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EXECUTIVE SUMMARY
The work presented in this deliverable DO2.1 has been carried out in the
framework of the collaboration agreement between OPEUS and the S2R Members
project FINE1 (Grant agreement No. 730818).
The main objective of this deliverable is to elaborate the simulation methodology
used for the OPEUS simulation model (OPEUS deliverable: DO2.2 – OPEUS
simulation model).
This report summarizes the simulation approach, the structure of the simulation
tool as well as the most significant assumptions for the model development.
Furthermore a detailed description of the component models and of the
functionality of the included trajectory planner is given.
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ABBREVATIONS AND ACRONYMS
Acronym

Description

AC

Alternating current

ATO

Automatic train operation

DAS

Driver assistance system

DC

Direct current

ESS

Energy storage system

ESU

Energy storage unit

E-transformer

Electrical transformer

FINE1

Shift2Rail partner project: Future Improvement for Energy
and Noise – Grant Agreement number: 730818

Obb

Onboard battery

SiC

Silicon carbide

T01, T02, T03

Topology specification

WP

Work package
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INTRODUCTION
The objective of WP2 is the development and implementation of an energy
simulation tool for electric driven railway vehicles. The work which has been
carried out in this work package is based on the successfully completed European
Commission founded project Clean European Rail-Diesel (CleanER-D, project 234338
– 7th framework programme). Within CleanER-D a simulation tool was developed
to simulate and investigate diesel and diesel-hybrid systems (called SP7-tool).
The OPEUS project focuses on the investigation of electrically driven railway
applications. Therefore, the existing SP7-tool is developed further and enhanced
to enable a simulation of electrically driven railway vehicles as well as to allow for
assessing technical innovations within electrically driven rolling stock.
This OPEUS simulation tool serves as an input for the progress of the further work
packages of OPEUS as well as of the progress of S2R Members project FINE1.
The OPEUS simulation tool is based on Mathworks MATLAB® and SIMULINK® with
optional user interfaces in Microsoft Excel®.
The main objective of the simulation tool is the calculation of energy
consumption for various electrically driven railway vehicles and their components
as well as the speed profile calculation based on defined track profiles.
In order to run the tool in a desired manner, several inputs are required:


The parameter sets of track profile, including:
‒

Time tables,

‒

Speed limits,

‒

Altitude profile (optional within OPEUS and FINE1),

‒

etc.

An overview over the predefined track profiles for the single service
categories (high speed, regional, urban and freight) is presented in [1].


The parameter sets of the train and the corresponding components.
These parameters are defined in collaboration between OPEUS and the
S2R Member project FINE1. They are listed in detail in [2] and in the
Annex A – Parameter definition.

With this simulation tool, the user is able to create a variety of topologies by
rearranging and/or exchanging the component blocks.
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Based on a well-done parameterization, the user is able to simulate the power
flow through the whole traction chain and receive meaningful results regarding
energy consumption and energy losses of the corresponding components.
These results will serve as a foundation for the investigation and the assessment
of technical innovations like DAS (driver assistance system), ESS (energy storage
systems), in-vehicle energy losses study etc., which are part of the further work in
OPEUS as well as in further Shift2Rail projects.
The chart in Figure 1 illustratres the required inputs as well as the resulting
outputs of the simulation tool.

Figure 1: Simulation tool – Overview

The main objective of the current document is to elaborate the simulation
methodology used for the OPEUS simulation tool. This includes an explanation of
the general simulation approaches (see chapter 1), a description of the model set
up and an overview over the simulation structure (see chapter 2). The main part
of this document is a detailed description of the component models (also chapter
2). Furthermore the functionality of the implemented trajectory planner is
elucidated within chapter 3.

The handling of the simulation tool is not part of this deliverable report as it is
covered separately within the tool manual (see [3]).
To obtain further, detailed information about the scenario set up ([1]), the traction
chain architecture ([4]) or about the requirement specification for the tool ([2]),
please refer to the corresponding sources.
OPEUS_WP2_DO2.1_OPEUS_simulation_package_Final
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1 SIMULATION APPROACH
To calculate the energy consumption and to simulate energy losses within an
electrical traction chain, it is advantageous to model the power flow through
every component of the traction chain.
In general there are two different approaches to simulate the power flow within a
system:
The first approach considers the physical flow of power. The starting point of the
power flow (input for calculation) is described by an energy source (e.g. catenary,
onboard energy storage systems, fuel tank) and the physical relations within the
system. The output of this power flow simulation is any kind of useable power or
energy. In the given case, the useable energy is the kinetic energy of the railway
vehicle, represented by the motion of the vehicle (see Figure 2). This kind of
simulation approach is commonly known as forward simulation (see [5] and [6]).

Figure 2: Forward simulation approach for a railway vehicle

The second simulation approach considers the reverse power flow. As a result, the
input of the simulation is the desired trajectory of the train. The simulation of the
backward power flow leads to a prediction of the energy consumption at the
energy source (see Figure 3). Due to this backward characteristic, this approach is
denoted as backward simulation (see [5] and [6]).

Figure 3: Backward simulation approach for a railway vehicle

The characteristic of the backward simulation are advantageous to simulate the
energy consumption. Therefore, this approach will be used to run the OPEUS tool.
With this approach it is possible to calculate energy consumption as well as the
energy losses of the individual components of interest and of the whole traction
chain.
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2 SIMULATION MODEL SET UP
A fundamental requirement at developing the simulation tool is a well defined
structure of the traction chain to be simulated. As part of the joint work between
OPEUS and its Shift2Rail member project FINE1, three topologies for electric
traction were defined and implemented within the OPEUS tool:


T01 – electric traction chain for an AC power supply



T02 – electric traction chain for an AC power supply with an E-transformer



T03 – electric traction chain for a DC power supply

The detailed structures of these three topologies are displayed in Figure 4, Figure
5 and Figure 6.

Figure 4: Topology T01 for an AC power supply
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Figure 5: Topology T02 for an AC power supply with an E-transformer

Figure 6: Topology T03 for a DC power supply
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To investigate these three topologies by simulation, various components are
available to model the complete structure of an electric driven railway vehicle. The
defined components are summarized in Table 1.
id

component

id

component

C00

Vehicle

C15

Line inductor

C04

Axle gearbox

C16

ESS battery converter

C05

Induction motor

C17

ESS battery

C06

Synchronous motor

C19

DLC Converter

C07

Motor converter (basic-semi-conductors)

C20

ESS-DLC

C08

Motor converter (SiC semi-conductors)

C22

Auxiliary converter at DC link

C09

Rheostat converter

C23

Electrical auxiliary at DC link

C10

Rheostat

C24

Auxiliary converter at transformer

C11

DC intermediate circuit

C25

Electrical auxiliary at transformer

– absorption circuit
C12

Line converter

C26

Battery converter

C13

Transformer

C27

Battery consumption
-on board power supply

C14

E-transformer

C30

Infrastructure

Table 1: Components to be included in the OPEUS tool

To enable an energy simulation in the backward mode, the single components
have to be rearranged to create a structure, which represents the power flow in
negative direction. This corresponds to a flow from the body of the vehicle to the
energy source.
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In Figure 7, this topology is depicted exemplary for the topology T01.

Figure 7: AC traction topology in the backward mode

Based on the topology structure in backward mode, it is possible to describe the
signal flow of the simulation model.
A detailed scheme of the signal flow is depicted in Figure 8. The motor represents
the transformation of mechanical power into electrical power. Therefore, the
power signals on the left hand of the motor (mechanical power) are separated
into torque and speed signals. Moreover, the signals between motor and catenary
are modelled as the composite power flow between the single component blocks.
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Figure 8: Chart of the signal flow for topology T01
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2.1 COMPONENT CHARACTERISTICS
In the previous section, the topologies and the corresponding components have
been introduced. The objective of the current chapter is to present the
component models in more detail.
As one of the main tasks of the simulation tool is to determine the energy
consumption to assess energy losses within the traction chain, the model of the
components focuses on the power flow only. To address this requirement, the
basic modelling approach is based on the use of efficiency maps or efficiency
curves.
An overview over the basic model set up for most of the components is given in
section 2.2. The implementation of the efficiency maps is illustrated in section 2.3,
and section 2.4 covers the modelling of low load operation and idle losses.
Section 2.5 describes the models of the single components employed in the
backward simulation mode.

2.2 GENERAL COMPONENT MODEL
The default signal occurring in the simulation is the power flow through the
traction chain. As a result the general structure of the single components is
similar for the majority of the components.
The component model is characterized by the diagram in Figure 9 and includes
the most important effects affecting the power flow.

Figure 9: General structure of a component block

The input power 𝑃 of the component block represents the total power for all
components of the same kind (e.g. motor converter). To enable an evaluation of
OPEUS_WP2_DO2.1_OPEUS_simulation_package_Final
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the efficiency map for one single component, the total power is divided by the
number of components, which leads to the power for one single component 𝑃.
For simplicity, the efficiency maps are parameterized for normalized values
(0% … 100% load/speed). Therefore, the angular velocity 𝜔 as well as the power 𝑃
has to be normalized by the maximum values 𝜔𝑚𝑎𝑥 and 𝑃𝑚𝑎𝑥 .
With these normalized values, the efficiency map can be evaluated to provide the
efficiency 𝜂 of the component (see section 2.3). With the efficiency evaluated, the
current load power of the single components 𝑃𝑙𝑜𝑎𝑑 can be determined. For a
motor operation (𝑃 ≥ 0, e.g. during acceleration) the power becomes
𝑃𝑙𝑜𝑎𝑑 =

1
𝑃,
𝜂

(1)

whereas for a generator operation (𝑃 < 0, e.g. regenerative braking) the power is
given by
𝑃𝑙𝑜𝑎𝑑 = 𝜂𝑃.

(2)

Afterwards, the resulting power is compared with the idle losses (see section 2.4),
leading to the output power of one single component 𝑃𝑐𝑜𝑚𝑝 .
Given the multiplication with the number of components, the total power for this
component block 𝑃𝑜𝑢𝑡 can be determined.
Finally the total power is used to predict the demand for cooling. With the
factor 𝑝𝑐𝑜𝑜𝑙 , the cooling power per component block is given by
𝑃𝑐𝑜𝑜𝑙 = 𝑝𝑐𝑜𝑜𝑙 𝑃𝑜𝑢𝑡 .

(3)

This requested cooling power is treated as an additional auxiliary power within
the auxiliary block (see section 2.5.11).
To summarize the modelling approach for the component blocks, the parameters
which are used to define the characteristic of the components are listed in Table
2. A detailed parameter list has been defined in cooperation with the FINE1
working group and is subject of the FINE1 deliverables [2] and [7]. Additionally it
is summarized in Annex A – Parameter definition.

OPEUS_WP2_DO2.1_OPEUS_simulation_package_Final
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Parameter
𝑛
𝑃𝑚𝑎𝑥
𝜂

description
Number of components
Maximum power of the component
Efficiency of the component
(𝜂 = 𝑓(𝑃) or 𝜂 = 𝑓(𝑃, 𝜔))

𝑃𝑖𝑑𝑙𝑒

Power losses during the idling operation

𝑝𝑐𝑜𝑜𝑙

Factor for the electric power demand for
cooling
(as a percental amount of the load power)

Table 2: General parameter list defining the component block

2.3 EFFICIENCY MAPS/CURVES
As the general simulation approach is based on the power flow through the
traction system, the working group agreed on using efficiency maps/curves for
the modelling of the energy losses of the components.
In this tool, two different kinds of efficiency maps are employed:
1. Efficiency characteristics as a function of the load power
𝜂 = 𝑓(𝑃𝑙𝑜𝑎𝑑 ),

(4)

which leads to a one-dimensional curve similar to the characteristic
presented in Figure 10.
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Figure 10: 1D efficiency curve

2. Efficiency characteristics as a function of both the load power and the
motor speed
𝜂 = 𝑓(𝑃𝑙𝑜𝑎𝑑 , 𝜔𝑚𝑜𝑡 ).

(5)

To realize this characteristic, a two-dimensional map is implemented in the
tool (see Figure 11).

