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Abstract—As part of the agreements signed by the French gov-
ernment to guarantee the future of the country’s secondary rail
network, the regional transport authorities are looking for ways
to reduce overall costs (purchase of equipment, operating and
maintenance costs, etc.) while maintaining and even developing
the transport offer on these lines. In this context, a new project
called TELLi has been proposed. TELLi’s ambition is to provide
the regions with a solution that reduces the total costs of the
railway system over its entire lifecycle. It proposes an innovative
solution to replace the diesel rolling stock X73500 and X72500
currently used in this secondary rail network by autonomous
electrical trains, which will be powered by catenary and modular
energy sources: batteries and fuel cell. Consequently, this dual-
mode approach improves flexibility and efficiency in various rail-
way operations, while simultaneously promoting energy efficiency
and emission reduction. This paper develops a modelling and
an innovative method for energy management to minimize the
energy consumption of this novel train within the health conscious
of the energy sources. Finally, simulation results of real train
mission in French railway network will be presented to test and
validate the energy management system.

Index Terms—Dual-mode train, Energy management system,
Fuel cell, Battery, Energy.

I. INTRODUCTION

In France, the secondary rail network represents the lines
that serve the whole area. These lines are classified as *UIC
7 to 9 SV’ by the International Union of Railways, which
indicates the lines with the least traffic on the network. They
are generally associated with daily commuter lines. They rep-
resent railway axes with low traffic but are essential in terms
of territorial planning and are currently facing an investment
barrier. Restoring these lines to normal operating conditions
would require an additional 675 M€ per year. As these lines
are regularly called into question, it is urgent to implement
solutions that guarantee continuity of mobility services for
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citizens in sparsely populated areas. In this context, the French
National Railway Company (SNCF) has formed a consortium
to bring together the best of the French rail industry around
a shared goal: we need to innovate to revitalise these lines.
The consortium is made up of 11 partners, including Raile-
nium, with complementary roles. The consortium proposes an
innovative project named TELL..

TELLIi proposes an inventive solution to replace the diesel
rolling stock X73500 and X72500 currently used in this
secondary rail network by autonomous electrical trains, which
will be powered by catenary and modular energy sources:
batteries and fuel cell. Therefore, this dual mode solution
allows for greater flexibility and efficiency in various railway
operations while offering energy efficiency and emissions
reduction [1].

For the proposed train, a robust method is needed to manage
the energy flows of the system while respecting the physical
constraints of each source. An innovative energy management
system (EMS) is proposed to split the power between the
battery and the catenary or between the battery and the fuel
cell (FC). Several EMS methods can be implemented in
this case, such as optimization-based methods, for example,
the Pontryagin minimum principle (PMP) [2] and Equivalent
Consumption Minimization Strategy (ECMS) [3], Dynamic
Programming [4], Particle Swarm Optimization [5], Genetic
Algorithm [6], etc. Rule-based methods, like fuzzy logic [7],
deterministic rules based [8], etc. Machine learning based
methods, like: reinforcement learning [9], multi-agent system
[10], etc. The ECMS method has proven to be highly effective
for energy management in the railway systems. By optimizing
energy consumption in real-time, ECMS ensures a balanced
trade-off between fuel efficiency and performance, making it
a reliable approach for reducing overall energy costs while
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maintaining operational efficiency. This method has been
successfully applied to various rail systems, demonstrating its
adaptability and significant potential for improving sustain-
ability in railway operations. In [11], an energy management
system based on ECMS is applied to minimize the hydrogen
consumption to improve the characteristics of the rolling
stock, saving 3.5% hydrogen consumption. In [12], ECMS is
used to reduce the total equivalent hydrogen consumption of
the system, reduces the volume and weight of the hydrogen
storage device, and improve the economy. In [13], the authors
implemented an algorithm to optimize the standard equivalent
consumption minimization strategy (ECMS) for an FC-B-SC
tram. An analysis is conducted and the strategy designed is
compared with other algorithms, based on operative mode
control, achieving operating cost and fuel consumption saving
(more than 13.81% and 20.75%) and FC efficiency improve-
ments (more than 0.5%).

