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A Review of Railway Feeding Infrastructures:
Mathematical Models for Planning and Operation

Pablo Arboleya, Clément Mayet, Bassam Mohamed, José Antonio Aguado, Sebastidn de la Torre

Abstract—In this paper, the authors review the mathematical
models, simulation and analysis techniques and energy
management systems proposed for railway power supply systems.
The authors review both AC and DC railway feeding systems
making special emphasis in those that consider new technologies
like on-board or wayside energy storage, integration of renewable
energies in the traction networks or the use of power electronic
devices to increase the efficiency and controllability of the
networks. The paper is divided in two main blocks studying DC
and AC systems. In both parts, a review of the main simulation
tools and models is presented but also a detailed list of specific
cases of use of such techniques.

Index Terms—Electrical Railways, DC railways, AC railways.

I. INTRODUCTION

AILWAY electric power feeding systems can be defined
as the set of infrastructure and devices necessary to
transport electrical energy from the conventional transport
and distribution networks to the vehicles in a more or less
efficient way. From this point of view, we could consider the
railway feeding systems as distribution systems with special
and distinctive characteristics. Its configuration depends in
many cases on technical parameters but in other cases on
historical decisions inherited and taken many decades ago.
This has given rise to the fact that depending on when a certain
route or a certain country has begun to be electrified, and
on the technology available at that time, we have completely
different power supply systems, AC systems at grid frequency,
AC systems at low frequency or DC systems with different
voltage levels. In [1]], the authors review the most used
configurations for feeding electrical railways considering AC
and DC topologies. They also review the most important
solutions based in power electronics to guaranty the power
quality levels like for instance, balance transformers or power
conditioners. A summary of the most used feeding systems in
AC and DC network can be found in Fig. [I| based in a scheme
presented in [2].
A common factor in railway power supply system
manufacturers and operators has been their reluctance to
switch from mature technologies to the introduction of new
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technologies. Due to this fact, we can find systems with
relatively modern trains equipped with bi-directional power
converters that can implement functions such as regenerative
braking but fed from electrical systems with relatively old
technologies.

In recent years, the urgent necessity of improving the power
quality of the systems and their efficiency and sustainability,
combined with a global trend in electrification triggered
the adoption of technologies not easy to find until now in
conventional feeding systems. These technologies can go from
conventional regenerative braking systems in the vehicles to
very sophisticated combinations of wayside and on-board
energy storage systems with embedded renewable generation
and a wide catalog of power electronic solutions.

For this reason, it is necessary to adapt the conventional
simulation tools in order to include new models representing
the new technologies to be able to simulate new topologies
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and configurations. It is also necessary to develop models and
methods for planning and operation purposes able to obtain
more efficient operation strategies and more cost effective and
sustainable solutions. It is also critical to increase the power
quality of the electric traction systems and reduce their impact
over the conventional distribution and transport networks that
feed them.

We need to emphasize that railway feeding infrastructure is
a very unique infrastructure with extremely specific features.
In addition, the number of companies that develop, plan and
operate these networks is quite reduced compared to those
developing the same activities in conventional distribution
networks. As a consequence, the number of commercial
software for this purpose is really limited and these tools do
not usually provide access to the mathematical models or the
newest technological advances. In addition, many companies
develop their own simulation tools [3]]. Even when it is beyond
the scope of this paper to provide a detailed list of the
commercial tools related to this field, we will revisit here the
most renowned tools and their capabilities. We can find in the
markets many tools applied to railway operation, but many
of them solve logistic problems with few or no connection at
all with the electrical feeding systems [4]]—[8]]. Other solutions
are very focused on the rolling-stock but with low emphasis
in the distribution systems [9]. The case of the software
package presented in [8]] is one of the few commercial suites
using mixed-integer-linear-optimization technology (MILP)
for planning and scheduling rail operations.

Probably one of the most complete software tools in the
market is OpenTrack [10], it has many modules that allow
the user to calculate all kind of systems from high-speed rails
to light rails, metro systems, maglev, mining railways, rack
railways... The tool allows to determine the requirements of the
infrastructure and calculate energy consumption of the trains
among other calculations. In addition, when OpenTrack is
combined with OpenPowerNet [|11]], it can run railway power
supply system simulations like the ones studied in the body
of this paper. A similar approach is the one offered by [12],
in this case, the software offers a cloud based environment for
simulation and modelling. SIGNON developed two software
suites called Sinanet and Webanet to solve respectively DC
and AC traction systems [13]], both software are capable of
running power flow analysis. eTraX module [14] from eTap
[15] software is a unique solution since allows to run power
flow simulations in AC and DC systems, but in this case
including the interaction with the distribution network that
feed the railway power supply. The software Traferr is only
oriented to obtain the power consumption in the railway power
substations [[16]].

In the present work, the authors review the most recent
models and simulations applied to railway power supply
systems in both DC and AC systems and provide a wide
evaluation of cases of use of such models, tools and
methodologies. It is true that we can find in the literature
many other reviews in the field of railway systems, and
more in recent years, since the technology in this kind of
applications is suffering a drastic transformation. We revisit
in this section the review works published in the field of

electrical railways in recent years in the top ranked journals.
As it can be observed, [1]] is probably the most similar work
when compared to the present paper, but in this case the
paper is focused on describing power electronic technologies
added to the power supply systems and it is only focused on
describing the technologies but not the mathematical models
and the simulation methods presenting such technologies.
Something similar could be stated about reference [17]] focused
only in power electronic converters embedded in AC railway
power supply systems and reference [18]] just focused on
wayside energy storage systems and their impact over the
power supply network. Reference [19] is focused on describing
power quality issues present in power supply systems and the
work presented in [20] studies the substitution of conventional
power transformers by power electronic transformers but
mainly for rolling stock applications and not for power supply
ones. The work presented in [21] reviews the most used
parameters and techniques used to simulate high-speed rails
and proposes a standard approach in order to perform the
simulations, but only for high-speed AC railways. [22] is
just focused on rolling stock power architectures and not
in the power supply systems. The authors in [23]] revise
the fault detection and diagnosis techniques but just for AC
railways. The case presenting in [24] is interesting because
it deals with the electrification of the roads, many elements
in these infrastructures are common with the railways, but
of course, road electrification is beyond the scope of our
paper. References [25]], [26] review the best techniques for
optimal train operation and control. We must emphasize that
the work presented here is more general and focused on the
supply systems and the techniques used to describe, model and
simulate them. We consider all kind of power supplies and we
cover all possible technologies applied to this infrastructure.

The paper is divided in two parts, the first one deals with
DC systems while the latter describes AC simulation tools. In
the next bullets the structure sections and subsections of the
paper is provided:

II DC RAILWAY POWER SUPPLY SYSTEMS

A) Development of Static Mathematical Models and
Solvers

1) Decoupled Approaches
2) Integrated Approaches

B) Development of Dynamic Mathematical Models and
Solvers

C) Specific Cases of Use of Different Simulation Tools
and Models
1) Trajectory and Schedule Optimisation
2) Infrastructure Optimisation
3) Energy Management and Control
4) Hardware in the Loop Applications
5) Medium Voltage DC (MVDC) Systems

III' AC RAILWAY POWER SUPPLY SYSTEMS

A) Mathematical Models for General Purposes
B) Specific Cases of Use of Simulation Tools and Models
1) Planning/Operation Method Using Optimisation
Techniques
2) Power Quality Issues
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3) Solution Proposal Works, Power Electronics and
Other Devices
4) Hardware in the Loop Applications

Section IV present the conclusions. As it was mentioned,
railway power systems are suffering drastic changes in the
present days and this is the trigger of a very dramatic increase
of the number of papers and works in this field on study. For
this reason, in the present document, the authors will focus
in works and tools developed within the last 5 years. Even
when we can find very interesting mathematical models of
conventional railway power systems published in the past and
also many decades ago, the study of such models is beyond
the scope of this work.

