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Abstract: Renewable energy sources have a multifaceted impact on power grids, ranging from the
reliability and quality of electricity to the selective impact on equipment. While renewables used to
be distributed in distribution networks, now their capacity is commensurate with thermal power
plants and their impact on the grid should not be underestimated. According to the statistics on the
interruption of the bulk electric networks, one of the main reasons for emergency shutdowns of extra
high-voltage power lines are single-phase short circuits. The problem of mathematical modeling of
the limit modes in terms of static stability is very relevant to the design and operation of electric power
systems (EPS). Calculations of limit modes have both an independent value and a component of other
electrical engineering tasks related to ensuring the required level of reliability and cost-effectiveness
of the operation of the united PS. Despite the great degree of development of issues of planning and
control of electric modes, system accidents associated with unacceptable loads of network elements
occur in the Ukrainian energy industry. Non-phase modes regularly occur in electric power systems,
which can lead to an unacceptable load of intersystem network elements, which imposes significant
restrictions on their throughput. Single-phase short circuits are more than 95% of other damage that
occurs in the line. The use of single-phase auto reclose on the transmission lines allows disconnecting
only the damaged phase for a short period of time and not the entire transmission line. This action
preserves the transit of electricity along the line and prevents the violation of the stability of parallel
operation. To achieve this, the current-free pause of the single-phase auto reclose should last as
short as possible. On the other hand, an important task to be solved when using single-phase auto
reclose is to choose the minimum duration of the current-free pause necessary for its success. The
problem studied in this paper deals with the safety and correct operation of transmission lines (TS) of
the Ukrainian bulk power system in special conditions (not predictable, changing due to frequent
attacks). For a quickly changing configuration, the power grid uses switches, and in the case of
ultra-high voltage, the TS needs to solve the problem of secondary arc currents and recovering
stresses in the place of arc burning after its extinction. One of the methods of reducing secondary arc
currents and recovering stresses in the place of arc burning after its extinction is the implementation
of single-phase automatic reclosing (SPAR). The main theoretical result of the paper is a proposed
mathematical model of a compensated power transmission line based on the use of matrix n-poles,
which makes it possible to model in detail stationary power transmission modes, including the SPAR
mode. The proposed mathematical model of three-phase power transmission has been created using
phase coordinates and can be used for the analysis of complex asymmetric modes. The main practical
result of the paper is physically interpreted simplified models of three-phase TS, which can be used
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for the study of resonant overvoltages and currents of the feeding arc in non-full-phase circuit SPAR.
The conclusion that can be drawn from the obtained results points out which line lengths must
take into account the influence of longitudinal asymmetry when choosing the inductive resistance,
i.e., take into account the dependence of the mode parameters on the location of the damaged phase.
The observed results show that the largest values of the multiplicity of overvoltages will take place in
phase B. The novelty of the work is the developed technique that makes it possible to determine in
advance, depending on the disconnected phase of the line, the values of the primary conductivities
of the STC (static thyristor compensators) and the corresponding angles of control of the thyristor
switches, which satisfy almost complete compensation of the secondary arc at any point of the line in
the specific condition (hard) of the bulk power system operation.

Keywords: static thyristor compensators; secondary arc current; recovery voltage; single-phase
automatic reclosing

1. Introduction

Despite the large amount of deep and extensive work, the use of a single-phase
automatic reclosing (SPAR) is one of the main ways to increase the operational reliability of
extended extra-high-voltage (EHV) transmission lines. Successful implementation of the
SPAR with unstable single-phase short circuits requires the adoption of special measures
to reduce the secondary arc to values allowing the self-extinction of the arc. This will be
sufficiently reliable for an acceptable period of time from the point of view of ensuring
dynamic stability of the no-current pause of the SPAR [1–4].

Authors of [5] declared that the reclosing relay based on some methods was sophisti-
cated and complicated, and they developed the concept of the decomposition quality factor
proposed to determine the mode number and hence the fault type (but this approach must
be adapted to the Ukrainian conditions).

The authors of the manuscript [6] proposed an innovative method for an adaptive
single-phase auto reclosing based on the moving average filter-quadrature signal generator
that was developed to determine secondary arc extinction time for high-voltage transmis-
sion lines with shunt reactors and high-level penetration RES—but it must be adapted to
the Ukrainian conditions of operation.

The paper proposes a multichannel convolutional neural network for detecting the
extinction of secondary arcs in compensated transmission lines; however, it must take into
account expert information and be adapted to real conditions of operation [7].

Traditionally, the reduction of the secondary arc is achieved by connecting shunt
reactors (SHR) and special compensation reactors installed on overhead lines (OHL) in
neutral [8–12]. The efficiency of this measure increases when the reactivity of the compen-
sation reactors changes depending on the phase of the line to be switched off and on to
the direction of power transmission. It is clear that EHV transmission lines with a single
cycle of wire transposition have significant phase-by-phase asymmetry, which increases
with lengthening the transposition step and when performing lines with close phases.
Full compensation of phase-wise unbalanced partial line capacitances and, hence, the arc
feeding currents cannot be carried out using four-beam reactors with phase-symmetric
parameters [13–17].

