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Abstract: In this study, commercially low-voltage MOVs are exposed to switching surges to analyse
and model the relationship between the number of surges and the MOV grain barrier height response.
Repeated slow-front overvoltage transients are used to degrade the protective qualities of metal
oxide surge arrester devices, affecting their reliability and stability. A total of 360 MOVs with similar
specifications from three different manufacturers are degraded under switching surges at a constant
temperature of 60 ◦C. The reference voltage and C-V characteristics of MOVs are measured before and
after the degradation process to analyse the MOVs’ conditions. Grain barrier heights are determined
from the C-V characteristics curve. An F-statistical analysis is then applied to analyse the effects of
number of surges on the grain barrier height. The T-test is used to assess the statistical difference
between the tested groups. Linear regression analysis is then applied to model the relationship
between the number of surges and MOV grain barrier height. The results obtained show that the
number of surges has a significant impact on grain barrier height. MOV grain barrier height is found
to decrease as the number of surges applied increases. Regression models obtained for the tested
MOV groups across all three manufacturers agree and indicate that the reduction in grain barrier
height results from an increased number of surges. Regression coefficients of a developed model
indicate that for one surge applied, the MOV grain barrier height decreases by 0.024, 0.055, and
0.033 eV/cm for manufacturers X, Y, and Z, respectively. Therefore, there is a linear relationship
between grain barrier height and the number of applied switching surges.

Keywords: switching surges; metal oxide varistors; reference voltage; C-V characteristics; grain
barrier height; analysis of variance; regression analysis

1. Introduction

Surge voltages occur in power systems and electronic circuits when there is a sudden
increase in a system voltage that exceeds the desired operating voltage. These may result
from electrostatic discharges, switching surges, and lightning surges. Switching surges
consist of relatively high-amplitude surges with slower rise times than lightning surges.
These types of surges usually result from the switching of solid-state circuit breakers for
system fault clearing and inductive loads, converters, and resonant circuits [1–3]. The
literature reveals that 50–70% of system overvoltages are caused by the internal switch-
ing of devices, as explained above. The switching surges resulting from capacitor banks
cause inrush currents, stresses on the switching devices, and overvoltages on the system.
Inrush currents result from uncharged capacitor banks drawing currents close to the fault
current [4,5]. The widespread usage of converters and resonant circuits in low-voltage
electrical systems makes switching surges unavoidable operational occurrences [6]. As a
result of switching surges, the insulation breakdown strength of electrical and electronic
equipment could be damaged, thus exposing them to catastrophic failure [2–6]. Therefore,
to ensure the reliability and long-term stability of electrical and electronic components,
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protection from switching surges is essential. Metal oxide varistor (MOV) arresters are
often used in electrical and electronic circuits for protection against overvoltages [7,8].
MOV arresters are designed to clamp both fast- and slow-front transient overvoltages to
a safe voltage level lower than the basic insulation level (BIL) of the electrical equipment
under surge protection. However, research carried out in this field shows that these over-
voltage protection units often experience degradation and eventual failure as a result of
a combination of factors, such as continuous AC and DC conduction, temperature, and
the repeated discharge of high-magnitude surge currents [9–14]. Therefore, a condition
assessment of MOV arresters is essential for the early detection of degradation. Condition
assessments may focus on the analysis of electrical properties (V-I characteristics, leak-
age current, nonlinear coefficient, return voltage measurements, voltage decay, and C-V
characteristics) as well as on the physical properties (grain boundaries and grain sizes)
before and after specific test conditions [15–20]. Since these surge protection devices are
quite popular and have proven to be effective in electronic systems, more attention should
be directed to the understanding of MOV response to switching surges in order to assess
its reliability under the aforementioned conditions. Currently, no comprehensive model
describing the mechanism of the induced MOV degradation under slow-front surges at the
microstructure level is available. MOV grain barrier height is the most important part of
the microstructure, operating as an insulation layer between grain sizes. A reduction in
the grain barrier height causes MOV grain size to increase and become more conductive,
thus reducing the protection quality of MOVs. Therefore, condition monitoring of MOV
grain barrier height is essential as it may serve as an indicator of the degradation rate
under service. In this experimental work, MOVs are subjected to slow-front surges in
order to assess the impact of the number of surges discharged through on the grain barrier
height. The tests are performed based on the number of applied surges before MOV failure.
The analysis of variance (ANOVA) is applied on the data obtained to validate whether
or not the number of surges has some influence on the barrier height. The t-test is also
employed to evaluate the significance of the difference between groups exposed to a set
number of surges applied. The relationship between the number of switching surges and
the change in grain barrier height under slow-front overvoltages is modelled using linear
regression. Regression coefficients of a developed model indicate that for a one surge
applied there is a decrease in MOV grain barrier height by 0.024, 0.055, and 0.033 eV/cm
for manufacturers X, Y, and Z, respectively. The percentage change of the reference voltage
is also monitored under each number of applied surges to validate the degradation of these
devices. Results obtained from the ANOVA statistical test shows that the applied number
of surges has a significant impact on the change in grain barrier height, and the t-test also
showed a significant difference between the groups. The findings reveal a definitive and
quantifiable relationship between the MOV’s degradation due to switching surges and the
reduction in its grain barrier height, thereby demonstrating the suitability of the latter as a
degradation indicator.