II. DC RAILWAY POWER SYSTEMS

The range of voltages found in DC power systems varies
from the 600V or 750V typical of trams and some subway
systems to the 1500V and 3000V voltages found in heavier
and longer-distance train systems. DC electrification has as its
main advantage the fact that the use of relatively low voltages
reduces insulation problems making these systems, especially
those of 600V and 750V ideal for use in urban environments,
with very low powers and speeds, where they share space
with other vehicles and pedestrians. In recent years high speed
medium voltage DC systems (MVDC) are becoming a reality,
and some examples of simulations of these kind of systems
are provided at the end of this section.

Normally, DC traction systems are connected to the main
AC network through substations composed of transformers and
rectifiers that in many cases are not controlled diode-based
bridges of 6 or 12 pulses. They do not generate imbalances
in the AC network, but they can generate a high harmonic
pollution. In addition, this type of installations, although very
robust, are not reversible, preventing in many cases to manage
in an adequate way the energy regenerated by the trains
during the braking. A real scheme of a DC traction substation
is represented in Fig. To take advantage of the energy
regenerated by the trains, in some cases, controlled inverters
in parallel with the rectifiers are installed. In other occasions,
energy storage systems can be installed at substation level or
on board trains so that the regenerated energy is used directly
in the traction network without the need to return it to the
main network.

High currents derived from low voltage levels inherently
generate a number of drawbacks such as the need to install
power substations at a relatively short distances (for example,
in the case of 600V or 750V systems, the distance between
substations usually does not exceed 2km or 3km, and may
reach 15km or 20km in 3000V systems), network losses are
high and train traffic and power, even in 3000V systems is
limited by the maximum current on the lines.

In this type of systems, a high level of insulation between
the ground and the rail is desirable to avoid the current leakage.
However, sometimes the impedance between the ground and
the rails is not as high as we would wish. These leakage
currents, called stray currents, can lead to corrosion problems

because the metal could act as anode or cathode and the ground

as electrolyte in a corrosion reaction.
Due to all the above-mentioned special features of the DC

railway power systems, the efforts of the most recent works
were focused on the following topics.

o Development of static mathematical models and
solvers. These kinds of models are usually developed
for planning and operation purposes. Most of the time
they are used in energetic studies or for assess the
impact over the whole system of a specific technology.
They can include decoupled approaches for simulating
the infrastructure and the train separately or integrated
approaches that consider both, trains and infrastructure
in the same simulation framework.

o Development of dynamic mathematical models and
solvers. Usually these models are very detailed and are
used for very specific studies with simulation intervals
that are not very long. In a vast majority of the occasions,
the transient simulations are used to study power quality
problems.

o Specific cases of use of different simulation tools
and models. This set of works use in many cases
mathematical models like the ones described in the
previous section but with an specific purpose, trajectory
or schedule optimisation, infrastructure optimisation,
proposing energy management and control techniques,
use the models for hardware in the loop applications or
use new power electronic devices like the ones employed
in the MVDC railway systems.

The next subsections study and compare the works classified
according to the three points above-presented. The subsection
related to the last point will describe specific cases of uses of
these tools, mostly related to energetic studies or operational
modes that improve the efficiency are presented. Usually these
works are specific studies that use methodologies developed
by other authors or the same authors but applied to specific
scenarios in order to study which is the best technological
combination or operational mode. These works are generally
related with adding energy storage to the system, reversibility
to the substations, embedding and managing renewable
generation inside the traction systems and coordinating the
train schedules or the driving strategy in order to increase the
overall efficiency. In most of the cases these techno-economic
studies are made off-line and just a few of them are intended
to be implemented on-line for real time operation.

A. Development of Static Mathematical Models and Solvers

Most of the authors working on the development of the
mathematical models and solvers with a static approach use
the power flow implementation as an analysis tool. They vary
the kind of solver and its performance and the definition of the
embedded models and their complexity. In recent years, most
of the proposed models were focused on determining electric
parameters for energetic studies considering the whole traction
system. These different works can be divided into decoupled
and integrated approaches.
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Fig. 2. Real scheme of a DC traction substation.

1) Decoupled Approaches: With the decoupled approach,
the kinematical operation of the trains (driving cycles) are
supposed to be independent from the supply infrastructure. The
train is thus considered as an independent power source. Many
authors consider that the network is able to deliver all the
power requested by the trains, which is not always true in real
life. Indeed, when the train is in traction mode and the voltage
is too low, the overcurrent protection can reduce the power
requested by the train to protect the electrical equipment. In
such cases, the train is not able to accelerate at the specified
rate and a delay is the most immediate consequence. The
overvoltage protection is activated when the voltage is too
high and the train is in braking mode. In such cases, the
so called squeeze control or overvoltage protection derives
part or the regenerative power to the rheostatic system. In
this case, the train schedule is not affected but part of the
regenerated power is dissipated, reducing the global efficiency
of the railway system. The delays induced by the overcurrent
protection cannot be simulated with the decoupled approach,
even if it can be detected. However, the reduction in the
power demanded or injected by the trains can be calculated by
considering the non-smooth and non-derivable characteristics
of the overcurrent and the overvoltage protections. Such
decoupled approaches can be appropriate to size and design
railway infrastructures, study the voltage regulation, or assess
innovative technologies such as energy storage devices or
reversible substations for specific schedules and operations of
the trains. However, it should be avoided to study the train
management, the impact of the supply network over the train
operations, or the network congestion.

For instance, the work presented in [27] uses a power
flow decoupled approach. The authors model both, the trains
and the infrastructure, but separately. The trains are modelled
as current injections from the infrastructure point of view.
The train model determines the power requested and position
of the trains at each given instant, which are used as
inputs for the infrastructure power flow software. In this
paper, the BTS—Sukhumvit line in Bangkok, a 750V system
with 10 rectifier substations and a length of 21.6km, is
simulated with a headway between the trains of 5 minutes.
The substations are not reversible but the trains are not

Contact Line

Rail Line

|

equipped with regenerative braking. The simplified Newton-
Raphson method implemented by the authors achieves the
convergence without any remarkable issue. In order to consider
the regenerative braking of the trains, [28] proposes a fast
algorithm dealing with the non-derivable and characteristics
of the protection curves, but the algorithm cannot simulate
non-reversible diode-based substations. In [29], the authors
introduce a model of non-reversible substations with trains
equipped with regenerative braking systems. For this purpose,
they implemented a bi-factorisation iterative algorithm. A
similar approach can be found in [30], where a robust
algorithm is developed for solving DC railway networks
with meshes and non-reversible substations. The non-linearity
sources here are basically the non-derivable characteristics
of the train protections and the non-reversible substations.
Similar approaches can be found in [31], [32]. Another
work proposes a power flow method for DC railway systems
based in the current injection method that considers the
limited receptivity of the network [33]. The authors managed
to implement a voltage-current characteristics in the trains,
simulating the derivation of part of the regenerated power
to the rheostatic system in high voltage scenarios. When
all substations are blocked, the trains that are regenerating
adopt the proposed voltage-current model. The authors do not
consider the overcurrent protection in low voltage scenarios or
any other device like energy storage. The tests are performed
on a 750V DC system with three substations under different
scenarios with 18, 36, 72 and 144 trains. The authors do
not mention the changes in the train location or behaviour.
Analysing the results presented, it seems that only single
instants are studied. The results are compared with those
presented in [34] and [35].

