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Abstract

The changeover from diesel driven multiple units to battery electric multiple units is a challenge for operators due
to the limited range of these trains. Therefore, in this paper a tool is developed and described that simulates the
entire operation of a battery electric train. The tool contains a model of the track, the vehicle, the timetable and the
environment. The model of the track is built on elevation profiles, radius information and speed limitation. The
vehicle model is derived from an electric multiple unit suitable for local and commuter train operation. To do
parametric studies or model different train units it is easily possible to change vehicle properties. Modeling the
timetable and the environment allows the simulation of an entire operation day. The overall simulation model was
validated and is consistent. Finally examples show the simulation possibilities and features of the tool.
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1. Introduction

To reach global climate goals and improve air quality, train operators face the challenge of using alternative more
eco-friendly trains instead of diesel powered trains, which are typically used when railway lines are not electrified.
Recently the percentage of electrified tracks out of all tracks increased significantly worldwide. From less than
15 % in 1980 to more than 30 % in 2015 UIC (2017). Within the European Union the share of electrified railway
lines varies considerably. Countries like Luxembourg or Belgium are at the forefront with over 85 % of
electrification, the Baltic States, Greece and Denmark have less than 25 % of their train lines electrified Furopean
Commission (2019). In Germany roughly 46 % of line kilometers are without catenary wire Destatis (2015).
Although the government plans to electrify further line kilometers in the next few years, catenary-independent
trains will continue to be necessary in the coming decades BMVI (2016).

Besides technologies based on hydrogen storage, battery electric multiple units can run catenary independently
without local emissions. In addition, they offer the possibility of using renewable energy sources directly and can
therefore be operated more climate-friendly. The range of battery electric multiple units is highly limited because
of the heavy and expensive batteries, limited space on the trains as well as high costs for recharging points.
Enlarging energy storing capacity on the train by installing more batteries increases train weight which will
automatically increase the driving resistance of the train. The overall efficiency is reduced. According to train
manufacturers, prototypes of battery electric multiple units as well as future series vehicles will have ranges from
40 to 150 km. For example, Bombardier states a range of 40 km for its Talent 3 BEMU, Siemens quotes a range
of 80 km for the Desiro ML OBB Cityjet and Stadler announced a range of 150 km under optimal conditions for
its FLIRT Akku train. Bombardier (2018), Siemens (2018); Stadler (2019)

These range limitation are challenging for train operators. Recharging the train becomes an operational topic and
has to be taken into account while designing operations. In an earlier phase of the changeover from diesel to other
power sources it is necessary to make practicability studies to identify an optimum trainset configuration.
Furthermore, on an infrastructural level, the intelligent planning of recharge points is necessary.

To solve these questions, it is necessary to simulate the entire operation of a battery electric multiple unit on real
tracks. Recently, many train movement simulators have been developed, mainly focusing on simulating multiple
trains on railway systems to improve timetables and overall operation Ho et al. (2002); Nash and Huerlimann
(2004); Baohua et al. (2007); Aly et al.(2016). Due to this larger network-wide focus of these simulations, they
lack a detailed modeling of trainsets. More detailed simulations of one particular trainset were done in Gordon
and Lehrer (1998), Jong and Chang (2005) or Kim and Chien (2010).

To acknowledge the unique behavior of battery systems and their impact on the train operation, a more detailed
simulation tool which focuses especially on the battery electric trainset modeling is necessary. This paper presents
a simulation tool which is currently being developed at our institute.

Previous work was done by Haag et al. (2017) by developing a multiphysics simulation environment for train
operation using the modeling language Modelica. In Eller (2019), this work was extended by modeling and
validating a battery model for diesel hybrid trains. The development discussed in this paper extends and adapts
this work by modeling a precise model of the battery electric vehicle and the railway lines of interest. Furthermore,
the simulation now focuses on simulating an entire operation day with changing numbers of passengers during the
day.

