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Analysis of operation modes of shunting diesel locomotives when performing shunting
work

An overview of modern trends in updating shunting locomotives, which are based on the installation
of on-board energy storage devices, multi-diesel propulsion power plants, and power plants operated
on hydrogen energy sources, was carried out. The necessity to take into account the operating conditions
of a shunting diesel locomotive when choosing an upgrade option is shown. The operation modes of
shunting diesel locomotives during shunting operations at the Kossmun-I freight station during three
shifts were considered. By analyzing the data of the BIC-P onboard system and processing the route
sheets, the parameters of the operating modes were determined. Calculations of diesel engine power
utilization indicators were performed, according to which it was determined that the full use of the
installed diesel generator power is 7.5...8.4%, and the maximum diesel power recorded under the
studied operating conditions is about 50%. The duration of work with traction loads is 49.5...68.8% of
the shift time. The longest - 55...60% of the total duration of work under traction - are modes with a
power of 0...50 kW. The duration of work without load is 18.1...36.9% of the duration of the shift. The
shunting work performed is related to the formation and disassembly of trains, including the use of a
sorting slide, as a result of which the traction power transmission operates with a low efficiency. In
order to reduce the consumption of fuel and energy resources when performing shunting work, it is
necessary to update the fleet of locomotives for shunting work, the characteristics of which are adapted
to the operating modes.

Key words: hybrid locomotive, modernization, shunting, energy efficiency, energy storage

Introduction. Maneuvering is an integral part of the transportation process. JSC "Ukrzaliznytsia"
uses ChME3 series diesel locomotives for shunting operations, the inventory of which is more than
1,200 units [1] with 100% actual wear. For diesel locomotives that are in operation, there is a steady
trend of increasing maintenance costs. According to [1], the priority way to improve the situation with
shunting diesel locomotives is to restore them through major repairs and modernization of individual
units. These works are planned to be carried out on the entire fleet required for shunting operations
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(estimated at 870 diesel locomotives in 2033). Arguments for choosing this option are relatively small
capital investments and the presence of a developed repair and technological base at all regional
branches. At the same time, it is noted that during major repairs it is impossible to restore the passport
characteristics of diesel locomotives, therefore significant costs for their current maintenance will
remain, and due to the low quality of repairs, an increase in unplanned repairs is predicted. Alternative
options for updating the fleet of shunting diesel locomotives, which are indicated in [1], are their
complex modernization with remotorization (as well as the purchase of new diesel locomotives). The
use of these options allows to improve the traction and energy characteristics of diesel locomotives, it
is predicted that the cost of maintenance, repairs and fuel and lubricants will decrease, which will
ultimately ensure a decrease in the cost of transportation. Taking into account the possibility of
extending the service life of UME3 diesel locomotives for 10...15 years [2], it is considered urgent to
work out options for comprehensive modernization of these diesel locomotives to improve their traction
and energy characteristics.

Analysis of recent research and problem statement. In Ukraine, remotorization of ChME3 diesel
locomotives was carried out using the 4/180b diesel, in the CIS countries - using the 1-PD4B and 4-
36DG diesel generators [3]. A deep complex modernization using a Caterpillar diesel engine, AC-DC
power transmission (the traction motors were not changed), an electric drive for cooling fans and a
compressor, and a microprocessor control system was carried out in Ukraine at Poltava Tractor Repare
Plant, where diesel locomotives were modernized according to the designs of the ZOS company Zvolen
(Fig. 1a) and CZ LOCO (Fig. 1b) [4]. The latter company's project was also used in the modernization
of UME3 diesel locomotives in the CIS and Baltic countries.

Fig. 1. Modernized ChME3 diesel locomotives

The paper [5] analyzed the fuel consumption of serial diesel locomotives ChME3 and modernized
diesel locomotive ChME3P-Nel744. It was established that the modernized diesel locomotive, despite
the use of a more powerful diesel engine with a capacity of 1455 kW, consumes 29.4% less fuel than a
serial diesel locomotive. Similar results were obtained during the operation of TEM2 diesel locomotives,
which are modernized according to the same concept as ChME3II. Compared to the TEM TMX diesel
locomotive with a 970 kW diesel engine, which was created using the crew part of the TEM18DM diesel
locomotive and the equipment of modernized ChME3 diesel locomotives, the fuel consumption during
shunting was 37.5%. In both cases, it is noted that fuel economy depends on the type of maneuvering.
The greatest savings of 40...45% are observed when modernized diesel locomotives are used in export
work. The smallest one is at hill work. It is worth noting that during the modernization, the traction
characteristics of the diesel locomotive at the positions of the driver's controller and the applied electric
drive of the motor cooling fans were changed. This also had an effect on reducing fuel consumption, but
this is difficult to assess.

An alternative way to update shunting diesel locomotives is to create a hybrid locomotive. The paper
[6] substantiates the feasibility of creating a hybrid locomotive based on the ChME3 diesel locomotive
and the technical parameters of such a diesel locomotive for Ukrainian railways. In [7], a study was
conducted on the use of combined storage units as part of the power plant of a shunting diesel
locomotive. In [8], the application of a traction electric drive based on valve-inductor electric motors in
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the traction system of a hybrid shunting locomotive was investigated. [9] shows the expediency of using
traction asynchronous electric motors in the modernization of diesel locomotives of ChME3 type.

Hybrid shunting locomotives are becoming increasingly common in commercial operation [10, 11].
New locomotives Prima H3 (Fig. 2a) [12], Prima H4 (Fig. 2b) [13] and modernized locomotives of the
BR203H series (Fig. 2¢) [14] manufactured by Alstom, HD300 locomotives (Fig. 2d) [14] are in
operation. 15] and HDBS800 (fig.2f) [16] from Toshiba, locomotive FXN3D (fig.2g) [17] and 1004
(fig.2g) [18] from CRRC, locomotive GG20B (fig.2h) [19], created Railpower Technologies,
locomotive CBDS80 (fig.2i) [20] from Clayton Equipment, locomotive HLS-700 (fig.2j) [21] from
TULOMSAS. Information about the development or experimental operation of hybrid locomotives can
be found at almost every manufacturer of rolling stock.

Diesel locomotives with several diesel power plants are also used. For example, the diesel locomotive
MDDS5 (Fig. 3a) [22] manufactured by Express Service uses two diesel generator sets, the diesel
locomotives 3GS21B (Fig. 3b) [23] from National Railway Equipment and RP20BD (Fig. 3¢c) [24] from
Railpower Technologies — three diesel generators. At the same time, the RP20BD diesel locomotive has
a modification where one diesel generator is replaced by an energy accumulator. In TEM2-UGMK
diesel locomotive (Fig. 3d) [25] an auxiliary diesel engine is used, which is included in operation during
long-term downtimes of the diesel locomotive. The main diesel generator set is not working at this
moment.

F lg 2. Hybrid shunting diesel locomotives

At present, extensive research has gained application on locomotives of alternative primary sources
of energy - fuel cells, gas engines or exclusively battery cells [26].
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Fig. 3. Multi-diesel shunting diesel locomotives

The experimental sample of the SM42-6Dn locomotive (Fig. 4a) [27] on fuel cells created by the
PESA company; the locomotive from CRRC (Fig. 4b) [28]; the MK1200G locomotive with a gas piston
engine (Fig. 4c) [29]; the battery locomotive of the company Zarmen (Fig. 4d) [30]; CRRC battery
locomotive (Fig. 4e) [31]; EMD Joule battery locomotive (Fig. 4f) [32] produced by Progress Rail;
ES1000 series battery locomotive (Fig. 4g) and ES3000 (Fig. 4h) [33] produced by Express Service.

Fig.4. Locomotives with alternative energy sources

Also implemented are projects for retrofitting diesel locomotives to run on natural gas (LNG, LPG,
compressed gas) or biogas (TEM2 diesel locomotives in the Baltic countries and Kazakhstan, the
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OptiFuel project), use of biodiesel (WDM7 locomotive of the Indian Railways on biodiesel), a mixture
of gas and hydrogen in the piston engine (Freightliner Class 66).

It is worth noting that in the CIS countries, samples of hybrid diesel locomotives, two-diesel, with
gas engines and biofuels have been created.

It is also worth emphasizing that the locomotives of foreign companies can be equipped with a power
plant of any configuration in order to adapt to real operating conditions. In particular, locomotives can
be powered by a contact network [34].

Thus, various technologies can be used in the modernization and creation of new shunting
locomotives. Classic deep modernization with the use of a modern diesel engine is proven and it ensures
a reduction in operating costs. An alternative to it is a hybrid shunting locomotive or electric shunting
locomotive, as well as multi-diesel diesel locomotives. The use of fuel cells is considered to be extremely
promising for rolling stock, but this technology is actually at a research stage. In addition, today the
spread of hydrogen technologies is "impeded" by the high cost of hydrogen. The situation is similar with
biofuel, the use of which for locomotives is at the experimental stage. Pure battery locomotives are used
for a certain class of shunting operations, which is primarily related to the characteristics of battery cells.
Therefore, according to the authors, the acceptable ways to modernize ChME3, in addition to the
"classical" modernization with the use of a modern diesel engine, are the creation of hybrid shunting
diesel locomotives and contact-battery shunting electric locomotives.

It was shown in [35] that the modes of operation of the ChME3 diesel locomotive depend
significantly on the place of its operation, that is, on the types of shunting work performed by the diesel
locomotive. Therefore, the purpose of the researcher is to analyze the modes of operation of a shunting
locomotive during shunting operations, which will allow to specify the requirements for a modernized
locomotive

Materials and methods of research. Data analysis from on-board systems installed on diesel
locomotives is widely used to determine operating conditions [5, 6, 35]. The authors processed data on
the operation of diesel locomotive ChME3 No. 1190 during three shifts in the period 23-25.03.2021 at
Kozyatyn-I station. The diesel locomotive performed shunting operations to form and break up freight
trains, including the release of wagons on the sorting chute. Data from the BIC-P system and entries in
route sheets were analyzed. The indicators of the average power of the traction generator of the diesel
locomotive are given in tables 1, 3 and 5. Tables 2, 4 and 6 show the characteristics of the maneuvering
operation, the number of axles, the approximate mass of the train and the time of the start and end of the
operation. The color of the cell in the table.1 and 2, 3 and 4 and 5 and 6 coincide and indicate one
maneuver operation. The "Dismantling" operation includes the approach of the locomotive to the group
of wagons, coupling with the group of wagons, release of automatic brakes in the group of wagons by
"bleeding" air from the air distributors, moving the group of wagons to the sorting chute and disbanding
the group of wagons through the sorting chute. The "Disbanding" operation is carried out by feeding a
group of wagons to the sorting chute and then, depending on the need, new trains of wagons are formed
by moving a group of turnouts. At the same time, the locomotive pushes the wagons up the hill at a
speed of 2-3 km/h. The "Replenishment" operation is performed to complete the freight train according
to weight standards or train length standards. For this, the diesel locomotive adds one or a group of
carriages to the already formed composition of the train. The "Rearrangement" operation is the
movement of one or a group of wagons from one track to another, or the coupling of wagons on one
track into one warehouse, or any other movement of wagons in the fleet of formation and disassembly
of trains.
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Table 1. Indicators of the average generator power of ChME3 diesel locomotive Ne1190 during
operation for the shift of March 23-24, 2021 from 8:00 p.m. to 8:00 a.m. in kW according to the
BIC-P system diagram

Hours
20- | 21- | 22- 23- 00- 01- 02- 03- 04- 05- 06- 07-
Minutes 21 22 23 00 01 02 03 04 05 06 07 08
00-02 0 0 38 20 40 35 180 110 | 200 0 80
02-04 0 0 15 2 0 0 60 140 | 280 60 35
04-06 0 50 0 0 40 6 55 175 140 90 0
06-08 0 100 15 42 0 125 20 6 30 170 160 0
08-10 0 0 30 12 0 0 20 2 160 70 100 0
10-12 0 140 4 2 0 15 2 25 175 25 50 0
12-14 0 150 | 30 0 40 0 70 0 140 30 35 0
14-16 0 60 20 6 30 0 75 0 50 35 30 50
16-18 0 5 22 15 28 0 100 0 15 40 10 70
18-20 0 0 12 25 0 0 140 35 30 -1 150 40
20-22 0 12 20 15 25 115 80 35 175 25 60 0
22-24 0 25 0 16 25 235 75 6 175 0 65 15
24-26 15 0 15 30 20 0 80 0 185 0 40 50
26-28 48 0 20 2 0 0 90 0 220 10 6 15
28-30 50 0 36 0 12 0 0 0 420 120 0 30
30-32 48 12 80 2 40 0 0 40 120 0 8 10
32-34 0 4 36 162 0 0 40 170 0 50 6 20
34-36 0 0 34 170 0 0 -1 90 15 140 0 120
36-38 6 0 25 45 0 0 12 0 0 110 0 200
38-40 12 6 100 0 0 10 0 100 | 280 0 100
40-42 6 29 12 0 0 25 150 60 100 25 90
42-44 25 4 0 0 65 28 180 | 100 | 260 35 70
44-46 0 75 60 50 115 0 165 | 200 160 0 2
46-48 0 25 62 10 90 0 180 | 140 0 0 40
48-50 65 40 40 0 80 115 175 30 6 0 0
50-52 12 2 50 45 25 230 180 0 40 3 2
52-54 0 110 0 60 60 90 175 0 35 12 170
54-56 50 125 0 0 25 220 65 0 60 25 110
56-58 8 200 6 0 40 200 15 40 110 60 20
58-60 4 150 12 0 30 190 90 165 0 30 0

Table 2. Characteristics of maneuvering operations for the shift of 03/23-24/2021

Dismantling, 500 tons, 32 axles, 20.24-20.32

Dismantling, 350 tons, 16 axles, 20.48-20.52

Dismantling, 1500 tons, 156 axles, 01.20-02.32

Replenishment, 900 tons, 48 axles, 02.48-03.12

Rearrangement, 700 tons, 44 axles, 03.30-04.32

Replenishment, 1100 tons, 76 axles, 21.04-21.20

Rearrangement, 500 tons, 36 axles, 04.38 - 05.18

Rearraniement, 300 tons, 24 axles, 21.20-21.34

Dismantling, 1000 tons, 156 axles, 22.12-23.04

Dismantling, 600 tons, 32 axles, 05.26-06.28

Dismantling, 300 tons, 16 axles, 07.14-07.56

Traffic reserve/hot standby

Dismantling, 500 tons, 52 axles, 23.14-23.26

Cold standby

Dismantling, 800 tons, 68 axles, 23.32-00.52
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Table 3. Indicators of the average power of the generator of the diesel locomotive ChME3 No.
1190 during work for the shift of 03/24/2021, from 08.00 to 20.00 in kW according to the
diagram of the BIC-P system

Hours
08- | 09- 10- 11- 12- 13- 14- 15- 16- 17- | 18- | 19-
Minutes 09 10 11 12 13 14 15 16 17 18 19 | 20
00-02 0 0 0 0 25 50 10 0 0 10 | 200 | O
02-04 0 25 130 120 15 80 35 0 12 20 | 270 | O
04-06 0 30 200 120 20 275 0 18 20 0 20 0
06-08 0 0 160 220 35 150 60 20 18 0 5 0
08-10 0 0 230 70 30 180 12 22 18 0 45 15
10-12 0 15 40 100 375 20 25 8 20 50 0
12-14 0 20 8 135 0 35 22 10 50 -1 0
14-16 0 15 30 35 0 30 22 20 230 | 10 | 20
16-18 0 25 20 65 0 2 25 35 150 8 50
18-20 0 50 20 30 0 75 0 5 75 30 | 25
20-22 0 0 0 110 0 70 12 20 90 35 0
22-24 2 0 20 200 15 120 35 0 240 | 35 10
24-26 35 25 0 150 2 180 65 0 80 30 | 20
26-28 2 30 300 85 0 75 25 0 85 0 25
28-30 45 10 150 110 165 2 22 10 50 | 20 0
30-32 45 0 160 75 250 12 22 0 2 25 0
32-34 90 15 290 0 190 5 60 0 20 | 20 10
34-36 90 140 260 40 40 2 25 0 8 5 35
36-38 85 130 20 35 5 35 2 165 40 0 2
38-40 10 220 45 25 0 40 225 260 15 45 2
40-42 0 150 250 8 80 25 200 270 12 10 0
42-44 2 120 250 25 240 8 110 220 15 30 0
44-46 100 8 240 20 120 60 5 170 80 | 25 5
46-48 150 0 170 25 230 20 0 120 | 200 | 25 0
48-50 165 0 180 100 25 120 35 125 200 | 120 0 0
50-52 200 | 160 70 70 0 12 65 240 350 50 15 15
52-54 100 0 0 20 5 28 70 10 225 | 120 0 0
54-56 165 0 0 20 250 0 70 25 300 20 0 0
56-58 25 0 0 18 350 30 70 15 35 150 8 10
58-60 50 0 0 30 45 50 0 0 110 | 110 | 10 | 30

Table 4. Characteristics of shunting o

erations for the shift of 03/24/2021

Dismantling, 1500 tons, 68 axles, 8.28-9.02

Dismantling, 900 tons, 40 axles, 13.58 - 14.16

Dismantling, 700 tons, 32 axles, 9.06-9.24

Dismantling, 2000 tons, 84 axles, 14.18 - 15.04

Dismantling, 1900 tons, 224 axles, 9.30-10.22

Dismantling, 1500 tons, 60 axles, 15.18 - 15.56

Dismantling, 3600 tons, 208 axles, 10.24- 11.34

Dismantling, 1000 tons, 56 axles, 15.58 - 16.28

Dismantlini, 1600 tons, 80 axles, 11.42- 12.08

Dismantling, 2200 tons, 96 axles, 12.50 - 13.22

Dismantling, 4100 tons, 208 axles, 4:30 - 6:50

Traffic reserve/hot standby

Cold standby

Dismantling, 3500 tons, 232 axles - 13.26 - 13.56
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Table 5. Indicators of the average power of the generator of the ChME3 diesel locomotive No.
1190 during the shift work on March 24-25, 2021, from 8 p.m. to 8 a.m. in KW according to the
diagram of the BIC-P system

Hours
20- 21- 22- 23- 00- 01- 02- 03- 04- 05- 06- 07-
Minutes 21 22 23 00 01 02 03 04 05 06 07 08
00-02 0 0 120 0 125 0 15 30 5 150 15 35
02-04 0 2 200 0 150 120 0 25 0 120 0 2
04-06 0 0 260 0 0 60 0 0 100 60 165 0
06-08 0 12 0 0 0 130 0 0 200 0 140 0
08-10 0 15 15 8 0 250 0 20 180 0 55 60
10-12 0 0 35 20 10 110 0 75 0 0 65 140
12-14 0 0 120 190 60 0 0 65 0 0 65 20
14-16 0 0 2 180 0 20 6 35 0 0 140 12
16-18 0 75 18 215 0 40 0 30 2 0 10 10
18-20 0 150 6 210 0 15 0 35 0 0 20 20
20-22 0 0 2 65 0 10 0 12 0 0 18 0
22-24 0 10 0 30 0 5 0 35 20 0 165 20
24-26 0 10 0 50 0 60 0 60 25 0 65 35
26-28 0 2 0 60 0 40 0 30 8 0 0 0
28-30 0 0 0 0 0 0 0 30 0 150 100 0
30-32 0 0 25 0 15 0 0 60 0 75 60 8
32-34 0 80 120 0 90 0 0 20 0 0 120 50
34-36 0 30 10 40 120 5 0 10 15 0 60 0
36-38 0 0 20 80 100 25 0 10 30 25 0 20
38-40 0 0 10 85 60 150 0 60 40 90 0 22
40-42 8 30 8 170 0 40 0 20 380 120 0 0
42-44 15 0 70 70 30 40 0 8 400 55 0 0
44-46 0 2 20 120 35 180 0 8 460 0 0 0
46-48 50 25 18 80 0 8 0 25 110 35 10 0
48-50 275 6 0 0 40 2 0 190 2 0 0 0
50-52 120 0 15 0 2 100 0 20 100 0 0 0
52-54 30 0 140 0 5 320 75 2 0 75 0 0
54-56 45 0 10 0 12 70 240 25 0 2 0 0
56-58 0 0 20 0 90 12 360 5 55 12 0 0
58-60 35 0 0 0 5 6 150 2 100 115 0 0

Table 6. Characteristics of maneuvering operations for the shift of 03/24-25/2021

Dismantling, 104 axles, 2100 tons, 20.44 - 21.06

Dismantling, 224 axles, 4000 tons, 01.50 - 03.02

Dismantling, 80 axles, 1700 tons, 21.10 - 21.44

Rearrangement, 40 axes, 700 tons, 03.04 - 03.32

Dismantling, 228 axles, 3000 tons, 21.50 - 22.46

Rearrangement, 56 axes, 1000 tons, 03.34 - 04.22

Dismantling, 112 axles, 2300 tons, 22.48 - 23.26

Dismantling, 184 axles, 2450 tons, 04.28 - 05.46

Rearrangement, 48 axes, 800 tons, 23.28 - 00.10

Dismantling, 136 axles, 2300 tons, 05.48 - 06.46

Dismantling, 84 axles, 1000 tons, 00.14 - 00.42

Rearrangement, 76 axles, 1200 tons, 07.04 - 07.36

Dismantling, 232 axles, 1600 tons, 00.46 - 01.14

Traffic reserve/hot standby

Dismantling, 96 axles, 1800 tons, 01.16 - 01.46

Cold standby
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Fig. 5 shows the power dependence of the generator of diesel locomotive ChME3 No. 1190 during
shift operation on March 23-24, 2021, from 8:00 p.m. to 8:00 a.m. (Fig. 5a), on 03/24/2021 from 8:00
a.m. to 8:00 p.m. (Fig. 5b), on 03/24-25/2021 from 8:00 p.m. to 8:00 a.m. (Fig. 5c¢).
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Fig.5. Traction generator power diagrams according to BIC-P system data
In fig. 6 shows the distribution of working time in a certain range of power depending on the total

working time in traction mode. It should be noted that the BIC-P registers the average power for 2
minutes of operation, and therefore the actual power cannot be determined from them.

16



e-ISSN 2617-9059 Transport Systems and Technologies, 41, 2023

70
60 -
50
40 -
30 -
20 -

Duration of work,%

Q- Q- Q- Q- Q- o Q- N Q-
o S > D P o e s ¥

Traction generator power range, kW

Fig.6. Distribution of the duration of work (in blue is the data for the 23-24.03.2021 shift, in red -
for the 24-24.03.2021 shift, in green - for the 24-25.03 shift)

From fig. 6, it can be seen that for more than half of the working time in the traction mode (both
when moving with wagons and when moving in reserve), the average power is within limits that do not
exceed 50 kW, with an average power of 50...100 kW, the diesel locomotive works no more than 20%
of the time. With larger values - 100...150 kW and 150...200 kW - power duration is 5...10%. With the
maximum capacity, the diesel locomotive works at 0.5...1.0%.

The analysis of the mass of trains and groups of wagons shows that they varied from 300 t to 4100 t,
and the mass of a significant part belongs to the range of 1000...2000 t. A comparison of the data on
power and the type of shunting operation shows that when rearranging wagons, the diesel locomotive
works with greater power, than in other types of work. This can be explained by the need to maintain a
certain speed of movement, for which it is necessary to spend energy to overcome movement resistance.
The operations of formation and de-formation are carried out at speeds close to zero by the method of
"shocks", and therefore the energy consumption is related to displacements of the composition from its
place and its acceleration. For this case, the position of the driver's controller is selected from the
condition of realizing a certain traction force.

Table 7 shows the quantitative indicators characterizing the modes of operation of the diesel
locomotive during the investigated shifts, as the following values are used.

The coefficient that determines the full use of the installed capacity of the diesel engine for powering
the traction electric drive [35, 36]

E
K,=—=-£, 1
s (1)

where Er — the actual energy that is transmitted to the traction electric motors,
Ex — theoretical value of the energy that can be given under the condition of operation of a diesel
generator with nominal power.

The actual energy supplied to the traction electric motors is determined by the expression

=

E.=A> P, 2

1

where At — the time interval over which the power is averaged,
P; — power at the i-th reading,
N — the number of intervals at which traction electric motors are powered.
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Accordingly, the theoretical energy value is calculated by the expression

Ey=Py-At-N, 3)

where Py — power at the generator terminals at the nominal speed of the diesel engine is 890 kW.
The coefficient that determines the full use of the maximum available traction power (for powering
the traction electric drive)

P
K, = Do (4)

where Pnqx — the highest average power per shift.

Also, from the input data, we determine the duration of shunting operations with wagons, reserve
movement, operation of the diesel generator without load (hot idle and coasting) and cold idle. The
results are shown in Table 7.

Table 7. Results of experimental data processing

Parameters Units Shift Shift Shift
23-24.03.2021 | 24.03.2021 | 24-25.03.2021

The actual energy supplied to the traction | kWh 576,7 696,3 4522
motors
Theoretical energy kWh 7446,3 8277,0 5992.7
Maximum average power kW 420 375 460
Coefficient Kp % 7,74 8,41 7,55
Coefficient Ky, % 47,2 42,1 51,7
The duration of shunting operations with |  min 440 496 356
wagons during the shift % 61,2 68.8 49,5
Durati ¢ . min 70 82 52

uration of movement 1n reserve % 0.7 1.4 72
Duration of operation of the diesel | min 196 130 266
generator without traction load (hot idling % 27,2 18,1 36,9
and coasting)
Duration of cold standby time n;/t)n 11 ; 11 ’27 é’i

Figure 7 shows the duration of work modes during the shift. From Table 7 and Fig. 7 it follows that
the duration of traction modes when moving with wagons is 49.5...68.8% of the shift duration, the
duration of traction when moving with a reserve is 7.2...11.4%. The duration of operation of the diesel
engine without a traction load is 18.1...36.9% of the duration of the shift, and falls on both "preparatory”
operations, which are necessary for performing maneuvers, and simple "inside" maneuvering operations.
From 1.7 to 6.4% of the shift duration, the diesel does not work on the diesel locomotive.

Table 7 shows that the Kp coefficient does not exceed 10%, and the maximum value of the Km
coefficient does not significantly exceed 50%, which indicates that for the studied operating conditions,
the full power of the diesel engine is not used.

In general, for the studied case of operation of the ChME3 diesel locomotive in shunting work, it is
established:

— its power is redundant,

— more than 50% of the time, the traction electric drive consumes power up to 50 kW, the most
demanded power reaches 200 kW, which corresponds to positions 1...4 of the driver's controller, peak
power is 460 kW;
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- when the weight of the composition increases, work is carried out with higher power values.
Thus, the above information testifies the possibility and expediency of using a less powerful diesel
engine on a locomotive in cases of its use, similar to the one under study.

a) b)
® Traction when moving with
wagons
® Traction when moving with a
36,9 reserve
Hot standby/coasting
m Cold standby
¢)

Fig.7. Duration (relative) of locomotive operating modes (a — shift 03.23-24.2021, b — shift
03.24.2021, c — shift 03.24-25.2021)

An important direction of improving the traction and energy characteristics of the locomotive for
shunting work is the use of energy-efficient traction electric motors and optimization of their control.
Traction motors TE0Q06 are used in UME3 diesel locomotive, in accordance with the recommendations
[37]. The calculation of their efficiency taking into account the parameters of the external characteristics
of the generator at the positions of the driver’s controller [38] shows that the efficiency of the electric
motors varies from 27% to 50% at high current values, that flow through the traction electric motors,
when the locomotive moves and moves at low speeds. And it is precisely these modes of operation that
prevail during the "disassembly" of trains on the sorting slide or maneuvers with "shocks". Since such
modes of operation are the most common, it is advisable to use traction electric motors that have
significantly higher energy efficiency indicators in such modes. The paper [9] proposed the use of
asynchronous traction electric motors simultaneously with the replacement of axial gearboxes. In [8],
the use of valve-inductor motors is proposed. When creating the HD300 diesel locomotive, synchronous
electric motors with excitation from permanent magnets were used [39]. In [40], the structure of the
traction system of a hybrid shunting diesel locomotive was investigated.

The wide range of changes in the mass of the train also draws attention, and therefore the possibility
of optimizing the number of working traction motors depending on the mass of the trains: it is advisable
to turn off part of the traction motors when working with trains of small mass, because this reduces
losses in the traction electric drive.

An important aspect of energy saving is the optimization of locomotive auxiliary systems, which can
account for up to 20% of total energy consumption. Reduction of energy consumption is provided both
by the use of energy-efficient equipment and by controlling its operating modes.
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Since energy accumulators can be used on locomotives, in order to reduce operating costs, it is
advisable to provide for the possibility of charging the on-board energy accumulator from an external
source with a low energy cost [41-44].

Thus, the analysis of the parameters of the operational modes of the YUME3 diesel locomotive when
performing shunting work shows the inconsistency of its characteristics for this work. To improve a
diesel locomotive, and even more so when creating a new one, it is necessary to take into account the
operating conditions and the application of modern energy-saving technologies.

Conclusions. Modern trends in the modernization and creation of shunting locomotives are
considered. Currently, the most common for old diesel locomotives is remotorization with the renewal
of traction electrical equipment. When creating new locomotives, hybridization of their power plants is
used.

The operating parameters of the shunting diesel locomotive at the Kozyatyn-I station were analyzed.
Based on the results of the analysis, it was established that for the studied case of shunting operation,
the power of the diesel locomotive is excessive, and its traction electric drive operates with low
efficiency. The use of the ChME3 diesel locomotive in such conditions leads to increased consumption
of fuel and energy resources for shunting operations.

For the investigated case of shunting work, it is advisable to use a locomotive with a power of about
500 kW. The type and structure of the power plant and traction electric drive must be optimized for low-
speed operating conditions.
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pobotu

Bukxonano oensio cyuacnux Hanpamié OHOGNEHHA MAHeBPOBUX JIOKOMOMUGIS, sKi 3ACHOBAMI HA
3acmyeanHi OOpmMoGUX HAKONUYyeauie enepeii, 6a2amoou3eNbHUX CUNOBUX eHePeMUYHUX YCIMAHOBOK,
eHepeemuyHUX YCMAHOB0K HA OCHOGI 600Hegux Odicepen enepeii. [lokazano neobXioHicmv 6paxyeaHHs.
VMO8 eKxcniyamayii Maneepoeo2o menioeosa npu eubopi eapianmy oHoenenus. Pozenanymo pedcumu
eKxcniyamayii MaHesposux meniogo3ié npu UKOHAHHI MAHE8POBUX ONepayiti Ha 6AHMANCHIU CIAHYIT
Koszamun-I npomseom mpvox 3min. [lnsxom ananizy Oanux 6opmosoi cucmemu bBIC-P ma
ONPAaYI08AHHA MAPWPYMHUX JUCMIE U3HAYEHO NaApamempu eKCniyamayitiHux pesicumis. Bukonano
PO3DAXYHKU NOKAZHUKIG BUKOPUCTHANHS NOTYICHOCTH OU3ETLHO20 O8USYHA, 34 AKUMU GCIAHOBNIEHO, WO
NOBHOMY BUKOPUCTHAHHA GCMAHOBIEHOI NOMYNHCHOCHI Ou3envb-2eHepamopa ckiadae 7,5...8,4%, a
MAKCUMATbHA NOMYICHICMb  Qu3sens, AKa 3aikcosana y O0CHIONCY8AHUX YMOBAX eKCHAyamayii,
ckaadae 6nusvko 50%. Tpusanicms pobomu 3 msazosux HasaumadiceHusm ckaaoac 49,5...68,8% uacy
sminy. Hatibinow mpusanumu — 55...60% 3azanvnoi mpuganocmi pobomu nio mseor — € pexicumu 3
nomyaxcuicmio  0..50xkBm. Tpusanicme pobomu 0e3 wnasanmadicenns ckaadae 18,1...36,9%
mpuganocmi 3minu. Buxonysana manesposa poboma nos’szana 3 GopmyeaHHsaMm i po3ghopmysanuam
coCmagis, y momy 4ucii 3 GUKOPUCMAHHAM COPMYBANbHOI 2iPKU, GHACTIOOK 4020 MA208a nepedayd
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Calculation of the parameters of the electromechanical shock absorber of the high-speed
electric train

The article examines the issue of the chassis system of a high-speed electric train with body
inclination and a vibration recovery system. The advantages of using an electromechanical shock
absorber over hydraulic, pneumatic and similar systems are described. The authors considered the main
characteristics of the DC electromechanical shock absorber. The main overall parameters of the shock
absorber were presented. Attention is paid to the relevance of using an electromechanical shock
absorber of a linear type, in comparison with analogues, including the ability to recover energy.
Attention is drawn to the structure of the DC electromechanical shock absorber. The functional control
scheme of the electromechanical shock absorber is considered and the control algorithm is described.
The calculation areas of the parameters of the electromechanical shock absorber are determined. A 3D
model of an electromechanical shock absorber in the Ansys Electronics software environment is
presented. A finite-element mesh was built for further calculations of the magnetic field and inductance.
In the article, attention is paid to the calculation of the magnetic field in the most intense mode. A picture
of the shock absorber's magnetic field at the maximum working clearance was obtained and interim
results were discussed. The results of calculating the inductance depending on the operating gap of the
shock absorber are presented. Conclusions were made based on the results of calculations of magnetic
and electrical parameters of an electromechanical shock absorber based on a linear direct current
motor.

Keywords: electromechanical shock absorber, recuperation, body tilt, electric rolling stock,
oscillations.

Introduction. Modern railway transport is a complex logistics system that requires solving issues
related to traffic safety and the speed of electric rolling stock, which is primarily determined by its
driving performance [1]. These indicators depend on many factors: the traction system, which over time
has undergone many improvements in the control system, the traction motor and the undercarriage
system (suspension) [2, 3].

One of the ways to increase the speed of rail transport is the use of electric rolling stock with body
tilting mechanisms. This technology allows you to significantly increase the speed of trains when
passing curved sections of the path, which is an alternative to creating a new infrastructure for high-
speed railways. The prospect of applying body tilting technology for high-speed traffic is confirmed by
the successful operation in 15 countries of the world of more than 60 types of trains, which are created
by the world's leading manufacturers of railway electric rolling stock.

The application of the technology of tilting car bodies in railway rolling stock has a history of more
than 50 years. The first studies and experiments on reducing the centrifugal force affecting passengers
and increasing the speeds of movement in curves were carried out from the end of the 1930s by the
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companies Deischl and Van Dorn & Beemer. In 1938, the Pullman Palace Car Company built an
experimental car with a tilting body, but the lack of vibration damping provoked the appearance of
symptoms of "seasickness" in passengers. In 1956, the Pullman Palace Car Company built two Train-X
trains, the first tilting trains in commercial operation. These trains were equipped with a passive body
tilt drive and were withdrawn from service after a short period of time due to unsatisfactory running
qualities [4].

Analysis of recent research and problem statement. In high-speed trains, pneumatic, hydraulic,
and electromechanical systems are used as body tilt drives, which have few advantages and
disadvantages [5]. The hydraulic system has a large number of lines and devices that work under high
pressure, which reduces the overall reliability of the system and increases the likelihood of leaks of the
working fluid. The pneumatic system, the device of which, in fact, is similar to the hydraulic one, has
an increased activation time due to the low density of the working medium - air. However, its elements
are directly present in every type of pneumatic spring suspension without which it is already impossible
to imagine modern high-speed electric trains. The electromechanical system used on modern trains does
not provide the ability to independently return the body to its original position in the event of a power
outage or other emergency situations, which directly affects traffic safety. Also, a large amount of energy
is required for the operation of the described body tilting systems [6].

Currently, there are many energy accumulators in trains, which can be additionally fed with the
energy that occurs when damping oscillations with an electromechanical shock absorber [7, §].

Thanks to the installation of an electromechanical system of tilting the body and recovery of
oscillations in the undercarriage of electric locomotives, it is possible to increase the carrying capacity
of the railway, thereby solving the problem of long-term passenger transportation in Ukraine. When
using this system together with the pneumatic system, it is possible to cover the entire frequency range
of oscillations and stabilize the oscillatory characteristics of the body, which will increase the comfort
for passenger transportation [9].

It was previously determined that the use of a direct current electromechanical shock absorber can
provide several functions: tilting of the body when turning with rolling stock, and recuperation of
oscillations, which will ensure the accumulation of energy for its own needs [10]. At the same time, the
system requires less maintenance than pneumatic or hydraulic systems, and is less complicated to
operate.

The electromechanical shock absorber control system can be based on a microcontroller that can
monitor the angle of the body relative to the horizon in real time, and perform its work both on the basis
of algorithms and on the basis of artificial intelligence [11].

The purpose and tasks of the research. Presentation of the main weight and size characteristics of
an electromechanical shock absorber. Construction of a 3D model of an electromechanical shock
absorber in the Ansys Electronics software environment for calculating the inductance of the stator
windings at a different set angle of inclination of the body (working gap of a linear motor) [12].
Obtaining a picture of the magnetic field of an electromechanical shock absorber in the working range.

Research materials and methods. The electromechanical drive, which is installed in the suspension
system of moving vehicles (usually automotive equipment [13]) is a combination of a stepping electric
motor, a reducer and a screw pair that ensures linear movement of the rod. The presence of a screw pair
in this type of drive eliminates self-return of the body to its initial position due to its jamming when the
power is turned off. However, this type of power drive has balanced weight and size indicators, high
speed, low maintenance, and a wide range of adjustment. This led to the use of an electromechanical
drive on most trains with tilting bodies currently produced.

Air-spring suspension meets the requirements of electric rolling stock, but requires additional
equipment and its maintenance, therefore, an electromechanical shock absorber can be part of the chassis
of a high-speed electric train together with air-spring suspension, which will allow covering the entire
range of oscillations [14, 15]. The most effective application of an electromechanical shock absorber is
when damping frequencies in the range of 1-500 Hz. A comparison of a synchronous type linear motor
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and a direct current linear motor was considered, where the advantages of a linear motor were described.
First of all, it is ease of management and maintenance.
Thus, let's focus on the design shown in fig. 1.
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Fig. 1. DC electromechanical shock absorber: 1 — anchor; 2 — stator winding; 3 — stator

Table 1 shows the main overall characteristics of the electromechanical shock absorber.

Table 1. The main overall characteristics of the electromechanical shock absorber

Parameter Value Notes

Dy 450 mm The diameter of the electromechanical shock absorber
D; 400 mm The diameter to the end of the stator winding

D; 292 mm The diameter of the anchor assembly

Dy 110 mm The diameter of the anchor pipe

[ 510 mm The length of the electromechanical shock absorber

[ 56 mm The length to the stator winding

o 5° The angle of inclination of the tip of the anchor

This type of motor is distinguished by its simple design, the stator winding has one phase.

The functional diagram of the control system for two linear direct current motors is shown in figure
2. The motors are controlled as follows: a AC voltage to the diode rectifier (block 1), after which a direct
current voltage is obtained at the output of the block and passes to the direct current (DC) link
(DCL - block 2). The DCL includes a passive filter, namely: a capacitor and an inductor. The DCL is
connected to the thyristor blocks (block 4, 5), which supply voltage to the linear motors (block 6, 7).
Thyristors are controlled by a microcontroller block (MC - block 3), while the optimal pulse width
modulation (PWM) frequency is 1-3 kHz [16, 17]. Measuring the angle of inclination relative to the
horizon can be done using an accelerometer, which can provide initial position information, and a
gyroscope, which measures angular velocity.
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The control scheme is similar to the control scheme of a synchronous linear motor, but differs in the
absence of transistors and the presence of thyristors, which reduces the cost of the control system. At
the same time, the force is practically not affected by the position of the anchor relative to the frame,
which ensures the stability of the damping forces in the case of gaps between the body and the trolley.
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Fig. 2. Functional control scheme of a direct current linear motor

The calculated range of electromechanical shock absorber parameters consists of the following parts:

— subarea of the stator of the electric motor (Fig. 5): material — electrical steel 2211;

— subarea of the electric motor armature (Fig. 5): material — electrotechnical steel 2211;

— subarea of the armature winding of the electric motor (Fig. 5): the material is copper, while the
magnetomotive force (MMF) of the armature is 70,000 A (working gap 70 mm), with the number of
turns 175;

— subarea of the air (Fig. 5): material — air;

— an additional subarea of the working gap of the electric motor (Fig. 5): the material is air, which is
necessary for the correct calculation of the magnetic field in the air gap.

At the same time, the steel filling ratio is 0.95; the sheet thickness is 0.5 mm for both the stator and
the armature.

The calculation of the magnetic field by the finite element method was carried out using the Ansys
Electronics software complex.

Based on the maximum angle of inclination of the high-speed electric train body; and the traction
and loading characteristics of the electromechanical shock absorber, which is presented in Figure 3
(where x is the working clearance of the linear shock absorber), it is rational to obtain a picture of the
magnetic field in the most intense mode of operation of the tilt drive - critical and modes close to it at a
maximum tilt angle of 7°, which is equal to the working gap of 70 mm. At the same time, for further
simulations of the slope and recovery of oscillations in the MATLAB Simulink software environment,
and the obtained polynomial, the inductance calculation must be performed over the entire operating
range of the electromechanical shock absorber, which corresponds to the value from 0 to 70 mm, with
an optimal step of 5 mm.
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Fig. 3. Traction and loading characteristics of an electromechanical shock absorber

A 3D model of an electromechanical shock absorber was built in the Ansys Electronics software
environment, which is presented in Figure 3.

0 = 250 =4 500 (mm) e

Fig. 4. 3D model of an electromechanical shock absorber (working gap 0 mm)
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| ]
0 250 500 (mm)
Fig. 5. Cross-sectional model of an electromechanical shock absorber (working clearance 70
mm)

In fig. 5 shows the resolution of the problem of calculating the magnetic field using the finite element
method in an axially symmetric form. To limit the calculation area, an additional surface is introduced,
which when setting the problem is Region (Fig. 3).

To correctly calculate the electromagnetic force, it is necessary to calculate the magnetic field in the
air gap. The following mesh generation parameters are set: for the sub-region of the working gap, the
initial radius of the mesh generation is 0.5 mm, and for other sub-regions, it is set to adaptive (Fig. 7).

Electrical steel 2211 has a magnetization curve, which is presented in the figure 6.

T T T T
0.00E+00 2.00E+05 4.00E+05 6.00E+05 8.00E+05 1.00E+08
H (A_per_meter)

Fig. 6. The main magnetization curve of electrical steel 2211
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Fig. 7. Finite element mesh

Maxwell's stress tensor determines the force on a unit area due to the magnetic field on the surface.
The differential force is calculated according to the formula 1.

dF =2 [H, - (B-1)+B - (H, ) — (H,-B)-n,], M

where n means the normal state of the direction to the surface at the calculated point, B, Hm —
magnetic field induction and stress at the calculated point.

Further, in the paper, calculations of the magnetic field for an air gap of 70 mm were carried out
using the finite element method. Pictures of magnetic fields are given in the figure 8.
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Fig. 8. The model of the coaxial linear direct current electromagnetic type motor and the
results of the calculation of the magnetic field at a maximum working gap of 70 mm

Based on the obtained result of the calculation of the magnetic field of the electromechanical shock
absorber with a maximum working gap of 70 mm, and the data from Figure 6, namely, the main
magnetization curve of electrical steel 2211, we can fully conclude that in the most critical mode of
operation from body inclination and vibration recovery ( the angle of inclination is 7°), the magnetic
wire does not enter the saturation mode, which will provide us with the predicted operation of the shock
absorber as part of the suspension system of the high-speed electric train.

Further, in the work, the inductance of the linear type electromechanical shock absorber was
calculated depending on the working gap of the shock absorber in the Ansys Electronics (Magnetostatic)
software environment:

- the range of the working gap of the shock absorber 0 mm-70 mm;

- the step of the working gap is 5 mm.

The result of calculating the inductance with a maximum working gap of 70 mm is presented in

Figure 8. The results of calculating the inductance in the entire given range are presented in Table 2.

Matrix1. LWinding1 Winding1) [mH]
Setupl : LastAdaptive

1 0.000000 32.0668E0

Fig. 8. The result of calculating the inductance of the shock absorber with a maximum
working gap of 70 mm

frmove
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Table 2. The result of the calculation of the inductance of the electromechanical shock
absorber depending on the working gap (range of the working gap 0 mm-70 mm)

Ne | Working gap of the | Inductance, mH
shock absorber, mm
1 0 40,6
2 5 39,8
3 10 39,1
4 15 38,9
5 20 37,7
6 25 37,2
7 30 36,7
8 35 35,9
9 40 35,4
10 45 34,8
11 50 34,4
12 55 33,6
13 60 333
14 65 32,6
15 70 32,1

Conclusions.

1. An alternative system of the undercarriage of a high-speed electric train is presented, which will
allow performing the work of tilting the body and recuperating vibrations, and at the same time have a
number of advantages over hydraulic and pneumatic systems, including in terms of speed and ease of
maintenance.

2. A 3D model of an electromechanical DC shock absorber was built in the Ansys Electronics
software environment. The criteria of the finite-element mesh, calculation zones, etc. are defined.

3. The results of the calculation of the magnetic field at the maximum operating gap of the
electromechanical shock absorber of 70 mm are presented, showing the maximum value of induction in
the steel of the shock absorber of 2.2 T, i.e., it does not enter the saturation mode, which ensures the
predicted operation of the shock absorber.

4. Calculations of the inductance of the electromechanical shock absorber depending on the angle of
tilt of the body in the range from 0° to 7° (the working gap of the electromechanical shock absorber in
the range from 0 mm to 70 mm) are presented, from which a polynomial will be obtained in the future
and synthesized into a mathematical model of a high-speed electric train in the software MATLAB
Simulink environment.
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Po3paxyHok napameTpiB eJ1eKTPOMEXaHIYHOI0 AMOPTH3ATOPA MIBUAKICHOIO
eJICKTPOoMnoi3aa

Cmamms po3enaoae numarHs cucmemu Xo0080i YacmuHu WeUOKICHO20 eJleKmpOnoi3oy 3 HAXUIOM
Ky3068a ma cucmemoro pekynepayii koaueansv. Onucano nepesazu 6UKOPUCHAHHA e1eKMPOMEXAHIYHO20
amopmuszamopa nepeo 2iOpasiuHo0 CUCMEMOI0, NHEBMAMUYHOW MA AHAN02IYHUMU. Aemopamu 6y10
PO32NAHYMO OCHOGHI XAPAKMEPUCUKU eNeKMPOMEXAHIYHO20 AMOPMU3AmMopa NOCMIUHO20 CMPYMY.
Byno npeocmaeneno ochosui eabapummui  napamempu amopmuszamopa. Ilpuodinaemoca ysaea
AKmMyanbHOCMi GUKOPUCTHAHHS eeKMPOMEXAHIYHO20 AMOPMU3AMOPA TTHIUHO20 MUNY, ' NOPIGHAHHI 3
AHANI02AMU Y MOMY YUCT U Y MONCTUBOCHIE pEKYnepysamu eHepaiio. 36epmacmucs yeaza Ha CMpyKmypy
ENeKMPOMEXAHIUHO20 AMOPMU3IAMOPa NOCMIUH020 cmpymy. Pozensmyma ¢yukyionanvna cxema
Kepy8aHHsl eNeKMPOMEXAHIYHUM AMOPMUZAMOPOM MA ONUCAHO aN20pumm Kepyeawuus. Busnaueni
PO3PAXYHKOGI 0bacmi napamempie enekmpomexaniynozo amopmuszamopa. Ipeocmasnena 3D modens
EEKMPOMEXAHIUHO20 aMOpMu3amopa y npocpamuomy cepeoosuwyi Ansys Electronics. Ilob6ydosana
KiHYeBo-eNeMeHmHA CImKa 05t ROOANLUUX PO3PAXYHKIE MASHIMHO20 N0 MA iHOYKmueHocmi. ¥ cmami
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NPUOINSIEMBCS Y8a2a PO3PAXYHKY MASHIMHO20 NOJSL Y HAUOITbW HANPYICEHOMY pedicumi. Ompumano
Kapmuny MacHimuo20 Nojis amopmu3amopa npu MAKCUMATbHOMY poOOYOMY 3a30pi ma 002080peHo
npomidickosi niocymku. Ilpedcmasneni pezyromamu po3apaxyHKy IHOYKIMUBHOCHI 8 3ANelHCHOCMI 810
Po601020 3a30py amopmuzamopa. 3pobieHo GUCHOBKU 34 Pe3YIbMAamoM PO3PAXYHKI6 MACHITMHUX Ma
CNEKMPUUHUX NAPAMEMPIE  eNeKMPOMEXAHIUHO20 amopmuzamopa Ha 0asi JAiHIHO20 O08U2YHA
HOCMILIHO20 CIPYMY.

Knrouosi cnosa: enexmpomexaniunuti amopmusamop, pekynepayis, Haxui Ky306d, eneKmpopyxomuti
CKA0, KONUBAHHA.
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Experimental studies of truck transport brake pads materials friction properties

The work presents the results of experimental systematic studies of "wheel-brake pad" friction pairs
wear resistance and the effect of the wear-resistant coating on the wear, in particular, from metal-
ceramic friction materials (OMK-8), carbon composite materials (BBKM) in comparison with carbon
steel of grade 45. It was established that the instantaneous values of brake pads friction coefficients
during the tests on inertial stand are random in nature and require the use of mathematical statistics
methods for their analysis. Change nature in pads and wheels friction force instantaneous values is
determined by pressing forces. It is shown that the mathematical expectation of the friction coefficients
values is within the normalized permissible interval. The probability of friction coefficients
instantaneous values matching into the normalized interval at a pressing force of 10kN is 0,6-0,8 for
speeds up to 60 km/h, for the rest is more than 0,8 at pressing force of 20kN, the specified probability
exceeds 0,85 for the entire range of speeds. With a pressing force of 20kN, the probability of values
exceeding the normalized interval does not exceed 0,15, with a pressing force of 10kN, the friction
coefficients exceeded the maximum normative values more than 0,35 for speeds up to 40 km/h. It has
been established that the most wear-resistant pads are coated with metal-ceramic material (OMK-8)
and carbon-carbon composite materials (BBKM). It is shown that the described technique based on the
mathematical statistic application allows to perform more in-depth analysis of freight wheeled road
trains brake pads frictional properties.

Keywords: mathematical statistics, friction, destruction, friction materials, friction pairs wear

resistance.

Introduction. In modern period of development of industry manufacture of Ukraine, the problem of
basic foundations creation for transport equipment development has arisen. It concerns, in particular,
issues of friction and wear in transport machines. The relevance is due to the fact that the current state
of technology development is characterized by strict conditions of the most diverse transport systems
operation, which is associated with an increase in specific loads due to increase in capacities; speeds;
by the action of complex static cyclic and dynamic loads; under the impact of various corrosive-active
environments as well as temperature [1-3]. It is known from operational practice that 70-80% of
disruptions in normal functioning or complete failure of technical systems are caused by the failure of

35


http://orcid.org/0000-0001-9178-9657
https://orcid.org/0000-0003-0510-4362
https://orcid.org/0000-0002-2506-7020
http://orcid.org/0000-0001-6803-0706
https://%D0%BErcid.org/0000-0003-1252-4231
https://%D0%BErcid.org/0000-0003-1252-4231

e-ISSN 2617-9059 Transport Systems and Technologies, 41, 2023

tribosystems elements due to surface destruction as a result of wear and tear and other accompanying
processes - fretting erosion, etc. Therefore, increasing the friction units durability was and remains one
of the most important technical problems of modern times in terms of reliability increasing and service
life extending for transport vehicles [4-7]. However, despite the large volume of publications on this
topic, it can be noted that the diversity, large volume of experimental material and often uncertainty and
contradiction of information regarding the tribological properties of the material [8, 9] involved in
friction and wear pairs leads to the need to find an additional resource in increasing the wear resistance
properties of brake pads material, in particular of transport trucks [10, 11].

Therefore, we provided additional research on brake pads frictional properties in the conditions of
experimental stands, which were as close as possible to the real kinematic and dynamic conditions of
transport trucks operation.

Research purpose and task is to provide systematic experimental studies of brake pads frictional
properties made of different materials.

Research Materials and Methods. Special stand shown in Figure 1 was used in the experiments.
Express tests on dry friction were carried out for brake pads material selection (possible case of braking
wheel pair operation in the dry friction mode was simulated on the stand) together with specialists of
Powder Metallurgy, SPA (Belarus) and the Institute of Electric Welding named after Ye. O. Paton of
the National Academy of Sciences. Pads samples with coatings testing for wear resistance during dry
friction was carried out for 45 minutes at a specific pressure of 0.6 MPa and a counterbody rotation
frequency of 80min™', the counterbody was a disc made of hardened steel 40XH. Carbon structural high-
quality steel 45 was used as a reference sample of brake pads. Pads were made of two types: ®MK-8
metal-ceramic friction (iron-based), "carbon-carbon" composite materials BBKM. In the first case, the
main characteristics that were subject to registration were determined, in particular: wheel rotation linear
speed; time from the start of braking to complete stop of the wheel; instantaneous value of pad pressing
force on the wheel; instantaneous value of friction force; wheel heating temperature.

The results of experimental studies are shown in Figures 1-10.

e

Fig. 1. Stand for Determining the Frictional Properties of Brake Pads

The instantaneous friction coefficient is defined as instantaneous value of the friction force to
instantaneous value of the pressing force ratio. It was established that the registered parameters are
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random values, so their processing requires the use of statistical methods of analysis.

Pressing forces, friction forces and friction coefficients changes during braking data analysis (Fig.
2) shows that the instantaneous values of pressing forces change according to the harmonic law relative
to the average nominal value, while the change in friction forces has a deterministic nature.

Decisive factor affecting the nature of change in the instantaneous values of friction coefficients is
the pressing force (Fig. 2), therefore it is appropriate to determine the instantaneous values of friction
coefficients as instantaneous values of friction force to nominal (average) value of pressing force ratio.

