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ABSTRACT

The primary objective of this research was to investigate the failures occurring in the family
of surge arresters used within EThekwini Electricity, making use of different diagnostic
methods, such as leakage current testing (LC), infrared scanning (IR), and partial discharge
(PD) measurements. The different diagnostic tests were used to assess the degradation

process of the polymer housed surge arresters and their failure.

The measurements were used for diagnosis of 120 kV/65 kA surge arresters of different
brands. Tests were performed on surge arresters that were still in the system and these test
results were compared with results from tests performed on failed units. Results obtained
from the different tests were compared to the test results for different families or designs.
An imperfect arrester will exhibit excessive heating when an electrical surge is discharged.
The aforementioned tenets are the primary factors influencing degradation and causing

failure of Metal Oxide Surge Arrester (MOSA) in a system.

These factors can decrease creepage and flashover distance on insulation, which could result
in a substantial increase in resistive leakage current, (which is a few microamperes in ideal
condition), overheating, and PD formation on the zinc oxide varistor element. Therefore, it
is extremely important to assess the status of the surge arresters whilst they are in service,
firstly so that they can be removed from the system before they fail and, and secondly, to

verify their condition, and their ability to effectively protect the substation apparatus.

Using infrared inspection, valuable information of condition of surge arresters was obtained,
heat inside the surge arresters was detected and this shows that IR analysis can therefore be
considered as an additional method to assess the condition of polymer housed surge
arresters. It was observed that partial discharge activity is an indication of degradation in
arrester varistor. LC test, IR, and PD measurement were valuable in obtaining sufficient
information for failure of surge arresters. In additional, during the visual internal inspection
of arresters, evidence of punctures, treeing, tracking, and moisture masks were noted on
ZnO blocks and seals. These results indicate that the moisture ingress through the sealing

collar can cause unnecessary outages.
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CHAPTER 1: INTRODUCTION

Overvoltages in an electrical network are generally caused by lightning strikes, system
faults, or switching operations. These overvoltages could reach dangerous amplitudes for
electrical network apparatus. To protect the network equipment and to guarantee secure and
reliable operation, surge arresters are installed in all types of electrical transmission and
substation systems.

Presently, polymeric surge arresters are used all over the world because of their better
performance in contaminated areas when compared to porcelain house arresters. Since
polymeric surge arresters were introduced 1980°’s, many studies have been done to test their

behaviour using different measurements.

Ageing of the polymer insulators is caused by environmental factors such as ultraviolet
radiation, (UV), contaminations, moisture ingress, and electrical stress including leakage
current, local discharge and corona discharge [38]. These phenomena may eventually cause
failure of surge arresters in the system. Hence, it is important to monitor surge arresters

while in service so as to increase life span [39].

1.1 Background

The advanced gapped silicon carbide arrester was the first effective overstress protection for
high voltage power networks [1]. Silicon carbide surge arresters were developed in the
1930’s to give full protection against overvoltage. Gapped silicon carbide arresters were

used for both transmission and distribution systems
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Figure 1.1: Gap and gapless surge arrester [1].

Hinrichsen stated that rapid improvements in technology allowed the introduction of
polymer housed surge arresters in the mid-1980s in medium voltage (MV) electrical
systems. These polymer housed surge arresters were superior to the previously used
porcelain housed arrester designs, which often suffered from sealing deficiencies, extreme

sensitivity to pollution and unsatisfactory overload performance [3], [4].

Amin et al assert that polymer (made of silicone rubber) has recently been the material of
choice for high voltage insulation. Polymer exhibits higher performance in polluted areas
compared to other materials such as ethylene propylene diene copolymer (EPDM),
EPDMI/SR blends and ethylene vinyl acetate (EVA) [40].

Furthermore, the polymer housed surge arrester has several advantages including a better
short circuit capacity, increased personal safety, flexibility in erection, and a less brittle
nature when compared to porcelain and silicon carbide surge arresters [41]. Another key
point is their hydrophobicity, particularly those manufactured with silicone rubber (SiR)
which helps to prevent the formation of water films on the insulator surface, even when that

surface is polluted [40].

More than seven years of experience have shown that polymer housed surge arresters are
less prone to moisture ingress than porcelain arresters, thus minimizing one of the most
common causes of failure of surge arresters [41]. At the end of 1980’s, polymer surge
arresters were available for system voltages up to 145 kV. Today's polymer housed surge

arresters have been accepted for system voltages up to 550 kV [42].

—-2--




1.2 Problem Statement

Polymer housed surge arresters are the preferable protective apparatus in electrical network
against overvoltages caused by lightning and switching operation, when compared to
porcelain arresters. Nonetheless, failures in polymeric housed surge arresters have recently
increased [42]. This has resulted in a number of studies being done to establish the condition
of surge arresters whilst in service, the object being to remove them from service before
they fail.

Most polymer surge arresters failures today are caused by moisture ingress into the arrester
sealing or housing. This could be caused by poor design on the insulation material, or bad
sealing. It is well known that poor insulation in polluted areas can readily allow partial

flashover of several units in the surge arrester [43].

Furthermore, possible thermal instability due to the effect of heavy external pollution can
cause low strength on non-linear varistor during service conditions [3], [4]. The early metal
oxide surge arresters exhibited increasing power loss with normal system conditions due to

penetration of moisture into the metal oxide blocks, thereby promoting oxidation [44].

Because of these factors, the quality of the surge arrester sealing system is critical and
accurate testing and measurements is required to diagnose sealing problems in a surge

arrester [30], [45] so as to avert this type of failure.

1.2.1 The EThekwini Electricity Problem

It has been argued that a faulty surge arrester often shows no outside indication of damage.
Unfortunately, such a statement is often correct; thus, it is extremely important to monitor

the status of the arrester in-service before a judgment is made [46].

Recently, eThekwini Electricity has experienced a trend where a certain brand of surge
arresters fails (see Figure 1.2) without any associated overvoltages in the electrical system.

(Overvoltages caused by lightning strikes, switching operations, or system faults).
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Figure 1.2: ZnO surge arresters with polymer housing that failed.

This causes unnecessary outages along the line. Figure 1.3 represents the number of surge
arresters that failed in the system during the period 2000 to 2004. Since this has happened in
the past and continues to happen, a decision was taken to perform an investigation to
identify the causes of failure and find satisfactory solutions.

The main intentions of this dissertation are thus to investigate the failure of surge arresters
so as to improve the arrester specification to avoid failure in the future, and to extend the
lifetime of the polymer surge arrester.

SURGE ARRESTERS FAILURE
105
20% m 2000
m 2002
2003

W 2004
20%

Figure 1.3: Surge arrester failure at eThekwini Electricity.

1.3 Research Questions

The aim of the research is to find solutions to the following questions:

o What are the factors affecting the surge arresters while in service operation?
. What causes a particular family of surge arresters to fail?
. How best to improve the surge arrester specification so as to avoid failure in the

future, reduce outage time, and cost of replacement of failing surge arresters?
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By investigating the above delineate questions will help the organisation to identify the

failing problem of the family types of surge arrester.

1.4 Research Objectives

The main objective of this dissertation is to establish test measurements to check the
condition of polymer housed surge arresters whilst in service. This will help to remove the
irregular arresters from the system before they fail so as to reduce outages at eThekwini

electricity.
Thus, the main purposes of this research are to

e Improve the surge arrester specification so as to avoid failure in the future,
e Reduce outage time and,

e Reduce cost of replacement of failing surge arresters.

1.5 Hypotheses

Surge arrester failure can be measured and predicted by means of partial discharge and
leakage current testing, and infrared scanning. Such predictions and measurements can be

confirmed by visual inspection.

1.6  Structure of Dissertation
This dissertation is structured in the following method:
1.6.1 Chapter 1: Introduction

This chapter discusses the main focus and rationale of this research and includes the

objective, problem statement, background and history, and methodology.

1.6.2 Chapter 2: Literature Review

This chapter reviews literature relevant to this research, and describes factors affecting the

polymer housed arrester that may cause the arrester to fail in an electrical network,
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including diagrams and images. Operation, characteristics and various factors that cause

arrester degradation while in service are briefly explained in this chapter.

1.6.3 Chapter 3: Design and Research Methodology

This chapter explains the method and techniques used for the data acquisition process of this

dissertation.

1.6.4 Chapter 4: Results and Discussion

This chapter presents and discusses the findings of this dissertation, namely, identifying the

factors that cause arrester degradation while in service.
1.6.5 Chapter 5: Conclusion and Recommendations

This chapter summarises the findings of this research, and presents recommendations and
projected areas for further research.

e Reference
The literature resources that have been referred and cited in the thesis are listed in this
section.

e Appendices

Specifications of the test equipment used in the research and the papers presented at

conferences are presented in this subdivision.
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CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

EThekwini electricity, based in Durban, South Africa, utilizes polymeric housed surge
arresters in outdoor high voltage substations, to restrict the voltage level in apparatus such
as circuit breakers and transformers to below the withstand voltage level during
overvoltages caused by lightning strikes, switching and circuit breaking. These types of

arresters are used worldwide because of their superior performance.

Figure 2.1: Map showing location of eThekwini Electricity [2].

Their advantage over porcelain or ceramic surge arresters is that they perform well in
polluted areas, [42]. Apart from electrical stresses caused by AC voltage impulses or
switching operations, the degradation of polymeric housed surge arresters can also be
influenced by other environmental factors, such as moisture ingress into the sealing or
housing and salt contamination [47]. All of the above factors could lead to a permanent

failure on the varistor blocks of surge arresters and could cause power failure [42].
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Neto et al stated that the failure of these family types’ arresters has recently increased. As a
consequence, power companies have been more concerned with the operation of their
arresters. They have been researching and improving techniques for their monitoring and

maintenance, with the aim of removing them from service before they fail [48].

2.2 Polymer Housed Surge Arresters

In order to provide a clear description of the structure being investigated in this research, a
description of polymer housed arrester is given, covering the characteristics of the arrester,

physical structure, and principle operations.

2.3 Description of Polymer Housed Arresters

A

i

LA
777

Sealing collar

Honring inanl ator

Figure 2.2: Cross-sectional drawing view of a polymer housed surge arrester.
The insulated housing is directly molded on to zinc oxide (ZnO) varistor blocks and

fiberglass reinforced plastic (FRP) to ensure total enclosure of all components, and high

mechanical strength of the entire structure of the surge arrester [35].

The surge arrester housings have traditionally been made of polymeric insulating material
for both distribution systems and medium voltage systems, and recently even for

transmission substations system voltages (see Figure 2.2).
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The heart of an arrester comprises individual ZnO resistor blocks stacked on top of each
other to provide the desired nonlinear voltage-current, or V-1 characteristics [16].

According to [35] ZnO varistor blocks are semiconductors that are highly sensitive to
voltage. Hence, any degradation in the varistor blocks can lead to arrester failure in service.
To avoid this problem, selecting good monitoring techniques can help to minimize these

failures.

2.3.1 Characteristics of Polymer Housed Material

The polymeric housing material is made of silicone rubber (SiR), which provides high
hydrophobicity, which is the ability to prevent wetting of the insulator surface. As may be
seen in Figure 2.3, moisture on the surface on the SiR forms globules. This in turn prevents
continuous leakage current paths from developing [35]. It is resistant to UV radiation and

has been shown to be the best insulator when compared porcelain [42].

Hydrophobicity results in efficient suppression of leakage currents caused by external
pollution, and reduced electrical discharge on the surface of surge arresters. As a result of
this, flashover and surface discharge is less than that of porcelain insulators. The leakage is
on the surface of silicone rubber is slight small (0.001 mA) compared to porcelain is
between 0.1 mA and 1 mA(see Figure 2.3) [4].

(b)
Figure 2.3: Leakage current on the hydrophobic material [3], [4].
Hydrophobicity can be described using the contact angle on the material surface (o) that the

liquid drop makes when it comes into the contact with a solid surface [33]. This angle is a
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measure of the surface wettability (see Figure 2.4) [3], [4]. The wettable material allows
water to trace a large surface area and make a contact angle of less than 90°. The angle also
gives information about surface energies, and surface roughness [42].

As seen from Figure 2.5, the experimental relationship between conductivity and flashover
gradient for hydrophobic and hydrophilic polymer surfaces are presented. The excellent
hydrophobic flashover gradient (Ea) is not below 1.5 kV/ cm between rain conductivity of
100 and 100k (uS/cm) [33], [5].

The smaller the contact angle, the more wettable on the surface and vice versa. The
insulation surfaces are assumed to be hydrophilic when the contact angle is less than 35° for
contact angles greater than 90°, as the surface deteriorates and contaminant deposition on
the specimen surface may cause a reduction in hydrophobicity of the insulation material of a

surge arrester [40].

0 is the contact angile

| S g - piles ~
Y is the solid/liquid interfacial free energy
Y is the solid surface free energy

Iv : .
Y is the liquid surface free energy

Figure 2.4: The shape of a liquid droplet on a hydrophobic surface [5].

flasbover gradient E, (kV/sm)

o.s " =
100 2000 1 000C L OOUCO

rain conductivity (uS/cm)
—6— excclient hydrophobic surface
—&— compictzly hydrophilic surface
Figure 2.5: Relationship between conductivity and flashover gradient for hydrophobic and
hydrophilic polymer surfaces [5].
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2.3.2  Zinc Oxide Varistor (ZnO)

The heart of an arrester comprises individual ZnO resistor blocks stacked on top of each
other, to provide the desired nonlinear voltage-current or V-I characteristics, and to present
a robust relationship with temperature. The secret of the arresters’ success in diverting
lightning or high electrical surges is the ZnO varistor; this is the heart of an arrester. ZnO
varistor blocks are semiconductors that are highly sensitive to voltage; hence, any
degradation in the varistor blocks can lead to arrester failure in service [17].

Selecting a good monitoring technique can assist to reduce these failures. The non-linear
conductivity of zinc oxide ceramics has been the basis of their development as varistor
products for surge arresting and overvoltage application in power system [49].

Zinc oxide varistor elements are manufactured using materials that are composed of a
specially formulated compound of zinc oxide and small amounts of other selected metal
oxides [5] (see Figure 2.6). The ZnO varistors are bipolar ceramic semiconductor devices
that operate as nonlinear resistors when the voltage exceeds the maximum continuous
operating voltage (MCOV) [1], [3], [4], [21].

Figure 2.6: ZnO varistor microstructure [6].

