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Abstract: In response to climate change, governments around the world have committed to reducing
greenhouse gas emissions, which contribute to global warming, through the energy transition from
fossil fuels to renewable energy sources and electrification of transportation. This article outlines the
design procedure for the electrification of a railway vehicle used for maintenance services on the rail
network. The proposed methodology consists of the design of both an all-electric propulsion system
and storage system with the aim of zero emissions when the vehicle is operating in tunnels and to
minimise noise during maintenance services in cities. After highlighting the characteristics of the
railway vehicle under consideration, a simulation model of the propulsion and generation system
was developed in order to calculate the energy consumption of the entire railway system. Finally,
experimental tests carried out on the prototype proved the effectiveness of the design procedure
adopted and the proposed mathematical model, showing a good matching with the simulated results.

Keywords: energy storage design; lithium battery; all-electric propulsion system; railway

1. Introduction

The transportation sector is one of the main contributors to the increase in greenhouse
gas (GHG) emissions, as it accounts for 25% of all CO; emissions in Europe [1]. Therefore,
the electrification of transport is one of the objectives defined in various international
treaties for the reduction of CO; and the integration of renewable energy sources [2-5].
The railway sector is considered to be the most environmentally friendly considering that
the ratio of emissions to passengers transported is very low compared to other vehicles.
However, it is responsible for 4.2% (336 million tCO,) of the CO; emissions produced by
global transport [1]. In order to achieve zero emissions by 2050 [3], the electrification of
new railway lines, electricity generation through the use of renewable sources, and the
development of high-speed trains are being developed.

Recently, high-speed trains have become a viable alternative to international flights
due to the development of new railway lines connecting several countries. These high-
speed trains intended to travel long distances have the pantagraph—catenary interaction to
feed the on-board loads as is already present for conventional trains. The catenary is an
overhead line system installed along the entire railway line, and through its contact with

the pantograph installed on the roof of the train, it supplies the electrical current required
to power the electric motor and loads [6]. However, the catenary is subject to continuous
impact with the pantograph and is exposed to environmental loads, thus representing one
of the most-vulnerable elements of the railway system, a source of failures and increased
maintenance costs [7,8]. In addition, many countries still have non-electrified railway
Attribution (CC BY) license (https://  networks [9], and the investment and operating costs for the creation of new electric
creativecommons.org/licenses /by / railway networks are high, so catenary-free electric trains have become one of the newest
40/). technologies for rail transport, whose power is supplied through storage systems.
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Consequently, it is essential to search for cleaner propulsion alternatives and to develop
on-board energy storage devices [10].

In this context, several public transport companies in Italy, as in other countries in
Europe and around the world, have carried out various projects and are investing in
solutions for environmentally friendly traction systems and integrating low-polluting
technologies such as lithium-ion batteries [11-13] and fuel cells [14-16]. An example is
the project proposed in [12], presenting one of the first battery-powered trains to enter
passenger service in Europe. The storage system is designed to provide a range of 100
Km on non-electrified railway lines and travel at a speed of 140 Km/h with a maximum
acceleration of 1.1 m/s?. The battery pack is lithium-ion and has the ability to support fast
research, allowing recharging in 7-10 min.

There are several projects and studies in the literature presenting the electrification of
railway vehicles used for non-electrified lines and railway vehicles in which the storage
system is the main power source.

In these studies, the design procedure of the storage system is mainly based on optimisa-
tion problems [17,18] or approaches based on mathematical modelling in simulation [19,20].
The paper presented in [17] highlights the key points for the dimensioning of the storage
system for a passenger train, a metro, and an urban tram, all of which are not connected to the
catenary. The design of the battery was carried out through an optimisation problem consider-
ing the energy and power required by the three trains along the route under consideration.

Numerical simulation in the MATLAB/Simulink environment is a widely used method-
ology for designing a storage system and calculating the energy consumption of the battery,
as is proposed in the work in [19], where an Electric Multiple Unit (EMU) was designed
with the intention of installing it on the new electric trains to replace the conventional
diesel trains, thus reducing emissions. The battery and the entire integration system were
modelled in a simulation, and the energy consumption of the battery was calculated. The
authors claimed that the new electric solution is able to reduce fuel costs and carbon dioxide
emissions by 86.67% and 64.96%, respectively, for a 12 Km stretch from Ubungo-Maziwa to
the city centre of Dar es Salam, Tanzania.

Mathematical modelling allows evaluating several technical solutions and choosing
the optimal ones based on the characteristics of the designed system, as proposed in
the work [20], where four different configurations based on combinations of fuel cells
and/or batteries were compared on a real passenger train tested on a line from Catanzaro
Lido to Reggio Calabria, Italy. Through simulation results, fuel cell efficiency, hydrogen
consumption, battery state of charge (SOC), and energy recovery during braking were
compared in order to determine the most-viable configuration. These studies show how a
design procedure based on mathematical modelling in simulation can reduce development
time and simplify the identification of design errors, as well as being an easy tool that can
provide results close to the “real case”. However, few works are available in the literature
that describe the design process of both the propulsion and generation systems for a railway
vehicle; the majority of studies focus on the sizing of a single component, such as electric
motors for propulsion or energy generation systems [17-24].

