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Abstract. With longitudinal compensation of the reactance of the line, the problem of its protection against
overcurrents arises from the point of view of relay protection. The problem is relevant with a greater degree
of compensation. When compensating more than 50% of the reactance of the line, the protection of the
power transmission line becomes practically impossible due to the failure or false operation of all existing
types and forms of protection [1, 2]. Therefore, at present, the compensation of the line reactance is, as a
rule, no more than 50% [3, 4], which does not allow the full potential of the line in terms of its transmission
capacity to be revealed. The purpose of this study was to develop and test a new relay protection algorithm
to be able to solve the above problem. The studies were carried out using modeling techniques in the PS
CAD package, where a power transmission line with longitudinal compensation and an algorithm to protect
it from internal damage were built. When carrying out the research, the work was carried out on the
protection algorithm of the power transmission line with longitudinal compensation in the static mode
without transferring electricity between substations and without the transmission mode along the active
power line in both directions. It is shown that in order to determine the location of the damage, it is possible
to use the criterion of the angle of the active component of the short-circuit current, which depends
exclusively on the voltage angle and does not depend on the reactive parameters of the electrical network.
The simulation result showed correct operation in all investigated modes. The algorithm described in the
article showed quite satisfactory results, which makes it possible to protect the power transmission line with
any degree of longitudinal compensation.

1 Theoretical information on the the reactance of the power transmission line does not
transmission capacity of power lines exceed 50% [13].
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In the power generating industry, there are several ways
to increase the capacity of electric power transmission
lines. One of the ways is to install a line of capacitors in
sequence to compensate the reactive resistance of
electrical power transmission lines [5, 6]. This technical
solution, in addition to advantages, also has
disadvantages: with a compensation coefficient of more
than 50% of the line reactance, such phenomena are
observed as: current inversion during a short circuit,

Fig. 1. Oscillogram of currents at a three-phase short circuit in
the middle of a line with two-way power supply without
longitudinal compensation (currents from different ends of the

voltage inversion during a short circuit, low-frequency line are shown in different colours).

oscillations after a short circuit clearance, etc. [7, 8].

These (and other) events lead to the impossibility of A A I ik A 7
protecting the electrical power transmission line, since BB R 1 I n 1 [

they lead to false operation or non-operation of relay o R I R N B ]
protection in case of damage on the protected line [9, : AR — R B I B
10]. In particular, current inversion at a short circuit on N v 1 vt | ‘l. f i
the line leads to the fact that the currents are not directed SRV \V/ v 7 v/ V7

to the place of the short circuit (see Figure 1), but as . :
though in transit past it (see Figure 2), as a result, the
differential and phase-differential protection perceives
this damage as external and does not work [11, 12]. For
this reason, at present, the degree of compensation for

Fig. 2. Oscillogram of currents at a three-phase short circuit in
the middle of a line with two-way power supply with
longitudinal compensation (currents from different ends of the
line are shown in different colours).
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The purpose of this research is to improve the
algorithms of differential relay protection aimed at
ensuring the efficiency of functioning under the
conditions of the introduction of a longitudinal
compensation device into the protected object (electric
power transmission line). The objective of the research is
to develop a model of an electric power system
containing an electrical power transmission line with a
longitudinal compensation device; study of transient and
steady-state processes in case of damage in the line and
outside; development of an algorithm for differential
relay protection, which allows to protect the electrical
power transmission line with any degree of longitudinal
compensation.

2 Methods

In the PSCAD software environment, a model of the
electrical network was assembled, the equivalent
network of which is shown in Figure 3. It consists of:
two substations - substation 1, substation 2; two electric
power systems: system 1, system 2; four identical
segments of electrical power transmission line,
longitudinal compensation devices C. Each system is
represented by an ideal three-phase voltage source with a
series-connected active resistance (0,01 Ohm). Segments
of the electrical power transmission line represent a U-
shaped equivalent circuit with mutual capacity couplings
between the wires (see Figure 4 and Table 1). The length
of each section is 50 km. An ideal capacitor was used as
a longitudinal compensation device. Substation 1 and
substation 2 in this model are a kind of interface
separating the electrical power transmission line from
the system. In this model, the substations do not contain
switching equipment because it is not used in the
research. An ideal ammeter and voltmeter are located at
the substations in order to measure currents and voltages
for the needs of relay protection. Since only symmetrical
short circuits were simulated in the model,
measurements are made only for one phase. The short-
circuit resistance between the phase and the ground at
points KI/-K4 had a purely active character and was
taken equal to 0,01 Ohm.

