and power system harmonic disturbances, is centred on measurement errors
associated to leakage current-based condition assessment of varistor devices operating

in circuits with distorted voltage:

2.3.1 Leakage Current - based Condition Assessment

Leakage current measurements are the most commonly applied technique mostly used in
the field [14, 29], to assess the health condition of arresters. However, when the supply
voltage contains harmonic-distortion, this method suffers considerable shortcomings.

The following studies describe the various aspects of this assessment methodology:

1. Hinrichsen [30] used a computer program to simulate the characteristics of both re-
sistive and third harmonic components of the total leakage current, obtained under
continuous operating voltage and temperature, in order to study the high risk of
measurement errors and therefore misinterpretations of results, that could be asso-
ciated to on-line monitoring of gapless arresters in ac transmission or distribution

circuits. The following findings are made:

e Electrical ageing or degradation of MOV arresters can be detected by mea-
suring the resistive component or power losses. A phase-correct voltage signal
is required for this purpose or some compensation circuit to do away with the

capacitive current component.

e The third harmonic component (THC) displays similar voltage dependence
to the resistive component of the total leakage current. Despite its low am-
plitude, the THC can be used as an indirect measurement of the resistive
current. This characteristic forms the basis of its prominent use in the indi-

rect method of health assessment of MOV-based arresters.

e The THC to resistive current ratio changes with temperature and the presence

of third harmonic in the voltage causes the THC to increase.
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e For a 3% third harmonic with phase angles between 0° to 360° superimposed
in the applied voltage across a MOV arrester, the highest measurement error
in the THC is found to be between 120° and 270°.

e Adequate stability verification procedures during development and running
production should be encouraged over a high risk of measurement errors and

costly on-line monitoring.

These findings highlight the technical challenges related to practical implementa-
tion of leakage current measurement based on-line monitoring of MOV arresters
in ac transmission and distribution circuits. However, the long-term stability of
varistor arresters, is such an important factor to the reliability of the protected sys-
tem, and should be monitored either permanently on-line or off-line at regular time
intervals. Stability verification during production, such as suggested in this work,
does not mean that the MOV devices will not undergo degradation. Furthermore,
environmental factors in which arresters may be operating could fundamentally be

different from the conditions during production tests.

2. Yan, Wen and Yi [31] incorporated both compensation and harmonics analysis
methods into a computer-based numerical harmonics approach. In this technique,
an analogue-digital (A/D) card leakage current monitor, which basically consisted
of a surge counter with a built-in current transformer, is implemented to measure
the MOV leakage current. This measured current signal is then digitally processed
to offset all capacitive harmonic components present in the leakage current. The
resistive harmonic components thus extracted are used to determine the total
resistive current of the arrester. Therefore, the leakage current, the peak resistive
current and the power loss of MOV arresters were measured under the following

range of applied voltage: 0.6 £V to 2.3 kV. The following findings were observed:

e The resistive component of the leakage current is very small (about 2%) of the
leakage current, and can quickly rise with an increase of the applied voltage.

This quantity can indeed provide the working condition of arresters.

e Higher order resistive currents tend to increase while the fundamental compo-
nent remains low when MOV arresters are either electrically or/and thermally
degraded.

e Numerical harmonics analysis method provide overall monitoring of MOV

arresters since the energy absorbed and degradation are measured.

The observations made in this work confirmed the need for monitoring resistive cur-
rent of MOV since the characteristics of this current component provide good indi-

cation of arresters’ condition. However, the numerical harmonics analysis appears
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to be theoretically sound but quite difficult and expensive technique to physically
implement on line. It requires sophisticated capacitive compensation circuits in or-
der to eliminate capacitive current components, and some digital signal processing

(DSP) methods capable of evaluating higher order resistive harmonic components.

3. Jaroszewski, Kostyla and Wieczorek [32] simulated varistor equivalent circuit in
the Matlab software environment in order to study the effect of voltage harmonics
content on the leakage current-based diagnosis technique. Therefore, for a number
of simulation runs consisting of several magnitudes of the supply voltage and odd

harmonic voltage components, the following findings were made:

e The THC is found to be present in the current response of varistors irrespec-
tive of the applied voltage being higher or lower than the varistor maximum

continuous operating voltage (MCOV).

e The THC is visibly noticed in the varistor current spectrum when higher
order harmonics are present in the applied voltage of lower magnitude than
the varistor MCOV.

e Significant increase of the THC is observed when the harmonics content in

the supply voltage increase.

e High current conduction through varistor devices result from operation under

supply voltage of magnitude higher than the varistor MCOV.

e Higher harmonics present in the supply voltage may cause measurement errors
and therefore misdiagnosis of the actual condition of varistor arresters, since
an increase of the THC cannot necessarily be associated to ageing of varistor
blocks.

The findings resulting from this work consist of an important foundation for con-
dition monitoring and performance analysis of MOV arresters, operating in ac
distorted transmission or distribution circuits. Harmonics in the system voltage
are identified to be negatively influencing leakage-based condition assessment of
varistor devices. However, this work did not attempt to quantify such an influence

of harmonics on the monitoring of arresters.

4. Karawita and Raghuveer [33] used the generally constant phase shift between the
capacitive and the resistive components of the total leakage current to investigate
the effectiveness of the phase shift criteria-based diagnosis of MOV arresters. In
this method, the phase shift (¢, +,) between the fundamental component of the
capacitive and that of the total leakage current is increased from zero until the peak
value of the fundamental capacitive current (?Cl) is reached. The /i\Cl is therefore

subtracted from the peak value of the fundamental total leakage current ( /z'\tl)
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to obtain the peak value of the remaining resistive current component (/Z\T) The
phase shift between the generated /i\r and the /i\cl is compared to that obtained using
compensation techniques. The phase shift method and compensation techniques
were therefore applied to the following samples: one unaged and two aged samples
of 10 kV of MCOV; two new station arresters of 36.5 £V MCOV and one new
polymeric distribution arrester of 15.3 £V of MCOV. The following findings were

made:

e The magnitude of the resistive current generated in this method closely com-
pares with that obtained using compensation technique, and therefore can be
used to diagnose the condition of the arrester. This is mostly applicable to
one unaged and two aged samples of 10 £V of MCOYV, since the mean phase

shift was constant.

e Step change in the phase shift, such as observed in the testing of the two new
station arresters, renders the use of this technique difficult. For one degree

change in the phase shift between /i\r and ?cl, the percentage error in %, is
7.8%.

e The presence of harmonics in the applied voltage can possibly affect the peak
of the resistive current, and therefore making this diagnostic technique quite

problematic.

The findings made in this work suggest that the phase shift technique could be
possibly used to diagnose the condition of MOV arresters. However, this method
suffers a great deal of inaccuracy in the determination process of the resistive
current, as a result of the assumption that all harmonic capacitive currents are
embedded in the resistive current component, and the interference of voltage har-

monics with the peak value of the resistive current.

5. Abdul-Malek, Yusof and Yousof [34] proposed the modified shifted current method
(MSCM)-based algorithm, in order to extract the resistive current component from
the measured total leakage current of MOV arresters, and hence to assess the
condition of MOVs. The MSCM-based algorithm was therefore implemented in
LabView data acquisition software program with functional block diagrams, before
being transferred on a metal oxide surge arrester intelligent monitoring system
(MOSAIMS). This technique was used to monitor the leakage current of an aged
Ohio Brass 12 £V, 5kA MOV arrester. The results obtained were compared to
those resulting from conventional compensation techniques conducted on the same

arrester sample. The following observations were made:



Chapter 2. Literature Review 21

e The total leakage current obtained from the MSCM technique proves to be

dominantly resistive.

e The waveforms obtained from the MSCM show good overlap with those re-
sulting from conventional compensation method. This indicated a good agree-

ment between the two techniques.

e A deviation of about 5% is however observed between the two waveforms
(MSCM and compensation techniques), which could be associated to mea-

surement errors and harmonic effects.

The findings described in this work demonstrate the capability of the MSCM
technique to successfully subtract the capacitive component, by injecting a quarter
cycle shifted leakage current. The extracted resistive current can thus be obtained
from field measurement. However, this method just as many others remain prone

to noise, harmonics and other interferences.

6. Khodsuz, Mirzaie and Seyyedbarzegar [35] investigated the suitability of the max-
imum value of the fundamental and third harmonic resistive currents as well as
that of the fundamental capacitive current, in the condition monitoring of MOV
arresters. Equivalent circuit of surge arrester has been modelled, using the electro-
magnetic transient program-alternative transient program (EMTP-ATP) software
package, in order to study the effects of voltage fluctuations, third harmonic volt-
age components, overvoltage and ageing on the accuracy of the afore-mentioned
current indicators. The signal processing analysis aspect has been achieved using

the Matlab package. The following findings were made:

e For an increase or a decrease of 5% of the nominal voltage, irregular varia-
tions of the maximum fundamental and third harmonic resistive currents are
observed, whereas a 5% variation is observed in the maximum fundamental
capacitive current in both cases of 5% increase or decrease of the nominal
voltage. This implies that the fundamental capacitive current is the best

indicator of voltage fluctuation.

e The ratio of the fundamental capacitive current measured during overvoltage
condition to normal rated value could be used as an indicating criterion of

overvoltage during surge arrester current measurement.

e The presence of third harmonic voltage in the supply voltage causes the third
harmonic resistive current indicator to increase, while the fundamental resis-
tive and capacitive currents are less sensitive to the presence of harmonics in

the supply voltage.

e Both the maximum fundamental and third harmonic resistive currents can

be effective in indicating ageing or degradation of MOV arresters.
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These findings highlight the effectiveness of the fundamental capacitive current
component as an indicator of voltage fluctuations and overvoltages. The sensitivity
of the third harmonic resistive current, to the presence of higher voltage harmonics
in the supply, is also validated in this work. The fundamental resistive current is
also proven to be able to serve as an indicator of degradation along with the third

harmonic resistive current.

7. Shulzhenko et al [36] studied the influences of higher-frequency voltage signals,
generated in the switching process of single-phase voltage source inverter (VSI) and
three-phase full bridge pulse width modulation (PWM) inverter, on the operation
of MOV arresters. In the case of single-phase VSI, the installed MOV arresters
were subjected to a square wave whose fast Fourier transform (FFT) revealed
the presence of high-frequencies ranging from 16.7 kHz-0.5 MHz. For the three-
phase PWM inverter, arresters were subjected to a triangular wave containing

high-frequencies ranging from 15-60 kHz. The following findings were obtained:

e In both cases of inverters used, the total power losses are estimated to be
less than the maximum average power of the MOV devices in use. The total
power losses are estimated using the sum of the watt losses resulting from

all the components (fundamental and harmonics). This could be written as

_ % / (2.3)
0

Where: W is the average or resistive power losses, W, is the dc power loss, T

follows:

is the period of the switching frequency and w;(t) is the instantaneous power

loss.

e The capacitive currents obtained at 50 Hz and 13 kHz as well as the V — I
characteristics of the MOV arresters could be accurately represented using

equivalent circuit model of MOVs.

e In the long-term operation of MOV arresters, if the higher-frequency voltage
signals are high enough as the operating voltage of MOV arresters, resis-
tive current components will dominate the capacitive component and cause

thermal instability of the varistor devices.

These findings suggest amongst others that long-term degradation of varistor de-
vices, subjected to ac fundamental embedded with noise frequencies, is possible
unless such frequencies (noise) are of high enough magnitude as the operating

voltage of these varistors.
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2.3.2 Other Reported Effects

Several other claims on the effects of power system harmonics on varistor arresters are

discussed in this section:

1. The IEEE C62.48T™ [37] relative to the interactions between power system dis-
turbances and SPDs suggests the following:

e SPDs with inductive and capacitive components may be prone to harmonic-

caused failure.

e SPDs will react to harmonic voltages in a similar fashion they react to any
voltage. Therefore, if the threshold voltage of the SPD device is exceeded,
conduction may take place which could eventually shorten the life of these
SPDs.

e The response of SPDs to noise will depend on the design of the SPD and the

magnitude and frequency of noise pulses.

These suggestions consist of precautionary measures based on the generally doc-
umented effects of power system harmonics on devices with similar components
(inductance and capacitance). Furthermore, no analytical study provides evidence
of the effect of continuously applied harmonic-distortion, embedded on the funda-

mental voltage component, on the degradation of SPDs.

2. Macanda and Cantagrel [38] studied the influence of surge arresters on ac distri-
bution networks. Four type 1 ac SPDs, which basically consisted of three air-gap
and one gapless arresters, were therefore tested in three-phase, three or four-wire
ac circuit configurations. The surge currents applied to these SPDs were 15 x 8/20
us with a peak value of 25 kA and 5 x 10/350 us of the following values: 0.1, 0.25,
0.5, 0.75 and 1.0 p.u of the SPD’s nominal peak value (25 kA). The gapless or
MOV-based arrester was connected in series with a gas discharge tube (GDT) on

a three-phase, three-wire circuit. The following observations were made:

e No follow current was experienced during the entire test sequence related to

MOV-based or gapless arrester technology.

e The MOV-based arrester did not show any bad influence or disturbances on

the power quality of the three-phase, three-wire ac circuit.

This work seems to suggest that bad ac voltage quality resulting from the operation

of type 1 ac SPDs during surge conditions are mainly caused by follow currents.
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This therefore implies that MOV-based arrester technology cannot create bad in-
terference with ac circuit during surge conditions, in which they are connected,
since they are immune of follow currents. However, the focus of this work was
specifically oriented on the performance-related issues ac type 1 arresters during
surge conditions. The stability of these arresters during power-frequency operation
which could, on the long run, impact on the performance of these arresters was

completely overlooked.

The gap in the knowledge of ZnO arrester devices operating continuously in electric net-
works with distorted voltage remains the probability of accelerated electrical degradation

or ageing of MOV-based surge arresters.

2.4 Statistical and Probabilistic Analysis of Electrical Degra-

dation

The useful life of MOV arresters is usually defined as the time required for these surge
protection components to reach degradation or end of life [9]. Therefore lifetime pre-
diction of MOV arresters is of utmost importance to the reliability of power systems.
Since varistor arresters are meant to behave like solid insulators [39], statistical methods
recommended to the analysis of insulator’s life could therefore be applied to varistor

arresters. The following statistical techniques are proposed:

2.4.1 Weibull and Log Normal Statistical Distribution

The following studies demonstrated the common applications of the two or three-parameter

Weibull model in the analysis and prediction of the degradation or failure times:

1. Cygan and Laghari [40] conducted a review of the methods and models applied to
analyse and predict lifetimes of solid insulators subjected to electrical and thermal

stresses. The following findings are reported:

e The most popular technique to accelerate the ageing or degradation of an in-
sulating material is to subject the material at higher voltage and temperature

than normal operating conditions.

e The Weibull and log normal statistical distributions are most commonly ap-

plied to analyse life deterioration of solid insulating materials.
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e The cumulative damage theory forms the basis of multi-stress ageing and
therefore provides better approximation of the degradation phenomena of

electrical insulation.

2. The IEEE 930TM [41] provides fundamental guidelines related to the application of
the two or three-parameter Weibull analysis of insulation life data (times to degra-

dation or degradation voltage). The following recommendations are proposed:

e The percentage cumulative degradation of the Weibull cumulative density
function (CDF) is obtained using the Ross approximation’s expression [42,
43, 44]:

| — 0.44
F(i,n) ~ (;Jj)ﬁ) x 100 (2.4)

Where: F(i,n) is the percentage cumulative degradation, i = 1,2, ...r is the
rank number of degradation times and n is the number of samples subjected
to accelerated degradation test.

e The adequacy or the goodness of fit of the C DF obtained is verified using the
correlation factor 7, which should be higher or equal to the Weibull critical
coefficient value, provided in figure 2.1. The correlation factor is given by the

following equation:

n(xi,yi) = 2 (ri - ac2) Wiy > (2.5)
VS @ -2 (5 - 9)

Where: 7 (z;,y;) is the correlation function, x; = In [— In <1 - Fl(é’on)ﬂ, Y =

In(t;), T = eri, Y = Zryi. t; is the degradation time and r is the number of

degraded samples.

e For large degradation data (r > 20) the shape and scale parameters of the
Weibull distribution are estimated using the least squares regression method.
This method implies the determination of the slope and the C-intercept,
prior to the estimation of the Weibull parameters. The shape parameter § is

expressed as:

1 — S (2 —7)°
m(xi,y) > (i —7) - (yi —7) (2.6)

Where: m (z;,y;) = W7

is obtained using the exponential of the C-intercept function. This yields the

8=

is the slope function. The scale parameter

following expression:

0 =expc=-exply—m(z;,y) T (2.7)
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FIGURE 2.1: Critical coefficient values[41].

Where: C =7 —m (x;,y;) - T, is the C-intercept function.

The proposed recommendations form the backbone of the Weibull statistical anal-
ysis. On the basis of the obtained parameters, the probability density function
(PDF), the unreliability or (CDF') as well as the reliability and the hasard func-
tions of the degradation times of the Weibull distribution can be determined.
These probability functions provide reasonable means or tools of analysis and pre-
diction of the failure or degradation rate and the survival or reliability, and more

importantly of the lifetime estimates of the samples involved.

3. Meshkatoddini [45] used Monte Carlo algorithm in order to statistically study the
conduction phenomenon in thin ZnO varistors. The following observations are

made:

e The number of conducting ZnO grains that provide the current path between

the electrodes of thin varistors fits a log normal statistical distribution.
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e The turn on point or the conduction threshold voltage and the non-linearity
coefficient of the ZnO varistors can be controlled by a small fraction of non-

conducting grains.

From these observations, it could be deduced that the increase in the number of
Zn0O conducting paths of varistor could be associated to the device conduction,
which is associated to the probability of degradation. Therefore, the Log normal

statistical distribution could also be applied to degradation studies.

2.4.2 Probabilistic Analysis

1. Amicucci, D’Elia and Gentile [46] included the physical behaviour of a metal ox-
ide material in order to improve the mathematical model based on probabilistic
arguments, and aimed at estimating the failure probability of MOVs as a result of

lightning-related stresses. The study shows that:

e The obtained model enables the expected life of MOV, expressed as the mean
time to failure (MTTF), to be estimated in terms of the number of lightning

flashes that influence the protected circuit.

2. Brown [47] conducted a comprehensive study on the degradation phenomena of
MOV-based arresters. Amongst other observations highlighted in the study, the

following are noted:

e The lifetime of a MOV can be expressed in terms of the Arrhenius rate equa-

tion:

(2.8)

E, ;2 ;(V)]

t=1,-exp [
Where: t is the time to degradation, ¢, and R are constants, F, is the activa-

tion energy, f (V') is the applied voltage and T is the absolute temperature.

e The failure rate of MOVs under normal operation can be estimated by the
Arrhenius model, if the most significant stress is thermal and the expected

mean life (ML) is logarithmically related to the inverse of temperature.