The term varistor is a generic name for voltage-variable resistor (VVR), meaning resistance
of the ZnO varistors decreases as voltage magnitude increases [22]. ZnO varistors acts as an
open circuit during normal operating voltages, and conduct current during voltage transients
or an elevation in voltage above the rated MCOV [1].
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Contemporary ZnO varistors are developed using zinc oxide due to their nonlinear
characteristics, and the fact that their range of voltage and current is far superior to silicon
carbide varistors. Thus, the characteristic feature of zinc oxide visitors is the exponential
variation of current over a narrow range of applied voltage [49]. Within the useful varistor
voltage range, the voltage-current relationship is approximated by the equation (1.1).

I=AV° .. (LD
Where,
I = current in amperes,
\ = voltage in volts,
A = a material constant, and
a = exponent defining the degree of nonlinearity.

2.4 Principle of Operation of Surge Arrester

The primary requirement of a surge arrester is to protect the electrical apparatus under all
circumstances, for instance overvoltage, lightning etc. Aiming to minimize the residual
voltage (the symbol: Ures according to IEC standard 60099-4) (frequently also called
discharge voltage) that will normally leads to the reduction in the capability of the surge

arrester to withstand power frequency produced by overvoltage [50].

Polymer housed surge arresters should constitute a reliable part of the system [43], [51].
They are designed to withstand the overvoltages and the resulting currents through them
with a sufficiently high reliability, taking into account pollution and other site matters
during service [35]. IEC standard 60071-1 states that, the electrical system can be overstress
by different types of voltages such as; temporary overvoltage, slow-front overvoltage, and

fast-front overvoltages [52].

In normal service the Silicon carbide surge arrester (SiC) almost behaves like an insulator

[35]: it does not allow the current to pass through it, during high voltage frequency such as
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switching overvoltages, and lightning overvoltages) [53]. Overvoltages can be caused by
lightning strokes , switching and circuit breaking or certain load flow conditions [54].

The resulting voltage across the terminal of the surge arrester will remain low to protect the
associated device from the effects of overvoltages [35]. Characteristic curve of Gapless

surge arrester varistor is shown on Figure 2.8.

] L
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Figure 2.7: Varistor operations (a) Under normal operating voltage and (b) Under overvoltage
conditions [7].
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Figure 2.8: V-I Characteristic Curve of Gapless surge arrester varistor on a Linear Scale [7].

Surge arresters are part of the protection system of power substations which are connected
in parallel with electrical apparatus such transformer etc.[6] as shown on Figure 2.7, their
function being to divert the fraction of the charge which is introduced to the outdoor

substations as a result of a direct lightning stroke[35], [55] (see Figure 2.9), aiming to
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minimize the voltage that passes through it, and ensuring that high voltage does not enter
the electrical system and cause damage to the electrical apparatus as shown in Figure 2.10.

Their responses are to absorb part of the surge energy, converting it to thermal energy. A
defective arrester may not be able to perform these functions satisfactorily when an

electrical surge occurs.
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Figure 2.10: Failure power transformer due to overvoltage [8].
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2.5 Failures in Polymer Housed Arresters
2.5.1 Introduction

A number of studies have been done to establish the condition of surge arresters while in
service. The aim is to remove them from service before they fail [30, 35], [50]. Various
scenarios of the ageing process of polymeric arrester have been established, and several
factors that contribute to the ageing process have been identified [38], [56].

These factors are mainly: moisture, humidity, mechanical breach of housing, thermal
stresses, and pollution level. Currently, most researchers agree on the parameters affecting
the ageing of this family of arresters [57].

In this research, leakage current (LC) measurement is utilized to gain valuable information
about the degradation of the ZnO surge arrester, with partial discharge (PD) measurement
revealed internal moisture in arrester. The thermovision technique is also applied to arresters

to visualize the hot spot inside varistor blocks.

2.6  Factors Affecting the Performance of the Polymer Housed Arrester

Pollution
Contamination

Varistor Polymer housed surge

. Moisture Ingress
Degredation arrester .

Sealing Failure

Figure 2.11: Factors affecting the performance of polymer housed arrester [9], [10].

Moisture ingress into an arrester has been found to be a problem in the arrester [58].
Moisture ingress presents a gradual increase in the resistive component of the current loss
that contributes to thermal instability in the arrester, finally resulting incomplete fault. It is

known that most surge arrester failures [51] occur because of moisture ingress into the
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porcelain housing. Moisture ingress, exacerbated by pollution, plays an important role in the
degradation of a surge arrester [42].

Moisture ingress in high voltage apparatus is the most important source of degradation[59],
[60]. Therefore, the diagnostic method used for surge arresters should be sensitive to
possible internal moisture content [61], [62].

As shown on Figure 2.12, in the last century, moisture ingress was responsible for 80 % of
outages in arresters. The same problem is being experienced today (see Fig 2.12) [26].
Moisture ingress may result in moisture condensation, changes in the protection level, and
the energy dissipation capability [61]. Frequently, aging of the surge arrester may present a
gradual rise in the resistive component of the current loss that contributes to thermal

instability, finally resulting incomplete fault [63].
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Figure 2.12: Total failure of surge arresters in percentage [8].

The moisture absorption in an arrester could result in slightly increased current leakage [64],
which is typically in the range of mA [65], [13]. Hence, this can lead to overheating of the
zinc-oxide (ZnO) varistor elements, causing the thermal runaway ZnO varistor that might
cause arrester to bursts [48].

An arrester with some kind of failure is not able to operate appropriately during an electrical
surge or overvoltages. As a consequence, the aforementioned allows moisture ingress into
arrester housing or sealing [22].

--16--




This could result in partial discharges and significantly increased resistive current leakage
and its harmonic components in varistor blocks [13], [66]. Moisture ingress presents an
excessive heating problem that can lead to thermal runaway and degradation of the ZnO
varistor element. To evade these problems, power companies have demonstrated an
increased concern with the operation of their arresters, searching and improving methods for
their monitoring of ZnO surge arresters [1], [17, 67].

2.6.1 Effect of Moisture Ingress

The pollution exhibited by moisture ingress could induce surface discharges which could
damage the ZnO varistor of the arrester [38]. When the polymers are electrically stressed,
partial discharge can form in regions of high electrical stress within the insulator as shown
in Figure 2.13. [68].

Figure 2.13: Micro Voids on the insulator [11].

PD is a significant degradation mechanism in polymers that can lead to premature failure of
high voltage equipment [68]. Thus, the damage could be detected by measuring the partial

discharge magnitude.

The most important quantities to be determined within an electrical PD test are apparent

charge; the inception and extinction voltage
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Partial discharge into the polymeric surge arresters can cause the arrester to suffer from
environmental and aging stresses while in service, this can cause their performance to
deteriorate [1], [69].

PD has been the most common cause of degradation [26], [68]. This can possibly cause the
internal partial discharge on the surface area of ZnO varistor elements [26] as shown in
Figure 2.14. Therefore, there is a need to monitor the condition of such insulators closely.
Any damage needs early detection to avoid further degradation to complete breakdown.

Figure 2.14: Puncture on surface of zinc oxide varistor element [12].

2.6.1 Impact of Moisture in ZnO Arrester

The looseness of the insulation from the end sealing (as signified in Figure 2.15) for a surge
arrester in-service can result in increased humidity inside. This will result in surge arrester
failure [20]. Humidity has been shown to increase up to 40-50 %. However, at very high
humidity levels (about 95 %); there is the possibility of condensation and temperature
changes [26].

The moisture layer on the internal wall of the housing or on the varistor column can initiate
internal flashover. Conversely, moisture absorption into the sealing can also lead to
electrical discharge activity, such as tracking, cracking and water trees marks; trees are the

source of aging [28], [26].
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Figure 2.14 (b): Moisture ingress on the sealing interior [Ami & Salam].

2.7 Sealing Failure

Nowadays, most transmission surge arresters are polymer housed. Although arrester failure
due to moisture ingress is greatly reduced by the use of polymer housing designs, sealing
testing of these arrester types and diagnosis methods related to it are especially relevant
[58], [44].

A defective arrester may not be able to work satisfactorily when an electrical surge occurs.
Hence, it could allow moisture to penetrate to surge arrester housing or sealing [62], (see
Figures 2.14 (a) - (b)). A consequence of this effect is the reduction of the level of security

in the performance of the apparatus [50], [70].

Owing to continuous leakage of gases, the system protection against explosion becomes

inefficient, and no longer capable of performing in conditions of extreme heat [23].
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Confirmed effective and proper tests for this family of arresters must be developed. For
proper design, a thorough knowledge of arrester behaviour during different moisture

diffusion processes is required [40].

Szaling defaction

Figure 2.15 (a): Upper sealing defect [14].
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Figure 2.15 (b): Sealing collar defective [14], [15].

2.8 Degradation

The ZnO varistor degradation is used to describe the electrical condition of a varistor
relative to its past or future state when under the influence of external stresses. Electrical
stresses, including leakage current and dry-band discharges are directly responsible for

tracking and erosion in an arrester [17].

Figure 2.16 presents the influence of the dry band position on the measured peak amplitudes

of the internal A.C current of arrester.
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Figure 2.16: Effect of the dry band position on the on the measured peak amplitudes of the
internal A.C [16].

The formation of sparking discharge is closely related to the varying trends of the total
leakage current and creates high temperature spots, leading to bond separation and other

chemical changes on the surface insulation (see Figure 2.17).

In this situation, temperature measurement with infrared scanning has very frequently used
multipurpose maintenance techniques. The thermo vision technique is detects increased

block temperatures on the housing surface of the arrester that can cause the arrester to

fail [1], [17].
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Figure 2.17: High temperature [17].
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Figure 2.18: Represents LC variation as a function of ambient temperature [17].
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The amount of degradation is a good indication of varistor reliability and is usually used to
foresee the life span of a ZnO varistor [41], [22]. The process of degradation causes the

gradual increase of leakage current with time on the arrester and thermal increase in zinc
element varistor [40].
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Figure 2.19: Degradation process of polymer housed surge arrester from tracking [7].

Tracking damaga

The formation of sparking discharge is closely related to the varying trends of the total
leakage current, and creates high temperature spots, leading to bond separation and other
chemical changes on the surface insulation [1]. This process can lead to failure of the
varistor elements. ZnO varistor degradation is used to describe the electrical condition of a

varistor relative to its past or future state, when under the influence of external stresses.
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The surge arresters convert part of the energy present in the electric surge to thermal energy,
and dissipate it to the environment [1]. However, they are subjected to a series of influences
that can degrade their components, decreasing their performance and lifespan [48], [71].

The varistor degradation can be the result of natural ageing, premature ageing, or breaking
[48], [72]. However, in many cases, when a varistor failure diagnosis is done, vestiges of
some factors that may have caused its failure are found. Premature degradation of varistors
is a factor that can contribute to the occurrence of thermal runaway [1].

Figure 2.20: Damage to the disc created by lightning [47].

2.8.1 ZnO Varistor Due to Thermal Runaway

The consequence of increased leakage current is that energy absorption capability decreases,
which in turn may lead to thermal runaway and cause failure of surge arrester in service [1].

The zinc oxide varistors fail in different in two ways:

o As a result of cracking from excessive thermally—induced mechanical stress in the
bulk, or
o As a result of a melting puncture at the edge of the electrode.

In addition, partial discharge (PD) has been reported as the source of fail in surge arrester
[26]. ZnO varistor blocks have been characterized as the heart of arrester, since they serve
as surge absorbers, aiming to protect the system. The zinc oxide varistors have a large, but
imperfect, capacity to absorb energy, and as a result, they are subject to an occasional

failure (see Figure 2.21). This has been reported by many researchers [44], [73].
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Significant ZnO varistor failure mechanisms include: electrical puncture as shown in
Figure 2.20, thermal cracking, and thermal runaway (Figure 2.21), all resulting from

excessive heating; in particular, from non-uniform heating.

Non-uniform heating occurs in MOV’s as a result of electrical properties that originate in
the varistor fabrication process[49]. Figure 2.22 present comparison the relationship

between power loss and temperature on the ZnO varistor under different condition.
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Figure 2.21: Thermal cracking on ZnO varistor [8].
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Figure 2.22: Graph illustrates the performance of ZnO varistor [8].
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2.9 External pollution

Contamination is a common problem, not only in surge arresters, but also in higher voltage
apparatus that serve as protection devices for outdoor substations. Depending on the region
where the equipment is located, this problem can be accentuated by high air humidity or
salinity [1], [3].

Typical environmental conditions such as (a) dust and salted road contamination, (b)
industrial emissions, (c), salted air from oceans (d) and fire are shown in Figure 2.23 affect
the performance of outdoor polymeric surge arresters in some areas [18], [66].

External pollution can cause serious problems for surge arresters in service. Pollution
decreases the creepage distance for the current conduction, making possible the occurrence
of discharges on the surface area of polymeric surge arresters [42], [48].

Figure 2.23: Enviromental conditions [18],[44].
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Surface contamination

Figure 2.24: Surface contamination [19].

2.10 Failure Modes of Surge Arrester

Due to various factors affecting the arrester in service, a surge arrester failure may appear in
different ways [23]:

The arrester with polymer housing may burn open the external insulation; such failed

arresters are shown in Figure 2.25.

Figure 2.25: Polymeric surge arrester that failed during in service condition [19].

Polymer housed surge arresters are exposed to various stresses, such as temporary
overvoltages (TOV), switching overvoltages, and lightning overvoltages. Thus, due to

different factors affecting them, their failure may appear in different ways [62]:

e Damage of sealing due to thermal heating produced inside varistor (see Figure 2.28).
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Figure 2.26: Defective sealing increase high rate of moisture ingress [45].

Localized losses and discharges caused by poor inter-disc contact.

Figure 2.27: Deterioration on insulation housing [1].

Mechanical fractures in ZnO varistor due to thermal runaway after a high

current surge (see Figure 2.28).
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Figure 2.28: Mechanical cracks in varistor elements [20, 21].

Damage due to surge current concentration at the edge of the electrode resulting in
failure (see Figure 2.29).

-

Figure 2.29: Damage to the ZnO disc created by lightning [22].

Resultant damage to the disc created by previous multiple-stroke lightning surges.
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CHAPTER 3: DIAGNOSIS MEASUREMENTS

There are no simple, practical field tests that will determine the complete protective
characteristics of surge arresters. However, the condition of the metal oxide surge arresters
is measured by performing tests such as partial discharge (PD), radio interference detection,
leakage current measurement and infrared scanning (IR) [48], [13].