2. Review of Surge Degradation

The surge degradation of MOV arresters has been discussed in the literature. This has
been mostly focused on lightning or fast-front surges:

Khanmiri [12] investigated the effect of degradation on the energy absorption capabil-
ity (EAC) of low-voltage MOVs and found that the EAC of low-voltage MOVs decreases
with degradation due to surges. Wang [16] analysed the deterioration characteristics of
low-voltage MOVs under accelerated aging tests; 8/20 µs lightning impulse currents were
applied on the MOVs, the current analyser was then developed to analyse the total and
third harmonic currents of these MOVs under lightning current impulses and a continuous
power frequency of 220 V. The results obtained indicate that MOVs deteriorate much faster,
the reference voltage showed a decreasing trend with the increase in the total leakage cur-
rent, resistive current, and third harmonic current. The work is related to the work carried
out in [10,12,15], showing a decreasing trend in the reference voltages and an increase
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in leakage currents after applied lightning current impulses. Zhang [17] examined the
effect of a multiple lightning waveform on the aging of Zinc Oxide Varistors (ZnO). MOVs
were degraded under different numbers of impulses and pulse intervals. The relationship
between the average ZnO temperature rise, pulse interval, and impact time is established.
Energy absorption and heat transfer modelling are used for analysing the aging rate of
MOVs under lightning strikes. It is reported that ZnO’s temperature rises higher and ages
at a faster rate as a greater number of pulses are applied at smaller pulse intervals. The
results obtained indicate that the energy sustained by a single current pulse has a nonlin-
ear relationship with the energy sustained under multiple pulses at the same amplitude.
However, ZnO subjected to multiple impulses degrades faster and ultimately yields an
irreversible structural destruction.

Varistors’ electrical properties are greatly controlled by grain–boundary interface
states in the microstructure. In the early 1980s, researchers discovered that the electrical
properties of an MOV are fundamentally dependent on its microstructure and applied stress
conditions [18,19]. The microstructure of MOVs consists of ZnO grains that are separated
by thin layers in between them called intergranular layers, with grain sizes and thicknesses
that act as insulating barriers which divide the grain boundaries of grain sizes [8,20]. The
V-I characteristics of the ZnO bulk result from all the responses collected on the grains
and grain boundaries, and it is for this reason that the high nonlinearity of these devices
is independent of all the chemical processes but grain conduction [20,21]. Researchers in
this field indicated that when degradation occurs, the grain sizes increase and therefore the
grain barrier height decreases [12,22,23]. Li et al. [12] studied the effect of ac degradation of
high-voltage-gradient ZnO varistors doped with Bi2O3 and found that degradation affects
the ZnO grain size. The Bi2O3 additive has a key role in the reduction in double Schottky
barrier height, which is attributed to the increases in ZnO grain size. Plata [22] studied
the degradation of ZnO-based surge arrestors under field conditions, SEM was used to
analyse the microstructure. It is reported that impulse/lightning surge degradation has a
greater effect on the microstructure compared to electro-thermal degradation. The work
further reported that Bi2O3 along the grain boundaries has an influence on the Schottky
barrier height. Zhao [23] investigated the effect of sintering temperatures on ZnO varistors’
microstructure and electrical properties when doped with Ga2O3; he reported that the
average grain size increases as the sintering temperature increases, and the calculated
barrier height shows a decreasing trend. Eda [24] used thermally stimulated current to
observe MOV degradation under DC bias to understand the changes occurring within the
ZnO barriers of varistors. He reported that changes in the bias-voltage dependency of the
capacitance were certainly due to some transformation within the double Schottky barrier.
Modine [25] studied the fast response of ZnO varistors and reported that electron and hole
trapping effects at the grain boundary region were related to a drop in the barriers at the
grain boundaries and to the electrical device’s history. Donor density and the barrier height
of ZnO− Bi2O3 varistor samples are calculated by a 1/C2-V plot in [26–28]. This survey
indicates that although switching or slow-front surges are more common, little attention
has been afforded to the mechanism of MOV degradation under these surges or to the
impact of the number of surges on the setting on of degradation.

