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POTENCIAL SKRATENIA JAZDNYCH DOB A ENERGETICKA
NAROCNOST VOZIDIEL S NAKLAPACIMI SKRINAMI NA ZSR

POTENTIAL REDUCTION OF TRAVEL TIMES AND ENERGY
CONSUMPTION OF TILTING BODY VEHICLES ON ZSR

DoleZitou iilohou Zeleznic v siicasnej dobe je zvySovanie rychlosti
osobnej dopravy. Tito iiloha vyplyva jednak z medzindrodnych doho-
vorov, jednak z potreby zachovania konkurencieschopnosti Zeleznice
na dopravnom trhu. V prispevku je uvedend mozZnost zvySovania
cestovnej rychlosti osobnej dopravy na ZSR, a to pouzitim vozidiel
s nakldpacimi skrinami. Pre vybrané iiseky trati ZSR boli vypocitané
dosiahnutelné jazdné doby pre vozidld klasickej konstrukcie a pre
vozidld s nakldpacimi skrinami. Z ich porovnania vyplyva vyrazné
skrdtenie dosiahnutelnych jazdnych casov. Dalej je posiidend energe-
ticka ndarocnost porovnatelnych stiprav klasickej konstrukcie voci jed-
notke typu Pendolino na existujicej trati pri sucasnych rychlostnych
obmedzeniach a teoretickom obmedzeni rychlosti pri prejazde viaku
s nakldpacou technologiou.

1. Uvod

Velmi zaujimavu problematikou, ktorou sa v sucasnej dobe
zaobera takmer kazda eurdpska a svetova Zeleznica, je zvySovanie
rychlosti Zeleznicnej dopravy.

Zvysovanie rychlosti je mozné zabezpecit vystavbou novych
trati, alebo radikalnou prestavbou starych trati. Ale budovanie
novych vysokorychlostnych trati je velmi naroc¢na tuloha, zvlast
v krajinach, ktoré maju vysoko tazky terén, respektive ich pro-
striedky st zna¢ne obmedzené. Preto si Talianske Zeleznice FS
a Svédske Zeleznice SJ ako jedny z prvych objednali vozidla, ktoré
by boli schopné dosahovat vysoké rychlosti aj na existujucich tra-
tiach s malymi polomermi oblikov - vozidla s naklapacimi skri-
nami. Tieto vozidla, podla skusenosti viacerych eurdpskych krajin,
su schopné, aj na doterajsich tratiach uréenych pre osobnu aj
nakladnu dopravu, dosahovat vysoké rychlosti a tym podstatnou
mierou zniZit jazdné doby.

2. Vysokorychlostna doprava v Europe a Japonsku

Podla Statistik v ostatnom polstoro¢i od konca druhej sve-
tovej vojny zazili Zeleznice skuto¢ny upadok. V skutocnosti zisk
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Increasing the speed of passenger transport becomes an impor-
tant task facing present-day railways. This task has risen both from
the international agreements and from the necessity to keep compe-
titiveness of the railway on the transport market. The paper presents
a possibility to increase travel speed of passenger transport on ZSR
(Slovak Railways) by use of tilting body vehicles. For the selected
ZSR track sections accessible travel times were calculated for conven-
tional design vehicles and for tilting body vehicles. From comparison
of the results a remarkable reduction of accessible travel times can be

found. Further, the energy-consumption demands have been evalua-

ted for similar train sets of conventional design compared with the
Pendolino train set during run on the existing track under present-day
speed limits and under the theoretical speed limits from curve negoti-
ation by tilting body vehicles.

1. Introduction

An important problem, which almost every European railway
has to cope with at present, is increasing the speed of railway trans-
port.

Train speed can be increased by building new railway lines, or
by the radical reconstruction of old ones. However, building of
new high-speed lines is a very demanding task, especially in coun-
tries that have very mountainous terrain or their finances are
strictly limited. That is why the Italian Railways FS and Swedish
Railways SJ had ordered vehicles that were capable to reach high
speed even on existing lines with small curve radii - vehicles with
tilting bodies. These vehicles, referring to the experience of several
European countries, are able, even on existing tracks used for both
passenger and freight traffic, to reach high speed and by that
remarkably reduce travel times.

