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ABSTRACT

This manuscript presents the experimental results
of a new-clean and seven geothermal naturally pol-
luted outdoor porcelain insulators. These insulators
were tested in a hermetically sealed chamber, where
their leakage currents and applied voltages were mea-
sured with a storage digital oscilloscope. The mea-
sured data could be recorded oscilloscope and trans-
ferred to a computer, saved in softcopy forms. FFT
was used to analyze the leakage current waveforms,
and correlation coefficient matrix and principal com-
ponent analysis (PCA) were used to analyze the re-
lation among parameters. It was also carried out
EDAX tests of insulator adhered pollutant.

The results indicated that the power factors and
leakage current amplitudes closed to humidity, the
phase angle closed to THD, and temperature oppo-
sited the humidity. The ratios of insulator impedance
on the high and low humidity were ranged from
0.8696 until 0.1343. The small insulator impedance
ratios were rearched on the first and seventh with-
drawals, i.e. 0.1363 and 0.1343 respectively. On these
insulators, THD ratios on the same conditions were
0.3739 and 0.4598 respectively. These phenomena
were caused by dry season, which amount of pollutant
stuck on the insulator surfaces significantly. On the
high humidity, the minimum phase angles ranged be-
tween 66.8 and 25.7 degrees. Sulfur chemical element
was found in medium composition on the pollutant.

Keywords: Geothermal, Humidity, Leakage Cur-
rent, Pollutant, Porcelain Insulator

1. INTRODUCTION

Overhead transmission or distribution lines are
widely used in present power system to transmit
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electric power from generation stations to customer
points. Their proper function depends on the insu-
lation system with the supporting structures largely
[1]. The performance of outdoor insulators, as main
insulating material, is influenced by some parameters.
Two of these parameters are environmental pollution
and humidity.

Those lines sometimes traverse on many polluted
or emitted areas, such as coastal, industrial and even
geothermal areas. In a particular case of geothermal
areas, transmission lines are used to transmit electric
energy from a geothermal power plant to a switchyard
of distribution.

Geothermal power stations create emission as
chemical materials. Most chemical compounds are
gas forms, especially CO5 and HsS. COs is the ma-
jor component (94-98%), H2S is around 1% and mer-
cury concentration is only 1-10 mg/Nm3. Typical
concentrations of mercury and hydrogen sulfide were
the order of 10-20 ng/m3 and 20-40 pg/m® respec-
tively [2]. Geothermal fluids (steam or hot water)
usually contain gasses, such as CO2, HoS, NH3, CHy,
and trace amounts of other gases, as well as dissolved
chemicals whose concentrations usually increase with
temperature. For examples, sodium chloride (NaCl),
boron (B), arsenic (As) and mercury (Hg) are source
of pollution if discharged into the environment [3].
The typical non-condensable gasses (NCG) were con-
tained in the steam flashed off the geothermal fluid
from Icelandic high-enthalpy reservoirs were SiOs,
Na, K, Mg, Ca, Cl, SO4 and Fe [4]. H3S can reach
moderate concentrations. The incineration process
burns the gas from steam to convert HyS to SOs, the
gases are absorbed in water to form SOsz and SOy4
in solution. HyS, HCI and COy are undertaken [5].
As and Hg occur in geothermal waters. Hg occurs in
geothermal systems due to the absorption of vapor
and volcanic gasses into thermal waters. As and Hg
dissolve in thermal fluids and concentrate in surface
alterations. Chemical compositions of thermal waters
are Cl, SO4 and HCO3 [6]. A gas stream containing
H5S can be converted into commercially quality sul-
furic acid [7]. The incineration process burns the gas
removed from the steam to convert HyS to SOs, ab-
sorbed in water to form SO32~ and SO4%~ [8]. Ma-
jor element compositions hot pools, geysers and cold
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meteoric waters at El Tatio were Ca?t, Nat, Mg?™*,
K+, Cl7, tAlk, SO42~, SiO,. Otherwise, minor and
trace element composition ones were Al, As, B, Ba,
Br, Co, Cr, Cs, Cu, Fe, I, Li, Mn, Mo, Ni, Rb, Sr,
T1 and Zn [9]. Typical geothermal fluids, with local
shallow ground waters, were characterized by a rel-
atively high concentration of K, Ca, NOs, SOy, and
Cl1 [10]. The waters are mostly acid with pH between
1.5 and 7.9 caused by elevated SO, between 10 and
5066 ppm and are elevated in most metals including
Fe (0.05-753 ppm) and Al (0.03-390 ppm) but low
in Cl (1.4-17.9 ppm) [11]. H3S from the steam is oxi-
dized by the dissolved oxygen to form elemental sulfur
or sulfuric acid (H2SO4) which lowers the pH value
[12]. The gas exhausted from the O take geothermal
power station is supplied to a specific hot solution
in which a thermophilic sulfur oxidizing bacterium
is cultured. In this solution, the bacterium converts
H2S in the gases into HySO4 [13]. Mercury levels
in lichens were within the background range (0.1-0.2
microg/g dw). On the contrary, at Aiole, Hg concen-
trations (0.63-0.67 microg/g dw) were much higher
than background. After the new geothermal power
plant went into operation at Bagnore, lichen con-
centrations of Hg showed a 50% increase from 0.22
to 0.32 microg/g dw [14]. Boron removal after sin-
gle stage regeneration with 10% H2SO, was found
to be possible [15]. NCG consist mainly of CO5 and
NH3 (97-99%) [16]. H2S content in NCG was 100-200
ppm [17]. Geothermal power plants (GTPP) could re-
lease from the non-condensable fraction of the steam:
CO2 (98%), HaS (1.5%), methane (0.4%), hydrogen
(0.1%). The oxidation of HaS to SOz and its sub-
sequent reaction to sulphate ions within the atmo-
spheric produces aerosols representing a major com-
ponent of acid rain. GTPP could also release, from
the non-condensable fraction of the steams, trace
amounts (0.001%) of ammonia, radon, boron, arsenic,
cadmium and antimony. Ammonia and mercury may
also enter local waters from geothermal steam con-
densation [18].

As scientific hypothesis, based on above cited ref-
erences, those chemical compounds or elements, in a
certain level, might reduce outdoor insulator perfor-
mance. However, until now, it was still rare a re-
search that consider an influence of geothermal area
to outdoor insulator performance. Therefore, it was
important to carry out a research concerning this con-
dition.

The objectives of research were to obtain the ten-
dency of leakage current properties on the porcelain
insulators from the new clean to more than two years
polluted conditions, which installed on the geother-
mal power plant area. The considered properties of
leakage currents were their amplitudes, waveforms
and phase angles. The harmonics and THD (total
harmonic distortion) were the representation of wave-
forms. The relation among leakage current properties

to environmental parameters were analysed by using
correlation coefficient and principal component anal-
yses, so that it could be understood the variables in-
fluence to each other. The major chemical elements
of scraped pollutant were shown by EDAX (Energy
Dispersive Analysis of X-rays) tests.

2. EXPERIMENTAL AND ANALYSIS METH-

ODS

There have been many methods to measure leak-
age currents of outdoor insulators for research. The
method of leakage current measurement in [19,20]
used oscilloscope, computer and humidifier. Never-
theless, no applied voltage waveforms were shown.
Other experiments were also shown leakage current
waveforms [1,21-22]. Another method similar with
[19] was in [23], but different in dimension. It was
shown a nozzle facility on the chamber [24], and wa-
ter steam to control humidity levels [25]. According
to [26], the leakage currents were measured their rms
values, instead of waveforms. An experiment with
pressure under normal condition was also carried out
on [27-29]. It was shown minimum AC flashover volt-
ages. There was a measurement of leakage current
and applied voltage simultaneously [30]. It was shown
V-I characteristics theoretically [31].

