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Abstract: The railway transport system is a key factor supporting industrialization in all aspects
of human activity. However, in order not to lose its importance, it must meet the challenge of
modern civilization. The safety, reliability, and efficiency of railway transport, to a large degree,
depend on using highly integrated electronics, which are very sensitive to various disturbances
generated in the electric traction system and train or coming from the environment. One of the
sources of electromagnetic disturbances are high-voltage (HV) power lines running close to the
railway infrastructure. The purpose was to assess the electromagnetic impact of overhead HV
transmission lines on buried signaling cables of the railway traffic control system crossbreeding with
them. The levels of voltage induced in the cable under steady state and the earth fault in the HV
line at various soil resistivity were estimated. A software tool based on a hybrid numerical method
that combines circuit theory and electromagnetic field theory was used for computations. It was
found that very high voltages may be induced in the signaling cables during earth faults in the HV
lines, which may lead to serious interference or damage to the equipment. The results provide useful
knowledge for implementing modern railway traffic control systems and protection measures.

Keywords: electromagnetic compatibility; electromagnetic disturbances; high-voltage (HV) transmission
lines; power energy; interference to signaling cables; railway traffic control systems

1. Introduction

The railway transport system is a key factor supporting industrialization in all aspects
of human activity. However, in order not to lose its importance, it must meet the challenge
of modern civilization.

The functioning of railway traffic control devices seems easy to use: the train is
running—it has a safe route set out through automation devices. These devices correctly
indicate the location of trains, the location of turnouts, and signals on semaphores either
automatically or by traffic dispatchers providing the drivers with appropriate signals. These
signals also activate warning signals at rail-road crossings. However, it is enough that one
of these elements works incorrectly and does not provide proper working conditions is
damaged or disturbed by incompatible rolling stock, following which everything changes.
The most important requirement for RTC (Railway Traffic Control) devices is that the
devices or systems, after each failure, go into a safe state [1-5] without causing a threat.
Active safety systems have been used in rail transport since its inception. It is impossible
to ensure the safety, reliability, and efficiency of railway transport without such railway
traffic control systems because the braking distance is greater than the distance at which
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the driver can observe the track, even when the train is traveling in a straight line with
good visibility conditions. Active safety systems based on digital data transmission from
trackside equipment to on-board equipment have been used for about seventy years. They
are used on main lines with high traffic and are very diverse, both in terms of functions
and technical solutions.

The train safety systems, especially active systems that incorporate highly integrated
electronic devices or equipment, may be very sensitive to various disturbing signals gen-
erated in the electric traction system and train as well as electromagnetic signals coming
from the environment, like being the result of lightning strikes, or the operation of electric
power lines or radio-communication systems.

In the widely used insulated circuits on lines and stations with 3 kV DC electric
traction, which are characterized by very high return currents, the most common cause of
disturbances is the incorrect flow of traction currents. It results from the insufficient quality
of electrical contact in traction connections. Train drivers, for example, feel that they may
freely change the images of the lights on the semaphores. However, they cannot cause the
display of an enable signal in front of the occupied circuit. In fact, by “suddenly moving
the steering dial”, they can cause the current flow in the range of 700-1000 A and the
temporary indication that the control circuit behind the semaphore is occupied. The control
devices then immediately change the image from permitting to “red”. On a semi-automatic
semaphore (with a red-and-white striped mast), changing the image then requires the
traffic dispatcher to give an enabling signal again. On the automatic semaphore (with a
white mast), after the strong current disturbance ceases, the free vacancy control circuit
will show a vacancy. Then, a gradual change in images takes place automatically, restoring
the correct signal [1,6]. The 3 kV traction network was designed for traction vehicles with
a total power consumption of up to 3 MW. Electric locomotives EP07, EP08, and EU07
take up to 2 MW, newer passenger and heavy freight locomotives EP09 and ET22—3 MW;
and the set ET41—4 MW. Irregularities in the maintenance of the return system can also
cause disturbances in 700 kW EN57 units. The newest multi-system locomotives from
Bombardier and Siemens must have a power limitation in Poland because their maximum
power reaches a value of 6 MW. For example, the ELF, with a capacity of 3.25 MW, is
adapted to a quick start-up and achieves the highest possible speed over a short distance.
However, starting from the station, we can pass the turnout in the reverse direction, and in
Poland, over 95% of turnouts, due to the large slant, have a speed limit of 40 km/h [1,6].

An obstacle in the work of the railway traffic control services was the need to sup-
plement stolen traction chokes, temporary improvements to the insulation condition and
traction connections, for which traction workers or road workers were responsible. Without
traction connections with resistance values close to 6 1), it is very difficult to provide the
insulated circuits with the correct operating conditions. Also important in this regard was
the introduction, from 1993, of jointless cable and station track circuits. To a large extent,
the traction disturbances were eliminated, but the dependence on the low resistance of the
trackbed still remained. The condition of the traction connections, indirectly controlled by
isolated circuits, ceased to be of interest to power engineers. Contactless rails also began to
be used. However, the lack of proper traction connections can damage SOT (Station Track
Circuits). It can also cause energy and material losses through the harmful flow of return
current through cable screens, structures, and metal elements. Junctionless SOT circuits use
amplitude modulation and have a low level of noise immunity. A serious problem is their
susceptibility to overvoltages of an atmospheric origin.

The introduction of electronic overlay circuits (EOCs) and jointless SOT circuits to
the track caused their frequent failures as a result of overvoltages caused by lightning
strikes. Better and better electronic solutions introduced since 1972—EIC-1 (electronic
imposed circuits), 1990—EIC-6, 1996—EIC-3, and 1995—EDC (electronic digital circuits)
are working to this day thanks to better protection against overvoltages and numerous
repairs. However, they have low-power, local, compliant protections and are unprepared
for high-energy impacts. The solutions of the overhead contact line structure used in Poland
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and its insufficient protection against storms create a very hostile environment for trackside
electronic devices [1,2,6-11]. For example, a voltage exceeding 30 kV is introduced into the
track through the horn spark gap during the lightning discharge from the overhead contact
line [12-15]. Atmospheric surges appearing in the track can travel even several dozen
kilometers. Technical requirements were developed in order to ensure appropriate levels
of traction and local protection for RTC track-side devices. PKP also uses the available
lightning discharge data from various available lightning location systems. This allows
the nature of the discharge, location, time, and peak value to be assessed and put together
with the recorded behavior of electronic trackside devices, i.e., disturbances and damage
to various sensors and occupancy control circuits. This should facilitate the cooperation
of the specialists on surge protection and h infrastructure and manufacturers of trackside
equipment in the development of more effective technical solutions [6,13,16-21].

In general, the circuits of the RTC devices subjected to the influence of disturbances of
the variable component of the traction current can be grouped as follows:

1.  Signal current circuits galvanically connected or magnetically coupled with traction
return current circuits:

e  Track occupancy control circuits;
e Train axle sensors;
e  Circuits for continuous or temporary transmission of information.

2. Circuits mechanically connected to the rails and galvanically isolated from the traction
return current:

° Drive circuits;
e  Switch position control circuits.

3. Circuits located in the vicinity of rails, i.e., all circuits using cables arranged along the
tracks, e.g., information transmission circuits in railway traffic control devices. The
most common continuous current track circuits with insulated connectors are:

Single-track track circuits;

Two-track track circuits;

Track circuits with a transformer reactor;
Track circuits fed at the center [1,7].

The common feature of these circuits is the power supply with a frequency of 50 Hz,
and the element of connection with railway traffic control devices is a phase-sensitive JRV
(track relay type) relay. The safety criterion of these circuits’ operation is based on the
amplitude and phase of the voltage supplying the track circuit. Another group of track
circuits that are used in PKP are circuits without insulated joints, such as the following [22]:

Electronic superimposed circuits (EON3);
Junctionless station track circuits (SOT-2);

Jointless line track circuits (SOT-1);

Train passage sensor (EON-6 and EOC-1, 2, and 3).

