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Abstract—Auxiliary battery-based substations (ABSs) can
enhance conventional railway feeder systems. In particular, ABSs
make DC feeders located in areas far from the AC grid, able to
power high-performance passenger and freight trains and store
their braking energy. The paper proposes a techno-economic
method to define size, position along the track, and control
parameters of an ABS, with the goal to minimize the annual cost
of energy (ACOE). Our approach takes into account the
replacements of battery modules within the ABS expected
lifetime in order to reduce costs. Numerical simulations are
carried out assuming a new generation high-performance train
on a real Italian 3 kV DC railway system equipped with one ABS.
Although in some cases ABSs are already cheaper solutions
compared to new traditional substations, the proposed sizing
method allows obtaining a further reduction in the ABS cost.

Index Terms—cost optimization, electric substation, energy
management, energy storage system, railway system

I. INTRODUCTION

HE current world population of 7.3 billion is expected to

reach 8.5 billion by 2030, [1]. The mobility demand for
people and goods is already growing in many countries and it
will keep growing around the major metropolitan areas, with
unsustainable environmental impacts, [1]-[2]. As confirmed
by the increasing worldwide investments, rail transport is the
most effective solution to meet the mobility demand because
of its relatively low ratio between energy consumption and
transport capacity, and its environmental advantages over
other transport modes, [2].

The current technological trend ensures higher and higher
transport capacity by using high-performance trains, which
often move on traditional 3 kv DC lines as well as on high-
voltage AC lines, limiting their power absorption, [3]-[4].
Unfortunately, timelines to upgrade existing feeder systems
with more powerful conventional and/or reversible substations
are much slower than the improving trend of the rolling stock
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performance. Moreover, the strengthening of railway feeder
systems can have a heavy economic impact due to the distance
from the AC transmission network, [5]-[7].

Therefore, the integration of auxiliary substations (AS) in
existing DC feeder systems, equipped with energy storage
systems (ESSs), can both increase the penetration of high-
performance trains and reduce the upgrading operations cost
because civil works for the connection to the AC transmission
network are no longer necessary. In detail, ASs have to reduce
excessive voltage drops on feeder systems during the trains’
accelerations, and partially feed trains quite far from the
traction power substation (TPS), as they approach or depart
from the AS, [8]-[10]. In this way, even a one side supplied
feeder system can act like a double-fed system, if one or more
ASs are installed along the track. Finally, ASs can restore
themselves both by storing the train’s braking energy and in
constant current mode through the feeder system with a very
low impact in terms of voltage drops and power losses.

The most suitable ESS technologies able to meet the AS
required functionalities are depicted in Fig. 1: it is clear that
ASs having to partially supply a train for a short distance
require battery-based ESSs. In fact, although ESS technologies
such as flywheels and/or ultracapacitors are characterized by
high specific power and a large number of charge/discharge
cycles, they present low specific energy, [11]-[12]. Thus, they
can be used in urban rail transit or metro systems mainly for
voltage compensation and energy saving applications, [13]-
[14]. In addition, in [15] the use of trackside flywheel-based
ESSs to increase energy saving and to reduce the TPS peak
load in DC metro systems is proposed, whereas [16] and [17]
consider ultracapacitor-based ESSs.

Contrariwise, although last generation batteries present a
lower number of charge/discharge cycles compared to other
ESS technologies, they are characterized by almost the same
specific power but higher specific energy, [12]. Therefore,
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Fig. 1. ESS technologies vs. AS required functionalities.
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auxiliary battery-based substations (ABS) represent a feasible
solution able to store the required energy for partially
powering trains, and to support the TPS during trains’
accelerations.

The feasibility of the ABS is supported by some interesting
experiences, in fact, some battery-based ESSs were recently
installed in Japan and USA supporting 1.5 kV DC feeder
systems, mainly to compensate voltage drops and to store
trains’ braking energy, [18]-[20]. In particular, [18] shows
field tests performed on an ESS at Daedong substation in
2010, while the East Japan Railway Company installed a
lithium-ion ESS at HAIJIMA substation on the Ome line in
2013, [19]. Test results of a Ni-MH based ESS for DC railway
systems at New York City Transit in 2010, are reported in
[20]. Finally, hybrid ESSs consisting of lithium-ion batteries
and ultracapacitors are also proposed in [21] for high-speed
railway systems. The ESSs installed in Japan and USA, during
about five years of testing, have shown that voltage fluctuation
is very stable (from £ 20% to + 6% after the ESS installation
at HAIJIMA substation). Moreover, the energy saving due to
both voltage drop compensation and storing of the trains’
braking energy is more than 20%.

