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Phase-Time Analysis of the Leakage Impulse Current
of Faulty Line-Post Pin Insulators

Charles J. KimMember, IEEEJames A. MomohFellow, IEEE and Heung-Jae Le&ember, IEEE

Abstract— eakage impulse current of the faulty insulators was
experimentally studied. The leakage impulse current was charac- W‘""
terized in terms of the phase-time base of the applied voltage. The Do ], Fain
study showed that the leakage impulse is observed only in a dis-
tinct location in phase-time space. Based on the findings, priori- Heat | Leakage Curent
tized maintenance scheduling was proposed, which could be used A
for status monitoring of insulators and distribution feeders. Suface Atc

Overcurrent Fault

Index Terms—Breakdown mechanism, elliptic time base, incip-
ient fault, insulator, partial discharge, phase-time relationship.

Fig. 1. Insulator failure mechanism.
|. INTRODUCTION
HE SUPPLY discontinuity and downtime of electricthe Ieakagq impulse f:urrents. Th? first part was devoted t_o the
macroscopic and statistical analysis [4]. The object of the micro-

power is the main concern for power utility companies . . .
copic analysis was to characterize the leakage current pattern

and their customers. A variety of conditions can lead to supp} T e
. . ; ) y o ppo¥the faulty distribution insulators under dry and wet conditions
interruptions during fair-weather conditions. One common

. . : : In terms of the duration and the location in phase space. The
cause of such interruptions in the overhead feeders is broken; . . .
. . . .~ analysis was performed using the sampled data acquired from
or contaminated pole-top line-post insulators [1]. The failure
) . . several staged tests.
mechanism of the insulators starts from the insulator contam-In Sections Il and 11l the insulator failure mechanisms and
ination because contaminants build up around an insulatgr, ' . . .
: . . ﬁ'he staged test setup are briefly described. The analysis of the
Since the contaminated surface of the insulator has muchy ~. : :
. . . . acquired data is next, followed by the conclusions.
higher conductivity than the normal clean surface, it provides
an electrical path from the high-voltage conductor to the
grounded metal pin of the insulator, allowing leakage current
to flow. Therefore, insulator leakage current measurements ardt is well known that, especially in the rural distribution net-
believed to indicate the status of the insulator. Hadibal. work, most power faults are caused by insulator failures in the
developed a transformer arrangement for monitoring leakadistribution line, and that the majority of the insulator failures
levels of an insulator chain [2]. A toroidal coil placed on thetem from the natural degradation of their integrities. Hence, the
string of insulators counts the number of current bursts, whogehavioral characterization of insulator failure is the most im-
amplitude exceeds a critical level, and transmits an alarm wheertant task for the “predictive maintenance” which allows the
a dangerous intensity is reached. Also, recent research on yhitity companies to schedule and execute the remedial action of
feasibility of a substation-based insulator status monitoririgplacing failing insulators prior to the occurrence of overcur-
showed that the idea itself is positive as insulator failureent faults and service interruptions.
could be observed at substation [3]. However, both studiesThe overall mechanism of insulator failures is still not very
demonstrated that the magnitudes of the leakage current aloredl understood because of the large number of nonlinear
could not achieve a practical and reliable detection scheme fmrameters; however, it is relatively well known that factors
incipient insulator failures. such as moisture and contaminant significantly affect the failure
This paper reports the second part of the lengthy investigatiprocess. Insulator failure is normally initiated as leakage cur-
of insulator failure that focused on the microscopic analysis tnt flows over a wet, contaminated surface of the insulator as
illustrated in Fig. 1. When water from late-night condensation,

, ) ) _dew, or rain accumulates on the surface of a clean insulator,
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ABLE | Substation T Insulator
Feeder Wire
INSULATION TEST RESULTS OF THEINSULATORS

Leakage Current~.{,

Ground

Insulators I[mA] | P[W] | pf[%] | CI[pF]
Normal Insulator | 0.034 0.009 2.79 -
#1 | 0238 | 0.187 | 786 | 630 P
Faulty # | 0239 | 0161 | 6.73 63.1

Scue
Insulators 10302 T 1.197 | 3936 | 74.1 -

#4 0.252 0.220 8.72 66.5

Pearson CT

Fig. 2. Leakage impulse data-acquisition setup.

restricts the current flow [5]. When the total dry length fqqidoral investigation was the inception point of leakage impulse
rrent. The data collection for insulator leakage current study

below a critical level, the impressed line voltage breaks do . . . . .
the insulating property of the insulator surface and leakage cif?s conducted in July 1997 at KEPCO’s equipment inspection

rent flows. However, the heat generated by the surface leak g[st(ac)sr??r?es;[jeilgt?int;uvt\?glﬁzmusipfncéifggli?/ i:?é?i??ﬁg?oﬁgge
current produces the dry bands, over which local arcs may S quip

initiated. Depending on the rate of the breakdown and the wa{SFS' Fig. 2 illustrates the experiment setup for the staged tests.
the tests, the faulty insulators were tested under two condi-

evaporation, the arcs may grow over the surface and Self‘eXttllﬂ_nS' dry and wet surfaces. To wet the insulator, a water sprayer
guish, continue sporadically, or increase to a level of destructi\slgste'm gf the station was Qsed ' pray
high-current flashover. The flashover leads to overcurrent fadi>on L L .
o . As in the real situation, a distribution feeder wire was
and service interruption. . X
clamped on top of an insulator, and a ground wire was con-
nected to the metal pin of the insulator. The voltage level
of 13 kV, stepped up from 220 V with a transformer, was
To analyze the behavior of the insulator leakage currents, impressed for several minutes for each of the tests. To measure
sulator tests were staged on selected faulty pin-post distributiti voltage, we stepped down the high voltage via a distribution

insulators. The experiment setup and the staged experimentsan@ntial transformer (PT) to the nominal 220 V. This voltage

