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Z.G.; Radičević, V.; Stojanović, M.;
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Abstract: The impact of the quality of electricity on the pantograph is an important parameter for
the supply of locomotives in railway companies (RCs). The subject of this research is the analysis of
the quality of electricity on the pantograph of the 441-series locomotivelocated at distances of 1 km
or 35 km from the power station in the electric traction system of Serbian Railways. The analysis
included the simulation of the system in the MATLAB-Simulink software package (R2016a), which
resulted in data that were often difficult to measure due to the complexity of the electric traction
system. The obtained values indicate that the total harmonic voltage distortion on the pantograph of
the 441 locomotive is 16.34% for 1 km and 51.06% for 35 km, while the EN 50160 standard prescribes a
maximum of 8%. The total harmonic distortion current in the electric traction substation and through
the locomotive pantograph is 33.42% (for 1 km) and 32.53% (for 35 km), showing anomalies in the
supply of locomotives in RCs.

Keywords: electric locomotive; traction simulation; EN50160; power quality

1. Introduction

Railway traffic represents a complex field of science and at the same time a challenge
for researchers who have the main goal of improving the current state and business in
RCs [1–4]. The application of computer technologies in railway traffic provides the starting
points for the development of innovative services/products to increase quality in all
segments of transport [5,6]. This paper analyzes the quality of electricity, as well as the
parameters that can influence it.

As high-speed railways are rapidly developing around the world, neutral section
and power quality issues are becoming increasingly prominent. These problems affect the
normal operation of the electrical network and electric locomotives. The existing scheme,
when applied to the auto-transformer (AT)-fed system commonly adopted by high-speed
railways, is to install an auto-transformer on the output side. In order to eliminate the
auto-transformer and to obtain more suitable and superior co-phase power schemes for the
AT powered system, two improved schemes based on the new scheme are proposed. When
creating the control system and performing simulation verification of the proposed schemes,
the proposed schemes are compared with MMC-6 L and MMC-5 L in terms of topological
characteristics, complexity of the control system, power loss, and functionality [7].

This paper simulates the operation of an electric locomotive due to a load change,
where the set parameters are higher than expected, in other words, the exploitation of the
locomotive in extraordinary conditions, which is difficult to achieve in everyday traffic.
This paper presents a realistic traffic model of two trains with locomotives and initial power
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supply, where the quality of the voltage that supplies the traction motors from the contact
network through the pantograph is analyzed.

The area between electric traction stations where it is necessary to provide adequate
power supply for several trains was chosen. In such complex systems, standards areapplied
that prescribe possible deviations. Such deviations that are greater than allowed can cause
potential problems. In order to carry out the planned timetable and extend the operational
life of the locomotive, it is necessary to take appropriate technological measures.

The introductory part of this paper presents an analysis of the importance of the
quality of electricity in railway traffic and the general conditions required for the most
efficient exploitation of electric locomotives. The preventive and regular maintenance of
electric locomotives prolongs the life of operational work on electrified railways, and on
the basis of the above, research related to the quality of power supplies and the active
and reactive power of electricity must be carried out. The next part is about the research
methodology. The methodology includes the analysis of standards applied in Europe,
as well as standards in other parts of the world. The EN 50160 standard [8,9] clearly
defines possible deviations in the voltage of electricity that affects the quality. In addition
to the above, relevant available research by other authors dealing with the problem of
electricity quality is considered. The next step includes the simulation of the 441-series
electric locomotive in the 25 kV, 50 Hz electric traction system of the Serbian Railways
Infrastructure. Power qualities are analyzed for cases where one or more 441-series electric
locomotives are located in the power supply sector of the traction substation, as well as
a simulation for the case when one electric locomotive is located at a distance of 1 km or
35 km from the power supply sector of the electric traction substation. At the end, the
analysis of the obtained results and the proposal of measures to improve the quality of
electricity are presented. The main purpose of this paper is to determine the deviation from
the set standard, or in other words, to measure the quality of the power supply in the traffic
simulation of two electric locomotives. In the case of obtaining unfavorable results, there is
a possibility of installing active filters.

2. Methodology for Research on the Quality of Electricity
2.1. Basic Electricity Quality Standards

In the world, various standards are applied that define the quality of electricity:

• IEEE 1159-1995 (America and some other countries) [8];
• EN 50160-2011 (Europe) [8,9];
• IEC 61000-4-30-2000 (International Standard) [10].

The traction power supply system (TPSS) is the only power source for electric locomo-
tives; therefore, its safe and consistent operation is critical for reliable operation. Electrical
failures can disrupt train schedules and threaten the safety and security of high-speed lines.
Therefore, it is necessary to quantitatively assess possible risk factors in the TPSS. In order
to achieve this, based on the 24h timetable of trains, the authors in the work [11] define
indices that describe the risk of equipment failure for powering the traction equipment
and a separate set of indices represents the risk of various problems with the quality of
the electricity.

