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Simulation of The System of Provision of Target Braking of Rolling
Stock

This research presents a framework simulation model that can be used to simulate target braking of rail rolling
stock, with a particular focus on target braking in metro systems. The model takes into account various factors that
might affect stopping accuracy, including errors in speed measurement and track sensors' positioning. The research
considered the possibility to minimize the required equipment for the target braking system, with its conclusions
providing insights for possible solutions that would require minimal additional equipment or infrastructure
modifications. Through simulation in MATLAB®/Simulink® environment, this study investigates the individual impact of
these factors on the target braking precision of rail rolling stock. By identifying these critical factors that affect braking
accuracy and quantifying their impact, this research provides valuable insights into strategies for optimizing braking
performance and enhancing passenger safety and comfort.
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The aim of the article is to develop a technology for
the selection of means of ensuring target braking of rolling
stock by modelling using automated and automatic train
control systems. One of the key aspects of developing such
a technology is, on the one hand, the creation of reliable
equipment that ensures the transmission, processing and
storage of a large amount of data and knowledge, and, on
the other hand, minimising resource consumption.

This area of research opens up great opportunities for
improvement of train control systems, ensuring their safety
and optimising their performance. The research results can
be of great importance for the development of both railway
and urban transport, in particular for improving the
processes of target braking of rolling stock, ensuring
traffic safety and reducing the risk of accidents.

Ultimately, the results of this study are intended to
improve future practices in the design, maintenance and
operation of automated rolling stock control systems, as
well as to contribute to the safety of passengers and
improve the quality of service of their demand for
transportation.

Problem statement

The relevance of the study of precision braking
systems is closely related to the importance of improving
rail transport systems in general. The introduction of
automatic train operation systems and, in particular,
automatic target braking systems is possible and
appropriate both on mainline railway transport and urban
rail transport, in particular, on subways. The tasks that can
be solved with the help of precision braking systems and
the priorities for their implementation depend on many
factors and the specifics of the transport system in which
they are intended to be implemented. The list of tasks can
include both reducing energy consumption for traction and
optimising traffic schedules or increasing the system's
capacity [1]. This study will focus on off-street urban
railways - metros. The peculiarity of subways is their high
route capacity, which reaches and exceeds the figure of 50
thousand passengers per hour per direction [2]. This high
figure is achieved due to the specific nature of the metro as
an urban railway.
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Subway systems are separated from any street traffic
and use their own right of way [2], which determines their
location underground or on elevated tracks. This allows
metro systems to provide high route speeds with a
significant passenger capacity per unit (train) compared to
other forms of urban transport.

The development and expansion of cities and the
growth of their population are inevitably associated with
an increase in demand for passenger transport in the city
and an increase in the average distance travelled by
transport. The growth of both of these values entails
increased requirements for the capacity of the urban
transport systems. At the same time, the reserves of the
metro systems themselves for increased traffic are limited
by their technical capabilities. This makes it necessary to
implement such measures as increasing average operating
speeds, acceleration and braking rates, etc. The
introduction of targeted braking systems is the most
effective measure to achieve the maximum possible
deceleration rate during braking while maintaining a high
level of comfort for passengers.

investigate the separate influence of such factors as
deviations in the location of track sensors, changes in the
diameter of the wheel set with wear, and errors in speed
measurement.

The main part of the material

Analysis of recent research and publications

A number of studies have been devoted to the
problems, theoretical foundations and economic basis for
the introduction of automatic train operation systems,
particularly in the context of integration them with rail
traffic control [1, 3-6]. Much attention is paid to the
problems of modelling of rolling stock dynamics [7-11].

Recognizing the high scientific and practical value of
the above works, it should be noted that at the moment the
problem of creating systems for automatic train operation
and automatic targeted braking has not been given enough
attention. It is important to use a comprehensive
systematic approach to the problem, which simultaneously
takes into account both the advances in the field of rolling
stock dynamics and automatic operation systems and the
economics of railway enterprises. The topic of automatic
train operation and targeted braking requires further
research and development.

Statement of the problem

The main issue that will be considered in this article is
the creation of a mathematical model to evaluate the
technology for implementing the targeted braking system
under conditions of external perturbations and
imprecisions. Thus, the purpose of this work is to create a
framework model that would allow testing the train
precision braking system with the ability to adapt it to the
specifics of any rail rolling stock, as well as with the
possibility of including certain solutions for implementing
the algorithm. In particular, this paper will consider the
study of the accuracy of the implementation of the targeted
braking algorithm under conditions of uncertainty and
incomplete input information. A mathematical model
created in MATLAB®/Simulink® will be used to

Automatic targeted braking of rolling stock is the
process of controlling the speed of trains in deceleration
mode, which ensures its reduction to the required value or
stopping at a given point on the track. For suburban and
metro electric trains, the typical operating modes are
acceleration, coasting, and braking [12]. The introduction
of intense targeted braking has a significant and
comprehensive effect on the performance of rolling stock.
When braking manually, the electric train driver chooses
the moment of braking start with a margin for his own
mistake or incorrect choice of braking mode. This limits
the average deceleration of the train, even if it is
technically possible to apply more rapid deceleration. As
optimization of driving method is one of possible ways to
achieve energy savings [14], targeted braking is an
effective way not only to improve the quality of passenger
service and reduce the workload of the train driver, but
also to increase the carrying capacity of the metro and
reduce electricity consumption for rolling stock traction.

