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Problems of ensuring the safety of pedestrian traffic across railway tracks and ways to
solve them

From the analysis of the state of safety on the railways, it was established that a large number of
collisions with pedestrians and their injuries occur outside railway crossings, which requires the
development of technical means and the development of a safety culture for pedestrians when crossing
railway tracks. The work deals with the urgent issues of ensuring the safety of pedestrian traffic when
crossing railway tracks. It should be noted that the relevance of this issue today is also important from
an economic point of view, since the loss of human life or injury to people has high economic losses for
the country. For Ukraine, given the negative trends in population dynamics, preserving people's health
and lives is of particular importance. Therefore, the improvement of safety measures for the movement
of pedestrians across railway tracks in the conditions of urbanized cities should be considered in the
interaction of all authorities and transport enterprises. It has been established that there is zero
tolerance for road traffic fatalities in developed nations, so any measures that can improve road safety
and prevent injury or death are urgent and require appropriate research and solutions. The proposed
system for improving the safety of pedestrians at railway track crossings is primarily intended to create
conditions for minimizing the number of traffic incidents involving pedestrians in populated areas.

Keywords: safety of pedestrian traffic, urbanized spaces, pedestrian crossing, factors affecting
pedestrians, information system.

Introduction. Railway safety is everyone's responsibility. It is dangerous to take risks at level
crossings and crossings, as any incident can lead to work disruptions, vehicle delays, property damage,
injuries, and in the worst cases, the death of road users.

Existing studies [1] of the problem of traffic events at pedestrian crossings show that there is a high
proportion of pedestrians who deliberately violate the rules of crossing the track. This may be due to
various factors, but most studies [2] indicate the need to take into account not so much the geometrical
and planning parameters of the pedestrian crossing, but the characteristics of train movement and
patterns of pedestrian behavior.

It should be noted that there are practically no studies of pedestrian movement across railways in
Ukraine. The issues of improving traffic safety at crossings are mainly considered. At the same time,
the problems of crossing railway tracks by pedestrians, especially in the urbanized spaces of large
settlements, remain neglected [3]. However, even in the majority of foreign works [4-11], it is noted that
there are not enough studies of the functioning of pedestrian crossings over the railway, and the main
problem of such studies is the lack of primary information. In particular, a train hitting a pedestrian is
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often the result of a deliberate violation or erroneous behavior or assessment of the situation [2-4, 6].
This, in turn, limits the development of adequate and effective measures to increase the safety of
pedestrian traffic. Moreover, the impact of educational campaigns on curbing dangerous pedestrian
behavior remains unclear [2]. At the same time, the researchers, in works [7-8], come to the conclusion
that the study of the transport behavior of pedestrians is important for further research in the field of
improving traffic safety.

Research analysis. A number of studies [4-6], mostly foreign ones, have been devoted to the
problem of pedestrians crossing railway tracks, since in Ukraine the issues of functioning of railway
crossings, not pedestrian crossings, are studied mainly [7-8].

Analyzing the problems of railway crossing by pedestrians, researchers [9-10] study various aspects
of their functioning. Part of the research [11-13] focuses mainly on the diagnosis and classification of
disorders. In particular, in [4], a detailed analysis of more than 7,000 transport events involving
pedestrians on the railway was carried out. As a result, the basic regularities of pedestrian behavior at
crossings of various types, taking into account geographical differences, have been established.

In work [5] based on the results of a study of accidents with pedestrians, it is shown that the main
problem of such studies is the lack of reliable information, in particular, a train hitting a pedestrian is
the result of a deliberate violation or erroneous behavior or assessment of the situation. And this, in turn,
limits the development of adequate and effective measures to improve the safety of pedestrian traffic.

The paper [6] investigates the influence of pedestrian distraction during a railway crossing and shows
that such factors as talking or looking at the phone screen while driving are extremely common causes
of distraction. At the same time, it was also found that the vast majority of violations (disobeying traffic
light signals) were observed precisely in attentive pedestrians, which indicates that such behavior was
conscious and purposeful. The same thesis that violations at pedestrian crossings are a conscious
behavior is confirmed by the results of research given in the work [9]. According to which, almost 25%
of the respondents of the sociological research admitted that they deliberately violated the safety rules,
while this was a violation not before, but after the passage of the train.

The work [10] is devoted to the study of the nature of decision-making by pedestrians crossing the
railway and the analysis of risks related to the safety of pedestrian traffic.

There are a number of scientific works devoted to the study of mainly technical and operational
characteristics of pedestrian crossings. In particular, in work [11], on the basis of real-time studies of
the movement of pedestrians and cyclists across the railway, it was found that the train characteristics
(speed of the train and duration of passage of the crossing train), technical characteristics of the crossing
(duration of the warning signal and duration of traffic blocking) have the main influence on the
probability of violation), as well as individual characteristics of pedestrians (gender, age). At the same
time, the geometric parameters of the transition have a smaller influence, compared to the characteristics
of the train and the individual characteristics of pedestrians.

A number of studies [12, 13] are aimed specifically at studying possible measures that should
increase traffic safety during railway crossings. For example, the work [12] analyzed the patterns of
behavior of schoolboys who regularly cross the railway, and the impact on behavior of additional
training on traffic safety and penalties for violations.

In work [13], based on the analysis of transport accidents on the railway, various strategies that were
proposed to prevent accidents with pedestrians on the railway are discussed, and it is also shown that
the application of the modern theory of behavioral and cognitive of psychology may be useful for future
research in the field of transport safety.

So, as can be seen from the analysis of scientific works [4-13], the problem of improving the safety
of pedestrians crossing railway tracks has not been sufficiently studied, therefore the development of
recommendations for improving the safety of pedestrians when crossing railway tracks is an urgent
scientific task.

The purpose and tasks of the research. The purpose of the study is to improve traffic safety at
pedestrian crossings over the railway by developing recommended measures to improve pedestrian
traffic safety.
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To achieve the specified goal, the following studies should be performed:

- to conduct an analysis of the state of safety on the railways of Ukraine and foreign countries;

- to conduct an analysis of the problems of ensuring the safety of pedestrian traffic when crossing
railway tracks;

- to offer recommendations for improving the safety of pedestrian traffic when crossing railroad
tracks;

- to develop a comprehensive information system for improving the safety of pedestrians crossing
railway tracks.

Research materials and methods. As of 2023 (a 9-month report) in the regional branches of JSC
"Ukrzaliznytsia™ (at stations, tracks, territories of subdivisions) as a result of the collision of railway
rolling stock, falling from it or other types of impact, 202 persons outside the railway transport industry
received injuries of varying degrees of severity. including 128 with a fatal outcome, of which 16 people
were electrocuted, including 6 fatally. During the same period in 2022 (Fig. 1), 177 people were injured,
including 109 fatally injured, 15 of them were electrocuted, including 3 fatally [14].

W RH "Pivdenno-Zakhidna
zaliznytsya"

B RH "L'vivs'ka zaliznytsya"

M RH "Prydniprovs’ka zaliznytsya"
RH "Odes’ka zaliznytsya"

RH "Pivdenna zaliznytsya"

RH "Donets’ka zaliznytsya"

Fig. 1. Chart of injured persons with fatal outcome in regional branches of JSC
"Ukrzaliznytsia' in 2022

In particular, 43 citizens were injured in the regional branch of "Lviv Railway" compared to 40 in
2022 (+3), of which 26 were fatal compared to 24 in 2022 (+2);

In addition, as of September 28, 2023, 13 children under the age of 16 were injured at railway
infrastructure facilities, 7 of them fatally, including 10 children injured by electric shock, 4 of them
fatally. During the same period in 2022, 6 children under the age of 16 were injured, 2 of them fatally,
including 4 children injured due to electric shock, 1 of them fatal.

The analysis of cases of injury to third parties on railway transport shows that most of the cases
occurred as a result of the victims' violation of the Rules for the safety of citizens on railway transport
of Ukraine, approved by the order of the Ministry of Transport dated 19.02.1998 No. 54, registered in
the Ministry of Justice on 24.03.1998 under No. 193/ 2633, namely: the crossing of railway tracks in
unspecified places; walking on railway tracks; boarding and alighting while the train is moving; being
in a state of alcohol intoxication on the territory of railway transport facilities.

According to UIC (International Union of Railways), there are more than half a million railway
crossings in the world [15]. Monitoring the safety and interoperability of the EU rail system is one of
the key tasks of ERA. The agency collects, processes and analyzes various data sets to support
recommendations for action to be taken. Constantly monitoring and analyzing safety and interoperability
indicators of the EU railway system. A report is then published every two years on a comprehensive

10
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overview of the development of railway safety and interoperability in the European Union (EU). The
publication is the publication of a progress report on safety and interoperability in the Single European
Railway Area (SERA). This report is based on data available in various EU databases and registers
provided by national authorities such as national security agencies (NSAs) and national investigative
bodies (NIBs), operators and other actors.

In 2020, the rate of major accidents, fatalities, and serious injuries (FWSI) per million train-
kilometers has decreased significantly since 2010 [16]. Despite the decrease in passenger fatalities,
taking into account the significant decrease in passenger kilometers (due to the COVID-19 pandemic),
the passenger fatality rate increased compared to 2019, showing a slight upward trend since 2017.

The results of the most recent assessment [16] of the achievement of safety targets (annual ERA)
show that safety performance remains acceptable at EU level, although possible deterioration of safety
performance has been identified in eight cases. Every year, almost 300 road users or pedestrians die in
accidents at railway crossings, causing economic damage of 1 billion euros [16]. Of these fatalities, 98%
are caused by intentional or unintentional errors by road users, both vehicle drivers and pedestrians.
Despite this, society still attributes most fatal accidents at level crossings to the railroad.

The railway community [17] considers this to be a particular problem mainly because it is impossible
to predict the actions of individual vehicle drivers and pedestrians at level crossings, despite a number
of risk control measures. Actions and misuse of rail infrastructure by members of the public across
Europe are disproportionately responsible for more than 25% of all accidents and 29% of all rail fatalities
affecting safe rail operations. Obviously, this is an area of significant risk for the railway sector.

However, only 1% of all road deaths in the EU (22,800 in 2019) occur at railway crossings [17].
Thus, the significant risk to the safe operation of the rail network is actually only a minor element of the
overall road safety problem.

The level of accidents at level crossings varies significantly among EU member states. The countries
with the lowest accident rates have generally developed comprehensive strategies to improve the safety
of level crossings, and this has resulted in a small number of level crossings with poor or no
protection.[17] Common features of the countries with the highest accident rate are low population
density and low volumes of railway traffic. Perhaps these conditions create less incentive for integrated
safety management of level crossings.

The accident indicators available at EU level [17] are a damaged track superstructure, faulty rolling
stock, including wheelsets, faulty signaling and disregard of danger warning signs (SPADs). Their
absolute numbers give an initial idea of their relevance and trends. Between 2016 and 2020, EU Member
States reported more than 12,100 accident precursors as defined in the CSI each year. This is expressed
as a ratio of approximately 7 warnings to 1 major accident. However, if we do not take into account
accidents with | for people caused by rolling stock while driving, the ratio of warnings to accidents
increases to 17:1. This highlights the potential of accident warning processing.

Problems of ensuring the safety of pedestrian traffic across railway tracks. Railroads are a
significant barrier to pedestrian traffic and often cut or complicate established pedestrian connections in
populated areas. The problems of ensuring the safety of pedestrian traffic across railway tracks are
shown in fig. 2.

Pedestrians strive to simplify their path (which is especially relevant for low-mobility population
groups), so they try to form their routes so that they are the shortest and fastest, and the lack of an
organized crossing over the track is often not a reason to abandon the route.
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Fig. 2. Problems of ensuring the safety of pedestrian traffic

On the other hand, pedestrian connections in urbanized spaces are quite dense, and pedestrian traffic
on them is intense. Modern approaches to city planning and street infrastructure prioritize pedestrian
traffic over other types of transportation. At the same time, in case of crossing the railway track, the
pedestrian loses his priority. But this is inconsistent with the principles of pedestrian behavior on the
streets and spaces of populated areas, and pushes pedestrians to dangerous behavior.

In urbanized areas of cities, pedestrians may need to cross railways to reach a public transport stop.
The design of these crossings is critical because a pedestrian collision with a train usually results in
serious or fatal injuries. So, for example, in fig. 3 shows unauthorized crossings over railway tracks,
which are caused by the installation of pedestrian crossings over roads near railway tracks.

As a result, pedestrians do not change their route and go to the center of gravity through railway
tracks in unauthorized places. This once again proves that the interaction of all road services is extremely
important to ensure the safety of pedestrian traffic.

The existing norms and instructions do not regulate the necessary frequency of the location of
pedestrian crossings over the railway in populated areas, nor do they provide for taking into account the
actual speed of the train (especially if passenger and freight trains can run at different speeds on the
route), properly informing the pedestrian about the direction of approach train or the presence of a train
on the opposite track, and also do not take into account the patterns of pedestrian behavior.

At the same time, almost all traffic accidents with pedestrians (at organized crossings or outside
them) have serious or fatal consequences.
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Fig. 3. Unauthorized pedestrian crossing over railway tracks

Even when crossing railways at equipped crossings, there are a number of challenges that provoke
pedestrians to consciously or unconsciously violate safety rules. In particular, on long straight sections,
pedestrians cannot correctly estimate the speed of the train (since the projection of the train practically
does not change when approaching the crossing). However, in case of low speed of traffic, situations of
excessively long waiting may arise, when pedestrians may decide to cross the track at the moment of
dangerous approach of the train.

Similarly, a pedestrian may not recognize the approach of a high-speed train in time and step onto
the track at a dangerous moment. In addition, on single-track sections with limited visibility or in the
case of trains moving on the wrong track, existing pedestrian information systems do not indicate the
direction of the approaching train in any way, and on double-track sections, when one train is passing,
pedestrians cannot see or hear the approach of an oncoming train ( at the same time, signaling that
continues to work can be perceived as a certain feature of work, and not its activation to inform about
the movement of an oncoming train). Therefore, although crossing at a prohibitory signal is not allowed,
the pedestrian must make sure of the safety of his maneuver, but modern traffic safety management
approaches provide that, in addition to the prohibition, there should also be proper informing of the
pedestrian about the danger.

In Germany, ground warning lights are used to improve the safety of pedestrians at urban railway
crossings [18] (Fig. 4).

The technology is lights installed in the carriageway, which are an additional technical safety factor
when pedestrian’s cross railway tracks. They are controlled by the same signal image used for existing
light signaling devices (red/dark). However, the conducted studies of the effectiveness of the use of
warning ground lights are not high. Since the decrease in the number of people who cross the pedestrian
crossing at the red-light circle is not high [19].

According to information on the state of accidents at railway crossings in the United States of
America (according to the Federal Railroad Administration (FRA) from 2017 to 2023 [20], the total
number of accidents at railway transport in the United States is 61 thousand cases, the number of deaths
is 4.9 thousand persons, of which 3,300 are violators of the rules.
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Fig. 4. Ground warning lights

In the USA, to improve the safety of pedestrians [21], when crossing railroad tracks, hinged sides
are used.
In work [21] it is stated that the design of pedestrian crossings over railway tracks is important.
Because collisions with pedestrians lead to injury and death of people.
In fig. Figure 5 shows the construction of a pedestrian crossing over the railway track [22], which is
used to connect the local residential area with the center of Stonehouse. This crossing uses a red/green
light system with constant warning time.

Fig. 5. Pedestrian crossing over the railway track [17]

In addition, work [21] states that when arranging pedestrian crossings, it is necessary to provide a
minimum of 20 seconds of pedestrian warning time in the case of single-track railways. Crossings over
more tracks require additional warning time built into the train detection system. Means that can be used
to increase safety at railroad crossings include barrier gates, flashing lights, sound signals, active and
passive warnings, fences, level crossings, and the use of penalties in the form of fines.

Also, in work [21] it is recommended to carefully study the location of the pedestrian crossing over
the track. This includes an assessment of the number of tracks, the frequency of the location of footpaths
across the road, which are located near railway tracks. The location of attractions near the tracks is very
important, such as schools, hospitals, kindergartens, shopping centers, etc. At the same time, in cities
where there are a large number of people, more effective means of improving the safety of pedestrian
traffic should be developed.

In the UK, level crossing closures are believed to be the only way to tackle the risks, and since 2009
the country has closed 1,300 level crossings and invested £200 million in improving safety at thousands
of crossings, including building level crossings, installing new barriers and warning systems, new signs,
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training people. The result of the activity is the approved strategy for improving safety at railway
crossings 2019-2029 [23].

There are 3,000 crossings with active and passive safety devices in Spain. According to the National
Agency for Railway Safety (AESF), in the last five years (from 2017 to 2021), 29 people died in 37
major accidents recorded at level crossings, with up to 98% of accidents being the result of human error
rather than technical error means or infrastructure [24].

From the given data, it can be concluded that the real situation in the field of traffic safety at railway
crossings and transitions constantly requires new approaches and solutions.

Proposed methods of improving the safety of pedestrians crossing railway tracks. In order to
increase the safety of pedestrian traffic at railway crossings, it is necessary to use not only standardized
automatic traffic signals, which are a cumbersome and expensive complex, but also other technical
solutions that can be implemented at pedestrian crossings over railways in urbanized spaces (that is,
where the intensity pedestrian traffic and the specific number of crossings per unit of track length are
high). The proposed methods of improving the safety of pedestrian traffic at railway track crossings are
shown in Fig. 6.
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Fig. 6. Proposed methods of improving the safety of pedestrian traffic when crossing railroad
tracks

Measures to increase the safety of pedestrian traffic include the development of infrastructure
through the installation of pedestrian crossings over railway tracks, the use of technical means of
warning about train movement, conducting information work for different age groups of the population
and fining violators of the rules for crossing the tracks. Psychophysiological characteristics of
pedestrians are also a special component of pedestrian safety.

At the same time, an important emphasis is placed not only on the technical provision of crossings,
but primarily on the patterns of pedestrian traffic behavior. In particular, pedestrians are less inclined to
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unconditionally comply with the requirements of the prohibition of railway crossings, both with regard
to the place of crossing and with respect to the acceptable interval to the approaching train.

In addition, measures to improve the safety of pedestrian crossings over railways in populated areas
provide an improvement in the quality of life in populated areas, which additionally strengthens the
relevance of such research.

At the same time, Ukrainian norms, standards and instructions do not contain requirements for the
location and number of pedestrian crossings over the railway, requirements for ensuring the safety of
traffic on them, etc. However, the absence of regulations does not mean that there is no need to cross
the track (especially if it is due to the planning structure of settlements.

At the same time, the construction of transitions at different levels (bridges, tunnels), which take into
account all the requirements for inclusiveness, is expensive. In turn, the installation of an overpass with
an information and analytical system to inform pedestrians about the approach of a train will be a much
cheaper solution in populated areas for existing or potential pedestrian crossings than the construction
of overground or underground crossings.

In the case of taking into account the patterns of pedestrian behavior when crossing railway tracks,
it will make it possible to avoid their excessive delays during the railway crossing in the case of trains
moving on single-track sections or multi-track sections (when turning off the red lights and turning on
the green lights occur after the train leaves the approach section, which is located by moving in relation
to the movement of the train), as well as in the case of the actual movement of the train at a speed
different from the calculated one.

Information system for improving the safety of pedestrian traffic at railway track crossings.
The improvement of systems (Fig. 7) responsible for increasing the safety of pedestrian traffic when
crossing railway tracks assumes that the system will take into account the characteristics of train
movement, as well as the patterns of pedestrian behavior (speed of movement, length of patient waiting,
delay before entering the track, the difference in behavior at regulated and unregulated crossings, etc.),
and will clearly inform pedestrians about the direction of train movement and the moments when exiting
the track is prohibited. Because the existing technologies used in Ukrzaliznytsia do not have reliable
ways of recording the speed of the train's approach, as well as informing about the direction of its
movement. Accordingly, the development of an information and analytical system is an urgent task.

The task is solved by the fact that when a train hits an inertial sensor, a rolling stock is detected in
the area approaching the pedestrian crossing. Next, a signal is transmitted to the information board
installed at the railway crossing about the approach of the train and the blocking alarm is activated. This
allows you to warn the pedestrian about the movement of the train to the crossing, to close the pedestrian
crossing by means of barrier signaling, which will ultimately lead to an increase in the safety of
pedestrian movement across the railway track within the crossing.

It should be noted that pedestrian safety measures depend on the cooperation of infrastructure,
technologies, systems and users, so changing one of these factors must take into account its impact on
others, so as not to jeopardize safety.
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Fig. 7. Recommended method of safe pedestrian crossing of railway tracks to the gravity point
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In today's world, the process of risk assessment at pedestrian crossings over railway tracks does not
keep up with changes in the infrastructure and the increase in traffic flows, the number of pedestrians,
and especially in urban areas where changes occur very intensively. Therefore, in our opinion, pedestrian
safety measures and recommendations should be reviewed and improved every 10 years.

Conclusions. The following conclusions and recommendations can be made from the conducted
research:

1. Based on the analysis of the state of safety on the railways of Ukraine and foreign countries, it was
established that in 9 months of 2023, 202 persons not involved in railway transport received injuries of
varying degrees of severity in the regional branches of JSC "Ukrzaliznytsia". At the same time, 128
were fatal. Therefore, improving the safety of pedestrian traffic on railways is a very important task.

Addressing safety issues at railway crossings is a complex task that requires the cooperation of
various parties, including authorities, railway companies, public organizations and society, by
implementing measures that combine technical, organizational and educational approaches. Ensuring
the safety of pedestrians is an important aspect of sustainable development and ensuring convenient and
safe transport connections.

2. The problems of ensuring the safety of pedestrian traffic when crossing railroad tracks include:
the absence of requirements in urban planning regulations regarding the arrangement of pedestrian
crossings over railroad tracks, although the density of buildings (location of residential blocks near
railroad tracks) only increases every year in large cities. At the same time, the construction of pedestrian
crossings at different levels across the track is economically expensive. In addition to infrastructural and
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technical means, the problems of increasing safety include the low level of pedestrian culture regarding
traffic safety, the pedestrian chooses a route closer to the point of attraction, while violating the rules of
safe crossing of tracks.

It should also be noted that in DBN B.2.3-19:2018 "Railways with a gauge of 1520 mm", pedestrian
paths should be designed at railway crossings located in populated areas, as well as in case of pedestrian
traffic intensity of more than 100 people/hour. At the same time, there are no requirements and/or
recommendations in these regulations regarding the arrangement of separate pedestrian crossings that
are not part of railway crossings. Therefore, the determination of the criteria for the expediency of the
arrangement of ground crossings over the railway additionally emphasizes the relevance of this issue
and the large amount of scientific research that needs to be performed.

3. Taking into account all the factors that affect the safety of pedestrian traffic, a number of
recommendations are proposed for the safe crossing of railway tracks by pedestrians:

- installation of safe pedestrian crossings near railway stations and centers of gravity, equipped with
modern signaling and lighting systems to increase visibility and notify about the approach of a train;

- placement of appropriate road signs and signaling devices that will inform pedestrians about the
danger of railway traffic and recommended places for crossing;

- increase or decrease the transition time in accordance with the set signaling by calculating the time
and speed of the train approach and its features;

- regular inspection and maintenance of pedestrian crossings to identify and eliminate defects;

- conducting educational campaigns to raise pedestrian awareness of the dangers associated with
crossing railroad tracks;

- use of modern technologies, such as motion sensors and monitoring systems, for automatic
detection of pedestrians and timely notification of drivers about their presence at crossings.

4. Safety problems of pedestrian movement across railway tracks require various solutions for their
solution. An information system has been proposed to increase the safety of pedestrians crossing railway
tracks. This system takes into account the characteristics of train movement, as well as patterns of
pedestrian behavior (speed of movement, duration of patient waiting, delay before entering the track,
difference in behavior at regulated and unregulated crossings, etc.). It also provides for clear information
to pedestrians about the direction of train movement and the moments when exiting the track is
prohibited.
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npayi po3ensoarmscs aKmyanbHi nUmanHsa 3aoe3nedennss Oe3nexku pyxy niuloxooie npu nepemuHi
sanizHuunux xoaitl. Cnio 3a3Hayumu, wo aKkmyaibHiCmb Yb020 RUMAHHS Cb0200HI 8ANCIUBA MAKOIC i 3
EKOHOMIUHOT MOUKU 30Dy, OCKIILKU 6MPAmMa J00CbK020 HCUmms abo mpasmyeanHs aodei 0 Kpainu
Mae 8UCOKi exoHomiuni 30umku. [na Yxpainu, 3 0ena0y Ha HeeamueHi mMeHOeHYil w000 OUHAMIKU
YUCETLbHOCMI HACeNeH s, 30epedicents 300p08 s ma jcumms Jiooeld Habysac 0coOaUB020 3HAUEHHS.
Tomy nokpawenns 3axo0ie 6e3nexu pyxy niuioxooie uepes 3ani3HU4HI KOl 6 YyMO8ax ypOaHi308aHUX
Micm NOBUHHI PO32TA0AMUCL 8 3AEMOOII VCIX Op2aHie enadu ma MpAaHCHOPMHUX NIONPUEMCMS.
Bcemanosneno, wo y poszsumenux oOepicagax iCHye HYIb08a MOLEPAHMHICIIL 00 CMEPMHOCHI Y
MPAHCNOPMHUX NPU200ax, momy O0yob-sKi 3axo0u, SAKi MOdICYymMb niosuwumu Oe3nexy pyxy ma
3ano0iemu mpasmy8anHio Yu CMePMHOCI, € AKMYALbHUMU MA NOMPeOYIomb 810N0GIOHUX 00CAI0NCEHD
ma piuters. 3anponoHo8aro cucmemy nio8uUeH s be3nexu pyxy niutoxoois npu nepemuni 3a1i3HUYHUX
KOJill MA€ Ha Memi 8 nepuLy uepey Cmeopumu yMosu 0 MiHIMI3ayii KitbKocmi mpancnopmuux nooit
3 NIWOX0OAMU 8 HACENEHUX NYHKINAX.

Knrouoei cnosa: 6esnexa pyxy niuioxodie, ypoanizoeami npocmopu, niuloxXionutl nepexio, paxmopu
BIIUBY HA NIUOX00a, THHoOpMayiina cucmema.

20



e-ISSN 2617-9059 Transport Systems and Technologies, 43, 2024

DOI:10.32703/2617-9059-2024-43-2
UDC 629.5:622.692

Olga Petrychenko*", Maksym Levinskyi?

!Doctor of Philosophy, Theory and Structure of a Ship Department, National University “Odessa Maritime
Academy, 8, Didrikhson str., Odessa, 65052, Ukraine. ORCID: https://orcid.org/0000-0002-4893-8204.

2PhD in Automation Control, Associate professor at Theory of Automatic Control and Information Technology
Department, Head of Foreign Students Department, National University “Odessa Maritime Academy, 8,
Didrikhson str., Odessa, 65052, Ukraine ORCID: https://orcid.org/0000-0002-6544-5110.

*Corresponding author: oapetrycehnko@gmail.com

Trends and preconditions for widespread adoption of liquefied natural gas in maritime
transport

The need for sustainable and environmentally friendly maritime transport and the introduction of
International Maritime Organization (IMO) regulations on ship emissions have led to the search for a
new type of marine fuel. Today, liquefied natural gas (LNG) as a marine fuel is an attractive, potential
and technically feasible option for new ships that are being built to comply with air pollution
regulations. The aim of the work was to analyze the prospects for the use of LNG as a marine fuel. The
set task was achieved by studying the current state of LNG shipping, analyzing the advantages and
disadvantages of different types of fuels, and studying the dominant segments of LNG ships. The
implementation of LNG on board ships is carried out along with the development of LNG-powered
engines, their control and protection systems, fuel tanks, gas supply systems and infrastructure. The
object of the study is the prospects for using LNG as an alternative type of fuel in shipping. The most
important result is the conclusion that LNG has significant potential as an alternative to traditional
types of fuel in shipping, but requires the development of appropriate infrastructure.

Key words: LNG, marine fuel, emissions, environmental friendliness, sustainable development,
engines.

Introduction. In light of the global drive for economic decarbonization, the water transport sector is
preparing for a transition to new technologies and energy sources, which will have a significant impact
on costs, asset values and profitability. Shipowners are already feeling increased pressure to reduce
greenhouse gas emissions from their activities. Over the next decade, decarbonization in shipping will
be driven by three key factors: regulations and policies, access to investors and capital, and expectations
from shippers and consumers [1-3].

The International Maritime Organization is developing greenhouse gas emission reduction policies
for international shipping. The first regulations, in particular the Existing Vessel Energy Efficiency
Index and the Carbon Intensity Indicator, will come into force on January 1, 2023. One of the goals of
this activity is to achieve a reduction in the carbon intensity of all ships by 40% by 2030 compared to
2008 levels [4, 5].

The use of alternative fuels and renewable energy has the greatest potential for reducing greenhouse
gas emissions. All alternative fuels for water transport face difficulties and barriers to their use, although
the complexity of overcoming these barriers will differ for different types of fuels. Typical key barriers
include the high cost of required machinery and equipment, on-board fuel storage systems, the need for
additional storage space, low technical maturity, high fuel prices, limited fuel availability, lack of global
bunkering infrastructure, and safety issues including flammability and explosiveness of fuels. As of June
2021, only 0.5% of ships worldwide used alternative fuels, but 11.8% of orders in 2021 were for ships
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running on alternative fuels. Of these, 6.1% of orders were for LNG-powered ships, 3.8% for electric
battery-powered, 1.5% for LPG, 0.3% for methanol, 0.06% for hydrogen and 0.02% for ammonia [6,
7].

Analysis of recent research and problem statement. In recent years, among the alternative fuels
for water transport, liquefied natural gas (LNG) has gained the most distribution. The key environmental
benefit of LNG is reduced SOx, particulate matter, NOx and CO2 emissions compared to traditional
petroleum products.

Methanol is a good substitute for gasoline, used in blended fuels, and can also provide good
performance in diesel engines. To use methanol in diesel engines, a small amount of diesel fuel must be
injected along with the methanol or an ignition enhancer must be used. Since methanol contains no
sulfur, NOx emissions are formed in small quantities during combustion, and particulate emissions are
absent, this fuel is considered promising for water transport. However, the toxicity of methyl alcohol
should be emphasized.

104
627 [l Scrubber

B Methanol
811 Hydrogen
BLNG

B LNG ready

[ Batteries

mLPG
Fig. 1. Number of ships in operation and on order by alternative fuel types and scrubber usage

The purpose and tasks of the study. Ammonia is of considerable interest as a potential zero-carbon
fuel for transportation. Compared to the marine fuel MGO, the energy content by mass of liquid
ammonia is less than half and by volume is about 30%. Ammonia can be used as a marine fuel in both
internal combustion engines and fuel cells. Due to its high autoignition temperature, ammonia requires
a higher compression ratio (35:1 and higher) than typical diesel engines (16-23:1). Such an engine is
difficult to design, and therefore additional fuel with a lower autoignition temperature needs to be used
to ensure more stable combustion. Hydrogen is a colorless, odorless, non-toxic gas. For shipboard use
it can be stored cryogenically liquefied, compressed, or chemically bonded. Hydrogen can be liquefied
at temperatures down to minus 240°C by increasing the pressure to the "critical" point of 13 bar. The
energy density per mass of hydrogen, taking into account the lower heating value of 120 MJ/kg, is
approximately three times higher than the energy density of fuel oil. At the same time, the volumetric
density of liquefied hydrogen (71 kg/m3) is only 7% of the figure for fuel oil. This results in an
approximately fivefold increase in volume compared to the same amount of energy stored in fuel oil.
When storing hydrogen as compressed gas, its volume is approximately 10-15 times (depending on the
pressure) higher than the volume of the same amount of energy in fuel oil. The distribution and
bunkering infrastructure for hydrogen in water transport is still absent.

From vegetable oil raw materials, three main types of biofuels are produced: straight (i.e. untreated)
vegetable oil (SVO), biodiesel (FAME) and renewable diesel fuel (HVO), which are used as substitutes
for diesel fuel or as component of blended fuels. SVO, FAME and HVO production technologies are
proven and commercially available. Theoretically, it is possible to use marine diesel engines on 100%
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biodiesel fuel, but this requires certain engine settings and certification, so more often FAME is used in
blended fuels.

Based on the results of a comparative analysis and assessment, the following alternative fuels are
considered the most promising for Ukraine's water transport: biomethane, which can be used in
compressed or liquefied form; biodiesel (FAME) and hydrotreated vegetable oil (HVO); liquefied
natural gas, as well as the use of electric power units with battery packs.

This work differs in that an analysis of alternative fuels was carried out, the main LNG ship segments
were studied, on the basis of which some important conclusions can be drawn. LNG-fueled ships
represent a growing market, driven by strict air pollution regulations; widespread development of LNG
engines, fuel tanks and gas supply systems; and future LNG infrastructure projects. Indeed, significant
LNG market growth is expected over the next decade, although external factors like LNG price and
availability could impact it. Today, the main segments dominating the LNG fleet are car/passenger
ferries, PSVs, harbor tugs, LNG carriers and container ships. The paper identifies several general points
for LNG-powered ships, these findings can be used as a basis for further development for other ship

types.

Table 1. Characteristics of traditional and alternative fuels for water transport

Characteristics Df'llee I LNG Methane | Methanol LPG | Hydrogen
CnH1,8n; CnHm; CsHg Ta
Molecular formula Ce-Cao 90-99% CH. CH4 CH3;0H CaHio H2
Carbon content, wt.% 86,88 near 75 74,84 37,49
Density at 160C, kg/m? 833...881 | 431...4641) | 422,51) 794,6 505 0,08
Boiling point at
101.3 xPa, °C? 163...399 -160 (-161) -161,5 64,5 -42 -253
Lower heating value, MJ/kg 42,5 49 50 20 47 120
Lower heating value, GJ/m3 35 22 16
Autoignition temperature, °C 257 580 537 464 457 585
Flash point, °C 52...96 -136 11 -60
Cetane number >40 0 5
L o

;'f‘mmab'"ty limits, vol.%1in | 1 o 5o | 42..160 | 14..7.6 |672..365 | 2,1..96 | 4...59
Solubility in water No No Complete

varies,
Sulfur content, % <0,5 oro < 0,06 0 0

<0,1

Liquefied petroleum gas (LPG) is a mixture of saturated hydrocarbons: propane C3H8 and butane
C4H10, whose molecules consist of hydrogen and carbon atoms [8]. LPG has two sources:
approximately 60% is extracted during the production of natural gas and oil from the ground, while the
other 40% is formed during the refining of crude oil.

Natural gas contains 90% methane CH4. The remaining 10% consist of 5% propane and 5% other
gases, including butane. During the processing of crude oil, liquefied hydrocarbon gas is separated in
the upper part of distillation columns during technological operations. LPG makes up 2 to 3% of all
resulting products, meaning one ton of processed crude oil yields 20 to 30 kg of LPG.
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LPG is gaseous at normal temperature (15°C) and atmospheric pressure (1013 mbar), and liquefies
at low pressure: 1.7 bar for butane, 7 bar for propane. Their boiling temperatures are: 0°C for butane, -
44°C for propane, — 25°C for liquefied petroleum gas. One liter of liquid butane releases 239 liters of
gas (at 15°C - 1 bar); one liter of liquid propane releases 311 liters of gas (at 15°C - 1 bar).

The LPG components have high and constant calorific value. Butane provides a lower gross calorific
value (PCI) of 12.66 kWh per kg, propane PCl is 12.78 kWh per kg. Given their high superior calorific
power (SCP), butane and propane have 13.7 kWh and 13.8 kWh per kg respectively.

Advantages:

Energy density: LPG contains a high energy density, which means that less gas volume is needed to
obtain more energy. This facilitates transportation and storage.

Versatility: LPG can be used for various purposes, including heating, cooking, powering vehicles
and generating electricity. Ease of storage and transportation: LPG can be easily compressed to reduce
volume, making it convenient to store and transport in liquid form.

Disadvantages:

High freezing temperatures: LPG can freeze at low temperatures, which can cause problems in cold
climates. Oil dependence: LPG is produced from oil, so its prices may be subject to fluctuations in global
oil markets.

The advantage of LPG is non-toxicity, no corrosiveness, high octane number (102-108). LPG burns
much cleaner than gasoline or diesel.

Liquefied natural gas (LNG) is a form of natural gas that has been cooled to very low temperatures
- minus 162 degrees Celsius at which it becomes liquid. The liquefaction process takes place in several
stages and is quite costly. In vapor phase, natural gas has about three times less calorific value than
propane.

LPG is transported under pressure of 10-15 atmospheres. LNG is used in vehicles at a pressure of
200-250 atmospheres. Due to the pressure difference, different cylinders are needed for storage. For
LPG, a metal cylinder with a wall thickness of 4-5 mm is sufficient, while for LNG much thicker
cylinders with low thermal conductivity are needed.

Advantages:

Environmental friendliness: Liquefied natural gas is considered more environmentally friendly as its
combustion produces less carbon dioxide and other pollutants compared to other fuels.

Disadvantages:

Specialist infrastructure needed: Storing and transporting LNG requires specialist infrastructure such
as gas liquefaction terminals and tankers.

High infrastructure costs: Constructing and maintaining infrastructure for LNG production, storage
and transportation can require significant expenditure.

The above factors make LPG a more promising fuel type for internal combustion engines.

Materials and methods of research. More than 90% of the world's goods by mass and volume are
transported by sea [2]. The water transport sector is expected to continue developing in the coming years
thanks to investments in the shipbuilding industry and inland waterways in many countries. Diesel
engines are the most popular in this sector. According to 2015 WLPGA data, they were installed on
70% of marine vehicles. However, as environmental fuel requirements tighten, maritime transport
owners and operators will be forced to seek a more environmentally friendly alternative to fuel oil and
other traditional fuels.

To date, LPG is the most common alternative motor fuel in the world [3, 9]. Despite this, propane-
butane still cannot gain a foothold in the marine fuel market. Currently, LPG as a bunker fuel is used by
recreational and fishing vessels mainly in the US, Chile, Germany, Italy, Spain, UK, Turkey, Northern
European countries, as well as in Indonesia. At the same time, there are no large ships worldwide using
liquefied gas as motor fuel. The vast majority of tankers are equipped with diesel engines, with natural
gas being promoted as an alternative - LNG or CNG.

At the same time, this situation seems a bit illogical. If LPG has become the most popular alternative
fuel in the automotive sector, then why can't it occupy the same niche in the water transport sector?

24



e-ISSN 2617-9059 Transport Systems and Technologies, 43, 2024

Especially since the International Maritime Organization (IMO) is tightening requirements for ship fuel
quality from 2020. The maximum allowable sulfur content will be reduced from the current 3.5% to
0.5%. In addition, stricter environmental standards are already in effect off the coast of North America
and in northern Europe — in the North Sea and the Baltic Sea — allowing no more than 0.1% sulfur in
fuel oil. It is possible that in a few years, environmental standards for marine fuels will be further
tightened, as it happened with gasoline and diesel fuel worldwide.

There is a growing realization in the maritime transport sector that the era of cheap and dirty fuel oil
must end and be replaced by a more environmentally friendly fuel. The only question is how quickly
this will happen. Against this background, ships using LNG as fuel began to emerge globally. Currently,
natural gas is considered the main fuel oil alternative. There are already over a hundred ships running
on this type of fuel worldwide, with about a hundred more under construction.

However, the World LPG Association (WLPGA) believes that propane-butane is more attractive for
maritime transport than LNG. As the organization's report emphasizes, the transition of ships to LPG
requires lower investment costs and, accordingly, has shorter payback periods. Moreover, propane-
butane prices are less volatile. Propane-butane, which has proven itself well among motorists, certainly
has a number of advantages over its competitors.

Firstly, LPG is an affordable fuel. Its global consumption is still below production volumes.
According to WLPGA estimates, the surplus ranges from 15 million to 27 million tons per year. Falling
liquefied gas prices in North America caused by the shale revolution are also an important factor that
could influence the spread of LPG as a marine fuel.

Indeed, there are no problems with supplies of liquefied gas globally. According to WLPGA, world
production of this fuel type in 2015 amounted to 284 million tons, which is equivalent in energy content
to approximately 310 million tons of oil. At the same time, global LPG production is growing by about
2% annually. For comparison: fuel consumption in the maritime sector in 2010-2012 was estimated by
the International Maritime Organization at 307 million tons. Liquefied gas production is growing fastest
in North America and the Middle East. It is important to note that the US, as a result of increased
hydrocarbon production from shale, became a net exporter of LPG back in 2012. As noted in the annual
report of the large LPG carrier BW Group, LPG production in the US in 2016 amounted to 76.5 million
tons (+1.8% over the previous year), while consumption was 54.3 million tons (-1 .5% compared to the
previous year). Thus, the propane-butane surplus in the country is about 22 million tons per year.

Secondly, the LPG market has existed for a long time and there is no lack of infrastructure for
transporting and storing this type of fuel worldwide, which cannot be said about LNG. In fact, around
the world there are storage facilities, export terminals and refineries equipped with loading/unloading
equipment for LPG tankers.

Liquefied gas exports from the US continue to grow as the country produces more product than it
consumes. Over the next 10 years, according to forecasts by leading world analysts, the United States
will become the world leader in oil production. This means that supplies of LPG to the world market
will also grow. As a result of production growth, prices for the product in North America have fallen
significantly, and this trend may continue, which is beneficial for consumers. The increase in
hydrocarbon production in the US in the medium term will restrain world LPG prices, since American
liquefied gas is already supplied to major consumers in Asia. After the Panama Canal was reconstructed
in 2016, doubling its capacity, it has become even easier and more convenient to supply resources from
the Gulf of Mexico to Asia.

According to BW Group, there are currently 244 large-capacity vessels for transporting LPG in
refrigerated form (usually at -50°C) with a capacity of about 80 thousand m3 of gas (about 42 thousand
tons) in the world. Tankers carrying semi-refrigerated LPG (at -10°C) usually have a capacity of 6 to 12
thousand m3, while propane-butane transported under pressure (about 17 atm) is usually transported in
small batches - from 1 to 3 thousand m3. The way of storage is one of the advantages of LPG compared
to LNG: it can be stored on board as a non-cryogenic liquid. Moreover, transportation and storage of
propane and butane is cheaper since they do not require such low temperatures as LNG, which must be
kept at -162° in cryogenic tanks.
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Some marine operators and shipbuilders are already considering the possibility of creating and using
LPG-powered tankers as the primary fuel. Moreover, there are no technical obstacles to using LPG for
ships of various sizes - from ocean liners to small boats.

Most likely, large vessels using LPG as the primary fuel will soon appear on the water, as the relevant
technologies are evolving. For example, last year in Tokyo, the design of the new LPG carrier LPGreen
was presented, developed by a consortium of companies including Hyundai Heavy Industries (HHI),
Wirtsild Oil & Gas and DNV GL. Its creators sought to design an energy efficient, environmentally
friendly vessel for transporting liquefied gas. And reportedly, they succeeded. Fuel cost savings for the
LPGreen tanker, which will run on propane-butane, could reach up to 30%.

In addition, in May last year, GE Marine Solutions announced the development of the world's first
ferry that will use LPG as its primary fuel. The vessel is intended for the Korean market. A consortium
of companies has been working on its creation, in particular Youngung Global, DINTEC, Korea Industry
Association, GE Marine Solutions and Far East Ship Design & Engineering Co. It was reported that the
LPG ferry is being created both for economic benefits and for improving the environment through low
fuel prices and low sulfur oxide emissions.

Recently, vehicle models with electric motors powered by a battery have also begun to emerge,
however they use LPG as a source for generating electricity. Riding the wave of fighting air pollution
that is gradually engulfing Europe, manufacturers have seen prospects in such hybrids, since "clean"
electric vehicles still either have insufficient range per charge, or cost too much. For example, electric
trucks have been created in the Netherlands that use LPG to generate electricity and increase range. This
involves using an ordinary and perhaps somewhat simplified internal combustion engine that burns gas
and charges batteries with electricity.

The same technology can also be used on ships. Its main advantages are low noise levels, as well as
fuel cost savings. Quiet electric motors could first be used by military ships, survey ships, cruise ships,
etc. As noted in the WLPGA report, ships that mainly move at low speed, with a hybrid engine system,
could use 30-35% less fuel than those equipped with traditional internal combustion engines.

In addition, LPG can become the optimal fuel for use in nature reserves as an alternative to traditional
types that emit much more exhaust gases. Besides, gasoline and diesel fuel pollute water bodies through
fuel spills during refueling, which is excluded when using gas.

Maritime transport is an international industry, as over 80 percent of world trade according to IMO
data is carried by ships [10, 11]. Although shipping is the most efficient and reliable means of
international transport, it emits several gases and particles into the atmosphere, the most important of
which are CO2, NOX and SOX. According to the third greenhouse gas study (IMO, 2014), in 2012
international shipping emitted 796 million tons of CO2, 18.6 million tons of NOX, and 10.6 million tons
of SOX. This accounts for approximately 2.2%, 13% and 12% of global emissions of these gases,
respectively.

Today LNG as a marine fuel is an available and potential solution for compliance with future air
pollution requirements. In addition, the use of LNG to power ship engines is an attractive commercial
solution for both new LNG-powered ships and existing ships. There are three main factors that make
LNG a real alternative. Firstly, LNG as a marine fuel completely eliminates SOX emissions, reduces
NOX emissions by up to 90%, and also minimizes CO2 emissions by about 20%. Secondly, there are a
significant number of ships in the shipping industry that use LNG as fuel, as LNG carriers have been
using it for several years. LNG carriers use the natural boil-off of LNG stored in their cargo tanks to
power their engines. Finally, LNG as a marine fuel is commercially attractive due to its worldwide
availability, as LNG stocks will be able to meet marine industry LNG demand in the coming years, as
well as its low price compared to the main marine fuel used on board ships. Although it is the low price
of natural gas and LNG compared to high sulfur marine fuels, including HFO or IFO, and low sulfur
distillates (MDO and MGO) in some markets that makes LNG attractive as a marine fuel. Today in the
United States (USA) and Europe (EU) the price of natural gas is much lower than high sulfur fuel oil
and low sulfur distillates, while in Asia the price of LNG is higher than high sulfur fuel oil but lower
than low distillates sulfur. However, it should be taken into account that natural gas requires
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infrastructure, as it needs to be liquefied, stored and supplied to ships. For this reason, the low price of
natural gas may not translate into a low price for LNG.

However, LNG as a marine fuel faces several challenges: the development of LNG-fueled engines,
LNG handling and storage equipment on board, and LNG bunkering infrastructure. Liquefied natural
gas engines have already been used on LNG ships but not on other ship types such as ferries,
containerships and naval vessels. As a result, engine manufacturers have started developing dual-fuel
(DF) engines capable of burning both diesel fuel and LNG. Secondly, LNG needs to be stored at a very
low temperature during voyages, for this reason, fuel tanks, pipes and conveying systems must be fitted
with insulating alloys capable of keeping LNG at the proper temperature (-162°C). Finally, port facilities
for the production, storage and fueling of bunkering stations or vessels are required to reliably and
efficiently supply LNG-fueled ships.

LNG-fueled ships are mainly equipped with two types of engines: lean-burn gas engines and dual-
fuel engines [12]. Lean-burn gas engines comply with IMO Tier 111 regulations while dual-fuel engines
comply with IMO Tier 1l regulations when operating in liquid fuel mode and IMO Tier Il regulations
when operating in gas mode. Currently, the main manufacturers of LNG engines are Wartsild, Rolls
Royce and MAN, which offer a wide selection of engine designs across all power ranges.