With the development of flexible traction power systems, a more active and flexible
power quality improvement becomes feasible for AC electrified railways. However, the
standard definitions of power quality indices of electrified railways are highly non-linear,
which presents a challenge for the optimal control of flexible power quality in real time.
Models are applied that directly connect the output active and reactive power of the traction
transformer with the negative sequence current and the effective power factor of the traction
substations [12].

Electric locomotives intended for train traction cause a single-phase non-linear load,
which can cause an unfavorable power factor, a large number of deviations from the
standard (represented by harmonics in the diagram), and a negative sequence current.
Power quality conditioners are widely used to solve power quality problems in the railway
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power system. In power quality conditioners, coupled impedance can affect operating
voltage, compensation range, and performance [13].

The new traction cable power supply system is a kind of co-phase power supply
system for long-distance traction; it can effectively solve the problems caused by the train
passing through electric phase separation and improve the utilization rate of regenerative
energy in the system, which is the ideal traction power supply mode. In order to establish
a train–network coupling power flow calculation model, in the work of the author [14],
a two-port network model for each system component is first established, and then an
equivalent solid-circuit model of the system is built using an external cascade strategy and
node-breaking method. Then, the power distribution, traction transformer output power,
and network voltage changes are analyzed under the condition that the trains are operating
in the traction and regenerative braking state, based on the actual train operation schedule.

The European norm EN 50160 processes and determines, among other things, the
basic requirements for the quality of electricity at the points of connection of the observed
locomotives through the contact network of electric traction substations. In those places,
the waveform, amplitude, and constancy of the voltage depend primarily on the strength
of the three-phase power grid to which the traction substations are connected, i.e., from
short-circuit power at the electric traction substation connection point, electromagnetic
disturbances in the contact network caused by other locomotives, non-linearity of the
elements of the electric traction system, and from the operational characteristics of all
electric locomotives. The aim of the standard EN 50160 is to prescribe the characteristics of
the supply voltage of locomotives in relation to waveform, frequency, voltage dips, and
interruptions. Table 1 shows the limit values of the voltage parameters according to the
recommendations of EN 50160.

Table 1. Limit values of voltage parameters as recommended by EN 50160 [9].

Parameters Averaging Time Limit Values
during 95% of the Week (160 h)

Limit Values throughout
the Week (160 h)

Voltage fluctuations (a series of
voltage changes or a cyclic

variation of the voltage)
10 min ±10% /

Flicker severity (intensity of
flicker annoyance)

Short-term severity
Pst—10 min

Medium-term severity
Piz—120 min

Long-term severity Plt < 1 /

Total voltage distortion 10 min <8 /

Frequency 10 s ±1% −4%/−6%

Voltage failure (when a critical
voltage sensing fault is detected) 10 ms It is not defined exactly but

descriptively /

Stop it
(voltage interruption) 10 ms It is not defined exactly but

descriptively /

The specified characteristics of the supply voltage change during normal operation
due to changes in locomotive load, disturbances, or failures caused by external events.
However, the actual values of voltage and frequency in traction substations 110/25 kV are
defined by the standard EN 50163 and are given in Table 2.

In the following text, the simulation of the voltage quality indicators of the contact
network at the point of delivery of electricity to locomotives of the 441 series in the 25 kV,
50 Hz electric traction system will be carried out. For the above reason, the standard EN
50160 will be taken, considering that for this voltage level it prescribes the permitted limit
values and control times for measuring the following essential parameters of the quality of
the supply voltage in the contact network:

• Voltage and frequency variations;
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• Harmonic and inter harmonic voltage components;
• Short-term Pst and long-term Plt flickering (flicker).

Table 2. Supply voltages on the electric traction substation output buses [15].

The Minimum Voltage of
Limited Duration between
Umin1 and Umin2 Must Not

Exceed 2 min
Umin2

Minimum
Continuous

Voltage
Umin1

Rated Voltage
Un

Maximum
Continuous

Voltage
Umax1

The Maximum Voltage of
Limited Duration between
Umax1 and Umax2 Must Not

Exceed 5 min
Umax2

17,500 V 19,000 V 25,000 27,500 V 29,000 V

Voltage frequency fn 49 (Hz)–51 (Hz)

2.2. Related Research

This paper focuses on high-frequency resonance and elimination of harmonics in
an electrified railway transport system. High-order harmonic currents, generated by
the grid-side converter in the locomotive drive system, will be injected into the traction
power system. These injected harmonic currents are harmful to electrical equipment
along transmission lines, causing vibrations, overheating, increased traction transformer
losses, and deteriorating power quality. Worse, these harmonics can be amplified in the
locomotive coupling system when their frequency matches the inherent frequency, resulting
in system resonance. In order to absorb the high frequency and avoid the phenomenon of
resonance, a built-in traction transformer based on inductive filtering was proposed. The
transformer is designed for limited installation space by adding additional filter windings
to a conventional built-in traction transformer [16].