2. High-speed transport in Europe and Japan

According to statistics most of railways within the last half of
the century since the end of World War II have experienced real
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z explozivneho narastu nakladnej a osobnej dopravy si pripisali
ZelezniCni konkurenti - cesta a lietadlo. AvSak vyluény narast tychto
druhov dopravy naraza dnes na ich obmedzenia. V skuto¢nosti, ak
trendy v sektoroch cestnej a leteckej dopravy zotrvaji, mézu mat
za nasledok zvySenie znecistenia Zivotného prostredia a rozpory,
ktoré provokuju obranné reakcie pozorované v niektorych miestach
hlavne na alpskych tranzitnych cestach vo Svajéiarsku, Nemecku
a Rakusku. Na relativny pokles Zelezni¢nej dopravy, zaznamenany
v ostatnych pétdesiatich rokoch odpovedali Zeleznice rozvojom
vysokorychlostnej dopravy. V oktobri roku 1964, pri prileZitosti
Olympijskych hier v Tokiu, bola v Japonsku otvorena prva vyso-
korychlostna trat z Tokia do Osaky (515 km). Jazdna rychlost
210 km/h, dosahovana u prvych suprav, zavedenim vozidiel novej
generacie postupne sa zvysila na 270 km/h. Napriek bezprostred-
nému komerénému uspechu, ktory tato trat zaznamenala, musela
Eurdpa cakat az do roku 1981, kedy sa zacala prevadzka na oboch
vysokorychlostnych tratiach - ,,Direttissima“ z Rima do Florencie
a traf TGV z Pariza do Lyonu vo Franctzsku. Prednosti osobnej
dopravy vo vysokorychlostnych vlakoch st uz teraz dobre zname
a su cestujucimi ako aj spolo¢nostami v§eobecne uznavané. Vysoka
rychlost nie je samoucelna, pretoze nejde o to, uskutocnit vysoky
technicky vykon: umoziiuje skratit jazdny Cas po ZelezniCnej trati
takmer na polovicu a tym jazdny ¢as od domu po dom (vratane
konecnych trati) podstatne skratit, ¢o je v oCiach zakaznika pod-
statny faktor pri rozhodovani. Pre schopnost konkurencie voci
osobnému automobilu, ktory pontka uplné spojenie od domu po
dom a moze jazdif na dial'nici rychlostou az 130 km/h, je potrebna
priemerna jazdna rychlost vlakov zo stanice do stanice 200 km/h
- s vysokymi rychlostami od 250 do 300 km/h.

Rozsirenie existujucich trati pre rozsah rychlosti 200 az 220
km/h je mozné, ak trasa nevykazuje tratové obluky s polomerom
mensim neZ 1500 m. RozSirenie zahfna spevnenie kolajnice
a trakéného vedenia, odstranenie Zeleznicnych tiroviovych prie-
cesti a zmenu signalizacnych zariadeni. V niektorych pripadoch je
uprava uzkych tratovych oblikov v ohrani¢enom rozsahu mozna,
ale najma v zapadnej Eurdpe sa stava toto rieSenie Casto iluzor-
nym na hlavnych tratiach postavenych v minulom storoci podla
urbanizacie. NavySe je potrebné nepodcenit stavebné naklady na
tychto intenzivne vyuzivanych tratiach.

3. Aktivity na zvysenie rychlosti zeleznic OSZD

0OSZD zahffia v siéasnosti 25 ¢lenskych krajin - Zeleznic
z Europy a Azie - od Ceskej republiky a Pol'ska na zapade cez Cinu
na vychode a Iran na juhu. OSZD podporuje kooperaciu v medzi-
narodnej Zelezniénej preprave medzi krajinami Europy a Azie.
PretozZe v jednotlivych krajinach oboch tychto kontinentov vladnu
rozdielne podmienky, musel byt pre zvysSenie jazdnej rychlosti
a zavedenie vysokorychlostnej dopravy najprv analyzovany objem
prepravy a musela byt vytvorena prognoza. Na zaklade uskutoc-
nenych prieskumov boli zachytené a opisané dolezité medzina-
rodné trate pre prepravu Eurdpa - Azia. Pri popisani europskej
Casti sa plne zohladnili prislusné podklady UIC ako aj rozhodnu-
tia paneuropskych konferencii ministrov dopravy. Konferencia
ministrov OSZD schvalila tento plan trati na svojom zasadani
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decline. In fact competitors to railway transport, road and air trans-
port, gained profits from explosive growth of freight and passen-
ger transport. But exclusive growth of these transport modes is
hitting its constraints at present. In fact, if trends in road and air
transport continue, they may result in increased environmental
pollution and conflicts, which provoke defensive reactions observ-
ed in some places, especially on Alpine transit roads in Switzer-
land, Germany and Austria. The relative decline in railway traffic,
observed in the last 50 years, was answered by the development of
high-speed transport. In October 1964, on the occasion of Olympic
games in Tokyo, Japan, the first high-speed line from Tokyo to
Osaka (515 km) was opened. The running speed of 210 km/h in
the beginning of operation by first train-sets was gradually increas-
ed to 270 km/h by introducing vehicles of newer generations. In
spite of the immediate commercial success that was observed on
this line, Europe had to wait until 1981 when operation on two
high-speed lines - “Direttissima” from Rome to Florence and the
TGYV line from Paris to Lyon, were launched. Benefits from pas-
senger transport by high-speed trains are very well known now and
are generally recognised by passengers and railway companies.
High speed has not purpose for itself as the goal is not to make
a high technical performance; it allows to shorten travel time on
the railway line almost to its half and by that door-to-door (inclu-
ding subsidiary lines) travel time can be remarkably shortened,
which is a fundamental factor in customers’ eyes when deciding
on transport mode. To be competitive with a passenger car, which
offers complete connection from door to door and can run on
a highway at the speed of 130 km/h, the necessary average
running train speed from station to station is 200 km/h - with high
speeds from 250 to 300 km/h.

