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A Web-Based Georeferenced Model of the
Urban Traction Electrification System in Turin

Pietro Colella , Member, IEEE, and Enrico Pons , Senior Member, IEEE

Abstract—Transport accounts for approximately 25% of
Green House Gas emissions in Europe, with urban road
transport being a major contributor to air pollution. Decar-
bonizing urban transport is essential, particularly as over
70% of Europeans reside in urban areas. Strengthening
public transport, the most sustainable travel option for
large populations, is a key strategy. This article focuses on
urban tramways, formed by the urban traction electrifica-
tion systems and electric public transport vehicles. A dig-
ital twin approach is proposed to improve the operational
activities of tramways, aiming to optimize system design,
enhance maintenance, improve reliability, and unlock un-
used infrastructure potential, such as using the tramway
infrastructure for off-peak charging stations. This article
presents the methodology adopted to develop the model
of the tramway in Turin, Italy. This step is a milestone to
implement the tramway digital twin. Moreover, this article
presents the validation process of the model, which was
carried out through a comparison with both simulated and
field measurement data.

Index Terms—Digital twin (DT), model, traction electrifi-
cation system, tramway.

NOMENCLATURE

DT Digital twin.
EPTV Electric public transport vehicle.
GTT Gruppo Torinese Trasporti.
OCS Overhead contact system.
TTN-S turin tram network simulator.
UTES Urban traction electrification systems.

I. INTRODUCTION

TRANSPORT contributes by almost 25% to the total green
house gas emissions in Europe and is the main cause of air

pollution in cities. Since more than 70% of European citizens live
in urban areas, decarbonizing urban road transport is mandatory
to reduce emissions in this sector. Several actions have been
planned to reach the goal. One is promoting and strengthening
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public transport, considering that it represents the safest, most
efficient, and sustainable way for large numbers of people to
travel [1].

This article is focused on a specific sector of urban public
transport, i.e., the urban tramway, which is composed of an
electric infrastructure and electric vehicles. The first system,
referred to as the UTES, is typically supplied by substations
equipped with power transformers, ac–dc converters, protective
relays, and circuit breakers. These substations use multiple dc
feeders (positive cables) to supply power to the OCS, while
the return current is collected through the rails and negative
cables [2]. A UTES can feed several types of EPTVs, differing
from power traction technology and energy consumption.

A method to improve a public tramway is the implementation
of its DT, which can be defined as a comprehensive digital
representation of a system through models and data [3], [4].
The DT of an urban tramway is formed by two building blocks:
the model of the UTES and the model of the running EPTV.
More specifically, the model of the UTES shall be designed
to receive data from sensors installed on board the EPTV and
on crucial points of the infrastructure (such as the substations):
the first ones provide the exact location of the vehicle, the
voltage measured at the pantograph, and the absorbed current;
the second ones could be useful for monitoring the operating
status of the equipment [5], [6]. Additional layers can be added to
monitor quantities of interest, such as the number of passengers
on the vehicles, the presence of ice on the OCS, and the cable
temperatures [7].

A DT that considers both UTESs and EPTVs would support
the public transport companies in several aspects, such as the
following:

1) the support in the designing and operation activities;
2) the reduction of the UTES and EPTV out-of-service using

predictive maintenance algorithms [8], [9];
3) the identification of alternative UTES configurations to

improve the performance on specific aspects, such as
reducing the energy losses or increasing the reliability;

4) the possibility of training operators using real scenarios;
5) the valorization of the UTES, which is often used only

to feed EPTVs, such as trams and trolley buses. During
the night or outside peak hours, the network is used
below its potentiality. Reliable models can quantify these
situations, supporting the implementation of different
strategies to take a larger benefit from the infrastructure.
For instance, in certain areas, the UTES could feed some
electric vehicle charging stations [10], [11].

© 2025 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see
https://creativecommons.org/licenses/by/4.0/
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TABLE I
FEATURE COMPARISON OF TRACTION-POWER TOOLS

This article focuses on the first constitutive block of the
DT, which concerns the modeling of the UTES. The main
objective is to provide a systematic and rigorous account of the
methodology employed to develop and implement the UTES
model for the city of Turin, Italy, which is conceived as a
fundamental step toward the implementation of its tramway DT.
The case study in Turin was carried out in cooperation with GTT
and Infra.To—Infrastrutture per la Mobilità [12], [13], which
manage the public transport fleet and the transport infrastructure,
respectively. It provides a concrete application that exemplifies
how the proposed methodology can be effectively employed in
a real urban context.

