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Abstract—in this paper, a new generic problem formulation
dedicated to railway eectrification systems is proposed. This
formulation meets the needs for evolutivity of modern simulation
tools by using meta-models for the railway network components.
This approach has been applied to developp a new general-
purpose electrified railway simulator. As an example, a DC

PRINCIPLES OF RAILWAY POWER SUPPLY MODELING

A railway electrification system is the set of fd@s used to
supply electrical power to the trains: feeding stddion,
transformers, rectifiers, catenaries, motors ..e Thains are

dlectrification system has been simulated and the results supplied with high voltage alternative- or direatient by a

compared to those of a classical simulator for validation purpose.  third rail or catenary and the return current flowther
A comparison of different resolution algorithmsis also presented  through the rails of the track or a fourth dedidatail. The

asaresult of the possibilities offered by the new simulator. electrical
kilometer

Keywords—simulation; modeling; railway application.

. INTRODUCTION

The growth of traffic or the construction of a nelectrified
railway require a sizing study for power supplyiliies in
order to meet standard needs and expected perfoem@his
type of study is conducted using railway simulatoased on
assumptions whose outcomes serve as evidencedpogals
to size or reinforce the power supply system. Saver
simulators of this type are now available [1-4]f ey all
face the same limitations. The first one is thek lauf
generality: each simulator is dedicated to a sjpecif
electrification system. The second challenge dealth
evolutivity: new types of components, such as posterage
systems [3] [5], are more and more implementedxistiag
electrification systems, and must be accounted ifor
simulation. Last, an emerging issue regards thinaptdesign
of the railway network and its residual development
capabilities. Powerful optimization methods are now
available, but they require fast and robust modeie. purpose
of the work presented hereafter is to build a nailweay
simulator meeting those requirements: flexibilitppustness
and evolution capability are obtained by using ¢bacept of
meta-models.

The paper is organized as follows: the principlesadway
modeling are recalled, then the constitution ofrtreta-model
is proposed and the principles of its implementatio a

Power
supply

installations
data

Traffic data

locating

network is described using lines, trackad
which allow
components relatively to each other.

the diffeten

Track
Engines data
data

topology

|

Set t = begin

Determine
engine position

e —

Build
equivalent
nonlinear ciruit
I

Solve

circuit

equivalent —

Write
results

Evaluatet +1

< Results data <

Posttreatement

railway simulator are discussed. A comparison betwe Fig. 1. Block diagramm of railway power supply simulator.

different solving algorithms available for this #gpof
simulator is performed. Finally, the results of tmew
simulator and those of a reference simulator arapesed in
the case of a DC system.

The main principles of railway simulation are we#fined
[1] [2] [4] [6]. The goal is to assess the capapibf a given
power supply network to provide the trains with tlectrical

power they need to fulfill their mission at the iuled
performance level. The spatial characterizatiorthef trains'
missions allows to determine what power the networkst



provide. Most vehicles use regulation devices, ideo to
adapt the power actually drawn to what is availaimethe
network. This leads to a non-linear behavior ofdhstem and
forbids the use of power flow techniques [2] [6]rtmdel it.
Hence, circuit-style methods are required. All &alde
simulators proceed in an equivalent fashion (Fig. they
simulate the dynamic of traffic flows by generatingnon-
linear electrical circuit at each step of time, dnen calculate
all of the electrical values within the circuit.

The existence of many electrification systems [@$ fked to
the creation of different dedicated simulators,heane using

- Type of component (discrete or continuous)

- Transversality

- Desired mutual effect

- List of desired outside connections

- List of internal connections
Using these properties, an element may form omaare arcs
on the graph, generate one or more vertices, ar beeart of
the structure of those vertices. The potentiahnections do
not need to be specified in advance: if two elemeositioned
at the same place want to make the same connedtiomed
afterward, then they are both part of the creatiba vertex.

models and problem-solving methods specific to thePresence in a single location is defined spatiaylythe lines,

considered system [1] [2] [4] [6]. Analyzing thesarious
methods did not allow us to identify the one thatuld allow
a generic, expandable representation of the modslstbm,
which is why we have developed a new methodologgth@n
meta-models, and built a general-purpose, expaadabttric
railway simulator.

