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Measures and technical means for increasing efficiency and
reliability of extra high voltage transmission lines

Abstract. Electromagnetic transients are considered in the implementation of three-phase automatic reclose on the transmission line of extra high
voltage 750 kV. The influence of automatic shunting of phases and pre-insertion active resistance for limiting the characteristics of the aperiodic
component of the current, which obstructs the transition of full current through zero, is evaluated. The paper analyses measures taking into account
the effect of changing the degree of compensation of charging power and the angles of switching on an SF6 circuit breaker. Sub-schemes of
disconnected undamaged phases of the extra high voltage transmission line for the investigation of the aperiodic current component have been
developed. The values of the pre-insertion active resistances of different connection and automatic shunting of the phases are determined at which
there is an effective reduction of the characteristics of the aperiodic component of the current. In the software environment, a model was developed
and switching transient processes were simulated in the 750 kV transmission line. Operating modes that are potentially dangerous for SF6 circuit
breakers are determined and recommendations are given to avoid them. Currently the technical and economic requirements for power transmission
lines designed for the transport of electricity from large power plants and for the communication of powerful energy systems are increasing. Today
there is importance of reducing specific investment in the construction of new and reconstruction of existing lines. The solution to these issues is
associated with the maximum use of power lines by increasing their power transfer capability and controlling modes, especially in operating
emergency conditions and post-emergency operation of power systems.

Streszczenie. Stany przejsciowe elektromagnetyczne sg brane pod uwage przy wdrazaniu tréjfazowego automatycznego ponownego zamykania na
linii przesytowej bardzo wysokiego napiecia 750 kV. W pracy wptyw automatycznego bocznikowania faz i rezystancji wstepnej w celu ograniczenia
charakterystyki aperiodycznego sktadnika pradu, ktéry utrudnia przejscie petnego pradu przez zero. W pracy przeanalizowano parametry
uwzgledniajgce wptyw zmiany stopnia kompensacji mocy tadowania i katéw wigczenia wytgcznika SF6. W $rodowisku oprogramowania opracowano
model i symulowano procesy przejsciowe w linii przesytowej 750 kV. (Techniki zwiekszania skutecznosci i niezawodnosSci linii wysokiego
napiecia 750 kV)

Keywords: electromagnetic transients, automatic phase shunting, three-phase automatic reclose, aperiodic component of current.
Stowa kluczowe: zjawiska elektromagnetyczne, linie bardzo wysokiego napiecia, procesy zatgczania

Introduction

Due to the modernization of the switching equipment —
replacement of air circuit breakers on SF6 circuit breakers
in the bulk electrical networks, there was a need to analyze
the switching transients in 750 kV extra high voltage
transmission lines. Due to the lacks of experience in
operating SF6 circuit breakers at 750 kV extra high voltage
(EHV) substations, accidents have occurred which have
significantly reduced the reliability of the operation of bulk
electrical networks [1-6]. One of the typical examples of
switching that causes damage of SF6 switch is the fast
on/off cycle [1-3]. On the other hand, the reliability is one of
the most crucial subjects of power and electrical energy
systems [7-9].

Such a typical switching example is the cycle of a three-
phase automatic recloses (TPAR) in the event of a non-
liquidated metal short circuit in one of the phases. In case of
unsuccessful TPAR, the damaged phase is switched on to
the non-liquidated short circuit and the damaged phases
are switched-off. After switching on the non-damaged
phases, there may be an aperiodic current component i,
(ACC) with characteristics values are significantly higher
than the maximum permissible passport data of the SF6.
Exceeding the value i,.. and duration T,, of the ACC leads
to a delay in the transition due to zero full transient current
fig. 1. A durable damping process i,. with a value
exceeding the maximum allowed prevents the full current
from passing through zero, resulting in damage to the gas
switch chamber. According to the requirements specified in
[10], the ACC value may not exceed 58%.

It is assumed that when the switch is off, arc
extinguishing occurs in each phase at the moment when the
current passes through a zero value. Since the dispersion in
the action of the poles of a SF6 circuit breaker when
switched on does not exceed 0.001 s, the contacts are

simultaneously closed. So, in the case of an unsuccessful
TPAR, when the arc on the overhead line during the TPAR
pause did not go out, it is possible to significantly delay the
process of arc extinction [1-3].

A significant aperiodic component in the switching
currents occurs not only with whole groups of shunt
reactors. As a result of a series of transient calculations, the
most unfavorable moments of contact closure after a TPAR
pause and the moments of disconnection of an uncorrected
failure by the value of the aperiodic component were found.