Calculations have shown that it is impossible to compensate the arc feeding currents to
acceptable values even with the commutation of compensation reactors in the neutrals of the
SR in a number of EHV power transmissions. Significant opportunities for compensation
of the secondary arc have emerged due to static thyristor compensators (STC) with phase-
independent control. It is possible to select the equivalent parameters of the STC in such a
way as to completely compensate for the corresponding system of partial line capacitances
and thereby reduce the secondary arc currents to almost zero using automatic changes
of the control angles of the thermistor switches [14–20]. In this case, the control angles
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of the thermistor switches of the STC will depend only on the disconnected phase of the
line. They will not depend on the magnitude and direction of the power transmitted in the
pause of the SPAR along the non-disconnected phases of the line, as well as on the location
of the short circuit. For a specific line, the steering angles can be predefined.

Successful elimination of arc short circuits in the SPAR cycle is, on the one hand,
determined by the characteristic of the recharge arc arising in long air gaps. On the other
hand, the effectiveness of methods used for reducing secondary arc currents and recovering
depends on the location of the arc and its extinction. Implementation of the SPAR in AC
power transmission is hampered by the presence of a place recharge short circuit on the
side of non-disconnected phases [19–24]. Mode parameters determining the conditions
for extinguishing the secondary arc are as follows: secondary current of the arc flowing
in the arc before it is extinguished, Id; recovery stress in the place of short circuit after the
extinction of the secondary arc current.

2. Parameters of the Extra-High-Voltage Transmission Line

Successful mitigation of the supply arc in the extra-high-voltage power lines, 750 kV,
requires the suppression of two components: electromagnetic and electrostatic. The elec-
trostatic component of the secondary arc can be potentially decreased by a compensation
reactor, which compensates for the electrostatic connection between the disconnected phase
and the phases that remain in operation. The use of a compensating reactor is a traditional
measure to suppress the secondary arc that requires calculations and selection of resistance
values for a specific EHV transmission line.

An increase in the reliability of the transmission of electrical energy through extra-high-
voltage overhead lines (EHV OL) is closely related to the effectiveness of eliminating single-
phase unstable short circuits (SC). SC are the reason for the most frequent disruption of the
normal operation of electrical systems. The restoration of the normal power transmission
mode after the occurrence of a single-phase short circuit is accompanied by the stages
of short-circuit tripping by linear switches on the side of the systems, extinguishing the
recharge arc, followed by restoring a certain voltage in the phase and re-enabling the
disconnected phase. The total time of absence of transmission of electrical energy in one
phase is characterized by a no-current pause of the SPAR [22–26].

Decreasing the pause reduces the duration of power transmission in the open phase
mode, increases the dynamic stability of power systems that are electrically connected by
a power line, helps reduce mechanical moments on the generator shafts, and reduces the
flow of emergency control actions for them. The duration of the burning of the secondary
arc in the disconnected phase is determined by the mode parameters of the pause of the
SPAR—the secondary arc current, which heats the arc channel and prevents the arc from
self-extinguishing, and the voltage recovering at the point of the short circuit after the arc
is extinguished.

The restoration of the full three-phase model of operation of the power transmission
line ends with the reclosure of the disconnected phase, which is accompanied by overvolt-
age. The surge arrester installed at the end of the OL, opposite to the turn-on side, limits the
overvoltage to a permissible level; however, in the middle part of the OL, overvoltages can
significantly exceed the specified value. Incomplete deionization of the arc channel leads
to the weakening of the dielectric strength of the insulating gap and can cause a repeated
breakdown of the insulation, i.e., a short circuit (especially in the case of small no-current
pauses) [23–30].

Due to the noted circumstances, as well as the increase in the reliability of the electrical
equipment in the substation operation, with a decrease in the flow and amplitude of
overvoltages, the latter should be minimized. In accordance with the above, this section
sets the goal of analyzing all stages of the SPAR mode in OL of various designs, including
the consideration of both stationary and transient modes of the current-free pause of the
SPAR. The process of restoring the normal operating mode, i.e., re-enabling the phase in the
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SPAR cycle, as well as developing a set of technical measures, ensures the normal course of
these modes.

When the compensation conditions are met, the arc secondary current short circuit
at the beginning and end of the transmission line are identical and equal to zero (if it is
assumed that the active resistances of the transmission elements are equal to zero).

Physically, this means that the parameters of the STC are selected in such a way as
to fully compensate for the partial capacitance of the emergency phase to ground and the
partial capacitances between the emergency and undamaged phases. In this case, the values
of the equivalent reactances of the secondary arc at the ends of the line increase to infinity.
This means that the secondary arc currents vanish regardless of the operating parameters of
the non-disconnected phases, i.e., regardless of the course of electromechanical transients
caused by the occurrence of a short circuit and the disconnection of the line phase.

Let us consider the use of the STC in the pause modes of the SPAR in the example of a
power transmission that includes an EHV line. Both ends have the STC installed (Figure 1).
Currents and voltages from Equation (1) are shown in Figure 1.
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Figure 1. Schematic diagram of power transmission.

The equations of stationary modes of power transmission containing a line with a
single cycle of wire transposition with STC installed at its ends can be written in phase
coordinates in the following form:

•
IB =

•
Ib
arc + (Yb

L + Yb
STC)

•
Ub − Yb.e.