For statistical processing, the entire set of measured parameters was divided into separate arrays
according to fixed braking speeds with an interval of Skm/h, while the initial speed was 20km/h [12,
13].

As a statistical law of pad pressing the wheel force distribution, the normal distribution law was
adopted, for which the distribution function and probability density have the form:

(x—a)?
F(x) = f_ e 202 dx (1)
1 (x—az)2
(p(x) - \/ﬁ'ﬂ' e 20 (2)

where o and 6 2 - are the mathematical expectation and variance of the random variable x.
Confidence intervals for mathematical expectation were determined by the formula:

g
X —Zpy - \/_<a<x Zp2 o= o 3)
where x — is sample average of n independent values;
Zp1 - 18 the quantile of the normalized normal distribution
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Fig. 2. Processes of changes in registered parameters during braking with an initial speed of
80km/h.
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Probability distribution densities of instantaneous friction coefficients (Figs. 3, 4) show that their
value increases as the rate of dispersion of changes decreases. The instability of the friction coefficient
at low speeds of wheel rotation can be due to the impact of the temperature of both the wheel itself and
the brake pad, however, this statement requires experimental confirmation, since during tests on an
inertial stand, the temperature is measured only on the wheel.

Despite the fact that the average values of friction coefficients (Figs. 5, 6) are in the given normalized
range of permissible values of friction coefficients [14], nevertheless, in order to evaluate the braking
properties of experimental pads, it is necessary to take into account the probability that the instantaneous
value of the friction coefficient will be within the permissible range ([L(V)]min, [U(V)]max)-

Probability of random value is equal to the integral of probability density within these limits [15]:

P = [1Wmax) = J,. (W) + dpt = 1= F(W)lmax); “)

where [WW(V)]min,[M(V)] max are, respectively, minimum and maximum normalized values of friction
coefficients established [15] for speed v.
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Fig. 5. Friction Coefficients Average Values at Pad Pressing the Wheel Force of 10kN

The performed calculations showed that the probability of friction coefficients instantaneous values
matching into the normalized interval [14] at a pressing force of 10kN is 0,6-0,8 for speeds up to 60km/h,

for the rest is more than 0,8 at pressing force of 20kN, the specified probability exceeds 0,85 for the
entire range of speeds.
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Fig. 6. Friction Coefficients Average Values at Pad Pressing the Wheel Force of 20kN

When analyzing the friction properties of a brake pad, it is necessary to analyze the maximum and
minimum values of friction coefficients, since high friction coefficients can lead to damage to the surface
of wheel pairs during braking, and low ones - to insufficient braking efficiency of a truck. The
probability of the pad friction coefficients exceeding the maximum normalized value is determined by
formula (5)[2], and the probability that the friction coefficients will be below the minimum normalized
value is determined by formula (6) [2]

P = [0Wmax) = J, (W) + dpt = 1= F(1W) ] max) )

P < [0 Imin) = [22 p(0) - dp = F([0O) Imin) (6)

Calculation studies show that with a pressing force of 20kN, the probability of the values of friction
coefficients exceeding the normalized interval does not exceed 0,15, and with a pressing force of 10kN,
the probability of the friction coefficients exceeding the normative values for speeds up to 40km/h
inclusive is more than 0,35.

The high probability of the friction coefficients exceeding the maximum normative values at a
pressing force of 10kN requires an analysis to be carried out under the condition of preventing a sliding
situation. As a criterion, the limit coefficient of wheels adhesion with asphalt was used. Results of the
calculation showed that the maximum probability of slipping is 0,55, that is, it should be expected that
out of a hundred cars operated on experimental composite pads, only five vehicles can have a slip on
wheel pairs.

Friction coefficients instantaneous values coefficients of variation (range) which are defined as
standard deviation to the mathematical expectation ratio, show that with a pressing force of 10kN, the
maximum values of the coefficients of variation correspond to speeds up to and including 40km/h, and
with a pressing force of 20kN - the range of rates (60-80) km/h

In the second part of the experiments, samples wear resistance was assessed by the weight method.
All samples were pre-treated before testing.
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Experiments results showed that the brake pads made of metal-ceramic materials have the highest
wear resistance, and it was noticed that the wear resistance increases with a decrease in the fraction of
material used. These data are in good agreement with the results known from the literature, where it is
recommended to use finely dispersed powders - fractions less than 20pum in order to obtain high-quality
wear-resistant coatings from ceramic materials. The tests were carried out on the MI-IM friction
machine with a special device for introducing a friction pair of abrasive suspended in lubricant to the
point of contact. A lubricant-abrasive mixture was used, which consisted of industrial lubricant 1-20
and 2% boron carbide, with a grain size of 4-5um. The test mode was as follows: friction speed 0,7-1,0
m/s; pressure in the friction pair 2-3 MPa; friction path during one cycle is 3-7km; cycle duration 1-1,5
hours. Wear was determined using I3B-1 length gauge with lum divisions in two mutually
perpendicular planes along two sections. The insert that was worn was measured in the central plane
along two sections.

The intensity of wear during the set period was estimated by the formula:

ISW
IO = (7)
Irp

where I;,, - is wear of the sample in diameter, pm;
Iz, - is friction path during the test period, km.

The friction path during the test period is determined by the formula:
Iy =m-D-N-107°, (8)

where D - is the sample diameter, mm;
N - is the rotation frequency of the sample, min.™.

During the test, the moment of friction of the "wheel - counterbody" pair was determined on the
scale of the registration mechanism after every ten minutes of testing.

Friction coefficient was determined by the moment of friction and the applied load

_ Mms
,L{ - (Rsr 'P)’ (9)

where My, ¢ - is the moment of friction;
R, - is sample radius;
P - is applied load.

Test results analysis (Fig. 7-10, designations for figures are the same) shows that the wear resistance
of the coating made of metal-ceramic powder (fraction 14 um) is higher than the wear resistance of the
coatings made of powder "carbon-carbon" composite materials and the wear resistance of samples made
of steel 45. In the process of samples with coatings wear, the phenomenon of salting the coatings was
observed, i.e. wear gradually decreased after a certain time after the tests beginning. At the same time,
the friction pair accretion period was about 1 hour on average. The end of accretion process was
estimated by the moment of friction and wear stabilization (Fig. 10).

41



e-ISSN 2617-9059 Transport Systems and Technologies, 41, 2023

Tooey JiTE

140
120

100

40

20

0 1 2 3 4 5 thours

Fig. 7. Graphs of sample wear dependence on test intensity:
1 - reference sample made of steel 45; 2 - sample from BBKM; 3- sample from ®MK-8.
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Conclusions

1. It was established that the instantaneous values of brake pads friction coefficients during the tests
on inertial stand are random in nature and require the use of mathematical statistics methods for their
analysis. Change nature in pads and wheels friction force instantaneous values is determined by pressing
forces.

2. It is shown that the mathematical expectation of the friction coefficients values is within the
normalized permissible interval. The probability of friction coefficients instantaneous values matching
into the normalized interval at a pressing force of 10kN is 0,6-0,8 for speeds up to 60 km/h, for the rest
is more than 0,8 at pressing force of 20kN, the specified probability exceeds 0,85 for the entire range of
speeds.

3. With a pressing force of 20kN, the probability of values exceeding the normalized interval does
not exceed 0,15, with a pressing force of 10kN, the friction coefficients exceeded the maximum
normative values more than 0.35 for speeds up to 40 km/h. The maximum probability of slipping
corresponds to a speed of 30 km/h with a pressing force of 10kN and is 0,55. At the same time, the
variation coefficient at a pressing force of 10kN corresponds to the speed range of (20-40) km/h, and at
a pressing force of 20kN - (60-80) km/h.

4. It has been established that the most wear-resistant pads are coated with metal-ceramic material
(D®MK-8) and carbon-carbon composite materials (BBKM).

5. It is shown that the described technique based on the mathematical statistic application allows to
perform more in-depth analysis of freight wheeled road trains brake pads frictional properties.
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Excnepumenmanshi 0ocnioxycennsa ppukyiiinux énacmugocmeii Mamepianie 2aibMi6HUX
KO1000K 6AHMANCHO20 MPAHCHOPHLY

B pobomi naeedeni pezynomamu excnepumMeHmanrbHuxX CUCTMEMHUX O0CTIOdNCeHb 3HOCOCMIUKOCMI
nap mepms “‘Koneco-2anbMi6Ha KOI00Ka” i GNIUG HA 3HOULYBAHHS 3HOCOCIIKO20 NOKPUMMSL, 30KpeMa
3 Memanoxkepamivnux puxyiinux mamepianie (OMK-8) syeneyesux komnoszummuux mamepianie BBKM
6 NOPIGHSHHI 3 8y21eyesol0 CIMALI Mapku 45. Becmanoeneno, wo mummesi 3Hauents Koepiyicnmis
mepms  2aNbMI6HUX KOAOOOK Npu GUAPOOYEAHMAX HA IHEpYiliHOMY CMEHOI Marmv SUNAOKOBUX
Xapaxmep i 6umazaioms Oisi C6020 AHANIZY 3ACTNOCYBAHNSA MemOoOie Mamemamuunoi cmamucmuxu. Ha
xapaxmep 3MIHU MUTHIMEGUX 3HAUEHb CUTU MEPMs KONOOOK 1 KOMIC GUIHAUAIOYUL 6NAUE 30IUICHIOIOMb
cunu wamucxkaunsi. Illokasano, wo mamemamuune cnodi6anHs 3HAYEHb Koeiyicumie mepms
3HAXOOUMbCSL 8 MEANCAX HOPMOBAHO20 OONYCMUMO20 IHmMepsany. IMogipHicmb HONAOAHHS MUMIMEBUX
3HayYeHb KoeghiyieHmie mepms 6 HOpMOGaHull iHmepsan npu cuni namuckauua 10kH cxnaoae 0ns
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weuoxocmeti 0o 60km/200, 0,6-0,8 ons pewmu — 6invwe 0,8 npu cuni Hamuckanns 20kH, exazana
imogipricmo nepesuwgye 0,85 0na 6écvozco Odianazony weuoxocmen. Ilpu cuni mamuckanna 20xH
iMOGIpHICMb BUXOOY 3HAYEHb 3d HOpMOGaHull iHmepsan He nepesuwye 0,15, npu cuni namuckanns 10xkH
nepesuwjents KoeqQiyicHma mepms MAKCUMATLHUX HOPMAMUGHUX 3HAYEHb O weuokocmetl 00
40xkm/200 cknadae Oinvwe 0,35. Bcmanoeneno, wo HaubiIbuio 3HOCOCMINUKICIMIO 60J100iI0Mb
NOKpUmmsi KOJNOOOK 3 Memanokepamiuno2o mamepiany (OMK-8) i eyeneyv-gyeneyesi KOMHO3UmHI
mamepianu (BBKM). Ilokazano wo 6uxiadeHa memoouka HaA OCHOGI 3ACMOCYBAHHS anapamy
MamemMamu4Hoi  cmamucmuky  003680J5€  Npogooumu  Oiibul  2AUOOKUL  aHANi3  QPUKYITIHUX
81ACMUBOCTEN 2ATbMIGHUX KOJIOOOK BAHMANCHUX KOJICHUX A8MON0i3018.

Knrouosi cnosa: mamemamuuna cmamucmuxa, mepms, PYUHYSAHHS, @pukyitini mamepiany,
3HOCOCHIUIKICIb Nap mepmsi.
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Comparative analysis of damages and defects in rails of different railway transport
systems

This article provides an analysis of the accumulation of detected damages and defects in the rails of
two transportation systems - urban (metro) and mainline railway transport. Summarizing the analysis
conducted, it should be noted that defects according to figures 10 and 11 are more often encountered
on the tracks of the Kyiv Metro. At the same time, defects according to figure 27 are more often
encountered on the tracks of the mainline railway transport, and it is also worth noting a wider range
of defects, the share of which does not exceed 5%. According to the authors, this is related to the
peculiarities of the conditions for operating transportation systems, particularly the load on the axle of
the moving equipment, the movement characteristics, and other operational parameters. In order to
make more accurate conclusions, it is necessary to perform a number of works using mathematical
modeling methods to take into account the influence of individual parameters on the accumulation of
defects and damages in rails.

Keywords: rolling stock, transport system, wheel pair, rail, railway track, defect, damage, fatigue,
cracking.

Introduction. One of the most common types of transportation in every country in the world is rail
transport. This type of transport provides passenger transportation in large cities, intercity and
international connections. A significant share of freight transportation falls precisely on rail transport
[1]. To ensure the transportation process, the railway transport system must provide uninterrupted and
safe train traffic. The railway infrastructure is a significant part of the railway transport system, and the
organization of a safe and timely transportation process depends largely on its technical condition [2,
3]

The interaction of the rolling stock and the railway track (the weight of the wagon, the speed of
movement, the intensity of the applied loads), the influence of natural factors - air temperature (frost
causes cracks in the railway track, heat - track buckling, primarily in continuous welded rail),
precipitation (rain, snow melting lead to washouts or moistening of the ballast layer), and human factors
(untimely or poor elimination of malfunctions that arose during operation) have a significant impact on
the speed of appearance of damage and defects in the elements of the railway track and rolling stock.

To ensure the safety of trains traveling at established speeds, periodic monitoring of the condition of
railway infrastructure is carried out. One of the components of the system for ensuring the trouble-free
operation of railway infrastructure is the technical diagnostics of rails using a complex of non-
destructive testing methods. The management of the lifecycle of rails plays an important role in
optimizing the overall costs of railway infrastructure and includes the optimal selection of rail types, rail
diagnostics, and maintenance. This article analyzes the accumulation of detected damages and defects
in the rails of two transportation systems - urban (metro) and mainline railways.
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Analysis of recent research and problem statement. During operation, the condition of rails
gradually deteriorates and their load-bearing capacity decreases, which leads to the need for individual
or overall replacement of rails due to defects formation in them.

Management of damages and defects in rails during rolling contact is of crucial importance for
transport safety worldwide, as uncontrolled development of these defects can cause railway accidents,
including derailments.

A large number of scientific papers and research projects have been published that consider railway
defects from the aspects of metallurgy, testing methods, railway infrastructure, and transport means [6,
7, 8].

The article [9] provides a critical analysis of the classification of rail defects. The general system of
classification of defects in the main transportation system based on their localization, causes, and
external appearance was considered. Special attention was paid to the correspondence of the names and
code numbers of rail defects used in EN standards and UIC recommendations. In addition,
recommendations were presented for improving the coding system based on experience with defects in
the Serbian main transportation system.

The authors proposed a database of rail defects, which should consist of defect photographs,
information about the localization of defects, methods of detecting and classifying rail defects.
Fragments of information contained in the database should be used for planning maintenance activities.
To ensure effective management of rail defects, it is necessary to consolidate data on the design of each
structural element of the track superstructure. The collected data on rail defects and the conditions of
maintenance of the railway transportation system should be prepared for planning comprehensive
maintenance of the railway infrastructure, which allows coordinating structural units responsible for
maintaining the railway infrastructure.

An important factor that affects the speed of defect formation and growth is the stress-strain state of
the structural element being considered. Therefore, it is advisable to use mathematical modeling
methods [10, 11, 12], which make it possible to estimate the stress-strain state of the structure for the
real geometry of the wheel and rail.

To ensure the rapid detection of defects and the determination of priority work on their localization
or timely replacement of defective rails, so as not to allow emergency situations in operation and to
improve the reporting system on defects and damages for their research and analysis in the development
of specific measures to increase the operational work of rails, a catalog of defects and damages of
railway rails of Ukraine [13] has been developed and put into operation.

In curved sections of the railway track, additional forces of interaction with the moving rolling stock
arise [14], which leads to an increase in stresses and strains in rails and as a result to the acceleration of
defect formation and growth in rails.

To form a technical plan for servicing the railway infrastructure of various railway transport systems,
the manager should have information on the types and patterns of accumulation of damages and defects
in rails depending on the type of rolling stock and operating conditions.

The purpose and tasks of the study. The aim of the work is to establish regularities in the
appearance of damages and defects in rails when interacting with various types of rolling stock and
operating conditions. Establishing the main operational, design, and technological reasons for their
appearance.

Tasks:

- conducting a statistical analysis of the appearance of damages and defects in rails in railway
transport systems with different operating conditions;

- establishing the causes of damages and defects in rails depending on the design features of the
rolling stock running gear and train operation modes.

Materials and methods of research. To compare the influence of rolling stock and operating
conditions, rail defect data from the Kyiv Metro and mainline railway transport were analyzed. These
data were obtained during periodic diagnostic measures of non-destructive rail testing.
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When analyzing the operating parameters of these transport systems, it should be noted that the
maximum axle load on the Kyiv Metro tracks is set at 150 kN, while the maximum allowable axle
load for rolling stock on mainline railway tracks is 250 kN [15].

The operating conditions on the Kyiv Metro tracks are characterized by passenger rolling stock
only, short interstation distances with a large number of accelerations and decelerations.

In turn, the operating conditions of mainline railway transport are characterized by a mixed traffic
of passenger and freight trains with a higher average axle load.

We should also note that most of the operating sections of the Kyiv metro are located in tunnels,
which ensures consistent operating conditions, ambient temperatures, and the absence of the influence
of atmospheric phenomena such as rain, snow, wind, etc.

Data on detected defects on the rails of the Kyiv metro over five years of operation and on the
tracks of the mainline railway over two years of operation were analyzed. The entire sample of data
on detected defects was sorted by their code. We will analyze the detected defects separately for each
year of the study, first for the tracks of the Kyiv metro, and then for the tracks of the mainline transport.

Figure 1 shows the distribution of defect codes detected in the rails of the Kyiv metro in the first
year of the study.
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Fig. 1. Statistical distribution of detected defects in the rails of the Kyiv metro in the first
year of the study

As can be seen from the figure, the largest number (26%) is represented by defects with code 11.
Slightly less defects were detected with codes 69 (20%) and 30H (19%). The number of defects with
code 21 was 13%, and with code 17 - 11%.

Figure 2 shows the distribution of defect codes detected in the rails of the Kyiv metro in the second
year of the study.

As can be seen from the diagram, the percentage of defects under codes 11 and 17 increased to
32%. The percentage of defects under code 21 was 11%, while defects under codes 30H and 19 were
7% and defects under code 69 were 6%. It should be noted that there were no defects under code 19
detected in the previous year.
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Fig.2. Statistical distribution of detected defects in the rails of the Kyiv metro in the second
year of the study

Figure 3 shows the statistical distribution of defects detected in the rails of the Kyiv metro on the
third year of research.
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Fig.3. Statistical distribution of detected defects in the rails of the Kyiv metro on the third
year of the study

On the third year of research, the percentage of defects detected under code 11 increased to 43%.
The percentage of defects under code 17 also increased to 21%. The percentage of defects under code
30H was 10%. The number of defects under code 27 increased. While there were no defects under
this code in the first and second years of research, their percentage of the total defects detected in the
third year was 8%. Unlike the previous year, no defects under code 19 were detected. The percentage
of defects under code 69 was 5%. Unlike the two previous years, defects under code 99 were detected,
although their percentage was only 2%.
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Figure 4 shows the statistical distribution of defects detected in the rails of the Kyiv metro on the
fourth year of research.
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Fig.4. Statistical distribution of detected defects in the rails of the Kyiv metro on the fourth
year of the study
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Fig.5. Statistical distribution of detected defects in the rails of the Kyiv metro on the fifth
year of the study

The percentage of defects coded as 17 was 45%, 33% for code 11, and 14% for code 30H. No
defects were found this year for codes 19 and 99.

Figure 5 shows the statistical distribution of defects detected in the Kiev Metro on the fifth year of
research.

The highest proportion of defects were coded as 11, accounting for 48%. Defects coded as 17
accounted for 14%, 21 accounted for 13%, and 30H accounted for 13%.
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Figure 6 shows the statistical distribution of defects detected on the mainline railway tracks in the
first year of research.
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Fig.6. Statistical distribution of detected defects in rails of the mainline railway transport in
the first year of the study
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Fig.7. Statistical distribution of detected defects in rails of the mainline railway transport in
the second year of the study

The highest number of defects were coded as 17, accounting for 42%, followed by 27 at 32%, 19
at 6%, 52 and 53 at 5.2%, and 30H at 4.4%. Figure 7 shows the statistical distribution of defects
detected on the mainline railway tracks in the second year of research.

As shown in the diagram, the highest number of defects this year were coded as 17, at 27.4%. The
number of defects coded as 27 sharply increased to 26.6%. The number of defects coded as 30H also
increased to 10.7%. The proportion of defects coded as 44 accounted for 6.5%, while the proportion
of defects coded as 52 and 53 decreased to 2.4%.
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In summary of the analysis conducted, it can be noted that defects depicted in figures 10 and 11 are
more common on the tracks of the Kyiv metro. Meanwhile, on the tracks of the main railway transport,
defects depicted in figure 27 are more frequent, and a wider range of defects was observed, with none
exceeding 5% frequency.

Conclusions. The dependence of the appearance of various types of damages and defects in rails on
the design characteristics of the running gear of rolling stock and the operating conditions has been
confirmed:

- on tracks within the urban transportation system, specifically in the metro, the more prevalent
damages and defects include metal spalling or shelling on the rail head surface (constituting 26-48% of
such defects). This is due to lower axle loads (150 kN) and a constant acceleration-braking regime
between stations due to shorter distances;

- onmainline railway tracks, the following defects are more intensively observed: transverse cracks
in the rail head with fractures across them, horizontal "H" and vertical "V" cracks in the rail head. This
may be attributed to higher axle loads (up to 250 kN), maximum train speeds of 160 km/h, and train
weights reaching 8000 tons.

The results of the conducted statistical analysis regarding the accumulation of rail defects and
damages in the two transportation systems can be used for further scientific research in predicting the
occurrence of rail defects under different operating conditions in both urban and mainline rail transport.
These results should also be taken into account when developing technical, technological, and structural
measures for their prevention.

To extend the service life of rails, an individual approach is necessary for the track maintenance
system of each transportation system, considering its specific operating conditions.

Conducting scientific research using modern methods of computer modeling of the interaction
between rolling stock and rail tracks in different transportation systems, taking into account the
individual parameters of the wheel-rail system, will allow for determining the influence of structural
and operational factors on the accumulation of defects and damages in rails.
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IlopiBHAILHNI aHAJI3 OMKO/IKEHD i JeeKTiB B pelikax pi3HMX 3aJi3HUYHHUX
TPAHCIOPTHUX CHCTEM

Y cmammi npoeedeno amaniz HAKONUYEHHS BUAGICHUX NOWKOONCEHb I OepeKmié peloK 080X
MPAHCNOPMHUX CUCTHEM — MICbKO2O (Mempo) ma MAZICMpPanrbHO20 3AM3ZHUYHO2O MPAHCIOPMY.
Lliocymosyrouu nposederutl anaiiz, ciio 3aznawumu, wjo Oeghexmu 32i0H0 3 pucynkamu 10 ma 11
yacmiwe 3ycmpivaromocs Ha xouisix Kuigcbkoeo mempononimeny. Ilpu yvomy Oeghexmu 32i0H0 3
pucynkom 27 uacmiuie 3yCmpiuaomvbcs HA KOMISIX MAICMpAanibHO20 3AMI3HUYHO2O0 MPAHCROPMY, d
MAKONC BAPMO GIOHAUUMU OLIbUL WUPOKUL CNEeKmp Oeghekmie, uacmka SKux He nepesuwye 5%. Ha
OYMKY a8mopis, ye nog'a3aHo 3 0COONUBOCMAMU YMO8 eKCHLYamayii MmpaHCcnopmHux cucmem, 30Kpemda
HABAHMANICEHHAM HA  B8ICb  PYXOMO2O OONAOHAHHA, XAPAKMEPUCMUKAMU pPYXYy —md — THUWUMU
eKxcnyamayiuHumy napamempamu. /[is 0iibid MoYHUX UCHOBKIE8 He0OXIOHO 8UKOHAmU PO podim 3
BUKOPUCMAHHAM ~ MEMOo0i8  MAMEeMAmuyHo20 MOOEN8AHHS 0Nl  BPAXYBAHHS 6NIUBY OKPEMUX
napamempie Ha HAKONUYeHHs OeheKmia i NOUKOOINHCEHb PelioK.

Knrwuogi cnosa: pyxomuil ckiao, mpaHcnopmua cucmemd, KOJIicHa napa, petika, 3a1i3Hu4Ha Koiis,
Oehexm, NOUKOOIHCEHHS, 6MOMA, YIMBOPEHHS MPIUJUH.
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Determination of the efficiency of the modernization of passenger car bodies

The authors determined the intensity of the increase in wear of various elements of the body. It has
been established that the lower trim, the roof slope and the lower part of the side wall have the greatest
wear. It is proposed to use aluminum alloys for the modernization of passenger car bodies. The
advantage of such a technical solution is an increase in the corrosion resistance of the body. The
reduction of tare allows to reduce the specific resistance to train movement, reduce fuel and electricity
costs for train traction. To reduce operating costs using the basic provisions of the locomotive traction
theory, calculations were made to determine the energy consumption for the movement of a passenger
train according to the profile conditions of the real section of the regional branch of the Southern
Railway by diesel and electric locomotive traction with the base variant and the variant of passenger
cars with reduced tare weight) in composition of the train. It has been established that the annual
savings in energy costs for the traction of passenger trains when using passenger cars with a reduced
tare weight is about 1 million UAH.

Key words: passenger car, body, resource, wear, modernization, economic effect.

Introduction. Railways of Ukraine have been the main element in passenger transportation for many
years. They own up to 40% from the total passenger traffic.

But the share of passenger transportation by rail is steadily decreasing. One of the reasons is the
significant wear and tear of rolling stock. The vast majority of the inventory of passenger cars owned
by the "Passenger Company" branch has already exhausted its resource, since these cars were mainly
built in the second half of the 20th century. Accordingly, outdated cars do not allow to increase the speed
of movement. Not the least role is played by the poor quality of passenger service.

Increasing the efficiency of railways requires the use of new innovative technical solutions in the
construction of non-traction rolling stock.

Analysis of recent research and problem statement. A number of researches both in our country
and abroad are devoted to the issue of increasing the efficiency of the passenger economy. The results
of studies [1, 2] indicate that significant capital investments are required to update the passenger fleet
with new generation wagons and modernize the infrastructure. Given that passenger transportation for
JSC Ukrzaliznytsia is unprofitable, own funds are insufficient. Involvement of third-party investors is
necessary.
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Articles [3, 4] give the results of the analysis of the technical condition of the fleet of passenger cars
owned by Passenger Company JSC. The vast majority of passenger cars were built back in the times of
the USSR. Accordingly, their wear is about 90%. The authors come to the conclusion that the state of
passenger rolling stock has reached a critical limit and needs immediate updating.

As confirmation of these conclusions, the articles [5, 6] present the results of a statistical analysis of
the amount of wear and damage of metal structures of the frame and body of passenger cars of different
years of construction that have completed their service life.

The authors of the studies [7, 8] believe that in the conditions of chronic underfunding, the overhaul
of passenger cars with the extension of their service life is a completely reasonable alternative to the
purchase of newly built cars in order to provide railways of Ukraine with passenger cars of a modern
level of safety and comfort.

The articles [9, 10] consider possible options for the organization of repair and maintenance of
passenger cars after overhaul.

The structural requirements for the design of passenger cars are set out in the normative document
[11]. The issue of the use of composite materials for the manufacture of rolling stock bodies is
considered in the article [12].

The article [13] provides an assessment of the technical and economic indicators of the operation of
the existing traction rolling stock when moving passenger trains, taking into account the operating
conditions.

The authors of study [14] proposed to improve the method of calculating the operating costs of
passenger transportation by determining the energy costs of train traction for various types of passenger
traction rolling stock, taking into account the indicators that change under the influence of increasing
speed, developed an economic-mathematical model that makes it possible to determine the operating
costs and profitability of passenger train composition under various operating conditions.

In article [15], the issue of ensuring sustainable socio-economic development of railway transport of
Ukraine is considered in particular, and a methodical approach to determining the social effect of
maintaining passenger traffic in inactive areas is presented.

Paper [16] presents a methodical approach to determining the optimal running zones of passenger
trains of various types, which is based on reducing their operating costs and increasing the speed of
movement when changing the organization of traffic according to the new classification of trains, which
will allow to increase the economic efficiency or reduce the unprofitability of passenger transportation
and increase their competitiveness on the market of passenger transport services.

Article [17] examines ways of increasing the competitiveness of railway passenger transportation in
Ukraine. Attention is focused on increasing the efficiency of passenger transport by increasing the speed
of trains, increasing the quality of provided transport services and improving the comfort of passenger
transportation. A new approach to the evaluation of the efficiency of railway passenger transportation
is proposed.

Technical and economic indicators of railway passenger transportation are systematized in [18].
Also, this article provides an analysis of the dynamics of cost indicators and determines their impact on
the efficiency of these transportations through the determination of the reasons for the decrease in the
efficiency of the passenger complex of railway transport of Ukraine.

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. To do this,
it is necessary to determine which of the elements of the body structure have the greatest effectiveness
in operation, to propose technical solutions for the modernization of passenger car bodies and to
substantiate their economic feasibility.

Materials and methods of research. The diagnosis of wagons that have reached the end of their
service life (28 years) was carried out in the scope of an examination of their technical condition and
control tests of the metal structures of frames and bodies, over-spring beams and bogie frames of wagon
samples in accordance with the "Methodology of technical diagnosis of passenger wagons that have
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served the specified term, for the purpose of its continuation" LJI-0070, approved by the order of
Ukrzaliznytsia No. 304-L] of June 25, 2008 [19].

Two types of cars were subject to inspection of the technical condition of the bodies of passenger
cars that had exhausted their service life: rigid compartment models 47D, 47K, built at the Waggonbau
plant Ammendorf (Germany), and non-compartment open-type (place card) models 61-425, 61-821,
built at the Kalininsky (now Tver) wagon-building plant. In total, about 540 wagons of various ranges
according to the years of construction were inspected.

Determining the technical condition of the cars was carried out by visual inspection followed by
thickness measurements. At the same time, attention was paid to the presence of cracks, fractures,
breaks, dents, wear, deformations, traces of repairs, corrosion damage, changes in the geometric shapes
of the elements of the car body and frame. The results of the inspection and the actual thicknesses of the
main load-bearing elements of the car were recorded in the technical condition maps. Measurements
were made from both the boiler room and the non-boiler side of the car.

The nominal values of the thicknesses of the elements are determined according to the working
drawings of the manufacturing plant. When inspecting the technical condition of the cars, schemes of
compartment and open (reserved) passenger cars were used.

During the analysis, the results of inspections of metal structures of cars were divided into five
conditional groups: cars with a service life of 29-32 years, 33-36 years, 37-40 years, 41-44 years, and
more than 45 years. At the same time, the nominal values of the thickness of the structural elements of
the car and the actual values of the thickness, taking into account the amount of wear, were compared.
This article deals with damage to the most vulnerable elements of the body.

The lower harness of the car. In the cars, measurements of the amount of wear of the lower harness
were carried out both on the left side and on the right side of the car (Fig. 1).

Fig. 1. The scheme of carrying out measurements of the lower binding

In open-type wagons, the maximum value of the trip was found on the working side of the vestibule
at point 2. Its value was equal to 4.5 mm. This is approximately 32% wear from the nominal thickness
of the metal. The maximum value of tripping in compartment cars was found, as in open-type cars, at
point 2. Its value is equal to 7.1 mm, which is 51% of wear from the nominal size.

As aresult of the study, the dependences of the increase in the intensity of activation for compartment
cars and open-type cars by year were obtained (Fig. 2).

It is obvious that they have a character close to linear. And the intensity of activation in open-type
carriages in all age groups is greater than in compartment carriages. This is especially typical for cars
with a service life of more than 45 years (exceeding almost twice).
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Fig. 2. Intensity of operation of the lower harness in compartment cars and open-type cars

Roof covering. The scheme for measuring the amount of wear of the roof cladding and displaying
the node is shown in fig. 3.
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Fig. 3. Scheme of roof sheathing measurements

The maximum value of the opening of the roof covering in non-compartment type cars on the left
and right sides of the car was found at points 2 and 02 — 0.7 mm with a nominal thickness of 2 mm.

Accordingly, for compartment cars at these same points, the maximum amount of tripping was 0.6
mm.

The magnificent effect on the slopes of the roof is much greater. It is equal to 2 mm on both types of
cars. This is due to the fact that the same factors (weather conditions, constant moisture, etc.) act on the
slope of the roof cladding.

In fig. 4 shows the obtained dependences of the increase in the intensity of operation for rigid
compartment cars and open-type cars of the service life.
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Fig. 4. Intensity of operation of the roof slope in compartment cars and open-type cars

If in open-type cars with an increase in the service life there is a tendency to increase the tripping,
then in compartment cars — the opposite is the case.

Side wall. The measurement was made from both the right and the left side of the car in accordance
with requirements. The scheme for measuring the wear of the side wall and displaying the node is shown
in Fig. 5.
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Fig. 5. Scheme of side wall paneling measurements

For open-type cars, increased corrosive wear of the side wall cladding in the lower part in the window
space of the side wall is characteristic (point 4). The reason is the constant ingress of moisture in rainy
weather through open windows into the windowsill pockets where the mechanisms for raising and
lowering the windows are located. With closed windows in the compartment (or blind windows in the
passage), the presence of condensation in the cold season causes the appearance of moisture. The
maximum trigger value at point 4 was 1.8 mm.

The maximum value of the trip was detected from the side of the corridor along the car (ie in the area
of the location of the side seats for passengers) and at point 2 it was 2.1 mm.

For rigid compartment cars, the maximum actuation value was found at point 4, both on the right
side of the car along the side corridor, and on the left side, where the passenger compartments are
located. The trigger value is 1.5 mm on the right side and 1.4 mm on the left, respectively.

In fig. 6 shows the obtained dependences of the increase in the intensity of operation for rigid
compartment cars and open-type cars by year.
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Fig. 6. Intensity of activation of side wall cladding in compartment cars and open-type cars

In open-type carriages, a sharp increase in the intensity of sidewall activation is observed already
after 44 years of operation.

In compartment cars, the maximum intensity of side wall activation is typical for cars aged 41-44
years.

Spinal beam. The scheme for measuring the amount of wear of the spinal beam is shown in fig. 7.
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Fig. 7. Scheme of carrying out measurements of the spinal beam

For open type cars, the maximum trigger value is 6 mm, and for compartment wagons - 4 mm.
In fig. 8 the resulting dependences of the growth intensity of the spinal beam for rigid compartment
cars and open-type cars by year are given.
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Fig. 8. Intensity of operation of the spinal beam in compartment cars and open-type cars

The intensity of operation for open-type cars significantly exceeds this indicator for compartment
wagons. The nature of the distribution of the activation intensity is also different. If for open-type cars
it has a linear nature of growth, then for compartment cars in the period of 28-36 years it practically
does not change, and then there is an increase (more than 4 times).

End wall. Measurements were made from the working and non-working vestibule of the car. The
scheme for measuring the wear of the end wall and displaying the node is shown in Fig. 9.

2; 02

Fig. 9. Scheme of measurements of the end wall cladding
In open-type cars, the maximum value of the trip was detected from the boiler side of the car at point
2 and was equal to 0.9 mm at a nominal thickness of 2 mm. In compartment cars, the maximum trigger
value was detected from the boiler side of the car at point 1 and was equal to 0.8 mm at a nominal
thickness of 2 mm.
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In fig. 10 the resulting dependences of the growth intensity of the end wall for rigid compartment
cars and open-type cars by year are given.
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Fig. 14. Intensity of operation of the end wall in compartment cars and open-type cars

It is obvious that the patterns of operation are fundamentally different in different types of cars. If in
compartment cars the intensity tends to a smooth linear increase, then in open cars that have already
worked for more than 45 years, there is a six-fold increase in the intensity of operation.

The obtained results indicate that the lower harness, the roof slope and the lower part of the side wall
are most often damaged during operation of passenger cars. Therefore, it is expedient to modernize the
bodies of passenger cars during major renovations by replacing steel sheet and rolled steel with
aluminum alloy [20] in the specified places. Among the advantages of such a technical solution is an
increase in the corrosion resistance of the body, which significantly increases the service life of the
wagons, and a decrease in the wagon's tare weight.

The latter, in turn, allows to reduce the specific resistance of trains. This circumstance determines
the reduction of fuel and electricity costs for train traction, which allows to reduce the operating costs
of railway transport for energy consumption.

In the calculations, we assume that for the movement of passenger trains, the TEP70 diesel
locomotive is used for diesel traction, and the CHS4 AC electric locomotive is used for electric traction,
as those serving the movement of passenger trains in the direction chosen for the calculation study.

We will use the provisions of the theory of locomotive traction [21, 13], as well as some studies of
factors that affect the consumption of energy carriers [22, 23].

Determination of savings in yearly energy costs for train traction due to a reduction in the Mass of
the passenger car under the conditions of running on a specific route

Decreasing the tare weight of a passenger car makes it possible that reduce the specific resistance of
trains. This circumstance determines the reduction of fuel and electricity costs for train traction , which
allows that reduce the operating costs of railway transport for energy consumption ..

In the calculations, we assume that for the movement of passenger trains the TEP70 diesel
locomotive is used for diesel traction and the CHS4 AC electric locomotive is used for electric traction,
as those serving the movement of passenger trains in the direction chosen for the calculation study.

Fuel consumption for train operation of a diesel locomotive G4 he the site is determined by the fuel

consumption in even G 4 and odd G, 4 directions:

Ts+1
Gog = j Geg (1) X d1, (1)
Ts
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Ts+1
Go.d :J Go.d(r) X dt. (2)
T

S

where T is passage time of the locomotive with the passenger train of the section profile element.
The specific fuel consumption per meter of operational work (1000 pas-km) is determined by the
formula

" G q(T) X dT 4 [5Gy 4(T) X dT
Ts Ts

= x 103, 3)
P (Pe.d + Po.d) X lT

where Pg g4, P, 4 — the number of passengers following , respectively , in even and department directions
, pas .;
[, — the distance followed by the diesel locomotive at the head of the passenger train in an even or
department direction , km .

Electricity consumption for train operation of an electric locomotive A, he the section is determined
by the consumption of electricity in the even A, 4 and A, 4 odd directions.

Electricity consumption by directions is determined by formulas:

Ts+1
Aed = j Aea(t) X dr, )
Ts

Ts+1
Ao.d = J Ao.d(r) X dt. (5)
Ts

The specific consumption of electricity per meter of operational work (1000 pass-km) is determined
by the formula:

S Aea (@) x dT+ [ A g (1) x dt
(Pe.d + Po.d) X le

a, = x 103, (6)

where [, is the distance followed by an electric locomotive at the head of a passenger train in an even
or department direction, km.

We will use the main provisions of traction calculations that determine the energy consumption for
the movement of a passenger train under the conditions of the profile of the real section of the regional
branch "Southern Railway" by thermal and electric locomotive traction with the basic version and the
version of passenger cars with reduced tare weight (new version) in the composition train.

Characteristics of the profile of the area of the regional branch "Pivdenna zaleznytsia " are given in
table 1 and fig. 15 and 16 [1, 3, 4]. As can be seen from the given data, in the department direction the
prevailing profile is with a slope of 0...1%o, in the even direction - 0...1%o. The total length of the freight
train rotation section is 344,502 km . The train has 6 stops he the section in both directions .
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Table 1. Site profile characteristics

. Percentage distribution of Percentage distribution of
Tilt range proﬁlz(;r elements, % Length, km proﬁlz(;r elements, % Length, km
Even direction Odd direction
-16...-15 0.09 0.3 0 0
-15...-14 0 0 0 0
-14...-13 0 0 0.12 0.4
-13...-12 0.07 0.25 0.27 0.922
-12...-11 0.06 0.2 0.35 1,214
-11...-10 0.36 1.24 0.73 2,528
-10...-9 1.67 5.77 1.64 5,652
-9...-8 3.82 13,16 4.35 14,981
-8...-7 5.03 17,313 5.36 18,456
-7...-6 2.98 10.25 4.52 15,559
-6...-5 2.81 9,682 3.11 10,698
-5..-4 3.34 11,498 2.33 8,041
-4..-3 3.76 12.94 2.68 9,226
3.2 6.14 21,16 4.37 15,062
2..-1 9.57 32,965 5.17 17,795
-1..0 7.03 24,207 7.40 25,495
0...1 17.08 58,853 16.71 57,575
1..2 6.00 20,655 9.70 33,415
3.4 2.56 8,826 3.93 13.55
4.5 2.82 9,721 3.46 11,923
5..6 2.62 9,021 2.88 9,907
6...7 3.89 13,403 2.52 8,695
7...8 6.00 20,659 4.93 16,988
8..9 4.23 14,562 4.27 14.7
9...10 1.90 6,551 2.03 7.01
10...11 0.93 3.2 0.42 1.44
11..12 0.52 1,792 0.06 0.2
12...13 0.35 1,222 0.07 0.25
13..14 0.06 0.2 0 0
14...15 0.06 0.2 0 0
15...16 0 0 0.09 0.3
Together 100 344,502 100 344,502

To carry out traction calculations, in addition to the characteristics of the section profile, it is
necessary to specify the following data, both when using diesel locomotive and when using electric

locomotive traction:
1. Mass of the train in tons.

2. The number of cars in the train by type.
3. The average population of a car of a passenger train.

4. Technical speed.

62




e-ISSN 2617-9059 Transport Systems and Technologies, 41, 2023

To determine these indicators, we will use the reference indicators of the schedule of passenger trains
on the section of the regional branch "Yuzhnaya zheleznaya doroga" for the year 2023, which are given
in Tables 2, 3 and 4.

Table 2. Output data for the traction calculation in the odd direction

.. Station
haracterist . Togeth:
Characteristic formation 1 5 3 4 5 6 ogether
Distance, km 242 | 131.4 | 5491 | 346 | 56,56 | 42.84 | 34451
Arrival, h.:min, 23:00 | 0:47 | 1P | 208 | 324 | 402
a.m a.m a.m
Departure, h.:min. 22:30 23:.02 | L7 | 157 ) 2:30 3:26
a.m a.m a.m a.m
Running time, hours 050 | 175 | 080 | 052 | 090 | 0.60 5.07
Time of stops , h. 003 | 033 | 003 | 003 | 0.03 0.47
Technical speed, km/h. 484 | 751 | 686 | 67.0 | 628 | 714 68.0
District speed, km/h. 454 | 63.1 | 659 | 629 | 60.6 62.3
Precinct speed 094 | 084 | 096 | 094 | 096 0.92
coefficient

Table 3. Output data for traction calculation in even direction

.. Station
Characteristic 6 5 4 3 5 1 formation Together
Distance, km 42.84 | 56,56 34.6 5491 | 131.4 242 344,51
Arrival, h.:min. 119 2:12 2:43 3:33 331 6:27 am
a.m a.m a.m
Departure, h.:min. 0:39 Z’fnl Zai::: 2:45 3:53 Saz.f::
Running time, hours 0.67 | 0.85 0.48 0.80 1.97 0.55 5.32
Time of stops , h. 0.03 0.03 0.03 0.33 0.05 0.48
Technical speed, km/h. 64.3 66.5 71.6 68.6 66.8 44.0 64.8
District speed, km/h. 61.2 64.0 67.0 48.5 65.2 59.4
f;g;;iciteifeed 095 | 096 | 094 | 071 | 098 0.92
Table 4. Output data for traction calculation
Characteristic Variant of the car ;
base modernized
Total number of cars in the train 18 18
- compartment 15 15
- bedrooms 3 3
Number of seats in the carriage:
- compartment 38 38
- bedroom 19 19
Tare mass of the wagon, i.e.:
- compartment 56 54.5
- bedroom 56 54.5
Mass of the passenger with luggage, kg 100 100
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Fig. 16 — Histogram of distribution of site profile elements by slope in even direction
The average population of a car of a passenger train is determined by the formula

_ nC.C X MC.C + nS.C X MS.C

()

H
nC.C + ns.c

where n¢., ng.— the number of passenger cars in the train, respectively, compartment and sleeping
cars, weight.;
M. ¢, Mg — the number of seats in the carriage, respectively, compartment and sleeper seats.

The mass of the passenger train is determined by the formula

P, Xm
HlO—OOp X (nc.c + ns.c)v (8)

where g, qs.c — tare weight of the carriage, respectively, compartment and sleeper, i.¢.;
my, — mass of the passenger with luggage, kg

Tables 5 and 6 show the results of the calculation of the initial data for carrying out traction
calculations according to the variants of passenger cars and types of locomotive traction.

Me =(cc X Nee+ (s X Nge +
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Table 5. Results of calculation of raw data for carrying out traction calculations for variants
of passenger cars with diesel traction

Odd direction Even direction
Characteristic modernized modernized
base car base car

car car
Mass of the locomotive, i.e. 130 130 130 130
Number of cars in the train: 18 18 18 18
- compartment 15 15 15 15
- bedrooms 3 3 3 3
Tare mass of the car, i.e.:
- compartment 56 54.5 56 54.5
- bedroom 56 54.5 56 54.5
Number of seats in the carriage:
- compartment 38 38 38 38
- bedroom 19 19 19 19
Mass of the passenger with luggage, kg 100 100 100 100
The average population of the car, pas. 34.8 34.8 34.8 34.8
Mass of the composition, i.e. 1071 1044 1071 1044
Mass of the train, i.e. 1197 1170 1197 1170
Technlcal speed on interstation in table 2 in table 2 in table 3 in table 3
sections, km/h.
Interstation distance, km. in table 2 in table 2 in table 3 in table 3

Table 6. Results of calculation of raw data for carrying out traction calculations for variants
of passenger cars with electric locomotive traction

Odd direction Even direction
Characteristic b modernized modernized
ase car car base car car

Mass of the locomotive, i.e. 126 126 126 126
Number of cars in the train: 18 18 18 18
- compartment 15 15 15 15
- bedrooms 3 3 3 3
Tare mass of the wagon, i.e.:
- compartment 56 54.5 56 54.5
- bedroom 56 54.5 56 54.5
Number of seats in the carriage:
- compartment 38 38 38 38
- bedroom 19 19 19 19
Mass of the passenger with luggage, kg 100 100 100 100
The average population of the train, pas. 34.8 34.8 34.8 34.8
Mass of the composition, i.e. 1071 1044 1071 1044
Mass of the train, i.e. 1197 1170 1197 1170
Technlcal speed on interstation in table 2 in table 2 in table 3 in table 3
sections, km/h.
Interstation distance, km. in table 2 in table 2 in table 3 in table 3
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The results of the traction calculation according to the variants of passenger cars when moving
by locomotive traction are shown in Table 7.

Table 7. Results of traction calculation according to variants of passenger cars when moving
by diesel traction

Characteristic Variant of the car.
base modernized
Odd direction
Freight turnover, tkm . gross 368960 359659
Fuel consumption for traction, kg 1067.9 1055.6
Time on the route, hours 5.56 5.55
Technical speed km/h. 68.4 68.6
District speed km/h. 61.9 62
Precinct speed coefficient 0.90 0.90
Passenger turnover, pass-km 216008 216007.8
Specific fuel consumption per gauge, kg/1000 pass-km 4.94 4.89
Even direction
Freight turnover, tkm . gross 368960 359659
Fuel consumption for traction, kg 1090.1 1077
Time on the route, hours 5.84 5.84
Specific fuel consumption per meter, kg/10 * tkm _ gross 29.5 29.9
Technical speed km/h. 64.2 64.3
District speed km/h. 58.9 59
Precinct speed coefficient 0.92 0.92
Passenger turnover, pass-km 216008 216007.8
Specific fuel consumption per gauge, kg/1000 pass-km 5.05 4.99
Average turnover

Mass of the composition, t 1071 1044
Freight turnover, tkm . gross 737920.5 719318.0
Mileage of the train, train - km 689.2 689.2
Time on the route, hours 11.40 11.39
Technical speed km/h. 65.95 66.02
District speed km/h. 60.46 60,51
Precinct speed coefficient 0.917 0.917
Fuel consumption for traction, kg 2158.0 2132.6
Passenger turnover, pass-km 432016 432016
Specific fuel consumption per gauge, kg/1000 pass-km 5.00 4.94

The results of the traction calculation according to the variants of passenger cars when moved

by electric traction are shown in Table 8.
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Table 8. Results of traction calculation according to variants of passenger cars when moving
by electric traction

Characteristic Variant of the wagon
base modernized
Odd direction
Freight turnover, tkm . gross 368960 359659
Electricity consumption for traction, kWh. 7898.4 7403.4
Time on the route, hours 5.54 5.53
Technical speed km/h. 67.9 68.1
District speed km/h. 62.2 62.3
Precinct speed coefficient 0.92 0.91
Passenger turnover, pass-km 216008 216008
Specific consumption of electrical energy per meter, kWh/1000 pass-km 36,57 34,27
Even direction
Freight turnover, tkm . gross 368960 35965 9
Electricity consumption for traction, kWh. 8171.3 7632.5
Time on the route, hours 5.76 5.76
Technical speed km/h. 65.3 65.3
District speed km/h. 59.9 59.8
Precinct speed coefficient 0.92 0.92
Passenger turnover, pass-km 216008 216008
Specific consumption of electrical energy per meter, kKWh/1000 pass-km 37.83 35,33
Average turnover

Mass of the composition, t 1071 1044
Freight turnover, tkm . gross 737920.5 | 719317.5
Mileage of the train, train - km 689.2 689.2
Time on the route, hours 11.30 11.29
Technical speed km/h. 66.59 66.65
District speed km/h. 60.99 61.05
Precinct speed coefficient 0.916 0.916
Electricity consumption for traction, kWh. 16069.7 15035.9
Passenger turnover, pass-km 432016 432016
Specific consumption of electrical energy per meter, kWh/1000 pass-km 37.20 34.80

Using the results of traction calculations, we will determine the consumption of energy resources by
diesel and electric traction along the entire route of the passenger train according to the variants of cars.
For this, the distance of service of the route by diesel and electric traction, which is given in table 9,
should be taken into account.
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Table 9. Distance of service of the route by locomotive and electric traction

Characteristic dir?i?on di]rae\(/:?t?on Together
The distance of service of the route by locomotive traction, km 155.6 155.6 311.2
The distance of service of the route by electric traction, km 3334 3334 666.8
Together 489 489 978

The results of calculating the consumption of energy resources by types of traction are shown in

tables 10 and 11.

Table 10. Results of calculation of fuel consumption by locomotive traction for moving a
passenger train by wagon variants

. Variant of the car
Characteristic :
base | modernized
Odd route direction
The distance of service of the route by locomotive traction, km 155.6 155.6
Mass of the composition, t 1071 1044
Passenger turnover, pass-km 97561.2 97561.2
Technical speed km/h. 68.4 68.6
Specific fuel consumption per gauge, kg/1000 pass-km 4.94 4.89
Fuel consumption for traction, kg 482 477
Even direction of the route
The distance of service of the route by locomotive traction, km 155.6 155.6
Mass of the composition, t 1071 1044
Passenger turnover, pass-km 97561.2 97561.2
Technical speed km/h. 64.2 64.3
Specific fuel consumption per gauge, kg/1000 pass-km 5.05 4.99
Fuel consumption for traction, kg 492 486
On average per revolution of the locomotive

The distance of service of the flight by diesel locomotive, km 311.2 311.2
Mass of the composition, t 1071 1044
Passenger turnover, pass-km 195122.4 195122.4
Fuel consumption for traction, kg 975 963

Table 11. Results of calculation of fuel consumption by electric traction for moving a

passenger train by car options

Characteristic Variant of the car :
base modernized
1 2 3
Odd route direction
The distance of service of the route by electric traction, km 3334 3334
Mass of the composition, t 1071 1044
Passenger turnover, pass-km 209041.8 209041.8
Technical speed km/h. 67.9 68.1
Specific consumption of electrical energy per meter, kKWh/1000 36,57 3427
pass-km
Electricity consumption for traction, kWh. 7644 7165
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Table 11. Continued

1 2 3
Even direction of the route
The distance of service of the route by electric traction, km 3334 3334
Mass of the composition, t 1071 1044
Passenger turnover, pass-km 209041.8 209041.8
Technical speed km/h. 65.3 65.3
Sgsesc_ﬁg consumption of electrical energy per meter, kWh/1000 3783 35.33
Electricity consumption for traction, kWh. 7908 7386
On average per revolution of the locomotive

The distance of service of the flight by electric traction, km 666.8 666.8
Mass of the composition, t 1071 1044
Passenger turnover, pass-km 418083.6 418083.6
Electricity consumption for traction, kWh. 15551.5 14551.0

The saving of energy resources for the traction of a passenger train per flight is determined by the
following formulas:
with locomotive traction

AGq = Gg — Gy, ©)

with electric traction

AA, = AP — A, (10)
where GS, GJ! is the fuel consumption for traction of a passenger train per flight, respectively, with basic
and new cars, kg;

AP, A1 — electricity consumption for traction of a passenger train per flight, respectively, with basic and
new cars, kWh.

According to the schedule of traffic along the route (table 12), we will determine the turnover of the
passenger train.

Table 12. Passenger train schedule by route

The name of the course route . Time
departure arrival on the route, hours
A forming station is a turnover station 22:30 6:10 am 7.67
The idle carriage by turnover 16.75
Turnover station-formation station 22:55 6:27 am 7.53
Idle wagon at the home depot 16.05
Turn of the passenger train 48.00
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The number of turns of a passenger train per year is determined by the formula

| 36524 )
° Op-p ’

where p.p is passenger train turnover, h.