Upgrading of existing tracks for speed up to 200 - 220 km/h
is possible only if there are not curves of diameter smaller than
1500 m on the line. Track upgrading concerns stiffening of rails
and catenary, elimination of railway level crossings and change in
the signalling system. In some cases it is possible to modify small
track curve radii in a limited extent, but especially in Western
Europe this solution is often only illusion on the main roads built
in the last century that followed the urbanisation. Moreover, the
reconstruction costs must not be underestimated on these inten-
sively operated lines

3. Activities for increasing speed on OSZD railways

0SZD is composed of 25 member countries - railways from
Europe and Asia - from Czech Republic and Poland in the West
to China in the East and Iran in the South. OSZD promotes co-
operation in international railway transport between countries of
Europe and Asia. As there are different conditions in the indivi-
dual countries of both continents, for increase of travel speed and
introduction of high-speed transport, at first, the traffic volumes
had to be analysed and prognosis had to be created. Based on the
realised surveys the important international lines for Europe-Asia
transport were recognised and described. In the description of the
European part the corresponding UIC materials as well as deci-
sions from pan-European conferences of ministers of transport
were considered. The conference of OSZD ministers had ap-
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v roku 1996 v Bratislave. Bolo stanovenych devat hlavnych relacii
rychlych a vysokorychlostnych trati osobnej prepravy, ktoré beru
ohlad na buducu vysokorychlostnu sief Eurdpy a tato siet predl-
zuju v smere do Azie.

Bolo dalej rozhodnuté, Ze podmienky stanovené v dohode AGC
pre najdolezitejSie projekty Zeleznicnej infrastruktury v Europe,
budu vo velkom rozsahu zohladnené. Rovnako boli stanovené aj
cielové najvyssie rychlosti na jednotlivych tratovych usekoch ako
aj Casové rozpdtie pre dosiahnutie tychto rychlosti. Z podkladov
vyplyva, Ze europski ¢lenovia OSZD maju v umysle zvysit jazdnu
rychlost modernizaciou a vystavbou novych Zelezni¢nych trati na
celkovu dizku okolo 18 000 tratovych kilometrov. Najprv je plano-
vané hlavne rozsirenie trati na jazdnu rychlost 160 km/h, v buduc-
nosti aj vystavba novych trati na 200 km/h. V dalekom horizonte
sa predpokladaju v jednotlivych krajinach novovybudované trate
pre jazdné rychlosti od 300 do 350 km/h. Toto sa tyka predovset-
kym trate Berlin - Kunowice - VarSava - Minsk - Moskva, ako aj
novej trate Sankt Petersburg - Moskva na teritoriu Ruskej Fede-
racie. Zhrnuté zamery pre europsku éast Zeleznic OSZD st zobra-
zené na obr. 1.
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proved this plan during its session in 1996 in Bratislava. Nine main
relations of rapid and very high-speed lines for passenger traffic
had been determined, which consider the future high-speed lines
network in Europe, and this network is extended towards Asia.

Further, it had been decided that conditions stated in AGC
agreement for the most important project of railway infrastructure
in Europe, would be respected to a great extent. Similarly, target
highest speeds on the individual line sections as well as the time
periods for reaching these speeds had been set up. From the mate-
rials adopted it results that the European members of OSZD
intend to increase running speed by modernisation and construc-
tion of new railway lines with total length of about 18,000 track
kilometres. In the first step upgrading of lines to running speed of
160 km/h is planned, in future building of new lines for 200 km/h
is planned. On far horizon newly built lines for speed from 300 to
350 km/h are expected in the individual countries. This especially
concerns Berlin - Kunowice - Warsaw - Minsk - Moscow line and
new line Sankt Petersburg - Moscow in the Russian federation ter-
ritory. Summarised plans for European part of OSZD railways are
shown in the figure 1.

Druhym taziskom pri vystavbe 12000- R 11087 Second centre for building of
buducej rychlostnej Zelezni¢nej future high-speed railway network
siete Eurdpa - Azia je ¢inska Zelez-  10000- 7285 Europe - Asia is the Chinese
nica. Rczzvoj narodného hospodar- 8000 6837 railway. Development of Chinese
stva v Cine ma pozitivny vplyv aj economy has positive influence
na Zelezni¢nui prepravu: vo vyhlade € 6000- on railway transport: there are
su vystavba novych trati, zdvojko- 40001 Sour plans for building new lines, con-
lajnenie trati, elektrifikacia a iné struction of double-track lines,
druhy rozsirovania. Rozsah tohto 2000+ g0 electrification and other methods
rozvoja je mozné rozpoznat z pla- N of upgrading. Extent of this deve-
nov pre ¢asové obdobie 1998 - 1995 2000 2010 Rok lopment can be seen from plans

2002, kedy ma byf realizovana D lspeed up o 160 km/h

‘ I [speed up to 200 km/h l for the time period 1998 - 2000

vystavba 5340 novych tratovych
kilometrov, 2580 kilometrov trate
ma byt zdvojkolajnenych a 4400
kilometrov novoelektrifikovanych
trati. Sucasne zavadzaju Cinske Zeleznice (KZD) postupne rych-
lostnu dopravu v osobnej preprave. Na konci roku 1997 dosaho-
vala dizka Zelezniénych trati s dovolenou rychlostou 140 km/h
5500 kilometrov, a na trafovom tseku o dizke 587 kilometrov
dosiahla dovolena rychlost 160 km/h. Do konca roku 2000 mala
dizka tychto trati presiahnut 8100 km.