L

•
Ue

•
IE =

•
−Ie

arc + Ye.b.
L

•
Ue − (Ye

L + Ye
STC)

•
Ue

(1)

where
•
IB,

•
IE are matrix columns of the beginning (index b) and end (index e) power

transmission currents;
•

Ib
arc ,

•
Ie

arc are matrices of short-circuit currents (when the line phase

is off, there are secondary arcs at the beginning and end of the line);
•

UB,
•

UE are phase
voltage matrices at the beginning and end of the line; Yb

L , Ye
L , Yb.e.

L , Ye.b.
L are matrices of line

conductivities (own and mutual), taking into account the execution of lines with a given
geometry of the suspension of wires and cables, the method of grounding the cables, and
the length of individual non-transposed sections of the line. Yb

STC , Ye
STC are the conductivity

matrices of the STC, established at the beginning and end of the line.
The general algorithm for obtaining the matrix of line conductivities Yb

L , Ye
L , Yb.e.

L , Ye.b.
L

is described in [3–10]. The values of the elements of the conductivity matrices of the line
are considered below and are determined by this algorithm.



Energies 2023, 16, 6880 5 of 21

The article examines an EHV line with a length of 320 km and with the lengths of
the non-transposed sections of 106, 100, and 114 km. The considered line structures of the
conductivity matrix, determined in accordance with [3], have the following meanings:

Yb.e.
L =

9.5289 2.5796 2.5515
2.5726 9.5389 2.5616
2.5406 2.5562 9.5056

 · 10−4 + j

−10.168 2.0004 2.0452
1.9981 −10.159 2.0353
2.028 2.0328 −10.185

 · 10−3 S;

Ye.b.
L =

9.5289 2.5726 2.5406
2.5796 9.5389 2.5562
2.5516 2.5616 9.5056

 · 10−4 + j

−10.168 1.9981 2.0428
2.004 −10.159 2.0328
2.0452 2.0353 −10.185

 · 10−3 S;

Ye.
L =

9.5809 2.5880 2.5519
2.5880 9.6023 2.5574
2.5519 2.5674 9.582

 · 10−4 + j

−9.5127 1.9981 2.0428
1.9766 −9.4971 1.9419
1.9837 1.8419 −9.515

 · 10−3 S.

At the ends of the line, STC of the same power are installed. With this
∼

bnom = Qnom/U2
max = −7.6389 · 10−4S; xt = 132.25 Ω. The value of the nominal pri-

mary conductivity of STC bnom = 8.4973 · 10−4S.
Neglecting the active resistances of wires, cables, and ground, these matrices could

have this form:
Yb

L = j

 bb
L11 bb

L12 bb
L13

bb
L12 bb

L22 bb
L23

bb
L13 bb

L23 bb
L33

 Ye
L = j

 be
L11 be

L12 be
L13

be
L12 be

L22 be
L23

be
L13 be

L23 be
L33


Yb.e.

L = j

 bL11 bL12 bL13
bL12 bL22 bL23
bL13 bL23 bL33

 Ye.b.
L = j

 bL11 bL12 bL13
bL12 bL22 bL23
bL13 bL23 bL33

 (2)

The conductivity matrices of the STC, connecting the first harmonic phase currents
with the voltages at the input of the STC, under the assumption of the sinusoidal shape
of the input voltages and without taking into account the active parameters of the STC
elements, can be written as follows:

Yb
STC = j

bb
11 bb

12 bb
13

bb
12 bb

22 bb
23

bb
13 bb

23 bb
33

Ye
STC = j

be
11 be

12 be
13

be
12 be

22 be
23

be
13 be

23 be
33

 (3)

bb
ii, be

ii, bb
ij, be

ij are equivalent conductivity STC, depending on the connection diagram
of the transformer windings; the values of the primary controlled conductivities bab, bbc, bca
and the conductivity of the reactor bN are included in the neutral of the primary winding
of the STC transformer (Figure 1).

The conditions for compensating the secondary arc at different phases of the overhead
line can be obtained from Equation (1), taking into account (2) and (3). These conditions of
compensation, which connect the equivalent conductivity of the STC with the parameters of
the line, are presented in Table 1, where he

11, he
22, he

33 are arbitrary parameters characterizing
the degree of compensation of the phase capacitance of the line at the receiving end of the
overhead line.
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Table 1. Conditions for full compensation of the secondary arc at a short circuit at the ends of the line
for the disconnected phase (A, B, C).