In these measurements of research, it had some
advance. The measurements of leakage currents were
carried out from a new and clean until seven polluted
identical 20 kV outdoor porcelain insulators grad-
ually. The polluted insulators have been installed
at PLN switchyard of Kamojang geothermal power
plant, West Java, around 1447 m above sea level, on
December 14", 2006 together, and then taken gradu-
ally around 3 to 4 months. These samples were made
as close as possible to the geothermal power plant,
only around 30 m, in order to be as representative
as possible to the geothermal power plant condition.
The samples were installed here to avoid disturbance
from human kinds, including stolen. Only the autho-
rized people could enter the switchyard.

After installation on the site, gradually they were
taken to be tested at the laboratory. The insula-
tor leakage currents were measured in a hermetically
sealed chamber. The size of chamber was 120 cm x
150 cm x 120 cm (WxHxD). Researchers could ad-
just the temperature, humidity and pressure inside
the chamber and the applied voltage of insulators si-
multaneously.

The temperature could be regulated by two ele-
ments of heater, for raising of temperature. This tem-
perature was monitored by a high precision digital
temperature indicator, where its sensor was PT100.
Otherwise, the relative humidity inside chamber
could be regulated by water steam which flowed to
the chamber through a flexible pipe for raising hu-
midity. In the chamber, it was put some amount of
silica gel to fast reducing of humidity. This humidity
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was monitored by a relative humidity (RH) indicator.
Finally, the air pressure inside the chamber could be
controlled by a vacuum pump and a compressor. The
air pressure could be adjusted as positive or negative
values, and could be monitored by a suitable high
precision digital manometer. The digital manometer
could monitor and display both positive and negative
values of pressure.

The measurements of leakage current and applied
high voltage waveforms used a two-channel storage
digital oscilloscope. The leakage current signals were
entered into the first channel, and the applied high
voltage signals were entered into the second channel
of the digital storage oscilloscope. The measured data
could be recorded and transferred to a computer using
USB and could be saved in softcopy form. Figure 1
shows the schematic diagram of experimental set up.

SEALED

HERMETICALLY

PN : PRESSURE / MANOMETER eI
P+ PROTECTIVE DEVIGES / ARRESTER NOTEBOOK
HV: HIGH VOLTACE TRANSFORMER

TERMINAL

Fig.1: Schematic diagram of experimental set up

The applied high voltage magnitudes could be con-
trolled by a regulator of the input or low voltage side
of high voltage step-up transformer. Physically, the
necessary main tools are shown by Figure 2.

) ED A instrument

(e) Porcelain insulator sample
Fig.2: Main experimental equipments

The main important tools for leakage current mea-
surements were high voltage equipment (step-up high

voltage transformer, resistor, power cable and capac-
itive voltage divider), a hermetically sealed chamber
including controlling and monitoring devices (heater,
water evaporator, vacuum pump, compressor, tem-
perature indicator, RH indicator, positive-negative
indicator manometer), the insulators as equipment
under tests, a two channel storage digital oscilloscope,
computer and necessary software. For pollutant test,
it was used EDAX instrument.

This work was the concerning measurement of very
small leakage current signals, which might be inter-
fered by noise. The noise could not be omitted totally
or perfectly. Nevertheless, this could be reduced as
small as possible. The noise reduction could be car-
ried out by some ways. The data cables, namely the
cables for measurement of applied voltage from volt-
age divider output to the second channel of oscillo-
scope, and the cables for measurement of leakage cur-
rent from the series resistor of low voltage or ground
part of insulator under test to the first channel of
oscilloscope, were coaxial type cables. The ground
parts of cables were outer part conductor, and the
live parts, which brought the measured voltage and
leakage current signals, were inner or central part of
cable conductors. Thus, the signals were hoped to be
protected by ground parts of outer conductor from
unnecessary noise. The outer part conductors were
grounded. The signal cables were made as short as
possible, as straight as possible and avoided unnec-
essary looping. Finally, the cable connections were
clamped or soldered tightly. Based on these treat-
ments, the unnecessary noise could be minimized.

After measurements of leakage currents, it was ob-
tained numerical data 2500 points for every measure-
ment. The real leakage current magnitudes were the
measurement results which divided by the series re-
sistor value. Whereas, the real applied voltage mag-
nitudes were the measurement results which multi-
plied by the voltage divider constant. Furthermore
the data of leakage current waveforms were analyzed
by using fast Fourier transform. These implementa-
tions used the Danielson-Lanczos method [32]. Thus,
the frequency spectra of leakage current waveforms
could be obtained on the subjected insulators. Fur-
thermore, we calculated the total harmonic distortion
(THD). THD is defined as the total ratio of the har-
monic components, except the fundamental, to the
fundamental [33], as

> 1
THD = V' =2 (1)
I

Where I is the harmonics amplitudes of fundamental
frequency, and I,, are the n*® harmonics amplitudes
of remaining frequencies.

The relations among parameters, either leakage
current and environmental parameters or themselves,
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were analyzed by using correlation coefficient analy-
sis. A correlation coefficient matrix is derivation of
covariance matrix to understand how much level of
correlation among parameters base on data. A co-
variance value is defined by a formula as [34-35]

COV(X,Y) %jﬁ — 1) 2)

Where n is number of data, z; and y; are values of
data on one and another variables, and p, and g,
are corresponding mean of data for one and another
variables respectively.

Furthermore, the components of coefficient correla-
tion matrix is defined as :

py = ZOVEY) 3)

Oy Oy

Where o, and o, are variances of data on one and
another corresponding variables.

The values of coefficient correlation components
are between -1 until 1. If a value close to -1, it repre-
sents that one parameter highly influences to another,
but it is reciprocal property. Otherwise, if a value
close to 1, it represents that one parameter highly in-
fluences to another, in proportional property. Finally,
if a value closes to zero, it is minor in dependency.

Besides using coefficient correlation matrix, it was
also analyzed by using principal component analysis
(PCA). PCA shows a scatter plot, which nearness
among variables indicate the correlation level one to
another variables. If a set of data is presented in
matrix X, which X consists of some variables and a
number of data, the main algorithm of PCA involves
some steps [36-38].

Firstly, determine the mean components of matrix
X, those related by

1 n
T — — 4
T=— kg_l Tk (4)

Furthermore, determine covariance matrix using

equation of

C=XxX" (5)

Finally, determine eigen values and eigen vectors of
covariance matrix using the equation of

Q=X (6)

Where A\ are eigen values and Q) are eigen vectors.
Base on the eigen values, it is plotted their scatters
in two dimensions, where the horizontal axis is first

principal component and the vertical axis is second
principal component. Finally, the nearness of param-
eters those plotted on PCA indicates the correlation
level among parameters.

We used PCA, as part of multivariate statistical
tool. Using this PCA, we can see which parameter
influence dominantly each other. PCA describes cor-
relations among parameters or variables statistically
base on data. The data can not illustrate the correla-
tions among parameters exactly in 100%. Neverthe-
less, PCA describes correlations among parameters
in majority. By PCA, it is shown the closeness of
parameters each other. If two parameters are very
close, the first parameter influences significant pro-
portionally to another one. If two parameters are
in opposition very far, the first parameter influences
significant reciprocally to another one. If two param-
eters are far in a same quadrant, it is minor depen-
dency each other. Finally, if a parameter is close to
central point of coordinate, it is minor to influence
another one.

In this experimental research, it was not only on a
value of temperature, humidity or pressure, but also
on the various parameters for measuring the leak-
age currents. It was emphasized the behavior of
leakage currents, which in this case represented by
the amplitudes, phase angles and patterns of leak-
age currents on various conditions. A phase angle
was the difference of the angle between leakage cur-
rent wave and applied voltage wave. On an insulator,
the phase angle is usually leading, due to capacitive
property. Nevertheless, its value can change due to
some factors. The patterns of leakage currents were
represented by the amplitudes of leakage current har-
monics and THD. Thus, it could be concluded which
parameter was the most dominant to influence the
leakage current. It was represented the actual condi-
tions, especially relative humidity and temperature,
on the site which had variation. It was more repre-
sentative than that only one condition. Therefore, it
was agree among the physical facility of experiments,
multivariate statistical tool to analyze the data and
a part of actual conditions on site.

