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Abstract

The energy consumption of electrical railways isimyainfluenced by the
driving states and the propulsion efficiency cheeastics of the trains as well as
by the behaviour of the traction power supply systéor this reason the idea
was to create a plug-in simulation module for raywpower supply networks
using the advantages of an existing commercialeailoperation simulator. The
new developed energy simulation module called OpemPNet works together
with the Swiss OpenTrack railway operation simul@® a so called “co-simula-
tion”. OpenPowerNet is able to simulate all comn#&® and DC-railway po-
wer supply systems taking into account the entieetgcal network structure. It
can be used as an energy prognosis and analysiaseeell as for the planning
and optimisation of power supply installations. Tdeeuracy of the simulation
was verified by a lot of realtime measurements.

Keywords: Simulation Tools, Planning, Operationsa{ity, Energy Manage-
ment, Power Supply Systems

1 Introduction

For prognosis and analysis of railway energy comion the use of simulation
tools is state of the art today. For that purposersiderable number of software
tools with different preciseness is available. Bi& modern software technology
offers new possibilities to improve the simulation.

The electrical load flow within railway powsupply networks and the train
energy consumption depend both on the running graimd the power supply
system characteristics. In contrast to public epeligtribution systems there are
moving energy consumers with a time-dependent pal@arand picking up and



recovering energy at changing locations. The nekvetructure and the voltage

situation influence the internal load flows because

* currents and power losses increase with decreasitages,

» under low voltage conditions current or power latitins of the train pro-
pulsion control can be activated with impact ondhging dynamics,

» the network voltage determines the braking eneeggvering decisively.

Thus the power supply system may influence theitnacharacteristics of the

trains and the railway energy consumption.

The simulation of these dynamic processesvalliie analysis and prognosis
of load flows and energy consumption as well asdibgign and rating verifica-
tion of the electrical installations. However aligi&c prognosis by simulation
requires detailed information about the presentgrosonsumption, the actual
position of the trains and the capability of thevpo supply network available
simultaneously. Therefore a series of compromigbgreconcerning the railway
operation simulation or the electrical network mtdg depth were made in the
past. For this reason the idea was to create aiplgimulation module for
railway power supply networks using the advantagfesn existing commercial
railway operation simulator.
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Figure 1-1 Co-simulation of railway operation and electricatwork

2 General Requirements

The new electrical network simulation module cal@genPowerNetwas de-
signed by IFB to enable a so called “co-simulatianth the SwisOpenTrack
railway operation simulator (Figure 1-1). Each peorg should have its clearly
delimited task. OpenTrack deals with the timetdidsed train operation simu-
lation using the infrastructure and train data. @mwverNet shall simulate in
sync the entire electrical network taking into aotiothe networks voltage



situation depending on the train’s power consunmpnod position. All retro-
active effects to be considered exactly. OpenPowesNould be able to simulate
all common AC- and DC-railway power supply systeaisng into account the
entire electrical network structure. Furthermoréfedént levels for the train
propulsion modelling should be available. Variowstgprocessing tools should
enable multiplex data analyses.

3 Design and Functionalities

3.1 Primary Software Structure

OpenPowerNet itself consists of two modules:

» the “Advanced Train Module” (ATM) modelling the grolsion technology
of the trains in detail and

» the “Power Supply Calculation” (PSC) for the el@at network calculation.

During the simulation run time both modules are rdomted with the
OpenTrack railway operation simulation using a albed APServer. It is respon-
sible for the data transfer between the single resdand the connected data
bases of the network and propulsion data (Figutg 3-
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Figure 3-1Simulation steps and data transfer

OpenPowerNet is working on a time step basis symibed to OpenTrack. In
the following the simulation procedure within orime step is explained: To
calculate the train driving dynamics OpenTrack raiynuses the tractive effort



characteristics of its own database. Connected thitOpenPowerNet simulator
OpenTrack stops at this point and sends a calounlagquest to the connected
electrical network and propulsion simulation. Tliere all needed information
as train_ID, engine_ID, line_ID, track_ID, presardin location, speed and si-
mulation time are transferred to OpenPowerNet. AReServer ensures that the
corresponding electrical loads of the trains aterpolated at the right positions
of the electrical network (mileage, track). Duritig network calculation it con-
trols the iteration processes between the ATM &@ modules and delivers the
results to the data base as well as back to OpekTra