These companies manage the public transport fleet and the
transport infrastructure, respectively.

The requirements for the application are as follows:
1) the UTES model shall be developed based on its geomet-

rical representation, given the original data format (Au-
todesk DWG file) and the advantage of drawing software,
which enables quick and easy drafting of large network
portions;

2) the UTES model shall be georeferenced;
3) the calculation of the currents and voltages shall be suffi-

ciently fast to allow a quasi-real-time experience;
4) the position and the current absorbed by the vehicles can

be provided manually by the User or received by on-field
sensors.

Various commercial software tools are available for simulat-
ing railway power supply systems [14], [15], [16], [17], [18],
[19], but none fully meet the above-mentioned requirements, as
shown in Table I.

To the best of the authors’ knowledge, the software tools
currently available on the market do not provide the necessary
functionalities to implement a DT of a tramway network for
the purpose of conducting both electrical network and energy
analyses. In particular, none of the existing platforms offers
sufficiently flexible procedures for importing data from an Au-
todesk DWG file, a capability that is indispensable for addressing
the high degree of coding complexity inherent in the tramway
network of Turin. To make a model, it is necessary to de-
velop it from scratch using their graphical user interface. A
UTES is a complex network and this operation can be very

time-consuming. Moreover, many commercial solutions lack
robust support for the georeferenced management of infrastruc-
ture data and EPTVs, which is a critical requirement for accurate
spatial modeling of large-scale urban transport systems. Finally,
current software environments generally do not allow for the
systematic integration of vehicle-level energy consumption data
obtained from on-board smart meters, thereby preventing the
establishment of a comprehensive and dynamically updated DT
framework. In many cases, the tools are developed to model
transient phenomena, which are not relevant to the considered
application and instead significantly complicate the calculations,
making it difficult to calculate currents and voltage in quasi-real-
time.

For our purposes, representing a running vehicle as a sequence
of steady-state events is sufficient, given that the primary interest
lies in energy evaluation and grid steady-state analysis, rather
than in vehicle dynamics.

Beyond fulfilling the design requirements outlined above,
the proposed software provides a versatile platform with both
scientific and industrial relevance. From a research perspective,
it enables the development and testing of advanced optimization
algorithms for network operation and energy management, as
well as the implementation of predictive maintenance strategies
to enhance system reliability. Furthermore, the framework
allows for the investigation of emerging challenges such
as the integration and charging impact of electric vehicles
on the dc traction network, offering valuable insights into
future scenarios of electrified urban mobility. From an
industrial standpoint, the software constitutes a practical
decision-support tool that can guide operators in improving
efficiency, reducing operational risks, and supporting the
transition towards more sustainable and resilient tramway
infrastructures.

The rest of this article is organized as follows. Section II
provides a concise overview of the UTES in Turin. Section III
details the electrical models developed for each UTES compo-
nent. Section IV introduces the nodal-analysis method in matrix
form, which is employed to compute line currents and nodal
voltages. Section V describes the implementation of the TTN-S,
outlining its operating logic and overall architecture. Section VI
discusses the validation process, based on comparisons with both
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Fig. 1. Map of the tramway of Turin (map data from OpenStreetMap
[20]).

simulation and field measurement results. Finally, Section VII
concludes this article.

A. Mathematical Notation

In the following, a consistent notation is adopted to improve
clarity. Matrices and arrays are denoted in boldface (e.g., A),
whereas scalars are expressed in italic (e.g., ρ). This convention
is applied throughout this article to facilitate the distinction
between different mathematical objects and to ensure the read-
ability of the presented formulations.

II. UTES IN TURIN

Fig. 1 provides a picture of the tramways of Turin, character-
ized by a rail system longer than 180 km, 20 substations, and
currently with more than 130 running trams.

Fig. 2 depicts the building blocks of the Turin tramway, pro-
viding pictures for the main components described as follows.

