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1. Introduction

Power supply systems for electric railroads are now being developed
further to improve system efficiency. Consequently, more and more specialist
researchers are adopting computer simulation tools to create models. This
strategy is becoming more popular because it is difficult to test or alter systems
because of the high cost and lengthy installation time, particularly when making
changes to the system. For long-term implementation, however, research on
minimizing electrical leakage in railway systems has emerged as a crucial
component of system analysis [1]. Various study approaches and methodologies
are used to understand the effects of electrical leakage and suggest ways to
reduce the dangers involved. To evaluate the behavior of electrical leakage in
various systems, such as predicting the impacts of soil resistance through
simulations, these studies frequently employ numerical approaches and
mathematical models [2-3]. Furthermore, designs aimed at lowering the hazards
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of leaking to the structural integrity of the rails are being developed as part of recommendations for managing
electrical leakage in both above-ground and underground railway systems [4-5].

However, Studies of these systems also emphasize how crucial it is to use the right materials and
technologies to lower energy loss and improve rail transport systems' safety [6-7]. Furthermore, enhancing
railway power supply systems requires assessing the use of materials to reduce electrical leakage [8] and
creating methods for identifying electrical leakage in railway transport systems [9]. These efforts aid in
developing detection systems and maintenance procedures to monitor electrical leakage precisely [10].
Additionally, electrical leakage analysis in railway power supply systems is essential for advancing and
enhancing railway transport systems, especially regarding safety and reducing energy losses in the electrical
network [11-12]. The behavior of electrical leakage in three different simulated scenarios has been studied and
compared using MATLAB/Simulink simulation tools. A comparison between mathematical and commercially
available simulation models has also been conducted [13]. The conductivity between the soil and rails is a
crucial factor in determining the features of the leakage current and rail voltage, as evidenced by the findings
of earlier research that showed notable variations in the incidence of electrical leakage in each situation [14-15].

Understanding how different environmental conditions, such as humidity, temperature, and rail
design, affect electrical leakage requires parameter modeling techniques [16-17]. This emphasizes the necessity
of creating new models to help with more accurate calculations and electrical leak detection. Furthermore,
studies have concentrated on reducing electrical leakage using novel materials and technologies, which may
enhance intercity railway power systems [18-19]. Another important area of study is the effect of electrical
leaks on rail structures and how to identify leaks caused by poor design [20-21]. These studies offer strategies
for creating maintenance and detection systems that lower the hazards of electrical leaks [22]. These studies,
which use engineering analysis and simulation methodologies, are crucial for planning and creating future
electrical systems that are safer, more efficient, and more effective, in addition to helping to understand how
electrical leakage behaves in electric rail systems. Research in this area is crucial to further the development of
high-performance electric rail systems. It focuses on energy-efficient electrical system design, electrical leakage
behavior simulation, and guaranteeing safety in future railway transport systems [23-34].

The Direct Current (DC) Railway System is still widely used in many cities worldwide. It was created
to ease traffic congestion and promote public transit. The third rail in this system provides power to the trains,
while the running rail acts as the driving current's return conductor. Some electrical current leaks or stray
currents return to the power station through the ground due to insufficient insulation between the running
rail and the ground [25]. Since it is usually challenging to monitor stray currents directly, voltage variations
between the ground and the running rail are usually measured instead. The rail potential is the name given to
this voltage differential. Furthermore, stray currents are dangerous since, according to the EN-50122-1
standard for DC railway systems, the voltage that can be touched should not be higher than 120 V for longer
than 300 seconds. Following EN-50122-2, the rail's voltage shall not surpass 5 V in a 24-hour period [26-28].
Evaluating and regulating the rail voltage is crucial to avoid or lessen such harm. As a result, it is essential to
build models for assessing rail voltage and carry out basic research for these evaluations [29-32].

This study aims to create a MATLAB/Simulink model of the electric railway track power supply
system to examine leakage current and rail potential voltage. (Figure 1), depicts a DC traction system, which
serves as the model's starting point. The EN-50122-2 standard is followed in the design of the railway system's
bonding and earthing. Furthermore, the model is constructed following the guidelines for electric train power
supply systems, integrating the models of the FNRCS, the SCCNS, and the SCCNS with a drainage diode. The
variations in leakage current and rail potential voltage within the system under study are compared using
these models.
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Figure 1. Structural earthing and bonding in the railway system with EN-50122-2 [33].

