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ANALYTICAL REPRESENTATION
OF SWITCHING CURRENT IMPULSES

FOR STUDY OF METAL-OXIDE SURGE
ARRESTER MODELS

3anpononosarno ananimuuni Kycouni pyHKYiil onucy KOMYMayiiHux iMnyavcie cmpymy 0ns 0ocaioxcer -
Hs Heriniunux oomedxcysauis nepenanpye. lpedcmaesneni supasu QynKyiil Xapakxmepusyemvcs 00HUM
napamempom i 003601510Mb ONUCAMU MUNOBI KOMYymMauiluni imnyivcu gopmoro 30/60 mikpocexyno,
45/90 mikpocexyno ab6o ananoziuni im. Bupasu yxnyii npusnaueni ois mecmyeanmst pisHux mMooeell
MEMALOKCUOHUX HETIHITIHUX 00MeNYBaUi8 nepeHanpye Ha NEPCOHAILHUX KOMN OMEPAX.

Kmeouosi cnosa: neninitinuil 06medcysay nepenanpye, 3aIUWKOBA HANPY2d, KOMYMAUTUHUL IMNYIbC

cmpymy, Kycouna Qynxuis.

1. Introduction

Modeling of a metal-oxide surge arresters is necessary
for calculating lightning and switching surges using personal
computers. At the present time, there are several similar
dynamic (that is, frequency-dependent) models of a metal-
oxide surge arrester [1, 2]. As a rule, these models consist
of two nonlinear resistances connected to each other by
means of several linear elements: inductances, resistors and
capacitance. Surge arresters have several main characteristics.
Among others, these characteristics the residual voltage of
an arrester, which is the peak value of voltage that appears
between the terminals of an arrester during the passage of
discharge current with given shape and amplitude. There
are residual voltages of the arrester for nominal discharge
current (lightning current impulse), switching current im-
pulse and for steep current impulse. The surge arrester
model should reproduce in the virtual experiment on the
computer exactly these above-mentioned characteristics of
a real arrester. To draw a conclusion about how well this
or that model reproduces the behavior of a real arrester,
it is necessary to compare the simulation results with the
corresponding values that manufacturers give in the catalogs
of their products. For computer simulation, a formula is
needed to describe the dependence of the discharge cur-
rent on time. The analytical representation of the nominal
discharge current (lightning current impulse) and steep
current impulse does not present such difficulties as the
representation of the switching current impulse. As a rule,
manufacturers indicate residual voltages at several amplitudes
of the lightning current impulse and at several amplitudes
of the switching current pulse. In order to be able to test
the model with as many control points as possible, it is
necessary to consider problems related to the analytical
representation of switching current impulses of arresters.

2. The ohject of research and
its technological audit

The object of research is an analytical expression for
representing the switching current impulse of a surge ar-

rester. Any current impulse (both lightning and switching)
is characterized by such parameters as the virtual front
time T; and the virtual time to half-value on the tail T,.
However, there are differences in the requirements for
the accuracy of lightning and switching current impulse
parameters of surge arresters.

According to the standard TEC 60099-4:2014, the lightning
current impulse is defined as follows. Lightning current
impulse is 8/20 current impulse with measured values
from 7 us to 9 us for the virtual front time and from
18 us to 22 us for the time to half-value on the tail.
That is, the permissible error for both T} and T,, is #10 %.
Regarding the switching current impulse, the standard
IEC 60099-4:2014 sets the following. Switching current
impulse of an arrester has a virtual front time grea-
ter than 30 us but less than 100 us and a virtual time
to half-value on the tail of roughly twice the virtual
front time.

It is the latter requirement (7,=2-T;) that presents
some difficulty for the mathematical description of swit-
ching current impulses. The existing approaches used to
represent lightning current impulses are not suitable in
this case, since these impulses have T,=2.5-T. In this
paper, the authors propose to solve the posed problem
using analytical piecewise functions.