A B C

bb
12 = he

11

∼
bL21− bb

L12

bb
13 = he

11

∼
bL31− bb

L13

bb
11 = he

11

∼
bL31− bb

L11

be
12 =

∼
bL12 /he

11− be
L12

be
13 =

∼
bL13 /he

11− be
L13

be
11 =

∼
bL11 /he

11− be
L11

bb
12 = he

22

∼
bL12− bb

L12

bb
23 = he

22

∼
bL32− bb

L23

bb
22 = he

22

∼
bL22− bb

L22

be
12 =

∼
bL21 /he

22− be
L12

be
23 =

∼
bL23/he

22−be
L23

be
22 =

∼
bL22/he

22−be
L22

bb
13 = he

33

∼
bL13− bb

L13

bb
23 = he

22

∼
bL23− bb

L23

bb
33 = he

33

∼
bL33− bb

L33

be
12 =

∼
bL31 /he

33− be
L13

be
23 =

∼
bL32/he

33−be
L33

be
33 =

∼
bL33/he

33−be
L33

3. Technical Restrictions Procedures for the Choice of Values of Parameters of the STC

Though it is essential to fulfill the conditions for compensation of the secondary arc
at the ends of the line, it does not provide full compensation at a short circuit at any
intermediate point. In addition, the terms of compensation were obtained without taking
into account active resistances of line wires, cables, and earth. Calculations of the arc
currents depend on the location of the short circuit when taking into account the active
resistances of the power transmission elements. It was shown that their rim values both at
intermediate points of the line and at its ends do not exceed 3 A. Consequently, the control
of the STC based on the conditions for compensating the secondary arc currents at the
ends of the line ensures reliable extinction of the secondary arc at a short circuit at any
intermediate point on the line.

The steady-state values of currents and voltages on the disconnected phase of the line
are considered. Experimental data show that, in addition to the fundamental harmonic,
the composition of the arc feeding current includes the aperiodic component and higher
harmonics, the presence of which worsens the conditions for extinguishing the feeding
arc. The indicated components of the arc feeding current are reduced to negligible values
in 0.1–0.3 s, which, provided that the fundamental harmonic is compensated, will ensure
reliable extinguishing of the feeding arc during the free-current pause of the SPAR.

The equivalent conductivities bii and bij of the STC, which correspond to the obtained
compensation conditions, depend on the primary parameters of the STC. The type of
dependencies is determined by the connection diagram of the STC transformer windings.
Below is the considered STC circuit, the single-phase two-winding transformers of which
are connected in a group according to the “star with grounded neutral–delta” scheme
(Figure 1). The elements of reactive power consumption STC include 16 thermistor–reactor
groups (TRG). Current regulation is carried out by stepwise switching on of 14 sections of
the TRG and smooth regulation of the angles of ignition of the thermistors in two sections
of the TRG. In this case, the level of higher harmonics generated by the STC with phase
asymmetric control of its reactances will be insignificant and will not cause a noticeable
increase in the arc feed current in the pause mode of the SPAR.

The connection of the secondary windings of the transformer in a triangle is equiv-
alent to the inclusion of significant capacitive conductivities between the phases of the
power transmission, along which the arc is fed during the pause of the SPAR. For the
STC to compensate for the phase-to-phase capacitive conductance of the line, its zero-
sequence reactance must be greater than its positive-sequence resistance. For this, it is
necessary to include compensation reactors with high reactance in the neutral of the STC
transformers [4–15]. In this case, the voltage in the neutral of the transformers will be
0.3–0.4 of the nominal phase voltage of the power transmission Unom.

Such a high level of neutral insulation is technically difficult to implement. Therefore,
the use of an STC SPAR in pause modes on the secondary windings of delta-connected
transformers is not promising. An alternative solution is to open the triangle of the
secondary windings of the STC transformer in the pause mode of the SPAR. Technically,
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this is what happens to the STC circuit by opening switch B1, as shown in Figure 1. If the
triangle connection of the secondary winding of the STC transformer is opened, the circuit
becomes similar to the scheme of a four-beam reactor with adjustable phase conductivities,
and phase A corresponds to the conductivity bab, phase B corresponds to conductivity bbc,
and phase C corresponds to conductivity bca. Equivalent conductivity of the STC can be
determined through its primary parameters as follows:

b11 =
∼

bab(bN+
∼

bbc+
∼

bca)
∼

bab+bN+
∼

bbc+
∼

bca
; b12 = −

∼
bab

∼
bbc

∼
bab+bN+

∼
bbc+

∼
bca

b13 =
∼

bab
∼

bca
∼

bab+bN+
∼

bbc+
∼

bca
; b22 =

∼
bbc(bN+

∼
bab+

∼
bca)

∼
bab+bN+

∼
bbc+

∼
bca

b23 = − bcabbc
∼

bab+bN+
∼

bbc+
∼

bca
; b33 =

∼
bca(bN+

∼
bab+

∼
bbc)

∼
bab+bN+

∼
bbc+

∼
bca

(4)

where
∼

bab = bab
1−xtbab

;
∼

bbc =
bbc

1−xtbbc
;
∼

bca =
bca

1−xtbca
; xt is the transformer leakage reactance STC.

The range of variation of the conductivities
∼

bab,
∼

bbc and
∼

bca is determined by the
nominal power of the STC in the mode of consumption and output of reactive power. So,
in the absence of capacitor banks of conductivity in the STC, the STC must satisfy the
following conditions: 

∼
b

b

nom ≤
∼
b

b

ab, ∼
b

b

bc,
∼
b

b

ca ≤ 0
∼
b

e

nom ≤
∼
b

e

ab,
∼
b

e

bc,
∼
b

e

ca ≤ 0

(5)

where
∼
b

b

nom = −Qb
nom/U2

max;
∼
b

e

nom = −Qe
nom/U2

max, where Qb
nom, Qe

nom are the nominal
reactive powers consumed by the STC, respectively, at the starting and receiving substations;
Umax is the maximum operating voltage of the power transmission.

