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AbstractðSeveral MOV models have been proposed to describe 

the dynamic behavior of a MOV.  These models differ in the 

calculation and adjustment of model parameters. In this paper, 

we present a comprehensive study on the MOV characteristics. A 

model with both nonlinear resistance and nonlinear inductance is 

proposed. The calculation method of nonlinear inductance and 

nonlinear resistance are presented and the algorithm for 

determining the nonlinear inductance model is explained. 

Simulations and experiments are performed to evaluate the 

proposed MOV model and to verify the model accuracy. 
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I.  INTRODUCTION  

Metal oxide varistors (MOVs) are commonly used to 

suppress transients in electrical systems. They exhibit an 

extremely non-linear V-I characteristic, that is, the resistance is 

very high during normal operations and very low when they are 

exposed to transients. Accurate MOV model is essential for 

lightning protection system simulation and relative 

appliances[1]. A number of models for the varistor[2-5] have 

been proposed in the last decades. Among these models, the 

MOV model[6]  for the PSpice simulation, which shows both 

efficiency and accuracy, is recommended by many 

manufactures[6, 7]. However, we found a few drawbacks of 

this model in practical use.  

1) Manufactures usually build the models according to 

V-I curves in the datasheet. Simulations with the model built 

based on these curves may be not accurate due to the fact that 

the real characteristic curve of an individual varistor is 

subjected to a certain deviation from the datasheet.  

2) V-I characteristics in the datasheet are established on 

the basis of maximum voltage[8]  appearing across the device 

during an impulse excitation. Actually, this method does not 

eliminate the inductive effect that a higher voltage will appear 

across the MOV in the simulation.   

3) Inductive effect of the MOV was seriously 

underestimated by manufactures. The value of the inductance 

in the model are calculated based on the lead length. They 

usually connect a 10nH inductance with nonlinear resistance in 

a MOV model. This low inductive effect does not agree with 

the results from measurements.  

To solve these problems, we measured the response 

characteristics of MOVs under different levels of impulse 

currents. A comprehensive method for building a MOV model 

is introduced. The detailed contribution of this paper is as 

follows. 

1) A more accurate way is introduced to derive V-I 

characteristics of a MOV from the measured voltage response. 

2) Discussion on the inductive effect is presented. 

Nonlinear inductance of varistors will be directly derived from 

the measurement results using an optimization method. 

3) A MOV model with both nonlinear resistance and 

nonlinear inductance is proposed. Experiment validation on a 

single MOV and two-level MOV protection block is performed. 

II. METAL OXIDE VARISTOR MODEL 

A number of different circuit models have been proposed 

to describe the dynamic behavior of varistors. In this paper, 

we propose a nonlinear model as shown in Fig.1.  
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Fig 1.  Equivalent circuit of a MOV 

The varistor is replaced by a V/I characteristic curve, a 

parallel capacitance and a series nonlinear inductance. The 

dependence of the capacitance on the applied voltage and 

frequency is extremely weak and can be neglected. Therefore, 

the non-linear resistance and the inductance are two critical 

parameters for a varistor model. Nonlinear resistance can be 

described by the following exponential approximation: 
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This expression determines the whole resistance value of 

the varistor and it is valid for the impulse current in the range 

from a few µA to some kA. Since the dynamic behavior of 

MOV is caused by the inductance, we proposed a nonlinear 

inductance to ensure the model to be effective in a wide range 

of currents. The key issue is the method to determine the 

nonlinear resistance and nonlinear inductance.  

In the following parts of this section, we will present a 

step-by-step procedure to build up a MOV model. 

Experimental configuration is briefly described. Then, a 

proposed approach to derive the characteristic curve of the 

MOV is introduced. After that, nonlinear resistance and 

nonlinear inductance in the MOV circuit model are extracted 

using the obtained V-I curve. 

A. Measurement of MOV Characteristics 

The measurement circuit is shown in Fig.2. The test is 

designed in such a way that voltage and current can be 

measured simultaneously. R1 is used as a current sensor to 

measure current flowing through the varistor. Surge source is 

generated by the impulse generator, which is modeled by a 

RLC circuit. While, we prefer to import the measured current 

to the simulation tool as the source in this paper. Measurements 

were performed with different levels of the impulse current. 

The test performed with this experimental setup is also known 

as the clamping voltage test. In our measurement, an 8-20µs 

generator, which can be charged to 6 kV was used. The output 

current can reach up to 2.5kA when loaded with a MOV. 
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Fig 2.  Measurement Configuration 

B. Extraction of Characteristic Curve  

According to the manufacturerôs application note[8], V-I 

characteristics of MOVs in the datasheet are derived based on 

the maximum voltage principle. The characteristic curve is 

established by using the V-I relation at the maximum voltage 

of different amplitude of the impulse current. Note that the 

voltage across a MOV circuit model satisfies the equation, 

di
V Ri L

dt
= +      (2) 

 
Fig 3.  Typical Voltage Response of a MOV 

A typical voltage response of a MOV is shown in Fig.3. 

The voltage and current do not reach their peak values 

simultaneously. If we record the V-I relation at the peak 

voltage, inductive effect is obviously included, which leads to a 

higher voltage. To derive nonlinear V-I relation of the MOV, 

we must remove the influence of the series inductance. It 

certainly comes to the point that di/dt=0 when the current 

reaches its peak value. This means impedance at this moment 

is purely resistive. Therefore, we employ the V-I relation at the 

peak current of the impulse with different amplitudes to form 

the V-I curve of the varistor. In this way, the inductive effect is 

removed completely.  