The objective of this work is to identify the conditions for
the appearance of an aperiodic component in the current, to
analyze the process of damping it using pre-insertion
resistors, and also to analyze alternative solutions to the
problem as a whole.
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Fig. 1 Total transient current
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The reason for the appearance of the aperiodic
component of the current during switching

In studies [2, 10-13], the simultaneous influence of the
above measures on the significance of the ACC
characteristics was not considered. The studies analyzed
the effect of pre-insertion active resistances on the gas
switch on magnetization currents and resonant
overvoltages when switching on the EHV power line to the
unloaded autotransformer. There are also studies [14,15]
devoted to the estimation of the influence of pre-insertion
active resistances and the moment of switching on the
value of the characteristics of the ACC without analyzing
the effect of changing the degree of compensation of the
charging power of the line.

It should be noted that there are known works on the
use of automatic phase shunting (APS) during single phase
automatic re-closure (SPAR) to compensate for the
recharge arc and elimination of abnormal resonance
overvoltages [15-23]. Studies on the evaluation of the
effects of ASF when performing the TPAR are also given.
There are also no studies to compare the different types of
connection of pre-insertion active resistors to the values of
the characteristics of the AC current. As shown by previous
studies, the application of only reducing the degree of
charge power compensation and the use of controlled
switching do not always effectively reduce the ACC
[1-3, 10, 11].

This paper deals with the switching of switching on of
the low-voltage transmission line to short-circuit one of the
phases, which leads to the activation of TPAR. Studies
have shown that the changes in the switching angle of the
gas switch and the change in the degree of compensation
of the charging power of the low voltage transmission line
cannot effectively reduce the aperiodic component to the
passport values [24, 25].

The total current value in the switch i(¢) is determined
by the expression:

(1 ic(0) =1, () +1,, (1) + 1, (1)

where i;,=I;,,cos(wtt+a-?) is involuntary component current
in circuit breaker; ® is angular velocity; « is moment of
commutation; [, and ¥ is amplitude and phase of
involuntary value of current; iap(t)zlapsin(a-gb)e‘”’ i is
aperiodical component in circuit breaker; I,, is amplitude of
aperiodical component; ¢ is time of electromagnetic
transient; ¢ is the damping constant of the ACC;
i,,m(t)=1t,.e"’f"“’cos(a)t+a-‘Pt,.) is decaying current transient
component in circuit breaker. I, and ¥, is amplitude and
phase of decaying transient component; z,,. is the damping
constant of decaying current transient component.

The initial value of the aperiodic component of the
current depends on the moment the circuit breaker closes
(for example, if the switch-on occurs when the
instantaneous value of the mains voltage is close to zero,
then the aperiodic component has the largest value equal to
the amplitude of the periodic component of the current). The
damping time constant of the aperiodic current is
determined by the ratio of the active and inductive
resistances in its circuit.

The aperiodic time constant of the aperiodic component
depends on the ratio of the inductance and resistance of the
circuit:

Ly
) -

where L, is equivalent inductance of an equivalent

circuit: R, is equivalent resistance of the equivalent circuit.

So, the initial value of the ACC current component
depends of values (1). On Fig. 2 are shown AP in phase A

in cycle of TPAR. The permissible value of ACC component
for SF6 circuit breakers 750 kV is 58 % of total current at

the transition process.
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Fig. 2 Excess of ACC component the maximum permissible value

Measures and technical means of improving the
reliability and efficiency of EHV power transmission
lines due to switching

The main task of existing measures and means used in
extra high voltage power transmission lines is to increase
the reliability and operational efficiency of the operating
modes of the main electric networks that they form. There
are innumerable modes of operation of power lines,
especially for operational normal operating modes. Normal
modes of electrical networks mean those that allow long-
term operation without any restrictions for both consumers
and equipment of the networks themselves. But when
critical deviations of values of parameters of an electric
network are reached, it is necessary to speak already about
occurrence of an abnormal mode for which use of traditional
methods the controls will be inadequate and therefore
ineffective. The consequences of uncontrolled abnormal
mode can be not only the deterioration of the technical and
economic performance electrical network, but also damage
to the equipment of responsible consumers, as well as
failure of the main equipment of the network itself with the
further development of a system crash.

It should be noted that classification of abnormal modes,
which occur in the abnormal nonsinusoidal and
nonsymmetrical modes of extra high voltage power lines is
given in [15-22]. The use of the term of abnormal mode is
not accidental, because when working out literary sources
[1-6, 10-13] and studies of experimental results [15-17,19-
22], it was concluded that this kind of modes is
fundamentally different from traditional ones. The difference
and the special characteristics of mode is that they are
caused by an abnormal regime, primarily due to the effect
of the source of distortion. In [18, 19, 25,26], the division of
this type of mode into two main categories, depending on
the resonance at a certain frequency, is shown on the basic
harmonic and higher harmonic components.