3. Experimental Work
3.1. Degradation of MOVs under Slow Front AC Switching Surges

For the purpose of this work, 360 commercially sourced low-voltage varistors from
three different manufacturers (120 per manufacturer) of similar electrical characteristics
and specifications were subjected to induced switching surges. MOV-based arresters
used were of 20 mm diameter, with a reference voltage of 200 V ± 10% and maximum
continuous operating voltages of 130 Vac and 170 Vdc. These MOSAs were subjected
to switching surges that conform to the standard waveform (20 µs < Tp ≤ 5000 µs and
T2 ≤ 20 ms with a maximum peak voltage of 4 p.u.) stipulated in the IEEE C62.41.1-2002,
IEEE Std C62.42.0-2016, and the IEC 60071-4:2014 [29,30]. A 50 Hz AC voltage source was
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used to supply a continuous voltage to the MOV placed in a heat chamber at 60 ◦C. The
Nabertherm P330 heat chamber set at 60 ◦C was used for the purpose of simulating the
real operating condition of arresters dedicated to surge protection in induction motors
operating at 60–65 ◦C. A voltage source was set at 0.8 V1mAac, and a peak switch relay
was used to generate switching surges on each peak of the supply voltage. The peak
was set at the maximum clamping voltage of 340 V and the parallel connection of MOV
clamped the voltage to a value of between 228 and 248 V. Thirty arrester samples were
subjected to a different number of surges that were computed in terms of time (12, 24, 36,
and 48 h) applied continuously. In accordance with the standards, every 20 ms the system
saw two voltage surges on both positive and negative half-cycles. The chosen times for the
experiment (12, 24, 36, and 48 h) were used to determine the number of surges. This was
determined to be 4.32, 8.64, 12.96, and 17.28 million surges, respectively. The number of
surges were calculated by Equation (1) below.

Number of surges =
No of hours× 60× 60× 2

20× 10−3 (1)

The MTD 7 timer was used to synchronize the heat chamber and the supply voltage
and also to switch off at the end of the experimental set time. To avoid thermal transient
before the test time, the timer was set to switch on the supply voltage after 30 min. The
clamping voltage was monitored using a 2-channel TDS 1001B Tektronix digital scope and
voltage across the varistor was measured using MTD 250 1 × 3 channel data logger. The
experimental setup is shown in Figure 1 below.

Electron. Mater. 2023, 4, FOR PEER REVIEW 4 
 

 

surges that conform to the standard waveform (20 µs < Tp ≤ 5000 µs and T2 ≤ 20 ms with a 
maximum peak voltage of 4 p.u.) stipulated in the IEEE C62.41.1-2002, IEEE Std C62.42.0-
2016, and the IEC 60071-4:2014 [29,30]. A 50 Hz AC voltage source was used to supply a 
continuous voltage to the MOV placed in a heat chamber at 60 °C. The Nabertherm P330 
heat chamber set at 60 °C was used for the purpose of simulating the real operating con-
dition of arresters dedicated to surge protection in induction motors operating at 60–65 
°C. A voltage source was set at 0.8 𝑉ଵ௠஺௔௖, and a peak switch relay was used to generate 
switching surges on each peak of the supply voltage. The peak was set at the maximum 
clamping voltage of 340 V and the parallel connection of MOV clamped the voltage to a 
value of between 228 and 248 V. Thirty arrester samples were subjected to a different num-
ber of surges that were computed in terms of time (12, 24, 36, and 48 h) applied continu-
ously. In accordance with the standards, every 20 ms the system saw two voltage surges 
on both positive and negative half-cycles. The chosen times for the experiment (12, 24, 36, 
and 48 h) were used to determine the number of surges. This was determined to be 4.32, 
8.64, 12.96, and 17.28 million surges, respectively. The number of surges were calculated 
by Equation (1) below. Number of surges = No of hours × 60 × 60 × 220 × 10ିଷ  (1)

The MTD 7 timer was used to synchronize the heat chamber and the supply voltage 
and also to switch off at the end of the experimental set time. To avoid thermal transient 
before the test time, the timer was set to switch on the supply voltage after 30 min. The 
clamping voltage was monitored using a 2-channel TDS 1001B Tektronix digital scope and 
voltage across the varistor was measured using MTD 250 1 × 3 channel data logger. The 
experimental setup is shown in Figure 1 below. 

 
Figure 1. Test setup for switching surges degradation test. 

To verify the degradation of these MOVs, the reference voltage of each sample was 
measured before and after surge degradation. A DC supply source was used to pass 
through a current of 1 mA and the voltage across the MOV was measured and recorded. 
Reference voltage percentage change was then calculated using Equation (2): 

Figure 1. Test setup for switching surges degradation test.

To verify the degradation of these MOVs, the reference voltage of each sample was
measured before and after surge degradation. A DC supply source was used to pass
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through a current of 1 mA and the voltage across the MOV was measured and recorded.
Reference voltage percentage change was then calculated using Equation (2):

%∆V1 mA = (V1mAb −V1mAa/V1 mA b)× 100 (2)

where %∆V1 mA is the percentage change in reference voltage of a sample after imposed
AC switching surges, V1mAb and V1mAa are the measured reference voltage before and after
application of switching surges, respectively.

