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THE RESONANT OVERVOLTAGE IN NON-SINUSOIDAL MODE OF MAIN ELECTRIC
NETWORK

Purpose. The resonant overvoltage arises in main electrical networks as a result of random coincidence of some parameters of
circuit and its mode and it may exist for a relatively long time. Therefore, the traditional means of limitation of short duration
commutation surges are not effective in this case. The study determines conditions of appearance and development of non-
sinusoidal mode after switching idle autotransformer to the overhead line of extra high voltage. The purpose of the paper is to
choice measures for prevention overvoltage, too. Methodology. The study has used the result of extra high voltage line testing, the
methods of electric circuit theory and the simulation in the MATLAB & Simulink package. Results. The simulation model of the
extra high voltage transmission line for the study of resonant non-sinusoidal overvoltage is developed. The conditions for the
appearance of resonant circuits in the real power line are found and harmonic frequency in which overvoltage arises are
obtained. The study proposes using the controlled switching device as a measure to prevent resonance surges and determines the
appropriate settings. Originality. The expression for calculation of resonant length of extra high voltage line was derived. The
special investigation of processes in the resonant circuit of the extra high voltage transmission line for higher harmonic
components of voltage is carried out. The program of switching for control apparatus that prevents non-sinusoidal overvoltage
has been developed at the first time. Practical value. The using of the proposed settings of controlled switchgear will prevent the
occurrence of hazardous resonant surge on higher harmonic components of voltage. References 10, figures 4.

Key words: main electric network, extra high voltage transmission line, resonant overvoltage, nonsinusoidal mode, controlled
switching.

Pesonancnsle nepenanpsaicenus ¢ MazucCmMpanabHbIX INEKMPULECKUX CEMX G03HUKAIOM 8Ce0CHEUe CAYUANH020 COBNA)CHU
napamempos cxemvl U PEeIHCUMA U MOZYM CYWLECMGO6ANb CPAGHUMENbHO Onumenbvhoe epems. Iloamomy mpaouyuonnsie
cpeocmea 01 ux 02paHudeHus 6 OanHom ciayuae nerpgpexmuenst. Llenvro cmamou asnsemces ucciedosanue nepeHanparicenuil,
GO3HUKAIOWUX 6 MAZUCMPATIbHBIX INIEKMPUUECKUX CEMAX HA Gblcuiux 2apmouukax. /[{na 3mozo 66110 ucnonv3oeano
umumayuonnoe u mamemamuueckoe mooenuposanue 6 cpede MATLAB&Simulink. Ilokazano, umo necunycouoanvhuvle
UCKAIICEHUA GO3HUKAIOM NPU GKAIOUEHUU JIUHUU INIeKMpPOonepedauu Ha A6MOmpancopmamop 6 peixpcume Xo0a0Cmo20 X00d.
Onpedenensvt coomeemcmeyiowue uacmomol. Ilpednosceno ucnonvzoeanue ycmpoiicmea ynpagiiemoii Kommymauuu O0/s
npeoomepauieHuUA NePeHanpAdCeHus OAHHO20 Kaacca u papadomana mooenv Onsa OnpedeneHus CcoOmEencmeyIoujux
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pe€30HAaHCHbIE NEePeHaNPsAKEeHUs, HeCl/lHyCOl/I).IaJILHLIﬁ PEKUM, yIIpaBJ/iseMble¢ KOMMYTallUH.

Introduction. Trends in the development of modern
main electric networks indicate the growth of the role of
super high voltage transmission lines (SHVTL) as both
system-forming and inter-system. It should be noted that
it is the study of overvoltage of this class of lines should
be carried out particularly carefully, in particular, taking
into account the influence of possible sources of
distortion. This is due to the practical absence of an
operating reserve of insulation, calculated for extreme
parameter values, since such a reserve for extra high
voltage has a high cost [1-4]. Experience of operation of
AC electric networks indicates that under certain
conditions in them there are stable fluctuations of currents
and voltages with frequencies other than normal operating
frequency. As a result, an analysis of the possibility of
overvoltage in the transmission lines of the SHVTL
should be performed not only for normal, but for
abnormal (asymmetric and non-sinusoidal) modes.

It should also be noted that in the main electric
networks of Ukraine the nominal voltage of 750 kV the
replacement of the air circuit breakers into the SF¢ ones
has been carried out. Compared to the air circuit breakers,
SF¢ ones have certain advantages, the most important of
which are the high operation speed and high ability to
extinguish the arc, as well as the ability to control the
switching process. The objective reason for such a
modernization is also that the Ukrainian electrical

engineering industry does not manufacture air switches,
and in the event of their damage, proper repairs and
renewals of the electricity supply becomes a complicated
task.

