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Abstract: DC railway electrification was deployed at the beginning of the 20th century in several
countries in Europe. Today, this power system is no longer adapted to the demands of increased
rail traffic. Due to the relatively low voltage level, the current consumed by the trains reaches
several kAs. So, in the worst case, the locomotives cannot operate at their rated power due to the
voltage drop along the contact line. Conventional solutions to reduce the voltage drop consist of
increasing the cross-section of overhead lines or reducing the length of sectors by installing additional
substations. Nevertheless, these solutions are expensive and not always feasible. The implementation
of a Modular Battery Energy Storage System (MBESS) can be an alternative solution to reinforce the
railway power supply. This paper first presents an MBESS based on elementary blocks associating
Full-SiC Isolated DC-DC converter and battery racks. The electrical models of a railway sector and
an elementary block are described, and simulations are performed considering real railroad traffic
on two sectors of the French National Rail Network, electrified at 1.5 kV. The results show that the
installation of an MBESS in the railway sector boosts the locomotive’s voltage while also increasing
overall system efficiency.

Keywords: rail transportation power systems; energy storage; power electronics; batteries

1. Introduction

In the European Union (EU), four railway electrification systems are mainly used:
DC, at 1.5 kV or 3 kV, Medium Voltage AC (MVAC) of 15 kV at the special frequency
of 16.7 Hz and 25 kV at the standard line frequency of 50 Hz [1]. The first two systems
were introduced at the beginning of the 20th century. The last one was developed after
World War II. From that moment, the countries that had not yet electrified their railway
lines chose the 25 kV /50 Hz system. The other electrification systems, already in place,
were kept and even extended during the second half of the 20th century. Today, in the EU,
43% of electrified railway routes are powered by DC, 30% at 15 kV/16.7 Hz, and 27% at
25kV/50 Hz [2].

Faced with the collective need to favor modes of transport that are more respectful
of the environment, train traffic, for freight and passengers, is expected to increase in the
years to come [3]. From the point of view of the railway network operator, an increase
in traffic is only possible if a minimum contact-line voltage can be ensured to allow the
locomotives to draw the power necessary to keep to their timetables [4]. Due to its relatively
low voltage level, the DC electrification system is penalized by the level of current absorbed
by the trains which can reach several kAs. Conventional solutions to reduce the voltage
drop consist of increasing the cross-section of overhead lines or reducing the length of
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sectors by installing new substations [5]. Additionally, paralleling stations (PS) at the
middle of the sector can be added to reduce the contact-line resistance. Previous studies
have demonstrated that the middle of the sector between two substations is the critical
point in terms of voltage drop. Excluding the paralleling stations (since the majority
of the DC railway lines already have a PS installed), the other solutions are expensive
and not always feasible. As of 2014, several papers proposing a Medium Voltage DC
(MVDC) electrification system were published [6-9]. In [10], it was demonstrated that a
nominal contact-line voltage of 9 kV made it possible to obtain performances similar to
those of 25 kV /50 Hz electrification system in terms of railroad traffic, substation spacing,
and contact-line cross-section. Figure 1 illustrates a DC-electrified railway system. When
the line is electrified at 1.5 kV, the distance between substations, referred to as D, is in the
order of 10-20 km. Nevertheless, for a line electrified at 9 kV, the substations could be
spaced approximately 50 km apart.

AC public grid

Substation

Paralleling Station (PS) Paralleling Station (PS)
)| + Y

Contact line

Figure 1. Representation of a DC electrified double-track railway system.

However, changing the voltage level to MVDC is challenging cost-wise. On the one
hand, new rectifier groups have to be installed in substations and MVDC circuit breakers
have to be developed. On the other hand, updating all the rolling stock traction converters is
not a simple task even considering advances in high blocking-voltage semiconductors [10].
Therefore, the MVDC electrification system is considered only as a long-term solution.
In the short term, several reinforcement solutions can be deployed. The principle of a
three-wire DC power supply is illustrated in Figure 2. This solution can be considered
as an intermediate stage in converting a classical DC power supply, e.g., 1.5 kV or 3 kV,
to MVDC. MVDC rectifier groups are installed in existing substations and an additional
feed-wire is deployed on the support posts of the contact line. Then DC/DC converters are
implemented at the PS to reinforce the power supply and boost the voltage on the contact
lines [11].

