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Condition monitoring and deterioration
analysis of metal oxide varistor

Guoming Wang*, Woo-Hyun Kim*, Jong-Hyuk Lee**, Gyung-Suk Kil"

With the growing demand for application of metal-oxide varistor (MOV) in low-voltage electronic circuits for overvoltage
protection, it is necessary to ensure its performance to avoid the short-circuit and the line-to-ground fault during operation.
In this paper, a precise leakage current analyzer was developed to detect the total leakage current and third harmonic
component of MOV for its condition monitoring. The voltage- and temperature-dependent measuring uncertainties were
compensated using the multipliers. In addition, the deterioration characteristics of the MOV and the newly developed
thermally protected metal-oxide varistor (TMOV) were investigated in the accelerated aging test. From the experimental
results, the MOV deteriorated much faster under the lightning current impulse synchronized with power-frequency voltage.
The thermally activated fuse of TMOV exploded under two types of impulses, which indicated that the TMOV is much
more vulnerable and that it is difficult to diagnose the condition of energized TMOV in advance.
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1 Introduction

The metal-oxide varistor (MOV), which has the same
ingredient and function as the metal-oxide surge arrester,
protects the low-voltage electronic devices from light-
ning strike and switching surge by clamping the induced
overvoltage to a level below the basic impulse insulation
level of equipment. It has obvious advantages of high
non-linearity, large energy absorption ability, and fast
response. However, the MOV degrades gradually when
subject to operating voltage, impulse current, and envi-
ronment stress [1-3]. Left without check, the degradation
progresses and finally results in the thermal runaway of
the MOV, leading to the short-circuit and line-to-ground
fault of electronic devices [4-5]. In addition, as its volt-
age level and rated peak surge current increase, the MOV
has become increasingly important. Therefore, it is essen-
tial to monitor the condition of MOV to ensure itself and
related equipment to operate safely and reliably.

The newly developed thermally protected metal-oxide
varistor (TMOV), which is a new type of MOV, is com-
posed of a thermally activated fuse connected in series
with a conventional MOV. It can disconnect itself from
the circuit in the event of overheating due to excessive
impulse current or deterioration of MOV, preventing sus-
tained follow current through the varistor. Until now,
fewer studies have been carried out to investigate the de-
terioration characteristics of TMOV. In this paper, a har-
monic analyzer for on-line condition monitoring of MOV
was developed. Furthermore, the deterioration character-
istics of the MOV and the newly developed TMOV under

surge current and surge synchronized with operating volt-
age were investigated.

2 Condition monitoring of MOV

Various off-line and on-line methods, including the ref-
erence voltage [6-7], leakage current [8-14], power loss
[15], voltage-current characteristic, thermal measurement
[16], and electromagnetic field [17], have been presented
for condition monitoring of MOV. The power loss and
voltage-current characteristic methods include the de-
tections of both leakage current and additional voltage
signal, resulting in the complication of measuring cir-
cuit. The thermal measurement and electromagnetic field
methods are suitable for on-line monitoring, however,
complicated data analysis and expensive equipment are
required.

The reference voltage is defined as the voltage across a
MOV at the reference current that is selected by the man-
ufactures [18]. It is at the keen-point of voltage-current
curve of the MOV where the resistive leakage current be-
comes to be predominant in the total leakage current [16].
The reference current is usually in the range of 1 mA —10
mA and is specified as 1mA is this paper. As the varistor
degrades, its reference voltage will increase or decrease
depending on the polarity, and once the value changes
by 10% of its initial value, the varistor is considered to
be end of life and should be replaced [6-7]. However, the
rated reference voltage varies depending on how the ref-
erence current is specified in the voltage-current curve
provided by different manufactures [18]. In addition, the
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Fig. 1. Schematic diagram of the leakage current analyzer

MOV must be de-energized to carry out the measurement
of reference voltage. Therefore, the reference voltage is a
preferable indicator for assessment of MOV but is not
suitable for on-line diagnosis of MOV.

