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Abstract: This paper proposes a simulation model to calculate short-circuit fault currents in a
DC light rail system with a wayside energy storage device. The simulation model was built in
MATLAB/Simulink using the electrical information required to define a comprehensive DC traction
power rail system. The short-circuit fault current results obtained from the simulation model were
compared with hand calculation results obtained using EN 50123-1 guidance. The relative error
was 1.02%, which validates the model. A case study was carried out for a 1500 V DC light rail
system. In the case study, a method was proposed to assess the DC protection and the withstand and
breaking capacity of the DC circuit breakers for maximum current and distant faults. A traction power
modeling simulation was conducted for the 1500 V DC light rail system to calculate the maximum
load current in the analyzed electrical sections. It is concluded that the proposed simulation model
and fault methodology can be used for DC protection settings calculations and DC circuit breaker
rating analysis.

Keywords: wayside energy storage device; short-circuit analysis; circuit breaker; fault current;
traction power modeling; fault current modeling; distant fault; close fault

1. Introduction

In a direct current (DC) rail system, the electrical power is transmitted from the
alternating current (AC) grid substations to the AC/DC traction substations using overhead
lines or cables. From the traction substations, the electrical power is distributed to the
trains using the conductor rail or overhead contact system (OCS) and running rails. The
DC traction main components are a high voltage (HV) supply cable/line, AC and DC
switchgear, a transformer /rectifier, negative and positive feeders, a conductor rail or an
overhead contact system, isolation facilities, and rails. The number of DC substations, the
location, and the rating is determined by traction power modeling studies with input from
the train operator and infrastructure engineer [1,2].

One of the significant challenges in designing a DC system is implementing a safe
and reliable protection system. The main objectives of protection in the railway system are
as follows:

1.  toisolate/disconnect the faulted circuits from the electrical supplies;

2. to minimize the disruption to train services by disconnecting only the affected circuit;
3.  to prevent damage to infrastructure and traction power equipment;

4. to prevent and reduce the risk of electric shock for the public and railway staff.

The short-circuit fault current in an AC railway system has lower values than in a
DC railway system. Typical values of the fault currents for different AC and DC railway
systems are presented below [3]:
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1. 25kV AC rail return or booster transformer systems—the short-circuit fault current
has a maximum value of 6 kA;

2. 25 kV AC rail return ‘booster-less’ systems—the short-circuit fault current has a
maximum value of 8.5 kA;

3. 2 x 25kV autotransformer systems—the short-circuit fault current is limited to 12 kA
using fault limiting reactors;

4. 3.3kV DC and 1.5 kV DC—the short-circuit fault current can have values of more
than 50 kKA.

Due to the high value of the DC short-circuit fault current, the circuit breaker (CB)
disconnection time must be short to prevent damage to the infrastructure and traction
equipment. Conventionally, self-acting circuit breakers are installed in DC substations
where the minimum short-circuit current is used as the setting value for the overcurrent
device. If the short-circuit fault current is above the setting value, the circuit breaker will
fast trip. The main issue with setting the protection value of the direct acting overcurrent
protection (DAOC) is that the maximum train load current may have close values to the
minimum short-circuit current. Simple short-circuit calculations may not provide accurate
and optimal results for protection settings. A solution to this problem may be to use
simulation tools that model the entire DC railway system.

Currently, an increasing number of research studies are focused on modeling DC
traction power systems for fault and protection analysis. Different methods and approaches
are used to provide an electrical model that can accurately simulate the traction power
system. Selected studies that present electrical models, input parameters, assumptions, and
impacts on traction power supply when a short-circuit fault occurs are presented below.

In [4], the authors propose a state space average model of a 750 V DC traction power
system. The purpose of the model is to simulate short-circuit and open-circuit faults in
the urban railway network. The proposed model consists of a third rail and running
rails modeled as an equivalent resistance and inductance. A value of 15 Qkm for the
rail-to-earth resistance was used. The substation was modeled as a DC source with the
output voltage constant. This is an oversimplification that will have a significant impact
on the shape and magnitude of the fault current. The proposed model does not include
HV source impedance, track feeder cables, or cross bonds. The open circuit fault (arc fault)
was modeled by adding a serial resistance between the third rail and the running rail with
a value of 1 MQ). The short-circuit fault (bolted fault) was modeled by adding a serial
resistance between the third rail and the running rail with a value of 1 puQ). The values used
for fault resistance are on the pessimistic side if we compare them with values used by
other studies. The fault location was assumed at a distance of 4 km. The open-circuit fault
had a value of 3 kA, and the short-circuit fault had a maximum value of 20 kA.

The paper [5] is focused on the implication of the fault current on the public safety.
The fault current and potentially dangerous touch voltages are discussed. The authors used
a simplified 635 V DC model with a proposed characteristic for the transformer /rectifier.
The transformer /rectifier was modeled as an equivalent voltage source in series with
a resistance. The rails and OCS were modeled as longitudinal resistance with shunt
conductance to the ground for the rails. HV source impedance and rail/OCS inductance
were not considered in the proposed model. The ground fault in the substation provided
a fault current of 11 kA. The simulation results show that the over-current protection is
not sufficient to disconnect distant ground fault currents due to the low magnitude of the
fault current.

In [6] the model of transformer rectifier for urban railway transit is analyzed in detail to
simulate close fault currents. The proposed model considers of three-winding transformer
connected to two bridges to form 12-pulse rectifier. Tensor analysis was used to reformulate
circuit equations and linear interpolation was used to determine the switching time. It
was shown that the inductance of AC side and inductance on DC side has a significant
effect on short circuit transient current. For a fault located 50 m from the substation (2 MVA
transformer rectifier) the peak of the short-circuit current has a value of 33 kA.
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The authors propose a mathematical method to simulate DC railway traction system
for load analysis and substation fault modes [7]. Contact line and running rails are modeled
as a resistance. A voltage regulation characteristic is proposed for the rectifier but it is
not clear how this was implemented in the model. The equivalent circuit of the railway
power network shows the substation as a constant voltage source. In the paper, no value
was provided for rail-to-earth resistance. The short-circuit fault was modeled between the
contact line and earth with a resistance of 0.1 (). In a short-circuit fault study the contact
line and running rail inductance has a significant impact on the fault current. The use of a
constant voltage source to model the DC substation is an over simplification which may
yield inaccurate results. The paper does not provide fault current results or any specific
analysis on the fault subject.