Polymer materials can more easily exaggerate the appearance of ageing due to partial
discharge and leakage currents on the surface. However, if these problems are not detected,
they can cause the strength and frequency of the partial discharge to increase. In additional,
leakage currents may lead to catastrophic failure of the metal oxide arrester on the system.
These phenomena are dangerous and can cause a total failure of the metal

oxide arrester [74].

These tests can be performed with apparatus usually available, and will give sufficient
information to determine whether the arrester can be relied upon to perform under normal

conditions, as well as units whose insulating qualities have deteriorated [62].

Mostly, the majority of the diagnostic methods mentioned above are performed while the
surge arrester is in-service. The following tests selected for this investigation were chosen

after review of appropriate literature studies.

e Leakage current test (offline)
e Partial discharge test

e Infrared scanning

The testing will not only cover the surge arrester condition, but it will also cover their major

active parts, for instance, zinc oxide varistor (ZnO) and insulation of the arresters.
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3.1 Partial Discharge (PD)

Partial Discharges are: “Localized electrical discharges that only partially bridge the
insulation between conductors and which can or cannot occur adjacent to a conductor.
Partial discharges are in general a consequence of local electrical stress concentrations in
the insulation or on the surface of the insulation. Generally, such discharges appear as

pulses having duration of much less than 1 us’[75].

In the last century, when HV was first introduced, partial discharge was recognized as the
result of its ageing process. The degree of degradation is measured through partial
discharges [76], [77], [78].

It was observed that ‘partial discharge’ action is both an indication of degradation in the
insulation systems of power apparatus - irrespective of the network stress - and a stress
mechanism in itself [79]. Such problems cause the strength of partial discharge to increase,

and may eventually lead to failure of the apparatus in the system [40], [80].

The thermal stress created by a partial discharge may be adequate to cause damage to
polymeric materials. A partial discharge generally causes progressive deterioration of

insulating materials, eventually leading to electrical breakdown [40].

3.1.1 Partial Discharge Occurrence

During the life of polymer housed arresters, the internal components are continually
exposed to stress that can lead to PD. This PD is of the major causes of failure of surge

arresters of high voltage [81].

PD’s are mostly caused by a local field enhancement, due to imperfections in the insulation,
such as gas filled inclusions or voids (see Figure 3.2(a)) and cracks. PD’s dissipate energy,
generally in the form of heat. Heat energy dissipation may cause thermal degradation of the

insulation, although the level is generally low [82].

PD causes progressive deterioration of insulating materials, ultimately leading to electrical
breakdown. The cumulative effect of partial discharges within solid dielectrics is the

formation of numerous, branching, partially conducting discharge channels, and a process
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called treeing [50], as shown in Figure 3.1. Electrical treeing is a significant degradation
mechanism in polymers that can lead to premature failure of high voltage equipment [83].
Lahti reported that rendering to the PD analysis the discharges most probably occurred in
voids or cavities in the moist interface between polymeric arrester housing and

inner parts [62].

Figure 3.1: Treeing [23].

As seen, Figure 3.2(a) represents a discharge in a void internal to a potted assembly. Voids
are present in solid potted assemblies; the key to mitigating partial discharges in the voids is
to reduce the number of voids, and reduce their size based on the voltage potential across
the void [17].

Further most arresters with internal air volume will experience partial discharge during rain,
fog, and sometimes snowy conditions. The occurrence of these is an acceptable condition in

most arrester designs [84].

3.1.1.1 Internal Partial Discharge

Where cavities are present in the solid dielectric of insulation systems, the field strength is
greater inside than in the surrounding medium. When the voltage across the cavity exceeds
the ignition voltage, a partial discharge breakdown will result. Usually, a pulse-shaped
discharge occurs in the cavity, when alternating voltage of sufficient amplitude is
applied [17].
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Over a long period of time, internal partial discharges can cause surrounding dielectric
deterioration under certain circumstances; erosion can even cause complete breakdown and

destruction [30]. Figure 3.2.shows the proposed equivalent circuit for pulse shaped partial
discharge (see Figure 3.3) [24].
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Figure 3.3: Voltage waves in the equivalent circuit for pulse-shaped internal partial
discharges [25].
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Where,
Vc = voltage across the void capacitance
C. = cavity capacitance

dVa = voltage drop across the terminal
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3.1.1.2 Partial Discharge Induced Degradation

Repetitive discharge events cause permanent mechanical deterioration of the insulation
material. More specifically, this damage is caused by the energy dissipated by high energy
electrons or ions, ultraviolet light from the discharges, and cracking [85], [5]. Usually, such
discharges appear as pulses of duration of much less than 1ps (IEC standard 60270). Thus,
it necessary to perform PD measurement to check surge arresters insulation integrity while
are in-service [41].

The deterioration of ZnO varistor elements under partial discharge conditions in air may be
caused by both the erosion of the side surface of the ZnO varistor, and the action of some
generated gases [4]. The deterioration may accelerate aging under service conditions, and
may eventually give rise to the ignition of partial discharge. The term ‘partial discharge’

includes a wide group of discharge phenomena:

Occurring in voids or cavities within solid or liquid dielectrics (Figure 3.2), internal
discharges in surge arresters are usually initiated by non-uniform pollution on the housing,
or, in unusual cases, by high humidity and condensation. Most internal discharge that occurs
within insulation material is caused by age and poor material design. External discharges
(surface discharges) appear at the boundary of different insulation materials [67], [26]. The
tracking occurs across the surface of the insulation, creating erosion of the insulation

material.

Figure 3.4: Internal partial discharge [26].

° Water trees

When polymer surge arresters are stressed, micro-voids can form at regions of high
electrical stress within the insulator. Partial discharge activity can then take place, leading to

the formation and growth of a fractal structure within the insulation, which exhibits a

--33--




treelike shape - called electrical trees. The water trees lead to electrical trees, which produce
partial discharge, and ultimately, failure [17]. This can accelerate the degradation of the
surge arrester. Moreover, the moisture ingress results in thermal overheating in the zinc

oxide varistor elements [17].

J Tracking

Figure 3.5: Surface tracking on the surge arrester [22].

Tracking originates from electrical surface discharge activity (see Figure 3.5), due to the
flowing of leakage current on the insulator surface, under wet contaminated conditions[45],
[86], [87]. Additionally, the leakage current can result in non-uniform heating of electrolytes
that eventually causes dry-bands to be formed in narrow sections where the leakage current
density is highest [88].

3.1.1.3 Diagnosing the PD on Insulation

In the last 25 years, a large amount of research has been performed on the dielectric
materials, to study their fortitude under electrical, mechanical, thermal, and other stresses
[89]. When dealing with partial discharge, at least three stages of information handling are
needed to collect sufficient data for an evaluation [27]. These stages are presented in Figure
3.6 below [27].

Detection Classification | Location

Figure 3.6: Three stages of information handling are needed to collect sufficient data for an
evaluation [27].
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3.1.1.4 Detection

Detection of PD is performed with a classical discharge detector, having a bandwidth of
250 kHz. Detectors are commercially available or can easily be built, and can be found
among the standard equipment of HV laboratories. Electrical detection shows the presence
magnitude of the PD under observation.

3.1.1.5 Classification

Classification of PD aims to recognise the defect causing the discharges, such as internal or
surface discharges, corona, treeing, etc. This information is vital for estimating the
harmfulness of the discharge.

3.1.1.6 Location

Locating the position of the discharge in a dielectric construction, ideally, reveals the type
of material or the interface between materials and the local field strength where the
discharge takes place. Several important terms regarding partial discharge are as follows
(see Table 3.1):

Table: 3.1 Important terms regarding partial discharge [27].
Parameters Values
Operating voltage The voltage at which the insulation system or finished
product is normally operated.

Inception voltage The voltage at which the partial discharge begin to occur.

extintionivutiuhe The voltage at which the partial discharges end.

Picocoulomb (pC) A measure of electric charge. An ampere is one
coulomb/second. Picocoulomb is 10-12 coulombs, a very
small amount of charge

A common pattern to show partial discharge
superimposed on a phase representation of a voltage
waveform

Ellipse

--35--




Inception
Voltage

Extinction
Woltage

/

Typical Partial Discharge
cycles ina void

Inoeption
Voltage

Exfinction

Voltage

B —

Figure 3.7: Inception and extinction of partial discharge with AC voltage testing [28].

3.1.1.7 Classification of PD Measuring Devices for Measurement of Charge

Nazemi reported that there are different types of PD charge measuring devices composed

according to the classification in Figure 3.8, where the given bandwidths are approximate

benchmarks according to the application range and the measurement conditions, the

different

FD measuring devices

TN
/ ERH"-
— H‘x,ﬁ
integration in frequency range integration in time range
9= Fify) g=II'dI
narrow banded restricted wide-band wide-band
Af %10 kHz 100 kHz < Af < 500 kHz Af »1 MHz

radio interference meter
(with assessment circuit)

oscifioscope, transient
recorder and integration

Figure 3.8: Three stages of information handling are needed to collect sufficient data for an

evaluation [Nazemi].
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devices, which are available on the market, possess additional components in many cases,
e.g. oscillographic demonstrations of PD pulses over an elliptic base line. Displays on the
oscilloscope for some typical discharges are shown in Figure 3.9. Together with

corresponding waveforms arising out of external discharges as well as from contact noise

[Nazemi].
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Figure 3.9: The common design to show partial discharge superimposed on a phase representation
of a voltage waveform [29].

3.2 Leakage Current Test

Nowadays, the leakage current measurements are the common utilized diagnostic method
for assessing the condition of ZnO surge arresters [90]. A variety of different online and
offline techniques for measurements of leakage current are in use. The resistive leakage
current is the most important factor in arrester diagnostics, but the total leakage current and
third harmonic component flowing through an arrester are widely employed as an ageing
indicator [48].

Consequently, by obtaining leakage current measurements the insulation performance of the
polymeric housed can be obtained, as the leakage current changes according to
contamination surface [40]. The current designs with polymer housed surge arrester for high
voltage have only been tested according to the existing IEC standard, IEC 99-4 of 1991,
which only covers arresters with porcelain housing surge arrester [82]. These standards do

not address tests for polymer housed surge arresters.

Insulation deterioration caused by moisture ingress, and wet surface contamination, are the

main factors in degradation and cause of failure of ZnO arrester [48]. As already indicated
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the insulation deterioration increases leakage currents and eventually causes damage to the
zinc blocks. Thus, it is extremely important to measure the condition of the surge arresters
while is in service. This can limit unnecessary long outages and time consuming

maintenance.

3.2.1 Properties of the Leakage Current

During normal service, the surge arrester carries a continuous small leakage current flowing
through the surface, typically in a range of 0.2-3mA [23]. The total current flowing through
the arrester is composed of resistive leakage current [23].

The resistive leakage current is produced through changes of the Schottky barrier, which is
formed between the ZnO grains, and increases with arrester deterioration or aging (which is
caused by environmental factors such as UV, contaminants, and humidity) [67]. However,
the increase in the resistive leakage current will cause an increase in the power losses and

hence increased temperature in the ZnO-block [40].

The leakage current is directly proportional to hydrophobicity loss, especially for composite
insulation. The more the loss of hydrophobicity or reduction of silicon insulation, the more
the leakage current increases [40]. These leakage currents can cause damage to the stability
of the arrester, particularly in the low conduction zone where the V-I characteristic of a ZnO

(see Figure 3.10) varistor is very sensitive to temperature [42].
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Figure 3.10: Typical V/I characteristic for a MOSA [30].
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The A.C. leakage current flowing through the surge arrester consists of a large capacitive
current (Ic) and a small resistive component (Ir) [39], [30]. This can be seen in Figure 3.12,
which shows a typical laboratory measurement of leakage current of a single non-linear
ZnO varistor, when energized at a voltage equivalent to continuous operation for a complete
surge arrester [31].

The capacitive current depends on the number of varistor columns that are in parallel.
Figure 3.11 shows the waveform of the leakage current components when a rated operating
voltage is applied to a surge arrester.
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Figure 3.11: Electric equivalent circuit for a MOSA and waveform of the leakage current

components [31], [32].

The phasor sum of leakage current component Ir and Ic are equal to total leakage current
(It = IL). The resistive leakage current component itself varies with the degradation of the
surge arrester [39]. Additionally, capacitive current does not vary with the degradation of
the surge arrester. Figure 2.40 shows all currents are time dependent; It, Ic and Ir can
therefore be written as [4], [32], [91]:

lop=lt@=Ir®)+Ilct) ..(34)
All currents are time dependent, so I, Ic and Ir can be written as:

IL @) =Ir (1) + Ic () ... (3.5)
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The resistive current component can be obtained by subtracting the capacitive current
component from the total leakage current as shown below:

IR (t) =1L (1) - Ic (b) ... (3.6)
The subtraction in (2) can be applied as described below.

Equation (1) can be written as:

IL (t) = (Ir) + Ic cosmt .. (3.7)
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Figure 3.12: Typical leakage current of a non-linear metal-oxide resistor in laboratory
conditions [31].

3.2.1.1 Leakage Current as a Source of Heat

MOSA’s are known to exhibit an increase in resistive leakage current in relation with the
arrester operating time [23]. As is well known, the increase of resistive and capacitive
current will cause an increase in power losses (I2R), and therefore an increase in ambient
temperature. An increase in temperature may bring the surge arrester to a temperature which
exhibits an inadequate safety margin for thermal stability [82]. This depends on the overall

surge arrester design [67].

Heat dissipation is reduced at the centre of a column [35]. Many researchers have reported
that an increase of the resistive current can be considered as an indicator of the arrester
condition, and with continued operation, in time, can cause failures or permanent
degradation [33], [34]. Therefore, performing LC measurement can give valuable data about

the degradation of the ZnO surge arresters [92].
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The resistive leakage current is the most important factor in arrester diagnostics, but the
total leakage current and third harmonic component flowing through an arrester are widely
employed as an ageing indicator [23], [93]. Therefore, the goal of leakage current
measurements is to determine the performance of the insulator, as the leakage current

change variously according to surface contamination [82].

3.2.1.2 Effect of Leakage Current

In high current conditions, the zinc oxide junctions of the varistor begin to degrade,
resulting in a lower measured MCOV or turn-on voltage. As the degradation continues, the
varistor’s MCOV continues to drop until it conducts continuously, shorting or fragmenting
within several seconds [49]. One of the key parameters related to measuring degradation of

a varistor is leakage current.

Leakage current (LC) in the pre-breakdown region of a varistor is important for two

reasons [49]:

o Leakage determines the amount of power loss an MOV is expected to
generate upon application of a nominal steady-state operating voltage and,
o It determines the magnitude of the steady-state operating voltage that the

MOV can accept without generating an excessive amount of heat.