Figure 11: 2D efficiency map

Both the 1D-map as well as the 2D-efficieny map are implemented via lookup
tables. These lookup tables use linear interpolation to calculate efficiency values
for intermediate points which are located between the stated grid points.
One important property of the efficiency maps is given by the value at the
boundary of the map. The boundary is characterized by values without any load
(𝑃𝑙𝑜𝑎𝑑 = 0) or with a vanishing angular velocity (𝜔 = 0). In the following section,
an approach is presented to deal with low load and idle operation. Nevertheless,
OPEUS_WP2_DO2.1_OPEUS_simulation_package_Final
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these boundary values determine the characteristic of the efficiency map for low
loads and low speeds. As a consequence, they are highly important for the total
energy losses.

2.4 IDLE LOSSES
As mentioned in the previous section, the current section presents an approach to
handle idle and low-load operation. The approach, agreed by the working group,
is depicted in Figure 12 for the motor operation. The specification of the idle
losses defines the power used by the component, even if there is no external load
(e.g. due to the power consumption of internal control devices).
In the case that the required input power of the component is less than the idle
power, the idle power is employed as an input power of the component.

Figure 12: Power losses during idle or low load operation

This approach avoids applying the efficiency maps in low-load (especially
for 𝑃𝑙𝑜𝑎𝑑 = 0) operation for a power calculation.

2.5 COMPONENT MODELS
2.5.1 VEHICLE
The component block for the vehicle represents the longitudinal dynamics of the
train. The model of the longitudinal dynamics is based on the balance of the
acting forces, which are depicted in Figure 13.

OPEUS_WP2_DO2.1_OPEUS_simulation_package_Final
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Figure 13: Longitudinal dynamics of the train

For a given vehicle mass 𝑀𝑣𝑒ℎ , the inertial force 𝐹𝑖𝑛𝑒𝑟 = 𝑀𝑣𝑒ℎ 𝑎 results as the sum
of all acting forces
𝑎𝑀𝑣𝑒ℎ = ∑ 𝐹𝑖 = 𝐹𝑤ℎ𝑒𝑒𝑙 + 𝐹𝑟𝑒𝑠 + 𝐹𝑖𝑛𝑐 + 𝐹𝑐𝑢𝑟 .

(6)

𝑖

The running resistance 𝐹𝑟𝑒𝑠 mainly represents the characteristic of the
aerodynamic drop as well as the rolling resistance due to the wheel-rail contact.
The physical characteristic of these two resistances can be approximated by a
polynomial approach. A common approach is the Davis equation
𝐹𝑟𝑒𝑠 = 𝑐0 + 𝑐1 𝑣 + 𝑐2 (𝑣 + 𝑣𝑤 )2 𝑓𝑡

(7)

which involves three coefficients (𝑐0 , 𝑐1 , 𝑐2 ) for describing the running resistance as
a function of the vehicle speed 𝑣. The velocity of head wind 𝑣𝑤 as well as an
increase of the aerodynamic resistance within tunnels 𝑓𝑡 are also covered with this
type of description.
Another approximation approach separates the vehicle mass 𝑀𝑣𝑒ℎ from the
coefficients, which leads to an extended polynomial
𝐹𝑟𝑒𝑠 = 𝑘0 + 𝑘1 𝑣 + 𝑘2 𝑀𝑣𝑒ℎ + 𝑘3 𝑀𝑣𝑒ℎ 𝑣 + 𝑘4 (𝑣 + 𝑣𝑤 )2 (1 + 𝑓𝑡 ) + 𝑘5 𝑀𝑣𝑒ℎ (𝑣 + 𝑣𝑤 )2 (1 + 𝑓𝑡 )

(8)

with five coefficients. This 5-coefficient approach has the advantage that the
coefficients are independent from the vehicle mass. Therefore, it is easy to
implement different train mass values, without the necessity to adapt the
coefficients.
Of course, it is possible to transform either approach to the other one - as long
the vehicle mass is given.
Within the component block for the vehicle, the second approach (Eq. (8)) is
chosen for the implementation.
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The further resistance forces in Eq. (6) represent the inclination force 𝐹𝑖𝑛𝑐 as well
as the curve resistance 𝐹𝑐𝑢𝑟 . The inclination force is the result of the gradient 𝛾 in
longitudinal direction along the track. According to Figure 13, the inclination force
is given by
(9)

𝐹𝑖𝑛𝑐 = sin(𝛾) 𝑔𝑀𝑣𝑒ℎ .

The curve resistance is an additional resistance force due to the rolling process of
a wheel on a curved rail. Depending on the curve radius 𝑅, the curve resistance
can be calculated as follows
𝑐𝑜𝑛𝑠𝑡.,
𝑅 < 250𝑚
𝑎
𝐹𝑐𝑢𝑟 = {
𝑀 ,
250𝑚 ≤ 𝑅 < 2000𝑚.
𝑅 − 𝑏 𝑣𝑒ℎ
0,
𝑅 ≥ 2000𝑚
Given the parameters 𝑎 and 𝑏, the curve resistance is characterized.

(10)

The force at the wheel 𝐹𝑤ℎ𝑒𝑒𝑙 represents the total traction/braking force, delivered
by the traction motors. It is characterized by the traction force diagram shown in
to Figure 14.

Figure 14: Traction force diagram of a train

During low speed operation (0 ≤ 𝑣 ≤ 𝑣1 ), the maximum traction (braking) power is
available to accelerate (decelerate) the vehicle. If the train speed exceeds the
velocity 𝑣1 , the traction motors have to operate in field weakening mode. The
resulting force at the wheel decreases proportional to the reciprocal of the train
speed. This velocity range (𝑣1 < 𝑣 ≤ 𝑣2 ) represents the mode with a constant
power at the wheel. With a further increase of the train speed, it is also possible
to reach the high-speed operation (for 𝑣2 < 𝑣 ≤ 𝑣𝑚𝑎𝑥 ). To increase the velocity,
the power of the traction motors has to decrease to account for the further
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reinforcement of the field weakening. In this high-speed mode, the power at the
1

wheel is proportional to 𝑣 2 .

With this theoretical background, it is possible to derive a model for the vehicle
component in the backward mode. The interfaces for the component block are
depicted in Figure 15.

Figure 15: Interfaces of the vehicle block

According to the previous considerations, the input parameters for the vehicle
block are the train position 𝑠(𝑡), the train speed 𝑣(𝑡), the current acceleration 𝑎(𝑡)
as well as the track parameters inclination 𝛾(𝑡) and curve radius 𝑟(𝑡). Along with
these inputs, coherences according to Eq. (6) to Eq. (10) and the given wheel
diameter 𝑑𝑤ℎ𝑒𝑒𝑙 , the output values 𝑇𝑤ℎ𝑒𝑒𝑙 and 𝜔𝑤ℎ𝑒𝑒𝑙 can be determined as follows
𝑇𝑤ℎ𝑒𝑒𝑙 = 𝐹𝑤ℎ𝑒𝑒𝑙

𝑑𝑤ℎ𝑒𝑒𝑙
2

and 𝜔𝑤ℎ𝑒𝑒𝑙 = 2

𝑣
.
𝑑𝑤ℎ𝑒𝑒𝑙

(11)

2.5.2 AXLE GEAR BOX
The objective of the axle gear box is the transmission of speed and torque
between the drive shaft and the wheels. The interfaces for the axle gear box
model are shown in Figure 16.

Figure 16: Interfaces of the gear box block
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The gear box is characterized by its transmission ratio 𝑖𝐺𝐵 and its efficiency 𝜂𝐺𝐵 .
Within this tool the gear box efficiency 𝜂𝐺𝐵 is assumed to be constant. The
resulting motor speed 𝜔𝑚𝑜𝑡 and motor torque 𝑇𝑚𝑜𝑡 follow from
(12)

𝜔𝑚𝑜𝑡 = 𝜔𝑤ℎ𝑒𝑒𝑙 𝑖𝐺𝐵
and
𝑇𝑚𝑜𝑡 =

𝑇𝑤ℎ𝑒𝑒𝑙 𝑘
𝜂 .
𝑖𝐺𝐵 𝐺𝐵

(13)

Here, the index 𝑘 denotes the direction of the power flow. For positive power
flow (traction mode) 𝑘 = −1 holds, whereas for negative power flow (recuperation
mode) 𝑘 = 1 applies.

2.5.3 MOTOR
The motor has the main objective to transform electrical energy into mechanical
energy and vice versa. The derived motor model covers both motor as well as
generator operation. On the one hand, the electric drives of the train serve as
traction motors, and on the other hand, they are also capable of serving as
electro-dynamic brakes.
The motor block separates the mechanical part of the traction chain from the
electrical one. Accordingly, the interfaces of the motor are defined as shown in
Figure 17.

Figure 17: Interfaces of the motor block

The inputs are the required motor speed 𝜔𝑚𝑜𝑡 and the motor torque 𝑇𝑚𝑜𝑡 . The
outputs are given by the electrical power used by the motor 𝑃𝑚𝑜𝑡 and as it is
needed for the converter, whereas the motor speed is fed through as an
additional output.
The efficiency of the motor depends on the current load power and on the motor
speed. Therefore, the efficiency can be determined by an interpolation of the twodimensional efficiency map
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(14)

𝜂𝑚𝑜𝑡 = 𝑓(𝑃𝑙𝑜𝑎𝑑 , 𝜔𝑚𝑜𝑡 ).
As a result, the electrical power of the motor can be calculated as follows

(15)

𝑘
𝑃𝑚𝑜𝑡 = 𝑇𝑚𝑜𝑡 𝜔𝑚𝑜𝑡 𝜂𝑚𝑜𝑡
.

Here, the index 𝑘 denotes the operation mode (𝑘 = −1 for the motor operation,
𝑘 = 1 for the generator operation).

2.5.4 MOTOR INVERTER
The motor inverter has the objective to provide electrical power for the traction
motors. For this purpose, the motor inverter transforms the DC voltage from the
intermediate circuit to the 3-phase AC voltage with variable voltage level and
frequency.
The transformation of the DC current to the 3-phase AC current is realized via a
pulse-width modulation by means of semiconductor devices (e.g. IGBT, SiCMOSFET in future application). The continuous switching of these semiconductors
causes the main energy losses within the motor inverter.
In analogy to the efficiency map of the motor, the efficiency of the motor inverter
is defined via a 2D-efficiency characteristic 𝜂𝑚𝑖 = 𝑓(𝑃𝑚𝑜𝑡 , 𝜔𝑚𝑜𝑡 ).
According to Figure 18, the signal inputs for the motor inverter block are the
motor speed 𝜔𝑚𝑜𝑡 and the electrical power of the traction motor 𝑃𝑚𝑜𝑡 . The output
signal of the component block represents the electrical power 𝑃𝑚𝑖 used by the
motor inverter.

Figure 18: Interfaces of the motor inverter block

The output power of the motor inverter block can be determined by
𝑘
𝑃𝑚𝑖 = 𝑃𝑚𝑜𝑡 𝜂𝑚𝑖
,

(16)

with 𝑘 ∈ {−1; 1} for either traction or recuperation mode.
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2.5.5 RHEOSTAT AND RHEOSTAT CONVERTER
The rheostat represents an ohmic resistance which has the objective to convert
braking energy into heat. The signal flow of the rheostat converter and the
rheostat is depicted in Figure 19.