The paper [8] presents an analysis of the DC short-circuit current, protection settings,
guidance for design and selection of the DC circuit breakers. A simulation model of the
AC supply, rectifier and subway traction network is proposed. The DC circuit breaker
topology is present with emphasis on selection and design of DC circuit breaker taking into
consideration DC protection.

In [9], the authors propose a DC railway model based on MATLAB/Simulink
(MathWorks) to model distant fault short circuits. The substation was modeled using
MATLAB/Simulink blocks for a three-phase source, a three-phase transformer, and a
rectifier. An S-function is proposed to build the impedance model for the third rail
system. Simulation results are presented for a distant fault (2.88 km) with and without
the skin effect of the short-circuit current. The skin effect impedance was derived using
Maxwell’s equations. With the skin effect, the short circuit current had a value of 1.1 kA,
and without the skin effect, it had a value of 1.9 kA. The authors do not provide a full
list of parameters used for simulation, and it is not possible to determine why the fault
currents had such low values.

In [10], the authors conducted field tests on a Portland 825 V DC light rail system.
Two types of field tests were conducted: the frame fault and the ground fault. For a diode
grounded system, the frame fault peak current was 10 kA. In a floating ground configuration
(grounding diode disconnected), the frame fault current magnitude was 300 A. Equations
are proposed for the ground fault to determine the step and touch potential. Based on
the test conducted, the grounding diodes were disconnected at all substations locations,
as they would be damaged in the event of a ground fault. A rail-to-earth voltage relay is
recommended for ground fault detection.

A MATLAB/Simulink model was proposed for a DC traction power supply system
in [11]. The model uses predefined Simulink blocks: a three-phase source, a zigzag phase-
shifting transformer, a three-phase transformer, and a universal bridge for the rectifier. At
the output of the system, an RL filter (MATLAB/Simulink block) was used at the output
of the 24-pulse rectifier unit. The simulated and measured external characteristics of the
24-pulse rectifier unit were compared and showed good convergence. The “PI line section”
block from MATLAB/Simulink was used to model the traction power network. The peak
of the short-circuit current had a value of 14.9 kA for close faults and 4 kA for distant faults.
It was shown that close short-circuit faults can cause large transient peak fault currents and
a high rate of increase in fault currents.

In [12], real data on short-circuit fault and load current values, measured on the tram
network of Turin, Italy, are presented. The peak of the short-circuit current for distant
bolted faults had a value of 3.6 kA with a current rate of increase of 60 A/ms. Trams
equipped with a variable speed drive (rheostatic control) had a peak load current of 450 A
and a current rate of increase of 4 A/ms. Trams equipped with a variable frequency drive
had a peak load current of 1.1 kA and a current rate of increase of 1.5 A/ms. The maximum
current threshold to protect the cable overload was set in the range of 3600 A to 4100 A.
The current rate of increase recognition threshold was set to 30 A/ms, and the maximum
rate of increase threshold was set to 120 A /ms.
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The paper [13] focuses on grounding faults and rail potential in a DC traction
power supply system. The grounding fault was a short circuit between contact line
and OCS structures with a resistance of a few ohms to tens of ohms. The main issue
in detecting grounding faults is that the load current of the train has higher values
than the grounding fault current. The grounding fault is detected by measuring the
potential between the rail and the substation grounding mesh. Train load current and
rail potential measurements were conducted for seven substations in the East Japan
Railway area. For the Tokyo substation (1.5 kV DC), it was shown that the 10 min
rectifier load current had peak values of 10 kA with a maximum rail potential of 40 V. A
simplified simulation model with constant voltage sources was proposed to calculate
the rail potential. The rail-to-earth resistance was assumed to be 10 (3-km. It was shown
that the rail potential at the substation can become positive, which contradicts the
general belief that it is negative.

In conclusion, many improvements could be made when simulating a DC traction
power railway system for fault current and protection analysis. The simulation model
needs to include the following parameters for an accurate representation of the DC
railway system:

the contact system, running rail resistance, and inductance;

HYV source impedance;

the transformer and rectifier, modeled separately as different components;

the positive and negative track feeders’ resistance and inductance;

rail-to-earth resistance;

cross bonds;

short-circuit resistance;

temperature, which is an important factor that needs to be considered when calculat-
ing the resistance and inductance.

NI LD

The scope of this paper is to present a simulation tool that incorporates all of the
requirements needed to model fault currents in a DC railway system to assist in the
protection and fault assessment of traction power equipment. The accuracy of the model is
affected by the accuracy of the input data used for the simulation. The main contributions
of the paper are as follows:

1. atechnical description of short-circuit fault current and protection concepts;

2. a proposal for a simulation tool and its application in the design of DC rail-
way systems;

3. apresentation of the main equations used to calculate the input data for the simula-
tion tool;

4. a discussion of the results from the case study conducted—an application of the
developed tool to assess the withstand /breaking capacity of the circuit breakers and
to conduct protection analysis.