I1l.  PROPOSED GENERIC PROBLEM FORMULATION

the tracks that make them up, and the kilometentpoit is
also defined electrically according to the propédigcrete” or
"continuous", which indicates the element's abitidyform a
single vertex regardless its spatial position, ne @ertex on
each of the spatial positions, respectively. Thement
property "transversality" indicates its ability torm different
vertices on each track. For example, a single saina
connected to several lines, each of them feeditrgck at a

The power supply system consists of so-calleddifferent kilometer point, will constitute a singleatenary

"longitudinal” components (rails, catenaries .njl dparallel”
ones (substations, transformers, train ...). Thealusvay of
modeling the railway electrical circuit is to builth a bus
admittance matrix, defined by the longitudinal caments of
the line and stamped with predefined models of gheallel
components [1]. The different components are reprtesl by
semi-analytical models, whose parameters includsitipo
information (line, track, position on the line ihalicable). The
structure of the stamp that a component model rfulBH
depends on the considered electrification systerdrafvback
of this approach when applied to railway is tha bBus may
vary a lot, as its structure is defined by whatdwetallations
are present in the system. Additionally, the nekwads
constantly being reconfigured according to the niai
positions. Furthermore, the very notion of a bumplicates
the formulation of the circuit problem when the lwaiy
network consists of multiple lines and tracks. Tke of graph
theory allows for clever solutions to problems teth to
network reconfiguration [8] [9], but imposes coimliis on the
depiction of the elements in the graph. For exampgle
catenary will necessary appear as an edge, wislgbatation
will appear as a vertex. This reduces the evoladagability
of the problem formulation. As our goal is to depand
simulate various railway systems in a generic wag, have
chosen a different approach and implemented a dignam
graph.

A. Reconstructing a parallel/serial multi-graph

Formulating a generic circuit problem requires todble
to use component models that can be defafesiward, at the
time when the simulation is carried out. We haverefore
designed a meta-model of railway network componelytng
on a set of predefined properties. Given the pmsstiof the
elements within the network (lines and tracks ilohgs to,
kilometer point), it is possible to build the grapbf
relationships between the elements. The predefimeperties
of the meta-model are:

vertex on the graph. Fig.2 gives an example of rilgn

which interpretes a component's properties. Alloatgms

developed for each element are called when thahesie is
assigned to a new position. In response, they maudily part
of the graph. This local reconstruction reduces matation
time. The graph is initially constructed by all telements of
the power supply network. As a large railway netwvoonsist
of many elements, this initial formulation may taher long,
but the successive reconstructions, performedealoital level
as the trains are moving, are fast.
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Fig. 2. Portion of an algorithm developed to modify the tiguhph when a
new element is associated to a new position.



B. Graph coloring and optimal route

The graph formed by defining relationships betwd#gs
elements by correlating their properties does niogctly
produce a solvable circuit graph. This is becaheause of the
graph as-is may lead to the creation of a singulatrix when
the problem is formulated. This would happen ifeatex were
formed because two elements in the same positiaresthe
same connectivity while being associated with theex that
has the circuit's reference node. To handle thiblpm, we
use the fact that the elements can be directlygasdito the
vertices that they form in the graph, so that eaartice can be
colored according to the element model. We theeeftave
added to the meta-model a graph-coloring methodctwh
works as follows. The elements that define therezfee nodes
assign the indicatorm to the corresponding vertices; the
elements that use a source of voltage assign theaior 3,
and the elements that use a source of current rassig
indicator 8. The indicatora takes precedence ovfrand 6.
Next, a depth-first search within the graph stdrtsn the
reference node and retains only the sub-graphshichwthe
indicatorsp or & appear at least once.

e

Fig. 3. Dynamic building of the graph and circuit formuéatifor 2 earthed
substations suppling 2 tracks. Each track consif® catenary and a
rail. One engine is moving on track 1.
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C. Problem formulation by the components

