REFERENCES

1. Puchkov L.A., Kaledina N.O., Kobylkin S.S. System solutions to ensure methane safety of
coal mines. Gornyy zhurnal [Gornyy zhurnal]. 2014. No 5. Pp. 12-14. (in Russian)

2. Semin M.A., Levin L.Yu. Stability of air flows in mine ventilation networks. Process
Safety and Environmental Protection, 2019. Vol. 124. Pp. 167-171. DOI:
10.1016/j.psep.2019.02.006.

3. Thakur P. 1 - Underground Coal Mine Atmosphere. Advanced Mine Ventilation.
Respirable Coal Dust, Combustible Gas and Mine Fire Control. 2019. Pp. 3-16. DOI:
10.1016/B978-0-08-100457-9.00001-8.

4. Cheng L., Guo H., Lin H. Evolutionary model of coal mine safety system based on multi-
agent modeling. Process Safety and Environmental Protection, 2021. Vol. 147. Pp. 1193-1200.
DOI: 10.1016/j.psep.2021.01.046.

5. Esterhuizen G.S., Gearhart D.F., Klemetti T. et al. Analysis of gate road stability at two
longwall mines based on field monitoring results and numerical model analysis. International
Journal of Mining Science and Technology, 2019. Vol. 29. No. 1. Pp. 35-43. DOI:
10.1016/j.ijmst.2018.11.021.

6. Wang K., Jiang Sh., Wu Zh. etal. Intelligent safety adjustment of branch airflow volume
during ventilation-on-demand changes in coal mines. Process Safety and Environmental
Protection, 2017. Vol. 111. Pp. 491-506. DOI: 10.1016/j.psep.2017.08.024.

7. Qiao W. Analysis and measurement of multifactor risk in underground coal mine accidents
based on coupling theory. Reliability Engineering & System Safety. 2021. Vol. 208. No. 107433.
DOI: 10.1016/j.ress.2021.107433.

8. Zhang L., Zhou G., Ma Yu et al. Numerical analysis on spatial distribution for
concentration and particle size of particulate pollutants in dust environment at fully
mechanized coal mining face. Powder Technology, 2021. Vol. 383. Pp. 143-158. DOI:
10.1016/j.powtec.2021.01.039.

9. Klyuev R.V., Bosikov L.I., Mayer A.V. et al. Comprehensive analysis of the effective
technologies application to increase sustainable development of the natural-technical system.
Ustoychivoye razvitiye gornykh territoriy [Sustainable Development of Mountain Territories].
2020. No. 2. Pp. 283-290. (in Russian)

10. Zhilov R.A. Application of neural networks in data clustering. lzvestiya Kabardino-
Balkarskogo nauchnogo centra RAN [News of the Kabardino-Balkarian Scientific Center
of RAS]. 2021. No. 1 (99). Pp. 15-19. DOI: 10.35330/1991-6639-2021-1-99-15-19. (in
Russian)

11. Bosikov I.I. Development of a universal analytical and statistical model for calculating
reliability indicators and a comprehensive assessment of complex technical systems of variable
structure. lzvestiya Kabardino-Balkarskogo nauchnogo centra RAN [News of the Kabardino-
Balkarian Scientific Center of RAS]. 2021. No. 4 (102). Pp. 17-27. DOI: 10.35330/1991-6639-
2021-4-102-17-27. (in Russian)

12. Mashintsov E.A., Kotlerevskaya L.V., Krinichnaya N.A. Ventilation control in a coal
mine. lzvestiya Tul'skogo gosudarstvennogo universiteta. Tekhnicheskiye nauki [Bulletin of the
Tula State University. Technical sciences]. 2014. No. 7. Pp. 188-195. (in Russian)

13. Kozhiev H.H., Klyuev R.V., Bosikov I.1. et al. Analysis of management of mine ventilation
networks using simulation models. Sustainable Development of Mountain Territories. 2017. Vol.
9. No.4 (34). Pp. 414-418.



