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ABSTRACT

This manuscript presents the experimental results of eight months naturally coastal contaminated outdoor porcelain
insulator. The conducted experiments were leakage current and applied high voltage measurements, in the hermetically
sealed chamber, where temperature, humidity, pressure and applied voltage could be adjusted and measured
simultaneously. The leakage current waveforms were analyzed using FFT and the relation to other parameters were
analyzed using correlation coefficient and principal component analysis. On high humidity, the leakage current waveforms
tended to approach pure sinusoides, and the amplitudes tended to rise. Based on the correlation coefficient, the relative
humidity influenced to leakage current amplitudes and phase angle as 0.60 and -0.68 respectively. Whereas, using PCA, the
humidity close to power factor, and the phase angle close to THD and applied voltage. However, the phase angle opposites
to the humidity. The extracted for 2 and 3 components are 74.5% and 85.3% respectively.
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INTRODUCTION

Overhead transmission or distribution lines are
widely used in present power system to transmit
electric power from generation stations to customer
points. Their proper function depends to a large
extent on the insulation system with the supporting
structures [1]. The performance of outdoor insulators,
as main insulating materials, is influenced by many
parameters. Some of parameters are environmental
contamination, humidity, temperature, pressure and
applied voltage.

The pollution flashover process of insulators is
greatly influenced by the insulator’s surface
properties. Two main surface conditions are
hydrophilic and hydrophobic. A hydrophilic surface
is generally associated with ceramic insulators, such
as porcelain, whereas a hydrophobic surface is
associated with polymeric insulators. Under wetting
conditions, hydrophilic surfaces will wet out
completely so that an electrolyte film covers the
insulator [2].

For better understanding of insulator pollution,
wetting and the flashover process, some terms should
be studied. Some terms related to this case are the
local climate and environmental conditions
surrounding the insulator with emphasis on wetting,
pollution sources and type of pollution, and leakage
current flowing over the surface of insulator [2].

Note: Discussion of this paper must be submitted before June, 1% 2008. The
proper discussion will be published in Electrical Engineering Journal
volume 8, number 2, September 2008.
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The performance of insulator under contaminated
conditions is the underlying factor that determines
insulation design for outdoor application. Conta-
mination has a role to play in every outdoor insulator
application. This fact was recognized since the very
beginning of outdoor power delivery. There are
instances where discrepancies between laboratory
predictions and field experience arise. Thus, it is
important to have a good understand the advantages
and limitations of laboratory testing, in order to
develop more sensible tests for ceramic and
nonceramic insulators [3].

One of typical source of insulator pollutants is marine
or coast [4]. Indonesia has the longest of coastal line
in the world. Usually, a coastal region is passed
through by electric power transmission or distribution
lines, including switchyard. Thus, it is important to
take a sample of polluted porcelain insulator from a
place near a coast for research.

The objectives of research are to obtain the
correlation of leakage current properties among
relative humidity, temperature, pressure and applied
voltage on the eight-month coastal polluted insulator.
The leakage current is one parameter to make
assessment of outdoor insulator performance. These
property parameters are leakage current amplitudes,
waveforms and phase angles. The relation among the
properties to environmental parameters are analyzed
using correlation coefficient and principal component
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analysis of multivariate statistical tool. Thus, it can be
understood each variable influence to another.

EXPERIMENTAL AND ANALYSIS METHODS

These experiments were conducted on a 20 kV
coastal contaminated outdoor porcelain insulator.
The contaminated insulator has been installed at PLN
switchyard of Pangandaran, West Java, just around
600 m from the beach, as sample of coastal
contamination, on December 15", 2006, and then
taken on August 21%, 2007.

