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Preface

Rail transport is one of the most important sectors for the economies of many
developed countries. Its importance can and should increase in the future. This is
explained quite simply. In comparison to aviation, rail takes longer, but is signif-
icantly less expensive. Marine and river transport are great alternatives, but they are
significantly slower than rail transport in moving goods to their destination. In
addition, most importantly, transport via by ship often leaves goods short of their
final destination, requiring further road or rail transport.

Rail transport’s most serious competition comes from truck transport. However,
truck transport loses its advantage when delivering cargo over long distances,
particularly those in excess of 400 km. In addition, there are important environ-
mental and safety aspects. Again, in this regard, rail transport has an edge.

Thus, developed countries are interested in developing rail transport as an
alternative to road transport. This entails having an effective system for delivering
goods and passengers on various continents, particularly within Eurasia. It is
obvious that the development of this mode of transport cannot be considered in
isolation from other transport modes. For example, for the transport of passengers
over long, transcontinental distances, air transport has significant advantages.
However, the best way to get people and to and from airports is by rail.

Similarly, the transport of large quantities of goods, such as containers, is best
carried out by sea or inland waterway, particularly if there are no significant time
constraints. But transport to and from the port is also often most efficient via rail.
Thus, rail transport may be considered a subsystem of the intercontinental transport
system.

Rail transport is a highly complex system consisting of rolling stock, transport
infrastructure (track facilities, energy supply systems, numerous buildings, etc.),
administration, management and control services. It should be added that the
manufacturer of all these elements and fulfilling their maintenance (plants, repair
shops, depots, etc.), the relevant educational institutions, which are required to
prepare personnel for some extent related to the rail transport.

Each element in this scheme is also a specific subsystem. For example, if we
consider an electric locomotive, it consists of a number of highly responsible
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subsystems (control systems, power system, brake system, heating system,
pressurized air supply system, suspension systems, motor systems, etc.). It should
be noted that if we want to consider traffic safety, it is necessary to evaluate not only
the interaction of the individual subsystems of the locomotive, but also its inter-
action with external systems, namely, the track, contact wire, signaling and com-
munication systems, etc. Thus, it becomes apparent that rail transport can be
considered only with a systems approach. Moreover, regardless of the level at
which one or the other system is considered, an acceptable solution can be found
only with the use of a systems approach.

In the present monograph, the authors show how scientists of various countries
solve specific rail transport problems using the systems approach. In particular, the
book describes the experience of scientists from Romania, Germany, Czech
Republic, UK, Russia, Ukraine, Lithuania and Poland. It should be noted that these
countries’ rail systems have historical differences. In particular, these countries have
railways with different gauges, signaling and communication systems, energy
supply systems, and, finally, political systems, which affect their approaches to rail
management.

Despite the fact that most of the authors work at universities, the monograph is
directly aimed at solving essential problems facing the rail industry in different
countries. In some cases problems are solved, transforming ideas into concrete
technical, economic or organizational solutions. In other cases, potential solutions
for problems are identified.

Structurally, the monograph is divided into two parts. Part I provides a sys-
tematic analysis of rail transport and its maintenance. Part II is devoted to rail
transport infrastructure and management development. Particular attention is paid to
security issues.

The book is written primarily for professionals involved in various problems of
rail transport. Nevertheless, the authors hope that this book may be useful for rail
manufacturers, for technical staff and managers of rail transport operators, and for
students of transport specialties, as well as for a wide range of readers who are
interested in the current state of transport in different countries.

Katowice, Poland Aleksander Sładkowski
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Effects of Braking Characteristics
on the Longitudinal Dynamics of Short
Passenger Trains

Cătălin Cruceanu, Camil Ion Crăciun and Ioan Cristian Cruceanu

Abstract This original study investigates comprehensively the effects on longi-
tudinal dynamics of short trains determined by usual combinations of different
brake types that currently equip passenger railcars in operation: disc brake in
fast-action and cast iron brake block system in fast high power action mode. The
interest on such research is determined by the differences between the braking
characteristics determined by two major aspects: the specific dependency of friction
coefficient between wheel and cast iron blocks, respectively, brake discs and pads
on velocity and normal forces applied on frictional couples, as well as by the brake
cylinders air pressure evolution during the process. Preliminary studies and results
of numerical simulations performed on single railcars submitted to braking con-
stitute reasonable qualitative argumentation of the present research. Taking into
account certain assumptions in order to eliminate, as much as possible, any aspect
potentially disturbing the direct influence of braking characteristics, an original
longitudinal dynamics simulation program was developed. The filling characteris-
tics of air brake distributors were experimentally determined on static computerized
testing system in the Braking Laboratory of the Faculty of Transports in
University POLITEHNICA of Bucharest. The data files were adequately imple-
mented into the simulation program. The results of numerical simulations indicate
that braking characteristics have major influence on longitudinal dynamics of the
train. We identified three patterns of in-train force evolutions, depending on the
configuration of the braking systems featuring each vehicle of the train. Regarding
operational aspects, the arrangement of railcars with different brake systems in the
train composition affects the longitudinal dynamic reactions. We recommend
measures to increase traffic safety and passengers comfort.

C. Cruceanu (&) � C.I. Crăciun
University Politehnica of Bucharest, 313 Splaiul Independenței, Bucharest, Romania
e-mail: c_cruceanu@yahoo.com

C.I. Crăciun
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© Springer International Publishing AG 2017
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Keywords Railway vehicle � Longitudinal dynamics � Train � Braking �
Simulation program � Disc brake � Cast iron block brake � Fast-acting mode � High
power brake

1 Introduction

Train braking is a critical and complex process, with relevant impact on the safety
of the traffic. Traditionally, railway vehicles are equipped with compressed air
systems, known as a UIC pneumatic brake [1]. The operational principle implies
that the system is ready-for-use and brakes are released when working pressure is
applied to the entire brake pipe of the train. Braking is commanded and controlled
by pressure reduction in the brake pipe, while the signal for release increases
pressure in the same brake pipe.

An important operational problem is the limited transmission speed of braking
initiation. The brakes actuate successively in the length of the train so that, while
the first vehicles are slowing down, others are trying to push, still unbraked, from
the rear. To mitigate such phenomena, engineers developed specific diminishing in
the rate of air pressure variation in the brake cylinders, accepting, however, an
inevitable slight decrease in braking performance.

This operational mode, which does not allow simultaneous application of the
vehicles’ brakes, creates conditions, during transitional stages immediately fol-
lowing the pneumatic braking command, to generate important longitudinal in-train
reactions causing stress to the couplers, affecting passenger comfort and, in certain
cases, even the traffic safety. Effects such as the breaking of couplings during
braking raised justified concerns, particularly given increased tonnages and running
speeds of trains.

Theoretical and experimental studies complemented with computer applications
and simulations for the analysis of specific phenomena, e.g., [2–13], indicate a
general pattern of longitudinal dynamics of trains submitted to braking actions: the
successive actuation of air distributors in the length of the train determines an
important initial compression and generates oscillations in the train body. While the
maximum pressure in the brake cylinders tend to stabilize, the oscillatory move-
ment is quite rapidly damped and the magnitude of the longitudinal reactions
between the vehicles of the train diminish, becoming insignificant and keeping so
until the train stops. Trains experience the highest levels of longitudinal dynamic
forces usually in the middle, and the compressive forces in couplers are higher than
the tensile ones.

It is notable that most studies are focused on long, heavy freight trains with UIC
brake block systems, operating in slow-action mode. The mass and active brake
distribution in the train composition, the initial velocity, etc. may contribute to
particular aspects that do not affect essentially the presented pattern.

Passenger trains, in general, are shorter, lighter and more uniform in composi-
tion, so specific issues arise [11–13]. The main braking system operating in
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fast-acting mode [1], complementary systems that might be associated [14–17], the
random action of wheel slide protection devices in case of impaired wheel-rail
adhesion, etc. modify the longitudinal dynamic reactions in the train body as
magnitude, evolution in time during the braking process and disposition of com-
pressive and tensile forces between adjoined vehicles.

The main braking systems of passenger vehicles are usually equipped with tread
brakes made of cast iron, composite brake blocks, or disc brakes with organic or
sintered pads [18] for the vehicles destined for running speeds of 160 km/h or more
[19]. Each system determines particular braking characteristics, mainly according to
the friction coefficient dependency on velocity. There are noticeable differences [8,
16–18], generating different braking forces evolutions and having important
influence on the longitudinal dynamics of the train.

The differences are even more significant in the case of railcars featuring high
power brake systems with two stages of brake block pressure on the wheel tread.
Such systems operate at high pressure at the beginning of braking, maintained while
the speed is greater than a predetermined threshold and followed thereafter by a
reduced pressure level until the railcar stops [19].

The main goal of the study is to investigate the influences of different brake
systems, in various combinations in the passenger train composition, on the lon-
gitudinal dynamics and to evaluate the correspondent effects regarding the mag-
nitude and evolutions of compressive and tensile forces exerted between
neighboring vehicles. We considered systems in current use on passenger vehicles:
disc brake with organic pads in P(fast-acting) action and cast iron tread brake
blocks in P and R (high power) action.

The interest in such original research is justified because, for maximum velocities
less than 160 km/h, passenger trains commonly operate vehicles equipped with dif-
ferent braking systems. In order to increase the accuracy of the results, we acquired
experimentally data referring to the air pressure evolution in the brake cylinders.

The chapter is organized in six sections. The first one presents a brief state of the art
in longitudinal dynamics of trains submitted to braking actions, giving general reasons
and operational arguments to justify the main targets of the study. In the second section,
the main particularities of the UIC brake system in use on passenger vehicles in
operation and specificities of the friction elements equipment according to the maxi-
mum designed running speed there are summarized. In the third section, the main
theoretical bases of the longitudinal dynamics simulation programs developed for the
studies are outlined: the mechanical model of the train, of couplers, braking and
resistance forces, as well as certain pneumatic aspects having essential influences on the
in-train forces during braking actions. The fourth section consists of a qualitative
argumentation of the studied problem, highlighting the particular evolutions of braking
forces, velocities, decelerations, generated by the use of different braking equipment.
The analysis relies on the results of emergency braking simulations for individual
vehicles, performed in similar initial conditions. The fifth section is dedicated to
numerical simulations of longitudinal dynamics during braking actions for several
representative usual operational configurations of short passenger trains. Consistent to
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the aim of highlighting exclusively the influence of braking characteristics on the
longitudinal dynamics of such trains, the main assumptions and initial data are pre-
sented and explained. The conclusions are outlined in the last section.

2 Particularities of UIC Brake System

A UIC brake system is an essential feature for safe and reliable rolling stock braking,
available to the operator under all conditions and providing fail-safe operation. As the
main braking system, the indirect-action compressed air brake system is compulsory for
railway vehicles [1]. It is a continuous, automatic pneumatic brake, which uses air
pressure variations both to command braking/releasing actions and to generate the
necessary forces to apply on the brake blocks or pads. Controlled retardation forces are
available throughout the vehicle’s speed range in order to enable speed reductions,
stopping at fixed location and remaining stopped on gradients.

The pneumatic command is generally recognized as extremely safe and reliable.
The indirect operational principle implies that the system is ready for use and
released when a working pressure (generalized 5 bars) is applied in the brake pipe.
Braking/releasing actions are commanded and controlled by reduction/increase of
the air pressure in the brake pipe.

Vehicles are equipped with brake cylinders that use the compressed air, supplied by
the auxiliary reservoir, which constitutes the only source during braking actions. The air
brake distributor, which is a complex mechanical-pneumatic equipment, is the essential
local device of the system able to provide pneumatic connections between the brake
pipe and the brake cylinder, between the auxiliary reservoir and the brake cylinder and
between the brake cylinder and atmosphere, according to the pressure changes within
the brake pipe.

The specific operating mode of the indirect-action brake gives automatic action
property, essential for the traffic safety and makes sufficient use of compressed air
for the brake system operations using a single brake pipe of the train. Moreover, it
makes available for the passengers a simple and safe braking control for emer-
gencies through the alarm signal. This can be operated by any passenger in a
situation in which the emergency brake valve immediately opens the brake pipe,
determining its rapid venting and, by consequence, generating emergency braking
in order to bring the train to a stand [1].

The UIC brake system is schematically presented in Fig. 1. For details regarding
principles, role of main components and operation, see, for instance, [14–16].

In the case of passenger vehicles with a UIC braking system, in operational use
is compulsory the fast-acting (or P, or passenger) action mode, characterized by a
filling time of 3–5 s and a releasing time of 15–20 s [1]. As a friction-based system,
the usual equipment consists either of cast iron or composite brake blocks acting on
the wheel tread, or with composite pads acting on both lateral surfaces of brake
discs.

6 C. Cruceanu et al.



It is worth noting the important differences in values and in evolution during
braking action, of the friction coefficient between the mentioned materials. The
friction coefficient between cast iron brake blocks and wheels strongly depends on
several parameters: the most significant are the instantaneous velocity of the
vehicle, the normal acting force on each shoe and the contact pressure, while the use
of plastic (composite) materials for brake shoes or pads enables an approximatively
invariance of the friction coefficient in normal conditions (see Fig. 2).

In the case of a classical brake disc with composite pads according to [18], the
friction coefficient ld can be considered to be constant during the braking, having a
recommended mean value of

ld ¼ 0:35 ð1Þ

First vehicle Second vehicle Last vehicle 
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Fig. 1 Schematic of UIC (indirect-action compressed-air) brake system: 1 compressor; 2 main
reservoir; 3 driver’s brake valve; 4 brake pipe; 5 brake cylinder; 6 air isolating cock; 7 hose
coupling; 8 auxiliary reservoir; 9 air brake distributor; 10 emergency signal; 10a emergency signal
handle; 10b emergency signal valve
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Fig. 2 Dependency of friction coefficient on different parameters: velocity, application force Ns,
contact pressure ps
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to be used in theoretical studies. Generally, almost same invariance is also specific
for plastic brake blocks, but the friction coefficient has lower values [20].

In the case of cast iron brake blocks, the friction coefficient ls has a multiple
dependency on several factors, of which the most influencing are the instantaneous
running speed V and the normal application force Ns, respectively, the pressure ps
exerted on the wheel tread/brake shoe contact surface. In practical calculus, dif-
ferent empirical relations based on experiments are recommended, e.g., [8, 16]:

ls V ;Nsð Þ ¼ 0:6
V þ 100
5V þ 100

16
g Ns þ 100
80
g Ns þ 100

ð2Þ

ls v; psð Þ ¼ 0:6
1þ 0:01v
5þ 0:01v

1þ 0:0056ps
1þ 0:028ps

ð3Þ

ls V ; psð Þ ¼ 0:49
10
3:6V þ 100
35
3:6V þ 100

875
g ps þ 100

2860
g ps þ 100

ð4Þ

In Eqs. 2–4, V (km/h), respectively, v (m/s) are the linear velocity of the wheel,
Ns (kN) the normal force acting on a brake block, ps (N/mm2) the wheel tread/brake
block pressure exerted on a brake block and g = 9.81 m/s2 the gravitational
acceleration.

The specific dependency of the friction coefficient wheel/cast iron brake block
restricts the maximum velocity, which must be lower than 160 km/h. Moreover, for
running speeds exceeding certain limits, the stopping distances become too long
against the requirements related to the regulated traffic safety conditions [21]. With
the purpose of increasing the braking power, passenger rolling stock featuring cast
iron brake blocks and designed for running at a speed of up to 160 km/h, must be
equipped with high power action brakes.

The high power action brakes have the particularity of working with two stages
of applied forces on the brake blocks, depending on the actual velocity of the
vehicle. At the beginning of braking, a high pressure in the cylinders maintains
constant as long as the speed is greater than a threshold velocity. As soon as it falls
below the predetermined value, a changeover of the air pressure within the brake
cylinders becomes effective and the low pressure is kept steady until the vehicle has
stopped. Consequently, the vehicle benefits from a higher average braking force
during the process (see Fig. 3), in the limits of the same wheel/rail adhesion.

3 Train Model

Longitudinal train dynamic research commonly targets the evaluation of the mag-
nitude of in-train forces, in order to improve the safety of the traffic and, when
referring to passenger trains, to diminish the comfort alteration during braking.
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In such studies, researchers consider both the motions along the track of the train as
a whole and of the individual component vehicles, usually neglecting the vertical
and lateral movements.

The longitudinal dynamic of the train depends on numerous parameters, e.g.,
operational (train composition, length, load distribution, velocity), specificities of
the track (grade, curvature), brake systems characteristics and response (type, brake
delay time, actuation particularities, brake forces time evolution), vehicle design,
technical and constructive characteristics.

The braking process itself consists of a succession and overlapping of
mechanical and pneumatic processes evolving with different intensities in the length
of the train.

Consequently, it is required a comprehensive approach, based on adequate
embedded complex models, taking into account the evolution of the different
aspects that are contributing to the achievement of safe reductions of running speed
and stopping of trains in operation.

3.1 Mechanical Model of the Train

In mechanical perception, neglecting the vertical and horizontal dynamics—usual
assumption in such studies—the train can be considered an elastic-damped lumped
system consisting in n individual rigid masses mi representing each vehicle, con-
nected through elements having well defined elastic ki and damping ci equivalent
characteristics in respect to the individual couplers’ device particularities (see
Fig. 4).

Wheel/rail adhesion force

Braking force
high level pressure
in brake cylinders

low level pressure
in brake cylinders changeover

running speed

Forces

Air pressure in 
brake cylinders

Velocity

Fig. 3 Principle of operation for high power brake (cast iron brake blocks)
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Considering the multibody formulation, for the generalized “i”-th vehicle of the
train, the forces governing the displacement xi are the braking forces Fb,i and the
resistances Wi as retardation forces, the forces Pi−1,i and Pi,i+1 acting in the con-
nections with neighbored vehicles and the inertial forces Ii (see Fig. 5).

The correspondent differential equation describing the longitudinal movement of
the vehicle is

mi€xi þPi;iþ 1 � Fb;i �Wi � Pi�1;i ¼ 0 ð5Þ

The present study follows the classical approach of theoretical studies on in-train
longitudinal forces, consisting of a mechanical cascade-mass-point unidirectional
model (see, for instance, [5, 9, 22]). Each vehicle is considered a rigid body having
at front ends couplers based on combined use of draw-gears and a pair of buffers
that are linking to neighbored vehicles. The shock and traction devices have specific
elastic and damping characteristics, generally dependent on the relative displace-
ment Dxi and on the relative speed Dẋi between adjoining vehicles.

Applied to the vehicles of the train, Eq. 5 conducts to a nonlinear differential
equation system of second order. Considering i 2 [1, n] and attaching the boundary
conditions P0,1 = Pn,n+1 = 0, it was obtained the equation system describing the
movements of the mechanical system presented in Fig. 6.

An important aspect to deal with in conceiving the mechanical model of the train
is represented by the couplers, which ensure the link between the railway vehicles.
The couplers have specific elastic and damping characteristics, according to the
remarkable effects regarding the protection of the vehicle’s structure, the loading’s
integrity and the passengers comfort.

k1,2 

c1,2 

sense of running 

k2,3 

c2,3 

ki-1,i

ci-1,i

ki,i+1 

ci,i+1 

kn-1,n

cn-1,n

m1 m2 mi mn

Fig. 4 Mechanical assembly of the train

mn

ẋi ẍi 

Wi

Ii

Fb,i
Pi-1,i Pi,i+1 

x

Fig. 5 Forces acting on a
generalized in-train vehicle
during braking
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Generally, the traditional couplers widely used in Europe are composed of a pair
of lateral buffers, a traction gear and a coupling apparatus at each extremity of the
vehicle. Their characteristics have significant influences for the longitudinal
dynamics of the train, with running stability implications. There are different
constructive solutions, the specificities being consistent with the requirements
determined by mass, potential collision shocks and passengers comfort, etc.

According to the particular constructive and operational characteristics, the
behavior of buffer and draw-gear devices is quite complex, due to several nonlinear
phenomena, e.g., variable stiffness-damping, hysteretic properties, preloads of
elastic elements, draw-gear compliance, clearance between the buffers discs, etc.

The problem of modelling the rail vehicles couplers has been approached in
several ways. A comprehensive review regarding the modelling of friction draft
gear is presented in [22].

Typical constructive solutions for buffers and traction devices rely on metallic
elastic rings (RINGFEDER type) based on friction elements to fulfil the required
damping effects. The general characteristics force-displacement depends mainly on
the stroke Dx representing in fact the relative displacement between adjoined
vehicles and on the relative velocity Dẋ associated to its sign.

Because of dry friction presence, in operation, the device is blocked as long as
the external forces do not overcome the internal static friction forces. In addition,
the forces in compressive and tensile stroke are significant different.

In the present study, in order to avoid intricacies determined by the disconti-
nuities of friction forces between elastic rings in RINGFEDER elements, a
smoothening approach was preferred [11, 12]. It is notable that such models have
the advantage of a much simpler simulation, as well as limitations, for example the
fact that the bodies in contact tend to drift until the resultant force vanishes, which
does not exactly correspond to the operational effects [23].

The model for the shock and traction apparatus considering the nonlinear
characteristics is shown in Fig. 7.

The forces in couplers were evaluated assuming an algebraic sum of elastic and
friction forces.

m1 m2 mn 
P1,2(Δx1,2, Δẋ1,2) P2,3(Δx2,3, Δẋ2,3)

Pn-1,n(Δxn-1,n, Δẋn-1,n) 
.  .  .

Fb,1(t, μ(ẋ1, N1))  

Fi,1

W1(ẋ1)
Fb,n(t, μ(ẋn, Nn))

Fi,n

Wn(ẋn) 

Fb,2(t, μ(ẋ2, N2)) 

Fi,2

W2(ẋ2)

Sense of the train’s motion 
ẋ

Fig. 6 Mechanical model of the train
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According to functional specific action of the elastic elements comprising fric-
tion elements, there were determined the following equations [24]:

Pij Dxi;j;D _xi;j
� � ¼ kbDxi;j þ cb Dxi;j

�� ��tanh uD _xi;j
� �

; for Dxi;j\0
0; if Dxi;j ¼ 0
ktDxi;j þ ct Dxi;j

�� ��tanh uD _xi;j
� �

; for Dxi;j [ 0

8<
: ð6Þ

In Eq. 6 k and c were denoted as equivalent constants depending on the elasticity
of the elements and on the friction characteristics between the metallic rings inside.
The supplementary indexes “b” and “t” are referring to buffer and traction devices,
respectively. In addition, Dxi,j represents the stroke, Dẋi,j the relative speed for the
considered element of the couplers between i and j adjacent vehicles of the train.
The scalar factor u � 1 determines how fast the tanh function changes from near
−1 to near +1.

Generally, in order to describe the operation of the couplers as accurate as
possible, the constants can be established on experimental bases. In the present
study, the constants k and c were determined by taking into account the charac-
teristic diagrams of RINGFEDER-type buffers built in Romania by ICPVA-SA that
equip trailed passenger vehicles [25, 26]. Keeping the international prescriptions
[27, 28] and according to [17], the correspondent values are presented in Table 1.

More details about the actual model, preliminary work and tests to achieve and
define this solution can be found in [12, 13, 24].
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Fig. 7 General
characteristics of couplers
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3.2 Braking Forces

Braking forces are most important in longitudinal dynamics and their evolution is
essential for the whole process, both in terms of braking distance and of magnitude
of in-train forces developed between adjoined vehicles.

The main braking systems of railway vehicles are friction-dependent, so the
braking force can be classically described considering the friction coefficient l and
the normal forces Nj exerted by the brake rigging on each of the j brake blocks on
the wheel tread, respectively, on each of the j pads acting on the lateral surface of
the brake disc:

Fb ¼
X
j

lNj ð7Þ

According to the typical mechanical construction of main brake systems, the
normal forces Nj are generated from the brake cylinder. The resultant force Fp on
the brake cylinder piston rod is amplified and transmitted to the brake blocks or
pads through the brake rigging, characterized by the amplification ratio ia and a
certain mechanical efficiency ηbr.

In the case of disc brakes with individual automatic slack adjuster device
incorporated in the brake cylinder piston rod, as currently in use, the braking force
can be determined:

Fb ¼ l nbcFpia
2rm
D0

gbr; ð8Þ

where nbc represents the number of brake cylinders of the considered vehicle, D0 is
the wheel diameter and rm the medium friction radius of the brake discs.

In the case of fitting with brake blocks actioned by symmetrical brake rigging
with automatic slack adjuster mechanism on the main brake bar, typical solution in
the case of passenger vehicles destined for running speeds of less than 160 km/h,
the braking force is

Fb ¼ l Fpic � Rsa
� �

ivnDnbcgbr ð9Þ

Table 1 Main data in
simulation of traction and
collision devices

Specific constants for buffers kb = 2.8 � 106 N/m

cb = 1.4 � 106 N/m

Specific constants for traction devices kt = 5.46 � 106 N/m

ct = 2.43 � 106 N/m

Scaling factor u = 104
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In Eq. 9, Rsa represent the resistance forces due to the automatic slack adjuster
device, ic the central brake rigging and iv the brake rigging’s vertical levers
amplification ratio, nD the number of triangular axels.

The force developed at the brake cylinder piston rod Fp depends on the
instantaneous air pressure pbc as main variable, the piston diameter dbc and the
resistance forces FR due to the brake cylinders back spring, summed up, in the case
of individual automatic slack adjuster device incorporated in the brake cylinder
piston rod, with the correspondent resistance forces:

Fp tð Þ ¼ pd2bc
4

pbc tð Þ � FR ð10Þ

It was assumed that certain terms and factors defining constructive and func-
tional characteristics are constant for the same vehicle during braking. Defining a
correspondent generic equivalent term n and keeping in mind that that resultant
force Fp on the brake cylinder piston rod is practically in direct dependency on the
actual air pressure within the brake cylinders pbc, as shown in Eqs. 8–10, can be
summarized a generalized expression:

Fb tð Þ ¼ n pbc tð Þl ð11Þ

Presented in that form, Eq. 11 highlights the variable factors that define the main
sources of nonlinearities, which characterize the brake force.

Explanations regarding the mathematical representation of friction coefficients
for usual cases were presented in Sect. 2.

It is important to mention one more important operational aspect: an effective
braking response is expected only after the force exerted by the increasing air
pressure acting on the brake cylinder piston overcomes the resistance forces due to
the brake cylinders back spring, the friction forces between the piston seal and
cylinder and performs all displacements determined by the released positions of
brake riggings, wear, elasticity etc.

Usually, this is taken into account by considering a minimum necessary pressure
level of approximately 0.4 bar within the brake cylinder to rely on the initiation of
real braking force of the vehicle. The effects of this particular aspect on longitudinal
dynamics of trains cannot be neglected, as comprehensively shown in [13].

Once the pressure gets the commanded maximum level—for trailed vehicles
submitted to emergency braking action is regulated to pbc, max = 3.8 ± 0.1 bar [1]
—it remains steady during the process, unless the action of wheel slip prevention
devices in the case of poor adhesion. An exception is for high power brake system.
In that case, immediately after the threshold velocity is reached, the air pressure in
brake cylinders drops to the low level pbc, low = 1.9 ± 0.1 bar [1], which after-
wards maintains constant (see Fig. 3).

Consequently, knowing the air pressure evolution pbc(t) in the cylinders during
the braking process and the maximum designed brake force Fb,max, respectively, the

14 C. Cruceanu et al.



maximum normal force on a cast iron brake block Nmax/block corresponding to
emergency braking, the instantaneous braking force can be described accordingly:

Fb�disc tð Þ ¼ 0 if pbc tð Þ\0:4 bar; else
pbc tð Þ
pbc;max

Fb;max

(
ð12Þ

or

Fb�block tð Þ ¼ 0 if pbc tð Þ\0:4 bar; else
nbb

pbc tð Þ
pbc;max

Nmax = block ls V ;Ns pbc tð Þð Þð Þ

(
ð13Þ

In Eq. 13, nbb counts for the number of the brake blocks of the considered
vehicle.

It is important to mention that, due to the wheel—rail adhesion dependency, the
maximum braking force has to be limited, in order to prevent over-braking. So,
considering mv the mass of the vehicle and

la ¼
0:33

1þ 0:011V
ð14Þ

the wheel-rail adhesion coefficient in normal conditions, the maximum braking
force of the vehicle that can be provided by the UIC braking system is

Fb;max ¼ lamvg ð15Þ

According to the type, in Eq. 15, V (km/h) represents either the constructive
running speed of the vehicle equipped with brake discs or composite brake blocks,
or 0 km/h if cast iron brake blocks are used.

Consequently, in the case of vehicles designed for a specific running speed Vmax

and fitted with brake discs or composite brake equipment, the maximum brake force
can be described as follows:

Fb�disc tð Þ ¼ 0 if pbc tð Þ\0:4 bar; else
pbc tð Þ
pbc;max

mvgla Vmaxð Þ

(
ð16Þ

and for a cast iron block brake system equipment:

Fb�block tð Þ ¼ 0 if pbc tð Þ\0:4 bar; else
0:33 pbc tð Þ

pbc;max

mvg
nbb

ls V ;Ns pbc tð Þð Þð Þ

(
ð17Þ

In Eqs. 13 and 17, the function ls defining the block/wheel thread friction
coefficient can be defined according to Eqs. 2, 3 or 4.
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3.3 Resistance Forces

Usually in theoretical approaches, propulsion resistances Wp, acting permanently
whenever a vehicle/train is moving in alignment on flat ground and the supple-
mentary resistances Ws are separately considered.

The latter are intermittent opposing forces, acting only in certain conditions
(grades, curves, wind, etc.) and overlapping the propulsion resistances, which are
added up algebraically when appropriate [2, 29, 30].

Typically, propulsion resistance is described based on Davis’ equation:

Wp ¼ aþ b_xþ c _x2 ð18Þ

where a is the journal resistance coefficient, fixed in quantity, not a function of
velocity but depending on the vehicle’s weight and number of axles; the second
term is mainly dependent on flanging friction and, therefore, speed dependent, but
coefficient b is usually small and sometimes is missing in some empirical formulae;
the third term c takes into account the air resistance and is a function of the square
of the speed.

The calculation of rolling stock resistance is still dependent on empirical for-
mulae. The constants in Eq. 18, depending on type, constructive and operational
characteristics of each vehicle, are experimentally determined.

It is important to mention that often it is more practical, for computational
reasons, to refer to the specific propulsion resistance wp (N/kN), defined in relation
to the weight of the vehicle:

wp ¼ Wp

mvg
ð19Þ

In the present study, the specific propulsion resistances are determined based on
Eq. 18, using the coefficients a = 1.649, b = 0 and c = 2.4995 � 10−4, which are
considered appropriate for the majority of Romanian passenger vehicles in opera-
tion [29, 30]:

wp ¼ 1:694þ 2:4995� 10�4V2 ð20Þ

V (km/h) represents the running speed.

3.4 Pneumatic Aspects

In the case of UIC brakes, commands are transmitted along the train as pressure
reference and the braking system of each vehicle specifically interacts with the
complete pneumatic plant of the train.
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Two important aspects are involved in the longitudinal behavior of the train: the
moments when each air distributor begins to command the filling of the brake
cylinders and the subsequent evolution of the air pressure in the brake cylinders.
Accordingly, there are two different problems that are usually emphasized: the
propagation of braking signal along the brake pipe and the response of the dis-
tributor of each vehicle [3–6, 31, 32].

Such processes, specific for UIC air brake system, are difficult in modelling due
to the complexity of cumulated phenomena that occur. The fluid system approach
involves taking into account airflows in brake pipe, reservoirs, calibrated orifices
and other pneumatic resistances.

Moreover, pneumatic processes, by themselves complex, are conditioned by, or
determine, mechanical displacements of pistons, opening or closing of certain
valves pressure, controlled by pre-tensioned springs.

All these specific pneumatic and mechanical problems have to be integrated into
the model to approach the trains’ brake system operation in order to simulate
adequately the distribution of brake cylinder pressure evolution along the train
according both to the filling characteristics and to the transmission speed of brake
action. An important parameter in this case is, e.g., the sensitivity of the brakes
related to the decrease of the pressure in the brake pipe, which, according to [1],
must be such that the brake is activated within 1.2 s if the normal working pressure
drops by 0.6 bar in 6 s.

Regarding the air pressure increase in brake cylinders, this is controlled by the
air brake distributor of each vehicle, subsequently reaching the limit of sensitivity.

For the present study, consistent with the main target referring to short passenger
trains, the brake actuating moments were determined according to the length of the
vehicles and their position in the train, considering a constant braking propagation
rate in length of the train.

Regarding the filling characteristics of air brake distributors, we considered
appropriate to base on our experimentally determined data, adequately implemented
into the simulation program.

4 Preliminary Study and Qualitative Argumentation

In operation, classical passenger vehicles are usually equipped with UIC pneumatic
brake systems [1] acting tread brake blocks on wheels (for maximum constructive
velocities of less than 160 km/h) or pads on brake discs. In the case of cast iron
shoes, vehicles designed for 140 km/h have high power brake with double pressure
stage according to velocity (R type [19]). Coaches characterized by large differ-
ences between laden and tare weights, for example double-deck coaches, luggage
and/or postal vans, are equipped with variable load braking system operating as
fast-acting brakes (P type [1]), the same as for disc brakes.
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As pointed out in the previous section, longitudinal dynamics of trains is highly
determined by the difference in instantaneous forces acting on vehicles, among
which the braking ones are most influential.

Actually, passenger trains operate in various brake systems compositions and
therefore is expected that differences in braking characteristics have important
influence with respect to the magnitude and time evolution of longitudinal dynamic
reactions between vehicles.

The aim of this section is to make qualitative evaluations on the effects of these
differences, relative to single operated passenger vehicles, equipped with different
braking system and submitted to emergency braking in identical conditions on a
straight, flat, clean, dry track. The interest was mainly focused on the variance of
instantaneous velocity and deceleration, since it is obvious that, accordingly, the
longitudinal dynamics is going to be affected when coupled together in the same
train.

The studies were performed by the means of an original vehicle braking per-
formances simulation program based mainly on the Newton-Euler formalism.

Denoting x the space traveled in braking action, me ¼ qmv the equivalent mass
of the vehicle (the higher than one factor q is accounting for the mechanical effects
of the inertia of rotating masses [21]) and considering the aforementioned char-
acteristics of the track, the equation of movement is

Fb t; x; pcð Þþ mvg
1000

wp t; _xð Þ ¼ me€x ð21Þ

In Eq. 21, Fb(t,ẋ,pbc) correspond to Eqs. 12 and 13, according to the brake type
equipment considered and wp is given by Eq. 20. In the case of cast iron block
brakes, in Eq. 13 the friction coefficient is computed in this study based on Eq. 2.

Equation 2 was integrated in MATLAB using the ode 45 solver.
In order to increase the precision of the simulations results and to emphasize the

effects of the brake cylinders air pressure evolution during the braking as accurate
as possible, experimental acquisitioned data were implemented.

Experiments were performed on the computerized brake systems acquisition
data in the Laboratories of Faculty of Transport in University POLITEHNICA of
Bucharest. Details about the stands and the computerized systems can be found in
[33]. There are static rigs, equipped with mechanical and pneumatic assembly of
classical braking system, in use for passenger vehicles designed for 140 km/h.
Braking commands were set using a KD-2 type brake valve.

There were determined the filling characteristics for KE 1b and KEs air brake
distributors in current use on Romanian rail vehicles. Pressure transducers used for
data acquisition have a sample rate of 0.02 s. Recorded evolutions of the air
pressure in brake cylinders are presented in Fig. 8.

In order to emphasize mainly the effects of different braking systems in opera-
tion, certain conditions were imposed in conducting the simulations. The most
important considered in this study were:
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• identical coaches in terms of design, dimensions, weight;
• each vehicle is submitted to an emergency braking action from the same initial

running speed;
• identical filling time and filling characteristic of the braking cylinders, in respect

to the international prescriptions [1];
• the braking system of each vehicle performs the same braking power in terms of

identical stopping distance, in agreement with [21].

According to the usual equipment of coaches, there were studied three cases
corresponding to the following UIC pneumatic braking systems configurations:

• disc brake using composite pads in respect to [18], controlled by KE-1 type air
distributor operating in fast-acting mode [1]. This equipment is specific for
railway passenger vehicles destined for 160 km/h [19];

• phosphoric cast iron brake blocks (grade P10 [34]) according to [20], controlled
by KEs type air distributor operating in high power mode [19]. This equipment
is specific for railway passenger vehicles destined for 140 km/h [19];

• phosphoric cast iron brake blocks (grade P10 [34]) according to [20], controlled
by KE-2 type air distributor operating in fast-acting mode [1]. This equipment is
specific for railway passenger vehicles destined for less than 160 km/h [19] and
characterized by important differences between laden and tare weights.

In simulations was considered each vehicle having a mass of 50 t and the factor
accounting for rotary inertia q = 0.04 [21]. The initial velocity was set to 140 km/h.
A stopping distance of 948 m was imposed for all coaches.

Using the facilities of the simulation program, there were firs established the
maximum necessary braking force (brake disc), respectively, the maximum normal
force on a brake block, in respect to the imposed condition to fit the previously
defined braking distance.

0 5 10 15 20 25 30 35 40 45 50
0

0.5

1

1.5

2

2.5

3

3.5

4

Time [s]

A
ir 

pr
es

su
re

 [b
ar

]

R action (High power) - cast iron brake blocks
P action - disc or cast iron brake blocks

Fig. 8 Experimental record of the air pressure evolution in brake cylinders during emergency
brake action
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The main numerical results are presented in Table 2, along with basic initial
characteristic braking parameters.

Upon a brief analysis of the results, it is worth noting that in identical conditions
the use of cast iron brake blocks in fast-acting operation of UIC systems determines
the lowest braking power quantified by the longest stopping distance of 948 m.
Actually, this was the reason of adopting the imposed braking distance in the
present study. In both other cases, a higher braking power is proven by the fact that
the maximum braking or normal force/brake block are still far from wheel/rail
adhesion limitations (see Table 2).

Implementing the above presented data in the simulation program, we deter-
mined the braking characteristics and the main kinematic parameters evolution
(velocity, deceleration) corresponding to the three cases, in order to assess the
possible effects on longitudinal dynamics.

Comparing the resultant braking characteristics presented in Fig. 9a, the differ-
ences in braking forces during stopping are obvious. More than that, even though
the braking distance is the same (948 m) in all of cases, the instantaneous differ-
ences in velocity (see Fig. 9b) and decelerations (see Fig. 9c) are obvious. The
details presented in figures highlight the evolution of various parameters in different
periods of the braking process.

Close attention should be given to the first phases of braking, during the filling
time of cylinders, known as essential in longitudinal dynamics of trains. It is also
expected to have important influence the transition process from high to low
pressure in cylinders, specific for the operation of high power brake system around
50 km/h.

Nevertheless, one can observe that the duration of the braking process is dif-
ferent, depending on the operational particularities of each braking system.

All these results indicate clearly that, if these vehicles are to be combined in a
train, the magnitude of in-train forces is definitely expected to be higher than in a
uniform train composition.

Table 2 Main braking parameters for identical braking distance

Brake
system
type

Action
type

Filling
time
(s)

Max. pressure
in brake
cylinders (bar)

Discs/veh.
or brake
blocks/veh

Max.
braking
force/veh.
(kN)

Max. normal
force/brake
block (kN)

Disc P 3.32 3.881 8 42.3 (58.6a)

Cast
iron
brake
block

P 3.32 3.881 32 9.525

R 3.34 3.89/1.82 32 10.34 (12.65a)

aIn italics, only for comparison, maximum admitted forces in over-braking limits, using Eqs. 16
and 17
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a braking characteristics, b velocity time history, c deceleration time history
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5 Case Study

In order to study the influences of combining vehicles with different braking sys-
tems in the passenger train composition on longitudinal dynamics, several simu-
lations were performed. The study is based on the arguments revealed by the
qualitative analyze presented in Sect. 4. The same vehicles, equipped with the
previously discussed braking systems, were considered in different significant
configurations in the train body.

5.1 Main Assumptions and Data of Longitudinal Dynamics
Simulations

Consistent with the main target of the study and given the multiple factors
influencing the development of in-train forces during braking, certain constraints
and simplifying hypotheses were assumed in order to eliminate, as much as pos-
sible, any aspect potentially disturbing the direct effect of braking characteristics.

The most relevant are outlined as follows:

• train in a very simple configuration, consisting of identical vehicles in terms of
technical, constructive and loading characteristics. Consequently, the influence
of the main resistances could be neglected;

• a small number of railcars, to minimize the influence of train’s length. Four
vehicles in the train compositions were considered, keeping also a relevant
number of couplers to identify the different effects in the length of the train;

• the initial velocity of the train was 140 km/h, consistent with the use of cast iron
brake blocks in certain combinations;

• the track is considered dry and clean (no wheel slide protection devices actu-
ation), with no curves or slopes (no supplementary resistances);

• the train performs an emergency braking at the above defined running speed;
• average transmission speed of braking of 250 m/s throughout length of the train

[1];
• the vehicles have classical couplers consisting of RINGFEDER type buffers and

traction devices, main data describing the characteristics were presented in
Table 1;

• four-axle passenger vehicles of 50 t mass and 25 m length are used;
• according to the brake system equipment of each vehicle, the correspondent

main input data are presented in Table 2;
• screw couplings tightened up, with no clearance between the buffer discs.

The simulations were carried out for representative brake system combinations
encountered in passenger trains operation, as summarized in Table 3.
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For greater clarity, certain complementary explanations are required, mainly
regarding the cases involving the high power brake system.

The predetermined speed threshold for changeover between the two stages of
stabilized pressure in the cylinders during braking is 50 km/h [19].

Relative to this nominal value, deviations are permitted up to ±1 km/h.
Therefore, consistent with the settings of the specific device—usually mechanical
centrifugal governors—on each vehicle, the air pressure level change in the brake
cylinders can happen randomly within the running speed limits of 51–49 km/h.

Hence, while the running speed of the train decreases in the specified range,
important instantaneous differences in braking forces would occur between the
vehicles.

In order to include into the study these particular operational aspects connected
to the high power brake system, the following situations were considered:

Table 3 Simulations schedule

Case/acronym Configuration of brake systems in the train’s composition

Type of Vehicle 1 Vehicle 2 Vehicle 3 Vehicle 4

Case 1
DDDD

Brake Disk Disk Disk Disk

Action P P P P

Case 2
PPPP

Brake Brake block Brake block Brake block Brake block

Action P P P P

Case 3
RRRR

Brake Brake block Brake block Brake block Brake block

Action R (50a) R (50a) R (50a) R (50a)

Case 4
RRRR1234

Brake Brake block Brake block Brake block Brake block

Action R (51a) R (50.33a) R (49.66a) R (49a)

Case 5
DRRR

Brake Disk Brake block Brake block Brake block

Action P R (50a) R (50a) R (50a)

Case 6
DRRR234

Brake Disk Brake block Brake block Brake block

Action P R (51a) R (50a) R (49a)

Case 7
RDDD

Brake Brake block Disk Disk Disk

Action R (50a) P P P

Case 8
DDDR

Brake Disk Disk Disk Brake block

Action P P P R (50a)

Case 9
DPPP

Brake Disk Brake block Brake block Brake block

Action P P P P

Case 10
PPPD

Brake Brake block Brake block Brake block Disk

Action P P P P

Case 11
RPPP

Brake Brake block Brake block Brake block Brake block

Action R (50a) P P P

Case 12
PPPR

Brake Brake block Brake block Brake block Brake block

Action P P P R (50a)
aRunning speed (km/h) when high/low pressure regime changes during braking action
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• the centrifugal governors of all vehicles of the train are set to the nominal value
(50 km/h)—case 3 (RRRR);

• the centrifugal governors of the vehicles of the train are set from the head to the
end of the train, to velocities equally dispersed, in decreasing order values,
within the limits of the accepted range—in cases 4 (RRRR1234) and 5
(DRRR234).

The original longitudinal dynamics simulation program was conceived in
MATLAB on the theoretical basis presented in Sect. 3 and is adaptable to different
train compositions (as number, type, constructive and operational characteristics of
component vehicles). It is possible to simulate any combination of classical braking
system in operation within the train composition.

Comprehensive information regarding the longitudinal dynamics simulation
program can be found in [12, 16, 24].

It is worth noting that, given the initial evolution of the process—defined by
Eqs. 12 and 13—and in respect to the aforementioned assumptions regarding the
resistances, during the time elapsed between the braking command and the moment
of reaching the minimum air pressure level of 0.4 bar in the brake cylinders on the
first vehicle of the train, there is a lack of retardation forces. Consequently, no
longitudinal dynamic reactions occur in the train body and, in the present study, the
stated timeframe is neglected in the simulation program.

As important input data of the simulation program, the filling characteristics of
brake cylinders can be implemented either as experimentally acquired data files or
as mathematical time-dependent functions. In the latter situation, precision depends
on the accuracy of interpolation, but the solving process is more time-efficient.

In the present study, experimental acquisitioned data files are used, as indicated
in Sect. 4.

The following are the main outputs of the simulation program: the in-train
compression and tensile forces evolution, distribution and magnitude, relative
displacements, brake forces, distance and speed time evolution. It is worth men-
tioning that, according to usual convention in studies regarding the longitudinal
dynamics of trains, the compression forces are considered positives, while the
tensile ones negatives.

5.2 Results and Comments

Particularly given the special concerns on the traffic safety in rail transport, the main
numerical results are primarily focused on the magnitude of the longitudinal
dynamic reactions, compression and tensile forces, and their correspondent location
in the train body.

These are summed up in Table 4.
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The studied cases are grouped into three categories, consistent with the operating
practices regarding the usual brake systems combinations in passenger trains. They
constitute also representative situations of in-train forces evolutions.

For studies and analyses, more adequate and useful are the diagrams of in-train
forces evolution during the braking. Some of the most relevant are presented in
Figs. 10, 11, 12, 13, 14 and 15.

Table 4 Results of simulations: maximum in-train forces

Uniform composition of the train in terms of braking system

Case acronyma DDDD PPPP RRRR RRRR1234

Compression (kN) 10.766 12.569 13.505 13.505

Coupler 3–4 3–4 3–4 3–4

Tensile (kN) 2.892 1.883 2.004 11.5

Coupler 3–4 3–4 3–4 2–3

Disc (P action) + cast iron brake blocks (R action)

Case acronyma DRRR DRRR234 RDDD DDDR

Compression (kN) 12.065 12.065 21.959 10.994

Coupler 3–4 3–4 1–2 3–4

Tensile (kN) 22.071 22.081 13.395 22.143

Coupler 3–4 3–4 3–4 2–3

Cast iron brake blocks (P action) + other brake systems

Case acronyma DPPP PPPD RPPP PPPR

Compression (kN) 11.623 57.105 13.061 35.142

Coupler 3–4 3–4 3–4 3–4

Tensile (kN) 57.253 4.789 35.169 3.905

Coupler 1–2 3–4 1–2 1–2
aSee Table 3
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Fig. 10 In-train forces in uniform brake system train composition: a brake disc (case DDDD),
b cast iron brake block system (case PPPP)
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Fig. 11 In-train forces in uniform brake system train composition: cast iron brake block system,
high power action (case RRRR)
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Fig. 12 In-train forces in uniform brake system train composition: cast iron brake block system,
high power action (case RRRR1234)
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Fig. 13 In-train forces in mixed brake system train composition: cast iron brake block system,
fast-acting and disc brake (case PPPD)
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In the case of uniform train compositions regarding the braking systems of the
vehicles, analyzing Figs. 10, 11 and 12, it may be remarked that:

• time evolution of dynamic longitudinal forces in long of the train are similar and
in accordance with classical patterns: important compression and oscillatory
movements of the vehicles within the train body during the first phases of the
braking process, until steady air pressure is established in all brake cylinders,
rapidly diminishing due to the strong damping capacity of the couplers. Further,
while all forces acting on the vehicles remain constant in the given assumptions,
no in-train forces occur until the train stops;
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Fig. 14 In-train forces in mixed brake system train composition: cast iron brake block system,
high power and fast-acting (case RPPP)
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Fig. 15 Braking forces, relative displacement and in-train forces between first two vehicles of a
train in RRRR1234 case

Effects of Braking Characteristics on the Longitudinal Dynamics … 27



• maximum in-train forces occur in the first phases of braking;
• the magnitude of in-train forces is differently influenced by the brake system

type: higher compression forces occur in the case of high power brake system,
while maximum tensile forces are almost insignificant;

• for high power brake, if the velocity when high/low pressure regime changes
during braking is the same for all vehicles in the train, there are no supple-
mentary effects on longitudinal dynamics (see Fig. 11). Even there are important
forces variations during level pressure change in brake cylinders, due to the
simultaneity of the processes and to the lack of instantaneous differences
between the vehicles in the train body, the effects on longitudinal dynamic is
null;

• if taking into account the operational accepted range of ±1 km/h around
50 km/h for the moments of high/low pressure regime changes during braking,
simulations show, as expected, that a second oscillatory process is initiated in
the train body. The magnitude of the longitudinal reactions between the vehicles
is higher compared to those developed in the first phases of the braking process
(see Fig. 12). This evolution can be explained by the rates of air pressure
variations in brake cylinders that are associated with significant differences in
pressure levels (see Fig. 8) and determine consistent instantaneous brake forces
differences between the cars of the train.

In the case of mixed train compositions regarding the braking systems of the
component vehicles, analyzing Figs. 13 and 14 and the results presented in Table 4,
certain aspects can be highlighted:

• the evolution, magnitude and disposition of maximum dynamic longitudinal
forces in the length of the train are profoundly modified;

• a new specific pattern of in-train forces evolution can be defined: while the
important compression and oscillatory episode at the beginning of the braking
process remain similar to those highlighted in previous cases, a steady increase
of the in-train forces characterizes the behavior of the system until the train
stops. This particular evolution is caused by the continuous difference in braking
forces between the vehicles equipped with disc brakes and those featuring cast
iron brake blocks (see Fig. 2). In these cases, the longitudinal dynamic forces
have a continuous increase tendency and, as a consequence of any brake sys-
tems combination comprising cast iron brake blocks, the maximum values of
compression or tensile forces arise at the end of the braking process, just before
the train stops;

• at the end of the braking process, the in-train forces are several times higher than
those experienced by the train in the first phases of the braking process;

• any brake system combination comprising high power cast iron brake block
generates a second oscillatory process in the train body during the brake
cylinders pressure transition from the high to the low level. Concurrently, it can
be ascertained that the magnitude of in-train forces is lower than in the precedent
case (see, for instance, Figs. 13 and 14). This effect is explainable as a
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consequence of specific evolution of braking forces whilst the running speed is
lowering under 50 km/h (see Figs. 2 and 8), inducing a decrease in instanta-
neous difference of forces acting on the component cars of the train.

An important feature of our longitudinal dynamics simulation program is the
possibility of simultaneous outlining of various parameters evolution during
braking.

As an example, the simultaneous visualizing of the time history of braking forces
between two adjacent vehicles, combined with the representation of relative dis-
placement and the forces acting in the correspondent coupler, is extremely useful in
explaining and analyzing the in-train forces evolution.

For instance, Fig. 15 presents the evolution of above-mentioned parameters
between the first and the second cars of the train during the emergency braking
process in the case of uniform high power cast iron brake block system composition
in the case of different velocity thresholds for high/low pressure level change (case
RRRR1234, see also Fig. 12).

Detail a in Fig. 15 clearly shows the beginning of the braking process: during
the first 0.1 s, only the first railcar begins braking, so a rapid compression of the
buffers occurs and, consequently, compression forces have a rapid increase. After
the braking system of the second railcar actuates, the relative differences in braking
forces begin to decrease. The assembly is still compressed, but the reduction of
relative displacements diminishes the in-train forces between the two vehicles.

The diagrams show the concordance of the sense of relative displacements with
the compression or tensile dynamic forces in coupler 1–2 of the train. Obviously,
the whole process is also influenced by the behavior of the other railcars.

Detail b in Fig. 15 represents the period of transition (between 30 and 31.3 s of the
braking process) from high to low pressure in the brake cylinders of the first railcars
and the correspondent multiple effects on relative displacements and forces in coupler.

An overview on the effects of combining different braking systems in
four-railcar passenger trains regarding the magnitude of in-train forces during
emergency braking is presented in Fig. 16.

It appears that tensile forces are more sensitive to braking systems combinations
than the compressive ones. The latter keep an almost constant level, except the

Fig. 16 Magnitude of in-train forces during emergency braking process for different combina-
tions of braking systems
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PPPD, PPPR and RDDD combinations, cases that determine a high increase of
maximum compression forces in the train body. For the presented situation of a
four-railcar train, the tensile longitudinal dynamic forces are almost insignificant in
the presence of a single type of brake system.

6 Conclusions

The present study investigates comprehensively the influence of different braking
characteristics on longitudinal dynamics of short passenger trains. There were
analyzed the action of disc and of cast iron brake block systems, as high power and
fast-acting operational mode. The individual braking power is set so that each
railcar has the same braking distance in similar conditions; preliminary results of
simulations reveal differences in instantaneous braking forces, running speeds and
decelerations, according to specific characteristics of brake equipment.

Longitudinal dynamics simulations were carried out for various usual opera-
tional combinations in a four-railcar passenger train subjected to emergency braking
from an initial running speed of 140 km/h.

The main conclusions, in the limits of the assumptions, hypothesis and initial
conditions presented in Sect. 5.1, can be summarized as follows:

• the operational characteristics of the braking systems have important influences
on the longitudinal dynamics of trains;

• generally, compression forces are significantly higher than the tensile ones,
except certain brake system combinations;

• usually, higher levels of in-train forces are attained during the first braking
phases;

• the time evolution of dynamic longitudinal forces between neighboring railcars
indicates that the highest magnitudes are experienced in the second half of the
train, except certain brake system combinations;

• brake systems combinations in the train generates significant higher levels of
longitudinal dynamic forces in the train body;

• tensile forces are more influenced by the diversity of brake systems than the
compression ones, though maximum values are, for certain combinations,
equivalent;

• combinations involving cast iron brake blocks increase in-train forces and
maximum levels occur by the end of the trains’ braking process before stopping.

Based on the results of simulations, according to the braking systems equipment
of the cars, certain patterns of longitudinal dynamics of passenger trains could be
established:

1. Specific for uniform configuration of trains (all cars having identical braking
systems and identical settings of the high/low pressure level changeover in the
case of high power system), defined by important compression and oscillatory
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episode at the beginning of the braking process, rapidly diminished due to the
strong damping capacity of the couplers. Maximum compression and tensile
in-train forces occur in the initial phases of the braking process;

2. Specific for high power braking equipment with random settings of the high/low
pressure level changeover within the accepted limits (as usual in operation),
defined by a second oscillatory process initiated in the train body during pres-
sure modification in brake cylinders when the running speed drops below
50 km/h. The magnitude of the longitudinal reactions between the cars is higher
compared to those developed in the first phases of braking process;

3. Specific for any combination including cast iron brake blocks, defined by
important compression and oscillatory episode at the beginning of the braking
process, followed by a steady increase of the in-train forces until the train stops.
Depending on the disposition of different braking systems in the train compo-
sition, in the last part of braking, the in-train forces might be of the compression
or tensile nature. The maximum in-train forces occur at the end of the braking
process.

It is also worth noting that we consider that the originally developed longitudinal
dynamics simulation program proves to be an efficient and useful instrument for
studying and research, helpful in the investigation and better understanding of the
complex process of train braking.

Based on the analysis, keeping a uniform composition of the train in terms of
braking systems is recommended. If not always possible, then one should avoid at
least the most disadvantageous combination in the train: disc brakes and cast iron
block brake systems, in fast-acting operational mode.

However, we must admit that the magnitude of in-train forces obtained in the
studied cases is not high enough to affect traffic safety, but deceleration variations,
mainly during oscillatory episodes, may affect passenger comfort. In any case, one
must keep in mind that certain operational conditions are still to be investigated:
longer trains, different railcars, masses, maximum braking designed power for each
railcar of the train, etc.

We consider the present study as an initial investigatory one, the results indi-
cating that more investigations are necessary to develop and better clarify the
presented domain.
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The Behavior of the Traction Power
Supply System of AC 25 kV 50 Hz
During Operation

Radovan Doleček, Ondřej Černý, Zdeněk Němec and Jan Pidanič

Abstract This paper studies the AC 25 kV 50 Hz traction power supply system,
which is used, in particular, in the Czech Republic. Nowadays, railway operation is
very complicated and sophisticated, both from the viewpoint of railway infrastructure
and means of transport. New technologies, devices and standards bring new prob-
lems for rail operation, including coupling to surrounding elements in the traction
power supply system, transient effects during the recuperation mode of traction
vehicles, the influence of neighboring track contact lines when disconnecting contact
lines, etc. The main findings of these problems are detailed in this paper.

Keywords Traction power supply systems � Transient effects � Recuperation �
Short-circuit

1 Introduction

Rail transport uses new technologies and devices in its infrastructure and transport
systems for improving the safety, comfort, and speed of services. Therefore the AC
25 kV 50 Hz traction power supply system, which, in addition to other necessary
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systems for signaling, safety and communication systems, is used in the Czech
Republic, has some specific characteristics during operation. One of these is tran-
sient effects, which can lead to non-standard dangerous conditions in the traction
systems. It is necessary to maintain the standard requirements for all devices and
equipment during their operation. For this reason, related engineering departments
at the University of Pardubice have focused their research activities on studying the
behavior of the traction system during faults or selected operation states. Therefore,
it was necessary to analyze the particular elements and parts of the AC 25 kV
50 Hz traction power supply system and their couplings. The above-mentioned
Czech traction power supply system is a little different from other traction systems.
This system uses a specific filter-compensation device (FCD) in traction
substations.

2 Configuration of the Traction Power Supply System

The general configuration of the Czech AC 25 kV 50 Hz traction power supply
system with rail vehicles for transport in Fig. 1 contains the following:

• contractor feeding line of 110 kV,
• traction substation with FCD,
• catenary (the whole structure—contact line) and
• electric vehicles.

The electromagnetic compatibility is discussed more and more. Therefore, usage
of the FCD in traction substations is necessary. This FCD is utilized for power
factor corrections and to reduce current harmonics caused by older electric

Fig. 1 The AC 25 kV 50 Hz traction power supply system in the Czech Republic
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single-phase locomotives with diode converters, which are still very common on
Czech railways, see Figs. 2 and 3. This FCT during transient effects also influences
the behavior of the traction system, see Fig. 4.

Fig. 2 Locomotive type 242 with a diode rectifier, (DPF ≅ 0.84) and locomotive type 263 with a
thyristor-diode bridge, (DPF ≅ 0.77)

Fig. 3 Locomotive type 210 with a thyristor controller and uncontrolled rectifier, (DPF ≅ 0.76)
and locomotive type 362 with an input converter filter, (DPF ≅ 0.87)

Fig. 4 Locomotive pantograph showing voltage at the 3rd harmonic
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Electric locomotives with diode rectifiers generate all odd current harmonics
(i.e. 3rd, 5th, 7th, and so on), see Fig. 5. The current harmonics pass through a
catenary, traction substation transformer, a 110 kV contractor feeding line and
then to the main power supply system.

The harmonics spectrum (i.e. harmonic numbers), which depends on types of
rectifier connections, is formulated by equation

N ¼ p � nð Þ � 1; ð1Þ

where

p is pulse number of rectifier (–)
n integer number 1, 2, … n

The harmonics pass through the catenary section, independently of the impedance
of the external main power supply system, and then they pass through a series of
alternate impedance of the traction substation transformer, which are changed only by
transmission ratio of this transformer. According to Ohm’s law, voltage harmonics
originate from the input alternate impedance of the external main power supply
system. The harmonic currents of various frequencies cause a voltage drop from the
impedance of the main power supply system and voltage deformation [1, 2].

The direct results from the above lead to a

• rise in network losses,
• drop of active power supply, thereby resulting in an efficiency drop.

These direct results can create others problems with their system configurations

• Creation of system resonance, which usually produces increased current or
voltage.

• Faulty function of protections, measuring equipment and registering equipment.
• Interference of telecommunication equipment and control circuits.

Fig. 5 The current harmonic spectrum of the diode rectifier
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The requirements for the FCD are given according to [1–3]:

• Adjust to inductive power factor of fundamental harmonic of traction con-
sumption of single-phase locomotives to the required value of contractor (i.e.
with inductive character) in connecting the point of traction substation to
guarantee sufficient compensating power.

Minimize transfer of current harmonics at the 3rd, 5th and, perhaps even, the 7th
harmonic numbers to corresponding components in voltage of the connecting point
of the traction substation were under the minimum values required by the
contractor.

• Guarantee input impedance of the traction substation as complex (i.e. including
catenary capacity and traction consumption of single-phase locomotives) for the
operating frequency of the centralized ripple control of the contractor was higher
than the required value (i.e. the level needed to prevent a drop of this operating
frequency fCRC = 216.67 Hz at the connecting point of the traction substation).

• These conditions have to be realized in all traction load ranges of the traction
substations, according to the principle of a single-way power supply of the
catenary section.

The FCD is designed under these conditions, see Fig. 6. The FCD contains two
parallel series LC branches of the 3rd and the 5th harmonics with parallel con-
necting decompensation branches. The LC branches’ tuning does not consist of
order number of harmonic exactly, but it consists of low-order values as n3 = 2.90–
2.95 and n5 = 4.98–5.00. The required sufficient total input impedance Z = 500–
900 Ω for fCRC are realized by the suitable option of C3 and C5 values in branches;
this ensures that they are dependent on each other. A disconnecting switch connects
the 5th harmonic LC branch, thereby the filtration requirement, which has to be
started at the lowest number of harmonic, is carried out. The FCD structure pro-
vides to the 7th harmonic LC branch.

The decompensation branch comes with or without a reducing transformer,
thyristor phase controller and decompensation chokes. Decompensation is handled
by a decompensation choke, which is controlled. Thus control is realized with
inductive power factor DPF = 0.98 of input power, which is measured at the

Fig. 6 The structure of the
FCD
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connection point of traction power supply substation. The creation of additional
harmonics (i.e. primarily 3rd harmonics) into voltage of 27 kV bus is increased by
partial controlling of the decompensation branch controller. The sum of both the
3rd harmonics controller and system are obtained amid congestion of the 3rd
harmonic LC branch. Thus, LC branch tuning for FCD is under frequency 150 Hz.

3 Mathematical Model of Traction Power Supply System

Transient effects are analyzed at the linear systems that are defined equations. It was
necessary to avoid building a physical model of a traction power supply system,
because it would be costly or lead to the loss of process monitoring ability and the
transient effects of circuit behavior. Therefore, we chose the program PSpice for
mathematical simulation. PSpice utilizes input data to create a mathematical model
of traction circuit elements, which represent the AC 25 kV 50 Hz traction power
supply system. It was necessary to create quality models that represent real devices,
because the simulation results could be distorted by unsuitable substitutions or
simplifications of the traction circuit. The mathematical simulation results can be as
exact as model elements and describe only effects that present using models.
A creation of quality models that represent real devices well is the most important
and most complicated problem of simulations of electronic circuits. Therefore
mathematical models of the traction circuit were made for all parts of the AC 25 kV
50 Hz traction power supply system in the Czech Republic, as described below.

3.1 Model of Contractor Feeding Line of 110 kV

The 110 kV contractor feeding line and the catenary have the same character as that
of a homogenous line with distributed electrical parameters. They can be considered
to be a long electric line, which can be substituted in a two-port network as
p-element or T-element with distributed electrical parameters or electrical long line
with the following parameters: series specific resistance Rs, series specific induc-
tance Ls, parallel specific capacity Cs, parallel specific leakage Gs [4].

The model of the 110 kV feeding line was based on a long homogenous electric
line with distributed specific electrical parameters inductance LL, capacity CL and
resistance RL without line leakage GL, Fig. 7. The specific electrical parameters of
the 110 kV line of depend on construction and materials used. A standard
three-phase overhead line represents this line.

This d prevents industrial interference of voltage or current and non-symmetrical
lines.
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3.2 Model of Traction Substation

The traction substation contains the 110/27 kV traction transformer with 10 MVA
and the FCD. The 110/27 kV traction transformer can be presented only by one
series for 50 Hz. The inductance LTT is given a short-circuit voltage for the traction
transformer and series resistance RTT, which represents active losses. The values of
alternate series inductance depend on the used tap of the transformer, because the
transformer ratio can be a little bit different for each transformer, see Fig. 8. These
transformers have a wide regulation range of output voltage (i.e. 2 � 8 taps), which
can be changed under power. Current harmonics pass through the traction trans-
former, and they are changed only by the used winding ratio.

The characteristic parameters of model transformer are

• short-circuit active losses 53 kW,
• series inductance LTT = 24 mH,
• substitute resistance RTT = 0.39 Ω.

Two series LC branches of the 3rd and the 5th harmonic and the decompensation
branch represent the model of the FCD. The tuning of the LC branches is not
adjusted to the number of the harmonic exactly, but it has to set at a lower value.
This adjustment of the LC branches is necessary, because harmonics from the
110 kV feeding line could overload these LC branches. The FCD final parameters

Fig. 7 The model of the 110 kV contractor feeding line for 50 Hz

Fig. 8 The model of the traction transformer of 110/27 kV with 10 MVA for 50 Hz
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are set according to the location of the traction substation and local parameters, so
that the FCD power range can be from 1 to 8 MVA. Refer to the example of the
FCD in the traction substation [5]:

The 3rd harmonic LC branch and the 5th harmonic LC branch

• Total capacity C3 = 8.5 µF and C5 = 2.4 µF
• Choke inductance L3 = 137 mH and L3 = 169 mH
• Choke resistance R3 = 1.43 Ω and R5 = 1.77 Ω
• Resonance frequency f3 = 147.5 Hz and f5 = 249.9 Hz

Decompensation branch

• Reducing transformer 27/6 kV
• Air-core choke
• Decompensation branch at site 27 kV with total inductance LDEC = 0.596 H

and resistance RDEC = 6.24 Ω
• Phase controller COMPACT, its control angle is calculated from values of

instrument voltage transformer and instrument current transformer, so in order to
values of power factor will be DPF = 0.98. This value is measured at the con-
necting point of the traction substation and the 110 kV contractor feeding line.

3.3 Model of Catenary

The catenary is also an electrical homogenous line with distributed electrical
parameters, and it can be presented as a long electrical line [6, 7]. This presumption
can be taken, because sections of the catenary are longer in comparison with
sections of the station catenary. As mentioned previously, the model of the
homogenous line has four parameters: series specific resistance RCL, series specific
inductance LCL, parallel specific capacity CCL, and parallel specific leakage GCL.
The GCL leakage of the catenary and GCL leakages of other lines, which are con-
nected with the catenary, are left out of the calculations, because they have very
high values. Line insulators provide excellent isolation of the contact line [8, 9].

Specific resistance RCL and specific inductance LCL, which are dependent on
frequency, enter into the calculation. The current, which passes through the con-
ductor, is pushed out on conductor surface (i.e. skin-effect) by the increasing fre-
quency. Then the useful section of conduction (i.e. effective section of conduction)
is decreased and specific resistance RCL is increased. The current is decreased by the
skin-effect, so the loop area decreases, too. The specific inductance LCL decreases
until the definite frequency, where remains constant, see Fig. 9. The specific
capacity CCL, which consists of the capacity of all conductors that have traction
voltage, is measured by the returned line, which represents the ground. Its
numerical values will depend on the number of conductors, their height, their
external diameter and the configuration of the neighboring of electrified railway
track (tunnel, railway cutting, railway embankment, station and so on).
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The model of the catenary with a standard structure of 100 Cu + 50 Bz, see
Fig. 10, with an intensive line has the same characteristics as a homogenous long
electric line with distributed electrical parameters, but there are main parameters
(i.e. resistance, inductance, capacity and leakage), see Fig. 11. This presumption
can be taken, because sections of the catenary are longer in comparison with the
sections of the station catenary. The parameter values used for this model are (for
the whole length of catenary)

• series specific resistance RCL = 0.4 Ω km−1,
• series specific inductance LCL = 1.0 mH km−1,
• parallel specific capacity CCL = 20 nF km−1 (with intensive line),
• parallel specific leakage GCL = 0 S km−1.

Fig. 9 The dependence of L and R parameters on frequency

Fig. 10 The main structure
of the catenary

Fig. 11 The model of the
catenary
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3.4 Model of Electric Locomotive

The electric locomotive is one of the most complicated parts, due to the variable
parameters, because the model parameters are changed during locomotive operation
[10–13]. The model of the traction electric vehicle is represented by the power
source with waveforms corresponding to recuperation vehicle with semiconductor
converter and recuperation power 0.5 MW.

4 Analysis of Transient Effects

4.1 Short-Circuit at Traction Substation

See Fig. 12.
The current ICL_beginning in the catenary comes out from the initial value 9.8 A,

which represents a value of capacitive current passing through the catenary. The
peak value of this current in the catenary is 146 A, see Fig. 13. The series
inductances of the catenary cannot be used at the shorted current, because they have
low values. The current is divided among parallel capacities. The initial value of the
capacitive current has simulated value of 9.8 A. It has a higher calculated value,
9.75 A. This difference is caused by the accuracy of simulation models. The arrival
of the wave at the end of the catenary, which is not mismatched, is reflected. The
time of the passing wave (i.e. delay time) to one direction for selected section of
catenary is given by the equation

TD ¼ lCL �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
LCL � CCL

p
¼ 206 ls, ð2Þ

Fig. 12 The circuit diagram at short-circuit at the traction substation
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where

lCL is selected section length of catenary (km), lCL = 53.2 km
LCL series specific inductance of catenary (mH km−1), LCL = 1.0 mH km−1

CCL specific capacity of catenary (nF km−1), CCL = 15 nF km−1.

The time of the passing wave in the catenary takes 412 µs both directions (i.e.
from the beginning of the catenary to the end of the catenary and from the end of
the catenary to the beginning of the catenary). Voltage VCL_end at the end of
catenary comes out from initial value 38.9 kV and this value does not get again,
Fig. 13. The whole effect subsides after 1.6 s. The character of short-circuit and
passage time of the wave are the same for various types of FCD connections.

4.2 Short-Circuit at the End of Catenary

See Fig. 14.
The current ICL_beginning in catenary comes out from the initial value 9.8 A and

its peak value gets 1.19 kA. The voltage VCL_beginning at the beginning of the
catenary comes out from the initial value 38.9 kV. Its value gets 90.3 kV in time c.
620 ms which depends on section of catenary (in this case) due to reflection of wave
at the end of the open catenary then voltage falls consecutively, Fig. 15.
Theoretically, peak voltage values at output of the traction substation can be
achieved threefold the peak value for traction voltage (i.e. 116.7 kV). This value is
obtained in triple the time of the wave passage. The catenary as a long line is ended
inductance, which is represented substitutional inductance of traction transformer

Fig. 13 The voltage at the end of the catenary and the current in catenary after short-circuit at the
traction substation
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LTT = 24 mH. Internal impedance of source (i.e. 38.9 kV) can be considered as
zero impedance. This inductance seems to be an infinite impedance during a few
milliseconds [14].

Wave reflection impedance of the traction substation does not depend on the
number of LC branches of the FCD, because the traction substation in terms of the
catenary, consists of the following parallel inductances: inductance of the traction
transformer LTT = 24 mH, inductance of the 3rd harmonic LC branch
L3 = 137 mH and inductance of the 5th harmonic LC branch L5 = 169 mH.

The wave comes to the open end of the homogenous line it reflects with the same
polarity as the original wave. Unlike the original wave, the wave coming to the

Fig. 14 The circuit diagram at short-circuit of the end of the catenary

Fig. 15 The voltage at the end of the catenary and the current in the catenary after short-circuits at
the end of the catenary
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shorted end of the homogenous line is reflected with a reversed polarity. The
reflection wave has the same polarity and the same amplitude. After short-circuiting,
it is possible to suppose a constant value of voltage during a few milliseconds at the
traction substation. Wave passage time is the sum of the following:

• first passage time of wave from the shorted end of the catenary to the traction
substation,

• second passage time of wave from the traction substation to the shorted end of
the catenary,

• third passage time of wave back to the traction substation.

4.3 Short-Circuit at the End of Catenary as One Section

See Figs. 16, 17 and 18.

Fig. 16 The circuit diagram at short-circuit of the end of the catenary as one section

Fig. 17 The voltage for the catenary as one section
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4.4 Short-Circuit at the End of the Catenary as Two
Symmetrical Sections

See Figs. 19 and 20.

4.5 Short-Circuit at the End of Catenary as Two
Non-symmetrical Sections

See Figs. 21, 22 and 23.

4.6 Short-Circuit at the End of the Catenary as Sections
of a Railway Station

See Figs. 24, 25 and 26.

Fig. 18 The current for the catenary as one section
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Fig. 19 The circuit diagram at short-circuit of the end of the catenary as two symmetrical sections

Fig. 20 The voltage at the traction substation and the voltage at the end of catenary A after a
short-circuit at the end of catenary B
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Fig. 21 The traction circuit diagram by short-circuit at the end of the catenary as two
non-symmetrical sections

Fig. 22 The voltage at traction substation and the voltage at the end of the catenary A after
short-circuit at the end of the catenary B
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4.7 Findings of Transient Effects During Short-Circuits

• The electrical values of output voltage of the traction substation depend on the
original conditions of short-circuit at the catenary. The short-circuit origin is
always maximized by traction voltage. The presented cases of short-circuits are
made without any traction consumption.

• Regarding overvoltage, the worst case is when the catenary is represented by
one section. In this case, the voltage surge is reflected at the traction substation.
Theoretically, traction substation voltage can rise up to threefold higher than
traction voltage because of wave interference. The catenary as a long lossy line
is ended by inductance represented by inductance of the traction transformer
LTT = 24 mH. Internal impedance of the 38.9 kV source can be considered as
zero impedance. This inductance seems to be infinite impedance during a few
milliseconds. The reflection of the voltage surge on impedance of the traction
substation does not depend on the number of LC branches of the FCD, because
the traction substation from the viewpoint of catenary consists of parallel
inductances which are: traction transformer inductance with LTT = 24 mH,
inductance of the 3rd harmonic LC branch with L3 = 137 mH and inductance of
the 5th harmonic LC branch with L5 = 169 mH. The real peak of voltage at
output of traction substation is about 80 kV due to line losses that are higher
than in the simulation model.

Fig. 23 The comparison of voltage for symmetrical and non-symmetrical sections
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Fig. 25 The voltage for catenary sections with a railway station

Fig. 26 The current for catenary sections with a railway station
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• The restoration of traction voltage is achieved by transient effect after reflection
of the voltage surge. This transient effect depends on the parameters of the
catenary and the whole contact line, parameters of the 110 kV contractor supply
line and the 110/27 kV traction transformer. The voltage surge, which comes at
the short-circuit end of the catenary, reflects at this end of catenary with inversed
polarity. This reflected wave comes to the open end of the catenary, where it
reflects with the same polarity again. In this time, this wave can achieve triple
peak value of traction voltage.

• A similar situation occurs when the wave comes at catenary sections at the
railway station. The voltage surge can triple the peak value of the traction
voltage theoretically as well. The problem occurs at separate voltage surges at
station sections. Overvoltage does not depend on the number of station tracks,
but it depends on the station tracks length.

5 Analysis of Transient Effects During Recuperation

The efficiency of traction energy usage is increasingly discussed in rail transport.
This is related to the usage of energy from recuperation braking, which can be
consumed by an electric rail vehicle or transformed to the 110 kV contractor mean
network. The recuperation energy can be represented by units of MW during units
of minutes. These energy sources in the traction power supply system bring new
requirements for protection settings for maintaining standards and operational
regulations. For understanding of behavior of traction circuits during these transient
effects the mathematical simulations are used and allow one to monitor the states
and points of traction circuits, which cannot be monitored during operation con-
ditions in real traction circuit (e.g. identifying the root causes of short-circuits) [13,
15–17]. Traction circuit of the AC 25 kV 50 Hz traction power supply system for
this study effect contains the main elements, Fig. 27.

All elements of the traction circuit can affect the behavior of the whole traction
systems and each section of electrified track has its own specific characteristics. The
recuperation of the 110 kV network, which is not allowed for all traction substa-
tions in the CR network, is solved on the side of contractor [14–16, 18]. The
utilized models of the traction circuit made for all parts of the AC 25 kV traction
power supply system have similar problems with transient effects.

Model of feeding line 110 kV is based on a homogenous long electric line with
distributed electrical parameters (i.e. inductance, capacity and resistance), without
line leakage. This line is as standard three-phase overhead line. This means it is
without industrial interference of voltage or current and has a non-symmetrical
character of line.

The model of the traction substation contains the 110/27 kV traction transformer
with 10 MVA and filter-compensation device (FCD). The model of the 110/27 kV
traction transformer can be presented by a series inductance LTT in energetic
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harmonic area, which is given short-circuit voltage of traction transformer and
series resistance RTT represents active losses. In the case of higher harmonics, it is
necessary to add a passive filter with inductance and series resistance. The current
harmonics pass through traction transformer and they are changed by using only a
winding ratio. The characteristic parameters of the model transformer are
short-circuit active losses of 53 kW, series inductance LTT = 28 mH, resistance
RTT = 0.42 Ω.

The two series LC branches of the 3rd and the 5th harmonics and a decom-
pensation branch represent the FCD model placed into the traction substation. The
tuning of the LC branches is not adjusted to the number of the harmonic exactly,
but it has to be adjusted for lower values. This adjustment of LC branches is
necessary because harmonics from 110 kV feeding line could overload these LC
branches. The following are the parameter values used for this model: capacity
C3 = 8.8 µF, inductance L3 = 132 mH, RL3 = 1.3 Ω resonance frequency
f3 = 147.7 Hz and C5 = 2.5 µF, inductance L5 = 163 mH, RL5 = 1.7 Ω resonance
frequency f5 = 249.5 Hz. The decompensation branch has a reducing transformer
27 kV/6 kV, air-core choke and semiconductor controller which control power
factor angle near to DPF = 0.98.

The model of catenary with standard structure of 100 Cu + 50 Bz with intensive
line has the same character as homogenous long electric line with distributed
electrical parameters, but there are considered all main parameters (i.e. resistance,
inductance, capacity and leakage). This presumption can be taken because sections
of catenary are longer in comparison with sections of station catenary. The fol-
lowing parameter values are used for this model: series specific resistance
RC = 0.3 Ω km−1 series specific inductance LC = 0.8 mH km−1 and parallel
specific capacity CC = 20 nF km−1.

Fig. 27 The traction circuit of the AC 25 kV traction power supply system with recuperation
locomotive
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The model of the traction electric vehicle is represented by power source with
waveforms corresponding to recuperation vehicle with semiconductor converter
and recuperation power 0.5 MW.

5.1 Simulations of Transient Effects During Recuperation

The simulations are carried out for transient effects during the recuperation mode of
traction vehicles at short-circuit in the most serious points of traction circuit. For
these effects in the traction circuits, the protection setting has to able to cover the
whole spectrum of effect characteristics. This problem can be studied only by
mathematical simulation in the given range, with partial verification of results by
real measurements. The output data of the simulation program represent voltage and
current waveforms. The critical states are deduced from knowledge of individual
waveforms. The input parameters for protection settings of traction circuit can be
gained by the analysis of these states [19]. When there is a short-circuit between a
traction vehicle in recuperation mode and a traction substation, rapid exchanges of
energy occur between the traction vehicle in recuperation mode and the short-circuit
starting point as well as between the traction substation with FCD and the
short-circuit starting point. At the beginning, the short-circuit is fed from two points
and the energy from the recuperation vehicle is absorbed in units of ms, see Fig. 28.

In the case of the energy from the traction substation, the current wave is
absorbed in tenths of ms (without protection off). During this time, a large amount
of energy is transferred through the catenary; for example, the FCD supplies almost
20 kJ during the first units of ms to this short-circuit.