2.5 Physics of Electrical Degradation in MOVs

The degradation symptoms of varistor arresters could be regarded as manifestations
of change process in the microstructure of these protective devices. The relationship

between the fundamental causes and symptoms of electrical degradation could be well
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understood in terms of the microstructure behaviour of varistor arresters. The follow-
ing studies have attempted to provide better understanding of electrical degradation

mechanism:

1. He et al [48] studied the mechanisms of ZnO varistor degradation under long-
term ac voltage operation and temperature. Fifteen varistors of 18 mm diameter
were therefore subjected to accelerated degradation test under the following major
conditions: ac applied voltage ratios (AVR = Vipar/Vima): 1.072; 1.042; 1.004;
0.984 and environmental temperatures of 20 °C and 45 °C, and lastly for a q- value
of 0.75 at the following temperatures: 90 °C, 110 °C, 130 °C, 150 °C and 170 °C.
A watt loss versus time characteristic of the varistor samples in use is measured
and plotted to analyse the degradation process. The following observations were

made:

e For AVR >0.9 and environment temperature 1" >160 °C, a steep rise of the
watt loss is observed until thermal breakdown takes place. This is gener-
ally attributed to low intergranular barrier (usually observed in poor quality
varistor devices), which at higher operating voltage and temperature, will
cause high resistive current and therefore high watt loss able to overcome the
varistor thermal dispersion capability. This will subsequently lead to thermal

breakdown of the device.

e For AVR >0.9 and an environment temperature of 7' < 100°C, a steep rise
of the watt loss is observed, followed by a slow down period characterised by
small increases in the watt loss, before a sharp rise in the watt loss magnitude,
which eventually leads to thermal breakdown of the device. The steep rise in
the watt loss can be attributed to the decrease of the schottky barrier height as
a result of recombination of Zn interstitials near the schottcky barrier interface
and the Zinc holes, under the influence of applied voltage and temperature.
The resistive current will therefore increase leading to increase in the watt
loss. The small increase in the watt loss could be explained by the presence of
Zn interstitials in the schottky barrier which slows down the decrease process
of the barrier height. The sharp increase in the watt loss result from further
decrease of the barrier height to a stage that prompted resistive current to

increase leading to thermal breakdown of the device.

e For AV R >0.9 and temperature T" >100 °C, a rise in the watt loss is firstly
observed, followed by a decrease before reaching a stable value. The decrease
in the watt loss could be attributed to the thermal treatment phenomenon
which causes the neutral atoms to separate in the intergranular region, and

thus leading to the increase of the barrier height.
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These findings fundamentally suggest that the three basic outcomes of accelerated
degradation test on varistor devices could be understood in terms of the schottky
barrier height, the migration of zinc interstitials and the thermal treatment of the

varistors.

2. Zheng et al [49] studied the space charge characteristics of aged or degraded ZnO
varistors of 10 mm diameter and 1.4 mm thickness. These samples were degraded
using 8/20 us current impulse of the following peak amplitudes: 50 x 50 A; 100 x
50 A; 200 x 50 A; 100 x 100 A; and 200 x 200 A. The V — I test was conducted on
both degraded and non-degraded samples, followed by the TSC and pulse electro-
acoustic (PEA) tests. The following findings were made:

e The higher the number of pulses, the higher the increase in the varistor tem-
perature which causes more space charges and traps to be developed in the
varistor microstructure and consequently a decrease in the schottky barrier
height. This results in a drift of the V' — I characteristic curve towards the

high conduction region.

e An increase in the peak amplitude of the impulse current wave has a tendency
to generate more available space charges and traps, thus reducing the schottky
barrier height to enable a drift of the V' — I characteristic curve towards the

high conduction region.

e The TSC results confirm the migration of interstitial zinc ions which prompts
the decrease of the schottky barrier height, hence the drift of V' — I charac-

teristic curves towards the high conduction region.

These findings mainly attributed the drift V' — I characteristic curve of degraded
ZnO varistors, which is a key symptom of degradation or ageing, to the creation
of space charges and traps followed by the migration of interstitial Zinc ions, as a
result of successive high amplitude pulses discharged through these devices. This

migration results in the decrease of the schottky barrier height.

3. He et al [50] studied the ageing mechanism of 25 individual grain boundaries in ZnO
varistor arresters using microcontact measurement. Prior to this technique, ZnO
varistor samples are degraded using accelerated degradation test at the following
voltage and temperature: 0.85V7,,4/135 °C. The ageing time intervals consisted
of 0, 24 and 48 hours. The microcontact measurements were conducted using a
probe station, an optical high magnification microscope, and coaxial probes with
0.5 pm replaceable tip equipped with two probe positioners. These probes are
manually adjusted by the positioners to make electrical contact with the deposited

microelectrodes. A digital source meter was connected with the probes’ coaxial
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cables to determine the V—I curves of individual grain boundaries. The ageing or
degradation rates of individual grains were also evaluated using equation 2.1. The

following observations were made:

e Based on the leakage current measured in the pre-breakdown region, the
degradation characteristics of individual grain boundaries could be either a
monotonic ( the V' — I curve gradually and monotonously move towards the
high conduction region with ageing time) process. In this case, the leakage
current continuously increases while the non-linear coefficient decreases. The
width of the non-linear region of the V' — I curve is significantly reduced
with ageing time. The breakdown voltage of this grain boundary is in the

proximity of 3.02 V.

e The degradation characteristics of individual grain boundaries could also be
a non-monotonic process ( the drift of the V — I curve towards the high
conduction region is not continuous given a recovery phenomenon in the pre-
breakdown region). In this case, the leakage current decreases then increases
before eventually decreasing. However, the non-linear coefficient decreases.

The breakdown voltage of this grain boundary is in the proximity of 3.31 V.

e Different grain boundaries may follow different ageing or degradation process

as the ageing test time increased.

e Given the non-uniform ageing characteristic of individual grain boundaries,
the degradation rates of different grain boundaries are consequently non-

uniform and range from 1077 to 1073 A.h~1/2

. This basically implies that
the degradation mechanism of a bulk ZnO varistor sample is the synthetical
effect of several millions of individual grain boundaries with different ageing

rates.

These findings fundamentally suggest that the degradation mechanism could be
explained in terms of the migration of zinc interstitials and oxygen desorption at
the interface of the grain boundaries. On the other end, the migration of negatively
charged defects in grain boundaries towards the interface and the absorption of

oxygen could form the basic mechanism of electrical properties recovery.

2.6 Conclusion

Degradation or ageing of MOV-base surge arresters results either from high-magnitude
impulse currents discharged through these devices, or from long-term continuous expo-

sure to ac or dc voltages. The degradation phenomenon generally upsets the stability
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and performance qualities of MOV arresters, which could be clearly observed in terms
of various defective symptoms that may affect the electrical characteristics (Shift of the
V — I curve, increase of the leakage current, decrease of the non-linearity coefficient...)
of these transient overvoltage protection units.

The reported studies related to the development of new oxide additives, in a bid to
improve the electrical characteristics of varistor arresters, have indicated the use of ac-
celerated degradation or ageing tests as reliable alternative to simulate long-term failure
of MOV arresters under continuous ac or dc applied voltage and environmental temper-
ature in few hours.

The current state of knowledge in this field is centred on diagnostic or monitoring tech-
niques of the resistive leakage current, for the purpose of correct interpretation or eval-
uation of real health condition of arresters in service.

The leakage current of MOV arresters such as described in the literature consists of the
resistive and capacitive current components. The resistive component, which consists of
the fundamental and odd harmonic currents, is reported to be the most reliable indica-
tor of degradation given its proportionality to the power losses or heat generated inside
arrester devices. However, the magnitude of the resistive current component is shown
to be sensitive to the environmental temperature as well as to harmonic disturbances
embedded on the fundamental applied voltage across varistor arresters. Harmonics on
the system voltage are reported to cause the magnitude of the resistive current to in-
crease further. This ultimately raises the question of suspected influence of harmonics
on accelerated degradation, and not only on leakage current-based diagnostic techniques
as currently reported.

The deterioration of electrical properties of varistor arresters during ageing consists of
visible outcome of a complex microstructural mechanism, which may be approached in
terms of statistical and probabilistic analysis.

The gap in the knowledge of electrical degradation of MOV-based arresters is found to be
on the probability of harmonic-induced accelerated degradation of these surge arrester
devices on the long-term basis, given the well reported influence of harmonic frequencies

on the resistive leakage current, which is relied upon for degradation diagnosis purpose.
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Experimental Work

3.1 Introduction

A description of the ZnO varistor samples as well as an account of the experimental
work conducted in this study is provided in this chapter. The measurement techniques
of desired electrical characteristics or properties of the varistor devices such as: the V—1
characteristic test performed on the samples before and after accelerated degradation
test, the 50 Hz ac accelerated degradation test, with and without external harmonic-
distorting load, as well as the high-amplitude impulse test are also discussed. The pur-
pose of the tests conducted, standard procedures and expected measurement outcomes

such as recommended by various standards are also highlighted in this part of the study.

3.2 Description of the Varistor Samples

The arrester samples, used in this work, consisted of 360 commercially-sourced low-
voltage ZnO varistor disks from three leading manufacturers. The ZnO disks are coated
with epoxy resin and the terminals are formed of tinned copper leads. These varistor
arresters are assigned the following codes: BE; YW and RL sample groups, for identifi-
cation purposes. The diameters of the varistor samples, the rated reference or varistor
voltage (both at ac and dc), the clamping voltage, the maximum nominal discharge
current and the MCOV of the sample groups are provided in table 3.1. The following
alphabetical letters: W and H are further assigned to the identification codes described
above in order to indicate whether or not accelerated degradation is conducted with or
without an external source of harmonics. The letter W is used to designate the samples
subjected to accelerated degradation without external source of harmonics. However,

in this condition the increased voltage applied across varistor samples during the test,

32
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TABLE 3.1: Electrical Specifications of the sample groups

Samples || Diameter || Vipdace || Vimade | Ve || Peak Current (8/20 us) | MCOV
BE 20 205 170 340 8 130
YW 20 200 170 340 6.5 130
RL 20 228 184 340 6.5 130
Unit mm % Vv 1% kA \%

and the resulting distorted current flow cause harmonic distortion in the mains voltage.
Therefore, BEWO01 referred to sample number 1 of the BE group is subjected to accel-
erated degradation without external harmonic source. On the other end, the letter H
is used to designate the samples subjected to degradation test with an external source
of harmonics. BEH referred to samples from BE group degraded in a presence of an

external harmonic source connected to the system.

3.3 V — I Characteristic Test

The IEEE standard C62.627™ [51] recommends the watt loss and leakage current tests
be conducted as part of the characteristic or performance tests on arrester devices.
Yet, the varistor’s watt loss, the leakage current and the reference voltage consist of
various aspects of the V' — I characteristic curve [29]. Therefore, the V' — I test consists
of a reliable alternative technique to measure these important electrical characteristics
of varistor arresters under normal operating condition. Furthermore, the V — I curve
could be used to obtain the non-linear coefficient of the varistor arresters, and could
consequently be relied upon to provide good indication of the health condition of MOV

arresters in the context of degradation [9, 26].

3.3.1 Procedure

For the purpose of this test, a variable ac source is used to supply a 4-pin ac/dc bridge
rectifier chip (RS 204), through a transformer. The varistor arrester under test is con-
nected across the dc terminals of the ac/dc bridge converter. The TBM 811 digital
ammeter, able to provide current readings from micro-ampere scale, is connected in
series with the device under test to monitor the current. The Escort EDM-82 digital
voltmeter is connected across the MOV arrester to provide voltage readings. The cur-
rent measured in the milli- ampere scale consisted of: 1073, 1072, 10, 1, 10 and 100.
The V — I test set up is shown in figure 3.1. The V — I measurement points obtained
at room temperature are used to plot the V' — I characteristic curves (plotted with Mi-
crosoft Excel 2010) for the samples BEW, BEH, YWW, YWH, RLW and RLH, before
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and after ac accelerated degradation test. The V — I measurements obtained for all the

sample groups, before and after ac degradation test, are shown in Appendix A.

FIGURE 3.1: V-I test set up

3.3.2 Measured Parameters

The V — I readings obtained are used to plot the characteristic curve of the samples,
using the graphic plot tool of the Microsoft Excel package. The reference voltage Vi,mAde
is read off the voltmeter when the ammeter reads a current of 1 mA. The coefficient of
non-linearity is obtained using relationship 2.2. Degradation on varistor samples could
therefore be observed on the basis of the V —1I shift towards the high current region, which
should be confirmed in terms of a decrease in the dc reference voltage Vi,,44. and the
coefficient of non-linearity [24, 26]. Although the change in the reference voltage should
be higher than 5% [52], in order to confirm degradation, this study rather considered at
least 5% change (AVi,adc > 5%) in the reference voltage. The mean values of the V — T

measurement points can be used to plot the mean V — I curve of the samples before
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and after degradation. In this context, the percentage change in the mean value of the
reference voltage measurement point, before and after degradation, could be determined

as follows:

(VblmAdc - 7almAdc)

AVlmAdc = x 100 (31)

%1mAdc

Where: AV 1,,44c is the percentage change in the mean reference voltage point, Vi1, Ade
is the mean reference voltage before degradation, and Vgq,,44. is the mean reference

voltage after degradation.

3.4 Accelerated Degradation Test

The IEEE C62.34 [53] and the IEEE C62.117M [54] both recommend the accelerated
degradation or ageing test be conducted on MOV arresters, as means of simulating long-
term performance characteristics of these SPDs. This test is based on the Arrhenius life
test model, and is performed at elevated voltage and temperature over a period of
time. The simultaneous action of both thermal and electrical stresses is very common
in real life cases [40]. Therefore, the electro-thermal ageing test, such as referred to,
is basically meant to simulate real life insulation degradation or ageing process [55],
by extrapolation of the facts gathered to long-term degradation under normal service

voltage and temperature conditions.

3.4.1 Procedure

This test is achieved by combining the following components: the heat chamber or oven,
the 50 Hz ac supply voltage, the ac voltage controller (harmonic source), the harmonic
filter unit (when harmonics are not required), the high-temperature conductors and the

data acquisition units.
1. The Oven or Heat Chamber:

Since temperature consists of an important aggravating factor of MOV-based surge
arresters, the oven or heat chamber forms the most critical piece of equipment
in the implementation of accelerated degradation test. This chamber provides
a source of thermal stress, which in real life condition, could originate from the

environment in which MOV arresters may be continuously subjected to. For short
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term degradation results, the magnitude of the thermal stress provided to the
samples is accelerated using Arrhenius model. The oven used in this work consisted
of the Nabertherm P330 which is described in [56]. This heat chamber is made up
of 9 settable heating programs or courses (P1-P9), and 40 time-segments divided
in groups of 10 blocks(A-J). Every block consists of 4 time-segments: 2 ramp and
2 holding times. Therefore, a heating program or course may consist of one or a
combination of many time segment blocks. The temperature versus time diagram
of the heating program adopted in this study is indicated in figure 3.2. This figure
shows that the temperature used for this degradation test is Top = 135°C, which
is held at time top (second time-segment of block B) set for 96 hours. The ramp
and holding (transition) times are each set for 5 minutes. The waiting or OFF
time refers to the time-period before the first ramp time. This basically resulted in
top being reached approximately 30 minutes (including temperature fluctuations
time) after the oven start up time. To ensure that this test process ends after
96 hours, all temperature and time-segments beyond Top and top are assigned a
zero value during programming. This ensures that after the set test time is over,
the oven will switch off and enters the cooling mode. The oven is independently

supplied from a three-phase source.

A Transition Conditions Test Conditions
- ™T,, =135°C
135 Jon e s e o s s e s s o 2 e
g Holding time =1,
)
S ———m— - - 1
@ Holding :
2 time !
= |
A |- —=——— |
: | Holding :
: time -
20 ' ; >
tia t, ta Lia Lig t,s  Time (hr)
- - -
Waiting Time Segment Block A Time Segment Block B
time

FiGURE 3.2: Heating Program: Time vs Temperature

2. The 50 Hz ac Supply Voltage:

The 50 Hz ac supply voltage represents the ac field stress to which MOV de-

vices may be continuously subjected to in transmission or distribution circuits.
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The combination of the heat chamber and the 50 Hz ac supply form the basis
of continuous electro-thermal ageing or degradation phenomena. The continuous
magnitude of the ac field stress provided is 85% of the sample breakdown voltage
(See table 3.1). The 50 Hz ac supply voltage is sourced from a 220/500 V step
up transformer which in turn is supplied from a variable ac voltage source. This
arrangement is made to provide electrical isolation and to maintain the variable
ac source at low voltage value. For the entire test period, the voltage stress en-
sured across the transformer output terminals is 85% of the ac reference voltage
(0.85V1mAaac) for respective samples. This supply voltage system is time-controlled
using an electronic timer-unit set to trigger 30 minutes after the oven is set on.
All five conductors supplying ZnO samples are each terminated to the transformer
output via 250 V, 125 mA protective fuses. Therefore, when the current through a
ZnO device reaches a value beyond 125 mA, the fuse is blown out to safely isolate

the varistor device from the supply.

3. The External Source of Harmonics:

The external source of harmonics represents the source of harmonic disturbances
that may be affecting the 50 Hz applied voltage appearing across MOV devices.
This source of harmonics consisted of a triac-based ac voltage controller unit con-
nected across the secondary output terminals of the transformer. This unit is
made to control a dominantly resistive load of 83.3 k2. The firing angle of the
controller consisted of a potentiometer-based control knob, which is adjusted in a
manner that resulted in the applied voltage stress to the entire system be distorted
dominantly with the 3" and the 5* harmonic frequencies, as well as other odd

harmonics such as the 7" and 9**.

4. The Data Acquisition System:

The data acquisition system consisted of 1x3-channel K5020 and two MT250 data
logger units, capable of recording voltages across each of the five varistor samples
in a sampling rate of 30 seconds. The data logging process is trigger as soon
as the voltage source is launched. This enabled us to distinguish the samples
that failed from those that manage to survive the process. The 2-channel TDS
1001B Tektronix digital scope is also used to monitor the applied voltage waveform,
while the 4-channel Rigol DS 1204B digital scope is utilised to capture the leakage

current signal in comma separate values (CSV) format. For this purpose, the
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current signal is recorded through a 5/1 A current transformer (CT) together
with a current probe connected to the scope. The leakage current measurement is

provided in Appendix B.

5. High Temperature Conductors:

Each test run accommodated 5 varistor samples connected across terminal blocks,
which are mounted in parallel on a concrete platform. To reinforce the insula-
tion between the terminal blocks, the concrete platform is coated with a high-
temperature (750°F") RTV silicone adhesive sealant. The connection between the
terminal blocks and the 50 Hz ac voltage source is made using 1.5 mm? high-
temperature and single-core silicon conductors (Silflex), capable to withstand a
temperature of 180°C [57].

The connection arrangement of varistor samples across the terminal blocks inside the
oven is illustrated in figure 3.3, whereas the block diagram illustrating the connection

of the harmonic source in the test system is shown in figure 3.4.

FI1GURE 3.3: Connection arrangement of Varistor Samples

In the event of harmonic source not being required, both the resistive load and the
varistor arresters inside the oven are supplied from the transformer output terminals,
through a single-phase harmonic filter (FN 2090) in an attempt to completely eliminate
harmonic distortion in the applied voltage stress. However, the conduction through
varistor devices at elevated voltage and temperature caused the applied voltage stress
to experience similar types of harmonic frequencies, as indicated above, yet at much

lower content or permissible levels [58]. The block diagram illustrating the connection
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of single-phase harmonic filter in the test system is shown in figure 3.5. The complete

accelerated degradation test system used in this study is shown in figure 3.6.

