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SUMMARY

Metal oxide surge arresters are used for protection of high and low voltage electric devices against overvoltages. Mathe-
matical models of surge arresters should properly represent current-voltage dependencies of varistors during influence
overvoltages. From among numerous models created so far two versions of a selected model were used for computer simu-
lations of current-voltage dependences of surge arresters. Parameters of elements of the selected model can be calculated
by use of data published in the catalogues. Current-voltage dependencies of the surge arrester designed for electric power
systems of 110 kV for different current stroke were modelled. The results of computer simulations were compared with the
experimental data.
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MODELOWANIE OGRANICZNIKOW PRZEPIEC Z TLENKOW METALI JAKO ELEMENTOW SYSTEMOW
OCHRONY PRZEPIECIOWEJ

Ograniczniki przepie¢ sq powszechnie stosowane do ochrony przepieciowej urzqdzen elektrycznych wysokiego i niskiego
napiecia. Modele matematyczne ogranicznikow powinny wlasciwie odzwierciedla¢ charakterystyki napieciowo-prgdowe
warystorow podczas oddziabywania przepiec. Sposrod wielu modeli opracowanych dotychczas do symulacji komputero-
wych zaleznosci napieciowo-prqdowych wybrano jeden model ogranicznikow. Parametry elementow modelu wyznaczono
przy wykorzystaniu danych katalogowych. Modelowano zaleznosci napieciowo-pradowe dla roznych udarow prgdowych
ogranicznika przepiec stosowanego w ukladach elektroenergetycznych 110 kV. Obliczenia porownano z wynikami badan.

Stowa kluczowe: ograniczniki przepiec, symulacje komputerowe

1. INTRODUCTION

Metal oxide surge arresters are fundamental elements of pro-
tecting systems of electric devices against overvoltages.
They contain varistores, which main constituent is zinc oxide
as well as small amounts of other metal oxides. Surge arrest-
ers are exposed to transient effect of overvoltages generated
as a result of lightning discharges, switching and damage
states in electric power systems.

Modelling of surge arresters being in transient states, in
case of large currents’ flow accompanying overvoltages has
a practical importance. Analysing the risks of electric insula-
tion systems of protected devices while overvoltages are ex-
erting their influence, it is essential to know the voltages of
arresters. The voltages determine efficiency of overvoltage
protection of devices. Theoretically, voltage-current de-
pendencies in established operation conditions make it pos-
sible to determinate energy dissipated in arresters, as well as
taking into consideration influence of the arrester on currents
in the circuit into which is it connected.

Full and simplified version of a model of metal oxide
surge arresters, selected from numerous types of models are
presented in the paper. Parameters of the elements can be
determinated on the basis of investigation carried out by pro-
ducers as well as taking basic dimensions into consideration.
Current-voltage dependencies of the surge arrester designed
to 110 kV electric power systems were simulated. The results
of calculations were compared to the experiment data.

2. MECHANISM OF CURRENT CONDUCTIVITY
IN METAL OXIDE VARISTORES

Surge arresters contain one or more varistores with various
diameters and heights. Varistores are made of ceramic of
non-linear voltage-current characteristic. It is a ceramal of
zinc oxide with admixtures of other metal oxides —i.e. of bis-
muth, cobalt, manganese and aluminium. Structure of the
varistores’ mass is in the shape of close-packed grains. A
small part of the grains constitute admixtures inside the
grains while others, mainly bismuth, are accumulated in
outer layers. Resistivity of the grain inside are small as op-
posed to resistively of outer layers. Non-linearity of the volt-
age-current characteristic results from phenomena occurring
just mainly on the boundary of the grains. Between grains
appear potential barriers, which regulate intensities of cur-
rents in dependence on voltage, as on the grain boundaries is
considerable negative charge accumulated, being a result of
existence of acceptor admixtures. With small voltage, volt-
age-current characteristic remains in accordance with the
Ohm’s law, and depends on temperature. While increasing
the voltage, energies of electrons can be high enough to pull
electrons out of valence band. Electron-hole pairs of charges
are created. Holes direct towards negatively charged bound-
ary between grains, neutralising considerably surface charge
and contributing to decrease of potential barrier. Sudden de-
crease of this barrier results in rapid current increase in the
varistor. In this work range is the characteristic strongly
non-linear. The non-linearity decreases, however, with po-
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tent lightning currents flow. With high density of currents,
voltage increase is revealed, as a result of rise of voltage drop
on grain-inside resistance. Character of phenomena on the
grain boundary is the same as with lower current density.
Dynamic properties of charges on inter-grain boundaries in-
fluence voltage-current dependencies. With very steep im-
pulses, voltages on varistores increase faster than currents.
Their maximal values are also higher for currents with
shorter duration. These dependencies result from inertia of
charge translocating in form of holes towards boundaries,
decreasing barrier of potentials [1-3].

