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Abstract. This paper presents a comprehensive numerical methodology
for evaluating the electromagnetic interaction between traction power
supply systems and nearby pipelines. Particular attention is given to the
influence of reactive power compensation devices, which significantly
affect current distribution and electromagnetic field characteristics. The
developed model is based on phase-coordinate representation and enables
accurate analysis under asymmetrical operating conditions. The
investigated system includes a multi-source power network, traction
substations, and a pipeline located parallel to a railway line. Simulation
results show that the implementation of reactive power compensation leads
to considerable variations in induced voltage levels, ranging from —14% to
+31%. The proposed approach provides a universal tool for assessing
electromagnetic compatibility in traction systems and can be applied to
both existing and future high-voltage railway networks.

1 Introduction

Positioning metallic pipelines near electrified railway systems leads to a pronounced
electromagnetic interaction. Traction networks generate time-varying electromagnetic
fields that induce voltages in adjacent conductive structures, thereby posing safety risks and
adversely affecting corrosion protection systems [1]. Considerable research has been
dedicated to electromagnetic interference between power transmission lines and pipelines,
placing special emphasis on the prediction of induced voltages and the characterization of
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current distribution [2—-6]. Additional studies have examined alternating current
interference, environmental influences, and fault conditions affecting electromagnetic
coupling [7-11]. Despite these efforts, most available models assume symmetrical three-
phase systems. In contrast, traction networks are inherently asymmetrical and operate under
dynamic loading conditions, which significantly influence electromagnetic field
distribution. Furthermore, modern traction systems increasingly incorporate reactive power
compensation devices to improve efficiency and stabilize voltage levels. These devices
alter current distribution and electromagnetic fields, but their impact on nearby pipelines is
not sufficiently represented in existing models [12, 13]. The purpose of the present work is
to establish a comprehensive modeling framework that takes these factors into
consideration and facilitates accurate quantification of electromagnetic interference
occurring between traction networks and pipelines.

Examination of the aforementioned studies leads to the following conclusions:

* Modeling the effects of power transmission lines and traction networks is critically
important, as it is necessary for safeguarding personnel and reducing the detrimental impact
of induced currents on electrochemical corrosion protection systems.

» Existing research on electromagnetic interference with pipelines predominantly
addresses the effects arising from three-phase power transmission lines.

* A universal methodology for calculating the influence of traction networks is absent
from the works reviewed.

Furthermore, reactive power compensation devices, which are commonly employed in
AC traction networks, can alter the induced voltages and currents in pipelines.
Nevertheless, these devices are frequently not fully considered in existing studies. This
paper reports the findings of digital modeling conducted to assess the impact of traction
networks on pipelines, with due attention to reactive power compensation.

2 Methodology

2.1 Physical background

The interaction between traction networks and pipelines is determined not only by electrical
operating conditions but also by their spatial arrangement. Because traction systems are
inherently asymmetrical, induced voltages can exceed allowable limits even during normal
operation.

The induced voltage depends on:

* system operating mode;

* relative positioning of the pipeline;

* separation distance;

* length of parallel alignment.

Two primary mechanisms are involved:

* capacitive coupling caused by electric fields;

+ inductive coupling resulting from alternating magnetic fields.

2.2 2Mathematical framework

The calculation of electromagnetic coupling is traditionally based on the Carson integral,
which describes field propagation in conductive media.

However, classical analytical solutions are limited in accuracy for intermediate
distances. To address this limitation, a numerical approach based on phase-coordinate
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modeling is employed. This method allows accurate representation of asymmetrical
conditions and enables consistent evaluation across all spatial regions.

2.3 Computational approach

The developed methodology integrates:
* electric power system models;
* traction power supply systems;
* pipeline models;
* reactive power compensation devices.
The approach enables:
* simulation of steady-state and transient conditions;
* unified evaluation of induced voltages;
* analysis of complex system configurations.

3 Modeling results

The improved calculation method for determining operating parameters of complex electric
power systems using phase coordinates allows for precise quantification of mutual
electromagnetic interference across the near, intermediate, and far zones of the Carson
integral. This approach employs asymptotic approximations for the near and far ranges,
whereas the intermediate range is handled by directly evaluating the series expansion of the
integral.

The traction network's electromagnetic influence was evaluated using the modeling
methods and algorithms for traction power supply systems, which are realized in the
Fazonord software package. The model includes both shunt and series compensation
configurations (schematic diagrams in Figures 1 and 2). Simulations were carried out for
the power supply system shown in Figure 3, consisting of an external network with four
220 kV lines and three traction substations (TS) that supply the catenary system (CS) of a
double-track section. For clarity, Figure 3 illustrates the catenary system for only one track.
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Fig. 1. Schemes for connecting shunt compensation units (SHCU): a) — at catenary system (CS); b) —
at section pillar (SP)

The inter-substation zone model incorporated a 250 mm diameter pipeline positioned
parallel to the railway at a distance of 50 m. Distributed grounding of the pipe was
considered, with a conductivity of 0.05 S/km. Additionally, grounding electrodes were
assumed to be installed at both ends of the pipeline, each having a ground resistance of 1 Q.
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Figure 4 presents a schematic diagram of the model for the traction network and
pipeline system. Train traffic involving seven trains operating in both directions is
illustrated in Figure 5, while Figure 6 shows the currents drawn by the electric locomotives.
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Fig. 2. Schemes for connecting series compensation units (SCU): a) — SCU in a rail feeder; b) — inter-
track compensation unit
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Fig. 4. Segment of the computational model diagram pertaining to the traction network and pipeline.
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Fig. 6. Currents consumed by electric locomotives (a, b): a) — down trains weighing 6 300 tons; b) —
up trains weighing 6 000 t.