The insulator was tested in a hermetically sealed
chamber, where temperature, humidity, pressure and
applied voltage could be adjusted and measured
simultaneously. The size of the chamber was 120 cm
x 120 cm x 150 cm (WxDxH). The measurements of
leakage current and applied high voltage waveforms
used a 100 MHz two-channel storage digital
oscilloscope. The measured data could be recorded
and transferred to a computer using USB (Universal
Serial Bus) and OpenChoice Desktop software. They
could be saved in softcopy form. The data could be
read and saved in Excel and Bitmap forms. The
schematic diagram of experimental setup is shown
on Figure 1.

Furthermore the data of leakage current waveforms
were analyzed by fast Fourier transform using
OriginPro V7.5 software. The total harmonic
distortion (THD) is defined as the total ratio of the
harmonic components and the fundamental which
can be expressed as below [5].

FTI;
THD =-"—2— ©)

1

Thus, the frequency spectra were obtained on some
conditions of insulator. These implementations used
the Danielson-Lanczos method [6]. Whereas the

relation of leakage -currents to environmental
parameters were analyzed using matrix of correlation
coefficient of multivariate statistical tools. The
correlation coefficient is derivation of covariance
matrix to understand how much level of correlation
among parameters base on these research results, as
follows [7,8]

l n
Cov(X ) == (x, - Ny, ~ 41 @
j=1
Thus, the components of correlation matrix as below.
Cov(X,Y)
Pyy=—""""—"—" (©)
0,.0,

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

Another way to assess among parameter correlations
is using principal component analysis (PCA)
[9,10,11]. If a set of data is presented in matrix X,
the main algorithm of PCA involves some steps as
below.

- Determine the mean components of matrix X,

those related by
1 n
X == Xy, @)
N
- Determine covariance matrix using equation of
C=X*XT ()

- Determine eigen value and eigen vector of
covariance matrix using equation of

CQ=4Q (6)
where A are eigen values and Q are eigen vectors.

Base on the eigen values, it is plotted their scatters in
two and three dimensions. Thus, the nearness of
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Figure 1. Schematic diagram of experimental setup
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parameters indicates the correlation level on such
parameters.

RESULTS AND DISCUSSION

Actually, there were many data on these experiments,
with various humidity, temperature, pressure and
applied voltage amplitudes. However, in this
manuscript it is revealed some typical waveforms of
result data. Generally, the data could be obtained in
two forms of file, spreadsheet data and bitmap
drawing files.

In this manuscript, it is presented two significant
conditions, dry and wet, that indicated by low and
high relative humidities.

In dry hermetically sealed chamber condition, the
waveform of typical leakage current measurement in
bitmap form is shown on Figure 2. This waveform
was obtained on condition of relative humidity,
temperature, pressure and maximum applied voltage
were 71%, 42.4°C, 0.2 kPa and 55.4 kV respectively.
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Figure 2. Bitmap form of applied voltage and leakage
current waveforms of dry polluted insulator

Whereas Figure 3 is Excel graphical form of applied
voltage and leakage current waveforms of polluted
insulator on that condition. The applied voltage is
pure sinusoidal waveform, that the magnitude values
are mentioned on the right side. Otherwise, the
magnitude values of leakage current wave are
indicated on the left side. Thus, in dry condition, the
pollutants stuck on porcelain insulator surface do not
influence leakage current significantly. In this case,
the phase difference between leakage current and
applied voltage waveforms is 74.9 degree. This is
very capacitive. Based on this leakage current
waveform, it will be analyzed the frequency
spectrum using fast Fourier transform.
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Figure 3. Excel graphical form voltage and leakage
current waveforms of dry polluted insulator

Figure 4 shows the frequency spectrum of leakage
current waveform of Figure 3. On this condition, the
first to thirteenth odd harmonics are 80.15%, 0.97%,
17.94%, 5.2%, 0.27%, 1.6%, 0.39% respectively
compared to leakage current amplitude. The third
harmonic is very small, so that it still operates
normally. Otherwise, the total harmonic distortion
(THD) is 23%, so that it is also normal condition.