Measurement and analysis of the leakage current have
been regarded as the most effective method for condi-
tion monitoring of MOV. Due to the equivalent model
of the series-parallel connected resistor and capacitor cir-
cuit, the total leakage current of a MOV is composed of a
capacitive component which does not vary and a resistive
component that increases with the degradation of MOV.
Therefore, the resistive component represents the condi-
tion of a MOV. The amplitude of the capacitive leakage
current is much higher than that of the resistive leak-
age current in the low conduction region [10-11]. Since
the resistive current cannot be measured directly, off-line
and on-line methods have been proposed for extracting
the resistive component from the total leakage current.
The circuit introduced in [11] can get the waveform of
resistive leakage current by differentially amplifying the
total leakage current and its capacitive component. How-
ever, considerable measuring error occurs when adjust the
variable capacitor. The same result can be obtained by
shifted current method, where the capacitive leakage cur-
rent is generated by software [10,14]. This method is valid
only when the resistive and capacitive leakage currents
are orthogonal. However, the phase-shift is less than 90
owing to the microvaristor and microcapacitances within
the bulk ZnO material [16]. Due to the nonlinearity char-
acteristic of MOV, the total leakage current contains har-
monic when sinusoidal voltage is applied. On-line condi-
tion monitoring of MOV can be achieved by analyzing
harmonic contents of the total leakage current, which in-
crease with the degradation as the resistive component
but is easily to be acquired

3 Development of a leakage current analyzer

The rapid development of integrated circuit, signal ac-
quisition and processing technique has contributed to the
detection and analysis of leakage current. In this paper, a
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Fig. 2. Frequency responses of one-stage and two-stage amplifier

precise system consisting of an electrostatically shielded
zero-phase current transformer (ZCT), a detection resis-
tor (Rp), an instrumentation amplifier (Amp), and a data
acquisition unit (DAQ) was developed for on-line con-
dition monitoring of MOV, which can analyze the total
leakage current and its third harmonic content. Figure 1
shows the schematic diagram of the leakage current ana-
lyzer.

The leakage current of MOV is as small as a few
hundreds of micro-ampere (pnA) at operating voltage. It
should be amplified properly so that the DAQ can recog-
nize it. The output voltage of amplifier depends on the
resistance value of RO and the gain of amplifier. The wave-
form of output voltage may be clamped if its amplitude is
higher than the supply voltage of amplifier owing to over
amplification. The optimal combination is Ry of 500 €2,
amplifier gain of 80 dB, and supply voltage of 15 V.

The gain of amplifier decreases as the frequency of
input signal increases. As the proposed analyzer is desig-
nated to analyze the third harmonic content whose fre-
quency is 180 Hz, a remarkable frequency response should
be provided to avoid signal attenuation due to improper
design. Figure 2 illustrates the frequency responses of
a one-stage amplifier with a gain of 80 dB and a two-
stage amplifier, each of which has a gain of 40 dB. The
points where the gain starts to decrease are 130 Hz and
10 kHz, respectively. Therefore, the two-stage amplifier
circuit was used.

Figure 3 shows the frequency response of the detec-
tion part, including the ZCT, Ry, and amplifier. It can
be seen that the detection part can measure the leakage
current up to 700 Hz without attenuation, which covers
the frequency of third harmonic content. The frequency
at -3 dB is 5 500 Hz. A calibration experiment was car-
ried out to investigate the linear relationship between the
input current of ZCT (I,) and the output voltage of am-
plifier (Vo). The result is demonstrated in Fig. 4. The
minute total leakage current can be detected with an ad-
equate sensitivity and can be calculated by the following
equation

(mA) (1)
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Fig. 5. Front panel of analysis algorithm

The conventional method uses the band-pass filter for
extracting the harmonic content from total leakage cur-
rent. The inherent frequency response characteristic and
the bandwidth of filter make it difficult for exactly accu-
rate measurement. In addition, several filters are essen-
tial for each order of harmonic content. Therefore, the
software-based fast Fourier transform (FFT) was used.
Only the coefficients corresponding to third harmonic
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Fig. 4. Linear relationship between input current of ZCT and
output voltage of amplifier

content were extracted and further used for signal recon-
struction by inverse FFT. A software-based digital low-
pass filter with a cut-off frequency of 5 000 Hz was also
used to eliminate the background noise. The analysis al-
gorithm was developed based on LabVIEW program and
its front panel is shown in Fig. 5. For automatically run-
ning the functions of standby, signal acquisition, analysis,
and data storage, the standard state machine design pat-
tern was built, which allows distinct states to operate in
a programmatically determined dynamic sequence.