Fuel Cells are well-known candidates for the second energy
sources in dual-mode train, but they are subject to some degra-
dations. The main operating modes leading to degradation
and premature failure in automotive applications have been
detailed in [14] and [15]. Degradation caused by load changes
(56.5%) and start/stop of the FC (33%) account for more than
89% of the overall degradation, while the degradations caused
by high power (5.8%) and idling operation (4.7%) are minor.

Batteries are characterized by many parameters: power
density, energy density and life cycle. The common definition
of end of life of the battery is based on losing 20% of its
nominal capacity. The life of a battery depends on many
parameters. Temperature, the number of life cycles and the
state of charge (SOC) are the most important factors to
consider when determining the battery life [16]. Thus, it is
important to limit the start/stop cycles of the FC, the depth of
discharge of the battery, and the current of the battery when
designing the EMS. This paper develops an innovative method
for energy management to minimize the energy consumption
of this novel train, avoiding operating zones that accelerate the
ageing of the fuel cell and battery. Following the introduction
of the power-train model, an energy management system is
developed to split the power between the battery, fuel cell and
catenary within the health conscious of the fuel cell and the
batteries.

The rest of this paper is organized as follows: section II
details the proposed train versions and its modelling. Section
IIT introduces the energy management strategy that is used.
Section IV represents the simulation results followed by con-
clusion in section V.

II. PROPOSED TRAIN IN TELLI PROJECT

The proposed train in TELLI is characterized by its mass
of about 48t, and its maximum speed of 120 km/h. In the
electrified zones, this innovative train can be powered by either
a 1.5 kV DC overhead line or a 25 kV AC line. This dual-
power configuration allows to obtain two versions of TELLi:
the Battery Electrical Multiple Units (BEMU) 1.5 kV DC
and 25kV AC. This power can be used directly for the train

traction and to recharge its batteries. In non-electrified zones,
it is equipped with the lithium batteries that power the train.
For greater autonomy on non-electrified rail lines, a hybrid
solution has been proposed, it is named hydrogen (H2) version,
it consists of coupling the batteries with a fuel cell (FC),
see figurel. The Hybrid hydrogen traction provides greater
autonomy than the previous version, without emitting any local
carbon emissions or pollutants.

Select A for BEMU version
Select B for H2 version
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Fig. 1. Architecture of the proposed train in TELLi

A. Energetic Representation Macroscopy (EMR)

EMR is a graphical description tool that organizes the sys-
tem into interconnected basic elements (see Figure 2). Source
element (green oval), accumulation element (orange crossed
rectangle), monophysical (orange square) or multiphysical
conversion (orange circle), and distribution element (double
orange square). This organization is based on the physical
interactions (action/reaction principles) and causality between
each component, which can illustrate the power exchanged
within the system [17]. Additionally, a control scheme is de-
fined from the EMR of the system using inversion rules, with
all control pictograms are presented by blue parallelograms.

Traction subsystem

Fig. 2. EMR and inversion-based control of BEMU and H2 versions

B. Modelling

The fuel cell system includes a FC stack and auxiliary
components, such as: hydrogen recirculation pump, cooling
pumps, air compressor and humidifiers. A complete FC dy-
namic model will consider thermal, fluid, electrochemical and
electrical models. In this paper, the FC is modeled as a current-
controlled voltage source. A polarization curve is considered
like in previous works [18]. The model used for the battery is



a linear simple model, more detailed information are available
in [19]. The battery voltage Vj,: is given by:

Vbat = Voc(SOC) - Rint(SOC) X Ipat (D

where I, is the battery current. V. the battery open circuit
voltage and internal resistance R;,; depend on the battery state
of charge (SoC). The battery SOC is calculated using :

SOC(t) = Qbat(t)/Qnom (2)

where Qpq: and Q. are respectively the battery capacity at
time ¢ and the battery nominal capacity.