The modeling of induced voltages and currents took into account the high harmonics
produced by rectifying electric locomotives. The effective values were then calculated
using the following expressions:

k, \ kY

U, =U, 1+| =L | ;I, =11+ — M
100 100

where k,, k, are total harmonic factors for voltage and current.

The modeling results are presented in Figures 7-11 and in Tables 1. Figure 7 shows the
relation U, =U, (t), obtained for the point corresponding to the coordinate x = 20 km.

Figure 9 and 10 demonstrate the graphs U, =U1(t), 1, =Il(t),Uz =Uz(t), 1, =Iz(t),
which correspond to the maxima of respective parameters.
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Fig. 7. Induced voltage as a function of time at coordinate x = 20 km under various compensation
scenarios: 1 — inter-track compensation unit (CU); 2 — SHCU at traction substation; 3 — SHCU at
section pillar; 4 — SCU in the rail feeder; 5 — no compensation
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Fig. 8. Dependence of the maximum effective induced voltage (a) and current (b) on the x-coordinate.

Tables 1 depict the differences in maximum values of U, for the scenarios with and
without compensation. The specified parameters are illustrated in Figures 10 and 11. Figure
12 shows the coordinates of the points for the maximum differences U, and I.
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Fig. 9. Differences in maximum values of Uys: 1 — inter-track SCU; 2 — SHCU at TS; 3 — SHCU at

SP; 4 — SCU in the rail feeder
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Fig. 10. Differences in the maximum values of /y: 1 — inter-track SCU; 2 — SHCU at TS; 3 — SHCU at
SP; 4 — SCU in the rail feeder

Table 1 Differences in the maximum values of U; for the scenarios with and without compensation

Installation X, km
site 0 10 20 30 40 50
Inter-track
compensation | —5.23 | 1.40 | —4.82 | —14.30 | -5.31 | —7.43
unit
SHCUatTS | 7.99 | 7.73 | 9.11 7.95 7.34 | 9.65
SHCU at SP | 24,75 | 8,23 | 11,88 | =54,81 | 1.92 | 30.88

SCUINthe 14633 1 532 | -1.09 | 093 | -026 | 3.53
rail feeder
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Fig, 11. Coordinates of points of maximum differences for U, and I,

The obtained results permit the following conclusions:

* Reactive power compensation units induce changes in both the voltages induced on
distinct pipeline segments and the currents flowing in the pipe.

* The installation of inter-track compensation units at x = 0, 20, and 30 km results in a
reduction of peak UX values by 5% to 14%. At x = 10 km, UZ rises by 1.4%, whereas 1
falls by 4%—11%. These units, though not commonly employed, may prove useful when
catenary currents differ substantially between tracks.

* The presence of SHCU at traction substations leads to increases in UZ and IX of 7%—
10% and 6%—11%, respectively.

» With SHCU positioned at the sectioning post, UX rises at all measurement locations
except at x = 30 km, where a 55% decrease is observed. The currents flowing through the
pipe increase by 17% to 34%;

 Connecting compensation units to the rail feeder causes Us to increase at x = 0, 10,
and 50 km, and to decrease at x = 20, 30, and 40 km. The variation in /5 follows a trend
analogous to that of Us.

4 Conclusion

A comprehensive modeling methodology for evaluating electromagnetic interaction
between traction networks and pipelines has been developed. The study confirms that
traction networks, characterized by inherent operational asymmetry, generate substantial
electromagnetic interference in nearby pipelines. Importantly, reactive power compensation
devices are shown to exert a strong influence on induced voltage levels, with effects that
vary depending on device type and placement. Accurate assessment of these interactions is



E3S Web of Conferences 727, 01004 (2026) https://doi.org/10.1051/e3sconf/202672701004
EEPES 2026

only possible through an integrated modeling framework that incorporates all system
components, including supply networks, traction substations, catenary systems, rail return
paths, compensation units, and pipeline grounding. The proposed methodology offers a
practical and versatile tool that can be applied during the design, operation, and
modernization of traction power supply systems. Its use enables the identification of
hazardous zones, the optimization of compensation strategies, and the effective protection
of pipelines from electromagnetic interference, thereby ensuring both personnel safety and
electromagnetic compatibility.

This study is financed by the European Union-NextGenerationEU, through the National Recovery
and Resilience Plan of the Republic of Bulgaria, project Ne BG-RRP-2.013-0001-CO1.
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