Also, this developed classification of abnormal modes
includes the considered form of the TPAR operation mode.
An abnormal mode of operation exists during the
implementation of the TPAR cycle and until the breaker is
possibly damaged.

In extra high voltage power lines, the following
measures and technical measures apply, shown Fig. 3:

. the use of pre-insertion resistances in SF6 circuit
breakers, which can be connected in series or in parallel
Fig. 3 a) and b);

. applications of automatic phase shunting when a
phase disconnected is shunted by circuit breakers Fig. 3 c);

. the controlled switching to ensure switching
moments at the required time Fig. 3 d);
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. disconnecting of groups of shunt reactors, as well
as the use of open-phase modes of groups shunt reactors
Fig. 3 f).

At Fig. 3 Ly, Lr — inductance of the shunt reactor which
compensate capacitance between phases and Capacitance
between phase and earth; L;, Lz — inductance and active
resistance of the transmission line; Ls;, Ls», R;, R, —
equivalent inductance and active resistance of systems; R,
— active pre-insertion resistance of SF6 circuit breaker.

On Fig. 3 a, b) Q; indicates the opened main contacts of
the SF6 circuit breaker and Q2 denotes the auxiliary circuit
breaker of the pre-insertion active resistance, which are
closed to reduce the effect of the aperiodic current
component.

On Fig. 3 c), O, denotes the open main contacts of the
SF6 circuit breaker and O, denotes the auxiliary contacts of
the automatic phase shunting device for phase closure.

On Fig. 3 d), Q; denotes a circuit breaker with a
controlled switching device is designated for switching at an
exact time.

On Fig. 3 f), O, denotes the line phase power switch and
Q2 shows the switch of the shunt reactor for the case of
studying the influence of the open-phase operation mode of
the line on the aperiodic current component.

In Fig. 3 also indicates a short circuit that occurs on an
extra high voltage overhead power line.

Fig. 3 Equivalent circuits of phase extra high voltage transmission
line

The aperiodic time constant of the aperiodic component
in case of application pre-insertion connected in series:

AB(R,,* (2M+1)+2R,, A+2R

3 pre pre (F RS 1 +GRS 2 )
T =
@) C(Rpe+Rg1 N Ry +Rsy WAK+Lg  Lgy (Ly Ly +Ly Ly +Ly Ly, )

where 4 = LLLMLE; B = L_g]LSz,' C = RLRMRE; D = RS]RSZ;
E :R51+R52,' F = RLRM; G = RLRE; 1= RMRE: K = L51+L52,'
M = F+G.

The aperiodic time constant of the aperiodic component
in case of application pre-insertion resistors connected in
parallel:
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AB(R s CE+RD(2F+1+2CD)
CD(A(Lgy+Lgy J+LgLsy (2L Ly +2L; Ly +Ly Ly)

T=
(4) Rpre—ins
The above measures have proven themselves well in
suppressing and limiting the characteristics of abnormal
resonant overvoltages in non-sinusoidal and asymmetric
operating modes [16-19, 25,27,28]. It should be noted that
today there is no work to assess the impact of measures
and means on the aperiodic component of the total
transient current (1) and especially aperiodic time constant
(2).

Switch with pre-insertion active resistor can be used to
extinguish large multiple voltages on the second harmonic.
As shown by research [25,27-29], overvoltages on the
second harmonic can exist for a long time, so the decisive
factor in determining the scattering energy is the time of the
emergence of an abnormal regime with unloaded
autotransformer.

The method described in the article solves the problem
of putting the line under voltage, avoiding the danger of
damage to electrical equipment by resonant overvoltages
on the second harmonic. The use of pre-insertion resistors
can reduce the amplitude and duration of this type of
overvoltage. It is important to note that the decision to use
pre-insertion resistors in each case must be supported by
the results of mathematical analysis. Thus, the use of pre-
insertion resistances in SF6 circuit breakers has not been
verified by influencing the characteristics of the aperiodic
component. Initial transition conditions for each phase
corresponding to the maximum and minimum of the sine
wave voltage [27-3']:

5Ae[0; 90; 180; 270; 360];
(5) 536[122; 212; 300];
5 €[60; 150; 240; 330].

The objective of the ASP is to reduce the electrostatic
as well as the electromagnetic components of the feed
current in order to ensure a successful SPAR [31-34].

