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A New Approach to On-Line Monitoring Device for ZnO Surge Arresters

Bok-Hee Lee' , Hyoung-Jun Gil* and Sung-Man Kang*

Abstract - This paper describes a new approach to the algorithm and fundamental characteristics of
the device for monitoring the leakage currents flowing through zinc oxide (ZnO) surge arresters. In
order to obtain a technique for a new on-line monitoring device that can be used in the deterioration
diagnosis of ZnO surge arresters, the new algorithm and on-line leakage current detection device for
extracting the resistive and capacitive currents using the phase shift addition method were proposed.
The computer-based on-line monitoring device can sense accurately the power frequency leakage
currents flowing through ZnO surge arresters. The on-line leakage current monitoring device of ZnO
surge arresters proposed in this work has the high sensitivity compared to the third harmonic leakage
current detection devices. As a consequence, it was found that the proposed leakage current monitoring
device would be useful for forecasting the defects and degradation of ZnO surge arresters.

Keywords: ZnO surge arrester, Leakage currents, Deterioration diagnosis, On-line monitoring device,

Phase shift addition method, Surge protective device.

1. Introduction

The key role of surge arresters in electric power systems
is to protect transmission lines and generation and
distribution equipments from overvoltage and to absorb a
substantial amount of electric energy resulting from
overvoltage, lightning and switching surges. The lightning
surge arrester should be an insulator at any voltage below
the protected voltage, and a good conductor at any voltage
above to pass the energy of the lightning strike to
ground.[1] However, Zinc oxide blocks do not have
infinite impedance so it will draw a continuous quiescent
current at normal working voltage levels. The absorption of
kigh lightning and switching surge voltages can lead to
performance degradation of ZnO surge arresters and
increase leakage currents. The guidelines are need for
electrical engineers to estimate the residual lifetime of
lightning surge arresters in service to improve the
reliability of electric power supply.[2-3].

ZnO surge arresters are well known to lead an increase
of the resistive current with time and the increase of the
resistive current with increasing the applied voltage and
temperature.[4-6] The increase of the leakage currents
flowing through ZnO surge arresters results in a thermally
unstable state that may lead to a serious problem. Therefore,
it is very important to develop a technique for the diagnosis of the
deterioration of ZnO surge arresters in order to maintain normal
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operation conditions. Diagnostic techniques are therefore
essential to assess ZnQO surge arresters in service

Some techniques of monitoring the deterioration of ZnO
surge arresters such as the compensation circuit method
and the third harmonic leakage current detection method
have been developed.[7,8] To ensure the safety and
continuity of power supply, non-contact leakage current
detectors and on-line monitoring techniques are preferred.
The compensation circuit method can detect the resistive
leakage current flowing through ZnO surge arrester blocks
precisely, but it is appropriate in laboratory test rather than
in service. The third harmonic current detection method
can cause some errors by the external factors such as the
harmonic components and the capacitive third order
harmonic current depending on stray capacitance included
in power system voltages and currents.[9].

Thus it is essentially necessary to develop the techniques
of evaluating the degradation of ZnO surge arresters. The
most proper method for diagnosing ZnO surge arresters is
to measure the resistive leakage current in service
immediately. The measurement of the working voltages is
expensive and not possible in actual power systems. In
order to develop a technique for evaluating the
deterioration of ZnO surge arresters in service, this work
focuses on the computer-based on-line monitoring device
that can detect the resistive leakage current flowing
through ZnO surge arresters precisely. The resistive
leakage current measurement is a core factor in diagnosing
ZnO surge arresters. The phase shift addition leakage
current detection device, which can directly extract the
resistive current component from the leakage current
without the measurement of the voltage across the ZnO
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surge arrester in service, was designed and constructed.
The experimental results obtained from the laboratory tests
are presented.