Focusing on the dominant power system in the freight train, the author of [16] pro-
poses a railway power flow regulator oriented to the power factor to improve the quality of
electricity. In this paper, a comprehensive relationship of primary power factor, converter
capacity, and two-phase load currents is built. In addition, as a main contribution, an opti-
mal compensation strategy was analyzed and designed, which corresponded to randomly
fluctuating two-phase loads based on a real traction substation in order to meet power
quality standards, increase flexibility, and reduce converter capacity.

In the paper, the authors analyze the power supply of the locomotive with electricity,
where there is a negative impact on the operation of the train. The necessary electrical
energy is transmitted via pantographs and the power grid. In this way, the safe and stable
operation of the train must be ensured.

The results show that with an increase in train speed, the movement and development
of the arc accelerates, the maximum deviation of the anode root of the arc gradually
increases, the frequency of jump of the anode root is more frequent, and the stability of the
arc gradually decreases [17]. The carbon part of the pantograph is key electrical equipment
for railway locomotives to generate electricity. Its operating status directly affects the power
supply and safe operation of the entire train. When the carbon sliding plate is in contact
with the contact grid and receives current, a large current will be generated, which will
cause heating, and the wear pits of the carbon sliding plate, uneven surface, uneven wear,
and other factors will cause sparking and arcing, which will cause its breaking and opening,
bending and deformations, and other operational safety errors [18].

The railway transit system represented by the high-speed railway supplies the elec-
trical equipment of the locomotives by connecting the pantograph and supply network.
The off-line phenomenon often occurs during operation and the pantograph generates an
off-line arc. The degree of arc defect and supply network wear is obtained by merging
the image detection results and speed information, the severity of the defect is quickly
determined, and the arc condition is monitored in real time [19].

The electric arc that occurs in the sliding contact between the power contact line and the
current collector (pantograph) of the electric locomotive is a fast transient phenomenon that
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can progressively degrade the quality of the contact between the line and the pantograph
and, consequently, the continuity of operation. In order to increase the energy efficiency of
the railway system, a low-cost solution is the detection of the arcing event by analyzing
the voltage and current measurements already available on the train. The main activity to
achieve this goal is to establish a reliable electrical model of the railway system in which
arcing events occur [20].

The roof arrester of multiple electrical units can effectively limit all kinds of surges and
ensure the safe operation of electrical equipment. In the process of high-speed operation,
the contact network of the pantograph is often disconnected. Circuit breaker operation
is also an important factor in overvoltage. Roof downspout explosion accidents happen
occasionally, so it is necessary to conduct an intensive study on downspout accidents.
By analyzing a large number of pantograph voltage waveforms, the abnormal voltage is
divided into three categories: voltage, high harmonic voltage, and steep wave impulse
overvoltage. The characteristics of abnormal voltage waveforms are summarized by the
authors of [21].

During high-speed train operation, sparks are generated between the pantograph
and the contact line, and electrical wear affects the reliability of the train’s pantograph
network, which in severe cases may cause operational safety accidents. In one paper, an
algorithm for recognizing sparks on a pantograph based on video was proposed. The
area of the pantograph can be determined using a neural network algorithm. According
to the spark generation area, three-frame dynamic background subtraction and the gray
difference area criterion are used to eliminate the background interference of the train,
which can accurately identify the intensity of the spark discharge in the video image, and
the frequency of the sparks can be combined to give an alarm [22].

Pantograph shedding in electrified railway systems not only reduces the quality of loco-
motive energy collection but can also damage pantograph tracks and overhead lines. Most
research detects pantograph arcs based on vehicle voltage/current measurements, panto-
graph cameras, and so on. Using on-board voltage/current data, while cost-effective, rarely
reflects arc locations. Arc positioning is analyzed, which matches the position-dependent
resonant frequency from voltage measurements in the pantograph arc event. A specific
20 km DC railway line fed by two substations is first modeled in MATLAB/Simulink, with
the efficiency of the model evaluated based on arcing event voltage measurements [23].

Electrified railways are powered by dedicated traction power substations that rep-
resent non-linear loads for the network. Problems with the quality of electricity affect
both the three-phase network that supplies the substation and the contact line itself, which
completes the traction system. The study focuses on harmonic analysis through Simulink
simulations. Two different scenarios were considered: the presentation of the trend of
electrical quantities and power flows was verified in two operating conditions [24].

In another paper, the authors propose a new solution to the problem of electricity
quality and the negative effects of power distribution on locomotives in electrified railways.
The three-phase converter can eliminate the bridge arm of the single-phase converter and
the step-down isolation transformer compared to the conventional single-phase converter
with a fly back structure. The compensation ratio of each port is derived and a dynamic
compensation control strategy is established, and equalization and phase shift control
techniques are applied to control and achieve the compensation goal [25].