Figure 19: Interfaces of the rheostat and rheostat converter block

As the rheostat represents one end of the power flow within the train, there is no
output signal at the rheostat. For this reason, no detailed model for the rheostat
has been implemented.
Nevertheless, the power at the rheostat is important to assess the balance of
energy.

2.5.6 DC INTERMEDIATE CIRCUIT – ABSORPTION CIRCUIT
During rectifying the AC current signal from the transformer to the DC current
signal of the intermediate circuit, there may remain certain ripples in the rectified
DC signal. To smoothen the high frequency range, a bank of capacitances is
employed. This assembly of capacitances is called absorption circuit.
As the load power has only a minor influence on the efficiency of the
capacitances, the efficiency of the absorption circuit 𝜂𝑎𝑏𝑠𝑐𝑟𝑡 is assumed to be
constant
𝜂𝑎𝑏𝑠𝑐𝑟𝑡 = 𝑐𝑜𝑛𝑠𝑡.

(17)

The interfaces of the block for the absorption circuit are represented in Figure 20.

Figure 20: Interfaces of the absorption circuit block

The input power is given by the total power of the intermediate circuit 𝑃𝐷𝐶 , which
is composed of the sum of the traction power, the auxiliary power as well as the
power for the ESS (see below in section 2.5.15). The output signal of this
component block is defined as the power 𝑃𝑎𝑏𝑠𝑐𝑟𝑡 .
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In analogy to the other components, the output power of this component block
is given by
𝑘
𝑃𝑎𝑏𝑠𝑐𝑟𝑡 = 𝑃𝐷𝐶 𝜂𝑎𝑏𝑠𝑐𝑖𝑟
,

(18)

with 𝑘 ∈ {−1; 1} for either traction or recuperation mode.

2.5.7 LINE CONVERTER
The line converter has the objective to rectify the AC voltage at the transformer
to a DC voltage of the intermediate circuit. The main power losses within the line
converter are caused by the conduction and switching losses of the rectifier
diodes. The conduction and switching losses depend on the load current of the
line converter, and accordingly, they depend on the current load power as well.
Therefore, the efficiency of the line converter 𝜂𝑙𝑖𝑛𝑒𝑐𝑜𝑛𝑣 is determined as a function
of the current load power 𝜂𝑙𝑖𝑛𝑒𝑐𝑜𝑛𝑣 = 𝑓(𝑃𝑙𝑜𝑎𝑑 ).
According to Figure 21, the input power of the line converter block is represented
by the power of the absorption circuit 𝑃𝑎𝑏𝑠𝑐𝑖𝑟 , whereas the output power of this
component block is denoted as 𝑃𝑙𝑖𝑛𝑒𝑐𝑜𝑛𝑣 .
The power of the component is determined by a normalized efficiency map as
discussed in section 2.2.

Figure 21: Interfaces of the line converter block

With the evaluated efficiency, the output power of the line converter block is
given by
𝑘
𝑃𝑙𝑖𝑛𝑒𝑐𝑜𝑛𝑣 = 𝑃𝑎𝑏𝑠𝑐𝑖𝑟 𝜂𝑙𝑖𝑛𝑒𝑐𝑜𝑛𝑣
,

(19)

where the index 𝑘 = −1 stands for motor operation, and 𝑘 = 1 for generator
operation.
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2.5.8 TRANSFORMER
The main objective of the transformer is the transformation of the AC voltage
from the catenary voltage level to the train voltage level.
Energy losses within the transformer are mainly based on the ohmic losses which
occur within the windings of the transformer coils and the magnetic losses in the
core of the transformer. Therefore, the main influence factor on the transformer
efficiency is the load power (𝜂𝑡𝑓 = 𝑓(𝑃𝑙𝑜𝑎𝑑 )).
The interfaces for the transformer block are depicted in Figure 22.

Figure 22: Interfaces of the transformer block

As shown in the topology structure in Figure 4, the transformer has an additional
link to supply electrical auxiliaries. Consequently, the component block has the
input signal 𝑃𝑎𝑢𝑥,𝑡𝑓 , which represents the power used by the auxiliaries linked to
the transformer. The traction power is expressed by the power signal from the
line converter 𝑃𝑙𝑖𝑛𝑒𝑐𝑜𝑛𝑣 .
The efficiency map has to be evaluated with the sum of both power signals.
Accordingly, the resulting power of the transformer is given by
𝑘
𝑃𝑡𝑓 = (𝑃𝑙𝑖𝑛𝑒𝑐𝑜𝑛𝑣 + 𝑃𝑎𝑢𝑥,𝑡𝑓 ) 𝜂𝑡𝑓

(20)

with 𝑘 ∈ {−1; 1} for either traction or recuperation mode.

2.5.9 ELECTRICAL TRANSFORMER
Within the topology T02, the electrical transformer (E-transformer) is employed
(see Figure 5). In contrast to standard transformers the E-transformer uses power
semiconductor devices to transform the voltage level. In addition to the
transformation of the voltage level, the E-transformer allows to rectify the AC
signal. Consequently the electrical transformer accomplishes the objective of the
standard transformer as well as the task of the line converter. Therefore, the Etransformer replaces both the standard transformer as well as the line converter.
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As a consequence of this substitution, the interfaces of the E-transformer are
given according to Figure 23.

Figure 23: Interfaces of the E-transformer block

In analogy to the common transformer, the E-transformer offers a possible link to
supply electrical auxiliaries. The inputs of the E-transformer block are the power
of the absorption circuit 𝑃𝑎𝑏𝑠𝑐𝑖𝑟 as well as the auxiliary power 𝑃𝑎𝑢𝑥,𝑡𝑓 .
The efficiency of the E-transformer is assumed to be a function of the load
power 𝜂𝐸𝑡𝑓 = 𝑓(𝑃𝑙𝑜𝑎𝑑 ), whereas the major energy losses stem from the conduction
and switching losses of the semiconductors.
In analogy the resulting power of the E-transformer becomes
𝑘
𝑃𝐸𝑡𝑓 = (𝑃𝑎𝑏𝑠𝑐𝑖𝑟 + 𝑃𝑎𝑢𝑥,𝑡𝑓 ) 𝜂𝐸𝑡𝑓
,

(21)

where 𝑘 ∈ {−1; 1} stands for either traction or recuperation mode.

2.5.10 LINE INDUCTOR
To simulate the T03 topology, which corresponds to a DC power supply, the line
inductor has to be included in the simulation structure (see Figure 6).
In analogy to the transformer, the line inductor has the task to convert the
voltage from the catenary level to the train voltage level. Unlike the transformer,
however, the line inductor is applied to transform a DC voltage signal.
The efficiency of the line inductor is assumed to be a function of the load
power 𝜂𝑙𝑖 = 𝑓(𝑃_𝑙𝑜𝑎𝑑) as well.
The interfaces of the corresponding block for the line inductor are shown in
Figure 24.
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Figure 24: Interfaces of the line inductor block

Within the topology for the DC power supply (topology T03), the line inductor is
straightly connected to the DC intermediate circuit. Therefore, the power at the
DC circuit 𝑃𝐷𝐶 represents the input of the line inductor block.
With the index 𝑘 = −1 for motor operation and 𝑘 = 1 for generator operation, the
power of the line inductor is determined by
𝑃𝑙𝑖 = 𝑃𝐷𝐶 𝜂𝑙𝑖𝑘 .

(22)

2.5.11 AUXILIARIES AND ONBOARD POWER SUPPLY
Besides the traction devices, the simulation tool also includes the auxiliaries of the
train. The auxiliary consumption comprises auxiliary devices like pumps, fans, and
HVAC systems (heating, ventilation, air conditioning).
To address the environmental conditions, the auxiliary consumption is defined for
three different seasons: summer, winter and autumn/spring.
Furthermore, the on-board battery consumption is considered. It covers the
supply of further electric devices, e.g. control units of traction devices, illumination
or passenger jacks.
Both the defined auxiliary consumption and the on board battery consumption
are assumed to be constant for the duration of the drive cycle.
Independently of these constant amounts of the auxiliary consumption, the
cooling power of the different components is added as an additional power
request. The cooling power depends on the current traction power, which leads
to a dynamic power request for the total auxiliary consumption (see section 2.2).
Figure 25 summarizes the approach, how the different auxiliaries are considered
within the tool.
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Figure 25: Auxiliary amounts included in the tool

For the AC power supply topologies (T01 and T02, see Figure 4 and Figure 5), the
simulation tool provides two possibilities to link the auxiliary power request to the
traction chain: It will be connected either to the DC intermediate circuit or to the
transformer link.
For the DC topology (T03, see Figure 6), the auxiliary block has to be connected
to the DC intermediate circuit.
As the auxiliary blocks are located at the beginning of a simulation branch, they
have no input signals. The output signals of these blocks represent the requested
auxiliary power (see Figure 26).

Figure 26: Interfaces for auxiliary and on board power supply blocks

2.5.12 AUXILIARY CONVERTER, ESS CONVERTER
The DC voltage of the intermediate circuit has to be converted into the
corresponding voltage of the components to supply the auxiliaries, the onboard
battery (obb) as well as the energy storage systems (ESS)
Since they have to accomplish similar functions, these converters are modelled in
the same manner.
The efficiency of the converters is characterized by a function of the load power
𝜂𝑋,𝑖𝑛𝑣 = 𝑓(𝑃𝑙𝑜𝑎𝑑 ),

(23)

with 𝑥 ∈ {𝑎𝑢𝑥, 𝑜𝑏𝑏, 𝐸𝑆𝑆}.
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The inputs of the converter blocks are either related to the auxiliary power or to
the power for the ESS (see Figure 27).

Figure 27: Interfaces for the auxiliary converter and ESS converter

To determine the outputs of the converter blocks, the efficiency has to be
evaluated. Afterwards, the output power can be stated as
𝑃𝑎𝑢𝑥,𝑖𝑛𝑣 = 𝜂𝑎𝑢𝑥,𝑖𝑛𝑣 𝑃𝑎𝑢𝑥 , 𝑃𝑜𝑏𝑏,𝑖𝑛𝑣 = 𝜂𝑜𝑏𝑏,𝑖𝑛𝑣 𝑃𝑜𝑏𝑏

(24)

and
𝑘
𝑃𝐸𝑆𝑆,𝑖𝑛𝑣 = 𝜂𝐸𝑆𝑆,𝑖𝑛𝑣
𝑃𝐸𝑆𝑆 ,

(25)

with 𝑘 = −1 stands for charging the ESU and 𝑘 = 1 for discharging the ESU.

2.5.13 ONBOARD ENERGY STORAGE SYSTEM – BASED ON BATTERY
In this section, the component model for the battery as an energy storage unit is
explained. The modelling of the battery component block was already part of
CleanER-D and the derivation of the physically based model hasn’t change at all.
For this reason the following section is taken over from the CleanER-D deliverable

DEL 7.4.3- Basic electrochemistry modular proposal and specifications ([8]):

Figure 28: Simple battery model

In Figure 28, the battery is represented by an electrical circuit consisting of a
constant voltage source (open circuit voltage) in series with a constant resistance
that accounts for the ohmic voltage drop in the electrode as well as the
electrolyte and the voltage drop due to the phenomena of charge transfer and
material transport.
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In this model, the open-circuit voltage 𝑉𝑂𝐶 and the internal series resistance 𝑅𝑠𝑒𝑟𝑖𝑒𝑠
are the functions of the state of discharge (or state of charge 𝑆𝑜𝐶). The terminal
voltage of battery is calculated from the battery current 𝐼𝑏𝑎𝑡 as follows
(26)

𝑈𝑏𝑎𝑡 = 𝑉𝑂𝐶 − 𝐼𝑏𝑎𝑡 ∙ 𝑅𝑠𝑒𝑟𝑖𝑒𝑠 .

