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Modern drive systems of rail vehicles

Rail vehicles are one of the sources of environmental pollution in the transport sector. Therefore, it is necessary to equip these vehi-
cles with modern drive systems. This article concerns the issues of contemporary and future-oriented solutions of drive systems used in
rail vehicles. The article analyzes energy storage possibilities including: electrochemical, mechanical and hydraulic accumulators. The
conducted analyzes have taken into account the importance of how frequently they charge up, which dictates their possible applications.
Characteristics of hybrid drive systems were presented, with particular emphasis on parallel systems of: hydrostatic, flywheels and
electrochemical batteries. The analysis of energy flow control strategies in hybrid drive systems of railway vehicles has been made. In
the summary, a solution was chosen that resulted in high conversion efficiency of the energy extracted from the vehicle's wheels.
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1. Introduction

In recent years, the share of CO, emissions from the
transport sector has been steadily increasing (Fig. 1). This
share of CO, emissions has increased from 22.7% in 2010
to 23.4% in 2013 [24]. In 2013, carbon dioxide emissions
from rail transport reached 3.5%, while it accounted for 8%
of the world's passenger and freight volume. The railway
sector in 2013 also accounted for just 2% of the total energy
consumed in the transport sector. Rail vehicles were fueled
with petroleum products in 57% of cases, and in 36.4% of
cases with electricity.

In 2013, six regions and countries (EU28, USA, Russia,
China, India, Japan) accounted for 78% of total CO, emis-
sions in the rail sector, of which one quarter were emitted
by China.

Coal consumption by the rail sector drastically de-
creased in 1990-2013. In the same period, electricity con-
sumption in rail transport increased from 17.2% to 36.4%.
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Fig. 1. Carbon dioxide emission as a result of fossil fuel combustion in
various industry and transport sectors [24]

The share of electrified railway lines increased by 163%
in the span between 1975-2013 at the global level. China
and Korea increased their share by 325% and 343% respec-
tively between 1990-2013.

In 2013, the specific energy consumption in passenger
rail transport reached 138 kJ/km, whereas this volume in
rail freight transport amounted to 129 kJ/tkm. The energy
consumption in this transport sector in the years 1975-2013
decreased by 63% and 48% respectively for passenger and
freight transport. Individual emissions of carbon dioxide in
the railway sector show a similar improvement rate: they
were reduced by 60% in passenger transport and by 38% in
freight transport in the years 1975-2013.

2. Energy storage systems in rail transport vehicles

The constant pursuit of reducing emissions from
transport means has lead to restrictions also being applied
to rail vehicles. The introduction of subsequent exhaust
emission limits in relation to rail traction vehicles means
that the currently applicable EU legal acts include Stage |11
B and Stage V limits. The latter limit is in force for new
vehicle approvals from this year onwards [7, 20]. Despite
the trend where the share of drives relying on combustion
engines in the total number of rail vehicles continues to
decrease, there is a tendency to replace the conventional
combustion systems with hybrid systems [5, 15]. Meinert et
al. [16] proposed the use of energy storage systems (ESS)
in rail vehicles, such as: hydrostatic systems, batteries,
flywheels and double-layer capacitors (DLC). The energy
management strategy is focused on reducing fuel consump-
tion and minimizing the toxic exhaust emissions. In paper
[16] the authors stated that the use of additional energy
storage technologies is not enough to eliminate exhaust
after-treatment systems from engines that are to comply
with Stage Il B standards. This is the result of testing the
exhaust emissions of rail vehicle engines according to the
ISO 8178. Which is done under specific engine load condi-
tions, e.g. at the point of maximum load, in which addition-
al circuits (electric or other) do not properly fulfill their
task.

Ghaviha et al. [9] divided energy storage systems into
stationary systems (SESS - stationary) and systems inside
railway vehicles (OESS — On-board). The authors also
point to the use of currently ultra-capacitors, batteries and
flywheels in rail vehicles in both SEES and OESS systems.

76

COMBUSTION ENGINES, 2019, 178(3)



Modern drive systems of rail vehicles

The system that has been in use the longest is the flywheel
(used in Japan since 1970) [9].

Research conducted by Rupp et al. [21] indicate the
possibilities of using flywheels to reduce the energy con-
sumption by 9 to 31% (depending on the traffic conditions
of light rail vehicles).

