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In this work a tool called TrEnO aimed at evaluating efficiency, power dissipation and consequently the
thermal behavior of several components of the traction system is proposed, in order to quantify the overall
energy consumption and to provide instruments for its optimization. The tool takes into account the main
line design parameters and more in general the required mission profiles. The model has been designed
and developed in Matlab-Simulink™ environment, for mainly two purposes: firstly, this environment allows
to easily develop overall optimization procedures of both braking and traction systems with respect to one
or more design parameters and some fixed constraints on the line and/or on train components. Secondly,
this type of develop tool allows a fast prototyping of the developed procedures for RT code, to be used for
on board, diagnostic and prognostic systems.

1. Introduction

The design of fast and efficient models for the simulation and the optimization of railway traction systems
is still an object of research and industrial interest, as stated by the recent contributions as for example
(Baccari, 2012). This kind of models could be also used for the fast prototyping of model based controllers
or integrated as a part of Hardware In the Loop testing system, as proposed for instance in (Pugi et al.,
2012).

In particular among the various works currently available in literature it's possible to distinguish between
models which are more specialized on the design of on board components and subsystems as in (Baccari,
2012) and models which are more devoted to the optimization of the complex interactions of the supply
power systems, considering the interactions between different trains traveling on the railway net as the
OpenPowerNet tool (Stephan, 2008).

In particular in the second scenario, the simulation of the interactions of the entire net considering both
vehicles, power supply system including track and overhead line circuit, models used to simulate single
components and in particular the on board ones, have to be drastically simplified in order to be maintained
to an affordable level, required by the available computational resources.

However also in this case, a mixed approach can be considered, in which the level of detail, used for
different components of the system is adapted to meet testing specifications (Stephen, 2008). For instance
a detailed model of a train composition with its own on board subsystem should be interfaced with a tool
able to simulate a railway net in which a much more simplified approach is adopted to model the other
vehicles traveling on the line.

In this work a modular model of the onboard traction system of a railway vehicle is proposed. It is able to
cover different applications ranging from low power DC metros and tram to high power applications such
as high speed trains or heavy haul locomotives in order to calculate mechanical electrical and thermal
behavior of components.

The following tools complete the model:
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1) Mission Designer: a tool for the design of mission profiles including, line design, altimetric profile,
intermediate stations, speed limitations introduced by the signaling system, and other mission targets
or constraints;

2) Virtual Driver: a tool able to recreate a near to realistic sequence of maneuvers according the simulate
state of the line, and of the simulated running condition of the train. The model should be used to
simulate a virtual driver following different operating strategy which should be constrained by speed
limitations and interventions curve of on board ATP, ATC (Automatic Train Protection and Automatic
Train Control) systems. The system could be forced to a customizable logic of maneuvering which can
simulate also unmanned on board systems such as ATO (Automatic Train Operation).

3) Mission-Vehicle Optimizer: it is an automatic iterative procedure for the optimization of mission or
vehicle parameters with respect to customizable target functions such as energetic efficiency, thermal
behavior of critical components, different driving strategies corresponding for instance to different
blending of braking (electric and/or pneumatic) and/or to constraints arising from signaling system. Also
a weighted target function considering a mix of different aspect to be optimized can be defined. Since
an optimization procedure performed using an iterative approach can be computationally expensive,
parallel computing and efficient code have been specifically designed for the application. The used
algorithms are derived directly from the routines available in Matlab Optimization Toolbox™ for
constrained problems (Byrd et al., 2000), (Coleman et al., 1996). As further option the optimizer could
be also used to perform Montecarlo simulations of scenarios in which some parameters are randomly
perturbed in order to assess the sensitivity or robustness of the system.

Parts of the developed code could be used for the design of model based controllers and prognostic tools,

due to the modular structure of the code and to the possibility of compiling its modules for different kinds of

C or C++ targets.

For instance compiled sub-models of the proposed tool could be integrated in distributed prognostic tools

such as the one proposed by (Huanhuan, 2012) in which the protected system can be managed with

respect to a virtual performance calculated by a simplified model running in real time.

2. Modular Model of Vehicle and Traction System

2.1 Mechanical Model

The mechanical behaviour of the vehicle is simulated according a quite efficient mono-dimensional model
of the train which has been developed in previous research activities (Pugi et al., 2006) and described by
equation (1):

F+F +F +F +F =0

n
F/ = Z F“. is the sum of longitudinal traction efforts on motorized wheels-axles of the train

i
Fp =—mgSIn & = mg1 Gravitational contribution due to slope (1)
FC = —mgi( Lumped contribution to resistances due to curves and line design
Fi = —mlx Inertial term

2

F, =-mF, =-m (av +bv + c)

where m is the whole train mass, g is the gravity acceleration, i is the inclination angle, i. is the inclination
angle due to the curves, and m; represents the equivalent inertia including the contribution of the rotanting
masses of wheels, axles, brake discs and motors. In particular in order to consider degraded adhesion
condition, longitudinal efforts applied to the wheels are saturated to a value that depends on the available
adhesion simulated on the line.

