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ANALYSIS AND COMPARISON
OF METAL-OXIDE SURGE ARRESTER

IIposedeno nopiensnus pisHUx Mooeiell MEMALLOKCUOHUX 0OMENCYBauie nepenanpye HeaiHiuHux.
IIpononyemuvcs docaidrcysamu modeni 06Medcysauie nepenanpye HeIiHiiuHUX K nPU 6NIUGT IMNYIbCI6
cmpymy, max i iMny.avcie nanpyeu pisnoi amniaimyou i popmu. Ilpu ocmamournomy eubopi obmencysaua
nepenanpye Heainitinozo peKkoMenoyemvcs 6UKOPUCMOBYBAMU MOOeNb, KA 0aE MAKCUMATLHI 3HAUEHHS
3aMUWK0BOT HANPY2U NPU BNAUBL HA MOOELb MECTOBUX IMNYIbCI8 HANPY2U.

Kmouosi cnosa: yvodei oOmexcyeauic nepenanpyez HeiiHitlnux, iMnyise CMpymy, iMnyive Hanpyzu,

60JIbM-AMNEPHA XAPAKMEPUCTMUKA.

1. Introduction

Surge arresters are widely used to protect the in-
sulation of equipment at stations and substations from
overvoltage waves that arrive from transmission lines.
Lightning overvoltage waves arise and propagated along
the wires of overhead transmission lines as a result of
lightning strokes. Various analog and digital circuit simu-
lation programs are used to compute the magnitude and
waveform of overvoltage to which the electrical insulation
of substations is subjected. Various equivalent circuits
and models of manufactured metal-oxide surge arresters
are used in computations. Performance of surge arres-
ters during overvoltage limitation depends on a number
of factors, including the magnitude and duration of the
oncoming voltage impulse. Proposed equivalent circuit of
surge arrester should as closely as possible reproduce the
protective performance of real apparatus. Therefore, prior
to simulation of complex substation schemes, simulation
of a particular surge arrester model is carried out. During
such testing, it is advisable to use the surge arrester model
in the scheme that most closely matches the operating
conditions of a real surge arrester.

2. The ohject of research
and its technological audit

The objects of the research are: full [1] and simplified [2]
dynamic models of surge arresters, as well as the model
of surge arrester in the form of a nonlinear resistor. For
the simulation of the voltage-current characteristics, in the
latter case the approximation [3] was used, describing by
one expression both switching and lightning surge domain.
These known models [1, 2] and model [3] are chosen to
demonstrate principles that can later be applied to other
models of surge arresters.

At the present time, the following approach, traditional
to a certain extent, is applied for the study of surge arrester
models. The surge arrester model is connected in series
with a current source of a given waveform and amplitude.
Then, the residual voltage is computed on the surge ar-
rester model. The simulation results are compared with
the corresponding passport values that the manufacturer

indicates and a conclusion is made about the applicabi-
lity of this model.

It should be noted that such approach does not fully
match the use of real surge arresters in operation. In
practice, the surge arrester is connected in parallel with
the equipment to be protected. As a result of lightning
activity, surge arresters are exposed to impulse voltage
waves of various origins. The use of voltage impulses in
comparing the models of metal-oxide surge arresters has
not been studied sufficiently yet.

3. The aim and ohjectives of research

The aim of the article is development of recommenda-
tions for improving the method of comparing metal-oxide
surge arrester models. To achieve this aim, the following
tasks are formulated:

1. Comparison of the multivariate analysis results when
lightning current impulses are applied to the surge ar-
rester models.

2. Comparison of the multivariate analysis results when
lightning voltage impulses are applied to the surge arrester
models.

3. Error analysis and the formulation of the final recom-
mendations.

4. Research of existing solutions
of the prohlem

The analysis of papers [1, 2, 4-10] published in dif-
ferent years shows that basically when comparing dif-
ferent models of metal-oxide surge arresters, the above
approach with a series connection of the current source
and the surge arrester model is used. In most cases, the
residual voltage is determined when model is exposed
to lightning current impulses, as well as a steep current
impulse. Thus, in [2, 5, 7-10], lightning current impulses
and steep current impulses were used. In [1, 4, 6], in ad-
dition, switching current impulses were used to determine
the residual voltage. In [6], a simplified simulation of the
protection circuit for a power transformer using surge
arrester was also performed. The graphs of the transient
process on the insulation of the transformer and on the
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surge arrester subjected to a switching current impulse
are given.

Triangular, that is, piecewise linear, voltage impulse
was used in [10] to quick determining the maximum of
the residual voltage.

In [11], the results of a comparison of two models
subjected to a lightning voltage impulse (full and chopped)
and a switching voltage impulse are presented. However,
the effect of several voltage impulses of different ampli-
tudes was not studied.