On other condition, Figure 5 shows bitmap form of
leakage current and applied voltage waveforms on
polluted insulator due to 99%, 26°C, -0.8 kPa and
10.9 kV maximum applied voltage. Furthermore,
Figure 6 is its Excel graphical form. This is as sample
of wet condition.
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Figure 4. Frequency spectrum of leakage current
waveforms of Figure 3

The applied voltage is pure sinusoidal waveform, that
the magnitude values are mentioned on the right side.
Otherwise, the magnitude values of leakage current
wave are indicated on the left side. In this condition,
the phase difference between leakage current and
applied voltage waves is 12.2 degree. This drastically
reduces rather than that the previous new-clean, or
the dry contaminated condition ones.
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Figure 5. Bitmap form of voltage and leakage current
waveforms of wet polluted insulator

Based on this leakage current waveform, it will be

analyzed the frequency spectrum using fast Fourier
transform.
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Figure 6. Excel graphical form of voltage and
leakage current waveforms of wet polluted insulator

Figure 7 represents the frequency spectrum of
leakage current waveform on Figure 6. The first to
thirteenth odd harmonics are 95.15%, 1.11%, 5.1%,
0.97%, 0.52%, 0.77% and 0.36% respectively
compared to leakage current amplitude. The total
harmonic distortion (THD) is only 6%, due to the
leakage current waveform tends to close pure
sinusoidal wave. This is the most conductive
condition among previous conditions, indicated by
small total harmonic distortion.
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Figure 7. Frequency spectrum of leakage current
waveforms of Figure 6

Table 1 reveals the complete summary experimental
data on the measurements of coastal polluted
porcelain insulator. First to last columns are
maximum applied voltage (kV), maximum leakage
current (micro ampere), relative humidity (%),
temperature (centigrade), pressure (kPA), phase
difference between leakage current and applied
voltage waves (degree), cosine of phase difference,
first to thirteenth odd harmonics (micro ampere), and
total harmonic distortion (THD) respectively. The
positive pressure means the chamber was
compressed, and the negative pressure means the
chamber was sucked, using electric pumps.
Generally, the phase difference between leakage
current and applied voltage will reduce as the relative
humidity increases. The levels of correlation among
parameters on coastal polluted porcelain insulator are
indicated by Table 2.

Table 2 express the correlation matrix among
variables of measurements on the coastal polluted
insulator. Based on this correlation matrix, the
relative humidity considerably influences to the
maximum leakage current magnitude and the phase
difference between leakage current and applied
voltage. These are 60% and -68% respectively. This
gives explanation that the relative humidity enhanced
the maximum leakage current very significantly. This
is also supported by the negative value of correlation
component between applied voltage and leakage
current. This indicates that the leakage current is
dominantly influenced by relative humidity, rather
than applied voltage, although the leakage current
existence was caused by applied voltage technically.
As addition, the relative humidity influenced to phase
difference also considerably, that was -68%.
Generally, the phase difference would reduce as the
relative humidity increased.
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Table 1. The summary of polluted porcelain insulator experimental data