3. CHARACTERISTIC OF SELECTED MODEL
OF SURGE ARRESTERS

Research aiming to create a mathematical model of metal ox-
ide surge arresters, which enables modelling of current-volt-
age relations in any work conditions, have been carried out
for many years. Numerous models are the result of research
carried out hitherto. They are presented, among others, in the
references [4—13]. To calculations was used this model of
which parameters can be calculated using the experimental
values of residual voltages presented in manufacture catalo-
uges and basic dimmensions of surge arresters. The model has
been worked out by the IEEE Working Group 3.4.11 (The
Institute of Electrical and Electronic Engineering) to calcu-
late voltage-current dependencies in case of impulse currents
flow with times of accretion of wave front from 0.5 ps to 45 us
(Fig. 1) [11, 12]. It contains two non-linear resistors Ao(7)
and 4(7) with various voltage-current characteristics, sepa-
rated by a L1-R; filter. A capacitor C represents capacitance
of the arrester. To improve stability of calculations, a resistor
Ry is connected parallel to the inductance Lg. Parameters of
linear elements and characteristics of non-linear resistors of
the schema can be determinate from results of investigations
of arresters, published in catalogues, as well as from elemen-
tary dimensions of the column of varistors.
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Fig. 1. Model of surge arresters worked out by IEEE

Characteristics of varistors 4g and 4 of surge arresters with
rated discharge current /. are represented by formulas:

U8/zo;1.

AO =AW0 ﬁ (1)
Us/ao: 1

4,=4,, % - 2)

where:
Ugao,;, — residual voltage with rated current im-
pulse 7, of times 8/20 ps,
4, A4, — dependencies approximated by use of
formulas,
:0,051
A4,, = ¢ T4 3)
:0,0507
Ay, =c iy )
where:
i4 4, — densitiesof currents in varistors 4, and 4,,
Cy, ¢; — constants (¢, = 1.378, ¢, = 1.083).

Parameters of linear elements Lo, Ro, L1, R; and C are ex-
pressed by dependencies:

L0=0.2% [uH] )

Rozlooi [Q] (6)
n

L =152 [un ™)
n

R =654 [0 ®)
n

=100"

c_100d [pF] )

where:
d — height of the column of varistors, m,

n — number of parallel varistor columns [11].

As it appears from dependencies (1)—(9) the basis to cal-
culating the parameters of elements of the model are results
of studies of decreased voltage, presented in firm catalogues
as well as main dimensions of the column of varistores. Cor-
recting values of constsnts ¢, ¢; and inductance L can aug-
ment accuracy of calculations (Fig. 2).

In calculations is this value taken, with which are the results
of calculations converge with results of studies published in
catalogues. The current-voltage equations for model of surge
arresters presented in Figure 1 have the following form:

du, (1)

i(t)-C —ig ()=, ()=0 (10)

du(r) dus @) dit) Ry _
o R 5 [u(t)—u,, (£)]=0 (11)

duAO(t)_duAl(t)_Rl di, (1)
d dt dt

4+ R =0
L*[qu(t)*uAl(f)]—

1

(12)

Systems (10)—(12) comprise non-linear equations.
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Fig. 3. Simplified IEEE substitute scheme of metal oxide surge
arresters

A simplified version of substitute scheme of metal oxide
surge arresters recommended by the IEEE (Fig. 1) is shown
in Figure 3. The structure of the proposed model with minor
adjustments to give accuracy to the dynamic behavior of the
metal oxide surge arresters. The two resistance in parallel with
inductance are removed. Only one resistance between the in-
put terminals is connected. The operating principle is quite
similar to that of the full IEEE model placed in Figure 1 [13].