3.2. C-V Measurement and Barrier Height Calculation

C-V characteristics were measured using LCR meter BK 894 with an internal vari-
able DC bias. The test was performed at room temperature and the meter was set at a
frequency of 1 kHz. The 1/CT

2 −Vgb curve was drawn and the grain barrier height was
then calculated by applying Equation (3) [24,25].(

1
C
− 1

2C0

)2
=

2

(qεsNd)
(

ϕb + Vgb

) (3)

where C and C0 are the capacitance per unit of the grain boundary area corresponding
to applied DC bias voltages of barrier grain voltage (Vgb) and zero, respectively, q is
the electron charge, Nd is the donor concentration, εs is the electric permittivity of ZnO,
and Vgb is the voltage applied to each grain boundary and is determined to be from
0 to 3.8 V [26,27]. The per unit grain boundary capacitance (C) of an ultimate ZnO block
model was estimated by Equation (4) below [26,28]:

C = CT
N
S

(4)

where CT is the terminal capacitance, N is the estimated number of grain boundaries across
the ceramic material between two electrodes, and S is the electrode area. Equations (3) and (4)
were then combined to form Equation (5) in order to draw the 1/CT

2 −Vgb curve.

(
1

CT
− 1

2CT0
)

2
=

2N2

qεsNdS2

(
∅b −Vgb

)
(5)

The barrier height was then calculated by dividing the intercept by the slope using a
relationship ∅b = b/k.

3.3. Effects of Number of Surges on the Grain Height Response

The effects of number of surges on the MOV grain height response was assessed
by applying the F-statistical test (ANOVA). An f -statistical analysis is a method that
allows valuation of the comparative significance of different factors that affect the system’s
performance. The rejection and validation of the null hypothesis is based on comparing
the statistical F-calculated value with the critical value from the distribution table [29,30].
Based on the obtained values, the statistical test will be able to validate if the number of
applied surges has a significant impact on the grain height changes. The test is assessed on
the confidence level of 95% and therefore the p-value of 0.05 is used. ANOVA statistical
analysis assumes that the data tested must be from the same normal distribution, therefore
prior to applying ANOVA the data were tested using D’Agostino–Pearson (K2) normality
test [31,32]. The following hypotheses were used to assess the normality distribution.

1. H0 (Null hypothesis): ZnO grain heights of tested samples are from the same nor-
mal population distribution. Therefore, the calculated probability (p)-value at 95%
confidence should be greater than the critical value α = 0.05.

p > 0.05 means the data are normally distributed.
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2. Ha (Alternate hypothesis): ZnO grain heights of tested samples are from non-normal
population distribution. Therefore, the calculated probability (p)-value at 95% confi-
dence should be less than the critical value α = 0.05.

p < 0.05 means the data are NOT normally distributed.
The value of K2 was determined by adding the square values of skewness and kurtosis

values as presented by Equation (6) below [31,32].

K2 = Fk3
2 + Fk4

2 (6)

where K2 is the D’Agostino–Pearson statistic that is equal to a chi-squared distribution
value, Fk3 is the skewness statistic value, and Fk4 is the kurtosis statistic value. The skewness
and kurtosis statistics were determined using Equations (7) and (8) below.

Fk3 = c.In(
Y
α
+

[(
Y
α

)2
+ 1

] 1
2

) (7)

where c is constant and other parameters were determined by Equations (8)–(12).

c =
1√

In W
(8)

W =

(
−1 +

√
2(g− 1)− 1

)1/2
(9)

g =
3
[(

n2 + 27n− 70
)
(n + 1)(n + 3)

]
(n− 2)(n + 3)(n + 9)

(10)

Y = K3 ×

√
(n + 1)(n + 3)

6(n− 2)
(11)

α =

√
2

W2 − 1
(12)

where n is the number of tested samples, Y is the skewness variance, K3 is the skewness
and was calculated by Equation (13) below.

K3 =
∑(m1 −m)3

S3 (13)

where m is the mean and S is the standard deviation.
The statistic kurtosis (Fk4) was determined by Equation (14) below and other parame-

ters of the equation are shown by Equations (14)–(18).

Fk4 =

(
1− 2

9A
)
− D

√
2/9A

(14)

A = 6 +
8
B
[
2
B
+

√
1 +

4
B
] (15)

B = 6
(n2 − 5n + 2)
(n + 7)(n + 9)

×

√
6(n + 3)(n + 5)
n(n− 2)(n− 3)

(16)

where B is the kurtosis third standardized.