Based on the coefficient correlation matrix and
principal component analysis, the experimental re-
sults were analyzed and discussed the relation with
the physical condition.

3. RESULTS AND DISCUSSION
3.1 The New-Clean Insulator

Actually there were many data of measurements.
However, in this manuscript, it is presented two sig-
nificant conditions, low and high relative humidity, on
the new-clean and polluted insulators. Nevertheless,
due to similar leakage current waveforms on polluted
low humidity of insulators with that on the new-clean
low humidity of insulator, so that it is revealed on
high humidity only. Figure 3 shows the leakage cur-
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rent and applied voltage waveforms of new-clean in-
sulator on the conditions of 67%, 26.7 centigrade, -0.8
kPa and 9.24 kV for relative humidity, temperature,
pressure and applied voltage amplitude respectively,
as sample of low humidity.
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Fig.3:  The applied voltage and leakage current
waves of low humidity new clean porcelain insulator

On this condition, the phase angle was 81.3 de-
gree, which meant the insulator, in new, clean and

low humidity conditions, was very capacitive.
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Fig.4: The frequency spectrum of leakage current of
the low humidity new-clean porcelain insulator

Figure 4 shows the frequency spectrum of the leak-
age current waveform as shown by Figure 3. In this
condition, the first to thirteenth odd harmonics were
87.87%, 1.28%, 14.93%, 4.26%, 0.19%, 4.87% and
1.13% respectively, compared to the leakage current
amplitude, and THD was 18.6%. It was indicated
that the second highest amplitude was fifth harmonics
significantly, after the fundamental. THD was signif-
icantly high too. Whereas Figure 5 shows the leakage
current and applied voltage waveforms of new clean
insulator on 99% RH, 26.7 centigrade of temperature,
without pressure and 8.6 kV maximum applied volt-
age conditions, as typical of high humidity condition.

From Figure 5, it is shown that the leakage current
waveform on high humidity was different from the
previous low humidity new-clean condition. The peak

0015
0012

£ z

£ 0006 e

0003 =

g 2

(=) >

g 2003 2

-

é 0006 &

2 0009 <
0012
0015

TIME (ms)
—LEAKAGE CURRENT (mA}  ~-~APPLIED VOLTAGE (k)
Fig.5: The applied voltage and leakage current

waveforms of high RH new-clean insulator

forms of wave became sharper. This indication tent
to approach a pure sinusoidal wave relatively rather
than low humidity one. Otherwise, the phase angle
was 46.7 degree and the amplitude of leakage cur-
rent wave became higher than the low humidity pre-
vious condition. This phenomenon was dominantly
caused by the water droplets spread out on the insu-
lator surface. Therefore, the high RH made the new-
clean porcelain insulator became little more conduc-
tive, rather than that low humidity condition. Nev-
ertheless, the leakage current wave was not until pure
sinusoidal wave, and the wave did not coincide to the
applied voltage wave.

0.012
(YRR | S S U U O SO A NS U N M-S
E 0008t d o dn b
w
a
Q 0,008 -4 boeebe et
E
1
& 0004 bbb
<
0,002 Al
04 R G T SR O O O DR
12345678 91011121314 1518 1718 1920
kth-HARMONIC S
Fig.6: The frequency spectrum of leakage current

waveforms of high RH new clean porcelain insulator

Figure 6 shows the frequency spectrum harmonics
of leakage current waveform as shown by Figure 5.
On this condition, the first to thirteenth odd harmon-
ics were 85.8%, 1.43%, 8.84%, 2.39%, 0.43%, 2.26%
and 0.89% respectively compared to the amplitude
of leakage current wave. Whereas, the THD was
11.2%. It indicated that the amplitude percentage of
fifth harmonics was lower than that on low humidity.
The leakage current wave tent to close pure sinusoidal
wave compared to the previous condition. This con-
dition was also indicated by THD which lower that
on low humidity. Nevertheless, this still worked nor-
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mally.

Table 1 shows the correlation coefficients among
parameters of new-clean porcelain insulator based on
82 data of leakage current measurement with various
temperature, humidity, pressure and applied voltage
amplitude. It is shown that the correlation coefficient
between H (relative humidity) and 1,4, (leakage cur-
rent amplitude) was high enough, as 0.56. The hu-
midity influenced the leakage current amplitude sig-
nificantly. The leakage current amplitude (LC) would
increase if the humidity rose. Of course, the leakage
current amplitude was highly influenced by applied
voltage magnitude, that indicated by correlation co-
efficient of 0.73. The leakage current amplitude was
proportional to most of harmonic amplitudes. The
humidity influenced the phase angle and total har-
monic distortion (THD) reciprocally and very signif-
icantly, where the correlation coefficients were -0.88
and 0.83 respectively. If the relative humidity rose,
the phase angle would highly reduce. This meant
that the power factor increased, which indicated by
the correlation coefficient of 0.87. Otherwise, if the
humidity increased, the THD would reduce signifi-
cantly, which meant the leakage current waveforms
tent to be more pure sinusoidal relatively, rather than
that on the low humidity.

Otherwise, the correlations among parameters are
shown by the principal component analysis on Fig-
ure 7. In this figure, it is shown that THD and PHA
(phase angle) are close to each other, and opposition
with H (relative humidity). This meant if the rela-
tive humidity increased, the phase angle and THD
would reduce. Consequently, the increment of hu-
midity would increase power factor (COS_PHA) of
insulator. This is shown by H which very close to
COS_PHA, and also it is indicated by the correlation
coefficient of 0.87 on Table 1. Thus, in this condi-
tion, the influence of humidity was very significant
to the insulator power factor or phase angle. Conse-
quently, THD would reduce as relative humidity in-
creased. This meant if the humidity rose, the leakage
current waveform would tend to approach sinusoidal
form relatively. Relative humidity (H) is shown as
fairly opposition to temperature (T). This meant, if
the temperature increased, the humidity would re-
duce considerably.

Other influence, if the humidity rose, the leakage
current amplitude would increase slightly. This is in-
dicated by leakage current amplitude (Imax) which
relatively closes to humidity (H) on PCA. The conse-
quence of leakage current rise was especially the am-
plitude of first, third, fifth and seventh harmonics also
increased. Finally, pressure (P) is close to the central
of PCA coordinate. This meant that the pressure did
not influence other parameters practically. This was
also supported by the correlation coefficient values of
pressure, on Table 1, to other parameters were very
small, approach to zero, far under absolute of 0.50.
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Fig.7: PCA of new-clean porcelain insulator leakage
current measurement results

3.2 The First Withdrawal Polluted Insulator

The polluted insulators were first to seventh with-
drawals after polluted on the site of geothermal are.
In general, on dry conditions, the waveforms and
other behavior were similar. However, on high rela-
tive humidity, they were significantly different. Thus,
it is presented the waveforms on high humidity only.