The paper investigates battery technology to be integrated
into ASs and concentrates the attention on techno-economic
sizing and control of ESSs. A large and growing body of
literature has investigated sizing procedures and control
algorithm of ESSs for railway applications, [13], [16]-[25]. In
particular, [13], [16] deal with joint siting and sizing of
ultracapacitor-based ESSs in metro systems, whereas the
preliminary sizing of battery-based ESSs in DC railway
systems are proposed in [22] and [23] passing over the
economic aspects of the problem. Moreover, [24] defines the
specifications and design criteria of DC/DC converters for
battery-based ESSs supporting railway 1.5kV DC feeder
systems, whereas a control algorithm to improve battery
lifetime in power compensator for DC railway system is
proposed in [25]. The paper extend the previous work [10] by
presenting a new techno-economic formulation of the ABS
sizing optimization problem taking into account the track
topological features, the electrical characteristics of feeder
system and train, and the timetable. In particular, in
comparison with previous works, the main innovative
contribution consists in presenting a novel method to define
the ABS sizing, its position along the track and its control
characteristic, with the goal to minimize the annual cost of
energy (ACOE) ensuring the compliance with the safe
operating constraints of the feeder system. Numerical
simulations performed on a real Italian railway system show
the effectiveness of the proposed ABS sizing method: in
particular, the battery modules expected lifetime has grown
compared to other sizing methods, further reducing costs.

Il. MODELLING OF THE RAILWAY SYSTEM

In this Section, we present a quasi-steady state model of the
DC railway system including three sub-models. It describes
with a good approximation power flows between feeder
system, train and ABS that mainly affect economic
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Fig. 2. Electric model of a one side supplied DC feeder system: the

train before the ABS (top), and after the ABS (bottom).
evaluations for the ABS sizing. We also introduce the
economic model, widely used in technical literature, for
computing the ACOE of the feeder system equipped with
ABSs. The transient analysis is postponed to the sizing
procedure and it is not investigated in the paper.

A. The DC feeder system

The electric model of a one-side-supplied contact line
equipped with ABSs along the track is shown in Fig. 2. The
TPS, like the most of the conventional substations, is not
reversible and is modelled as an ideal voltage source in series
with a resistor and a diode, [3], [26]. Contrariwise, we model
trains as ideal current sources: the ltrain Value is computed as
the ratio of the Prraiv and the line voltage, Vrraiv that changes
along the track. In order to describe the receptivity of the
network under regenerative braking conditions, a small
capacitance in parallel to the ideal current source is added to
the train model, [12], [16]. It describes the line voltage rise
during the regenerative braking, which is used by the ABS
controller to detect a braking train along the track. The
overhead line is modelled through a set of electric resistances
that change their value according to the train position. If x(t) is
the train position at the time t, the value of the resistances
upstream Ra; and downstream Ra of the train moving towards
a generic node of the railway feeder system (TPS, ABS or
another train) is calculated by:

{RAl(t)—P'X(t) (1)
Raz ()= p-[d —x(t)]

where p is the resistive coefficient, and d is the distance
between two nodes that are in train upstream and downstream
(according to the axis origin highlighted in Fig. 2). For
systems with overhead line supply conductors and a return
rail, the return resistance is lumped with the supply resistance
introducing a small error (less than 3%), [14]. Since the ABS
supports the feeder system during the traction phase of trains
and stores their regenerative braking energy, it is represented
by an ideal current source, similarly to the train model. The
variation in the state of charge (SoC) according to the ABS
current is calculated by using the electric models of the battery
modules and the DC/DC power converter with its controller.
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Finally, a nodal analysis is implemented to determine
unknown voltages of the DC network, [14]. More in detail, by
applying the Kirchhoff’s current law, the DC feeder system is
described by a set of 2n linear equations, where n are the
nodes of the DC network. In particular, assuming a one-side-
supplied contact line and the train before the ABS (Fig. 2 top),
we can calculate the Vrran as follows:

Voc ~Viraw (t) Prra (1) +C dVigaiy (2)
Rs +Rn Vrrai (1) dt
where Prrav is the train electric power requested/injected to
the feeder system, lags is the current supplied/absorbed by the
ABS and they are both given. This is a non-linear first order
differential equation. By using the finite difference method,
we can rewrite (2) as:

VDC 7VTRAIN (k) + IABS (k—l) — I:)TF{AIN (k) +C VTRAIN (k)fvTRAIN (k 71) (3)

Rs +Ra Viram (K) AT
where Vrrain(K) is the Virain value at time step KAT. In each
time step, we solve Eq. (3) that is a linear second order
equation, reported in canonical form as follows:

+lags(t) =

aVTZRAIN +bVrga +¢=0 C))

where:
a=[1+-S (Rg+Ry)
AT S Al

b :[VDC +(IABS (k_l)"'%VTRAIN (k —1)j'(Rs + RAl)] ©)
¢ =Prran (k) '(Rs + RAl)

We select the root related to the positive sign among those
of the quadratic equation according to the case lass(k-1)=0,
Prrain(k)=0, C=0 where the solution have to be Vrrain(k)=Vpc.
Similar results can be obtained for a train after the ABS.

B. The train

The train longitudinal dynamic is described by using the
mass-point model, [3]-[4], [14], [26], according to the
Newton’s second law and kinematics equations (Fig. 3):

d
ml = Fmech ®- RBASE (V) - RTRACK (X)

dt
X=X, +v0t+1gt2
2.dt
where v and x are the speed and position of the train
respectively, and Fmeen(t) is the mechanical traction/braking
force. The effective mass of the train m =[ (1+¢) - mr] + mp is
computed by increasing its empty mass (mr) by a factor ¢ to
take into account the rotating mass effect, and by adding the
load mass of passengers (m.). Rease(v) is the basic resistance
taking into account roll resistance and aerodynamic drag,
while Rrrack(X) is the line resistance depending on track
slopes and curves, [12]-[14], [26]. They are computed by:

(6)

Rease = &4+, [V|+ V2

(7

RTRACK =mg Sin(y(x))+mg r(Xa)—b

In (7), a1, az and as coefficients of the Davis formula are
related to the train and the track characteristics, and they can
be estimated by empirical measures, or obtained by literature,
[14], [26]. The curve resistance - the second term of Ryne - is
given by empirical formulas, as the Von Rockl’s one, where
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Fig. 3. First-order equivalent circuit of a t:attery module.
r(x) is the track curvature radius, and a, b parameters depends
on the track gauge [3]-[4]. Finally, y(x) is the slope grade of
the track and g is the gravitational acceleration. Starting from
an imposed speed cycle, we calculate the tractive effort at the
wheels, Fmecn. Then, going back through the efficiencies of the
train components, the train electric power Prranv is calculated

as follows:

Fmechv
Prran = 1 o mlli
(Fmech V)' NgMmi + Psgrvices
where Pservices 1S the required power for auxiliary services
(e.g. lighting and air conditioning), 5y represents the gear
system efficiency and #; is the average value of the inverter
efficiency. In particular, zn describes the induction motor

efficiency, which is expressed in [27] as follows:

= Pout _ To 9)
Pout #1083 Tw + kT2 + ko + k,o®

+ Psgrvices Frnech 20 (8)

Fmech <0

In (9), T = Fumech * Fwheel / Nimotor_axies aNd @ = V / Fwhee are the
mechanical torque required by each motored axles and the
angular speed, respectively, while runee is the wheel radius and
Nmotor_axtes 1S the number of motored axles. The k.- T? term
describes the copper losses caused by the electrical resistance
of the motor wires, ki - w represents the iron losses taking into
account both hysteresis and eddy current effects in the iron
rotor, and ky - w® represents the windage losses due to friction
and wind resistance of the rotor, [27]. The values of the
coefficients ke, ki, kw can be found through regression by using
several measured values of efficiency.

C. The auxiliary battery-based substation

The first-order equivalent circuit of a lithium-ion battery
module consists of four elements and is shown in Fig. 3, [28].
In particular, the ideal voltage source represents the open
circuit voltage (OCV) depending on SoC value of the battery
modules; the series resistor Rix represents the internal
resistance, whereas rq and Cy are the RC parallel circuit

describing the charge transfer and the double layer
capacitance, respectively.
Vearr (t) =OCV (t) = Rintl garr (1) — g (1)
-8 . n . n-1
OCV (S0C) = f3, -SOC" + B4 -SOC" L + ..+ B, (10)

1

SoC(t) = SoC(t =0)+
(0 =S0C(t=0) + zi e

t
[Vearr (0)-1arr (D) dr
T

duy (t)

Ug (1) +14Cyq =rglgarr (t)

The set of equations (10) describes the electric model of the
battery modules. Specifically, the first equation represents the
Kirchhoff's voltage law, while the second one is the n-
polynomial relationship between OCV and SoC. The third
equation models the SoC update law, according to the required
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current from the battery modules, and the last one is the
differential equation describing the RC parallel circuit.