We have created a set of algorithms that makessipte to
build the graph representing the solvable portibthe circuit
given a set of predefined general properties ofefleenents.
There are several analysis methods for formulasingjrcuit
problem, including mesh analysis, nodal analysishe use of
a modified nodal analysis [6]. Given its ease a&htmg the
circuit's nodes and the options for representatimandified
nodal analysis with linked sources of current anllage was
a natural choice for us [10]. Next we build thelgem in the
form of a matrix. The use of modified nodal anadysi
introduces constraints on potentials that increse matrix
size. An additional property of the meta-model =ed to
define this mechanism. We therefore establish eapsembly
phase, at the end of which the problem's matrincttre is
defined. As each vertex and arc in the graph iséat by the

Ax-b(x) =0 Q)
where A is the admittance matrix plus the distribution of
constraints on the potentiats,is the vector of the potentials
concatenated with the current of the constraintsléx) is the
vector of the injected currents concatenated witie t
potentials' values. Each element locally parti@patin
formulating the problem through its link indiceshi§ means
that it is represented by increasing or decreasiagralues of
the quantities located at the indices in the masrignd vectors
(admittance or current, whichever is present). #es groblem
is non-linear, the element models are needed tuleaé the
second member and the Jacobian matrix. The elemetd-
model is therefore completed by two methods used fo
processing non-linear elements:
- Evaluation of the second member
- Evaluation of the Jacobian

Just as with the formulation, these evaluationgarérmed
at the model's local level, and the models exptiess non-
linearity by increasing or decreasing the values tioé
guantities located at the link indices. It shoukl roted that
the non-linearity of certain component models dffétee
problem's topology itself. This is true, to give example, for
linear modeling using diode pieces for substatidiaking this
ideal behavior into account requires reconfigurimg network
in order to eliminate the equivalent admittancetwhed-off
diodes. To handle these topological changes, aergence
loop testing the state of the diodes has been added

IV. SOLVING ALGORITHMS PERFORMANCES

The proposed method leads to the same type of &x®lu
circuit problems than other simulators: at eaclp sietime,
one has to solve a non linear problem, characterizg a
sparse and symmetrical matrix [2] [6]. We can birfedm
their experience in how to numerically handle thipe of
problem, but we must also anticipate the fact thatv
components are to be integrated in our simulatud,that their
behavior may lead to numerical difficulties not enatered at
the time being. For this reason, we have decideds® a
powerful parallel computing library, Petsc [11], ialin
provides us with a wide range of solving methods.tHis
section, we analyze the performances of some aofi.the

Railway network power supply simulations includee th
prediction of the train displacement. Hence, traespf the
network calculated at a given time depends on #wmilts
calculated at the past time (Fig. 1). If convergefails at a
given time, none of the results obtained after bartrusted.
For this reason, the first criterion when choosingolver is
robustness: the solving method must be able to exgevfor
every problem formulated during the simulation. ezond
criterion is the computing time.

In order to determine which algorithms are the nedtient
to solve our problem, we have tested and comparader

elements (Fig. 3), thosgements possess the nodes which theyf them: linear and non linear solvers. matrix ointp

form in the circuit, and ultimately their link incBs in the
problem's structure. The element models may thexticgky
formulate the non-linear problem in the matrix form

methods, and preconditionners. The test case isrided in
section V. The simulations were performed on adaptith a
processor Intel® Core ™ i7-3840QM clocked at 2.80zG



with 32 GB RAM. Over hundred combinations of algjoms
were tested, but only the most interesting resukspresented
here. Fig. 4 to 6 report the computation time fdffedent
algorithm combinations. The average number of fi@na
required by the linear solver and its standardaten are also
given. The latest figure is interpreted as a measof
robustness: a small standard deviation indicatassttie linear
solver behaves in a similar way whatever the systesolve.