3. The aim and ohjectives
of research

The main aim of the article is an analytical representa-
tion of switching current impulses of arrester in accordance
with the requirements of IEC 60099-4:2014.

The following objectives are set to reach this aim:

1. Selection of a piecewise continuous function for
representing the switching current impulses of an arrester
that satisfies the requirements of the TEC 60099-4:2014
standard with respect to the virtual front time and the
virtual time to half-value on the tail.

2. Analysis of the effect of the proposed expression
of switching current impulse on the residual voltage of
an arrester.
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4. Research of existing solutions
of the prohlem

In case of lightning overvoltage, currents with a
much larger amplitude and a steeper front flow through
surge arrester compared to the switching overvoltage.
This is one of the reasons why the study of surge ar-
rester models is sometimes limited only by the action of
lightning current impulses, and also by a steep current
impulse [1-5]. The methods of analytical representation
of current and voltage waves, for example, described
in [6-9], mainly concern impulses having T, > T,. For this
reason, they are not suitable for representing switching
current impulses.

In practice, it is always necessary to determine the
relationship between the parameters of a impulse wave
and its time characteristics — the virtual front time T,
and the virtual time to half-value on the tail T,.

The well-known double-exponential impulse is described
by the expression [10]:

i(t)=1,k-(exp(-a-t)—exp(-b-r)), (1)
where a, b — damping coefficients; £ — normalizing fac-
tor for the peak value of the impulse I,. The relationships
between the time parameters T;, T, and the expression
parameters k, a, b, are established by approximate expres-
sions. Expression (1) describes well the aperiodic pulses
having T,>T,. Expression (1) describes approximately the
impulses with shape 8 /20 us or4/10 us and it is not suitable
to describe impulses having shape 30/60 us or 45/90 us.

In principle, the switching current impulses of the surge
arrester can be represented by a damped sine wave [10]:

i(t)=1, k-exp(—a-t)-sin(w-t), (2)
where a - damping coefficient; ® — angular frequency;
k — normalizing factor for the peak value of the impulse 7,,.
The relationships between the time parameters T;, T, and
the expression parameters k, a, ® are also established by
approximate expressions and in a rather complicated man-
ner [10].

In [11], to describe the switching current impulse, the
following expression is used:

I,-sin(o), 0<t<t;;
i(6)=11,-sin(0.t +0), t; <t <t,;

0,¢, <t <oo,

3)

where ®,, ®,, ¢ — parameters of the impulse wave; moments
of time ¢, t,, determine the boundaries of intervals of the
main function’s domain. One of the advantages of expres-
sion (3) is the absence of a normalizing coefficient for the
peak value of the impulse. In [11] it is not shown how to
calculate the parameters ®,, ®,, ¢ depending on the given
impulse shape T;/T,. The research carried out by the authors
showed that expression (3) can be used to obtain a new
expression described by only one parameter.

5. Methods of research

To achieve the objectives such research method is ap-
plied: mathematical analysis, as well as circuit simulation
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on a personal computer. The main material of this research
is the metal-oxide surge arrester model.

6. Research results

Preliminary studies carried out by the authors show
that the following expression can be used to describe the
switching current impulse of an arrester:

T
I,,~sin(wt),OStS%;
sin(wt)+1 w 3n
i(t)= p-%,%gs%; (4)
0 3n<t
g ST

In spite of the fact that function (4) is piecewise, at

T
the point tizﬂ the first derivative is continuous and

function (4) reaches its

) 3n
and at point ¢, =%

T
equal to zero. At point t1=%

peak value I it goes to zero. The

P

virtual front time 7; and the virtual time to half-value on
the tail 7, depend on the value of the angular frequency.

Let’s now turn to how IEC 60099-4:2014 specifies the
virtual front time 7; of current impulse. It is time in
microseconds equal to 1.25 multiplied by the time in micro-
seconds for the current to increase from 10 % to 90 %
of its peak value.

