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Abstract: Nowadays, mobility represents a key sector to achieve the goal of carbon neutrality. Indeed,
the development of hybrid powertrains is contributing to a reduction in the environmental impact of
vehicles. One of the most promising energy-saving solutions is regenerative braking, which enables
deceleration while recovering energy, otherwise wasted. Even though much scientific community
effort has been addressed to the optimization of this technology in the automotive field, the increase
of energy storage systems efficiencies enables the overcoming of the constraints related to the reuse of
electric energy in railway vehicles. This solution could be extremely useful for those railway vehicles
which operate on non-electrified lines, where traction is usually provided by diesel engines. For
this reason, the present work focuses on how regenerative braking technology could be exploited in
diesel-powered rail applications. In further detail, a diagnostic train working on real railway lines
has been considered as a case study. Given the real duty-cycle of the vehicle, a simulation model has
been developed with the aim of evaluating the amount of energy recovered during braking phases
and, consequently, the fuel saving and the avoided CO, emissions. As a result, the analysis shows an
improved energy efficiency of propulsion system. Compared with a pure diesel operation, it leads to
fuel savings of 20%, a reduction of CO, emissions of 22.3 kg with 23.25 kWh stored in the battery at
the end of the route.

Keywords: hybrid; energy recovery; regenerative braking; railway; diagnostic train

1. Introduction

Nowadays, the need for a global energy transition has become a high-priority topic in
order to face the challenges of climate changes and environmental protection. It is crucial to
phase out fossil fuels and replace them with clean alternatives to reduce pollutant emissions
and energy prices. According to the latest report by the International Energy Agency (IEA),
the transport sector is still strongly dependent on fossil fuels and accounts for 37% of CO,
emissions from end-use sectors, with the highest share related to road transport [1]. After
the pandemic, emissions levels showed a marked increase by moving from nearly 7.1 Gt
COzeq in 2020 up to 7.7 Gt CO,eq in 2021 (i.e., an increase of 8%). This growing trend
makes it even more difficult to follow the net zero scenario proposed by the IEA, which
expects transport sector emissions to drop under 6 Gt CO,¢q by 2030 [2]. As far as the rail
sector is concerned, even though it has a minor impact on global emissions, a decrease
of about 6% per year is required [3]. This ambitious achievement supposes a wide range
of interventions aimed at improving rail transport energy efficiency. Thus, the effort in
investing and developing energy saving technologies is no longer an option, and concerns
not only road but also rail transport.

In the railway sector, energy efficiency improvement is mainly due to the development
of the traction system and its equipment [4]. Moreover, more than 70% of railway energy
consumption is due to traction. For this reason, the main goal of these new technologies
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is focused on reducing energy propulsion requirements [5]. The emerging energy-saving
solutions are reliable alternatives to the conventional internal combustion engine (ICE),
which is directly responsible for exhaust emissions in the atmosphere for the rail sector.
Specifically, while almost all passenger rail activity is carried on electrified lines, diesel
operations are more relevant in freight transportation and other types of railway vehicles,
such as those involved in diagnostic and maintenance operations. For this reason, the final
energy consumption is still almost equally split between diesel and electrical tractions.
From the net zero scenario perspective, diesel consumption must drop from 1.22 EJ of 2021
to 0.66 EJ of 2030 [3].

An important aspect that should be considered when dealing with railway operations
is the electrification of the lines, because it affects the traction system that could be adopted.
For this reason, the share of electrified and non-electrified railway tracks must be examined.
According to the railway handbook report by IEA [6], Europe still shows a considerable
share of non-electrified routes (nearly 40%). In Italy, non-electrified routes are about 28%
of the national railway network, as indicated in the latest data provided by the Italian
railway infrastructure manager RFI (Rete Ferroviaria Italiana) [7]. Therefore, the interest in
improving energy efficiency of those rail applications which operate also on non-electrified
lines is deeply justified. The question of how to decarbonise these lines can be solved using
a hybrid approach for the traction system. The use of hybrid propulsion systems presents
many advantages, whether employed for cars or trains [8]. The electric motors are able
to supply additional traction power in the acceleration phases and recover energy during
braking phases. In this way, the ICE does not work at low efficiency points, whereas the
overall efficiency of the system and the fuel economy are enhanced. In addition, with the
diesel engine switched off near stations or tunnels, noise and emissions can be prevented
by powering the electric motors or the auxiliary systems with the stored energy. Therefore,
the development of on-board energy storage devices must travel at the same pace as
alternative sources of power, as well as the optimization of powertrain control systems
and strategies and the design of hybrid configurations. In this context, a promising energy-
saving solution is represented by the regenerative braking technique for energy recovery [9].
It makes use of braking energy that would otherwise be dissipated as heat thanks to the use
of on-board energy storage systems. Furthermore, the regenerative braking (RB) technique
helps to significantly reduce the wear of the conventional brake system by providing all
or most the braking torque requested. In the rail sector, electrical traction systems are
considered the most energy-efficient solutions since they easily make use of regenerative
braking thanks to the electric motors working as generators [5]. Hybridization presents
high potential, especially for non-electrified railway systems [10].

