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SAVENOK Olga Vadimovna  
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Operation of Oil and Gas Fields, St. Petersburg Mining University, Winner of an 

award of administration of Krasnodar Region in the field of education for 2015. 
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çʂʫʙʘʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè. 
 

PARINOVA Tatyana Anatolyevna  

Senior Lecturer of department of Russian Language FGBOU VO çKuban state                                

technological universityè. 

 

 
 
 

 
ʈɽɼɸʂʎʀʆʅʅʓʁ ʉʆɺɽʊ:   -----------------------------------------------   EDITORIAL COUNCIL:  
 

ɸɻɿɸʄʆɺ ʌʘʨʠʪ ɸʢʨʘʤʦʚʠʯ 
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ʈʝʩʧʫʙʣʠʢʠ ɹʘʰʢʦʨʪʦʩʪʘʥ. 
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Doctor of Technical Sciences, Professor, Professor of çDrilling of Oil and Gas Wellsè 

department FGBOU VO çUfa state oil technical universityè, Member of the Russian 
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Academy of mountain sciences, Member of dissertation council D 212.289.04 on                               

the basis of FGBOU VO çThe Ufa state oil technical universityè, Member of disserta-

tion council D 222.018.01 on the basis of the Tatar research and design institute of 
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ɹɸʁʈɸʄʆɺɸ ɸʡʛʶʥ ʉʝʡʤʫʨ ʢʳʟʳ 
ʜʦʢʪʦʨ ʬʠʣʦʩʦʬʠʠ ʧʦ ʪʝʭʥʠʯʝʩʢʠʤ ʥʘʫʢʘʤ, ʚʝʜʫʱʠʡ ʥʘʫʯʥʳʡ ʩʦ-
ʪʨʫʜʥʠʢ, ɸʟʝʨʙʘʡʜʞʘʥʩʢʦʝ ʅʘʮʠʦʥʘʣʴʥʦʝ ɸʵʨʦʢʦʩʤʠʯʝʩʢʦʝ 
ɸʛʝʥʪʩʪʚʦ, ʀʥʩʪʠʪʫʪ ʂʦʩʤʠʯʝʩʢʠʭ ʀʩʩʣʝʜʦʚʘʥʠʡ ʧʨʠʨʦʜʥʳʭ ʨʝ-
ʩʫʨʩʦʚ, ɸʟʝʨʙʘʡʜʞʘʥ, ʛ. ɹʘʢʫ, ɸʟʝʨʙʘʡʜʞʘʥ. 
 

BAYRAMOVA Aygun Seymur gizi  
PhD in Technical Sciences, Leading Researcher, Azerbaijan National 
Aerospace Agency, Institute of Space Research of Natural Re-
sources, Azerbaijan, Baku, Azerbaijan. 

 -------------------------------------  

ɹɽʂɽʊʆɺ ʉʝʨʛʝʡ ɹʦʨʠʩʦʚʠʯ 
ʜʦʢʪʦʨ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ, ʧʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ʛʝʦ-
ʬʠʟʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʧʦʠʩʢʦʚ ʠ ʨʘʟʚʝʜʢʠ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʧʦʣʝʟ-
ʥʳʭ ʠʩʢʦʧʘʝʤʳʭ ʌɻɸʆʋ ɺʆ çʉʝʚʝʨʦ-ʂʘʚʢʘʟʩʢʠʡ ʬʝʜʝʨʘʣʴʥʳʡ 
ʫʥʠʚʝʨʩʠʪʝʪè, ʇʦʯʸʪʥʳʡ ʨʘʙʦʪʥʠʢ ʥʘʫʢʠ ʠ ʪʝʭʥʠʢʠ ʈʌ, ʇʦʯʸʪʥʳʡ 
ʨʘʙʦʪʥʠʢ ʛʘʟʦʚʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʇʦʯʸʪʥʳʡ ʨʘʙʦʪʥʠʢ ʪʦʧʣʠʚ-
ʥʦ-ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʇʦʯʸʪʥʳʡ ʨʘʙʦʪʥʠʢ ʥʘʫʢʠ ʠ ʪʝʭ-
ʥʠʢʠ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ, ʇʘʪʨʠʘʨʰʠʡ ʟʥʘʢ ʩʚ. ʚʝʣʠʢʦʤʫʯʝ-
ʥʠʮʳ ɺʘʨʚʘʨʳ. 
 

BEKETOV Sergey Borisovich  
Doctor of Technical Sciences, Professor, Professor of department of geophysical 
methods of search and investigation of the mineral deposits FGAOU VO çNorth 
Caucasian federal universityè, Honorary worker of science and technology of the 
Russian Federation, Honorary worker of the gas industry, Honorary worker of fuel 
and energy complex, Honorary worker of science and technology of the Russian 
Federation, Patriarchal sign of the Saint great martyr Varvara. 

 -------------------------------------   

ɻʆʃʔʏʀʂʆɺɸ ʅʘʜʝʞʜʘ ʅʠʢʦʣʘʝʚʥʘ 
ʜʦʢʪʦʨ ʛʝʦʣʦʛʦ-ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʭ ʥʘʫʢ, ʜʦʮʝʥʪ, ʟʘʚʝʜʫʶʱʘʷ ʢʘ-
ʬʝʜʨʦʡ ʛʝʦʣʦʛʠʠ ʥʝʬʪʠ ʠ ʛʘʟʘ ʌɻɹʆʋ ɺʆ çɸʩʪʨʘʭʘʥʩʢʠʡ ʛʦʩʫ-
ʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè, ʯʣʝʥ-ʢʦʨʨʝʩʧʦʥʜʝʥʪ 
ʈɸɽʅ, ʯʣʝʥ ʋʄʆ ʧʦ ʧʨʠʢʣʘʜʥʦʡ ʛʝʦʣʦʛʠʠ ʩʧʝʮʠʘʣʴʥʦʩʪʠ çɻʝʦʣʦ-
ʛʠʷ ʥʝʬʪʠ ʠ ʛʘʟʘè, ʯʣʝʥ ʈʫʩʩʢʦʛʦ ʛʝʦʛʨʘʬʠʯʝʩʢʦʛʦ ʦʙʱʝʩʪʚʘ. 
 

GOLCHIKOVA Nadezhda Nikolaevna  
Doctor of Geological and Mineralogical Sciences, Associate professor, Head of geol-
ogy of oil and gas department FGBOU VO çAstrakhan state technical universityè, 
Corresponding member of the Russian Academy of Natural Sciences, Member of 
UMO on applied geology of specialty çGeology of Oil and Gasè, Member of                                
the Russian Geographical Society. 

 -------------------------------------   

ʄʋʍɸʄɽɼɻɸʃʀɽɺ ɹʘʭʪʠʸʨ ɸʙʜʫʢʘʜʠʨʦʚʠʯ 
ʜʦʢʪʦʨ ʭʠʤʠʯʝʩʢʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ, ʧʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ çʉʪʨʦʠ-
ʪʝʣʴʥʳʝ ʤʘʪʝʨʠʘʣʳ ʠ ʭʠʤʠʷè ʊʘʰʢʝʥʪʩʢʦʛʦ ʘʨʭʠʪʝʢʪʫʨʥʦ-
ʩʪʨʦʠʪʝʣʴʥʦʛʦ ʠʥʩʪʠʪʫʪʘ, ʧʨʦʬʝʩʩʦʨ ʋʥʠʚʝʨʩʠʪʝʪʘ ʂɽʀʆ (ʀʦʢʦʛʘ-
ʤʘ, ʗʧʦʥʠʷ), ʨʝʛʠʦʥʘʣʴʥʳʡ ʵʢʩʧʝʨʪ ʆʆʅ ʧʦ ʎʝʥʪʨʘʣʴʥʦ-
ɸʟʠʘʪʩʢʦʤʫ ʨʝʛʠʦʥʫ ʧʦ ʚʦʧʨʦʩʘʤ ʦʭʨʘʥʳ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʠ ʵʢʦ-
ʣʦʛʠʠ, ʨʝʛʠʦʥʘʣʴʥʳʡ ʵʢʩʧʝʨʪ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʦʡ 
ʧʨʦʛʨʘʤʤʳ çGlobal Environment System Liedersè (Japan) ʧʦ ʩʪʨʘʥʘʤ 
ʖʛʦ-ɺʦʩʪʦʯʥʦʡ ʠ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ, ʫʯʸʥʳʡ ʩʝʢʨʝʪʘʨʴ ʵʢʩʧʝʨʪʥʦʡ 
ʢʦʤʠʩʩʠʠ ɺɸʂ ʈʝʩʧʫʙʣʠʢʠ ʋʟʙʝʢʠʩʪʘʥ ʧʦ ʝʩʪʝʩʪʚʝʥʥʳʤ ʥʘʫʢʘʤ, 
ʵʢʩʧʝʨʪ ɻʦʩʢʦʤʠʪʝʪʘ ʈʝʩʧʫʙʣʠʢʠ ʋʟʙʝʢʠʩʪʘʥ ʧʦ ʥʘʫʢʝ ʠ ʠʥʥʦʚʘ-
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ʮʠʦʥʥʳʤ ʪʝʭʥʦʣʦʛʠʷʤ, ʧʦʯʸʪʥʳʡ ʧʨʦʬʝʩʩʦʨ ʂʘʨʘʢʘʣʧʘʢʩʢʦʛʦ ʛʦʩʫ-
ʜʘʨʩʪʚʝʥʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʠʤʝʥʠ ɹʝʨʜʘʢ. 

MUKHAMEDGALIYEV Bakhtiyor Abdukadirovich  
Doctor of Chemical Sciences, Professor, Professor of çConstruction Materials and Chem-

istryè department of  Tashkent architectural and construction institute, Professor of the 

KEIO University (Yokohama, Japan), Regional Expert of the UN in the Central Asian re-

gion in environmental protection and ecology, Regional Expert of the international scien-

tific and technical program çGlobal Environment System Liedersè (Japan) in  the coun-

tries of Southeast and Central Asia, Scientific Secretary of commission of experts of VAK 

of the Republic of Uzbekistan in natural sciences, Expert of the State Committee of the 

Republic Uzbekistan in science and innovative technologies, Honorary professor of the 

Karakalpak state university named after Berdak. 

 -------------------------------------   

ʄʋʍɸʄɽʊʐʀʅ ʈʫʩʪʘʤ ɿʘʢʠʝʚʠʯ 

ʜʦʢʪʦʨ ʛʝʦʣʦʛʦ-ʤʠʥʝʨʘʣʦʛʠʯʝʩʢʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ, ʧʨʦʬʝʩʩʦʨ ʢʘ-

ʬʝʜʨʳ ʛʝʦʣʦʛʠʠ ʥʝʬʪʠ ʠ ʛʘʟʘ ʠʤʝʥʠ ʘʢʘʜʝʤʠʢʘ ɸ.ɸ. ʊʨʦʬʠʤʫʢʘ ʂʘ-

ʟʘʥʩʢʦʛʦ (ʇʨʠʚʦʣʞʩʢʦʛʦ) ʬʝʜʝʨʘʣʴʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʠ ʢʘʬʝʜʨʳ 
ʣʠʪʦʣʦʛʠʠ ʠ ʛʝʦʣʦʛʠʠ ʛʦʨʶʯʠʭ ʠʩʢʦʧʘʝʤʳʭ ʋʨʘʣʴʩʢʦʛʦ ʛʦʩʫʜʘʨ-

ʩʪʚʝʥʥʦʛʦ ʛʦʨʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ, ʯʣʝʥ-ʢʦʨʨʝʩʧʦʥʜʝʥʪ ʈʦʩʩʠʡʩʢʦʡ 
ɸʢʘʜʝʤʠʠ ɽʩʪʝʩʪʚʝʥʥʳʭ ʅʘʫʢ (ʈɸɽʅ) (2015), ʯʣʝʥ ʕʢʩʧʝʨʪʥʦʡ ʢʦ-

ʤʠʩʩʠʠ ʧʦ ʧʨʦʙʣʝʤʘʤ ʥʝʬʪʠ ʠ ʛʘʟʘ ɺɸʂ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ, ʯʣʝʥ 

ʆʙʱʝʩʪʚʘ ʵʢʩʧʝʨʪʦʚ ʈʦʩʩʠʠ ʧʦ ʥʝʜʨʦʧʦʣʴʟʦʚʘʥʠʶ (ʆʕʈʅ). 
 

MUKHAMETSHIN Rustam Zakiyevich  
Doctor of Geological and Mineralogical Sciences, Professor, Professor of the Trofimuk 

Department of Oil and Gas Geology, Kazan (Volga Region) Federal University and the 

Department of Lithology and Geology of Combustible Minerals, Ural State Mining Univer-

sity, corresponding member of the Russian Academy of Natural Sciences (RAEN) (2015), 

member of the Expert Commission on Oil and Gas Problems of the Higher Attestation 

Commission of the Ministry of Education and Science ofthe Russian Federation, member 

of the Russian Society of Experts on Subsoil Use (RSESU). 

 -------------------------------------    

ʉʀʄʆʅʗʅʎ ʉʝʨʛʝʡ ʃʠʧʘʨʠʪʦʚʠʯ 

ʜʦʢʪʦʨ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ, ʧʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ʙʫʨʝ-

ʥʠʷ ʥʝʬʪʷʥʳʭ ʠ ʛʘʟʦʚʳʭ ʩʢʚʘʞʠʥ ʈɻʋ ʥʝʬʪʠ ʠ ʛʘʟʘ ʠʤʝʥʠ                                                                     
ʀ.ʄ. ɻʫʙʢʠʥʘ, ʜʝʡʩʪʚʠʪʝʣʴʥʳʡ ʯʣʝʥ (ʘʢʘʜʝʤʠʢ) ʈʦʩʩʠʡʩʢʦʡ ʘʢʘ-

ʜʝʤʠʠ ʝʩʪʝʩʪʚʝʥʥʳʭ ʥʘʫʢ (ʈɸɽʅ), ʜʝʡʩʪʚʠʪʝʣʴʥʳʡ ʯʣʝʥ ʘʢʘʜʝ-
ʤʠʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʥʘʫʢ ʈʌ, ʯʣʝʥ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʩʦʚʝʪʘ                                                                        

ɼ 212.200.15 ʥʘ ʙʘʟʝ ʈʦʩʩʠʡʩʢʦʛʦ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝ-

ʪʘ (ʥʘʮʠʦʥʘʣʴʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ) ʥʝʬʪʠ ʠ ʛʘʟʘ 
ʠʤʝʥʠ ʀ.ʄ. ɻʫʙʢʠʥʘ, ʯʣʝʥ ʕʢʩʧʝʨʪʥʦʛʦ ʩʦʚʝʪʘ ʧʦ ʧʨʦʙʣʝʤʘʤ 

ʥʝʬʪʠ ʠ ʛʘʟʘ ɺɸʂ ʧʨʠ ʄʠʥʦʙʨʥʘʫʢʠ ʈʦʩʩʠʠ, ʃʘʫʨʝʘʪ ʧʨʝʤʠʠ 

ʠʤʝʥʠ ʘʢʘʜʝʤʠʢʘ ʀ.ʄ. ɻʫʙʢʠʥʘ (1989), ʇʦʯʸʪʥʳʡ ʥʝʬʪʷʥʠʢ 
(1998), ʇʦʯʸʪʥʳʡ ʨʘʙʦʪʥʠʢ ʪʦʧʣʠʚʥʦ-ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʢʦʤʧʣʝʢʩʘ 

(2000), ʇʦʯʸʪʥʘʷ ʩʝʨʝʙʨʷʥʘʷ ʤʝʜʘʣʴ ɺ.ʀ. ɺʝʨʥʘʜʩʢʦʛʦ, ʈɸɽʅ 
(2010), ʥʘʛʨʘʞʜʸʥ ʤʝʜʘʣʴʶ çɺ ʧʘʤʷʪʴ 850-ʣʝʪʠʷ ʄʦʩʢʚʳè (1997), 

ʯʣʝʥ ʨʝʜʘʢʮʠʦʥʥʳʭ ʩʦʚʝʪʦʚ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʠʭ ʞʫʨʥʘʣʦʚ 

çɺʝʩʪʥʠʢ ɸʩʩʦʮʠʘʮʠʠ ʙʫʨʦʚʳʭ ʧʦʜʨʷʜʯʠʢʦʚè ʠ çʉʪʨʦʠʪʝʣʴʩʪʚʦ 
ʥʝʬʪʷʥʳʭ ʠ ʛʘʟʦʚʳʭ ʩʢʚʘʞʠʥ ʥʘ ʩʫʰʝ ʠ ʥʘ ʤʦʨʝè. 

  

SIMONYANTS Sergey Liparitovich  
Doctor of Technical Sciences, Professor, Professor of Department of drilling of oil and gas 

wells of RGU of oil and gas named after I.M. Gubkin, Full Member (Academician) of the 

Russian Academy of Natural Sciences (RANS), Full Member of Academy of Technologi-

cal Sciences of the Russian Federation, Member of dissertation council D 212.200.15 on 

the basis of the Russian state university (the national research university) of oil and gas of 

I.M. Gubkin, Member of Advisory Council on problems of oil and gas of VAK at the Min-
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istry of Education and Science of the Russian Federation, Winner of an Award of a 

named after academician I.M. Gubkina (1989), Honourable Oil Industry Worker (1998), 

Honorary Worker of fuel and energy complex (2000), Honourable Silver Medal of V.I. 

Vernadsky, Russian Academy of Natural Sciences (2010), Awarded with a medal çIn 

Commemoration of the 850
th
 Anniversary of Moscowè (1997), Member of editorial coun-

cils of the scientific and technical magazines çBulletin of Association of drilling contrac-

torsè and çConstruction of oil and gas wells by land and by seaè.  

 -------------------------------------  

ʉʆʃʆɺʔɪɺɸ ɺʘʣʝʥʪʠʥʘ ʅʠʢʦʣʘʝʚʥʘ 
ʢʘʥʜʠʜʘʪ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʩʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ, ɿʘʩʣʫ-
ʞʝʥʥʳʡ ʨʘʙʦʪʥʠʢ ʥʝʬʪʷʥʦʡ ʠ ʛʘʟʦʚʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʈʌ. 

  

SOLOVYYOVA Valentina Nikolaevna  
Candidate of Technical Sciences, Senior Research Associate, Honoured Worker of 
the oil and gas industry of the Russian Federation. 

 -------------------------------------  

ʊʈɽʊʔʗʂ ɸʣʝʢʩʘʥʜʨ ʗʢʦʚʣʝʚʠʯ 
ʜʦʢʪʦʨ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ, ʟʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ 
çʅʝʬʪʝʛʘʟʦʚʳʝ ʪʝʭʥʠʢʘ ʠ ʪʝʭʥʦʣʦʛʠʠè ʌɻɹʆʋ ɺʆ çʖʞʥʦ-
ʈʦʩʩʠʡʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ 
(ʅʇʀ) ʠʤʝʥʠ ʄ.ʀ. ʇʣʘʪʦʚʘè, ʘʢʘʜʝʤʠʢ ʈɸɽʅ, ʧʨʝʜʩʝʜʘʪʝʣʴ ʜʠʩ-
ʩʝʨʪʘʮʠʦʥʥʦʛʦ ʩʦʚʝʪʘ ɼ 212.304.07 ʧʨʠ ʌɻɹʆʋ ɺʆ çʖʈɻʇʋ 
(ʅʇʀ) ʠʤʝʥʠ ʄ.ʀ. ʇʣʘʪʦʚʘè, ʇʦʯʸʪʥʳʡ ʨʘʟʚʝʜʯʠʢ ʥʝʜʨ, ʇʦʯʸʪ-
ʥʳʡ ʨʘʙʦʪʥʠʢ ʚʳʩʰʝʛʦ ʧʨʦʬʝʩʩʠʦʥʘʣʴʥʦʛʦ ʦʙʨʘʟʦʚʘʥʠʷ ʈʦʩʩʠʡ-
ʩʢʦʡ ʌʝʜʝʨʘʮʠʠ, ʥʘʛʨʘʞʜʸʥ ʦʨʜʝʥʦʤ ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʝʩʪʝ-
ʩʪʚʝʥʥʳʭ ʥʘʫʢ çɿʘ ʧʦʣʴʟʫ ʆʪʝʯʝʩʪʚʫè ʠʤʝʥʠ ɺ.ʅ. ʊʘʪʠʱʝʚʘ, 
ʥʘʛʨʘʞʜʸʥ ʤʝʜʘʣʴʶ çɿʘ ʟʘʩʣʫʛʠ ʧʝʨʝʜ ʫʥʠʚʝʨʩʠʪʝʪʦʤè, ɿʘʩʣʫ-
ʞʝʥʥʳʡ ʨʘʙʦʪʥʠʢ ʚʳʩʰʝʡ ʰʢʦʣʳ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ, ʧʨʠʩʚʦʝ-
ʥʦ ʧʦʯʸʪʥʦʝ ʟʚʘʥʠʝ çɿʘʩʣʫʞʝʥʥʳʡ ʧʨʦʬʝʩʩʦʨ ʖʈɻʊʋ (ʅʇʀ)è. 

  

TRETIAK Alexander Yakovlevich  
Doctor of Technical Sciences, Professor, Head of Department çOil and gas equipment 
and technologiesè FGBOU VO çThe southern Russian state polytechnical university 
(NPI) of M.I. Platovè, Academician of the Russian Academy of Natural Sciences, Chair-
man of dissertation council D 212.304.07 at FGBOU  VO çYURGPU (NPI) of M.I. Pla-
tovè, Honourable prospector of subsoil, Honorary Worker of higher education of the Rus-
sian Federation, Awarded the order the Russian academy of natural sciences çFor ad-
vantage to the Fatherlandè named after V.N. Tatishchev, Honoured worker of the higher 
school of the Russian Federation, Awarded with the medal çFor Merits before the Univer-
sityè, Honorary title çHonored professor of YURGTU (NPI)è. 

 -------------------------------------  

ʍʀɾʅʗʂ ɻʨʠʛʦʨʠʡ ʇʝʪʨʦʚʠʯ 
ʜʦʢʪʦʨ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ, ʟʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ 
çʅʝʬʪʝʛʘʟʦʚʳʝ ʪʝʭʥʦʣʦʛʠʠè ʌɻɹʆʋ ɺʆ çʇʝʨʤʩʢʠʡ ʥʘʮʠʦʥʘʣʴ-
ʥʳʡ ʠʩʩʣʝʜʦʚʘʪʝʣʴʩʢʠʡ ʧʦʣʠʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪè. 
 

HIZHNYAK Grigory Petrovich  
Doctor of Technical Sciences, Professor, Head of Department çOil and gas technol-
ogiesè FGBOU VO çPerm National Research Polytechnical Universityè. 

 -------------------------------------   

ʗʈɽʄʀʁʏʋʂ ʈʦʤʘʥ ʉʝʤʸʥʦʚʠʯ 
ʜʦʢʪʦʨ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ, ʧʨʦʬʝʩʩʦʨ ʢʘʬʝʜʨʳ ʙʫʨʝ-
ʥʠʷ ʥʝʬʪʷʥʳʭ ʠ ʛʘʟʦʚʳʭ ʩʢʚʘʞʠʥ ʀʚʘʥʦ-ʌʨʘʥʢʦʚʩʢʦʛʦ ʥʘʮʠʦ-
ʥʘʣʴʥʦʛʦ ʪʝʭʥʠʯʝʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʥʝʬʪʠ ʠ ʛʘʟʘ, ɿʘʩʣʫʞʝʥʥʳʡ 
ʜʝʷʪʝʣʴ ʥʘʫʢʠ ʋʉʉʈ, ʃʘʫʨʝʘʪ ɻʦʩʫʜʘʨʩʪʚʝʥʥʦʡ ʧʨʝʤʠʠ ʚ ʦʙʣʘ-
ʩʪʠ ʥʘʫʢʠ ʋʢʨʘʠʥʳ, ʥʘʛʨʘʞʜʸʥ ʦʨʜʝʥʦʤ çɿʘ ʟʘʩʣʫʛʠè 3-ʝʡ ʩʪʝʧʝ-
ʥʠ, ʜʝʡʩʪʚʠʪʝʣʴʥʳʡ ʯʣʝʥ ʅʘʫʯʥʦʛʦ ʦʙʱʝʩʪʚʘ ʠʤʝʥʠ ʐʝʚʯʝʥʢʦ, 
ʘʢʘʜʝʤʠʢ ʋʢʨʘʠʥʩʢʦʡ ʥʝʬʪʝʛʘʟʦʚʦʡ ʘʢʘʜʝʤʠʠ, ʀʥʦʩʪʨʘʥʥʳʡ ʯʣʝʥ 
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ʈʦʩʩʠʡʩʢʦʡ ʘʢʘʜʝʤʠʠ ʝʩʪʝʩʪʚʝʥʥʳʭ ʥʘʫʢ ʠʤʝʥʠ ɺ. ɺʝʨʥʘʜʩʢʦʛʦ, 
ʥʘʛʨʘʞʜʸʥ ʩʝʨʝʙʨʷʥʦʡ ʤʝʜʘʣʴʶ ʠʤʝʥʠ ɺʝʨʥʘʜʩʢʦʛʦ. 

  

YAREMIYCHUK Roman Semyonovich  
Doctor of Technical Sciences, Professor, Professor of Department of drilling of oil 
and gas wells of the Ivano-Frankivsk national technical university of oil and gas, 
Honored Worker of Science of USSR, Winner of the State Award in the field of sci-
ence of Ukraine, Awarded the order çFor Meritsè of the 3-rd degree, Full Member of 
Scientific Organization of Shevchenko, Academician of the Ukrainian oil and gas 
Academy, Foreign Member of the Russian Academy of Natural Sciences of V. Ver-
nadsky, Awarded with a silver medal named after Vernadsky. 

 -------------------------------------   

ɼʦʢʪʦʨ ɼʞʦʰʫʘ ʃʝʣʝʟʠ ʂʦʥʥʝ 
ʜʦʢʪʦʨ ʭʠʤʠʠ ʤʘʪʝʨʠʘʣʦʚ, ɹʨʠʩʪʦʣʴ, ɺʝʣʠʢʦʙʨʠʪʘʥʠʷ, ʩʪʘʨʰʠʡ 
ʣʝʢʪʦʨ, ʦʪʜʝʣ ʭʠʤʠʠ, ʦʪʜʝʣʝʥʠʝ ʝʩʪʝʩʪʚʝʥʥʳʭ ʥʘʫʢ, ʛʦʩʫʜʘʨ-
ʩʪʚʝʥʥʳʡ ʫʥʠʚʝʨʩʠʪʝʪ ʨʝʢ, ʇʦʨʪ-ʍʘʨʢʦʨʪ, ʅʠʛʝʨʠʷ. 
 

Dr. Joshua Lelesi Konne  
PhD Materials Chemistry, Bristol, UK, Senior Lecturer, Chemistry Department, Facul-
ty of Science, Rivers State University, Port Harcourt, Nigeria. 
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ɸʥʥʦʪʘʮʠʷ. ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ ʚ ʩʠʩʪʝʤʝ 

ʵʣʝʢʪʨʦʩʥʘʙʞʝʥʠʷ ʧʨʠ ʧʦʜʢʣʶʯʝʥʠʠ ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʠʩʪʦʯ-

ʥʠʢʘ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ. ʀʤʠʪʘʮʠʦʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ ʧʣʘʪʬʦʨʤʝ SimInTech. 

Annotation.  The article discusses the transi-

tion process in the power supply system 
when an additional source of electrical ener-
gy is connected. Simulation modeling was 
conducted using the SimInTech platform. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʠʤʠʪʘʮʠʦʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʩʠʩʪʝʤʳ 

ʵʣʝʢʪʨʦʩʥʘʙʞʝʥʠʷ. 