Denoting time moments corresponding to 10 % and
90 % of the maximum (peak) value of an impulse by 9o
and ty+, correspondingly, it is possible to write that:

T1=1~25’(t90%—t10%)- )

The key moments of time can be determined from
expression (4) as:

arcsin(0.1)

lgy=—""—"1,
(O]

arcsin(0.9)

(6)

)

Loy =

Using expressions (5)—(7), by simple transformations,
it is possible to determine the angular frequency ® in ex-
pression (4) for preset value of Ti:

arcsin(0.9) —arcsin (0.1)

w=1.25 T

(®)

The virtual time to half-value on the tail 7, is deter-
mined from the expression [10]:
Tz:t50%+0~125‘(t90%—9t1o%)v (€))
where t5., — the time on the impulse tail corresponding to
50 % of the maximum (peak) value of the impulse. Expres-

sion (9) can be obtained from simple geometric relations [10].
For example, expression (9) can also be written in this form:

1
T =tsoy + 75— tiow -

10 (10)
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Expression (10) can be obtained from expression (9),
taking into account expression (5) as follows:

T, =ts50 +O-125‘(t90% —9t1o%)=
= ts()% +0125[g()% —1.1251'1()% =

= tso% +0125t90% —0125[10% —tlo% =

I
=ls0% +0-125'(t90% —fm%)—tw% =1ls0 +E—t1o%-

Let’s note that for the impulse described by expres-
sion (4):

2n
500 = %

(11

Thus, the determination of the shape of the swit-
ching current impulse occurs as follows. For a given value
of T;, determine the angular frequency ® by formula (8).
Then, using formula (11), determine #s5+. Then, knowing
ts00, calculate the resulting value of T, by the formu-
la (9) or (10).

For example, for a 45/90 us impulse, from formula (5)
it can be obtained that w=28322.280 rad/s. For such
angular frequency value, using formula (11), it can be
found that #5,,, =110.9 us (the result in seconds is converted
into microseconds). Then, according to the formula (9)
or (10), it is found that 7,=111.9 us. Thus, instead of
the impulse with the shape 45/90 us, the impulse with
45/111.9 us is obtained. That is, the relative error of the
virtual time to half-value on the tail is +24.3 %.

In fact, according to the definition of the switching
current impulse of the arrester already mentioned above,
the current described by expression (4) can be used to
determine the residual voltage of the arrester in simulation
on a personal computer. Nevertheless, the authors proposed
several more expressions, having reduced relative error
of T,. These impulses are described by equations (12),
(14), (16), (18). Reduction of the T; duration is provided
by increasing the angular frequency ® (by multiplying
by a certain coefficient) only in the second sub-function,
which describes the current on the interval starting with

T
point ¢, =—-—. In this case, the authors sought only those

200°
solutions, where this transformation coefficient of the ana-
lytic expression in the second sub-function represents a
common fraction. That is, fraction with integer numerator
and denominator.

T
I,,~sm(0)t),0£t£§,
22 f — 9T
sm[1 ot 20J+1 . 33
i(6)={1, 5 GEtEses (1)
0 33n<t
T
where
231
t50%=m, 15)
T
Ip-s1n(wt),0<t3%;
P
SIS o ton
0 10n<t
"Bo LS
where
in
t50%287, (17)
T
I, sm(a)t),0<t<%;
.
sin 2(0 7 + i Tn
is(¢)=11, 5 90 S <5 (18)
0 7Tt<t
v%— < oo,
where
5m
tso%:% (19)

The calculation procedure given above is also valid for
formulas (12), (14), (16), (18), except ts5., that is calcu-
lated by formulas (13), (15), (17), (19), correspondingly.
The results of all calculations performed for impulses with
the shape 45/90 us are summarized in Table 1.