It should be noted that the paper considers the worst
case when the voltage in the intact phases goes beyond
zero and the case when the voltage reaches its maximum
value. In the first case, such initial conditions of the
electromagnetic switching transient cause the maximum
initial value of the aperiodic component of the current. As
shown by the damping study of the aperiodic component of
the current is determined by the ratio of the circuit's active
resistance to the total inductance [1, 2, 3]. According to the
data, the damping process for certain lines continues to
0.003-0.04 s. A controlled switching device for aperiodic
suppression can be used in combination with the above.
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As we can see from (1) i,,(f) depends on o - moment of
commutation. So we can that controlling switch device can
reduce this two component. All circuit breakers are
equipped controlled switching device Switch Sync F236.
The sinusoid with possible moments of commutation is
depicted on Fig. 4. To assess the impact of the switching
moment on the characteristics of the aperiodic component,
a simulation model is developed. The description of which is
given in the next section.

The calculations of the aperiodic time constant according to the

expressions (3), (4), (6), (7), (8) are given in Table 2.

As can be seen from the results in Table 2, the lowest
constant time value is observed when using controlled
switching. In the case of ASP, the lowest value will be
observed, which will lead to the longest running of the
aperiodic component.

Table 2. Results of calculation of aperiodic time constant

When using controlled switching, the time constant will Té[S]th
be equal to: Khmelnytsky outh- Western
AB(GR,(Rg;+Rg,) D(2F+2G+T)) The name of | Nuclear Power Ulkralnlan Ukrainian
()™ = pik (AR BRI L 2L, Ly oy Nyt Lo+ o a Ly L L L) case Plant (Ukraine) nll:r:\te f&ﬁgﬁiﬂ (Ukraine) ~
% 1.\4Lz . 1L+l X sy Ly g Ly 2Ly (Lyy+Ly ]\/{LZ — Rzeszow p | Albertirsa
In case of switching-off the SR group, the decay time (Poland) (;{;:1;%?:) (Hungary)
constant will be: Without 0.097 0.098 01
(7)e = AB(GRy; (Rg,+Rg,) D(F+G+1)) measure
DFRy (AK+B(Lyy Ly +Ly Ly +Lyy Ly X L1+ )L Lo (L Loy +Ly Ly Ly Ly ) Pre-insertion 0.055 0.052 0.051
In case of application APS decay time constant will be: resistors in
Lo Lor(RetR series
(8) _ Lnlsa(Rs1 +Rso) Pre-insertion 0.093 0.095 0.098
Rg\Rgs (Lgi+Lgy) resistors in
To perform the time constant calculations, the following parallel
extra high voltage power line data were adopted. for the Automatic 0.044 0.047 0.048
next lines Khmelnytsky Nuclear Power Plant (Ukraine) — Sh‘;ﬂggg of
Rzeszpw (Poland), South-Ukralqlan nuclear power plgnt Switching-off 0,088 0,086 0087
(Ukraine) — Isaccea (Romania), Western Ukrainian the SR
(Ukraine) — Albertirsa (Hungary). The resista.mce is R group
#2s=400 Ohms for both cases Fig. 3 a) and Fig. 3 b). In Table Controlled 21 2.02 25
1 are shown parameters of equivalent systems and shunt switching
reactors. device
Table 1. Parameters of systems and shunt reactors 013 FL ! ! Suries two g'mup o SR
Impedance of system Z, Ohms Parameters of shunt reactor 0.12 [- ---- Series one group of SR -
Khmelnytsk: s - - Parallel two group of SR
Nuclear I):’/tow)ér Rzeszow omE - P:r:n: onzg;;Z';ZfSR’
Plant (Ukraine) | ("0!an%) ik
6.28+95.851 | 4.78+60.85i
! oL | Lo | Re| R 0oo | ;
South- H | H Q| @ -
Ukrainian Isaccea = 008 3
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plant (Ukraine) 007 F v ]
6.88+77.65i 6.78+88.48i S N ]
LY:/((::iﬁ;nn ?‘Lbf:s:iri 3747 | 0.42 | 30 | 13.44 umsé \"\.\_ S N A Mot e ]
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Fig. 5 Reducing the aperiodic time constant at different measures
and means
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Fig. 6. Equivalent scheme for replacement of ultra-high voltage power line
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For example, in [1-6, 10-13] it is recommended to
disable the shunt reactor group to reduce the characteristics
of the aperiodic component. As you can see from the
results, such an event reduces the time constant thereby
increasing the duration of the transient. In fact, shutting
down the bypass reactor group is ineffective. To test the
efficiency, the results of which are shown in Fig. 5 were
carried out.