Here, the open-circuit voltage is obtained from the open circuit measurement,
and the internal series resistance can be determined from both the open circuit
measurement and one extra measurement with a load at the terminal.
The state of charge for the electrical charge (in Ah) follows from the
instantaneous current 𝐼𝑏𝑎𝑡 and the initial 𝑆𝑜𝐶𝑖𝑛𝑖𝑡
𝑆𝑜𝐶𝐴ℎ = 𝑆𝑜𝐶𝑖𝑛𝑖𝑡 − ∫

𝐼𝑏𝑎𝑡
𝑑𝑡.
𝐶𝑛𝑜𝑚

(27)

Similarly the state of charge for the accumulated energy (in Wh) can be obtained
from the instantaneous current 𝐼𝑏𝑎𝑡 , the voltage 𝑉𝑏𝑎𝑡 and the initial 𝑆𝑜𝐶𝑖𝑛𝑖𝑡 . It
results in
𝑆𝑜𝐶𝑊ℎ = 𝑆𝑜𝐶𝑖𝑛𝑖𝑡 − ∫

V𝑏𝑎𝑡 ∙Ibat
Whmax

𝑑𝑡.

(28)

If the battery pack has 𝑛𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 of branches in parallel and there are 𝑛𝑠𝑒𝑟𝑖𝑒𝑠 cells in
series connection, the branch resistance can be evaluated by
𝑅𝑏𝑟𝑎𝑛𝑐ℎ = 𝑛𝑠𝑒𝑟𝑖𝑒 ∙ 𝑅𝑐𝑒𝑙𝑙 .

(29)

And the equivalent resistance of the whole batteries pack is calculated as
𝑅𝑠𝑒𝑟𝑖𝑒𝑠 =

𝑅𝑏𝑟𝑎𝑛𝑐ℎ
,
𝑛𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙

(30)

where 𝑅𝑐𝑒𝑙𝑙 is the internal series resistance of one cell, and 𝑅𝑏𝑟𝑎𝑛𝑐ℎ represents the
total internal series resistance of one branch of 𝑛𝑠𝑒𝑟𝑖𝑒𝑠 cells.
The total voltage of batteries pack can be calculated as
𝑈𝑏𝑎𝑡 = 𝑛𝑠𝑒𝑟𝑖𝑒𝑠 ∙ 𝑈𝑐𝑒𝑙𝑙 .

(31)

The battery capacity 𝐶𝑏𝑎𝑡 becomes
𝐶𝑏𝑎𝑡 = 𝑛𝑝𝑎𝑟𝑎𝑙𝑙𝑒𝑙 ∙ 𝐶𝑐𝑒𝑙𝑙 ,

(32)

considering that all the elementary cells have the identical characteristics.
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As presented above, the simple battery mode relies on the cell internal resistance
𝑅𝑐𝑒𝑙𝑙 , which can be evaluated from different tests of continuous charge/discharge
sequences following the calculus below:




During charging:
𝑅𝑐ℎ =

𝑉𝑐𝑒𝑙𝑙 − 𝑂𝐶𝑉𝑐𝑒𝑙𝑙
𝐼𝑐ℎ𝑎𝑟𝑔𝑒

(33)

𝑅𝑑𝑐ℎ =

𝑂𝐶𝑉𝑐𝑒𝑙𝑙 − 𝑉𝑐𝑒𝑙𝑙
𝐼𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒

(34)

During discharge:

The OCV curve (highlighted blue) in Figure 29 shows the cell voltage in an open
circuit as a function of the state of charge (SOC).

Figure 29: Schematically characteristic of an open-circuit voltage (OCV) as a function of
the battery relative state of charge during charging and discharging

Figure 29 presents the charge curve (highlighted red) when the battery is fully
and continuously charged from SOC = 0%. When the battery discharges from
100% SOC, the voltage curve (green line, Figure 29) is slightly lower than OCV
curve. These two charge/discharge cell voltage curves depending on the SOC are
determined at the end of life (EOL) of the battery with different conditions of
ageing as:


Cell Capacity (EOL) = 𝑘𝐸𝑂𝐿,𝐶 x Capacity (BOL) with 0 < 𝑘𝐸𝑂𝐿,𝐶 < 1
according to the definition of battery technology (described in WP6.1).
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Cell resistance (EOL) = 𝑘𝐸𝑂𝐿,𝑅 x Cell resistance (BOL) with 0 < 𝑘𝐸𝑂𝐿,𝑅 < 1
according to the definition of battery technology (described in WP6.1).

Furthermore, the resistance of the battery (including connections between the
cells and up to the external battery poles) during charging is different from the
𝑑𝑐ℎ
𝑐ℎ
one during discharging at the same rate (𝑅𝑐𝑒𝑙𝑙
≠ 𝑅𝑐𝑒𝑙𝑙
).

It is therefore necessary to adjust the resistances in the global model depending
on the current direction (positive current during discharging will provide traction
assistance, negative current during charging will allow for recovering energy from
the train system) (see [8], section 5.1.1, page 22-25).
Figure 30 illustrates the input and output interfaces of the battery component
block. These relations between the interfaces are based on physically relations,
which are presented above.

Figure 30: Interfaces for the battery ESU

The input power 𝑃𝐸𝑆𝑈,𝑏𝑎𝑡 denotes the current charging/discharging power of the
battery. According to the current state of the battery, the battery voltage 𝑉𝑏𝑎𝑡 as
well as the battery current 𝐼𝑏𝑎𝑡 can be derived from this charging/discharging
power.
Subsequently the battery state of charge 𝑆𝑜𝐶𝑏𝑎𝑡 is determined according to Eq.
(27) and Eq. (28).
The maximum charging/discharging power 𝑃𝑚𝑎𝑥,𝑏𝑎𝑡 is limited by the maximum
current 𝐼𝑏𝑎𝑡,𝑚𝑎𝑥 in such a way that the limits of the state of charge (𝑆𝑜𝐶𝑚𝑖𝑛 ,
𝑆𝑜𝐶𝑚𝑎𝑥 ) as well as the battery voltage limits (𝑉𝑏𝑎𝑡,𝑚𝑖𝑛 , 𝑉𝑏𝑎𝑡,𝑚𝑎𝑥 ) are kept.
These limits depend on either the requirements defined by the user
(for 𝑆𝑜𝐶𝑚𝑖𝑛 and 𝑆𝑜𝐶𝑚𝑎𝑥 ) or on the parameter set of the battery (for 𝑉𝑏𝑎𝑡,𝑚𝑖𝑛 and
𝑉𝑏𝑎𝑡,𝑚𝑎𝑥 ).
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2.5.14 ONBOARD ENERGY STORAGE SYSTEM – BASED ON DLC
In analogy to the modelling of the battery component block, the derivation of a
physically based model of the Double Layer Capacity (DLC) was performed within
the CleanER-D project. Therefore the modelling approach presented in the
following section is taken over from the CleanER-D deliverable DEL 7.4.6 – Report

on ESS Supercapacitors & Flywheels [9]:
In general, the electrical energy W is defined as
∞

𝑄𝑒

𝑊 = ∫ 𝑢(𝜏) ∙ 𝑖(𝜏)𝑑𝜏 = ∫ 𝑢 𝑑𝑄 ,
0

(35)

0

where 𝑢 is voltage, 𝑖 the current and 𝑄 the charge. For constant capacity 𝐶 = 𝑄/
𝑈, Eq. (36) can be rewritten as
𝑈𝑚𝑎𝑥

1
2
𝑊 = 𝐶 ∫ 𝑢 𝑑𝑢 = 𝐶𝑈𝑚𝑎𝑥
= 𝑊𝑡ℎ ,
2

(36)

0

where 𝑊𝑡ℎ is the theoretical energy during discharging from 𝑈𝑚𝑎𝑥 to 0V or during
charging from 0V to 𝑈𝑚𝑎𝑥, see Figure 31.

Figure 31: Definition of SoC, usable and theoretical energy for DLC technology (see [9])

The 𝑆𝑜𝐶 refers to a part of the useable energy which is defined as (𝑊𝑢𝑠𝑒 < 𝑊𝑡ℎ)
𝑊=

1
𝑈𝑚𝑖𝑛 2
2
2
𝐶 (𝑈𝑚𝑎𝑥
− 𝑈𝑚𝑖𝑛
) ) 𝑊𝑡ℎ =
̂ 100% 𝑆𝑜𝐶.
) = (1 − (
2
𝑈𝑚𝑎𝑥

(37)

If the DLC-ESS is discharged from 𝑈𝑚𝑎𝑥 to 𝑈𝑚𝑖𝑛, the 𝑆𝑜𝐶 is equal to zero.
Any ESS has to cover a given power demand. According to Eq. (35) the DLC
power is defined as
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(38)

𝑃(𝜏) = 𝑢(𝜏)𝑖(𝜏),
see [9], section 5.1, pages 19,20.
This power is defined as an input for the DLC block, according to Figure 32.
Derived from the power, the voltage of the DLC 𝑢𝐷𝐿𝐶 can be calculated by
𝜏

𝑢𝐷𝐿𝐶 =

(∫0 𝑖 𝑑𝜏 + 𝑄𝑚𝑎𝑥 𝑆𝑜𝐶𝑖𝑛𝑖 )
𝐶𝐷𝐿𝐶

− 𝑖𝑅𝐷𝐿𝐶 ,

(39)

with 𝑄𝑚𝑎𝑥 as the maximum charge of the DLC, 𝑆𝑜𝐶𝑖𝑛𝑖 as the initial state of
charge, 𝐶𝐷𝐿𝐶 as the internal capacity of each DLC and 𝑅𝐷𝐿𝐶 as the internal ohmic
resistance of the DLC.
The outputs of the component blocks for the DLC are the maximum power
𝑃𝑚𝑎𝑥,𝐷𝐿𝐶 during charging/discharging of the DLC, as well as the current state of
charge 𝑆𝑜𝐶𝐷𝐿𝐶 .

Figure 32: Interfaces for the DLC ESU

The state of charge of the DLC 𝑆𝑜𝐶𝐷𝐿𝐶 can be determined by Eq. (35) to (37).
The maximum charging/discharging power of the DLC is limited by the current of
the DLC. Either the maximum current is reached in order to keep the voltage
constrains for the minimum voltage 𝑈𝑚𝑖𝑛 (discharge) and the maximum
voltage 𝑈𝑚𝑎𝑥 (charge) or the maximum permitted current for the DLC is reached.
With the maximum current and the voltage of the DLC according to Eq. (38), the
maximum DLC power can be determined by
𝑃𝑚𝑎𝑥,𝐷𝐿𝐶 = 𝑢𝐷𝐿𝐶 ∙ 𝑖𝑚𝑎𝑥 .