The annual savings in energy costs for the traction of passenger trains under the conditions of running
on a specific route is determined by the following formulas:

with locomotive traction

AE4 = AGg X N, x I, (12)
with electric traction

AE, = AA, X N, X 11, (13)

where ¢, Ll.— the price, respectively, of the 1st kg of fuel and the 1st kWh. of electricity, UAH
Tables 13 and 14 show the results of determining the annual savings in energy costs for the traction
of passenger trains under the conditions of running on a specific route.

Table 13. Results of determining the annual savings in fuel costs for the traction of passenger
trains under the conditions of running on a specific route

Characteristic indicator value
The number of passenger train turnovers per year 182.5
Economy of fuel consumption for traction per flight, kg. 11
Annual saving of fuel consumption for traction along the route, kg 2094
The price of 1 kg of fuel, UAH. 58.43
Annual savings in fuel costs for traction, thousand hryvnias. 122,332

Table 14. Results of determining the annual savings in electricity costs for the traction of
passenger trains under the conditions of running on a specific route

Characteristic indicator value
The number of passenger train turnovers per year 182.5
Savings in power consumption for traction per flight, kWh. 1000.5
Annual savings in electricity consumption for traction along the route, kWh. 182584
The price of 1 kWh. of electricity, UAH 4.6
Annual savings in electricity costs for traction, thousand UAH. 839,887
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Thus, the annual saving of energy costs for the traction of passenger trains when using passenger
cars with a reduced tare weight under the conditions of running on a specific route is

AE =122,332 + 839,887 = 962,219 thousand UAH.

Conclusions. According to the results of statistical processing the results of the metal structures of
compartment cars bodies technical condition and open-type cars that have already exhausted their
resource it was determined that the lower strapping (more than 7 mm, 50% of the nominal size), the roof
slope (more than 2 mm, 35% of the nominal size), and the lower part of the side wall (over 2 mm, 42%
of the nominal size)..

It is proposed to carry out modernization of the bodies of passenger cars by replacing the steel sheet
and rolled metal with aluminum alloy in the above-mentioned places during capital renovations. This
makes it possible to reduce the tare weight of the car and the consumption of fuel and electricity for
train traction.

During the calculations, it was considered that for the movement of passenger trains, the TEP70
series diesel locomotive is used for diesel traction, and the CHS4 series alternating current electric
locomotive is used for electric traction. Annual saving of energy costs for the traction of passenger trains
when using passenger cars with a reduced tare weight 962,219 thousand UAH.
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Changes in modern university: challenges of today and development trends

Education is a process of interaction and communication among all participants, in which each
of them has an impact on the outcome. Today, in the conditions of the modern world, cooperation
between the teacher and the student acquires new forms and characteristics. The teacher is no longer
just a source of knowledge but becomes a partner and helper for the student. The quality of
communication between the student and the teacher depends on their readiness for dialogue and mutual
understanding, absence of coercion and orders. A comprehensive approach to education and
communication allows for a deep understanding of the processes and their improvement. Higher
education institutions need to pay special attention to issues of strategic communication development,
branding, and image. Clear and well-planned communication systems should be implemented at the
level of structural units in order to achieve success. Providing adequate material and technical
resources as well as information and communication technologies is crucial for effective use of various
teaching methods and forms. However, communication between a teacher and a student should not only
be about academic topics, but also about support, motivation, and personal development.

Keywords: adult higher education, communication, ergonomic technologies, higher education

Introduction. Monitoring of higher education has revealed the need for continuous learning to
achieve success in any field. The modern world is fast-paced, with more and more processes being
automated, and people are required to acquire new skills to meet the demands of digital transformation
of the economy. This leads to an increase in demand for technical specialties that enable digital
transformation and expand the range of people interested in obtaining education [1].

Moreover, the COVID-19 pandemic has accelerated the need for digital transformation, with remote
work and online education becoming the new norm. This has further emphasized the importance of
continuous learning and the acquisition of digital skills. As a result, universities and other educational
institutions are adapting their programs to offer more technical and digital courses to meet the changing
needs of the job market.

The growing availability of online courses and other forms of distance learning has made continuous
learning more accessible than ever before. Students can now take courses from top universities around
the world without leaving their homes, and working professionals can update their skills without having
to take a break from their careers. This has opened up new opportunities for lifelong learning and
professional development, and has made it easier for individuals to stay relevant and competitive in their
fields.
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However, the need for continuous learning goes beyond technical and digital skills. Soft skills such
as communication, collaboration, and problem-solving are becoming increasingly important in today's
workplace, and employers are looking for candidates who possess these skills in addition to technical
expertise. Therefore, universities and other educational institutions must also focus on developing these
skills in their students to prepare them for success in the workforce. Overall, continuous learning is
essential for both personal and professional growth in today's rapidly evolving world.

Analysis of recent research and problem statement. Continuous learning has become essential not
only for individual success but also for the success of organizations. Companies that invest in employee
training and development have been shown to have higher productivity and profitability [2]. Therefore,
employers are increasingly seeking out candidates with a willingness to learn and develop new skills.

Furthermore, continuous learning also plays a vital role in employee retention. When companies
invest in their employees' professional growth and development, it fosters a sense of loyalty and
commitment among the workforce. Employees feel valued and are more likely to stay with the company
for a more extended period, reducing recruitment and training costs.

In today's knowledge-based economy, the value of a company is closely linked to the intellectual
capital of its employees. Therefore, organizations that encourage continuous learning and create a
culture of learning are more likely to attract and retain top talent. This creates a competitive advantage
for companies in the long run, as they have a workforce with a diverse skill set and a willingness to
adapt to new technologies and trends.

Continuous learning is essential for both individual and organizational success. It enables individuals
to remain competitive and relevant in the job market, and organizations to stay ahead of the curve and
attract top talent. As the pace of technological change continues to accelerate, continuous learning will
become increasingly critical for all individuals and organizations.Continuous learning is critical in
today's fast-paced and rapidly changing world. It enables individuals to remain competitive in the job
market, organizations to stay ahead of the curve, and society to progress as a whole. Indeed, in the
current age of digital transformation, continuous learning is more crucial than ever before. With
technological advancements and automation replacing traditional job roles, individuals need to
constantly acquire new skills to remain relevant in the job market. At the same time, organizations need
to invest in their employees' professional growth and development to remain competitive and innovative.

Moreover, continuous learning not only benefits individuals and organizations but also has a positive
impact on society as a whole. It promotes economic growth, social mobility, and personal fulfillment,
as individuals are better equipped to contribute to society's needs and tackle complex challenges.
Continuous learning is also essential for sustainable development, as it fosters a culture of innovation
and creativity that can drive progress towards a more sustainable future.

The modern education system was formed in response to the beginning of industrialization, during
the emergence and development of industrial enterprises. Such enterprises required a large number of
workers who would perform narrow operations on a work schedule without unnecessary questions. To
date, the education system in most countries has focused on accumulating knowledge. Currently, we are
moving away from the era of industrialization, as all routine operations can be performed automatically
through automation and digital technologies.

Furthermore, the traditional education system was designed to train individuals for specific careers
or professions, with little emphasis on the development of soft skills or personal growth. However, in
today's rapidly changing and interconnected world, the ability to communicate effectively, collaborate
with others, and adapt to new situations is becoming increasingly important. Continuous learning allows
individuals to develop these skills, which not only benefits their own personal and professional growth
but also enhances their ability to contribute to society and create positive change.

Moreover, continuous learning plays a crucial role in addressing social and environmental
challenges, such as poverty, inequality, and climate change. By acquiring new knowledge and skills,
individuals can better understand the complexity of these issues and contribute to finding solutions.
This, in turn, can lead to the creation of more sustainable and resilient communities and a better future
for all.
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In summary, continuous learning is essential for personal, professional, and societal growth and
development. It enables individuals to adapt to new challenges and opportunities, fosters innovation and
creativity, and promotes sustainable development and social progress.

The purpose and tasks of the study. Modern learners need to be taught how to think critically,
independently obtain and evaluate information, rather than just accumulate and memorize it [2].
Educational institutions are already forced to move from old, "industrial" educational programs to a
system of learning that will prepare personnel for the innovative economy and information society.
Consequently, teaching approaches will also change. Teachers will transform from knowledge
transmitters to pedagogues-organizers. This has expanded the boundaries of personal and professional
qualities, skills, and abilities of employees, which means a transition from a qualification approach to a
competency-based one (Figure 1.1) [3].

Pre-industrial stage

SKILLS AND ABILITIES.

Theories of personnel management

Industrial stage lL

QUALIFICATION

Theories of human relations and resources

Post-industrial era

COMPETENCE

Human capital theory

Fig. 1. Qualification requirements for teachers at different stages of development

Additionally, the focus of modern education is shifting towards fostering creativity, problem-solving
skills, and collaboration, which are essential in the knowledge-based economy. The education system is
also becoming more personalized, taking into account individual learning styles and preferences, and
leveraging technology to provide flexible and accessible learning opportunities. As a result, learners are
empowered to take control of their learning and pursue their interests and passions.

The competency-based approach to education emphasizes the development of specific skills and
competencies, rather than simply acquiring knowledge. This approach is more aligned with the demands
of the current job market, which requires individuals to possess a diverse set of skills and be able to
adapt to new challenges and technologies. The competency-based approach also provides a more
transparent and objective way of assessing learners' progress and capabilities, as it focuses on observable
and measurable outcomes.

The shift towards a competency-based approach in education is a significant change in how learners
are being taught. Rather than just acquiring knowledge, learners are now being taught how to apply that
knowledge in real-world scenarios. This approach promotes critical thinking, problem-solving, and
collaboration skills that are essential in the modern workforce. In addition, the use of technology and
personalized learning styles provides learners with more flexibility and control over their education. The
competency-based approach also helps to address the skills gap in the job market, by ensuring that
learners are equipped with the skills that employers are looking for. Overall, the competency-based
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approach is an effective way to prepare learners for success in the innovative economy and information
society.

The education system is evolving to meet the needs of the innovative economy and information
society. The focus is shifting towards developing competencies, critical thinking, creativity, and
collaboration, rather than just accumulating knowledge. Teachers are transforming from knowledge
transmitters to pedagogues-organizers, and learners are empowered to take control of their learning. The
competency-based approach provides a more objective and transparent way of assessing learners'
progress and capabilities, which is essential in the current job market.

Educational programs in the post-industrial era should be aimed at developing critical thinking,
communication skills, creative inventiveness, and interpersonal interaction skills, as these are the most
in-demand abilities in this era. As soon as any routine part of a given production process that is repetitive
is automated, human labor in that part becomes no longer needed [4]. Such processes cannot be reverted.

The education system must adapt to the new demands of the economy and focus on developing skills
that are uniquely human and cannot be automated. These skills include problem-solving, emotional
intelligence, and adaptability, among others. The traditional classroom-based learning approach is
becoming less effective in the digital age, where information is easily accessible through various digital
devices. Therefore, educational institutions need to adopt innovative teaching methods, such as blended
learning and gamification, to engage and motivate learners and provide them with personalized learning
experiences.

The current education system must undergo adaptation to cater to the demands of the post-industrial
era and prioritize the development of skills that are not susceptible to automation. This necessitates a
transition towards a competency-based education framework and the adoption of innovative pedagogical
approaches that foster critical thinking, creativity, and adaptability. By undertaking these measures, we
can equip learners with the necessary skills to confront the challenges and seize the opportunities
presented by the digital age, and contribute to the overall advancement of society.

The education system must also prioritize lifelong learning to ensure that individuals are equipped
to adapt to the constantly changing demands of the job market. This means that education should not
end after graduation but should be viewed as a continuous process that individuals need to engage in
throughout their lives.

To promote lifelong learning, there needs to be a cultural shift towards valuing and prioritizing
education and providing accessible and affordable learning opportunities for all individuals. This
includes providing support for adult education, upskilling and reskilling programs, and recognition of
non-formal and informal learning. The education system must continue to evolve and adapt to meet the
demands of the post-industrial era. By prioritizing the development of uniquely human skills, promoting
lifelong learning, and adopting innovative teaching methods, we can prepare individuals to succeed in
the digital age and contribute to a more prosperous and sustainable society.

The educational process has so far been built on the principles of pedagogical ergonomics. In this
case, the main attention was paid to the factor of the learning environment, which includes the territory
of the academy, the building, classrooms, and workstations with educational equipment, visual aids,
lighting equipment, design, and microclimate. Based on the impact on teachers and students, the aim
was to make the learning environment comfortable, for which textbooks, educational and visual aids,
reference books, dictionaries, maps, laboratory equipment, and so on were developed. When selecting
them, information, motivational, managerial, and optimizing possibilities were taken into account. The
selection of specialists changed depending on the didactic concept, objectives, content, methods, and
conditions of the educational process.

However, with the rise of digital technologies and online education, the concept of the learning
environment has evolved. Nowadays, learners can access educational resources and materials from
anywhere in the world and at any time. The focus has shifted towards creating a virtual learning
environment that can provide learners with access to interactive and engaging educational content. The
new approach to education emphasizes the importance of technology in the learning process and
considers the needs of individual learners. The role of teachers has also shifted from being mere
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transmitters of knowledge to facilitators of learning, who can guide and support learners in their
educational journey. Therefore, adapting the traditional educational system to the demands of the
modern era and incorporating technology into the learning process is necessary to make it more
accessible and effective.

This shift towards digital learning has also led to a greater emphasis on developing digital literacy
skills. In addition to traditional subjects, individuals must now also be proficient in digital literacy,
including understanding how to use technology for communication, information gathering, and
problem-solving. The ability to navigate digital tools and platforms is crucial for success in the modern
workplace and in everyday life. The education system must recognize the importance of developing
uniquely human skills such as critical thinking, creativity, emotional intelligence, and adaptability.
These skills cannot be easily automated and will become increasingly valuable in the post-industrial era.
By prioritizing the development of these skills, we can ensure that individuals are prepared for the
changing job market and are able to contribute to a more prosperous and sustainable society.

The future of education lies in promoting lifelong learning and adapting to the demands of the digital
age. This requires a cultural shift towards valuing and prioritizing education, incorporating technology
into the learning process, and developing uniquely human skills. By doing so, we can prepare individuals
to succeed in a rapidly changing world and create a more equitable and prosperous society for all.

Materials and methods of research. Practice has shown that modern audiovisual (screen-sound)
and multimedia (PCs with audio and video devices) have the most effective impact on students,
providing an opportunity to automate intellectual activity. A systemic representation of education is an
approach to organizing and understanding the educational process as a holistic system, which includes
not only students and teachers, but also various educational resources, methods and technologies, as
well as the social, economic, and political environment in which it takes place. This approach takes into
account the interaction of all components of the system and aims to achieve the most effective fulfillment
of educational goals. In systemic representation of education, not only traditional academic subjects and
knowledge are important, but also the development of competencies, skills and abilities that can be
applied in real life and in the workplace. The systemic representation of the educational process for
preparing specialists is presented in Figure 1.2 [6-7]. In education, two paradigms, two approaches have
been formed - traditional and competency-based. The former includes cultural, educational, didactic-
centric, and functional-communicative approaches etc. Opinions about the essence of the competency-
based approach, which involves instilling competence in the student as "a set of interrelated qualities of
an individual, objects, defined in relation to a certain circle and processes," differ [8-9]. A competent
modern specialist differs from a qualified one in the ability to implement knowledge, skills, and abilities
in professional activity. They possess general competence, with the help of which specialized
competence is formed, which is capable of meeting the demands of practice and is clearly outlined in
the curricula and training programs for relevant specialists [10-11].

The competency-based approach is gaining popularity in the field of education, as it emphasizes the
development of practical skills and abilities that are directly applicable in the workplace. This approach
represents a departure from traditional education methods, which prioritize memorization and rote
learning over practical application and learning outcomes. To effectively implement this approach, a
clear understanding of the specific competencies required for a given profession is necessary, and
training programs and curricula must be designed to align with these competencies. This approach
ensures that the educational system is preparing individuals with the necessary skills and knowledge to
succeed in their chosen careers, and ultimately contribute to the prosperity of society. The use of modern
audiovisual and multimedia technologies is essential in supporting this process, providing learners with
dynamic and engaging tools and resources to develop and apply their competencies.

The systemic representation of education, as described earlier, highlights the effectiveness of modern
audiovisual and multimedia technologies in the educational process. In addition, it acknowledges the
importance of developing competencies, skills, and abilities that can be applied in real-life situations
and the workplace. The field of education has seen the emergence of two paradigms, the traditional and
the competency-based approach. The latter emphasizes the development of practical skills and abilities,
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which are directly applicable in the workplace, and is gaining popularity in the field of education. The
competency-based approach ensures that educational programs align with specific competencies
required for a given profession, thus preparing individuals with the necessary skills and knowledge to
succeed in their chosen careers. The use of modern technologies, such as audiovisual and multimedia
tools, is essential in supporting this process, as they provide learners with engaging resources to develop
and apply their competencies effectively.

Instead of following the concept of "profession" as a set of skills is required to combine these skills
to perform a given task. This approach is called the task-based approach and is becoming increasingly
popular in modern education. The task-based approach emphasizes the importance of developing
problem-solving skills and the ability to work in a team. It focuses on the practical application of
knowledge and skills in real-life situations, rather than just theoretical understanding. This approach
helps learners to develop a holistic understanding of a subject and to acquire the necessary skills to
tackle complex problems. In the task-based approach, the emphasis is on the learning process rather than
the result, as the process of solving a problem is just as important as the solution itself. Therefore,
learners are encouraged to experiment, make mistakes, and learn from them.

The success of any professional is recognized that it depends largely on the skill and qualification
of the teaching staff. Education is not just what happens in the classroom, it also encompasses a wider
aspect of interaction between students and lecturers, curriculum, and even exams" [12-13].

Investing in the development and training of teachers is crucial for shaping the educational
experience of learners. The use of modern teaching methods and technologies can enhance the quality
of education and make it more engaging and effective. The professional development of teachers should
also include opportunities for them to update their knowledge and skills regularly. Encouraging
continuous learning among educators is important for the benefit of learners and society as a whole.
Moreover, the evaluation of the effectiveness of the educational process should not be limited to the
academic performance of the students but should also take into account the personal growth and
development of learners.

Aside from investing in teacher development and training, Establishing a favorable environment for
learners is crucial. This includes facilitating access to appropriate learning resources and technologies,
as well as creating a welcoming and equitable learning atmosphere. Inclusivity is crucial in the education
system to support learners with different abilities and from diverse cultural and socioeconomic
backgrounds.

Evaluating the effectiveness of education should not be limited to just measuring students' academic
performance, but should also consider their personal growth and development. This entails employing
various assessment techniques that gauge not only cognitive knowledge but also non-cognitive skills
such as communication, teamwork, and problem-solving. Assessments should be employed to advance
the educational process and foster continuous learning, rather than simply as a means of measuring
academic achievements.

Adopting a systemic representation of education highlights the importance of viewing education as
a comprehensive system that comprises different elements such as students, teachers, resources, and the
broader social, economic, and political context. The implementation of competency-based and task-
based approaches, in addition to the use of modern teaching methodologies and technologies, can
enhance the quality and effectiveness of education. Promoting lifelong learning and personal growth for
learners necessitates the development and training of teachers, the establishment of a supportive learning
environment, and the use of diverse assessment methods.

The teacher stops being a specialist-demonstrator and becomes an organizer-pedagogue. At the same
time, more and more attention is paid to self-education and self-learning of students. In future exams,
instead of knowing the numbers of articles and codes, etc., students will search for answers to questions
such as what depends on the size of the reward, and the computer will record their searches [14].
Practical activities for students serve as the most adequate way to transform acquired knowledge into
practical skills. The implementation of a competency-based approach to education will allow mitigating
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the contradiction between the content of the student's educational component and the requirements of
principals for the level of specialist education in general [15-16].

PRINCIPLES OF ORGANIZATION OF THE EDUCATIONAL PROCESS FOR
MARITIME SPECIALISTS TRAINING

Scientific and pedagogical

System principles principles
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Adequacy of the content of
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Chronometric consistency".
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Fig. 2. Principles of organizing the educational process for training specialists

As the education landscape evolves, the traditional role of teachers as knowledge providers is
transforming into that of organizers and facilitators of the learning process. Students are now encouraged
to engage in self-learning and self-education, with practical activities serving as an effective means to
apply and transform acquired knowledge into practical skills. The competency-based approach to
education emphasizes the practical application of knowledge and skills in real-life situations and helps
to close the gap between what is taught in the classroom and the requirements of the job market. In
evaluating the effectiveness of the educational process, but not only academic performance but also the
personal growth and development of learners.

The modern economy is increasingly becoming digitized, and as a result, more and more young
people are choosing technical specialties. The demand for IT professionals remains high, but as digital
knowledge becomes more widespread, IT expertise will shift from being a specialty to a basic literacy
skill, much like English language proficiency or translation skills [17-19]. In addition, interdisciplinary
education is becoming more important as technology intersects with various fields such as healthcare,
finance, and agriculture. Students need to have a broad knowledge base and the ability to work
collaboratively with professionals in other fields to effectively utilize technology in solving complex
problems. As the digital landscape continues to evolve, education must keep pace to ensure that students
are equipped with the skills and knowledge necessary to thrive in the modern economy.

However, technical skills alone are insufficient for the development of the digital economy. Soft
skills, communication skills, the ability to work in teams, adapt to others, and, as banal as it may sound,
to look into the eyes of one's interlocutor rather than at a computer screen are all extremely important.
Unfortunately, traditional educational institutions do not give enough attention to these skills[20].
Therefore, a holistic approach is important to consider as education that incorporates both technical and
soft skills. Digital literacy should not only focus on the technical aspects of using technology but also
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on its responsible and ethical use. Students should also be trained in critical thinking and problem-
solving, creativity, and entrepreneurship, as these are essential skills for the digital age. Educational
institutions should collaborate with the industry to provide practical experience and internships that
enable students to develop their soft skills and gain real-world experience. By doing so, the education
system can better prepare the workforce for the challenges and opportunities of the digital economy.

On this background, the role of the teacher is increasing not as a supplier of information, but as
someone who engages in reflection and reasoning. Thus, the student learns to perceive information,
reflect on it, and act on it, which can only be achieved through communication with professors and
researchers. In this case, the educational process aims to develop the intellect of those who come as
students [21-22].

This shift in the role of the teacher requires a significant change in the traditional approach to
education. Teachers must now create a learning environment that promotes critical thinking, problem-
solving, and creativity, rather than simply conveying information. To do this, teachers must themselves
be lifelong learners and continuously update their knowledge and skills to keep up with the rapidly
evolving world of technology and its impact on various industries. Moreover, teachers must be able to
provide personalized and flexible learning experiences that cater to the unique needs of each student,
helping them achieve their full potential. Overall, the modern teacher must be equipped with a diverse
set of skills that goes beyond just subject matter expertise and includes pedagogical expertise,
communication skills, and the ability to motivate and inspire students.

Conclusions. Developing intellect is a complex task that requires time, communication, and certain
technologies. If we can accelerate solving this task by using digital technologies or other educational
technologies, that's good, and we all benefit from it/ However, substituting the question of the tool for
the question of the goal is not desirable. [23] Not only teaching students how to learn, but also conveying
the importance and purpose of education is crucial [23-25]. Therefore, in addition to technical and soft
skills, instilling in students a sense of purpose and a lifelong love of learning is important for teachers.
By doing so, students will be better equipped to navigate the ever-changing landscape of the digital
economy and to continue to develop their skills throughout their careers. Ultimately, the goal of
education is not just to acquire knowledge or skills, but to cultivate a curious and adaptable mind that
can thrive in any situation. This requires a holistic approach to education that considers not just technical
skills, but also personal growth, social development, and a sense of purpose. Only then can we truly
prepare the next generation of learners for the challenges and opportunities of the digital age.

While digital technologies and educational tools can accelerate intellectual development, The main
idea of education is to develop a curious and adaptable mind that can succeed in any situation. Teachers
should not only teach students how to learn but also inspire them by conveying the importance of
education and instilling a sense of purpose and passion for lifelong learning. An all-encompassing
approach to education is essential, including technical skills, personal growth, social development, and
a sense of purpose, to equip students for the ever-evolving digital age and facilitate their skill
development throughout their professional careers.

The development of intellect is a complex and multifaceted task that requires a holistic approach to
education. While digital technologies and educational tools can be helpful, the ultimate goal of education
is to cultivate a curious and adaptable mind with a sense of purpose and passion for lifelong learning.
By focusing on personal growth, social development, critical thinking, and ethical considerations, we
can prepare students for success in the digital economy and encourage them to make a positive impact
on the world.
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3MiHH B Cy4aCHOMY YHIBepCHTETi: BUKJIHKH CbOTOICHHS Ta TeH/eHLIl PO3BUTKY

Ocsima - ye npoyec 63aemM00ii ma CRINKY8AHHA MIJIC YCIMA YUACHUKAMU, KOJCEH 3 AKUX MAE GNIUE
Ha pesyrbmam. Cb020OHI, 8 YMOBAX CYYACHO20 CEimYy, CRIGNpays Midc euumenem ma CmyOeHmoMm
Habyeae HOBUX opm ma xapaxmepucmuk. Buumenv 6dce He € nuuie Odcepeom 3HAHb, A CMAE
napmuepoM ma HOMIYHUKOM 05 cmyOdenma. Axicms xomyHixayii midc cmyOeHmom ma euumenem
3anexcums 8i0 ixHboi 20mogHocmi 00 dianoey ma 63aEMOPO3YMIHHA, GIOCYMHOCI NPUMYCY MA HAKA3IE.
Komnaexcnuii nioxio 0o oceimu ma Cniaiky8awus 00380458€ 2AUOOKO po3ymimu npoyecu ma
nokpawyysamu ix. Buwji Hauanvui 3axna0u noeuHmi npudinsimu  0coOusy yeazy NUmMAaHHAM
cmpameziunoeo po36UMKY KOMYHIKayii, Opendyeanns ma imioxcy. Himxi ma 0obpe cnianosami
cucmemu KOMyHIKayii no8uHHi Oymu 6npoeaoddiceHi Ha pieHi CMPYKMYPHUX NiOpo30inie 0nst 00CACHEHHS
yenixy. Hadawna adexeammuux mamepianbHO-MeXHIYHUX pecypcis, a MAaKoxdc IHGopMayitiHo-
KOMYHIKAYIUHUX MEXHOA02I € BUPIUATbHUM 011 eeKMUBHO20 BUKOPUCIANHS DI3HUX Memodie ma
Gopm nasuanusn. OOHaK, KOMYHIKAYIs MIdIC 6UUmMenem ma CmyOeHmom He NOGUHHA OYMU MilbKu HPo
akademiuni memu, a MaKojiC Npo NIOMPUMKY, MOmMuUayito ma ocoobucmicuuti possumox. CyuacHuii
YHIgepcumem NOGUHEH 6paxo8yeamu 3MIHU 6 CYCRINbCMEI Ma eKOHOMIYl, 8UKOPUCIOEYEamu HOGI
Memoou ma MmexHoN02ii HABUAHHS, a MAKOJIC CIMBOPIOEAMYU YMOBU 01 KOMPOPMHOI ma npooyKmMueHoi
pobomu cmyoeHmie ma uUK1A0Aie.

Knrouoei cnosa: suwa ocsima 00pociux, CRiiKy8anHs, epeOHOMIUHI MEeXHON02IL, euya oceima.
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Improving safety of navigation by constructing a dynamic model of the navigator's
actions in the conditions of navigation risks

This study tackles the complex task of constructing a dynamic model of a navigator, planning their
experience trajectory, and making decisions under navigational risks in the maritime industry using
automated control systems. the proposed mathematical model accounts for individual skills,
experiences, and personalities, while considering unpredictable industry dynamics. the study asserts the
importance of adaptable automated control systems capable of simulating navigation risk situations and
determining suitable career and development paths. in addition, it discusses the importance of assessing
external factors such as economic, technological, and regulatory changes and ensuring compliance with
industry standards, data security, and privacy. the paper further emphasizes the necessity for scalability
and flexibility, as well as the seamless integration of automated systems with existing organizational
infrastructures. the study concludes that the proposed model, optimized for the "safety of navigation"
parameter using the Pontryagin maximum principle, enhances recruitment processes, creates
comprehensive professional profiles for seafarers, and supports career development. the paper suggests
the potential of this model's application in other maritime and related professions, ultimately enhancing
individualized training and operational efficiency.

Keywords: safety of navigation, automated system, maritime industry, human factor, navigation
risks, training, dynamic model.

Introduction. Constructing a dynamic model of the navigator and planning his trajectory of
experience, regarding decision-making in the conditions of navigational risks before becoming a specialist
in the marine industry with the help of automated control systems is a multifaceted task. It must account
for individual differences in navigators' skills, experiences, education, and personalities, making the
creation of a universal model a complex task [1-3]. The dynamics in the maritime industry are often
unpredictable and subject to change, which means that automated control systems must have adaptive
capabilities to meet the changing needs of a navigator's career and training, especially in the simulation of
navigation risk situations.

Moreover, assessing a navigator's competencies and skills necessitates the collection and analysis of
vast amounts of data. The automated management systems in place should be efficient in evaluating this
data and determining the most suitable career opportunities and development paths. The automated
systems should also be integrated with training and development plans tailored to the navigator's needs
and the requirements of the maritime industry.
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External factors such as economic, technological, and regulatory changes in the maritime industry must
be considered. The automated control systems should be adept at analyzing these factors and proposing
appropriate strategies for the navigator's development. It is also essential for these systems to facilitate
effective collaboration between navigators and other professionals or organizations, ensuring coordinated
learning, experience and knowledge sharing, as well as collaborative project and task management.

In addition to these considerations, automated control systems should ensure transparency and quality
control in the assessment, planning, and development of the navigator. They should also incorporate
quality control mechanisms to ensure compliance with maritime industry standards and requirements. Data
security and privacy are critical, with personal data and confidential information needing to be protected
according to current security and data privacy standards.

Analysis of recent research and problem statement. Furthermore, these automated control systems
should be scalable and flexible to adapt to various organizations in the maritime industry and changes in
the recruitment, training, and development of navigators. The systems must also be able to integrate
seamlessly with existing organizational systems and infrastructure, such as HR systems, training and
development programs, accounting, and reporting systems.

Addressing these issues creating an effective automated control system for the development of a
dynamic model of the navigator and planning the trajectory of improving his qualifications in decision-
making under conditions of uncertainty requires a multidisciplinary approach. Experts from fields like
information technology, human resource management, training and development, and the maritime
industry must collaborate to create the latest automated systems [4].

In the context of a crewing company's seafarer selection process, several stages ensure the selection of
qualified, reliable, and experienced seafarers for ship work. These stages include the preparation of
candidate requirements, analysis of CVs, contract signing, paperwork, and employee support and
development. However, despite its advantages, this approach presents certain disadvantages, such as the
labor-intensive and time-consuming process, human factor potential, limited access to candidate
information, lack of standardization, challenges in employee training and development, and weaknesses
in the motivation system [5].

Implementing automated system of selection and process management systems can address these
shortcomings by streamlining selection processes, enhancing the standardization of assessment criteria and
methods, reducing human factor probability, and providing more effective employee training and
development [6].

The purpose and tasks of the study. The goal of this research is to develop an integrated, dynamic
model of the navigator within automated control systems, thereby improving recruitment, facilitating
personalized career development, and enhancing decision-making skills under navigational risks in the
maritime industry.

Main research material. There are automated management systems for the employment of
seafarers. These systems, also known as "Maritime Recruitment Agencies" or "Crew Management
Systems", offer platforms that connect seafarers with employers, facilitating the job search and
recruitment process for ships.

Some examples of automated management systems for the employment of seafarers and their
references:

- Martide: Crew Management and Recruitment Platform

- Crewlnspector: Crew Management Software

- Hanseatic soft: Cloud Crewing

- CrewSmart: Crewing and Compliance Management Software

- SDSD: Matrix Crew Management Software

- Navatom: Crew Management System

- Adonis HR: Maritime HR and Crew Management Software

They may include features such as:

Registration and creation of profiles of seafarers, including uploading CVs, certificates and other
documents.
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Search for vacancies corresponding to the qualifications and experience of a seafarer.

Sending applications for vacancies and tracking the status of applications.

Automatic notification of seafarers about new vacancies that match their profile and preferences.

Selection systems for employers based on criteria such as experience, qualifications, language skills
and other parameters.

Online interview features that allow employers and seafarers to communicate and conduct interviews
from a distance.

Document management, including verification and storage of certificates, licenses and other
necessary documents.

Organization and coordination of training, internships and certification for seafarers.

Management of contracts and employment contracts between seafarers and employers.

Reporting and analytics systems that allow employers to monitor the effectiveness of the recruitment
process and develop strategies to improve the personnel policy.

Ensuring compliance with legislation and international standards in the field of employment of
seafarers, including the MLK (Marine Labor Convention) and STCW (Convention for the Training,
Certification and Watchkeeping of Seafarers) agreements.

Features to ensure the security and privacy of seafarers' and employers' data, including data
encryption and measures to prevent unauthorized access.

Support for communication and feedback between seafarers and employers, including feedback,
evaluation and recommendation functions.

Schedule management and scheduling systems that allow employers to optimize the allocation of
seafarers to ships and control the availability of the required number of crew on board at different times.

Integration with other maritime systems and services, such as port authorities, insurance companies
and medical institutions, to facilitate administrative processes and speed up the exchange of information.

Functions for managing salaries and payments, including automatic calculation of salaries, taxes,
insurance premiums and other payments, taking into account the laws of different countries and the
terms of contracts.

Modules for managing social and domestic issues such as onboard morale, holidays, social security
and medical insurance.

Career and development support for seafarers, including career planning, mentoring and training
functions, as well as providing opportunities for professional development and promotion to higher
positions within the company or industry.

Creation of communities and networks for seafarers, allowing them to exchange experience,
knowledge and information about work, as well as maintain social connections and mutual assistance in
a professional environment.

Providing information about the maritime industry and news that may affect the employment and
working conditions of seafarers, such as legislative changes, technological innovations and economic
trends.

Integration with mobile applications and devices to provide access to the functions of the crew
management system at any time and from anywhere in the world.

Providing support services and advice to seafarers and employers, helping to resolve emerging issues
and problems related to employment, legislation and compliance with industry norms and standards.

Collaboration with professional associations and organizations such as the International Maritime
Organization (IMO), the International Chamber of Shipping (ICS) and seafarers' unions to improve the
quality of services and promote the development of the maritime industry.

Ensuring environmental sustainability and social responsibility by applying environmental and
ethical standards in the recruitment, training and crew management processes.

In general, maritime recruitment agencies and automated crew management systems contribute to a
more efficient and safe employment of seafarers, streamline work processes on ships and improve the
quality of work in the maritime industry. They provide rich platforms for seafarers and employers that
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streamline job search, recruitment, training, document and contract management, and ensure
transparency and compliance with international regulations and laws.

These automated systems are constantly evolving and adapting to changes in the maritime industry,
technological innovations and regulatory requirements. As a result, they contribute to raising the level
of professionalism of seafarers, improving their working and living conditions, as well as increasing the
efficiency and competitiveness of maritime companies and the industry as a whole [7,8]. An important
aspect of these systems is to keep information up to date and to innovate quickly, ensuring their long-
term relevance and value to seafarers and employers.

As can be seen from the analysis, with the development of digital technologies and their integration
into the maritime industry, maritime recruitment agencies and automated crew management systems can
introduce additional functions and capabilities, such as the use of artificial intelligence and machine
learning to analyze data, predict staffing needs and determine the optimal personnel management
strategies.

Thus, maritime recruitment agencies and automated crew management systems play an important
role in today's maritime industry, providing convenient and reliable solutions for the employment of
seafarers and crew management on ships. Their further development and integration with other
industrial and digital technologies will further improve the quality of work, increase efficiency and
create new opportunities for seafarers and shipowners. Possible directions for development include the
improvement of analytical tools, the expansion of cooperation with international organizations and the
standardization of processes within the global maritime industry.

However, there are certain aspects of seafarer employment that automated crew management systems
may not fully address:

Personal Communication and Interpersonal Skills: Online platforms may not always convey the full
range of interpersonal interactions that are important in assessing seafarers. Employers may have
difficulty assessing the personality and communication skills of candidates based solely on online
profiles and interviews.

Cultural and Diversity: Automated systems may not always accommodate cultural differences and
crew diversity, which can affect the consistency and efficiency of ship operations.

Unforeseen Circumstances: Automated systems may not be able to handle unforeseen situations such
as urgent crew changes or shipboard emergencies. In such situations, human involvement and decisions
remain critical.

Morale and well-being of seafarers: Maintaining the morale and well-being of seafarers on board
ship is an important factor that can affect their productivity and safety. Automated systems may not
always be able to effectively assess and manage this aspect of seafarer employment.

Incomplete understanding of ship operating conditions: Automated systems may not always provide
a complete picture of actual ship operating conditions. This can create a gap between the expectations
of seafarers and the actual conditions they face on board.

Recognizing the gaps in current automated maritime recruitment and crew management systems, the
next step in our research aims to further refine the selection process for seafarers, particularly for the
position of an operator-navigator. While existing platforms already offer a range of features to aid the
recruitment process, they may fall short in accurately assessing factors such as interpersonal skills,
cultural differences, morale, and the ability to handle unforeseen circumstances. Additionally, these
systems may not have a complete understanding of ship operating conditions, which can lead to a
mismatch between seafarer expectations and actual shipboard life.

To address these shortcomings, we are proposing the development of a generalized mathematical
modeling to enhance the assessment of potential operator-navigators. This model takes into account five
key criteria and characteristics: Skills (S), Experience (E), Education (Ed), Personality Qualities (PQ),
and Additional Certifications (C). These criteria are carefully selected to provide a holistic view of a
candidate's suitability for the role of operator-navigator, going beyond the current capabilities of
automated systems.
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The proposed mathematical modeling will not only be able to evaluate a candidate based on their
professional abilities but also their interpersonal skills and adaptability to various situations, thereby
bridging the gaps identified in existing automated systems. This model seeks to bolster the efficiency
and accuracy of the recruitment process, ultimately leading to a more productive and harmonious
maritime working environment.

Based on the specified criteria and characteristics, the following mathematical modeling can be
proposed for evaluating a candidate for the position of operator-navigator:

Candidate Evaluation =w, - S +w, - E+w; - Ed +w, - PO+ w,-C

where: Candidate Evaluation - a numerical value representing the overall assessment of the candidate
for the position of operator-navigator;
w, - weight coefficients for each criterion (their values can be determined on the basis of expert

knowledge or statistical analysis of the source data);
S, E, Ed, PQ, C - values of criteria and characteristics for each candidate.

To determine the weighting factors, you can use multi-criteria optimization methods, such as the
analytical hierarchy of processes (AHP) or the weighted sum method [9,10].

These coefficients will determine the relative importance of each criterion in the candidate's overall
assessment.

After determining the weighting factors, you can apply this model to evaluate candidates for the
position of operator-navigator. First, for each candidate, it is necessary to collect data for each of the
criteria (S, E, Ed, PQ, C). Then, using the obtained weight coefficients, you can calculate the numerical
value " Candidate Evaluation " and compare the candidates with each other.

Based on the collected data, it is necessary to train a model that will predict the performance of the
operator-navigator based on his characteristics and qualities. You can use various machine learning
methods such as linear regression, support vector machine (SVM), random forest, or neural networks.
The choice of method depends on the characteristics of the data, the sample size, and the complexity of
the model required.

Also, to assess the accuracy of the model, cross-validation should be carried out using a test set. This
will help determine how well the model generalizes the information and is able to predict the
performance of navigators.

If the results of the model evaluation are satisfactory, it can be used to predict the performance of
potential navigator candidates based on their characteristics and qualities.

The next step is to split the data into training and test sets. The training set will be used to train the
model, and the test set will be used to evaluate its performance.

As an example, let’s consider training a model using the random forest algorithm. The convergence
of random trees plays an important role in machine learning and optimization. For example, random
search algorithms in the navigator model formation space, like random forests, use stochastic processes
to build decision trees and can be analyzed in terms of convergence and performance, which is important
for obtaining a competitiveness criterion in the maritime industry.

In our case, this approach will work according to the following principle[11,12]:

1. Definition of hyper parameters for the random forest algorithm, such as:

n_estimators: number of decision trees in the forest; max depth: maximum depth of trees;
min samples split: the minimum number of observations required to split a node;
min samples leaf: the minimum number of observations required for a leaf node; max features:
number of features considered when splitting a node; random_state: random value for model training

reproducibility

2. Training the model on the training set (X_train, y_train) using the selected

hyperparameters: RF_model = RandomForestClassifier (n estimators, max depth,
min samples split, min samples leaf, max features, random_ state);

RF model.fit (X train, y train).
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3. Model performance evaluation: model performance on the test set (metrics:
accuracy, recall, F1-measure or correlation coefficient). This will determine how well the model predicts
the success of navigator-operators based on their characteristics.

3.1.  Accuracy: Proportion of correctly classified objects among all objects
(accuracy = (TP + TN) / (TP + TN + FP + FN)).

3.2.  Recall: Share of objects among positive objects (recall = TP / (TP + FN))
or Clarity: (precision = (TP / (TP + FP))).

3.3. Fl-score: Harmonic mean between clarity and recall, used to account for the balance between
the two (Fl-score = 2 * (precision * recall) / (precision + recall)).

3.4. Test use of the trained model to predict the target variable on the test set (X_test):y pred =
RF model.predict (X test).

3.5. Compute model performance metrics based on true values of targetvariable (y test) and

predicted values (y _pred) :accuracy = accuracy score(y test, vy pred); recall =
recall score(y test, y pred); precision = precision score(y test, y pred);
Fl-score = fl score(y test, y pred).

4. Construction a computer program in Python for automated calculation ofmodel performance
metrics [13,14]:

Import Libraries
pandas as pd
numpy as np
sklearn.model selection as model selection
sklearn.metrics as metrics
sklearn.ensemble as ensemble
matplotlib.pyplot as plt
Generate and Save Sample Data
Create random dataset using np.random and pd.DataFrame
Save dataset to CSV file with .to csv()
Load and Prepare Data
Load data from CSV file with pd.read csv()
Divide the data into feature matrix X and label vector vy
using.drop() and slicing
Setup Cross-Validation
Define the number of folds k
Initialize KFold with k splits
Initialize Variables for Metrics
Accuracy
Recall
Precision
Fl Score
Choose Machine Learning Model
L — RandomForestClassifier from ensemble
Training and Evaluation in K-Fold Cross-Validation Loop
Loop over each fold in kf.split (X)
Split data into training and validation sets
Train model on training set with.fit ()
Make predictions on validation set with.predict()
L— calculate and store performance metrics (accuracy, recall,
precision, F1l score)
Compute Average Performance Metrics
F—— Calculate average accuracy, recall, precision, and F1l score using
np.mean ()
Print average metrics
Visualize Parameter Values Over Time
F—— Define decay function
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Loop over each parameter
Calculate initial value using.mean ()
Set decay rate
Compute parameter values over time using decay function
Plot parameter values over time with plt.plot /()
Show plot with plt.show()

The simulation data amounted to:

Averageaccuracy: 0.79; Averagefullness: 0.7824;

Average (precision): 0.812; Average Fl-measure: 0.7854.

The data obtained are the average values of the model performance metrics obtained as a result of
cross-validation:

1. Average accuracy:The model has an average accuracy of 0.79, which means that it correctly
classifies approximately 79% of the observations. This indicates a fairly good performance of the model,
although it all depends on the context of the study.

2. Average fullness / recall: A value of 0.7824 means that the model correctly identifies about 78.24%
of positive cases.

3. Precision: A value of 0.8120 means that about 81.20% of the predicted cases are actually positive.

4. Average Fl-measure: The value of 0.7854 means that the F1-measure is about 78.54%, which is
a fairly high figure at the stage of simulation and multifactorial.

We will conduct a simulation modeling of the decay of the safety parameter in maritime transport
for ship navigators, if the following three models and observable circumstances are applied:

Exponential decay: This can be an appropriate option if the safety level quickly decreases without
regular training or practice. For example, if a ship navigator has not been practicing his profession for
some time, his crisis management skills may rapidly deteriorate, especially in the first months or years.

Power law decay (2): This might be suitable for situations where the safety level decreases over time,
but at a more moderate pace. This can pertain to parameters that require regular practice but are not as
critical to safety, such as communication skills and coordination with other crew members and shore
services.

Logarithmic decay (3): This model might be appropriate for situations where the safety level
gradually decreases but then remains stable. This could be associated with parameters that, once they
reach a certain level, can remain stable even without continuous learning, for example, knowledge and
compliance with maritime rules and regulations.

We have five parameters:

P,(t) - Knowledge of maritime rules and regulations

P, (t) - Crisis management skills

P, (t) - Level of safety training and simulations

P, (t) - Experience in difficult maritime conditions

P,(t) - Communication and coordination skills with other crew members and onshore services

Each of these parameters’ decays over time according to one of three decay functions:
Exponential decay: P (¢)= P,
Power law decay: P(t)=P,/(t+1) ;
Logarithmic decay: P (1) =P, —rlog(r+1),

where:
P(t) - the value of the i-th parameter at time ¢,

P, - the initial value of the i-th parameter;
7, - the decay rate for the i-th parameter;
¢ — time.
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This model assumes that each parameter independently decays over time according to its decay
function.

Let us give an example of software modeling of the predicted level of navigation safety in general
terms (Fig. 1).

Decay of parameters over time

Knowledge of maritime rules and regulations, exponential_decay
Knowledge of maritime rules and regulations, power_law_decay
Knowledge of maritime rules and regulations, logarithmic_decay
Crisis management skills, exponential_decay

Crisis management skills, power_law_decay

Crisis management skills, logarithmic_decay

Level of safety training and simulations, exponential_decay
Level of safety training and simulations, power_law_decay

Level of safety training and simulations, logarithmic_decay
Experience in difficult maritime conditions, exponential_decay
Experience in difficult maritime conditions, power_law_decay
Experience in difficult maritime conditions, logarithmic_decay
Communication and coordination skills, exponential_decay
Communication and coordination skills, power_law_decay
Communication and coordination skills, logarithmic_decay

o Kbl iy ..ln. T PR

'u‘ Il

L
1y

Parameter value

1] 10 20 30 40 50
Time

Fig. 1. Modeling the safety of navigation in general

Let's carry out a simulation for the parameter "Safety of navigation" based on the real data of four
officers - navigators with similar initial data, but different circumstances that affect the degree of
attenuation of the parameter under study (Fig. 2).

Parameter values over time for different decay types
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Fig. 2. Simulation graph for the navigation watch safety parameter

This chart and the methodology on which it is based have several strong points when applied to the
monitoring of maritime safety (Fig. 3):

Clarity: The chart is easy to interpret and provides a visual representation of how the levels of various
safety parameters change over time under different decay conditions. This can help assess the overall
trend and track potential problem areas.
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Flexibility: The use of different decay functions allows for the modeling of various scenarios,
assuming different rates of skill decay. This can be useful when it is necessary to take into account
various factors, such as the frequency of training or the occurrence of certain maritime conditions.

Predictive ability: The chart can be used to predict future safety levels based on current data and
assumed decay rates. This can be a useful tool for planning training, simulations, and other safety
measures.

Personalization: The model parameters can be tailored to a specific navigator or group of navigators,
allowing for more accurate and relevant results. For example, various initial skill levels, experience, and
individual characteristics can be considered.

Objectivity: The use of quantitative methods and mathematical models in the assessment of safety
levels helps reduce subjectivity and the possibility of errors in the evaluation process.

Parameter values over time for different decay types
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Fig. 3. Modeling based on feedback - parameter recovery

Based on the current task, let's assume that we want to optimize a maritime crew set in order to
maximize the average skill level of navigator operators across the entire crew over a given period of
time (e.g., 2 years). Let's suppose that the skills of the navigator operators can change over time using
decay functions, but we have the ability to influence this process (e.g., through additional training or
other support measures), and this influence can be modeled as a control effect in our system.

In this case, our objective function could simply be the sum of the average skill levels of the navigator
operators across the entire crew over 2 years. Our task here would be to find the optimal control
interventions (in the form of additional training programs, for example). Pontryagin's maximum
principle can now be used to find the optimal control that maximizes the objective function [15].

From the perspective of mathematical modeling, numerical methods (specifically, Euler's method)
were employed to simulate the dynamics of parameters over time, taking into account different types of
damping (exponential, step, and logarithmic). Several parameters ("navigators") are modeled
independently from each other with randomly selected types of damping.

This is expressed in the form of a system of differential equations (1):

dy,

L =—u-k-f(t,y..k 1
" f(t.y,5k) @)
where:

yi - is the value of the i-th parameter (navigator);

t - 1s the time
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u - is the initial control (constant)
k - is the damping coefficient
A, yi, k) - is the damping function, which could be exponential, step, or logarithmic.

Moving towards optimal control, it is advisable to apply the Pontryagin maximum principle, which
serves as a tool for finding the optimal safety level trajectory based on navigator data in a dynamic
system.

This criterion usually requires defining constraints and a target function. Suppose our target function
is to minimize the overall damping of all navigators over a certain period of time (for instance, 20
months, as in the program's algorithm) (Fig. 4). Therefore, we should minimize (2):

J= [ (0 () + v ()4 33 () + vy ()t 2)

where yi(¢) are the solutions to our system of differential equations, and t from 0 to 20 months.
According to the Pontryagin maximum principle, the unique optimal control u(t) is the one that
maximizes the Hamiltonian (3):

H=L+2(t)f(t.y(¢).u(t)) 3)

where L=y, (¢)+y,(¢)+y;(¢)+y,(¢) - is our target function;
A(t) - is the vector of Pontryagin multipliers, and f (t, y(t),u (t)) = % .

Parameter values over time for different decay types
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Fig. 4. Graph of the indicator "Safety of navigation" based on optimal control according to the
criterion of Pontryagin's maximum

OH

. =0 (necessary condition for maximizing the Hamiltonian concerning control),
u

dy OH . .

— =—— (Pontryagin's equation),

g o, (Pontryagin'seq )
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ar = _oH (Pontryagin's coprime).

dt oy

These conditions will help us define the optimal control u(f), which minimizes the overall damping
of navigator parameters. The results of the modeling are presented in the chart based on the calculations
of a computer program written in Python.

Step-by-step counteraction to damping allows for reaching a safe level without significant time loss.
However, we see that the next wave has a larger damping angle, and already on the fourth stage, the
safety level drops sharply. This requires a change in methods of maintaining the safety level at the 3rd
and 4th stages.

Thus, the functionality was optimized for the "Safety of navigation" parameter associated with the
parameters of the system, to which a step was added that calculates the optimal control at each time step
using the Pontryagin maximum principle.

Conclusion. The simulation data exhibits a well-performing model with balanced metrics across
various indices. On average, the model correctly classifies 79% of observations, identifies about 78.24%
of actual positive instances, and approximately 81.20% of predicted positive results are accurate. The
overall F1 score, which balances precision and recall, stands at around 78.54%, signifying a promising
multifactorial model at this stage of simulation.

Based on this model, a forecast was made on the extent to which unneeded professional qualities
directly influencing navigational safety are diminishing. The forecast indicates that with a mixed type
of professional team's expertise fading (Fig. 1), there is a noticeable drop to 54% annually without
recovery (Fig. 2). The presence of feedback only slightly reduces the decline of these indices, to 38%
(Fig. 3). It is only under constant control based on Pontryagin's maximum principle in an integrated
software product's online mode that allows safety levels to be restored synchronously during downtime.

However, it should be considered that the minimum decline is observed during the first two cycles,
dropping to 6...8% over six months. Subsequent downtime in the third and fourth cycles leads to a more
significant drop and may be catastrophic in the most critical navigation zones, dropping to 32% over six
months. The most effective approach was the second cycle within 2.5 months, with full recovery of
indices, which can be used as a foundation for application in maritime transport to ensure a sufficient
level of navigational safety.

Assessment of the model's long-term effects on career progression and employer satisfaction will
yield critical insights for further refinement of the system. Thereby, we can enhance the efficiency of
the automated selection and recruitment process, which ultimately contributes to enriched career growth
opportunities for operator-navigators and strengthens navigational safety.
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IHokpamenHs 0e3neKu HaBirauii NIJISIXOM CTBOPEHHS IMHAMIYHOI MoeJi il
HaBiraropa B yMoBax HaBiraniiiHux pu3HuKkiB

L]e Oocnidocenns supiuiye cKkiaoHe 3a60anHs CMEOPEHHs. OUHAMIYHOL MOOel HA8ieamopa, NAAHYE8AHHS 1020
mpaexmopii 00cgidy ma NPUtiHAMms piuledb 8 YMOBAX HABIAYIHUX PUSUKIE 8 MOPCHKIll NPOMUCIO80CTI 3
BUKOPUCMAHHAM ABMOMAMU308AHUX CUCMEM YNPAGIIHHA. 3aNnponoHOSaHa MAMEMAmMuiHa Mooelb 6pPax0o8ye
iHOUGIOyanbHi HABUYKY, O0CGI0 mMa OCOOUCMICHI pucu, 6paxosylouu HenepeddAYy8any OUHAMIKY 2any3i.
Hocnioocennss niokpecmoe  8adCiugicms  a0anmueHux agmoMamu308aHUx Ccucmem YNpAaGIiHHA, 30amMHUX
MOOen08amu cumyayii Hagieayitino2o pusuUKy ma eUHAYamu 8iON0sIOHI Kap'epui ma pozeumxosi wiisxu. Kpiv
moeo, 002080PIOEMbCA BANCIUBICING OYIHKU 308HIWUHIX (AKMOPI8, MAKUX K eKOHOMIYHI, MEeXHON02IYHI ma
pecyIAmUGHI 3MIHU, A MAKOIC 3a0e3neyeltsl ION0GIOHOCHE CMAHOAPMAM 2aLy3L, 3aXUCHY OAHUX I NPUBAMHOCHII.
B pobomi maxooic niokpecmoemscsi HeoOXiOHicmb Mmacuimaby8anHs 1 SHYYKOCmI, a Makodc inmezpayii
ABMOMAMU30BAHUX CUCMEM 3 ICHYIOYOK Op2aHi3ayitiHow IHpacmpykmyporw. VY oOocuiddcenni pobumucs
BUCHOBOK, WO 3aNPONOHOBAHA MOOENb, ONMUMI308aHa 3a napamempom "6be3nexka Hagieayii" 3a 00nomozorw
npunyuny maxcumymy Ilonmpszina, nokpawye npoyecu Habopy, CmMEOPIE 6CeOCsIICHI NPoghecitini npoghini Ons
MOpsIKi6 | cnpusie po3eumky Kap'epu. Y pobomi Hagooumvcs npunyujeHHs npo nOMeHyial 3acmocy8anHs yiel
MOOe 8 THUUX MOPCOKUX MA CYMINCHUX Npo@ecisax, wo 6 KiHyesomy pe3yibmami NOKpawye iHOugioyaibHe
HABYAHMS MA ONEPAMUBH) eeKMUBHICIb.