D = 3

√
1− 2/A

1 + x
√

2/(A− 4)
(17)
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x =
kurtosis− E(kurtosis)√

Var(kurtosis)
(18)

where x is the standardized version of kurtosis, E(kurtosis) is the kurtosis mean, and
Var(kurtosis) is kurtosis variance. The parameters were calculated using Equations (19)–(21).

kurtosis = ∑(x1 − x)4

S4 (19)

E(kurtosis) =
3(n− 1)

n + 1
(20)

Var(kurtosis) =
24n(n− 2)(n− 3)

(n + 1)2(n + 3)(n + 5)
(21)

The normality test was executed in each group of number of surges applied (30 samples
per each set number of surges). If a sample fell out (outliers) of the group normality, it
was discarded and another sample was degraded under a similar condition so that the F
statistic test could be applied. On completion of normality test and samples following the
distribution, ANOVA was applied to assess if the number of surges has a significant impact
on MOV grain barrier height response. The test was based on comparing the F-statistic
to the critical value obtained on the distribution table. The following hypotheses were
formulated in order to reject or validate the impact of number of surges:

1. Null hypothesis: the MOV varistor grain barrier height group mean of the samples
degraded under different numbers of surges must be equal:

µ12 = µ24 = µ36 = µ48

2. Alternate hypothesis: one of the MOV varistor grain barrier height group means of
samples degraded under different numbers of surges are not equal:

µ12 6= µ24 6= µ36 6= µ48

3. Statistical test: null hypothesis is rejected if

Fcalculated > Fcritical

As indicated above, F statistical analysis test compares the calculated F value with
the critical value, the following steps and formulas are used to compute an F-statistic
value [29,30]:

• Calculate the sum of squares among the groups.
• Calculate sum of squares within the groups.
• Calculate the mean square values among and within groups.
• Then, compute the F statistic value.

SSA = ∑c
i=1 ni(mi −m)2 (22)

where SSA is the sum of squares among the groups, c is the group’s number, ni is the ith
sample size of the group, mi is group i sample mean, and m is the mean of all tested data.

SSW =
c

∑
j=1

∑c
i=1 nj

(
mji −m

)2 (23)
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where SSW is the sum of squares within the groups, wij the jth observation in group i.

MSA =
SSA
g− 1

(24)

MSW =
SSW
n− g

(25)

where MSA is the mean square among groups, MSW is the mean square within groups, g
is number of groups, and n is total number of observations. The F value is determined by
the relationship represented by Equation (25) below:

Fcalculated =
MSA
MSW

(26)

The test was performed at a confidence level of 95%, therefore a null hypothesis is
rejected or validated at a significance value of α = 0.05. F statistical analysis only assesses
if the group means are different, however it does not show which group is different from
another. In this work, Tukey’s Honest Significant Difference (HSD) test was applied to
assess which group means of samples degraded under different numbers of surges were
significantly different [33,34]. The test is based on calculating the honestly significant dif-
ference between groups by using q0.05 distribution. The test is also assessed at a confidence
level of 95%. The (HSD) value is compared with the t critical value, if the HSD value is
greater than the t critical value the results show that the groups are significantly different.
The HSD value is calculated using Equation (27) below [33,34].

HSD = q0.05 ×
√

MSA
n

(27)

where q0.05 is the value from the q range statistic table at confidence level of α = 0.05, MSA
is the within-group mean squares, and n is the total number of observations in each group.

3.4. Modelling of Grain Barrier Height Response Using Regression Analysis

Linear regression is a mathematical test used for calculating and computing the
relationship between dependent and independent variables [35]. The method is applied
by researchers to measure the predicted effects and model the relationship by evaluating
data and establishing if the relationship between variables is linear. In this work, simple
linear regression was employed to model the statistical relationship between number of
surges (treatments) and grain barrier height response (binary outcome). The relationship
was established by determining regression coefficients (β0, β1). Equation (28) below was
used to determine the relationship between the two mentioned variables:

Yi = β0 + β1di + ε (28)

where Yi is the MOV average grain barrier height, β0 is the intercept, β1 is the slope, di
is number of applied surges, and ε is the error term which is assumed to follow normal
distribution having a mean equal to zero. The modified equation with error term equal to
zero is presented by Equation (29).

Ŷi = β̂0 + β̂1di (29)
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where Ŷi is the cMOV grain barrier height predicted mean value, β̂0 is the predicted y
intercept value, and β̂1 is the predicted slope value of the model. The slope and the intercept
were calculated using the following equation:

β1 =
∑n

i=1

(
di − d

)
(yi − y)

∑n
i=1

(
dj − d

)2 (30)

β0 = y− b1 × d (31)

Residuals were used to assess the fitness of the model obtained for each manufacturer.
This was performed by calculating the residual error term using Equation (32). The residual
plots were also assessed to validate if the model fit well. The model is said to be fit if the
residuals are randomly scattered around zero.