Literature Review on Electric Regenerative Braking in Rail Vehicles

The high mass of a railway vehicle and the relevant acting forces required during
uphill climbing and downhill braking can help to significantly improve energy efficiency
by reaching high rates of energy recovered. The electric RB technique can now be widely
employed in rail vehicles thanks to the great effort made to improve energy storage systems
(ESS) performance with the aim to overcome the known issues connected to the reuse
of energy in rail applications. Studies concerning this topic have been carried out over
the years. Gonzales-Gil et al. [11] provide an overview of the possible strategies and
technologies for recovery and management of braking energy in urban rail. In the absence
of ESS, the recovered energy can be fed back to the supply grid through the overhead
contact line. However, this approach requires the presence of the catenary and bidirectional
converters, which absorb the regenerated energy in order to deliver it when requested
for the propulsion of other vehicles. Since railway distribution stations are usually not
bidirectional, the energy must be used by other trains running along the same line. This
strategy requires a careful matching between braking and accelerating phases of different
trains. Indeed, regeneration could fail if there are not electrical loads on the same line [12].
Nasri et al. [13] reported that a correct timetable optimization in a subway system could
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involve up to 14% of energy saving. Anyway, the observance to a timetable is unlikely
to be guaranteed on non-electrified lines. Hence, the on-board storage system is the only
useful solution to accumulate energy in braking phases and feed it back at the same vehicle
in traction phases [14,15]. In this way, the most relevant effect is that the energy recovery
process is not dependent on the line characteristic, and it can be exploited both on electrified
and non-electrified routes. Moreover, it contributes also to increase train flexibility, allowing
operations when unforeseen catenary instabilities or failures occur. From this perspective,
the train can be seen as an independent microgrid [15].

Regarding technologies which make use of regenerative braking in trains, the liter-
ature has been investigated. Nowadays, various layouts of hybrid configurations can be
achieved, involving different power sources and energy storage technologies. Hamada
and Orhan [16] gave an overview about the current developments of regenerative braking
systems. Murray-Smith [14] provided a useful review paper regarding the state-of-the-art
about batteries, hydrogen fuel cells and other energy storage systems (ESSs) such as fly-
wheels, supercapacitors or hydraulic devices. This review illustrates the advantages and
drawbacks of the possible technologies suitable for energy recovery in railway systems,
giving some examples of real applications. Moreover, the author underlines how already
existing propulsion systems layouts could benefit by rethinking the original configuration
through the application of new ESSs. Among the different kinds of available storage de-
vices, batteries are indicated as the most suitable for rail applications on non-electrified
lines [17], showing good characteristics in terms of energy density, reliability, maintenance
needs and flexibility of the possible configurations allowed. On the other hand, the ad-
ditional weight (which can affect vehicle performance), the rising costs of key materials
associated with their scarce worldwide supply, as well as end-life disposal issues, represent
the main problems [18,19]. The report provided by Mongird et al. [20] gives a complete
overview of costs and performances of different ESS technologies. The analysis performed
in [21] evaluates the potential benefits derived from using the RB technique in a diesel-
electric passenger train. The authors have proposed a simplified method to calculate the
energy recovered, the net revenues per year, the payback period and the greenhouse gas
emission saved. In [22] different solutions to increase energy efficiency of diesel-electric
trains are evaluated and simulated. The analysis has been applied on a low-medium
traffic route, where the first part is electrified whereas the second part is not electrified.
Mayrink et al. [15] focused on the application of RB technique in combination with an
on-board storage device in freight trains operating on non-electrified routes, considering
a realistic railway scenario in Brazil. The proposed method computes the fuel savings by
considering the active forces and resistances involved in vehicle dynamics, and performing
an economic analysis with promising results. An approach based on the optimization of the
longitudinal dynamics for a hybrid railway vehicle has been reported by Leska et al. [23],
showing a possible reduction of fuel consumption by approximately 23% compared with a
pure diesel operation. Tomasikova et al. [24] proposed an effective model developed for
the vehicle mechanics, including slip control, wind speed randomness and weight transfer
during operations. Hillmansen and Roberts [25] suggested an energy saving potential of
35% for commuter vehicles and 28% for high-speed intercity trains. Many works focus
on possible control strategies of a hybrid rail vehicle with the aim to minimize the energy
consumption [26-28]. For instance, Frilli et al. [29] developed an innovative model for the
energy optimization of the RB system in a high speed rail application.