2. A New Approach to Leakage Current Detection

The behaviors of a ZnO surge arrester without gap are
explained by the equivalent circuit of the series-parallel R-
L-C networks as illustrated in Fig. 1. This may be used for
predicting the dependence of leakage current on applied
voltage and frequency.[10]

Lead
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R ZnO grain

l Intergranular
T layer

Fig. 1 Equivalent circuit of ZnO surge arrester block.
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The series resistance R, indicates ZnO grain resistance.
The series inductance L is due to packaging and the length
of the leads. Because the inductance of 1 uH/m is assumed,
the effect of the inductance is negligible. The parallel
resistance R, (¥, /) is weak frequency-dependent and strong
voltage-dependent, and the resistance R; (V, f ) is strong
frequency-dependent and weak voltage-dependent. The
capacitance C is weakly dependent on the applied voltage,
temperature and frequency.
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Fig. 2 Typical waveforms of the applied voltage and
leakage currents measured by the compensation
circuit leakage current detection device: Vg is the
applied voltage, Ir the total leakage current, /- the
capacitive current, and [p the resistive leakage
current.

At low voltages, losses are determined by R, (V, /), but,
at high voltages, losses are governed by R,(V, f). Also, at
very high conduction domain, the behaviors of ZnO surge
arrester blocks are chiefly characterized by the grain
resistance R,. ZnO surge arrester blocks behaves like a
parallel RC network at working voltage levels. That is, the
ZnO arrester block leakage current under power frequency
voltage is composed of the resistive and capacitive
components.

Fig. 2 displays typical waveforms of the applied voltage,
total leakage currents, capacitive and resistive currents
flowing through ZnO surge arrester blocks under a 60 Hz
power frequency voltage. The leakage currents were
measured by the compensation circuit leakage current
detection device in the previous work.[11] The magnitude
of the capacitive leakage current is much greater than that
of the resistive leakage current in the low conduction
domain. Typical magnitudes of the resistive leakage current
of ZnO surge arrester blocks under normal operating
voltages range from 0.05 to 0.250 mA,,.[9].

The capacitive leakage current reveals the fundamental
frequency of the applied voltage and its phase is. 90°
leading. That is, the capacitive current leads the applied
voltage by one-quarter period. The resistive leakage current
is the non-sinusoidal waveform, which has the fundamental
frequency component. Also, the leakage current waveform
in the positive half period is the same as that in the
negative half period. The peak points of the resistive
leakage current under power frequency voltage are
consistent with those of the applied voltage. The phase
shift addition method, which can find the peak time of the
voltage across the surge arrester without measuring the
applied voltage, is proposed. Waveforms of the applied
voltage, measured leakage current, phase-shifted current,

Vertical axis;: 1 : 5 kV/div, 2~6: 0.5 mA
Horizontal axis; 5 ms/div

Fig. 3 Waveforms of the applied voltage, measured
leakage current, calculated capacitive and resistive
leakage currents: 1 Applied voltage; 2 Total leakage
current; 3 Phase-shifted current by a quarter period;
4 Addition current; 5 Capacitive current; 6
Resistive current.
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calculated capacitive and resistive leakage currents for the
purpose of the explanation of the phase shift addition
method were shown in Fig. 3.

The sequences for calculating the peak time of applied
voltage and the resistive and capacitive currents from the
measured leakage current are as follows; @ The leakage
current flowing through ZnO surge arrester blocks at the 60
Hz power frequency voltage is measured. ® The measured
leakage current is shifted by one-quarter period with
lagging phase. (© The 90° lagging phase-shifted leakage
current is added to the measured leakage current. The peak
points of the current waveform obtained by adding the 90°
lagging phase-shifted current to the measured leakage
current are consistent with those of applied voltage as seen
in Fig. 3. (@ The peak value of the resistive leakage
current corresponds to the value of the measured leakage
current at the instant of the peak time of the added current
waveform. (& The resultant resistive and capacitive
leakage currents are calculated by combining the measured
and phase-shifted leakage current waveforms. The
algorithm for calculating the resistive and capacitive
currents is described in Sec. 3.2.

3. Monitoring System
3.1 Measurement setup

The leakage currents flowing through a ZnO surge
arrester blocks at the power frequency voltage are
composed of the resistive and capacitive leakage currents.
Nonlinear V-] characteristic curves of ZnO surge arresters
are changed by the deterioration that is becoming clear to
detect the resistive component and/or the third-order
harmonic of the leakage current. The total leakage current
is of no interest for the degradation of ZnO surge arrester.
On-line monitoring systems must detect the variations in
the resistive leakage current with time. The resistive
leakage current at the power frequency voltage is extracted
by subtracting the capacitive current component from the
1otal leakage current.

