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Abstract: A full electrification of many local railway lines is often not feasible or sustainable in terms
of construction and maintenance costs or alternatively for the presence of additional constraints and
limitations deriving from environmental or infrastructural limitations. Battery Operated or other
kind of hybrid solutions powertrains are currently proposed as sustainable alternatives to Internal
combustion engines for the propulsion of rolling stock on not electrified lines. In this work, authors
propose the adoption of a partial electrification of lines to assure higher performances and reliability
of battery-operated rolling stock designed to be recharged and feed using standard technologies such
as pantographs gathering power from suspended catenaries. This innovative solution is designed
and sized for a vehicle inspired from an existing one and simulated for two different existing lines,
also proposing an optimal distribution of electrified sections dedicated to train recharge. This Case
Study is simulated considering some possible applications to some existing railway lines in Italy.

Keywords: batteries; battery operated trains; multi-modal trains; partially electrified lines; lithium
batteries

1. Introduction

About a half of European railway lines is not electrified [1]. Not electrified lines are
quite common on railway networks of many countries such as Germany [2]. Not electrified
lines are diffused also in many extra-European railway networks. This situation is justified
by construction and maintenance costs of electrified lines which are not affordable for low
traffic intensities. Electrification is also penalized by the orography of crossed territories
and by the availability of infrastructures such as connections to power grids or to local
energy sources.

Rolling stock for both passenger and freight service on not electrified lines is powered
by internal combustion engines with Hydraulic or Electric transmission systems.

The substitution of ICEs (Internal Combustion Engines) with other electric power
sources or storages is proposed to increase sustainability an environmental impact in terms
of direct emissions of CO,. Also, a simple hybridization of a Diesel-Electric locomotive as
investigated by Magelli [3] can reduce emissions.

Proposed alternatives [4] are electric storages such as batteries [5,6] or hybrid hydrogen
fuel cell systems [7,8]. Both technologies are affected by limitations that have been studied
in comparative studies such as the ones of Zenith [8] and Cole [9]. Conclusions of these
comparative studies are affected by technological improvements of key components like
batteries and fuel cells [10]. As investigated by Zhang [11], usage of hybrid hydrogen fuel
cells is currently limited by their poor dynamical performances and reliability especially on
partial loads.

Dynamical limitations of fuel cells are compensated adopting a power buffer.

As investigated by Fragiacomo [12], batteries, capacitors, or hybrid systems, can be
employed as power bulffers.
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The small size of power buffers involves a limited or null application of regenerative
braking that penalize the efficiency of the whole system especially for mission profiles with
frequent decelerations or strong altitude gradients.

Commercial fuel cell trains, such as Alstom Coradia [13], currently exhibit a far higher
autonomy respect to corresponding battery-operated solutions. A further increase of
autonomy is limited by the current technology of pressurized hydrogen tanks whose
maximum operating pressures cannot exceed 350-700 bar [14,15].

High energy consumptions needed to pressurize hydrogen penalize “from well to
wheel” efficiency and sustainability [16].

Specific energy density of Batteries [17] adopted for railway applications is still low
(less than 100-120 Wh/kg).

Performances of cells and batteries proposed for automotive market [18,19] are grow-
ing thanks to huge investments needed for a large-scale production so a rapid growth of
energy density for batteries is expected (200-300% in the next 30 years).

Batteries are reversible storages that allow an extensive use of regenerative braking
on railway vehicles. So, it can be concluded that in a short-medium term scenario battery
operated rolling stock will be a valid and competitive solution for not electrified lines.

Partially electrified lines represent a quite common scenario of employment: a part
of the mission is performed along a route for which cost of line electrification is tolerable
while the remaining part of the mission is performed on a not electrified one.

This scenario has been studied since 2013 by Hoffrichter et al. [20] which proposed a
multi-modal solution in which propulsion of electric unit is alternatively granted by diesel
units or collected from the overhead line. Recent studies of Abdurahman [21] demonstrate
that the environmental impact of battery-trains on partially electrified line can be more
sustainable respect to conventional solutions.

In the last two-three years, multimodal trains have been proposed for different appli-
cations such as tramways, suburban [22] and conventional railways [23,24]; so this topic is
still very important for the community of railway researchers.

In this work, author has proposed the design of a multimodal passenger BEMU
(Battery Electric Multiple Unit) also introducing some criteria to optimize the distribution
of electrified sections along the line. Aim of the work is to improve autonomy respect to
expected mission profiles. For proposed BEMU a mountain line is investigated. A Line with
appreciable slopes/elevation gradients is deliberately chosen to emphasize the importance
of regenerative braking. Optimal location of recharging infrastructure along the line is
also investigated.