Fig. 28 The voltage at traction substation and voltage at pantograph of locomotive with
recuperation
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The energy transferred from the network to the traction power supply system is
very high for this case. At the short-circuit, the characteristics of the 110/27 kV
traction transformer and the impedance of lines are the only limiting circuit ele-
ments. The resistive impedances are decreased when the traction system achieves
high efficiency, but these impedances are suitable for the short-circuit, when one
considers the lowering of the short-circuit current and harmonics by modern electric
vehicles propagating in the network (Fig. 29).

5.2 Findings for Transient Effects During Recuperation

The critical states are deduced from knowledge of individual waveforms. The input
parameters for adjustment protections of traction circuit were obtained by the
analysis of these states. The simulation diagrams, which are represented by voltage
and current waveforms, can be also used as a main tool for particular project of
traction substation of protection settings process. The design of the protections
utilizes the traction substation design with FCD or without FCD.

6 Analysis of Voltage and Current at Contact Line
at Track Closure

For disconnecting the contact line (i.e. track closure), of the AC 25 kV 50 Hz
traction power supply system, it is necessary to connect the line with rail at both the
front and at the end of the protected work area by two grounded rods. For this
problem, it is necessary to analyze the influence (i.e. coupling ways) of the neigh-
boring track contact line under the conditions that occur during the common

Fig. 29 The voltage and current at FCD
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operation or during fault current. For this case, the contact lines of both tracks can be
considered as a special case of an air transformer with free coupling between primary
and secondary winding [20, 21]. The contact line of the operating track and the
secondary winding of the track closure contact line represent the primary winding.

Voltage between track and contact line at section closure can occur for two
reasons:

• electrostatic field effect caused by the contact line of the operating track,
• magnetic field effect caused by current passing through the operating track.

Both of these effects occur during the accidental connection of the contact line,
but their qualitative influence is very different and depends on circuit diagram of the
contact line section closure.

For an electrical connection of the contact line of work section closure, it is
necessary to take into consideration three circuit diagrams that arise at section
closure.

• The contact line closure is disconnected from the feeder, but it is not connected
to the rails; it hangs as an insulated line above the rails, see Fig. 30.

• This contact line is connected at one end to the rail, see Fig. 31.
• This contact line is connected at both ends to the rail, see Fig. 32.

It is possible to consider the other circuit diagram represented by a partial
parallel connection of line at the contact line closure at the double track, but this is
the special case of full paralleling [22]. The circuit diagram of the contact line
closure is changing progressively during the protection of the work section in the
above-mentioned three circuit diagrams, according to ground rods location by
workers. The Eqs. (3) and (4) come from a substitute circuit diagram of the
above-mentioned situation, which is valid for

Fig. 30 The isolated contact line
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� dU2x

dx
¼ Z12 � I1 þ Z2 � I2x ð3Þ

� dI2x
dx

¼ �Y12 � U1 þ Y2 � U2x; ð4Þ

where

U2x voltage in point from the second track (track closure), (V)
I2x current in the same point of the second track (track closure), (V)

Fig. 31 The contact line one-sidedly connected to the rail

Fig. 32 The contact line with double-sided connection connected to the rail
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I1 current in the first track (operating track), (A)
U1 voltage in the first track (operating track), (V)
Z12 mutual coupling reactance of both contact lines Z12 ¼ jx �M12, (X)
Z2 impedance of the second track, Z2 ¼ R2 þ jx � L2 (X).

The solution of these equations

U2x ¼ A � ejcx þB � e�jcx þ k2 � U1 ð5Þ

I2x ¼ 1
Z2v

A � ejcx � B � e�jcx� �� k1 � I1; ð6Þ

where

A, B integrating constants, values of which are given by
boundary conditions of electrical circuits, (–)

Z2v wave reactance of the second track Z2v ¼
ffiffiffiffi
Z2
Y2

q
, (X)

c constant of propagate wave c ¼ ffiffiffiffiffiffiffiffiffiffiffiffiffi
Z2 � Y2

p
, (–)

k1 ¼ Z12
Z2

and k2 ¼ C12
C12 þC2

auxiliary constant (–).

All values of electrical parameters of contact line are considered per unit of
contact line length, the best way is 1 km of length. Furthermore, it is necessary the
approximate equation for ecx.

For a length of work section, we use eax _¼ 1þ a � x, according to the Taylor
progression with a substation of original exponential function with accuracy 0.1%
in range of exponent value from −0.045 to 0.045 [23].

Y12 capacitive conductance between the two contact lines on condition that the
ohmic component is much lower than the capacitive component, Y12 ¼ jx � C12,
C12 is the capacity between the contact lines [S], Y2 is capacitive conductance of
the second track, (i.e. between line and ground), on condition that the ohmic
component is much lower than the capacitive component (S) Y2 ¼ jx � C12 þC2ð Þ,
C2 is the capacity between the track closure and the ground.

6.1 Isolated Contact Line

Boundary conditions for this circuit diagram come from the fact that the current
cannot pass through at the ends of isolated section and then I2 0 ¼ I2 ‘ ¼ 0. Under
this presumption and equation usage (5) with using approximate equation for ecx,
we obtain
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U2x _¼ k2U1 ¼ C12

C12 þC3
U1 ð7Þ

I2x _¼ 0 ð8Þ

The findings for isolated contact line

• Voltage between isolated contact line and rail is achieved by only capacitive
distribution independently on the position at contact line.

• Resistance of this voltage source is very high (i.e. low values of capacity), so
this voltage is “soft” and under load is decreasing.

• No current passes through isolated contact line.

In operation, this mentioned voltage occurs between point of ground rod, which
is connected to the rail, and contact wire during their approach.

6.2 Contact Line One-Sidedly Connected to the Rail

The presumption for deduction of boundary conditions

• Voltage in the point of contact line connected to the rail is zero.
• Current is not passing through on the opposite end of contact line, which is

isolated.

Under presumption that connection between contact line and rail is localized to
origin of length coordinate x and length of contact line is l and then U20 ¼ I2‘ ¼ 0.
For voltage and current in any location of section closure, we obtain:

U2x _¼ �Z2v � k1 � c � I1 � x ¼ �jxM12 � I1 � x ð9Þ

I2x_¼ �k2
U1

Z2v
� cð‘� xÞ ¼ �jxC12 � U1ð‘� xÞ ð10Þ

The findings for line one-sidedly connected to the rail

• Voltage, which is induced in the contact line of the second track, is directly
proportional to the length of the one-sided connected section and then directly
proportional to the current that passes through the operating contact line of the
second track.

• Current, which passes through the point of connection of the second track of the
contact line to the rail, is obtained only from the mutual capacity of both lines
and the voltage of the operating line.

In operation, this voltage occurs in the place where the worker places the second
ground rod (i.e. on the opposite end of the work section closure from where the
ground rod is already placed). In the case of higher currents in the neighboring
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operating section, this voltage can reach dangerous values. Current, values of which
are deduced from Eq. (10), passes through the ground wire of the first rod and it has
no practical meaning from the viewpoint of its negligible magnitude.

6.3 Contact Line Two-Sidedly Connected with Rail

The boundary conditions for this case arise from the circuit diagram, so that voltage
at both ends of examined line is zero (i.e. in the place of both earth rods) and then
U20 ¼ U2‘ ¼ 0. By using Eqs. (5), (6) and the usual simplification of exponential
function, we obtain the following:

U2x _¼ k2 � U1 1� 2� c � ‘
2� c � ‘

� �
¼ 0 ð11Þ

I2x _¼ � jxC12 � U1 � ‘� 2x
2� c � ‘� k1 � I1 ð12Þ

The findings for line double-connection to the rail:

• The voltage is zero in the entire length of section between the ground rods at the
points of track closure.

• Current, which passes through this part of the contact line, consists of two
components: inductive and capacitive.

• Inductive components depend only on k1 and are directly proportional to the
current of the operating track. It depends neither on the length of the section nor
location of the point at track closure.

• Capacitive component depends on voltage of contact line of operating track. It is
zero in the center of the examined section (i.e. in the middle of the ground rods)
and increases linearly to both ground rods but with different polarity.

• Inductive components are applied significantly in the operation, whereas
capacitive components have no impact (i.e. its values are insignificant).
Inductive components can reach the high values that require very good condi-
tion of the ground wire cable at the ground rods.

6.4 Findings for Contact Line Power Closure

For numerical values of the above-mentioned equations, it is necessary to use
numerical values of a particular constant of the contact line. For this reason, results
from measuring are utilized [23]. The value for impedance of one track of contact
line was measured Z2 ¼ 0:222� 0:485j ¼ 0:534\65:5� X km�1. The reactance of
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mutual coupling of both contact lines is Z12 ¼ 0:133X km�1. This value is given by
Eq. (9) inducted voltage at single-sided connection to the line.

The measured voltage is U2 ¼ 0:133VA�1 km�1. The capacity of the contact
line to the ground was measured C2 ¼ 0:0155 lF km�1. The capacity between the
contact lines, which was calculated by roles of potentials between conductors, is
C12 ¼ 0:0136 lF km�1. It is possible to calculate other coefficients from numerical
values by their definition equations c ¼ 2:21� 10�3, Z2v ¼ 242X km�1, k1 ¼
0:250 and k2 ¼ 0:467.

Voltages and currents for three circuit diagrams were calculated by equations:

• Voltage for isolated contact line by Eq. (7), when the voltage in the operating
track is 25 kV is U2 ¼ 11:7 kV. This value does not depend on length of section
closure and in its any possible place. Internal resistance of this source is given
by capacity C12 and its value is hundreds, kX which decreases with length of
section.

• Inducted voltage for one-sided contact line with rail at the opened end (i.e. the
high value at this point), which is calculated by Eq. (9), is
U2 ¼ 0:133VA�1 km�1. Current passes through the point of connection (i.e.
contact line and rail), which is calculated by Eq. (10) at 25 kV in the operating
track, is I2 ¼ 0:107A km�1. This value is negligible.

• Voltage for the two-sided contact line with rail is calculated by Eq. (11).
Voltage in any possible place of operating contact line is zero. Induced com-
ponent of current passing through to the point of connection of the contact line
closure with rail by (12) is I2 ¼ 0:250AA�1. The capacity component of this
current is

7 Conclusion

New technologies in rail, including devices for infrastructure and transport, have
meant improved safety, comfort, and speed of services. It has also brought new
problems for the AC 25 kV 50 Hz traction power supply system with a specific
filter-compensation device in traction substations in the Czech Republic. These
problems have resulted in some specific behavior issues during operation modes.
For these reasons, research activities during last several years in engineering
departments at the University of Pardubice have been focused on studying the
behavior of the traction system during faults or selected operation states, for
example, transient effects and coupling to surrounding elements. These states can
be studied in particular by mathematical simulation without building physical
models in the given range, with partial verification of results by real measurements.
The main findings and the results are explored in each part of this article.
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Abstract Improving the efficiency of modern electric locomotives calls for new
approaches to design. At the design stage, the dynamic properties of the mechanical
parts and the behavior of electrical equipment and control systems in variousmodes of
operation (e.g., start and acceleration, traction regime, coasting movement,
wheel-slide protection) must be evaluated. These objectives can be achieved using a
systems approach to the analysis of electromechanical processes in asynchronous
traction electric locomotives. To solve these problems, a complex computer model
based on the representation of an traction drive with Alternating Current
(AC) induction motors as a controlled electromechanical system is developed.
A description of methods applied in modeling of traction drive elements (traction
motors, power converters, control systems), as well as of mechanical parts and of
“wheel–rail” contact, is given. The control system provides individual control of the
traction motors, and focuses on the results of dynamic processes modeling in various
modes of electric locomotive operation. Mathematical modeling methods were used
to investigate the dynamic characteristics of the electric locomotive EP20 under
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1 Introduction

Current methods for improving the traction properties of an electric locomotive
typically involve the use of brushless traction motors and improvements to their
control systems.

The use of brushless traction motors (three-phase AC induction motors) com-
plicates the system of electric power conversion and is characterized by a high
degree of interaction and mutual influence of processes between the elements of the
traction drive. This requires in-depth research at the design stage, including the
study of interconnected electromechanical processes arising at various modes of
functioning, and establishment of optimal control algorithms.

One of the perspective methods for studying processes in a traction drive is the
use of mathematical modeling. Especially effective is the use of computer models in
the design stage, as the early stages of a new electric locomotive design begets
answers to many questions, resulting in not making complex and costly prototypes
[1–3]. We draw attention to the fact that in the cited papers and in this chapter, the
full-size model of a locomotive having multi-motor traction drive is considered. In
perspective, the evaluation of a locomotive’s energy efficiency at the realization of
various control algorithms must be obtained. Another objective is to research the
dynamic processes in various modes of the electric locomotive operation (start and
acceleration, traction regime, coasting movement, wheel-slide protection, etc.).

The use of an asynchronous traction drive (ATD) significantly impacts the main
indicators of electric locomotives. The asynchronous traction motor power is about
one and a half times higher than the collector traction motor power of the loco-
motive. The shaft torque of the asynchronous traction motor exceeds the shaft
torque of collector traction motor by 20–40% [1–3].

The increased power and shaft torque of the asynchronous traction motors make
high demands for durability and ensuring the resource of the traction mechanical
transmission (gear, clutch, traction motor bearings and gear, etc.). Asynchronous
traction motors have a higher speed than the collector traction motors. For example,
future passenger locomotives will be designed with traction motor rotation of up to
3600 rpm. The increased rotation speed of the asynchronous traction motor shaft
requires the installation of new bearings, high-precision manufacturing and careful
dynamic balancing of rotating parts.

With the application of the ATD, the weight and volume of electrical equipment,
which is located in the body, increases. The difference in weight is partially offset
by a lighter asynchronous traction engine, but weight redistribution occurs between
the body and the bogies. The weight of the body with equipment increases and the
weight of bogies decreases, and the height of the gravity center of the body with
electric equipment and of the locomotive increases, which negatively affects
dynamics and the impact on the track, particularly in curved track. This issue is
relevant for high-speed electric locomotives with ATD. Therefore, at the design
stage, effective measures must be implemented to ensure standard dynamics and
impact on the track. It is necessary to choose optimal specifications of spring
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suspension and damping systems to reduce the weight of steel structures, which
should provide the required weight indices and strength of the locomotives.

Bogies with arched side frames must be applied in the construction of electric
locomotives with ATD to lower the height of the center of gravity of the body with
equipment, and to increase the volume of the back to accommodate the equipment
in it. Arched side frames have a more complex stress–strain state than frames with a
horizontal top sheet. The stress–strain state of the frame must be investigated at the
design stage in order to provide strength and fatigue endurance.

As the passenger electric locomotive’s speed increases, it is necessary to provide
an effective braking system that will ensure braking without wheel sliding, and that
will provide a running wheel service life of more than 1.0 million kilometers. A disc
brake meets these requirements. It eliminates the thermal and mechanical stresses
on the wheel-rolling circle and increases its service life. However, the unsprung
load borne by mounted wheels significantly increases, which adversely affects the
interaction between the vehicle and track.

The torque of the asynchronous traction motor has a complex spectral compo-
sition. Therefore, the design of the bogie must prevent matches of vehicle com-
ponent frequency and frequency of torque pulsation on the shaft of an asynchronous
traction motor so as to prevent resonance phenomena in the elements of the traction
drive and in its attachment to the frame, which can lead to their destruction.

Traditionally, the design involves the development of a locomotive underframe
and a breadboard model, its testing and further refinement. This approach involves
significant input, and increases the timescale of electric locomotive development.
The use of computer models as the controlled electromechanical system is useful
for accelerating the design process. These models must take into account the
interaction of the locomotive underframe, traction motors and control system. The
new EP20 passenger electric locomotive designed for use on Russian railways was
designed following this approach. As such, the conceptual issues of joint modeling
and modeling results analysis of traction drive and of a locomotive underframe
were used while designing this locomotive.

The use of computer models of electromechanical processes in traction drives
takes on particular significance during the development of the control system,
allowing its structure and parameters to be developed in parallel with the rest of the
equipment. This provides an opportunity to take into consideration the features of
the traction drive functioning revealed during the design of its individual elements
or entire subsystems.

A modern electric locomotive with asynchronous traction motors is a complex
dynamic system composed of interacting subsystems—electrical, mechanical and
control. In addition, the capacity of the traction power system is comparable to the
capacity of the electric locomotive. For an adequate representation of historical
parameters, it is necessary to use a system analysis of processes in the electric
locomotive based on the representation of the AC traction drive as a controlled
electromechanical system. In accordance with this approach, it is necessary to
develop a complex mathematical model comprising an interacting model of sub-
systems outlined above to solve the problems described above.
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2 Problem Formulation

The development of the locomotive underframe and traction drive are realized in
parallel, which is a feature of using complex mathematical models in the early
stages of design. At this preliminary stage, we know the structure and parameters of
the power transformers, the traction motor parameters, the regulatory principles and
the control system settings. Therefore, to develop a complex mathematical model
of the electric locomotive EP20, we used data known at the time of creation of the
model. Further comparison of simulation results with the test data showed that the
electromechanical processes in the electric locomotive were adequately described
by the suggested mathematical model, despite some differences in the parameters of
the traction motors, and the structural and regulatory principles implemented in the
control system.

Structural and regulatory principles of traction drives are the same regardless of
whether one or the other type of traction motor is used. This is why the questions of
developing the mathematical model of traction drive will be further considered
using the example of a traction drive with asynchronous traction motors (ATM), as
it is the most common [4] at the present time.

Figure 1 is a functional diagram of an electric locomotive traction drive with an
asynchronous traction motor, where 1 = traction power-supply system; 2 = energy
converter; 3 = traction motors; 4 = the mechanical part of the electric locomotive;
5 = a place of “wheel–rail” contact; 6 = control system.

Mathematical modeling of the processes occurring in ATD in dynamic modes is
associated with a number of features:

• ATD is a complex dynamic system, composed of interacting subsystems—
electrical, mechanical and control. In addition, the capacity of traction substa-
tions is comparable to that of an electric locomotive; thus, for adequate repre-
sentation of the processes, co-simulations are needed.

• The variation in rotor speed is quite wide—from zero to several thousand rpm.
• The power semiconductor devices in circuits of static converters have nonlinear

characteristics.

Fig. 1 Functional diagram of
the traction drive of an
electric locomotive with
asynchronous traction motors
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• ATM are highly-used machines, during the study of processes in them, the
saturation of the magnetic circuit must be taken into account.

• The speed of the processes occurring in the individual subsystems of the traction
drive differs by several orders of magnitude.

• The load of a traction drive is determined by the creep force (adhesion) in
“wheel–rail” contact, which has essentially nonlinear dependence on the speed
of wheel slip, and has hysteresis.

• When designing the traction drive, various structures of electric energy con-
verters with different algorithms and laws of control can be used; moreover, it is
possible to use different versions of the mechanical parts.

Complex systems with nonlinear characteristics and load have traditionally been
analyzed using simulation methods, enabling investigation of the existing or newly
created system options. This is particularly important during the design stage.
Therefore, the computer model must be complete in the sense of solving the
principal problems, and must be convenient to use, reliable and adaptive.

To ensure an accurate description of traction drive processes, consideration must
be given to the transient mechanical processes associated with the development and
decay of wheel spin and wheel sliding, together with the electromagnetic processes
in traction motor circuits, given their high degree of mutual influence. As men-
tioned above, the hallmark of the traction electric drive is a strong correlation of
processes in the circuits of all electric traction motors. Motors influence each
other’s work through both the mechanical and the electrical part of the drive, and
their interaction takes place at different levels. Therefore, it is important to know
what we are designing: wheels-motor single unit, bogie, a single section or several
sections operating in parallel.

It is obvious that modeling only the wheels-motor unit cannot provide an answer
to many questions related to the mutual influence of various elements of the traction
electric motor. Applications of such models are largely limited by factors such as
the preliminary calculations of the engine parameters and design, specification
schemes of static converters and control system synthesis. A number of factors that
have a significant impact on the current processes are not taken into account,
although such a model is good enough to derive the specific nature of traction motor
load in the form of a friction pair. Such a model is not viable for the study of
electromechanical processes in traction electric motors, because it does not allow
for the special characteristics of the combined action of its elements.

Analysis of a traction electric drive via simulation of a bogie does not provide
the level of accuracy necessary for considering the interaction between the indi-
vidual components of the system at different levels. This may be, for example,
analysis of the electric locomotive movement under transient conditions or at
starting, control system operation under conditions of spinning or sliding wheels, or
the interaction of the electric locomotive and traction power supply systems.
Therefore, modeling of electromechanical processes that occur in one or more
sections operating in parallel provides the best results, because only in such a case
can we observe the full picture of electromechanical processes in the traction

Systems Approach to the Analysis of Electromechanical Processes … 71



electric drive of the electric locomotive. Thus the use of a systems approach to the
study of traction electric drives allows us to consider electromechanical processes
for all types of electric locomotives.

Integrated analysis of the traction electric drive as an electromechanical system
involves the creation of ATM models, energy converters, control systems,
mechanical sections of the electric locomotive, and processes in “wheel–rail”
contact. The developed models should allow research in all modes of electric
locomotives, including starting and movement at a low speed, taking into account
all the main factors affecting the representation accuracy of the process.

3 The Mathematical Model of an Electric Locomotive
with Asynchronous Traction Drive

3.1 The Mathematical Model Structure

The complex computer model of ATD as a controlled electromechanical system
(CES), presented in this paper, is a further development of previously created
models [1–3].

The electric locomotive is considered as a CES which includes the mechanical
part as a multi-body system, the electric part (energy conversion devices and
traction motors) and the control system (control algorithms and their realization).

There are direct and feedback communications between the processes in the
mechanical and electric parts. Values of electromagnetic torque at the traction
motor shafts are included in the right-hand side of the motion equations; values of
wheel set angular velocities obtained from the mechanical part are included in the
electromagnetic equations [5].

Electric locomotive EP20 is an electric locomotive with a dual power supply,
meant to operate on an railroads with alternate current (AC) or direct current
(DC) electrification systems: 25 kV AC, 50 Hz and 3 kV DC (EN 50163). ATM
supply is carried out with the individual converters, consisting of an autonomous
voltage source converter and a 4q-S converter (rectifier dedicated to energy
recovery). When powered from the AC contact system, converters are connected to
the transformer traction windings. When powered from the DC contact system, the
power is supplied to the converter DC link (inverter input). For this reason, the
voltage in the DC link is 2800 V.

Figure 2 shows the structure of a six-axle locomotive with individual control of
traction motors (individual axle drive) as a CES. The structure of the electrical part
includes a human interface, main locomotive control system and electric power
conversion devices: main transformer, 4q-S converter, DC-link, self-commutated
voltage inverter (VI) and ATM. The structure of the mechanical part includes the
car body, three bogies and suspension elements.

The processes in separate subsystems and elements of the locomotive are
modeled using various methods. The authors would like to emphasize that their
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main aim was to develop an adequate model of the rather complicated CES based
on well-known modern methods and approaches.

3.2 The Modeling of the Asynchronous Traction Motor

The transformation of electromagnetic energy into mechanical energy is carried out
in the ATM. The ATM is a key element of the traction drive; the parameters and
design features of the motor have a direct impact on the technique and economic
characteristics of the electric locomotive.

The model is based on the presentation of the ATM as a system of
magnet-connected contours. Determination of the motor’s magnetic system
parameters is carried out by field theory methods (using the finite element method).
In the mathematical model, the saturation and non-homogeneity of the active layer

Fig. 2 Electric locomotive as a controlled electromechanical system: 1 car body; 2–4 bogies
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of the stator and rotor, as well as the displacement of current in the stator and rotor
windings, are taken into consideration [6]. This enables us to analyze various modes
including stopping/starting and running at a low speed.

The equation describing the electromagnetic processes in the contours can be
written as follows:

_w ¼ u� r� i; ð1Þ

where _w is the contour flux linkage vector; u and i are the vectors of the contour
voltages and currents, respectively; and [R] is the diagonal matrix of the contour
active resistance.

Connection between the flux linkage and currents in contours is defined by the
algebraic equations

_w ¼ u�m� i; ð2Þ

where m is the matrix of the contour internal and mutual inductances.
Equations (1) and (2) are differential algebraic equations (DAE) describing the

processes in the system comprising magnetically connected contours. The state of
each contour is characterized by two values: flux linkage and current.

The contour flux linkage and inductances matrix are calculated using field theory
methods. According to the conventional approach of the electrical machine theory,
the ATM’s magnetic field is considered to be plane-parallel. The magnetic system
of the electric machine is peculiar in having a complex configuration, large number
of areas with current and air-gap clearance. Besides, the magnetic system is closed
and it can be assumed that the field is negligible in the outside area. The finite
element method proves to be efficient in such a case.

The developed model can adequately represent the processes in the ATM under
steady-state and transient conditions, including low-speed and emergency modes.

To analyze the processes in ATM at angular speeds above 10–15% of the
nominal speed, it is expedient to use models based on the Park–Gorev
equations [6].

3.3 The Modeling of the Processes in an Energy Conversion
System

The energy conversion system provides the operation of the electric locomotive by
feeding from a catenary network of 3-kV DC and of 25-kV, 50-Hz AC.

The energy conversion system is modeled as an electric circuit that consists of a
main transformer, input converters (4q-S), a DC link and self-commutated voltage
inverters (VI) for feeding the traction motors [4]. The principal scheme of the power
circuit of an electric locomotive that feeds from the AC network is shown in Fig. 2.
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The 4q-S converters connected to the traction transformer windings function in
parallel to the general filter of the DC link. The inverter works as the filter load and
feeds the ATM. The processes in the electric traction drive of all three bogies under
the condition of feeding from the main transformer are considered in the model.

The locomotive is equipped with three power converters; each one feeds the
motors of a two-axle bogie. Each power converter includes 4q-S converters, a DC
link and VI. The individual control of traction motors (individual axle drive) was
realized (see Fig. 2).

The principal scheme of a power circuit of an electric locomotive bogie that
feeds from the contact AC network is shown in Fig. 3. Two 4q-S converters
connected to the traction transformer windings are functioning in parallel to the
general filter of the DC current link. The inverter functions as the filter load and
feeds two ATM. The processes in the electric traction drive of all three bogies under
the condition of feeding from the main transformer were considered in the model.

The ATM DTA-1200A for electric locomotive EP20 had the following char-
acteristics [3]:

Nominal rating power Pn = 1470 KW;
Line voltage Ull = 2183 W;
Power line frequency fn = 89 Hz;
Stator winding resistance at a temperature of 20 °С Rs = 0.0207 X;
Leakage inductance of stator winding Ls = 0.00086 H;
Rotor winding resistance at a temperature of 20 °С Rr = 0.01988 X;
Leakage inductance of rotor winding Lr = 0.000716 H;
Mutual inductance Lm = 0.01753 H;
Excitation current Im = 129 А;
Number of pairs of poles 2p = 6.

The parameters of traction transformer are following [3]:

Design voltage of power winding UC = 25 kW;
Design voltage of traction windings UTR = 2100 W;
Design power of traction windings STR = 2100 VA.

Fig. 3 Principal scheme of one bogie power circuit
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The processes in the power circuits are described by the automatically generated
DAE derived from Kirchhoff’s law base:

f xnþ 1; _xnþ 1; tnþ 1ð Þ ¼ 0; ð3Þ

where xnþ 1 is the state variable of the electric circuit (currents through inductances,
voltage at condensers) at time point tn+1. The solution to Eq. (3) is carried out with
the backward differentiation formula

hðxnþ 1Þ ¼ _xnþ 1 ¼ � 1
Dt

Xk
i¼0

aixnþ 1�i;

where ai is the backward differentiation formula coefficients; Dt is the step size.
Substitution of this formula in Eq. (3) yields [7]

x jþ 1ð Þ
nþ 1 ¼ xðjÞnþ 1 � JðxðjÞnþ 1Þ�1f xðjÞnþ 1; g

ðjÞ
nþ 1; tnþ 1

� �h i
:

The Jacobian matrix for the function f xnþ 1; g xnþ 1ð Þ; tnþ 1ð Þ at xnþ 1 ¼ xðjÞnþ 1 is
derived as follows:

J xðjÞnþ 1

� �
¼ @f ðx; _x; tÞ

@x

���� x¼xðjÞnþ 1

_x¼gðxðjÞnþ 1Þ

� a0
h
@f ðx; _x; tÞ

@ _x

���� x¼xðjÞnþ 1

_x¼gðxðjÞnþ 1Þ

:

The locomotive traction characteristics are mostly defined by the structure,
principles and algorithms of the traction drive control system. A number of specific
demands are usual for the control system of the ATM. The regulation of the ATM
torque should be carried out without pulsations and self-exciting oscillations and its
performance should be sufficient to prevent wheel slippage. It is necessary to strive
for reduced torque ripple and electrical losses in the elements.

3.4 The Control System

The electric locomotive driver uses control handles to set the traction or braking
effort (manual mode), or to set the speed (automatic control mode). In the first case,
the target effort is converted into the reference for electromagnetic torque on motors
shafts. In the second case, the automatic speed controller regulates the electro-
magnetic torque in order to maintain the reference speed.

Thus we developed a two-channel automatic control system with independent
control of rotor flux and electromagnetic torque. The stabilization of rotor flux
magnitude in all modes eliminates the excessive saturation of the magnetic system
[8–10].
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Processes in a squirrel-cage asynchronous motor are considered in a d–q rotating
coordinate system. The d–q rotating coordinate system associated with rotor. The
angular speed x relative to the a–b fixed coordinate system is calculated as

x ¼ 2p
d
dt
h tð Þ;

where h tð Þ is the angle between a–b and the d–q coordinate system.
If the rotor flux vector ~Wr is along an axis d, then

Wrd ¼ ~Wr

��� ���; Wrq ¼ 0:

The position of ~Wr relative to the a–b fixed coordinate system is defined by an
angle h. In this case, the location of vectors is as shown in Fig. 4, where d is the
angle between the vectors of stator current~Is and the rotor flux ~Wr, and u is the
angle between~Is and stator voltage ~Us.

Processes in the squirrel cage asynchronous motor are described by the
equations:

~Us ¼~Isrs þ d~Ws

dt þ jx~Ws;

0 ¼~Irr0r þ d~Wr

dt þ jx~Wr:

8<
: ð4Þ

where rs and r0r are the stator and rotor resistances,~Ir is the rotor current vector and
~Ws is the stator flux vector.

The relationship between the currents and fluxes of the stator and rotor are
described by the equations:

~Ws ¼ Ls~Is þ Lm~Ir;
~Wr ¼ Lm~Is þ L0r~Ir:

�
ð5Þ

Fig. 4 Location of stator
voltage, stator current and
rotor flux vectors
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where Ls and L0r are the stator and rotor inductances, respectively, and Lm is the
mutual inductance.

The electromagnetic torque is equal to the imaginary part of the vector product
of the rotor flux and the stator current:

Mem ¼ 3
2
p
Lm
L0r

Im ~Wr �~Is
h i

; ð6Þ

where Mem is the electromagnetic torque and p is the number of pole pairs.
After substitution of the rotor current from (5) to (4), the second equation

becomes:

~Is
Lmr0r
L0r

¼ d~Wr

dt
L0r
r0r

þ jx

� �
~Wr: ð7Þ

The obtained equations are the basis of the structure of the vector control system.
This is a dual-channel system. The first channel controls the rotor flux by regulating
projection of the stator current in the d-axis. The second channel controls the
electromagnetic torque by regulating projection of the stator current in the q-axis.

However, the motor is powered by the voltage inverter; therefore, the control
system must control the voltage vector [11]. To regulate the voltage vector,
channels have a double-circuit structure. The outer circuit sets the value of the
current vector, and the inner circuit controls the voltage vector by performing a task
of the outer circuit. The voltage vector is calculated by the first equation from (4):

~Us ¼ rs~Is þ d~Ws

dt
þ jx~Ws: ð8Þ

The structure of control circuits of the stator current is determined based on
Eq. (8). A block diagram of the control system with independent control of rotor
flux and electromagnetic torque is shown in Fig. 5.

The reference signal of rotor flux and electromagnetic torque on the motor shaft
is the input of the control system. The difference between the reference and the
actual value of the rotor flux is applied to the input of the flux regulator. The
projection of the stator current in the d-axis is the output of the control system. The
projection of the stator current in the d-axis is summed with the voltage compen-
sation signal. The voltage compensation signal is generated by a cross-link com-
pensation block [12].

The electromagnetic torque control channel has a similar structure.
The operation speed of the torque control channel is determined by the condi-

tions of stable operation of the traction electric drive in the event of wheel spinning
[3]. In the case at hand, the constant of torque control time is 6 ms. Here, the time
constants of the stator current component regulation are equal to 3 ms. Given the
fact that the magnetization contour of an ATM has large magnetic lag, a time
constant of 75 ms was adopted for the actuating path of rotor flux linkages.
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This control system adjustment provides efficient operation of electric traction drive
in all studied electric locomotive operation modes.

The method used to forming the inverter output voltage supplying the ATM has
a significant impact on the processes in the traction drive. Harmonic composition
and electromagnetic torque rate control of the ATM, the losses in the power
semiconductor devices and the efficiency of the automatic control system are all
dependent on the method of voltage formation. Currently, an autonomous voltage
source converter is commonly used; it is collected by the three-phase bridge circuit
in insulated-gate bipolar transistors (IGBT). Its scheme is shown in Fig. 3.

There are various methods of forming the output voltage of the self-commutated
voltage inverter, and they can be divided into two groups. The first has independent
control of each phase; the second has switching between predetermined states of
power semiconductor converter modules. To control the autonomous voltage
source converter as part of the thermoelectric transducer, modulation is used, with
pre-calculated pulse width modulation (PWM) relating to the first group of methods
and space-vector PWM relating to the second group.

The ability to provide suppression of defined harmonics in the output voltage of
the inverter is an advantage of pre-calculated PWM. However, this type of mod-
ulation entails significant computational cost when the number of switching

Fig. 5 Block diagram of the control system with independent control of rotor flux and
electromagnetic torque
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operations for the output voltage period is large (ratio of modulation frequency to
the frequency of the fundamental harmonic of the output voltage), which precludes
its use. The space-vector PWM is preferred at low ATM speeds. It is used with a
fixed modulation frequency (asynchronous PWM) in the stop condition of very low
rotational speed of the ATM. When the rotational speed of the ATM increases, the
modulation frequency of the ATM is taken multiple frequency of inverter output
voltage of synchronous PWM.

The space-vector PWM method involves the rejection of simultaneous com-
mutation of all inverter keys and the transfer to commutation between several
pre-selected states of the self-commutated voltage inverter, each corresponding to a
specific spatial vector position of the resulting voltage, which is applied to the
motor.

Figure 6 shows the principle of forming the basis vectors of the two-level
autonomous voltage source converter for positions 0° (Figure 6a) and 60° el.
(Figure 6b). A vector, which has an equal number of components and phases (a b
c)T, describes inverter transistor conditions. The components of the vector are
formed by the following rules: if the upper phase transistor is open, the corre-
sponding component is equal to 1; if the lower phase transistor is open, the cor-
responding component is equal to 0. Thus, the vector of inverter position (100)T

corresponds to the vector U0 in position 0° el. (Fig. 6a) and the vector of inverter
position (100)T corresponds to the vector U60 in position 60° el. (Fig. 6b).

Vectors for the positions 120°, 180°, 240°, 300° and two 0° el. vectors are
similarly formed. They compose the most commonly used basis vectors, which
corresponds to the standard six-stroke commutation. Three transistors are simul-
taneously open: the high one and two low transistors or the two high transistors and
the low one. Figure 7 shows the basis vectors and autonomous voltage source
converter positions corresponding to them in this case.

Linear and phase load voltage values are determined by ratios [3, 4, 13, 14] on
known vectors of converter status:

Fig. 6 Forming the basis vectors of the two-level self-commutated voltage inverter a for positions
0° el. and b 60° el
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It is possible to reproduce any required output voltage vector by switching on the
PWM time between two basis vectors of current sector Ux and Ux+60 and zero
vectors O000 and O111, when there are eight base vectors, two of which are zero
vectors, and the other are shifted in space by 60° el. For example, the formation of
the vector Uout (see Fig. 7) may be carried out using vectors U0, U60 and a zero
vector, which is selected from the condition of a minimum number of transistors
switching.

The time of vectors U0 (T1), U60 (T2) switching is determined according to the
formulas:

T1 ¼
ffiffiffi
2

p
TPWM Uoutk k cos aþ 30�ð Þ;

T2 ¼
ffiffiffi
2

p
TPWM Uoutk k sinðaÞ;

where TPWM is the PWM period; Uoutk k is the output voltage vector length; a is the
angle between the basis vector U0 and the output voltage vector.

The zero vector switching time is determined as follows

T0 ¼ TPWM � T1 � T2;

It must satisfy the following condition: T1 þ T2 � TPWM:

Fig. 7 Basis vectors of a
bi-level autonomous voltage
source converter
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In the limiting case when zero vectors are not used, the net voltage vector
hodograph is a hexagon circumscribed about the basis vectors. Given that the basis
vector has length is 2/3 Udc, the output voltage vector can be formed with a
maximum length of 0.577 Udc, which is 15% greater than the output voltage
amplitude of the sinusoidal PWM. The output voltage vector length is 0.866, and it
is the maximum in this case. It can be achieved by the used set of basis vectors. The
sequence of basis vector switching can be different, and it is determined by the
condition of minimizing the number of transistors switching and features of hard-
ware implementation of the AES control system. The following sequence can be
one of variants:

O000 ! Ux ! Uxþ 60 ! O111 ! Uxþ 60 ! Ux ! O000;

which can be used in sectors, limited by vectors U0–U60, U120–U180, U240–U300 and
sequence

O000 ! Uxþ 60 ! Ux ! O111 ! Ux ! Uxþ 60 ! O000;

The duration of each vector O000 switch is T0/4, and the duration of the vector
O111 switch is T0/2. The duration of the vector Ux and Ux+60 switches are equal to
T1/2 and T2/2, respectively, in the first and the second halves of the PWM period.

A feature of this method of basis vector switching is the change in the vector
switching order depending on the sector. The sequence of switching does not
depend on the direction of output voltage vector rotation. Another feature is the use
of both zero vectors O000 and O111 during every period of the PWM. The operating
time of these vectors is equal; the period begins and ends with O000.

Another pattern of the basis vector switching [3, 13, 14] uses the following
sequence:

Ux ! Uxþ 60 ! O 111
000

� 	 ! Uxþ 60 ! Ux;

where the zero vector O111 is used in sectors U0–U60, U120–U180, U240–U300, and
the vector O000–is used in sectors U60–U120, U180–U240 and U300–U0.

A special feature of this pattern is a fixed order of basis vector switching,
regardless of the sector number. Zero vectors are selected from the condition of a
minimum number of transistors switching (one component is changed in the con-
verter status vector). However, when changing the direction of output voltage
vector rotation, it is necessary to change vectors Ux and Ux + 60 and the zero vector.

One of the major advantages of space-vector PWM is the reduction in the
number of switches in one PWM period from six to four, and the decrease in
dynamic losses in key elements of the converter.

The meaning of the pre-calculated PWM method consists in pre-calculation of
switching moments of power semiconductor modules for providing the suppression
of specified harmonics in the inverter output voltage [13, 15–19]. The control of
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each phase is independent. Figure 8 shows the shape of the output voltage (the
phase potential toward half a voltage in the DC link).

Expansion of the output voltage in a Fourier series can be represented as follows:

Uf tð Þ ¼
X
n¼1

an cos nxtþ bn sin nxt

Due to quarter wave symmetry of the output voltage, the even harmonic is
absent and only the odd harmonic is present. The amplitude of the nth harmonic is
then expressed as

bn ¼ 4
p n

� �
1þ 2

X
k¼1

�1ð Þkcos nak
" #

ð9Þ

The angles of the shift a1 to am must meet a requirement

a1\a2\ � � �\am\p=2

By setting the required value of the amplitude of the output voltage fundamental
harmonic and equating the amplitude of the selected harmonic to zero, we define
switching angles using Eq. (9). As an example, for the case shown in Fig. 8, it is
necessary to solve a system of equations for determining the switching angles a1,
a2, a3:

4
p 1� 2 cos a1 þ 2 cos a2 � 2 cos a3ð Þ ¼ U1;
1� 2 cos 5a1 þ 2 cos 5a2 � 2 cos 5a3ð Þ ¼ 0;
1� 2 cos 7a1 þ 2 cos 7a2 � 2 cos 7a3ð Þ ¼ 0;

ð10Þ

where U1 is the amplitude of the fundamental harmonic.
Nonlinear transcendental equations are thus formed, and after solving these

equations, a1 through a3 are computed. Triple harmonics are eliminated in the
three-phase balanced system, and these are not considered in (10). It is evident that
(m − 1) harmonics can be eliminated with “m” numbers of switching angles.

Fig. 8 The output voltage of
the voltage source converter
(phase potential) using the
pre-calculated PWM
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The simultaneous Eq. (10) are generally not performed in real time of the
asynchronous traction drive control. The switching angles for several m values are
calculated in advance and are approximated. In the existing control systems, m is
odd and it takes values from 1 to 7 [15–19]. A further increase in the switching
operations number (modulation frequency multiplicity) does not significantly
improve the harmonic content of the inverter output voltage, since the greater the
number of the harmonic, the faster its amplitude decreases. In addition, the
switching frequency of the power semiconductor devices is limited by the level of
thermal losses.

Both modulation types were used for generating an output voltage of inverters
supplying the ATM of electric locomotive EP20. In accordance with the prelimi-
nary constructional design data, the following algorithms were used in the calcu-
lations for generating an output voltage depending on the frequency (Table 1).

Defined parameters of the modulation provide automatic control system opera-
tion under selected performance values of electromagnetic torque and flux control
channels.

3.5 The Modeling of the Mechanical Part

The mechanical part of the electric locomotive considered as a multi-body structure
consists of a car body and three two-axle bogies (see Fig. 1). The electric loco-
motive’s axle formula is Bo-Bo-Bo. The inclined traction rods carry out the
transmission of the traction and brake efforts from the bogies to the locomotive car
body. The traction motors and reducers are bogie-mounted. In total, the model
contains 28 rigid bodies.

The equations of motion are generated based on the Newton–Euler
formalism [20]

Table 1 The data for analysis

Output voltage frequency (in fractions of the
nominal one) (%)

Type of modulation

0–25 Space-vector PWM with fixed modulation
frequency (1000 Hz)

25–50 Synchronous space-vector PWM with
modulation
frequency of up to 1000 Hz

50–75 Pre-calculated PWM, m = 3

75–100 Pre-calculated PWM, m = 2

100–125 Pre-calculated PWM, m = 1

>125 Single-pulse modulation

84 P. Kolpakhchyan et al.



M qð Þ€qþ k q; _qð Þ ¼ Q q; _qð ÞþG qð ÞTk;
g qð Þ ¼ 0;

ð11Þ

where

q; _q; €q are the column matrices of Lagrange coordinates,
velocities and accelerations;

M is the mass matrix;
k, Q are the column matrices of inertia and applied

forces, respectively;
k is the vector of Lagrange multipliers correspond-

ing to the cut joints;
g is the algebraic constraint equations;
m is the number of constraints; and

G ¼ @g=@qT ¼ @gi=@qj

 �j¼1;n

i¼1;m
is the constraint Jacobi matrix.

Equation (9) is DAE. The values to determine are the generalized coordinates
q tð Þ and the Lagrange multipliers k tð Þ.

Simulation of the mechanical part was carried out in the Universal Mechanism
software package [21–23]. The computer animation of the locomotive’s movement
is shown in Fig. 9.

The model of the mechanical part of electric locomotive EP20 on two-axle
bogies (2o-2o-2o wheel arrangement) consists of:

Fig. 9 Model of the mechanical part (computer animation)
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• Superstructure
• Three bogie frames
• Three oblique tractions
• Six wheel sets
• Six axle equipment sets (two combined boxes)
• Six gear-motor blocks
• Six rotors
• Six cogged wheels
• Six armature quills

Thus, the model consists of 43 parts. Every part in the system has its own inertial
characteristics, i.e., the mass mi and the elements of the inertia tensor Ji, where i is
the number of the part.

A subsystem method was used to create the models. The subsystem of the wheel
motor block (WMB) is based on the design of two-axle bogies (Fig. 10). It is shown
in Fig. 11.

In modeling, we have used the following mass and inertial characteristics of the
vehicle parts of the electric locomotive [23] (Table 2).

outside bogies central bogie

Fig. 10 Model of two-axle bogies (computer animation)

construction computer animation

Fig. 11 Wheel-motor block
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Coasting movement. The modeling of processes during coasting movement was
executed by numerical integration of differential equations of motion (11) on the
assumption that the torque on the traction motor shafts is zero.

The parameters of the calculation scheme of the locomotive’s mechanical parts
(dimensions, inertia characteristics, stiffness coefficients of elastic elements,
damping coefficients of dampers, etc.) were taken from publications in the technical
literature [3, 23–25].

The FASTSIM algorithm [26] and its modification devoted to an unsteady
contact model that also provides the correct solution for the case of zero vehicle
velocity were used for computation of creep forces. When modeling, the macro
geometry of track on which the locomotive is moving (the vertical profile and the
plan of the railway) and the presence of the rail’s vertical and horizontal
micro-irregularities are taken into account. The rail’s micro-irregularities were
constructed according to the International Union of Railways (UIC) materials.

The mechanical part’s full-size model allows us to take into account the redis-
tribution of load between the axles in the traction and braking modes, to investigate
the interaction in the side wheel–rail contact during passage of the curves, and so
on.

The modeling was done in the velocity range of 10–60 m/s (i.e., from 36 to
216 km/h) with the step of 10 m/s [25].

As can be seen from Fig. 12 (20 m/s), the presence of track micro-irregularities
leads to the fact that normal reactions in the wheel–rail contact for all wheels obtain
the dynamic components and deviate from their quasi-static values that occur when
driving on the track without irregularities.

The spots of wheel–rail contact for all the wheels are shown in Fig. 13 (20 m/s).
The shaded area corresponds to the material’s adhesion, and the area without
coloring to the slip. The resultant force of interaction in the wheel–rail contact is
shown as a vector whose value and direction vary during wheel rolling on the rail.
The scale in Fig. 13a, b is the same.

In addition, the presence of track micro-irregularities leads to considerable
variation in the magnitude and direction of the force within the wheel–rail contact.

Table 2 The parameters of the model

Parameter Value

Body suspension semi-base (m) 5.78

Body weight (kg) 67000

The height of the car body mass center over rails (m) 2.5

Weight of bogie’s frame with equipment without traction electric drive (kg) 4090

Wheel semi-base (m) 1.450

Weight of traction electric drive (kg) 1950

Weight of armature quill (kg) 384
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Fig. 12 Normal reactions in the wheel–rail contact during coasting movement for the track
without irregularities (a) and with irregularities (b)

Fig. 13 The spots of wheel–rail contact and resultant forces during coasting movement on the
track without irregularities (a) and with irregularities (b)
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Amplitude-frequency characteristics (AFC). The AFC (or frequency response)
was built by spectral analysis of the harmonic track profile (perturbation) and the
corresponding vibration (response). The horizontal axis shows the frequency per-
turbation (Hz). The vertical axis shows the dimensionless dynamic coefficient kdyn
(amplification ratio). It means in how many times the amplitude of the forced
oscillations is greater than static deformation.

Thus, the obtained AFC of the car body bouncing vibrations is shown in
Fig. 14a. The AFC for pitching and rolling oscillations of the car body are shown in
Fig. 14b, c.

The experimentally determined values of natural frequencies are as follows: for
car body bouncing vibrations, 1.89 Hz; for lateral rolling vibrations, 0.64 Hz.

The features of dynamic behavior. We also note some qualitative features of the
dynamic behavior, which have been identified in the coasting movement simula-
tion. First of all, the significant increase of the oscillation frequencies with aug-
menting velocity is evident. However, the vibration amplitudes, starting from a
speed of 72 km/h, have only insignificant changes.

The bouncing of the middle bogie at high speeds obtains a greater amplitude
than for the front and rear bogies. This is due to the installation of the softer
long-stroke springs at the level of the car body suspension of the middle bogie.

In contrast, the pitching of the middle bogie, in comparison with front and rear
bogies, is extremely small. The reason for this is the decisive role of the car body
pitching vibrations which are transmitted to the extreme bogies more intensively
(due to the much greater arms) than to the middle bogie.

As for the bogie’s lateral pitching oscillations, at low speed they are determined
by the local irregularities of the railway. At high speeds, they are composed of the
lateral pitching vibrations of the car body and the high-frequency oscillations of
small amplitude.

It should be noted that the results of the coasting movement modeling corre-
spond to the actual tests [23].

Fig. 14 AFC of the car body vibrations: bouncing (a), pitching (b) and lateral rolling (c)
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4 Simulation Results

With the help of the developed computer model of the electric locomotive, the
complex estimation of the control system principles and algorithms, the determi-
nation of its influence on the functioning of ATM and power conversion devices
and the analysis of electromechanical processes at various operation regimes were
executed [24, 25].

The analysis of the interaction of the ATD with the mechanical part of the
locomotive in the traction mode was performed at various operation modes: the
locomotive’s start and acceleration, motion in a straight line and in curves with
maintaining speed, appearance and elimination of wheel slide, etc.

4.1 Locomotive’s Start and Acceleration

Let us consider the simulation results of electromechanical processes in the loco-
motive during starting and acceleration.

Because of the significant magnetic inertia of the ATM and the existing current
and voltage constraints from the inverter, the simultaneous control of moment and
flux linkage with a high level of disagreement is practically not possible. Therefore,
the control system sets the preset moment value equal to 0 at the point of the electric
locomotive commencing, within 0.2 s from the start of operations, which is nec-
essary for termination of the control transience of the rotor flux linkage. The preset
moment value is increased to the required value at a predetermined rate, avoiding
the undesirable phenomena at the locomotive’s mechanical part.

Some simulation results are shown in Fig. 15, where: UAB is the line-to-line
voltage of the ATM; IA is the phase current; M1

*, Mem1 are the preset and realized
electromagnetic torques, respectively; x1 is the angular velocity of the first ATM’s
rotor; Fx1l, Fx1r are the traction forces for the left and right wheels of the leading
wheel set, respectively; and FT1, FT2 and FT3 are the forces in the traction rods.

Computer animation of the ATM magnetic field is available at [27].
Obtained results show the good dynamical characteristics by take-off. There are

no oscillations in the mechanical part of the locomotive. Generally the quality of
regulation is quite high within all intervals of loads and velocities, including
take-off conditions and high velocity.

4.2 Movement in Traction Mode with Constant Speed
on a Straight Railway Section

The calculations were performed for the case when the locomotive is moving at the
constant speed of 80 km/h on a straight horizontal railway section. The railway has
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micro-irregularities in the vertical and horizontal planes according to the UIC
materials. The maximum value of the adhesion coefficient is equal to 0.25.

The power is supplied by AC catenary; the electrical part of the ATD is modeled
in accordance with Figs. 16 and 17. The obtained graphics of the electromagnetic
torques at the ATM shafts of the front bogie (Mem1 and Mem2), of the torques after
the rubber–cord coupling (Mrcc1 and Mrcc2), of rotor angular speeds (xr1 and xr2)
and of the angular speeds of the wheel sets reduced to the rotor (xw1 and xw2) are
shown in Fig. 14. The corresponding results for the middle and rear bogies were
also obtained.

The formation of inverter output voltage is performed using space-vector PWM
(modulation frequency of 1500 Hz). The principle of automatic regulation for

Fig. 15 Electromechanical processes at start and acceleration
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maintaining the constant rotor flux of ADM is realized. The setting of the flux is equal
to 3.8 Wb, of the torque—to 8000 Nm, which corresponds to the limit of adhesion.

As can be seen from these results, the high-frequency pulsations of electro-
magnetic torque on the ATM shaft, arising as a consequence of the power feeding
from the inverter, are almost completely absorbed by the rubber–cord coupling. The
low-frequency oscillations of the torque are explained by dynamic processes in the
locomotive mechanical part, which are a consequence of the impact of an uneven
track structure.

Fig. 16 Dynamic processes during movement in a straight line for the traction mode (top to
bottom): torques on the ATM shafts and after rubber–cord couplings, angular speed of ATM rotors
and of the front bogie wheel pairs

92 P. Kolpakhchyan et al.



The graphs of vertical forces in the wheel–rail contact for the left and right
wheels of the first (Fz1l, Fz1r) and second (Fz2l, Fz2r) wheel sets of the front bogie
are shown in Fig. 17. The traction forces for the left and right wheels of the first
(Fx1l, Fx1r) and second (Fx2l, Fx2r) wheel sets are also shown.

As a result of dynamic processes occurring when driving on the rail with
irregularities, the load of the wheel sets on the rails—and consequently the traction
forces—have oscillations of as much as 20–25% from the mean value of these
forces (see also Fig. 13). The first wheel set is the most unloaded. It is limiting in
terms of the use of adhesion conditions.

Figure 18 shows the graphs of the pitching vibrations for the car body (ucb) and
bogies (ub1, ub2, ub2); the bouncing vibrations for the car body and bogies (hz cb,

hz b1, hz b2, hz b3); the forces in the traction rods (Ftr1, Ftr1, Ftr1) and the total traction
force (Ftrack).

The efforts in traction rods deviate about 20% from the mean value. The reason
for this is the pulsation of traction forces at the wheel–rail contact points and the
relative movement of the mechanical part elements. The inertia of the car body and
the superposition of these vibrations for three inclined rods smooth the pulsations of
total traction force.

Fig. 17 Dynamic processes during movement in a straight line for the traction mode (top to
bottom): vertical forces in wheel–rail contact for the wheel sets of the front bogie; traction forces of
the left and right wheels
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In addition to the presented results, the angular and linear displacements of the
mechanical part’s elements, the forces in springs and dampers, the currents and
voltages in the electric power conversion system components and in traction
motors, the state variables of control system, etc., were calculated.

4.3 Movement in Traction Mode with Constant Speed
on a Curved Railway Section

The calculations were performed for the case when the locomotive is moving at the
constant speed 80 km/h on a right curve section. The cant (superelevation) of the
outer rail is h = 100 mm.

The length of the track transition curve is 100 m and the length of the constant
radius arc is 300 m. The railway has micro-irregularities of rails in the vertical and
horizontal planes according to the UIC materials. The maximum value of the
adhesion coefficient is taken equal to 0.25.

Fig. 18 Dynamic processes during movement in a straight line for the traction mode (top to
bottom): pitching and bouncing vibrations for the car body and bogies; forces in traction rods; total
traction force
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All parameters of the electrical part and the control system conform to pp. 3.3
and 3.4.

The traction torques after the rubber–cord coupling for the first and second axles
of the front bogie (Mrcc1 and Mrcc2) are shown in Fig. 19.

The graphs of normal reactions in wheel–rail contact for the first and second
axles of the front bogie (Fz1l, Fz1r) and (Fz2l, Fz2r) are presented in Fig. 20; as
shown, for the outer rail, the reaction is practically twice that for the inner rail.

The graphs of traction forces for outer and inner wheels of the first (Fx1l, Fx1r)
and second (Fx2l, Fx2r) axles of the front bogie are shown in Fig. 21; the difference
is also almost twice. This is explained not only by the fact that the normal reactions
of the outer and inner wheels are different, but also by the excess slip for the inner
wheel and by the insufficient slip for the outer one.

The total lateral efforts for the outer and inner wheels of the first (Fy1l, Fy1r) and
second (Fy2l, Fy2r) axles of the front bogie are shown in Fig. 22. These efforts
include both the contact forces in the main wheel–rail contact and the strength in the
side contact between the flange of the left wheel and the outer rail head’s side
surface.

As can be seen from the graphs, the bogie moves in the chord position.

Fig. 19 Dynamic processes during movement in a curved line for the traction mode: torques after
the rubber–cord coupling for the first and second axles of the front bogie

Fig. 20 Dynamic processes during movement in a curve for the traction mode: normal reactions
in wheel–rail contact
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4.4 The Wheel-Slide Protection System with Individual
Regulation of Traction Forces

The asynchronous traction drive working at a cohesion limit is connected with the
high possibility of slippage occurrence. That is why the reliability of the wheel-slide
protection system mostly determines the efficiency of the ATD control system from
the point of view of the most complete utilization of the locomotive coupling
weight.

During the investigations, it was found that the wheel-slide protection system
should decrease the electromagnetic torque quite smoothly, preventing impulse
loading and oscillations in the mechanical part of the locomotive. Sudden impact of
loads arising through unsuccessful control and short-time sliding motion of one or
more unloaded wheel sets is possible.

To realize this, was needed to implement the individual (by axles) regulation of
total traction force.

Fig. 21 Dynamic processes during movement in a curve for the traction mode: traction force for
outer and inner wheels of the first and second axles of the front bogie

Fig. 22 Dynamic processes during movement in a curve for the traction mode: total lateral efforts
for the outer and inner wheels of the first and second axles of the front bogie
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Let us consider the results of simulation of a wheel-slide protection system by
moving the locomotive on a railway section with poor cohesion conditions. The
length of the section exceeds the distance between the extreme wheel sets of the
locomotive. Vertical and lateral railway track irregularities were taken into account
during the simulation.

Simulation results for the first wheel set are shown in Fig. 23. The following
designations are used: wws1 is adhesion coefficient in wheel–rail contact of the first
wheel set; Mem1 is electromagnetic torque; xr1 and xw1 are angular velocities of the

Fig. 23 Passage of a railway section with poor adhesion conditions
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first ATM rotor and the first wheel set (reduced to the rotor), respectively; Fx1l and
Fx1r are traction forces of the left and right wheels, respectively; Ftr1, Ftr2 and Ftr3

are forces in the traction rods; and Ftrack is the total traction force.
The obtained results show that decreasing of the adhesion coefficient leads to

increasing of the angular velocity of the first wheel set. Then, the wheel-slide
protection system gradually decreases the ATM’s torque and the starting slippage is
prevented, as is shown in Fig. 23.

When the section with poor adhesion conditions ends, the control system
increases the ATM’s torque. Thus the principles that are implemented in the control
system prevent wheel slippage and provide nearly maximum traction force.

4.5 The Control of the Voltage Inverter in High-Speed
Mode

When the locomotive is moving at low or medium speeds, the main harmonic
frequency is much greater than the inverter modulation frequency. In these cases,
there are no problems with the electromagnetic torque pulsations. The processes
occurring at the start of the locomotive are shown in p. 4.1. The medium speed
mode was studied in [3].

If the locomotive is moving at high speed, the VI works in one-pulse modulation
mode. This can result in high electromagnetic torque pulsation and heat losses. It is
very important to reduce the sixth harmonic of the electromagnetic torque pulsa-
tions, which is located in the area of the mechanical part Eigen frequencies, which
may lead to undesirable resonance phenomena.

The formation of additional pulses at the beginning and the end of the main
pulse reduces the level of these pulsations. Analysis of electromagnetic torque
harmonic composition shows that this solution is effective: the amplitude of the 6f1
harmonic decreases by 40–50%, whereas the amplitude of the fundamental har-
monic decreases by only 1–2%.

The simulation results for movement of an electric locomotive at 150 km/h are
shown in Fig. 24. The power is supplied from the AC catenary. Graphs of voltage
and current of the traction transformer winding and voltage of the DC link are
shown in Fig. 24a, the line-to-line voltage and phase current of the ATM in
Fig. 24b, and the ATM’s electromagnetic torque in Fig. 24c.

The control of energy conversion processes is conducted in such a way that the
traction transformer winding current is in phase with the voltage, and the converter
consumes the only active power from the traction transformer. The voltage in the
DC link has a pulsation of significant amplitude with frequency of 100 Hz, which is
explained by the principle of action of the 4q-S converter, and which is undesirable
due to the influence to the locomotive mechanical part.
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4.6 Analysis of Impact of the Vehicle on the Railway Track,
Dynamics and Stability

In accordance with the requirements for Russian railways, a high-speed passenger
locomotive at a speed of 200 km/h must have six axles and maximum traction force
of 450 kN at the beginning of the movement.

In practice, however, six-axle locomotives with asynchronous traction drives and
a speed of 200 km/h have not been developed and operated. Most of the electric
locomotives with asynchronous traction drives, which had a speed of 200 km/h,
had four axles (2o-2o wheel arrangement). Electric locomotives such as Class 92
and EG 3100, with a design speed of 140 km/h, have a 3-3 wheel arrangement.
Electric locomotives such as E90, ESL 9000, ESL 9700 and O’zbekiston with
design speeds of 160–175 km/h have a 2o-2o-2o wheel arrangement.

The right choice of wheel arrangement at the design stage is crucial for suc-
cessful development of high-speed six-axle passenger electric locomotives with
asynchronous traction drives and design speeds of 200 km/h. Data obtained by
testing locomotives with wheel arrangement wheel truing and 2o-2o-2o wheel
arrangements allow a comparative evaluation of the effects on the way. The real
benefits of the undercarriage formula are not as obvious, as locomotives have

Fig. 24 Voltage and current of the main transformer traction wind, DC link voltage (a); ATM
line-to-line voltage and phase current (b); electromagnetic torque (c) in 150-km/h mode
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different wheel pair loads on the rails, different mass distribution between the car
and the bogie, and different traction drive and spring suspension design solutions.
Determining the more accurate choice of undercarriage between the 2o-2o-2o and
3o-3o wheel arrangements can be accomplished by manufacturing and testing two
electric locomotive prototypes, but this requires considerable time and money. The
problem can be solved, however, using simulations of two versions of the loco-
motive vehicle part.

Thus it is necessary to study the basic parameters of the vehicle part. One of
these parameters is the choice of wheel arrangement of a six-axle speed passenger
locomotive with asynchronous traction drive.

On Russian railways, electric passenger locomotives such as the ЧC2 (ChS2),
ЧC4 (ChS4), ЭП2к (EP2k), TЭП60 (TEP60) and TЭП70 (TEP70) have 3o-3o
wheel arrangements. Passenger electric locomotives such as the BЛ65 (VL65),
ЭП1 (EP1) and ЭП10 (EP10) have 2o-2o-2o wheel arrangements. The two-piece
passenger electric locomotives ЧC7 and ЧC8 and the high-speed locomotive
ЧC200 have an axial formula 2(2o-2o) wheel arrangement.

Because six-axle locomotives can be designed with either a 3o-3o or 2o-2o-2o
wheel arrangement, two versions of bogies were made: a two-axle and a three-axle
bogie. The constructive solutions are described below.

These two versions of electric locomotive construction are shown in Fig. 25
(2o-2o-2o wheel arrangement) and in Fig. 26 (3o-3o wheel arrangement).

Fig. 25 Electric locomotive on two-axle bogies (2o-2o-2o wheel arrangement)

Fig. 26 Electric locomotive on three-axle bogies (3o-3o wheel arrangement)
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The main technical characteristics of the vehicle part of an electric locomotive
for both versions are shown in Table 3.

Figure 27 shows three-dimensional models of three-axle and two-axle bogies
and their components.

Two-axle and three-axle bogies have common design solutions, which feature
the application of a wheel-motor unit with integrated traction drive. The traction
motor and speed transformer are combined into a single unit gear-motor, which has
frame support suspension.

A two-axle bogie consists of two wheel-motor blocks, and a three-axle bogie
consists of three wheel-motor blocks that have one axle box link. The bogie’s
welded frame leans on the wheel sets’ axle-boxes through the first-stage suspension
springs. Motor-gear blocks consisting of a traction motor and traction gear are
mounted on the bogie’s frame. The torque is transmitted from the motor-gear block
to the wheel set by the transmission mechanism comprising a hollow shaft and two
quill drivers. Bogies are equipped with disc brakes with automatic gap control
between the brake pad and brake disc, and an automatic parking brake.

Table 3 The main technical characteristics of an electric locomotive

Parameter Value

2o-2o-2o 3o-3o

The length along the automatic coupler axes (mm) 22,532 22,532

Body suspension base (mm) 11,560 13,530

Bogie base (mm) 2900 4720

The diameter of the new wheel (mm) 1250 1250

The load of wheel pairs on rails (kN) (tf) 211 (21.5) 211 (21.5)

Weight of bogie (kg) 17,600 28,500

Fig. 27 Two-axle bogie of a 2o-2o-2o vehicle part (upper left), three-axle bogie of a 3o-3o
vehicle part (upper right), and their components
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Wheel flange lubrication devices are used to reduce the wear on the wheel set
flanges. Cleaning blocks are installed to clean the dirt from the wheels.

The traction and braking are transmitted from the wheel set to the bogie frame by
axle box link bars. Oblique traction is attached to the bracket on the bottom sheet of
the bogie frame center beam. It transmits traction and braking from the bogie to the
body.

A hydraulic damper is installed on each journal box for damping the bogie frame
vibrations towards the wheel sets. Four body supports are installed on two-axle
bogies. The body supports of the outermost bogie are designed in the form of
springs working in compression and shear, while the center bogie supports are
designed in the form of compressed elastic swinging rods allowing it to compensate
for significant movement of the bogie towards the body when passing curved
sections of track.

Six body supports are mounted on the three-axle truck. They are designed as
springs working in compression and shear. For damping the vibrations of the body
towards the bogie, four vertical hydraulic dampers are installed. Two special
hydraulic dampers are mounted for damping the bogie vibration wagging. Two
transverse horizontal hydraulic damper are mounted for damping the transverse
vibrations of the body toward the outermost bogies with 2o-2o-2o wheel arrange-
ment and three-axle bogies with 3o-3o wheel arrangement; transverse horizontal
hydraulic dampers are not mounted on center bogies.

Two versions of electric locomotive motion simulations were carried out in
various areas. The study objectives were as follows: assessment of dynamic qual-
ities of the locomotive underframe, the impact on the rail, the need to choose the
better of two versions of the locomotive underframe (with 2o-2o-2o and 3o-3o
wheel arrangements), and assessing the impact on the rail and the wear of the
wheels.

A comparison of the results of the two computer simulation versions of electric
locomotive dynamics allows us to choose the wheel arrangement of the locomotive
EP20 (ЭП20) [23].

Locomotives developed for Russian railways must meet certain requirements for
wheel–rail impact and dynamic parameters. These requirements are presented in
[28], so indicators from the list [28] are selected as criteria for assessing the impact
on the rail and vehicle dynamics, which are given in Table 4.

Computer models of two versions of the locomotive underframe are developed
using the Universal Mechanism software package, which is based on the formal
Newton–Euler method. The subsystem method was used to construct the models.
At the core of the two-axle and three-axle bogie structures is the wheel-motor block,
which is shown in Fig. 11.

Particular attention is paid to the construction of a model of the mechanical
traction drive: gearing, hollow shaft with couplings.

Simulation of forces arising between wheels and the rail is one of the main
objectives of the study. In accordance with the actual operating conditions, simu-
lation of electric locomotive motion was carried out on R65 rails in straight sections
of the path and curves with radii of 350, 650, 1000 and 1500 m in the turnout

102 P. Kolpakhchyan et al.



P65 1/11 during trailing and facing movement. A profile of a new R65 rail has been
adopted in accordance with GOST (All-Union State Standard) 8161-75, and the
profile of the new wheel according to GOST 11018-2000.

The impact on the rail and vehicle dynamics was assessed based on the fol-
lowing criteria [29-33]:

• The coefficients of the vertical dynamics (for first and second stages of
suspension)

• Frame forces
• Wheel lateral load on the rail by the condition of the strength of separate rail

spike fastening
• Lateral forces in the pointwork
• Vertical load of the wheels on the rails
• Specific work of friction forces of wheel and rail (taping line and the comb in

contact) per meter of the rail

In the design of high-speed locomotives, an important factor is the assessment of
stability on the straight sections of the path. In this study, the estimation of motion
stability of wheel sets is made in accordance with European Standard EN 14653
Testing for the acceptance of running characteristics of railway vehicles on the
basis of test results of experienced locomotive. Values of the transverse acceleration
measured on the frame of the bogie over box body are at the heart of sustainability
assessment.

Simulation was carried out on a straight section of the path up to a speed of
250 km/h, on the curved sections of the path with speed corresponding to the
unbalanced acceleration of 0.7 m/s2, and in turnouts up to a speed of 50 km/h.

Simulation Results on a Straight Track
The following graphs show motion simulation results on the straight track.
Figure 28 shows lateral forces of the displacement of rails. Figure 29 shows frame
forces. Figure 30 shows vertical forces acting from the wheels on the rails.
Figure 31 shows lateral forces acting on the grille shift in line. Figure 32 shows
coefficients of vertical dynamics of springs of the first and second suspension stages

Table 4 The criteria for assessing the impact on the rail and vehicle dynamics

Parameters Standard
values

The coefficients of the vertical dynamics, no more than

– For the first stage of suspension 0.35

– For the second stage of suspension 0.20

The ratio of the frame force to the vertical static axle load when driving the
vehicle on straight sections of the path, no more than

0.3

Frame forces in the pointwork, no more than 100 kN

Wheel’s side load on the rail by the condition of the strength of separate rail
spike fastening, no more than

100 kN

Lateral forces in the pointwork, no more than 120 kN

Systems Approach to the Analysis of Electromechanical Processes … 103



in a straight line. Figure 33 shows the specific (per meter of rail) work of the
friction forces in the contact of the wheels and rails.

The simulation results in the direct part of the path showed that the locomotive
with a 2o-2o-2o wheel arrangement had better indicators of dynamics and impact
on the rail than the locomotive with a 3o-3o wheel arrangement.

Fig. 28 Lateral forces of the displacement of rails

Fig. 29 Frame forces in the straight line

Fig. 30 Vertical forces acting from the wheels on the rails
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Fig. 31 Lateral forces acting on the grille shift in line

Fig. 32 Coefficients of vertical dynamics of springs of the first and second suspension stages in a
straight line

Fig. 33 Specific work of the friction forces (per meter of rail) in the contacts of the wheels and
rails
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Lateral forces of a 2o-2o-2o vehicle do not exceed the standard value of 100 kN
in a range up to 250 km/h and they are 12–20% less than in a 3o-3o vehicle in a
range 110 to 205 km/h (lateral forces in the 3o-3o vehicle reach the limit of 100 kN
at a speed of 205 km/h). A 2o-2o-2o vehicle’s frame forces are 20% less than a
3o-3o vehicle’s frame forces when driving on a straight track at a speed of
200 km/h. Frame forces of a 3o-3o vehicle reach the limit value at a speed of
205 km/h, then increase dramatically. The values of the frame forces of the
2o-2o-2o vehicle do not exceed the standard value at a speed of 250 km/h.

A comparison of the specific work of the friction forces in the contacts of a
taping line and a wheel flange revealed that the 3o-3o vehicle had a slight advantage
over the 2o-2o-2o vehicle when driving on the straight section of rail, as shown in
Fig. 33.

Table 5 shows the maximum calculated standard values for speeds up to
200 km/h.

Simulation Results in Curved Track
Traffic simulation in curved track was carried out on curves with a radius of 350,
650, 1000 and 1500 m at speeds appropriate to the unbalanced acceleration of
0.7 m/s2. The maximum speed in the curve is calculated by the formula from the
source [34]:

V ¼ 3:6
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R � ðaua þ 0:0061hÞ

p
;

where:

R curve radius, m;
aua unbalanced acceleration, aua = 0.7 m/s2;
h maximum canting in a curve, h = 150 mm.

Table 5 The maximum calculated standard values for speeds up to 200 km/h

Parameters Wheel
arrangement

2o-2o-2o 3o-3o

The wheel’s vertical load on the rail (kN) 168 179

The wheel’s lateral pressure on the rail (kN) 81.78 85.98

Frame force (kN) 46.79 69.08

The coefficient of vertical dynamics of the first stage 0.35 0.511

The coefficient of vertical dynamics of the second stage 0.073 0.072

Specific work of friction forces (per meter of rail) in the contact between
the wheel flange and rail (kJ/m)

0.354 0.269

Specific work of friction forces (per meter of rail) in the contact between
the taping line and rail (kJ/m)

0.176 0.138
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Table 6 shows the calculated values of speeds corresponding to the unbalanced
acceleration of 0.7 m/s2 for the different curves.

The Simulation Results in a Curve with a Radius of 350 m
The traffic simulation results in a curve with a radius of 350 m are shown in the
following figures: Fig. 34, lateral forces of the displacement of rails; Fig. 35, frame
power; Fig. 36, wheel vertical forces acting on the rails; Fig. 37, the coefficients of
the vertical dynamics of the springs of the first and second stages in the straight line;
Fig. 38, specific work of friction forces (per meter of rail) in the contact between the
wheels and rails.

Table 6 The calculated values of speeds corresponding to the unbalanced acceleration of
0.7 m/s2 for the different curves

The curve radius
(m)

The maximum allowable speed when unbalanced acceleration is 0.7 m/s2;
m/s (km/h)

350 23.8 (85.7)

650 32.44 (117)

1000 40.23 (145)

1500 49.27 (177)

Fig. 34 Lateral forces of the displacement of rails in a curve with a radius of 350 m

Fig. 35 Frame power in a curve with a radius of 350 m
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Fig. 36 Wheel vertical forces acting on the rails in a curve with a radius of 350 m

Fig. 37 Coefficients of the vertical dynamics of the springs of the first and second stages in the
straight line in a curve with a radius of 350 m

Fig. 38 Specific work of friction forces (per meter of rail) in the contact between the wheels and
rails in a curve with a radius of 350 m
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The simulation results in a curve with a radius of 350 m showed that the
dynamics and impact on the rail were better for the locomotive with a 2o-2o-2o
wheel arrangement than the locomotive with a 3o-3o wheel arrangement. Lateral
forces of a 2o-2o-2o vehicle do not exceed the standard value of 100 kN in the
whole speed range up to 85 km/h and are 12–13% less than in a 3o-3o vehicle in a
range of 50–85 km/h. Frame forces of the 2o-2o-2o vehicle at a speed of 85 km/h
are 37% less than frame forces of the 3o-3o vehicle and do not exceed the standard
value of 63 kN.

The vehicle with a 2o-2o-2o wheel arrangement has a wheel vertical load on the
rail 6.1–7.7% lower than the vehicle with a 3o-3o wheel arrangement.

Indicators of specific work of wheel friction forces on the taping line and rail for
both vehicles are almost identical. The vehicle with a 2o-2o-2o wheel arrangement
has specific work of the frictional forces in contact between wheel flange and rail
4.4–5.8 times smaller than the vehicle with a 3o-3o wheel arrangement (Fig. 38).

The maximum calculated values of the normative parameters are shown in
Table 7.

The Simulation Results in a Curve with a Radius of 650 m
The traffic simulation results in a curve with a radius of 650 m are shown in the
following figures: Fig. 39, lateral forces of the displacement of rails; Fig. 40, frame
forces; Fig. 41, wheel vertical forces acting on the rails; Fig. 42, the coefficients of
the vertical dynamics of the springs of the first and second stages in the straight line;
Fig. 43, specific work of friction forces (per meter of rail) in the contact between the
wheels and rails (Fig. 39).

The simulation results in a curve with a radius of 650 m showed that the lateral
forces of the vehicle with a 2o-2o-2o wheel arrangement do not exceed the standard
value of 100 kN in the whole speed range up to 126 km/h, and they are 20–22%
less than in a 3o-3o vehicle. Frame forces of the vehicle with a 2o-2o-2o wheel
arrangement are less than frame forces of the vehicle with a 3o-3o wheel
arrangement and have a standard value of 63 kN, which corresponds to the upper

Table 7 The maximum calculated values of the normative parameters for a curve with a radius of
350 m

Parameter Wheel arrangement

2o-2o-2o 3o-3o

The wheel vertical load on the rail (kN) 146.9 155.86

The wheel lateral pressure on the rail (kN) 50.1 56.9

Frame force (kN) 27.9 38.45

The coefficient of vertical dynamics of the first stage 0.24 0.16

The coefficient of vertical dynamics of the second stage 0.12 0.12

Specific work of friction forces (per meter of rail) in the contact
between the wheel flange and rail (kJ/m)

0.125 0.724

Specific work of friction forces (per meter of rail) in the contact
between the taping line and rail (kJ/m)

0.284 0.255
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Fig. 39 Lateral forces of the displacement of rails in a curve with a radius of 650 m

Fig. 40 Frame forces in a curve with a radius of 650 m

Fig. 41 Wheel vertical forces acting on the rails in a curve with a radius of 650 m
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value of the permissible frame force. Frame forces of the vehicle with a 3o-3o
wheel arrangement reach the standard value of 63 kN at a speed of 94 km/h.

The vehicle with a 2o-2o-2o wheel arrangement has a wheel vertical load on the
rail that is 10% lower than the vehicle with a 3o-3o wheel arrangement. The
coefficient of vertical dynamics of the box level of the vehicle with a 2o-2o-2o
wheel arrangement is 4–29% less than the coefficient of vertical dynamics of the
box level of the vehicle with a 3o-3o wheel arrangement, and is dependent on the
speed.

The vehicle with a 2o-2o-2o wheel arrangement has 20–39% less specific work
in the contact between the wheel flange and rail than the vehicle with a 3o-3o wheel
arrangement. The vehicle with a 2o-2o-2o wheel arrangement has 0–26% less
specific work in the contact between the taping line and rail than the vehicle with a
3o-3o wheel arrangement (Fig. 43).

The maximum calculated values of the normative parameters are shown in
Table 8.

Fig. 42 Coefficients of the vertical dynamics of the springs of the first and second stages in the
straight line in a curve with a radius of 650 m

Fig. 43 Specific work of friction forces (per meter of the way) in the contact between the wheels
and rails in a curve with a radius of 650 m

Systems Approach to the Analysis of Electromechanical Processes … 111



The Simulation Results in a Curve with a Radius of 1000 m
The traffic simulation results in a curve with a radius of 1000 m are shown in the
following figures: Fig. 44, lateral forces of the displacement of rails; Fig. 45, frame
forces; Fig. 46, wheel vertical forces acting on the rails; Fig. 47, the coefficients of
the vertical dynamics of the springs of the first and second stages in the straight line;
Fig. 48, specific work of friction forces (per meter of rail) in the contact between the
wheels and rails.

The simulation results in a curve with a radius of 1000 m showed that the lateral
forces of a vehicle with a 2o-2o-2o wheel arrangement do not exceed the standard
value of 100 kN in the whole speed range up to 145 km/h, and are 34% less than
the lateral forces of the vehicle with a 3o-3o wheel arrangement. Frame forces of
the 2o-2o-2o wheel arrangement are 0–15% less than frame forces of the vehicle
with a 3o-3o wheel arrangement.

An electric locomotive with a 2o-2o-2o wheel arrangement has 5–14% less
vertical impact on the rail than an electric locomotive with a 3o-3o wheel
arrangement. The vehicle with a 2o-2o-2o wheel arrangement has a coefficient of

Table 8 The maximum calculated values of the normative parameters for a curve with a radius of
650 m

Parameter Wheel
arrangement

2o-2o-2o 3o-3o

The wheel vertical load on the rail (kN) 181 202

The wheel lateral pressure on the rail (kN) 87 104

Frame force (kN) 63 94

The coefficient of vertical dynamics of the first stage 0.35 0.5

The coefficient of vertical dynamics of the second stage 0.18 0.15

Specific work of friction forces (per meter of rail) in the contact between
the wheel flange and rail (kJ/m)

1.116 1.118

Specific work of friction forces (per meter of rail) in the contact between
the taping line and rail (kJ/m)

0.615 0.856

Fig. 44 Lateral forces of the displacement of rails in a curve with a radius of 1000 m
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Fig. 45 Frame forces in a curve with a radius of 1000 m

Fig. 46 Wheel vertical forces acting on the rails in a curve with a radius of 1000 m

Fig. 47 Coefficients of the vertical dynamics of the springs of the first and second stages in the
straight line in a curve with a radius of 1000 m
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vertical dynamic of the vehicle’s box level that is 4–29% less (depending on speed)
than a vehicle with a 3o-3o wheel arrangement.