Different deceleration levels are set to regulate the
braking force during targeted braking, and if only one level
can be set, gradual stepped braking is used. The braking
mode is selected depending on the deviation between the
train's programmed speed and the actual speed, and in
some systems, the derivative of this deviation. In some
systems, the speed is set by a software device located
along the track. In this case, the value of the set speed is
determined by the distances between the elements of the
ground applications or the frequency of the electrical
signal. In other systems, the speed is set as a function of
the measured path or is calculated based on the leading
solution of the equation of train motion [5].

The calculated trajectory of the targeted braking as a
function of the path is based on the value of the average
deceleration rate of the train. However, the actual braking
trajectory will certainly differ from the calculated one,
since the train speed during braking is influenced by many
factors, and they cannot always be accurately taken into
account. For example, to ensure the comfort of passengers,
a rapid change in braking modes is unacceptable, as it
leads to unpleasant jolts during movement. Therefore, in
general, it can be assumed that the train speed when
braking when approaching a station is a function V = f(V',
a, j...), where V' is the initial speed when approaching the
station, km/h; a is the deceleration value when braking,
m/s% j is the jolt, m/s®, etc. In turn, a train is also a
complex dynamic system with a large number of nonlinear
connections between structural elements [10, 15]. It should
be emphasized that traction rolling stock is a very complex
engineering structure and, as a result, is a complex object
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of simulation [16]. Therefore, in general, it is possible to
raise the question of the "level of detail” of modelling of
train dynamics, which will be defined as the number of
factors and dependencies taken into account in the
modelling of movement. In this paper, a train is considered
as a material point whose movement is affected by
acceleration and deceleration from the operation of traction
motors and brake systems, as well as by the main
resistance to movement. To determine the main resistance
to movement, studies conducted on the Kharkiv metro
were used [7].

The main characteristic of automatic targeted braking
is the accuracy of stopping. The smallest permissible error
(within +0.3. 0.45 m) is required for closed-type stations.
At open-type stations, where the length of the boarding
platform slightly exceeds the length of the train, the
acceptable accuracy of stopping is 1.5 m [5].

The introduction of an automatic targeted braking
system requires significant capital investment, since not
only the rolling stock but also the track sections are

changed. The issue of reducing such capital investments is
quite evident and requires a more in-depth consideration.
Given the need to reduce costs, the targeted braking
system proposed in the model consists of the following
main elements:

1) a braking microcontroller based on fuzzy logic that
makes decisions on the application of different braking
modes in accordance with the deviation of the actual train
trajectory from the calculated one;

2) atrajectory calculation system;

3) three track sensors that indicate the current
coordinate of the train;

4) speed measurement system;

5) a system for calculating the current coordinate of
the train based on the readings of the speed measurement
system.

The arrangement of the track sensors (D;, D, and Ds)
used in the model is shown in Figure 1. Point D, indicates
the target stopping point of the train.

D 5,=500 m#25

$,=30m+1.5

Fig. 1. Layout of track sensors

Since such a system does not use a large number of
track sensors to continuously monitor and correct the
current coordinate of the train's location, it is beneficial in
terms of capital investments, as it minimizes the amount of
equipment required. At the same time, such a system relies
on the measured (using analogue axial sensors) speed of
the rolling stock to calculate the current position of the
train. It is sensitive both to its own internal measurement
errors and to changes in the diameter of wheel sets as they
wear out. In combination with the possibility of improper
positioning of the track sensor that signals the current
coordinate to the rolling stock, the resulting deviation of
the actual stopping point from the target point can be
unacceptably large.

Therefore, when calculating the distance travelled by a
train, a certain measurement calibration is required. To do
this, at a predetermined distance (the model assumes 10 m,
which corresponds to approximately four revolutions of a
normal-diameter metro car wheel set), a second track
sensor D, is installed after the first track sensor D4, which
transmits a second, corrective coordinate to the train. The
measured distance between these sensors is compared with

the nominal distance between them, and then a corrective
coefficient is calculated.