(40)

2.5.15 CONTROL UNIT – DC LINK
The control unit at the intermediate circuit has the main objective to merge and
split the power signals, which are linked to the intermediate circuit.
An overview over the interfaces of the control unit block is given in Figure 33. The
input signals are separated in power signals (motor speed 𝜔𝑚𝑜𝑡 , power of the
traction inverters 𝑃𝑚𝑜𝑡,𝑖𝑛𝑣 , auxiliary power 𝑃𝑎𝑢𝑥,𝑖𝑛𝑣 , on-board battery consumption
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𝑃𝑜𝑏𝑏,𝑖𝑛𝑣 ), information about the track (neutral section information, maximum
power input to the catenary 𝑃𝑚𝑎𝑥,𝑐𝑎𝑡 ) as well as information about the ESS
(maximum charging/discharging power 𝑃𝑚𝑎𝑥,𝐸𝑆𝑆 ∈ {𝑃𝑚𝑎𝑥,𝑐ℎ , 𝑃𝑚𝑎𝑥,𝑑𝑐ℎ } of the ESS
state of charge 𝑆𝑜𝐶𝐸𝑆𝑆 of the ESS).
The input power signals of the traction components and the auxiliary
consumption are summarized. This leads to the total input power of the DC
circuit
𝑃𝐷𝐶,𝑖𝑛 = 𝑃𝑚𝑜𝑡,𝑖𝑛𝑣 + 𝑃𝑎𝑢𝑥,𝑖𝑛𝑣 + 𝑃𝑜𝑏𝑏,𝑖𝑛𝑣 .

(41)

The following section describes possible scenarios for a power split and how they
affect the outputs of the control unit.

Figure 33: Interfaces of the control unit for the DC link

The easiest case exists if no ESS is employed. This case leads directly to 𝑃𝐸𝑆𝑆 = 0.
Considering the limited recuperation capability of the catenary, the output power
of the DC circuit 𝑃𝐷𝐶,𝑜𝑢𝑡 becomes
𝑃𝐷𝐶,𝑜𝑢𝑡 = max{𝑃𝐷𝐶,𝑖𝑛 , 𝑃𝑚𝑎𝑥,𝑐𝑎𝑡 }.

(42)

Here, the sum of the input powers 𝑃𝐷𝐶,𝑖𝑛 is compared to the maximum catenary
power (𝑃𝑚𝑎𝑥,𝑐𝑎𝑡 < 0).
The recuperated power, which cannot be fed back to the catenary, has to be
converted to heat via the rheostat. Therefore, the rheostat power 𝑃𝑟𝑐 is given as
the difference between the input and the output power
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𝑃𝑟𝑐 = 𝑃𝐷𝐶,𝑖𝑛 − 𝑃𝐷𝐶,𝑜𝑢𝑡 .

(43)

Note:
If the total braking energy can be fed back to the grid (|𝑃𝑚𝑎𝑥,𝑐𝑎𝑡 | > |𝑃𝐷𝐶,𝑖𝑛 |), the
rheostat is not required. This leads directly to 𝑃𝐷𝐶 = 𝑃𝐷𝐶,𝑖𝑛 and 𝑃𝑟𝑐 = 0.
A more detailed reflection regarding the power splitting is necessary, if an energy
storage system is included. For this scenario, it is advantageous to differentiate
between the charging mode and the discharging mode (charging and discharging
of the ESU).
The charging mode is characterized by a negative sum of the input
powers (𝑃𝐷𝐶,𝑖𝑛 < 0). This scenario occurs if more power is recuperated by the
traction drives than the one that is consumed by the auxiliaries
𝑃𝑎𝑢𝑥,𝑖𝑛𝑣 + 𝑃𝑜𝑏𝑏,𝑖𝑛𝑣 < |𝑃𝑚𝑜𝑡,𝑖𝑛𝑣 |.

(44)

As the ESU is not fully charged (𝑆𝑜𝐶𝐸𝑆𝑆 < 𝑆𝑜𝐶𝑚𝑎𝑥 , 𝑆𝑜𝐶 =
̂ state of charge), the
charging power of the ESS 𝑃𝐸𝑆𝑆 is determined by
𝑃𝐸𝑆𝑆 = 𝑚𝑎𝑥{𝑃𝑚𝑎𝑥,𝑐ℎ , 𝑃𝐷𝐶,𝑖𝑛 },

(45)

with 𝑃𝐸𝑆𝑆 < 0, 𝑃𝑚𝑎𝑥,𝑐ℎ < 0and 𝑃𝐷𝐶,𝑖𝑛 < 0. The maximum charging power of the ESU
𝑃𝑚𝑎𝑥,𝑐ℎ limits the power flow to the ESU.
The biggest possible amount of the remaining power will be fed back to the
catenary via the output of the DC circuit
𝑃𝐷𝐶,𝑜𝑢𝑡 = 𝑚𝑎𝑥{(𝑃𝐷𝐶,𝑖𝑛 − 𝑃𝐸𝑆𝑆 ), 𝑃𝑚𝑎𝑥,𝑐𝑎𝑡 },

(46)

whereas the remaining power has to be converted to heat via the rheostat
𝑃𝑟𝑐 = 𝑃𝐷𝐶,𝑖𝑛 − 𝑃𝐷𝐶,𝑜𝑢𝑡 − 𝑃𝐸𝑆𝑆 .

(47)

If the ESU is saturated during the recuperation mode (𝑆𝑜𝐶𝐸𝑆𝑆 ≥ 𝑆𝑜𝐶𝑚𝑎𝑥 ), the ESU
isn’t able to be charged any further. Therefore, the power to the ESS is given
by 𝑃𝐸𝑆𝑆 = 0. This scenario is identical to the case without ESS (see above).
Consequently, the two other component outputs 𝑃𝐷𝐶,𝑜𝑢𝑡 and 𝑃𝑟𝑐 are equivalent to
the determination as presented in Eq. (42) and Eq. (43).
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During the discharging mode, the sum of the input power at the intermediate
circuit is positive (𝑃𝐷𝐶,𝑖𝑛 > 0).
As long as the ESS is charged (𝑆𝑜𝐶𝐸𝑆𝑆 > 𝑆𝑜𝐶𝑚𝑖𝑛 ), it can be used for providing
power for the auxiliaries or for an additional power supply to the traction
components.
To realize these two functionalities, there are two parameters implemented in the
tool to handle the power split between the ESS and the power from the catenary.
The auxiliary split is controlled via the parameter 𝑎𝑠𝑝𝑙𝑖𝑡 ∈ [0,1], whereas the
traction power splitting is determined through the splitting factor 𝑡𝑠𝑝𝑙𝑖𝑡 ∈ [0,1].
With these splitting factors, the power to the ESS is calculated according to
𝑃𝐸𝑆𝑆 = min{(asplit (Paux,inv + Pobb,inv ) + t split Pmot,inv ), Pmax,dch }.

(48)

The DC circuit output power follows from
𝑃𝐷𝐶,𝑜𝑢𝑡 = 𝑃𝐷𝐶,𝑖𝑛 − 𝑃𝐸𝑆𝑆 .

(49)

As soon as the ESU is discharged (𝑆𝑜𝐶𝐸𝑆𝑆 ≤ 𝑆𝑜𝐶𝑚𝑖𝑛 ), the power to the ESS is
terminated (𝑃𝐸𝑆𝑆 = 0), and again the output power values can be calculated
according to Eq. (42) and Eq. (43).

2.5.16 CONTROL UNIT – LOAD DISTRIBUTION
The simulation tool enables the user to simulate the traction chain with a load
distribution for the traction motors. This includes a total switch-off of some
traction drives. This functionality leads to a higher power effort for the remaining
traction motors, which can enable an operation with a higher efficiency.
This section summarizes the most important approaches implemented in the
corresponding control unit.
According to the structure of a real traction chain, the power split is only possible
between motors which are supplied by different motor inverters. For that reason
it is not permitted to split the power between two motors which are linked to the
same inverter. To address this requirement, the parameter
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𝑟=

𝑛𝑚𝑜𝑡
𝑛𝑚𝑜𝑡𝑖𝑛𝑣

(50)

is defined, describing the ratio between the number of motors per inverter. Here,
𝑛𝑚𝑜𝑡 stands for the total number of motors as 𝑛𝑚𝑜𝑡𝑖𝑛𝑣 describes the total number
of motor inverters.
As depicted in Figure 34, the input value for this control unit is the total power
request for the traction motors 𝑃𝑚𝑜𝑡,𝑡𝑜𝑡𝑎𝑙 .

Figure 34: Interfaces for the control unit for the load distribution

For the switch-off of some motors, it is sufficient to determine the minimum
number of motors to fulfil the power and torque requests. Therefore, the number
of motors during the partial motor switch-off is given by
𝑃

𝑇

𝑛𝑚𝑜𝑡 = 𝑚𝑎𝑥 {⌈ 𝑃𝑚𝑜𝑡,𝑡𝑜𝑡𝑎𝑙 ⌉ , ⌈ 𝑇𝑚𝑜𝑡,𝑡𝑜𝑡𝑎𝑙 ⌉ },
𝑚𝑜𝑡,𝑚𝑎𝑥

(51)

𝑚𝑜𝑡,𝑚𝑎𝑥

where 𝑃𝑚𝑜𝑡,𝑚𝑎𝑥 , 𝑇𝑚𝑜𝑡,𝑚𝑎𝑥 characterize the maximum power and torque of a single
motor. According to Eq. (50), the number of converters follows from
𝑛𝑚𝑜𝑡𝑖𝑛𝑣 =

𝑛𝑚𝑜𝑡
.
𝑟

To enable the power split in form of a load distribution, the splitting factor 𝑠𝑓𝑖 ∈
[0,1] (𝑖 ∈ [1, 𝑛𝑚𝑜𝑡𝑖𝑛𝑣 ]) is defined. With this factor, the power for one traction group
(traction inverter as well as the corresponding motors) is given by
𝑃𝑖 = 𝑠𝑓𝑖 𝑃𝑚𝑜𝑡,𝑡𝑜𝑡𝑎𝑙 .

(52)

With no load distribution selected, the splitting factor is defined as follows
𝑠𝑓𝑖 =

1
.
𝑛𝑚𝑜𝑡𝑖𝑛𝑣

(53)

To determine the most efficient load distribution, the splitting factor has to be
chosen appropriately to minimize the efficiency of the traction drive. To fulfil this
minimization, predictions of both power and efficiency are executed with various
combinations of the splitting factors.
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3 TRAJECTORY PLANNER
As an input for the simulation tool, track data is defined which represents the
characteristic behaviour of the defined service categories. The track data has to
include the distance between the single stations and corresponding travel and
dwell times according to the timetable. Additionally, the track profile includes
information about the curve radius, the neutral sections and the tunnel sections
(see Table 3).

Stops

Distance
[km]

Speed
limit
[km/h]

0

40

1

80

3

120

15

120

650

2

250

40

360

3

Station A

Station C

Travel
Time
[s]

Stopping
Time
[min]
3

Curve
Radius
[m]
>2000

Neutral
section
1=yes/0=no
0

Tunnel
section
1=yes/0=no
0

>2000

0

0

>2000

0

0

>2000

0

0

>2000

0

0

...
Station Q

Table 3: Example for the track data profile

The task of the trajectory planner is the determination of suitable velocities
trajectories 𝑣(𝑡) complying with the timetables. In the CleanER-D project (project
234338 – 7th framework programme), a trajectory planner was developed to
determine velocity trajectories for diesel trains, see [10] and [11].
Within OPEUS, the trajectory planner of CleanER-D has to be altered to fulfil the
requirements of electrically driven railway vehicles, which are defined in [2].
Within the following chapter, the functionality and methodology of the trajectory
planner are described.
To design the trajectory planner, it is assumed that the drive cycle includes the
following driving modes:


Acceleration mode
During the acceleration mode, the vehicle speeds up with a maximum
acceleration 𝑎𝑡𝑟𝑎𝑐 , which is limited by the maximum traction force of the
train
𝑎𝑚𝑎𝑥,𝑡𝑟𝑎𝑐 =
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𝐹𝑚𝑎𝑥,𝑡𝑟𝑎𝑐
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and by a maximum acceleration corresponding to the passenger
convenience 𝑎𝑚𝑎𝑥,𝑝𝑎𝑥 .
Therefore, the traction acceleration is given by
𝑎𝑡𝑟𝑎𝑐 = 𝑚𝑖𝑛{𝑎𝑚𝑎𝑥,𝑡𝑟𝑎𝑐 , 𝑎𝑚𝑎𝑥,𝑝𝑎𝑥 }.