Zn0 L.C.D.
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Fig. 4 Configuration of the leakage current detection
device using the phase shift addition method.
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Fig. 4 shows a configuration of the computer-based
leakage current detection device using the phase shift
addition method. This approach is not in need of the third-
order harmonic current detection, the capacitive current
compensation and the measurement of working voltages.
The on-line leakage current monitoring device based on the
phase shift addition method in service is composed of two
parts. One is the signal sensing and processing part
composed of the leakage current sensor, the differential
amplifier and the low pass filter, and the other is the A/D
converter and personal computer. The current sensor signal
is amplified and integrated, resulting in a signal which is
proportional to the ZnO leakage current. The phase shift
addition method is not need to take out ZnO surge arresters
from the power systems under test.

Experiments were performed on ZnO arrester blocks
taken from the 18 kV-rated distribution surge arresters, and
the specifications of the specimens used in this work were
tabulated in Table 1.

Table 1 Specifications of the ZnO blocks used in this work

Diameter 33 [mm]
Thickness 29 [mm]
Rated voltage 3 [KVims]
Rated discharge current 5 [kAcrest]
Maximum continuous working 2.55 [KV,]
voltage
Nominal conduction voltage { DC 5.0~5.39 [kV] at 1 [mA]

3.2 Algorithm for control of data processing and
acquisition

The ZnO leakage current is measured by the current
probe. The current signal is processed by the differential
amplifier and the low pass filter before entering the A/D
converter. Filtered leakage current signal is converted to
digital signal by the A/D converter.

Fig. 5 shows a circuit diagram of the micro-processor
unit for signal processing. The microprocessor unit consists
of the A/D converter with resolution of 10 bit, the clock
frequency of 16 MHz and the data bus of 8 bit. The current
signals transmitted at the A/D converter are divide into the
total leakage current and resistive components by the
proposed algorithm calculating the time at the peak voltage
using phase shift addition method, and the peak values of
the total and resistive leakage currents are displayed on the
4x12 line LCD. Also, the waveforms of the total, resistive
and capacitive leakage currents calculated by the proposed
algorithm are displayed on PC monitor. The green LED is
on under normal operating states. When the ZnO leakage
current is greater than the nominal conduction current of 1
mA, the green LED is on and the red LED is off.
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Fig. 5 Circuit diagram of the micro-processor unit.

As shown in the block diagram of Fig. 6, the algorithm
for the phase-shift addition leakage current detection
method could be summarized as follows;

Afier measuring the total leakage current signal [fw?)],
the software calculates the phase-shifted current waveforms
[Awt-n/2)] delayed with respect to the total leakage current
as a quarter period [&=m/2]] of working frequency. Here,
we can give the addition waveforms [f{of)+Awt-n/2)]. The
value of the total leakage current at the phase [6,]
corresponding to the peak value of the addition waveform
is the peak value of the resistive current [{6,)] and the
value of the total leakage current at the phase [, +n/2]
prior to the one-quarter period of 6, is the peak value of the
capacitive current [f{£,tn/2)]. Because the fundamental
frequency of the capébitive current is the same as the
addition waveform, the capacitive current waveform can be
calculated. As a result, the resistive current waveform is

total leakage current.

4. Results and Discussion

4.1 Leakage currents calculated by the phase shift
addition method

To display the leakage current waveforms on PC
monitor transmitted from the on-line monitoring system
using the phase shift addition method, the program using
LabVIEW tools for analyzing the leakage currents of ZnO
surge arresters was developed. The total leakage current
waveform, its phase shift waveform by a one-quarter, the
addition waveform of the above two waveforms, and the
waveforms of resistive and capacitive currents are
displayed on the user screen of the monitoring software.

. o ig. 7 show i measur 1 n
extracted by subtracting the capacitive current from the Fig shows typical measured leakage current
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i Ir
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Fig. 6 Block diagram for the algorithm of the phase shift addition method.
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waveforms, their phase-shift current waveforms by a one-
quarter, the waveform produced by adding the phase-shift
current to the measured leakage current waveform and the
calculated resistive and capacitive current waveforms. Also,
these waveforms can display simultaneously on the same
screen.