3.2.1.3 LC Measurements

IEC standard 99-5 stated that the leakage current measurement can be divided into two
groups [20]. The first one is online measurement, where the surge arrester is connected to
the electrical system and energized with the source voltage during normal operation, and
offline measurements - this requires disconnecting the surge arrester from the power system

and energizing it with a separate source on site.
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3.3 Harmonics

A surge arrester is a non- linear device, and consequently, gives rise to harmonics. Since
the capacitive current follows the supply voltage, there will be no harmonics present in the
capacitive current for a voltage having a pure sine wave. The harmonic content depends on
the magnitude of the resistive current and the degree of non-linearity, which is a function of
voltage and temperature[3]. The resistive current, however, contains harmonics (Figure
3.13).
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Figure 3.13: Leakage currents of arresters in service conditions [33].

Harmonics can be a source of errors in the varistor conduction current. Changes in
harmonics in the supply voltage cause changes in current peak value [33]. The presence of
harmonics in the operating voltage can generate a third harmonic capacitive component, in
addition to the third harmonic resistive component. The content of the resistive component
is typically 10 to 40 % [33].

In some cases, moisture ingress causes changes in the ZnO varistor current, and thus
changes in the content of the third harmonics. This demonstrates that the moisture
penetration through the end arrester (toward the center) increases third harmonics.
Hinrichsen states that the third harmonic component flowing through an arrester is widely

employed as an ageing indicator [30].
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3.4 Thermal Measurement

Besides adverse climatic conditions that accelerate the surge arrester aging, in normal
operating conditions they are subjected to constant voltage, resulting in temperature rises,
due to energy loss on a resistive current by a cyclic process [13], [94]. Furthermore,
defective housing has been reported as a source of failure [20] (see Figure 2.15(b)).

The increase in temperature brings the arrester to a temperature which exhibits an
inadequate thermal stability safety margin. The exact values of this safety margin depend on
the overall surge arrester design [95]. Without a thermal energy dissipation capability, the
surge arrester would continually heat up until it reached self-destruction (called thermal

runaway).

The thermal energy absorption capability of the arrester is defined as the maximum level of
energy injected into the surge arrester at which it can still cool down to its under normal
operating temperature [20], [34]. Figure 3.14 illustrates that the power loss from
continuously applied power voltage is temperature dependent increases as the temperature
increases [34]. The surge arrester’s design allows for dissipation of a certain limited amount

of heat energy into the surrounding environment.
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Fig. 3.14: Description of thermal stability [34], [35].

It has been proved that the defective surge arrester loses its characteristic as an insulator
under power frequency conditions, and it then allows the high amount of leakage currents to
flow through it. As a consequence, it will present with excessive heating which can lead to

thermal runaway.
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Thermographic inspection is a widely used method to monitor surge arresters, preventing
their failure [5]. Thermal inspections are the most dominant techniques for monitoring and

predictive maintenance of ZnO arresters.

The proposed direct measurements of the MOSA temperature, give an accurate indication of
the condition of the arrester, but require that the arrester be equipped with special
transducers at the time of manufacturing. Therefore, this method is used only in special
arrester applications. Alternatively, measurement of the arrester temperature can be carried
out by means of thermal imaging methods.

The infrared thermo camera should be able to detect an abnormally high temperature when
compared to a healthy surge arrester. A study done by Strimiska of Sumter Electric
Cooperative, Florida in 1995 revealed that moisture ingress reduced the resistance of surge
arresters, allowing current to flow through them resulting in heating of the surge arresters
[46].
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CHAPTER 4: DESIGN AND RESEARCH METHODOLOGY

4.1 Introduction

To obtain relevant failure information concerning surge arresters, different techniques were
performed on different families of arresters. This research was carried out in three stages:
analysis, visual inspection, and experimental tests. Analysis refers to the survey of literature
studies that are related to the subject. Various topologies were evaluated. The flowchart

diagram below in Figure 4.1 gives a full description and understanding of the data

acquisition process of research.

[ Study /frewview Literature ]

!

[ Collection of information J

k. 4

Testing and Analysis of

different surge arresters

|

Comparing of results of different
design surge arresters and workshop

Neo l Yes
4[ Feasibility? ]

b

[ Final solutiomn ]

Figure 4.1: Data acquisition flowchart.

To achieve accurate information regarding arrester fault detection and diagnosis, it is

extremely important to select a set of inputs whose data is capable of allowing fault

identification in the surge arrester.

In light of this, the research methodology applied for evaluating the failure of family surge

arresters was established in accordance with the proposed International Electrotechnical
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Commission (IEC) standard, using leakage current and partial discharge measurements for

revealing internal moisture levels in polymer housed surge arresters.

Thermovision technique was also used as an extra tool for a data acquisition. The advantage
of this tool (Infrared scanning) is that it is a non-destructive technique used diversely in
maintenance, and does not require disconnection of the apparatus.

4.2 Research Design and Methodology

To achieve good results for fault detection and diagnosis, it was imperative to select a set of
inputs whose information could be used for fault identification in the surge arrester. The
tests identified were applied for evaluating the failure of polymeric surge arrester of
275/132kV of different substations of eThekwini electricity.

The tests selected for this research were chosen after review of appropriate literature studies.
The tests did not only cover the surge arrester condition, but also examined their major

active parts, for instance, zinc oxide varistor (ZnO) and insulation of the arresters.
The following tests made up the methodology for this research:

e Laboratory test (PD),
e On site measurements (LCM and IR) and

e Visual inspection

The PD, LCM, IR analysis, as well as visual inspection, were performed to acquire the surge
arrester condition. The intention was to determine whether the arresters can be relied upon

to perform under normal conditions, and to identify those which have deteriorated.

4.3 Surge Arrester Evaluation

The above-mentioned tests were performed in different places: Within the HV laboratory,
on-site  measurement in different substation of 132kV/275kV within eThekwini
municipality, and the visual inspection was conducted in the electrical workshop. The first

step of the research was to analyse the characteristics of the surge arrester in service,
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considering their manufacturer, rated voltage and housing material. Figure 4.2 presents the
diagnostic flow chart utilised for data acquisition.
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Figure 4.2: Surge Arresters Diagnostic Flowchart.

Figure 4.3: EThekwini Substation with polymer housed surge arresters.

4.4 Surge Arrester Characteristics

A test was conducted on families of station class surge arresters. Gapless polymer housed
ZnO surge arresters have superior electrical performance because their energy absorption
capabilities are greater, the discharge voltage (protection levels) are lower, and the pressure
relief greater. The surge arresters were from three different manufacturers in the United
States of America. The properties of arresters that were tested are listed in Table 4.1.
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Table 4.1: Surge Arrester Types Tested

Arrester Housingg Uc  Molded Number of
Manufacture Material [kV] housing sheds
A Polymer 98 X 24
B Polymer 98 X 24
C Polymer 98 X 24

Uc Max. Continuous operating voltage (IEC 60099-4) *

The arresters were close or wrap design. This type of design utilised a fiberglass cloth
impregnated with resin, which is wrapped around a stack of a metal oxide varistor blocks,
including the end fittings. These are made of polymer which is directly molded onto the

wrap.

4.5 Partial Discharge Analysis Performed in the Laboratory

PD measurements on zinc oxide varistor elements were performed in the HVAC Laboratory
at University of KwaZulu Natal (UKZN) situated on the Howard College Campus. The tests
were carried out using an AC voltage power transformer 220V/66kV and a coupling
capacitor device of 200kV and 0.001uF. The plate-plate (Rogowski profile) was used to

connect the ZnO varistor across the coupling device and resistor of 20MC.

The oscilloscope output results (pulses) were fed into a wide band amplifier and pulse
display. The most important partial discharge measurements were to determine the onset
voltage (Ue) and the extinction voltage (Ua). The laboratory tests were performed using the
conventional apparent charge measurement of IEC 60270 standard. 1EC 60099-4 states that
PD level limit is 10pC.

4.6 Partial Discharge Test Circuit

The circuit in Figure 4.4 was designed to have a specific resonance frequency in the range
of 50 kHz to 100 kHz. The pulses were fed into a wide band amplifier, and the output pulses

were displayed on a Cathode Ray Tube (CRT) screen, superimposed on the supply sine
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wave, in order to detect the points on the wave where the discharges occur, relative to the
zero crossings. The positive and negative half waves are often displayed as an ellipse.

ZNO VARISTOR BLOCK

COUPLING
eAtTOR OSCILLOGRAPHIC
VOLTAGE

Figure 4.4: Test circuit for partial discharge measurement [27].

Figure 4.5: HV Final circuit diagram for partial discharge (PD).

Table 4.2: Circuit components of PD measuring circuit.

Components Values
Transformer 240/66kV
Coupling capacitor 200kV, InF
Resistor 10kQ

Plate electrodes
Transient amplifier

Oscilloscope

The peak voltmeter (SM) measured the voltage on the secondary winding and was
connected in series with measuring capacitor (CM) 1nF, 200V.
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The interference voltage measuring device (STM) was connected to the coupling one- pole
(AV) on the earth lead of the test object. The various interference voltage pulses were taken
from the intermediate frequency amplifier.

When an increase of the signal occurred, it was possible for a convenient oscillographic
indication of the onset of the pulse to be obtained. The pulse was superimposed on an
alternating voltage in phase with the test voltage, so that their phase relation with respect to
the test voltage was shown on the cathode-ray oscilloscope.

4.6.1 Main Test Object

The test object used to test varistor element is demonstrated in the circuit diagram below
(see Figure 4.6). The plate electrode was connected in parallel with 1nF, 200kV coupling
capacitor. Before setup, the plates were polished to prevent the generation of apparent

partial discharge during the measurements.

10k
=N

|

| . L
Zn0 wvaristor J]—L—I,_-SL: J_l: Coupling capacitor
T
I

Figure 4.6: Test circuit diagram for PD.

200 Block Plate electrodes

Figure 4.7: Plate electrodes used to measure PD on ZnO varistor.
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4.6.1.1 Test Transformer

L

£
padd

al

Figure 4.8: Typical designs of AC test transformer.

The typical configuration of the transformer is single-stage. The testing power transformer
rating is coupled to 220V, with the maximum voltage at the secondary side being 66kV with
apparent power of 5kVA. The secondary side of the transformer was set in order to supply
the maximum continuous operating voltage (MCOV) at the ZnO varistor of the arrester.

4.6.1.2 Partial Discharge Meter (DXX-7000®)

Oscillographic

Transient filter

Figure 4.9: Partial discharge meter.

The measured PD intensity is displayed either in pC or in pV in accordance with IEC 60
270 / 1S 6209. According to IEC 60 270, the measured quality must be multiplied by a
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correction factor, which considers the circuit characteristics of the complete test
arrangement. With the built-in correction circuit, it is possible to incorporate the factor into

the display.

The DXX-7000® system was used to read true charge in pC over all ranges of the system.
The actual partial discharge intensity was read directly without calculations. At switch
position, the correction factor was displayed directly. The PC pulses were tapped from the
analogue output terminal and displayed on the built-in oscilloscope. The specifications of
the DXX-7000® are shown in Appendix A.

4.6.1.3 Transient Filter

Figure 4.10: Transient filter.

The transient amplifier was connected in parallel with DXX-7000%. The use of the TF was
necessary to give protection, when the intermittent pulse of interference occurred during

measurements.
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4.6.1.4 Coupling Capacitor

Figure 4.11: Coupling capacity.

The Hipotronics HV PD calibration coupling capacitor of 1nF was used to calibrate partial

discharge test circuits. The couplings capacitors are discharge free capacitors.

4.6.1.5 Resistor

Figure 4.12: 10k resistor.

4.6.1.6 Calibration of Partial Discharge Supply

In order to attain valid measurements, the DXX-7000® was calibrated before testing. The
calibration of a measuring system in the complete test circuit was made to determine the
scale factor k for the measurement of the apparent charge . The Table 4.3 show the
parameters and their values that were calibrated.
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Table 4.3: Circuit parameter of PD measuring circuit

Parameters Values
PD Range 5-10pC
Sensitivity 3pC

PD Bandwidth 50-100 kHz

The lower and upper limit frequencies fiand f, are the frequencies at which the transfer
impedance Z (f) has fallen by 6 dB from the peak pass band value. Midband frequency fm
and bandwidth Af: for all kinds of measuring systems, the midband frequency is defined by
equation (4.1 and 4.2):

fm =122 . (41)

and the bandwidth by:

6dB {

> F
fy f2

Figure 4.13: Relationship between amplitude and frequency to minimize integration errors for a
wide-band system [*IEC 2238/2000].
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Table 4.4: Circuit parameter of PD measuring circuit

Parameter Description
A Bandpass of the measuring system
B Amplitude frequency spectrum of the PD pulse
C Amplitude frequency spectrum of calibration pulse
f1 Lower limit frequency

f2 Upper limit frequency

[ T ——2 7"
L X » 4

Figure 4.14: The main detector calibration window.

4.6.1.7 Partial Discharge Measurement

During test measurement, a 220V/ 66kV transformer was connected as a test object, with
high voltage terminals fitted with screening electrodes to avoid external partial discharges.
The earthing connection of the test object was again made via coupling capacitor, and the

interference voltage measuring device was connected.
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4.7 Infrared Analysis (Data Acquisition)

The infrared scanning test was implemented on the surge arresters on-site to check the
buildup of heat due to internal moisture or block failure.

This procedure also helped to identify any hot spots inside the surge arrester. MOSA
operation in polluted areas may be subjected to environmental stress, which can cause
increased risk of varistor temperature increase. For the most part, the measurable increase in
the varistor temperature is caused by animation from the uneven surface distribution,

created by the wet pollution layer.

Infrared thermography was selected as the tool for data collection on the surge arresters via
thermography. The methodology was applied on 120 kV/ 65 kA surge arresters on
transmission substations of eThekwini electricity, for polymeric encapsulation. As soon as
all data was collected, digital image processing methods were applied (see Figure 4.15).
This process enabled the extraction of some thermographic variables from the thermogram
(e.g. Maximum and minimum temperatures). Analysis was done by means of temperature

gradient criteria.

Process under diagnostic Data Acquisition Digttal image processing

Arrester
analyss
and
results
reported

Surge amrester (Bellaire Infrared Camera Surge armrester segmentation
Substation) (produce thermogramy

Figure 4.15: Methodology as applied.