Lean-Burn Gas Engines

Lean-burn gas engines are designed to run on LNG only and operate on the Otto lean burn principle
[13]. Lean-burn gas engines are fueled with natural gas through a Gas Valve Unit (GVVU) which filters
and controls the pressure of the natural gas. The cylinders of a gas engine are fed by separate pipes
connected to a main double pipe running along the engine. Gas engines run on a pre-mixed lean air-gas
mixture which is ignited in the pre-chamber by a spark plug. The air-gas mixture contains more air than
required, resulting in a lower combustion temperature, hence NOx emissions are reduced and efficiency
is increased due to higher compression ratios and optimized injection timing.

The air-gas mixture is injected at low pressure (4-5 bar) and is generated outside the cylinder behind
the turbocharger. Gas can be supplied directly from LNG fuel tanks under pressure as lean-burn gas
engines are low-pressure engines.

In addition, propulsion systems using lean-burn gas engines have two applications: mechanical and
electric. In a mechanical scheme, the lean-burn gas engine provides propulsive power to the propellers
through gearboxes and shaft lines, while in an electric scheme, generator sets driven by the lean-burn
gas engine supply electric motors with electric power to propel the propellers.

Rolls Royce € ocHoBHum BupoOHHKOM Rolls Royce is the main manufacturer of lean-burn gas
engines and has developed a wide range of LNG-fueled propulsion systems with a power range from
1400 to 9400 kW. Rolls Royce lean-burn gas engines operate at medium speeds and are characterized
by high efficiency, low operating costs and improved environmental performance resulting in very low
emission levels. In addition, Rolls Royce gas engines have high tolerance for gas quality and reduce
noise, lube oil consumption and maintenance costs. Rolls Royce has developed two series of lean-burn
gas engines, Bergen B and C. The Bergen B series are engines designed for large ferries and Roll On-
Roll Off (Ro-Ro0) vessels and provide output power from 3500 to 7700 kW. In addition, the Bergen C
series is intended for tugs, small ferries and cargo ships and provides output power from 1460 to 2430
kW. Both engine series are available in mechanical and electric versions.

Dual Fuel (DF) Engines

DF engines are designed to operate on both LNG and liquid fuel such as MDO or HFO [14]. DF
engines operate on the lean burn Otto principle in gas mode and according to the normal diesel cycle in
diesel mode. DF engines operating in gas mode are fueled with natural gas through a GVU which filters
and regulates the pressure of the natural gas. The cylinders of the engine are fed by separate pipes
connected to a main double pipe running along the engine. When operating in gas mode, DF engines are
charged with a pre-mixed lean air-gas mixture which reduces peak combustion temperatures and NOXx
emissions as the air-gas mixture contains more air than required. The air-gas mixture is fed into the
cylinder during the intake stroke and is ignited by a small amount of diesel injected into the combustion
chamber at the end of the compression stroke, as the self-ignition temperature of the air-gas mixture is
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too high to be achieved by cylinder compression. In four-stroke engines, the air-gas mixture is injected
at low pressure (4-5 bar) and is generated outside the cylinder behind the turbocharger. As four-stroke
engines are low-pressure engines, natural gas can be supplied directly from LNG fuel tanks under
pressure. To ensure minimum NOx emissions, the amount of diesel fuel injected at the end of the
compression stroke is very small, usually less than 1% of the total fuel consumption. DF engines utilize
micro-pilot injection and an engine speed and load monitoring and control system to optimize
combustion.

When DF engines operate in diesel mode, diesel fuel is injected into the combustion chamber at high
pressure directly before top dead center. Meanwhile, gas supply is switched off although the micro pilot
is activated to ensure reliable pilot ignition when the engine shifts from diesel to gas mode.

DF engines easily switch between modes during operation. Switching from gas to diesel mode takes
less than one second and does not affect engine load and speed. In case of LNG supply loss or engine
component failure, the transition from gas to diesel mode occurs instantly and automatically. The
transition from diesel to gas mode is a gradual process, the supply of diesel fuel is slowly reduced while
the amount of natural gas is increased. However, shifting from diesel to gas mode minimally impacts
engine load and speed. Although switching between LNG and MDO or vice versa does not require
engine modification, switching between LNG and HFO requires minor engine modifications.

MAN is a major DF engine manufacturer although it has developed two-stroke DF engines that
slightly differ from four-stroke DF engines. MAN DF engines operate at high pressure, hence they
compress air, initiate combustion stroke by injecting fuel oil and inject natural gas into the air-fuel
mixture. For this reason, natural gas pressure needs to be high (300 bar) and MAN two-stroke DF
engines utilize pumps to boost LNG pressure. MAN DF engines can operate in three different fuel
modes: fuel oil only mode, minimum fuel mode and set gas mode. Fuel oil only mode DF engines run
on fuel oil only. When operating in minimum fuel mode, DF engines require pilot fuel and natural gas
injection into the combustion chamber. The minimum amount of pilot fuel ranges from 5-8% of the total
fuel consumption when the engine operates with load from 30% to 100%, and it can use either HFO or
MDO as pilot fuel. At engine loads below 30%, stable combustion of natural gas and pilot fuel is not
guaranteed. As a result, the engine switches from minimum fuel mode to fuel oil only mode. Finally, set
gas mode DF engines allow operators to inject a set amount of natural gas.

In addition, DF engines are mainly represented by two propulsion system schemes: mechanical DF
engines and electric DF engines. On the one hand, DF-mechanical engines provide propulsive power to
propellers through a gearbox and shaft. On the other hand, electric DF engines supply electric motors
with electric power to propel the propellers.

Wartsild is a major DF engine manufacturer and has developed a wide range of LNG-fueled
propulsion systems with a power range from 0.9 to 18.3 MW. Wirtsild DF engines operate at speeds
ranging from 500 to 1200 rpm and feature fuel flexibility, low exhaust emissions and application
flexibility as DF engines can operate either at constant speed as generator sets or at variable speed as
mechanical drives. In addition, Wirtsild DF engines utilize proven and reliable DF technology, an
integrated mode switching automation system and provide fuel savings at any engine load. Wirtsil4 has
developed four DF engine series: Wirtsild 20DF, Wartsild 34DF, Wartsilda 46DF and Wirtsild 50DF.
The Wirtsilda 20DF is intended for tugs and small cargo vessels and ferries operating as a tug but it is
also suitable for a wide range of vessels when operating as a generating set. It provides an output power
from 0.9 to 1.6 MW. Secondly, the Wirtsild 34DF is suitable for a wide range of vessels both as a main
engine or generating set. It provides an output power from 2.8 to 8.0 MW. Thirdly, the Wartsild 46DF
is designed to operate as either a DF-mechanical or DF-electric engine and provides an output power
from 6.2 to 18.3 MW. Finally, the Wirtsild 50DF is intended for large LNG carriers and ferries when
operating as the prime mover. It provides an output power from 5.7 to 17.5 MW.

LNG Fuel Tanks and Gas Supply Systems

Due to increasingly stringent air pollution regulations, shipowners started ordering newbuilds and
retrofitting their current fleet with LNG-fueled engines as LNG as a marine fuel is considered an
available and feasible solution complying with international ship emission restrictions [15]. LNG-fueled
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engines require a gas fuel supply system and LNG fuel tanks storing the LNG needed to feed them
throughout the entire voyage. However, LNG fuel tanks pose some challenges. First of all, LNG fuel
tanks require more space compared to HFO storage tanks, in particular they are approximately 2.5 times
bigger than HFO tanks. In addition, LNG fuel tanks need to maintain the very low temperature of LNG
(-162°C) and minimize boil-off to avoid pressure build-up and as a consequence, they are fitted with
insulation measures that also increase tank size.

LNG engine manufacturers have also started developing LNG storage and conveyance systems
onboard ships that can supply their engines. Several LNG fuel tank and gas fuel supply system options
are available depending on ship size and engine type. According to ship size, large vessels can be fitted
with three different tank types although different tank options onboard large vessels require further
optimization. On the other hand, small vessels are fitted with Type C vacuum insulated tanks. In
addition, gas fuel supply systems differ depending on the working pressure of engines, low pressure
engines and high pressure engines. LNG fuel tanks are designed according to the International Code for
the Construction and Equipment of Ships Carrying Liquefied Gases in Bulk (IGC code). Moreover, IMO
guidelines define the tank types allowed for storing LNG, namely type A, B and C tanks.

On the other hand, small LNG-fueled vessels are fitted with shop fabricated Type C vacuum insulated
cryogenic tanks.

The main purpose of gas fuel supply systems is the safe handling of LNG and natural gas onboard
ships. This is why the entire LNG supply chain, from shore bunkering stations to engine gas valves,
needs to be properly integrated. The design of gas fuel supply systems varies depending on the working
pressure of engines. LNG-fueled engine manufacturers have developed two gas fuel supply schemes:
one for low pressure engines and another one for high pressure engines. Nevertheless, both gas supply
schemes are quite similar in their mode of operation.

On the one hand, gas fuel supply systems for low pressure engines consist of a Pressure Build Up
unit (PBU), a product vaporizer, GVU and a control system. Low pressure engines need to be fueled
with natural gas at a pressure of 4-5 bar, hence LNG has to be stored at the proper pressure and
vaporized. First of all, LNG from shore terminal or LNG bunker vessel is fed through a ship bunker
station containing one bunker line, one return line and one nitrogen purging line, all fitted with adequate
pressure relief valves. LNG circulates through vacuum insulated lines from the bunker station to the
LNG cryogenic fuel tank where it is stored at around 5 bar pressure. Then LNG flows to the PBU whose
purpose is to boost storage tank pressure after bunkering and maintain required storage tank pressure.
Low pressure engines can achieve maximum power when tank pressure is kept at the required level (5
bar). Furthermore, gas inlet pressure requirements to the engine are met by keeping proper LNG fuel
tank pressure since gas fuel supply system is not equipped with cryogenic pumps or compressors.
Additionally, LNG flows out of the bottom of the tank into the PBU owing to pressure difference
between top and bottom of the tank, then returns to the tank through its top. The natural circulation of
LNG between storage tank and PBU ceases once required pressure in tank is achieved. Afterwards LNG
is fed to the product vaporizer where it gets converted to natural gas and heated up to at least 0°C
depending on engine requirements. Both PBU and product vaporizer utilize engine cooling water system
hot water as heat source to boost tank pressure and vaporize LNG accordingly. Finally, natural gas enters
the GVU which regulates natural gas pressure according to engine load and ensures safe disconnection
of gas fuel supply system. The GVU is located between LNG handling system and LNG-fueled engine
and placed inside hull to allow installation in same engine room reducing complexity and installation
costs.

On the other hand, gas fuel supply systems for high pressure engines consist of a high pressure LNG
pump, pump control system, heat exchanger and buffer tank system. High pressure engines need to be
fueled with natural gas at 250-300 bar pressure, hence LNG has to be pressurized and vaporized. The
high pressure pump is fed LNG stored in LNG cryogenic fuel tank by means of a pump located in the
tank, and is utilized to boost LNG pressure to 200-300 bar and circulate pressurized LNG through a heat
exchanger (LNG vaporizer). The heat exchanger utilizes engine cooling water system hot water as heat
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source to vaporize LNG. Then pressurized natural gas is conveyed to the buffer tank system (natural gas
accumulator) where it is stored to feed the engine at a constant natural gas flow rate and pressure.

In essence, the gas fuel supply system stores LNG, converts LNG to natural gas and supplies engines
with natural gas under ideal and stable conditions, and it is characterized by enhanced safety and
reliability. The main advantages of a compact gas fuel supply system are efficient space utilization,
fewer interfaces, reduced capital and operating costs and maximum increase in LNG storage space.
Additionally, gas fuel supply system designs offer different configurations allowing installation of
several tanks and GVUs depending on ship requirements.

LNG Infrastructure

LNG marine trade constitutes an important segment in global shipping as LNG has been transported
as cargo for many years and currently large LNG volumes are transported by LNG carriers [16]. LNG
exports from liquefaction and production plants to import terminals supplying local pipeline gas
distribution LNG system by LNG carriers is a well-established sector with pricing mechanisms, fixed
contract models and proven technology and operations. Additionally, it is regarded as one of the safest
segments in the shipping industry. On the other hand, small scale re-export of LNG intended for
supplying LNG-fueled vessels from large export or import terminals is not currently a well-oiled sector,
although it appears to be an emerging sector owing to recent air pollution regulations reinforcing ship
emission limits [17].

Nowadays LNG infrastructure faces two main challenges hindering it from becoming a consolidated
market. Firstly, LNG infrastructures require massive investments owing to their high complexity level
and necessity to comply with safety standards. The return on investment (ROI) for such infrastructures
ranges from years to decades while charter agreements between ship owners and charterers span over a
time period of months or in some cases years. As a result, this amortization uncertainty impacts
infrastructure development. Secondly, prices for HFO used for conventional bunkering are most updated
online while only LNG prices at export and import terminals rather than LNG as marine fuel prices are
available online. Due to these reasons a well-established small scale LNG sector will develop once these
challenges are overcome.

LNG bunkering facilities refer to all installations required for supplying ships with fuel, in this case
LNG, at port and include all elements across LNG value chain. Additionally, key drivers for developing
LNG bunkering infrastructure are the following:

¢ Availability of LNG
Reliable and safe logistic concepts
Established legislation and regulatory framework
Favorable investment climate and tax regime
Required competencies, know-how and skills
Public acceptance.

Additionally, LNG bunkering facilities need to ensure safety at all times through: planning, design
and operation; safety management; and risk assessments.

Speaking of global LNG infrastructure, five areas can be highlighted: Canada, US, EU, Middle East
and Far East. Canada and US are major LNG exporters although they also have a growing demand for
LNG as marine fuel. The Middle East is an LNG producer and supplier of LNG as marine fuel. The Far
East is a major LNG consumer and could also become an LNG as marine fuel supplier. Finally, the EU
is divided into three geographical zones: Northern Europe, Central Europe and Southern Europe.
Northern Europe corresponds to European ECA where SOX emissions are limited to 0.1% and hence it
is the main driver for LNG as marine fuel usage. In Central Europe, the main driver for LNG as marine
fuel usage is reducing NOX emissions from inland navigation vessels. In Southern Europe, LNG bunker
capacities could potentially supply vessels sailing the Mediterranean since LNG is available at many
import terminals [18, 19].

Examples of using liquefied gas engines demonstrate various applications and advantages within
different contexts.

Car/Passenger Ferries
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Ferries are designed for transporting passengers and their vehicles, typically on fixed routes across
coastal waters such as the Baltic Sea, North Sea, North America and Caribbean Sea United States.
Supplying this type of vessels with LNG as marine fuel appears as a feasible option for operational,
regulatory and economic reasons (IMO, 2016a). LNG-fueled ferries represent the largest LNG-fueled
fleet segment as by March 2016 there were 26 LNG-fueled ferries and 12 LPG-fueled ferries in
operation. One of the most popular LNG-fueled ferries is Viking Grace as it is the largest LNG-fueled
passenger vessel (Wartsild). The Viking Grace is a combined ro-ro and passenger ferry powered by
LNG. The ferry was built at STX Turku shipyard (Finland) and was delivered in January 2013. It is
operated by Viking Line on a trans-Baltic route between Turku in southwest Finland and Stockholm in
Sweden.

Viking Grace is manned by a 200 crew members and has a passenger capacity of 2800 with a total
number of 880 cabins. It has a car deck capacity of 1275 lanemeter plus 500 lanemeter on deck 4 and
500 lanemeter on deck 5 for cars. Additionally, the hull was strengthened and hydro-dynamically
optimized based on 1A Super ice class to be able to operate in ice waters during Baltic winter.

The vessel is supplied with LNG on a daily basis owing to limited LNG supply at Stockholm port.
LNG bunkering operations take place while the vessel is loading or unloading passengers and cargo,
and are conducted at sea via an LNG bunker barge, not hindering operational activity. An LNG
bunkering takes 45 minutes while loading and unloading takes one hour. Thus, LNG bunkering does not
delay vessel schedules. The RoPax ferry operates 21.5 hours a day over 300 days a year (6450 hours a
year) [20].

LNG is stored in two vacuum insulated stainless steel fuel tanks of 200 m3 capacity each. The
LNGPac system developed by Wirtsild consists of both the LNG fuel tanks and gas supply system. The
LNG storage tanks are located at the stern part of the vessel in an open space above the stern ramp. No
cargo space was lost owing to space occupied by tanks.

Platform Supply Vessels (PSV)

PSVs are designed for supplying offshore oil rigs with provisions, household goods and spare parts
[21]. Depending on their area of operation, this type of vessels may navigate within an ECA. A
significant number of PSVs currently operate in the North Sea and since it is an ECA, they are supplied
with LNG as marine fuel (IMO, 2016a). LNG-fueled PSVs represent an important LNG-fueled fleet
segment as by March 2016 there were 18 LNG-fueled PSVs and 8 LPG-fueled PSVs. One of the most
relevant LNG-fueled PSV currently in operation is Viking Energy as it was the first LNG-fueled PSV.

The Viking Energy is an LNG-fueled platform supply vessel whose hull and superstructure were
built at Maritim Shipyard (Poland) then fitted out at Kleven Verft AS Ulsteinvik (Norway). The vessel
was delivered in April 2003 and chartered by Statoil for carrying deck cargo to oil and gas platforms in
the North Sea. The PSV is homeported in Haugesund (Norway).

Viking Energy’s propulsion system is designed based on DF-electric concept. The PSV is fitted with
four 6-cylinder Wirtsila 6L.32DF engines with an output power of 2010 kW each (total output power
8040 kW). The four Wirtsild engines drive four main generator sets feeding two contra-rotating aft
thrusters of 3000 kW each (total propulsive power 6000 kW) and other services with electric power.

Additionally, Viking Energy is fitted with two 1000 kW bow thrusters, one 880 kW retractable
azimuth thruster and one 116 kW emergency generator. The marine engines develop a service speed of
16 knots at full load condition and this type of power drives minimize noise and vibrations.

LNG is stored in a horizontal cylindrical tank with domed ends made of stainless steel consisting of
an inner and outer chamber insulating the LNG at -162°C. The storage tank is located amidships and
has an effective fuel capacity of 220 m3. Additionally, the tank is placed in a compartment protected
with fire insulation and gas lines and valves enclosed in ventilated enclosures (Wirtsilé, n.d.-C).

LNG Carriers.

LNG carriers are designed for transporting liquefied gases such as natural gas, petroleum gas and
ethylene among others [22]. LNG carriers utilize the natural boil-off of LNG stored in their cargo tanks
to power their steam turbines. However, new LNG carriers are fitted with DF engines allowing them to
operate on both LNG and other marine fuel. LNG-fueled LNG carriers represent a significant LNG-
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fueled fleet segment as by March 2016 there were 7 LNG-fueled LNG carriers and 12 LPG-fueled LNG
carriers in operation. The two most relevant LNG-fueled LNG carriers currently in operation are Coral
Energy, which was the first LNG-fueled LNG carrier fitted with DF engines; and Coral Star, which was
the first liquefied ethylene gas (LEG) carrier powered by LNG and fitted with DF engines.

The Coral Star is a LEG carrier fitted with DF-mechanical propulsion. The LNG carrier was built by
AVIC Dingheng Shipbuilding Co., Ltd. (China) and was delivered in July 2014. The vessel carries LEG
from SABIC Wilton plant at Teesside (UK) to manufacturing plants in Northwest Europe and
Scandinavia.

Coral Star’s propulsion system is designed based on DF-mechanical concept. The LNG carrier is
fitted with one 6-cylinder Wirtsild 61.34DF engine with an output power of 2700 kW at 750 rpm. The
main propulsion engine drives a CPP through a gearbox. Additionally, Coral Energy is fitted with a 450
kW bow thruster and two 6-cylinder Wirtsild 6L.20DF generating set engines with an output power of
1056 kW each driving generators. The vessel engine develops an average speed of 13.5 knots. LNG is
stored in two deck-mounted fuel tanks with an LNG capacity of 100 m3 each.

Containership.

Containerships are designed for transporting cargo packed into containers and are usually operated
in liner trade [6, 23]. This type of vessels has a wide choice of sizes ranging from small feeders to ultra
large container carriers and LNG-fueled containership designs have started to grow in LNG-fueled
vessel market. Nevertheless, LNG fuel tank size seems to be a major issue for large container carriers
due to loss of cargo space resulting from their larger size.

LNG-fueled containerships constitute a potential segment in LNG-fueled fleet as by March 2016
there were 2 LNG-fueled containerships and 13 LPG-fueled containerships in operation. One of the
most relevant LNG-fueled containerships is Isla Bella as it was the first LNG-fueled containership.

The Isla Bella is a DF-propelled LNG-fueled containership. The containership was built at General
Dynamics NASSCO (USA) along with sister-ship Perla del Caribe and was delivered in October 2015.
It is operated by Sea Star Line covering a route from Jacksonville (Florida) to San Juan (Puerto Rico).
Both vessels were built to cover this Puerto Rican trade lane and replace company vessels serving this
route. Isla Bella has a cargo capacity of 3100 twenty-foot equivalent units (TEUS) and its optimized
design allows increased cargo capacity compared to predecessor vessels. Additionally, the containership
is able to transport a large volume of refrigerated containers.

Isla Bella’s propulsion system is designed based on DF-mechanical concept. The containership is
fitted with one 8-cylinder MAN 8L70ME-C8.2-Gl engine with an output power of 25,191 kW at 104
rpm driving a propeller through a gearbox. Additionally, Isla Bella is fitted with three 1,740 kW HFJ7
638-10P auxiliary engines each. The vessel engine develops an average speed of 22.0 knots.

LNG is stored in two stainless steel cryogenic tanks with a total capacity of 900 m3 located at the
stern part of the vessel. Bunkering is conducted while the vessel carries out cargo operations and takes
place from shore through several LNG bunker barges.

After analyzing the main LNG-fueled vessel segments, some important conclusions can be drawn.
LNG-fueled ships represent a growing market, driven by strict air pollution regulations; widespread
development of LNG-fueled engines, fuel tanks and gas supply systems; and future LNG infrastructure
projects. Indeed, significant LNG market growth is expected over the next decade, although external
factors like LNG price and availability could impact it. Today, the main segments dominating the LNG-
fueled fleet are car/passenger ferries, PSVs, harbor tugs, LNG carriers and containerships. Comparing
the dominant LNG-fueled vessel segments highlights the following:

- Regardless of vessel type, LNG-fueled vessels operate in liner trade covering pre-agreed routes
and spend most of their time inside ECAS or shuttle between ports located in ECAs.

- Most LNG-fueled vessels (car/passenger ferries, PSVs, LNG carriers and containerships) are
fitted with DF engines allowing them to continue operation in case of LNG unavailability.

- Harbor tugs constitute a unique analyzed segment fitted with lean-burn gas engines as they only
operate in ports where LNG is available.
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- LNG-fueled vessels that shuttle short routes, have variable engine load and frequently port in and
out are designed according to DF-electric concept such as car/passenger ferries and PSVs.

- LNG-fueled vessels operating longer routes and constant engine load are designed according to
DF-mechanical concept such as LNG carriers and containerships.

- All analyzed LNG-fueled vessel segments are equipped with Type C vacuum insulated tanks,
with the exception of LNG carriers as they utilize LNG stored in their cargo tanks.

- Bunkering operations are usually conducted by trucks indicating that currently small LNG
volumes are transported to feed LNG-fueled engines.

- LNG bunkering operations take place concurrently with loading/unloading in order not to delay
vessel schedule and minimize port stay.

All vessel types are capable of using LNG but certain vessel segments have higher potential
depending on several features [23]. After analyzing them, several conclusions regarding LNG-fueled
vessel potential can be drawn. Firstly, LNG as a marine fuel is available for both new LNG-fueled
vessels and existing vessels although most LNG-fueled vessels are newbuilds since retrofitting existing
vessels requires massive investments and implies major modifications in engine room. Secondly,
domestic vessels and vessels serving SSS routes spend most of their time inside ECAs so ferries, tugs,
PSVs and containerships are more likely to fuel their engines with LNG. Thirdly, vessels operating in
areas where LNG infrastructure availability and LNG pricing lower than conventional marine fuel are
guaranteed constitute potential LNG consumers to feed their engines. Then vessels sailing a fixed route
with LNG bunkering facilities at homeport, ports of call or destination port are totally eligible for LNG
supply. Additionally, vessel segments like cruise liners, passenger vessels and PSVs which are
constrained to preserve green values or exploit sustainability bonuses require an environmentally
friendly solution to minimize emissions such as LNG as marine fuel. Finally, when assessing financial
viability of LNG-fueled vessels, equipment costs, operation time inside ECA and LNG pricing are taken
into consideration.

Opportunities Ahead:

Engines will continue getting cleaner and more efficient following the progress of automotive and
land-based industrial models.

The use of steam turbines, formerly preferred, is no longer popular for new builds owing to system
complexity and low efficiency. Even the LNG sector is looking for new engine schemes to eliminate the
need for outdated power stations. This leaves the competitive landscape wide open for diesel and gas
turbines. No one can accurately determine which method is superior, however gas turbines have more
advantages, yet the diesel engine is more reliable, with good maintainability characteristics.

Marine turbines use marine diesel fuel as fuel, and to take a step closer to the future, new fuel
resources need to be opted for ensuring a clean and efficient shipping industry. Liquefied gas, CNG and
hydrogen resources are candidates for this operation [24]. The shift towards using liquefied gas as a
marine fuel will start to gain momentum with the introduction of new environmental regulations and
expansion of bunkering capabilities.

Gaseous fuel will become the dominant fuel source for all trading vessels within 40 years The reason
for such growth is the stringent emission standards requiring reductions of sulphur oxides (SOX) and
nitrogen oxides (NOX). LPG/LNG, in addition, is becoming cheaper.

Conclusions and prospects for further work in this area. The final conclusions made in the paper
regarding the use of LNG/LPG as marine fuel are explained as follows:

Maritime transport faces an alarming situation regarding air pollution owing to high ship emission
levels provoking global atmospheric warming, environmental degradation, dense air pollution in cities
located near major harbors and serious health issues, among others.

Due to the projected increase in global maritime trade driven by world population growth, ship
emissions are expected to rise even further highlighting the need to develop a comprehensive regulatory
framework significantly curbing ship emissions.
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IMO along with other European bodies adopted regulations aimed at cutting ship emissions. These
requirements reduced CO2 emissions by around 20-30%, NOX emissions by 80% and SOX and PM
emissions by 95-98%.

LNG as marine fuel complies with current air pollution regulations, has been used onboard vessels
for decades and is lower priced compared to other marine fuels. However, insufficient availability of
LNG bunkering facilities distributed around high shipping activity areas and LNG price uncertainty in
the future are major drawbacks for the use of LNG as marine fuel.

Nowadays the use of LNG as marine fuel is a technically feasible solution since manufacturers have
designed and developed a wide range of liquefied natural gas fueled engines (lean-burn gas engines and
DF engines), Type C vacuum insulated tanks and gas supply systems.

Lack of LNG bunkering installations due to massive investments and LNG not being established in
the market yet hinders the use of LNG as shipping fuel in the maritime sector. Nevertheless, adoption
of new air pollution regulations has stimulated LNG infrastructure project proposals and planning.

Regulations for gas-fueled ships have been developed to provide clear guidance regarding design
and equipment of gas-fueled ships able to mitigate risks to ship, crew and environment.

Car/passenger ferries constitute the dominant LNG-fueled vessel segment followed by PSVs, LNG
carriers and harbor tugs. Additionally, containerships represent a potential LNG-fueled vessel segment.

Regardless of LNG-fueled vessel segment, LNG-fueled vessels operate on fixed routes and spend
most of their time inside ECAs or navigate between ports located within ECAs.

Most LNG-fueled vessels are fitted with DF engines. Indeed, propulsion systems of vessels with
variable engine load engaged in short routes (car/passenger ferries and PSVs) are designed based on
DF-electric concept while propulsion systems of vessels with steady engine load deployed on longer
routes (LNG carriers and containerships) are designed based on DF-mechanical concept.

LNG-fueled vessel potential relies mainly on features like: newbuilds, operation time inside ECA,
operational areas with LNG availability, LNG pricing, liner vessels and green profile. As a result,
according to key LNG-fueled vessel segments, car/passenger ferries navigating the North and Baltic
Seas have high potential for LNG utilization as marine fuel since their features match those mentioned
above.

Current air pollution regulations greatly minimize NOX, SOX and PM emissions from vessels even
though CO2 emissions are not sufficiently reduced and still constitute an environmental issue needing
to be addressed. Policy makers need to tackle this problem rigorously and introduce stringent mitigation
measures.

IMO along with MEPC will introduce measures aimed at enhancing ship energy efficiency and
reducing greenhouse gas emissions although these are not stringent mitigation measures. The overall
objective of these requirements is gathering and sharing reliable information on how to address ship
energy efficiency and GHG emissions issue.

State-of-the-art emission reduction technologies for improving ship energy efficiency and decreasing
greenhouse gas emissions do not totally diminish CO2 emissions, they just provide minor enhancements
for different ship areas and components resulting in slight advantages regarding ship environmental
performance. Only when a combination of technical improvements is implemented across various ship
parts can some CO2 emissions reduction be attained.
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TenaeHuii Ta nepegyMoBH JIsl HIMPOKOI0 MOMMPEHHS BUKOPUCTAHHS PiAKOro
NPHPOJHOIO ra3y y MOPCbKOMY TPaHCHOPTI

Ilompeba 6 cmiiikomy ma eKoA02IYHO YUCTNOMY MOPCbKOMY MPAHCNOPMI MAa 68€0eHHs.
pecynamug Midxcnapoonoi mopcwvkoi opeanizayii (MMO) 3 suxudie cyoen npugeiu 00 HOULYKY
H06020 muny mopcbko2o naausa. Coo2o0Hi piokuti npupoonu eaz (PIII) sk mopcbke naiugo
€ npueadaUBoI0, NOMEHYIUHO BANCIUBOIO MA MEXHIYHO MONCIUBOIO ONYIEIO OJIsL HOBUX CYO€H,
AKI Oyoytomucs Onsl 8i0N08IOHOCMI HOpMAM 3a06pyoHenHs nosimps. Memow pobomu 6yno
npoananizyeamu nepcnekmusu euxopucmanns PIII" ax mopcekozo nanuea. 3adauy edanocs
BUKOHAMU 3d 0ONOMO2010 8UBYEHHS NOMOYH020 cmaHy nepesesenns PIII, ananizy nepesae ma
HeOONIKI8 pI3HUX 6U0I8 NAIUBA MA BUBYEHH OOMIHYIOuUx ceemenmie cyoen Ha PIII'.
Bnpoeaooicennss PIII" na bopmy cyoen 8iobysaemuvcs pazom iz possumkom PII-0sueynis, ix
cucmem YNpAeNiHHA mMa 3axucmy, NAIUSHUX 0aKie, cucmem NOCMAYAHHA 2a3y ma
ingppacmpykmypu. IlpocHozyemocs, wo NpomsacoM HACMYNHO20 OeCAMuNimms KilbKicmb
cyoeH, ski npaywoioms na PIII, 0yoe weuoxo spocmamu. O6'ekmom 00CniodxceHHs €
nepcnexkmusu euxopucmanua PIII" sk anemepnamuenoco muny naiuéa y CYOHONIAABCMEL.
Haueaxcausivuum pezyromamom € 6ucnosox, wo PIII' mae 3naununi nomenyian sk
anrbmepHamuea mpaouyitiHuM 6uoam NAIuéa y CYOHONIABCMSI, ale Ol Ybo2o NOompibeH
PO36UMOK 8I0N0BIOHOI iHhpacmpykmypu.

Knrwowuoei cnosa: LNG, mopcvke nanugo, 8ukuou, eKonoziuHa Oesnekda, aibmepHamueHe
naaueo, 08USYHU.
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Testing of the device for transporting semi-trailers
without tractor on 13-9004M model platforms

For the implementation of a mixed type of transportation on the territory of Ukraine, a stable saddle
for transporting cargo semi-trailers without a tractor on railway platforms of the 13-9004M model was
developed and manufactured. This device for the transportation of cargo semi-trailers is a four-sided
structure of the "Eiffel Tower" type, the lower plane of which is fixed on the platform car through the
plate with the help of bolted connections. This work describes the running tests of the 13-9004M model
platform car with a saddle rack installed on it for the transportation of cargo semi-trailers without a
tractor. According to the results of the tests of the saddle rack for the transportation of semi-trailers on
the platform wagon model 13-9004M, the maximum values of the stresses that occur in the structure of
the saddle rack during running strength tests, as well as compliance with such indicators as the
coefficient of vertical dynamics of the sprung mass of the cart, the coefficient of vertical dynamics of the
unsprung mass, were determined trolley frame, coefficient of horizontal dynamics, coefficient of reserve
of stability of the wheel from derailment.

Keywords: railway transport, wagon, tests, transportation of semi-trailers.

Introduction. In order to evaluate quality indicators, the safety of the movement of wagons and other
types of rails rolling stock, a variety of approaches to the assessment of safety conditions and the solution
of the specified problem are noted.

In the study guide [1], the basics of theoretical and experimental methods of determining the
dynamics of cars are laid out, information is given on the safety conditions of train movement based on
dynamic indicators.

Standards DSTU 7598 (2014) [2] will describe requirements for calculations, design of new and
modernized wagons of gauge 1520 mm, and requirements for their strength and dynamic qualities.
Standards DSTU GOST 33211 (2017) [3] describes requirements for the strength and dynamic qualities
of freight cars.

The coverage of the results of work on determining ways to increase the degree of ideality of freight
cars and forecasting the evolution of the chassis of new-generation cars is described in the work [4].
Work [5] describes the principle of cataloguing the construction of the wagon according to its design
and construction. In article [6] features of the mathematical modelling of the dynamic load of containers
placed on the platform during a shunting collision are given. Numerical values of accelerations acting
on the container are determined. The results are confirmed by computer simulation. The article [7] gives
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promising directions for constructing half-car frames and their features, which can be applied to other
types of freight cars. The methods [8] for determining the locomotive wheel-rail angle of attack are
considered. To reduce the power impact of the wheel flange with the rail head when the locomotive
moves on curved sections of the track, it is advisable to change the locomotive wheel-rail angle of attack
by turning the wheel pairs. Controlling the locomotive wheel pair position is possible by means of an
operational measurement of the actual wheel-rail angle of attack. Measurement of the wheel-rail angle
of attack is not performed because it is impossible to determine the value directly. In the [9] describes
the method of determining the technological stresses that arise in the structure being repaired during the
hardening of the composite patch. A special wagon for intermodal transportation is presented in the
article [10], which can transport cars with a weight of up to 36 tons and a height of up to 4 m. These
developments can be used in the design of new wagons for intermodal transportation. Identification of
the causes of cracks in the frames of wagons for transporting containers and evaluation of the fatigue
strength of welded joints is described [11]. In work [12] described the design of the car for various
loading conditions, taking into account the actual condition of the track. The article [13] discusses the
study of the elastic system dynamics for spindle assembly of drilling-milling-boring machining center
type. A three-dimensional model of the spindle assembly on rolling bearings is built. A constructive and
design diagram of the spindle assembly and a system of forces acting in the process of milling
workpieces are formed. Work [14] is devoted to the development of electrohydraulic drives of
technological equipment. The engineering method of calculating the automatic electro-hydraulic drive
of rotary motion with volume regulation is presented. This method allows you to estimate the main
parameters and select drive elements and devices based on the maximum load moment and rotation
speed of the hydraulic motor, predict its static and dynamic characteristics. Analysis of wagon body
strength calculations and real tests of the series wagon Sdggmrss-twin given in work [15].

Purpose and objectives of the study. The purpose of the research is to carry out tests of the saddle
rack for the transportation of semi-trailers without a tractor on platform wagons of the 13-9004M model
for further safe operation.

Materials and methods of research. For the introduction of a mixed type of transportation on the
territory of Ukraine, a device for transporting semi-trailers on railway platforms of the 13-9004M model
was developed and manufactured, and a set of tests aimed at evaluating the dynamics of the car and the
strength of the device for transporting cargo semi-trailers was conducted. The device for the
transportation of cargo semi-trailers is a four-sided construction of the "Eiffel Tower" type, the lower
plane of which is fixed on the platform car through the plate with the help of bolted connections. A
saddle with a lock is installed on the upper plane of the device to fix the semi-trailer against longitudinal
and transverse movements. This design makes it possible to obtain optimal strength properties and
uniform distribution of weight transmitted from the semi-trailer seat. If necessary, such a structure can
be flexibly folded for the transportation of containers on platform wagons of the 13-9004M model. The
wheels of the cargo semi-trailer have 2 fixing options:

1) supports that are installed in the corresponding grooves;

2) special platforms installed under the wheels and stretched by cables attached to the external
brackets of the 13-9004M platform car.

From the lateral displacement of the rear part of the semi-trailer, the design of the platform car model
13-9004m provides for the lowering of the floor with the formation of the corresponding side walls due
to the external longitudinal beams of the car.

The test facility, consisting of a 13-9004M platform car with a device for transporting semi-trailers
and a loaded semi-trailer installed on it, is shown on Fig. 1.

In accordance with the test program according to the layout of tensor resistors shown in Fig. 2 and
3, strain gauges were installed on the elements of the device for transporting semi-trailers on the platform
wagon and on the carriage of the platform wagon model 13-9004M and their connection into a
Wheatstone half-bridge circuit with one active and compensating strain gauge. Such a scheme provides
a measuring channel, which is supplemented by a strain gauge module NI 9237, which performs scaling
of instantaneous values of the input voltage and analog-digital conversion into a digital signal. After
connecting and checking the performance of the measuring equipment, stress measurements were made
in the elements of the device for transporting semi-trailers on the 13-9004M platform car during
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experimental trips in a loaded state at speeds up to 90 km/h to evaluate the strength indicators and natural
frequencies of oscillations.

—

B el
Fig.1. Platform car model 13- 9004M with a device installed on it for transporting
semi-trailers and loaded semi-trailers

Processing of the test results was performed on a computer using specialized mathematical software
for statistical processing of the primary results obtained during the experimental trip. The measuring
complex for diagnostics and testing of rolling stock consists of a software-hardware automatic recorder,
a set of communication cables, a computer and software. The automatic hardware and software recorder
based on the NI 9012 controller consists of the NI 9237 ADC strain gauge modules, the NI 9205 ADC
modules and the GPS module.

In order to evaluate the running qualities based on the values of the measured dynamic
indicators of the car, the probable maximum values of the coefficients of vertical dynamics of
the sprung Kdo and non-sprung Kgn masses of the car, lateral (frame) forces, and the value of
the coefficients of the reserve of stability from falling off the Ky rails are determined using
ratios taking into account the calibration data.

The maximum values of the coefficients of vertical dynamics and frame forces are
determined with a confidence probability of 0.97 (according to the amplitude value) and 0.97
(according to the instantaneous values), and the minimum values of the coefficients of the
stability margin against derailment, with a confidence probability of no more than 0.0001. The
sum of the frame forces acting at the same instant of time on the frame from each axle of one
wheel pair is taken as the value of the lateral (frame) force of the Hy.

The calculation of the coefficient of stability of the wagon against derailment when the wheel
ridge creeps onto the rail under the action of dynamic forces arising during movement, the
coefficients of vertical dynamics of the sprung and unsprung masses of the wagon are given
below. The coefficient of vertical dynamics Kq is generally determined from the following
expression:
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Ky = 2d 1)

)
Oct

where o4 - is the dynamic stress from the vertical load in the section of this element; on;
o, - Static load from vertical load in the same section.

a

Fig. 2. Locations of strain gauges on the device for transporting semi-trailers on a platform
wagon(a) front view; (b) back view.

The coefficient of horizontal dynamics (frame force in portions of the axial load) — Kaqg is
determined by the formula:

Kdg = P_' (2)

where Hr — horizontal lateral frame force;
P, - vertical static load from the axle to the rails.
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g 49 g5 2 1 F

Fig. 3. Location of strain gauges (a) on cart beam; (b) on cart frame

The coefficient of stability of the wheel from derailment is determined by calculation based
on the integral coefficient calculated for the range of operating speeds with a probability of
0.001. The stability of the wheel against derailment was evaluated using the following formulas:

Py
Kyc = EE 2 [Kyc] ] (3)
_ tgB-u
T 1+utgp’ (4)

where B - angle of inclination of the generating ridge of the wheel to the horizontal axis;
p=60°
u - coefficient of friction, = 0.25;
Ry - the vertical component of the reaction force of the running wheel on the head of the rail,
Rb - the horizontal component of the reaction force of the running wheel on the head of the rail,
which acts simultaneously with Py;
[Kyc] - is the permissible value of the stability margin coefficient.

When using type 2 wheelbarrows, the formula looks like this:
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Qsn(1,03-1,17K+KA")+0,15q5+0,305H,,

— tgb-u1 (5)
YE T 1+utgB  Qsn(0,242+0,042KM—0,285K14")+0,121 gy +0,92Hp’

where K% - coefficient of vertical dynamics on the running wheel;

K" - coefficient of vertical dynamics on a non-running wheel,

Hp - horizontal lateral frame force;

Q:sh - the force of gravity of the over-spring parts of the car, acting on the neck of the axle of

the wheel pair, kN, is determined by the formula:

Qep, =~k (6)

T o2n,

where Q - weight of the wagon, kN,
Okp - the force of gravity of unreinforced parts, which falls on the wheel pair, kN;
No - the number of wagon axles;

The value of H; is accepted as positive in the case of directing it in the direction of the wheel
run-up, and - in the case of unloading the wheels.

The results of running strength testssaddle racks for transporting semi-trailers on platform wagons
13-9004M with an installed semi-trailergiven in Tablel and 2.Figs 4 and 5 show the histograms of the
speed ranges during the experimental trip on the section of Art. Darnytsia - art. Nizhin - st
GiftAccording to the registered data of dynamic processes, the indicators of the running dynamic
qualities of the car with a stable saddle with an installed semi-trailer in the loaded state were calculated.
The results are given in Table 3 and 4.

Table 1. Maximum stresseson the Darnytsia - Nizhyn section

Speed ranges km/h
o 10-20 20-30 30-40 40-50 50-60 60-70 70-80 80-90
E
[=2]
c @]
B= I X © X «© X «© X «© X © X © X «©
E1$E1 Q28] §|2E| 2 (25| S| <E| S| <E| 2 2E| ¢ g
b | s 7] s 7] s 7] SS| » s »w | == 7} s 3 7} s 7]
1 7.22 1.06 4.43 0.97 3.51 0.98 5.28 1.40 6.94 2.13 8.02 2.14 8.91 2.20 7.34 2.12
2 [ 1992 | 326 | 1251 | 323 | 1015 | 270 | 1471 | 4.08 | 1561 | 480 | 1881 | 551 | 21.34 | 550 | 17.85 | 554
3 431 | 066 | 344 | 088 | 247 | 071 | 419 | 115 | 426 | 128 | 558 148 | 7.38 141 | 480 | 1.31
4 8.37 1.66 4.72 1.42 ??T? 1.89 721 2.16 9.37 3.21 11,24 3.50 15.25 3.96 12.91 3.85
5 2.15 0.40 1.59 0.49 1.23 0.39 2.09 0.53 231 0.66 3.12 0.86 4.76 0.99 3.70 0.98
6 2.03 0.47 1.64 0.46 1.48 0.38 1.88 0.53 2.61 0.72 3.56 0.92 7.45 1.20 4.60 1.21
7 3.10 0.80 3.51 1.21 2.99 0.94 4.80 1.64 5.73 1.90 6.51 2.10 8.73 2.13 6.80 2.25
8 8.75 1.66 5.87 1.68 5.06 161 7.85 2.23 8.87 2.78 10,15 2.96 10.97 2.93 9.17 2.89
9 6.34 1.93 5.88 1.86 5.45 1.74 8,11 2.66 9.97 3.27 11.75 3.80 14,28 4.17 13.31 4.22
10 2.37 0.65 2.14 0.78 1.93 0.57 2.61 0.76 3.19 0.96 4.29 1.29 7.32 1.71 5.56 1.67
11 15.;10 3.22 13.38 5.04 10.60 3.43 17.93 5.47 19.42 5.80 24,14 7.40 28,42 9,14 26.79 8.86
12 3.95 1.11 4.97 1.67 4.39 1.42 6.95 2.43 8.42 2.86 8.93 2.98 10.91 2.78 8.57 2.64
13 11.33 1.68 8.32 1.78 6.21 131 7.52 1.79 8,13 2.07 11.08 2.83 26.61 3.93 11,10 341
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Table 2. Maximum stresses on theNizhyn - Darnytsia section

Speed ranges km/h

g 10-20 | 20-30 | 30-40 [ 4050 | 5060 | 60-70 70-80
3
b @]
=
Sl %e| 9 |%g| 9 %8| 9 |38 9 |38 9|38 ¢ |38]¢
B 32 7] s= ) S » s = » S22 n | == 7] s= 7]
1 2.68 0.67 3.72 1.09 3.10 0.99 3.74 1.22 4,99 1.57 5.99 1.70 6.08 1.85
2 6.90 215 11,12 342 9,13 2.88 10.92 3.74 12.67 421 12.79 412 17.96 5.74
3 1.40 0.45 291 0.94 2.46 0.76 3.21 0.96 3.73 1.18 5.00 1.15 3.55 1.12
4 5.50 1.35 6.28 1.46 6.71 1.73 7.61 217 8.57 2.72 10.52 3.40 1141 3.75
5 1.01 0.31 1.45 0.43 131 0.40 1.65 0.50 2.63 0.77 2.99 0.87 3.61 0.99
6 1.30 0.42 2.16 0.57 1.97 0.50 3.10 0.65 3.05 0.82 3.70 0.99 5.31 1.42
7 240 0.69 4.26 1.40 3.31 1.08 4.29 1.37 5.40 1.74 5.45 1.67 6.66 2.19
8 449 121 6.02 171 5.09 1.48 6.59 217 7.22 2.27 7.23 2.30 8.02 241
9 5.30 1.68 7.51 222 6.37 1.89 8,17 2.69 10,13 3.23 10.98 347 14,22 5.01
10 1.68 0.56 2.10 0.63 1.79 0.53 2.64 0.80 3.73 1.14 4.20 1.31 5.22 1.72
11 9.38 2.54 12.90 4.00 9.94 3.05 15.39 4,61 20.89 6.44 21.61 7.09 25.49 8.28
12 3.07 0.95 5.66 1.86 472 1.52 6.23 211 6.98 2.40 6.66 2.23 7.78 241
13 5.49 1.32 12.49 2.68 13.54 1.86 18.48 2.73 9.53 2.44 13,24 2.79 11.05 3.60
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Fig. 4. Histogram of speedon the Darnytsia - Nizhyn section
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Table 3. Results of running dynamic testsplatform car 13-9004Mfromdevicefor transportation of
semi-trailers on a platform wagonand an installed semi-trailer in a loaded state
on the Darnytsia - Nizhyn section

) The value of the indicator at a speed of km/h | Unrecogniz
. - Normative ed
Monitored characteristics | h
vajue 20 | 30 | 40 | 50 | 60 | 70 | 80 OQSSW'
0
The coefficient of stability margin of
the wheel from derailment on straight At least 1.3 19 | 185 | 1.75 | 1.67 | 1.62 | 1.48 | 1.46 21
and curved sections of the track

Frame forces Nr, t - 038 | 047 | 05 | 069 | 09 1.1 1.3 2.1
Coefficient of horizontal dynamics Not more than
(frame force in parts PO (Hp/P0), from 04 0.07 | 009 | 01 | 013 | 0.18 | 0.22 | 0.26 21
the wheel pair to the trolley frame) '
Coefficient of vertical dynamics of the | Not more than
suspended mass of the cart, Kd, 0.75 016 | 019 | 02 | 022 | 025 | 0.28 | 0.3 21
Coefﬂuent of vertical dynamics of the | Not more than 024 | 026 | 029 | 032 | 037 | 043 | 0.46 21
unreinforced trolley frame, Kdn 0.90

Table 4. Results of running dynamic testsplatform car 13-9004Mfromdevicefor transportation of
semi-trailers on a platform wagonand an installed semi-trailer in a loaded state at the
Nizhyn - Darnytsia section

. . Normative The value of the indicator at a speed of km/h Unrecogniz
Monitored characteristics value ed
20 30 40 50 60 70 80 honesty, %
The coefficient of stability margin of the
wheel from derailment on straight and At least 1.3 192 | 1.83 | 1.78 | 165 | 1.6 | 1.49 | 147 2.1
curved sections of the track
Frame forces Nr, t - 039 | 045 | 052 | 0.72 | 095 | 1.2 | 1.32 2.1
Coefficient of horizontal dynamics
(frame force in parts PO (Hp/P0), from Not more than 007 | 009 | 0.1 | 0.14 | 0.19 | 0.24 | 0.26 2.1
. 0.4
the wheel pair to the trolley frame)
Coefficient of vertical dynamics of the | Not more than
suspended mass of the cart, Kd, 0.75 018 | 020 | 0.23 | 024 | 027 | 031 | 0.32 21
Coef_flaent of vertical dynamics of the | Not more than 026 | 027 | 031 | 034 | 038 | 046 | 048 21
unreinforced trolley frame, Kdn 0.90

Conclusions.According to the results of the tests of the saddle rack for the transportation of semi-
trailers on the platform wagon model 13-9004M, it was established:
1. During running strength tests, the maximum stress values:

- on the siteArt. Darnytsia - art. Nizhin — 28.42 MPa, channel 11 speed range 70-80 km/h;

- on the siteArt. Nizhin - st. Darnytsia — 25.49 MPa, channel 11 speed range 70-80 km/h.
2. Platform wagon model 13-9004M withsemi-trailer rack for cargo semi-trailers without a tractor with
an installed semi-trailer in a loaded state meets the requirements [2] according to the following
parameters: the coefficient of vertical dynamics of the sprung mass of the trolley, the coefficient of
vertical dynamics of the unsprung trolley frame, the coefficient of horizontal dynamics, the coefficient
of the reserve of stability of the wheel from derailment in the range of speeds up to and including 80
km/h.
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Ways of improving of freight car design

The article presents the dynamics of freight cars production by domestic enterprises by years. The
necessity of renewal of the domestic operating fleet of freight cars.The following main vectors of design
improvement have been identified based on the results of putting new and modified freight car models into
production: use of high-strength steels in load-bearing structural elements and innovative components;
improving existing and creating fundamentally new bearing structures; the most efficient use of space;
development of freight cars with an axle load of 25 tonnes; creation of multifunctional structures; increasing
the structural strength of long-base flat cars; application of the latest assembly and welding technologies.
The following main vectors for improving the design of cars have been identified based on the results of
a analysis of scientific and applied research, in addition to the above: the use of new materials;
development of six-axle articulated wagons with an axle load of 23.5 tonnes and 25 tonnes; development
of railcars using new generation bogies and components; achieving a uniform load on the supporting
structure; design of flat cars for transporting containers in two tiers; development of new cars for
intermodal, interoperable and combined transport.

