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NEW APPROACH TO PARAMETERS DEFINITION OF TILTING BO DY
RAILWAY VEHICLES

Increasing speed of railway passenger transportigask for all railways.
There are two basic possibilities for speed inciegs- by new high speed tracks
construction with maximum speed over 250 km/h yautization of existing tracks
where tilting body vehicles can be operated. Slaviék not an exception in these
efforts. Analysis of theoretically attainable rungitimes on selected ZSR railway
line (Bratislava — Zilina — Kosice) by computer siation program are presented
together with discussion on actual situation onealty modernized corridor.
Parameter areas affecting selection of suitabldingl body railway vehicle
and proposed methodology (Balanced Score Cardd&ermination of optimum
parameters of new vehicles for ZSR are presentbe. Methodology evaluates
the parameters in a balanced way and in mutualtieteships.

NOWE PODEJSCIE DO DEFINICJI PARAMETROW POJAZDOW
KOLEJOWYCH Z WYCHYLNYMI PUDLAMI

Wzrost pedkasci pociggéw pasaerskich jest obecnie zadaniem realizowanym
przez wgkszaé zarzzdéw kolejowych. Obecnie oma méwié o dwoch metodach
zwiekszenia pedkasci pociggéw — budowa nowych linii dedykowanych do pgév
duzych prdkasci powyej 250 km/h oraz wykorzystanie istaigjch linii na ktérych
operujz pociggi z wychylnymi pudiami. Stowacja nie stanowi w twrgkdzie
wyijgtku. W referacie przedstawiono symulacje komputeroteoretycznych
mcliwosci pockgow z wychylnymi pudtami na modernizowanej liniatgstawa —
Zylina — Koszyce wespoét z dyskusp temat obecnie modernizowanego korytarza.
Zaprezentowano nawmetodolog: optymalizacji parametrow nowych pojazdéw
szynowych dla kolei stowackich.
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1. INTRODUCTION

One of the leading trends in the railway transggitcrease of running speed. This
is true in particular for passenger transport,iiyetmaller extent also in cargo transport. On
the top are systems of high speed trains wheremmanrispeed is over 250 km/h.

Basically, there are two ways how to increase mgspeed.

One way is construction of special high speed sagkh curves with large radii
corresponding to high speed of railway vehicles.

The second way is utilization the existing traaestainly with enhancement of their
technical conditions, and use of railway vehiclaghuilting bodies which allow faster run
in curves by tilting body inward the curve and theducing effects of centrifugal forces on
passengers. However, thorough analysis for propo$alequired parameters of new
vehicles has to be done.

2. RAILWAY VEHICLES WITH TILTING BODIES

There are two basic principles of bodly tilting:

- natural tilting (fig. 1),

- forced tilting (fig. 2).

Natural body tilting is based on a principle of goslpport by air springs on the
bogie above its centre of gravity. This supportdes body tilt inwards the curve by action
of centrifugal force and by this partially competesaffects of centrifugal force on
passengers. The best known representative of twithsnatural body tilting is Spanish
RENFE train-set called Talgo.

Into the group of vehicles with forced body tiltibglong e.g. Italian train units FS
Pendolino, its derivate German DB - VT 610, or artly different principle designed
Swedish train SJ - X 2000 [1]. Many other systemists in the world (Japanese, using
body supported on rollers and electric actuatoctive secondary air suspension raising
outer and lowering inner side of body during cune, etc.)

Forced body tilting of railway vehicle is basedinciple of tilting vehicle body by
action of hydraulic, pneumatic or electrical actuat In figure 2 is a vehicle body
supported on transverse beam in a bogie and blyeldydraulic cylinders of newer system
Pendolino (ETR 460, ETR 470, etc.). Original sa@ot{(ETR 401, ETR 450) was realized
by means of two long vertical hydraulic cylinders @ach bogie which tilt body in its top
part while bottom frame of body was hanged on faligpended transverse beam.
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Fig.2 Forced body tilting of railway vehicle (Periitho)

2.1 Forces acting on railway vehicle running in cwre

When running in curve, centrifugal transversal éicacting on vehicle. Corresponding
transversal (centrifugal) acceleration poses séveresirable effects:

- discomfort for passengers,

- possible derailment of vehicle,

- transversal effects on track.