Energy storage methods in means of transport have been
presented in Fig. 2. Possibilities of using energy storage
systems in the context of vehicle power, energy and dis-
charging time were presented in Fig. 3.
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Fig. 2. Energy storage systems classification tree [2]
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Fig. 3. Comparison of power, energy and discharging time of typical
energy storage systems [10]

3. Railway vehicle hybrid drive systems
constructions

3.1. Introduction

Hybrid drive systems used in rail vehicles may be
equipped with:

a) hydrostatic systems (hydraulic),
b) flywheels,

c) lithium-ion batteries

and others.

Hydraulic drive systems include hydraulic mo-
tors/pumps whose power is greater than 4 kW/kg, and with
efficiency of over 93%. In addition, the power density of
hydraulic accumulators is about 10 times greater than that
of electrochemical batteries and is about 5 kW/kg. Unfortu-
nately, the energy density is about 15 times lower with
respect to Li-lon batteries — 4-11 kJ/kg [22].

Comparison of power and energy indicators for differ-
ent batteries reveals the different parameters of these batter-

ies. Electrochemical systems (both NiMH and Li-lon bat-
teries) have a much higher energy density than power den-
sities (Fig. 4). Therefore, their use in rail vehicles signifi-
cantly increases the vehicle range.
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Fig. 4. Comparison of power and energy density of available batteries [11]

The use of hydraulic or ultra-capacitor systems does not
provide similar energy density values. However, the high
power density of the ultracapacitors allows them to be used
in heavy vehicles. High power density energy storage sys-
tems allow them to be quickly charged, and this results in
them being more effective when used in conditions of fre-
quent stops.

It is possible to categorize the following hybrid drive
solutions (based on compression-ignition diesel engines):

a) hybrid parallel hydrostatic drive (hydraulic),

b) hybrid parallel drive with a flywheel (mechanical),

c¢) hybrid parallel drive with an ultra-capacitor system,

d) diesel-electric (battery) hybrid drive system,

e) diesel-electric (battery and ultracapacitors) hybrid drive
system.
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3.2. Hydrostatic systems

Hybrid parallel hydrostatic drive (hydraulic) is present-
ed in Fig. 5. The coupling (gear) is mounted between the
electric motor (MG) and the main transmission. It is a sys-
tem in which the combustion engine is connected in parallel
with the hydraulic system.

A different construction is presented in Fig. 6. It also
contains a parallel connection of the hydraulic drive with
the internal combustion engine, the generator and the elec-
tric motor connected in series. In this solution, the combus-
tion engine is used only to drive the current generator (ref-
erence G in Fig. 5). In the mechanical transmission, the
torque values are added up from the hydraulic system and
from the electric motor system (MG).
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Fig. 5. A parallel hybrid drive of an internal combustion engine with
a hydromechanical transmission and a hydrostatic system [17]
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Fig. 6. A parallel hybrid drive of a hydrostatic system and a serial connec-
tion of a combustion engine with a generator and an electric motor [17]

The layout shown in Fig. 5 is currently implemented,
among others by Bosch-Rexroth [4] and Plasser & Theurer

(Fig. 7).

Pantograph

High-votage module

Fig. 7. The hybrid drive of a rail vehicle with a hydrostatic system (09-4X
Dynamic Tamping Express E3 and the BDS 2000 E3 - Plasser & Theurer) [25]

Hydraulic motors have not only higher efficiency than
electric motors, but in addition — they generate similar
torque values — they have much smaller dimensions (Fig.
8). Such conditions allow these systems to be used even in
passenger cars as well as placing the hydraulic motors at
the wheels of the vehicle (or on the wheels themselves).

415kg 21 kW
59kg 90 kW

&

Hydraulic motor
V =18 cm3, Mo = 140 Nm,
n =6000 rpm
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Fig. 8. Technical parameters comparison of electric and hydraulic motors [1]

3.3. Hybrid systems with flywheels in rail vehicles
Another solution for hybrid systems in rail vehicles is

the use of flywheels (Fig. 9). The main parameters of fly-

wheels used in rail vehicles include:

a) rotational speed in the range of 25,000-30,000 rpm,

b) the value of available energy from the range of 6 kWh
to 12 kWh, of which about 75% can be used (no work
generated at low rotational speeds),

c) energy density of approximately 2 kWh/m?,

d) average charging and discharging time (flywheels are
placed between ultracapacitors and electrochemical bat-
teries),

e) efficiency of about 90%.