The third track sensor is located 30 meters from the
stopping point. After this sensor is passed, the current
coordinate of the train calculated by the braking system is
reset to 470 meters (Sst - Si), while the previously
calculated corrective coefficient is still used to further
calculate the braking trajectory.

The flowchart of the developed simulation model is
shown in Figure 2. A general view of the brake controller
of the model developed in MATLAB®/Simulink® is
shown in Figure 3. The brake controller used in the model
is built with fuzzy logic [17] using the Fuzzy Logic
Toolbox™ package of MATLAB® and uses two input
parameters for control: A4V (the difference between the set
speed V" and the current measured speed Vy), and j (jolt,
rate of change of acceleration). The membership functions
of the linguistic terms used in the fuzzy controller for
targeted braking are shown in Figure 4. The ruleset used
by the controller is shown in Figure 5. The output surface
of the controller is shown in Figure 6.
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Fig. 2. Flowchart of the framework model for simulation of automatic target braking system
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Fig. 3. Simulation of the brake controller of automatic target braking system

The stopping error is defined as: Here S, is the actual value of the distance travelled
by the train after passing the first track sensor (point D
AS=S_- S, (1) in Fig. 1) in metres, and Sg is the distance between the

first track sensor D; and the calculated stopping point in
metres (normally equal to 500 m).
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Membership function plots
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Fig. 4. Membership functions for input variables “Speed”, “Jolt” and output variable “Mode”

If (Speed is Very_low) and (Jolt is Decceleration) then (Mode is Coast) (1)

If (Speed is Very_low) and (Jolt is Mone) then (Mode is Coast) (1)

If (Speed is Very_low) and (Jolt is Acceleration) then (Mode is Coast) (1)

If (Speed is Low) and (Jolt is Decceleration) then (Mode is Coast) (1)
_If (Speed is Low) and (Jolt is None) then (Mode is Coast) (1)

If (Speed is Low) and (Jolt is Acceleration) then (Mode is Braking) (1)

If (Speed is Mormal) and (Jolt is Decceleration) then (Mode is Coast) (1)

If (Speed is Normal) and (Jolt is Mone) then (Mode is Braking) (1)
. If {Speed is Normal) and (Jolt is Acceleration) then (Mode is Rapid_braking) (1)
10. If (Speed i1s High) and (Jolt is Decceleration) then (Mode is Braking) (1)
11. If (Speed i1s High) and (Jolt is Mone) then (Mode is Rapid_braking) (1)
12. If (Speed i1s High) and (Jolt is Acceleration) then (Mode is Rapid_braking) (1)
13. If (Speed 1s Very_high) and (Jolt is Decceleration) then (Mode is Rapid_braking) (1)
14 If (Speed is Very_high) and (Jaolt is Mane) then (Mode is Rapid_braking) {1

W00 =] O M P L) R

nid braking

Fig. 5. Ruleset of the fuzzy controller of automatic target braking system
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Mode

Fig. 6. Output surface of the fuzzy controller of automatic target braking system

The simulation considered the following principal
factors that could affect the accuracy of the calculation of
the current coordinate by the rolling stock, and as a result,
the stopping error:

e variation of the wheel set diameter in the range
between 790 and 725 mm (respectively for a new and a
fully worn bandage);

e measurement error of the current speed value by
axial sensors in the range of 2.5 km/h;

e error of the positioning of the first (D1) and
second (D2) track sensors between each other (distance
S12in Fig. 1) in therange of 0.5 m

e error of the positioning of the third track sensor
(D3) relative to the stopping point (D4) in the range of
+1.5m;

e positioning errors of the first group of track
sensors (D1 and D2) relative to the stopping point (D4) in
the range of £25 m.

By gradually changing each of these factors within the
specified limits, their individual impact on the accuracy of
targeted braking is determined. Thus, in the course of the
research, it was found that the diameter of the wheel set
(Fig. 7) and the error of the speed measurement system
(Fig. 8) do not have a significant effect on the stopping
error. Variation of the wheelset diameter in the entire
possible range of its values did not lead to a significant
deviation of the actual stopping point of the train from the

calculated one as it remained within £0.1 m. Similar error
margins were observed when changing the error of speed
measurement.