On the first removal porcelain insulator, which was
withdrawn on August 31%%, 2007, the waveforms are
shown by Figure 8. This condition was on 90% RH.
34.5°C, 42 kV,,4: and without pressure. The odd
harmonics were 91.4%, 0.4%, 7.3%, 1.6%, 0.2%, 0.1%
and 0.1% of leakage current amplitude, 206 pA. Oth-
erwise, the impedance, THD and phase angle were
203 883 495 2, 8.26% and 35.6° respectively. It is
shown that the leakage current waveform was more
pure sinusoidal than that on dry condition, which
similar with Figure 3. The leakage current amplitude
was higher than that on low RH. This was the closest
to pure sinusoidal waveform among other waveforms.
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Fig.8: The applied voltage and leakage current
waveforms of high RH first withdrawal polluted in-
sulator
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Table 1: The correlation coefficients of the new-clean insulator leakage current measurement results
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The more pure sinusoidal waveform property is
also indicated by frequency spectrum on Figure 9.
It is shown that after the fundamental, the second
highest was fifth harmonics. Nevertheless, this fifth
harmonics was very small, only 7.3%, indicated that
the leakage current waveform tent to be pure sinu-
soidal relatively.
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Fig.9: The frequency spectrum of leakage current
waveforms of high RH first withdrawal insulator

Table 2 shows the correlation coefficients of the
first withdrawal porcelain insulator based on 39 data
of leakage current measurements with various tem-
perature, humidity, pressure and applied voltage am-
plitude. H (relative humidity) had small values of
correlation coefficients to other parameters, except
to T (temperature). Of course, if the temperature
increased, the relative humidity would reduce consid-
erably. The relative humidity had small correlation
coeflicients to leakage current amplitude and phase
angle or power factor. This did not mean that the
relative humidity had very small influence both pa-
rameters, but there was another parameter, beside
both parameters, which was pollutant, adhered on
the insulator surface. On high relative humidity, the

pollutant influenced the leakage current amplitudes
and the phase angles were very significant. The for-
mer would increase and the latter would reduce ex-
tremely. The first withdrawal insulator was carried
out on high dry season weather condition and to be
further carried out measurement in the laboratory.
Thus the leakage current waveform was the closest to
pure sinusoidal on high humidity, among other with-
drawals, including the new-clean porcelain insulator.

As other representations, the correlations among
parameters are also shown by principal component
analysis on Figure 10. In this figure, it is shown
that THD close to PHA (phase angle). If the phase
angle increased, which was accompanied by THD.
Other conditions, similar as described on the corre-
lation coefficient above. Pressure (P) close to the
central coordinate, that it meant practically no influ-
ence other parameters. This PCA indicates that PHA
(phase angle) closed to THD. This meant that THD
was proportional to PHA very significantly. Usually
THD would increase if the phase angle rose. A high
phase angle represented a high capacitive of insula-
tor. Thus, on the high capacitive condition of insula-
tor, THD was also high. Humidity (H) opposites to
temperature (T), so that the humidity would reduce
as the temperature increased. The leakage current
amplitude (Imax) closes to first (H1) and third (H3)
harmonics. This meant the first and third harmon-
ics would rise as leakage current amplitude increased.
The leakage current amplitude is far from the applied
voltage and humidity. This meant, although the leak-
age current was influenced by both quantities, there
was other quantity, namely pollutant adhered on the
insulator surface which had important role to increase
the leakage current amplitude.

Table 3 lists the EDAX test results of pollu-
tant adhered on first withdrawal porcelain insula-
tor. It is seen that the highest chemical content was
iron, which supposed it was from, surrounding metal,
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Table 2: Correlation coefficients of first withdrawal insulator
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Variables | Vir | Lux | H T P o ((:e")" HI | H3 | HS H7 | H9 | HI1 | HI3 THD
Vo 1 023 | -041 022 026 | 027 | 034 | 022 | 020 | 028 | 031 | 023 | 024 | 018 | 013
T 023 i 033 059 Coos -0z 093 | 100 | 087 | os4 [osé | 065 [ose | 032 | 078
H 041033 i 085 o0d [ Codi3 | od2 w031 o3| 058 | o700 [ cogd | Co6s | -033 | 003
T 022 o5 0Es 1 008 [ Co24 | 025 | 056 | 043 | 079 | 086 | 077 | 085 | 045 | -0.28
i 2026 Co0s | To0d oo 1 001 [ Coo1 [Coos 000 | oz |-l |-t | -oos | -030 | -0.03
o 027 | -076 | -013 -024 001 1 2100 | -078 | -067 | -057 | -043 | -020 | -051 | -0.11 | 097
Cos (8) | 034 | 073 | 012 | 025 | <001 | -1.00 1 074 |06z | 055 | 041 | 019 | 050 | 012 | -086
Hi 022 700 031 0ss | o0y | 078 | 074 i 087 083 [ o84 063 087 | 030 | 080
3 020 | 087 | -013 | 043 000 | -067 | 062 | 087 1 078 | 068 | 043 | 076 | 020 | -063
HS 028 [ Tosd [ loss ovs Codz [ Cos7 oss aes | 078 i 058 082 [ 097 046 | 058
7 031 [ ToBe w070 086 | -0i1 | 043 041 | 084 |08 | 098 1 088 097 048 oad
9 023 | 085 | -06% | 077 | -001 | -020 | 019 | 063 | 043 | 082 | 088 1 082 [ 037 | Co2i
Hi1 024 ["oBs | w0es e85 Co0s | -051 | 050 087 | 076 | 057 | 057 | 082 i 036 | 052
Hi3 018 [ 032703 045 030 Cod1 o2 030 020 | o4e | oas [ 037 036 i 2007
THD 013 | -0787| w003 028 -003 | 097 | -096 | 080 | -063 | 058 | 044 | c021 | w052 007 1
i 3.3 The Second Withdrawal Polluted Insula-
e dh:!"‘" tor
(=] . .
ymax| HS Whereas, Figure 11 is the leakage current wave-
o5 ¢ & form of second withdrawal of porcelain insulator,
ghH1 which carried out on December 4", 2007. As a sam-
™~
£ SHA ple of measurement of leakage current, it was on high
§:,_ e humidity condition. This condition was 99% RH,
§ $ Cesgml  28.90C, 34.4 kV, 4, and without pressure. The har-
monics were 86.59%, 0.72%, 15.58%, 5.33%, 0.80%,
2.36% and 0.43% compared to the leakage current
g5 p g
amplitude. Whereas, the leakage current amplitude
’ was 27.6 A. Then, the THD and the phase angle were
© 19.3% and 66.8 degree respectively.
|
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Table 3: Pollutant test results of first withdrawal
porcelain insulator . )
Fig.11: The applied voltage and LC waveforms of

Elements Test-1 (%0) Test-2 (%0) Average (%0)
Al 6.64 7.88 7.26
St 20.0 16.51 18.255
K 11.62 6.54 9.08
Ca 13.74 7.18 10.46
Fe 34.17 44.06
Zn 9.88 72 7.80
Cl 3.94 2.21 3.075

high RH second withdrawal polluted insulator

Figure 12 shows the frequency spectrum of the
leakage current waveform as shown by Figure 11. It
is shown that the fifth and seventh harmonics were
also dominant, after the fundamental. This occur-
rence was caused by the leakage current waveform of
Figure 11 rather far from pure sinusoidal waveform.
In this condition, the insulator was still in capacitive
property, due to less pollutant on the insulator sur-
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Table 4: The correlation coefficients of second withdrawal insulator

Variables | Vi | T H P Tnas 0 (E'e’; HI | H3 | HS H7 | H9 | HIl | HI3 THD
Ve 1 2017 | 040 | -011 | 020 | 048 | -047 | 008 | 018 | 071 | 077 | 038 | 062 | 048 | 064
T 2017 1 2012 001 C025 021 [ oz | 025 [ 008 | 029 C03 | 005 | -023 | <036 | 008
B TS i I A1 T S 1 v 1 8 A S LR I B
P 011001 | 016 1 013 [“016 | 015 | 014 | 001 | 000 | 006 020 | 005 | 004 | 019
o (T R b G TR B i T A - T e 1 - i B 1 VI
8 04z [To21 | 074 016 C06s 1 00|07z Coe [ hot 004|006 | 018 | 012 | 094
Cos () | -047 | 0227072 015 065 | 100 1 071 028 o1 | 003 | -o06 | 020 | 013 <043
Hi 008 | -025 | 055 014 088 | <072 | 071 1 072 069 | 055 | 040 | 070 | 044 | -063
H3 I T S O (T - S V1 = B A i 055 052 0ed T 0s0 o1 024
HS 071 [ -028 ] 007 ooo 071 011 | 011 | 06d | 055 1 091 | 045 [T0%0 | 061 | 009
7 O 1 T T T s 0 A I i A I B R i AR T TS
HY 032 [ 005 | 004 020 043 006 | 006 | 040 | 069 | 049 | 049 1 047 | oo0g |01z
Hii 7 1 1 T 0 I VI T R B i G5
i3 I T O I e A 0 - B R i 61