The power transmission under consideration includes an EHV line with a length of
320 km; STCs are installed at the ends of the overhead lines. The nominal power of each STC
in consumption mode is 0.205 times the natural power of the line Pnat, which corresponds
to 10% overcompensation of the charging power of the line

As follows from the above material and Table 1, the equivalent conductivity of the
STC b11, b12, b13 that meet the conditions for compensating the secondary arc at the line
ends depends not only on the line parameters but also on the free parameters he

11, he
22, he

33
the values of which can be chosen arbitrarily. Thus, the compensation conditions are
met by an infinite set of systems of equivalent conductivities of the STC and an infinite

set of STC primary parameters
∼

bab,
∼

bbc,
∼

bca that determine them. It is necessary to choose
from this set of conductivities the range of values that also satisfy conditions (5) of their
physical realization.

4. Conditions for Compensation of Secondary Arc Currents

Consider the case of disconnecting one of the phases of the line, for example, phase
A, at a short circuit at the beginning. Since in this case, the input and output currents
of the phase Ub

a and Ue
a are equal to zero, then from Equation (1) the following values

are obtained: 
jIb

arc = (bb
L12 + bb

L12)U
b
B + (bb

13 + bb
L13)U

b
C−

−
∼

bL11Ue
A −

∼
bL12Ue

B −
∼

bL13Ue
C

0 =
∼

bL21Ub
B +

∼
bL13Ub

C − (be
L11 + be

11)U
e
A−

−(be
L12 + be

12)U
e
B − (be

L13 + be
13)U

e
C

. (6)

In the last equations, Ub
C, Ub

B, Ue
C, Ue

B mean voltages on non-disconnected phases of
the starting and receiving substation; Ue

A is the voltage in the cutoff phase A at the short
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circuit at its beginning; and Ub
A = 0; bb

12, bb
13, be

12, be
13 mean the total conductivity of the STC,

installed at the ends of the line.
From the second equation, it follows:

Ue
A =

bL21Ub
B + bL31Ub

C − (be
L12 + be

12)U
e
B − (be

L13 + be
13)U

e
C

be
L11 + be

11
. (7)

Substitution of the expression for Ue
A into the first part of Equation (1) gives:

jIb
arc = (bb

L12 + bb
L12 − he

11

∼
bL21)Ub

B + (bb
13 + bb

L13 − he
11

∼
bL31)Ub

C+

+

[
he

11(b
e
L12 + be

L12)−
∼

bL21

]
Ue

B +

[
he

11(b
e
L13 + be

L13)−
∼

bL13

]
Ue

B
(8)

Similarly, the secondary arc current at the short circuit at the end of the line will
be defined:

jIe
arc = (he

11(b
b
L12 + bb

L12)−
∼

bL21)Ub
B + (he

11(b
b
13 + bb

L13)−
∼

bL31)Ub
C+

+

[
be

L12 + be
L12 −

∼
he

11bL21

]
Ue

B +

[
be

L13 + be
L13 −

∼
he

11bL13

]
Ue

C

(9)

Similarly, the arc feeding current at the short circuit at the end of the line is defined:

he
11 =

∼
bL11

be
11 + be

L11
; hb

11 =

∼
bL11

bb
11 + bb

L11
(10)

Parameters he
11 and hb

11 characterize the degree of compensation of the phase capaci-
tance of the line at the receiving and, accordingly, at the starting end of the overhead line.

For the simultaneous zero secondary arc at a short circuit at the beginning or end of
the line, according to Equations (2) and (3), the following conditions must be fulfilled:

bb
12 = he

11

∼
bL21 − be

L12; bb
13 = he

11

∼
bL31 − be

L13;

be
12 =

∼
bL21/he

11 − be
L12; b13 =

∼
bL31/he

11 − be
L13;

hb
11 = 1/he

11

(11)

Since the four equations correspond to 5 unknown parameters of the STC
bb

12, bb
13, be

12, be
13, be

11(h
e
11), one of these parameters can be set arbitrarily. If he

11 is taken
as an independent parameter, then the conditions for compensation of the secondary arc
on the disconnected phase A of the line can be written in the form:

bb
12 = he

11

∼
bab − bb

L12; bb
13 = he

11

∼
bb

L13;

bb
11 = he

11

∼
bL11 − bb

L11; be
12 =

∼
bL12/he

11 − be
L12

be
13 =

∼
bL13/he

11 − be
L13; be

11 =
∼

bL11/he
11 − be

L11

(12)

From Equation (4), it follows that for a certain selected parameter he
11 and known

parameters of the line, the compensation conditions correspond to well-defined values of
the equivalent conductivity of the STC.

Similar calculations relating to the disconnection of phases B and C of the line give the
results presented in Table 1.