In conclusion, most of the works have been devoted to electric locomotives operating
in the urban context or passenger trains working on electrified routes. Except for the work
by Mayrink et al. [15], the state of the art still lacks works concerning the potential use of
regenerative braking for energy recovery in rail applications operating on non-electrified
lines. In particular, none of them considers diagnostic trains, whose mission profile and
vehicle characteristics are different both from passenger and freight trains.
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In this framework, this work outlines the benefits of electric RB technology in combi-
nation with an energy storage system for a diesel-powered diagnostic train working on
non-electrified lines. A refit of the existing powertrain layout has been proposed. Given the
real duty-cycle of the vehicle, a new simulation model has been implemented in the MAT-
LAB/Simulink environment with the aim to obtain an energy-efficiency improvement in
terms of energy recovery, fuel savings and avoided emissions. A realistic railway scenario
with data regarding vehicle characteristics and railroad profile has been considered. The
paper is organised as follows: Section 2 presents the case-study and the proposed enhanced
layout of the traction system. The assumptions made and the operational constraints
are pointed out. Moreover, this section details the method proposed to evaluate energy
recovery, fuel savings and avoided emissions. In Section 3, the results are presented and
discussed. Final considerations are summarized in Section 4.

2. Materials and Methods

This section provides an overview about the case study, illustrating the vehicle char-
acteristics, the operative modes of the traction system and the typical duty-cycle of a
diagnostic train. Moreover, it outlines the proposed model, describing the methodology
used and the assumptions made.

2.1. Case Study

The rail vehicle analysed in this work is a real operating diagnostic train, named
OCPDO002-E. The train is provided by Tesmec Rail S.r.l., an Italian company operating
in the development of advanced railway systems for catenary installation and mainte-
nance, shunting locomotives and network diagnostic solutions. The main mission of a
diagnostic train is to measure the critical parameters of the infrastructure. It is equipped
with advanced detection systems to obtain relevant data regarding overhead line, tracks,
switches, and other features of the railroad. As aforementioned, the OCPD002-E belongs
to that class of rail applications that operates both on electrified and non-electrified lines.
The lines covered by this class of vehicles are detailed in Figure 1, including secondary and
regional lines.

Figure 1. Italian railway lines on which the diagnostic vehicle under investigation operates (adapted
from [7]).
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As mentioned in the introduction, the traction system of a train is strictly connected to
the line type (i.e., electrified or not). If the route is electrified, traction is purely electric since
power is supplied by the continuous overhead line through the pantograph. However,
the cost related to the building of the catenary is not justified in low density traffic areas
(e.g., secondary and regional lines). This means that non-electrified routes must be travelled
by diesel or diesel-electric locomotives, which have worse performance than electric ones
in terms of efficiency, lifetime and maintenance costs [21]. As far as the OCPDO002-E is
concerned, diesel propulsion is necessary since it operates on regional and secondary routes.
It should be mentioned that the vehicle is equipped with the pantograph, but its function
is to measure relevant data of the catenary without absorbing power from the grid. This
means that even though the vehicle is running across an electrified line, the propulsion
must be provided by the diesel engine. As for traction, the vehicle is equipped with two
bogies, as depicted by Figure 2, which shows the basic architecture of the train.