Ayerage of Standard deviation ¢f
. iteration . .
. . . Computation| iteration number
Matrix ordering | Linear solvgr . * number ) .
timeins . required by linear
required by
) solver
linear solvel
Nested GMRES 58 342 61
Dissection
Nested PCG 20 95 9
Dissection
Natural Ordering GMRES 20 17 6
oneway |- gypeg 49 223 282
Dissection
_ Quotient GMRES 18 17 4
Minimum Degred
Reverse Cuthill{ GMRES 15 17 2
McKee
Reverse Cuthil{ PCG 16 17 2
McKee

Fig. 4. Influence of matrix ordering on GMRES and PCG Ilinsalver
performances. The non linearity is handled usimgtthst region algorithm.

The matrix ordering was found to strongly influenites
linear solver efficiency, some methods being maesgive
than others. For example, Fig. 4 shows that the R@od is
less affected than the GMRES one, but that therseve
Cuthill-McKee ordering method allows to achieve iamvery
good performances in all cases.

Standard
Average off o
. - deviation o
Computatio tteration iteration
Linear solver [ Type| Preconditiongr n‘p ) number
timein's . number
required b .
. required b
linear solvef .
linear solve
PCG iterativg none 29 262 37
incomplete
PCG iterativg ~ Cholesky 16 17 2
factorization
PCG | iterativg MCOMPIEtELU) g 17 2
factorization
PCG iterativg diagonal scaling 26 198 28
GMRES iterativg none 507 3719 535
incomplete
GMRES iterativg ~ Cholesky 15 17 2
factorization
. .| incomplete LU
GMRES iterativd A 15 17 2
factorization
GMRES iterativg diagonal scaling failure 1206 1385
LU factorization| direct none 13 1 0
Cholgsk_y direct none 14 1 0
factorization

Fig. 5. Performances of different linear solver algorithifise reverse
Cuthill-McKee ordering and the trust region algonit are used.

Fig. 5 focuses on the linear solver performanceab sirow
that direct methods are the fastest ones. Howetergtive
methods with a good preconditioner are scarcely défective.
One must also consider that the GMRES and PCG mgtho
are easy to parallelize, but since the test watbpeed on a
single processor machine, the efficiency gain coutd be
assessed.

Standard
Computatio Average of iteratiof deviation of
Nonlinear solver| Numbers of failurgs tirrp\euin; number required bjiteration numbe
nonlinear solver | required by
nonlinear solver
Trust region 0 14 7 3
Basic newton's 0 13 7 3
method
Secant search i
the L2 norm of the 0 13 6 2
function
Critical point line 0 13 6 2
searcl
Backtracking line| 6 13 7 3
search

Fig. 6. Performances of different nonlinear methods, caliplih LU
factorization linear solvers.

Fig. 6 shows that all the nonlinear methods we hasgted
are equivalent, but the backtracking line searchthote
sometime fails to converge and should be avoided.

This comparison of different available methods
corroborates the conclusions found in literaturg [[. It
shows that several choices with good performances a
possible and one can think that finding an effitien
combination of method will not be an issue whensidering
new models.

V. APPLICATION TO A TEST CASE

A. Description of the test case

The proposed approach has been tested in the ¢ase o
direct-current network. The components used in thjie of
power supply have been modeled in the context ®frtleta-
model described in section Ill. These componerds ar

- Sub-station with diode

- Catenary

- Ralil

- Rolling stock

- Track paralleling hut

- Cross bond

- Line intersections

A test case involving a two-track line 50 km longthw

variable topography was simulated. Eight sub-statisupply

the traffic, consisting of six trains: four highegd, one

suburban and one freight train. This test caseti@a®ne used
to evaluate the solving algorithms in section Ng.F shows

an example of results. The same case was alsoedtudi

outage conditions, and Fig. 8 shows results whem fi
substations are out of order.
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B. Comparison with a standard simulator

The results calculated with the new simulator anegared

to those obtained with the standard tool ESMERALRAZ] in
Fig. 9 and 10 and a good agreement is observed.

Fig. 9 shows the relative difference between theedpand

voltage calculated by both simulators, in termsvaiximum

instantaneous discrepancy, average discrepancy twer
whole simulation and standard deviation. The totatel time
of the different trains is also reported and fowade very

close for both simulators. The numerical implemgaota of

the railway network model is different in both silatiors, so

that their results cannot be exactly the same. Spumetual
discrepancies are observed, which may be ratheoriaupt for

outage conditions, but the average relative diffeecover the
whole simulation is always less than 3%. This iaths that
both simulators predict the same overall dynamigion of

the system.