THI 0 T A T S B e - S B I O B R X R i

face. This was caused by the withdrawal of insulator
was carried out in rainy season. Thus, the insulator
was still relatively clean, so that the effect of high
humidity was relatively low.
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Fig.12: The frequency spectrum of leakage current
waveforms of high RH second withdrawal insulator

Table 4 is the correlation coefficient matrix of the
parameters for second withdrawal insulator, obtained
from 121 data of leakage current measurements. In
this condition, the relative humidity (H) significantly
correlated to the leakage current amplitude and the
phase angle or the power factor. The correlation coef-
ficient values were 0.51 and -0.74 or 0.72 respectively.
If the humidity increased, the leakage current ampli-
tude would rise and the phase angle would reduce or
power factor would increase considerably. Otherwise,
the THD was also influenced by the humidity signifi-
cantly, indicated by the value of -0.73. If the humidity
increased, the leakage current wave would tend to be
pure sinusoidal form relatively.

These correlations among parameters are also
shown by principal component analysis (PCA) on
Figure 13, for second withdrawal insulator. In this
figure, it is shown that the THD close to PHA (phase

angle). The phase angle increased, accompanied by
THD. No doubt, the power factor (PF) opposites with
the phase angle (PH). The phase angle relatively close
to H (humidity), that if the humidity increased, the
power factor would increase too slightly. The pres-
sure (P) closes to the central point of coordinate, it
meant the pressure did not practically influence other
parameters.

- H
10 o THD
0
05 o
H3 Hi1
o H 00
o 0 v
o Hs
£
@ 0
c P
g
z
£ Hi3 T
0
7] 0
H1
031 b
o
FF
A0 °
T T T T
10 05 00 05 10
Component 1

Fig.13: The PCA of second withdrawal insulator

Table 5 indicates the EDAX test results of pol-
lutant adhered on the second withdrawal porcelain
insulator surface. It is seen that the highest chemi-
cal content was also iron, similar with the first with-
drawal, which also supposed it was from surround-
ing metal, ground and even emission from geothermal
power plant.

3.4 The Third Withdrawal Polluted Insulator

Figure 14 presents the waveforms of porcelain insu-
lator for third withdrawal on 18" March 2008. This



Leakage Current and Pollutant Properties of Porcelain Insulators from the Geothermal Area 135

Table 5: Pollutant test results of second withdrawal

insulator
Elements | Test-1 (%) | Test-2 (%) | Average (%)
Al 5.06 5.06 5.06
Si 11.1 11.1 11.1
Ca 6.66 6.66 6.66
Fe 70.45 70.45 70.45
Na 3.14 3.14 3.14

condition was on 99%, 25.80C, 15.6kPa, and 34.44
kV,az- The leakage current harmonics were 90.52%,
0.60%, 8.59%, 2.38%, 0.43%, 0.91% and 0.04% com-
pared to the leakage current amplitude. Whereas, the
leakage current amplitude was 67.2 A. Otherwise, the
THD and the phase angle were 9.93% and 25.69 de-
gree respectively.
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Fig.14: The applied voltage and leakage current
waveforms of high RH third withdrawal insulator

Figure 15 shows frequency spectrum of leakage cur-
rent waveform as shown by Figure 14. It is shown
that the fifth and seventh harmonics were also domi-
nant, after the fundamental. However, their percent-
ages to the fundamental were lower than the second
withdrawal. This meant the leakage current wave-
form was more pure sinusoidal rather than the second
withdrawal, although both were on high humidity.

Table 6 is correlation coefficient matrix of parame-
ters for third withdrawal insulator. In this condition,
the relative humidity (H) did not reveal clearly to
influence to leakage current amplitude and/or phase
angle. Nevertheless, actually it influenced both pa-
rameters. This occurred was caused the pollutant
adhered on the insulator surface dominantly.

These correlations are also shown by principal
component analysis (PCA) on Figure 16 for third
withdrawal insulator. In this figure, it is shown that
the THD also close to PH (phase angle). The phase
angle increased, accompanied by THD. Thus, the
power factor (PF) opposites to the phase angle (PH).
The temperature (T) opposites to humidity (H), as
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Fig.15: The frequency spectrum of leakage current
waveforms of high RH third withdrawal insulator

representation of both behaviors. If the temperature
increased, the humidity would reduce. The leakage
current amplitude (I) closes to the first harmonic am-
plitude (H1). Thus, the first harmonic amplitude
was highly specified by the leakage current ampli-
tude. The first harmonic amplitude would rise as the
leakage current amplitude increased, and vice versa.
Otherwise, the pressure closes to the central coor-
dinate, which meant it did not practically influence
other parameter(s).
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Fig.16: The PCA of third withdrawal insulator

Table 7 indicates the EDAX test results of pollu-
tant adhered on third withdrawal porcelain insulator.
It is seen that iron was available, although it was not
the highest chemical element. Aluminum was also
available. These were supposed it was from surround-
ing metal, ground and even emission from geothermal
power plant.
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Table 6: The correlation coefficients of third withdrawal insulator

Variables | Vi = T H P Tas 0 ((:e")" HI | H3 | HS H7 H9 HIl  HI3 THD

Ve 1 002 | -003 001 060 | 017 | 014 | 058 | 050 | 082 | 087 | 064 | 055 | 061 | -001

T 008 i B IS T: RO 1 1 V- 1 TV 1 T e O B T R B R

H 2003 078 1 001 CoT6 |04 |05 014 | Coi1 [ 009 | C023 010 | -036 | <041 009

P 001 |08 | 0ol 1 041 [ 031 [ 028 042 041 |27 019 028 031 | 008 | -041

T 060 |05z | -016 041 1 075 071 099 087 [ 093 | 085 | 0me6 | 076 | 030 | -074

8 S0 A VI B R i 0T N V16 0 - 1V O VS S K

Cos(® | 014 | 027 | 025 028 071 | -100 1 073 | 053 | 059 | 043 | 056 | 044 | -014 | -095

i 058 oSt o o 0ee T g 00 i 085 093 osd Toar ovi 026 06

H3 050 (033 S0 041087 | 058 | 053 | 086 i 080|068 | 073 | 053 | 036 | -057

H3 082 03 o0 02T 083 063 058 083 0dn i 09604 0T 048 054

H7 087 [T045 [ C023 01y 085 | 046 | 043 | 083 | 068 | 096 1 0R0 | 074 057 | 03m

HY 064 | 033 [ 00 028 0m6 | 060 | 036 | 087 | 073 | 084 | 0380 1 075 020 | 0%

HI1 055 |05 [ c03% 031076 | 047 044 | 077 053 071 |07 075 1 021 [ o048

Hi3 061 [ 7030 | S041 008 030 | 014 | 014 | 026 | 036 | 045 | 057 | 020 | 021 1 021
THTS 1 I T B v B TS I v £ T V7 e = T B - R B B i

Table 7: Pollutant testing results of third withdrawal

insulator

Elements Test-1 (%o) Test-2 (%0) Average (%)
Al 14.77 12.26 13.52
Si 70.38 59.60 64.99
Ca 8.48 7.21 7.85
Fe 0 15.14 7.57
K 6.37 5.79 6.08

3.5 The Polluted Fourth Withdrawal Insula-
tor

The next withdrawal was fourth, on 22"% August
2008. Figure 17 presents the waveforms of fourth
withdrawal porcelain insulator. This condition was
on 99%, 23.7°C, 31.92 kV,,4» and without pressure.
The harmonics were 87.3 pA, 0.43 pA, 9.89 A, 2.52
uA, 0.324 pA, 1.350 pA and 0.182 pA. The leakage
current amplitude was 140 pA, and the THD and the
phase angle were 11.8% and 29.46 degree respectively.