This paper is structured as follows: In Section 2, the technical aspects of the short-
circuit fault current and protection is discussed with respect to a DC light rail system.
Section 3 describes the implementation of the DC light rail system in MATLAB/Simulink
together with mathematical equations and typical input data used in the proposed model.
The MATLAB/Simulink model was validated following European Standard (EN) 50123-1
guidance. In Section 4, a case study is considered to assess the withstand and breaking
capacity of the Alstom DC circuit breaker for maximum currents and distant faults. A pro-
tection analysis was conducted, considering the protection of the direct acting overcurrent
and the current rate of increase. To assist with the protection assessment, traction power
modeling was conducted in Modeltrack software [14,15]. Findings and conclusions are
presented in Section 5.
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2. Technical Description of Short-Circuit Fault Current and Protection in DC Light
Rail System

2.1. Short-Circuit Fault Current
In a DC light rail system, the fault short-circuit current value is subject to the following.
1. Fault Location

@) Close fault: A close fault is a short-circuit fault between the 1500 V DC positive
busbar and the negative busbar at the substation considered for analysis. This
fault type provides a maximum value for the short-circuit current.

O Distant fault: A distant fault is a short-circuit fault between the contact wire
and the rail.
2. Fault Impedance
O Bolted fault: A bolted fault is a short-circuit with no arc resistance or impedance
and provides the highest short-circuit current.
O Arc fault: An arc fault is a short-circuit with arc resistance and impedance. The

arc short-circuit fault current has a lower value than the bolted short-circuit
fault current.

The short-circuit fault current terminology according to the European Standard (EN)
50123-1 [16] is described below:

1. The short-circuit current (Isg) is the prospective sustained current that results from a
short-circuit.

2. The peak of the short-circuit current (Iss) is the peak prospective value of the short-
circuit current under transient conditions.

3. The direct current circuit breaker (DCCB) is a switching device capable of carrying
and breaking the short-circuit current.

4.  The circuit time constant (t.) is the value of the ratio of inductance over the resistance
of the circuit.

5. The track time constant of the line (T.) includes the contact line (catenary wire and
contact wire) and the return circuit (running rails).

6.  The rated track time constant of a switching device (Tn.) is the capability of a switch-
ing device to break the inductive short-circuit current.

7. The rated short-circuit current (Ings) is the maximum value of the prospective sus-
tained short-circuit current that the device is rated.

Figure 1 presents the short-circuit fault current in a 1500V DC rail system, measured at
the DC circuit breaker of the transformer rectifier unit (TRU). The bolted fault was modeled
in MATLAB/Simulink between the DC positive busbar and the negative busbar. The first
peak of the short-circuit current had the highest value of the current and started to decay
after 10 ms. The steady state of the short-circuit fault current was achieved after 60 ms.

90 T T T
First peak of prospective

80 N/
short-circuit current
70

Prospective sustained |
[ [~

z 60 / \ nﬂ,\ )( short-circuit current R
%50 Vi ¥ ANN A A A A A A A A AAAA A A
§ 0 I[ l\w’J \‘ YWV Y VVVWVVVVYVVVVVVIVVVVVVVVVVVVV VY
S 30

20 I \—Second peak of prospective

10 short-circuit current

. | | |
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
Time (s)

Figure 1. Bolted short-circuit fault current simulation results.
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2.2. DC Protection

The role of the protection system is to isolate faulted circuits from all the electrical
supplies in the event of a fault or abnormal operating condition [17]. The main type of
protection used in a DC system are discussed below:

1.  Direct acting overcurrent protection (DAOC): DC high speed current limiting
circuit breakers (fitted with a direct acting device) are used as main fault protection
for the line feeder circuits [17]. The DC circuit breakers can detect and clear the
fault between 15 and 20 ms. The setting parameter for the direct acting device is
the minimum fault current that can be obtained from hand calculations [16] or
fault modeling.

2. Current rate of increase (di/dt) protection: To reduce unnecessary tripping and to
discriminate between load and fault current, current rate of increase (di/dt) protection
is used. The method is based on the fast rate of increase of the fault current wave
compared with the load current. A fault current has a rate of increase of above
40 A/ms, where a load current is typical below 20 A/ms [12]. The load current rate
of increase can be obtained from traction power modeling or assumed. The short-
circuit fault current rate of increase can be calculated [16] or modeled with the help of
specialized software.

3. Frame leakage protection: DC substations use a floating ground, which means
that the DC switchgear and rectifier cubicle are insulated from the ground. In the
event of an insulation failure inside the DC switchgear or rectifier cubicle, the frame
leakage detection will initiate the opening of all circuit breakers [17]. In practice, the
minimum ground fault current setting value used for the frame leakage protection
is 25 A.

4. Over-voltage and under-voltage protection: Voltage relays are used to detect high-
voltage or low-voltage conditions. The over-voltage and under-voltage limits used
for relays settings can be sourced from EN 50,163 [18].

3. MATLAB/Simulink Modeling of the DC System with a Wayside Energy
Storage Device

A light rail 1500 V DC traction power system was assumed for modeling purposes
in MATLAB/Simulink (MathWorks). The power was distributed to trains from 1500 V
DC substations using the overhead contact system. The current returns from trains to
substations use train wheels and running rails. Because the rails are not perfectly insulated
from the ground, some of the current will return to substations using ground and buried
metalwork. This current is referred to earth leakage current or “stray current”.

Figure 2 presents a typical 1500 V DC substation feeding arrangement. The substa-
tion is connected to the 22 kV AC distribution network operator (DNO) via HV lines. The
OCS is fed from the substation transformer rectifier unit via DC circuit breakers and pos-
itive feeder cables (PF). In a normal feeding arrangement, the DC substation is equipped
with two or more TRUs that feed in parallel with the OCS. The substation negative
busbar is connected to the running rail via return negative feeders (NF). As there is no
connection between the substation negative busbar and the ground, the system return is
“floating”. The main reason that the negative return system is isolated from the ground is
to minimize the earth leakage current and protect the buried metalwork. This may create
touch potential issues along the route, as the rail-to-earth potential may rise. To provide
a fault clearance path and to reduce rail-to-earth voltage, voltage limiting devices (VLDs)
are installed along the route and at stations. EN 50122-1 provides guidance regarding
touch potential limits [19]. British Standard (BS) 7671 provides guidance related to the
touch potential clearance area [20].
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Figure 2. DC substation feeding arrangement.