In (10), uq(t) is the rq Cq parallel circuit voltage, fo ... pn are
the interpolation coefficients and Cgarr is the battery module
capacity. The lifetime Lr of the battery module is estimated by
using the extended Peukert law taking into account the
discharging current value, [32].

Lo NeConr ) (1)
R — I /L p ! equ_z BATT tjftj—l

equ’ =R j=1
In (11), N is the estimated number of

charging/discharging cycles provided by manufacturers,
Isatr(t) is the ABS current at time t; whereas p is the Peukert
coefficient depending on the battery technology, [12], [23].
The unknown Lg appears inside the M-term sum as well, since
tm=Lg, and thus the extended Peukert law is solved by using an
iterative method such as the Levenberg-Marquardt one.

The ABS power converter is modelled by its average
efficiency # describing power losses, [24]. It operates as step-
up or step-down converter according to the control
characteristic. In particular, given the lags reference value
provided by the ABS control characteristic, we compute the
related battery current value by using (12).

1V
_ 2+ Vune | ass (12)
1 Vearr

I BATT

D. The ABS control

The ABS works in four different operating modes
implementing in each of them a current control according to
the measured Vi ne and the actual SoC value, [10]. The ABS is
in discharging mode if the line voltage is below a lower
threshold value (e.g. when a train is accelerating or starting);
thus, the ABS supports the DC feeder system by using the
previously stored energy (SoC > SoC™M). If, instead, the line
voltage exceeds an upper threshold value, (e.g. if one or more
trains are braking), then the ABS stores the regenerative
braking energy according to the SoC of battery modules
(SoC < SoC™), reducing the line voltage (ABS fast charging
mode). When the ABS does not detect trains in starting or
braking phase, it can also charge itself, absorbing a constant
current Icy from the feeder system, until it reaches a threshold
value of the SoC (SoCwm), and thus the ABS is in the slow
charging mode. The SoCw value is computed by means of the
proposed optimization algorithm described in Section Il to
ensure a good trade-off between the ability of the ABS to
support the DC feeder system during the trains starting phase
and to recover most of the braking energy. In such way, is
improved the energy efficiency of the overall railway system.
Finally, the ABS is in idle mode when it is not acting in one of
the three previously described operating modes.

Fig. 4 illustrates the ABS control characteristic according to
the different operating modes: it shows the ABS charging /
discharging current Iags as a function of the difference (AV)
between the rated value of Viine and its actual value, [23]. In
particular, on the left side is reported the ABS control
characteristic when the SoC>SoCw while the case
SoC <= SoCu is reported on the right side. For both cases, in
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Mode ode L Mode Mode ode
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Fig. 4. ABS Control characteristics according to the SoCy value.

the yellow area the ABS is storing the braking energy, while
in the green one it supplies power to the feeder system.
Finally, if |AV|<AVss and SoC > SoCw the ABS is in the
stand-by mode (red area) while in the same conditions, if
SoC <= SoCw the ABS charges itself in constant current mode
(blue area).

More in detail, if Vune grows due to regenerative braking
(AV <0), the ABS is charged (lass<0), if instead Viine
decreases by powering trains (AV > 0), the ABS is discharged
(Iass > 0). In particular, AV values within the [-AVss, AVsg]
range represent a standby region where the ABS can work in
idle mode or slow charging mode. When instead |AV| is
greater than |AVsg|, the ABS is ready to supply/recover energy
and is more or less responsive according to the
charging/discharging slopes of the ABS control characteristic
defined by the AV values (-AV., +AVy) for which the ABS
shows its maximum charging/discharging current, 1™, The
relationship between lags and AV is analytically expressed as
follows:

len S0C<S0Cy , AV €[-AVgg,+AVgs]
L _|moAV +dp S0C > S0C™" | AV e[-AVgg,+AVgg]
R ImeAV £gc S0C <SOC™ | AV €[~ AVeg +AVgs]
0 otherwise

where m¢, mp and qc, Qo are, respectively, the slopes and the
intercepts of the charging/discharging linear relationship.