0.15 ; 35
0.12 4----- 28
T 009 -} 21 S
< =
£ 0.06 - ff - gl 14 w
g 003 +--k---f----4-&-F-% 7 2
g H
3 0 ° g
u 003 w7 o
S 006 - fio oM B -4 3
i 000 At R 21 %
012 WA U -28
0.15 -3

TIME (ms)
— LEAKAGE CURRENT (mA) = APPLIED VOLTAGE (kV)

Fig.17: The applied voltage and leakage current
waveforms of high RH fourth withdrawal insulator

Figure 18 shows the frequency spectrum of leak-

age current waveform as shown by Figure 16. It is
shown that the fifth and seventh harmonics were also
dominant, after the fundamental. Nevertheless, their
percentages to the fundamental were lower than the
second withdrawal insulator. In other word, the leak-
age current waveform was more pure sinusoidal rather
than the second withdrawal, both were on high hu-
midity.
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Fig.18:  Frequency spectrum of leakage current
waveforms of high RH fourth withdrawal insulator

Table 8 is the correlation coefficient matrix of pa-
rameters for fourth withdrawal insulator. In this case,
the relative humidity (H) did not reveal clearly to in-
fluence to leakage current amplitude. This was caused
by adhered pollutant on the insulator surface. Never-
theless, it clearly influenced to the phase angle or the
power factor, which indicated by -0.70 and 0.69 of cor-
relation coeflicient values respectively. If the humid-
ity rose, the phase angle would reduce or the power
factor would increase significantly. Besides that, the
humidity highly influenced the THD, which was in-
dicated by -0.64 of correlation coefficient. The THD
would reduce significantly, as humidity increased.

Besides indicated by the correlation coefficients on



Leakage Current and Pollutant Properties of Porcelain Insulators from the Geothermal Area

Table 8: The correlation coefficients of fourth withdrawal insulator
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Variables | Vi T H P Tnax 8 ((:e")" H1 H3 HS H7 H9 | HIl  HI3 THD

Voanox 1 0.118 | 0.00 | -0.06 | 023 | -0.08 | 008 | 021 | 024 | 044 | 048 | 020 | 038 | 031 | -0.22

T 011 1 O A T T T U= A 0 5 1= 2 -4 O 1= B i B Y-S - B o

H 000 | 048 i 0 T v v 1= B < O T S i T - B - = R B

o Ses TS A 1 0 R B T3 5 € B 0~ T T - T 1 - B 7 S R R R )

T BEETTAGTTTEE T 18 i B v R V- B X vic B (= S A B - B v B B < B R )

8 B B e T R R e B K i BT e S e Y-S N 5 o B 1 A - S (X

Cos (8 | 008 | 018 | 089 01 | 074 | ‘100 1 074 | oz 043 o0 | o007 | 038 | 005 | 094

i Oz Ty R - T A B B R i i S T A 1 T B B 1 1 c R R 1

i B RV B s B 1 v ic B 1 TS A - A (N i oI s S o R B e A S R (e

H5 044 o6l 01500 o o4l oAz e 0oz 1 o8 | 068 096 oe0 | o4l

il 048 |04z oz 058 056 oos | 010 057 |03 086 1 087 |08 e oo

9 020 03 ose | 033 04 oos | o7 o5z o6 oss | 07 1 068 | 081 | 006

HT R A VY- e c B - O T = O B R A T - i 66370

HI3 R T - B T = X v 13 o B A e B A X 3 1 0.05
THD B3 v B T T S5 c T - 3~ B 2 5 O o B - < 0 i

Table 8, the dependence among parameters are also  Table 9: Pollutant testing results of fourth with-

shown by principal component analysis (PCA) on
Figure 19 for fourth withdrawal insulator. In this fig-
ure, it is shown that the THD also close to PH (phase
angle). The phase angle increased, accompanied by
THD. Thus, the power factor (PF) opposites to the
phase angle (PH). Nevertheless, both THD and PH
opposite to the leakage current amplitude (I). The
leakage current amplitude increased, the THD and
the phase angle would reduce considerably. The first
harmonic is very close to the leakage current ampli-
tude (I), so that the first harmonic was specified by
the leakage current amplitude (I) very dominantly.

Component 2
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Component 1

Fig.19: The PCA of fourth withdrawal insulator

Table 9 indicates the EDAX test results of adhered
pollutant on fourth withdrawal porcelain insulator. It
is seen that iron was available as the second highest
chemical element, after silicon. Aluminum was also
available as medium content. These were supposed
they were from surrounding metal, ground and even
emission from geothermal power plant.

drawal insulator

Elements Test-1 (%o) Test-2 (%) Average (%)
Al 15.30 19.28 17.29
Si 34.25 43.61 38.93
K 3.14 3.03 3.085
Ca 4.83 5.90 5.365
Fe 42.48 28.18 35.33

3.6 The Fifth Withdrawal Polluted Insulator

The fifth withdrawal insulator was carried out on
December 18", 2008. As an example of measure-
ment results on high humidity, it is shown the leak-
age current waveform by Figure 20, on 99%, 30.5°C,
36.12 kV, 4, for relative humidity, temperature and
applied voltage amplitude respectively, and without
pressure. The phase angle was 29.56 degree. Whereas
Figure 21 is the spectrum frequency of the leakage
current wave. The first to thirteenth odd harmon-
ics amplitudes were 87.2%, 2.9%, 5.8%, 1.7%, 0.6%,
0.6%, 1.1% and 0.4% respectively compared to the
leakage current amplitude, and the leakage current
amplitude itself was 44.8 pA. Thus, the THD was
7.8%.

It is shown that the fifth and followed by third
harmonics were also dominant, after the fundamental.
The third harmonics has been visible slightly.

Table 10 indicates the correlation coefficient val-
ues among parameters. It is seen that the humidity
most significantly influence the power factor of insu-
lator leakage current, among other parameters. If the
humidity increased, the power factor would increase
too. The phase angle was very tight with the THD.
If the phase angle increased, the THD would increase
too, and vice versa.

Figure 22 shows the PCA, which support the cor-
relation coefficient values as indicated on Table 10. It
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Table 10: The correlation coefficients of fifth withdrawal insulator
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COoSs