The current-voltage characteristics of varistors 4p and 4
are determined by using equations (1) and (2). To calculation
of the inductances L and L; the following equations can be
used (values in puH):

U -U
1 :l 7 1/Ty r 8/20 U, (13)
4 U

r 8/20

U -U
:i r1/Ty r 8/20 U, (14)
12 U

r 8/20

Ly

where:
U, — rated voltage of surge arrester, V,

— residual voltage for surge current
10 kA with shapes: 1/7, ps and
8/20 us respectively, V.

Url/Tz U, 8120

The proposed criteria does not take into consideration any
physical characteristic of the arrester. Only electrical data are
needed. The inductance L in the model represents the induc-
tance associated metal oxide surge arrester elements. And
the inductance is very small, Lo was set a small value, during
the impulse current tests, special care was taken to minimize
lead inductance. The inductance L; is the inductance associ-
ated with magnetic fields in the immediate vicinity of the ar-
resters. The function of the inductive element is to character-
ize the model behavior with respect to lightning surges. The
voltage across in the surge arrester reaches a peak before the
current reaches its peak.

The equations (13), (14) are based on the fact that param-
eters Lo and L are related to the roles that these elements
have in the model. Since the function of the inductive ele-
ments is to characterize the model behavior with respect to
fast surges. It seemed logical to define these elements by
means of data related to arrester behaviour during fast volt-
age surges.

The current-voltage equations for the substitute scheme
presented in Figure 3 can be written as follows:

dliy ()=iy ()] s di, (1)
M

u(t)- L, - L —u, ()=0 (19)
TP
u(t)—L, L4y @) l”“(t)]—uA (1)=0 (16)
dt 0
u(t)—Riy (1) =0 (17)
()= ig ()= 14, ()= i, (£)=0 (18)

Nonlinear equation systems (10)—(12) and (15)—(18) can
be solved by use of the Newton’s method after differentia-
tion of equations using trapezoidal method.

4. RESULTS OF MODELLING

Using the models above, voltage-current dependencies of the
surge arrester type PEXLIM P 96 were determinated. Those
arresters are used for overvoltage protection of devices in
electrical power systems of rated voltage 110 kV [14]. Resid-
ual voltages of the experimental surge arrester are presented
in Table 1.

Parameters of linear elementes of the full model of arres-
ter calculated by use of the equations (5)—(9) are as follows:
Ly=0.2mH, L;=15mH, Ry=100 W, R; =65, C=100 pF.
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Table 1
Residual voltages of surge arresters of type PEXLIM P 96 [15]

Type it Coptinuing Residual voltage with different waveforms for discharge current values, kV
of the surge - operating voltage 1/5 us 8/20 ps 30/60 ps
t " Lk
arrester Vo kV 10 kA 5KA 10 kA 20 kA IKA 2kA
PEXLIM P 96 96 77 232 208 219 240 188 194

The values of inductances of the simplified model pre-
sented in Figure 3 calculated by use of equations (13) and
(14) are as follows: Lo =0.5 mH, L; = 1.3 mH. The voltage-
current dependencies of the varistors 49 and 4| determinated
by use of formulas (1)—(4) are presented in Figure 4.
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Fig. 4. Current-voltage dependences of the varistors 4, and 4,
of full and simplified IEEE model of the experimental surge
arrester: 1 — Uy = flig), 2 — Ug1 =fiq1)
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Time course of voltages and voltage current dependen-
cies during flow of current impulses in the surge arrester
were determinated. Shapes of the current impulses are de-
fined by times 771/7> = 8/20 us, 4/10 ps, where: 77 — time till
maximum, 75 — time till half of the peak, and maximal value
of impulse currents is equal to 5 kA, 10 kA and 20 kA. Time
courses of the currents are represented by dependencies:

i(t)=2.18 I,, exp(~0.065£)sin(0.107¢) for8/20 s (19)

i(1)=2.07 1,, [exp(—0.14¢) — exp(—0.587)] for 8/20 pus (20)

where:

1,, — maximal value of current, A,

! — time, us.