(13)

E. Economic Model

We use the annual cost of energy (ACOE) as economic
metric to examine the ABS costs accounting for the time value
of money, [29]. It is widely used in the technical literature and
allows the railway system operator to estimate the annual cost
of the feeder system and implement strategies to increase
revenues. Thus, the ACOE is mathematically expressed as:

ACOE=CRF-(C™ +Ca%,, +C&% +C85,, ) (14)
where CRF is the capital recovery factor converting a present
value into a stream of equal annual payments over a specified
lifetime N, at a specified interest rate r. C3* is the ABS capital

cost, C3%is the ABS replacement cost, and C&%,, and

cg’gM are the operation & maintenance (O&M) cost for the

ABS and the TPS respectively. In particular, (15) gives the
ABS capital cost according to [30]-[31]:

b
CP™® =CpPags +CeEpgs +Crc

(15)
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where Cpand Ce are the ABS specific costs, whereas Cgc are
the ABS fixed costs. In (16), O&M cost is defined as:

N

Cy
Coam =2y

n=1

(16)

where C, is the annual operations cost of year n including both
fixed (Cs) and variable (C,) costs. In (17) we expressed C, for
the ABS and the TPS by using the abs and tps subscripts,
respectively, [29]-[31].

Egbs

Cr?bszc?bSPABs +C\?bSNdEgbs+7CCH (17)
TIcH

tps _ ~tps tps tps
Cn” =C{"Prps +C, "Ny Eyq

In (17), E&and EJ* are the energy supplied by the ABS

and the TPS in a day, respectively, Prps is the TPS rated
power, and Ng is the number of days in which the feeder
system is active within one year. Moreover, the cost for
charging the ABS during the night is given by the product of

EZ" and the electricity cost coefficient Cen divided by the

average value of the charging efficiency ncn. The replacement
cost of battery modules within the ABS lifetime is also added
to the ABS total cost, [30]-[31], and it is expressed in (18):

Cagp = Crpl L+ 1) + (L+1) 27 .. (18)
where Cgp is the future value of replacement cost and L is the
battery replacement period estimated by using the extended
Peukert law. ABS cost and Peukert coefficients are listed in
Table | for different battery technologies, [11].

TABLE |
ABS COST AND PEUKERT COEFFICIENTS

Technologies

Parameters = Unit
Li-ion NaS VRB

Cp 120 350 370 €kW

Ce 440 400 550 €/kWh

Ct 7.2 9.6 11.3 €/kW

C, 0.0011 0.003 0.0038 €/kWh

7]cH 0.90 0.80 0.75 %

Lifetime

(DoD=100%) 6000 4000 8000  #cycles

p 1.17 1.28 1.23

I1l. THE ABS SIZING PROBLEM

The problem we aim to solve consists in finding the ABS
rated power and energy, position and control parameters able
to minimize the sum of ABS and TPS costs. We also take into
account the topological characteristics of the track, the
electrical ones of the feeder system, the vehicle mechanical
features and its timetable.

A. Mathematical formulation

We consider as objective function the ACOE of the DC
feeder system equipped with one ABS. The decision variable

is the set X, consisting in the rated value of the ABS power

and capacity, the ABS position along the track and the ABS
control parameters.

Xe = {PABS' Engs: Pos: AVgp, AV, AV, Iy, SOCyy } (19)
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Fig. 5. Flow chart of the PSO-based solution algorithm.
Thus, the optimization problem is formulated as follows:

Z: min ACOE(X,)
S't' PA”!‘;Q < PABS < PA"l‘SaSX
S
0<P,<L™

+AVg <AV, <V
VI < —AV, < —AVg
0< Iy, <1

AVE™ < AV < AV
SoCi" < SoC,, < SoC[™

(20)

Vi <V e () <V vi<T
0 < P (1) < PP vt<T
Ié“ﬁ:?‘r < IBATT (t) < IEE:T vt ST
Varrr <Vaarr () < Vi vt<T
SoC™" < SoC(t) <SoC™  vt<T

where L™ js the track length, v/ and V< are the

minimum and maximum allowable line voltage values
according to the standard BS EN 50163 and IEC 60850 (-33%
and +20% of the Ve rated value, respectively). Moreover, T
is the total simulation time, Prps is the power supplied by the
main substation, and Vpar, Ibart and SoC are the current, voltage
and state of charge related to the ABS battery modules,
respectively: each of them is limited to their minimum and
maximum value. Although ABS position and control
parameters do not directly affect the ABS total cost, they can
make a given sizing solution (Pass and Eags) feasible or
unfeasible in terms of safe operating conditions of the feeder
system. However, the relationship between the ABS sizing
(rated power and capacity), its position along the track and its
control parameters is not a closed-form expression. Thus, we
solve it by using a railway system simulator, which is able to
verify the safe operating conditions of the DC feeder system,
starting from a given value of the ABS sizing, position and set
of control parameters.