The vehicle with a 2o-2o-2o wheel arrangement has specific work of friction
forces of the wheel flange and rail that is 31–120% less than the vehicle with a
3o-3o wheel arrangement. The vehicle with a 2o-2o-2o wheel arrangement has
specific work of friction forces in the contact between the taping line and rail that is
106–166% (2.1–2.66 times) less than the vehicle with a 3o-3o wheel arrangement
(Fig. 56).

The maximum calculated values of the normative parameters are shown in
Table 9.

Fig. 48 Specific work of friction forces (per meter of rail) in the contact between the wheels and
rails in a curve with a radius of 1000 m

Table 9 The maximum calculated values of the normative parameters for a curve with a radius of
1000 m

Parameter Wheel arrangement

2o-2o-2o 3o-3o

The wheel vertical load on the rail (kN) 127 144.3

The wheel lateral pressure on the rail (kN) 36.7 49.3

Frame force (kN) 17.9 20.6

The coefficient of vertical dynamics of the first stage 0.25 0.16

The coefficient of vertical dynamics of the second stage 0.13 0.11

Specific work of friction forces (per meter the way) in the contact
between wheel flange and rail (kJ/m)

0.084 0.187

Specific work of friction forces (per meter the way) in the contact
between taping line and rail (kJ/m)

0.129 0.343
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The Simulation Results in a Curve with a Radius of 1500 m
The simulation results in a curve with a radius of 1500 m are shown in the fol-
lowing figures: Fig. 49, lateral forces of the displacement of rails; Fig. 50, frame
forces; Fig. 51, wheel vertical forces acting on the rails; Fig. 52, the coefficients of
the vertical dynamics of the springs of the first and second stages in the straight line;
Fig. 53, specific work of friction forces (per meter of rail) in the contact between the
wheels and rails.

The simulation results of a curve with a radius of 1500 m showed that the lateral
forces of a vehicle with a 2o-2o-2o wheel arrangement do not exceed the standard
value of 100 kN in the whole speed range up to 177 km/h and are 30–66% less than
the lateral forces of the vehicle with a 3o-3o wheel arrangement. Frame forces of a
vehicle with a 2o-2o-2o wheel arrangement are 2.2 times less than frame forces of a
vehicle with a 3o-3o wheel arrangement.

An electric locomotive with a 2o-2o-2o wheel arrangement has 5–14% less
vertical impact on the rail than an electric locomotive with a 3o-3o wheel
arrangement. The vehicle with a 2o-2o-2o wheel arrangement has a coefficient of
vertical dynamics of the vehicle’s box level that is 4–29% less (depending on
speed) than a vehicle with a 3o-3o wheel arrangement.

Fig. 49 Lateral forces of the displacement of rails in a curve with a radius of 1500 m

Fig. 50 Frame forces in a curve with a radius of 1500 m
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Fig. 51 Wheel vertical forces acting on the rails in a curve with the radius of 1500 m

Fig. 52 Coefficients of the vertical dynamics of the springs of the first and second stages in the
straight line in a curve with the radius of 1500 m

Fig. 53 Specific work of friction forces (per meter of the way) in the contact between the wheels
and rails in a curve with the radius of 1500 m
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The vehicle with a 2o-2o-2o wheel arrangement has specific work of friction
forces of wheel flange and rail that is 51–83% less than the vehicle with a 3o-3o
wheel arrangement. The vehicle with a 2o-2o-2o wheel arrangement has specific
work of friction forces in the contact between taping line and rail that is 69–118%
less than the vehicle with a 3o-3o wheel arrangement (Fig. 53; Table 10).

The Simulation Results in the Turnout R65 1/11
The following graphs show the results of movement simulation on the turnout R65
1/11: Fig. 54, lateral forces of the displacement of rails; Fig. 55, frame forces;
Fig. 56, wheel vertical forces acting on the rails; Fig. 57, the coefficients of the
vertical dynamics of the springs of the first and second stages in the straight line;
Fig. 58, specific work of friction forces (per meter of the way) in the contact
between the wheels and rails.

The results of simulation in the turnout R65 1/11 show that the vehicle with a
2o-2o-2o wheel arrangement has lateral forces no more than the standard value of
100 kN in the whole speed range up to 177 km/h and 0–14% less than the vehicle

Fig. 54 Lateral forces of the displacement of rails in the turnout R65 1/11

Table 10 The maximum calculated values of the normative parameters for a curve with a radius
of 1500 m

Parameter Wheel
arrangement

2o-2o-2o 3o-3o

The wheel vertical load on the rail (kN) 131 163.4

The wheel lateral pressure on the rail (kN) 39.7 65.9

Frame force (kN) 18.5 40.9

The coefficient of vertical dynamics of the first stage 0.28 0.23

The coefficient of vertical dynamics of the second stage 0.16 0.17

Specific work of friction forces (per meter the way) in the contact
between the wheel flange and rail (kJ/m)

0.185 0.403

Specific work of friction forces (per meter the way) in the contact
between the taping line and rail (kJ/m)

0.066 0.121
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Fig. 55 Frame forces in the turnout R65 1/11

Fig. 56 Wheel vertical forces acting on the rails in the turnout R65 1/11

Fig. 57 Coefficients of the vertical dynamics of the springs of the first and second stages in the
straight line in the turnout R65 1/11
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with a 3o-3o wheel arrangement. The vehicle with a 2o-2o-2o wheel arrangement
has frame forces 0–26% less than the vehicle with a 3o-3o wheel arrangement.

An electric locomotive with a 2o-2o-2o wheel arrangement has 13–19% less
vertical impact on the rail than an electric locomotive with a 3o-3o wheel
arrangement. The vehicle with a 2o-2o-2o wheel arrangement has a coefficient of
vertical dynamics of the vehicle’s box level that is 4–29% less (depending on
speed) than a vehicle with a 3o-3o wheel arrangement.

The vehicle with a 3o-3o wheel arrangement has specific work of friction forces
of wheel flange and rail 0–22% less than the vehicle with a 2o-2o-2o wheel
arrangement at a speed of 50 km/h. The vehicle with a 2o-2o-2o wheel arrangement
has 3% (2.1–2.66 times) less specific work of friction forces in the contact between
the taping line and rail than the vehicle with a 3o-3o wheel arrangement (Fig. 58).

The maximum calculated values of the normative parameters are shown in
Table 11.

Fig. 58 Specific work of friction forces (per meter of the way) in the contact between the wheels
and rails in the turnout R65 1/11

Table 11 The maximum calculated values of the normative parameters for the turnout R65 1/11

Parameter Wheel
arrangement

2o-2o-2o 3o-3o

The wheel vertical load on the rail (kN) 122 145

The wheel lateral pressure on the rail (kN) 68 77.6

Frame force (kN) 44.6 56

The coefficient of vertical dynamics of the first stage 0.13 0.11

The coefficient of vertical dynamics of the second stage 0.08 0.09

Specific work of friction forces (per meter of the path) in the contact
between the wheel flange and rail (kJ/m)

0.741 0.763

Specific work of friction forces (per meter of the path) in the contact
between the taping line and rail (kJ/m)

0.231 0.189
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Indicators, which are the evaluation criteria for the choice of the wheel
arrangement of a speed passenger locomotive with ATD, have been determined
based on calculations of the dynamics and impact on the rail of the electric loco-
motives with 3o-3o and 2o-2o-2o wheel arrangements.

Assessment criteria for structural optimization (calculated indicators of dynamics
and impact on the rail) can be divided into two groups: the first representing the
indicators reflecting the vehicle’s direct impact on the rail, and the second reflecting
the interacting forces within the vehicle. The indicators of the first group are:

• Wheel vertical load on the rail;
• Wheel lateral pressure on the rail;
• Specific work of friction forces in the contact between the wheel flange and rail;
• Specific work of friction forces in the contact between the taping line and rail.

The indicators of the second group are:

• Coefficient of vertical dynamics of the first stage;
• Coefficient of vertical dynamics of the second stage;
• Frame force.

The choice of the vehicle part is based on the first group of indicators, as they
directly characterize the interaction of the vehicle parts and the rail; the indicators of
the second group are taken into account when the indicators of the first group are
equal.

The maximum values of the indicators of the first and second groups are shown
in Table 12 (marked in bold indicators have best value among the compared).

The calculated values of the forces of interaction between the vehicle parts and
the rail, as well as the forces of interaction between the elements of vehicle parts,
have shown that the vehicle with a 2o-2o-2o wheel arrangement is better for design
of a high-speed passenger locomotive with ATD in terms of the force interaction
than the vehicle with a 3o-3o wheel arrangement.

The work of friction forces in the wheel zone (especially the wheel flange) and
rail contact on the majority of the investigated part of the path is less for the vehicle
with a 2o-2o-2o wheel arrangement. It reduces the flange being worn sharp and the
number of wheel turnings while in operation. Currently, the flange being worn
sharp is the primary cause of most locomotive’s wheels turning.

On the basis of a two-axle bogie, it is possible to create passenger electric
locomotives with different wheel arrangements: 2o-2o; 2o-2o-2o; 2(2o-2o). On the
basis of a three-axle bogie, it is possible to create only passenger electric loco-
motives with 3o-3o wheel arrangements. Therefore, the application of wheel
arrangement has one more criterion, processability, in addition to the criteria out-
lined above. A two-axle bogie unifies passenger locomotives with different numbers
of axles.

Based on the above, a bogie with a 2o-2o-2o wheel arrangement is recom-
mended for the high-speed passenger six-axle locomotive with asynchronous
traction drive.
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5 Comparison of Computer Simulation Results and Tests
on the Line Results of Electric Locomotive EP20.
Comparison of Dynamic Parameters of Electric
Locomotives EP10 and EP20

To assess the reliability of the results obtained by computer simulation for the
interaction of a passenger locomotive’s underframe and rail, we have compared
them with the results of tests on the line of the electric locomotive EP20. The
locomotive underframe of this locomotive is constructed in line with the applica-
tions outlined above.

We have compared the results of tests on the line of electric locomotives EP20
and EP10 to assess the effectiveness of new constructions. These locomotives have
a similar construction of the locomotive underframe, they are dual-mode and
equipped with ATD, and they have a 2o-2o-2o wheel arrangement. They have
almost the same mass distribution between the body and bogies, and the same
wheel pair loads on the rails.

5.1 Comparison of Computer Simulation Results and Tests
on the Line Results of Electric Locomotive EP20

We have tested electric locomotive EP20-001 h on the test track on the straight
sections of the rail up to a speed of 160 km/and on the curved sections of the rail
with radii of 350 and 650 m at speeds corresponding to the outstanding acceleration
of 0.7 m/s2.

We have tested electric locomotive EP20-002 on the operational section of the
St. Petersburg–Bologoe route at a speed up to 220 km/h.

The electric locomotives were equipped with the necessary sensors for mea-
suring the dynamics results. Figure 59 shows the sensor arrangement.

Figure 59 shows:

Fig. 59 Sensor arrangement

122 P. Kolpakhchyan et al.



Sensors for the frame forces measuring:

P1—frame forces of the 1st wheel set
P2—frame forces of the 2nd wheel set
P3—frame forces of the 3rd wheel set
P4—frame forces of the 4th wheel set
P5—frame forces of the 5th wheel set
P6—frame forces of the 6th wheel set

Sensors for measuring the coefficient of vertical dynamics of the first stage of
suspension:

TB1l—left box of the 1st wheel set
TB1r—right box of the 1st wheel set
TB2l—left box of the 2nd wheel set
TB3l—left box of the 3rd wheel set
TB3r—right box of the 3rd wheel set
TB4l—left box of the 4th wheel set
TB5l—left box of the 5th wheel set
TB6l—left box of the 6th wheel set
TB6r—right box of the 6th wheel set

Sensors for measuring the coefficient of vertical dynamics of the second stage of
suspension:

KT1l—the 1st bogie, left-hand side
KT1r—the 1st bogie, right side
KT2l—the 2nd bogie, left-hand side
KT2r—the 2nd bogie, right side
KT3l—the 3rd bogie, left-hand side
KT3r—the 3rd bogie, right side

To measure the level of the electric locomotive’s impact on the rail, the selected
areas were equipped with sensors for measuring the load on the rail base edge,
forces transmitted from the wheels on the rails. Resistive strain sensors with a base
of 10 mm and a nominal resistance of 100 X were pasted on the rails to measure
the load on the bottom rail base edge and forces transmitted from the wheels on the
rails. The signals from sensors arrived by measuring cables in the input of the
measuring and computing system and were recorded in the computer.

After testing the electric locomotives, we compared the simulation and test
results. Figures 60, 61, 62, 63 and 64 show the comparisons. The electric loco-
motive EP20 meets the requirements of the impact on the rail and dynamic qualities
up to a speed of 220 km/h in the straight and curved sections of the path, with
speeds appropriate for outstanding acceleration of 0.7 m/s2.

In the straight section of the path, the difference between the simulation and the
test results is not more than 20% for frame forces, lateral forces or coefficients of the

Systems Approach to the Analysis of Electromechanical Processes … 123



vertical dynamics of the first and second stage of spring suspension (Figs. 60 and
64). Good convergence is observed for the coefficients of vertical dynamics in
curves with the radii of 350 and 650 m (Fig. 63), and when driving in a curve with
a radius of 650 m (Fig. 61, EP20-002 Kav).
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Deviation of the test results from the simulation results in a curve with a radius
of 350 m for the lateral forces (Fig. 62) does not exceed 35% at a speed of 50 km/h;
the convergence improves when speed increases, and it reaches a minimum value of
16% at a speed close to 60 km/h.

Therefore, we have good convergence of computer simulation and test results for
most parameters, and we have been able to replace the natural experiment by
computer simulation and avoid the need to construct an experimental model of the
locomotive underframe. This has significantly reduced the development time for a
high-speed electric locomotive with ATD and its associated financial costs.

5.2 Assessment of the Locomotive Underframe Design
Effectiveness

To assess the effectiveness of the new design solution of the locomotive under-
frame, we have compared the test results of electric locomotives EP20 and EP10,
which have the same wheel arrangement (2o-2o-2o) and the same wheel set load on
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the rails. The parameters of comparison are the value of frame and lateral forces,
and the coefficient of vertical dynamics of the first-stage spring suspension.

Figure 65 shows the frame forces and lateral forces on the straight section of the
path. Figure 66 shows a comparison of frame forces resulting from the tests of
electric locomotive EP10 and EP20 in the curved section with a radius of 650 m,
and lateral forces. Figure 67 show a comparison of frame and lateral forces in the
curved section with a radius of 350 m.

Comparison of test results shows that the electric locomotive EP20 has better
results of dynamics and impact on the rail than the electric locomotive EP10, and
meets rail impact specifications at speeds of up to 220 km/h.

Figures 65, 66 and 67 show that the electric locomotive EP20 has less impact on
the rail for the lateral forces than the electric locomotive EP10 in the straight section
of the path and in the curved sections of the path with radii of 350 and 650 m.

Electric locomotive EP20 has a lower coefficient of vertical dynamics than
electric locomotive EP10 in all sections of the path (Figs. 68 and 69).

Frame forces of electric locomotive EP20 are less in the straight section of the
rail (see Fig. 65) and in the curve section of the path with a radius of 650 m (see
Fig. 66).
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5.3 The Wheel Set Motion Stability Test at High Speeds

The assessment of the wheel set motion stability of the vehicle with a 2o-2o-2o
wheel arrangement at high speeds is of utmost interest. The values of the bogie
frames’ horizontal accelerations measured during the test are the initial data for
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assessing the wheel set motion. Figure 71 shows the arrangement scheme of the
accelerometers. Accelerometers 1Y, 3Y, 4Y and 5Y measured lateral acceleration,
and accelerometers 1Z, 3Z, 4Z and 5Z measured vertical accelerations (Fig. 70).

We have conducted tests on the sections of the way of St. Petersburg–Bologoye
route; accelerations were recorded in the files at speeds of 60–200 km/h. Speeds of
200–220 km/h are of the utmost interest. Figures 71, 72, 73, 74, 75 and 76 show
fragments of oscillograms of transverse horizontal accelerations.

The assessment of wheel set motion stability has been performed according to
the European standard EN 14653 Testing for the acceptance of running charac-
teristics of railway vehicles.

Fig. 70 Scheme of accelerometer locations on the frames of electric locomotive EP20-002

Fig. 71 Accelerations on the frame of the outermost bogie (the first), V = 200 km/h
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Fig. 72 Accelerations on the frame of the middle bogie, V = 200 km/h

Fig. 73 Accelerations on the frame of the outermost bogie (the third), V = 200 km/h
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Fig. 74 Accelerations on the frame of the outermost bogie (the first), V = 220 km/h

Fig. 75 Accelerations on the frame of the middle bogie, V = 220 km/h
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Russian regulatory documents do not standardize values of bogies’ vertical and
horizontal accelerations. In accordance with EN 14653, the allowable value of the
bogies’ transverse acceleration (inm/s2) in the frequency range of 0–10 Hz for electric
locomotive EP20 [23] is not more than 0.86 g (8.6 m/s2). The largest horizontal
transverse acceleration measured on the frame of the middle bogie was 3.77 m/s2,
which is well below the standard value, and the horizontal transverse acceleration of
the outermost bogies did not exceed 1.77 m/s2. Noteworthy is the fact that the
acceleration amplitude decreased significantly when the speed increased from 200 to
220 km/h. This shows that the locomotive underframe concept and selected parameter
values presented in this work enabled us to satisfy the requirements for electric
locomotives, and can be applied in the future at higher speeds.

The horizontal transverse acceleration of the outermost trucks at speeds of up to
100 km/h does not exceed 0.18 g, and is less than 0.28 g on average overall. At a
speed of 160 km/h, the maximum values remained virtually unchanged in the path
of the perfect quality, but in the path of a satisfactory quality, they increased to
0.3 g at the extreme trucks, and up to 0.69 g at the middle trucks.

Thus, the measured horizontal lateral acceleration on the bogies does not exceed
the permissible value of 0.86 g, as in the trials in Belorechensk on the test site of
“VNIIZhT” at speeds of 60–160 km/h, and on the St. Petersburg–Bologoe route
(Oktyabrskaya Railways) at speeds of 160–220 km/h. Consequently, in accordance
with European standard EN 14653, the EP20 electric locomotive meets the regu-
latory requirements for stable behavior of wheel sets.

Fig. 76 Accelerations on the frame of outermost bogie (the third), V = 220 km/h
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6 Conclusions

The six-axle electric locomotive with individual control of traction motors is
considered as a controlled electromechanical system which includes the mechanical
part as a multi-body structure, the electrical part (energy conversion devices and
traction motors) and the control block (control algorithms and their realization). The
full-size computer model is based on the subsystem technique. There are direct and
feedback communications between the processes in the mechanical and electrical
parts.

The ATM’s model is based on the presentation of an induction motor as a
system of magnet-connected contours. Determination of the motor’s magnetic
system parameters is carried out by the field theory methods (finite element
method). The saturation and non-homogeneity of the active layers of the stator and
rotor, as well as the displacement of current in the stator and rotor windings, are
taken into consideration.

The energy conversion system provides the operation of the electric locomotive
by feeding from the catenary network of 3-kV DC and of 25-kV, 50-Hz AC. It is
modeled as an electric circuit, which consists of a main transformer, 4q-S input
converters, a DC link and self-commutated voltage inverters for feeding the traction
motors.

The two-channel automatic control system with independent control of the rotor
flux and electromagnetic torque is developed. The stabilization of rotor flux mag-
nitude in all modes eliminates the excessive saturation of the magnetic system.

The mechanical part of the electric locomotive, considered as a multi-body
structure, consists of a car body and three two-axle bogies. The model contains 28
rigid bodies. The processes during coasting movement were studied, and the normal
reactions and the forces of interaction in the wheel–rail contact are shown. The AFC
was built for car body bouncing, pitching and lateral rolling oscillations. Some
qualitative features of the dynamic behavior are noted.

Complex evaluation of principles and algorithms of the control system of the
ATM and analyses of electromechanical processes in the ATD under various
working conditions (locomotive’s start and acceleration; movement in traction
mode with constant speed on a straight and curve railway sections; wheel-slide
protection system with individual regulation of traction forces; control of the
voltage inverter at high-speed mode) were executed in Sect. 4.

Implemented approaches and software are used for testing automatic control
systems and wheel-slide protection systems for newly designed electric locomo-
tives, as well as for the prediction of performance, including the transient processes
in both mechanical and electric parts.

At present, using the developed mathematical model, the analysis and opti-
mization of the energy conversion system’s parameters are performed. Based on the
developed model, some variants of the control system are tested and compared.

The electrical scheme allows realization of the operational disconnection/
connection of one or more axles in the automatic mode, with an account of the

132 P. Kolpakhchyan et al.



actual load. In perspective, this approach would lead to improving the locomotive
energy efficiency during partial load work.

Mathematical modeling methods were carried out as part of the research of the
dynamic characteristics of electric locomotive EP20 under various conditions: the
movement in a straight line, in curves and in the turnouts. The deviation of the test
results from the simulation results in a curve for the lateral forces does not exceed
35% at a speed of 50 km/h; the convergence is improved when speed increases and
it reaches a minimum value of 16% at a speed close to 60 km/h. In the straight
section of the rail, the difference between the simulation and the test results is not
more than 20% for frame forces, lateral forces and coefficients of the vertical
dynamics of the first and second stages of spring suspension. Good convergence is
observed for the coefficients of vertical dynamics in curves. Thus we have good
convergence of computer simulation and test results for most parameters, allowing
us to replace the natural experiment by computer simulation, and avoiding the need
to construct an experimental model of the locomotive underframe. This has sig-
nificantly reduced the development time for the high-speed electric locomotive with
ATD and the associated financial costs.
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The Aspects of Modernization
of Diesel-Electric Locomotives
and Platform for Transportation
of Railway Switches in Lithuanian
Railways

Lionginas Liudvinavičius and Stasys Dailydka

Abstract Electrical locomotives made in Russia, Czechoslovakia and Ukraine
have been used primarily in the railways of the former Soviet Union. Russian
companies have manufactured the TEM1 and TEM2 diesel-electric shunting
locomotives and the TEP-60 and TEP-70 passenger locomotives, while the 2M62
freight locomotives have been manufactured in Ukraine. The ČME2 and ČME3
shunting diesel-electric locomotives, manufactured in Czechoslovakia, were man-
ufactured with analogous control systems of the entire powertrain and electric drive,
which have many deficiencies, the most important of which is high fuel con-
sumption. Reducing power transmission losses from the primary power source—the
diesel engine—to the wheel sets is critical. JSC Lietuvos geležinkeliai, who owns a
fleet of TEM2 and ČME3 typical shunting locomotives, 2M62 freight locomotive
and TEP-70 passenger locomotive, made the decision to modernize them. To this
end, JSC Lietuvos geležinkeliai established a subsidiary company, Vilniaus
lokomotyvų remonto depas UAB, where locomotives were modernized and new
locomotives were manufactured for JSC Lietuvos geležinkeliai and railways abroad
during the period 2005–2015. Modernization was performed together with scien-
tists from Vilnius Gediminas Technical University (VGTU). Companies partici-
pating in the modernization effort included Vilniaus lokomotyvų remonto depas
UAB, Czech company CZ Loko a.s., CJSC TMHB Transmashholding, the Briansk
machine building plant (Russia), Transmashholding, Caterpillar, MTU, and the
Hungarian company Woodward-Mega Kft, among others.
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1 Introduction

In order to improve the energy characteristics of diesel-electric locomotives 2M62,
TEM1, TEM2, ČME2, ČME3 and TEP-70, analysis of their automatic control
systems was performed. Based on this analysis, the systems which were proposed
by the author and were subsequently implemented enabled significant reductions in
fuel consumption and improvements in driver working conditions and traffic safety.
The major technical tasks were to improve the general reliability of the locomotives
and to reduce operating costs. The author proposed that special electric machines
not be used for excitation of traction generators, and in their place using contactless
semiconductor static converters. They also proposed replacing the DC machines in
auxiliary drive systems, which due to the collector brush unit alone, feature low
reliability. An artificial three-phase 3 � 400-V network is created for AC auxiliary
electric machines in all modernized and new locomotives manufactured by JSC
Lietuvos geležinkeliai. Engineering solutions adopted during modernization of
diesel-electric locomotives have not only significantly improved the energy
characteristics of typical diesel-electric locomotives, but have also improved
driver working conditions and traffic safety through implementation of
microprocessor-based control systems for the entire powertrain and electric drive,
as well as diagnostic systems for the main parameters. Also very important is the
implementation of kinetic energy control systems in locomotives. Typical TEM2
and ČME3 diesel-electric locomotives were not equipped with electric braking
systems, and electric braking systems in TEP-70 passenger locomotives were not
used due to their limited reliability. Furthermore, typical TEP-70 passenger loco-
motive did not have reliable heating systems for passenger cars. Vilniaus
lokomotyvų remonto depas UAB, in cooperation with companies abroad and
VGTU scientists, has not only improved the technical characteristics of modernized
(and manufactured new) locomotives, but has also designed and manufactured
MPP-61 platforms for the company Voestalpine VAE Legetecha UAB, intended for
transportation of assembled railway switches and their components. Tilt equipment
manufactured for these platforms has enabled the assembly of switches and their
components (oversized cargo) at the site of Voestalpine VAE Legetecha UAB and
safe transportation by rail to the installation point. This has led to a considerable
reduction in rail traffic delays and the use of fewer service vehicles, as well as a
reduction in the installation costs of switches and their components.

2 Aspects of Shunting Locomotive Modernization

In traction vehicles (diesel-electric locomotives, diesel trains, motrices, automotive
rail maintenance machines), energy from the internal combustion engine (ICE) is
transferred through a powertrain (mechanical, hydraulic, electric) to wheel sets,
where it is converted to a locomotive traction force. The primary energy source in
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traction vehicles is typically a diesel engine. Control of this energy using
mechanical power drives is possible only in a forward direction from a diesel
engine to the wheel sets. Kinetic energy in traction vehicles using mechanical
power drives is not exploited. Energy control using hydraulic and electric power
drives is possible in forward and backward directions. In this case, kinetic energy is
used, and braking of the traction vehicle is achieved without the use of traditional
friction brake pads. Kinetic energy in traction vehicles with an electric power drive
is used to create an electric braking mode. Kinetic energy can be converted to heat
energy in braking resistors or, in hybrid locomotives, accumulated in an energy
accumulator and storage batteries. The primary energy consumers in traction
vehicles with electric drives and in electric traction vehicles are the same: DC or AC
traction motors. The locomotive traction force Fk = f(v) must be inversely pro-
portional to the movement speed v. This characteristic is called hyperbole, and it
enables optimal control of the locomotive across the entire speed range, i.e., using
the diesel engine power to its full extent. Once such locomotive traction charac-
teristics are created, the diesel engine capacity in the hyperbole characteristics is
constant. To solve this task the traction characteristics Fk= f(v) and traction gen-
erator characteristics Ug= f(Ig) must be hyperbolic shape. Diesel engine character-
istics MD = f(nD) and ND = f(nD) are not in line with the theoretical traction
requirements. Figure 1 illustrates the structural scheme and characteristics of the
autonomous traction rolling stock with DC/DC, AC/DC or AC/AC electric drive
structures. To create traction force, three energy transformers are used: diesel
engine, power drive and moving axle-wheels. The dependence of the diesel engine

Fig. 1 Traction rolling stock and kinetic energy control of electric drive structural schemes: DM
—diesel engine; MD, nD—diesel engine crankshaft parameters; Ma, na—electric drive transformed
axle-wheel parameters; MD—diesel engine rotation momentum; ND—diesel engine power; Mb—
dynamic braking momentum; Ug, Ig—traction generator parameters; FK—traction force; v—
autonomous traction rolling stock speed; WS—wheel sets
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crankshaft capacity ND = f(nD) and torque MD = f(nD) on the crankshaft speed
shows that the torque of the diesel engine has little to do with the speed of the
crankshaft, and the capacity of the diesel engine is the greatest with maximum
rotation of the crankshaft. The traction force of the diesel locomotive with electric
drive depends on the main generator voltage and current, the drive efficiency factor
and the moving speed. As the diesel locomotive moves, its speed changes, as does
the traction motor current and the traction force in the axle-wheel tangential.
Alongside this, traction generator current Ig changes.

To ensure traction generator capacity in the entire locomotive, self-propelled
railway track maintenance machines and other traction rolling stock speed range
would be constant Pg = IgUg = const, and the diesel engine capacity ND = const
would be constant, the shift of the traction generator voltage must be inversely
proportional to the current Ig—hyperbole law, i.e., the artificial characteristics of the
direct current traction generator Ug = f(Ig) would be related by points BC (see
Fig. 2).

An electric drive creates a diesel-electric locomotive traction characteristic
which is close to “ideal”. To reach this target, the nature of the DC or AC traction
generator load characteristic is modified by automatic control systems. To ensure
optimal use of diesel engine power across the entire speed range, the traction
generator load characteristic Ug = f(Ig) must be shaped so that it is the same as the
traction characteristic F = (f)v in terms of its nature (see Fig. 2) [1].

Ideally, the traction generator’s load characteristic should be hyperbolic.
However, in real diesel-electric locomotive systems, the nature of the generator’s
external load characteristics is not hyperbolic. The major deficiency of the system
of artificial shaping of a traction generator’s load characteristics is that the part of
hyperbole where ND = const (the most economical part of diesel engine operation)

Fig. 2 Diesel-electric locomotive traction generator artificial load (points ABCD), diesel engine
power (a) and traction characteristics (b)

138 L. Liudvinavičius and S. Dailydka



is not shaped precisely. “Distorted” hyperbole shows that the “free” power of such a
locomotive diesel engine intended for wheel set rotation is not fully used across the
entire locomotive speed range, which leads to increased fuel consumption and
affects the economical parameters of a diesel-electric locomotive. Traction gener-
ator control systems are modernized by applying microprocessor (computer) control
systems. This enables precise shaping of the traction generator load characteristic of
a required nature and improves the energy characteristics of diesel-electric
locomotives.

2.1 Automatic Control System (ACS) of a Diesel-Electric
Locomotive Traction Generator

Theoretical aspects. The automatic control system (ACS) of a diesel-electric
locomotive traction generator includes automatic control based on load current [2].
The main factor causing a change in traction generator voltage Ug is its load current
Ig. ACS application in diesel-electric locomotives enables the traction generator’s
load characteristic Ug = f(Ig) to approach a hyperbolic nature [2, 3]. Diesel-electric
locomotive traction generator artificial load (points ABCD), diesel engine power
(a) and traction characteristics (b) are provided in Fig. 2.

When a diesel-electric locomotive starts moving, the traction generator current is
restricted by load characteristic Ug = f(Ig) CD points. The maximum voltage of a
traction generator of a DC/DC diesel-electric locomotive (e.g., TE-3, TEM1,
TEM2, ČME-3) is restricted by saturation of the exciter (specially designed DC
electric generator EG) magnetic system [4]. Artificial load characteristics of a
traction generator: (a) when startup currents are limited in all positions of loco-
motive drive controller LD; (b) when startup currents are not limited in the initial
positions of locomotive drive controller LD; (c) when startup current (line AB) is
limited regardless of the position of the locomotive drive controller LD (see Fig. 3).

Fig. 3 Artificial load characteristics of a traction generator
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2.1.1 DC/DC Locomotive Traction Generator’s ACS with a Specially
Designed Excitation Generator

ACS of a traction generator based on load current (interference). Such a
control principle is applied in DC/DC diesel-electric locomotives such as the TE-3,
TEM1, TEM2 and ČME3. The target of automatic control in these locomotives is a
separately excited DC traction generator TG [3]. An electric machine ACS is used
to control the traction generator TG [5]. The main interference for the traction
generator is load current. The load current signal is sent to the exciter’s differential
winding. A signal summing unit is the excitation system of the electric generator
EG. The control setting is given by a driver who changes the positions of the
locomotive drive controller LD.

Features of the ACS of a shunting diesel-electric locomotive traction gen-
erator. A wiring diagram of DC/DC diesel-electric locomotive TEM2 is provided
in Fig. 4a. Traction generator ACS based on load current is used in electric drives
of shunting diesel-electric locomotives TEM2 and ČME3. The following electric
machines are used to control the traction generator (section C of Fig. 4a): the
auxiliary generator BG and the specially designed exciter EG (generator), running
in generator mode. The specially designed exciter EG (with divided poles; section

Fig. 4 Wiring diagram of diesel-electric locomotive TEM2 traction generator ACS (a), exciter
EG (b) and load characteristic (c)
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A of Fig. 4a) and the auxiliary generator BG (section B of Fig. 4a) compose the
single assembly of two electrical machines. The traction generator (GP-300B type)
independent excitation winding NG is supplied from the EG [3, 6–8]. The exciter is
designed with lengthwise-divided poles. The exciter is a special-purpose quadru-
pole DC generator. Each pole is divided into two separate parts (Fig. 4b): unsat-
urated I and saturated II. The pole is equipped with differential PK and parallel
(main) ŠB excitation windings. The pole parts are divided by a brass plate (III). The
exciter’s differential PK winding and winding AP of additional poles of the traction
generator are connected serially. Figure 4c shows the nature of variation of elec-
tromotive forces E1, E2 and EEG. The directions of electromotive forces of winding
PK and winding ŠB are opposite one another (see Fig. 4a). For exciter EG, it is
determined by the equation:

EEG ¼ CEGUEGnD; ð1Þ

where EEG is the electromotive force of the exciter, V; CEG is the constant of the
exciter; UEG is the magnetic flux of the exciter, Wb; and nD is the diesel engine
crankshaft speed (rpm). The total magnetic flux UEG of exciter EG can be expressed
as an algebraic sum of the magnetic fluxes of the saturated and unsaturated parts:

UEG ¼ U1 � U2: ð2Þ

The electromotive force of exciter EG is expressed by the equation:

EEG ¼ CEGU1nD � CEGU2nD ¼ E1 � E2 ð3Þ

where E1 is the induced electromotive force of the unsaturated part of the pole, and
E2 is the induced electromotive force of the saturated part of the pole. Load
characteristics of exciter EG of (a) diesel-electric locomotive TEM2 (MBT-25/9
type) and (b) traction generator (GP-300B type) at different positions of locomotive
controller LD [9] are shown in Fig. 5.

Conclusion: The load characteristics of the TEM2 shunting diesel-electric
locomotive traction generator Ug = f(Ig) are similar to the load characteristics of the
exciter UEG = f(Ig) [10].

Analysis of the ACS of the traction generators of the TEM2 and ČME3 shunting
diesel-electric locomotives shows that the ACS has many deficiencies: the influence
of the traction generator and traction motor winding heating, the influence of
hysteresis (flux reversal) of electric machines, and the influence of the auxiliary
generator on the traction generator output voltage are not estimated [11–13]. Using
an electric machine ACS alone, it is not possible to restrict the generator’s maxi-
mum voltage and current values, and it is also difficult to coordinate ACS com-
ponents. The load characteristics of the TEM2 diesel-electric locomotive traction
generator (GP- 300B type) are not of a hyperbolic nature (see Fig. 5b). Thus, the
power of the diesel engine is not fully exploited. The load characteristics of the
traction generator depend on the characteristics of the exciter and the auxiliary
generator, which can change during repair due to violation of technology, magnetic
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system assembly inaccuracy and other reasons. All these deficiencies cause high
fuel consumption in TEM2 and ČME3 shunting diesel-electric locomotives.

2.1.2 DC/DC Locomotive Traction Generator’s ACS
with Magnetic Amplifier

Analysis of the ACS of a DC/DC diesel-electric traction generator. Control of
the traction generator based on loading current and coordination of the control
according to interference and deviation is applied to traction generators of DC/DC
diesel-electric locomotives.

A DC traction generator ACS with magnetic amplifiers is more advanced than an
ACS where special electric machines (exciters) are used. An ACS with a magnetic
amplifier is applied for excitation of traction generators of diesel-electric locomo-
tives including TE10, 3TE10M, TE10M, 2TE10B, 2TE10L, TEP-60, M62 and
2M62. A diagram of an ACS with a magnetic amplifier applied for electric drive of
a DC/DC diesel-electric locomotive (Fig. 6) shows how the traction generator is
automatically controlled in a real locomotive and what kind of feedback exists.
The DC traction generator has independent excitation. Its excitation current is
changed using a low-power DC generator with a traditional design (i.e., EG).

The EG excitation current is controlled by the output current of a magnetic
amplifier (MA), the value of which depends on feedback values of Ig, Ug and diesel
engine power ND. The control object is the DC traction generator and regulator–
magnetic amplifier. The main interference of the traction generator is its load

Fig. 5 Load characteristics of (a) exciter EG of diesel-electric locomotive TEM2 (MBT-25/9
type) and (b) traction generator (GP- 300B type), at different positions of locomotive controller LD
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current, whose signal is sent from the direct current sensor (CS). Control windings
of the MA signal the summing unit in diesel-electric locomotives. The controlled
variable is the traction generator voltage Ug. Voltage sensor BV is used to obtain
the feedback signal of generator G voltage Ug. This signal is the main feedback
signal. The signal of the traction generator load current from the CS is sent to the
selector block (SB), where the selective sampling (of current and voltage) is carried
out. Signals are compared to the setpoint signal and signals from the contactless
tachometric block (TB) and power sensor (PS). The influence of “free” diesel
engine power variation on the ACS is assessed according to diesel engine crank-
shaft speed nD, traction generator voltage Ug and Ig deviation signals, corre-
spondingly acting to regulator—MA control windings. Figure 6 shows the ACS of
a DC/DC diesel-electric locomotive traction generator when a low-power
single-phase AC generator (E) is used and an MA is used for control signal pro-
cessing. Two low-power electric power machines, AC auxiliary generator E and
exciter EG operating in generator mode are used to control the traction generator.

New designations of Fig. 6: LD—locomotive drive controller; nD—diesel
engine crankshaft speed; TG—DC traction generator; EG—exciter; M1–M6—direct
current traction motors; 1–6—direct current traction motors excitation winding;
BV—DC traction generator voltage sensor; SB—selective block; TB—tacho block;
NG—DC traction generator separately excited winding; PS—diesel engine power
sensor; CS—current sensor; DnD—diesel engine crankshaft speed deviation signal;
DUg—DC traction generator voltage Ug deviation signals; DIg—DC traction gen-
erator current Ig deviation signal; EB—excitation control block; MA—magnetic
amplifier; EG1, EG2—exciter EG excitation windings; DND—diesel engine power
deviations signal; Y—control signal.

Fig. 6 ACS of DC/DC diesel-electric locomotive traction generator when a low-power
single-phase AC generator E is used and magnetic amplifier (MA) is used for processing of
control signals: A—low-power single-phase generator part; B—exciter (EG) part; C—traction
generator (TG) part
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2.2 Alternating Current Traction Generator
Excitation System

Analysis of the automatic control systems (ACS) of AC traction generators. In
order to establish an optimal excitation system for AC traction generators, the
author provide ACS block diagrams where theoretical methods of shaping artificial
load characteristics of a desired character are analyzed. Block diagrams and char-
acteristics of the ACS of AC traction generator excitation are provided in Fig. 7:
(a) using a compound excitation generator, (b) using a DC/DC static converter,
(c) using a separately excited generator, (d) using an AC/DC static converter. When
DC/DC or AC/DC static semiconductor converters are used for excitation of AC
traction generators, artificial load characteristics of a desired character can be
shaped (see Fig. 7b, d). When AC traction generators are excited using the diagram
of the separately excited generator provided in Fig. 7c, the load characteristics can
be shaped from natural to artificial by varying the excitation current IE according to
the function provided by the green line (see Fig. 7c). The ACS diagram of an
AC/DC diesel-electric locomotive traction generator when a controlled rectifier
(CR) is used (a), and time diagrams applying a TIR are provided in Figs. 7a, b and
8. Using a compound excitation generator, artificial load characteristics are shaped
by magnetic fluxes of serial D1–D2 and parallel winding F1–F2 of natural char-
acteristics. ACS control signals Y of the AC traction generator excitation control
ON (t1) and OFF (t2) durations of the TIR (IGBT transistor) connected to the circuit

Fig. 7 Block diagrams and characteristics of the ACS of AC traction generator excitation a using
a compound excitation generator, b using a DC/DC static converter, c using a separately excited
generator, and d using an AC/DC static converter

144 L. Liudvinavičius and S. Dailydka



of parallel winding F1–F2 (see Figs. 7a and 8b). When the pulse width modulation
principle is applied by varying ON and OFF durations of the IGBT transistor,
excitation current IE and magnetic flux UM of the EG generator change, and con-
sequently the EG generator output voltage UEG changes as well. By changing ON
and OFF durations of excitation winding F1–F2, the average value of the excitation
current is regulated, and load characteristics of required character are shaped. Time
diagrams of AC traction generator excitation current IE control, when the TIR is
used, are provided in Fig. 8b. The UEG diagram versus ON (t1) and OFF (t2)
durations of the IGBT transistor clearly shows that in order to increase the voltage
of the locomotive’s traction generator, the IGBT transistor must be in ON status
longer (pulse width and average voltage UEG are higher in this case), and con-
versely, in order to reduce the voltage of the traction generator, the IGBT transistor
must be in ON status for a shorter period (in this case, pulse width and average
voltage UEG are lower). ON (t1) and OFF (t2) durations of the IGBT transistor are
controlled by sending (from the control unit) corresponding pulses to the IGBT
transistor gate. Figure 8a shows the ACS diagram of an AC/DC diesel-electric
locomotive traction generator when a low-power single-phase AC generator (E) and
controlled rectifier (CR) are used.

A single-phase controlled rectifier consists of thyristors T1 and T2 and diodes
D1 and D2. Such an analogue ACS system of an AC traction generator is used in
typical diesel-electric locomotives TEP-70 produced in Russia. This system is more
advanced than the ACS used in the TEM2 and ČME-3 shunting locomotives and
the ACS with an MA applied in the control systems of diesel-electric locomotives
TE10, 3TE10M, TE10M, 2TE10B, 2TE10L, TEP-60, M62 and 2M62.

Fig. 8 ACS diagram of AC/DC diesel-electric locomotive traction generator a when a controlled
rectifier (CR) is used, and b time diagrams applying transistor impulse voltage regulator (TIR):
GS—synchronous traction generator; E—low-power single-phase generator; IE—traction gener-
ator excitation current; CR—controlled rectifier; D1, D2—diodes, S1, S2—thyristors; Uda—
thyristor rectified voltage; ic—thyristor control signal; T—pulse period; it—IGBT transistor
current
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Only one low-power electric machine is used to control the traction generator: a
single-phase AC generator. Load characteristics of the traction generator Ug = (f)Ig
are shaped by changing the thyristor control angle a in the CR. By changing the
thyristoric control angle a [14], the thyristors may be opened by corresponding time
moments, and the total length of time during which the thyristor releases the current
may be changed and in this way is possible a smooth regulation of AC generator’s
existation current value. By increasing the opening angle a of the thyristor, the
thyristor is opened later and later; therefore, the average rectified voltage Uavrg will
be smaller. By increasing the control angle a of the thyristors, the curves of the
rectified voltage are reduced, and the abscissa load is restricted as well as the
average rectified voltage Uavrg. The greatest value of the rectified average voltage
Uavrg is reached when a = 0, and equals zero when a = 180°. With an active load,
the value of the rectified voltage is calculated as follows [15]:

Uda ¼ 1
p
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0

ffiffiffi
2

p
U2sinxtdxt ¼ 2

ffiffiffi
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p

p
U2

1þ cosa
2

; ð4Þ

Here, U2 is the effective value of the source voltage. The effective value of the load
current is calculated as follows:

Ida ¼ Ida

ffiffiffiffiffiffiffiffiffiffiffi
p� a
p

r
; ð5Þ

Here, Ida is the effective value of the load current, where a = 0. The average current
values of the thyristors S1 and S2 and the diodes D1 and D2 are calculated as
follows.

IT ¼ p� a
2p

Ida: ð6Þ

Shaped (artificial) traction generator load characteristics Ug = (f)Ig, using the
controlled rectifier approach the hyperbole shape (see Fig. 9b).

Figure 9 new designations: TG—AC traction generator; UR—traction rectifier;
E—low-power single-phase generator; CR—controlled rectifier; M1–M6—direct
current traction motors; BV—rectified voltage sensor; CS—current sensors; DUd—
rectified voltage Ud deviation signals; DIg—DC traction generator current Ig
deviation signal; E—low-power single-phase generator excitation windings; Uda—
thyristors rectified voltage.

The author have analyzed the ACS of traction generators of typical DC/DC and
AC/DC diesel electric generators and have established that shaped load charac-
teristics of the traction generators are not of a hyperbolic shape. Due to this, a
significant portion of the transformed diesel engine power is lost. Better results can
be obtained by using microprocessor (computer) control systems for the traction
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generator ACS. All conclusions obtained from the analysis of DC/DC and AC/DC
diesel-electric locomotive traction generator ACS were assessed in modernizing
and manufacturing new JSC Lietuvos geležinkeliai locomotives.

Modernization of diesel-electric locomotive:

1. Modernization of diesel-electric locomotive series 2M62 (ST 44).
Diesel-electric locomotive series 2M62 is for heavy cargo transportation.
Available for 1435/1520-mm gauge with a maximum speed up to 100 km/h.
Year of beginning of modernization: 2005. Number delivered: 58 units.
Delivery countries: Lithuania and Latvia.

2. Production of shunting locomotive series ČME-3M. Shunting locomotive
series ČME-3M is for heavy cargo transfers. Available for 1435/1520-mm
gauge with a maximum speed of 90 km/h. Year first produced: 2008. Number
delivered: 22 units. Delivery country: Lithuania.

3. Production of shunting locomotive series TEM TMH. Shunting locomotive
series TEM TMH is for heavy transfer and main train use. Available for
1435/1520-mm gauge with a maximum speed of 100 km/h. Year first produced:
2008. Number delivered: 75 units. Delivery countries: Lithuania, Estonia and
Russia.

4. Production of shunting locomotive series TEM 33. Shunting locomotive
series TEM 33 is for heavy transfer. Available for 1435/1520-mm gauge with a
maximum speed of 100 km/h. Year first produced: 2013. Number delivered: 1
unit. Delivery country: Russia.

5. Production of shunting locomotive series TEM 35 (hybrid). Shunting loco-
motive series TEM 35 is for mid–heavy transfer. Available for 1435/1520-mm
gauge with a maximum speed of 100 km/h. Year of first produced: 2013.
Number delivered r: 1 unit. Delivery country: Russia.

6. Modernization of passenger locomotive series TEP-70M. Modernized pas-
senger locomotive series TEP-70M is for main line transfers. Available for
1520-mm gauge with a maximum speed of 160 km/h. Year of beginning of
modernization: 2015. Number delivered: 1 unit. Delivery country: Lithuania.

Fig. 9 ACS of DC/DC diesel-electric locomotive traction generator, when low power
single-phase AC generator E is used and magnetic amplifier MA is used for control signal
processing: A—low-power single-phase generator part; B—traction generator (TG) part
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2.3 ACS of Shunting Locomotive TEM TMH Traction
Generator

2.3.1 ACS of Shunting Locomotive TEM TMH Electric Drive
with a Compound Excitation Generator

In order to improve the performance of the TEM2 and ČME3 shunting
diesel-electric locomotives, JSC Lietuvos geležinkeliai subsidiary Vilniaus
lokomotyvų remonto depas UAB, together with Czech company CZ Loko a.s. [16]
and the Briansk machine building plant (Russia), completed their modernization
(new diesel-electric locomotives were produced): the diesel engine was replaced,
the traction generator was changed from DC to AC, an artificial three-phase net-
work for supplying asynchronous motors of auxiliary equipment was created, and
computer control and a diagnostic system of the traction or electrodynamic braking
was initiated for the entire power assembly. DC traction engines of electric drive
diesel-electric locomotive TEM TMH are supplied with AC traction generator
rectified voltage. The speed and torque of the traction motors are varied according
to the setpoint (position) of the traction controller, and by changing the value of
rectified voltage Ud in the terminals of the traction motor armature windings.
A block diagram of the electric drive of diesel-electric locomotive TEM TMH,
when a compound excitation generator EG is used for excitation of the traction
generator, is provided in Fig. 10. The excitation current value of the synchronous
traction generator is changed by changing the output voltage value of the compound
excitation generator.

Compound excitation of DC machines is provided by two field windings: a
series winding and a shunt (or separate) winding F1–F2. The shunt winding pro-
vides a magnetic excitation flux in the machine that corresponds to the nominal
voltage under no load conditions. The series winding D1–D2 is intended for

Fig. 10 Block diagram of the electric drive of the TEM TMH diesel-electric locomotive
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automatic voltage regulation of the machine voltage depending on the load.
Machines of this type are called compound excitation machines.

The output voltage value of the compound excitation generator when the ICE
speed changes is controlled by a TIR, connected in series with excitation windings
F1–F2. The TIR processes information from the traction generator current Ig,
voltage Ug, crankshaft nD, and traction engine armature speed sensors, and corrects
the output voltage value of the compound excitation generator accordingly. Thus,
the excitation current values of the synchronous traction generator (GS) and traction
generator output voltage value also change. By increasing the excitation current of
the synchronous traction generator or diesel engine crankshaft speed, the output
voltage (rectified) of the traction generator–rectifier—and simultaneously the
locomotive speed and traction force—is increased.

New designations of Fig. 10: GS—synchronous traction generator (A); M1–M6—
DC series excited traction motors; UR—three-phase rectifier; EG—compound exci-
tation generator (B); D1–D2—series winding; F1–F2—shunt winding; R1–R6—resis-
tors; 1–6—traction motor excitation windings; IE—synchronous traction generator
excitation current; UEG—compound excitation generator output voltage; TIR—
transistor-switching synchronous traction generator excitation current regulator;
Y—TIR control signal; BR1–BR6—wheel set speed sensor; WS1–WS6—wheel sets
1–6.

According to the block diagram of the electric drive of diesel-electric locomotive
TEM TMH shown in Fig. 10, new diesel-electric locomotives up to No. 036 were
produced where compound excitation generators were used for excitation of the
traction generator. In order to further improve the energy characteristics of the
TEM TMH, future TEM TMH locomotives were manufactured using a static
semiconductor converter proposed by the author for excitation of the traction
generator. Examples of the shunting diesel-electric locomotives are shown in
Fig. 11.

Fig. 11 Examples of shunting diesel-electric locomotives: a six axles; b eight axles
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The decision was made to manufacture new TEM TMH series diesel-electric
locomotives based on the diagram in Fig. 11a. The main purpose of the TEM TMH
series with electric drive is to distribute freight cars in distribution stations. The
maximum speed of the TEM TMH series is 100 km/h. The driver’s cabin is pro-
vided in the back of the locomotive. A computer (microprocessor) control system is
provided for automatic control of the diesel engine generator and regulation of the
powertrain parameters.

The TEM TMH diesel-electric locomotive is a 126-ton (t) locomotive with six
drive axes with the main axis formula Co‘–Co‘, and an axial rail load of 21 t. The
locomotives are equipped with 1455-kW (CAT 3512B) or 1550-kW (CAT 3512C
HD) Caterpillar diesel engines. These TEM TMH diesel-electric locomotives are
equipped with typical diesel-electric locomotive bogies (TEM18) with six traction
motors (324 kW of DC serial excitation, type ED 118AU1). The main power
source in the TEM TMH is the powertrain, which includes the diesel
engine-generator Locat 3512/631. The CAT 3512B diesel engine (CAT 3512C HD)
and the Siemens 1FC2 631-6BO29T AC traction generator (Siemens 1FC2 631-6T
in the case of CAT 3512C HD) are rigidly connected by elastic coupling.

Other important parts of the diesel engine generator include the auxiliary
120-kVA AC generators such as the Siemens 1FC2 631-6BO29P or Siemens 1FC2
631-6P connected with traction generators into one electric machine structure.
Independently from the main locomotive computer control system, diesel engine
parameters are monitored and controlled by an autonomous Caterpillar electronic
control system.

This system controls the startup of the diesel engine, prevents power increase up
to critical values and limits it in the case of overloading. All diesel engine
parameters are controlled; the diesel engine is stopped in case of overloading up to
critical values. The arrangement of TEM TMH assemblies is shown in Fig. 12.

Assemblies of diesel electric locomotive TEM TMH are arranged so that axial
rail loads would not differ more than 3 %. Air unit and air system control elements
are arranged at the front hood of the TEM TMH.

Further installations include the ICE cooling unit, the compressor and its cooler
for auxiliary equipment, cabinet of electric equipment with frequency converters,
cooling fan of first bogie traction engines, coolant reservoir and the ICE. The diesel
engine installed in the common frame of the TEM TMH diesel-electric locomotive
is rigidly connected to the AC traction generator and exciter. At the back side, a
high-voltage chamber is installed with power circuit electrical devices: startup
circuit contactors, traction motor reversing equipment and two units of electric
braking resistors.

The driver’s cabin is provided for locomotive control. The main technical
characteristics of the TEM TMH locomotive are provided in Table 1.

The TEM TMH diesel-electric locomotive is equipped with a flange lubrication
system, ensuring lubrication of flanges of the first wheel set in the driving direction.
A diagram of a TEM TMH bogie is shown in Fig. 13.
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2.3.2 Shunting Locomotive TEM TMH Electric Drive
with a Static Converter

The author proposed the use of a semiconductor static converter supplied from the
generator of auxiliary equipment for excitation of AC traction generators (see
Fig. 14) [17, 18]. A block diagram of the computer control and diagnostics of
power assembly of AC/DC diesel-electric locomotive TEM TMH is provided in
Fig. 14. Automatic control of electric drive parameters of the TEM TMH is per-
formed by the computer control system, which receives diagnostic signals from
sensors supplying continuous information about deviations of diesel engine
crankshaft speed, pressure in the main tanks, temperatures in the main cooling
circuit of the ICE and traction generator bearings, as well as braking resistor unit
RB1, currents of the traction motors of groups I, II and III, rectified current Id,
traction motor excitation currents (in the mode of electrodynamic braking), traction
generator rectified voltage Ud and wheel set speed. The onboard computer pro-
cesses data of the rectified current Id, voltage Ud, crankshaft nD, and speed sensors
of traction motor armature and adjusts, respectively, output voltage of the static

Fig. 12 Arrangement of TEM TMH diesel-electric locomotive assemblies: 1—cabin; 2, 4—
bogies; 3—fuel tank; 5—electric power equipment (contactors, etc.); 6—exciter connected by a
shaft to the AC traction generator; 7—diesel engine; 8—electric equipment; 9—cooling sections;
10—air equipment
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converter by signal Y2. An increase in the synchronous traction generator’s exci-
tation [19–21] current or speed of the diesel engine crankshaft also increases the
output voltage (rectified) of the traction generator-rectifier and, simultaneously, the
locomotive speed and traction force.

New designations of Fig. 14: A—locomotive driver signal converter; G1–G2—
brushless synchronous traction generator; M1–M2—I group of DC traction motors;
Dn1–Dn2 traction motor M1 and M2 speed deviation signals; BR1—traction
motor’s M1 speed sensor; BR2—traction motor’s M2 speed sensor; BV—rectified
voltage sensor; CS1–CS2—current sensors; DUd—rectified voltage deviation sig-
nals; DId—traction motors current Id deviation signal; A/D—analog-digital con-
verters; BT1–BT3—temperature sensors; RT1–RT3—temperature
sensors/thermistors; DT1—traction generator winding temperature deviation signal;
DT2—traction rectifier temperature deviation signal; DT3—braking resistor RB1
temperature deviation signal; MV—braking resistor cooling fan; Y1–Y3—control
signals; WS1–WS2 wheel sets 1 and 2.

Traction generator load and diesel engine power characteristics of the new
diesel-electric locomotive TEM TMH are provided in Fig. 15, which shows how
the traction generator’s voltage Ug changes at traction power of 50%
(Pe = 558 kW, 1372 rpm) and 100% (Pe = 1200 kW, 1800 rpm) and current Ig.

Table 1 The main technical characteristics of the TEM TMH locomotive

Title TEM TMH with
CAT 3512B

TEM TMH with
CAT 3512C HD

Wheel set arrangement Co‘-Co‘ Co‘-Co‘

Rated power (kW) 1455 1550

Wheel gauge (mm) 1435/1520 1435/1520

Maximal speed (km/h) 100 100

Weight (tons) 126 (±3%) 126 (±3%)

Load on axle (tons) 21 (±3%) 21 (±3%)

Minimum curve radius (m) 80 80

Diesel engine type CAT 3512B CAT 3512C HD

Traction alternator Siemens 1FC2 Siemens 1FC2

631-6B029T 631-6T

Auxiliary alternator Siemens 1FC2 Siemens 1FC2

631-6B029P 631-6P

Power transmission AC/DC AC/DC

Traction effort of coupling (kN) 400 436

Permanent traction effort of coupling (kN) 266 259

At speed (km/h) 13.5 14.3

Control circuit voltage (V) 24 24
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Fig. 13 Diagram of a bogie of diesel-electric locomotive TEM TMH: 1—lateral longitudinal
beams; 2, 5—tubes; 3—external springs; 4—brake system pull rod; 6—support; 7—DC traction
motor; 8—traction motor winding connection cables

Fig. 14 Block diagram of computer control and diagnostics of power assembly of AC/DC
diesel-electric locomotive TEM TMH
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We see that when the ACS uses a static converter, the nature of the traction
generator characteristics of the new TEM TMH diesel-electric locomotive is close
to hyperbole (see Fig. 15; hyperbole characteristics part).

Furthermore, maximum voltage Ug (see Fig. 15; Ug max part) and maximum
current Ig (see Fig. 15; Ig max part) are restricted in all characteristics. All this
enables full use of the diesel engine power across the entire speed range, and thus
significantly reduces fuel consumption.

2.4 Diagnostics of Shunting Locomotive TEM TMH
Parameters

Controlled parameters of the technical state of an AC/DC diesel-electric
locomotive. A “locomotive diagnostics” device is installed in the AC/DC
diesel-electric locomotives, which signals the error codes in case of failures. For
example, if the locomotive diagnostics device installed in the TEM TMH
diesel-electric locomotive manufactured by the JSC Lietuvos geležinkeliai sub-
sidiary Vilniaus lokomotyvų remonto depas UAB shows error code no. 846, the
traction motor cooling fan frequency converter GS2 has failed. Error code no.
227 indicates that the insulation of the traction motors is damaged. The control and
diagnostics panel of the diesel-electric locomotive with error codes is shown in
Fig. 16 [16]. Traction characteristics of the TEM TMH series diesel-electric loco-
motives at the level of auto-coupling with diesel engines CAT 3512B (a) and CAT
3512C HD (b) are provided in Fig. 17. Ft—traction force, kN; v—speed, km/h;
Ft∞—long-term mode traction force, kN; v∞—long-term mode speed, km/h;
Ftpmax—maximum traction force.

Fig. 15 Traction generator load and diesel engine power characteristics of the new TEM TMH
diesel-electric locomotive
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2.5 Electrodynamic Braking System of Shunting
Locomotive TEM TMH

The locomotive braking controller (LB) provided in both driver control panels is
intended to control driving and electrodynamic brakes. Based on the position of this
controller, the computer control system sets the ICE speed, strength of AC

Fig. 16 Diesel-electric locomotive TEM TMH control and diagnostics panel with error codes

Fig. 17 Traction characteristics of TEM TMH series diesel-electric locomotives at the level of
auto-coupling with diesel engines CAT 3512B (a) and CAT 3512C HD (b)
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excitation current, and locomotive power. In the electrodynamic braking
(EDS) mode, traction motors M1–M6 operate as separately excited DC generators.
The traction circuit is switched over with the help of contactors so that excitation
windings 1–6 of all traction motors are connected serially and are supplied from the
AC traction generator through the traction rectifier. Traction motor armature
windings are connected to individual braking resistors (Rb). Electromagnetic
braking torque (braking force) may be changed (1) by changing the braking circuit
current Ib value (by splitting braking resistor into separate steps), (2) by changing
the magnetic flux value of traction engines running in generator mode, or (3) by
changing both parameters simultaneously. Braking resistors are intensively cooled
by an axial fan driven by a DC motor, which is supplied by a voltage drop in the
braking resistor. A diagram of computer control of a TEM TMH AC/DC
diesel-electric locomotive electric drive in EDS mode, which was developed and
implemented by the author, is shown in Fig. 18.

New designations of Fig. 18: LB—locomotive braking controller; DIE—trac-
tion motor excitation winding current IE deviation signal; BT1–BT5—temperature
sensors; RT1–RT5—temperature sensors/thermistors; DT4—braking resistor RB2
temperature deviation signal; T5—braking resistor RB3 temperature deviation
signal. Electrodynamic braking characteristics of TEM TMH series diesel-electric
locomotives are provided in Fig. 20.

Fig. 18 Diagram of computer control of AC/DC diesel-electric locomotive TEM TMH electric
drive in electrodynamic braking mode
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2.6 Auxiliary Equipment Power Supply System of Shunting
Locomotive TEM TMH

Auxiliary equipment of the diesel-electric locomotive is supplied by 120-kVA AC
generators (Siemens 1FC2 631-6BO29P or 1FC2 631-6P) connected with traction
generators to one electric machine structure. An auxiliary AC generator is intended
to create an onboard locomotive three-phase network of 3 � 400 V. A block
diagram of the supply of auxiliary equipment of the TEM TMH diesel-electric
locomotive created by the author is provided in Fig. 19. The use of industrial
asynchronous engines to drive auxiliary equipment (compressors, fans, etc.) is
enabled by the system where the rotor of auxiliary synchronous generator G3–G4 is
driven by the diesel engine. The value of voltage induced in windings of the
synchronous generator stator U1 depends on the ICE crankshaft speed and generator
excitation flux. Varying the diesel engine crankshaft speed also varies the voltage
and frequency values of the synchronous generator G3-G4 network, i.e., U1 = var,
f1 = var.

Purpose of frequency converters. Frequency converter 1 is intended for supply
of asynchronous motors M1 and M2 of cooling fans of traction motors of the first
and the second bogies. Frequency converter 2 is intended for supply of asyn-
chronous motors M3 and M4 of the cooling fans of the main and auxiliary ICE
cooling circuits. Frequency converter 3 is intended for supply of compressor drive
asynchronous motor M5. Frequency converter 4 is intended for supply of com-
pressor cooler asynchronous motor M6. An artificial three-phase supply system
must be created for stabilization of voltage and frequency values of the synchronous
generator G3–G4 network in the TEM TMH diesel-electric locomotive, which
would correspond to industrial equipment asynchronous motor supply system
parameters (400-V AC, 50 Hz). With that intention, the supply system for the

Fig. 19 Block diagram of supply of auxiliary equipment of TEM TMH diesel-electric locomotive
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asynchronous motors of auxiliary equipment in the diesel-electric locomotive is
developed with semiconductor frequency converters 1–5 connected to the syn-
chronous generator output voltage network (Fig. 20).

The frequency converters of the auxiliary equipment supply of the TEM TMH
diesel-electric locomotive are shown in Fig. 21. Semiconductor frequency con-
verters can be divided into two groups. The first group includes frequency con-
verters with variable power supply voltage and frequency. These are frequency
converters 1 and 2, and they supply asynchronous motors M1 and M2 of the
cooling fans of traction motors of the first and second bogies, as well as asyn-
chronous motors M3 and M4 of the cooling fans of the main and auxiliary ICE
cooling circuits. Their speed is varied by adjusting the output parameters of the
respective frequency converter—voltage and frequency of the power supply. The
second group includes frequency converters with constant power supply voltage
and frequency. These are converters 3 and 4, and the speed of their supplied
asynchronous motors M5 and M6 is not regulated. The speed of asynchronous fan
motors M1, M2, M3 and M4 is adjusted based on information supplied from
temperature sensors of the controlled objects. If, for example, windings of the first
or second group of traction motors are overheating due to increased armature circuit
currents, temperature sensors send data to the onboard computer, which in turn
adjusts frequency converter output parameters (power supply voltage and fre-
quency), and at the same time the speed of asynchronous motors M1, M2, M3 and
M4 increases. The increased speed of M1 and M2 means a higher flow of cooling
air to the traction motors. Increased speed of M3 and M4 means a higher flow of

Fig. 20 Electrodynamic
braking characteristics of
TEM TMH series
diesel-electric locomotives:
Fb—braking force, v—speed,
km/h; Fbmax—maximum
electrodynamic braking force,
kN
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cooling air to the ICE cooling radiators. Cooling of the traction motors of the first
and the second bogies in EDS is equivalent to “traction” mode. If at least one
cooling fan of traction motors of the first or second bogie fails, then the locomotive
power is limited. In such a case, only emergency travel to the repair depot is
allowed. The onboard computer in this case limits traction engine currents and
diesel-electric locomotive power.

2.7 Description of the AC Diesel-Electric
Locomotive TEM LTH

The main purpose of the TEM LTH diesel-electric locomotive (with CAT C27
709-kW diesel ICE) with electric drive is the distribution of freight cars in distri-
bution stations. The maximum speed of the TEM LTH series locomotives is
90 km/h. A computer (microprocessor) control system is provided for automatic
control of the diesel engine generator and regulation of the powertrain parameters.
The TEM LTH is an 86-t locomotive with four drive axles, axle formula B’o–B’o,
and an axial rail load of 22.5 t. The locomotive is equipped with the Caterpillar C27
diesel engine. The TEM LTH uses typical diesel-electric locomotive bogies
(TEM103) made in Ukraine, with four AC traction motors (AD 917) installed. The
main power source in the TEM LTH diesel-electric locomotive is the powertrain,

Fig. 21 Frequency
converters of auxiliary
equipment supply of
TEM TMH diesel-electric
locomotive
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which includes a diesel engine–generator. The CAT C27 diesel engine and the
Siemens 1FC2 631-6BO29T 1350-kVA AC traction generator are rigidly connected
via elastic couplings. An important part of the diesel engine-generator is the
Siemens 1FC2 631-6BO29P 120-kVA AC auxiliary generator. The traction gen-
erator and auxiliary generator are joined to a single electric machine structure.
The AC traction generator is a power source intended to supply the traction electric
system, and the auxiliary AC generator is intended to create an onboard locomotive
three-phase network of 3 � 400 V. The static converter is intended for excitation of
the GA1 AC traction generator. Another part of the powertrain is the generators for
battery charging and starters to start the diesel engine. Control of the locomotive’s
ICE and the entire powertrain is performed by an automatic speed control system
(ASCS) manufactured by MSV elektronika, which controls startup of the diesel
engine, prevents power increase up to critical values and limits power in case of
overloading. All diesel engine parameters are signaled; the diesel engine is stopped
in case of overloading up to critical values (Fig. 22).

2.7.1 Technical Characteristics of TEM LTH Shunting Locomotive

The main technical characteristics of the TEM LTH locomotive are provided in
Table 2.

The composition of shunting locomotive TEM LTH 001 is presented in Fig. 23.
The arrangement of the TEM LTH shunting locomotive is presented in Fig. 24,

and consists of the following main equipment: 1—air unit; 2—traction rectifier; 3—
fuel discharge path dampener; 4—fuel discharge pipe; 5—auxiliary AC generator;
6—coarse cleaning filter; 7—the main AC generator; 8—filter for diesel engine air
inlet to cylinders; 9—internal combustion engine (ICE); 10—ICE cooling unit;
11—traction converters—individual inverters; 12—cooling unit of electrodynamic

Fig. 22 General view of TEM LTH diesel-electric locomotive
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Table 2 The main technical characteristics of the TEM LTH locomotive

Title TEM LTH with Caterpillar C27

Wheel set arrangement B’o–B’o

Rated power (kW) 709

Wheel gauge (mm) 1435/1520

Maximal speed (km/h) 90

Weight (tons) 90 (+3%, −1%)

Load on axle (tons) 22.5 t (±3%)

Minimum curve radius (m) 80

Diesel engine type CAT C27 ACERT

Traction alternator Siemens 1FC2 631-6B029T

Auxiliary alternator Siemens 1FC2 631-6B029P

Power transmission AC/AC

Traction effort of coupling (kN) 320

Permanent traction effort of coupling (kN) 139

At speed (km/h) 14

Control circuit voltage (V) 24

Fig. 23 Composition of the TEM LTH 001 shunting locomotive: 1—back hood; 2—KLUB-U
system antenna; 3—climate control equipment; 4—front hood; 5—signal lights; 6—automatic
coupling SA-3; 7—guard; 8—first wheel set; 9—second wheel set; 10—fuel tank; 11—third
wheel set; 12—fourth wheel set; 13—driver’s cabin; 14—fuel discharge pipe; 15—first bogie;
16—second bogie; 17—main frame
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braking resistors; 13—power distribution cabinet; 14—traction motor cooling fan;
15—electrical cabinet.

Traction characteristics of the TEM LTH series diesel-electric locomotive at an
auto-coupling level and traction characteristics at auto-coupling (with limitation
based on adhesion) are provided in Fig. 25.

2.7.2 Automatic Control and Diagnostic System of the TEM LTH
Locomotive

The diesel-electric locomotive is equipped with a powertrain consisting of an ICE,
traction generator and electric drive. Emission, when diesel fuel is used, meets EU
requirements for such type of vehicles (EU directive requirements 2004/26 stage
III B). The powertrain includes a four-stroke diesel engine with liquid cooling,
suitable for rail use with an electronic regulator. The powertrain ensures auto-
matic, smooth, step-less variation in locomotive traction force depending on the
driving speed and power used by the auxiliary equipment. A block diagram of the
computer control and diagnostics of the shunting locomotive TEM LTH I bogie
electric drive developed and implemented by the author is provided in Fig. 26.

Figure 26 New designations: G1–G2—synchronous traction generator 1FC2
631-6B029T; I1–I2—inverters; RB1–RB2—electrodynamic braking resistors;
BR1–BR2—I bogie wheel set speed sensors; M1–M2—asynchronous traction
motors; CS—shunt DC circuit current sensor; Y1—driving task signals; Y2—static
converter control signals; Y3—diagnostic signals; Y4, Y5—inverter control signals

Fig. 24 Arrangement of main equipment of TEM LTH shunting locomotive
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Fig. 25 TEM LTH Shunting locomotive traction characteristics and traction characteristics with
limitation based on adhesion: Ft—traction force, kN; v—speed, km/h; Ft∞—long-term mode
traction force, kN; v∞—long-term mode speed, km/h; Ft∞—long-term mode traction force, kN;
Ftpmax—maximum traction force, kN

Fig. 26 Block diagram of computer control and diagnostics of shunting locomotive TEM LTH I
bogie electric drive
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The control panel of the TEM TMH diesel-electric locomotive is shown in
Fig. 27. The control system is equipped with a technical and diagnostic display and
automatic control keyboard. By pressing the respective button, the automatic speed
control program can be set to maintain the selected speed. The monitoring and
control system of the TEM LTH powertrain ensures optimal traction force in a
tangential direction and prevents wheel slip. It is integrated into the onboard control
and monitoring system of the entire diesel-electric locomotive, which also ensures
that all required parameters are displayed for the driver. The onboard computer has
all required interfaces with the safety system and brakes. It registers moto-hours of
the powertrain from the vehicle commissioning and displays them on a screen in the
driver’s cabin. The diagnostic system ensures that errors are recorded, with indi-
cation of error code, date, time and diesel engine moto-hours.

Data about moto-hours and recorded errors can be transferred using a laptop into
a desktop PC for data storage and analysis. The diesel engine CAT 27 with direct
fuel injection is equipped with autonomous electronic diagnostics, monitoring and
control system. Emission values meet the applicable EU requirements. The
diesel-electric locomotive microprocessor control system CRV&DPVLTX is made
by MCB elektronika. The main units of the control system are the main regulator
(MR), traction regulator (TR) and the locomotive diagnostics computer (LDC),
which are installed in the power distribution cabinet in the driver’s cabin.
Interconnection between individual control system units is maintained by data
transfer lines. The control system receives data from the current, voltage, diesel
engine speed, wheel set slip and other sensors, and controls excitation of the AC
traction generator so as to obtain hyperbolic artificial traction generator load
characteristics with limitations of current, voltage and power values. The control
system controls the traction converters, auxiliary drive control inverters, electro-
dynamic brake, ICE parameters, auxiliary loops (sand pouring, opening of elec-
trodynamic brake resistor cooling louvers, etc.) and diesel-electric locomotive
diagnostics. The electric drive AC traction motors M1–M4 are supplied three-phase
voltage generated by inverters I1–I4. The speed and torque of the TEM LTH traction

Fig. 27 Control panel with automatic speed regulation keyboard of the TEM LTH diesel-electric
locomotive
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engines are adjusted based on the traction controller LD setpoint (position), by
changing inverter output voltage U1 and frequency f1 values. The 1350-kVA
traction generator 1FC2 631-6B029T and 120-kVA auxiliary AC generator 1FC2
631-6B029P form a single electric machine whose rotor is rotated by the diesel
engine. Excitation of the 1FC2 631-6 AC traction generator is controlled from a
static converter. The traction converter consists of the common three-phase rectifier
UR with DC-rated voltage of 940 V and individual inverters I1–I4, whose output
third-phase-rated AC voltage range is 0–660 V and frequency range is 0.1–200 Hz.

The auxiliary generator 1FC2 631-6B029P with 120-kVA power supplies a
three-phase network whose voltage is stabilized 3 � 400 V and frequency ranges
within 30–90 Hz. The three-phase 3 � 400-V network of the 120-kVA auxiliary
generator 1FC2 631-6 B029P is created by static converters composed of a rectifier
with an output voltage range of 560 V (10–13%) and three-phase inverters for
supply of electric drives of auxiliary equipment.

Energy efficiency of modernized locomotives. Diesel fuel consumption charts
of shunting locomotives are shown in Fig. 28, which reveal that consumption
decreased significantly after modernization of the TEM2 and ČME-3 typical
diesel-electric locomotives and when the fleet of shunting locomotives was sup-
plemented with new TEM TMH diesel-electric locomotives.

Diesel fuel consumption in freight traction traffic during 2012–2016 is provided
in Fig. 29. A significant decrease in consumption is observed after modernization of
the 2M62 typical diesel-electric locomotive.

Fig. 28 Shunting locomotives diesel fuel consumption 2009 and 2015 (l/h)
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Conclusions: In 2009, before modernization, the average fuel consumption of
the ČME3 shunting diesel-electric locomotive was 10.37 l/h; in 2015, the average
fuel consumption of the modernized ČME3ME was 5.59 l/h, a 46% reduction. The
average fuel consumption of the TEM2 shunting diesel-electric locomotive in 2009,
before modernization, was 11.86 l/h. In 2015, the average fuel consumption of the
new TEM TMH diesel-electric locomotive was 6.12 l/h, a reduction of 48%.

On average, fuel consumption of the modernized 2M62M locomotive (l/h), has
been reduced by 25%.

3 Modernization Aspects of Locomotive TEP-70

3.1 Assessment of Traction and Train Resistance Forces
in Modernization of TEP-70

Modernization of the TEP-70 AC/DC diesel-electric locomotive used for traction of
passenger cars was completed in 2015 by VLRD UAB, subsidiary of JSC Lietuvos
geležinkeliai, with participation of CJSC TMHB Transmashholding and Hungarian
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Fig. 29 Freight locomotive diesel fuel consumption 2012–2016 (l/h)
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company Woodward-Mega Kft. During the design phase of modernization, the
author assessed how locomotive dynamic properties are influenced by axial load
variation of drive wheel sets.

In order to increase locomotive–rail adhesion properties, the author, during the
design phase, proposed to model the layout of the main equipment with different
weight values using SolidWorks software. Modeling data then should be checked
by real weighing of modernized diesel-electric locomotives using Schenck
V039905 equipment. The diagram of redistribution of rail axial loads of drive
wheel sets of the modernized diesel-electric locomotive TEP-70 in traction mode is
provided Fig. 30. The diagram shows “overturn” torques MT created in the
diesel-electric locomotive TEP-70 in traction mode, which reduce the rail axial load
of the first bogie wheel sets by force DP (lifts up) and increase rail axial load of the
second bogie wheel sets by force DP (presses down). These torques are caused by
the difference between traction forces F created by locomotive drive wheel sets
acting in a direction tangential to the wheel set, and train movement resistance force
W acting at the level of autocoupling at height h.

Figure 30 designations: 1—autocoupling; 2—diesel engine cooling equipment;
3—braking resistors; 4—battery and fuel tank; 5—traction motor; Fa1, Fa2, Fa3, Fa4,
Fa5, Fa6—traction forces of drive wheel sets; Wj—movement resistance forces that
act on the rolling stock; P1—the first wheel set–rail static load; P2—the second
wheel set–rail static load; P3—the third wheel set–rail static load; P4—the fourth
wheel set–rail static load; P5—the fifth wheel set–rail static load; P6—the sixth
wheel set–rail static load; h—height from the railhead to automatic coupling point;
rk—wheel set radius; B—distance between bogie centers (basis).

The traction force acting at the railhead level and movement resistance force at
the autocoupling level together create a pair of forces with a shoulder equal to the
coupling height from the railhead surface, or the torque which reduces load to the
front wheel sets and increases load to the end wheel sets.

Therefore, the first least-loaded wheel set will first lose rail adhesion. In most
cases, the first wheel set slips more frequently. Locomotive traction force is also

Fig. 30 Equipment and acting forces of the TEP-70 modernized diesel-electric locomotive: 1—
autocoupling; 2—diesel engine cooling equipment; 3—braking resistors; 4—battery and fuel tank;
5—traction motor
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influenced by the irregularity of traction forces of each wheel set. If a less-loaded
wheel set creates lower traction force, then its slippage will begin at a lower traction
force of the entire locomotive.

3.2 Assessment of Adhesion Weight in Modernization
of TEP-70

Traction vehicles such as electric locomotives, diesel-electric locomotives, and
electric or diesel trains should be designed with equal load to the wheel sets. In
order to realize these theoretical requirements, centers of the equally spaced bogies
should be equally loaded so that characteristics of the elastic elements of suspen-
sions coincide. When these conditions are implemented, locomotive weight is
distributed uniformly and wheel set–rail load is equal. However, in practice, real-
ization of such conditions is complicated, because locomotive equipment of dif-
ferent weight values must be arranged uniformly. Therefore, typically, according to
technical requirements, the permissible deviation of wheel set–rail axial load for
diesel-electric locomotives with static rail load up to 225 kN (23 tf) is ±3%, and
±2% in the case of a static axial rail load of 245 kN (25 tf). The traction force Fki

developed by each wheel set, limited by wheel set–rail load force 6Pi based on rail
adhesion conditions, is calculated as follows:

Fki �w6Pi ð7Þ

Entire locomotive traction force Fk:

Fk �wPk ð8Þ

where Pk is the locomotive adhesion weight force, which is calculated as follows:

Pk ¼
X

6Pi ð9Þ

Taking into account permissible deviation of wheel set–rail load of ±3% or
±2%, the actual value of traction force of the entire locomotive is calculated
according to (10) and is less by 2–3%.

Fkmin ¼ 0:97w6P ð10Þ

Consequently, due to permissible deviations, the maximum traction force of a
diesel-electric locomotive is limited by the wheel set with the lowest static rail load
and may be less by 2–3% compared to the design value. In this case, it can be stated
that adhesion weight of the modernized diesel-electric locomotive TEP-70 is not
used optimally, resulting in reduced traction force and higher fuel losses.
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3.3 Assessment of Influence of Load Changes
in Modernization of TEP-70

The bogie-to-rail force redistribution scheme (in traction mode) of the six-axle
locomotive is provided in Fig. 31. Frames of bogies are affected by drive wheel set
traction forces Fa1, …, Fa6, and the automatic coupling point of rolling stock is
affected by movement resistance forces Wj that are equal: Wj = n � Fa. Due to the
operation height difference of the traction force FT generated by locomotive drive
wheel sets and train movement resistance force Wj that acts at the coupling point,
there is torque MT:

0MT ¼ n � Fa � ðh� rrÞ ð11Þ

where n is the wheel set number (units), Fa is the traction force of one drive wheel
set (N), h is the coupling point height (distance from railhead to coupling point,
longitudinal axis; m) and rr is the wheel set rolling radius (m).