Keywords: freight car, design, fleet, rolling stock, improvement.

Introduction and problem statement. In recent years, the dynamics of freight car production has
been on a downward trend [1]. The dynamics of freight car production in recent years is shown in Fig.
1.

Over the past few years, the number of freight rolling stock manufacturers has declined significantly.
The armed aggression of the russian federation was the main reason for the destruction of enterprises,
insufficient supply of metal and castings, the need to import certain components of freight cars, and the
destruction of logistics routes that had been developed over the years. The main reasons for the decline
in freight car production in recent years are the following: the purchase of expired freight cars from the
Customs Union; lack of a comprehensive programme to renew the domestic freight car fleet, decrease
in demand for rail freight transportation due to various reasons (competition from other modes of
transport, economic downturn, COVID-19, armed aggression of the russian federation, etc.), lack of
incentives to purchase innovative freight rolling stock [1-3].
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All of this demonstrates the need and urgency to support the freight car building industry at the state
level to prevent its complete destruction. Therefore, in the context of significant depreciation of the
freight rolling stock fleet, a catastrophic drop in freight car production, and martial law in the country,
it is of paramount importance that the government supports the freight car industry by adopting
appropriate legislative initiatives. One of such effective measures and support mechanisms from the
central executive body that ensures and implements state policy in the field of transport may be to
stimulate the purchase of modern innovative freight cars with improved technical characteristics.
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Fig. 1. Freight car production dynamics by years [1]
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Analysis of recent research. The first steps in this direction were taken in 2015-2021. Thus, in 2015,
the Technical Council of Ukrzaliznytsia adopted technical requirements for innovative freight rolling
stock [4]. In July 2020, the Resolution of the Cabinet of Ministers of Ukraine No. 1147 dated 30.12.2015
"On the Prohibition of Importation of Goods Originating from the Russian Federation into the Customs
Territory of Ukraine" [5] was amended to prohibit the importation into the customs territory of Ukraine
of railway cars that are or have been in use among the railway administrations of the Russian Federation
since 20.02.2014. In December 2021, the Ministry of Infrastructure approved the concept of renewing
the freight car fleet by registering this order with the Ministry of Justice of Ukraine [6]. However, the
proposed concept from the Ministry of Infrastructure has a number of problematic issues in its
implementation, which are discussed in detail in the publication [1]. The main problematic issues are
the uncertainty of the sources of funding for this renewal concept and the lack of incentives for the
purchase of innovative freight cars from the state.

At the same time, taken into account the challenges of today, the issue of further development of the
freight car fleet in the country remains open and relevant. One of the components of the effective
implementation of innovative freight rolling stock is the compliance of its technical characteristics with
modern requirements. Therefore, updating the technical requirements for the development of innovative
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freight rolling stock is an important and urgent task. A prerequisite for updating and formulating
technical requirements should be a review and analysis of ways to improve the design of freight cars
during 2015-2022. This paper proposes to focus on this issue in detail.

The goal is to identify the main areas for improving the design of freight cars by reviewing and
analysing technical documentation for freight cars, research and development works, research and
development studies, and recent titles of protection.

Research material and results. It is proposed to determine the main directions for improving the
design of freight cars by reviewing and analysing the technical documentation for freight cars, research
papers, numerous existing studies of a scientific and applied nature, and titles of protection published
and approved recently [7-75].

The technical documentation and research works on new models of freight cars produced by
domestic enterprises [7-12], which were put into production during the recent period, were reviewed
and analysed firstly. The exterior of some cars with the improved innovative design that have recently been
put into production is shown in Figs. 2-5.

Fig. 2. Freight cars of models 15-7763, 19-7126, 19-7053-04, 13-7132, 13-7138, 11-
7139, 15-7140, 33-7141, 19-7154 produced by PJISC “KRCBW”

Based on the results of the analysis of technical documentation for new and modified models of freight
cars that have been put into production by domestic enterprises recently, as well as research and development
work, the following main vectors of design improvement have been identified:

— the use of high-strength steels in structural load-bearing elements and innovative component parts,
which allows for a longer life cycle and increased overhaul interval of railcars;

— strengthening, improving of existing cars and creating fundamentally new types of freight car load-
bearing structures;

— maximum efficient use of dimensions, including inter-car space;

— development of a freight cars range with an axle load of 25 tonnes;

— development of multifunctional freight car designs capable of transporting a wide range of goods;

— increasing the structural strength of long-base flat cars;
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— application of the latest assembly and welding technologies.

Fig. 3. Freight cars of models 31-4154, 19-4146-01, 19-4152, 12-4106-01, 13-4147, 33-
4099 produced by LLC “Dniprovagonmash”

3

B N S AN

KARPATY

Fig. 4. Freight cars of models 19-6869, 19-9951, 13-9589, 11-9983, 32-8525, 19-8530,
12-8520, 19-1883, 17-1890 produced by LLC “RMF “Karpaty”
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Fig. 5. Freight cars of models 13-1,' 129-6938 produced by “Panyutyn Carriage

Repair Plant” branch of JSC “Ukrzaliznytsia” and model 12-6708-02 produced by
LLC “Zhmerynka Railway Repair Plant “Express”

It should also be noted that domestic railcar manufacturers are currently actively developing the
production of freight cars for use on a 1435 mm gauge. Thus, PJSC "KRCBW" received certificates for
specialised articulated flat cars of the Sggrss 80 and Sggmrss 90' types for compliance with European
standards. The general view of the articulated flat cars manufactured by PJSC "KRCBW" is shown in Fig.
6.

Fig. 6. General view of articulated flat cars type Sggrss 80 (a) and
Sggmrss 90" (b) produced by PJSC “KRCBW”

Numerous scientific and applied studies have been reviewed and analysed [13-28]. In their publications,
based on the studies of freight car structures loaded, the authors propose to improve both their single
components and the metal structures of freight cars as a whole, in order to increase their strength, service
life and maintenance intervals. In these studies, it was proposed to improve the technical characteristics
of freight cars by using higher steel classes and new materials with improved mechanical properties, a
different design of components and parts, and achieving uniform load on the bearing structure. To
increase the strength of the load-bearing structure of freight cars, the use of fillers in their load-bearing
structures, in particular in the girders, was proposed in the publications [29-31]. Some of the promising
load-bearing metal structures of freight cars proposed in these studies are shown in Fig. 7.

Studies [32-37] are devoted to the modernization and other design of coupling devices and
mechanisms of undercar braking equipment of freight cars. Also, a sufficient number of works [38-47]
are devoted to the improvement of freight car bogies and their components. In the vast majority of these
studies, the possibility of using welded bogies as part of freight cars is considered. A lot of work has
also been done to study the functioning of improved or new components of the freight car bogie, such
as side frames, wheel sets, spring suspension elements, etc. Some of the improved designs of freight car
side frames and bogies are shown in Fig. 8.

Particular attention should be paid to the works of domestic and foreign researchers [48-55], which
propose to create multifunctional freight cars, platform cars for the transportation of containers in two tiers,
as well as to develop new types of cars for intermodal, interoperable, combined transportation.
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Multifunctional freight cars are capable of transporting a wide range of goods, their design is versatile
and allows them to be used as a boxcar, gondola car, platform car, etc. The introduction of
multifunctional railcars will significantly reduce the empty mileage rate during operation and increase
the technical and economic effect of their use. The introduction of platform wagons for transporting
containers in two tiers, as well as new types of wagons for intermodal, interoperable and combined
transport, will generally increase the efficiency of freight transport by improving logistics and the speed
of cargo delivery.

€)
Fig. 7. Spatial models of load-bearing structures: a) fitting flat car[29];
b) hopper car [14]; c) boxcar [31]; d) tank car [30]; €) open-top car [18];
f) articulated flat car[13, 30]

Papers [56-60] are devoted to research in the direction of increasing the axle load on the railway track,
which will increase the carrying capacity of freight cars, increase the volume of cargo transportation, and
reduce the number of operating freight cars. Fig. 9 shows the models of universal gondola cars of
Ukrainian manufacturers with a load capacity of 25 tf/axle, which have passed the production procedure
and can be mass-produced. The manufacturer of gondola car model 12-9791 on bogies model 18-9817
is “Diesel Plan” OJSC (now Aurum Group); model 12-7039 on bogies model 18-7033 is PJSC
“KRCBW?”; model 12-1905 on bogies model 18-1711 is PJSC “Azovmash”.

Publications [61-63] are aimed at conducting and highlighting the results of scientific and
experimental studies of newly developed models of freight cars with the purpose to putting them into
production. Some of the existing studies [64, 65] focus on the development of modern requirements for
the technical characteristics of freight cars in order to improve their design. Publications [66-75] are
aimed at refining the calculations, mathematical and computer models in the design of freight cars.
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f)

Fig. 8. Running parts models of freight cars: a) side frame of welded structure [38]; b)
comprehensively modernized cast side frame [44]; c) cast side frame of an improved design [41];
d) cast bogie of an improved design with a box string [40]; e) new bogie of welded structure [46];

f) welded bogie of improved design [47]

I S506843

Fig. 9. Freight cars of models with axle load 25 tonnnes:
a) model 12-9791 on bogies model 18-9817; b) model 12-7039 on bogies model 18-7033;
¢) model 12-1905 on bogies model 18-1711

Thus, based on the results of the review and analysis of scientific and applied research by domestic and
foreign scientists, in addition to the above-mentioned results of the technical documentation analysis for

newly developed freight car models and research works, the following main vectors of design improvement
were identified:

— development of a wide range of six-axle articulated cars with axle loads of 23.5 tonnes and 25
tonnes;

— development of cars using welded bogies and new generation components for them;
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—achieving a equal load on the load-bearing structure;

— design of flat cars for transporting containers in two tiers;

— development of new types of wagons for intermodal, interoperable, combined transport.

An analysis of domestic titles of protection relating to freight cars published recently allowed us to
identify the following main vectors of improvement:

— strengthening, improving existing and creating fundamentally new types of freight car bodies and load-
bearing structures;

— modernisation of existing freight car bogies and their components;

— creation of six-axle articulated cars;

— development of a wide range of freight cars with improved technical characteristics, including new
types of cars for intermodal, interoperable and combined transport;

— application of the latest assembly and welding technologies.

Based on the results of the review and analysis of technical documentation for freight cars, research
and development works, scientific and applied research, and titles of protection, it was found that the
teams of scientific and educational institutions have recently made a significant contribution to the
development of domestic freight car building: State enterprise «Ukrainian Scientific Railway Car
Building Research Institute», State University of Infrastructure and Technologies, Dnipropetrovsk
National University of Railway Transport named after Academician V. Lazaryan (now Ukrainian State
University of Science and Technology), Institute of Electric Welding named after E.O. Paton, Eastern
Ukrainian National University named after V. Dahl, LLC “Head Specialized Designing Car Building
Bureau named after V. M. Bubnov”, Ukrainian University Railway Transport, “Scientific Research
Design And Technological Institute of Railway Transport” branch of JSC “Ukrzaliznytsia”, enterprises
and companies: JSC “Ukrzaliznytsia”,
LLC “RMF “Karpaty”, PJSC “INTERPIPE NTRP”, PJSC “KRCBW”, JSC “KSP”,
LLC “Dniprovagonmash”, CLG “Popasnian Car Repair Plant”, LLC “AZOVVAGON”, LLC “BTsP
“Tribo”, LLC “ZCRP “Express”, LLC “POLTAVVAGON”, LLC “Poltava Locomotive Repair Plant”,
LLC “UKRNAFTOZAPCHASTYNA”, <“Panyutyn Carriage Repair Plant” branch of JSC
“Ukrzaliznytsia” and others.

At the same time, it should be noted the significant personal contribution to the development of new
and improvement of existing designs of freight cars and their components of the following Ukrainian
scientists, engineers and researchers: Babaev A.M., Bagrov O.M., Bubnov V.M., Vatuli G.L.,
Vodiannikova Yu.Ya., Golubenko O.L., Gorbunova M.I., Hrygoroshenka M.V., Dolinskoho S. V.,
Donchenko A.V., Dyomina Y.V., lichyshyn V.V., Kalashnyka V.O., Kara S.V., Kebal Y.V., Kelrich
M.B., Kostrytsya S.A., Kravchenko K.O., Lobanov L.M., Lovska A.O., Mankevich M.B., Martynov
I.LE., Mozheyko E.R., Muradyan L.A., Myamlin S.V., Myamlin S.S., Neduzha L.O., Nozhenko O.S.,
Panchenko S.V., Petrenka V.0O., Prokopenka P.M., Ravlyuka V.G., Rybina A. V., Reidemeister O.G.,
Sapronova S.Yu., Trufanova A.V., Fedosov-Nikonov D.V., Fomin V.V., Fomin O.V., Chernyak G.Yu.,
Shaposhnyk V. Yu., Shvets A.O., Shikunov O.A.

Among foreign scientists in the field of creating multifunctional railcars and new types of railcars
for intermodal, interoperable and combined transport, the following works should be highlighted
Ptaczek M., Wrobel A., Buchacz A., Gerlici J., Lack T., Dizo J., Haruginec J., Blatnicky M., Stastniak
P., Morav¢ik M., Smetanka L., Chuan-jin, O., Bing-tao., Wiestaw K., Tadeusz N., Michat S., Kur¢ik P.,
Pavlik A., Lewandowski K., Krason W., Niezgoda T., Stoilov V., Simi¢ G., Purgi¢ S., Milkovi¢ D.,
Fabian P., Masek J., Marton P., Lee H.-A., Jung S.-B., Jang H.-H., Shin D.-H., Lee J. U., Kim K. W,
Park G.-J., Nandan S., Trivedi R., Kant S., Ahmad J., Maniraj M.

Conclusions. The following main ways of improving the design of freight cars have been identified
based on the results of review and analysis of technical documentation for freight cars, research works,
research and development works, and titles of protection published recently:

— use of new materials with enhanced mechanical properties and high-strength steel classes in the
manufacture of freight cars and its individual components, which will help to improve the strength and
reliability of the structure, increase the overhaul intervals and service life of cars;
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— improvement of existing and creation of fundamentally new types of load-bearing structures, in the
construction of which innovative rational technical solutions are used, which will allow modifying outdated
structures and improving the technical and economic performance of freight cars;

— the most efficient use of dimensions, including the inter-car space, which will increase the carrying
capacity and volume of the car body;

— development of a range of freight cars with an axle load of 25 tonnes, which will increase the carrying
capacity and body volume of the freight car and reduce the tare ratio;

— creation of six-axle articulated freight cars of a wide range with an axle load of 23.5 and 25 tonnes,
which will increase the carrying capacity and body volume;

— development of freight cars with new-generation bogies and components, as well as other
removable components and mechanisms of improved design, which will increase safety, improve the
dynamics and smoothness of freight car movement, and extend the time between overhauls;

— strengthening the bearing structures of freight cars and individual component parts to improve their
reliability, achieve uniform loading of the bearing structure elements and increase service life by
reducing damage from loads during operation;

— creation of multifunctional freight car designs capable of transporting a wide range of goods, which will
significantly reduce the empty mileage ratio and increase the efficiency of rail freight transportation;

— increasing the structural strength of long-base platform cars, which will improve the reliability and
service life of such cars and reduce their damage from loads during operation;

— development of a platform car design for the transport of large containers in two tiers, which will
increase the speed and efficiency of container transport by rail;

— development of new types of freight cars for intermodal, interoperable, combined transport, which will
increase the speed of cargo delivery in general and the efficiency of rail transport in particular;

—application of the latest assembly and welding technologies, which will reduce labour intensity, the cost
of manufacturing railcars and the environmental impact of railcar manufacturing companies.
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Hlasixu y10cKOHATeHHS KOHCTPYKIil BAHTA:KHUX BaroHiB

B cmammi nasedeno OuHamixy supoOHUYmMEa GIMYUSHAHUMU NIONPUEMCIBAMU BAHMANCHUX 8A20HI8
3a pokamu. OOIPYHMOBAHO HEOOXIOHICMb OHOBIEHHS GIMYUBHAHO20 eKCHYAMAayiliHo20 NapKy
BAHMANICHUX ~ 8A2OHI8. Bcmanoeneno maki ocHo6Hi 6eKmopu  YOOCKOHANEHHSA KOHCMPYKYii 3a
pe3yribmamamu NOCMAHOBKU HA GUPOOHUYTNEO HOBUX MA MOOUGPDIKOBAHUX MOOeell BAHMANCHUX BA2OHIB.
BUKOPUCNAHHA CMAell NiOBUWEHO] MIYHOCME Y HeCcydux eileMeHmax KOHCMpYKYii ma iHHO8AYIUHUX
KOMWIEKMYI0UUX, YOOCKOHANIEHHS ICHYIOYUX MA CMEOPEHH NPUHYUNOBO HOBUX HECYUUX KOHCMPYKYIU,
MAKCUMATLHO  e(heKmueHe SUKOPUCANHSL 2a0apumy; PO3POONEHHS 6AHMANICHUX BA2OHIB 3 O0CHLOBUM
HABAHMAdICEHHAM 25 mc, cmeopeHHst 6a2amoQyHKYIOHATbHUX KOHCMPYKYIL, NIOGUWEHHST MIYHOCHI
KOHCMPYKYILL  0068200A3HUX — 8A2OHIG-NAGMPOPM, 3ACMOCYSAHHS HOBIMHIX MEXHOA02IL 30IpKu  ma
38aprosants. Busnaueno maxi ocHo8Hi 6ekmopu YOOCKOHANEHHSA KOHCMPYKYIT 6A20HI8 3a pe3yibmamamu
aHanizy HAYKOBO-NPUKIAOHUX OOCHIOHCEHb, OKPIM BUUE3AZHAYEHUX. 3ACTNOCYBAHHS HOBUX MAMEPIANie;
CMBOPEHHS WeCMUBICHUX 8A20HI8 3UJIEHOBAHO20 MUNY 3 0CbOBUM HasanmadxcenHam 23,5 mc ma 25 mc;
PO3POONIeHHS 6A20HIE 3 BUKOPUCAHHSAM GI3KI8 MA KOMNIIEKMYIOUUX 0emaiell 00 HUX HO8020 NOKONIHHSL,
00CsI2HEeHHST PIBHOMIDHO20 HABAHMANCEHHS HeCyuoi KOHCMPYKYIL; CMEOpeHHsl KOHCMPYKYIl 6a20HI6-
naiamegopm 011 nepeseseHHs KOHMeEUHEPI8 6 08a APYyCU, pPO3POONEHHS HOBUX BA20HIE OIS
iHMepMOOanbHUX, IHMepPOnepabenbHuUx, KOMOIHOBAHUX Nepese3eHb.

Knrouosi cnosa: sanmadicHuii 8a2oH, KOHCMPYKYis, NAPK, pyXomMul cK1ao, YOOCKOHANEHHS.
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Theoretical foundations of calculation cylindrical parts tank car boilers using the
MathCAD environment

The article is devoted to the numerical calculation of the cylindrical part a tank car boiler, which is
represented as a single-layer shell, and the study of its stress-strain state using the provisions of the
semi-momentum theory shells. In some cases, under actual operating conditions of a tank car boiler,
when the base metal wears out under the influence of corrosive phenomena arising from the interaction
an aggressive environment and a storage and transportation tank, it becomes necessary to assess the
stress-strain state and search for the most dangerous areas. The authors of this article propose a
calculation algorithm that allows determining the stress state cylindrical shell of a structure, taking into
account the decrease in metal thickness when corrosion occurs, using the method of calculated sections
in the MathCAD software environment. The constructed mathematical model makes it possible to
determine: the values of longitudinal and transverse displacements a flexible homogeneous shell of
constant stiffness under the acting combined load; the values of normal forces, bending moments, and
equivalent stresses in accordance with the adopted design scheme of the cylindrical part the boiler. The
simplicity of implementing the proposed numerical algorithm makes it possible to use it in engineering
practice, for example, during technical inspections and making decisions on the further safe operation
tank car boilers according to the adjusted methodology at the early stages of research

Keywords: boiler, cylindrical part, shell, method of design sections, equivalent stresses, algorithm.

Introduction. When performing engineering calculations of the stress-strain state a cylindrical tank
car shells, momentless shells are used as design models. In such calculations, the load in the form of
internal pressure acting on the shell is considered constant in magnitude, and the stresses are determined
without taking into account bending, torques, and transverse forces. At the same time, calculation errors
are partially taken into account using various coefficients.

In fact, the design model of the cylindrical shell of a tank car boiler must take into account the uneven
loading along the meridional coordinate, since the boiler perceives different inertial forces during the
braking period at the initial and final moments of the change in the mode of movement of the car. In
addition, the shell is loaded with variable pressure from the mass of the liquid cargo with a significant
density along the circumferential coordinate. There is also a need to take into account the fastening of
the tank shell to the frame: in most designs, a semi-rigid fastening of the circumference part with free
support on the leg supports that take vertical and horizontal loads is used in the pivotal section, and in
the places where the shaped feet are located, a rigid fastening is used to prevent the boiler from moving
in the longitudinal direction under the action of traction and braking forces.

The determination of the stress-strain state requires the use of approximate calculation methods, of
which the most promising is the numerical method using the semi-momentum theory of shells.
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Analysis of recent research and problem statement. The use and development of the semi-
momentumless theory of shells as a mathematical basis for analyzing the stress-strain state of tank
railcars remains one of the most important problems in solid mechanics today. A rather difficult task is
to develop an algorithm and create an optimal mathematical model for determining the stress-strain state
of a cylindrical boiler shell resting on the supporting parts of the car's load-bearing structures, taking
into account its geometric features and contact perception and transmission of loads. The development
of modern approaches to applying the provisions of the semi-instantaneous theory of shells is based on
the general theory created by O. Cauchy, S. Poisson, A. Saint-Venant, G. Kirchhoff, A. Lyav, V. Vlasov,
V. Darevsky, and other scientists. In particular, O. Cauchy proposed the method of step series when
considering static and dynamic loads of flat and curved plates behind a cylindrical surface, and G.
Kirchhoff became the founder of the hypothesis of a straight and undeformed normal, which was later
used in the theory of shells by A. Lyav and V. Vlasov.

The problem of finding a sufficiently simple and accurate solution for determining the stress-strain
state of a thin-layer shell under its loading by distributed and local forces in problems of an applied
nature consists in various individual approaches to formulating the dependencies between stresses and
strains on the basis of compliance with the Kirchhoff hypothesis or its rejection, as well as elasticity
relations, which attracts the attention of specialists and scientists when assessing calculation errors.

In recent years, the study of the stress-strain state of cylindrical shells using the classical theory and
its further development has been covered by scientists from different countries of the world. In
particular, Schellhammer and Fries [1] proposed a revised theory of shells with the formulation of
differential operators on a distributed surface in the global coordinate system, taking into account the
tangential differential calculation. This eliminated the need to parameterize the geometry of the shell
using the surface coordinates that were used previously. The authors of [2] presented the developed
theory of deformable shells of the first order for the analysis of free and transient vibrations of layered
open cylindrical shells with general boundary conditions. To analyze orthotropic cylindrical shells,
researchers [3] derived a hierarchy of shell equations in the form of power series along the shell
thickness. Depending on the linear-elastic state of the shell under the action of dynamic loads, the
authors of [4] obtained systems of equations in integral-differential form instead of partial differential
equations. In [5], a variant of the Kirchhoff-Lyav theory of shells extension was proposed for material
anisotropy, not only in tension and out-of-plane bending, but also in in-plane bending by introducing an
effective stress tensor, as well as in-plane and out-of-plane moment tensors, which are identified by the
balance of mechanical forces.

The purpose and tasks of the study. Determining the effect of changes in the geometric dimensions
of the metal shell of a tank car boiler on its structural strength remains an urgent scientific and technical
problem that needs to be solved using refined methods and research programs both during operation and
in determining the possibility of further extending the service life of railcars [6]. It is known that in
accordance with the current regulatory documentation [7, 8], according to the established design load
modes, the strength of individual parts of railcars is determined by the permissible stress values. The
assessment of strength indicators can be carried out using the calculation method or during various types
of field tests using measuring equipment. The need to assess the service life of a railroad car boiler
structure requires finding the most rational methodology for studying its stress-strain state using
adaptive mathematical calculation models.

The aim of the present study is to create a calculation algorithm that can determine the stressed state
of the cylindrical shell of a tank car boiler, taking into account changes in the thickness of the metal of
the structure due to corrosion phenomena [9] using the method of calculated sections in the MathCAD
software environment.

Materials and methods of research. In the present work, the use of the classical semi-momentum
theory of shells based on the Kirchhoff-Love hypotheses is proposed to determine the stress-strain state of
the cylindrical part of a tank car boiler under the condition of reducing the shell thickness to obtain its
maximum permissible values. It should be noted that in the presented calculation, the effect of static and
dynamic loads on the boiler shell is taken into account. According to the design scheme (Fig. 1), the
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cylindrical shell is freely supported by absolutely rigid supports. This support implies that individual
segments on the shell surface (Fig. 2) can move along the diaphragm in the direction of the cylindrical
part, while in the final cross-sections of the shell, free rotation is allowed, but no movement is possible.
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Fig. 1. Design scheme of a cylindrical boiler shell

In accordance with the adopted design scheme, the boiler of a tank car is subjected to the action of a
distributed load from the mass of cargo g with a height of h,, which is perceived by the bed supports
q,, and the transfer of longitudinal forces r to the shaped legs, which prevent the boiler from shifting
during transient modes of movement, is taken into account. The geometric dimensions b—a and d —c
determine the length of the supporting parts of the leg supports and shaped feet, respectively. The girth
angles of the support parts for the kingpin part are determined by the difference g, — 5, .

In general, five internal forces act on the shell segment: normal forces T , shear forces S, transverse
forces N, bending moments M, and torques M _ . In accordance with the semi-momentumless theory
of shells, it is taken into account that bending moments and forces acting in the transverse direction, as
well as torsional moments in the transverse and longitudinal directions, are equal to zero.

The algorithm for calculating the stressed state of the cylindrical part of the tank car boiler shell involves

the following sequence of actions:
1) determination of the local reference coordinate system in accordance with the adopted design

scheme;
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2) setting the input parameters taking into account the geometry of the structure, acting loads, and
elastic properties of the shell material;

3) determination of the bearing load in the considered design sections;

4) determination of the longitudinal load distributed over the contact surface of the boiler shell at the
location of the shaped feet;

5) determination of vertical and longitudinal load coefficients using Fourier series [10];

6) forming a system of algebraic equations in matrix form to find the components of tangential
displacement, shear forces, and normal forces;

7) determination of the coefficients of the series of tangential displacement, shear forces, and normal
forces at the point of the shell by the angular coordinate in the studied section;

8) construction of bending moment diagrams and determination of their values in the section under
consideration;

9) determination of equivalent stresses under the influence of force factors and comparison with
permissible values;

10) variation of the input parameter of shell thickness change and repeated calculation cycle.

oat,

NV

Fig. 2. Effect of force factors on the boiler shell segment

The method of calculated sections (sections I-1 and 11-11) Fig. 1 involves dividing the cylindrical part
of the shell into a certain number of sections and determining the desired values (displacements, stresses)
in the studied locations using the polar coordinate system. This makes it possible to determine the output
parameters at each separately considered point, which is located on the surface of the cylindrical shell by
the angular coordinate in accordance with the specified boundary interval of its length.

The system of differential equations for the equilibrium of the shell segment is as follows:
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where T, T, —normal forces;
N, N, —transverse forces;
S, S, —shear forces;
M, M, —bending moments;
M, —torque;
v , ¢ — coordinates of the cylindrical system;
R —radius of the cylindrical shell of the boiler.
In general, linear deformations ¢, and ¢, angular y,, , the deformation of the curvature change y,
and y,, twisting 7,, expressed through displacement w, v, u. Let's write those that will be needed

when deriving the main ones, which represent the complete system of equations of the semi-momentless
theory:

ou
& =—

OX

o W
£, = ——+—
Y “Rog R

v, v @
""" Rog

_1lfov dw
TR op 0¢°

According to the theory, it is assumed that Poisson's ratio =0, a linear and angular strain
g, =7, =0, that s, the elasticity ratio for forces T, and S, cannot be expressed through deformations.

According to the considered option, such relations can be represented for force T, and the moment M,

T, =Eoe,
E&® ©)
TS

where E — modulus of elasticity of the shell material;
S8 —shell thickness.
Taking into account the effect of loads P,, P, and P, distributed over the surface of the plane of the

shell segment, we get the sum of the projections of the net forces on the normal, axis x and tangential
Y to the circumference of the cross-section, as well as the moment relative to the axis x. After the
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transformation, the differential equations of equilibrium of the shell segment will have the form (4).
The solution to the problem of determining additional internal forces in the cylindrical part of the
boiler, caused by deformations of the contour of its cross sections, can be obtained on the basis of
geometric equations (2), ratios (3) and equations (4). Let's convert these equations to a convenient
solution, abandoning the traditional approach according to which the load P, P, and P, differentiable

oM, which is applied at a distance Rag of the considered segment.

oN
a—y+Ty—PlR=0

®

oS
ﬂF2+—y+ P,R=0
OX op
oT, s,
—+—R-N,+RBR=0
op  OX
oM,
-N,R=0
op

After the transformations, we will have an equation of the form:

o°'M

~+T,-PR=0
Rog

0S

o, R+—-+PR=0
oX op
or, oS, oM,
—+—R- +PR=0
op  OX Rop

ov
W=——o

op
a__Rov
o X

In accordance with the first and fourth relations (2), expressions (3) and (6) yield:
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by any variable. Let's exclude the forces from the balance equations Ny , given that it is a moment ratio

(4)

©)

Since for forces Ty and Sy there are no elasticity ratios, they can be found from equation (5). By

turning off the power T and moment M y let's transform these equations using relation (3) under the
condition that the linear and angular deformations are equal to zero. Based on this, we will have:

(6)
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2y
T, =—Eos|—Rd
X ;[8x2 ¢

ES*( dv  ov
M, =- st
12 { 0¢® O¢

By substituting expression (7) into the system of equations (5), we will have a system of integral
differential equations of the form:

()

3 5 3

_EO OV OV 1 _pR=0

12R*{ 0> Ogp
o%v oS

Es[2YR%dp -2 —PR=0 8
£6x3 APV ®)

3 4 2
@+@R+ E53[8 \i + 0 \ZJ+P3R=0
op  OX 12R°\ 0" O¢

Such a system reflects the equilibrium conditions of an extremely small segment of the shell of the
cylindrical part of the boiler, obtained taking into account geometric and physical relationships, i.e. it is
equivalent to three groups of equations of the shell theory taking into account the hypotheses of the
semi-momentless theory. The system of equations is complete and contains three equations with three
unknowns.

The laws of load distribution acting on the boiler shell are represented by double trigonometric series
with coefficients P, P,.. and P, ., determined by the Fourier formulas (9). The combination of

imn ! 2mn 3mn’?
trigonometric functions reflects the nature of the distribution of movements according to the
corresponding load.

For the adopted settlement scheme at x, located within the length of the cylindrical part of the shell,
there should be no movement w and v, due to the fact that the contour of the cylindrical part of the
boiler is not deformed at the end diaphragms. Sliding along the diaphragm can occur along the
cylindrical part of the shell, namely u=0.

P = ii P, COSNgsin AX
m=1n=2

P, = ii P, COSNg COS AX 9)
m=1n=2

P, = ii P, SINN@SIN AX
m=1n=2

where m i n —— numbers of row members;
A — ratio of the first number of the term of the series to the length of the cylindrical part of the shell.

The nature of the distribution of additional forces is reflected in contour deformations. When the load
is symmetrical with respect to the longitudinal vertical plane of symmetry of the cylindrical part of the
movement w and u symmetrical, and displacements v directed obliquely. Therefore, they can be
presented in the following records:

v=>>"v, sinnpsin Ax (10)
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S, =28, msinnpcos Ax
(11)

T, => > T, COSN@sin Ax

In formulas (10) and (11) coefficients v, Sym, Tymn Unknown In the case of finding the values of

the load coefficients P P, and P

imn ! 2mn 3mn

mn !

possible movements will look like:

w=1-cosngsin Ax
v=1-sinngsin Ax (12)
u=1.cosngcosAx

The equations of system (12) are continuous within the surface of the shell and correspond to the
boundary conditions at the end sections of the cylindrical part of the shell and periodicity along the arc
of the cross section.

Substituting the series from formulas (10), (11) and (12) into equation (8), the first of which is
equivalent to the projection of internal and external forces on the direction of movement w , the second
is equal to the projection on displacement v, and the third defines the projection on displacement v .

The work of force projections on the corresponding possible displacements is calculated by

integration over the surface of the cylindrical part within the limits of Xx=0 to X= 2|-l, , at the angular
coordinate from ¢ =0 to ¢ =2x, thatis:

N
-

<

—
o'—.g’

cosn sinw cosk sini”—x dxd
el LALETIN bt

Y Y

N
IO

o=y

. . mzx || . . IxX
sinngsin—— || sinkgsin— |dxd 13
psin= - j{ @ ZLJ @ (13)

Y Y

O'—DE Y —
o'—._\_"\’

cosn cosw cosk cosiﬁ—x dxd
P50 LTI R

Y Y

Given the orthogonality of trigonometric functions, if N=Kk and M=1 these integrals will be equal
LL/T ,and in case n=k and m=i they will be zero.

The system of integral differential equations (8) in the process of determining the work will be
reduced to the systems of algebraic equations (14) with respect to the coefficients of the series v, _, Symn

, Tymn . According to these equations, the coefficients of the series are found, and according to formulas

(12), there are intrinsically balanced forces, which are associated with deformations of the contour of
the sections of the cylindrical shell. The forces at the studied points are the addition of series at the given
coordinates x and ¢.

Coefficients of normal force and moment with known coefficients v can be determined by
expression (7), then the system of equations will have the form (15).
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3
_1EZ(I13 nP(n+1) 0 1
E5R2/13 VITIH |:)].FI'IT'IR
. -n 0[x|S,,[=|PmR (14)
T P,..R
E53 2 2 ymn 3mn
—n°(n"-1) AR n
12R® ( )
2
Txmn == EORA mn
n
Es® 19)
=- 2 -1
ymn 12R3 n(n mn
For the coefficients of equations (15), we have:
T, =D T, COSNPSIN AX
(16)

M, =>> M, cosngsin Ax

Equivalent stresses are calculated according to the deformation energy criterion according to the
formula:

o, = \/af -0,0,+ of + Bz'fy (17)

To ensure the required strength of the boiler shell, the condition must be met o, < [0'] , according to

[7], and individual components of the equivalent stress (17) are determined by the system of equations
of the form:

TX
o,=0c+-—=
)
Ty 6My
GY:E__‘_ 52 (18)
S
rxyzgy

Hydrostatic pressure g (Fig. 1) distributed according to the law:

g, = yR(cosp—cos ) (19)

where » — specific weight of cargo;
B, —angle that determines the position of the free surface of the cargo.

When bearing loads are applied, the angular width of the planes is taken into account g, — 4, in
cities, leaning on horizontal supports, and the load is distributed q oriented along the radius.
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Load factors P, P,,, and P, for the supporting parts of the boiler without taking into account
tangential loads will be determined by the formula:

P, =%q(cosia—cos/1b)(sin nB, —sinng,)

P, =%r(sin Ad —sin Ac)(sinng, —sinng,) (20)
P =0

3mn

where r — intensity of the distributed longitudinal load on the contact surface of the cylindrical shell
and legs.

The longitudinal load distributed over the contact surface of the cylindrical shell and legs is
determined by the formula:

T,(m +m,)

= am, R(d—c)(B, - 5,)

(21)

where m_ — tank car boiler mass;

m, — mass of cargo transported in a tank car;

m,, — gross weight of the tank car;

d —c — paw length;

B, — B, —angle of the boiler shell envelope with a shaped leg.

According to the presented methodology, the stress-strain state of the tank car boiler for improved
sulfuric acid model 15-1548-02 was calculated. The calculation scheme of the cylindrical part of the
boiler takes into account its geometric dimensions and operating loads (Table 1).

Table 1. Input data for calculation

Parameter, dimension Size
1 2

Tank car carrying capacity, kg 67000
Gross weight of the wagon, kg 90300
Wagon base, cm 780
Length of the cylindrical part of the boiler, cm 927
Radius of the cylindrical part of the boiler, cm 110
Inner angle of the girth of the supine support, degrees 34
Outer angle of the girth of the supine support, degrees 36
Inner angle of the girth of the shaped support, degrees 5
Outer angle of the girth of the shaped support, degrees 9
Distance from the extreme point of the cylindrical part 50
of the boiler to the outer part of the lying support, cm
Distance from the extreme point of the cylindrical part 150
of the boiler to the inner part of the lying support, cm
Distance from the extreme point of the cylindrical part 378,5
of the boiler to the outer part of the shaped support, cm
Distance from the extreme point of the cylindrical part 448,5
of the boiler to the inner part of the shaped support, cm
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Table 1. Continued

Thickness of the boiler shell, cm 0,7-1,1
Longitudinal force, kg 350000
Modulus of elasticity of the material, kg/cm? 2,1-10°

Calculation of the strength of the tank car boiler is carried out according to the I regime, in which,
according to the requirements [7] a longitudinal force of 3.5 MN acts on the car. The thickness of the
boiler shell is a variable parameter that takes into account the amount of its change due to damage to the
surface by corrosion [11]. At the same time, in the calculation, the thickness of the shell is assumed to
be the same in all sections, that is, it is assumed that corrosion is evenly distributed over the entire
surface of the metal at the same depth.

When determining the bending moments, the boiler is considered as a beam on two supports with a
rigid contour of the cross section [12, 13]. The values of these moments depend on the longitudinal
coordinate x, which determines the length of the cylindrical part of the boiler on the cross-section
section in question, and the stresses in the cross-sections change in proportion to the bending moments.

Using MathCAD software [14-17] a plot of bending moments (Fig. 3) was constructed for individual
sections of the cylindrical part of the boiler based on the equation written according to the syntax of the
calculation program:

2
qx— if 0<x<x,

M (X) = (22)

2
q?—E(x— x_ ) otherwise

where ¢ — distributed load acting on the cylindrical shell of the boiler;

x — coordinate of the half-length interval of the cylindrical part of the boiler;
x, — length of the cantilever part of the cylindrical part of the boiler, which is outside the base;

G — vertical load from the weight of the cargo.
According to the established input data, the calculated maximum values of the bending moments of
the shell at the supporting points of support at x, =73,5cm and in the middle part of the boiler at

X, = 463,5 cm constitute M (x,) =1,952-10° kg-cm and M(x,) =5,301-10° kg-cm in accordance.

5
1.926x107,

M(x), kg ecm

4

~7.108

0, X, cm 463.5

Fig. 3. Bending moment diagram of the half-length of the cylindrical part of the boiler

In accordance with the method of calculated intersections, to determine the forces and stresses acting
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on the boiler shell, the intersection point is first selected and the angular reference in the polar coordinate
system is determined. Taking into account the fact that the support of the boiler on the lying supports
and shaped legs is symmetrical in the profile plane, only half of the section is considered in the
calculation (according to the following example, the left part is discarded, and the right part remains).
Such an intersection has seven main positions, which correspond to a certain angle of inclination, in
relation to the center, in steps of 30°. Positions are numbered clockwise. The angle that determines the
coordinate, oriented along the cross-section of the cylindrical part of the boiler is ¢ =0...180°. The

number of intersections is chosen by the researcher depending on the task, and is determined by the
direction coordinate x.

In this work, based on the described calculation algorithm based on the presented method, the pivot
points of the boiler on the frame of the car and its middle part are considered as the main calculation
sections. Taking into account the fact that the places of the greatest deformations and stresses occur in
the contact zone of the boiler and supporting parts, the greatest attention is focused on the areas of
positions 5, 6, 7 within the corner ¢ =120...180°.

For cases of changes in the thickness of the boiler shell in the range from 1.1 to 0.7 cm in different
design sections, according to the results of the calculations, it was established that the equivalent stresses
(Fig. 4) exceed the permissible values of the yield strength of the material 09I2C [5,,,]=325 MPa at the

minimum value of the shell thickness & =0.7 cm in the pivot cross-section at the place where the boiler
rests on the bearing supports and are 330.1 MPa (Fig. 5).

As can be seen (Fig. 4, a), for the kingpin section, the largest equivalent stresses in the boiler shell
are in the range from 290° to 310° of the polar coordinate system, while their values at the accepted
lower and upper limits of the shell thickness differ by a factor of 2.2. For the middle part of the boiler,
the maximum values of equivalent stresses are in the range from 270° to 260° of the polar coordinate
system and have a similar level of growth.

a) 90 6)

150

150

07 =07cm 87 =07cm

08 =08cm

09 =09%cm

180
810 =10cm

08 =08cm

89 =09%9cm

- - 180
810=10cm

o

011=11cm 011=11cm

Fig. 4. Diagram of the distribution of equivalent stresses in the tank car boiler shell in the design
sections using MathCAD software:
a) pillar part; b) middle part of the boiler

Determining the most stressed areas taking into account the reduction of the thickness of the metal
shell is a priority task when calculating the strength of the tank car boiler, therefore changing the
parameter & is carried out from the permissible value to the minimum possible.

So for the case of the thickness of the boiler shell §=0.7 cm it was established that the maximum
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values of tangential and radial displacements in the place of the supine support of the boiler on the frame
are 1.95 mm and 10.54 mm, respectively. At the same time, the action of normal forces in the specified
places corresponds to the values of 1.2 kN for the longitudinal direction and 1.76 kN for the transverse
direction. For the cross-section in the middle part of the boiler, the maximum values of tangential
displacements are 1.91 mm, and radial displacements are 6.13 mm. The maximum values of normal
forces in this section for the longitudinal direction are equal to 0 kN, and for the transverse direction are
0.025 kN.

| i i i - 70
1,1 1 0,9 0.8 0,7

-o-ce(middle), MPa -m-ce(pillar), MPa —aoT, MPa

Fig. 5. Diagram of maximum values of equivalent stresses (MPa) in the range of changes in
the thickness of the boiler shell (cm)

The obtained calculated values of stresses in the directions of action for the accepted minimum value
of the boiler shell thickness are presented in Table 2.

Table 2. Calculated values of the studied quantities for the case of the boiler shell thickness

6=0.7cm
Parameter, dimension Position number where the measurement is performed
1 2 3 4 5 6 7
1 2 3 4 5 6 7 8
Angular position of the
measurement point in the polar 90 60 30 0 330 300 270

coordinate system, degrees

Normal stresses in the transverse
direction in the cross section of the 3,45 | 13,36 | 11,31 | 44,54 | 57,47 | 30,33 | 84,05
middle part of the boiler, MPa

Normal stresses in the longitudinal
direction in the cross-section of the 3,99 7,15 471 3456 | 29,04 | 35,15 | 89,55
middle part of the boiler, MPa

Tangential shear stresses in the
cross-section of the middle part of 0 0 0 0 0 0 0
the boiler, MPa
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Table 2. Continued

1 2 3 4 5 6 7 8
Equivalent stresses in the cross-
section of the middle part of the 6,45 | 18,04 | 14,26 | 40,48 | 76,25 | 56,76 | 150,4
boiler, MPa
Normal stresses in the transverse
direction in the pivot (support) 546 | 2,96 1,92 2,81 51,56 | 106,1 | 92,91

section of the boiler, MPa

Normal stresses in the longitudinal
direction in the pivot (support) 2,71 2,41 0,82 18,68 | 1151 | 202,8 | 32,35
section of the boiler, MPa

Tangential shear stresses in the

pivot (support) section of the 0 2,88 3,71 3,51 11,61 | 15,96 0
boiler, MPa

Equivalent stresses in the pivot

(support) section of the boiler, 7,21 6,83 6,64 18,47 | 149,2 | 273,2 | 81,68
MPa

The distribution of equivalent stresses for each calculated value of the boiler shell thickness is
presented in the form of a function that allows determining extremes localized within the angular
position.

Conclusions. In the vast majority of works related to the calculation of cylindrical shells under local
loads, equilibrium equations in real form are used as initial equations, which are reduced to the main
8th-order partial differential equation. The high order of this equation is a significant drawback when
obtaining specific numerical values of the results. To eliminate the fundamental complications that arise
when calculating the system of equilibrium equations, the determination of the vertical and longitudinal
load coefficients is performed with the introduction of Fourier series.

