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Abstract: Metal oxide varistors (MOVs) are widely used to protect electrical and electronic devices
that are very vulnerable to surges due to the low insulation level of the equipment. MOV deteriorate
gradually due to manufacturing defects, mechanical and thermal stress, or repeated protective
operations against surges. These defects result in the thermal runaway of MOV and finally lead to the
explosion and electric fire of electrical and electronic devices due to a short circuit and a line-to-ground
fault. Therefore, the reliable assessment of the condition of MOV deterioration is required for electrical
and electronic equipment. However, when most accelerated degradation tests for the MOV have
been performed to date, an 8/20 ps standard surge current is applied under de-energized conditions,
which is unlike the actual operating environment. In this study, a surge generator was designed
to apply a surge current to MOVs to monitor their deterioration. Three different types of leakage
currents were measured to analyze the change rates of their electrical characteristics of MOVs by
comparing them with the reference voltage variation. Furthermore, the condition assessment of MOV
deterioration under energized and de-energized conditions was investigated.

Keywords: metal oxide varistor; deterioration; condition assessment; power semiconductor devices

1. Introduction

As the fourth industrial revolution has begun in earnest, a large amount of electrical and
electronic equipment is being used in various fields in addition to advanced mechanical devices.
Power semiconductor devices, which are composed of electrical and electronic devices, are very
vulnerable to surges due to their low insulation level. A metal oxide varistor (MOV) for high voltage
is connected in series or parallel in the circuit to protect the low-voltage electronic devices from
surges [1,2]. However, the MOV deteriorates gradually due to manufacturing, mechanical and thermal
defects or repeated protective operations against surges [3-5]. These defects cause the thermal runaway
of MOV and finally result in a short-circuit and a line-to-ground fault, leading to the explosion and
electric fire of electrical and electronic devices [6,7]. Replacing a defective MOV at an early stage
is very important because the failure of electronic devices can result in the unexpected cessation of
electrical and electronic equipment operation when the MOV deteriorates. In addition, there are no
specific deterioration criteria for replacing a MOV, and most are replaced at the same time or along
with defective MOVs found by visual inspection [8]. Therefore, the reliable assessment of the condition
of MOV deterioration is required for electrical and electronic equipment.

When a MOV has degraded, the leakage current increases while the reference voltage
decreases. When the reference voltage changes by more than 10% compared with the initial value,
MOV deterioration can be determined [9,10]. On-line measurement for the reference voltage, however,
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is impossible, and the MOV is separated for off-line measurement. Besides, an accelerated degradation
test must be performed to analyze the MOV deterioration. To date, when most accelerated degradation
tests for the MOV are performed, an 8/20 ps standard surge current is applied under de-energized
conditions, which is unlike the actual operating environment [11]. Therefore, it is essential to select the
optimal parameter instead of the reference voltage and to perform the accelerated degradation test
under energized conditions to evaluate MOV deterioration reliably [12].

This paper consists of five sections: Introduction, Surge Generator, Analysis of MOV Characteristics,
Assessment of MOV Deterioration, and Result and Discussion. A surge generator was designed
and fabricated for an accelerated degradation test. The surge generator applies the 8/20 us standard
surge current, which can be synchronized with the AC power-frequency voltage to replicate the
actual MOV operating environment. Three leakage currents were used to analyze the variation of
electrical characteristics in the deteriorated MOVs, comparing this with the reference voltage variation.
Furthermore, a condition assessment of the MOV deterioration under energized and de-energized
conditions was performed [6,13].

