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Abstract: 　 Electricity has been the majo r source o f po wer in mo st railw ay sy stem s. Reliable,

efficient a nd sa fe po w er distribution to the trains is vitally impor tant to the ov er all quality o f railw ay

service. Like a ny la rge- scale eng ineering sy stem, design, o peration and planning o f trac tio n pow er

systems rely heavily o n co mputer simulation. This pa pe r review s the majo r featur es on modelling and

the g enera l practices fo r tra ctio n pow er system simulatio n; and int roduces the dev elo pment o f the

la test simula tio n appro ach w ith discussio ns o n simulatio n results and practica l applications. Rema rks

will also be giv en o n the futur e challeng es on trac tio n pow er sy stem simula tio n.
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0　 Introduction
Elect rici ty has becom e the primary source of

t ractio n pow er in modern rai lway s. All metro

systems a re now o perated by elect ricity in o ne

fo rm o r ano ther. While the diesel o r co al driv en

t rains are stil l heavi ly used in som e co untries,

they are of ten limi ted to long -distance

com muta tion and /o r f reig ht t ranspo rta tion.
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Elect rici ty uti li sation is the t rend of rai l

t ranspor tatio n, just the sa me as fo r social

adv ancement. No t o nly does i t provide a reliable

pow er source and enable robust t rain

perfo rmance, i t i s also an envi ronmentally

f riendly means to consume energ y. Smo ke and

pollutants f ro m combustion engines are sim ply

no t accepta ble fo r o perations in enclosed

envi ronment, par ticularly in m etro sy stems.

Eliminating the need to carry fuel o n boa rd may

be seen as a no ther adva ntag e of using elect rici ty

fo r rai lw ay tractio n. How ev er, the pow er

dist ribution along the railw ay lines and the

equipm ent to facili tate pow er t ransmission just

pose ano ther m ajo r eng ineering problem instead.

Indeed, the adv antag es of elect ric t raction

pow er do no t come wi thout a hi tch.

Elect ro mag netic incompatibi li ty wi th the

signalling systems was the early problem and is

stil l raising major concerns. In so me cases,

physically separated systems fo r t raction pow er

and sig nalling hav e to be adopted, such as the 4-

rail arrang ement in the Lo ndo n U nderg round

[ 1 ]. With adva nced pow er elect ro nics t raction

driv e system , harm onics may be g enerated,

w hich is sig nificant enoug h to contaminate the

electrici ty supplied to other users. Other co ncerns

include safety ( touch v ol tag e on rails) , opera tion

( ov erloading, system fault and po ssible

equipm ent failures ) , pro tection ( lightning and

va ndalism ) , maintena nce ( rail co rrosio n due to

st ray current , pantog raph and ov erhead line

interactio n ) and planning ( line ex tensio ns,

shorter headwa y o r higher speed) .

With the inevi tably high capital co st in a

railw ay system , the study on traction pow er

system starts f rom the design stag e. Sizes and

lo cations of the feeding substation and ratings of

the pow er equipm ent to cater for the ex pected

t raf fic v olume a re among the fi rst questio ns f rom

electrical engineers. Energ y cost is also im po rta nt

fo r the o perato rs in the neg otiatio n o f elect rici ty

tarif f. The rang e o f va ria tions o f pow er and

v oltag e at certain points of the pow er netw o rk,

robustness to abso rb fa ul ts and capabili ty to

handle reg enerated energ y ( f rom reg enera tive

braking ) a re the key issues in o peratio ns.

Furth er , the pro jected usag e, as w ell as the

possibi li ty and ex tent of ov erloading, of the

pow er system equipment, provides the useful

informa tion o n maintenance w o rk.

A co mprehensiv e study o n the t ractio n pow er

sy stem has to be ca rried o ut even befo re the

sy stem is built. Com puter simulation is conceiv ed

as the o nly via ble means to enable such study.

Sim ula tions of dif ferent approaches a nd scales are

used ex tensiv ely to inv estig ate v arious kinds of

sy stem studies. Simulation models and techniques

on rai lw ay t ractio n system s w ere first developed

th ree decades ag o. Since then, they have ma tured

th ro ugh a number o f ev olutio ns o n mo del

accuracy and com puta tional efficiency and serv ed

the purposes of v arious applicatio ns fo r rai lw ay

engineers, opera to rs a nd research ers. How ev er,

the dev elo pm ent of t ractio n po w er sy stem

simulatio n seemed to co me to a g radual hal t ten

years ago because of the satura tio n of applicatio n

requirements. In recent year, driv en by the

increasing ly demanding requirem ents o n sy stem

reliabi li ty a nd availabi li ty , service quality and

tra ffic demand from planning view point and

coupled w ith the po ssible need of real-time

applicatio ns f rom opera tio n view point, new

dev elopment in sim ula tion approach and

utili sation of adva nced co mputing techniques have

surfaced.

This paper aims to review the models,

dif ficulties and applications of t raction pow er

sy stem simula tio n. Comparisons are then made

on the simulators wi th the tradi tional and the

latest approaches o f pow er flo w calcula tion,

fo llow ed by the discussio ns o f inco rpo ra ting the

adv antag es of m odern com puting hardwa re and

sof twa re to enhance th e applicability o f the

simulators.

1　 Traction Power Supply Systems
The traction pow er system is, in i ts sim plest
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fo rm , a hug e elect rical ci rcui t. The pow er supply

m ay be in sing le or multiple sources and the

feeding a rrang em ents va ry in di fferent sy stems.