Using the semi-momentum theory of shells, local problems were formulated and solved to determine
the stress-strain state of a tank car boiler, taking into account the decrease in the thickness of the base
metal of its cylindrical part when corrosion occurs. On the basis of these problems, analytical
expressions for calculating the components of forces and stresses as functions of transverse and
longitudinal coordinates were derived without using additional hypotheses about the nature of the stress
distribution or displacements along the shell thickness.

As an example, the calculation of stresses in a cylindrical single-layer boiler shell under static load
is presented. Explicit analytical expressions for all components of the stress tensor are obtained.
MathCAD software was used to perform theoretical stress calculations. This made it possible to fully
implement the calculation algorithm and automate the process of obtaining research results.
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TeopeTnyHi 0CHOBH PO3PAXYHKY HMJIIHAPUYHUX YACTHH KOTJIIB BArOHIB-IIMCTEPH 3
BUKOpHUCTAaHHAM cepenoBuma MathCAD

Cmamms npucesuena NUMaHHAM YUCETbHO20 PO3PAXYHKY YUNIHOPUYHOI YACTMUHU KOMIA 8A20H-
yucmepHu, AKa NpeocmasieHa y 6ucisioi 0OHOWAPO8Oi 0DONOHKU, OOCHIONHCEHHIO ii HANPYHCEHO-
0ehopmosano2o cmawny 3 GUKOPUCIAHHAM NOJIOHCEHb HANIBOe3MOMeHMHOI meopii 06010HOK. ¥V psaodi
BUNAOKIG 8 OIUCHUX YMOBAX eKCNIYAMAayii KOmia 6a2oH-YuCmepHu Npu GUHUKHEHHI 3HOUEHb OCHOBHO20
Memany nio 0i€io 6RAUGY KOPOIUHUX A8UWY, W0 GUHUKAIOMb NIO 4ac 63AEMO0IT azpecusHo20 cepedosuiyd
ma pesepgyapa npu 30epicaHHi i MPAHCNOPMYBAHHI, GUHUKAE HEOOXIOHICMb OYIHKU HANPYHCEHO-
deghopmosanoeo cmawy ma NOWYK HaUOitbwi Hebe3neuHux OinAHOK. Aemopamu Oauoi cmammi
3anpoONoOHOBAHO AN2OPUTIM PO3PAXYHKY, 34 AKUM MONCHA GUSHAYATNU HANPYIHCEHUL CIAH YUNTHOPUUHOT
000JI0HKU KOHCMPYKYIT 3 YPAXYBAHHAM 3MEHUIEHHS MOBUWUHU MEemAry npu nosasi Koposii 3a Memooom
DPO3PAXYHKOBUX Nnepemunie 6 npocpamuomy cepedosuwyi MathCAD. Ilobyoosana mamemamuyna
MOOelb 00380718€ BUSHAYAMU. BETUYUHU NO300BHCHIX | NONEPEUHUX NepemiljeHb SHYUKOi 0OHOPIOHOT
000/10HKU  NOCMIUHOI  dicopcmKkocmi  npu  OllOHOMY KOMOIHOBAHOMY HABAHMANCEHHI;, BeIUUUHU
HOPMANLHUX CUT, 32UHATLHUX MOMEHMIE MaA eKGI8ANEHMHUX HANPYICEHD Y 8IONOBIOHOCMI 00 NPUUHATOT
PO3PAXYHKOB80I cXxemu yYumiHOpuyHoi uyacmunu komna. Ilpocmoma peanizayii 3anponoHo8ano20
YUCENLHO20 AN2OPUMMY HAOAE 3MO2Y BUKOPUCTHOBYBAMU U020 8 THIICeHEPHIL NPAKmMuyi, Hanpuxkiao, nio
4ac npoedeHHs. MEXHIUHUX 021A0I8 MA NPUUHAMMI PileHHs WO000 NO0ANbULOL be3neunoi excniryamayii
KOM.i6 6A20HIG-YUCTNEPH 3A CKOPULOBAHOIO MEMOOUKOIO HA PAHHIX emanax 00CAiOHCEeHHS.

Knwuoei cnoea: xomen, yuninOpuuna 4acmuna, 000IOHKA, MEMOO PO3PAXYHKOBUX NEPEmuHis,
eKBIBANEHMHI HANDYIHCEHHS, ATICOPUMM.
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Justification of choice of methods for diagnostics of insulation condition of electrical
machines of electric railway stock

The object of the study is the process of monitoring the technical condition of electrical insulation of
traction electric machines in order to determine the need for their maintenance or repair. Diagnostics
of electric machines is an important aspect of supporting the operation of electric drives. Failure of the
windings is one of the main reasons for failure of electric motors. Therefore, the task of developing
operational methods for diagnosing the insulation of windings of traction electric motors is urgent. A
study of the negative impact of operating conditions on the technical condition of electrical insulation
of motors was carried out. The analysis of the existing methods of diagnosis of insulation systems of
electric machines was carried out. Special attention was paid to the selection of predictive parameters
of the insulation state. A mathematical model was developed to study the frequency characteristics of
the stator insulation system of the traction electric motor model AD914. Refined dependences of the
effect of changes in the insulation parameters of the motor stator winding on its frequency
characteristics were obtained. It was concluded that the method of monitoring the insulation state of
electric motor windings based on the assessment of electrical resistance relative to the stator core and
amplitude-frequency characteristics is the most effective. The field of practical application of the
obtained results is the system for monitoring the condition of electrical insulation of traction electric
machines to determine the schedule of their maintenance and repair. The conducted research is a
scientific justification for the choice of methods and devices for diagnosing the insulation state of
electric motors of railway traction rolling stock.

Keywords: diagnostics, mathematical model, electrical insulation, damage, amplitude-frequency
characteristic

Introduction. The stability of the insulation characteristics of electric machines is one of the main
factors that guarantee the reliability of the traction electric drive of locomotives and electric trains. The
problem of the stability of the technical condition of the electric motors of locomotives and electric
trains is becoming more and more acute, which is explained by the following objective reasons: a long
period of operation, which leads to aging of the insulation material; deterioration of the voltage quality
in the power supply network due to the emission of high-frequency harmonics; increase in traffic speeds,
etc.
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Analysis of cases of failure of traction rolling stock and linear equipment during the warranty period
of operation for the period of January 2021. — December 2022 indicates a steady trend of growth in the
number of refusals. Thus, during 2022, the number of failures of traction rolling stock and its equipment
as a whole in the locomotive industry of JSC "Ukrzaliznytsia" increased from 34 to 85 cases. Moreover,
25% of the total number of failures of traction motors is due to damage (breakdown) of electrical
insulation. The failure mechanism of asynchronous motors depends on various parts, the most important
of which is the stator winding. At the same time, the main cause of failures of auxiliary alternating
current machines (AE-92-4 asynchronous electric motors, RF-1 splitters) is insulation breakdown of the
stator windings, which accounts for up to 85% of the total number of failures of the specified type of
machines. Failures of DC traction motors (NB-418, RT-51) in 60% of cases are associated with
insulation breakdown of the armature windings, main and additional poles.

In the operation process of electric machines of locomotives and electric trains, the insulation is under
the influence of electrical, mechanical, climatic and physic-chemical factors. The results of the operation
show that the deterioration of the insulation is primarily due to the nature of the load. Frequent starts of
machines under load, which are accompanied by significant starting currents and electrodynamic forces.
Under the influence of these efforts, cracks appear in the insulation, which contribute to the further
development of defects.

Vibration, cyclic temperature changes of the windings — heating during operation and cooling after
operation — create thermomechanical stresses in the insulation system, contribute to the formation of
condensate and moistening of the insulation. The combined effect of the listed factors leads to
irreversible physicochemical processes in the structure of the insulation, which deteriorates over time,
that is, to its aging, which is expressed in drying, evaporation of volatile components, loss of elasticity,
the appearance of pores and cracks and their filling with moisture due to condensate. In addition, in the
process of manufacture or repair, damage to the inter-turn insulation, gas inclusions after the process of
impregnation of the windings, which reduces the breakdown inter-turn voltage, may be allowed.
Contamination and deposition of dust with metal impurities can create a conductive layer on the
insulation of the windings. Around this layer, the electric field increases, which can lead to insulation
damage due to partial discharge.

Analysis of the causes of failure of electric machines shows that the main cause of damage to the
stator winding is a short circuit between the turns, which is accompanied by overheating of the short-
circuited sections of the turns. If an inter-turn short circuit is not detected and eliminated in time, an
inter-phase short circuit or a breakdown of the machine body may occur.

2. Literature review and problem statement. Currently, considerable attention is paid to the
development of methods for detecting and diagnosing electrical faults in three-phase asynchronous
motors, especially failures occurring in the stator winding.

The work [1] indicated a high probability of insulation breakdown in the stator winding due to
overload, aging and mechanical vibrations. Therefore, it is necessary to use a reliable toolkit to detect
the degradation of electrical insulation of electric motors in order to avoid any potential consequences.

The article [2] gives an overview of the existing methods of diagnosing the technical condition of
insulation of electrical machines. These methods are organized according to the type of tests performed.
The issue of operational supervision, maintenance and diagnostics of insulation systems of electric
machines is discussed. The negative influence of operating conditions and various factors on the
technical condition of the insulation system is described. Special attention is paid to the review of
available methods of diagnosis of insulation systems of electric machines and their systematization
according to the type of tests.

In work [3], an analysis of the methods of diagnosing electric machines, types of defects, as well as
means for their detection during production and operation was carried out. The work provides an
opportunity to evaluate the effectiveness of the analyzed methods and predict the future development of
diagnostic methods.

More and more attention is paid to the design of new insulation materials and insulation systems.
The article [4] discusses the latest achievements in the field of insulation systems of electric machines.
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Two categories of electrical insulation tests are considered: online tests; testing in off-line mode. Test
standards and methods for detecting insulation damage are given. A study of developing technologies
was conducted. The effect of partial discharges on insulation systems was discussed.

The article [5] discusses practical approaches to detecting single-turn short circuits. It is emphasized
that this type of short circuit belongs to the most serious type of insulation damage, when the inductance
of the winding decreases and the circulating current increases. In the work, it is proposed to use the
method of high-frequency signal supply to the windings of the electric machine and its analysis for
reliable online diagnostics of malfunctions. The obtained results of the experiments confirm the
effectiveness of the proposed method.

According to the study [6], existing and potential methods for diagnosing the insulation of electric
machines should include the following partial discharge tests; insulation resistance tests between the
coil and the core and dielectric spectroscopy. Dielectric spectroscopy is possible in the time and
frequency domain. A partial discharge test can reveal insulation defects between turns, between phases
and earth. For example, voids, cracks and delamination in the insulation, as well as degradation of the
insulation of its chemical composition.

In [7], a new approach to monitoring partial discharge test data based on the condition index is
proposed. The types of partial discharge, equipment for substantiating the maintenance schedule and the
need for repair are considered. The issue of detecting partial discharges and reducing their negative
consequences is discussed in works [8—10].

The work [11] presents a developed methodology for determining the type of malfunction and the
location of damage by analyzing the amplitude-frequency characteristic. It is noted that it is necessary
to conduct a number of measurements to form a database of frequency characteristics. The expediency
of using the method of amplitude-frequency characteristics as a diagnostic tool for detecting internal
malfunctions in asynchronous motors is also evidenced by the results of experiments given in works
[12, 13].

Using the method of amplitude-frequency characteristics, it is possible to evaluate the mechanical
integrity of the winding inside the machine, detect broken tires, broken rods in short-circuited rotors of
asynchronous motors, and obtain a comprehensive assessment of the state of the bearings of the rotor
shaft [14—16]

The results of the studies presented in [17, 18] show the high accuracy of the method of amplitude-
frequency characteristics for detecting short circuits in the windings of asynchronous motors. In
particular, in [18] the application of the method of amplitude-frequency characteristics in the online
mode is proposed.

In [19], the insulation test with voltage pulses, which is applied between the winding and the machine
body during the production and overhaul of asynchronous motors, is considered for diagnostic purposes
and is used as a comparative method. The method of impulse tests is also considered in [20]. The method
consists in disconnecting the charged capacitor from the winding and recording the transient process in
the winding circuit. On the basis of the created mathematical model of switching processes in the
windings of electric machines, a diagnostic system for assessing the quality of insulation of the windings
is proposed based on multi-physical processes that occur when the current breaks in the windings of
electric machines.

The method of high-frequency capacitance impedance is also used to monitor the deterioration of the
insulation condition of electric motor coils. Periodic measurements of partial discharges, dielectric
losses and capacitance, as shown in [21], are the most effective for assessing the phenomenon of
insulation aging.

The article [22] presents the results of experimental research on the dependence of thermal,
mechanical and electrical changes in capacitance and the dielectric loss angle on aging time and applied
voltage.

The above analysis of well-known information sources on this topic allows to assert the feasibility
and prospects of improving the methods of diagnosing electric machines by modifying tests, improving
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the effectiveness of predictive parameters, optimizing diagnostic periods, and expanding online testing
based on the use of modern sensors and modern digital signal processing algorithms.

The aim and objectives of the study. The aim of the study is the development of methods for
diagnosing the state of electrical insulation of traction electric motors of electric locomotives and electric
trains. The main tasks of the study are as follows: the study of the possibility of using the impedance of
the insulation capacity as a test for monitoring the insulation state; improvement of the method of
detecting insulation defects based on the use of impulse diagnostic methods; comparison of the accuracy
and efficiency of the amplitude-frequency and impulse methods of monitoring the insulation state.

Materials and methods of the study. It is accepted that the condition of the electrical insulation of
electric motors is determined using diagnostic tests that allow to assess the degradation degree of the
insulation caused by aging. Two categories of electrical insulation tests are considered: on-line tests and
off-line tests. Testing by the method of partial discharge in real time is performed at a frequency of 50
Hz in the stator windings with a nominal voltage of 2 kV and above according to the "phase-earth"
scheme on one phase simultaneously with the grounding of the other two phases. Partial discharge is
one of the main factors that can lead to insulation damage. It usually appears in voids, pores between
the insulating material, inside or on the surface of the insulating system and is characterized by spark
impulses that lead to heating of the insulation. Due to their repetition, partial discharges create conditions
for insulation breakdown. The list of parameters by which the insulation state can be evaluated, the
reasons for their deterioration, which lead to a decrease in the reliability of electric machines, is
considered. Tests that make it possible to detect malfunctions in the windings and timely prevent failures
of electric machines in operation are considered.

Research results.

Study of parameters characterizing the insulation state. The most important parameter that must
be monitored and which helps to check the condition of the electrical insulation is the electrical
resistance of the insulation. The resistance is estimated by the current flowing in the insulation circuit
when the voltage is applied. The flowing current includes polarization current, through current and
surface conduction current. However, measuring resistance does not give a complete picture of the
insulation state. The absolute value of the resistance is an integral characteristic that is insensitive to
local changes in its value, which most often lead to a breakdown. The polarization index test consists of
testing the insulation between phase and earth with a high DC potential. The method allows to detect
and localize pollution, the main defects in the insulation and is a sensitive indicator of the presence of
moisture in the winding.

The equivalent model of replacing the insulation of individual coils of an electric machine, as a type
of solid dielectric, can be simplified in the form of a parallel replacement scheme (Fig. 1).

The parallel substitution circuit can be considered as a dielectric model, in which the elastic polarization
current is modeled by the capacitance C, and the electrical conductivity by the resistive resistance R.
The current caused by the polarization processes of displacement of bound charges in the dielectric takes
place in the presence of an alternating electric field. Polarization of the dielectric under the influence of
an alternating electric field causes losses of active electric power — dielectric losses that are released as
heat in the dielectric and cause heating of the insulation. Dielectric losses are characterized by the
dielectric loss angle tangent #gd, that is, the ratio of the intensity of the real component /r to the imaginary
component /¢ of the electric current flowing through the dielectric in an alternating electric field.

The vector of the total current / is obtained by adding the vectors of the active /z and reactive Ic
currents, the ratio of which in the right-angled triangle of currents gives the dielectric loss angle tangent
tgd=Ir/I=1/(w-R-C), where the angular frequency is w=2-n-f, s'.The value of the capacitance C
between the stator conductors and the grounded core can be a parameter that characterizes thermal wear,
moisture absorption and contamination of the winding. Tracing the trend over time of the dielectric loss
angle tangent #gd can provide a general idea of the dielectric loss and the general condition of the stator
insulation.
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u

Fig. 1. Model of replacing the insulation of an electric machine

The ability of the dielectric to polarize characterizes the relative dielectric constant, however, g0 is

a more sensitive characteristic for diagnosing the technical condition of the electrical insulation of
electrical equipment than the relative dielectric constant, because it changes within wider limits when
external factors change. A change in the 7gd value during operation allows to judge the drying, wetting
and damage of the electrical insulation, the appearance of cracks and the loss of plasticizer.
The results of experiments [22] show that, regardless of the type and strength of the voltage, the
insulation characteristics deteriorate with aging. At the same time, the capacity C and 7gd increases.
Long-term thermal stresses lead to an increase in 7gd, and the breakdown voltage is significantly reduced
in the case of combined electrical and mechanical stresses due to the presence of defects.

Dielectric losses represent the sum of conduction losses and polarization losses, that is, losses due to
the occurrence of a partial discharge. If there are voids or cracks in the insulation, and the magnitude of
the electric field is lower than the dielectric strength of air, the ionization process will not occur. As long
as the voids of the insulation are not ionized, the value tgd will depend only on the loss coefficient of

solid particles tgo=tgods [21]. In this case, the measured value 7g6 is only slightly affected by the applied
voltage. When the electric field strength of the air increases, the void begins to ionize (partial discharges
occur), the parameter will increase sharply with the applied voltage. Measuring the dielectric loss of the
insulation of a three-phase electric machine involves testing each winding in turn. When measuring, a
50 Hz alternating sinusoidal voltage is applied between the phase winding and ground, and the other
two phases are grounded to the stator core.

Diagnostic methods. Existing and promising diagnostic methods include on-line and off-line testing.
In the on-line mode, the technical condition of the insulation system can be determined using continuous
monitoring of the electric machine. For this, measurements of various physical quantities are used:
magnetic flux; temperature; stator winding current. The most common types of on-line insulation testing
include: thermal monitoring; partial discharge test; current spectral analysis and overvoltage monitoring.
On-line tests are carried out during operation of the electric machine. However, only with the help of
online monitoring, it is impossible to detect all malfunctions of an electric machine. Therefore, off-line
tests are necessary, during which the electric machine is disconnected from the network and testing
methods are applied. The disadvantage of the on-line monitoring method is the need to install additional
equipment at each machine monitoring object. Compared to off-line testing, some insulation defects are
more difficult to detect. Further development of diagnostic methods, hardware and monitoring
algorithms will undoubtedly make it possible to expand the scope of application of the online monitoring
method.

The method of high-voltage impulse tests is one of the effective methods of assessing the insulation
state of machine windings. This method is comparative. It consists in connecting the test voltage of the
charged capacitor between the winding and the magnetic circuit and recording the current discharge or
voltage drop on the winding. Deterioration of the insulation affects the high-frequency behavior of the
machine. This is the basis of the condition monitoring method, which allows detecting changes in the
insulation by estimating the transient current when the pulse is applied.
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Depending on the parameters of the circuit, the process of changing the voltage on the winding has
an oscillatory or aperiodic damping character. The resulting oscillogram of the transient process is
compared with the previously recorded oscillogram (for a working or new winding) and on this basis
the deterioration of the winding insulation is assessed. Any anomaly in the insulation system of the
windings is manifested by a change in the frequency and decrement of the attenuation of the evanescent
wave. Analysis of time oscillograms allows to quickly and easily determine the state of inter-turn
insulation. This makes it possible to detect both short circuits and deterioration of the insulation between
individual turns, as well as between winding coils.

Another method that is similar to the high voltage pulse method is the DC off method. The research
methodology consists in supplying the tested circuit with a direct current, the value of which is much
lower than the rated current of the tested machine. Measurements can be made on the windings
connected together, or on the windings of each phase separately. The technical condition of the insulation
of the windings is assessed based on the analysis of the voltage parameters generated at the winding
terminals. Based on the analysis, the following values are compared: the frequency of the induced
voltage; the shape of the induced voltage and the logarithmic damping factor.

One of the most common methods for diagnosing electrical machines and transformers is the
dielectric spectroscopy (DS) method, which can be considered in both the time and frequency domains.
In the time domain, the method includes measurement of current, capacitance, and dielectric loss angle
tangent. DS in the frequency domain mainly involves the analysis of the amplitude-frequency response
(FRA). Frequency Response Analysis (FRA) consists in calculating the impedance of the winding over
a wide frequency range and comparing it with a reference set.

The FRA method is based on the fact that the electrical circuit of the stator and rotor is equivalent to
an electrical network consisting of active resistance, capacitance and inductance, which has its own
unique frequency response. The FRA test is used to diagnose inter-turn faults in coils during the repair
of an electric machine and during its operation. In order to determine the sensitivity and effectiveness
of the frequency testing method for assessing the insulation state and localization of defects, the transfer
function of the winding insulation system is considered in the work.

Results of traction motor insulation research. When performing capacitance tests, tgd or

polarization index, it is desirable to measure each phase separately under the same conditions to monitor
changes over time in the parameters of each phase and to compare values between phases. A
mathematical model was created in the Matlab-Simulink software environment to conduct research on
insulation parameters of electrical machine windings. In the model, each winding of an asynchronous
machine is considered taking into account its inductance L, phase capacitance Cy, distributed transverse
capacitance relative to the stator C, and insulation resistance R relative to the stator (Fig. 2).

Capacitance C, and dielectric loss of insulation between the phase winding and the case will be
obtained from experiment XX (Fig. 1) when the winding terminals are closed (C/=0; L=0) and the
alternating voltage U with a frequency of 50 Hz is applied to the phase.

Complex of the total winding leakage current

| =U"Y,, 1)

where Y =,/G*+B? =G+e'2-B,-Y — complex conductivity;

G=1/R — active conduction;

e'2. B, = e -o-C, — capacitive conductivity complex.
With known values of applied voltage U, leakage current Iz and total current Iy, let’s obtain:

;. B.=VY?-G’=0-C,.

IZ

U

|-
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0,5:Cn —

L g O
Fig. 2. Simplified model of insulation of one winding of an electric machine

From the last expression, the winding capacity is distributed: C,=1/(Xc- o).

Reactive current /c=Bc- U.

Dielectric losses of active power are obtained from the ratio of active current and reactive current, or
the resistor conductivity 1/R to the reactive conductivity:

o-C, 1
t98 R-o-C,

2

With the help of the model, research was carried out on the insulation of the winding of the AD914
asynchronous traction motor (Table 1).

Table 1. Input data of the AD914 asynchronous traction motor

Power at terminals Pu, kKW 1200
Active resistance of the stator phase R, Q 0.0344
Total active resistance of the motor R2 , Q 0.0619
Inductive resistance of the stator phase X at a frequency of 50 Hz, Q 0.213
Short-circuit resistance Z, at a frequency of 50 Hz, Q 0.379

When applying to the stator phase an alternating voltage with a frequency of 50 Hz, the obtained
calculated parameters are given in the Table 2.

Table 2. Results of calculating the parameters of traction type AD914 insulation

Reactive current Ic, A 1.192-10°
Active current Ig, A 1.0-10°
Complete current Iz, A 3.923-10°
Active resistance Rz, Q 1.0-10°
Capacitive resistance Xc , Q2 -2.6362-10°
Distributed winding capacity Cn, mF 1.192-10°
Dielectric loss angle tangent tgo 0.2671-10°

The model of the insulation system of a three-phase alternating current electric machine when
checking the insulation of the windings must take into account the capacity of each phase C: relative to
the stator core, the capacity between the phases Cyv and the resistance of the insulation between the
winding phases Rwm and the core Rs (Fig. 3).
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Fig. 3. A model of the insulation system of a three-phase electric machine

Impedances of windings relative to the body are marked as Z4, Zz, Z¢ and between phases — Zyz, Zuc,
Zpc. Assuming that the insulation system of all three phases is balanced, and their impedances are equal
to each other:

2,=2,=2.=2Z; (3)
ZAB = ZAC = ZBC = ZMF' (4)

Here, the impedances of each parallel R-C model between phase insulation are Zyr, and the insulation
of each phase relative to the case is Zyr.

Complex conductivity of insulation of one phase Y=G+jBc,
where G=1/Rs — active conductivity;
B=w-Cs — reactive conductivity.

The total active resistance of the phase insulation in accordance with the scheme of Fig. 3:

R, (Ry +Ry)

. =— " 7 5
¥ R, +3-R, ©)

The total capacity of one winding, taking into account the capacity relative to the case and between
the windings:

_2.C, -C,

=2 " +C,. 6
27T aC, f (6)
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The analytical expression for the leakage current consists of resistive and capacitive components:
1=U-Y=G-U+jB U. (7)
The phase shift between voltage and current o=arctg(Bc: Rs), the dielectric loss angle tangent
tge =90 —arctg (B, -R;). (8)
The results of the study of frequency characteristics. A simplified winding scheme of one phase
of an electric machine (Fig. 4) includes: active resistance Ry relative to other phases and the core; the

total capacity Cuyr of the winding phase, taking into account the capacity between winding turns and
between phases; inductance L; resistance Rsrelative to the stator core.

Ic1

- 5 | | Cwmf
| Rm | | L
—>
N o 1
I—» Rt Ct
Ui - IRf l —
o ? Y o 2

Fig. 4. A simplified winding diagram of one phase of an electric machine

The transfer function of the winding is defined as the frequency dependence of the voltage ratio at
the output terminals of the winding applied to the power source. The electric circuit of the winding of
the electric machine (Fig. 4) corresponds to the system of equations for the instantaneous values of the
voltage drops on the elements:

U, =U,, +U,; ©)
CMF_LJ‘ICMrdtZIL'RM_FL'%; (10)
MF
1
Uzzc—jlcfdtle' R,.. (11)

f

The resulting system of equations provides a mathematical description of the physical processes in
the winding insulation system and is the starting point for obtaining the transfer function and studying
frequency characteristics. Using the direct Laplace transform, it is possible to obtain a system of
algebraic equations in the images:

1 1
e, (p)+
Cu - P “ Ci-p

U,(p)= e, (P); (12)
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IC
Uch(p)=CL(_r;)=IL(p)-RM(p)HL(p)-LL(p)-p; (13)
Uup)= g o 1e (D) =15, () R, (14)

where p - the Laplace operator.

Given that the total current in the circuit is I(p)=I.(p)+lc1(p)=IcAp)+IrAp).

As a result of solving the system of equations (2) and a number of algebraic transformations, it is
possible to obtain the dependence of the output voltage U>(p) on the input action:

Uy () (Cys - p-(L- P+RM)+1)=U2(IO)~(CW pe(L- P+RM)+£Cf : P+RLJ-(L- P+Ry )J- (15)

f

The transfer function of the winding insulation system is the ratio of the Laplace images of the output
voltage and the input action under zero initial conditions:

U,(p) L'CMf'p2+CMf'RM'p+1

Bl L R '
UilP) (L., +L-C,)- p+(Cyy -Ry +C, R, b o) P+l
f f
The resulting transfer function includes a capacitance Cyy., which is still unknown. Features of the
windings of electric machines are their distributed parameters Cyy., L. The winding capacity Cuy. can be
determined from a short-circuit test when points 1, 2 of the circuit are connected. The unknown
parameter values are found through the equivalent conductivities:

W(p)=

(16)

[N
>

B.=——; B ==2%; G=_" (17)

2
1

N

where the total resistance of the parallel branch Ry, L:

Z,=\JRE + X2, (18)

During resonance of currents, the phase shift between the voltage and the full current of the circuit
is @=0, and the condition of resonance of currents is:

X, 1 of X 1
Z! X Ry+X7 X
whence the resonant frequency of the circuit:
2
o= |+ Ru (19)
L-C,, L°-Cy

The resulting dependence makes it possible to calculate the winding capacity of one of the phases.
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The following example uses the parameters of the AD914 asynchronous traction electric motor, the
active resistance of the winding Ry and the inductance L, the values of which are given in Table 1. The
resonance of the current took place at a frequency of £=5.185-10* Hz. The distributed capacity of the
winding is determined from the expression (19):

> =1.388817 10", F. (20)

M

Transfer function of the third-order link (16) makes it possible to analyze the frequency
characteristics of the insulation system of the windings of electric machines. When investigated, it is
possible to consider the system's response to a sinusoidal test signal. The output signal in this case will
also be sinusoidal of the same frequency as the input signal, but differs from it in amplitude and phase.
The study of frequency characteristics is significantly simplified when using logarithmic ones

The LFRA study was conducted for the stator winding insulation system of the AD914 asynchronous
traction electric motor using a model.

Research was carried out for four variants of transfer functions:

W, —no insulation defects; > — insulation resistance relative to the stator 1 kQ; W3 — inter-turn short
circuit; W4 — phase-to-phase short circuit.

Different types of stator winding insulation faults were specified by changing the parameters L, Ry,
Cuyp, Cr, Ry for the corresponding transfer functions. LFRA configurations for the specified options are
shown in Fig. 5.

Mag, dB ' Mag, dB
-50 v =50} ~
-100 » -100
Phase, deg Phase, deg \
0 0\
-90 -90
-180 -180
105 10'0  f, rad/s 10° 1010 f, rad/s
, ) . b)
Mag, dB Mag, dB _
0 0
-50¢ \ / -
1100 1100 ~.
Phase, deg Phase, deg
0 - 0
-90 -90
-180 » -180
10° 1010 f, rad/s 10° 10'0 £, rad/s
c) d)

Fig. 5. Logarithmic frequency characteristics of the insulation system of the stator winding of the
AD914 asynchronous traction electric motor: a) reference LFRA — no insulation defects; b) reduction

of insulation resistance relative to the stator core to 1 K ¢) inter-turn short circuits of phase
sections; d) short circuit between winding phases.
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The results of the LFRA simulation in comparison with the reference LFRA signature (Fig. 5, b)

show that when the insulation resistance relative to the stator core is reduced to 1 KQ, a decrease in the
amplitude of the frequency response in the low-frequency range from 50 to 20 Db is observed. The
phase response has no initial shift at low frequencies. When the frequency increases, the shift goes
towards the value —90°. The resonant frequency remains unchanged.

Fig. 5, ¢ shows that the winding circuit between the phase sections sharply shifts the resonance

frequency to the right from the mid-frequency to the high-frequency range.
The phase characteristic in the high-frequency range has a constant phase shift by +90°. Short circuit
between phases of the winding (Fig. 5d) affects the LFRA signature in the same way as the effect of
turn-to-turn short circuits, but slightly reduces the frequency of the resonance point. It can be seen that
when the winding is shorted between phases, the phase characteristic has a phase shift 0° in a higher
frequency range.

The phase lock shows the largest change in the LFRA signal due to the change in the inductance of
the winding circuit. When short circuit between the phases of the winding, the assumption was made
that there were no interturn short circuits in the phase windings.

The obtained results indicate that the deterioration of the insulation leads to a change in the frequency
characteristics of the electric motor. The LFRA signature depends on the value of all the capacitances,
inductances and resistances of the windings relative to the stator core. The presence of a set of typical
LFRA or FRA signatures, which are unique for different types of damage, will make it possible to use
the frequency diagnostic method to detect and locate faults in the windings of rotating electrical
machines.

Conclusions. Conducted research and modeling of malfunctions in the stator winding of the traction
motor show that the most promising methods for diagnosing the insulation of electric machines of
electric locomotives and electric trains are the method of amplitude-frequency characteristics and the
method of insulation resistance. Diagnosing insulation during manufacturing and monitoring its
condition during operation using these methods will make it possible to ensure the required level of
reliability The method of amplitude-frequency characteristics is the simplest and most reliable and
makes it possible to control the dynamics of insulation parameters, localize the location and type of
damage. The oscillograms of Figures 5 (a-d) show that each type of insulation damage corresponds to a
certain frequency response signature with a shift in resonant frequency and amplitude. If the insulation
is damaged, there is a sudden shift in the resonant frequency caused by thermal effects and aging of the
insulation. The method of amplitude-frequency characteristics is the cheapest and safest alternative to
the standard overvoltage test. The method of amplitude-frequency characteristics, due to the ability to
detect various types of malfunctions and the lack of influence on the normal operation of the machine,
can be used as a method of continuous on-line monitoring of the insulation condition of electrical
machines. The method contributes to the timely assessment of the state of the insulation and makes it
possible to protect the windings from further aging and avoid unexpected downtime thanks to scheduled
maintenance. In further research, it is planned to conduct experimental studies of the insulation of
electrical machines of electric rolling stock, select the most informative diagnostic parameters of the
insulation state of specific machines, and study the dynamics of these parameters during operation.
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OOrpyHTyBaHHs1 BUOOPY METOAIB JiarHOCTUKH CTAHY 3011l eJIEKTPUYHUX MALLMH
€JIEKTPOPYXOMOI0 CKJIay 3aJi3HUIb

O6'exmom 00cnidHceH s € npoyect MOHIMOPUHEY MEXHIYHO20 CIAHY eleKMPUYHOT 301yl mA206uUX
eNeKMPUUHUX MAULUH 3 MEMOIO 8USHAUEHHS HeOOXIOHOCMI IX MEeXHIUHO020 00CTY208Y8AHHS ADO PEMOHNY.
Jiaenocmuxa erekmpuunux Mauun € 8aNCIUBUM ACNeKMOM NIOMPUMKU POOOMU eleKmpOnpuUeoois.
Biomosa obmomox € 00Hict0 3 0CHOBHUX NpUdUH UX00Y 3 1a0Y enekmpoosuzyrnis. Tomy 3adaua po3poodxu
ONepamuGHUX Memooie OiacHOCTMUKU [301Yll 00MOMOK MA20BUX eLeKMPOOSUSYHIE € AKMYATbHOI.
Buxonano docniodcenuss He2camuno2o 6NIUGY YMO8 eKCHIYAMAYii Ha MeXHIYHULL CIAaH eleKmpusHoi
i3onayii  osueymnis. Ilposedeno amaniz icHyrouux memooie OiAeHOCMUKU [30AAYIUHUX cucmem
enexmpuunux mawun. Ocodaugy ysazy npudinenHo subopy npocHO3VIOYUX napamempie Cmawy 3015yl
Pospobnena mamemamuuna mooenb O0nsi OOCHIONCEHHS YACMOMHUX XAPAKMEPUCMUK  (30A8YTUHOT
cucmemu cmamopa ms2o8020 enekmpoosucyna mooeni AD914. Ompumano ymouneHi 3a1eicHOCmi
6NIUBY 3MIH NAPAMEMPI8 1305Yil 0OMOMKY CMAmMopa 08USYHAa HA U020 HACMOMHI XAPAKMEPUCTUKU.
3pobaeno 6ucHo80K, Wo MEMOO MOHIMOPUHSY CIMAHY I3078Yli 0OMOMOK eneKmpOOBUSYHI6 HA OCHOGI
OYIHKU  eNeKMPUYHO20  ONOpPY  GIOHOCHO — OcepOsi CMAmopie  ma — AMIIIMYOHO-YACTHOMHUX
xapaxmepucmuk € Haubitow epexmusnum. Cghepoio npaxmuynozo 3ACMOCYEAHH OMPUMAHUX
PE3VIbMAMmIE € CUCHEMA MOHIMOPUH2Y CIMAHY eeKMPUYHOT I305YiT MAL06UX eLeKMPUUHUX MAWUH 0I5
BUSHAYEHHS 2pagpiKy iX mexHiunoeo o6cy2o8yeanns i pemonnmy. Ilposedeni 00CHioNCeHHs € HAYKOBUM
0OIPYHMY8AHHAM 8UOOPY Memodie ma npunadie OiaeHOCMUKY CIMAHY I30AYil eleKMPUYHUX OBUSYHIB
Ms208020 PYXOMO20 CKAAOY 3ANI3HUYI.

Knrwuoei cnosa: diacnocmysanis, MamemMamuiyna Mooeib, eleKmpudna i3015Yis, YUKOOCeHH s,
AMIIMYOHO-4ACMOMHA XAPAKMEPUCIUKA
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The security of 10T systems in railway transport

The widespread adoption of Internet of Things (1oT) devices in the railway industry is creating new
cybersecurity challenges. These devices, which collect and transmit data on train movements,
infrastructure and passengers, can be vulnerable to cyberattacks, which can lead to disruption of
operations, security threats or compromise of sensitive data. A wide range of potential threats have been
described, such as unauthorised access, data misuse and denial of service (DoS) attacks. These threats
can have serious consequences, such as train accidents, data theft, or disruption of supply chains. The
article is devoted to the study of the cybersecurity aspects of 10T systems in railway transport and the
identification of the necessary measures to ensure the safety and reliability of these systems. Potential
threats to 10T on the railway, including vulnerabilities of network devices and insufficient protection of
network traffic, are considered. Simple and effective cybersecurity measures are proposed, including
authentication and authorisation of 10T devices, network connection protection, and monitoring of
potential threats. Threat modeling using the Microsoft Threat Modeling Tool allowed us to identify the
main security issues and propose solutions. The conclusions of the article emphasise the importance of
investing additional resources in ensuring the cybersecurity of 10T systems in railway transport and
recommend active cooperation with experts in this field for the successful implementation of digital
transformation in the railway industry.

Keywords: The Internet of Things (1oT), cybersecurity, cyberattacks, data protection, security of loT
systems, threats, vulnerabilities, unauthorised access, railway transport.

Introduction. The development of the Internet of Things (10T) has created new opportunities in the
railway transport industry, but it has also brought with it cybersecurity threats. With almost every
connected IoT device, we can access infrastructure and personal data. However, there are also new risks
associated with 10T due to its interoperability, applications and autonomous decision-making [1-3]. This
creates an opportunity for abuse and potential system vulnerabilities, which has led to the issues of data
security and privacy becoming increasingly relevant (Fig. 1).

The Internet of Things is a combination of mobile networks, social networks, the Internet, and smart
devices that provide users with various services and applications.

Security at various levels has a direct impact on the success of 10T systems, as it ensures secure
interaction of objects, reliability, and interoperability. 10T has reached a point where it can connect
different spaces, such as digital and physical space, where different sensors interact with physical
objects. These sensors are used in a wide range of applications, from toys to healthcare systems and the
industrial sector. This illustrates how the vulnerabilities of the digital world affect the real world. A
system will only be considered successful if it is guaranteed to provide security against vulnerabilities.
The success of loT applications and infrastructure depends heavily on security guarantees and the
absence of vulnerabilities.
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Fig. 1. Components of information security

A review of recent research and a statement of the problem. In recent years, there has been a
great deal of research into the cybersecurity issues surrounding the 10T in the railway industry. These
issues include the lack of adequate security for network devices and the lack of sufficient protection for
network traffic. Researchers have identified a wide range of potential threats, including unauthorised
access, data misuse and denial of service (DoS) attacks [1-3, 5]. These threats can have serious
consequences, such as train accidents, data theft, or disruption of supply chains.

The purpose and objectives of the study. The objective of this study is to identify the necessary
measures to ensure the safety and reliability of 10T systems in railway transport and to develop
recommendations for their solution. The specific objectives of this study are as follows:

- To study the main problems of 10T cybersecurity in the railway industry;

- To analyse existing cybersecurity methods and technologies;

- To develop recommendations for ensuring the security of 10T systems in the railway industry.

In order to achieve this goal, the analysis of the latest research in this area is employed, as well as
threat modeling using the Microsoft Threat Modeling Tool software.

Materials and methods of the study. The requirements for the Internet of Things security system
consist of 6 main criteria [4-6]:

1. Confidentiality criterion - all data is protected;

2. Integrity criterion - data is reliable;

3. Awvailability criterion - data is available when and where it is needed;

4. Fail-safe criterion - reliable audit trail;

5. The criterion of authenticity - components can confirm their identity;

6. Secrecy criterion - the service does not automatically see customer data.

Data protection risks arise when 10T objects collect and aggregate data-related fragments [4, 5]. As
time and frequency provide context for viewing events, personal data is transformed by matching a
certain number of points. This is one aspect of the big data challenge, and security professionals must
consider the potential privacy risks associated with the entire data set. Key security concerns in loT
scenarios include data privacy, secrecy, and trust.

Data privacy protection has several aspects to consider. First of all, insufficient authentication and
authenticity can create problems. This implies that the system may be unable to verify the authenticity
of the individual attempting to access the data. Insecure interfaces, such as the Internet or mobile phones,
can also pose a risk to data privacy. Lack of transport encryption can result in data being made available
for unauthorised access. Confidentiality and access control are other important aspects of data
protection. Secrecy also has its aspects that need to be considered. These include data protection, risk
management, and confidentiality. The concept of secrecy by default implies that data protection should
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be incorporated into the system from its inception. A privacy policy represents a crucial instrument for
guaranteeing privacy. The tracking, profiling and illicit processing of data can also contravene privacy.

Another crucial aspect of 10T systems is trust. This encompasses identity management systems that
ensure trust between users and the system. Insecure software or firmware can undermine trust in the
system. Trust is also required to ensure service continuity and availability. Malicious attacks on 10T
devices and systems can erode trust. Furthermore, the loss of user verification and the difficulty in
decision-making can also affect system trust.

To illustrate the security requirements of the Internet of Things, its architecture is modelled in four
layers: sensor, network, service, and interface. Each layer can have corresponding security controls,
including access control, authentication, data integrity and confidentiality, availability, and the ability
to protect 10T tools from viruses and attacks. Table 1 provides a summary of the most important security
threats in loT [5].

Table 1. The most prevalent Internet of Things (10T) vulnerabilities across all levels of the
architectural framework.

L Interface Service Network Sensor
Security issues
layer layer layer layer

Insecure web interface + + +

Insufficient authentication + + + +
Insecure network services + +

Lack of transport encryption + +

Privacy issues + + +
Insecure cloud interface +

Insecure mobile interface + + +
Insecure configuration + + +

Insecure software/firmware + +

Poor physical security + +

In order for modern manufacturing facilities and smart cities to be connected to a single platform, a
security architecture must be created that is optimised primarily for devices connected to the Internet of
Things. The security system that is created should monitor each device connected to the network
individually, warn of possible malicious access, and protect or disable devices that pose a threat when
necessary [3-6]. Consequently, the development and implementation of standards represent a pivotal
aspect of the Internet of Things (10T) ecosystem.

At the vanguard of this endeavor is the standardisation of IoT protocols, which is currently
spearheaded by several prominent organisations, including the IEEE (Institute of Electrical and
Electronics Engineers) and ISO/IEC (International Electrotechnical Commission).

Sensors represent a crucial element of Internet of Things devices, as they facilitate the collection of
a diverse range of data from the physical environment [5-8]. Such sensors are capable of measuring a
multitude of parameters, including temperature, humidity, light intensity, and pressure. The data is then
transmitted to the central 10T nodes for further analysis and utilisation. Given that sensors are situated
within and interact with the physical world, it is of the utmost importance to guarantee their security to
prevent potential attacks and infringements upon privacy.

The Internet of Things presents a multitude of security challenges for sensors, including the following
[5]:

a) Sensors can be physically damaged or compromised [7, 8]. For instance, attackers may attempt to
short-circuit the sensor's contacts, impose electromagnetic interference, or affect the ambient
temperature.
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b) Sensors often collect personal data, such as location, physiological indicators, or audio recordings.
It is of paramount importance to protect this data from unauthorised access and misuse.

c) Attackers may attempt to falsify data, correlate it, or introduce errors to distort analysis and
decision-making [8].

To guarantee the security of 10T devices at the sensor level, the methods illustrated in Fig. 2 must be
employed.

Methods for protecting the sensor
layer of the Internet of Things

A J % v

Data Authentication Physical

encryption and rotection
yp authorisation P

Fig. 2. Protection methods at the sensor level of the Internet of Things

Data encryption: the use of data encryption allows for the protection of data from unauthorised access
[5, 8]. The utilisation of robust encryption algorithms will diminish the probability of sensitive data
being divulged.

It is of paramount importance to implement authentication and authorisation mechanisms to verify
access rights to sensors and data transmission [5]. This will prevent unauthorised access and
manipulation of data.

Physical protection can be achieved through the use of protective enclosures, access control to
devices, or the implementation of tampering detection mechanisms [5, 8].

It is of paramount importance to ensure the security of 10T devices at the sensor level during the
development of this technology. The main challenges faced by 0T sensors include physical attacks,
privacy violations, and data fraud.

In order to ensure the security of 10T devices at the network level, it is necessary to conduct a
comprehensive analysis of the potential threats and vulnerabilities. One of the most prevalent threats is
the interception of communications with intruders via attacks on the network stack of devices [5, 9].
Such attacks may exploit vulnerabilities in communication protocols and security services installed on
loT devices.

In order to guarantee the security of the network level of 10T devices, a number of security measures
are employed. One such measure is the encryption of communication between devices. The utilisation
of contemporary encryption algorithms, such as the Advanced Encryption Standard (AES), enables the
safeguarding of data transmitted between 10T devices from interception and decryption by unauthorised
third parties [10]. Furthermore, in order to guarantee the security of the network, it is essential to
implement network security measures such as firewalls and intrusion detection systems. Firewalls
permit the regulation of traffic leaving and entering the loT network, with the capacity to block any
connections that may be deemed suspicious [11]. Intrusion detection systems are designed to monitor
and identify any unusual activity within the network, thereby alerting the user to potential attacks.

It has been demonstrated in practice that a significant proportion of 10T devices possess software
vulnerabilities that can be exploited by attackers. It is not uncommon for device manufacturers to fail to
provide regular updates, which can result in the continued presence of vulnerabilities in devices.
Nevertheless, the implementation of regular software updates for 0T devices represents a pivotal aspect
of network-level security. Updates permit the rectification of identified vulnerabilities and the
incorporation of novel security measures. Furthermore, it is of significant importance that device
manufacturers implement automatic update mechanisms, which would facilitate the process of
maintaining security for users [11].
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It is of paramount importance to ensure the security of 10T devices at the network level to protect the
privacy of users and to prevent any unwanted attacks. A comprehensive approach to the security of 10T
devices at the network level necessitates the integration of several key elements, including threat
analysis, encryption, the utilisation of network security measures, and the implementation of regular
software updates.

One of the most crucial aspects of ensuring the security of 10T devices at the service level is to achieve
technical security alignment. This entails the development and implementation of common security
standards and protocols that can be applied to a range of 10T devices. For instance, standards such as
MQTT (Message Queuing Telemetry Transport), CoAP (Constrained Application Protocol), and TLS
(Transport Layer Security) facilitate secure connections, authentication, authorisation, and data
confidentiality [5, 10]. Additionally, there is a prevalent security protocol known as Zigbee, which is
employed to establish secure networks with embedded devices [5, 10].

Nevertheless, ensuring security at the service level of 10T devices is not solely a technical matter. It
is also important to consider the physical security of devices, as this plays an important role in preventing
unauthorised access and misuse. Physical security measures may include the implementation of access
control mechanisms, the use of protective enclosures, and the restriction of physical access to critical
components [11].

In order to guarantee the security of 10T devices at the service level, it is essential to implement a
rigorous and comprehensive security lifecycle management strategy. This implies that security must be
contemplated at each stage, including the conceptualisation, construction, manufacturing,
implementation, and operation of devices. For instance, the application of the tenets of the Secure
Software Development Lifecycle (SSDLC) enables the identification and rectification of potential
vulnerabilities at the nascent stages of development [10]. Furthermore, it is essential to implement
regular software updates and patches to address known security vulnerabilities and protect devices from
emerging threats [5, 9].