Let us consider, as an example, the procedure for determining the area of the pri-
mary parameters of the STC when phase A of the line is disconnected. The compensation
conditions given in Table 1 set the arbitrary parameter he

11. It is found as the equiv-
alent parameters of the STC necessary for compensation: be

11, be
12, be

13, bb
11, bb

12, bb
13. The

primary parameters of the STC corresponding to the full compensation of the secondary arc
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currents at a short circuit at the ends of phase A of the line can be determined from (4)
as follows:

Let this be considered as an example of the procedure for determining the area of
the primary parameters of the STC when phase A of the line is disconnected. The com-
pensation conditions given in Table 1 will be used and the settings of the arbitrary param-
eter he

11 are found as the equivalent parameters of the STC necessary for compensation:
bb

11, bb
12, be

13, be
11, be

12, be
13. The primary parameters of the STC correspond to the full com-

pensation of the secondary arc at a short circuit. The ends of phase A of the line can be
determined from (4) as follows:

∼
bb

ab = − bb
11·b

b
N

bb
11+bb

12+bb
13−bb

N
;

∼
bb

ab = − bb
12·b

b
N

bb
11+bb

12+bb
13∼

bb
ca = − bb

13·b
b
N

bb
11+bb

12+bb
13∼

be
ab = − be

11·b
e
N

be
11+be

12+be
13−be

N

∼
be

ab = − be
12·b

e
N

be
11+be

12+be
13∼

be
ca = − be

13·b
e
N

be
11+be

12+be
13

(13)

It can be seen that the conductivities bb
ab,

∼
bb

bc,
∼

bb
ca turn out to depend on arbitrary values

of he
11 and bb

N (or xb
N). Similarly, the conductivities be

ab,
∼

be
bc,

∼
be

ca depend on he
11 and be

N (or
xb

N). It is necessary to determine the ranges of parameters he
11 and xb

N , as well as he
11 and

xe
N . These parameters satisfy the conditions (5) of the physical realization of the primary

parameters of the STC. These areas are the easiest to obtain graphically. Equating, in

turn, the conductivities
∼

bb
ab,

∼
bb

bc,
∼

bb
ca to zero and

∼
bnom, the limiting relationships are obtained

between the parameters he
11 and hb

11. They correspond to the fulfillment of conditions (5).
Corresponding expressions that determine these connections at the STC in phase A are
given below:

∼
bb

ab = 0, he
11 =

be
L11
∼

bL11

;
∼

bb
ab =

∼
bnom (14)

he
11 =

∼
bnom(bb

L11 + bb
L12 + bb

L13) + (bb
L11 +

∼
bnom)bb

N
∼

bnom(
∼

bL11 +
∼

bL21 +
∼

bL31) +
∼

bL11be
N

(15)

∼
bb

bc = 0, he
11 =

be
L12
∼

bL21

;
∼

bb
bc =

∼
bnom (16)

he
11 =

∼
bnom(

∼
be

L11 + bb
L12 + bb

L13) +
∼

be
L12be

N
∼

bnom(
∼

bL11 +
∼

bL21 +
∼

bL31) +
∼

bL21be
N

(17)

∼
bb

ca = 0, he
11 =

be
L13
∼

bL31

;
∼

bb
ca =

∼
bnom (18)

he
11 =

∼
bnom(be

L11 + bb
L12 + bb

L13) + be
L13be

N
∼

bnom(
∼

bL11 +
∼

bL21 +
∼

bL31) +
∼

bL31be
N

(19)

∼
be

ab = 0, he
11 =

∼
be

L11
∼

be
L31

;
∼

be
ab =

∼
bnom (20)

he
11 =

∼
bnom(

∼
bL11 +

∼
bL12 +

∼
bL13) +

∼
bL11be

N
∼

bnom(be
L11 + be

L11 + be
L11) + (

∼
bnom + be

L11)b
e
N

(21)
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∼
be

bc = 0, he
11 =

∼
be

L12
be

L12
;
∼

be
bc =

∼
bnom (22)

he
11 =

∼
bnom(

∼
bL11 +

∼
bL12 +

∼
bL13) +

∼
bL12be

N
∼

bnom(be
L11 + be

L12 + be
L13) + be

L12be
N

(23)

∼
be

ca = 0, he
11 =

∼
be

L13
be

L13
;
∼

be
ca =

∼
bnom (24)

he
11 =

∼
bnom(

∼
bL11 +

∼
bL12 +

∼
bL13) +

∼
bL13be

N
∼

bnom(be
L11 + be

L12 + be
L13) + be

L13be
N

(25)

According to the above expressions and Figure 2, the dependences of he
11 on xe

N

are plotted meeting the following conditions:
∼

bb
ab = 0,

∼
bb

ab =
∼

bnom,
∼

bb
bc = 0

∼
bb

bc =
∼

bnom,
∼

bb
ca = 0,

∼
bb

ca =
∼

bnom. The desired region of the parameter he
11 on xe

N corresponding to

the fulfillment of the inequalities
∼

bnom ≤
∼
b

b

ab,
∼
b

b

bc,
∼
b

b

ca ≤ 0 is shaded in Figure 2. It is
limited by lines parallel to the ordinate axis. It can be seen that in this case, the region

is constrained inside the curves
∼

bb
ab =

∼
bb

nom,
∼

be
ca = 0,

∼
bb

bc =
∼

bnom. The same lines mark the
region in Figure 3. The parameter he

11 on xe
N corresponds to the fulfillment of the conditions

∼
b

e

nom ≤
∼
b

e

ab,
∼
b

e

bc,
∼
b

e

ca ≤ 0.
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If both regions have a common range of variation of the parameter he
11, then it is

possible to carry out full compensation of the feeding current of the arcs at phase A of the
line at physically realizable parameters of the STC. The results presented in Figures 2 and 3
mark with bold lines the region of the parameters he

11, xb
N and he

11, xb
N , corresponding to the

simultaneous fulfillment of conditions (5).
Let us take any values he

11, xb
N , xe

N belonging to these regions. Then, it were unambigu-

ously calculated by expressions (6) of physically realizable conductivities
∼

bb
ab,

∼
bb

bc,
∼

bb
ca,

∼
be

ab,
∼

be
bc,

∼
be

ca, satisfying the conditions of full compensation of currents arc feeding at the ends of
phase A of the line.