Fig. 3. Equivalent circuit of a longitudinal compensated line
connecting two electric energy systems.
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Fig. 4. Equivalent circuit of a electrical power transmission
line.

Table 1. List of elements used in the equivalent circuit and
their technical characteristics.

Designation Technical data
in the Name
scheme
R Active resistance | Positive sequence:
of a wire 0,1781598x10* Ohm/m.
Zero sequence:
0,2952201x10 Ohm/m.
L Inductive Positive sequence:
resistance of a 0,31388x10 Ohm/m.
wire Zero sequence:
0,1039898x102 Ohm/m.
C Capacitive 414,1642 MOhm/m
resistance
between the wire
and the ground
Cnm Capacitive 273,5448 MOhm/m
resistance
between the
wires

In order to solve the problem described in the
introduction, an algorithm was developed to protect the
power transmission line at any degree of longitudinal
compensation (fig. 5).

It is known that during a short circuit both
components of the current (active and reactive) are
directed to the point of the short circuit [14, 15]. The
angle of the reactive component (plus 90° or minus 90°)
depends on which resistance prevails - inductive or
capacitive [16, 17]. The angle of the active component of
the current does not depend on this and is always equal
to the voltage angle [18, 19] - this is a property of the
law of electrophysics and it is proposed to use it to
determine the damage inside the line. To implement this
algorithm, continuous data collection is carried out on
the instantaneous voltage values on the substation buses
and the values of the total currents from both ends of the
line. Further, according to the known formulas [20], the
absolute value of the active current from each end of the
line and its sign are calculated (the direction of the
current from left to right is taken as the positive direction
of currents in this algorithm).

It is assumed that digital terminals of relay protection
installed at each end of the line will be used to
implement the algorithms. The connection between the
terminals will be carried out via fiber-optic
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Fig. 5. Algorithm of protection of the power transmission line in case of internal damage.

communication. For clarity, in the figure, these
connections are indicated not by solid lines, but in the
form of connector blocks (1), 2), 3), (4).

After calculating the rms active current, the
algorithm branches with two parallel branches. In one of
them, the differential value of the currents at the ends of
the line is calculated. In another branch, an algorithm is
organized, aimed at determining the difference in the
signs of the compared currents for subsequent blocking,
if the signs are the same. To determine the sign, two
branching blocks are used, where the root-mean-square
value of the current is compared with zero and two
variable flags x1 and x2 (yl and y2 for the algorithm at
the other end of the line) which are assigned a positive or
negative value depending on what sign the current has.

Next, the sum of the flags at both ends of the line is
calculated (z-value). Then the absolute value of this sum
is determined (abs value). Then the values of the
differential current and the absolute sum of the flags are
fed to the inputs of the comparator, where the differential
current is compared with the setting and the trip signal is
blocked if the currents at the ends of the line have the
same signs. This blocking is necessary to prevent false
operation of protection during transient processes in
electric power systems, for example, when an external
short circuit is disconnected (fig. 6).

3 Checking the operation of the circuit
according to the proposed algorithm

In order to check the operation of the algorithm, three-
phase short circuits to the ground were emitted at points
K1 - K4 (see Figure 3). The tests were carried out in 2
stages. At the first stage, tests were carried out in a static

mode without power transmission between substations
(no load operation of the line). At the second stage, tests
were carried out with active power transmission in both
directions.

At the first stage, in order to balance the power
sources, their voltages were the same - 515 kV. A short
circuit at point K/ lasted for a time interval of 0.5s -1 s
(fig. 6). As you can see, during all this time, no false
operation of the algorithm was registered. Also, I would
like to draw attention to the transient process at the
moment of the disappearance of the short circuit, which
causes uneven damping of the active current at different
ends of the line, which causes differential current surge,
which can affect the false operation of the protection at
this moment. In this case, the proposed algorithm
provides a block system (fig. 5).



E3S Web of Conferences 288, 01023 (2021)
SUSE-2021

https://doi.org/10.1051/e3sconf/202128801023

Vs 40 e e 2 Mg | = g s EAne TOES 0T NSACTas 1

s T o o | [QEACTEO e e o Aetvev v o7 e yen D (peceyosee wavere]  m[npjesespratened oc

Fig. 6. Oscillograms of instantaneous and effective values of
currents during a short circuit at point K/ and the behavior of
the relay protection algorithm.