εi = Yi − Ŷ (32)

where Yi is the experimental data obtained and Ŷ is the model-predicted value.
Hypothesis testing is also used to assess if the estimated regression coefficients accept

any statistical significance [36,37]. This is performed by comparing the t statistic with the t
critical value. The p-value is also assessed in relation to the significance level value α = 0.05.
The following hypotheses were formulated:

1. H0 (Null hypothesis): β1 = 0, there is no linear relationship between the number of
surges and the average grain barrier height response, and therefore the grain barrier
height is independent of the number of surges.

2. HA (Alternate hypothesis): β1 6= 0, there is a linear relationship between the number
of surges and the average grain barrier height, and therefore the grain barrier height
changes are caused by the applied number of surges.

3. Statistical test: null hypothesis is rejected if

tstatistic > tcritical

The t statistic is calculated using Equation (33) below.

tstatistic =
β̂1 − β1

ŝβ1

(33)

where β̂1 is the average estimated slope value, β1 is the true slope value, and ŝβ1 is the
regression coefficient standard error.

4. Results and Analysis
4.1. Degradation Analysis
4.1.1. Percentage Change in Average Reference Voltages

The reference voltages were measured before and after the application of induced AC
switching surges to monitor the degradation condition of the MOV devices tested in this
experiment. It can be observed that the average reference voltage decreases as the number
of applied surges increases across all tested manufacturers. The results are tabulated and
illustrated in Table 1 and Figure 2 below.

Table 1. Percentage change in average reference voltages (%∆V1 mA).

12 h 24 h 36 h 48 h

Manufacturer X −1.33 −3.48 −5.75 −7.95
Manufacturer Y −2.89 −5.06 −7.18 −10.31
Manufacturer Z −2.45 −4.47 −6.45 −8.91
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Figure 2. Average percentage change in reference voltage.

Both IEC and IEEE standards recommend that a change of ±5% in ∆V1 mA suggests
that the MOV under operation is degrading and eventually will experience failure. It can
be observed that manufacturer Y reaches the degradation state faster at 24 h as compared
to the other two manufacturers. This explains that even though the MOV is connected in
parallel with electronic circuits, they may experience degradation before the unacceptable
change of ±10% in ∆V1 mA when exposed to repetitive overvoltages. Manufacturer X has a
much slower degradation rate as an average change of 5.75% is reached at 36 h.

4.1.2. C-V Characteristics and Grain Barrier Height

The C-V characteristics of all manufacturers are shown in Figures 3–5 below. As can be
seen, the average grain barrier height decreases as the number of applied surges increases.
As shown by the change in the average reference voltages, manufacturer Y’s grain barrier
height decreases at a higher rate as indicated in Table 2.

Table 2. Percentage change in average grain barrier height % ∆∅b (%).

∅b (eV/cm)
before

∅b (eV/cm)
after % ∆∅b (%)

Manufacturer X

12 5.878 5.466 6.8
24 6.1377 5.304 13.12
36 5.8975 4.902 16.54
48 6.0754 4.631 23.57

Manufacturer Y

12 8.937 7.374 16.75
24 8.698 6.876 20.38
36 9.508 6.444 32.09
48 9.041 5.318 40.32

Manufacturer Z

12 6.076 5.674 6.46
24 6.427 5.483 13.75
36 7.028 5.148 26.51
48 7.196 4.468 37.35

It is noted that the average grain barrier height decreases by 16.75% at 12 h as compared
to manufacturers X and Z at 6.8% and 6.46%. Manufacturer X shows a lesser percentage
change in grain barrier height of 23.57% at 48 h, followed by manufacturer Z at 37.35%.
Manufacturer Y decreased by 40.32% and it was attributed to the average percentage change
in reference voltages of ±10% ∆V1mA. The results indicate that the current will be flowing
high as the grain sizes of the varistor under operation increased as a result of decreases in
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grain barrier height. The reduction in grain barrier height across all manufacturers is in
agreement with previous work that reported that during degradation, the average grain
size increases which affects the performance reliability. The protection level of MOV devices
and protected electronic circuits will be compromised by the changes in the electrical and
physical properties of MOV devices. The experimental results show that MOV devices
exposed to surges experience degradation over time and the number of surges determines
the degradation condition.
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4.2. Effects of Number of Surges on the MOV Average Grain Barrier Height
4.2.1. MOV Grain Barrier Height Adherence to Normal Results

The results of the normality test across all three manufacturers tested within each
group show that the tested samples are from the same normal distribution family as
indicated in Table 3 below.