50 Hz Supply

System
Harmonic L 7n0
source z_" “_\
Resistive
Load

FIGURE 3.4: Harmonic source connection

3.4.2 Measured Parameters

Oven

The failure or degradation times obtained as a result of this test are extrapolated to

time-values, corresponding to standard operation at 40°C, using the Arrhenius life ac-

celerating model described in [53, 54]. This is expressed in equation 3.2 below:

t; (hour) = tp, x 2.5(T28=40)/(10)

(3.2)

Where: t; is the extrapolated degradation time-value, t,, and Tp are actual measured

degradation time and applied temperature, respectively. The expression: 2.5(T25—10)/(10)

is termed the accelerating factor. The degradation status of the samples is verified on

the basis of the following conditions:

1. Degraded Samples: t,, < top and AVimade > 5%
2. Survived Samples: t,, = tog and AVimade < 5%

3. Spoiled Samples: t,, < tog and AVimade < 5%
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FIGURE 3.5: Harmonic filter connection

FIGURE 3.6: Accelerated degradation test set up
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For degraded and spoiled samples, the time to degradation pattern, recorded in the
data logger, is interrupted at given random time. This is shown in figure 3.7. However
the degradation or failure condition can only be confirmed after the V' — I test is con-
ducted, at room temperature. For survived samples, the time to degradation pattern
recorded completes the full time cycle of the test process, and the V — I test proves to

be unsuccessful. This is shown in figure 3.8.
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FIGURE 3.8: Degradation time pattern for survived samples

The time-values obtained in equation 3.2 are important factors to the determination of
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the scale and the shape parameters of the Weibull probability distribution, and subse-
quently the hasard or degradation rate, the survival or reliability and the probability
density functions of the varistor samples under harmonic distortion conditions. The

recorded breakdown times for the samples are provided in Appendix C.

3.5 Impulse Tests

The surge performance characteristics of varistor arresters can be studied on the basis
of standard combination waveform [53, 54]. This waveform consists of: 1.2/50 us open-
circuit voltage and 8/20 us short-circuit current. For the purpose of this test, the

clamping voltage of varistor samples before and after ac degradation test is studied.

3.5.1 Procedure

This test is performed using a combination impulse generator which consisted of: a 250
V ac variable source supplying a diode rectifier unit, through a 220/22 000 V step-up
transformer, 4 x 34.5 uF series-connected capacitor units, a dumping gap system, wave
shape components, high voltage (HV) probes and the 2-channel TDS 1001B Tektronix
digital scope.

The variable ac source and the step-up transformer serve to supply the diode rectifier
input. The high-voltage dc that results from the rectifier is used to charge up the
capacitors. The charging voltage across the capacitors is monitored using a 1000:1 HV
probe, which in turn is connected to a digital voltmeter.

The dumping gap system consists of a switch operated solenoid which is intended to
ensure complete discharge of capacitors to earth. The wave shape components consisted
of resistors and inductors connected across the capacitor units.

The Pearson coil, which is a high-frequency current transformer, was used to step-down
the current prior measurement using a current probe. An additional 1000:1 HV probe is
connected across the output terminals of the generator together with the sample under
test. Both the current and voltage are captured using a digital scope.

Each varistor sample is connected across the output terminal of the impulse generator,
and is subjected to 8/20 us impulse currents ranging from 10 kA to 15 kA. The clamping
voltage is captured and subsequently measured on the scope’s screen. The set up of the

combination generator is shown in figure 3.9.
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FIGURE 3.9: Impulse test set up

3.5.2 Measured Parameters

For the purpose of the impulse tests, the clamping voltage (V.) parameter of the ZnO
varistor arrester samples is measured. The clamping voltage helps to indicate whether
or not the surge protection characteristic of varistor samples is affected as a result of

degradation. The test measurements obtained are provided in Appendix D.

3.6 Conclusion

The ZnO varistor samples used in this study are described in terms of their size and
electrical characteristics. The recommended experimental methodology applicable to
this study: the 50 Hz accelerated degradation test with and without an external har-
monic source, the dc V' — I characteristic test and the high-frequency impulse test are
discussed. The various standards that provide the guidelines related to procedures and
expected measurement outcomes are also referred to in this chapter.

The V — I characteristic tests is conducted before and after degradation of the samples.
This test enables the following critical characteristics to be probed: the reference voltage

and the non-linearity coefficient. The 50 Hz ac accelerated degradation test is aimed
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at simulating the long-term degradation phenomenon of varistor samples at different
content of harmonic distortion. The relevance of this test, as far as this study is con-
cerned, resides in the fact that the extrapolated time to degradation or life estimates of
varistor samples and subsequently the degradation rate can be statistically determined.
The impulse tests conducted serve to test the signs of degradation in terms of surge
protection characteristics, by studying the clamping voltage between varistor samples

degraded at different content of harmonic distortion.



Chapter 4

Analysis of Electrical Degradation

under Harmonic Distortion

4.1 Introduction

In this chapter, the probability of aggravated electrical degradation of ZnO arresters, as
a result of continuous operation under distorted ac voltage, is analysed using the three-
parameter Weibull statistical tool, given the failure-free characteristic of the distribution
across some time interval [59]. The scale and shape parameters of the degradation time
distribution obtained, in each of the arrester population observed, are estimated prior to
the determination of the hasard or degradation rate function, the survival or reliability
function as well as the PDF'. The average values of the coefficient of non-linearity and
that of the clamping voltage for the varistor populations studied are also computed.
The hypothesis testing is applied, using the likelihood ratio test, in order to test any
possibility of equal estimated parameters between the distributions involved, which may
lead to similar probability functions. The probability of aggravated degradation, as a
result of increased harmonic currents during continuous exposure to distorted ac voltage
stress, is assessed using the mean life comparison test. Therefore, this chapter consists
of three case studies aimed at analysing the degradation time pattern of the BE, YW
and RL varistor arrester populations when subjected to acceleration degradation test

with and without external harmonics.

4.2 Weibull Plots and Probability Functions

Subsequent to the accelerated degradation test on ZnO arrester populations, the degra-

dation indicators such as described in section 3.4.2 are verified. This process enables the

45
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non-degraded (survived and spoiled) samples to be removed. The extrapolated times
as well as the percentage cumulative degradation of the arresters are determined using
equations (3.2) and (2.3), respectively. The data obtained from these equations can be
utilised to test the good fitness of the obtained distribution, using equation (2.4) as well
as figure 2.1. Therefore the CDF of the distribution can be plotted, and the probability
functions (Reliability and Degradation rate functions) can also be deduced, following the
estimation of the parameters, as described in 2.4.1. The block diagram of this process

is given in figure 4.1.

No

Remove

Degradation
: Samples

ndicator

V-1 Degradation
Test Test

Obtain Prob Estimate Good F;":.HESS
- . 5 and Weibull
Functions Parameters
Plots

FIGURE 4.1: Block diagram of the Weibull Probability Analysis

4.2.1 Probability Functions and Electrical Degradation

Since electrical degradation of various populations of ZnO arresters is studied over a
determined period of time, and the recorded time to degradation fits the Weibull prob-
ability distribution. The density function of the time to degradation distribution is

modelled using the three-parameter Weibull. This is expressed as follows:

_ o\ A1 B
f(t,ﬁ,fm):g-(tg”) exp(—m> >y >0 (4.1)

Where: f (t,[,0,7) is the PDF which represents the probability of electrical degradation
occurring at random time ¢ within the defined time-interval. S is the shape parameter
of the distribution, # is the scale parameter, and = is the location parameter or the
minimum time to degradation of the distribution.

The PDF consists of a product of two functions: the hasard and the reliability functions.
The hasard function is used to indicate the frequency or rate at which electrical degrada-
tion in a studied population of ZnO arresters is taking place across a given time-interval.
This function can therefore be termed as the degradation rate function. It is expressed

as follows:
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B-1
t_
h(t):-<97> it>v>0,8>0,7v>0 (4.2)

Where: h (t) is the degradation rate function, expressed in failures per hour.

The reliability function is the complement of the CDF, and represents the probability of
survival of ZnO arrester components under the conditions subjected to. This is expressed

as:

—_~\5B
R(t):exp<—m> it>v>0,68>0,0>0 (4.3)

Where: R (t) is the reliability function.

Therefore, the CDF or probability of electrical degradation of a ZnO arrester population

can be expressed as follows:

_ B
F(t)zl—exp<—m> it>v>0,6>0,0>0 (4.4)

Where: F (t) is the CDF or the probability of electrical degradation.

It is worth noting that higher probability of survival implies lower probability of degra-
dation, and consequently lower degradation rate. This therefore suggests that the prob-
ability of electrical degradation of a ZnO population can be analysed on the basis of the

probability functions.

4.2.2 Hypothesis Testing and Mean Life Comparison

The probability functions described in section 4.2.1 are dependent on the estimated pa-
rameters of the Weibull probability distribution. Therefore, equal estimated parameters
could lead to the possibility of equal probability functions, and in turn to similar degra-
dation behaviour. In this study, the hypothesis testing is applied to test any possibility
of equal reliability and degradation rate functions of the resulting Weibull distributions
(time to degradation with and without external harmonics). The following hypotheses

are formulated:

1. The null hypothesis (Hp): fi (t) = f2(t) which implies: h; (t) = ha (t) and Ry (t)
= Ry (t), t e [tl,tj].
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2. The alternative hypothesis (Hy): f1 (t) # f2 (t) which implies: hj (t) # ho (t) and
R (t) # Ra (t), t e [tl,tj].

The likelihood ratio could be used as the statistic test of the hypothesis testing. In
order to favour the null hypothesis over the alternative one, the likelihood ratio should
be higher than the chi-square distribution (X2) distribution, at 0.01 significance level
with 1 degree of freedom (df) [60, 61]. Therefore, the statistic test is given as follows:

I fill . (t;j)ﬂl_lexp B (15;17)61
3:1 Eﬁ : (t‘—j)ﬂHeXp % (U)&H > Xoon (4.5)

Where: X2, is the chi-square distribution at 0.01 significance level.

z=—2In

In this case, electrical degradation analysis based on reliability function seeks to predict
and compare the mean life of two ZnO arrester populations. The mean life or the mean
time to degradation of a population or a system consists of an integral evaluation of the
reliability function [62, 63]. For acceleration degradation on a population or system, the
mean life or mean time to degradation is expected to be reduced. Therefore, the mean
life of arrester population subjected to accelerated degradation test, in the presence
of an external source of harmonics, is compared to that of similar arrester population

degraded without harmonics. The mean life is expressed as follows:

o0 (e 9]

ML = / R(t)dt / [exp (-t;”ﬂ dt (4.6)
0 0

Where: ML is the mean life of an arrester population.

o0 [ee]
For aggravated electrical degradation: MLy >MLo, which implies that [ Ry (t) dt > [ Ro (t) dt.
0

0
M Ly and M Loy are the mean lives of ZnO arrester population degraded without and with
external harmonics, respectively. The time at which a certain proportion of ZnO arrester
population will degrade can be estimated by re-arranging equation (4.4). This yields

the following expression:

t,=0 [— In (1 - 1%)] YEL, (4.7)

Where: t, is time at which p% of arresters will be degraded, and p is the proportion of

arresters.
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Therefore, the percentile or B-live test at 10%, 50% and 90% can be conducted to predict
the time at which p% proportion of arrester components are likely to degrade.

The time to degradation could also be expressed in terms of the corresponding reliability
value, in order to estimate the time reduction factor as well as the probability of time
reduction, at any given point on the reliability curve. This could be better observed in

terms of figure 4.2.

Reliability (p.u)

FIGURE 4.2: Time reduction at equal reliability Point

The time (¢;) and (t,) can be obtained by re-arranging equation (4.4). This yields the
following: t; = 0, (—Ing)*?* +~ and ty =0y (—1In q)"% 4 ~. Therefore, at any reliabil-
ity value (q =1- 1%), the time reduction factor between similar arrester components

subjected to different content of external harmonics is given as follows:

o (—Ing) P 4y
y (—Ing) /P 4

0
oy = - = (4.8)

Where: 0y, is the time or life reduction factor between time to degradation t, and
ty, 0, and 0, are respective scale parameters, 3, and 3, are shape parameters, v is the
minimum life parameter, R, (t) and R, (t) are reliability functions, and ¢ is the reliability

value.

The probability of time t, being greater than or equal to ¢, implies the probability of
reduced time to degradation between two distributions, which must be higher than 0.5

or 50%. This is expressed by the following probability condition [64]:
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Prit, > t,] = / £, () Ra (1) dt>0.5 (4.9)
0

Where: Pr[t, > t,] is the probability of reduced time to degradation, f, (¢) is the PDF
and R, (t) is the reliability function.

In case the conditional probability expressed in (4.9) is less than 0.5, this will imply that
oo

the opposite statement expressed as: Pr[t, > t;] = 1- [ f,(t)Rx(t)dt >0.5 is therefore
0

true.

4.3 Case study 1: Analysis of BE Varistor Samples

In this section, the electrical behaviour of ZnO arrester samples, identified as BEW and
BEH group arresters, is analysed and compared on the basis of the V' — I characteristic
curve and coefficient of non-linearity, the clamping voltage and the probability functions
of the time to degradation distribution obtained. The time-domain of the continuous

applied ac voltage stress across BEW samples is shown in figure 4.3.
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FI1GURE 4.3: Applied Voltage Stress BEW

The frequency components associated to this voltage are indicated in figure 4.4. The
level of harmonic components is found to be 1.89% for the 37¢, 2.5% for the 5 and
0.94% for the 7% (See Appendix B).

The time-domain of the continuous applied ac voltage stress across BEH samples is
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shown in figure 4.5, and the harmonic components associated to the voltage across BEH
samples are indicated in figure 4.6. The level of harmonic components is as follows:
6.24% for the 37, 5.58% for the 5! and 6.63% for the 7% (See Appendix B).
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4.3.1 V-I curve and Coefficient of non-linearity

Based on the V' — I measurements of the BEW and BEH varistor samples provided in
Appendix A, the following classification could be drawn out in terms of the conditions

specified in section 3.4.2. This is indicated in Table 4.1 below:
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TABLE 4.1: Classification of Tested BE Samples
BE Sample Group | Degraded | Survived | Spoiled

BEW 27 30 3

BEH 37 18 5

The mean V — I characteristic of the degraded BEW and BEH samples, before and after
accelerated degradation test, can therefore be plotted and thus enabling the percentage
change for the mean Vi,, 44. of the BEW and BEH samples be determined using equa-
tion (3.1). The BEW and BEH mean V — I curves are shown in figure 4.7.

This reveals a percentage change for the mean Vi,,44. of 10.80% for the BEW sam-
ples and 43.75% for the BEH samples. The coefficient of non-linearity could also be
determined on the basis of the mean V — I characteristic curves of the BEW and BEH
samples, by using equation (2.2). This yields the following: before degradation the mean
coefficient of non-linearity for BE samples is found to be 82, and after degradation this
coefficient is worked out to be 53, which represents 35.37% reduction for BEW samples,
and mean value of 15, which shows 81.71% reduction for BEH samples. These values are
indicated in table 4.2. Therefore, the BEH arrester components are proven to have their

stability characteristics significantly reduced as compared to the BEW components.

TABLE 4.2: Change in Reference Voltage and Coefficient of non-linearity (BE Samples)
BE Samples | Vimade (V) | @ | AVipaae (%) | Aa (%)
Non-degraded 176 82 - -
BEW 157 53 10.80 35.37
BEH 99 15 43.75 81.71
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FIGURE 4.7: Mean V-I curve BE Samples

4.3.2 Clamping Voltage for BE Samples

The surge protection characteristics tested on BE varistor samples upon the discharge
of peak surge currents, ranging between 10 kA and 15 kA, show the mean clamping
voltage of 0.4 £V for non-degraded samples, and a mean clamping voltage value of 0.5

kV for both BEW and BEH ZnO arrester samples. This is indicated in table 4.3.

TABLE 4.3: Clamping Voltages

BE Samples | Clamping Voltage (V) [kV]
Non-degraded 0.4

BEW 0.5

BEH 0.5

These values show that although the clamping voltage for degraded components is higher
than non-degraded, there is however no difference in terms of the clamping voltage value
of arresters subjected to higher or lower magnitude of harmonic content. The respective

clamping or protection voltages are shown in figures 4.8, 4.9 and 4.10.

4.3.3 Probability Functions of BE Samples

The accelerated breakdown time-points (¢;) and the percentage cumulative degradation

F (i,n) obtained respectively from (3.2) and (2.3), are used to plot the CDF of the BEW
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and BEH time to degradation probability distribution. This is shown in figures 4.11 and
4.12, respectively. The time-points, the percentage cumulative degradation as well as
the determination process of the distribution parameters are shown in Appendix C.

The correlation factors obtained for the BEW and BEH distributions, using equation
(2.4), are found to be: m; = 0.958317 and 72 = 0.955857. It could be seen that the
obtained correlation coefficients are higher than the critical values shown in figure 2.1,
which is an indication of good fit to the Weibull probability distributions. Applying the
three-parameter Weibull probability distribution described above, the following param-
eters and functions are assigned to BEW samples: (1, 61, 71, h1 (t), Ry (t) and fi (¢).
Similarly, 52, 02, v2, ho (t), Re (t) and fa (t) are also assigned to the BEH samples.

The shape and scale parameters obtained respectively from equations (2.5) and (2.6),
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for BEW and BEH distributions are indicated in table 4.4. From the CDF graphs de-

scribed above, it could be shown that both distributions displayed the minimum time

to degradation or location parameter of 100.6 hours.
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TABLE 4.4: Estimated Weibull Parameters of BEW and BEH distributions
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Applying the likelihood ratio test described in equation (4.5) yields a value of z = 2.1460

which is less than the corresponding chi-square distribution value (See Appendix D) at

0.01 significance level (x3; = 6.635). This therefore favours the alternative hypothesis,
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and implies no possibility of similar degradation rate or reliability functions. The relia-
bility and degradation rate graphs are shown in figures 4.13 and 4.14, respectively. These
graphs indicate that BEH arrester samples show higher degradation rate and therefore
prove to be less reliable than BEW arrester samples across the observed time-interval.
The obtained PDF curves of the BEW and BEH arrester populations are also shown
in figure 4.15. This indicates higher density of degradation when higher harmonics are
present in the applied voltage.

The mean life of these arrester populations can be determined using equation (4.6). This
equation indicates that the mean life of BEW arrester population is found to be 4252.65
hours. On the other end, the mean life of the BEH arrester population is worked out to
be 2512.81 hours. This shows that arrester population degraded in the presence of an
external source of harmonics experienced 40.91% reduction in terms of their mean life
value, which is in agreement with the plotted curves of the reliability and degradation
rate functions of these respective ZnO arrester populations.

The results obtained from the percentile or B-live and the acceleration factor test con-
ducted on BE samples are indicated in table 4.5. These results show that for the same
observed proportion of arresters, the time to degradation for BEH arrester devices is
shorter than that of BEW arrester samples. The time reduction factor at 10%, 50% and
90% reliability can also be determined using equation (4.8). This shows that the time
ratio or life reduction factor, as obtained at indicated reliability points, is not uniform
and shows a decreasing trend. This therefore implies a non-uniform increasing trend of

the degradation rate.
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TABLE 4.5: Degradation times of p% Arrester Components
p% | t, BEW [hour| | t, BEH [hour] | 0, (x = BEH, y = BEW)
10 519.99 451.04 0.87
50 2967.8 2064.6 0.70
90 9861.6 5991.4 0.61
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FIGURE 4.13: Reliability curves BEW and BEH Samples

The probability Pr [ty > t1] is determined using equation (4.9). This yields 0.4107 or
41.07% probability of BEW arrester devices experiencing shorter degradation time than
BEH. Therefore, the probability of reduced degradation time for BEH arrester should
be: Prty > to] = 1- Prta > t1] = 0.5893 or 58.93%.