| - H oT P PHA cos H1 H3 H3 HT H9 | H11 | H13 THD
(wA) | (%) | (YC) | (kPA) | DEG) | (PHA) | (uA) | (wd) | (ud) | (wA) | (wd) | (wA) | (i)
264 | 68 ) 252 0 60.7 049 | 2193 | o248 | 211 | 079 ) 0287 | 0580 | 0133 ] 0.
352 68] 253 0 5009 030 4457 | 03578 | 706 | 220 | 0250 | 0786 | 0187 | 0.
712 68| 2352 0 59.7 030 3774 | 0686 | 11.12 | 2.73 | 0.213 | 0.835 021 0.
672 68| 252 0 306 051 ] 5393 | 0724 [ 1030 | 265 | 0222 1082310205 0.
544 68 ] 252 0 612 042 | 4351 [ 0380 [ 817 | 239 | 0,138 | 0.810 | 0176 | 0.
488 | 68| 253 0 623 046 | 4007 | 0391 7135 ] 200 0838|0175 0.
456 | 68| 253 0 62.0 047 | 3687 | 0332 648 | 1.82 0,842 [0173 ] 0.1
406 | 68| 285 0.2 64.8 043 | 4070 | 0475 | 750 | 247 0842 (0218 ] ©.
47.2 68 | 30.7 0.0 658 0.41 3854 | 0.467 7.39 | 246 0,767 | 0227 0.
48| 67| 326 0.4 71.0 033 | 3618|0145 719 | 222 0734 [ 0131 021
08| 67| 33586 0.2 710 033 ] 3469 | 0212 702 ] 227 0714 [ 0152 | 0.21
408 70 373 0.0 72.7 0.30 | 33.84 | 0.403 729 ] 227 0,780 [ 0171 0.23
416 70| 388 0.0 743 027 ] 327310370 728 | 2.2 0,763 | 0,149 ] 0.23
408 71| 424 0.2 74.9 D26 ] 3271|0385 732 ] 212 0632 [ 0158 | 0.23
392 70 ] 45.0 0.0 743 027 ] 3265 | 0410 740 | 212 0745 [ 0172 | 024
40.8 0] 438 -2.0 6.6 0.23 32,49 | 0.408 734 | 213 0648 [ 0157 | 0.24
408 70| 432 -1.6 76.5 023 ] 3260|0336 743|220 0739 | 0151 024
408 | 69| 423 -1.2 763 023 ] 3258|0368 | 738|224 0796 | 0152 024
416 | 69 ) 418 -0.8 738 025 ] 3262 | 0423 73720 0724 [0138 | 0.24
416 | 69 405 -0.4 76.3 024] 3261 | 03352 ] 740 219 0753 (0163 | 0.24
400 | 69| 379 230 758 023 3259|0337 740 219 0796 | 0167 | 024
408 | 69| 366 -4.0 758 025 ] 3257|0410 | 735 ] 219 0767 | 0177 0.24
432 68| 337 234 756 023 ] 3254|0373 722] 223 07201 0194 023
400 | 68| 311 40 75.9 024 32901 [ 0443 | 700 | 231 0602 | 0181 023
400 | 68 311 30 754 023 ] 3284|0364 708 243 D646 | 0200 02
400 | A8 | 307 20 75.3 023 ] 3281 | 0416 | 691 | 233 0601 | 0185 0
92| 68 305 1.6 759 024 3283 | 0426 | 694 | 233 0385|0176 | 0
408 | A8 | 303 1.2 76.0 024 ] 3285 | 0433 713 ] 233 0612 ] 017 ] 0.23
02| 68 301 0.8 76.2 024 3280|0431 719 ] 233 0627 [ 0244 | 023
408 | 63| 300 0.4 769 023 ] 3279 | 0440 | 714 | 246 0640 | 0224 023
1940 | 78] 245 0.2 230 002 118264 [ 2320 [ 1232 ] 431 1.720 | 0693 | 007