. T
I,-sin(wt), Ost<gs Tahle 1
5 The impulse shapes obtained by using different formulas
sin] — ot —— [+1 (required shape is 45/90 ps)
4 8 T 13n
) (t): I, 9 ’%St 100’ (12) No. | Formula | Obtained impulse shape T{/Tz, ps | Relative error £T2, %
0. 3% .. 1] @ 45/111.90 +24.32
100 ™ ’
2 (12) 45/100.80 +11.99
3 (14) 45/99.09 +10.10
where
4 (1B) 45/98.02 +8.91
In
Ls09 =m, (13) 5 (18) 45/93.40 +3.78
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Relative error of T, in Table 1 is calculated using
the following formula:

-1,
T-1OO, %.

2

¢T, = (20)

In formula (20): 7, — actual value of virtual time
to half-value on the tail; T, — required value of virtual
time to half-value on the tail.

Since the above-mentioned current impulses have ana-
lytically correct relation to T; via equations (6)—(8), the
resulting value of virtual front time is equal to the re-
quired front time value (I'=T,). Hence, the relative error
of virtual front time calculation is equal to zero.

As it can be seen from the above expressions, up

to the time ¢ = the currents (4), (12), (14), (16),

20
(18) are described by the same sub-function, and by the
another one after it. It can also be assumed that these
current impulses depend only on one parameter (angular
frequency ®).

By circuit simulation, the effect of the received cur-
rent impulses on the residual voltage of the surge ar-
rester is studied. The main re-
search circuit is shown in Fig. 1.
This circuit corresponds to the

Micro-Cap 11 Evaluation Version

tage of the surge arrester and time to half-value on the
tail is not critical in this case [13]. All current impulses in
Table 1 have the same front time equal to 45 ps. It should
also be noted that when ®=159312.827 rad/s, expression (4)
describes the impulse with shape 8/19.89 us. Thus, it is
possible to describe the lightning current impulse of the
surge arrester with the shape 8/20 us with the tolerance
of time to half-value on the tail equal to — 0.55 %.

Fig. 1. Simulation of metal-oxide surge arrester
in Micro-Cap 11 evaluation version [12] using voltage-controlled current
sources (NTIofV) &; and G,

Micro-Cap 11 Evaluation Version

4590_01.CIR 4590_02.CIR
. 2.5K 25K
metal-oxide surge arrester model
sed i 2.0K . 2.0K
proposed in [3]. T N
. /

In Fig. 1 R, L and L, — 15K/ \ L .
linear, G; and G, — nonlinear 1,0K-~~/ . N 1.0K / \
elements of metal-oxide surge 05K \\\ 05K AN
arrester model. The numerical 0.0k ; i TR
ValUCS Of thC ClCIIlCDtS Of thC IO((;);J :S.Du 70.0u  105.0u 140.0u 175.0u ,OGO»:J :5.011 70.0u 105.0u 140.0u 175.0u
model are calculated in accor-  ggg ok 600.0K

. _'_H_‘_‘_‘_‘H\—‘_H_‘_ T
dance with the procedure de- e T N o [,

’ " ) 480.0K \ 480.0K .
scribed in [3]. The non.hnear ele-  4o00k 360.0K N
ments are modeled with a help

240.0K 240.0K
of voltage-controlled current 20 0K 120.0K
sources (NTIofV) in accordance ' : : '
. . : 0.0K
with [11, 13]. In this article the 0-0KG Gy 35.0u  70.0u  105.0u 14000 175.0u 00u 350u 700u 1050u 140.0u 175.0u
metal-oxide surge arrester model VEDO) (sess) RO (sec9)
with rated voltage 258 kV is s b
used. Linear parameters of the
model are the foﬂowjng; Micro-Cap 11 Evaluation Version Micro-Cap 11 Evaluation Version
. s b oK 4590_04.CIR b 5K 4590_05.CIR
L,=1.952 uH, L, =5.855 uH,
2.0K 2.0K
R =1000 MQ DN N
1= . 1.5K // \ 1.5K // \
. . . 1.0K 1.0K