For the pneumatic braking system a simplified model is adopted: a static gain G, considering the scaling
factor between the driver command and corresponding braking performance is introduced. Delays and
more generally the dynamical behaviour of the pneumatic braking system is simulated using a non-linear
first order filter (2), whose time constant t is variable in order to reproduce different dynamical behaviour
corresponding to different operating condition (service or emergency braking, release, WSP interventions
etc.), which have been developed in a previous study relative to a complete and accurate model of
pneumatic brake plant (Pugi et al.,2006).
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Since a trend of modern metro and railway system is the maximization of electric braking respect to the
pneumatic one, also the blending of the two kind of braking system is modelled considering a mutual
dependency of pneumatic and electric effort, which in the more general condition can be modelled as a
function of speed, load of the vehicles, kind of braking manoeuvre (service, emergency) and finally plant
failures and degraded conditions.

2.2 Modular Model of On Board Traction System

In order to build up a parametric model of the traction system the reference models described in Figures
1/a and 1/b for current collection system are assumed. The electric model aims at evaluating efficiency,
thermal behaviour, and the main mechanical outputs (torque, accelerations), so all the proposed models of
the electric and electro mechanical components are implemented in terms of mean values, neglecting high
frequency transients associated for example to switching of power electronic devices. Losses due to
harmonics are introduced only in terms of tabulated values as a function of frequency, extracted from
experimental data or extrapolated from dedicated models of the considered power electronic systems.
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Figure 1/a: simplified scheme of traction circuit with  Figure 1/b: simplified scheme of a scheme of
DC current collection system traction system with AC current collection system

In particular the following parametric components are modelled:

1) Motors: each motor is modelled as a sub-system in which mechanical, electrical, and thermal
behaviour have to be considered as shown in the scheme of Figure 2. For the mechanical sub-model
the exerted torque M; of the j-th motor is an output which is converted in the corresponding traction
effort F; of the i-th axle considering global transmission ratio and efficiency. It is worth to note that
multiple axles should be connected to a single motor. With the same criteria the mechanical speed of
the motor is an input calculated from train velocity considering pure rolling condition of wheels and
equivalent transmission ratio. From an electrical point of view, squirrel induction machine motors are
modelled according the approach proposed by (Krishan, 2001). Introducing slight modifications
(including mutual induced fluxes and emf between winding of the two stars), also double star squirrel
cage motors should be modelled, since they are sometimes used in locomotives as the Italian E464
(Mantero et al., 2000), (Pugi et al., 2009). Also PM or wounded synchronous motors are modelled
following the simplified approach proposed by (Krishan, 2009). Motor operating conditions in terms of
applied voltages and currents are calculated considering a simplified scheme of vector controller: in
particular it's considered a F.O.C. (Field Oriented Control) scheme in which direct and quadrature
components of stator currents respect to a synchronous reference are controlled in order to control
both torque and magnetization of the motor (Krishan,2001). In this work an indirect F.O.C. controller is
assumed for asynchronous machines. For Permanent magnet motors the corresponding
implementation is described in (Krishan, 2009). Torque and flux references (in case of flux weakening)
are calculated considering driver manoeuvre and assigned performances of the vehicle both for
traction and electric braking. The dissipated power calculated through the electric model of the
machine including magnetization and harmonic losses are used to calculate component efficiency and
the thermal power dissipated in the motor and to evaluate a mean reference temperature of the motor,
according to the simplified thermal model described by Eq. (3). The temperature value is then used to
modify/change the corresponding impedances of motor circuits.
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2) Inverter: Motors are fed by inverters. Efficiency and consequently the power dissipated by the inverter
is tabulated as a function of frequency, currents, and corresponding switching/operating mode. A
simplified thermal model similar to the one described in (3) is used to calculate a reference temperature
for the component.

3) Filters: losses due the impedance of inductive and capacitive filters (C and LC filters) are modelled
considering also the dissipative effects introduced by bleeder resistances of capacitors. Also in this
case a reference temperature of the component can be optionally calculated using the first order filter
described in (3).

4) 4Q-Choppers-Rectifiers: Voltage of vehicle DC bus should be fed and stabilized using one, two or even
more multiphase choppers. Chopper sub-model is quite simple, since they have to allow an easy
customization of the model, in order to make possible the simulation of different traction schemes,
including for instance more chopper groups in parallel or series (multiphase or multilevel systems). In
this way despite the simplicity of the adopted model, it is possible to simulate a wide range of traditional
and conventional traction schemes, for example those described in (Perticaroli, 2001), (Bieber, 2001)
or even innovative or uncommon examples as the one described in (Marchesoni, 2002).