Keywords:  simulation modeling, power sup-
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ʜʥʠʤ ʠʭ ʚʘʞʥʳʭ ʚʦʧʨʦʩʦʚ ʦʙʝʩʧʝʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʡ ʨʘʙʦʪʳ ʧʨʦʝʢʪʠʨʦʚʱʠʢʦʚ ʷʚʣʷʝʪʩʷ 

ʚʳʙʦʨ ʧʨʦʛʨʘʤʤʥʦʡ ʩʨʝʜʳ, ʥʘ ʢʦʪʦʨʦʡ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ʉʦʚʨʝʤʝʥʥʳʡ ʧʨʦ-

ʛʨʘʤʤʥʳʡ ʠʥʩʪʨʫʤʝʥʪʘʨʠʡ, ʩʦʧʫʪʩʪʚʫʶʱʠʡ ʚʳʯʠʩʣʠʪʝʣʴʥʳʤ ʢʦʤʧʣʝʢʩʘʤ, ʜʦʩʪʘʪʦʯʥʦ ʨʘʟʥʦʦʙʨʘʟʝʥ. 
ʄʦʞʥʦ ʚʳʜʝʣʠʪʴ ʩʣʝʜʫʶʱʠʝ ʛʨʫʧʧʳ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ, ʭʘʨʘʢʪʝʨʠʟʫʝʤʳʝ ʦʙʱʠʤʠ 

ʧʨʠʟʥʘʢʘʤʠ: 

ï  ʩʨʝʜʳ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ (Fortran, Pascal, Si, Python ʠ ʜʨ), 

ï  RAD-ʩʠʩʪʝʤʳ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ (Delphi, Si-Builder, Visual Basic ʠ ʜʨ), 

ï  ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʧʘʢʝʪʳ (MATLAB, MathCad ʠ ʜʨ), 
ï  ʩʠʩʪʝʤʳ ʠʤʠʪʘʮʠʦʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ (Simulink MATLAB, VisSim, SimInTech, Sci-Lab ʠ ʜʨ). 

ɿʘʪʨʘʪʳ ʚʨʝʤʝʥʠ ʨʘʩʯʝʪʯʠʢʦʚ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʧʨʦʛʨʘʤʤ ʠʟ ʚʳʰʝʫʢʘʟʘʥʥʳʭ 

ʛʨʫʧʧ ʦʱʫʪʠʤʦ ʨʘʟʣʠʯʘʶʪʩʷ. 

ʅʘʠʙʦʣʴʰʠʝ ʚʨʝʤʝʥʥʳʝ ʟʘʪʨʘʪʳ ʭʘʨʘʢʪʝʨʥʳ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʨʦʛʨʘʤʤʥʳʭ ʩʨʝʜ, ʦʩʥʦʚʘʥ-

ʥʳʭ ʥʘ ʦʧʝʨʘʪʦʨʥʦʡ ʟʘʧʠʩʠ ʨʘʩʯʝʪʥʳʭ ʘʣʛʦʨʠʪʤʦʚ, ʧʨʝʞʜʝ ʚʩʝʛʦ ʧʨʠ ʦʪʣʘʜʢʝ ʠʩʭʦʜʥʦʛʦ ʪʝʢʩʪʘ. 

RAD-ʩʠʩʪʝʤʳ ʙʦʣʝʝ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳ, ʠʤʝʶʪ ʤʝʥʴʰʠʡ ʦʙʲʝʤ ʠʩʭʦʜʥʦʛʦ ʪʝʢʩʪʘ, ʦʜʥʘʢʦ ʧʨʠ 
ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʩʣʦʞʥʳʭ ʦʙʲʝʢʪʦʚ ʪʨʝʙʫʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʩʪʨʦʝʥʥʳʭ ʦʪʣʘʜʦʯʥʳʭ ʩʨʝʜʩʪʚ. 

ʄʘʪʝʤʘʪʠʯʝʩʢʠʝ ʧʘʢʝʪʳ ʠʤʝʶʪ ʨʘʟʚʠʪʦʡ ʨʘʩʯʝʪʥʳʡ ʬʫʥʢʮʠʦʥʘʣ, ʥʦ ʦʪ ʨʘʙʦʪʳ ʩ ʠʩʭʦʜʥʳʤ ʪʝʢ-

ʩʪʦʤ ʥʝ ʠʟʙʘʚʣʝʥʳ. 

ɼʘʣʴʥʝʡʰʝʝ ʨʘʟʚʠʪʠʝ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʧʦʣʫʯʠʣʦ ʚ ʬʦʨʤʝ ʩʠʩʪʝʤ ʠʤʠʪʘʮʠʦʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʢʦʛʜʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʡ ʦʙʲʝʢʪ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʚ ʚʠʜʝ ʩʦʚʦʢʫʧʥʦʩʪʠ ʙʣʦʢʦʚ ʩ ʦʧʨʝ-
ʜʝʣʝʥʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ, ʤʝʞʜʫ ʢʦʪʦʨʳʤʠ ʫʩʪʘʥʘʚʣʠʚʘʶʪʩʷ ʩʚʷʟʠ. 

ʇʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʩʠʩʪʝʤ ʵʣʝʢʪʨʦʩʥʘʙʞʝʥʠʷ ʥʝʤʘʣʦʚʘʞʥʳʤ ʷʚʣʷʝʪʩʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ 

ʦʮʝʥʢʘ ʚʦʟʤʦʞʥʦʛʦ ʧʦʚʝʜʝʥʠʷ ʠʭ ʵʣʝʤʝʥʪʦʚ ʚ ʩʣʫʯʘʝ ʧʝʨʝʢʣʶʯʝʥʠʡ, ʠʟʤʝʥʝʥʠʷ ʥʘʛʨʫʟʢʠ ʠ ʪ.ʜ. 

ʆ 
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ɺ [1] ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʚʦʟʤʦʞʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʨʝʞʠʤʦʚ ʩʠʩʪʝʤ ʵʣʝʢʪʨʦ-

ʩʥʘʙʞʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʧʘʢʝʪʘ MathCad. ʕʣʝʢʪʨʠʯʝʩʢʘʷ ʮʝʧʴ ʦʧʠʩʳʚʘʣʘʩʴ ʩʠʩʪʝʤʦʡ 

ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʭ ʫʨʘʚʥʝʥʠʡ 21 ʧʦʨʷʜʢʘ. ɺʠʟʫʘʣʴʥʳʡ ʠʥʪʝʨʘʢʪʠʚʥʳʡ ʠʥʪʝʨʬʝʡʩ ʧʨʦʛʨʘʤʤʳ ʜʘʝʪ 

ʨʷʜ ʧʨʝʠʤʫʱʝʩʪʚ, ʦʜʥʘʢʦ ʦʛʨʘʥʠʯʝʥʠʷ ʩʦ ʩʪʦʨʦʥʳ ʠʤʝʶʱʠʭʩʷ ʨʝʩʫʨʩʦʚ ʠʩʯʝʨʧʘʣʦ ʚʦʟʤʦʞʥʦʩʪʠ ʚʳ-

ʯʠʩʣʠʪʝʣʴʥʦʡ ʤʘʰʠʥʳ. ʈʘʩʯʝʪʥʘʷ ʤʘʪʨʠʮʘ, ʧʨʝʜʩʪʘʚʣʷʝʤʘʷ ʚʠʟʫʘʣʴʥʦ, ʙʝʟ ʩʰʠʚʢʠ ʠʟ ʥʝʩʢʦʣʴʢʠʭ 

ʤʘʪʨʠʮ, ʦʛʨʘʥʠʯʠʚʘʝʪʩʷ 600 ʵʣʝʤʝʥʪʘʤʠ. ʇʨʠ ʦʪʣʘʜʢʝ ʠʩʭʦʜʥʦʛʦ ʪʝʢʩʪʘ ʧʨʠʰʣʦʩʴ ʧʦʪʨʘʪʠʪʴ ʦʱʫʪʠ-

ʤʦʝ ʚʨʝʤʷ ʜʘʞʝ ʥʝʩʤʦʪʨʷ ʥʘ ʦʪʩʫʪʩʪʚʠʝ ʦʧʝʨʘʪʦʨʥʦʡ ʬʦʨʤʳ ʟʘʧʠʩʠ ʩʯʝʪʥʦʛʦ ʘʣʛʦʨʠʪʤʘ. 

ɹʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʧʣʘʪʬʦʨʤʳ SimInTech [2] ï ʩʨʝʜʳ ʠʤʠʪʘ-

ʮʠʦʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʇʨʦʪʦʪʠʧʦʤ ʫʢʘʟʘʥʥʦʡ ʩʠʩʪʝʤʳ ʷʚʣʷʝʪʩʷ Simulink MATLAB. ʈʘʟʨʘʙʦʪʯʠʢʠ 

SimInTech ʧʦʰʣʠ ʥʘ ʜʘʣʴʥʝʡʰʝʝ ʥʘʨʘʱʠʚʘʥʠʝ ʩʪʨʫʢʪʫʨʳ ʠ ʜʦʨʘʙʦʪʢʫ ʠʥʪʝʨʬʝʡʩʘ ʧʨʦʛʨʘʤʤʳ. 

ɺ ʢʘʯʝʩʪʚʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʙʦʣʝʝ ʩʣʦʞʥʘʷ ʩʠʩʪʝʤʘ ʵʣʝʢʪʨʦʩʥʘʙʞʝʥʠʷ (ʙʝʟ ʫʯʝ-

ʪʘ ʚʣʠʷʥʠʷ ʩʠʣʦʚʳʭ ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʚ ʜʠʥʘʤʠʢʫ ʧʦʚʝʜʝʥʠʷ ʩʠʩʪʝʤʳ ʦʧʠʩʳʚʘʝʪ ʤʘʪʨʠʮʘ 29-ʛʦ ʧʦʨʷʜ-

ʢʘ). ʇʨʠ ʩʦʩʪʘʚʣʝʥʠʠ ʨʘʩʯʝʪʥʦʡ ʩʭʝʤʳ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʙʠʙʣʠʦʪʝʢʘ ʕʎ-ɼʠʥʘʤʠʢʘ. 

ʄʦʜʝʣʠʨʦʚʘʣʦʩʴ ʧʦʚʝʜʝʥʠʝ ʩʠʩʪʝʤʳ (ʨʠʩ. 1) ʠʟ 3 ʠʩʪʦʯʥʠʢʦʚ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ (ʛʝʥʝʨʠʨʫʝʤʘʷ 

ʤʦɦʥʦʩʪʴ ʥʝ ʦʛʨʘʥʠʯʠʚʘʣʘʩʴ, ʥʘʧʨʷʞʝʥʠʝ 110 ʢɺ, ʯʘʩʪʦʪʘ 50 ɻʮ), 8 ʧʦʪʨʝʙʠʪʝʣʝʡ (ʧʦʪʨʝʙʣʷʝʤʘʷ 

ʤʦʱʥʦʩʪʴ ʦʪ 50 ʜʦ 160 ʄɺʪ) ʠ 13 ʚʦʟʜʫʰʥʳʭ ʣʠʥʠʡ ʵʣʝʢʪʨʦʧʝʨʝʜʘʯ ʧʨʦʪʷʞʝʥʥʦʩʪʴʶ ʦʪ 4 ʜʦ 250 ʢʠ-

ʣʦʤʝʪʨʦʚ. ʈʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʦʜʥʦʣʠʥʝʡʥʘʷ ʩʭʝʤʘ ʵʣʝʢʪʨʦʩʥʘʙʞʝʥʠʷ. 

 

 
 

ʈʠʩʫʥʦʢ 1 ï ʈʘʩʯʝʪʥʘʷ ʩʭʝʤʘ ʩʠʩʪʝʤʳ ʵʣʝʢʪʨʦʩʥʘʙʞʝʥʠʷ 

 

ʇʦʜʢʣʶʯʝʥʠʝ ʧʦʪʨʝʙʠʪʝʣʝʡ ʢ ʣʠʥʠʷʤ ʚʳʩʦʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʯʝʨʝʟ ʩʠʣʦʚʳʝ ʪʨʘʥʩʬʦʨʤʘʪʦʨʳ ʩ 

ʫʯʝʪʦʤ ʚʟʘʠʤʥʦʡ ʠʥʜʫʢʪʠʚʥʦʩʪʠ (ʢʦʵʬʬʠʮʠʝʥʪ ʪʨʘʥʩʬʦʨʤʘʮʠʠ 21,875). 

ʀʩʪʦʯʥʠʢʠ ʵʥʝʨʛʠʠ ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʙʝʟ ʫʯʝʪʘ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʧʦ ʥʘʛʨʫʟʢʝ (ʨʘʟʦʤʢʥʫʪʘʷ ʩʠʩʪʝ-

ʤʘ). 

ʉʠʩʪʝʤʘ ʵʣʝʢʪʨʦʩʥʘʙʞʝʥʠʷ ʩʦʜʝʨʞʠʪ ʪʨʠ ʢʦʣʴʮʝʚʳʭ ʩʪʨʫʢʪʫʨʳ: 

RL2 ï H3 ï RL11 ï H4 ï RL4 ï RL10, 

RL2 ï H3 ï RL12 ï H5 ï RL5 ï RL10, 

RL2 ï H3 ï RL6 ï H6 ï RL13 ï H7 ï RL7 ï H5 ï RL5 ï RL10. 

ʀʟʥʘʯʘʣʴʥʦ ʩʯʠʪʘʣʦʩʴ, ʯʪʦ ʩʠʩʪʝʤʘ ʵʣʝʢʪʨʦʩʥʘʙʞʝʥʠʷ ʟʘʧʠʪʘʥʘ ʦʪ ʜʚʫʭ ʠʩʪʦʯʥʠʢʦʚ ʵʣʝʢʪʨʦ-

ʵʥʝʨʛʠʠ (I ʠ II), ʪʨʝʪʠʡ ʠʩʪʦʯʥʠʢ ʧʦʜʢʣʶʯʘʣʩʷ ʢʣʶʯʦʤ (ʤʛʥʦʚʝʥʥʦʝ ʟʘʤʳʢʘʥʠʝ), ʨʘʩʧʦʣʦʞʝʥʥʳʤ ʤʝʞʜʫ 

ʥʘʛʨʫʟʢʦʡ ʅ8 ʠ ʚʦʟʜʫʰʥʦʡ ʣʠʥʠʝʡ RL9. 

ʇʨʠ ʩʦʩʪʘʚʣʝʥʠʠ ʨʘʩʯʝʪʥʦʡ ʩʭʝʤʳ (ʨʠʩ. 2) ʩʫʙʙʣʦʢʠ ʥʝ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ. 
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ʈʠʩʫʥʦʢ 2 ï ʈʘʩʯʝʪʥʘʷ ʩʭʝʤʘ ʩʠʩʪʝʤʳ ʵʣʝʢʪʨʦʩʥʘʙʞʝʥʠʷ ʚ SimInTech 

 
ʊʠʧʦʚʘʷ ʩʭʝʤʘ ʜʣʷ ʦʜʠʥʦʯʥʦʡ ʥʘʛʨʫʟʢʠ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩʫʥʢʝ 3. ʇʦʪʨʝʙʠʪʝʣʴ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʢʘʢ 

ʧʘʨʘʣʣʝʣʴʥʳʝ ʚʝʪʚʠ ʘʢʪʠʚʥʦ-ʠʥʜʫʢʪʠʚʥʦʡ ʠ ʝʤʢʦʩʪʥʦʡ ʥʘʛʨʫʟʢʠ. ɺʝʣʠʯʠʥʳ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠ ʘʢʪʠʚʥʦʛʦ 
ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʥʘʛʨʫʟʢʠ ʦʧʨʝʜʝʣʷʣʠʩʴ ʠʩʭʦʜʷ ʠʭ ʧʦʪʨʝʙʣʷʝʤʦʡ ʤʦʱʥʦʩʪʠ, ʥʘʧʨʷʞʝʥʠʷ ʧʠʪʘʥʠʷ 
ʥʘʛʨʫʟʢʠ ʥʘ ʥʠʟʢʦʡ ʩʪʦʨʦʥʝ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ ʠ ʢʦʩʠʥʫʩʘ ű. ɺʝʣʠʯʠʥʘ ʝʤʢʦʩʪʠ ʥʝ ʦʧʪʠʤʠʟʠʨʦʚʘʥʘ, ʪʦ 
ʝʩʪʴ ʥʝ ʢʦʤʧʝʥʩʠʨʫʝʪ ʨʝʘʢʪʠʚʥʫʶ ʤʦʱʥʦʩʪʴ, ʯʪʦ ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ ʥʘ ʦʩʮʠʣʣʦʛʨʘʤʤʘʭ ʠʟʤʝʥʝʥʠʷ 
ʤʛʥʦʚʝʥʥʦʡ ʤʦʱʥʦʩʪʠ ʢʘʢ ʥʘʣʦʞʝʥʠʝ ʨʝʘʢʪʠʚʥʦʡ ʤʦʱʥʦʩʪʠ ʥʘ ʘʢʪʠʚʥʫʶ ʩ ʧʦʣʫʯʝʥʠʝʤ ʜʝʬʦʨʤʘʮʠʠ 
ʬʦʨʤʳ ʢʦʣʝʙʘʥʠʡ. 

ʅʘ ʨʠʩʫʥʢʝ 4 ʧʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʠ ʧʦʜʢʣʶʯʝʥʠʠ ʢ ʩʠʩʪʝʤʝ ʵʣʝʢʪʨʦʩʥʘʙ-
ʞʝʥʠʷ ʪʨʝʪʴʝʛʦ ʠʩʪʦʯʥʠʢʘ ʵʥʝʨʛʠʠ. ʅʘ ʦʩʮʠʣʣʦʛʨʘʤʤʘʭ ʧʦʢʘʟʘʥʦ ʠʟʤʝʥʝʥʠʝ ʤʛʥʦʚʝʥʥʦʡ ʤʦʱʥʦʩʪʠ ʚ 
ʫʢʘʟʘʥʥʳʭ ʪʦʯʢʘʭ ʟʘʤʝʨʘ. 

 

 
 

ʈʠʩʫʥʦʢ 3 ï ʌʨʘʛʤʝʥʪ ʨʘʩʯʝʪʥʦʡ ʩʭʝʤʳ ʩ ʥʘʛʨʫʟʢʦʡ  
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ʈʠʩʫʥʦʢ 4 ï ʈʝʟʫʣʴʪʘʪ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʝʨʝʭʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ  

ʚ ʩʠʩʪʝʤʝ ʵʣʝʢʪʨʦʩʥʘʙʞʝʥʠʷ ʧʨʠ ʧʦʜʢʣʶʯʝʥʠʠ ʠʩʪʦʯʥʠʢʘ ʵʥʝʨʛʠʠ 

 
ɺʳʚʦʜʳ 
ʀʤʠʪʘʮʠʦʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʫʱʝʩʪʚʝʥʥʦ ʩʦʢʨʘʪʠʪʴ 

ʚʨʝʤʷ ʥʘ ʧʦʣʫʯʝʥʠʝ ʨʝʟʫʣʴʪʘʪʘ ʠ ʧʨʠ ʵʪʦʤ ʫʯʠʪʳʚʘʪʴ ʤʥʦʛʦʦʙʨʘʟʠʝ ʬʘʢʪʦʨʦʚ, ʚʣʠʷʶʱʠʭ ʥʘ ʨʘʙʦʪʫ 
ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʦʙʲʝʢʪʦʚ. 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʩʦʚʨʝʤʝʥʥʳʝ ʪʝʭʥʦʣʦ-

ʛʠʠ ʧʝʨʝʨʘʙʦʪʢʠ ʫʛʦʣʴʥʦʡ ʤʝʣʦʯʠ ʠ ʦʪʭʦʜʦʚ ʫʛʦʣʴʥʦʡ ʧʨʦ-

ʤʳʰʣʝʥʥʦʩʪʠ ʚ ʚʳʩʦʢʦʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʙʨʠʢʝʪʳ. ʇʨʠʚʝʜʝʥ ʧʦ-

ʜʨʦʙʥʳʡ ʘʥʘʣʠʟ ʤʝʪʦʜʦʚ ʧʨʝʩʩʦʚʘʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʚʷ-

ʟʫʶʱʠʭ ʚʝʱʝʩʪʚ ʠ ʙʝʟ ʥʠʭ, ʘ ʪʘʢʞʝ ʠʭ ʚʣʠʷʥʠʝ ʥʘ ʤʝʭʘʥʠʯʝ-

ʩʢʠʝ ʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʦʜʫʢʮʠʠ. ʆʩʦʙʦʝ 

ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ ʵʢʦʣʦʛʠʯʝʩʢʠʤ ʘʩʧʝʢʪʘʤ, ʚʢʣʶʯʘʷ ʩʥʠʞʝʥʠʝ 

ʚʳʙʨʦʩʦʚ ʪʦʢʩʠʯʥʳʭ ʚʝʱʝʩʪʚ ʠ ʫʣʫʯʰʝʥʠʝ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚ-

ʥʦʩʪʠ ʤʘʣʳʭ ʠ ʩʨʝʜʥʠʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ. 

Annotation.  This article examines modern 

technologies for processing coal fines and 

coal industry waste into high-energy bri-
quettes. A detailed analysis of pressing 

methods with and without binders is provided, 

as well as their impact on the mechanical and 

performance characteristics of the products. 

Particular attention is paid to environmental 

aspects, including reducing toxic emissions 

and improving the energy efficiency of small 

and medium-sized power plants. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʫʛʦʣʴ, ʙʨʠʢʝʪʠʨʦʚʘʥʠʝ, ʙʝʟʜʳʤʥʦʝ ʪʦʧʣʠ-

ʚʦ, ʵʢʦʣʦʛʠʯʝʩʢʘʷ ʙʝʟʦʧʘʩʥʦʩʪʴ, ʵʥʝʨʛʠʷ. 

Keywords:  coal, briquetting, smokeless fuel, 

environmental safety, energy. 

 
ʛʦʣʴ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʤʥʦʛʠʭ ʜʝʩʷʪʠʣʝʪʠʡ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ 
ʜʣʷ ʧʨʦʤʳʰʣʝʥʥʳʭ ʠ ʙʳʪʦʚʳʭ ʥʫʞʜ ʚʦ ʚʩʝʤ ʤʠʨʝ. ɺ ʈʦʩʩʠʠ ʫʛʦʣʴ ʟʘʥʠʤʘʝʪ ʚʪʦʨʦʝ ʤʝʩʪʦ 

ʧʦ ʟʥʘʯʠʤʦʩʪʠ ʧʦʩʣʝ ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʘ, ʥʦ ʧʨʠ ʵʪʦʤ ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʜʣʷ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʡ, ʭʠ-
ʤʠʯʝʩʢʦʡ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. ʅʝʩʤʦʪʨʷ ʥʘ ʰʠʨʦʢʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʫʛʣʷ, ʪʨʘʜʠʮʠʦʥ-
ʥʳʝ ʩʧʦʩʦʙʳ ʝʛʦ ʵʢʩʧʣʫʘʪʘʮʠʠ ʩʦʧʨʷʞʝʥʳ ʩ ʩʝʨʴʝʟʥʳʤʠ ʵʢʦʣʦʛʠʯʝʩʢʠʤʠ ʠ ʩʦʮʠʘʣʴʥʳʤʠ ʧʨʦʙʣʝʤʘʤʠ. 
ʅʘ ʫʛʦʣʴʥʳʭ ʦʪʚʘʣʘʭ ʠ ʩʢʣʘʜʘʭ ʥʘʢʦʧʣʝʥʳ ʦʛʨʦʤʥʳʝ ʦʙʲʝʤʳ ʤʝʣʢʦʛʦ ʫʛʣʷ ʠ ʰʣʘʤʦʚ, ʢʦʪʦʨʳʝ ʦʢʘʟʳ-
ʚʘʶʪ ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʧʦʯʚʫ ʠ ʚʦʜʦʝʤʳ. ʇʨʠ ʚʳʧʘʜʝʥʠʠ ʜʦʞʜʝʚʳʭ ʦʩʘʜʢʦʚ ʠʣʠ ʪʘʷʥʠʠ 
ʩʥʝʛʘ ʪʦʢʩʠʯʥʳʝ ʚʝʱʝʩʪʚʘ, ʩʦʜʝʨʞʘʱʠʝʩʷ ʚ ʫʛʦʣʴʥʳʭ ʦʪʭʦʜʘʭ, ʚʳʤʳʚʘʶʪʩʷ ʚ ʛʨʫʥʪʦʚʳʝ ʚʦʜʳ ʠ ʨʝʢʠ, 
ʧʦʚʳʰʘʷ ʠʭ ʢʠʩʣʦʪʥʦʩʪʴ ʠ ʫʛʨʦʞʘʷ ʚʦʜʥʳʤ ʵʢʦʩʠʩʪʝʤʘʤ. ɺʦʟʜʝʡʩʪʚʠʝ ʥʘ ʘʪʤʦʩʬʝʨʫ ʪʘʢʞʝ ʷʚʣʷʝʪʩʷ 
ʩʝʨʴʝʟʥʦʡ ʧʨʦʙʣʝʤʦʡ. ʋʛʦʣʴʥʘʷ ʧʳʣʴ, ʧʝʨʝʥʦʩʠʤʘʷ ʚʝʪʨʦʤ, ʧʨʠʚʦʜʠʪ ʢ ʫʭʫʜʰʝʥʠʶ ʢʘʯʝʩʪʚʘ ʚʦʟʜʫʭʘ 
ʠ ʫʚʝʣʠʯʝʥʠʶ ʯʠʩʣʘ ʨʝʩʧʠʨʘʪʦʨʥʳʭ ʟʘʙʦʣʝʚʘʥʠʡ ʫ ʤʝʩʪʥʦʛʦ ʥʘʩʝʣʝʥʠʷ. ʇʨʠ ʩʞʠʛʘʥʠʠ ʫʛʣʷ ʚʳʜʝʣʷ-
ʶʪʩʷ ʦʢʩʠʜʳ ʩʝʨʳ ʠ ʘʟʦʪʘ, ʫʛʣʝʢʠʩʣʳʡ ʛʘʟ, ʣʝʪʫʯʠʝ ʦʨʛʘʥʠʯʝʩʢʠʝ ʚʝʱʝʩʪʚʘ ʠ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʝ ʘʨʦ-
ʤʘʪʠʯʝʩʢʠʝ ʫʛʣʝʚʦʜʦʨʦʜʳ, ʯʪʦ ʩʦʟʜʘʝʪ ʫʛʨʦʟʫ ʜʣʷ ʵʢʦʣʦʛʠʠ ʠ ʟʜʦʨʦʚʴʷ ʯʝʣʦʚʝʢʘ [1]. 