As the total leakage current and its third harmonic
are voltage-and temperature-dependent, measuring un-
certainties may occur when the system voltage and the
environmental temperature change, leading to misjudge
the condition of MOV. For instance, the leakage current
of a seriously degraded MOV at lower voltage is smaller
than that at the normal operating voltage; incorrect inter-
operation may be got if the influence of voltage varia-
tion is not taken into consideration. Therefore, multipli-
ers were used to compensate the measured values to the
standard operating condition, where the continuous op-
erating voltage was 220 V and the ambient temperature
was 20°C. In order to investigate the change of leakage
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Fig. 6. Change of leakage current and third harmonic content: (a) — multiplier against operating voltage, (b) — multiplier against
temperature
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Table 1. Specification of MOV and TMOV

Diameter

Rated peak current

Maximum continuous operating voltage

Reference voltage at 1 mA

Clamping voltage at 8/20 us, 50 A impulse

14 mm
6 kA
AC: 275 V, DC: 350 V
387V -473V

710 V

Table 2. Initial values of electrical characteristics of varistor samples

MOV TMOV
Varistor Impulse Synchronized  Impulse  Synchronized
impulse impulse
Viet (V) 425 437 430 424
It (A) 41.58 42.37 42.14 43.7
Ir (A) 0.93 1.08 1.22 1.02
Is:a (A) 2.15 2.33 3.21 2.39
Current (kA) Current (kA)
2.0 0 Current (kA)
@) 0 ®)
10 1.0 10 ,"ﬂ\
0 0 15 Time (ms) 15.1
Voltage (kV) Voltage (kV)
0.8 0.8
0 20 40 60 Time (u1s) 100 0 10 20 30 Time (ms)
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Fig. 7. Waveforms of current impulses for accelerated aging test: (a) — 8/20 us lightning current impulse, (b) — 8/20 us lightning current

Reference voltage (au)
1.2

impulse synchronized with power-frequency voltage

Leakage current (au)

VRef

@

0 200

400

600 800
Number of impulse (N)

1000

Reference voltage (au)

Leakage current (au)

VRef
—

(b)

0 200

400

600 800
Number of impulse (N)

1000

Fig. 8. Changes of electrical characteristics with impulse number of MOV: (a) — under lightning current impulse, (b) — under synchronized
impulse

current with applied voltage and temperature, the AC 5 hours until its temperature reached the setting value;
voltage was supplied by a power source that was free of and the total leakage current and third harmonic content

harmonics; the MOV was placed in a thermo tank for

were measured. The results are shown in Fig. 6, by which
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Fig. 10. Total leakage current and third harmonic component
waveformes of MOV

the accuracy of proposed harmonic analysis system was
further improved. The leakage current can be compen-
sated by Ioz2ov,200c = ImMi(a)M2(8), where multiplier
1 Mi(«) and multiplier 2 Ms(B) are the voltage and tem-
perature factors, respectively. During on-line analysis, the
voltage value can be easily obtained from the installed
voltage meter or potential transformer and the tempera-
ture value can be acquired from a temperature sensor.

7 Deterioration analyses of MOV and TMOV

For investigating and comparing the deterioration
characteristics of MOV and TMOV, samples with the
same specification shown in Tab. 1 were used. The accel-
erated aging test was carried out using two types of cur-
rent impulses: the 8/20 s lightning current impulse and
the 8/20 us lightning current impulse synchronized with
220 V power-frequency voltage. Figure 7 shows the wave-
forms of current impulses and the voltage across varis-
tors. The current impulse was applied to the varistors in
groups of 100 times with an interval of 1min every time.

After every group, the varistor was cooled for 2 hours at
ambient temperature and the electrical characteristics in
terms of reference voltage (Vget), total leakage current
(IT), resistive leakage current (Ig), and third harmonic
component of total leakage current (Is3;q) were analyzed.

Table 2 shows the initial values of electrical character-
istics of the MOV and the TMOYV used for the accelerated
aging test. Their change rates with number of impulse
were analyzed.

