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Abstract: Among the main causes of outdoor insulation failures is their poor specifications in terms
of leakage distances. This happens when the selected criteria are unable to cope with all the stresses
imposed by the changes in environmental pollutions. Therefore, it is important for utilities to fully
understand the actual pollution characteristics of the service environment in which the insulators are
operating. In this paper, the pollution severity and performance of some 13.2 kV ceramic insulators,
sampled in different areas of a Canadian aluminum factory, are assessed. The investigations were
performed taking into account the influence of air humidity. Various characteristics were investigated
to assess the pollution levels of the insulators, such as equivalent salt deposit density (ESDD) and
non-soluble deposit density (NSDD), surface resistance, and leakage current characteristics (density,
3rd harmonic amplitude, and phase). It was witnessed that the insulators, collected around the factory,
were much more polluted in comparison to the initial expectation. The pollution level should not be
considered static due to the environmental parameters” dynamics. Lessons to learn: the reliability of
an electrical grid is dependent on components whose own reliability is strongly affected by external
factors, of which there is often a poor awareness. If care is not taken to re-evaluate the post-installation
pollution levels of the insulators, the light may simply turn out!

Keywords: insulator; pollution; humidity; equivalent salt deposit density (ESDD); non-soluble
deposit density (NSDD); leakage current; post-installation study

1. Introduction

Outdoor insulators are essential hardware of the power delivery system. They are a basic
requirement of open-air outdoor switchgears, and a failure of them means a failure in the system.
These essential hardware are found in the transmission and distribution of electricity from power
stations to substations, where the voltage is stepped down and distributed to commercial and residential
consumers. Due to the remoteness of power plants, the energy is generally transported over long
distances using high voltage (HV) overhead transmission lines supported by pylons. Insulators
provide the mechanical means by which high voltage transmission lines (composed of bare conductors)
are suspended from transmission structures (pylons), while also providing the required electrical
insulation [1,2]. These important hardware are exposed to various electrical and environmental stresses
that affect their performance and increase their premature aging and degradation. When insulators fail,
either in their mechanical or electrical role, the consequences are power outages and, in some cases,
additional equipment and structure damages. Reducing the risk of failure through proper installation,
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inspection, and assessment practices is the focus of ongoing research and utilities engineer training.
The reduction in the performance of outdoor insulators occurs mainly by the pollution accumulation at
the insulating surfaces. Surface discharges are precursors of flashover. Outdoor insulators are exposed
to various pollution sources (sea salts, domestic pollution, dirt, and chemical residues in the industrial
areas) [3,4]. Insulator pollution can lead to flashover. In polluted areas, overhead lines may see their
reliability and performance decline due to pollution insulators. When the contaminated insulating
surface is wet, it becomes a conductive electrolyte. The leakage currents then increase on the insulating
surface with potential flashover [5]. Identification of the factors causing insulation surface pollution,
pollution severity assessment, and tackling its unfavorable effects have an important role in increasing
the grid reliability. This is highly remarkable, particularly in environments with high dynamics
(wind, pollution, humidity, etc.). Significant differences within the seriousness of pollution between
sites can be assessed through equivalent salt deposit density (ESDD), non-soluble deposit density
(NSDD), and the leakage current measurements. One of the major problems faced by this factory is
the pollution of ceramic insulators installed on the 13.2 kV distribution grid. The interaction between
the air transporting dust and the insulators creates a pollution layer on the insulator’s surface. Once
this layer is moistened, the withstand voltage drops considerably, causing the insulator to flashover.
The concomitant power outages are not acceptable because they lead to huge financial losses and loss
of control of the production process cycle. Since the insulators were initially designed considering
a light pollution level, it is suspected that the environmental parameters dynamics resulting from
the factory’s production have affected the type and amount of particle accumulation. In this paper,
seven service-aged 13.2 kV ceramic insulators, surrounding a Canadian aluminum plant, are collected
to examine the severity of the pollution. The assessment was conducted through the leakage current
and the ESDD and NSDD (non-soluble deposit density) measurements. The results are useful for
assessing the insulation performance in the different areas and to propose an updated pollution
severity map.

2. Background on Insulators

Generally, insulators are made based on porcelain or tempered glass. They are composed of a
wet mixture of four primary materials: feldspar, flint, ball clay, and talc [6]. The mixture is molded
and heated at a temperature of 1200 °C-1400 °C, and then glazed. The excellent dielectric strength
of porcelain, which is around 1.574-11.02 kV/mm, and its relative permittivity (between 5.1 and 5.9)
allow improving the resistance to materials” aging due to electrical and environmental stresses [7].
The Achilles heel of porcelain insulators is, essentially, their hydrophobic surfaces [8]. Later on,
polymer insulators were introduced because of their excellent performance against pollution. Polymer
insulators are of two types: in resin or composite.