1340 | 77| 2458 0.0 187 0035 | 12656 | 1630 | 762 | 163 0089 | 0634 | 0.08
1780 | 78| 250 0.0 144 007 | 16690 | 2180 | 969 | 185 1.080 | 0800 | 008
1920 79 252 0.0 13.7 007 | 18090 | 2240 [ 1021 | 211 1.200 [ 0822 | 008
1580 | 83 ] 255 0.0 121 002 | 15158 | 1870 | 699 | 1.14 0.754 [ 0348 | 0.05
1580 | 88 255 0.0 107 008 | 15069 | 1850 | 748 0613 | 005
1580 | 80 255 0.0 115 008 | 14087 | 1860 | 768 068 | 005
1560 | 93] 255 0.0 108 008 | 14711 [ 1870 | 779 060 | 008
1480 | 97 ] 250 0.0 116 092 | 14130 | 1.750 | 7.532 0641 | 0.06
1460 | 98| 257 0.0 115 008 | 13832 | 1700 | 723 03541 | 0.08
81280 99 256 -0.4 126 002 | 12116 | 1430 | 6381 0566 | 0.06
111220 99 ) 255 -14 137 097 | 11545 | 1.400 | 6.69 0553 | 0.6
111340 99 254 -3.0 123 002 [ 12532 | 1530 | 714 057 ] 0.06
111180 98] 252 -4.0 130 007 | 11095 | 1.260 | 645 0497 | 0.06
111 | 1280 98] 256 -8 123 0,02 | 11987 | 1480 | 680 0522 | 0.06
108 11200 99 258 -1.6 136 007 | 11399 | 1410 | 6350 1.030 | 0456 | 0.08
108 11200 99 259 -1.2 129 007 | 11245 | 1380 | 622 0,202 [ 0464 | 0.06
109 11220 99| 26.0 -0.8 122 0,92 | 116,08 | 1.360 | 6.23 0,042 [ 0436 | 0.06
1.0 (1700 ] 88 ] 262 1.2 04 000 | 16332 | 2160 | 814 0674 [ 0351 | 0.05
166.0 | 87 ] 263 2.8 08 099 | 158.12 | 2020 | 766 0786 [ 0492 | 0.05
1620 | 86| 263 36 032 099 | 154.17 | 2010 | 743 0756 [ 0482 | 0.05
1500 | 86 263 4.0 10.3 098 | 14474 | 1810 | 698 0,898 | 0424 | 0.05
460 77 328 0.0 7.2 0,06 | 23764 | 3.000 | 11.86 0,740 [ 0885 | 0.05
1860 | 70| 36.8 0.2 10.1 098 | 17768 | 2.560 | 9.06 0271 [ 0626 | 0.05
1600 | 69 ] 370 0.0 10.8 058 | 151,00 | 2,160 | 7.84 0,750 [ 0625 | 0.0
1460 | 69 ] 0.2 123 008 | 13694 | 1.800 | 7.532 0,020 [ 0631 | 0.06
1240 69 0.0 13.7 067 | 11724 | 1460 | 639 0832|0326 | 0.06
1140 | 69 ] 38 0.0 151 097 | 106.33 | 1420 | 587 0877 [ 03519 | 0.08
1060 | 69| 384 0.0 158 096 | 9927 | 1.260 | 563 0732|0312 | 008
920 | 69| 387 0.0 166 096 | 83585 | 1040 | 494 0642 | 0397 | 008
840 | 69 390 0.0 173 003 7920|0867 471 0776 [ 0380 | 0.08
740 | 69 392 0.0 18.7 055 6924 | 0761 421 0746 [ 0321 | 0.08
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Otherwise, the leakage current amplitude influences
to phase angle very significantly, that is -90%. The