Innovative technologies such as reversible substations or
energy storage systems are critical right now in many railway
infrastructures. That is why many authors are investing a lot of
effort in the development of accurate models of these devices,
and their integration into the decoupled approaches.

For instance, regarding reversible substations, the work
in [36] proposes a pseudo-static modelling of the reversible
substation to analyse the effect of the different regulation
parameters over the used regenerated power and dissipated
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Fig. 3. Working characteristic of a reversible substation

regenerated power among others. A conventional characteristic
of a reversible substation formed by a diode rectifier parallel
connected to a IGBT converter can be observed in Fig. [3] The
right side represent the non-controlled diode rectifier behaviour
while the left side represent the reverse conduction through
the converter, usually with two zones, constant voltage and
constant power. The power flow simulator is fed with the
power profiles of the trains. The interaction of the train and
the power system is considered by means of the squeeze
control implementation. The reversible substation works first
in constant voltage mode and, when the maximum power is
reached, in constant power mode increasing the voltage. The
authors study how the start working voltage, the control of
the virtual resistance and the size of the inverters affect to
the efficiency of the system, but also to the cost. Further
research is focused on the influence of the headway, since all
the studies of the mentioned paper consider a fixed headway.
Steady state models of reversible substations, but also storage
systems, are presented in [[37] to be included in a power flow
simulation tool of DC railway systems. Other works such as
the one presented in [38] study the potential electricity cost
reduction allowed by the train to grid technology based on
reversible substations. A similar approach is presented in [39],
where the substation in forward mode is operated using the
two segments, constant voltage and constant power. By means
of the control, the authors can emulate a virtual impedance
in both directions forward and reverse. In addition, this work
combines a transient and static solver in the same platform.
The steady state solver is used for the energetic studies and for
initialise the transient solver. The transient solver can provide
the effect of the control parameters over the system and study
power quality issues. The work presented in [40]], proposes a
new control for reversible substations in order to optimize the
power sharing among the different substations. The reversible
substations are modeled by means of a non-controlled rectifier
in parallel with a converter which is quite conventional, but
in this case, the authors allow the converter to operate also as
a rectifier controlling the voltage of the substations when it is

working in forward mode.
Regarding energy storage elements, the works in [41]] and

[42] present mathematical models of DC railway systems
considering on-board and off-board storage systems, but
also reversible substations. The mathematical models of the
different devices are explained and the performance of the
system with different configurations are compared. The losses
in the DC system and at substation level in addition with the
power dissipated into the rheostatic system and other electrical
parameters are analyzed to obtain the overall efficiency of
the feeding system for each configuration. A similar approach
can be found in [43]] for an on-board hybrid energy storage
systems. In [44] the authors propose a formulation to evaluate
the efficiency increment when adding energy storage at
substation level, considering a hybrid AC/DC power flow.
The non-reversibility of the diode based substations and the
train protection curves (overcurrent and overvoltage) are not
simulated. The non reversibility behaviour is not necessary
to be modeled because potential reverse power flows are
eventually absorbed by the energy storage systems. The
methodology is applied to a line of 3kV between Firenze and
Livorno of around 100km. The authors provide the details
for replicate the train and network models. In the model
presented in [45], the authors use a modified nodal analysis
for solving the power flow problem. The substations are
modeled as reversible devices, but reverse power flows (from
DC traction systems to the AC network) are avoided through
the use of a wayside energy storage devices. More examples
of static simulators of DC traction networks with wayside
energy storage can be observed in [18]], [46]. In both cases, a
mathematical model is proposed and implemented to study
a specific scenario and evaluate the potential regenerative
energy, voltage stabilization and reduction of peak power
demand that can be obtained with this technology.

Very specific models can also be developed to study
particular parts of the system. For instance, [47] proposes
a mathematical model of the return circuit considering the
grounding system of the DC railway specially conceived to
study the stray currents. Such a detailed model is not very
common in the last years since most of the authors are focusing
in simplified models able to simulate extensive transportation
networks. Another exception is presented in [48|], where a
test bench is developed for emulating in a very accurate way
the stray currents in grounded DC railway systems. Power
electronics circuits are used as variable resistors to simulate the
train motion. Buck and boost converters are used to emulate
high and low ground impedance of the rails.

2) Integrated Approaches: The integrated approaches
model the electric network together with the trains and adapt
the kinematical operations of the trains according to the
supply network. In opposite with the decoupled approaches,
the integrated approaches can be used to study the train
management, the impact of the supply network on the train
operations, and the network congestion. Only a few works
use such approaches. The idea proposed in [49] is related to
the simultaneous simulation of trains and system using static
models. In this case a multi-scale framework is proposed to
connect different systems (network and trains) with different
time constants. The novelty is the use of the heterogeneous
multi-scale methodology. The whole system is divided in
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Fig. 4. EMR representation of a DC traction system plus the trains

a so called macroscopic model containing the grid and
the train electrical equipment, and the microscopic model
containing the trains electro-mechanical model. Both models
are coupled using a reconstruction operator containing the
mechanical power calculations and a data estimator including
the basic train control. Another example of integrated model
can be found in [50] but it is based on a dynamic model,
which is described in the next sub-section. This tool is
able to evaluate the impact of the DC network behavior
over the trains operations considering the overcurrent and
overvoltage protections. The tool is used to evaluate the
different possibilities to extend a subway line with a denser
traffic, evaluating the congestion in the DC network, the
impact on the speed profiles and the trains performance.

B. Development of Dynamic Mathematical Models and
Solvers

Regarding dynamic simulations, most of the works present
detailed models of simple feeding infrastructures with or
without trains or very detailed models of specific parts of the
systems like substations or energy storage devices.

The authors in [51] propose a small-signal model in
which they consider the trains, the substations, but also PV
systems. The authors claim that stability issues could arise
in the network due to the effect of the distributed generation
resources. They consider VSC-based reversible substations and
they model the control of the substations, PV plants and trains.
The authors propose a stability index and study the effect of
the different devices and their control parameters over the
stability of the system. The use of a virtual impedance is
considered for controlling both, the PV plants and the VSC-
based substations, to stabilize the system.

In [52], a dynamic simulation tool that consider the train
model, plus the non reversible substation model together with
different kind of energy storage technologies and controls is

presented. The model is implemented in Matlab-Simulink. It
is used to study the impact over the network of the energy
storage technologies and the authors state that it is developed
for a multi-train scenario. The tests are developed for a section
of the line 7 of New York City Transit System, containing 3
substations and 4 passenger stations. The tests include several
speed profiles but just one train. The results are validated with
real measurements sampled at SkHz. No data is provided about
the simulation speed or the influence of the number of trains
and substations or sampling period over the simulation time.