Variables | Vi T H P B PHA PHI H1 H3 Hs HT H9 HI1 HI3 THD

N 1 0.08 -0.02 0.06 0.21 -0.16 0.18 0.21 -0.10 072 0.53 0.20 0.54 0.28 -0.27

T 0.08 1 -0.49 0.66 0.93 -0.53 0.43 093 079 0.67 0.69 0.20 061 020 -0.50

H -0.02 | -0.49 1 -044 031 | -0.38 0.49 -0.32 | -0.22 | 044 | 066 0.42 -0.38 | -0.30 | -0.35

P 0.06 0.66 -0.44 1 0.65 -0.34 0.24 0.66 0.52 0.50 0.54 0.04 0.24 0.62 -0.33

I 0.21 0.93 -0.31 0.65 1 -0.69 0.60 1.00 0.83 0.76 0.70 0.36 0.54 0.92 -0.65

FHA -0.16 | 053 | -038  -034  -06% 1 -0.89 | -06% | -057 | 037 | -0.14 | -0.5% | -0.17 | -0.61 0.92

COSPHI 018 043 048 0.24 0.60 -0.99 1 0.60 048 0.30 0.04 0.59 0.15 0.52 -0.52

Hl 0.21 0.93 -0.32 0.66 1.00 -0.69 0.60 1 0.82 0.76 0.70 0.35 0.53 0.92 -0.66

H3 -0.10 079 -0.22 0.52 0.83 -0.57 0.48 0.82 1 0.44 0.49 0.44 0.36 0.20 -0.36

H5 0532 0.67 -0.44 0.50 0.76 -0.37 0.30 076 0.44 1 0.89 0.19 074 0735 -0.41

HT 0.53 0.69 -0.66 0.54 0.70 -0.14 0.04 070 0.49 0.89 1 0.05 0.66 073 -0.15

H9 0.20 0.20 0.42 0.04 0.36 -0.59 0.59 0.35 0.44 0.19 0.05 1 0.06 0.45 -0.48

HI11 0.54 0.61 -0.38 0.24 0.54 -0.17 0.15 0.53 0.36 0.74 0.66 0.06 1 037 -0.17

HI13 0.28 0.80 -0.30 0.62 0.92 -0.61 0.52 0.92 0.80 0.75 0.73 0.45 0.37 1 -0.56
THD -0.27 | 050 | 035 033 -065 0.92 -0%2 | -066 | -036 | -041 | -D15 | -048 | -0.17 | -0.56 1
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Fig.20: The applied voltage and leakage current
waveforms of high RH fifth withdrawal insulator
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Fig.21:  Frequency spectrum of leakage current
waveforms of high RH fifth withdrawal insulator

is shown that the THD was very close to PHA (phase
angle). The relative humidity (H) was rather close to
the power factor (PF), rather than other parameters.

. PF
10 °
Ha
H (<]
o] H1 |
H3
05 o3 g0
H13 T
o o
- P H5
: v e
c o H11
s 00 T HT
o
£
o
(8]
0.5
THD
gPHA
1.0
T T T T
10 05 0.0 05 10

Component 1

Fig.22: The PCA of fifth withdrawal insulator

Table 11 indicates the EDAX test results of ad-
hered pollutant on the fifth withdrawal porcelain in-
sulator. It is seen that iron was as the second high-
est chemical element, after silicon. Aluminum was
also available as medium content. Besides that, sul-
fur element was also existed, in medium composition,
which supposed explicitly from emission of geother-
mal power plant.

3.7 The Sixth Withdrawal Polluted Insulator

The sixth withdrawal porcelain insulator was
taken from site on April 71", 2009. The influence of
pollutant to the leakage current of insulator was less
than that the first withdrawal insulator. When in-
sulator withdrawal, the weather was dominated by a
rainy season. As an example of measurement on high
humidity, it was on 99%, 27.1°C, 32.25 kV,,, for
relative humidity, temperature and applied voltage
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Table 11:

Pollutant testing results of fifth with-

drawal insulator

Elements = Test-1 (%) @ Test-2 (%) | Average (%)

Mg 2.25 2.53 2.39

Al 17.97 17.90 17.935

Si 41.71 41.59 41.65

S 9.44 9.78 9.61

Cl 0.76 0.65 0.705

K 2.9 2.68 2.79

Ca 254 244 249

Ti 1.65 2.10 1.875

Fe 20.78 20.32 20.55

amplitude respectively, and without pressure, where
the applied voltage and leakage current waveforms are
shown on Figure 23, with the phase angle was 50.9
degree.
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-}
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—LEAKAGE CURRENT (mA) - APPLIED VOLTAGE (kV)

Fig.23: The leakage current waveform of high hu-
midity sixth withdrawal insulator

Figure 24 shows the frequency spectrum of leak-
age current waveform of Figure 23. It is shown that
the fifth harmonics was also dominant, after the fun-
damental. However, other harmonics were very low.
Therefore, in this withdrawal insulator, the influence
of pollutant was lower than that on the fifth with-
drawal insulator. The first to thirteenth odd har-
monics amplitudes were 82.8%, 1.2%, 9.9%, 1.7%,
0.2%, 1.6% and 0.1% to the leakage current ampli-
tude respectively. Whereas, the leakage current am-
plitude, insulator impedance and the THD were 32
1A, 1,007,812,500 2 and 12.4% respectively.

Table 12 shows the parameter correlation coeffi-
cient values of sixth withdrawal insulator. It is seen
that the highest significant influence of humidity was
the power factor (COS PHI) of insulator leakage cur-
rent. The phase angle (PHA) was very tight correla-
tion with the THD. If the phase angle reduced, the
THD would decrease too.

Figure 25 shows the PCA scatter plot parameters
of sixth withdrawal porcelain insulator. THD is very

AMPLITUDES (mA)

123 45678 91011121314151617181920
k"-HARMONICS

Fig.2/:  Frequency spectrum of leakage current
waveforms of high humidity sixth withdrawal insula-
tor

close to the phase angle (PHA). Otherwise, the hu-
midity (H) is rather close to the power factor (PF).
Therefore, both important phenomena support the
correlation coefficient values on Table 12.
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Fig.25: The PCA of sizth withdrawal insulator

Table 13 indicates the EDAX test results of ad-
hered pollutant on the fifth withdrawal porcelain in-
sulator. It is seen that silicon and iron were as the
high chemical element composition. Aluminium was
also available as medium content. Besides that, sulfur
element was also existed as medium composition too,
which supposed explicitly from emission of geother-
mal power plant. The chemical elements of silicon
(Si), iron (Fe) and aluminium (Al) were supposed
from the grounding, metal surrounding the insulators
and/or from geothermal emission.

According to the correlation coefficient matrices
and principal component analyses, the relative hu-
midity close to the power factor, the phase angle close
to the THD, the pressure close to the center point and
the harmonics close to the leakage current amplitude.
These meant the power factor increased as the rela-
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Table 12: The correlation coefficients of sizth withdrawal insulator
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Table 13: Pollutant testing results of sizth with-  of pollutant to leakage current of insulator was similar

drawal insulator

Elements = Test-1 (%) Test-2 (%) Average (%o)
Al 8.89 10.83 9.86
S 18.76 22.08 20.42
S 7.44 8.40 7.92
K 1.4 1.44 1.42
Ca 1.85 0 0.925
Fe 12.14 8 10.07

tive humidity rose, and the THD would rise if the
phase angle increased. The pressure practically did
not influence other parameter(s) significantly. The
leakage current amplitudes influenced the harmonics
generally. The leakage currents, which beside influ-
enced by humidity, were also influenced by pollutant
that indicated by the dry seasons. When withdrawal
of insulators, it was in a dry season. The insulator
was measured in high humidity, the leakage currents
tent to be relatively pure sinusoidal. On this condi-
tion, the insulator property tent to be more conduc-
tive, rather than dry condition. Thus, if an insulator
had high pollutant and high humidity simultaneously,
the properties of leakage current would tend to be rel-
atively pure sinusoidal or low THD, high amplitude,
and low phase angle or high power factor. The tem-
perature had an opposition characteristic with the
humidity, namely if the temperature increased, the
humidity would reduce, and consequently, the prop-
erty of leakage current would be as above statements.
The largest composition of chemical element was iron,
after silicon. Sulfur was also existed, that supposed
explicitly from emission of geothermal power plant.

3.8 The Seventh Withdrawal Polluted Insula-
tor

The seventh withdrawal porcelain insulator was
taken from site on August 12", 2009. The influence

with the first withdrawal insulator. The insulator was
withdrawn on slightly dry season of weather. As an
example of measurement on a high humidity, namely
on 99%, 27.8°C, 28.9 kV,,q. for relative humidity,
temperature and applied voltage amplitude respec-
tively, and without pressure, the applied voltage and
leakage current waveforms are shown on Figure 26,
with the phase angle was 43.1 degree.
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Fig.26: The leakage current waveforms of high hu-
midity seventh withdrawal insulator

Figure 27 shows the frequency spectrum of leak-
age current waveform of Figure 26. It is shown that
the fifth harmonic was also dominant, after the fun-
damental. Therefore, in this withdrawal insulator,
the influence of pollutant was lower than that in the
fifth withdrawal insulator. The first to thirteenth odd
harmonics amplitudes were 90.15%, 0.39%, 7.26%,
1.15%, 0.33%, 0.71%, and 0.04% to the leakage cur-
rent amplitude respectively. Whereas, the leakage
current amplitude, the insulator impedance and the
THD were 134 pA, 215 641 791 and 8.35% respec-
tively.