4. Sucasny stav techniky vozidiel s naklapacimi
skrinami vo svete

V sucasnosti sa viaceré krajiny zaoberaju vozidlami s nakla-
pacimi skrinami, nakolko je to vel'mi efektivny systém modernej
dopravy. RozliSujeme dva druhy naklapania skrine: prirodzené
a nutené. Medzi vlaky s prirodzenym naklapanim skrine patria
Spanielske jednotky RENFE nazvané Talgo. Do skupiny vozidiel
s nutenym naklapanim skrine patria napriklad talianske jednotky
FS Pendolino (obr. 2), z neho odvodené nemecké DB - VT 610,
a na inom principe svédske vozidlo SJ - X 2000. V sucasnej dobe

Obr. 1. Tratové rychlosti - zdmery pre eurdpsku cast Zeleznic OSZD
Fig. 1. Track speed - plans for European part of OSZD railways

when construction of 5.340 km
new lines is to be realised, 2.580
km of single track lines should be
upgraded to double track and
4,400 km tracks should be electrified. At the same time the
Chinese railways (KZD) are introducing rapid transport in pas-
senger traffic. In the end of the year 1997 length of railway tracks
with speed limit of 140 km/h was 5.500 km and 587 km track
section has speed limit of 160 km/h. By the end of the year 2000
length of these lines should exceed 8,100 km.

4. Current state of tilting body technology in the world

At present a couple of countries are dealing with tilting body
railway vehicles as they consider it a very effective system of
modern transport. There are principally two kinds of body tilting:
natural and forced. Trains with natural body tilting include Spanish
train units RENFE called Talgo. The group with forced body tilting
include, for example, Italian train sets FD Pendolino, German DB
- VT 610 derived from Pendolino, another train set concept
Swedish SJ - X 2000. Nowadays, a trend towards the use of trains
with tilting technology is starting to grow rapidly, and there is vir-
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trend pouzivania vlakov s naklapa-
cou technologiou zacina prudko rast
a niet pomaly krajiny v Eurépe, ktora
by s takymto projektom neuvazovala.
Nemozno nespomenut CD, kde
napriek tazkostiam, jednotky radu
680 by mali byt v dohladnej dobe
uvedené do prevadzky pre rychle
spojenie na osi Berlin - Praha - Brno
- Vieden.

4.1 Porovnanie jazdy klasickych vlakov s vozidlami
s naklapacimi skrinami

V supravach s naklapacimi skrinami sa pre zvySenie rychlosti
naklapa voznova skrina v uzkych tratovych oblukoch, aby kom-
penzovala ucinok odstredivej sily na cestujucich. Nasledujice
obrazky ukazuju efekt z naklopenia skrine u systému s prirodze-
nym naklapanim (obr. 3) a nutenym naklapanim (obr. 4). Z obraz-
kov jasne vidiet, ze nutené naklapanie prinasa vacsi efekt ako
prirodzené, vyzaduje vSak zlozitejSiu konstrukciu a riadiaci systém
naklapania.

Obr. 3. Princip prirodzeného nakldpania skrine - viak Spanielskych
Zeleznic , Talgo Pendular”.
Fig. 3. Principle of natural body tilting - Spanish railways train
“Talgo Pendular’.

U klasickych vozidiel bez naklapania sa na kompenzaciu
odstredivej sily posobiacej na vozidlo pri prechode oblikom pre-
vySuje vonkajsi kolajnicovy pas voci vnutornému. Toto prevySenie
sa pri plne kompenzovanej odstredivej sile nazyva teoretické pre-
vySenie. Silové pomery, respektive posobiace zrychlenia pri pohybe
vozidla v obliku mozno znazornif na nasledovnom diagrame, kde
g predstavuje gravitacné zrychlenie, a priecne zrychlenie vyvolané

Obr. 2. Viak Talianskych drih , Pendolino®, radu ETR 460.
Fig. 2. Italian railways train-set “Pendolino” , series ETR 460.
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tually no country in Europe
that would not deal with such
a project. We have to mention
Czech railways CD where, in
spite of difficulties, the train
unit series 680 are expected to
be introduced into operation
for rapid connection on the
Berlin - Prague - Brno - Vienna
line.

4.1 Comparison of conventional trains with tilting body
trains running in curve

Train sets with tilting bodies do not require reconstruction of
curves as the train body tilts in small track radii to compensate
effects of centrifugal force on passengers. The following pictures
show effect from body tilt for system with natural tilting (figure 3)
and with forced tilting (figure 4). The pictures clearly show that
forced tilting brings higher effect than the natural one, but it re-
quires more complicated mechanism and control system for body
tilting.

Obr. 4. Princip niiteného nakldpania skrine - viak Svédskych Zeleznic
X 2000 (1 - vypruZenie, 2 - hydraulicky valec, 3 - naklopeny
priecnik, 4 - zdves, 5 - rdm podvozku)

Fig. 4. Principle of forced body tilting - Swedish railways train
“X 2000”. (1 - air spring, 2 - hydraulic actuator, 3 - tilting
bolster, 4 - pendulum, 5 - bogie frame)

To compensate for centrifugal force acting on a vehicle during
run in curve the outer rail is superelevated against the inner one
(rail cant). This superelevation is called in case of fully compen-
sated centrifugal force a theoretical superelevation. Acting forces
or accelerations acting during a run of vehicle in curve are shown
in the following diagram, where g stands for gravitation accelera-
tion, a stands for acceleration by centrifugal force, p is a rail supe-
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odstredivou silou, p prevySenie kolaje a e vzdialenost sty¢nych
kruznic dvojkolesia (pre normalny rozchod trate 1435 mm je
e = 1500 mm).

Platia nasledovné vztahy:

a= ? (m.s 5 m.s °, m),

pricom:

y = l (ms™ 5 kmh™h
3,6
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relevation and e is a distance of wheel-rail contact points on the
wheel set (for standard rail gauge of 1435 mm e = 1500 mm).