DIESEL

EM) (EM
ENGINE BATTERY PACK

Figure 2. Proposed drivetrain layout (red lines represent power flows during propulsion, whereas
green lines represent power flows in regenerative braking).

With respect to the existing traction system, located on Bogie 1, the powertrain layout
includes a diesel engine whose power is delivered to the wheels through a hydrostatic
transmission, which is configured as a continuously variable transmission. Thanks to the
variable displacement of hydraulic components, the gear ratio (and thus the vehicle speed)
can be varied continuously while keeping the ICE operating at fixed speed. Moreover,
the hydrostatic drive, controlling pumps displacement, can provide braking torque. For the
sake of clarity, Bogie 2 is not currently equipped with a powertrain. Indeed, the company
has carried out the preliminary design of the new hybrid architecture, shown in Figure 2.
The upgrade of the current layout consists of an electric drive train on Bogie 2, comprising
two electrical motors, an energy storage device and a control unit. The electric power unit
has been designed for a maximum vehicle speed of 65 km/h. In this way, the whole system
can benefit from the advantages related to regenerative braking and energy recovery, that
will be investigated through this study. The case study vehicle, which is not currently oper-
ational, is powered by a hydrostatic traction system, driven by a diesel engine, already used
for trains of the same type, and a full-electric drive system, sized according to the company
requirements. This choice is justified with the purpose of reaching an improvement without
investing in a completely new train. For this reason, the two traction systems can currently
only work independently, as illustrated in Figure 2, as there is no control system yet capable
of managing both simultaneously. This overall propulsion system may be classified as a
hybrid one. Anyway, among the various forms of hybrid layout which usually see the
combinations of different sources of power, the proposed system is a trade-off solution
which does not belong to any of those described as “hybrid” in the literature.

The coupling issue between the diesel and electric traction systems has been examined,
and, in particular, how the two power units can alternate and coordinate to manage energy
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recovery and vehicle traction. As a first step, it is fundamental to define the vehicle
operating modes. Due to the reasons discussed about the hybrid configuration, it is
supposed that power flows cannot be delivered simultaneously to the wheels. The switch
condition from a power unit to another one is the presence of tunnels. As remarked in the
introduction, it is reasonable to switch off, or put in idle, the diesel engine nearby tunnels
to avoid noise and emissions. For this reason, when the train goes through tunnels the
ICE is supposed switched off and mechanically disconnected to the axles, and the traction
is carried out by the electric motors powered by the stored energy in the battery. In this
way, fuel saving is achieved. On the other hand, the ICE provides traction outside tunnels.
According to the path slopes, the electric engines act as motors during traction phases
in tunnels, while they work as generators by converting kinetic energy into electrical in
downbhills. Then, three operative modes can be identified (see Figure 3):

L Diesel propulsion, provided outside the tunnels for positive torque request;

II.  Regenerative braking, referred to any case of braking torque demanded, provided by
the electric motors independently from the propulsion system in use;

II.  Full-electric, provided in traction phases when the train pass through a tunnel.

Diesel Propulsion Full Electric
(no tunnels) (tunnels)

@ I il
Diesel pawer supply Electric power supply
Torque demanded
H H
@ Regenerative braking ! Regenerative braking

Figure 3. Operative modes according to the torque demanded and the presence of tunnels.

In railway applications, it is fundamental to examine the typical duty-cycle of the
vehicle, which is directly related to which task it has been designed for. An advantage is that
the driving behaviour can be predicted because of the line slope profile already known and
specific routes with scheduled station stops and timetables [10]. Anyway, while a passenger
train has to stop station-by-station, the typical duty-cycle of a vehicle such as OCPD002-E
does not include phases where the vehicle slows down and stops. Due to the mission of a
diagnostic train, it is reasonable to suppose that the entire path is covered continuously,
without stopping at stations. This leads to one of the main hypotheses concerning the
operating conditions of the vehicle under investigation: the train is assumed to remain
in the coasting phase, so the velocity is constant along the entire route. Furthermore,
a diagnostic train also differs from freight trains, which usually work on long-distances
instead of regional lines, and have a greater vehicle mass. The railway line considered for
this study is a regional non-electrified line that connects the stations of Lamezia Terme
and Catanzaro, whose length is 44.724 km. Data about the path slopes and the presence of
tunnels along the route has been analysed and given as input in the model, as specified in
the next Section 2.2.
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2.2. Proposed Model

In this section, the simulation model developed in MATLAB/Simulink environment
is described. The first step has been devoted to the modeling of ICE and electrical motors
maps, in order to obtain the limit output characteristics, and to the modeling of fuel
consumption map.