To ensure the security of 10T devices at the service level, it is necessary to adopt a comprehensive
approach that encompasses technical, physical, and managerial aspects. Technical security alignment,
physical security, and security lifecycle management are essential elements in ensuring the security of
l0T devices at the service level.

At the interface level of Internet of Things devices, there are a significant number of issues that require
reliable security measures. Each layer of the 10T network presents its distinctive challenges,
necessitating the implementation of bespoke security measures. One of the most crucial aspects is the
assurance of security at the level of the loT device. Even devices with limited resources must be
protected to ensure the confidentiality, integrity, and trustworthiness of data exchanged on the network
[12].

Furthermore, it is necessary to reconcile consumer privacy and business privacy in the context of the
IoT. The vast quantity of data generated by loT devices is considerable, and it is of the utmost
importance to ensure that it is adequately protected and processed in order to prevent privacy breaches
and potential cyberattacks [12].

Ensuring security at the interface level of 10T devices is a complex task that requires an integrated
approach and the use of specialised methods and protocols. Adherence to these principles will help
ensure the security, confidentiality and reliability of the 10T network.

IoT systems in the railway transport industry can be subject to cyberattacks due several
vulnerabilities. One such vulnerability is the insufficient security of network devices. A significant
proportion of the loT devices deployed on railways lack inherent security features, as they were designed
with a primary focus on functionality and efficiency. Insufficient security of network devices can serve
as an entry point for attackers who can exploit these vulnerabilities to gain unauthorised access to the
system and carry out cyberattacks. For instance, attackers may alter device settings, execute malicious
code, or even deactivate the devices entirely [7, 13].

Another potential vulnerability is the insufficient protection of network traffic. A significant
proportion of 10T devices on railways communicate over open networks without adequate encryption.
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This implies that attackers can to intercept transmitted data and gain access to confidential information
or modify data remotely [14-16].

It is evident that cyberattacks on rail transport can have serious consequences. One potential
consequence is a breach of passenger safety. Attackers can utilise cyberattacks to disable train speed
control systems or security systems, which could result in accidents, injuries to passengers, or even
fatalities [16]. Furthermore, cyberattacks can also result in difficulties in the transportation of goods.
Attackers can utilise cyberattacks in order to disrupt cargo monitoring systems or those responsible for
managing cargo flows. Such incidents can result in the loss or damage of cargo, financial losses for
companies, and delays in the global supply chain [14-16].

The preceding discussion highlights the necessity of robust cybersecurity measures in 10T systems
employed in rail transport. Security gaps can have significant consequences for passenger safety, train
efficiency, and freight reliability.

The Internet of Things in railways encompasses a multitude of interconnected devices, including
sensors, controllers, and monitors, which facilitate the efficient operation of railway infrastructure [14-
16]. However, it also creates new cybersecurity threats that can have serious consequences for passenger
safety and the operation of railway systems. In light of the above, it is necessary to examine the structural
scheme of security measures designed to safeguard 10T systems in railway transport (Fig. 3).
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Fig. 3. The measures that are in place to ensure the cybersecurity of the Internet of Things

The initial step in ensuring cybersecurity in rail transport is the authentication and authorisation of
10T devices (Fig. 3). This process ensures that the connected devices in the 10T network are identified
and accessed legitimately. A variety of authentication methods may be employed to achieve these
objectives, including encryption, digital signatures, and authentication protocols such as OAuth or
OpenID. Authorisation, in turn, defines access levels and allows for the control of user rights to interact
with the 10T system in railway transport [17].

One of the most crucial elements of 10T security in railway transport is the safeguarding of network
connections and communications between connected devices (Fig. 3). This is achieved through the
utilisation of secure data transfer protocols, such as SSL/TLS, which provide encryption and
identification of the parties exchanging information. Furthermore, it is essential to consider the
implementation of protective measures against cyberattacks such as DDoS (distributed denial of
service), which can result in the denial of service and the disruption of the operation of 10T systems on
the railways [17].

Monitoring and detection of potential cybersecurity threats (Fig. 3) represent a pivotal aspect of
security measures for 10T systems in railway transport. In order to achieve this, it is possible to utilise
internet threat detection systems (intrusion detection system, IDS) and internet protection systems
(intrusion prevention system, IPS) in order to detect and prevent attacks on loT network traffic. A block
diagram of the IDS and IPS systems is presented in Fig. 4.
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Fig. 4. A block diagram of the IDS/IPS systems is provided below

Furthermore, it is recommended that a centralised monitoring system be installed, which would allow
for a rapid response to potential threats and the analysis of security events [52].

In order to achieve a high level of cybersecurity in the field of 10T in the railway transport sector, it
is important to cooperate between railway companies, device manufacturers, and cybersecurity
organisations (Fig. 3). This interaction between the parties allows them to share best practices, identify
and develop solutions to potential threats, and respond to new vulnerabilities and attacks. Furthermore,
joint initiatives to create security standards and certification can assist in enhancing the security of loT

systems on railways [17].

Utilising the Microsoft Threat Modeling Tool software [18], we will develop a simplified scheme of
10T use on the railway (Fig. 5). Modeling this system will assist in identifying potential threats and
implementing measures to address them, even before the system is fully implemented on the railway
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96



e-ISSN 2617-9059 Transport Systems and Technologies, 43, 2024

The Microsoft Threat Modeling Tool represents a pivotal component of the Microsoft Security
Development Lifecycle (SDL), which enables software developers to identify and mitigate potential
security issues at an early stage of development, when they are still relatively straightforward and cost-
effective to resolve. Consequently, this markedly reduces the overall cost of development.

Following the development of the model within the application environment and the execution of the
simulation, a report is generated, which lists the potential threats and provides guidance on how to
resolve them.

After analysing the threat modeling report, we can identify specific system vulnerabilities that need
to be addressed during the implementation of IoT technologies in the railway sector (Table 2). This will
help to increase the efficiency of spending money on the development and implementation of 10T in the
Ukrainian railway transport system.

Table 2. List of major system vulnerabilities
Ne Vulnerability and solutions
1 | If there are no restrictions on access to the database at network or host firewall level, anyone
can attempt to connect to the database from an unauthorised location. The solution to this
problem is quite simple, simply configure the firewall to only allow access from authorised
locations.
2 | The possibility of malicious code being executed in the gateway by people outside the system.
The solution is to prohibit the execution of unknown code on corporate devices.
3 | Possible use of weak authorisation checks on devices and remote execution of unauthorised
and confidential commands. This can be overcome by using authorisation checks on the device
if it supports different actions requiring different levels of authorisation.
4 | Hackers can exploit known vulnerabilities in a device if the firmware is not updated promptly.
Solution: Timely software updates for 10T devices.
5 | Possibility of unauthorised access to the system and access to confidential information in the
gateway. Workaround: Use Bitlocker encryption.
6 | An attacker can access the admin interface or privileged services such as WiFi, SSH, shared
folders, FTP, etc. on the devices, so it is necessary to secure all admin interfaces with strong
accounts.

The table below shows the top 6 security challenges associated with 10T adoption. The rest of the
less significant issues are listed in the modeling report provided by the threat modelling software. The
table shows the top 6 security challenges associated with the deployment of the Internet of Things. The
rest of the less significant issues are listed in the modeling report provided by Threat Modeling.

Conclusions. The paper examines the security aspects of loT at different levels and identifies the
need to implement reliable security systems for 10T technologies in railway transport. It was found that
security is one of the main factors affecting the successful implementation of digital transformation in
the railway industry.

The modeling of 10T security threats carried out using the Microsoft Threat Modeling Tool software
allowed the identification of the main security problems of the 10T system on the railway. The proposed
easy-to-implement measures were considered as ways to solve these problems and ensure the reliability
and security of the loT system.

It was found that the introduction of the Internet of Things in rail transport will require additional
efforts to ensure cybersecurity. This means that it is necessary to invest additional resources in the
development and implementation of modern security systems that ensure the reliable and safe operation
of 10T in rail transport.

Therefore, it is recommended to pay due attention to cybersecurity when implementing digital
transformation projects. Project participants should actively cooperate with cybersecurity experts and
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implement reliable security systems that guarantee protection against possible threats and misuse in the
area of 10T on the railway. It should be borne in mind that the cost of developing and implementing
these systems will be justified in the context of ensuring the safety and efficiency of rail transport in the
context of digital transformation.
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Be3neka cucrem iHTepHeTy peyeil Ha 3aJi3HUYHOMY TPAHCHOPTI

Llupoxe snposadocenns npucmpois Ilnmeprnemy peuei (loT) 6 3anizHuuHil 2any3i cmMEOPIOE HOGI
suxauky Kibepbesnexu. L[i npucmpoi, axi 30uparomv ma nepeoaromv OaHi NPo pyx noizois,
iH(hpacmpykmypy ma nacaxicupis, MoxiCyms 6ymu 8pasiugumMu 00 Kibepamax, uwo Modice npuzeecmiu 00
nopyweHHs pobomu, CmeopenHst 3a2po3 bezneyi abo komnpomemayii KoH@pioenyiunux oanux. Onucano
WUPOKULL  CHEeKMp NOMEHYIUHUX 3aep03, MaKux SAK HeCAHKYIOHOBAHUU OO0CMYN, 3708MUCHE
sUKOpUCmanHs 0anux ma amaxu muny "eiomosa 6 obcayeogyeanni” (DoS). /lani 3aeposzu moosicymo
Mamu cepuo3Hi HACHIOKU, MAaKi sIK asapii noizoie, Kpaodixncka OaHux abo NOPYULeHHs JIO2ICIUYHUX
nanyrocie. Cmamms npucesiyena 0ocaiodxcennio acnekmie kioepoesnexu cucmem loT na 3anizHuyHOMY
MPAHCNOpmMi Ma SU3HAYEHHIO HEOOXIOHUX 3ax00i8 015 3abe3neuenHss Oesneku ma HAOIHOCMI Yux
cucmem. Pozensanymo nomenyitini 3aeposu oas loT na 3aniznuyi, 6K1104a104U 8PA3TUBOCHI] MEPENHCEBUX
NpUCMpoi8 ma HeOOCMAMHI 3aXUCH Mepextceso20 mpagiky. 3anpononoeano npocmi ma eexmugui
3axo0u 3abesneuents Kibepbesnexu, maki sx asemewmugbikayis ma aeémopusayis npucmpois loT,
3aXUCI Mepedice8o20 3'€OHAHHS ma MOHIMOpUHe NomenyitHux 3a2po3. Modenoganus 3azpo3 3a
odonomozoio Microsoft Threat Modeling Tool 0o3sonuno ioenmughixysamu ocHogui Ge3nexosi npodiemu
ma 3anponomyeamu WasAxu ix eupiuenns. Bucrnosku cmammi nioKpecnioroms 8axicIugicmy 6K1a0eHHs
0odamkosux pecypcig y sabesneuenns kibepoesnexu cucmem loT na 3aniznuunomy mpancnopmi ma
PEKOMEHOYIOMb AKMUBHY CIISNpaylo 3 excnepmamu 3 yiei eanysi 0ns yeniwnoi peanizayii yugposoi
mpancpopmayii' y 3anizHuyHil iH0ycmpii.

Knrouoei cnosa: Inmepnem peueti (loT), kibepbesneka, xibepamaxu, 3axucm oanux, besnexa loT-
cucmem, 3a2po3u, 8pa3UBOCHI, HECAHKYIOHOBAHUL OOCMYN, 3ANI3HUYHUL MPAHCROPII.
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Development of the traction system structure of a shunting diesel locomotive with a hybrid
power supply scheme

In this work, the structure of the traction system of a shunting diesel locomotive with hybrid power,
which performs both shunting work at the station and hauling work, is proposed. In order to develop
the structure of the traction system, which will work effectively in both modes of operation of the
shunting diesel locomotive, an analysis of the structures of the traction systems of diesel locomotives
with hybrid power, produced by the world's leading companies, is carried out. In order to choose the
optimal type of storage device, an analysis of the advantages and disadvantages of supercapacitor
batteries and lithium-ion batteries is carried out. On the basis of the analysis of the structures of traction
systems of diesel locomotives with hybrid power of leading companies and the advantages and
disadvantages of supercapacitor batteries and lithium-ion batteries, the structure of the traction system
of a shunting diesel locomotive with hybrid power, which performs both shunting work at the station
and hauling work, is developed. In the proposed traction system structure, each traction motor receives
power from a separate traction converter. The power for powering the traction motors during shunting
work is transmitted from supercapacitor batteries, when carrying out hauling work - from lithium-ion
batteries. This study can be used in the design of the traction system of a new and in the modernization
of an existing shunting diesel locomaotive.

Keywords: hybrid power supply, supercapacitor, lithium-ion battery, shunting diesel locomotive,
traction system.

Introduction. Railway transport is the main transport artery of Ukraine. About 46...60% of all cargo
transportation was carried out by railway in 2009-2023 [1]. The wear and tear of rolling stock, in
particular locomotives, has a negative impact on the process of rail transport. Most of the locomotives
in the stock of JSC "Ukrzaliznytsia™ are obsolete. Their technical characteristics are worse than those of
modern locomotives, which leads to an increase in operating costs and maintenance and repair costs.
Solving this problem can be implemented in two ways, namely: purchase of new locomotives, or
modernization of existing ones.
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Execution of shunting operations is an integral part of the organization of railway transportation. There
are more than 1,200 diesel locomotives of the ChMES3 series in the inventory of JSC "Ukrzaliznytsia".
Their wear is 100%. This leads not only to an increase in maintenance and repair costs, but also to an
increase in fuel and lubricant costs. In this regard, the priority task is the restoration of shunting diesel
locomotives through major repairs and modernization of individual units. The advantages of this option
are relatively small capital investments and the presence of a developed repair and technological base.
It should be noted that during overhaul it is impossible to restore the passport characteristics of diesel
locomotives. This factor leads to significant costs for ongoing maintenance of locomotives. At the same
time, the low quality of repairs will lead to an increase in unscheduled repairs.

Complex modernization with remotorization is an alternative for updating the fleet of shunting diesel
locomotives. This will improve the traction and energy characteristics of diesel locomotives, reduce the
costs of maintenance, repairs and fuel and lubricants. This will ensure a decrease in the cost of rail
transportation.

Analysis of recent research and problem statement. At JSC "Ukrzaliznytsia" diesel locomotives
of the ChMES3 series are used for both shunting and haulage work [2]. Despite the fact that the wear and
tear of these diesel locomotives is 100%, for some diesel locomotives of this series, the service life of
the load-bearing structures has been extended to 15 years. Deep modernization is used on such diesel
locomotives, namely: replacing the diesel unit with a more modern one, replacing the existing direct
current power transmission with alternating current power transmission, improving the drive of auxiliary
machines, introducing a microprocessor control system, etc. [3]. Depending on the nature of operation,
fuel savings on modernized electric locomotives is 30...45%.

The analysis of the results presented in the study [4] shows that the duration of operation of a shunting
diesel locomotive in idle mode is at least 50% of the total operating time. The change in power of the
traction generator is within 50...250 kW when maneuvering works at the station. In addition, work [4]
states that the execution of maneuvering operations is characterized by large and rapid changes in power
in the traction system.

When starting from a standstill, accelerating and moving uphill, the required diesel locomotive must
work at rated power. However, the duration of such regimes is insignificant [5]. In connection with this
fact, the use of a diesel engine of lower power on a modernized diesel locomotive is impractical, since
in this case the dynamics of the movement of such a diesel locomotive will be unsatisfactory. The
solution to this problem during modernization can be the use of a traction system of a diesel locomotive
with parameters that most closely correspond to the modes of operation of the diesel locomotive. In the
paper [6], the authors proposed to modernize the traction system of a diesel locomotive by using several
diesel engines. Another way to modernize the traction system is to use the traction system of a diesel
locomotive with hybrid power [7, 8]. In these works, the authors proposed and substantiated the
feasibility of using a hybrid power system in the traction system of diesel locomotives performing
shunting work at the station. This will lead to a decrease in fuel consumption and a decrease in harmful
emissions into the atmosphere.

In works [9, 10], the authors proposed and substantiated the feasibility of using a hybrid power
system in the traction system of diesel locomotives performing export work. In these studies, the authors
note that, unlike the shunting operation at the station, in this mode of operation of the diesel locomotive,
there are no large and rapid changes in power in the traction system. However, when organizing a hybrid
power system, one should take into account the fact that for this mode of operation of the diesel
locomotive, the on-board batteries must have a large capacity to ensure long-term energy storage.

In the study [11], the authors analyzed the operation of the ChME3 diesel locomotive when carrying
out hauling work on a specific site. In this work, the authors analyze the traction characteristics of the
diesel locomotive on the specified section. Based on the analysis of the traction characteristics for the
production diesel locomotive of the ChME3 series, for the diesel locomotive with a modern diesel engine
and for the diesel locomotive with a hybrid power system, as a result of simulation modeling, it was
established:

- a locomotive with a modern diesel engine consumes 18...22% less fuel than a conventional
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locomotive;

- for a diesel locomotive with a hybrid power system, fuel consumption can be both lower and higher
compared to a diesel locomotive with a modern diesel engine. But the use of a hybrid power system
allows to accumulate energy during electrodynamic braking and use it in traction modes, which helps
reduce fuel consumption.

Since shunting diesel locomotives are used both for shunting and hauling work, the task of
developing the traction system structure of a shunting diesel locomotive that would work effectively in
both modes is urgent.

The purpose and tasks of the study. The purpose of the study is to develop the structure of the
traction system of the shunting diesel locomotive, which would work effectively both when performing
shunting work at the station and when performing hauling work.

To achieve the purpose in the work, the following tasks were completed:

- an analysis of the structures of traction systems of diesel locomotives produced by leading global
companies was carried out;

- the choice of the type of batteries for the implementation of the traction system of a shunting diesel
locomotive, which works both when performing shunting work at the station and when performing
hauling work; is substantiated,;

- the structure of the traction system of the shunting diesel locomotive has been developed, which
will work effectively both when performing shunting work at the station and when performing hauling
work.

Analysis of the structures of locomotive traction systems produced by leading global
companies. Vehicles with a hybrid power system include locomotives and diesel trains with energy
batteries based on electric or hydropneumatic energy batteries, locomotives capable of using different
types of fuel. The development of technologies in the field of storage devices has made it possible to
significantly improve their mass-dimensional indicators. As a result, it became possible to use several
storage devices of different types on one locomotive.

Since induction traction motors are used on diesel locomotives of world manufacturers, the structures
of traction systems are made taking this fact into account. Diesel locomotives of the ChME3 series use
manifold engines as traction. But the approach to building the implementation of energy exchange in
traction systems of diesel locomotives with both induction and collector traction motors is the same.
Therefore, the analysis of the structures of traction systems of diesel locomotives with hybrid power is
expedient for developing on their basis the structure of the traction system with hybrid power of a
shunting diesel locomotive, which works both when performing shunting work at the station and when
performing hauling work.

Hybrid shunting locomotives HD 300, HDB800 and DB CARGO HELMS by Toshiba

HD 300 diesel locomotives [12] are in operation on Japanese railways, and DB CARGO HELMS
are in the design stage at the request of DB Cargo [13]. The first is a hybrid diesel locomotive with an
electric transmission, the second is a modernized diesel locomotive equipped with a mechanical
transmission.

In accordance with the accepted classification, hybrid locomotive power schemes belong to the
fourth type (electric locomotives with a different type of energy storage (compared to the main engine).

The basis of the DB CARGO HELMS locomotive drive is a series-parallel hybrid scheme, in which
a planetary gearbox serves as a device that coordinates power transmission from the diesel unit to the
generator, wheel pairs and SCiB battery. The considered locomotives are obtained as a result of
conversion of typical German diesel locomotives BR 294 (V90). The design of the latter included
ballast, which increases the towed weight, so it was possible to place the battery and the hybrid drive
without increasing the weight and axial load. In the course of modernization, the hydraulic transmission
is replaced by a mechanical cable with planetary gearboxes, a battery pack, traction motors and a
generator. The battery unit is similar to the one installed on the HD 300 hybrid diesel locomotive of
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Japanese railways, which was produced earlier, but has a higher energy capacity: up to 150 kWh.

The electrical scheme of the DB CARGO HELMS hybrid locomotive provides for the installation of
a storage device in the direct current link. Thus, the hybrid drive can work both in series and in parallel
(Fig. 1).

It should be noted that DB CARGO HELMS diesel locomotives have the ability to transmit torque
directly from the diesel engine to the wheel pairs. Since this paper considers only the electrical circuits
of diesel locomotives, in fig. 1 torque transmission directly from the diesel engine to the wheel pairs is

not shown.
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Puc. 1. Scheme of the Toshiba CARGO HELMS hybrid electric drive: D — diesel;
SG - generator; AC/DC - rectifier; DC/AC - autonomous voltage inverter; IM - induction
traction electric motor

Traction characteristics of the hybrid diesel locomotive CARGO HELMS of the Toshiba company
are shown in fig. 2. When moving from a place, the traction force is 300 kN. The transition to the
hyperbolic part (calculated mode) of the characteristic occurs at a speed of about 10 km/h, which is
considered normal for a shunting machine.

The traction electric drive based on induction electric motors ensures a constant power of 750 KW in
the entire range of speed values. Thus, the locomotive will be able to perform shunting work with
warehouses weighing up to a thousand tons or train work with light-weight trains.

ALSTOM hybrid locomotives

In recent years, the Alstom company has established the production of a series of hybrid locomotives,
primarily diesel locomotives with batteries based on battery batteries. The company produces a series
of hybrid locomotives of the PRIMA H3 family [14] with different technical characteristics and
schemes. Now more than 20 locomotives are in operation. The line includes a battery car (battery electric
locomotive), a two-diesel version and the most powerful diesel-battery hybrid with a diesel engine up
to 1000 kKW. A nickel-cadmium battery is used on locomotives. Locomotives are produced in three-axle
design (axle formula Ao-Ao-Av).

The structural diagram of the PRIMA H3 hybrid diesel locomotive is shown in Fig. 3.
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Fig. 2. Traction characteristics of the Toshiba CARGO HELMS hybrid locomotive

I
| |
| |
JE — |
Gb —— I :
i [ |
i | |
| | etk
t I | Traction |
| | | motors |
1 L |
T |
D :@% ACDC | | || bciac . |
1 |
|
| |
| | | :
I : ! :
| : | |
| | | DCIAC @ |
N : | i |
380V >—— ACDC | | | |
— 1 i '
|
| T |
External | | DC/AC ! |
charger Gb : ' |
t |
| | = ____.
S| —
H B
| e : Fan motor
'S ' | Dc/AC —
[V |
| = |
| =— Il
| 8 |
| Auxiliary converter 400 V Compressor
| | — motor
: |
I I DC/DC to the 24 V battery
| t —>

Auxiliary converter 24 V

Puc. 3. Cxema riopuanoro remaososy PRIMA H3

As in the considered Toshiba hybrid scheme, induction traction motors are powered by individual
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inverters, the battery is connected in parallel to the direct current link. The scheme of the hybrid diesel
locomotive includes a battery charger, which makes it possible to use the diesel without operation.

HSL 700 Hybrid diesel locomotive

The hybrid diesel locomotive was obtained as a result of a significant modernization of the DE 11000
shunting diesel locomotive (carriages and power elements of the body remained from the original
design). The structure was developed in cooperation between TCCD (Turkey State Railways),
TULOMSAS (locomotive construction company) and ASELSAN (manufacturer of electronic
equipment in the field of armaments).

For the hybrid locomotive, ASELSAN developed a high-voltage battery unit based on lithium-
titanate batteries. The structural diagram of the diesel locomotive is significantly different from the

previously considered ones (Fig. 4).
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Fig. 4. Scheme of the HSL-700 hybrid diesel locomotive
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The traction battery (GbT) is connected to the link via a step-up DC/DC converter that provides
battery charge and reverse power. This makes it possible to improve battery operation and stabilize the
voltage. Traction motors are powered by inverters based on silicon oxide IGBTs (DC/AC). The
continuous power (total) is 400 kW with a short-term increase to 700 KW. The converter is designed for
an input voltage of 600-1000 V and a current of up to 700 A. A rectifier (AC/DC) is used to charge the
battery from an external source, which can provide pulse width modulation (PWM) operation. The
auxiliary converter (DC/AC) is fed from the intermediate link and has output channels with three-phase
and single-phase alternating voltage for power of 5, 125 and 10 kW. There is a charger for the auxiliary
battery (GbA) with a voltage of 24 V.

The converter (DC/DC) has a modular design and a liquid cooling system. The traction battery
consists of (GbT) cells, each of which contains four lithium-titanate batteries connected in parallel. Such
a battery provides power to consumers with a large current with a significant number of charge-
discharge cycles.

Development of the structure of the traction system of the ChMES3 electric locomotive with a
hybrid power system. The most common way to modernize diesel locomotives is to replace the power
plant while retaining the traction electric drive based on collector electric motors. This significantly
reduces capital costs. However, there is no significant increase in traction properties of the diesel
locomotive, since outdated traction electric motors are used. For such a case, the traction system shown
in Fig. 5.

Traction motors

AC-DC DC-DC AC-DC DC-DC
w ] 1] ]

D Energy storage X Auxiliary
system =380V battery

Fig. 5. Modernized traction system of the ChME3 diesel locomotive with hydrogen power

The hybrid power plant consists of a modern diesel engine and an alternating current generator,
which is connected to the intermediate circuit through a semiconductor converter. The energy storage
system through matching converters is also connected to the intermediate circuit. Since the ChME3
diesel locomotive has six traction motors - direct current electric machines with series excitation (M),
in the modernized traction system, six controlled constant voltage (DC/DC) converters, which receive
power from the intermediate circuit, are used as traction converters. Auxiliary converters are also
connected to the intermediate circuit for powering consumers of the locomotive's own needs.

The ChME3 diesel locomotive is used both for shunting and haulage work. When carrying out
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hauling work, it is possible to move a diesel locomotive as part of a heavy train along a section of the
road with long climbs. In this case, movement is carried out with all traction motors. When moving in
reserve or with small trains on horizontal sections of the diesel locomotive, a large tractive force is not
required. Therefore, movement can be carried out with several turned off electric traction motors.
Potentially, this will help reduce energy consumption and, accordingly, fuel.

The following algorithm of power plant operation is proposed. When performing maneuvering
operations, the traction electric drive is powered by the energy storage system. This is possible because
maneuvers are performed with limited power. If necessary, power is supplied from a diesel generator

During export operation, the power supply of the traction system is provided by a diesel generator,
and, if necessary, by an energy storage system that works together.

Charging of the energy storage system is carried out from the external power grid, a diesel generator
and during electrodynamic braking.

Justification of the structure of the energy storage system. At present, inertial energy batteries
[15], supercapacitors [16] and various types of lithium batteries [16] are used as energy storage schemes
in the construction of on-board energy storage for railway rolling stock. There are well-known technical
solutions for the construction of on-board energy storage systems that combine supercapacitors and
lithium batteries [16]. In addition, lead batteries of various types are used on electric locomotives [17].
It follows from what has been said that when building an energy storage system, a different element
base can be used. Determining the parameters of the energy storage system is a complex technical and
economic problem [16], when solving which, in order to identify the priority parameters, a preliminary
assessment of the options for building an on-board energy storage system should be performed.

Many studies are devoted to the analysis of the properties of various types of energy storage [16].
When choosing an element base for creating an on-board energy storage system for a specific
locomotive, the following aspects are taken into account:

1. Inertial energy storage is a complex system that combines electrical, mechanical, aerodynamic
subsystems and is created for a specific project taking into account operating conditions. The final
appearance of such an inertial energy storage device is difficult to predict, as it requires a detailed study
of the engineering and technological solutions necessary for its creation. Capital costs for the creation
of an inertial energy store are included in the cost of the locomotive.

2. Compared to other energy storage devices, supercapacitors have the highest specific power values
(5-10 kW/kg), but have a low specific energy capacity (5-10 W-h/kg) and the highest specific cost (5000-
10000 USD/ kwh) [16]. Therefore, the cost of the energy storage system, which is built on
supercapacitors, is high and is included in the cost of the locomotive.

3. In order to analyze the efficiency of application, table 1 shows the parameters of some types of
modern lithium batteries [16]. It should be noted that lithium batteries can be optimized for both energy
and power.

Table 1. Parameters of lithium batteries

Battery type

Parameter NMC LEP [TO
Nominal voltage, V 3.6-3.7 3.2-3.3 2.2
C-rate 1 1...10 1...20
Number of charge/discharge cycles 1000...2000 1000...2000 | 10000...20000
Specific energy capacity, Wh/kg 150...220 90...120 70...205
Specific power, W/kg - - 500
Specific value, USD/kWh 100 100 500

From the analysis of the data given in the table 1, it follows that the specific energy cost of lithium
batteries is at least an order of magnitude lower than the specific energy cost of supercapacitors.
However, it will be necessary to replace the lithium batteries in the energy storage system several times
during the entire life of the diesel locomotive. According to the data presented in the study [18], the total
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cost of lithium batteries, which will be used throughout the life of the diesel locomotive, is close to the
cost of supercapacitors. However, the advantages of using lithium batteries when creating an on-board
energy storage system are the following factors:

- lower initial cost of the diesel locomotive;

- constant improvement of lithium batteries, which leads both to the improvement of their parameters
and to the reduction of their cost;

- other types of lithium batteries appear that can be used in the energy storage system;

- change of modes of operation of the diesel locomotive.

Thus, replacing the elements of the energy storage system after a certain period of time will allow to
optimize its parameters taking into account the new operating conditions of the diesel locomotive.
Taking into account the above, the most effective element base in the creation of on-board energy
storage units of diesel locomotives is the use of lithium batteries.

The structure of the energy storage system requires a separate analysis. The traditional way of
performing maneuvering operations is intensive acceleration followed by inertial movement. During
acceleration, traction electric motors can work with currents that exceed the nominal by more than 40%.
Accordingly, the same level of current overload must be ensured in the energy storage system. This can
be done either through cell parameters or by creating a combined storage device from cells of different
types.

Conclusions. The paper proposes the structure of the traction system of a shunting diesel locomotive
with hybrid power on the example of a ChME3 diesel locomotive, which can perform shunting work at
the station and hauling work. The following results were obtained in the work:

- an analysis of the structures of traction systems of diesel locomotives produced by leading global
companies was carried out, as a result of which it was established that the most effective scheme is
traction power from a separate traction converter;

- the structure of the traction system of a shunting diesel locomotive was developed, where each
traction engine receives power from a separate traction converter. Traction engines will be powered
from the energy storage system during shunting work, and from the diesel generator or jointly from the
energy storage system and the diesel generator during hauling work. Such a traction system will work
effectively both when performing shunting work at the station and when performing hauling work.
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3 2IOPUOHUM IHCUBTIEHHAM NPOBIOHUX KOMNAHILU ma nepesae i HeOoliKié CyNnepKOHOeHCAMOPHUX bamapei
ma Amiti-ioHHUX aKyMyasamopie, po3pooieHo CIPYKIMypy ma2080i cucmemu MaHegpo8o2o menyiogosy 3
2IOPUOHUM JHCUBTICHHAM, WO BUKOHYE K MAHE8PO8Yy pobomy Ha cmanyii, max i eugisny pobomy. B
3aNpPONOHOBAHTIL CIMPYKMYPT MA2080I CUCTHEMU KOJCeH MA208UL O8USYH OMPUMYE ICUBLEHHS Bi0
OKpeMo20 ma206020 nepemeopiosada. Ilomysxcuicme 0N HCUBTEHHSL MAL0BUX OBUSYHIE NPU GUKOHAHHT
Marnespogoi pobomu nepeoacmuvcsi 6i0 CYNEpKOHOEHCAMOPHUX bamapell, Npu BUKOHAHHI BUBI3HOT
pobomu — 6i0 JMIU-IOHHUX aKymyasmopie. Jlane O00CHIOdCeHHs Modice Oymu GUKOpUcmane npu
NPOEKMYBaHHS MA20BOI CUCTHEMU HOBO20 MA NPU MOOEPHI3AYIT ICHYI0U020 MAHEBPOBO20 MENLOBO3).

Knrouoei cnosa: 2ibpuone scusients, cynepkoHOeHCamop, Jimiti-iOHHUL aKyMyIsmop, Maneeposuil
Meni0603, MA206A CUCHEMA.
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Analysis of stress state of passenger car bodies

The overwhelming majority of compartment cars owned by Ukrzaliznytsia JSC were manufactured
in Germany in the 70-80s of the last century. They have exhausted their resource. The metal structures
of the frame and body are badly worn. Extending the service life of such cars requires a thorough study
of the possibilities of their further use. The article discusses the results of an analysis of the stress-strain
state of passenger car bodies. A three-dimensional model of the body was built. Body strength
calculations were performed using the finite element method using the ANSYS software package. The
racks and upper trim of the side walls, roof arches, etc. were considered as rods. The body frame,
substructure, side wall cladding, end walls, roof cladding and floor deck were modeled using plate finite
elements. Calculations were carried out in accordance with the requirements of current regulatory
documents. The maximum speed was assumed to be 160 km/h. The developed model was verified. The
results obtained were compared with the results of experimental studies (strength tests). The similarity
of the results confirmed the correctness of the created model. A study was carried out of the stress-strain
state of the body at nominal sizes with standard skin thicknesses. It has been established that the stresses
arising in the most loaded areas do not exceed the permissible values for structural steels. The resulting
model of the body will subsequently make it possible to determine the wear limits of the load-bearing
structures of the frame and body. It also allows, using the calculation-probabilistic method, taking into
account the probabilistic nature of all existing loads, to calculate the reliability indicators of the car
and its final life.

Key words: passenger car, body, resource, wear, stresses.

Introduction. Ukraine's movement into the European Union poses various challenges for the
country's society and economy. But for railway transport, the primary task is the integration of domestic
1520 mm gauge railways into the European transport system [1].

This issue is especially relevant for ensuring passenger transportation. Passenger cars of JSC
"Ukrzaliznytsia" were mainly inherited from the former USSR. The level of wear in the vast majority
of cars exceeds 90%. The rolling stock primarily used by Ukrzaliznytsia is not only physically outdated
but also morally obsolete.

But, in addition to physical wear and tear, passenger rolling stock is morally outdated and does not
meet even the minimum requirements for comfort systems. The compartment width, fire safety system,
ventilation system, toilets, and smoothness of movement do not meet European standards.To
successfully compete with road transport, the railway must provide passengers with more comfortable
conditions along the route, and the duration of a train trip should not exceed the time spent on a bus.
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Passenger cars of the Kryukov Carriage Works fully comply with European sanitary standards and
have improved design and comfort. However, the factory's production capacity and limited funding do
not allow for the replacement of the entire fleet of passenger cars.

Another problem facing railway workers is ensuring the required speeds. To do this, it is necessary
that the load-bearing elements of the body and frame comply with the requirements of current regulatory
documents. Therefore, for cars that have already been in use for many years and have exhausted their
service life, it is necessary to study the stress-strain state of the body and frame, taking into account
wear.

The aging of the cars continues at a rapid pace, and it is not compensated by the arrival of new cars.
Extending the service life of passenger cars through modernization, reconstruction, and modification is
not a temporary measure but a fundamental requirement of market economic relations. However, while
these cars still meet normative requirements in terms of passenger comfort, their operation is
unacceptable in terms of ensuring safe movement due to a decrease and even loss of the body's load-
bearing capacity.

Analysis of recent research and problem statement. A large number of studies have been devoted
to increasing the strength and durability of passenger cars. Problems and prospects of passenger carriage
construction are discussed in article [2]. Standard [3] contains structural and crashworthiness
requirements for railroad passenger equipment of all types

The authors of article [4, 5] consider the technical condition of frames and bodies of passenger cars
with a service life that exceeds the standard. A statistical analysis of the dependence of wear on the
duration of operation for various types of cars was carried out.

The study [6] states that in conditions of systematic underfunding of the industry, carrying out
overhaul repairs of passenger cars is a possible alternative to purchasing newly manufactured cars. At
the same time, it is necessary to ensure the necessary level of strength, reliability and modern level of
comfort.

Articles [7, 8] discuss possible options for organizing the repair and maintenance of passenger cars
after major overhauls.

Works [9, 10] discuss the issues of reducing the weight of the body of a passenger car built by the
Kryukov Carriage Plant, model 61-779. The authors built a three-dimensional computational model.
Then, using the finite element method, strength calculations of the car body were performed.

Research [11, 12] is devoted to the analysis of the residual life of passenger cars, taking into account
the strength of the bodies of open and compartment type cars.

In [13, 14], using the finite element method, a collision of a passenger car with a rigid wall was
simulated. Structural weaknesses in the original design were identified. The authors assessed the
accident rate and developed proposals for modernizing the passenger car.

A method to analyze the impact of design features of the integral scheme of passenger cars bodies
on their stiffness and strength characteristics is proposed in [15].

Article [16] is devoted to the results of modeling the load of urban rail rolling stock. The calculations
simulate various loading modes. The authors come to the conclusion that the resulting stresses are 75%
of the permissible ones.

In this framework, the paper [17] proposes a new dynamic optimization approach to support the
design of railway vehicle car bodies subject to static loads. The proposed methodology aims to minimize
the mass of the metallic structure.

The purpose and tasks of the study. The purpose of this work is to study the effectiveness of
improving the structures of the bodies of passenger cars that have exhausted their resource (the stress-
strain state of compartment cars bodies that have exhausted their resource). To do this, it is necessary to
build a calculated 3D model of the body and frame of the 47D car without a spinal beam in the middle
part and, using the finite element method, determine the stress-strain state of the load-bearing elements
of the body and frame, taking into account possible wear and tear in operation.

Materials and methods of research. The finite element method (FEM) is currently a fundamental
method for solving solid mechanics problems using numerical algorithms. The method is based on
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discretization of the object in order to solve the equations of continuum mechanics under the assumption
that these relationships are satisfied within each of the elementary regions. These areas are called finite
elements. They can correspond to a real part of space or be a mathematical abstraction, like the elements
of rods, beams, plates and shells. Within the finite element, the properties of the area of the object limited
by it are assigned (this could be, for example, characteristics of the rigidity and strength of the material,
density, etc.) and the fields of quantities of interest are described (in relation to solid body mechanics,
these are displacements, deformations, stresses, etc.). d.). Parameters from the second group are assigned
at the nodes of the element, and then interpolating functions are introduced, through which the
corresponding values can be calculated at any point inside the element or on its boundary. The task of a
mathematical description comes down to connecting the factors acting at the nodes. In continuum
mechanics, these are, as a rule, displacements and forces.

The problem of determining the displacement field in the design of an axle box unit can be reduced
to the problem of minimizing the total potential energy based on nodal displacements,

Body strength calculations were performed using the finite element method using the ANSYS
software package in accordance with the requirements of DSTU [18]. The body was considered as a
system of rod and plate finite elements. The calculation scheme is shown in Fig. 1 and in Fig. 2.

0 Se+03 1e+04 (mem) z
I I ]

250403 7,5e+03

Fig. 1. Passenger car 47]1 body model

As the rods, the racks and upper strapping of the side walls, roof arches, etc. were considered. The
body frame, lower trim, side wall cladding, end walls, roof cladding and flooring were modeled using
plate finite elements.

Rod finite elements work in tension (compression), bending, torsion and displacement. Flat finite
elements work for bending (like plates) and for stretching (compression) under the action of forces
whose lines of action lie in the middle plane.

In total, the design scheme contains 1,659,958 nodes and 722,470 finite elements.

Normative documents [18] provide for the need for calculations according to three calculation
modes:

- | calculation mode corresponds to touching from a place, emergency braking at low speeds,
collision during maneuvering, etc.;

- Il calculation mode - train movement on the calculation climb (for passenger cars when they are
included in freight trains);

- l11 calculation mode - movement with design speed and adjustable braking.
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[} 56403 1e+04 (man)
]

Fig. 2. Passenger car 47D frame model

Each of these calculation modes corresponds to a combination of loads that are added to the car body.
Three groups can be distinguished: about longitudinal, vertical and lateral loads. Below is a description
of each group.

Longitudinal loads are the longitudinal tensile or compressive force applied to the front or rear
gussets, respectively. When calculating according to mode I, a compressive force of 2.5 MN is applied,
mode Il is not considered by the authors, when calculating according to mode 11, the strength of the
body is separately evaluated both under the action of a tensile force of 1 MN and under the action of a
compressive force of the same magnitude (the case is considered action of a stretching force).

The group of vertical loads is formed by the gravity of the car body, the gravity of the internal
equipment, equipment and passengers with luggage. This group, in addition to the static loads listed
above, also includes additional dynamic components caused by the acceleration of the body in the
vertical direction during the carriage movement.

The force of gravity Q acting on the car body is equal to the difference between the gross weight of
the car and the weight of the trolleys. During the calculations, the car body was initially loaded by the
force of gravity acting on the body's metal structure and by the gravity of large equipment units. A force
equal to the difference between Q and the weight of the metalwork and equipment was applied to a
uniformly distributed load acting on the floor of the car (Fig. 3).

[) 4500 i)

22500 675000

Fig. 3. Scheme of application of a vertical load on the body of a passenger car
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When calculating according to the I mode, only the vertical static load is taken into account. When
calculating according to mode 11, the dynamic component is also taken into account by multiplying the
static load by a factor 1 + kg,,, where kg4, — calculated value of the coefficient of vertical dynamics for
the car body.

The value k,, is calculated according to known formulas [18].

— 4 1
kay = kay |[—In—F=—=, (1)
T 1-— P(kdv)

where kg, is the average value of the vertical dynamics coefficient (mathematical expectation of the
random process of changing the vertical dynamics coefficient k4, (t);
P(kg4,) — confidence probability. It is equal to P(k4,)=0.97.

The average value of the vertical dynamics coefficient k , BusHaYa€THCS 3 HACTYIIHOO (HOPMYIIO0

V —15

kgy=a+36-10"* b )
Jer

(2)

where a is an empirical coefficient, which for car bodies is equal to a=0.05;
b — coefficient depending on the number of axles in the cart (for biaxial carts b is equal to 1);
fs¢ — static deflection of spring suspension (fs; = 0,15 v);
V — speed of movement in m/s.
During the calculations, it was assumed that the car moves at a maximum speed of 160 km/h and the
third calculation mode is used.
Thus, for movement at a speed of 44.4 m/s, the average value of the coefficient of vertical dynamics

kg Was

— 44,4 — 15
kay = 0,05 +3,6- 107" - 1————=10,121

4 1
ks = 0,121\/3'14 557 = 025

The action of the lateral load should be taken into account only when calculating according to mode
I11. The force, which is equal to the difference of the centrifugal force and the horizontal component of
the gravity force, which arises as a result of the elevation of the outer rail, for passenger cars is 10% of
the gross force of gravity, i.e. 61 kN. Also taken into account is the force of wind pressure, which divides
the area of the side projection of the body by the specific wind pressure (500 N/m?), which for this car
is equal to 38.6 kN. Thus, the total lateral load will be 99.6 kN. It is applied to the upper and lower lining
of the side walls.
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When carrying out calculations, two options for applying loads were considered. The first option
corresponds to the | calculation mode, the second option — to the Il calculation mode at a speed of
160 km/h.

The following options for changing the design and parameters of the body were considered:

— the thickness of the sheathing of the side walls and roof is 2.5 mm;

— the thickness of the sheathing of the side walls and roof is 2 mm;

— the thickness of the sheathing of the side walls and roof is 1.5 mm;

The developed model was verified. At the first stage, the calculation of the body with standard skin
thicknesses was carried out. The obtained results were compared with the results of experimental studies
(strength tests). The similarity of the results confirmed the correctness of the created model.

Fig. 4. Diagram of stress distribution in the frame pivot assembly

A

Fig. 5. Diagram of stress distribution in the body of passenger car

[ 2e+03 82403 (mm)
]

20403 6403

It has been established that the most loaded part of the structure is the thrust bearing unit. The
maximum stress in the frame occurs at the junction of the pivot and center beams. When calculated
according to 3 calculation mode, it reaches a value of 203 MPa.
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The greatest stress in the body occurs in the upper corners of window openings, which are natural
stress concentrators. With a sheathing thickness of 2.5 mm, it is 114 MPa. When the sheathing thickness
is reduced to 1.5 mm, the stress increases to 178 MPa.

In the area above the window openings at the boiler end, when calculated according to 3 calculation
mode , the maximum stress was 105 MPa with a sheathing thickness of 2.5 mm. When the sheathing
thickness is reduced to 1.5 mm, the stress increases to 171 MPa, which is acceptable for the 09G2Kh

steel grade used.

The dependences of stress on thickness are presented in Fig. 6 and 7.

| calculation mode

200
160
©
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8_20 =—iramg ——Dbody foor ——
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? 40 | | , |
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240
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£ 160
@
2 120 ——frame ==—=body ———foof
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Fig. 6. Diagram of stress distribution in the body of passenger car (speed 160 km/h)
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Fig. 7. Diagram of stress distribution in the body of passenger car (speed 120 km/h)

Analyzing the obtained dependencies, we can conclude that such body elements as the frame, roof
and end walls, regardless of the design mode, have a sufficient margin of safety.

Thus, based on the results obtained, it can be concluded that the decrease body skin thickness up to
2 mm is significant does not affect the stress-strain joint standing.

The proposed option for reducing metal containers of the car body structure together with other
activities will increase travel speed, reduce electrical consumption energy for traction and thereby
increase the technical economic characteristics of passenger car.

Conclusion:

1. A finite element model of the body of a rigid compartment car 47D has been constructed. Beam
and plate finite elements were used for modeling.

2. A study of the stress-strain state of the body at nominal dimensions with standard sheathing
thicknesses was conducted. It was found that the stress occurring in the most loaded areas do not exceed
the permissible values for structural steels.

3. The obtained body model will further allow determining the limit values of wear for the load-
bearing structures of the frame and body and calculating, by probabilistic methods considering the
probabilistic nature of all acting loads, the reliability indicators of the car and its ultimate service life.
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MIYHICMb BUKOHYBANUCL MEMOOOM CKIHYEHUX eleMeHMI8 3a 00NoMOo20l0 npozpamnozo komnaexcy ANSYS. Ax
CMPUIICHT PO327IA0ANTUCA CINOAKU MA 8epXHsa 008'a3ka OiuHux cmin, oyeu oaxy i m. 0. Pama Ky306a, HUdiCH:
008'a3Ka, 00WUBKA OIUHUX CMIH, MOpYesi CIIHU, 00UWUBKA 0AX) MA HACTNUIL RIOI02 MOOEI0BANUCS 3d OONOMO20H
NAACTMUHYACMUX CKIHYEHUX eleMeHmis. Po3paxynku npogoounucs 6ionoGioHo 00 8UMO2 YUHHUX HOPMAMUGHUX
Odokymenmis. Makcumanvna weuokicme pyxy npuumanacs pienoio 160 km/200. Byno 30iticneno eepugixayiro
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Ppo3pobaenoi modeni. Ompumani pe3yibmamu NOPIGHIOBANU 3 PE3VIbMAMAMU eKCHePUMEHMATbHUX 00CTIONCEHD
(6unpobyeans miynocmi). Ilodibnicms pezyromamis niomeepouna npaguibHicms cmeoperoi mooeni. Ilposederno
00CIOICEHHSI HANPYIHCEHO OeDOPMOBAHO20 CMAHY KV308d NPU HOMIHAALHUX PO3MIpAX 3i CMAHOAPMHUMU
moswunamu obwueu. Becmanosneno, wo nanpyau, wo GUHUKAIOMb V HAUOLIbW HABAHMAICCHUX MICYSX, He
nepesuuyIonms 0oNyCmuMi 3HAYeHHs: KOHCMpYKYiunux cmanetl. Ompumana mMooeib Ky306a HA0Ai 003601Umb
BUSHAYAMU SPAHUYHI GeIUYUHU 3HOWY8AHHA HeCYuux KOHCMPYKYil pamu i Ky3068a 1 po3paxogysamu
PO3DAXYHKOBO-IMOGIDHICHUM MEMOOOM 3 YPAXYBAHHAM IMOGIDHICHO20 XApaKmepy 6CiX HAGAHMANCEHb, WO OIOMb,
NOKA3HUKYU HAOIUHOCMI 8a20HA T 11020 OCMAMOYHULL pecypcC.