2. Surge Generator

2.1. Design and Fabrication

Figure 1 shows the configuration used to generate a surge current and the photograph of the
fabricated surge generator. The circuit is composed of a coupling and decoupling network (CDN)
used to apply a surge current to MOVs under energized conditions to simulate the actual operating
environment of a MOV. To protect power lines and other equipment from a surge current, capacitor
C2 is used for the coupling network with a high impedance system to block AC source transmission
into the surge generator, in addition to a low impedance system used for protection when a surge
current with a high-frequency component flows into the MOVs. In contrast, the decoupling network
operates as a high impedance system to block a surge current flowing into the AC power source and as
a low impedance system to apply an AC power source to the MOVs. Capacitor C1 is charged by a
high voltage direct current (HVDC) source when switch SW2 is turned on, and the surge waveform is
adjusted by resistor R2 and inductor L1; surge current flows into the coupling system when switches
SW3 and SW4 are turned on. When switch SW1 is turned on, the residual charge remaining in the C1
is discharged by resistor R1. Finally, the surge generator can apply a surge current continuously to
accelerate MOV deterioration under the energized condition. The algorithm was designed based on
the LabVIEW program for the reliable and precise operation of switches, and all switches are based on
a pneumatic cylinder for electrical insulation.
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Figure 1. Surge generator: (a) circuit; and (b) photograph. MOV. metal oxide varistor; SW. switch.

2.2. Surge Waveforms

The current waveform of the surge generator fabricated in this study is shown in Figure 2.
The surge current flows from the surge generator while the AC power source is applied to the circuit
with CDN. Figure 2a shows the surge waveform with the AC power source. The surge current is well
coupled on the AC power source and satisfies a tolerance of +20% for the virtual front time of 8 us and
the time to a half-value of 20 us according to IEC 61000-4-5 [8]. The surge current, MOV clamping
voltage, and absorbed energy are shown in Figure 2b. The clamping voltage and absorbed energy

were 1360 V and 150 ], respectively, when a surge current with a magnitude of 10 kA was applied to
the MOV samples.
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Figure 2. The current waveform of the surge generator: (a) surge waveform imposed on AC source;
and (b) surge waveform.

3. Analysis of MOV Characteristics

3.1. Electrical Parameters

To determine MOV deterioration, off-line and on-line measuring methods were used. The reference
voltage—one of the off-line measuring methods—is the voltage across the varistor when a current of
1 mA as a reference current flows into the varistor, as specified in the IEC 60099-4 [14]. In addition,
the MOV degradation is defined by a 10% decrease of reference voltage in the IEC 61643-311 [15],
and then the MOV should be replaced to protect the circuit, including electrical and electronic devices.
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A leakage current is one of the effective electrical parameters for on-line measurement. The total leakage
current is composed of a resistive leakage current and capacitive leakage current due to the equivalent
model connected with a resistor and capacitor in the circuit. The resistive component increases and the
capacitive component does not change when a MOV deteriorates. Therefore, the resistive component
of the total leakage current is a very important indication of MOV deterioration. The third harmonic
component, however, is widely used to determine MOV deterioration since the resistive component
is much less than that of the capacitive component and cannot be measured directly. The third
harmonic component increases due to the distortion of the total leakage current waveform as a resistive
component with the degradation of MOV and is easily acquired. Table 1 shows the strengths and
weaknesses of electrical parameters for determining MOV deterioration.

Table 1. Strengths and weaknesses of electrical parameters in MOV diagnosis.

Electrical Parameters Strengths Weaknesses

Reference voltage Useful for replacing MOVs Impossible for on-line measurement
Total leakage current Easy for on-line measurement Difficult to determine MOV degradation

due to small change rates
- Easy to determine MOV degradation due to Impossible to be measured directly for
Resistive leakage current .
large change rates on-line measurement
Third harmonic component Easy for on-line measurement Easily affected by electrical devices

3.2. Experimental Set-Up

To measure the electrical parameters of MOV samples, an experimental set-up was used, as shown
in Figure 3. Data acquisition (DAQ) and digital oscilloscope (DSO) were used to measure the total
leakage current and the third harmonic component. Additionally, a low-pass filter and a fast Fourier
transform were used to eliminate an external noise signal. To detect the resistive leakage current,
a digital multimeter (DMM) was used when the HVDC switch was turned on. The reference voltage
was measured by surge protector test set (Model 4030, BOURNS, Riverside, USA). Table 2 shows the
two MOV samples with different specifications used in this study.