Knrwowuosi cnosa: besnexa uasicayii, aemomamu3o8ana cucmemd, MOPCbKA 2any3b, JIOOCbKUll Qaxkmop,
HagieayitiHi pusuKuy, Ni020mosKa, OUHAMIYHA MOOETb.
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Fuel options for the future: a comparative overview of properties and prospects

As the maritime industry seeks to reduce its impact on the environment, the search for alternative
fuel options is becoming increasingly important. Various fuel options are being studied, including
biofuels, hydrogen, and ammonia, which are considered to be more environmentally friendly than
traditional fuels extracted from the Earth's depths. The choice of fuel depends on various factors,
including the size, speed, and distance of the ship, as well as the availability and cost of fuel. In the
future, a combination of different fuel options may be necessary to achieve emission reduction goals.
This article compares different alternative fuel types for ships, including low-sulfur fuel, LNG,
electricity, methanol, hydrogen, and ammonia. Research shows that low-sulfur fuel is expensive but still
cheaper than LNG, and the process of transitioning a ship to this type of fuel is relatively simple. LNG
is the most expensive type of fuel and requires a complete overhaul of the ship's fuel system, which
reduces its profitability. The article provides a table comparing the properties of different fuel types and
concludes that methanol is likely to be the most promising alternative fuel in the near future.

Keywords: safe energy policy, ecology, environmental protection, pollution of atmosphere, low
sulphur.

Introduction. Environmental pollution has become an increasingly concerning issue in modern
times, with human progress being a major contributor. Various sources, including factories, vehicles,
airplanes, and ships, emit a significant amount of harmful gases that have a detrimental impact on the
environment. To address this, the International Maritime Organization (IMO) has taken steps to regulate
air emissions from ships, with an amendment to Annex VI of the International Convention for the
Prevention of Pollution from Ships (MARPOL) adopted in 2020. This requires ships to use fuel that
contains less than 0.5% of sulfur or utilize a scrubber to clean heavy fuel oil. However, scrubbers are
not a complete solution as they simply transfer pollution from the air to the ocean. The biggest challenge
is to find an economically viable and environmentally friendly fuel. While very low sulfur fuel oil can
reduce sulfur pollution, it still contributes to nitrogen oxides (NOx) and carbon dioxide (CO,) emissions.
Liquid natural gas (LNG) is a promising option, but its high cost is a concern for ship-owners. Another
potential solution is fully electric-powered vessels, but they are only practical in regions where
electricity is both cheap and environmentally friendly. Overall, methanol is the most promising
alternative fuel due to its ecological benefits and relatively low cost. However, its utilization requires
significant attention from ship-owners.
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Despite its benefits, methanol as a fuel option has not been widely adopted by ship-owners due to
the need for additional attention in handling and utilization. However, ongoing research and
development in the field of alternative fuels for ships are leading to new innovations and solutions that
could make methanol a more viable option in the future. The shipping industry is also exploring the use
of new technologies such as wind-assisted propulsion and hydrogen fuel cells to reduce emissions.
However, these technologies are still in the early stages of development and require significant
investment and infrastructure.

Reducing air pollution from ships is crucial for protecting the environment and human health. The
use of alternative fuels and new technologies can play a significant role in achieving this goal, but further
research and development is needed to make these solutions more widely available and economically
viable for the shipping industry.

Analysis of recent research and problem statement. Different types of scrubbers exist, including
open-loop and closed-loop systems, which operate on similar principles. Open-loop scrubbers draw
water from the ship's kingston box and use it to purify the air of sulfur before discharging it overboard
[1]. Closed-loop scrubbers work similarly, but the water used for scrubbing is retained on board and
discharged as sludge in ports [2]. Hybrid systems are also available, which can use both open and closed-
loop cycles.

In order to make a decision regarding the installation of a scrubber on a vessel, a shipowner must
carry out a comprehensive analysis [3]. One of the important factors to consider is the age of the vessel.
It should also be noted that retrofitting an operational vessel with a scrubber system can result in the
vessel being out of commission for a minimum of 30-40 days, leading to substantial loss of profit for
the shipowner [4].

Purchasing and using Very Low Sulfur Fuel Oil (VLSFO) is an alternative approach to comply with
the IMO 2020 regulations. However, it should be noted that transitioning a vessel from heavy fuel to
VLSFO requires a thorough cleaning of the entire fuel system, which results in a prolonged downtime
at the berth and loss of profits for the shipowner. Additionally, recent studies have found that VLSFO
may produce higher emissions of soot than its predecessor, High Sulfur Fuel Oil (HSFO). This is
attributed to the high percentage of aromatic compounds in new mixtures of marine fuels with a sulfur
content of 0.50%, which directly contribute to the production of soot [5].

The purpose and tasks of the study. Based on data from ship & bunker's website, the mean global
cost of heavy fuel per metric ton was $520 in October 2021 (Figure 1a), while the price of low-sulfur
fuel was $620 per metric ton (Figure 1b) [6]. In a few years, the difference in the cost of using low-
sulfur fuel instead of heavy fuel may outweigh the cost of installing a scrubber, although the calculations
were made assuming vessels were operating at low speeds [7]. However, it should be noted that fuel
consumption may be twice as high when a vessel is traveling at full speed [8].

Thus, it can be inferred from sources [9, 10] that the benefits of utilizing low-sulfur fuel in lieu of
installing a scrubber are not immediately clear. The primary reason being that the conversion process
from heavy fuel to low-sulfur oil is both costly and complex. Furthermore, in the long-term, this option
is significantly more expensive. Additionally, some research suggests that even low-sulfur fuel may
have detrimental effects on the environment. Therefore, it is worthwhile to explore alternative fuels that
can be used for shipping [11].

When considering alternative fuels, it is important to evaluate them based on three critical factors:
cost-effectiveness, environmental impact, and safety in fuel usage. Among the most promising
alternative fuels for shipping are liquefied natural gas, electricity, and methanol. Figure 2 provides a
useful comparison of these fuels' characteristics on ships, as of 2021.
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Comparing the prices of low-sulfur fuel and gas can be challenging, as it depends heavily on trends
in the global market, which can change rapidly. For example, in February 2021, the energy efficiency
price per unit of measure for gas (mmBTU) was $6.85, while for the same unit of measure for low-sulfur
fuel, it was around $12, indicating that using gas was twice as profitable. The fuel market has
experienced significant changes since then, with gas prices increasing threefold compared to February
of the same year. While the price of low-sulfur fuel has also increased, it has not increased as much as
gas. Currently, gas is 1.5 times more expensive than low-sulfur fuel. Given these circumstances, it is
difficult to determine which fuel will be more profitable for future use.The obvious disadvantage of gas
usage over low-sulfur fuel is manifested in the following. The cost of installing a gas or two-fuel engine,
LNG tanks, relevant pipelines and related equipment can increase the cost of a new vessel by up to 30%
compared to a traditional propulsion system. Another disadvantage of LNG is the very time-consuming
and expensive re-equipment of marine bunkering terminals [12].

Consideration will now be given to the impact of gas on the environment. Firstly, it should be
emphasized that sulfur emissions are markedly reduced, by up to 90%, when utilizing gas as opposed to
heavy fuel. Furthermore, natural gas is widely promoted due to its comparatively lower CO; emissions
relative to coal or oil. However, it is important to note that methane, which comprises a significant
component of natural gas, is a greenhouse gas with a potency 25 times greater than that of CO; [13].
The overall environmental benefits of liquefied natural gas (LNG) depend on the level of emissions
occurring during its production and usage. According to calculations by DNV GL (Det Norske Veritas
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and Germanischer Lloyd), a total methane leak rate of 5.5% (incorporating both production and
transportation stages, as well as combustion) would result in greenhouse gas emissions from LNG
equivalent to those arising from diesel. Consequently, the issue necessitates the implementation of
measures to reduce emissions from both production and combustion in engines [14]. Presently, a range
of techniques and ideas exist for mitigating these leaks, and their implementation may yield tangible
reductions in greenhouse gas emissions by a range of 10-20% when compared to conventional
petroleum-based fuels.
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Fig. 2. The total number of vessels operated and under construction that use different
types of fuel

It is imperative to consider the environmental impact of utilizing gas as a fuel source in shipping.
The reduction in sulfur emissions by up to 90% when using gas, as opposed to heavy fuel, is a significant
advantage. Additionally, natural gas has been touted for its relatively lower CO; emissions in
comparison to coal or oil. However, it is crucial to acknowledge that methane, a major component of
natural gas, is a greenhouse gas with a potency 25 times greater than that of CO,. Therefore, the
environmental benefits of liquefied natural gas (LNG) are contingent on the level of emissions occurring
during its production and utilization. The total methane leak rate, incorporating both production and
transportation stages as well as combustion, is estimated by DNV GL to be 5.5%. Such a leak rate would
result in greenhouse gas emissions from LNG equivalent to those emitted from diesel fuel. As such,
measures to reduce emissions from both production and combustion are necessary, and a variety of
techniques and ideas exist for mitigating these leaks. Implementation of these measures may yield
tangible reductions in greenhouse gas emissions of 10-20% when compared to conventional petroleum-
based fuels.

Materials and methods of research. When considering the cost-effectiveness of alternative fuels,
it is important to not only analyze current market trends but also take into account the long-term cost
implications of investing in new propulsion systems and infrastructure. It is also worth noting that
environmental regulations, such as the International Maritime Organization's (IMO) sulfur cap, can
greatly impact the demand and supply of different types of marine fuels, further affecting their cost-
effectiveness. The environmental impact of alternative fuels is another critical factor to consider. As
discussed earlier, methanol has the advantage of emitting low levels of sulfur, NOx, and greenhouse
gases during combustion, making it a promising option for reducing marine pollution. However, the
production and transportation of methanol also have their own environmental impacts, such as carbon
emissions from its production process and potential leaks during transportation. Thus, a comprehensive
assessment of the environmental impact of different fuels should take into account the entire supply
chain, from production to combustion.

Safety is another important factor to consider when evaluating alternative fuels. While LNG and
methanol have been used safely in some vessels, there are still concerns about the risks associated with
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their use, such as the potential for leaks or fires. The development of safe and reliable technologies for
handling and using alternative fuels is crucial to ensuring their safe implementation.

The choice of alternative fuels for shipping must take into account a variety of factors, including
cost-effectiveness, environmental impact, and safety. While LNG, electricity, and methanol are among
the most promising options, each has its own advantages and disadvantages that must be carefully
weighed. Ultimately, the development and adoption of sustainable and environmentally friendly marine
fuels will require continued research, investment, and collaboration among industry stakeholders,
policymakers, and researchers.

The issue of whether to use gas or low-sulfur fuel remains a subject of discussion, particularly in
terms of cost-effectiveness and eco-friendliness. While gas may be a more affordable option at present,
fluctuations in the global market make it difficult to predict which fuel will be more profitable in the
long-term. In terms of environmental impact, while gas is known to emit significantly lower levels of
sulfur than heavy fuel, the issue of methane leaks must be addressed to fully realize its potential as an
eco-friendly alternative.

In addition to the aforementioned criteria of cost-effectiveness, environmental impact, and safety,
the selection of alternative marine fuels is influenced by the availability and associated infrastructure
for each fuel type. For instance, while liquefied natural gas (LNG) possesses the potential to significantly
diminish emissions, its production and transportation infrastructure is still in its nascent stage. On the
other hand, electric-powered ships necessitate substantial investments in charging infrastructure and
battery technology to become a feasible option for long-haul shipping.

It's important to note that the adoption of alternative fuels in shipping is not only driven by
environmental concerns but also by regulatory requirements. The International Maritime Organization's
(IMO) regulations, such as the sulfur cap implemented in 2020, are pushing the industry towards cleaner
fuels. This has led to a surge in research and development of new fuels, such as biofuels and hydrogen,
which have the potential to significantly reduce emissions and meet the IMO's targets for
decarbonization.

The shift towards alternative fuels in shipping is a complex and multifaceted issue that requires a
holistic approach. While gas and low-sulfur fuel are currently the most popular options, continued
research and investment in emerging technologies will be necessary to achieve a sustainable and
environmentally friendly future for the shipping industry.

Other alternative fuels are also being considered in the shipping industry. Liquefied natural gas,
electricity, and methanol are among the most promising options, and each has its own unique advantages
and disadvantages. For example, while LNG has the potential to significantly reduce greenhouse gas
emissions, its production and transportation must be carefully managed to avoid methane leaks.
Meanwhile, electric-powered vessels produce no direct emissions, but their batteries require frequent
recharging, which can limit their range and require significant infrastructure investments.

The shipping industry is exploring a range of options for reducing its environmental impact,
including the use of alternative fuels and improved technologies for reducing emissions from existing
vessels. By carefully weighing the cost-effectiveness, eco-friendliness, and fuel usage safety of each
option, it may be possible to develop a sustainable and profitable model for the shipping industry in the
years to come.

Another alternative fuel for vessels is electricity, stored in batteries. However, the potential for
emission reductions largely depends on the structure of electricity: in regions with a high level of usage
of renewable sources or nuclear energy, emissions of both greenhouse gases and other pollutants will
be low (Fig. 3).

Figure 3 shows the carbon intensity of the electricity structure in different countries, expressed in
grams of CO, equivalent emitted per 1 kWh of electricity produced.

The cost of operation may be low, provided that the price of electricity is competitive with the prices
of marine fuel. The main obstacle to the introduction of batteries in transportation is their high capital
cost, which exceeds $ 1,000/kWh. Despite this, using batteries is one of the best long-term solutions for
addressing environmental problems, as long as shore-based electricity production can meet or surpass
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emissions from conventional fuel-powered ships. significant investment will be required to develop port
infrastructure and equip ships with batteries, and the varying electricity prices in different countries may
affect the economic feasibility of battery-powered ships. Safety considerations also need to be
addressed, and current battery capacity is insufficient for long voyages. At present, electricity is mainly
used in hybrid vessels in combination with conventional fuel to reduce emissions and improve
efficiency. However, as technology improves and battery capacity increases, using batteries as a
standalone fuel for ships could become a viable option in the future.
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Fig. 3. Specific carbon emissions in electricity production in different countries
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In the long run, this is one of the best solutions to environmental problems, provided that the
production of electricity on shore will not cover or even exceed the emissions of ships running on
conventional fuel [15]. Another important aspect is the financial side of the idea. First of all, a large
amount of money should be invested in ports infrastructure and ships equipment. Also, all countries
have different electricity prices, so when calling at one port, the ship can save very well compared to
the cost of conventional fuel, and in another port, it can cost several times more and exceed the cost of
conventional fuel. It is also necessary to pay attention to the development of safe technology for the use
of batteries on ships. Another important issue is the fact that now the battery capacity is far from what
is needed to conduct long voyages. Nowadays, electricity is used mainly on hybrid vessels in
combination with conventional fuel to reduce emissions and increase efficiency. It will take a long time
before electricity can be used on ships as a stand-alone fuel.

The use of electricity as a primary fuel source on ships raises concerns regarding the capacity and
cost-effectiveness of the necessary battery technology. Currently, battery capacity is insufficient for long
voyages, limiting the application of electric power in shipping to hybrid vessels that combine
conventional fuel and electricity. The development of battery technology that can meet the energy
demands of long voyages is crucial to the adoption of electric power in the shipping industry. The
financial aspect of electric power usage is also a significant consideration. Investment in port
infrastructure and ship equipment is necessary to enable electric power usage, and the cost of electricity
can vary significantly between countries, potentially making it more or less cost-effective compared to
conventional fuels in different regions. Ensuring the safety of battery usage on ships is another critical
issue that requires attention. While electric power has great potential to reduce emissions and improve
efficiency in shipping, it will take significant time and investment to develop the technology and
infrastructure necessary for its widespread adoption.

Methanol is an alternative fuel called methyl or wood alcohol, which is a liquid, that means that the
existing infrastructure for fuel storage and refueling will require only minor changes for methanol
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processing [16], which will require low infrastructure investment costs compared to the large investment
required to build liquefied gas terminals or electricity supply systems.

Methanol can be produced from a variety of feedstocks, including natural gas, coal, and biomass.
The production of methanol from renewable energy sources such as wind and solar power is also being
developed [17]. Methanol is considered a clean fuel due to its low emissions of particulate matter, sulfur
oxides, and nitrogen oxides. Methanol also has a higher octane rating than gasoline, which makes it a
potential replacement for gasoline in the transportation sector [18].

Methanol is a polar liquid that combines with water, other alcohols, esters, and most organic solvents.
This means that methanol, which is released into the environment, will decompose quickly [19]. A large
spill will have only local consequences and will decompose in water. Methanol is highly toxic and
flammable, which poses safety risks during storage and transport. Methanol also has a lower energy
density than conventional fuels, which means that more fuel is required to produce the same amount of
energy. In addition, the production of methanol from fossil fuels is a significant source of greenhouse
gas emissions, which undermines its status as a clean fuel. The development of renewable methanol
production methods could mitigate this issue, but further research is needed to assess the feasibility and
scalability of these methods.

The availability of methanol on a large scale is main problem. To be able to supply a large fleet,
more methanol has to be produced. To cover 25-30% of the maritime market it is necessary to
significantly increase production capacity [20].

In terms of environmental impact during combustion, methanol does not emit sulfur, and the levels
of NOx and greenhouse gases are even lower than in LNG (Fig. 4).

However, the production of methanol can be energy-intensive and may lead to emissions of CO; and
other pollutants if fossil fuels are used as the primary source of energy. Additionally, the transportation
and storage of methanol require specialized infrastructure, which may pose a challenge for widespread
adoption.

The safety aspects of methanol as a fuel should also be considered. Methanol is highly flammable
and toxic, which requires strict safety protocols for its handling and storage. The risk of leaks and fires
must be minimized through appropriate design and operational procedures.

Methanol is considered a promising alternative fuel for shipping, with several pilot projects and
demonstration vessels already in operation. Ongoing research and development efforts aim to further
improve the cost-effectiveness, environmental performance, and safety of methanol as a marine fuel.
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This makes methanol a highly attractive alternative fuel option for environmentally-conscious
industries and governments. The production of methanol is relatively easy and cost-effective, and it does
not require a complete overhaul of a ship's fuel system, unlike LNG. As a result, the adoption of
methanol as a fuel source has the potential to significantly reduce the shipping industry's carbon footprint
and mitigate the negative impacts of climate change. However, further research and development are
necessary to address the remaining technical and regulatory challenges associated with the widespread
adoption of methanol as a marine fuel.

Methanol is a renewable fuel source that can be produced from a variety of feedstocks, such as natural
gas, coal, and even carbon dioxide. This makes it a highly versatile and sustainable alternative to
traditional fossil fuels. Moreover, methanol has a high energy density, which means it can be stored and
transported more efficiently than some other alternative fuels. It's worth noting that methanol does have
some drawbacks. For example, it has a lower energy density than gasoline or diesel, which means that
more fuel is needed to achieve the same level of power. Also, the production of methanol requires a
significant amount of energy, which can lead to increased greenhouse gas emissions if the energy is not
derived from renewable sources.

While methanol may not be a perfect solution to our energy needs, it does offer a promising
alternative to traditional fossil fuels, especially in terms of its low environmental impact and potential
for renewable production.

Conclusions and prospects for further work in this area. As a conclusion, the general table of an
estimation of various properties of all considered kinds of fuel is presented (tab. 1). The table shows that
the scrubber is the most profitable in the long run, because paying only several millions the shipowner
gets the opportunity to supply the ship with the cheapest fuel, which pays off in just a few years. It is
also easy to install on a ship and can be done in most docks around the world. However, the scrubber
does not solve the problem of pollution at all and has no long-term prospects taking in consideration
that the IMO plans to further increase the requirements for environmental pollution prevention by ships.
A heavy fuel spill is a terrible natural disaster that destroys all the flora and fauna nearby.

Table 1. Estimates of various types of fuel parameters

Scrubber/ Low sulfur fuel LNG Electricity Methanol
heavy fuel
Profitability + +/ - +/— + /-
. Ease qf n n _ - +
installation
Availability + + + /- - —
Environrnental B 4 n 4/ +
1mpact
Safety during B _ n _ +
accident
Prospects — +/ — + + /- +

Low-sulfur fuel is quite expensive, but still cheaper than LNG. For a complete transition of the vessel
to this type of fuel requires washing all tanks and systems, however, compared with the installation of
systems for other alternative fuels, this is a much easier process. Low-sulfur fuel has been widely
adopted as a means to comply with the International Maritime Organization's sulfur emissions
regulations. However, the transition to this fuel comes with its own set of challenges. One of the biggest
hurdles is the cost, as low-sulfur fuel is more expensive than traditional heavy fuel oil. This has led to
concerns about the financial impact on shipping companies, especially during periods of economic
downturn.
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Another challenge is the need to clean tanks and systems before switching to low-sulfur fuel, to
prevent contamination and ensure proper operation. While this is a simpler process compared to
installing new infrastructure for other alternative fuels, it still requires significant time and resources.

Despite these challenges, low-sulfur fuel remains a promising option for reducing emissions in the
shipping industry. Ongoing research and development efforts are aimed at improving its cost-
effectiveness and performance, as well as exploring other alternative fuels with potential benefits for
both the environment and the industry as a whole.

Liquefied natural gas today is the most expensive of all fuels compared in this paper. In order to
equip a ship with LNG power supply system, the ship's fuel system must be completely redesigned, and
it should be borne in mind that LNG occupies a larger volume with the same energy efficiency as other
fuels, which further reduces its profitability. Not all ports in the world can supply vessels with gas and
it will take some time before LNG bunkering systems will be available everywhere.

The implementation of a liquefied natural gas (LNG) power supply system on a vessel requires a
complete redesign of the ship's fuel system, and it should be noted that LNG occupies a larger volume
with the same energy efficiency as other fuels, which further diminishes its profitability. Moreover,
LNG is presently the most expensive fuel compared to other alternatives, thus making it a less attractive
option for commercial shipping. The availability of LNG in ports is another limiting factor, as not all
ports are equipped with the necessary infrastructure to supply vessels with gas. The implementation of
LNG bunkering systems worldwide will require significant investments in infrastructure and may take
some time to be fully realized.

Electricity is a very controversial type of alternative and depends on the place of its production. In
some countries, such as Norway, this is the best choice for ships sailing locally, as it is cheap there and
electricity generation causes minimal damage to the environment. Electricity itself does not affect the
environment during usage.

Continuing the discussion on alternative fuels for shipping, it is important to note that electricity is a
complex and location-dependent option. The suitability of this fuel depends on the electricity production
method used and its availability at ports. In countries like Norway, which produce electricity from
renewable sources, electric-powered ships may offer a cost-effective and environmentally friendly
option for local shipping. However, in other countries where electricity is generated primarily from non-
renewable sources, electric power may not be a feasible alternative. It should also be noted that the
production and disposal of batteries used to store electricity raise environmental concerns. Once in use,
however, electric propulsion does not contribute to air pollution or greenhouse gas emissions, making it
an attractive option for clean transportation.

Methanol is the most promising but still underestimated type of fuel. It is cheaper than LNG and
takes up less space for the same energy efficiency, which makes it more competitive with low-sulfur
fuel than gas. To convert a vessel to methanol, shipowner needs to do the same as to convert it to low-
sulfur fuel, which is not such a complicated process. Furthermore, methanol is a liquid at room
temperature and atmospheric pressure, which simplifies storage and transportation compared to LNG.
Methanol is also widely available, as it is a commodity chemical and can be produced from various
feedstocks, including natural gas, coal, and biomass. Methanol has a lower greenhouse gas emission
profile than conventional fossil fuels, but its production still generates CO, emissions. However, the use
of renewable energy sources in methanol production, such as biomass and carbon capture and storage
(CCS) technologies, can significantly reduce its carbon footprint. Methanol also has a higher octane
rating than traditional fuels, which can lead to better engine performance and efficiency. However,
methanol is still a relatively new fuel in the shipping industry, and its infrastructure for bunkering and
distribution is not yet fully developed, which presents a challenge for its widespread adoption.

Energy sources such as hydrogen and ammonia were also considered during the search and
information was analyzed for this report. However, at the moment they cannot compete with the types
of fuel described in this work, because their production and price are much higher, they take even more
space for storage than LNG, during the accident they pose a great danger to the ship's crew and the
environment. Hydrogen and ammonia are energy sources that have been studied for their potential use
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as fuels for shipping, but they currently face significant challenges. The production and price of
hydrogen and ammonia are higher than other alternative fuels described in this report, making them less
competitive. Additionally, the storage of hydrogen and ammonia requires even more space than LNG,
which is a significant disadvantage for ships where space is limited. Furthermore, both hydrogen and
ammonia pose safety risks during transportation and handling, as they can be highly flammable or toxic
in certain conditions, which can endanger both the crew and the environment. Therefore, despite their
potential advantages, hydrogen and ammonia remain less feasible options for the shipping industry, at
least until technological and infrastructural developments occur.

The table 1 presented in this study provides an overview of various properties of different types of
fuels. The most profitable option in the long run is the scrubber, but it does not solve the problem of
pollution and has no long-term prospects. Low-sulfur fuel is expensive but still cheaper than LNG, and
the process of converting a vessel to this type of fuel is relatively easy. LNG is the most expensive fuel
and requires a complete redesign of the ship's fuel system, which reduces its profitability. Electricity is
a viable option in some countries, but its effectiveness depends on the place of production. Methanol is
the most promising alternative fuel due to its low cost and space requirements, making it competitive
with low-sulfur fuel and more attractive than gas. While hydrogen and ammonia were also considered,
their production and price are much higher, and they pose a significant danger to the environment during
an accident. Thus, methanol is likely to be the most promising alternative fuel in the near future.
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Grapho-analytic method of determining the minimum groove at the pivot root of
symmetrical switches

Switches are a barrier place in the track for setting the permissible speeds for trains on the main
tracks, as they have special structural devices for branching traffic from the main track to the secondary
track. Symmetrical switches have a number of advantages compared to conventional ones: with the
same brand with conventional switches, symmetric ones allow significantly higher speeds for the train
movement with side tracks, symmetrical switches have a shorter length with the same radii of the
transfer curves, it is possible to apply crosspieces with a larger angle than in the conventional switches
while preserving the length of the curve and the radius. The specified qualities of single, versatile,
symmetrical switches determined their use scope. On the main transport tracks, symmetrical switches
are used in sorting parks of the stations, as well as in main tracks when it is necessary to achieve
increased speeds of movement on both side tracks. Symmetric switches according to the purpose and
design have the significant differences from the most conventional switches, and therefore the study of
these designs is important and relevant. Moreover, very few scientific works were devoted to such
studies of Ukrainian railways.

Keywords: symmetric switches, design, minimum groove between the pivot and the frame rail.

Introduction. The design of symmetric directional switches is significantly different from the design
of conventional one-way switches. A complete methodology for designing the parameters of a
symmetric switch with curvilinear pivots is needed. At the same time, special attention should be paid
to the issues of mutual location of the diverted pivots and frame rails, and determining the dimensions
of the groove between them, i.e., so that the wheels of rolling stock do not touch the diverted pivots with
the inner side face of the rib. The safety of the movement of wheel pairs on these switches depends on
a rational solution to this issue.

Analysis of the latest research and problem statement. Technical issues that need to be solved by
Ukrainian railway include the issue of improving the structures of switches and their individual elements
[1, 2]. The issues of improving the geometric parameters of switches in order to improve the dynamic
interaction of rolling stock and switch elements are given considerable attention abroad [3-5]. At the
same time, insufficient attention is paid to the design of symmetric switches. The study and analysis of
technical literature [6-12] show that the calculations of symmetrical multi-way switches are given very
briefly, in some parts only fragmentarily and, as a rule, with references to the calculation method of
ordinary switches that are not completely identical. Furthermore, it applies to the methods of designing
structural units of symmetrical switches and the features of their design for various operating conditions,
including the methods of determining the actual minimum groove between the frame rail and the
diverted pivot.
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The purpose and objectives of the research. The purpose of the article is to present a new method of
calculations and design of symmetrical switches. The task of the research is to introduce the previously
missing calculation of the minimum groove according to one of the two possible cases of the mutual
location of the frame rail and the diverted pivot (respectively, the root distance is bigger than the stroke
of the shutter — y° » Sh, and less — ¢ < Sh, ).

Research materials and methods. One of the two cases of mutual location of the frame rail and the
diverted pivot is when the root distance is smaller than the stroke of the shutter at the switch drive (

U <sn, Fig. 1).

E)s\f?.

Fig. 1. Muuual arrangement scheme of the frame rail and the diverted pivot at ° < Sh,

For the scheme, the minimum width of the groove between the frame rail and the pivot is determined
between 2 competing sections — against the end of the horizontal groove of the pivot (point b;), where
the distance from the horizontal CQ to the working face of the frame rail (outside the groove of the
pivot) will be the smallest (¢ ).

To determine the required values, it will be performed auxiliary construction in the scheme (Fig. 1).
A chord 4, B between the root of the pivot (point B) and the attachment point of the switch rod to the
pivot (in the point 4, ) has been drawn.

The maximum arrow of the segment £, from the chord 4,8 will be located on the perpendicular
radius passing through the middle of the chord — the point B, . The distance between the points B, D, =,

has been shown on the continuation of the perpendicular radius against the arrow, but the vertical
distance between the points B, D =¢°, _, will be the minimum vertical distance between the drawn pivot

and the calculated horizontal CQ . In this section (against the point B,), it is need to determine the
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minimum distance pp, = , from the frame rail to the calculated horizontal CQ . And after that, it is

need to determine the total minimum groove between the diverted pivot and the frame rail in the first
competing section — against the point B, —in the place of maximum pivot bending

(tmin—l )vert = ti(:lin—l + tj;'n—l . (1)

The second competing minimum distance between the outer edge of the pivot and the frame rail (Fig.
1) must be determined against the point b, (the end of the horizontal groove of the pivot) in the section

b,E,E

(tmin—Z )Vert = tr?lin—Z + t;rin—Z . (2)

To calculate the minimum distance p, £, =¢°, , from the diverted pivot to the calculated horizon
CQ, it will be performed the following auxiliary constructions in the scheme (Fig. 1):

- draw the radius Obb, from the center of the circle to the point 5, — the end of the sharpener;

- draw also the radii OC, and O4,;

- draw the horizontal 4,F to the intersection be and B,B,with the vertical QBF at the root of the
pivot;

- draw a chord 4,B and perpendiculars in the sections under consideration from the points b and
B, to the horizontal 4, F .

The problem is solved in 4 stages.

1 stage. Definition ¢/,  in the section B,D .

Find the value Sh, of the distance between the points 4, i A4, using the formula [13, 14]
Sh, = Sh+1,,> 3)

where the thickness of the pivot against the arrow thrust ¢/, is determined [13, 14] by the formula

t;a =R, (COS st-1 T cos(ﬁsw + B, )) ) 4)

where the angle g = ; ,a=360 mm [13, 14].

0
The value of the ordinate BQ =t in the root of the pivot [13, 14] is defined according to the
formula

U, =R, (COS By —cos By ) . (5)

After that, it is necessary to compare the values of Sh,, and U, in order to be sure of the initial

condition in the problem solution according to the scheme of Fig. 1 for the case, when U’ < Sh, .

2. Find some auxiliary values for determining’, . Half the length of the chord 4,B marked as
B,B = A,B, is determined [13, 14] by the formula
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BB=AB =R, -sin@. (6)
The whole length of the chord

AB=BB+BA =2R, -sin“’”?»*h . (7)
The maximum arrow of the segment from the chord 4,8 is found [13, 14] according to the formula

f,=R,—B,0. ()

The length of the perpendicular to the chord is found by
_ Do—sn
BO=R, 'COST. )
The value of the segment BF is determined by the formula
BF =Sh,-U, . (10)

The angle B4,F marked £J will be determined by

BE =sind - (11)
A,B

1

The length of the segment B, B, is determined by
B,B,=A,B, g5 . (12)

The distance between the points 8,8, is found by
B,B, = f,+B,B, = f, +(R0 -sin%z—“j-tgé : (13)

The vertical distance between the points B, B;, marked B,B; =7, in Fig. 1 is by
Z,=B,B; =B,B;-cos? - (14)
3. After that, determine the desired ¢°, | = B, D value in the section B,D

U,

£ =Sh -7 - )
P cosd

min—1

(15)

For further calculations, find the length of the segment B, D,
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0
B,D, =t (16)
cos o

2 stage. Definition ¢, , in the sectionp,E, .
Find the auxiliary values. The angle OA4,b of the triangle OA4,» (Fig. 1) is defined by

180° —¢, E s
40,41[):#:90"_%, (17)

The angle /b4,e, denoted as the angle , is found by considering two trianglesb4,e 1 OA4,F

/x=/0Ab—FA,0, (18)
where
4FA10=48A10—45=90°—%7”“—5, (19)
ie.
sx= 90—t [90 —Pown _ 5) ST S (20)
2 2 2 2

The length of the perpendicular be , lowered from the point b to the horizontal 4,F and marked as
be = 7Z, in Fig. 1, is determined by

Z,=Ab-sinx. (21)

2. After that, determine the desired value /°. , using the formula

t =Sh,-Z,-U,-cosx. (22)

min—2

3 stage. Definition ¢ 1U

min—1" t::in—Z st
1. Determine all the abscissas along the calculated horizontal, which are necessary for finding the
ordinates in the location of the working frame rail face relative to the horizontal CQ .

It is necessary to determine the abscissas: CE,,CD, CQ.
Determine the value CE, by the formula [15]

CE, =1 =R —(R,~B) —A=\2R,B—B> — 4. (23)
Length CD =360 mm + A,D .

A,D = A4,B;, (24)
where
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A,B; = A,B, — B,B;;

14132 — AIBI :
cos o 25)
B,B,=Z,-1g5;
AB, =R, -sin o=t
2
Thence
A B Sin (DO—Sh
AD=AB =217 tg5=R—2 7, -1g5. (26)
cos 0 cos o

The abscissa CQ =1 is the projection of the pivot onto the horizontal (Fig. 1) and is determined [15]
by the formula

l,; =R, -sin ﬁ/u/l—l —R,-sinf, - (27)

So, all necessary abscissas are defined.
2. After determining the abscissas, find the necessary ordinates. The procedure for calculating is.
2.1. The ordinate U, — from the frame rail to the calculated horizontal CQis determined by the

formula
U,=BQ= R;f cosp,,_,— R;f " cos ﬂﬁdl—2 . (28)

2.2. The first sought ordinate” , is determined by considering the equation of projections relative

1

to the central angle 5, . The central angle 5, against the desired ordinate ¢ at a point D,can
gle p, g p g min—1 p 2

min—1I min—1

be determined by

R" -sin B. - R"-sinf, ,=CD. (29)

‘min—1

From the formula (29), sin ﬁt is determined, and then the angle ,Bt . After that, determine the

min—1 min—1

first sought ordinate ;*  in the section DD,

min—1

¢ ,=DD,=R"-cosB,,—R" -cosB, . (30)

min—1
Lmin—1

2.3. The second sought ordinate ¢ , is determined in a similar way to ¢  , considering the equation

of projections relative to the central angle f, . The central angle p, against the desired ordinate ¢
proj glep, gle p, g

min—2
‘min—2 ‘min—2

at the point E is determined by

Ry -sin ﬁ,sr ~R;-sinf, ,=CE,. (31

min—2

Next, sin ﬂt” is determined firstly, and then the angle ﬁtw itself by the formula (31).

min—2 ‘min-2
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After that, it is possible to determine the second desired ordinate ¢ , in the section E,E
=EE, =R -cos B, ,— R -cos ﬁ, . (32)

min—2

tSV

min—2

4 stage. Determination of the required minimum width values of the gutter between the frame rail

and the removed pivot in the calculated sections ¢ . , and ¢ . ,and the absolute minimum gutter

min—2 min min

Solving the problem of determining the minimum values of the gutter width between the frame rail
and the diverted pivot for the calculation scheme of Fig. 1 is performed by methods of analytical
geometry. For this, in addition to the main calculation scheme (Fig. 1), it must be analyzed additional
calculation schemes in Fig. 2 and Fig. 3, which presents a detailed consideration of the grapho-analytical

solution to the problem of finding the minimum dimensions of the gutter in the calculated sections B, D,
(against the maximum bend of the pivot) and », £ (against the end of the pivot groove).

The minimum width of the gutter (vertically) in the zone of maximum pivot bending (in the

min—1

section B, DD, ) is defined as the sum of the smallest distances from the calculated horizontal CQ to
the diverted pivot, and to the frame rail in the section B,DD, (Fig. 2)

(tmin—l )vert = tr(iin—l + t;;'n—l . (33)

The minimum width of the gutters .

min—2

(vertically) against the end of the horizontal pivot groove (in
the sectionp, E,E ) is determined by the same method as the sum of the smallest distances from the
calculated horizontal CQ to the diverted pivot, and to the frame rail in the section 5,E E (Fig. 3)

0 sr
(tmin—Z )vert = tmin—Z + tmin—Z . (34)
1
i st ;
:._BW Rsr .
: N 2
i !
i
i =
! —X\ 180-
. y-X \
' K E
e N__ e
= \\ - = = \ 2
C \\ f e .s-r‘ i f Q
R y:B tmin-2
-=m T AV vert
M‘ P y-X 3 \t min-2
- 2 i —
b;
i
[P AL
~— \“'/ 2

Fig. 2. Diagram for determining the minimum width of the chute 7 ,_, in the zone of maximum
tip bending
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Fig. 3. Diagram for determining the minimum chute width ;. against the end of the horizontal
gouging

The absolute minimum gutter #immi» between the frame rail and the removed pivot is determined by
comparing the two found values of the minimum gutter (tmin— i )vm and (fmm_ ) )Vm . Moreover, the ordinate

of the absolute minimum gutter is searched for and determined not vertically, but along the shortest
distance between the frame rail and the pivot. The shortest distances between these elements are
determined along the normal to the conditional middle line of the gutter MN . Calculations show that the
generally variable angle of inclination of the middle line of the gutter MN to the calculated horizontal
CQ will be equal to the algebraic half-sum of the inclination angles to the horizontal of the working

face at the frame rail and the non-working face of the diverted pivot in each calculated section.
Taking into account it, the formula for determining the minimum width of the gutter along the normal
in the calculated sections B,DD, and p,E,E (Fig. 1) will have the following form:

in the section B,DD, (Fig. 1 and Fig. 2)

p., +o p. +0o B. —6
(tmin71 )narm = (tminfl )Verr * Cos {%J - (tminfl )vert - sin {%J : tg {%} > (35)

in the section p,E E (Fig. 1 and Fig. 3)

e TX . TX o —X
(lmin—Z )narm = (lmin—Z )vert ‘cos [ ﬂt’””’; ] - (tmt‘n—Z )vert - sin ( ﬁt'”""; ] 1g ( lBtmm; } . (3 6)

From the two determined calculated values, it has been choosen the absolutely smallest value, which
will determine the absolutely minimum groove between the frame rail and the removed pivot

114



e-ISSN 2617-9059 Transport Systems and Technologies, 41, 2023

Ejmiﬂ— );orm min (tmm - )des ) (3 7)
min—=2 ) porm

. .. . des
At the end, it should be compared the actual minimum design groove f,

nin min

with the minimum

permissible groove [£,,,] =71 mm [7], and when the inequality e s (2, ] , is fulfilled, it has

accep acce

been concluded that the safety conditions for the movement of wheel pairs are ensured. But, if the
specified inequality is not fulfilled, it is need to choose other geometric parameters, first of all, change
the length of the pivot, the radius of curvature or the starting angles of the symmetrical switch.

Conclusions. A refined method of designing a symmetric switch with curvilinear pivots has been
proposed, which allows obtaining rational dimensional geometric parameters.

A new approach to the design of symmetric switches with multifactor initial conditions allows
reducing such switch parameters as: theoretical and practical length, length of frame rail, length of
connecting rails, and length of transfer curve.

Reducing the total length of switches will allow wider use in the compressed conditions of the track
stations’ development.

Optimum geometric parameters of symmetric switches will make it possible to reduce the cost of the
construction in general by reducing its metal capacity while preserving the conditions for the safe
movement of trains at the set speeds.

REFERENCES

1. Darenskyi O.M. (2008) Z'iednannia i skhreshchennia zaliznychnykh kolii [Connection and crossing of railroad tracks].
Kyiv: UkrDAZT [in Ukrainian].

2. Berezovyi M.I.,, Bozhko M.P., Mazurenko O.0O., & Dorosh A.S. (2016) Elementy koliinoho rozvytku: pryklady ta
zadachi [Elements of track development: examples and tasks]. Dnipropetrovsk: DNUZT im. akademika V. Lazariana [in
Ukrainian].

3. Klauser, P.E. (1991). Assesing the benefits of Tangential-geometry turnauts. Railway Track and Struct, 1, 21-23.

4. Taylor, EM. (1976). Innovations in frog and switch design. Bull. Amer. Railway Eng. Assoc., 658, 652-664.

5. Plasek, O., Raif, L., Vukusic, L., Salajka, V., & Zelenka, J. (2019). Design of new generation of switches and crossings.
Scientific Symposium: Future trends in civil engineering.

6. Danilenko, E.I. (2010). Zaliznychna koliia [Railway track]. Kyiv: Inpres [in Ukrainian].

7. Railway applications. Track. Acceptance of works Part 1: Works on ballasted track. Plain line, switches and crossings
(2013). BS EN 13231-1:2013 from 31 May 2013. The British Standards Institution: Published by BSI Standards Limited.

8. Esveld, C. (2001). Modern railway track, 2nd editon. Delft university of Technology.

9. Ping Wang (2015). Design of High-Speed Railway Turnouts. China: Southwest Jiao Tong University Press.

10. Boiko, V, Molchanov, V., & Artiukhovych, T. (2017). Doslidzhennia znosostiikosti strilochnykh perevodiv dlia umov
ekspluatatsii kyivskoho metropolitenu [Switch’s wear-resistance investigation for operating conditions of kiev underground
railway]. Zbirnyk naukovykh prats Ukrainskoho derzhavnoho universytetu zaliznychnoho transportu - Collection of scientific
papers of the Ukrainian State University of Railway Transport, 169, 39-47 [in Ukrainian].

11. Xu, J., Wang, P., Wang, L., & Chen, R. (2016). Effects of profile wear on wheel-rail contact conditions and dynamic
interaction of vehicle and turnout. Advances in  mechanical Engineering, 8(1), 1687814015623696.
https://doi.org/10.1177/1687814015623696.

12. Danilenko, E.I., Orlovsky, A.M., Kurhan, M.B. & Yakovlev V.O., (2012) Instruktsiia z ulashtuvannia ta utrymannia
kolii zaliznyts Ukrainy [Instruction on arrangement and maintenance of the railway track of Ukraine CP-0269] Kyiv: TOV
«NVP Polihrafservis» [in Ukrainian].

13. Danilenko, E.I., Boyko, V.D., Kurgan, M.B., Tverdomed, V.M., Molchanov, V.M., & Soroka O.O. et al. (2020).
Proektuvannia i rozrakhunky konstruktsij zaliznychnoi kolii [Design and calculations of railway structures]. Kyiv, Hi-Tech
Press Publ. [in Ukrainian].

14. Oliinyk, O.A. (2021). Naukovi osnovy proektuvannia symetrychnykh strilochnykh perevodiv za umovamy bezpeky
rukh kolis v mezhakh vidvedenykh vistriakiv [Scientific bases of designing of symmetrical turnouts under conditions of safety
of movement of wheels within the limits of the allotted points]. Candidate’s thesis. Kyiv: DUIT. [in Ukrainian].

15. Oliinyk, O.A. (2017). Osoblyvosti proektuvannia i rozrakhunkiv symetrychnykh strilochnykh perevodiv dlia
mabhistralnoho i promyslovoho transportu [Features of design and calculation of symmetrical turnouts for mainline and
industrial transport]. Zbirnyk naukovykh prats UkrDUZT - Collection of scientific works of UkrDUZT, 169, 54-63 [in
Ukrainian].

115


https://doi.org/10.1021/ie980380l

e-ISSN 2617-9059 Transport Systems and Technologies, 41, 2023

!Oniitnux Onena Anopiiena”, *Kywmap Jleca Bikmopisna

'Kanpunar Texmiunux Hayk, goueHT kadenpu goueHt kadeapu «3aMi3HMYHA KOJiS Ta KOJiiHE
rocrnoaapcTBo», JlepkaBHuU yHiBepcUTeT IH(pPacTpyKTypd Ta TeXHOJOrid, Byn. KupwiiBcbka, 9, m. Kuis,
VYkpaina, 04071, ORCID: http://orcid.org/0000-0003-3362-8956

2Kanpupar Qinonoriunnx Hayk, jgoueHt kapempu «IHozemHoi ¢inmosnorii Ta mnepekmany» JlepkaBHuii
TOPTOBEIILHO-CKOHOMIYHHUH YHIBEpCHUTET, ByII. Kioro, 19, M. Kui, Ykpaina, 02156, ORCID: http://orcid.org/0000-
0003-0407-6267

I'padoananirnunmnii MeToa BU3HAYECHHS MIHIMAJIBbHOIO0 7K0/100y B KOpPeHi BicTpsika
CHMETPHYHOI0 CTPIJIOYHOIO NepPeBoLy

Cmpinouni nepesoou € bap 'eprum micyem 6 KOJii O NPUIHAYEHHS OONYCIMUMUX WEUOKOCHEU PYXY
noi30i6 NO 20106HUX KOJISX, MAK K GOHU MAIOMb CHEYIAlbHi KOHCMPYKMUGHI Npuiaou Ois
8i02anydHCeH s PYXY 8i0 20108HOT Kol Ha Opyeopsaony. Cumempuyti cmpiiouHi nepesoou Maromy psio
nepesaz NOPIGHAHO i3 36UYAUHUMU. NPU OOHAKOGIN MAPYI i3 36UNAUHUMU NEPe8oOamMu CUMEMPUYHI
003605110Mb  peanizyeamu Cymmeso OLbuil WEUOKOCMI pyxXy noi30i6 OGOKOSUMU KOMISIMU, NpU
00HAKOBUX padiycax NepegioHux KpUeUx CUMEmpuuHi nepeeoou Maiomb MeHULy OO0BHCUHY, Npu
30epedcerni 008HCUHU KPUBOL | padiyca MOIICHA 3ACMOCY8AMU XPECMOGUHY 3 OIIbUUM KVIOM, HIdC Y
36UUQUHOMY nepesodi. YKasawi sKOCMI OOUHOYHUX DISHOCMOPOHHIX CUMEMPUUHUX CIPITOYHUX
nepesodis susnauunu ix cgepy sacmocysanns. Ha xoniax macicmpanvioco mpancnopmy cumempuini
CMPINOYHI NEPesooU 3aCMOCO8YIOMbCS 8 COPMYBATLHUX NAPKAX CIMAHYIL, A MAKOJIC 8 20JI08HUX KOISAX
KOMu nompibHo odocsiemu niosuujenux weuoKkocmel pyxy Ha o6udei ooxosi konii. Cumempuumi
CMpINOYHI nepesedu 3a CB0IM NPUSHAYEHHAM [ KOHCMPYKYIED MAOMb CYMMESL GIOMIHHOCMI 8i0
HatOibW  PO3NOBCIOONCEHUX 36UHAUHUX CHPIIOYHUX NEPegodis, [ MOoMy OOCHONCEHHS OaHUux
KOHCMPYKYIll € 8adicnugumu il akmyanvHumu. Tum Oinvuie, wo maxum 00CHiONCEHHAM HA YKPATHCOKUX
3anIBHUYAX OVII0 NPUCBAYEHO 306CIM MANLO HAYKOBUX NPAYb.

Knrouosi cnoea: cumempuyni cmpinouni nepesoou, npOeKmy8aHHs, MIHIMALbHUL HCON0O MIdC
BICMPSIKOM | pAMHOIO PEUKOIO.
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Research of frogs point wear resistance in various conditions for transportation systems:
main-line railway and subway

The experience of operating switches shows that load-bearing elements fail for two main reasons:
defects and wear. The percentage failure of elements due to one reason or another depends on the
operating conditions in which they operate. In this case, the most worn elements of switches are pointers
and point frogs and their service life is determined by the amount of tonnage passed through them before
reaching the standard values of wear or the appearance defects. The article is devoted to the study of
wear resistance of switches operated in various transport systems, namely, mainline transport and
subways. The article considers the issues of predicting the standard service life cross elements of typical
angles using operational studies for subway conditions and a new theoretical methodology based on the
analysis of switches withdrawn from operation after they reach the standard wear values for mainline
transport. For analytical calculations, the method of modeling the interaction process and graph-
analytical methods were used. As a result of the study, the analytical equations predictive curves for the
formation vertical wear as a function of the passed tonnage for the switches point frogs operated on
lines of mainline railway transport and the Kyiv subway were established.

Keywords: switch, intensity of traffic, passed tonnage, wear, defects, service life.

Introduction. Switches are complex and special track structures that operate under more difficult
and challenging operating conditions than conventional railroad track. At the same time, switches entail
technical, economic and operational costs, both in terms of capital expenditures and current
maintenance. Therefore, there is a need to properly utilize the service life of switches and rationally
predict their service life to plan their replacement.

Analysis of recent research and problem statement. A number of scientific schools have been
studying the impact of operational factors and the differences in switch designs that affect the formation
of wear and defects in metal elements, and, accordingly, the prediction of their "life cycle". Well-known
scientific schools in Soviet Union include the St. Petersburg University of Railways under the leadership
of Professors S. Amelin and V. Yakovlev and the VNIIZT (Moscow) scientific school under the
leadership of B. E. Gluzberg and M. Putri.

In Ukraine, we can distinguish the scientific school DIIT, whose representatives include such well-
known scientists as: M. Frishman, Y. Voloshko, O. Orlovsky and others. Since the late 1990s, the Kyiv
Institute of Railway Transport has had a scientific school headed by Professor E. Danilenko, many of
whose developments were directly related to the study of the operational characteristics of switches [1].

Different scientific schools have their own approaches to assessing the performance of structures and
the impact of operating conditions on the service life of switches.

In particular, scientific developments under the leadership of Professor E. Danilenko take into
account the operating conditions for a specific type and angle of switches through a generalized
characterization of the track power load [1, 2].

As for foreign studies, they are mainly aimed at studying the life cycle of switches structures to
reduce the cost of their design and maintenance; using artificial intelligence to develop an effective
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system for early detection of wear of structural elements and prevent the development of switches
defects at early stages [3-6].

The purpose and tasks of the study. The aim of the study is to predict the operation of switches
under different operating conditions for different transport systems (e.g., mainline railways and
subways), as well as to determine the standard service life of switch elements using experimental and
theoretical methods.

To achieve this goal, the following was done. For mainline transport, the data set on switches of
different types and angles withdrawn from service depending on the operating conditions was analyzed;
a methodology was developed to determine the dependence of vertical wear of point frogs based on the
data on their withdrawal according to the parameter of acquiring the maximum allowable wear limits
and analytical dependencies of predicted wear for areas with different load stresses were established.
For subway conditions was analyzed experimental studies of the operation of cross elements (wing rail,
crossing wing rail) of typical switches.

Materials and methods of the study. The study of the elements of switches removed from the tracks
on mainline railways (stock rail, point tongue, point frog) or switches in general was based on the data
of the railways of "Ukrainian Railways" (UZ). We considered the switches (or their elements) of R65
and R50 types of 1/6, 1/9, 1/11, 1/18 angles removed from the tracks, which were operated on main,
receiving and sending and other categories of tracks. In just three years (2016-2018), 12879 switches
were withdrawn from service, including 9727 due to reaching the maximum wear limit and 3152 due to
defects. The distribution of switches elements withdrawn from service (stock rail, point tongue, point
frog) by wear and defectiveness is shown in Table 1 and Fig. 1.

Table 1. Quantitative distribution of switches withdrawn from service

Extraction . Quantity of Total number of items removed | Total seized
Deleted item . . ¢
parameter seized items, pcs. due to wear and defects 1tems
Stock rail 1412
Wear Point tongue 5677 9727
Point frog 2638
Stock rail 390 12879
Defects Point tongue 619 3152
Point frog 2143

6000
4000

2000

0 l

Stock rail Point tongue Point frog

B Wear = Defects

Fig. I. Distribution of switch elements yield by wear and defects

From the analysis of the yield of switch elements by wear and defects, it can be concluded that the
largest yield by wear for switch elements is made up of points - 58%, while crossbars accounted for
27% and frame rails 15% of the total. As for the withdrawn switch elements due to defects, most of
them were withdrawn - 68%, while the number of points was 20% and the number of frame rails was
12%. In general, 76% of all switch elements were removed due to wear, and 24% due to defects.
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To establish the main regularities of wear formation of switch elements for the Kyiv subway tracks,
experimental studies were conducted to determine the vertical wear of switch elements under operating
conditions (factors such as speed, load stress, and tonnage passed were taken into account). The study
involved switches operated in underground and above-ground sections of the main subway tracks.