The authors in [53]] propose the use of multiport converters
to add energy storage at substation level in a 3kV DC line.
Real data form an Italian regional line of 24km from Saronno
to Como Lake is used. The multiport devices are connected in
parallel with the conventional diode rectifier and it allows to
control the power flow from the DC to the AC system and to
the energy storage device. Simulations are carried out using
Matlab-Simulink software like in the previous case.

Some authors wused the Energetic Macroscopic
Representation (EMR) to develop coherent and physical
models of different infrastructures, vehicles and devices. Such
an approach is used to better highlight the energy interactions
among the different subsystems while respecting the integral
causality. An example of an EMR representation of a DC
system composed by two substations and two trains plus the
feeding wires is represented in Fig. [4] For instance, the work
in [54] is focused on the model of a traction power substation
considering the non-linearity caused by the switching of
the devices. An extremely accurate EMR-based model is
obtained but it is quite complex and slow, even when only
one substation and one train are simulated. The authors
therefore propose simplifications of this model to achieve
an accurate static averaged model improving the speed of
the solver. The developed models are validated based on
experimental measurements on Lille metro line in France.
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The same authors propose in [50] a dynamical model of a
DC traction network with an integrated approach. It considers
trains plus electrical infrastructure, including the overcurrent
and overvoltage protections, the grid and the diode-based
non-reversible substations. The model is really accurate and
it is able to provide solutions even when all substations are
blocked at the same time. The validated model is used to
compare three different scenarios for a subway line extension.
The model is implemented and solved using Matlab-Simulink.

A different use of the dynamic simulation applied to DC
railways is described in [55]]. Two methodologies are presented
to evaluate the stray currents in DC railways. Different kind of
soils and grounding systems are studied. The first methodology
is based in a finite element model (FEM) and the other one
based in a Matlab-Simulink model.

C. Specific Cases of Use of Different Simulation Tools and
Models

The new technologies and operations must be assessed in
terms of cost, efficiency and energy savings before their real
implementation in the systems. It is the main reason why many
simulation tools are developed nowadays as presented in the
two previous subsections. This third subsection thus describes
different works that use such tools to assess these impacts
and improve the operations and the energy management
within DC traction systems. While in the previous works,
the mathematical models where somehow described. Most of
the works in this subsection just mention the mathematical
apparatus and they are mostly focused on the case of study.

The papers that propose off-line studies for planning
and design purposes as well as papers that propose
energy management tools for real time applications will be
considered. Most of these works present figures that endorse
the management or technological proposals. We must point out
that most of the times, it is very difficult to compare different
proposals. In this regard, the work presented in [56]] presents a
set of key performance indicators in four different categories
1) Power Supply Network 2) Rolling Stock 3) Depots and 4)
Rest of infrastructure like station lighting, escalators or tunnel
ventilation. The description of these indices provided by the
authors can be observed in Table [

A standardization effort, to get a set of general indices used
by all researchers to evaluate their solutions, would be critical
in the next years in order to compare accurately different
technologies, but the ones proposed in the above mentioned
manuscript are an excellent starting point.

Within the works that make energetic studies we can
find a wide range of different approaches for planning and
operation purposes. For instance, we can find trajectory
and driving optimization techniques, schedule optimization,
optimal placing and sizing for specific devices or the whole
infrastructure, specific management techniques of a single
device or the whole network, operation procedures for real
time operation.

Below, the works are classified under 3 subsections:
trajectory and schedule optimisation, infrastructure
optimisation, and energy management and control. In addition,

two subsections describing works dealing specifically with
hardware in the loop (HIL) applications and MVDC railways
are presented at the end of this section.

1) Trajectory and Schedule Optimisation: Among those
papers dedicated to train trajectory and schedule optimisation,
we can find different approaches, from very simple to very
sophisticated methodologies. In [57] the authors propose an
optimisation approach to obtain the best train trajectory. It
is tested in a 13.77km path with 15 stations connecting
Edinburgh with its Airport for a train with a maximum traction
power of 907kW and a maximum speed of 70km/h. The results
are used to train drivers to drive in a more efficient way. In this
case, there is no interaction between the train and the feeding
system so the effect of other trains and the congestion of the
system is not considered. Similar works are presented in [58]]
and [59].

A more complex approach with several trains is presented
in [60]. This paper proposes an optimization method to
maximize the use of the regenerative braking energy with
nearby trains or storage devices. No power flow algorithm
is proposed. The method only considers the energetic values
and the schedule and runs an optimisation. It provides as a
test bench a complex scenario with 14 stations and 8 trains
in a line of 22.73km connecting Songjiazhuang station to
Yizhuang station in Beijing Metro Yizhuang Line. The method
achieves a significant improvement with an optimal solution
that can use more than 93% of the regenerated energy with an
energy use reduction higher than 30%. In this kind of method,
no electrical variables beyond the energy of the devices is
analysed.

A similar approach is used in [61] for optimising the
schedules of the trains considering factors like train headway
and dwelling times. Basically, a meta-heuristic optimization
synchronizes accelerations and braking of nearby trains,
increases the re-utilisation of the regenerated energy and
avoids as much as possible the rheostatic braking. This
optimization procedure is applied in a real Beijing metro line.
Some possible “noise” is also considered in the timetable
caused by unexpected delays and even in those situations the
improvement in energy efficiency is higher than 18%.

Another example of cooperative coordination of the
schedules is proposed in [62] where the authors calculate the
optimal train departures to improve the efficiency and make
use of the energy regenerated by other trains. The methodology
is applied to the Yizhuang Line in Beijing Subway reducing
the consumption by 11.34%. Based on the same idea to
improve the efficiency through the schedule and headways
coordination, the work in [29] uses a power flow simulation to
find off-line the best combinations by testing several scenarios.
A maximum of 27% energy saving is obtained with the best
combination. In this work, the traction network is solved using
a bi-factorisation iterative algorithm. Another similar case is
the work in [[63] where the speed trajectory is optimized to
reduce the net energy in the system.

2) Infrastructure Optimisation: Previous works were
intended to be used for planning purposes but specifically
for schedule improvement. None of them considered different
kind of technologies to study the impact over the system.
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TABLE I
PERFORMANCE INDICATORS ACCORDING TO [56]]
Code | Name Description Subsystem
affected

Plo1 | Electrical substation Total energy flow at the exit of a particular substation over the total energy flow at the exit of Power supply
efficiency a particular substation over the total energy flow at its entrance for a given load cycle

Plp2 | Power distribution Total energy flow at the entrance of the rolling stock over the total energy flow at the exit of Power supply
line efficiency the substations for a given section of line under a given load cycle

Plpz | In-service traction Traction energy consumption for a given vehicle per passenger-km for a given duty cycle Rolling stock
energy consumption

Plys | In-service auxiliaries’ Auxiliaries’ energy consumption for a given vehicle per passenger-km for a given duty cycle Rolling stock
energy consumption

Plos | Braking energy Percentage of a single vehicle’s gross traction power consumption (measured at pantograph level) | Rolling stock
recovery that is regenerated during braking for a given duty cycle

Ploe | Braking energy Percentage of the maximum percentage of regenerative braking energy recovery that is actually Rolling stock
recovery efficiency regenerated in a single vehicle during a given duty cycle

Ploy7 | Depot building’s Energy use in a single depot building per unit of net floor area for a predefined operational cycle | Depots
energy consumption