Fig. 2 shows various swit- / N /

. . 0.5K N 0.5K
ching current impulses and cor-
responding curves Of re51d.ual 0-0K GGy 35.00  70.0u 1050u 1400u 175.0u  CO%00u 35.0u 70.0u 105.0u 140.0u 175.0u
voltage obtained in simulation. iG1) () iG1) (A)

The curves corresponding to the — 800-0K ———— 800:0K ————

i h 480.0K{E Mmet 480.0K [ o
expression (14) are not shown ! 5 - N
in Fig. 2, since they are almost  360.0K 360.0K
equal to the curves obtained by  240.0k 240.0K
formula (16). 120.0K 120.0K

For all the currents shown in 0.0K 0.0K

. 00u 350u 70.0u 105.0u 140.0u 175.0u 00u 350u 70.0u 1050u 140.0u 175.0u
Table 1, the same value of resi- VR1) (V) WR1) (V)
dual voltage maximum equal to T (Secs) T (Secs)
580.192 kV is obtained. This is c d

a confirmation of the fact that
only front time have significant
effect on maximum residual vol-

Fig. 2. Residual valtage (at the bottom) of the surge arrester during the passage of 2.0 kV switching
current impulses (at the top) with various shape: a — 45/111.90 ps; b — 45/100.80 ps;

c — 45/98.02 ps; d — 45/93.40 ps
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7. SWOT analysis of research resulis

Strengths. The strengths of this research are:
— in contrast to other expressions, the resulting ex-
pressions for the switching impulse have only one pa-
rameter (angular frequency);
— instead of approximate calculation, the front time of
the resulting impulse is calculated by an analytically
exact formula (which includes only one parameter of
the switching impulse — the angular frequency);
— since the proposed expressions are characterized by
only one parameter (rather than three), this significantly
reduces the time spent on preliminary calculations.
Weaknesses. The weaknesses of this research are that:
— the time to half-value on the tail of the resulting
impulses is computed with some error;
— the above error is reduced by some complication
of the original expression;
— when writing piecewise functions in a linear form
with the help of built-in functions, conventional and
logical operators, the significant time required to enter
this information.
Opportunities. The additional opportunities that this
research provides include:
— the possibility of representing current impulses ha-
ving virtual time to half-value on the tail of two and
a half times the virtual front time with the help of
expression (4). As an example, nominal discharge cur-
rent (lightning current impulse) with shape 8/20 us
and high current impulse with shape 4/10 us;
— the possibility of representing current impulses having
virtual time to half-value on the tail of twice the vir-
tual front time with the help of expression (18). As an
example, switching current impulse with shape 30/60 us
and steep current impulse with shape 1/2 us;
— possibility to study existing and future models of metal-
oxide surge arresters in more detail with more control
points. Thus, it is possible to identify features that, in
the opposite case, would have remained unnoticed.
Threats. The resulting expression for switching current
impulse has a nonzero derivative at the initial instant of
time. When testing the models of surge arresters, this is not
important. However, when using the resulting expression
in other problems, this feature can become important and
require further improvement of the expression. To apply
this method in practice it is required the employee knowing
the theory of linear and nonlinear electrical circuits, li-
near programming, as well as skills in circuit simulation.

1. Analytical piecewise continuous functions are pro-
posed for representing the switching current impulses of
surge arresters. The functions (4), (12), (14), (16), (18)
satisfy the requirements of IEC 60099-4:2014 with re-
spect to switching current impulse of the arresters. These
functions allow representing discharge currents having
a virtual time to half-value on the tail of roughly twice
the virtual front time. For all functions the relative error
of front time calculation is equal to zero. Expression (18)
has minimal tolerance of time to half-value on the tail
which is +3.78 %. Moreover, expression (4) allows repre-
senting current impulses having virtual time to half-value
on the tail of two and a half times the virtual front time.

Tolerance of time to half-value on the tail for such im-
pulses is 0.55 %.