ʕʪʠ ʬʘʢʪʦʨʳ ʦʧʨʝʜʝʣʷʶʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʦʠʩʢʘ ʥʦʚʳʭ ʧʦʜʭʦʜʦʚ ʢ ʧʝʨʝʨʘʙʦʪʢʝ ʫʛʣʷ. ʆʜʥʠʤ ʠʟ 
ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʷʚʣʷʝʪʩʷ ʙʨʠʢʝʪʠʨʦʚʘʥʠʝ ʫʛʦʣʴʥʳʭ ʦʪʭʦʜʦʚ, ʢʦʪʦʨʦʝ ʧʦʟʚʦʣʷʝʪ ʧʝʨʝʨʘ-
ʙʘʪʳʚʘʪʴ ʤʝʣʢʠʡ ʫʛʦʣʴ ʠ ʰʣʘʤʳ ʚ ʢʦʤʧʘʢʪʥʳʝ ʙʨʠʢʝʪʳ. ɹʨʠʢʝʪʳ ʦʪʣʠʯʘʶʪʩʷ ʧʦʚʳʰʝʥʥʦʡ ʧʣʦʪʥʦ-
ʩʪʴʶ ʠ ʪʝʧʣʦʪʚʦʨʥʦʡ ʩʧʦʩʦʙʥʦʩʪʴʶ, ʩʪʘʙʠʣʴʥʦʡ ʛʝʦʤʝʪʨʠʝʡ ʠ ʫʣʫʯʰʝʥʥʦʡ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʦʡ ʩʪʦʡʢʦ-
ʩʪʴʶ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʵʬʬʝʢʪʠʚʥʳʤ ʪʦʧʣʠʚʦʤ ʜʣʷ ʤʘʣʳʭ ʠ ʩʨʝʜʥʠʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ, ʘ ʪʘʢʞʝ 
ʜʣʷ ʢʦʤʤʫʥʘʣʴʥʦ-ʧʨʦʤʳʰʣʝʥʥʳʭ ʢʦʪʝʣʴʥʳʭ. ɹʨʠʢʝʪʠʨʦʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ ʧʝʨʝʨʘʙʦʪʘʪʴ ʦʪ-
ʭʦʜʳ ʫʛʦʣʴʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʥʦ ʠ ʩʦʟʜʘʪʴ ʧʨʦʜʫʢʪ, ʧʨʠʛʦʜʥʳʡ ʜʣʷ ʜʣʠʪʝʣʴʥʦʛʦ ʭʨʘʥʝʥʠʷ ʠ 
ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ. ʇʨʠʤʝʥʝʥʠʝ ʙʨʠʢʝʪʦʚ ʩʥʠʞʘʝʪ ʚʳʙʨʦʩʳ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ, ʫʤʝʥʴʰʘʝʪ ʢʦʣʠʯʝʩʪʚʦ 
ʟʦʣʳ ʠ ʰʣʘʢʦʚ, ʘ ʪʘʢʞʝ ʫʣʫʯʰʘʝʪ ʢʦʥʪʨʦʣʴ ʥʘʜ ʧʨʦʮʝʩʩʦʤ ʩʞʠʛʘʥʠʷ ʪʦʧʣʠʚʘ. ɼʣʷ ʨʝʛʠʦʥʦʚ ʩ ʦʛʨʘʥʠ-

ʋ 
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ʯʝʥʥʳʤʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤʠ ʨʝʩʫʨʩʘʤʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʙʨʠʢʝʪʦʚ ʦʪʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʙʦʣʝʝ ʨʘʮʠʦ-
ʥʘʣʴʥʦʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʦʧʣʠʚʘ ʠ ʫʚʝʣʠʯʝʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ [2]. 

ʇʨʝʩʩʦʚʘʥʠʝ ʙʝʟ ʜʦʙʘʚʣʝʥʠʷ ʩʚʷʟʫʶʱʠʭ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʩʘʤʳʭ ʧʨʦʩʪʳʭ ʠ ʵʢʦʥʦʤʠʯʥʳʭ ʪʝʭ-
ʥʦʣʦʛʠʡ ʙʨʠʢʝʪʠʨʦʚʘʥʠʷ ʫʛʣʷ. ʉʫʪʴ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʫʛʦʣʴʥʘʷ ʤʝʣʦʯʴ ʠʣʠ ʤʝʣʢʠʝ ʯʘ-
ʩʪʠʮʳ ʧʦʜʚʝʨʛʘʶʪʩʷ ʚʳʩʦʢʦʤʫ ʜʘʚʣʝʥʠʶ, ʦʙʳʯʥʦ ʚ ʜʠʘʧʘʟʦʥʝ 80ï100 ʄʇʘ. ʇʦʜ ʜʝʡʩʪʚʠʝʤ ʪʘʢʦʛʦ 
ʜʘʚʣʝʥʠʷ ʯʘʩʪʠʮʳ ʫʛʣʷ ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʜʨʫʛ ʩ ʜʨʫʛʦʤ ʟʘ ʩʯʝʪ ʬʠʟʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ ʠ ʤʠʢʨʦʩʪʨʫʢʪʫʨʳ 
ʤʘʪʝʨʠʘʣʘ: ʢʨʠʩʪʘʣʣʠʯʝʩʢʠʝ ʨʝʰʝʪʢʠ ʯʘʩʪʠʮ ʚʥʝʜʨʷʶʪʩʷ ʜʨʫʛ ʚ ʜʨʫʛʘ, ʩʦʟʜʘʚʘʷ ʧʨʦʯʥʫʶ ʩʧʣʦʰʥʫʶ 
ʩʪʨʫʢʪʫʨʫ ʙʝʟ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʭʠʤʠʯʝʩʢʠʭ ʠʣʠ ʦʨʛʘʥʠʯʝʩʢʠʭ ʜʦʙʘʚʦʢ. ɺ ʧʨʘʢʪʠʢʝ ʵʪʘ ʪʝʭʥʦʣʦʛʠʷ ʠʟ-
ʚʝʩʪʥʘ ʢʘʢ çʪʝʭʥʦʣʦʛʠʷ ʙʝʣʦʛʦ ʫʛʣʷè. ɻʣʘʚʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʝʛʦ ʤʠʥʠʤʘʣʴ-
ʥʘʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʩʣʦʞʥʦʩʪʴ. ʇʨʦʮʝʩʩ ʚʢʣʶʯʘʝʪ: ʧʦʜʛʦʪʦʚʢʫ ʫʛʦʣʴʥʦʡ ʤʝʣʦʯʠ, ʩʫʰʢʫ ʩ ʮʝʣʴʶ ʩʥʠ-
ʞʝʥʠʷ ʚʣʘʞʥʦʩʪʠ ʜʦ ʦʧʪʠʤʘʣʴʥʦʛʦ ʫʨʦʚʥʷ, ʧʨʝʩʩʦʚʘʥʠʝ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʙʨʠʢʝʪʦʚ ʟʘʜʘʥʥʦʡ ʬʦʨʤʳ ʠ 
ʨʘʟʤʝʨʘ. ʆʜʥʘʢʦ ʤʝʪʦʜ ʦʙʣʘʜʘʝʪ ʨʷʜʦʤ ʦʛʨʘʥʠʯʝʥʠʡ. ʆʩʥʦʚʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʷʚʣʷʝʪʩʷ ʥʠʟʢʘʷ ʤʝʭʘ-
ʥʠʯʝʩʢʘʷ ʧʨʦʯʥʦʩʪʴ ʛʦʪʦʚʳʭ ʙʨʠʢʝʪʦʚ, ʯʪʦ ʪʨʝʙʫʝʪ ʦʩʪʦʨʦʞʥʦʛʦ ʦʙʨʘʱʝʥʠʷ ʧʨʠ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʝ ʠ 
ʭʨʘʥʝʥʠʠ. ʊʘʢʞʝ ʪʘʢʠʝ ʙʨʠʢʝʪʳ ʦʙʣʘʜʘʶʪ ʥʝʚʳʩʦʢʦʡ ʚʣʘʛʦʩʪʦʡʢʦʩʪʴʶ: ʧʨʠ ʜʣʠʪʝʣʴʥʦʤ ʚʦʟʜʝʡʩʪʚʠʠ 
ʘʪʤʦʩʬʝʨʥʦʡ ʚʣʘʛʠ ʩʪʨʫʢʪʫʨʘ ʤʦʞʝʪ ʨʘʟʨʫʰʘʪʴʩʷ, ʯʪʦ ʩʥʠʞʘʝʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʪʘʢʠʭ 
ʙʨʠʢʝʪʦʚ. ʂʨʦʤʝ ʪʦʛʦ, ʪʝʭʥʦʣʦʛʠʷ ʧʦʜʭʦʜʠʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʜʣʷ ʧʣʘʩʪʠʯʥʳʭ ʫʛʣʝʡ ʠ ʤʝʣʢʠʭ ʬʨʘʢ-
ʮʠʡ, ʘ ʪʚʝʨʜʳʝ ʢʨʫʧʥʳʝ ʫʛʣʠ ʧʨʝʩʩʫʶʪʩʷ ʤʝʥʝʝ ʵʬʬʝʢʪʠʚʥʦ. ʇʨʠʤʝʥʝʥʠʝ ʧʨʝʩʩʦʚʘʥʠʷ ʙʝʟ ʩʚʷʟʫʶ-
ʱʠʭ ʦʩʦʙʝʥʥʦ ʘʢʪʫʘʣʴʥʦ ʜʣʷ ʤʘʣʳʭ ʠ ʩʨʝʜʥʠʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ, ʛʜʝ ʚʘʞʥʘ ʵʢʦʥʦʤʠʯʥʦʩʪʴ ʠ 
ʩʢʦʨʦʩʪʴ ʧʨʦʠʟʚʦʜʩʪʚʘ ʪʦʧʣʠʚʘ. ʄʝʪʦʜ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʠʝ ʟʘʪʨʘʪʳ ʥʘ ʦʙʦʨʫʜʦʚʘʥʠʝ 
ʠ ʤʘʪʝʨʠʘʣʳ, ʦʜʥʘʢʦ ʪʨʝʙʫʝʪ ʧʦʩʪʦʷʥʥʦʛʦ ʢʦʥʪʨʦʣʷ ʢʘʯʝʩʪʚʘ ʫʛʦʣʴʥʦʡ ʩʤʝʩʠ ʠ ʧʘʨʘʤʝʪʨʦʚ ʧʨʝʩʩʦʚʘ-
ʥʠʷ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʩʪʘʙʠʣʴʥʦʛʦ ʢʘʯʝʩʪʚʘ ʧʨʦʜʫʢʮʠʠ [3, 4]. 

ʇʨʝʩʩʦʚʘʥʠʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʚʷʟʫʶʱʠʭ ʚʝʱʝʩʪʚ ʷʚʣʷʝʪʩʷ ʙʦʣʝʝ ʫʥʠʚʝʨʩʘʣʴʥʳʤ ʠ ʪʝʭʥʦʣʦ-
ʛʠʯʝʩʢʠ ʩʣʦʞʥʳʤ ʤʝʪʦʜʦʤ ʙʨʠʢʝʪʠʨʦʚʘʥʠʷ, ʧʦʟʚʦʣʷʶʱʠʤ ʧʝʨʝʨʘʙʘʪʳʚʘʪʴ ʰʠʨʦʢʠʡ ʩʧʝʢʪʨ ʫʛʣʝʡ, 
ʚʢʣʶʯʘʷ ʢʘʤʝʥʥʳʝ, ʙʫʨʳʝ, ʘʥʪʨʘʮʠʪʦʚʳʝ, ʘ ʪʘʢʞʝ ʦʪʭʦʜʳ ʧʦʣʫʢʦʢʩʦʚʘʥʠʷ ʠ ʢʦʢʩʦʚʘʥʠʷ. ʆʩʥʦʚʥʘʷ 
ʠʜʝʷ ʤʝʪʦʜʘ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ ʢ ʫʛʦʣʴʥʦʡ ʤʝʣʦʯʠ ʜʦʙʘʚʣʷʶʪʩʷ ʦʨʛʘʥʠʯʝʩʢʠʝ ʠʣʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʝ 
ʩʚʷʟʫʶʱʠʝ, ʢʦʪʦʨʳʝ ʧʦʚʳʰʘʶʪ ʤʝʭʘʥʠʯʝʩʢʫʶ ʧʨʦʯʥʦʩʪʴ ʙʨʠʢʝʪʦʚ ʠ ʜʝʣʘʶʪ ʠʭ ʙʦʣʝʝ ʫʩʪʦʡʯʠʚʳʤʠ ʢ 
ʚʦʟʜʝʡʩʪʚʠʶ ʚʣʘʛʠ ʠ ʧʝʨʝʧʘʜʦʚ ʪʝʤʧʝʨʘʪʫʨʳ [5]. ʆʨʛʘʥʠʯʝʩʢʠʝ ʩʚʷʟʫʶʱʠʝ ʤʦʛʫʪ ʚʢʣʶʯʘʪʴ ʜʨʝʚʝʩ-
ʥʳʝ ʦʧʠʣʢʠ, ʛʠʜʨʦʣʠʟʥʳʡ ʣʠʛʥʠʥ, ʣʠʛʥʦʩʫʣʴʬʦʥʘʪʳ ʠʣʠ ʢʘʨʙʦʢʩʠʤʝʪʠʣʮʝʣʣʶʣʦʟʫ. ʅʝʦʨʛʘʥʠʯʝʩʢʠʝ 
ʩʚʷʟʫʶʱʠʝ ï ʮʝʤʝʥʪ, ʠʟʚʝʩʪʴ, ʛʣʠʥʘ. ɺʳʙʦʨ ʩʚʷʟʫʶʱʝʛʦ ʟʘʚʠʩʠʪ ʦʪ ʠʩʭʦʜʥʦʛʦ ʫʛʣʷ, ʪʨʝʙʫʝʤʳʭ ʭʘʨʘʢ-
ʪʝʨʠʩʪʠʢ ʙʨʠʢʝʪʦʚ ʠ ʫʩʣʦʚʠʡ ʵʢʩʧʣʫʘʪʘʮʠʠ. ʇʨʦʮʝʩʩ ʧʨʝʩʩʦʚʘʥʠʷ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʩʚʷʟʫʶʱʠʭ ʦʙʳʯʥʦ 
ʧʨʦʚʦʜʠʪʩʷ ʧʨʠ ʫʤʝʨʝʥʥʦʤ ʜʘʚʣʝʥʠʠ, ʚ ʜʠʘʧʘʟʦʥʝ 15ï50 ʄʇʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʬʦʨʤʠʨʦʚʘʪʴ ʙʦʣʝʝ 
ʧʨʦʯʥʳʝ ʠ ʩʪʘʙʠʣʴʥʳʝ ʙʨʠʢʝʪʳ. ʄʝʪʦʜ ʚʢʣʶʯʘʝʪ ʥʝʩʢʦʣʴʢʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʵʪʘʧʦʚ: ʧʦʜʛʦʪʦʚʢʫ 
ʫʛʦʣʴʥʦʡ ʤʝʣʦʯʠ, ʜʦʟʠʨʦʚʘʥʠʝ ʠ ʩʤʝʰʠʚʘʥʠʝ ʩ ʚʳʙʨʘʥʥʳʤ ʩʚʷʟʫʶʱʠʤ, ʫʚʣʘʞʥʝʥʠʝ ʩʤʝʩʠ ʜʦ ʦʧʪʠ-
ʤʘʣʴʥʦʡ ʢʦʥʩʠʩʪʝʥʮʠʠ, ʧʨʝʩʩʦʚʘʥʠʝ ʚ ʙʨʠʢʝʪʳ ʟʘʜʘʥʥʦʡ ʬʦʨʤʳ ʠ ʧʦʩʣʝʜʫʶʱʫʶ ʩʫʰʢʫ. ʀʥʦʛʜʘ ʧʨʠ-
ʤʝʥʷʝʪʩʷ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʠʟʤʝʣʴʯʝʥʠʝ ʩʤʝʩʠ ʚ ʜʝʟʠʥʪʝʛʨʘʪʦʨʝ ʜʣʷ ʫʣʫʯʰʝʥʠʷ ʦʜʥʦʨʦʜʥʦʩʪʠ ʠ ʨʘʚ-
ʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʚʷʟʫʶʱʝʛʦ ʧʦ ʚʩʝʡ ʤʘʩʩʝ. ɻʣʘʚʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʤʝʪʦʜʘ ʷʚʣʷʝʪʩʷ ʚʳ-
ʩʦʢʘʷ ʤʝʭʘʥʠʯʝʩʢʘʷ ʧʨʦʯʥʦʩʪʴ ʙʨʠʢʝʪʦʚ, ʢʦʪʦʨʘʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʜʣʠʪʝʣʴʥʦʝ ʭʨʘʥʝʥʠʝ, ʚʦʟʤʦʞʥʦʩʪʴ 
ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ ʙʝʟ ʨʘʟʨʫʰʝʥʠʷ ʠ ʩʪʘʙʠʣʴʥʦʝ ʩʛʦʨʘʥʠʝ ʚ ʢʦʪʣʘʭ ʠʣʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʢʘʭ. 
ʂʨʦʤʝ ʪʦʛʦ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʚʷʟʫʶʱʠʭ ʧʦʟʚʦʣʷʝʪ ʨʝʛʫʣʠʨʦʚʘʪʴ ʚʣʘʛʦʩʪʦʡʢʦʩʪʴ, ʧʣʦʪʥʦʩʪʴ ʠ ʪʝʧʣʦ-
ʪʚʦʨʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʙʨʠʢʝʪʦʚ, ʯʪʦ ʜʝʣʘʝʪ ʵʪʦʪ ʤʝʪʦʜ ʙʦʣʝʝ ʫʥʠʚʝʨʩʘʣʴʥʳʤ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ ʛʠʙʢʠʤ 
[5, 6]. ʆʜʥʘʢʦ ʪʝʭʥʦʣʦʛʠʷ ʠʤʝʝʪ ʠ ʥʝʜʦʩʪʘʪʢʠ: ʙʦʣʝʝ ʚʳʩʦʢʘʷ ʩʝʙʝʩʪʦʠʤʦʩʪʴ ʧʨʦʠʟʚʦʜʩʪʚʘ, ʵʥʝʨʛʦʟʘ-
ʪʨʘʪʥʦʩʪʴ ʠ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʪʦʯʥʦʛʦ ʢʦʥʪʨʦʣʷ ʜʦʟʠʨʦʚʢʠ ʠ ʢʘʯʝʩʪʚʘ ʩʚʷʟʫʶʱʠʭ ʚʝʱʝʩʪʚ. ʇʨʦʠʟʚʦʜ-
ʩʪʚʦ ʪʨʝʙʫʝʪ ʩʣʦʞʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʜʣʷ ʩʤʝʰʠʚʘʥʠʷ, ʧʨʝʩʩʦʚʘʥʠʷ ʠ ʩʫʰʢʠ, ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʢʘʧʠ-
ʪʘʣʴʥʳʝ ʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʨʘʩʭʦʜʳ [7].  

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʫʛʦʣʴʥʳʭ ʙʨʠʢʝʪʦʚ, ʦʩʦʙʝʥʥʦ ʙʝʟʜʳʤʥʳʭ, ʠʤʝʝʪ ʚʘʞʥʦʝ ʟʥʘʯʝʥʠʝ ʜʣʷ ʩʥʠʞʝʥʠʷ 
ʚʦʟʜʝʡʩʪʚʠʷ ʫʛʣʷ ʥʘ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ. ʆʩʥʦʚʥʦʝ ʵʢʦʣʦʛʠʯʝʩʢʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʩʦʩʪʦʠʪ ʚ ʪʦʤ, ʯʪʦ 
ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʠ ʩʞʠʛʘʥʠʠ ʙʨʠʢʝʪʦʚ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʶʪʩʷ ʚʳʙʨʦʩʳ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ: ʫʛʣʝʢʠʩ-
ʣʦʛʦ ʛʘʟʘ (COϜ), ʦʢʩʠʜʦʚ ʩʝʨʳ (SOx), ʦʢʩʠʜʦʚ ʘʟʦʪʘ (NOx) ʠ ʧʦʣʠʮʠʢʣʠʯʝʩʢʠʭ ʘʨʦʤʘʪʠʯʝʩʢʠʭ ʫʛʣʝʚʦ-
ʜʦʨʦʜʦʚ (ʇɸʋ) [8]. ʇʨʠʯʠʥʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʙʨʠʢʝʪʳ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʧʣʦʪʥʦʩʪʴʶ ʠ ʩʪʘʥ-
ʜʘʨʪʥʦʡ ʛʝʦʤʝʪʨʠʝʡ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʝʝ ʨʘʚʥʦʤʝʨʥʦʝ ʛʦʨʝʥʠʝ, ʩʥʠʞʝʥʠʝ ʢʦʥʮʝʥʪʨʘʮʠʠ ʣʝʪʫʯʠʭ 
ʢʦʤʧʦʥʝʥʪʦʚ ʠ ʤʠʥʠʤʠʟʘʮʠʶ ʦʙʨʘʟʦʚʘʥʠʷ ʟʦʣʳ ʠ ʰʣʘʢʦʚ. ʈʘʚʥʦʤʝʨʥʦʝ ʩʛʦʨʘʥʠʝ ʪʦʧʣʠʚʘ ʧʦʟʚʦʣʷʝʪ 
ʩʦʢʨʘʪʠʪʴ ʚʳʙʨʦʩʳ ʯʘʩʪʠʮ ʥʝʜʦʛʦʨʝʚʰʝʛʦ ʫʛʣʷ. 

ʕʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʙʨʠʢʝʪʦʚ ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʷʪ ʦʪ ʤʝʪʦʜʘ ʠʭ ʧʨʦʠʟʚʦʜʩʪʚʘ ʠ 
ʠʩʧʦʣʴʟʫʝʤʳʭ ʩʚʷʟʫʶʱʠʭ ʚʝʱʝʩʪʚ. ʂʣʶʯʝʚʳʝ ʧʘʨʘʤʝʪʨʳ ʚʢʣʶʯʘʶʪ: 

ï  ʤʝʭʘʥʠʯʝʩʢʫʶ ʧʨʦʯʥʦʩʪʴ, ʦʧʨʝʜʝʣʷʶʱʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʙʨʠʢʝʪʦʚ ʢ 
ï  ʨʘʟʨʫʰʝʥʠʶ ʧʨʠ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʝ ʠ ʭʨʘʥʝʥʠʠ; 
ï  ʚʣʘʛʦʩʪʦʡʢʦʩʪʴ, ʦʙʝʩʧʝʯʠʚʘʶʱʫʶ ʩʦʭʨʘʥʝʥʠʝ ʬʦʨʤʳ ʠ ʧʣʦʪʥʦʩʪʠ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʘʪʤʦ-

ʩʬʝʨʥʦʡ ʚʣʘʛʠ; 
ï  ʪʝʧʣʦʪʚʦʨʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ, ʧʦʟʚʦʣʷʶʱʫʶ ʧʦʣʫʯʘʪʴ ʤʘʢʩʠʤʘʣʴʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʵʥʝʨʛʠʠ ʧʨʠ 

ʩʞʠʛʘʥʠʠ; 
ï  ʩʪʘʙʠʣʴʥʦʩʪʴ ʛʦʨʝʥʠʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʫʶ ʨʘʚʥʦʤʝʨʥʦʝ ʚʳʜʝʣʝʥʠʝ ʪʝʧʣʘ ʠ ʧʨʝʜʦʪʚʨʘʱʝʥʠʝ 

ʩʧʝʢʘʥʠʷ ʠʣʠ ʦʙʨʘʟʦʚʘʥʠʷ ʰʣʘʢʦʚ [2, 7]. 
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ʇʨʠ ʧʨʝʩʩʦʚʘʥʠʠ ʙʝʟ ʩʚʷʟʫʶʱʠʭ ʤʝʭʘʥʠʯʝʩʢʘʷ ʧʨʦʯʥʦʩʪʴ ʠ ʚʣʘʛʦʩʪʦʡʢʦʩʪʴ ʙʨʠʢʝʪʦʚ ʥʠʞʝ, ʯʪʦ 
ʦʛʨʘʥʠʯʠʚʘʝʪ ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʝʛʠʦʥʘʭ ʩ ʚʳʩʦʢʦʡ ʚʣʘʞʥʦʩʪʴʶ ʠʣʠ ʜʣʷ ʜʣʠʪʝʣʴʥʦʛʦ ʭʨʘʥʝʥʠʷ. ɺ ʩʚʦʶ 
ʦʯʝʨʝʜʴ, ʧʨʠʤʝʥʝʥʠʝ ʦʨʛʘʥʠʯʝʩʢʠʭ ʠʣʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʩʚʷʟʫʶʱʠʭ ʧʦʟʚʦʣʷʝʪ ʫʣʫʯʰʠʪʴ ʚʩʝ ʵʪʠ ʭʘʨʘʢʪʝ-
ʨʠʩʪʠʢʠ, ʜʝʣʘʷ ʙʨʠʢʝʪʳ ʙʦʣʝʝ ʫʥʠʚʝʨʩʘʣʴʥʳʤʠ ʠ ʧʨʠʛʦʜʥʳʤʠ ʜʣʷ ʨʘʟʥʳʭ ʢʣʠʤʘʪʠʯʝʩʢʠʭ ʫʩʣʦʚʠʡ. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʙʨʠʢʝʪʦʚ ʚ ʤʘʣʳʭ ʠ ʩʨʝʜʥʠʭ ʪʝʧʣʦʚʳʭ ʵʣʝʢʪʨʦʩʪʘʥʮʠʷʭ ʠ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ 

ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ ʠʤʝʝʪ ʨʷʜ ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʠ ʪʝʭʥʠʯʝʩʢʠʭ ʧʨʝʠʤʫʱʝʩʪʚ. ɹʣʘʛʦʜʘʨʷ ʩʪʘʥʜʘʨʪ-

ʥʦʡ ʬʦʨʤʝ ʠ ʧʣʦʪʥʦʩʪʠ ʙʨʠʢʝʪʳ ʫʜʦʙʥʳ ʜʣʷ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ ʚ ʢʦʪʣʳ ʠ ʧʝʯʠ, ʯʪʦ 

ʩʥʠʞʘʝʪ ʪʨʫʜʦʟʘʪʨʘʪʳ ʥʘ ʦʙʩʣʫʞʠʚʘʥʠʝ ʦʙʦʨʫʜʦʚʘʥʠʷ. ʄʝʥʴʰʠʝ ʧʦʪʝʨʠ ʪʦʧʣʠʚʘ ʧʨʠ ʪʨʘʥʩʧʦʨʪʠʨʦʚ-
ʢʝ ʠ ʭʨʘʥʝʥʠʠ, ʪʘʢ ʢʘʢ ʙʨʠʢʝʪʳ ʤʝʥʴʰʝ ʢʨʦʰʘʪʩʷ ʠ ʥʝ ʦʩʳʧʘʶʪʩʷ, ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʦʙʱʫʶ ʵʬʬʝʢʪʠʚ-

ʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʫʛʣʷ. ʉʥʠʞʝʥʠʝ ʚʳʙʨʦʩʦʚ ʟʘʛʨʷʟʥʷʶʱʠʭ ʚʝʱʝʩʪʚ ʧʦʟʚʦʣʷʝʪ ʵʥʝʨʛʝʪʠʯʝʩʢʠʤ 

ʧʨʝʜʧʨʠʷʪʠʷʤ ʩʦʦʪʚʝʪʩʪʚʦʚʘʪʴ ʩʦʚʨʝʤʝʥʥʳʤ ʵʢʦʣʦʛʠʯʝʩʢʠʤ ʩʪʘʥʜʘʨʪʘʤ ʠ ʥʦʨʤʘʤ. ʇʦʚʳʰʝʥʠʝ ʪʝʧ-

ʣʦʪʚʦʨʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʙʨʠʢʝʪʦʚ ʧʦʟʚʦʣʷʝʪ ʵʢʦʥʦʤʠʪʴ ʜʦ 20ï30 % ʪʦʧʣʠʚʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʳʯʥʳʤ 

ʙʫʨʳʤ ʫʛʣʝʤ, ʯʪʦ ʧʦʣʦʞʠʪʝʣʴʥʦ ʩʢʘʟʳʚʘʝʪʩʷ ʥʘ ʩʝʙʝʩʪʦʠʤʦʩʪʠ ʧʨʦʠʟʚʦʜʩʪʚʘ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ [5, 7]. 

ʂʨʦʤʝ ʪʦʛʦ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʙʨʠʢʝʪʦʚ ʚ ʤʘʣʳʭ ʠ ʩʨʝʜʥʠʭ ʊʕʉ ʩʥʠʞʘʝʪ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʢʨʫʧʥʳʭ ʫʛʦʣʴ-
ʥʳʭ ʰʘʭʪ ʠ ʪʨʘʥʩʧʦʨʪʥʳʭ ʣʦʛʠʩʪʠʯʝʩʢʠʭ ʮʝʧʦʯʝʢ, ʪʘʢ ʢʘʢ ʜʣʷ ʵʪʠʭ ʫʩʪʘʥʦʚʦʢ ʜʦʩʪʘʪʦʯʥʦ ʤʝʥʴʰʠʭ 

ʦʙʲʝʤʦʚ ʪʦʧʣʠʚʘ. ʕʪʦ ʦʩʦʙʝʥʥʦ ʘʢʪʫʘʣʴʥʦ ʜʣʷ ʨʝʛʠʦʥʦʚ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʵʥʝʨʛʝʪʠʢʦʡ ʠʣʠ ʫʜʘʣʝʥ-

ʥʳʭ ʪʝʨʨʠʪʦʨʠʡ, ʛʜʝ ʧʦʩʪʘʚʢʘ ʦʙʳʯʥʦʛʦ ʫʛʣʷ ʩʚʷʟʘʥʘ ʩ ʚʳʩʦʢʠʤʠ ʟʘʪʨʘʪʘʤʠ. 