The devices mentioned above work in different frequency ranges and have different
parameters. In accordance with the requirements for the rolling stock, the used wheelsets
should have a resistance level up to 0.05 Q2 [1,6]. The overlapping circuits EON and EOC
are checked by a shunt with an impedance of 0.2 (), and they also work correctly when this
value is exceeded. These solutions are adapted to the very poor condition of the subgrade,
of 1 ()/km, and often work properly below this limit.

Additionally, increasing the speed of rail vehicles generates high traction currents
with high harmonic content. These disturbances couple galvanically or inductively to the
circuits of devices for transmitting track information—KHP-type vehicle (Train Braking
Control)—used as part of safe train running control (BKJP).

Proper functioning of the RTC devices and systems can also be affected by phenomena
occurring in overhead high-voltage (OHV) power lines running in common right-of-ways or
crossing the railway infrastructure. The impact of power lines on railway devices is evident
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when some electricity is transferred from the overhead power lines to the coexisting cable
lines and circuits of traffic control and telecommunication equipment. Such transmission of
electric energy occurs as a result of the interaction between the electromagnetic field and
galvanic coupling [23-39]. Usually, the impacts of the high voltages and the currents in
power lines are considered separately. According to Maxwell’s theory, both of these effects
occur simultaneously.

Inductive coupling between a power line and a signal cable results in exciting a
longitudinal voltage (electromotive force) along the cable. The voltage is proportional to
the derivative of the current in the power line and the mutual impedance between the
power line and the signal cable. This impedance depends on the geometry of the cable
and the power line, as well as the electrical properties of the systems and the environment.
Long-term mutual inductive interaction during normal operation of power lines results
from the geometric asymmetry in the arrangement of individual phase conductors of power
lines in relation to the cable line. The potential excited in a cable can reach values of several
dozen volts [23,26]. Even more dangerous are accidental single-phase earth faults in high-
voltage networks with an effectively earthed neutral, which cause short-term inductive
interactions. In such cases, single-phase earth fault currents can reach values up to several
dozen kilo-amperes [23-25]. Even though the emergency state is normally switched off
within about 0.5 s, the potential induced in cables may be very high as to cause damage to
the cables and devices connected to them.

The impact of overhead high-voltage power lines on underground or aboveground
metallic pipelines has been studied by many researchers [23,24,40—48]. The main concern in
such cases is that the induced voltages may reach values high enough to cause electric shocks
to the operating personnel as well as affect the operation of the equipment connected to the
pipeline and the cathodic protection systems. Different methods of modeling and simulation
have been used, ranging from analytical solutions of inductive coupling equations [47] or
electric and magnetic field equations solved numerically [23,24,40,46], through numerical
calculations based on circuit theory in ATP-EMTP [45] and on special methods like charge
simulation or efficient simulation coupled with genetic algorithms [44], ending on numerical
calculations based on full electromagnetic field theory equations solved with the finite element
method in ANSYS Maxwell [48], the finite element and boundary element method [41,43],
or using an artificial neural network [42]. Usually, a parallel direction of the power line and
pipeline is considered in the studies, which is the worst case condition. Other arrangements
were taken into account in [23,24,40] only. In the normal operation of the power line, the
voltage distributions induced on the pipelines located symmetrically along the power line
length exhibit the maximum value at the ends and the minimum value in the middle of the
pipeline [41-43,45]. The induced current distributions show inverse behavior [42,43]. During
power line faults to ground, the induced voltage distributions may look much different,
depending on where the fault takes place [4143,45,47]. The reported maximum values of
the voltages induced in pipelines range from a few to several dozen volts during the normal
operation of the power line [40-43,45,47], or a few volts per kilometer of pipeline length [47],
and from several hundred volts to several kilovolts during fault conditions [41—43,45,47].
Some works [44,46] reported the maximum values of a few kilovolts for voltages induced
in pipelines located aboveground directly under the HV power line in normal operation
conditions. All of those analyses have been carried out in similar working conditions, like the
length of parallel running the pipeline and the HV line, the distance to the power line, power
line currents, and ground resistivity. No detailed parametric analysis of the influence of these
factors on the induced voltages is provided. However, the effects of using technical solutions
to reduce the voltages induced in pipelines are demonstrated [40,44-47]. The maximum
permissible value of voltages induced in the pipeline due to personnel safety and pipeline
integrity is regarded as 60 V [44] or 50 V (acc. to CIGRE) [46] in the steady-state condition.
According to the ANSI/IEEE 80 standard [49], the safe touch potential limit is 15 V under
normal load conditions and 350 V under fault current conditions [45,48]. In cathodically
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protected pipelines, the maximum permissible voltage limits are even lower, e.g., below 10 V
or 4V [40].

Other research concerns the impact of overhead HV transmission lines on underground
HYV cables [50] or aboveground distribution lines [51] running within the transmission lines
right-of-ways. Similar methods of simulation may be used, as in the cases of coupling
to pipelines described above. In [50,51], a professional CDEGS software package was
used. The numerical modeling implemented in the software uses electromagnetic field
theory based on full Maxwell equations and the method of moments. The voltages induced
in the sheaths of a HV underground cable of different lengths (1 km, 3 km, and 5 km)
running parallel to the overhead HV transmission line was calculated for three cases: when
only the HV underground cable is energized; when only the overhead HV power line is
energized; and when both the HV cable and line are energized [50]. It was shown that in
the case of the HV cable and line both being energized, the sheath-induced voltage in the
HYV cable of 1 km length stays below the permissible limit of 65 V. The HV cables of 3 km
and 5 km lengths result in the induced voltage being higher than the limit value. In order
to lower these voltages, the use of additional earth wires located under the lowest phase
conductors along the overhead HV transmission line and ground continuity conductor
along the HV underground cable was proposed [50]. The analysis of voltages induced
in the neutral conductor of the 25 kV distribution line located aboveground under the
110 kV transmission line shows that the capacitive coupling can effectively be reduced
through multiple groundings of the neutral conductor at each distribution pole with a
ground resistance of 25 () [51]. The voltage induced in the neutral conductor due to
inductive coupling still remains as high as around 15V, even if the neutral conductor is
well grounded. It was also shown that a significant reduction in the magnetically induced
voltage can be obtained by balancing the HV transmission line phase conductor geometry
or the transposition of the three-phase HV transmission line [51].

Relatively little research can be found on the impact of high-voltage lines on the
railway signal cables [52,53]. Article [52] presented the simulation of a longitudinal voltage
induced magnetically (through inductive coupling) in the railway signal lines due to a short
circuit current in the HV power transmission lines, in case the power and signal lines are
laid in parallel along the rail-road bridge. The longitudinal induction electromotive force
in the railway signal line was from 3.4 V to 4.5 V per meter of the parallel path of the lines
in case the signal lines are laid in vacuum, concrete, or reinforcement, and around 0.3 V
per meter when they are laid in the protective tray [52]. A multi-conductor transmission
line theory was used in [53] to model the 30 km long AC traction network during normal
operation in order to study the influence of locating the protective wire (overhead versus
on the ground) on the traction return current (in the system: rail—protective wire—ground
wire) and on the voltage induced in the railway signal cable core located on the ground.
The voltage induced in the railway signal cable core, depending on the train’s position,
reached values from 13.7 V to 55.3 V for the protective wire laid overhead and from 16.1 V
to 84.7 V for the protective wire laid on the ground [53]. The higher values of the voltage
induced in the signal cable when the protective wire is laid on the ground result from the
fact that this position of the protective wire causes an increase in the traction return current
in the rail and ground wire, which are located close to the signal cable. According to the
Chinese standard on the tolerance limits of threat to telecommunication lines, applied in
this study, the allowable value of the voltage induced in the railway signal cable core is
60 V [53].