To minimize above given undesirable effects itasgible:

- use the maximum possible curve radius,

- decrease speed in curve,

- create track superelevation to compensate thevessal acceleration.

Superelevation (rail cant) is placing outer raibircurve higher against the inner rail by
value of “p* (mm) (fig. 3).

During run in curve, effects acting on a vehicle shown in figure 3 [1].
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a, — balanced transversal acceleration (m/s2)
a, — unbalanced transversal acceleration (m/s?)
g — gravitational acceleration (m/s?)

p — superelevation of outer rail (mm)

e — distance of rail head centres (1500 mm)

R, — vector sum of accelerations (m/s?)

1, It — balanced acceleration (m/s?)

A - unbalanced acceleration (m/s?)

Fig.3 Effects acting on railway vehicle during rimg in curve
Effects acting on a tilting body vehicle during runncurve are presented in figure 4 [1].
Tilt of body relative to bogie frame can be obsédrtteere.

a — total transversal acceleration (m/s?)

g — gravitational acceleration (m/s?)

o — rail cant (°)

B —angle of body tilt relative to bogie frame (°)
v — angle of body tilt (°)

A a ! v\}
K\/g.cos Nl

Fig.4 Effects acting on tilting body vehicle duringining in curve

Overall tilt of body during run in a curve is a swhsuperelevation (rail cant) of outer
rail and fictive superelevation resulting from badty[2].

If we consider curves with uniform superelevatiosr 450 mm and cant deficiency of
70 mm, or 100 mm, we can make diagram of relatiomaximum speed in curve to curve
diameter for a vehicle with tilting body and forme@ntional vehicle (figure 5). Horizontal
axis in the diagram starts by value of 100 m of’euadius.
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Dependence of maximum speed in curve and curve radi  us

V450

(km/h) 4 Tiliting body vehicles

00 +

350 + Convetional vehicles

300 4 (cant defficiency 100 mm)

250 + Convetional vehicles

200 + (cantdefficiency 70 mm)

150 +
100 +

50 +

0 +——r T T T T T T T
100 1000 2000 3000 4000 5000 R (m)

Fig.5 Relation between maximum speed in curve anceaadius

It can be seen that titling body vehicle can re&charkable higher speed in small curve
diameter comparing to conventional vehicles. Batéased transversal forces from higher
speed acting on track are becoming limiting criter{risk of derailment, track stability,
etc.) which is given by Proudhom's formulae.

3. ATTAINABLE TRAVEL TIMES ON SELECTED ZSR LINES

Run of express trains on ZSR (Slovak railways)astfiructure is limited by maximum
track speed, which is rather low comparing to wast®untries. For domestic traffic, one
of the principle lines of ZSR is the line Kosic&ilina - Bratislava.

On this line, by use of computer simulation, thistixg and attainable travel times have
been compared considering maximum permissible speegrves, while the track sections
were considered according to present-day (befaektmodernisation) of existing line
sections as well as according to purely theorespaled limits in curve. In reality, if new
train units would start operation, then the exitiimgs should be improved, which in turn
will bring less track speed limitations also fongentional vehicles.

Energy consumption has been calculated too, asishian important cost factor,
especially at higher speed. Energy consumptionphdly important role in operational cost
especially in future and so it should not be orditshen considering speed increase.

For analysis of run of tilting body vehicles on tBeatislava — Zilina — Kosice line
(return trip), we used parameters of Pendolinm$aseries ETR 460, ETR 470 and ETR
480 as well as currently standard electric locomaotieries 363 with train set parameters:
weight 400 t, length 250 m.

The choice of standard electric locomotive serié3 Wwas done because it is the most
commonly used locomotive on this line and even iostmof passenger trains (IC and
expresses) hauled by Railway Company Slovakia. talbdy, when comparing with
Pendolino train-sets series ETR, it has lower poavet maximum speed (120 km/h). But
the resulting comparison gives a picture on culyeattainable travel times by standard
trains and potentially achievable travel times mtidns by new technology. In reality the
reduction will not be as great because other litites will occur.
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The train run on the selected line Bratislava +nZi- Kosice was simulated by use of
software "Train dynamics 3“, stops only in the #thtewns. Program calculates theoretical
run times and energy consumption. Regular run tiwere increased by 4 % supplement.