Out of the total number of switches operated on the main tracks, 37 switches (73% of the total
number) were used for wear resistance studies.

Of these, 22 switches of the project 2497 type P50 of angle 1/9 (73%): Sviatoshyno-Brovarska
line - 14 switches (88%); Kurenivsko-Chervonoarmiyska line - 8 switches (50%); Syretsko-Pecherska
line - 15 switches of Project 2433 type P65 angle 1/9 (83%).

The selection of switches was performed in such a way that the studied structures differed in terms
of the characteristics of the tonnage passed during operation, as well as had different operating
conditions (the predominant direction of train movement, different speeds, etc.) The initial data for
determining the operating conditions were the operational characteristics of the sections provided by the
Service of Track, Tunnel Facilities and Buildings of the Kyiv Metro.

The maximum established speed V, km/h, on the transfers in the forward direction is up to Vi = 80
km/h, in the lateral direction up to Ve = 40 km/h.

At the time of the study, the load capacity, million tons per year, of the subway sections was as
follows: on the Sviatoshynsko-Brovarska line - 25.23 million tons per year; on the Kurenivsko-
Chervonoarmiyska line - 21 million tons per year; on the Syretsko-Pecherska line - 17.1 million tons
per year.

The passed tonnage T from the moment of installation to the time of field surveys for P50 crossovers
ranged from 13.1 to 133.4 million tons, and for P65 crossovers from 24.6 to 106.2 million tons.

There were 13 and 10 switches with the predominant direction of movement of the P50 and P65
types, respectively, and 9 and 5 switches with the predominant direction of movement were studied,
respectively [7].

Service life of switches. The service life of pointers and point frogs is determined by the amount of
tonnage passed through the switch until the vertical wear value regulated by [8] is reached or until
defects or damage appear regulated by [9] that do not allow further operation of these structures in the
track.

There are warranty and standard service lives of switches and crossovers.

The standard service life of pointers and point frogs is determined by the amount of tonnage passed
through them - the standard operating time 77 until the value of the regulated vertical wear 7, of the

structure the pointer elements (stock rail and point tongue) and the structure of the point frog elements
(wing rail and crossing wing rail) for different operating conditions (axial loads, train speeds, load stress,
etc.), and they also differ for different types and angles of switches.

The warranty service life of switches and crossovers is determined by the quality of manufacturing
of structures at factories (under conditions of technically correct operation) and is set by agreement
between the customer and the manufacturer. The warranty periods are measured by the guaranteed
minimum tonnage passed through the pointers and point frogs or the guaranteed minimum service life
(in years) of these elements in a trouble-free mode and mean that during the warranty period of a pointer
or point frog (when operated in the track in accordance with the requirements of [10]) all structural
elements must operate without breaks and other defects that disrupt their normal operation, while the
dimensions of their vertical wear before the guaranteed minimum tonnage is passed must not exceed the
maximum tolerances established by the same instruction.

The standard service life of pointers and point frogs is established by the criterion of reaching the
value of their regulated vertical wear.

The warranty service life pointers and point frogs is established by the criterion of accumulation of
defects on their structural elements: frame rails and tips (for switches) and crossing wing rails and wing
rails (for point frogs).
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Defects or damages are considered to be any inconsistencies of structural elements with the available
regulatory and technical documentation for them. In particular, elements of switches with wear
exceeding the permissible wear specified by the standards are considered defective [8, 10].

The processes and regularities of the formation of vertical wear of the rolling surface of switches'
structural elements are well studied and repeatedly described in scientific papers [1, 2, 11, 13, 15]. It has
been established that for rigid point frogs made of high manganese steel, the loss of element height
during operation (total vertical wear) occurs as a result of several simultaneous processes: due to metal
crushing as a result of high contact pressures, due to metal abrasion as a result of impact interaction
between the wheels and the rolling surface, and due to structural settling during the period of track
stabilization. Fig. 2 shows the graphical dependence of wear (%) on the value of the passed tonnage (7)),
which sufficiently reliably characterizes the physical nature of the wear phenomenon.

A h, mm
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.

0 Ta T, million gross tons
Fig. 2. Dependence of wear on passed tonnage

The formation of vertical wear (Fig. 2) is most closely described by the analytical dependence:
h=a T +¢-T. @)

In expression (1), denoted:
T - is the tonnage passed through the switch structure element;
a i 6 — are numerical coefficients that have specific values for each structure, location of the cross section
on the cross elements, and operational factors.

Predicting the service life of switches depending on operational factors. In accordance with the
methodology [1, 2], the formula for the dependence of wear on the passed tonnage (1) is adopted as the
basic one, which allows predicting the standard service life of crossovers 7, depending on the standard
wear value /4, and the type of curve from Fig. 2. The specific type of curve #/=fT) (1) is determined by
the coefficients "a" and "g" of equation (1), which are responsible for the crushing and abrasion of metal
in the total wear accumulation.

The methodology is based, firstly, on the general laws of the wear kinetics (/) of point frog depending
on the passed tonnage (7) of equation (1); secondly, on determining the impact on wear of other
operational factors, such as wheel loads P; (and their spectrum), wheel diameters of rolling stock d, train
speeds V; (and their spectrum) and intensity of train traffic.

Using the basic formula (1) and solving it with respect to the value of the passed tonnage 7, when
substituting a specific value of the wear value 4,, Prof. E. Danilenko obtained a formula that allows
predicting the standard service life of point frogs 7, depending on the standard wear value /,.

2
2
T:[—a—h;a +4'8'h”J g (2)

" 2.6
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where %, — is the standard value of vertical wear for the structures under consideration, taken in
accordance with [8].

Predicting the wear resistance of point frogs in subways. During the operational observations,
when measuring the vertical wear of the rolling surface on the point frogs, we used standard measuring
instruments used at the railroad for the current maintenance and inspection of the state of switches,
namely "Puteyets" caliper (0.1 mm division price) - for measuring the vertical wear of the rolling surface
of the whiskers and crossing wing rails; metal tape measure and metal ruler (1 mm division price) - for
breaking down the sections in which wear measurements were performed. Measurements of the vertical
wear of the whiskers and crossing wing rails were carried out in the cross-sections defined in [8].

Fig. 3 shows the field marking of cross-sections on the point frogs, which was carried out during the
research in the subway tracks, in accordance with the scheme of Fig. 4 of measurements of vertical wear
of switch’s point frogs es of types R50 and R65 of angle 1/9.

Fig. 3. Marking of cross-sections on point frogs in subway tracks in accordance with the
measurement scheme on point frog of types R50 and R65 angle 1/9

< 7720 s Sl S

working plane
o

measurement base, [I\

341,

Fig. 4. Scheme for measuring the vertical wear of cross elements

In Fig. 4, we denote:
hi — the design elevation of the wing rail above the design surface along the insertion line, mm;
hy — design elevation at the point of wear measurement on the wing rail relative to the design surface,
mm;
h3 — the amount of wear on the wing rail, mm,;
hs — design lowering of the crossing wing rail relative to the design elevation of the wing rail, mm;
ly.». — width of the wing rail in the measured section, mm;
1/20 — slope of the wing rail.

According to this methodology, vertical wear was measured on all selected point frogs of switches
laid on the tracks of the Kyiv subway for three branches.

The results of the actual values of wear of the wing rails and crossing wing rails at different values
of the passed tonnage were processed by mathematical statistics in order to establish an analytical
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dependence A=f(T) according to expression (1) and determine the specific coefficients of this
dependence. Based on the measurement results, graphical dependence curves were constructed 4=T)
for each group of similar point frogs operating under the same operating conditions.

The approximation of wear curves allows using each specific curve on the projected service life of
the cross elements in terms of wear, close to the acquisition of the permissible wear value (/ermis), and
this allows, in turn, to determine the current value of cross elements wear in any period of operation,
characterized by the passed tonnage 73, as well as to determine or predict the service life of the structure
(Tworm), both during the initial period of its operation in the track or during the design period of laying
the switch, and at any stage of operation before reaching the limit parameters of wear.

Analytical curves of wear of point frogs were determined separately: for point frogs of R50 and R65
types; for whiskers and crossing wing rails; for all standard cross-sections.

The curves in the form (1) were approximated using the Maple software package. As a result, the
equations characterizing the formation of vertical wear from 7=0 to 7=140 million gross tons for each
selected group were obtained.

Taking into account that the wear rates of point frogs in accordance with the Instruction [8] are set
by the wear of the crossing wing rails in a cross section of 40 mm, or wear on the wing rails in a cross
section against 20 mm of the crossing wing rails, the article presents dependencies #=f{T) for translations
of types R50, R65 of 1/9 angles for wing rails and crossing wing rails in these cross sections at the
predominant directions of movement (Figs. 5, 6).
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Fig. 5. Analytical dependences of wear crossing wing rails and wing rails of point frogs type R50
angle 1/9 in the main sections
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Fig. 6. Analytical dependences of wear crossing wing rails and wing rails of point frogs type R65
angle 1/9 in the main sections

A methodology for determining the service life of switch elements for mainline railroad
conditions based on statistical data. In order to obtain objective information about the reliability of a
product (in this case, a switch cross elements), statistical data on failures obtained during operation can
be used. Having information on failures, it is possible to determine reliability indicators, identify
deficiencies in the design of switches and their maintenance, determine the impact of operating
conditions on reliability, predict the service life of the structure and, on this basis, take measures to
improve track reliability.

Based on the fact that the service life of point frogs is the shortest among the elements of switches,
the issue of predicting the service life of point frogs of conventional switches was considered. In this
case, for each case of a withdrawn switch or its element, the data on withdrawn from service point frogs
of different types and angles in terms of the permissible amount of wear and the presence of defects and
for different categories of tracks, which are shown in Table 2, were considered.

Table 2. Quantity of crossing removed due to wear/defects

. Type of point frog
Elemergi of point R50 R65
g 118 | 111 | 19 | 1/6 1118 | vl | 19 | 16

MAIN TRACK

Wing rail -/- 14/8 4/6 -/- 18/10 87/543 63/73 -/-

Crossing wing rail -/- 32/6 28/24 | /- 18/14 1086/822 | 327/104 | -/-

ARRESTOR TRACK

Wing rail -/- 1/4 12/10 | -/- -/- 20/78 60/64 2/1

Crossing wing rail -/- 20/16 54/36 | 1/3 -/- 258/137 | 384/106 | 15/2
OTHER TRACK

Wing rail -/- -/2 17/3 -/3 -/- 2/4 -/6 -/3

Crossing wing rail -/- 13/3 10/6 1/3 -/- 13/10 28/4 43/3

The quantitative distribution of extracted switch elements by wear and defects for different categories
of tracks is shown in Fig. 7.
The most common types and angles of switches used on the main lines of Ukrainian railways are
R65 type 1/11 and 1/9, which account for 94.7% of the total number of switches. Therefore, we consider
these types and angles of switches.
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Fig. 7. Extracted point frogs according to wear and defects: a) — wing rail due to wear, b) — wing
rail due to defects, c¢) crossing wing rail due to wear, d) — crossing wing rail due to defects

The distribution of switches within the established categories of tracks according to [13, 14] (by the
indicator of load stress) is shown in Table 3 and Fig. 8, with the determined average values of load stress
for each of the analyzed groups and the average values of the tonnage passed through the structure before
their decommissioning.

Table 3. Distribution of switches within the established categories of tracks by load and tonnage

throughput
Gross-load intensity, | Average gross-load | Passed tonnage, mln gross
Type and . ; .
mln gross ton- intensity, mln gross tones Quantity of
angles of kilometers per km per | ton-kilometers per km switches, pcs
switches Tonin Tonax Tia ’ ’
year per year
> 80 97,8 51,1 4214 | 1679 11
50,1-80 57,9 48,0 | 440,0 | 193,5 96
30,1-50 38,7 20,7 | 482,0 | 231,1 303
R65 1/11 15,1-30 21,9 30,0 | 465,3 | 176,1 426
5,1-15 10,4 11,5 | 4454 | 159,1 215
<5 2,7 3,1 209,7 92,0 93
Total 1144

At the first stage, we analyze the entire data set in each group (in accordance with the established
limits of load stress of the sections according to [13, 14]) of the removed cross elements by the vertical
wear parameter (/) and determine the average value of the tonnage 7-(») before removal in each data set

for the normalized wear value z(») according to [8], as shown in Fig. 9.
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Fig. 8 Average values on switches of type R65 angle 1/11: a) passed tonnage b) gross-load
intensity

Fig. 9. Determination of average passed tonnage and average wear

The resulting (M) of the average standard tonnage in Fig. 10 is the point through which the analytical
curve of the form (1) should pass. This point is different for each specific case, since areas with different
load stresses are affected by different operating conditions.

From the analysis of equation (1) and Fig. 2, it follows that the 1st term of the equation (4T )

prevails to a greater extent in the area from the initial passed tonnage 7=0 to the tonnage 7. We

determine the forecast curve in the first approximation on the first (curved) section by expression (3),
from where we find the coefficient "a;":

hn:al. Trgtna? (3)
h
p LN M
S
=W |
W
I -
T, T

Fig. 10. Initial section of the wear curve

The greater the value of the average tonnage 77, the greater the influence of the second term of

equation (b-T), so in order to determine the slope of the straight section of the wear curve, we divide the
data on the removal of point frogs into three sections: the first section from 7=0 to 77, the second

section from 77 to T», the third section from 75 to 75=Tnax.
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Fig. 11. Determining the slope of the straight section of the wear curve

At the next stage, we consider the area from T, =7""tT,=T,, . For this section, we determine

the average value of the passed tonnage and the corresponding wear value 42, at which the point frogs
were removed. On Fig. 11, we determine the average wear value /.2 for the second section with
coordinates Ti» (Fig. 12); then we similarly determine /.43 the average wear value for the middle of
the third section with coordinates 743 and then connect the points M, iz, hmiaz and get a straight line.

Next, using the diagram in Fig. 12, we determine the parameters of the line in the range from 7}, to
T, and transform equation (1) to obtain the equation of the straight branch of the wear curve:

h=k-T +h,, “4)

where /o — initial ordinate of the line at tonnage 7=0;
k — tangent of the slope of the line k=tga, which is determined from the following equation:

h,.s—h 5
k =t — — “mid3 L ( )
ST L2
The same angle tangent is the coefficient "¢" from the original equation (1), i.e. k=tgo=6.
ht -1 L | L .
1stsection |  2nd section i  3rd section i
I % 1oL
e _—__" M Ppe _ Lo L &
" — = I I
- — ~
e | /2 |
he| / | e
| | .
T,, Toia Tz T g Ts T

Fig. 12. Scheme for determining the equation of the straight section of the wear curve

Thus, the initial values of the coefficients "a;" and "," from the original equation (1) are determined,
which further need to be specified according to the following algorithm.
In the first approximation, the ordinate 4 is found by the equation:

h(’)zhn_gl'n’ (6)
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where 61 — is the coefficient of the right-hand side of equation (1), which is determined by equation (5).
The value 4y is ultimately refined after determining the coefficient "6," by the expression:

hO = h(’)’ = hn _62 : T (7)

no

where 6, — is the refined value of the coefficient of the right-hand side of equation (1), which is
determined further by expression (14).
Let's move on to clarify the coefficients "a;" 1 "s;".

In the first approximation, the first term /1, = a, - /T, of the general equation (3) is taken into account

on the curved section of the wear curve, but in reality, the influence of the second term of the equation
must also be taken into account in this section g, -7, . Therefore, it is necessary to determine the

coefficient "¢" in the second approximation, i.e., "a,", which is determined as follows:

al-\/fnza2~\/7n+el-Tn. ®)

From here we find the coefficient "a,":

aZ'\/Fn:al.\/Fn_gl.T;l’ )

a :al'\/fq_gl'Tn (10)
2 T :

n

On the other straight section of the wear curve, it is also necessary to take into account the influence
of the first term of Equation (1). Therefore, first, according to the scheme of Fig. 12, we determine the
ordinate Amia:

Prs = hy + 6, -(Togs —T,) (11)

n

and taking into account the first term of equation (1), we rewrite equation (11) for the ordinate /i as:

iy = Ny 6, T (12)

By equating expressions (11) and (12), we obtain the following:

hn+61'(Tmid2_7:1):a2'\ijidz +6, T ian- (13)

Finally, by performing mathematical operations, we get a new refined value of the coefficient 6,
which is calculated by the equation:

_hn+6l.(Tmid2_T;1)_a2'\/Tmid2 (14)
2 - .
T

mid?2

8
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This will be the new refined value of the coefficient ,, which should be used for the original equation
of the wear curve (1). Next, it is necessary to consider the third section in the range from 75 to T3=Tax
and finally refine the coefficients "a;" and "s3" using the same algorithm as above.

Using this algorithm, we analyzed the entire data set for the removed switches elements and
established analytical equations for the predictive curves of vertical wear formation as a function of the
passed tonnage for point frogs elements of R65 1/11 switches at different parameters of the load stress
of sections (different categories of tracks), which are given in Table 4.

Table 4 — Equations of wear curves for switches point frogs of type R65 of angle 1/11 on
reinforced concrete bars under different operating conditions

Gross-load Average gross- Average value
Ne intensity, mln load intensity, mln of passed
/ gross ton- gross ton- tonnage, 7 min Wear curve equation 2=f(T)
vl kilometers per | kilometers per km | gross tones for
km per year per year h,=6 mm
1 | More than 80 96,9 168,0 h=0,322498-/T +0.010833-T
» | More than 50 up 57,9 194,0 h=0,28568 /T +0.010417-T
to 80 inclusive
3 | More than 30 up 38,7 231,0 h=0,22107 T +0.011429 T
to 50 inclusive
4 | More than 15 up 21,9 176,0 h=0,398113-/T +0.004082-T
to 30 inclusive
5 | More than 5 up 7,7 159,0 h=0,421787 /T +0.004286 - T
to 15 inclusive
6 | Upto S inclusive 2,7 92,0 h=0,56244-JT +0.006579-T

Conclusions. To conduct the study, we analyzed previous scientific works on the study of the
formation of switches wear in various transport systems, namely in the conditions of main-line railways
and subways. For the conditions of main-line railways, a new theoretical methodology was developed
to establish the dependence of vertical wear for point frogs on the basis of statistical data on their
removal obtained during operational observations of the parameter of reaching the maximum
permissible wear limits. As a result, analytical dependencies of the predicted wear were established for
sections with different load stresses, i.e., for different categories of tracks.

For subway operating conditions, the difference in the operation of switches is mainly in traffic
intensity, load stress, and tonnage passed. It was found that the use of previous studies performed for
mainline transport is incorrect for subway conditions. Therefore, the operational studies carried out in
real conditions made it possible to obtain specific equations characterizing the formation of vertical wear
depending on the passed tonnage in the range from 7=0 to 7=40 million gross tons for each selected

group.
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JlocriisKeHHsI 3HOCOCTIMKOCTI XpPeCTOBHH B PI3HUX YMOBaX eKCILIyaTalii 1JIs
TPAHCHOPTHUX CHCTEM: MaricTpajbHHUX 3aJi3HULb Ta METPONOJIITEeHY

Hocsio excnnyamayii cmpinounux nepeooie NOKA3Ye, Wo Hecyyi eleMeHmu Uxo0sams 3 1a0y 3 080X
OCHOBHUX NpuyuH: deghexmu ma 3noc. Biocomkose cniggionoulenHs uxody enemeHmié no mum 4du
IHUWUM RPUYUHAM 8I00Y8AEMbCS 3ANENCHO BI0 YMOE eKCNIyamayii, 6 AKUX 60HU npayooms. 1Ipu ybomy
HaUOINbUe 3HOULYIOMbCA 3 eleMeHmi6 CMPINIOYHUX Nepeooie CMPIIKU Ma XPecmosuHu, d CmpoK ix
CYHCOU BUBHAUAEMBCS 3 KLTbKICMIO NPONYWEHO20 NO HUM MOHHANCY 00 OOCASHEHHS. HOPMAMUGHUX
3HaYeHb 3HOCy abo nosgu Oeghexmis. Cmamms RPUCBAYEHA O0CTIONCEHHIO 3HOCOCMIUKOCIT CIPINOYHUX
nepesodis, AKI eKCHIYamylomvCs 8 pi3HUX MPAHCNOPMHUX CUCHeMax, a came: Ma2icmpanbHO2o
mpancnopmy ma memponoanimenis. Pozensioaiomvcsa numanna wjooo npocHO3Y8AHHA HOPMAMUGHUX
CMPOKIB CIYIHCOU eNIeMEeHMI8 XPeCTnOGUH MUNOBUX MAPOK 3a OONOMO2010 eKCRIIYAMAYItIHUX 00CTI0NCEHD
0Jis1 YMO8 MempONoaimeHie ma Ho80I meopemuiHoi MemoOuKy, KA OCHOBAHA HA AHANIZ] BUYHEHUX 3

129


https://doi.org/10.3390/s21155217
https://doi.org/10.3390/s21155217
http://ztu.1520mm.com/
https://orcid.org/0000-0002-8746-0805
https://orcid.org/0000-0002-8746-0805
mailto:soroka_oo@gsuite.duit.edu.ua

e-ISSN 2617-9059 Transport Systems and Technologies, 41, 2023

excnayamayii cmpinouHux nepegoodieé no OOCACHEHHIO HUMU HOPMAMUBHUX 3HAYEHb 3HOCY OISl YMO8
mazicmpanvho2o  mpawcnopmy. s aHanimuuHux — pO3PAXYHKI6  BUKOPUCMOBYBABCS  MEmOO
MOOeN08anHs npoyecy 83aemo0ii ma epagpoanarimuyni memoou. B pesynomami docniosicenns Oyau
BCMAHOBNEH] AHANIMUYHI PIGHAHHS NPOCHOZHUX KPUBUX (YOPMYBAHHS BEPMUKATILHO20 3HOCY, SIK YHKYIT
NPONYUWEHO20 MOHHANCY ONIsl XPECMOBUH CMPILIOYHUX Nepedoois, AKi eKCHIYAMmYImbCs 6 20J06HUX
KOJSX MA2ICMpanbHo20 mpancnopmy 3aniznuys ma Kuiecbkoeo mempononimeHy.

Knrwowuosi cnosa: cmpinounuil nepegio, 8aHMANCOHANPYICEHICHb, NPONYUEHUN MOHHAIC, 3HOC,
Odeghexmu, cmpoxu cayxHcou
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Development of the concept of simulation modeling of the ecological situation based on
the theory of self-organization

The article is devoted to the development of a concept of simulation of the environmental situation
based on the theory of self-organization. The trend of increasing temperature and sea level due to an
increase in the level of greenhouse gases in the Earth's atmosphere is global. This indicates the need to
predict the development of the environmental situation in order to inform the population about possible
disasters for preparing people's responses, resettlement planning, psychological adaptation. To predict
the environmental situation as a result of accidents and disasters, including in rail transport, an analysis
apparatus for possible situations is proposed with the aim of developing recommendations for their
prevention. An environmental simulation model based on the theory of self-organization was chosen as
the apparatus of research. It is based on the processes of mutually agreed relations, as a result of
changes in two species of wildlife (object and environment), leading to the formation of a certain
orderliness of these relations. Interaction of this kind occurs in the direction of achieving the existing
equilibrium state or the formation of a new balance.

Keywords: simulation model, environmental situation, theory of self-organization, expert
assessment, equilibrium state, knowledge base.

Introduction. To predict the environmental situation as a result of accidents and disasters, and not
least in railway transport, a theoretical study of possible situations and means of their prevention is
proposed using a simulation software model built on the basis of the theory of self-organization.

Justification of relevance. The 26th Conference of the UN Framework Convention on Climate
Change (COC-26) was held in October-November 2021 [1].

It was called "the last chance to agree on measures that will slow down the process of global warming
on the planet." Currently, 197 countries and one intergovernmental association - the European
Union - are parties to the Convention.

This is the largest conference in this field in recent years. If in the zero years of the 21st century the
world was faced with climate change, today it lives in an emergency mode. The decade of 2009-2019
became the hottest since the beginning of keeping relevant statistics.

According to the Paris Agreement, its participants agreed to update their plans for reducing
greenhouse gas emissions every five years. However, this was not fully implemented.

The UK is pushing for a deal that would "make lignite and coal a thing of the past" and proposes to
phase out internal combustion engine cars by 2040. Another direction of investment should be the work
to prevent deforestation on Earth. The US and China have already pledged to become climate neutral
by mid-century.

Most of the responsibility for greenhouse gas emissions lies with the rich, industrialized countries of
the world.
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More and more of the world's industrialized nations are committing to transform their economies in
such a way that they become carbon-neutral in the next 10-30 years. But if CO, emissions stabilize in
Europe and North America, they continue to grow in Asia and Africa. Fig. 1 shows how intensive the
economic turnaround in these regions must be in order to achieve the goal of climate neutrality.

But the absolute amount of CO, emissions is not the only important indicator. After all, the
population of the planet is growing, especially on the Asian continent, and the increase in the number
of its inhabitants means an increase in consumed resources. If we correlate CO, emissions with the
population, it turns out (Fig. 2) that the ranking of countries with the vast majority of emissions is led
by the USA, Australia, Russia, Saudi Arabia, Oman, Qatar and Mongolia.

Global CO2 emissions CO2 emissions per capita

Hegatons CO2

America

Tons of CO2 per capita

0 1 10 20+
There are no data

[C-] (O]

Fig. 1. Global CO; emissions Fig. 2. CO; emissions per capita

The economic power of the state and CO; emissions are closely related (Fig. 3), so it is not surprising
that the industrial sector is responsible for the largest share of the total volume of greenhouse gases
(35%).

Deforestation has been steadily increasing over the past two decades. The first places according to
this indicator are occupied by Russia, Brazil and the USA. However, compared to the period of 1990-
2000, the pace of this phenomenon has somewhat slowed down. (Fig. 4). Deforestation is problematic
not only because it releases CO- previously stored in soil and trees into the atmosphere: forests and soil
are powerful sinks of carbon from the atmosphere, making them a critical tool in the fight against climate
change.

Emissions of greenhouse gases by sectors Annyal global loss of balds
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Fig. 3. Emissions of greenhouse gases Fig. 4. Annual global loss of bald spots

Since the beginning of the industrialization era, CO, emissions from burning fossil fuels have
continued to rise. At first, this was a big problem: from every ton of CO» produced by humans, carbon
dioxide was absorbed by natural "carbon sinks" - forests and oceans. However, later on, man began to
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produce much more CO» and other greenhouse gases than the amount that the planet's ecosystems could
naturally absorb. As a result, the amount of CO, that remains "locked" in the atmosphere is steadily
increasing (see the red area on the graph - Fig. 5).

The increase in the amount of CO> in the Earth's atmosphere creates a kind of greenhouse effect:
sunlight and heat penetrate inside, but cannot go back out. Thus, the planet is getting warmer. Compared
to the average indicators of the 20th century, the global temperature rose by one degree Celsius - it
increased especially intensively during the last five years (Fig. 6).

The world's oceans and soils are already oversaturated:

. . The earth is warming up
more and more CO2 remains in the air
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Fig. 5. Concentration of Fig. 6. Gradient of warming of the
greenhouse gases Earth's surface

A warming of one degree on the global average means radical changes at the local level. Warming
is calculated from temperature deviations across the planet — extreme heat and extreme cold balance
each other in different places.

Among the most obvious consequences of rising temperatures is a rise in the level of the world's
oceans, as the melting of glaciers and ice in the mountains increases the amount of water.

According to NOAA - the US state agency for climate research - over the last 140 years, the average
level of the world ocean has risen by almost 25 cm. A third of this increase has occurred in the last 25
years. The rise in the level is observed all over the world, but this process is especially fast in the Arctic,
where the temperature is rising much faster than in other regions. Even more, it accelerates the property
of water to expand when heated.

Formulation of the problem. The analysis shows that the tendency to increase the temperature and
level of the World Ocean due to the increase in the level of greenhouse gases in the Earth's atmosphere
has a global character. However, the implementation of the trend has regional features [2,3]. This
indicates the need to forecast the development of the ecological situation in certain regions in order to
inform the population about possible cataclysms for the preparation of people's response, resettlement
planning, and psychological adaptation[4-7].

Various models (including ecological ones) built on the basis of the theory of self-organization are
an effective research apparatus for solving forecasting tasks [8-10].

Types of models of ecological relationships. The basis of the proposed model is the processes of
mutually determined relations as a result of the change of two species (sets) of living nature and, which
lead to the formation of a certain orderliness of these relations [11].

At the same time, two assumptions were made:

a) each element has a field of interaction, within which changes are made to system-forming
relationships;

b) system-forming relations of steel, for which a continuous compensatory flow is necessary.
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This process can proceed to a certain limit, as it approaches the limit of the activity of the 1st set.
This is due to the presence of the substance and energy necessary for existence in the incoming flow of
the environment and the state of the 2nd set, which functions due to the results of the 1st set. Interaction
of this kind occurs in the direction of achieving the existing equilibrium state or forming a new
equilibrium.

At the heart of the process of inclusion or exit from the active state of elements are competitive
relationships that are revealed; in intensifying their activities and suppressing competitors [6, 12].

The interaction of two sets can be described by a system of differential equations with respect to their
number

dN,
_1:(/11 — 4N, —v 'Nz)'Nl;

dt (1)
dN.
dt2 :(ﬂ*z_:uz'Nz_vz 'N1)‘N2,

where the coefficients:

in the Ist set of elements with the previous properties:

- promotes the growth of elements;

- prevents the growth of similar elements;

- prevents the growth of elements of the 2nd set;

in the 2nd set of new elements:

— promotes the growth of elements,

— hinders the growth of similar elements,

— hinders the growth of the elements of the 1st set.

By changing the values of the parameters of the initial set of elements, all possible forms of
relationships between two sets can be described by nine equations that reflect the sequence of transition
from one state to another, generating a certain cycle in the phase space.

Competing relationships were considered for two sets of elements located in the same environment.
Without violating generality, these considerations can be extended to the case of n sets.

The resulting system is a Volterra model of the "competition" type [13, 14].

Naturally, assumptions are made regarding the integrality of solutions and restrictions.

Questions arise: are such interactions possible, or will elements with new qualitative characteristics
be replaced by the previous ones? If possible, in what proportion can they exist?

Let us analyze solutions (1) from the point of view of finding equilibrium stationary solutions with
an analysis of the stability of these solutions. This system does not have direct analytical solution
methods, however, it can be fully characterized using the phase space method on the plane in coordinates

(N, N,) -

The equilibrium stationary state is realized when

N, _av, o
dt dt
Then from (1)
{(A’l_:ul'Nl_vl'NZ)'leoa 3)
(AZ_ILlZ‘NZ_VZ‘Nl)'NZ =0,
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All cases of invariant conditions of the process (A,,A,, 4, u,,v,,v, = const) can be obtained

analytically. In the general case, invariance leads to the dominance of that process, which will have a
larger ratio of the "increase in activity" coefficient to the "energy consumption" coefficient.

The effect of competing relations, arising as a result of self-limitation in the process of increasing the
number of elements of the same type, can lead, depending on current conditions, either to the complete
displacement of some elements by others, or to an equilibrium state with different quantitative ratios.

Of particular interest are the equilibrium states. They are largely determined by the behavior of the
coefficients A, ,v,, and the stability of equilibrium relations will generally depend on their constancy.

Let us assume that each element from a homogeneous population is in a certain state of active
functioning or recovery. Consequently, such a state will already affect their non-equivalence with respect
to any process, and affect the value of competing coefficients.

In this case, the manifestation of two opposite forms of competing relations is possible:

a) "positive" - when the achievement of a dominant position is carried out by increasing the activity
of the elements of each of the sets. This leads to a faster consumption of the potential reserve, and if the
required result is not achieved during the time interval of increased activity, then the dominant position
is lost;

b) "negative" - when the preservation of a dominant position is achieved by actively reducing the
possibility of a competing system.

In practice, these forms are analogues of positive and negative feedback.

In real conditions, both mechanisms of competitive relationships are used with the predominance of
the type that allows minimizing the energy expenditure to achieve a dominant position. The adequacy
of adaptive activity plays a significant role in maintaining the dominant position. When it coincides, the
dominant is strengthened, and competitors are even more suppressed, and when it does not match, the
dominant is weakened, and now the competing set occupies a dominant position.

Such a periodic change in the dominant position affects the value of the coefficients of intra- and
inter-group competition, and, consequently, leads to a change in the equilibrium state of their numbers.
This change will carry out fluctuations in a certain area, the boundaries and stability of which will
depend on the change in the indicated coefficients.

According to the theory of similarity and dimensionality of H. Galileo, mathematical equations
follow values or ratios. And operate with the terms: "how many times", %, trend. This more obviously
characterizes the results, because absolute numbers can be converted to a dimensionless form, that is,
when the variables of the equations take a value less than one, and strictly speaking - in modulus less
than one. There are purely rational explanations for this. When it comes to simulation statistics, it is
better to move from absolute values to relative values.

To convert the equation with the absolute variable X to the dimensionless form x, we use the formula:

X-X_.
X = min s (4)
X . —X

max min

where X and X _the maximum and minimum value of X, respectively.
max min

We will show the procedure for transforming the model "Competition: mutually suppressive
competition (-,-)" (the first model into a dimensionless form. We define the dimensionless variables of
the mathematical model (1) for », and »,, respectively, (4):

n1 — Nl _Nlmin , n2 — N2 _N2min . (5)
Nlmax _Nlmin NZmax _N2min
Assume without loss of generality v, =N,  =0and N, =N, =N_ .

Then the formula (5) will have the form
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From (6) it is obvious that »,,n, €[0,1] and

N, N,
n = S

Nmax Nmax
Ny=n N, N,=n,-N

Substituting (7) into the equation for model 1, we obtain

d(n, N

Tma)():(/l]_ﬂl'nl.Nmax_vl.nZ.Nmax).nl.N

d(nz - N, )
dt

max

By making simple transformations and labeling

=(4—py-ny-

max

max 2

nl'Nmax)'HZ'N

max *

! .
lui ’ Nmax = lui Vo N = Vi,’ (121’2)'

(6)

(7

)

©)

We will get the mathematical model "Competition: mutually overwhelming competition (-,-)" in

dimensionless form

Carrying out similar transformations with all other options of interaction models from table.1, after
transforming them into a dimensionless form, we will obtain mathematical models of interaction in a
dimensionless form, as shown in table.1.

We present in Table 1 a list of models of different modes of interaction of two self-organizing sets,
with an indication of the effect of the number of one species on the rate of change in the number of

another.

Table 1. Types of self-organized models of joint interaction in dimensionless form

Influence
Type of interaction 2nd species| st species Mathematical model
on the 1st | on the 2nd
1 2 3 4
dn, ’
—L =4 —uin, —v, n,)n;
1. Competition: mutually superior _ _ dt & R
competition dn ' '
= (4, — g, n, —v, n)n,.
dt
d”ll ' '
— =4 =y —viny)n;
2. Amensalism: one-sided _ 0 dt bt V)
dominant competition dn, ,
i =(4 —p, ny)n,.
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Continued table. 1.

1 2 3 4
dn
—L= (4 - Vlrnz)nl;
3. Parasitism (predation): _ + dt
"request - satisfaction" dn, A , )
—=(-A4, +v,n)n,.
dt 2 ),
dl’ll '
— =4 = n)n;
4. Commensalism: one-sided 0 N dt P
positive competition dn, 4 e v m Y
dr o T Hy 1, 2 n,.
dl’l r
7;:(’11 — 4 n)n;
5. Neutralism: balance 0 0 J
n, ,
=14, - n)n,.
dr (4, — 1, ny)n,
dn '
, , —= (A4 — 1 n)n;
6. Amensalism: one-sided 0 _ dt
dominant competition dn, , ,
=4, -, n, —v, n)n,.
dt
dn
= (-4 + Vl,nz my;
7. Parasitism (predation): Batesian . _ dt
mimicry dn
L= (4, _V2'n1)n2-
dt
dnl ’ ’
— =W -y n +v ny)n;
8. Commensalism: one-sided . 0 dt t P
positive competition dn, “ ")
—= = — U, n,)n
i Hy, 1y)n,
dl’l ’ '
. .. .. _1:(11_/11”1+V1n2)n1;
9. Mutualism: joint positive . . dt
activit d / /
Y :;; =4, —, ny +v, n)n,.

The concept of computer simulation of the interaction of two sets.

For a set of two interacting sets, four levels of simulation modeling complexity are proposed,
which are described in Table 2.

Algorithms of the model. Figures 7-10 show the generalized algorithms that form the basis of the
process modeling system under study. The method proposed by the authors was called SRS (Selective
Rapid Scan). The sequence of actions is described in Table 2.
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Table 2. Levels of simulation modeling of a self-organizing ecological community from two sets

Level Essence of modeling

Partial debugging (3-4 models).

The need for a level is to adjust the values of the coefficients of the models.

The starting model is not important here.

The task of this stage is to model situations for different ratios of coefficient values
by changing them and obtaining a numerical solution of the corresponding equation
- to make sure of the correctness of the results of the implementation of a separate
model under certain conditions, to make a transition from one model to another [15].
For this, it is enough to use 3-4 models from Table 1. Modell modeling sequence is
formed. Values and ratios of model coefficients are worked out. A depot is
introduced in Modell. The simulation results are analyzed.

Level 1

Debugging is complete according to a fixed sequence of model activation.
The starting model and one of the variants of the activation sequence are selected.
Level 2 All nine models from Table 1 must be activated. The Levell sequence is taken as the
initial sequence. The simulation results are analyzed, and the numerical
characteristics of the models are adjusted.

Formation of the modeling complex
The starting model is changed and 3-4 activation sequences of all nine models
from Table 1 are generated. One of the modeling options is with Level2. The main

Level 3 task is to check the performance of the modeling complex and its verification.
Description of the simulation complex and development of instructions for the user
(experimenter).

Adequacy check
The complex is being adapted to real conditions. For this, it is desirable to choose
Level 4 a real, investigated and well-described case of violation of environmental safety. It

can be a catastrophe or a transport accident with damage to the natural environment.
The process of eliminating the consequences of a disaster or accident is recorded. An
accident is simulated and the process dynamics are compared with real data.

( DZSRS )

S —
I
NR (i) Setting up the configuration of the i-th model
I
NE (@) Implementation of the i-th model

I
Expert assessment of
research results
i-th model

( end DZSRS )

Fig. 7. Manager of the software complex
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Proc NK(i)
Yi=fi

M = 0; Mz =0;

V=0,V =-V2 |_

Vi=0;V,=0;

M;=0; Yi=-Yy;

V==V V; =0;

V) = —V{; Vj =V

Fig. 8 Model configuration settings (transition implementation algorithm)

C Proc NE(7) )

/ input {PN:} / Input of constants for the i-th model
I . o .
{Pi}={PNi} Assignment of the initial values of the parameters of the i-th model
Cycle by the number of experiments from the i-th model
{Pi}={Pi+APi} Changing the current values of the parameters of the i-th

model for the implementation of the experiment

{Pi} —
admissible?

Verification of the fulfillment of the conditions of
stable eauilibrium

Expert adjustment of parameters

{Pi}=>{Pi}

RDR(i) Numerical solution of the system of differential

equations
—> ( end NE()) )

Fig. 9. Implementation of the study of the i-th model (general case)
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C Proc NE(7) )

/ Input D, d /

I
L,=D L,=D N;=D-Ad N, = N; —Ad
M; =Ny+Ad M;=N+Ad
|

M=L =L vi=Ni w»=N;
M1:M1M2:M2

I
—————————> < k=041 ( End NE(/) )

D=0,7*D;

Ni= 0,5*Ny;

No=0,3*Ng;

No=0,1*Ng;

Verification of parameters
regarding the fulfillment of stable
eauilibrium conditions

Expert correction

RK (i)

Fig. 10. Implementation of the studio of the i-th model (general time)

Conclusions. Note:

- conditions of competition arise in the process of self-organization;

- competitive relations lead to dismemberment of the initial complex of multiparametric system-
forming relations into groups with a more simplified variation, but with a more significant manifestation
of certain indicators in them;

- as a result of the principle of isomorphism, the preservation of equipotential states leads to the
sequential activation of the elements of the system, and therefore to the continuous change of their state
and the limits of this change.

We choose a real investigated and well-described case of an accident on railway transport with
damage to the natural environment. This definitely leads to a violation of environmental safety.

The consequences of this case are recorded. Anomalous process is described by means and terms
embedded in the modeling system. Scenarios predicted with the help of expert evaluation are played
out.

The obtained results regarding the dynamics and consequences of the processes are compared with
real data. In this way, the knowledge base is filled with certain information, the use of which will allow
preventing unforeseen life situations in the future.
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wo npuzeooums 00 (POpPMY8aHHS NEGHOI 8NOPAOKOBAHOCHI YUX BIOHOCUH. B3aemodis makozo poody
8i00YBaAEmMbCsl 8 HANPAMK)Y OO0CAESHEHHS, ICHYIOU020 CIAHY PiBHO8a2U aO0 (OpMYSaHHSI HOBO20 OANAHCY.

Knrwowuoei cnosa: imimayitina mooenb, eKoa02iUHa CUMyayis, meopis camoopeanizayii, ekcnepmue
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Models of criterion evaluation of the image processing systems effectiveness

The criteria used to evaluate the effectiveness of image processing systems are investigated in the
article. The requirements for performance criteria are analyzed. Private criteria which are used for
image processing systems are selected and justified. Such parameters as performance, system cost,
hardware costs characterize the system itself and depend on its specific type. It was shown that the
information capacity, the probability of completing the task, and the accuracy of the image processing
algorithm are the main criteria that characterize the quality of the processing method. It is shown that
such a reliability criterion as normalized root mean square errvor best meets the requirements of
efficiency criteria. Criteria models that are based on the normalized root mean square error in relation
to discrete images have been studied. The simulation results and obtained dependences of cost functions
on the speed of system information processing are given. The methodology for choosing a generalized
criterion, which characterizes not only the information processing system, but also the methods used to
implement this system was found. We obtained a generalized cost criterion, which arguments are the
accuracy of system operation, speed of operation, and cost advantages.

Keywords: Efficiency criterion, image processing, normalized root mean square error.

Introduction. Synthesis of any system, in particular a image processing system, should begin with
choosing and justifying the criteria for evaluation of efficiency, quality and optimization. At the same
time, it is necessary to choose a criterion that would allow synthesizing an optimal process and a system
regarding the most important indicators of quality efficiency. These indicators should in the first place
include the following:

- Problem solving probability or system reliability;

- Information capacity;

- Speed;

- Volume and weight, complexity and cost;

- Accuracy of work and controllability of the system itself;

- Noise immunity.

In addition to these requirements, the criterion should possess certain constructability in order to
easily evaluate its numerical value, which would allow calculating the efficiency of not only the process,
device and the system itself in its proximity to potential perfection, but also comparatively similar
devices, processes and systems in cumulation.

Propositions and consequences formulated in this research allows deriving a generalized functional-
statistical efficiency evaluation criterion that satisfies all above-mentioned requirements. Main
properties of the generalized criterion and particular criteria derived from the general, based on the
maximum total utility at minimum cost are also described.
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Analysis of recent research and problem statement. The concept of quality efficiency and
optimality occupies an important place in theories about information systems in general and image
processing systems, as well as for evaluating of information processing methods used in these systems.

The efficiency of the system can be considered as the benefit received as a result of its use, attributed
to the costs of its development and operation E; [1].

Criteria are used to evaluate efficiency. A criterion is an indicator or a measure of the effectiveness
of the quality and optimality of the system. Criteria can be private or general.

We have to deal with the justification and selection of performance evaluation and optimization
criteria at all stages of system modeling. The difficulty of this task lies in the fact that for complex
systems it is not possible to choose a single criterion for evaluating efficiency and optimality [2-4].
Therefore, it is necessary to solve the problem of multi-criteria ranking or optimization, the main thing
in this is the choice and justification of the compromise principle, that is, the generalized scalar criterion.

When choosing criteria, it is necessary to take into account a lot of requirements [1, 5, 6]:

- the criterion should directly characterize efficiency, reflect objective reality;

- the criterion must have a physical interpretation;

- the criterion should be simple and easy to calculate;

- the value of the criterion must be within certain limits, for example 0<E,<1, that means that the
criterion of an inefficient system is equal to zero, and the criterion of an ideal system is equal to
one;

- the criterion shouldn’t have dimensionality, that is, it should be normalized;

- the criterion must be theoretical, that is, formulated in the form of a law;

- the criterion should be heuristic, that is, it should allow to accumulate experience, develop
intuition;

- the criterion should characterize the best and worst systems within its limits.

The purpose and tasks of the study. The goal is to determine a generalized criterion that would
allow for optimal image processing in terms of the most important performance indicators. It is
necessary to define a specific algorithm of criteria for evaluating efficiency, quality and optimization.

Using this algorithm, we can solve different problems. There are: building mathematical model of
image processing system, building model of system functioning, development and optimization of the
image processing system functioning algorithm, system synthesis and analysis, selection of system
implementation elements, alignment of systems elements between each other as well as evaluation of
image processing system efficiency, quality and optimization.

Selection and justification of private criteria. The first stage of solving the problem is the selection
of a set of private criteria that characterize the system quite accurately. Let’s consider the image
processing system as an object. The method allows you to highlight the image on a halftone object in
real time [7].

We can identify the following private criteria that characterize this specific system:

. system speed or time consumption;

. system functionality;

. information capacity of the system;

. accuracy of system operation;

. the probability of system task performance;

. cost of system implementing;

. hardware costs used for system implementation;

Let's consider the necessity, possibility and sufficiency of using each of the above criteria to assess
the quality and optimality of this system.

1. Speed is the time taken by the system to execute a given image processing algorithm. The type of
mathematical model of this criterion will depend on the specific type of system. When implementing
the algorithm with a sequential system, the speed of operation is calculated in the following way:

NN DN BN~
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M

T(x,y,z,t)= ZZZT(xi’yj’Zk’t)+ZT(Zk’t)r

k=1 j=1 i=l k=1

where T(x;, yi, zk, t) - preprocessing time;
T(zx, t) - feature selection time;
M and N - the number of rows and columns of the image;
L - the number of discretization levels.
When implementing the algorithm with a parallel system, the speed will be calculated as:

L
T(x,p,z,t)= Y T(z,,t)+T,,

k=1

where Tp - preprocessing time.

2. The functionality of this method should have:

a) the possibility of workwith halftone images of different brightness gradations;

b) invariance of the method to affine transformations (rotation, scale change).

3. The criterion of the information capacity of the system [8, 9] can be considered as the ability of
the system to issue the maximum amount of received information about the image of the object after its
processing:

N M
Imax(x, y,t) = Z Z Imax; ;(7),

i=l j=1

where Iyaxi; - the maximum amount of information for i, j image pixels.

4. The accuracy of the system can be considered as: 1) the accuracy of the method implemented by
the system and 2) as the accuracy of the system equipment. The accuracy of the method is most
characterized by the probability of an erroneous decision [9]. A similar problem is considered in [10]
which consists in the fact that it’s necessary to determine whether the received signal at each pixel of
the image is useful or noise. The following errors may occur: 1) the decision is made that sygnal is useful
when it’s noisy; 2) the signal is useful, but it’s decided that it belongs to noise. The first error is an error
of the first kind or "false alarm". The second is an error of the second kind or “missing signal”. The
amount of errors of the first and second kind is estimated by the conditional probabilities & and /3 of

false decisions about the presence of a useful signal when in reality it is absent and about the absence of
a signal when it really is. The probability of a wrong decision on one pixel is:

Pi,j =q; ;% ; + pi,jﬂi,j )

where ¢;; 1 pi; - a priority probabilities of the absence and presence of a useful signal on 7, j pixels.
The total probability of a false decision for the entire image will be:

N
P,=3

i=l1

M=

g% ;+ pi,jﬂi,j

~.
I

Another criterion that reflects accuracy is the probability of recovery.

A lot of attention was paid to the construction and development of a system of quantitative measures
of the accuracy of monochrome images restoration. It is indicated in [11] that adequate accuracy
measures should be consistent with the results of subjective evaluations for a wide class of images,
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without requiring super complicated calculations. In addition, it is desirable for these measures to have
a simple analytical form — then they could be applied as optimality criteria in the optimization or
selection of image processing system parameters. The specified requirements are fully consistent with
the general requirements for the criteria formulated earlier. Quantitative measures of accuracy of
monochrome images restoration can be divided into two groups: single and paired. A single measure is
a number that is compared to an image based on an analysis of its structure. A paired measure is a
numerical result of a mutual comparison of two images, for example, a reference and a real one.

As a criterion of efficiency and optimality of the method we can take the root mean square error of
correction [12].

Let’s say U={F(i, )} - ideal picture, and i=1,...,M, j=1,...,N - coordinates of image elements, M and

N - the number of line elements and lines in the frame. The image we observe V = {ﬁ (x, )}, which

was formed as a result of system processing according to a given algorithm of some initial image. The
quality of the algorithm will be better in accordance with the match of ideal and resulting image,
therefore it is necessary to determine the "closeness of the images".

It is convenient to start with the quadratic measure of closeness - the Euclidean distance [1, 11]. The
square of the Euclidean distance between the images is the square of their difference:

Al =224 (0 ). M

i=1 j=I
where the difference image is
A(Xs Y) = V(xay) _U(xay) (2)

To obtain a measure of the corrective transformation quality for some set of initial images as a whole,
which would not depend on the implementation of the disturbance, it is convenient to take the

mathematical expectation of the value ||A||2 (1). By averaging it both over the set of initial images and

over different realizations of the obstacle, we obtain the following value:

&= ()= X3 0 ®

i=1 j=I

where £%(X,y) = <(V(x, y)-U(x, y))2> , is called root mean square correction error (RMSE).

It can be used as a criterion for the optimality of the correction. The best image is considered to be
the one for which the RMSE is minimal. However, such a criterion does not meet the requirement of
variability within defined limits, as there are difficulties in establishing its upper limit.

One of the reliability criteria is the normalized root mean square error (NRMSE) [12, 13].

> S IFG, j)} - viF G, )} T
NRMSE =-—=—
2

i=l j

, (4)
[V{F (@i, /)T

I
—

where v{-} - a certain (possibly non-linear) operator;

F(i, j) -ideal discrete image, F'(i, ) - the image under study.
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The most common fidelity criteria, which are based on estimates of normalized root mean square
errors (NRMSE) for discrete images are listed in Table 1.

Table 1. Accuracy criteria based on NRMSE f or discrete images

N M

‘ [F(i, /)= F @, ))F
1 Without . NRMSE = 2=~
transformation i

[F(i, )T

Ma

i=l j=1

~
I

> MGG, ) -GG, )

With transformation

by decomposition NRMSE =11 :lN m

, elements ;]z_; GG, j)I’
Degree law GG, j)= [F(i,j)]v
Logarithmic law G(i,j) = R] logb[R2 + R3F(i,j)]

With the Lapl NRMSE == ;
i e Laplace ..
3 transform ZZ[G(z,])]Z
i=l j=1
where
N M - ,
D> > [GG ) -GG, )]
. NRMSE =-——— :
4 With the.use of ZZ GG, J)

convolution e
i=l j=1

where G(l,]):[F(x,y)H(x,y)](s(x—le,y—]Ay)

Another common accuracy criterion is the peak root mean square error (PRMSE), which is
determined by the ratio

W;;[G(i,j)—éa,j)]z

PRMSE = , (%)

AZ

where G(i, j) - a transformed image that meets the definition given in Table 1, and number 4 is equal to
the maximum value G(i, j).
It is also convenient to consider the root-mean-square error as a signal-to-noise ratio:
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(S/N), =—101g(NRMSE) ,
or (S/N), =~101g(PRMSE)

Selection of a generalized criterion. To form a generalized criterion, it is necessary to choose such
a private criteria that characterize not only the image processing system, but also the way implemented
by this system.

Performance, cost of the system, hardware costs characterize the system itself and depend on its
specific type, only indirectly on the method. Evaluation according to the "functional capabilities"
criterion is complicated due to the complexity of the mathematical formalization of this criterion.
Therefore, the criteria that characterize the quality of the method are the information capacity, the
probability of completing the task, and the accuracy of the image processing algorithm.

To derive a generalized criterion, let’s consider the concept of a real and ideal system [14]. A real
system is understood as a system that processes and outputs information according to a given algorithm,
chosen under the condition of obtaining the maximum amount of information about the image.

A potential or ideal information system is understood as a system that works in the same way as a
real one, what is more, it completely removes uncertainty from the object and the system itself. Based
on that, the generalized criterion can be represented as [14]:

_E,7)
E(t,7) = E (1,7) , (6)

where E(t, 1) - efficiency of the real system;
E\(t, 1) - efficiency of the potential (ideal) system.
Effectiveness of real and potential systems, can be defined as:

Bmax
E(t,7) = (7)
where B,y - maximum benefit;
Conin - minimal costs.
B
E(t,)=—", (8)
¢,

where B, - real benefit;
Cs - total costs.

The benefit can be based on any of the previously discussed criteria. Thus, the efficiency of the
system according to the information criterion, in relation to the system under consideration, can be
estimated by the following expressions:

N M
2210

Er — ]r(xayat) — i=l j=1 (9)
Cs Cs
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N M
Zzlmax i, |pl}j 2095

1 (xayat) i=l j=1
£ = Lo - (10)
P C. C

min min

Respectively:
M

Zlmax i,j .Cmin
EI,S = 1;4: (11)
CZ. Zlmaxi,j|pi,j:0’5

J=1

M=

14

L

i=

The defined complexity is the derivation of a generalized criterion, if the accuracy of restoration is
considered as its argument. It is difficult to determine the efficiency separately for real and ideal systems,
for example, relating the normalized root mean square error to costs, as it includes the concept of
parameters of ideal and real systems [15]. However, NRMSE has the highest priority for the evaluation
of the effectiveness of this type of system. The advantages of this criterion are listed below:

The criterion reflects objective reality and characterizes efficiency.

