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Abstract 

Surge overvoltages result in a power system from overcurrents due to 
atmospheric discharges, induction phenomena, switch operations or faults. In 
order to reduce the probability of injuries to people and of failure of electrical 
and electronic systems, power systems within a structure should have adequate 
equipotential bonding. Surge protective devices (SPDs) are used to achieve such 
equipotential bonding. Metal Oxide Varistors (MOVs) are a very often used kind 
of SPDs. Actually, MOVs are affected by ageing, due to the number and 
amplitude of stresses, but also due to other factors such as overheating, pollution 
and humidity.  
     The aim of this paper is to present a probabilistic assessment of the ageing 
process of MOVs when lightning, switching and temporary overvoltages are 
considered.  
     The expected life thus obtained can be used to decide (logistic/maintenance 
procedures) when the MOV must be changed before its failure occurs, since the 
main standards do not give definitive indications about such feature.  
Keywords: reliability assessment, lightning protection, surge protective devices. 

1 Introduction 

Voltage and currents surges are dangerous for safety of people and of sensitive 
equipment. Such surges are generated by lightning flashes, through direct and 
induced effects, and by intentional (e.g. load switching operations) and 
unintentional (e.g. faults and their elimination) actions on the power system, 
through switching and temporary overvoltages. 
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     In order to reduce, within a structure, the probability of injuries to people 
and/or the probability of failure of electrical and electronic systems, due to 
overvoltages and overcurrents, adequate equipotential bonding on the electric 
system should be adopted. Surge protective devices (SPDs) are the most 
convenient devices in order to achieve such equipotential bonding. They can be 
used to reduce or limit (depending on their characteristics) the overvoltage by 
shunting a great amount of the overcurrent [7, 8]. Obviously, to be effective, 
SPDs must be suitably dimensioned, correctly installed and well coordinated 
with other devices. 
     Metal oxide varistors (MOVs) are SPDs that behave as voltage limiters and 
that, in the last decades, thanks to improved performances, are replacing in many 
applications switch type devices such as spark-gaps.  
     The life of MOVs depends, among the others, on random factors such as the 
number of surges [11] and the maximum amplitude and duration of the current 
pulses they must tolerate [10], but Standards (e.g.: IEC 61643-1 and IEC   
61312-3) do not give quantitative indications on the way in which such factors 
influence the ageing process of MOVs.  
     Using probabilistic arguments, a simple model of the life of such devices can 
be developed. The parameters used can be expressed in terms of the number of 
lightning and switching overvoltages influencing the protected circuit. 
     In fact, the random factors have been used in [2], by means of a probabilistic 
approach, to obtain a mathematical reliability model used to compute the failure 
probability of a MOV, with respect to time, due to lightning related effects. It has 
been also demonstrated that the expected life of a MOV, under lightning stress, 
depends quantitatively on the protected circuit (and on the place where such a 
circuit is located).  
     In the present work it is proposed a double improvement of the reliability 
model considered in [2], by taking into account both the effects of switching 
overvoltages and the physical behaviour of the metal oxide varistor. The last 
feature is based, in particular, on the electro-thermal analysis developed in [3] 
which is in perfect agreement with the experimental data on failures       
contained in [10].  
     The model obtained permits to calculate the mean time to failure (MTTF) of 
devices installed in power distribution systems. A maintenance strategy can be 
easily derived by checking the device status, for evident signs of possible 
damages, after that time period. 

2 Reliability and mean time to failure 

Markov chains have been used to calculate the probability of damage versus 
time. The behaviour of the device has been decomposed in states in which some 
events happen. The events depend on the solicitation (amplitude of the current 
through the device and energy to be dissipated) and on the physical 
characteristics of the circuit and of the metal oxide varistor.  
     Standard assumptions are done on the uniform distribution of the density of 
lightning flashes to ground, on polarities of lightning strokes, on the number of 
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subsequent negative strokes [8]. A probabilistic distribution of the number of 
surges and of their energy, obtained from [8] and [11], is adopted for switching 
overvoltages. The probabilistic distributions in [8] and [12] have been used for 
temporary overvoltages. Finally, The circuit settlement for energy and current 
distribution calculation is described in section 9. 
     Let’s call PD(t) the probability (vs. time) that a MOV be damaged by stresses 
due to overvoltage surges and R(t) =1 - PD(t) its reliability. 
One possible maintenance strategy consists in doing a check after a time interval 
equal to the mean time to failure (MTTF). 
     The MTTF is the expected value of t with respect to the probability density of 
damage fD(t)=dPD(t)/dt, i.e.: 
 