The environment is considered as source of resistive forces
includes the gravity force Iy, and resistance forces F'ry, it
is given by:

Fres :FRA+Fgra :A+BXVel+Cx‘/;2l+MSXgXZ' (3)

Where A, B, C are the coefficient of the resistive forces, g
is gravity, M, is the static mass, ¢ is the slope. The energy
variables, including source (DC line or FC) currents, DC
bus voltage, and train velocity, are imposed by accumulation
elements, represented by orange crossed rectangles.

di

Vs - Vsc = ins des 4
It + R;di “4)
Ve
Foe = Fres = Maa = My=° (5)
dV;
Itot - Idc = C'bus dbtus (6)

where M is the dynamical mass, Cy,s represents the capacity
of DC bus and L; inductance of the filter source. V; is the
voltage source, V. is the voltage of the converter, V3, is the
voltage bus, Fi, is the total force of traction, Fi is the
resistive force, I;,; is the load current and I, is the DC bus
current.

The monophysical conversion units (orange squares), rep-
resents the DC/DC which alter both current and voltage in
accordance with the modulation ratio m. Additionally, the gear
box and the wheel are represented by the same bloc.

V:zs:‘/busxm

I.s =1sxm @)
where Vg, I.s, Vpus, and i represent respectively the DC/DC
converter voltage of the source, its current, DC bus voltage
and the current source.

The inverter and machine are considered as multiphysical
conversion that converts the electrical variables to mechanical

variables.
Crn_ref X W

= ®)

tract nk X Vous

where 4y, 18 the traction current, Cy s is the total torque
reference, w,,, rotational speed, n* is the motor efficiency, &
is a coefficient (k = —1 i.e. traction, k = 1 i.e. braking).

C. Control

The control scheme represented by the lower blue part in
figure 2, it is deduced from the EMR using inversion-based
rules [17]. Assumed that all variables can be measured.

The inversion of the filter is used to calculate the converter
voltage reference given by 9.

Ves_ref = —Ci(t)(is_ref — is) + Vs 9)

where C;(t) is a PI controller. The parameters of the PI
controller are calculated using the pole placement method.

The modulation ratio m is then calculated using the follow-
ing equation : v f

cs_re
m = Vi (10)

To ensure the desired train velocity, the tuning variable
Ftract_ref is linked to the variable to be controlled. From
Fres, the measured train velocity Vel and the desired train
velocity Vel_ref, the reference traction force Fitract_ref is
calculating by:

Ftract_ref = Cy(t) x (Vel_ref —Vel)+ Fres (11)

where C), is a PI controller. Its parameters are calculated using
the pole placement method. In addition, a limits of traction
force is respected in order to limit the current demand that can
degrade the ESS or the traction system. This control saturation
is finally taken into account by the velocity regulator using an
anti-windup control loop.

The torque reference of the machine is determined by a
direct inversion of the wheel and the gearbox.

III. ENERGY MANAGEMENT SYSTEM DESIGN

Depending on the reference mission profile of the train, the
traction subsystem presented by the green block named “env”
in figure 2 will impose a current i;,; on the DC bus. This
current is the sum of the auxiliaries current and the traction
current (obtained according to the mechanical braking strategy,
the vehicle characteristics and the corresponding control). The
DC bus current will be managed by the energy management
system presented by the dark blue block in figure 2. The
energy performance of the train will then depend on the
developed energy management strategy.

In this paper, the DC bus current will be optimally dis-
tributed among the following energy sources in the best way
to minimize the hydrogen consumption within the health
conscious of the fell cell and the energy storage system
by avoiding operating zones that accelerate their ageing. An
Equivalent Consumption Minimization Strategy (ECMS) is
used to achieve these objectives.