4.1 MOV

The changes of electrical characteristics with the im-
pulse number of MOV are shown in Fig. 8. After 1000
lightning current impulses were applied, the Vger de-
creased to 92.4% of its initial value. The It , Ig , and
I3.q increased to 1.51, 3.27, and 4.11 times of their ini-
tial values, respectively. When subjected to the lightning
current impulse synchronized with the power-frequency
voltage, the deterioration of MOV processed much faster.
Its VRer decreased to 83.8% of the initial value, and the
It , In , as well as the Is,q increased to 2.45, 6.59, and
10.65 times of their initial values, respectively.

The voltage-current characteristics of a new and a de-
teriorated MOV are shown in Fig. 9, from which the de-
crease in reference voltage can be also seen. Although
the MOV was still functional as its reference voltage de-
creased over 10%, it should be replaced since thermal run-
way may occur owing to further deterioration.

(a) (b) (©)

Fig. 11. Photographs of TMOV: (a) — new, (b) — failed under
lightning current impulse, (¢) — failed under impulse synchronized
with power-frequency voltage

Deterioration of MOV resulted in the increase in its
leakage current at the operating voltage, especially in the
third harmonic component of total leakage current. Fig-
ure 10 shows waveforms of the total leakage current and
the third harmonic component of a new and a deteri-
orated MOV. The total leakage current increased from
41.58 pA to 101.75 pA while the third harmonic compo-
nent increased from 2.15 puA to 22.88 pA. In addition, the
waveform of total leakage current was seriously distorted
due to the increase in resistive leakage current.

4.2 TMOV

As the TMOV were subjected to the lightning cur-
rent impulse and the impulse synchronized with power-
frequency voltage, its thermal fuse exploded at the 427
and 194 time of application, respectively. Figure 11 shows
the photographs of new and failed TMOVs. Since more
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Fig. 12. Changes of electrical characteristics with impulse number
of TMOV under lightning current impulse

energy was absorbed under the synchronized impulse, the
TMOV exploded seriously.

Figure 12 shows the changes of electrical character-
istics with the impulse number of TMOV under light-
ning current impulse. Compared with that of the MOV,
the electrical characteristics of TMOV did not change
greatly before the explosionof thermal fuse, resulting in
the difficulty in condition monitoring. The phenomenon
was much worse for the TMOV under impulse synchro-
nized with power-frequency voltage. It is recommended
by the manufactures that the TMOV can substitute the
conventional MOV and provide enhanced reliability by
disconnecting the damaged varistor from the circuit. In
addition, a subsidiary circuit including an LED or an op-
tical coupler can indicate that the TMOYV has failed and
should be replaced. However, based on the experimental
result, it is difficult to real-timely diagnose the condition
of energized TMOV in advance of its failure by monitor-
ing the third harmonic content of total leakage current.

5 Conclusions

In this paper, for the purpose of monitoring the con-
dition of MOV in advance of its failure, an analyzer was
developed to detect and analyze the total leakage cur-
rent and the third harmonic component of total leakage
current. The analyzer was composed of a ZCT, a de-
tection resistor of 500 ) , a two-stage amplifier with a
gain of 80 dB as well as an operating frequency up to 10
kHz, and a DAQ. The third harmonic component was ex-
tracted using the FFT method instead of the conventional
band-pass filter. The multipliers were used to compensate
the voltage- and temperature-dependent measuring un-
certainties, resulting in an improvement in the accuracy
of the analyzer.

The accelerated aging test was carried out by applying
the 8/20 us lightning current impulse and the lightning
current impulse synchronized with 220 V power-frequency
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voltage to investigate and compare the deterioration char-
acteristics of the MOV and the newly developed TMOV.
From the results, deterioration of varistor resulted in the
decrease in reference voltage and the increase in total
leakage current, resistive leakage current, and third har-
monic component. The deterioration of MOV processed
faster under the lightning current impulse synchronized
with power-frequency voltage. In addition, the TMOV
was much more vulnerable when subjected to impulse as
its thermal fuse exploded. Although the TMOV can dis-
connect itself from the circuit in the event of overheating,
it has a shorter lifetime compared with MOV. It is also
difficult to diagnose the TMOV before its failure since the
electrical characteristics do not change greatly.

The results from this paper are expected to improve
the reliability of varistors used in the low-voltage elec-
tronic circuits and to provide suggestions to users for se-
lecting the optimal varistors.
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