∫∫
∞∞

⋅=⋅⋅=
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3 Metal oxide behaviour 

The p–n junctions at the boundary regions between metal oxide grains are at the 
origin of the highly nonlinear I–V characteristic of a MOV. Instead, the 
composite nature of materials is at the origin of possible degradations: 
• the non-uniform current passage can generate hot spots, 
• the thermal time-constants are not enough to dissipate fast transient energy in 

a quasi-static way (especially for multiple pulses),  
• pollution, humidity and leakage current give rise to local changes in the 

material that generate a slow ageing. 
Consequences are [10, 3]: thermal runaway (for a feedback effect on energy 
absorption), cracking of the material (for thermo-mechanical stresses) or 
puncture of the hot spot (for local melting due to non-uniform current passage). 
The main variations in the I–V characteristic can be resumed into two categories: 
• significant reductions in the voltage drop for a reference current, so that there 

are increased currents, starting from a given voltage, as in fig. 1; 
• an increase of the leakage current at ambient temperature (due to ageing), so 

that there are increased leakage currents at lower voltages, as in fig. 2. 
 

 

 

 
Figure 1: Reduction of 

reference voltage 

 Figure 2: Increase of leakage 
current 
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     Such degradations influence immediately the energy absorption of the device. 
The increased energy absorption, not compensated by a corresponding increase 
in energy dissipation, reduces the time before which the negative effects (thermal 
runaway, cracking or puncture) appear. 

4 Metal oxide varistor reliability model 

By analysing the behaviour of a MOV, three states have been identified (fig. 3). 
 

 
Figure 3: Reliability model of a MOV  

     With reference to an ideal device, whose voltage and current are respectively 
V(t) and I(t), the state S11 (waiting state) describes the MOV before voltage 
limitation, i.e. for V(t)<Ui (where Ui is the voltage protection level i.e. the 
voltage below which the MOV does not operate). The state S21 (operating state) 
describes the behaviour as voltage limiter that the MOV has when V(t)>Ui 
(normal operations). In such state, IM is the maximum current before the MOV 
damages, (maximum tolerable current) and Im is the current below which the 
device returns to S11. When the MOV is damaged it stops operations passing into 
the state S3 (damaged state), without any possibility of recovery. 
     With reference to fig. 3, the quantities labelling the arcs are the transition 
probabilities and the parameters λij are the (non-negative) transition rates.  
     The combination of current amplitude and duration of surges gives the energy 
that affects the MOV and that must be dissipated: the limit of the energy that a 
MOV can tolerate is called maximum energy absorption capability, WM. When 
the energy of the surge is greater than WM, the degradation explained in fig. 1 
happens and the device can be considered damaged. This modifies the transition 
rate λ11 originating the arc from S11 to S3.  
     The effect of ageing (the degradation explained in fig. 2) can be modelled 
with a constant transition rate λ (included in λ12) from S11 to S3. 
     The transition rates can be expressed as: 
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where: N is the expected number of lightning flashes to ground per year and per 
km2 of the place where the circuit is located (also named flash density to 
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ground); the Λij are the respective transition rates due to lightning flashes for 
N=N0 =1 flash/(year⋅km2); the λ'ij and λ''ij are the transition rates due respectively 
to switching and temporary overvoltages; λ is the transition rate of the slow 
ageing due to pollution, humidity and leakage current.  
     If xij(t) is the probability that the MOV be in the state Sij at the time instant t, 
then it is possible to obtain the following equations: 
 

dx11(t)/dt = − (λ11+λ12) x11(t) + λ21 x21(t) 
dx21(t)/dt = λ11 x11(t) − (λ21+λ31) x21(t) 

dx3(t) /dt = λ12 x11(t) + λ31 x21(t)                                 (3) 
1 = x11(t) + x21(t) + x3(t) 

 

The MTTF (1), where PD(t)=x3(t) and R(t)=x11(t)+x21(t), is (assuming that at the 
time instant t=0 the initial conditions are x11(0)=1, x21(0)=0 and x3(0)=0): 
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The transition rates can be evaluated by means of considerations on the number 
of pulses (due to lightning, switching and temporary overvoltages) that influence 
the circuit protected by the MOV.  
     It is possible to define the following quantities: 
 

n0= number of lightning flashes per year that are able to generate overvoltages 
on the protected circuit; 

 

n1= fraction of the number of flashes n0 that are able to make V(t)>Ui when the 
MOV is in the waiting state; 

 

n11= fraction of the number of flashes n0 that are able to make V(t)>Ui with 
W(t)≤WM when the MOV is in the waiting state (normal switch); 