)8
[
l = o
s urge Protector
\7 \ MOV - Test Set
B DMM @
& —
220V ac HVDC é
R
Figure 3. Experimental configuration.
Table 2. Specification of MOV samples.
Specification Sample A Sample B
Model V511BA60 B60K460
Maximum continuous operating voltage (MCOV) (V) 510 460
Reference voltage (V) 820 750
Peak surge current (kA) 70 70

Clamping voltage (V) 1300 1240
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The test conditions used to compare the deterioration characteristics of MOVs in the case of high
voltage under two energized conditions—simulating the actual MOV operating environment and the
de-energized condition which contrasts with the actual MOV operating environment—are shown in
Table 3. The maximum absorbed energies with a surge current of 10 kA gradually decreased when the
applied power—frequency voltage increased. The tests were performed after every about 100 k] was
applied until the reference voltage of the MOV decreased 15% more than its initial value.

Table 3. Test conditions for MOV samples.

Conditions Sample A Sample B
Surge current (kA) 10 10
De-energized (V) Energized 0 220 510 0 220 460
AC power-frequency source (V) MCOV (V)
Total absorbed energies (kJ) 800 650 500 1200 900 600

4. Assessment of MOV Deterioration

In the non-energized condition, Figure 4 shows the change rates of the electrical parameters
and the electrical parameters of Samples A and B changed with the absorbed energies in Table 4,
respectively. The reference voltage of Samples A and B decreased 15% after 800 kJ and 15% after
1200 kJ. The unit of y-axis in the figure is amplitude unit (A.U.). The resistive leakage current and
the third harmonic component increased significantly, while the total leakage current did not change
significantly. The third harmonic components of Samples A and B increased to more than six times
their initial values, whereas the resistive leakage currents also increased to 18 and 27 times their initial
values, respectively; however, it was difficult to determine the MOV degradation due to the small
change rates with absorbed energies.
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Figure 4. Change rates of electrical parameters with absorbed energies at 0 V AC: (a) Sample A; and (b)
Sample B.

When 220 V AC was applied, the change rates of their electrical parameters are shown in Figure 5
and the electrical parameters of Samples A and B were changed with the absorbed energies in Table 5.
The reference voltage of Samples A and B decreased 15% each after 650 k] and after 900 k]. The resistive
leakage current and the third harmonic component increased significantly while the total leakage
current did not change significantly. The third harmonic components of Samples A and B increased
to more 10 times each their initial values, whereas the resistive leakage current changes were still
insignificant. Compared with the de-energized condition, the absorbed energies of Samples A and B
decreased 150 and 300 k], respectively, until the reference voltage decreased to approximately 15%.
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Table 4. Change rates of electrical parameters with absorbed energies at 0 V AC.
Energy (k]) 0 100 200 300 400 500 600 700 800 1000 1200
Veu (V) Sample A 801 778 755 743 726 721 709 704 679 - -
Ref
¢ SampleB 765 751 734 724 719 714 711 703 700 669 644
It (uA) Sample A 652 655 656 658 660 660 671 681 676 - -
TR
SampleB 529 531 534 536 538 539 539 539 540 541 550
T (1A) Sample A 014 054 077 093 119 145 199 235 245 - -
R (K.
SampleB 031 0.67 109 149 196 222 237 287 317 506 848
I (1A) Sample A 385 103 130 142 156 172 184 209 216 - -
3rd (M-
' SampleB 483 86 116 154 172 173 175 188 193 212 292
5 ‘ . —-I—V,M : Iy I—o—lR '—v—lw - %5 —"—chf, : Iy +1|1< ——I3q
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Figure 5. Change rates of electrical parameters with absorbed energies at 220 V AC: (a) Sample A;

and (b) Sample B.

Table 5. Changes of electrical parameters with absorbed energies at 220 V AC.