In general, the switching time point of the air circuit
breaker commutation is a random variable due to its low
speed, which is why it is unrealistic to perform opening
and closing at the chosen particular moment. This
uncertainty of the initial conditions makes the transient
process unpredictable after switching, and the appearance
of internal overvoltage is unexpected. During operation it
is possible to develop emergency situations, including the
emergence of overvoltage in non-sinusoidal modes
[2, 5, 6]. The SF circuit breaker allows for commutation
at any moment of the sinusoidal voltage change, which
control device chooses according to the criterion for
reducing the negative effects of transients.

The goal of the work is establishment of the
conditions for the appearance and development of internal
overvoltage that arises in main electrical networks on the
higher harmonic components, as well as the choice of
measures for their prevention. One of these measures is to
perform controlled switching according to selected
criteria, which allows to reduce the values of overvoltage
to the level of effective operation of traditional protective
devices, for example, nonlinear overvoltage limiters. To
do this, intervals of switching angles of circuit the breaker
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were determined, which allows the operation to be carried
out without dangerous excess of voltage levels.

Investigation of resonant overvoltage in SHVTL.
The main direction of previous studies of overvoltage
[2-9] using mathematical modeling was focused on the
development and application of mathematical models for
quantitative results in order to limit overvoltage at the
main frequency. They did not consider the physical
processes of the development of resonance overvoltage on
even harmonic components, although the occurrence of
this type of overvoltage is known for a relatively long
time. Therefore, it was unclear from the results obtained
that the modes or commutations themselves lead to
resonant overvoltage on higher harmonics and such
studies can not be considered exhaustive.

Investigation of resonant overvoltage in non-
sinusoidal modes of SHVTL. A prerequisite for the
emergence of resonance overvoltage at higher
harmonic frequencies is the development of an
abnormal non-sinusoidal mode of the SHVTL [2-7].
Typically, sources of distortion of the shape of the
curve of the voltage and currents in the transmission of
SHV are ferromagnetic shunts of magnetization of
transformers. It should be noted that oscillatory
processes in circuits with steel require special attention
in investigations of modes of main electrical networks,
as linear resonances on higher harmonic components,
the source of which is nonlinear inductance, and
nonlinear resonances, in which this inductance is part
of the resonance circuit, are possible [2, 5, 6].

A characteristic non-sinusoidal power transmission
mode of the SHV is the connection of an unloaded power
autotransformer (AT) to the transmission line. The
physics of the process of the appearance of even harmonic
components in the SHVTL with connected unloaded AT
is due to the periodic change in the inductance of the
magnetic shunt when the AC passes through it. This
inductance varies with a double frequency in relation to
the applied voltage. But it should be noted that although
in theory the process of occurrence of overvoltage on
even harmonic components is generally known, but the
detection of factors of an abnormal mode that affect the
multiplicity and duration of overvoltage of this type in
practice requires additional research. It is necessary
during the design and operation of main electrical
networks to have means to check the possibility of not
only the necessary but also sufficient conditions for the
appearance of abnormal overvoltage and its possible
multiplicity.

A sufficient condition for the occurrence of
overvoltage on the even harmonic components is the
coincidence of the parameters of the elements of the
substitution circuit of the SHVTL, at which the frequency
of the proper oscillations will be approximated to 100 Hz.
For this it is necessary that the input impedance of the line
has a capacitive character and was approximately equal to
the average value of the inductive resistance of the
magnetic shunt of the autotransformer at this frequency.
The condition will be fulfilled only at certain lengths of
the SHVTL, which can be called resonant.

Main networks operate with a grounded neutral,
therefore, at simplified analysis of the resonant power

transmission properties in a symmetrical non-sinusoidal
mode, an one-line substitution circuit of an equivalent
two-terminal network can be used. To find the critical
resonance values of the transmission line lengths, the
expression in the denominator of the input impedance of
the equivalent two-terminal network of the TL, to which
the unloaded AT connects, is extrapolated by the
polynomial of the third degree and equated to zero:
al —ar* — a3 —n=0, (1)

where ay, ay, as are the coefficients of a polynomial; / is
the line length; n is the the number of shunt reactor (SR)
groups for charging power of the SHVTL compensation.