Other reinforcement solutions, also shown in Figure 2, rely on energy storage systems
and renewable energy sources, e.g., photovoltaic (PV) systems, integrated with the DC
power electrification lines [12-14]. Solutions involving battery energy storage systems
(BESS) have gained attention in the last few years. Due to the environmental pressure,
the road transportation sector is shifting from fossil fuels to more sustainable electric power.
This demand drives advances and developments in battery technologies, creating more
reliable, efficient, and less expensive solutions [15,16].
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Figure 2. Alternative solutions for reinforcing the DC electrified railways include integrating three-
wire DC power feeders, battery energy storage systems and renewable energy sources.

Several works in the literature have proposed incorporating BESS in railway appli-
cations [17-21]. Japan railways are the pioneers in this field and have installed around
20 BESS rated at 100 kWh [22,23]. The authors in [24] propose a sizing and control strategy
optimization of a hybrid energy storage system based on batteries and ultracapacitors
in urban rail transit to reduce the substation energy cost and achieve the peak shaving
function. Additionally, the authors in [25] propose a battery and ultracapacitor hybrid stor-
age system for high-speed railway applications. In [26], the impact assessment of energy
storage systems supporting DC railways on AC power grids is investigated, considering
both wayside and on-board solutions. A techno-economic sizing of auxiliary-battery-based
substations in 3 kV Italian DC railway systems is established in [27]. Also, recent research
progress and applications of energy storage systems in China’s high-speed railways are
developed in [28]. However, until now, no BESS has been implemented on the French rail
network and there is still no dedicated industrial product.

Therefore, this paper focuses on the sizing of a Modular Battery Energy Storage System
(MBESS) based on the association of 300 kW elementary converters, including an isolated
DC-DC converter and battery racks. The case studies considered in this paper are for two
critical sectors of the French Rail Network where, during peak hour traffic, the contact-line
voltage drops below 1.3 kV, limiting the power that the locomotives can draw. Simulations
are performed considering real railroad traffic to determine the number of elementary
blocks of the MBESS.

This paper is structured as follows: Section 1 introduces the subject of study; Section 2
describes the topology of the MBESS and its control strategy; Section 3 models the railway
sector as an equivalent electrical circuit and designs the MBESS for the proposed application.
In Section 4, the sizing method is applied for two critical sectors of the French rail network
electrified at 1.5 kV. Then, simulation results are presented and discussed. Finally, Section 5
presents the conclusions of the paper and perspectives for future works.

2. Description of the MBESS
2.1. Topology of the Elementary Converter

The topology of the elementary converter is presented in Figure 3. The converter is
based on 3.3 kV SiC power modules in LV100 packaging. A Medium Frequency Transformer
(MFT) provides galvanic isolation between the railway line and the battery. The Resonant
Dual Bridge Converter (RDBC) consists of two H-bridges connected through a series-
resonant circuit formed by the MFT’s leakage inductances L, in series with capacitors C;p
and Cys. The sizing and the tests of RDBC were presented in papers [29,30]. The resonance
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frequency was slightly higher than the switching frequency to obtain a Discontinuous
Conduction Mode (DCM) in the AC stage. As a result, the switching losses are very low,
which makes it possible to achieve an efficiency of 99% over 80% of the operating range [31].
Conversely, in DCM, the RDBC operates with a constant voltage ratio close to one and
therefore does not allow the battery current to be controlled. Thus, a Two-leg Interleaved
Step-down Chopper (TISC) regulates the battery current. A coupled inductor (InterCell
Transformer, ICT) is connected to the output of the two legs as a solution with reduced
volume [32]. The parameters of converters RDBC and TISC as well as the MFT are given in
Tables 1 and 2, respectively.

Resonant Dual Bridge Converter (RDBC)

ildcé i

5w SRESRE G ShEShE éiT
Ci]')_ Ly %’{ﬂa 4 inci:_ Cac = M et Lo
i +

Two-leg Interleaved Step-down Chopper (TISC)

Figure 3. Topology of the SiC-based Isolated DC/DC elementary converter.

Table 1. RDBC and TISC parameters.

Parameters Symbol Value
Input voltage range V; 1.3-1.8kV
Output voltage range Vout 0.56-1.1 kV
Nominal power P, 300 kW
RDBC switching frequency frRDBC 15 kHz
RDBC resonance frequency fo 19.37 kHz
TISC switching frequency frisc 7.5kHz
Input capacitor Cin 60 uF
DC-link capacitor Cac 120 uF
ICT self-inductance Li=Lp 1.35 mH
ICT mutual inductance M 1 mH
Table 2. MFT parameters.
Parameters Symbol Value
Turns ratio n 1:1
Input voltage range Wi 1.3-1.8kV
Nominal power Su 400 kVA
Isolation level Viso 20 kV
Total weight - 160 kg
Total volume - 45L
Cooling system - Water (5 L/min)

2.2. Modularity of the BESS

The modularity of the BESS is illustrated in Figure 4. Thanks to the galvanic isolation,
several combinations are possible: g is chosen regarding the contact-line voltage and N
is determined according to the power or energy required to sustain the traffic on the
railway line. The Input Series and Output Parallel (ISOP) association of g elementary
converters guarantees a natural balancing of input voltages V;, and output currents I,;.
Additionally, p battery racks can be connected in parallel while respecting the battery’s
maximum current capability.
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Figure 4. Modularity of the BESS: g elementary converters in series, N elementary BESS in parallel,
and battery composed of p racks in parallel.