phase angle will reduce as the leakage current
amplitude increases. Base on above explanation, the
leakage current of polluted insulator is dominantly
influenced by relative humidity. Furthermore, the
leakage current magnitude influenced to phase angle
very significantly. This indicates that on high relative
humidity, the polluted insulator had resistive-
capacitive non-linear characteristic property. This
was occurred due to porcelain insulator property
susceptible to pollution and humidity.

Generally, the leakage current amplitude will reduce
as temperature rises. Technically, a high temperature
existence would reduce the relative humidity, that the
leakage current magnitude would consequently
reduce. The high temperature also raised the phase
angle. In other word, in high temperature, the
insulators would be more capacitive rather than in
low temperature, due to reducing of relative
humidity. However, the rate of capacitive property to
the temperature was higher on polluted insulator
rather than that on new-clean insulator, yielded in
previous measurements. Nevertheless, usually the
magnitude values of phase angle were higher on the
new-clean porcelain insulator rather than that on the
polluted one.

Practically, on this range, the pressure did not
influence to leakage current or phase angle. This is
indicated by correlation coefficient of leakage current
and phase angle correlated to pressure parameter as
very low value, close to zero.

Otherwise, the data are analyzed by principal
component analysis (PCA). PCA extracts the data to
give most information, base on eigen values. In this
case, it is presented in first two and three principal
components. Figure 8 shows scree plot of eigen
values for summary experimental data. The line of
first to last eigen values is occured a sharp bend, so
that this scree plot of data is very good, no indication
of outlier.

The value of KMO (Keiser-Meyer-Olkin) measure
of sampling adequacy is 0.761, more than 0.5, as
indication that the used data have been adequate for
analysis using PCA.

Figure 9 shows the scatter plot of first two principal
components. The extracted information in this scatter
plot is 78.94%. It is shown, that relative humidity is
close to power factor (COS_PHA). This means, the
relative humidity (H) rise so that it cause the power

factor increase significantly. Reciprocally, it reduces
phase difference between leakage current and applied
voltage waves (PHA). This case is indicated by the
phase angle opposites far away from relative
humidity (H). Little bit far from power factor, it is
shown leakage current amplitude (Imax), first, third,
ninth and thirteenth (H1, H3, H9 and H13)
harmonics. This indicates that those harmonics are
correlated to the amplitude of leakage current very
significantly. The harmonics rose as the leakage
current amplitude increased.
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Figure 8. Scree plot for summary experimental data
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On other hand, the applied voltage amplitude (Vmax)
is very close to phase angle (PHA) and total
harmonic distortion (THD). These are very consi-
derable. Phase angle and THD are as consequence of
relative humidity. The increment of humidity would
cause to reduce the phase angle and THD. These
phenomena indicate that the polluted insulator would
be more resistive, rather than capacitive. The leakage
current waveform also tended to approach the pure
sinusoidal waveform, so that THD would reduce.
Other little bit technical support, the applied voltage
amplitude rose, the insulator would be more
capacitive. This is common for almost high voltage
equipment, i.e. the capacitive property will be more

21



Jurnal Teknik Elektro Vol. 8, No. 1, Maret 2008: 16 - 23

visible for higher applied voltage amplitude.
Consequently, the phase difference between leakage
current and applied voltage waves will increase.
Besides that, the consequent of capacitive increment
is also the increasing of harmonic content. This is
indicated by THD, that it would rise as the phase
angle increased.

Pressure (P) occupy a point that close to the zero point
of coordinate, and relative far from other parameters.
This indicates that pressure was low dependency to
other parameters.

Figure 10 shows the scatter plot of first three principal
components. On this scatter plot, the extracted
information is 86.46%. This is higher than previous
one. The power factor is closer to the relative
humidity. This is proof that the relative humidity
influence to power factor very significantly.
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Figure 10. Scatter plot of first three principal
components

Little bit further from the power factor, there are
leakage current amplitude and the previous certain
harmonics (H1, H3, H9, H13). These parameters were
also influenced by relative humidity considerably.
Otherwise, the phase angle is also opposite of power
factor and relative humidity. This means, the phase
angle would reduce as the relative humidity increased.
Besides that, the phase angle and THD are close to
applied voltage amplitude. These phenomena support
the previous first two principal component analysis.
Thoroughly, the principal component analysis
supports the previous of correlation coefficient
matrix.

CONCLUSION

On the polluted porcelain insulator, the humidity
influenced to both leakage current magnitude and
phase angle very significantly. This was higher than
applied voltage, although the leakage current
existence due to applied voltage. This was triggerred
by coastal pollutant stuck on the porcelain insulator
surface.
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As addition, the total harmonic distortion would
reduce as the relative humidity increased. Thus, the
high relative humidity made the polluted porcelain
insulator would be more resistive rather than
capacitive.

Generally, the leakage current reduced as the
temperature rose, due to relative humidity
decreased. In this range, the pressure did not
influence to leakage current magnitude and phase
angle practically. The most harmonics were high
correlated to leakage current magnitude.
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