B. Solution algorithm

The proposed sizing problem is a non-linear optimization
problem with real decision variables and linear constraints.
However, since the battery modules are commercially
available only in discrete sizes and the ABS can be installed
only in a few positions along the track, we solve the sizing
problem assuming discrete decision variables. Thus, it is
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possible to solve an intractable problem, such as the proposed
one presenting no closed-form expressions, through to a brute
force search. To improve its performances in terms of
computing time without straining the goodness of the solution,
we use the particle swarm optimization (PSO) to explore more
quickly the solution space, [33]. The brute force search will be
used to validate the heuristic approach.

Fig. 5 shows the flow chart of the solution algorithm. After

initializing the set X, of each particle with a random value (a

sizing solution for the ABS), the algorithm performs the nodal
analysis by using the railway simulator. In each simulation we
assume in t=0: Vrran equal to the rated value of Ve, and
Prrain=1ags=0. Then, the ACOE and the constraints
compliance are evaluated for each particle. Finally, the
position and the velocity of each particle are updated and the
algorithm repeats again these steps until convergence.

IV. NUMERICAL SIMULATION

The effectiveness of the proposed ABS sizing method is
verified on the Italian railway line linking Roma Termini rail
station to the international airport Leonardo da Vinci in
Rome. The railway system simulator is coded in Matlab™,

A. Case study

Our analysis is performed on the route section Magliana-
Fiumicino of the track Roma Termini-Fiumicino. At present, a
direct train (peak power 2800 kW) leaves from Roma Termini
station every 30 minutes, and a high-traffic train (peak power
3500 kW) leaves from Roma Tiburtina station every 15
minutes. The DC feeder system is a 3kV DC one-side-
supplied overhead line consisting in one conventional (not
reversible) electric substation, located in Magliana, and an
ABS, assumed by the authors, located in Fiumicino. Since
high-performance trains can provide a single journey over
multiple electrification systems without interruption, the
proposed ABS can be an interesting solution to enhance the
3 kV DC feeder system supplying the line Roma Termini rail
station—Fiumicino rail station (inside the International Airport
Leonardo da Vinci). In such way, high-performance trains
reaching Roma Termini are able to continue until Fiumicino
improving the existing service.

Several simulations are carried out in which one high-
performance train having similar characteristics to the
ETR 1000 model of Ferrovie dello Stato Italiane Group,
moves in the two opposite directions following the same speed
cycle. We assume the train leaving every 60 minutes from the
Roma Termini rail station, 15 hours in one day and 300 days in
one year. The speed cycle and the track altimetry are shown in
Fig. 6. The maximum speed reached by the train due to track
limitations is highlighted in dotted black line. DC feeder
system, train, and ABS are characterized by parameters listed
in Table Il, [4], [27]-[28]. In the following, we compare the
performance of two different ABS sizing methods: the
proposed optimal sizing (ACOE_size) and a typical battery-
sizing method aimed to reduce as much as possible the rated
power and capacity of the ABS (MIN_size) according to the

Speed Cycle
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Fig. 6. Speed cycle and track altimetry (MAGLIANA-FIUMICINO).
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TABLE Il
RAILWAY SYSTEM PARAMETERS
Parameter Value
TRACK
Length 158 km
Davis formula coef. o; 12 N/kN
Davis formula coef. a, 1.6 -10° N/ (kN - km/h)

Davis formula coef. a3 15+ 10% N/ (kN - km/h)?
Von Rdckl formula coef. a 065 m
Von Rockl formula coef. b 55 m

DC FEEDER SYSTEM
Rail electric resistance 0.062 Q/km
Substation maximum power 5400 kW
Substation DC voltage 3000 V
Substation internal resistance 0013 Q

TRAIN
Loaded weight 500 t
Maximum Acceleration 0.7 m/s?
Maximum traction power 9800 kW
Auxiliaries power 300 kw
Auxiliaries use coef. 075 -
Wheel diameter 1040 mm
Number of motored axles 8 -
Gear-box efficiency 098 -
Inverter average efficiency 09 -
Copper loss coef. k. 03 Nm?
Iron loss coef. k; 0.01 s-rad?
Windage loss coef. ki, 50-10° s-rad®

ABS
Battery technology Li-ion -
Rated voltage 2000 V
Maximum current C

3
Max. (Min.) SoC value 95(30) %
Cell nominal OCV 32V

Cell internal resistance 0001 Q
Cell double layer resistance 0.003 Q
Cell double layer capacitance 3000 F

safe operating constraints of the feeder system, such as [20].
Moreover, we compare the performance of the brute force
search and the PSO as solution algorithms.