The structure of this paper is as follows. After the introduction in chapter one the simulation model and the
validation of the model are discussed in chapter two. The application of the software tool is described in chapter
three. Operating two different branch lines with various cycle times is analyzed. Furthermore infrastructural
influences are investigated and discussed. In addition to presenting conclusions, chapter four discusses future work
as well as potentials of this simulation tool.

2. Simulation Model and Validation

The overall simulation model consists of a simulation model of the track, the vehicle, the timetable and the
environment. The simulation model follows the standards for train simulations made in DIN EN 50591 (2018).
The vehicle model is derived from an electric multiple unit, the ET2010, which runs in local and commuter train
service in Karlsruhe, Germany. The track, timetable and environment represent a local train service on tracks close
to Karlsruhe. After building the simulation model it is validated to see if the results are reasonable.
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2.1. Track

The track model consists of three data sets: An elevation profile, a radius profile and the local speed limitation.
The discretization step of the track is one meter. To simulate real tracks the necessary information was obtained
by automated analysis of geo information systems like Open Railway Map and Google Earth as well as on-site
GPS and video measurements. By using several sources the radius and elevation information could be obtained
with a high degree of detail. Because the permissible speed could not be obtained using online resources, speed
signs along the track were filmed, analyzed and located. Results of these analyzations, exemplarily for one 10 km
long track, are plotted in Figure 1 (a) altitude information and 1 (b) speed information. It should be noted that the
speed limitations vary for inbound and outbound journeys.
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Fig. 1 (a) Altitude and (b) speed information for the 10 km long track Kurbahn

Besides this basic information the track dataset also includes other track dependent influences like railway
crossings or tunnels. Railway crossings are important since trains often have to reduce their speed while passing.
In rural areas where ungated crossings are common, speed limits at crossings are often 60 km/h or 20 km/h. The
10 km long track Kurbahn shown in Figure 1 has three of these ungated crossings. Tunnels are important as well
since the pressure profile within the tunnel can increase the track resistance by a factor of two. Recharging is done
automatically in the simulation when power sources are available. This information is also stored in the track
model.

2.2. Vehicle

The simulation model of the vehicle is based on sub-models including a model for the driver, the power train, the
battery and the power source. The driver model compares the simulated actual value of the speed with a predefined
target value and, based on this, regulates a drive lever input signal for the power train. This predefined target value
is given by the speed limitations of the track as well as the goal to reach a constant deceleration of 0.8 m/s?. During
acceleration phases the acceleration is not limited. As a first step, the train control implemented in the driver model
is inspired by an automated train control system since the actual behavior of a real train has not been sufficiently
investigated yet.

The model of the power train is based on the ET2010 electric multiple unit which has been in operation since 2014
in the Karlsruhe area. The power train of the ET2010 has two parts. It can run with 15 kV 16.7 Hz AC (high
voltage part) and 750 V DC to operate on tram as well as train lines. The scheme of the power train is plotted in
Figure 2 (a). The simulated battery electric version of the train is plotted in Figure 2 (b). As depicted, the battery
electric version is derived from the normal version of the ET2010 by replacing the high voltage equipment with
batteries. Although the battery weighs 2.4 tons, the overall weight of the train is unchanged. The battery model is
modelling an NMC battery with a capability of 214.2 kWh.

Other parts of the powertrain were simulated strictly similar to the ET2010 power train which will later allow a
comparison of simulated and real behavior to validate the simulation model. Most parts of the power train were
modeled using look up tables containing the specific efficiency of the part to achieve a computing time efficient
simulation. Another advantage of this approach is that it allows fast and easy adaptions of the simulated powertrain
to investigate other train scenarios.

During simulation the information exchange between sub-models is as follows: The power train interprets the
input data from the driver model and obtains power from the battery as well as the power source, if available. The
power train then calculates place, speed and acceleration within the simulated environment. This information in
turn serves as an input for the driver sub-model.

The power source is modeled as a 750 V DC power supply that charges the battery via the DC-to-DC converter in
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the usual CC-CV-charging strategy described in Korthauer (2018). The battery is considered empty when its state
of charge (SOC) drops below 20 %, which automatically terminates the simulation, and is considered full with a
state of charge of 80 % and greater. The battery is not charged above 80 % SOC.