Torque MT tilts the locomotive body at axis Y that crosses locomotive weight
center C, and it changes the value of vertical force T acting on the bogies, which is
calculated as follows:

T ¼ MT=B ð12Þ

where B is the distance between bogies (basis; m). The change in wheel set force
DPi is calculated as follows:

DPi ¼ RTj j ¼ T
m

¼ MT

m � B ð13Þ

where m is the bogie wheel set number. At torque MT, the first bogie is less loaded
and the second is more loaded.

Fig. 31 Redistribution scheme of locomotive bogie to rail force: Fa1, Fa2, Fa3, Fa4, Fa5, Fa6—
traction forces of drive wheel sets; Wj—movement resistance forces that act on the rolling stock;
qa—static wheel to rail force of a wheel set; h—height from the railhead to automatic coupling
point; B—distance between bogie centers (basis). A—direction of locomotive movement
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3.4 Assessment of Influence of Adhesion Factor Changes
in Modernization of TEP-70

The traction force of the modernized diesel-electric locomotive is affected by
non-uniformity of traction forces of each wheel set. If a less-loaded wheel set
creates higher traction force, then its slippage will begin at lower traction force of
the entire locomotive. The adhesion factor of the modernized diesel-electric loco-
motive TEP-70 is also affected by fretting of wheel rims, rail wear and differences
in wheel diameter. In low-radius track curves, wheel set–rail adhesion is affected by
wheel set slippage caused by a difference in running distances. The adhesion factor
is also influenced by the type of locomotive drive (DC/DC, AC/DC, AC/AC),
traction motor connection methods and the nature of traction motor mechanical
characteristics. Locomotive traction force due to redistribution of wheel set–rail
load may be reduced by the maximum force calculated as follows:
DP = DP1 + DP2 + DP3. The force of the least-loaded wheel set is calculated
according to the formula 6Pmin = 6P(1 − 0.03) − DP; here, 0.03 is the deviation of
static wheel set–rail load permitted by the technical conditions of the locomotive
when force 6P is below 225 kN. The load ratio of the least-loaded wheel set and
design load is referred to as locomotive adhesion utilization factor bk and is
expressed as follows:

bk ¼
6Pmin

6P
¼ 6P 1� 0:03ð Þ � DP

6P
¼ 0:97� DP

6P
: ð14Þ

The adhesion utilization factor shows what proportion of traction force the
locomotive actually develops. Based on analysis, we can state that the adhesion
utilization factor of the modernized diesel-electric locomotive TEP-70 depends on
the layout of the wheel sets, traction motors, type of traction motor suspension and
traction force transmission equipment.

3.5 Assessment of the Forces Acting on Bogie Components
in Modernization of TEP-70

Locomotive dynamics. Earlier analyzed cases of wheel–rail load reflect static con-
ditions and have significant influence in the low-speed range. However, in ranges of
moderate and high speeds, dynamic wheel–rail forces have higher impact. The
“passing” wheel in a curve is contacting rail with a flange, and the last wheel set has
gaps on both sides. Such bogie position is intermediate when both end wheel sets are
pressed against the rail during the highest leaning in a curve. The diagram of forces
acting on the bogie of the modernized diesel-electric locomotive TEP-70 is provided
in Fig. 32. The bogie of the modernized diesel-electric locomotive TEP-70 runs on a
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track by a complex path close to sinusoid (meandering). Let us determine its
momentary center of the turn Ω (see Fig. 32) by laying a perpendicular line from the
curve center to thewheel set axis. Bogie turning and cross-movement against the track
axis is influenced by wheel set friction forces Pl acting in the opposite direction
(l, friction factor). These forces in each wheel set are perpendicular to the radii,
connecting the force action point with the turn angle Ω. These forces consist of
longitudinal force Hi and transverse force Vi components.

They can be determined graphically or analytically. The longitudinal force Hi

and transverse force Vi components are calculated as follows:

Hi ¼ Pl
sffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2i þ s2
p ; ð15Þ

Vi ¼ Pl
xiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

x2i þ s2
p : ð16Þ

A bogie is exposed to a part of centrifugal force CT caused by the outside rail
elevated by h, whose value depends on the locomotive speed:

CT ¼ 3mP
v2

gR
� h
3s

� �
: ð17Þ

Fig. 32 The diagram of forces acting on the bogie of the modernized TEP-70 diesel-electric
locomotive
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Let us compose an equilibrium equation of forces acting against a bogie:

�Y1 þCT þ
X

Vi ¼ 0: ð18Þ

Taking into account that the sum of all transverse forces is equal to zero:

CTx2 þ
X

MTP �MB ¼ 0: ð19Þ

Using Eqs. (18) and (19), unknown Yx and CT can be determined, and the
permissible bogie speed v can be calculated:

v ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

CT

3mP
� h
3s

� �
gR

s
; ð20Þ

where v is the bogie speed, m is the number of bogie axles, h is the height of
elevated rail in a curve and R is the curve radius.

3.6 Assessment of the Influence of Traction Motor Layout
on Loads of TEP-70

The author present an analysis of how the adhesion factor is influenced by the
layout of the traction motors. Results of this analysis are applied to improve
practical construction of a locomotive. The traction motor of the TEP-70
diesel-electric locomotive develops torque M, which rotates a wheel set. A shaft
of the traction motor is connected to a wheel set through a gearbox. The gear wheel
connected to the traction motor has fewer teeth than the gear wheel pressed on the
wheel set axle. The diagrams showing the assessment of the influence of the
traction motor on the static rail load (a) and practical traction motor layout in bogies
(b) are provided in Fig. 33. When the locomotive runs in a given direction, force
Z is directed upwards. If we add two equal opposite forces ZI and ZII in point B (on
the wheel set axle) with value equal to force Z, then we can see that Z and ZII create
a force pair, forcing rotation of the wheel set, and force ZI reduces the wheel set
load. After movement, the direction of the modernized TEP-70 is changed, and
force ZI increases the load of the locomotive wheel set. When the locomotive
traction motor suspension is of the axial frame type, and traction motors in the first
and second bogies are arranged symmetrically in relation to their wheel sets, the
number of wheel sets with increased and reduced loads in a locomotive is equal,
because locomotive weight does not change.

In the locomotive with three-axle bogies, rail loads of the three wheel sets are
increased, and those of the other three are reduced. However, the reduction in wheel
set loads limits the maximum force of the diesel-electric locomotive even more.
Reaction Z1 is acting on a gear wheel tooth in point C according to Newton’s third
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law, which is equal to force Z in value, but in an opposite direction. If we add two
equal and opposite forces ZIII and ZIV, equal in value Z = Z1, to point D (on traction
motor axis), we can see that forces Z1 and ZIII create reactive momentum, Mp = M,
equal in value to the motor’s developed torque M. The force ZIV through the
traction motor rotor shaft bearings acts on a body and supports (designated as A in
the figure). Let us determine the forces which change the wheel set–rail load of the
modernized TEP-70. The force RB at point B, increasing wheel set–rail load, when
the locomotive movement direction is A, is calculated as follows:

RB ¼ Z
L� r1 � r2ð Þ

L
: ð21Þ

The force RA at point A increases the load of the bogie frame when the loco-
motive movement direction is A. When the locomotive movement direction
changes, forces RA and RB are directed upwards. In addition, the motor stator is
subjected to the momentum Ms = M, which is added to motor supports by the force
RMB, calculated as follows:

RMB ¼ RMAj j ¼ M=L: ð22Þ

The force RMB increases the wheel set–rail load, and the force RMA reduces the
wheel set–rail load. The absolute values of forces RMA and RMB are lower than

Fig. 33 The diagrams of assessment of traction motor influence on static rail load (a) and
practical traction motor layout in bogies (b). P—locomotive wheel set–rail static force; Ms—static
resistance momentum added to a traction motor shaft; Da—wheel set diameter; r1, r2—diameters
of gear wheels
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those of forces RA and RB. Thus, if a traction motor is arranged behind a wheel set,
and the traction motor suspension is of an axial frame type, the wheel set–rail load
will decrease by value DPi, which is calculated as DPi ¼ Z � RB � RMB ¼ M � i=L
where i is the gear ratio, calculated as i = r2/r1. When the modernized TEP-70
diesel-electric locomotive changes movement direction, the wheel set–rail load
increases by the same value.

During design, the main equipment should be arranged so as to ensure minimal
dispersion of wheel set loads. This is a fairly complex task. In practice, there is no
possibility of distributing equipment weight uniformly (see Fig. 34). Consequently,
different static forces will act on the first and second wheel sets of a bogie. This
leads to different adhesion factors, and slipping of the locomotive will occur. In
order to reduce this influence, traction motors are specially arranged according to
the diagram in Fig. 33b. The layout of the main equipment of equal weight in the
modernized TEP-70 is provided in Fig. 34. According to the layout of the TEP-70
traction motors, in traction mode, due to the specific arrangement of the traction
motors, the first bogie lifting force T will be reduced. This will lead to an increase in
the adhesion factor of the first bogie, all of which will reduce slipping and skidding.

3.7 Weighing Tests of Modernized Locomotive TEP-70M

The modernized TEP-70M 0249 diesel-electric locomotive was weighed on
February 2, 2015, at the site of the Vilnius locomotive repair depot, using Schenck
V039905 equipment according to weighing procedures used by UAB VLRD. The
purpose of the measurement of wheel set–rail load is to determine what static force
is acting on rails, and what the dispersion of static loads of individual wheel sets is
(Figs. 35, 36, 37 and 38).

Weighing conclusion: The deviation in diesel-electric locomotive wheel-set
loads comparing the left and the right sides is 1.89%. Percentage deviation of the
diesel-electric locomotive wheel sets in the transverse direction is 1.5%. This meets
the permissible deviation of wheel set loads of 3%. The total locomotive mass is
133,335 kg (Table 3).

Fig. 34 Layout of the main equipment of equal weight in the modernized TEP-70 diesel-electric
locomotive
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Fig. 35 Diesel-electric
locomotive weighing
equipment used by UAB
VLRD

Fig. 36 Weighing process of
the modernized diesel-electric
locomotive TEP-70M

Fig. 37 Weighing process of
the modernized diesel-electric
locomotive TEP-70M
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Fig. 38 Recording of the
weighing process results of
the modernized diesel-electric
locomotive TEP-70M

Table 3 Weighing results for the modernized diesel-electric locomotive TEP-70M

Parameter Wheel set

1 2 3 4 5 6

Wheel set load, left side. FRk (tf) 10.645 11.076 10.992 10.788 11.380 10.543

Wheel set load, right side. FRd (tf) 12.012 11.991 10.972 10.931 11.155 10.890

Total wheel set load
FR = FRk + FRd (tf)

22.657 23.067 21.964 21.719 22.535 21.433

Bogie load FV =
P

FR (tf) 67.688 (1st bogie) 65.687 (2nd bogie)

Total left side locomotive load
FBRk =

P
FRk (tf)

65.424

Total right side locomotive load
FBRd =

P
FRd (tf)

67.951

Total diesel-electric locomotive mass
m (t)

133.375

Average wheel set load in a bogie
FVAv = FV/3 (tf)

22.563 21.896

Average wheel set load in a
locomotive
m/6 (t)

22.229

Deviation of locomotive wheel set
loads in a longitudinal direction
(FBRk − FBRd)/(FBRk + FBRd) � 100

−1.89%
Deviation of locomotive loads in longitudinal direction

Deviation of locomotive wheel set
loads in a transversal direction
(Fv1 − Fv2)/(Fv1 + Fv2) � 100

1.5%
Deviation of locomotive loads in transversal direction
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3.8 Main and Control Equipment of the Modernized
Locomotive TEP-70

The maximum design speed of the modernized diesel-electric locomotive TEP-70M
0249 is 160 km/h. The main technical data for the modernized diesel-electric
locomotive TEP-70M 0249 is provided in Table 4.

After analysis of the influence on locomotive dynamics, assemblies of the
modernized diesel-electric locomotive TEP-70 are arranged so that axial rail loads
would not deviate more than 3%. The diesel engine installed in the center of the
common frame of the diesel-electric locomotive TEP-70 is rigidly connected to AC
traction, auxiliary equipment supply and passenger car heating generators.

Generators for traction, auxiliary equipment supply and passenger car heating
and their exciters are installed in a single electric machine. The driver’s cabin is
provided for locomotive control. Layout of the main equipment of the modernized
diesel-electric locomotive TEP-70 is shown in Fig. 39.

The following assemblies and equipment are arranged in the modernized
diesel-electric locomotive TEP-70: Central cabinet of equipment, auxiliary
equipment control cabinet, passenger car heating rectifier, control panel VZA-A,
control panel VZA-B, electrical cabinet; machinery compartment cabinet; battery
compartment, MTU ICE, battery charging generator and two starters, AC traction
generator G1 and AC exciting G2 generator, AC auxiliary equipment and passenger
car heating system supply generator G3 and AC exciting generator G4, compressor;
cooling fan of traction motors of the first bogie, cooling fan of traction motors of the
second bogie, three-phase bridge rectifier (UR).

Table 4 The main technical data of the modernized diesel-electric locomotive TEP-70M 0249

Locomotive TEP-70M 0249 technical data Value

Maximal speed (km/h) 160

Wheel gauge (mm) 1520

Weight (tons) 133 t (±3%)

Load on axle (tons) 22.2 t (±3%)

Wheel-set arrangement Co‘-Co‘

Diesel engine type MTU20V4000R43L

Rated engine power (kW) 3000

Traction alternator 1TAG-2900/700-TEP-70

Traction alternator rated power (kW) 2900

Minimum curve radius (m) 125

Power transmission AC/DC

Wagon heating power (kW) 400
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Figure 40 designations: 1, 4—cooling compartment; 2, 3—cooling fans; 5—
compressor louver; 6—roof fan louver; 7—generator cooling fan; 8—cooling fan;
9—machinery compartment 1 cooling fan; 10, 11—electrodynamic braking resistor
cooling fans; 12—transformer compartment fans; 13, 16—traction motors (M1–
M6) 14—battery unit AKK2; 15—external supply socket.

The structure of the bogie of the modernized diesel-electric locomotive TEP-70
is shown in Fig. 41.

The driver’s cabin is arranged so as to ensure good visibility; all outside
dimensions would be visible. Front and back windows are made of multilayered
protection glass, equipped with electric wipers and washers. To enable observation
of both locomotive sides for the driver, electrically heated rear-view mirrors are
installed outside the cabin. The driver’s seat rotating 280° ensures good visibility of

Fig. 39 Layout of the main equipment of the modernized diesel-electric locomotive TEP-70: 1—
diesel engine cooling equipment; 2—compressor; 3—diesel engine; 4—assembly of traction,
auxiliary equipment generators and traction rectifier; 5—passenger car heating equipment; VZA-A
and VZA-B—control panels; KVZ70—central cabinet of equipment

Fig. 40 Layout of the main equipment of the modernized diesel-electric locomotive TEP-70M
0249
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the track and signals. The control panel contains all important indicators and
controls, including the speedometer, kilometer meter, tachometer, work hour meter,
battery charging indicator, braking system pressure gauges, fuel indicator, oil
pressure and engine temperature. Each driver’s cabin is equipped with a traction
and braking controller at the right side of the panel; the driver’s and assistant’s seats
meet requirements of ergonomics, hygiene and fire safety rules. Controllers and
activation devices of the main and auxiliary systems of the diesel-electric loco-
motive’s safety, communication and measuring devices, and their arrangement and
mounting in the driver’s cabin and on the panel meet the requirements of UIC 651.
Cabin lighting installation meets the requirements of UIC 555 for lighting intensity
and emergency lighting. Heating and air conditioning equipment ensures a cabin
temperature of 21–28 °C when the outside temperature is −40 to +40 °C, according
to HN 69:2003.

Diagnostics of electric drive parameters of the modernized diesel-electric
locomotive TEP-70. The block diagram of the electric drive with diagnostics
signals of the modernized TEP-70 AC/DC diesel-electric locomotive is provided in
Fig. 42. The block diagram shows electric drive control signals sent by sensors.
Information of these signals is used for diagnostics.

The information window in the display of control panel A of the TEP-70 is
shown in Fig. 43. This display window shows the following parameters in real
time: crankshaft speed (1798 rpm) and rated speed (1800 rpm), coolant temperature
(96 °C), coolant temperature in the main circuit (96 °C), traction generator load
current (3624 A), voltage (657 V) and output power (2380 kW).

The diagnostics of the control system of the modernized diesel-electric
locomotive TEP-70. The first window of the control system parameters of the
modernized TEP-70 is shown in Fig. 44. This display window shows the following
parameters in real time: crankshaft speed (1798 rpm), oil pressure (0.92 bar),

Fig. 41 Structure of the bogie of the modernized diesel-electric locomotive TEP-70: 1—traction
motor; 2—spring; 3—frame
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Fig. 42 The block diagram of the electric drive with diagnostics signals of the modernized
AC/DC diesel-electric locomotive TEP-70. GS is a separately excited AC traction generator; CS1–
CS6 are armature current sensors of DC traction motors; CS7 is the traction generator’s rectifier
current Id sensor; M1–M6 are series wound DC traction motors; BQ is a diesel speed and
crankshaft position sensor; BV is the traction generator’s rectifier voltage Ud sensor; 1–6 are the
DC traction motor excitation windings; Y is the excitation regulator control signals; BQ is the
diesel engine speed and crankshaft position sensor

Fig. 43 Information window in the diagnostics display of control panel A in the diesel-electric
locomotive TEP-70
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coolant temperature (96 °C), auxiliary battery charge voltage (27.8 V), battery
charge voltage (28.3 V), power of the auxiliary three-phase generator (195 kW,
voltage 398 V), DC traction motor armature circuit currents: sixth—586A, fifth—
615A, fourth—627A, third—587A, second—614A, first—595A. In addition to the
diesel engine parameters, the diagnostics window also shows traction generator
load current (3624 A), voltage (657 V) and developed power (2380 kW).

The second window of the control system parameters of the TEP-70 is shown in
Fig. 45.

This displaywindow shows the following parameters in real time: crankshaft speed
(1798 rpm), oil pressure (3.85 bar), oil temperature (92 °C), coolant temperature
(96 °C), coolant temperature in the main circuit MC (96 °C), coolant temperature in
the auxiliary circuit CC (58 °C), traction generator load current (3624 A), voltage
(657 V) and output power (2380 kW). Auxiliary battery (battery 1) voltage (27.8 V),
main battery (battery 2) voltage (28.3 V), DC tractionmotor armature circuit currents:
sixth—565A, fifth—615A, fourth—627A, third—587A, second—614A, first—
595A.

Fig. 44 Driver’s cabin equipment and control system parameters window 1 in the diagnostics
display of the diesel-electric locomotive TEP-70: 1—panel; 2, 3—driver’s seats; 4—ТСКБ panel;
5—alertness monitoring buttons

Fig. 45 Equipment in driver’s cabin control station 1 and control system parameters window 2 in
the diagnostics display of the diesel-electric locomotive TEP-70: 1—panel; 2—driver’s seat; 3—
microwave oven; 4—refrigerator; 5—alertness monitoring buttons; 6—mirrors; 7—wipers
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Diesel engine diagnostics. The state of a diesel engine is usually diagnosed
using a diagnostics and forecasting system, which is applied to control the technical
state of many machines. It has the following functions: to convert non-electric
sensor signals to analogue or digital electric signals, to process electric signals
based on the defined algorithm, to compare results with limit values, to convert to a
digital format and to store it in a memory of a board computer, to forecast the
remaining lifetime of the monitored assemblies and to continuously monitor
parameter values determining the operational mode of the diagnosed object. The
process of diagnosis is carried out in an automatic mode according to the preset
program. The system operates as follows: when it is switched on, the number of the
typed diagnostic parameter is displayed in the control unit panel. This number is
read from the memory unit and written to the random access memory of the control
unit.

This information is transmitted via the router to the primary and secondary
transmitters, which present it in a form convenient for analysis. Finally, the
information is sent to a display. The right side control panel and diesel engine
parameter window in the diagnostics display of the diesel-electric locomotive
TEP-70 are shown in Fig. 46.

Onboard computer. The locomotive’s onboard computer provides the driver
with control and diagnostic functions for the entire rolling stock and parameters
necessary for driving. The onboard computer also has required interfaces with
traffic safety system and brakes. A driver is provided with necessary information
about all the locomotive’s operating parameters. Operating information in the dri-
ver’s display is provided graphically (analogous scales, histograms, etc.), combined
with digital information; however, presentation of information exclusively in digital
form is avoided. The onboard computer provides the ability to transfer system log
data to external memory storage (USB memory stick, SD card, etc.) for saving and
analysis on a PC.

The ability to correct or cancel diagnostic system data is possible only with
special software or password permission. The engine electronic regulation and
control system with diagnostics is integrated into the common control system of the
vehicle powertrain.

Fig. 46 Right side control panel and diesel engine parameter window in the diagnostics display of
the modernized TEP-70 diesel-electric locomotive
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The system ensures: automatic engine starting by pushing a button in the dri-
ver’s panel, i.e., checking operations before start are performed automatically,
including automatic disconnection of the starting system after the engine starts
running, automatic monitoring of engine operating parameters (crankshaft speed,
load, work hours, fuel level, fuel consumption), monitoring of oil, coolant tem-
perature and level, and activation of the dialogue terminal during engine adjustment
for indication of engine parameters.

3.9 Electric Drive of the Modernized Locomotive TEP-70

The main purpose of the modernized diesel-electric locomotive TEP-70 series with
electric drive is the traction of passenger cars. The maximum speed of the TEP-70 is
160 km/h. Driver cabins are installed in the back part of the locomotive. The
TEP-70 is equipped with a computer (microprocessor) control system for automated
control of the diesel engine generator and power assembly. The locomotive weighs
126 t and has six driving axles, with the axis formula C0‘–C0‘. The locomotive is
equipped with the MTU 20-cylinder 4000 AG capacity diesel engine. Typical
Russian-produced diesel-electric locomotive trolleys are used, in which six DC
serially excited traction motors (ED 121AU1) with 324-kW capacity are installed.
The main power source in the TEP-70 is the power assembly consisting of the
diesel engine and two AC generators: traction and auxiliary. Diesel engines and AC
generators are rigidly connected with elastic coupling. Another important part of the
diesel engine generator is the auxiliary AC generator with 700-kVA capacity,
intended for the locomotive’s onboard three-phase network with 3 � 400 V and
50 Hz, as well as for heating of passenger cars. The AC traction generator with
2900-kVA capacity is the power source supplying the electrical traction system.
Static converter-regulators are used for excitation of generators. Independently of
the main locomotive computer control system, diesel engine parameters are mon-
itored and controlled by the autonomous electronic control system designed by the
company MTU, which controls startup of the diesel engine, prevents power
increase up to critical values and limits the power in the case of overload.
Parameters of all engine operation modes are signalled, and the diesel engine is
stopped in the case of overload up to the critical values. DC traction motors of the
electric drive of the modernized diesel-electric locomotive TEP-70 are supplied by
the rectified voltage Ud of the AC traction generator. The author analyzed the ACS
of traction generators of typical diesel-electric locomotives 2M62, TEM1, TEM2,
ČME3 and TEP-70, and proposed using semiconductor static converters for exci-
tation of traction generators in the modernized JSC Lietuvos geležinkeliai
diesel-electric locomotives [17, 18]. Their connection diagrams are provided in
different chapters. The block diagram of computer control and diagnostics of the
modernized TEP-70M diesel-electric locomotive developed and implemented by
the author is provided in Fig. 47.
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To ensure optimal use of diesel engine capacity across the entire speed range, the
shape of the traction generator load characteristics Ug = (f)Ig must be the same as
that of traction characteristics F = (f)v [1]. Ideally, load characteristics of the
traction generator should be of a hyperbolic shape. In order to shape characteristics
marked in red (see Fig. 48a) from the natural (blue), excitation current of the
synchronous traction generator has to be changed according to function D′C′H′B′
(green). Characteristics obtained using the synchronous traction generator excita-
tion method proposed by the author are provided in Fig. 48b. The AC traction
generator’s theoretical characteristics (a) and practical artificial load characteristics
of the modernized diesel-electric locomotive TEP-70M (b) are provided in Fig. 48.

Fig. 47 The block diagram of computer control and diagnostics of the modernized diesel-electric
locomotive TEP-70M

Fig. 48 AC traction generator’s theoretical characteristics (a) and practical artificial load
characteristics of the modernized diesel-electric locomotive TEP-70M (b)
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3.10 Electrodynamic Braking System of the Modernized
Locomotive TEP-70

The electrodynamic braking mode of the modernized TEP-70 is set by an integrated
braking (three-position) controller installed in the locomotive’s control panel.
Braking force is set by the controller’s position within a range of 0–100%. If the
locomotive is braked in an electrodynamic braking mode, then the braking effect
can be increased by using an automated braking (pneumatic) system. For that
purpose, an automatic braking valve installed in the locomotive’s control panel
must be used.

Electrodynamic braking conditions of the modernized diesel-electric loco-
motive TEP-70. The following actions in the system are taking place when the
driver switches the braking controller into electrodynamic braking mode: DC
serially excitation traction motors M1–M6 are disconnected from the power supply
(terminals of synchronous traction generator-rectifier), and traction motors M1–M6
are connected to the individual braking resistors Rb1–Rb6. Closed dynamic braking
circuits of each traction motor are created where dynamic braking currents Ib1–Ib6
are flowing. At the same time, serially connected traction motor excitation windings
1–6 are connected to the terminals of the synchronous traction generator-rectifier.

Control of electrodynamic braking modes. Depending on the braking switch
position, the onboard computer LocoControl receives automatic control informa-
tion. Many sensors are connected to the onboard computer LocoControl which
supply information on the general state of the locomotive: changes in the com-
pressor’s oil, pressures in the main tanks, temperature in the main ICE cooling loop,
temperature of the front bearing of the traction generator, temperature of the rear
bearing of the traction generator and temperature of the braking resistors. Sensors
provide information about changes in currents of traction motors 1–6, traction
generator current after rectification, traction motor excitation current (in EDB
mode) and traction generator rectified voltage Ud. The electromagnetic braking
power circuit of the modernized diesel-electric locomotive TEP-70 includes braking
resistors Rb1–Rb6 and DC serially excited traction motors M1–M6. The temperature
of the traction motor dynamic braking resistors is monitored by thermo-sensors
BT3–BT8 (see Fig. 49). Sensor BV is used to obtain deviation signals of rectified
voltage Ud. Sensors BT1–BT2 are used to obtain deviation signals of traction
generator winding temperature and traction rectifier temperature. Sensor CS7 is
used to measure excitation current deviation, which generates deviation signals of
excitation circuit current DIE. Output voltage of the synchronous traction generator
is proportional to diesel engine crankshaft speed nD and magnetic flux UG.
Electrodynamic braking resistors of the modernized diesel-electric locomotive
TEP-70 are cooled by fans (MV). Fan speed is directly proportional to the values of
braking currents Ib1–Ib6. When braking current values increase, at the same time,
braking voltage Ub and the speed of the DC fan motor rotors increases.
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The automatic braking resistor cooling system operates so that the speed of the
DC fan motor rotors increases in proportion to the increase in braking currents and
temperature of the braking resistors. Thus, automatic heating and cooling of the
braking resistor is ensured.

Electrodynamic braking force regulation. A diagram of computer control of
the AC/DC diesel-electric locomotive TEP-70 electric drive in electrodynamic
braking mode is provided in Fig. 49. When excitation circuit current IE of traction
motors M1–M6 operating in generator mode changes, the magnetic flux UM also
changes. Braking force characteristics are obtained when the braking resistor value
is constant and the magnetic flux of the traction motors operating in generator mode
is changed.

3.11 The Diagnostics of Electrodynamic Braking
of Modernized Diesel-Electric Locomotive TEP-70

The diagnostics window of electrodynamic braking parameters of the modernized
diesel-electric locomotive TEP-70 is shown in Fig. 50. In the red background of the
display, connection diagrams of the individual traction motor armature windings to

Fig. 49 Diagram of computer control of the modernized AC/DC diesel-electric locomotive
TEP-70M electric drive in electrodynamic braking mode. CS1–CS6—current sensors; BT1–BT6 –
temperature sensors; RT1–RT6—temperature sensors/thermistors; DT3–DT8—braking resistor
temperature deviation signals; Ib1–Ib6—braking currents 1–6
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the individual resistors and values of currents flowing in the respective circuits are
shown. The current in the winding of the first traction motor armature is 770 A. The
current in the winding of the second traction motor armature is 813 A. The current
in the winding of the third traction motor armature is 790 A. The current in the
winding of the fourth traction motor armature is 0 A (traction motor is discon-
nected). The current in the winding of the fifth traction motor armature is 810 A.
The current in the winding of the sixth traction motor armature is 782 A. In the
green background of the display, the diagrams of connection of the individual
motor excitation windings the traction rectifier output voltage. All electrodynamic
braking parameters of the modernized diesel-electric locomotive TEP-70 are given
at a speed of 61 km/h: coolant temperature (96 °C), coolant pressure (1.05 bar),
traction generator load current (3624 A), voltage (657 V) and output power
(2380 kW), power, current and three-phase network frequency of the diesel engine
cooling roof fans 1 and 2 (58.6 kW, frequency 48.7 Hz, current 92 A); coolant
temperature in the main circuit MC (96 °C) and coolant temperature in the auxiliary
circuit CC (58 °C). Electrodynamic braking resistors of the modernized AC/DC
diesel-electric locomotive TEP-70 are cooled by the fan M. The speed of the fan M
is directly proportional to the values of braking currents Ib1–Ib6. With increasing
braking currents, braking voltage Ub increases, and the DC fan motor rotor speed
increases simultaneously. The automatic cooling system of the braking resistors
operates so that when braking currents increase, the temperature in the braking
resistors also increases, and the DC fan motor rotor speed increases proportionally.
Thus, automatic heating and cooling of the braking resistors is ensured.

Figure 51 shows electrodynamic braking circuits and values of their currents. In
the traction mode, the traction motor M4 is disconnected due to insulation damage.
Therefore, current does not flow in the traction motor M4 during electrodynamic
braking, i.e., it is equal to 0 A. Current of 147 A flows in the circuit of the fan
motor.

Fig. 50 The window of electrodynamic braking parameters of the modernized diesel-electric
locomotive TEP-70M
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3.12 Passenger Car Heating System of Modernized
Locomotive TEP-70

Generator for high-voltage supply to passenger cars. The locomotive is
equipped with a generator for high-voltage supply to passenger cars. Trailing
passenger cars are heated with a voltage of 3000 V, the output power of which is
sufficient for heating 8–10 passenger cars. A diagram of the passenger car heating
system of the modernized diesel-electric locomotive TEP-70M is provided in
Fig. 52. The power supply source for heating passenger cars is the auxiliary
three-phase generator G3–G4 with brushless excitation systems, with total power of
700 kVA. The auxiliary three-phase generator G3–G4 with brushless excitation
system is an electric machine in the common housing. The passenger car heating
system of the TEP-70 includes auxiliary three-phase generator G3–G4, whose
voltage is maintained at a level of 3 � 400 V. This voltage is increased by step-up
transformer T with two secondary windings. This voltage is rectified by three-phase
rectifiers UR1 and UR2. In order to obtain DC voltage rated at 3000 V for pas-
senger car heating, the outputs of three-phase rectifiers UR1 and UR2 are connected
serially. The capacity of the power source for heating of trailing passenger cars is
400 kW.

Automatic control of passenger car heating system parameters of the
modernized diesel-electric locomotive TEP-70. The automatic control of pas-
senger car heating system parameters of the TEP-70 is implemented according to

Fig. 51 Electrodynamic braking circuits of the modernized diesel-electric locomotive TEP-70M

Fig. 52 Diagram of the passenger car heating system of the modernized diesel-electric
locomotive TEP-70M: GS—synchronous heating generator; T—dividing transformer; LD—
locomotive motor; UR—three-phase rectifier; R—electricity consumers/heaters; IH—current of the
heating circuit; v—running speed
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the ACS developed by the author using current sensor CS and voltage sensor BV.
With increasing numbers of trailing passenger cars, heating circuit current increases
and heating circuit voltage decreases. In this case, a voltage of 3000 V is stabilized
by increasing the value of the G4 generator’s excitation current IE. This value is
adjusted by the output voltage of the static converter when the number of trailing
passenger cars increases. The output voltage of the static converter is adjusted by
the onboard computer after processing signals of the heating circuit current, heating
circuit voltage and passenger car temperature V1 and Vi sent by sensors CS, BV
and BT. The passenger car heating computer control system of the modernized
diesel-electric locomotive TEP-70M, which is shown in Fig. 53, is designed for 50
and 100% modes. In 50% mode, cars are supplied with 1500 V from one rectifier
(UR1 or UR2). In 100% mode, cars are supplied with 3000 V from serially con-
nected rectifiers.

In this case, the current sensor (bridge) will supply continuous information to the
onboard computer upon deviation of passenger car heating circuit current IH, and
the voltage sensor will supply information upon deviation of the 3000-V passenger
car heating circuit (Fig. 54).

Conclusions: In 2015, the average fuel consumption of the TEP-70 and TEP-70
BS passenger diesel-electric locomotives (before modernization) was 2.21 l/km. In
2016, the average fuel consumption of the modernized TEP-70M passenger
diesel-electric locomotive was 1.7 l/km. Thus the fuel consumption of modernized
locomotive TEP-70M (l/km) has been reduced by 23%.

Fig. 53 The computer control system of passenger car heating of the modernized diesel-electric
locomotive TEP-70M: G3–G4—auxiliary and heating generator; T—exalting transformer; UR1
and UR2—three-phase rectifiers; Ud1 and Ud2—rectified voltage; IE—excitation current; V1 and
Vi—passenger cars; R1, R2, R3 and Ri—heaters (resistors) of passenger cars; DIH—current IH
deviation signal; BT1–BT2—temperature sensors of passenger cars; RT1–RT2—temperature
sensors/thermistors; DT1–DT2—temperature deviation signal of passenger cars
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4 New Transportation Technology of Railway Switches
and Their Components in JSC Lietuvos Geležinkeliai

The company Voestalpine VAE Legetecha UAB was established by JSC Lietuvos
geležinkeliai together with Austrian company VAE. The last is a worldwide leader
in the development, manufacture and sale of railway switches. JSC Lietuvos
geležinkeliai decided to lead the management of railway switches according to the
highest quality requirements. Thus, the project “Right on time delivery of a railway
switch ready for installation in a track” was born. This project includes so-called
plug-and-play equipment for transportation of railway switches and their compo-
nents. Figure 55 shows the Voestalpine VAE GmbH site in Austria for assembling
and loading railway switches onto cars.

The new specialized platform technology for transportation of railway switches
and their components enables shortening of train traffic pauses, reduces opera-
tion and maintenance costs, and optimally uses man-hours of highly qualified
automation and signalization specialists. This project includes railway switch
development and manufacturing, site delivery, installation and operation phases.
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Fig. 54 Modernized passenger locomotive TEP-70 M, TEP-70 and TEP-70BS diesel fuel
consumption (l/km)

Fig. 55 Voestalpine VAE
GmbH site in Austria for
assembling and loading
railway switches to cars
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The project concept is technology according to which a railway switch that is
unsuitable for operation is disassembled from a track, loaded to the special platforms
for oversize cargo and safely transported to a railway switch repair and manufac-
turing site, where its assemblies and parts are inspected and refurbished. The
repaired or new railway switch is then transported to the installation site on the new
specialized platform. Following the implementation plan of the program Site
delivery and installation technology of a railway switch ready for installation in a
track, based on the order of Voestalpine VAE Legetecha, associated company of
JSC Lietuvos geležinkeliai, TMHB UAB (representative of Transmashholding ZAO
for the Baltic states) delivered the typical platform, and Vilniaus locomotyvų
remonto depas UAB, together with Palfinger UAB, modernized the typical platform
made in Russia and adapted LST EN 13232 for transportation of railway switches.

4.1 Design Aspects of Platform for Transportation
of Railway Switches and Their Components

The technological equipment manufactured by Voestalpine VAE Legetecha UAB
for the transportation of railway switches and their components is shown in the
transportation position in Fig. 56. The equipment consists of the following: A—
MPP-61 platform (modernized tilted platform, no. 00000001) with
three-component angle lifting equipment intended for transportation of railway
switches and their components; B—technological platform; C—technological
platform.

The MPP-61 platform is used for transportation of switches and their
components. During the modernization project, transportation of the following
switches and their components manufactured by Voestalpine VAE Legetecha UAB
was planned on the special platform: intermediate crossing assembly (switch
R65-300-1:11, drawing no. E14-006/1, point assembly (switch R65-300-1:11,
drawing no. E14-006/2), prepoint assembly (switch R65-300-1:11, drawing no.
E14-006/3). The intermediate crossing assembly is shown in Fig. 57.

Technical data of the intermediate crossing assembly P&P switch R65-300-1:
weight m = 28,720 kg, length l = 21,475 mm, width a = 4903 mm.

The point assembly (switch R65-300-1:11, drawing no. E14-006/2,
Voestalpine VAE Legetecha UAB) is shown in Fig. 58.

Fig. 56 Technological equipment for transportation of railway switches and their components
made by Voestalpine VAE Legetecha UAB
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Technical data for the point assembly are as follows: weight m = 16,740 kg,
length l = 16,429 mm, width a = 3250 mm. The pre-point assembly (switch
R65-300-1:11, drawing no. E14-006/3, Voestalpine VAE Legetecha UAB) is
shown in Fig. 59.

Technical data for the pre-point assembly are as follows: weight m = 10,326 kg,
length l = 12,500 mm, width a = 2700 mm.

Fig. 57 Intermediate crossing assembly (switch R65-300-1:11, drawing no. E14-006/1,
Voestalpine VAE Legetecha UAB)

Fig. 58 Point assembly (switch R65-300-1:11, drawing no. E14-006/2, Voestalpine VAE
Legetecha UAB)

Fig. 59 Pre-point assembly (switch R65-300-1:11, drawing no. E14-006/3, Voestalpine VAE
Legetecha UAB)
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4.2 Evaluation of Axial Loads of MPP-61 Platform
with Three-Component Tilt Cargo Lifting Equipment
Without Cargo

A diagram of axial load (forces acting in transverse direction) distribution of the
MPP-61 platform with three-component tilted cargo lifting equipment is provided
in Fig. 60. A, B and C—newly produced tilted components for fixing and trans-
portation of railway switches and their components.

The main components of the MPP-61 platform with three-component tilted
cargo lifting equipment are shown in Fig. 61.

Calculation of static forces. Static forces acting from the empty platform 1–2
wheel sets against a rail are calculated as follows:

PR1�2 ¼ 5608 kgf þ 6770 kgf þ 6016 kgf þ 7199 kgf ¼ 25; 543 kgf;

Fig. 60 Diagram of axial load (forces acting in transverse direction) distribution of platform
MPP-61 with three-component tilted cargo lifting equipment P01–P04—wheel set axial loads; Ph—
hydraulic station load; Pd1–Pd4—toolbox load; Pk1–Pk3—load of cargo lifting-landing equipment

Fig. 61 The main components of platform MPP-61 with three-component tilted cargo lifting
equipment: 1—intermediate crossing assembly; 2—bogies of typical platform; 3—diesel engine,
hydraulic pump and electrical equipment; 4—frame of typical platform; 5—tilted cargo lifting
component
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Static forces acting from the empty platform 3–4 wheel sets against a rail are
calculated as follows:

PR3�4 ¼ 5873 kgf þ 7056 kgf þ 5934 kgf þ 6689 kgf ¼ 25; 552 kgf:

Comparison of loads of the empty platform wheel sets 1–2 and 3–4. Load
deviation in percentage between bogies I and II:

DP ¼ P1bogie � P2bogie:
� �

= P1bogie: þP2bogie
� �� 100

¼ 25;543 kgf � 25;552 kgfð Þ= 25;543 kgf þ 25;552 kgfð Þ � 100

¼ �0:02%:

Total sum of static forces of the empty platform left side acting against a rail:

Pleft: ¼ 5608 kgf þ 6016 kgf þ 5873 kgf þ 5934 kgf ¼ 23;431 kgf:

Total sum of static forces of the empty platform right side acting against a rail:

Pright: ¼ 6770 kgfþ 7199 kgf þ 7056 kgf þ 6689 kgf ¼ 27;714 kgf:

Comparison of loads of the right side and left side of the empty platform.
Deviation in percentage between the right side and left side of the platform:

P ¼ Pleft � Pright:
� �

= Pleft þPright:
� �� 100

¼ 23;431 kgf � 27;714 kgfð Þ= 23;431 kgf þ 27;714 kgfð Þ � 100

¼ �8:4%:

Conclusion: Calculations show that the axial loads of platform MPP-61 meet the
requirements of technical design and technical specifications for interoperability
(TSI). The maximum axial load of platform MPP-61 is less than 22.5 tf.

4.3 Evaluation of Driving Conditions of Platform MPP-61
with Three-Component Tilt Cargo Lifting Equipment
in a Track Curve

Evaluation of centrifugal force F. The value of centrifugal force F (kN) is
determined according to the equation [14]:

F ¼ mv2

R
; ð23Þ
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where m is the platform weight with cargo (kg; P&P switch R65-300-1:11;
1520-mm intermediate crossing assembly drawing no. E12-036/5 Voestalpine VAE
Legetecha UAB), v is the speed of the platform moving in a curve (km/h) and R is
the radius of the flat curve (m).

The main components of the track plan are straight track sections and curved
track sections. Each curved track section consists of round and two transitional
curves and is usually referred to as a flat curve. In some cases, transitional curves
are not accounted for (due to high radii of circular curves) such that a flat curve
corresponds to a circular curve. The sizes of curve radius are determined by the
standards according the category of railway track. Adjacent curves must be sepa-
rated by straight inserts of a defined length. Forces acting in the platform MPP-61
No. 00000001 curve are provided in Fig. 62.

We can state that the train running speed in the railway track plan is limited by
small radii of flat curves, elevation of the outside rail, and the lengths of transitional
curve inserts and straight inserts. When the platform is running in a curve, it is
exposed to centrifugal and centripetal forces, which cause additional wheel pressure
against the outside and inside rails. This leads to faster rail wear, distortions appear
in the railway track structure, tension in rails and sleepers increases, and train traffic
safety is compromised. forces acting on the platform running in a curved track
section in a general case are shown in Fig. 62.

Fig. 62 Forces acting in the
platform MPP-61
No. 00000001 curve
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Figure 62 designations: F—centrifugal force, kN; Fh—centripetal force, kN;
h—elevation of outside rail, mm; G—platform weight force, kN; S—distance
between axes of railheads, mm; a—car tilting angle to a horizon, degrees.

Evaluation of influence of centripetal force Fh: The platform is also exposed
to a gravity force caused by outside rail elevation and acts on the inside rail of a
curve

G ¼ mg;

where g is the free-fall acceleration. Centripetal force Fh (kN) is calculated
according to the equation:

Fh ¼ G � tga; ð24Þ

when

tga ¼ h
S
; ð25Þ

where h is the elevation of the outside rail (mm) and S is the distance between the
axes of railheads (mm).

In order to equalize influence of the both acting forces, the condition of equal
wear of outside and inside rails must be met: F = Fh. Such outside rail elevation
must be installed, which meets the following condition: by inserting the expressions
(23)–(25) into this condition, the following equation will be obtained:

mv2

R
¼ mg

h
S

ð26Þ

4.4 Evaluation of Influence of Outside Rail Elevation
in a Track Curve on the Railway Switch Transportation
Platform

In order to reduce the action of side wheels to outside rails, to ensure equal wear of
both rails, and to reduce tension in the rails, outside rail elevation h (in mm) is
installed in a curve, as shown in Fig. 62. In the general case, the elevation of the
outside rail is calculated from Eq. (28) by expressing h (in mm) as:

h ¼ v2 � S
g � R : ð27Þ

By inserting S and g values into this equation and matching units, we determine
that the elevation of the outside rail in a curve in mm is calculated according to
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Eq. (28). The elevation of the outside rail in a curve is calculated when the speed of
the platform MPP-61 (modernized tilted platform, No. 00000001) with
three-component tilted cargo lifting equipment:

h ¼ 12:5
v2

R
; ð28Þ

4.5 Evaluation of Influence of Running Speed of Platform
MPP-61 with Three-Component Tilt Cargo Lifting
Equipment

The calculation scheme of deviation of the gravity center of the platform MPP-61
with three-component tilted cargo lifting equipment in relation to the longitudinal
axial line of the platform is provided in Fig. 63.

Fig. 63 Calculation scheme of deviation of the gravity center of the platform MPP-61 with
three-component tilted cargo lifting equipment in relation to the longitudinal axial line of the
platform
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By expressing from Eq. (26) the speed v (in km/h) of platform MPP-61, we
obtain the following expression for calculation of platform speed:

v ¼
ffiffiffiffiffiffiffiffiffi
R � h
12:5

r
: ð29Þ

Calculations of the deviation of the gravity center of platform MPP-61 in relation
to the longitudinal axial line of the platform are made using SOLIDWORKS
software.

Conclusion: Evaluation of the influence of running conditions of the platform
MPP-61 with three-component tilted cargo lifting equipment in a railway track
curve shows that the centrifugal and centripetal forces acting on the platform and
the deviation of the gravity center from the platform longitudinal axial line do not
exceed permissible values.

4.6 Theoretical Braking Distance Calculations for Platform
MPP-61 with Three-Component Tilt Cargo Lifting
Equipment

Theoretical calculations of braking distance of platform MPP-61 with the heaviest
cargo are provided in Table 5. Theoretically, the full braking distance of the plat-
form is calculated according to the following equation:

Ssu ¼ Sst: þ Sp: ð30Þ

where Ssu is the full braking distance, Sst. is the real braking distance and Sst. is the
preparatory braking distance.

Preparatory braking distance is calculated according to the following equation:

Table 5 Data for calculation of braking distance of the platform MPP-61 No. 00000001

vp
(km/h)

vg
(km/h)

vav.
(km/h)

w′te
(kgf/t)

w0te

(kgf/t)
utr. bst + w0te + ir

(kgf/t)
bst
(kgf/t)

Sst. (m)

80 70 75 5.19 3.11 0.122 43.23 40.12 144.65

70 60 65 4.59 2.82 0.128 45.10 42.28 120.12

60 50 55 4.06 2.46 0.136 47.47 45.01 96.54

50 40 45 3.60 2.14 0.147 50.73 48.59 73.97

40 30 35 3.21 1.86 0.162 55.32 53.46 52.71

30 20 25 2.89 1.62 0.183 62.12 60.5 33.52

20 10 15 2.64 1.42 0.217 72.98 71.56 17.18

10 0 5 2.46 1.26 0.277 92.74 91.48 4.45
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Sp: ¼ 0:278vptp ð31Þ

where vp is the vehicle speed at the beginning of braking and tp is the braking
preparation time.

Real braking distance is calculated according to the following equation:

Sst: ¼
X 500 � ðv2p � v2gÞ

f � ð1000 � utr: � #sk: þw0te þ irÞ ð32Þ

where ir is the slope of the braking section, vp. is the initial vehicle speed, vg. is the
vehicle speed at the end of braking, utr. is the main resistance to vehicle movement,
w0te is the additional resistance to vehicle movement, f is vehicle deceleration
caused by braking activity and #sk. is the braking factor. Formulas and factors
required for calculations are provided in [22].

The theoretical braking distance up to the full stop, calculated using formulas
and including preparatory braking distance, is as follows:

(1) 696.36 m, when the initial speed of the platform MPP-61 No. 00000001 is
80 km/h;

(2) 393.59 m, when the initial speed of the platform MPP-61 No. 00000001 is
60 km/h;

(3) 184.54 m, when the initial speed of the platform MPP-61 No. 00000001 is
40 km/h.

4.7 Dynamic Testing of a Loaded Platform MPP-61
with Three-Component Tilt Cargo Lifting Equipment

Target of the dynamic tests: To assess the dynamic properties of the modernized
platform MPP-61 with cargo, an evaluation was performed on November 7, 2014,
in a real railway section with modernized platform MPP-61 transporting the
heaviest cargo. The tests included acceleration and braking modes. A braking mode
experiment was conducted to determine braking distance and to compare it with
theoretical calculations.

Results of the dynamic tests: Analysis of the dynamic tests was performed on
the basis of data for safety system KLUB-U of the locomotive pulling the platform.
This system includes electronic storage which can be decoded, and all locomotive
movement, driver’s actions and other data can be determined. The results of the
braking tests with cargo at speeds of 60–0 and 80–0 km/h are provided in Figs. 64,
65, 66 and 67. These figures show speed data from the panels of locomotive safety
system KLUB-U and decoded data of KLUB-U electronic storage. Hard braking
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distance was determined during analysis of braking tests of platform MPP-61 with
cargo at speeds of 60–0 km/h and 80–0 km/h.

Braking test data of platform MPP-61 with cargo at speeds of 60–0 and
80–0 km/h are provided in Table 6.

Hard braking distances for platform MPP-61 from a maximum speed of
80–0 km/h and 60–0 km/h determined by decoding the electronic storage data of
traffic safety system KLUB-U of the locomotive TEM TMH are provided in
Figs. 65 and 67.

Fig. 64 Driver’s display data
during braking system tests of
the platform MPP-61
No. 00000001 at a speed of
60 km/h

Fig. 65 Braking of the
platform MPP-61
No. 00000001 from 60 to
0 km/h (green speed trend;
red permissible speed in the
section)
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Fig. 66 Driver’s display data
during braking system tests of
the platform MPP-61
No. 00000001 at a speed of
80 km/h

Fig. 67 Hard braking of the
platform MPP-61
No. 00000001 from 80 to
0 km/h (green speed trend;
red permissible speed in the
section)

Table 6 Results of hard braking of the platform MPP-61 No. 00000001 from 60 to 0 km/h, and
from 80 to 0 km/h (direction Valčiūnai-Jašiūnai station)

Initial braking
speed (km/h)

Braking start/end Braking
distance (m)

Other information

60–0 19 km 4 pk 71 m/19 km
8 pk 62 m

391 Braking cylinder pressure
5.2 kg/cm2

80–0 22 km 8 pk 11 m/23 km
4 pk 84 m

673 Braking cylinder pressure
5.2 kg/cm2
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Conclusion: The braking distance of platform MPP-61 with heaviest cargo
measured during dynamic tests was shorter than the theoretical braking distance
down to a full stop. The measured braking distance of the platform with the heaviest
cargo at the maximum speed of 80 km/h in the direction of Valčiūnai-Jašiūnai
station during dynamic braking tests was 673 m, and the theoretically calculated
value was 696.36 m. According to technical requirements, braking distance at a
speed of 80 km/h must not exceed 830 m.

4.8 Main Parameters of Platform MPP-61
with Three-Component Tilt Cargo Lifting Equipment

A photo of platform MPP-61 with cargo is shown in Fig. 68.
Wheel sets, bogies, the main frame, the brake system, lifted platforms and

autocouplings with dampeners of machinery platforms ППК-3Д made in Russia
remain unmodified during modernization. Hydraulic equipment, including main
cylinders, hydraulic station and their control, is replaced by the advanced autono-
mous equipment.

After modernization, machinery platform ППК-3Д is renamed the modernized
tilted platform type MPP-61 (hereinafter referred to as the platform), which trans-
ports railway switches from the manufacturing site to the installation site in the
public infrastructure of Lithuania.

Fig. 68 Photo of platform MPP-61 with three-component tilted cargo lifting equipment with
cargo
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Transportation of loaded and unloaded platform MPP-61 is carried out with
lifted and fixed, tilted load lifting equipment (consisting of three sections).

Modernized platform MPP-61 is intended for transportation: one switch unit of
width not exceeding 5.25 m, length 22.5 m.

The platform is autonomous, transported by locomotive, for transportation of
new switches from the manufacturing site to a switch installation site.

Used switches are transported from their dismantlement place to the manufac-
turing site.

The platform is designed for operation in open air at ambient temperature −10 to
+40 °C. The chassis consists of two two-axle bogies with wheel sets.

The platform is equipped with a standard brake system. A manual brake is also
installed. The three-component tilt cargo lifting equipment is installed on the main
frame.

For tilt lift, hydraulic equipment including six pieces of equal main hydraulic
cylinders is used. Autocouplings of type SA-3 with dampeners are installed on the
main frame.

The hydraulic equipment includes: six equal hydraulic cylinders designed for
cargo tilt lift and lowering, six equal double-stroke cylinders for locking of cargo
lifted at 61°, hydraulic station with diesel engine and its control equipment (remote
controller with cable, radio remote controller).

The diesel engine is designed to transmit torque to the hydraulic pump through a
UIC coupling.

The diesel engine is equipped with assemblies and equipment: silencer, fuel
tank, starter and battery.

The main parameters of the modernized platform are provided in Table 7.
The modernized platform MPP-61 is for transporting cargo with width not

exceeding 5.25 m, length up to 22.5 m and weight up to 36 tons. The main frame is
made from welded constructions. It is installed on two bogies. The equipment
which is intended to lift the cargo at an angle of 61° and consists of three com-
ponents is mounted on the main frame. Hydraulic equipment consisting of equal
basic hydraulic cylinders is used to lift the load. Year of first production: 2014.
Delivered number: 4 units. Delivery country: Lithuania.

4.9 Functional Performance Testing of Platform MPP-61
with Three-Component Tilt Cargo Lifting Equipment

Functional performance testing of the lifting-lowering process of platform MPP-61
was executed in order to assess the performance of all process equipment under real
conditions. Functional performance testing of the lifting-lowering process of plat-
form MPP-61 with cargo (intermediate crossing assembly, switch R65-300-1:11,
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drawing no. E14-006/1, Voestalpine VAE Legetecha UAB) was performed using a
remote controller. Cargo lifting-lowering times in normal and emergency modes
were tested with the platform. A photo of the functional performance testing of the
lifting-lowering of platform MPP-61 with fixed cargo (switch component) is shown
in Fig. 70.

Control equipment of platform MPP-61 is shown in Fig. 69.
Times of the tilt lifting process of platform MPP-61 with fixed cargo (the

heaviest switch component) by controlling with a remote controller: (1) time of
cargo lifting with hydraulic drive determined during tilt lift testing of cargo (the
heaviest switch component) is 2–6 min; (2) time of cargo lifting with hydraulic
drive determined during emergency tilt lift testing of cargo (the heaviest switch
component) using batteries (in case of failure of the main diesel engine) is 12 min.

Table 7 The main parameters of the modernized platform MPP-61 of VLRD UAB

Title Parameter

Wheel gauge (mm) 1520

Maximum load (tons) 36.0

Maximum dimension of the transported unit (m)

– Length 22.5

– Width 5.25

The maximum tilt angle of the platform block during transportation,
in degrees

61

The duration of transporting the platform from operating position to
transporting position, in minutes, no more than

10

Speed of transporting (km/h) no more than

– In unloaded position 90

– In loaded position 80

Actuator of the executive mechanism Hydraulic

Gauge of the platform in the transporting positions, when the
platform is turned into an angle of 61° when the width of the switch
element does not exceed 4.95 m
– In loaded position
– In unloaded position

The third upper gauge
category

Gauge 1-T GOST 9238

Maximum weight of the unloaded platform 52 ± 3%

Overall dimensions in transport position (mm)

– Length based on the axis 26220 ± 50

– Width 2800 ± 5

– Maximum height 4660 ± 10

Engine DEUTZD 2011 L021

Engine power (kW) 23
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Conclusion: After completion of functional performance testing of the
lifting-lowering process of platform MPP-61 with the heaviest cargo intermediate
crossing assembly (switch R65-300-1:11, drawing No. E14-006/1,
Voestalpine VAE Legetecha UAB) in the site, the following was determined: the
cargo fixing process and cargo lifting and lowering processes using a remote
controller meet the process requirements provided in the modernization design of
VLRD UAB (Fig. 70).

Fig. 69 Control equipment of platform MPP-61. a Designations: 1—remote controller of
platform MPP-61; 2—transmitter of the remote control system; 3—manual control panel.
b Designations: 1—electrical cabinet; 2—diesel engine; 3—hydraulic pump. c Designations: 1—
hydraulic cylinder; 2—support; 3—part A of tilt platform; 4—part B of tilt platform
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5 Other UAB Vilnius Locomotive Repair Depot Activities

History. The depot was founded on December 29, 1884, at which time it was called
Vilnius Locomotive Return Depot. In 1888, the depot already had its own fleet of
locomotives and was called Vilnius Steam Engine Depot. In 1970, with an increase
in the number of locomotives, the depot was renamed Vilnius Locomotive Depot.
On October 1, 2003, UAB Vilnius Locomotive Repair Depot started its operations.
The depot is a subsidiary of JSC Lietuvos geležinkeliai, a Lithuanian railway
company, established on October 1, 2003, by restructuring JSC Lietuvos
geležinkeliai Vilnius Locomotive Depot into two divisions. The restructuring was
carried out according to the requirements of the European Parliament and Council
Directive No. 2001/12EB, and sought to reform the rolling stock facilities, sepa-
rating operational activities from the rolling stock repairs, which could speed up the
introduction of new technology and develop modern rolling stock repair facilities.
Our company was the first in the Baltic region to engage in complex and respon-
sible modernization of locomotives, and is now implementing a traction fleet
renewal program which is of vital importance to the railways. In 2007, our company
was nominated by JSC Lietuvos geležinkeliai as the Best Subsidiary of 2007. In
2009, we assembled the TEM TMH locomotive, which was nominated by the
Confederation of Lithuanian Industrialists as the Lithuanian Product of the Year
and awarded the gold medal.

Certificates. The implementation of quality and environmental management
systems conforming to the International Organization for Standardization
(ISO) 9001 and ISO 14001 management system standards began in April 2005.

Fig. 70 Photo of the functional performance testing of lifting-lowering of platform MPP-61
No. 00000001 with fixed cargo
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After intense, coherent and concerted efforts by the company’s employees, in June
2006, Vilnius Locomotive Repair Depot was granted international certificates
certifying that the company had implemented a quality management system in
accordance with standards BS EN ISO 9001:2001 and Environmental Management
System BS EN ISO 14001:2005.

New locomotive production. Since 2009, our company has cooperated in a
joint project with the companies Transmashholding (Russia) and CZ Loko a.s.
(Czech Republic) in the production of a series of new shunting locomotives,
TEM TMX.

Remotorization. In April 2004, a cooperation agreement was signed with the
Kolomna Energy Service OU Company (Estonia), which developed the remotor-
ization project. The diesel locomotive 2M62 underwent extensive repairs simulta-
neously with ICE replacement; the old 14D40 diesel was replaced with the modern
four-stroke diesel 5-26DG.01, without changing the locomotive control systems or
auxiliary equipment. In July 2005, the remotorization of M62 diesel locomotives
was begun. During 2005–2007, the company focused its efforts on the remotor-
ization of 25 2M62 diesel locomotives and 16 M62 diesel locomotives; in total, JSC
Lietuvos geležinkeliai commissioned 66 diesel locomotive sections to be remo-
torized. The remotorization program was successfully completed. In terms of
operating characteristics, compared to the old-style locomotive 14D40 engines and
diesel locomotives, the 5-26DG.01 type four-stroke diesel engines achieved a 16–
18% reduction in diesel fuel consumption, 4–5% reduction in motor oil con-
sumption and significantly lower diesel locomotive servicing and repair costs.

Modernization. This international project was carried out in 2004: 2M62
locomotives were overhauled, and KR-2 with a Caterpillar engine was installed. For
this purpose, a contract was signed with the Hungarian company MAVSzolnoki
Jarmujavito Kft, under which the company carried out the modernization of the
2M62 freight locomotives. Modernization included the modification of the loco-
motive body to adapt it for the installation of new modern units and assemblies.

All mechanical transmission reducer drives were replaced with hydraulic actu-
ators from the German Rexroth company, which ensured the reliability and reduced
maintenance and repair costs. During 2004–2008, the company streamlined 58
sections of 2M62M locomotives. The locomotive now has a modern, cost-efficient,
USA-made Caterpillar internal combustion engine (CAT 3512B-HD-LC), the
German AVK asynchronous DSG86M1 three-phase generator with a Mega Techno
DH-6x 1000/2 current rectifier.

Modernization of diesel-electric locomotive series 2M62 (ST 44).
Diesel-electric locomotive series 2M62 is for heavy cargo transportation. It is
available for 1435/1520-mm gauge with a maximum speed up to 100 km/h. Year
modernization began: 2005. Delivered number: 58 units. Delivery countries:
Lithuania and Latvia. Diesel-electric locomotive 2M62 is presented in Fig. 71.

The main technical characteristics of the 2M62 locomotive are provided in
Table 8.
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ČME3 locomotive modernization to CAT 3512 and CAT 3508 engines.
Beginning in the second half of 2007, the company, in cooperation with the Czech
company CZ Loko, undertook implementation of the modernization project for
CME-3 M shunting locomotives. The first phase included the modernization of
locomotives with modern Caterpillar ICEs made in the USA, the Caterpillar 3512B
DITA (1450 kW) and 3508B DITA (940 kW). For the first time in the practice of
diesel locomotive modernizations, modular units were applied; each of the modules
was produced and completed in the shop and then moved onto the main frame.

Production of shunting locomotive series ČME-3M. Shunting locomotive
series ČME-3M is for heavy cargo transfers. It is available for 1435/1520-mm
gauge with a maximum speed up to 90 km/h. Year production began: 2008.

Fig. 71 Diesel-electric
locomotive 2M62

Table 8 The main technical characteristics of locomotive 2M62

Title 2M62 Title 2M62

Wheel set arrangement Co‘-Co‘ Diesel engine type CAT 3512

Rated power (kW) 1700 Traction alternator DSG 86 M1-4/AVK
SEG

Maximal speed (km/h) 100 Power transmission AC/DC

Weight (tons) 120
(±3%)

Auxiliary transmission Hydrostatic

Load on axle (tons) 20
(±3%)

Traction effort of coupling
(kN)

379.5

Minimum curve
radius (m)

80 Control circuit voltage (V) 24
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Delivered number: 22 units. Delivery country: Lithuania. The shunting locomotive
series ČME-3 M is presented in Fig. 72.

The main technical characteristics of the ČME-3M shunting locomotive are
provided in Table 9.

The locomotive was assembled from several main modules: the electric control
module, the driver’s compartment module, the power module, the auxiliary
equipment module, the cooling module and the pneumatic module. Single loco-
motive use can reduce fuel consumption by up to 35% and maintenance and repair
costs by up to 70%.

Fig. 72 Shunting locomotive
series ČME-3M

Table 9 The main technical characteristics of the ČME-3M series shunting locomotive

Title ČME-3M Title ČME-3M

Wheel set
arrangement

Co‘-Co‘ Diesel engine type CAT 3512C/
CAT 3508C

Rated power (kW) 1550/970 Traction alternator Siemens 1FC2
631-6B029T

Wheel gauge (mm) 1435/1520

Maximal speed
(km/h)

90 Power transmission AC/DC

Weight (tons) 120
(±3%)

Auxiliary transmission Electric

Load on axle (tons) 20 (±3%) Traction effort of coupling (kN) 436

Minimum curve 80 Permanent traction effort of
coupling (kN)

259

At speed (km/h) 14.3

Control circuit
voltage (V)

24
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New projects. The main technical characteristics of the AGRc 1200 catenary
system maintenance machine are provided in Table 10.

In 2012, the company turned a new page in their business history by starting
production of railway infrastructure machinery. The KTD motor trolley for catenary
system maintenance was created and manufactured together with SVI S.p.A., an
Italian rail transport production company.

At the same time, another machine, the AGRc-1200, operating on 1520 and
1435-mm gauge railway tracks, was manufactured. This motor trolley will be used
for railway track inspection and repair and for laying of new track. The AGRc 1200
catenary system maintenance machine is presented in Fig. 73.

Table 10 The main technical characteristics of the AGRc 1200 catenary system maintenance
machine

Title AGRc
1200

Title AGRc 1200

Wheel gauge (mm) 1435/1520 Diesel engine type CAT 3512C/CAT
3508C

Maximal speed (km/h) 80 DEUTZ engine power (kW) 2 � 440

Weight (tons) 50 Transmission type Hydro
SAUER-DANFOSS

Motorized axles 4 Fuel tank capacity (l) 800

Maximum length of frame
(mm)

18500 Air compressed system
power (m3/h)

60

Maximum high (mm) 3800 Environment temperature (°
C)

−32/+40

Loading capacity (t) 12 Control circuit voltage (V) 24

Minimum curve
radius (m)

150

Fig. 73 Catenary system
maintenance machine AGRc
1200

210 L. Liudvinavičius and S. Dailydka



In 2013, a new project for our company was started. In cooperation with
Ukrainian company Lugansteplovoz, Russian company CJSC Bryansk Machine
Building Plant and Czech company CZLoko, we began production of a new
TEM LTH four-axle shunting diesel locomotive. This locomotive represents our
first product equipped with an induction motor drive and a traction motor.

Production of shunting locomotive series TEM 33. Shunting locomotive
series TEM 33 is designed for heavy transfer and is available for 1435/1520-mm
gauge with a maximum speed up to 100 km/h. Year production began: 2013.
Delivered number: 1 unit. Delivery country: Russia. Shunting locomotive series
TEM 33 is presented in Fig. 74. The main technical characteristics of shunting
locomotive series TEM 33 are provided in Table 11.

Production of hybrid drive shunting locomotive series TEM 35. In the fourth
quarter of 2012, in cooperation with UAB Transmashholding and CZLoko
Company, the production of a new TEM TMX 35 hybrid drive shunting diesel
locomotive began. This locomotive is intended for the Russian market. Innovation:
an additional energy storage unit would allow the effective use of diesel motor
power as well as reduce fuel consumption to the minimum. Hybrid drive shunting

Fig. 74 Shunting locomotive
series TEM 33

Table 11 The main technical characteristics of the TEM 33 series shunting locomotive

Title TEM 33 Title TEM 33

Wheel set arrangement Co‘-Co‘ Diesel engine type Caterpillar
C18

Rated power (kW) 2 � 571 Traction alternator 2xGS523

Wheel gauge (mm) 1435/1520 Power transmission AC/AC

Maximal speed (km/h) 100 Traction effort of coupling (kN) 351

Weight (tons) 123
(±3%)

Permanent traction effort of
coupling (kN)

206

At speed (km/h) 7.8

Load on axle (tons) 20.5 Control circuit voltage (V) 110

Minimum curve
radius (m)

80
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locomotive TEM 35 is presented in Fig. 75. The main technical characteristics of
hybrid drive shunting locomotive TEM 35 are provided in Table 12.

TGM4 locomotive modernization with the CAT engine. Our company carries
out modernization for TGM4 shunting locomotives with the Caterpillar CAT
3508B engine. The shunting locomotive TGM-4 is presented in Fig. 76, and its
main technical characteristics are provided in Table 13.

Fig. 75 Hybrid drive shunting locomotive TEM 35: 1—bogie with AC traction motor; 2, 3—
diesel engine equipment; 4—cab; 5—conditioner; 6—air purifier; 7—compressor; 8—traction
motor cooling fan; 9—energy storage batteries (supercapacitors); 10—fuel tank

Table 12 The main technical characteristics of hybrid drive shunting locomotive TEM 35

Title TEM 35

Wheel-set arrangement Co‘-Co‘

Rated power (kW) 571

Rated energy of power accumulators (MJ) 22.7

Wheel gauge (mm) 1435/1520

Maximal speed (km/h) 100

Weight (tons) 120 (±3%)

Load on axle (tons) 20

Minimum curve radius (m) 80

Diesel engine type Caterpillar
C18

Traction alternator 2xGS523

Power transmission AC/AC

Power on the shaft of traction motors in continuous operation (when powered
by engine) (kW), not less than

324

Power on the shaft of traction motors in continuous operation (when powered
by engine and storage device, with taken 410 kW power from storage device)
(kW), not less than

683

Speed of continuous operation when traction motors are powered from diesel
generator (km/h)

7.8

Control circuit voltage (V) 110
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It is a leap into the new era in the modernization of 600-kW class shunting
locomotives. The four-axle shunting locomotive TGM-4 is equipped with an
electric AC/DC drive and the Caterpillar 3508B ICE (640 kW), without altering the
long-term traction and speed of the diesel locomotive. The diesel locomotive
control computer system is adapted for one-person operation, so the driver no
longer needs an assistant.

Modernization includes the KR-2, with major repairs of the locomotive frame,
bodywork, driver’s car, carriages, hydraulic drive, auxiliary power plant equipment,
compressors and pneumatic system, sander system, road safety and radio com-
munication systems, in accordance with the TGM-4 locomotive overhaul
instructions.

TGK-2 locomotive modernization with the Volvo-Penta engine. In 2010, our
company offered modernization projects for the TGK-2 low-power shunting

Fig. 76 Shunting locomotive
TGM-4

Table 13 The main technical characteristics of shunting locomotive TGM-4

Title TGM-4 Title TGM-4

Wheel set
arrangement

B’o-B’o Diesel engine type Caterpillar
3508

Rated power (kW) 621 Power transmission Hydrodynamic

Wheel gauge (mm) 1520 Transmission type UGP 750

Maximal speed
(km/h)

55 Traction effort of coupling (kN) 259

Weight (tons) 80
(±3%)

Permanent traction effort of coupling (kN) 176.5

At speed (km/h) 5

Load on axle (tons) 20 Control circuit voltage (V) 24

Minimum curve
radius (m)

40 Fuel consumption saving (in comparison
with base model)

30%
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locomotive. The first modernized locomotive was equipped with a new cab and a
new hood, a new Volvo-Penta ICE and diagnostic controls. The TGK-2 shunting
locomotive is presented in Fig. 77, and its main technical characteristics are pro-
vided in Table 14.

6 Conclusions

1. After modernization of JSC Lietuvos geležinkeliai shunting locomotives, fuel
consumption was reduced up to 35%.

2. The traction generator excitation control system proposed by the author enabled
the artificial load characteristics to approach a hyperbolic nature; ICE power is
fully used across the entire speed range.

Fig. 77 Shunting locomotive
TGK-2

Table 14 The main technical characteristics of shunting locomotive TGK-2

Title TGK-2 Title TGK-2

Wheel set arrangement 0-2-0 Diesel engine type Volvo-Penta
TAD95851VE

Rated power (kW) 224 Hydraulic transmission type UGP 230

Wheel gauge (mm) 1520 Traction effort of coupling
(kN)

100.5

Maximal speed (km/h) 60 Permanent traction effort of
coupling (kN)

70

Maximal speed in shunting
mode (km/h)

30 Clearance 03-T

Weight (tons) 30
(±3%)

Minimum curve radius (m) 50

Maximal train weight (tons) 700
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3. The traction generator’s artificial load characteristics are stable. Parts of char-
acteristics of maximum current, current restriction and its hyperbolic nature
were shaped in the ACS.

4. The traction generator excitation system (contactless, without moving parts) has
become more reliable; it does not contain the electric machine intended for
excitation, which is driven by a diesel engine in typical arrangements.

5. Contactless components are used in the static converter—controlled
semi-conductors—thyristors or IGBT transistors.

6. The traction generator’s excitation system is long-lived.
7. The static converter has enabled a significant reduction in the traction gener-

ator’s control power.
8. After modernization of JSC Lietuvos geležinkeliai freight locomotives, fuel

consumption was reduced up to 25%.
9. Fuel consumption of the modernized diesel-electric locomotive TEP-70M

decreased by 23%.
10. The modernized diesel-electric locomotive TEP-70M can reliably heat 8–10

passenger cars.
11. The implemented diagnostic systems enable prompt elimination of complex

faults.
12. The time required for replacement of railway switches and their components

has been reduced fourfold after implementation of the new transportation
technology for switches and their components.

13. The time required for transportation of railway switches and their components
was reduced after manufacturing of the modernized platform MPP-61.

14. The modernized platform MPP-61 has reduced the time required for
loading/unloading of railway switches and their components.

15. The modernized platform MPP-61 has reduced the number of special track
repair machines used for installation of railway switches and their components.
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Systems Approach to the Organization
of Locomotive Maintenance on Ukraine
Railways

Eduard Tartakovskyi, Oleksander Ustenko, Volodymyr Puzyr
and Yurii Datsun

Abstract A basic criterion of locomotive maintenance system optimization in rail
transport is the ability to provide the required volume of transportation and safety at
the lowest cost. Early investigations into locomotive maintenance did not touch on
problems encountered in modern rail engineering. Within the context of railway
reform efforts in Ukraine, this has highlighted the practical necessity of actually
making optimization of the locomotive maintenance system the top priority. The
reforms carried out on Ukraine’s rail transport system include considerable changes,
both qualitative and quantitative, in locomotive repair plants, their rearrangement
by certain criteria to distinguish between repair and maintenance, and the formation
of repair clusters oriented to service a certain type of locomotive operating on a
certain rail site. The current study deals with the development of a virtual main-
tenance, service and repair system for rolling stock which takes into account the
type of locomotive, state of repair depots and plants, and a method for assessing the
organizational and technical level of a locomotive repair plant.

Keywords Maintenance system � Rail transport � Optimization � Organizational
and technical level � Locomotive repair plant � Rolling stock

1 Introduction

In rail transport, the system of locomotive maintenance has a whole range of
peculiarities of complex technical systems, including a common objective, man-
ageability, interrelation of components and hierarchical structure. The main crite-
rion for optimization of such a system is the ability to provide the required traffic
volume and safety at the lowest cost.
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Early investigations into locomotive maintenance carried out by a great number
of scientific institutions did not touch on problems occurring nowadays in rail
engineering. In particular, some researchers [1–7] have devoted much attention to
determining the rational characteristics of modern locomotives, while ignoring the
current state and potential of locomotive repair plants.

Some works [8–11], in determining the parameters for improved locomotive
performance, have taken into account changes in their state over the whole life-
cycle, but have considered their maintenance system as constant.

A great number of studies [12–22] dealing with locomotive maintenance sys-
tems have embraced issues such as structure, service region, modes and operational
conditions, but have ignored the organizational and technical state of repair facil-
ities, repairability and repair quality at locomotive repair plants.

Some studies [8, 14, 23] have provided detailed assessments of railway repair
plants and determination of their main characteristics. Other works [24, 25] have
defined an organizational and technical level of locomotive repair plants as a formal
procedure—notably, certification—the main disadvantage of which is the subjec-
tive nature of the conclusions and variation among expert commissions certifying
repair plants.

Problem statement: The analysis that has been carried out has shown the theo-
retical and practical need for solving problems in order to optimize the locomotive
maintenance system on Ukraine’s railways in the period of reforms.

Rail reform in Ukraine has been under way for several years, and the process has
involved various organizational stages, with the current stage stipulating consid-
erable change, both quantitative and qualitative, at locomotive repair plants, their
rearrangement by certain criteria differentiating between repair and maintenance,
and the organization of repair clusters focused on handling a certain type of
locomotive running within a certain rail site.

One of the most important issues in the reform process is developing methods
for assessing the organizational and technical level of locomotive repair plants.
A number of criteria contributing to optimization must be determined. In practice,
this will allow a reduction in operating expenses due to the elimination of small
repair shops at ineffective sections, with repair services concentrated at large
automated plants with highly qualified personnel, which will be included in a single
information space of the industry.

In choosing solutions for the various problems that arise, the authors used their
long-term experience in the assessment of locomotive repair plants. The scientific
foundation of the research involves methods for simulating the behaviour of a
virtual repair plant, and application of genetic algorithms, expert methods and fuzzy
logic techniques.

The research tasks include the following:

• Developing a concept of the virtual maintenance, service and repair system for
rolling stock based on its type and the condition of repair depots and plants
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• Developing a model of the virtual maintenance, service and repair system for
locomotives

• Developing a method for assessing the organization and technical level of a
locomotive repair plant.

2 The Concept of a Virtual Control System of Tractive
Rolling Stock Maintenance

Ukraine’s railways handle a great volume of various types of traffic; therefore, there
are many types and series of locomotives and multiple units. The whole locomotive
fleet is operated and repaired at more than 60 locomotive depots, classified by
purpose, type of locomotive and service capacity. Production spaces, repair
equipment, and the state and quality of service and repair are characteristics that
specify a certain depot for certain types of repair and certain types of locomotives
[26, 27]. As noted in the Concept and Restructuring Plan on Railway Transport
[28], locomotive depots will be divided into maintenance and repair types, which
will contribute to higher-quality maintenance and increased reliability.

To maintain locomotives in good operational condition, the railways apply a
planned preventive maintenance and repair system, which may fail during periods
of unstable transport flows, irregular spare parts supply and lack of funds. Owing to
modernization and procurement of new-generation locomotives, with their
respective maintenance and repair systems, as well as the rearrangement of loco-
motive depots, a system more suited to the current situation is needed which will
improve the quality of service of new, modernized and existing locomotives, and
reduce operating expenses.

A reasonable solution can be reached not only by considering foreign experi-
ence, but also by simulating and studying the virtual locomotive maintenance
control system (VLMCS), meaning that the locomotive maintenance system can be
amended on the basis of a systems approach considering structural peculiarities,
maintenance and repair system, condition and capacity. This can be realized in four
stages. The first stage includes the analysis of the locomotive’s structure and reli-
ability, so the following should be fulfilled and determined:

(1) Collection of technical/economic factors for a certain type of locomotive
(2) A list of design reliability factors for a certain type of locomotive, and their

values
(3) A list of repairability factors for a certain type of locomotive, and their values

The second stage includes assessment of the technical level of the locomotive
depots involved in the maintenance, service and repair of a certain type of loco-
motive, either currently or planned for the future. The following should be per-
formed and determined:
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(1) Assessment of the general state of existing depots which maintain, service and
repair a certain type of locomotive

(2) Production capacity of each depot
(3) Operational factors of production lines in a depot
(4) Mechanization and automation levels of production processes in the depot
(5) A depot’s technical level
(6) A list of additional factors characterizing a repair plant

The third stage deals with methods for assessing the state of locomotives during
their operation and maintenance, in which the following should be defined:

(1) A list of factors characterizing locomotives during operation
(2) Methods for defining the state of a locomotive
(3) The service and repair system for a given locomotive
(4) A list of factors characterizing a given locomotive maintenance system, and

their values

The fourth stage deals with the development of the virtual locomotive mainte-
nance control system, and requires the following:

(1) Defining approaches to the development of virtual business systems
(2) Establishing dependences between factors of design, reliability, operational

and technical service, repair of locomotives, and factors characterizing the
state and technological potential of repair plants

(3) Designing a model of the virtual locomotive maintenance system (designing
processes in the system, binding them to resources and resource search by
contracts)

(4) Operating the virtual locomotive maintenance control system (monitoring and
control)

The VLMCS is a network computer organizational structure consisting of
heterogeneous components located in different places. The adjective “virtual”
means “artificial, imaginary, unreal”, or “extended due to joint resources”.
The VLMCS is designed by selecting needed organizational and technological
resources from different locomotive operational and repair plants, scientific insti-
tutions and various enterprises engaged in a repair cycle, and their integration
through the computer network. This will lead to the formation of a flexible and
dynamic organizational system most suitable for maintaining locomotives in
operational condition and with the most effective usage. It should be noted that the
virtual locomotive maintenance control system cannot be completely virtual, i.e.
without basic physical structures. This involves intensive cooperation between
specialists and divisions of locomotive depots, scientific institutions and virtual
enterprises on the basis of state-of-the-art information and communications tech-
nologies. This cooperation is aimed at intensifying interrelation and coordination of
depots, scientific institutions and enterprises, and eventually higher competitiveness
of production, reliability, and lower operational expenses at the second stage of the
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locomotive’s lifecycle. Furthermore, the VLMCS is completely oriented to fulfill-
ing the main objective of rail transport, i.e. effective, safe and timely passenger and
freight transportation.