Electric railway power systems, as one of the most critical and high-power end-user
loads of utility grids, are characterized by outlandish power quality problems all over the
world. The extension and evolution of different supply topologies for these systems has
resulted in significant and various forms of distortions in network voltage and current in
all electric railway power systems, the connected power system, and adjacent consumers.
During the last years, numerous studies have been offered to investigate various aspects
of power quality in a specific supplying topology. Variation in the supply structure of
the electric railway power systems and different types of locomotives has propelled the
observation of different power quality phenomena. This versatility and development have
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led to confronting considerable types of two-way interactive interfaces, as well as reliability
and power quality problems in electric railway power systems. In addition, the lack of
standards explicitly dedicated to electric railway power systems has added to the ambiguity
and complexity of this issue [26].

Based on the mentioned related research of the authors, it can be seen that they do
not analyze the operation of the electric locomotive in the most difficult conditions, the
operation of two locomotives in the power supply sector of the electric traction substation,
as well as the oscillations that occur in the quality of electricity that is needed for the
functioning of railway traffic. Now and in the near future, with the increase in traffic, the
exploitation of an electric locomotive where the power supply is divided among several of
them can lead to harmful effects on the locomotive. To reduce and eliminate the impact of
power sharing on locomotives, researchers propose solutions in various scenarios. This
paper presents the traffic of two locomotives under the highest load, where there is also
voltage division.

2.3. Simulation Model of Two 441-Series Electric Locomotives

Electric locomotives of the 441 series are diode locomotives with one-way electric
traction drive and form the leading series of electric locomotives on the electrified tracks of
Serbian Railways for many years.

The 441-series locomotive uses a 25 kV, 50 Hz system for power supply. They are
intended for towing passenger and freight trains on plain and mountain railways with a
maximum speed of 120 and 140 km/h, where the maximum speed is changed by changing
the gear ratio of the gear pair. The locomotives of the 441 series are diode four-axle
locomotives with single-axle drive (Bo’ Bo’) and an engine power of 3860 kW. The traction
motor is a serial traction electric motor DC (wave). Continuous nominal power is 850 kW,
nominal voltage is 770 V, nominal current is 1180 A, and nominal speed is 1100 rpm.
This type of locomotive uses four traction electric motors of DC (wave) current with
serial excitation, which is powered from the contact network through the pantograph, the
locomotive transformer, the rectifier, and the main choke [27,28].

The starting point for research and data processing in this paper are ICOM com-
ponents related to the process/technological structure input/management of compo-
nents/output/conversion of the I/O mechanism [1]. The input parameters depend on the
characteristics of the mentioned locomotive, as well as on its load (by setting the param-
eters) in the software package for the EN 50160 standard that must be met. The control
mechanism processes the data according to the set parameters in the form of graphs and
presents the results for analysis. In order to determine the quality of electricity on the
pantograph of locomotives in real conditions that exist in the electric traction system of
Serbian Railways, a simulation model was created in MATLAB-Simulink at the Academy
of Technical and Art Applied Studies Departments of the School of Railroad Transport.

The research methodology in this paper is the creation of a simulation model that can
occur in real railway traffic in extreme conditions. Based on the above, it is necessary to
know unexpected events (in this simulation, the numerical results of the given parameters)
in order to eliminate possible anomalies. The simulation model that was created for this
research includes the following flow of activities (Figure 1a–c):

The implementation of the activities from the previous picture implies the following steps:
Step 1: Input of parameters in the block of the transformer for the electric traction

system from the power system block set. In this modeling, the Simscape library was
used, with the fact that the power transformer in the electric traction substation of Serbian
Railway Infrastructure is connected between two phases to the 110 kV three-phase power
grid. The parameter input is as follows:

• Units [pu];
• Nominal power and frequency [Pn(VA) fn(Hz]: [7.5e6 50];
• Winding 1 parameters [V1(Vrms) R1(pu) L1(pu)]: [110e3 0.002 0.08];
• Winding 2 parameters [V2(Vrms) R2(pu) L2(pu)]: [25e3 0.02 1e-6];
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• Magnetization resistance and inductance [Rm(pu) Lm(pu)]: [500500];
• Measurements [None].

Step 2: Entering the parameters of the equivalent Pi scheme for the chain network.
The loop contact network applied in the Infrastructure of the Railways of Serbia consists
of a supporting rope and a contact conductor of lines. The equivalent cross-section of the
copper network would be 144 mm2 (bearing rope 39 mm2, contact line 105 mm2). This step
includes entering and configuring the parameters of the equivalent Pi scheme with which
this chain is represented. The parameter input is as follows:

• Frequency used for rlc specification (Hz): [50];
• Resistance per unit length (Ohms/km) [r]: [0.163];
• Inductance per unit length (H/km) [l]: [0.00207];
• Capacitance per unit length (F/km) [c]: [6.678e-09];
• Line length (km): [35];
• Number of pi sections [1];
• Measurements [None].