Furthermore, the battery model considers aging effects of the battery. This is done using the variable state of health
(SOH) of the battery. An SOH of 0 equals an old battery that needs to be replaced. In terms of internal resistance
and loss of capacity an SOH of 0 is modeled as follows: The internal resistance is assumed to be 1.5 times the
internal resistance of a new battery, the capacity of the battery compared to a new battery is assumed to be 20 %
smaller.
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Fig. 2 (a) Scheme of the ET2010 power train; (b) Scheme of the simulated power train

2.3. Timetable and Environment

Besides modeling the track and the train, the detailed modeling of the timetable and the surrounding environment
of the train is important to get reliable results. The timetable model is the key input for the driver model. The model
is based on a dataset which contains travel times for each station. It includes waiting times at stations as well as
turning times at the end of each line. Besides this, the timetable also includes the predefined target value for speed
between stations. For this simulation the timetables were derived from real timetables on the lines of interest in
spring 2019. Idle times at stations were modeled as follows: When the train arrives at a station, it will wait at least
20 seconds until departure. In addition, the train never leaves a station too early, so idle times can be longer.
Modeling the surrounding environment of the train includes numbers of passengers, outside temperatures and the
usage of auxiliary devices. Since the simulation features the simulation of an entire day, the number of passengers
changes according to the daytime. In morning hours the train is simulated as being full, during the day it is assumed
to be 1/3 full and in the evening it is 2/3 full. In a first approach, the outside temperature and the needed power for
auxiliary devices are modeled to be constant.

2.4. Validation

Validating the simulation model is complex because of the high level of detail and the lack of data of a real train.
As there is no real battery electric ET2010 train yet, the validation of the simulation model is done by validating
the power train model and the battery model separately. The battery model was validated in Eller (2019). The
power train is validated by comparing the behavior of an ET2010 electrical multiple unit with the behavior of the
simulation model considering a constant power source along the track and not a battery. This is a reasonable
approach since the power train model is modeled strictly similar to the real ET2010 powertrain and the overall
simulation model can be considered valid if the sub-models are validated.

Since other values are difficult to detect the value that is consulted for validation is the local speed between stations.
To obtain this information, the speed of a real ET2010 is measured using GPS. Accordingly, the operation on the
same line is modeled and then simulated.

In order to make a reasonable comparison of the measured and simulated results it is necessary that the input values
are the same for the real train and the simulation. Because of that the input value into the power train, given by the
real and simulated driver, are documented. For the real train this is done via video. It should be noted that it is very
difficult to detect the lever position from video, the detection is subject to ongoing work.
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Figure 3 shows the speed value between two stations. The input values, not shown in the figure, were
corresponding well. The behavior of the real train and the simulation is showing good consistency and it is
therefore reasonable to assume a valid simulation model. At speeds above 60 to 80 km/h the speed level
consistency is more vague, which is due to the human driver input.
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Fig. 3 Results of simulating and measuring the speed of the train between two stations

3. Application

In the following, a feasibility study and an infrastructure analysis is carried out to demonstrate two different
applications of this simulation tool. Feasibility studies analyze whether a certain infrastructural and operational
setup can be operated with a battery-powered electric train. An infrastructure analysis discusses which changes to
the infrastructure have to be made to ensure optimal operation or make operation possible at all.

3.1. Feasibility Studies

In this study the operation of the battery electric ET2010 on two branch lines in the Karlruhe region is discussed.
The branch line called Kurbahn connects the town Bad-Bergzabern with the main line going from Karlsruhe to
Neustadt an der Weinstrae. The line is 10 km long and has 4 stops. The altitude and speed profile of the Kurbahn
is shown in Figure 1. Another branch line close to Karlsruhe is the Wieslautertalbahn. Similar to the Kurbahn, this
line connects some rural towns to the main line. The Wieslautertalbahn is 15 km long with 8 stops. The altitude
and speed profile is similar to the Kurbahn one.