The aim of the present study is to assess the electromagnetic impact of an overhead
high-voltage transmission line on a buried signaling cable of a railway traffic control
system running along the railway track. Unlike most of the research that can be found in
the literature, for example, reported above, where the worst-case condition of the parallel
location of the source and the exposed line are considered, the present study is concerned
with assessing the threat in the real case, when the HV transmission line crosses with the
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railway at an angle of around 60°. Different operation conditions of the overhead HV
transmission line are analyzed:

e  Normal, steady-state operation with symmetrical and asymmetrical loads. In this case,
the inductive coupling is considered. The capacitive coupling may be neglected, as it
is of concern mainly when the exposed circuit is located aboveground [46].

e  Phase-to-ground fault. Inductive and conductive couplings to the railway signaling
cable are considered.

The influence of factors such as the asymmetry of phase currents, distance of the fault
place from crossbreeding the HV power line with the railway signaling cable, and ground
resistivity was determined.

In the presented research, the electromagnetic effects of the HV transmission line on the
buried signaling cables in the low-frequency range only are considered. The electromagnetic
effects of transient processes, such as lightning, switching overvoltages, and overcurrents,
are also very important. The analyses of such high-frequency electromagnetic phenomena
generally require more rigorous simulation and numerical methods as well as much more
computational time and power. Hence, the low- and high-frequency phenomena are usually
considered by researchers separately, which means that the results of both of these analyses
usually cannot be compared for the same case studies. Taking the above into account, in
order to complete the assessment of the threat related to the electromagnetic influence
of the HV transmission lines on the signaling cables, the analyses of lightning, transient
phenomena, and switching phenomena have also been planned for the future.

2. Case Simulation and Methods

In order to solve the problem under study, the professional software tool SESTLC
(Transmission and Distribution Line Calculator) [54] was used. This software is a numerical
tool developed to estimate the exposure of metallic infrastructure, typically pipelines or
railways, to inductive and conductive electromagnetic disturbances from nearby electric
power lines (not necessarily parallel to them) as well as the electric and magnetic fields
associated with arbitrary configurations of parallel transmission and distribution lines. The
main functions of SESTLC are as follows:

Electric and magnetic field calculations;

Calculation of inductively coupled disturbances in the steady-state condition;
Calculation of inductively and conductively coupled disturbances in the fault condition;
Modeling a jagged line (pipeline, railroad, etc.);

Line parameter calculation.

The analysis in SESTLC is carried out in the following steps [54]:

1.  The line parameter matrix is determined. The conductor-based line parameters are
computed, taking into account the presence of a uniform soil. If the phase or shield
wire is a bundle of conductors, a bundle reduction procedure is applied to retrieve
the phase-based line parameters. If the sequence components are requested, a neutral
wire elimination procedure is applied.

2. The current induced in the neutral wire is computed, assuming the transmission line
is infinitely long.

3. In the steady-state conditions, the potentials induced in the exposed line due to the
currents flowing in the phase and shield wires are calculated.

4. During a single phase-to-ground fault on a transmission line (or a substation), the
faulted structure discharges a large current into the earth and raises the soil potential
in its vicinity. The fault current distribution in the neutral wire and the towers is
calculated. The ground potential distribution is computed by assuming point sources
(or hemispherical electrodes if close enough to the pipe). If the pipeline is coated, the
coating stress voltages (difference between the pipe ground potential rise and the soil
potential at the coating surface) are also computed.
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5. The electric and magnetic fields produced by the phase and neutral wires are com-
puted. The presence of transmission line towers is taken into account in the computa-
tion of the electric field.

2.1. Computational Method Implemented in SESTLC

The computational method implemented in the software is a hybrid method that
uses a combination of circuit theory (“long conductor” numerical approach) and electro-
magnetic field theory (“short conductor” numerical approach). At first, the space where
the considered physical phenomena occur is subdivided into spatial zones for which the
circuit theory or field theory may be used exclusively, depending on the zone considered.
Then, the zones for which the field theory is applied are converted into equivalent zones
described by appropriate circuit theory equations [55]. Thus, the problem solution comes
from using the classical circuit theory. The computation goes as follows:

1.  Based on field theory, determine the ground impedances of all grounding systems
and the impedance to earth per unit length of long buried conductors. These values
constitute shunt impedances for the circuit theory model.

2. Based on simplified field theory formulas, determine the self and mutual impedances
of all long conductors, such as phase wires, skywires, pipelines, and mitigation wires
(a mitigation wire is any long, bare, buried wire that, by default, is bonded neither to
the transmission towers nor pipelines).

3. Use the impedance values determined in steps 1-2 to create a circuit model repre-
senting the long conductors. The model should also include the source voltages, the
impedances of transmission line conductors, and any ground impedances specified
by the user.

4. Solve the circuit model created in step 3 using the generalized double-sided elimina-
tion method. The potentials and currents computed in the pipelines, other exposed
lines, and mitigation wires are the result of electromagnetic coupling termed as “in-
ductive interference effects”.

5. Once the currents in all the conductors are known, including those injected into the
grounding systems made up of short conductors, use the field theory to calculate
the earth potentials as well as the electrical potentials and currents in nearby long
conductors, being the result of the currents flowing from the grounding systems to
the earth. These potentials and currents in the long conductors are due to conductive
effects in close proximity, which are neglected by the circuit model created in step 3.
They can be termed as “conductive interference effects”.

6. Summate the inductive and conductive interference effects determined in steps 4
and 5 to obtain the final results. If pipeline coatings have been specified to maintain
a constant resistance for varying stress voltages, the computation ends. Otherwise,
subsequent iterations are performed (starting with step 1 and skipping step 2) with
new coating resistance values corresponding to the computed stress voltages, until
successive iterations produce similar results.

The computational methods for each step are described in detail in [55], and an
example of the application of the computation algorithm for parametric analysis is shown
in [56].

2.2. Description of the Case under Study

The case under study is composed of a 30 km long underground signaling cable of the
railway traffic control (RTC) system, running along the railway track, which crosses with a
110 kV overhead transmission line at an angle of 60°. The situation is presented in Figure 1.

The 110 kV transmission line is located between substations Rzesz and Wid in the
southeastern part of Poland. The line is composed of phase conductors (L1, L2, and L3) of
the ACSR type (steel-aluminum) with a 240 mm? cross-section (22 mm diameter), and an
overhead (ground/neutral) wire (OW) made of copper (12 mm diameter). The long-term
current carrying capability of the phase conductors is 634 A (for each phase).
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Figure 1. Sketch of the case under study: (a) location of the RTC signaling cable running along the
railway track in relation to the HV transmission line; (b) silhouette of the HV line tower with marked
positions of the phase conductors (L1, L2, and L3) and the overhead (ground/neutral) wire (OW).

Each terminal substation is modeled using an equivalent circuit composed of a 3-phase
current source, a neutral connection impedance, and an earth impedance, as shown in
Figure 2a. The earth impedance of each terminal substation is assumed to be equal to 0.5 ()
and each transmission line tower 10 Q).

In the case of the normal, steady-state operation of the HV transmission line under
symmetrical load condition, the 3-phase current source generates phase currents with the
values equal to the nominal current Iy (long-term current carrying capability) of 634 A
and with the phase angles of 0° (phase 1), —120° (phase 2), and +120° (phase 3). During
the unbalanced condition, with an asymmetrical load, the value of the current in one
of the phases is changed to 90% or 110% of the nominal current, i.e., 0.9 Iy = 571 A or
1.1 I = 697 A, respectively.
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%
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Figure 2. Modeling (a) the HV transmission line and the terminal substation; (b) the fault-to-ground
condition at one of the HV line towers.