The com plica tions, as i llust rated la ter, m ostly

come from AC tractio n pow er supplies. The loads

in the elect rical ci rcui ts a re the t rains which are

m ov ing and demanding di fferent lev els of pow er

acco rding to thei r operatio nal modes and speeds.

A train may beco me a source if regenera tiv e

braking is allow ed.

In o rder to at tain steady-sta te solutio n o f the

electrical ci rcuit , the sources, feeding netw o rks

and loads m ust be properly mo delled, which is no

simple task, giv en the v arieties o f supply systems

and operatio n co ndi tions. This section ex amines

the fea tures of t ractio n pow er system s and

discusses the considerations and dif ficul ties in

m odelling.

1. 1　 Power Supplies

1. 1. 1　 DC supplies

DC rai lw ays a re o perated at relativ ely low er

v ol tages. 600V, 750V and 1. 5kV a re the typical

fig ures [ 2] . The DC tractio n pow er comes f ro m

trackside rectif ier substations linked to the AC

distribution netwo rk. Each feeding substatio n

cov ers a sectio n of track but there is no rmally no

isolation betw een adjacent sectio ns, which im plies

a mul tiple-source sy stem. The sectio n length is

substa ntially shor ter because of the low er

distribution v oltag e lev el. It should be no ted tha t

the t ractio n current can be as high as a few

thousa nd amperes. Ov erhead ca tena ry o r a thi rd

rai l ( o r ev en trackside sliding co ntact ) , wi th

running rail return, i s emplo yed to dist ribute

pow er to t rains. Fig. 1 sho ws a ty pical DC supply

netw ork fo r a branched tw o-road service.

Switchg ear and iso la to rs o n AC side and circui t

breakers on DC side are instal led fo r pro tectio n

and faul t manag em ent.

Fig . 1　 Branched tw o-ro ad netw o rk with D C supply

　　 DC railw ays a re usua lly less susceptible to

electro magnetic interference ev en thoug h

harmo nics f rom the recti fier substatio ns o r

t ractio n equipment require pro per filtering.

Leakag e current through the running rails

how ev er causes cor ro sion o n the rails. The rai l-

to-earth conductiv ity, w hich determines the

am ount of leakag e current, depends on soi l

properties and the earthing st ructure in the

surrounding s. The high return cur rent throug h

the rails also dev elo ps v oltage on rail s, w hich

may be ha za rdous to perso nnel w orking close to

the rails.

Despi te being a multiple-so urce system, DC

tractio n pow er sy stem do es no t cause too many

dif ficulties to the so lution calcula tion process in

simulatio n ( t rains may becom e sources wi th

reg enerativ e braking to turn the ci rcui t into a

multi-source sy stem any way ) because of the

simple feeding arrang ement. When the lo cations

of t rains a nd resista nce of rails and ov erhead

cables are know n, i t i s only tedious to establish

95第 3期 T ractio n Po wer System Simulation in Elect rified Railway s



the elect rical ci rcuit in o rder to so lv e for the

v oltag es and currents in the ci rcui t. Branches and

m ul ti-t rack lines are com mo n in railway s and they

just make the elect rical circuit more co mplicated.

Appropria te netw o rk parti tio ning will cer tainly

reduce the computatio nal demand o f the so lution

process.

As so me substatio ns are equipped to receiv e

pow er f ro m the DC sy stem a nd release i t back to

the AC side so as to abso rb the excessiv e fed-back

energ y f rom regenerativ e braking , the bi-

directio nal flo w of pow er should be incorporated

in the models. How ev er, the im por tant feature is

that receptiv e substa tions allo w pow er f low in o ne

directio n ( f rom AC to DC) m ost o f the time and

they o nly permit rev ersal o f pow er flo w when i t is

necessary.

1. 1. 2　 AC supplies

Pow er fo r AC rai lw ay t raction is obtained

from utility supply system , at t ra nsmissio n o r

sub-transmission v ol tage lev el, through traction

feeding substations. 25kV traction netw o rk at 50

o r 60Hz is the most comm only adopted system.

The rai l line is usually divided into a number of

isolated feeding sections and each section is fed by

a single-phase supply f rom a transform er wi thin

the section. Po wer is carried to the trains throug h

ov erhead ca tena ry a nd cur rent takes the rails as

return pa ths. High ca tenary v oltag e allo w s low er

t ractio n current and sma ller pow er loss while the

section length ( or distance betw een adjacent

feeding t ransformers) ca n be kept relativ ely lo ng ,

ty pically ov er 10km. Adjacent sections are

supplied by di fferent phases o f a 3-phase netw ork

and they are sepa ra ted by t rack neutral.

Provisio ns of iso lato rs and sw itchg ear are

necessary fo r t rack neutral and pa ral lel sectio ns to

enable co ntinual feeding in cases of fai lures and

o utages by isolating certain faulty equipment o r

section o r ev en reco nfig uring to a di fferent feeding

netw o rk.

A number of feeding arrang ements are

available, including direct supply wi th o r wi tho ut

return co nductors, booster t ra nsfo rmer ( BT) and

autot ransformer ( AT ) systems. Sev eral

co nsidera tions, such as pow er transmissio n

ef ficiency , v ol tage regulatio n and interference

suppressio n, hav e to be taken on the adoptio n of

the suitable feeding ar rangement fo r a particular

t ractio n po w er sy stem.

Direct connection of the t ransfo rmer

seco nda ry to the catenary a nd rails is the mo st

st raight fo rwa rd m eans o f pow er feeding.

Sig nificant rail-to-earth leakage current is the

major draw back o f this feeding arrang ement

because of the inev itable rail-to-earth im pedance.