This grounding setup for DC electric train power supply systems is called the Rail Insulation System
(RIS) and its construction (Figure 1). Electric current returns to the power substation via the train wheels and
running rails in this arrangement. Due to the absence of electrical insulation between the running rails and the
sleepers or other supporting structures, stray currents could seep into different areas of the infrastructure in
traditional railway systems. As a result, there were intricate and challenging alternative return routes. To
mitigate this problem, contemporary railway systems have integrated electrical insulation between the
running rails and supporting elements. This has been shown to minimize corrosion of metallic structures and
effectively reduce stray current leakage. The conductance per unit length between the ground and the running
rails (track-to-earth) should not be greater than 500 mS/km for open formation systems and 2500 mS/km for
closed formation systems, according to the EN-50122-2 standard. To ensure that every component is correctly
grounded following EN-50122-2, the system also calls for improved earthing and bonding of metallic
structures and reinforced concrete components. Installing low-resistance rail joint bonds across the rail
network is necessary to reduce voltage drops along the rails further. The total rail resistance cannot rise by
more than 5% due to the extra resistance these bonds add. Both running rails in double-track railway systems
need to be connected to ensure efficient current return pathways. Improved safety and operational efficiency
are guaranteed by the widespread adoption of this system configuration on Network Rail's DC railway
networks in the UK (United Kingdom).

2. Theories and Mathematical models

A thorough grasp of basic ideas and concepts is necessary to create a model for evaluating different
electrical parameters in the electric train power supply system. These are necessary for simplifying the process
and computing the parameters using simple equations from the system's single-line diagram model.
Computer programming tools are used to produce precise calculations while reducing computation
complexity and time. The two primary sections of this section address the pertinent theories and mathematical
models of the electric train power supply system. According to the established standards, the first section
discusses the DC electric traction system's structure and methods for determining leakage current and voltage.
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The main topics of the second section are the tractive force of the train and the properties of the electrical
power needed for train motion. Both sections are essential for creating a model with MATLAB/Simulink, a
computer program that effectively computes the necessary values.

2.1 DC Traction Earthing System

The DC Traction Earthing System, a grounding system structure of the DC traction system, is essential
for controlling and managing the return current that flows from the traction motors back to the power source.
This is crucial for improving railway operations' efficiency and guaranteeing operational safety. The three main
types of systems are the floating negative return current system (FNRCS), the sty current collecting net system
(SCCNS), and the SCCNS with a drainage diode. Each system functions according to certain principles to
safely control return currents and preserve DC railway systems' functionality.

2.1.1. FNRCS

The negative busbar is not grounded from the rectifier substation's output in the FNRCS design.
Because the substation isn't directly connected to the ground, the voltage at the negative busbar floats and
doesn't always stay at zero. High touch voltage is more likely in this setup, which could endanger operational
staff or living things who might unintentionally come into contact with the system. Additional rail potential
control devices must be installed to manage the rail voltage and reduce this risk. This configuration of the
system (Figure 2). Hong Kong's LRT and Singapore's MRT are two notable train systems that use this basic
technique. This article simulates the FNRCS system using a remote ground for grounding, which has an
approximate value of zero ohms, as per the RIS.

Figure 2. Circuit diagram for FNRCS.

Concerning the non-continuous (discrete) distribution of current sources in the FNRCS, (Figure 2)
depicts the structure of discretely distributed current sources. The purpose of this setup is to effectively
regulate and control the flow of return current in a DC traction system. Reducing stray current leakage into
the ground and preventing corrosion of metallic infrastructure elements, like underground pipelines and
railroad tracks, are the goals of the discrete distribution of current sources. The system structure has been
converted into a mathematical analysis scheme to efficiently examine and compute the electrical behavior
within the FNRCS (Figure 3). This transformation makes it easier to depict how the system operates
mathematically by representing the discrete current sources as mathematical current sources. This method
makes analyzing the distribution of voltage and current throughout the system easier and more systematic.
Additionally (Figure 4), the FNRCS structure's mathematical modeling makes it possible to create an
equivalent circuit for assessing the possible drop along a section of railroad track. This analogous circuit
faithfully simulates the behavior of electrical currents and voltages across different system components. It
usually consists of current sources that replicate return currents and possible stray currents, as well as resistors
that represent the resistance of the rails and wires.
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Figure 3. Circuit diagram scheme for the mathematical model.
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Figure 4. Potential drop along a track element

Using Kirchhoff's voltage law, which is represented in equation (1), the analysis may be completed
from (Figure 4). Equation (2) illustrates how to rewrite the problem by setting (), and equation (3) is also

obtained by applying Kirchhoff's current law at node (x). Equation (4) can be obtained by further simplifying
the equation when ( AX — 0), equation (5) is the final result of taking the derivative of equation (4) concerning

(X)-

U (X AX) i (X A)RLAX+U o (X) =0 (1)
dU(x) . ,
%() _i (R, @
i (x+ AX) =U o ()Gl AX + i (X) 3)
di (x ,
% =Upge (X)Gfe 4)
dZiR(X) _ dU e () Gl (5)
dx? dx

The result of reformatting equation (5) after substituting equation (2) is equation (6). Equation (7), which
is obtained by further rearranging the equation with (& =, / R;Gge ), is obtained. As a result, the form given in

equation (8) is used to get the answer for the second-order derivative. If (L) is the length of the distance interval

under discussion, and (X) is the beginning point at the power supply station (Figure 3), then (A) and (B) may be
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found using the conditions at (x = 0) and (x = L), which are (At X = 0: i5(0)=0) and (At x = L:
Ix(L) =1, =i,L ). Subsequently, the equations are rewritten as (9) and (10).