In RDBC, the isolation of MFT was chosen so that MBESS could be implemented on
a future 9 kV electrification system. Table 3 presents the values of g as a function of the
nominal voltage level. The voltage ranges for 1.5 kV or 3 kV electrification systems are
defined by European standard EN 50163 /2005 [33]. The contact-line lowest and highest
acceptable voltage V; during permanent operation are denoted as Vi, and Vi 04,
respectively, in this paper. For future MVDC electrification systems, the voltage ranges are
defined in [10] while maintaining the same rules of proportionality.

Table 3. Number of elementary converters and battery racks in an MBESS in function of the DC
electrification system.

Ref Nominal Lowest * Highest * q p
’ Voltage (kV)  Voltage (kV)  Voltage (kV)

15 1.0 1.8 1 3

(331 3.0 2.0 3.6 2 7

[10] 6.0 4.0 7.2 4 14

9.0 6.0 10.8 6 21

* Permanent operation.

For the first implementation on the French Rail Network, a lithium iron phosphate
(LiFePOy4 or LFP) battery technology was selected due to safety exigencies. Despite having
lower energy density than other battery technologies, the LPF has a longer lifetime and
better current/voltage stability [34]. The characteristics of one battery rack are presented in
Table 4. The rack is composed of 14 modules in series, thus offering a nominal voltage of
717 V.

Table 4. Characteristics of one battery rack.

Parameters Symbol Value
Number of battery modules in series Ny 14
Nominal voltage Viat rack 717V
Nominal capacity Cy rack 120 Ah
Energy Epat rack 86 kWh
Max. discharge current (1.0 C;;) Liax,d 120 A
Max. charge current (0.5 C;;) Tnax,c 60 A

Depth of Discharge DoD >90%
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In each BESS, the battery associates p racks in parallel based on the elementary con-
verter nominal output current I, according to:

Py
Loutn = 57— 1)
oun Vbat,rack
I
p= z out,n ' (2)
max,d

2.3. Modelling and Control Strategy of the MBESS

For the sizing of the MBESS, it is necessary to model a railway sector taking into
account the movement of trains. The switching period of the converters is negligible
compared to the dynamic performances of the trains, thus only an averaged model of
the elementary BESS is considered. In Figure 5a, the RDBC is assumed to have a unitary
voltage ratio. Then, voltages V;,, and V. are supposed to be equal and the input equivalent
capacitance C, is the sum of C;;, and Cg.. The TISC is represented by a small signal model
with controlled sources: the current I is a function of the output current I,,; and duty
cycle «; the output voltage V;,+ depends on the input voltage V;,, and also «. The equivalent
output inductor L, corresponds to the leakage inductance of the ICT’s windings.

1 in 1 ol
Battery equivalent model
s 4 attery equivalent mod ,
1
1
Kn cl Ceq/q :
_ _ . :
:
I
1
I
1
P e :
RDBC + TISC averaged model & !
| Lbat,i :
L i :
L __________Lo Ok-up table _ _ _ _ _ 1
(a) ()

Figure 5. Modeling of the MBESS: (a) averaged model of the elementary DC/DC converter; (b) aver-
aged model of the MBESS with g elementary blocks connected in ISOP configuration.

The inputs of the elementary converters being connected in series and the outputs
in parallel, the averaged model of the elementary BESS, presented in Figure 5b, is easily
deduced. Moreover, the battery model is considered as an internal resistance R;;; in series
with an electromotive force ey, ;. The values of ey, ; depend on the state of charge (SOC)
that is obtained from the integration of the battery current divided by its capacity. A look-up
table correlating SOC with battery voltage is provided by the manufacturer.

Figure 6a shows the control block diagram of the MBESS. The inner loops control the
battery current whether in charge or discharge mode, for each elementary BESS. The outer
loop regulates contact-line voltage V;; at the connection point whose reference value V,,¢
must be carefully determined to maintain the pantograph voltage of the locomotives above
a certain level, ensuring correct operation of the trains [35]. The bandwidths of the inner
and outer control loops were chosen as 1/10 and 1/100, respectively, of the TISC switching
frequency frisc.