Knrouoei cnosa: nacasxxcupcokutl 6a2om, Ky308, pecypc, CHpAulo8aHts, HANPYHCEHHSL.
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Innovative approaches to developing national railway safety policy and training
safety leaders

The article is aimed at considering innovative approaches in the formation of the national policy on
safety in railway transport and on the training of safety leaders in this strategically important field.
Focusing on today's challenges and opportunities, the article aims to identify key areas of development
where innovation can improve safety and improve leadership training. It assesses the impact of
technological and innovative changes on railway safety. The research also examines mechanisms and
methods for introducing innovations into national railway safety policy, focusing on best practices from
other countries and analysing the positive outcomes of such implementations. Additionally, it evaluates
the competencies and skills required for leaders in the rail safety industry, highlighting key aspects of a
leadership approach to solving security problems and developing national strategies. Furthermore, the
study aims to develop training programs for security leaders by identifying essential elements and
directions for training and creating innovative methods for skill development that address modern
requirements and challenges in railway safety. This research provides a roadmap for enhancing railway
safety through innovation and effective leadership, proposing actionable solutions and best practices to
improve safety standards in the railway sector:

Key words: Railway safety, national policy, safety leadership, risk factors, training programs

Introduction. Maintaining public trust in the safety of the railway transportation system is crucial
for the sustainable development of the industry. Transparent communication about safety measures,
incident investigations, and corrective actions is essential for building and maintaining trust among
passengers and stakeholders.

Modern railway transportation systems are characterized by increased volumes of passenger and
freight traffic. Such a change in operational conditions places additional stress on railway infrastructure
and operations, increasing the likelihood of accidents and incidents. Technological progress, such as
automation and digitalization, opens new opportunities for enhancing railway safety but simultaneously
creates new risks, particularly in the area of cybersecurity. Meanwhile, many railway transportation
systems, especially in Ukraine, suffer from aging infrastructure, which poses safety risks due to
deteriorating track conditions and outdated signalling systems.
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It is worth noting that addressing environmental issues, such as climate change and pollution, is
becoming increasingly important for railway safety. The implementation of environmentally friendly
technologies and practices can reduce the impact of railway operations on the environment while
simultaneously enhancing safety.

Railway networks often operate across multiple countries, requiring coordination and harmonization
of safety standards and regulations. Enhanced cooperation between EU member states and neighboring
countries, such as Ukraine, is crucial for ensuring consistent safety practices across borders.

Changes in the legal framework for railway safety, both in the EU and Ukraine, aim to raise safety
standards and ensure compliance with international norms. However, effectively implementing these
changes at all levels of the industry remains a challenging task.

The ability to effectively manage and respond to incidents, such as derailments or collisions, is
crucial for minimizing their impact on railway safety.

The human factor continues to be a significant contributor to railway accidents. Ensuring
comprehensive training programs for railway personnel, including drivers, maintenance workers, and
signaling staff, is essential for mitigating risks associated with human safety [1-3].

Analysis of recent research and problem statement.

The research [1] conducted by the Institut pour une culture de sécurité industrielle (Icsi) focuses on
enhancing safety improvements in businesses that have already made significant strides in the domain.
The key focus of this study is on the Human and Organizational Factors of Safety, specifically the
development of managerial leadership in safety.

The research emphasizes that managerial behavior has the most substantial influence on staff
conduct. This finding underscores the critical role that managers play in shaping the safety culture within
an organization (Fig. 1).

SAFETY CULTURE
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ra U Safoty leadership T,
7 4 /
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® ————  ©
.

| , | |
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| ° =
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3 Individual/collective /
behaviour * /’

Safety initiatives

Safety outcomes

Fig. 1. Safety leadership [1]

Management is highlighted as pivotal in handling trade-offs between safety and other operational
concerns. This role requires managers to prioritize safety without compromising other essential aspects
of the business.

The study asserts that site safety cannot solely be the responsibility of Health, Safety, and
Environment (HSE) specialists. Instead, it requires a broader involvement from all levels of management
and staff.

The discussion group faced difficulties in making specific recommendations for establishing
leadership in safety. This led to the formation of the “Leadership in Safety” Working Group to delve
deeper into understanding the conditions that foster leadership.
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The Working Group began by examining professions where leadership is critical, such as plant
directors, construction managers, maintenance shutdown managers, and HSE actors. This approach
provided initial insights but was deemed insufficiently comprehensive.

Recognizing the need for a broader perspective, the research expanded to include views from local
supervisors, team leaders, and members of the Health and Safety committee. This inclusion aimed to
develop a more grounded and practical concept of leadership.

The Working Group identified a set of broad leadership principles applicable across various
professions and functions. These principles served as a foundation for further exploration.

This research underscores the indispensable role of managerial leadership in enhancing safety culture
and practices within industrial settings. It highlights the necessity for inclusive and comprehensive
approaches that involve various levels of the organization. The practical advice derived from the
seminars and discussions aims to aid professionals in effectively implementing and improving safety
leadership, thereby fostering a safer working environment.

The Leadership in Safety Working Group identified and described seven general leadership
principles that are crucial for promoting safety in the workplace [1]. These principles were developed
based on typologies used by the employers of the group members. Each principle was translated into
concrete action axes, summarizing good practices and action principles aimed at safety leaders at all
levels. Below is a detailed analysis of these principles (Table 1).

Table 1. Analysis of safety leadership principles and action axes

Principles = The name of the Analysis
principle
1 2 3
Principle 1 Create a safety A coherent safety vision aligns with management values,
vision coherent  ensuring that safety is integrated into the core values of the

with management = organization. This principle emphasizes inclusivity and
values and | collective responsibility, involving all stakeholders in
principles developing a shared safety vision. The action axes focus on

establishing clear goals and fostering a culture of accountability.

Principle 2 | Give safety its This principle ensures that safety is embedded in the
rightful place in organizational structure and daily operations. It emphasizes clear
the organization role definitions, resource allocation, and proactive obstacle
and management = removal to facilitate a continuous focus on safety. Involving all

stakeholders, including service providers, in safety monitoring
fosters a comprehensive safety culture.

Principle 3 Share the safety Effective communication is key to sharing the safety vision.
vision Regular reminders, clear communication, and fostering a culture

of trust and transparency are crucial. Encouraging risk
observation and supporting initiatives help maintain high safety
standards and collective responsibility.

Principle4  Be credible and Credibility in leadership is vital for fostering a safety culture.
provide a Leaders must demonstrate expertise, fairness, and daily
coherent example = commitment to safety. Personal involvement in safety plans and

the ability to challenge and question practices reinforce the
leader's commitment and credibility.

Principle 5 | Promote team Promoting team spirit and cooperation is essential for
spirit and | effective safety management. Encouraging discussion, sharing
horizontal tools, and fostering close relationships between safety officials
cooperation and field workers ensure a collaborative approach to safety.

Emphasizing collective responsibility and

enhances the overall safety culture.

transparency
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Continuation of Table 1.

Principle 6 = Be available on-site On-site presence and active listening are crucial for
to observe, listen, effective safety leadership. Regular field visits, meetings, and
and communicate involving service providers enhance communication and

understanding of safety issues. Highlighting successes and
addressing challenges directly with stakeholders foster a
proactive safety culture.

Principle 7 = Acknowledge good Recognizing and rewarding good practices, while fairly
practice and apply sanctioning unacceptable conduct, reinforces the importance
fair sanctions of safety. Transparent justification of sanctions and celebrating

successes motivate employees to adhere to safety standards
and foster a positive safety culture

The seven principles and their corresponding action axes provide a comprehensive framework for
enhancing safety leadership in industrial settings. By emphasizing vision, integration, communication,
credibility, cooperation, presence, and recognition, these principles aim to create a robust safety culture
that permeates all levels of an organization.

The implementation of innovations in the formation of national railway safety policies in the
European Union (EU) is based on various mechanisms and tools. Here are some of them along with
examples:

1. Creation of innovative programs and initiatives. The EU actively promotes the creation of
programs and initiatives aimed at supporting innovations in the railway sector. For example, the
"Evaluation of Rail Innovation Programme" [4, 5] funds research and the development of new
technologies and safety practices.

2. Standardization and harmonization. The EU encourages the standardization and harmonization
of the regulatory environment to facilitate the implementation of innovations. For instance,
Directive 2016/798/EC [6] on railway safety establishes common principles and safety
requirements for EU railways.

3. FEstablishment of innovative partnerships. The EU actively supports the creation of partnerships
between industry players, government bodies, and academic institutions for the joint
implementation of innovative projects. An example is the Shift2Rail project [7, 8], a joint
initiative between the EU and railway companies to develop new technologies and market
solutions for railway transport.

4. Funding of innovative projects. The EU provides financial support for innovative projects in the
railway sector through various programs and funds. For instance, the Horizon Europe program
[9] finances research and innovation across all sectors, including transport.

5. Stimulating the development of the innovation market. The EU actively promotes the creation of
a competitive market for innovations in the railway sector by ensuring equal access conditions
for various suppliers and developing innovative market models.

An example of a successful EU innovative initiative is the Shift2Rail program, which aims to create
new technologies and innovative solutions for railway transport to enhance the efficiency, safety, and
sustainability of the system. This program unites the efforts of industry players and railway companies
for the joint implementation of projects focused on the development of new technologies and innovative
solutions [10].

The purpose and tasks of the study. The purpose of this research is to explore innovative
approaches towards the establishment of a comprehensive national policy on railway safety and the
cultivation of effective safety leaders within the railway industry.

Objectives of the study:
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1. To study the mechanisms of introducing innovations into national policy. Consider various
mechanisms and methods of introducing innovations in the formation of national railway safety policy,
focusing on best practices from other countries. To analyse the positive results of the implementation of
innovative approaches in national security strategies.

2.To evaluate leadership competencies in railway safety. Conduct an analysis of the competencies
and skills needed by leaders in the rail safety industry. Identify the key aspects of a leadership approach
to solving security problems and developing national strategies.

3. Develop training and training programs for security leaders. Identify the key elements and
directions of the training and training program for leaders in the field of railway safety. To develop
innovative methods of training and development of skills that will meet the modern requirements and
challenges of railway safety.

Materials and methods of research. /mplementation of innovations in national policy for railway
safety in Ukraine.

The goal is enhance the safety and efficiency of Ukraine's railways through innovative approaches
and align with international best practices and standards.

Mechanisms for introducing innovations is shown in the Fig. 2.

Mechanisms for Introducing Innovations

A 4 Y
Legislative and . International
Regulatory Tlammg‘and Collaboration and
Framework Educadon Benchmarking
- develop ) - develop - participate in
coglprghenswe safety comprehensive international rail
leglslan.on: _ training programs; safety initiatives;
- e_stabhsh a dedicated - promote continuous - learn from
l'allw_ay .safety. agency. professional successful examples.
- periodic review and development.
update of regulations.
v
RNESRHENIN Public-Private
Tecknology and Partnerships
Infrastructure
- implement advanced - engage private
monitoring systems; sector expertise;
- adopt automated - foster innovation
safety systems; through
= modemlze collaboration.
infrastructure.

Fig. 2. Mechanisms for introducing innovations

Developing comprehensive safety legislation involves updating existing rail safety laws and ensuring
compliance with European Union (EU) rail safety directives. An important condition is the creation of
an independent body responsible for overseeing railway safety. Investments in technology and
infrastructure should ensure the implementation of real-time monitoring systems for track condition,
train operation and environmental factors. Predictive maintenance technologies must be used to identify
and resolve potential problems before they cause incidents.

Development of specialized training programs for railway personnel incorporating the latest
technology and safety practices is a necessity for the industry. Simulation-based learning to gain hands-
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on experience is also important. Promotion of continuous professional development should encourage
the improvement of skills and include certification of railway safety professionals.

Creating innovation hubs and collaborative platforms where government, industry and academia can
work together on security projects is also important. The development and testing of new security
technologies should be encouraged through pilot programs. International cooperation will make it
possible to compare railway safety indicators in Ukraine with international standards, which will make
it possible to adapt best practices in accordance with the specific conditions and needs of Ukrainian

railways.
Practical examples of successful implementation:
1. Japan:
¢ Shinkansen High-Speed Rail:
e Uses advanced earthquake detection and automatic train control systems [11].
e Achieved an unparalleled safety record with no passenger fatalities due to train
accidents since its inception in 1964,
¢ Key innovations:
e Continuous track monitoring and maintenance.
e Automated train protection systems and rigorous safety protocols.
2. Germany:
e Deutsche Bahn's Digital Rail Strategy:
e Implementation of the European Train Control System (ETCS) for standardized
train control [12].
e Use of digital technologies to enhance signaling, communication, and train
operations.
e Key innovations:
e Predictive maintenance through digital diagnostics.
¢ Enhanced safety through real-time monitoring and automation.
3. France:

e SNCF's Safety Management Systems:
e Comprehensive safety management systems integrating risk assessment,
incident reporting, and continuous improvement [13].
e Strong emphasis on staff training and safety culture.
e Key innovations:
e Implementation of advanced signalling systems like ERTMS (European Rail
Traffic Management System) [14].
e Proactive safety culture with regular safety drills and training programs.

Steps for implementing innovations in the formation of the national safety policy on the railways of
Ukraine:

1. Assessment of the current state. A thorough assessment of the current railway safety situation in
Ukraine needs to be carried out and key areas for improvement and potential for innovation identified.

2. Development of a strategic plan. 1t is necessary to formulate a strategic plan for the implementation
of innovative technologies and practices and establish clear, measurable goals and time frames for
implementation.

3. Launch of pilot projects. Pilot projects should be launched to test new technologies and approaches
in selected regions or routes. This will allow you to evaluate the results and refine the implementation
strategy based on the results.

4. Expansion of successful initiatives. In the future, it is necessary to gradually bring successful pilot
projects to the national level and ensure constant monitoring and evaluation for adaptation to new
challenges and opportunities.

5. Involvement of interested parties. It is important to involve all relevant stakeholders in the planning
and implementation process, including government agencies, railway operators, industry experts and
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the public. This will create a collaborative environment to ensure broad support and successful
innovation.

Assessment of leadership competencies in the field of railway safety.

Railway safety leadership is a specific form of leadership focused on creating and maintaining a safe
working environment in the railway industry. It includes management approaches, strategies and
practices aimed at preventing injuries and accidents on the railway, as well as improving the safety
culture among staff. Leadership in railway safety involves the active role of managers in setting safety
standards, spreading safety skills and knowledge among employees, and establishing mechanisms for
monitoring and controlling the implementation of safe work practices. Key characteristics of rail safety
leadership include a commitment to safety, effective communication, the ability to make decisions in
the face of uncertainty, and encouraging initiative and responsibility for safety in all employees.

Based on the analysis of the Leadership in Safety Working Group's principles [1] and their
application to rail safety, here are seven principles specifically tailored for rail safety leaders (Table 2).

Table 2. Seven principles specifically tailored for rail safety leaders

Principles The name of the Action axes
principle
1 2 3
Principle 1 Establish a  Coherent 1. Develop a comprehensive rail safety policy
Safety Vision aligned with management values.

2. Prioritize safety within the context of
operational challenges.

3. Conduct regular safety assessments to set future
goals.

4. Set specific, measurable, and achievable safety
objectives.

5. Involve all stakeholders in creating and
understanding the safety vision.

6. Use the vision to define accountability and
expected conduct for all employees.

Principle 2 Integrate Safety into All 1. Embed safety practices across  all
Levels of the organizational levels and departments.
Organization 2. Clearly define roles and responsibilities for

safety among all staff.

3. Develop and implement an improvement plan
that aligns with the overall safety vision.

4. Identify and mitigate obstacles to achieving
safety goals.

5. Allocate necessary resources to support safety
initiatives.

6. Make safety a daily priority and protect it from
competing interests.

7. Involve service providers and staff in safety
monitoring and improvement efforts.
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Continuation of Table 2.

Principle 3 Communicate and Share 1. Regularly communicate safety goals and
the Safety Vision expectations to all staff.
2. Reinforce safety messages to maintain
vigilance and engagement.
3. Use clear, appropriate language to ensure
understanding across all levels.
4. Create systems to identify and report safety
risks, including weak signals.
5. Foster a climate of trust and transparency in
safety communications.
6. Encourage and recognize good safety practices
and initiatives.
7. Emphasize that safety is a collective

responsibility.
Principle 4  Demonstrate Credibility 1. Ensure all leaders have sufficient expertise in
and Lead by Example rail safety.
2. Exercise fair and honest judgment in safety
matters.

3. Exemplify compliance with safety standards,
even under challenging conditions.

4. Show daily commitment to safety through
decisions and actions.

5. Be personally involved in implementing the
Safety Action Plan.

6. Challenge and question safety practices,
including those of senior staff.

7. Provide clear reasoning for safety decisions and
ensure they are understood.

Principle 5 Foster Team Spirit and 1. Encourage team discussions to address safety
Horizontal Cooperation issues and share best practices.

2. Implement coordination methods for a
comprehensive view of risks.

3. Promote the sharing of safety tools and
methodologies.

4. Strengthen relationships between safety
officials and operational staff.

5. Ensure all team members feel included and
share responsibility for safety.

6. Make teams accountable for each other’s safety
results.

7. Support transparency and collective progress in
safety practices.
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Continuation of Table 2.

Principle 6 | Be Present and Engage 1. Conduct regular site visits and establish clear
on the Ground safety requirements.
2. Hold frequent safety meetings with various
departments.

3. Involve service providers in site visits and
safety discussions.

4. Recognize and highlight positive safety
practices.

5. Address and correct unsafe practices promptly.

6. Review field reports and follow up with
relevant staff.

7. Meet with accident victims to understand issues
and improve safety measures.

Principle 7 | Recognize Good 1. Highlight and reward good safety practices and
Practices and Enforce initiatives.
Fair Sanctions 2. Offer incentives and raise safety awareness.

3. Celebrate collective safety achievements.

4. Select service providers committed to safety
standards.

5. Define unacceptable safety behaviors and
corresponding sanctions.

6. Analyze the context before applying sanctions
to ensure fairness.

7. Transparently justify sanctions based on
established safety rules.

These principles provide a comprehensive framework for rail safety leaders to cultivate a robust
safety culture within their organizations. By focusing on vision, integration, communication, credibility,
cooperation, presence, and recognition, rail safety leaders can effectively enhance safety standards and
practices across all levels of their operations.

Competencies and skills needed by safety leaders in the rail industry.

Safety leaders in the rail industry require a diverse set of competencies and skills to effectively
manage and enhance safety standards. These can be categorized into technical skills, interpersonal skills,
strategic skills, and specific knowledge areas (Fig. 3-6).
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Proficiency in using risk assessment tools and methodologies.
«Incident Investigation and Analysis:

«Competence in conducting thorough investigations to determine root
causes of incidents.

«Skills in applying analytical techniques to derive actionable insights.
Technical *Regulatory Compliance:

Skills +Deep understanding of national and international railway safety
regulations and standards.

+Capability to ensure compliance with all relevant safety laws and
guidelines.

«Safety Management Systems:
*Expertise in developing, implementing, and maintaining effective

Fig. 3. Technical Skills

*Risk Assessment and Management:
+Ability to identify, assess, and prioritize risks.

safety management systems (SMS).
*Knowledge of best practices in safety auditing and monitoring.

«Communication:

+Strong verbal and written communication skills to convey safety
policies and procedures clearly.

« Ability to engage with all levels of the organization, from top
management to frontline workers.

Interpersonal «Leadership and Influence:
Skills +Skills to inspire, motivate, and influence others to prioritize safety.
« Ability to lead by example and foster a safety-first culture.
+Conflict Resolution:

«Proficiency in addressing and resolving conflicts related to safety
issues.

+Capability to negotiate and mediate between different stakeholders.

/

Fig. 4. Interpersonal Skills

+Visionary Thinking:
+Ability to develop a long-term vision for railway safety and align it
with organizational goals.

«Competence in setting strategic safety objectives and creating a
Strategic Skills roadmap to achieve them.

*Change Management:

«Skills in managing and leading organizational change to improve safety
culture and practices.

« Ability to handle resistance to change and ensure smooth transitions.

/

J

Fig. 5. Strategic Skills
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e Specific Knowledge Areas

*Human Factors:

*Understanding of how human behavior impacts safety and how to design systems
that minimize human error.

*Knowledge of ergonomic principles and their application in the railway
environment.

*Emergency Preparedness:
+Skills in planning and executing emergency response drills and procedures.
+Capability to develop and maintain robust emergency preparedness plans.
*Technological Innovations:
« Awareness of new technologies and innovations in railway safety.
« Ability to evaluate and implement technological solutions to enhance safety.

Fig. 6. Specific Knowledge Areas

The importance of a leadership approach to solving railway safety problems and creating a national
strategy is based on:

1.

Coordinated efforts and consistency. A leadership approach ensures that safety initiatives are
consistently implemented across the entire railway network. This coordination helps in avoiding
fragmented efforts and ensures uniform safety standards.

Strategic alignment. Leadership is essential for aligning safety objectives with the broader goals
of the railway industry. It ensures that safety is integrated into all strategic decisions and
operational plans.

Cultural transformation. Effective leadership drives cultural change within organizations,
promoting a safety-first mindset. Leaders can influence attitudes and behaviors, fostering a
culture where safety is a shared responsibility.

Enhanced communication and collaboration. Safety leaders play a crucial role in facilitating
communication and collaboration among various stakeholders, including regulatory bodies,
railway companies, and the public. This collaboration is vital for addressing complex safety
challenges.

Proactive risk management. Leadership enables proactive identification and management of
risks. Leaders can anticipate potential safety issues and implement preventive measures before
they escalate into serious incidents.

Adaptability and innovation. Leaders are pivotal in promoting and adopting innovative solutions
to safety problems. They can drive the adoption of new technologies and practices [15, 16] that
improve safety outcomes.

Regulatory and public trust. Strong safety leadership enhances compliance with regulatory
requirements and builds public trust in the safety of the railway system. This trust is crucial for
the continued growth and success of the railway industry.

Safety leaders in the rail industry need a comprehensive set of competencies and skills, spanning
technical expertise, interpersonal abilities, strategic vision, and specific knowledge areas. A leadership
approach to railway safety is critical for ensuring coordinated efforts, strategic alignment, cultural
transformation, enhanced communication, proactive risk management, adaptability, and innovation. By
fostering strong safety leadership, the railway industry can effectively address safety challenges and
create a robust national safety strategy that protects both passengers and employees.

Key elements of an education and training program for rail safety leaders.

1. Program overview.

Objectives:
e Develop a comprehensive understanding of rail safety principles.
¢ Equip leaders with skills to manage and improve rail safety.
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o Foster a safety-first culture within the organization.
2. Curriculum design.
e Core Modules:
e Introduction to Rail Safety:
e Overview of rail safety principles and regulations.
¢ History and evolution of rail safety standards.
Risk Assessment and Management:
e Techniques for identifying and assessing risks.
e Strategies for mitigating and managing risks.
e Incident Investigation and Analysis:
e Methods for investigating rail incidents.
e Root cause analysis and reporting.
e Human Factors and Ergonomics:
e Understanding human error and its impact on safety.
e Designing systems to minimize human error.
e Safety Management Systems (SMS):
e Components and implementation of SMS.
e Continuous improvement and auditing of safety systems.
e Emergency Preparedness and Response:
e Developing and executing emergency response plans.
e Conducting drills and evaluating readiness.
e Leadership and Communication:
e Effective communication strategies for safety leaders.
e Building and leading safety-focused teams.
e Technological Innovations in Rail Safety:
e Latest technologies and their application in rail safety.
e Case studies of successful technology implementations.
3. Innovative learning methods.
e Interactive Workshops:
e Hands-on sessions with real-life scenarios and case studies.
e Group discussions and problem-solving activities.
Simulations and Role-Playing:
e Simulated incidents to practice response and decision-making.
¢ Role-playing exercises to develop communication and leadership skills.
E-Learning Modules:
e  Online courses for flexible learning schedules.
e Multimedia content including videos, quizzes, and interactive materials.
Field Visits and Practical Training:
e Visits to operational rail facilities to observe best practices.
e Practical training sessions on-site to apply learned concepts.
Mentorship and Coaching:
¢ Pairing trainees with experienced safety leaders for guidance and support.
e Regular feedback and performance reviews.
4. Skill development.
e Technical Skills:
e Proficiency in safety management tools and technologies.
e Ability to conduct thorough risk assessments and safety audits.
e Analytical Skills:
¢ Competence in analysing data to identify trends and areas for improvement.
¢ Capability to develop and implement effective safety strategies.
e Leadership Skills:
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o Strong leadership qualities to inspire and influence others.
e Skills to build a safety-first culture and manage safety teams.
e Communication Skills:
e Clear and effective communication to convey safety policies and procedures.
e Ability to engage with stakeholders at all levels.
e Decision-Making Skills:
e Making informed decisions under pressure.
e Balancing safety with operational efficiency.
5. Evaluation and continuous improvement
e Performance Assessments:
e Regular assessments to evaluate trainees' knowledge and skills.
e Feedback mechanisms to identify areas for improvement.
e Continuous Learning:
e Opportunities for ongoing education and professional development.
e Access to the latest research and developments in rail safety.
e Program Evaluation:
e Regular review and update of the training program to ensure relevance and
effectiveness.
e Incorporation of trainee feedback to enhance the learning experience.

An education and training program for rail safety leaders should be comprehensive, covering all
essential aspects of rail safety, and should employ innovative learning methods to ensure effective skill
development. By focusing on both technical and leadership skills, and incorporating continuous
improvement practices, the program can prepare safety leaders to effectively manage and enhance rail
safety, fostering a culture of safety within the organization.

The main objective of the course is to raise the awareness of managers and professionals of the
railway industry about the importance of safety leadership. The training emphasizes the need to put
safety first in everyday actions, in every decision made. Upon completion of the course, each participant
should have a clear understanding of what safety leadership is and how to improve it.

The Rail Safety Leadership training course has been designed to raise awareness among railway
managers and professionals about the importance of safety leadership and to teach them how to improve
safety through their daily actions and decision-making. The main objectives of the course include:

- awareness of the importance of safety;

- development of leadership skills;

- introduction of safety culture;

- learning through practicality;

- stimulation of changes.

Course participants will gain an understanding that safety is a critical component of successful rail
operations and that leadership plays a key role in ensuring safety. The course enables participants to
develop effective security leadership skills, including communication, decision-making and staff
motivation skills. During training, participants should be encouraged to actively incorporate safety
principles into their daily activities and management practices to create a safe and healthy work
environment. It is important to provide hands-on experience and interactive exercises that allow
participants to learn specific strategies and techniques for rail safety leadership. Participants should also
be encouraged to be change agents in their organizations, which will contribute to the improvement of
security practices and processes.

Rail safety leaders must have a variety of competencies and skills to effectively implement and
maintain safety standards and practices. Here are some of them:

1. Expert knowledge in the field of railway transport safety. Leaders must have an in-depth
knowledge of the safety requirements, standards and regulations that apply to the rail industry. This
includes understanding operational processes, technical aspects of infrastructure and rolling stock, as
well as security risks and threats.
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2. Leadership skills. Leaders must have the skills to effectively manage and motivate staff. This
includes the ability to create an open and supportive work environment, the ability to communicate
effectively with employees at various levels, and the ability to lead and develop a team.

3. Analytical abilities. Leaders must be able to analyze complex situations and make informed
decisions based on available data and security information.

4. The ability to make decisions in conditions of uncertainty. In the railway industry, situations may
arise where you need to react quickly and make decisions in conditions of uncertainty. Leaders must
have risk assessment skills and the ability to make informed decisions, even in difficult circumstances.

5. Ability to communicate and influence. Leaders must have excellent communication skills to
effectively communicate with and influence various stakeholders to support rail safety.

6. Strategic thinking. Leaders must have the ability to plan long-term and develop strategies to
improve rail safety.

7. Creativity and innovativeness. Leaders must be open to innovative approaches and innovations in
security that can help achieve goals and improve results.

Conclusions. Safety leadership is essential to ensuring employee safety, reducing risk and incidents,
increasing employee engagement, and enhancing organizational reputation. Safety leadership
contributes to the formation and strengthening of the safety culture in the organization. Leaders who
actively support and embody the principles of safety in their work create a positive example for
subordinates and contribute to the establishment of norms and values related to safety. Leaders who
prioritize safety help avoid and reduce the risk of incidents and accidents. Their management and
decision-making is based on putting safety first, helping to ensure a safer work environment for all
employees. Leaders who take an interest in safety and actively involve staff in decision-making and
safety implementation processes create a more engaged and accountable work environment.

Organizations with strong security leadership typically have a better reputation with consumers,
investors, and regulators. This can help increase brand trust and create positive relationships with
stakeholders.

The research has explored innovative approaches to establishing a comprehensive national policy on
railway safety and cultivating effective safety leaders within the railway industry. The study's objectives
were successfully addressed through the following findings:

Firstly, the research examined various mechanisms and methods for introducing innovations into
national railway safety policies. By focusing on best practices from other countries, the study highlighted
how the integration of advanced technologies, standardized regulations, and collaborative initiatives can
lead to significant improvements in railway safety. Positive outcomes from the implementation of these
innovative approaches in national security strategies were analyzed, providing a framework for potential
adaptation in other contexts.

Secondly, the evaluation of leadership competencies in railway safety revealed the critical skills and
attributes required by safety leaders. The analysis underscored the importance of a leadership approach
in addressing security challenges and developing robust national strategies. Effective safety leaders must
possess a blend of technical expertise, strategic thinking, and the ability to foster a culture of safety
across all organizational levels.

Lastly, the study developed a comprehensive framework for training programs aimed at security
leaders in the railway sector. Key elements and directions for these programs were identified,
emphasizing innovative training methods and skill development tailored to contemporary railway safety
requirements. The proposed training initiatives aim to equip safety leaders with the necessary tools to
effectively manage and mitigate safety risks in the ever-evolving railway environment.

In conclusion, the research provides valuable insights into the formation of a national railway safety
policy and the development of competent safety leaders. By leveraging innovative approaches and
focusing on best practices, the railway industry can enhance its safety standards and ensure a secure and
efficient transportation system.
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Simulation of the operation of the on-board energy storage in the tractional system of a
quarry locomotive

The ways of updating the rolling stock of open-pit railways have been considered and the main
methods of using the energy storage on the locomotive for open-pit railways have been determined. A
mathematical model has been developed, which includes a model of train movement along the railway
section and during maneuvering and a model of energy processes in the traction system with onboard
energy storage. Simulations were performed in a cycle that included movement from the crushing plant
to the transshipment point with empty dump trucks, maneuvering during loading, movement from the
crushing plant to the transshipment point with loaded dump trucks, and maneuvering during unloading.
The simulation took into account the limitation of power consumption at the level of 4000 kW. The
parameters of the energy storage device were determined, for which Toshiba SCiB 204h-HP cells were
selected. The power of the energy storage is 3600 kW, and the energy capacity is 414 kWh. The use of
modules for the formation of an energy storage device is proposed. It was determined that the energy
consumption per work cycle with the selected energy exchange algorithm taking into account
electrodynamic braking is about 200 kWh, and the charge reduction per drive cycle is 36%. The service
life of the energy storage with the selected cells is estimated at 8 years.

Keywords: locomotive, rolling stock, modeling, energy storage

Introduction .According to explored iron ore reserves, 18% of the world's reserves are located in
Ukraine, and in terms of iron content, Ukraine's share is 10.5-11% of the world's reserves [1]. The
transition to "green" steel requires the use of technologies that minimize CO2 emissions at all stages of
extraction and processing of iron ore raw materials. In this context, the use of electrified railway
transport at mining and beneficiation plants for the transportation of raw materials corresponds to the
general direction of the "green course". Taking into account the fact that the cost of transportation with
electric traction is lower compared to diesel traction, electric transportation also reduces the cost of final
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products. In addition, the introduction of powering the electric traction system of open-pit railways from
renewable energy sources will make it possible to approach transportation with zero CO, emissions.

For the effective use of electric traction, a fundamental renewal of the rolling stock of electrified
quarry railways is necessary. At present, domestic quarries mainly operate traction units produced by
JSC "Dnipro Electric Locomotive Plant" (Dnipro). The long period of operation of the traction rolling
stock and its traction-energy indicators, which do not correspond to the conditions of operation,
determine the urgency of the task of creating a modern locomotive for open-pit railways.

Analysis of recent research and problem statement. Rail transport in quarries is widely used in
the CIS countries. Renewal of rolling stock is carried out both by purchasing new traction units and by
modernizing old models.

At present, the renewal of electric vehicles in Ukrainian enterprises is carried out by modernizing
existing traction units [2-4]. The most progressive can be considered the modernization of the traction
unit OPE1A(M), which involves the replacement of the outdated traction-controlled rectifier and part of
the contact apparatus, the compressor unit, and the use of a microprocessor control system. This
contributes to increasing the reliability of the traction unit and improving the working conditions of the
locomotive crew. However, the preservation of traction commutator motors does not allow improvement
of traction-energy characteristics, and the use of zone-phase control of the input converter makes it
impossible to improve energy consumption from the traction network. In addition, the uncontrolled
electric drives of motor fans for cooling traction electrical equipment lead to inefficient energy
consumption by auxiliary systems. Another drawback is the too low traction properties of the traction
unit in an autonomous mode of operation in the case of powering by the diesel section (if it is available).
In the absence of a diesel section, movement in non-electrified parts of the route is impossible. It is
worth noting that such technical solutions are also used on new traction units. At the same time, a traction
unit NPM2 equipped with a traction electric drive based on asynchronous electric motors was developed
and manufactured. This corresponds to modern approaches to the creation of locomotives. This traction
unit has increased traction and energy properties.

Domestic developers worked out a project of a traction unit with an asynchronous electric drive
[5,6]. It is indicated that their use will allow for a change in the structure of the locomotive fleet. As a
result, a significant decrease in energy consumption during the operation of new traction units is
predicted. The life cycle cost of such traction units is significantly lower compared to the life cycle cost
of advanced traction units equipped with a traction electric drive with commutator motors.

In [7], the authors proposed an electric locomotive with an asynchronous traction electric drive and
an on-board energy storage device. Based on observations of the operation of traction units at domestic
mining and beneficiation plants, the use of an on-board storage device is proposed not only for the
accumulation of energy during electrodynamic braking but also for powering its traction system when
the power of the traction network is limited [8]. In [9], the energy required to maneuver the traction unit
during loading at the overload point and unloading at the crushing plant has been estimated. The use of
energy storage devices to ensure maneuvering of mainline locomotives ("last mile" function) is
becoming widespread on modern locomotives [10, 11]. Another way of using onboard energy storage
devices is powering the traction system of electric rolling stock while moving through non-electrified
areas [12-14]. In practice, this concept is applied to rolling stock [15-17]. This approach can also be
applied to the rolling stock of quarry railway transport. This will allow, firstly, to move through areas
where the deployment of a catenary network is impractical or impossible. Secondly, it will allow the
movement with traction during passing through neutral inserts and car crossing roads, over which there
is no contact wire. The last-mentioned are arranged for the movement of quarry dump trucks. The train
follows such sections with the pantograph lowered, in virtue of inertia. As a result, the speed of
movement decreases. At the end of the section without a contact wire, traction mode is established. And
since the speed of the train has decreased, the train accelerates to the permissible speed. This leads to
additional energy consumption. As we can see, the energy storage can be used for various purposes. It
is necessary to carry out modeling, which allows evaluation of the traction systems and energy storage
parameters for taking into account all before mentioned aspects.
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The purpose and tasks of the research. The purpose of the work is to study the operation of the
traction system and on-board energy storage of the locomotive for mining railways. The tasks of the
article consist of modeling and researching the processes of energy exchange in the traction system of a
mining locomotive equipped with onboard energy storage.

Research materials and methods. The locomotive data given in [7] has been used for the research.
The research will be conducted by solving the traction task for the section of the road, as well as
determining the movement indicators during maneuvering [9].

The mathematical model of train movement on the section of the track was developed based on the
provisions of the theory of locomotive traction [18]. The motion is described by a system of equations
in the following form

OI—Vzé(fL—(wLerW)—b);

dt p .
ds ; (1
==V,

dt

where £ — the coefficient that takes into account the units of measurement;
V — train speed;
t — time;
S — distance;
p — the coefficient that takes into account the rotation of the parts of the crew part;
f,_ — the specific tangential force of the locomotive in the mode of traction or electrodynamic braking;

wr, — the specific force of resistance to the movement of an electric locomotive;
wy — the specific force of resistance of moving wagons;
b— specific braking force of pneumatic brakes.
The specific tangential force of the locomotive in the mode of traction or electrodynamic braking
was determined by the expression

fL== " )

where F;— the tangential force of the electric locomotive in traction mode or electrodynamic braking
mode;
M, — mass of the locomotive section;
s —number of locomotive sections;
My; — dump truck mass;
n — the number of dump trucks.
Specific resistance to movement was calculated as

W=W, +W ,W=W,+W, 3)

where wo — the main specific resistance of the train;
w, — additional specific resistance of the train.
The main specific resistance of the train is determined by the expression
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where w; — the main specific resistance of the locomotive movement;
wy, — the main specific resistance to the movement of thoughts.

The main specific resistance during the movement of the locomotive for the link track is determined
by the following expression [18]

(26+0.07v +0.0025V*)g, F, >0

w = , 5
" |(2.8+0.023v +0.00075V*) g, F <0 ©

where J — speed of movement, expressed in km/h;
g — acceleration of free fall, which is 9.81 m/s”.

The main specific resistance to the movement of loaded dump trucks of type 2VC105 is determined
by the expression

W, =(3.6+0.04V)-g,. (6)

The main specific resistance to the movement of empty dump trucks type 2VC105 is determined by
the expression

w, =(4.8+0.05-V)-g. )

The additional specific resistance to the movement of the train was determined by the expression
W, =W, +W, +W, +W, +W,, (8)

where w; — additional specific resistance of the movement caused by the slope;
w, — additional specific resistance of the movement in curved areas;
w; — additional specific resistance while the start of the moving;
w. — additional specific resistance of the forward movement of wagons;
w; — additional specific resistance caused by conditions of the railway track.
Changes in the value of additional resistance caused by changes in climatic conditions were not taken
into account in the calculations.
Additional resistance during moving on a slope was determined as

w, =i-g,, )

where i — slope of the site, expressed in thousandth.
Specific additional resistance from movement along a curved section of the track was determined by
the expression

w =—-0, (10)
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where R — the radius of the curve.
Additional resistance during movement was determined by the expression

20 | 20 |
Bt {28
0 (1)

D2 M+ M,

k=1 =1

W =

S

where g — axle load of a rolling stock unit, expressed in tons.

Additional resistance during moving was taken into account at a speed of less than 10 km/h.

The additional specific resistance from the forward movement of the wagons is determined by the
expression

w, =[0.15+%]-w0. (12)

Additional resistivity due to track condition
w, = (k, -1)-w, (13)

where k;, — coefficient that takes into account the technical condition of the track. In calculations, it is
taken equal to 1.1.

Control of traction force or electrodynamic braking is carried out so, that the permissible speed is
maintained. There are no limits on the intensity of changes in traction and braking. Expressions (1)-(13)
make up a mathematical model of train movement along a section of the track.

The mathematical description of the processes in the traction system of a mining electric locomotive
equipped with an onboard energy storage system has been developed taking into account [8, 9, 19].

In traction modes, the power consumed from the energy storage is determined by the expression

_{( 0, (PI'D+PAUX)SPIN; (14)

= PFD+PAUX)_PIN' (PI'D+PAUX)>PIN’

where Prp — the power consumed by the traction electric drive from the intermediate circuit;
P4ux — the power consumed by auxiliary systems of the electric locomotive;
Py — the maximum power that can be drawn from the input converter.
In expression (14), it is assumed that the storage capacity is sufficient to power the traction system
of the locomotive (Pesx>ProtPaux-P)().
The power consumed by the traction electric drive can be simply determined by the expression

Po=—, (15)

where P; — tangent power of the electric locomotive;
nrp — the efficiency of the traction electric drive is 0.9.

For refined calculations, it is necessary to use the efficiency dependence calculated for the entire
traction area.
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Due to the significant power and capacity of the onboard energy storage system, it will have a
modular composition. Assuming that the models have an identical design and operating modes, we will
consider the operation of one module in the future.

The power that is consumed from the storage system module is defined as

P
po P potfe (16)
m-ny m77|3

where m — the number of modules that are connected in parallel;
ng — the efficiency of the matching converter, which for simplicity is taken as a constant value equal to
0.97.

The voltage of the energy storage is determined by the expression

U=E-R-I, (17)

where £ — EMF of the module;
R — equivalent electrical resistance of the cells of one module;
I — current of one energy storage module.

The EMF of the module is determined by the expression

E=N,-E,. (18)

where N, — the number of cells connected in series;
E..t — EMF of one cell.
Equivalent electrical resistance of elements of one module

R=R_, - —, (19)

where R..;; — electrical resistance of one cell;
N, — the number of parallel branches in the module.

The EMF of the cell E..; and the resistance of the cell R..; depend on the degree of discharge,
temperature, number of spent cycles, etc. [20-22]. For estimated calculations, it is sufficient to take into
account the dependence of EMF on the degree of discharge. The resistance of the cell can be assumed
as constant. For modeling, the R-int cell model is adopted [23-25].

The dependence of EMF on the degree of discharge can be described analytically [26,27]. It is possible
to use tabular data and interpolation procedures when performing numerical calculations. This approach
will be used in the simulation.

The current of the storage module is determined by the expression [28, 29]

e-JET_ 4P R 0

2-R

In the simplest case, the estimation of the degree of charge of the battery can be performed by
determining the degree of charge of one cell [30]. The calculated ratio looks like this

cell 0 p

SOoC, =soc0—kijnc(NLJdt, (1)
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where SOC, — degree of charge before discharge;
7 — duration of the discharge stage;
Oc.t — nominal capacity of one cell;
nc — Coulomb efficiency is assumed equal to 1 according to [30];
k — coefficient, which takes into account the units of measurement.
Let's neglect Discharge losses. Charging of the energy storage device while driving is carried out in
the mode of electrodynamic braking.
The power supplied to the on-board energy storage system is determined by the expression

0, PT'D < P/;ux;
PE'S = PT’D - P/;ux , 0 <(PF,D - ID/-(ux ) < PESN ;

, , (22)
PESN ) (PTD - PAUX ) > PESN ’

where P'rp — the power supplied to the intermediate circuit from the traction electric drive;
P'yux — the power consumed by the auxiliary systems of the electric locomotive in the mode of
electrodynamic braking.

The power supplied to the intermediate circuit from the traction electric drive is determined by the
expression

Po =moPLs (23)

where #'rp — the efficiency of the traction electric drive in the electrodynamic braking mode is 0.9.
The power that is transferred to one module of the energy storage system is determined by the
expression

P’ = s I;nPES , (24)

where 7'z — The efficiency of the matching converter, which for simplicity is taken as a constant value
equal to 0.97.
The storage voltage is determined by the expression

U=E+R-I’, (25)

where ' — current of the module during charging.
The current of the storage module is determined by the expression [28, 29]

2
I,:E—\/E ~4P-R 26)

2-R

The degree of charge is determined by the expression

soc,-soc, sk - f KL @)

cell 0 p

Expressions (14)-(27) make up a mathematical model of energy exchange processes in a traction
system with onboard energy storage.
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Motion simulation during maneuvering is carried out according to the method given in [9]. During
maneuvering, energy is only consumed from the accumulator, therefore energy processes are described
by expressions (14)-(21).

The developed mathematical model will provide a study of the operation of the traction system and
the energy storage during the movement cycle, which consists of movement from the crushing plant to
the overloading point, maneuvering at the overloading point during ore loading, movement from the
overloading point to the crushing plant, and maneuvering during unloading.

Research results. /nput data. The study was carried out for traffic conditions at PrJSC "Poltava
Ferrexpo Mining" [7]. The movement of a train with a locomotive equipped with an asynchronous
traction electric drive and an on-board energy storage device is studied.

The energy storage parameters are determined according to [31]. Previous studies [8,9] show that
energy storage must be optimized for high power and relatively small capacity. Therefore, it is accepted
that the SCiB 20Ah-HP cell manufactured by Toshiba will be used in the energy storage system [32].
The technical parameters of the cell are listed in Table 1

Table 1. Technical parameters of the cell SCiB 20Ah-HP cell [32]

Parameter Value
Capacity, Ah 20
Capacity, kWh 46
Nominal voltage, V 2.3
The highest charging voltage, V 2.9
The lowest discharge voltage, V 1.5
C-rate for long modes 5
C-rate for short-term modes 10
Power (SOC50%, 10's, 25 °C), W 1900
The electrical resistance of the cell, Om 0.6-10°
WxLxH, m 0.116x0.022x0.106
Weight, kg 0.545

The dependence of the no-load voltage on the degree of discharge is shown in Fig. 1

25 //

0 20 40 60 80 100
SOC, %

Fig. 1. Dependence of open-circuit voltage (OCV) on the degree of SOC discharge [32]
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Calculations of energy storage parameters [31] are given below. Preliminary calculations show that
the energy change in the accumulator is 192 kW*h. We will assume that the voltage of the constant
voltage circuit is 900 V. Authors will take into account that when the SOC changes in the range of
5...95%, the cell voltage changes from 2.1 V to 2.5 V in the calculations. We will take these values as
the lowest and highest voltage.

The number of serially connected elements is determined by the expression

N :Udc ; (28)

where Uy — intermediate circuit voltage;
U.i — the voltage at which the charging of the element ends, equal to 2.5 V.

Then the number of serially connected elements will add up N=360.
In [9] it was determined that the power of the energy storage should be 3540 kW, but accepted equal to
3600 kW.

The number of parallel branches, determined from the condition "by power", is determined by the
expression

POESS (29)

N. =
> NU

’
dis I cell

where Pogss — nominal power of the energy storage;

Uliss — cell discharge voltage;

1. — permissible charge/discharge current, accepted as 200 A.
After performing the calculation, the number of parallel branches is 24.
The capacity of the on-board SNE is determined by the formula

AE
Foess = (SOC, —SOC,)kKk, ' .

where AE — storage capacity;
SOC — the highest degree of charge in the operating mode, accepted as 90%;
SOC; — the smallest degree of discharge in working mode, accepted as 10%;
ki — the coefficient that takes into account the decrease in the capacity of the OESS during the period of
operation, we will take 0.9;
k> — the coefficient that takes into account the decrease in the capacity of the OESS with a change in
temperature, self-discharge, etc., we will take 0.95.

After performing the calculations, it was determined that the capacity of the onboard energy storage
system is 285 kWh.