B. Results and discussion

The actual operating conditions of the line Magliana-
Fiumicino are described in [34]. The simulation results show
that only one high-performance train dramatically reduces the
average useful voltage on the feeder system. In particular,
whithout considering the existing service, the line voltage
could reach almost 1900V during the traction phase, not
allowing safe operating conditions. Moreover, without
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assuming an ABS or a new TPS, the existing DC feeder
system is not able to move a high-performance train on the
opposite direction. Preliminary results show that at least a new
3MW TPS located at Fiumicino rail station would be
necessary. Although 3 MW is not a standard TPS size used by
Italian national railways and the best practices for planning
suggest to oversize new TPSs to take into account future
and/or more severe operating conditions, however we use this
reference value to perform comparative evaluations with the
ABS, [5]. In the following, we estimate the net present value
of a conventional TPS highlighting four key contributions
according to the cost estimation reported in [6].

Rectifier set: ex-works cost (i.e. without transport,
insurance and customs costs between seller and buyer) of a
3 MW rectifier set consisting of transformer, rectifier, and
ancillaries, varies from 1100 k€ to 1400 k€.

Operation & Maintenance: O&M cost for a new TPS
including electricity cost, service cost and maintenance cost,
can be estimated according to the economic considerations
introduced in Section IV.

Civil works: this cost varies from 150 k€ (assuming no need
for significant earthworks, etc.), to 290 k€ (if the ground
requires piling, structural works, etc.).

Connection to AC grid: according to TERNA data (the
Italian TSO), the closest connection point to the AC grid is
located about 40 km from Fiumicino rail station. Thus, a target
cost of 800 k€ has been reasonably considered for our cost
estimation.

The connection to the AC grid represents about 26% of the
new TPS total cost, making it not very attractive from the
economic point of view. Contrariwise, the ABS is a cheaper
solution: Table 111 shows the comparison in terms of battery
technologies by using the two sizing methods. Although
lithium-ion batteries are characterized by lower charging /
discharging cycles than vanadium redox batteries (VRB) and
lower energy density than sodium sulphur (NaS) batteries,
their widespread market penetration and technological
maturity make them a cheaper solution compared to other
battery types, [12], [35]. Although lead-acid batteries are the
oldest technology and have the lowest cost per Wh and kW,
we have not considered lead-acid batteries in our analysis
because they are characterized by limited number of charging /
discharging cycles, low charging current due to sulfation,
limited calendar life, environmental concerns, and lower
efficiency, [34]. Thus, we assume in the following a lithium-
ion ABS because it represents in our analysis the best
compromise between cost and modules replacements. We
compared the results obtained by using the proposed PSO-
based solution algorithm to those of the brute force search. It
is worth noting that by imposing 20,000 iterations and 25
particles, the goodness of the solution is not affected but the
computing time is reduced by about 40%. Moreover, Table IV
summarizes the cost comparison between a new TPS and a
lithium-ion ABS. Obtained results show that the net present
value of a 3 MW new TPS is at least 12.9% higher than that of
an ABS and its ACOE is 9.6% higher. Although the MIN_size
method leads to a smaller ABS, its ACOE is the 11.1% greater
than that obtained by using the ACOE_size procedure. In fact,
the MIN_size method forces the ABS to more stressful
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TABLE Il
COMPARISON ON BATTERY MODULES TECHNOLOGY
Modules replacement ABS ACOE [k€/year]
Li-ion NaS VRB Li-ion NaS VRB
ACOE_size 1 2 1 176 215 231
MIN_size 2 3 1 201 227 254
TABLE IV
TPS vs. ABS COST COMPARISON
Parameter TPS ™ IANlifize) ( ACQE_Ssize) Unit
Position 15.8 15.8 15.8 km
Rated capacity 1000 1200 kWh
Rated power 3000 2800 3000 kw
Replacement period - 8 10 year
Expected lifetime 20 20 20 year
Interest rate 4 6 6 %
Net present value 3120 2688 2433 k€
ACOE 228 201 176 k€/year
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Fig. 7. Comparison on line voltage trend.
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TABLE V
COMPARISON ON ABS CONTROL PARAMETERS
AVsg [V] SOCUM [%] ICH [A] AVy [V] AV, [V]
ACOE_size 100 70 50 420 485
MIN_size 80 60 65 310 390
w00 F\I;\(}_L[:\N:\ - FILMI(I_'IM) .
2
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E 20
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- 20
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Fig. 10. Effect of the constant charging current: ABS current and SoC
trends on the line MAGLIANA-FIUMICINO.
operating conditions and thus it makes necessary replace more
times the battery modules during the ABS expected lifetime.