Step 3: Entering parameters in the block of the line transformer of the 441-serieslocomotive
from the power system block set is as follows:

• Units [pu];
• Nominal power and frequency [Pn(VA) fn(Hz)]: [3e6 50];
• Winding 1 parameters [V1(Vrms) R1(pu) L1(pu)]: [25,000 0.002 0.08];
• Winding 2 parameters [V2(Vrms) R2(pu) L2(pu)]: [600 0.02 1e-06];
• Magnetization resistance and inductance [Rm(pu) Lm(pu)]: [500 499.99];
• Measurements [None].

Step 4: Selection of rectifiers in the locomotive from the power system block set. The
rectifier in the locomotive is made of diode bridges, so it is presented as a block that
offers the possibility of adjustment for different rectifier components. The universal bridge
component was selected from the Simscape/Power Systems/Power electronics.

Step 5: Input of parameters in the rectifier block from the power system block set is
as follows:

• Number of bridge arms [2];
• Snubber resistance Rs (Ohms): [100]
• Snubber capacitance Cs (F): [0.1e-6];
• Power electronic device [Diodes];
• Ron (Ohms): [1e-3];
• Lon (H): [0];
• Forward voltage Vf (V): [.8].

Step 6: Selection of DC motors for the 441-series locomotive from the power system
block set. After the rectifier, the main one is connected to the line, which serves to filter the
voltage and current at the output of the rectifier. This locomotive is driven by four parallel-
connected direct current motors with series excitation. In the literature, they are also called
wave current motors. The selection is made from Simscape/PowerSystems/Specialized
Technology/Fundamental Blocks/Machines.

Step 7: Entering parameters into the DC motor block from the power system block set
is as follows:

• Preset model [10: 850kW770V 1100RPM Field:300V];
• Mechanical input [Torque TL];
• Field type [Wound].

Step 8: Selection of the power gui block for the electric traction system from the
power system block set. The mandatory block for the operation of electric traction system
simulation is the power gui block which is added from Simscape/Electrical/Specialized
Power System. In order to obtain the effective values on the measurement units, a multiplier
is needed. The multiplier constant is determined in such a way as to take into account
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that the block for Fourier analysis gives the peak values of the sinusoid; therefore the
factor 1/√2 is needed to obtain the effective current values on the display. Adding an
oscilloscope is also performed from the Simulink Sinks library.

Step 9: Parameter configuration for simulation. Before starting the simulation, it
is also necessary to define the configuration of the simulation parameters (solver). This
sub-option determines:

• Start time (Start time 0);
• Simulation stop time (Stop time 0.05).

Step 10: Simscape model of the electrical power system of electric traction 25 kV,
50 Hz and one diode locomotive in real conditions. By connecting all previously described
models for individual elements of the system, a unique Simulink/Simscape model of the
entire electric traction system of the Infrastructure of the Railways of Serbia with electric
locomotives of the 441 series was reached. When describing the quality of electricity, the
cases where one or more 441-series electric locomotives are located in the supply sector of
an electric traction substation were analyzed.

Step 11: Includes the analysis of the results obtained during the simulation, which will
be presented with diagrams.
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traction 25 kV, 50 Hz and one diode locomotive in real conditions. (c) Simscape model of the electrical
power system of electric traction 25 kV, 50 Hz and one diode locomotive in real conditions.
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3. Simulations of the Voltage Quality Indicators of the Contact Network at the Places of
Electrical Energy Delivery to One Series 441 Locomotive at a Distance of 1 km or 35 km
from the Electric Traction Substation

For the European public electricity network, a minimum set of characteristics that
electricity companies should guarantee to customers has been defined. While in fixed
conventional electrical networks power quality disturbances are of interest to researchers,
including the definition of magnitudes and indices, AC (alternating current) traction
systems are still under consideration and have only been preliminarily discussed in the
literature. There are no standardized procedures for measuring and evaluating the quality
of the power supply for railways [29].

Regardless of the complexity of the problem, the research was carried out, limiting
itself only to the application of diode locomotives of the RC 441 series in the electric traction
system of Serbian Railways. Also, although the obtained simulation results cover a time
period of only 50 ms, the assessment of energy quality is based on the provisions of EN
50160, considering the lack of standards dedicated to electric railway power systems of
Serbian Railways. This approach was accepted considering that all previous results from
the weekly measurement of energy quality indicate approximately the same values as those
obtained for a time interval of 50 ms [30].

The analysis of power quality parameters on the locomotive pantograph is shown in
the figures below.

The analysis of electricity quality parameters on the locomotive’s pantograph was
performed for two different cases, namely for the case when the locomotive is located at
a distance of 1 km and then at 35 km from the electric traction substation that supplies
them. In this analysis, a simulation using the Simulink model was used, as shown in
Figures 2 and 3. In doing so, it was assumed that in both cases the electric locomotive is in
the same (most unfavorable) mode of operation, i.e., when starting heavy freight trains with
the highest starting currents and torques of direct current drive motors. Figures 2 and 3
show the results of the simulation of the voltage waveform on the pantograph at the
same mechanical and electrical load of the locomotive. The voltage waveform shows
visible changes.