The aim is to demonstrate that a proper synergic design of both BEMU and partially
electrified lines can make this solution interesting and competitive even in a short-term
scenario in which progress of storage technology is still modest.

A particular attention is focused on the following aspects which also represent the
innovative and more significant contributions of this work:

e Investigated BEMU train is inspired to existing industrial products. These solutions
are interesting for some applications such as local passenger lines. The considerations
in terms of energy management control are introduced.

e  The dynamic recharging of the onboard batteries is performed using a conventional
railway pantograph under a standard 3 kV catenary. The whole system is designed
and simulated considering the power and current limits imposed by current regula-
tions [25].

e  The proposed solutions are verified by considering the stress on mission profiles on a
mountain line. The consumption of auxiliaries is considered.

e A partial electrification of the line is introduced to improve the autonomy and reliabil-
ity of the service. The disposition of the electrified sections is optimized with simple
methodologies that can be easily extended to different case studies.

The discussion is organized as follows:
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e Investigated BEMU Train: The main features of the investigated BEMU train are
introduced.

e  Modeling of the Proposed BEMU: This section describes the methodological aspects
concerning the modeling of the train, sizing of the onboard storage system and energy
management.

e  Partial Electrification of Firenze-Faenza line: an unelectrified line (Firenze-Faenza) is
introduced. Criteria for optimal positioning of electrified sections are discussed.

e  Simulation Results: The proposed BEMU is simulated along the Firenze-Faenza line
and the results obtained are discussed.

o  Conclusions and Future Developments.

2. Investigated BEMU Train

There is significant interest in improving the environmental impact of local passenger
service that is currently performed with DMU (Diesel Multiple Unit). The attention of
stakeholders has motivated industrial investments for the development of HDMU (Hybrid
Diesel Multiple Units), FCHMU (Fuel Cell Hybrid Multiple Unit) and BEMU (Battery
Electric Multiple Unit). Most of these technologies are often developed on the same product
platform adapted to host different kinds of powertrains.

In Table 1, some recent examples of BEMUs are shown; the size and performance of
these products are shown to be convergent in terms of speed and loading capacity.

The investigated BEMU is designed, starting from the features of the Hitachi Masaccio
train (Masaccio is the name of the HDMU version) [26,27] and some recent developments
of Staedler trains [28].

The researchers from Florence University investigated the upgrade of the Masaccio
HDMU (Hybrid Diesel Multiple Unit) to FCHMU (Fuel Cell Hybrid Multiple Unit) in
previous publications [29,30].

Thanks to these previous activities, the data regarding the internal layout, weight and
encumbrances are available for the purposes of this work.

Table 1. Some Recent Examples of Proposed or Studied BEMU.

BEMU Hitachi BEMU Masaccio Hitachi BEMU Masaccio Stadler FLIRT Akku 3
(2021) * (3 coach conf.) (2021) * (4 coach conf.) (2021-2022)
Max. Speed 140 [kmh] 140 [kmh] 140 [kmh]

Max. Power 580 [kW] 890 [kW] 1000 [kW]
Autonomy About 100 km About 100 km Declared 150 [km] **
Capacity About 200-220 [seats] About 280-300 [seats] About 160 [seats]

Batteries LTO about 600 kWh LTO about 800 kWh LiNMC about 1000 kWh
Electr. Standard DC 3 [kV] DC 3 [kV] 15kV 16&2/3 [Hz]

* These data are referred to as a preliminary presentation of 2021 [27]. ** In December 2021, the FLIRT Akku [28] set
the world record for the longest journey with a battery multiple unit in pure battery mode covering 224 km. This
was achieved despite the wintry conditions, snow and sub-zero temperatures. The accolade has been documented
in the Guinness Book of World Records.

As shown in Figure 1, the investigated train is like the BEMU version proposed by
the manufacturer in 2021. Innovations and modifications are introduced in terms of the
adopted batteries and power management layouts that differ from this previous study.

Encumbrances available for battery installation are calculated by removing unused
components from a Hitachi Masaccio HDMU [30].

Weights and encumbrances of the added storage system, including power converters,
were calculated considering the performances of recent battery packs homologated for
railway service [31].
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Data of the chosen storage system are shown in Table 2: these data are coherent
with performances of the BEMU [32] that achieved the last record of autonomy in Berlin

(224 km).