Table 3. D’Agostino–Pearson (K2) normality test summary.

fK3 fk4 K2 χ2 p-Value

Manufacturer X

12 1.5056 0.4325 2.4538 2.4538 0.293
24 1.2646 0.5098 1.8588 1.8588 0.3948
36 1.111 0.3275 1.3415 1.3415 0.5113
48 −0.21 −1.0091 1.0623 1.0623 0.5879

Manufacturer Y

12 1.2218 0.3695 1.6293 1.6293 0.4428
24 −0.1883 −0.0981 0.0451 0.0451 0.9777
36 −0.5378 0.4996 0.5388 0.5388 0.7638
48 −0.3958 −0.5404 0.4487 0.4487 0.799

Manufacturer Z

12 2.161 1.1318 0.9491 0.9491 0.052
24 1.7285 1.0002 3.9882 3.9882 0.1361
36 0.3887 −2.033 4.2854 4.2854 0.1173
48 −0.3907 −0.7805 0.7618 0.7618 0.6833

For manufacturer X, the obtained chi-square value decreases as the number of applied
surges increases. For manufacturer Y, it is observed that the chi-square decreases at 24 h,
then increases again at 36 h. For manufacturer Z, the chi-square value increases at 24 and
36 h but decreases at 48 h. However, it can be observed that for all three manufacturers the
p values are greater than the significance value α = 0.05, and therefore the null hypothesis
is approved at a confidence level of 95%.

4.2.2. F-Statistical Results

To avoid errors when calculating the F ratio values, Microsoft Software was used
on the obtained data to determine the ANOVA results shown in Table 4 below. The
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calculated F ratio (Fratio X = 13.746, Fratio Y = 37.896, and Fratio Z = 12.183) is greater
than the critical value Fcrit (3,116) = 2.683 obtained from the distribution table. p values
(9.88× 10−8, 3.816× 10−17, and 5.48× 10−7) are also lower than the significance level
α = 0.05. With these results it can be concluded that the null hypothesis is to be rejected
and therefore there is a significant difference between the group means. The approval of
the alternate hypothesis proves that the number of applied surges has an impact on the
grain barrier height response. MOV grain barrier height reduction happens as a result of
the number of surges.

Table 4. F statistical test results summary.

Source of Variation SS Df MS F p-Value Fcrit

Manufacturer X

Among Groups 13.9695 3 4.32 13.74567 9.88 ×10−8 2.682809
Within Groups 36.487 116 0.31

Total 49.456 119

Manufacturer Y

Among Groups 69.21657 3 23.07219 37.8962 3.81
×10−17 2.682809

Within Groups 70.62382 116 0.608826
Total 139.8404 119

Manufacturer Z

Among Groups 25.27437 3 8.424789 12.18309 5.48 ×10−7 2.682809
Within Groups 80.21572 116 0.691515

Total 105.4901 119

The results obtained from Tukey’s honest significant difference are presented in Table 5
below. Each manufacturer was tested between each group and a total of six cases were
assessed. The results demonstrate which group means are significantly different and how
the number of surges affects the changes in MOV grain barrier height. For manufacturer
Y, it can be observed that all groups tested have a significant mean difference. This is
attributed to the reported percentage change in the average reference voltages. However,
for manufacturer X, groups 12 h and 24 h, 24 h and 36 h, and 36 h and 48 h are not
significantly different. This is seen as many samples had more or less changes in the
recorded reference voltages. For manufacturer Z, groups 12 h and 36 h and 24 h and 36 h
are not significantly different. The T-values obtained also are in agreement with the p values
under all conditions.

4.3. Regression Models

The models obtained across all three manufacturers show a linear relationship between
the number of applied AC switching surges and the average grain barrier height. The
models show that the increased number of surges causes a significant reduction in grain
barrier height. The models obtained by the best-fitting line across all three manufacturers
are Ŷi = −0.024di + 5.803 for manufacturer X, Ŷi = −0.055di + 8.154 for manufacturer Y,
and Ŷi = −0.0329di + 6.181 for manufacturer Z. The regression models are statistically sig-
nificant as the model-predicted R2 is found to be 0.977, 0.944, and 0.9266 for manufacturers
X, Y, and Z. This shows that there is a 97.72%, 94.44%, and 92.66% correlation between
model prediction and the experimental data.
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Table 5. Tukey’s post hoc test results.