(55)

The acceleration mode is initialized at the beginning of each section and
in case where the speed limit increases. The acceleration mode is stopped
if either the desired velocity 𝑣𝑑 (𝑣𝑑 ∈ [0, 𝑣𝑙𝑖𝑚 ]) or the braking distance 𝑠𝑏
are reached.


Cruising mode
The cruising mode defines a motion phase with a constant velocity
(𝑎𝑡𝑟𝑎𝑐 = 0). This mode may start after an acceleration phase, when the
desired velocity 𝑣𝑑 is reached, or after a braking phase to comply with the
speed limit.
The cruising mode may end due to an increase of the speed limit
(possibility to accelerate) or when the coasting/braking distance is reached.



Coasting mode
During coasting there is no traction force at the wheel (𝐹𝑡𝑟𝑎𝑐 = 0), and the
velocity only decreases due to the driving resistances of the vehicle
(according to section 2.5.1, Eq. (6)).
The coasting mode is initialized as soon as the coasting distance 𝑠𝑐 is
passed and it is kept until the necessary braking distance 𝑠𝑏 is reached.
The coasting distance is defined by
𝑠𝑐 = 𝑏𝑐 𝑠𝑒𝑛𝑑 .

(56)

Here, 𝑠𝑒𝑛𝑑 stands for the total distance of the section. The coefficient
𝑏𝑐 (𝑏𝑐 ∈ [0,1]) is determined by a heuristic approach, based on a modified
bisection algorithm.


Braking mode
The braking mode has the highest priority as soon as the braking
distance 𝑠𝑏 is attained. This braking distance defines the latest possible
position to initialize the braking mode in order to avoid passing by the
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station or to overpass a speed limit. The braking distance is determined by
the trajectory planner in dependence on the current vehicle speed, the
driving resistance and the maximum braking capability. Therefore, the
longitudinal dynamics (see section 2.5.1, Eq. (6)) are evaluated in
backwards mode.
As soon as the braking mode is activated, the train brakes with a
maximum deceleration 𝑎𝑏𝑟𝑎𝑘𝑒 which is limited by the maximum braking
force of the train
𝑎𝑚𝑎𝑥,𝑏𝑟𝑎𝑘𝑒 =

𝐹𝑚𝑎𝑥,𝑏𝑟𝑎𝑘𝑒
𝑚𝑡𝑟𝑎𝑖𝑛

(57)

and the minimum admissible acceleration regarding the passenger
convenience 𝑎𝑚𝑖𝑛,𝑝𝑎𝑥 . Therefore, the braking acceleration is given by
𝑎𝑏𝑟𝑎𝑘𝑒 = 𝑚𝑎𝑥{𝑎𝑚𝑎𝑥,𝑏𝑟𝑎𝑘𝑒 , 𝑎𝑚𝑖𝑛,𝑝𝑎𝑥 }

(58)

with 𝑎𝑏𝑟𝑎𝑘𝑒 < 0, 𝑎𝑚𝑎𝑥,𝑏𝑟𝑎𝑘𝑒 < 0, 𝑎𝑚𝑖𝑛,𝑝𝑎𝑥 < 0.
The functionality of the trajectory planner is based on the approach taken over
from the CleanER-D project and is described in detail in [10] and [11].
Figure 35 summarizes the transition conditions between the different driving
modes. Transition condition I denotes the end of the acceleration phase, as the
desired velocity or the speed limit is reached.
To start the acceleration mode, the transition condition II has to be fulfilled which
means, that the velocity is too low as compared with the desired velocity (e.g. in
the case of an increased speed limit).

Figure 35: Functionality of the trajectory planner (see [10])
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Depending on the transition condition, there are three different possibilities to
cancel the acceleration:
If the braking distance is reached and if the velocity 𝑣 is higher than the desired
velocity at the end of the braking phase (𝑣𝑏 = 0 denotes the end of the section,
whereas 𝑣𝑏 > 0 represents a reduced speed limit) – transition condition VI – the
braking phase is initialized. If the braking distance is not attained, but the desired
velocity or the speed limit is reached, the trajectory planner switches to either
coasting (if the coasting distance 𝑠𝑐 is attained – transition condition IV) or to
cruising (if the coasting distance 𝑠𝑐 is not reached – transition condition V).
Transition condition III terminates the braking phase and causes either coasting or
cruising (see Figure 35). This case occurs if the train brakes to not violate an
upcoming speed limit and finally reaches the desired velocity.
These different driving modes can be combined to generate various trajectories
between the starting station at the position 𝑠 = 𝑠0 and the next station at 𝑠 = 𝑠𝑒𝑛𝑑 .
A typical array of these driving modes for a track with various speed limits is
illustrated in Figure 36 (additionally, the transition conditions according to Figure
35 are shown for every switch of the driving mode).

Figure 36: Driving modes to design various velocity trajectories
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The trajectory planner implemented in the OPEUS tool enables the user to choose
between three different trajectory modes:


The all-out mode is characterized by the maximum traction and braking
capability of the train. During the all-out mode, the train accelerates with a
maximum traction force (according to the force-velocity characteristic) up
to the speed limit 𝑣𝑙𝑖𝑚 of the section. Subsequently, the maximum speed is
kept till the position 𝑠𝑏 , where the train have to initiate the braking process
to stop at the station.
This all-out mode allows for the smallest possible driving time between
two stations and, hence, it provides a possibility to check if a train is able
to fulfil a given timetable.



The second trajectory mode enables to fulfil the timetable with a
reduced maximum velocity.
For this trajectory mode, the factor 𝑝𝑣𝑎 is implemented to reduce the
maximum velocity of the train to the desired velocity
𝑣𝑑 = 𝑝𝑣𝑎 𝑣𝑙𝑖𝑚 ,with 𝑝𝑣𝑎 ∈ [0,1].

(59)

This velocity will be hold until braking becomes necessary (𝑠 ≥ 𝑠𝑏 ). With
this reduction of the maximum speed, it is possible to determine a
trajectory which fulfils a given timetable.


In contrast to the fist two trajectory modes, the last trajectory mode
features coasting to fulfil the timetable. The trajectory planner tries to
maximize the coasting phase by means of the determination of the
parameter 𝑏𝑐 . This parameter 𝑏𝑐 is defining the position
𝑠𝑐 = 𝑏𝑐 𝑠𝑓

(60)

which indicates the initialization of the coasting phase.
In some special cases it is necessary to additionally decrease the maximum
velocity to avoid that the train passes by the next station.
These three different trajectory modes are summarized in Figure 37.
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Figure 37: Possible operating modes for the trajectory planner

Figure 38 illustrates the influence of the trajectory parameters 𝑏𝑐 and 𝑝𝑣𝑎 for a
track section from one station to another one.

Figure 38: Parameters to characterize the velocity profile

These trajectory parameters 𝑏𝑐 and 𝑝𝑣𝑎 have to be determined in order to
calculate a velocity profile which considers the distance as well as the time
constraints resulting from the time table.
If coasting is featured by the trajectory mode, the chosen approach attempts to
maximizing the coasting phase. To calculate feasible trajectories which match
these given constraints, a modified bisection algorithm is implemented.
The initial values for the bisection algorithm are given by
𝑝𝑣𝑎 = 1 and 𝑏𝑐 = 0.
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Here, this leads to desired velocity of 𝑣𝑑 = 𝑉𝑙𝑖𝑚 and a maximum length of the
coasting phase (𝑠𝑐 = 0) (see Eq. (55), Eq. (56)).
Through several iterations of the bisection algorithm the parameters 𝑏𝑐 and 𝑝𝑣𝑎
were adapted to keep the distance as well as the time constraints of the time
table.
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CONCLUSION
This deliverable report summarizes the simulation methodology of the OPEUS simulation tool, which is content of the OPEUS deliverable DO2.2.
This document provides a description of the general simulation approach as well
as explanations about the structure and set up of the simulation tool.
Additionally, the set up of the single component models is presented in detail,
and the functionality of the included trajectory planner is explained.
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ANNEXES
ANNEX A – PARAMETER DEFINITION
Within this annex, the agreed parameter are summarized which define the
characteristic of the component models.
These parameters have been defined and agreed in cooperation with the FINE1
energy working group. This parameter list is also part of [2].

Attached document:
OPEUS_DO2.1_AnnexA_Parameter_definition.xlsx

OPEUS_WP2_DO2.1_OPEUS_simulation_package_Final

Page 52 / 53

ANNEX B – OPEUS SIMULATION TOOL MANUAL
This annex has been constructed as a deliverable report, referred to as D2.3, for
the purposes of completing WP2 deliverable requirements.

Attached document:
OPEUS_DO2.3_OPEUS_simulation_tool_manual
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EXECUTIVE SUMMARY
The work presented in this deliverable DO2.3 has been carried out within the
work package 2 of the OPEUS project and is directly linked to the content of the
deliverables DO2.1 – OPEUS simulation methodology ([1]) and DO2.2 – OPEUS

simulation tool.
The main objective of this deliverable is to elaborate the handling of the OPEUS
simulation tool. To provide a thorough background, the manual includes a short
description of the set up and structure of the tool and, furthermore, this
document gives the user of the tool a guideline of how to work with the tool.
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INTRODUCTION
One of the tasks of the OPEUS project is to develop and implement a simulation
tool which allows the user to calculate the energy consumption of various railway
vehicles as well as their components.
Within OPEUS and further Shift2Rail programs (e.g. FINE1 - Grant agreement No.
730818), this tool is used to investigate energy losses in the traction chain and to
assess the implementation of innovative technologies towards an optimization of
railway energy consumption.
The development of this tool is based on the existing SP7-tool, which was
developed within the EU-project Clean European Rail-Diesel (CleanER-D, project
234338 – 7th framework programme) and deals with the simulation of diesel and
hybrid solutions of railway applications ([2], [3]).
The basic calculations and numeric simulations of the tool are implemented in
Mathworks MATLAB®/SIMULINK®. Additionally, there are input and output
interfaces for the user available in Microsoft Excel®.
This manual has the objective to present both a comprehensive and simple
method to handle the simulation tool. The following sections present the set up
of the simulation model (chapter 1) as well as a short description of the structure
of the tool (chapter 2). A summary of the most important files is given in chapter
3 especially this section deals with the interfaces available for the user.
Chapter 4 can be considered as a guideline for the user to load the input data, to
run a simulation and, finally, to create an output data file.
A detailed description of the model architecture, the modelling of the
components, and the details about the methodology and functionality is not part
of this manual but is covered within the OPEUS deliverable DO2.1 - OPEUS

simulation methodology ([1]).
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1 SIMULATION MODEL SET UP
This chapter focuses on the basic set up of the simulation model. It gives an
overview of the general simulation approach and emphasizes the flow of signals
within the simulation.

1.1 BACKWARD SIMULATION MODE
In general, there are two basic approaches to simulate the power flow within a
system: One approach is to simulate the physical power flow, which means that
the initialization point of the simulation chain is represented by an energy source
(e.g. catenary, battery, fuel tank), whereas the end of the simulation chain is given
by the resulting trajectory of the train (see Figure 1). This kind of simulation
approach is commonly known as forward simulation (see [4] and [5]).