In a DC traction power system, a trackside paralleling hut (TPH) is used to improve
line voltage and to provide switching points between electrical sections. The TPH runs
parallel with multiple tracks, and this reduces the longitudinal system impedance.

Figure 3 presents a TPH with a wayside energy storage device (WESD). The WESD
with supercapacitors charges from the regenerative braking trains and boosts the line
voltage when the line voltage is below a threshold value.

The 1500V DC traction power system was divided in the following blocks to be
modeled in MATLAB/Simulink:

1.  The substation block was divided into an HV source, a transformer, a rectifier, a
positive feeder, and a negative feeder.

2. A trackside paralleling hut block was equipped with a wayside energy storage device.

3. OCS, running rails, and the earth block were also modeled.

3.1. Modeling of the Substation

The HV source was modeled in MATLAB/Simulink using a sinusoidal ideal voltage
source. The AC voltage [21] is calculated as in Equation (1):

V = A sin(wt + 9) (1)

where @ is the phase angle in radians, f is the frequency in Hz and w is calculated as in
Equation (2):

w=2nf 2)
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Figure 3. Trackside paralleling hut with a WESD.

A three-phase system with an internal resistance and inductance can be modeled
using three ideal voltage sources connected in Y with the neutral connection grounded.
The source internal resistance and inductance were calculated from the internal impedance
using the X/R ratio and short-circuit current. The short-circuit current and X/R ratio value
were provided by the DNO. The ANSI standard IEEE C37.010 provided typical values for
the transformer X/R ratios [22]. It is known that the higher the X/R ratio is, the longer the
time constant is.

Table 1 presents the typical model input values calculated for the HV source block.
The short-circuit current was assumed to be 13 kA, and the X/R ratio was assumed to be 7.

Table 1. HV source block model input values.

Parameter Unit Value
Voltage kv 22
Short-circuit current kA 13
X/R ratio - 7

Source resistance (R;) Q 0.1197

Source inductance (L) H 0.0027

The rectifier transformer was modeled using a predefined MATLAB/Simulink three-
phase transformer block. The primary transformer winding is connected in A, the first
secondary winding is connected in A, and the second secondary winding is connected in Y.
Values for the transformer rated power, voltage, current, and impedance can be sourced
from the manufacturer data sheet. The simulation model requires values for the transformer
magnetization resistance and inductance [18].

Equations (3) and (4) can be used to calculate per unit resistance and inductance for
each winding [23].

R(Q
Lipu) = L )
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The base resistance and inductance can be calculated as in Equations (5) and (6) [23]:

VZ
Rpase = Xpase = ? (5)
X
Lbase = 25_?}6 (6)

An assumed magnetization current of 0.2% provides a magnetization resistance of
500 pu for the resistance and inductance.

Table 2 presents the transformer input parameters used for simulation purposes. The
magnetization resistance and inductance were calculated with Equations (3)—(6).

Table 2. Transformer input parameters.

Parameter Unit Value (HV) Value (LV1) Value (LV2)
Rated voltage \Y% 22,000 581 581
Rated power kVA 5000 2790 2790
Impedance Q 10.77 0.0145 0.0145
Resistance (@) 0.46 0.00066 0.00066
Inductance H 0.035 0.000046 0.000046
Connection - D D Y
Frequency Hz 50
Magnetization resistance O 44 ,856.35
Magnetization inductance H 142.78

A 12-pulse diode rectifier was modeled using diode blocks with internal resistance and
diode forward voltage parameters. Each diode was equipped with a capacitor connected in
parallel. At the output of the rectifier, a capacitor was connected in parallel to provide a
steady voltage. The rectifier parameters were sourced from manufacturer data sheets.

Figure 4 presents the HV source and the transformer rectifier blocks that were modeled

in MATLAB/Simulink.
Rectifier
i %
Transformer D1 cq DB i Dq i

HV Source

4 T D* ) D* )
| |
Ca 8
j— g
S
Ed
Dq Cq

[|e
I
|le
I
|
I

Figure 4. HV source and transformer rectifier modeled in MATLAB/Simulink.
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The diode internal resistance and forward voltage was sourced from [24]. The diode
parallel capacitor and rectifier output capacitor were sized with a trial-and-error method
(Table 3). These values can be sourced from the rectifier manufacturer data sheet.

Figure 5 presents the positive and negative feeder blocks that were modeled in MAT-
LAB/Simulink. The positive feeder was modeled using a resistance (Rpr) connected in
parallel with an inductance (Lpr). The negative feeder was modeled similarly using a
resistance (Rnr) connected in parallel with an inductance (Lyr).

Table 3. Rectifier input parameters [24].

Parameter Unit Value
Rated voltage \Y% 1500
Rated power MW 4
Pulse number - 12
Diode internal resistance (R;) mQ) 0.063
Diode forward voltage (D1) \% 1.05
Diode parallel capacitor (Cy) mF 0.0001
Rectifier output capacitor (Cp) mF 0.1

Positive Track Feeder
RpF LpF

o— Y'Y Y\

Negative Track Feeder

RNF LnF

O— Y Y Y\

Figure 5. Substation positive and negative feeders modeled in MATLAB/Simulink.

The resistance and inductance for the positive feeder and the negative feeder were
sourced at a temperature of 20 °C, based on the manufacturer data sheet. Depending on the
geographic area where the traction power system was located, the resistance and inductance
were calculated for a temperature between 45 and 60 °C, taking into consideration the
traction current.

Table 4 presents the resistance and inductance value calculated for the substation
positive feeder cable and the negative feeder cable according to BS IEC 60287-2-1:2015 [25].

Table 4. Positive feeder and negative feeder cable input parameters [26].