Full Battery Operated Train: Additional Battery Packs on trailer coaches
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Figure 1. Investigated BEMU derived from the original Hitachi Masaccio Platform.

Table 2. Sizing of the installed storage system considering different constraints related to axle loads,

available encumbrances, and exchanged power flows.

Battery Data
Parameter Value
Battery Module
Specific Energy of Chosen Battery Modules 117 [Wh/kg]
Volumetric Energy of Chosen Battery Modules 172 [Wh/dm3]
Specific Power of Chosen Battery Modules 352 [W/kg]
Volumetric Power of Chosen Battery Modules 517 [W/dm?3]
Max Continuous Charge Discharge Power On batteries 3 C (about 3 [MW])
Size of Installed Battery Modules 1.066 [MWh]
Total Weight 9000 [kg]
Installed Power of Traction, Braking and Auxiliary Converters
Parameter Value
Installed Traction Power 1333 [kW]
Max Regenerative Braking (symmetric perf. are supposed) 1333 [kW]
Power Required by Installed Auxiliaries 120 [kW]
Fixed Efficiency of Power Conversion Stages 92%
Fixed Efficiency of Mech Transm. Stage 94%
Interoperability with 3 kV Energy Infrastructure
Value

Parameter

6 [MW] (2000 [A])
600 [kW] (200 [A])
2400-3700 [V]

Max Power Collected on a 3 kV catenary in motion

Max Power Collected in Standstill Conditions (speed under 3 [kmh])

Allowable Voltage Catenary Range (For 3 KV)
Axel Loads & Encumbrances

19,381/19,463/19,559 [kg]

Max/Mean/Min Axle Load (axel load cannot exceed 20 t)
50/100/150 [dm?]

Max/Mean/Min Residual Encumbrance on Each Coach

The size of the installed storage system is evaluated by exploiting the available loading
capacity and encumbrances. As shown in Table 2, the chosen battery storage system has a

size of about 1 MWh and an approximate weight of 9 tons.
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The chosen battery pack fits the available encumbrances (minimal residual volume in
a coach is reduced to 50 dm?). The weight, calculated as equivalent axle loads, respects the
prescribed specification of 20 tons/axles.

The chosen batteries allow for a maximum charge/discharge rate of 3 C: a complete
recharge of the battery can be performed in twenty minutes.

On partially electrified lines, a high charge rate allows for a fast recharge under
electrified sections. Battery recharge cannot exceed limitations regarding the maximum
power that can be collected from a 3 kV DC line using a standard pantograph.

These limitations, also described in Table 2, are prescribed by interoperability specifi-
cations [33].

The power flows associated with traction, regenerative braking and auxiliaries are
also shown in Table 2.

3. Modelling of the Proposed BEMU

The adopted model is an extension of a tool that has been introduced to simulate
hybrid fuel cell rolling stock [29,30].

Longitudinal equilibrium (1) of the convoy is solved considering applied longitudinal
forces T and motion resistances such as F, (grav. forces due to slope), F, (distributed
friction and aer. resistances), F, (lumped motion res.), and F; (inertial force):

T+F+F+E+F=0 )

The application of traction and braking forces is evaluated considering tabulated
saturations of the involved components and plants.

Mixed electric and pneumatic braking is modeled considering adopted blending
strategies. Involved power flows are calculated considering a fixed conversion efficiency of
92% for power converters. The efficiency of mechanical transmission is also constant and
equal to 94%.

The general layout of a hybrid or electric powertrain is shown in Figure 2. Every
source and the storage system are connected to a common DC Bus.
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Figure 2. Generalized powertrain layout for the proposed BEMU.

The connection with the DC bus can be direct, or it can be performed through an
intermediate coupling stage (a power converter).

In this way, different solutions ranging from diesel-electric transmissions to hybrid
fuel cell or battery-electric solutions can be modeled.

In this study, the DC bus is connected to the pantograph and, consequently, to the
overhead line through a DC-DC converter. This converter is an H-bridge that can be used
as a reversible chopper under DC lines.
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Battery storage, DC Bus, and traction equipment are designed to operate at the same
voltage level.

The proposed solution privileges autonomy in battery mode with respect to efficiency
when operating under the electrified catenary.

3.1. Generalized Power Management

The adopted power management system is designed for easy customization and tun-
ing. The original approach proposed in this work is a further evolution of a solution [34,35]
that was developed for multimodal buses and trucks tested by the University of Florence
at the ENEA laboratories of Roma Casaccia (Roma, Italy).