Following equations are valid:

. , a p
Z rovnosti uhlov « plati pomer: — = —

QOdtial pre prevysenie dostaneme®

¢ -2
p=—-a (mm,ms )

g

Pre normalny rozchod kolaje 1435 mm, rychlost jazdy V'
a polomer oblika R sa teda teoretické prevysenie vypocita podla:

1000 - 1,5(m) y? o V? (mm: kb m)
=————— - —=11§ - — (mm; km.h™ ', m

P9 8m -5 236 R R
Na Zeleznici sa nepouziva plne kompenzované teoretické pre-
vySenie, ale sa pripusta urcita vel’kost nevyrovnaného odstredivého
zrychlenia, Co je reprezentované tzv. nedostatkom prevySenia
(Pyp)- Zakladnym typom prevySenia u ZSR je prevysenie nizsie -
D, zniZené o 70 mm od teoretického. Dalsimi typmi prevysenia
su prevySenie zniZené, (znizené o 85 mm) a najmensSie, znizené

0 100 mm od teoretického.

Pre vypocet prejazdu vozidla s naklapacou skrinou oblukom
potrebujeme uréit maximalnu dovolenu rychlost (V,,,). Vzorec
pre jej vypocet moZeme odvodit nasledovne:

1. Vzorec pre vypocet maximalnej dovolenej rychlosti pri jazde
oblukom o polomere R, s maximalnym prevySenim p,, a nedo-
statkom prevySenia p,,, je:

| R
V= Tig @nt Py (kmh™';m, mm)

2. Dalsie zvysenie rychlosti pri nezhor§enom pohodli cestujiceho
(a, = 0,457 m.s_z) prinasa naklon skrine vozidla do oblika
o urcity uhol 7, ktory reprezentuje dodatocné prevysenie p,.
Dostavame dovolenu rychlost vozidla pri nakloneni skrine:

V=

= m . (km.hfl; m, mm)

P+ Pup T P2
Toto vSak nie je uplné riesenie, lebo zvySena rychlost jazdy,
okrem kompenzacie priecnej sily posobiacej na cestujiiceho,
prinasa aj zvySenie ucinku vozidla na trat.

3. Silové posobenie vozidla v obluku na trat, teda hladisko bez-
pecnosti proti vykolajeniu, aj vplyv na stabilitu kolaje, sa stava
dominantnym kritériom. Zahrani¢né Zelezni¢né spravy vycha-
dzaju pri zavadzani vozidiel s naklapacimi skrinami do pre-
vadzky z Proud’hommovych vzorcov. Vyplyva z nich

2
a=" (ms™ % ms™ !, m),
R
while:
v = l (ms~ ! kmh™h
3.6 R
a p
From equal angles a we have: — = —
And from that after substitution: g €
¢ -2
p=—-+a (mmms )
g

For the standard rail gauge of 1435 mm, train velocity ¥ and
curve radius R the theoretical superelevation can be calculated
from:

1000 - 1.5(m)  V? L8 V2 (mm: kb~ m)
=—————— —=11.8§ -— (mm; km.h™ ', m

P 98m-5s 2 36 R R

Railway does not use fully compensated theoretical superele-
vation, but certain unbalanced lateral force is permitted, which is
represented by so called lack of superelevation (p,,). The basic
type of superelevation on ZSR is lower superelevation - p,, lowered
by 70 mm from the theoretical one. Other types of superelevation
are lowered superelevation, (lowered by 85 mm) and the least,
lowered by 100 mm from the theoretical one.

For calculation of tilting body vehicle running in curve, we
need to determine the maximum permitted velocity (V). Formula
for its calculation can be derived as follows:

1. Formula for calculation of maximum permissible velocity at
curve with radius R, maximum superelevation p,, and cant
deficiency pn,, is:

[ R
V= T8 * P T Pup) (km.h™'; m, mm)

2. A further increase of speed without reducing passenger ride
comfort (a, = 0,457 m.s_z) can be gained by tilting the car
body inwards toward the curve by certain angle 7, which repre-
sents additional superelevation p,. We get the permissible
velocity with use of tilted body:

V=

= m . (km.hfl; m, mm)

P Pup T D)
This is not a complete solution because increasing of velocity,
besides balancing the centrifugal force effecting passengers,
brings increase of vehicle effects on the track.

3. Vehicle forces acting in a curve on the track, that is safety
against derailment and track stability, become a dominant cri-
terion. Foreign railways use the Proud’hom’s formulae when
they prepare operation of tilting body vehicles. These formu-
lae give limit of maximum transversal force between wheel
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obme-dzenie maximalnej priecnej sily z dvojkolesia na kolaj, ku
ktorej moZe dojst pri nevyrovnanom zrychleni vozidla a,, =
1,65 + + 1,8 m.s~? a len vynimoéne a,, = 2,0 m.s~>. Maxi-
malna dovolena rychlost pri celkovom priecnom zrychleni a,
bude
Vin=36+Va,-R  (km/h™';ms % m)
NajvyraznejSou vyhodou vozid-
la s naklapacimi skrinami, oproti
obycajnému kolajovému vozidlu
je, ze oblukmi moéze prechadzat
podstatne vy$Sou rychlostou a tym
vyrazne znizif jazdni dobu vlaku.
Ak budeme uvazovat obluky s jed-
notnym prevy§enim p = 150 mm
a nedostatkom prevysenia 70 mm,
resp. 100 mm, mozeme vytvorif
graf zavislosti maximalnej rychlos-

km/h
450

350 +
300
250
200
150
100 1

50 4

400 1 Tiliting body vehicles
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and rail, which results in unbalanced centrifugal acceleration
of vehicle a,, = 1.65 + 1.8 m.s~2 and only exceptionally a,,, =
= 2.0 m.s~ 2. The maximum permissible speed at total trans-
versal acceleration a, will be then:

Vin=36-Va,-R (km/h™';ms % m)

The most important benefit of a tilting body vehicle compa-
red with a conventional one is
that it can negotiate curves at sub-
stantially higher speed and by that
remarkably reduce travel time of
a train. If we consider curves with
same rail cant (superelevation) of
p = 150 mm and cant deficiency
of 70 mm, respectively 100 mm,
we can draw a diagram showing
relation between maximum speed
in curve and curve radius for

RELATION BETWEEN MAXIMUM SPEED IN CURVE
AND CURVE RADIUS

Convetional vehicles
(cant defficiency 100mm)
22%==" "Convetional vehicles

(cant defficiency 70mm)

ti prechodu oblitkom od polomeru 100 1000 2000

obluka, pre vozidlo s naklapacimi
skrinami a pre obycajné vozidlo
(obr. 5).

Z grafu vidime, Ze vozidlo s naklapacimi skrinami mozZe uz pri
malych polomeroch oblikov dosahovat vyrazne vysSiu rychlost,
oproti obycajnym vozidlam. Obmedzenie rychlosti v obliku je tu
dané spomenutymi Proud’hommovymi vzorcami, z ktorych
vyplyva obmedzenie maximalnej priecnej sily posobiacej z dvoj-
kolesia na kolaj.

5. Moznosti vyuviitia vozidiel s naklapacimi
skrinami na ZSR

Slovenska republika, ako §tat stredoeurépskeho regionu, bude
musiet tiezZ uvazovat o zvySovani rychlosti zZelezni¢nej dopravy,
aby udrzala krok s ostatnymi krajinami zapadnej Europy.

km /l’l240 BRATISLAVA - ZILINA

220 T
200 T+
180 T
160 T
140 4
120 4
100 +
80 1
60 1
40 T
20 T

0

Tilting body vehicle

Conventional vehicle

0 201 km

3000 4000

Obr. 5. Zavislost maximdlnej rychlosti prechodu obliikom
od polomeru oblitka
Fig. 5. Relation between maximum speed in curve and curve radius

5000 R[m] a tilting body vehicle and for con-

ventional one (see figure 5).

From the graph one can see
that vehicle with tilting body can
run at substantially higher velocity in even small curve radii than
conventional vehicles. Speed limit in curve is given by already
mentioned Proud’hom formulae, from which limit on maximum
transversal force acts between wheel and rail.

5. Possibilities in using the tilting body vehicles
with ZSR

Slovak republic as a country of the Central European region
will have to consider the increase of the rail traffic speed to keep
pace with countries of Western Europe.

Run of the express trains used on ZSR is constrained by
maximum track speed, which is very low comparing it with

km/ h . -
KOSICE - ZILINA
200 1

180 +
160 -
140 -
120 +
100
80 +
60 1
40 +
20 1

0

Tilting body vehicle

Conventional vehicle

0 237 km

Obr. 6. Tratovd rychlost na zeleznicnom tiseku Bratislava - Zilina a Kosice - Zilina
Fig. 6. Track speed on the railway line Bratislava - Zilina and Kosice - Zilina
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Jazda expresnych vlakov pouzivanych na ZSR je limitovana
maximalnou trafovou rychlostou, ktora je oproti zapadnym kraji-
nam nizka. Pre vnutrostatnu dopravu je pre ZSR najdolezitejsi
tratovy usek Bratislava - Zilina - Kosice. Na tomto useku boli
porovnané sucasné a dosiahnutel'né tratové rychlosti (pozri obr. 6.).

Dosiahnutelné rychlosti boli stanovené podla teoreticky
moznej maximalnej rychlosti prejazdu oblukom, ale dizky usekov
s obmedzenim rychlosti boli uvazované podla v sucasnosti exis-
tujucich usekov, pricom v jednotlivom tseku je rychlost stanovena
zaokruhlenim najniZsej teoretickej tratovej rychlosti v danom useku
trate.

Pre vybrané tratové useky na zaklade zjednoduseného vypoctu
dosiahnutel'nej jazdnej doby (pouzitim spresnenej statickej metody
vypoctu jazdnych dob, bez zastavok) dostaneme vysledky uvedené
v nasledujucej tabulke (tab. 1). Vybrané tratové useky su vozidla
s naklapacimi skrinami schopné prekonat ovela rychlejsie a tym
vyrazne zrychlit dopravu medzi vyznamnymi mestami u nas, ako
aj spojenia so zahrani¢im (prepojenie na CR, Polsko, Rakusko,
Madarsko). Vypocitané jazdné doby su teoreticky dosiahnutelné,
neuvazuju s technologickymi Casmi a dalSimi ¢asmi, ktoré sa
vyskytuju v realnej prevadzke. SkutoCny prinos skratenia jazdne;j
doby byva mensi ako teoreticky.

PREHLADY / REVIEWS

western countries. For inland traffic on ZSR the most important
line is Bratislava - Zilina - Kosice. On this line the existing and
accessible track speeds have been compared (see figure 6).