In the substations, a double secondary transformer steps the
voltage down from 22 kV ac to 470V ac, feeding a 12-pulse rec-
tifier that produces a nominal dc output of 600V. A switchgear
houses the extra-rapid dc circuit breakers that protect the lines
that feed the dc network. The circuit breakers’ overcurrent
settings range from 3000 to 4500A.

The series of the positive cable, the copper bar interconnector,
and the feeder cable interconnect the substations with the OCS,
which is divided into 49 zones. Each zone is electrically sepa-
rated from the others through insulation joints. Currently, a zone
is fed by only one substation at a time. The OCS and positive
feeder cables form a meshed network. Negative cables carry the

return current to the rectifier by connecting it to the running rails.
While the OCS is segmented into zones, the rails and negative
cables form a unified, city-wide meshed network. The negative
cables are kept separate from the substation grounding system
to minimize stray currents, which are caused by the nonperfect
insulation of the rail with respect to ground. In Turin’s tram
network, the positive feeder and negative cables have typical
cross-sectional areas of 240mm2, 500mm2, and 1000mm2,
while the OCS has a cross-section of 95mm2.

The network may be configured in various ways through two
main approaches: remotely, by operating substation switches
to manage individual zones, or locally, by modifying the copper
junctions distributed across the network. The status of the circuit
breaker and copper bar interconnections define the zones fed by
each substation.

III. ELECTRICAL MODELS OF THE UTES BUILDING BLOCKS

This section describes the electrical model of each network
element described in Section II, which are the devices in the sub-
stations, the cable and overhead lines, and the trams. Moreover,
since the software can also simulate fault scenarios, the model
of an Earth fault along the line was developed.

A. Cables, OCS, and Rails

Each positive cable, feed cable, and overhead line of the OCS
is modeled with a resistance. Its value is computed considering
the resistivity of the conductor material (ρ), its length (L), and
its cross-section (S) as reported in the following equation:

R = ρ · L/S. (1)

Setting the simulation options, the user can choose to model or
neglect negative cables and rails. Including them means having
a more accurate electrical model at the expense of a greater
computational cost.

If explicitly considered, negative cables are modeled as the
positive ones, while the rails are represented through a pi-model,
where the shunt conductances represent the stray currents in-
jected into the soil. The rail longitudinal resistance is com-
puted through (1), while the total rail shunt conductance per
unit length can be specified by the User. The default value is
0.8mS/km [21].

If neglected, negative cables and rails are modeled as a unique
ground node.

B. Substations

The transformer rectifier, the circuit breaker, and if present,
the copper bar interconnector, are modeled with a Thevenin
equivalent, formed by an ideal voltage generator and a resistance
connected in series. The user can specify these parameters.
The default values are 635V and 16.7mΩ, respectively [21].
Each substation contains multiple generators, one dedicated to
each zone it supplies. The positive terminal of a generator is
interconnected to the node of the first positive cable used to feed
a substation. Considering the negative terminal, all generators
within a substation are linked to a single, unique substation
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Fig. 2. Building blocks of the Turin UTES.

negative node. If tracks (and their corresponding negative cables)
are modeled, all negative cables arriving at the substation are also
connected to this node. In the absence of tracks in the model,
the substation negative node serves as the ground node, shared
among all substations across the city.

C. Copper Bar Interconnectors

Each copper bar interconnection is modeled as an ideal con-
nection. Due to their small length (typically, around 20 cm), they
impact the calculation only in defining the network topology.

D. Electric Public Transport Vehicles

Examples of EPTVs are trams or trolley-buses. As noted in
the introduction, the simulator is intended to analyze steady-
state conditions for grid and energy studies, either through a
single scenario (e.g., the most critical time instant) or through
a sequence of scenarios (e.g., to monitor in a quasi real-time
manner the network or compare the absorbed current along a spe-
cific path for predictive maintenance purposes). The analysis of
transient phenomena lies outside the scope of this study. For this
reason, an EPTV can be easily represented by an ideal current
source, whose set value corresponds to the absorbed current. In
the case of regenerative braking, the numerical value is negative.
The terminals of each current source are interconnected with a
point of the OCS and a point of the rails. If the rails are not
explicitly modeled, all the EPTVs are connected to the common
ground node.