Figure 1: Forward simulation approach for a railway vehicle

The other approach is the backward simulation mode, which is based on the
reverse direction of the power flow. In this approach the power flow is considered
as a backward flow through the traction chain. Accordingly the trajectory of the
train is given as an input, and the energy consumption results as an output (see
Figure 2). Due to this backward characteristic, this approach is denoted as
backward simulation (see [4]and [5]).

Figure 2: Backward simulation approach for a railway vehicle

Due to these characteristics of the backward simulation, the backward simulation
approach will be use for the prediction of both the energy consumption and the
energy losses.
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A more detailed flow chart is depicted in Figure 3. This figure shows a typical
traction chain for a railway vehicle with AC power supply. Every single component
is arranged in the backward mode. This arrangement allows for a simulation of
the reverse power flow through the traction chain.

Figure 3: AC traction topology in the backward simulation mode

1.2 SIGNAL FLOW
Given this topological structure in the backward mode, it is possible to describe
the signal flow in the simulation model. Every single component is modelled with
the capability of either power conversion or power transformation.
A detailed scheme of the signal flow is depicted in Figure 4. Here, the motor
represents the interface between mechanical power and electrical power.
Therefore, the power signals on the left hand side of the motor (mechanical
power) are given by both torque and velocity signals, whereas the signals
between motor and catenary represents the resulting power flows between the
single component blocks.
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Figure 4: Chart of the signal flow for AC power supply
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2 FOLDER STRUCTURE OF THE SIMULATION TOOL
The tool is structured into file folders to achieve a clear and conversant user
interface of the tool. The detailed folder structure is depicted in Figure 5 and will
be described further in the following sections.

2.1 TRAIN DATA LIBRARY
The train parameters are organized within a train data library. For the initial status
of the tool, this library is filled with train parameters corresponding to the
predefined service categories.
Every folder for a single train includes various Excel® files, representing the single
components of the train (e.g. vehicle, motor, line converter, etc.). The labelling of
these component files (e.g. C00_xxx) corresponds to the definition of the
components and parameters in [6].
Given these component files, it becomes possible to easily change the parameters
which are used in the simulation of the desired traction chain.

2.2 TRACK DATA LIBRARY
Similarly, the track data is organized in a library too. This track data library offers
file folders which correspond to the predefined service categories.
Within the separate track folders for the various service categories, there are three
different types of track profiles, corresponding to three different types of driving
modes:
1. All-out profile,
2. Track profile to fulfil the timetable without any coasting,
3. Track profile to fulfil the timetable with coasting.
Both two libraries - the train data library as well as the track data library - could
be extended by own simulation data. To integrate your own data, please refer to
section 4.2 and section 4.3 of this manual.
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Figure 5: Folder structure of the simulation tool
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2.3 SIMULATION INPUT FOLDER
The folder structure of the tool allows for a separation of the current simulation
data from the existing data libraries. For this reason, there is a separate simulation
input folder which includes the current train data as well as the selected track
data.
When the tool is running with the default settings, the train parameters will be
automatically copied from the library into the simulation input folder. For a
manual copy, please refer to section 4.2.

2.4 SIMULATION OUTPUT FOLDER
Within the simulation output folder, the simulation results are stored. In addition
to the simulation results, the selected simulation inputs are saved as well. This
leads to a clear relation between these simulation inputs used and the resulting
simulation outputs.
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3 SIMULATION FILES
This section provides a short description of the main files which are included
within the simulation tool.

3.1 COMPONENT LIBRARY
The component library (default filename: S2RSimTool__Library.slx) is a SIMULINK®
library, which includes all the components available for the simulated topologies.
An overview of the library is depicted in Figure 6. The separation into different
sub-categories enables a clear structure and order of the component blocks. The
sub-categories are:


Trajectory,



Traction,



Control units,



Power supply,



Auxiliaries,



Energy storage systems,



Rheostat

Figure 6: Component library of the simulation tool

To include a desired component block in the SIMULINK® model, it can be either
selected via the SIMULINK®-Browser or it can be copied by drag-and-drop from
the library model.
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3.2 INPUT AND OUTPUT INTERFACES FOR THE USER
To avoid a profound interaction of the user with the internal MATLAB®
implementation, the tool offers the possibility to operate the tool via Microsoft
Excel®.
For the default usage of the tool, the Excel® files provide the possibility to define
the input data as well as to evaluate the simulation results.

Note: For detailed in-depth investigations, however the Excel® interfaces are not
suitable in all cases and the MATLAB® code has to be adjusted directly.

3.2.1 INPUT FILE
The user could use the Excel® input file of the tool (default filename:

S2RSimTool__Input.xlsx) to define the required input data for the simulation.
The most important sheets of this Excel® file are introduced in the following
sections.
The selections regarding general simulation requirements can be done in the

General_Inputs sheet. Within this sheet, it is possible to select the following data:


Topology: Selection of the topology to be simulated. The user may
choose one of the predefined topologies (T01,…,T06) or may select the
option “own” in the dropdown list to simulate an customized topology.



Train data: Selection of train data to be simulated. It is possible to choose
one of the predefined train data sets or to select the option “own” in the
dropdown list to simulate customized train data.



Track data: Selection of track data to be simulated. The user has the
choice between one of the predefined track data sets or the option “own”
in the dropdown list to simulate a customized track profile.



Trajectory mode: The selection of the trajectory mode allows for choosing
between different trajectories to be simulated. It is possible to simulate the
all-out behavior of a train, to simulate a drive complying with one of the
predefined timetables (fulfill the timetable with either coasting or with a
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decrease of the maximum speed), or to simulate an individual trajectory
(e.g. a measured trajectory).


Season mode: The predefined auxiliary consumption is available for three
different seasons: summer, winter, and autumn/spring.



Partial switch-off of the traction drives: Here, a partial switch-off of the
traction drives during a low-load operation is possible. The user may
choose between ON and OFF.



Partial load distribution between the traction drives: Possibility to
activate a partial load distribution between the traction drives during a
low-load operation. The available selections are ON and OFF.

Additionally, the user is able to enter parameters to determine the adhesion
utilization factor. Therefore, the traction mass 𝑚𝑡𝑟𝑎𝑐 as well as the adhesion
coefficient for both traction 𝜇𝑡𝑟𝑎𝑐 and braking 𝜇𝑏𝑟𝑎𝑘𝑒 has to be defined.
The sheet Topology_Specification allows the user to make selections regarding
the desired ESS (battery, DLC) and the auxiliary connection to the traction chain
(via either the intermediate circuit or the transformer).
The Output_Specification sheet enables a specification of the output data which
has to be saved in the output file.

Note: Do not forget to save the Excel® file after completing the selections.

3.2.2 OUTPUT FILE
According to the requirement specification ([6]) defined by the working group of
FINE1 and OPEUS, the simulation outputs are collected within an Excel® output
file (default filename: S2RSimTool_Input.xlsx).
On the Summary sheet, the simulation data is summarized. This summary includes
various energy values (e.g. traction energy at the wheel, recuperated energy at
the catenary, etc.) for the total travel as well as for station-by-station.
OPEUS_WP2_DO2.3 _OPEUS_simulation_tool_manual_Final

Page 16 / 34

Additionally, the total travel effort is summarized by several performance
indicators (e.g. energy consumption per kilometer (Wh/km)).
In [6], a selection of data is defined as the standard output of the tool. These data
is collected within the Standard_Output sheet.
It contains several simulation data in the form of numerical series. Additionally,
the data is evaluated via graphical outputs which represent the data as a function
of time as well as a function of the position.
Further data to be logged is collected in the Additional_Outputs sheet. In contrast
to the standard outputs, they are not depicted in a graphical form.

3.3 MATLAB® IMPLEMENTATION
As the main part of the tool is implemented in MATLAB®/SIMULINK®, the
functionality of the most important MATLAB® files is explained in the following
sections.

3.3.1 RUN FILE
This file is the main file to run the simulation (default filename:
S2RSimTool_RunModel.m). The objective of this file is to successively execute the
initialization file, the topology and output specification files, the simulation model
as well as the post-processing file.

3.3.2 INITIALIZATION
The objective of this initialization file (default filename: S2RSimTool_Ini.m) is to
import the specifications which have been defined by the user via the

S2RSimTool_Input table.
Furthermore, this file copies the required train and track data from the libraries to
the simulation input folder and reads the corresponding data from the Excel® files
for an import as MATLAB®-readable mat-files.
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3.3.3 TOPOLOGY SPECIFICATION
The topology specification file (default filename: S2RSimTool_TopoSpec.m) reads
in the specifications regarding the topology defined in the S2RSimTool_Input
table.
This file opens the selected simulation model and adjusts it according to the
selected specifications. Components within the simulation model which are not
selected in the input file are commented out and not used in the simulation.

3.3.4 OUTPUT SPECIFICATION
The objective of this file (default filename: S2RSimTool_OutputSpec.m) is to
specify the required output data of the simulation model according to the
selection via the S2RSimTool_Input table. Data scopes within the simulation
models which are not selected in the input file are commented out.

3.3.5 SIMULATION MODELS
The actual simulation structure of the traction chain (according to section 1.2) is
realized within the SIMULINK® simulation models.
There is one SIMULINK® model for each topology which is included in the tool
(default filenames: T01_SimModel.mdl, T02_SimModel.mdl, T03_SimModel.mdl,
T05_SimModel.mdl, T06_SimModel.mdl).
The simulation models are created by arranging and connecting the component
blocks from the model library in a proper way.
As an example, there is a simplified SIMULINK® model shown in Figure 7 which
illustrates the general structure of the simulation models. Within the original
models, it is possible to evaluate and to log the data using scopes and display
blocks.
To get more information about the structure of the topologies, please refer to [1],
[6],[7], or to Annex A - Topologies.

OPEUS_WP2_DO2.3 _OPEUS_simulation_tool_manual_Final

Page 18 / 34

Figure 7: Simplified SIMULINK® model for topology T01 - AC power supply
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4 HOW TO
The main purpose of this chapter is to describe the basic handling of the
simulation tool. This chapter clarifies the necessary steps to put the tool into
operation for the first time, and it guides the user through the whole process up
to a running simulation.

4.1 SET UP BEFORE THE FIRST USE
Please execute the next few steps to get started with the tool:
1. Copy the whole OPEUS-SimTool folder to your desired location.
2. Open the MATLAB® function slbblocks.m and check whether the name of
the component library is filled in properly. The default setting has to be
like this:
function blkStruct = slblocks
% This function specifies that the S2RSimTool library
should appear in the Library Browser and be cached in
the browser repository
Browser.Library = 'S2RSimTool_Library';
% 'S2RSimTool_Library' is the name of the library
Browser.Name = 'S2R SimTool Library';
% 'S2R SimTool Library' is the library name that appears
in the Library Browser
blkStruct.Browser = Browser;

3. Open the SIMULINK® component library S2RSimTool_Library.slx and enter
set_param(gcs,'EnableLBRepository','on');

to the MATLAB® command prompt. Save the library afterwards.
4. Open the SIMULINK® library browser and refresh the library browser (right
click -> refresh / press F5).
The S2RSimTool_library should appear in your SIMULINK® library browser.
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If there are any problems with including the library, please follow the link below
for a detailed description:
https://de.mathworks.com/help/simulink/ug/adding-libraries-to-the-librarybrowser.html
The simulation tool is now ready to be used.