Co rrosion on rails is no lo ng er an issue because of

AC current. Ho wever, the im balance betw een the

supply current on the ov erhead ca ble and the

return current o n the rai ls ( the di fference betw een

the tw o being the rail-to-earth leakag e current ) ,

coupled w ith the physical separation betw een

ov erhead cable and rai ls, i s of ten o ne of the m ain

causes o f elect ro mag netic interference to the

lineside telecomm unication equipm ent. As sho w n

in Fig. 2, the addi tio n of a return co nductio n, in

parallel w ith the ca tena ry and connected to the

rai ls a t regular intervals, helps reduce the leakage

current, but o nly to a certain ex tent.

Fig. 2　 Dir ect feeding with r eturn conducto r

BT feeding prov ides a no ther mea ns o f interference

reduction by forcing the current to flo w in the

return conductor rather than in the rai l.

How ev er, i t i s at the ex pense of po orer v ol tage

reg ulatio n because o f addi tional impedance of

BTs. Having allo w ed pow er to be t ra nsmi t ted a t

the v oltage tw ice a s high as th e opera ting

v ol tage, A T feeding improv es system ef ficiency.

Interference suppression is a no ther adv antag e of

AT feeding. In addi tio n, A T feeding provides
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bet ter v ol tage reg ula tio n a nd allow s long er

interv al betw een tra nsfo rmers
[3 ]

, which is

essential for serv ice reliabi li ty of lo ng -distance

rail lines, if not just the capi tal co st. Bo th BTs

and ATs are placed a t reg ula r interv als wi thin a

feeding section. Il lust rated in Figs. 3 and 4, BT

feeding operates by balancing cur rents o n the two

w inding s o f the t ransfo rmers w hi lst AT relies on

v oltag e balancing. By int roducing BTs o r ATs

w ithin the feeding sectio n, the current is forced to

return via the return co nductors. Such

m anipulation of current return pa th is how ev er at

the ex pense of mo re co nducto rs ( m ostly

ov erhead) alo ng the lines and mo re co mplicated

current dist ributions.

The additio nal equipm ent wi th B T and AT

feeding presents ex t ra m odelling wo rks in the

simulatio n. The electrical pa ram eters of the

equipm ent are o f ten av ai lable fro m manufacturers

o r opera to rs but they hav e to appear as com plex

numbers ( e. g. impedance instead o f resistance )

because of the AC na ture. The scale and

com plexi ty of com puta tion required is then

infla ted sig nificantly. It is also necessa ry to

ex amine the current dist ributio n in the conductors

alo ng the line as the mutual im pedances amo ng

the conductors, as w ell as the admit tances to the

g round, play im po rta nt parts in the steady-sta te

solutio n. Train posi tio n relative to the locatio ns

o f B Ts o r ATs holds keys to current distribution

and dif ferent t rain po sitions may lead to di fferent

ci rcui t co nfiguratio ns. One consola tion f rom

m odelling view point is that the feeding

substa tions here are not interfaces betw een AC

and DC systems, as in DC railw ays. The

com plica tion of pow er flo w directio n does not

exist in AC supplies even wi th excessive pow er

recov ered fro m reg enerativ e braking.

1. 2　 Loads

In a typical inter-sta tio n run, a t rain

accelerates f rom a sta tion to the maxim um

permissible speed, maintains the speed and

brakes to a co mplete sto p at the nex t sta tion. It

therefo re g oes th ro ug h a w ide rang e of speeds,

dif ferent operation m odes and hence the pow er

demand may va ry sig nificantly w ithin a shor t

period of tim e. Train speed and opera tion m ode

are the decisiv e facto rs of the im mediate am ount

of pow er required by the t rain as a load. They are

ho w ever determined by the t ractio n equipment

characteristics, t rain w eight , aerodynamics,

t rack g eo metry and driv e co ntrol. The elect rical

representa tion of the t rains in the circuit as a

v ariable lo ad ( and so metim es so urce ) requires

careful modelling in the simulatio n.

With the m ov ing t rains, the configuration of

the elect rical circui t keeps changing and the

solution releva nt to one instant may not be v alid

to the nex t. If it is necessa ry to at tain the detail s

of the t ractio n pow er sy stem behaviour and train

interaction, th e electrical circuit has to be

updated and the new circui t solution is to be re-

calculated a t every regular time interv al ov er a

long span of tim e. Train m ov ement sim ula tion is

the basic accompanied functio n to provide t rain

posi tio n, speed and operation mode for the

purpo ses of establishing the elect rical circuit. The

pow er netw ork so lution process, usual ly wi th

manipula tion of large-scale ma trix equa tions, a t

each time interv al thus im poses t remendous

com putatio nal demand to the simulatio n. In fact ,

the pow er netw ork so lutio n is alwa ys the mo st

tim e-consuming step o f a who le system simulatio n

in railway s
[4 ] .

2　Modelling
This section discusses the fea tures in the

t ractio n po w er simulatio n models which require

careful co nsidera tions.

2. 1　 Power suppl ies and f eeding networks
2. 1. 1　 DC supplies

The pow er so urce a t the substa tion is

assumed to be a constant ( usually v ol tage) source

wi th equiv alent so urce resistance. When the

pow er sy stem calculatio n do es not co me up wi th a

solution because of excessiv e ov er-v ol tag e at the

substa tio n o r current f low ing in opposi te di rectio n

( usually resul ted f ro m reg eneraviv etive braking ) ,
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the substatio n m ay be re-modelled as a passiv e

lo ad to allow pow er to go back to the supply

system , provided tha t the substation is supposed

to be capable o f doing so.