During the phase-to-ground fault conditions, the fault current flows to the fault
location from both sides, where each side is represented with the terminal substation, as
shown in Figure 2b. The phase-to-ground fault is represented with a short circuit of one of
the phase conductors to the grounded overhead wire (OW) at one of the HV line towers.
The fault current of 5 kA is assumed to flow in the faulted phase L1 from each terminal
substation to the HV line tower from which the fault happened (Figure 2b).

The fault-to-ground analysis was carried out for 3 different locations of the fault: at
the HV line tower located closest to the RTC signaling cable, i.e., 80 m distance to the cable
axis, and at the towers located at a 5 km distance from the tower nearest to the signaling
cable left and right (Figure 3).

(a)

(b)

(©)

Figure 3. View of the considered earth fault places in the HV transmission line relative to the
crossbreeding place of the line with the RTC signaling cable: (a) HV line tower located closest to the
RTC signaling cable; (b) HV line tower located at a 5 km distance to the left from the tower closest to
the cable; (c) HV line tower located at a 5 km distance to the right from the tower closest to the cable.



Energies 2024, 17, 2554

10 of 26

In both steady-state and earth-fault conditions in the overhead HV transmission line,
the inductive coupling effect with the underground RTC signaling cable was primarily
estimated. For the assessment of the inductive coupling effects on the signaling cable, the
voltage distribution (potential to reference earth) along the cable was calculated.

Additionally, in the case of the earth fault condition, the conductive coupling effect
for the worst case of fault at the HV line tower closest to the crossbreeding of the line with
the RTC cable was also determined. To assess the conductive coupling effects, the earth
potential distribution around the HV line tower, and above the RTC cable in particular, was
computed. The computation was carried out under the assumption that the grounding
system of the HV line tower has the form of a ring earth electrode of 10 x 10 m dimensions.

The signaling cable of the YKSY type, which is typically used to connect the devices
in the railway traffic control system, was adopted in the analysis. The cable insulation
resistance for the assumed humidity of 95% and the temperature of 20 °C should be greater
than 1 MQ) [57]. The following calculation data for the signaling cable were used [13,20,57]:

Burial depth: 0.8 m;

Length: 30 km;

Diameter: 10 mm;

Material: copper;

Coating resistance: 1 M(Q);

Ground impedance: 1 MQ) at both ends.

The soil resistivity of 100 (m, as typical for most regions of Poland, was taken as a
base value for the computations. However, the analysis was also carried out for a wider
range of soil resistivity from 10 Qm to 1000 Qm.

The adopted homogeneous soil model does not reproduce natural, layered soil struc-
tures. It may affect the accuracy of calculations, particularly for earth fault conditions,
where at least a two-layer soil model is generally required. A stratified soil model may also
be necessary in the case of calculating inductive coupling effects. Such a soil model takes
into account the boundary phenomena described by the reflection coefficient, which may
vary from —1 to +1, depending on the resistivity and thickness of particular layers.

For the purposes of the article, no actual ground resistivity measurements were
available, and in such a large considered area (around 30 km), even a two-layered structure
would not be enough to take into account regions with different resistivities. Moreover,
the selection of a specific two-layer soil structure that would allow for generalizations of
the assessment of the influence of stratification is not easy due to the very large number of
variants: the resistivity and thickness of both layers. Therefore, first, the parametric analysis
of the influence of soil resistivity on the induced voltages for various operating conditions
of the HV transmission line was carried out. However, in the future, it is planned to carry
out research taking into account the layered soil structure.

3. Results

In order to assess the threats resulting from the inductive effect of the HV transmission
line to the RTC signaling cable, the voltage distributions along the cable were computed
and analyzed in the following operation conditions of the HV transmission line:

e  Normal operation of the HV transmission line under a symmetrical load, with phase
currents equal to the nominal current Iy = 634 A.

e Normal operation of the HV transmission line under asymmetrical load, with one of
the phase currents equal to 0.9 Iy =571 A or 1.1 Iy = 697 A.

e  Phase-to-ground fault at the tower closest to the place of crossing the signaling cable
with the HV line and at the towers located 5 km left and right from that tower, with
fault current I =5 kKA.

For the above cases, the influence of soil resistivity on the voltage distributions in the
signaling cable were also determined.
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The threat resulting from the conductive effect of the HV transmission line to the RTC
signaling cable during the earth fault was assessed based on the computed earth potential
distribution around the HV line tower on which the fault happened and which is located
closest to the crossbreeding the HV line with the signaling cable.

3.1. Normal, Steady-State Operation of the HV Power Line at Nominal Load—Inductive
Coupling Effect
3.1.1. Symmetrical Load with Phase Currents Equal to the Nominal Current Iy

The distribution of voltage induced along the RTC signaling cable (rms values of
potential with respect to the reference earth), calculated for the normal operation of the HV
transmission line at the rated symmetrical load of 634 A and soil resistivity of 100 Qm, is
presented in Figure 4a. An important factor that may influence the level of the induced
voltage is soil resistivity. A parametric analysis was performed for the typical Polish soil
resistivity range of 10 QOm to 1000 Om. Some of the obtained voltage distributions are
presented in Figure 4b.
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Figure 4. Distributions of voltage induced along the RTC signaling cable (rms values of potential
with respect to the reference earth) during the normal operation of the 110 kV transmission line at
the rated symmetrical load Iy = 634 A, calculated for (a) 100 Om soil resistivity; and (b) variable
soil resistivity.

The induced voltage distributions in the signaling cable during the normal operation of
the HV transmission line resemble those observed in pipelines [41-43,45,47], underground
power cables [50], and overhead power lines [51]. However, the minimum value of voltage
is located at the place where the signaling cable crosses with the HV transmission line
(18.8 m, Figure 1a), unlike in the cases of parallel running the source and the exposed line
reported in the literature [41-43,45,47,50,51], where the minimum values were observed in
the middle of the exposed line. The reason why the crossing place of the signaling cable
with the HV line results in the minimum value of induced voltage is that that part of the
signaling cable is located nearest to the grounded HV line tower.

The highest values of voltages are observed at the ends of the signaling cable, which
is in agreement with the results reported in the literature [41-43,45,47,50,51]. It should
be noted that the obtained results, presented in rms values, do not contain information
about the phase. However the potentials of the cable ends are in anti-phase since the
electromotive force is induced along the cable. The observed asymmetry of the voltage
distribution along the signaling cable on the left and right sides from the crossing place
with the HV power line is due to the asymmetrical layout and unparallel position of the
cable with respect to the HV power line, as shown in Figure 1a.

Another difference between the induced voltage distribution in the signaling cable
(Figure 4) and the voltage distributions presented in the literature [41-43,45,47,50,51] is
that the voltage distribution in the signaling cable exhibits a saturation when increasing
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the distance from the point where it reaches its minimum value. The results reported
in [41-43,45,47,50,51] do not show this effect, probably due to the fact that the exposed
lines considered therein are relatively short (about few kilometers). In the considered
situation for a base soil resistivity of 100 Qdm (Figure 4a), the voltage achieves values near
the saturation level at a distance of about few kilometers.

The value of voltage induced in the signaling cable in the normal operation condition
of the HV transmission line at rated symmetrical load is a result of the asymmetrical
locations of the three phases with regard to the signaling cable (Figure 1b). The voltages
induced along the signaling cable reach their maximum value at end 2 (right). For a
moderate soil resistivity of 100 (Om, the maximum value of voltage is rather low, around
2.1V (Figure 4a).

The voltage distributions in the RTC signaling cable for variable soil resistivity
(Figure 4b) look quite similar, although they tend to be more even and smoother for higher
soil resistivity. It can also be noted that increasing soil resistivity 10 times caused an increase
in the voltage induced in the RTC cable nearly three times (2.9 and 2.8 for low and high soil
resistivity, respectively). However, even in the case of the highest considered value of soil
resistivity, the maximum values of the induced voltage did not exceed 6 V.