Among the advantages of the VLMCS are the following:

• Speed of locomotive service and repair
• Possibility of decreasing rolling stock maintenance, service and repair expenses
• Flexible adaptation of the maintenance and repair system to changes in traffic

volume and quality of repair performed by locomotive repair plants

However, there are disadvantages:

• Economic dependency on partners due to narrow specialization of the network’s
members

• Lack of social and material support of partners due to refusal to use classic
long-range contractual forms and conventional working relations

• Possible loss of simplicity, particularly due to the diverse nature of the members,
unclear membership procedures, openness of networks, dynamics of
self-organization, and uncertain planning for members of the virtual enterprise

Appropriate managerial approaches are also important for planning, organizing
and coordinating the VLMCS. The main general management functions of the
VLMCS are as follows:

(1) Setting objectives and goals for the virtual locomotive maintenance system
(2) Identifying and assessing possible maintenance and repair depots, scientific

institutions and enterprises participating in operational and repair locomotive
cycles

(3) Ranking executives which match certain tasks
(4) Continuously monitoring and realigning partners and resources by task
(5) Dispatching virtual locomotive maintenance

An analysis of studies [8, 29] and expert methods helped define the major
characteristics of the VLMCS:

• Open distributed structure
• Flexibility
• Priority of horizontal links
• Autonomy and narrow specialization among network members
• High status of information and human resources engaged in integration
• Integration of the advanced technologies, means of production and experience

within strategically smart formations
• Concentration of resources around key business processes
• Formation of autonomous working groups, locally distant
• Temporary nature of relations among partners, flexibility, possibility of

realignment
• Combination of centralization and decentralization in management, with priority

of decentralization
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• Priority character of coordination bonds
• Interrelation of specialists on the basis of computers
• Development of heterogeneous computer networks and environments, applica-

tion of different software tools

The key advantage of virtual forms is the ability to choose and use the best
resources, knowledge and capacities in the most effective way. The following are
necessary for successful operation of the VLMCS:

• Choice of criteria and assessment of efficiency of locomotive depots, scientific
institutions and different enterprises engaged in locomotive maintenance and
repair during the process of selecting them for the virtual locomotive mainte-
nance system

• Choice of an optimal design solution for routing technological processes of
locomotive maintenance, service and repair

• Determination of an optimal production structure of the virtual locomotive
maintenance, service and repair system

From a practical perspective, the VLMCS is a network of agents cooperating
freely and located remotely. These agents develop one or more joint projects and
serve as partners who cooperate, collaborate and coordinate the project. Multi-agent
systems are one of the most rapidly growing spheres of artificial intelligence. The
development of the VLMCS deals with intelligent simulation of how complex,
heterogeneous, distant agents interrelate. Creation of multi-level friendly interfaces
among agents is of primary importance. Therefore, the first step entails building
models of relations between producer, customer, supplier and contractor that
encourage greater flexibility and responsiveness of the enterprise. An important role
is given to partners’ models based on multi-purpose cooperation logics among some
enterprises and their divisions (for example, three-digit logic, i.e. cooperation,
competitiveness, indifference), based on such factors as the compatibility of the
enterprise’s goals, mutual trust and responsibility among partners in fulfilling
commitments, the necessity of aligning resources and lack of production experience
for certain enterprises. The VLMCS can be regarded as a metasystem uniting the
goals, resources, traditions and experience of several enterprises while developing
complex innovation projects or maintaining and repairing world-class locomotives.
Planning, organization and coordination of the VLMCS require appropriate man-
agerial approaches, namely the ability to identify and integrate the necessary
co-participants, and organization of production and distribution.

As a network of partners, the main functions of the VLMCS management are to
define the project (design) requirements, identify and assess potential partners
(co-participants), define and assign participants most efficiently according to set
objectives, and continuously monitor and, if needed, realign executives and
resources by production stage.
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3 A Model of the Virtual Locomotive Maintenance
Control System According to a Minimum Cost Criterion

A network of locomotive depots forms a subsystem of Ukraine’s rail transport
system, the functions of which are to provide timely and quality repair and main-
tenance of the locomotive fleet. The rail network operates in a competitive market
environment, where prices for energy and material resources are escalating.
Therefore, one of the most important objectives for the system to be functional is to
ensure its economic efficiency. The economic efficiency of the subsystem of
maintenance and repair depots is influenced by many negative factors: continuous
wear of locomotives, shortage of new locomotives, lower freight volume due to the
global economic crisis, and instability and higher prices for material resources. All
these factors are objective, so the only solution for increasing the operational
efficiency of the locomotive repair subsystem is the rearrangement of its internal
structure, abolishment of obsolete work techniques, and transformation to logistic
management principles providing flexibility to the maintenance and repair system
[30–32]. The main task of such management is effecting optimal work distribution
among depots included in the rail network to minimize total costs for repair and
maintenance of the locomotive fleet. The major factors influencing the cost and
reliable operation of locomotives are the cost of repair, railway losses due to unused
locomotives, losses due to unplanned repairs, and expenses for the transfer of
locomotives to repair sites. Therefore, an urgent need in the current environment is
the formation of a flexible maintenance and repair system based on virtual enter-
prises. The formal approach requires setting optimization goals regarding an
effective operational distribution scheme among locomotive depots. The target
function of an optimization model may generally be presented as follows:

E ¼ Cpr þCur þCd þCnr ! min; ð3:1Þ

where Cpr is the total input for planned repairs for all locomotives of the railway
during a planning period, Cur is the cost of unplanned repairs for all locomotives of
the railway during a planning period, Cd is the revenue deficit due to withdrawal of
locomotives from the operating fleet for repair, and Cnr is the total expense due to
non-production locomotive runs while transferring to repair depots.

Minimization of the target function should be executed by redistribution of
repair work among locomotive depots. Therefore, the vector of variables of the
model must reflect information on locomotives being assigned to depots for next
planned repair. Let the vector X be the vector of variables of a model of the
maintenance and repair system. The number of components of the vector must be
equal to k, where k is the number of locomotives assigned to all depots of the
railway. Let the vector d contain information on assigned depots for locomotives.
The vector d also contains k components describing the depot of assignment. The
number of the element of the vector d corresponds to the number of a locomotive,
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with the value of the element of the vector indicating the number of the main
locomotive depot. Each number of the element of the vector X also corresponds to
the number of a locomotive, with the value of the element of the vector indicating
the number of the depot where the next planned repair of the locomotive must be
executed.

Let the vector Cr contain m elements, where m is the number of repair depots at a
railway site. The number of an element corresponds to the number of the depot, and
the value of the element corresponds to the cost of repair in the depot.

Thus the first summand of the target function reflects the general cost of planned
repairs and can be expressed as follows:

Cpr ¼
Xk
i¼1

Cr
Xi
: ð3:2Þ

The second summand of the target function corresponds to the costs of
unplanned repairs, which are random in nature. However, one of the most important
factors influencing the numerical characteristics of the process is the repair quality
factor. Lower repair quality leads to a greater number of unplanned repairs. Each
depot can be characterized by the repair quality factor indicating the level of reli-
ability restored in the repair process. The repair quality factor can be determined as
the probability of no unplanned repair occurring at inter-repair periods, its value
being determined for each depot on the basis of statistical data. The costs of
unplanned repair, unlike those of planned repair, can vary according to amount of
work. Therefore, each depot can determine an average cost of unplanned repair
based on statistical data. Thus, the average cost of unplanned repair is the cost of
repair fulfilled over and above the plan and repair needed afterwards. Therefore, the
average cost of unplanned repair is a factor which, together with a repair quality
factor, also characterizes the quality of repair in a given depot. On this assumption,
one can determine the total costs for unplanned repairs:

Cur ¼
Xk
i¼1

Cur
Xi
� 1� wXi

� �
; ð3:3Þ

where Cur
Xi
is the average cost of unplanned repair for a depot where planned repair

of the ith locomotive will be made, and wXi
is the repair quality factor for a depot

where planned repair of the ith locomotive will be made.
The third summand of the target function represents revenue deficits due to

withdrawal of locomotives from operation during repair and lost revenue from
railway fares suffered by the railways. The period during which a locomotive is
withdrawn from operation is calculated as the sum of the period when the loco-
motive is waiting for repair and the repair period. The value of the revenue deficit is
the cost of lost runs multiplied by a level of profitability. Thus, one can note:
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Cd ¼
Xk
i¼1

Rdi � Cn
di �

W l
di

24
� tpXi

þ twfXi

� � !
; ð3:4Þ

where Rdi is the level of production profitability of a depot as an enterprise engaged
in freight transportation to which the ith locomotive is assigned, profitability is
determined as the net profit-to-cost price ratio, Cn

di is the cost price of runs in the
depot to which the ith locomotive is assigned, W l

di is the daily average efficiency of
a locomotive in the depot to which the ith locomotive is assigned, trXi

is the duration
of repair works in the depot where the ith locomotive is repaired, and twfXi

is the
average downtime for the locomotive waiting for repair in the depot where the ith
locomotive is repaired.

An average downtime for the locomotive waiting for repair in the depot can be
determined by the queuing theory mathematical apparatus. The locomotive depot is
the single- or multi-channel queuing system with a line of an unlimited number of
places. A complex of depots within a rail site or Ukraine’s railway system is a
queuing network. The input flow of such a system can be regarded as simple, i.e.
Markovian, as it consists of independent events. But service flows in such a system
are not Markovian, since the repair time consists of times of sequential operations,
the duration of which is standardized. Therefore, service intervals in such a system
can be regarded as distributed according to the normal law, or deterministic. An
average queuing time for a locomotive before repair begins in the depot can be
divided into two parts:

twf ¼ twf;1 þ twf;2: ð3:5Þ

The first part is a time interval until the end of the repair of the locomotive being
repaired at the moment when the next locomotive arrives for repair in the depot.
Thus, that is the remaining repair time, which can be defined as follows:

twf;1 ¼
�tr
2
� rr; ð3:6Þ

where �tr is the average repair time (mathematical expectation for repair as a random
quantity), and rr is the shape parameter of the repair time distribution law, i.e. an
average deficiency in the normal repair time law as a random variable.

The second part of a queuing time deals with actual waiting time. If �nq is an
average queue length, according to Little’s Law:

�nq ¼ k ��twf ; ð3:7Þ

where k is the average number of locomotives arriving in the depot per time unit
(intensity of an input flow), and �twf is the average queuing time for a locomotive
until the beginning of repair, the value of which should be determined. Each
locomotive in queue will be repaired within the period �tr. Thus the second part of
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the time corresponds to the actual queuing of the locomotive and can be determined
as follows:

twf;2 ¼ �nq ��tr: ð3:8Þ

Therefore, according to Little’s Law, one can note:

twf;2 ¼ k ��twf ��tr: ð3:9Þ

Taking into account that �tr ¼ 1
l and k

l ¼ q, where l is repair intensity, i.e. an
average number of repaired locomotives per time unit (24 h), and q is the relative
intensity, which for a single-channel queuing system is the probability that the
system appears to be occupied at any random point of time, one can determine the
total queuing time:

twf ¼ twf;1 þ q � twf : ð3:10Þ

The total average queuing time is then:

twf ¼ twf;1
1� q

; ð3:11Þ

twf ¼ q ��tr � rr
2 1� qð Þ : ð3:12Þ

This notation corresponds to the Pollaczek–Khinchine formula for a
single-channel queuing system. However, some repair depots are equipped with
two repair bays. The repair time for a locomotive according the TO-3 Technical
Maintenance is determined by a rated interval of 16 h. Thus, we can take a repair in
such a queuing system as close to deterministic, and to define an average queuing
time for a locomotive, one may use the approximation Molien’s formula:

twf � n
nþ 1

� E2 tp
n� q

� 1� q=nð Þnþ 1

1� q=nð Þn ; ð3:13Þ

where E2 is the Erlang-C formula which determines queuing probability and may
be presented as:

Pwf ¼
qn

n! � n
n�qPn�1

i¼1
qi

i! þ qn

n! � n
n�q

: ð3:14Þ

Thus an average queuing time for a locomotive is:

twf � n
nþ 1

�
qn

n! � n
n�qPn�1

i¼1
qi

i! þ qn

n! � n
n�q

� tp
n� q

� 1�
q
n

� �nþ 1

1� q
n

� �n : ð3:15Þ
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Therefore, the average queuing time for a locomotive waiting for repair in a
depot can be presented as a function of the repair time tr and the relative intensity of
flows q and number of repair bays in the depot n:

twf ¼ f tr; q; nð Þ: ð3:16Þ

The summand of the target function is the deficit in transportation revenue, and
can be presented as:

Cd ¼ Rdi � Cn
di �

W l
di

24
� tpXi

þ nXi

nXi þ 1
�

q
nXi
Xi
nXi !

� nXi
nXi�qXiPn�1

i¼1
qiXi
i! þ qn

nXi !
� nXi
nXi�qXi

� tpXi

nXi � qXi

� 1� qXi
=nXi

� �nXi þ 1

1� qXi
=nXi

� �nXi
0
B@

1
CA

0
B@

1
CA;

ð3:17Þ

where qXi
is the relative intensity of flows in the depot to which the ith locomotive

is assigned, and nXi is the number of repair bays in the depot to which the ith
locomotive is assigned.

The second summand of the target function is the costs of non-productive
locomotive runs during their transfer to repair depots. These costs can be deter-
mined as the duration of non-productive runs multiplied by the cost of
locomotive-hours (Clh) related to locomotive operation (fuel consumption, wages
of locomotive crews, etc.):

Cnr ¼ Clh �
Xk
i¼1

L di;Xið Þ
vx

; ð3:18Þ

where L di;Xið Þ is the distance between the assigned depot of the ith locomotive and
the depot where its next repair will be carried out, and vx is the running speed at
which locomotives transfer at station-to-station hauls of the rail site.

Thus, if a locomotive is repaired in the assigned depot, this element of the sum is
equal to zero, as the distance function equals zero. Therefore, the target function is
presented as:

CðXÞ ¼
Xk
i¼1

Cr
Xi
þ
Xk
i¼1

Cur
Xi
� ð1� wXi

Þ

þ
Xk
i¼1

Rdi � Cn
di �

W l
di

24
� trXi

� 1þ
q
nXi
Xi

�n2Xi
nXi !� nXi�qXið Þ � 1� qXi

nXi

� �nXi þ 1
� �

nXi þ 1ð Þ � PnXi�1
i¼1

qiXi
iXi !

þ q
nXi
Xi

�nXi
nXi !� nXi�qXið Þ

� �
� nXi � qXi

� � � 1� qXi
nXi

� �nXi� �
0
BB@

1
CCA

0
BB@

1
CCA

þClh �
Xk
i�1

L di;Xið Þ
mx

! min:

ð3:19Þ
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The target function requires minimization at the following limitations:

Pk
i¼1

tsr � 1� sgn j� Xið Þj jð Þð Þ� nj � sj � twsj � tw; j ¼ 1; 2. . .m

vx � vN

8<
: ; ð3:20Þ

where m is the number of repair depots at a rail site, sr is the standard repair time, nj
is the number of repair bays in the jth depot, sj is the number of working shifts in
the jth depot, twsj is the duration of working shifts in the jth depot and tw is the
number of working days during a planning period.

The first limitation involves the fact that the total volume of work in each depot
should not exceed this depot’s capacity, i.e. the duration of repairs planned at each
depot of a rail site should not exceed the duration of working time by each depot
based on the number of bays. The second limitation is in maintaining the speed
level in transferring locomotives to repair sites and technical maintenance to
guarantee safe operation. The maximum speed at station-to-station blocks in
transferring locomotives to the depot should not exceed the speed indicated in
operating rules for Ukraine railways or the speed indicated in operating precautions
for a section. The above-mentioned mathematical model is intended for compiling
an optimal repair plan for locomotives used in freight transportation at a rail site.
Among the basic requirements for choosing a mathematical apparatus and a method
for realizing a given model, the following should be included: low sensibility to
dimension of the task, ease in transferring a mathematical model of a classic form to
a standard solution, and computer orientation. These requirements can be met by
methods for solving complex tasks of functional optimization relating to evolution
calculation, which is a sphere of artificial intelligence, and particularly by genetic
algorithms. One of the peculiarities of genetic algorithms is that the vector of the
model’s variables is presented as a chromosome, and some variables are presented
as genes of a chromosome. Genetic algorithms relate to heuristic search methods,
during which they generate mechanisms similar, by basic principles, to biological
evolution mechanisms. An important element when solving tasks using a mathe-
matical apparatus is creating a fitness function. A genetic algorithm does not
operate with one set of variables presenting a possible solution, but simultaneously
with many such sets, called a population. A fitness function, also called a suitability
function, is a target function of a special nature; it generates information used by a
generic algorithm in scaling, crossing, mutation and selection for vitality assess-
ment of individuals of a new generation. An ideal fitness function must be corre-
lated with operating principles and objectives of the selected genetic algorithm in
the best possible way. Such an approach provides algorithm convergence within a
practically appropriate time. A fitness function can also include a mathematical
model limitation system. While solving the task, the limitation system is included in
fitness functions, limitations being observed by a system of penalty points of the
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fitness function. To realize the model, software was created using MATLAB, a
language of technical computing, which is the de facto standard in mathematical
computation. The given optimization model is of a universal nature and can be used
at sites of Ukrainian railway locomotive depots.

4 Organizational and Technical Assessments
of Locomotive Repair Plants

Organizational and technical level of production (OTLP) is a complex qualitative
factor presenting the conformance of technologies and production processes to
production system requirements. This factor indicates the efficiency level of an
enterprise’s innovation policy.

The complex nature of OTLP requires the use of a systematic approach, taking
into account and distinguishing the most important factors influencing OTLP.

A common method for determining and structuring the factors influencing the
subject of inquiry is the use of Ishikawa diagrams, which expose the key relation
among different factors and establish cause-and-effect relations between them [33].

Ishikawa diagrams were drawn for the organizational and technical level of
locomotive repair plants, taking into account the “6M’s + E” principle, which
stands for man, machine, method, materials, measurement, management and
environment. In addition, the experience of an expert group testing locomotive
industry is considered.

As shown in Fig. 1, the organization and technical level of locomotive repair
production is influenced by a number of factors which cannot be explicitly

Fig. 1 Cause-and-effect diagram of the factors’ influence on the organizational and technical level
of locomotive production and quality of repair
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estimated and measured, and the level of their influence cannot be measured using
rigorous methods. Therefore, the assigned task can be solved with expert assess-
ment, which combines mathematical methods with the experience of experts.

The most common method for presenting expert information on the comparative
advantages of alternative options is through ranking [34]. This method is charac-
terized by procedural simplicity and short and easy expert training.

When ranking, an expert must allocate N factors in descending order by sig-
nificance. The ranks are designated by numbers from 1 to n, where n is the number
of ranks. Here, the sum of ranks will be equal to the sum of natural scale
numbers [35].

To carry out the procedure, a group of experts was formed, comprising 15
participants with administrative roles in locomotive depots. Participant require-
ments included higher education and more than 15 years of experience.

To analyze the data obtained by ranking, a method of average arithmetic ranks is
used, which is not absolutely correct, as the expert assessments are measured on an
ordinal scale. A more reasonable approach is the method of medians. And
according to [36], it is reasonable to use the two methods simultaneously to comply
with the general scientific concept of robustness (distinguishing conclusions
obtained using different methods). The results presented in Table 1 show that the
calculation of the resulting ranks using the two methods produces consistent results,
and according to [37], they can be regarded as reliable.

The consensus of experts is determined in accordance with the Kendall rank
correlation coefficient (Kendall’s tau coefficient) (Table 2):

W ¼ 12D
m2ðn2 � nÞ ; ð4:1Þ

where D is the sum of squares of ranks, m is the number of experts, and n is the
number of factors in the analysis.

Table 1 The data analysis of the expert assessment

Factors Symbols Sum
of
ranks

Average
rank

Resulting rank
by average

Medians
of ranks

Resulting rank
by medians

Materials and
spare parts

A1 37 2.47 1 2 1

Staff A2 65 4.33 4 3.5 3

Equipment and
instruments

A3 58 3.87 3 3 2

Measurements A4 73 4.87 5 4 4

Technology A5 86 5.73 7 5.5 5

Documentation A6 85 5.67 6 6.5 6

Environment A7 98 6.53 8 7.5 7

Management A8 38 2.53 2 2 1
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To determine the statistical significance of ranking the v, distribution with
(n − 1) degrees of freedom is used.

v2p ¼ mðn� 1ÞW : ð4:2Þ

The calculated Kendall’s tau coefficient of a given ranking is 0.37, which
indicates a low degree of expert consensus. However, based on v2p = 38.85 greatly
exceeding tabulated values for seven degrees of freedom and significance level
(a = 0.01, v2p = 18.5), the hypothesis regarding the statistical significance of
ranking is accepted.

The results of expert assessment of the basic factors influencing the organiza-
tional and technical level of locomotive repair plants made it possible to establish
their rank succession by severity of exposure:

A3:;A8:f g\A4\A6\A2\A1\A7\A4 ð4:3Þ

According to the expert assessment carried out, the factors A3 (Materials and
spare parts) and A8 (Management) have the greatest influence on the organizational
and technical level of locomotive repair plants. The influence of the other factors
decreases in accordance with (4.3). Investigations into the impact of factors on the

Table 2 Characteristics of linguistic variables

Indicator
level

Marking Characteristics Membership function

Very
high

A Full compliance with
requirement, innovation
implementation

l1ðxÞ ¼
0; 0� x\0:75

10ðx� 0:75 Þ; 0:75� x\0:85
1; 0:85� x� 1

8<
:

High B Full compliance with
requirements

l2ðxÞ ¼

0; 0� x\0:55
10ðx� 0:55Þ; 0:55� x\0:65

1; 0:65� x\0:75
10ð0:85� xÞ; 0:75� x\0:85

0; 0:85� x\ ¼ 1

8>>>><
>>>>:

Middle C Compliance with the
requirement with minor
remarks l3ðxÞ ¼

0; 0� x\0:35
10ðx� 0:35Þ; 0:35� x\0:45

1; 0:45� x\0:55
10ð0:65� xÞ; 0:55� x\0:65

0; 0:65� x\ ¼ 1

8>>>><
>>>>:

Low D Non-compliance

l4ðxÞ ¼

0; 0� x\0:15
10ðx� 0:25Þ; 0:15� x\0:25

1; 0:25� x\0:35
10ð0:45� xÞ; 0:35� x\0:45

0; 0:45� x\ ¼ 1

8>>>><
>>>>:

Very low E Absence of basic
assessment elements l5ðxÞ ¼

1; 0� x\0:15
10ð0:25� xÞ; 0:15� x\0:25

0; 0:25� x� 1

8<
:
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locomotive production level and repair quality [38, 39] using statistical methods
demonstrate a high level of consensus with the results obtained. The fact that the
“Materials and spare parts” factor has a decisive influence can be explained by the
difficult economic situation in the industry and the insufficient supply and poor
quality of materials and spare parts. The large influence of the “Management” factor
can be attributed to an outdated management structure and managerial methods.
Most enterprises are managed “manually”, i.e. under continuous managerial pres-
sure. A low consensus level among experts, determined according to Kendall’s tau
coefficient, cannot cover the entire situation at locomotive repair plants. Actual
expert groups included representatives of various enterprises (depots). The impact
of factors on the organizational and technical level of locomotive repair plants may
vary between enterprises and within an enterprise but at different time points.
Consequently, obtaining individual characteristics for a specific plant requires a
separate expert assessment.

The additive convolution is used to obtain the generalized criterion according to
(4.3):

K ¼
X8
i¼1

riAi; ð4:4Þ

where ri is the weight coefficient of the ith index, and Ai is the value of the ith index.
In the space formed by dedicated indices, one can draw a hyperplane separating

the enterprises which meet the requirements from those of a low organizational and
technical level. By transferring the plane (4.4) in a parallel manner, one can observe
how successful and unsuccessful enterprises rearrange themselves to the subareas
formed by the given plane. Accordingly, one can establish the threshold standard
Кп: when К < Кп, the enterprise’s level does not meet the requirements; when
К > Кп, the enterprise’s level is sufficient to carry out locomotive repair. To
determine the К value of the enterprise, one should take the values and their weight
coefficients. According to the ranking (4.3) and Fishburn’s rule [40], their value is:

r ¼ 2ðN � iþ 1Þ
ðNþ 1ÞN : ð4:5Þ

Then, marking these indices as A1, A2, … A8, the expression (4.4) can be pre-
sented as

K ¼ 0:08A6 þ 0:11A4 þ 0:22A1 þ 0:17A3

þ 0:03A7 þ 0:14A2 þ 0:05A5 þ 0:19A8:
ð4:6Þ

From the expression (4.6), one can estimate the impact of certain factors Ai on
the total К. However, at this stage it is impossible to determine the total index of
the enterprise because, practically, the value of Ai can be characterized just by
mismatches identified by the experts. To formalize such type of data, the most
suitable are methods of fuzzy logic, where assessment of each indicator is
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regarded as linguistic variables (Fig. 2). For simplification, all linguistic variables
were assigned the same number of terms with trapezoidal membership functions
(Fig. 2) [41].

By applying membership functions of terms, the parameters can be specified by
the results of experiments. The initial membership functions are constructed with
symmetrical arrangement of nodes in classification (0.1, 0.3, 0.5, 0.7, 0.9). In these
nodes, the value of a corresponding membership function is equal to 1, while all
other functions equal zero.

Each expert assessment corresponds to a vector of five membership functions:

S� xð Þ ¼ l�1 xð Þ; l�2 xð Þ; l�3 xð Þ; l�4 xð Þ; l�5 xð Þf g: ð4:7Þ

According to [42], the sweep of all the vectors S*(x) with the weight coefficients
r is carried out according to the formula:

XN
i¼1

ri � li:1; li:2; li:3; li:4; li:5f g

¼
XN
i¼1

ri � li:1;
XN
i¼1

ri � li:2;
XN
i¼1

ri � li:3;
XN
i¼1

ri � li:4;
XN
i¼1

ri � li:5

( ) ð4:8Þ

The resulting indicator of production status is determined as a vector of five
membership functions S0 = {l0i}, the sum of which is equal to 1. According to
Nedosekin, the scalar vector characterizing the status of the enterprise is:

K ¼
X5
i¼1

ð0:2i� 0:1Þ � l0i; ð4:9Þ

where (0.2i – 0.1) = (0.1, 0.3, 0.5, 0.7, 0.9) are nodal points of a standard five-tier
fuzzy classifier.

Fig. 2 Location of trapezoidal membership functions of a linguistic variable
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According to the above-mentioned method, it is possible to determine the level
of locomotive repair production in the depot L. The expert assessments are sum-
marized in Table 3.

A single-phase sweep (4.8) gives the vector S0 = {0, 0.11, 0.88, 0, 0}. One can
see that the result is close to the average and high values of the factors. From (4.9)
we can obtain K = 0.473. If we recognize the value by membership functions
(Table 2), we can obtain “Middle level” of the membership degree 1, i.e. the
general level of production is “Comply with minor remarks”.

5 Conclusions

1. In assessing the efficiency of a locomotive maintenance system, it is advisable to
apply a model of the virtual rolling stock maintenance system which links
locomotive characteristics with the state and capacities of repair plants.

2. The optimal repair plan for locomotives used in freight transportation can be
compiled with a mathematical model which takes into account cost minimiza-
tion criteria. The number of repair depots for the Southern Railway cluster has
been optimized by means of calculation.

3. The organizational and technical levels of locomotive repair plants depend on
quantitative impact factors (ranked in descending order)—“Materials and Spare
Parts”, “Management”, “Equipment and Instruments”, “Stuff”, “Measurements”,
“Documentation”, “Technology” and “Environment”—the value of which can
by defined by expert assessments.

4. To formalize expert assessments while estimating the organizational and tech-
nical level of a locomotive repair plant, it is advisable to use an algorithm based
on fuzzy logic.

Table 3 Expert assessment of a locomotive repair plant

Characteristics Weight coefficients Terms of linguistic variables

A B C D E

ki1 ki2 ki3 ki4 ki5
Documentation 0.08 0 1 0 0 0

Measurements 0.11 0 0 1 0 0

Materials and spare parts 0.22 0 0 1 0 0

Equipment and instruments 0.17 0 0 1 0 0

Environment 0.03 0 1 0 0 0

Staff 0.14 0 0 1 0 0

Technology 0.05 0 0 1 0 0

Management 0.19 0 0 1 0 0P
rikij 0 0.11 0.88 0 0
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Systematic and Customer Driven
Approach to Cost-Efficiently Improving
Interlocking and Signaling in Train
Transport

Jörn Schlingensiepen, Florin Nemtanu and Marin Marinov

Abstract A big challenge for European train companies in the next year will be
upgrading large parts of interlocking and signaling to enable Europe-wide train
transport. Additional transitions having heavy impact on infrastructure develop-
ment, including the transition from conventional to high-speed trains and the
application of new operation patterns in rail freight aimed at increasing the share of
rail in the freight market. The main aspect in accomplishing this transformation is
the development and deployment of new technology, but focusing only on tech-
nology will fail, since many other organizational components are involved in this
transformation. This chapter proposes a holistic approach, starting with gathering
customers’ requirements, while also respecting development of the organization as
a whole and the personal development of employees. This chapter extends various
earlier works of the authors and shows how extending the principles of systems
engineering to other domains can help to manage this transformation successfully.
The conclusion presents a reference process for service development that can be
used as a blue print for participating companies.
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1 Introduction

1.1 Requirements of Infrastructure Changes

A big challenge for European train companies in the next year will be upgrading
large parts of interlocking and signaling to enable Europe-wide train transport as
described in ERTMS—operational principles and rules [1] and ERTMS—Work
Plan of the European Coordinator [2]. Additional transitions having heavy impact
on infrastructure development, include the transition from conventional to
high-speed trains, as required in the U.S. High-Speed Rail Strategic Plan [3] and in
the EU paper High-speed Europe [4], and the application of new operation patterns
in rail freight aimed at increasing the share of rail in the freight market. In fact all of
today’s challenges to railway industry are related to improvements in interlocking
and signaling. For example, the objective of interoperability implies running trains
across borders without any technical, regulatory and operational issues; this can be
achieved only by investing in current infrastructure to make it interoperable.

The main aspect in this transformation is developing and deploying new tech-
nology, which makes engineering (mechanical, electrical and civil engineering) the
leading domain in this process. Systems engineering is a well-known and approved
approach to combining the strength of the engineering domains with product and
manufacturing process development. But focusing only on technology will fail,
since many organizational components are involved in this transformation, and the
process relies also on these as well as on engineering. Ultimately, the use of new
technologies makes sense only if the customer rewards these investments by asking
for and paying for new or better services. That is why we propose to follow a
general approach, starting with gathering customers’ demands, while also
respecting development of the organization as a whole and personal development of
employees. This chapter extends various earlier works of the authors, and shows
how extending the principles of systems engineering to other domains can help to
manage this transformation successfully. Due to the fact that each organization and
each transformation project has specific characteristics and conditions, we cannot
show a single set of overall instructions to manage these kinds of projects, but we
can offer a checklist allowing structured planning of specific projects.

Figure 1 shows the well-known triangle of people, infrastructure and services.
These three main aspects in Providing Train Transport Service are extended by the
introduction of new technologies. While customers and their (new) demands are a
driving force for investing in new technologies, the transport service providers must
identify those new demands and define services that can be sold as products on the
market. Those new services lead to requirements on technologies that allow com-
panies to decide which technologies shall be introduced in which time frame.

As already stated, technology may be the driver, but it is not the only aspect in
this transition. New technologies always introduce new processes that require
training or education for employees. Regarding time frame, investment to support
these changes must be planned and managed. As an example of how failing in this
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aspect causes major issues, we refer to the trouble in August 2013 in Mainz, a city
with 200,000 inhabitants in the south of Germany. Deutsche Bahn, though running
railway control centers using the latest technologies, had to shut down the railway
service around the city for some days and could provide only limited service for
over two months [5, 6]. This problem caused major issues in the national railway
system, since Mainz is an important hub not only for local transport, but also for
long distance trains and freight trains. A later investigation showed that due to a
deficiency in forecasting, there were not enough apprenticeships offered to young
people, so the number of traffic controllers were not enough to keep up the service
[7, 8].

To illustrate the general approach, this chapter gives an overview following the
described steps. After starting with a short introduction on how to determine cus-
tomers’ needs and define services with related payment schemes, an overview is
given about how the principles of interlocking and signaling are related to new
technologies and how these principles support optimal decision-making with regard
to technology adoption. After that, an overview of external factors on the decision
process is given and finally, some training and education forms are presented,
showing their advantages and disadvantages in terms of employee development and
change management.
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Fig. 1 Aspects of infrastructure transition
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1.2 Demands—Customers’ Needs

As already shown in [9–11], customers’ needs may vary, thus groups of customers
with similar needs have to be identified in order to create unique selling points for
groups of customers.

In both classical and agile approaches to product and service development,
requirements are engineered from user surveys, user stories, use cases, scenarios,
etc. These approaches are very successful. To obtain an even better basis for
investment decisions, we propose to first collect all customer demands and then
later derive the requirements on the infrastructure, processes and competencies of
employees from the demands of customers. Here, we introduce a distinction
between, on the one hand, the hard requirements on infrastructure, processes and
skills of employees, and on the other the requirements collected from the cus-
tomers’ demands. This distinction accounts for the fact that in transport logistics, on
the one side, we deal with heavy industrial structures like long-term investments,
use of heavy equipment and technology-driven innovations, and on the other, the
customer’s focus on acquiring a service, not a technology. Thus, the presentation to
the market has to follow the rules of the service market.

This chapter provides a brief overview of the general approach, using methods
and best practices in the development of service products. For further details,
references are given for additional information.

2 General Process for Designing a Service

There are two basic and well-known trends in the development of services: New
Service Development (details can be found in [12]) and Service Engineering (de-
tails are to be found in [13, 14]).

In contrast to the strong marketing oriented New Service Development, the
so-called Service Engineering is aimed at a meaningful transfer of existing engi-
neering expertise from classical product development and engineering to the
development of services.

We propose to follow the general reference model introduced in [15] that is
based on the models from [16] and [13], as well as the agile methods introduced
in software engineering (e.g. [17, 18]) and adapt these to the needs of the transport
industry and the companies of which it is comprised. The main advantage of this
model is that it takes into account that services are not entirely new, but always
developed on the basis of existing services. The next section gives a short
overview on the reference model; further details can be found in [15] and related
works.
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2.1 Reference Model

As seen in Fig. 2, there are two main processes, Service Engineering and Service
Management. The processes are connected through the specification, usually in the
form of documents. This is in line with the division of [16] between processes that
design the newly developed services (Service Engineering), and those deploy and
support them (Service Management). In addition there is a third process, Curating
Service Engineering, a metaprocess in which the procedure for Service Engineering
is defined and developed. Curating Service Engineering is a company-specific
process which ensures that the organization learns about Service Engineering and
keeps the knowledge over time.

As seen in Fig. 2, Curating Service Engineering defines the way services are
developed in Service Engineering. Service Engineering defines the description of
services in specifications and defines the way those services are maintained during
Service Management.

2.2 Curating Service Engineering

Curating Service Engineering describes the activities that a company needs in order
to develop new services in a systematic way. The organization must provide a
common understanding of tools and methods to be used in developing new services
or modifying existing ones. Documentation must be provided describing the gen-
eral process of Service Engineering, as well as details of how this documentation
and tools are provided. Processes must be defined for activities such as investment
decisions, definition of prerequisites, and roles and tasks of involved people and
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Fig. 2 General processes in reference model adapted from [15]
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departments. These processes should follow the principles of the company’s quality
management process and use its evaluation methods and procedures.

2.3 Service Engineering

Service Engineering should be an iterative process. We propose the meta model
from [19] that can be found in [14]. This model is described in three phases:

I. Define the Service
II. Conceive the Service
III. Implement the Service

Phases I and II are functions of Service Engineering, and phase III describes the
hand-over to Service Management. The model describes an iterative process, where
jumping forward and backward on the process steps is allowed.

As shown in Fig. 3, the most important results of the definition phase are the
description of the new service and the planning of the necessary steps for devel-
opment. To create these, customer requirements and employee suggestions are
collected, ordered and clarified in order to show the resulting benefits for the
customer. To ensure a well-documented result is generated, well-known methods
such as “Quality Function Deployment (QFD)” should be used during this step
[20]. Structuring the result in this way will help to define independent service
components in phase II. In the next step an integrated project plan is set up, which
includes all other activities and documents that are required as part of the devel-
opment or the provision of the service. At the end of this phase the achieved results
are reviewed. If the documentation of service definition and the project plan can be
released, phase II is started; otherwise, previous steps are repeated as needed to
complete the documentation.

In phase II (see Fig. 4) the outcome of phase I is converted into an imple-
mentable design concept for the new services. The service functions described in
the concept are split into components that can be implemented independently. Each
independent component must be investigated to determine to what extent it can be
provided in cooperation with partners or by using already existing elements from
other services.

If a component can neither be acquired nor provided by existing services, then a
new service component needs to be developed. After developing a new service
function, the reference model includes two steps to be performed in parallel: (I) the
planning of the customer interaction model and interfaces and (II) the planning of
the infrastructure needed to offer the service. Adapting the reference model to rail
transport services shows the planning of infrastructure is a very important and
complex step. In order establish a proper base for this planning, the next part of this
chapter discusses the principles of different technologies. Nevertheless, the other
step—the planning of customer interactions and interfaces—should not be
neglected. Transport services have not changed their general approach to customer
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interactions over the last 150 years. Even today, many transport service providers
underestimate the impact of developing new customer interaction protocols and
therefore lose market share to innovative competitors or other transport modes. At
the end of phase II, the service concept is summarized from the outcome of the
previous steps. Again, there may be deficiencies in the plans or documentation, so a
review of the results should be performed before starting phase III.

2.4 Service Implementation

As shown in Fig. 5, the implementation phase starts with specification of imple-
mentation and introduction of the new designed services, followed by planning the
way in which the company must be organized to provide the planned services. Once

ResultProcess Step

Properly defined?

Define and describe 
service concept

Idea

Define customer 
benefits General plan

General planPlanning with service 
and technical units Project 

plan
Cost 
plan

Phase I
Define 
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Properly planned?

Fig. 3 Jaschinski model: phase I—define service [19]
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organization is defined, the technical implementation can be specified. Since the
infrastructure in railway industry is always a massive and long-term investment, the
implementation plan has to take in account the advantages, disadvantages and
specific constraints of the underlying technology. Therefore the principles and
selection attributes discussed in the following sections have to be considered. After
planning the technical infrastructure, that is, the needed improvements in current
infrastructure, a distribution concept has to be defined. In contrast to the marketing
concept (to be defined later), the distribution concept describes the way the service
is brought to the customer. In conventional industry process, this means planning
transportation, distribution channels, dealer networks, etc. When providing ser-
vices, this means planning how services may be offered—as a single service pro-
duct or bundled with other products—and the way customers will order services
and interact with staff, dealers or online interfaces. A distribution concept must
include an understanding of situations, customers’ demands and individual services
or service bundles.
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Fig. 4 Jaschinski model: phase II—conceive service [19]
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Based on the distribution concept, the marketing concept can be defined. The
marketing concept covers the one-to-one customer interactions that occur while
ordering services as well as the way the services are presented and, if needed, the
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Fig. 5 Jaschinski model: phase III—implement service [19]
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way they are explained to potential customers. The marketing plan also addresses
branding, that is, market positioning of the newly developed services.

The organization must develop a training concept. In order to enable the orga-
nization to provide the new services, the staff must be empowered and trained,
providing the service in a technical way. Staff must also be motivated to represent
the branding and market positioning of the service to customers and partners. If
there needed qualifications are not available among the current staff, a recruiting
concept has to be developed.

Before market launch a pilot and its detailed documentation, as well as its careful
and conscientious evaluation, is strongly recommended. After the pilot is suc-
cessfully finished, the various plans (training, marketing, distribution, technical
implementation, change of organization) and market launch can be implemented.

3 Principles in Interlocking and Signaling

Transport systems are complex systems but, at the same time, they are based on
simple principles. This is also the case in railway systems. To ensure selection of
appropriate technology during new service implementation, an understanding of the
technologies and the complexity of these systems are needed. This section describes
the main principles to be followed in order to make proper choices.

The main challenges in a railway system are to keep the rolling stock stable at a
given speed and to steer the trains in different directions. To resume this, the
movement of trains and rolling stocks could be simply described through two
characteristics: speed and direction. The speed of trains has a minimum at 0 km/h or
mph, which means the trains are stopped. The maximum train speed is determined
by the rails, rolling stock, and other factors. The actual speed is determined by the
train driver, based on the information displayed by signals and the movement
authority documents. (For automated trains the train driver is replaced by a com-
puter, but this computer has the same role in the operation of trains.) The direction
of the train can be changed only at certain points, and there is a time relation
between the position of the train and the position of a given point.

The railway system is the result of the negotiation between the need for effi-
ciency (in terms of time and money—shorter times and lower costs indicate greater
efficiency) and the need for safety (the safest train in the world is the train with
0 km/h speed).

The safety function can be represented on a graph (Fig. 6) using the mathe-
matical function f(x) = ax/x (as an example of this principle). The main idea is to
have the lowest level of safety, if the speed is at the highest level and to have the
highest level of the safety when the speed is at the lowest level. This safety function
could take different shapes based on the level of technological investment and new
technologies installed. Based on technological investment the curve could be close
to or far from the origin. The function of efficiency is represented in the diagram
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based on the elementary mathematical function f(x) = ax. (The authors’ assumption
is that the dependency is linear between efficiency and speed. This assumption was
taken only to explain the principles; in reality one could use any linear or nonlinear
function). The principle is that when the speed has the highest value the efficiency is
also at the highest level. (For this principle the authors used travel time as the main
indicator for efficiency.) When the speed is at its lowest level, then the efficiency is
also at its lowest level.

For a given speed, efficiency can be improved if the system is more advanced
in terms of technological solutions, and if other logistics were integrated into the
process. For instance, during the transport process the freight might undergo
transformations that increase the value of the products. This would indicate that
the efficiency of the transport is increased, while maintaining the same level of
speed.

Starting with the relation between speed and safety, the system has to be
designed to control the speed of the train during the entire trip and to transmit this
information at the control board of the train. For this reason, it is important to set a
level of safety on the railway network and, based on this level of safety, to then
adapt the speed to external conditions.

Every day, new technologies are coming, and technological progress is difficult
to predict. For this reason it is important to analyze the role of technological
investment in the railway system. This analysis has two variables as main indica-
tors: the efficiency of the railway system and its safety.

Figure 7 presents a simplified model of the relationships between the investment
in technologies (in terms of money or costs), the efficiency of railway system and its
level of safety. For efficiency, the model illustrates the following aspects:

Speed 

Efficiency

Safety

Level

Fig. 6 The relation between speed, safety and efficiency
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• With zero investment in technology, the level of efficiency is close to zero (in
the lowest position of the graphical representation).

• Based on the adopted technical solution the system could be efficient after a low
investment or could be efficient after a high level of investment.

• There is a limitation on the efficiency, no matter how much investment is
involved in the railway system. There is a point at which efficiency grows only
slightly with additional investment, after which additional investment is not
profitable.

The analysis was done also for the relation between safety and the level of
investment in technologies and the following conclusions emerged:

• With zero investment in technology and new technologies (so-called advanced
technologies), the level of safety is in the lowest part of its trend.

• Based on the adopted technical solution the system could have a lower or higher
level of safety for a given level of investment in technologies.

• There is also a limitation for safety level, but this limitation effect is much more
pronounced for efficiency than it is for safety.

The radar presented in Fig. 8 could be drawn with three variables: investment,
efficiency and safety, but the speed variable is important to emphasize this char-
acteristic of efficiency and to link efficiency with time saved. A comparison of three
different train technologies is presented in terms of highlighting the link between
the speed of the train (as the main characteristic of efficiency) and the technological
investment and safety.

In the following sections, we provide a set of main principles used in railway
design, especially in interlocking and signaling; this approach is based on the
system analysis and system engineering.

Investment in technologies

Level 

Safety

Efficiency

Fig. 7 The relationships between investments, safety, and efficiency
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3.1 The “Fail-Safe” Principle

A fail-safe system is one that, in case of a failure, causes a minimum of harm to the
rest of the system’s components, especially to the people involved in operation and
other transport related activities. The definition could be converted into a
day-by-day or operational definition: a fail-safe system is a system that, in the case
of failure, will cost money (a minimum amount of money) only, and not property
damage or lives. The fail-safe approach has to be adopted at the beginning, in the
phase of planning and design of a railway system. The main idea is to introduce
during the design phase some intermediate states of the system in case of failure. In
case of a failure the system will not go directly to the damage state, but will be
driven to an intermediate state that includes a lower level of risk than the damage
state. The fail-safe design of the systems could generate three states of the system:

• Normal or True
• Failure with False positive response
• Failure with False negative response

The ideal function is to generate only the normal state of the system but, in
reality, this supposition is always true and sometimes a failure appears. The main
goal of the system’s designer is to manage this failure state and to design the system
in a manner to switch the false negative response into a false positive one. This
approach is specific to a safety oriented design or fail-safe design. It assumes that
the false negative state has a probability of appearance, based on experience.
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Fig. 8 The radar: investment-safety-efficiency-speed
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Increasing the complexity of the system increases the probability of a false positive.
Figure 9 shows this principle of safety oriented design.

Real-time systems, including railway systems, require both logical correctness of
the result (which could be translated into the logical function of the system) and
correctness of its timing (which is the moment of processing or acting) [21]. It is
important to logical processing at the proper moment in time.

It is important to develop tools to measure the effect of introducing fail-safe
principles as well as the effect of faults on the system. Methods to control the effects
of faults are important; in [22] the authors summarized the major methods to control
the effects of single random fault: Composite Fail Safe, Reactive Fail Safe, and
Inherent Fail Safe.

3.2 The “Redundancy” Principle

One of the most important measures in the fail-safe approach is to use redundancy
in the design phase, especially when building new railway systems. Redundancy is
the inclusion of extra components which are not strictly necessary to functioning
but, in case of failure, will take over the function of the damaged components.
Redundancy is an additional resource supporting parallel computation of the same
process [21]. Redundancy costs additional money, but it increases the level of
safety. It is important to analyze the real effect of including extra components in
terms of safety; if there is a real increase in safety the investment in redundancy is
justified, if not, the redundancy is not needed.
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Fig. 9 Safety oriented design
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The main principle in evaluating redundancy is to use a majority voting
system based on majority voting logic, as well as additional components which
are able to take over the functionality, if a failure appears.

Figure 10 shows a sample for the principle of redundancy. It also shows that
redundancy could be cascaded by combining redundant subsystems with redun-
dant components in subsystems and redundant communication systems. On the
control and supervision level, redundancy is realized by so-called decision systems
using a majority voting system. Independent controllers or predictors are imple-
mented to calculate controller signals. In case these independent systems put out
different signals, the signal calculated by the majority of the systems is used.
Therefore, the number of independent calculations has to be odd. In practice, the
overall system is brought to a safe state if calculations are different over a
predefined period of time.

Another example of redundancy is AVTMR (all voting triple modular redun-
dancy); an application of this was developed in [23].

3.3 The “Speed Control” Principle

Speed control is one of the most important activities in railway systems. Speed is a
key performance indicator for efficiency and it is a technical parameter of the
infrastructure. In controlling speed, there is a negotiation between the need for
efficiency and the need for safety, which is infrastructure related.
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Fig. 10 Principles of redundancy
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A two layer system was developed to control the speed of a train:

• The first layer is to send information about normal, reduced and zero speeds.
This has been done by a signaling system.

• The second layer delivers information about the exact value of the speed in a
specific area. This has been done by using physical signs along the railroad. The
role of these physical signs is to delimit the zone within which a speed rule
applies.

This principle can be applied to new systems. One example is ERTMS (espe-
cially the ETCS part of this system). In ETCS level 3, the signals and signs will be
removed from the trackside and will be installed on the board of the train. For this
to work, it is mandatory to have a link between the real position of the train and the
information displayed on all signals and signs. More details about the levels of
ETCS as part of ERTMS could be found in [24].

A train protection system was created to maintain the level of safety that
incorporates a railway technical installation to ensure safe operations in the event of
human failure. A better step in the development of this train protection system is
automatic train control (ATC), which is a general class of train protection systems
for railways that involves a speed control mechanisms designed using external
factors and their inputs. ATC paved the way for ETCS (European Train Control
System), which has the following elements: a regional center, a mobile network
(based on GSM-R), an onboard computer, devices embedded on the track and a
train protection system [25].

3.4 The “Signaling” Principle

The main components of a railway yard are track segments or sections, points,
signals and routes. The goal of the system is to keep the level of safety as high as
possible [26].

Signaling is the action of using mechanical or light signals to transmit infor-
mation to the board of the train (to the driver of the train) in terms of controlling the
speed of the train and sometimes to inform the driver about direction or additional
relevant aspects related to the movement of the train. Figure 11 shows the general
principle of speed control by signals.

Signals can be mechanical or electrical light. Sometimes mechanical signals also
use lights to inform the train driver about position during the night or in cases with
low visibility.

One of the most important principles in signaling is to send a small amount of
information to the train driver. The train driver responds with a behavior, which can
be modeled using the AIDA model (Attention-Interest-Decision-Action) originally
developed for car drivers or the Perceive-Decide-Act-Model for train drivers
introduced in [27]. For every stage of this model a time can be defined; total time
between attention and action is the sum of the times of each stage. This time is
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influenced by the skill and ability of the train driver as well as the signaling system
used. If the signaling scheme is complicated, the total time between attention and
decision will be increased; this time can be reduced by keeping information to a
necessary minimum and by training the train drivers.

3.5 The “Blocks” Principle

A block is a defined section of track. Using this concept, the distance between two
adjacent railway stations can be split into several blocks. Absolute block signaling
is a signaling scheme planned and designed to ensure a given level of safety for the
operation of a railway by allowing only one train to occupy a defined section of
track at any time. This system is used on single, double or multiple lines, where use
of each line is assigned a direction of movement.

Once the isolated section is defined as a fixed block, the physical dimension of
the block is unmodified.

A railway network faces huge demands in capacity in certain areas. Engineers
have to design solutions to increase the capacity of these areas. One solution is to
use moving blocks. A moving block respects all principles of a fixed block, but the
boundaries of the section are moving, so in fact it is a virtual block. Application of
this solution is creates more moving blocks on a given track section, which means
more trains can pass in the same time, with the requirement that all trains have to
occupy a single moving block.

The new approach in terms of railway systems is ERTMS (European Railway
Traffic Management System), which is defined by two main components: ETCS
(European Train Control System) and GSM-R (Global System for Mobile
Communication-Railway). In ETCS level 3, the concept of the moving block is
highlighted to increase the capacity of the railway network.
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Fig. 11 Speed control-signaling system
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3.6 The “Movement Authority” Principle

The European Railway Agency’s official definition of Movement Authority is “the
permission for a train to run to a specific location within the constraints of the
infrastructure” [28]. This definition underscores an important aspect of railway
system, which is the existence of an authority giving or restraining permission to
run trains in general, at specific locations or links or with an allowed speed. This
authority may be implicit, by a set of laws and a number of departments, or explicit,
by a transport authority or even a railway authority.

Movement authority is the main link between the railway operator, the train
driver and the infrastructure (or technical system). As shown in Fig. 12, the
principle is as follows: the railway operator wants to move a train from one
location to another using a dedicated path and based on information collected from
the railway system. To begin, the information has to be sent from the operator to
the train driver and the train driver has to guide the train based on this infor-
mation. The ETCS system together with its components, the signaling system and
the interlocking system, has the task to transmit the information from the railway
operator to the train driver in the form of a movement authority. The virtualization
or digitalization of the movement authority is made in ETCS level 3. This
approach generates more ICT and cyber security issues than previous solutions.
An example is the new standards published by CENELEC (CENELEC-EN 50159)
[29].

Railway 
environment

Railway 
operator

Movement 
authori esDocuments

Train driver

Infrastructure 
operator

Fig. 12 The movement
authorities

256 J. Schlingensiepen et al.



3.7 The “Resilience” Principle

Another important principle applied in railway systems is the resilience of the
subsystems or components in terms of assuring the continuity of railway services.
Resilience (also called reliability and risk management) refers to a system’s ability
to accommodate variable and unexpected conditions without catastrophic failure
[30]. The railway system is critical infrastructure, meaning that the interruption of
functionality—damage or failure—of this infrastructure could affect other compo-
nents of the societal system with a huge risk and negative effects. Resilience could
be covered using operational procedures, but now, based on the new and advanced
technologies, a set of measures to improve the resilience of the system can also be
developed.

In [31] a resilience model for a railway system is proposed consisting of three
boundaries putting pressure on the operating state: Safety, Performance and
Workload. A simulation of the resilience of the system can be done using a
modeling tool.

Resilience can be defined as internal resilience or as external or integrated
resilience. The second approach is oriented on multimodal transport systems, where
the main idea is to link different modes of transport to provide transport services in
the case of the failure of one transport mode.

3.8 The “Real Time Acquisition of Data” Principle

The acquisition of real time information by real-time sensors is an important
property of today’s transport system. This means collecting real-time information
about the vehicles and the state of infrastructure to provide information and man-
agement services for a higher level of transport safety. The track circuit is one type
of sensor which is able to collect information about the presence of train on a given
track section and can also provide information about the integrity of the rails on that
section. The analysis of the best sensor involves the definition of several key
performance indicators. For instance, if this analysis is based only on the detection
of the train and the detection of broken rails, the solution based on track circuit is
much better than a solution based on an axle counter. A detailed analysis was done
in [32] and this comparative assessment could be extended to all types of sensors.
Another approach is proposed in [33], where a reference model for a sensor is
proposed and all new sensors will be assessed relative to this reference.

The main principles for a classical track circuit, as seen in Fig. 13, are as
follows:

• If the train is present on the controlled track, the receiver is not able to receive
any electrical signal from the emitter and the section will be considered occu-
pied. This is the case on the left side of the figure.
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• If the rail is broken, the wires between the emitter and receiver are interrupted
and the receiver is not able to receive any signal. As in the preceding case, the
section will be considered occupied.

• If either the emitter and receiver, or both, has failed, the section will be con-
sidered occupied.

• Each track circuit has to be isolated from other track circuits. In the figure this
isolation is done in a physical manner, but it is possible to use different codes or
frequencies for adjacent track circuits.

• The system has to generate, in case of a failure, a false positive response instead
a false negative one.

• The coverage area of the sensor is defined based on some safety conditions; one
is to ensure a sufficient braking distance for the train.

Based on these principles, different solutions can be developed using new
technologies. One solution is to create a virtual section within a moving block. (In
this example, the principle of separation between different sections is the same.)

Another type of sensor for train detection is the axle counter. The main principle
of this sensor or detector is to count the number of axles passing a point A, (which
is the input in the section A–B) and after that to count the number of axles in point
B. If the number is the same, which means the section A–B is free, no train or
rolling stock occupies this section. The rest of the principles are similar to the track
circuit but the integrity of the rail is not detected.

The following principles are important for designing a sensor which is able to
detect a train:

• The safety aspect: in terms of fail-safe principles, a false positive response
instead of a false negative response

• The sensor has to be energy efficient: the energy consumed by the system has to
be as low as possible.

• The sensor has to be correlated with some aspects of train operation (if the speed
of train is limited up to 10–20 km/h, the case of marshalling yards, the prin-
ciples could be changed and it is possible to us use a track circuit without any
fail safety approach).

• The assessment of risk for railway environment (frequent damage of railroad,
weather conditions)

Emi er Emi erReceiver Receiver

Fig. 13 The principle of a track circuit
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The functional architecture of a track circuit or a sensor for the detection of trains
is based, primarily, on two major activities: the collection of users’ aspirations and
risk assessment. Based on this primarily information the principles presented in this
chapter will be applied to define the functional architecture of the system or parts of
this system.

Based on the process described in Fig. 14, a track circuit can be design using
new or advanced technologies. For example, a virtual track circuit could be
designed using CCTV cameras and the safety impact could be assessed using
comparative assessment methods [33].

3.9 The “ Interlocking Systems” Principle

In railway systems, interlocking is an arrangement of signals and tracks (junctions
and crossings) that prevents any conflict between the movements of different trains
and assures a certain level of safety. An interlocking system displays a permissive
light (green, yellow or a combination of them) if the route or path is safe and all
subsystems and components have checked the safety conditions in the coverage
area. Railway interlocking systems implement constraints specified in the control
tables, in accord with safety principles and regulations [26].
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Fig. 14 The role of principles in the design of the system
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The main principles of an interlocking system are:

• Fail-safe design for every components of the system
• No permission without the validation of applicable safety rules
• Defining a list of compatible routes and selection of the route based on this list
• Locking of all components and subsystems which are part of a selected route
• Permissive information displayed on the signal if the safety conditions are

checked and all components are functioning well

The interlocking system and the signaling system are the most important tools to
keep the level of safety and the level of efficiency as high as possible. This objective
has to be achieved in all technical and natural conditions and using a given amount
of resources [34].

4 External Factors

Besides technology, external factors must be taken into account when transforming
organizations in order to provide new services. Most of these external factors are
common in day-to-day business, but nevertheless their impact on developing and
providing services is essential. This section gives examples of the most common
and important external factors. This list may vary for different companies
depending on their size, type of business, location and market position.

4.1 Cultural Diversity

As already shown in [35, 36] cultural differences may cause issues in collaborative
engineering and development. Since train transport systems are very complex
systems, covering not only various technologies from different domains, but also
tasks from other branches such as logistics, economics, marketing, operations and
many more, transition of train transport companies and their technology is always a
collaborative project including stakeholders from many different areas.

Some models were developed in the 1980 s, to explain and measure cultural
differences in order to avoid problems in international collaboration, such as
Hofstede’s cultural dimensions theory, a framework for cross-cultural communi-
cation developed by Geert Hofstede. This model describes the effects of a society’s
culture on the values of its members and how these values relate to behavior, using
a structure derived from factor analysis [37]. Hofstede focuses on dimensions
describing the issues caused by different national identities. In practice we see that
many other aspects may have an effect on people’s feelings and behaviors. As
shown in [38, 39] there are several dimensions of cultural background that are not
strictly bound to a nationality but may cause problems. The most important in
context of transition projects in train transportation companies are:
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(i) Size of company. Different sizes of companies adopt different types of
organizations, which lead to different ways processes are organized. Thus,
different ways of thinking are preferred in small, medium sized and large
enterprises. In train transport infrastructure projects we deal with many
different types of companies. Usually the infrastructure manager or provider
and most of the train running companies are big enterprises, but in case of
transformation projects and during operating a rail related service, many
small and medium sized companies are involved as suppliers, consultants,
technology providers and service providers, for such activities as teaching,
ticketing and local construction. The different ways in organizing and
thinking may cause misunderstandings, leading to additional failure,
increased workload and disturbing the working atmosphere. This leads to a
strong recommendation: that project managers and other employees should
be trained in adoption of other processes and business practices.

(ii) Level of education. Different educational institutions and different educa-
tion, such as vocational training or studies, shape different attitudes toward
problem solving and different ways of finding solutions. This also leads to
different understanding in the meaning of concepts while developing a
solution. In train transport infrastructure projects and when running
rail-related services, we deal with a great range of educational levels, from
semi-skilled workers in construction or ticket sales, to employees in engi-
neering or logistics who undertake studies, to doctorate employees devel-
oping methods and algorithms for such things as creating schedules or
forecasting demand. This wide range of different ways of thinking about
tasks and solutions can cause ambiguities and a lack of coordination, leading
to missed project targets and processes that may interfere with the customers
or cause higher cost. This leads to a strong recommendation: that project
managers and line managers shall have the capability to identify and com-
pensate for these kind of problems.

(iii) Domain of education. In addition to the level of education, the different
domains in which people work and receive their educations results in dif-
ferent schools of thought, for example, preferring inductive or deductive
approaches on problem solving. Running or transforming a rail transport
organization entails a wide range of technologies and a wide variety of tasks;
there are a lot of different domains involved in transport infrastructure pro-
jects and in running rail-related services. For example, the technical aspects
are part mechanical, civil and electrical engineering as well as computer
science and ICT-related. On the administrative side, we find economists,
logisticians, product managers, key account managers, sales and marketing
people. This illustrates a wide range of tasks and challenges, where each
domain has developed a system of approaches and related terms, methods
and ways of understanding its surroundings. These different understandings
and the fact the companies usually are organized in departments reflecting
these different domains, can lead to a number of problems in coordinating
activities of different stakeholders from different domains and departments.
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Besides general approaches in agile management (as proposed in [40]) and
new ways in organizing companies (e.g. The Fifth Discipline/ Learning
Organization [41]) a good approach in solving this problem is accepting the
cultural variety and minimizing the problems caused thereby by training the
members of multidisciplinary project teams and their managers to give them
intercultural competencies.

(iv) Nationality. Different nations have different value systems causing different
ways in making and judging decisions or perceptions of project partner
behavior. Today, both the market for rail technology and the market for
transport services are international markets. This causes a high rate of
interaction of people from different nations. During technical transformation
of projects, railway companies deal with technology providers and engi-
neering service providers from different countries, employing people from all
over the world. On the customer side we find people from all areas. That
makes intercultural competence a key competence for all stakeholders and
their employees.

As seen in the preceding enumeration, there are many requirements on
employees, project and line managers caused by the cultural diversity of people.
Therefore, dedicated skills management related to this demand is essential. Besides
registering existing skills and capabilities, a structured training and education
program filling the gaps by internal or external training is needed. In order to
minimize cost and effort this program should be a part of the overall Competence
Management, also including training and education programs as described in the
next section.

4.2 Tendering Policies

The most significant way of doing businesses in the railway domain is the tender
process, especially with regard to infrastructure. This process has to be correlated
with the stages of the railway infrastructure implementation project:

• The elaboration of ToR (terms of reference) for every system, subsystem and
component

• The design of the infrastructure or parts of it
• The installation of the infrastructure or parts of it
• The maintenance activities (annual and multi-annual)
• The mitigation of new technologies and new services (i.e. high-speed train)
• The upgrading of infrastructure

All these stages must be under the assessment and monitoring of a national
safety authority which is represented at the European level by the European
Railway Agency. Every stage has a special procedure and a specific approach in
accord with the European, regional and national standards and regulations.
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The European Commission is focused on three major areas, which are all crucial
for developing a strong and competitive rail transport industry:

• Opening of the rail transport market to competition
• Improving the interoperability and safety of national networks
• Developing rail transport infrastructure

The second point, the improvement of the interoperability and safety of national
networks, has become the task of the European Railway Agency, together with all
national authorities, with strong cooperation of the European Commission.

The main issue of the tender process is not only to provide a service or to deliver
a product, but also to do the work under maximum safety conditions based on
European and national regulations.

In every tender procedure, access to information is crucial for the success of the
process. Computer based tools could be a real option in communicating and
selecting the best options for new works in a railway network. As an example, TfL
has launched this type of e-Tendering tool [42].

In measuring the success of a tendering system, it is important to define three
categories of key performance indicators: the cost of the process, the effect on
transport and additional services, and the revenue.

5 Competence Management

Today’s trend in education in general, and within the so-called Bologna process in
higher education in particular, is planning education and courses to be focused on
training competencies, not just imparting knowledge [43, 44]. In terms of the
well-known distinction between formal and informal knowledge, the focus shifts to
informal knowledge, and application know-how. In contrast to the general trend in
the railway industry, there is a high demand on formal qualifications, such as the
certification of competence. Although a well-managed rail system is very safe, the
impact of an incident may harm or kill people. Therefore, in most countries, for
most tasks related to running the system, we need employees holding a formal
qualification. Those qualifications are usually bound to an existing technology
and/or its underlying methodology.

So, in fact, railway companies in transition face two challenges: (a) empowering
staff to run the new processes and technology, and (b) proving the formal qualifi-
cation against authorities. As an additional challenge, they have to face the fact
most qualifications are valid in only one country, making offering services on an
international market more complicated, even if the requirements on interoperability
are fulfilled on a technical level. This means companies in the rail sector need to
manage qualifications and competencies of their employees and implement a reli-
able forecast on future demand in this area. This also includes establishing and
maintaining a network of providers of teaching and training.
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In addition, a company’s competence managers must deal with many different
levels of education and the impact of transition on salary schemes. Therefore, a
universal and country-independent structure to sort, appraise and (at the end of the
day) price qualifications and their holders is needed. Despite all the criticism of its
implementation in Europe, the so-called European Qualifications Framework
(EQF) can be a good starting point for such a structure. The European
Qualifications Framework is a translation tool that helps communication and
comparison between qualifications systems in Europe. Its eight common European
reference levels are described in terms of learning outcomes: knowledge, skills and
competencies. This allows any national qualifications systems, national qualifica-
tions frameworks (NQFs) and qualifications in Europe to relate to the EQF levels.
Learners, graduates, providers and employers can use these levels to understand and
compare qualifications awarded in different countries and by different education and
training systems [45, 46].

A competence management system should be part of, or strongly linked with,
human resource management and should define current demands and forecast future
demands for each level. To allow a valid forecast, competence management should
be involved in the very early steps of service development and transition planning.
In this way, future gaps in competencies can be identified and programs to fill this
gaps can be developed and implemented.

In general there are two sources for competencies: (a) educating current staff and
(b) hiring people with the needed competencies from the market or universities.

5.1 Role of Educational Institutions and Universities

As shown in [47, 48] due to the complexity of growing railway systems, the
demand for higher educated employees is rising, making universities and colleges a
provider for future employees. Rail Education and training falls within the context
of Applied Science. For students and trainees, rail operations and technology lab-
oratories equipped with modern software are needed. These are currently missing in
many universities who claim to have specialized in rail education and training. For
the efficiency of rail education and training it is important to secure contacts within
the world of rail operation and development. Therefore it is crucial to organize
technical visits to rail-focused organizations and train operating companies. Access
to real world data and case studies is crucial; this is an area which needs to improve
constantly.

Regardless of the characteristics of the rail sector, rail education and training is
driven by an intended learning outcome, which needs to be achieved through a
learning process. It is now known that learning happens when, as a result of brain
processes, knowledge transitions from short- to long-term memory. The rail edu-
cator acts as a connecter, making sure that students/trainees have stored some vital
knowledge for later recall after successful completion of a rail learning activity.
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Therefore, leading edge methodology should be used in teaching (e.g. [49–51]) as
well as in planning the courses (e.g. [43, 44, 52]). Rail is one of the fastest growing
industries in the world, engaging with modernization and implementation of new
technologies. It is of prime importance to lay a foundation in the student’s/trainee’s
mind so that new practical rail-orientated techniques, skills and information can be
linked to prior knowledge of rail systems at any time in the future. The ultimate
goal of education and training is to pave the way towards lifelong learning, and the
rail sector is no different. Therefore, study courses have to attract potential students
by following current trends, such as providing international joint degrees as
described in [52–54]. Of course the rail sector as a whole has to offer attractive job
opportunities and career chances to a wider range of potential employees by means
of specific campaigns and joint actions, such as the international rail talents network
(http://www.railtalent.org/).

At present, rail education and training at universities include mainly
Professor-led/Senior trainer-led methods, which seem not to give the opportunity
for young students/trainees to take part in the building of their own rail related
program/course curricula [44]. This situation is not favorable to the innovation and
modernization of rail education and training, as it seem not to envisage compre-
hensive learning through interchangeable roles and activities for the building and
implementation of new methods and knowledge. A more dynamic,
student/trainee-led method for rail education and training is necessary to offer
innovation and modernization for new rail-specific skills. As shown in [55] those
activities can boost success in earning competencies during studies. This will lead
to the development and implementation of future educational concepts, innovative
approaches, new policies and practices for a rail sector which is vibrant and
ever-growing. A steady career path for every rail professional will then be secured,
which will have a positive impact on the performance of the sector as a whole [44].

5.2 Educating Current Staff

Besides recruiting graduates, a good source of competencies is for a company to
educate its own staff. This type of education has many advantages, for example,
the curriculum can be shaped to the actual needs of the company. When iden-
tifying a lack in competencies training, the current staff is the best solution to
keep know-how in the company while facilitating the ability to provide
state-of-the-art services. In today’s war for talents, a company must build up a
reputation of being a good and attractive employer. By giving people the chance
to develop professionally by enhancing their personal skills, this reputation gets
an additional boost.
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Today there are many different types of internal training in companies, for
example:

• Vocational training targeting a predefined vocational qualification
• Training-on-the-job programs, such as tutoring targeting an additional qualifi-

cation in order improve quality in the current position
• In-company training for a new technology or process
• Study courses in cooperation with universities in order to train company-fitting

graduates

During those programs different types of teaching and learning can be used, such
as:

• Distance learning and e-learning online units
• In-house face-to-face units provided by internal departments
• In-house face-to-face units provided by external education or technology

providers
• Learning-on-the-job units
• Lectures
• Exercise units
• Practice units

After identifying current or future gaps in competencies, the competence man-
agement group needs to characterize the demand and find a suitable format to
educate people.

Figure 15 gives a hint as to which formats may fit as a function of size of
competence gap and time to fill the gap.

Time

training-on-the-job vocational training

Hire on the market study course in cooperation 
with universities

In-company training

distance learning
e-learning online units

in-house face-to-face units 
provided by internal department

in-house face-to-face units provided 
by external education or technology provider

learning-on-the-job units

lectures

exercise units

practice units

teaching format

Fig. 15 Course and Teaching format in relation to size of gap in competencies and time to fill it
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Fig. 16 General procedure for developing and introducing new services and related technology
and processes
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6 Conclusion

The transformation of an organization in order to introduce new technologies is far
from being only a technical issue, and therefore should not be seen as a technical
project. Rather, it should be understood as a step on the way to new and better
services. Organizational transformation, in particular development of its own staff,
must be embedded in the development of new services. Since train service com-
panies and their environment (government regulation, ownership structure, com-
pany size, company tradition, existing infrastructure, etc.) are very different, this
chapter gives an overview on the most important aspects and related steps. This
approach has to be adapted to the special needs of each company.

In order to provide a general checklist we propose the following reference
process (see Fig. 16), where company-specific steps may be added and unnecessary
steps may be skipped. The main aspect to be kept is the paradigm of developing
services, infrastructure and employees’ capabilities in an integrated way.

As shown in Fig. 16 the transformation process should always start with an
analysis of customer demands. Based on this, the needed functions and independent
service components can be defined. The next step, in parallel to the definition of
functions, is a value analysis based on the outcome of the customer demand
analysis in order to define suitable and proper prices of products. This approach
ensures that the requirements compiled in the next steps are linked to the customer
needs (the market), and can be rated respecting expected benefits. Once the
requirements are compiled, the level of required quality and the needed operations
can be described. A comparison of current state and expectations described by
requirements, level of quality and planned operations allows identification of gaps
in technology and services. Describing these gaps explicitly gives a good base for
identifying the technology to use and sets the stage for planning the transformation
of services and technology. Once the target in terms of planned service transfor-
mation and planned transformation of infrastructure is defined, a needed set of
competencies and capabilities can be calculated. Once again, comparison with the
current state gives a list of existing gaps. Based on this list, education, training and
recruitment can be planned. As already stated, the transformation of services and
infrastructure and the training of people have to be done simultaneously, so the
three related plans must be implemented in a coordinated way.

Although the organizational structures and processes of companies in the rail
sector are very diverse, the transformation of organization and infrastructure in
order to provide new innovative services can be accomplished following the
methodical approach presented in this chapter. The course of action may be
adjusted to accommodate a company’s tradition, culture, size and existing infras-
tructure, but the reference model can be used as a blueprint while planning a
company’s transition towards use of new technology and providing innovative rail
services.
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Train Protection Systems in Different
Railway Gauges

Lionginas Liudvinavičius and Aleksander Sładkowski

Abstract This chapter analyzes the train traffic control systems for 1435- and
1520-mm railway gauges, as well as their compatibility issues. The British Rail
Traffic control system is analyzed. European train control systems (ETCS) and
ETCS levels are described. Differences between European train control systems in
1435- and 1520-mm railway gauges related technical problems and proposed
solutions are presented with regard to ETCS implementation in the Baltic states.
The existing train control systems do not meet requirements of traffic safety in light
of increased train speeds.

Keywords Train protection system � Interlocking � Track circuit �Moving block �
Balises � Train speed � Axles counters � Global positioning system (GPS)

1 Introduction

Today, many countries apply interval train traffic control, where trains in a section
are separated using fixed-block principle. Increased train speeds dictate the necessity
to improve train control in order to reach ETCS level 3. This may be achieved by
using the principles of moving block and radio transmission instead of interval train
control. At the same time, reliable automated braking systems for high-speed trains
have to be developed. Examples of such systems used for stopping high-speed trains
of Japan, France and Italy are analyzed in a dedicated chapter. This chapter also
presents new opportunities arising from the modernization of Lithuanian railways
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with microprocessor traffic control systems, new-generation traffic control centers
and Global System for Mobile Communications-railway (GSM-R) radio commu-
nication, among others.

2 Global Navigation Systems

Global navigation systems. The Global Positioning System (GPS) is a universal
positioning system comprising Earth-orbiting satellites [1]. GPS is the US satellite
radio navigation system, and GLONASS (Russian Globalnaja navigacionaja
sputnikovaja sistema—Global Navigation Satellite System) is the Russian system.
In the GPS system, the exact location of a train is established by a GPS receiver
mounted in the train. Using the signals received from satellites, the GPS receiver
establishes geographic coordinates and speed, and transmits this information to the
control and memory block [2–5]. In the GALILEO system, this service will be
implemented on higher-quality precision, universality and reliability levels com-
pared to the GPS or GLONASS systems [6–8].

The GALILEO system is part of an interconnection program of the
Trans-European Transport Networks. The main purpose of the GALILEO system is
the improvement and development of transport systems of all types. The GALILEO
service will be used, for example, by geodesists, operators of communication
networks, dispatchers of transport systems (including train traffic control).
A diagram of the operation and control of navigation systems is shown in Fig. 1.
Implementation of global navigation-based control systems suited for modern

Fig. 1 Diagram of operation and control of navigation systems
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transport will provide essentially new traffic control capabilities of the first, second
and third levels of ERTMS.

3 GSM-R Radio Communication System

The GSM-R radio communication system is based on a standard GSM, but with
different specific frequencies used in the railway system and some programmed
functions. It is a radio communication system, which is meant for information to be
transmitted and received between the rail tracks and the train (voice and data) [9,
10]. A general diagram of GSM-R network architecture is shown in Fig. 2.
Information to a train is transmitted by radio communication GSM-R. The GSM-R
radio communication system is intended for voice communication and fast trans-
mission of people data and train traffic safety non-critical data. The GSM-R system
includes the following subsystems: base station subsystem (BSS), network and
switching subsystem (NSS), network management system (NMS), package data
transmission subsystem and fixed dispatcher network (FDN) subsystem [11–13]
(Fig. 3).

Fig. 2 General diagram of GSM-R network architecture
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4 British Rail Traffic Control System

Signaling is one of the most important of the many parts that make up a railway
system. Train movement safety depends on signaling and thus the control and
management of trains. Over the years many signaling and train control systems have
evolved so that today a highly technical and complex industry has developed. Here is
an attempt to explain, in simple terms, how railway signaling developed and how it
really works, based on the UK standards. Back in the 1830s and 1840s in the very
early days of railways there was no fixed signaling—no system for informing the
driver of the state of the line ahead. Mechanical signals first appeared in the UK in
1841 and a signal box with levers controlling remote signals and points in 1860 [14].

The track circuit. Most European main lines with moderate or heavy traffic are
equipped with colour light signals operated automatically or semi-automatically by
track circuits. Nowadays for signaling purposes, trains are monitored automatically
by means of “track circuits”. Track circuits were first tried in the US in the 1890s
and soon afterwards appeared in Britain. The London Underground was the first
large-scale user of track circuits in 1904–6.

Track circuit—block unoccupied. This diagram shows how the track circuit is
applied to a section or block of track. A low voltage from a battery is applied to one
of the running rails in the block and returned via the other. A relay at the entrance to
the section detects the voltage and energizes to connect a separate supply to the
green lamp of the signal [14]. A track circuit diagram for unoccupied block is
provided in Fig. 4.

Track circuit—bock occupied. When a train enters the block (above), the
leading wheelset short circuits the current, which causes the relay to de-energize

Fig. 3 Block diagram of analogue and digital GSM-R communication systems
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and drop the contact so that the signal lamp supply circuit now activates the red
signal lamp. The system is a “fail-safe”, or “vital” as it is sometimes called, because
any break in the circuit will cause a danger signal to be displayed [14].

The above is a simplified description of the track circuit. The reality is somewhat
more complex. A block section is normally separated electrically from its neigh-
boring sections by insulated joints in the rails. However, more recent installations
use electronics to allow jointless track circuits. Also, some areas have additional
circuits that allow the signals to be manually held at red from a signal box or control
center, even if the section is clear. These are known as semi-automatic signals. Even
more complexity is required at junctions. Track circuit diagram for occupied block
is provided in Fig. 5.

Interlocking. Another safety feature introduced in the mid-nineteenth century
was mechanical interlocking of points and signals. The purpose was to prevent
setting up a train route and clearing its protecting signal if there was already another
conflicting route set up and the protecting signal for that route cleared. Interlocking

Fig. 4 Track circuit diagram for unoccupied block

Fig. 5 Track circuit diagram for occupied block
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was performed by a series of mechanically interacting rods connected to the signal
operating levers in the signal box [15].

Multi-aspect signals. The simplified diagram above shows the basic principle of
the block. The block occupied by Train 1 is protected by the red signal at the
entrance to the block (see Fig. 6a). The block behind is clear of trains, and a green
signal will allow Train 2 to enter this block. This enforces the basic rule or railway
signaling that says only one train is allowed onto one block at any one time. This
diagram (see Fig. 6b) shows a line with three-aspect signals. The block occupied by
Train 1 is protected by the red signal at the entrance to the block. The block behind
is clear of trains, but a yellow signal provides advanced warning of the red aspect
ahead. This block provides a safe braking distance for Train 2. The next block in
rear is also clear of trains and shows a green signal. The driver of Train 2 sees the
green signal, and knows that he has at least two clear blocks ahead and can maintain
the maximum allowed speed over this line until he sees the yellow.

A schematic of the signal block section is shown in Fig. 6a. When a block is
unoccupied, the signal protecting it will show green. If a block is occupied, the
signal protecting it will show red. Figure 6b presents a schematic of three-aspect
signaled route showing the additional yellow aspect provided to allow earlier
warnings and thus higher speed operation.

Four-aspect signaling. The multi-aspect signaling commonly used in the UK
today is a four-aspect system. It works similarly to the three-aspect system except
that two warnings are provided before a red signal, a double yellow and a single
yellow [16, 17].

Figure 7 provides a schematic for a four-aspect signaled route showing the
double-yellow aspect. This diagram shows four-aspect signals with (in the upper
diagram) a high-speed train with three clear blocks ahead of it and (lower diagram)
a slower train with two clear blocks ahead of it. The lower speed trains can run
closer together, so more trains can be operated over a given section of line.

Fig. 6 Schematic diagram of two- and three-aspect train protection system
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5 The 1520-mm Rail Gauge Traffic Control System

Automatic track interlocking. In the case of automatic track interlocking, a sec-
tion is divided into blocks (interlocked sections). Blocks are separated by traffic
lights. Blocks are equipped with electric track circuit, which detects the presence or
absence of a train in the block. The track acts as a conductor in a track circuit.
Traffic lights automatically react to the train location. In the case of automatic track
interlocking, three-aspect or four-aspect traffic signaling is used. Automatic track
interlocking systems are divided into direct current and alternating current (coded),
depending on which type of current is used to supply track circuits.