To simulate a sequence of steady-state events, the genera-
tor’s current value can be updated using a dedicated machine
learning algorithm that estimates the absorbed current based on
the vehicle’s position time series (latitude and longitude) [22].
An alternative approach, currently under development, involves
the integration of an on-board smart meter to directly measure

the absorbed current of the vehicle and transmit the data to a
dedicated database [23].

Geometrically, EPTVs are defined as points. If an existing
electrical node is located within a 1-m radius of the EPTV
position, the EPTV is linked to that node. If no such node is
found, the EPTV point is projected onto the nearest overhead
contact line. This line is then split in two, creating a new
node at the point closest to the EPTV position. The EPTV is
subsequently connected to this newly created node.

E. Faults

A fault is modeled as a resistance that interconnects the
OCS with the ground node or with tracks if they are explicitly
modeled. The user can specify the fault resistance value. The
default value is 0 Ω, i.e., the resistance of a bolted short circuit.
Multifault scenarios can be modeled, inserting an arbitrary num-
ber of faults. The position of the fault is defined following the
procedure adopted to locate trams. The unique difference is that
a fault can be placed on the OCS but also on a positive or feeder
cable.

IV. ELECTRICAL CIRCUIT SOLVER

The solver computes the current in all the branches and the
voltage in all the nodes of the UTES, using the nodal-analysis
method in its matrix form [24].

Considering a network where the number of nodes is N and
the number of branches is B, the method requires the following:

1) build the edge conductance matrix G = {gik} ∈ RB,B .
The matrix is diagonal and each entry gi,i is the total
conductance of the ith branch;

2) build the voltage source array vs = {vsi} ∈ RB,1. The
entry vsi represents the voltage imposed by the voltage
source of the ith branch, in series with the branch con-
ductance. The ideal voltage source used in the model

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 
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of substations feeding active zones described in Section
III-B are the only nonzero entries of this array;

3) build the current source array js = {jsi} ∈ RB,1. The en-
try jsi represents the current imposed by the current source
of the ith branch, in parallel to the branch conductance.
The ideal current generator described in Section III-D are
the only nonzero entries of this array;

4) build the reduced incidence matrix A = {aij} ∈
RN−1,B . The entry ai,j is: 1 if the jth branch exits the ith
node;−1 if the jth branch enters the ith node; 0 otherwise;

5) compute the nodal admittance matrix Yn ∈ RN−1,N−1,
as shown in (2)

Yn = AGAT (2)

6) solve the matrix (3)

Yne = is (3)

where
e = {ei} ∈ RN−1 is the unknown nodal voltage array.
The entry ei is the voltage between the ith node and the
reference (ground) node;
and is is defined by (4)

is = AGvs −Ajs (4)

7) solve the matrix (5)

v = ATe (5)

where
v = {vi} ∈ RN−1 is the unknown branch voltage array.
The vi entry is the voltage drop in the ith branch.

8) solve the matrix (6)

j = G(v − vs) + js (6)

where
j = {ji} ∈ RN−1 is the unknown branch current array.
The ji entry is the current flowing in the ith branch.

V. TURIN TRAM NETWORK SIMULATOR

Fig. 3 summarizes the main steps of the TTN-S. The grey
areas describe the procedure to build the network topology
and compute the electrical parameters described in Section III,
in case only the geometrical representation of the UTES is
available.

This procedure was mandatory because the data provided by
Infra.To, the company managing the UTES infrastructure, was
originally stored in an Autodesk DWG drawing file. Moreover,
as software like AutoCAD allows us to draw large portions of the
network quickly and easily, Infra.To technicians requested that
the software can support this importing process also in the future.
The software was implemented to overcome the inaccuracies
often present in drawings that prevent having a reliable electric
model. For example, two distinct points are considered the same
electrical nodes if their distance is under the threshold ε, whose
default value is 2 cm. Vice-versa, the network topology may be
incorrect.

In case the UTES infrastructure is unchanged, it is possible to
immediately import the last recent model, where the topological

and electrical properties of the network are already properly
organized (purple area).

In the green area, the steps to define the scenario under
analysis are presented. A scenario can be built by specifying the
status of the switches, drawing the copper bar interconnectors,
selecting the position and the absorbed current of each EPTV,
and selecting the position and the resistance of ground faults.

Finally, the electrical network solver described in Section IV
is launched to compute the current in all the branches and the
voltages of all the nodes. Only the active zones (i.e., those with
at least an EPTV or a fault) are considered. An example of
visualization of the results is reported in Fig. 4.