ʈʝʘʣʠʟʘʮʠʷ ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦʜʦʚ ʙʨʠʢʝʪʠʨʦʚʘʥʠʷ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʪʦʧʣʠʚʦ, ʢʦʪʦʨʦʝ ʚʳ-

ʛʦʜʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʥʝ ʪʦʣʴʢʦ ʚ ʵʥʝʨʛʝʪʠʢʝ, ʥʦ ʠ ʚ ʢʦʤʤʫʥʘʣʴʥʦ-ʧʨʦʤʳʰʣʝʥʥʳʭ ʢʦʪʝʣʴʥʳʭ, ʤʠʥʠʤʠ-
ʟʠʨʫʷ ʨʘʩʭʦʜʳ ʥʘ ʜʦʩʪʘʚʢʫ ʠ ʭʨʘʥʝʥʠʝ ʪʦʧʣʠʚʘ, ʘ ʪʘʢʞʝ ʩʥʠʞʘʷ ʧʦʪʝʨʠ ʧʨʠ ʩʞʠʛʘʥʠʠ [7]. 

ʉʦʚʨʝʤʝʥʥʳʝ ʪʝʥʜʝʥʮʠʠ ʨʘʟʚʠʪʠʷ ʫʛʦʣʴʥʦʡ ʦʪʨʘʩʣʠ ʠ ʵʥʝʨʛʝʪʠʢʠ ʚ ʮʝʣʦʤ ʧʨʝʜʧʦʣʘʛʘʶʪ: 

1. ʈʘʟʨʘʙʦʪʢʫ ʥʦʚʳʭ ʵʬʬʝʢʪʠʚʥʳʭ ʠ ʥʝʜʦʨʦʛʠʭ ʩʚʷʟʫʶʱʠʭ ʚʝʱʝʩʪʚ, ʚ ʪʦʤ ʯʠʩʣʝ ʥʘ ʦʩʥʦʚʝ 

ʨʘʩʪʠʪʝʣʴʥʳʭ ʦʪʭʦʜʦʚ ʠ ʧʝʨʝʨʘʙʦʪʢʠ ʙʠʦʤʘʩʩʳ; 

2. ʆʧʪʠʤʠʟʘʮʠʶ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʧʨʝʩʩʦʚʘʥʠʷ ʜʣʷ ʩʥʠʞʝʥʠʷ ʵʥʝʨʛʦʟʘʪʨʘʪ ʠ ʧʦʚʳ-

ʰʝʥʠʷ ʢʘʯʝʩʪʚʘ ʙʨʠʢʝʪʦʚ; 
3. ɺʥʝʜʨʝʥʠʝ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʩʠʩʪʝʤ ʢʦʥʪʨʦʣʷ ʧʘʨʘʤʝʪʨʦʚ ʧʨʦʠʟʚʦʜ-

ʩʪʚʘ; 

4. ʈʘʟʚʠʪʠʝ ʙʝʟʜʳʤʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʩ ʤʠʥʠʤʠʟʘʮʠʝʡ ʚʳʙʨʦʩʦʚ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ [8]. 

ʇʝʨʩʧʝʢʪʠʚʳ ʪʘʢʞʝ ʚʢʣʶʯʘʶʪ: ʨʘʩʰʠʨʝʥʠʝ ʧʨʠʤʝʥʝʥʠʷ ʙʨʠʢʝʪʦʚ ʚ ʤʘʣʳʭ ʨʘʩʧʨʝʜʝʣʝʥʥʳʭ 

ʵʥʝʨʛʦʩʠʩʪʝʤʘʭ, ʩʥʠʞʝʥʠʝ ʫʛʣʝʨʦʜʥʦʛʦ ʩʣʝʜʘ ʠ ʧʦʚʳʰʝʥʠʝ ʫʩʪʦʡʯʠʚʦʩʪʠ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʦʪʨʘʩʣʠ. 
ʕʪʦ ʦʩʦʙʝʥʥʦ ʘʢʪʫʘʣʴʥʦ ʜʣʷ ʨʝʛʠʦʥʦʚ ʩ ʦʛʨʘʥʠʯʝʥʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʦʡ ʠ ʚʳʩʦʢʠʤ ʫʨʦʚʥʝʤ ʟʘʛʨʷʟʥʝ-

ʥʠʷ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ. 

ɸʥʘʣʠʟ ʩʦʚʨʝʤʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʙʨʠʢʝʪʠʨʦʚʘʥʠʷ ʫʛʣʷ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʵʪʦʪ ʧʨʦʮʝʩʩ ʧʦʟʚʦʣʷʝʪ 

ʵʬʬʝʢʪʠʚʥʦ ʧʝʨʝʨʘʙʘʪʳʚʘʪʴ ʫʛʦʣʴʥʫʶ ʤʝʣʦʯʴ ʠ ʦʪʭʦʜʳ ʫʛʦʣʴʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʚ ʚʳʩʦʢʦʵʥʝʨʛʝ-

ʪʠʯʝʩʢʦʝ ʪʦʧʣʠʚʦ. ʈʘʟʚʠʪʠʝ ʜʚʫʭ ʦʩʥʦʚʥʳʭ ʤʝʪʦʜʦʚ ï ʧʨʝʩʩʦʚʘʥʠʝ ʙʝʟ ʩʚʷʟʫʶʱʠʭ ʠ ʧʨʝʩʩʦʚʘʥʠʝ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʨʛʘʥʠʯʝʩʢʠʭ ʠʣʠ ʥʝʦʨʛʘʥʠʯʝʩʢʠʭ ʩʚʷʟʫʶʱʠʭ ï ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʙʨʠʢʝʪʳ ʩ ʨʘʟ-
ʥʳʤʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʫʩʣʦʚʠʡ ʧʨʠʤʝʥʝʥʠʷ [2, 7, 8]. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʧʨʝʩʩʦʚʘʥʠʷ ʙʝʟ ʩʚʷʟʫʶʱʠʭ ʮʝʣʝʩʦʦʙʨʘʟʥʦ ʜʣʷ ʤʘʣʳʭ ʠ ʩʨʝʜʥʠʭ ʵʥʝʨʛʝʪʠʯʝ-

ʩʢʠʭ ʫʩʪʘʥʦʚʦʢ, ʛʜʝ ʚʘʞʥʳ ʤʠʥʠʤʘʣʴʥʳʝ ʟʘʪʨʘʪʳ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʦ ʠ ʦʪʩʫʪʩʪʚʠʝ ʭʠʤʠʯʝʩʢʠʭ ʜʦʙʘʚʦʢ. 

ʆʜʥʘʢʦ ʪʘʢʠʝ ʙʨʠʢʝʪʳ ʠʤʝʶʪ ʥʠʟʢʫʶ ʤʝʭʘʥʠʯʝʩʢʫʶ ʧʨʦʯʥʦʩʪʴ ʠ ʯʫʚʩʪʚʠʪʝʣʴʥʳ ʢ ʚʦʟʜʝʡʩʪʚʠʶ ʚʣʘʛʠ, 

ʯʪʦ ʪʨʝʙʫʝʪ ʘʢʢʫʨʘʪʥʦʛʦ ʭʨʘʥʝʥʠʷ ʠ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ. 

ʇʨʠʤʝʥʝʥʠʝ ʩʚʷʟʫʶʱʠʭ ʚʝʱʝʩʪʚ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʙʦʣʝʝ ʧʨʦʯʥʳʝ ʠ ʚʣʘʛʦʩʪʦʡʢʠʝ ʙʨʠʢʝʪʳ, 
ʧʦʜʭʦʜʷʱʠʝ ʜʣʷ ʜʣʠʪʝʣʴʥʦʛʦ ʭʨʘʥʝʥʠʷ ʠ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ, ʘ ʪʘʢʞʝ ʜʣʷ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʰʠʨʦʢʦʤ 

ʩʧʝʢʪʨʝ ʫʛʦʣʴʥʦʛʦ ʩʳʨʴʷ. ʕʪʦʪ ʤʝʪʦʜ ʦʩʦʙʝʥʥʦ ʵʬʬʝʢʪʠʚʝʥ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʝ ʙʝʟʜʳʤʥʳʭ ʙʨʠʢʝʪʦʚ, 

ʢʦʪʦʨʳʝ ʦʙʝʩʧʝʯʠʚʘʶʪ ʩʥʠʞʝʥʠʝ ʚʳʙʨʦʩʦʚ COϜ, NOx, SOx ʠ ʇɸʋ, ʧʦʚʳʰʘʷ ʵʢʦʣʦʛʠʯʝʩʢʫʶ ʙʝʟʦʧʘʩ-

ʥʦʩʪʴ ʠ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʘʣʳʭ ʠ ʩʨʝʜʥʠʭ ʊʕʉ [3, 5]. 

ɹʨʠʢʝʪʠʨʦʚʘʥʠʝ ʫʛʦʣʴʥʦʡ ʤʝʣʦʯʠ ʠ ʦʪʭʦʜʦʚ ʷʚʣʷʝʪʩʷ ʵʬʬʝʢʪʠʚʥʦʡ ʪʝʭʥʦʣʦʛʠʝʡ ʧʦʚʳʰʝʥʠʷ 
ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʮʝʥʥʦʩʪʠ ʫʛʣʷ ʠ ʩʥʠʞʝʥʠʷ ʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝʜʫ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʙʨʠʢʝʪʦʚ ʧʦʟʚʦʣʷʝʪ: 

ï  ʩʦʢʨʘʪʠʪʴ ʚʳʙʨʦʩʳ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ; 

ï  ʧʦʚʳʩʠʪʴ ʤʝʭʘʥʠʯʝʩʢʫʶ ʧʨʦʯʥʦʩʪʴ ʠ ʚʣʘʛʦʩʪʦʡʢʦʩʪʴ ʪʦʧʣʠʚʘ; 

ï  ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩ ʭʨʘʥʝʥʠʷ ʠ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʠ; 
ï  ʫʚʝʣʠʯʠʪʴ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʘʣʳʭ ʠ ʩʨʝʜʥʠʭ ʊʕʉ; 

ï  ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʧʦʪʝʨʠ ʪʦʧʣʠʚʘ ʧʨʠ ʩʞʠʛʘʥʠʠ ʠ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʝ. 

ʇʝʨʩʧʝʢʪʠʚʳ ʨʘʟʚʠʪʠʷ ʦʪʨʘʩʣʠ ʚʢʣʶʯʘʶʪ ʩʦʟʜʘʥʠʝ ʥʦʚʳʭ ʥʝʜʦʨʦʛʠʭ ʠ ʵʢʦʣʦʛʠʯʝʩʢʠʭ ʩʚʷʟʫʶ-

ʱʠʭ, ʦʧʪʠʤʠʟʘʮʠʶ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʦʚ ʠ ʚʥʝʜʨʝʥʠʝ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. ʕʪʠ 

ʤʝʨʳ ʧʦʟʚʦʣʷʪ ʨʘʩʰʠʨʠʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʙʨʠʢʝʪʦʚ, ʩʥʠʟʠʪʴ ʵʢʦʣʦʛʠʯʝʩʢʫʶ ʥʘʛʨʫʟʢʫ ʠ ʫʣʫʯʰʠʪʴ ʵʢʦ-

ʥʦʤʠʯʝʩʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʫʛʦʣʴʥʦʡ ʵʥʝʨʛʝʪʠʢʠ, ʦʩʦʙʝʥʥʦ ʚ ʨʝʛʠʦʥʘʭ ʩ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʵʥʝʨʛʝʪʠʢʦʡ 
ʠʣʠ ʦʛʨʘʥʠʯʝʥʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʦʡ [7, 8].  
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ɸʥʥʦʪʘʮʠʷ. ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʪʝʨʤʦʵʢʦʥʦʤʠʯʝʩʢʠʡ 
ʘʥʘʣʠʟ ï ʠʥʪʝʛʨʘʣʴʥʳʡ ʤʝʪʦʜ, ʦʙʲʝʜʠʥʷʶʱʠʡ ʪʝʨʤʦʜʠʥʘʤʠ-
ʯʝʩʢʠʝ ʠ ʵʢʦʥʦʤʠʯʝʩʢʠʝ ʢʨʠʪʝʨʠʠ ʦʮʝʥʢʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʪʝʧ-
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ʤʝʥʝʥʠʷ ʧʨʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʠ ʠ ʵʢʩʧʣʫʘʪʘʮʠʠ ʵʥʝʨʛʦʦʙʲʝʢʪʦʚ. 

Annotation.  The article examines ther-
moeconomic analysis ï an integrative meth-
od that combines thermodynamic and eco-
nomic criteria for evaluating the efficiency of 
thermal power plants (TPPs). The key ad-
vantages of the approach, main calculation 
indicators, and application areas in the de-
sign and operation of energy facilities are 
demonstrated. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʝʨʤʦʵʢʦʥʦʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ, ʵʢʩʝʨʛʠʷ, ʦʧ-
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gy, optimization of parameters, power plants, 
levelized costs, energy efficiency. 

 
ʉʫʱʥʦʩʪʴ ʪʝʨʤʦʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ 
ʊʝʨʤʦʵʢʦʥʦʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ (ʵʢʩʝʨʛʦʵʢʦʥʦʤʠʢʘ) ï ʤʝʪʦʜ, ʧʦʟʚʦʣʷʶʱʠʡ ʢʦʤʧʣʝʢʩʥʦ ʦʮʝ-

ʥʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ ʯʝʨʝʟ ʧʨʠʟʤʫ ʵʢʩʝʨʛʠʠ (ʪʝʭʥʠʯʝʩʢʦʡ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦ-
ʩʪʠ ʧʦʪʦʢʘ ʵʥʝʨʛʠʠ) ʠ ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʟʘʪʨʘʪ [1, 2]. ɺ ʦʪʣʠʯʠʝ ʦʪ ʯʠʩʪʦ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ, 
ʦʥ ʫʯʠʪʳʚʘʝʪ: 

ï  ʢʘʧʠʪʘʣʴʥʳʝ ʚʣʦʞʝʥʠʷ (K); 
ï  ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʝ ʨʘʩʭʦʜʳ (ʉ); 
ï  ʩʪʦʠʤʦʩʪʴ ʪʦʧʣʠʚʘ ʠ ʤʘʪʝʨʠʘʣʦʚ; 
ï  ʘʤʦʨʪʠʟʘʮʠʶ ʠ ʨʝʤʦʥʪʳ. 
ʆʩʥʦʚʥʦʡ ʧʦʢʘʟʘʪʝʣʴ ï ʧʨʠʚʝʜʝʥʥʳʝ ʟʘʪʨʘʪʳ ɿ, ʨʘʩʩʯʠʪʳʚʘʝʤʳʝ ʧʦ ʬʦʨʤʫʣʝ: 

 ˔  %̎Ͻ+ #, (1) 

ʛʜʝ  %̎ ï ʥʦʨʤʘʪʠʚʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʢʘʧʠʪʘʣʦʚʣʦʞʝʥʠʡ; # ÍϽ+ В3̞̎ 3 ï ʵʢʩ-

ʧʣʫʘʪʘʮʠʦʥʥʳʝ ʟʘʪʨʘʪʳ (m ï ʢʦʵʬʬʠʮʠʝʥʪ ʦʪʯʠʩʣʝʥʠʡ, Ὓ̞  ̎ï ʟʘʪʨʘʪʳ ʥʘ ʵʥʝʨʛʠʶ ʠ ʩʳʨʴʝ, 3 ï 
ʧʨʦʯʠʝ ʨʘʩʭʦʜʳ) [3, 4]. 
 
2. ɿʘʜʘʯʠ ʠ ʦʙʣʘʩʪʠ ʧʨʠʤʝʥʝʥʠʷ 
ʊʝʨʤʦʵʢʦʥʦʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʨʝʰʘʝʪ ʨʷʜ ʢʣʶʯʝʚʳʭ ʟʘʜʘʯ: 
ï  ʪʝʭʥʠʢʦ-ʵʢʦʥʦʤʠʯʝʩʢʘʷ ʦʧʪʠʤʠʟʘʮʠʷ ʧʘʨʘʤʝʪʨʦʚ ʫʩʪʘʥʦʚʦʢ ʠ ʠʭ ʵʣʝʤʝʥʪʦʚ; 
ï  ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʟʘʪʨʘʪ ʪʦʧʣʠʚʘ ʠ ʵʥʝʨʛʠʠ ʤʝʞʜʫ ʧʨʦʜʫʢʪʘʤʠ ʚ ʢʦʤʧʣʝʢʩʥʳʭ ʧʨʦʠʟʚʦʜʩʪʚʘʭ; 
ï  ʦʙʦʩʥʦʚʘʥʠʝ ʥʦʨʤ ʫʜʝʣʴʥʦʛʦ ʨʘʩʭʦʜʘ ʵʥʝʨʛʠʠ ʠ ʤʘʪʝʨʠʘʣʦʚ; 
ï  ʦʧʪʠʤʘʣʴʥʦʝ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ ʪʝʧʣʦʦʙʤʝʥʥʳʭ ʩʝʪʝʡ (ʚ ʪʦʤ ʯʠʩʣʝ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʠʥʯ-

ʪʝʭʥʦʣʦʛʠʠ) [5]; 
ï  ʦʮʝʥʢʘ ʢʘʯʝʩʪʚʘ ʠ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʝ ʠʟʤʝʥʝʥʠʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʦʙʦʨʫʜʦʚʘʥʠʷ. 

1. 
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ʅʘ ʧʨʘʢʪʠʢʝ ʤʝʪʦʜ ʧʨʠʤʝʥʷʝʪʩʷ ʧʨʠ: 
ï  ʚʳʙʦʨʝ ʪʠʧʘ ʠ ʤʦʱʥʦʩʪʠ ʦʙʦʨʫʜʦʚʘʥʠʷ (ʢʦʪʣʳ, ʪʫʨʙʠʥʳ, ʪʝʧʣʦʦʙʤʝʥʥʠʢʠ); 
ï  ʦʧʪʠʤʠʟʘʮʠʠ ʪʝʤʧʝʨʘʪʫʨʥʳʭ ʠ ʜʘʚʣʝʥʯʝʩʢʠʭ ʨʝʞʠʤʦʚ; 
ï  ʘʥʘʣʠʟʝ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʝʢʫʧʝʨʘʪʠʚʥʳʭ ʩʠʩʪʝʤ (ʢʦʪʣʳ-ʫʪʠʣʠʟʘʪʦʨʳ, ʪʝʧʣʦʚʳʝ ʥʘʩʦʩʳ) [6]. 
3. ʄʝʪʦʜʦʣʦʛʠʯʝʩʢʠʝ ʧʦʜʭʦʜʳ 
ɺʳʜʝʣʷʶʪ ʜʚʘ ʦʩʥʦʚʥʳʭ ʚʘʨʠʘʥʪʘ ʪʝʨʤʦʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ: 
ʘ) ʙʝʟ ʜʝʪʘʣʴʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʢʩʝʨʛʠʠ ʚʥʫʪʨʠ ʩʠʩʪʝʤʳ ï ʩʨʘʚʥʝʥʠʝ ʚʘʨʠ-

ʘʥʪʦʚ ʥʘ ʦʩʥʦʚʝ ʤʘʪʝʨʠʘʣʴʥʳʭ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʙʘʣʘʥʩʦʚ (ʨʘʩʯʝʪ ʵʢʩʝʨʛʠʠ ʪʦʣʴʢʦ ʜʣʷ ʚʭʦʜʥʳʭ ʠ 
ʚʳʭʦʜʥʳʭ ʧʦʪʦʢʦʚ) [1]. 

ʙ) ʩ ʫʯʝʪʦʤ ʚʥʫʪʨʝʥʥʠʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʵʢʩʝʨʛʠʠ ï ʘʥʘʣʠʟ ʦʙʨʘʟʦʚʘʥʠʷ ʩʪʦʠʤʦʩʪʠ ʧʨʦʤʝʞʫ-
ʪʦʯʥʳʭ ʠ ʚʳʭʦʜʥʳʭ ʧʦʪʦʢʦʚ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʚʳʷʚʠʪʴ çʫʟʢʠʝ ʤʝʩʪʘè ʠ ʧʨʠʯʠʥʳ ʨʦʩʪʘ ʟʘʪʨʘʪ [2,7]. 

ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʢʨʠʪʝʨʠʝʤ ʦʧʪʠʤʠʟʘʮʠʠ ʚʳʩʪʫʧʘʝʪ ʤʠʥʠʤʠʟʘʮʠʷ ʩʪʦʠʤʦʩʪʠ ʝʜʠʥʠʮʳ ʵʢʩʝʨ-
ʛʠʠ ʚʳʭʦʜʥʳʭ ʧʦʪʦʢʦʚ C: 

 # ÍÉÎ В # Ͻ% В + , (2) 

ʛʜʝ  #  ï ʩʪʦʠʤʦʩʪʴ ʝʜʠʥʠʮʳ ʵʢʩʝʨʛʠʠ ʧʦʪʦʢʘ, % ï ʵʢʩʝʨʛʠʷ ʧʦʪʦʢʘ, + ï ʢʘʧʠʪʘʣʴʥʳʝ ʟʘʪʨʘʪʳ [3]. 

 
4. ʇʨʝʠʤʫʱʝʩʪʚʘ ʠ ʦʛʨʘʥʠʯʝʥʠʷ 
ʇʨʝʠʤʫʱʝʩʪʚʘ: 
ï  ʫʯʝʪ ʢʘʢ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ, ʪʘʢ ʠ ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ [1,2]; 
ï  ʚʦʟʤʦʞʥʦʩʪʴ ʩʨʘʚʥʝʥʠʷ ʨʘʟʥʦʪʠʧʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʥʘ ʝʜʠʥʦʡ ʤʝʪʦʜʦʣʦʛʠʯʝʩʢʦʡ ʦʩʥʦʚʝ [4]; 
ï  ʚʳʷʚʣʝʥʠʝ ʨʝʟʝʨʚʦʚ ʩʥʠʞʝʥʠʷ ʟʘʪʨʘʪ ʟʘ ʩʯʝʪ ʦʧʪʠʤʠʟʘʮʠʠ ʵʢʩʝʨʛʝʪʠʯʝʩʢʠʭ ʧʦʪʦʢʦʚ [6]. 
ʆʛʨʘʥʠʯʝʥʠʷ: 
ï  ʪʨʫʜʦʝʤʢʦʩʪʴ ʩʙʦʨʘ ʠ ʦʙʨʘʙʦʪʢʠ ʜʘʥʥʳʭ; 
ï  ʟʘʚʠʩʠʤʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʦʪ ʪʦʯʥʦʩʪʠ ʩʪʦʠʤʦʩʪʥʳʭ ʦʮʝʥʦʢ ʠ ʥʦʨʤʘʪʠʚʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

[3, 7]; 
ï  ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʜʝʪʘʣʴʥʦʡ ʤʦʜʝʣʠ ʤʘʪʝʨʠʘʣʴʥʳʭ ʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʦʪʦʢʦʚ. 
5. ʇʨʠʤʝʨʳ ʧʨʠʤʝʥʝʥʠʷ ʠ ʧʝʨʩʧʝʢʪʠʚʳ 
ʊʝʨʤʦʵʢʦʥʦʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʨʠ ʤʦʜʝʨʥʠʟʘʮʠʠ ʊʕʉ, ʥʘʧʨʠʤʝʨ: 
ï  ʦʧʪʠʤʠʟʘʮʠʷ ʪʝʧʣʦʚʳʭ ʩʭʝʤ ʧʘʨʦʛʘʟʦʚʳʭ ʫʩʪʘʥʦʚʦʢ (ʇɻʋ) [8]; 
ï  ʚʳʙʦʨ ʧʘʨʘʤʝʪʨʦʚ ʢʦʪʣʦʚ-ʫʪʠʣʠʟʘʪʦʨʦʚ ʠ ʩʝʪʝʚʳʭ ʧʦʜʦʛʨʝʚʘʪʝʣʝʡ [9]; 
ï  ʦʮʝʥʢʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʠʩʪʝʤ ʪʝʧʣʦʬʠʢʘʮʠʠ [10]. 
ʇʝʨʩʧʝʢʪʠʚʳ ʩʚʷʟʘʥʳ ʩ ʠʥʪʝʛʨʘʮʠʝʡ ʤʝʪʦʜʘ ʚ ʮʠʬʨʦʚʳʝ ʧʣʘʪʬʦʨʤʳ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʠ ʵʢʩʧʣʫʘʪʘ-

ʮʠʠ ʵʥʝʨʛʦʦʙʲʝʢʪʦʚ, ʘ ʪʘʢʞʝ ʩ ʫʯʝʪʦʤ ʵʢʦʣʦʛʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ (ʚʳʙʨʦʩʳ, ʫʪʠʣʠʟʘʮʠʷ ʦʪʭʦʜʦʚ) [5, 8]. 
ɿʘʢʣʯʁʝʥʠʝ 
ʊʝʨʤʦʵʢʦʥʦʤʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ï ʵʬʬʝʢʪʠʚʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʚʳʙʦʨʘ ʦʙʦʨʫʜʦʚʘʥʠʷ ʠ ʦʧʪʠʤʠʟʘʮʠʠ 

ʧʘʨʘʤʝʪʨʦʚ ʊʕʉ. ʆʥ ʧʦʟʚʦʣʷʝʪ ʥʘʭʦʜʠʪʴ ʢʦʤʧʨʦʤʠʩʩ ʤʝʞʜʫ ʪʝʨʤʦʜʠʥʘʤʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʠ 
ʵʢʦʥʦʤʠʯʝʩʢʠʤʠ ʟʘʪʨʘʪʘʤʠ, ʧʦʚʳʰʘʷ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʴ ʵʥʝʨʛʦʦʙʲʝʢʪʦʚ ʚ ʫʩʣʦʚʠʷʭ ʦʛʨʘʥʠʯʝʥ-
ʥʳʭ ʨʝʩʫʨʩʦʚ ʠ ʨʘʩʪʫʱʠʭ ʪʨʝʙʦʚʘʥʠʡ ʢ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʠ. 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʦʥʮʝʧʮʠʷ ʤʦʙʠʣʴʥʦʛʦ 
ʵʥʝʨʛʦ-ʨʝʢʫʣʴʪʠʚʘʮʠʦʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʛʦ ʜʣʷ 
ʫʪʠʣʠʟʘʮʠʠ ʫʛʦʣʴʥʳʭ ʦʪʚʘʣʦʚ. ʂʦʤʧʣʝʢʩ ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʘʜʘʧ-
ʪʠʨʦʚʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʜʟʝʤʥʦʡ ʛʘʟʠʬʠʢʘʮʠʠ (ʇɻ), ʧʝʨʝʥʦ-
ʩʠʤʦʡ ʚ ʪʝʭʥʦʛʝʥʥʳʝ ʤʘʩʩʠʚʳ. ʇʨʦʚʝʜʝʥ ʘʥʘʣʠʟ ʣʠʪʝʨʘʪʫʨʥʳʭ 
ʜʘʥʥʳʭ ʧʦ ʤʠʨʦʚʦʤʫ ʦʧʳʪʫ ʇɻ, ʵʢʦʣʦʛʠʯʝʩʢʠʤ ʧʨʦʙʣʝʤʘʤ 
ʫʛʦʣʴʥʦʡ ʦʪʨʘʩʣʠ ʠ ʩʚʦʡʩʪʚʘʤ ʦʪʚʘʣʦʚ. ʆʧʨʝʜʝʣʝʥʳ ʥʘʯʘʣʴ-
ʥʳʝ ʵʪʘʧʳ ʨʝʘʣʠʟʘʮʠʠ ʧʨʦʝʢʪʘ: ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʦʙʲ-
ʝʢʪʘ ʠ ʜʝʪʘʣʴʥʘʷ ʨʘʟʚʝʜʢʘ ʩ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 
ʧʨʠʤʝʥʝʥʠʝ ʤʦʙʠʣʴʥʦʛʦ ʵʥʝʨʛʦ-ʨʝʢʫʣʴʪʠʚʘʮʠʦʥʥʦʛʦ ʢʦʤʧʣʝʢ-
ʩʘ ʧʦʟʚʦʣʷʝʪ ʨʝʰʠʪʴ ʪʨʠʝʜʠʥʫʶ ʟʘʜʘʯʫ: ʣʠʢʚʠʜʠʨʦʚʘʪʴ ʦʧʘʩ-
ʥʳʡ ʦʙʲʝʢʪ, ʛʝʥʝʨʠʨʦʚʘʪʴ ʨʘʩʧʨʝʜʝʣʝʥʥʫʶ ʵʥʝʨʛʠʶ ʠ ʚʦʩʩʪʘ-
ʥʦʚʠʪʴ ʟʝʤʣʠ. 