Once the t rain po sitio ns are kno w n, the

resistances betw een trains are tho se of the

ov erhead lines ( o r contact wires ) and the rails

separating the t rains if the resistance per unit

leng th of these co nductors is assumed to be

constant. In practice, the resistances of the

conducto rs are current-dependent
[5 ]

ev en thoug h

the v aria tion is no t disproportiona te. Such

dependency can be incorpo rated in the sim ula tion

m odel fo r bet ter accuracy but the solution pro cess

m ay take mo re tim e wi th mo re i teratio ns.

Rai l-to -ea rth leakag e cur rent is another issue

leading to complicatio n. The leakag e is a

dist ributiv e phenom enon alo ng the rai l a nd it can

be m odelled wi th a finite-element approach , in

w hich the rail is divided into a number of

elements of equal leng th a nd a certain por tion of

the current flo wing thro ugh each elem ent leaks

through the rail-to-earth resista nce while the

remaining car ries o n to the nex t element. As a

resul t, the rai ls hav e to be represented by a

number of resistances in series, instead of o ne

resistor only, intersected wi th the rail-to-ear th

resistances in betw een. As rail-to-earth leakag e

current does no t di rect ly af fect t rain interactio ns

through the pow er system, the justification o f i ts

inclusio n in the sim ulation mo del is thus

determined by the a pplicatio ns of the sim ula to r.

2. 1. 2　 AC supplies

Feeding substatio ns a re still model led as

constant v oltage so urces. Addi tional conductors

( most ly ov erhead ) and lineside equipm ent ( BTs

o r ATs ) can be represented by a ppropria te

im pedances and m utual inductances in the

electrical circuit. Ho w ever, the mo delling o f the

m utual induction amo ng the parallel conductors

requires the fini te-elem ent approach ag ain. The

physical sizes, relative resistivi ty , perm eabi li ty

and geom etry of the conductors, rela tiv e

permit tivi ty of the medium, current dist ributio n

and ea rthing co ndi tio ns a re essential in this m ul ti-

co nducto r mo del
[3 ]

. Further, as the rai l is of

unique shape, calculatio n of impeda nce, w hich is

current and frequency dependent , i s fa r f ro m

easy. It can be t reated as a sing le cy lindrical steel

co nducto r, upo n substa ntial pre-processing

com putatio n, wi th dif ferent cro ss-section areas

fo r a w ide ra ng e of f requencies [5]. Rai l-to-ea rth

leakage current can be conv eniently included in

this fini te-elem ent a pproach, w hich is a bonus.

With the dist ributed elements, the number of

com po nents in the electrical circuit becomes v ery

high and the circuit is qui te com plica ted ev en

befo re the t rains are inserted.

In order to reduce the sca le of com putatio n

required, conducto rs wi th the same longi tudinal

v ol tages can be co mbined ( e. g. the tw o rails) as

one. There are stil l at least th ree alo ng -the-line

co nducto rs wi th BT and AT feeding, as sho w n in

Fig. 3 and Fig. 4.

Fig . 3　 BT feeding

Fig. 4　 A T feeding

2. 2　 Loads

Trains, as loads, can be sim ply model led as

passiv e and pow er-co nsuming elements in the

elect rical ci rcui t to represent i ts functio n as a

pow er sink. In the case of AC railw ays, the lo ad

should consist of the resistiv e and reactive

com po nents to i llust rate i ts pow er facto r.

How ev er, such sim plici ty does no t reflect the

dependence of pow er dema nd o n train speed and
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o peratio n mode, as w el l as v ol tag e-sensi tiv e

nature of the load.

One appro ach is to deriv e the t rain current

and traction effor t required, given the t rain speed

and opera tion mode, f rom the t raction equipm ent

cha racteristics ( available f rom the o perators o r

m anufacturers ) , follo wed by establishing a

v oltag e-impeda nce ( Thev enin equivalent ci rcuit )

o r current-admittance ( No rto n equivalent ci rcui t )

m odel[6 ] , which is piecewise linea r. The

equiv alent ci rcui t may co ntain a hypothetically

negativ e im pedance to indicate the po wer-sinking

property o f the load. Detailed t raction equipm ent

cha racteristics co ntaining tractio n perfo rmance

w ithin a ra ng e o f v ol tage va ria tion can be adopted

to m odel the v o ltag e-dependent performance of

the load. The data are usual ly made ready prio r

to the sim ulation and sto red in the simula to r as

lo ok-up tables fo r easy and time-ef ficient

referencing.

Ano ther approach is to w o rk back fro m the

o utput mechanical pow er. Fro m the required

t ractio n effort to sustain a certain speed o r to

produce acceleratio n, the o utput po w er can be

calculated f rom the t rain w eig ht , t rack geom etry ,

o ther train mov em ent parameters and pow er

lo sses. Giv en the efficiency of the t raction

system , the input elect rical pow er is a ttained and

an equiv alent ci rcui t wi th respect to the pow er

demand can again be used to represent the load.

It is a simpler approach but it relies on

com prehensive modelling of all po ssible pow er

lo sses during t rain movement.

2. 3　 Power network solution

With the mo dels o f pow er supply and

tractio n equipment av ai lable, the ci rcui t of the

electrified railw ay line is established fo r the

calculatio n of v ol tages and cur rents a t va rio us

points o f interest. The most di rect approach is to

fo rm ula te a matrix equa tio n f ro m the elect rical

ci rcui t using ei ther mesh o r no dal analysis
[6 ] . The

solutio n is at tained fro m so lving this ma trix

equatio n who se coefficient m atrix size depends on

the number of t rains and co mplex ity of the

netw ork. This approach is mo re sui table for

com plex elect rical netwo rks because it i s of ten

easier to identify nodes than loops in no n-planer

netw orks. From a prog ramming perspectiv e,

automa tic netwo rk set-up procedures and

adv anced netwo rk g raph tech niques are desi rable

in the im plementatio n, wi th the use of the nodal

approach.