The use of infrared thermography is a very convenient approach, since the measurement
device operates with no physical contact with the test equipment. Additionally, the
operating process is not disrupted, since the equipment being tested continues operating

normally while measurement is taken.
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The infrared scanning was conducted on 120kV / 65 kA polymer housed surge arresters.

The main purpose of thermographs was to identify fault vicinity on surge arresters.

4.7.1 IR Data Acquisition Process

The IR inspections were conducted at the 275 kV and 132 kV major substations of the
eThekwini Municipality. The IR analysis was conducted while the surge arresters were
energized and under full load.

The infrared scanning was carried out by an infrared trained professional that is authorized
to work in a dangerous area, and is familiar with the electric power system. It was vital to
select a set of inputs that would provide information capable of detecting faults on the
apparatus. Consequently, implementing IR scanning as a tool for data collection for this

research was helpful in determining the condition of the surge arresters in service.

For accurate results, the themogram was performed when the wind velocity was below
5ms™ and when it was not raining. The infrared (IR) analysis was conducted while the
arresters were energized and under full load. The recommended emissivity value of
polymeric surge arresters is 0, 75 [76]. The emissivity of the material ¢ is the relative ability

of its surface to emit energy by radiation.

4.7.1.1 IR Measurement Procedure

The thermograms were taken in six positions, named here as 01 to 06, with equally spaced
angles (60 °, around the surge arrester) as presented in Figure 4.16 and a digital

thermography was also taken at each position.

Due to obstacles and other difficulties, it is considered a good idea to arrange the positions
of the six angles, at least three positions spaced at angles of 120 ° [76]. During infrared
inspection, the professional operator adjusted and corrected the focus, with consideration
given to the relative humidity, ambient temperature and object distance, to make sure that

the influences of different heat sources were avoided.
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Figure 4.16: Attaining thermographic images in three positions [13].

Table 4.5: Infrared scanning parameter settings [13].
PARAMETERS VALUES

Field of view/min focus distance  24°x18°/0.3m

Spatial resolution (IFOV) 1.mrad

Thermal sensitivity at 50/60Hz  0.08°C af 30°C
Electronic zoom function 2,4,8 interpolating
Focus Automatic or manual
Digital image enhancement Normal and enhanced
Detector type Focal plane array (FPA)
Spectral range 7.5 to 13uma

4.7.1.2 IR Results Analysis

Once data was collected, the digital image processing methods were applied. This process
has enabled the extraction of some thermographic variables from the thermogram (e.g.

Maximum and minimum temperatures in the surge ZnO Varistors element).

4.8 Leakage Current Test

Offline leakage current measurement was performed with a Doble mobile AC or DC test
instrument and it schematic circuit (see Figure 4.17 and 4.18). For safety reasons, the offline
leakage current measurement was mainly used. This required the surge arrester to be

disconnected from the electrical system.
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The main disadvantages of the offline leakage current method are the cost of the required
equipment, and the need for disconnecting the surge arrester from the power system.

For practical and safety reasons, the leakage current was normally accessed only at the earth
end of the surge arrester. The purpose was to allow measurements of the LC that flows in
the earth connection. The arrester must be equipped with a base, insulated from the pedestal.
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Figure 4.17: Circuit diagram of LCM [36].

Figure 4.18: Offline LCM on surge arrester [13].
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Table 4.6: Circuit components of LC measuring circuit [23].
Components Description

Polymer housed surge arrester

LCM unit

Current probe with built in temperature sensor
Arrester pedestal

Clip-on current transformer

Surge arrester earth wire

Insulated base / insulator

Field prope / capacitive antenna

Telescopic

_T X oOMmMmOoON®>

4.8.1 Leakage Current Measurement Interpretation of Results

The aim of the leakage current measurement method was to give some indication of dust,
dirt, and moisture on the inside surface of the surge arrester. When performing tests, the

external surface was clean and dry to ensure high accuracy of the results [36].

To standardize leakage current measurement, ABB has developed leakage current values for
field tests as shown in Figure 4.19 [36].
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Figure 4.19: LCM severity level [36].

--60--




4.9 Site Inspection of the Polymer Housed Arresters

The condition valuation methodology consisted of analysis using individual score sheets to
calculate a condition indicator score of the surge arrester. Developing an on-site inspection
sheet can assist to record the information of surge arresters in service, as well as identify

and monitor degraded arresters in-service.

This helps the organisation to remove faulty arresters in the system before it fails. By
following this process, unnecessary outages can also be limited. The sheet should also
include dates of inspections, and all details of person assigned to do work on the arrester.

4.10 Failure Analysis of Polymer Housed Surge Arrester

Since the outcomes of this study are dependent upon the standards used to assess
satisfactory surge arrester behaviour, the surge arresters were considered “failed” if their

measured behaviour did not match the following standards:

e Satisfying the performance levels guaranteed in manufacturers' data.
e Meet the required performance measures outlined in the pertinent industry

standards (see Figure 4.20).
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Figure 4.20: Example of time-based maintenance of electrical equipment [37].
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4.11 Summary

The purpose of this chapter was to describe the research methodology of this study,
describe the procedure used in designing the test instruments for data requisition, and
provide a full explanation of diagnostic measurement selected for this research.
Conducting the PD, IR and LC measurement, in conjunction with visual inspection of the
internal parts of the surge arrester, was helpful in this study as important results were
attained.
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CHAPTER 5: RESULTS AND ANALYSIS

51 Introduction

Currently eThekwini Electricity uses different brands of surge arresters in substations for
protection purpose on their system. The names of the companies have been omitted to
maintain confidentiality and instead they have been labelled as follows:

e Surge arresters of manufacturer A
e Surge arresters of manufacturer B

e Surge arresters of manufacturer C

Therefore, the data acquisition process will focus on the above mentioned brands.

5.1.1 INFRARED THERMOGRAPY RESULTS

The infrared scanning test was implemented on the surge arresters on-site to check the
accumulation of heat due to internal moisture or block failure. This procedure also assisted
in recognizing hot spots inside the surge arrester. Through this investigation, eThekwini
Electricity has discovered that the polymer housed surge arresters show abnormal heating

patterns inside the metal oxide varistors during service conditions.

During field analysis, results indicating failing arresters on the system were obtained.
Infrared images of surge arresters indicated significant heating within the devices. Results
showing the thermal image and temperature profile of surge arresters are shown in Figures
6.1 (a) -(c). Note that the yellow in the centre of the image is a hot spot. This indicates that

instant de-energization and replacement must be undertaken before their failure.
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5.1.1.1 Inspection in Substation A

Figures 6.1 to 6.3 show the Thermo-grams for substation A. Two arresters showed a high
temperature. These are polymer encapsulated, installed at major substation A. This brand

of surge arresters has affected the reliability of the eThekwini transmission system.

Figure 6.1: Thermo-grams for substation A; 2 arresters were showing a high amount of heat.

All the arresters of manufacturer A on Figure 6.1 were to be replaced because, these surge

arrester were showing a high temperature inside the varistor.

Figure 6.2: Thermo-grams for substation A indicated the high amount of temperature inside

the arrester.
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Figure 6.3: Thermo-grams for substation A indicated the amount of heat inside the arrester.

Table: 6.1. AT (°C) for surge arrester at substations A, for phase R, W and B

AT(°C)
Surge Arrester Phase (R,W,B)
R W B
Sample 1 485 358 44.2
Sample 2 455 436 52.2
Sample 3 303 412 40.7
Sample 4 299 121 21.1

Surge Arrester Temperature Profile for Substation A
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Figure 6.4: Temperature profile along the arrester of substation A.
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5.1.1.2 Inspection in Substation B

The following results were collected from ZnO surge arresters, polymer encapsulated,

installed at major substation B, located on line 1. The inspections were undertaken on the
132 kV systems.
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Figure 4.5: The thermal heating problem with these arresters could have affected the reliability of
the substation B line 2.

Figure 6.6: Thermo-grams for substation B showing the amount of heating inside arrester
(132 kV surge arresters blue phase).
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Figure 6.7: Thermo-grams for substation B showing the amount of heat inside arrester.

All the arresters in Figure 6.7 gave a high temperature profile inside the arrester. Because
of this they were scheduled for replacement within five days to prevent failure.

Figure 6.8: Thermo-grams for substation B showing the amount of heating inside arrester.

All the arresters on Figure 6.8 were to be replaced on the substation because they were
showing hot spots. The temperature was 45° C on both of them. The problem with these

arresters could have affected the reliability of the substation B line 2.
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Figure 6.9: Thermo-grams for substation B showing the amount of heating inside arrester.

In Figure 6.9, the surge arrester in the white phase was showing a higher temperature than
the ones on the red and blue phases. It was recommended for replacement before failure.

Table: 6.2. AT (°C) for surge arrester at substations B, for phase R, W and B

AT(°C)
Surge Arrester Phase (R,W,B)
R W B
Sample 1 40.7 189
Sample 2 370 396 44.6
Sample 3 46.1 405
Sample 4 258  60.2 26.0

Surge Arrester Temperature Profile for Substation B
GTZ
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M Red Phase White Phase M Blue Phase
Figure 6.10: Temperature profile along the arrester of substation B.
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During infrared inspection six surge arresters of manufacturer A in substation B were hot.

The conditions of these arresters were bad and replacement was recommended.

5.1.1.3 Inspection in Substation C

The following results were collected from ZnO surge arresters, polymer encapsulated,

installed at major substation C.

Figure 6.11: Thermo-grams for substation C showing the amount of heat inside arrester.

Figure 6.12: Thermo-grams for substation C showing the amount of heat inside arrester
(transformer 1-132 kV Surge Arresters).
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Figure 6.15: Thermo-grams for substation C showing the amount of heating inside arrester.
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Figure 6.16: Thermo-grams for substation C showing the amount of heating inside arrester.

The arrester indicated in Figure 6.16 on red phase had a light spot when it was compared to
blue and white phases. These arresters were to be replaced before failure.

Table: 6.3. AT (°C) for surge arrester at substations C, for phase (R, W and B).

AT(°C)
Surge Arrester Phase (R,W,B)
R W B
Sample 1 238 129.6 28.0
Sample 2 3.7 518 46.4
Sample 3 193 265
Sample 4 475 246 23.5

Surge Arrester Temperature Profile for Substation C
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Figure 6.17: Temperature profile along the arrester of substation C.
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On substation C, eight surge arresters showed high temperature inside the ZnO varistor blocks.

5.1.1.4 Summary of IR scanning results

It is recommended that faulty surge arresters be replaced before catastrophic failure. Mostly, the
measurable increase in the varistor temperature is caused by uneven surface distribution created
by the wet pollution layer and moisture ingress. During site inspection evidence of dust pollution
was noted on the surface of arresters. The increase in the varistor temperature causes the

degradation or failure of the arrester.

Miller et al reported that early MOSA’s exhibited increasing power loss under normal system
conditions owing to penetration of moisture into the metal oxide blocks, thereby promoting
oxidation [9]. It was noted that after the infrared inspection had been carried out at the

substations, the suspect surge arresters began failing within a month.

5.2 LEAKAGE CURRENT TEST RESULTS

The following results, illustrated in the figure below, represent the offline leakage currents and
power loss that was measured on-site. The information includes the location (Red, White and
Blue phases). Rated voltage of arrester is 98 kV; the measurement value of leakage currents is

indicated in milliamperes. The results obtained on site are presented below (see Figure 7.1-7.4)
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Figure 7.1: Graph showing power loss and leakage current on surge arrester phases on (Substation A).
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Figure 7.2: Graph showing power loss and leakage current on surge arrester phases (Substation B).

T

o

o

.51

—ib— | =akage current
—s— Power loss

E

=

=

5]

OB o8 &

Leakage current & Power loss

=
=
o
L

=
=
=]

Surge arrester

phases

Figure 7.3: Graph showing power loss and leakage current on surge arrester phases (Substation C).

Leakage current & Power [oss
5 BN

o

o

=]
L

0.14

' " 0.305
ey
3-2"-/
”

—w— Power loss
—d— L=sksge curent

0137
013, 0.131
1.0 1.5 20 25 3.0

Surge amester phases
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Figure 7.1 to 7.4 illustrate the measurement of leakage current and power loss in surge arresters.

During measurement, we found that the leakage current is directly proportional to the power loss.

5.2.1 Summary of leakage current results

According to IEC, the resistive leakage current of the arrester should not exceed 700pA [23].
According to the results attained, we can conclude by saying that the conditions of these surge
arresters were good. It is recommended that if the insulated base and insulation of the arrester
earth wire are checked and found satisfactory and there is no indication of heat due to transients,

then the arrester should be replaced as soon as possible [23].

5.3 PARTIAL DISCHARGE DIAGNOSIS

To verify results achieved during measurement, the surface of the varistor was polished before
initiating measurements, and several breakdowns (overvoltages) initiated to remove any dust
particles. The voltage applied to the varistor block for partial discharge measurements was
calculated by counting number of blocks in the arrester and dividing by it rated voltage (see
Figure 8.1).

Figure 8.1: Varistor blocks that were tested.

The voltage applied during the partial discharge measurement was calculated as shown below on

equation (4.1).
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Vap = ... (4.)

Vi  applied voltage to varistor
V, rated voltage of the surge arrester (kV)
Ny number of varistors element inside the arrester

Vap =L =220 _ 305 ky
W=y, T 37 —

Throughout PD measurement when the voltage of 3.25kV was applied to the varistors,
unsatisfactory results were obtained (as presented on Figure 8.2.) because the varistors were
conducting. Due to this the voltage was adjusted to 2.5 kV. By utilising the PD technique, the
varistor elements tested were suspected of PD activity according to the attained waveforms.

5.3.1 Partial Discharge Test Results in the Laboratory

Figures 8.2(a)-(0) show the comparison of PD results of different varistor elements of arrester
from top to bottom. The test results were taken at UKZN high voltage laboratory. The tested

varistor elements have a diameter of 6 cm and height of 2.5 cm.

VLA M et e ol eyt e

Figure 8.2(a): PD measurements (time versus
apparent charge).

Figure 8.2 (c): PD measurements (time versus
apparent charge).
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Figure 8.2(d): PD measurements (time versus Figure 8.2 (e): PD measurements (time versus
apparent charge). Wrong place! apparent charge).

Figure 8.2 (f): PD measurements (time versus Figure 8.2 (g): PD measurements (time versus
apparent charge). apparent charge).

Figure 8.2 (h): PD measurements (time versus Figure 8.2 (i): PD measurements (time versus
apparent charge). apparent charge).
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Figure 8.2 (j): PD measurements (time versus Figure 8.2 (k): PD measurements (time versus
apparent charge). apparent charge).