Plopg | Parked vehicle’s Energy consumption of a single parked vehicle per passenger capacity unit for a given duty cycle | Depots
energy consumption

Plyg | Station HVAC Energy consumed by HVAC systems in a single station per square meter, given a predefined Infrastructure
energy consumption operational cycle

PIio | Station lighting & info | Energy used for lighting and information purposes within and individual station per square meter | Infrastructure
systems energy under a predefined operational cycle

PI;1 | Station passenger flow- | Specific energy consumption of a single passenger flow-related system for a given operational Infrastructure
related energy use regime; this comprises lifts, escalators and other passenger conveyor systems

PI;2 | Tunnel ventilation Energy used by ventilation systems in a specific underground section per m> of tunnel volume Infrastructure
energy consumption under predefined operational conditions

Papers that study different kind of technologies, their impact
in the network, their optimal sitting and sizing and the
best set-up for the different technologies use optimization
tools very frequently. One of the main issue with the
optimization procedures is the high computational burden. For
this reason the authors in [64] propose a compression system
for simplify the amount of data provided by each scenario in
an optimisation process. Usually, for optimising, authors need
to study different scenarios. If the sampling frequency is very
high (1 second for instance), thus the amount of data provided
by each scenario is huge. However, down-sampling the data
can generate significant errors. With the proposed compression
system, the number of samples that identify each scenario are
drastically reduced so the optimisation time can be improved
in an 80% with an error that do not exceed 5%.

The work in [65]] proposes a method for optimising the
size and location of a reversible substations. The authors
use the conventional reversible substation configuration
connecting one non-controlled diode bridge in parallel with
a controlled converter. The control implemented for the
reversible characteristic considers constant voltage control.
This paper uses a decoupled approach but considers the train
models and the network in the same mathematical framework.
The trains are modeled considering the overvoltage protection
so the results are quite realistic. Since no overcurrent
protection is implemented the authors cannot simulate delays.
The substations and trains are modeled respectively as voltage
sources and current sources. The substations are blocked
during the iterative process when they are non-reversible if
a reverse current is detected. The authors test the system with
a 97.1km-long railway line between EastWarsaw Station and
Siedlce Station in Poland, simulating an entire day considering

a total of 214 trains of 3 different types. Other examples of
optimal placing and sizing are for instance the papers [66]]

and [67]. In the first one the authors propose a method for
obtaining the optimal placement, size and control parameters
of an off-board energy storage system battery-based in the
simulation of a real 3kV DC Italian railway system connecting
Magliana and Fiumicino. The authors obtain a reduction in the
annual cost of energy higher than 13%. They also compare
in terms of cost, the installation of the off-board energy
storage system with the deployment of a new conventional
substation and the results shows that in some cases the storage
alternative is also cheaper. The second paper is very similar.
The definition of the so called current distribution factor (CFD)
introduced by the authors in [68] allow us to determine in a
quite simple way the target amount of regenerative energy that
can be reused in a specific infrastructure.

In [70]], the objective is to determine the impact of the
installation of the reversible substations and the accumulation
devices over the efficiency of the system. A traffic simulation
scenario is thus coupled with a power flow solver, but no detail
about the power flow solver is given. The study is focused on
the traffic simulator to generate complex and realistic traffic
scenarios, with different headways, time shifts at terminal
stations, non-constant dwell times and different speed profiles.
They actuate over the infrastructure but also over the traffic
and the schedules to obtain the best configuration. In [42]], a
set of rules are proposed to manage the control of the off-
board energy storage system considering that the trains are
equipped with regenerative braking. The authors maximize
the usage of the energy storage system by actuating over the
charging and discharging voltage thresholds. They consider the
voltage at which the rheostatic braking is activated and they
adjust the charging voltage of the energy storage device to be
lower, if possible, to avoid the use of the rheostatic braking.
A simulation is achieved in a very simple system using two
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Management System Tool (R-EMS) presented in [69]. As it can be observed
all the agents are involved, the electricity market, the control center the real
time operators and the trains. It combines day ahead optimization (DAO) made
by the global optimization system (GOS) with minute ahead optimization
(MAO) made by the local optimization system (LOS) and dynamic on board
energy management (DOEM) made at train level considering that the trains
are equipped with driver advisory systems (DAS). Many different models
are required in order to run all the optimizations like for instance the
Adapted online exisitng railway simulation tool (AoERST) or the traffic
control center simulator (TCCS). Of course, communications are of extrem
importance like the LOS to GOS (L2G) communication, the LOS to LOS
(L2L) communication and the train to ground (T2G) communication.

trains with the data obtained from a real infrastructure (Beijing
Batong Subway line). An increase in the efficiency of 13.5%
is obtained with the proposed strategy. This is a clear case in
which the authors optimise the infrastructure set-up without
varying the schedules or the technologies added to the system.
A similar approach is presented in [71] but in this case the
accumulation systems are installed on-board. The authors use
a multi-train simulator to determine the state of charge of
the on-board battery and the control of the charge/discharge
process in all points of the path in order to increase the energy
efficiency of the whole system. Similar works, but using on-
board flywheels [45]] or hybrid battery/ultracaps [72] as well
as wayside energy storage systems [73|] can be found in the
literature. In [74], ultracapcitors are used but in this case of
DC stabilization purposes.

Another example in [75] proposes to use electric vehicles in
charging mode as energy storage systems for urban DC railway
systems. The braking energy that is dissipated in the rheostatic
brake in conventional operation could be used to charge EV
instead. This paper estimates that between 685 and 1000 EVs
could be charged every day using the wasted braking energy
for the two studied metro lines, respectively in Spain and Italy.

3) Energy Management and Control: Just a few works
are dedicated to the real time operation of the systems.
Among them, most of the works propose and simulate
operation strategies and just a few realistic frameworks or
implementations. It is remarkable the operational framework

proposed at H2020 MERLIN project described in the papers
[76] and [77]. In the project, advanced techniques coming

from the smart grid field were applied to the railway
energy management topic. The proposed control is hybrid,
centralised/distributed, and basically optimises the energy
consumption, reduces the power peaks and optimizes the
costs of operation by coordinating the trains, on-board and
wayside accumulators. Some of the control parameters are
defined according to local variables while other ones are
set using a centralised approach. The centralised system is
executed in a day-ahead scenario while the decentralised
energy management operates in intervals of a few minutes
ahead. The system considers also the trains speed profiles
suggesting changes on them. Both problems, centralised and
decentralised are stated as optimization problems. The project
covers also all possible layers in this management system
describing the component layer but also the information layer
and the communication layer. The proposed system was tested
and validated using the 3kV DC railway connecting the cities
of Malaga and Fuengirola in the south of Spain.

