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SIMULATION OF IMPULSE CURRENT 
GENERATOR FOR TESTING SURGE 
ARRESTERS USING FREQUENCY-
DEPENDENT MODELS

The object of research is the equivalent circuit of an impulse current generator designed for testing surge  
arresters. Calculation of the impulse current generator parameters when discharging a capacitor bank to a complex 
nonlinear load is a difficult task for an analytical solution. Until now, the application of surge arrester frequency-
dependent models was limited to the problems of overvoltage computation. Surge arrester frequency-dependent 
models can predict the residual voltage with high accuracy. This is the reason to consider that surge arrester fre-
quency-dependent models can be used for calculating the main parameters of impulse current generators designed 
for physical testing of surge arresters.

The task of determining the equivalent circuit parameters required for getting a discharge current of a given 
waveform and amplitude in an impulse current generator scheme with a nonlinear load was solved using circuit 
simulation.

This article presents the results of studying the processes in impulse current generator equivalent circuit.  
In the circuit a dynamic model of a surge arrester is used as the load model. For this, an equivalent circuit for the 
discharge path of the impulse current generator was drawn up. The parameters of the circuit elements (including 
the required number of capacitors and their charging voltage) are determined, which are necessary for getting 
a discharge current of a given standardized waveform and amplitude. The parameters of the discharge path are 
determined for surge arresters of three different voltage classes. It was found that the relative error when deter-
mining the residual voltage between the terminals of the surge arrester model does not exceed 3 %.

The work contributes to the further development of circuit simulation of surge arresters and the expansion of 
the scope of surge arrester dynamic models. As a result of the research performed, the possibility of using surge 
arrester frequency-dependent models for determining the discharge current waveform in impulse current genera-
tors is shown. The research performed is relevant due to the fact that surge arresters have become a main tool for 
protecting the insulation of electrical network equipment against external and internal overvoltages.

Keywords: impulse current generator, surge arrester, high-voltage capacitor bank.

Yevgeniy Trotsenko, 
Volodymyr Brzhezitsky, 
Olexandr Protsenko, 
Yaroslav Haran

© The Author(s) 2021

This is an open access article under the CC BY license  

(http://creativecommons.org/licenses/by/4.0)

Received date: 08.10.2020

Accepted date: 11.12.2020

Published date: 26.02.2021

1.  Introduction

Surge arresters are designed to protect the insulation 
of electrical equipment against switching and lightning 
overvoltages. Due to their ability to limit any kind of 
overvoltage, these surge protective devices have become an 
essential attribute in electrical installations of all voltage 
classes. Each surge arrester has a number of important 
characteristics that should be taken into account when choos-
ing it. One of the main characteristics of a surge arrester 
is the residual voltage, that is, the voltage that appears 
between its terminals during the passage of a discharge 
current through it. It is the peak value of the residual 
voltage during the passage of switching current impulse 
and lightning current impulse that mainly characterizes 
the protective properties of the surge arrester. The surge 
arrester manufacturers indicate these values in kilovolts in 
their product brochures. The end consumer of surge ar-
resters can check these figures only with the help of such 

a high-voltage impulse installation as an impulse current 
generator. In addition to tests for determining the residual 
voltage, impulse current generators are being developed for 
testing with a long duration current impulses  [1]. One of 
the major components of an impulse current generator is 
a high-voltage capacitor bank. To obtain the required im-
pulse current waveform, the capacitor bank is first charged 
and then discharged to the test object using switching 
devices. If the parameters of the test object are linear, 
then ready-made relations  [2], which have been used for 
several decades, can be used to calculate the impulse cur-
rent generator parameters. However, in this case, the test 
object is a surge arrester, which varistors have a highly 
non-linear current-voltage characteristic. Calculation of the 
impulse current generator parameters when discharging  
a capacitor bank to a nonlinear load is a new task of par-
ticular complexity. In addition to the above, it should be 
noted that the surge arrester is characterized not just by 
a nonlinear, but by a dynamic nonlinear current-voltage  
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characteristic. This means that its current-voltage characte
ristic is different for fast-front and slow-front overvoltages. 
Therefore, for example, for switching and lightning current 
impulses of the same amplitude, different voltage drops 
will appear between the terminals of the surge arrester. 
This property is fairly well reproduced by the frequency-
dependent equivalent circuits of the metal oxide surge ar-
rester  [3–5]. Dynamic models of surge arresters have been 
repeatedly studied in various publications  [6–8], where 
their high accuracy was confirmed. This is the reason to 
believe that the dynamic models of surge arresters can be 
used to compute the main parameters of an impulse current 
generator designed for full-scale testing of surge arresters.