When the voltage of 3.4 kV s is applied, then the peaks
of the resistive leakage currents are approximately equal to
those of the capacitive current. But, the phase difference
between the resistive and capacitive currents is one-quarter
period. The distortion of leakage current waveform
becomes more severe with increasing the applied voltage.
The peaks of the resistive leakage current at higher voltage
levels is greater than those of the capacitive current as is
shown in Fig. 7(b). Also, the peak value of the resistive
leakage current at the applied voltage of 3.7 kV,y is
approximately 0.55 mA,, approximately 2 times compared
to the value at the applied voltage of 3.4 kV ;. In addition,
the peak values of the resistive leakage current waveform
calculated from the phase shift addition method are good
agreement with those of the measured leakage current.
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Fig. 7 Typical measured leakage current waveforms, their
phase-shift current waveforms, the waveform
produced by adding the phase-shift current to the
measured leakage current waveform and the
calculated resistive and capacitive
waveforms.

current

We can see clearly in Fig. 7 that the measure leakage
current at the peak phase of the resultant waveform
obtained by adding the phase shift current to the measured
leakage current is the same as the peak value of the
resistive leakage current. It may therefore be concluded
that the resistive leakage current can be directly calculated
from the measured leakage current using the proposed on-
line leakage current monitor based on the phase shift
addition method.

4.2 Changes in the ZnQ arrester block leakage currents

Measurements of the responsitivity of the proposed
phase shift addition leakage current detection device were
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carried out at the 60 Hz power frequency applied voltage.
Also, the performance of the phase shift leakage current
detection device was compared with that of the third-order
harmonic leakage current detection device and the leakage
current detection device with compensation circuit. V-1
characteristic curves obtained by the different measuring
methods were illustrated in Fig. 8. Data of the V-I curves
indicate the peak values for both the resistive leakage
currents and applied voltages. The third-order harmonic
component of the leakage current flowing through ZnO
arrester block using the third-order harmonic leakage
current detection device proposed in the previous work,
was plotted for comparison.[12] The results of the resistive
leakage current measured by the phase shift addition
method are good agrecement with the data by the
compensation circuit method.

Reference voltage
—=a—Third-harmonic detection device
1y —e— Phase-shift addition method

—a—Compensation circuit detection method

0.01 0.1 1 10
Resistive current [mA ]
Fig. 8 Leakage current of the ZnO arrester block as a
function of applied voltage.

The V-I characteristics of ZnO surge arrester blocks are
classified into two categories of the low and high
conduction regions. At the applied voltage of lower than
the reference voltage, the leakage voltage is nearly
proportioned to the applied voltage and the ZnO blocks
behave like a lumped resistor of high resistance. But, in the
high conduction region, the leakage current increases
steeply with the applied voltage. The degradation of ZnO
surge arresters leads to an increase of the resistive leakage
curtent that includes amcunt of the third harmonic current.
i.e., degraded ZnO arrester blocks have larger values of the
resistive current and the third-order harmonic than fine
ones. The detection of the resistive and third harmonic
leakage currents may be desirable to evaluate the
deterioration of ZnO surge arresters.

Also, the response curve of the phase shift addition
current detection device is similar to that of the
compensation circuit method that is proper to detect the
resistive leakage current flowing through ZnO blocks
accurately. The proposed leakage current monitoring
device based on the phase shift addition method has a high

sensitivity compared with the third-harmonic-current-
measuring devices. In a word, the diagnosis of the
deterioration of ZnO surge arresters is performed in the
low conduction region. The magnitude of the resistive
leakage current is significantly higher than that of the 3rd
harmonic current. Consequently, it can alternatively be
used for the deterioration diagnosis of ZnO surge arresters.

5. Conculsion

The new ZnO arrester leakage current detection device
based on the phase shift addition method together with a
data acquisition system and analysis program was
developed. The computer-aided leakage detection device
using the phase shift addition method can directly measure
the resistive leakage current flowing through ZnO surge
arrester without measuring the voltage across the surge
arrester in service. The response sensitivity of the leakage
current detection device was considerably improved. As a
consequence, this leads to the conclusion that the
developed on-line monitoring device of ZnO arrester block
leakage current is applicable to provide the accurate
degradation diagnosis and simplified on-site testing
equipments of ZnO surge arresters in actual power systems
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