4.4 Case Study 2: Analysis of YW Varistor Samples

The electrical characteristics of the ZnO arrester population identified as YWW and
YWH are analysed and compared, on the basis of the V' — I characteristic curve and
coefficient of non-linearity, the clamping voltage and the probability functions of the time
to degradation distribution obtained. The time-domain of the continuous applied ac
voltage stress across YWW samples is shown in figure 4.16. The frequency components

associated to this voltage are indicated in figure 4.17. The level of harmonic components
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FIGURE 4.15: Probability Density Functions BEW and BEH Samples

is found to be 1.28% for the 37¢, 1.89% for the 5" and 0.72% for the 7** (See Appendix
B). The time-domain of the continuous applied ac voltage stress across YWH samples
is shown in figure 4.18, and the frequency components associated to the voltage across
YWH samples are indicated in figure 4.19. The level of harmonic components are as
follows: 9.8% for the 37, 6.9% for the 5 and 5.8% for the 7" (See Appendix B).
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FIGURE 4.17: Frequency Components YWW
4.4.1 V-I curve and Coefficient of non-linearity

The V — I measurements of both the YWW and YWH samples (See Appendix B) enable
the classification of the tested ZnO arresters be conducted on the basis of the conditions

described in 3.4.2. This is indicated in table 4.6.

TABLE 4.6: Classification of Tested YW Samples
YW Sample Group | Degraded | Survived | Spoiled
YWW 36 11 13
YWH 47 6 7
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The V — I characteristic of the degraded YWW and YWH samples, is plotted, and the
variation of the Vi,,44. can thus be observed to be 40.49 % for the YWW and 65.64
% for the YWH samples. The mean V — I curve of these samples is provided in figure
4.20. The coefficient of non-linearity deduced from the plotted V — I characteristic yields
the following: before degradation the mean coefficient of non-linearity for YW samples
is found to be 48, and after degradation this coefficient is worked out to be 14, which
represents 70.83% reduction for YWW samples, and mean value of 12, which shows
75.00% reduction for YWH samples. These values are indicated in table 4.7. It can be

observed that the stability of YWH arrester samples is further compromised.
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FIGURE 4.20: V-I curve YW Samples

TABLE 4.7: Change in Reference Voltage and Coefficient of non-linearity (YW Samples)

YW Samples | Vipade [V] | @ | AVimade (%) | Aa (%)

Non-degraded 163 48 - -
YWW 97 14 40.49 70.83
YWH 56 12 65.64 75.00

4.4.2 Clamping Voltage for YW Samples

Both YWW and YWH arrester samples subjected to peak surge currents, ranging be-
tween 10 KA and 15 kA, display an increase of the protection or clamping voltage as

compared to samples not subjected to the degradation process. These values show that
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although the clamping voltage for degraded components is higher than non-degraded,
there is however no difference in terms of the clamping voltage value of arresters sub-
jected to higher or lower magnitude of harmonic content. This is indicated in table
4.8.

TABLE 4.8: Clamping Voltages YW Samples

YW Samples | Clamping Voltage (V) [kV]
Non-degraded 0.35-0.4

YWW 0.4-0.5

YWH 0.4-0.5

The respective clamping or protection voltages are shown in figures 4.21, 4.22 and 4.23.
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FIGURE 4.21: Clamping Voltage YW Samples
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FI1GURE 4.22: Clamping Voltage YWW Samples
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FI1GURE 4.23: Clamping Voltage YWH Samples

4.4.3 Probability Functions of YW Samples

Using the breakdown time-points (¢;) and the percentage cumulative degradation F (i,n)
relative to the YWW and YWH samples (See Appendix C), the respective CDF can
therefore be plotted. This is indicated in figures 4.24 and 4.25.

The CDF obtained show good fit to the Weibull probability distribution, with corre-
lation factors of 0.935602 and 0.951579 for the YWW and YWH arrester population,
respectively. The estimated parameters of these distributions are indicated in table 4.9.
The likelihood ratio test is found to be 0.63976 which therefore rules out any possibility
of similar degradation or reliability functions for both distributions (See Appendix D).
Based on the reliability and degradation rate functions obtained, it can be seen that the
YWH arrester population showed higher degradation rate as compared to the YWW
varistors. This therefore proves low reliability. The reliability and degradation graphs
of the YWW and YWH arrester populations are shown in figures 4.26 and 4.27, respec-
tively. The mean life of YWW and YWH ZnO arrester population is obtained using
relationship (4.6). This shows that the mean life time of YWW arrester population is
863.288 hours, whereas that of the YWH varistors is determined to be 538.464 hours.
This indicates that YWH arresters experienced 37.63% reduction in terms of their mean
life value, which is confirmed in the reliability curves.

The reliability and degradation rate graphs demonstrate that the YWH arrester pop-
ulation have higher degradation rate and therefore lower reliability compared to the
YWW population. This can also be confirmed in terms of the PDF curves which show
higher density of degradation for YWH arrester devices. This is shown in figure 4.28.
The percentile test results indicated in table 4.10, demonstrates that for any similar p%

of arresters, the time to degradation for YWH is shorter than that of YWW arrester
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FIGURE 4.25: Cumulative Density Function YWH Samples

The time reduction factor at 10%, 50% and 90% reliability are determined using (4.8).
This shows that the life reduction factor for YWH arrester samples, at the observed
reliability points, is decreasingly trending at not uniform. The probability Pr [ty > t1]
is determined using equation (4.9). This yields 0.2384 or 23.84% probability of YWW
arrester devices experiencing shorter degradation time than YWH. Therefore, the prob-
ability of reduced degradation time for YWH arrester should be: Prlt; >t =1 -
Prte > t1] = 0.7616 or 76.16%.
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TABLE 4.9: Estimated Weibull Parameters of YWW and YWH distributions

Distributions | S 0 7
YWW 1.46 | 1103.3 || 100.6
YWH 1.71 | 726.68 || 100.6
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FIGURE 4.26: Reliability Curves YWW and YWH Samples

TABLE 4.10: Degradation times of p% Arrester Components

p% | t, YWW [hour] | t, YWH [hour] | 0z (x = YWH, y = YWW)
10 336.81 295.5 0.88
50 958.96 687.09 0.72
90 2054 1284.1 0.63

4.5 Case study 3: Analysis of RL Varistor Samples

The electrical characteristics of the ZnO arrester population identified as RLW and RLH
are analysed and compared, on the basis of the V' — I characteristic curve and coefficient
of non-linearity, the clamping voltage and the probability functions. The time-domain
of the continuous applied ac voltage stress across RLW samples is shown in figure 4.29,
and the frequency components associated to this voltage are indicated in figure 4.30.
The level of harmonic components is found to be 1.49% for the 37¢, 2.65% for the 5"
and 0.12% for the 7" (See Appendix B).

The time-domain of the continuous applied ac voltage stress across RLH samples is
shown in figure 4.31, and The frequency components associated to the voltage across
RLH samples are indicated in figure 4.32. The level of harmonic components are as

follows: 4.5% for the 37, 5.5% for the 5! and 4.7% for the 7*" (See Appendix B).
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4.5.1 V-I curve and Coefficient of non-linearity

The V — I measurements of the RLW and RLH samples (See Appendix B) render
the classification of the tested devices possible. This classification is conducted on the
basis of the conditions described in 3.4.2, provides a classification of the samples after
accelerated degradation test. This is indicated in table 4.11. The V — I characteristic
of the degraded RLW and RLH samples, is plotted, and the variation of the Vi,,44. can
thus be observed to be 49.14 % for the RLW and 66.29 % for the RLH samples. The

V' — I curve of these samples is provided in figure 4.33.
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The coefficient of non-linearity obtained from the plotted V' — I characteristic reveals
the following: before degradation the average coefficient of non-linearity for RL samples
is found to be 52, and after degradation this coefficient is worked out to be 17, which
represents 67.31% reduction for RLW samples, and mean value of 12, which shows

76.92% reduction for RLH samples. These values are shown in table 4.12.

TABLE 4.11: Classification of Tested RL Samples
RL Sample Group | Degraded | Survived | Spoiled

RLW 41 12 7

RLH 56 1 3
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4.5.2 Clamping Voltage for RL Samples

The RLW and RLH arrester samples subjected to peak surge currents, ranging between
10 kA and 15 kA, show increase of the clamping voltage as compared to the samples
not subjected to the degradation process. These values show that although the clamp-
ing voltage for degraded components is higher than non-degraded, there is however no
difference in terms of the clamping voltage value of arresters subjected to higher or
lower magnitude of harmonic content. This is indicated in table 4.13, and the respective

clamping or protection voltages are shown in figures 4.34, 4.35 and 4.36.
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TABLE 4.12: Change in Reference Voltage and Coefficient of non-linearity (RL Sam-

ples)
RL Samples | Vimade [V] | @ | AVipage (%) | Aa (%)
Non-degraded 175 52 - -
RLW 89 17 49.14 67.31
RLH 959 12 66.29 76.92

TABLE 4.13: Clamping Voltages for RL Samples

YW Samples | Clamping Voltages (V) [kV]
Non-degraded 0.35-04
RLW 0.4-0.5
RLH 0.4-0.5
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FI1GURE 4.35: Clamping Voltage RLW Samples
4.5.3 Probability Functions of RL Samples

The breakdown time-points (¢;) and the percentage cumulative degradation F' (i,n) rel-
ative to the RLW and RLH arrester populations (See Appendix C), are used to plot the
respective CDF of the probability distributions obtained. This is indicated in figures
4.37 and 4.38.

The CDF obtained show good fit to the Weibull probability distribution; this is sup-
ported by the correlation factors obtained: 0.969156 and 0.974395 for the RLW and
RLH arrester population, respectively. The estimated parameters of these distributions

are therefore given in table 4.14.

The likelihood ratio test is found to be -1.2855 which rules out any possibility of simi-
lar degradation rate and reliability functions for both distributions (See Appendix D).
Based on the degradation rate and reliability function, it could be observed that the RLH
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TABLE 4.14: Estimated Weibull Parameters of RLW and RLH distributions

Distributions | S 0 n
RLW 1.63 | 1079.4 || 100.6
RLH 1.8 | 765.22 || 100.6

arrester population are likely to experience shorter time to degradation as compared to
the RLW arrester samples. The reliability and degradation graphs of the RLW and RLH
arrester populations are shown in figures 4.39 and 4.40, respectively. The mean life of
RLW and RLH ZnO arrester population is obtained using relationship (4.6). This shows
that the mean life time of RLW arrester population is 770.852 hours, whereas that of
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FI1GURE 4.38: Cumulative Density Function RLH Samples

the RLH varistors is determined to be 538.622 hours. Therefore, a 30.13% reduction in
terms of the mean life is recorded.

The reliability and degradation rate graphs demonstrate that the RLH arrester popu-
lation display higher degradation rate and therefore lower reliability compared to the
RLW population. This can also be confirmed in terms of the PDF curves shown in figure
4.41, which indicates higher density of degraded RLH arrester samples. The percentile
and time reduction test results indicated in table 4.15, which demonstrate that for any
similar p% of arresters, the time to degradation for RLH is shorter than that of RLW

arrester population.
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FIGURE 4.39: Reliability curves RLW and RLH Samples
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TABLE 4.15: Degradation times of p% Arrester Components

p% | t, RLW [hour| | ¢, RLH [hour| | d,, (x = RLH, y = RLW)
10 371.99 319.79 0.86
50 962.64 724.85 0.75
90 1901.1 1316.8 0.69

The time reduction factor observed at 10%, 50% and 90% reliability points are de-
termined using (4.8). This shows that the time or life reduction shows non-uniform
decreasing trend. The probability Pr [to > t1] is determined using equation (4.9). This
yields 0.2900 or 29.00% probability of RLW arrester devices experiencing shorter degra-
dation time than RLH. Therefore, the probability of reduced degradation time for RLH
arrester should be: Pr[t; > to] = 1 - Prta > t1] = 0.70991 or 70.99%.

4.6 Conclusion

In this section, the three-parameter Weibull probability distribution is applied to analyse
the probability of aggravated electrical degradation of ZnO arrester populations, sub-
jected to thermal and distorted ac voltage stress. The distortion is originated from an
external source of harmonics. The electrical stability of ZnO devices is also tested on the
basis of the V' — I characteristic curve and the coefficient of non-linearity. The protection
function of arrester devices is equally analysed using the clamping voltage measurement.
In all the three case studies presented in this chapter, arrester devices degraded in the
presence of external harmonics showed the following: significant reduction in the mean
life (40.91% for BE, 37.63% for YW and 30.13% for RL samples); non-uniform decreas-
ing reliability trend and therefore increasing degradation at non-uniform rate; and a
higher probability of reduced time to degradation ( 58.93% for BEH, 76.16% for the
YWH and 70.99% for the RLH). The CDF observed across the three case studies, shows
higher value of the estimated shape parameter and lower value of the estimated scale
parameter, for the time to degradation probability distribution of arresters degraded
in the presence of external harmonics. The possibility of estimated parameters of one
distribution being equal to the other is ruled on the strength of the likelihood ratio
test results obtained in each of the cases observed. This therefore implies that higher
harmonic components embedded in the applied voltage stress results in higher degrada-
tion or failure rate and therefore lower reliability, which consequently promote higher
density of degraded arrester devices, significant reduction of the mean life as a result
of a higher time acceleration factor as well as a higher probability of reduced time to
degradation. On the other end, the electrical stability of ZnO devices, subjected to ac-

celerated degradation with external harmonics in the applied voltage stress, supported
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the observations made in terms of the probability functions. It could be noticed in the
case studies undertaken that the mean values of the reference voltage and the coefficient
of non-linearity are significantly reduced for the arrester samples subjected to external
harmonics. The BEH arresters declined by 43.75% and 81.71% in terms of the reference
voltage and the coefficient of non-linearity, respectively. The YWH observed a decrease
of 65.64% in the reference voltage and of 75% in the coefficient of non-linearity. The
RLH in turn showed a decline of 66.29% and 76.92% in terms the reference voltage and
the coefficient of non-linearity. Although an increase in the clamping voltage is observed
in some of the cases observed, it could be observed that the effect of external harmonics
on the protection quality is not significantly pronounced given the similar margin of the

clamping voltage value measured before and after degradation with external harmonics.



Chapter 5

The Effect of Voltage Harmonics

on the Resistive Current

5.1 Introduction

In the previous chapter, the influence of harmonics on the probability of accelerated or
aggravated electrical degradation is mainly approached on the basis of the mean time
to degradation, the comparison of the V' — I characteristic of MOV samples, as well as
in terms of the surge clamping performance. In this section, an attempt to analyse the
observed lifetime reduction and accelerated loss of stability of MOV samples in terms
of the resistive component of the total leakage current is undertaken. Therefore, the
impact of externally applied distorted voltage on the behaviour of the resistive current
and consequently on the mechanism of electrical degradation is also described. The
CSV measurements of the leakage current spectrum, obtained in both conditions of the
accelerated degradation test, are used in conjunction with the Fourier’s expansion-based
technique to decompose the total leakage current. The ion migration and diffusion

theories are examined in the light of distorted applied field stress.

5.2 Decomposition of the Leakage Current

The knowledge of the resistive component of the total leakage current of ZnO arrester
is essential to the condition or health assessment of these devices [30]-[35]. Given the
distorted and periodic nature of the total leakage current and the applied voltage wave-
forms measured across ZnO arresters, the generalised Fourier’s expression of a distorted

signal can be applied to model these measured electrical quantities (leakage current and

76
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applied voltage) of varistor arresters. From this model, the instantaneous power equa-
tion, which consists of the active and reactive component, can be further developed.
Since the power losses experienced by surge arresters subjected to distorted voltage are
determined by the summation of power losses resulting from each component in the
applied voltage [36, 65, 66, 67]. The resistive current component is therefore derived
from the active or resistive power equation resulting from all frequency components in
the applied voltage. The generalised Fourier’s expression of a distorted signal is written
as follows[68, 69]:

+ Z 2h+1 COS W(2h+1)t + b(2h,—|—1) sin W(2h+1)t] (51)

T
Where: i (t) is the leakage current function; h is an integer, a, = % [i(t)dt, a(2n41) =
0

# f (cos(2h + 1)t) dt and biopy1) = 7 f (sin(2h + 1)t) dt, are Fourier coefficients

of respectlve harmonic frequencies, and T is the period of the function.

In order to evaluate the Fourier coefficients, the following 20 equally divided time-points
across the full cycle of the waveform (18°,36°,54°,72°...360°) are located in the CSV
data obtained. The corresponding current values are also sourced from the same CSV
data (See Appendix B). These data enable the determination of the Fourier coefficients of
the leakage current or the applied voltage. The generalised Fourier’s equation described
in (5.1) can thus be re-written using the general expression of a non-sinusoidal equation

of an electrical quantity [70]. This yields the following current expression:

- 50 Z 2L (o 1)s5in [Weany 1)t + Gant)] (5.2)
Where: I (g11) = \/a%2h+1) + b?2h+1) is the RMS value of i(t), wiont1) = w is

2h+1
the angular frequency, and ¢o44.1) = arctan b((il))

harmonic frequency component, with h and m are integers.

is the respective phase angle of the

Applying the above steps to the measured voltage across ZnO varistor arresters, will

also enable the non-sinusoidal voltage equation to be expressed as follows:

Vo ,
v(t) = =2+ Y V2WVoaninsin [wensnt + Yent) (5.3)

2
h=0
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Where: V(o1 is the RMS value of v (t) , and t(a5,41), is the phase angle of respective

frequency voltage component.

Since the resistive component of the leakage current is associated to the active power or
watt losses (Wg) in conductive ZnO varistor arresters [48, 67, 71]. This power component
can be derived from the instantaneous power w (t) equation given by the product of

equations (5.1) and (5.2). This yields the following equation (neglecting dc components):

m

w(t) = Z V2I(op11)8in [wontnyt + dans)] - V2Vaninsin [wenint + Yensn)]  (5.4)
h=0

From equation (5.4), the active or resistive power equation is determined as follows:

Wg = Z Vion1) - Lont1)cos [Yeni1) — dentn] (5.5)
h=0

Where: Wp, is the active or resistive power component, and I(244.1)cos [¢(2h+1) — qb(2h+1)]

represents the resistive current at (2h + 1)th harmonic component.

The magnitude of the total resistive components constituting the leakage current could

be effectively determined using the expression:

m

Tn= |3 onineos (banin) — denin)]* = I+ B+ B+ .12 (5.6)
h=0

Where: Ig is the total resistive component of the total leakage current, Iy, I3, Is and I,

are fundamental, third harmonic, fifth and m!* harmonic resistive currents, respectively.

Based on the resistive current component thus obtained the variations of each harmonic
resistive component as a result of respective voltage harmonic frequency can be deter-
mined. The contributions of individual harmonic currents towards the total resistive

current through ZnO devices can also be quantified.

5.3 Resistive Current Analysis

Applying the above described technique, the leakage current and the CSV current and
voltage data of five randomly selected ZnO arrester devices, obtained in both accelerated

degradation test conditions of the study, are used to assess the behaviour of the resistive
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current components (fundamental, third and fifth) before and after harmonic injection

from the external source of harmonics.