The layout of the proposed solution is shown in Figure 3: the scheme is derived from
the one described in Figure 2 after the application of the described simplifications.

Load Follower Loop (inner)
soc,,, G 6, B 1=

‘Lref

] > I/I/Il‘{.’/‘ ‘ 8 _7%7 Wz — ”l + ”1 = ”:m,\/
y === - B Traction
/ load o
m ﬁ - Auxiliaries
® ; Etc. Etc.
SOC, g

@
Batteriesare the primary storage directly

connected to traction converters

Figure 3. Layout of the proposed power management system.

The vehicle loads are supposed to be fed by a primary storage system, the battery.
When the train is traveling under an unelectrified section, the primary storage is the
only source of power for the train. Power W exerted by the battery is equal to the sum of
train loads, Wjy4 (2):
W1 = Wigad 2)

When the BEMU is traveling along an electrified line, power collected by the panto-
graph, Wy, is controlled by a multi-quadrant chopper. As shown in Figure 3, the chopper is
controlled by a closed loop called “Load Follower Loop™:

e Wy, is a reference value; the aim of the loop is to regulate the power W to follow
Wiyef, rejecting train load Wiy, as a disturbance. As an example, if Wy, is equal to
zero, W, will be equal to Wy,.

e  Wj is regulated by adjusting the power collected from the catenary W, to minimize
the error between Wy,,s and Wy. The controller transfer function is called G,. The
transfer function P, has been introduced to model the dynamic response limits of the
plant (as an example of the DC-DC converter), but in this work, it is supposed to be a
unitary gain.

e In this paper, G is a linear PI controller (proportional-integral controller with gains
K}y and K;). The controller output is limited by a variable saturation block to protect
the overhead line against excessive currents.

Assuming that the currents are not saturated (required current values are admissible
with respect to the limits of connected infrastructure), W; and W, can be easily calculated
in terms of transfer functions (3) and (4):

Wl( ) — Wload+wlrefGZ(S)P2(5) — 1 sWioad 4 Kp erff<s+1<£;7> .
1+Ga(s) Pa(s) (Kp+1) S+(K:;<7-i+—1) (Kp+1) s+(l<;<711) ’ ©)

Ga(s) = Ky + 5 Py(s) =1
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(Wload - eref) K s+ Tléi
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P

By performing a loop-shaping of the G, controller (calibrating K}, and K;), it is possible
to modify the poles of both transfer functions W1 (s) and Wy(s).
In the hypothesis of constant Wy,,, it is possible to evaluate the frequency response
of W»(s) as a function of K;, and K;: relatively low values of both gains (K, = 10 K; = 1)
can assure stable behavior of the system and ensure it is performing. Figure 4a shows an
example of the simulation where a sudden transition from the maximum traction level to
the maximum service braking is simulated. The difference between the power required
by the traction system and the response of the loop in terms of the power collected by the
pantograph is negligible. Higher gains are possible. In this work, a low gain calibration
was preferred to ensure a robust solution.
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Figure 4. Calibration of the G, controller. (a) Response of the calibrated system during a sudden

60

40

transition from maximum traction to max service braking. (b) Calculated settling time with respect
to the proportional and integral gains of the controller.

As shown in Figure 4a, the integrated state of the PI controller is reset every time there
is a sudden transition from traction to braking. This reset of the integral gain is performed
to avoid delays that are potentially unsafe for braking.

The simulated scenario of Figure 4a is a worst-case condition since the typical behavior
of the traction and braking loads is typically much smoother.

The corresponding behavior Wj(s) in terms of settling time (time needs to reach 98%
of a step excitation) with respect to the imposed values of K, and K; is shown. The chosen
gains correspond to a settling time of about 1.7 s, as shown in Figure 4b. This response is
fast enough since the dynamic behavior of the traction and braking loads is quite slow.

The internal load follower loop (controller G;) is not able to stabilize the state of charge
of the battery SOC;. An external loop called the “Range Extender” stabilizes the battery’s
state of charge, regulating the desired power flow Wy

This loop is called the Range Extender since the implemented functionality is quite
similar to the range extender approach used for hybrid road vehicles [36]. The vehicle
battery is periodically recharged accordingly to maintain the SOC within an assigned range.

In this study, a nonlinear controller G; was preferred, as described by (5). The battery
is recharged to keep SOC; within a minimum (SOCpin) and a maximum level (SOCqmax)-
The power flows are limited between two extreme values (Wimax, Wimin). In this work, the
value of the exponent 7 is equal to 2.