The voltage-current characteristic of MBESS is shown in Figure 6b. When trains
are running on the sector and the PI controller of the outer control loop is not saturated,
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I

max,c

max,d

the MBESS is regulating the contact-line voltage at its connection point, which means that
Ver = Vier. When the trains pass near this point, the power delivered by the MBESS has to be
limited according to the maximum value of the battery discharge current. Thus, the voltage-
control loop is disabled (PI controller output saturated at —1I,,,,, 4 and the MBESS operates
at negative constant power. Conversely, when the trains are in a regenerative braking phase
or when there is no traffic in the sector, the voltage V,; increases and the power absorbed
on the contact line by MBESS has to be limited according to the maximal allowed battery
charge-current. The outer control loop is again disabled (PI controller output saturated at
Iimax,c) and the MBESS operates at positive constant power. The limits of the contact-line
voltage, Vi; yax and V¢ yin, depending on the nominal voltage of the electrification system,
are given in Table 3. Outside of this voltage range, the MBESS must be disconnected from
the contact line by a circuit breaker, as is the case for rolling stock systems.

I Oy V -/

*
bat,1 Q,
P (S
by V('I,mu\’ Tttt TTTT TSI TSt T T T T T TTT T T T T T T
v o ¢ Battery charging
1 T e \ current limitation
bat,1 V

N v
Battery dischafging
T / current limitafion
V 0

cl,min
I e
bat,N ~ o Ol
1 >
T Lmin 0 . cl

Ibat,N
(a) (b)

Figure 6. (a) Control block diagram of the MBESS and (b) MBESS input voltage-current characteristics.

3. Implementation of MBESS on a Railway Sector
3.1. Modeling of a Railway Sector

The railway sector considered in this work consists of a double-track line with a
length D and with a PS in the middle of the sector. The MBESS is connected to the already
installed PS. The equivalent electrical circuit is presented in Figure 7. The time constants of
the electrical circuit are much smaller than the travel time of a train on the sector. Thus,
to calculate the voltage at the pantograph of the locomotives, a steady-state DC model is
sufficient. Substations at both ends of the sector are modeled as voltage source E; in series
with an internal resistance Rgs. The trains are represented as power-controlled current
sources according to:

Ro]

ext, 1

£

Substation 1 |
I

Subsector 1 PS

Subsector k

Figure 7. Equivalent circuit of a double-track sector of length D with paralleling station PS at
the middle.
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Iloc,i = leed (3)

where Pj,.; is the power drawn by the locomotive i and Vj,.; and I,.; correspond to
its pantograph voltage and current, respectively. Moreover, I,y ; represents the current
circulating outside of the modeled sector, which also has an impact on the pantograph
voltage of the trains running on the sector. This information must be provided by the rail
network operator.

According to the railroad traffic, this sector is divided into k subsectors with a maxi-
mum of one train circulating in each direction at any time. Concerning the numbering of
variables, the odd index (i = 2k — 1) corresponds to the trains running from left to right
while the even index (i = 2k) corresponds to the trains running in the opposite direction.
If at a given moment, there is no train in circulation in a subsector, the corresponding
current source Iy, ; is set to zero. Since the rails of the two tracks are electrically connected
in parallel at regular intervals, they are considered as a single conductor. The resistances
of the contact lines and rails depend on the position of the trains x,; and x_1. As can be
seen in Figure 8, there are two possible cases of the train’s position in each ky, subsector.
The resistances in the equivalent circuit can be determined by the following equations:

S N P S SE N A N
= ] ] 21 < ] i 2
()L i ! L ()L, N !
! i (v, )L i ! < (o)L [ g !
! i (X i ! V(X)L i I
< — > !  —— i [ !
! ! Rcl, la ! Rcl, ib : . : Rcl a Rc[, Ib ! :
! : — ! Contact line 1 '———— I !
! i ! ! ! !
: : Contact line 2 : ' :
i i i i
i i i i
! + ! ! + !
1 1 1 1
i V/u(‘,Zk-I i i I/loc,Zl\'-I i
! - ! ! - !
! ! ! !
: 1, loc,2k-1 : : 1, loc, 2k-1 :

— 3} : Ruails :—: | —1 :

Rr‘,3 RV,I

Figure 8. View of the kyj, subsector of length Ly, considering that in case (a) xpx_1 > Xok, and in case
(b) xo > Xpk—1-

Rer1a = Raxok-1, (4)
Rei1p = Ra(1 — x2x-1), ®)
Re120 = Raxog, (6)
Rerop = Ra(1 — xax). @)