A. Health conscious ECMS

ECMS is an optimal control based energy management
method. It is widely used in the field mobility for the energy
management for dual mode trains and vehicles [20]. It is
developed from the Pontryagin Minimum Principle to find
the optimal solution for continuous or discontinuous control



systems. Specifically, ECMS can determine the optimal control
inputs that satisfy the minimum cost function given a set
of boundary conditions, with the goal of minimizing the
Hamiltonian. A controlled system can be expressed as follows:

&= f(x,u,t) (12)

where x represents the state variables and u represents the
control inputs. In addition, the cost function of the controlled
system is:

tf
T(t) = /0 Ol (), ut), D)t (13)

where C'(z(t), u(t),t) is the instantaneous cost. In this paper,
this cost function refers to the electricity consumption for
the BEMU version and the hydrogen consumption for the
H2 version. To minimize this cost function of the controlled
system, the corresponding Hamilton equation can be written
as follows:

H(x(t),u(t), k(t),t) = C(z(t),u(t), t) + kT (t) f(z,u,t)
(14)
where k(t) is the co-state variable. In this paper, its initial
value is determined offline using the Pontryagin Minimum
Principle with iterative calculations. During operation, it is
subsequently adjusted online using a PID control mechanism.
Under certain constraints, the optimal solution can be found
by minimizing the Hamiltonian function within a finite set,
which can be expressed as follows:

u*(t) = argmin[H (2(1), u(t), k(t), )] (15)

where u*(¢) is the optimal control action obtained by ECMS.
For both versions of the train, the control problem is subject
to the following constraints:

Pload(t) = Pes (t) + Pbat(t)
_ Prale(t).u(t)

Qbat‘/bal (l‘(t))
SOszn <z< SOCma.r

Pbat min <z< Pbat max
Umin S U S Uma:r

(16)

where Pj,q4(t), Prat(t) and P.4(t) represent respectively the
load power, the battery power and the energy source power. It
represents the DC line power in the BEMU 1.5 kV DC version
and the FC power in the H2 version.

As discussed in the introduction, it is important to design a
health conscious EMS by avoiding operational conditions that
accelerate aging. This EMS should be capable of dealing with
the following requirements:

o Minimizing the energy consumption,

o Maintaining the battery SOC inside the boundary values,

e Minimizing the number of FC start/stop,

« Maintaining the battery power inside the boundary values,

o Maintaining the FC power inside the boundary values,

o Maintaining the battery current inside the boundary val-

ues

IV. SIMULATION RESULTS

In this section, the train model and the energy management
system are simulated using one specified mission of 135
km from origin to destination which is adapted to the train
equipped by the batteries and the fuel cell. The aims of this
simulation is to compare the hydrogen consumption between
two energy management strategies for this specified mission.

The train parameters and the constraint values are listed in
Table I.

TABLE I
PARAMETERS
Parameter Hydrogen version
Pouz 35 kW
M, 33717 kg
M, 35317 kg
Maximal speed 120 km/h
DC bus capacity 40 mF
Catenery voltage /
Batteries energy 295 kWh
SOC max 80%
SOC min 15%
Pfc max 100 kW

The ECMS is designed to minimise the hydrogen consump-
tion. The first part in the Hamiltonian in equation (14) is
presented by the H2 consumption Wy calculated by:

Py,
Nge(Pre) x LHVH,

Wha(Pyc) = a7
where Pr., LHVy, and ny. represent respectively the fuel
cell power, the hydrogen lower heating value (120 MJ/kg or
33.3 kWh/kg) and fuel cell system efficiency in figure 3.

18.1
w

s 2

FCS Efficiency

0 15 30 45 60 75 90
FCS Power (kW)

Fig. 3. Fuel cell system efficiency and fuel consumption

The second part of this Hamiltonian represents the equiva-
lent consumption of the battery.

To illustrate the effectiveness of ECMS-based energy man-
agement, it was compared with a rule-based energy manage-
ment method. These rules are:

o Fuel cell works with its maximum power when SOC <
40% or when the train is stop,

o Fuel cell works with the power corresponding to its
maximum efficiency in the other cases.

Both energy management strategies were tested on the same
mission under identical conditions: the initial SOC was set at



80%, and the final SOC was kept the same 38%. The results
of these two energy management strategies are shown in the
figures 4, 5, 6 and 7.
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Fig. 4. Evolution of train velocity and declivity

Figure 4 illustrates the evolution of the train’s reference
velocity and its actual velocity relative to distance, as well as
the declivity with respect to distance. In both cases of EMS, we
observe that the train’s velocity follows the reference velocity.
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Fig. 5. Evolution of powers

Figure 5 illustrates the evolution of the battery power, load
power and the fuel cell power with respect to distance.