With this in mind and considering the aspects discussed above, the main contribution
of this article is to present the methodology and design procedure that were performed for
the dimensioning and realisation of both of the entire all-electric propulsion system and the
lithium-ion storage system of the rail vehicle under investigation. The design procedure,
summarised in Figure 1, was based on the implementation in MATLAB/Simulink of the
mathematical model of the entire railway system from which the technical solutions of the
storage system and the propulsion system can be simulated. The proposed model was
able to estimate the energy consumption of the entire storage system and the power that
the propulsion system would have to provide to ensure the proper operation of the train.
Through the simulation results, it was possible to size the electric motor, converters, battery,
and braking resistor. Subsequently, after developing the prototype, experimental tests
were carried out to validate the design choices and methodology performed. The design
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choices that were made for sizing and component selection will be described, providing the
reader with guidelines on the design of the entire power train. The design procedure was
applied to a Tesmec Rail railway vehicle. This vehicle is used for the maintenance of the
railway network; it operates in tunnels and urban centres, where it is necessary to perform
low-emission work and minimise noise during maintenance services in urban centres.

The remainder of the paper is organised as follows. Section 2 presents a description of
the railway vehicle under consideration. Section 3 implements the mathematical model
of the entire railway system from the mathematical equations representing the individual
components. Section 4 describes the criteria adopted for the design of the components.
Section 5 shows the results of the simulation and experimental tests. Concluding remarks
and future initiatives are presented in Section 6.

Definition of the Case of Study

* Main characteristics,
* Operating modes,
* Architecture of the vehicle

Mathematical Modelling

* Model of the vehicle dynamics,
* Model of the propulsion system,
* Model of the energy storage system

Sizing and Component selection

* Electric Motor, Converters, Battery, Breaking
Resistor

Prototype development

* Validation of the proposed methodology
through experimental test

Figure 1. A general overview of the methodology and design procedure for the electrification of a
maintenance railway vehicle.

2. Case of Study

The APLA100-E is a railway vehicle used in the vicinity of cities or tunnels, where it is
necessary to use environmentally friendly solutions and minimise noise during mainte-
nance services. The APLA100-E, being a diagnostic vehicle, consists of working equipment
such as a crane and a work platform, as can be seen in Figure 2. The main technical
characteristics of the vehicle are summarised in Table 1.

The vehicle’s electrical system is bimodal with two main sources of energy, the diesel
generator and the lithium-ion battery storage system. The first is used for emergencies,
i.e., only in the event of a breakdown or battery recharge. Indeed, the storage system is
designed to fully meet the energy required during vehicle operation. In emergency mode,
when the diesel generator is in operation, an AC/DC converter is interposed to convert the
380 VAC voltage to the DC bus voltage. As can be seen in Figure 3, the DC bus voltage is
generated directly from the battery. There is no interface DC/DC converter between the
battery and the power grid, in order to reduce the weight and bulk of the power system
and the conversion losses during battery charging and discharging, a solution that has
recently been used in several projects for light vehicles and small ships [25]. Furthermore,
a lithium-ion battery was chose whose voltage variation with respect to the state of charge
is small, as illustrated in Section 4. A pre-charge circuit was implemented to interface the
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storage system to the grid. The pre-charge circuit is essential to avoid damaging the power
source when it is connected to the grid, because when the battery is connected to a load
with a capacitive input, such as the intermediate circuit of the inverter used for traction, an
overcurrent occurs, known as the “inrush current”, in the first few moments, both during
startup and during commissioning. If this overcurrent is not limited, it can cause serious
damage to system components. When the vehicle brakes during the duty cycle, the electric
traction motor functions as a generator; the generated current can be used to charge the
battery or be dissipated if the storage system is already fully charged.

Figure 2. APLA100-E vehicle.

Table 1. Main characteristics of the APLA100-E vehicle.

Parameter Value Unit
Track gauge 1.435 m
Max length (between
headstocks) 9.00 m
Max width 3.00 m
Overall length (including 10.240 m
couplers)
Max height 3.450 m
Wheelbase 6.000 m
Max weight per axle 16 T
Max speed in convoy (towed) 100 km/h
Max speed in working mode 9 km/h

A braking resistor is sized to dissipate the excess current generated by braking or
descending. However, it must be considered that the APLA100-E vehicle is relatively light
and its duty cycle involves small movements with consequent braking of short a duration,
as we shall see in the next sections. The amount of current generated can, therefore, be
considered minimal, and the sizing of the braking resistor does not entail any critical issues
in terms of weight and overall dimensions. The auxiliary power supply consists of a battery
system necessary to power the 24 V circuit of the vehicle and the starting circuit of the
diesel generator, and a DC/AC converter is also provided for the supply of AC sockets
for any tools to be used during work operations. The movement of the crane and mobile
terrace machinery is achieved by means of hydraulic circuits.
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Figure 3. Architecture of the designed electrical system.