The coef ficient ma trix in the pow er netw ork

solution is spa rse, ba nded and symm etric fo r a

simple tw o-track netwo rk. When the netw ork

co nsists of branches and loops, the bandwidth of

the co ef ficient matrix increases and the spa rsity

deterio ra tes. Fig. 5 show s the circui t

representa tion of a typical DC traction pow er

netw ork w ith bra nches. It is no t dif ficul t to see

that the rai lway t ractio n pow er netw ork is

characterised by sections of ladder ty pe netwo rks

inf requent ly cro ss-connected. For this

characteristic to polo gy , the sparse m atrix

tech nique co upled wi th ef ficient m atrix

eliminatio n m ethods leads to an ex peditious

netw ork so lution, since i t does no t suf fer f ro m

the fi ll-ins that the direct inv ersion o f the

coef ficient matrix requires. It has to be stressed

ag ain tha t if the fini te-element appro ach is

adopted to m odel the conductors, the elect rical

circuit netw o rk wil l be further co mplicated and

the size of the ma trices wi ll be driv en up

co nsiderably.

With the coefficient matrix being posi tive defini te

( PD) , sym metric and sparse, many sparse m atrix

eliminatio n techniques tai lored for PD ma trices,

such as LL
T

deco mpo sition and Cho lesky

decom po si tio n, a re applicable. Fo r spa rse m atrix

solution tech niques, the essence is equatio n-

ordering. There are g enerally tw o types of

ordering m ethods namely, static and dynamic

ordering. Typical exam ples o f sta tic o rdering for

long and thin ladder type netw orks include the

Cuthil l and Mc Kee alg ori thm
[7 ]

and rev erse Cuthi ll

and M cKee algo ri thm
[ 8]

, which make use o f the

pro perty that the zero elements si tuated before

the fi rst non-zero element o n any row alway s
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remain zero. For dynamic o rdering , the minim um

deg ree alg o ri thm provides an efficient alterna tiv e

fo r so lving the netwo rk matrix. This is actually a

heuristic algo ri thm to find a n o rdering fo r the

coefficient m atrix w hich suf fers f rom low fi ll-ins

w hen i t i s facto red. The minimum deg ree

alg orithm is particula rly sui table for so lving

medium to la rg e netw orks, in w hich there a re 200

nodes and more. Fo r smaller netw o rks, the

minim um deg ree alg orithm becom es a less

ef ficient o ption since a sig ni ficant por tion o f the

ov erall processing time is used in the sym bo lic

facto risatio n process.

Fig. 5　 T he equiv ale nt circuit o f a typical po w er netw o rk with branches

　 　 Parti tio ning the elect rical netw ork into

sev eral smaller, mo re manag eable sub-circui ts by

node spli t ting
[9 ]

is o ne of the comm on m ethods to

enhance simulation ef ficiency. This technique,

also know n as diakoptics
[10 ]

, inv olves tea ring a

giv en netwo rk into a number of independent pa rts

and put ting the so lutio ns of the div ided pa rts

tog ether to form the solutio n of the original

problem. The na tural tea ring points in t raction

pow er netw o rk are the bra nches because the

coefficient m atrix o f a n isolated branch is highly

spa rse. Ho w ever, the number and size of the torn

parts depend on netw o rk topo log y a nd num ber of

t rains on th e bra nches respectiv ely
[ 11] .

2. 4　 Integration with train movement

Traction pow er system simulato r o nly

provides a steady solutio n fo r a giv en t rain

condition. In o rder to establish vo ltag e and

current pro files ov er time at certain points of the

pow er netw ork while t rains are m ov ing in the

railw ay system, it i s essential to integ ra te the

t ractio n pow er system simulator to a t rain

mov em ent sim ula to r.

Taking into acco unt the t rack g eom etry ,

sig nalling const raints, timetable o r headw ay

co ndi tions, t ractio n equipm ent behaviour a nd civ il

engineering speed rest rictions, a t rain mov ement

simulator deriv es the speed, posi tion and

operation mode o f each train at each and ev ery

speci fic tim e intervals. One of the key facto rs in

t rain movement is inevitably the t ractiv e effor t

produced by th e t raction mo to rs. Performa nce of

the t raction mo to rs is a function of t rain v ol tage

and current which a re in turn calculated by the

t ractio n po w er system simulator according to

t rain speed, posi tio n and opera tion mode. As a

result , interactions betw een pow er sy stem and

train m ov ement simulato r are necessa ry fo r the

co nsidera tion o f dy namic t rain behaviour.

3　 Simulation and Applications
Tw o simulatio n appro aches o n the models

described are discussed here, o ne wi th the

t radi tio nal co ncept of deterministic calculatio n and
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the o ther wi th a new method of probabilistic

calculatio n w hich provides an alterna tiv e

prospective. Some ex amples o f sim ula tion resul ts

a re sho w n here to i llust rate the dif ferences in

thei r functio nalities. A number o f applications of

t ractio n po wer sy stem simulatio n are then given

to demo nst ra te i ts v alue in practice.

3. 1　 Deterministic simulation

In most a pplicatio ns on o peratio n and desig n,

the full details of interactio ns amo ng trains

through the t raction pow er sy stem and betw een

feeding system a nd trains are called fo r.