Parameter Unit Value
Negative feeder cable type - 1C 300 mm?2 3.8/6.6 kV, Al, XLPE/HDPE
Positive feeder cable type - 1C 500 mm2 3.8/6.6 kV, Al, XLPE/HDPE
Initial temperature °C 20
Final temperature °C 45
Negative feeder resistance at final temperature (Ryr) Q/km 0.12
Negative feeder inductance at final temperature (Lyr) H/km 0.000315
Positive feeder resistance at final temperature (Rpr) Q/km 0.071

Positive feeder inductance at final temperature (Lpr) H/km 0.000305
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3.2. Trackside Paralleling Hut with Wayside Energy Storage Device

The trackside paralleling hut was modeled similar to the substation block described in
Section 3.1. The trackside paralleling hut was equipped with a positive and negative busbar
to provide a paralleling point and supply continuity from the WESD to the tracks. The
WESD was modeled with the MATLAB/Simulink supercapacitor block and Cuk converter
arrangement standards described in [27].

To protect the WESD from a high fault current, the maximum load/fault current
was limited to 3000 A. Resistance and inductance ‘RL" MATLAB/Simulink blocks were
connected in series with the WESD. The resistance was calculated as 0.523 (), and the
inductance was assumed to be 6 mH.

3.3. Modeling of the OCS, Running Rail, and Earth

The OCS was modeled using a resistance connected in parallel with an inductance.
Typical OCS resistance (Rpocs) and inductance (Lpocs) values ((O/km and H/km) were
sourced at a temperature of 20 °C, based on the manufacturer data sheet. Depending on the
geographic area where the traction power system was located, the resistance and inductance
were calculated for a temperature between 45 and 60 °C, taking into consideration the
traction current. The contact wire wear was normally assumed to be 30% of the new
contac wire.

The track feeders, the OCS, and the rail inductance L (mH/km) can be calculated as in
Equation (7):

L=02 (lnzolgo - o.75> @)

where R is the radius of the conductor, measured in meters:

R = \/Z ®)

The running rail resistance (Rgrr) and inductance (Lrr) were modeled like the OCS.
The wear for the rail is normally assumed to be 20% from the top of the rail. A common
assumption in traction power modeling projects is that the top of the rail is 1/3 of the rail.
The rail-to-earth resistance (Rrg) is approximative 100 ()-km for a new railway system
and drops to 10 (2-km after a period of usage [13]. For the signaling system to work, the
rail-to-earth resistance is normally required to be above 2-3 ()-km.

Figure 6 presents the OCS and running rails blocks that were modeled in MAT-
LAB/Simulink.

OCSs
Rocs Locs

o_|:]_f'Y'YV\_o

Running Rails
RRrR LrRrR

Figure 6. OCS and running rails modeled in MATLAB/Simulink.
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Table 5 summarizes the OCS and running rail input parameters. The OCS/rail resis-
tance and inductance at a final temperature of 45 °C were calculated as in [15]. The input
parameters for the temperature calculations were similar to the one used in [15].

Table 5. OCS and running rail input parameters.

Parameter Unit Value
Running rail type - UIC 60
. . 1 x Contact Wire 161 mm? +
OCS configuration ) 1 x Catenary Wire 181 mm?
Rail wear Y% 20
Contact wire wear Y% 30
Initial temperature °C 20
Final temperature °C 45
OCS resistance at final temperature with wear (Rpocs) Q/km 0.072
OCS inductance at final temperature with wear (Locs) H/km 0.0023
Rail resistance at final temperature with wear (Rgg) Q/km 0.039
Rail inductance at final temperature with wear (Lgg) H/km 0.0011
Rail to earth resistance (Rgg) O.km 10

3.4. Model Validation

A validation was conducted to compare the short-circuit fault current calculated from
the proposed MATLAB/Simulink model with the values obtained from hand calculations

according to EN 50123-1 [16].

For the validation exercise, the following input data was used:
1. asingle track 1500 V DC system with a single 4 MW TRU substation (for substation

parameters, see Tables 2 and 3);

2. DC substation negative and positive feeders with a length of 50 m (for cable parame-

ters, see Table 4);

@

a track length of 1 km (the OCS and running rail resistance are presented in Table 5);

4. abolted fault between the OCS and the running rail that was assumed to be 1 km

away from the substation (Figure 7).

Rs DCCB Rioop

o— =

‘CI:V

—o

<
1 km

Figure 7. Equivalent circuit of the test model.

Table 6 presents the calculated equivalent source resistance and loop resistance. The
loop resistance includes the positive feeder, negative feeder, OCS, and single running

rail resistance.

Table 6. Test model input parameters.

Parameter Unit Value

DC supply voltage (U) \% 1570

Equivalent source resistance (Rs) mQ) 41.98

Loop resistance between substation and fault location (Rjo.p) mQ) 120.6

Fault location

km 1
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The bolted short-circuit fault current contribution (If) from the substation can be
calculated with Equation (9):

u

Ip= ——F— 9
= Ret Ri )
Figure 8 presents the MATLAB/Simulink calculation result of the 9.467 kA short-circuit

bolted fault current. The fault current is a distant short-circuit fault current simulated to be
1 km from the analyzed substation.

10000 | ' ] ' ]

8000

6000

4000

Current (A)

2000

0.05 0.1 0.15 0.2 0.25
Time (s)
Figure 8. Test model simulation results.
Table 7 presents the simulation and hand calculation results. The approximation error
between the two set of the results was calculated. The results below show that the relative

error was 1.02% for the modeled short-circuit current, which provides a good validation of
the proposed MATLAB/Simulink model.

Table 7. Short-circuit fault current results.

Parameter Unit Value
MATLAB/Simulink short-circuit fault current A 9467
Short-circuit fault current calculated with Equation (9) A 9660
Relative error % 1.02

4. Case Study
4.1. Modeling Input Data

This section presents the input data used for traction power modeling in Model-
track [14,15] and the short-circuit study using the MATLAB/Simulink model described in
Section 3.