Respecting the train positions obtained fropefrack the electric power
data of the trains are transferred to the PSC. i@erisg all electrical train loads
of the previous time step the PSC at first delivarsnitial network voltage dis-
tribution. Following the predefined pantograph agks of the trains are transfer-
red to the ATM. Therewith the propulsion calculaticeflecting all properties
and limiting values is performed resulting in toequrevs, tractive forces and
train currents. Afterwards these current valuesteamsferred back to the PSC
network calculation and the calculation cycle isa&ted until an iteration limit is
fallen short of. Lastly the achieved tractive foredlecting the propulsion capa-
city under the real voltage conditions is trangfdrback to the railway operation
simulation. OpenTrack now continues its operatimnutation using the results
of OpenPowerNet. Thus the influence of the eleakqrocesses on the railway
operation is modelled exactly. Additionally all pemsupply network and energy
consumption data are available for further evatumati

The communication between OpenTrack and OpeaRdet is realised via a
SOAP (Simple Object Access Protocol) interface gigiML-based data descrip-
tions and TCP/IP protocols. Normally both softwaystems should run on the
same hardware simultaneously due to performanterieibut it is also possible
to run the simulations in parallel on different qmuters connected via Internet.
The data transfer between the modules is organitibsing the RailML stan-
dard.

3.2 ATM - Advanced Train Module

The Advanced Train Module (ATM) was integrated i@penPowerNet in order
to simulate the propulsion system behaviour oftthas depending on the net-
works voltage situation. It offers a more detaiteddelling as it is implemented
in the railway operation simulation. Thus the prsfmn characteristics resulting
from the ATM calculation have top priority. Besidié® propulsion characteris-
tic simulation the ATM also controls the energyaeering management during
braking processes considering the energy absorpéipability of the power sup-
ply network.
Within the ATM there are 4 modelling levelsadlable for the propulsion

simulation:

1) constant efficiency factors for the entire prispn equipment,

2) driving state related efficiency factors,

3) load depending efficiency factors of single comgnts,

4) detailed mathematical engine models of companent



Additionally the auxiliary and the eddy curremedk power consumption can
be considered as fixed values or time functionpaetvely. Furthermore any
limiting values of the propulsion control (e.g. tagle related current or power
limitations) are implemented. The component stmgtf the ATM is shown in
Figure 3-2 for an AC powered train.
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Figure 3-2 Arrangement of the propulsion system componentthioATM

The propulsion simulation was verified by a lotcoimparison measurements. As
an example Figure 3-3 shows the pantograph voliagethe current characteris-
tics of a high speed train accelerating up to 308, lpersisting at the maximum

speed and braking to zero again. It is clearlybléshow the network voltage is

influenced by the train’s power depending on itsifion. On the other hand the
decreasing network voltage increases the curreat.|Buring the braking phase

the voltage is raised due to the energy recovefigrther simulation and mea-

surement examples will be shown in the conferemesemtation.)

Using the existing data interfaces the ATMIddee replaced in the future by
an origin train propulsion control unit enablingsa-called “hardware in the
loop” simulation. This would offer the possibilitg use a common railway ope-
ration simulator for equipment test laboratoriealug with realistic railway line
simulations.
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Figure 3-3Propulsion model verification

3.3 PSC - Power Supply Calculation

Regarding conventional task formulations for posgpply network simulations
the following development requirements to the PS&lue were set up:

simulation of all common AC and DC railway powepply systems,
representation of the entire electrical networkcttire,

unrestricted configuration of longitudinal condustalong the line,

precise consideration of the electromagnetic cogpkffects between the
longitudinal conductors within single phase AC syss$,

switch status changes of the railway power supyptyesn during the simula-
tion run,

retroaction to the railway operation simulation é@prack),

iterative communication with the propulsion simidat(ATM),

configurable data output,

interfaces to professional post-processing toksMATLAB or EXCEL.