The number of parallel branches, determined from the "by energy" condition, is determined by the
expression

— EOESS (3 1)

N, = ,
N S Et:ell kch
where k., — a coefficient that takes into account the decrease in energy, which the energy storage element
can store during charging with a current that exceeds the optimal value, accepted equal to 0.9.
After the calculation, it was found that the number of branches is 20.
Finally, it has been assumed that, taking into account the reserve, the number of parallel branches of
the drive will be N,=25 [31].
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It is advisable to form the energy storage from separate modules because the power of the energy
storage is 3600 kW. Let's assume that there will be 5 such modules (N,~=5). Each module will then have
five parallel-connected branches, each of which will have 360 series-connected cells.

The total energy capacity of the accumulator is determined by the expression

Eean N NN U,
— cel m S cel 32
= 1000 (32)

After calculations, we will get a result 414 kWh.

Table 2 shows the dependence of the idling voltage on the degree of discharge for one module.

The equivalent resistance of the module, calculated according to (19), is 0.0432 Ohm.

Table 2. Dependence of OCV open-circuit voltage on SOC for one module
Parameter Value

SOC, % 5 10 | 14 | 18 | 22 | 25 | 30 | 34 | 39 | 43 | 49
ocv, Vv 746 | 758 | 763 | 767 | 771 | 773 | 778 | 782 | 788 | 791 | 802
SOC, % 54 | 58 | 63 | 66 | 70 | 74 | 77 | 81 | 8 | 89 | 95
ocv, v 809 | 819 | 833 | 841 | 844 | 845 | 849 | 858 | 867 | 879 | 899

Simulation results. Fig. 2, a shows the time dependence of the tangential power, Fig. 2, b shows the
time dependence of the energy change in the accumulator, Fig. 2, ¢ — the time dependence of the change
in the degree of charge at the initial charge value of 80%.
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Fig.2. Time dependences of traction system parameters

Depending on the tangential power (Fig. 2, a), four characteristic stages can be distinguished. From
the beginning of movement to 2000 s, movement is carried out along the section of the path. The
presence of negative values in the power curve is characteristic, which indicates electrodynamic braking.
Accordingly, on the time dependence of the change in energy of the accumulator (Fig. 2, b) and the
dependence of the discharge degree (Fig. 2, ¢), an increase in the corresponding values is observed.
From 2000 s to 7600 s, the stage of maneuvering under load continues. During this stage, the power
source is energy storage, so the energy and the degree of charge of the energy storage are reduced. From
7600 s to 9600 s, traffic continues from the transshipment point to the crushing plant. During this
interval, stages of intensive reduction of energy and the degree of charge of the accumulator are
observed. This is caused by the consumption of energy from the storage to compensate for the power
limitation of the input converter. At the same time, electrodynamic braking is carried out at this stage,
which leads to an increase in energy in the storage device. From 9600 s to 11000 s, there is unloading at
the crushing plant, where energy is only consumed from the accumulator.

In general, energy storage is discharged from 80% to 44% because the capacity of the battery exceeds
the energy required for movement. This is related to the characteristics of the cells selected for the
storage device. On the other hand, with this type of discharge, one charge will be enough to carry out
two cycles of movement.

The duration of one movement cycle is about 3 hours. Assuming that 6 cycles of movement are
carried out during the day, the authors got that there should be three charging of the energy storage. Let
the locomotive work for 350 days during the year. Then there will be about 1000 cycles per year.
According to the information of the cell manufacturer [32], after 8000 discharge/charge cycles, the initial
capacity of the cell practically does not change. Therefore, the duration of use of the storage device can
be estimated at 8§ years.

Conclusions. A mathematical model was developed and the simulation of energy exchange processes
in the traction system of a mining locomotive equipped with on-board energy storage was carried out.
The mathematical model combines the model of train movement along the railway section and during
maneuvering and the model of energy exchange with an onboard energy storage device. The parameters
of the Toshiba SCiB 20Ah-HP cell-based energy storage device have been defined. It has been
determined that the energy consumption during the work cycle is about 200 kWh, and the storage battery
charge is reduced by 36%. The storage life is estimated at 8§ years.
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MoaenoBaHHsI po00TH GOPTOBOr0 HAKONMUYYBA4a eHePTii y TATOBil cucreMi kap’epHOro
JIOKOMOTHUBY

Pozensanymo winaxu onoeneHus pyxomoeo cKaady Kap €pHUX 3ani3HUYb mMa 6U3HAYeHi OCHOBHI
CnocobU 3acmoCY8antsl HAKONUYY8a4a eHepeli Ha JTOKOMOMueGi 01a Kap 'eprux 3anisnuys. Po3pobneno
MamemMamuyHy Mooelb, AKA 6KII0YAE MOOelb pyXy Hnoi30a no OLIAHYI 3ani3HUYi ma Ynpoooedtc
MAaHespy8aHHs i MOOelb eHepeemuyHUX Npoyecie y msa2o06iti cucmemi 3 OOPMOGUM HAKONUYYBAYEM
eHepeii. Buxonano mooleniosamHna y yukii, AKull 6KIOYAE pyX 6i0 OpobapHoi abpuku 00 nyHKmy
NepPesanmanticeHtsi 3 NOPONICHIMU OYMKAPAMU, MAHEEPYBAHHA NPU HABAHMAICEHHI, PYX 8i0 OpobapHoi
Gabpuxu 00 HYHKMY NEPeeaHmadiCceHHsi 3 HABAHMAINCCHUMU OYMNKAPAMU MA MAHEeS8PYEaHHs Npu
po3zsanmasicenti. llpu MoO0ent08aHHI 8PAXOBAHO OOMENCEHHS CNONCUBAHOI NOMYI’CHOCMI HA PIGHI
4000 kBm. Busnaueno napamempu Haxonuuysawa enepeii, oisa sikoeo obpari xomipku Toshiba SCiB
20A4h-HP cell. [lomyscnicme nakonuuysaua enepeii cknadae 3600 kBm, enepeoemuicmo — 414 kBm-200.
3anpononosano 3acmocysanusi mMooynie Ons GopmysanHs Haxonuuyeaua euepeii. Busmnaueno, ujo
CRONACUBAHMSA eHeP2Ii 34 YUK pOOOMU NPU OOPAHOMY AN2OPUMMI EHEPEMUUHO20 OOMIHY 3 YDAXYBAHHAM
e1eKMPOOUHAMIYHO20 2albMY8aAHH: cKaadae onusbko 200 kBm-200, a 3meHuienHs 3apsdy 3a YUk pyxy
cmanosums 36%. Tepmin cuyscou nHaxonuuyeaua enepeii 3 GUOpaHumMu KOMIpKamu oyiHioemocs y 8
POKI8.

Knwowuogi cnosa: noxomomus, pyxomuil CKiao, MOOen08anHs, HAKONUYY8ay eHepeii
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Determination of rational parameters of the logistics chain in the process of customer
service in international transportation

In this paper, we propose technological principles for determining rational parameters of the supply
chain in order to establish a balance between demand and supply for goods in the chain links under
conditions of variable demand and optimisation of total costs for all cargo delivery participants, which
will affect the final cost of goods to customers. For the experimental research of the supply chain
functioning, the forecast values of demand were determined based on the study of demand trends. As a
result of the research conducted using mathematical modelling, regularities of the influence of supply
chain parameters on the total costs of delivery participants have been established and rational
parameters of the supply chain for consumer goods customers in international connections have been
determined, minimising additional costs and ensuring a minimum level of total costs. The positive results
of the economic effect estimate demonstrate the effectiveness of the proposed solutions.

Keyword: supply chain, batch size of the cargo, delivery period, total costs, economic effect

Introduction. The development of the supply chain management concept is driven by the need to
coordinate and regulate the activities of cargo delivery participants under conditions of uncertainty. This
is due to a significant level of complexity arising from the presence of a large number of links
(participants), technological operations, and various flows. As the number of connections increases, the
vulnerability of supply chains also increases, leading to higher costs and, consequently, to an increase
in the final price of the product and a decrease in its competitiveness in the market. Guided by the
concept of the ‘ideal order,” logistics companies face the challenge of an imbalance between demand
and supply at different points in the chain, resulting in additional costs and a decrease in the level of
service quality. [1].

With the onset of military actions in Ukraine, most logistic chains were disrupted. There was a

relocation of production capacities from the eastern regions of Ukraine, ongoing destruction of
infrastructure, and other challenges, necessitating the use of new approaches to build flexible supply
chains for goods from EU countries to Ukraine capable of responding to external threats and changes.
According to data from the Transport Company "Neolit Logistics" (TC), one of the most demanded
directions for the import of goods among customers is Germany-UKraine. In this direction, a large share
of imported goods consists of consumer goods. Among the urgent problems in organizing deliveries,
company managers identify interruptions in supplies to Ukraine due to discrepancies in delivery times
and excessive waiting times at border crossings for transport vehicles. These issues lead to failures in
meeting agreed delivery times and the occurrence of associated additional costs.
All of this underscores the relevance of searching for approaches to optimizing the functioning of the
logistics supply chain by determining rational parameters, batch sizes, and delivery periods to establish
a balance between demand and supply in the chain links and reduce additional costs associated with
undersupply or the formation of excess inventory at customer premises.
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Analysis of recent research and problem statement. An important aspect of logistics system
activity is maintaining inventory levels that ensure the uninterrupted supply of all units with the
necessary material resources while meeting the economic requirements of the entire material flow
process. The author [2] believes that logistics research should consider an integrated system of material,
information, and financial flows within an enterprise, which are combined into a unified logistics flow.

The works [2-15] are dedicated to the formation of supply chains and optimisation of their
parameters. Taking into account the existing approaches and methods, they can be grouped in the
following directions:

— formation of inventory management systems;
design of logistic systems;

— design of delivery systems in supply chains;
development of models for the operation of transport and production complexes;
formation of terminal systems, etc.

A common advantage of most of these approaches is that the authors use stochastic optimisation
models and consider the random nature of technological processes. However, some models are complex
to implement and are not universal, meaning they cannot be easily supplemented and expanded for
specific conditions.

Improving the cargo delivery process to increase its efficiency requires solving a wide range of
optimisation tasks by determining optimal connections between suppliers and consumers. From the
perspective of a logistic approach, the efficiency of the cargo delivery process is determined by three
factors: costs, speed, and continuity.

The logistic system should be organised in such a way that its total costs remain at a minimum level
during the delivery process. Speed is related to the qualitative indicators of transport services and
depends on transport costs. When designing a delivery system, it is necessary to strike a balance between
speed and cost, as increasing the level of service quality leads to increased costs. On the other hand, the
faster the transportation, the less time stocks are spent in transit and are unavailable for use. The
continuity of transportation depends on the delivery period. Insufficient continuity of the delivery
process leads to the need to create safety stocks to prevent unforeseen disruptions in production and
sales processes. At the same time, the formation of excess stocks in the warehouses of the delivery
process leads to additional costs, which affects the cost of the final product cost. The quality level of the
delivery process has a significant impact on the activities that are sensitive to the time factor. Therefore,
a balance between costs and quality of transportation is a necessary condition to choose logistic service
technology and to manage it in supplies of raw materials and finished products, especially in
international connections.

As a criterion of efficiency, most commonly used when optimising logistic chain parameters is the
cost indicator and its derivatives (cost price, adjusted costs, etc.). [2-3, 6-7, 9-11]. The international
logistic service aims to minimise total costs in resource movement management by optimising the
operation of the logistic system from the moment of selecting a supplier to the after-sales service,
focussing on obtaining and using synergistic dependencies and effects [9].

The construction of cargo flow distribution channels and the distribution network system in
international delivery significantly affect the supply costs to the end consumer. Among the economically
justified methods for quickly replenishing stocks are strategies for placing distribution warehouses near
sales markets and production facilities. When forming a delivery system in the supply chains of small
batches of goods in international connections, the most advantageous option is to use terminal systems
[11].

As a result of the analysis of the current state of the problem, the shortcomings and advantages of
existing methods for determining rational parameters of supply chains when delivering goods to
customers in international connections were identified, which necessitate the development of
technological foundations for determining rational parameters of the supply chain, batch size, and
delivery period of goods to customers in international connections in order to maintain a balance
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between demand and supply in the chain links and reduce additional costs associated with waiting for
delivery or the formation of excess inventory.

Purpose and objectives of the study. The purpose of the research work is to increase the efficiency
of logistic services for cargo owners in international connections by determining the rational parameters
of the supply chain. The object of the study is the process of delivering consumer goods to customers in
international connections; the subject of the study is the influence of supply chain parameters on the
total costs of delivery participants of consumer goods when serving cargo owners.

To achieve this purpose, the following tasks need to be solved: to analyse the current state of
determining the rational parameters of the supply chain for customers in international connections; to
form a model for determining rational parameters of the supply chain; to conduct experimental research;
to analyse the research results.

Materials and methods of the study. The object of research has its own peculiarities related to the
supply system, the organisation of the freight flow distribution system in the supply chain, the location
of terminals and distribution centres, the distribution of their service area, the density and form of work
of customers and the retail network in different regions of Ukraine. The process of supplying goods to
the end consumer is a complex process and represents a multilevel distribution channel (Fig. 1), which
determines the final price of the product in the retail trade network.

N

Supplier Customer's distribution Retail chain of
center Regional stores

Y

v

warehouses

| T

Fig. 1. Structure of the cargo flow distribution channel in the customer supply chain

The supply chain is characterised not only by its scheme, but also by a specific technology. Therefore,
it can be said that the structural scheme determines the efficiency of the system's operation (Fig. 2). The
manufacturer must supply the customer with products within the contractually agreed period. In case of
a product shortage, safety stock is used in the distribution centre, which can lead to a disruption in
product delivery to consumers in the region. In such a case, the customer incurs losses.

The problem statement for determining the rational parameters of the supply chain includes
formalisation of the efficiency criterion, determination of controllable parameters, the change of which
will affect the process efficiency, development of the process model (mathematical), determination of
the system of constraints and assumptions regarding conditions, requirements, and capabilities.

The efficiency of the supply chain operation is advisable to assess using an economic criterion -
supply costs for a certain period, as this indicator significantly affects the final product cost. Value
indicators of the elements of the supply process and the total demand for the planning period are
established as parameters of external influence.
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Fig. 2. The structural scheme of the research object

The complexity of the channel of distribution of freight flow in the supply chain of consumer goods
to the customer in international connections requires consideration of the interests of all participants in
the delivery process. According to the approach proposed in [11], it is proposed that the efficiency

criterion should be considered as the total costs (Cr) for the entire supply period of product (T ). In this
case, the target function is as follows

Ctot = f (q’R’Cl’t11C21t21CR1QplT)_)min. (1)

where g — batch size, tons;

R — stock of finished products at the customer at time, t;, tons;

T — period during which the supply is made, months;

Q,— total demand for the planning period, tons;

Cr — order processing cost associated with document processing, receipt and delivery, transportation of
the batch of cargo, UAH;

Ci— cost of storing 1 ton of product at the customer per month, UAH/month$

C,— losses incurred by the customer in case of undersupply of 1 ton of product, UAH/month.

The input parameters of the model are the batch size (q, tons) and the stock of finished products at
the customer at time t; (R, tons); the output parameter is the total costs (C..., UAH) for the entire period
of product supply T; the parameters of the external environment are the value indicators of the process
(C1, Co. Cr) and the total demand for the planning period (Q,, tons). Some indicators are uncontrollable,
while others are controllable, and their rational values need to be determined.

Fators Cy, 11, Co, ta, Cgr, Qr are uncontrollable, while others are controllable, and their rational values
(C’tot, O rat, R rat, trrat,) are need to be determined.
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The defined function has a system of restrictions and assumptions. Based on the research goal set in
the paper, the task of optimising the parameters of the supply chain to the customer in international
connections should be addressed. It is proposed to consider the delivery process from the distribution
centre in Germany (Berlin) to the distribution centres located in Ukraine. Thus, the system of restrictions
and assumptions is as follows

T =12, month;

380<Q, <820,tons;

L., =1300,km;

3<R<30,tons; 2
8<g <28 tons;

g > 0,tons;

t, > 0, hours.

Improving the delivery process of goods in the supply chain aims to minimise logistic costs
throughout the lifecycle of the logistic system, taking into account the system's ability to adapt to
possible changes under the influence of external factors. Let’s present the total costs for the planned
customer service period in the form of a mathematical model [11].

The number of batches for the planned period (year) is determined

Q,
g=—". ©)
q
Frequency of batch delivery to the customer
T T-q
t,=—=—o0. 4)
"9 Q

Exceeding the demand value over the stocks is acceptable.
The time interval during which a certain level of R stock will accumulate is

R
t=—-t.. (5)
The time interval when there is a shortage of stocks is equal to
g-R
tl = T : tR' (6)

The average stock during time t; is equal to

|
Il
N | 2o

()

Storage costs for the entire time t; amount to
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R
C,=5Ct. 8)

The average level of undersupply (exceeding demand over stock level) during time t2is calculated as
follows

q>R= ﬂ (9)
2
The losses incurred by the customer due to the shortage of products during time t, amount to

C

loss

R
=qT-C2-t2. (10)

The target function for inventory management can be represented as a mathematical model

th(q,R)z(gcl-tlJr%-Cz-t2+CRj-%—>min. (11)
Taking into account the described dependencies for ti, t2 , tr, We obtain
2 -RY)’ .
C,(qR)=1 1+ R) ¢ oric % min (12)
2-q 2-q q

The solution to the problem lies in finding the extremum of the target function (9), which is found
by differentiation, allowing us to find models to determine rational values of inventory indicators.
Thus, the rational values for the parameters are as follows:

— batch size
. -C
qrar =12 QP P Cl +C2 ; (13)
T-C, C,

— frequency of batch delivery to the customer

N '\/C1+C2: (14)
Qp'C1 Cz

— minimum costs

. C
cm=‘/2-Qp-T-Cl.cR- c +Zc .. (15)
1 2

Thus, a mathematical model has been developed to determine the rational technology of cargo
delivery in supply chains. It is possible to conduct experimental studies to determine the rational delivery
parameters that will ensure the minimum total costs of the process participants.

In order to conduct experimental studies, primary information was collected at the enterprise TC
"Neolith Logistics", which provides transport and forwarding services to customers, particularly in
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international communication. A significant client of the TC is a wholesale trading network in Ukraine.
According to the company's data for the last three years, a significant portion of cargo volumes
(consumer goods) is imported from Germany (distribution centre in Berlin) to Ukraine to the customer's
distribution centre located in Vinnitsa. From distribution centres, the goods are distributed to regional
warehouses, from where deliveries to the retail network occur twice a week. Delivery is carried out by
motor transport of carrier enterprises with which TC "Neolith Logistics" has cooperation agreements.
Tarpaulin-sided trucks are used for the transportation of consumer goods. Monthly supply plans are
drawn up according to orders and TC employees search for available transport from partner companies
to transport batches of goods from Germany to Ukraine on specified dates. Shipments of cargo batches
from the distribution centre in Germany to distribution centres in Ukraine are made every Sunday along
established routes. The route length is 1300 km, and the average shipment volume is 18.0 tons, with a
frequency of twice a month. The further distribution of goods to the retail network of stores from the
distribution centre is carried out through both regional warehouses and directly to the retail network.
The volume of cargo transport in tons is planned based on the turnover plan of the store network. Supply
to the retail network from regional warehouses is carried out according to the daily schedules of
deliveries and distribution routes of the mobile fleet. For supply to the retail network in the regions, the
mobile fleet of local carrier enterprises is involved.

The goal of determining the optimal parameters of the supply chain is to maintain a balance between
demand and supply at the links of the chain. To model dynamic processes, it is necessary to identify the
main trends in their development. Therefore, an important stage is the qualitative planning of the
transport process for the future period based on the study of demand change trends.

Special forecasting methods include building dynamic series, based on which forecast values of the
process development can be determined, taking into account the regularities of previous periods. To
describe the trend of change in demand, we propose using least squares. To choose the type of function
as alternatives, we suggest considering linear, hyperbolic, and parabolic functions.

The determination of the components of the system of equations is carried out based on the initial
data on the volumes of orders for the delivery of consumer goods to the distribution centre of the
customer — a trading company located in Vinnitsa, by months for the year 2023 according to the data of
the transport company "Neolith Logistics", which serves the customer on a permanent basis.

The determination of the coefficients of all three trend models is solved using systems of normal
equations, which are constructed separately for each model.

By the criterion of assessing the adequacy of trend models, the minimum sum of squares of deviations
of forecast values from empirical ones, we choose the hyperbolic model, since according to this model,
the sum of squares of demand deviations has the lowest value (7.94047 tons). Therefore, it is the
hyperbolic trend model that determines the forecast demand values for the year 2024.

The results of the calculations of forecast demand values for 2023 are presented in Table 1.

155



e-ISSN 2617-9059 Transport Systems and Technologies, 43, 2024

Table 1. Results of calculations of forecast demand values for the year 2024

Month Demand, Month Demand, Month Demand, Month Demand,
tons tons tons tons
1 37,51 4 37,53 7 37,54 10 37,55
2 37,51 5 37,53 8 37,54 11 37,55
3 37,52 6 37,53 9 37,54 12 37,55

The total expected demand for the delivery of consumer goods from Germany to Ukraine for 2024
is 488 tons.

The values of the input parameters for modelling according to the proposed mathematical model are
given in Table 2.

Table 2. Input parameters of the model

Indicators Unit of _Va_lue of
measurement indicators

Period during which delivery is made month 12
Order processing cost UAH 300
Kilometre tariff UAH /km [20;38]
Cost of storing 1 ton of cargo at the consignee's warehouse UAH /month 1800
Losses incurred by the customer in case of non-delivery of UAH /month 1300
1 ton of cargo
Batch size tons [8;20]
Reserve cargo stock in the warehouse tons [3;30]

The results of calculations of the efficiency criterion at the minimum values (gmin=8 tons; Rmin=5
tons), average values (Qmig=14 tons; Rmin=5 tons) and maximum values (gmax=20 tons; Rmax=25 tons) of
the input parameters are graphically shown in Fig. 3 as dependencies of the components of the efficiency
criterion and the total costs according to the size of the shipment batch.

Analysing the calculation results, the following conclusions can be made: at the minimum level of
input parameter values (gmin=8 tons; Rmin=>5 tons), the maximum value of the efficiency criterion and the
costs of order processing and the level of customer losses due to nondelivery of products are observed.
Thus, the interval of time when there is a shortage of stocks exceeds 2 days, which indicates supply
disruptions and a demand-supply imbalance in the customer's chain in the supply chain.

This, in turn, leads to additional costs associated with customer losses. Also, there is a high level of
order processing costs, the lion's share of which consists of transportation costs since at the minimum
shipment batch size, it is necessary to make the maximum number of shipments, 61 units over a distance
of 1300 km, which is economically impractical.

At the maximum level of the values of the input parameters (gmax=20 tons; Rmax=25 tons), an increase
in the costs of storing goods in the distribution warehouse is observed since supply exceeds demand,
and intensive accumulation of stock levels occurs. Also, there is a slight increase in order processing
costs, but compared to the minimum level of input parameter values, they are lower by 325050 UAH
per year.

At the average values of the input parameters, the efficiency criterion reaches a minimum, mainly
due to a decrease in order processing costs. Also, at a shipment batch size of 14 tons, the lines of
functions of storage costs of goods and the sum of customer losses associated with nondelivery intersect.
This indicates the presence of a demand-supply balance in the chain links, precisely at a shipment batch
size of 14 tons.
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Fig. 3. Dependence of the components of the efficiency criterion and total costs on the size
of the shipment batch at different levels of input parameters

Thus, it was determined that the minimum level of total costs, amounting to 115196,0 UAH, is
achieved when supplying a rational batch size of 14 tons to the customer of TC “Neolith Logistic”
in the direction of Germany - Ukraine with a delivery period 3 times a month.

The effect associated with the total cost of delivery, is determined by the following formula

E = CI:tin(maX) (qmin(max) 1 tRmin(max)) - Ct; (q:at 'tR:at) (16)

where C"™) = (qmm(max),tRmm(max)) — the total cost total costs at minimum and maximum values of input

parameters, UAH;

C., — the total costs at rational values of input parameters, UAH.
Results of calculations of the economic effect are given in Table 3.

Table 3. Results of calculations of the economic effect

Indicators Value of indicators
Minimum Rational Maximum
Total costs of
supplying products to 1946850,0 1155196,0 1621800,0
customers, UAH
Economic effect, UAH E1=791654,0 | E,=466604,0

The results of the economic effect calculation demonstrate the effectiveness of the proposed solutions
for determining the optimal size of the cargo batch and the delivery period to customers of TC Neolith
Logistic in the direction of Germany - Ukraine. This is achieved while maintaining the balance of supply

and demand and reducing the likelihood of additional costs associated with shortages or excessive
stocks, which would impact the final cost of goods.
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When comparing the total cost of delivery with rational supply chain parameters with the total cost
at the minimum and maximum levels of variation of input parameters, positive values were obtained
E1=791654,0 UAH and E2=466604,0 UAH, which indicates the effectiveness of the solutions proposed.

Conclusions. In this paper, propose technological principles for determining rational parameters of
the supply chain in order to establish a balance between demand and supply for goods in the chain links
under conditions of variable demand and optimisation of total costs for all cargo delivery participants.

Analysis of the current state of determining rational parameters of the supply chain with service of
customers in international connections has revealed the relevance of the chosen research direction. The
drawbacks and advantages of existing problem-solving methods have been identified based on the
results of studying literary sources. Existing approaches and methods have been grouped into the
following directions: inventory management system formation, logistic system design; delivery system
design in supply chains; development of functioning models for transport-production complexes,
terminal system formation, and so on. Based on the results, the object and subject of the research have
been characterised and the purpose and objectives of the study have been formulated.

The input parameters, output parameter, external environmental factors, system elements, and
relationships between them have been determined based on the formed structure of the research object.
To determine the nature of the influence of controlled parameters on the efficiency of the functioning
process of the research object, the method of mathematical modeling has been chosen. A mathematical
model has been developed to determine the rational parameters of the supply chain - the cargo batch
size and the delivery period to customers - at which the efficiency criterion value will be minimized

In order to conduct experimental studies of the supply chain functioning on the example of customer
service at TC “Neolit Logistic”, it was important to conduct high-quality planning for the future period
based on the study of demand trends. Taking into account the complexity of studying trends, the method
of dynamic series construction has been chosen for demand forecasting. The total forecast demand,
determined by the hyperbolic model as the most adequate model for forecasting, based on the criterion
of minimal sum of squared deviations, is 488 tons.

Based on the results of experimental studies, the nature of the impact of model input parameters on
the efficiency criterion has been determined at different levels of controlled parameters, and rational
values of supply chain parameters have been identified. Specifically, the minimum level of total costs
is achieved with the supply of a rational cargo batch size of 14 tons to the customer TC "Neolit Logistic"
in the direction of Germany - Ukraine, with a delivery period of 3 times a month.

The positive results of the calculation of the economic effect testify to the effectiveness of the
solutions proposed in the research work.
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BusHayeHHsi panioHaJbHUX NapaMeTPiB JaHUIOTa MOCTAYAHb PH 00CIyTOBYBaHHI
3aMOBHHKIB Y MIZKHAPOJAHOMY CIOJIy4YeHHI

Jlocicmuyni KOMNAHii NOCMIUHO 3HAXO0AMbCA V HOWYKY PAYIOHATbHUX pPilleHb Npu
opeanizayii 00CmasKu 6aHMANCI8 Y MINCHAPOOHOMY CHOJYVYEHHI, WO 00380A1U O 00CAeHYMU
banaucy mixc nonumom ma NpPono3UYicro HA Moeapu 8 NAHKAX NAHYI2d Ma 3MeHWUmu
000amKo8i sumMpamu, o8 sI3aHuX i3 OYIKY8AHHAM NOCMABOK a00 3i 30epicaHHAM HAOMIPHUX
sanacie. B pobomi eupiwena 3adaua niOBUWEHHS eDEeKMUBHOCMI  JI02ICMUYHO2O
00C1Y208Y8AHHA BAHMAIICOBNIACHUKIE Y MINCHAPOOHOMY MA 3ANPONOHOBAHO MEXHONO2IYHI
OCHO8U 3 U3HAYEHHSL PAYIOHATbHUX NAPAMEmMPIE IaHYI02A NOCMAYAHb 3 MEMOI0 6CIMAHOGIEHHS
banaucy nonumy ma npono3uyii Ha Mo8apu 8 JAHKAX JIAHYI2A 8 YMOBAX MIHAUB020 NONUNY
ma onmumizayii CyMapHux eumpam ycix Y4acHuKie 00CmMasKu 6aHmMadicie, wjo mamume Niue
Ha KiHyegy eapmicmvs mosapy y 3AMOBHUKIG. [l eupiuienHs nocmasieHoi 3aoaui
BUKOPUCMAHO — CUCMEMHUUl — NiOXi0, Memoou  MAMeMamuyHo20  MOOeN08AHHL — md
npocHo3y8aHHs. s nposedenHs eKCnepuMenmanibHux 00Ci0dNceb, 8pAX08YI0UlY CKIAOHICIb
8UBUEHHS MeHOeHYill, 018 NPO2HO3Y8AHHS NONUMY 00PAHO MemoO nNo6Y008U OUHAMIUHUX PAOIE.
s 3a0anux ymoe (OYHKYIOHY8AHHA JNAHYO2A NOCMAYAHL MOBAPIE Y MINCHAPOOHOMY
CNONYYeHHI BU3SHAYEeHO Xapakmep 6NIusy 6XIOHUX napamempie mooeni Ha Kpumepitl
ehekmusHocmi npu Pi3HUX PIGHAX KEPOBAHUX NAPAMEempié ma BUSHAYEHO PAYIOHATbHI
3HAYeHHs napamempis JaHy2a NOCMAa4aHb, NpU AKUX 00CAAEMbCSA MIHIMANbHUL DiBeHb
CYMApHUX eumpam Ha 00cmaexy eanmaoicie. 1Ipo eghexmuenicmes 3anponoHo8aHUX piuieHs
C8I0YaAmMb NO3UMUBHI Pe3YTbMAmMu PO3PAXYHK)Y eKOHOMIUHO20 egheKkmy.

Knwuoei cnoea: nocicmuyunuii 1anyroe, po3mip napmii 6aHmaxicie, nepioo NoCMayanis,
CYMApHI UMPamu, eKOHOMIYHUU eghexm
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Theoretical assessment of the distribution of dynamic interaction forces of the
""rolling stock-track' system along the length of subway railway switches

Abstract. One of the peculiarities for switch operation is the increased level of force interaction
between the bearing elements of the switch and the rolling stock chassis, which causes increased
requirements for strength, stability, reliability and durability of switches. Accordingly, to assess the
strength of structures, it is necessary to know the magnitude of the forces acting on them, which can be
determined experimentally or by theoretical calculations. In the case of tunnel sections of subways,
experimental studies are extremely difficult to organize and conduct, so only theoretical methods are an
alternative. This study presents the results of theoretical calculations of the elastic-dynamic
characteristics for railway switches used in tunnel sections of subways. Practical calculations of the
stiffness of rail threads and the modulus of elasticity of the sub-rail base were performed, and
dependencies of the distribution of elastic-dynamic parameters along the length of railway switches
were obtained. On their basis, the forces of interaction with the subway rolling stock were determined
and their distribution along the length of the railway switch was analyzed. The obtained data can serve
as a prerequisite for checking the strength of structural elements.

Keywords: railway switches, sub-rail base, stiffness, elastic modulus, elastic-dynamic track
parameters, dynamic forces, dynamic deflections, stresses.

Introduction. Scientific studies of the operation of railway switches in interaction with rolling stock are
always relevant, as they provide information on the stress-strain state of the railway switches structure and
the permissible speeds of trains, both on the main and side tracks. Compared to a conventional track, the
operating conditions of railway switches structures under rolling stock wheels are much more complicated.

The design of railway switches and their operating conditions differ significantly from conventional track,
so a number of issues arise during their design, modernization, and operation that require engineering
solutions [1]. In particular, it is necessary to take into account the relevant design features of railway switches
that cause a variety of dynamic effects on its elements [2-6].

In subways, the operation of railway switches differs from that of mainline railways as the intensity of
train traffic is much higher with lower axial loads. Also, in the tunnel sections of subways, the operation of
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railway switches differs from that of mainline railways due to the peculiarities of the tunnel structure design.
Therefore, it is very difficult and, in some cases, almost impossible to take into account the whole variety of
force actions on the railway switch elements and the peculiarities of their support on the sub- railway switch
base. Such circumstances require that all the features of the interaction between rolling stock and railway
switches on subway tracks are taken into account in the calculations and an adequate calculation
methodology is applied that would sufficiently reflect the actual operation of the railway switches structure
in interaction with rolling stock and at the same time would be brought to engineering application [7].

Analysis of the latest research and problem statement. The long-term and safe operation of railway
switches depends, on the one hand, on the magnitude of the forces exerted by the wheels of the rolling stock
on the track, and, on the other hand, on the strength of the structure [3-5]. However, most studies on this problem
consider only individual parts of railway switches, such as a crosspiece or an arrow [4, 5], and a comprehensive
assessment of the dynamic impact along the entire length of the switch structure has not yet been performed. And in the
few works [3] that consider the variability of the switch structure along its length and evaluate the force interaction
between the rolling stock and railway switch, the adopted mathematical model is not sufficiently demonstrated and does
not give sufficiently complete results, and the same emphasis is placed on the study of the stress-strain state of the railway
swith sleepers. In other words, the distribution problem of dynamic forces along the length of railway switch has not
been completely solved and remains relevant.

Meanwhile, the forces of interaction between track elements and rolling stock largely depend on the
stiffness of the so-called elastic-rigid track parameters, which include: the masses of track structures involved
in the interaction process, as well as viscous (dissipative) and elastic interconnections between individual
interacting masses. When calculating the forces of interaction between track elements and rolling stock using
modern computational methods and system modeling consisting of a series of sequential masses connected
by elastic and dissipative links, one of the most critical aspects is determining the elastic-stiffness parameters
of the track. These parameters, also known as the calculated mechanical parameters of the track, play a crucial
role in computational schemes.

In general, research on the stiffness of track structures has been conducted by numerous researchers in
various countries around the world, including the United Kingdom [8], France [9], Germany [10], Sweden
[11], Spain [12], Slovakia [13], China [14-17], and others.

According to the results of various studies, the vertical stiffness of the track for railway switches on
wooden beams ranges from 30,000 kN/m to 11,000 kN/m, and for switches on reinforced concrete beams it
ranges from 60,000 kN/m to 13,000 kN/m. In the paper [13], the author notes that with very stiff supports,
the vertical stiffness can reach 480000 KN/m. In general, the analysis of the review of sources shows that in
various studies, information on the design characteristics of the track within railway switches obtained by
experimental methods is difficult to use in practical calculations for specific structures due to a rather large
difference in results. This situation arises due to the fact that the results were obtained for specific structures
that were operated under specific operating conditions. Therefore, such data cannot be applied to other
different structures, for example, of another modification or with other geometric parameters. In this case, it
is more correct to determine the track characteristics by calculation methods, if such methods are sufficiently
reliable and close to the actual results.

Research conducted by national scientists [1, 18], which was carried out at different times for track
structures on wooden and concrete sleepers with various rails and fastenings, can be shown in the form of
table 1.
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Table 1. Stiffness of rail thread on cap Bi¢ad;4, and sole Bhéss 4 and the horizontal cross-
sectional modulus of elasticity of the sub-rail base U,, for different track constructions
Horizontal cross-sectional stiffness of|  the horizontal cross-
Type Type of rail thread, KN/mm s_egtional modulus_of
Sleepers of rail | fastenings elasticity of the sub-rail base
ﬁyh(ergfdd) ﬁyb(crlifdd) Uy, MPa
if only H (P=0)
Concrete R65 KB from17t0 23 | from 37 to 64,9 10,9
ZHB from 8to 12 from 19,5 to 40 19,7
R65 DO from 16 to 22 from 32 to 48 from 22 to 24,0
Wooden R50 DO from 12,6 to 13,1 | from 25,2 to 27,6 from 19 to 24,0
R43 DO from 10,9 to 12,1 | from 21,8 to 24,2 from 18 to 24,0

The methodology for determining the stiffness parameters of rail tracks using theoretical methods [1] was
developed by Dr. Eng. Prof. E. I. Danilenko in the mid-1990s. Subsequently, from 1995 to 2000, during
experimental studies of railroad railway switches on wooden and concrete sleepers, it demonstrated fairly
reliable convergence with experimental data. The obtained results were reflected in regulatory and technical
documents [18].

Despite the extensive research on the elastic-deformation parameters of railway tracks, there are very few
works dedicated to railroad railway switches, and even fewer to switches installed in subways. A similar
situation is observed regarding the assessment of the force impact on railroad railway switches.

Thus, this study aims to investigate the interaction forces within the area of a railroad railway switch,
depending on changes in the elastic-dynamic parameters of the sub rail base along the length of the railway
switch. This is the first time that scientific research in this setting has been performed for switches laid in
subway tracks.

The purpose and objectives of the research. The main objective of this study is to assess the power
load of railway switches for subway operating conditions.

To be able to theoretically solve this problem, in accordance with the existing methodology for calculating
track strength [18], it is necessary to know the track structure, stiffness parameters of the sub rail base and
characteristics of the rolling stock. While the stiffness parameters are well studied for conventional track
construction, there is no experimental data on these characteristics for subway railway switches. It is quite
difficult to organize experimental studies in subway conditions. Therefore, we propose theoretical
approaches to solve the following problems.

Thus, the first task of this study, performed for a switch laid in a tunnel section of the subway, is to
theoretically determine the elastic and dynamic parameters, taking into account the fact that at a relatively
short length of the switch track, its structure and characteristics of the subgrade base undergo significant
changes. And the second task, which is solved on the basis of the previous one, is to establish the nature of
the distribution of dynamic forces and stresses in the rails and dynamic deflections along the length of the
switch, which will further serve as the basis for assessing the strength of individual structural elements, taking
into account the specifics of subway conditions.

Research materials and methods. The strength characteristics of railway switches affect the safety of
train traffic and the permissible speed level. Strength assessment for a known structure is possible if the forces
acting on it are known.

For the theoretical determination of dynamic interaction forces, we can use well-known rules [18], which
can be adapted to solve the problem at hand. In this case, we assume the following starting points:

1. Each of the two rails of the track is considered as a beam of infinite length with a constant cross-section,
freely resting on a solid equiaxed base or on separate point equiaxed supports.

2. The main calculation of the rail is performed for the action of vertical forces; vertical forces are assumed
to be applied in the plane of symmetry of the rail, and the rails of both strands are assumed to be equally
loaded.
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3. Horizontal longitudinal forces are taken into account by appropriate selection of permissible stresses.
The permissible physical stresses are the permissible bending stresses in the rails during endurance service.

4. The static calculation of a rail as a beam on an elastic base is based on the hypothesis of a linear
relationship between the pressure per unit area of the base (p) and the elastic settlement of the base (Z), which
is defined by the equation:

p = Cpau. - Z, @

where p — pressure per unit area of the base (equal to the reactive resistance of the elastic foundation settling);
Z — elastic beam settling;

Chan. — the elasticity characteristic of the base, which is called the ballast's elastic compression ratio, or "bed
ratio”.

5. In practical engineering calculations, the track structure is designed to withstand dynamic wheel loads.

The elastic bending line of a beam under dynamic vertical load is taken as the elastic bending line of a
beam under static load, which is numerically equal to the value of the dynamic force at a given time.

6. The influence of oscillations in the wheel-gauge system and the influence of irregularities on the track
and wheel are taken into account by the inertial forces arising from the interaction of the specified system,
which arise in the system in addition to the action of static forces.

The resultant of all vertical force components transmitted by the design wheel to the rail is taken at its
maximum probable value Pcq;c = Pgyy,- as a statistical set of random components with a probability level
F=0,994 (with a normalizing factor 1=2,5).

7. The effect on the rail thread of all other wheels of the carriage is taken into account by loading the lines
of influence of moments M and lateral forces Q with the wheel load system Pg,,,,, and determining the

equivalent loads P/, i P.y.
8. In practical engineering calculations, it is noted that the maximum probable dynamic wheel load acts
in the design cross-section of the rail (i.e., the section where the stressed state is determined) P.q;c. = Pgyy, s

and the influence of neighboring wheels is taken in the form of their average dynamic loads denz' taking

into account that the maximum dynamic pressure of the design wheel does not coincide with the maximum
pressure of adjacent wheels.

9. Itis considered that the railway track and rolling stock are in a serviceable condition, which corresponds
to maintenance standards.

The greatest difficulty for theoretical calculation methods is the determination of variable values of track
stiffness and elastic modulus of the sub rail grade within the length of the railway switch. The theoretical
solution of this problem in the vertical direction is carried out in stages: first of all, considering the track
structure as a beam resting on separate elastic supports, and the work of each support (sleeper or beam) under
the influence of loads transmitted from the rails should be considered as the work of a beam of limited length
resting on a continuous equiaxed "Winkler" base (Fig. 1).

The solution approach for the mentioned problem for railway switches undoubtedly depends on the
considered arrangement scheme of rail threads on elastic supports of the base. However, in general, the
algorithm for solving the problem under consideration will be common for all arrangement schemes of rail
threads and can be presented as a generalized sequence of calculating the stiffness parameters of the track
within the railway switches:

1. Determination of the elastic deflections of the sub-rail supports under the influence of unit forces
applied at the sub-rail cross-sections. In cases where multi-threaded rail schemes are considered, the
calculation is performed taking into account the influence of loaded and unloaded rail threads.

2. Determination of the total point stiffness of the sub-rail base as a multi-layered structure, taking into
account the design features of the sub-rail base;

3. Determination of the vertical modulus of elasticity of the sub-rail base, considering the distribution
diagram of ties (sleepers);
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4. Determination of the total stiffness of the rail threads working together with the sub-rail base; for multi-
threaded constructions, the calculation is performed considering the influence of unloaded threads and the
specific structural arrangement (i.e., the stiffness of each thread).
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Fig. 1. Mechanical model of elastic track operation: a - as a multilayer structure; b - as a
single point support under the rail

According to the research [19], the sequence for determining the elastic-dynamic characteristics of
railway switches can be presented as the following algorithm, which can be conveniently implemented
as a computer program:

1) Input of initial data for a particular cross-section of the railway switch: length L, height h, width b of
the beam; points of load application Q relative to the beginning of the beam a;; elastic moduli E; and
moments of inertia 7; of the beam and rails; beam bedding factor Cyan. and distance between beam axes I;;
area of the substrates w and modulus of elasticity at compression of the beam Ej; stiffness of fasteners
Kiast; values of vertical dynamic interaction forces pn:

2) Calculation of elastic deflections of sub-rail supports under the action of unit forces applied in sub-
rail sections as beams lying on a continuous equally elastic base by the method of initial parameters from
solving a differential equation:

d4-
Eld—jj + Cpau.bZ = X7 Qini(x — ay). 2)

The deflections in the characteristic cross-sections Z; and the bending coefficient o of the beam are
determined;
3) Determination of the total point stiffness of the sub-rail base as a multilayer structure:
e the stiffness component is determined, which takes into account the bending of the beam and
depends on the elastic subsidence of the ballast layer and subgrade under the beam:

_ Cpau.-alb,
Kz—ball.base - 2 ’ (3)

e the stiffness component is determined, which depends on the compression performance of the
beam in the sub-rail section:
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h L+L
1 _ wji a-l-b . 4
Kﬂompr - 2E(.um.pl 1 ( )
z—beam “Ehall.

o the value of point stiffness (pliability) is determined:

1 1 1 1

= + + : 5)

)
Kz—supp. Kz—bail.base Kz—beam Kz—fast.

4) Determination of the vertical modulus of elasticity of the sub-rail base, taking into account the layout
of the beams:

U, = —KZ-ZW-. 6)

5) Calculation of the equivalent moment of inertia of the design rail thread /;, ¢4,y Operating in bending

in the vertical plane, taking into account the influence when operating in bending both the loaded thread
and the unloaded other threads.

Iin(red.) = [in(calc) + 27;'1“ kn(infl.) ’ In(unload.)- (7)

6) Determination of the total stiffness of rail threads working together with a sub-rail base:

4 ,
Kz(rail.thr.) = V64 “Egt Iin(red.) ) Uz?)i- 8

7) Calculation of vertical dynamic interaction forces P**;
8) Determination of dynamic deflections in a specific cross-section for a given rail thread:

dyn

Zom = L ©)

rail. — Kz(rail.thr.).
9) Printing out the calculation results: Uy, K, (rai. thrys Zeon -

In this way, the task is structured and becomes practical. For each stage, more detailed block diagrams
were developed and calculation programs were compiled.

According to the above algorithm, we calculated the stiffness parameters of the track using 1/9 grade
steel for the P50 railway switch on wooden beams and crushed stone ballast laid in the tunnel section of the
subway.

The peculiarity of solving this problem is that the length of the railway switches varies along the length
of the beams, the number of rail threads, and the parameters of the cross-sections of the bearing elements.
Therefore, the calculation was based on beams of all standard sizes, which are sequentially placed from the
railway switch to the cross section.

The results of the calculations of the stiffness characteristics are summarized in Table 2, and a graphical
representation of the results is shown in Fig. 2.

For railway switches with wooden sleepers, there are practically no analogs for theoretical
determination of stiffness characteristics along the entire length, so the obtained results are of scientific
and practical interest.

Overall, the following patterns of stiffness distribution along the length of the railway switch are
observed:

- the stiffness characteristics of the inner rail thread have higher values along almost the entire length
than those of the outer rail thread;
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- there is a significant increase in stiffness within the cross section;

- there are stiffness increase in places of change in the standard sizes of switch beams, and they have
higher values for the outer rail thread compared to the inner one;

- there is a local increase in stiffness at the root of the point, which is explained by the peculiarities
of their design, while it should be noted that the calculations did not consider the beams placed along
the length of the points, so the graphs do not show stiffness increase within the length of the points;

Table 2. Stiffness characteristics of railway switches type P50 grade 1/9 for subway conditions

Ne Uy, UZ, K,, K,, Kbau. baser | Kbaul. baser | Krait. tnr. | Krait. thr.
beam MPa MPa kg/cm | kg/cm kg/cm kg/cm kg/cm kg/cm
ixternal | internal | ixternal | internal | ixternal internal ixternal internal
0 38,57 38,57 | 20058 | 20071 44114 44169 62812 62844
1 35,05 35,05 | 21032 | 21032 48282 48282 58463 58463
19 37,94 38,4 20866 | 21121 47546 48679 73668 74283
20 38,94 39,54 | 20831 | 21156 47391 48839 72518 73785
26 39,39 41,1 20362 | 21234 45378 49191 70512 74537
27 47,48 48,25 | 20889 | 21231 47649 49181 81196 84115
33 37,24 39,23 | 20295 | 21379 45098 49855 64525 71356
34 38,24 39,28 | 20841 | 21405 47437 49974 65790 71700
38 37,33 39,49 | 20342 | 21521 45292 50514 62627 72662
39 38,26 39,5 20850 | 21523 47474 50526 64441 71993
41 37,84 39,58 | 20624 | 21571 46492 50751 62435 74000
42 38,46 39,56 | 20963 | 21562 47973 50707 63134 74363
45 39,59 44,44 | 22965 | 25773 47742 50776 73286 104624
46 39,91 44,42 | 23146 | 25764 48409 50748 73597 105356
50 47,12 58,94 | 20733 | 25932 46965 51023 74967 111262
51 37,55 46,21 | 21029 | 25876 48268 50839 63214 92688
63 38,69 39,60 | 21086 | 21582 48524 50800 63577 72804

The obtained distribution of the stiffness characteristics of railway switches along its length allows
us to conclude that it is necessary to conditionally divide the railway switch into separate zones within
which the stiffness parameters include similar components, in particular:

- the front overhang of the frame rails, where the railway switch design differs little from the
conventional track;

- the point area, where the overall stiffness includes the effects of the frame rails, points, switch pads
and shoes;

- connecting part, is essentially a four-threaded track structure with two loaded and two unloaded rail
threads.