Considering the case of Figure 8a, when xp;_1 > xy, then:
Ry1 = Rpxax, 8)

Ry 3 = Ry(1 — xp_1). )

Similarly, in the case of Figure 8b, when xp; > xp_1, then:

Ry1 = Rpxor—1, (10)
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Ry3 = Rp(1 —xg). (11)
For both cases, R, > can be calculated as follows:
Ry2 = Ry|xor — xk-1]- (12)
The resistances R, and R, are calculated according to:
18.8
R, = —/1L, (13)
Sc
0.9
Ry = —+L 14

where S, is the equivalent copper cross-section, expressed in mm?, W; is the weight of the
rail per unit length, expressed in kg/m, and Ly is the length of the ky, subsector, in km.

3.2. Methodology for Sizing the MBESS

The methodology adopted to correctly size the MBESS is detailed in Figure 9. Three

main steps are described regarding the topology of the MBESS that is connected to the PS in
the equivalent circuit shown in Figure 7. The data of railroad traffic versus time, i.e., train
position Pk;(t), the power drawn by the train P}, ;(t) and sector external currents I,y ;(f)
are considered as inputs of the simulation. The following steps are made, consecutively:

1.

Step 1: The first step consists of a railroad traffic preliminary verification. The sim-
ulation is performed without the MBESS connected to the PS. Then, over the simu-
lation time horizon, the pantograph voltage V. ; is compared to a minimum value,
Vioe,min, that avoids a power limitation for the locomotive. European Standard EN
50338/2022 [36] determines technical criteria for traction power supply systems and
rolling stock to achieve interoperability following EN 50163 /2005 [33]. Usually, this
value is around 85% of the contact-line nominal voltage, but it can vary depending
on the locomotive manufacturer. If none of the pantograph voltage points are be-
low Vjoc min, this railroad traffic is considered not critical, thus, there is no need for
installing an MBESS. Otherwise, MBESS parameters V,,; and N must be determined
to maintain the pantograph voltage of the trains above Vi, iy

Step 2: After establishing the existence of critical points in railroad traffic, the next step
is to determine the reference voltage V,,r that the MBESS should impose on the contact
line. For this, the electrical simulation is performed assuming that MBESS behaves
as a voltage source whose value is fixed by the voltage control loop setpoint, V.,
with an initial value of Vief init = Vioe,min- Successive simulations are then performed
by incrementing V., with a AV until the following condition is satisfied over the
simulation time horizon:

Vloc,i > Vloc,min . (15)

It should be noted that if the minimum value of V. that satisfies (15) is equal to or
greater than Eg;, there is no other solution than to increase the cross-section of the
contact line.

Step 3: Once V. is determined, the initial value of N, named as Nj,y, is set according
to Equation (16), and rounded to the highest integer value. Pypgss uax is the maxi-
mum power supplied by the MBESS when modeled as a controlled voltage source
connected at PS (determined in the previous step). P, is the nominal power of the
elementary DC/DC converter given in Table 1 and g is the number of elementary
DC/DC converters in ISOP configuration, given in Table 3.

PMBESS, max
N — max 16
init an ( )
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Then, the average model of N MBESS and their control loops are connected at the
paralleling station in the equivalent circuit of the sector. The batteries are considered
identical and initially fully charged (SOC = 100%). Afterward, successive simulations
are performed and N is decremented to satisfy the Equation (15) even in the case of the
power delivered by MBESS being limited by the maximum battery discharge current.
Minimizing N reduces the installation cost of the MBESS which has to be compared
to that of a new substation, which varies greatly with the location of the paralleling
station and the need to realize a new AC transmission line to supply the substation.

Railroad traffic r ——————""—"—"—"—"—"—"—"(—"(—(—— — — — — — — — — — — — — — — — — — — — — — — — — — — \

Iext, i

STEP I - MBESS is not connected to PS

STEP 2 - Constant voltage source connected to PS

plkiccdlsinuldlion - - w N W W W ™
Better installing
new substation

Store

P d to Step 3
roceed to Step Vsef

End of process =N and Vyer
T 1 1

|

u |
Store |

|

|

Figure 9. Flowchart of MBESS sizing to find the minimum values of V,,; and N that ensures
Vloc,z' > Vloc,min~

4. Sizing of the MBESS—Examples of Sectors on the French Railways
4.1. Description of the Railway Sectors

This section applies the proposed methodology to size the MBESS for two different
sectors on the French Rail Network. These sectors are electrified in 1.5 kV DC both consist-
ing of a double-track line with trains circulating in each direction, as illustrated in Figure 10.
The simulation of the equivalent circuit presented in Figure 7 is performed on PLECS
software, version 4.8.1 (64 bits) [37], considering that the MBESS is installed at a PS.
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Figure 10. Representation of the railway sector provided by SNCF-Réseau. It consists of a double-
track sector with trains circulating in each direction.