Tt i, (oRie o
= o%ig (X)
i%éﬁ—aﬂdmzo @)
i, (X) = Ae™ +Be ™ (8)
0=A+B—>A=-B ©)
i,L=Ae" +Be " (10)

The equations in (4) and (5) are changed to solve for (A) and (B). Equations (12) and (13) are obtained by
reformatting equation (11) and substituting it into equation (8). Following that, the leakage current at position
(x) that flows from the rail through the soil at a distance (X) is represented by the current (i (X)), which is then
computed. Equation (14) is the new formulation of the equation.

i, L i, L

A: eaL_efaL and B:_eaL_efaL (11)
. iL .. il .
g (X) = aLO —al - aLO —al
e* —e e* —e (12)
_ IOL ax —axX
- eaL _efaL (e —¢€ )
i () =—1"sinh(ax) (13)
sinh(aL)
i =i x—i =i x—kLsinhax (14)
0T X Sinhal

The leakage current (| is then computed by setting the voltage at point (NN) to zero, as stated in

I max )
equation (15). Equation (16) illustrates the reformed equation. Furthermore, equation (17) provides the rail's

voltage (Ure(X)) at a distance (x) from the power supply station.

N =L cogh2 SNl (15)
o al

i _i L gepaSinhal il SinhZaL_l
0y aL  sinhal\ &’ (16)
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Moreover, the computational process is made simpler by using mathematical model analysis.
Equation (17) can be used to compute the voltage mathematically, and equation (18) can be used to define the

node analysis approach, which determines the current at any position (X).

Uge (K+1) —Uge (k1)

ir(k+1)= e
R

(18)

21.2. SCCNS

For electric train systems that run on elevated structures or in tunnels, the SCCNS was created
especially. This technique installs an SCCNS inside the tunnel or raised structure to stop metallic components
from corroding. Furthermore, the net is positioned between the structure and the running rails, and it has
incorporated diodes to help return stray currents to the power substation. According to additional research
on this system, touch voltage can be increased about two times when an SCCNS is used, as opposed to when
the net is not used. The Bangkok Transit System (BTS), created and built by SIEMENS, is a noteworthy case
study. By contrasting two configurations, one with metallic bonding in the reinforced concrete structure and
another with installing the SCCNS with a drainage diode, SIEMENS assessed the possible effects of stray
currents in the elevated structure during the design phase (Figure 5). Stray current levels increased by up to
ten times after the SCCNS was implemented, according to the results. Therefore, instead of using drainage
diodes or an SCCNS, the BTS constructor chose to ground the metallic elements of the reinforced concrete
structure. Based on these results, SIEMENS also advised against using drainage diodes to mitigate stray
currents because of their inefficiency in lessening their effects [34].

IO IO IO IO IO I0 IO IO I0 IO
ONONONONONONONONORONOINN

substation
— — — — — Running rail
'HIII' NN E
Rscem | | | | | | |

Figure 5. Circuit diagram for SCCNS with a drainage diode.

Installed the SCCNS system in diode-connected and non-diode-connected variants (Figure 5).
Equation (19) illustrates how this arrangement uses node analysis to determine the link between (I ) and (V).
Based on standard standards, this method can be used for basic comparison analysis. (Figure 6), the complex
and intricate equations are solved using the matrix form ( G ). Furthermore, the matrix formulations for the diode-

connected and non-diode-connected scenarios are given by equations (20) and (21), respectively, when |§R),

1 o is the current entering and exiting node n via the running rail and ground structure, G, is represents

n,n
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conductance at position nxn, Vn(R) , Vn(fl) is the voltage at node n via the running rail and ground structure and

V, is the voltage across the diode.

R

S

Figure 6. Circuit diagram scheme for mathematical SCCNS model.

[11=[G]V] (19)

2.2 Driving of trains in railway systems.
Electric train motion is taken into account by the drive system. Depending on the manufacturer's