Annotation.  The article discusses the con-
cept of a mobile energy-reclamation complex 
designed for the disposal of coal waste 
dumps. The complex is based on an adapted 
underground coal gasification (UCG) tech-
nology transferred to man-made massifs. A 
review of world experience in UCG, environ-
mental problems of the coal industry, and 
properties of coal dumps is carried out. The 
initial stages of the project implementation 
are defined: preliminary analysis of the site 
and detailed exploration with modeling. It is 
shown that the use of a mobile energy-
reclamation complex makes it possible to 
solve a triple task: eliminate a hazardous 
facility, generate distributed energy, and 
restore disturbed lands. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʜʟʝʤʥʘʷ ʛʘʟʠʬʠʢʘʮʠʷ ʫʛʣʷ, ʫʛʦʣʴʥʳʝ ʦʪ-
ʚʘʣʳ, ʪʝʭʥʦʛʝʥʥʦʝ ʩʳʨʴʝ, ʨʝʢʫʣʴʪʠʚʘʮʠʷ, ʨʘʩʧʨʝʜʝʣʝʥʥʘʷ 
ʵʥʝʨʛʝʪʠʢʘ, ʩʠʥʪʝʟ-ʛʘʟ, ʵʢʦʣʦʛʠʯʝʩʢʘʷ ʙʝʟʦʧʘʩʥʦʩʪʴ. 

Keywords : underground coal gasification, 
coal dumps, technogenic raw materials, rec-
lamation, distributed energy, synthesis gas, 
environmental safety. 

 
ʚʝʜʝʥʠʝ 
ʄʠʨʦʚʘʷ ʪʝʥʜʝʥʮʠʷ ʚʦʟʨʘʩʪʘʥʠʷ ʩʪʦʠʤʦʩʪʠ ʫʛʣʝʚʦʜʦʨʦʜʦʚ ʠ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʦʙʝʩʧʝʯʝʥʠʷ 

ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ ʩʪʠʤʫʣʠʨʫʶʪ ʠʥʪʝʨʝʩ ʢ ʥʝʪʨʘʜʠʮʠʦʥʥʳʤ ʠʩʪʦʯʥʠʢʘʤ ʵʥʝʨʛʠʠ ʠ ʩʧʦʩʦʙʘʤ 
ʧʝʨʝʨʘʙʦʪʢʠ ʫʛʣʷ [1]. ʆʜʥʦʚʨʝʤʝʥʥʦ ʦʩʪʨʦʡ ʧʨʦʙʣʝʤʦʡ ʷʚʣʷʝʪʩʷ ʥʘʢʦʧʣʝʥʠʝ ʦʛʨʦʤʥʳʭ ʦʙʲʝʤʦʚ ʪʝʭʥʦʛʝʥ-
ʥʦʛʦ ʩʳʨʴʷ, ʚ ʯʘʩʪʥʦʩʪʠ, ʫʛʦʣʴʥʳʭ ʦʪʚʘʣʦʚ (ʪʝʨʨʠʢʦʥʦʚ). ʕʪʠ ʦʙʲʝʢʪʳ ʷʚʣʷʶʪʩʷ ʠʩʪʦʯʥʠʢʘʤʠ ʧʦʩʪʦʷʥʥʦʛʦ 
ʟʘʛʨʷʟʥʝʥʠʷ ʚʦʟʜʫʭʘ, ʧʦʯʚ ʠ ʚʦʜ, ʩʘʤʦʚʦʟʛʦʨʘʶʪʩʷ ʠ ʦʪʯʫʞʜʘʶʪ ʟʥʘʯʠʪʝʣʴʥʳʝ ʪʝʨʨʠʪʦʨʠʠ [2, 3]. 

ʊʨʘʜʠʮʠʦʥʥʳʝ ʤʝʪʦʜʳ ʨʝʢʫʣʴʪʠʚʘʮʠʠ ʟʘʪʨʘʪʥʳ ʠ ʯʘʩʪʦ ʥʝ ʨʝʰʘʶʪ ʧʨʦʙʣʝʤʫ ʧʦʣʥʦʩʪʴʶ, 
ʦʩʪʘʚʣʷʷ ʧʦʪʝʥʮʠʘʣʴʥʦ ʦʧʘʩʥʫʶ ʤʘʩʩʫ ʚ ʥʝʜʨʘʭ ʦʪʚʘʣʘ. ʂʣʶʯʝʚʘʷ ʥʘʫʯʥʦ-ʪʝʭʥʠʯʝʩʢʘʷ ʠʜʝʷ ʜʘʥʥʦʡ 
ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʦʟʜʘʥʠʠ ʚʳʩʦʢʦʤʦʙʠʣʴʥʦʛʦ, ʵʥʝʨʛʦʥʝʟʘʚʠʩʠʤʦʛʦ ʢʦʤʧʣʝʢʩʘ ʥʘ ʦʩʥʦʚʝ ʘʜʘʧ-
ʪʠʨʦʚʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʧʦʜʟʝʤʥʦʡ ʛʘʟʠʬʠʢʘʮʠʠ (ʇɻ) ʜʣʷ ʧʝʨʝʨʘʙʦʪʢʠ ʧʦʚʝʨʭʥʦʩʪʥʳʭ ʪʝʭʥʦʛʝʥʥʳʭ 
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ʦʪʚʘʣʦʚ. ʊʘʢʦʡ ʢʦʤʧʣʝʢʩ ʜʦʣʞʝʥ ʨʝʰʘʪʴ ʪʨʠʝʜʠʥʫʶ ʟʘʜʘʯʫ: ʣʠʢʚʠʜʘʮʠʷ ʵʢʦʣʦʛʠʯʝʩʢʦʛʦ ʦʙʲʝʢʪʘ, ʛʝ-
ʥʝʨʘʮʠʷ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʵʥʝʨʛʠʠ ʠ ʚʦʩʩʪʘʥʦʚʣʝʥʠʝ ʟʝʤʝʣʴ ʙʝʟ ʦʙʨʘʟʦʚʘʥʠʷ ʚʪʦʨʠʯʥʳʭ ʦʪʭʦʜʦʚ. 

ɸʥʘʣʠʟ ʩʦʚʨʝʤʝʥʥʦʛʦ ʩʦʩʪʦʷʥʠʷ ʪʝʭʥʦʣʦʛʠʠ ʇɻ ʠ ʧʨʦʙʣʝʤʳ ʦʪʚʘʣʦʚ 
ʊʝʭʥʦʣʦʛʠʷ ʇɻ ʠʤʝʝʪ ʙʦʣʝʝ ʯʝʤ ʧʦʣʫʚʝʢʦʚʫʶ ʠʩʪʦʨʠʶ. ɺ ʉʉʉʈ ʫʩʧʝʰʥʦ ʬʫʥʢʮʠʦʥʠʨʦʚʘʣʠ 

ʩʪʘʥʮʠʠ çʇʦʜʟʝʤʛʘʟè ʚ ʇʦʜʤʦʩʢʦʚʥʦʤ ʙʘʩʩʝʡʥʝ, ɼʦʥʙʘʩʩʝ ʠ ʂʫʟʙʘʩʩʝ [4, 5]. ʄʥʦʛʦʣʝʪʥʠʡ ʦʪʝʯʝ-
ʩʪʚʝʥʥʳʡ ʦʧʳʪ ʜʦʢʘʟʘʣ ʧʨʠʥʮʠʧʠʘʣʴʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ ʫʧʨʘʚʣʷʝʤʦʡ ʛʘʟʠʬʠʢʘʮʠʠ ʫʛʦʣʴʥʳʭ ʧʣʘʩʪʦʚ ʥʘ 
ʤʝʩʪʝ ʟʘʣʝʛʘʥʠʷ [6]. ʆʜʥʘʢʦ, ʢʘʢ ʦʪʤʝʯʘʶʪ ʠʩʩʣʝʜʦʚʘʪʝʣʠ, ʦʪ ʦʪʜʝʣʴʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʜʦ ʧʨʦʤʳʰ-
ʣʝʥʥʦʛʦ ʧʨʝʜʧʨʠʷʪʠʷ ï ʜʠʩʪʘʥʮʠʷ ʙʦʣʴʰʘʷ, ʪʨʝʙʫʶʱʘʷ ʩʧʝʮʠʘʣʴʥʦʛʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʨʝʛʣʘʤʝʥʪʘ ʠ 
ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʩʢʚʘʞʠʥ [7]. 

ʄʠʨʦʚʦʡ ʦʧʳʪ ʪʘʢʞʝ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʇɻ. ɺ ʉʐɸ ʚ 1970ï1990-ʭ ʛʦʜʘʭ ʙʳʣʠ 
ʧʨʦʚʝʜʝʥʳ ʤʥʦʛʦʯʠʩʣʝʥʥʳʝ ʵʢʩʧʝʨʠʤʝʥʪʳ, ʚ ʪʦʤ ʯʠʩʣʝ ʩ ʢʦʥʪʨʦʣʠʨʫʝʤʳʤ ʧʝʨʝʤʝʱʝʥʠʝʤ ʪʦʯʢʠ ʧʦ-
ʜʘʯʠ ʜʫʪʴʷ (ʤʝʪʦʜ çʂʈʀʇè) [1]. ɺ ʂʠʪʘʝ, ɸʚʩʪʨʘʣʠʠ ʠ ʖɸʈ ʨʝʘʣʠʟʦʚʘʥʳ ʧʨʦʝʢʪʳ çʇɻ-ʊʕʉè ʠ ʧʦ ʧʨʦ-
ʠʟʚʦʜʩʪʚʫ ʞʠʜʢʦʛʦ ʪʦʧʣʠʚʘ [1, 8]. ʆʜʥʘʢʦ ʵʪʠ ʧʨʦʝʢʪʳ ʙʳʣʠ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʥʘ ʮʝʣʠʢʦʚʳʝ ʫʛʦʣʴʥʳʝ 
ʧʣʘʩʪʳ, ʘ ʥʝ ʥʘ ʪʝʭʥʦʛʝʥʥʳʝ ʦʙʨʘʟʦʚʘʥʠʷ. 

ɸʥʘʣʠʟ ʵʢʦʣʦʛʠʯʝʩʢʠʭ ʧʦʩʣʝʜʩʪʚʠʡ ʪʨʘʜʠʮʠʦʥʥʦʡ ʫʛʣʝʜʦʙʳʯʠ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʥʘ ʢʘʞʜʫʶ ʪʦʥʥʫ 
ʫʩʣʦʚʥʦʛʦ ʪʦʧʣʠʚʘ, ʜʦʙʳʚʘʝʤʫʶ ʰʘʭʪʘʤʠ ʠ ʨʘʟʨʝʟʘʤʠ, ʧʨʠʭʦʜʠʪʩʷ ʜʦ 5ï6 ʤį ʚʦʜʳ, ʟʥʘʯʠʪʝʣʴʥʘʷ 
ʯʘʩʪʴ ʢʦʪʦʨʦʡ ʩʙʨʘʩʳʚʘʝʪʩʷ ʟʘʛʨʷʟʥʝʥʥʦʡ [2]. ʆʙʱʘʷ ʧʣʦʱʘʜʴ ʥʘʨʫʰʝʥʥʳʭ ʟʝʤʝʣʴ ʜʦʩʪʠʛʘʝʪ ʪʳʩʷʯ 
ʛʝʢʪʘʨʦʚ, ʧʨʠ ʵʪʦʤ ʛʦʜʦʚʦʡ ʦʙʲʝʤ ʚʩʢʨʳʰʥʳʭ ʧʦʨʦʜ ʚ 2ï3 ʨʘʟʘ ʧʨʝʚʳʰʘʝʪ ʦʙʲʝʤ ʜʦʙʳʚʘʝʤʦʛʦ ʫʛʣʷ 
[2, 3]. ɻʦʨʷʱʠʝ ʧʦʨʦʜʥʳʝ ʦʪʚʘʣʳ ʚʳʜʝʣʷʶʪ ʦʛʨʦʤʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʚʨʝʜʥʳʭ ʛʘʟʦʚ: ʉʆ, ʉʆϜ, NO  [2]. 

ʇʨʠʥʮʠʧʠʘʣʴʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʇɻ ʷʚʣʷʝʪʩʷ ʦʪʩʫʪʩʪʚʠʝ ʦʪʚʘʣʦʚ ʛʦʨʥʦʡ ʧʦʨʦʜʳ ʥʘ ʩʪʘʜʠʠ 
ʜʦʙʳʯʠ [3, 9]. ʂʨʦʤʝ ʪʦʛʦ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʛʘʟʘ ʇɻ ʥʘ ʤʝʩʪʝ ʧʦʟʚʦʣʷʝʪ ʧʦʣʥʦʩʪʴʶ ʧʨʝʜʦʪʚʨʘʪʠʪʴ ʚʳ-
ʙʨʦʩʳ ʧʳʣʠ ʧʨʠ ʪʨʘʥʩʧʦʨʪʠʨʦʚʢʝ ʠ ʟʥʘʯʠʪʝʣʴʥʦ ʩʦʢʨʘʪʠʪʴ ʚʳʙʨʦʩʳ SO  ʠ NO  ʧʨʠ ʩʞʠʛʘʥʠʠ ʧʦ ʩʨʘʚ-
ʥʝʥʠʶ ʩ ʫʛʣʝʤ [2, 10]. 

ʂʦʥʮʝʧʮʠʷ ʤʦʙʠʣʴʥʦʛʦ ʵʥʝʨʛʦ-ʨʝʢʫʣʴʪʠʚʘʮʠʦʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʠ ʥʘʯʘʣʴʥʳʝ ʵʪʘʧʳ ʨʝʘ-
ʣʠʟʘʮʠʠ 

ʇʨʝʜʣʘʛʘʝʤʳʡ ʤʦʙʠʣʴʥʳʡ ʵʥʝʨʛʦ-ʨʝʢʫʣʴʪʠʚʘʮʠʦʥʥʳʡ ʢʦʤʧʣʝʢʩ ʧʝʨʝʥʦʩʠʪ ʧʨʦʚʝʨʝʥʥʳʝ ʧʨʠʥ-
ʮʠʧʳ ʇɻ ʚ ʪʝʣʦ ʫʛʦʣʴʥʦʛʦ ʦʪʚʘʣʘ, ʨʘʩʩʤʘʪʨʠʚʘʷ ʝʛʦ ʢʘʢ ʪʝʭʥʦʛʝʥʥʦʝ ʤʝʩʪʦʨʦʞʜʝʥʠʝ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝ-
ʥʴʶ ʥʝʦʜʥʦʨʦʜʥʦʩʪʠ. ɺ ʩʦʩʪʘʚ ʢʦʤʧʣʝʢʩʘ ʚʭʦʜʷʪ: ʤʦʙʠʣʴʥʘʷ ʙʫʨʦʚʘʷ ʫʩʪʘʥʦʚʢʘ ʜʣʷ ʨʘʟʚʝʜʢʠ ʠ ʧʦʜ-
ʛʦʪʦʚʢʠ ʩʢʚʘʞʠʥ, ʙʣʦʢ ʧʦʜʘʯʠ ʜʫʪʴʷ (ʚʦʟʜʫʭ, ʢʠʩʣʦʨʦʜ, ʧʘʨ), ʤʦʜʫʣʴ ʦʯʠʩʪʢʠ ʠ ʦʩʫʰʢʠ ʩʠʥʪʝʟ-ʛʘʟʘ, 
ʵʥʝʨʛʦʛʝʥʝʨʠʨʫʶʱʝʝ ʦʙʦʨʫʜʦʚʘʥʠʝ (ʛʘʟʦʧʦʨʰʥʝʚʳʝ ʠʣʠ ʛʘʟʦʪʫʨʙʠʥʥʳʝ ʫʩʪʘʥʦʚʢʠ) ʠ ʩʠʩʪʝʤʘ ʘʚʪʦ-
ʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ, ʨʘʟʤʝʱʸʥʥʳʝ ʥʘ ʫʥʠʬʠʮʠʨʦʚʘʥʥʳʭ ʪʨʘʥʩʧʦʨʪʥʳʭ ʧʣʘʪʬʦʨʤʘʭ, ʯʪʦ 
ʧʦʟʚʦʣʷʝʪ ʦʧʝʨʘʪʠʚʥʦ ʧʝʨʝʤʝʱʘʪʴ ʢʦʤʧʣʝʢʩ ʤʝʞʜʫ ʦʪʚʘʣʘʤʠ.  

ʅʘʯʘʣʴʥʳʡ ʵʪʘʧ: ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʠ ʚʳʙʦʨ ʦʙʲʝʢʪʘ. ʎʝʣʴ ʵʪʘʧʘ ï ʦʧʨʝʜʝʣʝʥʠʝ ʧʨʠʦ-
ʨʠʪʝʪʥʦʩʪʠ ʦʙʲʝʢʪʘ ʜʣʷ ʨʘʟʚʝʨʪʳʚʘʥʠʷ ʤʦʙʠʣʴʥʦʛʦ ʵʥʝʨʛʦ-ʨʝʢʫʣʴʪʠʚʘʮʠʦʥʥʦʛʦ ʢʦʤʧʣʝʢʩʘ. ɸʥʘʣʠʟ 
ʣʠʪʝʨʘʪʫʨʳ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤʠ ʨʝʛʠʦʥʘʤʠ ʜʣʷ ʦʪʨʘʙʦʪʢʠ ʪʝʭʥʦʣʦʛʠʠ ʷʚʣʷ ʪʁ-
ʩʷ ʩʪʘʨʳʝ ʫʛʦʣʴʥʳʝ ʙʘʩʩʝʡʥʳ. ʅʘʧʨʠʤʝʨ, ʚ ʇʦʜʤʦʩʢʦʚʥʦʤ ʙʘʩʩʝʡʥʝ ʨʘʥʝʝ ʫʩʧʝʰʥʦ ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ 
ʛʘʟʠʬʠʢʘʮʠʷ ʙʫʨʳʭ ʫʛʣʝʡ [5]. ɺ ʂʫʟʙʘʩʩʝ ʥʘʢʦʧʣʝʥ ʢʦʣʦʩʩʘʣʴʥʳʡ ʦʧʳʪ ʥʘ ʖʞʥʦ-ɸʙʠʥʩʢʦʡ ʩʪʘʥʮʠʠ, 
ʛʜʝ ʛʘʟʠʬʠʮʠʨʦʚʘʣʠʩʴ ʢʘʤʝʥʥʳʝ ʫʛʣʠ ʚ ʩʣʦʞʥʳʭ ʛʦʨʥʦ-ʛʝʦʣʦʛʠʯʝʩʢʠʭ ʫʩʣʦʚʠʷʭ [4, 11]. ɺ ɼʦʥʙʘʩʩʝ 
ʨʘʙʦʪʳ ʚʝʣʠʩʴ ʥʘ ʃʠʩʠʯʘʥʩʢʦʡ ʩʪʘʥʮʠʠ [5]. 

ʂʨʠʪʝʨʠʠ ʦʪʙʦʨʘ ʦʙʲʝʢʪʘ ʚʢʣʶʯʘʶʪ: ʢʘʨʪʦʛʨʘʬʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʦʙ ʦʙʲʝʤʝ ʠ ʧʣʦʱʘʜʠ ʦʪʚʘʣʘ, 
ʧʨʝʜʚʘʨʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʩʦʩʪʘʚʘ (ʣʠʛʥʠʪʳ ʠʣʠ ʢʘʤʝʥʥʳʡ ʫʛʦʣʴ ʩ ʜʦʩʪʘʪʦʯʥʦʡ ʪʝʧʣʦʪʦʡ ʩʛʦʨʘʥʠʷ), 
ʦʮʝʥʢʫ ʧʦʞʘʨʦʦʧʘʩʥʦʩʪʠ ʠ ʙʣʠʟʦʩʪʴ ʢ ʠʥʬʨʘʩʪʨʫʢʪʫʨʝ. ɺʘʞʥʳʤ ʬʘʢʪʦʨʦʤ ʷʚʣʷʝʪʩʷ ʟʦʣʴʥʦʩʪʴ: ʜʣʷ 
ʵʬʬʝʢʪʠʚʥʦʡ ʛʘʟʠʬʠʢʘʮʠʠ ʞʝʣʘʪʝʣʴʥʳ ʦʪʚʘʣʳ ʩ ʩʦʜʝʨʞʘʥʠʝʤ ʛʦʨʶʯʝʡ ʤʘʩʩʳ, ʧʦʟʚʦʣʷʶʱʠʤ ʧʦʣʫ-
ʯʠʪʴ ʛʘʟ ʩ ʪʝʧʣʦʪʦʡ ʩʛʦʨʘʥʠʷ ʥʝ ʥʠʞʝ 4ï5 ʄɼʞ/ʤį [12]. 

ʇʝʨʚʳʡ ʵʪʘʧ: ʜʝʪʘʣʴʥʘʷ ʨʘʟʚʝʜʢʘ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ʅʘ ʵʪʦʤ ʵʪʘʧʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ 
ʤʦʙʠʣʴʥʫʶ ʙʫʨʦʚʫʶ ʫʩʪʘʥʦʚʢʫ ʜʣʷ ʦʪʙʦʨʘ ʢʝʨʥʘ ʧʦ ʩʝʪʢʝ ʩʢʚʘʞʠʥ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʮʝʣʠʢʦʚʦʛʦ ʧʣʘʩʪʘ, 
ʪʝʭʥʦʛʝʥʥʳʡ ʤʘʩʩʠʚ ʢʨʘʡʥʝ ʥʝʦʜʥʦʨʦʜʝʥ. ʅʝʦʙʭʦʜʠʤʦ ʦʧʨʝʜʝʣʠʪʴ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʛʦʨʶʯʝʡ ʤʘʩʩʳ, 
ʚʣʘʞʥʦʩʪʠ, ʟʦʣʴʥʦʩʪʠ ʠ ʧʣʦʪʥʦʩʪʠ. ʂʘʢ ʧʦʢʘʟʳʚʘʝʪ ʧʨʘʢʪʠʢʘ, ʣʘʙʦʨʘʪʦʨʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʨʘʟʮʦʚ 
ʫʛʣʷ (ʧʝʪʨʦʛʨʘʬʠʯʝʩʢʠʡ ʩʦʩʪʘʚ, ʟʦʣʴʥʦʩʪʴ, ʚʳʭʦʜ ʣʝʪʫʯʠʭ, ʪʝʧʣʦʪʘ ʩʛʦʨʘʥʠʷ) ʷʚʣʷʶʪʩʷ ʦʙʷʟʘʪʝʣʴʥʳʤ 
ʫʩʣʦʚʠʝʤ ʜʣʷ ʨʘʩʯʝʪʘ ʪʝʧʣʦʚʦʛʦ ʙʘʣʘʥʩʘ ʠ ʚʳʙʦʨʘ ʦʧʪʠʤʘʣʴʥʳʭ ʧʘʨʘʤʝʪʨʦʚ [6]. 

ʅʘ ʦʩʥʦʚʝ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʧʨʦʚʦʜʠʪʩʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʘ ʛʘʟʠʬʠ-
ʢʘʮʠʠ ʚ ʥʝʦʜʥʦʨʦʜʥʦʡ ʩʨʝʜʝ. ʇʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʪʝʭʥʦʛʝʥʥʳʤ ʤʘʩʩʠʚʘʤ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʜʨʘʟʫʤʝʚʘ-
ʝʪ ʯʠʩʣʝʥʥʦʝ ʨʝʰʝʥʠʝ ʟʘʜʘʯ ʪʝʧʣʦʬʠʟʠʢʠ ʠ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʩ ʫʯʸʪʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝ-
ʥʠʷ ʩʚʦʡʩʪʚ ʦʪʚʘʣʘ (ʟʦʣʴʥʦʩʪʠ, ʚʣʘʞʥʦʩʪʠ, ʧʦʨʠʩʪʦʩʪʠ, ʛʨʘʥʫʣʦʤʝʪʨʠʯʝʩʢʦʛʦ ʩʦʩʪʘʚʘ), ʯʪʦ ʧʦʟʚʦʣʷʝʪ 
ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʜʠʥʘʤʠʢʫ ʨʘʟʚʠʪʠʷ ʟʦʥʳ ʛʘʟʠʬʠʢʘʮʠʠ, ʩʦʩʪʘʚ ʠ ʪʝʧʣʦʪʚʦʨʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʧʦʣʫʯʘʝ-
ʤʦʛʦ ʛʘʟʘ, ʘ ʪʘʢʞʝ ʦʮʝʥʠʚʘʪʴ ʫʩʪʦʡʯʠʚʦʩʪʴ ʦʪʢʦʩʘ ʦʪʚʘʣʘ ʚ ʧʨʦʮʝʩʩʝ ʚʳʞʠʛʘʥʠʷ ʛʦʨʶʯʝʡ ʤʘʩʩʳ. 

ʊʝʨʤʦʜʠʥʘʤʠʯʝʩʢʠʝ ʨʘʩʯʝʪʳ ʜʦʣʞʥʳ ʙʳʪʴ ʘʜʘʧʪʠʨʦʚʘʥʳ ʜʣʷ ʢʦʥʢʨʝʪʥʳʭ ʫʩʣʦʚʠʡ ʦʪʚʘʣʘ [5]. 
ʊʘʢʞʝ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʘ ʦʮʝʥʢʘ ʛʝʦʤʝʭʘʥʠʯʝʩʢʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʤʘʩʩʠʚʘ ʧʨʠ ʥʘʛʨʝʚʝ [4]. 