The first railway sector is located on the Lyon-Dijon classical line between the substations
of Créches (Pk = 445 km) and Romaneche (Pk = 453 km), with a paralleling station at the sector
midpoint (Pk = 449 km). The second sector is located on the Chartres-Le Mans regional line
between the substations of Le Theil (Pk = 159 km) and Sceaux-Boéssé (Pk = 179 km), with a
paralleling station also positioned in the middle of the sector (Pk = 169 km). From the point
of view of the French Rail Network Operator (SNCF-Réseau), these sectors are considered
problematic because significant contact-line voltage drops occur.

Table 5 specifies the parameters used in the simulations for both cases. Because of the
paralleling station, there are always, at least two subsectors. Nevertheless, the number of
subsectors in the equivalent circuit can be chosen according to the railroad traffic. Thus,
with four subsectors it is possible to have simultaneously in the sector, a maximum of four
trains circulating in each direction.

Table 5. Parameters of the two railway sectors investigated in the case study.

Creches-Romanéche Sector

Parameter Symbol Value
Substation spacing D 8 km
Number of subsectors k 2
Substation 1 no-load voltage Ess1 1750 V
Substation 1 internal resistance Rgs1 28 mQ)
Substation 2 no-load voltage Egsp 1750 V
Substation 2 internal resistance Rss 28 mQ)
Contact-line cross-section S¢ 432 mm?2
Rail weight per unit length W; 50 kg/m?
Le Theil-Sceaux-Boéssé sector
Parameter Symbol Value
Substation spacing D 19.4 km
Number of subsectors k 4
Substation 1 no load voltage Egs1 1750 V
Substation 1 internal resistance Res1 21 mQ)
Substation 2 no load voltage Ess2 1750 V
Substation 2 internal resistance Rss o 70 mQ)
Contact-line cross-section Se¢ 368 mm?

Rail weight per unit length Wi 60 kg/m?
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The information required for the simulations, Pk;(t), Pioci(t), Lext1 () and Loy 2 (t), was
provided by SNCF-Réseau. The time plots for the sectors Créches-Romanéche and Le
Theil-Sceaux-Boéssé are shown in Figure 11. The time interval considered corresponds to a
traffic peak in the sector.
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Figure 11. Railroad traffic between the substations of Créeches-Romaneéche (left side) and Le Theil-

Sceaux-Boéssé (right side): (a,b) Pk, (c,d) Py, (e,f) Lot

Table 6 presents a preliminary analysis of traffic in the considered sectors. The Creches-
Romaneche sector has the shortest length and the critical situation results from high power
train circulations with a high traffic density. Regarding the Le Theil-Sceaux-Boéssé sector,
the critical situation results from greater substation spacing and a low contact-line cross-
section. Even though the trains draw less power than in the previous sector, the energy
demand is increased because the travel time to cross the sector is longer.

Table 6. Preliminary assessment of traffic in each sector from 16:00 to 21:00.

Parameters Créches-Romanéche  Le Theil-Sceaux-Boéssé
Number of trains running from left to right 10 7
Number of trains running from right to left 25 9
Average travel time from left to right 4.27 min 14.16 min
Average travel time from right to left 5.29 min 15.47 min
Mean of the averaged power drawn from trains running from left to right 1.44 MW 0.85 MW
Mean of the averaged power drawn from trains running from right to left 1.90 MW 1.23 MW
Average value of the energy absorbed by trains running from left to right 94.86 kWh 200.41 kWh
Average value of the energy absorbed by trains running from right to left 171.06 kWh 312.71 kWh

4.2. Simulation Results of the MBESS Boosting the Locomotives Pantograph Voltage

Figures 12a,b and 13a,b show the pantograph voltage of the locomotives over Pk for
both sectors before the installation of the MBESS. In the following analysis, Vo min = 1.3 kV
will be considered as the threshold voltage for critical points. Therefore, operating points
with a voltage below 1.3 kV are observed in both cases. In such a situation, the operation of
locomotives at constant power can be constrained by the limitation of the current absorbed
by the traction inverters, leading to delays and disturbances in the railroad traffic. Therefore,
the MBESS is installed in this sector to reinforce the power supply and avoid pantograph
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voltage values lower than 1.3 kV. The MBESS sizing process, presented in Figure 9, was
applied for both sectors, and Table 7 shows the corresponding values of N and V,,¢. Since
the railway sector is electrified in 1.5 kV DC, g and p are selected as 1 and 3, respectively,
according to Table 3.
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Figure 12. Pantograph voltage of the locomotives before (upside) and after (downside) the installation
of the MBESS on the railway sector: (a,c) trains departing from Creches; (b,d) trains departing
from Romaneéche.
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Figure 13. Pantograph voltage of the locomotives before (upside) and after (downside) the installation
of the MBESS on the railway sector: (a,c) trains departing from Le Theil; (b,d) trains departing from
Sceaux-Boéssé.