To determine the ranges of the resonant length of the
line, we vary the parameters of the elements of its
substitution circuit within the limits of the existing main
electrical networks. Accordingly, we obtain the ranges of
changes in the values of the coefficients of the
substitution polynomial:

ay =0,084+0,27; ©)
ay =1,996-107% =3,1-107%; (3)
a3 =2,055-1077 +1,55-107°. 4)

After determining the ranges of changes in the
values of the coefficients of the polynomial (1), we can
find the resonance length of the line. Comparison of the
results obtained by the expression (1) and by
mathematical modeling indicates that extrapolation leads
to errors of 3.3 %, which is quite acceptable to perform
rapid preliminary analysis of the possible appearance of
overvoltage at the higher harmonic components for the
SHVTL of given length.

Let us investigate, which is the frequency at which
are lengths to expect higher harmonic overvoltage when
connecting a unloaded AT. We substitute the marginal
value of possible parameters of the expressions (2-4) and
get graphs of frequency dependence on the length of the
line (Fig. 1) for the relevant parameters.
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Fig. 1. Resonant length of the SHVTL:
a —graphs for lower values of expressions (2-4);
b — graphs for upper values of expressions (2-4)
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The real graphs of the dependencies of the length of
the line and frequency for the corresponding number of
SRs will lie between the boundary ones (Fig. 1,a and
Fig. 1,b). One can conclude that the harmonic overvoltage
of pairwise multiplicity may arise in the SHVTL when
them three groups of SR are installed on them.

Imitation simulation of non-sinusoidal abnormal
modes of SHVTL. In the study of harmonic overvoltage,
each individual factor can not be considered independent.
Changing one parameter may lead to another change, in
other words, in this case, there is a correlation between
both the parameters of the mode of a particular network
and its equipment parameters [5]. The presence of this
interdependence does not allow for obtaining clear
dependencies that could be used to completely correct the
analysis of overvoltage on the second harmonic in the
main electrical network and the choice of measures for
their prevention, and in this case, as the research
experience [3] shows, an effective means for modeling
such undefined systems is imitation simulation [5].

In this work, an imitation model for the transmission
of SHV was developed for implementation in
MATLAB/&Simulink [10] environment (Fig. 2). Its
peculiarity lies in the presence of models of three groups
of SR, since it has been shown above that overvoltage in
even harmonics arises at the lengths of lines that are
required to compensate their charging power, namely, the
same number of SR groups [4-6].

The poles of the circuit breakers in the model are
considered separately for each of the phases: each pole is
modeled by an ideal circuit breaker. This makes it
possible to independently change the closing moments of
each of the poles during the simulation. The overhead line
is modeled by an equivalent substitution circuit with
parameters corresponding to the length of the SHVTL.
The electric power system is given by a three-phase
voltage source and an equivalent reactance.
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Using the model (Fig. 2), in particular, the ranges of
angles of switching at which there are dangerous over-
voltage are investigated. The research was carried out at a
variation of the length of the line from 415 to 525 km.
The moment of switching the line to an unloaded AT has
changed during the complete period of the sinusoid
0e[0; 360] in order to detect critical values for the
appearance of resonant overvoltage. It is shown that the
necessary condition for the occurrence of overvoltage is
the coincidence of two factors: the length of the SHVTL
and the angle of switching of the poles of the circuit
breaker. It should be noted that the length of the SHVTL
is one of the determining factors for overvoltage not only
in non-sinusoidal, but also in asymmetrical modes [6-9],
although the source of distortion of the mode, and the
appearance of the corresponding resonant circuits in these
cases are different. But the length of the line is

determined when designing the track of the line, and the
factor of the possibility of occurrence of overvoltage is
not taken into account. Thus, for each type of overvoltage,
measures for their warning on this SHVTL have to be
developed and implemented separately. An event that will
be effective for overvoltage in a non-sinusoidal mode will
be ineffective in the asymmetric mode and vice versa
[6-8]. In modern main electric networks, structural
measures, which are connected with the change of the
working circuit and preventing the appearance of an
abnormal mode, should be used first of all. Also, if
necessary, special settings may be used based on the
criterion for reducing the resonance overvoltage of
devices that have been installed for another purpose.

As studies have shown, overvoltage at switching
of an unloaded AT significantly depends on the time
point of its switching on. Thus, overvoltage can be
limited by using a controlled switching unit configured
to close contacts near the zero value of the idle current
of the AT, which prevents the emergence of harmonic
components. In general, controlled switching is a
means of preventing dangerous transients by executing
switching on and/or switching off operations at a
predetermined time point.