ɿʘʢʣʶʯʝʥʠʝ ʠ ʧʝʨʩʧʝʢʪʠʚʳ 
ʇʨʝʜʣʦʞʝʥʥʘʷ ʢʦʥʮʝʧʮʠʷ ʙʘʟʠʨʫʝʪʩʷ ʥʘ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʭ ʦʩʥʦʚʘʭ ʠ ʧʨʘʢʪʠʯʝʩʢʦʤ ʦʧʳʪʝ ʧʦʜ-

ʟʝʤʥʦʡ ʛʘʟʠʬʠʢʘʮʠʠ ʫʛʣʷ, ʥʘʢʦʧʣʝʥʥʦʤ ʚ ʈʦʩʩʠʠ ʠ ʤʠʨʝ [4, 11]. ɽʝ ʥʦʚʠʟʥʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʝʨʝʥʦʩʝ 
ʪʝʭʥʦʣʦʛʠʠ ʇɻ ʠʟ ʧʨʠʨʦʜʥʳʭ ʫʛʦʣʴʥʳʭ ʧʣʘʩʪʦʚ ʚ ʪʝʭʥʦʛʝʥʥʳʝ ʤʘʩʩʠʚʳ (ʦʪʚʘʣʳ) ʩ ʮʝʣʴʶ ʠʭ ʧʦʣʥʦʡ 
ʫʪʠʣʠʟʘʮʠʠ. ʃʠʢʚʠʜʘʮʠʷ ʦʪʚʘʣʦʚ ʩ ʧʦʧʫʪʥʦʡ ʛʝʥʝʨʘʮʠʝʡ ʩʠʥʪʝʟ-ʛʘʟʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʠʤʝʨ ʵʢʦ-
ʣʦʛʠʯʝʩʢʠ ʯʠʩʪʦʡ ʫʛʦʣʴʥʦʡ ʪʝʭʥʦʣʦʛʠʠ [10, 12]. ʇʦʩʣʝʜʫʶʱʠʝ ʬʘʟʳ ʧʨʦʝʢʪʘ ʩʪʘʥʫʪ ʧʨʝʜʤʝʪʦʤ ʜʘʣʴ-
ʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʩʪʘʪʴʝ ʨʘʩʢʨʳʚʘʶʪʩʷ ʧʨʦʙʣʝʤʳ ʫʯʸʪʘ ʧʦʪʨʝʙ-

ʣʝʥʠʷ ʩʘʜʦʚʦʜʘʤʠ ʵʣʝʢʪʨʦ ʵʥʝʨʛʠʠ ʚ ʩʘʜʦʚʦʜʯʝʩʢʠʭ ʥʝʢʦʤ-

ʤʝʨʯʝʩʢʠʭ ʪʦʚʘʨʠʱʝʩʪʚʘʭ (ʉʅʊ), ʘʢʪʫʘʣʴʥʳʝ ʥʘ ʩʝʛʦʜʥʷʰʥʠʡ 

ʜʝʥʴ ʜʣʷ ʧʦʜʘʚʣʷʶʱʝʛʦ ʙʦʣʴʰʠʥʩʪʚʘ ʩʫʱʝʩʪʚʫʶʱʠʭ ʉʅʊ. 

ɺʳʜʝʣʷʶʪʩʷ ʠ ʦʧʠʩʳʚʘʶʪʩʷ ʭʘʨʘʢʪʝʨʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʧʨʠʤʝ-

ʥʷʝʤʳʭ ʥʘ ʧʨʘʢʪʠʢʝ ʩʨʝʜʩʪʚ, ʤʝʪʦʜʦʚ ʠ ʩʠʩʪʝʤ ʪʘʢʦʛʦ ʫʯʸʪʘ, 

ʧʨʦʚʦʜʠʪʩʷ ʠʭ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ. ɺ ʪʦʤ ʯʠʩʣʝ ʧʨʦʘʥʘʣʠ-

ʟʠʨʦʚʘʥʳ ʧʨʝʠʤʫʱʝʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ ʨʘʟʣʠʯʥʳʭ ʘʨʭʠʪʝʢʪʫʨ-

ʥʳʭ ʨʝʰʝʥʠʡ ʠ ʧʨʠʤʝʥʷʝʤʳʭ ʪʝʭʥʦʣʦʛʠʡ ʩʚʷʟʠ. ʅʘ ʦʩʥʦʚʝ 

ʧʨʦʚʝʜʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʘʚʪʦʨʳ ʨʝʟʶʤʠʨʫʶʪ ʘʩʧʝʢʪʳ, ʢʦʪʦʨʳʤʠ 

ʜʦʣʞʥʘ ʦʙʣʘʜʘʪʴ çʠʜʝʘʣʴʥʘʷè ʩʠʩʪʝʤʘ ʫʯʸʪʘ ʧʦʪʨʝʙʣʝʥʠʷ 

ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʚ ʉʅʊ. ʊʝʤ ʩʘʤʳʤ ʘʚʪʦʨʳ ʫʢʘʟʳʚʘʶʪ ʥʘʧʨʘʚ-

ʣʝ ʥʠʝ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʫʯʸʪʘ, ʦʨʠʝʥʪʠʨʦʚʘʥ-

ʥʦʝ ʥʘ ʧʦʚʳʰʝʥʠʝ ʠʭ ʥʘʜʸʞʥʦʩʪʠ ʠ ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚ-

ʥʦʩʪʠ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʧʨʠ ʵʪʦʤ ʘʚʪʦʨʳ ʫʜʝʣʷʶʪ ʥʝʦʙʭʦʜʠ-

ʤʦʩʪʠ ʫʧʨʦʱʝʥʠʷ ʪʨʫʜʘ ʧʦ ʫʯʸʪʫ ʧʦʪʨʝʙʣʝʥʠʷ (ʢʘʢ ʜʣʷ ʨʫʢʦʚʦ-

ʜʷʱʠʭ ʦʨʛʘʥʦʚ ʉʅʊ, ʪʘʢ ʠ ʜʣʷ ʩʘʤʠʭ ʩʘʜʦʚʦʜʦʚ) ʩ ʦʜʥʦʚʨʝ-

ʤʝʥʥʦ ʥʝʚʳʩʦʢʦʡ ʩʪʦʠʤʦʩʪʴʶ ʧʨʠʦʙʨʝʪʝʥʠʷ ʠ ʚʣʘʜʝʥʠʷ ʪʘʢʦʡ 

ʩʠʩʪʝʤʳ ʫʯʸʪʘ. ʊʘʢʞʝ ʘʚʪʦʨʳ ʧʨʠʭʦʜʷʪ ʢ ʚʳʚʦʜʫ, ʯʪʦ ʧʦʩʪʘʚ-

ʣʝʥʥʘʷ ʚ ʩʪʘʪʴʝ ʧʨʦʙʣʝʤʘʪʠʢʘ ʤʘʣʦ ʠʟʫʯʝʥʘ ʠ ʪʨʝʙʫʝʪ ʧʨʦʚʝ-

ʜʝʥʠʷ ʜʘʣʴʥʝʡʰʠʭ ʠʩʩʣʝʜʦʚʘʥʠʡ. 

Annotation.  The article addresses the issues 

of electricity consumption metering for gar-

deners in horticultural non-commercial part-

nerships (HNCPs), which remain pertinent for 

the vast majority of currently operating 

HNCPs. The characteristic features of the 

metering tools, methods, and systems em-

ployed in practice are identified and de-

scribed, and a comparative analysis thereof 

is conducted. In particular, the advantages 
and disadvantages of various architectural 

solutions and communication technologies in 

use are examined. On the basis of the analy-

sis performed, the authors summarize the 

key attributes that an ñidealò electricity con-

sumption metering system for HNCPs ought 

to possess. In doing so, the authors indicate 

a direction for the further advancement of 

such metering systems, oriented toward im-

proving their reliability and cost-effectiveness. 
Special attention is given to the necessity of 

simplifying metering labor ï both for the gov-

erning bodies of HNCPs and for the garden-

ers themselves ï while simultaneously ensur-

ing low acquisition and ownership costs for 

such a system. The authors further conclude 

that the subject matter raised in the article 

remains insufficiently studied and warrants 

additional investigation. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʫʯʸʪ ʧʦʪʨʝʙʣʝʥʠʷ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ, ʧʨʦʙʣʝ-

ʤʳ ʫʯʸʪʘ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ, ʉʅʊ, ʩʘʜʦʚʦʜʯʝʩʢʠʝ ʪʦʚʘʨʠʱʝʩʪʚʘ, 

ʘʚʪʦʤʘʪʠʟʘʮʠʷ ʫʯʸʪʘ, ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʝ ʧʨʠʙʦʨʳ ʫʯʸʪʘ, 

ʫʧʨʦʱʝʥʠʝ ʪʨʫʜʘ. 

Keywords : electricity consumption metering, 

problems of electricity metering, gardening 

associations, metering automation, smart 

metering devices, labor simplification. 
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ʚʝʜʝʥʠʝ 
ʉʦʚʨʝʤʝʥʥʳʝ ʨʝʘʣʠʠ ʪʘʢʦʚʳ, ʯʪʦ ʜʘʞʝ ʚ ʫʩʣʦʚʠʷʭ ʧʦʚʩʝʤʝʩʪʥʦʡ ʮʠʬʨʦʚʠʟʘʮʠʠ ʤʥʦʛʠʝ 

ʘʢʪʫʘʣʴʥʳʝ ʚʦʧʨʦʩʳ ʞʠʟʥʝʜʝʷʪʝʣʴʥʦʩʪʠ ʯʝʣʦʚʝʢʘ ʦʩʪʘʶʪʩʷ ʥʝʜʦʩʪʘʪʦʯʥʦ ʵʬʬʝʢʪʠʚʥʳʤʠ ʠ ʘʚʪʦʤʘ-
ʪʠʟʠʨʦʚʘʥʥʳʤʠ. ʆʜʥʦʡ ʠʟ ʪʘʢʠʭ ʩʬʝʨ ʷʚʣʷʝʪʩʷ ʫʯʸʪ ʧʦʪʨʝʙʣʝʥʠʷ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʩʘʜʦʚʦʜʘʤʠ ʚ ʩʘ-
ʜʦʚʦʜʯʝʩʢʠʭ ʥʝʢʦʤʤʝʨʯʝʩʢʠʭ ʪʦʚʘʨʠʱʝʩʪʚʘʭ (ʉʅʊ). ʕʪʠ ʦʙʲʝʜʠʥʝʥʠʷ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʤʝʶʪ ʩʧʝʮʠʬʠ-
ʯʝʩʢʫʶ ʦʨʛʘʥʠʟʘʮʠʦʥʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʦʛʨʘʥʠʯʝʥʥʳʡ ʙʶʜʞʝʪ, ʯʪʦ ʩʦʟʜʘʝʪ ʦʧʨʝʜʝʣʸʥʥʳʝ ʪʨʫʜʥʦʩʪʠ 
ʧʨʠ ʚʝʜʝʥʠʠ ʪʘʢʦʛʦ ʫʯʸʪʘ. 

ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ ʧʨʦʮʝʩʩ ʩʙʦʨʘ ʧʦʢʘʟʘʥʠʡ ʩʯʸʪʯʠʢʦʚ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʚ ʉʅʊ ʦʩʥʦʚʘʥ ʥʘ ʧʦʣʥʦ-
ʩʪʴʶ ʨʫʯʥʦʤ ʪʨʫʜʝ: ʩʘʜʦʚʦʜʳ ʣʠʙʦ ʩʘʤʦʩʪʦʷʪʝʣʴʥʦ ʧʝʨʝʜʘʶʪ ʧʦʢʘʟʘʥʠʷ ʚ ʧʨʘʚʣʝʥʠʝ ʉʅʊ ʚ ʫʩʪʥʦʡ 
ʠʣʠ ʧʠʩʴʤʝʥʥʦʡ ʬʦʨʤʝ, ʣʠʙʦ ʧʨʝʜʩʪʘʚʠʪʝʣʴ ʧʨʘʚʣʝʥʠʷ ʦʙʭʦʜʠʪ ʫʯʘʩʪʢʠ ʜʣʷ ʩʥʷʪʠʷ ʜʘʥʥʳʭ. ʕʪʦʪ 
ʤʝʪʦʜ ʷʚʣʷʝʪʩʷ ʢʨʘʡʥʝ ʥʝʵʬʬʝʢʪʠʚʥʳʤ, ʧʦʜʚʝʨʞʝʥʥʳʤ ʯʝʣʦʚʝʯʝʩʢʠʤ ʦʰʠʙʢʘʤ, ʪʨʝʙʫʝʪ ʟʥʘʯʠʪʝʣʴ-
ʥʳʭ ʚʨʝʤʝʥʥʳʭ ʠ ʪʨʫʜʦʚʳʭ ʟʘʪʨʘʪ, ʥʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʘʜʝʞʥʦʛʦ ʜʦʢʫʤʝʥʪʠʨʦʚʘʥʠʷ ʜʘʥʥʳʭ. ɿʘʯʘʩʪʫʶ 
ʩʦʙʨʘʥʥʳʝ ʧʦʢʘʟʘʥʠʷ ʥʝ ʫʯʠʪʳʚʘʶʪʩʷ ʠ ʥʝ ʦʙʦʙʱʘʶʪʩʷ, ʚ ʥʝʢʦʪʦʨʳʭ ʩʣʫʯʘʷʭ ʥʝ ʩʦʙʠʨʘʶʪʩʷ ʚʦʚʩʝ. 
ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʥʝʨʝʜʢʦ ʚʦʟʥʠʢʘʶʪ ʩʧʦʨʥʳʝ ʩʠʪʫʘʮʠʠ ʩ ʥʘʯʠʩʣʝʥʠʝʤ ʠʟʣʠʰʥʠʭ ʧʣʘʪʝʞʝʡ ʠʟ-ʟʘ ʦʪ-
ʩʫʪʩʪʚʠʷ ʧʨʦʟʨʘʯʥʦʡ ʠ ʣʝʛʢʦ ʜʦʩʪʫʧʥʦʡ ʠʩʪʦʨʠʠ ʧʦʪʨʝʙʣʝʥʠʷ ʠ ʥʘʯʠʩʣʝʥʠʡ. 

ɺʥʝʜʨʝʥʠʝ ʩʦʚʨʝʤʝʥʥʦʡ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʳ ʢʦʤʤʝʨʯʝʩʢʦʛʦ ʫʯʸʪʘ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ 
(ɸʉʂʋʕ) ʥʘ ʙʘʟʝ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʭ ʧʨʠʙʦʨʦʚ ʫʯʸʪʘ (ʀʇʋ) ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʚʦʟʤʦʞʥʳʭ ʚʘʨʠʘʥʪʦʚ 
ʨʝʰʝʥʠʷ ʚʳʰʝʫʧʦʤʷʥʫʪʦʡ ʧʨʦʙʣʝʤʳ. ʆʜʥʘʢʦ ʛʣʘʚʥʳʤ ʧʨʝʧʷʪʩʪʚʠʝʤ ʥʘ ʧʫʪʠ ʚʥʝʜʨʝʥʠʷ ʪʘʢʦʡ ʩʠʩʪʝ-
ʤʳ ʷʚʣʷʝʪʩʷ ʚʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ ʢʘʧʠʪʘʣʴʥʳʭ ʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʳʭ ʟʘʪʨʘʪ, ʯʪʦ ʥʝ ʧʦʜʩʠʣʫ ʙʦʣʴʰʠʥ-
ʩʪʚʫ ʉʅʊ. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʦʪʠʚʦʨʝʯʠʝ ʤʝʞʜʫ ʚʳʰʝʫʧʦʤʷʥʫʪʳʤʠ ʩʠʩʪʝʤʘʤʠ ʫʯʸʪʘ ʧʦʪʨʝʙʣʝʥʠʷ 
ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʩʘʜʦʚʦʜʘʤʠ (ʉʋʇʕʉ) ʥʠʢʝʤ ʥʝ ʨʘʟʨʝʰʝʥʦ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʥʘʣʠʮʦ ʦʩʪʨʘʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʧʨʦʩʪʦʤ, ʥʝʜʦʨʦʛʦʤ ʠ ʥʘʜʸʞʥʦʤ ʨʝʰʝʥʠʠ, 
ʧʦʟʚʦʣʷʶʱʝʤ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʪʴ ʢʣʶʯʝʚʦʡ ʵʪʘʧ ʫʯʸʪʘ ʧʦʪʨʝʙʣʝʥʠʷ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʩʘʜʦʚʦʜʘʤʠ ʚ 
ʉʅʊ ï ʮʝʥʪʨʘʣʠʟʦʚʘʥʥʳʡ ʩʙʦʨ ʠ ʬʠʢʩʘʮʠʶ ʧʦʢʘʟʘʥʠʡ ʠʭ ʵʣʝʢʪʨʦʩʯʸʪʯʠʢʦʚ. 

ʎʝʣʷʤʠ ʥʘʧʠʩʘʥʠʷ ʜʘʥʥʦʡ ʩʪʘʪʴʠ ʘʚʪʦʨʳ ʩʪʘʚʠʣʠ ʚʳʧʦʣʥʝʥʠʝ ʘʥʘʣʠʪʠʯʝʩʢʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ 
ʦʩʦʙʝʥʥʦʩʪʝʡ ʧʨʠʤʝʥʷʝʤʳʭ ʥʘ ʧʨʘʢʪʠʢʝ ʉʋʇʕʉ, ʩ ʧʨʦʚʝ ʜʝ ʥʠʝʤ ʠʭ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʚʳʷʚ-
ʣʝʥʠʶ ʧʨʝʠʤʫʱʝʩʪʚ ʠ ʥʝʜʦʩʪʘʪʢʦʚ ʨʘʟʣʠʯʥʳʭ ʘʨʭʠʪʝʢʪʫʨʥʳʭ ʨʝʰʝʥʠʡ ʠ ʧʨʠʤʝʥʷʝʤʳʭ ʪʝʭʥʦʣʦʛʠʡ 
ʩʚʷʟʠ, ʘ ʪʘʢʞʝ ʬʦʨʤʫʣʠʨʦʚʘʥʠʝ ʠ ʦʙʦʩʥʦʚʘʥʠʝ ʧʨʠʥʮʠʧʦʚ ʩʦʟʜʘʥʠʷ ʥʝʜʦʨʦʛʦʡ, ʥʘʜʸʞʥʦʡ ʠ ʵʬʬʝʢʪʠʚ 
ʥʦʡ ʉʋʇʕʉ ʥʦʚʦʛʦ ʧʦʢʦʣʝʥʠʷ. 

ɸʥʘʣʠʪʠʯʝʩʢʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʙʣʝʤ ʫʯʝʪʘ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʩʘʜʦʚʦʜʘʤʠ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʧʦ 
ʩʣʝʜʫʶʱʠʤ ʘʩʧʝʢʪʘʤ: 

1. ɺʦʧʨʦʩʳ ʫʩʪʘʨʝʚʰʠʭ ʉʋʇʕʉ. 
2. ɺʦʧʨʦʩʳ ʩʦʚʨʝʤʝʥʥʳʭ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʭ ʉʋʇʕʉ. 
3. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʩʫʱʝʩʪʚʫʶʱʠʭ ʉʋʇʕʉ. 
ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʘʚʪʦʨʳ ʨʝʟʶʤʠʨʦʚʘʣʠ ʘʩʧʝʢʪʳ, ʢʦʪʦʨʳʤʠ ʜʦʣʞʥʘ ʦʙʣʘʜʘʪʴ 

çʠʜʝʘʣʴʥʘʷè ʩʠʩʪʝʤʘ ʫʯʸʪʘ ʧʦʪʨʝʙʣʝʥʠʷ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʚ ʉʅʊ ʠ ʪʝʤ ʩʘʤʳʤ ʫʢʘʟʳʚʘʶʪ ʥʘʧʨʘʚʣʝʥʠʝ 
ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʫʯʸʪʘ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʝ ʥʘ ʧʦʚʳʰʝʥʠʝ ʠʭ ʥʘʜʸʞʥʦʩʪʠ ʠ ʵʢʦʥʦʤʠʯʝ-
ʩʢʦʡ ʵʬʬʝʢ ʪʠʚ ʥʦʩʪʠ. 

ɺʦʧʨʦʩʳ ʫʩʪʘʨʝʚʰʠʭ ʉʋʇʕʉ 
ʉʅʊ ʪʘʢ ʠʣʠ ʠʥʘʯʝ ʚʳʥʫʞʜʝʥʳ ʦʨʛʘʥʠʟʦʚʳʚʘʪʴ ʩʙʦʨ ʜʘʥʥʳʭ ʦ ʧʦʪʨʝʙʣʝʥʠʠ ʩʘʜʦʚʦʜʘʤʠ ʵʣʝʢ-

ʪʨʦʵʥʝʨʛʠʠ ʩ ʫʩʪʘʥʦʚʣʝʥʥʳʭ ʫ ʥʠʭ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʧʨʠʙʦʨʦʚ ʫʯʸʪʘ (ʵʣʝʢʪʨʦʩʯʸʪʯʠʢʦʚ). ʇʨʝʦʙʣʘʜʘ-
ʶʱʠʝ ʩʝʛʦʜʥʷ ʤʝʪʦʜʳ ʪʘʢʦʛʦ ʩʙʦʨʘ ʤʦʞʥʦ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʪʴ ʢʘʢ ʧʦʣʥʦʩʪʴʶ ʨʫʯʥʳʝ (ʥʝʘʚʪʦʤʘʪʠ-
ʟʠʨʦʚʘʥʥʳʝ). ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʪʘʢʠʝ ʤʝʪʦʜʳ ʦʙʲʝʢʪʠʚʥʦ ʩʣʝʜʫʝʪ ʧʨʠʟʥʘʪʴ ʫʩʪʘʨʝʚʰʠʤʠ. 

çɹʫʤʘʞʥʳʡ ʥʦʩʠʪʝʣʴè ï ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʡ ʤʝʪʦʜ. ʉʘʜʦʚʦʜʳ ʝʞʝʤʝʩʷʯʥʦ ʟʘʧʠʩʳʚʘʶʪ 
ʧʦʢʘʟʘʥʠʷ ʩʚʦʝʛʦ ʵʣʝʢʪʨʦʩʯʸʪʯʠʢʘ ʚ ʩʧʝʮʠʘʣʴʥʫʶ ʚʝʜʦʤʦʩʪʴ, ʢʦʪʦʨʘʷ ʥʘʭʦʜʠʪʩʷ ʚ ʦʧʨʝʜʝʣʝʥʥʦʤ ʤʝʩʪʝ ʥʘ 
ʪʝʨʨʠʪʦʨʠʠ ʉʅʊ, ʠʣʠ ʧʝʨʝʜʘʶʪ ʟʘʧʠʩʢʫ (ʚʦʟʤʦʞʥʦ, ʧʦ ʥʝʢʦʪʦʨʦʡ ʬʦʨʤʝ) ʚ ʧʨʘʚʣʝʥʠʝ ʉʅʊ. 

çʋʩʪʥʘʷ ʧʝʨʝʜʘʯʘè ï ʧʦʢʘʟʘʥʠʷ ʧʝʨʝʜʘʶʪʩʷ ʫʩʪʥʦ ʧʦ ʪʝʣʝʬʦʥʫ. ʕʪʦʪ ʩʧʦʩʦʙ ʝʱʝ ʙʦʣʝʝ ʥʝʥʘ-
ʜʝʞʝʥ, ʪʘʢ ʢʘʢ ʧʦʣʥʦʩʪʴʶ ʟʘʚʠʩʠʪ ʦʪ ʯʝʣʦʚʝʯʝʩʢʦʡ ʧʘʤʷʪʠ ʠ ʥʝ ʦʩʪʘʚʣʷʝʪ ʤʘʪʝʨʠʘʣʴʥʦʛʦ ʩʣʝʜʘ (ʢʨʦ-
ʤʝ ʩʦʙʩʪʚʝʥʥʦʨʫʯʥʳʭ ʟʘʧʠʩʝʡ ʩʦʙʝʩʝʜʥʠʢʦʚ), ʯʪʦ ʯʘʩʪʦ ʧʨʠʚʦʜʠʪ ʢ ʢʦʥʬʣʠʢʪʥʳʤ ʩʠʪʫʘʮʠʷʤ.  

çʆʙʭʦʜ ʧʨʝʜʩʪʘʚʠʪʝʣʝʤ ʧʨʘʚʣʝʥʠʷè ï ʦʪʚʝʪʩʪʚʝʥʥʦʝ ʣʠʮʦ ʣʠʯʥʦ ʦʙʲʝʟʞʘʝʪ ʠʣʠ ʦʙʭʦʜʠʪ ʚʩʝ 
ʫʯʘʩʪʢʠ ʜʣʷ ʩʥʷʪʠʷ ʧʦʢʘʟʘʥʠʡ. ʕʪʦʪ ʤʝʪʦʜ, ʭʦʪʷ ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʪʦʯʥʦʩʪʴ ʧʝʨʚʠʯʥʳʭ 
ʜʘʥʥʳʭ, ʷʚʣʷʝʪʩʷ ʢʨʘʡʥʝ ʪʨʫʜʦʟʘʪʨʘʪʥʳʤ ʠ ʦʪʥʠʤʘʝʪ ʦʛʨʦʤʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʚʨʝʤʝʥʠ, ʯʪʦ ʜʣʷ ʯʝʣʦʚʝ-
ʢʘ, ʚʳʧʦʣʥʷʶʱʝʛʦ ʵʪʠ ʦʙʷʟʘʥʥʦʩʪʠ ʥʘ ʦʙʱʝʩʪʚʝʥʥʳʭ ʥʘʯʘʣʘʭ, ʷʚʣʷʝʪʩʷ ʩʝʨʴʝʟʥʦʡ ʧʨʦʙʣʝʤʦʡ. 

çʌʦʪʦʬʠʢʩʘʮʠʷè ï ʩʘʜʦʚʦʜʳ ʦʪʧʨʘʚʣʷʶʪ ʬʦʪʦʛʨʘʬʠʠ ʵʣʝʢʪʨʦʩʯʸʪʯʠʢʦʚ. ʅʝʩʤʦʪʨʷ ʥʘ ʢʘʞʫ-
ʱʫʶʩʷ ʩʦʚʨʝʤʝʥʥʦʩʪʴ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ ʣʠʰʴ ʩʤʝʱʘʝʪ ʧʨʦʙʣʝʤʫ: ʪʨʝʙʫʝʪ ʨʫʯʥʦʡ ʦʙ-
ʨʘʙʦʪʢʠ ʢʘʞʜʦʛʦ ʠʟʦʙʨʘʞʝʥʠʷ ʠ ʧʦʩʪʦʷʥʥʦʛʦ ʚʥʠʤʘʥʠʷ ʦʧʝʨʘʪʦʨʘ ʢ ʧʦʪʦʢʫ ʠʟʦʙʨʘʞʝʥʠʡ, ʯʪʦ ʧʨʠʚʦʜʠʪ 
ʢ ʚʳʩʦʢʦʤʫ ʨʠʩʢʫ ʦʰʠʙʦʢ ʧʨʠ ʚʚʦʜʝ, ʦʩʦʙʝʥʥʦ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʘʯʝʩʪʚʘ ʬʦʪʦʩʥʠʤʢʘ. 

ʂʨʦʤʝ ʪʦʛʦ, ʚʩʝ ʤʝʪʦʜʳ ʪʨʝʙʫʶʪ ʨʫʯʥʦʛʦ ʚʚʦʜʘ ʠʥʬʦʨʤʘʮʠʠ ʚ ʢʘʢʫʶ-ʣʠʙʦ ʦʙʱʫʶ ʪʘʙʣʠʮʫ ʜʣʷ 
ʜʘʣʴʥʝʡʰʠʭ ʨʘʩʯʝʪʦʚ, ʯʪʦ ʟʘʢʦʥʦʤʝʨʥʦ ʚʝʜʝʪ ʢ ʚʳʩʦʢʠʤ ʪʨʫʜʦʟʘʪʨʘʪʘʤ ʠ ʥʝʠʟʙʝʞʥʳʤ ʦʰʠʙʢʘʤ.  
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ʆʙʱʠʝ ʩʠʩʪʝʤʥʳʝ ʥʝʜʦʩʪʘʪʢʠ ʚʩʝʭ ʨʫʯʥʳʭ ʤʝʪʦʜʦʚ: ʥʠʟʢʘʷ ʦʧʝʨʘʪʠʚ ʥʦʩʪʴ, ʚʳʩʦʢʘʷ ʚʝʨʦ-
ʷʪʥʦʩʪʴ ʦʰʠʙʦʢ ʥʘ ʚʩʝʭ ʵʪʘʧʘʭ (çʯʝʣʦʚʝʯʝʩʢʠʡ ʬʘʢʪʦʨè), ʦʪʩʫʪʩʪʚʠʝ ʥʘʜʝʞʥʦʛʦ, ʣʝʛʢʦʜʦʩʪʫʧʥʦʛʦ 
ʮʠʬʨʦʚʦʛʦ ʘʨʭʠʚʘ ʜʣʷ ʘʥʘ ʣʠʟʘ ʠ ʨʘʟʨʝ ʰʝʥʠʷ ʩʧʦʨʦʚ, ʘ ʪʘʢʞʝ ʯʨʝʟʤʝʨʥʘʷ ʪʨʫʜʦʝʤʢʦʩʪʴ ʜʣʷ ʦʙʝʠʭ 
ʩʪʦʨʦʥ ʧʨʦʮʝʩʩʘ. 