Additional computations carried out at 100 (Om soil resistivity for different burial
depths of the signaling cable of 0.8 m and 0.3 m resulted in very similar voltage distributions.
Thus, one can conclude that the cable burial depth is practically irrelevant for the threat to
the railway traffic control system, at least in the case of moderate soil resistivity.

3.1.2. Asymmetrical Load with One of the Phase Currents Equal to 0.9 Iy

The distributions of voltage induced along the RTC signaling cable, calculated for the
steady-state operation of the HV transmission line at the rated symmetrical load of 634 A
and at asymmetrical load at which one of the phase currents was equal to 0.9 of the rated
current (571 A), for a soil resistivity of 100 (dm, are presented in Figure 5a. The dependency
of the voltage distribution in the cable for an asymmetrical load with decreased current in
phase L3 (to 0.9 In) on soil resistivity is shown in Figure 5b.
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Figure 5. Voltage distributions in the RTC signaling cable (rms values) calculated for the steady-state
operation of the 110 kV transmission line at (a) nominal symmetrical load Iy = 634 A and asymmetrical
load with 0.9 Iy = 571 A in one of the phases for a soil resistivity of 100 (dm; (b) asymmetrical load
with 0.9 Iy = 571 A in phase L3 for variable soil resistivity.

The highest values of voltages induced in the signaling cable is observed in the case of
decreased current in phase L3 (to 0.9 Iy). In this case, the maximum voltage has increased
about 2.2 times, i.e., up to around 4.6 V, compared with the case of symmetrical load.
This may be due to the fact that the wire of phase L3 is located farther from the signaling
cable than the wires of phases L1 and L2, hence decreasing the current in phase L3 causes
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amplification of the inductive interaction of phases L1 and L2, whose wires are located
closer to the cable.

Similarly, as in the case of the symmetrical load, increasing the soil resistivity 10 times
caused an increase in the voltage induced in the cable around 2.8-2.9 times. The maximum
induced voltage for the 1000 O)m soil resistivity was about 12.8 V.

3.1.3. Asymmetrical Load with One of the Phase Currents Equal to 1.1 Iy

The distributions of voltage induced along the RTC signaling cable, calculated for
the steady-state operation of the HV transmission line at the rated symmetrical load of
634 A and at the asymmetrical load at which one of the phase currents was equal to 1.1 of
the rated current (697 A), for soil resistivity of 100 Odm, are presented in Figure 6a. The
dependency of the voltage distribution in the cable for asymmetrical load with increased
current in phase L1 (to 1.1 Iy ) on soil resistivity is shown in Figure 6b.
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Figure 6. Voltage distributions in the RTC signaling cable (rms values), calculated for the steady-
state operation of the 110 kV transmission line at (a) the nominal symmetrical load Iy = 634 A
and the asymmetrical load with 1.1 Iy = 697 A in one of the phases for soil resistivity 100 Om;
(b) asymmetrical load with 1.1 Iy = 697 A in phase L1 for variable soil resistivity.

The highest values of voltages induced in the signaling cable are observed in the
case of the increased current in phase L1 (1.1 Iy). In this case, the maximum voltage
has increased about 2.1 times, i.e., up to around 4.5 V, compared with the case of the
symmetrical load. Taking in mind the observations in the case of the decreased current
in phase L3 (Section 3.1.2; Figure 5), it can be noted that a similar increase in the voltage
induced in the cable is obtained either by 10% increasing the current in phase L1 wire
located closer to the cable or by 10% decreasing the current in the phase L3 wire located
farther from the cable.

Similarly, as in the cases of the symmetrical load and asymmetrical load with decreased
current in phase L3, increasing the soil resistivity 10 times caused an increase in the voltage
induced in the signaling cable around 2.8 times. The maximum induced voltage for the
1000 Om soil resistivity was about 12.3 V.

3.2. Operation of the HV Transmission Line under the Earth Fault Condition—Inductive
Coupling Effect
3.2.1. Earth Fault at the HV Line Tower Nearest to the RTC Signaling Cable

The distribution of voltage induced along the RTC signaling cable for the earth fault
in phase L1 of the HV transmission line at the tower located closest to the signaling cable
(80 m distance, near the crossbreeding place of the line with the cable) for the fault current
of 5 kA and soil resistivity of 100 (dm is presented in Figure 7a. The dependency of the
voltage distribution in the cable on soil resistivity is shown in Figure 7b.
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Figure 7. Voltage distributions in the RTC signaling cable (rms values), calculated for the earth fault
in phase L1 of the 110 kV transmission line at the tower nearest to the signaling cable for the fault
current of 5 kA and soil resistivity: (a) 100 Om; (b) variable.

It should be noted that the voltage distribution in the signaling cable during the
earth fault in the HV transmission line is somewhat different than the voltage distribution
obtained for the normal operation of the HV line (Figure 4a). In particular, it reaches the
maximum value at end 1 (left end, Figure 1) instead of end 2, as observed under the normal
operation of the HV line. This may be caused by the fact that under the earth fault condition,
the fault current flows from both directions (terminal substations) to the HV line tower
from which the fault happened and which is located nearest to the crossbreeding place of
the line with the signaling cable. During the normal operation of the HV power line, the
rated current flows in the same direction through the entire length of the line.

The values of voltage induced in the signaling cable under the earth fault condition
are much higher than under the steady-state operation of the HV line. This is not only
because of the increase in the current in the faulted phase to 5 kA, i.e., nearly eight times,
but also due to the different directions of current flow in the HV line during the fault. The
maximum voltage in the signaling cable (at end 1) during the fault condition in the HV line
was 32.6 V, which is around 15.7 times higher than the maximum voltage in the cable (at
end 2) under the normal operation of the HV line (Figure 4a).

In comparison to the steady-state operation of the HV transmission line (Figure 4b),
the voltage distributions in the signaling cable under the earth fault condition become
more leveled and smoother with increased soil resistivity (Figure 7b). Moreover, the same
increase in soil resistivity, by 10 times, resulted in a much higher increase in the induced
voltage in comparison to the case of the normal operation of the HV line. This increase in
voltage was also higher for higher soil resistivity. The increase in soil resistivity by 10 times
for low-resistivity soils, i.e., from 10 Om to 100 Qm, caused the increase in the maximum
voltage induced in the cable about 5.9 times (from 5.5 V to 32.6 V), whereas the 10 times
increase in soil resistivity for high-resistivity soils, i.e., from 100 Qm to 1000 Qm, caused
the increase in the maximum voltage induced in the cable until 7.8 times (from 32.6 V to
255.2 V). In the case of the normal operation of the HV line, the increase in the maximum
voltage was only around three times both for low- and high-resistivity soils.

3.2.2. Earth Fault at the HV Line Tower Distant from the Signaling Cable to the Left (Rzesz)

The distribution of voltage induced along the RTC signaling cable for the earth fault in
phase L1 of the HV transmission line at the tower located 5 km left (Rzesz direction) from
the tower closest to the signaling cable, for the fault current of 5 kA and soil resistivity of
100 Oim, is presented in Figure 8a. The dependency of the voltage distribution in the cable
on soil resistivity is shown in Figure 8b.
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Figure 8. Voltage distributions in the signaling cable (rms values), calculated for the earth fault in
phase L1 of the 110 kV transmission line at the tower located 5 km left (direction Rzesz) from the
tower closest to the cable, for the fault current of 5 kA and soil resistivity: (a) 100 Qm; (b) variable.

The voltage distribution during the earth fault distant from the reference place (cross-
breeding the HV transmission line with the signaling cable) resembles the voltage dis-
tribution calculated for the normal operation of the HV line more (Figure 4a) than the
voltage distribution calculated for the nearby fault (Figure 7a). In particular, it reaches the
maximum value at end 2 (right end, Figure 1) not at end 1. This may be explained by the
fact that in the case of the distant earth fault, the fault current flows in the same direction
through both parts of the HV transmission line located left and right from the reference
place, where the inductive coupling is the strongest, similarly to the case of the normal
operation of the HV line, when the rated current flows in the same direction through the
entire length of the line.