In the paper [31], the authors present voltage and current waveforms obtained on a
pantograph during a train journey of about 18.5 min. This trip covers every possible way
of driving the train and refers to the most obvious time intervals, each characterized by a
different current absorption template. During normal operating conditions, the voltage level
differs from the nominal voltage. The voltage normally ranges between Umin1 and Umax1
and can be as low as Umin2 or as high as Umax2 for limited time periods (e.g., 2 and 5 min,
respectively).This voltage is affected by voltage changes on the primary, those due to voltage
regulation mechanisms, and those caused by traffic congestion (when an unusual number of
trains occurring in the same section of supply with significant power absorption).

Based on the EN 50163 standard for the analyzed 25 kV, 50 Hz electric traction sys-
tem, the following were allowed: minimum non-permanent voltage Umin.np = 17.5 kV,
permanent voltage Umin.p = 19 kV, nominal voltage Un = 25 kV, max. permanent voltage
Umax.p = 27.5 kV, and max. non-permanent voltage Umax.np = 29 kV. These permissible
values of contact network voltage change usually limit the length of the supply sector of
an electric traction substation to 50 km. The electrical and mechanical parameters of the
catenaries’ lines are defined by the corresponding current load, i.e., the permitted number
of electric locomotives (by schedule) on the power supply sector of an electric traction
substation. The analysis of the results of the simulation of the 25kV, 50 Hz electric traction
system when pulling one diode electric locomotive series 441 at a distance of 1 km and
35 km shows that the voltage on the pantograph of the locomotive in both cases is within
the limits of permissible values.

Below, Fourier analysis is applied where voltage harmonics can be seen. Figures 4 and 5
show the Fourier analysis of the first 20 voltage harmonics on the locomotive pantograph
for 1 km and 35 km.
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The high harmonic voltage content is primarily the result of the operation of the
diode rectifier and the locomotive’s main ballast. It can be seen that there are even, odd,
and intermediate harmonics in the voltage waveform, where the first, second, and third
harmonics are dominant. Figures 4 and 5 reveal a large number of DC components in the
Fourier analysis of the voltage waveform (8% at 1 km and 27% at 35 km). The high values
of the DC components in the voltage waveform are the result of the non-linear loading
of the locomotive and its distance from the traction substation. With the same non-linear
locomotive load, the presence of the DC component increases.
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Figures 6 and 7 show the total voltage distortion on the locomotive pantograph.
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It is observed that the voltage distortion is smaller for the first case, but that according
to the provisions of the EN50160 standard [8,9], it is impermissibly high (>8%) in both cases.
The EN50160 standard [8,9] gives the main characteristics of the voltage at the customer’s
supply terminals in public low-voltage and medium-voltage electricity distribution systems
under normal operating conditions [9]. In order for electrical equipment to work properly,
it requires electrical energy to be supplied at a voltage that is within a certain range around
the rated value. The technical report provides guidance on the principles that can be used
as a basis for determining requirements for connecting installations with distortion to
public power systems. Distorting installation means an installation (which may be a load or
a generator) that produces harmonics and/or inter harmonics. The primary objective is to
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provide system operators or owners with guidance on engineering practices that will enable
adequate quality of service to be provided to all connected users [10]. The continuous
increase in electronic complexity has made the normal test-based EMC approach inadequate
when it comes to safety. Thus, the new discipline of “EMC for Functional Safety” had to be
developed to help maintain tolerable levels of safety risks [31].

In the paper [28], the authors present the values of voltage and current, measured
during a 10-time cycle interval, as defined dynamic impedance on the locomotive panto-
graph as Z = V/I, where we see that the voltage remains above the nominal value of 25 kV
and close to the highest DC voltage Umak1 (this is qui tea frequent occurrence in railways
where system parameters are dimensioned for the highest possible traffic load).

Figures 8 and 9 show the simulation results of the current waveform through the
pantograph for the two observed cases.
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Figures 10 and 11 show the Fourier analysis of the first 20 current harmonics on the
locomotive pantograph for 1 km and 35 km.

It is observed that there are even, odd, and intermediate harmonics in the current
waveform, where the first and second harmonics are dominant. Figures 10 and 11 show
an exceptionally high value of the DC component in the Fourier analysis of the current
waveform (70% at 1 km and 76% at 35 km). At the same non-linear load of the locomotive,
this component increases slightly with increasing distance from the traction substation.

Figures 12 and 13 show the total current distortion through the locomotive pantograph
for 1 km and 35 km.