Energy (k]) 0 100 200 300 400 500 600 650 700 800 900

Veu (V) Sample A 789 749 733 719 708 703 688 670 - - -
SampleB 762 744 733 721 718 676 676 672 667 651 641

It (1A) Sample A 711 712 716 715 717 720 724 728 - - -
SampleB 524 525 529 532 538 552 555 554 552 556 560

T (4A) Sample A 018 117 166 212 231 288 421 508 - - -
SampleB 029 089 112 151 207 353 342 361 37 414 643

T (WA) Sample A 478 156 183 209 214 226 249 261 - - -
SampleB 393 11,6 116 137 168 223 243 248 251 278 283

Figure 6 shows the change rates and electrical parameters of Samples A and B with absorbed
energies at the maximum continuous operating voltage (MCOV) shown in Table 6. The reference
voltage of Samples A and B decreased 15% after 500 k] and 15% after 600 kJ. The total leakage current,
resistive leakage current, and the third harmonic component had the same tendency of increasing and
decreasing in correlation with the absorbed energies under the de-energized condition and 220 V AC.
The absorbed energies of Samples A and B decreased by 150 and 300 k], respectively, compared with

the 220 V AC condition.
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Figure 6. Change rates of electrical parameters with absorbed energies at MCOV: (a) Sample A;

and (b) Sample B.

Table 6. Changes of electrical parameters with absorbed energies at MCOV.

Energy (kJ) 0 100 200 300 400 500 600
Sample A 778 713 698 682 672 661 -
VRef (V)
Sample B 756 727 711 684 674 668 642
Sample A 705 707 710 724 739 740 -
It (nA)
Sample B 513 514 519 516 519 516 533
Sample A 0.18 1.17 2.01 3.52 4.52 5.71 -
Ir (nA)
Sample B 0.28 0.86 0.83 1.38 1.48 1.97 3.01
Sample A 4.67 15.6 20.5 23.1 27.0 29.2 -
I3rq (HA)
Sample B 6.0 10.0 10.3 13.6 13.5 15.7 19.1

To analyze the change rates of electrical parameters with MOV operating conditions, Figure 7
shows the comparisons of change rates in electrical parameters with MOV operating conditions. It can
be seen that the MOV deteriorated more quickly when the magnitude of the MOV operating voltage
was at the same absorbed energy. The absorbed energies of Samples A and B decreased from 800 to
500 kJ and from 1200 to 600 kJ, respectively, at the MCOV compared with the de-energized condition
until the reference voltage decreased to about 15%. The results of the experiment show that a 15%
reduction of the reference voltage in the energy-accredited state of absorption, which is judged to be a
major degradation factor, occurred in the energy-concentration state alone, and about twice the amount
of energy consumed, or 1200 kJ, was required to absorb 1200 kJ of energy. Accordingly, the total leakage
current, the leakage current of the resistor, and the leakage current of the third harmonic component

could be seen to increase to suit the degree of deterioration.
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Figure 7. Comparisons of change rates in electrical parameters with MOV operating conditions: (a)
reference voltage; (b) total leakage current; (c) resistive leakage current; and (d) third harmonic current.

5. Results and Discussion

The existing accelerated degradation test for evaluating MOV deterioration is performed by off-line
measurement under de-energized conditions. However, an on-line method is essential to evaluate
MOV deterioration reliably, since the deterioration of MOVs progresses under energized conditions.

In this study, a surge generator with CDN was designed and fabricated to apply a surge
current to MOVs under energized conditions to simulate an actual MOV operating environment.
Besides, three parameters—total leakage current, resistive leakage current, and third harmonic leakage
component—were measured under energized conditions and compared with the reference voltage
under de-energized conditions to select the optimal parameter for evaluating MOV deterioration in an
actual operating environment.

Compared with the de-energized condition, it was confirmed that the MOV deteriorated more
quickly under energized conditions—such as AC power frequency voltage and MCOV—than under a
de-energized condition. The absorbed energies of Samples A and B at MCOV were reduced by 300 and
600 kJ, respectively, until the reference voltage decreased to about 15%.

The total leakage currents of the three measured parameters are not suitable for on-line
measurement due to the small change rates compared to reference voltage changes. The change rate of
the resistive leakage current is the largest of the parameters, but its detection circuit is complicated and
it has low accuracy due to its initial value being too small. However, the third harmonic component
can be useful for the on-line measurement of MOVs because it changes significantly and can be
easily detected.

From the results, it was confirmed that the level of MOV deterioration was different between
de-energized conditions and energized conditions and that the optimal parameter for on-line
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measurement was the third harmonic component. Therefore, the results in this paper can be expected
to be useful as basic data for the evaluation of MOV deterioration in an actual operating environment.
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