In detail, Fig.7 shows the line voltage trends with the
MIN_size and ACOE_size ABS comparing them with the line
voltage trend without ABS. On the line Magliana-Fiumicino,
both the ABS sizing methods allow obtaining limited line
voltage variations avoiding the braking chopper use due to
over voltages. The MIN_size ABS leads to a lower reduction
in voltage drop (about 20%) and power losses (5.17%)
although its sizing is slightly smaller. However, the ABS sized
for the line Magliana-Fiumicino is not able to support the
feeder system when a high-performance train moves in the
opposite direction. Obtained results show that it is necessary
an ABS power rating at least twice to keep the line voltage
variation within the allowed limits on the line Fiumicino-
Magliana. In particular, the MIN_size method compared with
the ACOE_size, presents a slighty better reduction in voltage
drops (26.67%) and power losses (3.14%). Fig. 8 shows the
TPS current trend on the line Magliana-Fiumicino comparing
the two sizing methods. Without ABS, the TPS current trend
matches the train current trend, while a slightly reduction in
the train peak current due to reduced voltage drops is obtained
by using the ABS. Indeed, the MIN_size ABS supplying about
482 A reduces the TPS peak current by about 37.5%, while the
ACOE_size ABS allows obtaining a reduction of about 30%.
The ABS, on the line Fiumicino-Magliana supplies a peak
current of about 1042 A and 921 A by using the MIN_size and
ACOE _size, respectively. The TPS peak currents are about
1590 A and 1780 A, respectively.

The trends of the ABS delivered/absorbed current are
shown in Fig. 9 by using ACOE_size and MIN_size methods.
In particular, on the line Magliana-Fiumicino the ABS slightly
contributes to power the train during its starting phase while
the ABS supplied current increase as the train is approaching.
A train moving on the line Fiumicino-Magliana, instead, is
supplied by the ABS not only during the its starting phase but
also while the train moves away reducing the TPS load of
about 600 A and therefore power losses (the ABS supplied

current is lower than 100 A after 10km). Although the two
methods lead to same results regarding the ABS positioning,
they significantly differ in the value of the ABS control
parameters. Table VV summarizes the comparison between the
MIN_size and ACOE_size methods: the first one allows
obtaining a smaller ABS characterized by largest operating
characteristic slope (about 24.2%) with respect to the proposed
method. The join effect of a smaller sizing and more
responsive control brings the ABS to more stressful operating
conditions reducing the lifetime of its battery modules.

Finally, Fig. 10 depicts the ABS current and SoC trends on
the line Magliana-Fiumicino by imposing different lcy values
in the ACOE_size method. The ABS current trend with
constant charging current only differs in time intervals in
which the line voltage is within the standby zone and it shows
a constant absorption from the feeder system. By increasing
the Icu value from 25 A to 75 A, the effect on the line voltage
is negligible, whereas the SoC value at the end of the trip is
also increased from 1% to 3% compared to the case with no
Icu current. It is worth to note that power losses on the line
also increase from 0.36% to 1.45%.

V. CONCLUSION

In the paper, we proposed a novel sizing method for ABS,
able to minimize the ACOE of the railway feeder system
according to its safe operating constraints. In particular, the
railway system is modelled and a simulation tool to quantify
the power flow on the DC feeder system is implemented. The
effectiveness of the proposed sizing method is verified in
simulation on a real Italian DC railway system equipped with
a Lithium-ion ABS, and in which moves a high-performance
train such as the ETR 1000 model.

Obtained results showed that the ABS is more attractive
from the economic point of view than a new TPS requiring
high cost for connecting it to the AC grid. In particular, the
proposed sizing method allows further reducing (about 13%)
the ACOE of the railway system respect to a method
minimizing the ABS overall sizing. Finally, our approach
taking also into account the ABS control, allows extending the
battery modules lifetime, reducing their replacements during
the ABS expected lifetime and then reducing costs.
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