The track circuit. Two parallel track circuits are separated by insulated joints.
A power source [battery, Fig. 8(3)] is connected to one end of the track circuit, and
a receiver [track relay, Fig. 8(1)] is connected to the other. When the interlocked
section is unoccupied, current flows from the power source by one track line, i.e.
through track relay coil windings [Fig. 8(7)], then by the other track line and returns
to the power source [Fig. 8(3)]. The track relay is activated by the current flowing
through the coil windings and its contacts close the supply circuit of sectional traffic
light, thus the permission signal is active [19]. When a train enters the block, its
wheelset links two opposite track lines. Wheelset resistance is many times lower
than the resistance of the track relay coil, so the armature of the track relay moves
and with one set of contacts opens the circuit of the permission signal of the
sectional traffic light, and with other contacts it closes the supply circuit of the red
traffic light, so the traffic light prohibitive signal is activated. A block diagram of a
DC current automatic track interlocking is shown in Fig. 9.

Coded automatic interlock. A coded automatic interlock is usually used in
electrified rail sections of a 1520-mm gauge. In this case, AC current coded track
circuits are applied. Coded automatic interlocks between adjacent traffic lights are
linked by the track circuits to which coded signals with certain information are sent.
Each traffic light (green, yellow, red) corresponds to a specific pulse combination
(code) in the coded automatic interlock. The general layout of coded automatic
interlock equipment is shown in Fig. 10 [19]. There are three codes displayed in the
cab signal corresponding to the aspect of the trackside signal ahead. In the case of

Fig. 7 Schematic diagram of four-aspect train protection system
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three-aspect signaling these codes are red signal ahead (results in cab signal
red-yellow), yellow signal ahead (results in cab signal yellow), green signal ahead
(results in cab signal green). A green traffic light corresponds to a three-pulse long
interval sequence; yellow traffic light to a two-pulse sequence; red to a one-pulse
sequence. The special device (code generator) connected to one end of the inter-
locked section sends coded current pulse sequences to the track circuit. The de-
coder decodes the code sequences received by the track relay, and as a result, the
corresponding signal light is activated in the interstation traffic light. The same

Fig. 8 Track circuit: 1—track interlock relay; 2—relay contacts; 3—accumulator battery; 4—
wheelset; 5—relay armature; 6—solenoid core (magnetic conductor); 7—track interlock relay coil
windings; 8—insulated joints

Fig. 9 Block diagram of DC current automatic track interlocking: A1–A3—automatic signal
processing unit; CL—interconnection line of adjacent traffic lights of a section
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automatic interlocking coded AC signals are used to transmit signals of track traffic
lights to the cab. Code generators installed in individual blocks generate coded
pulse cycles of different durations.

Code generators. Code generators are used in systems of automatic code
interlocking, electric interlocking and automatic locomotive signaling to convert
continuous AC current into a pulse code sent to a track circuit. Generators КPTŠ-5,
КPTŠ-7, КPTŠ-515, КPTŠ-715 and КPTŠ-8, КPTŠ-9, КPTŠ8-15, КPTŠ-915 are
used in automatic interlocking AB equipment to coded track circuits of stations.
A block diagram of a code generator is shown in Fig. 11.

From Fig. 11, the code generator includes single-phase asynchronous motor M
and gear-box 2, with a shaft connected to camshaft 3, whose rotation connects or
disconnects circuit contacts green G, yellow Y, yellow-red YR. Contact time of
connection/disconnection depends on motor speed, gear-box ratio, cam profile and
the gap between moving and stationary contacts.

A time diagram of code signals using code generator KPTŠ-515 is presented in
Fig. 12. The structure of code signals does not change when using code generator

Fig. 10 General layout of coded automatic interlock equipment
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KPTŠ-515. Only the duration of pulses, pauses and code cycle Tc (1.6 s) are
changing.

The period of the code transmitted by the track circuit is 1.60 or 1.86 s.

6 High-Speed Train Braking Control

Considering the increasing speeds of trains, implementation of a moving block and
radio transmission system is planned. When the current interval train control
principle is replaced with the new system, trains will run separated by minimal
distances one from another. Therefore, it is very important to develop computer
software and algorithms that will use train identification data, train location point,
direction and speed data received by radio transmission to calculate safe train

Fig. 11 Functional diagram of code generator: M—single-phase capacitor motor; 2—gearbox; 3
—camshaft; Tc—pulse cycle period, s

Fig. 12 Signals of code generator KPTŠ-515
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separation distances and braking. It is necessary to assess the reliability of systems
used by Japan, France, Italy for braking of high-speed trains. Then, considering the
results of this assessment, develop modern automatic braking systems for
high-speed trains, adapted to a moving block and radio transmission system.

Italian Coded Current Automatic Block (BACC) for conventional and
high-speed traffic. On Italian conventional lines and lines for increased speed up to
200 km/h, a cab signaling system with four different aspects is applied. As track
circuits have almost equal length (1350 m), it is possible to calculate and supervise
the braking curve. A stop is, therefore, announced 2700 m behind the stop position
[17].

The braking distance is more than two track circuits if the train speed is higher
than 200 km/h; therefore, the system had been upgraded for the high-speed line
(Fig. 13a). The system is downwards compatible, which means that high-speed
trains can run on conventional lines and conventional trains on high-speed lines
using only the 50 Hz code and at speeds not higher than 200 km/h. This com-
patibility is necessary, as only one line (Rome-Florence) is equipped with a BACC
high-speed system and trains continue onto the conventional network. More
information on BACC can be found in 1985 [20].

Japanese ATC for high-speed rail. The first Japanese high-speed line opened
in 1964; therefore, the ATC system used there is the oldest cab signal and train
protection system for high-speed rail in the world. The system is adapted to the
requirements of a high-speed network, which is technically and operationally
separated from the conventional network. The capacity and availability require-
ments are high and the required flexibility regarding different types of traffic and
vehicles is low, which makes a limited number of signal aspects sufficient. The
trains are driven semi-automatically: the safety-related braking for a signaled stop is
controlled automatically, whereas non-safety-related processes such as acceleration
or platform stops are controlled under the responsibility of the driver. Information
transmission from track to train is achieved by coded track circuits. Each block
section is covered by two track circuits. All track circuits belonging to the same line
have the same length; therefore, the ends of the track circuits are used as fixed

Fig. 13 Braking supervision control in BACC for conventional and high-speed traffic (a) and
brake control in Japanese automatic train control (ATC), example (b) [18]
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intermediate points for speed reduction. The result is a multi-step cascade braking
curve (see Fig. 13b) behind a signaled stop [21].

French Transmission Voie-Machine (TVM) 300. TVM 300 (see Fig. 14) is
installed on the older French high-speed lines, the first of which opened in 1981.
Like in Japan, the high-speed lines are regularly used by high-speed trains only, but
these also pass into the conventional rail network [17].

Regarding the data transmission and control, the TVM 300 has large similarities
with the Japanese ATC. One main difference is that the driver regulates the braking
process and is supervised by the technical system. The staircase speed information
is a limit speed for supervision, and each block section is covered by exactly one
track circuit. The length of the block sections is adapted to the gradient. Resulting
from the staircase supervision pattern, the required overlap has the length of a
complete block section.

7 Axle Counting System

Operation principle of the axle counting system. A block diagram of the relay
axle counting system is presented in Fig. 15. Axle counting sensors J1, J2 are
arranged within the limits of the controlled section, mounted directly to the rails and
intended to deliver the primary information. Axle counting points are located at the
entrance and exit of the section and intended to convert the primary sensor signal
into process able signal transmittable via communication line. The receiver is
connected to axle counting sensors through a communication line. Train axle
number at entrance and exit of the controlled section is used to generate control
signal for relays of occupied and unoccupied track section.

The Frauscher axle counting system is usually used as a component of a train
positioning system. It consists of track equipment: sensor, cables, data processing

Fig. 14 Brake control in French TVM 300
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and transmitting devices. The axle counting sensor is mounted to a rail. The
Frauscher axle counting sensor is shown in Fig. 16.

For many years, Frauscher axle counting sensors have been reliably operated in
over 70 countries. They impress with their extremely high availability, even when
subjected to extreme temperatures, high vibration levels and various types of
electromagnetic interference. The Frauscher axle counting sensor provides a wide
range of different functions for numerous applications.

Axle counting system ACS2000. They are supplied without an evaluation
board, and evaluation of the signal falls to the system integrator, who is thereby able
to adjust the interpretation in accordance with its individual requirements. The
sensors consist of two independent sensor systems built into a single housing,
which generate an analogue signal based on inductive processes. This is propor-
tionate to the damping by the wheel flange and is supplied in the form of a direct

Fig. 15 Block diagram of a relay axle counting system. J1, J2—axle counting sensors; N1—axle
number at the entrance of the controlled section; N2—axle number at the entrance of the controlled
section; LR—unoccupied section control relay; UR—occupied section control relay

Fig. 16 Frauscher axle
counting sensor
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current signal. From this signal, different data and information for each application
can be acquired for non-vital applications.

Track equipment consists of a contactless sensor mounted on one of running
rails, a junction box and connection cables. This equipment is compatible with
Frauscher RSR180/181 and RSR123 axle counting systems. A block diagram of the
axle counting system is presented in Fig. 17.

Track occupation and rolling stock passage control equipment includes A station
axle counters and B station axle counters, a comparator (signal receiver) and sen-
sors controlling rolling stock passage through track sections. Data from A station
metering equipment and B station metering equipment are continuously supplied to
the axle number comparator, which generates a control signal if the axle number in
A and B stations does not coincide. A Thales axle counting sensor and signal
processing box (a) and an analogue-digital signal converter of a Siemens axle
counting system ZP43 (b) are shown in Fig. 18 [17]. The analogue-digital converter
converts analogue signals of axle counting sensors into digital signal for conve-
nience of data processing.

Analogue signals of axle counting sensors are processed by the analogue-digital
signal converter of Siemens axle counting system ZP43 (see Fig. 18). The train axle
number at entrance and exit of the controlled section is used by converter ZP43 to
generate a digital control signal of occupied/unoccupied track sections.

Control algorithm of an axle counting system: If at the beginning the con-
trolled section was unoccupied, and the number of entered and exited wheelsets has
coincided, the section is registered as unoccupied. Otherwise, this section is con-
sidered occupied.

Fig. 17 Block diagram of axle counting system: ASP1, ASP2—axle counting points; 1—signal
comparator; 2—uninterruptible supply unit; 3—electronic unit board of axle counting point; 4—
power supply unit; 5—error elimination unit; R1, T1, R2, T2—redundant axle counting sensors
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8 The European Train Control System

In order to reduce train interaction technical obstacles, representatives of the rail
sector and the European Commission signed memoranda of understanding in 2005,
2008 and 2012 on implementation and development of the European Rail Traffic
Management System (ERTMS/ETCS) [22–24]. The objective of the system is to
harmonize about 20 different European signaling systems and to implement a
uniform automatic speed control system developed in consideration of state-of-art
telecommunication technologies. All types of safety—control, management and
signaling—are based on the principle of mitigation or elimination of driver’s fault
and accident risk during train movement. Signaling, control and train protection
systems used in different European countries are presented in Fig. 19 [25]. At this
time, more than 20 different train protection systems (TPS) and five catenary sys-
tems are used in EU railways (see Fig. 19); for example, FAB/KHP UZ in Poland,
INDUSI/LZB in Germany, TVM/KVB Krokodil in France, ASFA/LZD in Spain,
ATC in Sweden, Denmark and Norway, and the ALSN system is used in countries
including Russia, Belarus, Ukraine, Lithuania, Latvia, Estonia and Norway. They
systems are developed within state boundaries and use different technical means.

Fig. 18 Thales axle counting sensor and signal processing box (a) and analogue-digital signal
converter of Siemens axle counting system ZP43 (b): R1, T1, R2, T2—redundant axle counting
sensors; T—data transmission module
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Train protection systems: ALSN (Russian Federation, Belarus, Estonia,
Latvia, Lithuania, Ukraine), Ansaldo L10000 (Sweden), ASFA (Spain)
ATB (Netherlands), ATC (Sweden, Denmark, Norway, Brazil, South Korea, Japan,
Australia [Queensland], Indonesia), ATP (UK, USA, Brazil, Australia
[Queensland], Indonesia, Ireland), AWS (UK, Australia [Queensland, South
Australia], Indonesia), BACC (Italy), CAWS (Ireland), CBTC (Brazil, USA,
Canada, Singapore, Spain, Gabon), CONVEL (Portugal), Crocodile/Memor
(Belgium, France, Luxembourg), EBICAB 700 (Bulgaria, Norway, Portugal
[called CONVEL by the Portuguese railways], Sweden), EBICAB 900 (Finland,
Spain, Sweden, Australia [Queensland, Western Australia]), ETCS (Austria,
Belgium, Bulgaria, Italy, Switzerland, EVM 120 (Hungary), HKT (Denmark),
Integra-Signum (Switzerland), KVB (France, Channel Tunnel Rail Link),
LZB (Germany, Austria, Spain), LS (Czech Republic, Slovakia), MEMOR II +
(Luxembourg), PZB Indusi (Germany, Austria, Romania, Slovenia, Croatia, Bosnia-
Herzegovina, Serbia, Montenegro, Macedonia, Israel), FAB/KHP UZ (Poland),
SCMT (Italy), SELCAB (Spain), SHP (Poland), TASC (Japan), TBL (Belgium,
Hong Kong), TPWS (UK, Australia [Victoria]), Tren Denetim Sistemi (TDS;
Turkey), TVM (France, Belgium, UK, Channel Tunnel Rail Link, South Korea),
ZUB 121 (Switzerland), ZUB 123 (Denmark), ZUB 262 (Switzerland).

Fig. 19 Signaling, control and train protection systems used in different European countries
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Figure 20 shows an example of positions of train-side antennas for various
systems on the bottom of the locomotive. A prototype of the PZB (induction) train
traffic safety and signaling system was first used in locomotives in 1930 (see
Fig. 21).

A diagram of track signal communication for locomotives is presented in Fig. 20.
We can see from Fig. 20 that track signal transceivers in locomotives are arranged in
different points. Transceivers of track signals in a vehicle are arranged perpendic-
ularly to trackside stationary equipment (balises, etc.), where they transmit or receive
communication signals, because electromagnetic signals are of maximum strength in
this arrangement. In sections equipped with track signaling systems (traffic lights,
information stands and LED boards informing drivers on permitted speed), data are
transmitted to a train from standard electromagnetic inductors (called “balises”)
installed on a track. PZB, or Indusi, is an interval cab signaling system and train
protection system used in Germany, Austria, Slovenia, Croatia, Romania and
Israel, and on one line in Canada. A balise is a device in a track designed to transmit
data (ALS signals, speed limitation, train location, etc.) to the passing train loco-
motive (passive) or to transmit and receive data (active). A balise used for ETCS is

Fig. 20 Positions of vehicle communication units in different train protection systems [17]

Fig. 21 Indusi prototype on
a steam locomotive in May
1930 [26]
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called a “Eurobalise”. Examples of balises are shown in Fig. 22. An ETCS
Eurobalise transceiver, installed between rails, provides information to ETCS trains.

Passive balise: Track-based transponder that is “woken up” by a low frequency
signal and receives its energy from a passing train and then sends packets of
information to the train. Passive and active balises can transmit either fixed or
variable information or both. Many railways prefer to use balises powered-up by the
passing trains.

Active balise: Track-based transponder that is powered from the signaling
supply and continuously sends packets of information to passing trains.

The European Train Control System (ETCS) is a signaling, control and train
protection system designed to replace the many incompatible safety systems cur-
rently used by European railways, especially on high-speed lines. ETCS requires
standard trackside equipment and a standard controller within the train cab. In its
final form, all lineside information is passed to the driver electronically, removing

(a) (b)

(c) (d)

Fig. 22 Examples of Eurobalises a ETCS “Eurobalise transceiver”, installed between rails,
provides information to ETCS trains [27], b Croco + TBL + ETCS balises at the same signal [28],
c Siemens Eurobalise EBICAB [29], d Siemens balise [30]
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the need for lineside signals, which at high speed could be almost impossible to see
or assimilate. By using the European Train Control System from the equipment in
the rail track to the train, the information is transferred, according to which max-
imum permissible speed is constantly calculated. In the sections where a signal-
ization system is installed (traffic control light signals and information stands and
displays, which are used to inform the locomotive driver of the permissible speed).
Information is transmitted to the train from the standard electromagnetic inducers
(the so-called Eurobalises) that are installed in the track. In the cases of all three
levels, by using Eurocab in the train computer, the speed of the train is compared to
the maximum permissible speed and automatically by exceeding it [31–35].

ETCS is specified at four different levels [36]. Level 0: ETCS-
compliant locomotives or rolling stock interact with lineside equipment that is
non-ETCS compliant. Level 1: ETCS is installed on lineside (possibly superim-
posed with legacy systems) and on board; spot transmission of data from track to
train via ETCS balises. Level 2: Same as level 1, but ETCS data transmission is
continuous; the currently used data carrier is GSM-R. Level 3: Same as level 2, but
train location and train integrity supervision no longer rely on trackside equipment
such as track circuits or axle counters.

ETCS level 1 schematic. Information to the passing train locomotive is trans-
mitted by radio communication GSM-R. The ETCS level 1 signaling system can be
implemented for the national signaling system by leaving the existing system. In the
ETCS level 1 signaling system, the Eurobalise transmits route data by GSM-R radio
communication from the rail track via signal adapters to the approaching train and
to the traffic control authority. Block diagrams of ETCS level 1 are presented in
Figs. 23 and 24.

Eurobalise radio beacons pick up signal aspects from the trackside signals via
signal adapters and telegram coders (lineside electronics unit—LEU) and transmit
them to the vehicle as a movement authority together with route data at fixed points.

Fig. 23 Block diagram of European train control system ETCS level 1: LEU—lineside electronics
unit [37]
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The ETCS computer, using data received from balises, calculates maximum
permissible speed and braking curve. In order to receive/transmit data, a train has to
pass through Eurobalise. Movement authority for the stopped train is granted by
visual signals (traffic lights, etc.), which show if movement can be continued.

EuroLoop equipment used in the ETCS system is arranged at certain spacing.
EuroLoop is the system that supplements Eurobalise, and which allows contactless
data transmission to the vehicle via cables emitting electromagnetic waves.

ETCS level 2 schematic. As in the case of ETCS level 1, here also GSM-R radio
communication is used for data transmission. ETCS level 2 is when the track
signaling system is not necessary (traffic is controlled without traffic lights). Train
location is positioned by trackside equipment. In the ETCS system, a train equipped
with GSM-R communication can run on railway tracks of the first and second
levels. Block diagrams of ETCS level 2 are presented in Figs. 25 and 26.

Fig. 24 Block diagram of the ETCS level 1 using axle counters, Eurobalises and EuroLoop
equipment [17]

Fig. 25 Block diagram of European Train Control System (ETCS) level 2 [38]
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However, train detection and train integrity supervision still remain in place at
the trackside. Train movements are monitored continually by the radio block center
(RBC) using this trackside-derived information. The movement authority is trans-
mitted to the vehicle continuously via GSM-R together with speed information and
route data. The Eurobalises are used at this level as passive positioning beacons or
“electronic milestones”. The train determines its position between two positioning
beacons via sensors (axle transducers, accelerometer and radar). The positioning
beacons are used in this case as reference points for correcting distance measure-
ment errors. The onboard computer continuously monitors the transferred data and
the maximum permissible speed.

ETCS level 3 schematic. ETCS level 3 is the same as level 2, but train posi-
tioning and train integrity control cannot rely only on data of trackside equipment
such as track circuits or axle counters. ETCS level 3 is currently under develop-
ment. Block diagrams of ETCS level 3 are presented in Figs. 27 and 28. In certain

Fig. 26 Block diagram of ETCS level 2, when radio block centers (RBCs) are used for train
control, and information from trackside equipment is transmitted by signals of axle counters and
Eurobalises [17]

Fig. 27 Block diagram of ETCS level 3
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countries (Sweden and others), the first ETCS level 3 systems are under imple-
mentation, and experience with these systems will be used for system improvement.
By transmitting the positioning signal to the RBC, it is always possible to determine
which point on the route the train has safely cleared. The following train can
already be granted another movement authority up to this point. The route is thus no
longer cleared in fixed track sections. In this respect level 3 departs from classic
operation with fixed intervals: given sufficiently short positioning intervals, con-
tinuous line-clear authorization is achieved, and train headways come close to the
principle of operation with absolute braking distance spacing (“moving block”).
Within the framework of ETCS implementation, RBCs will be installed and CPU
units will be developed to control traffic of locomotives in a section by exchanging
data with them. In the case of ETCS level 3, accurate train positioning data
transmittance from the train must be ensured in order to optimize sections
throughput and reduce the amount of trackside equipment.

Fixed train detection devices (GFM) are no longer necessary. As in the case of
the ETCS level 2 signaling system, Eurobalises and sensors (axle transducers,
accelerometer and radar) are used for train positioning. ETCS level 3 must ensure
train integrity determination with the highest possible degree of reliability. The
transmitted train positioning signal in the RBC always allows determining which
point in the route ensures safe forward movement of the train. RBC will receive
data on prepared routes, traffic light signals, shunt positions, train position, etc. It
then analyzes the occupation of forward sections and generates train movement
authority up to a certain destination. A block diagram of ETCS level 3 when RBCs
are used for train control, and information from trackside equipment is transmitted
by signals of Eurobalises, is presented in Fig. 28.

For all three levels, the ETCS computer calculates train speed and compares it
with maximum permissible speed, and brakes the train if the speed is exceeded.

Fig. 28 Block diagram of ETCS level 3, when RBCs are used for train control and information
from trackside equipment is transmitted by signals of Eurobalises [17]
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9 Automatic Train Protection System

Train protection systems are continuously improved. It is necessary to find methods
and technical means in order to reach ETCS level 3. The interval train control
principle should be abandoned and replaced with a moving block system. This
chapter presents block diagrams of train protection systems using beacons, train
positioning signal transmission and processing principles. A block diagram of a
train protection system using coded track circuit is presented in Fig. 29. Generated
codes are received by an antenna. Train speed variation signals are generated by
speed sensors installed on a wheelset.

We have seen in the previous articles that the ATP signaling codes contained in
the track circuits are transmitted to the train. They are detected by pick-up antennae
(usually two) mounted on the leading end of the train under the driving cab. These
data are passed to an onboard decoding and safety processor. The permitted speed is
checked against the actual speed, and if the permitted speed is exceeded, a brake
application is initiated.

Operation with beacons. A block diagram of a train protection system using
beacons is presented in Fig. 30. The figure shows links between electronic beacons
placed at intervals along the track, train and traffic light.

Electronic beacons are placed at intervals along the track. The beacons are
sometimes referred to as “balises” after the French word for beacon. Data pro-
cessing and the other ATP functions are similar to the continuous transmission
system. The beacon system operates as shown in the simplified diagrams below. In
the diagram (Fig. 31 A), the beacon for red Signal A2 is located before Signal A1 to
give the approaching train (2) room to stop. Train 2 will get its stopping command
here so that it stops before it reaches the beacon for signal A3. In the diagram in

Fig. 29 Block diagram of a train protection system using coded track circuit [40]
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Fig. 31 A, the train has stopped in front of Signal A2 and will wait until Train 2
clears Block A2 and the signal changes to green. In reality, it will not move even
then, since it requires the driver to reset the system to allow the train to be restarted.

To avoid the situation of an unnecessary stop, an intermediate beacon is pro-
vided (Fig. 31 B). This updates the train as it approaches the stopping point and will
revoke the stop command if the signal has cleared. More than one intermediate
beacon can be provided if necessary.

Moving block system. As signaling technology has developed, there have been
many refinements to the block system, but in recent years, the emphasis has been on
attempts to get rid of fixed blocks altogether. The moving block system requires less
wayside equipment than fixed block systems.

When the moving block and radio transmission system is used, railway track is
usually divided into zones and regions, based on radio communication coverage.
RBCs are arranged so that controlled blocked sections would be reliably covered by
radio communication. Train identification, location, direction and speed data from

Fig. 30 Block diagram of a train protection system using beacons [41]

Fig. 31 Train traffic control schemes: A, B [39]
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RBCs are processed by a computer. Each blocked section has its own radio
transmission system. Each train transmits its identification, location, direction and
speed data to the computer, which computes safe train separation distance and
transmits data to a train. A train movement theoretical diagram using the moving
block system is presented in Fig. 32. The diagram shows trains moving in one
direction separated just by braking distance. The question is what technical mea-
sures could be used to ensure train traffic safety.

This flexibility requires radio transmission, sometimes called “communications-
based train control” (CBTC) or “transmission-based signaling” (TBS), rather than
track circuit transmission, to detect the location, speed and direction of trains and to
tell trains their permitted operating speed.

Moving block and radio transmission. A train protection system using moving
block and radio transmission is presented in Fig. 31. On a moving block-equipped
railway, the line is usually divided into areas or regions, each under the control of a
computer and each with its own radio transmission system. Each train transmits its
identity, location, direction and speed to the area computer, which makes the
necessary calculations for safe train separation and transmits this to the following
train, as shown in Fig. 33. Train spacing data are transmitted by radio channel to a
computer. Therefore, the computer always knows the position of all trains in the
controlled section. It transmits to each train the position of the preceding train and
computes the braking curve for the train enabling it to stop, while it does not reach
the preceding train. When the moving block and radio transmission system is used,
train separation distance system is of a dynamic nature. In this case, communication

Fig. 32 Train movement theoretical diagram using the moving block system [39]

Fig. 33 Train protection system using moving block and radio transmission [39]

Train Protection Systems in Different Railway Gauges 297



between individual trains executes CBTC. To ensure reliability of speed and
braking distance between all trains, one fixed block separating the trains can be
used. In case of radio communication failure, the newest data will force train
braking earlier than it reaches the preceding train.

Moving block location updates. As we have seen, trains in a moving block
system report their position continuously to the area computer by means of the
train-to-wayside radio. Each train also confirms its own position on the ground from
beacons, located at intervals along the track, which recalibrate the train’s position
compared with the onboard computerized line map. A train protection system using
moving block location updates is presented in Fig. 34.

This is another moving block and radio transmission version, when positioning
computers are on board. Each train knows where it is in relation to other trains and
sets its own safe speed. This version reduces trackside equipment, but the amount of
transmitted data is much higher.

An early moving block system. One system that claims the distinction of being
the first moving block system is marketed under the name Seltrac by Alcatel. It is
used in Canada and on the Docklands Light Railway in London. It has the ingre-
dients of moving transmission of data, but the transmission medium is the
track-mounted induction loops, which are laid between the rails and which cross
every 25 m to allow trains to verify their position. Data are passed between the
vehicle onboard computer (VOBC) and the vehicle control center (VCC) through
the loops. The VCC controls the speed of Train 2 by checking the position of Train
1 and calculating its safe braking curve.

The Seltrac Alcatel moving block system is shown in Fig. 35. In the Seltrac
Alcatel system, a train is controlled automatically. A driver does not participate

Fig. 34 Train protection system using moving block location updates [39]

Fig. 35 Seltrac Alcatel moving block system [39]

298 L. Liudvinavičius and A. Sładkowski



directly in train control. In case of system failures, the train is controlled manually.
In this case, train position is determined by axle counters. The biggest disadvantage
of the Seltrac system is that cables are laid between rails and can be damaged during
track maintenance works or otherwise. The principal difference between this system
and other modern systems is that Seltrac uses electromagnetic cables for data
transmission, while radio systems use antennas.

Trainguard 300. The simplified block diagram Siemens Trainguard 300 project
ETCS level 3 is presented in Fig. 36. Siemens in its project, Trainguard 300 ETCS
Level 3, proposes to use all complex of equipment necessary for ETCS level 3,
which is not fully standardized at the moment.

The Trainguard 300 ETCS Level 3 [40] is a uniform complex (produced by a
single company) including locomotive computer control and track equipment,
which would enable operation of such trains in fixed-block or moving-block
operation railways. An odometer is a device for measuring the distance traveled by
a vehicle (see Fig. 36).

10 Ten Baltic State Rail Traffic Control Aspects

The railways of the Baltic states have inherited a railway infrastructure of 1520-mm
railway gauge and a typical Russian standard traffic control system. The railways of
different railway gauge width in the Baltic states and the EU are presented in

Fig. 36 The simplified block diagram Siemens Trainguard 300 project ETCS level 3
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Fig. 37. The Baltic states are constructing a 1435-mm Rail Baltica rail line in which
contemporary traffic control systems will be used. Currently, the EU is imple-
menting the installation of smart traffic control systems by exploiting global nav-
igation systems such as GPS and GALILEO. It is essential to look for technical
solutions for the coordination of different rail traffic control systems of 1435- and
1520-mm width. To master passenger train routes between the railways of 1435-
and 1520-mm width, it will be essential to evaluate not only the differences of the
gauge and contact network standards, but also those of traffic control systems. The
kinetic energy of trains is not fully used to reduce the locomotive fuel or electric
energy consumption for traction. Production of hybrid locomotives with energy
saving and accumulation systems is only just being developed. At the detachment
of JSC Lietuvos geležinkeliai subsidiary Vilniaus lokomotyvų remonto depas UAB,
along with Russian and CZ LOKO companies, has produced the first diesel-electric
hybrid powered locomotive with electric power TEM-35 for running on 1520-mm
gauge, in which energy collection and saving systems are installed.

10.1 Rail Traffic Control System Analysis

Railway automation remote mechanics equipment increases the throughput of
trains, simplifies train traffic control, improves the overall quality of the entire
railway services and increases their competitiveness. Currently, LG has installed
microprocessor traffic control systems of the companies Bombardier and Siemens.
The main technical measure of interval train traffic control is an automatic track
control. Where an automatic interlocking system is used for train track traffic
control, the waystations are divided into block zones, the length of which may be up
to 1000–2600 m. Block zones are fenced off by light signals of waystations. An
electric track circuit, which is an information sensor certifying the presence or
absence of a train, is installed in block zones. The role of conductors in the electric

Fig. 37 Different gauge-width railways in the Baltic states and EU countries
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track circuit is taken by rails (Fig. 38a). A relay-based traffic control system, where
a chain of rails is used and microprocessor control on the centralized information
screen are presented in Fig. 38b.

A track circuit is the body of the railway section rail lines and the equipment
attached to it, which is meant for transmitting the signals. Should the train enter the
block zone, it connects two opposite rail lines by its wheelsets [41]. Therefore, the
track relay breaks the circuit of the permissible signal of the side track light, and by
others it creates the power circuit of the red-light signal. This way a restrictive light
signal is switched on. The main interval train movement instruments at waystations
and stations are an automatic, semi-automatic track block, and automatic locomo-
tive signalization, automatic level crossing signalization, electric switch and signal
centralization EC, traffic control centralization and train traffic control in EC.

Fig. 38 Relay-based traffic control system, where a chain of rails is used (a) and microprocessor
control on the centralized information screen (b)
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To control the technical condition of the running train rolling stock, automatic
control measures RAKP are used. To record the intensity of the track section by a
train at intervals, traffic regulation system track circuits are used. The automatic
track interlocking divides the waystation into interlocking zones by light signals of
the waystations. The light signals change automatically depending on where the
train is located.

Microprocessor centralized traffic control system. The microprocessor elec-
tronic centralized traffic control (CTC) system has replaced the relay system
(RCTC). Relays were replaced by contactless systems created in the microprocessor
base [41]. The CTC system consists of a centralized train dispatcher office that
controls railroad interlocking and traffic flows in portions of the rail system des-
ignated as CTC territory. One hallmark of CTC is a control panel with a graphical
depiction of the railroad. On this panel the dispatcher can keep track of train
locations across the territory that the dispatcher controls.

10.2 Automatic Locomotive Signalization (ALSN)

Automatic locomotive signalization (hereinafter referred to as ALSN) is trackside
locomotive equipment intended to transmit information to the train’s driver about
permissible traffic speed in block sections. Automatic locomotive signalization is
the system of data transmission from trackside signaling equipment to the loco-
motive intended to facilitate train operation, to control logic of the driver’s actions,
to limit speed and brake the train if required, record speed and the driver’s actions.
The system is operating only in automatic interlocking sections. Code transmission
from track circuits to the locomotive equipment is shown in Fig. 39.

ALSN is used on almost 100,000 km of track in the countries of the former
Soviet Union, or more than 10% of world railways. This system is installed on main
lines, but applied basically as additional equipment, which supplements but does

Fig. 39 Code transmission from track circuits to the locomotive equipment: PR—code reception
coils; F—filter; S—amplifier; D—decoder; BR—alertness handle; EOV—electric air valve; Š—
whistle; EV—solenoid of electric air valve; DT—choke transformer; 3R, 5R—block sections
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not replace trackside signals in most cases. If there is a disagreement between
trackside and cab signals, the driver must obey the trackside signal.

The system was developed in the 1930s in the Soviet Union using the experience
of the first coded track circuits in the USA.

ALSN operation principle. Coded track AC circuits of automatic interlock are
used in the ALS system to transmit track traffic light signals to a moving train
(driver’s cab). ALS track equipment in front of a running train sends circuit-coded
AC current signals to a track, used in coded automatic interlocking AB. Equivalents
of locomotive traffic light and track traffic light are shown in Fig. 40.

Codes of ALSN. According to new technical requirements, stations and open
lines will have high-frequency track circuits. This implies new functions for ALSN.
When the track section is clear, the track circuit carries no code and serves for track
clear detection only. Only in these sections where a train is detected or expected
soon, is the code applied. As soon as the train occupies a new section, the coding in
the previous section is switched off. Likewise, generally in ALSN, only these
station tracks which are provided for nonstop train passage are coded. The section
beyond a signal at Stop is not coded; therefore, the train will be emergency stopped
(cab signal red). This is in accordance with the failsafe principle. Passage of a Stop
signal can be authorized with the driver’s special action at a maximum speed
20 km/h [17].

Unified complex system of locomotive protection KLUB-U. KLUB-U, in
addition to the main ALS functions, by using GPS allows the following: set and
correct the actual time according to astronomic time; determine train running

Fig. 40 Equivalents of locomotive traffic light and track traffic light [42]

Train Protection Systems in Different Railway Gauges 303



parameters, coordinates, speed; control maximum permissible speed and generate
the corresponding automatic braking signal; control train self-rolling; receive and
record to the internal memory the data of track electronic map, etc. KLUB-U
equipment is shown in Figs. 41, 42, 43 and 44. The driver’s physical condition is
monitored by measuring resistance with a special bracelet (see Fig. 43), which is
worn by the driver during train operation. Signals of driver’s physical condition are
sent to the driver’s alertness module TSKBM. In case the driver’s condition is poor,
forced braking of the train is activated.

KLUB-U equipment ensures the following functions: Reception and decoding
of ALSN signals; indication of traffic light signals to a driver; telemechanic mon-
itoring of driver’s vigilance (TSKBM), indication of actual running speed, regular
control of driver’s alertness using indication and signalization, indication of per-
missible speed in the section to a driver, protection against vehicle self-rolling,
indication of braking curve to a driver, continuous monitoring of brake system
condition, automatic activation of emergency braking, recording of running
parameters in memory storage, data (actual train running speed, train position GPS
coordinate, locomotive traffic light indication) transmittance via GSM-R channel,
command (train forced braking, speed limitation, permission to pass the prohibitive
traffic light signal) receiving via GSM-R radio channel.

Control of locomotive driver’s alertness. Alertness of the locomotive driver is
controlled as the train approaches a restrictive light signal, when the green light
signal of the locomotive changes to yellow. In this case, the locomotive driver must
confirm his alertness once by pressing the alertness handle. Later on, KLUB-U
carries out period checks (every 30–40 s) of the alertness of the locomotive driver.
In all cases, if the locomotive driver does not press the alertness handle in time, the
train is stopped automatically by an automatic brake.

Fig. 41 KLUB-U panel
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Fig. 42 KLUB-U
information panel BIL-U

Fig. 43 Driver’s alertness
checking bracelet

Fig. 44 KLUB-U memory
storage is intended to record
train operation parameters
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10.3 Automatization Systems of Locomotive Control

Signalization equipment is used for transferring information one way and both ways
from the track to the locomotive and from the locomotive to the track equipment.
To this end, along with the induced channels, radio and satellite communication
channels are used. The information transferred from track equipment to the loco-
motive is used in the signalization systems of the locomotive, in train automatic
braking systems, in the safety complexes of the locomotive equipment, and also in
various optimum control unified systems with different levels of locomotive control
automatization—in this case, the locomotive is controlled by an onboard computer,
which receives relevant information.

Automatic rolling stock control system. Modern rolling stock axle box heating
(temperature) control, blocked wheel and wheel geometry defect detection have
been installed in running rolling stock systems. By installing these systems, the
costs for rolling stock and infrastructure technical maintenance is reduced, thus
rolling stock accidents are easier to avoid.

ATLAS-LG systems control the trains running in both directions in the system
installation zones. In the sections of a dual railway system, the systems for the
control of trains running both ways are usually equipped in one control post, which
controls the heating of the axle boxes and blocked wheel temperature and the
surface defects of wheels rolling on the trains passing by, dynamic wheel forces to
the rail and the alternating forces (load). The structural scheme of the control of the
wheelsets axle box heating (temperature) and dynamic wheel force to the rail is
shown in Fig. 45. For a moving rolling wheel in the ATLAS-LG system, acting
dynamic force Q changes by an electric signal system and a diagram of total
dynamic force change: DQ—the change signal of dynamic force Q; S—the distance
traveled by a moving rolling stock wheel; A/D—analog/digital signal converter.

10.4 New JSC Lietuvos Geležinkeliai Traffic Control System
Opportunities

Once JSC Lietuvos geležinkeliai (LG) started planning the procurement of new
generation western locomotives by completing locomotive modernization, it had to
decide what safety systems will be used. On the one hand, locomotive safety
systems (LSS) have to operate with the technically outdated locomotives, the cabins
of which have traffic control equipment for the 1520-mm gauge width railways
installed, which is different from the traffic control equipment used on tracks with
1435-mm gauge width used in EU countries. On the other hand, the LSS con-
ception must allow moving on to the second and third ECTS level technical
solutions. By creating the LSS structure, not by reducing the system interoperability
with ETCS equipment, the national peculiarities of the railway infrastructure were
taken into consideration. Therefore, the LSS of the Lithuanian railways has certain
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differences as compared to those of the second level ETCS requirements. First of
all, the LSS is meant for work in railways with 1520-mm railway gauges and for
use in locomotives operating on a 1520-mm railway gauge, in which the train
location is indicated not by means of balises, which are widespread in EU railways.

Fig. 45 The structural scheme of wheel set axle box heating (temperature) control and dynamic
force to rail measurement
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In railways of 1520-mm, the location of the train uses track circuits and axial
meters. The interoperability of the locomotive equipment with the stationary track
equipment of LSS and ETCS are slightly different. The LSS holds in its memory all
the information about permissible speed and also about objects that are in the
direction the locomotive is heading. In the ETCS system the equipment of the
locomotive indicates the positioning of the train according to the balise signals, the
position of which (the coordinate) is well known, and the position of the LSS train
is indicated according to the GPS coordinates and the track circuit (track sensor)
data. When creating the LSS structure, LG attributed special attention to the pos-
sibilities to use the GSM-R radio channel. LG was the first from the post-Soviet
republics to install the GSM-R radio communication network. Currently, LG has
implemented the first stage of the project GSM-R radio channel use for the control
of locomotives and data transmission [43]. Data transmission and control to the
traffic control center GSM-R radio station has an interface with the LSS via a
systemic block. Train data are transferred to the traffic control center (railway
ordinate, the indication of the light signal, the level of the locomotive driver’s
alertness, the pressure of the brake bus, etc.; 21 information channels in total) and
from the control center to the locomotive emergency and forced braking commands,
permission to drive through a restricting signal and temporary speed limits. The
structural schemes of train positioning indication of 1520- and 1435-mm gauge
railways are presented in Fig. 46. Figure 46b illustrates the signal structures using
the Eurobalise of the 1435-mm and track circuit signals of the 1520-mm gauge
trains. The 1520-mm gauge train positioning control system structure: G—green, Y
—yellow, R—red, W—white, YG—yellow-green transmitter code signals; PR—
track equipment code signal input equipment; TCS—track equipment code signals;
EIE—Eurobalise signals input equipment.

A structural scheme for 1520-mm railway gauge width train traffic control using
global positioning systems is presented in Figs. 47 and 49. The created traffic
control structure would allow controlling the coordinates of traffic control objects
(A1–A3 track profile, A4-track light signals moving in one direction of trains,

Fig. 46 1520- and 1435-mm gauge train location indication structural schemes using Eurobalise
and track circuit signals
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individual locomotives, etc.). By controlling the change of coordinates of track
profile, one can create locomotive control attachments (modules), which will pro-
vide information directly to the locomotive control system LCS [44–47]. In this
way, by evaluating the change of the track profile coordinates, independently from
the position of the locomotive controller LD, the speed of the locomotive will be
controlled and fuel consumption will be significantly reduced. Currently, locomo-
tive drivers control the train manually and cannot fully evaluate the change of the
track profile. For example, in the Kaunas-Vilnius section there are over 160 rises
and 140 slopes bigger than two parts per thousand. However, a locomotive driver
can only memorize the greatest rises and slopes. In the structure of a typical AC/DC
current system locomotive there is a diesel engine (DM), the crankshaft of which is
connected to the traction generation GS of alternating current (AC). The speed of
locomotive DC traction motor TM, which is changed by changing the output
tension of uncontrolled rectifier. Currently, locomotive drivers control trains

Fig. 47 The structural scheme of traffic control by using global positioning systems (a) and the
track profile in the Naujoji Vilnia–Kaunas section (b): Rb—braking resistor; L—distance; TCS—
traction code signals
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manually and cannot fully evaluate the change of the track profile. For example, in
the N. Vilnia-Kaunas section there are over 126 rises and 177 slopes [48]. However,
a locomotive driver can only memorize the greatest rises and slopes and controls the
train by using its kinetic energy, and fuel is not saved. In this way, fuel con-
sumption can be used only partly. The structural scheme of traffic control by using
global positioning systems (a) and the track profile in N. Vilnia–Kaunas section
(b) is presented in Fig. 47. The authors have suggested creating a traffic control
system in which the change of locomotive speed would be realized according to the
coordinates of track profile change. The diagrams of electric train kinetic energy
control in traction and braking cycles by evaluating the track profile in the N.
Vilnia-Kaunas section are shown in Fig. 48. The diagram of electric train kinetic
energy control traction and braking by evaluating the track profile in the
Vilnius-Kaunas section shows the amount of electric energy that we can save at the
expense of kinetic energy.

The diagram of electric train kinetic energy control traction and braking by
evaluating the track profile in the Vilnius-Kaunas section shows the amount of
electric energy that we can save at the expense of kinetic energy. The aggregate
amount of electric energy consumed for traction by using energy accumulation
systems is expressed by the following dependence: PR(t) = PT(t) − PB(t). Here,
PT(t) is the amount of power consumed in traction cycles t1–t2, t3–t4, t4–t5, t7–t8;
PB(t) is the amount of power consumed that has been accumulated in the power
accumulation batteries in the cycles of electrodynamic braking t4–t5, t6–t7. v(t) are
the diagrams of electric train speed change: 1, 2—in the parking cycle; 3, 4—in the

Fig. 48 The diagrams of
electric train kinetic energy
control traction in
electrodynamic braking
cycles by evaluating the track
profile (a, b)
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electrodynamic braking cycle; 5—in the traction cycle; 6—speed limit diagram in
the section. The amount of power saved by an electric train is marked in Fig. 48.
The diagrams of electric train kinetic energy control traction in electrodynamic
braking cycles by evaluating the track profile show that the aggregate amount of the
power for traction consumed by using energy accumulation systems will be
reduced, since it is expressed by the following dependence: PR(t) = PT(t) − PB(t).

From the amount of power consumed in the traction cycles, the accumulated
amount of energy consumed in the accumulation batteries will be deducted. The
structural schemes of the LG traffic control center by using global positioning
(a) and transmission data via a GSM-R radio channel (b) for the locomotive systems
is presented in Fig. 49 [49–51].

Fig. 49 The structural schemes of LG traffic control center by using global positioning (a) and
transmission data viaGSM-R radio channel (b) for the locomotive systems:CB—commutation block
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In 1520-mm gauge railways, the train traffic control systems are made of sta-
tionary equipment in infrastructure and mobile equipment in locomotives (the
locomotive signalization ALS). The LSS completes information exchange with the
track equipment, receives automatic locomotive signalization (ALS) signals,
receives information about speed limits, about whether employees are working on
the track, etc. The equipment of the locomotive transmits information to the LSS
about the traction on/off switch, control re-switching from one cabin to another, the
position of the electric air valve (EAV), the pressure of the supply and brake bus.
Current time is corrected according to GPS signals [52].

Data for the track electronic map and the train running schedule are recorded into
the LSS interior energy-wise independent memory. The permissible speed in the
section, independent from the engine driver braking is completed according to the
data of electronic map and train parameters (train weight, wheelset number, etc.).
The typical fragment of an electronic map with the data of locomotive running is
depicted in Fig. 50. The train movement parameters (railway ordinate, permissible
speed) are established according to GPS/GLONASS satellite and electronic map
data and also according to the signals of locomotive track sensors. The factual
locomotive speed is compared to the permissible one, and once it is exceeded, the
supply of the EAV valve is broken and the train is stopped independently from the
locomotive driver. In this way, the LSS realizes its main safety functions.

A locomotive receives ALS signals via GSM-R radio channel and from the track
equipment. By organizing freight train traffic, it is very important to reduce the time
of the attempts to brake the train before a trip. A practical attempt of the train
braking system that was formed in traditional systems is completed by the loco-
motive driver and station employees. The locomotive driver indicated the necessary
pressure in braking cylinders by braking controller. To make sure all the front
wagons are being stopped, the locomotive driver completes a visual check of them.

Fig. 50 A fragment of KULB-U electronic cassette of the permissible section speed according to
an electronic map and a fragment of the train speed (a) and KLUB-U speed indications in the
shield during the automatic braking (b)
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Where the weight of the train is around 6000 t, the number of wagons is more than
100 units. Such a train is very long, and the time of their practical inspection of its
braking system functioning is very long. The structural schemes of freight train set
braking attempt automatization and the integrity control of the train by using GPS
and GSM-R is provided in Fig. 51.

By using the system provided for freight train braking attempts, one can sig-
nificantly reduce the time of the tests, the test results may be transferred by radio
communication channel to the locomotive driver, station employees, who prepare
the documentation of the train and LG train traffic control dispatcher. Figure 51: A
—train front coordinate; B—train end coordinate; L—locomotive coordinate. Train
set braking system test automatization allows reducing the costs by 25%, the time
of the train set braking system test, archiving of the test parameter, sending the

Fig. 51 The automatic control schemes of the LG train braking (a) and integrity (b) systems test
using GPS and GSM-R
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parameters in an electronic form (reduces documentation preparation time). A photo
of a new LG traffic control center is presented in Fig. 52.

Train integrity control. The integrity of the freight train is checked by con-
trolling the speed of the last wagon, the route of the last wagon, the pressure of the
braking bus of the last wagon, the changes in pressure of the braking bus of the last
wagon braking. A photo of LG contact network equipment remote control is pre-
sented in Fig. 53.

Fig. 52 A photo of a new LG traffic control center

Fig. 53 A photo of LG contact network equipment remote control
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Before the launch of the Da Vinci system, there were 33 stations in LG, which
could have been controlled from an old traffic control center EVC. Out of these,
21 stations were controlled continuously. In the new traffic control center, the
control of 91 stations is completed. Of these, traffic control of seven border
stations traffic is carried out; traffic control of 13 distribution, freight, passenger
stations; 11 stations (five of which are included in the Rail Baltica project) have
no traffic centralization EC.

11 Conclusions

1. Train control systems use 1435- and 1520-mm track gauges, and the main
difference is that in the 1520-mm gauge railway, train position is determined
using track circuits, in the 1435-mm gauge railway, train position is determined
using Eurobalise signals.

2. To master passenger train routes between the railways of 1435- and 1520-mm
width, it will be essential to evaluate not only the differences of the gauge and
contact network standards, but also those of traffic control systems.

3. It is essential to look for technical solutions to the coordination of different rail
traffic control systems of 1435- and 1520-mm width.

4. It is necessary to find technical solutions to obtain compatibility of train traffic
control systems for 1435- and 1520-mm track gauges.

5. In light of improving train traffic control systems, it is necessary to abandon
interval-based train control principle.

6. In light of improving train traffic control systems, it is necessary to abandon
fixed block system principle.

7. We are working towards implementing moving block and radio transmission
system in train traffic control systems.

8. Train traffic control systems specifically for track 1520-mm gauge has to be
considered during integration of Baltic states railways into EU network.

9. Driver alertness monitoring specifics must be considered during integration of
Baltic states railways into EU network.

10. Features of power units and electrical drives of locomotives operated in rail-
ways with 1520-mm gauge track must be taken into account in the development
of ETCS computer TSS.

11. Train traffic control systems must be developed by implementing power saving
and storage systems.

12. Train traffic control systems must be improved considering the development of
GPS, GLONASS and, GALILEO.

13. Train identification, train position, direction and speed, and other data have to
be transmitted using GSM-R radio communication.

14. About 20 different European signaling systems must be made uniform, and a
uniform automatic speed control system must be implemented in the framework
of train traffic control system improvement.
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15. In is necessary to assess experience of systems used for braking of high-speed
trains by Japan, France, Germany, Italy, etc.
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Modeling of Traffic Smoothness
for Railway Track Closures
in the Rail Network

Grzegorz Karoń

Abstract This article presents a discussion of railway track section closures and
loss of traffic. A method for rational planning and optimal coordination of track
closures is introduced, along with estimations of traffic smoothness, including a few
example calculations.

Keywords Railway track closures � Traffic smoothness � Railway capacity �
System for assessment of track configuration (SOUT)

1 Introduction

Maintaining railways requires periodic closures [2, 5, 24]. The proposed rationale
for planning of railway track closures requires estimation of railway capacity
limitations. According to the theory of traffic flow, traffic smoothness capacity of an
element of a railway network (railway junction, rail station or railway line section)
depends on the number of trains in a given period of time (usually during the day)
in which traffic is moving at maximum smoothness. The definition of optimal
capacity can be expressed as follows: the optimal capacity (traffic smoothness
capacity) of the railway junction (rail station) is the a number of trains—referred to
as the optimal traffic intensity in terms of traffic smoothness—for which the average
traffic smoothness flow is the greatest [27–29]. Traffic smoothness capacity treated
as optimal capacity requires an assessment of potential railway traffic disruption
resulting from the intersection of train routes at rail stations. The probability of
disruption and the average length of disruption are obtained by computer simulation
of train traffic.
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Closure of railway sections causes losses of traffic, expressed as the number of
canceled trains at the time of closure. This number is dependent on the daily train
intensity, capacity reserve and duration of the closure during the day. Because trains
run on more than one railway section, the removal of a train from a closed railway
section results in its removal from other sections of the railroad. In light of this fact,
scheduled closures of railway sections can be coordinated so that they occur at the
same time. For this purpose, it is necessary to designate, for each pair of railway
sections on the network, traffic compounds. The essence of optimal distribution of
closures is to minimize the expected total traffic losses—number of canceled trains.

2 The Issues of Planning and Coordination of Railway
Track Closures

2.1 Repairs of Railway Track Sections and Repair Cycles

Maintaining railways requires periodic closure of track sections for maintenance
and repair, which is widely associated with rail traffic disruption.

The average duration of repair cycles for railway track sections is 8–10 years.
Major repairs (MR) are carried out at the beginning of the cycle. Between major
repairs, medium-level repair (MeR) is conducted, with current repair (CR) of
railway track sections carried out once a year. For each type of maintenance and
repair, the number and duration of railway track closures can be specified.
Typically, major repairs and average repairs have a predetermined duration of one
railway track closure, while current repairs have limited advance notice of track
closure.

Problems of monitoring and statistical analysis of railway track closures have
been studied in order to facilitate their planning in terms of reduced rail traffic
disruptions. In analyzing the functioning of the railway track, it can be assumed that
at a certain time, t, the track will be in one of the following states [29]:

• full operational suitability lasting together T1ðtÞ;
• limited operational suitability, with speed limit of traffic, lasting together T2ðtÞ;
• renewal during planned technological closures, lasting together TopðtÞ;
• renewal during unplanned technological closures, lasting together TonðtÞ;
• renewal during emergency closures, lasting together ToaðtÞ.

It is assumed that the smallest section of the railway track is the closed railway
section between each railway junction, i.e. the track railway section or the station
track. Due to maintenance and repair technology, it is possible to close two, and
sometimes three, railway sections, resulting in three cases of closures:
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1. Closure of only the railway section track or the station track between consec-
utive railway junctions. This is the case occurring most often.

2. Closure of two adjacent railway sections at both sides of a railway junction,
which means closure of railway section track and station track, or closure of two
railway section tracks contiguous to the railway junction. This case is rare and
occurs in major and medium repairs. If one of the closed sections is the station
track, it is comparable to movement disruption from the closure of only the
railway section, because the organization of train traffic can be adjusted by the
station track system. If, however, two consecutive tracks of railway section are
closed adjacent to a railway junction, it causes major disruption to train traffic
movement.

3. Closure of three consecutive railway sections, which means: closure of railway
section track, station track and the next railway section track. This case is the
most troublesome from the standpoint of train traffic but it is very rare, occurring
only during major repairs due to technology upgrades/repairs, and it does not
occur in lines with extensive use.

2.2 Railway Capacity and Optimal Intensity

The proposed rationale for planning of railway track closures requires estimation of
railway capacity limitations. The general definition of railway capacity is: a mea-
sure of the ability to move a specific amount of traffic over a defined rail line with a
given set of resources under a specific service plan (e.g. number of tons moved,
average train speed, on-time-performance, maximum number of trains per day,
etc.). The term railway capacity is widely presented in the literature, e.g. [1, 3, 6,
14, 19, 22], as well as the terms train schedule/timetable [4, 5, 21, 23, 26] and
capacity planning [15–17, 30].

According to the theory of traffic flow, the traffic smoothness capacity of an
element of a railway network (railway junction, rail station or railway line section)
is the number of trains in a given period of time (usually during the day) during
which traffic is moving at maximum smoothness [29]. This number of trains is
calculated using an iterative simulation technique for different variants of train
operation plans. During calculations, the average number of trains disturbed is
determined, i.e. those passing through the railway network test component which
had to be redirected during the elaboration of the train operation plans due to the
passage of another train (e.g. with higher priority)—this event is referred to as
“meet delay or pass delay”. After completion of calculations simulating the process
of constructing traffic train operation plans, an expected railway traffic smoothness
function is obtained, which assumes the maximum value for the traffic smoothness
capacity of a railway network element (Fig. 1) [12, 28, 29].
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To understand the traffic smoothness capacity requires an assessment of potential
railway traffic disruption resulting from the collision of train routes at a rail station.
The probability of disruption and the average duration of disruption are called
regulation characteristics and are obtained by computer simulation of the train
traffic.

The simulation program [28, 29] developed for traffic smoothness capacity
estimation enables computer simulation of train traffic for a given railway junction
(rail station), which produces a regulation characteristic, among others, the average
frequency of delay (regulation) pðqÞ as a function of traffic intensity q. The defi-
nition of optimal capacity can thus be expressed as follows: optimal capacity (traffic
smoothness capacity) of the railway junction (rail station) is the number of trains
qO, referred to as the optimal traffic intensity in terms of traffic smoothness flow, for
which the average traffic smoothness flow:

FðqÞ ¼ 1� pðqÞð Þ � q ð1Þ

is the greatest. Since the explicit form of the function pðqÞ is not known, an explicit
formula for capacity cannot be given. Using computer simulation, one obtains only
estimates pðqÞ for a predefined value of q. Then, by receiving different estimates for
different application intensity values of q, it is possible in a numerical and statistical
way to appoint the searched value of the optimal traffic intensity value qO.

During computer simulation of train traffic for a given junction of the railway
network, pðqÞ, among others, is obtained—pðqÞ is the average frequency of the
delay, which is an estimate of the delay probability. This value is calculated as the
quotient of the number of delayed trains to the total number of trains q. Knowing
the average frequency of delays allows calculation of the average traffic smoothness
flow, which is an estimate of the expected traffic smoothness flow FðqÞ, as the
subtraction of the average number of all trains q, and the average number of delayed
trains q � pðqÞ. Figure 1 shows the function of the expected traffic smoothness flow

Fig. 1 The function of the expected traffic smoothness flow; based on [29]
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FðqÞ with characteristic values marked: the optimal intensity qO for which FðqÞ
achieves the greatest value and intensity q�, which is the capacity value calculated
without taking into account the traffic smoothness flow. Scheduled railway traffic
trail capacity qi may exceed the optimal intensity of railway traffic until reaching
values q�, which causes a decrease in traffic smoothness flow on the rail line
section.

2.3 An Example of the Optimal Intensity Estimation

The example of optimal intensity estimation with use of computer software (System
for Assessment of Track Configuration [SOUT]) was prepared for railway line 139
Bielsko-Biała – Zwardoń (in Poland), section Łodygowice Station–Żywiec Station–
Węgierska Górka [11–13]. The base characteristics of the railway line are presented
in Fig. 2, and modeled configurations of station tracks is presented in Fig. 3.
Computations were done for two options of the train control system. The first
option is for a mechanical and relay train control system and second option is for a
computer train control system [18, 20, 25].

The calculations provide the function of the expected traffic smoothness flow
and optimal intensity for both options, as presented in Fig. 4.

Fig. 2 Railway line 139 Bielsko-Biała–Zwardoń (in Poland), section Łodygowice Station–
Żywiec Station–Węgierska Górka: a route of line, b elevation of line, c slope of elevation, d speed
limit; based on [11]
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The computation results confirmed the high efficiency of the computer train
control system—see values of reserve of optimal intensity qo_nowe − q_rozkł for the
2nd option (Table 1).
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Fig. 3 Modeled configurations of station tracks; based on [12]

Fig. 4 Function of the expected traffic smoothness flow and optimal intensity for two options of
train control systems: first mechanical and relay train control system; and second computer train
control system; based on [12]
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2.4 Assessment of Capacity Loss

Based on the optimal traffic intensity of trains, capacity loss is assessed according to
the following data [2]:

q scheduled traffic intensity of trains (on the trail);
qO optimal traffic intensity (traffic smoothness capacity) of trains (on the trail)

during scheduled railway traffic organization;
qI optimal traffic intensity (traffic smoothness capacity) of trains when one

railway section track is being closed;
qII optimal traffic intensity (traffic smoothness capacity) of trains when two tracks

(railway section track and station track or two tracks of railway section
adjacent to the railway junction) are being closed.

These values are expressed as the number of train paths per day. For each, the
sections of rail line for each repair MX (MR—major repair, MeR—medium repair,
CR—current repair) is determined [2]:

• the number of train paths (in the train operation plans) lost per unit of closure:

lNXi ¼ q� qið Þ � CNX

24
; ð2Þ

where:
i—the type of railway traffic organization; I—railway traffic organization when
one railway section track is being closed; II—railway traffic organization when
two tracks (railway section track and station track or two tracks of railway
section adjacent to the railway junction) are being closed; CNX—the number of
hours of one closure for the repair of type: NX (MR—major repair, MeR—
medium repair, CR—current repair),

• the reserve of train paths for the rest of the day:

lNXq ¼ qO � qð Þ � 22� CNXð Þ
24

; ð3Þ

where 22� CNXð Þ is the number of hours between two consecutive closures for
the repair of a kind NX taking into account 2 h of losses due to so-called
fortuitous events.

The proposed requirement for permissible capacity of railway traffic for railway
lines due to repair cycles for pavement repair is of the form:

lNXi � lNXq ; ð4Þ

indicating that the number of train paths lost for one closure for a repair of type NX
should not exceed the reserve of paths between consecutive closures. Sections of
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rail line for which the condition is not met, even for one type of repair, are called
“critical sections” (bottlenecks). Values lNXi and lNXq are fundamental
decision-making values of loss assessments, enabling assessment of whether a
given section repair can be conducted according to the scheduled repair cycle
without worrying about failure to comply with condition (4).

The methodology assumes that the duration of the closure is 24 h, which means
that all trains from the closed track should be directed to an alternate path or be
replaced by road transport. Synchronization of rail closures, which determines
which sections should close at the same time and which are releasable, is divided
into four classes:

• Class I—recommended synchronization: the common closure of two sections is
more favorable that disjointed closures;

• Class II—closing independent of each other: the synchronization does not
improve organization of railway traffic;

• Class III—unfavorable synchronization, but optimal intensity is not exceeded;
• Class IV—incorrect synchronization: causes an increase in global travel time

and deterioration of traffic smoothness.

Analysis of closure synchronization showed that in the area of low train route
network density, there is a pair of track sections that are both worth closing and a
pair of sections whose simultaneous closure would cause a significant deterioration
in traffic flow smoothness. In relation to the distribution of several closures the
following should be considered:

• Closure of the two pathways should not be made simultaneously; one of the
pathways can serve as an alternate line segment to the traffic carried over from
the second pathway,

• Two closures located on one line should be separated by at least one railway
station.

The problem of closure planning is to determine the time standards for a single
closure. This ensures rationality of repair work progress and the reasonableness of
capacity loss. However, the same closing time for two technically and similarly
traversed sections of the railway network, but localized in different areas, may cause
different exploitation effects. It cannot, therefore, be expected that the same closing
time is equally rational in both cases.

Two classes of problems are related to the planning of track closures:

• Railway traffic organization for the assumed locations of closures, involving
determining the daily intensity of trains for each main track of the railway
section (without any detailed consideration of the order of traffic operations);

• Regulation of train traffic at the respective closure sites for specified traffic
organization, which consists of developing a train operation plan.

Allocation of rail closures in the rail network for certain work schedules requires
coordination of works and determining the number and the time of a single closure
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for each of the coordinated works. Determination of a single closure time requires
an assessment of losses in train traffic (reduction of train traffic), and, then, the
transfer excess of train traffic on the alternate paths with reserve capacity.

Based on the structure of the train operation plans, the time of day for the closure
should be determined as a method of studying changes in traffic organization.
Finding a reasonable closing time by this method for many different values of the
closure time located at different periods per day is very difficult. The issue is
complicated further after taking into account various possible changes in the train
traffic organization for a predefined value of closure time. Therefore, in practice, the
aim is to determine the maximum permissible train traffic organization, to a pre-
determined location of closure time per day.

Assuming that an efficient manner of determining necessary changes in train
traffic organization during the closures is known, the determination of the rational
time of a single closure requires consideration of the technology of the conducted
works. Different technologies of track works, various railway traffic organizations
and different train traffic regulations provide a picture of the complexity of the
closure planning problem, for which the reasonable solution is the proper decom-
position of the problem and use the successive approximations method [2, 7, 10].

Decomposition of the closure planning issues gives the following components:

• Schedule of works;
• Schedule of closures;
• Railway traffic organization during the closures;
• Train operation plans during the closures.

The first problem (task 1) of railway traffic organization is coordination of track
works sharing the same closure. Allocation of closures in the network on individual
days (task 2) requires an assessment of losses of train traffic for the specified closure
time of day (task 3), and this in turn requires determining the volume of train traffic
transferred and lost, and a search for alternate paths (task 4). During multiple
simultaneous closures, this leads to the need for coordination of closures in terms of
traffic volume loss (task 5). The result of tasks 3, 4 and 5 for all scheduled track
works is organization of railway traffic during periods of closure, while minimizing
the size of expected loss train traffic.

In the organizational problem, there is still the problem of an acceptable level of
train traffic loss. With the level of allowable traffic loss set high, it may be that
changing traffic organization is not required and the allocation of closures can be
arbitrary. When only a low level of traffic loss is acceptable, it can become nec-
essary to search for alternate lines and the distribution of simultaneous closures so
as to minimize expected train traffic loss.

Another problem is the daily allocation of closure time (task 6), demanding a full
analysis and regulation of train operation plans when assessing the expected losses
of railway traffic in a specified range of a train operation plan (task 7). Also required
is the designation of trains on alternate paths, the designation of canceled trains
(task 8) and the coordination of closures per day in terms of train traffic disruption

328 G. Karoń



(task 9). If organizational problems have not been solved in advance, e.g. closures
onto the network on the individual days were placed arbitrarily, problems will
appear when determining alternate train paths with alternate paths indicated on the
basis of relevant train operation plan analysis. Furthermore, during closure coor-
dination, the distribution of different railway track closures on the network on
individual days should be determined, in addition to the coordination of time
intervals.

2.5 Evaluation of Railway Network Capacity Reserve

To determine the train network capacity reserve, the optimal intensity values should
be calculated:

qOi when both tracks of the rail line section are active;
qZik when the kth track of the ith rail line section is closed.

In the remainder of the text, by the marking and patterns, the following indexes
are used:

i, j indexes relating to the railway sections; because of its use in the issue of traffic
compound coordination between railway sections (expressed by a number of
common train routes), two indexes, i, j, were used, designating a pair of
sections;

k railway section track index;
t the subsequent day of repair period T.

The average values of indicators have a top dash. Description of ith railway
sections necessary to carry out the process of coordinating the closure includes the
following values [2, 9]:

• qi—intensity of train traffic according to the timetable for the ith railway sec-
tions [trains/day];

• qOi—the optimal intensity of train traffic under normal conditions [trains/day];
• qZik—the optimal intensity of train traffic during the closure of the kth track of

the ith railway section (for one track qZik ¼ 0) [trains/day].
• The average number of scheduled trains per hour:

qi ¼ qi
24

trains=h½ � ð5Þ

• Average hourly capacity reserve of the ith railway section:

ri ¼
qOi � qi

24
trains=h½ � ð6Þ
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• Average hourly intensity of traffic on the railway section ensuring traffic flow
smoothness during closure of the kth track of the ith railway section:

qZik ¼
qZik
24

trains=h½ � ð7Þ

• Average hourly number of trains canceled due to the closure of the kth track of
the ith railway section:

qSik ¼
qi � qZik

24
trains=h½ � ð8Þ

• Allowable closure time tZik of the kth track of the ith railway section depending
on the intensity and capacity reserve on the railway section:

tZik ¼
24 � qOi�qi

qOi�qZik
for ri [ 0 and qSik [ 0

24 for ri [ 0 and qSik � 0

(
ð9Þ

Closure of the track of the railway section causes losses of traffic expressed as
the number of canceled trains at the closure time. This number is dependent on the
daily train intensity, capacity reserve and duration of the closure during the day. In
the case of railway sections which have capacity reserve, duration of the closure
during the day determines the amount of losses of traffic. For railway sections with
capacity reserve (ri ¼ qOi�qi

24 [ 0) and losses of traffic (�qSik [ 0), an acceptable
value of this time can be defined above which the losses occur. Assuming that the
time allowed for closure on the trail should be such that the amount of losses is
equal to the capacity reserve, trains canceled at the closure time could be handled
during the rest of the day:

tZik � qSik ¼ 24� tZikð Þ � ri ð10Þ

obtaining the value of admissible closure time of kth track of the ith railway section
tZik and depending on the train intensity and capacity reserve on the railway section:

tZik ¼ 24
ri

qSik þ ri
h½ � ð11Þ

Substituting the patterns (6) and (8) into (11) gives (9).
For non-positive losses of traffic during closures (qSik � 0), the capacity of the

railway section is not less than the scheduled intensity, i.e. allowable closure time
tZik per day equals 24 h.
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3 Problems of Coordinating Track Closures
in the Railway Network

3.1 Closure of a Pair of Railway Sections

To simplify the discussion of closure coordination the simple case of one pair of
railway sections (i, j) is shown. In addition, it is assumed that the closures do not
last longer than one day. The closure of railway section track means that trains
should be canceled or moved to alternate paths in cases where capacity reserve is
lacking. The number of trains canceled because of the closure constitutes the loss in
traffic. Denoting daily losses of traffic on the ith railway section by si, and daily
losses on the jth railway section by sj, the total loss of traffic resulting from the
closure of these trails can be written as [7]:

s0 ¼ si þ sj trains=day½ � ð12Þ

Equation (12) is right when railway section closures are not held on the same
day. Because some trains from the ith railway section also operate on the jth railway
section—these trains share a pair of trails (i, j), the redirection of them from the ith
railway section will also result in cancellation of them from the jth track. The
advantage of this fact can be taken and the planned closure at the ith and jth railway
sections can be coordinated to be conducted on the same day. Rail traffic is planned
and organized. Hence, for a pair of railway sections (i, j), traffic compounds zij can
be determined; the number of trains shared for railway section i and j can also be
determined. Denoting the daily intensity of the ith railway section by zii, and the
daily intensity of the jth railway section by zjj, the probability that a randomly
selected train from one railway section will be a train from the second railway
section can be calculated, namely [7]:

• The probability that a randomly selected train from the ith railway section is a
train from jth railway section is:

pij ¼ zij
zii

ð13Þ

• The probability that a randomly selected train from the jth railway section is a
train from the ith railway section is:

pji ¼ zji
zjj

ð14Þ

Closures at the ith and jth railway sections cause the occurrence of traffic losses,
respectively, si and sj, expressed as a number of canceled trains during the day. For
railway sections with capacity reserve ri � 0, daily traffic losses depend on the
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relationship between the duration bi of a single closure for the ith repair, and the
allowable tZik closure time of the kth track of the ith railway section. It should be
noted that the i index refers to railway section as well as for the repair (or more
precisely, for closure due to repair), because the ith repair is always at the ith
railway section and causes its closure. If the duration of a single bi closure does not
exceed the admissible duration tZik , the losses do not occur. Exceeding the
admissible duration of the closure, there are losses in the number of ðbi � tZikÞ � qSik
canceled trains. On the railway section without a capacity reserve, each closure
causes losses of traffic in the number of bi � qSik canceled trains. Therefore, the value
of the daily losses is determined as follows [2, 9]:

si ¼
0; for bi � tZik
ðbi � tZikÞ � qSik ; for bi [ tZik
bi � qSik ; for ri � 0

8<
: ð15Þ

where:

ri the average capacity reserve of the ith railway section (6),
qSik : the average number of canceled trains per hour of closure of the kth track of

ith railway section (8)

Knowing these losses and probabilities (13) and (14) allows the calculation of
expected losses associated with the closure of one railway section of the pair (i, j),
for which the traffic compounds are non-zero, i.e. calculation:

• the expected number of canceled trains of the jth railway section due to the
closure of ith railway section:

sij ¼ pij � si trains=day½ � ð16Þ

• the expected number of canceled trains of the ith railway section due to the
closure of jth railway section:

sji ¼ pji � sj trains=day½ � ð17Þ

Closing the ith and jth railway sections on the same day can reduce the total loss
of traffic (12), considering the fact that at the load of both railway sections also
comprises shared trains in the number of zii trains. The existence of zij traffic
compounds also means that among the canceled si and sj trains are shared railway
sections (16) and (17); therefore, formula (12) will determine the overvaluation of
losses of shared traffic losses, which are:

ws0ij ¼ max sij; sji
� �

trains=day½ � ð18Þ
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Then, for a couple of trails closed on the same day, formula (12) is modified to
form:

s0 ¼ si þ sj � ws0ij trains=day½ � ð19Þ

3.2 Example of Coordination of a Pair of Railway Sections

Track closures have been planned on two railway sections of the railway network
on the basis of the adopted traffic for railway sections z11 and z22, the train
timetables set z12 traffic compounds and the losses caused by the lack of sufficient
capacity reserve on each of the railway sections. Table 2 summarizes other data
necessary to evaluate the closure coordination. The expected loss of traffic due to
the two closures should be calculated t:

• in case of lack of coordination, i.e. scheduling closures on two different days;
• coordinating closures, i.e. planning them on the same day.

If the closures described in Table 2 will be scheduled on two different days, then
losses in the traffic amount on the basis (12) are:

s0 ¼ s1 þ s2 ¼ 35þ 50 ¼ 85 trains=day½ �

Planned closures on the same day will let us use shared traffic losses (18):

ws012 ¼ max s12; s21f g ¼ max 21; 24f g ¼ 24 trains=day½ �

and to reduce the traffic losses to the content of (19):

s0 ¼ s1 þ s2 � ws012 ¼ 35þ 50� 24 ¼ 61 trains=day½ �

The expected shared traffic losses (18) in the amount ws′12 = 24 trains means
that for trains canceled from railway section 1, s1 = 35 trains, and for trains can-
celed from railway section 2, s2 = 50 trains. Twenty-four trains will be common to
both railway section, so closing railway sections on the same day is more beneficial
than implementing closures on two different days.

Because the losses sij and sji are expected values calculated taking into account
probabilities pij and pji, a situation may occur such that the expected shared traffic
losses calculated from formula (18) will exceed traffic losses on one of the railway
sections. This would mean that the number of canceled shared trains is greater than
the total number of trains canceled in one of the railway sections. In this example,
this situation would occur when the railway section 2 capacity reserve is smaller,
and hence losses caused by its closure amount to s2 = 100 trains/day. The expected
traffic losses s21 would increase from 24 to 48 trains/day, and shared traffic losses
calculated from the formula (18) amount to:
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ws012 ¼ max s12; s21f g ¼ max 21; 48f g ¼ 48 trains=day½ �

and will exceed s1 = 35 trains/day.
To ensure that the expected shared traffic losses do not exceed the traffic losses

on each of the railway sections separately, the upper limit to the formula (18)
should be entered, which gives a new formula for the shared traffic losses in the
form:

wsij ¼ min si; sj;max sij; sji
� �� �

trains=day½ � ð20Þ

In this way, the calculated shared traffic losses for the set example will be:

ws12 ¼ min s1; s2;max s12; s21f gf g ¼ min 35; 100;max 21; 48f gf g ¼ 35 trains=day½ �

After taking into account (20), a new formula for total traffic losses for a pair of
closures (i, j) can be written:

Table 2 Illustrative data describing two trails on the network

No. Data Description Value Unit

1 Intensity of railway section 1 z11 200 [trains/day]

2 Intensity of railway section 2 z22 250 [trains/day]

3 Number of shared trains—traffic compounds z12 120 [trains/day]

4 The probability that a randomly selected train from
railway section 1 will also be a train from railway
section 2 (Eq. 13 )

p12 0.60 [–]

5 The probability that a randomly selected train from
railway section 2 will also be a train from railway
section 1 (Eq. 14 )

p21 0.48 [–]

6 The losses caused by the closure of railway
section 1—the number of trains canceled due to lack
of capacity reserve

s1 35 [trains/day]

7 The losses caused by the closure of railway
section 2—the number of trains canceled due to lack
of capacity reserve

s2 50 [trains/day]

8 The expected number of trains canceled on railway
section 2 due to the closure of railway section 1
(Eq. 16 )

s12 21 [trains/day]

9 The expected number of trains canceled on railway
section 1 due to the closure of railway section 2
(Eq. 17 )

s21 24 [trains/day]
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s ¼ si þ sj � wsij trains=day½ � ð21Þ

In conclusion, formulas (12)–(21) presented above concern a pair of closures
(i, j) lasting no longer than one day. Coordination of closures in the network will be
discussed in the following.

3.3 Closures in the Railway Network

Closures are planned during overhaul periods and last several days for a fixed
number of hours per day. Therefore, additional variables describing the issue of
closure coordination in the network must be entered. The aforementioned consid-
erations and formulas describe the coordination of closures for a pair of trails (i, j).
The remainder of this paper will present closure coordination in a network con-
sisting of N railway sections.

Because trains run on more than one railway section, removing a train from a
closed railway section results in its removal from other railway sections in the
railroad. Using this fact, the scheduled closures can be coordinated so that they can
take place simultaneously. For this purpose, it is necessary to designate traffic
compounds for each pair of railway sections on the network.

Traffic compounds of railway sections have been written in the form of a square,
symmetrical (zij = zji) matrix Z called the matrix of traffic compounds or, for short,
the compound matrix [7, 32]:

Z ¼
z11 z12 . . . z1N
z21 z22 . . . z2N
. . . . . . . . . . . .
zN1 zN2 . . . zNN

2
664

3
775; ð22Þ

where:

N is the number of railway sections in the railway network;
zij is the number of shared trains on i and j railway sections;
zii is the number of trains on the railway section i—daily train intensity.

For each pair of railway sections (i, j) in the railway network the following can
be designated:

• probabilities pij and pji using formulas (13) and (14);
• expected losses sij and sji from formulas (16) and (17);
• shared traffic losses wsij from formula (18).
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Using formula (21), it can be written that for n railway sections closed simul-
taneously, total daily traffic losses are as follows:

S0 ¼
Xn
i¼1

si �
X
ði;jÞ2P

wsij; ð23Þ

where:

P ¼ i; jð Þ : i ¼ 1; 2; . . .; n� 1; j ¼ 2; . . .; n;^i\j ^ si [ 0 ^ sj [ 0
� �

is a collection of ordered index pairs for congested railway sections.
Allocation of closures on the network during the repair period describes the

matrix of decision variables [7, 32]:

X ¼
x11 x12 . . . x1T
x21 x22 . . . x2T
. . . . . . . . . . . .
xn1 xn2 . . . xnT

2
664

3
775; ð24Þ

whose xit element refers to the ith railway section in the tth day of the repair period
T. The matrix elements assume two values: xit ¼ 0 when the ith railway section is
opened on the tth day of the repair period or xit ¼ 1 if the railway section is closed.
Rows of the matrix describe the individual railway section on which there are
closures and the columns are the subsequent days of the repair period T.

The deployment of closures was subjected to the following restrictions:

(a) Limitation in the continuity of closures to ensure that closure of the ith railway
section, for which di days were provided, will be implemented in the coming
days from the date t = ti:

Xti�1

t¼1

xit ¼ 0;
Xti�1þ di

t¼ti

xit ¼ di;
XT

t¼i þ di

xit ¼ 0; ð25Þ

This limitation must always be formulated.
(b) The closure order to ensure that at the end of the closure, i starts the closure j:

xit ¼ 1 ^ xitþ 1 ¼ 0 ) xjt ¼ 0 ^ xjtþ 1 ¼ 1 ð26Þ

This limitation results from the needs of the rational use of the repair potential.
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(c) Limitation of closure exclusion:

xkt ¼ 1 )
X
i2Mk

xit ¼ 0 ð27Þ

is specified for a repairs system with the indexes Mk � 1; . . .; nf g, and means
that for repair of this set on any given day, only one repair can be carried out.
This is due to the repairs, for which alternate paths are being determined, and
this means that the railway section and railway sections of alternate paths
should not be closed.

Taking into account the entire period of repair, it can be written that the allo-
cation of closure X is permitted under the conditions a, b and c. The allocation of
X is optimal if the expected traffic losses determined by the formula

S ¼
XT
t¼1

Xn
i¼1

si � xit �
X
ði;jÞ2P

xit � xjt � wsij
0
@

1
A ð28Þ

are minimal. Formula (28) can be transformed to [7]:

S ¼
XT
t¼1

Xn
i¼1

si � xit �
XT
t¼1

X
ði;jÞ2P

xit � xjt � wsij ð29Þ

For a given repair plan, i.e. a specific list of n repairs (closures), a fixed number
of closure days di for every repair and established traffic losses si a first component
of the formula (29) is constant:

XT
t¼1

Xn
i¼1

si � xit ¼ const ð30Þ

Accordingly, the loss minimization S is equivalent to maximizing the value of
the second component of formula (29)—shared traffic losses for simultaneous clo-
sures called by the indicator of the quality of track closure coordination K [7, 10]:

K ¼
XT
t¼1

X
ði;jÞ2P

xit � xjt � wsij ð31Þ
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3.4 The Formulation of the Closure Coordination Problem

In summary, the problem of closure coordination [7] can be written as follows. At
the repair planning stage, the number and duration of each closure was determined,
i.e. the ith closure is described as:

bi duration of ith closure during the day [h];
d the numbers of days for ith closure of railway section;
tdpi allowable day of the beginning of the ith closure;
tdki allowable day of the end of the ith closure.