The time-voltage and current-voltage dependences for
experimental metal oxide surge arresters type PEXLIM P 96
simulated by use of full IEEE model during the current
strokes with different shapes are presented in Figure 5.
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Fig. 5. Voltage-time and voltage-current dependences for metal oxide surge arresters type PEXLIM P 96 simulated by use of full IEEE
model for the current strokes with different shapes and maximal values: 5 kA, 10 kA and 20 kA: a, c¢) time-voltage characteristics;
b, d) current-voltage dependencies; a, b) current stroke 8/20 ps; ¢, d) current stroke 4/10 ps
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Fig. 6. Voltage-time and voltage-current dependences for metal oxide surge arresters type PEXLIM P 96 simulated by use of simplified
IEEE model for the current strokes with different shapes and maximal values: 5 kA, 10 kA and 20 kA: a, ¢) time-voltage characteristics;
b, d) current-voltage dependencies; a, b) current stroke 8/20 ps; ¢, d) current stroke 4/10 ps

Calculation results of this dependencies performed by use
of the simplified IEEE model are presented in Figure 6. Pre-
sented the results of calculations have been obtained solving
of the equation systems (10)—(12) and (15)—(18) by use of
MATLARB software.

From simulation results it is possible to see that volt-
age-time courses are dependented form shapes of current
strokes. Maximal values of residual voltages on the surge
arrestes is dependented not only from maximal values of the
current strokes and also from time courses of currents.

Calculation errors were determined in order to compare
the results of simulations of current-voltage dependencies of
surge arrester by use of selected mathematical model. They
were calculated by dividing the diferrences of values of theo-
retical and experimental maximal values of residual voltages
and experimental value of residual voltage of surge arrester.
The errors related to simulations of current-voltage depend-
encies of the experimental surge arrester by use of the full
and simplified model of surge arresters performances are
shown in Figure 7. They were calculated using calculation
results presented in Figures 5 and 6.

It is possible to see from errors of calculations maximal
values which is presented in Figure 7 that in all the cases
model results that full IEEE model has much lower errors
than simplified model. It is also to note, that due to proposed
adjustment mechanism, the errors for lightning discharge
currents may be only positive. The results obtained are good

and they have good match with catalogue guarantee protec-
tive characteristics. Some small difference appeared between
the computing and catalogue results. As general it may ex-
press that the IEEE model of surge arresters can be recom-
mended, one and then it is good to used for simulation
lightning and switching overvoltages.

10

crror, %o
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Fig. 7. Errors of calculations of maximal values of residual vol-
tages for the three experimantal surge arresters for current strokes
of 8/20 ps determinated by use of full and simplified IEEE model

of surge arresters
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5. CONCLUSIONS

From among numerous models of surge arresters one was se-
lected, whose parameters can be determinated only on the
basis of their dimensions and results of investigations pub-
lished in the catalogues. Two versions of this model were
used for computer simulations of voltage-time and volt-
age-current dependencies of high voltage surge arresters
where are used in electric power systems of 110 kV. Theoret-
ical maximal values of residual voltages obtained for differ-
ent current shapes and peak values were compared to the ex-
perimental data placed in the catalouge. The errors of calcu-
lations for the full model are smaller than for the simplified
one, but generaly the maximal values of error are smaller
than 6%. Presented results of calculations confirm that both
the full IEEE model as well as the simplified one reflect
property of dynamic characteristics of surge arresters.
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