As can be seen from Fig. 5, the use of shutdown of the
shunt reactor group does not lead to a significant change in
the time constant, while further dragging on the value of the
impedance resistance does not lead to the required
increase in the time constant.

In order to verify the correctness of the formulas and
theoretical statements, a simulation model was developed
for the analysis of electromagnetic transients in the TPAR
cycle.

To study the electromagnetic transients, the following
equivalent circuit of the transmission line replacement was
used (Fig. 6), Which takes into account the real cycle of
transposition. EMF was taken into account for each phase
of the ultra-high voltage power transmission line. The
single-phase metal short circuit was modeled in the middle
of the line phase.

In Fig. 6 the following designations are introduced:

Cg,Cg,Cg are capacitances between the phase of the line
and ground, X, z,Xpc,Xyc are interphase inductors,
C,45,Cpc,Cyc are interphase capacitors, E,,Eg E- are
EMF of phase, 0,,03.0c-are SF6 circuit
.1,z are lengths of sections of transposition steps, [ are

length of line.
The list of EHV lines for which research was conducted
is listed on Table 2.

breakers,

Table 2. The list of EHV lines of Integrated electrical power system
Ne The name of the line Length, km
1 Khmelnitsky NPP-Rzeszow (Poland) 396
2 | South Ukrainian NPP — Isaccea (Romania) 403
3 Kievska Substation — Rivne NPP 353
4 Zaporizhzhya NPP — Kakhovka Substation 190
5 Substation Western Ukraine — Albertirsa 479

(Hungary)
6 Zaporizhzhya NPP — Dniprovska Substatio 137
7 | Zaporizhzhya NPP — Dniprovska Substation 211
8 Substation West-Ukrainian — Rivne NPP 282
9 | Substation Pivdennodonbaska — Substation 220
Donbass
10 Zaporizhzhya NPP — Substation 150
Pivdennodonbaska
11 Substation Dniprovska — South Ukrainian 333
NPP
12 Substation Zaporizhzhya — KUuTES 323
substation
13 | Substation Western Ukraine — PS Vinnytsia 361
14 CHAES — Khmelnitsky NPP 136
15 Substation West Ukrainian — Substation 177
Vinnitsa
16 Substation North Ukrainian — Kursk NPP 228
17 Vinnitsa — South Ukrainian NPP 304
18 Substation West Ukrainian — Khmelnitsky 190
NPP
19 | Substation Vinnitsa — South Ukrainian NPP 126

In order to verify the correctness of the formulas and
theoretical statements, a simulation model was developed
for the analysis of electromagnetic transients in the TPAR
cycle.
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Modelling of cycle three phase auto-reclose of extra
high voltage transmission line

The model was developed to study the processes at
single phase auto-reclose in the environment
MATLAB/Simulink which are illustrated on Fig. 7. There
were made calculations to find the effective measure to
prevent this kind of overvoltages.

The three phase power system is simulated by voltage
sources with fixed voltage and inductance. The overhead
line is simulated by two parts, which are given complex
matrices with distributed elements or values on the forward
and reverse sequence.
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Fig. 7 Model of extra high voltage transmission line
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Using the data in Table 1, we simulate extra high
voltage line modes using a specific measure and technique.
Each case is illustrated in Fig. 8-10.

As can be seen from Fig. 8-11, the simulation results
confirm the theoretical assumptions about the duration of
existence of the aperiodic component and the derived
equations (3), (4), (6-8). The shortest duration of the
aperiodic component is observed when using controlled
switching (9). The highest duration is observed with the use
of automatic phase shunting (10). The use of pre-insertions
witched resistors also does not produce the required result
(7-8).

Conclusions

1. When designing extra high voltage power lines, a
careful analysis of the electromagnetic transients
accompanying the switching during operation is necessary.
Quick on-off cycles (symmetric or non-phase) should be
avoided in case of TPAR. In particular, in such cases it is
necessary to pay attention to the cycle of fast three-phase
automatic reconnection, in which the switch may be
damaged due to the aperiodic component of the current.

2.  The results of the work confirm the theoretical
principles, which consist in the inefficiency of using pre-
insertion resistances and automatic phase shunting to
reduce the characteristics of the aperiodic component of the
current of the total transient process. This also applies to
the disconnection of a group of shunt reactors as measure.
The derived formulas for the determination of the aperiodic
time constant of the aperiodic component confirm the
above. Changing the resistance value of the pre-insertion
resistor when disconnecting the group of shunt reactors
also confirmed the inefficiency of using the same means
even when used together. This analysis was performed
without any significant assumptions based on the
mathematical models developed in MATLAB which confirm
the theoretical propositions.
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