The criterion has a physical interpretation. This is the normalized root mean square error of image
filtering and restoration.

The criterion is statistical, since its arguments are random values or their probabilistic characteristics.

The criterion is not difficult to calculate and can be calculated using appropriate programs.

The criterion has defined limits 0 < Eypyqp < E;\?QQSE , where EII\IH&SE - specific limit value
calculated for a specific type of images for which optimization is performed. At the same time, the more

effective the algorithm, the smaller the error, and the closer ENMSE to zero.

The criterion is normalized.

The main disadvantage of such a criterion is that it doesn’t take into account equipment costs. To
evaluate according to the cost criterion, it is necessary to know the costs of development, production
and operation of the system, as well as the costs associated with the fulfillment of speed requirements.
Generalized total costs can be determined by the expression:

C:(@)=Cpr()+Cy (1) + Cp () + AC(D) (12)

where Cp, Cy, Ck - the cost of development, production, and operation of the system;
ACT - additional costs to obtain the required speed.

AC, =K,T, (13)

where K7 - specific coefficient that solves the dimensionality problem.
The minimum costs are:

Coin () =Cp () +C, () + Cp () + AC() (14)

According to the cost criterion efficiency can be presented:

Ec=—2" (15)
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The criterion varies within:
0<E.<I,

At the same time, when E. is close to 0, the system is inefficient, when E. is close to 1 — the system
is potentially efficient.

The main disadvantage of the cost criterion is its one-sidedness, it means that only costs are taken
into account.

Based on the above criteria and their properties, it is possible to formulate the main requirement of
system optimality: the optimal system is the one where the normalized root mean square error is minimal
at the same costs and given speed.

However, the following requirement will be more convenient: the optimal system is the one for which
the cost criterion is maximal at a given NRMSE and a given speed.

Then the cost criterion will be represented by the formula:

b C,(0)+C, () +Cy (1)
o0 +Cpy (D) +Cp(0) + AC, (1) + ACy s (1)

(16)

where ACyruse(f) - the cost of additional costs to achieve the required accuracy.
AC\ruse = Kruise - NRMSE

where Knruse - the coefficient that solves the dimension problem.

Iftalk about efficiency E. in this problem [16], we mean some functionality of the speed of processing
of requests V, and processing reliability, which is expressed in terms of errors of the first and second
kind with the corresponding probabilities P; and Py [9,12]:

E= V/(Vg’})l’})u)
The cost is calculated by the formula:

C=al

inf T o

1. With restrictions on the duration of the system channel with guaranteed quality of task
performance: #<Tna, wWhen t>Tpnee C=a> Vi, where a1 and a» - weighting factors selected
experimentally, based on the results of analysis of the system processing state.

If a1>ao, where the coefficient a; is determined by the method of expert assessments based on the
results of statistical data processing, then, in this case, a linear dependence is proposed as a first
approximation (Fig. 1).

The task of choosing a breaking point is subjective, so let's consider another cost function:

C=a1>Vinrtao. Coefficient ai» is selected from the condition a1 Vyatao=ai2(Vuax)* O ain=ai/Viax.
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»
|

max

Fig. 1. Dependence with guaranteed quality of processing

2. Alternative - the quality of the data processing is not guaranteed [16].

C=aVy; +ay

1

Ensuring data processing is the task of the operator. In this case, we will also focus on the linear
dependence as a first approximation, but with a different coefficient and breaking point (Fig. 2), and on
the quadratic dependence, where a3, is chosen for the same reasons as ai».

ST

\

max

Fig. 2. Dependence of the cost of the data processing mode in the system

Quadratic cost functions are widely used in the analysis and synthesis of large systems, including
information and computing and control systems.

3. Force majeure (maximum computing resources), quality of processing is maximum, while cost is
the second priority. It is necessary to ensure the guaranteed volume of the system channel - Vepan>Vins.

When determining the required volume of the system channels, the volume of processed information
is approximately 10-100 times less in a full-time situation than when an out-of-hours situation occurs.

Then, the value increases according to the law C,,, =(1—e "), and the graph looks in the
next way (Fig. 3)
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V.
inf
Fig. 3. Dependence of the cost on the quality of information in a "soft" force majeure situation

In some cases, the value of information is an absolute priority. Therefore, it is advisable to choose
the information function of the species as a cost function: C=a42'log2'(1+V,-n ), V>0 (Fig. 4).

CA

1 >
V.
inf
Fig. 4. Dependence of the cost on the quality of information in a ""hard" force majeure situation

Thus, it is necessary to choose the appropriate cost functions proposed above to optimize the time of
image acquisition and it’s processing in various situations [17-20].

Criterion application algorithm for the image processing system. For this system, there are X
options that differ in their technical implementation and algorithm that they implement.

1. The cost of developing, manufacturing and operating the system is calculated (Cp, Cu, Ck).
Moreover, the cost of production includes hardware costs. It should be taken into account that for each
of the X systems the parameter Cys will be different.

2. The speed T of each of X systems is calculated. We choose Y options from them that satisfy the
condition 7y<20ms, that is, they work in real time [21, 22]. Systems that do not meet this requirement
should be refined or rejected.

3. L experiments are conducted for each of the Y selected systems. Next step — to determine the
mathematical expectation for each element of the investigated systems. Knowing values of the signal
on each element of the reference image, according to the formulas from the table 1 or by the formula (6)

we can define NRMSE for each system. By setting defined values NRMSEmaX we compare the

obtained results. When performing the inequality NRMSEy, < NRMSE . a subset Z is formed.

4. For systems included in the subset Z the value criterion is calculated according to the formula (16).
The closer the obtained value is to 1, the more efficient the system.

Conclusions. The process of control and management of complex informaciologic objects can be
considered as the process of formation and regulation of physically independent or interconnected

X
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processes occurring simultaneously or with some time shift. In this case a technical system for control
and management of image processing should be considered as a multidimensional complex system.

The obtained efficiency criterion is generalized, its arguments are the accuracy of system operation,
speed of operation, and cost savings. The criterion is statistical, since all parameters are random values
or their statistical characteristics. Relatively simple criterion is being calculated and it meets the
requirement 0<E.<1. The closer the value is to one, the more efficient the system. Since the criterion
includes indicators of accuracy and speed, it allows to accumulate experience as a result of application
for systems with different accuracy and speed. The simulation results and obtained dependences of cost
functions on the speed of information processing in the system are given.

Thus, the generalized cost criterion meets all the requirements for optimization and quality criteria,
therefore it’s suitable for evaluating the effectiveness of image processing systems.
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!Onexcanop I'epuii

Ulonent, Kadenpa Apromaruszaiis Ta KOMITIOTEPHO-IHTETPOBaHI TEXHOJOTIi TpaHcnopTy, JlepxaBHwuii
yHiBepcuTeT iH(pacTpykTypu Ta TexHonoriii, Byn. Kupwmiisceka, 9, m. Kuis, 04071, Ykpaina, ORCID:
https://orcid.org/0000-0002-8634-5880

Mopeni kpuTepiajJbHOI OLIHKH e(peKTUBHOCTI cucTeM 00p0oOKH 300paskeHb

B cmammi docnioocyromscsi kpumepii, aKi 3acmocosyromucs 0isi OYIHKU eqheKmUeHOCmI cucmem
00pobku 3006padicens. Ilpoananizosari sumoeu, sKi npeo a61s0mMbvCs 00 KpUumepiie egh)ekmuernocmi.
Ilpogedeno eubip i 00TPYHMYBAHHA NPUBAMHUX KPUMEDIi8, SIKI 3ACTOCO8YIOMbCs il cucmem 00pooKu
300padicens.  Taxi napamempu AK WEUOKOOIA, GAPMICMb  CUCMEMU, anapamypHi eumpamu
Xapaxmepuzytoms 8 OLnbwitl Mipi camy cucmemy i 3aiedxicams 6i0 ii kKonkpemuozo sudy. lloxazarno, wo
Kpumepiamu, sIKi Xapakxmepusyoms SKicms mMemooy 00poOKu AI10mMbcs iHgopmayitina 30amuicmo,
IMOBIpHICIb BUKOHAHHS 3a0aUi, MOYHICMb ANCOPUMMY 00poDaeHHs 300padicens. Tlokazano, wo maxuti
Kpumepitl GipHOCTHI SIK HOPMOBAHA CEPEeOHbOKEAOPAMUYHA NOMUIKA HAIOITbULE 8ION06I0AE 8UMO2AM 00
Kpumepiie epexmusrocmi. [Jocniodceni mooeni kpumepiie epexmuerHocmi, AKi OCHO8AHI HA HOPMOBAHIL
CepeOHbOKBAOPAMUYHIT NOMUAYI CMOCOBHO OUCKpemHux 300padicensb. Ilpueedeni pezyrbmamu
MOOeN0BAHHS | OMPUMAHI 3a1edHCHOCME (DYHKYIL eapmocmi 8i0 weuokocmi oopooxu ingopmayii 6
cucmemi. Hagedeno memoouxy eubopy y3aeanbHeHo2o0 Kpumepito, AKill Xapakmepusye He Juule
cucmemy 00pobku inopmayii, a i memoou, Wo 3aCMOCO8YIOMbCs 05l peanizayii yiei cucmemu.
O0eparcano y3aeanvHeHuil Kpumepiti 6apmocmi, apeyMeHmamu K020 € MOYHICMb pobomu cucmemu,
WBUOKOODIsA, 8apmicHi eumamu. 3anponoHO8AHO ANOPUMM 3ACMOCYBAHHA V3A2ANbHEH020 KPUMEPIIo
oL cucmemu 0OPOOKU 300paAHCEHHSL.

Kntwouosi cnoea: Kpumepiii epexmusnocmi, cucmema o0OpoOKu 300padiceHb, HOPMOBAHA
CepeOHbOK8AOPAMUYHA NOMUIKA.
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Commercial and legal conditions for the organization of sea passenger transportation

This article explores current trends and prospects in passenger cruise ship chartering. In light of
events in recent years, including the global COVID-19 pandemic, the cruise industry has faced serious
challenges, prompting companies to look for new approaches to support their operations. The article
examines different chartering models, including long-term and short-term agreements, as well as the
possibility of sharing vessels between operators. Two organizational and legal forms of operation of
marine passenger ships are considered in more detail: liner and cruise. Formalized and provided a
schematic representation of the process of interaction of the participants of sea passenger
transportation in various forms of ship operation. The interaction schemes of the shipowner, the
charterer and the managing agent are described. The interaction technology of the participants in the
passenger transportation process is considered in the context of the types of ship charter contracts.
Differences in technological processes of interaction of participants in the process of organization and
provision of sea passenger transportation, distribution of responsibilities, risks, costs and income in the
organization of sea passenger transportation according to various schemes of interaction of
participants are given.

Keywords: passenger transportation, shipping companies, sea transportation contract, ship rental,
charter.

Introduction. At the stage of market instability, under current circumstances, Ukraine is unable to
build and purchase marine passenger ships for the organization of passenger transportation. However,
taking into account the logistical and tourist potential, this issue remains promising. Creation of own
network of maritime passenger communications is absolutely necessary. Otherwise, this free segment
of the market will be occupied by foreign capital. The small fleet of domestic shipowners, working
sporadically, with separate voyages, on the Greek and Italian routes, will also not hold their positions in
the long run. Therefore, the need to develop and revive cruise routes in the Black Sea region remains
relevant. For the effective organization of the process of sea transportation of passengers, it is important
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to have a clear understanding of the conditions of interaction of the participants in this process, which
determines the relevance of this study.

Analysis of recent research and problem statement. With the development of international
contacts, shipping enterprises of Ukraine entered shipping market. However, the problems of the
development of the activity of shipping enterprises, as before, remain complex and multifaceted and
require a comprehensive and professional approach, both from the state and from the side of the shipping
enterprises themselves. Analysis of the operating conditions of shipping companies during the transition
to market relations and internal aspects of activity allows to formulate a strategy for ensuring the
sustainable functioning of shipping enterprises.

The study of theoretical and practicalof and foreign scientists, such as V.V. Basevych, M.N. Bilenkyi,
B.V. Burkinskyi, S.V. Glebov, Sh.M. Gurevich, B.A. Ridota, L.K. Kendall, O.A. Kybalchich, M.I.
Kotlubai, A.M. Kotlubai, M.E. Lynskyi, G.S. Makhurenko, 1.V. Morozova, H.P. Pylypenko, M.G.
Lyokhovy, M.Ya. Postan, N.T. Primachev, N.I. Savin, V.I. Chekalovets, J. Codsman, A. Dessler, A.
Lawrence, T. Plisley and many others [2, 3, 4].

The domestic authors, including M.E. Lynsky, V.S. Petukhov, N.T. Primachev, A.N. Tymoshchuk
et al.

It is necessary to note the absence of scientific research in the domestic literature in this field for a
long period of time. Modern problems of the development of maritime passenger transportation are
considered in the works of B.A. Lynskyi, V.V. Markov, S.I. Rylov, A.A. Siomin et al [10, 13]. But,
despite the detailed study of individual areas of development shipping market in scientific research by
domestic scientists, there is no systematic knowledge in the field of functioning of Ukrainian shipping
companies on the cruise shipping market in modern conditions.

The efficiency of transport management can be increased only by using the experience of generations
and the achievements that already exist, which is a necessary condition for survival in the competition.
Studying the theory allows to determine the principles of construction of the transport system, categories
and types of transport, historical patterns of the construction of transport systems, classification schemes
of the world transport market.

The existing scientific works and articles highlight the current problems and directions of
development of the maritime passenger transport industry, carried out by scientists of the transport
industry, such as A.V. Selivanov, V.G. Boyko, M.P. Gerasymenko, S.V. Malska, .M. Pisarevskyi, E.V.
Stetsyuk, F.I. Khmil, A.A. Zaitsev, V.V. Panin, I.A. Golubkova — works on regional transportation.

In particular, V.V. Panin considers the prospects and development of integrated transport and
logistics systems of the Dniepro basin, the Danube and the Black Sea as a component of the transport
system of Ukraine. The imperfect legacy of the Soviet Union in the form of outdated infrastructure,
together with a morally outdated management system, outdated technologies and pricing led to a
significant decrease in the efficiency of the transport system of Ukraine as a whole, and in particular to
an increase in the transportation price, a decrease in traffic flows, and unprofitable logistics. The main
problem of V.V. Panin considers the absence of a systematic approach in state regulation of the
transportation system. V.V. Panin considers the Danube region as an optimal transit channel Dnipro-
Danube, Black Sea-Volgodon-Bosphorus. Such systems worked in the Black Sea Maritime Shipping,
on the Danube River, nowadays such systems work in the USA, Canada, Great Britain, Germany and
France.

In the works of V.V. Selivanov illuminated the tourist aspect of passenger transportation. The
involvement of travel companies in the carrier business and the use of existing developments would
allow the development of the passenger transportation market, including such different types as ferry
transportation, coastal transportation, short-distance transportation, and segment cruise shipping. The
articles consider the passenger transport market and its interaction with other markets - the transport
market as a whole, the shipping market, the entertainment and recreation industry market, the tourism
market, and the cruise charter market (cruise tonnage charter).
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ILA. Golubkova emphasizes systematization in shipping, substantiates the principles of world
shipping, presents a set of tools for the development of regional cruises and the shipping business as a
whole [5].

In our opinion, the most detailed and essential description of the development processes of cruise
tourism is revealed in the works of M.B. Birzhakov V.I. and Nikiforova, in which scientists consider
the conditions for the emergence of cruises and their evolution from a historical perspective, systematize
the principles of organizing cruise routes, analyze the geography of cruise activity and the features of
ships intended for cruising. The authors pay attention not only to the process of serving tourists on board
the ship, but also to the system of realization and promotion of the cruise tourist product, the problems
of embarking and disembarking passengers in seaports [6, 14]. At the same time, despite a rather detailed
description of the processes of the cruise industry, the works of scientists do not present an economic
interpretation of indicators that assess the level of development of the studied processes in the context
of a comprehensive analysis of their constituent elements [11].

The transport component is undoubtedly an important part of the tourist business, but other aspects
should be taken into account - primarily organizational and social, due to the fact that cruise
transportation is undoubtedly a complex business. The problems of insufficient attention to these aspects
have a negative impact on the development of maritime passenger transport as a whole and on the
decrease in demand for cruise transport services.

The aim and objectives of the research. The purpose of the work is to consider and formalize the
commercial and legal conditions of interaction of the participants in the process of organizing sea
transportation of passengers. To achieve the aim, the following objectives are set:

Consider the organizational and legal conditions for the operation of marine passenger ships.

Formalize and provide a schematic representation of the process of interaction of participants in
maritime passenger transportation in various forms of ship operation.

Consider the interaction technology of the participants in the passenger transportation process in the
context of types of ship charter contracts.

Research materials and methods. The world market of maritime passenger shipping is divided into
the market of liner transportation and cruise shipping according to the form of organization (Fig. 1) [12].
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Fig. 1. Organizational and commercial provision of sea passenger transportation

Customers of passenger sea transport services are:

- individual passengers who buy tickets for linear transportation and cruises and thereby conclude
contracts for sea transportation and maritime transport cruise;

- tourist organizations that charter passenger ships for the organization of cruises or book tickets for
linear transportation (organizers) (Fig. 1).
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Counterparts are companies engaged in ship agency, ticket and cruise ticket sales, organization of
excursions and outings, etc.

The operation of the passenger fleet is associated with two organizational forms ship operations -
linear navigation and cruise voyages.

These two forms of work also determined the commercial nature of the use of passenger ships [1].
Thus, in the practice of global passenger shipping, depending on the form of the organization, two
schemes of commercial interaction of the shipowner, operator and passengers are distinguished (Fig. 2):

! Tourist organizations Agency companies i
| (organizers) |
| Sea passenger |
! transp ort Excursion i
i services companies i
| Individual passengers |
i ! ! Travel agencies :
| | CONTERARTIESS
! CUSTOMERS ! : :

Fig. 2. Customers and counterparties of marine passenger transport services

1) if the shipowner is the organizer of transportation. The tariff rate is set in advance unilaterally by
the shipowner and is valid for a fairly long period of time. It can be used by any customer who wants to
use the shipping company's services. In the field of passenger shipping, tariff rates are applied on local,
cabotage and international lines, as well as in cruise shipping when cruises are organized by shipping
companies.

2) if the transportation is organized by a tour operator. Then the shipowner receives a fee for renting
the ship under the condition of a time or bareboat charter, and the operator sets passenger tariffs for
transportation. The rental rate when using charter contracts is established in each individual case as a
result of the agreement between the shipowner and the charterer and is fixed in the charter contract.
When organizing transportation on a ship chartered by it, the charterer (tour operator) sets passenger
tariffs by which it sells tickets directly to the passenger (tourist).

During the performance of linear transportation, the maritime contract is valid transportation of
passengers, which is considered concluded after the purchase of a travel ticket.

When organizing cruises on chartered vessels, two types of contracts apply:

- a sea cruise contract, which acts as a cruise ticket and regulates the relationship between the
charterer as the cruise organizer, who carries out this cruise, and the tourist;

- the lease agreement, which regulates the interaction between the shipowner and charterer

The basis of the contract for chartering a passenger ship is the interest of the shipowner and the travel
company to preserve its commercial prestige and competitiveness in the market. Therefore, both parties
place on each other the obligation of high-quality passenger service in the field of competence of the
ship or travel company: omissions of one party undermine the reputation of the other, since the passenger
perceives the cruise as a single enterprise.

The charterer's income is generated from the sale of cruise tickets and is directly proportional to the
number of passengers involved. Thus, the risk of unprofitability of the cruise rests entirely with the

158



e-ISSN 2617-9059 Transport Systems and Technologies, 41, 2023

charterer (operator). The shipowner's income consists of the rent, as well as the profit from the provision
of paid services (above those that it is obliged to provide to the passenger for free) and trade on board
the ship (kiosks, bars, restaurants).

When organizing cruises at the risk of the shipowner, it bears all costs related to the execution of
cruises and receives full income from the sale of tickets or vouchers for such voyages. Travel agencies
and other intermediary organizations are involved in advertising and distribution of tickets, for which
the shipowner pays them a commission, which is calculated as a percentage of the amount for which the
tickets are sold.

In the second case, when the charterer assumes the risks related to the organization of the cruise, it
is provided with a passenger ship for rent for the duration of the cruise. Let’s consider the establishment
of such a form of relationship between the shipowner and the charterer as a chartering operation of a
passenger ship.

The process of concluding a freight agreement is carried out with the help of conditional and firm
offers (offers). A conditional offer is given to several shipowners in order to find out the demand in the
market, to find out the availability of free tonnage, to call for its offer. Only after that, the most suitable
shipowner is given a firm offer valid for a certain period of time. Its acceptance means the conclusion
of a freight agreement. However, full acceptance of such an offer is an extremely rare phenomenon due
to differences in the parties' positions on a number of conditions (usually, the main one is the rental
rate). Therefore, the party that received the offer issues its counteroffer. This process of exchange of
offers and counteroffers continues until the interests of both parties converge (as a result, a freight
agreement is concluded) or the negotiations are terminated (in case of impossibility of reaching an
agreement) and the search for new counterparties. In some cases, when the charterer has a clear intention
to charter a specific ship of a certain shipowner, the chartering process begins with a firm offer.

The concluded agreement is drawn up with a charter. The broker, taking part in its implementation,
not only provides qualified assistance in the process of negotiations and convergence of the parties'
positions, but also draws up the charter and in some cases monitors its implementation. For this, it
receives a brokerage fee, the amount of which is set as a percentage of the freight amount.

In the practice of passenger shipping, depending on the form of transport organizations, the following
types of charters are distinguished:

- time charter

- voyage charter;

- bareboat charter.

Time charter for passenger vessels. When chartering passenger vessels for time charter, a pro
forma code-named "Incharpass" (Passenger Charter Party), issued in 1967 by the Institute of Freight
Brokers of Great Britain (Institute of Chartered Shipbrokers). In many respects, the pro forma is similar
to the usual terms of a time charter contract, but it sufficiently takes into account the specifics of the
execution of cruise voyages and passenger transportation.

The characteristics of the ship are not stipulated in detail in the contract, since it is a specific ship,
well known to the charterer, but the shipowner hands over to the charterer a number of mandatory
appendices to the contract relating to the "passenger characteristics" of the ship, namely:

Appendix 1 (Description of the Vessel), which contains information about: passenger quarters of the
ship; capacity of cargo compartments intended for the storage of passenger luggage; volumes of fresh
water taken on board; capacities of lifeboats and rafts; the number of seats in restaurants and salons;
characteristics of air conditioning systems and duck tranquilizers.

Appendix 2 (Vessel's Passenger Accommodation Plan) contains a plan-diagram of passenger spaces.
All premises indicated in the plan-scheme must be made available to the charterer.

Appendix 3 (Services that Be Provided by Owners) contains: services that the shipowner undertakes
to provide to passengers to ensure their rest and treatment, with the obligation to maintain devices in a
condition suitable for effective operation during operation; services that the shipowner provides to
passengers on board the ship free of charge (first aid, games, swimming pool, etc.); a list of paid services
that the shipowner must provide on board the ship (communication services, special household services,
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showing movies, etc.). The hours of operation of establishments on board the ship are agreed with the
charterer, in turn the shipowner must provide them with a sufficient range of food, drinks and other
provisions. The charterer has the right to independently and at its own expense organize the
entertainment of passengers on board, however, the nature of the entertainment on board must be agreed
with the shipowner or captain.

Appendix 4 (Inventory) is a form of inventory information and contains: equipment; adaptation;
games, slot machines, etc., the assortment of which is specified by the parties upon delivery and upon
return of the ship from the time charter.

Appendix 5 (Owner's Standard Form of Passenger Ticket) contains a typical passenger ticket form
developed by the shipowner and the charterer. This form must be approved by the Mutual Insurance
Company (To be Approved by Owner's P&I Association) and recognized by the contract concluded
between the charterer and the passenger (Embodied in Charterer's Contract with Passenger).

The schedule of the route with the ports of call and the time of arrival and departure of the ship at
each port is also a mandatory appendix to the contract. The specifics of chartering a ship for one or more
voyages allow to accurately determine the total term of the ship's lease, which simplifies the planning
of the ship's operation and the lease calculations.

The length of the route, the duration and the ports of call are agreed upon in the time charter, so the
shipowner's income, expenses and profit during the normal course of the voyage are certain values
known in advance.

The chartering contract of a passenger ship stipulates the procedure for resolving disputed issues,
terminating the contract, indemnifying damages, regulating the accounting of acts of unforeseen
circumstances and force majeure.

Let's consider the main commercial and legal conditions of the specified contract. They can be
reduced to six main groups.

1. Ship. The shipowner provides the charterer with a passenger ship, specifying in the contract its
passenger capacity, broken down by individual classes. A plan for the placement of passenger cabins is
attached to the contract, the seaworthiness of the ship and the obligation of the shipowner to maintain it
in proper technical condition are specifically stipulated.

The pro forma, in addition to the general requirements for the shipowner regarding the seaworthiness
of the ship, contains requirements for cleaning living and other spaces used by passengers. The entire
space and capacity of the ship is transferred to the charterer, except for the premises for the captain,
command staff, crew, supplies, inventory, bunker, provisions and equipment.

2. The period of the ship's stay with the charterer and regulation of its work. The charterer charters
the ship for a certain period, which is calculated per day. The start and end times of this period, as well
as the number of voyages, are precisely marked. A characteristic feature of this contract is the presence
of an agreed schedule, which firmly defines the rules of the ship's movement in single or consecutive
voyages. This schedule is attached to the contract and is part of it. It should be noted that the contract
states that the ship is provided to the charterer for the organization of passenger transportation, i.e., the
purpose of its work is clearly and unambiguously defined.

3. Distribution of costs between the shipowner and the charterer. Services provided on board the
ship. The expenses related to the execution of voyages between the shipowner and the charterer are
distributed according to the principle of assigning fixed costs to the shipowner, and variable costs to the
charterer. It is worth noting that the mode of operation when renting a passenger ship and the ports of
call are regulated by the schedule. Therefore, the shipowner can accurately calculate fuel costs, port ship
fees in advance and more logically assign them to the permanent category.

Among the variable costs attributable to the charterer, in particular, the following articles should be
noted:

- port fees for boarding and disembarking passengers, transit fees, payment of ship's raid service,
fees for boarding and disembarking passengers at ports of embarkation and disembarkation, as well as
possible fees for transit passengers at planned ports of call;
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- payment of the difference between the actual amount of port fees and the amount of these fees,
calculated according to preferential tariffs, in the event that the shipowner loses the right to benefits in
this field, granted to passenger ships, as a result of the charterer embarking or disembarking passengers
at intermediate ports of call;

- payment of vessels of the port of call, which deliver passengers from the raid to the shore and back
in case of a raid parking of the ship in those ports where the approach of the ship to the pier is impossible
for technical reasons (shallow depths, short length of the pier, etc.). If, during the voyage, the ship cannot
be docked or will not be accepted at one of the scheduled ports of call, due to force majeure
circumstances (weather conditions, quarantine, etc.), which will cause raid operations regarding the
boarding and disembarking of passengers or will force, by mutual agreement, to replace scheduled port
of call to another with higher rates of port fees, then all additional costs must be distributed between the
shipowners and the charterer in equal shares on a parity basis;

- expenses for shore excursion service for passengers;

- voyage advertising and other similar expenses.

Costs for the purchase of fuel and lubricants for the ship, galley and electric lighting are borne by the
charterer, fuel for motor lifeboats is provided by the shipowner. This condition does not in any way
affect the commercial conditions of the lease, but pursues only the strengthening of the shipowner's
responsibility for the condition of the lifesaving equipment.

The contract stipulates in detail the types of services that must be provided to passengers on board
the ship during the voyage at the expense of the shipowner, the charterer or personally paid for by the
passengers. The organization of leisure and entertainment of passengers on board the ship is carried out
by the charterer (in agreement with the captain of the ship). Medical assistance on board the ship is
provided free of charge.

If extraordinary expenses arise during the voyage as a result of force majeure or government orders,
they are usually shared equally between the shipowner and the charterer.

4. Rental rate and payment procedure. the rental rate is stipulated in the charter in the form of a rate
for the ship or a kind of " lump sum " payment for the term of the ship's lease. At the same time, the
entire passenger capacity fixed in the contract is taken into account, without taking into account its actual
use. The rental fee is set for each day, since the duration of the voyage is precisely determined, the total
rental amount is known in advance. Rent is paid in advance for the agreed term, and in case of delay in
payment, the shipowner cannot withdraw the ship from the voyage, but can charge a penalty on the
amount of payment for each day of delay in the amount established by the contract.

The shipowner guarantees the execution of the voyage in exact accordance with the schedule and is
responsible for any delays, if they are not related to the fault or omissions of the charterer. The charterer
can unilaterally consider the voyage completed and demand the return of unearned rent if the ship is out
of service for more than three consecutive days. In the event of the ship's loss or the impossibility of
continuing the voyage due to force majeure or other reasons beyond the control of the shipowner and
the charterer, the ship's charter fee is paid until the actual termination of the voyage.

The currency of payment must be specified. When chartering vessels, the currency of the charterer's
country is used. In the latter case, clearing may be used.

The contract provides payment terms, penalties for non-compliance, names of operator banks. In
some cases, when chartering ships by charterers from other countries, the shipowner is provided with a
bank guarantee.

5. Meals for passengers._Special attention is paid to the regulation of passenger meals, bar
maintenance and provision of drinks, protocol events and presentations. In addition, the number of meals
and the daily cost of the passengers' ration, which the shipowner has no right to reduce, are agreed in
the contract. At the end of the voyage, the shipowner's expenses for passenger meals are compensated
by the charterer, based on the actual number of passengers on board.

Charterers pay the cost of meals additionally, based on the actual number of passengers on board.
The contract establishes a daily rate per passenger and, based on it, a part of the cost of passenger meals
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is paid by the charterer to the shipowner in advance, and the final calculation is made after the voyage
is completed.

6. Legal principles. Here, first of all, it should be noted the regulation of issues related to the
termination of the contract, which may arise in the event of unforeseen circumstances that do not depend
on the shipowner and the charterer, such as: war, blockade, delay of the ship by the order of the
authorities in ports of call, orders of governments, damage to the ship's hull or machinery. In this case,
the freight is charged only for the number of actual days of the ship's stay with the charterer.

In separate articles of the contract, the procedure for its termination at the initiative of the shipowner
or charterer and the penalties associated with this, as a rule, are determined (covering the actual losses
of the other party). Issues related to the possible termination of the voyage due to the ship's accident,
which cannot be eliminated within a three-day period, are discussed separately. In this connection, the
obligation of the shipowner to compensate the charterer for part of the rental fee for the remaining
unused days is established. Issues of lien law are not touched upon here.

One of the articles of the charter envisages the mandatory entry of the chartered ship into the Mutual
Insurance Club. At the same time, the payment of the specified commercial transaction belongs to the
charterer.

Although the ship is chartered with the shipowner's crew, this charter has certain elements of a
bareboat charter. In particular, the charterer has the right to paint the ship's hull and superstructures in
other colors, to put its emblem on the chimney, and to fly under its company's flag during the lease
period.

All claims of passengers regarding the program, organization and conduct of the cruise are regulated
by the charterer. The presence of representatives of a tourist or cruise company on board a passenger
liner and 24-hour work with passengers requires the regulation of labor issues and the ship's relations
with the border and emigration authorities. Usually, the charterer, if this is provided for by the ship's
article (The Vessel's Article), pays the crew overtime (Overtime), and the shipowner — enters in the
ship's documents mandatory representatives of the charterer (tourist company, etc.) as "personnel hired
overtime" ("... be signed it as supernumeraries it the Vessel's Articles").

Voyage charter for passenger ships. "Cruisevoy" is the pro forma voyage charter for passenger
vessels. This standard document is intended for wide use by companies - cruise fleet operators and
charterers - travel firms that organize sea cruises. "Cruisevoy' allows a cruise ship, with an agreed
route and voyage schedule, to be chartered by several different charterers or tour operators at once. At
the same time, each of them acts as a charterer of the corresponding quota of the ship's passenger
capacity on behalf of its customers on a proportional basis.

"Cruisevoy" foresees the need for long-term planning of the work of tour operators involved in the
organization of short-term cruises. At the same time, planning is expected no later than a year before the
expected start of the cruise. The pro forma contains equal conditions for termination and termination of
the contract when circumstances prevent the cruise, delay or interrupt the voyage.

The pro forma provides charterers with a complete description of the ship, the equipment on board
and the intended cruise route, enabling the charterer to conduct effective marketing to customers.
Particular emphasis is placed on ensuring that charterers are fully aware of the time constraints required
for embarking/disembarking passengers and loading/unloading baggage, in order to avoid disruption to
the overall cruise programme. This circumstance is important in cases where several tour operators work
on the same cruise ship, each of which ensures the embarkation/disembarkation of its passengers in
different ports during the same voyage.

Among all the new charter proformas recently developed by BIMCO, Cruisevoy is characterized by
such a format that embodies standard approaches to the composition and placement of various
information, including the rental rate, full name and other characteristics of the parties to the contract. 5
appendices have been developed to the pro forma, containing detailed information about the cruise route,
a description of the living quarters, catering facilities, types of payments, as well as a sample passenger
ticket.
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Bareboat charter for passenger ships. Bareboat charter is a contract under which the shipowner
leases the ship to the charterer for a certain period of time without the crew and the ship's supplies for a
fee. The pro forma used to conclude a bareboat charter agreement is called "Barecon-89". In this
agreement, the charterer accepts wider rights to use the ship than under the terms of a time charter. It
fully controls its operation and the shipowner does not interfere in the issue of operation. The ship can
be operated under the flag of the charterer's country, which has the right to rename it.

Thus, under the terms of a bareboat charter, the charterer becomes the owner of the ship for the
duration of the contract and can use it at its discretion, while it bears almost the entire commercial risk
of operating the ship. The owner of the ship for its use by the charterer usually receives a fixed monthly
rent specified in the contract, regardless of the commercial performance of the ship.

The charterer of a ship under a bareboat charter becomes a temporary shipowner, since such a
contract gives legal title to the owner of the ship, regardless of whether it owns the ship or uses it on
another legal basis. A bareboat charter is a "legal basis" for operating a ship on its own behalf, and only
within the framework of this contract does the party that accepts the ship become its shipowner.

A bareboat charter, unlike a voyage charter or a time charter, does not provide for a detailed
distribution of the obligations and costs of the parties regarding the maintenance and commercial
operation of the ship, as well as the execution of voyages. The commercial conditions of a bareboat
charter are very simple and boil down to the following: protection of the rights of the ship owner;
insurance of property and other risks; financial settlements of the parties. The shipowner pays for fuel
and engine oil on board, as well as all unpacked seats and ship's supplies.

The rights of the charterer for the use of the ship are defined very broadly, since the ship is transferred
to its possession and under its full control. However, there are some restrictions related to the
preservation of the legal and physical property rights of the shipowner:

- the charterer may not use the ship for illegal transportation, which may lead to confiscation of the
ship;

- the ship should not be operated in areas of high latitudes and other areas not covered by normal
CASCO insurance.

Maintenance and operation of the ship is carried out at the expense of the charterer in full compliance
with the requirements of international conventions, classification societies and rules of technical
operation. The shipowner has the right to monitor the condition of the ship, the conditions of its
operation and maintenance, compliance with classification requirements regarding the periodicity of
docking, cleaning and painting of the hull. The shipowner carries out such control with the help of
surveyor inspections of the ship, which can be carried out at any time and in any port of call of the ship.
If it is found that the charterer operates the ship in violation of technical rules or classification
requirements, does not carry out timely repairs, docking and measures to maintain the ship's class, the
shipowner has the right, after an appropriate warning, to withdraw the ship from operation without
prejudice to its other requirements regarding the bareboat charter (except for the case of subsequent
repurchase of the ship by the charterer). If, during the bareboat charter period, international or national
regulations require the ship to be modernized or equipped with some additional equipment, the charterer
must do so at its own expense, however, if the amount of the charterer's expenses for these measures
exceeds 5% of the actual value of the ship, this may serve as a basis for review of rent or other expense
regulation incurred by the charterer.

Payment for the lease of the ship in the bareboat charter is made in advance for the agreed period of
the future operation of the ship. In the event of non-payment of rent within 7 consecutive days, the
shipowner has the right to withdraw the ship from the bareboat charter without prejudice to its other
claims against it (with the exception of the option of the contract with the subsequent purchase of the
ship).

Under the conditions when the shipowner concludes sea transportation contracts on its behalf as a
carrier, insurance of its property interests and liability risks is its voluntary decision. In a bareboat
charter, risk insurance becomes a contractual condition, but most often this duty is entrusted to the
charterer, who must insure: property risks of the shipowner on the widest terms of CASCO insurance
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coverage; risks of liability of the shipowner to third parties; carrier (charterer) liability risks. In
connection with the fact that the liability of the charterer as a bareboat shipowner or carrier may lead to
the seizure of the ship, which in turn will create a threat to the preservation of the right of ownership.
According to the terms of the Vageson-89 pro forma, property insurance of the ship against maritime
and military risks can be carried out both at the expense of the charterer and at the expense of the owner
of the ship, which is reflected in the amount of the rental fee, respectively.

Other bareboat charter conditions include the following:

- the charterer cannot pledge the ship or allow its detention or arrest as a result of its actions. In any
case, the detained (arrested) ship must be released immediately at the expense of the charterer.
Regarding the impossibility of bailing the ship, the charterer must place a warning on the bulkhead of
the running room: "This ship is the property of..., the ship is leased from..., and under the terms of the
bareboat charter, neither the charterer nor the captain has the right and is not authorized to carry out or
allow any lien on the ship to be exercised";

- the reward for the rescue received by the ship as a result of a successful rescue operation belongs
to the charterer; the costs of repairing damage to the ship received during the rescue operation, as well
as other costs, are also charged to its account;

- any bills of lading or other transport documents signed on behalf of the charterer shall fully release
the shipowner from any liability;

- in case of requisition (temporary seizure) of the ship by state authorities for a reward, such reward
belongs to the charterer, and it must pay the shipowner the full rent for the entire period of requisition.
In case of confiscation of the ship by the competent authority with loss of ownership of the ship, the
bareboat charter is considered terminated;

- the war clause and the arbitration clause are of the nature usual for contracts of charter.

- bareboat charter in practice, along with fulfilling the function of a ship charter contract, it is used
as an option for purchasing a ship on credit.

Thus, the bareboat charter provides for two options for ending the contract:

1. returning the ship to the owner;

2. redemption of the ship by the charterer (Fig. 3).

Shipowner Charterer

Bareboat charter

Ship sale contract

Fig. 3. Commercial relations of the parties in the form of a bareboat charter

The agreement on the purchase of the ship by the charterer after the end of the lease period is reduced
to the following items:

1. an agreement on the future purchase of the ship must be reached at the time of concluding the
bareboat charter.

2. The charterer has the right to redeem the leased ship if it has fully fulfilled its obligations regarding
the bareboat charter.

3. The shipowner-seller guarantees that the ship is free of liens and other debts.
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4. All expenses related to the removal of the ship from the registry of the home port shall be borne
by the shipowner.

5. All expenses related to the registration of the ship after its purchase are borne by the charterer-
buyer.

6. The charterer must settle all labor relations with the crew and other legal issues related to the
change of ownership.

Agreement on ship management. The emergence of operating companies became another stage in
the development of forms of organization and management of sea passenger transportation. In modern
world practice, there are many companies that are separate from shipownership and specialize in ship
management (ship management) or transportation organization.

Ship management (Ship Management) is a form of ship operation caused by the practice of separating
the functions of shipownership from the function of professional management (management), when all
work with agents-managers is based on the requirement of achieving the optimal economic effect
through joint commercial activity as participants in the logistics transport chain.

A company specializing in ship management concludes a ship management agreement with the
shipowner, in other words, a ship management contract, which is not a ship charter contract for a voyage
or time, but an agreement for the performance of a wide range of management services. It should be
noted that the traditional delivery of ships built or under construction to long-term bareboat or time
charter has justified itself and is currently justified.

But the optimal solution for the results and prospects for the future turned out to be the concentration
in the hands of the investor-shipowner (holding company, joint-stock company, financial and industrial
group) of solving the following issues: investments, ensuring the quality of services, attracting capital,
credit control, insurance. However, the operation of ships, marketing, chartering, issues of the technical
condition of the fleet, provision of food, fuel supply, management of freight issues, crewing, reporting,
etc., are advisable to be transferred to the management of highly qualified specialists — agent-managers.

Currently, in maritime transport, the separation of the function of ownership of ships from the
function of their professional management has already affected more than 25% of the total number of
the world merchant fleet and received its legal form in the standard agreement on ship management
developed by BIMCO in 1998 under the code name "Shipman-98 " (Standart Ship Management
Agreement Code Name "Shipman-98"), on the basis of which the relationship between the shipowner
and the managing agent is determined.

According to the ship management agreement, the agent-manager undertakes on behalf of the
shipowner-principal and at its expense:

- to ensure a reasonable practice of ship operation management;

- to expand the interests of the shipowner in all aspects of transportation.

As a rule, the following functions are included in the scope of services provided under the ship
management contract to the ship operator:

- crewing of the ship;

- ship maintenance;

- commercial operation of the ship;

- bunkering and other types of ship supply;

- accounting;

- ship insurance organization;

- other services, for example, conducting claim and lawsuit work.

All revenues from the operation of the ship go to the account of the shipowner, and the agent-manager
is compensated for all expenses related to the operation of the ship, and the established remuneration
agreement is paid (Fig. 4) [15].
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All expenses for the
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' 3
L 4
Income from ship Ship operation
operation + services

Fig. 4. Commercial terms of the ship management agreement

The manager may be assigned to supply the ship with provisions and fuel, but the choice of quality
must be prescribed by the shipowner depending on the ship's operating conditions.

The main obligation of the shipowner is to pay the annual management fee in advance monthly
payments, that is, in the form of prepayment, starting with the first payment, which is usually made
immediately after the conclusion of the contract. Management remuneration is subject to annual review.
It can be revised both upwards and downwards. If the ship is decommissioned for more than three
months, the shipowner has the right to raise the issue of a corresponding reduction of the management
fee for a period exceeding this period, but this period ends no later than one month before the return of
the ship to operation. In addition, the shipowner must reimburse, at the request of the manager, all costs
reasonably incurred by it under the terms of the contract of ship management, with the exception of
office maintenance costs. In particular, postage and other communication costs, as well as travel
expenses, are subject to reimbursement.

The manager's fee is an annual lump sum payable in equal quarterly advance installments. At the
same time, the first payment is made at the beginning of the term of the agreement, and subsequent
payments are made once every three months.

Very important is the condition that the shipowner must pay the manager a fee within three months
after the termination of the agreement for reasons that are not related to the manager's failure to fulfill
its duties or due to the death or sale of the ship. This condition also applies to the financial support of
the ship's crew hired by the manager. Financial planning is carried out by drawing up an agreed estimate,
which is valid for the first year of the agreement. The manager must submit the next estimate to the
shipowner three months before the end of the current estimate. The shipowner is obliged to notify the
manager of the acceptance and approval of the new annual estimate within one month from the date of
submission of the draft estimate. If such notification is not received, the manager has the right to consider
the estimate accepted.

The manager also prepares and presents to the shipowner an estimate of working capital, which is
necessary for the operation of the ship. The estimate is updated every month, and the manager, based on
it, asks the shipowner in writing about the allocation of funds for the next month. Funds must be
available to the manager within 10 days after the shipowner receives the corresponding request. The
manager must provide the shipowner with a comparative analysis of the ship's actual costs and those
approved by the budget in the form required by the shipowner and at a frequency agreed by the parties,
and by default — monthly.

The manager prepares and directs to the shipowner the calculation of the ship's need for working
capital with the right of monthly clarification. Guided by the annual estimate and calculation of working
capital, the manager asks the shipowner every month to transfer to it the funds necessary for the
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operation of the ship, including covering unplanned expenses: for emergency repairs, additional
insurance premiums, fuel and food.

Issues of general management are regulated as follows:

1. The manager undertakes to settle any claim related to its activities, as well as to inform the
shipowner of any event known to it that may cause claims and disputes concerning third parties.

2. The shipowner has the right to give instructions to the manager to initiate or deny cases in court,
to file lawsuits or to take other procedural actions in connection with the cases entrusted to the manager
under this agreement.

3. The manager is given the authority to engage legal, technical or other experts.

4. The shipowner ensures that any necessary guarantee letter, subscription or other legal security is
issued to the manager.

5. The shipowner undertakes to reimburse the manager for any expenses incurred by it in the
performance of its obligations, while it has the right to conduct an audit of the manager's activities, but
only in mutually agreed terms.

The operator can be authorized to sell and buy the ship.

The agreement considers in detail the procedure for terminating its effect, protecting both the
interests of the principal - the shipowner and its agent-manager.

The ship management contract is close in its legal nature to the agency contract. The actions of the
manager create, change or terminate the rights and obligations of the shipowner, therefore, all risks
remain with the shipowner.

If the manager acts on behalf, then two types of relationships are formed in relations with third
parties:

- internal agency relations — "agent-principal" relations;

- external relations formed between the agent and third parties, as well as between the principal and
third parties in those legal systems that allow it.

The court management contract is valid until it is canceled by one of the parties. The contract enters
into force on the day indicated in box 4 of part I of the pro forma. After the expiration of the period
specified in box 17, each of the parties has the right to withdraw from the contract by notifying the other
party about it in two months.

The pro forma "Shipman-98" is not without certain shortcomings, however, it is successfully used
for the organization of the commercial operation of the ship by a third-party operator, as well as for the
organization of the internal management of the ship.

Conclusions. The paper examines and formalizes the commercial and legal conditions of interaction
of the participants in the process of organizing sea transportation of passengers. To achieve the goal, the
following tasks were set and solved:

1. The organizational and legal conditions for the operation of marine passenger ships are considered.

2. The schematic representation of the process of interaction of sea passenger transportation
participants in various forms of ship operation is formalized and provided.

3. The technology of interaction of the participants in the process of transporting passengers in the
context of types of contractual relationships is considered

The further development of the shipping business in Ukraine is a complex and multifaceted problem
and requires a comprehensive and professional approach, both from the state and from individual
enterprises, in particular, shipping companies. The study confirms the importance of further study and
systematization of the technical, economic and social conditions of the organization of sea passenger
transportation.
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nioxodie niompumku c8oei disnbHocmi. Opaxmysants KpyisHUX cyOeH cmae ece Oinbul npueadIUeUM
8apIaHMoM 0151 KPYI3HUX ONepamopie, 003804504 U iM CKOpOMUmMU BUMPAMU i 2HYUKO a0anmy@amucs
00 nonumy, wo 3MIHIOEMbCA, HA KPYi3HI nodopooici. B cmammi poszensoaiomvcs pisni mooeni
dpaxmysanus, KIOUAOYU 00820CMPOKOGI MA KOPOMKOCMPOKOGI Y200U, A MAKOINC MONCIUBICTD
CNIbHO20 GUKOPUCTIAHHS CYOeH Midc onepamopamu. JoKNaoHo ananizylomsvcs nepegazu ma pusuxu
(paxmyeanus KpyisHUX CyOeH, GKIOUAOYU eKOHOMIYHI, onepayitini ma wopuouyni acnekmu. binvu
0emanizo8ano po3eusiHymo 06 OpeaHizayitino npasosi Gopmu pobOmu MOPCHbKUX NACANCUPCOKUX
cyoeH: nHitiHY ma Kpyi3Hy. Popmanizoano ma HA0AHo cxemamuyHe 8i000pajicenus npoyecy 63aemooii
VUACHUKIB MOPCHKUX NACANCUPCHKUX Nepede3eHb npu pisHux gopmax pobomu cyoen. Onucano cxemu
63a€MO0II  CYOHOBIACHUKA, (YPAXmMysaibHuKa ma dazeHma-meneddcepa Pozensanymo mexnonozito
83a€MO0II YUACHUKIE Npoyecy nepese3eHHs NACANCUPI8 8 KOHmeKcmi 8udie 002080pie (PpaxmyeaHHs
cyonom. Hagedeno iOMiHHOCIMI Y MEXHOI02IUHUX NPpOYecax 83aeMo0ii YUACHUKIG npoyecy opeanizayii
ma 3abe3nevenHs MOPCbKUX NACANCUPCOKUX Nepese3eHb, pPOo3nodiii 8i0N0GI0ANbHOCHI, PU3UKIE,
sumpam ma 00X00i8 HpU OpP2aMiz3ayii MOPCLKUX NACANCUPCOKUX Nepee3eHb 34 PIZHUMU cXemamu
83a€MO0iI YUACHUKISB.

Knirouosi cnoea: nacaxcupcoki nepesesents, cyOHONIAGHI KOMNAHIi, 00208ip MOPCbKO20 Nepege3eHns,
opeHoa cyoHa, uapmep.
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Modeling of transport infrastructure: ontological approach

The article deals with current problems of ontological modeling of processes of design, construction
and operation of buildings and structures in transport infrastructure. Such modeling involves use of
standards and classifiers adopted in Europe and harmonized within BIM (Building Information
Modeling) and EULYNX (European railway technology alliance). Multi-level ontological model of
transport infrastructure is proposed. This model contributes to formation of understanding of essence
of subject area, which is the field of transport infrastructure (transport repair enterprises, transport
facilities (bridges, tunnels, tracks), transport depots, stations, etc.). Proposed model contributes to
presentation of knowledge in form that is convenient for their processing in intelligent systems, ensuring
intellectualization and digitization of processes in transport infrastructure. Proposed ontological
approach ensures multiple use of knowledge and existing ontologies, allows the use of modern
technologies (in particular, semantic ones), when objects of subject area correspond to their reflections
in multi-level ontological model. Ontological approach to modeling of transport infrastructure makes
it possible to move to automatic management of these objects and corresponding processes in systems
that ensure intellectualization and digitalization of transport and transport infrastructure. Developed
multi-level ontological model is planned to be supplemented with new components, imposing
appropriate restrictions.

Keywords: modeling, ontology, multilevel ontological model, transport infrastructure.

Introduction. Currently, the development of information systems and technologies (as well as
intelligent systems and information systems with elements of intellectualization) leads to large-scale
automation and the use of artificial intelligence in various fields of human activity. The use of
knowledge-based systems improves efficiency:

— information interaction of systems (including those working in different subject areas (SA));

— information support for certain types of activities of individual users, enterprises or industries as
whole;

— simplifies and transfers the work of enterprises to new level of informatization and
intellectualization.

The development of any such system begins, first of all, with description of SA within which it will
operate. To describe SA, two approaches are mainly used: ER-modeling and modeling using the
construction of an ontological description. In this paper, we consider method based on the construction
of ontologies and allowing one to build deeper formal description of SA at the conceptual level.
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Analysis of recent research and problem statement. In the 1990s, innovative applications in
architecture, engineering, and construction (AEC) emerged, leading to the emergence of: CAD
systems that enable the processing of graphic information; 3D models of buildings and structures
(including railway infrastructure); new information possibilities (for example, calculation of physical
characteristics, unit costs) [33, 34].

All this contributed to the emergence of methodology that is known as Building Information
Modeling (BIM) [1, 2, 23, ]. BIM processes are well defined for new buildings and railway infrastructure
structures (hereinafter referred to as structures), and most of the existing structures are not maintained,
repaired or rebuilt. Possible solution to the problem of increasing the efficiency of the AEC is to use
knowledge management and an ontological approach [32, 35].

The use of Industry Foundation Classes (IFC) [3, 4] and other standard ontologies at all stages of the
life cycle of structure prevents the loss of information and facilitates the transfer of the maintenance
process from one participant in the life cycle of railway infrastructure structure to another.

The purpose and tasks of the research. The purpose of the article is to discuss problems related to
the management of objects and processes of transport infrastructure (in particular, their design,
construction and operation), as well as possible methods of solving them using modern technologies of
intellectualization and digitization and multi-level ontological modeling of the corresponding SA.

Materials and methods of research.

The semantic and ontological enrichment of building models can contribute to more optimal storage
and access to data, providing means for structuring, storing and visualizing information. Information
resources of intelligent systems using BIM and the ontological approach provide information support
for the tasks solved in it in the field of design, construction and operation of buildings and structures of
the railway infrastructure. In particular, one of the types of information resources are classifiers that
provide data representation taking into the account the ontological approach and effective information
interaction between system components.

Standards and classifiers contain information about objects (components, information and control
flows, etc.), which determines their use in modeling the corresponding SA.

This article describes the method of linking information resources on the example of classifiers to
the ontology of SA for the formation of deeper and more detailed conceptualization model of SA [5, 6].
Ontologies make it possible to formalize SA (in the article, such SA is the infrastructure of the railway
transport) with the help of an appropriate conceptual scheme.

The ontology is defined in the knowledge representation language, which defines the formal
semantics, which provides the possibility of clear interpretation of the ontology in the corresponding
intellectual system. The ontology represents SA at the conceptual level with the help of concept classes
and their relations. The ontology of SA can be defined as:

0¢=<C A, R, D>,

where C is the set of SA classes, A is the set of attributes of these classes, R is the partial order relation
on the set of classes, R € C x C, D is the set of domains of admissible values of the attributes of the SA
objects. Classes are defined by the triple <d,, F(d;), V(d;)>, where d;is the name of the class, F(d;) = {f;;}
is the set of attributes of the class, V(d;) = {vi;} is the scope of the class, v;; — objects with features F(d,).
Let B(F(d)) = {0,2"" be the content Boolean of the feature set F(d;) of some class d;, where 2F@! —
the set of all subsets of the content F'(d;). The elements of the Boolean form partially ordered set by the
inclusion of its elements — the lattice (B(F(d))), <, A, V).