The maximum value of voltage induced in the signaling cable (at end 2) is 203 V. It
is around 6.2 times higher than for the nearby earth fault (at end 1, Figure 7a), and about
97.8 times higher than in the normal operation of the HV line (Figure 4a).

The voltage distributions calculated for various soil resistivities again resemble more
the voltage distributions under the normal operation of the HV line (Figure 4b) than the
voltage distributions calculated for the nearby fault (Figure 7b). Similarly, like in the normal
operation of the HV line, increasing the soil resistivity 10 times resulted in an increase in
the maximum voltage induced in the signaling cable by about 2.9 times (from 68.8 V to
203 V) and 3.1 times (from 203 V to 627.8 V) for low- and high-resistivity soil, respectively.

3.2.3. Earth Fault at the HV Line Tower Distant from the Signaling Cable to the Right (Wid)

The distribution of voltage induced along the RTC signaling cable for the earth fault in
phase L1 of the HV transmission line at the tower located 5 km right (direction Wid) from
the tower closest to the signaling cable, for the fault current of 5 kA and soil resistivity of
100 Qm, is presented in Figure 9a. The dependency of the voltage distribution in the cable
on soil resistivity is shown in Figure 9b.

The voltage distribution in the signaling cable induced by the distant earth fault
located right from the reference place (Figure 9a) was similar as for the distant fault located
left (Figure 8a), except that it took a little higher values along the left side and a little lower
values along the right side of the signaling cable. The maximum value of voltage observed
at end 2 of the cable was 184.6 V. It is around 5.7 times higher than for the nearby earth
fault (end 1, Figure 7a) and about 88.9 times higher than under the normal operation of the
HV line (Figure 4a).
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For high-resistivity soil, the voltages in the signaling cable induced by the distant
earth fault located at right in the HV line (Figure 9b), compared to the case of the distant
fault located at left (Figure 8b), took much higher values along the left part and much lower
values along the right part of the cable. Increasing the soil resistivity 10 times resulted
in an increase in the maximum voltage induced in the signaling cable of about 2.7 times
(from 67.9 V to 184.6 V) and 2.4 times (from 184.6 V to 436.1 V) for low- and high-resistivity
soil, respectively.
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Figure 9. Voltage distributions in the signaling cable (rms values), calculated for the earth fault in
phase L1 of the 110 kV transmission line at the tower located 5 km right (direction Wid) from the
tower closest to the cable, for the fault current of 5 kA and soil resistivity: (a) 100 Qm; (b) variable.

3.3. Operation of the HV Transmission Line under the Earth Fault Condition—Conductive
Coupling Effect

Earth potential distribution around the HV transmission line tower located nearest to
the RTC signaling cable (80 m distance to the cable axis) during the earth fault at this tower
for the fault current of 5 kA and soil resistivity of 100 Om was computed (Figure 10a). It
was assumed that the grounding system of the tower has the form of a ring earth electrode
of 10 x 10 m. The ground voltage of the tower (GPR—Ground Potential Rise), determined
as the product of the fault current and the ground impedance, was 4.4 kV.

Based on the obtained potential distribution (Figure 10a), a linear profile of the earth
potential distribution above the signaling cable was determined by intersecting the 3D
diagram with the vertical plane along which the cable is located. The obtained potential
distributions are shown in Figure 10.
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Figure 10. Cont.



Energies 2024, 17, 2554

17 of 26

180
160

140

120 a \\
> 100 ~ S
S 80
(b) 60
40
20

0 50 100 150 200 250
X, m

Figure 10. Distribution of the earth potential around the HV transmission line tower located nearest
to the RTC signaling cable (80 m distance to the cable axis) during the earth fault in phase L1 at this
tower for the fault current of 5 kA and soil resistivity of 100 OOm: (a) on a plane in the 3D perspective;
(b) along a linear profile above the signaling cable.

The highest value of the earth potential above the signaling cable of 160 V was observed
at the place nearest to the HV transmission line tower from which the fault occurred. This
value of voltage is not capable of breaking the insulation of the signaling cable; hence, it
does not pose a threat. However, it should be noted that the potential in close proximity of
the HV line tower grounding may reach values around 3-4 kV. Hence, it is necessary to
locate the cables at a sufficiently large distance from the HV line towers.

4. Discussion

The summary of the maximum values of the voltages induced in the RTC signaling
cable due to inductive coupling effects from the HV transmission line during normal
operation and the earth fault in the line are presented in Figure 11 and Table 1.

Table 1. Maximum values of voltages induced in the RTC signaling cable due to inductive coupling
effects from the HV transmission line.

Soil

Operation Conditions of the HV HV Line Current Resistivity Maximum Voltage in the Signaling Cable
Transmission Line Value (A) Times Higher (Qm) Occurrence Occurrence Times Higher
Than Reference at End 1 (V) at End 2 (V) Than Reference
. . 10 0.7 1
Symrr}etrllcal loactl Iw1§h 634 1 100 21 1
nominal current Iy 1000 58 1
Asymmetrical load with current of 10 1.6 2.3
0.9 I in phase L3 571 0.9 100 4.6 2.2
NP 1000 12.8 2.2
Asymmetrical load with current of 10 L6 2.3
1.1 Iy in phase L1 697 1.1 100 44 2.1
1000 12.3 21
Earth fault in phase L1 at the HV 10 5.5 7.9
line tower nearest to the RTC 5000 7.9 100 32.6 15.5
signaling cable 1000 255.2 44
Distant earth fault in phase L1 at 10 68.8 98.3
the HV line tower, left from the 5000 7.9 100 203 96.7
tower nearest to the cable 1000 627.8 108.2
Distant earth fault in phase L1 at 10 67.9 97
the HV line tower, right from the 5000 7.9 100 184.6 87.9
tower nearest to the cable 1000 436.1 75.2

* Reference case.
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Figure 11. Maximum values of voltages induced in the RTC signaling cable due to inductive coupling
effects from the HV transmission line during: (a) the steady-state operation; (b) earth fault.

Under the steady-state operation of the HV transmission line, the maximum value of
voltage induced in the signaling cable exhibits quite a regular or proportional dependency
on soil resistivity and on the occurrence of current asymmetry caused by decreased or
increased current in one of the phases. In particular, it may be observed that:

e A ten-fold higher soil resistivity leads to around 2.7-3 times higher maximum values
of the induced voltage;

e A 10% decrease in current in the phase L3 wire located farther from the signaling cable
or a 10% increase in the current in the phase L1 wire located closer to the cable causes
the increase of the maximum value of the induced voltage around 2.1-2.3 times with
respect to the reference case of normal operation with symmetrical load.

It should also be noticed (Table 1) that a 1.1-times increase in the current in phase L1,
with respect to the reference case of normal operation with symmetrical load, caused a
twice-as-high increase in the maximum value of the induced voltage, i.e., around 2.2 times,
in the whole range of soil resistivity.

Under the earth fault state in the HV transmission line, the situation changes dramat-
ically. The maximum values of voltages induced in the signaling cable are many times
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higher than in the reference case of normal operation with a symmetrical load. The reason
for that is not purely much higher, i.e., a 7.9-times increase in the current in the faulted
phase L1, because for an asymmetrical load, the 1.1-times current increase in the same
phase caused regular, two-times higher increase in the induced voltage. Unlike for the
asymmetrical load with increased current in phase L1, this 7.9-times increase in the current
in the faulted phase L1 caused a very different increase in the maximum value of the
induced voltage, from 7.9 up to around 108.2 times depending on the fault location and
soil resistivity. The large increase, with respect to the cases of the normal, steady-state
operation of the HV transmission line, and irregularities or disproportionalities observed
in the maximum values of the voltage induced in the signaling cable during an earth
fault result mainly from different directions of fault current flows, in comparison to the
normal, steady-state operation of the HV line with symmetrical and asymmetrical loads, as
discussed in Section 3.