Regarding the change of the relative position of the
track sensors among themselves, it was found that the
stopping error is directly proportional to the error of their
positioning. This is true both for the relative position of
sensors D1 and D2 (Fig. 9) and for the positioning error of
sensor D3 relative to the stopping point (Fig. 10), with the
positioning accuracy of sensor D3 having a slightly greater
impact on the accuracy of targeted braking. At the same
time, due to the use of the third sensor D3, which updates
the coordinate of the train while it is moving within the
station, even very significant disturbances in the location
of the first group of track sensors (D1 and D2) relative to
the station are compensated. Thus, a variation of their
placement within +15 meters (3%) did not lead to
unacceptable deviations from the stopping point (Fig. 10);
it should also be noted that a deviation of the location of
the first group of sensors towards the station leads to a
more rapid increase in the stopping error than a deviation
in the other direction.
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Fig. 7. Impact of the wheelset diameter on the precision of automatic target braking
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Fig. 8. Impact of the speed measurement error on the precision of automatic target braking
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Fig. 9. Impact of error of positioning of corrective sensor D, relative to initial sensor D; on the precision of
automatic target braking
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Fig. 10. Impact of error of positioning of corrective sensor Ds relative to the stopping point D,
on the precision of automatic target braking
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Fig. 11. Impact of error of positioning of the first group of track sensors (D; and D, combined) relative to the
stopping point D4 on the precision of automatic target braking

Conclusions

As part of the study, a mathematical framework
model was created for the development and testing of an
automatic targeted braking systems. As an example, this
paper considered a system based on a fuzzy controller with
the Mamdani algorithm. Modelling with the consecutive
addition of input deviations that may occur during the use
of the system made it possible to track the influence of
each individual factor on the resulting braking precision.
The modelling showed the following:

e rolling stock elements, such as wheel set diameter
or speed measurement system error, can be accounted for
by using a corrective coefficient and do not have a
significant impact on braking accuracy. This means that
the rolling stock itself does not necessarily need to
implement new speed measurement systems and can use
existing devices;

e even with significant deviations (up to 3-5%) in
the installation of track sensors, the train stopping position
remains within acceptable limits. This makes it possible to
use a lower accuracy rating when placing track sensors.

The conclusions from the modelling are particularly
relevant in the context of reducing capital investment in
the implementation of train control systems in general and
automatic targeted braking in particular.
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NMPUIIJIHLHOTO rAJTbMYBAHHSI PYXOMOTO CKJIATY.

AHoTamiss. Y [aHOMy JOCHI/DKEHHI HpENCTaBICHO
CTPYKTYpHY IMiTamiiHy MoOJenb, sKa MOXe OyTu
BHUKOPHUCTaHA JUTS MOJICITFOBAHHS MPUILIEHOTO
raJlbMyBaHHs 3aJlI3HUYHOTO PYXOMOTO CKJIaTy, 30Kpema,
MPHUIITBHOTO TaJbMYBaHHS B CHCTEMaX METPOIOJITCHY.
Mopens BpaxoBye pi3Hi (aKTOpH, SIKi MOXKYTh BILUTMHYTH
Ha TOYHICTh 3YIHHKH, BKIIOYAIOUH MMOXUOKH BUMIPIOBAHHS
MIBUJIKOCTI Ta TO3WI[IOHYBAHHS KOJIWHHMX JaTYHMKIB., Y
JOCTIKCHHI  PO3TJISHYTO ~ MOXIIMBICTH — MiHIMI3aIlil
HEOOXIZHOTO OOJaHAHHS JJI CHCTEMH MPHUIIEHOTO
raJbMyBaHHs, a HOro BHCHOBKH [alOTh YSBJICHHS IIPO

MOXIIMBI ~ pillleHHs, $Ki NOTPeOyIOTh HAHMEHILIOro
JI0JaTKOBOT'O o0JIagHaHHS abo MoTudiKkarriit
iHppacTpyKTypu. 3a  JOMOMOrOK0  MOJIENIOBAaHHS B
CEepEIOBHIII MATLAB®/Simulink® B OMY

JIOCITI/DKEHH] BHMBYA€THhCS 1HAMBIAYaJbHUI BIUIMB IMX

(dakTOpiB  Ha  TOYHICTP  IJLOBOTO  TallbMYBaHHS
3ali3HUYHOTO  PYXOMOro cKkiany. BusHauuBmm 1
KPUTHYHI  (aKTOpH, M0 BIUIMBAIOTH HA TOYHICTH

rajbMyBaHHs, 1 KUIbKICHO OI[HMBIIM iX BIUIMB, 1€
JIOCIIJDKEHHSI JIa€ YSBJICHHSl PO CTparterii onTumizarii
rajJbMiBHUX XapaKTePUCTHK 1 TMiJBUINEHHS O€3leKu Ta
KOM(DOPTY Macaxupis.

KarouoBi ciaoBa: ekcrulyataiis 3aji3HUIbB, MIChKHNA
3aJI3HUYHUN TPAHCIOPT; aBTOMATHYHE KEPYBAHHS PYXOM
MOI3iB; MaTeMaTHYHA MOJEJNb, BIUIMB HEBHU3HAYEHOCTI;
€KOHOMIsl Yacy; ONTHMI3allis pyXy.
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