Therefore, it is urgent to develop effective approaches 
to calculating the parameters of high-voltage impulse in-
stallations, taking into account new achievements in the 
field of circuit simulation.

Thus, the object of research is the equivalent circuit of an 
impulse current generator designed for testing surge arresters.

In its turn, the aim of the article is to determine 
the electrical parameters of the impulse current genera-
tor circuit required to obtain a test current impulse of  
a given amplitude and waveform in a discharge path with 
a surge arrester.

2.  Methods of research

Surge arrester is a protective device and under operating 
conditions currents directly related to the impact of light-
ning will pass through it. For this reason, surge arresters 
must be tested with impulse currents having waveform 
similar to lightning currents. Besides the amplitude, the 
waveform of the current impulse is determined by two 
more parameters that characterize the change in current 
over time. These are the front time T1 and the time to 
half the peak T2. The first of these parameters convention-
ally characterizes the current rise time to the maximum, 
and the second, respectively, the time until the current is 
halved compared with maximum. Accordingly, the impulse 
waveform is written as a T1/T2 ratio. For testing surge 
arresters with a lightning current impulse, the impulse 
current waveform of 8/20  μs is adopted. Therefore, an 
impulse current generator must reproduce such a current 
in high-voltage laboratory.

As noted above, the major components of an impulse 
current generator are high-voltage capacitors. In this work, 
IC-50-3 capacitors were chosen as an element base. These 
capacitors have the following characteristics: rated voltage 
is 50  kV; nominal capacity is 3  μF; internal inductance 
of the capacitor is 40  nH. Models of three typical surge 
arresters designed for use in networks with a voltage class 
of 6  kV, 10  kV and 35  kV, respectively, were selected as 
test objects. The aim of this article is not to study the 
properties of surge arresters from any particular manufac-
turer. The selected devices have typical characteristics for 
their voltage classes. Moreover, most of the surge arresters 
from different manufacturers have, albeit different, but in 
general, similar protective characteristics. For these reasons, 
in order to avoid possible misunderstandings, the authors 
do not indicate the country and manufacturer of the surge 
arresters. The main research scheme is shown in Fig.  1.

In Fig.  1: R1, R2, L1, L2 and C1 are linear elements 
of surge arrester model, in turn, G1 and G2 are nonlinear 
elements of the surge arrester model. The calculation of 

the numerical values of the parameters of the surge ar-
rester model should be carried out in accordance with the 
procedure given in [3]. Simulation of the electrical circuit 
in Fig.  1 was performed using the Micro-Cap  12 circuit 
simulation program  [9]. Modeling of nonlinear elements 
G1 and G2 of the surge arrester model in Fig.  1 was per-
formed using a voltage-controlled current source (NTIofV)  
model in accordance with the approach proposed in  [10]. 
The rest of the elements in Fig.  1 refer to the equivalent 
circuit of the impulse current generator: C2 is storage 
capacitor charged to a certain voltage; R3 is resistor;  
L3 is the inductance that is the sum of the parasitic in-
ductances of the capacitor bank, the parasitic inductances 
of the connecting wires, the parasitic inductance of the 
resistor, etc. Switch SW1 is a model of a controlled switch,  
with the help of which the charged capacitor C2 is dis-
charged to L3, R3 and the elements of the surge arrester 
model (R1, R2, L1, L2, C1, G1 and G2).

 

Fig. 1. Impulse current generator circuit with  
a surge arrester as a test object

This scheme can be used for step-by-step calculation of 
the impulse current generator parameters. Using the circuit, 
one can check the influence of the permissible inductance 
and active resistance of the discharge path on the waveform 
and amplitude of the discharge current. Also, using the 
circuit, one can check the influence of the selected number 
of capacitors and the value of their charging voltage on the 
waveform and amplitude of the discharge current passing 
through a surge arrester (of a certain voltage class). The 
main goal of circuit simulation is to determine the circuit 
element parameters necessary to obtain a discharge current 
with 10 kA amplitude and 8/20 μs waveform passing through 
a surge arrester. The reference point for determining the 
nonlinear element values of the model (Fig. 1) is the surge 
arrester residual voltage precisely at 8/20 μs waveform and  
10 kA amplitude [10]. The simulation results obtained using 
the impulse current generator equivalent circuit are given 
in the next section of the paper.

3.  Research results and discussion

As a result of simulation, the following was established. 
Hereinafter, the final data from the entire data set obtained 
as a result of multivariate analysis (Stepping) are presented.