In the first developed software prototype, for ease of use
and to avoid compatibility issues, the system is organized as
a multicontainer Docker application, orchestrated with Docker
Compose [25]. Fig. 5 reports a graphical representation of its
services. For the development of the proposed tool, only free
and open-source software was employed. Vice-versa, the first
prototypal version of TTN-S is not publicly released.

The list of services (i.e., containers) included in the applica-
tion are depicted in light blue. They are as follows.

1) App, which is a CherryPy server that hosts the simulator.
2) Tomcat, which is an Apache Tomcat server that hosts

both the GeoServer and MapStore applications, which
are distributed as web application resource files [26].
GeoServer is an open-source software server that allows
us to share and edit geospatial data. MapStore is an
open-source WebGIS framework that allows us to create,
manage and share maps, integrating remote content from
providers, such as Google Maps, OpenStreetMap, Bing,
and other servers compliant to OGC standards.

3) DB, a PostGIS database that stores all the layers pub-
lished in GeoServer [27]. PostGIS is a spatial database
extension for the object-relational database PostgreSQL,
which enables it to store data for GIS.

4) Mapstore DB, a PostgreSQL database that stores the
configuration of MapStore, including both users and
maps [28].

From the point of view of communications, the containers are
all inside a Docker network that allows them to reference each
other using service names as host names. Access is provided
directly to the internal container ports. In addition, each con-
tainer exposes some ports that are mapped to host ports, which
are accessible from outside the Docker network (to allow access
from the browser).

As for data storage, each container mounts a Docker volume
that allows the persistence of critical data beyond the life cycle
of the containers themselves.

VI. MODEL VALIDATION

The developed model was validated by comparing an inde-
pendently developed circuit model implemented in LTspice (see
Section VI-A) and with experimental measurements (see Section
VI-B), following the principles of the technical specification TS
50641-2 [29].

This dual approach ensures robustness by cross-verifying the
outcomes obtained from the simulation software. Furthermore,

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 



6 IEEE TRANSACTIONS ON INDUSTRIAL INFORMATICS

Fig. 3. Flowchart with the main steps of the software.
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Fig. 4. TTN-S screen that shows the simulation results. The current flowing is marked in red. The highest the line width, the highest the current
magnitude.

Fig. 5. Application architecture.

this approach demonstrates the capability of the simulation
software to reliably model the tramway network’s electrical
behavior under various conditions.

A. Comparison With LTspice

The validation against the circuit model required manually
constructing equivalent circuits representing normal operating
scenarios (with trams absorbing specific currents) and fault

conditions. LTspice was chosen for this task as it is available
for free and easy to use [30].

In particular, the circuital model of the electric zone 25 was
implemented. Each element of the UTES was constructed as
described in Section III.

A normally operated UTES scenario was executed, with a
tram circulating. Moreover, another scenario was considered,
where a ground fault occurs.

In both cases, the differences between the currents in all the
branches and the voltages in all the nodes are negligible (always
lower than 0.01%).

This test verified that the software could correctly generate
the equivalent electrical circuit based on the geometric repre-
sentation and that the solver accurately calculated currents and
voltages.

B. Comparison With the Results of the Field
Measurement Campaign

To validate the model against experimental measurements, it
was necessary to record the position of the vehicle, the pan-
tograph voltage, and the current absorbed by a tram operating
in a zone of the UTES where no other vehicle was circulating.
Having a controlled test, i.e., governing the test parameters that
can affect the voltage and current distribution, was mandatory

This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination. 
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Fig. 6. Measurement setup. (a) Top view. (b) Side view.

to properly compare the results of the field measurement and
of the TTN-S. For this reason, the field measurement campaign
was carried out at night, operating the tram 6027 on a 25 km
route where two distinct electrical zones of the UTES can be
identified (zone 25 and 28).

Fig. 6 reports the field measurement setup. The position of
the vehicle was measured through the GPS signal of a smart-
phone with an accuracy of 7m. On the top of the vehicle, the
current and voltage probes were installed to measure the current
absorbed by the tram (IT ) and the voltage at the pantograph
(VT ), respectively. The signals were transferred through two
cables inside the cabin, where the HIOKI MR8880 High-speed
recorder registered them with a sampling period of 10ms. All
the instruments were calibrated to measure null quantities when
the pantograph was lowered. The errors of current and voltage
signals were ± 2.0% of the reading value ± 48A and ± 2.0%
of the reading value ± 30V, respectively.