Similar approaches combining hybrid centralized/distributed
operation philosophies can be found in [78] and [69]. The
first paper proposes a cooperative methodology to improve the
overall efficiency of the system. It uses a communication based
train control (CBTC) combined with distributed optimization
procedures together with a centralised train control (CTC).
It assumes that all trains are equipped with automatic train
operation systems (ATO) or the trains are equiped with some
typo of driver advisory system. The authors claims that this
procedure must be done in real time, since other procedures
that are focused on optimizing a single train driving do
not consider the interaction between the trains. Also, the
procedures that optimise the energy based on adjusting the
schedule do not take into account that most of the times there
are small delays that affect very much to the synchronization
of the traction and braking of nearby trains. The second
paper present two software suites, one to be used off-line
that is commonly applied for the next day optimisation
and another one with a shorter time horizon that is used
for on-line operation purposes. It considers the electrical
infrastructure as well as the trains. The idea is to obtain an
accurate representation of the best configuration for the next
15 minutes-time slot and coordinate the smart substations, the
energy storage devices, the trains and the distributed energy
resources to increase the global efficiency of the system. The
general structure of the so called Railway energy management
system (R-EMS) suite is presented in Fig. [5]

The rest of the works for real-time operations present
much more simplified scenarios. For instance, in [79]], the
authors propose to adjust in real time the speed profile of
the trains that are close to other trains in regenerative braking
mode. This is a cooperative operation principle designed for
automatic train operation systems. In [80|] the authors study
how the use of a wayside energy storage can help to control
the catenary voltage. The studies are made in the Italian
Tramway Network of the city of Naples. They propose a
control of the wayside storage to keep the voltage within
the margins. The whole system is implemented and validated
in a very sophisticated laboratory workbench, so the authors
validate that the procedure can be implemented for real-time
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operation purposes. The authors of [81]] test the benefits over
the power quality and the efficiency of the system of installing
reversible substations or wayside accumulation systems for the
Thessaloniki metro line of 6.6km. A headway between trains
of 300s is considered in this study. Both cases are modelled as
an optimisation problem considering that the implementation
of a real time centralised controller is possible. In the case
of the wayside accumulation system the authors uses a multi-
period optimisation approach. In both cases, the optimisation
strategy tries to regulate the train voltages to be close to the
reference voltage. Centralised control systems like the one
proposed here are not common in real life applications since
they need to use the real time electrical signals in all nodes
of the network (including trains).

A coordination strategy based on a multi-agent system is
also presented in [[82] to integrate renewable energy in the DC
traction grid together with energy storage. The paper is very
simple from the electrical point of view, since it considers the
whole network as a capacitor and all the trains, PV panels,
wind turbines and wayside energy storage are connected to
that capacitor. The work in [83|] proposes to optimize the
use of a regenerative braking of the trains in the stations
with energy storage and PV generation. The authors study
factors like the stochastic nature of the PV generation, the
initial state of charge of the energy storage and the occupancy
degree of the trains. The consumption in the DC traction
network due to trains is obtained using RAILSIM commercial
simulator. The methodology is applied to a specific station of
the Istanbul metro line of 19.7km. The escalators, elevators,
ventilation, lighting, heating and air conditioning system are
also considered in the station. The optimal management is
calculated by means of a mixed-integer programming (MILP)
problem solved using the GAMS optimization software.

Finally, other works propose energy management in very
specific devices inside the network. For instance, [|84] proposes
a control philosophy to manage the hybrid supply of a catenary
free train. Even if the train is not connected to the catenary, it
is considered a DC system since all the components, fuel cell,
battery and ultracaps are similar to those that can be found in a
DC railway system. The control is based on an adaptive droop
that optimises the hydrogen consumption while guaranties safe
operation conditions in all devices.

4) Hardware in the Loop Applications: In the last years, the
number of authors that use hardware in the loop (HIL) tools
applied to the railway simulations increased drastically. HIL
simulation still require expensive machines but prices during
the last decade drooped substantially making them affordable
for many applications. We can find works focused on both DC
and AC traction systems. Regarding DC traction systems, three
important works must be mentioned. In [85]], a detailed model
of the traction system of a tram, considering an independent
control for each rotating wheel is presented. It considers the
regenerative braking of the tram but the regenerated power
has to be recirculated to a load model since the substations
are non-reversible. All of these models are useful to tune
the controls of the real systems but they are too complex
to simulate large multi-train scenarios. Another very accurate
and detailed model is presented in [86]]. The work propose

a model of the railway network as well as the vehicles and
their controls. The authors conclude that the train capacitor is a
critical device in the simulation results. They propose a mono-
train simulation that is validated using a real infrastructure.
After the validation the authors extended the model for a two
train and two substations. They claim that this is a first step
to develop a HIL tool for a multi-train scenario. In [87]], HIL
software is used to model superconducting devices for fault
limitation application in DC railway systems.

5) Medium Voltage DC (MVDC) Systems: The papers
described here refer to a kind of railway system that can
not be classified as a conventional DC systems because
the voltage level is higher and the feeding characteristics
of the network are totally different when compared to the
conventional DC feeding system. These kind of railways are
the so called MVDC railway systems. This kind of network
is not conventional at all and the number of works and
simulations related to this topic is very limited. In [88] the
authors propose the use of multilevel converters in order
to achieve voltages that allow the operation of high speed
trains. With this approach the controllability of the network
is increased, removing the dead zones and coordinating the
power flow and voltages of the substations. The authors
propose a control based in an improved droop that can
adjust the slope and the position of the droop characteristic
dynamically. The same idea was proposed for many different
applications in DC microgrids but here it is proposed for
railways. The authors developed a MATALB/Simulink model
with a detailed control. The system is tested in a three-
substations line with two trains, and the authors consider that
the trains are static at two points placed at 40km and 60km
respectively from the starting point of the line. The controls
are tested for simulation intervals up to one second and a
small prototype is proposed, but the system is not tested with
a complex traffic scenario.

The work in [89] proposes a methodology to estimate the
equivalent DC system of a specific AC traction network. For
that purpose, a power flow studies and thermal calculations are
performed to obtain the voltage level equivalent in terms of
train performance, temperature of the wires and rail voltages.
The methodology is used to obtain the DC equivalent system
of an SNCF high-speed trains line, from Paris to Strasbourg,
supplied in 25kV AC. In addition, different typologies and
controls are proposed for future traction converters and several
dynamical calculations are provided. The authors conclude
that considering the energy exchange between trains, not all
substations should be reversible. Another conclusion is that
above 7.5kV, the distance between DC substations could be
comparable with 25kV AC systems. A 9kV DC equivalent
system is used in this specific case. The most interesting part
of this study is the development of the data presented in Fig.
[l which presents the maximum substation spacing versus the
catenary cross section for different MVDC levels.

IIT. AC RAILWAY POWER SYSTEMS

The use of AC systems allows the use of higher voltages
ranging from 15kV to 25kV, reducing line losses and
increasing the power per substation as well as the separation
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Fig. 6. Substation spacing in MVDC systems versus catenary cross section
for different voltage levels [89].

between them as a general rule. A disadvantage of this type of
systems is the increase in cost due to insulation requirements.
There are many types of AC electrification that deserve to be
studied individually due to their peculiar characteristics.

Among the most distinctive features is the feeding
frequency, there are in this sense two large groups of systems,
those that use the frequency of the main network (usually 50Hz
or 60Hz) or those that use a reduced frequency, usually about
a third of the main grid frequency (16Hz and 2 / 3), although
there is electrified lines at 25Hz. The most typical voltage
in low frequency lines is 15kV. In the case of lines that use
main grid frequency, they usually use voltages of 25kV. On
the other hand, the distribution scheme in AC railways can be
single level or double level (bi-level). In both cases the train
receives the single voltage of 15kV or 25kV, but in the case of
bi-level systems the distribution in a large part of the traction
network is done at double voltage, i.e. 30kV or 50kV. In Fig.
the basic structure of conventional single level and bi-level
AC railway feeding systems are represented.