Figure 8.2 (1): PD measurements (time versus Figure 8.2 (m): PD measurements (time
apparent charge). versus apparent charge).

Figure 8.2 (0): PD measurements (time versus

Figure 8.2 (n): PD measurements (time versus apparent charge).

apparent charge).
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When an impulses voltage of 2.5 kV was applied to the ZnO varistor blocks, the discharge
voltage and partial discharge were measured with respect to time. The fundamental behaviour of
ZnO varistors were expressed by the voltage, time and partial discharge.

Using this technique good results were attained. Thirty two varistor blocks each containing
sixteen elements where tested, and sixteen were considered suspect of partial discharge activity
considering the obtained output waveforms. The varistor closest to the sealing collar in the
arrester showed the highest value of PD (see Table 8.1).

Throughout analysis on the PD waveform pulse results, it was noted that the applied operating
voltage greatly affected PD pulses; the voltage decreasing as the discharge increased. The Table
4.4 compares the results of PD apparent measurement at laboratory.

Table: 8.1.Comparison of partial discharge results at laboratory.

Sample Maximum value of apparent charge  Maximum value of apparent
(pC) obtained at Lab charge (pC) obtained at Lab

1 50 -5

2 68 39
3 70 5

4 64 30
5 74 -42
6 90 53
7 94 30
8 300 150
9 38 10
10 600 50
11 800 150
12 2300 50
13 300 100
14 1750 50

--78--
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Figure 8.3: Comparison of partial discharge samples experimental results at laboratory.

Graph on Figure 8.3 above present the comparison of partial discharge samples experimental
results that were performed in the laboratory, the result obtained indicated a high amount of
apparent charge especially from samples ten to fourteen. We can conclude that partial discharge

is the source of degradation in this family of ZnO arrester.

5.4 SURGE ARRESTER VISUAL ANALYSIS RESULTS

The results obtained during the visual inspection of the surge arresters of manufacturer A, (see
Figure 9.1 show the samples that were taken during analysis). The moisture ingress through the

sealing collar causes serious problems such as surface discharges.

These factors can eventually end with a full breakdown over the insulation system. Water treeing
inside the sealing collar was noted as were cracks on the ZnO blocks closest to the sealing,

punctures on the ZnO varistor elements and cracks, this indicates that that the failing started

here.
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Sample A

sample €

Sample F

Figure 9.1: Surge arrester samples results that were taken during visual analysis.

The graph below on Figure 9.2 indicates the samples taken from the failed surge arresters of
manufacturer “A” during visual inspection. After opening the arresters, when the samples were
analysed, it was observed that most arresters were degrading in the middle ZnO varistor blocks

and their sealing collar was damaged, this was allowing the moisture to enter the arrester.
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Figure 9.2: Graph present result taken during visual inspection.

5.4.1 Summary of PD results

It was concluded the arrester failure was caused by moisture ingress in the arrester. Moisture was
the main root cause of failing of polymer housed surge arresters. This kind of problem has been
reported before by many researchers on gapped arrester (silicon carbide) [1]. With a view to
preventing such failures, surge arresters used on the network should not have a sealing collar; but

should have continuous insulation from top to bottom.
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CHAPTER 6: CONCLUSION AND RECOMMENDATION

6.1 Conclusion

This research focused on investigating the family of surge arresters that are failing on the 132 kV
and 275 kV systems of eThekwini Electricity. The tests were conducted on faulted arresters and

compared with arresters still in service.

During the field trial evaluation in eThekwini Electricity substations, different tests were
undertaken both in the field and in the workshop and lab and pertinent results have been
achieved. The following tests were performed. The offline leakage current test was performed in
arresters in accordance with recommendations from IEC standards; the aim was to check the
insulation integrity of arresters. Infrared scanning was utilised to detect the hot spot inside the
arresters under in-service condition. To attain additional information concerning the status of the

surge arresters, PD experimental test was performed.

Surge arresters that were measured, were generally found to be in an unsatisfactory state
compared to the healthy surge arresters. They indicated high temperature inside the ZnO varistor
elements. The following conclusions were drawn for this dissertation during the above

mentioned tests:

During infrared analysis the arresters that were measured were abnormally hot inside the ZnO
varistor when compared to healthy ones. Photos that were taken during arrester analysis were
clear indicators of defective surge arresters. Moreover, surge arrester “A” had a light spot in the
midpoint of insulation, demonstrating the point of origin of heat, indicating that the sealing collar
between the last upper shed and first of lower shed (middle) was defective (Figure 2.26(a)) and
(b)). 1t was suspected that defects in the sealing collar permits moisture ingress in the arrester,

causing the heat inside varistor blocks to increase.

Good results were obtained during leakage current measurements. The leakage current was
directly proportional to the power loss. The increase in the resistive leakage current along the
surface insulation has an effect in failure of arresters. The results obtained demonstrate clearly

that the leakage current is directly proportional to the power loss.
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PD measurement: Use of these tests was valuable in obtaining sufficient information for failure
of surge arresters. The situation was observed that PD action is an indication of degradation in
MOSA supported by the results that were obtained during experiment at the laboratory.
Electrical treeing is a significant degradation mechanism in polymers that can lead to premature
failure of high voltage equipment.

During the visual inspection in the electrical workshop, it was noted that with some of the
arresters of manufacture ‘A’, sealing was defective. This allowed the moisture to enter the zinc
oxide varistor (ZnO). Evidence of treeing, punctures, cracks and moisture masks (Figure 9.1)
were noted on the varistor elements. To address this issue, the design ‘A’ must should improve
the joint sealing integrity through construction with a continuous rubber from top to bottom, so
as to increase the lifespan of the arrester.

It was concluded that moisture ingress can cause serious problem on surge arresters in service.
Moisture ingress appears to be the main cause of surge arrester failure within the system. This
has been found during tests mentioned above. Surge arresters with sealing collar they allows the
moisture ingress through the seal when aging takes place. During visual inspection evidence of

gel leaks and puncturing were obtained.
Failure of the surge arrester in service causes unnecessary outages on the network.

The evidence acquired in this research will assist to improve the surge arrester specification so as
to avoid failure in the future and will also benefit with replacing them before they fail on the

system.

6.2 Recommendations

As a consequence of the result statements above, recommendations for the eThekwini electricity
are that they should change their supplier and tender specifications should be upgraded, surge
arresters to be used on the network must not have a sealing collar; but must be continuously

insulated from top to bottom.

To prevent failure on the network the infrared analyses is recommended. The results obtained

during field inspection should be compared for surge arresters of the same model and brand for
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all phases in the electrical network. When performing an arrester inspection the inspector needs
to identify whether the surge arrester status is normal or abnormal. It is recommended that the
inspector required writes a technical report for diagnosis.

Due to the results obtained during infrared inspection, it is recommended that the infrared
inspection be performed monthly. If the temperature of the arrester is above 45°C when
compared to other arresters, it is recommended that those be removed before they fail and bring
down the system.

With a view to preventing such failures, proper inspection and maintenance policies must be
issued, (the visual checks on site must be done). Developing an inspection sheet (Appendix C)
can assist to record the information of surge arrester in service. This will help the electricity
organization to remove thermal abnormal arresters before they fail. The proposed inspection
sheet can help to record the information of arresters while in-service and this could help the
inspector to compare the bad arresters with the good arresters. The sheet should comprise the

date of inspection, all details of person assign to a job.

The information and results presented on this dissertation are recommended for utilization by
power companies to for the monitoring of their surge arresters on the electrical networks.
Leakage current, Infrared scanning and in additionally partial discharge test are the good
recommended tools to be used for the in-service monitoring of arresters. Using the described

tests could help power companies to avoid the unnecessary outages on the system.
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Appendix - A

Specification of partial discharge tool

PD Measurement System

PD measurement range

0-99999pC in standard notation. higher readings in
scientific notation

PD measurement resolution

9 bits plus sign

PD phase resolution

0.35 degrees

Partial Discharge Site Locator (Optional)

Time resolution

12.5ns (80mHz sampling rate)

Capture memory depth

256 cyeles, 256+ samples

Amplitude capture accuracy

Better than 1%

Amplifier ranges

12 switched 5dB ranges

Amplifier frequency range

100kHz to SMHz

Voltage Measurement System

Volta o measurciment range

0-99999KV. Peak Scaled BMS and True REMS
measurement modes

Voltage measurement resolution

11 bits plus sign

Voltage measurement accuracy

better than 0.5% at I'P socket

Voltage frequency syne range

5Hz to 500Hz

Voltage measurement input

10VPk input, transient protected, high impedance.
Can be used with capacitive divider. resistive
divider or voltmeter resistor. The system can
support up to 16 different wvoltage sensor
calibrations to allow it to be moved around to
different test installations.

Internal Calibrator System

Calibrator Output

set directly in pC: output displays in PC

Calibrator maximum output

10V step (1000pC into 100pF)

Calibrator output range

1mWV to 10V in 13 ranges (0.1pC to 1000pC into

100pF)

Calibrator fine adjustment

0 to range voltage in 256 steps

Calibrator output rise time

less than 25nS into 100pF: slower into higher cap.

Calibrator operating modes

direct and indirect (transfer) modes supported
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Amplifier Systems

PD amplifier ranges 6 switched 20dB ranges
PD amplifier fine adjustment 10:1 in 200 steps
PD amplifier gain linearity <1% over whole range
PD amplifier frequency range 20khz to 500KHz
PD amplifier filter settings Low Pass: | 20kHz, 30kHz, 50kHz, 60kHz, 80kHz
High Pass: | 100kHz. 200kHz. 300kHz, 400kHz.
500KHz

Data Processing System

Windows 98 SE™ - based operating system, with Hipotronies DDX-7000 Program

Intel Pentium 1T (or equivalent) Processor. 1.1GHz (or faster)

16MB of RAM

1.44MB floppy disk drive: 30GB (or larger) hard disk drive: 52x CD/RW drive

SVGA (800 x 600) active matrix thin film LCD monitor

USB keyboard and mouse

Parallel printer port; one uncommitted serial port (COM2); 10/100 BASE-T LAN; USB2.0

Physical Characteristics

Power Supply 115V or 230V AC, = 10%, 50Hz or 60Hz., <250VA

Operating temperature range 10°C to 35°C

Operating humidity range 35% to 80% non-condensing

System approvals CE mark

DDX Detector-7000 Size 17.5"W x 10.5"H x 18"D, 40 Ibs. (445mm x
270mm x 460mm, 18 kg) 6U. 19" standard case

DDX Detector 8003 Size 17.5"W x 10.5"H x 18"D, 50 lbs. (445mm x
270mm x 460mm, 23 kg) 6U, 19" standard case
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Appendix-B

Infrared analysis of results

Camera Model FLIR T425 Priority 2: Replace all Delta T= Sp3-Sp5 =211
3 within 7 Days Degrees Celsius

Camera Model FLIR T425 Priority 2: Replace Delta T= Sp1-Sp2=218
within 7 days Degrees Celsius
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Camera Model FLIR T425 Priority 4: Further Delta T= Sp1-Sp2 =76
scan after 1 month Degrees Celsius

Camera Model FLIR T425 Priority 3: Replace all Delta T= Sp1-Sp3 =118
3 within 30 days Degrees Celsius
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Appendix-C

Inspection sheet for polymer surge arrester

POLYMER SURGE ARRESTER FIELD INSPECTION SHEET

Date: Location:
Manufacture: Year Manufactured: Quality:
Arrester Identifier: Phase: Surge Arrester Types:

Type of Surge Arrester

Serial Number

Number of Sheds

Length incm

Insulation Types

If create Damage

Create Approved for Release to Site

Various Tests Techniques of Surge Arrester

Good Bad

Partial discharge
Infrared Analysis
Leakage Current

Site Visual inspection

*Comments if any damage is noted:

Inspected by: Signature:
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Appendix-D

INSEEVICE CONDITION MONITORING OF SURGE ARRESTERS WITHIN

ETHEEWINIELECTRICITY

Alakhozonlke Gumede® and &. Frederick d” Almaine ==

Dt of Power Enginearing

Durdan Universify Technoiogy.

*E-mail: makharonke rumed ediyvatoo.com
*=E-mail- dalmameiidut ac.sa

Abstract: It is exmemely important to measure the condition of the surge amesters while they are in service so that they
can be removed from service before they fail This paper presents systems for the monitoring of polymer bonsed surge
arresters within eThekwini Elecwicity using varous diagnostic methods. The systems measure the resistive leakage
oument that contimrously flows through the Znl varistor durng nommal service opemtion and temperatore via infared

thermo vision for fault prediction

ez The measuremen ts are applied for diapnosis of 1206V /55kS sorpe amesters of

different makes on 132KV and 275KV substations. Leakags ouoment measarement and infrared analysis were valnable in
obtainmg sufficient informarion for faitore of amesters. The thermal heat was detected inmside an arrester and normal
leakage cument measurements. Tests were performed on surge arresters that are still i the system and test results were
compared to the results from the tests performed on failed units. Fesolts obtamed from different tests. (tests mentoned
above) were compared to the test resuks from different families or designs.

Keywords: Polymer housed surge ammester, mftared scamnimge. and leakage cament measurements.

1. INTRODUCTION

Overvoltages in an electrical network may ocour due to
lighming strikes, system famlts or switching operstions.
These overvoltages could reach dangerous amplitudes for
elecmical merwork apparamas. To protect the netaork
equipment and to guarantee security snd reliable operation,
surge arresters are applied to all types of elecimcal
transmission and substation systems.

Fenerally, surge arresters are constncted nsing nonlinear
resistive elements covered by polymer insulators. Ageing
of the polymer insnlators is cansed by enviromment factors
such as TV, contaminations, moistore ingress and electmcal
stress including leakage oorrent, local discharge and corona
discharge [1]. These phenomena may evenmally canse
failare on surge srresters im the system. Hence, it is
important to monitor the surge ammester while in service so
as to increase it life span.

According to IEC standard S0TI-2 surge ammesters are wery
important devices placed within an electrical power system
to ensure appropriate imsulstion coordination snd to protect
valuzble equipment such as power transformers, cincwoit
breakers efc. agaimst lighming, wTansient wvoltage amd
switching surges. It has been reported that polymer housing
material uwsed for owutdoor insulation is sobjected o a
number of degradation influences during service. These
include tracking and erosion due wo dry band arcing amd
possible material degradation from the environment such as
ultraviolet rays, hydrolysis, fongi, and chemical attack by
alkalis, acids and hydrocarbon liquids and vapors[2].[3].04].