Accessible speed has been determined according to theoreti-
cally possible maximum speed during curve negotiation, but lengths
of track sections with speed limits were considered according to
the currently existing sections, while in the individual sections the
track-speed limit was set up by rounding the lowest theoretical
track speed limit in the corresponding track section.

For the chosen lines based on a simplified calculation of acces-
sible travel time (using a precise static method for calculation of
travel time without considering train stops) we get the results given
in the following table (table 1). Chosen lines can be travelled by
vehicles with tilting bodies much faster and by that substantially
speed up traffic between important towns in Slovakia and conne-
ctions with foreign countries (connection with the Czech repub-
lic, Poland, Austria, Hungary). The calculated travel times are
only theoretically accessible, they do not consider traffic techno-
logy times and other times existing in real operation. Actual effect
from reduced travel time would be smaller than theoretical one.
Comparison of accessible travel times Tab. 1
on the chosen ZSR lines

Porovnanie dosiahnutelnych jazdnych dob Tab. 1
na vybranych tratiach ZSR
Trafovy usek Dosiahnutelna jazdna | Dosiahnutelna jazdna Line Accessible travel Accessible travel
doba obyc¢ajného doba vozidla s nakla- time of conventional time of tilting
kolajového vozidla pacimi skrinami railway vehicle body vehicle
Bratislava - Zilina Bratislava - Zilina
- Kosice 41 19 min 3 h 02 min - Kosice 4 h 19 min 3 h 02 min
Kosice - Zilina - Kogice - Zilina -
Cadca statna hranica 2 h 52 min 2 h 02 min Cadca border crossing 2 h 52 min 2 h 02 min

5.1 Skracovanie jazdnych dob a energeticka naroc¢nost

V dalSom je na vybranych tratovych tusekoch uvazované aj so
spotrebou elektrickej energie, nakol'ko tato hra doleziti ulohu pri
vysSich rychlostiach. Spotreba energie bude najma v budicnosti
predstavovat vyznamnu polozku prevadzkovych nakladov a preto
v prvotnych tivahach o zvySovani rychlosti nesmie byt opomenuta.

Pre presnej§i vypocCet jazdnych dob a spotreby energie bol
pouzity po€itacovy program Dynamika. Porovnané boli hmotnos-
tou si odpovedajuce vlakové supravy:

« konvencna - hnacie vozidlo radu 163 plus osobné vozne o cel-
kovej hmotnosti 400 t, spolu 484 t.

« s naklapacimi skrinami - jednotka radu ETR 470, celkova hmot-
nost 490 t, trvaly vykon 5880 kW, maximalna tazna sila 258 kN

Spotreba energie pre ETR 470 bola pocitana z trakénej prace
s uvazovanim 90 % ucinnostou premeny privadzanej energie, ¢o
u modernych vozidiel mozno povazovat za realnu hodnotu. Pres-
nejsie podklady pre vypocet spotreby energie neboli k dispozicii,

5.1 Reduction of travel times and energy demands

In the following we consider also trains’ energy consumption
on the selected lines as this plays an important role when running
at high speed. Energy consumption will, especially in future, repre-
sent a major part of operational costs, and that’s why it cannot be
omitted in primary analysis of planned increasing speed.

For more precise calculation of travel times and energy con-
sumption computer program Dynamika has been used. We have
compared trains of roughly same weights:

« conventional - electric locomotive series 163 plus passenger
coaches of total weight 400 t, all together 484 t.

« tilting body train - unit series ETR 470, total weight of 490 t,
permanent power 5880 kW, maximum tractive effort 258 kN

Energy consumption for ETR 470 was calculated from trac-
tion work considering 90 % efficiency of input energy conversion,
which is a realistic value in case of modern vehicles. More detail-
ed data for energy consumption was not available as the manu-
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nakol'ko si vyrobcovia strazia blizSie technické udaje. Napriek
tomu je vypocet dostatocne vypovedajici a odraza skutocnost.

Aj ked vykon rusna radu 163 je vyrazne nizsi, pre maximalnu
rychlost 120 km/h v sucasnosti dosahovanu na uvedenych tratiach,
je tento ruSen postacujuci. Vypocitané jazdné doby pri pouziti kla-
sického lokomotivneho vlaku a vlaku typu Pendolino radu ETR
470 na tratiach so sucasnymi rychlostnymi obmedzeniami sa neli-
Sili o viac ako 1 % v prospech Pendolina, ¢o je nevyznamny rozdiel.
Prinosy zo zvySenia rychlosti pri prejazde oblukmi vSak potvrdili
vysledky zo zjednoduSenych vypoctov, i ked rozdiel bol podla
presnejSieho vypoctu o nieco mensi. Navyse v§ak pri tychto vypoc-
toch bolo uvaZzované jednak s rychlostnymi obmedzeniami v rov-
nakych tisekoch ako su v sucasnosti, ale aj s teoretickymi limitmi
pre kazdy obluk, pricom samozrejme nemohlo dojst k prekroce-
niu maximalnej konstrukénej rychlosti ETR 470, teda 200 km/h.
Vybrané vysledky su v tabul'ke 2.

Porovnanie jazdnych dob a spotreby energie na vybranych tratiach ZSR
Comparison of travel times and energy consumption on chosen ZSR lines
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facturer is reluctant to publish the technical data. In spite of that
the calculation is sufficiently accurate and reflects reality.