In recent years, the adoption of many techniques already
applied in AC conventional smart grids to the AC railway
feeding systems [90] triggered the modernisation of AC
railway feeding systems. This is the main cause of the drastic
increase of research works in this field. As in the DC case, the
works can be divided in static and dynamic simulators, and
those that propose specific operation techniques. However, in
this case, another division is adopted to group into different
topics and subsections the different research works.

« Mathematical models for general purposes. We can
find a set of papers which propose static models, mainly
for power flow analysis, and dynamic models of the
railway traction network or some specific device, but
without a specific purpose.

o Specific cases of use of different simulation tools
and models. This set of works use in many cases
mathematical models like the ones described in the

previous subsection but with a specific purpose,
like planning or operation of the network, solving
power quality issues, developing hardware in the loop
simulations, proposing solutions with new devices to the
networks or simulating very specific scenarios.

In the next subsections the different works are classified
according to the two points aboce-presented.

A. Mathematical Models for General Purposes

Most of the simulation frameworks for general purposes are
focused on static models for power flow studies. An example is
proposed in [91]], where a simplified current injection method
is used to simulate a 2x25kV system. A decoupled approach
is considered but the interaction between the trains and the
network is simulated by means of the over-current and over-
voltage protection implementation. The authors use a fixed
power factor for the trains and a simplified model for the
substations so it is not suitable for studying the effect of the
traction network over the main grid in terms of unbalances.
However it is able to solve long simulation periods with a
large number of substations, sections and trains.

The work in [92] proposes a multi-train simulator using
a multi-conductor simulation approach rather than a lumped
analysis. The paper is focused on the feeding infrastructure
model, proposing a very flexible and complete set of models
that simulate different configurations (single or bi-level
AC voltage). It can consider many kind of devices like
autotransformers, boosting transformers and quite detailed
grounding models. The trains are modelled as positive or
negative admittances. The problem of such a model is that
the admittance value should be determined in an iterative
way to find the proper admittance for representing a specific
consumption or generation and to match with the traction
characteristic. It thus leads to complex simulations. A power
flow model for 2x25kV systems, which is solved using
Newton-Raphson algorithm, is proposed in [93]. All the
elements of the jacobian matrix are obtained analytically,
and a Norton equivalent of the substations is deduced. This
methodology is applied to the high speed line from Nakhon
Ratchasima to Nong Khai of more than 300km. It is composed
of 38 trains (19 for each direction) with a headway of 15
minutes. The trains are modeled as current sources.

Among the few multipurpose dynamic simulations, the one
proposed in [94] can be remarked. It proposes a detailed model
of all the components of the AC traction system of a train, and
considers the propulsion as well as the regenerative working
modes. The different devices are implemented together with
their control and dynamic simulations carried out with Matlab-
Simulink are provided. A simple model of the network and a
substations is also considered, but it is not intended to be a
multi-train simulation tool.

B. Specific Cases of Use of Simulation Tools and Models

This subsection describes works that use simulation tools
and models for specific purposes. Below these works are
classified under 4 types of purposes: planning/operation
methods using optimisation techniques, power quality issues,
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solution proposal works about power electronics and other
devices, and Hardware-In-the-Loop applications.

1) Planning/Operation  Methods Using  Optimisation
Techniques: Even when optimisation methodologies are
common in DC traction systems, only a few works in AC
traction networks are available. One of the most common
applications is the optimal allocation of resources. Examples
in [95] and [96] present an optimisation problem combining
multi-train simulation called HAMLET railway simulator
with genetic algorithms to determine the best positions for
the substations, neutral zones, autotransformers, etc. The
authors consider environmental factors, prohibited zones or
accessibility for maintenance.

In [97]], a coordination technique for increasing the
operation efficiency of high speed railways considering hybrid
accumulation (batteries plus ultracaps), PV panels and wind
turbines installed at substation level is proposed. All these
elements are coordinated to improve the efficiency of the
system using a multiperiod optimization technique. This
technique is applied to a 169km line in the south of Spain,
and results are presented for one of the four sections with 4
autotransformers placed each 20km. The main novelty is the
use of a varying step time for the multiperiod optimization
to reduce the computational burden. The full simulation day
is divided into 454 intervals of different duration and the
entire problem is solved in 50 minutes. The energy savings
are around 10% with a cost reduction higher than 32%.

One of the few references that propose a hierarchical
coordination method to be applied to real time operation is
[98]. Basically, the authors consider two layers, the first one
optimise the driving profiles of the trains. These profiles are
then used as inputs to coordinate the energy storage devices
at substation level to reduce the prize of the electricity. The
methodology iterate in real time between the bottom and top

layers so it can re-adapt the driving profiles depending on the
network conditions. The procedure is described and simulated
but it is not tested in a real infrastructure.

2) Power Quality Issues: A classification of the different
issues related to power quality that can appear in AC traction
networks is presented in [|19]]. There are multiple works related
to these power quality issues. Many of them simulate and
analyze a specific problem and are focused on reproducing
the real problem without proposing a specific solution. Among
them, the most numerous group of works are those studying
the low frequency oscillations in the traction networks.
Other works propose solutions to improve the AC network
performance and to avoid specific power quality issues. For
example, several works propose and describe flexible AC
distribution systems (FACDS) embedded in the conventional
AC traction networks.

In [99], the authors propose a transient model of the trains
and traction substations to study the low frequency voltage
fluctuations generated in the system by the use of high
speed and heavy-haul trains. The model is implemented using
Matlab-Simulink. The influence of the different parameters
like catenary length or traction transformer capacity over the
fluctuation are analysed. Something similar is proposed in
[100]. In this case a small-signal model is used to study a
2x25kV network and a train. With the proposed model, it is
possible to observe the effect of the different parameters in
the Bode diagram representing the whole system. The study
concludes that (Electrical Multiple Units) EMU’s traction
network cascade system impedance ratio is the main influence
factor for the instability. Other similar small signal studies
were proposed like in [[101]]. In [[102] a method is developed to
estimate the network impedance in the train converter level and
thus adapt the control to reduce the low frequency oscillations
in the network. In [103] and [104], a detailed model for
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studying low frequency oscillations, harmonic resonance and
harmonic stability issues is described for 2x25kV high speed
systems. The trains are modelled using the Norton current
equivalent, while the utility power sources are modeled using
a Thevenin equivalent voltage sources. The geometry of the
feeding conductors and rails is considered and the train
control is implemented using the dq reference frame. First,
the theoretical considerations about the models for the specific
studies are explained. Then, the influence of the different
factors over the train and the network behaviour are studied.
[105] uses a dynamic simulation to study the effect of
the regenerative braking of the high-speed trains over the
unbalance of the main grid considering different substations
power transformer configurations like V/V or SCOT. Finally,
[106] presents a very detailed dynamical model with EMTP-
ATP for studying a very specific problem. How switching
in the main AC grid in a AC low frequency system at
16.7Hz affect to the autotransformer transients in bilevel AC
traction networks. Trains are not considered in this study and
detailed simulations of the transient voltages in the catenary
and autotransformers under no-load conditions are provided.