Table 7. Sizing parameters of the MBESS.

Parameter Creches-Romanéche Le Theil-Sceaux-Boéssé
N 10 8
me 1580 V 1630 V

Figures 12¢,d and 13c,d show the pantograph voltage of the locomotives over Pk for
both sectors after the installation of the MBESS. As can be noticed, the critical points have
been removed. Figure 14 shows a time-zoomed view of the action of the MBESS in the first
case study, due to the passage of a freight train with two high-power peaks. During the first
power peak, the MBESS regulates the voltage at PS to V¢ (Voltage Source Mode: VSM).
During the second power peak, the discharge current of the batteries is limited. In this case,
the MBESS behaves as a current source operating at constant power (Current Source Mode:
CSM). Nevertheless, the contact-line voltage is still maintained above 1.3 kV. Figure 15a
presents the contact-line characteristics of V; versus I,; over the simulation time horizon
of the Créches-Romaneéche case study, as an example. When comparing the contact-line
operation points with Figure 6b, it is possible to identify the zone of VSM with V,; regulated
at 1580 V and the zones of CSM, with battery charge and discharge saturation.
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Figure 14. Time-zoomed view between 18:36 and 18:48 hours during a freight train passage with two
high-power peaks departing from Créches: (a) pantograph voltage of the locomotive V},; (b) battery
rack voltage V};, (¢) contact-line voltage V,; at PS; and (d) contact-line current I; at PS and battery
current ;. Remark: g =1and p = 3.
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Figure 15. (a) Simulated characteristic of contact-line voltage V,; versus contact-line current I
obtained from simulation over the time horizon of case study Créches-Romaneche; (b) MBESS state-
of-charge at the end of peak traffic. From 16:00 to 21:00, the batteries are discharged to supply the
trains. After 22:00, the batteries are recharged to 100%.

With N = 10 in the first case, the total storage energy capacity is 2.58 MWh, higher
than the second case with N = 8, storing 2.06 MWh. In this study, the decision to only
charge the MBESS in the off-peak traffic period was taken. Thus, during the time interval
16:00-21:00, the MBESS is only discharging. After 22:00 there are no trains in circulation
and the substations charge the batteries. Figure 15b shows the state-of-charge (SOC) of the
batteries for both analyzed sectors.

In the case study Creches - Romaneéche, the battery SOC is reduced from 100% to
88%. The energy storage is much higher than that needed. In fact, the MBESS mostly
provides current to the sector to compensate for the high-power-demand trains, but only
for a short period, due to the short length of the sector. After 22:00, the MBESS batteries are
recharged to 100% at current Iy in around 15 min. In the case of Le Theil-Sceaux-Boéssé,
after the traffic peak, the SOC of the batteries decreases to 44%. Due to the higher sector
length, the batteries must deliver power over a longer time. After 22:00, MBESS batteries
are recharged to 100% at current Iy in around 1 h 30 min.

In the two sectors studied, it is important to note that the total depth of discharge
is never reached. In fact, as it was presented in Section 2, the number of battery racks
depends on the current rating of the elementary power converter. Additionally, according
to the sizing process shown in Figure 9, N is selected to provide the peak power required
to ensure a pantograph voltage above Vi, ;i = 1.3 kV. Therefore, due to the characteristics
of the selected battery, the stored energy is always oversized.
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4.3. Impact of the MBESS on the Global System Efficiency

The elimination of critically low values of locomotive pantograph voltage is not the
only advantage of installing an MBESS. Along the sector, the locomotives operate with a
higher contact-line voltage and consequently draw a lower current. Therefore, there is an
improvement in the global electrical system efficiency because of the lower power losses in
the contact line and the rails. Tables 8 and 9 show the energy balance of the sector before
and after the installation of an MBESS for each case of study. The energy absorbed by the
trains does not change from one condition to another, as it depends exclusively on the
traffic. However, the substations provide less current due to the reduced voltage drop
along the contact lines. The energy provided by the batteries to the railway line takes into
account the SOC reduction previously calculated and the losses in the internal resistor R;,;.
However, the losses in the power converters are not considered. The energy efficiency of
the railway sector is calculated over the simulation time according to Equation (17) where
Ejoc i is the energy consumed by the trains running on the sector and E;,;; is the energy
provided by the substations, also allowing for the energy required to recharge the battery to
100% of capacity. As noticed, there is a gain of around 2% in efficiency with the installation
of the MBESS for both cases, which is very relevant considering the power level of the
railway application.