 

n12= fraction of the number of flashes n0 that are able to make V(t)>Ui with 
W(t)>WM when the MOV is in the waiting state (switch with degradation); 

 

n21= fraction of the number of flashes n11 that generate current and energy in a 
sustainable quantity (I(t)≤IM and W(t)≤WM); 

 

n31= fraction of the number of flashes n11 that generate intolerable current 
(I(t)>IM and W(t)≤WM); 

 

n'0, (n''0)= number of switching (temporary) overvoltages per year on the 
protected circuit; 
 

n'1, (n''1)= as n1 for switching (temporary) overvoltages; 
 

n'11, (n''11)= as n11 for switching (temporary) overvoltages; 
 

n'12, (n''12)= as n12 for switching (temporary) overvoltages; 
 

n'21, (n''21)= as n21 for switching (temporary) overvoltages; 
 

n'31, (n''31)= as n31 for switching (temporary) overvoltages. 
 

The definitions of the nij, n'ij and n''ij give the following expressions: 
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Note that, ∆t is left in the above formulas as a dimensional factor, since the limit 
for ∆t→0 has been already taken in (3). The reason for its explicit indication is 
that it can be used as a time conversion factor of the MTTF (equal to 1 for years, 
to 52 for weeks, to 365 for days, to 8760 for hours, since the transition rates λij 
are usually expressed per year, i.e. for ∆t = 1 year).  
     Note also that the following relations hold:  
 

n11+n12=n1, n21+n31=n11, 
n'11+n'12=n'1, n'21+n'31=n'11,  n''11+n''12=n''1, n''21+n''31=n''11. 

 

In terms of the number of flashes, the MTTF (4) becomes: 
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where ∆t is, as already mentioned, a dimensional factor. 

5 Energy absorption capability 

As shown in [9] and [3], it is not realistic to assume a single value for the 
maximum energy absorption capability WM of a MOV. It is more suitable, for a 
given current pulse, to consider WM as a function of the peak current I of the 
pulse: WM = WM (I). Such a function depends on the geometric shape of the 
varistor disc, on the uniformity of the material (including the presence and the 
intensity of hot spots) and on the heat dissipation capability of the device [3, 4].  
     The energy absorption capability increases for low and for high current 
densities (i.e. for long duration signals, at low current densities, and for short 
pulses, at high current densities), while decreases to a minimum for intermediate 
current densities.  
     An idea of the complexity of the relationship WM = WM (I) can be inferred 
from fig 4 in [9], from fig. 5(b) in [3] and from figs. 2−3 in [4]. For simplicity, in 
the simulations of the present paper it has been used an approximation of such 
relationship (explained in fig. 4 of the present work), on the basis of a reasoning, 
contained in [9] and confirmed by numerical simulations in [3]. The values of k 
and I*, typical (in first approximation) for a certain diameter and composition of 
the varistor disc, have been obtained from the figures in [3]. 
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6 Probabilistic evaluation of parameters 

The nij are the frequencies of nearby or direct lightning flashes, with certain 
characteristics, that interest the structure where the MOV is located. They can be 
calculated approximately as: 
 

 

Figure 4: Approximation of the function WM=WM(I). 
 

dxdyyxEPNn
ijA ijij ⋅= ∫ )],([                                    (6) 

 

where [1]: Eij(x, y) is the event considered, happening at the point (x, y);    
P[Eij(x, y)] is the probability of the event Eij; Aij is the total area where the event 
Eij happens; dxdy is the elementary area. 
     The probability of the event Eij can be calculated as 
 

P[Eij]=α1⋅P[Eij
+]+α2⋅P[Eij

−]+α3⋅P[Eij
− −],                       (7) 

 

where: P[Eij
+] is the probability of the event Eij with respect to positive flashes; 

P[Eij
−] is the probability of the event Eij with respect to negative flashes (first 

stroke); P[Eij
− −] is the probability of the event Eij with respect to negative flashes 

(subsequent strokes); αj is the rate between the expected number of strokes with 
a given polarity, and the expected total number of lightning strokes, in particular: 

α1+α2+α3=1. 
 

In the temperate region of the Northern Hemisphere, considering that the fraction 
of positive and negative flashes are, respectively, 10% and 90%, that the 80% of 
negative flashes have subsequent strokes, that the expected number of 
subsequent strokes is 4, it is possible to evaluate the αj as follows: 
 

α1=2.6⋅10−2,     α2=23.2⋅10−2,     α3=74.2⋅10−2.  
 