Regarding static studies based in power flow formulation
for analysing power quality issues, [107|] presents a model
of a simplified high speed railway power system to carry
out the power flow studies and analyse the variation of the
power factor at substation level. The authors consider the
variation of the train power factor depending on the train
conditions. The effects of the schedules, number of trains,
headway and other factors in the substation power factor
are also studied. In addition, a tool based on Matlab and
Labview is used to represent the results. Another static study
presented in [108] and developed with Modelica language
is applied to high speed railways and is able to consider
all possible paths of the return current through ground,
rails and other ground conductors. The proposed model is
designed to be applied in power quality and power-frequency
studies. In [[109], a complete and complex model is developed
to assess power quality issues in the traction network as
well as in the utility grid. A particularly detailed model of
the Scott-connection transformers is proposed. The impact

of the schedule variations during a period of 24 hours
on the harmonic behaviour is studied. An harmonic power
flow, considering the coupling between the train models
and the substations, is presented. However, overvoltage and
overcurrent protections are not considered. Another work
proposes a EMTP model to determine the current distribution
in the different wires of the overhead feeding system as well
as the rails [110]]. This current distribution affects to the
couplings with the surrounding metallic structures. It is a
detailed model for a very specific purpose. The paper does
not consider complex train schedule or realistic scenario, just
a constant current injection to evaluate the distribution among
the wires. In addition, the authors simulate also a lightning
stroke. Finally, [[111] proposes a method to calculate the so
called Power Supply Capacity (PSC) of the feeding systems by
means of repeated power flows of a simplified scheme obtained
by means of the Thevenin equivalent. It proposes the creation
of a power-voltage curve for each train in order to evaluate
how the train power impact over the system. The power limit
that each train can demand is calculated depending on the
position of the train for two different scenarios. All the studied
scenarios considered trains absorbing power from the traction
network. There is no complex scenario considering different
trains injecting and absorbing power at the same time.
Regarding fault analysis, only a few works have been
published during last years. An example can be found in [[112]
where an analytical formulation is presented to obtain the
self and mutual impedances of the 2x25AC feeding systems.
Then, the authors use the obtained impedances to implement
a static model and estimate and analyse the currents and
voltages obtained with this model when compared with a
simplified one proposed in [113]. This second work was
specifically proposed for short circuit analysis. The former
is used for calculating normal operating conditions and short
circuit analysis. The model is quite complex so the cases
analysed are reduced to single instant analysis. In [114], a
detailed Matlab-Simulink model of an AC railway power
system using a Leblanc connection power transformer is
presented. The obtained results were verified with field data.
Specific time intervals have been studied to check the fault



ETRANSPORTATION - ELSEVIER , VOL. XX, NO. XX, FEBRUARY 2020

DC

it

DC
AC E
DC
d
DC
41t E

Filter lwn g i AC

I 1ph NPC

Harmonic

Fig. 9. High-power back to back converter with single DC link and multilevel
neutral point clamped (NPC) bridges as described in [17].

currents without running long simulations with a multi-train
approach.

3) Solution Proposal Works, Power Electronics and Other
Devices: There are a set of works that propose the use of
flexible AC distribution system devices to improve the system
behaviour or overcome power quality issues. A review of
different power electronics solutions applied to the AC railway
distribution systems is given in [17]]. In Fig.[§]a list of methods
used for improve power quality is presented. As an example,
in Fig. [0 a novel configuration for feeding single voltage AC
system with a high-power back to back converter with a single
DC link and three-level neutral point clamped (NPC) bridges is
presented. A comparison between the Static Var Compensator
and the STATCOM, and between the Full-power converter
and the co-phase supply is presented. It is a very descriptive
paper with some dynamic simulations but no mathematical
models. In [115]], a specific compensator is proposed for 25kV
systems fed through YN/VD balance transformers. The aim is
the harmonics suppression and reactive power compensation.
The proposed topology does not require step-down transformer
to connect the compensator to the grid. In [[116] and [117], it
is proposed the use of a FACDS device in the AC feeding
substations using a YN/VD connected balance transformers.
The proposed topology is different from the traditional railway
static power conditioners. Indeed, the device contains a set
of multiple back-to-back converters connected to the feeder
using a coupling transformer. The case presented in [[118]],
proposes to install a power electronic device in the 2x25kV
railway systems to reduce the unbalances, improve the power
flow management, provide reactive power, and increase the
power quality in general. The topology of the so called
energy optimisation controller is based also in a back to back
converter that can be installed at substation level but also
connecting deadzones. A transient simulation of a co-phase
traction power supply system, that combines a single phase
traction transformer and an active power flow controller, is
presented in [119]. Simulation results are presented to verify
the compensation capacity on the primary currents of the
proposed solution. The work proposed in [120] is interesting

since the authors propose a simple device in which they add a
power converter to the traditional YN/VD power transformer

that feed the conventional single level 25kV AC railway
systems. Two of the delta connected windings of the power
transformer are split, so the three phase power converter can be
connected to the middle point of these windings. This topology
does not need any auxiliar transformer and the authors propose
a fully developed compensation technique based in negative
sequence current injection to reduce the unbalances in the
primary side. The works presented in [121]] and [122] are
organized in two parts. The first one is focused on the
improvements from the point of view of performance that can
be achieved connecting the dead zones of the AC railways
by means of AC/AC converters called rail power conditioners
(RPC). The second part combines RPC with wayside energy
storage systems and proposes a methodology to estimate the
optimum capacity of the storage system. Static simulations
are performed by means of the DigSilent PowerFactory with
a step time of 10s. The authors tested the system with a three
days simulation of a 25kV system of 100km in Queensland
to determine if it would be possible to disconnect one of the
traction substations. Results were very promising in terms of
cost savings obtained from elimination of traction substations.
The work proposed in [20] is not based specifically in FACDS,
but it is worthy to mentioned since multiple topologies for
replacing the conventional power transformer inside the trains
with a power electronic device have been reviewed.

4) Hardware in the Loop Applications: Related to AC
traction networks we find two works. In [123]], HIL hardware
is used in order to simulate the feeding infrastructure and
analyse the effect of the harmonics in the train controls. The
model is developed to study frequencies between 0 and SkHz
in a 25kV 50Hz system. The work is not intended to be use
for energetic studies, it considers a single train and a single
substation. The work developed in [124] is a very detailed
analysis of a railway power flow controller in an AC network
connecting the two sections fed by the same substation. The
real-time HIL laboratory is developed to analyse and test
the proposed modified model predictive control method in
order improve the system controllability and to compensate the
negative sequence currents, suppress harmonics, and alleviate
the rms current tracking error.

IV. CONCLUSIONS

In the present paper, the last simulation methods applied
to railway traction networks were presented. As it can be
observed the irruption of new technologies like energy storage
systems or new power electronic devices, triggered a large
number of new investigations and research works in this field.
As it was demonstrated, the largest group of works are focused
on DC traction networks but there is also a significant set of
papers related to AC systems. The works are focused on the
development of new simulation methodologies and tools but
there are also several authors that uses existing tools in order to
make very detailed analysis of specific cases of study. Several
works related to real time operation are also developed but
most of them propose frameworks that are not implemented
in real life. Only a few works show already deployed projects
or software suites.
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As a final conclusion, it can be stated that all technologies
applied to develop the concept of smart grid in conventional
distribution systems, are reaching now, with a small delay, the
traction networks. In the following years and decades, a big
effort should be done to transform the existing traction feeding
system in a real smart traction grids. This paper therefore
aims to help new researchers starting in this field or senior
researchers who want to have a clear perspective of the latest
advances in railway traction networks simulation.
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