Figure 3-4 shows the universal power supply netvabricture for a DC 0.6 kV
system, Figure 3-5 gives an example for an AC % %x\2 50/60 Hz railway po-
wer supply. The modelling of the electrical netwatkucture (i.e. feeding sec-
tions, feeding points, connecting points, switctist) must be in congruence to
the track topology of the railway operation simigat Therefore a uniform mile-
age as well as a coordinated line_ID and track_éDlafation is to apply. Res-
pecting this basic approach the following data havee implemented:

electrical properties of the feeding power grid,
electrical characteristics of the substations @fammers, converters, switch-
gears),



» electrical characteristics of the installed condtgt(cables, catenary wires,
tracks, rails),

» electrical characteristics rail-to-earth,

» modelling of additional power consumers (e.g. sivhieatings, depot loads),

loading capacities (cables, wires, converters sftamers),
*  protection settings.
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The modelling of the overhead catenary and returreat system (Figure 3-6) is
realised by a sequence of slices representingtbhelgeometric conductor arran-
gement and the material properties (Figure 3-7usTan arbitrary number of
longitudinal conductors can be modelled. Basecherconductor’s positions and
the current direction the electromagnetic coupéffgcts and their impact on the
current distribution of the single conductors witiiC systems is considered.
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Figure 3-6 Arrangement of conductors of the overhead catesystem
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Figure 3-7 Geometric conductor model for the overhead catesgstem



Due to the excessive geometrical arrangement ghiserithere is no need for
any impedance determination in advance. For thetradel network calculation

the well known method of nodes is applied usingquatomated matrix and vector
description. However there is a special extensiotnis method considering the
voltage drops caused by self- and mutual indudbipa new mathematic proce-
dure (for AC systems only). Using transformationtnicas for the inductive vol-

tages the electromagnetic coupling is implementidowt the need of an itera-
tion. Thus both the computing time and the resitcuracy could be decreased.
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Figure 3-8 Electrical network calculation principles applied®penPowerNet

The verification of the PSC was done at first Hgrge number of punctual theo-

retical tests as

» current sum zero for single network slices,

» energy picking up and recovering balances,

e correspondence of voltage minima / maxima and juneggpectively with
the network structure during constant load test.

Additionally the simulation results were compareithwnetwork measurement
data of predefined load cases from tramway andketiolis networks as well as
from high speed railway lines. As evaluation crdehe driving dynamics of the

trains, the current-, voltage- and power charasties were utilised. The diffe-

rences ascertained by comparison of simulationlteesund measurement data
were less than 3 %. (Some examples will be showthénconference presenta-
tion.)



4 Commercial Application

4.1 Intentions and Advantages

The railway power supply simulator OpenPowerNetesimpposing on the rail-
way operation simulation tool OpenTrack can be usgdn energy prognosis
and analysis tool as well as for design and opétiga tasks of power supply in-
stallations. The outstanding advantage of the wu#sition is the separation of
the different simulations tasks. From the softwam@vider’s view this allows an
independent development and maintenance stratedyoth software tools res-
pecting only the interface specification. Each sida focus on the improvement
of its own very specialised tasks. But also frora tiser’s view the presented
solution offers respectable advantages: The railwawer supply simulation
requires a network modelling with a very high coexity. Therefore the set up
of an executable operation simulation at first withthe complex electrical net-
work is a solid basis. After that the electricahslation can be added step by
step. Thus the fault probabilities are minimised.

Meanwhile a lot of railway and tram operatosg operation simulation tools
like OpenTack for planning and analysis tasks girtdaily business. However
the electrical network simulation is restrictedviery special problem cases be-
cause of the extensive modelling effort. Besidestiwaa department different
from the operation planning team is responsiblettierelectrical issues. Apply-
ing conventional power supply network simulatorgath case the railway ope-
ration simulation must be set up once again. USipgnPowerNet the already
existing railway operation models of OpenTrack @k alignment, signalling
structure, train and engine library or time talbde de easily adopted. The mo-
delling process can be concentrated on the elattissues exclusively. This
saves time and costs.

4.2 Simulation Examples

4.2.1 High Speed Railways with AC Power Supply

On the new High Speed Line Zuid in the NetherlatidsOpenPowerNet simu-
lator is intended to apply for the commercial tramergy billing of different train
operators. Based on the present timetables andst train types (Figure 4-1)
the energy consumption of all trains including #hectrical network losses is si-
mulated and partitioned to the train operating canigs on substation level
(Figure 4-2). The simulation results for the faétfree operation are the basis for
the monthly energy cost accounting. Thus extensieasurements onboard the
trains of different train operators and a volumisaata transfers is not neces-
sary.
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Figure 4-1 Simulated current diagram of a high speed traifi8h Zuid (NL)

Energy Consumption

37,861%

Orot to bel
45,556%
M bel to rot

Olocal train

16,583%

Figure 4-2 Partition of the total energy consumption to difietrtrain groups

Currently for the new Chinese high speed line fiduhan to Guangzhou with a
length of approximately 1,000 km the rating of tmetire power supply and
return current system is examined with OpenPowerRet the regular daily
operation with high speed and regional trains amim operating headway of 3
min is required. The enormous extent of the lind dre densely operation pro-
gram can be considered as a worst case for théitigpaf the simulation tools.