Groups (Hours) tstat tcrit p Value < 0.005 Results

Manufacturer X

12 and 24 1.397 2.048 0.173170368 Non-significantly different
12 and 36 4.077 2.048 0.0003414 Significantly different
12 and 48 5.233 2.048 1.1455 ×10−5 Significantly different
24 and 36 2.379 2.040 0.024379054 Non-significantly different
24 and 48 4.76 2.048 5.31122 ×10−5 Significantly different
36 and 48 1.961 2.048 0.059821666 Non-significantly different

Manufacturer Y

12 and 24 2.2739 2.048 0.0308 Significantly different
12 and 36 5.414 2.048 8.94831 ×10−6 Significantly different
12 and 48 8.128 2.048 7.53 ×10−9 Significantly different
24 and 36 2.068 2.048 0.0479 Significantly different
24 and 48 6.936 2.048 1.53339 ×10−7 Significantly different
36 and 48 5.104 2.048 2.08652 ×10−5 Significantly different

Manufacturer Z

12 and 24 6.102 2.048 1.39154 ×10−6 Significantly different
12 and 36 1.987 2.048 0.0567 Non-significantly different
12 and 48 6.102 2.048 1.39154 ×10−6 Significantly different
24 and 36 1.288 2.048 0.208 Non-significantly different
24 and 48 5.284 2.048 1.27789 ×10−5 Significantly different
36 and 48 4.204 2.048 0.000242741 Significantly different

The predicted models indicate that the relationship shows that for each number of
surges applied, the grain barrier height decreases by a unit of 0.0242, 0.055, and 0.033 for
manufacturers X, Y, and Z, respectively. Furthermore, the statistical significance of the re-
gression coefficient hypothesis test results shows that across all three tested manufacturers,
the relationship is linear. The residual plots validate the fitness of the obtained models.
The data are scattered around zero and have random patterns. The absolute values of
the t-statistic (|tstat| = 9.26, |tstat| = 5.84 and |tstat| = 5.026) calculated using Equation
(32) are found to be greater than the critical t value t(crit= 3.182). The p values (0.011,
0.03, and 0.037) are less than the significance value α = 0.05 and prove that a significant
change in the number of surges causes a reduction in average grain barrier height. The
best-fitting lines, residual plots, and regression outputs are presented in the Figures 6–8
and Table 6 below.

Table 6. Regression Analysis Results.

Regression Statistics

Manufacturer X Manufacturer Y Manufacturer Z

Multiple R 0.988541 0.971919 0.962617
R Square 0.977214 0.944626 0.926631

Adjusted R Square 0.965821 0.916939 0.889947
Standard Error 0.070187 0.252744 0.1758
Observations 120 120 120

Coefficients Standard Error t Stat p-value

Manufacturer X

Intercept 5.8025 0.085961 67.50185 0.000219
Surges −0.02423 0.002616 −9.26139 0.011459

Manufacturer Y

Intercept 8.153682 0.309547 26.34066 0.001438
Surges −0.05502 0.009419 −5.84108 0.028081

Manufacturer Z

Intercept 6.1813 0.215311 28.70877 0.001211
surges −0.03293 0.006552 −5.0259 0.037383
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5. Summary

All the tested samples across all manufacturers show a decrease in the recorded
average reference voltages. The higher the number of applied surges, the greater the
decrease in the reference voltages. This means that when MOVs experience degradation,
the electrical properties are affected and therefore the protection of the electronic circuit
equipment connected in parallel is compromised. All samples in each group exposed
under different number of surges were statistically proven to be from the same distribution
population before being tested to assess if the number of surges has a significant impact
on the grain barrier height response. ANOVA test was performed at a confidence level
of 95% and it is found that the grain barrier height changes are caused by the number of
switching surges applied. p values across all tested manufacturers are determined to be
less than the significance value α = 0.05, this permits the rejection of the null hypothesis
and the changes in the grain barrier height observed across tested samples are caused by
applied AC switching surges. Tukey’s honest significant difference shows which groups
are statistically different within the same manufacturer that are exposed to a different set
number of surges. It is observed that some groups are non-significantly different as it is
expected that MOV devices can experience degradation at an early stage when they are
exposed to a continuous constant operating voltage. The grain barrier height reduction
confirms that grain sizes increase during degradation and allow more conduction and
current flow. Condition monitoring of MOV devices under switching surges is worthy as it
is proven that the MOV is affected when exposed to repetitive switching surges.

6. Conclusions

Varistor arresters are used as surge protection in power systems and electronic circuits
by connecting them in parallel. However, repetitive overvoltages occurring in the systems
cause degradation in these devices, and that places protected equipment at risk. AC
switching surges are unavoidable as they result from switching capacitive loads, inverters,
and converters. With the world moving towards the fourth industrial revolution, more data
collection is required for the protection of electronic equipment from AC switching surges.
MOVs will be more frequently employed in electronic circuits for surge protection and
therefore more attention needs to be focused on monitoring the behaviour of these devices
under AC switching surges. Reductions in barrier height translate to increases in MOV
grain sizes. Extensive research conducted in this field has reported that the performance
reliability and stability of these devices are entirely dependent on their microstructure.
The models obtained show that the number of surges statistically affects the grain barrier
height response. This entails that a microstructure change is dependent on the number of
surges applied and can determine how the protection level of the varistor is affected. These
models will be useful to manufacturers and consumers as they are able to predict the life
span and degradation condition of MOVs under the operation of switching surges.
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