In the analyzed scenario the train shuttles between the main line and the last stop of the branch line. Since both
branch and main lines are not electrified, recharging is only available at the last stop of the branch line. Two
different cycle times are investigated. The long cycle time represents the present service hours while the short
cycle time represents a more dense service on the line. Because the branch lines are single-track lines without a
train crossing option, the short cycle time is limited to only one train on the line.

Figure 4 shows the used speed profile along the track including outward and return journey for (a) Kurbahn and
(b) Wieslautertalbahn.
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Fig. 4 Used speed profile including outward and return journey (a) Kurbahn (b) Wieslautertalbahn

Figure 5 and 6 show the battery’s state of charge (SOC) on both lines for an entire operation day with present day
cycle times. Figure 5 is the simulation result for the Kurbahn with 60 minute cycle time and Figure 6 is the result
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for the Wieslautertalbahn with 90 minute cycle time. Figure 5 (a) and Figure 6 (a), respectively, show the SOC of
a new battery (SOH = 1) and (b) shows the SOC of an old battery (SOH = 0).
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Fig. 5 State of charge during an operation day: Kurbahn 60 minute cycle time; (a) SOH equals 1 (b) SOH equals 0
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Fig. 6 State of charge during an operation day: Wieslautertalbahn 90 minute cycle time; (a) SOH equals 1 (b) SOH equals 0

The results show that a battery electric operation on these branch lines is possible under consideration of the above-
mentioned structure. On both lines, the SOC of the battery never drops below 0.2. The simulated schedule leaves
sufficient time at the changing station to fully recharge the battery.

In addition, different environmental conditions can be noted. The depth of discharge (DOD) changes during the
day as the numbers of passengers changes. The DOD of the old batteries is greater than the DOD of the new
batteries. This is to be expected because the amount of stored energy is smaller and more energy is needed since
more is lost due to the higher internal resistance. The results of the Kurbahn simulations compared to the
Wieslautertalbahn simulations show the different setups. The Wieslauterbahn is longer which leads to a greater
energy demand between charging, this automatically affects the DOD, which is higher.
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Fig. 7 State of charge during an operation day: Kurbahn 30 minute cycle time; SOH equals 1

Figure 7 shows the simulated SOC considering short cycle times on the Kurbahn. As displayed, operating the
Kurbahn on a 30 minute schedule is not possible. There is not sufficient time to fully recharge the battery at the
stop. The state of charge drops further in every circulation until the battery is considered empty at an SOC of 20 %.
To enable a 30 minute schedule the train needs to cancel every seventh trip to fully recharge or further
investigations into the infrastructure have to be made, see next paragraph. Since this scenario, which considers a
new battery, is not feasible, an old battery has not been simulated.

The simulation results for short cycle times on the Wieslautertalbahn are depicted in Figure 8, (a) considering a
new battery, (b) considering an old battery. The results show that operating the 60 minute cycle time on the

Wieslautertalbahn is possible using a new battery, but is not possible using an old battery. For the old battery the
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time to recharge is not sufficient, only one circulation can be carried out until the battery is considered empty. The
difference between old and new batteries is shown by two effects: the DOD of the old batteries is larger and the
charging time is longer.
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Fig. 8 State of charge during an operation day: Wieslautertalbahn 60 minute cycle time; (a) new battery; (b) old battery

3.2. Infrastructure Analysis

As examples for infrastructure analysis two different infrastructural topics are investigated: Firstly partial
electrification of the track and secondly the influence of railway crossings.