3. Mathematical Modelling

Following the establishment of the main characteristics of the vehicle and electrical
system, the next step is modelling the entire railway system in a simulation. In this paper,
the aim of the simulation was to model the dynamics of the vehicle, the entire propulsion
system, and the storage system in order to obtain an estimate of the energy consumption of
the railway system required for the sizing of the entire power train. The proposed design
procedure consisted of identifying the optimal technical solutions for the electric motor,
inverter, battery, DC/DC converter, and braking resistor. This is different from the work
proposed in [23,24], where a simulation model was developed only for the generation
system. The software used to develop the simulation models was MATLAB/Simulink
because it allows the entire railway system to be implemented in a very simple and intuitive
manner using a block diagram language. The dynamics of the various components were
implemented through subsystems so that they can be easily modified and replaced. In
addition, the implemented simulation provided acceptable results, as described in Section 5.
In addition, the developed model allows even very long work cycles to be simulated in a
few seconds.

The study of the electrical power required by the vehicle can be conducted by adopt-
ing different analysis methods [26,27]; two different simulation approaches can be dis-
tinguished according to the “direction” of the calculation method adopted: forward or
backward. In a forward simulation approach, there is a control block that sends control
actions such as acceleration or braking commands to the different components of the system
to follow the desired speed of the vehicle. The driving model will then modify its command
according to the proximity of the track. In contrast, in the backward method [23,28], the
controller is not present and the analysis is made starting from the desired driving cycle of
the vehicle, i.e., the time evolution of the vehicle speed. The value of the desired speed is
transferred from the vehicle’s dynamic model to the transmission and the motor in order
to analyse the performance of the components and to derive the required power for the
power system.

In this work, the model was based on the forward approach, as can be seen from the
diagram in Figure 4. Indeed, an integral proportional speed control was implemented in
order to reduce the difference between the actual speed of the vehicle and the reference
profile. From the output of the control block comes the command that influences the
operation of the electric motor, which then receives the torque reference from the motor.
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The total torque transmitted by the motor has both a driving torque component,
during the pulling phase, and a braking component when regenerative electric braking
is desired. In addition, isoefficiency curves were implemented for both the electric motor
and the control inverter to take into account the internal power losses that need to be
considered when performing an energy analysis of the drive system. Therefore, using the
overall efficiency of the drive system at various values of torque and rotational speed, it is
possible to derive the electrical power required to power the system from the mechanical
power required at the axis. This electrical power will be drawn from the storage system.
By varying the voltage at the ends of the accumulator system, it is possible to know the
electric current required to power the system and provide the desired torque. The model of
the storage system incorporates the value of the current to know the discharged capacity
and estimate its state of charge. The vehicle model essentially represents the longitudinal
dynamics model of the vehicle, as it implements the resistances to motion present when
the vehicle moves with a given velocity profile [29].

All the details of the model briefly discussed will be explained in depth in the following
subsections, describing the methods and analyses required to develop the single blocks
and then implement the complete model.

Battery System

SOC Battery System [%]

D Voltage [V] r@

Current [A]

Current [A]

Mission

Electrical Motor

o ‘\T |
U ‘ m % = Torque Reference [Nm| g_ k Motor Torque [Nm] Vehicle Dynamic
TLAT a

Transmission

System
ﬂ Current [A] Y

Voltgae [V] [}

4 Y

+| Mechanical Power [kKW]

<Velocity [mps]|>

Figure 4. Block diagram of the implemented forward model.

3.1. Mission Profile

The operations of the vehicle are typical of rail maintenance vehicles, and therefore,
it is mainly used for all work required for the construction and/or maintenance of the
railway power line such as the laying of feeders and the installation of earth conductors.
The maximum traction speed is 9 Km/h, and the duty cycle of the vehicle was assumed
to last 2 h per 8-h turn. All the various activities that the vehicle is called on to carry out
during its duty cycle can be expressed through the following Table 2.

Table 2. APLA100-E working cycle scenarios.

Type of Operation Number of Operation Duration
Traction start 30 -
Traction work 30 30 min
Traction stop 30 -

Equipment movement 60 40 min
Stopping for work execution 25 50 min

In order to design the entire storage system and also the vehicle’s electrical system,
several simulations were carried out assuming different gradients of 10%o, 35 %o, —10%o and
—35%o. The tabulated data for the starting, traction, and stopping phases allowed a power
profile of the vehicle to be derived, as shown in Figure 5. After deducting the time required
for the start-up and stopping transients, which depend on the slope conditions of the
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section on which the vehicle is to operate, a total of two hours of work was developed.
The vehicle’s storage system is capable of powering both the traction system and the
machinery-handling system.

Mission Profile
T

Speed [Km/h]

iR *

0 5 10 15 20 25 30 35 40
Time [min]

Figure 5. The mission profile of railway vehicle during the forty-minute work cycle.

3.2. Vehicle Dynamic

In order to analyse vehicle performance, it is necessary to create a model of the machine
that is able to represent the dynamics to which the vehicle is subject when it is in motion.
In the literature, there are different types of train models with more or fewer degrees of
freedom (DOFs) [30]. The 2D and 3D train models with more degrees of freedom are
used to perform simulations where both longitudinal and transverse dynamics need to
be considered; these models, even if they produce accurate results, are complicated to
implement and have a high computational cost. In this work, it was chosen to model the
train as a rigid body with only one degree of freedom so that only longitudinal dynamics
can be represented, neglecting transverse dynamics [29,31]. The equation of longitudinal
dynamics takes into consideration the acceleration to which the vehicle is subjected, which
has a certain mass, which is given by the difference between the traction effort and the
resistance to motion. Tractive effort is the force capable of moving the vehicle with a
certain speed when there is a certain resistance to motion. The mathematical relationship
governing the longitudinal motion of the vehicle is provided by the main equation of the
dynamic equilibrium, as follows:

F — Riot = Myss xa @

where a is the acceleration of the train, while M is the equivalent mass of the vehicle. The
resistance Ry, of the train is related to the sum of the forces acting on the wheel against
the motion of the vehicle. The resistance forces reduce the effect of the forces created by
the propulsion devices, thus reducing the speed of the train. In this paper, both rolling
resistance R, and aerodynamic resistance R, were considered, which depend exclusively
on the vehicle’s construction characteristics, and the additional resistances, which depend
on the characteristics of the road such as the gradient resistance Rq.