5) Transformer: on vehicles operating on AC lines, a transformer is usually installed, as shown in the
simplified scheme of figure 1/b. From a thermal point of view this may be a quite critical component,
since wrong or excessive optimizations aimed at reducing weight and dimensions may lead to an
undersized design of the system, which has to be typically liquid cooled. For this reason the calculation
of the power dissipated on this component is relatively more detailed with respect to other components,
and it takes into account not only the resistive losses on primary, secondary and auxiliary windings but
also of the pumps power dissipated in the cooling circuit.
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Figure 2: Simplified scheme of the motor subsystem including mechanical, electric and thermal
model

3. Mission Profile and automatic driver

The proposed model takes as input the properties of the line on which the simulation is performed. These
data includes line topographical features (e.g. line gradient, presence of curves, curve radii, presence of
tunnels, train stops and stations), electrical features (voltage, type), the maximum speed allowed for each
part of the line. These data are provided to the simulator in a tabular form, e.g. in an Excel file, as a
function of the progressive distance from a reference starting point. Starting from a static speed profile, a
dynamics one is evaluated: each time a downhill speed variation is present (for example, if the maximum
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speed is decreased or in presence of a train stop or a station), starting from the target point and
proceeding backward, the maximum speed value that can be safely reached by the train is evaluated
taking into account its braking performance, including initial delays and transient behaviours, and line
properties.

During the simulation, each time the train meets a positive variation of the allowed speed, the traction is
activated, as the speed tends to reach the dynamic speed profile above defined, the traction is
progressively released in order to smoothly reach the allowed speed. If, for any reason, the evaluated train
speed overcomes the allowed one, it begins to brake, until the speed limit is satisfied. Each time a
negative speed variation or a train stop is approaching, the train starts to brake in advance, the starting
point of the braking phase is evaluated with the dynamic speed profile previously defined. Commonly the
drivers tend to release the traction a while before the beginning of a braking, in this phase the train
decelerate (or accelerate) according to the external aerodynamical resistance and line gradient. This
phase, usually referred as coasting, can be simulated by the tool by specifying the distance before the
braking start.

4. Preliminary Validation Process

Some preliminary validation tests were performed with different types of vehicles and scenarios, ranging
from high-speed trains to urban vehicles like trams and metros. In this paper, for the sake of brevity, the
results relative to an high speed train are presented.

The simulated train is the Ansaldo Breda EMU V250, simulating a standard mission profile on the railway
line between Amsterdam and Bruxelles considering speed limitations imposed by line and signalling
systems and voltage supply variations. The train is composed of 8 coaches and is designed to operate on
3kV DC, 1.5kV DC and 25kV 50 Hz AC overhead power supply, allowing operations on both Dutch and
Belgian electrified networks. Traction is distributed with alternating powered (M) and trailer (T) vehicles in
MTMTTMTM formation. Electric traction power is controlled by water-cooled IGBT inverters powering
asynchronous motors. EMU V250 is fitted with ETCS Level 2 and local train safety systems
(AnsaldoBreda, 2011).The results obtained from the proposed analysis tool have been compared with data
and results provided by Ansaldo Breda, obtained with an internal software tool widely validated with
experimental data and optimized with the experience of technicians and railway operators. In particular in
Figure 3 some results in terms of train speed and power absorbed by one of the traction motors are
shown. The figure shows how the train tends to follow the imposed speed profile by activating the traction
each time a positive speed variation is met, and by activating the braking with a properly defined advance.
The comparison between the results evaluated with TrEnO and those obtained with the standardly
adopted internal tool are very close and substantially in accordance in all the operative conditions. This
qualitative agreement between these results is confirmed by the statistical analysis of the error
distributions, summarized in Table 1, that shows a overall error between the obtained results whose order
of magnitude is about 1%.
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Figure 3/a: calculated speed profile of EMU V250 Figure 3/b: calculated power/motor profile of
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Table 1: Mean (relative errors on time sampled results), statistical distribution of Errors (Emu V250
Amsterdam-Bruxelles line)

Speed Collected Power Power to motors Electric Traction Pneumatic
and braking effort Braking Effort
Less than 0.5 % less than 0.5 % less than 0.4 % about 1 % about 1 %

5. Conclusion

The paper presents the main features of the tool TrEnO, developed to analyse and optimize the
performance of a train from an energetic and efficiency point of view. Currently the development of TrEnO
tool is practically complete, and some preliminary validation tests are quite encouraging. Further activities
are on-going in order to validate the code especially for the part concerning thermal model, where less
data were available during the first development phase and for which an extended experimental feedback
is needed. Also a major effort has to be performed in order to extend and apply the use of TrEnO both for
simulation and fast prototyping of prognostic and diagnostic applications.
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