In diesel propulsion operating mode, the ICE provides the total power demand.
The maximum power delivered to the wheels depends on the maximum power of the ICE
(Piiesel max = 515 kW). For each ICE operating point, traction system performance can be
computed. The limit performance is obtained at the design point, and it is identified by
the couple of values (Pjjesel max, ) = (515 kW, 1800 RPM). The limit torque curve for diesel
propulsion mode has been provided by the company (see Figure 4). As expected, it follows
a hyperbolic trend except in the first section where the torque has no gradient and it is
limited according to the adhesion principle [30,31].

%10

Torque delivered [Nm]

0 100 200 300 400 500 600 700 300
Wheel rotational speed [RPM]

Figure 4. Torque limit curve in diesel propulsion mode.

The ICE fuel consumption is a function of its power and rotational speed. In the model,
it has been assumed that the rotational speed is constant and equal to 1800 RPM. For this
reason, the specific fuel consumption depends only on the demanded torque. Thus, the
specific fuel consumption (SFC) has been computed through interpolation of ICE technical
data with Pj;ee; as input, as shown in Figure 5.

Regarding the electric motor map, values have been derived from the real efficiency
map of the electric motors, modeled and shown in Figure 6. Hence, the efficiency of the
electric motor, 7., is determined as function of rotational speed and torque demanded as
inputs in Figure 6. Therefore, the value of 7. during full-electric propulsion affects the
energy that the electric motors require from the battery, while during regenerative braking,
it represents the fraction of recovered energy that can be supplied to the storage.
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SFC [¢/kWh]
> =

300 - 1

250 T

200 - .

0 100 200 300 400 500 600
ICE power [kW]

Figure 5. Specific fuel consumption of the ICE, referred to n = 1800 RPM.

150

EM efficiency [-]
0.95

400
300 0.9
200
100 ;

- 0.8

“100

Delivered torque [Nm]

~200 0.7

=300 0.65

—400

2,000 4,000 6,000 8,000 10,000 12,000
Electric motor speed [RPM]

Figure 6. Electric motors efficiency map.

It is important to denote the performance limitations of the regenerative braking,
essentially connected to the motor output characteristics [32]. In order to maximize the
energy recovery obtained from RB, the system has been modeled with the assumption
that during braking phases, the highest priority is given to the electrical braking.. Thus,
the hydrostatic or the pneumatic brake system must step in, providing the requested
braking torque. The handling of additional torque demand during braking is governed by
the same factors that determine the traction mode. Then, the additional torque is provided
by the mechanical brake during tunnel driving, whereas it is provided by the hydrostatic
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system outside tunnels. Powertrain simulations of the vehicle under investigation have
been conducted using data from a real railway line. In detail, path slopes and tunnel
sections (related to the vehicle position) are the inputs of the proposed model, as shown in
Figure 7. The slope of the path, which was reported in per thousand in the experimental
data, has been then converted into the angle of inclination, in radians, using Equation (1).

B slope [%o]
N = arctan( 1000 1

15 T T T T T T T T

"
1+ \u g
"

Y

]
0.5 ‘o |

AT J

E 0F i L} 1 ' -~ 1
L Il ' ] ]
: SRR
I
7 05} ! % i : 1
| 1
1 I
1t I| ! _
-1.5} g
NO TUNNEL
= = = TUNNEL
_2 1 L L L L 1 I I
0 D 10 15 20 25 30 35 40 45

Path [km]

Figure 7. Slope, , of the route as a function of the space travelled. Blue lines show no-tunnel sections,
red dotted lines indicate tunnel sections.

The simplified structure of the model, which controls the demanded torque Ty, is
shown in Figure 8. Therefore, the control system is performed by evaluating the error of the
actual speed of the train, v,.¢, with respect to the reference speed, v,, £, set equal to 50 km/h.