SOCl(t) — SOCimin
Soclmax - Soclmin

Wirer = (Wlmin + (Wimax — Wimin) (1 - ( )”) (SOCl(t))> (SOC(t) < SOCimax) ®)
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In Table 3, the calibrated values of both controllers are briefly summarized.

Table 3. Calibration of power management system.

Parameters Value
Wlmin 0.3 [C] *
Wlmax 3.3 [C] * T
SOC1imin 0.2
G1
SOC1max 0.85
SOCmf 0.85
n 2
K 10
P
G
2 K; 10¥

Notes: * C is the fraction of the rated power of the battery, so for a battery of 1 MWh, 1 C is equal to 1 MW.
t Action of the controller is saturated by power protection limits described by Table 3, so Wlmax can be higher
than 3 C only to increase the gain of the loop. ¥ Integral gain is protected with a reset of the integral state as the
controlled maneuver changes from traction to braking.

Controller Gy, as described by (5), has been calibrated to fully exploit the features of
the proposed battery. The allowable state of charge SOC; was reduced to a range between a
minimum value of SOCypn equal to 0.2 and a maximum value, SOCyp;y, of 0.85. The value
of SOC1min was chosen to assure a reasonable margin of robustness against battery aging.

The value of SOCin,x was decreased to 0.85 to assure a reasonable safety margin
against the risk of overvoltage to which the battery can be subjected during regenera-
tive braking.

A maximum depth of discharge of about 65% helps to extend the life and reliability of
the storage system, mitigating accelerated aging due to high recharge rates.

This choice is confirmed by the technical literature for LTO [35], NMC [36].or LiFePOy [37]
cells that are conventionally indicated as well-suited for railway applications.

3.2. Planning of Mission Profiles and High-Level Control of Longitudinal Dynamics

The proposed model calculates the energy consumption of the simulated train.

These results are affected by the adopted driving style. So, the simulated maneuvers
must be smooth and realistic.

The mission profile is constrained to respect the same timetable that is currently
performed by conventional trains on the same line.

As shown in the scheme of Figure 5, an inverse dynamic problem is solved to iteratively
adjust the trajectory of the train according to the “Reduced Maximum Speed” strategy:

e A constant acceleration is applied, and the imposed jerk is limited until the maximum
speed is reached. The power and torque limitations of braking and traction equipment
are considered.

e  The maximum speed is optimized by the pre-processor to respect the mission timetable
and the known speed limits of the line.

The top speed is maintained until a braking phase is necessary.
The maximum service braking begins as late as possible, with respect to the assigned
stopping station.

The calculated position x,(t), speed and acceleration profiles are used as reference
inputs for a closed-loop control described in Figure 5. The loop is composed of the nested
position and speed loops aiming to regulate reference traction torques and braking of
the train.
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Figure 5. Adopted approach for the offline generation of planned trajectory and for the high level of
driving control of the simulated train.

4. Partial Electrification of Firenze-Faenza Line
4.1. Description of Firenze-Faenza Line

The simulated line connects Firenze to Faenza (length of about 100 km), and it is

currently unelectrified. As shown in Figure 6, the mean slope of the line is high (about
6 [m/km]).

650
550 Crespino del Lamone
Travel duration San Piero a Sieve A
450 (from Florence) 66 Marradi - Palazzuolo sul
Ronta 4 Senio
— ys4 )
.§, 350 a4 \ giforco {75
g Vaglia - 28’ / Jok~ San Martino in Gattara
= /
‘>° 250 / ¥ San Cassiano
@  / 4’ 90’ o5°
w . Fiesole - Caldine # 38’ Strada Casale % "Fognano
100’ Brisighella
Campomigliaio Borgo San Lorenzo 106" 118'
50 Firenze Campo di Marte San Marco Vecchio Faenza
S0
40 20 0 20 40 60 80 100

Position[km]

Figure 6. Firenze-Faenza line, line profile, elevation and arrival time in each station starting from
Florence.

The maximum slope of the line is about 15-20 [m/km] for several kilometers.

Thus, this mission profile is quite stressful for the current technology of BEMU.

With limited interventions on both vehicle and infrastructure technology, the per-
formed service can be improved both in terms of autonomy and reliability.

The arrival times in each station taken from a real timetable are shown in Figure 6.