4.2 LOAD TRAIN AND TRACK PARAMETERS
This section explains the handling of the data import corresponding to the
specification of the track and train to be simulated.
The simulation tool includes an automatic data import, which is presented in
section 4.2.1. This automatic approach has the advantage that is really easy to be
used. In the case that one type of train shall be simulated several times, it may be
beneficial to terminate the automatic data import in order to achieve a decrease
in the calculation time. The alternative manual data import is explained in section
4.2.2.
The objective of section 4.2.3 is to clarify the import of individual data into the
tool.

4.2.1 AUTOMATIC DATA IMPORT
As mentioned in section 2.3, the train and track parameters will be loaded
automatically if the tool is running with default settings.
The selection of the data is executed via the Excel® input file, and this selection is
applied within the initialization file (see section 3.3.2). The initialization file creates
a copy of the selected simulation data into the simulation input folder.
Additionally, the MATLAB® scripts for an import of the parameter values from
Excel® to MATLAB® will be copied and executed within the simulation input folder
as well.
In this default case, the user does not have to care for the import of the
simulation data.

4.2.2 MANUAL DATA IMPORT
In some cases, it could be advantageous to import the simulation data manually,
for example, if the user wants to run the same simulation data several times. In
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this case, a manual data import contributes to a reduction of calculation time
because a repeated import of the same simulation data is avoided.
To import the simulation data manually, it is necessary to slightly adjust the
MATLAB® code within the initialization file.
Taking into account the following steps, a manual data import becomes easy:
1. Copy the desired train data to the following location:
Simulation_Input\train_data (in form of the component xlsx-files).
- Delete old data first!
2. Go to the train data library and copy all import files from the import file
folder (train_data_library\import_files) to the simulation input
folder direction: Simulation_Input\train_data.
- Delete old data first!
3. Run import_all.m inside Simulation_Input\train_data.
After executing the import_all.m file, the xlsx-files as well as the mat-files of the
components should appear in the simulation input folder.
4. Copy the desired track data to the following direction:
Simulation_Input\track_data (in form of the mat-files).
- Delete old data first!
All simulation data is now in the proper folders. The next steps serve as a
guideline to adjust the initialization file.
5. Open the initialization file S2RSimtool_Ini.m.
6. Comment out line 42 – line 59.
train and track
7. Uncomment line 62 – line 66 and apply the

selections

desired selection.
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8. Uncomment line 135 – line 144

-

avoid the automatic
copy of the
simulation data

9. Uncomment line 150 – line 156

-

avoid the automatic
import of the
simulation data

10. Uncomment line 277 and apply the desired

-

battery selection

-

DLC selection

-

auxiliary selection

selection.
11. Uncomment line 288 and apply the desired
selection.
12. Uncomment line 305 and apply the desired
selection.
The manual import of the simulation data is finished.
With these settings, however it is not possible any more to select your
simulation data via the Excel® input file. These selections have to be defined
directly in the initialization file.
To set the tool back to the automatic mode, please reverse the steps 5-12
above.

4.2.3 CUSTOMIZED TRAIN/TRACK DATA
In the case that the user wants to import individual train/track data (selection of
the option “own” in the corresponding category of the input file), there are a few
peculiarities to be taken into account.
At first, the train and track data have to have a proper format in order to be
includable in the tool.
The easiest way to access some existing train data is to copy one of the
predefined data sets from the synthetic vehicles and rename the file folder as well
as the component files in a desired way (an example is shown in Figure 8).
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Figure 8: Screenshot of an additional train data set within the train data library

Within the component files the data can be changed according to the desired
train data.
To simulate this data set, please select the option “own” in the train data
dropdown list in the input file. When the tool is running, this selection leads to a
request for the user to choose the train data folder (see Figure 9).

Figure 9: Screenshot of the MATLAB® request to select train data
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The subsequent train data import is similar to the procedure explained in section
4.2.1 and 4.2.2.

If the dimension of the efficiency maps is changed, the corresponding import file
has to be adjusted as well. This adjustment is presented for a changed dimension
of the motor efficiency maps. It could be applied in a similar way for any other
component.
In Figure 10, the modified efficiency map is depicted. There are two additional
columns for 5% and 75% of the maximum speed. Due to this additional
information, the dimension of the map increases.
Therefore, the import file for the induction motor has to be modified accordingly.
To do so, the corresponding file has to be opened:
OPEUS_SimTool\train_data_library\import_files\import_C05_inductionmotor_data.m
In line 39-41 of this file, the location (area) of the efficiency map is determined. In
this example, the specification should be:
% nominal speed
w_nom = xlsread(filename,'efficiencymap','B13:J13');
% nominal power
P_nom = xlsread (filename,'efficiencymap','A14:A20');
% efficiency
eta = xlsread (filename,'efficiencymap','B14:J20');
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Figure 10: Screenshot of the adjusted efficiency map of the induction motor in Excel®

To include measured velocity trajectories, please refer to the import file for the
shunting track data (default filename: load_shunting_track.m) within the track
library at the shunting category. This file imports the measured velocity from any
Excel® file, smoothes the noise and generates the overall input vector used for the
simulation.
To create the input vector from individual measured data, please copy the

load_shunting_track.m file, rename it and adjust the following lines
filename = 'track_data_shunting';
sheet = 'track_data';
area = 'B4:i16351';

according to the name and area of the Excel® file which includes the measured
data. Subsequently this file has to be executed in order to obtain an input vector
for the tool in the form of a mat-file.
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In the case that the user chooses the option “own” for the trajectory in the input
file, there will be a request for the user to select the track profile in the form of a
MATLAB® file (see Figure 11).

Figure 11: Screenshot of the MATLAB® request to select track data

4.3 CREATE A TRAJECTORY WITH THE TRAJECTORY PLANNER
The simulation tool also provides a possibility to calculate feasible trajectories
from given time tables. The result of the trajectory planner includes a position
profile as well as a velocity and an acceleration profile.
This manual focuses on the description of the necessary steps, to employ the
trajectory planner. The functionality and the method of the trajectory planner are
covered in detail in [1].

Note: For the predefined service categories, there is an automatic query which
ensures that the specific trajectory will be calculated if it doesn’t exist already. If
the trajectory doesn’t exist, the algorithm automatically starts the trajectory
planner.
The main objective of this section is to explain the manual calculation of an
appropriate velocity profile.
The first step is to ensure that the desired time table is given in the same manner
as the predefined ones. For setting up an own time table, hence, please refer to
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Table 1 to write the various parameters into the correct columns (the predefined
time tables are summarized in the Excel® file Shift2rail_time_tables.xlsx).

Stops

Distance

Speed
limit

Height

Travel Stoping Arrival Departure
time

time

times

times

Curves

Tunnel

(optional)

section

(≥ 10000=

(optional)

no curves) yes=1/no=0
[km]
Station A

[km/h]

[m]

[s]

[min]

[s]

[s]

0

40

0

0,5

80

0

Station B

2

100

0

165

1

165

Station C

5

110

0

165

1

Station D

10

110

0

240

Station E

18

125

0

Station F

21

125

Station G

26

Station H

[m]
10000

0

10000

0

225

10000

0

390

450

10000

0

1

690

750

10000

0

345

2

1095

1215

10000

0

0

165

1

1380

1440

10000

0

125

0

220

1

1660

1720

10000

0

35

140

0

345

2

2065

2185

10000

0

Station I

38

140

0

160

1

2345

2405

10000

0

Station J

44

140

0

240

1

2645

2705

10000

0

Station K

54

130

0

345

2

3050

3170

10000

0

Station L

60

130

0

245

1

3415

3475

10000

0

Station M

64

110

0

185

1

3660

3720

10000

0

Station N

67

80

0

165

1

3885

3945

10000

0

69,5

60

0

10000

0

70

0

0

10000

0

Station O

1

195

2

0

-

4140

4260

Table 1: Track data for Regional 140 (see [7])

This track data summarizes all requirements regarding the track to be simulated.
The height, the curve and the tunnel information are used to determine the
driving resistance of the train. The distance between the stations, the
corresponding speed limit for any section as well as the travel and stopping times
are defining the position, velocity and time constraints for the trajectory.
Additionally there is a extra column in the time tables to define neutral sections.
The neutral sections are important for the further development of ESS strategies.
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The main file to calculate the trajectories is the MATLAB® file Calc_Traj.m, which is
available in the folder of the trajectory planner
(\trajectory_planner\Calc_traj.m).

Note: When you run the trajectory planner, the calculation time may take several
minutes.
The following steps explain how to use Calc_Traj.m to create a velocity trajectory.
1. Open Calc_Traj.m with MATLAB®.
2. Make your selections regarding the desired train and track data
o

Line 65 – selection of trajectory mode

o

Line 93 – selection of the architecture

o

Line 122 – selection of the track data

o

Line 164 – selection of the train data

3. Run Calc_Traj.m.

Within this file, the timetables from the Excel® file are evaluated via the MATLAB®
function BrakeDist.m, which determines critical braking distances in order to avoid
passing by the station, i.e., running too far.

Note: When an individual Excel® file with time tables should be evaluated, the
name of the Excel® file as well as the corresponding name of the Excel® sheet has
to be employed in line 5 of BrakeDist.m :
path = 'Name of the Excel file.xls';

The same applies for line 37:
% corresp. excel sheet
sheet = 'name of the excel sheet';

Additionally, the Calc_Traj.m script calls an initialization file which proceeds in the
same manner as in the one described in section 3.3.2.
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When the calculation has been completed, the velocity trajectory will be plotted
(velocity over time 𝑣(𝑡), see Figure 12).

Figure 12: Possible velocity trajectory to fulfil the time table for Regional 140

The results of the trajectory calculation are a position profile, a velocity profile as
well as an acceleration profile (see Table 2). Together with the corresponding time
values, these three data series will be saved in a mat-file as well as in an xlsx-file
and copied into the track data library.
time
0
1
2
3
4
5
6
7
8
9
10
11
12
13
...

position
0
0
1,499855564
3,999567002
7,499101891
11,99842781
17,49751236
23,9963231
31,49482764
39,99299356
49,49078846
59,98817993
71,07395685
82,18506796
...

speed
0
0,999899107
1,999765789
2,999600051
3,999401893
4,999171319
5,998908331
6,998612931
7,998285122
8,997924906
9,997532286
10,99710726
11,11111111
11,11111111
...

acceleration
1
1
1
1
1
1
1
1
1
1
1
1
-0,000823215
-0,000822427
...

Table 2: Example for resulting trajectory profiles
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4.4 RUN A SIMULATION AND CREATE AN OUTPUT FILE
This section summarizes chapter 4 and provides a short step-by-step instruction
of how to run the simulation.
1. Open the input file S2RSimTool_Input.xlsx.
2. Make the selections within the input file to define the desired simulation
data.
3. Save the input file.
4. Open the file S2RSimTool_Run.m in MATLAB®.
5. Run this file (click on the RUN-button in the editor bar, or press F5).
6. The output file will be created and opened automatically.
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ANNEXES
ANNEX A - TOPOLOGIES
Within this section, the predefined, electrical topologies included in the simulation
tool are represented.
Figure 13 illustrates the topology T01, which is characteristic for a traction chain
with an AC power supply via a common transformer. Within topology T02,
presented in Figure 14, the transformer and the line converter are substituted by
an electrical transformer. The last predefined topology for electric driven railways
is depicted in Figure 15. This topology T03 is defined to cover a DC power supply.

Figure 13: Topology T01 for an AC power supply and a common transformer
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Figure 14: Topology T02 for an AC power supply with an electrical transformer

Figure 15: Topology T03 for a DC power supply
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