R) ] /(R
Il( ) Gl,l Gl,2 Gl,n G1,n+l Gl,n+2 Gl,2n Vl( )
R R
Ié ) Gz,l GZ,Z GZ,n G2,n+1 G2,n+2 GZ,Zn Vg( )
R R
I[(\] ) _ Gn,l Gn,2 n,n Gn,n+l Gn,n+2 Gn,2n Vn( ) (20)
s) | S
I M Gn+1,1 Gn+1,2 Gn+1,n n+1,n+1 n+l,n+2 Gn+1,2n Vn(+1)
S S
I,E+; Gn+2,l Gn+2,2 GN+2,n n+2,n+1 Gn+2,n+2 Gn+2,2n Vn(Jrz)
S S
Iz(n) L C:’2n,1 G2n,2 G2n,n GZn,n+1 G2n,n+2 GZn,Zn i _V2n)
1 (R) Iy (R
Il W Gl,l G1,2 Gl,n Gl,n+1 Gl,n+2 G1,2n O Vl
(R) (R)
I2 GZ,l GZ,Z GZ,n Gz,n+l GZ,n+2 GZ,Zn O V2
(R) (R)
In Gn,l Gn,z Gn,n Gn,n+1 Gn,n+2 Gn,2n 1 Vn (21)
(S) (S)
I n+l Gn+l,l Gn+1,2 Gn+l,n Gn+1,n+1 Gn+1,n+2 Gn+l,2n Vn+l
(S) (S)
In+2 Gn+2,1 c;n+2,2 C;n+2,n Gn+2,n+l Gn+2,n+2 C;n+2,2n O Vn+2
(S) (S)
I2n C;Zn,l GZn,Z G2n,n G2n,n+1 G2n,n+2 GZn,Zn 1 V2n
vV, | | 0 0 1 0 0 -1 0],

technology, the electric train's driving motor could be an induction, synchronous, or DC motor. The general
motion of the electric train set is the main emphasis of the modeling used to drive it. The traction force, the
gradient force, and the electric train's resistance are the main forces driving the motion. (Figure 7) shows how
the motion of the electric train was calculated and the forces at play. Equation (22) illustrates Newton's second
rule of motion, which serves as the foundation for the fundamental equation used to examine the velocity of
the electric train.
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The following definitions of the various parameters are derived (Figure 7) and equation (22). (Mef )
represents the effective vehicle mass (kg), (IE) represents the tractive effort (N),(Tr) represents the train
resistance (N),(Fgrad) represents the gradient force (N), and («) represents the train acceleration (m/s?), where
an is positive for uphill motion and negative for downhill motion [35-36].

Figure 7. Computerized model for assessing train traction force [35-36].

F=TE-F

grad

Ty=My o (22)

22.1. Tractive effort

The electric locomotive has traction motors to move the train. As a result, the electric locomotive's
tractive force must be described for the simulation. This entails using the motor's torque-speed curve directly,
where the torque from the motor is converted into tractive force and sent to the wheels via a gear reduction
mechanism. The motion of the electric train can be calculated using the resulting tractive force, which the gear
ratio has modified. Depending on the train's linear velocity in meters per second (m/s) or kilometers per hour
(km/h), the electric train's tractive force graph, which is measured (N), changes. The figure shows the graph
as dashed lines at various motor speeds. Plotting of the resulting tractive force with the horizontal axis
converted to linear speed occurs after the gear ratio has been modified to account for the wheel radius and
gear transmission efficiency. This results in the electric train's tractive force curve (Figure 8).

? Constant force region

/

Constant power region

Tractive effort

Reduced power region

—l-
Speed

Figure 8. The tractive force of train propulsion and rotational speed of the traction motor.

2.22. Gradient force

Separate consideration is also given to the gravitational force acting at an inclined angle to the ground.
A portion of the train's weight acts on the electric train due to its mass as it moves on a track angled on the
ground. According to equation (23), this force can either support or oppose the train's motion. Additionally,
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the effective weight of the electric train can be computed using equation (24), in which the passenger mass

factor is indicated by ( 4,,) and the tare weight is represented by (M,).

Fyas =*Mgsing (23)
My =M, (1+4,) )

2.2.3. Train resistance

Generally speaking, the motion of a train encounters resistive forces from air resistance and wheel-
rail friction, which are combined to form the resistive force. Equation (25) can be used to determine the train's
total resistance. The train's speed (km/h) is represented by (V), and the constant Davis coefficients are (A: kN),
(B: kN-h/km), and (C: kN-h2/km?2).

T, = A+Bv+CV? (25)

22.4. Operating Modes of Electric Trains

The operation uses the train's speed-time curve's properties to manage the movement of a train to
carry people between two stations. (Figure 9), the train can be operated in four fundamental modes: coasting,
braking, cruising or constant-speed, and accelerating. The train's operation may alternate between various
modes depending on the intended goals. For example, the train may switch between coasting and accelerating
modes to maximize energy efficiency and reduce energy consumption.

>

Cruising mode

Coasing mode

Speed (kph)

Braking mode

>

Time (s)
Figure 9. Characteristics of operating modes of electric trains.

According to (Figure 9), the train's operational modes determine the tractive force in each mode, which
is determined by the control method. While in the accelerating mode, the train starts to accelerate from the
station at a predetermined rate until it achieves the service speed. The train's acceleration is positive during

this period (&, > 0), and equation (22) can be used to determine the tractive force. After the train achieves
the service speed, it enters the constant-speed mode, which keeps the speed constant until it reaches the
coasting mode starting point ( L, ), where (.. =0). In the coasting mode, acceleration becomes negative,

and the tractive effort drops to zero (TE =0). On the other hand, when descending a steep hill, the
acceleration may be positive. When the train reaches the specified braking distance or the necessary speed, it

applies a negative acceleration ( Oy < 0 ) and enters the braking mode. The tractive force, train velocity, and the

effectiveness of converting mechanical energy to electrical energy (77 )affect how much electric power ( P : kW)
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is needed to move the train. This can be calculated using equation (26). Additionally, equation (27) illustrates how
the relationship can be written in terms of the substation current ( |0: A) and voltage (V0 :V).