Eloc,l + Eloc,2

100%. 17)
Esub,l + Esub,Z)

Mglobal = (

Table 8. Créches-Romaneche railway sector energy balancing before and after the installation of
the MBESS.

Parameters Symbol Initial Situation After MBESS Installation
Sum of energies absorbed by trains running from Creches to Romaneche  Ej,.q 0.95 MWh 0.95 MWh
Sum of energies absorbed by trains running from Romanéche to Creches  Ejy. o 4.28 MWh 4.28 MWh
Total energy provided by the substation at Créches Egupa 2.60 MWh 2.51 MWh
Total energy provided by the substation at Romaneche Esupp 3.35 MWh 3.30 MWh
Energy efficiency Hglobal 87.90% 90.02%

Table 9. Le Theil-Sceaux-Boéssé railway sector energy balancing before and after the installation of
the MBESS.

Parameters Symbol Initial Situation = After MBESS Installation
Sum of energies absorbed by trains running from Le Theil to Sceaux-Boéssé ~ Ej,c 1 1.40 MWh 1.40 MWh
Sum of energies absorbed by trains running from Sceaux-Boéssé to Le Theil ~ Ejy. o 2.82 MWh 2.82 MWh
Total energy provided by the substation at Le Theil Equpa 2.84 MWh 2.75 MWh
Total energy provided by the substation at Sceaux-Boéssé Esupp 2.21 MWh 2.17 MWh
Energy efficiency Nglobal 83.56% 85.77%

5. Conclusions

This paper proposed a modular BESS solution to reinforce DC railway lines. By re-
ducing the contact-line voltage drop, the MBESS prevents the onboard locomotive control
system from limiting the traction power. Therefore, trains can respect their timetables.
Furthermore, the power losses in the contact line and the rails are reduced and the energy
efficiency of the electrification system is improved. Thanks to the galvanic isolation in-
cluded in the DC/DC converters, the solution is suitable for different contact-line voltage
levels, including for future 6 kV or 9 kV electrified lines still under consideration.

The sizing method of the MBESS was presented in Section 3. The number of elementary
blocks depends on the electrical parameters of the sector considered and the rail traffic.
To run the simulations, traffic information, and power consumed by trains must be provided
by the rail infrastructure manager. The two case studies covered in this paper were provided
by SNCF-Réseau, the French rail infrastructure manager. The first one concerns a sector
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of a main line where there is a high traffic density with high-power trains in circulation.
The second one concerns a sector of a regional line with large substation spacing and a low
contact-line cross-section. Respectively, the power ratings of the MBESS are 3 MW and
2.4 MW which represents about half of the nominal power of a substation used on lines
electrified in 1.5 kV DC.

Taking into account the characteristics of the batteries initially selected, the stored
energies are 2.58 MWh and 2.06 MWh. These values are oversized regarding the evolution
of the battery SOC during the peaks of traffic. A way of optimizing the storage energy and
the power capability of the MBESS could be simply increasing the battery’s nominal voltage.
However, this is problematic given the battery management system currently available.

Finally, it is important to say that the work presented here is the design of a planned
prototype to be installed on a line of the French rail network. Further studies are expected
to achieve the integration of the MBESS in the railway line, design of input filters, different
energy management strategies, lifetime evaluations and so on.
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Abbreviations

The following abbreviations are used in this manuscript:

AC Alternating Current
BESS Battery Energy Storage System
CSM Current Source Mode

DC Direct Current

DCM Discontinuous Conduction Mode
DoD Depth of Discharge

EN European Standard

EU European Union

ICT Intercell Transformer

ISOP Input Series and Output Parallel
LFP Lithium Iron Phosphate

MBESS Modular Battery Energy Storage System
MEFT Medium Frequency Transformer

MVAC  Medium Voltage AC

MVDC  Medium Voltage DC

PI Proportional Integral controller

PLECS Piecewise Linear Electrical Circuit Simulation
PS Paralleling Station

PV Photovoltaic

RDBC  Resonant Dual Bridge Converter

SiC Silicon Carbide

50C State of charge

SNCF  Société Nationale des Chemins de Fer Francais
TISC Two-leg Interleaved Step-down Chopper
VSM Voltage Source Mode
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