Rtot = Ry + Ry + Rg (2)

Having defined the resistances, it is possible to derive the acceleration through
Equation (1), which can be rewritten in expression Equation (3).
dv _F—R,+Rg+Ry
dt B Mass

®)

Integrating this equation yields the value of the vehicle’s actual speed relative to
the reference value, through which the motor torque can be adjusted. Furthermore, it is
possible to calculate the rotational speed of the wheel and the torque required to make the
vehicle move and, thus, overcome the resistive torque.
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3.3. Electric Drive Model

To create the electric motor model, the mechanical characteristics of the motor, i.e.,
the angular torque—velocity curve, were taken into account. The study conducted was
an energy analysis, and therefore, it was sufficient to assess the overall efficiency of the
electric drive. In order to do this, the efficiencies of the inverter and motor were considered,
which made it possible to determine the power absorbed and, consequently, the power
supplied by the batteries. The electrical machine was subject to various types of losses
during its operation, both losses in the conductors that make up the windings, typically
copper, and losses in the iron and mechanical losses, due to friction and ventilation, which
must be taken into due account. Through the calculation of internal motor losses, it is
possible to trace the electrical power supplied to the input of the electric motor by knowing
the mechanical power supplied to the shaft P;. The electrical power is then related to the
efficiency 1y of the motor by the following relationship:

Ppy = —— 4)

The behaviour of the electric motor can be effectively described by means of the
mechanical characteristic and isoefficiency curves. Even with regard to the inverter, it is
possible to model the losses that occur inside it more accurately, since the objective is to
obtain the electrical power supplied by the storage system. The total losses of the inverter
are therefore related to the conduction and switching losses in all the devices, both in the
IGBTs or MOSFETs [32], and in the freewheeling diodes. In this work, these losses were
taken into account through the inverter efficiency #,,, which is usually made available by

the manufacturer. b
EM
Pbattery = ®)
Inv

The efficiency of the inverter depends on the power supplied with respect to the rated
power data of the inverter itself. The following Figure 6, purely indicative, represents the
variation in efficiency with respect to the percentage of output power normalised with
respect to the nominal power.

Converter Efficiency Map
—

0.95

Efficiency
o
©

0.85

0.8

0_757"‘m‘H‘m‘H\H"m‘H\HH\HH\HH\HH\HH
0 10 20 30 40 50 60 70 80 90 100

Output Power %

Figure 6. Converter efficiency map.

3.4. Battery Model

In the literature, there are mainly three categories of battery models, depending on the
type of approach with which they are implemented and the kind of battery. These models
are divided into electrochemical models, electrical circuit models, and mathematical mod-
els [33]. However, the battery models proposed for sizing the storage system for railway
systems are based on the mathematical models [23,34] or equivalent circuit models [35,36].
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In this work, the battery model available in MATLAB/Simulink software for a lithium-ion
battery was used. This circuit model was initially proposed in [37] and later modified in
[38,39]. The models proposed in [35-37] do not take into account the exponential trend
of the breakdown voltage in the areas of maximum charge and discharge. Therefore, in
order to improve the accuracy of the mathematical model with respect to the real dynamic
behaviour of the battery, terms that take into account the exponential trend of the electrical
quantities were added in this model [38,39]. The circuit in this model consists of a controlled
voltage generator, which allows the open-circuit voltage of the battery and its variation as a
function of the state of charge (SOC) to be modelled, and a series resistor R, which allows
internal voltage drops to be taken into account. In order to better represent the non-linear
behaviour of the open-circuit voltage, the polarisation parameter K was added. The battery
current i* was filtered through a low-pass filter in order to avoid the algebraic loop during
the simulation. The Figure 7 shows the schematic of the proposed model.

it [Ah] fnt

Current Filter

[3_ t 0
i(®

O he— Charge

.\O b4— Discharge
1! =
Exponential
+ 1
Tm | ; LD

Exp *

@ Vearr

w .

K=*Q . K*Q

Voc.pischarge = Yo — TRy

it + A x e(TBAID)
EBATT -

i"[A]

K*Q K*Q .
v — o ; (~Brit)
it[ah] |"eereree Vo ToTegw Tt ATe

Figure 7. Schematic diagram of the battery model.