Simulatio ns under dif ferent opera tional condi tio ns

and traf fic dem ands ( o r `what-if ' scena rio

studies ) , including no rm al a nd ex t reme, are

required. Comprehensiv e mo dels wi th the

considerations sta ted in the previous sectio ns are

required in the simulatio n and the netw ork

solutio n, how ev er tedious, i s at tained

deterministically wi th respectable accuracy.

　　 Tractio n pow er system simulatio n is time-

based and accom panied by a t rain mov em ent

simulato r. From a ll last know n train speeds and

posi tio ns, the pow er system simulato r establishes

the po wer netw o rk wi th respect to the t rain

posi tio ns, t rack lay out and feeding ar ra ngement;

and so lv es fo r the v ol tag es and currents fo r o ne

time step. With the t rain vo ltag es and currents

passed back to the t rain mov em ent sim ula to r, it

calculates the nex t t rain speeds a nd posi tio ns.

The process then repeats at ev ery time interval.

This repeti tiv e interactio n betw een the pow er

system and train mov em ent sim ula to rs is

illust ra ted in Fig. 6. Sof twa re implementatio n is

quite st raig htfo rw ard but stil l tedious.

No netheless, sy stematic data manag em ent and

substantial a mount o f data storag e a re st rongly

required.

Figs. 7 a nd 8 sho w the sam ple results of

v oltag e and current v aria tions a t a feeding

substa tion in a typical DC metro line wi th nominal

v oltag e of 1. 5kV. They indicate the loading at

the substation at a particula r traf fic condition,

and peaks and rang es of va riations can be

Fig. 6　 Interactio n between pow er sy stem

a nd train mov ement simula tor s

identi fied easily. Figs 9 and 10 il lust ra te the

v ol tage a nd cur rent of a t rain as i t mov es along

the line a nd they allo w mo ni toring of the t rain

pow er demand. The resul ts f rom the pow er

sy stem simulatio n alw ays co rrespo nd to the t rain

mov em ent. For ex ample, cur rent peak and

v ol tage dip indica te accelera ting train w hilst a

t rain in regenerativ e braking is ref lected by

nega tiv e current f low a nd v ol tag e rise.

Fig. 7　 Train v o ltag e ag ainst distance

Fig. 8　 T rain cur re nt ag ainst distance

The o utco mes f rom the pow er netwo rk simulator

are the ex act v oltages, currents and pow er f low

pro files at al l crucial points in the netw o rk a t

ev ery time step ov er a perio d of time. They are

prov en to be v ery useful for pow er engineers,

rai lway operators a nd maintenance personnel

alike. How ev er, as the results co me from time-
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Fig. 9　 Substation vo ltage ag ainst time

Fig. 10　 Substa tio n cur rent against time

consuming calculations a nd the output da ta is

o f ten v olumino us ( w ith the size of the pow er

netw o rk and num ber o f trains) fo r analysis, not

to mentio n the po ssibili ty o f further pro cessing

and sto rag e, detail redundancy, tho ug h an

adv antag e at times, is a draw back of this

deterministic a pproach for certain applicatio ns.

Ev en thoug h the results giv e detai led account of

the elect rical behaviour o f the pow er system s and

trains, i t has to be said tha t no t ev ery detai l is

required in most applications.

Most o f the existing t ractio n pow er system

simulato rs[6, 12- 15 ] , as w ell as other co mmercially

available packag es
[16 ] , employ this deterministic

appro ach. They a re also equipped w ith reasonable

user interfaces to enable the input ( and output ) of

the v ast am ount o f data required fo r ( and

produced by ) the simulatio n. Nearly all of them

hav e been tai lor-made to suit the purposes of

particular systems or speci fic studies and hence

some of them may not be properly docum ented in

public do main.

3. 2　 Probabilistic simulation

A new ly dev elo ped al ternative is a

probabilistic approach in w hich the outcomes are

pro babi li ty density functio ns ( pdf ) o f v ol tage or

pow er f low at certain points of the pow er sy stem ,

indicating the ra nges of va riations o f such

parameters a nd hence the loading co ndi tio ns, o n

pro babi listic basis w ith a simple and ho listic

representa tion, w hile skipping the tedious process

of ex tracting the required da ta fro m huge am ount

of sim ula tion resul ts. How ev er, the t radi tio nal

t ractio n pow er simulato rs by deterministic

approach a re not to be replaced by tho se f rom this

pro babi listic approach. The pro babi listic

approach indeed provides a di fferent view point of

insig ht into the t raction po wer system behav iour

and hence suits dif ferent purposes of applicatio ns.

To build the necessary pdfs, t rain po si tio n is

the sta rting point and i ts ow n pdf is established

fro m typical speed profi les o f inter-statio n

runs
[ 17]

, which can be g enera ted by an o ff-line

t rain m ov ement sim ulator. The random sam ple

draw n from the t rain posi tio n cumula tive

pro babi li ty functio n is used to deduce t rain speed

and o peration m ode, and hence the train pow er

demand is deriv ed f rom the t raction equipment

characteristics. With the loading conditions

( trains) know n, the po w er netwo rk is solv ed to

produce the v ol tage, cur rent a nd pow er flo w a t

certain points. The process is repeated wi th

sufficient num ber of random samples of t rain

posi tio n and the resulting pdfs are form ed in

Mo nte Carlo simulatio n technique. The process is

summa rised in Fig. 11. M ul tiple t rains o f specific

tim etables ( or headway s ) are put into the

calculation acco rding to thei r supposed

separa tions so tha t the effects they impose o n

each other can be inco rpo ra ted
[18 ]

.