4.2. Partial Electrification of the Line: Optimization Process
The partial electrification of the line is optimized by adopting this methodology:

e Evaluation of Consumed Energy: A complete simulation of a mission profile is per-
formed. To complete the assigned mission profile, the chosen capacity of installed
batteries (117 [Wh/kg]) is not sufficient. So, the specific capacity of the battery is



Energies 2024, 17, 24

10 of 17

iteratively increased to find a value of stored energy that assures the completion of the
mission (corresponding to a SOC reduction from 85% to 20%).

e  Optimization of Electrified Sections: The energy needed to perform the mission is
known, so it is possible to evaluate the minimum number of intermediate electrified
sections that should ensure the completion of the mission using the nominal capacity
of the train storage. The positioning and extension of the electrified recharge sections
are optimized according to some criteria suggested by recent studies [38]. These
criteria have been reworked in a form that facilitates system optimization. The main
criterion that led to the numerical optimization was the minimization of the maximum
DOD (Degree of Discharge) of the battery during the mission profile.

4.2.1. Evaluation of Consumed Energy

The rates of energy consumption are evaluated according to the mission profile shown
in Figure 7, where a round trip from Florence to Faenza and return is considered.

160 30
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Figure 7. Simulated mission profile considering the usage of an Intilion high energy storage (about
180 Wh/kg).

The consumption of auxiliaries when the train is stopped at stations is also considered.
For the terminus stations of Florence and Faenza, the duration of the stop is increased to
15’ to ensure the preparation of the train. During the whole mission, batteries are recharged
only by regenerative braking. To complete the mission, a battery with a minimum specific
energy of 180 Wh/kg is needed (minimum state of charge of batteries equal to 20%).

This value is higher with respect to the nominal energy density of the battery (117 Wh/kg),
so the amount of energy needed to complete the mission is 150% higher with respect to the
nominal installed capacity. This value can currently be reached by installing high-energy
lithium cells [31] that are also assessed for railway application. However, high-energy
modules are currently limited in terms of charging rate (1 C-complete recharge in one hour).
High-energy cells are more sensitive to aging when they are subjected to high power loads.
Looking at the results of Figure 7, the following conclusions can be reached:

e  The proposed model is able to generate a smooth mission profile that respects the
assigned timetable and imposed kinematic constraints.

e  Energy consumption is strongly influenced by line slope; in the uphill sections, con-
sumption is much higher. In downhill sections, regenerative braking contributes to
sustaining and even recharging onboard storage. Motion sensing influences the shape
of the consumed energy, which is represented in Figure 7 in terms of DOD (degree of
discharge of the battery).

e  The consumed energy is 150% higher than the nominal capacity of the batteries. At
least one intermediate recharge section is needed. The maximum recharge rate of
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batteries is 3 C, so the extension of electrified recharging sections should be 25-35% of
the total length of the line. For the two runs from Florence to Faenza and vice versa,
the position on which the maximum DOD occurs can be easily calculated. The optimal
positioning of the intermediate recharge section corresponds to the position of the line
that can be reached by consuming only half of the energy (half of the maximum DOD).
The profile of the consumed energy is affected by motion sensing. Thus, the optimal
positioning of the intermediate recharge station is different according to the motion
sensing of the train.

4.2.2. Optimization of Electrified Sections for Dynamic Recharge

Criteria for the optimal positioning of recharging sections have been widely studied
in the literature [39].
In this work, the following criteria are considered:

1.  Positioning of intermediate recharging stations must minimize the maximum DOD of
batteries to maximize train autonomy and reduce battery aging.

2. Construction and maintenance costs must be minimized. Electrification must take
into account orography and the local availability of power sources.

3. Electrification should be performed where high-power flows are statistically recorded.
For example, around railway stations, high accelerations and decelerations are sta-
tistically more common. The slope of the line is another factor that contributes to
increased energy consumption.

4. The duration of a dynamic recharge under the catenary is limited by the length of
the electrified section. So, the duration of the recharge can be inversely proportional
to the mean train speed. It is convenient to electrify sections of the line in which the
mean speed is not very high. In standstill conditions, the amount of power that can
be collected is about one-tenth.

According to the above-described criteria, the choice of terminus stations of Firenze
and Faenza (criteria 1 and 3 are automatically satisfied) is almost mandatory since both
stations are connected to pre-existing electrified lines (criterion 2 is satisfied). At the
terminus stations, the train will begin/end its service, so in these plants, long periods of
time for recharge are available (criterion 4 satisfied).