An 8 km light railway 1500V DC traction power system was modeled (Figure 9).
DC substations are shown in green, the TPH in turquoise, positive track feeders in blue,
negative track feeders in black, the fault block in red, and the OCS and running rail block in

orange. The cross bonds are evenly spaced every 500 m. The traction power system blocks
are described in Section 3.
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Figure 9. MATLAB/Simulink model of the 1500V DC traction power system.

The system consists of three DC substations (Table §8), one TPH with a WESD (Table 9),
and six stations (Table 10). Each substation is equipped with a 2 x 4 MW TRU. The WESD
has a capacity of 40 MJ and a maximum charging/discharging current of 3000 A.

Table 8. Substation input parameters.

Substation No. Nominal Voltage (V) No Load Voltage (V) TRU No. and Rating (MW) Location (m)
Substation 1 1500 1570 2x4 1500
Substation 2 1500 1570 2x4 4500
Substation 3 1500 1570 2x4 7000

Table 9. TPH with WESD input parameters.

Parameter Unit Value
Location m 3000
Capacity MJ 40
Nominal voltage \% 1500
Efficiency (supercapacitor and DC/DC converter) % 95
Max. charging/discharging current A 3000
Initial state of charge % 100

Table 11 present typical train parameters assumed for simulation purposes. A headway
of 180 s with a station dwell time of 60 s is assumed.
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Table 10. Station input parameters.

Station No. Location (m) Dwell Time (s)
Station A 0 60
Station B 1500 60
Station C 3000 60
Station D 4500 60
Station E 7000 60
Station F 8000 60

Table 11. Train input parameters.

Parameter Unit Value
Number of units - 8
Unit length m 20
Unit weight tonnes 58
Payload tonnes 7
Voltage \% 1500
Maximum tractive effort kN 270
Maximum acceleration rate m/s? 1
Mean braking service rate m/s? 1
Davis coefficient k1 - 0.006434
Davis coefficient k2 - 0.025633
Davis coefficient k3 - 12
Rotating mass factor - 1.08

Figure 10 presents assumed train tractive effort (TE) and braking effort (BE) curves
as a function of velocity (v). The braking effort curves for 1000 V and 1500 V have similar
values, as do those of the braking effort curves for 1200 V and 1650 V. The line voltage
difference has a greater impact on the tractive effort curves compared with the braking
effort curves.

300
250 ’- \\ N ~ \
v|ON \
! w
200 3 LS S

0 ” \\\s "s‘:%\

TE (kN), BE (kN)
i
/
/
y 4
'
‘4
7

100 |—+ I s S~ —
! \::-:;" ..‘__-_" g
s0 ! —— - -
!
0
0 10 20 30 40 50 60 70 80
v (km/h)
TE 1000V TE 1200V TE 1500V TE 1650V
= = = BE 1000V = = =BE 1200V = = =BE 1500V = = =BE 1650V

Figure 10. Train tractive effort and braking effort as a function of velocity.

4.2. Traction Power Modeling Simulation Results

The electrified transportation system model can be divided into two parts: In the first
part, the train mechanical calculations were conducted as presented in [14], and the second
part consists of the electrical network solver, described in [15].



Energies 2022, 15, 3527

16 of 24

The simulation results presented in Table 12 show that the highest load current feed to
the OCS is from DC Circuit Breaker 4 (DCCB4), Substation 2.

Table 12. Traction power modeling simulation results.

Max. 1 s RMS Current Max. 1s RMS Current Max. 1s RMS Current Max. 1s RMS Current

Substation No. DCCB4 (A) DCCB5 (A) DCCB6 (A) DCCB7 (A)
Substation 1 3000 2888 1998 4022

TPH 1 (WESD) 2612 1559 1947 4 2183
Substation 2 4051 1716 2732 3020
Substation 3 3002 3000 1821 3000

Figure 11 presents the simulation results for Substation 1, DCCB5 and DCCB?.
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Figure 11. Simulation results for Substation 1—current vs. time feed to the OCS of DCCB5
and DCCB?7.

It can be concluded from Table 13 that the highest loaded substation in the system is
Substation 1.

Table 13. TRU CB simulation results.

Substation No. Max. 1 s RMS Current DCCB1 (A) Max. 1 s RMS Current ACCB1 (A)
Substation 1 4154 356
Substation 2 3909 335
Substation 3 3502 300

4.3. Short-Circuit Fault Current Simulation Results

In the MATLAB/Simulink model, four different scenarios were simulated to analyze the
magnitude of the fault currents (Figure 12). Each scenario below was modeled individually:

1.  Scenario F1: The F1 scenario assumes a bolted fault between the contact wire and the
rail on the down line (at the start of the line).

2. Scenario F2: The F2 scenario assumes a bolted fault between the 1500 V DC WESD
positive busbar and the negative busbar.

3. Scenario F3: The F3 scenario assumes a bolted fault between the 1500 V DC positive
busbar and the negative busbar at the Substation 2 busbar.

4.  Scenario F4: The F2 scenario assumes a bolted fault between the contact wire and the
rail on the up line (1.5 km from Substation 2).
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In all four scenarios, the DC circuit breakers are closed for all substations and the TPH.
This means that each substation TRU feeds the railway system in parallel.

Up Line

Down Line

Bolted Fault F1

Section 'A'

|
| DCCB4 ( (DCCES (DCCBG( DCCB? I : DCCB4 < (DCCBS (DCCBG( pces7 |
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Figure 12. Fault scenarios modeled in MATLAB/Simulink.

Table 14 presents the maximum short-circuit fault current and the current rate of
increase results for the modeled scenarios. The results were chosen to show the fault
current on the DC circuit breaker on each side of the fault.

Table 14. Bolted fault simulation results.