Vehicle position

| |

Vrer C SPEED Ta OPERATIVE | Tax VEHICLE 1
CONTROLLER MODES DYNAMICS s

Vact

Figure 8. Block model structure of the vehicle dynamics and control loop.

The operative modes block, shown in Figure 9, represents the governor of the system
and it is based on the demanded torque T; and on the position of the vehicle along the route.

So, the presence of tunnels defines the operating mode from those presented, as shown
in Table 1.
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SFC Fit

Mwheet | Hydrostatic trasmission Faieser |
Vacr model \ — SFC

NO
T, @ O
YES Electrical drive
system model
NEm
Vact f(vact' 7 Tgear) Ne
Figure 9. Block model structure of the operative modes.
Table 1. Summary of operative modes.
TUNNEL NO TUNNEL
T;>0 T;<0 T;>0 T; <0
Full-electric Regenerative braking Diesel propulsion Regenerative braking

The output of the operative modes block is the torque transmitted from the hybrid
propulsion system to the drive axle, T;y. The torque T,y is obtained by limiting T, according
to the limit curves of the propulsion system. Thus, if the hydrostatic system is operating,
the maximum torque that can be transmitted to the axle is determined from the experimental
data as a function of wheel speed 1}, (see Figure 4), obtained from Equation (2) where r
is the radius of the wheel in meters.

Ogct
Mewheel = r @)

During full-electric propulsion mode and regenerative braking mode, the torque limit
curves of the electric motors shown in Figure 6 have been considered, both for propulsion
and braking phases. The speed of the electric motors ny; is obtained from Equation (3),
where Tgear is the transmission ratio between the electric motors and the vehicle axle.

Oact Tgear

NEM = 7][ (3)

Once the maximum torque TZy; that can be delivered by the electric drive system has
been determined by the map in Figure 6, it is possible to obtain the maximum torque at
the axle T, from Equation (4), where Ny is the number of electric machines and 77¢eq/
is the electric machine transmission efficiency, considering the kinematic driveline from
motor to axle and a helical gearbox [31].

Zgﬁéz = TE"&X Tgear Ygear NEm (4)

Figure 10 represents the vehicle dynamics block, where the tractive force, F;, and the
resisting force, F;, are obtained from equations of the longitudinal dynamics of the vehicle.

Resistances to motion are estimated as presented by Leska et al. [23]. The inclination
force R;,. depends on both the mass of the vehicle M, which is 71.3 t during operating
conditions, and the inclination angle « according to Equation (5).

Ripe = M g sen(a) (5)
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F, First Order
Tax/ T Vehicle F— v,
Dynamics
Vact Vehicle
Sl Resistances
ope
Position —| Path Slope Model E
Profile

Figure 10. Block model structure of vehicle dynamics .

Rolling resistance, R,,;, is obtained in Equation (6) by considering the friction factor, f,
whose value has been derived by the vehicle manufacturer technical documents.

Ry =Mg f cos(a) (6)

The resistance due to aerodynamic friction, R,;, is calculated by using Equation (6),
where C; is the drag factor, A is the wagon cross-section area, p,;; is the air density and v
the actual speed of the train.

Rair =05 Cd A Pair Uazct (7)

The sum of these three contributions represents the total resistance to motion, F;,
as shown in Equation (8).

Fr = Rinc + Ryo1 + Rair 8
Equation (9) describes the vehicle dynamics, as reported in the literature [30,31].

do
Ft—F,:EM(l—l—ﬁ) )

The driving force, F;, is obtained by dividing the available torque at the axle, Tyy,
by the wheel radius r. The f is the inertia coefficient that takes into account the equivalent
mass of the vehicle, as described in [30,31]. In conclusion, the demanded power to the
diesel engine Py, is calculated by Equation (10), as a function of the vehicle speed, v,ct,
and the force required for motion, F;.

Fo 1
Pdiesel = (tuct +Paux> — (10)

Th Mhgear Nacc

Looking at Equation (10), 77, (Pgiesel, Mwheer ) 1S the hydrostatic transmission efficiency,
whose value is omitted due to confidentiality but it has been derived from the experimental
data provided by the manufacturer. #g.,, is the efficiency of the gearbox between the
hydrostatic transmission and the wheel, while 7, considers the losses due to engine
accessories; both of those efficiencies are constant values. Py is the power demanded from
auxiliary. It is possible to estimate the engine operating point and the associated specific
fuel consumption, SFC, by means of Pyjeq; and the experimental data shown in Figure 5.