The total length of a trip is about 100 km, so a total length of electrified sections
between 25 and 35 km should be enough. A medium value of about 30 km is considered.

Optimization will be focused on the choice of intermediate recharging sections whose
lengths are evaluated to be at least 10-15 km.

This minimum length of the electrified section justifies the cost of additional power
stations. If the extension of the electrified section is too long, additional costs for power
stations should be evaluated.

The remaining length of recharging sections is obtained by extending the length of the
electrified sections around the terminus stations.

A numerical optimization is performed to evaluate the optimal positioning of the
intermediate section according to criterion 1, the minimization of battery DOD.

As shown in Figure 8, simulations of roundtrip missions (Florence-Faenza-Florence)
are repeated iteratively, shifting the positioning of the intermediate electrified section
between the two locations:

e  The first, Borgo San Lorenzo, corresponds to the location that minimizes the maximum
DOD of the battery when the train is traveling in the direction from Florence to Faenza.

e  The second, Biforco, is the location that minimizes battery DOD in the return run from
Faenza to Florence.

As shown in Figure 8, there is no configuration that minimizes the maximum DOD
recorded during a roundtrip mission under 35%. This value is reached when the intermedi-
ate recharge section is in Borgo San Lorenzo. In this case, a DOD of 35% is recorded when
the train is returning from Faenza to Florence.
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As the position of the intermediate recharge station is shifted to Biforco, the maximum
recorded DOD increases to 45-46%. This value is recorded when the train is returning from
Faenza to Florence. So, it can be concluded that Borgo San Lorenzo is an optimal location
for the intermediate recharge location according to criterion 1.

Opt. Location 1 Opt. Location 2
(Borgo San Lorenzo) (Biforco) 5
50 I T T T T I
48 f —
L h
46 ¥ &
| * |
_ 44 L -
S .
gu Maximum DOD 1
2 sw|Faenza->FlorenceDir. 4 1
=]
£
gl 1
=
36 T
o O O O (*
34 i \ Ve JI
32f MaximumDOD !
2 Florence-»Faenza Dir.

o

5 10 15 20 25 30
Pos. between Borgo San Lorenzo and Biforco[km]
Figure 8. Maximum DOD of the battery, as a function of the position of the intermediate electrified
section.

As shown in Figure 9, the chosen location (around Borgo San Lorenzo) is also the
most favorable in terms of construction and maintenance costs (criterion 2): the electrified
section is located in a flat, accessible area in the Mugello valley between Campomigliaio and
Panicaglia, where also connection to the power grid is relatively easy; in the same valley,
the local line is adjacent to power stations of the high-speed railway line Firenze-Bologna
and to the high-voltage electroduct from Florence to Bologna.

Opt. Location 1 = Faenza->Florence
Florence->Faenza

Opt. Location 2

Altitude{m)

Arrj\al Time

Sections

(8} Borgo San Lorefz0"?//"°

v Position[km]

Extension of v Extension of
pre-existing 3 3 . pre-existing
electrified lines 'ntersection with other lines electrified lines

and other power infrastructures

Electrified Sections
Figure 9. Distribution of electrified sections along the Firenze-Faenza line.

Near Borgo San Lorenzo, as shown in Figure 9, there is an intersection with another
unelectrified line also coming from Florence through Pontassieve.

An electrification in this area should also be synergic for this second railway line.

For concern criteria 3 & 4, along this section of the line, at least three intermediate
stations are within a few kilometers, involving frequent stops and accelerations.

The performed choice penalizes onboard batteries during return trips from Faenza, so
the electrified section from Faenza was slightly extended to compensate for this drawback
partially. The distribution of the electrified sections along the line is shown in Table 4.
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Table 4. Position and length of electrified sections along the line.

Position of Electrified Section Length
From Florence CDM to Villa Salviati 4.5 [km]
From Campomigliaio to Panicaglia 12.5 [km]
From Brisighella to Faenza 13 [km]

5. Simulation Results

A simulation of a roundtrip mission along the Firenze-Faenza line has been performed
to verify performances achieved with the partial electrification of the line.

Some results are shown in Figure 10: the train with nominal batteries can complete
the roundtrip mission with a maximum DOD (Degree of Discharge of the Battery) of about
35% (0.35).
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Figure 10. Simulated mission (high-power batteries on partially electrified line from Florence to
Faenza and return).

At each terminus station (Firenze or Faenza) and at the end of the intermediate
recharge section, the battery is fully recharged. The system is energetically stable with
respect to the proposed mission profile.