Nevertheless OpenPowerNet was able to simulaterntiee power supply net-
work structure including the overhead catenaryesysdf the line for a represen-
tative 2 hours peak operation phase. As resultéall@ving values and charac-
teristics were obtained:

» train diagrams (speed profiles, graphical timetshle

e train current characteristics,

* minimum and maximum pantograph and overhead liftages,

» contact wire and cable currents,

» transformer loads,

e power and energy consumption on substation and pgrigtlevel,

« total energy balance,

» efficiency characteristics including component+ethpower losses balance,
» rail-to-earth potentials.

(Some typical examples will be shown in the confesepresentation.)

4.2.2 Tramway and Trolley Bus Networks with DC PoweSupply

Recently the analysis and optimisation of the erdiurich Tram and Trolley bus
power supply network was successfully performedchwitpenPowerNet. The
purpose of this investigation was on the one hamgak point analysis for the
power supply system and than again a network ogditiain study for future ope-
ration and rolling stock scenarios. ConsideringranT network length of appro-
ximately 300 km and an electrical connected Trdllesy network of 220 km
length with more than 40 DC 0.6 kV substationsoitaltalso this application can
be indicated as a worst case from the simulatioimtpof view. However
OpenTrack as well as OpenPowerNet were able tolaiethe afternoon peak
operation with 7.5 min headway on each line albbrate without separating any
parts of the operation or the electrical networkeo the large network size the
electrical simulation needs multiple real time. Thavhy the simulation duration
should be restricted to the peak operation intemithl the maximum load .

Considering the enormous amount of result dataing out of the simulation
the post-processing (i.e. the creation of diagram statistics) had to be auto-
mated using the commercial MATLAB software. Resperthe investigation
tasks with simulations of 4 future operation sca®a (2007, 2010, 2015, 2020)
approximately 2,500 result diagrams were produagdnaatically only for the
weak point analysis. The diagrams and tables fragurE 4-3 to Figure 4-8
show some selected result examples. (Further dizggend a simulation movie
will be shown in the conference presentation.)
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Figure 4-7 Cable load statistics and protection limits of bgtation switchgear
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5 Summary

In order to simulate railway power supply netwobesed on the operation pro-
gram considering all infrastructural and rollinggt related impacts a new simu-
lation tool called OpenPowerNet was developed [B. IBpenPowerNet works
together with the common Swiss railway operationudator OpenTrack as a co-
simulation. The tasks and properties of the sinmatools can be summarised
as follows:

Operation Simulation (OpenTrack)

» precise railway operation simulation as a commestiaulator,

» co-simulation with the electrical network calcutetiof OpenPowerNet,

* online-communication between operation and eletmetwork simulation
via SOAP-Interface using the RailML data interchafgrmat,

» retroaction of the electrical network conditionglie train driving dynamics
within the railway operation simulation,

e automatic disturbance generating caused by the psupply.

Load Flow and Energy Calculation (OpenPowerNet)

« complete electrical network calculation reflectihg network structure, the
conductor properties and the electromagnetic cogpffects,

* input of the electrical network parameters by usthe geometrical conduc-
tor arrangement and the material properties witlestricted configuration,

» switch status changes of the electrical networknduthe simulation,

» configurable modelling depth for the train propofssystem,

» comprehensive analysing and interpreting tools rggneload flows, cur-
rents, voltages, temporal / local) as well as @afsort for post-processing.

The main advantage of this solution is the clepasation of the different simu-
lations tasks. On the one hand this allows an iedéent development and
maintenance strategy for both software tools resmgonly the interface speci-
fication and on the other hand it decreases theettiog effort and the failure

possibilities.

OpenPowerNet can be used for the entire spactif railway power supply
systems from DC tramway networks up to AC poweriggh Bpeed railways. By
means of selected simulation results the capahifitPpenPowerNet as a new
OpenTrack family member could be demonstrated.