2. Effect of received switching current impulses on
maximum residual voltage is studied with a help of dy-
namic metal-oxide surge arrester model. It is found that
increase in time to half-value on the tail does not affect
the maximum residual voltage of the surge arrester.
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METAJOKCUJHBIX HEJIUHEHHBIX OrpaHUYHuTesIell IepeHanpsoKeHuit
Ha [I€PCOHATBHBIX KOMIIbIOTEPAX.

KmioueBsie cmoBa: HeJIMHEHHBIN OrPAaHUYUTENb TIEPEHATIPSIKe-
HUH, ocTaolleecss HAIPsKEHNe, KOMMYTAI[MOHHBIN UMITYJIbC TOKA,
KycouHast (pyHKIMs.
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IDENTIFICATION OF THE
PARAMETERS OF THE CABLE

PRODUCTION PROCESS

3a60sKU MONCIUBOCTIAM CYUACHUX THHOPMAUTUHUX CUCTEM NOKA3AHO WASAXU YOOCKOHALEHHS CUCTNEM
napamempuunoi idenmugixauii, a came, ompumanis 6LIbUL MOUHUX OUTHOK NAPAMEMPI8 MAMEMAMUYHOL
Mmodeni docnidrcysanozo 06’exkma 3 0dmexncenux y uaci i dianaszomni, sauymieHnux subipox danux. Posens-
Hymuit Memoo idenmupixayii 3anponoHo8ano 6UKOPUCMOBY8AMU 8 A0ANMUBHUX CUCTEMAX KePYBaAHHs

NPOUECOM BUZOMOBILEHHS BUCOKOBOILMHUX eLCKMPUUHUX KADETE.
Kmweuosi cnosa: napamempuuna idenmupixauis, inmezposanuii mMemod ioenmuixayii, erexmpomex-

HIUMI CUCTNEMU, eleKmPUYHi KabeJi.

1. Introduction

Technologically, leading countries transferred or are
transferring to the transmission of electricity using ultra-
high-voltage cables with polymer insulation. Cable pro-
duction is carried out on continuous technological lines
under the influence of many destabilizing factors: transport
delays, measurement noise, impossibility of exact coor-
dination of operation of all systems, fluctuations in raw
material parameters and various physical and mechanical
properties of cable components.

Obtaining objective information about the parameters
and the course of the technological process makes it pos-
sible to improve the quality of the systems of optimal
control, diagnostics and forecasting. A significant amount
of scientific research has been devoted to the problem of
parametric identification in the industrial production of
cables [1-13]. However, in the modern theory of identi-
fication there is a significant gap between the theoretical
part and the real situation. Owing to the natural nonsta-
tionarity of the processes, the large number theorem in
practice is often not fulfilled, and in conditions of limited
sampling, statistically optimal identification methods can
lose not only optimality, but also correctness.

Thus, it is urgent to improve the methods of para-
metrical identification of the technological process of cable
production and their introduction in adaptive optimal
control systems. This will improve the quality of products
in real conditions of parametric and signal uncertainty
and will promote wider use of high-voltage cable with
polymer insulation in the electricity industry.

2. The ohject of research
and its technological audit

The object of research is the process of producing elec-
tric cables with polymer insulation for ultrahigh voltages.

Manufacture of cables with XLPE insulation is carried
out on electrical complexes consisting of dozens of local
systems interconnected via mobile cable products under the
conditions of many undetermined disturbing factors [1-3].
The application of polyethylene insulation to a conductive
core that moves at a speed of about 50 m/min is car-
ried out using a unit of three extruders 1 (Fig. 1). The
outer diameter of each insulation layer is measured with
random noise by the X-ray sensor unit 2 at a distance
of about 0.5 m from the exit of the extruders (Fig. 1).
The thickness of each layer of insulation is regulated by
automated electric drives of extruders by changing the
rotation speed of worms.

Fig. 1. Units: 1 — extruders; 2 — sensors

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — Ne 5/1(37), 2017, © Ostroverkhov M., Silvestrov A., Kryvoboka G.

29—)