The results are presented in the table 1.

Tab. 1. Travel times by simulation calculations

Track data Train set Rggular run Thgoretica! run Engrgy
type time (min) time (min) consumption (kwWh)
NORM 163 +400t 566,15 544,37 10498,8
NORM ETR 460 564,5 542,79 8579,6
NORM ETR 470 563,85 542,16 8578,7
NORM ETR 480 564,39 542,68 8365,2
BV ETR 460 386,17 371,32 13387,7
BV ETR 470 385,87 371,03 13484,2
BV ETR 480 385,96 371,12 13103,9
TBV avg ETR 460 399,29 383,94 11299,9
TBV avg ETR 470 398,9 383,55 11384,2
TBV avg ETR 480 399,13 383,78 11029,6
NORM - current track sections, %120 km/h
TBV - tilting body vehicles — theoretical speedcurves, V., 200 km/h
TBV avg - tilting body vehicles — current tragkctions, \hax 200 km/h

In case of theoretical speed limits for each cun@eased energy consumption has
remarkably gone up, as there were frequent chaimgeslocity (acceleration in sections

with higher permissible speed).

Graphical interpretation of run diagram and energgpsumption on KoSice — Zilina
line, theoretical sections (considering maximumsiue theoretical speed in each curve on

the line) is presented on the figure 6
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Fig. 6 Example of run diagram and energy consuompti

The second type of analysis was comparison of traim on already modernised
“corridor” line Bratislava — Nové Mesto nad VahorRor comparison purposes for
representative of tilting body vehicles, Pendolsssies CDT 680 (Czech Pendolino) was
used, for conventional train electric locomotiveiesge 350 (max speed 160 km/h), with
passenger express train, mass of 334 t, lengtB®fri(7 wagons) were used.

This analysis was done with aim to compare runhenalready modernised track, using
both existing conventional trains and Pendolinintrut with maximum speed reduced to
160km/h. Parameters of both trains were very saingb there is no surprise that the travel
times were only slightly different. Some time sasdnis achieved by Pendolino by lesser
reduction of speed in railway station Trnava.

Comparison of travel times and energy consumptiothe modernised line is presented
in table 2.
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Tab. 1. Travel times by simulation calculations

Reqular run Theoretical Energy

Train set From To tirrgle (min) run time consumption
(min) (KWh)
350 +334t | Bratislava NO"‘; /':"/eSto 42,83 41,18 1566,6
350 +334 t NOV‘E k",esm Bratislava 43,71 42,03 15216
Total 86,54 83,21 3088,2
680 Bratislava Novi /':"/esm 41,59 39,99 804.1
680 NOV‘; R",esm Bratislava 42,10 40,48 777.8
Total 83,69 80,47 1581,9

To explain remarkable lower energy consumptiondeecof train-set Pendolino (CDT
680) against the conventional train hauled by dedbcomotive series 350 we enclose
diagram of vehicle resistance depending on veldoitythe both train sets (figure 7). From
the diagram it is evident that at speed of 160 kthéhvehicle resistance of the train-set
locomotive 350 + 7 wagons equals about 47 kN, wihilease of tilting body unit CDT 680
only 28 kN. This, together with modern traction toh gives almost only half energy
consumption on the given line. In both cases mésh@ line section is run at 160 km/h.
Conventional train has only lower speed in Bratigland Trnava stations, what results in a
little longer travel time and more energy consumptfor longer acceleration. (Energy
consumption for auxiliary equipment was not considi
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Fig.7 Vehicle resistance of train unit series &Bfyain locomotive350 + 7 wagons
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It should be noted that travel time reduction by s tilting body vehicles on this
section with the same speed limit is less than #A#btheir use on such type of track would
not have any rationale. Improved aerodynamics tsboond to tilting body vehicles and
can be used also on train units of conventionabdg$rom the tilting body point of view).

The simulation program calculates consumption fi@otetical (short) travel time and
not for regular one. This means that energy theswmption can be even lower (coasting
was not considered).

On the other hand, additional consumption for aamil drives, air conditioning or
heating, braking, as well as consumption duringssia stations was not calculated, though
in real operation this is not negligible. Similariyhen calculating travel times, stop times
in stations should be added to run times. Thesestiare the same for both tilting body
vehicles as for the conventional ones, so theivel&enefit form reduced run times will be
lower.