A short circuit at point K2 lasted for a time interval
of 1.5 s - 2 s (fig. 7). When closing at this point, the
short-circuit current is mainly determined by the current
from substation 1, since despite 100% compensation of
reactive resistance of the line, uncompensated (active)
resistance is large enough to limit the current several
times. For this reason, the differential current is mainly
determined by the current from substation 1. A
noticeable smooth-exponential increase and decrease in
the effective value of the active current is associated
with time averaging when calculating the root-mean-
square value. Despite this, the protection is actuated
almost instantly - in 0,446 ms after the start of the short
circuit.
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Fig. 7. Oscillograms of instantaneous and effective values of
currents during a short circuit at point K2 and the behavior of
the relay protection algorithm.

A short circuit at point K3 lasted for a time interval
of 2,5 s - 3 s (see Figure 8). As you can see from the
oscillograms of instantaneous currents, in the steady
state of short circuit mode, the currents are directed,
somewhat, in one direction. In this case, the effective
values of the active currents are opposite in direction.

The protection is actuated in 3,48 ms after the start of the
short circuit. In this case, the shutdown signal resembles
a "fence" due to the fact that blocking is actuated by the
graphic of the active current (see the algorithm in
Figure 5).
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Fig. 8. Oscillograms of instantaneous and effective values of
currents during a short circuit at point K3 and the behavior of
the relay protection algorithm.

A short circuit at point K4 lasted for a time interval
of 3,5 s - 4 s (see Figure 9). The protection is actuated in
3,9 ms after the start of the short circuit. The activation
of the algorithm generates pulse bursts during the
burning of the short circuit. This is, firstly, due to the
work of blocking by the graphic of the active current
and, secondly, due to the boundary value of the
differential current fluctuating around the 1000 A
setting.
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Fig. 9. Oscillograms of instantaneous and effective values of
currents during a short circuit at point K4 and the behavior of
the relay protection algorithm.

At the second stage, research was carried out on the
behavior of the relay protection algorithm during the
transmission of electrical energy along the line in both
directions at a nominal current of the line in the amount
of 2835 A (see Figures 10 - 17).
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Fig. 13. Oscillograms of instantaneous and effective values of
currents during a short circuit at point K2 and the behavior of
the relay protection algorithm in that event (power transmission
from substation 2).

Fig. 10. Oscillograms of instantaneous and effective values of
currents during a short circuit at point K/ and the behavior of
the relay protection algorithm in that event (power transmission
from substation 1).
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C B a B a B a Fig. 14. Oscillograms of instantaneous and effective values of
currents during a short circuit at point K3 and the behavior of
the relay protection algorithm in that event (power transmission
from substation 1).

Fig. 11. Oscillograms of instantaneous and effective values of
currents during a short circuit at point K1 and the behavior of
the relay protection algorithm (transmission of electricity from
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Fig. 16. Oscillograms of instantaneous and effective values of
currents during a short circuit at point K4 and the behavior of
the relay protection algorithm in that event (power transmission
from substation 1).
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Fig. 17. Oscillograms of instantaneous and effective values of
currents during a short circuit at point K4 and the behavior of
the relay protection algorithm in that event (power transmission
from substation 2).

From the given diagrams (Figures 10 - 17), it can be
seen that when the load current appears, the protection
behavior does not change significantly except for the
cases when the direction of the current flowing through
the capacitor changes due to a short circuit (see Figures
12, 14, 16). In this case, the appearance of an additional
pickup time delay is due to the inertia of the transient
process in the inductance-capacitance circuit and the
actuation of blocking by the graphic of the active
current.

4 Conclusions

The conducted research fully confirmed the theoretical
idea of the author in regard to the possibility of using the
properties of Electrophysics in determining the location
of a short circuit through the active component of the
current. In this research, only symmetrical short circuits
and, basically, steady state operation modes of the line
without external disturbances were considered.
Therefore, a more in-depth approbation is required in all

possible modes, for example, during active power swing,
generator rotors swing, etc. Nevertheless, for the studies
carried out, the algorithm proposed by the author showed
satisfactory results, but as some test modes have shown,
for these modes the algorithm needs to be improved
(modes presented in Figures 12, 14 and 16, when there is
an active power flow and due to a short circuit, there is a
change in the direction of the active current flowing
through the capacitor). If this algorithm is refined and
passes all stages of testing (two-phase short circuits in
the zone and outside the zone of protection, two-phase
short circuits to the ground in the zone and outside the
zone of protection, operation of devices shunting
capacitors during a short circuit, etc.), then it will be
possible to use it on real power transmission lines with
longitudinal compensation.

The work was supported by the Ministry of Science and Higher
Education of the Russian Federation on fundamental scientific
research «Distributed automated systems for monitoring and
diagnostic the technical condition of overhead power lines and
substations based on technology of broadband data
transmission through power lines and the Industrial Internet of
Things» (theme number 075-00063-20-02).
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