Relative difference between ESMERALDA and the ne@ o
simulator for instantaneous values in time in % | 2 ?\:
s §o
£ % Speed Voltage level E £
c | = =
g 55| % (25| 25| %s |B5|2
£ o Sa |ocg| E2 Co |ocg| s S
s2leg|ss| s e |sg|e”
Eo |82 58| E2 | 32 (58|
o T kel kel
1000 6.66 0.09 0.17 3.10 0.29 041 0.01
200 4.05 0.10 0.17 7.94 0.46 0.45 0.03
,E 3.00 164 0.20 0.14 4.25 0.64 047 0.15
£
2 |400 4.03 0.08 0.17 6.17 0.27 026 0.04
500 3.75 0.18 0.4q 3.57 0.10 017 013
6.00 1.37 0.05 0.14 11.71] 0.16 0.33 0.00
100 1161 2.64 3.2 21.72] 3.35] 52 2.09
200 6.26 157 1.56 11.82] 141 113 1.09
% 3.00 4.19 0.37 0.2q 11.70) 0.78 112 0.28
3 |400 306 0.20 0.2q 7.83 0.30 0.38 0.03
500 14.52 0.89 1.71 27.20] 1.45] 244  0.30
6.00 2.05 0.15 0.29 35.45 0.18 091 0.01

Fig. 9. Comparative table of dynamic evolution of speed
and voltage level for the six trains.

Once that it has been checked that the global disaaf the
train are similar for both simulators, we can expsimilar

results at the level of the substations. For tleiason, we
restrain the analysis to the maximum mean powepl@gpby

the different substations. Fig. 10 reports the Itestalculated
by both simulators. The "1 min" (resp. "60 min")lwon

corresponds to a mean value calculated over a Uiteninesp.
60 min) sliding time interval. The results are velyse with a
relative difference always less than 2%.

c|s £ | Maxmumof moving_average of Relative
8 = = power supply in KW difference in
Bk £ | Newsimulator] ESMERALDA | %
°lz| 8 1min | 60min| 1min| 60min 1min 60 mn
1 0 [4492.69 1796.41 4486.18 179562 015 003
2| 10 |3855.13 1683.52 3854[19 168395 (.02 (.03
_ 3| 15 [3462.71 1259.99 3463p4 1260.05 Q.02 0.04
.é 4 20 [5277.80 2035.95 532050 2040.80 (81 Q24
2| 5| 30 |4706.66 2354.19 470444 2352.86 Q.05 006
6| 40 7205.85? 2098.48 72021 209343 (05 (23
7| 45 [3657.60 1172.96 3650442 117110 dos o8
8| 50 [3574.92 918.8p 357249 916222 007 0|28
o1 0 |[6837.07 1967.43 6880.69 196590 064 009
g 2 10 |6192.9% 4326.17 619182 4328.41 (.02 (.04
° 8] 50 7246.8{'3 4033.46 715203 40271.89 1.32 Q15

Fig. 10.Comparative table of maximum of mean of power sy
installations.

VI. CONCLUSION

A new methodology for generic formulation of railwa
electrical simulation problems has been proposased on an
original meta-model of the network's components Thke of
this meta-model makes the simulator expandable d& n
components, whose models are not known yet. Théaadst
developed around this meta-model allow to expiicitl
formulate the non-linear circuit problem to be salvlIts use
has been tested in the case of direct-current réleation
systems. Dissociating the explicit formulation bé tproblem
allowed us to compare and select the most effectoreing
algorithms. A comparison with a standard simuldtas also
been performed, so as to validate the new simulaibe
creation of a component library for alternatingrent
electrification systems using the meta-model isently being
studied in order to confirm the genericity of theomosed
method. Furthermore, this methodology will alsaritegrated
into a rail simulation software platform in ordey handle
larger problems related to optimization of the powapply
network.
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