The equations representing the battery voltage and open-circuit voltage are, respectively:

K *
Vbattery =E, — Q _?ti(t) - Ri(t) (6)
K x )
VOC = EO — Qf?t * l(t) (7)

E, is the no-load voltage with the battery fully charged and is a constant, Q is the
maximum capacity of the battery (it is the discharged capacity given by the integral of the
current flowing in the battery), K is the bias constant, and R is the internal resistance. The
polarisation parameter K can be expressed by the equation:

(qull - Qnom)
Qnom

Viun is the maximum battery voltage. Vionm is the nominal voltage. Qnom and Qfy are
the capacity at the nominal voltage and the capacity when the battery is fully charged. The
equations describing the no-load voltage behaviour across the battery are further distinguished

K = BVt — Viom + A(exp ™ BQrom —1) 8)
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when the battery is discharged or charged. For lithium-ion batteries, the following equations
are used to describe the change in no-load voltage as a function of discharged capacity:

_KxQ ., KxQ

_ * : —Bxit
VOCDz‘scharge =Ep O—it *1 — 0= itlt + A exp( it) )

K*xQ *,*_K*Q

Vi =E)— ————
OCeiarge = M0 " 0150 —it '~ Q—it
The state of charge (SOC) is estimated using the following equation:

it + Aexpl~B*t) (10)

1t
sOC=1-— 5./0 () * dt (11)

In which the constant Q is the maximum capacity of the battery. For the parameters A
and B, the equations are as follows:

A = Ve — Vexp (12)

o«
Qexp

The parameter A is given by the difference between the battery voltage at full charge
and the battery voltage at the end of the exponential segment; thus, A represents the
amplitude of the exponential voltage zone. B is the exponential capacitance, also called
the inverse time constant. This parameter is calculated using the battery capacity at the
end of the exponential segment and is related to a constant parameter « obtained by fitting
the model to the actual battery data. In addition, i* is the measured current value filtered
through a first-order low-pass filter.

B (13)

4. Sizing and Component Selection
4.1. Electric Motor and Inverter

The design of the entire electric drive was performed starting from the power demand
of the vehicle under the worst conditions, i.e., at the maximum slope and maximum
speed. Indeed, under the most-difficult conditions, the vehicle must be able to start from
a standstill on the maximum slope and move at the maximum constant speed. From the
dynamic model of the vehicle, the required mechanical power at constant speed can be
estimated, then the appropriate motor and inverter will be dimensioned to meet the power
requirements. The mechanical characteristic of the electric motor is closely related to the
mechanical characteristic of the vehicle shown in Figure 8, which represents the tractive
effort and, thus, the force with which the vehicle can be moved at different speeds.

The power required at the wheel when the vehicle is on a slope with a maximum
gradient is obtained by imposing a ramp speed reference, which, starting from 0 Km/h,
reaches an operating speed of 9 Km/h. The maximum possible acceleration of the vehicle
is defined by the maximum tractive effort bounded by the grip, which depends on the
adherent weight, i.e., the weight bearing on the driving wheels. In this case, having only
one driven axle and choosing a coefficient of adhesion equal to 0, 18, it is possible to estimate
the limit of adhesion imposed on the tractive effort as 38,808 N. The maximum resistance to
motion offered by the vehicle in conditions of maximum slope at 9 Km/h is equal to 8197
N. Consequently, the power required P; to maintain the vehicle at 9 Km/h in conditions of
maximum gradient is:

P;=Rxv (14)
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where R is the resistance to motion calculated previously and v is the maximum speed of
the vehicle. The nominal power of the electric motor is defined as the ratio of the required
power to the efficiency of the mechanical transmission #;.

Py 2049 kW

= om - 21.57 kW (15)

Py =
The engine’s maximum torque will be limited by the grip limit and is given by the

following equation:

Fuax x 1
Tnaxy = ——— = 473 Nm (16)
mt

The maximum torque Ty, is given by the maximum tractive effort Fy, and the
wheel radius. The relationship between the torque at the wheel and the motor torque is
given by the transmission ratio T and the efficiency #;. In this application, the mechanical

transmission ratio was 41. The angular speed of the engine, expressed in revolutions per
minute, when the vehicle is travelling at a speed of 9 Km/h is given by:

WEM = g T = 2094 rpm 17)

Therefore, an electric motor with a rated power of 25 kW was chosen. Figure 8 shows
the map of the isoefficiency curves and the maximum torque curve in operation as a motor
and as a generator as a function of the speed of the electric motor sized and purchased in
this project.

Electrical Motor Efficiency Map
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Figure 8. The mechanical characteristic and efficiency curves of the designed electric motor.

In this application, it was necessary to comply with the dimensions allowed by the
approved truck already present on the vehicle structure, so the final choice of the electric
motor was the result of a trade-off between the maximum torque desired for the correct
operation and the bulk of the motor. In order to allow the motor to operate at high efficiency,
it was necessary to use a high transmission ratio of the mechanical gearbox between the
electric motor and the vehicle’s wheel axle. In this way, even at low longitudinal vehicle
speeds, it can be possible to work at high speed and with much lower torque. The electric
motor chosen to drive the vehicle was an interior permanent magnet synchronous motor,
as shown in Figure 9.
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The design of the inverter was closely related to the electrical power and, consequently,
the current required to power the electric motor under all expected operating conditions.
In addition to the nominal electric power values, it was also necessary to consider the peak
values associated with the vehicle’s acceleration phases. The inverter must, therefore, be
able to supply peak electrical power in addition to the nominal power. The peak electrical
power is related to the peak torque, which is required to impart a certain acceleration to
the vehicle. In conditions of the maximum gradient of the railway track, and therefore
maximum resistance to motion, a peak torque of 179 Nm and an electric power of 40 kW
are required. The calculation was based on the design requirement that the vehicle reaches
a speed of 9 km/h in 9 s and, therefore, an acceleration of 0.27 m/s?. The following Table 3
shows the electrical characteristics of the selected inverter. The torque control is managed
by the inverter and is the MTPA vector control “maximum torque per unit of current”. This
type of control is excellent in the case of the interior permanent magnet synchronous motor,
which is the type of electric motor that was selected.

