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рАЗрАботКА устройстВА, обесПечиВАЮщеГо 
ресурсосбереГАЮщий ПусК Асинхронных 
эЛеКтроДВиГАтеЛей При Пониженном нАПряжении

Представлены результаты аналитического исследования 
электромеханических и тепловых переходных процессов при 
пуске асинхронного электродвигателя с короткозамкнутым 
ротором в условиях пониженного напряжения. В качестве 
диагностического параметра режима работы электродвигателя 
в послепусковой период принят импульс квадрата пускового 
тока. Разработано устройство диагностирования дополнитель-
ного теплового износа изоляции асинхронного электродвига-
теля с короткозамкнутым ротором в послепусковой период.
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study oF surGe Arrester Model 
under InFluenCe oF VArIous 
Current Pulses

Приведені результати дослідження моделі нелінійного обмежувача перенапруг за допомогою 
демонстраційної версії Micro-Cap. Визначено залишкову напругу при протіканні крізь нелінійний 
обмежувач перенапруг як стандартних комутаційних і грозових імпульсів струму різної амплі-
туди, так і імпульсу струму з крутим фронтом. Показано, що найменша похибка має місце при 
впливі на модель грозових імпульсів струму.

Ключові  слова: схемотехнічне моделювання, нелінійний обмежувач перенапруг, залишкова 
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1.  Introduction

Surge arrester is one of the main protective devices, 
that is used in electrical networks for protection from 
switching and lightning surges. Due to non-linear resis-
tors based on zinc-oxide materials, the use of surge ar-
resters led to a deeper surge suppression compared with 
the valve-type arresters based on silicon carbide. The peak 
value of voltage that appears between the terminals of  
a surge arrester during the passage of discharge current with 
given shape and amplitude is called the residual voltage 
and is one of the most important characteristics of the 
surge arrester. The residual voltage depends on both the 
amplitude and the wave shape of the discharge current 
pulse [1]. For a fixed amplitude of discharge current pulse, 
the steeper is the front of a current pulse that passes 
through the surge arrester, the greater is the residual 
voltage of surge arrester. These and other properties of 
the surge arresters become important when dealing with 

the insulation coordination and simulation of lightning 
protection of substations [2]. There are different mo dels 
of the surge arrester for circuit simulation software, both 
simple consisting of a single non-linear element and com-
plex consisting of several linear and non-linear elements. 
Surge arrester model must recreate in the virtual experi-
ment the behavior of the real device and therefore requires 
study the influence of the current pulses of various wave 
shape and amplitude.

2.   the object of research   
and its technological audit

The object of the research is the dynamic model of 
the surge arrester implemented in the evaluation ver-
sion of Micro-Cap 11 (developed by Spectrum Software 
Company) and proposed in paper [3]. The duration of 
lightning and switching surges lies in the microsecond 
range. In the simulation it is still not sufficiently studied  
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the influence of currents typical for both lightning and 
switching surges. It is possible to study the model of the  
surge arrester in the above range by comparing the results 
of computer simulation with the data given in the catalogs 
of surge arresters. Usually manufacturers publish several 
values of residual voltage at different current waveforms: at 
the switching current pulse with the wave shape 30/60 μs 
or 45/90 μs, at the lightning current pulse with the wave 
shape 8/20 μs, as well as at the steep current pulse with 
wave shape 1/(2…20) μs, which can be used in the study.

3.  the aim and objectives of research

The main aim of the article is to determine the re-
sidual voltage of surge arrester model during the passage 
of discharge current with various shape and amplitude 
using Micro-Cap circuit simulator. This will allow to as-
sess the error of the surge arrester model separately when 
it suppresses both switching and lightning overvoltages.

The following objectives were set to reach this aim:
1. Select the surge arrester model for research using 

Micro-Cap circuit simulation software.
2. Define residual voltage on the surge arrester during 

the passage of switching discharge currents with wave 
shape 45/90 μs, lightning discharge currents with wave 
shape 8/20 μs and steep current pulse with wave shape 
1/20 μs using the Micro-Cap circuit simulator.

3. Compare the residual voltage values obtained in 
simulation with the appropriate values given in catalogs 
of surge arresters.