4. METHOD FOR DEFINING OPTIMUM PARAMETERS FOR TILTI NG BODY

VEHICLES

For defining methodology for determination of optim parameters for the tilting body
vehicles we propose to use a basic philosophy dahadeof Balanced Score Card (BSC),
which is being used for strategic management ofpaories, while as the strategic decision
the selection of suitable parameters of railwayicleb (with tilting bodies) can be
considered. The method evaluates parameters inndsda manner and in mutual
relationships [3]. Defining of optimum parametefstitiing body railway vehicle can be
based on the following areas (figure 8).

Area of technical
parameters of track

Objectives Indicators

Area of parameters of Area of parameters of
environmental impact effects on passengers

Objectives Indicators ITTI Objectives Indicators

Area of economical
parameters

Objectives Indicators

Fig.8 Methodology for determination of vehicleioptm parameters based on BSC

These parameters in principle can be divided iméofollowing categories:
a) Technical parameters

- parameters of railroad tracks and buildings,

- parameters of interlocking systems,

- parameters of traction power supply and Electtotéecal equipment.
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b) Parameters of effects on environment railroacosindings
c) Parameters of effect on passengers
d) Economic parameters

- operational and maintenance costs,

- disposal costs,

- costs for increasing quality and reliability,

- competitiveness with other transport modes.

Technical parameters

These parameters are based on valid legislatigul@tons, standards,...) and mostly in
designing phase of suitable type of railway vehitlés not possible to influence these
parameters as their change require high investnfentsodification of railway track and
other connected technical facilities. Moreover, stheparameters directly affect the
operational safety of the rail vehicle.

Parameters of effects on environment railroad surroundings

Parameters of effects on environment railroad sudongs are also given by valid
legislation but they can be affected by vehicleiglesand its maintenance system. Main
parameters belonging to this group are especially:

- Noise emitted by the vehicle;

- Influence on soil, water and air pollution.

Parameters of effect on passengers

These parameters are most important from the pdisatisfaction of passenger needs.
They concern namely:

- Personal comfort during train run

- Speed of transport from place A to place B

- Train ticket price

- Traffic safety

Economic parameters

Economic parameters use to be the most importargsessment suitability of use of a
railway vehicle on given railway line as operatishould be economically effective.
Individual types of costs related to rail vehiclgecation can be affected already during the
design phase.

4.1 Procedure for determination of tilting body raiway vehicle

1. Creation of working group

For determination of parameters of tilting bodywaly vehicle it is necessary to form a
working group composed of professionals in the vitial areas who are capable of
defining all parameters concerning the given afddting body vehicle.

2. Determination of goals
Based on defined parameters (point 1.) membershefworking group will define
objectives for each area that should be achievékigiven area.
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3. Determination of indicators for each objective

For each objective (point 2.) members of workingugr will define indicator by which
the given objective will be evaluated. The indicataust in the best possible way define
importance of the objective. For each indicatoisitnecessary to determine source of
information to evaluate the given indicator.

4. Key relationships among indicators

After definition of indicators for each objectivihe members of working group will
determine key relationships among indicators ingiven area and key relationships among
other areas with aim to find out the ways of mutafilencing of the indicators.

5. Setting the balance of fulfiiment of indicators

After determination of key relationships of indioeg (point 4.) the working group will
evaluate each mutual relationship of the indicatorg will set values of indicators so that
any indicator would not be fulfilled on accountathers but they will set balance in their
fulfilment.

On the base of the above given procedure the wgrgioup will define the optimum
parameters of tilting body railway vehicle [3].

3. CONCLUSIONS

Utilization of tilting body railway vehicles is dable especially when there is need to
increase passenger transport speed and there tasafficient investments for construction
of new high speed lines. Tilting body vehicles gaavel time savings especially by higher
speed when running in curves in comparison withveational vehicles. So the highest
travel time reduction is achieved on lines withthigumber of curves with small curve
radii. It should be carefully analyzed whether #avings in travel times will balance
higher costs for new tilting body vehicles or usagfeconventional trains with better
aerodynamics would be sufficient.
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