An example of a solution for parallel hybrid drive with

a combustion engine and flywheel is shown in Fig. 9. The

flywheel in this solution serves as the drive system of the

current generator in a serial connection with an electric
motor. In such a system, recovery of flywheel energy re-
quires two-way operation of both electrical machines (MG

—Fig. 9).
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Fig. 9. A parallel hybrid drive with an internal combustion engine and
a flywheel connected in series with a generator and an electric motor [17]

The use of an internal combustion engine in a hybrid
drive as a current generator and flywheel also for electric
current production is shown in Fig. 10. It is a parallel con-
nection of an internal combustion engine (operating in
a drive system with a power generator and electric motor
connected in series) and a flywheel connected to a power
generator. The output drive for the wheels is generated only
by an electric motor. The lack of a flywheel system would
allow the system to be classified as a series hybrid drive
system.

flywheel
ESS

Fig. 10. Parallel hybrid drive with an internal combustion engine (DE) and
a flywheel system working in series with an electric motor [17]
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An example of the application of this technology in rail
vehicles is shown in Fig. 11. The flywheel presented is the
result of a project in cooperation between Ricardo Artemis
Intelligent Power and Bombardier. The project concerns the
reduction of energy consumption by about 10% using high-
speed flywheels as sources of kinetic energy storage.

E=45MJ

D =360 mm

L =160 mm

m =22 kg

n =45 000 obr/min

Fig. 11. The flywheel and its components with 220 kJ TorgStor from
Ricardo [6]

3.4. Hybrid systems with electrochemical batteries

Electrochemical energy sources are the most widespread
energy storage systems. Their high energy density makes it
possible to obtain a higher vehicle range than with the use
of other energy storage systems: mechanical or hydraulic.

A typical parallel hybrid drive system of an internal
combustion engine and an electrochemical battery is shown
in Fig. 12. The use of AC motors requires constant voltage
converters (from battery) to alternating voltage (higher
efficiency values of such motors, especially in the low
speed range). In such a system (so-called mild hybrid) one
electric machine with reversible operation is used.

hydromechanic
transmission
1
1

i|: transmission

Fig. 12. A hybrid parallel drive of an internal combustion engine (DM)
with a hydromechanical transmission, a battery system and an electric
motor [14, 17]
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The use of an electrochemical battery instead of a fly-
wheel (as in Fig. 10) results in a similar configuration of the
parallel hybrid drive with the combination of an internal
combustion engine (operated in series with an electric mo-
tor) with an electrochemical battery system (Fig. 13).

Diesel engine

Fig. 13. A parallel hybrid drive of an internal combustion engine (DE)
with a system of batteries operating in series with an electric motor in
a drive system [17]

The use of electrochemical batteries allows using a con-
figuration, which will provide a high value of power or high
value of energy stored. High power density ensures a
modular design, while high energy density — appropriate
range of the rail vehicle. Examples of such Hitachi battery
solutions are shown in Table 1.

Table. 1. Battery configurations in applications for hybrid drive of rail
vehicles [18]

Description High power density High Energy density
UZ
P=nl-mo
UZ
P=aR
Model MA2a CH75-6

Configuration 48 cells (series) 6 cells (series)

Voltage/ 173 V; 5.5 Ah 22.2V; 75 Ah
capacity
Energy density 46 Wh/dm® (100%) 102 Wh/dm® (221%)

Power density 865 W/kg (346%) 250 W/kg (100%)

Applications + Compromise » High energy density
between power and -> compact dimen-
capacity sions

» Fast charging * Aslightdropin
during regenerative efficiency at lower
braking temperature

4. Energy flow control strategies

The diesel-electric hybrid drive is characterized by cy-
clic recharges and discharges of the battery. The nominal
battery charge (SOC) is approximately 50% (Fig. 14). The
use of Ni-MH batteries means that their charge/discharge
level is not too high — it is in the range of 40-60%. The use
of Li-lon batteries allows for much higher threshold values:
up to 80% SOC when charging and down to about 20%
when discharged. If the typical range for a battery is 25—
75% SOC, this means that the capacity of the battery used
must be twice as large as the intended capacity. For this
reason, the use of ultracapacitors may increase the usability
of electrochemical energy storage sources.