Figure 9. The electrical motor and traction inverter.

Table 3. Parameters of the selected inverter.

Inverter Parameter Value
Peak power 60 kW
Continuous power 35 kW
Nominal voltage 650 V
Maximum DC voltage 780V
Full torque current available 250 Vto 720 V

4.2. Choice of the Battery System

The selection of the chemical technology for the traction battery fell on lithium-ion, as
this technology has countless advantages for traction applications, such as a high energy
density and, thus, a low weight in relation to available energy, with the possibility of being
discharged/charged at high currents [36,40,41].

The battery voltage was the DC bus voltage; therefore, no DC-DC interface converter
needed to be installed between the battery and the voltage bus. The reason this was possible
is due to the chemistry of the battery selected, which is in fact a lithium iron phosphate
(LiFePO4) battery. This battery uses lithium iron phosphate as the cathode material and
has numerous advantages, including low cost, high specific capacity, greater resistance to
ageing, and above all, excellent voltage stability even when subjected to heavy loads [40].
The voltage variation at the various discharged capacitances was only a few volts, and
this characteristic allowed the battery to be used without interfacing it with any voltage-
stabilising converter, as shown in Section 5. In addition, the decision not to provide a
DC-DC converter was also linked to the type of inverter chosen, as the converter selected
has a wide range of acceptable input voltage on the DC side, which allows it to work with
a variable voltage without incurring overvoltage or undervoltage conditions.

To size the storage system, it was necessary to start from the electric power necessary
to feed the electric drive in the worst condition of use of the vehicle. During the sizing
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phase of the motor and inverter, the mechanical power required to move the vehicle at
a speed of 9 Km/h and at the maximum gradient was evaluated. From the efficiency of
the electrical motor and inverter, it was possible to estimate the electric power supplied
by the battery in that phase and evaluate the sizing of the storage system. The efficiency
of the electric motor can be extracted from the isoefficiency curves at the operating point
considered. In this case, the motor efficiency can be estimated at 0.96. As far as the inverter
is concerned, the electric power required by the inverter to power the electric motor net of
the losses of the latter is equal to:

Py 2157 kW
HEM - 0.96

Pl = = 2247 kW (18)

In this particular case, the efficiency of the inverter corresponds to approximately

0.98. It is possible to make an initial estimate of the electric power supplied by the storage

system:
Pem 21.57 kW

NEM * no ~ 0.96%0.98

Pbattery = =23 kW (19)

However, this power value represents a value absorbed under running conditions,
ignoring vehicle starting. The requirement to be imposed in terms of range, which justifies
the use of the vehicle, is that the battery should be able to power the vehicle for at least
a 2 h work cycle. Therefore, the storage system to be sized should have an energy of
46 kWh to be able to complete the work cycle at the maximum speed and the maximum
gradient in 2 h, discharging the battery from 100% to 0%. Due to the high susceptibility
of lithium-ion batteries to deep discharges, which result in the loss of performance and
a decrease in overall lifetime, it is necessary to avoid over-discharging the battery, so it
was decided to keep a degree of discharge (DOD) of 80% and, therefore, assume that the
battery is discharged from 100 to 20 of its maximum capacity. Thus, in this case, the capacity
of 46 kWh was the energy discharged with a DOD of 80%, and therefore, the maximum
capacity of the storage system to be selected was 57.5 kWh. The market research on storage
systems focused on suppliers who already develop modules and systems used in railway
applications. Traction battery systems designed for applications in this field have a number
of standards and reference regulations that must be met when working in this field [42].
The battery purchased is shown in Figure 10, and its parameters are summarised in Table 4.

Figure 10. The battery system designed.
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Table 4. Parameters of the selected lithium-ion battery.

Battery Parameter Value
Nominal Voltage 665.6 V
Nominal Power 83 kW
Available Energy 56 kWh
Maximum Capacity 105 Ah
Maximum Voltage 760 V
Minimum Voltage 572V
Nominal Current 125 A
Peak Current 200 A (60 s)

4.3. Chopper DC/DC and Braking Resistor

To dimension the DC/DC converter (braking chopper) to dissipate energy on a suitable
resistor (braking resistor), in the event that it cannot be used for regenerative purposes,
it was necessary to quantify the power derived during the braking phases, considered
within the working cycle designed for the APLA100-E vehicle. To this end, a simulation
data acquisition process was undertaken, assuming the vehicles start-up until the working
speed of 9 Km/h was reached, keeping it and subsequent stopping. The results of the
simulations made it possible to derive a power profile of the vehicle based on the work
cycle hypothesised in the preliminary phase, the net of the times required for the start-up
and stop transients, which depend on the slope conditions of the stretch on which the
vehicle operates.