4.   research of existing solutions of the 
problem

Surge arrester model, capable to represent the dynamic 
behavior of its current-voltage characteristic did not exist 
until 1992, when such model was developed by working 
group of the IEEE (Institute of Electrical and Electronics 
Engineers) Surge protective devices committee and pre-
sented in paper [4]. After that three more surge arrester 
equivalent circuits [5–7] have been proposed, in 1999, 
2001 and 2004 respectively. These circuits are in fact the 
different approaches to improve the surge arrester model 
proposed in [4]. These four schemes are used to this day, 
as they allow to simulate the current-voltage characteristic 
of the surge arrester in the whole range of currents that 
pass through the device during the suppression both the 
lightning and switching surges.

In comparison with the other models of surge arrester, 
the most widely used one is the model [5], which consists 
of two non-linear resistors, which are connected with each 
other via two inductive and resistive element. The advan-
tage of this model is that its parameters are determined 
only based on the data given in the catalogs of surge 
arrester manufacturing companies [5] and in contrast to 
the model [4] it does not require the iterative procedure.

The circuit simulation programs are constantly being 
improved, hence at the overvoltage studies using one or 
another program the researchers again return to existing  
surge arrester models and carry out their simulation. Pa-
per [3] was the first to show how to implement the model 
of the surge arrester [5] in the evaluation version of the 
Micro-Cap circuit simulator. Papers [4, 8] used two dif-
ferent current pulses in the study of the surge arrester 

models; [9] – three; [6, 10, 11] – four; [5] – five; [12] – 
eight. In this work, as it will be shown later, we studied 
the effect of ten different current pulses.

5.  Methods of research

To achieve objectives that were set such research method 
was applied: circuit simulation on personal computer. The 
main materials in this research are the equivalent circuits 
for the determination of residual voltage on surge arres-
ters terminals.

6.  research results

This study is a continuation of the authors’ work [3] on 
the simulation of the surge arrester using the Micro-Cap 
circuit simulator. The main research circuits are shown 
on Fig. 1 and represent two equivalent ways of surge 
arrester simulation using the evaluation version of the 
Micro-Cap circuit simulator [3].

a

b

Fig. 1. Surge arrester simulation in Micro-Cap evaluation version: 
a – voltage-controlled current sources (NTIofV) are used; b – current-

controlled voltage sources (NTVofI) are used

In Fig. 1 R1, L1 and L2 – linear elements, G1, G2, H1  
and H2 – nonlinear elements of surge arrester model. Re-
sistance R1 is 1000 MΩ. In accordance with [5] induc-
tances L1 and L2 are defined using formula (1) and (2).
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where Vn (kV) – surge arrester rated voltage; Vr1/20 (kV) – 
maximum residual voltage at 10 kA steep current pulse with 
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the wave shape 1/20 μs; Vr8/20 (kV) – maximum residual 
voltage at 10 kA lightning current pulse with the wave 
shape 8/20 μs.

Formula (1) and (2) give the value of inductances 
expressed in μH [5].

Functional current source G0 in Fig. 1 simulate dis-
charge current pulse passing through the surge arrester. 
The formula (3) was used to express 45/90 μs current 
wave, (4) – to express 8/20 μs wave and (5) – to ex-
press 1/20 μs wave.
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where t1
645 10= ⋅ −  sec, t2

41 125 10= ⋅ −.  sec.

i t I e tm
t( ) . sin . ,.= ⋅ ⋅ ⋅ ⋅( )− ⋅2 18 1 07 106 510 54  (4)

i t I e em
t t( ) . ,. .= ⋅ ⋅ −( )− ⋅ − ⋅1 078 3 810 2 69104 6  (5)

where Im  (A) – current amplitude.
To allow usage of pulses with negative polarity, or 

currents that have both positive and negative values (for 
example, such as (4)), non-linear elements in surge ar-
rester model shown in Fig. 1 according to [3, 5] and in 
accordance with the Micro-Cap syntax [13] must be set, 
as shown in Table 1, 2.

In Table 1 and 2 the variable «Vr820» is equal to the 
residual voltage Vr8/20 (V) at the 10 kA current wave 
with the wave shape 8/20 μs taken from the manufacturer 
catalog of the surge arrester. It is convenient to specify the 
value of this variable by means of the «.DEFINE» state-
ment directly on the circuit field in any free place [3, 13].