Composite insulators are used extensively for the levels of voltage distribution and high voltage
transmission lines [1,9]. In contaminated environments, the leakage current at their level is much
lower than that of ceramic insulators [10]. However, a composite insulator has some disadvantages:
brittle fractures, erosion, tracking, and chemical changes on the surface due to weathering are the main
reasons for failures [1].

A significant cause of both service interruptions and flashovers is due to polluted insulators.
Their surface is mostly responsible. There are two types: hydrophilic (ceramic insulators) or
hydrophobic (polymer insulators) [3,4]. The pollution flashover process for ceramic insulators
can be seen in [5]. Pollution sources can be found in Table 1 [6].

In non-ceramic and porcelain insulators, the contamination process is the same, but non-ceramic
insulators collect less pollution than ceramic insulators [6,11]. Recently, with nanotechnology
and nanoscience, new materials with innovative properties have been proposed for several
applications [12-14]. A wide range of such monitoring devices and techniques has been developed
over the years. The most widely used ones are [3]: directional dust deposit gauge, NaCl, ESDD,
environmental monitoring (air sampling, climate measurements), NSDD, surface conductance, insulator
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flashover stress, surge counting, and leakage current measurement. New diagnostic tools have
emerged [1].

Table 1. Typical sources of pollution.

Pollution Type Source of Pollutant Deposit Characteristics Area

Low conductivity layer, effective

Rural areas Soil dust . . Large areas
rain washing
Desert Sand High conductivity Large areas
Coastal area Sea salt Very high conductwl.ty, easily 10-20 km from
washed by rain the sea
. Ste?l mill, cocoa p lantg, High conductivity, extremely Localized to the
Industrial chemical plants, generating oo .
R . difficult to remove, insoluble plant area
stations, quarries
. . Very adhesive, medium Localized to the
Mixed Industry, Highway, desert conductivity plant area

3. Experimental Arrangement

The insulators shown in Figure 1 were sampled from different locations around the Rio Tinto’s
factory in Saguenay (Canada). Three methods were used to assess the pollution level of the insulators:
ESDD, NSDD, and the leakage current.

Figure 1. Samples of 13.2 kV ceramic insulators investigated in the study.

3.1. ESDD and NSDD Assessment

The assessment of the pollution of a site is possible by measuring both ESDD and NSDD
on insulators generally in service. The measurements were made under standard IEC TS
60815-1 [4]. The probe of the YOKOGAWA Model SC 72 was used to measure the conductivities.
These conductivities at different temperatures were corrected at 20 °C. The ESDD and NSDD were
calculated according to IEC TS 60815-1 [4].

3.2. Leakage Current Measurement

The pollution of insulators can be assessed by measuring the leakage current to avoid any possible
breakdowns [15]. Figures 2 and 3 show the measuring circuit and the leakage current test device,
respectively. The high voltage (HV) AC source was connected to the insulator via a capacitive voltage
divider. The circuit consisted of a 380 V/100 kV-10 kVA testing transformer, whose primary winding
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was connected to the autotransformer integrated in a semi-automatic or manual automatic control
system. This later adjusted the voltage at the desired value. The system included a data acquisition that
collected the main electrical characteristics. R” was a power resistor (500 (3, 500 W), connected between
the insulator and the ground that measured the leakage current. The voltage was measured via a
capacitive divider.

380/100 kV Faraday cage
10 kVA

ot

transformer -— DAQ

LA

0-380V

Auto-

Figure 2. Schematic configuration of the leakage current-measuring circuit.
Capacitive divider

Current limiting resistor

Ground connection

Insulator

Load resistor of leakage current

Transformer

Figure 3. An overview of the experimental setup.

In order to evaluate the impact of humidification, the insulator samples were stored in a chamber
where the relative air humidity was controlled by a water and glycerin mixture. The humidification
concept can be found in the literature [16].

4. Results and Discussion

4.1. Leakage Current Assessment

Figure 4 shows the comparison of the measured leakage current on the humidified and
non-humidified polluted insulators. The applied voltage was 7.62 + 6% kV. From this figure, it can be
observed that the leakage current increased with the relative humidity. This confirms the important
role played by moisture on the leakage current flowing at the surface of polluted insulators.
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Figure 4. Leakage current on the humidified and the non-humidified polluted insulators.