- the cross section, which in turn has sections with four rail threads, where counter rails are mounted
near the outer threads, and in the middle part the inner threads cross the cross section, which has a
variable cross-section and corresponding bending stiffness;

- the cross section, within which the four-threaded railway switch structure gradually transitions to
two directions of the conventional track.

The obtained calculation results indicate that for such a multi-threaded construction as a railway
switch, the distribution of stiffness characteristics along the length depends on many factors, but the
greatest impact comes from the stiffness of the rail threads and the density of the beams. Thus, the
presence of counter rails, a strong cross section and carriages result in significant increases in overall
stiffness and elastic modulus. Slightly smaller increases in stiffness are caused by densely stacked
beams.

166



e-1SSN 2617-9059 Transport Systems and Technologies, 43, 2024

Kea e, kgicm
108000 =
98000
88000
78000
68000
58000

Kbai, boso xtorn)

Kbaﬂ baso (lmem)

v
: o i ' : _—— .‘r‘ — / \—4 -o— —_— -
012345678 91'0111213141516171819202122232425262728293031 3233343536373839404142434445464748495051 525354555657585960616263

—

U, mPa
60

. i EEERE P e
i i i d . //" A

0 1 2 34567891011 21314151617 8192021222324252627282930313233343536373839404142434445464748495051 525354555657585960616263

Kikgiom ; - . B .

26000 ‘ 3

22000 — — — i /

N amh sainkalnisias =P et 1 md " e

200004
0123 4 5 6 78 9101112131415161718192021222324252627282930313233343536373839404142434445464748495051525354555657585960616263
Keoan pass, kgiom

52000 T T R

50000 B e

48000 h Koat base mmm)\'\

46000 / \/

44000

012345678 91011121314 516171819202 22232425262728293031323334353637383940414243444546474849505152535455565758596061 6263

50 2

55 40 45
25 30 [

1 5 10 15 20 L L T

BEEEEEEE e
I T T HEN T
h_—““*—<_._‘__\
\_Sleeper base 1 1930m L 7x325m

7x3,5m i 5x3,75m ) 3x4,0m4x4,25m)

_5x4,5m 4x4,76m,_5x5,0m
14x5,25m) Sleeper base

Fig. 2. Distribution of the stiffness characteristics of a railway switch type P50, grade 1/9, on
wooden beams along the length

Due to the change in the position of vertical loads along the length of the switch beams and the
influence of unloaded rail threads, the nature of the change in stiffness parameters along the outer and
inner rail threads differs.

The results obtained are a prerequisite for further determining the dynamic forces transmitted from
the wheel to the rail elements of the railway switch.
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The calculated dynamic load is taken as the maximum probable value from the combination of the
effects of constant static and variable dynamic forces in accordance with [18].

The algorithm for determining dynamic interaction forces can be presented in the form of a flowchart
shown in Fig. 3.

Inputting the initial data: V(m/sec), P, (N), 1., (m"), U.(MPa),

4. (N), d,,(m), e,(m), 1,,,(m), S, .. (N/m), 1,.,,(m), B, o, o, v, € A, B, k,
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Fig. 3. Algorithm for calculating dynamic forces
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The above algorithm was implemented in the form of a computer program, and the results of calculations
of vertical dynamic forces, stresses in rails and dynamic deflections of rail threads when moving along a
subway railway switch are summarized in Table 3 and graphically displayed in Fig. 4.

Table 3. Vertical dynamic forces and dynamic deflections for a railway switch of type P50, grade

1/9, for subway conditions

No Zdyn, Zdyn, den, den, Jhead—edge, Uhead—edge, Ubase—edge, Ubase—edge,
6py_ca _ mm _ mm _ KN _ KN _MPa ' MPa _ MPa _ MPa
ixternal |internal | ixternal | internal ixternal internal ixternal internal
0 1,77 1,77 | 110,55 | 110,55 97,53 97,53 89,69 89,69
1 1,958 | 1,958 | 113,46 | 113,46 102,14 102,14 93,93 93,93
19 1,815 1,8 111,87 | 112,0 99,09 98,99 91,13 91,03
20 1,77 1,752 | 111,39 | 111,56 98,15 98,02 90,27 90,14
26 1,742 | 1,692 | 110,61 | 111,05 97,2 96,82 89,39 89,04
27 1,477 | 1,461 | 108,43 | 108,59 91,84 91,69 84,46 84,33
33 1,834 1,77 | 111,43 | 111,98 99,02 98,56 91,07 90,64
34 1,801 | 1,768 | 111,71 | 111,99 98,79 98,55 90,85 90,63
38 1,831 | 1,762 | 111,46 | 112,05 99,0 98,51 91,05 90,59
39 1,8 1,761 | 111,71 | 112,05 98,78 98,5 90,85 90,59
41 1,814 | 1,759 | 111,59 | 112,07 98,88 98,49 90,93 90,57
42 1,795 1,76 | 111,77 | 112,07 98,74 98,49 90,8 90,58
45 1,787 | 1,653 | 113,84 | 115,18 100,15 99,17 92,09 91,2
46 1,777 | 1,654 | 113,94 | 115,18 100,08 99,18 92,04 91,21
50 1,484 | 1,276 | 108,36 | 110,54 91,91 89,90 84,5 82,68
51 1,836 | 1,596 | 112,26 | 114,68 99,66 97,88 91,65 90,01
63 1,786 | 1,758 | 111,83 | 112,08 98,68 98,48 90,75 90,57

The obtained calculation results reveal the following patterns in the distribution of dynamic force
levels along the length of the railway switch:

- stiffness significantly influences the level of dynamic forces. Increased stiffness leads to a reduction
in dynamic forces, stresses, and deflections of the rail threads;

- for the inner and outer rail threads, the forces along almost the entire length have insignificant
differences, except for the cross section (for which a different calculation method is used. Within the
cross section, the level of dynamic forces should additionally be taken into account due to the presence
of vertical irregularities);

- in places of stiffness increases, the forces are higher along the outer rail thread than along the inner
rail thread;

Conclusions. The structural peculiarities of a railway switch demand a differentiated approach to
assessing the force dynamics depending on the position of the moving load along the length of the
railway switch.

The specific design features of railway switches necessitate a differentiated approach to evaluating
their force loading and deformability. Therefore, it is advisable to introduce a conditional division of the
railway switch into sections, within which the force dynamics exhibit similar characteristics.

For certain parts of the railway switch in the front overhang of the frame rails, on the connecting tracks
and in the crossover zone, i.e. in those areas of the railway switch where there are no structural irregularities
on the rolling surface, the dynamic forces of interaction between the wheel and rail can be determined using
a standard methodology for calculating track strength. However, in the areas of irregularities on the switch
and cross section, other approaches, including mathematical modelling methods, should be used to
determine the vertical dynamic forces.

169



e-1SSN 2617-9059 Transport Systems and Technologies, 43, 2024

Ohasesdges MPa

94

i i ‘-.-‘._,\h ; .Gbasmdgcffm;vjf o : _ ‘ | P — i_.k\\ "— i —-— e
3 e R AU &
‘ i H \ / Gbauedyenmom)J : ‘ \ /[

86 ‘ —— : \
: | Y

R ENERINE || ANINEI IR NIRRT NG INIRSNINEEN

012345678 9101112131415161718192021222324252627 282930313233 34 3536 37 38 3940414243 44 45 46 47 48 4950 51 52 53 54 55 56 57 58 59 60 61 62 63

Ohoadgodgey MPa

101 4=f— L s : | Ll 1 VE——G\xum(-&w.f— ,,“ -

{ \ —_— i e ..b".\l e e e o i I
: : : ? A : i Glmr)dodva{mam}l‘ H

L8 - —N

O T 2345678 9101 12131415161718192021 2223242526 272829 30 31 3233 34 35 3 37 36 39 40 41 42 43 44 45 46 47 4§ 49,50 51 5253 54 55 56 57 58 59,60 61 6263

Payn,mm
116
14 — t };Dnyn(rnefn;l"" - ;\
12 /_ T —— 5 | . : (d & s ]
| | = Z Rl it 2 S 2 =
110 / : i U8 /’/ 1y \\/
1N A" TN
108 +— N S T S N L S . Y N (0 R S (M N 11 S
0123456789101112131415161718192021222324 252627 28293031 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 5152 53 54 55 56 57 58 59 60 6162 63
z‘Y",mm
20

Jre—t
I

45 =0
”5 30 35 40

1 5 10 15 2l |__Ld——

L | 1At =TT 1 FT |
T L P A T e
T A B S o S g g i

ﬁhﬁ“"“——_-.__\
__Sleaper base . 19x3,0m S Tx325m J
L 7x35m i 5x3,75m, 3x4,0m 4x4,25m)

\_5x4,5m ) éx4,75m;_5x5.0m
14x5,25m) \Sleeper base
Fig. 4. Distribution of dynamic forces, stresses in the rails and dynamic deflections of the railway

switch of the P50 grade 1/9 on wooden beams along its length

It is proposed to establish the basic stages of assessing the power load of a railway switch along its
length.

1. The railway switch is divided along the length into sections: pre-point, point, connecting, crossing,
and post-crossing.

2. For each part, taking into account the design parameters, geometric, inertial, elastic and other
design data are determined.
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3. Stiffness parameters of the track within each selected part of the railway switch are calculated.

4. On the parts of the railway switch where its design is similar to a conventional track, vertical
dynamic forces are calculated according to the algorithm shown in Fig. 3 algorithm.

5. Within the point and cross parts, with known forms of irregularities on the rolling surface,
mathematical models of interaction between the rolling stock and track system in the vertical plane are
developed and the corresponding dynamic forces are determined based on their implementation.

6. On the basis of the obtained results of power loading, the stress state of the corresponding elements
of the railway switch is determined.
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TeopeTuuHa oiHKa PO3MOAITY ITMHAMIYHHX CHJI B3a€MOJII CMCTeMH «PYXOMUI KJIaj-
KOJIis1» M0 J0B:KHHI CTPiJIOYHHUX NepeBOAiB METPONOJIiTeHiB

Anomauia. Oouicio 3 ocobausocmeil pobomu CMpiLOYHUX NEPesodie € NIOSUWEHUL PIGeHb CUT0BOT
83a€MO0I HeCyuux elleMeHmia nepesooy 3 X0008UMU YACMUHAMU PYXOMO20 CKAAOY, W0 BUKIUKAE NIOBULYEH]
8UMO2U 00 MIYHOCI, CMIUKOCMI, HAOIIHOCMI MA 006206IYHOCHI CIPIIOYHUX Nepesodis. Bionosiono 0
OYIHKU MIYHOCMI KOHCMPYKYILl NOMPIOHO 3HAMU BeTUYUHY OIIOYUX HA HUX CUJ, SIKI MOJICHA SUHAYAmu
eKCNepUMEHmMalbHO ab0 MeopPemUYHUMU PO3PAXYHKAMU. Y 8UNAOKY MYHENbHUX OLIAHOK MemponoimeHie
excnepuMenmaibHi O0CHIONHCEHHA 8KPAlUl CKIAOHO OP2aHi3y8amu ma nposecmu, momy aibmepHamugor €
JIULL MeopemuyHi Memoou. Y 0aHoMy 00CHiONHCeH i npeOCmagieHi pe3ynbmamu meopemuyHo20 POPAXYHKY
NPYHCHOOUHAMIYHUX XAPAKMEPUCMUK O CHPIIOYHUX Nepesoois, W0 eKCNIYamylmsCsa 8 MYHelbHUX
OLAHKAX MEMPONONIMENI8. BUKOHAHO NPAKMUYHT PO3PAXYHKU HCOPCMKOCTI PEUKOBUX HUMOK Ma MOOYIs
NPYIHCHOCMI NIOPEUKOBO OCHOBU 1l OMPUMAHO 3ANEHCHOCTE PO3NOOLTLY NPYHCHOOUHAMIYHUX NAPAMEMPI8 NO
doeocuni  cmpinounux nepesodis. Ha ixuiti ocnosi eusHaueni cuau 63aEMOOIi 3 PYXOMUM CKIAOOM
Memponoaimeny ma npOaHAIi308aH0 iX po3nodil No 00B8JICUHI CMPINOUH020 nepesody. Ompumani Oawi
MOHCYMb CILYHCUMU NEPEOYMOBOIO OISl NEPEBIPKU MIYHOCMI KOHCIPYKIMUBHUX e/leMeHmis.

Knrouoei cnosa: cmpinouni nepegoou, niopetiko8a 0CHO8A, H#OPCMKICIb, MOOYb NPYHCHOCHI,
NPYHCHO-OUHAMIYHI napamempu KOii, OUHAMIYHI cullu, OUHAMIYHI NPOSUHU, HANPYHCEHHS.
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Research on graphic data formats for compact representation and comparison of images

This article investigates common methods of lossy and lossless compression of graphic information.
The advantages and disadvantages of compression methods are identified as a result of the research. A
comparative analysis of the main capabilities of graphic information compression methods is conducted.
The relevance lies in the efficient transmission, processing, and storage of graphic information, as large
data volumes require increased network bandwidth and significant resources for data storage. The
practical significance lies in solving the task of effectively reducing data sizes by applying well-known
compression methods. Based on the study of graphic data formats, the development of algorithms for
the computational scheme of "precise" processing of halftone images for pattern recognition is
presented. Such a scheme rewrites a multigradient image into a three-level representation and
implements a balancing procedure, which allows forming image features in a more compact form and
computing the correlation function faster. The effectiveness of using developed methods of compact
image representation with correlation comparison of balancing curves is demonstrated compared to
traditional correlation comparison of images.

Keywords: image, compression, lossy, lossless, three-level representation, balancing, correlation
function.

Introduction. The problem of transmitting large volumes of graphic information via communication
channels continues to be topical. The existing methods of coding graphic information begin to be
replaced by more complex and effective methods based on analyzing the content side of information
about objects and phenomena in images. In contrast to formal description, which weakly takes into
account their specificity. Such methods of information representation better reproduce the semantics of
objects of the corresponding subject area.

Images such as maps, diagrams, blueprints, etc., which are structured, are not processed too
efficiently by existing image coding methods. Since they are characterized by internal correlations
which are strongly and selectively related to their ordered and organized structure. Therefore, the lack
of taking into account this structure leads to a decrease in the compression performance of graphic
information, which determines the effective bandwidth of communication channels, as well as to a
decrease in the performance of coding and decoding procedures.

In this connection the problem of development of computer methods of representation and coding of
graphic information, which would take into account the specificity of graphic images, as well as increase
the level of efficiency of their representation in telecommunication systems, becomes urgent.
Currently, there are quite a few methods for compact representation of graphic information. The basis
of any data compression methods lies in utilizing the inherent redundancy of the original information.
Compression methods for graphic information are developed to reduce the volume of the original
information using either lossless or lossy transformations. Thus, such methods are divided into lossy
compression and lossless compression [1]. Common standard methods and their combinations do not
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give clear answers about which of them are the best. Everything depends on the specific requirements
for the reconstructed post-compression image, the available hardware and software support [2].

Lossy compression is the transformation of input data into output data that reproduce the external
characteristics of the input data with a difference in volume. The degree of similarity between input and
output data is determined by the degree of correspondence of certain properties of the image represented
by a given information stream. Lossy compression methods allow for significantly higher compression
ratios. However, this leads to distortion of the output image and deterioration in its quality. Therefore,
when comparing different compression methods, the quality of image reconstruction must be taken into
account. Lossy compression is most commonly used for multimedia data, especially for streaming data
transmission and telephony. Lossy methods are typically applied to compress images and audio [1, 3].

Lossless compression is the transformation of input data into output data where the encoded
information can be recovered with bit accuracy. Lossless compression methods are used to reduce data
size. By employing these methods, it is possible to accurately reconstruct the original data. For each
type of digital information, there are typically specific lossless compression methods. The result of
lossless compression is always a reduction in the volume of the output information stream without
altering its informativeness, i.e., without loss of information structure. Lossless compression methods
are used in areas where data accuracy and transmission speed between system nodes are crucial. For
instance, in scientific and medical applications where information loss is unacceptable or where image
noise itself is the primary information. Its practical significance lies precisely in its hardware
implementation. Such encoders are used in security systems, data collection systems, satellite,
underwater, and other surveillance systems, as well as in astronomical instruments and telescopes [4].

Analysis of recent research and problem statement. Initially, conventional methods used in
backup systems and in the creation of distributions were first applied for image compression. These
algorithms compressed information without alteration. Large companies utilized compression methods
for storing vast amounts of data. With the advent of the internet, there arose a need to improve existing
compression methods, as channel bandwidth was extremely narrow [1]. Therefore, formats such as ZIP,
GIF, and PNG were developed. The first successful archiver, ARC, allowed compressing multiple files
into an archive, and its outputs were open. ARC used a modified LZW method. With the advancement
of computer technology, the DEFLATE method replaced the LZW method. Among the new features
was the ability to split the archive into volumes. This version is still widely used despite its venerable
age. The GIF (Graphics Interchange Format) image format supports lossless image compression and is
limited to a palette of 256 colors. It remains popular, especially due to its support for animation.
Currently, DEFLATE is the most popular compression algorithm. As new classes of images are
increasingly used, old methods no longer meet compression requirements. This led to the creation of a
new type of algorithms - lossy compression algorithms [5]. Typically, the compression ratio, and thus
the level of quality loss, can be specified in them. This achieves a compromise between image size and
guality. One of the significant problems of image compression is the lack of adequate criteria for
evaluating quality loss because the quality may deteriorate at any stage of processing (during
digitization, when converting to a limited color palette, when converting to another color representation
system for printing, during lossy compression).

It is known that almost all graphic information subjected to compression is intended for further
analysis by humans. It is best to assess image quality loss visually, using sight. Compression is
considered excellent when it is visually impossible to distinguish between the original image and the
one restored after compression. It is considered normal when the original and the restored image after
compression can only be distinguished by comparing the two images.

In practice, even with excellent preservation of quality, regular specific changes may be introduced
into the images. Therefore, lossy compression methods are not recommended for compressing images
that will subsequently need to be printed with high quality or processed by image recognition programs
[6]. Unpleasant effects with such images may arise even with simple scaling [7-9].

Aims and Objectives of the Research. Today, an important task in communication systems is the
effective transmission and preservation of images due to the large sizes of graphic images requiring
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significant storage resources. The application of image compression methods, which involve reducing
the file size, addresses this issue. There are many developed methods for compressing graphic
information, including methods focused on compression and decompression, as well as methods focused
on the degree of compression. Typically, such methods are developed for specific types of graphic
information. Therefore, to analyze different image compression methods, it is necessary to know which
class of images to focus on (monochromatic, halftone, color, images with continuous tone, discrete-tone
images, images with large areas of one color). Thus, it is difficult to delineate and compile a universal
description of known methods. This can only be done for typical methods under the condition of using
typical methods on typical platforms [9].

The scientific novelty lies in the development of a method of generalized spatially connected
dissection of image parts. On the basis of which comparison functions are calculated, including
correlation, which allows the implementation of the method of image segmentation and compact
representation. The considered methods of image representation make it possible to determine the list
of quality parameters of the system functioning, to create evaluation criteria adapted to the complex
nature of quality parameters; to estimate the computing power required to implement the optimal
structure of a computer network.

Materials and Research Methods. Among the main lossless compression methods are the RLE
method, the LZW method, the Huffman method, the JBIG method, the Lossless JPEG method, and the
DEFLATE method. Let's consider them in more detail.

1. RLE Method (Run Length Encoding) - is one of the oldest and simplest compression methods. This
method is easy to implement as it does not require additional memory during compression
/decompression. The method is oriented towards images with a small number of colors or images with
larger color areas that are repeated. RLE has high speed and does not require additional memory during
compression. However, RLE has a low compression ratio. This method is effective for compressing
raster tonal images (BMP, PCX, TIFF) as they contain long series of repeated byte sequences [1, 3, 9].
The main advantage of RLE is its lower computational complexity with simpler encoding and decoding
stages, facilitating faster implementation compared to other encoding methods for better distortion-free
compression [10].

2. LZW Method (Lempel-Ziv-Welch) - is a universal lossless compression method aimed at 8-bit
images. Compression is achieved by identical byte subsequences in the stream. The compression process
is relatively simple: characters in the input stream are read sequentially, and it is checked whether such
a string exists in the created string table. If the string exists, the next character is read, and if the string
is absent, the code for the previous found string is entered into the stream, the string is entered into the
table, and the search begins again. LZW is universal, as its variants are used in common archivers. It is
implemented in GIF, TIFF, and TGA formats. The main drawback of this method is its low compression
ratio compared to two-stage coding schemes [1, 3, 9].

3. Huffman Method - is a classic method for compressing information, applicable to text files, where
text symbols are replaced by strings of bits of different lengths, ensuring a unique construction of a code
with the lowest average number of symbols per letter for a given distribution of probabilities among the
characters. The Huffman method is practically not applied to images in their pure form but is usually
used as one of the compression stages in more complex schemes. It is the only method that does not
increase the size of the output data in the worst case (if we do not consider the need to store the recoding
table along with the file) [1, 3, 9].

4. DEFLATE Method based on a combination of LZW (Lempel-Ziv-Welch) and Huffman
algorithms. The DEFLATE method is quite simple to implement, fast, and widely used in software. The
disadvantage of the method is the low coding efficiency of small data volumes. Compared to RLE,
LZW, and Huffman methods, the DEFLATE method is optimal in terms of loss quality ratio. Therefore,
it is advisable to develop a new approach to image compression based on the DEFLATE method using
a preprocessing stage. At this stage, data should be prepared, firstly, with repeated fragments and,
secondly, with a large number of identical pixels in the image. The preprocessing stage may include the
following main algorithms: background color determination; determination of image presence; analysis
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of the possibility of separating image fragments; bringing fragments to a rectangular form; direct
processing of image fragments. Additionally, increasing the compression ratio is possible by selecting
a color model. Since the DEFLATE algorithm compresses by the frequency of pixel appearance in the
image, it is advisable to use a color-difference model, in which two color components have a reduced
dynamic range of data for image fragments with homogeneous rows [3].

Table 1. Comparison of the main characteristics of lossless graphic information
compression methods

Method name Main characteristics of the | Advantages and disadvantages of the method

method

RLE Method (Run
Length Encoding)

The essence lies in
encoding repetitive color
values.

Advantages: simple to implement, useful for
redundant data such as images with a large
number of pixels.

Disadvantages: compression leads to an
increase in file size.

Advantages: simple to implement, high

(Lem eII_-ZZ\i/://-WeIch Repetition of homogeneous | compression speed, does not require additional
enetho d) color sequences memory.

Disadvantages: low compression ratio

Huffman Method

Differing color occurrence
frequencies

Advantages: high compression speed, relevant
for text files, ensures unambiguous
construction of a code with the smallest
average number of symbols per letter for a
given distribution.

Disadvantages: practically not applicable to
images in their pure form

DEFLATE Compression occurs due to | Advantages: simple to implement, fast, widely
the sharp frequency of used in software.
appearance of pixels in the Disadvantages: low efficiency of encoding
image and their small data volumes
homogeneous rows.
Advantages: allows control over the order of
. . splitting the image into bit planes, the width of
Compression of one-bit . . .
JBIG . the strips in the image, and scaling levels
black-and-white images - S X
(enabling viewing of the image through
reduced copies).
IBIG Compression of one-bit Disadvantages: reduction in compression ratio

black-and-white images

with increased levels of noise in the input data

Lossless JPEG

Targeted at full-color 24-bit
and 8-bit images without a
palette

Advantages: universal

Disadvantages: low compression ratio (when
compressing lossless images)

5. JBIG Method (Joint Bi-level Experts) was developed by the ISO Joint Bi-level Experts Group
specifically for compressing one-bit black-and-white images (e.qg., for faxes or scanned documents) and
can be applied to both 2-bit and 4-bit images, dividing them into separate bit planes. Like the Huffman
method, the JBIG method uses short chains for common symbols and long chains for rare ones.
However, unlike it, the JBIG method uses sequences of symbols. JBIG allows controlling the order of
breaking the image into bit planes, the width of strips in the image, and scaling levels. The latter allows
for easy orientation in a database of large-sized images by first viewing their reduced copies. Adjusting
these parameters allows for gradually unpacking the image on the screen when receiving the image over
the network or any other channel with a bandwidth significantly lower than the processor's capabilities,
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enabling the operator to analyze the picture long before the decompression process is completed. A
characteristic feature of JBIG is a sharp decrease in compression ratio with increasing noise levels in
the input image [1, 3, 9].

6. Lossless JPEG Method was developed by a group of photography experts (Joint Photographic
Expert Group). JPEG-LS is based on the LOCO-I compression method. It significantly differs from the
JPEG and JPEG2000 methods, although the name is similar. Unlike JBIG, Lossless JPEG is oriented
towards full-color 24-bit and 8-bit images without a palette (in grayscale). It represents a special
implementation of JPEG without loss. JPEG includes two compression methods - lossless and lossy.
This method is recommended for use in systems with fairly limited resources, such as space stations or
web cameras. The JPEG-LS method consists of three main execution stages: modeling, prediction, and
encoding. Its main difference from other algorithms is the prediction module and context work [1, 3, 4,
9]. To compare lossless graphic compression methods, let's consider Table 1.

Therefore, the aforementioned lossless information compression methods are universal and cover all
types of images, but they have too small compression ratios. Using one of the lossless compression
methods can provide approximately a two-fold image compression, although this largely depends on the
characteristics of the image. Lossy compression methods are the most effective, but they also require
evaluation based on the criteria mentioned above, as reproduction methods are crucial for ensuring
rational reproduction of the original (analog or digital) with a full set of color and tone characteristics
[3, 9]

Therefore, let's analyze the main lossy graphic information compression methods. Among the main
lossy compression methods are the JPEG method, the JPEG 2000 method, the fractal method, and the
Wavelet (recursive method). Let's consider them in more detail.

1. JPEG Algorithm - one of the most widespread and powerful methods. Today, it is the standard for
full-color images. It operates on 8x8 blocks where brightness and color change relatively smoothly.

PN ONOND
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Vil Vi Vel Y Vi Y Y4
Vel Vi Vd Y Y Y Y4
1 1 VA
N Vel Vel Vi Vi Vit Yt Y4
Nl Wl Vi Vd Y Y " 74
1 1 A

AN

Lr r O

Fig. 1. Image area 8x8

As a result, when decomposing the matrix of such a region into a double row by cosine, only the first
coefficients turn out to be significant. Compression in JPEG is achieved due to the smoothness of color
changes in the image [3, 8, 9].

The method covers full-color 24-bit images (24 bits per pixel) or grayscale images without sharp color
transitions (photographs). Symmetry: 1 [3, 9].

The compression algorithm scheme according to the JPEG standard is shown in Fig. 2.

Compression of images according to the JPEG standard involves the following sequence of steps:

1) The color image is converted from the RGB space to the YCrCb space.

In images of the RGB format, there is a significant correlation between the color components. The
components R, G, and B are transformed into the Y component and two chrominance components U
and V, inthe YUV format, where Y is the luminance signal, and U and V are the chrominance difference
signals.
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RGB Discrete Cosine
. RGB->YUV Discretization Transform (DCT) Quantization
Compressed Huffman RLE ZigZag scanning
image compression compression

Fig. 2. Scheme of the JPEG image compression algorithm

The transformation is performed from pixel to pixel using the following formulas:

Y =0.3-R+0.59-G+0.11- B; 1)
U =-0.15-R—0.29-G+0.44-B; )
V =0.62-R-052-G-0.1-B, 3)

where R, G, B are the color signals of the image (red, green, and blue respectively).

Representation of a color image in the YUV system allows exploiting the characteristics of human
visual perception, which has low sensitivity to color accuracy [1, 8].

2) The color image is divided into large pixels. Pixels of each color component are assembled into 8
x 8 blocks, called data units;

3) Discrete cosine transformation (DCT) is applied to each data unit, resulting in 8 x 8 blocks of
frequency data units (to reduce data redundancy in the image);

4) Quantization of each DCT block coefficient: each of the 64 frequency components of the data
units is divided by a special number called the quantization coefficient (QC), which is rounded to an
integer. Implementing DCT is the most challenging aspect. The encoding process using DCT involves
dividing the image into 8x8 blocks (for encoding color images, each component is processed
independently).

Within each block, a two-dimensional DCT is performed according to the expression:

R ) =3-C{u) ) 3 e (LT el 200 @

16

1

where C(x)=1 2

1 x<0

,x=0,..,u,v-0,12,...,7.

When decoding, the inverse discrete cosine transform (IDCT) is computed:

F (i, -):%.iic(u).c(v).F(u,v)aw(%jco{w} (5)

16

wherei, j—-0,1,2 ... 7.

5) Encoding the resulting coefficients using static Huffman coding: all 64 quantized frequency
coefficients of each data unit are encoded using a combination of RLE and the Huffman algorithm. At
the static encoding stage, besides the Huffman algorithm, the JPEG specification allows the use of other
methods to reduce information volume, such as arithmetic coding QM.
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6) In the final step, a header with the JPEG parameters used is added, and the results are output to a

compact file. The compression ratio is set by the user from 2 to 200, although in practice, the
compression ratio does not exceed 20-25 [3, 8, 9].
JPEG has its peculiarities. The most well-known are the "Gibbs effect” and the division of the image
into 8x8 squares. The former manifests itself at the sharp boundaries of objects, creating a kind of "halo."
Dividing into squares occurs when too high a compression percentage is specified for a particular image.
A drawback of the JPEG method is also that horizontal and vertical stripes on the display are often not
visible and may only appear as moiré when printed. For this reason, JPEG is not recommended for use
in printing at high compression ratios. However, when rational compression limits and dithering
algorithms are applied, it can be considered as a compression option to reduce the file size of full-color
images in original layouts for publications that will be printed [1].

2. JPEG 2000 Method. Developed by the same group of experts in the field of photography as JPEG.
The scheme of compressing images according to the JPEG2000 standard is presented in Fig. 3.

Segment Discrete wavelet
Image Generator Shifting of Transform Quantization
Compressed ¢ Huffman RLE
image compression compression ZigZag coding

Fig. 3. Compression scheme for JPEG2000 images

The scheme of the JPEG 2000 algorithm is very similar to the basic JPEG scheme. The differences
are as follows:

- instead of discrete cosine transform (DCT), discrete wavelet transform (DWT) is used;

- arithmetic compression is used instead of Huffman coding;

- the algorithm includes quality management for image regions from the beginning;

- explicit sampling of the U and V components after color space transformation is not used because

DWT can achieve the same result, but slightly better.
Thus, when implementing the JPEG 2000 algorithm, unlike the JPEG algorithm, we obtain:

- improved image quality with significant compression;

- support for lossless compression. This allows the use of JPEG for compressing medical images,
in printing;

- support for compression of one-bit (2-color) images. In JPEG, when compressing a 1-bit image,
it increased by 8 times. Then an attempt was made to compress, often less than 8 times. Now
JPEG 2000 can be recommended as a universal method;

- atthe JPEG 2000 format level, transparency is supported. When creating web pages, now you can
apply a transparent background not only in GIF but also in JPEG 2000. In addition, not only 1-
bit transparency (transparent / opaque pixel) is supported, but also a separate channel, allowing
for a smooth transition from an opaque image to a transparent background [8, 9].

3. The fractal method is a mathematical process of encoding rasters containing real images into a set
of mathematical data describing the fractal properties of the image. The method is based on the fact that
all natural and most artificial objects contain redundant information in the form of repeating patterns
(fractals) [11]. The method relies on representing the image in a compact form using coefficients of
iterated function systems (IFS). IFS translates one image into another. The transformation applies to
points in three-dimensional space (x-coordinate, y-coordinate, brightness) [3, 8, 9, 11]. In other words,
it involves searching for self-similar areas in the image. The method utilizes systems of domain and
range blocks of the image, square-shaped blocks covering the entire image [12]. According to this
method, the image is divided into numerous non-overlapping range sub-images, and numerous non-
overlapping domain sub-images are determined. For each range block, the encoding algorithm finds the
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most suitable domain block and an affine transformation that maps this domain block to the given range
block. The structure of the image is reflected in the system of range blocks, domain blocks, and
transformations [3, 8, 9].

The process of fractal compression begins with taking two identical instances of the image — A and
B, one of which is divided into non-overlapping blocks (range areas), while the other is provided with
a set of domains that may overlap.

After this, the most appropriate domain is selected for each rank region. The numbers of domains
used for encoding each rank region are recorded in a file. The compressed image file contains a header
with information about the location of rank regions and domains.

Fractal compression is an asymmetric process. Compression takes much longer than decompression.
This characteristic makes it effective for images that are continuously decompressed but rarely
compressed. Therefore, the fractal method is suitable for use in image databases. There is a significant
amount of research by foreign scientists dedicated to optimization issues of digital image fractal
compression. One notable work discusses the method of fractal image compression using spatially
sensitive hashing. However, little attention has been paid to optimization methods of fractal compression
that would have equally high characteristics of compression ratio and quality of the restored image. The
question of constructing fast fractal compression methods remains particularly relevant today [11].

Thus, after analyzing the features of the fractal compression method, it has been determined that it
is capable of providing the best balance between compression ratio and quality of the restored image.
The method has good prospects for further development. During the transformation of ordinary raster
images into fractal ones, there is the possibility of scaling the fractal image without introducing artifacts
or losing details, as is typical for raster images [11]. The advantages of the fractal method lie in its high
compression ratios, speed of inverse transformation, and the possibility of further structural analysis of
the image. However, the compression results depend on the principles of selecting basic elements and
domains, and the compression ratio depends on the repetitiveness of the basic elements. The algorithm
is oriented towards full-color images and grayscale gradations. Fractal compression is implemented in
the FIF format [1].

The main drawback of the fractal method is its low compression speed. This is because to obtain
high-quality images, each rank region requires iterating through all domain blocks, and for each domain
block, at least eight affine transformations are required. This problem is only partially solved. Due to
the noted drawbacks, this method is relatively rarely applied in practice.

The process of fractal transformation is asymmetric. That is, image reconstruction occurs much faster
than compression. Therefore, researchers have opportunities to improve efficiency and search for other
optimization methods for fractal encoding [11].

4. Wavelet-Recursive Method. Wavelet compression involves the utilization of wavelets, which are
defined only in a portion of the argument domain and can be considered as replicas of a single basic
function that differ in scale and position. The method's concept lies in storing in a file the difference
between the average values of neighboring blocks in the image, which typically tend to be close to 0 [1,
9]. This method is oriented towards compressing color and grayscale images with smooth transitions,
making it ideal for images like X-ray snapshots. Today, experts identify several advantages of wavelet
compression compared to methods based on discrete cosine Fourier transformation, which is used in
JPEG. In modern image compression methods, wavelet compression allows for a significant increase
(up to two times) in the compression ratio of grayscale and color images while maintaining visual quality
compared to previous-generation methods [1, 3, 8].

Wavelet transformation has found wide application in image processing tasks (language, satellite
images, X-rays), pattern recognition, and the study of crystal and nano-object surface properties [13].
Wavelet transformations are used in medical diagnostics to compress images with minimal information
loss required for diagnosis. Wavelet transformations are more sophisticated compared to Fourier
transformation. The goal of new methods for analyzing medical signals is to automatically establish a
correct diagnosis in the absence of a doctor or in cases of insufficient qualification, thereby increasing
the likelihood of diagnosing diseases at early stages [14].
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The coefficients of continuous wavelet transforms contain information about the energy of individual
components of the electrocardiography signal and the time of their appearance. This allows for
simultaneous investigation of the slow and fast dynamics of changes in the cardiac signal over time.

One advantage of this method is its ability to easily implement the gradual "unveiling” of an image
when transmitting it over a network. Additionally, since we essentially store a reduced copy of the image
at the beginning, it simplifies its display in the header. Unlike JPEG and fractal algorithms, this method
does not operate in blocks, such as 8x8 pixels. More precisely, we operate in blocks of 2x2, 4x4, 8x8,
and so on. However, because we store coefficients for these blocks independently, it is relatively easy
to avoid splitting the image into mosaic squares [8].

In recent years, wavelet transformation has become known as a powerful tool for image compression.
Various approaches related to wavelet-based encoding are well-known. The effectiveness of
transformation encoding essentially depends on compressing energy with two-level wavelet transforms
[13, 15]. The creation of a new system of "wavelet" functions has revolutionized the theory of signal
processing and storage, allowing information to be compressed by 100-150 times without significant
loss of quality. This is the main purpose and achievement of using wavelet transforms.

Therefore, by analyzing the main characteristics of lossy compression methods for graphic
information [16, 17], we present the comparison results in Table 2.

Table 2. Comparison of the main characteristics of lossy compression methods for graphic
information

Method name The main characteristics of | Advantages and disadvantages of the method

the method

Advantages: Good quality of the restored

Absence of sharp image

JPEG

boundaries Disadvantages: Gibbs effect. Lack of
automatic conversion for multiple cases
JPEG 2000 Advantages: Improved image quality with
Absence of sharp significant compression, support for lossless
boundaries compression, support for compression of
binary (2-color) images
JPEG 2000 Absence of sharp Disadvantages: Absence of automatic

boundaries conversion for multiple cases

Full-color images and
grayscale gradations

Advantages: High compression ratio, high
speed of inverse transformation, possibility of
further structural analysis of the image, smaller
size of physical data used to record fractal
codes compared to the initial raster data.

Fractal method

Disadvantages: Low compression speed, which
makes the method relatively rare in application

Wawelet
(recursive
compression)

Compression of color and
grayscale images with
smooth transitions

Advantages: Ability to compress information
without significant loss of quality

Disadvantages: Their relative complexity

Development of algorithms for compact image representation. Based on the developed
preprocessing model [18, 19], let's create an algorithm. The images to be processed are provided as files
in PCX or BMP graphic formats. To represent the image as a matrix of pixel brightness values, we will
create a procedure for reading the file and decoding data from the PCX format. Information about the
image size and the number of brightness levels is also extracted from the image file. After decoding the
data, we obtain a brightness matrix. A = [ai,j]. Next, the image is prepared. We find the average
brightness value of all elements in matrix A of the image.
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Threshold ¢, satisfying the condition N = N = N s found in this way. A search is conducted
for brightness values t, and it is assumed that o=t, t=¢(0...tmax), Where tmax - is the maximum value of
brightness levels for the given image. Next, all elements of the array R =Lﬁ,—J are compared with the

threshold d. This takes into account the number of elements classified as N, N{™,N® and

calculates the value of the variable maxP = N -N™ . N for every value t. So the value of ¢ for which

the variable MaxP takes the maximum value is chosen as the threshold 6.
To find the elements of the prepared image, we will use the obtained threshold . Then,

If Ri'j >0, TO bi,j =1

L) =

Thus, a matrix of elements B=[bi;] is formed.
According to the mathematical model [18], we will develop an algorithm for the formal description of
image parts (Fig. 4).

Let's compose a procedure for reading the preprocessed image represented by a matrix. B=[bi;].
Balancing by connectivity is carried out as follows. The balancing curve point is set in the middle of the
column section where balancing occurs.

. Nmin + Nmax
| = e 9)
Next, the SumConnectivity procedure is called (Fig. 4, b), in which the total connectivity values in
the column are calculated from the beginning to the dividing point le and from the dividing point to

the end of the column WJ.2 .

Nmin

l
W= v, W=>v. (10)

i=Nmin i=l;

The connectivity values of the preparations are separately determined for zero, unitary, and minus
unitary preparations g=(-1, 0, +1). The connectivity of individual preparations is computed as follows:
adjacent elements of the preparation under consideration are iterated over, and the connectivity of this
preparation is taken as equal to the number of elements that are also preparations for them, the
connectivity value is found b;j=g.

Total connectivity values obtained W, and W’ are being compared: if W' >W?, then the point of
the balancing curve is lowered by one step. At the same time, if the element b;j, is equal to g, then its
connectivity v/, is found and W =W"—v’,, W* =W?+Vv’. . This operation is performed until equality
is achieved W <W/.

If le :Wf, then the described procedure takes place in reverse order. Similar operations are
performed for the following columns. After that, the obtained connectivity values are added up.
W, = iwjl W= iwjz :

j=1

i1
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In addition to the values of connectivity le and Wf the coordinates of each point of the balancing

curve are also recorded.

Next, the balancing of the area of the image below the dividing curve takes place. Here, the lower
boundary is the initial row of the prepared image, and the upper boundary is the array with the
coordinates of the curve points from the previous balancing. Afterward, balancing occurs, according to
the provided algorithm, for the area above the dividing curve. In this case, the lower boundary is the
array with the coordinates of the dividing curve points, and the upper boundary is the last row of the
prepared image.

Following the described algorithm, the prepared image is divided both vertically and horizontally.
During implementation on the computer, image processing was done sequentially — first, the processing
of the initial image occurred, and its balancing curves were saved in the array arsiij. The correlation
coefficients were found after finding the balancing curves for the second image.

In the table 3, the estimation of the execution time of the "exact" scheme of image processing with
the correlation comparison of the balancing curves and the estimation of the time for the traditional
correlation comparison of images are given [20].

Table 3. Execution time of the ""exact™ image processing scheme with correlation comparison of
balancing curves

Computation time, msec
Balancing Ba_llancmg Ba_llancmg Thr(_ae steps_of Evaluation of
Image size . vertically and| vertically and |balancing vertically o .
g horizontally for . . . traditional image
1 field of horizontally | horizontally for {and horizontally for correlation
. for 1 field of | 3 fields of 3 fields of . .
preparations . . . comparison time
preparations | preparations preparations
100x100 5 20 110 220 770
128x128 10 110 220 390 1320
200%200 110 110 500 880 3130
256x256 110 220 660 1320 4730

Comparative analysis of Table 3 shows that: if one equalizing curve is used for image recognition,
the time savings of the developed method compared to the traditional one will be 43 times. If two
equalizing curves are used for image recognition, the time savings of the developed method compared
to the traditional one will be 22 times. If six equalizing curves are used for image recognition, the time
savings of the developed method compared to the traditional one will be 7,2 times. If eighteen equalizing
curves are used for image recognition, the time savings of the developed method compared to the
traditional one will be 3,6 times. This algorithm allows you to process images in real time, like similar
methods [21-23].

According to the presented algorithms, a program was developed and used to evaluate the
performance of the compact image representation and comparison method. The conventional correlation
comparison of images was done pixel by pixel. Therefore, as the dimensionality of the images increases,
the correlation comparison time increases significantly (Fig. 5).

The results given in the table have relative values. Since the absolute values depend on the
performance of computer systems on which the given algorithms will be realized. And also the results
depend on the software implementation, which can be optimized for a particular hardware structure.
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Fig. 5. A comparison chart of the execution time of an ""exact" image processing scheme with a
correlation comparison

Conclusions. The research has shown that the main requirements for universal methods of compact

image representation include high compression ratio, quality of compressed images, compression/
decompression speed, and consideration of individual image characteristics.
We believe that among the researched methods, the fractal method of lossy compression is the most
promising for further development, improvement, and practical application in computer technologies. It
has several unique features and advantages: image reconstruction is much faster, noticeable artifacts at
color transitions are reduced, the method can be used for compressing images intended for high-quality
printing, and image scaling is possible.

Algorithms have been developed that implement an "accurate" image processing scheme, within
which a multi-level image representation is carried out, and an equalization procedure is implemented,
allowing for a more compact representation of image features and faster computation of the correlation
function. It has been shown that the method of equalization of halftone images within the "accurate"
processing scheme and excessive equalization in four directions, compared to the traditional method of
correlation image processing, allows reducing the image recognition time for different numbers of
equalizing curves from 3.6 to 43 times.

The algorithms for describing the information fields of an image in the form of a spectrum of spatial
connectivity of its constituent elements are presented. Based on this concept, a method of generalized
spatially connected dissection is proposed, on the basis of which comparison functions are calculated,
including the correlation function, which allows the implementation of the method of image
segmentation and their compact representation.
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Onexcanop I'epuiii

Honent, Kadenpa Apromarmzamisi Ta KOMIT IOTEPHO-IHTEIpOBaHI TEXHOJOTIi TpaHcmopty, JlepskaBHui
yHIBEpCUTET 1H(PACTPYKTYpH Ta TexHouoriid, Byn. KupuiiBcbka, 9, m. Kwuis, 04071, Ykpaina. ORCID:
https://orcid.org/0000-0002-8634-5880.

Hocainzkenns rpagivuux opmaris JaHUX A1 KOMIAKTHOTO NIPeACTABJICHHS i
NOPiBHAHHA 300pakeHb

B crarTi mpoBOAMTHCS IOCHTIKSHHS IMOIIMPEHUX METOJIB CTHCHEHHS Tpadiunoil iHdopmarii i3

BTpatamMu Ta Oe3 BTpaT. B pe3ynbraTi JOCHIPKEHHS BUAUICHO TEepeBard Ta HEAONIKA METOJIB
CTHCHEHHS. 3/IIiCHEHO MOPIBHSUIBHUI aHaIi3 OCHOBHUX MOXKJIMBOCTEH METOJIB CTUCHEHHs rpadivHOi
iHpopMallii. AKTyaJbHICTh TONsiTae B eQeKTHUBHIN Tepenadi, oOpoOii Ta 30epeeHHi rpadidHol
iH(poOpMallii, OCKIIBKH BEJHKidH 00CSAT JaHWX BUMAarae 30UTBIICHHS MPOITYCKHOT 34aTHOCTI Mepex i
3HAYHUX PECYpCiB s 30epiraHHs aaHuX. [IpakTu4He 3HAYCHHS IIOJISATAa€ Yy BUPINICHHI 3aBIaHHS
e(EKTUBHOTO 3MEHIIICHHS PO3MIPIB JaHHX IUISIXOM 3aCTOCYBAHHS BiZIOMHUX METOIB CTHCHEHHSI.
Ha ocnHoBi pocmimkeHHss Tpadiuaux QopMariB JaHWX MNPHBOJUTHCS PO3POOKA aITrOPUTMIB
O0YHCITIOBATBEHOT CXEMH «TOYHOI» OOpOOKH HAIiBTOHOBUX 300pakKeHb ISl PO3Ii3HABaHHS 00pasiB.
Taka cxema 3IIHCHIOE Mepeonuc daraTorpaaaiiiiHoro 300paxeHHsl B TPUPIBHEBE MOJAHHS 1 peai3ye
MPOLIEAYPY YPIBHOBaXKECHHS, 110 T03BOJISE B O1JIbIII KOMIAKTHOMY BHUI1 (hOPMYBATH 03HAKH 300paKECHHS
1 MIBU/IIE OOYKMCIATH KOpensiiiay QyHkiito. [TokazaHo eQeKTUBHICTh BUKOPUCTAHHS PO3POOIICHHX
METO/IiB KOMIIAKTHOTO TIOJIaHHSI 300pakeHb 13 KOPEJSIIHAM TOPiBHSHHIM YPiBHOBOKYIOUMX KPUBHX
repea TPAAUIIIITHIM KOPETAIIIHHAM MOPIBHAHHSAM 300paKeHb.

Kntouosi cnoea: 300paxeHHS, CTHUCHEHHS 3 BTpaTaMd, IEPETBOPEHHS, TPHPIBHEBE IOAAHHS,
YPIBHOBAYKCHHSI, KOPEJIAIiiiHa QYHKIIS.
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