Consider the choice of criteria for switching control
on the example of the SFg circuit breakers widely used in
the main networks of the integrated power system of
Ukraine at nominal voltage 750 kV — LTB 800E4 of ABB
(Asea Brown Boveri Ltd.). The Company completes
circuit breakers of its production by controlled switching
devices SwitchSync F236. They are intended for the
issuance of commands for closing and/or opening the
poles of the circuit breaker at the point of the current or
voltage sinewave, which is determined by the conditions
of elimination of undesirable development of transients at
planned switching of sources of reactive energy, shunt
reactors, autotransformers, etc. It should be noted that the
recommendations for choosing the switching moment for
the criterion of the prevention of overvoltage on the
higher harmonic components were not available by
this time.

In order to study the influence of the switching
angles on the development of transients, an appropriate
simulation model was developed (Fig. 3), which, unlike
that developed in [6], allows us to investigate switching in
both normal and abnormal modes.
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Fig. 3. Imitation model of the controlled switching device
Switchsync F236

The block carries out continuous control over the
module of current of AT idling. As soon as the curve of
the idle current reaches zero value (in the block there are
modules where the trend of changing the current value is
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determined), the external command is confirmed and the
output signal to the circuit breaker is fed, which, in turn,
instantly closes its contacts. In the block of the controlled
circuit breaker it is possible to set the moment of closing
its poles, usually the closing of the contacts occurs as
soon as the difference between the voltage of the source
and the voltage at the end of the line reaches the
minimum value, after the closing time, which is defined
in the block itself.

In order to evaluate the effectiveness of the
application of controlled switching to prevent overvoltage
on the harmonic components of pairwise multiplicity,
consider two SHVTL with the same parameters and
characteristics. Each of these two lines is switched by its
own circuit breaker. The first line is switched by the
circuit breaker with the factory setting, and the second
one by the circuit breaker with the selected on the
criterion of minimizing harmonic overvoltage of dual
multiplicity. The moment of switching of the first line
falls into the intervals of the angles [0; 140] and
[200; 240], and the second one - at intervals of angles
[140; 215] and [275; 355]. In Fig. 4 graphs of voltages in
the first and second SHVTL after the connection of the
unloaded AT are presented (amplitude value for nominal
working phase voltage of the TL 750 kV is 612 kV).
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Fig. 4. Voltages of the SHVTL at the device Switchsync F236
settings:

a — standard setting;
b — setting on the non-resonant switching angles

The switching on or switching of commands
supplied to the switch are performed in such a way that
the contact closure takes place at a given time point in

relation to the phase angle. At present, the accuracy of
controlled switching is £ 2 ms, which can not be
considered fully sufficient to minimize the currents when
switching off the short circuit, but to prevent the
emergence of harmonic components in the current of the
unloaded AT, such a spread is not critical. As can be seen,
the controlled by the criterion of reducing the harmonic
overvoltage switching (Fig. 4,b) significantly limits their
multiplicity compared to the standard setting, when the
closing moment can fall into the range of the appearance
of even harmonic components in the current of the AT.
Conclusions.

1. A necessary condition for the development of
overvoltage in the non-sinusoidal modes of main
electrical networks is the emergence of an auto-
parametric source of nonlinear distortions when the
unloaded autotransformer is switched on to the super high
voltage transmission line, and the generation of higher
harmonic components of even multiplicity characteristic.

2. Resonant adjustment of the electrical circuit of the
substitution circuit of the transmission line is a sufficient
condition for the overvoltage appearance on the
corresponding harmonic component. The defining
characteristic of this condition is the length of the
transmission line.

3. According to the typical values of parameters of
power transmission elements with nominal voltage of 750
kV, an expression was obtained for express analysis of the
presence of sufficient conditions for the resonant
overvoltage appearance. It is shown that overvoltage on
the harmonic components of even multiplicity can be
expected if in total three groups of shun reactors are
installed in the final substations of the SHVTL.

4. To prevent resonant overvoltage or reduce them to a
safe level, it is advisable to use a controlled switching
device for SFg circuit breaker. Intervals of safe switching
angles can be determined using developed imitation
models of SHVTL.

5. If the switch-on angle of the circuit breaker falls at
certain intervals, even if it is adjusted according to
another criterion (for example, by the value of the
aperiodic component in current), it is possible or
completely prevent the occurrence of overvoltage, or to
reduce their multiplicity to the levels of effective
operation of traditional protective measures.
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