5.3.1 BE Samples

The CSV data of the leakage current waveforms of five randomly selected BEW and
BEH arrester samples are exported to the Matlab software package 7.0 in order to plot

the leakage current signal. This is shown in figures 5.1 and 5.2, respectively.
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FIGURE 5.1: Leakage Current BEW

The magnitude of the resistive fundamental and harmonic current components, deter-
mined using the above procedure, for randomly selected BEW (before external harmonic
injection) and BEH (after harmonic injection) arrester samples are shown in figure 5.3.
This indicates that the external source of harmonic causes the resistive current compo-
nent to increase further. The total resistive current before and after external injection
of harmonics is obtained using equation (5.6). This yields 0.014 mA and 0.191 mA, re-
spectively. Therefore, it could be observed that the most dominant current components
in the resistive leakage current, in both degraded arrester populations, are the funda-
mental and the THRC. These components respectively represent 92.86% and 38.46% of
the resistive current before harmonics injection, and 71.73% and 54.45% of the resistive
current after harmonics injection. The fifth harmonic component amounts to 21.43%
and 42.93% of the resistive current in each respective case. The increase in the resistive
current, observed in arrester population degraded in the presence of external harmonics,
can be attributed to the contribution of harmonic voltage components to the resultant
biasing voltage. This explains the pronounced shift in the V' — I curve, the high degra-

dation rate function and other parameters as opposed to the BEW arrester population.
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FIGURE 5.2: Leakage Current BEH

The degradation signs observed in BEH arrester population are therefore attributed to
the rise in the resistive current, which in turn results from harmonic components in the
applied voltage. Furthermore, it could be noticed that an increase from 1.89% to 6.24%
in the third harmonic voltage content and from 2.5% to 5.58% in the fifth harmonic
voltage content, the rise in the resulting current components are from 0.005 mA to 0.104
mA and 0.003 mA to 0.082 mA of the fundamental component, respectively. This illus-
trates the contribution of each voltage harmonic component to the increase of the total

resistive current, hence to the electrical degradation process.
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FIGURE 5.3: Resistive Current Components BE Samples
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5.3.2 YW Samples

The CSV data of the leakage current waveforms of the YWW and YWH arrester samples
are exported to the Matlab software package version 7.0 in order to plot the leakage
current signal. The leakage current waveforms obtained for the YWW and YWH arrester

populations are depicted in figures 5.4 and 5.5, respectively.
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FIGURE 5.4: Leakage Current YWW
0.5

Current (mA)
o

B ]

Time (Seconds)

FIGURE 5.5: Leakage Current YWH
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The magnitude of the fundamental and harmonic resistive current components obtained
from randomly selected YWW and YWH arrester devices are also determined. This is
indicated in figure 5.6. As observed in the case of BE samples, further increase of the

resistive current is noted as a result of the connection of an external source of harmonics.
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FIGURE 5.6: Resistive Current Components YW Samples

The total resistive current before and after external injection of harmonics is obtained
using equation (5.6). This reveals 0.092 mA and 0.295 mA, respectively. Therefore, it
could be observed that the fundamental and the THRC are the most dominant har-
monic current components in the resistive leakage current, in both arrester populations
degraded with and without external harmonic source, since they consist respectively of
76.09% and 65.22% of the resistive current before injection of harmonics, and 81.36%
and 54.24% of the resistive current after harmonics injection. The fifth harmonic cur-
rent represents 54.35% and 20.34% of the resistive current, respectively. The increase
in the resistive current, observed in arrester population degraded in the presence of an
external source of harmonics, is attributed to the harmonic voltage components in the
applied voltage. These voltage components individually contribute to the rise of the
overall biasing voltage across ZnO arrester devices. This therefore indicates the shorter
time to degradation and other signs of ageing experienced by YWH arrester popula-
tion. These degradation signs are caused by the increase of the resistive current which is
subsequently triggered by the presence of harmonic components in the applied voltage.
Furthermore, it could be noticed for an increase from 1.28% to 9.8% in the third har-
monic voltage content and from 1.89% to 6.9% in the fifth harmonic voltage content, the
change in the resulting current components are from 0.06 mA to 0.16 mA and 0.005 mA

to 0.06 mA, respectively. This demonstrates the contribution of each voltage harmonic
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content to the growth in the total resistive current, hence to the increased probability

of accelerated degradation.

5.3.3 RL Samples

Similarly to the steps followed above, the CSV data of the leakage current waveforms of
the RLW and RLH arrester components are exported to the Matlab software package
version 7.0 in order to plot the leakage current signal. The leakage current waveforms
obtained for the RLW and RLH arrester populations are depicted in figures 5.7 and 5.8,

respectively.
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FIGURE 5.7: Leakage Current RLW

The fundamental and harmonic resistive currents obtained from randomly selected RLW
and RLH arrester components are indicated in figure 5.9. This once again indicates that
the external source of harmonic triggers further increase in the resistive current.

The total resistive current before and after external injection of harmonics such as ex-
pressed in equation (5.6) yields the following: 0.040 mA and 0.502 mA, respectively.
Therefore, the fundamental and the THRC consist respectively of 88.22% and 7.5% of
the resistive current, before external harmonics are injected, 71.71% and 55.78% of the
resistive current. The fifth harmonic current represents 4.3% and 41.83% of the resistive
current, respectively. The rise in the resistive current, observed in arrester population
degraded in the presence of external harmonics, is attributed to the contribution of
harmonic voltage components to the overall biasing voltage across these devices. The

analysis of the RLH arrester devices showed severe degradation in terms of the V — I
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FIGURE 5.9: Resistive Current Components RL Samples

curve, degradation rate function and other parameters as opposed to the RLW compo-
nents. This is related to higher resistive current, which is triggered by harmonic voltage
components in the applied voltage. Furthermore, it could be noticed for an increase
from 1.49% to 4.5% in the third harmonic voltage content and from 2.65% to 5.5% in
the fifth harmonic voltage content, the change in the resulting current components are
from 0.003 mA to 0.28 mA and 0.0017 mA to 0.21 mA, respectively. This indicates
the impact of each voltage harmonic content to the magnitude rise of the total resistive
current, hence to the prospect of accelerated degradation.

It is therefore important to understand the fundamental mechanism of this induced and

potentially destructive current conduction through MOV arresters.
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5.4 Mechanism of Accelerated Electrical Degradation

The electrical conduction through MOV arresters is fundamentally attributed to the ion
migration (Zinc interstitials or oxygen vacancies) to the intergranular or the interface
region of the varistor microstructure [48, 49, 72]. This charge migration phenomenon
is made possible by the following important factors: the environmental temperature
and the externally applied voltage stress to the arrester device. Therefore, both the
applied electric field and temperature could be associated to the depletion of the trapped
charges in the intergranular region, which is commonly referred to as the reduction of the
schottky barrier height. Furthermore, the C'—V analysis technique such as demonstrated
in [9, 20, 27], express the inter-dependency between the applied voltage stress and the
capacitance of the intergranular region.

Therefore the higher increase in the resistive current component observed, in the varistor
samples subjected to distorted applied voltage stress, could therefore be attributed to
the effect of voltage harmonics on the migration of charges in the arrester microstructure.
This basically implies that the rate of charge migration, which in turn causes the collapse
of the barrier height or the decay in the capacitance of the grain boundary region, must
have substantially increased as a result of harmonics embedded on the voltage stress.
The external biasing effect of distorted voltage stress is described in figure 5.10.
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FIGURE 5.10: Distribution of charge carriers in ZnO microstructure
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5.5 Conclusion

The total leakage current of ZnO arrester devices, used in the degradation tests con-
ducted in this study, is decomposed in a bid to obtain the resistive component. The
fundamental and harmonic components of the resistive current are further analysed
and compared in terms of the content variations and contributions to the resistive cur-
rent. The microstructural implications of accelerated electrical degradation were also
discussed. In terms of the resistive current components, it could be observed that the
fundamental and the THRC are the most dominant components in the resistive leakage
current. All harmonic current components have the tendency to increase in response
to the rise in the voltage harmonic content. The rise in the magnitude of the resistive
current of the arrester samples degraded with external harmonics is an indication of
the contribution of harmonic frequencies to ion migration and therefore the collapse of
the schottky barrier height. Therefore, the harmonic frequencies in the applied voltage
systematically contribute to the overall biasing voltage applied to the arresters. Based
on these observations, voltage harmonic components in the applied voltage across BEH,
YWH and RLH arresters are significant contributing factors to the accelerated degrada-
tion observed in these arrester populations. Therefore, the presence of higher content of
third and fifth harmonic voltage contribute to the increase of the total leakage current,
and hence to the high probability of aggravated electrical degradation of BEH, YWH
and RLH ZnO arrester populations.



Chapter 6

Conclusions and Future

Directions

6.1 Introduction

The inevitable exposure of ZnO arrester devices to harmonic distorted system voltage
in modern electric systems, raises the fundamental question of possible aggravated or
accelerated electrical degradation of these overvoltage protective units. Artificial accel-
erated degradation test, which consists of a highly recommended technique of simulating
long-term degradation process under service conditions, is conducted on three sets of
commercially-sourced ZnO arrester devices. The continuously applied voltage stress
is distorted and the environmental temperature is maintained constant. The three-
parameter Weibull statistical approach is thus applied in order to analyse the mean
time to degradation or mean life, the probability of reduced time to degradation and
the degradation rate functions of ZnO arrester samples. The V — I characteristic as well
as the clamping voltage of the arrester samples are equally measured to verify electri-
cal degradation condition. The resistive component of the total leakage current is also
evaluated in a bid to determine the impact of harmonic voltage frequencies, embedded
in the applied voltage stress, on accelerated electrical degradation phenomenon of ZnO

arresters.

6.2 Results Obtained

Subsequent to the test and process followed in this study in order to obtain the degra-

dation time distribution, which showed good fit to the Weibull distribution, the results

87
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obtained in this study are presented and analysed in terms of the following probability
functions and electrical parameters: the time to degradation or life expectancy of ZnO
arresters, the hasard or degradation rate function, the V' — I characteristic, the clamping

voltage and the resistive component of the leakage current.

6.2.1 Higher Probability of Degradation and Reduced Mean Life

The time to degradation of ZnO arresters under the test conditions of this study tech-
nically implies a measure of the probability of survival (life expectancy), or of reliable
performance of these surge protective units under distorted supply voltage conditions.
Therefore, the mean time to degradation or the mean life, the B-lives as well as the
probability of reduced time to degradation between the arrester populations involved in
this study are measured and compared. It is found across all the samples tested, that the
mean life of ZnO arresters subjected to external harmonics is significantly reduced com-
pared to that of arrester components tested without external harmonics. Similarly, the
probability of reduced time to degradation for ZnO devices tested with external harmon-
ics is considerably higher. This is also confirmed in terms of the time reduction factor
obtained at 10%, 50% and 90% reliability. The B-live test results also indicates that
for any p* percentile of arrester components tested with higher content of harmonics,
the time to degradation is shorter than that of arrester subjected to external harmonics.
Therefore, the mean life or the life expectancy of ZnO arresters is significantly reduced

when subjected to continuous supply voltage with harmonic distortion.

6.2.2 Higher Rate of Degradation

The hasard or the degradation rate function is used to provide the basis of analysis of
the frequency or pace at which ZnO arresters, subjected to distorted voltage conditions,
are likely to experience degradation. The results obtained indicate that the arrester
populations, subjected to degradation with external harmonics, are found to be exhibit-
ing a higher pace or frequency of degradation. However, this frequency of degradation
is found to be increasing at non-uniform rate. Therefore, the higher the harmonic dis-
tortion content in the applied voltage, the higher the frequency or pace of degradation

of ZnO arresters.

6.2.3 Accelerated Loss of Stability

The V —1I characteristic curves is used as an alternative technique to measure degradation

and ultimately the stability of ZnO arresters under distorted conditions. The results
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obtained in terms of the V — I curve, the reference voltage and the coefficient of non-
linearity indicate further drift of the V — I characteristic towards the high conduction
region and consequently a significant decrease in the reference voltage and the coefficient
of non-linearity for arrester populations, degraded in the presence of external harmonics.
This therefore implies that higher harmonics in the applied voltage contribute to loss of

stability and therefore to accelerated degradation or of Zinc oxide arresters.

6.2.4 Increased Clamping Voltage

The clamping voltage is measured in a bid to evaluate the impact of higher content of
harmonic distortion on high-frequency performance of ZnO arresters. This revealed that
ZnO arrester populations, subjected to degradation with external harmonics, experience
an increase in the protection or clamping voltage. However, this increase in the clamping
voltage value may not be necessarily higher than that of arrester populations subjected

to applied voltage stress without external harmonics.

6.2.5 Voltage Harmonics and Accelerated Electrical Degradation

The analysis of the resistive component of the leakage current, under both accelerated
degradation conditions observed in this study, shows that voltage harmonic components
embedded on the applied voltage stress contribute to the overall biasing voltage of ar-
rester components. This fundamentally suggests that voltage harmonics in the applied
stress play a significant contributing role in the drift or migration of charged particles
into the intergranular region. This results in the depletion of the trapped charges and
therefore to the reduction of the barrier height. In other words, the overall capacitance
effect of the device is overcome leading to various conductive paths being made available
in the microstructure. This prompts an increase of harmonic current components and
therefore the resistive current, which subsequently leads to rise in the watt losses and
eventually to the demise of the arrester devices. Therefore, the higher the harmonic
frequencies in the applied voltage, the higher the resistive current and the higher the
probability of reduced life expectancy or accelerated degradation of MOV-based surge

arresters.

6.3 Interpretation of the Results

The accelerated degradation test, such as implemented in this study, represents the in-

fluence of voltage harmonics on the long-term deterioration process of ZnO arresters
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operating under standard temperature and voltage conditions. The high probability of
reduced life expectancy or time to degradation that resulted from this study implies that
the reliability of ZnO arrester devices decreases with an increase in harmonic content
in the applied voltage stress. The decrease in reliability comes as a result of increased
resistive current which in turn will cause a rise in the watt losses, and subsequently a
device breakdown of these overvoltage protective units.

The non-uniform and increasing rate of degradation of ZnO arresters may be attributed
to the non-monotonic disintegration mechanism of grain boundaries that governs the
degradation or failure process of individual arrester units. The trend at which this phe-
nomenon takes place may not necessarily be the same for identical arrester components,
and may change in the course of time to either become constant or even decrease. This
also justifies the fact that some arrester devices have survived the test.

The accelerated loss of stability is an indication of the fact that harmonic components
in the applied voltage contribute, on the long run together with temperature, to further
decrease of the Schottcky barrier.

Although the increase in the clamping voltage is associated to the degradation indicators
of ZnO arresters, however such an increase of the clamping voltage is not necessarily
accelerated by harmonic content in the applied voltage. This suggests that the degra-
dation time of ZnO arresters may not reflect a complete disintegration process of the
grain boundaries of the MOV.

The continuous presence of harmonic frequency components in the applied voltage con-
sists of additional electric field to the several millions of grain boundaries or microvaristor
that constitute the ZnO arrester blocks. This additional field increases the overall bias-
ing effect which in conjunction with the environmental temperature, do accelerate the

migration process of charged particles.

6.4 Future Directions

This study introduces the probabilistic approach of accelerated electrical degradation of
ZnO arresters operating in distorted electric circuits. Further studies should build on the
foundation of this study in order to research on: accumulated energy absorbed by ZnO
arresters subjected to the simultaneous effect of steady state harmonic and transient
overvoltage; the analysis of the effect of harmonics on the breakdown voltage of ZnO
arresters; the development of analytical models, capable of providing or describing the
relationship between harmonic content in the applied voltage and the lifetime of MOV-

based surge arresters, as well as on the reduction of the Schottky barrier height.
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V' — I Measurements

The V — I characteristic of arrester samples are given in the tables below:
Mean V — I curve calculation:
BE Samples (Non-degraded)

Vo.001mA = W =6V ; Vooima = ZVO'OlmA =97V; Vouma = ngblm‘* =170 V;
Vima = 2dma = 175 V; Viga = &=300m4 — 185 V; Vigga = &=YA0mA — 200 V.,

BEW Samples (degraded without external harmonics)

Vo.001mA = ZV0.0701mA =6V Vooima = ZVD.glmA =49V Vo 1ma = ZVD.lmA — 147 V;
V’lmA — ZvlmA 160 V VlOmA _ ZVwmA 175 V WOOmA i EvloomA 185 V

BEH Samples (degraded with external harmonics)

Vooouma = 208 = 4 V3 Voorma = 25228 = 39 V; Voma = 254 = 80 V;
Vima = 25824 =100 V; Vigna = 20824 = 135 V; Vigopa = 21504 = 145 V.

YW Samples (Non-degraded)

Voooima = 200124 — 6 V5 Vo guma = 200824 = 09 V; Vo yna = &gamd = 157 V;
Vima = =54 = 163 Vi Vigma = =72 = 171 V; Vigoma = =7gg=4 =179 V.
YWW Samples (degraded without external harmonics)

Vooouma = S0 = 6V 5 Vooma = =G4 = 73 V; Voama = =12 = 85 V;
Vima = 25824 = 97 V; Vigpa = 25024 = 115 V; Vigoma = == = 126 V.,

YWH Samples (degraded with external harmonics)
Voooma = =181 = 4 V5 Vygrma = 205084 = 35 V; Vyqpma = 200404 = 44V
Vima = ZV“”A =56 V; Vigna = 2=0oma ViomA = 68 V; Vigoma = 2 Vioima Viooma. — g0 V.
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RL Samples (Non-degraded)

Vooorma = S0 =TV 5 Voouma = 25484 = 08 V3 Voma = S22 = 170 V;

Vima = 2G84 = 175 V; Vigna = 233824 = 183 V; Vigopa = =154 = 190 V.
RLW Samples (degraded without external harmonics)

Vi m Vo.01m . . Vo.imaA )
Vo0oima = =00ImA — 6V ; Vg1 = =00mA = 58 V; V4 = 2X0dmA — 76V,

Vipa = 2iima WA = 89 Vi Vigya = 2 Vioma Voma = 102 V; Vigoma = 2 Viooma Viooma — 113 V.,

RLH Samples (degraded with external harmonics)

v v Vo ,
Vo.ootma = =Yo00ima G =4V Voorma = 2 Voouma Fmd =38 Vi Voama = LVoima st = ATV,

Vima = 25824 = 59 V; Vigpa = 23224 = 71 V; Viggma = 22404 = 83 V.