Table 14 indicates the EDAX test results of ad-
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Fig.27: The frequency spectrum of leakage current
waveforms of high humidity seventh withdrawal insu-
lator

hered pollutant on the seventh withdrawal porcelain
insulator. From these test results, it is shown that
sulphur was the most dominant among chemical com-
position. This was very representative to the geother-
mal condition, due to typical chemical emission of
geothermal area is sulphur. Silicon and ferrum were
also dominant on second grade condition.

Table 14: Pollutant testing results of seventh with-
drawal insulator

by the reduction of insulator impedances and THD,
from low to high humidity, with impedance ratio of
0.1343 and 0.1363, and the THD ratio of 0.4598 and
0.3739 respectively. Both insulators were withdrawn
on dry seasons. Furthermore, the second most signif-
icant phenomena were occurred on third and fourth
withdrawal insulators. These cases were indicated by
reduction of insulator impedance and phase angle on
high humidity. These insulators were withdrawn on
slightly dry season.

As the recapitulation of main chemical elements
based on the average of eight insulator pollutants, it
is listed by Table 16 below. Iron, silicon and alu-
minium were supposed mostly from the soil dust sur-
rounding insulators. These chemical elements were
in a small part from the geothermal area. Whereas,
as a medium category of chemical elements, there
were sulphur, calcium, kalium, natrium and chlo-
rine. These chemical elements were supposed from
the geothermal area, besides from the soil dust. Fi-
nally, as a small category, the chemical elements were
zinc, magnesium and titan. These chemical elements
were also supposed from the geothermal area, besides
from the soil dust.

Table 16: The recapitulation of main chemical ele-
ments of pollutant on the insulators

The chemical elements of Aver centage (%)

. - : - pollutant verage percentage (%o

Elements = Test-1 (%) Test-2 (%) Average (%o) s 3357

Al 9.01 8.30 8.655 & 5944

Si 20.22 2587 27.545 Al 11.34

S 41.16 34.80 37.980 s 6.54

Fe 20.61 31.03 25.820 Ca 492

E 364

Ma 2.33

The leakage currents, which were beside influenced Cl 1.70

by humidity, were also influenced by pollutant that Zn 058

indicated by the dry season. Thus, on this insulator, Dgg ggg
1 .

the leakage current changed very significantly on high
humidity, namely the insulator impedance was very
low, only 215,641,791 2, and THD was also very low.

On this high humidity condition, the insulator
property tent to be more conductive, rather than dry
condition. Thus, if an insulator had high pollutant
and high humidity simultaneously, the properties of
leakage current were tendency to be relatively pure si-
nusoidal or low THD, high amplitude, and low phase
angle or high power factor. Sulphur was existed,
that supposed explicitly from emission of geothermal
power plant. Generally, the influence of pollutant on
the insulators was lower than that the insulators from
coastal area.

Table 15 indicates the recapitulation of insulator
impedances, phase angle and THD on the low and
high humidity. Based on eight insulators, one new
clean and seven polluted insulators, the most signif-
icant phenomena were occurred on seventh and first
withdrawal insulators. These cases were indicated

As additional information of chemical content, it
is listed the EDAX test results of scraped pollutant
from installed insulators of switchyard equipment,
such as arresters, CTs and CBs, as Table 17. The
real pollutant stuck to equipment insulator surface,
which was installed in the switchyard of Kamojang
geothermal power plant is shown by Figure 28. Usu-
ally, the pollutant was on the top surface and on the
tips of insulator sheds.

Table 17 lists the major chemical elements on the
real pollutant that stuck on the switchyard equipment
insulators. It is seen that silicon was also dominant,
whereas sulphur was a medium chemical element
composition on the pollutant. Thus, it strengthened
above chemical element of insulator pollutant, which
were installed by researchers.

In real condition on the sites, insulators are in-
stalled in some tens or decades of years, even in more
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Table 15: The recapitulation of insulator impedance, phase angle and THD on low and high humidity

. B (eg) T B (deg) T
PORCELAIN ,. ,. THDpw = THDyn ,.
INSULATOR Zmax (£2) Zipnin (€2) Zyind Znax Planin Phoax (0 fan}/ (P frnax) (%) (%o) "
THDpax
66 967
Mew-Clean | 1557303371 612000000 | 03930 260 28] 00861 204 111 | 05427
1% withdrawal | 1496250000 | 203883495 01363 362'3 358? 02934 22,09 826 | 03739
2 withdrawal | 1433333333 1246376812 | 0.8696 0835 263'2 01329 224 193 | 08616
S 5560
P withdrawal | 1433333333 | 512500000 . 0.3576 o . 00271 2304 | 993 | 04310
4% withdrawal | 1622727273 228000000 | 01405 o0 29.46 7 0354E-17 235 18 05021
W rawa. . 6 12E— l.? 087 - . . .
: & 55 dE
St withdrawal | 1776923077 | 80250000 | 04537 it S 7 0354E-17 144 78 05417
) & 2575
60 wihdrawal | 1611224490 1007812500 | 06255 roopri g2 it 9 713E-17 199 124 | 06231
: 50 431
owithdrawal | 1606153846 | 215641791 01343 it 8 40E-17 1816 = 835 | 04598

Fig.28: The sticky pollutant on the insulator surface
of Kamojang switchyard

a hundred years. Based on the research and some ref-
erences, a site engineer should consider that the in-
sulators near a geothermal area or power plant have
high amplitudes of leakage currents, especially if the
insulators have been installing in long time and in
high relative humidity, usually from night to morn-
ing. In an extreme condition, it is possible to be
occurred a flashover on an insulator. It meant the
insulator has been experienced a failure to serve to
electrical transmission or distribution.

In a normal or low risk leakage current of insu-
lator, the fifth harmonics of leakage current always
appears. This becomes one parameter that an in-
sulator still works in normal condition. This is ex-
perienced by most insulators on sites. Besides that,
the fifth harmonics also indicates that the insulators
are in capacitive condition, due to the phase angle
variation which is usually followed by the fifth har-
monics variation. If the phase angle reduced, which
meant the power factor increased, the fifth harmonics
would reduce too. For a porcelain insulator, the am-

Table 17: The major chemical elements contained
in insulator surface pollutant of Kamojang switchyard

Chemical Compositions

Elements (%)
C 61.23
S1 11.92
Al 6.81
Cu 5.82
Fe 5.63
Ca 4.32
S 2.40
K 1.33
\Y4 0.54

plitude of fifth harmonics would decrease if the rela-
tive humidity increased. Consequently, the amplitude
of fundamental harmonic would rise. Nevertheless, if
this was in normal condition, the fifth harmonics was
still dominant. Its amplitude was still as second high-
est, after the fundamental harmonics amplitude. As
a comparison, this case is different from a discharge
phenomenon. On the discharge condition, the most
dominant harmonic after the fundamental frequency
is third harmonic.

4. CONCLUSION

Based on the research results, the power factors
and the leakage current amplitudes closed to humid-
ity, and the phase angle closed to THD significantly.
Otherwise, the temperature opposited to the humid-
ity. The ratios of insulator impedance on the high and
low humidity were ranged from 0.8696 until 0.1343.
The small insulator impedance ratios rearched on
first and seventh withdrawals. On these insulators,
the THD ratios on same conditions were also small.
These phenomena were caused by dry season, which
amount of pollutant stuck on the insulator surfaces
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significantly.

On the high humidity, the phase an-

gles became small considerably, which were between
66.8 and 25.7 degrees in these experiments. Sulphur
chemical element was found in a medium composition
on the pollutant. The majority of chemical elements
were silicon and ferrum.
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