As there is no direct interactio n betw een

train movement and po w er system sim ulators in

this approach , the ex act detail of the relationship

betw een train vo ltag e and speed m ay no t be ful ly

reflected. Ag ain, the purpo ses of the applicatio n

decide the lev el o f detai ls in the o utput, and thus

the simulatio n approach to be adopted.
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Fig . 11　 Pro cessing fro m a t rain position sample to pow er sy stem so lution

　　 The results fro m this approach basically giv e

the sam e info rmation on the tractio n pow er

system behavio ur ov er a perio d o f time as in the

deterministic approach and they rely on the same

m odelling co nsideratio ns in the calcula tion. The

m ain dif ference is in the form ats of output

presentation. As show n in the sam ple resul ts

presented here, the sizable data o n the v ariatio ns

o f a ci rcuit parameter ( v oltag e, current o r pow er

f low ) is capsulated in a sing le g raph of pro babi li ty

densi ty functio n w hereas the detail s of ex act value

a t a speci fic point of time are hidden. Despi te the

di fferent interpreta tions of output , com puta tion

demand o n tractio n pow er system simula tio n is

how ev er v ery m uch simila r in both deterministic

and pro babilistic approaches. The g eneral

ex perience in this appro ach is that the Mo nte

Carlo simula tio n requires at least 10, 000 samples

to establish relia ble pdfs.

Probabilistic approach is no t yet as

comm only adopted as the deterministic one but it

serv es it s purpo ses a s a supplem ent to the

fo rm er. Fig. 12 a nd Fig. 13 a re ex amples of

v oltag e and po w er dema nd pdfs of a t rain in an

AC railw ay wi th AT feeding. With a nominal

supply v ol tage of 27. 5 kV, the vo ltag e spreads

ov er both sides of the nominal v alue ( and pow er

pdf spilling o n bo th sides of 0MW ) , w hich

indica tes that reg enerativ e braking is allo wed.

Fig. 14- Fig. 16 com pare the po w er dem and pdfs

a t a feeding substatio n under the sam e traf fic

conditions w ith the three dif ferent feeding

a rra ng em ents. AT feeding , as ex pected, provides

bet ter v oltag e regulatio n wi th a narro wer spread

in the pdf.

3. 3　 Applications

There hav e been numerous practical

Fig. 12　 T rain vo ltag e pdf

Fig . 13　 Pdf of activ e pow er demand o f a tr ain

Fig. 14　 Tr ain vo ltage pdf of t rain with dir ec t feeding

applicatio ns o f t raction pow er system sim ula tion.

Ev en though the o bjectiv es o f the applications

may only fo cus o n a par ticular aspect of the pow er

sy stem , the simulatio n of the w hole sy stem is

usually needed to facilitate the full functions of

the aspect in questio n. System sizing o n

equipment a nd co mpo nents is an indispensable
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Fig. 15　 T rain v oltag e pdf with BT feeding

Fig . 16　 T rain v o ltag e pdf with A T feeding

step in the desig n stag e. As each railway is

unique in i ts t raffic dema nd, t rack geom etry and

o peratio n, tests on pow er rating limi ts o r

capaci ties
[19 ]

and claimed perfo rmance
[ 20]

with

respect to the cha racteristics of the rai lway

system are co mpulsory even befo re procurem ent

o f the majo r equipm ent o f the system.

Unsurprising ly, w hole system perfo rmance

analysis wi th complete incorporation of t rain

m ov ement simula to r
[ 21 ]

to examine the

com patibili ty amo ng dif ferent sub-systems, as

w ell a s thei r ow n functionali ties, i s alw ays o ne of

the main purposes of simulation. While a full

system analysis wa rra nts simula tio n of

deterministic approach, the uncertainty o n so me

system pa ram eters at early stage o f pla nning may

find the probabili stic approach mo re sui table.

　　 Dy namic behavio ur o f the pow er system in

the co urse of opera tion is a no ther majo r to pic of

interest. As vo ltag e stabili ty is vi tal to co nsistent

t rain performa nce, a num ber o f studies hav e

inv estigated v ol tag e f luctuations in di fferent

systems
[22- 24 ]

under va rio us opera tion co ndi tio ns.

Applicatio ns, such as studies on stray current
[25 ] ,

touch v ol tage
[26 ]

and earth cur rent
[ 27]

, are also

fo und wi th g ood ex tent o f success; w hile a nalysis

on ha rm onics
[28 ]

, faul t detection
[29 ]

and

elect ro mag netic com patibili ty needs the tractio n

pow er system sim ula tion as an auxiliary to ol to

supply backg ro und da ta. Fo r pow er engineers,

results f rom proba bili stic simulation give

sufficient indications to peak demand and v ol tage

v ariatio ns. On the other hand, rai lw ay opera to rs

may need detai led sim ulation results w hen they

need to inv estig ate co ntinuous chang es o n v ol tage

and cur rent ov er a specific time-span.

　　 In addi tion to studies related to the pow er

sy stem , t raction pow er system simulatio n has

also co me to the aid of t rain o peratio n and

co ntrol. When train opera tion is manipula ted to

fit par ticular timetables or schedules, the

resulting pow er demand a nd /or energ y

co nsum ption hav e to be checked fo r possible

sav ing and /o r inf ring em ent of system constraints.

Pow er system simulatio n has been employed to

evaluate the im pacts a nd merits of re-star ting

regimes o f t rain queues
[30 ]

and di fferent coasting

co ntrol st rategies to m eet run-time

requirements
[31 ]

by sim ply providing the data o n

the supplied pow er a nd energ y under speci fic t rain

operation arrangements.