The maximum and minimum recorded currents are 1298A
and −324A, in acceleration and breaking events, respectively.
A negative current value stands for regenerative braking. The
maximum and minimum measured voltages are 763V and
363V. These values depend on the distance from the substation,
the acceleration profile, the status of charge of the onboard
capacitors of the LC filter, and the presence of short insulating
sections that separate adjacent electrical zones.

Fig. 7. Positions of the tram considered to validate the models.

Fig. 8. Example of measured current and voltage signals.

Analyzing the voltage when the tram is stopped, it is possible
to measure the no-load output voltage of the converter in the
substation, which is 662.5V for both the electric zones.

Fig. 7 reports 4 positions of the tram, together with the
measured current and voltage. Fig. 8 represents the current and
voltage signals measured during the acceleration event in point
B of Fig. 7, as an example.

These 4 scenarios were implemented with the TTN-S, setting
the measured position and absorbed current as input. The voltage
of the OCS at the vehicle’s location calculated by the TTN-S was
compared with the measured value and the computed values
obtained using the circuital model implemented in LTspice,
manually built to ensure that the software constructs the system
correctly and automatically. Table II reports the comparison
results. Once again, TTN-S and LTspice provide practically
identical results. Therefore, it can be concluded that TTN-S can
properly identify the connections among the elements, and write
and solve the equations described in Section IV. The maximum
error ΔET calculated considering the measured values as refer-
ences is 6.0%. The difference can be explained considering that
the return circuit was modeled in neither TTN-S nor the LTspice
circuit, due to the lack of full information on the Turin dataset.
Even if a data polishing activity must be conducted to improve
the quality of the model, the differences between the measured
and calculated quantities fall within the acceptable threshold,
considering the scope of the DT and the error of measurement.
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TABLE II
FOR THE TRAM IN THE POSITION P WHILE DRAWING THE MEASURED

CURRENT IT , ΔET , AND ΔELTS REPRESENT THE PERCENTAGE ERRORS
BETWEEN THE VOLTAGE AT THE PANTOGRAPH COMPUTED BY THE TTN-S

(VTTN-S), THE MEASURED ONE (VT ), AND THE ONE COMPUTED WITH
LTSPICE (VLTS), RESPECTIVELY

In evaluating computational time, two phases should be dis-
tinguished. The first concerns network construction, which is
required in both LTSpice and the proposed software; however,
in LTSpice this phase is considerably more time-consuming and
prone to errors. The second concerns the calculation of currents
and voltages for a single simulation, the duration of which is
limited to only a few seconds.

VII. CONCLUSION

This study describes a methodology to implement a model of
a UTES based on geographical maps, and the developed model
for the infrastructure in Turin, Italy. The developed application
is web-based and georeferenced, and it is one of the main
building blocks to implement a DT of the Turin tramway. It
allows us to visualize and explore the status of each element
in the model and computes the current in all the lines and
the voltages at all the nodes both in normal operating service
and in fault condition. The model was validated through the
comparison with data collected on a field measurement cam-
paign and computed by solving an equivalent electrical circuit
through LTspice, an open-source software. The errors between
the calculated results are negligible, while those considering the
field measurement as a reference are lower than 6%, probably
due to the incompleteness of the negative circuits dataset and the
error of measurement. A data polishing activity on the negative
circuits must be conducted to get better results, even if this error
magnitude can be considered satisfactory.

Future work will focus on advancing DT implementation
by developing an onboard smart meter to measure the elec-
trical current absorbed by each tram in the network, and by
restructuring the platform to enable seamless integration of the
measured data into the model. This modification will ensure that
the system can dynamically utilize real-world quasi-real-time
data, improving its predictive performance and adaptability to
diverse operational scenarios. The proposed software represents
a versatile platform with both scientific and industrial value. It
supports the development of optimization algorithms, predictive
maintenance strategies, and studies on the impact of electric
vehicle charging on dc traction networks, while also serving
as a practical decision-support tool to enhance efficiency and
resilience in tramway infrastructures.
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