5. Methods of research

To achieve objectives that were set such research method
were applied: equivalent generator method, multivariate
analysis, as well as circuit simulation on a personal computer.
The main material of this research are full and simplified
dynamic models of surge arresters, as well as the model
of surge arrester in the form of a nonlinear resistor.

6. Research results

Circuits intended for determining the residual voltage
of surge arrester when current impulses are applied to it
are shown in Fig. 1.
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Fig. 1. Impact of current impulses on the surge arrester model
when using: a — full dynamic model [1]; b — simplified dynamic model [2];
¢ — nonlinear resistor, with a voltage-current characteristic according to [3]
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In Fig. 1, R, Ry, L, L, and C, — linear, G, and G, —
nonlinear elements of surge arrester model. The procedures
for determining the parameters of these models differ sig-
nificantly and are described, correspondingly, in [1-3].

Simulation of the surge arrester is performed with
a help of the Micro-Cap Evaluation/Student Version [12].
All the nonlinear elements in the schemes in Fig. 1 are
simulated with the help of voltage controlled current sour-
ces G, and G, (NTIofV), in accordance with the procedure
described in [13, 14].

Above schemes (Fig. 1) corresponds to the traditional
approach to the comparison of surge arrester models: series
connection of surge arrester model and a current source
of a given shape and amplitude, followed by voltage drop
measurement between the surge arrester terminals.

A typical surge arrester with the following parameters was
chosen for the study: the rated voltage is 108.0 kV (root-
mean-square value): the residual voltage at a nominal dis-
charge current with 10.0 kA amplitude and 8,/20 us waveform
is 285 kV (peak value).

In accordance with the calculation procedure [1], for the
model in Fig. 1, a: L;=0.219 us, L, =8.210 us, R, =109.47 Q,
R, =71.158 Q, C; =94.346 pF. Similarly, in accordance with
the calculation procedure [2], it was found that for the model
in Fig. 1, b: L,=0.947 us, L, =2.842 us, R, =1000 MQ.

The voltage-current characteristic of a nonlinear resis-
tor in the model in Fig. 1, ¢ in the whole range of both
switching and lightning current impulses accordingly to [3]
was given by the expression (1).

U(I)=a+b-(logw (1)) . (1)

According to [3], the values of @, b and k parameters
are specific for each certain surge arrester and must be
determined from the system of nonlinear equations (2).

a-m +b~2|‘(10g10(ll-))/e = ZUi,
=

i=1

a-(mz—m1)+b- i (10810(]i))k: i Ui,

i=my+1 i=my+1

a-(n—my)+b- zn, (10g1o(1i))k= i Ui,

i=my+1 i=my+1

(2)

where I;, U; — values of currents and voltages from the catalog
of surge arresters; n — total number of pairs of «current-
voltage» values; m;, m, — the boundaries of intermediate
intervals.

Having solved the system of equations (2), it was found
that for this surge arrester, its voltage-current characteristic
can be described by the expression:

U (1)=183.320782+1.349608 (log, (1)), 3)
wherein the current I is expressed in amperes, and the volt-
age U is in kilovolts.

A comparison of these three surge arrester models was
carried out using a multivariate analysis (Stepping). In
order to compute and compare the residual voltage in all
models, the amplitude of the lightning current impulse in
the circuits in Fig. 1 varied from 2.0 to 20.0 kA (Fig. 2).

Accordingly, three sets of residual voltage curves were
obtained, shown in Fig. 3-5.
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Fig. 2. Set of currents with 8/20 us waveform, flowing through all surge arrester models
Micro-Cap 11 Evaluation Version
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Fig. 3. Set of residual voltage curves obtained in the circuit in Fig. 1, a
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Fig. 4. Set of residual voltage curves obtained in the circuit in Fig. 1, b
Micro-Cap 11 Evaluation Version
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Fig. 5. Set of residual voltage curves obtained in the circuit in Fig. 1, ¢
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In order to represent the current impulses with the
8/20 us waveform, expression (4) was used in accordance

with [15].

) T
I,-sin(wt), OSKS%,
) sin(wt)+1 = 3n
lg/zo(t)z [p'#) %StS%, (4)
0 3—n<t<oo
b 20)_ b

where I, — peak value, A; @=159312.827162 rad/s.

A comparison of the residual voltage curves given in
Fig. 3-5, showed the following. The results obtained with
the model [2] do not differ from the results obtained with
the model [1] by more than 2.89 %. The results obtained
with the model [3] do not differ from the results obtained
with the model [1] by more than 5.74 %. The results
obtained with the model [3] do not differ from the re-
sults obtained with the model [2] by more than 5.67 %.