The simulation results of typical surge arrester with 
a rated voltage of 108 kV under influence of various cur-
rent pulses performed with the Micro-Cap circuit simulator 
are shown in Table 3. Studying the properties of surge 
arresters of specific manufacturer or several manufacturers 
is not the aim of this article that is why in the Table 3 
the mentioned above surge arrester is presented as the 
symbol «SA-108». According to the formula (1) and (2) for 
this surge arrester model: L1 = 0.947 μH and L2 = 2.842 μH.

table 1

Non-linear elements of surge arrester model shown in Fig. 1, a

G1 G2

({–1.277*Vr820}, –20e3) ({–1.091*Vr820}, –20e3)

({–1.195*Vr820}, –10e3) ({–1.009*Vr820}, –10e3)

({–1.108*Vr820}, –3e3) ({–0.922*Vr820}, –3e3)

({–1.052*Vr820}, –1e3) ({–0.866*Vr820}, –1e3)

({–0.974*Vr820}, –1e2) ({–0.788*Vr820}, –1e2)

({–0.810*Vr820}, –2e-3) ({–0.623*Vr820}, –2e-3)

(0,0) (0,0)

({0.810*Vr820}, 2e-3) ({0.623*Vr820}, 2e-3)

({0.974*Vr820}, 1e2) ({0.788*Vr820}, 1e2)

({1.052*Vr820}, 1e3) ({0.866*Vr820}, 1e3)

({1.108*Vr820}, 3e3) ({0.922*Vr820}, 3e3)

({1.195*Vr820}, 10e3) ({1.009*Vr820}, 10e3)

({1.277*Vr820}, 20e3) ({1.091*Vr820}, 20e3)

table 2

Non-linear elements of surge arrester model shown in Fig. 1, b

H1 H2

(–20e3, {–1.277*Vr820}) (–20e3, {–1.091*Vr820})

(–10e3, {–1.195*Vr820}) (–10e3, {–1.009*Vr820})

(–3e3, {–1.108*Vr820}) (–3e3, {–0.922*Vr820})

(–1e3, {–1.052*Vr820}) (–1e3, {–0.866*Vr820})

(–1e2, {–0.974*Vr820}) (–1e2, {–0.788*Vr820})

(–2e-3, {–0.810*Vr820}) (–2e-3, {–0.623*Vr820})

(0,0) (0,0)

(2e-3, {0.810*Vr820}) (2e-3, {0.623*Vr820})

(1e2, {0.974*Vr820}) (1e2, {0.788*Vr820})

(1e3, {1.052*Vr820}) (1e3, {0.866*Vr820})

(3e3, {1.108*Vr820}) (3e3, {0.922*Vr820})

(10e3, {1.195*Vr820}) (10e3, {1.009*Vr820})

(20e3, {1.277*Vr820}) (20e3, {1.091*Vr820})

table 3

Residual voltage on «SA-108» at various current pulses

No.
Current pulse (ampli-

tude, wave shape)

Maximum residual voltage, kV Relative 
error, %catalog simulation

1 0.25 kA, 45/90 μs 206.0 228.29 +10.82

2 0.5 kA, 45/90 μs 214.0 234.29 +9.48

3 1.0 kA, 45/90 μs 223.0 246.02 +10.32

4 2.0 kA, 45/90 μs 236.0 254.39 +7.79

5 1.5 kA, 8/20 μs 241.0 250.56 +3.97

6 3.0 kA, 8/20 μs 254.0 262.45 +3.33

7 5.0 kA, 8/20 μs 263.0 269.78 +2.58

8 10.0 kA, 8/20 μs 285.0 286.33 +0.47

9 20.0 kA, 8/20 μs 316.0 307.69 –2.63

10 10.0 kA, 1/20 μs 315.0 319.11 +1.30

Simulation relative error in Table 3 was determined 
using the following formula:

ξ =
′ −

⋅
V V

V
rT T rT T

rT T

1 2 1 2

1 2

100
/ /

/
, %.  (6)

In formula (6) ′VrT T1 2/  – residual voltage at the passage 
of current pulse with the wave shape T T1 2/  μs through 
the surge arrester, received in simulation; VrT T1 2/  – corre-
sponding value taken from the catalog of surge arresters.