Similarly, the ranges of the parameters he
22, xb

N and he
22, xe

N , as well as he
33, xb

N and
he

33, xe
N can be determined. It meets the conditions of full compensation of the secondary

arc on phases B and C of the line with physically realizable primary parameters of the STC.
Obviously, it is advisable to choose the permissible values of the parameters he

11, he
22, he

33,
xb

N , xe
N in such a way that the values xb

N , xe
N do not depend on the switched-off phase of the

line. In this case, there is no need for the switching of the reactors included in the neutral
of the STC transformers. It depends on the phase of the line the short circuit occurred in.
With regard to the line under consideration, the following values of these parameters can
be selected: he

11 = he
22 = he

33 = 1, xb
N = xe

N = 240 Ω.
After determining the permissible values of these quantities, it is not difficult to

determine the corresponding values of the equivalent conductivities of the STC. Then, the
values of the controlled conductivities meet the conditions for full compensation of the arc
feed currents at the short circuit at the ends of the line. The primary conductivities STC bab,

bbc, bca are defined in terms of
∼

bab,
∼

bbc,
∼

bca as follows:

bab =

∼
bab

1 + xT
∼

bab

; bbc =

∼
bbc

1 + xT
∼

bbc

; bca =

∼
bca

1 + xT
∼

bca

(26)



Energies 2023, 16, 6880 12 of 21

The values of the equivalent parameters of the STC referred to the equivalent nominal

conductivity
∼

bnom and the primary parameters referred to the nominal primary conductivity
of the STC bnom are given in Table 2.

Table 2. Equivalent parameters of the STC.

Parameters

Parameter Values at Deviation Phases
(A, B, C)

A B C

bb
11 0.8799 08143 0.5213

bb
22 0.8319 0.8668 0.2468

bb
22 0.5469 0.2343 0.8572

bb
12 −0.1184 −0.1214 −0.0199

bb
13 −0.0741 −0.0295 −0.0772

bb
23 −0.0698 −0.0317 −0.0349

be
11 0.8577 0.2083 0.5720

be
22 −0.2206 0.8644 0.8401

be
33 0.5407 0.8171 0.8769

be
12 −0.312 −0.0281 −0.0692

be
13 −0.0805 −0.263 −0.0773

be
23 −0.0185 −0.1223 −0.1189

bb
ab 1 0.9195 0.5389

bb
bc 0.9371 0.9968 0.2360

bb
ca 0.5645 0.2230 0.9919

be
ab 0.9928 0.1969 0.5943

be
bc 0.2095 0.99687 0.9428

be
ca 0.5623 0.9239 1.000

Calculations of the voltages recovering on the disconnected phase of the line after
the extinction of the feeding arc show that these voltages, when the conditions for full
compensation of the feeding arc at the ends of the overhead line are fulfilled, practically do
not depend on the disconnected phase of the line and on the direction of power transmission.
They coincide with each other at the beginning and end of the line.

The difference between the values of the recovering voltages at a certain fixed value
of the angle b, both in phases and in the place of determination on the line, is less than
1%. The dependence of the restoring voltage in the line on the phase angle between the
voltages on the buses of the starting and receiving substation b is shown in Figure 4. If
it follows the range of variation of angle 6 from 0 to ±90◦, the recovery voltage does not
exceed 0.3 Uf. At very low values of the arc feeding currents, this circumstance determines
the reliable and fast extinction of the feeding arc.

Calculations of the currents in the disconnected phase of the line have shown that
their values do not exceed 5% of the current value during transmission through the natural
power line. With such small values of currents and voltages on the disconnected phase
of the overhead line, their influence on the mode of undamaged phases can be neglected.
With phase-by-phase control of the STC for extinguishing the recharge arc, the asymmetric
conductivity of the STC generates additional negative sequence currents. Their values
do not exceed 30% of the rated phase current of the STC. According to the calculations,
these currents lead to an insignificant (no more than 8%) increase in the negative sequence
currents and voltages at the ends of the open-phase line. This does not create additional
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difficulties in the operation of relay protection devices and generators during the current-
free pause of the SPAR.
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To check the adequacy of the model, the dependence of the restored voltage on the
short-circuit location was chosen as a criterion (Figure 5). Applying this criterion, the
location of the short circuit can also be accurately determined. The overvoltages reach
maximum values at this location.
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From the graphs in Figure 5, we can draw conclusions at which line lengths we must
take into account the influence of longitudinal asymmetry when choosing the inductive
resistance, i.e., take into account the dependence of the mode parameters on the location of
the damaged phase. Based on the chart in Figure 5, we can also say that the largest values
of the multiplicity of overvoltages will take place in phase B.