It can be seen that the current distortion is very large in both cases and reaches a
value of as much as 60%. The cause of the obtained simulation results for total voltage
and current distortion on the locomotive pantograph is the fact that the analyzed diode
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locomotives, when they are started from rest, reach the highest non-linear load in their
operation. When increasing the speed and acceleration of the locomotive, it is realistic to
expect lower values of current load and total voltage and current distortion
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Interruption of supply in the transmission and distribution network is a phenomenon
caused by malfunctions in the system, a break down of equipment and installed protective
devices in the network. The measurement method is usually used to detect end measure
voltage interruptions in power networks. Although that is a standardized and widely
used method, it is not suitable for typical disturbances experienced by AC railways. An
algorithm for voltage interruption is proposed discrimination, applied to 25 kV, 50 Hz
alternating current systems. To reduce the imbalance on the three-phase power supply
system caused by single-phase loads, each TS is connected to different pairs of utility
phases and that requires electrical insulation of the different parts of the supply using
the phase separation sections. During the journey, the train passes under several phase
separation sections, from which supply interruptions are often observed on the locomotive’s
pantograph [31].

Figures 14 and 15 show the results of the flicker simulation on the locomotive panto-
graph for the two analyzed cases.

Plt flicker results presented in Figures 14 and 15 are given as a percentage of the
locomotive’s rated power. Although according to the provisions of EN 50160 [8,9] these
Plt values are calculated on the basis of 12 Pst measured over a period of 2 h, the results
shown refer to twelve short duration flickers in the period from 0 to 50 ms. The results
obtained in this way agree with the results of Plt flicker measurements taken according to
the provisions of EN 50160 [30].

Figures 16 and 17 show the simulation results of active and reactive power waveforms
through the pantograph for the two analyzed cases. Figures 16 and 17 show the changes in
the active power (in red) and reactive power (in blue) waveform values.
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It is observed that with the increase in the distance of the locomotive from the traction
substation, the active power and thus the power factor on the locomotive’s pantograph
decrease (cos φ = 0.59 for 1 km to cos φ = 0.57 for 35 km). Such low power factor values
indicate the necessity of installing active filters in electric traction substations in order to
increase the power factor as much as possible [32,33].

All rail electrification systems are short voltage magnitude variations. Fall sof less
than 1 cycle and frequent transients shorter than half a cycle affect the waveform and
the rms value of the measured quantity. In AC traction systems, voltage drops are also
caused by the simultaneous switching on of large loads, as when several locomotives start
at the same time or when passing under the phase separation section and connecting to the
same power section. The latter can also cause a rise in voltage, depending on the position
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along the length line, due to the phenomenon of resonance. By definition, voltage dips are
temporary reductions or voltage magnitude increases below 90% or above 110% of voltage,
respectively [33].

The waveform of the voltage that was provided on the traction electric motors of direct
current during the analyzed simulations in both cases is shown in Figure 18.
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Figure 18. Voltage waveform on the electric motors.

It has been noted that AC railway systems can be significant variations in the current
fundamental frequency, especially for one loosely connected or completely disconnected.

The effects are evaluated in terms of the accuracy of the measured magnitude and
the estimated duration events; the results are shown in Figures 10 and 11. In the case
of the voltage changes shown in Figures 12 and 13, both events are followed by inter-
ruptions, so signal recovery works and they do not arise after that. Figure 10 shows the
difference in the magnitude for the voltage drop event using one and a half cycles. Strictly
speaking, this event cannot be classified as a drop because the size reduction does not go
below 90% of nominal voltage; the same can be observed for the two changes shown in
Figures 11 and 12 [33].

4. Discussion

The methodology implemented in this paper includes the application of standards
that are characteristic in powering electric locomotives. In addition to the above, the basic
characteristics of the 441-series locomotive, which is the subject of research in this paper, are
also presented. A comparative analysis of the research of other researchers was performed,
as well as the determination of anomalies that can negatively affect the entire power supply
system and, of course, the locomotive. Using the MATLAB Simulink software package,
parameters were set for locomotives in the most unfavorable operation. By analyzing the
resulting diagrams, new conclusions can be reached, which may be similar or the same
in neighboring railway administrations. Finally, after analyzing the results, corrective
measures are proposed, which include supplementing the existing power supply system
by installing a specific device.

In order to investigate the quality of the electrical supply in this paper, a simulation
was performed, as well as a comparative analysis of the work of the authors [33] who
also deal with the same issue. In the paper, the authors assessed whether the standards
of energy quality measurement used to monitor 50 Hz power grids are sufficient for an
accurate assessment and classification of electricity quality parameters of voltage drops,
voltage surges, and voltage interruptions in alternating current traction 25 kV systems.

Some signal characteristics and possible network configurations are presented and
discussed in order to understand the sources behind the event. With behavior in similar



Modelling 2024, 5 1215

distribution networks, drop in voltage can also be the cause for faults in other parts of the
network where there is a sudden voltage decrease before the error is removed [33].

In this work, new data are obtained that can significantly affect the quality of power
supply of locomotives in railway traffic, primarily in freight traffic where there is a possibil-
ity of multiple trains meeting between two electric traction stations. Deviations that can
occur and voltage variations do not ensure safety in the exploitation of electric locomotives.