SOC - state of charge

100% overcharge
0% ———————— -
80% ————— -
60% — — &
o &)
T = :+J
o E £
Z =
o
40% — —
30% ————— -
20 ———————— -
0% deep discharge

Fig. 14. Conditions for charging and discharging typical battery systems in
hybrid drive systems [12, 19]

COMBUSTION ENGINES, 2019, 178(3)

79


http://bioage.typepad.com/.a/6a00d8341c4fbe53ef01b7c71c2f50970b-popup
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The specificity of rail vehicles operation and the hybrid
drive systems used in them forces specific types of coopera-
tion between the drive sources. An example of a typical rail
vehicle operating speed curve is shown in Fig. 15a. It
shows that the initial driving fragment is made using only
the electric drive. In such conditions, the system discharges
the batteries from the maximum level (about 60%) — zone
D (Fig. 15b). Achieving and maintaining a specific speed

a) b)
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o~ 1‘ Limit > 60%
/ \ 60
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“N\/ Rl
\ L w
D |
\ N\
N
1
Engine /ﬁ i
speed / \ | Limit > 20%
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L
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Power running: Braking:
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Engine highest effic. Engine idl
Zone B:

Engine idling

Zone D:
Engine stop

Fig. 15. Example of a hybrid drive system control: a) route, b) hybrid
control zones, taking into account the battery charge level [8]

results in a constant rotational speed of the internal combus-
tion engine and further discharge of the batteries (parallel
drive). The internal combustion engine operating conditions
correspond to its high efficiency. Due to the considerable
kinetic energy of such a composition, it is possible to limit
the power of the internal combustion engine and to let it
idle (Fig. 15a — engine idling, zone A — Fig. 15b). The
speed reduction is achieved using regenerative braking,
which results in the recovery of the kinetic energy of the
vehicle and increasing the level of charge of the batteries.
Drive operation characteristics (line in Fig. 15b) moves
from zone A to zone D.

Similar research is currently being conducted, and con-
cerns the limitation of SOC changes applied to rail vehicles
lithium-ion battery [23].

5. Conclusions

The use of hybrid drive systems in rail vehicles can re-
sult in a significant reduction of toxic exhaust emissions
and a reduction in fuel consumption. Similarly to other
vehicle categories, the use of this drive type allows pushing
the engine operating points on the internal combustion
engine characteristics towards higher overall efficiency. In
the case of rail vehicles, the biggest benefit of using a hy-
brid drive is limiting the combustion unit idle operation
time, where the share of idling for shunting rail vehicles
ranges from 50 to 70% [3, 13]. By eliminating the idling
operation of the combustion engine, significant economic
benefits are obtained. Kaluza [13] assessed that in the case
of the SM31 locomotive, the daily reduction of diesel oil
consumption, resulting only from the limitation of the time
the internal combustion engine spend idling and without
load, may amount to approx. 160—168 dm?®.

As it was mentioned in this paper, the type of hybrid
drive, and along with it the energy storage technology it
uses, should be selected on an individual basis depending
on the purpose and nature of the work performed by the rail
vehicle. At the stage of selecting the aforementioned solu-
tions, it is important to assess the drive energy demand.
With long-term demand for electricity, the best solution
should be choosing electrochemical batteries, which are
also available in different configurations, focused on higher
power density or higher energy density. In that case, the
engine more often work in the field of highest efficiency,
even during battery charging. That way help to improve the
range of the vehicle. In turn, frequent stops and starts (such
as in shunting work) makes high power, fast charging and
discharging the more favorable features for a drive system,
thus ultra-capacitors and flywheels become the better solu-
tion to use.

Nomenclature

DLC  double-layer capacitor Ni-MH nickel metal hydride battery
ESS energy storage system OESS on-board energy storage system
G generator Pb lead-acid battery

Li-lon lithium-ion battery SESS stationary energy storage system
MG motor/generator SOC  state of charge

Mo torque UCAP ultracapacitor

n engine/motor speed \% volume
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