Fig. 2 shows the typical curves of current and voltage 
received in simulation. The curves corresponding to the 
rows numbers 1–3 in Table 3 are similar to the curves in 
Fig. 2, a and therefore are not presented here. In their 
turn, the curves corresponding to the rows numbers 5–7 
and number 9 in Table 3 are similar to the curves in 
Fig. 2, b and therefore are also not shown.

Fig. 2 shows that the peak value of residual voltage  
on the surge arrester terminals always correspondes to 
the pulse front, as it must be in real applications of 
surge arrester. Splash in residual voltage growth on the 
graph (Fig. 2, c, d) occurs due to the increase of reactance 
L1 di/dt and L2 di/dt in surge arrester model (Fig. 1) at 
steep front waves.
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Fig. 2. Residual voltage (at the bottom) at various current pulses (at the top) passing through the surge arrester: а – 2.0 kA switching current with  
the wave shape 45/90 μs ; b – 10.0 kA lightning current with the wave shape 8/20 μs; c – 10.0 kA steep front current with the wave shape 1/20 μs; 

d – 10.0 kA steep front current with the wave shape 1/20 μs (pulse front area is zoomed)

a

c

b

d

7.  swot-analysis of research results

Surge arrester model, implemented in the Micro-Cap 
circuit simulator, allows determine accurately the residual 
voltage on the surge arrester during the flow of discharge 
pulses with a rise time of a few microseconds, typical 
for lightning surges. This strength point enables reliable 
computing of the lightning overvoltage, which results in 
damage to the insulation and, thus, causes significant 
economic loss.

Under switching overvoltage surge arrester model error 
allows its application only for a rough estimate of the 
transient amplitude and its progress in time. This weak 
point can lead to an overestimation of the values of dan-
gerous switching surges, and thus to the overestimation 
of the level of danger that occurs in the real applications.

The surge arrester model also allows opportunities 
for the calculation of transients during the flow of the 
lightning currents composed with several successive pulses, 
which can pose a significant danger to the surge arresters.
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Threatening point of proposed model: it should not be 
used for the calculation of the quasi-stationary overvolt-
age as the surge arresters are not intended to suppress 
this kind of overvoltage as a result of a lack in energy 
intensity of varistors.

8.  Conclusions

1. One of the most widespread dynamic models of the 
surge arresters offered in [5] was selected for research in 
the Micro-Cap circuit simulator. Nonlinear elements of 
the model are referred to the peak value of the residual 
voltage measured during a passage of 10 kA lightning 
current pulse with the waveform shape 8/20 μs .

2. By means of Micro-Cap circuit simulator the residual 
voltage on the surge arrester terminals is defined during 
a passage of the standardized current pulses corresponded 
to currents at lightning and switching surges.

3. The values of the maximum residual voltage obtained 
in simulation were compared with corresponding values 
given by the surge arrester manufacturer. Comparison of 
results showed that, both at lightning current pulses and 
at steep front current pulse the lowest error take place 
when current amplitude is equal to reference value 10 kA. 
With decrease of lightning current amplitude from 10 kA 
to 1.5 kA the relative error increases, but does not exceed 
4 %. At switching current pulses the lowest relative error 
take place when current pulse have the biggest amplitude 
2.0 kA and does not exceed 8 %. With decrease in ampli-
tude of a switching current pulse to 0.25 kА the relative 
error increases to approximately 10 %. The results of the 
research can be used to specify the parameters of substa-
tion protection against various overvoltages.
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иссЛеДоВАние моДеЛи неЛинейноГо оГрАничитеЛя 
ПеренАПряжений При ВоЗДейстВии рАЗЛичных 
имПуЛьсоВ тоКА

Приведены результаты исследования модели нелинейного 
ограничителя перенапряжений с помощью демонстрационной 
версии Micro-Cap. Определено остающееся напряжение при 
протекании сквозь нелинейный ограничитель перенапряжений 
как стандартных коммутационных и грозовых импульсов тока 
различной амплитуды, так и импульса тока с крутым фрон-
том. Показано, что наименьшая погрешность имеет место при 
воздействии на модель грозовых импульсов тока.

Ключевые слова: схемотехническое моделирование, нелиней-
ный ограничитель перенапряжений, остающееся напряжение.
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