Therefore, the flow rate of fuel consumed, 7., can be calculated by means of
Equation (11): in this way, the total fuel saving at the end of the route is determined.

mfuel = Pyieser SFC (11)

Table 2 summarizes the input parameters concerning this specific case-study, provided
by the vehicle manufacturer.
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Table 2. Input parameters regarding vehicle characteristics.

Parameter Value
M 713t
Paux 52.3 kW
A 9 1’1’12

Ca 0.9
g 9.807 m/s?
r 0.475m
B 0.1
f 0.003
Hace 0.95
Ngear 0.95
Tgear 21.089
nhgear 0.95

3. Results and Discussion

Based on the model and the regenerative braking strategy proposed in the previ-
ous Section 2.2, simulations results regarding the analysed railway profile are presented.
Figure 11 confirms that the control is satisfactory because it follows the reference speed
fairly accurately. Indeed, the actual speed varies in a short range between 49.61 km/h and
50.32 km/h.

50.5 .

N IS

TRV AV
N

Speed [km/h]
=

49 .
48.5 .
Actual speed
Reference speed
_18 L L L L L L L

0 ) 10 15 20 25 30 35 40
Path [km]

Figure 11. Comparison between the reference speed and the actual vehicle speed computed by the
proposed model.

Control quality is confirmed also by the comparison between the overall demand pro-
file and the effective power delivered to the wheels (Figure 12); the initial difference is due
to the vehicle inertia. These power flows are referred to the entire vehicle, without making
a distinction between which drive train is providing power. It is clear how, due to vehicle
dynamics, power flows follow the path gradient profile shown in Figure 7.
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400 T T T T T T T T
Power delivered
Power demanded
300 g
200 g
E 100 |
2
= oL
(a1
—100 + g
—200 g
_3[][] I | | I I

0 3] 10 15 20 2H 30 35 40 4h
Path [km]

Figure 12. Overall power demanded and delivered over the entire route.

Figure 13 reports the trend of the electric power flow delivered to the axles as a
function of the distance travelled by the vehicle. Red lines indicate positive power flow
delivered in full-electric operative mode, whereas blue lines (negative values) represent the
power recovered during regenerative braking phases.
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Figure 13. Power flow of the electric drive train over the entire route.

When diesel propulsion operative mode is active, the vehicle is outside tunnels and
the electric motors operate as generators. The difference between the three operative modes,
according to the energy management strategy proposed, is clearly depicted in Figure 14,
where the total power delivered by the overall traction system along the route is plotted.
The change of line colors indicates the points where the switch condition from an operative
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mode to another one occurs. By the analysis of this result, it is clear how the electric drive
system works for the most part in regenerative braking since full-electric propulsion is
limited only to tunnel sections. By the integration of the power delivered along the route, it
is possible to estimate the energy flows associated to each operative mode.
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Figure 14. Overall power delivered according to the operative modes over the entire route.

In order to assess the benefits of applying the proposed method, a series of parameters
have been considered, summarised in Table 3. First of all, the thermal energy saved,
Ethermal saved, has been estimated. This value considers the energy required from the ICE to
provide traction only inside tunnels. This assessment allows to compare the electric energy
required for propulsion in the same sections with the new configuration, E,.ctric traction-
Moreover, the electric energy recovered in the regenerative braking operating mode has
been calculated. In this way, it has been possible to perform an energy balance of the battery.
By Equation (11), the total fuel saved f;,,; derived by switching from diesel propulsion to
full-electric traction inside tunnels is determined. This value, divided by the amount of
fuel necessary for diesel traction for the entire route (i.e., without considering full-electric
mode), gives the percentage of fuel saving. Equation (12) allows to compute the amount of
CO; emissions saved at the end of the route, where py,,; is the diesel density and Eco, is
the CO, emission factor. The emission factor depends on the engine and fuel characteristics:
it ranges within 2.4-2.8 kg CO, /L for a diesel generator [33,34].