TABLE A.1: V — I measurement without external harmonics - BEW

Samples | 0.001 | 0.01 | 0.1 | 1 10 | 100 | current (mA)
1 6 53 | 147 | 162 | 177 | 185 Vv
2 6 49 | 152 | 160 | 175 | 188 A%
3 6 47 | 143 | 157 | 179 | 184 A%
4 6 52 | 151 | 156 | 174 | 185 v
) 6 54 | 143 | 154 | 175 | 189 v
6 6 47 | 150 | 160 | 175 | 189 v
7 6 53 | 148 | 161 | 172 | 187 A%
8 6 52 | 147 | 159 | 177 | 189 Vv
9 6 49 | 153 | 164 | 176 | 186 Vv
10 7 54 | 148 | 157 | 170 | 185 v
11 6 53 | 146 | 160 | 175 | 185 A%
12 6 49 | 149 | 160 | 175 | 186 A%
13 6 49 | 148 | 160 | 179 | 188 A%
14 6 55 | 151 | 161 | 177 | 187 V
15 6 49 | 143 | 165 | 176 | 186 A%
16 6 47 | 149 | 166 | 175 | 189 \Y
17 5 51 | 146 | 164 | 178 | 188 Vv
18 6 50 | 145 | 158 | 175 | 185 A%
19 6 48 | 150 | 156 | 168 | 178 v
20 ) 47 | 146 | 162 | 169 | 180 v
21 6 56 | 148 | 161 | 176 | 186 A%
22 6 51 | 147 | 160 | 175 | 185 A%
23 6 49 | 145 | 159 | 175 | 185 v
24 ) 50 | 145 | 157 | 169 | 180 A%
25 6 47 | 146 | 160 | 174 | 184 \Y%
26 6 50 | 149 | 157 | 175 | 186 \Y
27 6 50 | 143 | 161 | 177 | 187 Vv
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TABLE A.2: V — I measurement without external harmonics - BEH

Samples | 0.001 | 0.01 | 0.1 | 1 10 | 100 | current (mA)
1 4 40 | 83 | 104 | 136 | 145 v
2 4 41 82 | 102 | 130 | 148 A%
3 4 40 | 83 | 104 | 135 | 144 A%
4 4 39 | 81 | 100 | 130 | 145 A%
) 5 38 | 80 | 100 | 131 | 149 A%
6 3 40 | 80 | 100 | 132 | 149 v
7 4 40 | 84 | 104 | 135 | 147 A%
8 4 38 | 7T | 97 | 137 | 149 Vv
9 5 40 | 83 | 101 | 136 | 146 \Y%

10 5 39 | 78 | 99 | 130 | 145 Vv
11 4 39 | 76 | 97 | 135 | 144 A%
12 4 41 | 79 | 100 | 135 | 146 v
13 4 39 | 81 | 102 | 139 | 148 A%
14 4 40 | 80 | 101 | 137 | 147 A%
15 4 42 | 83 | 103 | 136 | 146 v
16 4 40 | 79 | 100 | 135 | 149 A%
17 4 39 | 76 | 97 | 128 | 138 Vv
18 4 43 | 84 | 103 | 135 | 145 v
19 4 41 | 80 | 99 | 128 | 138 A%
20 4 40 | 76 | 100 | 139 | 146 A%
21 4 42 | 81 | 101 | 136 | 146 A%
22 4 39 | 77 | 97 | 135 | 145 A%
23 4 38 | 85 | 102 | 135 | 145 A%
24 4 37 | 82 | 100 | 129 | 140 A%
25 4 40 | 80 | 101 | 134 | 144 A%
26 4 35 | 79 | 100 | 135 | 146 Vv
27 4 39 | 80 | 100 | 137 | 147 Vv
28 4 41 81 | 101 | 135 | 145 A%
29 4 35 | 82 | 102 | 128 | 148 A%
30 4 35 | 84 | 101 | 139 | 140 A%
31 4 39 | 80 | 100 | 136 | 146 A%
32 4 40 | 80 | 100 | 135 | 145 A%
33 4 41 | 81 | 102 | 135 | 145 A%
34 4 38 | 83 | 101 | 139 | 140 Vv
35 4 37 | 79 | 101 | 139 | 144 \Y%
36 5 39 | 82 | 100 | 135 | 146 \Y%
37 4 41 | 75 | 94 | 137 | 147 Vv
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TABLE A.3: V — I measurement without external harmonics - YWW

Samples | 0.001 | 0.01 | 0.1 | 1 | 10 | 100 | current (mA)
1 6 70 | 86 | 98 | 118 | 125 A%
2 6 71 | 8 | 96 | 116 | 128 A%
3 6 70 | 83 | 98 | 115 | 126 A%
4 6 73 | 8 | 97 | 114 | 125 A%
5 6 72 | 8 |99 | 115 | 126 A%
6 6 73 | 88 | 97 | 117 | 126 A%
7 ) 70 | 84 |99 | 115 | 127 A%
8 6 74 | 87 | 97 | 117 | 129 \%
9 6 73 | 83 |96 | 116 | 126 \%
10 6 74 | 80 | 98 | 113 | 125 A%
11 6 73 | 8 | 97 | 115 | 124 A%
12 6 71 | 86 | 97 | 115 | 127 A%
13 6 75 | 85 196 | 114 | 127 A%
14 6 73 | 83 | 94 | 114 | 127 A%
15 6 72 | 82 | 98 | 116 | 126 A%
16 6 70 | 83 | 95| 115 | 129 \%
17 6 75 | 86 | 97 | 116 | 128 Vv
18 6 73 | 84 | 97| 115 | 126 Vv
19 6 71 | 8 | 97 | 117 | 126 A%
20 6 75 | 88 | 97 | 117 | 126 A%
21 6 73 | 87 | 97 | 116 | 127 A%
22 6 77 | 87 | 97 | 115 | 127 A%
23 6 74 | 8 | 95| 115 | 125 A%
24 6 75 | 82 | 93 | 114 | 126 A%
25 5 70 | 87 | 97 | 114 | 126 \Y%
26 6 75 | 81 | 95| 115 | 126 \Y
27 6 69 | 80 [ 99 | 117 | 127 Vv
28 6 71 | 81 | 97 | 115 | 125 A%
29 6 75 | 85 | 95 | 118 | 128 A%
30 6 73 | 85 | 95 | 113 | 126 A%
31 6 75 | 8 | 95| 116 | 126 A%
32 6 70 | 8 |96 | 115 | 125 A%
33 6 71 | 81 | 95 | 115 | 125 A%
34 6 73 | 88 | 98| 114 | 126 \%
35 6 75 | 8 | 97 | 115 | 126 \%
36 6 75 | 8 | 97 | 115 | 126 A%
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TABLE A.4: V — I measurement with external harmonics - YWH

Samples | 0.001 | 0.01 | 0.1 | 1 | 10 | 100 | current (mA)
1 4 33 | 46 | 56 | 68| 78 \4
2 ) 35 | 46 | 56 | 68 | T8 A%
3 ) 34 | 43 | 58 | 67 | T6 A%
4 4 34 | 45 | 57 169 | 75 A%
) 4 35 | 45 |59 | 65| 76 A%
6 4 36 | 48 | 57 | 67 | 76 \Y
7 4 33 | 44 |59 | 65| T7 \Y
8 5 35 | 47 | 57 | 67| 79 \%
9 4 35 | 43 | 56 | 66 | 76 \%

10 4 34 | 40 | 58 | 63 | 83 A%
11 4 33 | 46 | 57 | 65 | 80 A%
12 4 35 | 46 | 57 | 65 | 80 A%
13 4 35 | 45 | 56 | 64 | 81 A%
14 4 33 | 43 | 54 | 64| 83 A%
15 ) 34 | 44 | 58 | 66 | 80 A%
16 4 33 | 44 | 55| 65| 81 \%
17 4 35 | 46 | 57 | 66 | 78 \4
18 4 33 | 44 |57 | 72| 76 \%
19 4 32 | 45 | 57 | 67 | 76 A%
20 5) 35 | 43 | 57 | 67 | 80 A%
21 4 33 | 42 | 57 | 68 | 83 A%
22 4 37 | 47 | BT | 68 | T7 A%
23 4 34 | 45 | 55| 69| 8 \Y
24 ) 35 | 44 |53 | 70| 80 \Y
25 5 33 | 47 |56 | 73| 80 \%
26 4 35 | 44 | 55| 65| 80 \4
27 4 39 | 44 | 54| 67| 77 \%
28 ) 32 | 42 | 57 | 65 | 85 A%
29 4 35 | 45 | 55 | 68| T8 A%
30 4 33 | 45 |55 | 71| 81 A%
31 4 35 | 44 | 55 | 73 | 83 A%
32 4 33 | 46 | 56 | 70 | 80 \Y
33 4 32 | 43 | 55| 72| 81 \Y
34 4 33 | 48 |58 | 73| 86 \%
35 4 35 | 40 | 57 | 70| 80 \4
36 4 35 | 45 | 57 | 70| T6 A%
37 4 35 | 44 | 55 | 65 | 76 A%
38 4 39 | 46 | 59 | 67 | 80 v
39 4 39 | 46 | 57 | 69 | 82 A%
40 4 35 | 45 | 55| 70| 81 \Y
41 4 35 | 45 | 55 | 63 | 76 A%
42 4 35 | 45 | 55 | 66 | 86 \%
43 4 32 | 45 [ 56 | 68| 85 \4
44 4 38 | 40 [ 55 | 65| 80 \%
45 4 33 | 40 | 58 | 64 | 76 A%
46 4 35 | 45 | 57 | 70 | 81 A%
47 4 35 | 40 | 57 | 72 | 80 A%
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TABLE A.5: V — I measurement without external harmonics - RLW

Samples | 0.001 | 0.01 | 0.1 | 1 | 10 | 100 | current (mA)
1 5 59 | 76 | 86 | 103 | 113 Vv
2 6 60 | 76 | 86| 96 | 114 Vv
3 6 60 | 73 | 88| 97 | 117 Vv
4 6 97 | 75 | 87| 99 | 109 \Y%
5 6 58 | 75 | 89 | 102 | 112 \Y
6 5 56 | 78 | 87 | 97 | 115 \Y%
7 ) 58 | 74 | 89 | 105 | 115 \Y%
8 4 58 | 77 | 87 | 97 | 114 \Y
9 6 57 | 73 | 86 | 103 | 113 A%
10 6 61 | 70 | 88| 103 | 113 Vv
11 6 62 | 76 | 87 | 105 | 115 \Y
12 6 58 | 76 | 87| 105 | 115 Vv
13 6 58 | 78 | 90 | 104 | 114 \Y%
14 6 59 | 78 | 87| 99 | 109 \Y
15 6 58 | 76 | 88 | 104 | 114 \Y%
16 6 57 | 76 | 91 | 100 | 110 \Y
17 6 57 | 76 | 90 | 103 | 113 \Y
18 ) 59 | 77 | 87 ] 102 | 112 A%
19 6 60 | 75 | 89| 103 | 111 Vv
20 6 58 | 73 |89 | 97 | 113 \Y
21 6 58 | 72 |90 | 100 | 110 \Y
22 6 57 | 77 |93 | 103 | 112 \Y%
23 6 60 | 75 |89 | 103 | 114 \Y
24 6 56 | 76 | 89 | 101 | 110 \Y
25 6 59 | 77 | 89 | 102 | 112 \Y%
26 6 58 | 76 | 87 | 102 | 111 \Y
27 6 59 | 76 | 90 | 105 | 116 \Y
28 6 62 | 76 | 87 | 100 | 114 Vv
29 6 58 | 75 | 92| 102 | 112 Vv
30 6 63 | 75 | 87 | 102 | 112 \Y
31 6 56 | 76 | 89 | 103 | 113 \Y%
32 6 58 | 76 | 89 | 100 | 113 \Y%
33 6 58 | 75 | 89 | 102 | 112 \Y%
34 6 60 | 78 | 90 | 103 | 113 \Y
35 6 61 | 76 | 87 | 102 | 112 A%
36 6 57 | 75 | 87| 102 | 111 Vv
37 6 58 | 76 | 92| 101 | 111 \Y
38 6 55 | 76 | 89 | 102 | 113 Vv
39 6 57 | 76 | 89 | 104 | 113 \Y
40 6 57 | 75 | 89 | 101 | 112 \Y
41 6 56 | 75 | 89 | 102 | 112 \Y%
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TABLE A.6: V — I measurement without external harmonics - RLH

Samples | 0.001 | 0.01 | 0.1 | 1 | 10 | 100 | current (mA)
1 4 39 | 46 | 58 | 73 | 83 \Y
2 4 40 | 46 | 60 | 76 | 84 \4
3 1 40 | 43 | 58 | 77 | 87 \4
4 4 37 | 45 60| 79| 89 \4
5 5 38 | 45 |89 | 72| 82 A%
6 4 36 | 48 | 57 | 77 | 85 \Y
7 5 38 | 44 |59 | 75| 85 A%
8 5 38 | 47 | 59 | 7T | 84 \%
9 4 37 | 43 |56 | 73| 83 \Y

10 4 41 | 48 | 58 | 73 | 83 \Y%
11 4 42 | 46 | 57 | 75| 85 \4
12 4 38 | 46 | 57| 75| 85 \4
13 4 38 | 48 |60 | 74| 84 A%
14 5 39 | 48 |57 | 79| 89 \Y
15 5 38 | 46 | 58 | T4 | &4 A%
16 4 37 | 46 | 61| 70| 80 \Y
17 3 37 | 46 | 60 | 73 | 83 \Y%
18 4 39 | 47 | 60 | 72 | 82 \Y
19 4 40 | 45 | 59| 73| 81 \Y
20 1 38 | 47 | 59| 77| 83 \4
21 3 38 | 48 60| 70| 80 \4
22 5 37 | 47 |63 | 73| 82 \Y%
23 4 40 | 45 |59 | 73| &4 \Y%
24 4 36 | 46 | 59 | 71| 80 \Y
25 4 39 | 47 | 59 | 72| 82 A%
26 4 38 | 46 | 57 | 72| 81 A%
27 4 39 | 46 | 60 | 68 | 86 \Y
28 4 42 | 46 | 57 | 70 | 84 \Y
29 1 38 | 47 | 62| 72| 82 \Y
30 4 43 | 47 | 57| 66 | 82 \Y
31 4 36 | 47 | 59 | 67 | 83 \Y%
32 3 38 | 46 |59 | 70 | 83 \Y
33 4 38 | 45 |89 | 72| 82 A%
34 4 40 | 48 | 60 | 73 | 83 \Y
35 5) 41 | 46 | 57 | 72 | 82 \Y
36 4 37 | 45 | 57 | 72| 81 \Y%
37 4 38 | 46 | 62| 71| 81 \Y
38 4 35 | 46 | 59| 72| 83 \Y
39 5 37 | 46 | 59 | 65 | 83 \Y%
40 4 37 | 45 | 59 | 66 | 82 \Y
41 4 36 | 47 | 59 | 67 | 82 \Y%
42 4 40 | 47 | 56 | 70 | &4 \Y
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TABLE A.7: V — I measurement without external harmonics - RLH (Continued)

43 | 4140 |45 |58 | 71|87 |V
44 | 4 | 37|50 | 57 | 70|89 | V
451413845 |59 | 72|82 |V
46 | 4 | 36 | 48 | 57 | 70 | 8 | V
47 14138149 |59 |65 |8 |V
48 | 4 | 38 | 47 | 57 | 65 | 84 | V
49 | 4 | 37|50 |56 | 65|83 |V
50 | 4|41 149 |58 (69|83 |V
5l | 4|42 |46 |57 |75 |8 |V
52| 4|38 46|57 |67 |8 |V
53 |4 |38 14860 |76 |80 |V
54 |4 |39 |48 |57 (68|89 |V
55| 4 |38 149 |58 70|79 |V
56 | 43849 |58 (69|80 |V
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TABLE A.8: V — I measurement Before degradation (BE samples)

Samples | 0.001 | 0.01 | 0.1 | 1 10 | 100 | current (mA)
1 6 87 | 170 | 177 | 187 | 201 A%
2 6 93 | 175 | 182 | 191 | 208 \Y%
3 6 97 | 176 | 182 | 192 | 208 \Y%
4 6 90 | 173 | 181 | 191 | 207 \Y
) 6 95 | 173 | 182 | 190 | 207 v
6 6 100 | 169 | 179 | 188 | 202 v
7 6 88 | 174 | 182 | 191 | 207 v
8 6 90 | 178 | 185 | 195 | 210 A%
9 6 101 | 168 | 175 | 184 | 200 A%
10 7 92 | 171 | 177 | 187 | 201 A%
11 6 91 | 168 | 176 | 185 | 199 A%
12 6 82 | 167 | 176 | 184 | 198 \Y%
14 6 80 | 165 | 174 | 183 | 197 \Y%
15 6 91 | 166 | 173 | 182 | 196 v
16 6 83 | 168 | 174 | 183 | 199 A%
17 7 87 | 173 | 181 | 191 | 206 A%
18 7 92 | 175 | 182 | 191 | 206 A%
19 6 88 | 166 | 176 | 184 | 199 A%
20 6 91 | 175 | 182 | 192 | 205 A%
21 6 83 | 165 | 173 | 182 | 196 \Y
22 6 91 | 177 | 183 | 192 | 209 \Y
23 6 80 | 174 | 183 | 190 | 205 A%
24 6 94 | 167 | 173 | 183 | 198 A%
25 6 98 | 179 | 185 | 195 | 211 A%
26 6 97 | 171 | 179 | 188 | 203 A%
27 6 85 | 168 | 176 | 186 | 200 A%
28 6 100 | 176 | 183 | 192 | 209 v
29 6 101 | 169 | 176 | 186 | 200 \Y%
30 7 101 | 176 | 183 | 192 | 207 \Y%
: : : : : : : A%
60 7 101 | 176 | 183 | 192 | 207 A%




Appendix B

Measurement of the Applied
Voltage and the Leakage Current

The measurement of the applied voltage are:

TABLE B.1: Measurement of the applied voltage

X y cOsX yCOsx sinx ysinx €083x yCcos3x sin3dx ysin3dx

18 | 4.40 | 0.9511 | 4.1847 | 0.3090 1.3597 0.5878 2.5863 0.8090 3.5597

36 | 7.60 | 0.8090 | 6.1486 | 0.5878 | 4.4672 | -0.3090 | -2.3486 | 0.9511 7.2281

54 | 11.2 | 0.5878 | 6.5833 | 0.8090 | 9.0610 | -0.9511 | -10.6519 | 0.3090 3.4610

72 | 13.6 | 0.3090 | 4.2027 | 0.9511 | 12.9344 | -0.8090 | -11.0027 | -0.5878 | -7.9939

90 14 0 0 1 14 0 0 -1 -14

108 | 13.6 | -0.3090 | -4.2027 | 0.9511 | 12.9344 | 0.8090 | 11.0027 | -0.5878 | -7.9939

126 | 12 | -0.5878 | -7.0535 | 0.8090 9.7082 0.9511 | 11.4127 | 0.3090 3.7082

144 | 8.8 | -0.8090 | -7.1194 | 0.5878 | 5.1726 0.3090 2.7194 0.9511 8.3693

162 | 4.4 | -0.9511 | -4.1847 | 0.3090 1.3597 | -0.5878 | -2.5863 | 0.8090 3.5597

180 | -0.8 -1 0.8 0 0 -1 0.8 0 0

198 | -4.8 | -0.9511 | 4.5651 | -0.3090 | 1.4833 | -0.5878 | 2.8214 | -0.8090 | 3.8833

216 | -8 |-0.8090 | 6.4722 | -0.5878 | 4.7023 0.3090 | -2.4722 | -0.9511 | 7.6085

234 | -11.6 | -0.5878 | 6.8184 | -0.8090 | 9.3846 0.9511 | -11.0323 | -0.3090 | 3.5846

252 | -14.4 | -0.3090 | 4.4499 | -0.9511 | 13.6953 | 0.8090 | -11.6499 | 0.5878 | -8.4642

270 | -14.8 0 0 -1 14.8 0 0 1 -14.8

288 | -14 | 0.3090 | -4.3263 | -0.9511 | 13.3148 | -0.8090 | 11.3263 | 0.5878 | -8.2291

306 | -12.4 | 24.17 | -1.2849 | 7.25 1.359688 | 0.58779 | 2.586276 | 0.80902 | 3.559688