Ill. STAGED TESTS ANDDATA ACQUISITION

discussed here. was further lowered to 20 V before being connected to the input
terminals of the scope and the VHS recorder. A distribution
A. Faulty Insulators current transformer (CT) was connected to the distribution

To perform experiments on faulty insulators, insulators th#ire to induce leakage current, and a precision Pearson current
were once failed and removed from service were collecte@onitor CT [7] was used to further lower the induced leakage
Among them were the four line-post pin insulators onceurrent. The reduced level of the leakage current was fed to the
installed in a rural distribution feeder of Korea Electric Poweiecorder.

Corporation (KEPCO). We tested the “unhealthiness” of A Racal V-Store 16 instrumentation recorder [8], configured
each insulator in the insulation level by measuring insulatiokith frequency-modulation (FM) signal electronics, was used to
current, percent power factor, and capacitance between the i@gerd the leakage currents and the impressed voltage on VHS
of an insulator and the grounded metal pin of the insulatdfideocassette tape. The sampling frequency of the signal was
The impressed voltage level to the clamp attached on the tBpkHz. National Instrument’s virtual instrument software with
of the insulator was selected as the nominal phase voltadfgenhanced input/output (I/0) interface card, AT-MIO-16-E-1,
level of KEPCO feeders, 13 kV, at the frequency of 60 Hxvas used toretrieve the stored analog signal from the video tapes
The insulation level measurement was done using a M4080d convert the analog data to a digital format. The digitized
automated insulation analyzer [6]. The analyzer automaticafi?ta in binary format were later sent to Howard University for
measured and displayed insulation current (1), power loss (Rpalysis.

percent power factor (pf), and capacitance (C) of the object

insulator. In addition to the four faulty insulators, the insulation IV. ANALYSIS OF THE LEAKAGE IMPULSE DATA

level for a normal and healthy insulator was measured, in ordefrne analysis of the digitized data of the staged insulator tests
to compare with those of the faulty insulators. The insulatiaas carried out at the Center for Energy Systems and Control
test results are shown in Table I. From the table, it is seen ”Q@tESaC) at Howard University. The binary data were retrieved
insulator 3, with the highest magnitude of current and powgh converted to text format using National Instrument’s Lab-
loss, is the unhealthiest one, and this faulty insulator is thgaw® software and an enhanced I/O interface card [9]. The
primary object of the microscopic analysis. text-formatted data were imported to Microsoft Exehviron-
ment. The analysis using the spreadsheet software was focused

B. Staged Tests on the inception point and location of the leakage impulse cur-

The main purpose of the staged tests on the faulty insulent against the impressed phase voltage. Since the period of
tors was to investigate the leakage current behavior, and eversampling was 0.1 ms, only the impulses of longer than 0.1-ms
ally find some decisive parameters for early detection of failinguration were recorded; this investigation is limited to the im-
insulators. One of the new parameters selected for the behpuises longer than that duration.
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Fig. 3. Sinusoidal voltage and leakage current waveform.

Fig. 4. Leakage impulse current on elliptic time base.
This paper only reports the results of the analysis of the un-

healthiest insulator, the faulty insulator 3, which showed a con-
sistent leakage impulse behavior in inception point and location
in several tests under dry and wet conditions. The magnitude of 0.1t
the impulse currents, however, varied wildly in a test, and from

a test to another, an impulse magnitude reached up to 1000 mA

in a test, while others barely touched the level of 30 mA. To 0.0
analyze the impulse current in a wide range, we separated the

impulses in two groups—strong impulse current and weak im-

pulse current—by a threshold level of 100 mA. The 100-mA -0t
threshold level was selected because the magnitude lower than
the value could be hardly recognizable without decreasing the ‘ . ‘ L
scale factor. This section reports the strong and weak impulse §10082008300 64008500
current behaviors under dry and wet conditions. Sample Numoers

Magnitude Scale
A. Leakage Impulse Behavior in Dry Condition

1) Strong impulse current: A portion of the leakage current
and the sinusoidal voltage waveform, depicted in Fig. 3, shows
four strong impulses. It could be seen that the inception points
of the impulses are both either at positive or negative peak, and
between a zero crossing and a negative peak of the voltage. The
magnitudes of the impulses are in the range of 100 to 900 mA.
However, the durations of the impulses are not clearly shown.
Changing the scale factor of the axis of the sample number
would show the impulse duration; however, it would not show
all of the impulses, since the reduced scale will show only the
much smaller portion of the waveform. In the time-domaiﬁig- 5. 'I_'ime-domai_n‘ waveform and phase-time diagram of weak leakage