In order to obtain the required discharge current wave-
form in a circuit with a 35  kV network surge arrester, 
12 IC-50-3 capacitors are required, connected in series-parallel 
in accordance with Fig.  2. The circuit parameters (Fig.  1) 
can be as follows: capacitor bank capacitance C2 = 4  μF, 
discharge path inductance L3 = 8  μH, discharge path active 
resistance R3 = 0.33  Ω. To obtain a discharge current with 
10 kA amplitude and 8/20 μs waveform, the capacitor bank 
must be charged to 144.2  kV voltage.
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Fig. 2. Connection diagram of IC-50-3 capacitors into a capacitor bank  
for testing surge arresters

The waveform of the discharge current, the voltage 
drop between the surge arrester terminals and the absorbed 
energy are shown in Fig.  3. Hereinafter, the screen cap-
ture (screenshot) of the Micro-Cap  12 circuit simulation 
program  [9] is presented.

 
Fig. 3. Evaluation of discharge current, residual voltage and absorbed 

energy when testing a 35 kV network surge arrester

For the surge arrester selected, the technical passport 
value of the residual voltage is 126.0  kV at a discharge 
current with 10  kA amplitude and 8/20  μs waveform. 
The value obtained in the simulation is 129.66  kV. The 
relative error was calculated using the formula (1) and 
amounted to +2.91  %. 

ξ =
′−

⋅
V V

V
r r

r

100, %, 	 (1)

where ′Vr  is the peak value of the residual voltage (kV) ap-
pearing between the surge arrester terminals resulting from 
the simulation; Vr  is technical passport peak value of the 
residual voltage (kV) for the selected surge arrester.

The energy absorbed by the surge arrester is 21.24 kJ. 
Hereinafter, the energy value was determined using the 
built-in «SDT» function of the Micro-Cap 12 circuit simu-
lation program  [9]. This built-in function corresponds to 
the analytical function for energy computation:

W t u t i t t
t

t

( ) ( ) ( ) ,= ∫ d
0

where W(t) is energy (J) absorbed by the surge arrester 
as a function of time; u(t) is residual voltage (V) appeared 
between the surge arrester terminals as a function of time;  
i(t) is discharge current (A) passing through the surge ar-
rester; t0 is moment of time when a voltage drop appears 
between the surge arrester terminals, s; t is current moment 
of time, s.

Using the procedure given in  [3], the parameters of 
the surge arrester model shown in Fig. 1 were determined.  
For a 35 kV network surge arrester model the following va
lues were obtained: L1 = 0.121 μH, R1 = 60.5 Ω, L2 = 9.075 μH,  
R2 = 39.325  Ω, C1 = 165.289  pF.

In order to physically implement the circuit in Fig.  2, 
high-voltage capacitors must be mounted on insulators 
to provide the required insulation from the ground. For 
example, the tanks of capacitors C5–C8 should be insulated 
from the grount by 50 kV, while tanks of capacitors C9–C12 
should be insulated from the ground by 100  kV. For this 
purpose, it is proposed to use the elements of the impulse 
voltage generator installed in the high-voltage laboratory 
of the Department of Theoretical Electrical Engineering of 
the National Technical University of Ukraine «Igor Sikor-
sky Kyiv Polytechnic Institute» (Fig.  4). The balancing 
resistors of the capacitor bank are not shown in Fig.  4.

 

Fig. 4. Installation of IC-50-3 capacitors on support insulators  
to provide the necessary insulation from the ground in the impulse  

voltage generator

For testing 10 kV and 6 kV network surge arresters, it 
is proposed to use the same capacitor bank, adjusting only 
the charging voltage of the capacitors and the inductance. 
This inductance is realized in the form of an additional 
coil, which inductance is also counted in L3 in Fig.  1.

In order to obtain the required discharge current waveform 
in a circuit with a 10 kV network surge arrester, the circuit 
parameters can be as follows: capacitor bank capacitance 
C2 = 4  μF, discharge path inductance L3 = 13  μH, discharge 
path active resistance R3 = 0.33  Ω. To obtain a discharge 
current with 10  kA amplitude and 8/20  μs waveform, the 
capacitor bank must be charged to 59.8  kV voltage. The 
waveform of the discharge current, the voltage drop between 
the surge arrester terminals and the absorbed energy are 
shown in Fig.  5.