The set of n closures forms the input data.
Similarly, the ith railway section is described as:

qi scheduled traffic intensity [trains/day];
qOi optimal traffic intensity under normal conditions [trains/day];
qZik optimal traffic intensity during the kth track of the ith railway section closure

(for one track railway section, qZik ¼ 0) [trains/day].

There is a given compound matrix Z:

Z ¼
z11 z12 . . . z1N
z21 z22 . . . z2N
. . . . . . . . . . . .
zN1 zN2 . . . zNN

2
664

3
775; ð32Þ

where N is a number of all railway sections in the railway network.
There is a demand for closure designation X:

X ¼
x11 x12 . . . x1T
x21 x22 . . . x2T
. . . . . . . . . . . .
xn1 xn2 . . . xnT

2
664

3
775; ð33Þ

which complies with the limits:

Xti�1

t¼1

xit ¼ 0;
Xti�1þ di

t¼ti

xit ¼ di;
XT

t¼i þ di

xit ¼ 0 ð34Þ

xit ¼ 1 ^ xitþ 1 ¼ 0 ) xjt ¼ 0 ^ xjtþ 1 ¼ 1 ð35ÞX
i2Mk

xit � 1 ð36Þ
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and maximizes the function criterion K:

K ¼
XT
t¼1

X
ði;jÞ2P

xit � xjt � wsij ð37Þ

The size and complexity of the issue is such that not all available optimization
methods may be used. The product of design variables in the K function makes the
issue non-linear and prevents the use of well-known and well-designed algorithms
for linear optimization. Heuristic methods are thus advised, which do not guarantee
finding the optimal solution, but a solution close to optimal.

4 Example of Track Closure Coordination
on the Railway Network

4.1 The Input Data

Figure 5 illustrates an example of a railway network consisting of six double-track
trails: 1 (A–B), 2 (B–C), 3 (C–D), 4 (E–B), 5 (B–G) and 6 (C–F).

Table 3 summarizes traffic flows in a rail network described by the relations,
trails, scheduled intensity and scheduled load of individual trails [trains/day].
Moreover, Table 4 summarizes the compound matrix (22) between trails. Its ele-
ments are the number of common railroads for each trails pair. For example, z12 ¼
80 trains/day represents the number of trains the railroad runs through rails 1 and 2.
It consists of 20 trains of relation A,B,C,Dh i, 20 trains of relation D,C,B,Ah i, 20
trains of relation A,B,C,Fh i and 20 trains of relation F,C,B,Ah i. Elements on the
main diagonal are a daily burden on individual trails. Using the compound matrix,
pij (13) can be determined—probability that a randomly selected train will be from
the trail load and will also be a train moving on the trail j.

A B C D

FE

G

1 2 3

4

5

6

Fig. 5 A sample portion of a railway network consisting of five stations: A, D, E, F and G, and
two railway junctions B and C
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For example, the probabilities that a randomly chosen train from the third trail
load will be a train moving on trails 1, 2 and 4 are as follows:

p31 ¼ z31
z33

¼ 0:44; p32 ¼ z32
z33

¼ 1; p34 ¼ z34
z33

¼ 0:55:

The certain event, that the train running on the third trail is also the train which
runs on the second trail results from the timetable selected in this example in which
all trains to and from the D station run by the second trail, i.e. there are no trains
running only between stations C and D (Table 3, there are no relations C,Dh i or
D,Ch i). If such a relation was provided in the timetable, the load of the third trail
would be higher than the current z33 ¼ 90 trains/day by the number of additional
trains, with the number of shared trails for the second and third trails remaining at
the same level of z32 ¼ 90 trains/day. The probability p32 ¼ z32

z33
\1, and the value

1� z32
z33

would then be only trains running between C and D stations at the total third
load (CD).

An example of the maintenance and repair plan (Table 5) consisting of six
repairs (one for each trail) and the durations per day, expressed in hours, are in
sequence: 24, 10, 8, 12, 24 and 16.

For each, the average daily loss of traffic was calculated (15), amounting to
11.25, 1.5, 0, 2.66, 4.98 and 1.25 [trains/day], respectively (Table 6). A 200-day
maintenance and repair period was assumed during which closures could be made.
Each repair was limited to works continuity (25). This restriction is necessary and
ensures that the repair will be carried out during consecutive days of closure.

The limitation of work order (26), ensuring that after the completion of the ith
repair, the jth repair begins, is not necessary in this repair plan because all repairs

Table 3 Traffic flows in the railway network and load of each trail

No. Relation Trails Schedule intensity
of the relation [trains/day]

Trail Intensity of trains on trails
[trains/day]

1 A,B,C,Dh i 1, 2, 3 20 1 (A–B) 40 + 40 + 20 = 100

2 D,C,B,Ah i 3, 2, 1 20 2 (B–C) 40 + 40 + 50 + 60 = 190

3 A,B,C,Fh i 1, 2, 6 20 3 (C–D) 40 + 50 = 90

4 F,C,B,Ah i 6, 2, 1 20 4 (E–B) 70 + 50 + 60 = 180

5 A,B,Gh i 1, 5 10 5 (B–G) 20 + 70 = 90

6 G,B,Ah i 5, 1 10 6 (C–F) 40 + 60 = 100

7 E,B,Gh i 4, 5 35 –

8 G,B,Eh i 5, 4 35 –

9 E,B,C,Dh i 4, 2, 3 25 –

10 D,C,B,Eh i 3, 2, 4 25 –

11 E,B,C,Fh i 4, 2, 6 30 –

12 F,C,B,Eh i 6, 2, 4 30 –

Source Based on [7]
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Table 5 The maintenance and repair plan

Number
of
repairs

Acceptable
date of the
repair start
tdp

Date of
the
repair
start tp

Number
of repair
days
d

Date of
the repair
end
tk

Acceptable
date of the
repair end
tdk

Repair duration
during a day [h]
b

1 1 1 21 21 200 24

2 1 1 15 15 200 10

3 1 1 7 7 200 8

4 1 1 15 15 200 12

5 1 1 10 10 200 24

6 1 1 8 8 200 16

Source Based on [7]

Table 6 Assessment of traffic losses for the example network

No. Parameter Symbol or
formula

Trails

1 (A–B) 2 (B–C) 3 (C–D) 4 (E–B) 5 (B–G) 6 (C–F)

Intensity of trains

1 Scheduled
intensity of
trains

qi

[trains/day]
100 190 90 180 90 100

2 Optimal
intensity
without
closures, both
tracks active

qOi

[trains/day]
150 250 150 250 150 150

3 Optimal
intensity at a
closed track 1

qZi1
[trains/day]

70 100 70 100 70 70

4 Optimal
intensity at a
closed track 2

qZi2
[trains/day]

70 100 70 100 70 70

Average values per hour

5 The number of
scheduled
trains

qi ¼ qi
24

[trains/h]

4.17 7.92 3.75 7.50 3.75 4.17

6 Capacity
reserve

ri ¼ qOi�qi
24

[trains/h]

2.08 2.50 2.50 2.92 2.50 2.08

7 Train intensity
at a closed
track 1

qZi1 ¼
qZi1
24

[trains/h]

2.92 4.17 2.92 4.17 2.92 2.92

(continued)
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can be carried out simultaneously. In the following section, an example of a
maintenance and repair plan will be provided which, for the rational use of the
repair potential, such a restriction was imposed. Because none of trails is being used
as an alternate line for any of the closures, none of the repairs has an exclusion of
work limitation (27).

Coordination of closures will be presented developed within the framework of
the supporting program of track closure coordination KZT [8, 9], for which the
main screen is shown in Fig. 6. At the top right of the screen, there is an array with

Table 6 (continued)

No. Parameter Symbol or
formula

Trails

1 (A–B) 2 (B–C) 3 (C–D) 4 (E–B) 5 (B–G) 6 (C–F)

8 Train intensity
at a closed
track 2

qZi2 ¼
qZi2
24

[trains/h]

2.92 4.17 2.92 4.17 2.92 2.92

9 The number of
trains canceled
due to the
closure of
track 1

qSi1 ¼
qi�qZi1

24

[trains/h]

1.25 3.75 0.83 3.33 0.83 1.25

10 The number of
trains canceled
due to the
closure of
track 2

qSi2 ¼
qi�qZi2

24

[trains/h]

1.25 3.75 0.83 3.33 0.83 1.25

Acceptable times

11 Acceptable
time of track 1
closure

tZi1 [h] 15.0 9.6 18.0 11.2 18.0 15.0

12 Acceptable
time of track 2
closure

tZi2 [h] 15.0 9.6 18.0 11.2 18.0 15.0

13 Duration of a
single closure

bi [h] 24 10 8 12 24 16

Daily traffic losses

14 Traffic losses
during the
closure of
track 1

si
[trains/h]

11.25 1.50 0 2.66 4.98 1.25

15 Traffic losses
during the
closure of
track 2

si
[trains/h]

11.25 1.50 0 2.66 4.98 1.25

Source Based on [7]
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Fig. 6 Distribution of closures: a not simultaneously scheduled, lack of coordination, K = 0,
b optimal, maximizes the common losses of traffic at K = 116
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data describing the repairs; in the bottom left, is the deployment of closures in the
repair period in the form of Gantt graphs.

The initial distribution of closures is presented in Fig. 3. Each starts in the first
allowable date specified in the maintenance and repair plan. In this case, since the
closures do not have order restrictions imposed, they have all been set to the first
day of the repair period. For such a distribution rate of coordination (37), the
criterion function is K = 116 trains. Its maximization corresponds to minimization
of the expected traffic losses caused by closures (29).

4.2 Loss Analysis

On the basis of calculations listed in Table 6, it can be said that with both tracks of
railway section opened, on every trail, there is capacity reserve amounting to:

qOi � qi [ 0 ð38Þ

The closure of one railway track section causes a decrease in the optimal
intensity from the value of qOi [trains/day] to value qZi1 or qZi2 (depending on the
number of tracks being closed) caused by the two-way traffic on one active track of
the railway section, which limits the scheduled intensity to the value qZi1 or qZi2 . The
calculation of the average number of canceled trains per hour qSi1 and qSi2 and
knowledge of the duration of the repairs during the day bi allows one to set a daily
traffic loss (15), the number of trains that should be canceled or moved to alternate
lines. Time bi has a significant impact on potential losses si, because when there is
capacity reserve (37), then tZik can be determined (9), the allowable duration of the
closure during the day that avoids loss si. Time tZik should be able to use the existing
capacity reserve to handle canceled trains due to the one of the tracks being closed.

The closure that generates the greatest traffic losses is the closure related to repair
1. This follows from the assumed duration of the closure during the day equal to
24 h, while permissible closure time of the track on the trail 1 (A–B) tZ1k specified
in Table 6 is 15 h. Exceeding this time by 9 h, with average losses per hour of
closure amounting to 1.25 trains/h, causes a loss of 11.25 trains/day. Closure of
zero losses is the closure associated with repair 3. As seen in Table 6, the per-
missible time for track closure on the third trail (C–D) of 18 h has not been
exceeded because the repair 3 takes 8 h during each of the intended 7 days. Of the
remaining trails, si trains should be appealed, as in the example, alternate lines in
the railway network do not exist for them. Relieving the specified trail for a si train
will simultaneously relieve these trails with which the trail has nonzero traffic
compounds (22). At the same time, trails going through the alternate line and
acquiring additional load relieves other trails by their traffic compounds. It can be
said that the closures which have shared traffic losses during closures attract (should
be planned simultaneously), and closures with shared alternate lines (shared addi-
tional traffic) repel (should be scheduled on other days).
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Closures 1 and 2 last one day. Losses of railway traffic which will then occur
will depend on the method of closure planning:

(a) When the closures are planned for two different days, they will be implemented
at different times.

(b) When the closures are planned for the same day, they will be coordinated and
simultaneous.

In case (a), when closures at the first and second trails are held at different times,
i.e. each on a different day, the total losses amount to:

s0 ¼ s1 þ s2 ¼ 11:25þ 1:5 ¼ 12:75 trains

Thus the number of trains expected to be canceled due to the closure is 11.25 on
the first day, and 1.5 on the second day, giving a total of 12.75 trains.

Considering the case of (b) and using traffic compounds, the probability can be
determined via (13) and (14):

p12 ¼ z12
z11

¼ 0:8 and p21 ¼ z12
z22

¼ 0:42; then, the expected number of trains will be
reduced by the load on the second track because of the closure on the first trail (16):

s12 ¼ p12 � s1 ¼ 9 trains;

and the expected number of trains will be reduced by the load on first trail due to the
closure on the second trail (17):

s21 ¼ p21 � s2 ¼ 0:63 train

It can be said that on the first day, among an average of 11.25 trains canceled
from the first trail, 9 trains also ply on the second trail. On the second day, among
an average of 1.5 trains canceled from the second trail, an average of 0.63 train was
also canceled from the first track. Thus, when the closure will be scheduled on the
same day, it is possible to use the shared lost traffic (19):

ws12 ¼ min 11:25; 1:5;max 9; 0:63f gf g ¼ 1:5 trains

and reduce the total traffic losses by canceled trains plying simultaneously on both
trails (20):

s ¼ s1 þ s2 � ws12 ¼ 11:25þ 1:5� 1:5 ¼ 11:25 trains

In other words, the difference between the losses in the case of non-simultaneous
and simultaneous closures is 12.75 − 11.25 = 1.5 trains; this should it be inter-
preted as the expected number of trains that need to be further appealed for
non-simultaneous closures.
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4.3 Indicator of Coordination

Mentioned losses relate to only one common day of first and second closures. For a
full number of days of closures amounting to d1 = 21 and d2 = 15, respectively, we
get:

(a) In the case of uncoordinated closures, because the coordination indicator (31):

K ¼
X200
t¼1

X
ð1;2Þ2P

x1t � x2t � ws12 ¼ 0 common trains;

together, the traffic losses are (29):

S ¼
X200
t¼1

X2
i¼1

si � xit � 0 ¼ 258:75 trains;

(b) In the case of coordinated closures (31):

K ¼
X200
t¼1

X
ð1;2Þ2P

x1t � x2t � ws12 ¼ 22:5 common trains;

Together, the traffic losses are (29):

S ¼ 258:75� 22:5 ¼ 236:25 trains:

4.4 The Optimal Distribution

The essence of the optimal distribution of closures is to minimize the expected total
traffic losses, which for the entire example plan consists of six repairs, calculated
from formula (29):

S ¼
X200
t¼1

X6
i¼1

si � xit �
X200
t¼1

X
ði;jÞ2P

xit � xjt � wsij

Part
P200

t¼1

P6
i¼1 si � xit = 358.45 [of trains] has a constant value, independent of

the closure distribution during repair periods (it is also the value of losses in the lack
of coordination); thus, minimizing the expected traffic losses corresponds to max-
imizing the expected shared traffic losses, a coordination indicator (31):
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K ¼
X200
t¼1

X
ði;jÞ2P

xit � xjt � wsij

Figure 6a shows the situation in which no closures have a common repair day.
Hence, the coordination indicator K is zero. Closure distribution during the repairs
such that work could began on the first day of the repair period (Fig. 6b) causes
change of the coordination indicator value from zero to 116 trains, which is the
expected shared lost traffic due to the closures. This is the maximum that can be
achieved with that maintenance and repair plan.

In addition, due to the high degree of flexibility in the closure distribution (no
order and simultaneity restrictions), there are several optimal solutions that maxi-
mize the K indicator. The total losses caused by such closure coordination amounts
to:

S ¼
X200
t¼1

X6
i¼1

si � xit �
X200
t¼1

X
ði;jÞ2P

xit � xjt � wsij ¼ 358:45� 116 ¼ 242:45 trains

Losses due to lack of coordination are reduced by 32.4% when optimal coor-
dination is employed. When analyzing each pair of closures wsij the number of
common losses (20) is used to determine which closures should be performed
simultaneously, i.e. in the greatest possible number of common losses. For an
example of the maintenance and repair plan, in descending order are: ws45 = 2.66
[trains/day], ws15 = 2.25 [trains/day], ws12 = 1.50 [trains/day], ws26 = 1.25
[trains/day], ws16 = 1.25 [trains/day], ws24 = 1.18 [trains/day] and ws46 = 0.89
[trains/day].

Additionally, it can be noted:

– the third closure has no effect on coordination, because it generates zero losses
daily (s3 = 0) and ws3j = 0 for j = 1.6; therefore, it can be scheduled on any day
of the repair period;

– pairs of closures (1, 4), (2, 5), (5, 6) have zero common losses (ws14 = 0,
ws25 = 0 and ws56 = 0, respectively) because the traffic compounds of each pair
are also zero.

Considering the above, for optimal distribution (with a maximum K indicator), it
should be taken into account that the closure of non-zero shared traffic losses should
overlap in as many days of the repair period as possible. In contrast, pairs of
closures with zero shared losses can be set arbitrarily relative to each other.
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4.5 Restrictions on the Works Order

Assuming the previously discussed maintenance and repair plan consists of only the
first four repairs, and that there is a restriction applied to the order of repairs (26),
the fourth repair can take place only after the end of the second, i.e.:

x2t ¼ 1 ^ x2tþ 1 ¼ 0 ) x4t ¼ 0 ^ x4tþ 1 ¼ 1

Hence, for the fourth repair, a repair period of tdp = 16 days is obtained.
Figure 7 shows the arrangement of the second and fourth closures, which cannot

be covered, although to a preferred value ws24 = 1.18 trains/day, because a
restricted order exists for them: 2–4. Setting the third closure has no effect on the
coordination indicator, because s3 = 0 trains/day. There remains only the question
of the distribution of the first closure with respect to the second and fourth closures.
Considering the fact that ws14 = 0 trains/day and ws12 = 1.50 trains/day, one of the
optimal settings is shown in Fig. 8a; the number of days of first and second shared
closures is 15, which after multiplying by ws12 = 1.5 rains/day, gives K = 22.5
trains of shared lost traffic. Thus, the optimal distribution for these four closures is
reduced to mutual alignment of the first and second closures as to their mutual
maximum coverage amounting to 15 days. In calculating the constant of losses
caused by closures (30), we get:

X200
t¼1

X4
i¼1

si � xit ¼ 298:65 trains:

Fig. 7 Closures schedule with order restrictions imposed on the second and fourth repairs
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Fig. 8 Two variants of the optimal distribution closures: a the coordination of closures with
regard to the order of 1–4, b the coordination of closures with regard to the order of 4–1
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The total expected traffic losses (29) taking into account the coordination indi-
cator are:

S ¼
X200
t¼1

X4
i¼1

si � xit �
X200
t¼1

X
ði;jÞ2P

xit � xjt � wsij ¼ 298:65� 22:5 ¼ 276:15 trains

The K indicator also allows the study of the influence of different sequence
variants of works at the expected traffic losses.

Example
Assumptions:

(1) due to the restrictions of renovation potential, the repair order 3–2 was
imposed.

(2) due to the renovation potential, the first and fourth repair cannot take place
simultaneously.

Calculated shared traffic losses (20) for pairs of closures are: ws12 = 1.50
trains/day, ws13 = 0 trains/day, ws14 = 0 trains/day, ws24 = 1.18 trains/day.

The preliminary analysis of shared traffic losses indicates that the closures (1, 3)
have no common losses, because s1 = 0 trains/day, and the pair of closures (1, 4)
also have no common losses, because the traffic compounds are zero, i.e. z14 =
z41 = 0 trains/day. Thus, coordination will take place between pairs (1, 2) and (2, 4),
with a restriction of the order of 3–2.

Figure 8 shows two variants of the optimal distribution. The height of the Gantt
charts was intentionally increased to this value for better visibility of the degree of
coverage of coordinated closures. In both cases, due to the imposed order of 3–2,
the first planned closure is the third closure, followed by the second closure. In
variant (a), it was assumed that the order 1–4 received a coordinate indicator of
K = 22.5 trains, and it was also assumed that the order of 4–1 received an inferior
coordination variant, because in this case, K = 17.7 trains. When the second
assumption is missed and the closures (1, 4) will be simultaneously coordinated, the
indicator K = 40.2 trains (Fig. 9) will be received.

4.6 Alternate Routes

The discussed fragment of the railway network did not contain connections that
could provide possible alternate routes for canceled trains during railway closures.
Figure 10 shows a modified section of the network with added connections forming
a potential alternate route.

Table 7 presents the traffic flows in the modified network. It is a modification of
the content of Table 3 with additional relations:
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– from E to H,
– from H to E,
– from E to F,
– from F to E.

Three repairs were also introduced to the maintenance and repair plan, one for
each added trail (Table 9). Conversely, Table 10 shows the characteristics of traffic

Fig. 9 Distribution of coordinated closures without the assumption about the closures exclusion
(1–4)

A B C D

FE

G

1 2 3

4

5

6

H I7 8 9

Fig. 10 The modified fragment of the railway network containing potential alternate routes
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of additional trails: 7 (E–H), 8 (H–I) and 9 (I–F). As the basis of Table 7, a new
traffic compound matrix was determined (Table 8).

Trails 7, 8 and 9 may be alternate lines for the traffic transferred from trails 4, 2
and 6 and conversely, i.e. for traffic transferred from trails 7, 8 and 9 to alternate
lines may be a string of trails 4, 2 and 6. There is, thus, the restriction of repair
simultaneity (27) in the form:

xkt ¼ 1 )
X
i2Mk

xit ¼ 0; ð39Þ

for the closures set: M2 = {7, 8, 9}, M4 = {7, 8, 9}, M6 = {7, 8, 9}, M7 = {4, 2, 6},
M8 = {4, 2, 6}, M9 = {4, 2, 6}, where k is the index of the repair, which was
imposed by the simultaneity restriction.

For example, during closures on the second trail, on all trails from the set
M2 = {7, 8, 9}, closures should not be planned because it is an alternate line.
Therefore, the tdp and tdk (Table 9) for items from the Mk sets will depend on tp and
tk of the kth closure.

Table 7 Traffic flows in the railway network and the loads of individual trails

No. Relation Trail Schedule
intensity of the
relation
[trains/day]

Trail Intensity on trails
[trains/day]

1 A,B,C,Dh i 1, 2, 3 20 1 (A–B) 40 + 40 + 20 = 100

2 D,C,B,Ah i 3, 2, 1 20 2 (B–C) 40 + 40 + 50 + 60 = 190

3 A,B,C,Fh i 1, 2, 6 20 3 (C–D) 40 + 50 = 90

4 F;C;B;Ah i 6, 2, 1 20 4 (E–B) 70 + 50 + 60 = 180

5 A;B;Gh i 1, 5 10 5 (B–G) 20 + 70 = 90

6 G;A;Bh i 5, 1 10 6 (C–F) 40 + 60 = 100

7 E;B;Gh i 4, 5 35 7 (E–H) 60 + 80 = 140

8 G;B;Eh i 5, 4 35 8 (H–I) 80

9 E;B;C;Dh i 4, 2, 3 25 9 (I–F) 80

10 D;C;B;Eh i 3, 2, 4 25 –

11 E;B;C;Fh i 4, 2, 6 30 –

12 F;C;B;Eh i 6, 2, 4 30 –

13 E;Hh i 7 30 –

14 H;Eh i 7 30 –

15 E;H; I; Fh i 7, 8, 9 40 –

16 F; I;H;Eh i 9, 8, 7 40 –

Source Based on [7]
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Transferring the traffic at alternate lines for closures, during which si > 0 losses
occurs, requires the description of new traffic capacity conditions for alternate line
trails with additional traffic:

qOi � q0 � 0 ð40Þ

qZik � q0 � 0; ð41Þ

where:

q0 ¼ qþ si ð42Þ

Two cases of trails with capacity reserve can be distinguished:

1. The trail has capacity reserve only for both active tracks of railway sections, in
this example trails 7, 8 and 9.

2. The trail has capacity reserve only for both active tracks of railway sections, and
when one of the tracks is closed; this case does not occur in this example.

The condition for the transfer of additional traffic on the trail without sacrificing
the flow of traffic is not to exceed the optimal intensity qOi . If condition (40) is
fulfilled, then whether the intensity will be exceeded during the closure of one of
the tracks qZ1k or qZ2k should be checked.

If the reserve capacity (41) is maintained, losses will be not generated; the trail
then enters an alternate line, and there is also no imposed restriction of simultaneity
of works with the loaded trail. Otherwise, losses will occur on the trail, caused by
overloading and closure planning, and the restriction of simultaneity shall be
imposed on the trail being loaded.

Table 9 The maintenance and repair plan

Repair
No.

Acceptable
date of the
repair start
tdp

Date of
the
repair
start tp

The
number
of repair
days
d

Date of
the
repair
end
tk

Acceptable
date of the
repair end
tdk

Repair
duration
during a
day [h]
b

1 1 1 21 21 200 24

2 1 1 15 15 200 10

3 1 1 7 7 200 8

4 1 1 15 15 200 12

5 1 1 10 10 200 24

6 1 1 8 8 200 16

7 1 1 7 7 200 24

8 1 1 10 10 200 24

9 1 1 5 5 200 24

Source Based on [7]
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Closures on trails 4, 2 and 6 generate daily traffic losses of s4 = 2.66, s2 = 1.5
and s6 = 1.25 [trains/day], respectively (Table 6). The transfer of these trains to a
potential alternate line consisting of trails 7–8–9 is permitted when there is a
capacity reserve for it. From Table 10, reserves for trails 7, 8 and 9 can be deter-
mined as r7 = 30, r8 = 20 and r9 = 20 [trains/day], respectively, with a minimum
reserve equal to 20 trains/day. Thus there is a possibility of transferring canceled
trains from trails 4, 2 and 6 to the alternate lines 7–8–9, provided that closures of

Table 10 Assessment of traffic losses of additional three trails of example railway network

No. Parameter Symbol or formula Trails

7 (E–H) 8 (H–I) 9 (I–F)

Intensity of trains
1 Scheduled intensity of trains qi

[trains/day]
140 80 80

2 Optimal intensity without closures,
both tracks active

qOi

[trains/day]
170 100 100

3 Optimal intensity at a closed track 1 qZi1
[trains/day]

130 70 70

4 Optimal intensity at a closed track 2 qZi2
[trains/day]

130 70 70

Average values per hour
5 The number of scheduled trains qi ¼ qi

24
[trains/h]

5.83 3.33 3.33

6 Reserve of the capacity ri ¼ qOi�qi
24

[trains/h]
1.25 0.83 0.83

7 Trains intensity at a closed track 1 qZi1 ¼
qZi1
24

[trains/h]
5.42 2.92 2.92

8 Trains intensity at a closed track 2 qZi2 ¼
qZi2
24

[trains/h]
5.42 2.92 2.92

9 The number of trains canceled due
to the closure of track 1

qSi1 ¼
qi�qZi1

24
[trains/h]

0.42 0.42 0.42

10 The number of trains canceled due
to the closure of track 2

qSi2 ¼
qi�qZi2

24
[trains/h]

0.42 0.42 0.42

Acceptable times
11 Acceptable time of track 1 closure tZi1 [h] 18 16 16

12 Acceptable time of track 2 closure tZi2 [h] 18 16 16

13 Duration of a single closure bi [h] 24 24 24

Daily traffic losses
14 Traffic losses during the closure of

track 1
si
[trains/h]

2.52 3.36 3.36

15 Traffic losses during the closure of
track 2

si
[trains/h]

2.52 3.36 3.36

Source Based on [7]
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these roads will be carried out separately. Figure 11 shows the schedule of coor-
dinated maintenance and repairs, taking into account closure sets with the work
simultaneity restrictions M2 = {7, 8, 9}, M4 = {7, 8, 9} and M6 = {7, 8, 9}.

5 Conclusions

This paper presents the problem of planning and coordination of closures in dense
and complex transportation networks. In light of the fundamental differences in the
organization and regulation of railway and road traffic, a method of coordination
and a coordination algorithm were developed for the railway network. Planning of
closures and their optimal distribution in such a network is a complex problem
involving issues of traffic organization and traffic regulation. Effective decompo-
sition of the problem helped to define the issue of closure coordination and to
develop an algorithm to solve it [7]. The developed coordination method uses traffic
compounds and the resulting common losses in traffic for connections being closed;
hence, it is intended for planned traffic, as exemplified by railway traffic. In order to
verify the methods and algorithm, the application was built to support the process of
coordination, which made it possible to verify the validity of the assumptions

Fig. 11 Distribution of closures taking into account the alternate routes 7–8–9 for trains
transferred from trails 2–4–6
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regarding minimizing total traffic losses caused by closures by maximizing the
common losses. In addition, simulations of different variants of their coordination
made it possible to verify the developed algorithm. As part of this work, additional
applications to support the calculation of capacity reserves [8] in conjunction with
the simulation program were also created (System for Assessment of Track
Configuration [SOUT]) [28]. Lastly, the theory of traffic flow smoothness was
proposed as a criterion function for road traffic optimization based on the assumed
smooth passage of traffic through the elements of a transportation network [31].
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Abstract The aim of this chapter is to analyze economic trends in rail freight
volume in Poland, based on the analysis of data from the years 2009–2013, for
evaluating decisions on planned investments in railway infrastructure envisioned by
Poland and the EU at the time the EU was founded. The theoretical analysis
presents a trend of functional Polish railways and its impact on investment deci-
sions. In addition, it shows the long-term plans for railway transport in Poland from
both the Polish government and the EU perspectives. An analysis of the current
investment to support the development of railways in Poland is also elaborated. The
research part of the chapter presents an analysis of statistical data on rail freight.
Forecasts are precisely presented of selected transport parameters made by the
Bayesian network method and Holt-Winters double exponential smoothing using
an artificial immune system to determine parameters and initial conditions.
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1 Introduction

A diagnosis of the current state of rail transport in Poland and SWOT [strengths,
weaknesses, opportunities, threats] analysis shows that the most significant factor
hampering the development of rail transport in Poland is a pronounced deterioration of
infrastructure. The most obvious symptom of this degradation is the low maximum
speeds on a substantial part of the railway network. These speeds in many cases are
smaller than the designed speeds [36] which formerly existed on the individual sec-
tions of the line. As a result, speed limits have been introduced more and more often.
Reduced maximum speed imposes limitations such that the travel times are being
extended considerably in relation to the shorter times achieved in each section in the
past. This, in turn, results in lower quality of service regarding transport timeliness.

A systematic decline in the length of railroads, the development of which in the
past was not always rationally planned, remains a constant and very unfavorable
trend. In 1990, 24.1 thousand km of railway lines were in use, and now only 19.3
thousand km, a decrease of 20%. The last railway line was built in 1987, which,
taking into account changes in the technical and technological changes in the global
railway industry, puts Poland among the countries with the most neglected and
outdated railway infrastructure.

The poor condition of the railway infrastructure is caused by a lack of sufficient
financial resources allocated for repair, modernization and maintenance. To counter
this trend, an increasing number of projects are being directed to modernization of
existing linear and point infrastructure and to infrastructure expansion.

The research goal of this chapter is to verify the rationality and correctness of
expenditures on railway infrastructure in relation to future trends in the field of rail
freight. The chapter presents an outline of the degradation of the railway infras-
tructure, as well as recommendations for the appropriate sources and amounts of
funding from EU funds for modernization of the railway infrastructure. The
rationale for the decisions is verified by the forecast of basic data relating to the
quantities of freight carried by rail. Forecasts were made using two methods:
exponential smoothing using an artificial immune system for determining the model
parameters (modified Holt method), as well as the initial conditions, and by using
Bayesian networks method.

2 Prospective Plans for the Railway Transport in Poland

To address unfavorable factors causing the deterioration of the infrastructure, dither
Polish State Railways must be transformed or the state-owned enterprise must be
delegated to commercial companies. EU directives recommended the separation of
railway infrastructure management from transport operations, assuming the cov-
erage of losses as inadmissible passengers profits from freight. The EU Directive
pointed to the division of the railway company into three sectors:
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– passenger,
– freight,
– infrastructure.

In September 2000 Polish parliament adopted a law on commercialization,
re-structuring and privatization of Polish State Railways (Polskie Koleje Państwowe).
It established a new company, PKP SA, and four commercial companies:

– PKP Polskie Linie Kolejowe S.A.—infrastructure company,
– PKP Cargo S.A.—freight transport company,
– PKP Intercity Sp. z o.o.—passenger transport company,
– PKP Przewozy Regionalne Sp. z o.o.—regional passenger transport companies.

These statutory solutions, carried out administratively without financial support, did
not solve the problem of the railway infrastructure in Poland. Its condition continued
to degrade, which caused a further decrease speed throughout the network. The
maximum speed has been reduced, and in a number of important connections, journey
time was seriously extended, which undermined the competitiveness of rail transport
on the market and increased its energy consumption.

2.1 Polish Plans Related to the Development of Rail
Transport

Modernization of railway lines became possible only when Poland created sub-
stantive conditions for the development and improvement of the situation, pro-
ducing program documents such as:

– National Development Strategy 2007–2015,
– State Transport Policy for the years 2006–2025,
– Master Plan for Rail Transport until 2030.

The National Development Strategy for the years 2007–2015 is the basic
strategic document setting the objectives and priorities of socioeconomic devel-
opment and the Polish conditions ensuring this development. This strategy directly
addresses the national railways [32], where it is stated that:

Increasing the share of rail passenger and freight requires a significant improvement in the
quality of rail services, especially in light of the approaching opening of the sector to strong
competitive pressure within the Common European Market.

With these assumptions a real support investment was possible, which will result
in raising the operational parameters of the main transport routes, including
increasing the possible speed of transport and increasing interoperability.

The national strategy envisages support for the construction of a high-speed rail
system integrating the Polish metropolises. Investment in railway infrastructure will
be primarily aimed at the liquidation of bottlenecks on lines with high traffic, i.e.
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between the larger destinations, as well as reconstruction activities and modern-
ization of railway lines.

The necessity of modernizing the existing railway lines, caused by years of
under-investment in railways, and the lack of any support from public funds,
resulted in the need for financing the state budget funds for the tasks associated with
repair and maintenance of railway infrastructure from the European Union funds.

Actions taken in the framework presented by the Ministry of Transport “Master
Plan for Rail Transport in Poland until 2030” [30] should lead, among other things,
to a fundamental improvement of the infrastructure, and consequently to an
improvement in the competitive position of rail transport. Thanks to that, the basis
for creating a new quality of transport services in the field of transport of passengers
and cargo was established.

At the same time directions of development of the railway infrastructure must be
consistent with assumptions set forth in the updated Concept of National Spatial
Development [23]. Actions on infrastructure included in this section are related to
the following planning periods, coinciding with the planning periods of the
European Union:

– 2007–2013,
– 2014–2020,
– 2021–2030.

A key element of the Master Plan for Rail Transport 2030 is to develop a plan
and a timetable for the modernization, rehabilitation and expansion of rail infras-
tructure. Objectives of infrastructure investments provide a comprehensive subset
of the specific objectives set for the entire Master Plan, as contained in the intro-
duction to this study, and they must contribute to achieving the main objectives of
the Master Plan. They are as follows:

– improving the transport of passengers and freight in the corridors of the
trans-European transport network (TEN-T)—the fulfilment of international
obligations in the field of standards and bandwidth on modernized lines;

– increasing the efficiency of the rail system, as a result of its reconstruction
(including stopping the infrastructure degradation), taking into account the
technical standards for interoperability and environmental standards;

– enabling the widest possible use of existing rail infrastructure, especially in two
prospective sectors:

– passenger market: between large urban areas and within large
agglomerations,

– freight market: mass transport of large cargo volumes and intermodal
transport;

– facilitating mobility with the use of different modes of transport, in particular for
passengers with reduced mobility: rail links to airports, linking with road
transport and railway integration with public transport, with particular emphasis
on urban agglomerations;
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– improving standards of passenger service at railway stations and bus stops,
including the adjustment to the needs of people with limited mobility.

The Master Plan framework provides three levels of investment activities, dif-
fering in material scope, level of costs and implementation period:

– construction of a new railway infrastructure of a high standard,
– modernization of the existing railway infrastructure, with particular emphasis on

lines belonging to the TEN-T,
– investments restoring normal parameters of the railway infrastructure on the

lines considered relevant (replacement investments).

A separate group of measures envisaged in the framework of the modernization
are investments, including the construction of control systems on lines with small
and medium traffic load, with the task of operating the automation and reduction of
operating costs of these lines. Investments in infrastructure systems to improve the
management of passenger and freight transport are also expected.

The widest range of investment activities will apply to projects relating to the
construction of a new railway infrastructure. These investments can be divided into
the following groups:

– building connections complementary to significant gaps in the railway network,
– building connections between the centers of large cities and airports supporting

these metropolitan areas.

Modernization investments implemented on the Polish railways since the first
half of the nineties mainly related to lines in the pan-European transport corridors.
These lines are now part of the TEN-T.

However, the new EU perspective for the years 2007–2013 changed the priority
of the modernization investments with the support of assistance programs such as
the “Infrastructure and Environment” OPI&E and the “Regional Operational
Programme” (ROP). The process of modernization of railway lines in these years
accelerated, and the scope of modernization diversified and began to depend on the
final destination of the line. In the framework of railway line modernization, all
railway junctions were reconstructed, especially those that were bottlenecks on the
railway network. Modernization included both the expansion of existing track and
construction of new control systems and traffic management.

Due to the very poor condition of the rail infrastructure, long overdue for repairs
and maintenance, replacement investments were the main measures needed to
restore railway network operating parameters to their normal scale, both in terms of
the speed of scheduled services and the pressure of the rolling stock axles. Figure 1
shows the values in the range of speeds [31], and Fig. 2 shows the value of the
maximum pressure of the rolling stock on the track [36].

The geographical scope of these investments will be far larger of all groups of
investment activities. It is understood that the technical scope of replacement
investments will concentrate on railway tracks and, in typical cases, will include the
repair of main roads (replacement of individual components) or repair the current
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extended range of the existing surface. At the same time reconstruction of line
should be comprehensive, meaning that reconstruction will include repair of drains
and weak spots in the subgrade. It will include reconstruction of damaged or
worn-out civil engineering and exploited crossover stations. Reconstruction will
also include other work, such as building of automatic vehicular traffic controls at
level crossings, which can be introduced as a result of the liquidation of operation
speed limits. The aim should be to achieve significant improvement in operational
performance without the risk of reducing speed limits.

2.2 European Plans Related to the Development of Railway
Transport in Poland

The objectives of the development of railway transport in Poland can be achieved
only through investment, including the construction of new sections of lines, and
the modernization of existing lines of infrastructure that will improve the

Fig. 1 The maximum scheduled speeds on the tracks of important lines in Poland
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operational capacity of the railways and, consequently, help to increase the speed
on the tracks. This will also improve traffic safety, increase throughput at hubs,
reduction of travel time, and, consequently, improve the competitiveness of rail
transport in relation to other modes of transport [37]. Increased railway transport
efficiency depends on stable financing of infrastructure and effective management
of all its components and systems.

Extensive plans are not feasible without a stable long-term financial plan. Funds
for numerous investments come from several sources. First of all, thanks to the
Polish accession to the European Union, railways may use funds such as ISPA
(until 2004.), the TEN-T Fund, the Cohesion Fund and the European Regional
Development Fund. An important role is also played by funds from the European
Investment Bank (EIB), which distributes deals with National Economy Bank
(NEB) in our country. They allow us to cover insufficiencies in our own matching
contribution, which is required to obtain funding from the European Union.

Fig. 2 The maximum axle loads on the track line of importance lines in Poland
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2.2.1 ISPA Funds

The ISPA (Structural Pre-Accession Instrument) was one of three pre-accession
instruments (along with PHARE and SAPARD) of the Union’s 10 candidate
countries. The ISPA Fund was created by the Council of the European Union under
the Decree 1267/1999 of 21 June 1999. Its main objective was to support economic
and social cohesion through co-financing of large investment projects in the
environment and transport. Principles of ISPA measures referred to the working of
the Community Cohesion Fund.

The budget of the program was scheduled for 1.04 billion euros a year in the
2000–2006 period, of which Poland accounted for 30 to 37% of this amount, or an
average of about 348 million euros. The program has been used to achieve the
objectives set out in the “Partnership” (document prepared by the European
Commission) and the priorities identified in the National Programme for the
Adoption (as a reply from the Polish side to the EU document).

Financial support for the fund in the area of transport included promoting sus-
tainable transport, in particular those projects that included the creation of con-
nections between national networks and trans-European networks, and allowed for
the unification of the conditions of use of these networks.

All projects had to be large enough so that their implementation had a significant
impact in priority areas. Thus, the overall cost of the project from the outset could
not be less than 5 million euros (derogations from this condition were possible only
in exceptional and duly justified cases). Self-government, self-government orga-
nizations and other public entities could apply for the grant.

Since 01 May 2004, after Polish accession to the European Union, ISPA ceased
its operation in our country. In Poland, in accordance with Annex II of the
Accession Treaty, all projects that have received the possibility of funding under the
ISPA, and which have not been completed, were pursued within the framework of
the Cohesion Fund, operating on similar principles.

2.2.2 TEN-T Fund

The aim of the fund was to support projects implemented by Member States, which
are called “common interest.” These projects have been identified in the
Community guidelines for the development of the trans-European transport net-
work. The network is aimed at increasing the efficiency of the functioning of the
common market. It was also supposed to fully enable citizens of the Union, eco-
nomic operators and regional and local communities to benefit from the estab-
lishment of an area without internal borders. The European Union aims to extend
national transport networks through the development of intermodal transport. The
aim is also to ensure access from remote regions or islands to the central regions of
the EU and to reduce the high transport costs in these regions.

Trans-European networks include, among others, transport network (TEN-T),
for which the EU has allocated a separate pool of funds in the EU budget. For the
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development of trans-European networks of the 4600 million euros was addressed
in the years 2000–2006. For 2007–2013, in order to further develop itself, the
TEN-T budget has been established in the amount of 8013 million euro, including
targets for all EU Member States.

The beneficiaries of the TEN-T budget include both state actors and private
entities operating in the area of public services. The Fund also supports projects
conducted in public-private partnership. Projects co-financed from the TEN-T
projects were those that lay in the interest of all Member States, i.e. those that:

– contributed to the sustainable development of the transport network across the
European Union;

– ensured the coherence of the TEN-T and access to it;
– integrated all modes of transport;
– contributed to the protection of the environment and increased safety standards.

Cross-border projects, especially, were supported. Of key importance were also
projects related to environmentally friendly transport (rail, sea, inland waterways)
and those carried out by more than one member state. A list of priority investments
was adopted in the framework of the fund which placed, among other railway
infrastructure projects running through Polish territory:

– Railway axis Gdańsk–Warsaw–Brno/Bratislava–Vienna,
– Railway axis “Rail Baltica” Warsaw–Kaunas–Riga–Tallinn–Helsinki.

At the beginning of 2014 the last competition of the TEN-T was settled.
Implementation of the projects will be completed in 2015. After 2014, the TEN-T
Fund has been replaced by the CEF (Connecting Europe Facility) instrument. The
European Union has allocated a separate pool of funds in its budget for this purpose.
These funds will be used in 2014–2020 for investments in the construction and
modernization of infrastructure in the fields of transport, energy and
telecommunications.

2.2.3 Cohesion Fund

The Cohesion Fund was established in 1993 by the Treaty of Maastricht; the
decision to create it had been made a year before at the European Council in
Edinburgh. The motivation for the creation of the fund was eliminating disparities
in the development of the economically weakest members. At the same time, the
newly created Cohesion Fund had to compensate for those countries that could bear
potential losses associated with the launch of “single market” economies, and make
much more competitive goods available to the rest of the Community.

Unlike the Structural Funds, the Cohesion Funds are allocated to states, not to
individual regions. The list of countries eligible for aid shall be determined by the
decision of the European Commission, on the basis of gross national product. In
order for a country to apply for funding from the Cohesion Fund for the
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implementation of infrastructure investments in the field of environment or TEN-T
transport networks, its gross national income must be less than 90% of the average
Gross National Income of the European Union. Another condition is that the
beneficiary country Cohesion Fund program must lead to the fulfilment of the
conditions of economic convergence. This is called the principle of conditionality.
Its failure leads to the suspension of aid, but the state is not obliged to return funds
already received.

In the years 2007–2013, Poland received 22.2 billion under the Cohesion Fund,
which constitutes 33% of the awarded allocation for this period. As already indi-
cated, the Cohesion Fund finances only infrastructure projects in the field of
environment.

2.2.4 European Regional Development Fund

The purpose of the European Regional Development Fund is to increase economic
and social cohesion in the European Union, eliminating inequalities between
regions. In short, the ERDF finances:

– infrastructure related to research and innovation, telecommunications, environ-
ment, energy and transport;

– financial instruments (venture capital funds, local development funds, etc.) to
support regional and local development and to foster cooperation between cities
and regions.

2.2.5 Railway Fund

The Railway Fund is a targeted element of the government’s system-wide approach
to the development of railway transport in Poland, the aim of which is to implement
transport policy in accordance with sustainable development. The Railway Fund
was created by the NEB under the Act of 16 December 2005 on Railway Fund, and
started to operate on 9 February 2006.

The task of the Railway Fund is to collect funds for the preparation and
implementation of construction and reconstruction of railway lines, repairs and
maintenance of railway lines and the elimination of redundant railway lines.

Basic financial sources of the Fund are:

– constant revenues from the fuel tax on motor fuels and gas for motor vehicles;
the Railway Fund supplies 20% of the proceeds of this account,

– interest rates available on the Fund’s account in NEB and income from bank
deposits, free funds and their investment in securities issued or guaranteed or
underwritten by the State Treasury,

– income from shares transferred by the State Treasury and the revenue from their
sale.
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2.2.6 Infrastructure and Environment Operational Programme

The Partnership Agreement developed by the European Commission defines the
main directions of support under the Cohesion Policy, which also includes the
Operational Programme Infrastructure and Environment (OPI&E). This program
(OPI&E), strives for sustainable economic development and competitiveness,
which will be possible by supporting the development of technical infrastructure in
Poland.

Existing infrastructure upgrades were based primarily on the OPI&E and the
ROP. In 2006, the European Commission granted to Poland, from the Structural
Funds and the Cohesion Fund, about 35 billion euros for infrastructure improve-
ments to be spent in 2007–2013. These were measures increased funding, though
were still insufficient. The current investments in the railway infrastructure are
executed in accordance with the “Long-term Railway Investment Programme for
the year 2015” adopted November 5, 2013 by the Council of Ministers. Figure 3

Fig. 3 Investments in Polish railway infrastructure networks in 2011–2013
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[31] shows a list of infrastructure investments for the years 2011–2013. The pro-
gram includes 140 investment tasks under the current financial perspective (2007–
2013). Of these, 62 investments are made within the OPI&E and 29 under the ROP.

2.2.7 Regional Operational Programme

The Regional Operational Programme (ROP) is a planning document defining the
areas and sometimes specific actions that government bodies of voivodeships take
or intend to take to promote the development of the province or region. As the name
suggests, this is a document of an operational nature, so it is more detailed and
primarily focused on development strategy.

The legal basis for the functioning of the ROP is the Act of 6th December 2006
on principles of development policy.

In total, the 2007–2013 Operational Programme Infrastructure and Environment
for railway investments with OPI&E allocated 4.8 billion euros and spent an
amount of 23,314 million zloty. The difference between the amount of aid received
in euros and the amount of PLN financing was caused by currency fluctuations. The
level of spending of EU funds in the perspective of years 2007–2013 are shown in
Fig. 4. The funds were allocated to linear infrastructure projects (construction and
maintenance of railway lines) and point infrastructure (railway stations and
terminals).

The current investments in railway infrastructure are carried out according to the
“Long-term Railway Investment Programme for 2015” adopted by the Council of
Ministers on 5th November 2013, the size of which is shown in Table 1 [33].

Implementation of EU projects by financing sources, indicating the quantity and
value of the projects, are presented in Table 1. The data is in accordance with
updates to the Multi-Year Investment Programme Railway 2015 [33], where it was
assumed that the implementation would be 142 projects with a total value of
41,304.9 million zł. The locations of these investments are shown in Fig. 5 [33].
PKP PLK in the years 2007–2015 issued a total of 37,157.00 million zł.

Fig. 4 The amount of funds spent on rail infrastructure in the years 2007–2013
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Table 1 Implementation of projects by funding spent on railways in Poland until 2015

Funds source Number of
grants

Value of projects
[mln] zl

Operational Programme Infrastructure and
Environment

53 26,514.8

Regional Operational Programme 31 9846.7

State budget 37 4133.2

Rail fund 9 143.5

TEN-T fund 4 185.8

Cohesion fund 8 480.9

Total 142 41,304.9

Fig. 5 Infrastructure investments covered by the Multi-Year Programme of Railway Investment
for the years 2013—2015
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2.3 The Current State of Modernization of Railways
in Poland

Ongoing and future modernizations of the railway infrastructure in Poland include
both national and EU financial funding.

2.3.1 Investments from National Funds

In 2015, PLK announced tenders for the projects of modernization and recon-
struction of several important railway lines, to be implemented in 2015–2016. They
will be financed from the state budget, the Railway Fund and bonds that support
Polish Railway Lines. Their total estimated investment value approximately
1 billion zł. In this group there will be a subtask for endarterectomy detours for
those episodes, which will be modernized with EU funds’ new financial
perspective.

2.3.2 CEF Investments

In 2014–2020, the EU is launching a new program for co-financing major infras-
tructure investments (not just rail) called CEF. From the sum of 28 billion euros,
Poland was awarded 4 billion euros. Poland applied to this program with measures
worth at least 3 billion euros. In addition, the railway tasks involved in interfacing
with maritime transport and improving access to ports might be able to qualify for
an additional 3.5 billion euros. The European Commission will announce recruit-
ment in three stages, the deadline for the first round of projects ended in February
2015. Contenders were announced in September 2015, 2016 and the closure will
take place in December 2016. The first call PLK start with six investment projects.
These will be assessed by the European Commission at the end of the third and
fourth quarters of 2015. The most advanced project is to complete the modern-
ization of the Wroclaw–Poznan section (to complete work on the Rawicz–Czempin
section), worth 1.5 billion zł., and a project to modernize the Sochaczew–Swarzędz
line for 2.6 billion zł.

There also will be investment in railway lines peripheral to Warsaw (Warsaw
section Gołabki/Warsaw West–Warsaw Gdansk)–Warsaw Wlochy–Grodzisk
Mazowiecki (line 447).

In total, in the first competition of the project, Polish CEF investors will report to
the European Commission projects worth approximately 10 billion zł, by the
probable date of announcement of public tenders to 2016, for the implementation of
at least two jobs for more than 4.1 billion zł.
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2.3.3 The Remaining Pool of CEF

In addition, PLK predicts that CEF funds for projects funded under the “List of
offshore projects” will be available. Three tasks to improve rail access to seaports in
Szczecin and Swinoujscie and Gdansk and Gdynia will then be reported. All of
these projects will involve a total reconstruction of the station ports, adapting them
to the specifics of the projected freight traffic and thus enabling the further devel-
opment of ports.

2.3.4 Funds from OPI&E

As the financing of railway investment projects are based almost exclusively on the
state budget and EU funds, the flow of funds for projects of new perspective 2014–
2020 will be initiated after the final approval of the new operational programs.
Meanwhile, the negotiations with the European Commission on the final shape of
the OPI&E are still in progress. Therefore, in contrast to the railways, road builders
can already announce a number of tenders, because the roads are financed from
other sources, such as the National Road Fund. Polish Railway Lines must wait for
the completion of procedures and complete accounting of financing tasks from the
perspective of 2007–2013. Not until 2015 was a new program adopted of
co-financing national measures of new tasks for 2014–2020. In total, PKP and PLK
expect to receive from the new perspective a total of about 7 to 8 billion euros,
which is at least 40 percent more than in the perspective of 2007–2013.
Undoubtedly, prospects for the “Master Plan” and “Long-Term Investment Plan”
look promising. Part of the work included in both programs is in progress, part
completed. Implementation of strategic objectives must overcome a variety of
difficulties. First of all, implementation of a project is a multidisciplinary task that
requires effective coordination and management. This involves obtaining multiple
permits, making a lot of arrangements, and most importantly is connected with the
necessity of application of the “Public Procurement Law” Act. All this requires the
fulfilment of a number of formalities related to the investment. The whole procedure
also extends the requirement to obtain administrative decisions. The problem is
determination of the sole criterion for choosing the best contractor, because the
commonly used criterion of price does not guarantee the investment in the
framework of a negotiated amount.

A modern and efficient rail infrastructure is a prerequisite for the development of
rail transport and for the country. Rail transport should be regarded as the most
ecological and safest mode of transport. It is attractive both for passengers and for
businesses. The existing investment plans should, however, be reliably verified in
relation to trends in freight volume forecast.
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3 Applied Methods of Forecasting

All the phenomena described in the section related to the operation of shipping are
non-periodic investigations, close to linear. Some of the waveform charts are
decreasing (Figs. 11, 12, 16, 17, and 18), a few are growing or virtually constant
(Figs. 18, 22, 24, 25, 26 and 27). In the case of the variation of electric and diesel
multiple locomotives (Figs. 15 and 16), decreases in the number of exhaust units
are combined with increasing amounts of electrical components. Both graphs are
characterized by clear increments in 2006. Generally, the variable course of the
collapse in 2009 can be observed in Figs. 20, 21, 24, and 23.

The trend of changes in the near future can be predicted using the exponential
smoothing method, which is easy to use and can be accurate enough. For
non-periodic phenomena on the course, a Holt-Winters double exponential
smoothing is used, which extracts significant changes in observed rail transport
phenomena and reduces the influence of random fluctuations. This method was
slightly modified in the monograph. The values of model parameters a and b and
the initial values F1 and S1 are calculated as the optimal values using the clonal
selection algorithm. The Bayesian network is second method.

Forecasting, understood as scientific prediction of the development of observed
phenomena, plays an important role in planning. Forecasting the volume of
transport is of great economic importance for the entire Polish economy.

An interesting approach to the use of forecasting in the supply chain optimiza-
tion is described in [1]. The article presents the optimization of the supply chain
cost using an integer programming method. The data on demand, production and
inventory forecasting needed for optimization are obtained by using the exponential
smoothing methods.

Mathematical methods are applied to forecasting. A brief history of forecasting is
presented in [17]. Early forecasts constituted simple inference from observation;
such methods developed especially in the nineteenth century. The situation changed
at the beginning of the twentieth century with the proposed treatment of the time
series as a realization of a stochastic process in [40]. Brown’s [3], Holt’s in 1957
[25] and Winters’ [38] publications initiated the development of exponential
smoothing methods. Viewed state exponential smoothing method for the year 1980
can be found in [21]. Exponential smoothing methods are often used in many fields
of science, because they are easy to use and provide forecasts burdened with only
small errors.

Smoothing methods continue to develop. The adjustments in the Holt-Winters
double exponential smoothing can be read in the article [26]. The choice of model
parameters for exponential smoothing by means of empirical performance of two
derivative free search methods for solving the problem of minimization is presented
in the article [35]. The use of weighted coefficients, moving average and expo-
nential smoothing is written in the [39].
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Currently, forecasting methods are often aided by artificial intelligence. For exam-
ple, to estimate optimal values of coefficients of logarithm support vector regression the
immune algorithm was used [29]. Neural networks can be used to reduce the sensitivity
to input errors, and the ARIMA method (Autoregressive Integrated Moving Average)
was used in [27]. A Bayesian network was used to predict stock price in [20].

3.1 Holt-Winters Double Exponential Smoothing

Looking at the graphs illustrating the course of the various phenomena observed in
rail transport, we decided to use the methods of exponential smoothing, and
because of the lack of periodic phenomena, we chose the Holt-Winters double
exponential smoothings.

The Holt-Winters double exponential smoothing is one of the methods used to
smooth the time series of a development trend and random fluctuations [19, 41]. For
a time series of length N and the data values sy0, y1, … yN−1 the following equa-
tion are used:

Ft ¼ yt þð1�/ÞðFt�1 þ St�1Þ ð1Þ

St ¼ b Ft � Ft�1ð Þþ ð1� bÞSt�1 ð2Þ

where

Ft smoothed value of the forecasted variable at time t,
St growth trend value at the moment t,

t = 0, 1, …, N,
parameters a, b 2 [0,1].
The equation of prediction for expired periods have the form:

y�t ¼ Ft�1 þ St�1 ð3Þ

for t = 2, 3, …, N
and for future periods:

y�T ¼ FN þðT � NÞSN ð4Þ

where

N the number of periods in the relevant time series
T moment, which forecast, T > N

There are many ways of determining the value of the initial F1 and S1. Most
often it is assumed that F1 = y1 and S1 = Y2 − Y1. In turn, parameters a, b are
determined by error’s minimization of expired forecasts.
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In presented calculations some modifications were applied. The parameters a
and b and the initial values of F1 and S1 are determined by minimizing the error
MAPE. A similar solution is also used in [34]. In this chapter we will refer to the
method as the “modified Holt method”.

MAPE (Mean Absolute Percentage Error) is defined as:

MAPE ¼ 1
N

XN
t¼1

yt � y�t
�� ��

yt
� 100% ð5Þ

where

N number of observations,
yt value of the time series for a moment or period of time t,
y�t predicted value of y for a moment or a period of time t.

The parameters a and b and the initial values of F1 and S1 have to calculate by
minimizing the MAPE error. To assess the quality of forecasts Pearson’s correlation
coefficient was calculated for actual data and expired forecasts.

3.1.1 Artificial Immune System

To determine the forecast using the modified Holt method, an artificial immune
system was used. One of the methods of artificial intelligence, the artificial immune
system mimic the action of the natural immune system of the human body [4, 28].

The defense system of the human body is made up of physical barriers and
chemical properties, such as skin, body temperature, saliva, tears, sweat and mucus.
If, in spite of these barriers, microorganisms attacking the body penetrate into the
interior, the immune system defends. Its operation is quite complex and the defense
involves different cell types. Some of them recognize antigens that attack the body
[22].

Recognition is done using antibodies that are produced by the body. The anti-
bodies, which fit to the antigen, are cloned. The clones are mutated. After finding
the fitted antibody a proliferation follows. The antibodies are rapidly replicated and
released into the blood stream.

After suppressing the number of antibodies is reduced. Some of the remaining
antibodies form a memory cells. The next time the immune system has a chance to
recognize the enemy faster. The process of searching for better and better antibodies
is called clonal selection and its numerical model can be used for optimization.

Figure 6 shows the main stages of the clonal selection numerical algorithm. An
antygen is optimal solution, which is searched. Antibodies are the solutions, which
are proposed. The inverse of the objective function representing the optimization
criterion is the measure of the matching.

The antibody is a sequence of numbers:
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½F1; S1; a;b� ð6Þ

where F1, S1 initial values of Holt model,
a and b are parameters of this model, F1, S1 2 R, a, b 2 [0,1].
The inverse of the MAPE error is a measure of matching.
For the calculations, we use our own implementation of the algorithm written in

the programming language C++.

3.2 Forecasting Using Bayesian Networks

Forecasting the volume of transport and other phenomena in rail transport can also
be carried out using a second method, the Bayesian network.

Bayesian network structure corresponds to the relationship of cause and effect in
a given set of random variables. As a rule, a Bayesian network topology maps the
knowledge of the causes and effects in the area considered. The usefulness of
Bayesian networks in practical applications is manifested by the fact that the
knowledge of any set of observations (some state variables) allows you to calculate
the probability distributions for the remaining unknown variables [2].

The network name is derived from Bayes’s theorem, which postulates a revision
of the existing beliefs about the probabilities in the light of new facts. Presentation
of the rules of operation requires a reminder of two basic and very important

Fig. 6 The main stages of the clonal selection algorithm
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theorems of probability theory: the formula for complete probability (7) and
Bayes’s theorem (8).

Let the some event B occur in several mutually ways exclusive of Ai, exhausting
all possibilities, and assume that the probabilities P Aið Þ are known. Then the
probability of an event B can be expressed as the complete probability:

PðBÞ ¼
X
i

PðAiÞPðBjAiÞ ð7Þ

Next, assume that it is known that the event B has just happened and the
probability of the above formula was calculated. This knowledge allows us to
re-calculate the probability of each event Ak from the original value of PðAkÞ to new
values of PðAkjBÞ:

PðAijBÞ ¼ PðAkÞPðBjAkÞ
PðBÞ ð8Þ

Both formulas, despite their simplicity, are powerful tools for inference in each
chain based on probabilities. The inference can be conducted in both directions:
from causes to effects and from effects to causes; thus a calculated value can
propagate throughout the network [16].

3.2.1 The Structure of a Bayesian Network

A Bayesian network is a directed acyclic graph, where the nodes represent random
variables and edges correspond to cause/effect relationships between these vari-
ables. With each vertex X is associated a conditional probabilities table, which
describes the strength of the relationship. This array contains the conditional
probabilities PðXjP1;P2; . . .Þ of each state of a random variable X with the different
states taken by the direct parent P1, P2, …. For vertices without parents (so-called
root causes) conditional probabilities come down to simple probabilities. Figure 7
shows a simple Bayesian network with three binary nodes (receiving only two
values: true and false) [18].

3.2.2 Construction of a Bayesian Network

Knowledge on Bayesian network is included in the topology and in the tables of
conditional probabilities associated with the random variables. The first step is to
identify those variables, then the relationships between them must be determined.
This task is usually performed by an expert, but in rare cases can be performed
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automatically on the basis of the available data. Values of conditional probabilities
can also be introduced by an expert based on his knowledge and experience, but
more often the network is “trained” automatically based on historical data [24].
These data do not have to cover all the states of all the variables. A standard
algorithm EM (Expectation/Maximization) can be used. EM is an iterative selection
of probability and similarities for incomplete data. The algorithm tries to estimate
which of the parameters of such a model, relative to the observed data (data pro-
vided learning), were the most likely. Each iteration consists of two stages:

– E step (expectation)—missing data are adjusted taking into account the known
and the current parameters of the model,

– M step (maximization)—model parameters are selected so as to maximize the
probability on the assumption that the missing data are already known.

3.2.3 Inference in Bayesian Networks

A Bayesian network defining the relationship between random variables allows us
to calculate the probabilities of occurrence of events represented by these variables.
A practical application of Bayesian networks begins with the information that is
currently known. States of some random variables are determined, and then the
schedule of probabilities other variables is updated. Possible modes of reasoning are
summarized in Table 2.

Fig. 7 The structure of a
simple binary Bayesian
network

Table 2 Modes of inference in Bayesian networks

Inference Description

Causative The cause or reasons are known, probability distribution of effects is sought

Diagnostic The effects are known, potential causes are sought

Mixed Some effects and some causes are known, possible ways of process
occurrence are tested

Intercausative One cause is known, effect on other potential causes is checked
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3.2.4 Application of Bayesian Networks for Forecasting

A mode of causal inference is used in forecasting. It is assumed that the future,
unknown state results from the state variables corresponding to past moments that
are fixed at the time of prognosis. Thus, the Bayesian network provides the prob-
ability distribution of future states (Fig. 8), and the expected value can be treated as
a sought value forecast (9).

wout ¼
X
i

pimi ð9Þ

where

wout predicted value,
pi probability of ith state,
mi value corresponding to ith state.

An additional state called ‘stx’ can be seen in Fig. 8. This state is used to
indicate improper operation of the network. The variable y0+1 is initialized in a way
that assigns this state probability 1, and other states are assigned the value of 0. The
‘stx’ state does not appear anywhere in the training data, thus assigning a non-zero
probability in the course of determining the forecast shows an unexpected set of
states set for the moments of the past.

One of the simplest Bayesian networks that can be used in a prediction is shown
in Fig. 9. The premise is that the value (stocks of random variables) for the present
time and the past moment (y0−1, y0−2, y0−3) are known (here, four values), and a

Fig. 8 Forecast as a
probability distribution of
states
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probability distribution for the future moment is sought. There is no relationship
between the variables corresponding to the past because they are not needed; all of
these variables belongs to the past, and are already known facts. This model allows
the calculation of forecasts for the single step, a future moment.

If one needs to perform following forecasts for two or more moments, a
Bayesian network can have the structure shown in Fig. 10. The obtained test results

Fig. 9 The simplest Bayesian network used for prediction

Fig. 10 Bayesian network used for two step prediction
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confirm the usefulness of such a model, but a very important condition against the
practical application of such a solution for predictions year after year is the limi-
tation of historical data. The learning sequence must contain data treated as past,
and two or more values corresponding to the forecast. Therefore, a specified time
frame significantly reduces the number of available learning sequences.

In this situation, the predictions for moments more distant than one step first
iteratively apply the simple model: the prediction y0+1 obtained in the first step is
treated as the current value y0 in the next step. The number of such iterations
depends on the required number of predicted values. It is clear that the reliability of
such distant predictions decreases with increasing distance in time.

3.2.5 The Choice of the Number of Random Variables States

An important issue in the design of a Bayesian network is to determine the
appropriate number of states adopted by random variables. The higher the number,
the more accurate the obtained forecasts. On the other hand, a limited number of
historical data increases the probability that, during the learning, multiple network
states will not be assigned any value. This situation negatively affects the learning
processes of the network. To avoid this, tests have shown that the optimal number
of states is seven. At the same time, to ensure the accuracy of processing, the
following procedure was used. In the place of unique assignment of a value from a
set of historical data to one of the conditions, we made a variable decomposition
process. A single historical value was expressed as a linear combination of values
corresponding to the states for each random variable. In this way, a single string of
historical data generated a whole set of records containing clean learner states, to
which the distribution coefficients of decomposition provided an answer.

4 Forecasts of Rail Transport in Poland

The forecasts are based on statistical data presented by the Central Statistical Office
of Poland in Transport of activity results for years 2000–2014 [5–15]. The pre-
dictions included the following data:

– operated railway lines,
– standard gauge rolling stock (electric and diesel locomotives, electric railcars,

freight cars and coaches),
– cargo rail transportation (in tons),
– cargo rail transportation (in ton-kilometers),
– rail transportation according to types of consignment (export, import, transit),
– total national and international rail transport of containers.
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4.1 Operated Railway Lines’ Length

Predictions of operated railway line lengths in Poland were based on data presented
in Table 3.

As you can see in Fig. 11, the length of railway lines in the coming years
decreases slightly. Both forecasts for the next three years provide for a further
reduction of railway lines. Using the Bayesian network here is more optimistic. It
gives a smaller forecast error MAPE of 0.85%, but the modified Holt’s method
gives a Pearson correlation coefficient closer to unity, which shows a better cor-
relation of the predicted values with the actual data.

The aforementioned trend of shortening railways applies in particular to railway
standard gauge (Fig. 12). Here, again, the first method predicts a smaller reduction
of standard gauge lines. Its MAPE forecast error is 0.88%, but the second method
gives a higher Pearson correlation coefficient, which is 0.85.

The length of electrified railway lines since 2004 changes slightly and the graph
for real data, shown in Fig. 13, differs very little from both forecasts. Both methods
show a slight downward trend for the next three years. MAPE error is smaller for
the first method at 0.4%. The correlation coefficient is superior to other meth-
ods and is equal 0.95, which indicates a strong linear correlation of actual data and
forecast results.

4.2 Standard Gauge Rolling Stock Number

Predictions of standard gauge rolling stock in Poland were based on predictions of
electric and diesel locomotives and electric railcars, which are presented in Table 4,
as well as freight cars and coaches, presented in Table 5.

The number of electric locomotives starts to grow slightly (Fig. 14). Forecasting
with Holt method in this respect is more optimistic and predicts greater sales growth
than prediction by Bayesian networks. However, the first method has a smaller
MAPE error so the prediction should be based on this method. In turn, the second
method has a higher correlation of actual data and forecast data for the years 2001–
2014. The correlation coefficient is 0.67.

In accordance with predictive analysis shown in Fig. 15, the number of oper-
ating diesel locomotives declines. The Bayes prediction expects the number of
operating locomotives to stabilize. It can be seen from the chart that this method is
more sensitive to the jumping-off data. The Holt’s method clearly smooths the data
in such a situation. For the first method, correlation of actual data and predicted is
almost non-existent. For the Holt method it is 0.24, understood also as weak.

Since 2006, a systematic increase has been observed in the number of electric
multiple units, as shown in Fig. 16. The method of forecasting based on the
Bayesian network provides stability in the next three years. Holt’s method indicates
a rapid increase in the number of teams in the coming years. The actual data and the
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Fig. 11 Predicted total length of operated railway lines

Fig. 12 Predicted length of standard gauge railway lines

Fig. 13 Predicted length of electrified operated railway lines
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forecasts for both methods are correlated poorly. MAPE error for the first is 4.16%,
and 7.67% for the second.

Analyzing the data contained in Table 5, it can be said that since 2002 the
number of freight cars has been steadily decreasing (Fig. 17). The Bayesian net-
work method forecasts a slight further decline in this number in the coming years.
Holt’s method predicts a greater decrease in the amount of freight cars. Because the
MAPE error for the first method is smaller and is 2.8%, and the correlation of real
data and the forecast is as high as 0.94, the forecast for the next few years according
to this method seems to be more reliable.

Figure 18 shows the number of passenger coaches, which since 2000 decreases
linearly. Both methods of forecasting predict a further linear drop in the number of
freight cars. The correlation coefficients of both methods show a very strong linear
relationship between the actual data and the forecast. Forecast errors are also small.

Table 5 Standard gauge rolling stock—part 2

Year Freight cars Coaches

Real
data

Bayesian
networks

Modified
Holt’s
method

Real
data

Bayesian
networks

Modified
Holt’s
method

2000 97,811 5781

2001 98,272 94,388.56 5509 5529.98

2002 119,308 94,847.75 5178 5264.45

2003 111,532 115,951.63 5093 4951.19

2004 107,315 110,795 108,666.60 4895 4987 4784.52

2005 103,234 107,035 104,361.75 4495 4799 4613.88

2006 103,527 102,977 100,254.17 4397 4406 4298.88

2007 104,982 103,141 100,523.31 4270 4291 4118.68

2008 101,528 104,427 102,041.98 4050 4165 3987.34

2009 95,462 100,743 98,677.36 3800 3959 3813.70

2010 89,270 94,743 92,602.37 3795 3702 3595.22

2011 88,928 88,901 86,347.39 3556 3692 3522.18

2012 91,483 88,542 85,937.71 3356 3458 3359.58

2013 87,726 90,791 88,542.11 3083 3262 3175.40

2014 87,538 87,152 84,896.34 2806 2986 2929.56

2015 87,050 84,690.96 2707 2650.75

2016 86,460 81,896.75 2601 2441.75

2017 85,768 79,102.55 2500 2232.75

Pearson
correlation
coefficient

0.9376 0.7181 0.9863 0.9916

MAPE
forecast error

0.0281 0.0419 0.0345 0.0222
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4.3 Transportation of Cargo in Tons

Forecasts for freight transport and goods by rail in tons are based on data contained
in Table 6.

There is clearly a growing trend in Poland in transportation of cargo by all means
of transport, which is shown in Fig. 19. As for the forecast for the next three years,
a modified Holt method predicts a slight decline in traffic, while the Bayesian

Fig. 14 Predicted number of electric locomotives

Fig. 15 Predicted number of diesel locomotives
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network method shows growth. The forecast with the Holt method in this case has a
smaller MAPE error, equal to 2.5%. Also, Pearson’s correlation coefficient is high,
close to unity, indicating a strong correlation of actual data and forecasts. The
forecasting method based on Bayesian networks gives much worse results, so it
seems safer to assume that there may be drop in freight volume.

According to the diagram in Fig. 20, cargo transportation by rail in the past
fifteen years has large fluctuations. Holt’s method in this case gives a forecast

Fig. 16 Predicted number of electric railcars

Fig. 17 Predicted number of freight car
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burdened with a smaller MAPE error, equal to 5.9%. It also has a correlation
coefficient that is almost twice as large, which is about 60% of the linear correlation
of actual data and forecasts. Both methods of forecasting predict a fall in freight
cargo transportation amount.

4.4 Transportation of Cargo in Ton-Kilometers

Forecasts for rail freight transport denominated in ton-kilometers are based on data
contained in Table 7.

Transportation of cargo by rail in Poland, expressed in ton-km, have a clear
growing trend as shown in Fig. 21. The correlation coefficient of the modified
Holt method is two times higher than the correlation coefficient of the Bayesian
network. It is amounting to 0.34, what does not indicate for very strong correlation
of observed data and forecasts. In turn, the forecast error MAPE for Holt’s method
here is lower and amounts to 5.75%. Despite the complicated course of the graph in
Fig. 21, Holt’s method shows the greatest smoothing of data in 2009.

4.5 Rail Transportation According to Types of Consignment

Forecasts of rail transportation according to types of consignment prediction, by
export, import and transit are based on data contained in Table 8. Rail

Fig. 18 Predicted number of passenger coaches
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transportation by different types of consignment in the years 2003–2014 is char-
acterized with great variability in the amount of cargo.

Export of goods by rail hit bottom in 2009. In the whole period 2003–2014, high
variability of the freight volume can be observed, see Fig. 22. Data and forecasts
are weakly correlated, and the results are burdened with a high MAPE error. The
future of export goods by rail is also projected by two different methods. Modified
Holt’s method predicts the future stabilization of export volume by rail, while the
Bayesian network method predicts the decline of transport.

The import of goods by rail is a constant upward trend. In Fig. 23 a strong linear
correlation data and forecasts can be seen at the same time. For the next three years
a steady growth in freight volume is expected.

Railroad transportation of goods by transit through Poland is characterized with
very large fluctuations in the years 2003–2014, as shown in Fig. 24. The modified

Table 6 Cargo transportation by mode of transport prediction

Year Total cargo transportation [thousands
of tons]

Rail cargo transportation [thousands
of tons]

Real data Bayesian
networks

Modified
Holt’s
method

Real
data

Bayesian
networks

Modified
Holt’s
method

2000 1,347,895 187,247

2001 1,317,169 1,339,412 166,856 164,934.9

2002 1,304,387 1,296,423 222,908 144,905.2

2003 1,308,802 1,286,852 241,629 215,534.6

2004 1,324,511 1,341,971 1,303,788 282,919 236,534 240,060.5

2005 1,421,959 1,350,063 1,332,082 269,584 285,732 289,660.5

2006 1,480,259 1,443,742 1,480,167 291,420 258,532 273,093.8

2007 1,532,728 1,505,893 1,543,281 245,346 292,554 298,108.3

2008 1,655,965 1,550,995 1,589,938 248,860 237,354 242,409.4

2009 1,691,015 1,673,353 1,749,009 200,820 250,352 246,493.9

2010 1,838,492 1,714,870 1,755,593 216,899 204,383 190,009.1

2011 1,912,178 1,851,026 1,945,689 248,606 214,842 210,557.3

2012 1,844,070 1,931,295 2,005,298 230,878 246,352 249,686.4

2013 1,848,348 1,857,678 1,846,547 232,596 223,707 228,905.6

2014 1,839,961 1,876,631 1,843,273 227,820 231,117 231,086.5

2015 1,870,118 1,833,156 225,321 225,745.3

2016 1,892,679 1,826,175 222,741 223,631.4

2017 1,921,081 1,819,194 220,161 221,517.4

Pearson
correlation
coefficient

0.9584 0.9730 0.3419 0.6048

MAPE
forecast
error

0.0319 0.0252 0.1032 0.0589
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Fig. 19 Predicted total transportation of cargo

Fig. 20 Predicted amount of freight cargo transportation
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Table 7 Cargo transportation by rail

Year Transportation of cargo by rail [millions of ton-kilometers]

Real data Bayesian networks Modified Holt’s method

2000 54,448

2001 47,913 54,492.32

2002 47,756 51,150.58

2003 49,549 49,305.28

2004 52,137 49,148 49,258.95

2005 49,779 52,204 50,573.77

2006 53,427 49,894 50,060.65

2007 54,253 53,324 51,671.99

2008 52,043 54,026 52,952.14

2009 43,554 53,062 52,491.93

2010 48,795 44,398 47,879.64

2011 53,746 46,853 48,144.88

2012 48,903 54,469 50,841.70

2013 50,881 49,220 49,779.33

2014 50,073 50,212 50,239.76

2015 49,823 50,071.24

2016 50,187 49,984.93

2017 50,318 49,898.63

Pearson correlation coefficient 0.1598 0.3416

MAPE forecast error 0.0739 0.0575

Fig. 21 Predicted amount of total cargo transportation
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Holt method has smoothed the graph. For subsequent years, both methods predict a
slight increase in the volume of cargo in transit. The resulting predictions are
affected by significant MAPE error. The correlation coefficient indicates a weak link
between data and forecasts.

Fig. 22 Predicted export by rail transportation

Fig. 23 Predicted imports by rail
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4.6 Rail Transportation of Containers

Utilization of railway for the transport of containers has a clear upward trend; the
forecasts are based on data contained in Table 9.

Utilization of railway for the transport of containers has a clear growing trend as
shown in Fig. 25. The two forecasting methods predict a further increase in this
type of transport. Data and forecasts are strongly correlated linearly. The results are,
unfortunately, burdened with high MAPE errors.

Transportation of containers in the country is also characterized by an upward
trend, as shown in Fig. 26. Both forecasting methods predict a further increase in
this type of transport. Data and forecasts are strongly correlated linearly. The
results, unfortunately, are subject to very large MAPE errors.

Transportation of containers in international transport are also characterized by
an upward trend, see Fig. 27. Both forecasting methods predict a further increase in
this type of transport. Data and forecasts are strongly correlated linearly. The results
are, unfortunately, burdened with high MAPE errors. The Holt method has the
lower MAPE error and, as the chart shows, smooths fluctuations in freight volume.

4.6.1 A Summary of the Calculations

The results and future predictions look believable. The two methods used, modified
Holt method and Bayesian networks, give comparable results. The values of MAPE
errors and the coefficients of corelations are respectively similar for both methods.

Fig. 24 Predicted transit by rail transportation
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In the case of the Bayesian network, the expired forecasts depict on the graphs of
results the slight shift to the right. The maxima and minima of the original time
series were preserved. The modified Holt method clearly smooths the random
jumps of the original time series.