In order to better explain the effect of humidification on the polluted insulators and the high values
of the leakage current measured after humidification, the surface resistance of the non-humidified and
humidified insulators was computed (Figure 5). This figure expresses the result differently for the sake
of readers more familiar with viewing resistance. The results show that the non-humidified insulators
have a very high surface resistance.
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Figure 5. Resistance of non-humidified and humidified polluted insulators.

The leakage current density of the non-humidified and humidified polluted insulators is shown
in Figure 6. It can be seen that the leakage current density of these insulators after humidification
was much higher than that of non-humidified insulators. This increase can be explained by the fact
that, due to contamination on the surface, the insulator can retain more moisture, thus increasing the
leakage current. Moisture is a naturally occurring phenomenon and on a macro level will vary with
the location and weather. High relative air humidity is very stressful to the insulator.
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Figure 6. Leakage current density of non-humidified and humidified polluted insulators.
4.2. Phase Difference between Leakage Current and Applied Voltage

It is a well-known fact that the electric field distribution is greatly influenced by the pollution
layer’s characteristics (conductivity and thickness) [3]. With increasing pollution layer conductivity,
the electric field intensity increases with a concomitant increase in the leakage current. In order
to highlight the capacitive nature of these insulators, the calculation of the phase shifts between
the measured leakage current and the applied voltage was performed for the humidified and the
non-humidified polluted insulators (Figure 7). From the analysis of these results, it appears that the
waveform of the leakage current had a phase shift of about 90° with respect to the applied voltage.
This shows the dominance of the capacitive effect of these different non-humidified polluted insulators.
The results clearly show that the phase shift between the applied voltage and the measured leakage
current had decreased substantially for all humidified polluted insulators but did not tend toward zero
(this is based on subtracting complex current in dry conditions from wet conditions and seeing the
resulting phase, which lies between 35° and 64°, not near 0°).
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Figure 7. Comparison of phase shifts between non-humidified and humidified polluted insulators.
4.3. Harmonic Analysis

Polluted and humidified insulators circulate a leakage current on their surface leading,
under certain conditions, to a flashover. Odd order harmonics in general, and in particular the
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3rd and 5th, have adverse effects on the electrical network [17]. Indeed, by analyzing the leakage
current harmonics, through the ratio of the 3rd/5th harmonic, it possible to predict the functional
conditions of and occurrences of flashover in ceramic insulators. Furthermore, by analyzing the values
of the leakage current and the harmonic components of clean insulators under normal operating
conditions, it is observed that in all insulators, the 5th harmonic value of the leakage current is greater
than the 3rd. Therefore, this criterion can be used to detect abnormal operating conditions in polluted
insulators. For medium and severe pollution with fog and humidity, the value of the 3rd harmonic
becomes larger than that of the 5th harmonic. The increase in the 3rd harmonic is faster and greater
than that of the 5th harmonic with the imminence of the flashover. As a result, the condition of the
insulator becomes critical and the probability of flashover occurrence increases. In this case, the ratio
of the 3rd to the 5th harmonic is greater than one [17,18]. The harmonics measured during the various
tests carried out on the non-humidified and humidified insulators are presented in Figure 8. In order
to assess the effect of humidification on the polluted insulators, the 1st, 3rd, and 5th harmonics were
measured, and the results are shown in Figure 8. After humidification, the harmonic of the leakage
current was also computed in order to establish the ratio of the 3rd and 5th harmonics presented

in Figure 9.
500
B Harmonic (60 Hz) Non-humidified insulators
450 ® Harmonic (60 Hz) Humidified insulators
400 1 Harmonic (180 Hz) Non-humidified insulators
Harmonic (180 Hz) Humidified insulators
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E300 ® Harmonic (300 Hz) Humidified insulators
]
g 250
8o
5 00
150
100
| i i il
0 ._.:- — - __I-ii -I-ii -::.-i _-r-i -::-i
1 2 3 4 5 6 7