C. Extraction of Nonlinear Resistance 

After deriving the characteristic of the resistance, we need 

to establish the formula for the model. The key issue is to find 

out 4 coefficients in the equation (1). The expression is 

significantly nonlinear, and traditional optimization methods 

exhibit a poor convergence behavior when solving such a 

problem. In this paper, we adopt the Powellôs Dog-Leg 

algorithm[9] to guarantee the exponential convergence of 

nonlinear minimization. Taking for an example, S20K50 is 

tested under 10 different impulse currents from 50A to 2.5kA. 

The model built from the measurement and the model provided 

by the manufacture are compared as shown in Table I and Fig.4. 

Both the datasheet and the factory model are from EPCOS and 

can be downloaded at the EPCOS website.  Some differences 

are observed between the behavior curves of the datasheet, 

manufacturerôs model, and the measured results especially in 

the low current range. The model provided by EPCOS shows 

some difference from its datasheet due to the model is built up 

based on the worst estimation. While, the proposed model 

(Fitted Model) agrees well with measurement. 

TABLE I.  COFFICIENTS COMPARISON BETWEEN TWO MODELS 

 K1 K2 K3 K4 

Factory Model 1.9940 0.0228 -0.0006 0.0069 

Our Model 2.0753 0.00 -0.0412 0.0071 

 



  

Fig 4.  Comparison of V-I Characteristics 

D. Extraction of Nonlinear Inductance 

Another issue in building a MOV model is the 
determination of inductance. The dynamic behavior of the 
MOV is mainly caused by the inductive effect. According our 
study, the inductance varies with the level of the injected 
current. A current-dependent nonlinear inductance is then 
derived from the measurement result. 

 

(a) Comparison under the 600A Current  

 

(b) Comparison under the 2.5kA Current 

Fig 5.  V-I Characteristics with/without the inductive effect 

Similar to the method presented in the last section, samples 
were tested under the impulse current with different amplitudes. 
The sample of S20K50 was selected for testing, and the results 

are shown in Fig.5. Measured residual voltage of the varistor 
under an impulse has a looping tendency as shown in Fig.5. 
The loop curve indicates an equivalent inductance in series 
with the nonlinear resistance. It is possible to find out a suitable 
value for the inductance to minimum the loop using an 
optimization method. The inductive loop nearly vanishes after 
removing the inductance as ñCal Vò curve in Fig.5. While, the 
inductance is inversely proportional to the peak current. A 
fixed-value L cannot solve the looping problem under all the 
operation conditions, that is, an 144nH inductance is required 
for the 600A impulse current (Fig.5 (a)) and an 56nH 
inductance for the 2.5kA impulse current (Fig.5 (b)). The 
nonlinear inductance is then built up with the impulse current 
with different amplitudes.  

III.  DISCUSSION ON SERIES INDUCTANCE 

The inductance contains a linear part which owing to the 
leads and a nonlinear part originated from the varistor itself. 
The lead inductance of 1nH/mm has been adopted by both 
researchers and manufactures[7]. While, the nonlinear part is 
underestimated by the previous work. The nonlinear inductive 
part is much larger than the lead inductance and it will decrease 
to a stable level rapidly as the current level grows. 
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Fig 6.  Lead Inductance Comparison Configuration 

We took a comparison test on the varistor of S20K50 with 
and without leads, as shown in Fig.6. Two leads in the left 
varistor are 20mm long and 12mm spaced. The fitted 
inductance of different current levels (Table II ) reveals that the 
inductance of the lead is nearly 1nH/mm as approximated by 
MOV manufactures. However, the nonlinear part, which is 
much larger, is ignored in manufactureôs models. Thus, the 
simulation using the manufactureôs models will lead to a lower 
voltage than the actual voltage. 

TABLE II.  INDUCTANCE COMPARISON WITH/WITHOUT LEADS 

Current Level Inductance(nH) 
with lead no lead difference 

393A 173 150 23 

828A 113 93 20 

1667A 77 58 19 

2472A 70 47 23 

IV.  EXPERIMENT VERIFICATION 

A. Single MOV Test 

To verify the proposed model, the varisor of S20K50 is 
directly connected to the generator. Simulations with the 
proposed model (Fitted V) and the model by manufacturer 



(Factory V) are performed, and  the resulrts are compared with 
the measurement results. The measured current is directly 
imported to PSpice as the source. The voltage response under 
different levels of the current are presented in Fig.7. 

 

(a) Comparison under 180A Current  

 

(b) Comparison under 1.2kA Current  

 

(c) Comparison under 2.5kA Current  

Fig 7.  Comparison of Votlages Obtaeind from Measurement and Simulation 

According to the results presented in Fig.7, it is observed 

that curves are very close to each other in the active zone. 

However, voltages calculated using the model by manufactures 

are lower than the measurement in the wave front where the 

inductive effect is dominant. The proposed model matches well 

with the measurements through the whole waveform. While, 

the test on a single MOV cannot demonstrate the advantage of 

the proposed model. A more complicated experiment was 

performed, and discussed in part B. 

B. Two-Level MOV Protection Block Test 
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Fig 8.  Two-Level MOV Protection Block 

A surge protection circuit consisting of two levels of 

varistors is shown in Fig.8. In this test, 4 shunt varistors of 

S20K50 are connected in parallel with 2 shunt varistors of 

S14K820 through a 7.9uH air-core inductor. During the 

experiment, an 8-20µs impulse current with the amplitude of 

350A, 1.2kA or 2kA is injected into the system. The current 

flows in the inductor and the residual voltage on S20K50 are 

measured. 

 

(a) Comparison under a 350A Current  

 

(b) Comparison under a 1.2kA Current  