Substation No. DCCB ID Max. Fault Current (A) di/dt (A/ms) Fault Scenario
Substation 1 DCCB1 3905 28 F1
Substation 1 DCCB2 3905 28 F1
Substation 1 DCCB4 9239 66 F1

TPH 1 (WESD) DCCB4 714 5 F1

TPH 1 (WESD) DCCB1 2906 40 F2

TPH 1 (WESD) Busbar 34,530 241 2
Substation 1 DCCB5 7608 76 F2
Substation 2 DCCB4 8021 83 F2
Substation 2 DCCB2 33,950 999 F3
Substation 2 Busbar 88,270 849 F3
Substation 3 DCCB6 4888 74 F3

TPH 1 (WESD) DCCB7 4888 74 F3
Substation 2 DCCB7 9163 72 F4
Substation 3 DCCB6 12,280 83 F4

F1 models a bolted fault between the OCS down line and the running rail. Figure 13

shows that the highest current (9.24 kA) was found in DCCB4 of Substation 1. The trans-

former rectifier unit (DCCB1) of Substation 1 only feeds 3.9 kA. The remainder of the fault
current is fed by the second TRU and other substations/TPH WESD in the system.
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Figure 13. Simulation results of Scenario F1. Fault current (A) vs. time (s) observed with the DCCB4
(Substation 1—blue), DCCB1 (Substation 1—red), and DCCB4 (TPH1—green).

F2 modeled a bolted fault at the TPH DC busbar. Figure 14 shows that the short-circuit
maximum value at the DC busbar had a value of 34.5 kA.
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Figure 14. Simulation results of Scenario F2. Fault current (A) vs. time (s) observed with DCCB1
(TPH 1—blue), DCCB4 (Substation 2—green), DCCB5 (Substation 1—red), and TPH1 busbar (violet).

Figure 15 shows that the WESD feeds approximately 3 kA to the fault. The state of
charge (SOC) of the WESD SC cells drops at 0.4 s from 100% to below 98%.
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Figure 15. Simulation results WESD Scenario F2. Fault current (A), voltage (V), and SOC (%) vs.
time (s).

Current (A)

F3 modeled a bolted fault at the Substation 2 DC busbar. Figure 16 shows that the first
peak of the prospective short-circuit current under transient conditions at the Substation 2
DC busbar had a value of 81.58 kA. The prospective sustained current that results from the
short-circuit had a value of 88.27 kA at the Substation 2 DC busbar. This difference in fault
current values is caused by circuit reactance.
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Figure 16. Simulation results of Scenario F3. Fault current (A) vs. time (s) observed with DCCB?7
(TPH 1—blue), DCCB6 (Substation 3—green), DCCB2 (Substation 2—red), and the Substation 2

busbar (violet).
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F4 modeled a bolted fault between the OCS up line and the running rail. Figure 17
shows that the highest current (12.17 kA) is fed by the DCCB6 of Substation 3. The DCCB7 of
Substation 2 feeds 8.96 kA due to the longer feeding length in relation to the fault (distance
from Substation 2 to the fault = 1.5 km; distance from Substation 3 to the fault = 1 km).
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Figure 17. Simulation results of Scenario F4. Fault current (A) vs. time (s) observed with DCCB?7
(Substation 2—blue) and DCCB6 (Substation 3—green).

4.4. DC Protection Analysis

Traction power simulations were conducted in Modeltrack to determine the maximum
current flowing in each DCCB (Section 4.2). To account for multiple trains accelerating in
the same electrical section, an allowance of +20% on top of the maximum instantaneous
load current was assumed.

The MATLAB/Simulink model was used to conduct fault current analysis. For pro-
tection analysis, the minimum fault current that could be observed with the DCCB track
feeders, described in Section 4.3, was calculated. An allowance of —10% was assumed for
the minimum calculated DC fault current (Table 15).

Table 15. Track feeder protection analysis.

Min. Fault Max. Load DAOC Setting Fault Current . Fault
Sub.No.  DCCBID Current (A) Current (A) Range (A) Detectable di/dt (A/ms) Scenario
Sub. 1 DCCB4 8315 3600 3601 — 8315 Yes 66 F1
Sub. 2 DCCB7 8247 3624 3625 — 8247 Yes 72 F4
Sub. 3 DCCB6 11,052 2185 2186 — 11052 Yes 83 F4

From Table 15, it can be concluded that the direct acting overcurrent protection will
trip the DC circuit breaker in an event of a minimum fault current that can be distinguished
from the maximum load current. The di/dt protection can be implemented, as the fault
current rate of increase is well above 20 A/ms (the assumed maximum current rate of
increase for the load current). In [12], the current rate of increase recognition threshold was

set to 30 A/ms. The measured train load values for the current rate of increase were below
10 A/ms.
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4.5. DC Circuit Breaker Withstand and Breaking Capacity Analysis

The short-circuit fault simulation results in Section 4.3 were used to assess the with-
stand and breaking capacity of the DC circuit breaker for the maximum current and distant
fault. For the fault assessment, it was assumed that the substations are equipped with an
Alstom ARC1550 DC circuit breaker. The DC circuit breaker breaking capacity data taken
from the manufacturer data sheet is presented in Table 16 [28].

Table 16. Alstom ARC1550 DCCB breaking capacity data [28].

Rated Short-Circuit Current (Ings) (kA) Rated Track Time Constant (Tx) (ms) Voltage (V)
102 2 1500
68 15 1500
55 30 1500
50 75 1500

Table 17 considers two types of faults (close and distant fault) to assess the impact
of the short-circuit fault current on the withstand and braking capability of the Alstom
DC circuit breaker. In Scenario F3 (where the fault is located at Substation 2’s DC busbar),
the maximum fault current, which considers the contribution from all substations in the
system, is 88.27 kA. The track time constant was calculated to be 4.3 ms. If we compare the
fault simulation results with the DC circuit breaker manufacturer data, we can observe that,
for the 4.3 ms time constant, the DC circuit breaker withstand capability is 97 kA, which
means that the DC circuit breaker is correctly rated.