Insulators

Figure 8. Leakage current harmonics of non-humidified and humidified polluted insulators.
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Figure 9. The 3rd/5th harmonic ratio of non-humidified and humidified polluted insulators.
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From Figure 8, it can be seen that the 5th harmonic was greater than the 3rd one for all insulators.
This allows deducing that these insulators, although in polluted conditions, are in normal operation.
In real life conditions, adverse external conditions (such as rain, dew or fog) may wet the contaminated
surface of insulators, hence increasing the levels of leakage current. The received samples must
therefore be submitted to humidification to resume testing. This will make it possible to compare
different results of the leakage current recorded and to draw accurate conclusions. It can be seen from
Figure 9 that the amplitude of the 5th harmonic was always higher than the 3rd one. This indicates the
non-imminence of flashover, because the ratio of the 3rd to the 5th harmonic was below one in this
case (Figure 10). However, the 1st, 3rd, and 5th harmonics are higher than the harmonics measured on
the non-humidified polluted insulators. The 3rd harmonic is mainly related to the electric discharge
activities (corona, creepage, and so on), and it can be used to detect sensitively initial discharge voltage
and discharge intensity of the samples. For better comparison, the 3rd harmonic of the non-humidified
and humidified polluted insulators are accommodated on the same graph (Figure 10).
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Figure 10. 3rd harmonic of non-humidified and humidified polluted insulators.

From this figure, it can be seen that the 3rd harmonic increased when insulators were humidified.
These results are in agreement with the investigations reported in the literature [19].

4.4. Pollution Level Assessment

The salinity, ESDD, and NSDD results for the insulators tested are shown in Table 2. The low
values of salinity indicate that the contamination contained low levels of sodium chloride, but in large
part, other contaminants [20,21]. To determine the pollution site severity (SPS), different limits are
standardized by IEC [4], as shown in Table 3. Comparing the results in Table 2 with the IEC 60815
standard allows the determination of the pollution levels of the different insulators that are presented
in Table 4.

Table 2. Values of calculated salinity, equivalent salt deposit density (ESDD) and non-soluble deposit
density (NSDD).

Insulators/Areas Salinity (mg/cm?3) ESDD (mg/cm?) NSDD (mg/cm?)

1 0.1944 0.1184 1.6800
2 0.2419 0.1408 5.0200
3 0.3050 0.2125 1.6300
4 0.0229 0.0307 0.0750
5 0.0525 0.0325 0.2800
6 0.0017 0.0010 0.0098
7 0.1662 0.1063 3.8100
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Table 3. IEC Pollution Severity [4].

Site Pollution Severity =~ ESSD (mg/cm?) NSDD (mg/cm?)
Light 0-0.03 0.03-0.06
Medium 0.03-0.06 0.10-0.20
High 0.06-0.10 0.30-0.60
Very High >0.10 >0.80

Table 4. Pollution level of the tested insulators.

Insulators/Areas Pollution Level

1 Very high
2 Very high
3 Very high
4 Medium
5 High

6 Light

7 Very high

It can be seen that the insulators suffered from light to very high pollution levels. The results
indicate that the area where these insulators are located has a high level of pollution, with an
equivalent salt deposit of 0.2125 mg/cm?. This pollution should be attributed to the local environmental
parameters dynamics, which provides different pollutant sources and amounts [22]. From the
surrounding air analyses, it was found that the contaminants that may have been deposited on the
surface of the insulators could have been: aluminum process bath mixes: artificial cryolite, trisodium
hexafluoroaluminate, electrolytic bath with or without lithium, crushed electrolytic bath, electrolytic
casting bath, enriched alumina (recycled) dry scrubbers, re-circulated alumina, fluorinated alumina,
charged alumina, calcined alumina, dusts of anode butts (shot blasting machine), or solid tars-tailings
of anode furnace ducts.

These results are in agreement with the recommendations described in the IEC standard,
which mentions that [4]: “In the same environment, different types of insulators and even differently
oriented accumulate pollution at different rates. Also, some insulators can be more efficient than others
due to changes in the nature of the pollutant.”

5. Conclusions

Seven service-aged 13.2 kV ceramic insulators, located in the surroundings of a Canadian
aluminum plant, were collected for a post-pollution severity assessment. Various characteristics,
such as ESDD, NSDD, and the leakage current, were investigated to assess the pollution level of the
insulators. From these investigations, the main conclusions can be summarized as follows:

e  The 1st, 3rd, and 5th harmonic components may allow monitoring the entire development trend
of the leakage current.

e A number of observations by other published papers have been re-confirmed in this paper;
the theoretical premises and expectations that the leakage current increases with the insulator’s
humidification is verified.

e  The observed current is a combination of an increased conductive leakage plus a fairly steady
capacitive part.

e The ESDD and NSDD assessments indicate that all the insulators, initially designed for light
pollution level, are differently polluted. The pollution level should, therefore, not be considered
static. These investigations have confirmed that the local environmental parameters dynamics
should be considered for the grid reliability. Post-installation investigations are recommended
whenever the surrounding insulator’s area undergo changes (construction, habitation, changes in
factory processes, etc.).
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