_ TExv

P (26)

27)

3. Methodology and Simulation results

This study analyzes leakage current in the electric rail supply system using simulation techniques
with MATLAB/Simulink. The intricacy and large-scale factors required to describe the electric rail supply
system led to the selection of MATLAB/Simulink. The FNRCS, the SCCNS, and the SCCNS with a drainage
diode are the three scenarios that make up the simulation. Using the single-line diagram format, the modeling
procedure in all three cases closely adheres to the design and installation guidelines specified in EN-50122-2.
These models are then created in MATLAB/Simulink to examine the simulation outcomes. Nevertheless, the
three models, FNRCS, SCCNS, and SCCNS with a drainage diode, are commonly employed in current
applications. Every model possesses distinct features that render it appropriate for different case studies.
These models were chosen as the primary case studies for this research due to their effectiveness in analyzing
real-world systems. This holds especially when the models are applied to analyze system behavior in actual
environmental contexts. By choosing these models, one can gain a clearer insight into how the system
functions and provide analysis results that are precise and applicable to actual circumstances. The following
sections provide a methodical presentation of the specific simulation steps.

3.1 Simulation FNRCS model

The simulation settings are listed in the appendix (Table 8) for the FNRCS model (Figure 3), which
analyzes the electric rail supply system's leakage current and voltage characteristics. The appendix (Table 7)
lists the MATLAB/Simulink tools used to design and simulate these parameters. The FNRCS model was
created for MATLAB/Simulink analysis, as shown in the appendix (Figure 19). To compare the outcomes of
the discrete and mathematical models, this system was simulated using MATLAB/Simulink. The simulation
results for voltage characteristics from the discrete model, mathematical model, and MATLAB/Simulink are
presented in (Table 1) and (Table 2), respectively, when the conductance between the rail and earth was set to
0.01 S/km (for good insulation conditions) and 0.10 S/km (for insulation degradation or rainy conditions).
Furthermore, (Table 3) and (Table 4), respectively, exhibit the simulation findings for leakage current.

Table 1. The rail voltage results are 0.01 S/km based on the conductance to earth FNRCS model.

No Distance Rail voltage (V)
’ (km) Mathematical model Discrete model MATLAB/Simulink
1 0 141.5965 169.8978 169.8978
2 0.50 137.3494 161.4050 161.4050
3 1.00 124.6083 144.4191 144.4191
4 1.50 103.3723 118.9393 118.9393
5 2.00 73.6407 84.9646 84.9646
6 2.50 35.4123 42.4935 42.4935
7 3.00 -11.3147 -8.4758 -8.4758
8 3.50 -66.5422 -67.9455 -67.9455
9 4.00 -130.2726 -135.9180 -135.9180
10 450 -202.5085 -212.3964 -212.3964
11 5.00 -283.2531 -297.3837 -297.3837




ASEAN ]. Sci. Tech. Report. 2025, 28(3), 257546 12 of 24

Table 2. The rail voltage results are 0.10 S/km based on the conductance-to-earth FNRCS model.

No Distance Rail voltage (V)
) (km) Mathematical model Discrete model MATLAB/Simulink

1 0 140.9674 168.9832 168.9832
2 0.50 136.7472 160.5550 160.5550
3 1.00 124.0848 143.6951 143.6951
4 1.50 102.9749 118.3962 118.3962
5 2.00 73.4084 84.6476 84.6476
6 2.50 35.3728 42.4351 42.4351
7 3.00 -11.1480 -8.2595 -8.2595
8 3.50 -66.1739 -67.4575 -67.4575
9 4.00 -129.7282 -135.1843 -135.1843
10 4.50 -201.8380 -211.4684 -211.4684
11 5.00 -282.5338 -296.3425 -296.3425

Table 3. The leakage current results are 0.01 S/km based on the conductance to earth FNRCS model.

No. Distance Leakage current (A)
(km) Mathematical model Discrete model MATLAB/Simulink

1 0 0.0000 0.0000 0.0000
2 0.50 0.7009 0.8495 0.8495
3 1.00 1.3593 1.6565 1.6565
4 1.50 1.9328 2.3786 2.3786
5 2.00 2.3789 2.9733 2.9733
6 2.50 2.6551 3.3981 3.3981
7 3.00 2.7189 3.6106 3.6106
8 3.50 2.5278 3.5682 3.5682
9 4.00 2.0393 3.2285 3.2285
10 4.50 1.2109 2.5489 2.5489
11 5.00 0.0000 1.4869 1.4869

Table 4. The leakage current results are 0.10 S/km based on the conductance to earth FNRCS model.