324 | -9.2 | 0.8090 | -7.4430 | -0.5878 | 5.4077 | -0.3090 | 2.8430 | -0.9511 | 8&.7498

342 | -4.80 | 0.9511 | -4.5651 | -0.3090 | 1.4833 0.5878 | -2.8214 | -0.8090 | 3.8833

360 | 0.00 1 0 0 0 1 0 0 0

Since the value of 0.02 in the CSV data corresponds 360° (See time-domain fig. 5.1 and

others), the following relationship applies to determine the angle values in CSV data:

100
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TABLE B.2: Measurement of the applied voltage
X y €0sHX | ycoshHx | sindx | ysindx | cos7’x yCcosTx sin7x | ysin7x
18 | 4.40 0 0 1 4.4 -0.5878 | -2.5863 | 0.8090 | 3.5597
36 | 7.60 -1 -7.6 0 0 -0.3090 | -2.3486 | -0.9511 | -7.2281
54 | 11.2 0 0 -1 -11.2 | 0.9511 | 10.6519 | 0.3090 | 3.4610
72 | 13.6 1 13.6 0 0 -0.8090 | -11.0027 | 0.5878 | 7.9939
90 14 0 0 1 14 0 0 -1 -14
108 | 13.6 -1 -13.6 0 0 0.8090 | 11.0027 | 0.5878 | 7.9939
126 | 12 0 0 -1 -12 -0.9511 | -11.4127 | 0.3090 | 3.7082
144 | 8.8 1 8.8 0 0 0.3090 | 2.7194 | -0.9511 | -8.3693
162 | 4.4 0 0 1 4.4 0.5878 | 2.5863 | 0.8090 | 3.5597
180 | -0.8 -1 0.8 0 0 -1 0.8 0 0
198 | 4.8 0 0 -1 4.8 0.5878 | -2.8214 | -0.8090 | 3.8833
216 | -8 1 -8 0 0 0.3090 | -2.4722 | 0.9511 | -7.6085
234 | -11.6 0 0 1 -11.6 | -0.9511 | 11.0323 | -0.3090 | 3.5846
252 | -14.4 -1 14.4 0 0 0.8090 | -11.6499 | -0.5878 | 8.4642
270 | -14.8 0 0 -1 14.8 0 0 1 -14.8
288 | -14 1 -14 0 0 -0.8090 | 11.3263 | -0.5878 | 8.2291
306 | -12.4 0 0 1 -12.4 | 0.9511 | -11.7931 | -0.3090 | 3.8319
324 | -9.2 -1 9.2 0 0 -0.3090 | 2.8430 | 0.9511 | -8.7498
342 | -4.80 0 0 -1 4.8 -0.5878 | 2.8214 | -0.8090 | 3.8833
360 | 0.00 1 0 0 0 1 0 0 0
180 = 185002 — 1,00 x 1073; 36° = 305802 = 2,00 x 103; 54° = 54X002 — 3,00 x 10~3;
3420 = 32002 — 1,900 x 1072; 360° = 30802 — 2.00 x 1072
> ycosnx
==l B.1
=001 (B-1)
> ysinnz
b, ==—"—— B.2
" 0.01 (B:2)
cn = /a2 + b2 (B.3)
1, = arctan Z—n (B.4)

n
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TABLE B.3: Harmonic Components of the applied voltage: BEW samples

order an, by Cn Un %
1 -195.85 14530 14531 -0.77 -
3 273.97 -5.38 274.02 | -88.88 | 1.89
) 360 1.78E-13 360 90 2.5
7 -30.366 139.72 136.38 | -12.262 | 0.94

TABLE B.4: Harmonic Components of the applied voltage: BEH samples

order an by, Cn U %
1 -6594.5 | 12664 | 14278 | -27.507 -
3 889.67 | 58.019 | 891.56 | 86.269 | 6.24
5 720 340 796.24 | 64.722 | 5.58
7 935.28 | 146.46 | 946.68 | 81.10 | 6.63

TABLE B.5: Harmonic Components of the applied voltage: YWW samples

order an by, Cn Un %
1 115.91 | 13304 | 13305 0.5 -
3 160 -60 170.88 | 26.15 | 1.28
5 110.95 | 226.01 | 251.77 | -69.44 | 1.89
7 -35.671 | 89.34 | 96.198 | -21.77 | 0.72

TABLE B.6: Harmonic Components of the applied voltage: YWH samples

order an by, Cn, Un %
1 132550 | 9688.6 | 13290 | 85.819 -
3 1230.9 | 429.18 | 1303.6 | 70.79 | 9.8
5 760 520 920.87 | 55.62 | 6.9
7 -671.51 | 386.19 | 774.64 | -60.096 | 5.8

TABLE B.7: Harmonic Components the applied voltage: RLW samples

order an b, Cn Un %
1 187010 | 14046 | 187540 | 85.705 -
3 2800 -0.002 2800 21.921 | 1.49
) 1857.5 | 4615.9 | 497.56 -90 2.65
7 -198.11 | 112.55 | 227.85 | -60.398 | 0.12

TABLE B.8: Harmonic Components of the applied voltage: RLH samples

order an by Cn Un %
1 1440.6 14212 14285 | 5.788 -
3 -588.89 | -244.55 | 637.65 | 67.448 | 4.5
5 -520 -580 778.97 | 41.878 | 5.5
7 -474.43 | -474.43 | 670.95 45 4.7
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TABLE B.9: Measurement of the Leakage Current
X y COSX yCOSX sinx ysinx €083x yCos3x sindx | ysin3dx
18 | 0.096 4.20 0.4032 | 0.3090 | 0.0297 | 0.5878 | 0.0564 0.809 0.078
36 0.06 7.6 0.456 | 0.5878 | 0.03553 | -0.3090 | -0.0185 0.951 0.057
54 | 0.048 10.6 0.5088 | 0.8090 | 0.0388 | -0.9511 | -0.04565 | 0.309 0.015
72 | 0.028 12.8 0.3584 | 0.9511 | 0.0266 | -0.8090 | -0.0227 | -0.588 | -0.017
90 | 0.008 12.8 0.1024 0.008 0 -1 -0.008
108 | 0.012 12.4 0.1488 | 0.9511 | 0.0114 | 0.8090 | 0.0097 | -0.588 | -0.007
126 | 0.156 10.8 1.6848 | 0.8090 0.126 0.9511 0.148 0.3090 | 0.048
144 | 0.264 7.8 2.059 | 0.5878 | 0.1552 | 0.3090 | 0.0816 | 0.9511 | 0.251
162 | 0.188 4.00 0.752 | 0.3090 | 0.0581 | -0.5878 | -0.1105 | 0.8090 | 0.152
180 | -0.184 -1 0.184 -1 0.184 0 0
198 | -0.096 | -4.4 0.4224 | -0.3090 | 0.0297 | -0.5878 | 0.0564 | -0.809 | 0.078
216 | -0.044 -8 0.352 | -0.5878 | 0.0259 | 0.3090 | -0.0136 | -0.951 | 0.042
234 | -0.044 | -10.8 0.475 | -0.8090 | 0.0356 | 0.9511 | -0.0418 | -0.309 | 0.0136
252 | -0.032 -13 0.416 | -0.9511 | 0.0304 | 0.8090 | -0.0259 | 0.5878 | -0.019
270 | -0.016 | -12.8 | 0.2048 | -0.9511 | 0.0152 | -0.8090 | 0.0129 0.588 | -0.009
288 | -14 | 0.3090 | -4.3263 | -0.9511 | 13.3148 | -0.8090 | 11.3263 | 0.588 -8.23
306 | -0.164 -11 1.804 | -0.8090 | 0.1327 | -0.9511 0.156 -0.454 | 0.075
324 | -0.028 | -8.00 2.24 | -0.5878 | 0.1646 | -0.3090 | 0.0865 | -0.9511 | 0.266
342 | -0.204 -4 0.816 | -0.3090 | 0.0630 | 0.5878 | -0.1199 | -0.8090 | 0.165
360 | 0.196 0.4 0.0784 0.196 0 0
TABLE B.10: Measurement of the Leakage Current

X y cosHX | ycoshx | sindx | ysindx cosTx yCosTx sin7x ysin7x
18 | 0.096 0 0 1 -0.192 | -0.58779 | 0.112856 | 0.80902 | -0.15533
36 | 7.60 -1 0.136 0 0 -0.3090 0.04203 -0.9511 0.1293
54 | 11.2 0 0 -1 0.088 0.9511 -0.0837 0.3090 | -0.027194
72 | 13.6 1 -0.064 0 0 -0.8090 | 0.0517773 | 0.5878 | -0.037619
90 14 0 0 1 -0.04 0 0 -1 0.04
108 | 13.6 -1 -0.012 0 0 0.8090 0.009708 0.5878 | 0.0070535
126 12 0 0 -1 -0.156 | -0.9511 | -0.1483654 | 0.3090 | 0.048207
144 | 8.8 1 0.264 0 0 0.3090 0.08158 -0.9511 | -0.25108
162 | 4.4 0 0 1 0.188 0.5878 0.110505 0.8090 | 0.152096
180 | -0.8 -1 0.184 0 0 -1 0.184 0 0
198 | -4.8 0 0 -1 0.096 0.5878 -0.05643 | -0.8090 | 0.07767
216 -8 1 -0.044 0 0 0.3090 -0.0136 0.9511 | -0.04185
234 | -11.6 0 0 1 -0.044 | -0.9511 0.041847 | -0.3090 | 0.013597
252 | -14.4 -1 0.032 0 0 0.8090 -0.02589 | -0.5878 | 0.018809
270 | -14.8 0 0 -1 0.024 0 0 1 -0.024
288 | -14 1 -0.016 0 0 -0.8090 0.012944 | -0.5878 | 0.009405
306 | -12.4 0 0 1 -0.164 | 0.9511 -0.15597 | -0.3090 | 0.050679
324 | -9.2 -1 0.28 0 0 -0.3090 0.086526 0.9511 -0.2663
342 | -4.80 0 0 -1 0.204 | -0.5878 0.119909 | -0.8090 | 0.16504
360 | 0.00 1 0.196 0 0 1 0.196 0 0
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TABLE B.11: Resistive Current Components: BEW samples
Components | Sample 1 | Sample 2 | Sample 3 | Sample 4 | Sample 5 | Ave.Value | Unit
Fund. 0.011 0.014 0.013 0.012 0.013 0.013 mA
Third 0.006 0.005 0.007 0.004 0.005 0.0054 mA
Fifth 0.004 0.004 0.0025 0.0026 0.003 0.00322 mA
TABLE B.12: Resistive Current Components: BEH samples
Components | Sample 1 | Sample 2 | Sample 3 | Sample 4 | Sample 5 | Ave.Value | Unit
Fund. 0.137 0.14 0.134 0.137 0.138 0.137 mA
Third 0.109 0.105 0.101 0.099 0.104 0.104 mA
Fifth 0.079 0.085 0.082 0.08 0.082 0.082 mA
TABLE B.13: Resistive Current Components: YWW samples
Components | Sample 1 | Sample 2 | Sample 3 | Sample 4 | Sample 5 | Ave.Value | Unit
Fund. 0.09 0.065 0.071 0.061 0.062 0.07 mA
Third 0.057 0.061 0.059 0.06 0.061 0.06 mA
Fifth 0.0048 0.0052 0.0049 0.005 0.0051 0.005 mA
TABLE B.14: Resistive Current Components: YWH samples
Components | Sample 1 | Sample 2 | Sample 3 | Sample 4 | Sample 5 | Ave.Value | Unit
Fund. 0.239 0.237 0.25 0.238 0.241 0.24 mA
Third 0.173 0.161 0.158 0.156 0.153 0.16 mA
Fifth 0.062 0.071 0.06 0.057 0.055 0.061 mA
TABLE B.15: Resistive Current Components: RLW samples
Components | Sample 1 | Sample 2 | Sample 3 | Sample 4 | Sample 5 | Ave.Value | Unit
Fund. 0.03 0.036 0.042 0.044 0.049 0.04 mA
Third 0.0026 0.0025 0.0031 0.0039 0.0029 0.003 mA
Fifth 0.0016 0.0015 0.0016 0.0019 0.0019 0.0017 mA
TABLE B.16: Resistive Current Components: RLH samples
Components | Sample 1 | Sample 2 | Sample 3 | Sample 4 | Sample 5 | Ave.Value | Unit
Fund. 0.34 0.36 0.38 0.37 0.35 0.36 mA
Third 0.26 0.28 0.3 0.29 0.27 0.28 mA
Fifth 0.2 0.21 0.19 0.21 0.22 0.21 mA
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Times to degradation

The times to degradation, the percentage cumulative degradation and the logarithmic

values assigned to the BEW, BEH, YWW, YWH, RLW and RLH samples are given:

TABLE C.1: Times to degradation for BEW Samples

tm(minutes) | t; (hours) | F(i,n) (%) X i
1 100.5 0.93 -4.6731 | 4.61
1 100.5 2.59 -3.6404 | 4.615
1 100.5 4.25 -3.1366 | 4.61
2 201.1 5.91 -2.7982 5.3
2 201.1 7.57 -2.5419 5.3
2 201.1 9.23 -2.3347 5.3
3 301.6 10.89 -2.1602 | 5.71
6 603.2 12.55 -2.0091 6.4
6 603.2 14.21 -1.8756 6.4
6 603.2 15.87 -1.7556 6.4
7 703.7 17.53 -1.6464 | 6.56
7 703.7 19.19 -1.5461 | 6.56
8 804.3 20.85 -1.4532 | 6.69
13 1307 22.51 -1.3664 | 7.18
14 1407 24.17 -1.2849 | 7.25
14 1408 25.83 -1.2079 | 7.25
15 1508 27.49 -1.1349 | 7.32
15 1508 29.15 -1.0654 | 7.32
16 1609 30.81 -0.99882 | 7.38
17 1709 32.47 -0.93497 | 7.44
17 1709 34.12 -0.87387 | 7.44
19 1910 35.78 -0.81451 | 7.55
20 2011 37.44 -0.75706 | 7.61
23 2312 40.76 -0.64708 | 7.75
28 2815 42.42 -0.59422 | 7.94
34 3418 44.83 -0.51961 | 8.14
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Applying equation (2.5) yields the correlation factor for BEW varistor components:

(—4.6731+44.4721)-(4.61—-179.65)+...+(—0.51961+44.4721)-(8.14—179.65)
\/[(74.6731+44.4721)2+...+(70.51961+44.4721)2] [(4.61-179.65)*+...+(8.14—179.65)°

"7(96'2‘,%) =

1 (i, y;) = 0.955857 which is higher than the critical coefficient value (See figure 2.1 ).

Equation (2.6) enables the determination of the shape parameter for BEW samples:

8= (—4.6731+44.4721)%4...4(—0.51961+44.4721)*
~ [(—4.6731+44.4721)-(4.61—179.65)]+...+ [(—0.51961+44.4721)-(8.14—179.65)]

B = 0.97961

The scale parameter is calculated using equation (2.7):

179 65 — [(Z4.6731+44.4721)-(4.61-179.65)|+... +[(—0.51961+44.4721)-(8.14-179.65)] (—44.4721)

= eX
f=e p[ (—4.67314+44.4721)% +...+(—0.51961+44.4721)2

0 = 4167.6 hours.
For BEH samples:

Applying equation (2.5) yields the correlation factor:

(—4.673141.29364)-(4.61—6.73)+...4(—0.68882+1.29364)-(8.011—6.73)
[(—4.6731+1.29364)°+...4+(—0.68882+1.29364)%]-[(4.61—6.73)*+...4+(8.011-6.73)]

n (i, yi) = \/

N (x;,y;) = 0.958317 which is higher than the critical coefficient value (See figure 2.1 ).

Equation (2.6) enables the determination of the shape parameter for BEH samples:

8= (—4.673141.29364)%+...+(—0.68882+1.29364)>
— [(—4.673141.29364)-(4.61—6.73)]+...+ [(—0.68882+1.29364)-(3.011—6.73)]

B = 1.0929

The scale parameter is calculated using equation (2.7):

_ _ [(—4.673141.29364)(4.61—6.73)]+...+[(—0.68882+1.29364)-(8.011-6.73)]
§ = exp [6‘73 (—4.6731+1.29364)%+...4(—0.68882+1.29364)> ( 1'29364)]

0 = 2746.5 hours.

Applying equation (2.5) yields the correlation factor for YWW varistor components:

(—4.673141.31044)-(4.61—6.107127) +...+(—0.114241.31044)-(7.606—6.107127)
[(—4.6731+1.31044)%+...+(—0.1142+1.31044)%]-[(4.61—6.107127)*+...4(7.606—6.107127)?]

n (i, yi) = \/
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TABLE C.2: Times to degradation for BEH Samples

tm(minutes) | t; (hours) | F(i,n) (%) X i
1 100.5 0.93 -4.6731 | 4.610158
1 100.5 2.59 -3.6404 | 4.610158
1 100.5 4.25 -3.1366 | 4.610158
2 201.1 5.91 -2.7982 | 5.306782
2 201.1 7.57 -2.5419 | 5.306782
2 201.1 9.23 -2.3347 | 5.306782
3 301.6 10.89 -2.1602 | 5.709102
3 301.6 12.55 -2.0091 | 5.709102
3 301.6 14.21 -1.8756 | 5.709102
) 502.67 15.87 -1.7556 | 6.219934
) 502.67 17.53 -1.6464 | 6.219934
5) 502.67 19.19 -1.5461 | 6.219934
10 1005.3 20.85 -1.4532 | 6.913041
10 1005.3 22.51 -1.3664 | 6.913041
10 1005.3 24.17 -1.2849 | 6.913041
11 1105.9 25.83 -1.2079 | 7.008415
11 1105.9 27.49 -1.1349 | 7.008415
11 1105.9 29.15 -1.0654 | 7.008415
11 1105.9 30.81 -0.99882 | 7.008415
12 1206.4 32.47 -0.93497 | 7.095396
12 1206.4 34.12 -0.87387 | 7.095396
12 1206.4 35.78 -0.81451 | 7.095396
14 1407.5 37.44 -0.75706 | 7.249571
14 1407.5 39.10 -0.70131 | 7.249571
15 1508 40.76 -0.64708 | 7.318540
15 1508 42.42 -0.59422 | 7.318540
15 1508 44.83 -0.51961 | 7.318540
15 1508 45.74 -0.49203 | 7.318540
19 1910.1 47.4 -0.44246 | 7.554911
20 2010.7 49.06 -0.39375 | 7.606238
20 2010.7 50.72 -0.3458 | 7.606238
20 2010.7 52.38 -0.29852 | 7.606238
20 2010.7 54.04 -0.20557 | 7.606238
24 2412.8 95.7 -0.49203 | 7.788543
30 3016 57.36 -0.15973 | 8.011687
30 3016 59.02 -0.11419 | 8.011687
30 3016 60.68 -0.68882 | 8.011687

1 (i, y;) = 0.935602 which is higher than the critical coefficient value (See figure 2.1 ).