E
fsuved CO, (12)
O fuel

The enhancement involved in the proposed configuration is pointed out by defining
the energy saving index (see Equation (13)). The enhanced performance of the system
is proved by the comparison between the thermal energy saved and the electric energy
provided for traction, referring to tunnel sections only (see Equation (14)). For the case
under investigation, the energy saving index is 53.6%. This benefit can be explained since
the electric drive train requires approximately half of the power used by the ICE to move
the vehicle in the same conditions, due to higher efficiency of electric motors.

CO, avoided emissions =

Ethermal,saved - Eelectric,traction (13)

Energy saving index =
Ethermal,saved
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Eelectric,tmction = o Te TEM(t) NEM dt (14)
Mission

By the analysis of energy flows to and from the battery, the amount of energy recovered
is approximately three times the energy required for traction in full-electric mode, resulting
in a net positive energy balance of 23.25 kWh stored in the battery at the end of the route.
In this way, the state of charge of the battery is greater than the starting condition. This
result suggests that electric propulsion could potentially be further exploited, extending
full-electric operative mode not only to tunnel sections.

Table 3. Results concerning thermal energy saving, battery energy flows, avoided emissions and
fuel saving.

Benefit Value
Thermal energy saved 29.13 kWh
Electric energy for traction 13.5 kWh
Electric energy recovered 36.75 kWh
Net battery energy balance 23.25 kWh
Fuel saving 20 %
CO; avoided emissions 223 kg

4. Conclusions

With the goals of improving energy efficiency and decreasing the environmental
impact in the rail sector, this paper examines the refit of the traction system of a diesel loco-
motive. In particular, the analysis focuses on rail applications operating on non-electrified
lines, and it has been conducted on an already operating diesel-powered diagnostic train.
In order to manage energy recovery and vehicle traction phases, a novel strategy consisting
of three operative modes has been individuated, according to the route profile, hence, to
train position and to demanded torque. The proposed methodology has been applied by
considering a real non-electrified line, and shows how current powertrain system perfor-
mances can be enhanced by installing an electric drive unit. This approach involves high
values of energy recovered due to the electric regenerative braking, which leads to relevant
improvement concerning the energy efficiency of the overall system. Results indicate that a
reduction of fuel consumption of 20% can be achieved, as well as 22.3 kg of CO; avoided
emissions, with 23.25 kWh stored in the ESS at the end of the route. Even though results
concern the specific characteristics of the vehicle analysed and the assumptions made,
the proposed approach of energy-saving strategy is likely to be extended to any kind of
rail vehicle whose propulsion involves a diesel engine. Moreover, results are encouraging
if extended to the whole vehicle mission profile, which expects OCPD002-E to work for
10500 km/year. Furthermore, the possibility of applying this method to other railway
routes by changing only the input value of path slope, can lead to interesting data that
can be collected and organized in statistical results. Future research could be carried out
to individuate an optimal size of the energy storage system considering the full-electric
propulsion mode operating for the entire route.
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Abbreviations

The following abbreviations are used in this manuscript:

Symbols

A Mid section surface

Cy Drag coefficient

Eco, CO, emission factor

Eihermal saved Thermal energy saved

E ctectric traction Electric energy used in full-electric mode
f Friction factor

F, Total resistance

F Tractive force

fsaved Fuel saved

g Gravity acceleration

M Vehicle mass in operative condition

1 fyel Fuel flow rate

NEM Rotational speed at electric machine
Nem Number of electric machines

Nypheel Rotational speed at wheel

Paux Power demanded from auxiliary

Piesel Power required from the diesel engine

r Wheel radius

Ruir Air resistance

Rine Inclination resistance

Ryo1 Rolling resistance

TN Maximum torque that can be delivered by the electric machine
T et Maximum torque transmitted to the wheel
T; Demanded torque

Vact Vehicle speed

Uref Reference vehicle speed

Greek symbols

o Path slope

B Inertia factor

Hace Losses due to engine accessories

Ngear Electric machine transmission efficiency
Hhgear Hydprostatic transmission gearbox efficiency
U Hydrostatic transmission efficiency

Cair Air density

O fuel Fuel density

Tgear Electric machine transmission ratio
Acronyms

EM Electric motor

ESS Energy storage system

ICE Internal combustion engine

IEA International energy agency

RB Regenerative braking

SFC Specific fuel consumption
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