No Distance Leakage current (A)
) (km) Mathematical model Discrete model MATLAB/Simulink

1 0 0.0000 0.0000 0.0000
2 0.50 6.9780 8.4492 8.4492
3 1.00 13.5340 16.4769 16.4769
4 1.50 19.2457 23.6617 23.6617
5 2.00 23.6906 29.5815 29.5815
6 2.50 26.4454 33.8139 33.8139
7 3.00 27.0864 35.9356 35.9356
8 3.50 25.1889 35.5226 35.5226
9 4.00 20.3269 32.1498 32.1498
10 4.50 12.0734 25.3905 25.3905
11 5.00 0.0000 14.8171 14.8171
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Figure 10. Results in conductance between the rail and earth by varying the rail voltage for the FNRCS model.

Voltage characteristics of the rail were evaluated and compared from (Table 1), which shows the
simulation results with the conductance between the rail and earth set at 0.01 S/km for the FNRCS model, and
(Table 2), where the conductance is set at 0.10 S/km. The discrete model and the simulation results from
MATLAB/Simulink agreed. Consequently, the results of the discrete model were compared to those of the
mathematical model. (Figure 10) shows the characteristics of rail voltage. The findings of the comparative
simulation indicated an average percentage difference of 8.64% for 0.01 S/km and 8.47% for 0.10 S/km.

Furthermore, by contrasting the discrete and mathematical models, the simulation results for leakage
current were examined, as indicated in (Table 3), with the conductance between the rail and earth fixed at 0.01
S/km. The discrete model's results and MATLAB Simulink's simulation results agreed. As seen in (Figure 11),
this comparison showed that the leakage current rose by an average of 40.07%.

40 T T T T T T T T

Mathematical
35k FNRCS

30 n
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20 - a

15

Leakage current(A)

10 1

0 0.5 1 15 2 25 3 3.5 4 4.5 5
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Figure 11. Results leakage current between discrete and mathematical models for the FNRCS model.
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Figure 12. Results leakage current discrete model conductance between rail and earth 0.1 S/km and 0.01 S/km.

With the conductance between the rail and earth set at 0.01 S/km and 0.10 S/km using only the discrete
model, the results of the analysis and comparison of leakage current simulations in (Table 3) and (Table 4)
indicated that the leakage current dropped by an average of 89.96% and 89.95%, respectively. (Figure 12)
shows the results of these findings.

3.2 Simulation SCCNS model

To simulate the SCCNS model, as shown in (Figure 5) and (Figure 6), matrix-based equations in
equation (20) were used to examine the electric rail supply system's voltage and leakage current characteristics.
The MATLAB/Simulink model creation tools are described in the appendix (Table 7), and the simulation
parameters are listed in the appendix (Table 9). The appendix (Figure 20) illustrates how the SCCNS model
was subsequently created for MATLAB/Simulink voltage and leakage current analysis. As shown in (Table 5),
this system was simulated using MATLAB/Simulink to compare the outcomes with the discrete model.
Furthermore, a comparison was made between the FNRCS model (cited in Topic 3.1) and the SCCNS model's
simulation findings for rail voltage and leakage current. (Figure 13) shows the results of the simulation for rail
voltage, and (Figure 14) shows the results for leakage current. As a result, comparing the simulations of the
two models showed that the outcomes nearly matched and followed the same pattern.

Table 5. Results of the simulation for rail voltage and leakage current SCCNS model.

No Distance Rail voltage (V) Leakage current (A)
’ (km) Discrete model MATLAB/Simulink of Discrete model
1 0 168.9875 168.9875 0.0000
2 0.50 160.5590 160.5590 8.4102
3 1.00 143.6984 143.6984 16.4016
4 1.50 118.3986 118.3986 23.5552
5 2.00 84.6490 84.6490 29.4512
6 2.50 42.4352 42.4352 33.6693
7 3.00 -8.2606 -8.2606 35.7877
8 3.50 -67.4599 -67.4599 35.3832
9 4.00 -135.1876 -135.1876 32.0309
10 4.50 -211.4725 -211.4725 25.3034
11 5.00 -296.3470 -296.3470 14.7708
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Figure 13. Results rail voltage between FNRCS and SCCNS model.
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Figure 14. Results show the current leakage between the FNRCS and SCCNS models.

3.3 Simulation SCCNS with a drainage diode model

The voltage and leakage current characteristics in the electric rail supply system were analyzed using
matrix-based calculations following equation (21) for the simulation of the SCCNS model with a drainage
diode, as shown in (Figure 5) and (Figure 6). The appendix (Table 7) lists the MATLAB/Simulink tools used
for model development, and the appendix (Table 10) provides specifics on the system parameters used for the
simulation. As seen in the appendix (Figure 21), the SCCNS with a drainage diode model was then created to
use MATLAB/Simulink to analyze rail voltage characteristics and leakage current characteristics. To compare
the simulation results with the discrete model shown in (Table 6), this system was simulated using
MATLAB/Simulink. Furthermore, the rail voltage and leakage current simulation results were compared
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between the SCCNS with a drainage diode model and the FNRCS model, which was cited in (Topic 3.1).
(Figure 15) and (Figure 16) show the results of the simulations for rail voltage and leakage current,
respectively.