Thus, both dynamic models [1] and [2] predict almost
the same maximum value of the residual voltage. On the
other hand, there is a marked difference in the shape of
the residual voltage curves, which is increasingly mani-
fested with an increase in the amplitude of the discharge
current flowing through the surge arresters. In this case,
the use of the model [1] gives somewhat lower values of
the residual voltage than the use of the model [2]. In this
case, in comparison with the models [1] and [2], in the
domain of low currents (up to about 4.0 kA), the use of
the model [3] gives somewhat underestimated values, while
in the domain of high currents it is somewhat too high.

Circuits for computing the voltage drop between the
surge arrester terminals when the voltage impulses are ap-
plied to it are shown in Fig. 6. These circuits are compiled
in accordance with the equivalent generator theorem (also
known as the Thevenin’s theorem) [16, 17]. According to
Thevenin’s theorem, any linear electrical circuit consisting
of several voltage sources and resistors with respect to any
two points to which a certain load is connected, can be
replaced by an equivalent circuit with one voltage source
and one resistor that are connected in series and connec-
ted to this load.

The schemes in Fig. 6 correspond to the case when
two lines of infinite length are connected to the surge
arrester. At the same time, an overvoltage wave with
1.2/50 us waveform propagates along the one of these
lines to the surge arrester. In the schemes in Fig. 6 branch
with surge arrester is left unchanged, and the rest of
the circuit in relation to it is replaced by an equivalent
voltage source and an equivalent resistor. The surge ar-
rester considered in this work is intended for 110 kV
networks. Accordingly, for 110 kV networks, the line
impedance is 450 Q.

In accordance with Thevenin’s theorem, the equivalent
voltage source in Fig. 6 is given by:

2-450

= . . (p-1.40010" ¢ _ ,-1.9171054 | —
=505 450 0 Un (e ¢ )

=1.044-U, ,(6—1.400-104-1 — g 191710% )’

where U,, — peak value of overvoltage wave, V.
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Fig. 6. Impact of voltage impulses on the surge arrester model when
using: a — full dynamic model [1]; b — simplified dynamic model [2];
¢ — nonlinear resistor, with a voltage-current characteristic according to [3]

In its turn, the resistance of the equivalent resistor
in Fig. 6 is given by:

450-450

R = 505450 - 220 @

Comparison of the three surge arrester models is simi-
larly carried out using a multivariate analysis (Stepping).
In order to compute and compare the voltage drop be-
tween the terminals of both models, the amplitude of the
voltage source in the circuits in Fig. 6 varied from 400.0
to 1600.0 kV (Fig. 7).

Accordingly, three sets of voltage drop curves were
obtained between the surge arrester terminals, shown in
Fig. 8—10. These curves represent a refracted voltage wave
that will propagate along the second line after passing
through the surge arrester.

A comparison of the voltage drop curves given in
Fig. 8-10, showed the following. The results obtained
with the model [2] do not differ from the results ob-
tained with the model [1] by more than 4.53 %. The
results obtained with the model [3] do not differ from
the results obtained with the model [1] by more than
9.41 %. The results obtained with the model [3] do not
differ from the results obtained with the model [2] by
more than 7.85 %.
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Fig. 7. Set of voltage impulses with 1.2/50 us waveform, applied to all surge arrester models
Micro-Cap 11 Evaluation Version
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Fig. 8. Set of voltage drop curves between the surge arrester terminals, obtained in the circuit in Fig. 6, a
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Fig. 9. Set of voltage drop curves between the surge arrester terminals, obtained in the circuit in Fig. 6, b
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Fig. 10. Set of voltage drop curves between the surge arrester terminals, obtained in the circuit in Fig. 6, ¢
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Thus, in comparison with the first experiment (Fig. 1),
in the second experiment (Fig. 6) the difference in the
values of the residual voltage increased. However, it is
noteworthy that even when modeling a surge arrester
in the form of a nonlinear resistor, which is a strong
simplification, the results do not go beyond the limits
of engineering accuracy. This is achieved by using the
expression (1) to approximate the voltage-current charac-
teristic of surge arresters. It is known that in general form
the voltage-current characteristic of surge arrester [17]
is given by the expression (5):

U(l)=K-1I¢, (5)
where o is the coefficient of nonlinearity of the metal-oxide
varistor disk; K is a constant, which depends on the material
and dimensions of the metal-oxide varistor disk.

Recall that in the typical voltage-current characteristic
of metal-oxide varistor disks for the entire range of cur-
rent values at normal system voltage and at overvoltage,
three regions are identified, on which the coefficient o
takes different values [17]. The advantage of formula (1)
in comparison with formula (5) is that in the domains of
switching and lightning overvoltage the voltage-current
characteristic can be described not by two, but by one
expression.

Regarding the surges on front in Fig. 8, 9 it should
be noted that in reality they will be smoothened. This is
explained by the fact that when the surge wave propagates
along the line, the wave front is increased (smoothed) by
the corona on the wires, losses in the earth and in the
wires themselves.