. impulses in dry conditions.
waveform, a tradeoff between the numbers of data point aht
the level of resolution will have to be chosen, since they are
negatively related. The phase-time diagram indicates the exact inception points

To display the inception point and the duration of the impulsend the durations of the leakage impulses with higher precision:
current against the sinusoidal voltage in a satisfactory resotwo leakage impulses are 1-2 ms before the peaks and the dura-
tion, the “phase-time” diagram was adopted, which superirtions of all impulses are between 0.25-0.5 ms. The phase-time
poses the leakage impulse current to the impressed voltage dizgjram has a distinct advantage over the regular time-domain
draws them on an elliptical time base [10]. The ellipse is positaveform in depicting a large amount of leakage impulse data
tioned in such a way that the top and bottom coincide with thivéithout losing the necessary resolution for the discernment of
plus and minus crests of the voltage sine wave, and the entii& inception point and duration.
with the zero crossings. 2) Weak impulse currents: A time-domain waveform of the

For 60-Hz voltage phase, it is approximately 8.33 ms fromeak leakage impulses of approximately 500 samples, and the
one end to the other end of the ellipse and about 4.17 ms fremase-time diagram are shown in Fig. 5.
one end to the top or the bottom. The durations in time are equiv-The magnitudes are much smaller than those of the strong
alentto the durations in phase angle of 180 arfd 8pectively. impulses; therefore, even the phase-time diagram cannot clearly
Fig. 4 is the phase-time representation of the time-domain waskscriminate the leakage currents and the normal background
form of the voltage and leakage current shown in Fig. 3. noise. However, impulses of approximately 2 ms in length could
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Fig. 6. Time-domain waveform and phase-time diagram of strong leakage
impulses in wet condition.

Fig. 7. Time-domain waveform and phase-time relationship diagram of weak
impulses in wet conditions.

be seen both near the positive peak, and between positive peak
and zero crossing.

=1 Strong/ry = StrongWet

B. Leakage Impulse Behavior in Wet Conditions © Weakitry = wewver

1) Strong impulse current: Fig. 6 illustrates the time-domain
waveform and the phase-time diagram of a portion of the strong
leakage impulse currents sampled from the faulty insulator
under wet conditions.

The phase-time diagram shows four long and three short
pulses: the long ones last for 2—-3 ms and the short ones, for 0.5
ms. The pulses’ inception points are various: at a zero crossing,
just after a peak, a quarter cycle before a zero crossing, and a
quarter cycle before a peak. All of the long pulses are donfilg. 8. Phase-plane illustration of the leakage impulse currents of the faulty
nantly negative, and their durations are longer than under di§-'a"
conditions. Under wet conditions, leakage currents are easily
initiated by moisture; therefore, it is expected that leakag®ntrary to the well-accepted assumption that arcs develop near
currents last long and continue sporadically in short pulsdébe peak voltage, the insulator leakage impulses are initiated be-
limited by the rapid heating and consequent evaporation of tfize and after the peak. Since the eventual goal of the leakage
moisture. analysis is to come up with a scheme for the detection of the

2) Weak impulse current: Fig. 7 depicts the time-domaiakage currents, we collectively presented the findings from the
waveform and phase-time diagram of a portion of the weghase-time analysis in the detection point of view in Fig. 8.
leakage impulse currents under wet conditions. The phase-timghe phase-plane diagram indicated the polar-coordinated
diagram indicates two long pulses at the same phase locatigAase angle in degrees and duration in milliseconds. The round
the 2-ms-long pulses are initiated a quarter cycle after thgngs around the origin indicate where, in terms of the phase

positive peak. angle against the voltage, the leakage impulses are generally
] observable and how long they usually last. For example, with
C. Observations the strong impulse under wet conditions, the round band made

Even though the data sets are not big enough to draw a genésathe angles between 325 and 13hd durations between 2
conclusion from the phase-time information of the leakage irahd 3 ms indicate that a strong impulse can be observable at
pulse of the faulty insulator, one very distinct feature was foundny phase location inside the band, and it likely lasts 2—3 ms.
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125 to microscopically characterize the behavior of the leakage
impulses with respect to the voltage phase. The phase-time
i analysis showed the leakage impulses started and existed only
in a distinctive phase band. This finding can be applied to
identify the unhealthiness of the insulators in question. The
insulator status monitoring scheme, which counts only the
impulses passed through a phase-band filter, has great potential,
merged with the existing distribution maintenance program,
to provide a prioritized maintenance scheduling for reliable
electricity supply. More analysis on insulators with different
levels of unhealthiness in other utility systems is needed to

Since the weak leakage impulses are not sufficiently obsealidate the findings reported here.
able, only the strong impulses in dry and wet conditions are con-
sidered for drawing a simple detection rule for faulty insulators.
Except for the small band in the negative half cycle, which in- ACKNOWLEDGMENT
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Fig. 9. lllustration of the insulator status monitoring.
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