Table 6. Simulation results for rail voltage and leakage current SCCNS with a drainage diode model.

No Distance Rail voltage (V) Leakage current (A)
) (km) Discrete model MATLAB/Simulink of Discrete model
1 0 465.4235 465.3942 0.0000
2 0.50 456.9432 456.9140 2.3258
3 1.00 439.9824 439.9532 4.6093
4 1.50 414.5403 414.5110 6.8080
5 2.00 380.6157 380.5865 8.8798
6 2.50 338.2074 338.1782 10.7822
7 3.00 287.3134 287.2842 12.4729
8 3.50 227.9316 227.9024 13.9095
9 4.00 160.0596 160.0303 15.0496
10 450 83.6943 83.6650 15.8510
11 5.00 -1.1674 -1.1967 16.2712

A comparison between the FNRCS model and the SCCNS model with a drainage diode (Figure 15)
revealed an average difference in the simulated rail voltage of 284.62 V. The voltage profile shows parallel
lines with a downward slope. The FNRCS model exhibits a bell-shaped curve (Figure 16), showing the leakage
current simulation results. On the other hand, the drainage diode model of the SCCNS shows a constant
tendency to rise as the simulated distance grows. This shows an upward-sloping pattern in the leakage current
in the SCCNS with a drainage diode model, increasing with the distance of the simulation from the substation
starting point.

500 T T T T T T T T T

FNRCS
SCCM+drainage diode | |

400

300 -

200 |

284.62V

100 -

Rail voltage (V)

o
T

-100 .

-200 - .

1
2.5 3 3.5 4
Distance(km)

-300 I I 1 1
1.5 2

Figure 15. Results rail voltage between FNRCS and SCCNS with a drainage diode model.
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Figure 16. Results leakage current between FNRCS and SCCNS with a drainage diode model.

A comparison between the normal SCCNS model and the SCCNS with a drainage diode model was
carried out to illustrate the variations in their simulation outcomes further. At a distance of 3.00 km, where the
rail voltage is -0.25 V, it was discovered that the rail voltage profiles intersect. The rail voltage of the SCCNS
with a drainage diode model is higher than that of the SCCNS model in the 0-3.00 km range. In contrast,
(Figure 17) shows that the rail voltage of the SCCNS with a drainage diode model is lower than that of the
SCCNS model in the 3.00-5.00 km range. The SCCNS model shows a bell-shaped curve for the leakage current
simulation results (Figure 18). In contrast, the SCCNS with a drainage diode model shows a trend of
continuous increase, which is comparable to the pattern seen in (Figure 16).

4 T T T T T T T T T

SCCNS
SCCNS+drainage diode | 7]

Structure voltage (V)

-6 I I I I 1
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5
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Figure 17. Results of the structure voltage between SCCNS and SCCNS with a drainage diode model.
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Figure 18. Results structure current between SCCNS and SCCNS with a drainage diode model.

3.4 Summary of simulation results

In this work, the railway power supply system's leakage current was analyzed utilizing simulations
that handled huge and complicated parameters using MATLAB/Simulink. The simulation used three
scenarios: the FNRCS model, the SCCNS model, and the SCCNS with a drainage diode model. The modeling,
which took the shape of a single-line diagram and was created in MATLAB/Simulink for comprehensive
simulation result analysis and verification, was based on the EN-50122-2 standard. Between the rail and the
earth, conductance values of 0.01 S/km and 0.10 S/km were used to study the voltage and leakage current
characteristics for the FNRCS model. The discrete model agreed with the MATLAB/Simulink simulation
results. The average voltage deviation relative to the mathematical model was 8.47% for 0.10 S/km and 8.64%
for 0.01 S/km. The simulation also revealed an average 40.07% increase in leakage current. Furthermore, an
average of 89.96% and 89.95% were found in the leakage current when the conductance values of 0.01 S/km
and 0.10 S/km were compared.

The voltage and leakage current characteristics of the SCCNS model were examined using matrix-
based models. Regarding both voltage and leakage current behavior, the simulation results in
MATLAB/Simulink closely matched the FNRCS model and agreed with the discrete model. The rail voltage
for the SCCNS with a drainage diode model was 284.62 V on average, and the graph sloped downward like
parallel lines. Three kilometers separated the voltage curves as compared to the SCCNS model. Compared to
the SCCNS model, the rail voltage of the SCCNS with a drainage diode model was lower in the 3.00-5.00 km
range and higher in the 0-3.00 km range. Furthermore, the bell-shaped curve seen in the SCCNS model
contrasted the continuously growing trend of the leakage current in the SCCNS with a drainage diode model.
It is clear from the simulation outcomes of the three scenarios that MATLAB/Simulink is a valuable tool for
examining railway power supply systems. It offers precise simulation results and makes performance
comparisons between various system models easy. The FNRCS, SCCNS, and SCCNS+Diode models are based
on different simulation techniques that depend on their operational characteristics. FNRCS is ideal for
mathematical modeling because of its continuous behavior. At the same time, SCCNS and SCCNS+Diode,
which include switching elements and diodes, necessitate discrete modeling or the use of MATLAB/Simulink
to represent their time-dependent behavior accurately. The highest flexibility is offered by MATLAB/Simulink,
which supports both continuous and discrete systems, making it applicable to all types of networks with the
correct simulation settings. The appendix (Table 11) presents the connection between each model and the
simulation technique that corresponds to it.
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4. Conclusions