Nevertheless, for the cases of the earth fault state in the HV transmission line, some
regularities may also be observed:

e  The earth fault at the HV line tower nearest to the signaling cable results in much
lower maximum values of the voltages induced in the cable than the distant earth
faults. This is due to the fact that the fault current flows to the fault place on the tower
nearest to the cable from both directions, which causes the cancellation of voltage
components originating from the HV line sections located left and right to that place,
whereas in the case of a distant fault, the current flows in one direction over that place;

e In the case of a nearby earth fault, unlike in all the other cases, the maximum value of
the induced voltage occurs at end 1 of the signaling cable, which is mainly due to the
different directions of the fault currents at both sides of the fault place and the asym-
metry of the layout of the HV transmission line with respect to the signaling cable;

e  The highest maximum values of the voltages induced in the signaling cable occurred
in the case of a distant earth fault located left (direction Rzesz) from the tower nearest
to the cable, which again might be explained by the asymmetry of the layout of the
HV transmission line with respect to the signaling cable;

e In the case of the distant earth fault located right (direction Wid) from the tower
nearest to the signaling cable, the maximum values of the voltages induced in the
cable are comparable to those obtained for the case of the distant earth fault located
left. However, unlike the other fault places, the increase in voltage with respect to the
reference case of the normal operation of the HV line with symmetrical load is getting
lower with increasing soil resistivity;

e In the case of the nearby earth fault, 10 times increase in soil resistivity for low-
resistivity soils, i.e., from 10 Om to 100 Om, caused an increase in the maximum
voltage induced in the signaling cable of about 5.9 times, whereas a 10 times increase
in soil resistivity for high-resistivity soils, i.e., from 100 Qm to 1000 (dm, caused an
increase in the maximum voltage induced in the cable of 7.8 times;

e In the cases of distant earth faults, the increase in the maximum value of the voltage
induced in the signaling cable with increasing soil resistivity is similar to that in normal
operation of the HV line, i.e., increasing the soil resistivity 10 times resulted in the
increase of the voltage about 2.9 times and 3.1 times for low- and high-resistivity soil,
respectively, in the case of a fault located left, and about 2.7 times and 2.4 times for
low- and high-resistivity soil, respectively, in the case of a fault located right.

The maximum values of the voltages induced in the signaling cable during the normal,
steady-state operation of the HV transmission line under symmetrical load (Figure 11a)
do not exceed 6 V in the broad range of soil resistivity. Such values shall be regarded as
low, hence not posing a serious threat to the personnel. The voltages induced in the cable
under asymmetrical load with a 10% decrease or increase in the current in one of the phases
for low and moderate soil resistivity are also below or near the same level. Only for the
highest considered soil resistivity of 1000 (dm are the obtained maximum induced voltages,
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around 12-13 'V, close to the safe touch potential limit of 15 V under normal load conditions,
according to the recommendations of the ANSI/IEEE 80 standard [45,48,49].

During the nearby earth fault in the HV transmission line, the maximum voltages induced
in the signaling cable for the considered range of soil resistivity are below the safe touch potential
limit of 350 V under fault conditions, according to the ANSI/IEEE 80 standard [45,48,49]. Hence,
they should not pose a threat, assuming that the fault will be switched off in a sufficiently short
period of time. Only for a soil resistivity higher than 1000 (Om may the voltage induced reach
values higher than 250 V, and hence, being close to the safe limit, may pose some threat to
the personnel.

On the contrary, the distant earth faults in the HV transmission line at the towers
located either left or right from the tower nearest to the signaling cable result in the
induction of much higher voltages in this cable. The maximum values of the induced
voltages reach around 200 V already for a moderate soil resistivity of 100 QOm and in-
crease significantly with increasing soil resistivity up to around 450-650 V at 1000 Om.
This suggests that for moderate values of soil resistivity, 100 Om and higher, the volt-
ages induced in the signaling cable may reach the safe touch potential limit of 350 V
recommended by the ANSI/IEEE 80 standard [45,48,49].

Transmitting information via a signaling cable is primarily used for the needs of
linear RTC devices located on the route between stations [2]. Installed devices of this type,
e.g., line locks or crossing signaling systems, are made using relay or electronic technologies.
Measurements of voltages induced in the signaling cable, performed as part of study [2],
showed a strong dependence on frequency. Each receiver of the RTC devices is made
for appropriate sensitivity ranges. The amplitude, frequency, pulse duration, and pulse
repetition time are taken into account.

In the case of relay devices, the signal transmitted via the signal cable is in analog
form (amplitude level). For linear interlocks, the amplitude reaches 36 V. A disturbance
consisting of superimposing an interfering signal from a power line on an analog signal
may cause permanent damage to the signal receiver systems in the device, which will
cause the device to switch to safe emergency mode. In the devices made using electronic
technology (microcontrollers, PLC controllers, or computers), information between devices
is sent in the form of current transmission of digital data. Disturbances from the power
line may cause distortion of the digital transmission signal. However, once this disruption
stops, data transmission resumes, and the devices operate in normal mode.

The maximum values of voltages induced in the RTC signaling cable under the normal,
steady-state operation of the HV transmission line are already in the range of 2 V to around
13 V for moderate soil resistivity of 100 (dm and higher. This is a substantial level that may
cause interference for the transmission of signals, both analog (36 V amplitude) and digital
(a few volts).

The maximum voltages induced in the signaling cable during earth faults already
reach values of around 200 V or higher for moderate soil resistivity around 100 OOm. Such
voltages may result in serious interference or damage of the RTC devices connected at the
cable ends, even if these voltages last for a short period of time. Particularly dangerous
are the earth faults located further, around 5 km, from the crossbreeding place of the HV
transmission line with the signaling cable, which may cause inducing voltages of 200-650 V
at moderate- and high-soil resistivity.

The estimation of threats related to conductive coupling effects from the HV transmis-
sion line to the RTC signaling cable during the earth fault at the tower located nearest to the
cable revealed that the earth potential directly above the signaling cable does not exceed
160 V. Such a voltage level is not able to cause the breakdown of the cable insulation, so it
does not pose a threat to the cable. However, in the considered case, the signaling cable
is located quite far, around 80 m, from the grounding of the tower from which the fault
occurred. In close proximity to the tower grounding system, the earth potential may reach
values of around 3-4 kV. Hence, the minimum separation distance should be maintained
between the RTC signaling cable and HV line towers.
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As previously mentioned in Section 1, relatively little research was published in the
literature on the impact of high-voltage lines on railway signaling cables. Most of the
published studies concentrate on the impact of HV lines on pipelines, and the analyzed
cases are mostly limited to the parallel running of the source and victim lines and a single
value of soil resistivity, usually around 100 Qdm. Therefore, the comparison of the obtained
results with other published works can only be general. Indeed, as indicated in Section 3,
the obtained voltage distributions are consistent with those reported in other published
works; however, the maximum values could be different. The comparison of maximum
values of induced voltages is presented in Table 2.

Table 2. Comparison of maximum values of voltages induced in the lines exposed to inductive
coupling interference from HYV lines, obtained in the present study and reported in other works, for
soil resistivity of around 100-150 Om.