The analysis of the simulation results of the 25 kV, 50 Hz electric traction system when
pulling one diode electric locomotive series 441 at a distance of 1 km and 35 km shows that:

• In the conducted simulation, it was observed that the voltage on the locomotive
pantograph in both cases at a distance of 1 km and 35 km is within the limits of the
permitted values according to the EN50160 standard [8,9] (17.5 to 29 kV);

• Fourier analysis of the first 20 voltage harmonics on the locomotive pantograph in the
voltage waveform in both cases (1 km and 35 km) shows even, odd, and intermediate
harmonics where the first, second, and third harmonics are dominant;

• Voltage flickers are present but within the permitted limits according to the standard;
• The total harmonic distortion of the voltage on the pantograph is 16.34% (for 1 km) or

51.06% (for 35 km). Those values are not within the limit prescribed by the EN 50160
standard (8%);

• The total harmonic current distortion in the electric traction substation and through the
pantograph is 33.42% (for 1 km) and 32.53%, respectively, which is below the average
value for systems with a rectifier with inductance and a capacitor according to the IEC
standard for harmonic current distortions;

• Fourier analysis of the first 20 harmonics of the current through the locomotive panto-
graph in the waveform of the current in both cases (1 km and 35 km) shows even, odd,
and intermediate harmonics where the first and second harmonics are dominant;

• In both cases of total harmonic current distortion analysis, the second harmonic has
the highest value.

The results shown in the diagrams and the reading and interpretation of the values
related to the power factor of the required voltage on the locomotive pantograph imply
the installation of active filters. The main purpose of active filters is to eliminate voltage
disturbances in the contact network, which is required for the functioning of traffic based
on European standards.

The choice of active filters in traction substations confirms the justification of the
simulation performed in this work, and the obtained results verify future research published
in the literature [32,33]. It should be noted that the obtained results are not specific only
for electric locomotives of the RC 441 series in the electric traction system of Serbian
Railways but also for other diode locomotives operating on these railways, such as electric
locomotives of the RC 461 and RC 444 series.

The EN 50388-1:2022 [34] standard is the improvement of the railway application of
technical criteria for coordination between the electric traction power supply system and
the rolling stock in order to achieve interoperability. The requirements include electrical
aspects in order to achieve technical compatibility between the fleet and the electric traction
system, limited to [34]:

• Coordination of the protection principle between the power supply and the traction
units, i.e., decoupling sections, current or power limit of the train set, short-circuit
current discrimination, switch coordination, and use of regenerative braking.

• Coordination of the installed power on the railway and the demand for the power
of the trains, i.e., the power factor of the traction unit, the current or the limitation
of the power of the set of trains, the performance of the electrical system, the type
and characteristics.

• Compatibility assessment related to harmonics and dynamic effects.
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5. Conclusions

On the basis of the conducted simulation of exploitation of electric locomotives of the
441 series which is located at distances of 1 km and 35 km from the power supply station in
the electric traction system of Serbian Railways, it can be concluded that even with one loco-
motive it is possible to achieve impermissible values of voltage distortion on the pantograph
and thus unfavorable operation of devices and equipment in the locomotive itself.

By Fourier analysis of the waveform voltage and current, even and odd harmonics
are present, as well as inter harmonics that can cause unfavorable operation of signaling
and safety devices on the railway. Fortunately, the values of the current and voltage inter
harmonics are low, in contrast to the first and second harmonics, which can have significant
values, given that the electrified tracks of the Infrastructure of the Railways of Serbia have
built-in rail circuits with an operating frequency that corresponds to an inter harmonic
between 50 Hz and 100 Hz (83 i1/3 Hz).

The waveforms of active and reactive power through the locomotive pantograph indi-
cate that increasing the distance of the locomotive from the traction substation decreases the
active power and thus the power factor. Reducing the active power supply can negatively
affect other devices and electrical equipment located in the locomotive. By simulating the
observed low power factor values on the pantograph of the RC 441-series locomotives, they
indicate the necessity of installing active filters not only in the locomotives but also in the
electric traction substations that supply these locomotives.

The main task of active filters is to maintain a constant voltage in the functioning
of railway traffic on electrified tracks. This paper presents a model that includes two
locomotives in the most unfavorable mode, where deviations from the set parameters and
standards applied in this geographical area are shown. If more locomotives are taken
into account and not the minimum of two in this work, the simulation results will show
even greater deviations. The research conducted in this paper confirms the justification of
installing active filters in electric locomotives, as well as in electric traction units.

Possible measurements of electricity quality parameters on the locomotive pantograph,
which have so far been absent in practice, could contribute to the further improvement of
protection measures and the achievement of the desired quality according to the provisions
of the EN 50160 standard [8,9].

Future research on the quality of energy in the electric traction system of RCs is
planned with the use of newly acquired and modern vehicles with asynchronous traction
drives. Research into the quality of electricity in the power supply sector of an electric
traction substation with a large number of electric locomotives of different traction drives
and series is also planned.
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