For the sizing of the devices, it was decided to consider the worst-case scenario, which
can be identified in the hypothesis of performing the work cycle at a gradient of —35%o.
In this condition, maintaining a working speed of 9 Km/h assumes a continuous electric
braking condition, generating a power of 22 kW, and for stopping, this power had a peak
of 60 kW. For the dimension of the DC/DC converter suitable for dissipating the excess
electrical energy during braking on a suitable resistor, it was necessary to know the peak
DC current during the braking phase. The total braking energy is derived as:

Eiot = Py, * 1y, (20)

peak

where t, and Pb,mk are the time and peak power value during braking, respectively. A
factor known as the Braking Ratio (BR) is defined as the ratio of the braking time to the
time of an entire work cycle, as derived from the following Equation (8).

thr
BR= - 1)
Tcicle

The nominal power output at the ends of the braking resistor is defined by Equation (9).

tor Etot
Porpors = Por,,p * = (22)
' Tpeak 2 Tcicle Tcicle

The braking voltage V), corresponds to the DC bus voltage during the phenomenon
of interest. Its value depends on the state of charge of the battery. The average and peak
current during the braking phase are defined as follows:

Eiot
I = % 23
bravemge tbr * Vbr ( )
Py,
_ peak
Ibrpeak - Vbr (24)

Once the peak current and DC bus voltage have been defined, the braking resistance
can be determined using Ohm’s law.
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Vbr

Ry = (25)

Ib T peak

The DC bus voltage value has a great influence on the dimension of the resistor. At
this point, it was decided to size the system for two different operating conditions, the first
relating to the braking unit being inserted in the condition of maximum battery charge,
which corresponds to a voltage value on the DC bus of 728 V, which will be the intervention
threshold of the converter. On the other hand, in the hypothesis of being able to command
the braking unit to intervene, a worst-case condition was assumed in which the battery was
deeply discharged, but could not receive charging current. In this case, the DC bus would
be at a voltage level of 572 V. Table 5 summarises the calculations performed for both cases.

Table 5. Calculation of braking resistance for the two cases.

Parameters Case 1 Case 2
Voltage 728 (V) 572 (V)
Energy 1380 (kJ) 1380 (kJ)

Peak power 60 (kW) 60 (kW)

Rated power 14.4 (kW) 14.4 (kW)
Peak current 82.417 (A) 104.9 (A)
Average current 35.766 (A) 45.52 (A)
Braking resistor 55(Q)) 8.83 (©))

For the sizing of the braking resistor, the worst case was considered to extinguish
a peak current of approximately 105 A, and thus, a resistor of 8.83 (2 was implemented.
The choice of the braking chopper was made according to all the electrical parameters
discussed, and it must in fact be able to manage the electrical power to be dissipated both
in steady state conditions and in peak conditions. Obviously, the chopper must be able to
operate within the battery voltage range. The following Table 6 shows the characteristics of
the brake chopper that was identified.

Table 6. Parameters of the selected braking chopper.

Chopper Parameters Value
Peak Current 100 A
Nominal Current 50 A
Max Voltage 965V

5. Experimental Results

In order to carry out the tests, the vehicle was placed on the track at the Tesmec plant
in Monopoli, Italy; the size of the track section is approximately 20 m and has a slope of
0%o. The work cycle was then created and used to perform the simulations by managing
the speed setpoint at 9 Km/h and the electric braking from 9 Km/h to 0. The work cycle
actually performed and the drive torque developed by the electric motor are shown in
Figure 11. On the vehicle, the main network on which information travels is the CAN
bus network; using this network via a CAN-USB converter, the electrical quantities of the
components can be obtained. The bit rate of the CAN network is 250 kpbs. The current,
voltage, and state of charge signals were acquired via current and voltage transducers,
while the SOC was the result of a processing algorithm created by the battery management
system. Through a resolver mounted on the axis of the electric motor, it was possible
to obtain the vehicle speed by knowing the wheel radius and transmission ratio. The
prototype was tested for a work cycle of forty minutes, in which the rail vehicle carried
out typical railway maintenance tasks. Figure 11 shows the various speed, torque, and
power profiles, and it can be seen that the sized storage system manages to meet the
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required power. During the braking phase, the torque is negative, and the electric motor
acts as a generator; some of the energy is recovered. On the other hand, when the vehicle
is stationary, the operating machine on the vehicle is activated to perform maintenance
services, and therefore, from the graph, it is clear in that section that the electric power
is absorbed. The system that was designed was powered exclusively by the lithium-ion
battery, which completely eliminates emissions during the working cycle of the rail vehicle.
However, the emissions that would be produced by the same vehicle if it were powered
entirely by the emergency diesel generator for a one-hour work cycle would be 9.6 kg
CO;,. This value of emissions was calculated from the technical data provided by the
manufacturer of the emergency diesel generator on board the vehicle.
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Figure 11. View of speed, torque, and power profile acquired during experimental tests.

Figure 12 compares the simulated and real energy consumption obtained during the
experimental tests. The electrical energy consumption values for a 40 min work cycle were
approximately 3 kWh. It can be seen that the estimated energy consumption obtained from
the simulation followed the real trend accurately in the first few minutes and diverged
increasingly during the work cycle; this was due to the imperfect slight inaccuracy in the
modelling of the auxiliary loads, which are present throughout the operation of the vehicle.