Any element F(d;) € B(F(d))), H € [1,25 1], of the resulting lattice is considered to be the content of
some class df, generalizing the concept of d; if F(d{") < F(d;). The lattice K(d;) = (B(F(d)), <, A, V)
of all content subsets of the initial class di is called the conceptual “framework” of the SA ontology. The
conceptual "framework" of the SA ontology is necessary structure containing the initial class di.
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Conceptual modeling with the help of ontologies provides, in particular: semantically deep
representation of SA:

— rich formal semantics, reflection of complex axiomatic information due to logical notations;

— solving various problems simultaneously: description of SA as such;

— development on the basis of the formed ontologies of information and intellectual systems.

The use of ontological modeling makes it possible to formalize SA with the help of more accurate
conceptual representation, as well as to apply it in intelligent systems to improve the efficiency of
processes in the field of designing transport infrastructure facilities. To build ontologies, a lot of software
tools have been developed that provide the user with graphical interface for building ontologies. The
most popular is Protege [7, 8] ontology editor. Ontological modeling SA goes through several stages:

— defining the scope and scope of ontologies; definition of the main terms of ontologies;

— definition of classes and their hierarchy;

— definition of properties of classes and relations.

For the description of SA, an approach is proposed, which consists in the fact that certain areas of
the SA can be described using existing information resources, such as standards and classifiers,
operating in the SA under consideration. In other words, the ontology of SA can be extended by
ontologically linking ontology classes with standards and classifiers.

Depending on the level of approval, there are the following categories of standards and classifiers:
international (regional); national (including Ukrainian); intersectoral; industry; systemic. Thus, we can
say that the standards and classifiers present systematized descriptions of SA objects, in which the names
of objects have certain codes.

The presented ontology, supplemented by the classifiers described above, can be used to
intellectualize the processes of design, construction and maintenance of transport infrastructure
facilities, including: to develop an intelligent decision support system for designers when choosing the
appropriate BIM standards and classifiers and to control the design (construction) processes or support,
depending on the classes of problems to be solved), systems for introducing national characteristics into
pan-European standards and classifiers, systems for collecting and analyzing statistical data on the
activities of objects of SA.

To link standards and classifiers to the ontology of SA, you need to perform the following actions:

— Representation of the ontology in machine-interpretable form (translation of the ontology into
OWL-format [9, 10]).

— Creation and filling of database of pan-European, national and industry standards and classifiers
(pan-European, national, intersectoral and industry).

— Selection of standard/classifier for binding to specific ontology.

— Selection of the name of the standard/classifier from its meta description.

— Semantic analysis of standard/classifier by its name (search using semantic analysis by the name
of standard/classifier for semantically identical object in the ontology).

— Linking standard/classifier to an ontology object, which is performed using the following
sequence of steps: creation of an object in the ontology corresponding to the given standard/classifier;
extraction of metadata from the standard/classifier; record of metadata of the standard/classifier in the
properties of object created in the ontology.

— The choice of an object in the ontology, the most suitable of the proposed options.

The use of the proposed methodology for expanding the ontological description of SA of an
intelligent system facilitates the work of analysts in developing formal description of SA for the
subsequent development of the corresponding intelligent system and helps to build models of SA at
deeper conceptual level. Standards and classifiers are an important component of intelligent systems and
contain variety of information to describe SA. The proposed methodology can be useful in the
development of intelligent (information with elements of intellectualization) systems, decision support
systems, expert systems based on knowledge bases and requiring broad conceptual descriptions of SA.
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When designing and building structures, BIM models are developed at the top level (metaontology)
and should reflect the “current” situation. "Designed" BIM-models must be adjusted when creating
"built" models. In the ontological modeling, it should be taken into the account that many data become
available only after the construction stage, since they refer to specific structure in specific place and
have specific properties.

Missing, outdated or unstructured information about the construction can lead to inefficient project
management (for the construction or maintenance of transport infrastructure facilities); inadequate
process results and wasted time; increased maintenance costs; modernization or restoration of processes
and properties of SA objects. The semantic models are most often considered as IFC models [11, 12].
The semantic model of SA is model that includes semantic information that describes the meaning of
its specific physical objects [6].

Different models of structures and buildings with large amount of external data are available on
railways and their infrastructure facilities, which necessitates distributed data management, as well as
the development of semantic and ontological approach for the railway industry and its infrastructure.

One of the main limitations of IFC is the lack of mechanisms for extending the semantics of the
model. BuildingSMART [13] is developed on the basis of IFC and is based on ontologies of the
construction and infrastructure sectors. Semantic technologies provide the transformation of information
about the IFC model into semantically extended ontological model represented using the language OWL
[14]). OWL is used as an integrator of all necessary ontologies. This is how EULYNX, the European
railway technology alliance [15], is developing, which, in particular, must take into the account the
following factors:

1. Transition to the phase of readiness for the implementation of such technologies of the digital
economy as ontological methods that improve the possibility of accurate calculations in the life cycle
(infrastructures and rolling stock of railways).

2. The need to take into the account the capabilities of information / intelligent systems in transport.

3. The need to predict the development of railways and related infrastructure. It is predicted that
global rail transport will double by 2050, which leads to increased competition for freight traffic and
passengers, i.e. creation of new transport landscape [16, 17]. Ontologies and formalized ontological and
semantic languages play decisive role in this process to ensure the interoperability of the stages of design
and operation of railway systems. EULYNX uses formal ontological methods that are needed in high-
tech industries, but unfortunately not widely used in railway infrastructure.

General transport ontologies. Studies on the ontology of railway transport and its infrastructure in
Great Britain and Denmark [18-23] have shown how ontologies can facilitate: access to information
resources and their integration; generating responses to queries. Ontologies support the application of
the “build once” approach to application development by protecting software from changes to real
(physical) transport systems [21, 22].

System engineering is an approach to the implementation of systems (information, intellectual) in
transport that meets the needs, goals and objectives of users. Railway transport ontologies have common
components (fragments, elements) [12], in particular, ontologies of its infrastructure and vehicles.
Digitalization and intellectualization of the transport sector determines the use of engineering, software
and BIM-ontologies. The ontological approach provides an opportunity to work with finite set of
formalized concepts and set of formalized relationships between them, which allows you to accumulate
knowledge and use it in practice to get better results. With the development of BIM-ontologies, it
became possible to create knowledge management system.

BIM-ontology is source of information because it generates and manages the data created during the
life cycle of structure. This source of information can be transformed into knowledge using data mining
methods and technologies. Ontologies of transport and railway infrastructures are closely related to IFC
buildibgSMART and their extensions [12]. The IFC Rail standard does not include railway bridges,
tunnels, stations and depots (this is separately developed component of the corresponding domain in the
general ontology).

173



e-ISSN 2617-9059 Transport Systems and Technologies, 41, 2023

Knowledge in modern systems (intellectual, informational with elements of intellectualization) can
be explicit and represent existing knowledge (facts) or obtained using logical inference (reasoning) from
existing knowledge. All this is the justification for the need to form formal information knowledge
models that represent the knowledge base of buildings and structures of the railway infrastructure.

In Semantic Web [24] technology, ontologies are part of semantic models that represent the key
concepts of each domain, their properties and relationships. Domain ontologies use certain concepts in
the fundamental meta-domain, ontologies of time and space, and spatial and temporal reasoning.

Meta-domain ontologies, domain ontologies in the use of open BIM and their relationship [25, 26]:

— Meta-Domain Ontologies and Rules (Time Ontology + Rule Sets4 Spatial Ontology + Rule Sets).

— Domain Ontologies and Rules (Occupant Ontology + Rule Sets; Equipment Ontology + Rule
Sets; Building Ontology + Rule Sets; Weather Ontology + Rule Sets; FDD Ontology + Rule Sets).

Multi-level ontological model, which is the basis for the intellectualization of the processes of design,
construction and operation of buildings and structures of transport infrastructure, in real time, involves
its modification. The construction of multilevel ontological model of considered SA involves the
following steps:

— Formalized description of levels and constituent components of multilevel ontology
Formalized description of metaontology.

— Formalization of theoretical models of knowledge engineering.

— Formalization of ontology axioms (axioms of identification, planning, calculations).

Objects in this multilevel ontological model are systematized according to the functional feature of
their properties included in the class hierarchy. Model components define the structure of the
corresponding intelligent system that supports the design, construction and operation processes.

The used multilevel ontological model describes the construction of formal system models of the SA
related to the formalization of the tasks of designing, constructing and operating transport infrastructure
facilities, taking into the account existing BIM-models. The development and formalization of
multilevel ontology presupposes formal representation and conceptualization of knowledge about SA.
Such representation involves description of the totality of objects (and corresponding concepts),
knowledge about them and the relationship between them.

The functional completeness of multi-level ontological model of SA implies not so much complete
reflection of the properties of SA objects, but only the fixation of those properties that are necessary and
sufficient for solving the problems of designing, building and operating transport infrastructure
facilities. In [25, 26], the connection of decisions made on the basis of the ontological approach (in
particular, BIM-ontologies, IFC, engineering ontology described in terms of SysML [11, 28]) is shown.

This takes into the account that EULYNX uses the SysML system modeling language to model
functional requirements. System development based on the Model-Based Transport Ontology
Engineering (MBSE) standard is systems engineering methodology that focuses on the creation and use
of domain models as the primary means of information exchange between engineers [27].

The MBSE takes into the account the results of the practical application of computer simulation, to
bridge the gaps between the specification of the system model and the corresponding software. Using
MBSE increases the likelihood of “getting it right” the first time, as all the necessary information is
connected to single model. When adapting proven solutions based on integrated engineering ontologies
(SysML) [28] and ontologies developed with OWL/RDF [5, 22], the following steps are performed:

Choice of an ontology editor (in particular, Protége).

— Formation of OWL-statements

— Building model of transformations.

— Building output machines with OWL-tools .

— Formation of SysML engineering ontologies.

— Building transformation model.

— Obtaining new knowledge by users (system).

This organization of engineering processes allows:
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— Use the context of systems engineering to identify problems (arising at different stages of the design
life cycle of intelligent systems in the field of transport or infrastructure; stages of design, construction
and / or operation of structures, etc. using appropriate intelligent systems).

— Based on the identified problems, build models (semantic, ontological) of decision support.

— Use SysML tools and models in specific engineering domains.

— Reduce system development time by integrating cross-domain model.

Ontologies built on the basis of SysML contribute to the visualization of the system description,
making different views on systems more structured and formal. SysML can also be used as method of
communication between the system designer and various stakeholders [25, 26]. Models help at all stages
of the system life cycle (from requirements gathering and design to testing and validation):

1. Modeling has advantages in collecting system requirements, as it can detect, among other things,
problems such as:

— Requirements are incorrect, but they are not found.

— The requirements are correct, but incomprehensible to the user.

— The requirements are specified correctly, but not in formal language, which makes them
difficult to interpret and understand.

SysML can solve these problems by providing way to clearly and hierarchically organize
requirements through relationship types (such as "satisfy" or "infer" for example). It also helps in
checking and testing the completeness of the requirements.

2. Modeling has the advantage of improving design quality because it removes ambiguity, provides
deeper understanding of the system, and reflects relationships between system components. All this
reduces design errors.

3. Possibility of creation on the basis of SysM development tools of tools for check and validation
of models.

4. Process modeling using SysML facilitates effective communication with stakeholders about
system behavior, generating test cases, and/or finding system bugs.

Comprehensive ontological models in engineering design reduce development time, increase data
reliability, and make applications more flexible while ensuring security systems.

The purpose of the application of ontologies is to create set of digital tools to improve the basic
indicators of EULYNX railways, such as, for example, their capacity, integration with trains and other
elements of engineering and technical support. EULYNX pays great attention to Shift2Rail [29].
Shift2Rail has an excellent digital organization of the initiative in the form of linked websites.

Modeling in EULYNX is one of the MBSE processes. Since simulation plays an important role in
the project, EULYNX has formed cluster for this called Modeling and Testing. This cluster is
responsible, in particular, for:

— creation and testing of SysML models for each subsystem of the corresponding intelligent system;

— documentation of processes during the creation of models and / or their interpretation.

Modeling uses, in particular:

— The modeling standard that provides project guidance for MBSE.

— Interpretation rules explaining the implementation in the project of requirements based on model.

— The systems engineering process, which is described at its top level for the EULYNX project.

— Change and configuration management, describing the necessary activities to model
harmonization processes and take into the account the specifications of different countries.

For each subsystem in EULYNX, from the lists of functions that are supported by different
information models, requirements specification is created, which is reflected in documents such as:

— interface definitions for each interface type (SCI, SDI);

— interface specifications;

— requirements specifications (these documents contain the relevant models).

In EULYNX, the interface is described at the protocol level, consisting of [15]: application layer;
safety/retransmission and redundancy layer; transport layer; network layer; data link and physical layer.
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EULYNZX defines an interface specification: for an SClI interface, the application layer from the interface
protocol. EULYNX defines the structure of subsystems and their associated environments, in particular:

— related subsystems that transmit information about the environment;

— exchange of information with other subsystems using the appropriate interface.

After that, EULYNX defines the behavior of the subsystem that implements its interface, i.e.
describes the essential states of the subsystem (main states of the subsystem, its interface, transitions
between states). Ontological modeling allows you to get information about:

— commands and messages between the subsystem and other subsystems, such as blocking or
maintenance;

— situation, state and time of subsystem initialization;

— the situation, state and time of operational operation and start-up by other subsystems or
achievement of operating time limits;

— the occurrence of an error. EULYNX defines the workflow, collects feedback on the current
process and the current situation.

ProRail is an information model that provides an analysis of the situation in EULYNX from
simulation point of view. In the modeling and testing cluster, decision is made on the types of diagrams
and the necessary changes. One of the reasons for this is that models are first created in the cluster, and
then, when the simulation is completed, they are checked by equipment suppliers (through appropriate
feedback). The review of models is performed within the respective cluster. Model validation is not
always transparent to other developers.

Information gathering is necessary to effectively use event data to provide insight, identify
bottlenecks, anticipate problems, capture rule violations, recommend countermeasures, and optimize the
life cycle processes of buildings and transport infrastructure structures [30]. Common trend at AEC is
the intellectualization and digitalization of processes, as well as the use of domain knowledge.

BIM-ontologies encompass all of these research innovations and facilitate their implementation. BIM
is based on many technologies such as CAD, CAC, PIM innovations, these innovations precede the
concept of BIM. BIM-specifications are set of responses to social and corporate needs driven by today's
building processes [30].

The ontological model for integration and the associated ontological process are the basis of the
ontological approach to the intellectualization and digitalization of transport and its infrastructure.
Nowadays, many algorithms, mathematical models and other data methodologies have been developed
to solve the problems of intellectualization and digitalization of transport [31], in particular, the use of:

— neural networks and fuzzy logic to predict, for example, potential failures in the railway network;

— mathematical models for intelligent maintenance using machine learning methods;

— generation algorithms and hierarchical network models for schedule optimization;

— combinations of unified modeling languages and Petri nets in the design of structures, their
construction and subsequent operation;

— Bayesian network models to improve railway infrastructure maintenance strategies.

Conclusions. The ontological approach to the design of information and intelligent systems in the
transport sector helps to build effective digital cooperation through the ontology of the relevant standards
and classifiers operating in the considered SA.

If it is necessary to develop standards for digitalization and intellectualization of the processes of
design, construction, operation of buildings and structures of the infrastructure of the railway, then the
basis for this is the structural description common with BIM-ontologies or IFC Rail.

Ontological models covering end-to-end processes in railway transport and related infrastructure are
playing an increasingly important role. Such models are the basis for intelligent technologies used for
the design, construction and operation of buildings and structures of the railway transport infrastructure.
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MopenoBaHHS TPAHCIIOPTHOI iHPPACTPYKTYPH: OHTOJIOTiYHMIA MiAXi/

YV cmammi posenadaromvcs  akmyaneHi  npobnemu  OHMONOIYHO20 MOOENOBAHHS  NPOYeci6
npoexmyeants, 0yo0ieHuymea ma excniyamayii 6yodisens i cnopyo mpancnopmuoi ingppacmpyxkmypu. Take
MOOeNoBanHs  nepeddbayac GUKOPUCMAHH Cmanoapmis i Kiacugikamopie, npuiinamux 6 €eponi ma
eapmonizoeanux 6 mexcax BIM (Building Information Modeling) ma EULYNX (the European railway
technology  alliance).  3anpononosana  6azamopienesa  OHMONOZIUHA — MOO€Nb — MPAHCHOPIMHOT
ingpacmpyxmypu. Lls mooens cnpusie oopmyeannio po3yminHsa CymHOCMell NPeoMemHoi oonacmi, Ko €
chepa  mpancnopmuoi  iH@pacmpykmypu  (mMpaHCnopmHi  peMOHmMHI  RIONPUEMCMGA,  CHOPYOU
MPAHCROPMHO20 NPUSHAYEHH (MOCMU, MYHeNi, KONii), MPAHCROPMHI 0eno, BOK3alU, MOWo).
3anpononosana modenb cnpusc npeoCcmaeieHHio 3HaHb Y GUeIsOl, KUl € 3pYYHUM OISl iX 0OpoOKU Y
IHMEeNeKMyaibHUX —cucmemax, 3abesneuyrouy iHmMeneKmyanizayilo ma yugposizayiro npoyecie 6
MPAHCROpMHIL  THpacmpykmypi. 3anpononosanutl oHmono2iunuil nioxio sabesneyye bacamopasose
BUKOPUCMAHHSL 3HAHb MA ICHYIOYUX OHMONO2II, 00360J5€ BUKOPUCHIOBYBANMIU CYHACHI MEeXHON0RI! (30KpeMa,
CeMaHmMuyHi), Koau 06 'ekmam npedmemnoi oonacmi i0No8IdaMy C80I 8i00OpaAICeHHS Y bazamopieHesiti
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oumonociyniiu mooeni. OHmMono2iuHull niOXio 00 MOOENOBAHHI MPAHCROPMHOL IHGPACMPYKMYPU 00360/I5€
nepetimu 00 A8MOMAMUYUHO20 YAPAGIIHHS YUMU 00 €Kmamu ma 8iON0GIOHUMU NPoYecamil 8 CUCTNEMAX, 5K
3abe3neuylome iHmeneKmyanizayilo i yugposizayivo mpancnopmy i mpaHcnopmoi ingpacmpyxmypu.
Pospobneny 6azamopisnesy onmonoziuny mooens NIaHyembess OONOBHIOBAMU HOBUMU  CKIAOOBUMU,
HAKAABWU 8IONOBIOHI 0OMEIICEHHS.

Knruosi cnoea: mooentoganms, onmonoeis, bazamopieneea oHmMoN02IUHA MOOelb, MPAHCHOPMHA

iHgpacmpyxmypa.
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Improvements to the procedure for determination of the residual lifetime of railway
vehicles

Existing research concerning the extention of the service life of various types of railway vehicles and
assessing its remaining lifetime has been reviewed and analyzed. It has been established that the vast
majority of studies relate to the assessment of the residual lifetime of various types of railway rolling
stock based on the results of technical diagnostics and routine tests, as well as the assessment of
corrosion wear of supporting elements and vehicles bodies. At the same time, little attention has been
paid to the issue of improving existing programs and procedures of complex technical diagnostics.

It was determined that the set of diagnostics operations for the extension of the service life includes
routine tests of a test sample and examination of the technical condition of the metal structure of each
railway vehicle for mechanical and corrosive damage.It is proposed to make changes to the existing
current programs and procedures in such key sections as: terminology, objects of technical diagnostics
and tests, selection of a test sample for routine tests, execution order and methods of technical
diagnostics and routine tests, data processing and evaluation of results. A comprehensive approach for
assessing the residual lifetime of railway vehicles is also proposed.

Keywords: railway vehicles, residual lifetime, routine tests, rolling stock, technical diagnostics.

Introduction. In recent years, the operating fleet of railway rolling stock has aged significantly. The
operation of life-expired railway vehicles involves an increased risk related to ensuring the necessary
level of safety in railway traffic. At the same time, decommissioning of railway rolling stock that has
served out its lifetime will lead to a sharp decrease in the operating fleet that result into significant
problems in railway traffic. Therefore, one of the possible ways to ensure a stable high level of railway
traffic safety and prevent a sharp reduction of the operating fleet is to extend the service life of railway
vehicles that have served the designated service life guaranteed by the manufacturer.

In this work, it is proposed to continue research in such an important and relevant focus area as the
extension of the service life (life cycle) of various types of railway vehicles.
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Analysis of recent research and problem statement. The issues of extending the service life of
various types of railway vehicles and assessing its residual lifetime have been constantly discussed
recently, which indicates their importance and relevance.

Publications [1-8] deal with the extension of the service life and assessment of the residual lifetime
of passenger cars. Thus, in paper [1], the residual lifetime of the passenger car body structure was
evaluated under operating loads corresponding to 10-year operation. Based on the results of static tests
and impact endurance tests with a high degree of reliability, the new service lifetime of the passenger
car was confirmed. In work [2], the residual lifetime of a passenger car body structure with corrosion
centers of the center sill was assessed. In work [3], the strength of load-bearing structures of passenger
cars was studied based on experimental static and shock strength tests, endurance tests under action of
longitudinal forces. The assessment and forecasting of the compliance of the wagon bodies for the
specified next period have been performed. During scheduled repairs, special attention should be paid
to the condition of the side sill and supports. In the study [4], an analysis of the residual lifetime of
passenger compartment and open seating cars was performed. In the publication [5] technical condition
of passenger cars bodies was considered and their wear was analyzed. Research [6] is aimed at
improving the technical diagnostics technique of passenger cars taking into account the features of
structural elements damage during operation. In article [7], it is proposed to improve the existing
methodology based on the results of scientific and experimental research on determining the maximum
service life of passenger cars and bogies. In the article [8], an analysis of the technical condition of the
frame elements of passenger cars was performed and the dependence of corrosion wear was obtained.

Works [9-16] focus on research of the service life extension and assessment of the residual lifetime
of mainline freight cars. Corrosion wear of load-bearing metal structures of freight cars was studied in
[9]. Damage to the load-bearing metal structures of open wagons taking into account corrosive wear is
considered. The rate of corrosion wear of elements of load-bearing metal structures and bodies of open
wagons models 12-532 and 12-757 was determined. The work [10] deals with the determination of the
remaining lifetime of 12-532 model open wagons and the possibility of continuing their operation within
Ukraine for more than one and a half years. The article [11] describes the process of carrying out routine
type and life tests of the model 19-752 grain wagon. Based on the results of the tests, the residual lifetime
of the load-bearing metal structure of the grain wagon was estimated. In work [12], an assessment of the
residual lifetime of the load-bearing metal structures of reference wagons and the UVZ-9M bogie
operated on the railways of Ukraine, was performed. It has been found that during the technical diagnosis
of railcar calibration wagons, it is necessary to pay special attention to the places where the design
modifications of the base car were performed. The article [13] addresses the research on corrosion
damage of structural elements of open wagons and the effect of cargoes transported in wagons on the
speed of corrosion processes. The average speed of corrosion processes of structural elements of open
wagons was determined. The publication [14] deals with a study of the residual lifetime of the load-
bearing metal structures of hopper-dozer wagons and dump cars (dumpers) based on the results of
technical diagnostics and typical tests. Articles [15] give the results of a technical inspection and routine
life tests on the cyclic durability of the structural elements of hopper wagons for pellets transportation.

Papers [16-20] address the research on the service life extension and the assessment of the residual
lifetime of traction and multiple unit railway vehicles. In article [16] durability and extension of the
service life of load-bearing structures of traction and multiple unit rolling stock of railways of Ukraine
are considered. The article [17] focuses on the study of the lifetime of the load-bearing structures of the
2TE10 series diesel locomotive, which are under operation at JSC "Ukrzaliznytsia", regarding the
possibility of their further safe operation within an extended service lifetime of at least 20 years,
including integrated retrofitting. In the article [18], an assessment of the possibility of further safe
operation of ChME3 shunting diesel locomotives was performed. The possibility of extending the
service life of diesel locomotives of the CHME3 series for at least 6 years has been determined. Article
[19] deals with the assessment of the technical condition of the load-bearing structures of VL60 electric
locomotives and the expediency of their future operation. The articles [20] give the results of scientific
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and experimental studies of the technical condition and residual lifetime of the metal structures of the
bodies of metro cars of the model 81-717/714, which served out the designated service life.

The analysis of existing studies [1-20] made it possible to establish that the vast majority of them
relate to the assessment of the residual lifetime of various types of railway rolling stock based on the
results of technical diagnostics and typical routine tests [1-5, 10-12, 14-20] and research corrosion wear
of elements of supporting metal structures and bodies of railway vehicles [8-10, 13].At the same time,
insufficient attention has been paid to the issue of improving existing programs and methods of a
complex of diagnostic operations. This issue is considered in works [6, 7] and relate only to passenger
cars.

Taking into account the above-mentioned, this article proposes to improve the existing procedure for
determining the residual lifetime of railway vehicles by developing appropriate changes to the current
programs and methods on the basis of the experience of extending their service life.

The purpose of the study is to improve the procedure for determining the residual lifetime of railway
vehicles based on the accumulated experience of carrying out its technical diagnostics and the results of
typical routine tests.

Material and methods of research. Currently, the extension of the service life of various types of
railway vehicles is carried out on the basis of current programs and methods developed by specialized
organizations and agreed with the relevant departments of JSC "Ukrzaliznytsia" in accordance with the
established procedure. At the same time, a specialized institution is an institution that has been granted
the right to carry out technical diagnostics work for the extension of the service life of railway vehicles
by the Wagon Management Commission of the Council on Railway Transport of the Commonwealth
Member States. The current programs and methods of conducting a complex of diagnostic operations in
order to extend the service life of railway rolling stock must be constantly reviewed and supplemented
by making appropriate changes. To begin with, one should describe the point of the existing procedure
for extending the service life of railway rolling stock in a simplified form.

The main criterion for the possibility of extending the service life of railway rolling stock is its
residual lifetime (or the possibility of its renovation), which is assessed by carrying out a set of
diagnostic operations by a specialized institution in accordance with approved programs and methods.
Based on the results of the complex diagnostic operations of the railway rolling stock, the specialized
institution issues a technical decision regarding the possibility of extending the service life.

Comprehensive diagnostics operations to extend the service life of freight cars intended for operation
on main railway lines are performed in accordance with the requirements of the current Order [21];
passenger cars - in accordance with the requirements of the methodology [22]; locomotives, multiple
unit and special purpose railway vehicles - in accordance with the requirements [23-25] or other valid
regulatory documents.

The set of diagnostic operations to extend the service life includes:

- examination of the technical condition of the metal structure body, bogie frames and beam bolsters
(for freight cars, running gear diagnosis is not performed) of each railway vehicle using methods and
means of non-destructive testing;

- carrying out routine strength and life tests of bodies samples of various types of railway rolling
stock, fatigue bench tests of frames and beam bolster samples (diagnostics of the running gears is not
performed for freight cars).

Interchangeable units and elements of bodies and bogies are subject to maintenance and
repair in the prescribed manner for these units within the terms, according to the technical
documentation for their operation, and are not included in the list of technical diagnostics
works.

The task of inspecting the technical condition of railway vehicle is to identify damage and
malfunctions of their metal structures, as well as to determine the actual thicknesses of the main
load-bearing elements of the bodies, frames and bolster beams of the bogies. Inspection of the
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technical condition of metal structures of each railway vehicle is carried out in the following
sequence:

- receiving an application for diagnostics;

- studying the operating conditions of the rolling stock by analyzing the design and technical and
operational documentation (passport, repair logs), the nature, scope, term and quality of repairs,
obtaining data on average daily mileage, transported cargo (for freight rolling stock) using the databases
of the Main information and computing center (GIOC) of JSC "Ukrzaliznytsia";

- identification of the railway vehicle model and the year of its manufacture;

- examination of the technical condition of metal structures by the visual-optical method in order to
determine the places of mechanical damage and deformations, their nature and geometric parameters;

- detection of defects in the elements of vehicle metal structures that cannot be detected by the visual-
optical method or other methods of non-destructive testing;

- determination of the degree of corrosion damage to the main bearing elements of vehicle metal
structures;

- photo/video recording of malfunctions and non-compliance with technical requirements;

- filling in the "Sheet of the technical condition of the railway vehicle";

- comparative analysis of the results of the actual measured thicknesses of metal construction
elements;

- preparation of a technical decision according to the established procedure and form.

The process of measuring the thickness of elements of the load-bearing structure of freight and
passenger cars by the specialists of SE "UkrNDIV" is shown in fig. 1.

According to the results of technical diagnostics, railway vehicles may be excluded from the
inventory park if there is significant mechanical and (or) corrosion damage. Freight wagons are excluded
from the inventory fleet in the presence of at least one of the malfunctions of the load-bearing structure,
which are listed in clause 6.2 of the rules [26]. Passenger cars are excluded from the inventory if there
is one of the malfunctions of a mechanical or corrosion nature, which are listed in Appendix D of the
methodology [22] and rules [27]. Motorcars and other traction rolling stock are excluded from the
inventory park according to the instructions [28, 29] or other valid regulatory and technical documents.

Fig. 1. Measurement of the thickness of the frame elements of the supporting structure of the
freight (a) and passenger (b) cars

The criteria for evaluating the possibility of extending the service life of wagons based on the results
of the technical condition inspection are established based on the following basic prerequisites:

- mechanical and corrosion damage at the time of the inspection is not extreme and during the period
for which the operation of the wagon continues, it should not reach the limit values and go beyond the
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limits at which the wagon is subject to exclusion from the inventory. At the same time, the assessment
of the degree of further damage development is considered for the most affecting unfavorable
coincidence of factors during the new designated operating period;

- mechanical and corrosive damage at the time of inspection, which are eliminated during the repair
process, are qualified depending on their type, location, nature of development, size and other factors,
as well as the possibility of their elimination during this or that type of repair. At the same time,
mechanical and corrosion damage must be eliminated in accordance with the current rules for the repair
of railway rolling stock, welding and surfacing instructions, and the established repair technology. For
the main load-bearing elements of metal structures of the bogie body, frames and bolster beams, repeated
repair of fatigue cracks is not allowed;

- the reasonability of repairing damaged wagons is determined depending on the technical possibility
of recovering the necessary load-bearing capacity of the metal structures of the bogie body, frames and
bolster beams, as well as the scope of necessary repair work.

The task of the routine tests is to study the strength of a sample of the body of a specific type of
railway vehicles, samples of bogie frames and bolster beams (running gear diagnostics for freight cars
is not carried out) and to determine the maximum period of continued operation of rolling stock of this
type. At the same time, the following types of tests are included in the scope of routine tests: static
strength tests under the action of vertical loads; impact tests; impact endurance tests; fatigue bench tests
(not for freight cars).

Samples of bodies for routine tests are taken from the batch of railway vehicles, which are subject to
diagnostics in the current year (rolling stock that has served the appointed term), in the process of
examining their technical condition. Sampling is carried out by experts who perform an examination of
the technical condition of rolling stock, in the presence of a representative of its owner. Samples should
have the greatest service life (service life, mileage), the most characteristic maximum allowable damage,
including repaired, minimum thicknesses of the main bearing elements (if possible).

The main task of static strength tests is to study the stressed state of the metal structure of a car body
sample of a specific type that has served the specified term, with the actual thicknesses of elements
under calculated static load, as well as to establish the fact that its metal structure has lost its resistance
to such loads. During static load tests, the stresses and deformations that occur at the check points of the
load-bearing elements of the body structure under the given load modes are determined. Check points
are selected in the most heavily loaded areas of the metal structure, which are expertly established on
the basis of preliminary calculations, the results of previously performed experimental studies, and the
accumulated experience of inspecting wagons.

Static strength tests from vertical load are performed in the following sequence:

- preparation of vehicles for testing (selection of strain gauges, preparation of places for installation
of strain gauges on metal construction elements of a vehicle; gluing of strain gauges; installation of
connecting cables);

- weighing of railway vehicles containers;

- registration of deformations (stresses) in selected locations of metal construction elements of
railway vehicles in empty mode using measuring equipment;

- loading to the nominal carrying capacity (for freight cars); loading to the maximum passenger
capacity and equipping with water and coal (for passenger cars); complete locomotive servicing;

- weighing of loaded/equipped vehicles;

- registration of deformations (stresses) in selected locations of metal construction elements of
railway vehicles in a loaded state and (or) fully equipped with measuring equipment;

- inspection of railway vehicle metal construction.

The conditioned railway vehicles with selected and glued strain gauges on the elements of its metal
structure for static tests is shown in fig. 2.

The purpose of the shock load tests is to study the stress state and strength of the metal structure of
a sample of a vehicle body of a specific type with the actual thicknesses of the elements when impacting
the vehicle auto-coupling with a given force and speed.
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Fig. 2.Railway vehicles conditioned for static tests

The purpose of the impact endurance tests is to experimentally check the durability of the metal
structure of a sample of a specific type vehicle body with actual (after the intended period of operation)
thicknesses of elements under specified shock load modes, which are equivalent in terms of destructive
effect to the loading of the car by operational longitudinal dynamic forces. When carrying out impact
endurance tests the following indicators are determined: impact force on the coupling; number of
impacts; the presence of permanent deformations, damage from impact loads in the inspected elements
of the body. At the same time, it is allowed to assess the durability of the load-bearing elements of the
body structure of the passenger car and the locomotive by the fatigue resistance factor, which is
calculated based on the results of dynamic and strength tests in accordance with the requirements of the
"Standard for the calculation and design of new and modernized railway cars of MPS gauge 1520 mm
(non-self-propelled) » [30] and RD 24.050.37 [31]. During dynamic strength tests, dynamic stresses in
the main load-bearing elements of the body structure which occur during the movement of wagons at
different speeds, up to the design one, on specific sections of the railway track of the corresponding
design and current condition are determined and evaluated. During dynamic strength tests, in accordance
with the requirements [31], such indicators as the natural frequency of the main vertical bending
oscillations of the body and the fatigue resistance factor of the main bearing elements of the body are
determined.

Impact endurance tests are carried out in the following sequence:

- a vehicle is equipped with a special auto-coupling dynamometer, static load pre-graded up to 400
tons;

- loading to the nominal carrying capacity (for freight cars); loading to the maximum passenger
capacity and provision with water and coal (for passenger cars); complete servicing (for locomotives);

- weighing of loaded/equipped vehicles;

- location of railway vehicles on the test site with a shunting hump test stand with a buffer stop,
equipped with a self-coupling device, and preparation of a striker, the weight of which must be no less
than the weight of the test car. At the same time, it is allowed to use a railway locomotive instead of a
shunting hump test stand, and instead of a railway stop - a formation of several wagons, the total weight
of which is at least 300 tons;

- direct impact test;

- measurement of stresses, rolling speed of the tank car with the aid of measuring equipment;

- inspection of the metal structure of the rolling stock is performed after every 3-5 impacts.
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The process of carrying out shock endurance tests using a locomotive and an experimental coupling
as a railway stop is shown in Fig. 3.

asto-covpling-dvnamometer buffer stop

e o\

locomaotiva Lhammer car

Fig. 3. Scheme of impact endurance tests

The purpose of fatigue bench tests is to experimentally assess the fatigue strength of bogie frames
and bolster beams. The following indicators are determined and monitored during the fatigue tests of
bogie frames and bolster beams:

- the number of load cycles before the appearance of macrocracks of a 10 mm to 50 mm length,
which are detected visually, as well as the number of cycles before destruction;

- the nature of fatigue cracks development when testing and the type of fatigue failure.

Specific test equipment, i.e., test stands, hydraulic pulsator machines, etc. is used to carry out routine
fatigue tests. During routine fatigue tests of bogie frames and bolster beams of passenger cars and
locomotives, it is possible to use a specialized test stand of type 2CO (Fig. 4).

Therefore, the possibility of extending the service life of each railway vehicle is based on the results
of'its technical diagnostics and routine tests in order to determine its residual lifetime. At the same time,
the main criterion for assessing corrosion wear is the minimum thickness of the elements, which must
be at least the minimum set value; mechanical damage, that is deformations, fractures, cracks of the
load-bearing elements of the metal structure, which can be eliminated during the prescribed type of
repair, are minimally determined by size.

Fig. 4. Appearance of the 2CO test stand

In order to improve the procedure for determining the residual lifetime of railway rolling stock, it is
proposed to make the following changes to the existing current programs and methods.

First, it is proposed to make changes in the wording of the term specialized institution. The need to
make changes to this term is due to the armed aggression of the russian federation and, accordingly, the
actual impossibility of Ukrainian institutions to obtain the right to carry out work on technical
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diagnostics of railway rolling stock from the Council of Railway Transport of the Commonwealth
Member States. The following wording of the term specialized institution is proposed - an institution
that has a scientific and technical base and is accredited by the National Accreditation Agency of
Ukraine for the right to perform work on technical diagnostics of railway rolling stock.

Secondly, in the near future, it is necessary to supplement the existing methods and provisions with
new models of railway rolling stock, whose designated service life guaranteed by the manufacturer ends,
taking into account their design features and the results of routine tests.

Thirdly, during routine tests, one should consider the possibility of replacing impact endurance tests
with wedge tests and dynamic-strength tests provided that there is a satisfactory convergence of the tests
results.

Fourth, review the approach to recording corrosion damage. At present, corrosion damage to load-
bearing structures and bodies is recorded during technical diagnostics of railway rolling stock that has
served the appointed term. At the same time, under the existing approach, it is assumed that the rate of
corrosion of the main load-bearing elements is uniform. In fact, the results of many existing studies
show that corrosion processes have a non-linear nature. Therefore, to increase the accuracy of
determining the residual lifetime of railway rolling stock, it is necessary to monitor corrosion processes
during its life cycle.

In the future, it is proposed to monitor the corrosion processes of load-bearing elements and bogies
(with the exception of freight cars) during their operation within the time limits guaranteed by the
manufacturer during scheduled repairs of railway rolling stock, with the entry of the check results into
the database of the Main information computational center. It is suggested to record the thicknesses of
load-bearing elements and bogies (with the exception of freight cars) before and after scheduled repairs
of railway vehicles.

According to this approach, the value of the residual lifetime is proposed to be determined through
the thinning coefficient according to formula (1):

Tres. = Taes. AAt(t), (D

where - T, is the designated service life of the railway vehicle, years;

Ap:(t) is the dependence of the thinning coefficient on the time of operation of the car.
The thinning coefficient at a specified time period is determined by formula (2):

A, = Soct )

tnom.

where t,,,,, 18 the nominal thickness of the element, mm, is determined by the results of measuring the
element in places not affected by corrosion, or by horizontal dimensions. Horizontal dimensions, as a
safety margin, are taken with a positive tolerance;

l . 1s the actual thickness of the structural element according to the measurement results, mm;

At the same time, the actual fatigue limit value, taking into account the service life, can be determined
by expression (3):

Oa,N
od5t = — 3
@ Aan 3)

where g, yis the calculated limit of endurance under a symmetrical stress cycle, brought to the test base,
obtained on the basis of bench vibration tests of supporting elements.

It is proposed to explain the determination of the value of the residual lifetime due to the thinning
factor according to the dependence shown in Fig. 5.
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Fig. 5. Dependence of the residual lifetime on the amount of corrosion wear

So, for example, with a 30-year service life and 15% thinning of the supporting element at the time
of diagnostics, the residual lifetime of the structure will be 8 years.

The dependence 1,,(t)can be exponential, power, polynomial and is determined experimentally on
the basis of a significant amount of accumulated research data based on the results of technical
diagnostics of railway rolling stock.

Fifth, one should review the procedure for selecting a test sample for routine tests. It should be taken
into account that routine tests results will be distributed to the entire batch of railway vehicles of this
type, subject to diagnostics. So correctly selected samples for routine tests directly depend on the validity
of their results and, accordingly, the term of service extension.

It is suggested that the content of the section "Sample selection for routine tests" should be reworded,
taking into account the gained experience, experimental studies, as well as the recommendations
formulated in the work [32]. This paper proposes its own algorithm for selecting samples of passenger
cars and bogies for routine tests, which is based on the most characteristic mechanical and corrosive
damage identified based on the results of an examination of the technical condition of all vehicles that
underwent technical diagnostics during the year proceeding the year in which the routine tests are
scheduled.

This section is proposed in the following wording:

Body samples for routine tests are selected from the batch of railway vehicles, which are subject to
diagnosis in the current year (rolling stock that has served the appointed term), in the process of
examining their technical condition. The selection of samples is carried out by specialists who carry out
an examination of the technical condition of rolling stock, in the presence of a representative of its
owner. Samples should have the greatest performance (service life, mileage), the most characteristic
maximum allowable damage, including repaired, minimum thickness of the main bearing elements.
Samples for routine tests are selected by specialists based on a comprehensive analysis using the GIOC
database of mechanical and corrosion damage, calculations of the reliability indicators of load-bearing
structures, as well as a result of direct technical diagnostics of the selected vehicles with the longest
operating time, maximum, but permissible damage of a mechanical and corrosion nature.

Sixth, in the programs and methods, it is proposed to determine the reliability indicators for each
object of diagnostics using the GIOTS database, which will allow to take into account the structural and
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technological features of each rolling stock, to expand the possibilities for a comprehensive analysis of
the feasibility of extending its service life beyond that set by the manufacturer.

At the same time, as part of the work on technical diagnostics of railway rolling stock, it is proposed
to determine the reliability indicators using the database of the Main information computational Center
upon request, taking into account the KZhA classification of the railway vehicles. In this case, unplanned
uncoupling of rolling stock is analyzed depending on the fault code. The analysis period is from the
moment the railway vehicle is put into operation until its technical diagnosis. Malfunctions (failures)
are formed and subsequently analyzed for separate time periods (intervals). Time periods are established
on the basis of planned maintenance intervals according to the consideration of technical documentation
for a specific type of rolling stock.

The processing of the results of the determination of reliability indicators can be presented in the
form of a computational process, the input of which is the following data: the period of operation of the
vehicle (T, years), the number of the same type of inspected (Ni, pcs) and damaged (#;, pcs) elements in
the i-th interval. The main reliability indicators that are determined are the following:

- the frequency of occurrence of a malfunction in the i-th interval

oM “)
qi N;

- the accumulated interval frequency of malfunction in the i-th interval

n=Sar = Sk ®)

=1 k=1NVk
- the empirical probability of element failure during the i-th service life

* [ ny
R; =exp(=2,—) (6)
exp kZ::lNk

- the empirical probability of the element working in good condition during the i-th service life:
i
0] =1-exp(-r;) =1-exp(- Y-k Q)
k=1Vk

— density of damages (failures)

£(0)= Aexp(- T ®)
k=1Vk

- average working time before failure

1,
]-c"pzz’ (9)

- gamma percentage resource
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r :l(_ 1nLj; (10)
) 100
- failure flow parameter
oo ), (an
[P

where Q(f p) is the average specific number of failures of rolling stock, its nodes or systems during the
estimated period of operation;
t p 1s the average mileage of the car during the estimated period of operation before the first depot repair

(in years, thousand km of mileage, etc.).

It should be noted that formulas (4)-(11) are given for the exponential distribution law. This
distribution is uniparametric and is a partial case of the Weibull distribution, in which the failure rate is
a constant value. Under conditions of subordination to another theoretical law of failure distribution
(Rayleigh distribution, Weibull distribution, gamma distribution, etc.), formulas are used to determine
reliability indicators, which are considered in detail in papers [33, 34].

Seventh, the approach to the criteria for evaluating the residual lifetime should be reviewed.
Currently, the residual lifetime of railway rolling stock is determined based on the results of routine tests
and technical diagnostics. At the same time, the new service life is based on the expert assessment of
specialists of a specialized institution, which cannot exceed the limit established by the results of routine
tests.

The authors suggest evaluating the residual lifetime of railway vehicles based on its complex
minimum value. This comprehensive indicator of residual lifetime assessment will take into account the
results of routine tests, expert assessment of specialists based on the results of technical diagnostics,
research of corrosion processes due to the thinning factor, calculated reliability indicators. In a simplified
mathematical form, the complex criterion for evaluating the residual lifetime can be presented in the
following form:

Tres.(AAt(t))
Tres. = Tres.(n) - min (12)
Tres.(Q;)

where Ty (Aa¢ (t))s the residual lifetime determined by the results of technical diagnostics of corrosion
processes due to the thinning factor;

Tres.(n) is estimate of the residual lifetime based on the results of data processing of routine tests;
Tres.(Q;) is the residual lifetime determined based on the results of calculations of reliability indicators.

The proposed comprehensive approach to the assessment of the residual lifetime of the railway
rolling stock will allow to increase the descriptiveness and accuracy of the results of such an assessment,
to determine this indicator more reasonably, which will generally increase the safety of railway
transportation.

Thus, this article proposes seven key directions for improving the procedure for determining the
residual lifetime of railway rolling stock, which are aimed mainly at improving the safety of railway
transportation and preventing a sharp reduction in the operating fleet.

Conclusions.

1 The whole point of current programs and methods of extending the service life of railway rolling
stock is given. It was determined that the complex of diagnostic operations for the extension of the
service life and the assessment of the residual lifetime includes routine tests on the experimental sample
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and the examination of the technical condition of the metal structure of each vehicle for mechanical and
corrosion damage. At the same time, the experimental sample for routine tests must have the longest
operating time, the greatest characteristic maximum permissible damage, including those removed,
minimum thickness of the main supporting elements (if possible). The limit period of continued
operation is determined by the results of routine tests. The possibility of extending the service life of
each railway vehicle is determined based on the results of its technical diagnostics, taking into account
the marginal residual lifetime

of the metal structure.

2. It is proposed to make seven key changes and additions to existing current programs and methods
of extending the service life of railway rolling stock. These changes and additions primarily relate to
terminology, sample selection for control tests, processes and methods of technical diagnostics and
control tests, data processing and evaluation of results. The main differences concern the control of
corrosion processes, the additional determination of the reliability indicators of the load-bearing
elements of metal structures, the application of a comprehensive approach to the assessment of the
residual resource of railway rolling stock.

Further efforts should be directed to the introduction of proposed changes and additions to the current
programs and methods of extending the service life of railway rolling stock in order to further coordinate
them with the relevant structures in the established order.
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YaockoHaleHHSI NPOLelyPH BU3HAYEHHS 3AJJMIIKOBOIO pecypcy 3aJi3HUYHOr0
PYXOMOI0 CKJIaxy

O6rpynmoeano HeoOXiOHicmb NPOOOBIICEHH CIMPOKY eKCRLYAmayii 3ani3HUYHO20 PYXOMO20 CKIAOY,
WO BUCTYHCUE NPUSHAYEHUI MEPMIH  CAYICOU 2apaHmoBanull 3a6000M-6UPOOHUKOM, 3 Memoio
3anobieants pi3KOMY CKOPOUEHHIO eKCniyamayitino2o napky. Posensnymo ma npoananizosano icuyioui
00CIOJHCEHHS 68 HANPAMKY NPOOOBICEHHS CIMPOKY CIYAHCOU PI3ZHO20 MUNY 3ANIBHUYHO20 PYXOMO20 CKIAAOY
ma OoyiHKU 1020 3aMUUK06020 pecypcy. Bcmanosneno, wo nepegadcna Oinbuicmb O00CTiOdNCEHb
CMOCYEMbCSL OYIHKU 3ANUUKOBO20 PECYpCy PI3HO20 MUNY 3ANI3HUYHO20 PYXOMO20 CKIAOY HA NiOCmagi
pe3yIomamie mexHiuHo2o 0iaeHOCMYBAaHHs MA MUNOBUX KOHMPOILHUX 8UNPOOYEAHb, A AKONC OYIHYI
KOPO3iliH020 3HOCY eNleMeHmi6 HeCyuoi KOHCMPYKYii ma Ky308i8 3ani3HUYH020 pyxomo2o ckiady. Ilpu
YbOMY NUMAHHIO YOOCKOHATIEHHSL ICHYIOYUX NPO2PAM MA MEMOOUK KOMIAEKCY 0iaeHOCHUYHUX Onepayiti
npudineno HedocmamHvo yeazu. Hasedeno ocHosHy cymuicmb UYUHHUX NPOSPAM MA MEMOOUK
NPOO0BHCEHHSI CIMPOKY eKCNIYAMayii 3ani3HU4HO20 PYXOM020 CKIady pisHoco muny. Busnaueno, wo
Komniexc OiazHOCTMUYHUX Onepayiti 3 NpoOO0GICEeHHsI CMPOKY eKCHIyamayii 6Kouac npoeedeHHs
KOHMPONbHUX — BUNPOOYBAHb HA  OOCHIOHOMY 3PA3KYy MA  O0OCMENCeHHS MEXHIYHO20 — CIMAHy
MEMANOKOHCMPYKYTT KONCHO20 PYXOMO20 CKIAOY HA HASAGHICMb NOUWKOOJICEHL MEXAHIYHO20 ma
KOpOo3itino20 xapaxmepy. 3anponoHo8ano 8 iCHYIOUl YUHHI NPOSPAMU A MEeMOOUKU GHECU 3MIHU 34
MAKUMU  KIHOYOBUMY  PO3OINAMU K. MEPMIHONOZIA, 00'€Kmu MexHiuH020 Oia2HOCMY8AHHA Md
8UNpoOY8amns, 6i00Ip O0CIiOHO20 3pa3Ka Oas KOHMPOIbHUX UNPOOYBAHL, NOPAOOK MAd Memoou
MeXHIYH020 0iAeHOCMYBAHHS MA KOHMPOAbHUX 6UNPOOYE8alb, 0OPOOKA OaHUX Ma OYiHKA pe3yIbmamie.
Takooc 3anponoHO8aHO KOMNIEKCHUN NIOXIO 0151 OYIHKU 3ATULUKOBO20 PECYDCY 3ANIZHUUHO20 PYXOMO20
CKAAdY, AKUU 003801UMb NIOBULUMYU THOHOPMAMUBHICHb MA MOYHICMb PEe3yIbMAmie maxKoi OYiHKuY, d
mMakodic 6iIbW 0OIPYHMOBAHO SUHAUAU Yell NOKAZHUK.

Kniouosi cnosea:sanisnuunuti mpancnopm, 3aauuko8Uti pecypc, KOHMpOIbHi 6UNPOOYBAHHS, PYXOMULL
CKIA0, MexXHIYHe 0ia2HOCTNYBAHHS.
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Developing an efficient road-based batch freight delivery technology for intercity
connections with a focus on resource conservation

In this paper, we propose the solution of the scientific and applied problem of batch freight delivery
in the intercity by road in terms of system’s limited resource of the system due to the development of
long-distance freight delivery technology in terms of resource savings and the observation of the
established level of reliability of the freight delivery functioning of the logistics system (FDLS). For
certain parameters of cargo flow with limited resources of the transport market entities involved in the
delivery process, the formation of a resource-saving delivery technology allows maximising the effect
of the functioning of the system of delivery of consignment cargo by road in intercity traffic.

To solve the problem, we used methods of mathematical modelling, a systematic approach,
optimization methods (functions of many variables), the provisions of probability theory and
mathematical statistics, methods of regression analysis.

For the given operating conditions of the developed logistics system, the rational technology of long-
distance batch freight delivery has been determined in terms of resource savings. It will reduce overall
costs by 13.9% for the given level of the readiness of FDLS.

Keyword: road transport, resource savings, delivery, batch freight, readiness factor

Introduction. The events of the armed conflict on the territory of Ukraine led to massive disruptions
in the movement of road and rail transport. Extraordinary disruptions were observed both on the roads
of the country's eastern border, most of which were destroyed or occupied, and on the roads of the
western border, which were used by refugees to travel to neighbouring EU countries [1]. The trucking
industry has taken on a huge burden due to the blockade of the sea ports and the closure of airspace. The
recovery of logistics supply chains for goods under the influence of various risks is slow. According to
the developed national program "Expansion and Integration of Logistics with the EU" within the
framework of the Recovery Plan of Ukraine, one of the priority areas is the development of road
transport, which, in our opinion, can be achieved using a balanced approach that responds to the future
projected growth and changes in demand for transportation services, promoting economic development,
improving the quality of life of the population and efficient use of resources. Therefore, the task of
developing transport and technological delivery schemes in which delivery resources will be minimal is
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of particular relevance to achieve a balance between marketing requirements and logistics capabilities.
It will allow FDLS to make extra profit and distribute it between participants in the delivery process
according to their contribution.

It is known that the bulk of the demand for long-distance transportation in Ukraine is occupied by
batch freight transportation [2]. Modern road transport conditions dictate the need to find efficient
resource- and energy-saving freight delivery technologies that provide high quality customer service
and cost-effective road transport.

Currently, the issue of resource savings has not been fully explored in Ukraine. There is no forecast
of further development of resource savings in the context of the world economy. This makes it
impossible to formulate a state resource savings policy, to develop appropriate regional and state
strategic plans for development, and to promote resource savings in Ukraine. Additionally, the issue of
resource-saving technologies and the development of computerization will remain a question without
improving information technology in road transport, which contributes to reducing of problematic
indicators of the transport market.

Today's realities require freight owners to look constantly for new, progressive ways to improve their
performance. The extensive experience of developed foreign countries testifies to the necessity of
introduction of scientifically grounded approaches to planning and organization of freight delivery in
the intercity connection with the use of logistics delivery systems. Within these systems for logistics
services and freight owners there is a possibility of operative planning of freight delivery with the
maximization of resource efficiency of the delivery process participants.

Therefore, the question of the formation of technology of long-distance batch freight delivery by
road in terms of resource savings is relevant and needs further research.