EThekwini Electricity has experienced a end where a
certain family of surge amesters fails without any anomalies
on the electrical system (such as lishming stnkes, switching
operadons of system faults). Fig .1 represents a number of
surge arresters that failed on the system from year -2000 to
2004 Since this has happened in the past and continues to
happen, a decision was taken to perform an investigation fo
identify the camses of filure and find optimal solutions.

The main intentions of this paper are to mvestigate the
failure of surge ammesters by performing vanous tests such
a2z leakage cwrent measurements (offline) and infra-red
scanning (online) to identify the faml prosdmity; improve
the surge amester specification to aveld failore in the firture
and extending the life time of the polymer housing surge
aTTesier.

SURGE ARRESTERS FAILURE

PR 10%

N 2000
2002
2003
W 2004

Figure 1: Surge srmester faibore at eThekwind Electricity
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1. BACEGROUND

The most advanced gapped silicon carbide amrester was the
first really effective overvoliage protection for high voltage
power nerworks. Gapped Silicon carbide surge arresters
were developed m the 1930°: to gzive zood protection
against overvoltages. These silicon carbide armesters were
nzed on both ransmission and dismibuton systems.

As the technology advanced rapidly, polymer housed surge
arresters were infroduced for the first time in the mid-1980s
in MW electrical systems and proved to be a solution to the
problems which could not be solved, for instance poor
performance of several porcelain housed arvester desigms
which often suffered fom sealing deficiencies, extreme
sensitivity to polutdon and umsatisfyme  overload
performance [4]. Polymer housings (silicom mabber) has
been the material of choice for high woltage msmlation
becanse of bemer behavior in polluted areas.

The silicon muibber is the only material offering
bydrophobicity compared #o other materials [5].The
polymer housed surge arrester has several other advantages
inclnding a better short circunit capability, increased
personnel safety, flexibility i erection and a less brittle
namre compared o porcelsin and silicon carbide surge
arresters. Orver seven years of experience with polymer
housed surge ammesters have proved that as they are less
prone to moismare imgress than porcelain arresters, they
therefore mimimize one of the most common causes of
failure of surge arresters [6].

At the end of 1980s polymer surge arresters were available
np to 145EV system wvoltage and today polymer housed
surge amesters have been accepted up to 350 KV system
voltages. They appeared on the market around 1990z, baing
niche products at this time. The acmal share of polymer
housed HV amesters is now estimated to be 25% to 30%
and is rising [10], [4].

3.IN-SERVICE DEGFADATION OF ZNO SURGE
ARRESTERS

The electrical stesses, counting leakage current and dry-
band discharges, are directly responsible for wacking and
ergsion. Formation of sparking discharge 5 closely related
to the varistion wends of the total leakage cwrrent amd
creates high temperature spots that lead o bond scissions
and other chemical changes on the surface insulation [1].

The ZnQ varistor depradation is wsed to describe the
elecmical condition of a warstor relative fo its past or fumre
state when under the influence of external swesszes [7], [B].

The amount of degradation is 8 good guality indication of
waristor relisbility and is nsually nsed for foresesing the life
span of Zn varistor [8]. The process of degradation causes
the gradual increase of current with time on arrester.

It has been recopnized that partial discharge is a dangerous
ageing process first noticed in the last cenfury when HWV
technology was infroduced for the generaton and
ran=mission of elactrical power [9].

It must be appreciated that, besides electrical stress cansed
by voltage or impulse cwrents, the following factors can
accelerate the degradation process:

* Sealing defects leading to ingress of moismre as show on
figare 2

Figure 2: 5lip of polymer housing

The Humidity increases up fo the level of 40-50%.
However, at very high homidiry levels, about 5%, there iz
the possibility of condensation at temperature changes The
moisture layer on the internal wall of the housing or on the
varistor column can initate the internal flashover [7].

* Long term ageing during normal service voliage
* Diccharges due to surface contamination

Furface Covamiason|

Figure 3: Surface contamination

» Intemnal partial discharge on the internal components of
the surge arrester (varistor), as shown in figure 4
below.

Figure 4: Internal partial discharge [20]



# Desizm and physical arrangements of ZonQ surge
ATTRSTETS .

» Ovwerloading due to
overvoltages.

temporary and  fransient

4. FAILURE OF SURGE ARRESTERS

Polymer housed surge armesters are exposed to diferent
types of soesses such TOW, switching overvoltages and
lighming overveltages. MMoismare inpress may also canse
accelerated ageing at the normal operating voltage. The
surface deterioration and contaminant deposition on the
specimen surface may cause 3 reduction in hydrophobicity
of insulagon materizl of a surge arrester. These swesses
may cause the imstantaneons overloading that will result in
punchare, cracking or flashover of Zn0 block varistors.

Hence, the failare of the surge amesier may appear in
different ways:

#  The amester with a polymer housing may bum
open the external insulation; such failed arresters
are shown in Figure 5.

# The aged or overloaded amesters may show
reduced protection against owvervoliages, e.g.
during wansient overveltage’s, for instance due to-
hizh energy temporary overvoltages, the amester
can fail before it actually has sappressed the
overvoltages.

. An arrester can canse an earth fult due to internal
flashover, partal discharze (which can be cansed
by external pollution or birds, monkeys etc.) and
temporal overvoltage (TOV) which can ocour
electrical networks etc.

The amester falhmes may csuse severs damage two the
neizhboring spparams amd be a safery risk for the
maintenance staff.

Figare 5: Metal Oxide surge arresters with polymer housing
that failed during norm sl service operation.

5. TEST SELECTION

There are no simple. practical feld tests that will dererming
the complete protective characteristics of surge arresters
[12], but the condition of the metal oxide surze arresters are

measured by performing different tests, such as partial
discharge (P.D) [13], radio interference detectiom [3],
leakare ourment messurement snd infrared scanming (IR,
Polymer materizls can have more easily show exaggerated
ageing due to pardal discharge and leakage currents on the
surface. However, if these problams are not detected they
can causes the strength and feguency of the partal
discharge o increases [11] and also leakage currents and
may lead to catasmophic filure of the metal oxide armester
on system. These phenomenon are dangerons and can canse
a total outage of the metal oxide amester [14].

These tests can be performed with apparsms wusually
available, which will give sufficient mformation o
determine whether the amester can be relied upon to
perform under normsl conditions. By performing these
measurements the information will be obtained and these
tests will indicate units whose msulating qualities have
deteriorated [12]. The followinz tests selected om this
mvesdgation were chosen afier review of appropriate
literamire smdies.

* Laskape current test {offline)

+ Infrared scanning
The testing will not only cover the surge arrester condition
but it will also cover their major active pars, for instance
Zinc oxide varistor (Zn0) and insulation of arresters.

J.1 Infrared themograpky

A defectve surge amester loses it characteristic as an
insulator under power Fequency condition. It will allow the
leskage coments to flow through it This can cause the
femperature to imcrease inside the ZnQ varstor which
might cause the amester o fall However, to detect and
dizgnose a fanly, it is viml o select a set of mputs whose
information is reliable.

[ —— [ Ee—— [ T ——
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Figure 6§: Methodology applies

Conzegquenty, implementing the infrared thenmograph as a
wol for a data collection om this mvestization will be
helpfol in obtaning the condition of surge aITesters.
Therefore, the methodology is applied for review om
120KV /§5kA surge arTesters on fransmission substations of
eThekwini electricity.
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It is recogmized that if there is a temperanre difference
between two pomis, there will also be heat ransfer between
those two points. Therefore, heat can be transferred i
oummber different metheds such as conducton, convection,
evaporation or condensation and radiation Here the foous
is more on moistare condensation.

A Thermogram is a digit] photo, taken by a device that is
able o capmre for example a lichming rod and cedify it
remperamre nsing colors levels. As soon as all dam is
collected, it is necessary to apply digital image processing
methods. This process enables the extraction of some
thermographic  varisbles from the thermogram (egz.
maximum and minimum temperatares). These variables are
nzed by the dizgnosis tool developed. The snalyses are
developed by considering some areas of the surge arrester
thermo grams by means of temperature gradient criteria.

3.2 Leakage current fest

The curent flowing from the hot conductor to ground over
the outside surface of a device is called leakage current But
in case of the surge arrester imsulstion, it is the cwrrent
flowing over the surface of the surge arrester msulation
Fig.® [11]. “If no ground exiztz, the current flowmg from a
conductive portion af a device to a portion that is mtended
o be non-conductive under normal conditions™ [19].

During normal service the surge ammester carmes a
contimmons small leskage cument flowing through the
surface, typically in a range of 0.2-3mA [20]. The total
cwrrent flowing through the ammester is composed of
resisive leakage current. The resistive leakage current is
produced due to the changes of the schotiky barmier which
is formed bemween the zinc oxide (Zn0) grains and
increases with armester deterioration or aging (which is
cansed by environmental factors such as UV, contaminants
and bumidity) [15],[16].

However, the increase in the resistive leakage curment will
camse an increase in the power losses and hence increased
remperamre in the ZnO-block. The leskape cwrrent is
directly proportional to hydrophobicity loss, especially for

The more the loss of hydrophobicity or reduction of silicon
insulation, the higher the leakage curzent [21]. These
leskages current can cause damage to the stability of the
arrester, particularly in the low conduction zone where the
V-I characteristic of a Zn) varstor is very sensiftive to
temperamre [8].

Figure 7: Leakage current flow to low resistance path over
srface insulaton.

The leskage oument flowing thromgh the sarge ammester
consists of a large capacitive current Jrand a small resistive
component Ir. For a complete surge armrester, the capacitive
current depends on the number of varistor columns that are
in parallel. Fig.8. shows waveform of the leakape curremt
components when a rated operatng voltage is applied to a
SUrEe AITester.

e
/,?{3_\-. S ra
-'-\'/-/" N, ){"'

Figure &: Equivalent circuit of surge arrester and waveform
of the leskage oument components [15]

Metal oxide surge amesters are known te exhibit an
increase in resistive leakage current in relation with the
amrester operating time [10]. As is well known, the increase
of resistive and capacitive ourrent will canse an increase in
power losses (FR) and thereby an imcrease in ambient
temperamre. S0 an increase in temperamre may bring a
surge arTester to & temperamre which exhibits an
inadequate safety margin of thermal stability. This depends
on the overall mrge arrester design [16].

Heat dissipation is reduced at the centre of 8 cohumn, as an
ammester here i higher than those at the ends. Many
researchers have reported that an imcrease of resistve
cwrrent can be considered as an indicator of the amester
condition, and with the continued operation, in time it can
camse failures or permanent degradation [10].

The recistive leakage current is the most mportant factor in
amrester diagnoestics, but the fotal leakage curmrent and third
harmonic component flowing through an amester are
widely employed as an ageing indicator [13], therefore the
goal of leskage cwrent measurements is o find the
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msulation performance of the insulator, as it has been
reported by other researches, that the leakage current
change according to contamination surface [17]

§.0.1 Qffime leakage current meqaurament

Offline leakage current measurement can be performed
with a mobile AC or DC test imstmument For safety
rezsons, the offline leakape current measurement is mainly
o be used because it requires the surge amester to be
disconnected fom the electrical system. The disadvantages
of offline leakage current method are the cost of the
required equipment and the need for discommecting the
suIge armester fom the power system [13]

Meamrements camied out online under normal service
voltage are the most common method For practical and
safety reasoms, the leskaze cument i normally accessed
only at the earth end of the surge amester. In order o allow
meamrements of the leakage current that flows in the earth
connection, the arrester mmst be equipped with a8 base
msulated from the pedestal.

6. SURGE ARRESTER EVALUATION

Fecently, eThekwini Elecmicity uses differemt types of
family brand of surge armmesters in substation for protection
purpose on the system. The following brands are:

*  Surge amresters manufachire A
*  Surge amresters manufachire B
*  Surge arresters manufachre C

Therefore, the data acguisition process will focus on the
above mentioned brands. Hence, the zraph below illastrates
the failure of different brands from year 2001t 2004

e s sl
e demern 0

BAISCE ARRESTEHS
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N arelsildar

Figmre 8: Graph showing failure of armester from year 2001-
2004

7. INFEARED THERMOGRAPHY RESULTS

The infrared (IR.) amalysis was conducted while the surge
arresters were energized and under foll load. Throngh the
mvestigation eThekwini Elecmicity has discovered that
thepolymer housed surge amesters are showing headng
inside the metal oxide while in operational service.

The infrared (IF) analysis was conducted while the surge
amresters was energized and under full load. Through the
imvestigation eThekwini Eleciricity have discovered that
the polymer housed sarge amesters they showing the
heating inside the metal oxide while in operation service.
(I¥ote that the yellow in center of the mage is a hot spot)
The measurements were completed on 3 differem:
substations fom October 2012 to November 2012,

7.1 Inspection i Substation 4

The disgmozes were executed for ZoD surge amesters,
station class surge arresters have supenor elecmical

perfommance becanse their enerzy absorpton capabilites
are greater, and the discharge voltage (protection levels) is
lowrer and the pressure relief is greater. They are polymeric
encapsulated, mstalled at major substation A This family
npe of surge armmesters has affected the reliabiity of
eThekwini transmission system.

Figure 10: Thermo-grams for substagon A, I aITesiers Were
showing high amount of heat

7.2 Inspecrion in Substation B

The following result were collected fom Zn0 sarge
amesters, polymeric encapsulated, installed at major
substation B, located at line 1. The inspections were
executed on 132 KV

Figure 10: The thermal heating problem with these amesters
could have affected the relisbility of the subsmtion B lne 2
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7.3 Inzpection in Substation C

The following result were collected from ZnQ surge
arresters, polymeric encapsulated, installed at major
substation C, located at line 2.

Figure 11: Thermo-grams for substation O was showing the
high amount of heating inside arrester

B_FAILURE CERITERIA OF ARRESTER

Since the outcomes of this study sre dependent upon the
standards used to assess satsfactory surge amester

behavior, the surge amesters were considered “failed™ if

their measured behavior did not matched the followmng
standards.
Safisfying the performance levels guaranteed i
mannfacurers data

Meet the required performance measures ontlined
in the pertinent industry standards
9. LEARKAGE CURRENT TEST RESULTS
The Sllowing results fom the tables below represent the
offline leskage cwrrents that were meamred. The

information inchides the type and brand, the serial number
and lecation (Fed, White and Bhue phases).

The rated voltage of ammester is 98kV. The arrows indicate
the measurements value of leakage currents in millampere.

Table 1: Fesistive cuments in milliampere for maou factore 4

: !