Energy Consumption

Real
Simulation

Electrical Energy [kWh]

0 s ; s ‘ ‘
0 5 10 15 20 25 30 35 40 45
Time [min]

Figure 12. Simulated and real energy consumption of the railway system.
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However, analysing the graphs proposed in Figure 13, the maximum absolute error
and relative error were still quite low at 0.062 and 0.022, respectively. Table 7 shows other
error values related to energy.

Absolute error

Time [min]
Relative error

0.04
i~

£ 0.02
a5}

0

0 10 20 30 40

Time [min]

Figure 13. Representation of the variation over time of the absolute error and relative error of
electrical energy consumption.

Table 7. Calculation of electrical energy consumption error.

Indicators Electrical Energy Consumption
Mean absolute error 0.0263
Mean square error 0.001
Root-mean-squared error 0.0323
Maximum percentage error 2.2%

The efficiency of the propulsion system was calculated during the experimental tests
by Equation (26); the highest value was 86.7%, and it was reached at the maximum speed of
9 Km/h, while the lowest efficiencies were at the low speed values, as shown in Figure 14.

P Electrical
IPROP = 75—~ (26)
Mechanical
0.9 Power train efficiency
0.8 - b
0.7 7
0.6 - b
>
2
2 o5k i
=
m
04 1
03 b
0.2 7
0.1 \ | ) | ) | | | |
0 1 2 3 4 5 6 7 8 9 10

Speed [Km/h]
Figure 14. Profile of speed, torque, and power acquired during experimental tests.

In this work, the study and experimental tests were carried out for a prototype in which
cost minimisation was not considered, but safety was primarily addressed; an example
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is the implementation of the braking resistor. Therefore, an economic view in terms of
investment and installation costs was not provided, but through the design procedure based
on mathematical modelling, it was possible to calculate the electrical energy recovered
during the braking phases of the vehicle. Indeed, considering the worst-case scenario in
which the vehicle works with a gradient of 0%. and for a working cycle of two hours, it
was possible to recover about 1.77 kWh during braking, which corresponds to an energy
savings of 16.5%. This is a particularly advantageous savings for countries such as Italy,
where the cost of electricity is around EUR 0.5/kWh.

Once the battery was sized, it was purchased, and the proposed model was validated
at steady state through the experimental data of the dynamic performance provided by
the battery manufacturer. In fact, experimental tests were performed on the battery and
compared with those obtained through the simulation to prove the validity of the model,
as shown in Figure 15.

The model battery validation
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Figure 15. Comparison of the voltage-discharge curve values obtained from the model with the
values carried out during the experimental tests on the battery.

It can be seen from Figure 15 how the measured voltage was lower when the battery
was discharged with a higher current, but the voltage trend remained practically constant
within the range, which varied between 90% of the state of charge and 20% with a decrease
of only 20 V. The maximum voltage reached 696 V at 100% of the state of charge, while it
suddenly dropped below 600 V once the battery was almost completely discharged (SOC
between 10% and 0%).

From the state of charge that was acquired during the tests from the battery with a
sampling time of 1s, a comparison between the estimated state of charge obtained in the
simulation and that obtained experimentally is shown in Figure 16.

Figure 17 shows the comparison between the amplitude of the voltage and current
measured during the experimental tests and those estimated using the mathematical model
implemented in the simulation.
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Figure 16. Comparison of the state of charge value obtained from the model and that achieved during

the experimental tests.
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Figure 17. Representation of current and voltage amplitude during simulation and experimental test.

The waveforms of the battery voltage and the current drawn by the propulsion system
were compared with the corresponding quantities measured during the experimental tests.
The percentage error of the battery voltage and current were approximately 1.28% and 1%,
respectively. The quantities were well estimated by the implemented model, as can also be
seen from the indicators in Table 8, which validates the reliability of both the simulated
results and the presented design procedure.

Table 8. Calculation of voltage and current error.

Indicators Voltage Current
Mean absolute error 3.0680 0.1422
Mean square error 10.99 0.9782
Root-mean-squared error 3.316 0.9891
Maximum percentage error 1.28% 1%

6. Conclusions

In this paper, the design procedure for the electrification of a railway vehicle was
presented, from the analyses carried out in simulation, to the design and procurement of
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the propulsion and generation components of the vehicle, through to the experimental
tests on the constructed prototype. The analysis and preliminary studies for the design
were carried out using simulations in the MATLAB/Simulink environment. The electrical
energy consumed for a 40 min work cycle was approximately 3 kWh. The percentage error
and the absolute maximum error calculated from the difference between the simulated
and experimentally measured value of consumed energy were 2.2% and 0.062, respectively.
The experimental tests carried out on the prototype proved the effectiveness of the design
procedure adopted and the proposed mathematical model, showing a good matching
with the simulated results. The lithium-ion storage system model was validated through
the results of the experimental tests performed on the battery. The experimental results
performed on the vehicle validated the design procedures and reliability of the entire
designed propulsion system. The tests were carried out on a 20 m track on which Tesmec
Rail Srl tests its vehicles. The vehicle was subjected to a real working cycle lasting 40
min, and the efficiency of the entire powertrain was 86.7% when the vehicle reached its
maximum design speed.
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