Analysis of recent research and problem statement. The research of the theoretical and practical
aspects of increasing the efficiency of long-distance freight delivery was carried out by many scientists,
such as B. Anikin, S. Artemyev, D. Bauersoks, V. Belyaev, O. Velmozhin, A. Vorkut, A. Gorev, M.
Goryaev, O. Goryainov, V. Gudkov, O. Kalinichenko, I. Levitsky, L. Mirotin, Ye. Nagorny, V.
Naumov, V. Nefedov, N. Potaman, M. Pravdin, A. Smekhov, A. Chebotaev, N. Shramenko, O. Shulika,
and other scientists.

The task of increasing the efficiency of FDLS in intercity connection can be solved both by updating
the technical base and by increasing the efficiency of technological solutions, taking into account
resource savings. Insufficient working capital for the acquisition of new rolling stock and historically
formed transport and technological delivery schemes do not provide optimal costs and time for long-
distance freight transportation. In market conditions, when planning production capacities and
implementing transport services, it is necessary to align the logistical goals of the production system
with the marketing needs of consumers - freight owners.

The issues of the development of approaches and models aimed at the implementation of resource-
saving technologies were addressed by both foreign scientists [2-14] and domestic scientists and
scientists from the near-outlands, among whom Ye. Aloshinsky, V. Bobrovsky, V. Gubenko, M. Danko,
D. Lomotko, V. Mironenko, Ye. Nagorny, V. Naumov, V. Negri, R. Khabutdinov, N. Shramenko etc.

In [2-4], it is observed that traditional competitive barriers between participants in the logistics supply
chain are mitigated to create mutually beneficial relationships. It leads to an increase of information
flows, reduction of uncertainty, and a more profitable supply chain. An important aspect in the
development of technologies for the implementation of logistics chains is to take into account the
principles of "green" logistics [11, 12]. That means reducing the environmental impact of logistical
operations. Scientists have stated that the main direction of increasing the efficiency of transport system
operation in conditions of fuel and energy deficit [6-10] is the development of resource-saving
technologies [9, 13, 14].

Today, scientists are deeply analysing the problem of the so-called "last mile" [15]. Last Mile
Logistics is the least efficient step in the supply chain, accounting for up to 28% of total shipping costs.
New innovative Industry 4.0 technologies and organizational strategies make it possible to create a real-
time planning optimization model focusing on energy efficiency of operations, development of
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management systems for information and advertising activities of cargo owners, etc. [2]. In the
traditional supply chain, increasing energy efficiency is focused on the level of individual parts of the
value chain. Industry 4.0 technologies allow you to create hyper communication logistics solutions that
aim to reduce energy consumption and reach economically globally.

Regarding the practical aspect of the issue, it can be noted that at present most manufacturers are
actively involved in developing variants of their products delivery to final consumers or coordinating
them with freight forwarding companies, since the competitiveness of manufacturers depends on the
efficiency of delivery. Today, companies that compete solely on the basis of product specifications,
sooner or later, find themselves in a disadvantageous situation compared to firms that strengthen their
market position, improving the quality of service for freight owners and carriers. In this process, an
important role belongs to an effectively organized integrated logistics service, which should be
implemented not only at the level of the individual enterprise, but also be a process that unites all
participants of the delivery process. Therefore, at the current stage of the long-distance transportation
market development, it is advisable to develop new innovative resource-saving technologies to improve
and optimize the co-operation and interaction of the long-distance transportation market actors.

In the study [16] four sets of measures have been proposed to introduce a system of long-distance
shipping system, taking into account the resource savings. These four types of measures are developed
to support economic, social and environmental goals to achieve sustainability. The first set of measures
is related to material infrastructure: linear (refers to interconnections) or nodal (refers to areas that may
be reserved for freight operations, such as terminals). The second set of measures is related to the
intangible infrastructure, which includes road information systems, freight exchange systems, route
optimization services, other information services via the Internet and centralized traffic planning
(intelligent transport systems). The third set of measures concerns equipment including rules relating to
the loading, traction and transportation of new low emission vehicles. The last set of measures is related
to traffic management, namely the definition of regulatory rules (such as access time, heavy-duty vehicle
network, maximum stopping time, etc.). In long-distance freight transportation by road, the most
common are two transport and technological schemes: direct delivery scheme (first scheme) and
terminal delivery scheme (second scheme).

The main advantage of the first scheme is direct door-to-door freight delivery. The disadvantage of
this is that the collection and transportation of freights inefficiently used the mileage and load of the car,
and the load of goods and paperwork in each enterprise associated with considerable time. Often, such
an organization requires additional loadings. These further increases downtime and impedes freight
delivery. This scheme is used mainly for intra-regional freight transportation.

The second scheme (terminal delivery scheme) consists in the delivery of freights with their
transhipment at the terminal only at the point of departure or destination. In the latter case, the freight
from the consignor is loaded directly into the vehicle intended for intercity transportation.

The main purpose of the terminal system in the service of freight owners is to take into account their
interests in ensuring a full and high quality processing of freights with the rational use of transport and
warehouse resources. Thus, in this research, the terminal system was adopted as a modern resource-
saving technology for the batch freight delivery. When choosing the best variant of resource-efficient
freight delivery technology, the most important parameters are time and cost [17], their correlation in
different terms forms the sum of logistics costs associated with the organization of such technologies.

Having analysed the scientific research in the direction of development of resource-saving
technologies of cargo delivery, we can note the following. Among the priority areas for improving batch
freight delivery, most researchers point to the formation of rational freight delivery technologies, taking
into account resource saving and determining the rational amount of resources in the operation of
systems of different levels based on the use of logistics principles. Thus, for certain parameters of freight
traffic with limited resources of transport market entities involved in the delivery process, the formation
of resource-saving delivery technology will maximize the effect of the functioning of the batch freight
delivery system by road in the intercity direction.
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Purpose and objectives of the study. The aim of the work is to increase the efficiency of cargo
delivery on the basis of resource saving and compliance with the established level of reliability of the
logistics system of cargo delivery (FDLS) by road transport.

To achieve this purpose, the following tasks need to be solved:

to carry out theoretical studies of the issue of increasing the efficiency of organization of the
technological process of delivery of consignment cargo in intercity connections, taking into account the
condition of resource conservation

to develop a mathematical model of the process of delivery of consignment cargoes by alternative
technologies in intercity connections, taking into account the condition of resource saving

to carry out experimental studies on the selection of a rational technology for the delivery of
consignments in intercity connections, taking into account the condition of resource conservation

to determine the optimal areas for the effective use of certain technologies for the delivery of
consignment cargo in intercity connections

Materials and methods of the study. The object of research is the technological process of batch
freight delivery in the intercity road connection. Direct delivery and terminal delivery systems are
considered as alternative delivery schemes (Fig. 1).

The subject of research includes four main participants: consignor (CR), consignee (CE), carrier and
terminal. Each participant has an internal structure. The nature and properties of the object of study were
revealed between participants and internal communication structures.

The managed object of this system is the market of freight forwarding services (FFM), and terminal
services. It consists of the totality of transport and forwarding companies (FFC), terminals (T) that form
the offer for long distance batch freight delivery and exist on FFM, and the totality of freight owners
(FO) that make up the demand for delivery. FFM is influenced by many external factors, including the
economic performance of FFM participants, the road network, etc. (external factors).

DIRECT DELIVERY

b .

Consignor

SERVICE AREA

\
fp—

Consignees

‘_r:__" ]
» 1§

- L3
Terminal -«

5
3
)

.

Consignor

Consignees
---=a -“lastmile” delivery

—p - themain stage of transportation

Fig. 1. Direct and terminal delivery systems for batch freight in the intercity connection
The process of rendering freight forwarding services in FDLS can be represented in the form of a

contour of the functional connections of the formation of technology of batch freight delivery in the
intercity connection by road in terms of resource savings (Fig. 2).
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The consumer subsystem is formed by freight owners according to the characteristics determined by
the complex of necessary feasibility services. Demand for delivery is formed by the flows of FO’
requests. The operating parameter of a CR is the manufacturer's processing capacity (PC, t/h). The
parameters of the FO request flow are: the volume for the request (0, t), the distance of delivery (/, km)
and the delivery density of the points of delivery in the territory of the service area (A, km™).

Consumer subsystem
(CR, CE)

PC [0} I A
Delfvery

technology cums
e Freight forwarding ) .
External \ market (FFM) Evaluation K. .
factors criterion
F N
Management| s The service subsystem

influence (FFC, T) +— Limitation

(SRN, PF)

Fig. 2. Functional link contours for the formation of batch freight delivery in intercity
connection by road in terms of resource savings

Freight forwarding enterprises and terminals form a service subsystem with controlled parameters,
which is the amount of labor resources, dispatchers at a freight forwarding enterprise (NVy, person) and
the service area (F, km?).

The limitation system takes into account the production facilities (PF) of the service system and the
limitations caused by the parameters of the street-road network (SRN).

In this research, to select a rational transport and technological scheme for the batch freight delivery
in long distance, the overall cost of freight delivery (Cyu») and the readiness factor (K,) were taken as
the criterion of efficiency.

Cost reduction is achieved through the formation of resource-saving technology for the batch freight
delivery in long distance. Reducing the overall cost of delivery is an important means of reducing tariffs
and thus attracting additional customers. In this case, the use of resource-saving technologies involves
ensuring the reliability of freight delivery. Thus, the target function is as follows

Csum :f(Q:Za F, 2, PC,Nd)—>min;
K.=f(QIl F,,, PCN;)—>1. (1)

The total cost of long-distance freight delivery is calculated by the formula
Coun =Cro+Cc +Crp +Cr +Cp, (2)

where C,,, — costs of FO operations, UAH;

C. — carrier transportation costs, UAH;

Cpr — forwarding operations costs, UAH;

Cr — costs for processing and storage of freight at the terminal, UAH;
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C fo - capital freezing, UAH.

The article suggested that the service area has the shape of a circle (Fig. 1), where one terminal
operates, located in the conditional centre of the service area. The system of restrictions and assumptions
is as follows

0,4<y, <l

0<q;

1<0<5;

50<7<1800;

0,5<B<1; , 3)
13,5< F <350;

I<N,;<5;

5<PC<100;

0,1<A<2,

where y_ — an automobile load factor;
q - automobile carrying capacity rated, t;
p — the mileage utilisation factor;
The costs of FO operations are calculated according to the formula.

C _ CfR CE CCE 4
ro =0 TC+TUL' UL | “4)

where CfR — unit costs of loading 1 ton at the CR, UAH/h;

Tgf — time for unloading of 1 t of cargo at the CE, h/t;

Cgf — unit costs of unloading 1 ton at the CE, UAH/(t-h).
For direct delivery, carrier’s costs are defined as follows

cL-p|—L _|cp +—C’l’)"” +CP -(LHCEJ (5)
C qD"YD'BD zm % post PC UL ||

where C2 €2 — the variable and constant component of transportation cost, UAH/km and UAH/h;

zm> ~ post
V, — the average technical vehicle speed, km/h.
For the terminal delivery system, transportation costs consist of the costs of the main stage of
transportation and transportation costs to the customers in the service area [17]. They are defined as
follows
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4 [F 4 (g A4" 1 F-
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where qlm —rated carrying capacity of “last mile” automobile, #;

Ylm — a load factor of “last mile” automobile;

a,,6,, — coefficients of the regression model of the dependence of the variable component of
transportation cost on the automobile’s carrying capacity [17];

thm — medium technical vehicle speed during “last mile” transportation, km/h;

(L) ~ time to load (unload) 1 ton of freight at the terminal, /4/z;

a - coefficients of the regression model of the dependence of the constant component of the

post > 6‘post
cost of transportation on the automobile’s carrying capacity [17].
Forwarding operations costs are determined by the formula

= . : : Zv . d . lt .
Crr=D-0+ e + 0 +Nr +q-Cyy, (tsupr Nd), (7

where D — the income of FFC from servicing of freight owner’s request, UAH;
0 — the share of the costs of the dispatcher’s salary (depends on the specific FFC, on average 6 = 0.1);

Ciom Cor, Co — costs for utility bills, rent of FFC’s premises, payment of communication services,
UAH/time period;

t°Ps — service time of the freight owner’s request, /;
T — the total operating time of the dispatcher for a month, h/time period;

Cfﬁz — unit costs for 1 hour work of dispatchers, UAH/hour;

t;;pr — specific time to accompany the cargo owner's request, //z.

Costs for processing and storage of freight at the terminal

Cp=0-(t;-C,+ N, -(CY +C3' +C} +C¥ )+

1t-h 1t-h 1t-h
2 Tyr) * Tper ) Crom *Noom +1g - Cy” )+ Q-1 €57,

®)

where 4 —reception time of 1 ton of freight, 4;
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C, — reception costs of 1 ton of freight, UAH/(t-h);
C,,C;,C,,Cs - unit costs of the terminal’s employee’s work to check the integrity of the freight

packaging in the automobile; receiving and stacking freight in the reception area at the terminal; moving
the freight unit to the departure area; check of cargo and documents before departure, UAH/;
N, — the number of terminal workers involved in the handling of freight at the terminal, person;

Tper — specific time to move a freight unit to the departure zone, 4/T,

CétJlM CILIL?M — unit costs of 1 hour of loading and unloading mechanism (LUM), UAH/(#-4);

N,y — the number of LUM involved in the handling of freight at the terminal, units;
t,, — storage time of the freight at the terminal, A,

C slfh — the cost of storing 1 ton of freight at the terminal for 1 hour, UAH/(¢-h).
Costs of freezing capital is calculated by the formula

C-H 1 R
C,.=0- p.[ — , 9
=2 36500 [2 Q] ©)

where C, — the cost of 1 ton of freight, UAH/z;

H p— mternal rate of return,%

t p — time between two consecutive deliveries, days;

R, — insurance stock, 7.

Thus, optimisation of total costs will allow us to choose rational resource-saving technology of batch
freight delivery in long distance while ensuring the established level of reliability of freight delivery
system, which requires the use of resource-saving technologies.

The main task of ensuring the reliability of freight delivery is the complete exclusion or minimisation
of losses of the participants of the transport process in the freight delivery from the freight forming to
the freight absorbing points. For customers of transport services, high reliability of freight delivery
means coordination of working parameters in all participants of transport process and absence of delays,
as well as losses or damage of cargo. Considering that the logistics system of the transport service
consists of logistical links — participants of the process, it is necessary to ensure that the above
requirements are met for all participants of the transport process.

State Union standard 51006-96 “Transport services. Terms and definitions” gives the following
definition: ‘the reliability of transport services is the totality of the characteristics of the transport
services that determines their provision of them to consumers in specified volumes and quality for a
specified time’. In this research, reliability is proposed to be determined by the method using the
readiness factor.

The readiness factor is the probability that the logistics system of the transport service with the
logistics chains of all components of the process included in it will be working condition at any time.
Namely, this coefficient assesses the potential of the logistics links or the logistics system of batch
freight delivery in long distance

K, =(-ps)s (10)

where Py — the probability that the logistic link of the system (logistic system) will find itself in a state

of failure at any point in time.
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In this work, the forwarder is a key link in the logistics system, organizes and coordinates the entire
delivery process. Therefore, as part of the task, it is necessary to determine the readiness factor of FFC
as a key link in the logistics system of the batch freight delivery.

In queuing systems (the specificity of FFC operation allows them to be considered from the point of
view of queuing systems), in which requests for elementary operations arrive at random times or are
serviced at random intervals, the appearance of queues is a failure of the production process. For a large
number of service channels (operators), the system suffers losses due to possible long downtime. With
a small number of service channels, system losses cause accumulated queues.

By a flow of events is understood a sequence of homogeneous events that occur one after the other
at some random time (for example, the flow of calls received by dispatchers, the flow of failures, etc.).
The flow is characterised by intensity (1) — the frequency of occurrence of the event or the average
number of events entering the queueing system (QS) per unit of time.

The effectiveness of QS with failures is determined as follows.

Absolute bandwidth is an indicator that shows the average number of requests served per unit of
time. It is calculated by the formula

A-p

A= , an
A+
where A— the intensity of the request flow, units/h;
lL- the intensity of the service flow, units / h.
The intensity of the service flow is the inverse of the average service time
1
H= tobs (12)

Relative bandwidth is an indicator that characterises the average proportion of requests received and
served by the system

n
B= . 13
v (13)

Failure probability - a value that characterises the probability that a request will leave the queuing
system unsupported. It indicates the proportion of request s that will be denied a service

A
pf_/1+ﬂ' (14)

Average number of channels used (for multichannel system). This parameter is calculated as follows
F=2 (15)
n

Channel load intensity (or reduced flow rate) is also an indicator that expresses the average number
of requests that exceeds the average service time of a single request. It is calculated by the formula

p-2 (16)
5
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In multichannel QS with limit probabilities, formulas are used for the limit probabilities of a state.
The probability of a QS failure is the marginal probability that all n channels of the system will be
occupied

Pn
Pr=—.
= ()
2 n
PO:(1+p+p—+...+p—). (18)
2! n!
R =p-py;
J
2775 Po>
' (19)
n = Po-
n!
The relative throughput (the probability that the request will be served) is determined
0=1-Py, =1L p,. (20)
n!
The absolute throughput is calculated
A=h-Q. (21)

For the QMS, the discipline of service is important. It determines the order of selection of requests
from among the received and the order of their distribution among the free channels. On this basis, the
request servicing can be organised according to the principles of the order of receipt: in the order of
receipt (from the beginning) or vice versa, those who received at the end (from the end) are serviced
with priority of service (first, the most important requests are served).

The concept of organising the technological process of batch freight delivery in the intercity
connection by road in terms of resource savings can be represented in the form of a diagram (Fig. 3).

Thus, the developed theoretical studies will allow the organization of the technological process of
batch freight delivery in the intercity connection.

Pilot studies are planned in three stages.

At the first stage of the experiment information is collected on the parameters that affect the batch
freight delivery in the intercity connection. On the basis of them, the values of the model parameters
that are random in nature are determined.

At the second stage of the experiment, by conducting a full-factor experiment taking into account the
modelling of request flow parameters and the limited resources of the transport market entities, rational
resource-saving technologies of batch freight delivery in the intercity connection (according to the
chosen efficiency criterion) under various operating conditions are determined and their reliability is
evaluated.

At the third stage, a regression analysis is performed to determine regression models of the
dependence of total costs on the parameters of request flow of transport services and the amount of
resources of transport market entities. In the next step, the optimal areas for the use of certain
technologies of batch freight delivery technologies are determined in the inter-city connection. That is,
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the intervals of the input parameters of the model are determined at which the value of the efficiency
criterion is optimal.

Thus, a mathematical model has been developed for alternative technologies of batch freight
delivery. Itis possible to conduct experimental studies to determine resource-saving delivery technology
under specified operating conditions.

Marketing researches of the market of batch freight delivery in the intercity
connection

)

Analysis of delivery conditions, production parameters of transport process

participants and existing resource constraints

¥

Identification of possible variants of transport and technological schemes of
batch freight delivery in the mtercity connection

'

Determining the reliability of the developed delivery organization options

Formation of resource-saving technology of batch freight delivery in the

intercity connection

!

‘ Conclusion of contracts, preparation of guidance materials ‘

v

‘ Delivery according to the chosen technology ‘

v

‘ Payments for delivery services ‘

v

Delivery control and analysis, evaluation of the reliability of the logistics

delivery system

Fig. 3. Organisation of the technological process of batch freight delivery in the intercity
connection by road in terms of resource savings

Given the number of parameters that affect the end result and recommendations for the requirements
for the plans, the study used the plan of a full-factorial experiment, which as a result of which determines
the value of the parameters of the state of the object with all possible combinations of levels of variation
of parameters.

The ranges of variation of each parameter involved in the experiment are given in Table. 1.

Based on the developed of the full-scale experiment, taking into account the variation of factors in
the experimental calculations, indicating the maximum and minimum values of the arguments, the
values of the total cost of delivery for two delivery schemes (direct and terminal) for 64 series of
experiments were obtained. The obtained data are the basis for applying the regression analysis toolkit.

Table 1. Levels of variation of input factors

. The level of variation of the factor
The value of the input factors - -
The minimum value The maximum value
X1 —F, km? 13,5 350
X—0,t 1 5
Xs— [ km 50 1800
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X;— A, km?™ 0,1 2
Xs— PC, t/h 5 100
Xe— Na, person. 1 5

The functional dependence of the total costs of batch freight delivery on the parameters of the request
flow and technological parameters of the participants of the delivery process is carried out in the
following sequence: formation of alternative hypotheses about the type of regression model;
determination of coefficients of regression models according to the proposed alternative hypotheses;
estimation of adequacy of the obtained regression models and selection of the most adequate one.

The functions of the MS Excel analysis package (Data Analysis - Regression) were used as the main
tool for determining the coefficients of regression models when processing the results of experimental
studies.

Testing the hypotheses about the form of regression models showed that the highest values of the

coefficient of determination are characterized by a linear model for direct delivery (C,,) and

exponential for terminal delivery (C szum ):

1
Csum

=22,58227+18,86497-0 +9,03902-7-0.37956 - PC, (22)

C? =9551644-1008185" -1,770343% -1,000503' - 2,304923" -1,01766™.

Testing the model for the possibility of its practical application is carried out according to the criteria
of accuracy, reliability and adequacy. All parameters must be performed simultaneously. Inconsistency
with one of the criteria means the absence of a model at all.

The accuracy is estimated by the value of the correlation coefficient , the determination coefficient
#*, the calculations of which are given in Table 2.

Table 2. Model accuracy check

Estimated value

Criterion Critical value
For the direct delivery For the terminal delivery
Correlation coefficient > 0,7 0,87 0,97
Determination factor > 0,5 0,99994 0,901646

The reliability and adequacy of the model is estimated by the value of the Fisher F test, the calculated
values are shown in Table 3.

Table 3 Checking the reliability and adequacy of the model
Estimated value
For the direct delivery For the terminal delivery

Critical value

Fisher's test, I F>F, 1661340 87,1
The S}gnlﬁcance of the <0,05 1,7-10°197 726107
criterion F'

The results show that the models can be used to choose a rational delivery system. Thus, the results
obtained are the basis for performing the analysis of the influence of factors on the efficiency of
consignment delivery in long distance, taking into account the reliability of the freight forwarding
enterprise. The degree of influence on the total cost of consignment delivery by a certain delivery
technology of such factors as the consignment volume for the request, the service area, delivery distance,
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the density of the points of delivery in the territory of the service area and the number of dispatchers (at
a fixed position at the average level of other factors) is graphically shown in Fig. 4-8.

35000
= 30000
= 25000
3
& 20000
v
5 15000
10000
5000
0

1.00 2,00 3,00 4,00 5,00
The consignment volume for the request . t

The total deln

= = =Direct delivery — Terminal delivery

Fig. 4. Graph of the total cost dependence on the volume for the request

40000
35000
30000
25000
20000
15000
10000

5000

The total delivery cost , UAH

0,00 100,00 200,00 300,00 400,00

Service area , km?

= = = -Direct delivery Terminal delivery

Fig. 5. Graph of the total cost dependence on service area

The total delivery cost , UAH

0,00 300,00 1000,00 1500,00 2000,00
Delivery distance . km

- = = :Direct delivery

Terminal delivery

Fig. 6. Graph of the total cost dependence on delivery distance
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25000

UAH

’ 20000
15000
10000

5000

The total delivery cost

0

0.00 0.30 1.00 1.50 2,00

Density of dislocation of points of delivery in the service

- - - ‘Direct delivery

area , km=

Terminal delivery

Fig. 7. Graph of the total cost dependence on the density of delivery dislocation of points in
the service area at a fixed position at the average level of other factors

10000
9800
9600
9400
9200
9000
8800
8600
8400
8200

The total delivery cost, UAH

- - = -Direct delivery

—_
(3]

3 4 5
Number of dispatchers . persons

Terminal delivery

Fig. 8. Graph of the total cost dependence on the number of dispatchers at fixed
position on average of other factors

Determine the effectiveness of QS with refusals by formulas (11) — (21) for the following conditions
of work of dispatchers LLC “Deliveri”": duration of processing — 15 minutes, the intensity of request
receipt — 8 units/h for one dispatcher.

Intensity of service flow

n= L =4 units/h.
15

Relative bandwidth (the average proportion of requests received and served by the system)

Absolute bandwidth

4

B=——=0,33,
4+38
8

=~ =0,67..
Pr=gss
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4=3% 67,
8+4

Thus, on average, the dispatcher will process almost 3 requests per hour.
Similarly, we calculate the main characteristics of queuing systems for 2, 3, 4 dispatchers and
summarize them in Table 4.

Table 4. Main characteristics of service requests in the warehouse depending on the
number of posts

Indicator 1Nurnber of dlspzatchers, persons3
Relative bandwidth (B) 0,33 0,8 1,31
Absolute throughput (A) 2,67 6,4 10,48

The schedule of dependence of readiness factor on the number of dispatchers is shown in fig. 9.

Readiness factor

1 2 3 4 5

The number of dispatchers, persons

Fig. 9. Schedule of readiness factor on the number of dispatchers

This means that, if optimality is met (satisfaction with an average of 10 requests at least 8 requests
for cargo delivery (Kr= 0,8), an average of two dispatchers is optimal.

For the considered ranges of the values of the transport request parameters:

— at the consignment volume for the request up to 2.81 t (Fig. 4), terminal delivery is more resource-
saving and direct delivery is more than 2.81 t;

— at service area up to 169 km? (Fig. 5), resource delivery is terminal delivery, and over 169 km? —
direct delivery;

— at delivery distance up to 1172 km (Fig. 6), resource delivery is direct delivery, and over 1172 km
— terminal delivery;

— at the density of the deployment of points of delivery in the territory of service up to 0.95 km™
(Fig. 7), resource delivery is terminal delivery, and more than
0.95 km™ — direct delivery;

— the number of dispatchers (Fig. 8) affects the total costs only at the terminal system in this
formulation of the problem, so the optimal number of dispatchers at the normative value of the
coefficient of readiness for the terminal delivery system was 2 persons.

Introduction to the production of innovations allows to obtain effect and increase efficiency.

The effect associated with the total cost of delivery, is determined by the following formula

rs b
E= Csum - Csum' (24)
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where C Sr;m — the total cost of freight delivery using resource-saving delivery technology, UAH/request;
b
C

sum
Efficiency (£y when implementing resource-saving delivery technology is calculated

— the total cost of basic freight delivery technology, UAH/request.

E

Ep=———-100%.

rs
sum

(25)

There are three dispatchers at the Delivery LLC in the Kharkiv branch. The transit terminal is one in
the city. Other offices for collecting and transporting requests around the city. The Kharkov area is 350
km?. For the consignment volume 3.0 tons delivery distance is 675 km. LLC Delivery uses a terminal

system for batch freight delivery. The total costs of the company in this case (Céjum) are 7040 UAH.
Total costs proposed in the work (including the optimal number of dispatchers — two)

C rs

sum

=22,58227+18,86497-3+9.03902-657-0.37956-52,5=6179 UAH.,
E=7040-6179 =861 UAH,

E, =£-100%=13,9%.
6179

The economic effect of the implemented measures is £ = 861 UAH.

When using direct batch freight delivery in intercity connection, total costs can be reduced by 13.9 %.

Conclusions. In this paper, we propose the solution to the scientific and applied problem of batch
freight delivery in the intercity road connection in terms of system’s limited resource due to the
formation of technology of long-distance freight delivery in terms of resource savings and observing the
established level of reliability of the functioning of the logistics system of freight delivery.

After analysing scientific research in the direction of developing resource-saving technologies of
freight delivery, it can be noted the next. Among the priority areas for improving the process of batch
freight delivery, most researchers highlight the formation of rational technologies of freight delivery in
terms of resource savings and determining a rational amount of resources when functioning systems of
various levels based on the use of logistics principles.

In the research of freight delivery in long distance, two transport and technological scheme were
considered as alternatives. The first technology involves direct freight delivery from consignor to
consignee, and the second - a terminal delivery system.

Considering that the criterion of effectiveness in the study is justified the use of the total cost of
delivery and readiness factor, for the considered ranges of the values of the transport request parameters:
at the consignment volume for the request up to 2.81 t (Fig. 4), terminal delivery is more resource-saving
and direct delivery is more than 2.81 t; at service area up to 169 km?* (Fig. 5), resource delivery is
terminal delivery, and over 169 km? — direct delivery; at delivery distance up to 1172 km (Fig. 6),
resource delivery is direct delivery, and over 1172 km — terminal delivery; at the density of the
deployment of points of delivery in the territory of service up to 0.95 km (Fig. 7), resource delivery is
terminal delivery, and more than 0.95 km™ — direct delivery; the number of dispatchers (Fig. 8) affects
the total costs only at the terminal system in this formulation of the problem, so the optimal number of
dispatchers at the normative value of the coefficient of readiness for the terminal delivery system was 2
persons.
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The economic effect of the implemented measures may be 861 UAH. When using direct delivery in
the intercity connection for a request with specified parameters, it is possible to reduce total costs by
13.9%. Reducing the total cost of batch freight delivery due to the choice of resource saving technology
will allow FDLS to receive additional income and distribute it among the participants in the delivery
process according to their contribution.
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3aJI3HUYHOTO TpaHcnopry, wi.deitepbaxa, 7, M. Xapkis, 61050, Ykpaina, ORCID: https://orcid.org/0009-0006-
1985-1181.

Po3podka epekTUBHOI TEXHOJIOTII T0CTABKY NMAPTIOHHUX BAHTAKIB ABTOMOOLUILHUM
TPAHCIOPTOM Y MIKMiCbKOMY CIOJIy4YeHHI 3 ypaxXyBaHHSIM YMOBH pecypco30epe:KeHHsI

Jlocicmuuni piwients 3 GIOHOGNIEHHS MA PO3GUMKY 2aly3i A8MOMOOIILHUX Nepede3eHb
sanmasxicie nompeoOyromy 3ACMOCY8AHHA eDEeKMUBHUX [HCMPYMEHMI8, w0 003801AMb
3abe3nedumu eHy4KiCms 102ICIMUYHUM JAHYI02AM NOCMAYAHb, 8 YMOBAX 3MIHHO20 NONUMY HA
MPAHCNOPMHI NOCTY2U, CAPUAIOYU eKOHOMIYHOMY GIOHOBNEHHIO MAd PO36UMKY, NiOBULYEHHIO
AKOCMI HCUMMSA HACENeHHs, epeKmMUHOMY GUKOPUCMAHHIO pecypcie. B pobomi eupiuena
HAYKOBO-NPUKIAOHA 3a0a4a NiO8UWeHHsl eheKmueHocmi (QYHKYIOHYBAHHS N02ICMUYHOL
cucmemu 00CMasKU NAPMIOHHUX 8AHMANCIE ABMOMOOINbHUM MPAHCHOPIMOM Y MIHCMICOKOMY
CNONYUEeHHI 8 YMOBAX PO3NOOINY 0OMENHCEeHO20 pecypcy CUCmeMU 3d PAaxyHOK (opmyeanHs
MEeXHON02Ii O00CMABKU BAHMANCIE HA YMOBAX pecypco3depexdcenHs ma OOMpPUMAHHSL
B8CMAHOBNIEHO20 PiGHA HAOIUHOCMI (DYHKYIOHYBAHHA JNO2ICMUYHOI cucmemu O00CMABKU
BAHMAICIB ABMOMODLILHUM MPAHCNOpmMOM. B 0ocniodceri 071 @upiuieH s nocmaesienoi 3a0ayi
BUKOPUCMAHT  MemOoOU MAmMeMamuyHo20 MOOeN08AHHS, CUCMEMHUU Ni0Xi0, Memoou
onmumizayii  (Qynxyii  6aecamvox 3MIHHUX), NOJOJCEHHs Meopii UMOGIpHOCMI ma
MamemMamuyHoi CMamucmuky, Memoou pezpecitinoco ananizy. Jna 3a0anux ymos
@yHKYioHy8aHHA PO3POONEHOI 02ICMUYHOTI CUCMEeMU BU3HAYEHO PAYIOHANbHY MEXHON02i0
00CMABKU NAPMIOHHUX GAHMANCIE V MINCMICbKOMY CHOJYYEHHI 3 YPAXYBAHHAM YMOBU
pecypcosbepesicens, wo 00360aums Ha 13,9 % 3menwumu 3a2anvHi 6umpamu npu 3a0aHOMy
PIBHI 20MOBHOCMI 102ICMUYHOT cucmeMu 00CMABKU 8AHMALCIE.

Knrouosi cnosa: asmomodinbHuii mpancnopm, pecypcosbepedtcents, 00CmasKka, NapmionHi
8aHmMavici, KoeghiyieHm 20moeHoCmi
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Study of guiding vehicle by railway track

The analysis of scientific publications related to the guiding of wheelsets of railway rolling stock
along the rail track has been carried out. It is stated that for a valid simulation of the guiding of
wheelsets by a rail track, an accurate description of the contact forces of adhesion is necessary. It was
found that the flange wheel-rail contact exists only in combination with the angle of attack and in the
presence of a lateral cohesive force. A scheme of power interaction of a wheelset with rails with a ridge
contact of one of the wheels has been developed. The force contact interaction of a wheel and a rail is
a process that is difficult to describe and, at the same time, very important for studying the dynamics of
the frictional interaction of vehicles and track and the guiding of vehicles by the rail track. In the general
case, the contact of the wheel with the rail occurs in two contact zones: on the rolling surface and on
the flange. Simplified, the contact is considered as a two-point contact. The considered force factors
cannot be unambiguously attributed to guiding factors or factors of resistance to movement. Specific
values and guiding of forces and moments depend on the position of the wheelset relative to the rail
track. It is argued that the longitudinal and transverse slips of the wheelsets cause resistance to
movement and are overcome by guiding forces.

Key words: guiding vehicle by railway track, wheelset, rolling stock, flange reactions, contact
adhesion forces.

Introduction. In the initial period of railway development, the issues of wheel-rail adhesion were
considered exclusively in connection with the traction qualities of the rolling stock.
A large number of studies have been devoted to increasing the maximum traction force for adhesion.
Their main goal is a more complete implementation of the propulsion function in a wheel-rail system.
However, the problem of wheel-rail adhesion is much deeper than his analysis in terms of traction.
Wheel-rail adhesion must be considered comprehensively, taking into account the full picture of the
horizontal forces of interaction between the vehicle and the track. In particular, it should be taken into
account that the horizontal components of the contact forces determine the horizontal dynamics of the
vehicle. And in this sense, it would be appropriate not to single out, as separate problems, longitudinal
phenomena associated with cohesive qualities, but transverse ones associated with horizontal transverse
dynamics.

It is necessary to consider these phenomena jointly within the framework of full horizontal dynamics.
Attempts to treat the issues of longitudinal and transverse cohesion as separate from each other, or at
best as partially related, often lead to errors in the results of studies. For example, constructive
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improvements in dynamic performance can lead to a deterioration in other indicators: an increase in
resistance to movement; increasing the intensity of wear of rolling surfaces of wheels, etc.

Analysis of recent research and problem statement. The monograph by H. Heyman can be

considered the first fundamental study of the direction of carriages by a rail track. Heyman noted that
the deviation of the movement of wheelsets from the trajectory of pure rolling can only be observed in
the form of sliding. According to him, the main reason for longitudinal slips in wheel-rail contacts is the
rigid connection of the wheels in the wheelset through the axle.
When driving in curved sections of the track of a large radius, due to the conical shape of the wheels in
the wheelset, the guiding forces between the wheel flanges and the rails are reduced. But, in curves of
medium and small radius, the taper of the rolling surfaces is not sufficient, which causes the wheels to
slip in the longitudinal direction. Longitudinal sliding forces cause an increase in the misalignment of
the wheelset axis relative to the track axis and, as a result, an increase in the angle of attack of the wheels
on the rail heads. An increase in the angles of attack is the cause of an increase in transverse reactions
in wheel-rail contacts and additional resistance to movement. An indirect confirmation of this is the
characteristic screech when the crew moves in curves. The results of studying this phenomenon are
given in the article [1].

The authors of the article [3] used the theory of closed power circuits to describe the three-point
contact of the wheelset with the rails. The article notes that in the system of contacting the wheelset with
the rails there is a closed power circuit with nodal points in the main and flanges contacts. The
characteristic for closed power circuits in wheel-rail contacts is parasitic sliding, which is the cause of
additional power losses and wears on the rolling surface of wheels and rails. Wheelsets and rail together
form separate closed power circuits. The contacts of the wheels with the rails are the nodal points in the
power circuits “rail-wheel-axis—wheel-rail-sleeper”. Parasitic power flows can occur in interaxle
closed power circuits of bogies. Parasitic power circulation in closed power circuits can reach significant
values and is the cause of additional resistance to the movement of vehicles. The authors classify this
resistance as “kinematic resistance to motion”.

When driving in tangent track, due to the horizontal irregularities of the rails and the conical shape
of the wheel tread surfaces, intense self-oscillations of wheel sets hunting can occur with periodic
contact of the flange of the right and left wheels of the wheelsets with the rails [3]. At a high speed of
movement, the transverse loads on the rails increase and can reach significant values [4, 5]. This leads
to intensive wear of the wheel flanges, increased resistance to movement and creates a risk of loss of
stability.

Railway rolling stock belongs to a subgroup of land vehicles that are guided by guide rails. The rails
provide vertical support for the vehicles and guide the wheelsets along the trajectory. Large values of
interaction forces in the wheel-rail contacts can lead to the destruction of track components [6, 7, 8].

Therefore, an accurate description of the contact forces in the wheel-rail system is necessary for
theoretical studies of the guiding wheelsets by the rail track.

When considering the process of guiding vehicle by railway track, ensuring stability against
derailment of wheelsets is the most important task.

As is known, the criterion for the tendency of a wheelset to derail is the ratio between the lateral and
vertical loads in the flange wheel-rail contact. This ratio proposed by Nadal has been refined many
times, for example, in the studies of such scientists as Shabana [9], Weinstock [10], Ohno [11] and
others.

The forces acting in wheel-rail contacts in the horizontal plane have a complex structure.

In Shahzamanian Sichani's dissertation [12] a new method is proposed which results in more accurate
contact patch and pressure distribution estimation while maintaining the same computational efficiency.
The experience gained through this Licentiate work illuminates future research directions among which,
improving tangential contact results and treating conformal contacts are given higher priority. The
dissertation also provides an analysis of the main types of derailment of rail crews. Three of them are
related to the characteristics of the rail track, and two are related to the shape of the wheel and rail
profile. It has been confirmed that the angle of inclination of the wheel flange is the main geometric
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parameter that affects the probability of derailment of vehicles.

Results of experimental studies of experimental investigation of transient traction characteristics in
rolling-sliding wheel-rail contacts under dry-wet conditions are given in the article [13].

The authors of the study [14] provide statistical data and analyze the causes of large-scale railway
accidents. The importance of ridge contact studies as the main safety factor is emphasized. As a quicker
method, authors propose to estimate the derailment coefficient from analytically calculated lateral and
vertical wheel loads, based on analytic equations and measured data. This paper describes the equations
used, shows how the derailment coefficient is calculated, and compares it with the results achieved by
measurements.

The paper [15] proposes a mathematical model for assessing safety by derailment of a wheelset.
Loads in the wheel-rail contact take into account centrifugal forces, rail irregularities and deformations
of the spring suspension of a railway vehicle. A method was proposed for calculating the critical safety
factor, taking into account the angle of attack of the wheel on the rail and the equivalent coefficient of
friction. This study of traffic safety and comfort is based on the results of numerical simulation of a
nonlinear model of the movement of railway rolling stock along a straight track. Traffic safety is
investigated in accordance with the UIC 518 code: through the ratio of the transverse Y to vertical Q
forces at the point of contact of the wheel with the rail. The lateral and vertical accelerations of the
vehicle body to which a passenger of a railway vehicle is subjected are used to assess ride comfort in
accordance with the ISO 2631-1 standard. The influence of various parameters of the "railway transport
- way" system on traffic safety and traffic comfort is analyzed.

It is believed that the coefficient of friction in contact between the wheel flange and the rail has a
strong influence on the derailment of wheelsets. However, the coefficient of friction varies greatly
depending on the condition of the wheel-rail contact, atmospheric conditions, speed, etc. It is also
considered that the direct measurement of the coefficient of friction is very difficult. The authors of the
article [16] managed to obtain data on the derailment of wheels during the practical operation of electric
trains. The experiments were carried out on a curved section of the track with a radius of 100-110 m.
Such quantities as the derailment coefficient, the angle of attack of the wheel on the rail, and the
separation of the wheel from the rail were measured. As a result of the experiments, it was found that
reducing the coefficient of friction in the contact between the flange and the wheel (lubrication) is an
effective means of reducing the derailment coefficient according to the Nadal criterion.

The purpose and tasks of the study. The purpose of the study is to refine the mathematical
description of wheel-rail reactions based on the scheme of three-point contacting of wheelsets and rail
track.

Therefore, the following tasks were set: analysis of scientific research on the guiding vehicle by
railway track; study of kinematics and dynamics of wheel-rail contact; mathematical description of
contact forces and adhesion forces in a wheel-rail system.

Materials and methods of research. As a rule, many scientists use a two-point wheel-rail contact
model when modeling the interaction of vehicles with a rail track. However, in fact, it is correct to
consider the complex picture of the contact of the wheelset with the rail track, and not the individual
wheel with the rail. This approach was substantiated by the co-authors of this article in [17].

It is a typical case when the flange contact is combined with of the angle attack and the flange friction
force. The following shows a picture of the force interaction of the wheelset with the rails during the
flange contact of the one wheel. The movement of the wheelset is modeled in the skewed position in the
rail track with of the angle attack y. On fig. 1 shows the vectors of speeds in the contacts of the wheelset
with the rails. vectors are represented as projections of speeds and forces on the horizontal plane Oxy.
Two cases of contact are shown: with a three-point contact of the wheelset with the rails (contacts K11,
K21, K22) (fig 1a) and with two-point contact of the wheelset with the rails, when the second wheel
comes off the main contact K21 (fig 1b).

The case is considered when the approaching wheel is in the state of derailment. As a starting
condition, the equality of zero load in the main contact of the running wheel is accepted.
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Fig 1. Vector scheme of velocities and forces in the wheelset-rails contacts:
a) with three-point contact of the wheelset with the rails; b) at the moment of separation of the
main contact of the second wheel from the rail

When modeling the kinematic characteristics of the wheelset-rails contact, the following parameters
and their designations are considered:
V — is the velocity movement of the wheelset center along the track axis;
Vou1, Voo — is the circumferential velocity of the wheel at the contacts K1, K»i, associated with the
rotation of the wheelset relative to its own axis;
V11, Va1 — wheel sliding velocity on the rail at the contact points K1, Kzi;
Y;— axial reaction in the axle assembly acting on the wheelset — frame force;
S11y, S22y — projections of friction forces S» in contacts K1, K>, on the Oy axis;
Si1, Sa1, Siies Sitys Sa1x, S21y, S22y — friction force and projections of friction force in contacts K11, K»1, K2
respectively, on the Ox, Oy axis;

On fig. 2 shows a diagram of the contact forces in the flange contact in projections onto the later
vertical plane Oxz and the transverse vertical plane Oyz.

j‘ﬁ y
| Y

P>

a) 6)
Fig.2. Projections scheme of forces in the flange contact: a) projections onto the longitudinal
vertical plane Oxz; b) projections onto the transverse vertical plane Oyz [17]

On fig. 2 advancing signs are accepted:
{ — angle, which determines the position of the vector S,,.. along the vertical axis;
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[ — flange angle;
o — angular speed of rotation of the wheel around its axis;
N>, —normal load in the flange contact K3»;
K, — instantaneous center of the wheel rotation;
R, — the distance from the wheel center to the instantaneous center of the wheel rotation Kj;
R, R, — the radius of the wheels in the main and flange contacts;
P, —vertical load in the flange contact K,.
In general, the total horizontal side load in the flange contact K2, is equal to the sum of the frame
force Yrand the contact forces Siiy, S21, in the contacts K1, Ka1:
In general, the total guiding force Y acting on the wheelset is equal to the sum of the frame force Y,
and the contact forces Si1y, S>1y, S22, in the contacts K11, Ka1, K2»:

Y:S22y_Y/ _SII,:_Szl,w (1)
At the moment of separation of the second wheel from the main contact, the total guiding force
increases:

Y=5, -5, —Y,. 2

Contact forces Siiy, S21y, S22, in contacts Ki1, K21, K2 in the control theory of wheeled machines are
called guiding forces. Guiding forces are frictional forces and are directed opposite to the corresponding
sliding velocity vectors Vi, Va,.

Thus, the guiding forces in the main contacts when the wheelset is misaligned are the forces of the
negative guiding, which impede the process of reliable guidance the wheelsets by rail track. In fact,
reducing the vertical load in the main contact (up to the separation of the main contact from the rail) on
the oncoming wheel improves the conditions for guiding the wheelset by rail track.

The moment of guiding forces in the horizontal plane M is an additional factor that affects the process
of guiding wheelsets by rails. Accounting for the moment of guiding forces is especially important at
large misalignment angles of the wheelset. The moment of guiding forces in the horizontal plane can be
determined by the following formula:

M= [(_Slly +S21y _SZZy _Y/-)'W_SHX —SZIJ-S. 3)

The forces Si1y, $21, can be approximately determined by the formulas of Coulomb's law. At the same
time, the most dangerous case in terms of derailment is considered, when the angle (=0.

Suy:Po'H; Szz;v:sz'H'COSB’ (4)

where P, — is the vertical load in the contact K at the moment of separation of the second wheel from
the main contact (P=P,);
u — the coefficient of sliding friction in the wheels-rails contacts.

Then

Y=p-(N, -cosp-PR)-Y, ©)
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he force contact interaction of a wheel and a rail is difficult to describe, but a very important issue for
studying the direction of vehicles on a rail track. In the general case, the contact of the wheel with the
rail occurs along two contact planes: on the rolling surface and on the flange. Simplified, the contact is
considered as a two-point contact. At the same time, the main vector of contact forces interaction of the
i-th wheel (i=1 — for the left wheel, i=2 — for the right wheel), the j-th wheelset, the k-th bogie with the
rail has the following structure.

F, :N'|+Nﬂm+ /'kl+§/‘kll’ (6)

ijki kI

“

where Nows Nows Sus S — main vectors of normal reactions and adhesion force of the first (main)
and second (comb) contacts

Nukl = Pw + Hum; Nukll =Ly, + H;/A'll > (7)
where P, H, >P, >H, — vertical and horizontal transverse components of normal contact
reactions, and

Hijkl = Plj/\'l . gijkl; Hij/{l] = PijkII : gijkll > (8)

where giu=tg(yin), guui=tg(yiu) — conditional tapers of wheel profiles at the corresponding contact
points;
Vi, Yirn — obliquity to the horizon of tangents at the corresponding points of wheels-rails contact.
Static vertical wheel load:
P=P, +P 9)

ijk1 3

The total gravitational component 77, from two contacts of one wheel is defined as the sum of two

reactions H,, »H and

ikl

HifkZPO'I:kijk'gi/k+(1_k@fk)'gifk]’ (10)

where k;jx — a coefficient that takes into account the redistribution of the vertical load between contacts
I and II with values from O to 1.
With a linear law, the change of loads from Py to Py with two-point contact will be:

Bjkl :Pok

k12 ikl

I :Po'(l_kz/kl)7 (11)
d,wk - dyl
d,—d,
d,;x — the transverse current displacement of the wheel relative to the rail;
dyi, dyi — the transverse displacements of the wheel profile relative to the rail at the entry and exit points
of the two-point contact.

The values of dyl and dylII depend on the profile shape of the rolling surface of the wheel and rail.
Contact adhesion forces have a spatial structure:

where; k, =
ikl
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g Sxij/cl + Sy,m + Zijkl 5 (12)

=S +8§ +§

kI XijkIT VijkIT ZijklL

%1}

where S0 S S, — longitudinal, transverse and vertical components at the respective contact

points.
The reaction 5 can be neglected because its magnitude is negligible.

The values of other components are determined from the following equations:

S.xijk[ = ijk[ "Wy - Kx : (8xijkl > € ik );
Sow =Ny - Wo - K, '(ng/knsgyg/‘ku );

_ . 13
Syijkl = ]Vijkl Yo - Ky .(Sxijkl’gyijkl )3 ( )

Sm =Ny o - K, '(‘Sxijkll’gyg‘jkll );
S:Ijkll = ]\]L/kll . WO : Kz : (Szijkﬂ )’

where: €xijk1, ijkt, Exijhl, Evijkil, Ezjkit — longitudinal, transverse and vertical components of relative slips in
the corresponding contacts;

Niil, Njir — normal reactions in the 1st and 2nd contacts;

yo — boundary (physical) adhesion coefficient;

K (&xijk, €ijk)y K(Exijiy €viji), Ko(€zix) — experimental adhesion characteristics.

The adhesion characteristics are entered as external functions. The methodology and results of
experimental studies of adhesion characteristics are described in [17].

Conclusions. Based on the study, the following conclusions can be drawn:

- the force contact interaction of the wheel and the rail is difficult to describe and at the same time
very important for studying the dynamics of the frictional interaction of the vehicles and the rails and
guiding of the vehicles by the rail track;

- the authors propose to use a three-point contact scheme of the wheelset-rails contact in the study of
the wheelsets guiding by the rail track: two-point contact — for the oncoming wheel and one-point contact
— for the second wheel;

- guiding forces in the main contacts with a positive misalignment of the wheelset are the forces of
the negative guiding, which prevent the process of guiding the wheelsets by the rail track;

- reducing the vertical load in the main contact of the oncoming wheel (up to the separation of the
main contact from the rail, which precedes the derailment of the wheelset) improves the direction of the
wheelset by the rail track;

- flange reactions play a decisive role in the process of guiding the wheelsets of the vehicle by the
rail track;

- the gravitational component of the vertical load in the flange contact increases by 95% with an
increase in the flange angle cone f3 from 60° to 70°.
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Tpodecop, mpodecop kapeapu BaroHiB Ta BAarOHHOTO TOCTOAAPCTBA, JlepXaBHUH YHIBEPCHTET
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Mpodecop, 3aBimyBau kadeapy eNEKTPOMEXAHIKH Ta PYXOMOTO CKJIa ly 3ali3HUIIb, JlepKaBHU yHIBEpCHTET
iH(pacTpyKTypH Ta TeXHOJOTiH, Bys. Kupunisceka, 9, M. Kuis, 04071, Ykpaina

Tpodecop, mpodecop Kadeapu BaroHiB Ta BAarOHHOIO TOCHOAAPCTBA, JIEPKAaBHUIN yHIBEpPCHUTET
iH(pacTpyKTypH Ta TeXHOJOTiH, Bys. Kupuniscska, 9, M. Kuis, 04071, Ykpaina

‘loueHT, noUEHT Kadeapu aBTOMAaTH3alii Ta KOMII IOTEPHO-IHTETPOBAHUX TEXHOJIOTIH TPAHCIIOPTY,
JlepxaBHUI yHIBepcUTET iHPPACTPyKTypH Ta TEXHOJIOTIH, Bya. Kupunisceka, 9, M. Kuis, 04071, Ykpaina

JloctizKeHHsl CIPSIMYBAHHS eKillaKiB PeiiKOBOI0 KOJIi€I0

Ilposedeno awnaniz Haykogux myonmixayiu, NPUCEAYEHUX NUTNAHHAM CAPIMYBAHMS KOMICHUX nap
3ANIBHUYHO20 PYXOMO20 CKAAOY PeuK08oio Kouicio. Bcmanoseneno, wjo 018 npaguivbHo20 MOOen08aHHs.
npoyecieé CNpAMYSanHs KOMICHUX NAp Peliko8oio KONIEN HeoOXiOHUUl MOYHUL ONUC KOHMAKMHUX CU
3uenienHs. Bemanoeneno, wjo KoHmaxkm epebHs Kojieca 3 pelko iCHye quwe 8 NOCOHAHHI 3 Kymom
amaxku ma 3a Hasa8HOCMi OiuHOT cunu 3uenienus. Pospobneno cxemy cunogoi 63aemo0ii konichoi napu 3
pelikamu 3 epebeHesuUM KOHMAKmMoM 00Ho20 3 Konic. Cunoga KOHMAKmMHa 63aeMo0is Koreca i peiku €
CKAAOHUM OJIsL ONUCY NPOYECOM, SAKUL BOOHOUAC OYIHCE BANCTUBUIL OISl BUBHEHHS OUHAMIKY DPUKYITIHOT
83AEMO0IT MPAHCNOPMHUX 3ACc00I8 T KON Ma CNPAMYBAHHA MPAHCROPMHUX 3AC00i6 PELK0BOI0 KOIEN.
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YV 3azanvnomy eunadxy konmaxm xoneca 3 pelixoro 8i00y8acmuvcs 6 080X 30HAX KOHMAKMY. HA NOBEPXHI
KoYeHHs i Ha pebopdi. Cnpoujero, KOHMaxKm po3enadacmuvcs K 0860X-mouKkogull konmaxm. Posenanymi
CUNIOBI (DaKmopu He MOIICHA OOHO3HAYHO GiOHecmu 00 HANPAMHUX Yu pakmopie onopy pyxy. Bio
NOJOJICEHHS KOMCHOI Napu 8i0HOCHO Peliko8oi KOl 3anescamb KOHKDEMHI 3HAYEHHS. | OPIEHMYBAHHS
cun i momenmie. CmeepodiCcyemvpcsl, wjo N03008IICHE | NONEpeyHe KOG3AHHS KOJICHUX NAp GUKIUKAE ONip
PYXY i 001aEMbCs CNPAMOBYIOUUMU CUTAMU.

Knwuoei cnoea: xonicna napa, pyxomuti ckiao, epebenesi peaxyii, KOHMAKMHI CUIU 34enJieHHS,

CNPAMYBAHHSA eKINAMCY 3aU3HUYHO0 KOJIETO.
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