Serial Batad | Tast Tast
Location | oy LV | Modes | XV | DA
1| Ror o1 58 | GNDEB |10 | 0a8
T WPk 5t | GeDEE |10 | 0i%
3 | B-Fn 56 | GND'RB |10 | .31

Table 2: Fesistive owurrents in milliampere for manufacre B

Lecabo Fatsd | Teat Tant

= = Liodes G| =

FTh T[7F | CADES [ 10 [T
H e GND D | 10 | 013%
T Em T GNDES | 10 | D31

Table 3: Resistive cuments in milliampers fior mamifactore

Lootion | ol Mam | Bl (Tt | Tet |
=.Fh WIIESSRDZ £ GHNDRH (£ 014
WPn | WeIESS0: | 9% | GNDEE | 15 | 0i8s
1 BH-Fh WISEINT] 55 ONDEH 8- LRE

10. CONCLUSION

The conchosion of this research was based on leakape
current test and infrared scanning analysis of the fmily of
surge amesters that are failing on the system During the
field trail evalnation in eThekwini Eleciricity substatons,
furthermore surge amesters that had been measured are
proving to be i unsatisfactory condition. They were
nmning sbnormally bhot mside the zine oxide (Zn0d)
waristor. Moreover, surge srrester A were having a Light
spot in the midpoint of msulation, this demonstrates that the
heat starts there becanse this fype of brand on the middle of
the surge the sealing collar between the last upper shed and
first of lower shed (middle) was defected (figure 2}

Therafore, this gives rise to moismre mgress and this was
causing the heating imside vamstor blocks to increase. Om
thiz izsue, the desizm mmst improve the joint sealing
mtegrity by constuct with & contmions mbber fom top to
botiom 50 as to increase life span of arrester. The total
leakage oument measuremsnt was also performed
amresters in accordance with the recommendation from IEC
standard [22] to gain additional information conceming
conditton of srresters. The mcrease i the resistive leakage
current on the surface msulation does not necessary mean
that the amester will fail Hence, the evidence we acquired
will help us to improve the surge amrester specification so as
to avoid failore in the fimre and will also benefit us with
replacing them before they fil on the system
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Appendix-E

Surge Arrester Faults and their Causes at
eThekwini Electricity
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Absmacs— Failures im polymeric homsed surge arresters
have recently mcreased This has resolied in a nomber of
stndies being dome in order to establish the condition of
surge arresters whilst in service, the aim beimg to remove
them from service before they failed. This paper wilizes a
thermovision techmique to predict potential fanlts allied to
a visual imspection of arresters placed in eThelowini
ontdoor substations. Infrared amalysis was valuable in
obtaining mafficient informaton om arrester failures by
detecting hotspots within the arresters while s6ll connected
to the sysbem and comparing these test resubis with those
performed om faded umits. During the viswal imternal
mspection of arresters evidence of punctures, iresing,
tracldeg and mobstore masls were moted on ZoO blocks
amd seals.

Index; Termis—Polymer howsed sarpe arrester, meistore
mETess, u‘&areds::.m-gnd viznal inspection

I. INTRODUCTION

Polymeric housed surge amresters are widely applied 1o
power ransmission systems in order to protect the
systems from overvoltages. Their advantage over
porcelain or ceramic surge amester is that they perform
well m pollwed with the polymeric silicone mubber
arresters excelling [1]. Apart from elecmical swesses
camsed by AC volmge inpulses or switching operatons,
the degradation of polymeric boused surge siTester can
also be influenced by other environmental factors, sach
&5 molshre ingress into the sealing or howsing and salt
contamination [1]-[§]. These factors could caose
problems for the surge amrester in service. As a resualt, it
is Very important to messure the condition of arresters in
service. Moisture imsress, exacerbated by pollubion,
plays an important role in the degradanson of a surge
arrester. It has been reported that moishme mgress in
high voltape apparates is the most important source of
depradation [2], [¥] The mwishmoe sbsorption in an
arrester results in slizhily incressed leakape cCuorrent,
which is typically in the rangze of mA [7], [E]. Hence,
thiz can lead to overheating of the zinc-oxide vanstor
(Zn() elements cansing the temperatmre of an amester 1o
increases untl it bursts [9].

EThakwrini Flectricity (e-mail- makhosonko permedeid-yahon com ar
Gmﬂmbmnmm}mww
TechnologyPower Eng., Durban, Sowth Aftica, {s-madl-
dalmainsiidatacz )
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Erystmin Chrzan reported in the last cennmy that
moishire mgress was responsible for 30 per cemt of
outages in arresters [10]. The same problem is being
experienced today (ses Fig 1) [6].

198 1 gas MOISTURE HG8ESS

BLRGES
DT AR, T RO
MISAPFLICATION
UMHHROWH

&
-

FRALCTION OF TOTAL
FRLURES - %
L 13
a o

=5, 0 a4
o 2 al

CAUSES OF FAILURES

Figure 1. Total fadlure surge ammesters m percentage [11].

As g result of this, it is inperadve to do in service
condinon monitoring of surge sresters in order to check
their condition before they fadl This paper presents
wvarions methods used to detect fanlts in surge ammesters
and their canses at e Thekwini elecimicity.

The thermovizsion techmigque was utilized as a tool for
data acquisition to detect thermal heat in the armester and
a visuzl imspection was also done at the elecmical
warkshop to check the condition of the failed arresters.
The measurements were applied for disgnosis of
120EV/65kA sorpe ammesters of different makes. The
awthor recommends infrared scanning as the preferred
tool to be used for fanlts detection in amester because of
the walidity of the resalts.

IO DESCRIPTION OF POLYMER HOUSED ARRESTERS

—
Fimme 2 The coss-section drawing view of a polymer housad
SUCES AmTester
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The msulated housing 1= dwectly molded on to Zn(d
vanistor blocks and Fiber-glass remforced plastic (FRP) to
ensure total encloswre of all components and high
mechamcal strength of the enhre stuchure of the swge
armester. The swge amresters bousings have traditionalby
have been made of polymenc nsulating material for
armesters for both distnbution systems and for medim
voltage systenes and recently even for power substations
system voltages (see Fiz 7).

The heart of an amester comprises mdmadual ZnO
resistor blocks stacked on top of each other to provide the
desred nonlmear voltage-curent or V-l chamctenstes
and to present a strong relabonship with temperzhure. The
secret to the amresters success in drverting hghtmng or
high elecirical surges 15 the Zn0) vanstor; ths 1= the beart
of an armrester. Zn) vamstor blocks are sermeonductors
that are highly sensiive to voltage. Hence, amy
degradation in the wvanstor blocks can lead to amester
fahare i service. To avoid ths problem, selecting a good
momtoring techmiques can help to nuninmze these failures.

1. DEGRADATION OF ZN0 SURGE ARRESTERS

As disenssed earlier, motshre or Inmdity 1nside surgze
amesters plays a sigmficant mole 1 the demadabon
process of vanstor elements. Thiz moisture increases
thermal  heating, lezkage current [B] and  causes
discharges. These phenomena are directly responsible for
fracking and erosion m a Zn0) vanstor block of an
arrester (see Fig. 3.

Figurs 3. Internal partial discharzs [10]
The formztion of sparking discharge 15 closely related
to the vanation trends of the total leakage cwrent and

creates high temperature spots leading to bond scissions
and other chermeal changes on the swrface meulation [4].

Leading to permenent falme of the vanstor elements.
Zo) vanstor degradation 15 used to describe the elecimical
conditon of a varistor relative to its past or future state
when under the mmfluence of extermal stresses [10] and
[12]). The amount of degradston 1= a good quabiy
mdication of vanstor rehabality and 1= wsually used for
foresesng the bife span of a Zn0 vanstor [10].

A Ssaling Defect

A defective amrester may not be able to wortk m a
satzfactory way when an elecineal =wge ocows [9].
Hence, 1t could allow moisture to penetrate to a swge
armester housing or sezling (see Fig. 4 and Fig 5). A
consequence of this effect 15 the reduction of the level of
secimity in the performance of the apparatus. As it has a
continuous leakape of gases, the system of protecton
aganst explosion becomes mefficient, being o longer
capable of parformmng on extrems heatmsz [3].

£2014 Engineering and Technology Publishing

Moishore can also penetrate mic the infenior through
the housing matenial by diffuzion [6]. Reference [13] also
confirmed effective and proper tests for this fanuly of
arrester. For proper design, a thorough koowdedze of
arester  behavior dunng different moistwe diffosion
processes 15 required [6].

F

Heabmy dafectiom

Samlingdafaction

Figme 5. Sealing collar defective [14].

B Moisture Ingress

Meoashwre mgress i nph voltape apparans 15 the
primary sowrce of degradation [2] and [5], becanse of tus
situation several studies and ressarch have been done m
order to mprove sealing material of amresters [10]. Earier
publications have showed that mmltstress aging testing 1s
an 1mportant design test to prevent polymer housed surge
arresters baving improper design of the meulation [135].
Moshoe meress may result m mostme condensation,
changing the protection level and the enerzy dissipation
capability. Frequently, the swge amester agng may
present a gradual nsing in the resistive component of the
cwrent loss that comtabutes to thermal mstabubify and
finally leads to complete fault (see Fiz. 6).

Figm= 6. msmingssmmmmx[la].

C Influsnce of Moisiure in ZnQ Arrester

The looseness of the insulation from the end sealing a=
represented m Fig. 4 [2]. wher for a swee amester m-
service the hmmdity mmide can merease dus o
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deterioration of sealing Humudity has been shown to
merease up to 40-50%. However. at very high humidity
levels, about 95%, there 15 the possibility of condensation
zthanpennnedm:ge [10].

The moistuwre layer on the mternal wall of the housing
or on the vanstor column can mitiate mternal flashover
[10]. Conversely, moisture zbsorption mnto the sealing can
also leads to electnical discharge activaty. such as tracking.
cracking and water trees; trees are the sowrce of azing [5].

IV. FAILURE MODES OF ZNO SURGE ARRESTER

The arrester with polymer housing may bum open the
external meulation; such failed arresters are shown in Fiz.
7

Figure 7. Ml oxide surge arresters with polymer housing that failed
dunng i service condition.

Vanous studies, as m [3] and [7] have been done and
show that polymer housed swrge amesters are expozed to
vanous stresses such as temporary overvoltages (TOV),
switching overvoltages and hghtning overvoltages. Thus,
due to different factors affecting them their fahure may
appear m different ways;

® Damage of sealinz due to thermal heating
produced inside vanstor (see Fiz. §)

Figwe 8. Defactive sealing increase hizh rate of moisture ingress.
® Localized losses and discharges caused by poor
mter-disc contact
¢ Houszing detenoration or pollution changzing the
voltage dismbution along the stack (see Fiz. 9)

©2014 Engineermg and Technology Publishing
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Figure ©. Deterioeation on insulation housing [17]

Mechamcal fractwes in ZnO vanstor due to
thermal rumawzy after a lugh curent swge (s=e
Fig. 10)

Fizure 10. Machanscal cracks in vanstor elements.

Damage due to surge curvent concentration at the
edge of the electrode resulting in failure
Resultant damage to the disc created by previous
nmltiple-stroke lizhming swrges.

V. EVALUATION METHODOLOGY

To attam good results for fault detection and diagno=is,
1t 15 extremely mmportant to select a et of mputs whosze
information 15 capable of allow the fault identification n
the swge amester. Hence. the research methodology
apphied for evaluating the fathue of the famuly of smge
amresters was established. Thermo vision techmique was
used as a tool for 2 data acquusition.

Infrared scanning was selected to be used on this study
after review of the appropnate lterahwe studies
conceming failwe of amesters in service condiion. The
use of mfrared thermography 15 a very convemient
approach since the measurement device operates with no
physical contact with the tested equipment.

Fig llpxesentsd:edng:mucﬂoweban\mhzedﬁot
data acquisition using thermovision 1n addition to visual
inspection.
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Figmre 11. Evahmation flow chart.

The testing coversd not only the =swge amester
condition but also their major active parts, for instance
ane crode vanstor (Zol) and msulaton of ammesters.

V1. TESTRESULT:

The mfrared (IK) amalymiz was conducted wiile the

nrge avesters were energized and under full load The

nwge avesters that were tested ame of different
manufachmes (see Table I).

TABIEL Sumcs AmresTeR Tvres TEsTED

Amestar Housinz Uc Moulded | Fumber of
mamifachure matemial | [KWV) bamnsing sheds
A polymer og X 12
H polymer Lz X 1= &0
C polymsr ] X 14 o

T Max. Conotirmious operting volge (IEC S0099-4)*

Dhong the field traal analysis the results of falng
aTesters were obtzined. Inages of surge arvesters showed
the high rate of thermal heat. Results showed the thermal iz

mizge and temperature profile of surge aresters tested, [

(see F1g. 12-Fig. 14). Mote that the vellow i center of the a = = = Lo e
mage 15 a hot spot This designates that mnstant de- . o memmm— e
energization and replacement must be umdertaken before Figure 13. Ihmal_'u.a_zeocfa:rmamandr feperature profile alon the
they fabhure. '

©2014 Engmesning and Technology Publishing 42
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Fizure 14 Thermal image of amrester and tenperanire profile along the
arester.

VII. IMAGES OBTAINED DURING VISUAL ANALYSIS

The results obtained during the visual inspection of the
surge arresters of manufachwrer A (see Fiz 15-Fig. 18).
The moisture ingress through the sealing collar causes
serious problems such as swface discharges These
factors can eventually end wath a full breakdown over the
msulation system. Water treeing inside the sealinz collar
was noted as were cracks on the zinc oxade blocks clozest
to the sealing. this indicates that that the failing started
here.

Fagure 17. Cracks and damp on zinc oxide blocks.

©2014 Engmeenng and Technology Publishing
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Figure 18. Damp on zinc oxide vanistors.

VII. CONCLUSION

Dunng thermovision amalysis exciing results were
obtamed The swge amesters that were measwed m
outdoors substations showed lugh thermal temperatue
mside the zinc oxade vanstor. This proves that there was
molsture ingress In the sealing collars of amesters whalst
1n service.

This determunes that the heat was generated there
becauwse with thes fanuly of amesters the sealing of the
surge amrester was defected, so 1t allowed humudity or
moisture to penetrate. Throughout visual inspection on
the amesters in the eThekwim electncal workshop.
evidence of water trees. punchwes on sealing collar was
found The images taken dunng amesters analysis clearly
indicated farthwe of swge amesters caused by moishue
mgress leading to degradation on vanstor blocks.
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