For the surge arrester selected, the technical passport 
value of the residual voltage is 39.6  kV at a discharge 
current with 10  kA amplitude and 8/20  μs waveform. 
The value obtained in the simulation is 39.39 kV. Accord
ing to (1) the relative error is –0.53  %. The energy ab-
sorbed by the surge arrester is 5.9  kJ. The parameters of 
surge arrester model in Fig.  1: L1 = 0.025  μH, R1 = 12.5  Ω, 
L2 = 1.875  μH, R2 = 8.125  Ω, C1 = 800.0  pF.
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Fig. 5. Evaluation of discharge current, residual voltage and absorbed 

energy when testing a 10 kV network surge arrester

In order to obtain the required discharge current wave-
form in a circuit with a 6  kV network surge arrester, the 
circuit parameters can be the same as in the previous case: 
capacitor bank capacitance C2 = 4 μF, discharge path induc-
tance L3 = 13 μH, discharge path active resistance R3 = 0.33 Ω. 
To obtain a discharge current with 10  kA amplitude and 
8/20  μs waveform, the capacitor bank must be charged to 
43.1  kV voltage. The waveform of the discharge current, 
the voltage drop between the surge arrester terminals and 
the absorbed energy are shown in Fig.  6.

 
Fig. 6. Evaluation of discharge current, residual voltage and absorbed 

energy when testing a 6 kV network surge arrester

For the surge arrester selected, the technical passport 
value of the residual voltage is 22.4  kV at a discharge 
current with 10  kA amplitude and 8/20  μs waveform. 
The value obtained in the simulation is 22.63 kV. Accord
ing to (1) the relative error is +1.03  %. The energy ab-
sorbed by the surge arrester is 3.27  kJ. The parameters of 
surge arrester model in Fig.  1: L1 = 0.019  μH, R1 = 9.5  Ω, 
L2 = 1.425  μH, R2 = 6.175  Ω, C1 = 1053.0  pF.

As one can see, for testing surge arresters of various 
voltage classes either 6  kV or 10  kV, it is possible to use 
the same impulse current generator with a slight varia-
tion of its parameters.

The development and expansion of the application 
field of surge arrester dynamic models is promising due 
to the fact that this category of protective devices has 
become practically mandatory for protecting the insulation 
of  electrical network equipment from various overvoltages. 
Therefore, experimental and theoretical studies aimed at 

reducing the time spent on calculating the parameters of im-
pulse installations for testing surge arresters are important.  
According to  [2], the integral-differential equation of 
the discharge current for the impulse current generator 
equivalent circuit has the form:

L
di

dt
Ri

C
i t U+ + =∫

1
0d , 	 (3)

where L is discharge path inductance; R is discharge path 
active resistance; C is capacitor bank capacitance; U0 is volt-
age the capacitor bank is charged to.

Assuming the resistance R is nonlinear, replacing uR = Ri, 
then dividing equation (3) on the left and right side by L,  
one get:

di

dt

u

L LC
i t

U

L
R+ + =∫

1 0
d . 	 (4)

Differentiating equation (4) on the left and right side, 
one obtains the differential equation of the discharge in 
the impulse current generator with a nonlinear load:

d

d

d

d

2

2

1 1
0

i

t L

u

t LC
i

R+ + = . 	 (5)

There is no general analytical solution to this equa-
tion. In addition, equation (5) is only valid if the surge 
arrester is modeled as a single nonlinear resistor. However, 
this is an oversimplification, which was the reason for the 
development of complex models of surge arresters with  
a dynamic current-voltage characteristic [3–5]. Therefore, 
the approach used in this paper is an alternative method 
for determining the discharge current waveform and the 
residual voltage waveform for a surge arrester in the dis-
charge path of an impulse current generator. The proposed 
approach eliminates the need to solve the differential equa-
tion  (5) and reduces the problem of determining the pa-
rameters of the impulse current generator scheme to circuit 
simulation. The paper presents a fragment of one of the 
stages of a multi-stage computation of this type of high-
voltage impulse installations. Parameters R3 and L3 (Fig. 1)  
represent the total values of the corresponding parame
ters of the load and elements of the discharge path of 
the impulse current generator (buses, spark gaps, shunt, 
contactors, additional coil, etc.). Refinement of the active 
resistance R3 and inductance L3 is performed at the next 
stage and is the subject of another scientific research.

4.  Conclusions

In this article, it is shown for the first time that 
dynamic models of surge arresters can be directly used 
to determine the main parameters of an impulse current 
generator designed for full-scale testing of surge arrest-
ers. It is also shown that with a help of circuit simula-
tion, it is possible to select the parameters of the circuit 
elements necessary to obtain a discharge current with  
a given amplitude and waveform, which must pass through 
the surge arrester according to the test conditions. This 
approach has shown its effectiveness for models of vari-
ous surge arresters designed for use in networks with 
different voltage classes. The paper presents the graphs 
of the discharge current, the residual voltage appearing 
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between the surge arrester terminals and the absorbed 
energy obtained as a result of simulation. The presented 
approach greatly simplifies the procedure for determin-
ing the circuit parameters of impulse current generators 
designed for testing surge arresters.
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