Description of the Case Maximum Voltage Induced (V)

Ref. Exposed Line High-Voltage Line Mutual Location Steady-State of HV Line  Earth Fault in HV Line
Double-track HV
[40] Buried pipeline; length tr;);llsnfis;fcfn line; P;;sigilczo;ot—ezi)% 1:;1_1; 57122 }
37 km; straight route 400 kV /220 kV; . . !
. crossing with angle 90
irregular route
[41,43] Buried pipeline; length HYV transmission line Parallel route 1-10 km; 44 4200
T 1-10 km; straight route 345 kV; straight route distance 1-25 m ’
Parallel route 10 km,
[42] Buried pipeline; length HV transmission line distance 30-150 m; 40 450
10 km; straight route 400 kV; straight route 3-layer horizontal soil
structure
Parallel route 10 km;
Aboveground pipeline; HV transmission line distance 0750 m;
[44] length 10 km; . electrostatic and 3800 -
? 400 kV; straight route .
straight route electromagnetic
induction
HYV transmission line
. iveline: 1 h and underground HV llel . | 1
[45] Buried pipeline; lengt! power cable 132 kV: Parallel route 3.5 km; 1.6 (HV cable) 165 (HV cable)
3.5 km; straight route ! distance 150 m 9.5 (HV line) 430 (HV line)
length 5 km;
straight route
[46] Abo‘i:ir(zﬁri(; Eﬁ?hne; HYV transmission line Parallel route 15 km; 340
g ¢ 220 kV; straight route distance 0-60 m
straight route
Buried pipeline: length HYV transmission line
[47] pipeine; leng 220 kV; length 15 km, Parallel route 15 km 28 3348
15 km; straight route .
straight route
Underground HV Double-.c1r.cu1t H v Parallel route 1 km/ HYV cable sheath: 43-182
[50] power cable 275 kV; transmission line 3 km/5 km; distance (both cable and line -
length 1 km/3 km/ 275 kV; length 5 km; 19 111 energized)
5 km; straight route straight route &
Distribution line 25 kV; HV transmission line Parallel route 5 km: Neutrii)s;ré%lg)?mnt
[51] length 5 km; straight 110 kV; length 10 km; . ’ & e -
. distance 12 m 0.3 (capacitive)
route Stralght route . .
60 (inductive)
Railway signal line; HY tran;mlgsmn line; Parallel route 2 m/ 8.6-26.1 (signal line)
[52] ; short circuit 35 kA; . - 8.5-25.6
straight route . 4 m/6 m; distance 11 m .
straight route (protective tray)
Railway signal cable on . Parallel route 30 km; Longitudinal
Traction network; . K R
[53] the ground; lenath 30 km distance to protective electromotive force: -
length 30 km g wire 0.675m/7.1 m 56-89
Buried railway signal HYV transmission line Crossing with an anele
Present cable; length 30 km; 110 kV; length 22 km; g g 2.1-4.6 32.6-203

straight route

straight route

of 60°
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Taking into account the different conditions, the routing, and the horizontal distance
between the HV line and the victim line or cable, the obtained maximum values of voltages
are comparable to those previously reported, e.g., in [41-43,45]. Generally, the values
of voltages in the railway signaling cable obtained within this work correspond with
the voltages induced in buried pipelines located along short parallel routes or at larger
distances from the HV lines [45]. It may be justified by unparallel running of the railway
cable and the HYV line.

The results of other works for longer parallel routes of running the pipelines and HV
power lines (10-16 km), however, are to some extent irregular. In particular, works [41,43]
reported clearly lower voltages in the steady-state condition of the HV line (in spite of
the small distance between the pipeline and HV line) and works [41,43,47] reported much
higher voltages in the earth fault in the HV line. This implies that the problem is not trivial,
and many other factors may significantly influence the results. The results shown in Table 2
also reveal that the voltages induced in the aboveground pipelines [44,46] might be much
higher than in the buried ones [40-43,45,47].

The voltages induced in underground and aboveground power lines, obtained for
various cases, exhibit similarities, i.e., the maximum values range from tens to hundreds of
volts in the steady-state condition [50,51]. This is justified by similar regularities of running
the disturbing and exposed lines within the same right-of-ways.

The cases of voltages induced in railway signal lines are hard to compare since they
generally differ in route directions, their lengths, or the convention of presenting the results;
e.g., [53] reported the longitudinal electromotive force along the cable instead of potential
with respect to reference ground as in the other works. However, the values of voltages
obtained in all the cases shown in Table 2 look logically reasonable.

5. Conclusions

Modern electronics are nowadays constantly being introduced to control traffic in vast
areas, high-power traction vehicles, and rolling stock equipped with high-power impulse
converters. A maintenance organization based on cooperation with specialist services
and manufacturers becomes necessary. For the maintenance of devices used by rail traffic
control centers, it is important to prepare your own maintenance staff and link them to the
service so that it is possible to ensure short repair times.

Hence, the selection of control systems that ensure the highest standards of reliability
and availability of devices is also important. As shown in this paper, the disturbances
caused by the influence of high-voltage lines are one of the threats to the proper operation of
railway devices. The purpose of estimating the values and levels of these disturbances is to
indicate the severity of the problem and ensure that designed and implemented protection
measures and/or solutions will be optimal for avoiding or eliminating this problem. The
presented results showed a significant influence of the selected factors on the voltages
induced in the signaling cable, similar to the results of the measurements [3-5,22,58]. The
estimated levels of the induced voltages may cause interference or damage to the railway
traffic control or telecommunication devices connected to the cable or line.

The maximum values of voltages induced in the signaling cable under the steady-state
operation of the HV transmission line, reaching the level of 13 V or higher (for a moderate
soil resistivity of 100 (dm or higher), may likely cause interference in the transmission of
both analog and digital signals. The maximum voltages induced in the signaling cable
during earth faults, reaching much higher values of around 200 V or higher (already for a
moderate soil resistivity of around 100 (dm), may result in serious interference or damage
to the RTC devices connected at the cable ends, even if they last a short period of time.
Particularly dangerous are the earth faults located further from the crossbreeding place of
the HV transmission line with the signaling cable, which may result in inducing voltages
of 200-650 V at moderate and high soil resistivity.
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The estimation of threats caused by conductive coupling effects from the HV trans-
mission line to the signaling cable during the earth fault at the tower nearest to the cable
revealed that the earth potential directly above the signaling cable does not exceed 160 V.
Such a voltage level is not able to cause a breakdown of cable insulation, so it does not pose
a threat to the cable, at least for the considered distance of the cable to the tower.

Due to the limitations of the used software, which enables analyzing only single-core
cables, the results should be assessed as approximate. In the case of multi-core cables, some
shielding against the electromagnetic field might potentially be observed, which could
reduce the induced voltages. However, shielding against low-frequency magnetic fields
by thin non-magnetic materials is generally regarded as minimally effective. Hence, the
reduction in voltages should not be significant. A greater reduction in voltages could be
expected when using concentric or twisted-pair cables, particularly shielded ones. The
other cable parameters should not influence the results very much. Hence, the results
obtained for the single-wire cable will correspond to the worst-case condition, and using
this cable type for estimating the level of threat will provide a kind of safety margin.

As a general conclusion, one can say that the obtained results provide general theoreti-
cal knowledge difficult to gain with exploitation practice or experimental research, which
can be useful while implementing railway traffic control systems and/or protection mea-
sures and solutions. The demonstrated capabilities of the software package may be useful
for performing analyses in the event of problems related to electromagnetic disturbances in
the work of railway traffic control devices or their sudden failures due to causes that are
difficult to determine. This is of particular importance, especially in the case of computer
devices, due to their high cost.

Practice shows that similar propagation mechanisms of disturbances frequently occur
during switching in power devices. Due to the variety of devices used in PKP Polish
Railway Lines, a detailed analysis requires taking into account many factors:

A variety of RTC devices;
Multi-parameter dependence of the system: traction network, return network, and
cable network.

The analysis may be hampered by the ignorance of summation of disturbing signals
originating from various sources. However, deliberate omission of these risks in the overall
assessment of the causes of disturbances may result in their not being eliminated.
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