Although the power of locomotive series 163 is remarkably
lower, for maximum speed of 120 km/h currently used on given
railway lines this locomotive is good enough. Calculated travel
times for conventional locomotive-hauled train and Pendolino
train set series ETR 470 on lines with existing speed limits do not
differ by more than 1 % in favour of Pendolino, which is a negli-
gible difference. However, benefits from increased speed in curves
confirmed results of simplified calculations; although, the diffe-
rence, according to more precise calculation, was a bit smaller.
Moreover, in these calculations we considered speed limits in the
same sections as they are at present, yet we also used theoretical
speed limits for each curve while certainly the maximum speed of
train ETR 470, which is 200 km/h, could not be exceeded. Selec-
ted calculation results are in table 2.

Tab. 2
Tab. 2

Track sections Existing sections for Theoretical sections for
existing state tilting body vehicles tilting body vehicles
min kWh min kWh Min kWh
Bratislava - Zilina
163 + 400 t express 120.2 2206 - - - -
ETR 470 120.1 1275 83.54 1782 79.5 2278
Zilina - Kosice
163 + 400 t express 154.1 2374 - - -
ETR 470 153.6 1626 110.7 1879 102.3 2776
Zilina - Cadca border crossing
163 + 400 t express 21.8 498 - - - -
ETR 470 27.8 355 19.1 450 18 543

V pripade teoretickych rychlostnych limitov pre kazdy obluk
sa vsak zretelne prejavila zvySena energeticka narocnost, nakol’ko
dochadzalo k castejsim zmenam rychlosti (zrychlovanie v mies-
tach s vyssou pripustnou rychlostou). Porovnanie pre usek Kosice
- Zilina je v grafoch na obr. 7 a obr. 8, kde v pripade teoreticky
dosiahnutelnych maximalnych rychlosti v oblukoch by sa dosiah-
la jazdna doba 101,8 min a spotreba energie by Cinila 3172 kWh,
ale pri jazde s obmedzeniami maximalnej rychlosti v isekoch ako
pri sucasnom stave by sice jazdna doba bola 110,3 min, ale spo-
treba energie len 2188 kWh, ¢o je zhruba dve tretiny pri prediZeni
Casu o cca 8 %.

Tento vysledok zaroven vypoveda o potrebe optimalizovat
dizku usekov, resp. maximalnu stanovenu rychlost, z hladiska ¢o
najmensej spotreby energie, samozrejme pri zachovani ¢o najkrat-
Sej jazdnej doby. UzZ pri zbeznom pohlade na rychlostné obme-
dzenia aj pre tseky v dizke podla sucasného stavu je zrejmé, Ze
niektoré su prilis kratke, aby v nich dochadzalo ku kratkodobému
zvySovaniu rychlosti s jej naslednym zniZovanim. Takato analyza
si vS§ak vyzaduje detailné skiimanie tratovych pomerov, realnych
moznosti uprav oblukov v miestach, kde su najkritickejSie miesta,
a pod.

However, in the case of theoretical speed limits for each curve,
increased energy consumption has remarkably gone up, as there
were frequent changes in velocity (acceleration in sections with
higher permissible speed). Comparison for Kosice - Zilina line is
in diagrams on figure 7 and 8, where in the case of theoretically
permissible velocities in curves the travel time would be 101.8 min
and energy consumption would be 3,172 kWh, but in the case of
run with maximum speed limits in sections as they exist at present,
the travel time would be 110.3 min. However, energy consumption
is only 2188 kWh, which is approximately two-thirds while travel
time would grow by about 8 %.

This result also shows the necessity to optimise length of the
sections or the maximum speed on sections, from the minimum
energy consumption point of view, certainly with respect to keep
the shortest travel time. When looking at the speed limits for sec-
tions with lengths according to the existing state it is clear that
some of them are too short for short-time speed increase with con-
sequent deceleration. Such analysis requires more detailed study
of track, i.e. real possibilities of curve modifications in sections
with the most critical situation, etc.
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Tilting body vehicles - theoretical sections
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Obr. 7. ETR 470 - tachogram jazdy a spotreba energie na trati Kosice - Zilina, teoretické tiseky
Fig. 7. ETR 470 - run diagram and energy consumption on Kosice - Zilina line, theoretical sections
Kosice - Zilina
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Obr. 8. ETR 470 - tachogram jazdy a spotreba energie na trati Kosice - Zilina, existujiice iiseky
Fig. 8. ETR 470 - run diagram and energy consumption on Kosice - Zilina line, existing sections
6. Zaver 6. Conclusion
Cielom studie bolo poukazat na moznosti zvysenia rychlosti Aim of the study was to present possibilities for increasing the

v existujucich tratovych pomeroch bez vystavby, resp. vacsej rekon- | travel speed in the current situation without construction, or
strukcie existujucich trati. Zaroven poukazat na energetickl naroc¢- | without major reconstruction of existing lines. At the same time,
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nost vozby vyssimi rychlostami, ktora tvori vyraznu polozku pre-
vadzkovych nakladov. Vysledky potvrdzuju moznost vyrazného
skratenia jazdnych dob, zaroven poukazuju na nutnost venovat
pozornost volbe usekov s rychlostnymi obmedzeniami z hladiska
energetiky verzus jazdné doby.
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to show the energy consumption of trains running at a higher
speed, which compose a significant part of the operational costs.
The results prove that there is a potential for remarkable shorte-
ning of travel times, while at the same time it is necessary to pay
attention to selection of track sections with speed limits from the
energy consumption versus a travel times point of view.
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