https://www.sciencedirect.com/science/article/pii/S0957582018313612
https://www.sciencedirect.com/science/journal/09575820
https://www.sciencedirect.com/science/journal/09575820
https://doi.org/10.1016/j.psep.2019.02.006
https://www.sciencedirect.com/science/book/9780081004579
https://doi.org/10.1016/B978-0-08-100457-9.00001-8
https://www.sciencedirect.com/science/article/abs/pii/S0957582021000550#!
https://www.sciencedirect.com/science/article/abs/pii/S0957582021000550#!
https://www.sciencedirect.com/science/article/abs/pii/S0957582021000550#!
https://www.sciencedirect.com/science/journal/09575820
https://www.sciencedirect.com/science/journal/09575820/147/supp/C
https://doi.org/10.1016/j.psep.2021.01.046
https://www.sciencedirect.com/science/article/pii/S2095268618306621#!
https://www.sciencedirect.com/science/article/pii/S2095268618306621#!
https://www.sciencedirect.com/science/article/pii/S2095268618306621#!
https://www.sciencedirect.com/science/journal/20952686
https://www.sciencedirect.com/science/journal/20952686
https://www.sciencedirect.com/science/journal/20952686/29/1
https://doi.org/10.1016/j.ijmst.2018.11.021
https://www.sciencedirect.com/science/journal/09575820
https://www.sciencedirect.com/science/journal/09575820
https://www.sciencedirect.com/science/journal/09575820/111/supp/C
https://doi.org/10.1016/j.psep.2017.08.024
https://www.sciencedirect.com/science/article/abs/pii/S0951832021000053#!
https://www.sciencedirect.com/science/journal/09518320
https://www.sciencedirect.com/science/journal/09518320/208/supp/C
https://doi.org/10.1016/j.ress.2021.107433
https://www.sciencedirect.com/science/article/abs/pii/S0032591021000553#!
https://www.sciencedirect.com/science/article/abs/pii/S0032591021000553#!
https://www.sciencedirect.com/science/journal/00325910
https://www.sciencedirect.com/science/journal/00325910/383/supp/C
https://doi.org/10.1016/j.powtec.2021.01.039
https://www.scopus.com/sourceid/21100827893?origin=resultslist
https://elibrary.ru/contents.asp?issueid=1344212&selid=22409740
https://elibrary.ru/item.asp?id=32468812
https://elibrary.ru/item.asp?id=32468812
https://elibrary.ru/contents.asp?id=34832970
https://elibrary.ru/contents.asp?id=34832970&selid=32468812

14. Skopintseva O.V., Balovtsev S.V. Management of aerological risks of coal mines based on
statistical data of the air-gas control system. Gornyy informatsionno-analiticheskiy
byulleten' [Mining Information and Analytical Bulletin]. 2021; No. 1. Pp. 78-89. DOI:
10.25018/0236-1493-2021-1-0-78-89. (in Russian)

15. Kaledina N.O. Substantiation of the parameters of ventilation systems in high-performance
coal mines. Gornyy informatsionno-analiticheskiy byulleten' (nauchno-tekhnicheskiy zhurnal)
[Mining Information and Analytical Bulletin (scientific and technical journal)]. 2011. No. 7. Pp.
261-271. (in Russian)

16. Bahvalov L.A., Barannikova I.V., Agabubayev A.T. Analysis of modern systems of
automatic control of ventilation. Gornyy informatsionno-analiticheskiy byulleten' (nauchno-
tekhnicheskiy zhurnal) [Mining Information and Analytical Bulletin (scientific and technical
journal)]. 2017. No. 7. Pp. 22-28. (in Russian)

17. Bosikov I.I., Klyuev R.V., Khetagurov V.N. et al. Development of methods and
management of tools of aerogasdynamics processes at mining sites. Ustoychivoye razvitiye
gornykh territoriy [Sustainable Development of Mountain Territories]. 2021. No. 1. Pp. 77-83.
DOI: 10.21177/1998-4502-2021- 13-1-77-83. (in Russian)

18. Borisov V.V., Avramenko D.Yu. Fuzzy situational control of complex systems based on
composite hybrid modeling. Sistemy upravleniya, svyazi i bezopasnosti [Systems of Control of
Communication and Security]. 2021. No. 3. Pp. 207-237. DOI: 10.24412/2410-9916-2021-3-
207-237. (in Russian)

19. Vasenin I.M., Shrager E.R., Krainov A.Yu. et al. Mathematical modeling of non-
stationary ventilation processes of the coal mine workings network. Komp'yuternyye
issledovaniya i modelirovaniye [Computer Research and Modeling]. 2011. Vol. 3. No. 2.
Pp. 155-163. (in Russian)

20. Mashintsov E.A., Kotlerevskaya L.V. Krinichnaya N.A. Management of ventilation in
the coal mine. Izvestiya Tul'skogo gosudarstvennogo universiteta. Tekhnicheskiye
nauki [Bulletin of the Tula State University. Technical science]. 2014. No. 7. Pp. 188-195. (in
Russian)