Table 17. DC circuit breaker withstand and breaking capacity assessment.

Fault . INss TNe A
Scenario Fault Location ARCI1550 (kA) ARC1550 (ms) Iss (kA) Tc (ms)
F1 Down Line, 0 km 28.5 87.9 9.2 87.9
F3 Substation 2, DC busbar 97 43 88.27 43

For the distant fault (F1), the highest fault current was 9.2 kA with a track time
constant of 87.9 ms. The track time constant had a higher value in this case because it
included the OCS as well as the running rail resistance and inductance. The DCCB could
withstand a current of 28.5 kA at a time constant of 87.9 ms, which proves that the DCCB is
correctly rated.

5. Conclusions

The MATLAB/Simulink model developed for fault modeling in DC systems is a useful
tool to model different types of DC short-circuit faults: distant, close, bolted, and arc short-
circuit faults. The paper presents a method to model substations, trackside paralleling huts,
wayside energy storage devices, track feeders (positive and negative), overhead contact
systems, running rails, and rail-to-earth resistance in MATLAB/Simulink. The proposed
model eliminates the over-simplification of existing short-circuit models by taking the
parameters that have a direct impact on the magnitude and shape of the fault current into
consideration. A validation of the software according to EN 50123-1 [11] was conducted
with good results, showing a 1.02% relative error.

Results of the case study using the MATLAB/Simulink model for a 1500 V DC light rail
system show that the maximum short-circuit current for a bolted fault at the DC positive
busbar is 88.27 kA (F3). The analyzed Alstom circuit breaker can withstand 97 kA at a
time constant of 4.3 ms. The distant fault (F1) shows a maximum short-circuit fault current
of 9.2 kKA. At a track time constant of 87.9 ms, the Alstom circuit breaker can withstand
28.5 kA. The simulation results demonstrate that the circuit breaker is correct rated for the
analyzed system (Table 17).
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In [6], a fault modeled 50 m from a DC substation (2 MVA TRU) had a short-circuit
current peak of 33 kA. In this paper, the substations were equipped with a 2 x 4 MW TRU,
and the close fault was modeled at the substation DC busbar, which provided a higher fault
current. In another study, the peak of the short-circuit current for the distant bolted fault
was 3.6 kA [12], comparable to the value modeled in this paper, i.e., 3.9 kA (F1, Table 14).

The WESD maximum load and fault current was limited to 3000 A to protect the
equipment. The WESD fault contribution was marginal compared with the substation fault
contribution located adjacent to the fault location.

Protection analysis was conducted to determine if direct acting overcurrent protection
can distinguish between the maximum load current and the minimum short-circuit fault
current. The Modeltrack simulation results showed that the maximum 1 s RMS load
current in the Substation 2 track feeders (F4) was 3624 A. The fault current was 8247 A
(MATLAB/Simulink), which proves that discrimination between load and fault current
can be achieved. The short-circuit current rate of increase was 72 A/ms which is above the
20 A/ms assumed current rate of increase limit for load current. The simulation results
demonstrate that the circuit direct acting overcurrent and current rate of increase can be
protected by this system (Table 17). In [12], the current rate of increase recognition threshold
was set to 30 A/ms, which aligns with the approach used in this paper.

The proposed MATLAB/Simulink model together with the Modeltrack tool [9,10] and
the methods presented in this paper can be used for DC protection settings calculations and
DC circuit breaker rating analysis. The added benefit of the simulation tool is that it can
model different fault types (bolted or arc faults) and fault scenarios (close or distant faults)
in a short period of time. The simulations results may be used to assess the withstand
capacity of traction equipment against short-circuit fault currents. For example, if a new
substation is added to an existing electrified rail section, the fault current in that section may
significantly increase. This can be a high risk to the public and the existing infrastructure
(i.e., the existing switchgear in the substations may not withstand the new short-circuit
fault currents).
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Nomenclature

AC Alternating current

BE Braking effort (IN)

BS British Standard

CB Circuit breaker

Cq Diode parallel capacitor (F)

(@) Rectifier output capacitor (F)
DAOC  Direct acting overcurrent protection
DC Direct current

DCCB  Direct current circuit breaker
di/dt Current rate of increase (A)
DNO Distribution Network Operator

Dy Diode forward voltage (V)
EN European Standard
f Frequency (Hz)

HV High voltage (22 kV)
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Ir Bolted short-circuit fault current contribution (kA)
Inss DCCB rated short-circuit current (kA)

Iss Prospective sustained short-circuit current-steady state conditions (kA)
Iss Peak prospective short-circuit current-transient conditions (kA)
Lpase Base inductance (pu)

Lc Source inductance (H)

LnF Negative feeder inductance (H)

Locs OCS inductance (H)

Lpr Positive feeder inductance (H)

Lrr Running rail inductance (H)

LV Low voltage

NF Substation negative feeder

ocCs Overhead contact system

PF Substation positive feeder

pu Per-unit

R Resistance ()

Rpase Base resistance (pu)

Rc Source resistance ()

Rioop Loop resistance between substation and fault location ()
R; Diode internal resistance (QQ)

RMS Root mean square

RNE Negative feeder resistance ((2)

Rocs OCS resistance ()

Rpr Positive feeder resistance (()

Rre Rail to earth resistance ((2.km)

Rrr Running rail resistance ((2)

Rs Equivalent source resistance (Q2)

SC Supercapacitor

SOC State of charge (%)

te Circuit time constant

T, Track time constant of the line (ms)

TE Tractive effort (N)

TNe Rated track time constant of a switching device (ms)
TPH Trackside paralleling hut

TRU Transformer rectifier unit

v Train velocity (km/h)

VLD Voltage limiting device
WESD  Wayside energy storage device

X Reactance ()
Xbase Base reactance (pu)
@ Phase angle (radians)
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