The probability of the event Eij can be calculated using the joint log-normal 
probability density distribution g(i,w) of the lightning peak values (i is the 
current and w the specific energy) given in [5]). 
     For example, for the contribution to n11 (or to n31, by suitably choosing the 
event Eij) of negative flashes (first stroke) one has: 
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where: iij
−(x, y, I) is the minimum peak value of the lightning current, striking at 

the point (x, y), that is able to originate the event considered, it is linked to the 
current I passing through the MOV by topological and electrical properties of the 
circuit; maxi−  is the maximum measured peak value of the (first negative stroke) 
lightning current; wij

−(x, y, WM) is the maximum peak value of the lightning 
specific energy, striking at the point (x, y), that is able to cause the event 
considered, it is linked to the energy absorption capability WM of the MOV by 
topological and electrical properties of the circuit; g−(i, w) is the lightning joint 
probability density distribution of the current peak value and of the specific 
energy (first negative stroke). 
     The n'ij and n''ij are, respectively, the repetitions of the switching and 
temporary overvoltages, with certain characteristics, in one year. 
     Raw data from tables A-I and A-IV in [11] (low-voltage supply networks) 
have been used for the statistics adopted for amplitude and specific energy of the 
switching overvoltages (see also [8]). 
     Data from Appendix C in [12] have been used for the statistics adopted for 
the amplitude of the temporary overvoltages (with the assumption that such 
interferences be able to pass through the MV/LV transformer with a ratio 
reduction only). The specific energy of such temporary overvoltages has been 
calculated by using an expected duration of the overvoltage events of 1.21 
seconds [8]. 
     The slow time transition rate λ, modelling ageing due to humidity, pollution 
and leakage current, has been assumed equal to: 
 

λ = λ0 + λ' 
 

where: λ0 is the ageing transition rate assuming that there are no overvoltages in 
the circuit; λ' is the ageing transition rate due to the overheating for switching 
overvoltages that do not have enough amplitude and/or energy to damage the 
MOV directly (similar contributions due to lightning or temporary overvoltages 
are negligible if compared, respectively, with Λ12 and λ''12, hence have not been 
considered). The term λ' = λ'(Ui) has been calculated as: 
 

21* "
)('
)('

)(' λβλ
UW
UW

U i
i =  

 

where: β is a suitable constant that can be obtained from manufacturers’ failure 
data; )(' iUW  is the expected value of the energy of the switching overvoltages 
with amplitude greater than Ui, obtained from table A-IV in [11] by taking the 
cumulate (from Ui to the maximum recorded voltage) of the product given by the 
number of strokes with amplitude Ui for their respective energy, divided for the 
total number of strokes with amplitude greater than Ui; U* is the value of Ui 
where the cumulate of the product given by the number of strokes for their 
respective energy is maximum. 
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7 Numerical simulation 

The validity of the reliability model obtained has been checked using simulations 
in a simple case study (fig. 5): a cubic structure with external Lightning 
Protection System (LPS), side length h2=10m and conventional earth resistance 
RE=10Ω; an incoming power line with length l1=250m, height h1=6m, surge 
impedance Z0=200Ω; surge insulation impedance of the protected equipment 
ZL=10MΩ; a MOV set inside the structure at the end of the incoming line, to 
protect an equipment with a defined impulse withstand voltage. 
 

 

Figure 5: Case study. 

     The following acronyms have been adopted: L-OV=Lightning OverVoltages, 
LS-OV=Lightning + Switching OverVoltages, LST-OV=Lightning + Switching 
+ Temporary OverVoltages. 
     The MTTF vs. the voltage protection level for different values of the 
maximum tolerable current IM, is shown in fig. 6 for the case study. The 
dependence on switching and temporary overvoltages is evident. As noted in 
[13], by choosing a low protection level (a desirable characteristic for surge 
protection of sensitive equipment) the MOV becomes susceptible to fail under 
extended temporary overvoltages or under overstress due to repeated and peaked 
switching surges. The dependence on the ageing factor λ, is shown in fig. 7. 

8 Conclusion 

Standards (e.g. IEC 61643-1 and IEC 61312-3) do not give quantitative 
indications about the ageing process of MOVs. Using probabilistic arguments, a 
simple model of the life of such devices can be developed. The parameters used 
can be expressed in terms of the number of lightning, switching and temporary 
overvoltages influencing the protected circuit. The model obtained permits to 
calculate the mean time to failure (MTTF) of devices installed in power 
distribution systems. 
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Figure 6: MTTF vs. voltage protection level of MOVs, for three values of 

maximum tolerable current IM (for RE=10Ω) 

 
Figure 7: MTTF vs. protection level of MOVs, for different values of the 

ageing factor λ (for IM =5000A, RE=10Ω, and L-OV) 
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