Fig. 25 Predicted total transport of containers by rail

Fig. 26 Predicted national transport of containers by rail
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5 Conclusion

On the basis of the calculation results, it is obvious that if nothing changes in the
policy of rail transport, it will continue to see reduced length of the railway line,
electrified lines and locomotives (although for electrical forecasts predict stagnation
or even a slight increase). The number of freight cars and passenger cars is also
predicted to be continuously reduced. No wonder that in such a situation, rail
services have large fluctuations in the coming years and are predicted to continue to
show a slight decrease in traffic, which both methods confirm in extremely similar
fashion (Fig. 18). This is alarming because, as shown in Figs. 20, 21, and 22,
interest is growing in rail transport. The railway has large share of export, import
and transit. An increase in container traffic is observed, which may be the greatest
argument in the context of the modernization of infrastructure and investment
programs analyzed in the chapter.
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Dynamic Optimization of Railcar Traffic
Volumes at Railway Nodes

Aleksandr Rakhmangulov, Aleksander Sładkowski, Nikita Osintsev,
Pavel Mishkurov and Dmitri Muravev

Abstract A major direction in the development of modern world transport systems
involves the concentration of freight and traffic flows within international transport
corridors and transport nodes in terminals and hubs. The changing role of rail
transport is taking place under these conditions. Increased structural complexity and
irregularities in cargo and railcar traffic volumes have been observed, despite the
higher levels of transport equipment and technology standardization, the increased
container transport volumes and consequent reduction in the cost of intermodal
operations, and the interaction between different modes in transport nodes. This is
largely due to the increasing need for cargo owners to lower logistics and ware-
house costs, which is achieved by reducing the size of freight shipments and
ensuring their uniform delivery. Moreover, privatization of the railway industry in
certain countries and the sale of rolling stock to operating companies have made the
coordinated management of rail fleets more difficult. The demand for improved
efficiency of railcar traffic volume management in the case of complex structures is
especially relevant for large railway nodes, particularly the transport systems of
industrial enterprises. Here, the application of traditional approaches to the man-
agement of transportation processes involving individual elements of traffic flow
(trains, railcars, locomotives) and transport infrastructure (railway stations, loading
areas, rail hauls) leads to additional transport costs as a result of the increased length
of time that railcars are located at the railway node. The aim of this study, therefore,
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is to provide improved methods for the management of RTVs at complex railway
nodes based on a systematic review of RTVs in conjunction with transport
infrastructure and traffic control systems. The authors review the case of a sys-
tematic approach to the organization and management of railcar traffic volumes,
both for mainline rail transport and at railway nodes and industrial rail transport.
This study investigates the impact of irregular railcar traffic volumes on railway
node functioning by applying a dynamic simulation model of the transport system
of a large metallurgical enterprise. The application of the original methodology for
assessing the amount of information in the operational management system for rail
transportation allowed us to estimate the effect of structural complexity and railcar
traffic volume irregularities on the efficiency of the dispatch control system. The
authors propose a new system of parameters and indicators for assessing railcar
traffic volumes, taking into account factors of complexity and irregularity, and
provide a comprehensive assessment of its effectiveness for railcar traffic volume
management. For this purpose, a method of dynamic optimization of these
parameters (dynamic programming) is selected. The main hypothesis of the study is
that improved accuracy in parameter optimization for irregular railcar traffic vol-
umes is achieved by adjusting the duration of the base periods which constitute the
optimization period in the dynamic problem. In this study we have formulated a
mathematical model for dynamic parameter optimization of railcar traffic volume on
the basis of base periods of variable duration, with an algorithm for model
implementation as well. Experimental verification of the effectiveness of the
developed model and algorithm is conducted on the constructed process-centric
railway node simulation model. Three series of experiments are conducted: without
railcar traffic volume optimization, and with dynamic optimization of railcar traffic
volume with the application of base periods of constant and variable duration. The
experimental results demonstrate increased optimization accuracy with the use of
the proposed model, reducing transport costs (time of railcar traffic volume han-
dling) at the railway node by 11% on average. For the realization of the model and
algorithm, a method is proposed for their integration in information management
and intellectual transport systems.

Keywords Railway node � Railcar traffic volumes � Irregularity � Railcar traffic
volumes with complex structure � Information quantity � System of parameters for
railcar traffic volumes � System dynamic model � Dynamic optimization �
Mathematical model � Process-centric simulation model

406 A. Rakhmangulov et al.



1 Main Conditions and Tendencies
of Rail Transport Functioning

Transportation science has accumulated much specific knowledge about the various
functional components of transport systems since the early 1970s. This has been
formed on the basis of documented research, the main method of which has become
a systematic approach. A systematic review of the transport process involves the
study of the system not as individual features of transport elements, but of these
elements as a whole. The set of transportation facilities that constitute the trans-
portation system is the result of diverse relations between elements of the system.
The systematic review of technical aspects of transport and technology and of the
organization of transportation processes and freight traffic flow, along with eco-
nomic constraints (costs), has helped in formulating modern theory and developing
methods for railcar traffic volume organization.

The basis of modern organizational systems for railcar traffic volume (RTV) on
the rail systems of various countries is the train timetable and train formation plan,
which are designed to minimize total transportation costs for a set of RTV of known
volume and structure. Changes in traffic volumes and RTV structure are considered
by periodic adjustment of the formation plan. Formally speaking, current organi-
zational systems comprehensively solve two systemic problems in rail transport.
The first is the maintenance of a set of features to preserve the integrity and ability
to perform rail transport functions—RTV organization based on train formation
plans; while the second is the implementation of a mechanism for maintaining
appropriate system properties in terms of the disruptive impact of the external and
internal environment—the adjustment mechanism of these plans.

However, the implementation of sophisticated logistics solutions beginning in
the early 2000s has led to a dramatic increase in the complexity of operating
conditions for rail transport, which must function in these ever-changing opera-
tional and economic conditions. Moreover, the greatest influence on operations is
from external factors, particularly the needs of freight owners, competition in carrier
markets, rolling stock owners, competition from other modes of transport, and price
fluctuations.

Existing rail transport systems for traffic organization do not adequately address
these external factors, particularly the costs and losses arising from actions taken
upon failure to meet freight owner demands for transportation quality (timeliness).
In market conditions, such losses not only lead to additional costs in the creation of
reserves and reduced operating funds, but also in the loss of competitive advantage.

Two trends have emerged as a result of inadequate orientation of existing RTV
systems to the needs of rail transport customers, especially in the Russian
Federation. The first is associated with the transition of many small and medium
customers’ volume shipping on other modes of transport, in particular road trans-
port, which reduces the profitability of the railways. There is a tendency worldwide
to increase the share of transportation through the route trains circulating on solid
(hard) the graphics thread that enables the most effective use of rail advantages.
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In addition, small-lot cargoes and cargoes transported by carload freight ship-
ments are often transported by road. This situation is typical in the USA. Piggyback
and roadrailer transportation, combining the advantages of rail transport (low prime
cost, regularity, reliability) with the advantages of road transport (flexibility, speed)
is actively developing in Europe, where freight train weight and distance of goods
delivery are insignificant. This combination has provided the means to satisfy the
needs of transport customers in a modern transportation system.

A second emerging trend is driven by freight owners’ desire to ensure timely
transportation by taking advantage of competition between operators as owners of
rolling stock [1]. The lack of coordination between operators on rolling stock
utilization often leads to violations of train formation plans, creating the need for
more frequent adjustments compared with the existing sequence, or causes opera-
tors to suffer losses associated with inefficient utilization of throughput and han-
dling capacity of railway stations.

The realization of logistics solutions, in particular for systems of inventory
management, has increased the tendency toward reduced consignment size in order
to lower storage costs for transport clients.

The emergence of a large number of low-power jets contributes to the com-
plexity of the RTV structure (Fig. 1). This trend is observed most clearly in Russia,
where in accordance with the formation and development of a competitive rail
transport environment, the share of small-lot goods is reduced in the total turnover
(Fig. 2) [2, 3].

Obviously, the provision of timely goods transportation in small batches on rail
transport is related to increased transportation costs. One direction for the conser-
vation of rail transport competitiveness in such conditions is through improved
traffic management systems, oriented to meet the needs of transport customers.
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Fig. 1 The example of a Pareto chart for the value of railcar volume on the jets at the industrial
railway station
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2 A Review of Research on System Approaches
for the Organization and Management of RTV

Extensive experience in solving problem of efficiency within complex systems
dealing with elements of uncertainty can be found in other sciences. Stability, i.e.
the ability of a system to maintain defined parameters within certain borders in the
presence of disturbance factors, is achieved through a variety of mechanisms.

Management is one such component of complex artificial systems. Management
processes have a twofold orientation—strategic and operational. Strategic man-
agement addresses the challenge of system development, while operational man-
agement is a “working” strategic mechanism. The task is to neutralize the disturbing
effect on the system through timely adjustments. Therefore, “hard” organizational
forms of transportation processes are ineffective in the context of modern, struc-
turally sophisticated RTV systems, and result in increased irregularity.

Such opinions in relation to the various subsystems of rail transport have been
presented in many works, particularly in [4–6].

There are also many studies about the problems of operational management in
mainline rail transport, for example [7, 8]. The problem of railcar acceleration is
discussed based on methods of operational management of RTV in [9, 10]. The
process of industrial transport management, including the subsystem of interaction
with the main modes of transport, by its very nature requires a unique approach.
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Consideration of the dynamics of transport and production processes, using an
integrated approach to management problems affecting the interests of the pro-
duction and mainline transport, are distinctive features of many studies on opera-
tional management issues within industrial rail transport performed in the 1980s
and 1990s. The organization of transportation processes and flexible technology
have helped to improve reliability in transportation production under conditions of
irregularity [11–13].

The most fully flexible forms of rail transport from a systems perspective
involving major industrial enterprises are presented in [14]. Dynamic reserves are
created through operational management of the transportation process, i.e. the ability
to improve the reliability of transport services with the same level of technology.

The accelerated movement of goods through less important consumers in a given
period helps to increase the reliability of communications between them and the
suppliers [15, 16]. A method of single-product management of RTV is presented in
[17]: the lack of railcars in one direction is partially eliminated by a surplus of the
other. The balance between production and consumption can thus be quickly
adjusted to exploit the adaptive capacity of the transport system [14]. Optimization
of industrial transport by considering multi-criteria goals is considered in [18]. The
use of technology for calculating optimal interaction within sorting complexes for
industrial and mainline transport is presented in [19]. Algorithms for optimal
control of shunting work in industrial transport hubs are presented in [20]. These
methods expand the potential of industrial RTV systems to adapt to changing
conditions.

Nowadays, strategies for improving RTV calculation and adjustment systems for
mainline rail transport are geared toward more detailed consideration of the various
factors that have a significant impact on the effectiveness of the train formation
plan. For example, in [21], consideration of these factors, including conditions of
uncertainty, is proposed for implementation on the basis of the aggregation (stream
representation) of information in management information systems and the appli-
cation of algorithms and models of stream optimization. Methods and techniques
for adapting to variation in RTV parameter within the development of rail transport
are presented in [22].

Gradually, a new trend has emerged in transport science, according to which
RTV organization is considered not just a method for volume distribution of sorting
operations between railway stations, but as a complex system of interactions
between participants of the transportation process. We must consider not only the
costs related to the accumulation and processing of railcars, but also many
requirements imposed on this system. For example, in [23], proposed criteria for
choosing the optimal train formation plan include car-kilometers, delivery time and
the required number of locomotives, as well as total energy consumption. This
approach requires the development of multi-criteria models and methods of
calculation.

The influence of RTV irregularity, including daily irregularity, is considered in
[24], focusing on meeting the changing operational needs of rail transport clients
with respect to empty railcars.
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The need to take into account many factors determining the effectiveness for
RTV organization systems and timeliness of rail freight transportation has required
the development of new mathematical methods for solving transport problems not
previously used for RTV optimization. These methods consider the time factors of
maximal dynamic flow [19] and dynamic transport through a network matrix [19].

The dynamic programming method, which is oriented toward the consideration
of RTV irregularity, has been shown to be effective [14, 25].

The dynamic coordination of production, transport and consumption is “based
on the application of multistage approach, takes into account the dynamics of
production volumes and consumption, the irregularity of stocks in final and inter-
mediate points”. This method improves the formulation of a linear programming
problem to improve the accuracy of the response on the dynamics of transport and
production processes. However, determining transport costs only at the intersection
of transport and production leads to less accurate optimization; thus it is necessary
to take into account losses emerging as a result of random variations in cargo
delivery times as well as random deviations from the “planned” rhythm of con-
sumption. A stochastic statement of the dynamic transportation problem with delays
and with a random spread of delivery and consumption time [14] compensates for
this drawback. The optimization problem in the stochastic statement is formed
through analysis of the interaction between shipper and consignee in a random
environment. It is premised on the use of a time buffer in organizing the arrival of
goods, depending on the magnitude of possible damage, incomplete delivery and
storage. The stochastic statement thus increases optimization precision at the
crossroads of transport and production. This stochastic formulation has been
developed as a model for controlling flow with railcars of different owners. The
model is based on an approach for solving the multi-product dynamic transport with
delays [26], which is reduced to a static multi-product transport problem on a
network with standardized methods for its solution.

Linear programming [14] is a dynamic method used for solving routing prob-
lems, while integer programming [27] and the branch and bound method [1, 19] are
used for dynamic schedule optimization for vehicle maintenance. The common
element among these methods is the presentation of a system for organizing RTV,
and transport in general, as a flexible, adaptive system whose operation is optimized
at a predetermined time interval.

European researchers have identified mathematical and heuristic approaches for
solving optimization problems for RTV movement in rail transport nodes. The
discrete mathematical models, algorithms, and implementation and development
strategies in planning RTV movement at various speeds for a transportation net-
work were presented in the late 1990s [28–32].

The authors describe mathematical models and algorithms of route adjustment
for train movements in rail transport nodes [33–40]. These works propose the
adjustment of train routes with the goal of increased responsiveness to changing
train schedule parameters. These studies are compiled in [41, 42], which present
modern approaches for solving the problems of RTV management in transport
nodes. The direction of European RTV management system development is
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described in studies [43–45], and proves the relevance of this approach from the
experience of North American researchers. Heuristic approaches for RTV man-
agement optimization in rail transportation hubs are proposed in [46, 47].

Studies [48–50] focus on the practical application of modern heuristic methods
based on multiproduct transportation solutions. These methods were developed in
[33, 43, 51, 52], which describe transport optimization through minimization of
costs for separate railcars in transport systems, in rail transport nodes and in
industrial transport systems as well.

The implementation of an adaptive RTV structure from a technological per-
spective was presented in [14]. The structural technology is the scope of the
technological methods enabling RTV distribution between elements of the transport
system (infrastructure elements) in the operational mode so as to ensure the required
intensity of RTV movement (timeliness) and a rational workload of the transport
elements. In other words, changing the parameters and traffic intensity at different
stages of the transportation operations ensures that railcar downtime due to trans-
portation element delays is minimized, thus reducing unproductive downtime of
infrastructure elements and vice versa. Modern structural technology strategies are
analyzed in greater detail with respect to industrial rail transport, and generalization
to conditions of mainline railways are examined in [11, 14].

The connection between the structural elements in online interaction “…of the
various devices of the system is expressed by the technology of the transportation
process” [14]. The value alignment of available throughput of stations happens as a
result of technology adjustment, for example, a consistent increase in train groups
formed on an “overloaded” sorting station and their subsequent reformation to less
loaded stations. The implementation of structural technology requires sustainable
information links in the traffic control system. These links enable the adaptation of
information transport systems to changing RTV parameters, and can be considered
as a structural connection through which to “transfer” throughput and capacity
between elements of the transport infrastructure [1, 14].

However, the application of mathematical models has known limitations
regarding the adequacy of the results obtained in real situations, because they do not
take into account many disturbance factors that have a significant impact on the
transport operations. Consideration of these factors requires complex mathematical
tools for calculation of the parameters of an RTV organizational system and for
optimal development of transport infrastructure. Each of the methods for analysis of
transport facilities has advantages and disadvantages and is oriented for solving a
certain range of problems. The best method for an assigned problem is one which
can be applied systematically, and should combine the advantages of the individual
models. The idea is to create a “synthesis model” representing complex simulation
models [6, 15] and one or more optimization models [53].

The results obtained with “abstract optimization” models can rarely be applied in
their “pure” form in practice. Therefore, some authors have advised using “a
simplified model (fast algorithm) [to] conduct the rejection of possible alternatives
and [form] the variety of options, which is presented for simulation experiment on
the complete model” [19]. This approach was tested on a transport system in [14].
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However, the construction of analytical and simulation models to address problems
of RTV parameter determination will require additional research and refinement.

Railway and industrial transport systems occupy a special place in flexible,
adaptive RTV management systems. A particular challenge of such systems at the
interface between the mainline rail transport and the consignee or manufacturing
system is related to the need to adapt in operating mode to changes in RTV
parameters of mainline rail transport and to the fluctuations in consumer demand for
cargo transportation.

As mentioned before, mainline rail transport seeks to reduce costs by merging
streams of RTV and maximizing utilization of throughput and carrying capacity
based on the routing. This objective is fundamentally contrary to freight owners’
need for timely transportation. Rail nodes and industrial transport have traditionally
played the role of a “buffer” in coordinating the work of the mainline rail transport
and consumer warehouses (technological units), thereby reducing total transport
and storage or logistics costs.

The problem of RTV organization and management at railway nodes is extre-
mely complex and multifaceted, requiring a systematic approach and a wide range
of system analysis methods.

On the other hand, the implementation of an adaptive approach for RTV man-
agement and adaptive solutions in response to changing RTV structures and
movement in the node has also been discussed. Such an approach is based on the
application of software to create information management systems or intelligent
transportation systems of railway nodes, using a variety of mathematical and
simulation models for operational management of RTV parameters.

A mathematical programming apparatus for optimizing railcar movement in
industrial transport systems based on the identification of regularities for each
concrete enterprise, determining the rhythm of supply, unloading, loading and
product shipment to the consumer, is presented in [54–57]. Methods for the for-
mation and direction of computerized RTV control systems in railway nodes are
described in [51, 58–60], and general construction principles of an automated traffic
control system in [61]. In [62–64], the authors describe a two-level optimization
system as a basis for implementing modern information technology at railway
nodes [65, 66].

The dynamic programming method is a mathematical approach that can reflect
the complex dynamics of RTV parameters in the railway node, thus providing
justification for operational decisions on the management structure and traffic routes
of RTV in the nodes. However, this method offers only a general direction for
solving optimization problems, and cannot provide the accuracy needed for oper-
ational management of RTV. Optimization models using classical dynamic pro-
gramming are not able to respond to the system uncertainty of RTV associated with
the changing parameters and duration of technological cycles.

The dynamic approval method eliminates these optimization accuracy disad-
vantages [14, 19, 25].

The dynamic coordination of production, transport and consumption addresses
the problem of optimization by taking into account the dynamics of production and
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consumption volumes and inventory imbalance at final and intermediate points
[14]. A dynamic coordination approach has been applied to the stochastic formu-
lation of a dynamic transportation problem with delays [14] and in solving
multi-product transportation problems [19]. The results of a comparative analysis of
methods for dynamic parameter optimization of RTV are presented in Table 1.

The main disadvantage of dynamic programming methods is insufficient ori-
entation to irregular RTV. RTV irregularity arises as a result of separate streams
received in the railway node at random times. If the interval between these times is
less than the duration of the base period of the dynamic problem, the accuracy of
the dynamic optimization results is reduced. The shorter base period duration leads
to exponentially increased complexity of dynamic programming, and makes it
impossible to implement in modern intelligent transportation systems. The fixed
borders (duration) of base periods have limited the application of dynamic opti-
mization in the management of RTVs under conditions of high irregularity at
railway nodes, as presented in [27]. RTV optimization methods for modern com-
puterized control systems are needed for improving transportation efficiency, as

Table 1 The results of a comparative analysis of methods for dynamic parameter optimization of
RTV conducted by Russian researchers

Indicators Method
of
dynamic
alignment

Stochastic statement of
the dynamic
transportation problem
with delays

Multi-transport
problem

RTV
parameters

Traffic route − − −

Travel time
on the route

+ + +

RTV
parameters

Mass + + +

Complexity
of structure

− − +

Limitations of
objective
function

Throughput
reserve

+ + +

Handling
capacity
reserve

+ + +

Components of
the objective
function

Mass of
RTV

+ + +

Costs for
RTV
movement

+ + +

Costs for
RTV delay

+ + +

Response to
changes of
actual RTV
parameters

Irregularity
of RTV

+ + −

Infrequency
of RTV

− − −

Planning mode Current + − +

Operative − + −
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evidenced by works of foreign authors [45, 48, 51, 52] and Russian researchers [62,
64, 67, 68].

A compilation of studies on the composition and structure of information
management systems at railway nodes is presented in [68], where a simulation
method for dynamic alignment (I-MDA) and the results of its application in nodal
automated transport systems is described. We suggest that nodal automated systems
with an I-MDA optimization module could form the basis for the realization of
modern information technology at railway nodes. A simulation method for dynamic
coordination was developed in study [1], where the author described the principles
of automated calculation for transport service technology in tight train scheduling.
Recommendations are proposed on the basis of a more accurate reaction to RTV
dynamics with the I-MDA application for developing technological processes at
railway nodes and the industrial transport system’s “final beats”.

The analysis of scientific works on the theory of transport system development,
process management and transport logistics showed that in transportation process
management, control of RTVs is necessary from the time they appear in the node
until the moment of their departure on the mainline rail network, taking into account
the RTV parameter dynamics in the application of RTV management tools in
intelligent transportation systems.

The effectiveness of the integration of “block optimization” into existing
information management systems has been proven in studies [17, 68]. However, in
the case of the appearance of irregular RTVs at railway nodes, the application of the
well-known method of dynamic optimization leads to delays in RTV movement, as
this method does not accurately account for their parameters in operational mode.

Thus, improving the operational management of RTVs in the railway node using
dynamic optimization of RTV parameters will entail improving the effectiveness of
RTV management and reducing railcar dead time at railway nodes.

3 The Impact Study of RTV Irregularity
on the Functioning of Railway Nodes

Analysis of the impact of RTV irregularity on the functioning of railway nodes
showed that dead time increased RTV by an average of 20% (Fig. 3). The main
reasons for this increase were RTV structural complexity, an increase in the number
of low-power streams among total RTV, and a significant increase of RTV irreg-
ularity in terms of power and time. In general, incoming RTVs at industrial
enterprises today should be characterized as irregular. The system of RTV opera-
tional control currently adopted in Russian industrial transport does not provide
effective handling of irregular RTVs because it considers separate railway stations,
trains and railcars, and not RTVs as a general element. As a result, inefficient route
planning for irregular RTVs leads to increased railcar dead time.

RTV irregularity is a major cause of increased railcar dead time. For example, the
coefficient of daily irregularity of the total input flow can reach as high as 1.85 (Fig. 4).
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A system dynamics simulation model of railway tracks of a major industrial
enterprises was built to study the impact of RTV irregularity on railway node
functioning. The model was built in AnyLogic software [69], with input data
consisting of actual intensity and irregularity RTV data and handling intensity at
railway stations [70]. RTV in the model is described by the flow of the system
dynamics, characterized by intensity and irregularity. Flow irregularity is estab-
lished by functions generating random values according to certain laws of distri-
bution. RTVs of different cargo types are described by separate flows (jets).
Dynamic change in flow intensity of each jet is established with the aid of cyclic
“events”—instruments of action planning (changing the values of variables). The
stations and rail hauls are described as a set of two types of stock (input and output),
connected to each other by internal flow (Fig. 5).

The input stock of the station is used to mimic railcar delay while waiting for
handling at the station, and the output stock is used to mimic railcar dead time,
waiting for rail haul availability. The use of two types of stock for reserve dynamics
allows us to evaluate the use of railway station capacity. If the stock reserve
(number of railcars) exceeds the maximum capacity of the station, then the input
flow is delayed, which results in an increase in stock at the previous station.
A general view of the system dynamics model of industrial rail transport at a
metallurgical enterprise (Fig. 6) is presented in Fig. 7.

Fig. 3 The dynamics of average dead time of railcars at an industrial railway station of a
metallurgical enterprise

Fig. 4 The monthly dynamics of numbers of railcar arriving at the railway node
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The workload dynamic graphics of throughput, handling capacity of station and
hauls, and capacity utilization are presented in Figs. 8, 9, 10, 11, 12, 13 and 14 [70].
Analysis of these graphics allowed us to identify typical and recurring changes in
stock status, characterizing the loading of railway stations. The experiments
revealed four characteristic types of changes to the intensity of RTV handling at the
stations (internal flow intensity) over 24 h: decrease in intensity (Fig. 8), increase in
intensity (Fig. 9), brief increase followed by a decrease (Fig. 10) and intensity
fluctuation (Fig. 11).

Station 

Span

Railcars, waiting for 
departure 

Railcars, waiting for 
handling

The intensity of railcars handling

The change in the intensity of handling

Railcars handling at the station Output flowInput flow

Input flow to the stationOutput flow from the station

Railcars, waiting for 
handling at the station

Railcars, waiting for 
movement on the span

Railcars movement on span

The intensity of railcars movement at the span

The change in the intensity of railcars movement at the span

Fig. 5 Schematic presentation of railway stations and spans in system dynamics simulation model
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Fig. 6 The scheme of railway stations and spans of the studied industrial transport system at a
metallurgical enterprise
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Fig. 7 The fragment of a system dynamics model in AnyLogic software of an industrial transport
system functioning at a metallurgical enterprise
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These characteristic changes connected with the main parameters of industrial
railway stations are defined by the intensity and structure of RTV handled and the
set of technological operations performed at the station. Typification of industrial
railway stations is proposed on the basis of identifiable patterns providing different
dynamics of railcar handling. Typification of industrial railway stations is imple-
mented based on four parameters:
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Fig. 8 The dynamics of railcar processing intensity at a railway station serving electric arc
furnace production with a handling capacity equal to 120 railcars per day
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Fig. 9 The dynamics of railcar processing intensity at a railway station serving blast furnace
facilities with a handling capacity equal to 220 railcars per day
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• railcar share from general RTV which has freight operations (the coefficient of
freight work);

• share of transit RTV (the coefficient of transition);
• structural complexity of RTV (the coefficient of RTV structural complexity

determined in accordance with the empirical Pareto principle, as the ratio of the
number of jets whose combined intensity is 20% of total flow intensity, to the
number of jets whose combined intensity is 80% of total flow intensity);

• RTV irregularity (the coefficient of RTV irregularity).
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Fig. 10 The dynamics of railcar processing intensity at a railway station serving oxygen converter
facilities with a handling capacity equal to 540 railcars per day
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Fig. 11 The dynamics of railcar processing intensity at a railway station serving rolling shop
facilities with a handling capacity equal to 440 railcars per day
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The effects of typification of industrial railway stations on the selected param-
eters are presented in Table 2. Typification enables the prediction of industrial
railway station utilization and planning of operational work on RTV management
with regard to utilization dynamics. For example, the work level varies from 76 to
143% at the stations with mostly irregular RTVs (fourth type), causing a bottleneck
of movement. Furthermore, reduced RTV handling intensity at one station is

Fig. 12 Clustering of industrial railway stations for a metallurgical enterprise by RTV
management efficiency with different degrees of complexity. I—stations with low-efficiency
operational management systems; II—stations with low-efficiency operational management
systems and complex irregular flows; III—stations with effective operational management
systems; IV—stations with effective operational management systems and complex regular flows
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Fig. 13 The scheme of the system for RTV parameters and indicators
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accompanied by an increase at other stations, indicating the existence of irregular
traffic volumes and inefficient throughput utilization.

On the other hand, the irregular throughput utilization at industrial railway
stations and throughput reserve availability in operational mode makes relevant the
problem of RTV route management for reducing railcar dead time and increasing
RTV regularity.

An evaluation of the effectiveness of the system of dispatch control for shunting
work at industrial railway stations was conducted in order to justify the need for
improved management systems at railway nodes in terms of RTV irregularity. The
method [71] involved the calculation of an adjustment coefficient Ki for manage-
ment levels in the organizational structure to determine the system effectiveness.
This coefficient shows the difference between the actual and required (regulatory)
number of management levels, which occurs as a result of overloading (under-
loading) of the management system for information flow processing. We assume
that overloading of the dispatch control system of a railway station occurs as a
result of processing irregular RTV with complex structure.

The normative number of management levels for each station is calculated from
the amount of information flows processed at each level. This value is determined
according to a methodology based on evaluating the regularity of the arrival of each
jet of RTVs at the station [71].

T

Border of base period 
for variable duration

Beginning of 
RTV movement

End of
RTV movement

Irregular RTV

Base period of variable duration

Period of optimization

Base RTV

Base period

Fig. 14 The scheme of base periods of variable duration

Table 2 Typification of industrial railway stations by the parameters of processed RTVs

Group Station type Parameter Value

1 Freight stations Coefficient of freight work 0.7–1

2 Transit stations Coefficient of transition 0.7–1

3 Stations with complex structure of
processed RTV

Coefficient of RTV structural
complexity

>8

4 Stations with irregular RTVs Coefficient of RTV irregularity >1.3
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The value of the adjustment coefficient Ki is calculated by the formula:

Ki ¼ eðNn�NaÞ; ð1Þ

where Nn is the normative (estimated) number of management levels and Na is the
actual number of management levels.

The normative number of management levels Nn is calculated by the formula:

Nn ¼ lg Sinf=sað Þ
lg Kcom

ð2Þ

where Sinf is the total number of information flows handled by the operational
management system for the railway station, sa is the average number of information
flows received on each management level of the organizational structure, and Kcom

is the coefficient of information compression.
The coefficient of information compression is calculated by the formula:

Kcom ¼ ðs2 þ s4Þ=ðs1 þ s3Þ; ð3Þ

where s2; s4 is the amount of information transmitted on the lower and higher
management levels, and s1; s3 is the quantity of information transmitted on the
specific management level from lower and higher levels.

It is necessary to define the structure of information flows generated in the
technological operations process in order to calculate the quantity of information
transmitted between levels of management, for example, train reception and dis-
bandment, formation and departure of the train, service of loading areas, and railcar
loading and unloading operations.

The number of messages transferred between levels of management (s2; s4 and
s1; s3) is calculated for each informational connection (information flow) in carrying
out one technological process.

The number of messages transferred between levels of management during the
adjusted base period—for example, one day—depends on the number of techno-
logical processes performed during this period, i.e. the number of trains or supplies
handled, and is calculated by the formula:

sx ¼
Xb
u¼1

suNu ð4Þ

where su is the number of transmitted or incoming messages on each level of
management station, Nu is the average daily number of technological processes
performed at the station, x is the index showing the direction of information flow
(2, 4, 1, 3), b is the number of technological operations performed at the station, and
u is the technological process index.
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Since the likelihood of implementing each technological process performed at
the station is equal to 1, the amount of information s2; s4 and s1; s3 can be condi-
tionally calculated as equal to the number of relevant messages.

The total number of information flows Sinf (formula 2) handled at the railway
station during the day is calculated by the formula:

Sinf ¼ Fmaxbrc; ð5Þ

where Fmax is the average maximum daily railcar volume, in number of railcars, and
brc is the amount of information in the message about the arrival or departure of one
railcar.

The amount of information in the message about the arrival or departure of one
railcar can be calculated with the use of a statistical (probabilistic) method com-
bined with the thesaurus method, by the formula:

brc ¼ TthKcmp

Xr

k¼1

bk; ð6Þ

where Tth is the coefficient of thesaurus (qualification) recipient information
(changes from 0 to 1), which can be calculated for each concrete subject of the
process of information processing with testing, expert evaluations or fuzzy sets
theory; r is the jet number of traffic railcar volumes handled at the station; Kcmp is
the coefficient of railcar traffic volume complexity; bk is the amount of information
about the arrival or departure of traffic railcar volume, belonging to the kth jet of
traffic railcar volume, in bits;

bk ¼ �Ak log2ðAkÞ; ð7Þ

where Ak is the probability of railcar arrival (departure) during the day, belonging to
the kth jet of traffic railcar volume.

The average number of incoming information flows at each level of management
is determined by the formula:

sa ¼ bmsgðs2 þ s4 þ s1 þ s3Þ
4

; ð8Þ

where bmsg is the amount of information contained in a single message, in bits.

bmsg ¼ � F
Nper

Xs

a¼1

Aa log2ðAaÞ ð9Þ

where Pz is the probability of a single message transmission between the levels of
dispatch control for work at the station during the runtime of separate technological
operations, Nper is the average daily number of operations of the technological
process at the station; s is the quantity of messages transmitted between levels of
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dispatch management for the station during the execution of individual techno-
logical operations, and a is the number of messages transmitted between levels of
dispatch management during the execution of individual technological operations.

It is also necessary to take into account the value of the transit railcar volume
passing through the station during the base period, using the coefficient of transit in
order to compare the adjustment coefficient for the number of management levels
and the value of daily RTV at the station with the coefficient of RTV complexity
(calculated with Pareto charts):

Ktr ¼ Ftr

Fvl
ð10Þ

where Ftr is the transit railcar volume passing through the station, and Fvl is the total
railcar volume at the station.

The coefficient of RTV complexity with transit railcar volume is calculated by
the formula:

K tr
cmp ¼ Kcmpð1� KtrÞ ð11Þ

The evaluation of the effectiveness of dispatch control using the method
developed herein revealed that the highest adjustment factors for the number of
levels in the operational management system organizational structure were
observed at stations with RTVs characterized by a high coefficient of complexity.
However, the number of operational levels deviated from regulatory control in
some cases, conditioned by high values of coefficients of data compression.

The results of calculations of adjustment coefficients for levels of dispatch
control at industrial railway stations are presented in Fig. 12. The clustering of
stations based on values of adjustment coefficients and coefficient of RTV structural
complexity allows us to define the stations requiring priority changes to RTV
organizational and management systems. These include the cluster II stations
(Fig. 12). For stations in cluster I, improvements to management systems should be
implemented using traditional methods (motivation, training, stimulation, etc.). The
operational management systems for stations of cluster III do not require reorga-
nization, nor do stations of cluster IV. Indeed, despite the RTV structural com-
plexity for stations in cluster IV, these RTVs are characterized by high regularity;
their movement is organized in accordance with tight scheduling, with trains cir-
culating in agreed-upon schedules within the enterprise.

The investigation of the influence of structural complexity and RTV irregularity
on the effectiveness of industrial transport system functioning showed the need to
improve the system of RTV organization and management, because the current
system cannot provide the necessary railcar dead time on industrial track or time-
liness of transport services production.

Dynamic Optimization of Railcar Traffic Volumes at Railway Nodes 425



4 Systematization of RTV Parameters and Indicators

In light of the complexity of RTVs and the current economic conditions in Russia,
an improved system is needed for evaluating RTV parameters and indicators,
particularly in accounting for RTV irregularity and management system effective-
ness. The implementation of an evaluation system for complex RTVs is proposed
herein based on a system of parameters and indicators developed for logistical
material flows, presented in studies [72, 73].

The parameters of RTVs are grouped on the physical and statistical parameters;
indicators are grouped on the indicators of complexity and quality of RTVs.

1. The group of physical parameters of RTVs includes parameters character-
izing their properties in space and time [1, 72, 73].

• The route of RTV movement (path, M) is the vertex sequence l of the
transport network with coordinates x; z; which passed material flow during
the movement from the starting point to the final point of the chain:

M ðx1; z1Þ; . . .; ðxg; zgÞ; . . .; ðxq; zqÞ
� � ð12Þ

where g is the number of the vertices of the transport network.
• The length of the route (path, L) is the total distance (the sum of the vector

lengths g� 1, component of the route), passed by flow element at movement
on the route:

L ¼
Xu
g¼2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxg � xðg�1ÞÞ2 þðzg � zðg�1ÞÞ2

q
ð13Þ

If the lengths of arcs connecting the vertices of the transport network are
settled in general view (not the coordinates of vertices), the length of the
route is calculated by the formula L ¼ Pu

g¼1 lkgg, where kg is the number of
the vertex predating gth at the RTV movement on the route M; lkgg is the
length of the arc connecting the vertices kg and g; and u is the number of arcs
of the transport network included in the route of RTV movement. The value
lkgg is called the arc’s evaluation of the transport network. The arc’s evalu-
ation of the network is not only the distance; it is also costs arising within the
movement of RTV from vertex kg to vertex g. Each vertex g th of the
transport network is then characterized by evaluation lg, equal to the route
length from the starting vertex to the gth, i.e. lg ¼ Lg, such that the length of
the total route will be equal to the evaluation of the last vertex in the route of
RTV movement.

• The travel time of RTV on the route (tr) is time consumed for RTV on the
route M. The RTV travel time will be equal to the evaluation of the last
vertex of the route or the sum of the arc lengths of the transport network if
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the arc evaluation satisfied the travel time of RTV between the arcs of the
transport network.

• The speed of RTV (V) is the ratio of the route length:

V ¼ L=tr ð14Þ

• The mass (quantity) of RTV (f) is the total number of railcars in the RTV
located in the movement on the route (moving on arcs of the transport
network):

f ¼
Xu
i¼1

fkgg ð15Þ

where fkgg is the number of railcars in the RTV moving in an arc (kggÞ of the
transport network.

• The intensity of RTV (IÞ is the number of railcars in the RTV passing per unit
time through the section of the channel (communication) presented by the
arc of the transport network. The intensity of the RTV is calculated as the
ratio of RTV mass to the travel time of the RTV on the route:

I ¼ f =tr ð16Þ

• The power of RTV (W) is the product of the intensity of the RTV and its
speed:

W ¼ I � V ð17Þ

• The time interval between the elements of RTV (DtRTV) is calculated as the
ratio of the travel time of RTV on the route to the mass of RTV:

DtRTV ¼ tr=f ð18Þ

2. The group of RTV statistical parameters includes the parameters character-
izing the pattern of change in the physical parameters with the passage of time
[72, 73]:

• The average values of the RTV physical parameters are calculated by the
accumulated values of the RTV physical parameters during a certain period.
The period of observation is defined as the time required for the passage of
RTVs on the route. The physical parameters of RTVs are calculated for the
route as a whole. If the observation period is equal to the value of RTV travel
time on the route, the physical values of the RTV parameters are averaged on
the separate arcs of the transport network.
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• The coefficient of variation of the physical parameters of RTVs (v) is the ratio
of the standard deviation of the physical RTV parameter from its average
value during the observation period.

• The coefficients of irregularity of the physical parameters of RTVs (kirr) are
defined as the deviations of the RTV physical parameters from their average
values. The coefficients of irregularity are calculated as the sum of units and
coefficient of variation v of RTV parameters.

3. The group of indicators of RTV complexity estimation:

• The coefficient of RTV discreteness (kdis) is the ratio of time interval between
elements of RTV to the minimum interval level different from zero when
RTV is considered to be continuous [72, 73]:

kdis ¼ DtRTV=DtRTV;min; DtRTV;min [ 0 ð19Þ

• The coefficient of complexity of the RTV structure (kscm) characterizes the
separation of the RTV among the jets following the route, depending on the
properties of its elements (e.g. type of cargo, type of rolling stock). We
assume that the greater the number of jets with relatively small mass
(quantity) in general RTV, the more complex the RTV structure will be. The
structural complexity of the RTV determines how difficult it is to manage.
The coefficient of complexity is calculated in accordance with the empirical
rule of Pareto, as the ratio of the number of jets of the RTV in which the total
mass is not more than 20% of the total RTV mass, to the number of jets of
the RTV having at least 80% of the total RTV mass. The calculation of the
coefficient of complexity of the structure is carried out by the following
algorithm: the total sum of all jets f forming the RTV is calculated; the mass
of the separated jets of RTV fr is calculated; the jets of RTV are sorted in
ascending order of their mass values; the number of jets r20% is calculated
such that the total mass does not exceed 20% of the f value (calculated in
order of increasing jet mass); the value of the coefficient of complexity of the
structure of the RTV is calculated as [72, 73]:

kscm ¼ r20%=ðrs � r20%Þ ð20Þ

where rs is the total number of jets in the RTV.
• The coefficient of differentiability of the RTV (kdif ) is the ratio of the number

of jets of the RTV at the final point of a route (rb) to the number of jets at the
starting point (r1):

kdif ¼ rb=r1 ð21Þ
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• The coefficient of RTV orderliness (kord) is the ratio of the weighted average
number of jets of the RTV with the same speed to the total number of jets.
The coefficient of RTV orderliness is calculated by the following algorithm:
the value of the travel speed of the separated jets of the RTV (or intervals of
speed values) Nv is defined; the number of jets having the same speeds rl is
calculated; and the coefficient of RTV orderliness is calculated by the for-
mula [72, 73]:

kord ¼
Pl¼Nv

l¼1 rlVl=
Pl¼Nv

l¼1 Vl

rs
ð22Þ

where l is the index of RTV jet.
• The coefficient of RTV controllability (kcon) is the ratio of information

quantity elements, which are messages about quality (in accordance with
established normative values), managerial commands (sc), to the quality of
information and control messages. The complex of methods based on indi-
cator rationing of RTV and determination of degree of achievement of these
indicators can be applied for the quality assessment to perform managerial
commands [72, 73].

4. Group of indicators for RTV quality assessment:

• The coefficient of RTV infrequency (kinf ) is the ratio of the number of time
intervals different from the average value between elements of RTV for the
base period, i.e. the probability of deviation of the time interval between
elements of RTV from the mean value of the interval:

kinf ¼
X‘�1

s¼1

ds=ð‘� 1Þ;

ds ¼ 1; npu DtRTV 6¼ Dt;

ds ¼ 0; npu DtRTV ¼ Dt;

ð23Þ

where s is the number of intervals between elements of RTV, ‘ is the number
of elements of the RTV passed on the route during the period of observation,
and Dt is the average value of the time interval between the elements of the
RTV.

• The coefficient of RTV frequency (kfr) characterizes the patterns of change in
the physical parameters of RTV, generally the mass (quantity) of RTV. The
study of periodicity and calculation of the corresponding coefficients is
conducted with methods of time series analysis [72, 73]. The coefficient of
frequency for the multiplicative time series model is calculated as the ratio of
the product of the number of levels for regular components of the time series
(trend YT , seasonal YS and cyclical components YC) to the number of
levels belonging to the random component YE, i.e. kfr ¼ YTYSYC=YE.
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The coefficient of frequency for the additive time series model is calculated
as the difference between the sum of the number of levels for regular
components and number of levels belonging to the random component
kfr ¼ ðYT þ YS þ YCÞ � YE.

• The coefficient of RTV variability (kvar) is the reverse value to the maximal
during the observation, in which the duration of the continuous period within
the value of the variability coefficient of each physical parameter for RTV
does not exceed a set value. The correlation of the parameters and indicators
of RTVs in the system is presented in Fig. 13.

The application of the proposed system for RTV parameters and indicators
makes it possible to fully evaluate them, normalize the indicators, identify the
causes of deviations from specified parameters and indicators, and choose ways to
eliminate these deviations. A mathematical model and algorithm of dynamic
optimization of RTVs developed through dynamic programming are proposed in
this work. The model is relevant for complex RTVs, and quantitative assessment of
deficiencies in management becomes possible with the application of this system.

5 The Method of Dynamic Optimization of RTV Based
on Base Periods of Variable Duration

The mathematical model and implementation algorithm based on the dynamic
optimization method are developed to improve the system for managing irregular
RTVs in transport nodes. The model features the application of base periods of
variable duration, which allow for more clearly optimized parameters of complex
irregular RTVs—unlike the well-known dynamic programming methods with
estimated periods of constant duration—and ultimately leads to a reduction in total
costs of their movement in the railway nodes.

It is necessary to introduce a number of concepts for identification of the base
period concept:

• Dynamic programming is a method involving the separation of dynamic pro-
cesses on the base periods, each of which has parameters for optimization,
regardless of the other parameters in the base periods.

• The problem of dynamic optimization for RTV parameters is in minimizing the
total costs for movement, delay and change in RTV structure based on
parameters calculated using dynamic optimization.

• The period of parameter optimization for RTVs is the period of time during
which the problem of dynamic optimization for RTVs is solved (Fig. 14).

• The base period in the problem of dynamic optimization of RTV parameters is
the constant part of the period (on duration) for optimization of RTV
parameters.
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We designate the moment of time for the start and end of the base period as the
border of the base period. If actual RTVs different from the calculated mass and
time of the start of their movement are observed within the borders of the base
period, then these actual RTVs are irregular. The implementation of management of
RTVs at railway nodes functioning in conditions of high irregularity is proposed on
the basis of change in the borders (duration) of base periods. The decision is made
on the basis of cost comparisons of irregular RTV delay and adjusted parameters for
total RTVs. Thus, the base period varies in duration based on the period of
parameter optimization for the RTVs, with its duration changing in accordance with
optimal cost ratios of RTV delay and adjustment of their parameters. The appli-
cation of base periods of variable duration enables greater accuracy in calculations
for problems of dynamic optimization of RTV parameters at railway nodes func-
tioning in highly irregular of RTVs.

The problem of dynamic optimization for RTV parameters based on base
periods of variable duration is formulated in the following way. Let Gr ¼ fP;Eg be
a connected, undirected graph with no loops, where P ¼ fpiji ¼ 1; . . .; gg is vertex
variety (g is vertex quantity), E ¼ feijji; jg is arc variety (eij is the arc of the
transport network limited by vertices pi and pj), ½t; t0� is the base period of variable
duration and ½0; T � is the optimization period.

As opposed to an ordered sequence of arcs kgg in a route used in the system of
RTV parameters (Formula 15), in describing the developed model we will use
unordered sets of vertices P and arcs E.

The procedure route_d() is employed for their ordering in the future (Figs. 19,
21 and 22) to determine optimal routes of RTV movement on the transport network.

The representations dijðtÞ and diðtÞ are referred to as the reserve of throughput
for each arc eij and handling capacity of each vertex pi on the moment of time t for
base period, dijðtÞ; diðtÞ 2 Rþ , i.e. defined on the variety of real nonnegative
numbers. Then Gr ¼ fP;Eg is the transport network (Fig. 15).

dkj(t)dik(t)

dij(t)

cij(t)

fkj(t)

pi

pk

ckj(t)

fik(t)

fij(t)

cik(t)

fjk(t)

fki(t)

dk(t)

di(t)
pj

dj(t)

fz(t)
fz(t)

fz(t)

Fig. 15 The scheme of the transport network fragment. fzðtÞ—external RTV, incoming into the
transport network
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The representation fijðtÞ called RTV in arc i from starting vertex pi to the final
vertex pj, Fij ¼ ffijðtÞji ¼ ½1;g�; j ¼ ½1;g�g is the RTV variety in arcs of network G,
where fijðtÞ 2 Rþ—is the value of RTV mass, defined on the variety of real non-
negative numbers at some point of time t, and cijðtÞ is the costs for the movement of
RTV mass unit fijðtÞ:

Let the value of RTV mass fijðtÞ have random variation; then at each time t the
RTV mass will be equal to fijðtÞ � yiðtÞ, where yiðtÞ is a random value. If the RTV
mass is equal to fijðtÞþ yiðtÞ (Fig. 16), losses of revenue will arise as a result of
irrational utilization of transport infrastructure.

Therefore, it is advisable to adjust the RTV parameters, taking into account the
condition fijðtÞ� dmin, where dmin is the border of the tolerance field, i.e. minimum
reserve of throughput dijðtÞ and handling capacity diðtÞ for the ability of arcs and
vertices of the transport network on each route of RTV.

Thus, if the RTV mass is fijðtÞ � yiðtÞ, then the following can be observed:

1. A lack of throughput reserve on the RTV route, resulting in additional costs
arising for the adjustment of parameters (Fig. 16).

2. Loss of dead time for irregular RTV with mass yiðtÞ as a result of dividing the
actual RTV (Fig. 17).

3. Costs for irregular RTV movement with mass yiðtÞ at the transport network
(Fig. 18).

In the problem of dynamic optimization for RTV parameters, the minimum sum
of costs for movement, dead time and change in RTV structure must be found,
taking into account the additional costs for adjusting RTV parameters. The target
function of this problem will be:

J ¼ J1 þ J2 þ J3 þ J4 ! min ð24Þ

t0

The borders of  base period

base period [t0, T ]base period [0, t0]

fij(t)

T0

fij (t -Δ t) – yi(t - Δ t)

fij (t - Δ t) + yi(t - Δ t)

t +Δ tt - Δ t

t
fij(t + Δ t) + yi (t + Δ t)

fij (t + Δ t) – yi(t + Δ t)

t – the beginning of base RTV movement 
Δ t – the deviation of the beginning for base RTV movement

regular RTV irregular RTV

Fig. 16 The scheme of RTV variants with different mass at the beginning of the movement
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where J1 is the transport cost calculated by the formula

J1 ¼
XT
t¼0

Xpj
pi

cijðtÞfijðtÞ ð25Þ

where J2 is the cost for actual RTV delay in the starting vertex of its route:

J2 ¼
XT
t¼0

Xpj
pi

ciðtÞfijðtÞ ð26Þ

base RTV

t0

The borders of base period

base period [t0, T]base period [0, t0]

fij(t)

T

t – the beginning of base RTV movement 
Δt – the deviation of the beginning for base RTV movement

0

t + Δtt - Δt t

Delay time of irregular RTV

irregular RTV

irregular RTV

Fig. 17 The scheme of irregular RTV delay

The base period of variable duration
[t + Δt, T]

t0 yi(t - Δt)

base period [ t0, T ]base period [0, t0]

fij(t)

T0

yi(t + Δt)

t + Δtt - Δt t

The change of border 
for base period

The base period of variable duration [t - Δt, T ]

irregular RTV

base RTV

Fig. 18 The scheme of
border change for the base
period
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For cost evaluation J3 and J4 we will introduce the following concepts. We
designate the border of the base period by moment t0. If the moment of RTV
occurrence t will occur sooner than t0 (i.e. t\t0), the losses from RTV delay will
arise during the time t0 � t waiting for the beginning of the next base period.
Otherwise, additional costs will arise for the adjustment of parameters for the actual
RTV.

If we assume that c1;ðiÞ is a single loss from actual RTV delay waiting for the
next period of optimization, and c2;ðijÞ is a single loss for the adjustment of RTV
parameters, then the losses of the actual RTV delay waiting for base period J3 are
defined as

J3 ¼
Xt0
0

fijðtÞc1;ðiÞðt0 � tÞ; t ¼ ½0; t0� ð27Þ

and the cost for parameter adjustment of actual RTV J4 will be

J4 ¼
XT
t0

fijðtÞc2;ðijÞðt � t0Þ; t ¼ ½t0; T� ð28Þ

If a single loss from the delay of actual RTV waiting for base period c1;ðiÞ is more
than the unit costs for correction of this parameter c2;ðijÞ it is advisable to adjust the
parameters of the actual RTVs by the change in duration for the base periods. Let e
be the result of the cost comparison:

e ¼ 1; where c1;ðiÞðt0Þ[ c2;ðijÞðt0Þ;
0; where c1;ðiÞðt0Þ� c2;ðijÞðt0Þ;

�
ð29Þ

Determination of the minimum cost caused by the delay of irregular RTV or
parameter adjustment of all RTVs is proposed to be implement on the basis of the
equation:

Cðt0Þ ¼ eðt0Þ c2;ðijÞ þ jeðt0Þ � 1jc1;ðiÞðt0Þ ð30Þ

Target function (24) has the following limitations: the equation of dynamic
changes for RTV mass fijðtþ 1Þ ¼ fijðtÞþ yiðtþ 1Þ � yiðtÞ; the initial and final
conditions of the task: fijð0Þ ¼ 0; yið0Þ ¼ 0; non-negativity constraints on variables:
fijðtÞ� 0; i 6¼ j; yiðtÞ ¼ 0; limitations of throughput reserves: 0� fijðtÞ� dijðtÞ,
0� fijðtÞ� diðtÞ, 0� fijðtÞ� dminðtÞ:

The algorithm for calculating the RTV parameters and algorithm for parameter
adjustment are developed for the practical utilization of the developed mathematical
model within the framework of an information management system (Fig. 19) [75].
Algorithms of calculation and parameter adjustment of RTVs are described with an
object-oriented approach for programming [74] in Figs. 20 and 21. These algo-
rithms have the following designations.
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Obtaining data on the borders of base period - t0 and T

Busting cycle for moments of time t for base period

Formation of RTVs list, which movement begins at the moment of time t

Busting cycle of RTVs defined at the moment of time t

Is the throughput has reserve?

Are there any coincidences of route for RTV 
movement fij (t) with routes of base RTVs?

Yes

Yes

No

No
Remove of route alternative for RTV fij (t)

End of busting cycle for route alternative of RTV fij (t)

Determination of the optimal route for RTV fij (t)

Calucaltion of costs in a resilut of movement and dead time of RTVs,which movements begins at the moment 

Reserves calculations of arc throughputs and handling capacities of vertices

Total cost determining in a result of movement and dead time of all RTVs - Ср

Results formation about parameters of base RTVs

Determination of RTV mass, fij (t). Variants formation for RTV route fij (t) and determination of 
arc with minimal throughput on each route

Busting cycle of variants for RTV routes fij (t)

End of busting cycle for RTVs, which movements begins at the moment of time t

End of busting cycle for moments of time t for base period 

Fig. 19 The algorithm for RTV parameter calculation
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Input data (moments of time for RTVs occurrence, number of starting and final vertices 
for movement of each RTV defined on the base period [t0; T], RTVs mass)

Determination of parameters for base RTVs on the base period [t0; T] and
total costs in a result of their movement and delay - Ср, [t0; T]

∆t= t – t0. Monitoring of actual RTVs.
Input of actual RTVs parameters as they arise on base period

Busting cycle of actual RTVs, which movements begins at moment t

No
Yes

No

No

Actual RTV - regular Actual RTV - irregular

End of busting cycle for actual RTVs

Are there any irregular RTVs?
No

Yes

Calculation of total costs in a result of delay the irregular RTVs on the period [t; T] - Сз.

Calculation of total costs in a result of movement and delay for base RTVs 
defined on base period [T;T+∆t] - Ср,[T; T+∆t]

Determination of parameters for base RTVs on base period [t; T+∆t] and 
total costs in a result of their movement and delay - Ср, [t; T+∆t]

Costs determination for movement and delay of RTVs on the previous base period [t0;T] (Сп)

c1,(i) = Сз + Ср , [t; T] + Ср,[T; T+∆t] , c2,(ij) = Ср, [t; T+∆t] + Сп

t0 = t, T =T+∆t, results formation about parameters for base RTVs 

No

Yes

t0 = T; T =T+∆t

End of busting cycle for moments of time t of base period [t0; T]

Busting cycle for moment of time t for base period [t0; T]

Are the mass of actual and
base RTVs equal?

Are the moments of time for movements 
beginning of actual and base RTVs equal?

c1,(i) ≤ c2,(ij)

Fig. 20 The algorithm of RTV parameter adjustment
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Is it a regular RTV?
1_ 2_ff =

Is it an available reserve of throughput?
min0 1_ d≤≤

 1≤c

;;PG ;E F

Да

Нет

Да

Да

Нет

( ,1_ ;)0fG.route_dM =

1( , ;) ( , ;)1_ ;2_ 1_ ;2_ += =− =
ftfttt F dda. t F N. F N.G.F.Fm.addff ff γγγ

1_ 2_ff <

Нет

End of cycle with n

Нет

( ,1_ ;) 2 ( ) ( )( ;) ( , , ;) MkG.cFG.ckf owt cG.route_dM n F kMG.vРFgetinF ktdeltk +====

Да

( , ;)tFG.F.Fn.add t ( , ;)( ;)e_d ji_d.G F t, p_d i_d.G F ttt == ( ;) ( ;)d_pG.P.addd_eG.E.add

( , )1_2 += mteg.G M tf

f

Input data: lists filling ,P ,E ;F GT ;

;0 0 ; 1+=≤≤= ttTtt

1_ ( , ;)tFnG.getff = . ( ;)1_frouteGM = ( ;)dd MG.F.Fn.M.a ( ;)F dda. Mt ( ;)minmin MG.dd =

1;0 ;0 += <≤ =n n F N. n nft

)(tG.getnFF tt +=

trueFnMG.same t =),,(
Да

M kM=

1+=t.nF.F.G t

( 1, ;) 21 ( ;) (/2 11 )2111 cc c cMG .cсMf_G.down timec +===

End of cycle with t

Нет

Fig. 21 The algorithm of RTV parameter calculations based on the an object-oriented
approach [74]
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Input data:list filling ,P  ,E ; ;рфакт FF GT ;

. ( ;) 1;0 0 факт += ≤≤ = nn sizeF nn

Нет

Да

Нет

End of cycle on n

Да tn getFt ngetF . ( .) . ( .)рфакт =

Да
Нет

fn getFf ngetF . ( .) . ( .)рфакт <

. ( .) . ( .) ; . ( .) . ( .) ; . ( , ;)фактрфактрфакт n f F dda tgetFfn getFf ngetFf ngetF γγ =−=

fn getF fngetF . ( .) . ( .)рфакт =

irregular_RTV=true; . ( .) ;фактt tngetF=

irregular_RTV= true;

Да

No

Algorithm for calculating the RTVs parameters ( GTFEР; ; ; ;а );

;)(,2 ( ) tij JTG.Jc +=

,2 ( ) ,1 ( )iij cc < Yes

Irregular_RTV = true

; ( ;) ( ;),1 ( )ра TG.JctJ G.Jnew FF it ===

Да

Нет

 ;; ( . ( , , ;)) ][фактар][][ t,Tt,Tрt,T xedni t T F F FgetF dda. Fnew FF +==

;аFF =;рFF =

;0 0 ; 1ttTt

Algorithm for calculating the RTVs parameters (

+=≤ ≤=t

GTFEР; ; ; ;а );

End of cycle on t

];[ tTtT +=

Fig. 22 The algorithm of RTV parameter adjustment based on an object-oriented approach
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Transport network presented as a class (object G) described by the combination
of data and methods

The list of vertex PðpÞ, where p is the vertex.
The data of vertex p:

• i is the vertex number;
• list Dðdi; tÞ, where di is the throughput reserve of vertex at the time t;
• list Cðci; tÞ, where ci is the cost of one railcar delay in vertex pi at the time t;
• arc list EðeÞ, where e is the arc.

The data of arc e:

• i is the number of the starting vertex of the arc, j is the number of the last vertex
of the arc;

• list Dðdij; tÞ, where dij is the reserve of the arc throughput at the time t;
• list Cðcij; tÞ, where cij is the cost for RTV mass unit movement on the arc eij at

the moment of time t;
• tij is the time of RTV movement on the arc;
• RTV list FðFnÞ, where Fn is railcar traffic volume.

The data of railcar traffic volume Fn:

• n is the RTV number;
• f is the RTV mass;
• t is the moment of time;
• MðPf ; cÞ is the RTV route, where Pf is the list of arc numbers, where RTV is

moving, and c is the cost for movement of mass unit for RTV on the route.

The functions of object G:

• getnðtÞ is the RTV list receiving, whose movement begins at moment of time t;
• getf ðn;FtðNf ÞÞ is the calculation of mass value of the nth RTV, where FtðNf Þ is

the list of RTVs having structure similar to the list FðFnÞ, and Nf is the quantity
of RTVs;

• getmðM; tÞ is the calculation of mass value for RTV, whose movement begins at
the moment of time t on the route M;

• routeðf Þ is the search for the optimal route for RTV with mass f according to the
criterion of minimum cost «c»;

• route dðf ;PdelÞ is the search for the optimal route for RTV with mass f ac-
cording to the criterion of minimum cost «c» with limitations for throughput d,
where Pdel is the vertex lists which are not included in the route;

• dminðMÞ is the determination of minimum reserve of arc and vertex throughput
of route M;

• sameðM; n;FtÞ is the match search of vertex numbers of route M with nth RTV
with vertices of RTV routes from the list Ft;

• vðM; n;FtÞ is the list receiving of the identified matches for vertex numbers of
route M with nth RTV with vertices of RTV routes from the list Ft;

• Fk ¼ getinðFtÞ is getting of RTV lists with coincident vertex numbers;
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• downtimeðn;MÞ is the cost calculation as a result of the nth RTV delay in the
starting vertex of route M;

• cðMÞ is the determination of costs for RTV movement on the route M;
• ckðFkÞ is the calculation of costs for adjusting RTV movement Fk;
• JðtÞ is the calculation of costs for movement, dead time and change in RTV

structure, taking into account the additional costs of RTV parameters adjust-
ments at moment of time t;

• d p ¼ d iðFt; tÞ is the determination of current throughput reserves for vertices
of RTV route Ft in the moment of time t, where p is the list of vertices having a
structure similar to list PðpÞ;

• d e ¼ d ijðFt; tÞ is the determination of current throughput reserves for arcs of
RTV route Ft at the moment of time t, where e is the arc list having a structure
similar to list EðeÞ:
The correctness of the developed model and algorithm was assessed on the base

example of a transport network (Fig. 23). Let the known values of the RTV mass
f12ð0Þ ¼ 4, f12ð10Þ ¼ 2, f12ð20Þ ¼ 2, f32ð0Þ ¼ 2, f23ð13Þ ¼ 2, f31ð21Þ ¼ 1. The
period of optimization will be ½0; T � ¼ 30.

The solution to the problem starts with the last (third) base period ½t0;2; T �. RTVs
at this period will be f12ð20Þ ¼ 2; f31ð21Þ ¼ 1. We assume that RTVs f12ð20Þ and
f31ð21Þ are irregular.

Checking for limitations of the availability of reserves for throughput of ele-
ments of the transport network on the RTV route:

dmin;12 ¼ min(3) ¼ 3; 0\f12ð20Þ\3;

dmin;31 ¼ min(1) ¼ 1; 0\f31ð21Þ ¼ 1:

Since the mass of RTVs f12ð20Þ and f31ð21Þ does not exceed the throughput, it is
not necessary to search for alternate routes. As a result of movement of RTVs
f12ð20Þ and f31ð21Þ transport costs for the third period of optimization will be

2
с12=31

3

с23=2 

с13=2 

t12=10 min.

t13=5 min. t23=7 min.

с2=0.3

с3=0.4

c1=0.6

d12=3

d13=1 d23=2

Fig. 23 The calculation
scheme of the transport
network
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J1 ¼ 6þ 2 ¼ 8, the costs of delay for the regular RTV in the starting vertex of its
route J2 ¼ 0, dead time losses of the actual RTV waiting for the next period of
optimization J3 ¼ 0, and the costs for adjustment of parameters for the actual RTV
J4 ¼ 0. The total costs for RTV movement on the third period of optimization will
be J ¼ 8þ 0þ 0þ 0 ¼ 8.

The RTV parameters are similarly calculated for the second calculation period,
½t0;1; t0;2�. The total costs, taking into account the result at the third calculation
period, will be 18.

At the first base period ½0; t0;1� RTV f12ð0Þ ¼ 4 is irregular. We will check the
limitation for availability of throughput reserves f32ð0Þ ¼ 2; dmin;32 ¼ minð2Þ ¼ 2;
0\f32ð0Þ ¼ 2. If f12ð0Þ ¼ 4 6¼ f12ð10Þ ¼ 3, RTV f12ð0Þ is irregular. We propose
dividing the RTV into f12ð0Þ ¼ 3 and y12ð0Þ ¼ 4� 3 ¼ 1. In this case, RTV f12ð0Þ
becomes planned. As a result, the route f12ð0Þ matches the route of similar RTVs at
the previous base periods, where dmin;12 ¼ minð3Þ ¼ 3; 0\f12ð0Þ�y12ð0Þ ¼ 3:

Let us consider the possible variants for the movement of irregular RTV y12ð0Þ:
Variant 1: Movement on the standard route, scheduled on the first base period on

the arc (ij). RTV route f12ð0Þ is planned on the first period; therefore, for each RTV
y12ð0Þ dmin;12¼ 0. RTV movement y12ð0Þ is possible only in the second period,
considering the limitation for throughput reserve. Consequently, as a result of the
delay of RTV y12ð0Þ waiting for the next base period, total costs will be:

J1 ¼ 3 � 3þ 2 � 2 ¼ 13; J2 ¼ 0; J3 ¼ ð0:6 � 10Þ � 1 ¼ 0:6;

J4 ¼ 0 ) J ¼ 13þ 6 ¼ 19:

Variant 2: Movement on the alternative route. We will check the limitation for
availability of throughput reserves dmin; 132 ¼ minð1; 2Þ ¼ 1, 0\y12ð0Þ ¼ 1.

The total time of RTV movement y12ð0Þ is tr ¼ t13 þ t23 þ t3 ¼ 5þ 7þ 2 ¼ 14
min. RTV time movement y12ð0Þ is more than the established value of the base
period of 10 min; as a result, there are two variants for solving the problem.

Variant 2.1: The additional delay of irregular RTV y12ð0Þ on vertex 3 waiting for
RTV movement f23ð13Þ on the arc (23). If we select this variant, the border of the
base period is unchanged, and RTV y12ð0Þ is delayed in vertex 3 waiting for the
next period.

As a result of the delay of irregular RTV y12ð0Þ total costs will be calculated as:

J1 ¼ 3 � 3þ 2 � 2 ¼ 13; J2 ¼ 0; J3 ¼ 0;

J4 ¼ 2 � 1þð0:4 � ð2þ 13ÞÞ � 1þ 2 � 1 ¼ 10 ) J ¼ 13þ 10 ¼ 23:

Variant 2.2: RTV delay f23ð13Þ in vertex 2 waiting for the movement of irregular
RTV y12ð0Þ on the arc (23). The border of the base period will change in this
variant; as a result, the accuracy of problem solving will increase. Thus, the total
costs are calculated as follows:
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J1 ¼ 3 � 3þ 2 � 2 ¼ 13; J2 ¼ ð0:3 � 1Þ � 2 ¼ 0:6; J3 ¼ 0;

J4 ¼ 2 � 1þð0:4 � 2Þ � 1þ 2 � 1 ¼ 4:8 ) J ¼ 13þ 4:8þ 0:6 ¼ 18:4:

The total costs of RTV movement on the transport network will be 37 when
selecting variant 2.1 as the optimal solution to the problem, where RTV y12ð0Þ is
delayed in vertex 3 waiting for the next base period. However, when the problem is
solved using base periods of variable duration (variant 2.2), the accuracy of its
solution will increase. The increased accuracy is the result of increasing the borders
of base period t0;1; in this case the RTV y12ð0Þ delay is reduced in vertex 3. When
variant 2.2 is selected, the total costs for RTV movement on the transport network
will be 36.4.

Thus, we will adopt the following as the optimal solution to the problem: sep-
aration of the actual RTV y12ð0Þ; adjustment of route for irregular RTV y12ð0Þ;
change of the border of the base period t0;1. The results of problem solving for
dynamic optimization are presented in Fig. 24, where total costs for RTV move-
ment on the transport network are 36.4.

The utilization of the developed algorithms for calculation and adjustment of
RTV parameters is the basis for the implementation of the developed mathematical
model and its integration into information management systems of industrial rail
transport or intelligent transport systems.

6 A Combined Simulation Model
of Railway Node Functioning

The combined simulation model of railway node functioning in operative mode
with utilization of the simulation modeling instrument AnyLogic was developed to
assess the proposed mathematical model. The combined simulation model was
constructed on the basis of the combined use of discrete and agent approaches in

The throughput of
vertices of 

transport network 

The borders of base period:

0 14 20 30

0             0 0 3 0 3

0          1 1 1 0 1

0    2 0 2 2 2

d12(t)

d13(t)

d23(t)

f12(0)

f12(10) f12(20)

y12(0)

f32(0) f23(13)

f31(21)

t0,0 t0,1 t0,2 t0,3

Fig. 24 The results of the
control example for dynamic
optimization problem of RTV
parameters
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one model and algorithms developed for calculating and correcting the RTV
parameters as well. There are currently many software tools for building simulation
models and conducting experiments. The most commonly known include
AnyLogic, Arena, Plant Simulation, Business Studio, Aimsun, GPSS, Extend and
Witness. Software packages such as AnyLogic, Arena, Extend, GPSS and Witness
are universal, while others are focused on simulation in specific subject areas [69,
76]. The most universal and modern simulation systems with the potential for
constructing a model of railway node functioning are the AnyLogic (formerly XJ
Technologies) and Arena (Rockwell Automation) packages.

A comparative analysis of these packages was conducted in [1, 77] to determine
the more suitable software tool for model construction of railway node functioning.
The AnyLogic system was chosen for this study because of the ability to use it in
different approaches and paradigms of simulation modeling within one model. The
combination of discrete event and agent-based approaches for modeling the han-
dling of complex, irregular RTVs at railway nodes satisfied the need for the model
to display technological processes of industrial railway stations using the discrete
event approach [78] and handling of separate jets of RTV (railcars and groups of
railcars) based on the agent approach [53].

In accordance with the agent-based approach, industrial stations, hauls and
moving RTV (Fig. 25) are presented by agents (Table 3).

Base Routes [4]

Massive of total costs [4]

Route{3} Route А{3}

Arcs {2} ArcsА{2}

Speed
10

Following on route Route
false

Fig. 25 The structure of agent «RTV» in a combined simulation model of rail node functioning
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The topology of the tracks is settled by a group of vector figures of the Space
Markup feature of the AnyLogic library, which is for industrial railway stations and
hauls. These shapes can be manually drawn in a graphic editor (Fig. 26) and created
programmatically, for example, by data reading regarding their location from the
database or file.

Table 3 The composition and parameters of the agents for a combined simulation model of the
private railway track functioning

Name of agent Parameters of the agent

Station Number of stations

Reserve handling capacity

The value of losses from the delay of a unit mass of RTV

The costs for handling an RTV unit mass

Haul Number of starting stations

Number of final stations

Reserve of throughput

Costs for movement of an RTV unit mass

Railcar traffic volume Route

Moment of time for movement on the route

Time for movement on the route

Speed

Mass of RTV

Costs for movement of an RTV unit mass

Minimum reserve of throughput

Fig. 26 A fragment of the base scheme for a railway node
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The RTV movement in the model is mimicked by a flow diagram (Fig. 27),
which has objects from the AnyLogic Process Modeling Library.

The flow diagram of train movement on the route consists of two objects,
«moveTo» and «selectOutput», function «FollowingOnRoute» and variables «n»
and «Routeisfinished». The object «moveTo» simulates the agent movement
«RTV» up to the destination. The destination is «point node» (railway station),
which is determined from the list «Route» by the function call get(n), where n is the
position of the element in the list. In the field «Exit action» of object «moveTo» the
function «FollowingonRoute()» function is called, which determines the final route,
if n is the last position in list «Route» and returns the value of the variable
«Routeisfinished» as «true».

In turn, object «selectOutput» defines further movement of the train. If the value
of variable «Routeisfinished» is equal to «false», then the agent enters the object
«moveTo» and moves to the next railway station according with the list «Route»;
otherwise, the agent has reached the destination. The list «Route» of consecutive
numbers of railway stations is a result of problem solving to determine the optimal
train route. The Action Charts of AnyLogic represent a realization of the developed
algorithms of calculation and parameter adjustment for RTVs (Figs. 28 and 29).

The experiments with the constructed combined simulation model were con-
ducted to evaluate the effectiveness of the mathematical model and algorithm of
dynamic optimization for RTV parameters. Three series of experiments were
conducted: without optimization of the RTV parameters (model verification), and
dynamic optimization of RTVs with base periods of variable and constant duration.
The results of the experiments (Table 4) showed that the utilization of known
methods for dynamic optimization within operative management of RTV param-
eters in terms of their irregularity reduced average railcar dead time at the railway
node by 8%, while the application of the proposed model reduced dead time by
11% (Fig. 30).

Following On Route Route is finished
false

Fig. 27 The general view of the flow diagram in AnyLogic software, simulating train movement
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7 The Method for Integrating the Model for Dynamic
Optimization of RTV Parameters in an Intelligent
Transport System of a Railway Node

We recommend the integration of a mathematical model of dynamic optimization of
RTV parameters in a functional structure of information management systems
[79] using the proposed method in order to improve the responsiveness of the
existing systems to the high irregularity of RTVs in industrial rail transport.

Fig. 28 The action charts in a combined simulation model
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The method for integrating the dynamic optimization model includes the fol-
lowing main stages:

1. Research of railway nodes regarding the availability of reserves for the handling
capacity of railway stations with high loads at neighboring stations. This is
implemented by constructing a system dynamics simulation model and con-
ducting experiments. The study determines the availability of handling capacity
reserves of industrial railway stations and the possibility of using these reserves
to manage irregular RTVs.

Fig. 29 The fragment of action charts for combined simulation model
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2. The construction of a combined simulation model of rail node functioning based
on the joint application of discrete event and agent-based approaches in the
same model. The combined simulation model is needed for predicting RTV
parameters and industrial station workload in operational mode. The data gen-
erated by the simulation model are used, along with the actual data of existing
information systems, as a source for solving dynamic optimization of RTVs.

3. The collection of input data in information management systems to solve the
problem of RTV dynamic optimization in accordance with the proposed system
of their parameters. Input data are in the form of information management
system databases and registry parameter values for elements of the transport
network and parameter values reflecting the physical properties of the actual
RTVs in space and time (Fig. 31) at the beginning of the optimization period:

Table 4 The results of experiments with the simulation model of an industrial transport system

Parameters Results of simulation modeling

Without
optimization

With optimization without
adjustment of duration for
base periods

With optimization and
adjustment of duration
for base periods

Number of railcars
handled

28,392 28,392 28,392

Number of routes 1432 1275 1317

Maximum dead time
of railcars, hours

66 60.1 58.7

Minimum dead time
of railcars, hours

27 26.1 26.1

Average dead time of
railcars, hours

56 51.5 49.8

Fig. 30 The distribution of RTV dead time in modeled industrial transport system (by the nature
of the cargo)
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• for station: number of station; handling capacity reserve; value of losses in the
case of a delay of one unit mass of RTV;

• for haul: number of starting station; number of last station; reserve of
throughput;

• for railcar traffic volume: moment of time for movement on the route; RTV
mass; number of starting vertex for route; number of last vertex for route.

The generation of initial data for solving the problem of RTV dynamic opti-
mization is carried out at specified intervals depending on the refresh rate of values
for parameters of the actual RTVs in the information management system database.

4. Implementation of software in the information and control system of the
developed algorithm to adjust the RTV parameters.

The adjustment of parameters for actual RTVs with the developed algorithm is
implemented at the end of the run of the combined simulation model (Figs. 21 and
22). The algorithm of RTV parameter adjustment is constructed using an
object-oriented approach to computer programming, and as a result can be imple-
mented in industrial rail transport information management systems.

Разработанный 
алгоритм расчета
параметров вагонопотоков

Input data

Simulation resultsInformation management system

Combined simulation model
of ITS functioning

Developed mathematical
model 

of dynamic optimization for RTVs 
parameters

Train dispatcher

Shunting 
dispatcher

Database

Organization and
strategic planning

Operational 
management

Developed algorithm of 
adjustment the RTVs parameters

Parameters of base RTVs Parameters of actual RTVs

Developed
the algorithm of calculation 

for RTVs parameters

Fig. 31 The scheme of integration of the developed mathematical model in the information
management system of indusial rail transport
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Analysis of the economic feasibility of parameter adjustment of the actual RTVs
is performed by comparing the total cost for railcar dead time in a simulated railway
node with the costs obtained during a previous run of the combined simulation
model. The data array with optimal RTV values in the combined simulation model
is formed according to the results of the analysis.

5. The formation of data sets with parameter values of base RTVs according to
results of the run of the developed combined simulation model in operational
mode.

The accumulation of results of the combined simulation model is implemented
as follows. Each element of the transport network is presented in the combined
simulation model, with comparable parameters, reflecting the number of elements
and the value of reserve for throughput and handling capacity. RTVs, passing on
elements of a transport network presented by agents with a set of parameters,
averter the unique properties and behavior of RTVs in the combined simulation
model.

Over the course of the experiment, the developed combined simulation model is
filled with an array of RTV values:

• for stations: number of station, reserve handling capacity;
• for hauls: number of starting station, number of final station, throughput reserve;
• for railcars: route, moment of time for the beginning of movement on route,

travel time on route, speed, RTV mass, costs for RTV movement on route,
minimum throughput reserve.

6. The organization of operational managers informs the transportation process
regarding parameters of base RTVs and the creation of a monitoring system for
compliance with these parameters.

The process of informing the operational managers of the transportation process
regarding parameters of the base RTVs is based on the scheme of information flow
movement in operational mode presented in Fig. 32.

The array data formed from the results of a combined simulation model is
transferred to an industrial rail transport information management system database
[80].

The monitoring of deviations of parameters for actual RTV from the estimated
RTVs is implemented on the basis of comparison of registry values of specified
parameters. In the case of deviations, detection starts in combined simulation model
of railway node functioning, with input data of parameters for the actual RTVs.

The application of the developed method will allow adjustment of actual
parameters for RTVs on the basis of the combined simulation model of railway
node functioning, with subsequent transfer of the design parameters for operational
RTV managers of the transportation process.
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8 Conclusion

The analysis of railway node functioning and industrial transport systems identified
a number of factors with a significant impact on RTV irregularity in these systems
(the value of the daily coefficient of irregularity reaches as high as 2.5) and the time
of their movement in a node (exceeding average values by 3.95 times), which can
account for 75% of RTV jet irregularity at the nodes. The external factors identified
include irregularity of commodity flows, dynamics of production, climatic factors,
and the development of a competitive rail transport environment (in particular, the
emergence in Russia of companies/operators with their own railcars). Internal
factors include an increasing number of RTV jets with low power and lack of
consistency in decisions regarding the operational management of RTVs.

We have noted that the increased RTV irregularity leads to uneven station
workloads and hauls in the node. This irregularity has a cyclical character because
of inconsistent rhythms of production processes. The results of this study of a
constructed system dynamic simulation model of an industrial transport system
showed the presence of workload oscillations at railway stations ranging from 76 to
100%. Uneven utilization of throughput and handling capacity of stations and hauls
increased RTV dead time an average of 20%.

The main reason for the increased dead time is inadequate accounting for RTVs
in the existing RTV management system focused on management in operational

ITSEnter

RTVs

Railway stations

Train dispatcher

Shunting 
dispatcher

Movement
management

Irregular RTV

Combined simulation model of ITS functioning

Б

Database of information management system

Value of parameters
for actual RTV

RTVs

RTV
handling

Value of parameters
for base RTV

Shunting 
dispatcher

Shunting 
dispatcher

RTV
handling

RTV
handling

Values of parameters 
for actual RTV

Values of parameters 
for base RTV

Value of parameters
for base RTV

Values of parameters
for actual RTV

Exit

Fig. 32 The scheme of information flow movement in operational mode for RTV management
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mode by individual stations and trains. Analysis of information flow in the oper-
ational management systems of the industrial railway station showed that with the
increased structural complexity and decreased RTV regularity, the value of the base
coefficient for the number of levels for operational management increased to 1.1 for
stations with average railcar turnover of up to 200 railcars and 2.7 for stations with
average turnover of more than 1000 railcars. The discrepancy in the actual number
of levels for base value management confirmed the relationship between com-
plexity, RTV irregularity and management efficiency for RTVs.

RTV irregularity must be taken into account in operational management pro-
cesses in order to increase the efficiency of railway node functioning in operational
mode. We propose dynamic optimization of RTV parameters as the instrument for
RTV parameters management. However, in the case of irregular RTVs at the
railway node, the application of known methods of dynamic optimization increased
delays in RTV movement arising from the expectations of their next base period.

Accounting for RTV irregularity in management systems can be efficiently
implemented through the application of the system of parameters and indicators
discussed in this paper. This system is based on the generalization of classification
criteria of properties and indicators for logistics flows. The system includes the
following groups of parameters and indicators: the physical parameters reflecting
the properties of RTV in space and time, statistical parameters characterizing the
regularity of changes in physical parameters of RTVs over time, indicators of RTV
complexity and indicators of RTV quality. Application of the proposed system will
take into account RTV irregularity, thereby improving upon known dynamic
optimization methods.

In this work, we have developed a mathematical model of dynamic optimization
of RTV parameters and an algorithm for adjusting these parameters, taking into
account RTV irregularity in operational management mode. The main difference
between the proposed method and known methods of dynamic optimization is the
application of base periods of variable duration, depending on the optimal ratio of
the costs of RTV delay and the adjustment of their parameters.

An effectiveness evaluation of the developed method of dynamic optimization
for RTVs was conducted through the construction and application of a combined
simulation model of an industrial transport system functioning with daily volume of
up to 2500 railcars. The results of comparative model experiments applying known
methods of dynamic optimization and mathematical models established that
accounting for calculation periods of variable duration led to an average reduction
in railcar dead time of 6.2 h (11%).

We described a method for integrating the combined model of dynamic opti-
mization of RTV parameters into the intellectual transport system of an industrial
enterprise. The application of this method will take into account RTV irregularity
on the basis of utilization of the system for RTV parameters and adjustment of the
actual RTV parameters by calculating the results of the combined simulation model
of railway node functioning.
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In light of the general tendency toward structural complexity and increased RTV
irregularity, the realization of the proposed set of methods and models for managing
RTV parameters at railway nodes will increase management efficiency and
parameter optimization accuracy, reduce the time that railcars are located at railway
nodes, and improve the timeliness of freight transportation and quality of transport
service for cargo owners.
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