V Comparative Analysis of the Efficiency of STC and Compensation Reactor

The paper considers the case of incorrect selection of the resistance of the compen-
sation reactor, which leads to an unsuccessful cycle of operation of the SPAR due to
non-extinguishing of the repeated arc (Figures 6–8). Figure 6 shows the arc current at the
arc short circuit. In Figure 6, the moment of operation of the SPAR occurs at 0.075 s. After
the SPAR, the current of the repeated arc will receive power from the disconnected phases,
which is shown in Figure 8. The value of the re-arc current exceeds the maximum allowable
and leads to inefficiency of the operation cycle of the SPAR.
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Figure 8. The effectiveness of STC in preventing abnormal resonant overvoltages.

The resistance of the repeated arc in the pause of SPAR is shown in Figure 8 and is
described by the following expression:

Rarc = R0e−kIarc (27)

where Iarc is the current value of the arc current (A), R0, k are the arc parameters.
The scheme of substitution during the implementation of the SPAR is shown in

Figure 9. 2CM is the interphase capacitance of disconnected phases, CE is the capacitance
between the phase and ground of the disconnected phase. LCSR is CSR inductance, LCR is
CR inductance, and RΣ is the total active resistance of the disconnected phase.
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Figure 9. Substitution scheme for the replacement of the disconnected phase in SPAR.

After solving the differential equations, the expression for the instantaneous value of
the repeated arc in the implementation of the SPAR is obtained:

iarc(t) =
Uarc

Zarc
sin(ωt + α − ϕk) + iarc(0)e−t/T
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where Uarc is the arc voltage; Rarc is the arc resistance, ω is angular velocity; T is the
constant of the attenuation time of the circuit from Figure 10, iarc(t) is the initial value
of the arc current; α is the angle between the horizontal and the voltage vector; ϕk is arc
resistance argument.

Figures 10 and 11 show the current and resistance of the feed arc during the imple-
mentation of STC at 0.2 s. As can be seen from Figures 10 and 11, re-arc is effectively
extinguished in STC by suppression of the aperiodic component.
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In the case of a single-phase short circuit in ultra-high-voltage lines, after the phase is
switched off on both sides by circuit breakers, the secondary arc initiates. It is caused by the
electrostatic and electromagnetic components of the disconnected phases. It may exist for a
long time, and it is able to perform suppression of the aperiodic and sinusoidal components
of the re-arc current during the implementation of the SPAR cycle. Further research will
be aimed at the use of automatic phase shunting in order to reduce the characteristics of
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the aperiodic component of the current during the switching of ultra-high-voltage power
lines [31].

5. Discussion

When placing static thyristor compensators at both ends of the transmission line,
in principle, almost complete compensation of the secondary arc is satisfied at a short
circuit anywhere in the line. Opening the triangle of the secondary windings of the STC
transformer during the pause of the SPAR allows for the compensation of the secondary
arc at technically permissible values of the reactance of the reactors included in the neutral
of the STC transformers. The voltages on these neutrals are on the contacts of the switches
that open the secondary windings of the transformers. It depends only on the disconnected
phase of the line. The developed technique makes it possible to determine in advance the
values of the primary conductivities of the STC and the corresponding angles of control of
the thermistor switches. This satisfies almost complete compensation of the secondary arc
at any point of the line.

A distinctive feature of the STC used on extra-high-voltage transmission lines is the
need to connect it directly to the line in order to perform the function of a shunt reactor—to
reduce overvoltage and not only switching. It is similar when the idle line is turned on and
the compensation arc feeds current during the pause of the SPAR.

6. Conclusions

The invention relates to electrical engineering and can be used on high-voltage power
lines equipped with single-phase automatic reclosing devices. The purpose of the STC is to
improve the reliability of the SPAR implementation. The capacitive resistance is introduced
to solve this problem. It is implemented into the cut of the low voltage winding of the
power transformer of the static thyristor compensator to compensate for the capacitances in
the line between the disconnected and non-disconnected phases as well as active resistance.
It reduces the decay time of the aperiodic component of the arc-feeding current. This allows
us to increase the proportion of success.

A mathematical model of a compensated power transmission line is proposed. It is
based on the use of matrix n-poles, which makes it possible to model stationary power
transmission modes in detail, including the SPAR mode. A mathematical model of three-
phase power transmission has been created using phase coordinates for the analysis of
complex asymmetric modes. Physically interpreted simplified models are proposed for
three-phase lines to study the resonant overvoltages and currents of the feeding arc in
non-full-phase circuit SPAR.

The concept and method of controlled SPAR requires the controlled reactive element
and control algorithms in the cycle of no-current pause. This provides an optimal flow of
all stages of emergency mode and minimizes no-current pause.

The paper evaluates a method that makes it possible to reduce the duration of the
existing pause of the SPAR (specifically for the conditions of single-phase damage to the
overhead line). It is the minimum possible under the conditions of restoration of the
insulating gap. The logic of the executive bodies works in accordance with the conditions
for the elimination of single-phase short circuits. Each device is adapted to the actual modes
of the main electrical networks of Ukraine.

The directions correspond to actual modes of the leading electrical networks in
Ukraine, specifically high-voltage transmission lines [30]. The results of this digitalization
can lead to future research. Implementation of the obtained results in Enterprise Asset
Management based on IBM MAXIMO technology just started to be used in Ukrainian
electric networks [32].
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