When traveling from Florence to Faenza, the maximum DOD is about 18%.

This value of DOD is equal for the two unelectrified sections, so for this motion sensing,
the proposed layout of the line is optimal with respect to the features of the chosen train.

For the return trip (from Faenza to Florence), the maximum DOD is almost doubled
(about 35%). The proposed solution, in this case, is suboptimal; however, the residual
autonomy granted by the storage system is large enough to ensure a reliable service and
the robust behavior of the system.

Evaluation of Collected Currents on Added Electrified Sections

The collected currents on the electrified sections are also calculated using the above-
described model.

The aim of this calculation is the evaluation of losses along the line.

As shown in Table 5 and Figure 11, the calculation is performed considering the different
distributions of the power stations (bilateral or single-sided) and different line impedances.
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Table 5. The parameters of the simulated lines and power stations for both the bilateral and single-
sided power stations.

Heavy Catenary [39] Light Catenary
Distributed Impedance Along the Line 0.05 [QQ/km] 0.1 [QQ/km]
Output Impedance of Power Station 0.09 [Q] 0.18
No Load Voltage V,;, (Max Voltage of 3700 [V] 3700 [V]
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Figure 11. Simulated behavior of collected current and power transmission efficiency.

The data for what concern simulated lines are taken from previous research activi-
ties [39].

The collected currents are compatible with the usage of the standard railway DC
pantographs since their peak values are under 2000 [A], which is considered the maxi-
mum limit.

The lightest catenary of Table 5 can be adopted but only with bilateral power stations.

A one-sided power station is cheaper, but this solution can be adopted only with
heavier catenaries.

By modifying the energy power management of the train, it is possible to add some
further limitations on the collected currents, which should allow for lighter infrastructures.

However, the proposed solution seems to be quite robust with respect to the wide
variations of impedance of the electrified sections.
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6. Conclusions

In this work, the author introduced an example of a complete model that can be
used to perform the preliminary sizing, calibration and evaluation of a BEMU considering
different mission profiles. The same models can be used to synergically optimize the design
of the line with respect to training performances and the adopted mission profile.

In this work, these activities have been performed considering the partial electrification
of a mountain line (Firenze-Faenza). The performed design takes count of regenerative
braking and consumption of auxiliaries. Optimization is difficult to reach as multiple
features must be optimized.

The obtained results demonstrate the flexibility and usability of the proposed approach.

The design procedure of the recharge sections is optimal with respect to the chosen
BEMU and mission profile. The modular logic proposed for the energy management of the
train is effective and relatively simple to calibrate.

A synergic use of a BEMU train with partially electrified sections can be a feasible
alternative to conventional diesel-propelled solutions.

The relative length of partially electrified sections with respect to total line length is
currently constrained to be around one-third to one-fourth (25-33% of the total length of
the line). The maximum recharge rate of the batteries and the maximum collected power of
the pantograph are responsible for these limitations.

The passenger trains investigated in this work are short (about four coaches); further
and future research activities will be dedicated to the investigation of longer compositions,
such as battery-operated freight trains.
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neither the European Union nor the European Commission can be considered responsible for them.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The author declares no conflict of interest.
List of Adopted Symbols and Acronyms

Longitudinal efforts (traction and braking) applied to the whole railway composition.
Motion resistances due to the altimetric profile of the line (gravitational forces)
Distributed motion resistances due to internal friction and aerodynamic forces
Lumped motion resistance due to line geometry such as curves (as example)

Inertial forces calculated considering the total equivalent inertia of the train.

Power exerted by the first on board storage system.

Total power required by traction loads and auxiliary ones.

Power exerted by the i-th onboard storage or power source.

Transfer functions of the i-th control loop and transfer function of the i-th plant
Desired /reference power profile for the first storage

Proportional and integral gains of the G, controller (Supposed to be a proportional-integral controller)
Maximum and minimum values of power exchanged by the first storage.

State of Charge of the first storage and corresponding allowable maximum and minimum values
Degree of discharge of a battery (DOD = 100-SOC)

Exponent of the control law described in Equation (5)

Specific energy and power of adopted batteries

Nominal power size of the battery

Output voltage of the power station

Voltage collected from the overhead line through a pantograph

Collected current from the overhead line

Efficiency of power transmission along the overhead line
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ICE Internal combustion engine
BEMU Battery electric multiple unit
HDMU Hybrid diesel multiple unit
FCHMU Fuel cell hybrid multiple unit
LTO Lithium titanate cells
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