To display electrification setups charts as in Figure 9 are used. They displays the electrification source, battery or
catenary, the location of stops and the length of track between stops. Figure 9 (a) displays the electrification setup
for the Kurbahn simulated and analyzed for the feasibility study discussed in the previous paragraph. Figure 9 (b)
shows the now analyzed electrification setup with partial electrification between two stops. In total Figure 9 (b)
shows a setup where 27 % of the line are equipped with catenary wire.
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Fig. 9 Investigated electrification setups for the Kurbahn; (a) charging at endpoints; (b) additionally charging between stations
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Fig. 10 Investigated electrification setups for the Kurbahn; (a) charging at endpoints; (b) additionally charging between stations
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The simulation defines that energy from the catenary wires can be used for charging the battery and at the same
time supplies the electric power train for traction. The simulation results are displayed in Figure 10.

The simulations show that with this partial electrification a 30-minute cycle time is possible, considering a new
and an old battery. A comparison of the DOD with (Figure 10) and without partial electrification (Figure 7), shows
that the DOD with partial electrification corresponds to only 40 % of the DOD without partial electrification,
although only 26 % of the track is electrified. A small amount of electrification leads to a significant smaller DOD,
since two positive effects of electrification on the battery overlap. On the one hand, the train has to draw less
energy from the battery due to electrification and on the other hand, the train has more time to charge the battery.
A smaller DOD allows operation with less turning time at the last station and a longer battery life can be expected.
Besides the infrastructural impacts of the recharging opportunities, other infrastructural impacts can be
investigated as well. Hereafter the influence of railway crossings is analyzed. As mentioned before, unguarded
railway crossings in rural areas have speed limitations of 60 km/h or 20 km/h, technical guarding of these crossings
would make these speed limitations unnecessary.

Figure 11 (a) shows the simulated different speed profiles on the Kurbahn. Two railway crossings with a speed
limit of 60 km/h and one of 20 km/h were neglected to simulate the track with technical crossings. Figure 11 (b)
shows the resulting SOC during the operation day.
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Fig. 11 (a) Simulated speed profile on the Kurbahn with and without crossings; (b) State of charge on the Kurbahn without crossings

The comparison of the DOD of the setups with (Figure 5 (a)) and without railway crossing (Figure 11 (b)) shows
the significant impact of these speed limitations. The DOD is roughly 20 % smaller if the speed limitations are not
considered. This shows that implementing technical guarding on these lines can significantly reduce energy
consumption, a longer battery life can be expected.

By executing these infrastructural investigations the simulation tool features the possibility to quantify the
influence of certain strategies to enable good and reliable battery electric operation.

4. Conclusion

This paper discusses a tool to simulate the operation of a battery electric multiple unit. Challenges of operating a
battery electric multiple unit, considering enough recharging time, intelligent planning of recharging spots and the
influence of the infrastructure are discussed.

A simulation tool is developed with a model-based simulation approach in the language Modelica. The overall
simulation model consists of sub-models of the track, the vehicle, the timetable and the environment. The track
model is based on radius, altitude and speed-limit information and information about the infrastructure, tunnels,
railway crossings and recharging possibilities. To model real tracks different approaches of how to obtain the
necessary information are presented. Geographic information systems and on-site observations are used. The
vehicle model is modelled using additional sub-models: The power train model, the driver model, the battery
model and the power source model. Besides discussing these models the interactions between them were analyzed
and the model is validated.

Two different applications of this simulation tool are demonstrated. The feasibility of operating the simulated
battery electric train on two branch lines is discussed and infrastructural impacts on the battery electric train are
analyzed. The results of the feasibility study are: With present day cycle times the branch lines can be operated.
The operation of a denser schedule is more challenging and often not possible. The infrastructural analysis initially
discusses partial electrification of the track which shows a significant impact on the system. The technical
guarding of railway crossings, which would allow speed limitations to be lifted, is analyzed as well. It is shown
that a significant amount of energy can be saved and the battery life can be expended.

Subject of ongoing and future work is the extension of the presented simulation tool. One field of investigation is
8
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the driver model. The goal is to implement a human acting driver to get more realistic results. This is necessary
since the energy consumption of a real driver is expected to be higher than the energy consumption of an automatic
train control system. Another field of investigation is the proper modeling of auxiliary devices. The development
of a smart actuating procedure of auxiliary devices can be a key factor to extend the range of battery electric
multiple units.
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