Figure 6 illustrates the evolution of the energies: traction
energy, auxiliaries energy, battery energy and fuel cell energy
for the two energy management methods. We notice that the
energies of the battery at the end of the mission are the same in
both cases to ensure a meaningful comparison. We notice that
in the case of ECMS, to minimize H2 consumption, the battery
is used much more in the begining of the mission compared to
the cased of rule based. On the other hand, the opposite is true
for the fuel cell. In this specific use case, we can summarize
that utilizing the same amount of battery energy in different
ways can significantly reduce overall hydrogen consumption.

Figure 7 depicts the evolution of the battery state of charge
and hydrogen consumption for the two energy management
tests. The SoCs at the end of the mission are the same in
both cases to ensure a meaningful comparison. We observe

Traction energy |
Auxilaries energy f\
Battery energy ECMS
160 Fuel cell energy ECMS N
Battery energy RB
Fuel cell energy RB

h,«/

Energy [kWh]
g

T

20/

0 120 140
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Fig. 6. Evolution of energies
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Fig. 7. Evolution of SOC and H2 consumption

that for identical initial and final state of charge values, the
hydrogen consumption at the end of the mission is lower in the
case of ECMS. Table II represents the hydrogen consumption
(CH2) for 100 km in the case of the two energy management
strategies.

TABLE 11
H2 CONSUMPTION

CH2 ECMS [kg/100 km]
6.77

CH2 RB [kg/100 km]
8.38

Gain [%]
19.21

The implementation of ECMS has resulted in a significant
reduction in hydrogen consumption. By optimizing the energy
usage and distribution, ECMS has demonstrated a remarkable
efficiency improvement over RB EMS whith a reduction of
19.21% of the hydrogen consumption. This gain in hydrogen
efficiency not only reduces operational costs but also enhances
the overall sustainability of the train energy system. Such
improvements highlight the critical role of energy management
in achieving more efficient and eco-friendly transportation
solutions. The reduction in hydrogen consumption directly
translates to extended operational range and reduced envi-
ronmental impact, making energy management an essential
aspect of modern train design and performance optimization.



However, this hydrogen consumption gain value is specific to
this case study, where the battery is not completely discharged
and the two sources are sufficient to cover the entire journey.
In future studies, it would be judicious to carry out a study of
the autonomy that this train can cover over several destination
origins, without any battery recharging stations, in order to be
able to quantify this gain in hydrogen consumption in a more
general way for this new train.

V. CONCLUSION

This paper proposed a modelling and energy management
system for new train proposed within the framework of the
TELLi project. TELLi proposes an inventive solution to re-
place the diesel rolling stock X73500 and X72500 currently
used in this secondary rail network by autonomous electrical
trains, which are powered by catenary and modular energy
sources: batteries and fuel cell. In fact, the choice of dual-
mode was motivated by the need to make the most of the
existing infrastructure: no new facilities are needed to recharge
the batteries of the BEMU version, which will have a range
of 200km. The H2 version will be used on lines where the
BEMU version does not have enough autonomy.

The first part of this paper detailed the modelling of dual-
mode BEMU 1.5 kV DC and hydrogen versions using EMR.
This method allows various elements of the drive train to
be represented according to the action/reaction and causality
principles. Such representation facilitates the control struc-
ture employing direct and indirect inversion techniques. The
second part of this paper elaborates on a health-conscious
energy management strategy aimed at minimizing hydrogen
consumption while considering the health impact of energy
sources. This energy management strategy is the equivalent
consumption minimization strategy. The efficiency of this
method is illustrated with its comparison with a rule based
energy management strategy through simulation results.

In future work, we plan to analyze both the autonomy and
the SOC conditions at the end of the mission, along with a
more comprehensive use case involving longer missions over
greater distances. This will allow for higher H2 consumption
and enable a more thorough evaluation of the two optimization
approaches. In addition to this, for the final version (BEMU)
of the train, in the future, we plan to conduct simulations in
order to minimize the energy bill.
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