In conclusion, it can be noted that when making final
choice of a particular surge arrester model, it is prefer-
able, because of the need for a certain safety factor, to
choose model which gives largest residual voltage values
in schemes similar to Fig. 6.

7. SWOT analysis of research resulis

Strengths. The strengths of this research are:

— use of several models that represent a variety of

approaches to the modeling of surge arresters;

— in contrast to other studies, the proposed approach

to comparison of surge arrester models most closely

corresponds to the way of using real surge arresters
in operation.

Weaknesses. The weak side of this study is that the
proposed procedure for comparing surge arrester models
is time-consuming.

Opportunities. The additional opportunities that this
research provides include:

— possibility to use other non-standard voltage impulses

(including digitized oscillograms of real overvoltage

at substations) when comparing different models of

surge arresters;

— possibility of further improving the approximation

accuracy of the current-voltage characteristic of a surge

arrester.

Threats. Full and simplified dynamic model, as well as
a model in the form of separate nonlinear resistor, do not
take into account the thermal regime of the surge arrester
and, accordingly, the heating of its metal-oxide varistor disks
when the overvoltage is limited. For such cases, it is also
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necessary to use the thermal model of a surge arrester, for
example, according to [18]. Studies [19] show that when
estimating the energy dissipated in surge arresters during
overvoltage limitation, both dynamic (frequency-dependent)
models and a nonlinear resistor (albeit to a lesser extent)
give strongly underestimated results, especially for current
impulses with a steep front. Underestimated values are
dangerous in that they can lead to a misinterpretation
of the simulation results. Therefore, the problem of cal-
culating overvoltage magnitude and calculating the energy
dissipated requires different approaches.

1. A multivariate analysis of various surge arrester
models subjected to the lightning current impulses was
carried out. The residual voltage, which arises in this
case on the surge arresters, was computed. It was found
that results obtained with the model [2] do not differ
from the results obtained with the model [1] by more
than 2.89 %. The results obtained with the model [3] do
not differ from the results obtained with the model [1]
by more than 5.74 %. The results obtained with the mo-
del [3] do not differ from the results obtained with the
model [2] by more than 5.67 %.

2. A multivariate analysis of the same surge arrester
models subjected to the lightning voltage impulses was
carried out. The residual voltage, which arises in this case
between the terminals of surge arresters, was computed.
It was found that results obtained with the model [2] do
not differ from the results obtained with the model [1]
by more than 4.53 %. The results obtained with the mo-
del [3] do not differ from the results obtained with the
model [1] by more than 9.41 %. The results obtained
with the model [3] do not differ from the results obtained
with the model [2] by more than 7.85 %.

3. Compared with the first approach, the schemes used
in the second approach more closely matches the way in
which real surge arrester is used in operation. As a result,
when making final choice of a particular surge arrester
model, it is preferable, because of the need for a certain
safety factor, to choose model which gives largest residual
voltage values when the voltage impulses are applied.

On the other hand, it has been established that even
when modeling a surge arrester in the form of a nonlinear
resistor, but taking into account the approximation of its
voltage-current characteristic by [3], the results do not
exceed the limits of engineering accuracy.
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AHAMH3 H CPABHEHUE MOJENEHX METANNOKCHAHLIX
HENMHHEAHLIX OFPAHWMMTENEN NEPEHANPAMEHMI

IIpoBesieHO cpaBHEHUE PA3JINYHBIX MOJIe/Ieil MeTaJIOKCH/IHBIX
OrpaHmYuTeNIel IepeHanpskennit HeauHeinnolx. [Ipeamaraercs nc-
CJIe/I0BaTh MOJIeJIN OTPaHUYUTe el TepPeHaNPSIKeH i HeJTMHeTHBIX
Kak IIpU BO3/HICTBUM MMIIYJIbCOB TOKA, TaK U MMILYJIbCOB HAIPS-
SKEHMST Pas/INYHOM aMmnTyasl n ¢opmbl. [Ipu okoHuaTesbHOM
BbIGOPE OrPAHMYUTENS TIEPEHATPSIKEHIIT HEJMHEITHOTO PEKOMEH-
JyeTcs MCII0JIb30BaTh MOJIEJIb, KOTOPas JaeT MaKCHUMaJbHble 3Ha-
YeHUs OCTAIOIIErocs HAIPSDKEHMs IMPH BO3/EHCTBUM HA MOJeJb
TECTOBBIX MMILYJIbCOB HAIPSKEHUS.

Kmouesste cnoBa: Mo/ie/IM OrpaHUYHTEIIEH IIepeHaNPSKeHHI He-
JIMHEIHBIX, MMITYJIbC TOKA, MMITYJIbC HAIIPSIKEHMS, BOJIBT-aMIIepHas
XapaKTepUCTHKA.
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