4　 FurtherR Challenges
Sim ula tion alw ays relies on accurate

modelling o f th e functions and behav iour of the

sy stem to produce reliable results. In tractio n

pow er system sim ulation, the models o n v arious

com po nents of the system are qui te ma ture.

Despi te continuing effo rt to pursue mo re accurate

and elabo rated models, such as rai l track, rail

impeda nce, m otors
[ 32- 34]

a nd even driv er

behaviour, the outputs f rom the existing

simulators a re of acceptable accuracy upo n

v eri fica tion. There are alw ays new systems or

set-ups which require di fferent modelling and

Meglev is one ex ample
[ 35- 37]

. Further

dev elopment o n modelling of ten enhances the

lev el of details in the output o r ta rg ets selected

investiga tion o bjectiv es.
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　　On the o ther hand, com puta tio nal demand is

certainly going up wi th mo re com plica ted m odels.

If i t is desi rable to maintain the applicabili ty of

the simulato rs o r ev en to inco rpora te them into

o n-line co ntro l so f tw are in an advisory ro le in the

future, parallel processing techniques
[38 ]

to reduce

com puta tion tim e and a carefully st ructured

appro ach to so f tw are valida tion a re required.

Parallel processing can be applied to bo th

hardwa re and so ftw are. With ha rdw are, a

number of processo rs can be connected in a

specific co nfig uratio n and the di fficulty is to

spread the co mputatio n ev enly to the pro cessors

to achiev e the maximum throug hput. On the

config ura tion o f processo rs, there are many

possible systems, based on dif ferent parameters

such as co ntrol mechanism, memo ry

config ura tion and number o f processo rs. Since the

m atrix is a 2-D data st ructure, i t ca n be easily

m apped into a linear o r a mesh ar ray.

　 　 Ev en wi th a sing le processo r, parallel

processing is sti ll po ssible wi th the aid f rom

sof twa re. PCs a re sti ll the com mo n adopted

plat fo rms for sim ula tion and thei r po pular Inter

Pentium III o r abov e processors allow parallel

data processing w ithin th eir st ructure. They

include SIM D ( Sing le Inst ructio n M ul tiple Data )

registers w here da ta parallel operatio ns can be

perfo rmed simul taneously. St reaming SIM D

ex tension has provided a po werful com puta tion

too l fo r perfo rmance improv ement. The SSE

registers are 128-bi t wide a nd they can store

f loa ting -point v alues, as w ell as integ ers and

cha racters. There are eig ht SSE registers in a

sing le pro cessor, each of w hich can be directly

addressed using the designated names. Utilising

the SSE registers in the t ractio n pow er system

simulatio n so ftw are becom es a st raig htfo rw ard

process w hen suitable tools
[39 ]

are av ai la ble. In the

case o f integers, eigh t 16-bi t integ ers can be

stored and processed in parallel. Similarly ,

parallel m anipulation of four 32-bi t f loating -point

va lues also fi t the 128-bi t registers.

With 32-bi t floa t-point num bers

representa tion in the tractio n po w er simulato r, a

maxim um com puta tional speed-up ratio of 4 is

ex pected wi thout any additio nal hardwa re. In a

prev ious study
[ 40] , a speed-up ra tio o f around 3 is

achieved w ith LU deco mpo sitio n o f ma trix ,

depending upon the size o f the ma trix. The m ain

reason for no t at taining the maximum speed-up of

SSE mechanism is the processing ov erhead o n

packing data into, as w el l as unpacking da ta

f ro m, the 128-bit forma t. The number of packing

and unpacking opera tio ns is propor tional to N
2

,

where N i s th e size of the ma trix. Sof tw are

tech niques, such a s loo p rolling and pre-fetching ,

hav e been applied in a subsequent study
[ 41]

to

improv e the speed-up ra tio slig ht ly. Further

wo rks on em ploying assembly codes to accelerate

the ex ecutio n of this sectio n of sof tw are prog ram

are no w undertaken.

5　 Conclustion

　 　 This paper review s the key m odelling

features in tractio n pow er sy stem sim ula tion and

highligh ts the di fficulties wi th the supply system s

and loads. Resul ts a ttained from tw o approaches

of sim ulation, deterministic and probabilistic, are

presented to illust ra te the diversi ty of o utput

fo rmats. A w ide ra nge o f successful applicatio ns,

elect rical-rela ted o r o therwise, has also been

int roduced brief ly here to demonstrate the

v ersati li ty of the simulatio ns. Ex tensiv e w o rk o n

parallel processing is identified as one of the

prima ry direction fo r further development o n

t ractio n pow er system sim ula tion, particula rly

when it is to be included in real-time applicatio ns.

　　 Tractio n pow er system sim ulation ha s been a

widely ado pted but unsung co mputer-aided

engineering to ol fo r railw ay pow er engineers for

the last tw o decades. This pa per co llectiv ely

summa rises the resea rch ef fo rt a nd ex perience o n

the existing simulators and their underlying

principles. With the advances in hardwa re and

sof twa re, new ly develo ped tractio n po w er sy stem

simulators may ev o lv e wi th f resh functionali ties
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and fea tures but the fundam entals o n modelling

and system const raints remain. Accurate, reliable

and ef ficient simulatio n is sti ll cri tically essential

fo r studies and a nalysis of all natures at the

design, opera tion a nd planning stag es of

electrified rai lwa y sy stem s, w hich is an integ rated

part of railway t ransportatio n system

engineering.
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