Equation (2.6) enables the determination of the shape parameter for YWW samples:

(—4.6731+1.31044)%4...+(—0.114241.31044)>

g = [(—4.6731+1.31044

B = 1.4578

)-(4.61—6.107127)]+..+[(—0.11421+1.31044)(7.606—6.107127)]
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TABLE C.3: Times to degradation for YWW Samples

tm(minutes) | t; (hours) | F(i,n) (%) X i
1 100.5 0.93 -4.6731 | 4.610456
1 100.5 2.59 -3.6404 | 4.610456
1 100.5 4.25 -3.1366 | 4.610456
2 201.1 5.91 -2.7982 | 5.303554
2 201.1 7.57 -2.5419 | 5.303554
2 201.1 9.23 -2.3347 | 5.303554
2 201.1 10.89 -2.1602 | 5.303554
2 201.1 12.55 -2.0091 | 5.303554
3 301.6 14.21 -1.8756 | 5.709035
3 301.6 15.87 -1.7556 | 5.709035
3 301.6 17.53 -1.6464 | 5.709035
3 301.6 19.19 -1.5461 | 5.709035
3 301.6 20.85 -1.4532 | 5.709035
3 301.6 22.51 -1.3664 | 5.709035
4 402.1 24.17 -1.2849 | 5.996701
4 402.1 25.83 -1.2079 | 5.996701
4 402.1 27.49 -1.1349 | 5.996701
) 502.63 29.15 -1.0654 | 6.219854
) 502.63 30.81 -0.99882 | 6.219854
5) 502.63 32.47 -0.93497 | 6.219854
) 502.63 34.12 -0.87387 | 6.219854
) 502.63 35.78 -0.81451 | 6.219854
6 603.16 37.44 -0.75706 | 6.402183
6 603.16 39.10 -0.70131 | 6.402183
7 703.68 40.76 -0.64708 | 6.556324
7 703.68 42.42 -0.59422 | 6.556324
8 804.21 44.83 -0.51961 | 6.689860
8 804.21 45.74 -0.49203 | 6.689860
8 804.21 474 -0.44246 | 6.689860
9 904.73 49.06 -0.39375 | 6.807637
10 1005.3 50.72 -0.3458 | 6.913041
10 1005.3 52.38 -0.29852 | 6.913041
13 1306.8 54.04 -0.2518 | 7.175337
15 1507.9 95.7 -0.20557 | 7.318473
17 1708.9 57.36 -0.15973 | 7.443605
20 2010.5 59.02 -0.11419 | 7.606139

The scale parameter is calculated using equation (2.7):

6 = exp [6.107127 -

6 = 1103.3 hours.

For YWH samples:

(—4.6731+1.31044)% 4...+(—0.1142+1.31044)?

[(—4.6731+1.31044)(4.61—6.107127)]+...+[(—0.1142+1.31044)-(8.14—6.107127)] _ (~1 31044)]
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Applying equation (2.5) yields the correlation factor:

(—4.6731+0.96645)-(4.61—6.024655)+...+(0.393340.96645) - (7.008—6.024655)
\/[(74.6731+1.29364)2+...+(0.3933+0.96645)2]-[(4.6176.024655)2+...+(7.00876.024655)2}

"7(96'2‘,%) =

1 (i, y;) = 0.951579 which is higher than the critical coefficient value (See figure 2.1 ).

Equation (2.6) enables the determination of the shape parameter for YWH samples:

8= (—4.673140.96645)%+...4-(0.3933+0.96645)>
~ [(—4.673140.96645)-(4.61—6.024655)|+...+[(0.3933+0.96645)-(7.008—6.024655)]

B =1.7141

The scale parameter is calculated using equation (2.7):

B  [(—4.6731-0.96645)-(4.61—6.024655)|+...-+[(0.3933+0.96645)-(7.008—6.024655)]
0 = exp [6'73 (—4.6731+0.96645)%+...1-(0.3933--0.96645)? ( 0'96645)}

= 726.68 hours.

Applying equation (2.5) yields the correlation factor for RLW varistor components:

(—4.673141.14801)-(4.61—6.280336) +...+(0.11191+1.14801)-(7.31847—6.280336)
\/[(74.6731+1.14801)2+...+(0.11191+1.14801)2]-[(4A6176.280336)2+...+(7.3184776.280336)2]

"7(%3%) =

1 (i, y;) = 0.969156 which is higher than the critical coefficient value (See figure 2.1 ).

Equation (2.6) enables the determination of the shape parameter for RLW samples:

8= (—4.6731+1.14801)%+...4(0.1119141.14801)
= [(—4.6731+1.14801)-(4.61—6.280336)]+...+[(0.11191+1.14801)-(7.31847—6.280336)]

B =163

The scale parameter is calculated using equation (2.7):

_ _ [(—4.6731+1.14801)-(4.61—6.280336)]+...+-[(0.11191+1.14801)-(8.14—6.280336)]
0 = exp [6‘280336 (—4.673141.14801)% 4...4-(—0.1142+1.14801)? ( 1'14801)]

0 = 1079.4 hours.
For RLH samples:

Applying equation (2.5) yields the correlation factor:

(—4.6731-+0.83043)-(4.61—6.166468)+...+(0.3933+0.83043)-(7.09531—6.1664685)
\/[(—4.6731+0.83043)2+...+(O.3933+0.83043)2]~[(4.61—6.166468)2+...+(7.09531—6.166468)2]

77(95@'7%') =
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N (x;,y;) = 0.974395 which is higher than the critical coefficient value (See figure 2.1 ).

Equation (2.6) enables the determination of the shape parameter for RLH samples:

3= (—4.673140.83043)%+...+(0.7877+0.83043)2
~ [(—4.673140.83043)-(4.61—6.166468)]+...+[(0.7877+0.83043)-(7.09531—6.166468)]

B =175

The scale parameter is calculated using equation (2.7):

.  [(~4.673140.83043)-(4.61—6.166468)]+...+[(0.7877+0.83043)-(7.09531—6.166468)]
0 = exp [6‘166468 (—4.6731-+0.83043)%+...4(0.7877+0.83043)2 (~0.83043)

0 = 765.22 hours.
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TABLE C.4: Times to degradation for YWH Samples

tm (minutes) | t; (hours) | F(i,n) (%) X Yi
1 100.5 0.93 -4.6731 | 4.610456
1 100.5 2.59 -3.6404 | 4.610456
1 100.5 4.25 -3.1366 | 4.610456
1 100.5 5.91 -2.7982 | 4.610456
2 201.1 7.57 -2.5419 | 5.303554
2 201.1 9.23 -2.3347 | 5.303554
2 201.1 10.89 -2.1602 | 5.303554
2 201.1 12.55 -2.0091 | 5.303554
2 201.1 14.21 -1.8756 | 5.303554
3 301.6 15.87 -1.7556 | 5.709035
3 301.6 17.53 -1.6464 | 5.709035
3 301.6 19.19 -1.5461 | 5.709035
3 301.6 20.85 -1.4532 | 5.709035
3 301.6 22.51 -1.3664 | 5.709035
3 301.6 24.17 -1.2849 | 5.709035
3 301.6 25.83 -1.2079 | 5.709035
3 301.6 27.49 -1.1349 | 5.709035
3 301.6 29.15 -1.0654 | 5.709035
3 301.6 30.81 -0.99882 | 5.709035
3 301.6 32.47 -0.93497 | 5.709035
3 301.6 34.12 -0.87387 | 5.709035
4 402.1 35.78 -0.81451 | 5.996701
4 402.1 37.44 -0.75706 | 5.996701
4 402.1 39.10 -0.70131 | 5.996701
4 402.1 40.76 -0.64708 | 5.996701
) 502.63 42.42 -0.59422 | 6.219854
5 502.63 44.83 -0.51961 | 6.219854
) 502.63 45.74 -0.49203 | 6.219854
) 502.63 474 -0.44246 | 6.219854
5 502.63 49.06 -0.39375 | 6.219854
6 603.16 50.72 -0.3458 | 6.402183
6 603.16 52.38 -0.29852 | 6.402183
6 603.16 54.04 -0.2518 | 6.402183
7 703.68 55.7 -0.20557 | 6.556324
7 703.68 57.36 -0.15973 | 6.556324
7 703.68 59.02 -0.11419 | 6.556324
7 703.68 60.68 -0.068882 | 6.556324
8 804.21 62.34 -0.023707 | 6.689860
9 904.73 64 0.02142 | 6.807637
9 904.73 65.66 0.066592 | 6.807637
10 1005.3 67.32 0.11191 | 6.913041
10 1005.3 68.98 0.15746 | 6.913041
11 1105.8 70.64 0.20338 | 7.008324
11 1105.8 72.3 0.24978 | 7.008324
11 1105.8 73.96 0.2968 7.008324
11 1105.8 75.62 0.3446 7.008324
11 1105.8 77.28 0.3933 7.008324
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TABLE C.5: Times to degradation for RLW Samples

tm(minutes) | t; (hours) | F(i,n) (%) x; Yi
1 100.5 0.93 -4.6731 | 4.610456
1 100.5 2.59 -3.6404 | 4.610456
1 100.5 4.25 -3.1366 | 4.610456
2 201.05 5.91 -2.7982 | 5.303554
3 301.6 7.57 -2.5419 | 5.709035
3 301.6 9.23 -2.3347 | 5.709035
3 301.6 10.89 -2.1602 | 5.709035
3 301.6 12.55 -2.0091 | 5.709035
3 301.6 14.21 -1.8756 | 5.709035
4 402.1 15.87 -1.7556 | 5.996701
4 402.1 17.53 -1.6464 | 5.996701
4 402.1 19.19 -1.5461 | 5.996701
4 402.1 20.85 -1.4532 | 5.996701
4 402.1 22.51 -1.3664 | 5.996701
5 301.6 24.17 -1.2849 | 6.219854
5 301.6 25.83 -1.2079 | 6.219854
) 301.6 27.49 -1.1349 | 6.219854
5 301.6 29.15 -1.0654 | 6.219854
) 301.6 30.81 -0.99882 | 6.219854
5 301.6 32.47 -0.93497 | 6.219854
) 301.6 34.12 -0.87387 | 6.219854
) 402.1 35.78 -0.81451 | 6.219854
7 703.68 37.44 -0.75706 | 6.556324
7 703.68 39.10 -0.70131 | 6.556324
7 703.68 40.76 -0.64708 | 6.556324
7 703.68 42.42 -0.59422 | 6.556324
7 703.68 44.83 -0.51961 | 6.556324
7 703.68 45.74 -0.49203 | 6.556324
7 703.68 474 -0.44246 | 6.556324
8 804.21 49.06 -0.39375 | 6.689860
9 904.73 50.72 -0.3458 | 6.807637
9 904.73 52.38 -0.29852 | 6.807637
10 1005.3 54.04 -0.2518 | 6.913041
11 1105.8 55.7 -0.20557 | 7.008324
11 1105.8 57.36 -0.15973 | 7.008324
11 1105.8 59.02 -0.11419 | 7.008324
12 703.68 60.68 -0.068882 | 7.095313
12 804.21 62.34 -0.023707 | 7.095313
13 1306.8 64 0.02142 | 7.175337
14 1407.4 65.66 0.066592 | 7.249499
15 1507.9 67.32 0.11191 | 7.318473
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TABLE C.6: Times to degradation for RLH Samples

tm(minutes) | t; (hours) | F(i,n) (%) x; Yi
1 100.5 0.93 -4.6731 | 4.610456
1 100.5 2.59 -3.6404 | 4.610456
1 100.5 4.25 -3.1366 | 4.610456
1 100.5 5.91 -2.7982 | 4.610456
1 100.5 7.57 -2.5419 | 4.610456
2 201.05 9.23 -2.3347 | 5.303554
2 201.05 10.89 -2.1602 | 5.303554
2 201.05 12.55 -2.0091 | 5.303554
2 201.05 14.21 -1.8756 | 5.303554
2 201.05 15.87 -1.7556 | 5.303554
2 201.05 17.53 -1.6464 | 5.303554
3 301.58 19.19 -1.5461 | 5.709035
3 301.58 20.85 -1.4532 | 5.709035
3 301.58 22.51 -1.3664 | 5.709035
4 402.1 24.17 -1.2849 | 5.996701
4 402.1 25.83 -1.2079 | 5.996701
4 402.1 27.49 -1.1349 | 5.996701
4 402.1 29.15 -1.0654 | 5.996701
4 402.1 30.81 -0.99882 | 5.996701
4 402.1 32.47 -0.93497 | 5.996701
4 402.1 34.12 -0.87387 | 5.996701
) 502.63 35.78 -0.81451 | 6.219854
) 502.63 37.44 -0.75706 | 6.219854
) 502.63 39.10 -0.70131 | 6.219854
5 502.63 40.76 -0.64708 | 6.219854
5 502.63 42.42 -0.59422 | 6.219854
) 502.63 44.83 -0.51961 | 6.219854
) 502.63 45.74 -0.49203 | 6.219854
) 502.63 474 -0.44246 | 6.219854
6 603.16 49.06 -0.39375 | 6.402183
6 603.16 50.72 -0.3458 | 6.402183
6 603.16 52.38 -0.29852 | 6.402183
6 603.16 54.04 -0.2518 | 6.402183
6 603.16 55.7 -0.20557 | 6.402183
6 603.16 57.36 -0.15973 | 6.402183
7 703.68 59.02 -0.11419 | 6.556324
7 703.68 60.68 -0.068882 | 6.556324
7 703.68 62.34 -0.023707 | 6.556324
7 703.68 64 0.02142 | 6.556324
7 703.68 65.66 0.066592 | 6.556324
8 804.21 67.32 0.11191 | 6.689860
8 804.21 68.98 0.15746 | 6.689860
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TABLE C.7: Times to degradation for RLH Samples(Continued)

tm(minutes) | t; (hours) | F(i,n) (%) x; Yi
9 904.73 70.64 0.20338 | 6.807637
9 904.73 72.3 0.24978 | 6.807637
9 904.73 73.96 0.2968 | 6.807637
9 904.73 75.62 0.3446 | 6.807637
10 1507.9 77.28 0.3933 | 6.913041
10 1507.9 78.94 0.4433 | 6.913041
10 1507.9 80.6 0.4946 | 6.913041
10 1507.9 82.26 0.5477 | 6.913041
10 1507.9 83.92 0.603 | 6.913041
11 1507.9 85.58 0.6609 | 7.008324
11 1507.9 87.24 0.7222 | 7.008324
11 1507.9 88.9 0.7877 | 7.008324
12 1507.9 90.56 0.8588 | 7.095313
12 1507.9 92.22 0.93751 | 7.095313
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Chi-Square Distribution Table

Calculation of the test stastic of the hypothesis testing:

BE Samples:
_\B1-1 _\B
o i (7)o ()]}
z=—2In 4500 [ By (t—y)P271 =72 = X%'Ol
2 (5 ()]
_(2.46x107%x0.91) x...x (2.35x 1074%0.36)
7 = (333x10 7x0.85)x..x(4.16x10-7x0.17)
z = 2.1460 < 6.635 (See figure 92).
YW Samples:
—~\ P11 _~\P1L
5 i)l (")
2= —2In——2 (%) (%) > X3

(4.37x107%4%0.96) x... x (1.32x1073x0.63)
(5.73x10-%x0.91) X...x (3.16 x 10— 3x0.34)

z =
z = 0.63976 < 6.635 (See figure 92).

RL Samples:
{5 (5) " e ()"}
g {53-(5)" oo [-(52) "]}

(4.37x1074%0.86) x... x (1.43x1073x0.14)
(5.73x10-%x0.79) X... X (3.56 X 10— 3x0.05)

z=—2In

z =

z = - 1.2855 < 6.635 (See figure 92).
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Chi-Square Distribution Table
Thi shaded area it aqual 6 4 far \F = \ 3.
o | e | Ve | e Yheo | Yhee | P | xhea | Mhes | 2B | Yie
T | 0000 | OO00 | G001 | GOOK | 0016 | 2708 | 3511 | 5021 [ 6o8 | 1% |
2| oo | 002 | oms) | ol | o211 | aeos | seon | 73 | 9210 | w0507
: 007 [ 1 134 0216 0352 0.584 €251 7815 9318 L3S | 12808
1 0.207 0297 0454 [ 1 1004 757 9488 10,143 L3277 | 1480
5 | oon2 | o551 | osn | 1045 | 1610 | 9235 | 1ove | 12ss3 | 1506 | 7w
G | 0076 | O5ig | 287 | 1635 | 2201 | 00616 | 12502 | 1480 | 16812 | 15w |
? | ooes | pows | pess | oaer | 9emm | 10017 | pies? | wwm2 | st | 2oe
& | 1304 | 1606 | 210 | 2738 | 3490 | 13362 | 15507 | 17535 | 20000 | 21088
o | 17as | 2088 | 270 | 3325 | 4108 | nesst | 169 | ez | 21666 | 235
10| 256 | 2558 | 3247 | 300 | 4s65 | wsosy | 18307 | 0483 | 220 | 2mas
1 | 2603 | 3063 | 4816 | 1515 | G5:s | L2056 | 19.615 | 21920 | 21725 | 26.757 |
12| 3074 | 3570 | 4404 | 5226 | 6304 | 18540 | 20006 | 23337 | 24217 | 2830
12| ates | 4107 | oo | teod | 7om | p0e@ | mwe | o7 | ovpee | 20aw
14| 4075 | 4660 | 5620 | 6571 | 790 | 21068 | 23635 | 26119 | 20041 | 3139
15| 4600 | 5220 | G262 | 7261 | 8547 | 20307 | 20006 | 27488 | 30578 | 3280
16| 5002 | 5812 | G008 | 1962 | 9312 | B2 | 20.200 | 2336 | 32000 | 3427 |
17| 5607 | 6208 | 7561 | s672 | 10085 | 20700 | 27.587 | 0001 | maeo | 35718
18| 6205 | 7ois | 2om | o200 | 10sss | 26080 | ossse | 31206 | im0 | 370
19| 6z | 7613 | so07 | 1007 | nest | 2w | w0 | 32352 | man | 3sse
0| a3 | sz | oz | s | zas | 2412 | saw | s | siaee | semy
91 | Sai | S807 | 0.o9s3 | J1501 | 13280 | v EXLCEEED
22| 8643 | 952 | 10982 | 12338 | won | 3513 | 33924 | 30781 | w0280 | 27
23| 9900 | 1006 | 11680 | 12000 | 1asee | 2007 | :|a72 | 307 | new | s
24 | o386 | 1085 | 12000 | 138% | 15650 | 3096 | .05 | 39304 | 2080 | 4559
25 | 10520 | 11620 | 13020 | 14611 | 16473 | 313852 | 37652 | w066 | 41314 | 6m8
10 | 1L 12,008 | 13501 012 | 0.2 |
97 | 1so8 | 12870 | 14573 | 1651 | s | 367 | q0n3 | 3005 | 16063 | 1061
28 | 1z | 13565 | 15908 | 10928 | 15990 | #7006 | 4337 | sqo0 | es2rs | soom
90 | 1o | 1a9se | eos7 | 17es | 1ovee | w08y | 2357 | so2 | wse | soms
30 | 13787 | 14953 | 160 | 18493 | 20500 | #0.256 | 43.773 | e6o7 | s0.s02 | 53672
EAELX : 20000 | 20061 | GLMG | Goids | “GGIL | GO0 |
w0 | 2zreen | 20000 | 32357 | g6t | 3680 | Geuer | 67505 | 7ie20 | meast | 79.am
60 | 35530 | 37.085 | w0482 | 43088 | 16450 | 7e397 | 7eos? | s32os | ss3to | oron
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100 | 67328 | T0.065 | T2 | 0ok | S2355 | 115498 | 124882 | 120.561 | 135807 | 140.165

FIGURE D.1: Chi-Square Table [73]
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