The FNRCS model, the SCCNS model, and the SCCNS with a drainage diode model are the three
models simulated in this work to analyze leakage current in the electric railway power supply system using
MATLAB/Simulink. The models were created using the EN-50122-2 standard as a guide. According to the
FNRCS model simulation results, the leakage current rose to 14.82 A while the rail voltage dropped from
169.90 V at the beginning to -297.38 V after 5 km. These findings, which had average variances of 8.47% for a
conductance value of 0.10 S/km and 8.64% for 0.01 S/km, agreed with both the discrete and mathematical
models. The average increase in leakage current over the mathematical model was 40.07%. The simulation
results for leakage current and rail voltage for the SCCNS model closely matched those for the FNRCS model.
The average rail voltage in the SCCNS with a drainage diode model was 284.62 V, indicating a steady declining
trend; however, the leakage current dramatically increased with distance. The SCCNS with a drainage diode
showed lower rail voltage in the 3.00-5.00 km range but greater rail voltage in the 0-3.00 km range than the
SCCNS model. Overall, the simulation findings show that MATLAB/Simulink is a valuable tool for precisely
evaluating and contrasting the performance of power supply systems for electric railways.
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Supplement Materials

Detailed information regarding the several toolboxes utilized for MATLAB/Simulink model
development may be found in the research's supplemental appendix. The parameter settings utilized to
simulate the analysis results of the FNRCS, SCCNS, and SCCNS with drainage diode models are also included;

these are shown in the following tables and figures.

Table 7. Components of a simulation in the MATLAB/Simulink program.

Toolbox Details Simulink Library Browser
Ol?(i)soc(;?t: owereui Simscape->Power Systems->Spacialized
P & Technology ->Fundametal Blocks
powergui
- 1 p
10 Simulink->Sources
Constant Constant
To Workspace1 )
N simout ) ] )
UE1 | Simulink->Sinks
To Workspace
Display1
1
Simulink->Sinks
Display
+
- vp Simscape->Power Systems->Spacialized

Voltage Measurement

Technology -> Fundametal Blocks->Measurements

Ground

Simscape->Power Systems->Spacialized
Technology-> Fundametal Blocks->Elements

Controlled Current

Simscape->Power Systems->Spacialized
Technology->Fundametal Blocks->Electrical

® Source
f T Sources
Simscape->Power Systems->Spacialized
N AVAVAYS == Series RLC Load Technology->Fundametal Blocks->Power
Electronics
A B
E . > > . .
ﬂ Didoe Simscape->Power System->Spacialized

Technology->Fundametal Blocks->Element
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Table 8. Parameter for simulation of FNRCS model.

Parameter Value
Current at Substation ( |) 10.00 kA
Distance (L) 5.00 km
Sampling (dX) 0.50 km
Rail resistance ( R}) 0.017 Q/km

Conductance between rail and earth ( GéE )

0.10 S/km, 0.01 S/km

Table 9. Parameter for simulation of SCCNS model.

Parameter Value
Current at Substation ( |) 10.00 kA
Distance (L) 5.00 km
Sampling (dX) 0.50 km
Rail resistance ( R}) 0.017 Q/km

Conductance between rail and earth ( G,;E )

0.10 S/km, 0.01 S/km

Récens 0.02 QO/km
Re or G¢ 0.50 Q/km or 2.00 S/km
Table 10. Parameter for simulation of SCCNS with drainage diode model.
Parameter Value

Current at Substation ( |) 10.00 kA
Distance (L) 5.00 km
Sampling (dX) 0.50 km

Rail resistance ( R}) 0.017 Q/km

Conductance between rail and earth (G,;E )
’
Rscens
!
Re or GL
Vdiode

0.10 S/km, 0.01 S/km

0.02 O/km

0.50 Q/km or 2.00 S/km

070 V
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Table 11. Model usage for FNRCS/SCCNS/SCCNS+diode systems.
Model FNRCS SCCNS SCCNS+diode
Mathematical Yes No No
Discrete models Yes Yes Yes
MATLAB/Simulink Yes Yes Yes
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Figure 20. Development SCCNS model in the MATLAB/Simulink program.
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Figure 21. Development of SCCNS with drainage diode model in the MATLAB/Simulink program.