21. Kharik E.K., Astanin A.V. Numerical study of ventilation of a coal mine in a three-
dimensional setting. Vestnik Nizhegorodskogo universiteta im. N.I. Lobachevskogo [Bulletin of the
Nizhny Novgorod University n.a. N.I. Lobachevsky]. 2011. No. 4-5. Pp. 2567-2569. (in Russian)

22. Rychkovsky V.M., Sergeev O.A., Tyurin V.P. On ventilation control at coal mines of of
Kuzbass. Bezopasnost' Truda v Promyshlennosti [Safety of labor in industry]. 2004. Ne 11. Pp.
8-9. (in Russian)

23. Sjostrom S., Klintends E., Johansson P. et al. Optimized model-based control of
main mine ventilation air flows with minimized energy consumption. International Journal of
Mining Science and Technology, 2020. Vol. 30. No. 4. Pp. 533-539. DOI:
10.1016/j.ijmst.2020.05.016.

24. Gurin A.A., Shapovalov V.A., Lyashenko V.I. Improving the safety of operation of
aspiration and ventilation systems by cleaning air ducts. Bezopasnost' truda v promyshlennosti
[Safety of work in industry]. 2021. No. 1. Pp. 40-45. (in Russian)

MSC: 93-10

DEVELOPMENT OF THE METHOD OF ANALYSIS
AND HYBRID SIMULATION MODELING


https://elibrary.ru/contents.asp?issueid=1002495&selid=17231299
https://www.elibrary.ru/author_items.asp?authorid=270507
https://www.elibrary.ru/author_items.asp?authorid=268721
https://www.elibrary.ru/author_items.asp?authorid=1089634
https://elibrary.ru/contents.asp?issueid=1840003&selid=29416375
https://www.scopus.com/sourceid/21100827893?origin=resultslist
https://elibrary.ru/contents.asp?issueid=940950&selid=16520495
https://www.elibrary.ru/author_items.asp?authorid=380856
https://www.elibrary.ru/author_items.asp?authorid=354073
https://elibrary.ru/contents.asp?issueid=1344212&selid=22409740
https://elibrary.ru/contents.asp?issueid=1239427&selid=21121907
https://www.scopus.com/sourceid/28662?origin=resultslist
https://elibrary.ru/contents.asp?issueid=530733&selid=11691319
https://www.sciencedirect.com/science/article/pii/S2095268620304626#!
https://www.sciencedirect.com/science/article/pii/S2095268620304626#!
https://www.sciencedirect.com/science/article/pii/S2095268620304626#!
https://www.sciencedirect.com/science/journal/20952686
https://www.sciencedirect.com/science/journal/20952686
https://www.sciencedirect.com/science/journal/20952686/30/4
https://doi.org/10.1016/j.ijmst.2020.05.016
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Abstract. The article describes the method of analysis and hybrid simulation of complex technical
systems of variable structure (CTS VS), which includes: collection and generalization of information about
the STS SS; selection of clusters and elements of CTS VS and identification of their significant indicators;
creation of a logical model of CTS VS; substantiation and selection of mathematical models for
constructing a simulation hybrid model of CTS VS; construction of mathematical models of various types
to describe all components of the CTS VS and assessment of the reliability of modeling clusters and
elements of the STS of the PS using the constructed mathematical models; formation of the structure of
the simulation hybrid model of the CTS VS based on the combination of the constructed mathematical
models and structural and parametric adjustment of the relationships between mathematical models in
the simulation hybrid model of the CTS VS monitoring of the state of clusters and elements of CTS VS,
structural and parametric tuning and changing the types of mathematical models.

The aim of the work is to develop a method of analysis and hybrid simulation modeling of CTS VS.

The novelty lies in the fact that the proposed method is focused on the features of the CTS VS of the
class under consideration in conditions of incomplete information, different-quality data on the state and
functioning of the CTS VS, differs from the known ones by combining the capabilities of analytical,
analytical-statistical and simulation approaches to building simulation hybrid models of the CTS VS, allows
you to adapt to changes in systemic and external factors, improve the accuracy of modeling, and also
typify the presentation of characteristic situational features for effective management of CTS.

Keywords: complex technical system of variable structure, hybrid simulation model, systemic and external
factors, clusters, mathematical models, situational features, ventilation system of coal mines
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