ʇʨʠ ʵʪʦʤ ʚʠʜʠʤʘʷ ʧʨʦʩʪʦʪʘ ʨʝʘʣʠʟʘʮʠʠ ʩʙʦʨʘ ʜʘʥʥʳʭ ʪʘʢʠʤʠ ʤʝʪʦʜʘʤʠ (ʥʝ ʪʨʝʙʫʶʱʘʷ ʢʘʧʠ-
ʪʘʣʴʥʳʭ ʚʣʦʞʝʥʠʡ ʠ ʧʨʦʚʝʜʝʥʠʷ ʦʨʛʘʥʠʟʘʮʠʦʥʥʳʭ ʤʝʨʦʧʨʠʷʪʠʡ ʧʦ ʚʥʝʜʨʝʥʠʶ ʠʥʦʡ, ʙʦʣʝʝ ʵʬʬʝʢ-
ʪʠʚʥʦʡ, ʩʠʩʪʝʤʳ) ʚ ʨʝʘʣʴʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʪʦʣʴʢʦ ʢʘʞʫʱʝʡʩʷ ʜʣʷ ʪʝʭ ʨʫʢʦʚʦʜʷʱʠʭ ʣʠʮ, ʢʦʪʦʨʳʝ ʝʝ 
ʧʨʠʤʝʥʷʶʪ ʧʦ ʠʥʝʨʮʠʠ, ʛʦʜʘʤʠ ʩʣʦʞʠʚʰʝʡʩʷ ʣʠʯʥʦʡ ʧʨʘʢʪʠʢʝ. 

ɺʦʧʨʦʩʳ ʩʦʚʨʝʤʝʥʥʳʭ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʭ ʉʋʇʕʉ 
ɺ ʢʘʯʝʩʪʚʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʘʣʴʪʝʨʥʘʪʠʚʳ ʨʫʯʥʳʤ ʫʩʪʘʨʝʚʰʠʤ ʤʝʪʦʜʘʤ ʩʙʦʨʘ ʧʦʢʘʟʘʥʠʡ ʚʦʟ-

ʤʦʞʥʦ ʧʨʠʤʝʥʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʚʠʜʦʚ ɸʉʂʋʕ. 
ʂʦʤʧʣʝʢʩʥʳʝ ʧʨʦʚʦʜʥʳʝ ʠ ʙʝʩʧʨʦʚʦʜʥʳʝ ɸʉʂʋʕ ï ʧʨʠʥʮʠʧ ʠʭ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʣʝʜʫʶ-

ʱʝʤ. ɼʣʷ ʢʘʞʜʦʛʦ ʩʘʜʦʚʦʜʘ ʚʤʝʩʪʦ ʠʣʠ ʚ ʜʦʧʦʣʥʝʥʠʝ ʢ ʩʫʱʝʩʪʚʫʶʱʝʤʫ ʵʣʝʢʪʨʦʩʯʸʪʯʠʢʫ ʫʩʪʘʥʘʚʣʠ-
ʚʘʝʪʩʷ ʀʇʋ ʩ ʤʦʜʫʣʝʤ ʩʚʷʟʠ, ʢʦʪʦʨʳʡ ʯʝʨʝʟ ʩʝʪʴ ʢʦʥʮʝʥʪʨʘʪʦʨʦʚ (ʰʣʶʟʦʚ) ʧʝʨʝʜʘʶʪ ʧʦʢʘʟʘʥʠʷ ʥʘ 
ʮʝʥʪʨʘʣʴʥʳʡ ʢʦʤʧʴʶʪʝʨ (ʩʝʨʚʝʨ). 

ʈʝʰʝʥʠʷ ʥʘ ʙʘʟʝ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ GSM- ʠʣʠ WiFi-ʤʦʜʫʣʝʡ ï ʫʩʪʨʦʡʩʪʚʘ, ʧʦʜʢʣʶʯʘʝʤʳʝ ʢ ʩʫʱʝ-
ʩʪʚʫʶʱʠʤ ʫ ʩʘʜʦʚʦʜʦʚ ʵʣʝʢʪʨʦʩʯʸʪʯʠʢʘʤ ʩ ʠʥʪʝʨʬʝʡʩʦʤ ʩʚʷʟʠ (ʠʤʧʫʣʴʩʥʳʡ ʚʳʭʦʜ, ʦʧʪʠʯʝʩʢʠʡ ʧʦʨʪ 
ʠʣʠ RS-485), ʢʦʪʦʨʳʝ ʘʚʪʦʥʦʤʥʦ ʧʝʨʝʜʘʶʪ ʜʘʥʥʳʝ ʦ ʧʦʪʨʝʙʣʝʥʠʠ ʧʦ ʙʝʩʧʨʦʚʦʜʥʦʡ ʩʝʪʠ ʥʘ ʮʝʥ-
ʪʨʘʣʴʥʳʡ ʢʦʤʧʴʶʪʝʨ (ʩʝʨʚʝʨ). 

ɺ ʦʙʦʠʭ ʩʣʫʯʘʷʭ ʥʘ ʮʝʥʪʨʘʣʴʥʦʤ ʢʦʤʧʴʶʪʝʨʝ (ʩʝʨʚʝʨʝ) ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʦʝ ʇʆ ʦʙʝʩʧʝʯʠʚʘʝʪ 
ʩʙʦʨ ʧʦʢʘʟʘʥʠʡ ʚ ʨʝʞʠʤʝ, ʙʣʠʟʢʦʤ ʢ ʨʝʘʣʴʥʦʤʫ ʚʨʝʤʝ ʥʠ, ʘ ʪʘʢʞʝ ʜʝʪʘʣʴʥʫʶ ʘʥʘʣʠʪʠʢʫ ʠ ʨʘʟʥʦʦʙ-
ʨʘʟʥʫʶ ʦʪʯʝʪʥʦʩʪʴ. 

ʊʘʢʠʝ ʨʝʰʝʥʠʷ ʠʤʝʶʪ ʥʝʦʩʧʦʨʠʤʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʚ ʚʠʜʝ ʥʘʠʙʦʣʝʝ ʚʳʩʦʢʦʡ ʜʦʩʪʦʚʝʨʥʦʩʪʠ 
ʩʦʙʨʘʥʥʳʭ ʜʘʥʥʳʭ, ʧʨʦʩʪʦʪʳ ʠ ʫʜʦʙʩʪʚʘ ʠʭ ʦʙʨʘʙʦʪʢʠ. 

ʆʜʥʘʢʦ ʚʥʝʜʨʝʥʠʝ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʩʠʩʪʝʤ ʚ ʫʩʣʦʚʠʷʭ ʉʅʊ ʩʪʘʣʢʠʚʘʝʪʩʷ ʩ ʩʝʨʴʝʟʥʳʤʠ ʙʘʨʴʝ-
ʨʘʤʠ. 

ʆʩʥʦʚʥʳʤ ʙʘʨʴʝʨʦʤ (ʠ ʦʜʥʦʚʨʝʤʝʥʥʦ ʩʝʨʴʸʟʥʳʤ ʥʝʜʦʩʪʘʪʢʦʤ ʪʘʢʠʭ ʩʠʩʪʝʤ) ʷʚʣʷʝʪʩʷ ʚʳʩʦ-
ʢʘʷ ʩʪʦʠʤʦʩʪʴ ʚʥʝʜʨʝʥʠʷ ï ʪʨʝʙʫʝʪʩʷ ʩʦʟʜʘʥʠʝ ʥʦʚʦʛʦ ʧʘʨʢʘ ʵʣʝʢʪʨʦ ʩʯʸʪʯʠʢʦʚ ʠʣʠ ʜʦʧʦʣʥʝʥʠʝ ʢʦʤ-
ʤʫʥʠʢʘʮʠʦʥʥʳʤʠ ʤʦʜʫʣʷʤʠ ʩʫʱʝʩʪʚʫʶʱʠʭ, ʘ ʪʘʢʞʝ ʩʦʟʜʘʥʠʝ ʧʦʜ ʥʠʭ ʪʝʣʝʢʦʤʤʫʥʠʢʘʮʠʦʥʥʦʡ ʠʥʬʨʘ-
ʩʪʨʫʢʪʫʨʳ ï ʙʦʣʴʰʦʡ ʦʙʲʝʤ ʨʘʙʦʪ ʧʦ ʧʨʦʝʢʪʠʨʦʚʘʥʠʶ, ʤʦʥʪʘʞʫ ʠ ʚʚʦʜʫ ʚ ʵʢʩʧʣʫʘʪʘʮʠʶ ʚʳʩʦʢʦʢʚʘ-
ʣʠʬʠʮʠʨʦʚʘʥʥʳʤ ʚʥʝʰʥʠʤ ʧʝʨʩʦʥʘʣʦʤ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʦʯʝʚʠʜʥʦ, ʯʪʦ ʩʫʱʝʩʪʚʫʶʱʠʝ ɸʉʂʋʕ ʟʘʯʘʩʪʫʶ ʷʚʣʷʶʪʩʷ ʥʝʨʝʘʣʴʥʳʤ, ʠʟʙʳʪʦʯ-
ʥʳʤ ʨʝʰʝʥʠʝʤ ʜʣʷ ʉʅʊ, ʪʘʢ ʢʘʢ ʥʝ ʫʯʠʪʳʚʘʶʪ ʢʣʶʯʝʚʳʝ ʦʛʨʘʥʠʯʝʥʠʷ ʧʦʩʣʝʜʥʠʭ: ʢʨʘʡʥʶʶ ʦʛʨʘʥʠ-
ʯʝʥʥʦʩʪʴ ʙʶʜʞʝʪʦʚ ʠ ʦʪʩʫʪʩʪʚʠʝ, ʢʘʢ ʧʨʘʚʠʣʦ, ʥʝʦʙʭʦʜʠʤʦʡ ʚʩʧʦʤʦʛʘʪʝʣʴʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ. 

ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʩʫʱʝʩʪʚʫʶʱʠʭ ʉʋʇʕʉ 
ʉʠʩʪʝʤʘʪʠʟʠʨʫʝʤ ʨʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʦʪʜʝʣʴʥʳʭ ʩʠʩʪʝʤ ʠ ʤʝʪʦʜʦʚ ʫʯʸʪʘ ʜʣʷ 

ʥʘʛʣʷʜʥʦʛʦ ʩʨʘʚʥʝʥʠʷ ʧʦ ʢʣʶʯʝʚʳʤ ʜʣʷ ʉʅʊ ʢʨʠʪʝʨʠʷʤ. ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʧʨʝʜʩʪʘʚʣʝʥ ʚ ʪʘʙ-
ʣʠʮʝ 1. 

 
ʊʘʙʣʠʮʘ 1 ï ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʤʝʪʦʜʦʚ ʠ ʩʠʩʪʝʤ ʫʯʸʪʘ ʧʦʪʨʝʙʣʝʥʠʷ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʚ ʉʅʊ 
 

ʄʝʪʦʜ (ʉʠʩʪʝʤʘ) 
ʅʘʜʝʞ ʥʦʩʪʴ 
ʜʘʥʥʳʭ 

ʎʠʬʨʦʚʦʡ 
ʘʨʭʠʚ 

ʉʪʦʠʤʦʩʪʴ 
ʚʥʝʜʨʝʥʠʷ 

ʊʨʫʜʦʝʤʢʦʩʪʴ 
ʵʢʩʧʣʫʘʪʘʮʠʠ 

ʆʩʥʦʚʥʦʡ ʙʘʨʴʝʨ  
ʜʣʷ ʚʥʝʜʨʝʥʠʷ ʚ ʉʅʊ 

ʈʫʯʥʳʝ ʤʝʪʦʜʳ ʅʠʟʢʘʷ ʅʝʪ ʆʯʝʥʴ ʥʠʟ-
ʢʘʷ 

ʆʯʝʥʴ  
ʚʳʩʦʢʘʷ 

ʅʝʠʟʙʝʞʥʳʝ ʦʰʠʙʢʠ ʠ ʧʦʪʝʨʠ 
ʜʘʥʥʳʭ, ʥʝʧʨʦʟʨʘʯʥʦʩʪʴ 

ʂʦʤʧʣʝʢʩʥʘʷ  
ɸʉʂʋʕ 

ɺʳʩʦʢʘʷ ɽʩʪʴ ɺʳʩʦʢʘʷ ʅʠʟʢʘʷ ɺʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ ʚʥʝʜʨʝʥʠʷ 

GSM-/WiFi-ʤʦʜʫʣʠ ɺʳʩʦʢʘʷ ɽʩʪʴ ɺʳʩʦʢʘʷ ʉʨʝʜʥʷʷ ɺʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ ʚʥʝʜʨʝʥʠʷ 

 
ʀʟ ʪʘʙʣʠʮʳ ʩʣʝʜʫʝʪ, ʯʪʦ ʩʫʱʝʩʪʚʫʶʱʠʝ ʨʝʰʝʥʠʷ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʢʨʘʡʥʦʩʪʠ ï ʣʠʙʦ ʜʝʰʸ-

ʚʳʝ, ʥʦ ʫʩʪʘʨʝʚʰʠʝ ʥʝʵʬʬʝʢʪʠʚʥʳʝ ʠ ʥʝʥʘʜʝʞʥʳʝ ʨʫʯʥʳʝ ʤʝʪʦʜʳ, ʣʠʙʦ ʩʦʚʨʝʤʝʥʥʳʝ ʥʘʜʸʞʥʳʝ ʠ 
ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʝ ʚ ʵʢʩʧʣʫʘʪʘʮʠʠ, ʥʦ ʵʢʦʥʦ ʤʠ ʯʝʩʢʠ ʠ ʪʝʭʥʠʯʝʩʢʠ ʥʝʜʦʩʪʫʧʥʳʝ ʜʣʷ ʉʅʊ ɸʉʂʋʕ. 

ʉʪʘʥʦʚʠʪʩʷ ʦʯʝʚʠʜʥʦ, ʯʪʦ ʚ ʠʩʩʣʝʜʦʚʘʥʥʦʡ ʩʬʝʨʝ ʚʦʩʪʨʝʙʦʚʘʥʳ ʨʝʰʝʥʠʷ ʥʝʢʦʝʛʦ ʧʨʦʤʝʞʫʪʦʯ-
ʥʦʛʦ ʢʣʘʩʩʘ, ʢʦʪʦʨʳʝ ʜʦʣʞʥʳ ʩʦʯʝʪʘʪʴ ʚ ʩʝʙʝ ʜʦʩʪʫʧʥʦʩʪʴ (ʢʘʢ ʧʦ ʩʪʦʠʤʦʩʪʠ ʚʥʝʜʨʝʥʠʷ, ʪʘʢ ʠ ʧʨʦʩʪʦ-
ʪʝ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʘʜʦʚʦʜʘʤʠ ʠ ʨʫʢʦʚʦʜʩʪʚʦʤ ʉʅʊ), ʧʨʘʢʪʠʯʥʦʩʪʴ (ʚ ʪʦʤ ʯʠʩʣʝ ʧʦ ʥʘʜʸʞʥʦʩʪʠ ʠ ʩʪʦ-
ʠʤʦʩʪʠ ʵʢʩʧʣʫʘʪʘʮʠʠ), ʘ ʪʘʢʞʝ ʥʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʫʩʣʦʚʠʡ ʩʘʜʦʚʦʜʯʝʩʢʠʭ ʪʦʚʘʨʠʱʝʩʪʚ ʫʨʦʚʝʥʴ ʘʚʪʦ-
ʤʘʪʠʟʘʮʠʠ ʠ ʫʜʦʙʩʪʚʦ ʜʘʣʴʥʝʡʰʝʡ ʦʙʨʘʙʦʪʢʠ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʩʦʙʨʘʥʥʳʭ ʜʘʥʥʳʭ. 

ʇʝʨʩʧʝʢʪʠʚʥʳʝ ʥʘʧʨʘʚʣʝʥʠʷ ʨʘʟʚʠʪʠʷ ʉʋʇʕʉ 
ʈʝʟʶʤʠʨʫʷ ʨʝʟʫʣʴʪʘʪʳ ʧʨʦʚʝʜʝʥʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʤʦʞʥʦ ʢʦʥʩʪʘʪʠʨʦʚʘʪʴ, ʯʪʦ ʵʚʦʣʶʮʠʷ ʩʠ-

ʩʪʝʤ ʫʯʸʪʘ ʧʦʪʨʝʙʣʝʥʠʷ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʜʣʷ ʉʅʊ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝʠʟʙʝʞʥʘ, ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʢʣʶʯʝʚʦʛʦ 
ʧʨʠʥʮʠʧʘ ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʜʦʩʪʫʧ ʥʦʩʪʠ ʚʥʝʜʨʝʥʠʷ ʥʦʚʦʛʦ ʨʝʰʝʥʠʷ ʠ ʢʦʤʧʣʝʢʩʘ ʝʱʝ ʥʝʩʢʦʣʴʢʠʭ ʥʠʞʝ-
ʠʟʣʦʞʝʥʥʳʭ ʧʨʠʥʮʠʧʦʚ. 



ɹʋʃɸʊʆɺʉʂʀɽ ʏʊɽʅʀʗ ʉɹʆʈʅʀʂ ʉʊɸʊɽʁ ï 2026. ʊʦʤ 4 
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ʈʝʘʣʠʟʘʮʠʷ ʵʪʠʭ ʧʨʠʥʮʠʧʦʚ ʥʘ ʧʨʘʢʪʠʢʝ ʦʙʝʩʧʝʯʠʪ ʩʦʟʜʘʥʠʝ ʜʦʩʪʫʧʥʦʡ, ʣʝʛʢʦ ʧʨʠʤʝʥʠʤʦʡ ʠ 
ʥʘʜʸʞʥʦʡ ʩʠʩʪʝʤʳ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʫʯʸʪʘ ʧʦʪʨʝʙʣʝʥʠʷ ʩʘʜʦʚʦʜʘʤʠ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ (ʅʦʚʦʡ ʩʠʩʪʝʤʳ) 
ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʫʩʣʦʚʠʷʤ ʩʫʱʝʩʪʚʦʚʘʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʢʘʞʜʦʛʦ ʉʅʊ. 

ʇʨʠʥʮʠʧ ʮʝʥʪʨʘʣʠʟʦʚʘʥʥʦʛʦ ʚʚʦʜʘ, ʦʙʨʘʙʦʪʢʠ ʠ ʭʨʘʥʝʥʠʷ ʜʘʥʥʳʭ ʧʨʝʜʧʦʣʘʛʘʝʪ ʩʦʩʨʝʜʦʪʦʯʝ-
ʥʠʝ ʣʦʛʠʢʠ ʧʨʠʸʤʘ, ʚʘʣʠʜʘʮʠʠ, ʭʨʘʥʝʥʠʷ ʠ ʘʥʘʣʠʟʘ ʚ ʝʜʠʥʦʤ ʫʟʣʝ ʅʦʚʦʡ ʩʠʩʪʝʤʳ, ʧʨʠʥʠʤʘʶʱʝʤ 
ʩʚʝʜʝʥʠʷ ʦʪ ʤʥʦʞʝʩʪʚʘ ʧʦʣʴʟʦʚʘʪʝʣʝʡ ʯʝʨʝʟ ʧʨʦʩʪʳʝ ʢʘʥʘʣʳ ʩʚʷʟʠ. 

ʊʘʢʦʡ ʧʦʜʭʦʜ ʧʦʟʚʦʣʷʝʪ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʢʦʣʠʯʝʩʪʚʦ ʪʝʭʥʠʯʝʩʢʠʭ ʪʦʯʝʢ ʦʪʢʘʟʘ ʠ ʠʩʢʣʶʯʘʝʪ 
ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʤʦʜʠʬʠʢʘʮʠʠ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʥʘ ʩʪʦʨʦʥʝ ʧʦʪʨʝʙʠʪʝʣʷ (ʩʘʜʦʚʦʜʘ), ʩʫʱʝʩʪʚʝʥʥʦ 
ʩʥʠʞʘʷ ʢʘʢ ʢʘʧʠʪʘʣʴʥʳʝ, ʪʘʢ ʠ ʦʧʝʨʘ ʮʠʦʥʥʳʝ ʟʘʪʨʘʪʳ. 

ʇʨʠʥʮʠʧ ʘʧʧʘʨʘʪʥʦʡ ʠ ʠʥʬʦʨʤʘʮʠʦʥʥʦʡ ʘʚʪʦʥʦʤʥʦʩʪʠ ʮʝʥʪʨʘʣʴʥʦʛʦ ʫʟʣʘ ʅʦʚʦʡ ʩʠʩʪʝʤʳ 
ʪʨʝʙʫʝʪ ʩʦʭʨʘʥʝʥʠʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʧʦʩʣʝʜʥʝʛʦ ʧʨʠ ʥʝʩʪʘʙʠʣʴʥʦʤ ʵʣʝʢʪʨʦʩʥʘʙʞʝʥʠʠ, ʘ ʪʘʢʞʝ 
ʦʪʩʫʪʩʪʚʠʷ ʧʦʩʪʦʷʥʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʩ ʢʘʢʠʤʠ-ʣʠʙʦ ʚʥʝʰʥʠʤʠ ʩʝʨʚʠʩʘʤʠ. 

ʆʙʷʟʘʪʝʣʴʥʳʤ ʫʩʣʦʚʠʝʤ ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʵʥʝʨʛʦʥʝʟʘʚʠʩʠʤʦʡ ʧʘʤʷʪʠ ʜʣʷ ʭʨʘʥʝʥʠʷ ʧʨʠ-
ʥʷʪʳʭ ʜʘʥʥʳʭ ʠ ʩʠʩʪʝʤʥʳʭ ʞʫʨʥʘʣʦʚ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʛʘʨʘʥʪʠʨʦʚʘʪʴ ʮʝʣʦʩʪʥʦʩʪʴ ʠʥʬʦʨʤʘʮʠʠ ʠ 
ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʫʩʪʨʦʡʩʪʚʘ ʧʦʩʣʝ ʧʝʨʝʙʦʝʚ ʚ ʧʠʪʘʥʠʠ. 

ʇʨʠʥʮʠʧ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʦʙʱʝʜʦʩʪʫʧʥʳʭ ʢʘʥʘʣʦʚ ʩʚʷʟʠ ʦʙʷʟʳʚʘʝʪ ʚʳʙʠʨʘʪʴ ʜʣʷ ʅʦʚʦʡ ʩʠʩʪʝ-
ʤʳ ʠʥʪʝʨʬʝʡʩ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʩ ʩʘʜʦʚʦʜʦʤ, ʥʝ ʧʨʝʜʲʷʚʣʷʶʱʠʡ ʪʨʝʙʦʚʘʥʠʡ ʢ ʦʙʷʟʘʪʝʣʴʥʦʤʫ ʥʘʣʠ 
ʯʠʶ ʫ ʧʦʩʣʝʜʥʝʛʦ ʩʧʝʮʠʘʣʠʟʠ ʨʦ ʚʘʥʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʜʦʩʪʫʧʘ ʚ ʀʥʪʝʨʥʝʪ ʠʣʠ ʩʧʝʮʠʘʣʴʥʳʭ ʥʘʚʳ-
ʢʦʚ. 

ʇʨʠʤʝʥʝʥʠʝ ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʩʥʠʞʝʥʠʝ ʧʦʨʦʛʘ ʚʭʦʞʜʝʥʠʷ ʧʨʠ 
ʚʥʝʜʨʝʥʠʠ ʟʘ ʩʯʸʪ ʚʦʟʤʦʞʥʦʩʪʠ ʠʟʥʘʯʘʣʴʥʦʛʦ ʦʭʚʘʪʘ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʯʠʩʣʘ ʩʘʜʦʚʦʜʦʚ ʚʩʣʝʜʩʪʚʠʝ 
ʧʨʦʩʪʦʪʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʅʦʚʦʡ ʩʠʩʪʝʤʳ. 

ʇʨʠʥʮʠʧ ʘʚʪʦʤʘʪʠʯʝʩʢʦʡ ʚʘʣʠʜʘʮʠʠ ʠ ʧʦʜʪʚʝʨʞʜʝʥʠʷ ʜʘʥʥʳʭ ʧʨʝʜʫ ʩʤʘʪʨʠʚʘʝʪ ʧʨʦʚʝʨʢʫ 
ʚʭʦʜʷʱʠʭ ʜʘʥʥʳʭ ʥʘ ʩʦʦʪʚʝʪʩʪʚʠʝ ʬʦʨʤʘʪʫ ʠ ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʧʦʢʘʟʘʥʠʡ, ʩ ʧʦʩʣʝʜʫʶʱʝʡ ʘʚʪʦʤʘʪʠʯʝ-
ʩʢʦʡ ʦʪʧʨʘʚʢʦʡ ʩʘʜʦʚʦʜʫ ʢʚʠʪʘʥʮʠʠ ʦ ʧʨʠʸʤʝ ʧʦʢʘʟʘʥʠʡ ʠʣʠ ʩʦʦʙʱʝʥʠʷ ʦ ʜʦʧʫʱʝʥʥʦʡ ʦʰʠʙʢʝ. 

ɼʘʥʥʳʡ ʤʝʭʘʥʠʟʤ ʩʥʠʞʘʝʪ ʥʘʛʨʫʟʢʫ ʥʘ ʦʧʝʨʘʪʦʨʘ, ʧʦʚʳʰʘʝʪ ʜʦʚʝʨʠʝ ʧʦʣʴʟʦʚʘʪʝʣʝʡ ʢ ʅʦ-
ʚʦʡ ʩʠʩʪʝʤʝ ʠ ʬʦʨʤʠʨʫʝʪ ʜʦʢʫʤʝʥʪʘʣʴʥʫʶ ʦʩʥʦʚʫ ʜʣʷ ʨʘʟʨʝʰʝʥʠʷ ʚʦʟʤʦʞʥʳʭ ʩʧʦʨʦʚ. 

ɸʚʪʦʨʳ ʦʩʦʙʦ ʭʦʪʷʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʝʘʣʠʟʘʮʠʷ ʢʘʞʜʦʛʦ ʠʟ ʧʝʨʝʯʠʩʣʝʥʥʳʭ ʧʨʠʥʮʠʧʦʚ ʚʣʝʯʸʪ ʟʘ 
ʩʦʙʦʡ ʜʣʷ ʢʘʞʜʦʛʦ ʧʦʣʴʟʦʚʘʪʝʣʷ ʅʦʚʦʡ ʩʠʩʪʝʤʳ ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ ʫʧʨʦʱʝʥʠʝ ʪʨʫʜʘ ʧʦ ʝʸ ʧʨʠʤʝʥʝ-
ʥʠʶ ʥʘ ʧʨʘʢʪʠʢʝ. 

ʊʘʢʞʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʨʘʟʚʠʪʠʷ ʅʦʚʦʡ ʩʠʩʪʝʤʳ ʷʚʣʷʝʪʩʷ ʛʠʙʨʠʜʠʟʘʮʠʷ ʢʘʥʘʣʦʚ 
ʧʨʠʸʤʘ ʜʘʥʥʳʭ ï ʦʜʥʦʚʨʝʤʝʥʥʘʷ ʧʦʜʜʝʨʞʢʘ ʥʝʩʢʦʣʴʢʠʭ ʘʣʴʪʝʨʥʘʪʠʚʥʳʭ ʩʧʦʩʦʙʦʚ ʧʝʨʝʜʘʯʠ ʧʦʢʘʟʘ-
ʥʠʡ ʩ ʫʯʸʪʦʤ ʨʘʟʣʠʯʠʡ ʚ ʫʨʦʚʥʝ ʪʝʭʥʠʯʝʩʢʦʡ ʦʩʥʘʱʸʥʥʦʩʪʠ ʠ ʧʦʜʛʦʪʦʚʢʠ ʦʪʜʝʣʴʥʳʭ ʩʘʜʦʚʦʜʦʚ. 

ʅʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʚʝʢʪʦʨʦʤ ʨʘʟʚʠʪʠʷ ʅʦʚʦʡ ʩʠʩʪʝʤʳ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʨʫʢʦʚʦʜʩʪʚʘ ʉʅʊ 
ʚʳʩʪʫʧʘʝʪ ʝʸ ʠʥʪʝʛʨʘʮʠʷ ʩ ʩʠʩʪʝʤʘʤʠ ʙʫʭʛʘʣʪʝʨʩʢʦʛʦ ʫʯʸʪʘ, ʘ ʪʘʢʞʝ ʩ ʨʘʩʯʸʪʥʳʤʠ ʩʝʨʚʠʩʘʤʠ, 
ʦʙʝʩʧʝʯʠʚʘʶʱʠʤʠ ʩʘʜʦʚʦʜʘʤ ʘʚʪʦʤʘ ʪʠ ʯʝʩʢʦʝ ʥʘʯʠʩʣʝʥʠʝ ʧʣʘʪʝʞʝʡ ʧʦ ʘʢʪʫʘʣʴʥʳʤ ʪʘʨʠʬʘʤ, ʬʦʨ-
ʤʠʨʦʚʘʥʠʝ ʩʯʝʪʦʚ ʥʘ ʦʧʣʘʪʫ, ʫʯʸʪ ʧʦʩʪʫʧʠʚʰʠʭ ʧʣʘʪʝʞʝʡ ʠ ʧʨʦʯʠʝ ʬʠʥʘʥʩʦʚʳʝ ʦʧʝʨʘʮʠʠ. 

ɿʘʢʣʶʯʝʥʠʝ 
ʈʝʟʫʣʴʪʘʪʳ ʠʟʣʦʞʝʥʥʦʛʦ ʚ ʥʘʩʪʦʷʱʝʡ ʩʪʘʪʴʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʟʚʦʣʷʶʪ ʢʦʥʩʪʘʪʠʨʦʚʘʪʴ, ʯʪʦ ʫʯʸʪ 

ʧʦʪʨʝʙʣʝ ʥʠʷ ʩʘʜʦʚʦʜʘʤʠ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʚ ʉʅʊ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʦʙʣʘʩʪʴ ʩ ʫʩʪʦʡʯʠʚʳʤ ʜʝʬʠ-
ʮʠʪʦʤ ʜʦʩʪʫʧʥʳʭ ʠ ʧʨʘʢʪʠʯʥʳʭ ʪʝʭʥʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ. 

ʉʫʱʝʩʪʚʫʶʱʠʝ ʞʝ ʧʦʜʭʦʜʳ (ʨʫʯʥʳʝ ʤʝʪʦʜʳ ʠ ʨʘʟʣʠʯʥʳʝ ɸʉʂʋʕ) ʥʝ ʦʙʝʩʧʝʯʠʚʘʶʪ ʪʨʝʙʫʝʤʦʛʦ 
ʫʨʦʚʥʷ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʠ ʧʨʦʟʨʘʯʥʦʩʪʠ ʠʣʠ ʬʠʥʘʥʩʦʚʦ-ʪʝʭʥʠʯʝʩʢʠ ʥʝʜʦʩʪʫʧʥʳ ʜʣʷ ʙʦʣʴʰʠʥʩʪʚʘ ʉʅʊ. 

ɺ ʨʘʤʢʘʭ ʩʪʘʪʴʠ ʘʚʪʦʨʘʤʠ ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʙʘʟʦʚʳʝ ʧʨʠʥʮʠʧʳ (ʪʨʝʙʦ ʚʘʥʠʷ) ʧʦʩʪʨʦ ʝʥʠʷ 
çʠʜʝʘʣʴʥʦʡè ʩʠʩʪʝʤʳ ʫʯʸʪʘ: ʩʠʩʪʝʤʘ ʜʦʣʞʥʘ ʛʘʨʘʥʪʠʨʦʚʘʪʴ ʩʦʭʨʘʥʥʦʩʪʴ ʜʘʥʥʳʭ ʧʨʠ ʩʙʦʷʭ, ʦʙʝʩʧʝ-
ʯʠʚʘʪʴ ʧʨʦʩʪʦʪʫ ʠ ʧʦʥʷʪʥʦʩʪʴ ʚʟʘʠʤʦʜʝʡ ʩʪʚʠʷ ʜʣʷ ʢʦʥʝʯʥʦʛʦ ʧʦʣʴʟʦʚʘʪʝʣʷ ʠ ʬʫʥʢʮʠʦʥʠʨʦʚʘʪʴ ʚ 
ʫʩʣʦʚʠʷʭ ʥʝʩʪʘʙʠʣʴʥʦʛʦ ʵʣʝʢʪʨʦʧʠʪʘʥʠʷ ʠ ʩʚʷʟʠ, ʜʦʩʪʘʪʦʯʥʦ ʪʠʧʠʯʥʳʭ ʜʣʷ ʫʩʣʦʚʠʡ ʉʅʊ. 

ʇʨʠ ʵʪʦʤ ʢʣʶʯʝʚʳʤ ʤʦʤʝʥʪʦʤ, ʧʦ ʤʥʝʥʠʶ ʘʚʪʦʨʦʚ, ʷʚʣʷʝʪʩʷ ʚʩʸ ʞʝ ʥʝ ʩʪʨʝʤʣʝʥʠʝ ʢ ʤʘʢʩʠ-
ʤʘʣʴʥʦʡ ʘʚʪʦʤʘʪʠʟʘʮʠʠ, ʘ ʨʘʟʫʤʥʘʷ ʜʦʩʪʘʪʦʯʥʦʩʪʴ (ʧʦ ʬʠʣʦʩʦʬʩʢʦʤʫ ʧʨʠʥʮʠʧʫ ɹʨʠʪʚʳ ʆʢʢʘʤʘ), ʚʳ-
ʨʘʞʘʶʱʘʷʩʷ ʚ ʜʘʥʥʦʤ ʢʦʥʪʝʢʩʪʝ ʚʳʙʦʨʦʤ ʘʨʭʠʪʝʢʪʫʨʥʦʛʦ ʤʠʥʠʤʘʣʠʟʤʘ: ʮʝʥʪʨʘʣʠʟʦʚʘʥʥʦʡ ʩʪʨʫʢʪʫ-
ʨʳ, ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʱʝ ʜʦʩʪʫʧʥʳʭ ʢʘʥʘʣʦʚ ʩʚʷʟʠ, ʦʙʝʩʧʝʯʝʥʠʝʤ ʦʪʢʘʟʦʫʩʪʦʡʯʠʚʦʩʪʠ ʜʘʥʥʳʭ ʠ ʩʦ-
ʟʜʘʥʠʝʤ ʧʨʦʩʪʳʭ ʧʨʦʮʝʜʫʨ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʜʣʷ ʚʩʝʭ ʫʯʘʩʪʥʠʢʦʚ ʧʨʦʮʝʩʩʘ ʫʯʸʪʘ. 

ɺ ʟʘʚʝʨʰʝʥʠʝ ʘʚʪʦʨʳ ʪʘʢʞʝ ʧʨʠʭʦʜʷʪ ʢ ʚʳʚʦʜʫ, ʯʪʦ ʧʦʩʪʘʚʣʝʥʥʘʷ ʚ ʩʪʘʪʴʝ ʧʨʦʙʣʝ ʤʘʪʠʢʘ ʤʘʣʦ 
ʠʟʫʯʝʥʘ ʜʨʫʛʠʤʠ ʠʩʩʣʝʜʦʚʘʪʝʣʷʤʠ ʠ ʧʨʘʢʪʠʯʝʩʢʠ ʥʝ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ ʧʫʙʣʠʯʥʦʡ ʩʨʝʜʝ. ɺ ʩʚʦʶ ʦʯʝ-
ʨʝʜʴ, ʘʚʪʦʨʳ ʧʣʘʥʠʨʫʶʪ ʧʨʦʚʝʜʝʥʠʝ ʜʘʣʴʥʝʡʰʠʭ ʨʘʙʦʪ ʧʦ ʪʝʤʝ. 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʢʦʥʮʝʧʮʠʷ ʢʦʤʧʣʝʢʩʥʦ-
ʛʦ ʦʩʚʦʝʥʠʷ ʫʛʦʣʴʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ, ʥʘʧʨʘʚʣʝʥʥʘʷ ʥʘ ʧʦ-
ʚʳʰʝʥʠʝ ʨʝʩʫʨʩʦʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʩʥʠʞʝʥʠʝ ʵʢʦʣʦʛʠʯʝʩʢʦʡ 
ʥʘʛʨʫʟʢʠ ʫʛʦʣʴʥʦʡ ʛʝʥʝʨʘʮʠʠ. ʇʨʝʜʣʦʞʝʥʘ ʩʭʝʤʘ ʵʥʝʨʛʦʪʝʭʥʦ-
ʣʦʛʠʯʝʩʢʦʛʦ ʟʘʚʦʜʘ (ʕʊɿ), ʚʢʣʶʯʘʶʱʘʷ ʩʪʫʧʝʥʠ ʦʙʦʛʘʱʝʥʠʷ 
ʫʛʣʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʠʨʦʜʥʳʭ ʚʳʩʦʢʦʤʠʥʝʨʘʣʠʟʦʚʘʥʥʳʭ 
ʨʘʩʩʦʣʦʚ ʚ ʢʘʯʝʩʪʚʝ ʪʷʞʝʣʦʡ ʩʨʝʜʳ, ʛʘʟʠʬʠʢʘʮʠʶ ʧʦʣʫʯʝʥʥʦ-
ʛʦ ʢʦʥʮʝʥʪʨʘʪʘ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ ʛʘʟʘ, ʘ ʪʘʢʞʝ 
ʫʪʠʣʠʟʘʮʠʶ ʠ ʦʯʠʩʪʢʫ ʰʘʭʪʥʦʛʦ ʤʝʪʘʥʘ. ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘ-
ʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʦʜʪʚʝʨʞʜʘʶʱʠʭ ʵʬ-
ʬʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʭʣʦʨʠʜʥʳʭ ʥʘʪʨʠʝʚʳʭ ʨʘʩʩʦʣʦʚ ʠ 
ʙʠʰʦʬʠʪʦʚ ʜʣʷ ʨʘʟʜʝʣʝʥʠʷ ʫʛʦʣʴʥʦʡ ʤʘʩʩʳ. ʇʦʢʘʟʘʥʦ, ʯʪʦ 
ʧʨʠʤʝʥʝʥʠʝ ʪʘʢʦʛʦ ʧʦʜʭʦʜʘ ʧʦʟʚʦʣʷʝʪ ʥʝ ʪʦʣʴʢʦ ʧʦʣʫʯʠʪʴ 
ʵʢʦʣʦʛʠʯʝʩʢʠ ʯʠʩʪʦʝ ʛʘʟʦʚʦʝ ʪʦʧʣʠʚʦ ʜʣʷ ʪʝʧʣʦʚʳʭ ʵʣʝʢʪʨʦ-
ʩʪʘʥʮʠʡ (ʊʕʉ), ʥʦ ʠ ʦʙʝʩʧʝʯʠʪʴ ʠʟʚʣʝʯʝʥʠʝ ʮʝʥʥʳʭ ʨʝʜʢʠʭ ʠ 
ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʤʝʥʪʦʚ ʠʟ ʧʨʦʤʝʞʫʪʦʯʥʳʭ ʧʨʦʜʫʢʪʦʚ ʦʙʦʛʘʱʝ-
ʥʠʷ. 

Annotation.  The article examines the concept 
of integrated coal field development aimed at 
improving resource efficiency and reducing 
the environmental impact of coal-fired power 
generation. A scheme for an energy-
technological plant (ETP) is proposed, which 
includes stages of coal preparation using 
natural highly mineralized brines as a heavy 
medium, gasification of the obtained concen-
trate to produce synthetic gas, as well as the 
utilization and purification of coal mine me-
thane. The results of experimental studies 
are presented, confirming the effectiveness of 
using sodium chloride brines and bischofite 
for separating coal mass. It is shown that 
applying this approach not only makes it 
possible to obtain environmentally friendly 
gaseous fuel for thermal power plants (TPPs) 
but also ensures the recovery of valuable 
rare and trace elements from intermediate 
processing products. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʫʛʦʣʴʥʳʝ ʤʝʩʪʦʨʦʞʜʝʥʠʷ, ʰʘʭʪʥʳʡ ʤʝʪʘʥ, 
ʵʥʝʨʛʦʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʟʘʚʦʜ, ʛʨʘʚʠʪʘʮʠʦʥʥʦʝ ʦʙʦʛʘʱʝʥʠʝ, 
ʪʷʞʝʣʘʷ ʩʨʝʜʘ, ʧʨʠʨʦʜʥʳʝ ʨʘʩʩʦʣʳ, ʙʠʰʦʬʠʪ, ʛʘʟʠʬʠʢʘʮʠʷ, 
ʨʝʩʫʨʩʦʩʙʝʨʝʞʝʥʠʝ. 

Keywords : coal deposits, coal mine me-
thane, energy-technological plant, gravity 
concentration, heavy medium, natural brines, 
bischofite, gasification, resource conserva-
tion. 

 
ʚʝʜʝʥʠʝ 
ʅʝʩʤʦʪʨʷ ʥʘ ʛʣʦʙʘʣʴʥʳʡ ʵʥʝʨʛʝʪʠʯʝʩʢʠʡ ʧʝʨʝʭʦʜ, ʫʛʦʣʴ ʦʩʪʘʝʪʩʷ ʦʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʵʣʝ-

ʤʝʥʪʦʚ ʪʦʧʣʠʚʥʦ-ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʙʘʣʘʥʩʘ ʤʥʦʛʠʭ ʩʪʨʘʥ, ʚʢʣʶʯʘʷ ʈʦʩʩʠʡʩʢʫʶ ʌʝʜʝʨʘʮʠʶ, ʂʠʪʘʡ, ʀʥ-
ʜʠʶ ʠ ʄʴʷʥʤʫ [1, 2]. ʇʨʦʛʥʦʟʳ ʄʝʞʜʫʥʘʨʦʜʥʦʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʘʛʝʥʪʩʪʚʘ ʫʢʘʟʳʚʘʶʪ ʥʘ ʩʦʭʨʘʥʝʥʠʝ 
ʟʥʘʯʠʪʝʣʴʥʦʡ ʜʦʣʠ ʫʛʣʷ ʚ ʩʪʨʫʢʪʫʨʝ ʧʝʨʚʠʯʥʦʡ ʵʥʝʨʛʠʠ ʚ ʦʙʦʟʨʠʤʦʤ ʙʫʜʫʱʝʤ. ʆʜʥʘʢʦ ʧʨʷʤʦʝ ʩʞʠʛʘ-
ʥʠʝ ʫʛʣʷ ʥʘ ʪʝʧʣʦʚʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʪʘʥʮʠʷʭ (ʊʕʉ) ʩʦʧʨʷʞʝʥʦ ʩ ʢʦʤʧʣʝʢʩʦʤ ʵʢʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ, 
ʚʢʣʶʯʘʷ ʚʳʙʨʦʩʳ ʦʢʩʠʜʦʚ ʩʝʨʳ ʠ ʘʟʦʪʘ (SOx, NOx), ʪʚʝʨʜʳʭ ʯʘʩʪʠʮ (ʣʝʪʫʯʘʷ ʟʦʣʘ) ʠ ʧʘʨʥʠʢʦʚʳʭ ʛʘ-
ʟʦʚ (COϜ, CHϞ) [3]. 

ʇʘʨʘʣʣʝʣʴʥʦ ʩ ʵʢʦʣʦʛʠʯʝʩʢʠʤʠ ʚʳʟʦʚʘʤʠ ʩʫʱʝʩʪʚʫʝʪ ʧʨʦʙʣʝʤʘ ʥʝʧʦʣʥʦʪʳ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʝ-
ʩʫʨʩʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ ʫʛʦʣʴʥʳʭ ʤʝʩʪʦʨʦʞʜʝʥʠʡ. ʇʦʤʠʤʦ ʫʛʣʷ, ʚ ʠʭ ʥʝʜʨʘʭ ʯʘʩʪʦ ʩʦʜʝʨʞʘʪʩʷ ʟʥʘʯʠ-
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ʪʝʣʴʥʳʝ ʦʙʲʝʤʳ ʰʘʭʪʥʦʛʦ ʤʝʪʘʥʘ (ʨʫʜʥʠʯʥʦʛʦ ʛʘʟʘ), ʢʦʪʦʨʳʡ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʩʠʩʪʝʤʳ ʫʪʠʣʠʟʘʮʠʠ 
ʚʳʙʨʘʩʳʚʘʝʪʩʷ ʚ ʘʪʤʦʩʬʝʨʫ, ʫʩʫʛʫʙʣʷʷ ʧʘʨʥʠʢʦʚʳʡ ʵʬʬʝʢʪ, ʘ ʪʘʢʞʝ ʚʳʩʦʢʦʤʠʥʝʨʘʣʠʟʦʚʘʥʥʳʝ ʧʣʘ-
ʩʪʦʚʳʝ ʚʦʜʳ. ʂʨʦʤʝ ʪʦʛʦ, ʫʛʦʣʴʥʘʷ ʤʘʩʩʘ ʩʘʤʘ ʧʦ ʩʝʙʝ ʷʚʣʷʝʪʩʷ ʠʩʪʦʯʥʠʢʦʤ ʨʝʜʢʠʭ ʠ ʨʘʩʩʝʷʥʥʳʭ 
ʵʣʝʤʝʥʪʦʚ, ʢʦʪʦʨʳʝ ʧʨʠ ʪʨʘʜʠʮʠʦʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʩʞʠʛʘʥʠʷ ʙʝʟʚʦʟʚʨʘʪʥʦ ʪʝʨʷʶʪʩʷ ʚ ʟʦʣʦʰʣʘʢʦʚʳʭ 
ʦʪʭʦʜʘʭ [4]. 

ɼʣʷ ʨʝʰʝʥʠʷ ʦʙʦʟʥʘʯʝʥʥʳʭ ʧʨʦʙʣʝʤ ʥʝʦʙʭʦʜʠʤ ʧʝʨʝʭʦʜ ʦʪ ʧʨʦʩʪʦʛʦ ʩʞʠʛʘʥʠʷ ʫʛʣʷ ʢ ʢʦʤʧʣʝʢʩ-
ʥʦʡ, ʨʝʩʫʨʩʦʩʙʝʨʝʛʘʶʱʝʡ ʤʦʜʝʣʠ ʝʛʦ ʧʝʨʝʨʘʙʦʪʢʠ. ʊʘʢʦʡ ʧʦʜʭʦʜ, ʙʘʟʠʨʫʶʱʠʡʩʷ ʥʘ ʧʨʠʥʮʠʧʘʭ 
ʥʘʠʣʫʯʰʠʭ ʜʦʩʪʫʧʥʳʭ ʪʝʭʥʦʣʦʛʠʡ (ʅɼʊ) ʠ ʧʦʜʪʚʝʨʞʜʝʥʥʳʡ ʧʝʨʝʜʦʚʦʡ ʤʝʞʜʫʥʘʨʦʜʥʦʡ ʧʨʘʢʪʠʢʦʡ, 
ʧʦʟʚʦʣʷʝʪ ʠʥʪʝʛʨʠʨʦʚʘʪʴ ʧʨʦʮʝʩʩʳ ʦʙʦʛʘʱʝʥʠʷ, ʛʘʟʠʬʠʢʘʮʠʠ ʠ ʫʪʠʣʠʟʘʮʠʠ ʨʫʜʥʠʯʥʦʛʦ ʛʘʟʘ ʚ ʝʜʠʥʦʤ 
ʵʥʝʨʛʦʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤ ʮʠʢʣʝ [5, 6]. 

ʈʝʩʫʨʩʥʳʡ ʧʦʪʝʥʮʠʘʣ ʠ ʵʢʦʣʦʛʠʯʝʩʢʠʝ ʚʳʟʦʚʳ 
ʆʩʥʦʚʥʳʤʠ ʮʝʥʥʳʤʠ ʢʦʤʧʦʥʝʥʪʘʤʠ, ʠʟʚʣʝʢʘʝʤʳʤʠ ʧʨʠ ʢʦʤʧʣʝʢʩʥʦʤ ʦʩʚʦʝʥʠʠ ʫʛʦʣʴʥʳʭ ʤʝ-

ʩʪʦʨʦʞʜʝʥʠʡ, ʷʚʣʷʶʪʩʷ: 
1. ʕʥʝʨʛʝʪʠʯʝʩʢʠʡ ʫʛʦʣʴ: ʦʩʥʦʚʥʦʝ ʩʳʨʴʝ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʪʝʧʣʘ ʠ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ. ɽʛʦ ʢʘʯʝ-

ʩʪʚʦ (ʟʦʣʴʥʦʩʪʴ, ʪʝʧʣʦʪʘ ʩʛʦʨʘʥʠʷ) ʤʦʞʝʪ ʙʳʪʴ ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʝʥʦ ʧʫʪʝʤ ʦʙʦʛʘʱʝʥʠʷ. 
2. ʐʘʭʪʥʳʡ ʤʝʪʘʥ (ʨʫʜʥʠʯʥʳʡ ʛʘʟ): ʧʦʧʫʪʥʳʡ ʛʦʨʶʯʠʡ ʛʘʟ, ʩʦʜʝʨʞʘʥʠʝ ʢʦʪʦʨʦʛʦ ʚ ʫʛʦʣʴʥʳʭ 

ʧʣʘʩʪʘʭ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ 35 ʤį ʥʘ ʪʦʥʥʫ ʩʫʭʦʡ ʙʝʟʟʦʣʴʥʦʡ ʤʘʩʩʳ [7]. ɽʛʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ 
ʪʦʧʣʠʚʘ ʠʣʠ ʢʦʤʧʦʥʝʥʪʘ ʪʦʧʣʠʚʥʦʡ ʩʤʝʩʠ ʧʦʟʚʦʣʷʝʪ ʟʘʤʝʩʪʠʪʴ ʯʘʩʪʴ ʪʨʘʜʠʮʠʦʥʥʦʛʦ ʠʩʢʦʧʘʝʤʦʛʦ 
ʪʦʧʣʠʚʘ ʠ ʩʦʢʨʘʪʠʪʴ ʚʳʙʨʦʩʳ ʧʘʨʥʠʢʦʚʳʭ ʛʘʟʦʚ. 

3. ɺʳʩʦʢʦʤʠʥʝʨʘʣʠʟʦʚʘʥʥʳʝ ʚʦʜʳ (ʧʨʠʨʦʜʥʳʝ ʨʘʩʩʦʣʳ): ʧʦʜʟʝʤʥʳʝ ʚʦʜʳ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ 
ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩʩʘʭ, ʥʘʧʨʠʤʝʨ, ʚ ʢʘʯʝʩʪʚʝ ʪʷʞʝʣʦʡ ʩʨʝʜʳ ʧʨʠ ʛʨʘʚʠʪʘʮʠʦʥ-
ʥʦʤ ʦʙʦʛʘʱʝʥʠʠ ʫʛʣʷ ʠʣʠ ʜʣʷ ʨʝʛʝʥʝʨʘʮʠʠ ʠʦʥʦʦʙʤʝʥʥʳʭ ʬʠʣʴʪʨʦʚ ʥʘ ʊʕʉ [8]. 

ʊʨʘʜʠʮʠʦʥʥʘʷ ʪʝʭʥʦʣʦʛʠʷ ʧʨʷʤʦʛʦ ʩʞʠʛʘʥʠʷ ʫʛʣʷ ʥʘ ʊʕʉ ʧʨʠʚʦʜʠʪ ʢ ʦʙʨʘʟʦʚʘʥʠʶ ʟʥʘʯʠʪʝʣʴʥʦ-
ʛʦ ʦʙʲʝʤʘ ʚʳʙʨʦʩʦʚ. ɼʣʷ ʩʥʠʞʝʥʠʷ ʩʦʜʝʨʞʘʥʠʷ ʚʨʝʜʥʳʭ ʚʝʱʝʩʪʚ ʚ ʜʳʤʦʚʳʭ ʛʘʟʘʭ ʧʨʠʤʝʥʷʶʪʩʷ ʨʘʟ-
ʣʠʯʥʳʝ ʤʝʪʦʜʳ, ʪʘʢʠʝ ʢʘʢ ʮʠʢʣʦʥʳ, ʨʫʢʘʚʥʳʝ ʬʠʣʴʪʨʳ (ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʫʣʘʚʣʠʚʘʥʠʷ ʪʚʝʨʜʳʭ ʯʘʩʪʠʮ 
ʜʦ 99 %), ʩʠʩʪʝʤʳ ʜʝʩʫʣʴʬʫʨʠʟʘʮʠʠ ʠ ʤʝʪʦʜʳ ʧʦʜʘʚʣʝʥʠʷ ʦʢʩʠʜʦʚ ʘʟʦʪʘ (ʩʪʫʧʝʥʯʘʪʦʝ ʩʞʠʛʘʥʠʝ, ʨʝ-
ʮʠʨʢʫʣʷʮʠʷ ʜʳʤʦʚʳʭ ʛʘʟʦʚ) [3]. ʆʜʥʘʢʦ ʵʪʠ ʩʠʩʪʝʤʳ, ʙʫʜʫʯʠ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʤʠ, ʥʝ ʨʝʰʘʶʪ ʧʨʦ-
ʙʣʝʤʫ ʠʩʪʦʱʝʥʠʷ ʨʝʩʫʨʩʦʚ ʠ ʥʝ ʠʩʧʦʣʴʟʫʶʪ ʩʢʨʳʪʳʡ ʧʦʪʝʥʮʠʘʣ ʫʛʦʣʴʥʦʛʦ ʩʳʨʴʷ. 

ʂʦʥʮʝʧʮʠʷ ʵʥʝʨʛʦʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʟʘʚʦʜʘ (ʕʊɿ) ʜʣʷ ʢʦʤʧʣʝʢʩʥʦʡ ʧʝʨʝʨʘʙʦʪʢʠ 
ɺ ʢʘʯʝʩʪʚʝ ʩʠʩʪʝʤʥʦʛʦ ʨʝʰʝʥʠʷ ʧʨʝʜʣʘʛʘʝʪʩʷ ʩʦʟʜʘʥʠʝ ʵʥʝʨʛʦʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʟʘʚʦʜʘ (ʕʊɿ) 

ʥʘ ʙʘʟʝ ʫʛʦʣʴʥʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ [6]. ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʪʘʢʦʛʦ ʟʘʚʦʜʘ, ʘʜʘʧʪʠʨʦʚʘʥʥʘʷ ʜʣʷ 
ʫʩʣʦʚʠʡ ʈʝʩʧʫʙʣʠʢʠ ʉʦʶʟ ʄʴʷʥʤʘ ʠ ʜʨʫʛʠʭ ʨʝʛʠʦʥʦʚ, ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1. ʆʩʥʦʚʫ ʢʦʥʮʝʧʮʠʠ 
ʩʦʩʪʘʚʣʷʝʪ ʛʣʫʙʦʢʘʷ ʧʝʨʝʨʘʙʦʪʢʘ ʫʛʣʷ ʥʘ ʜʚʝ ʦʩʥʦʚʥʳʝ ʩʪʫʧʝʥʠ: ʦʙʦʛʘʱʝʥʠʝ ʠ ʛʘʟʠʬʠʢʘʮʠʶ. (ʉʭʝʤʘ 
ʚʢʣʶʯʘʝʪ: 1 ï ʫʛʦʣʴʥʦʝ ʤʝʩʪʦʨʦʞʜʝʥʠʝ; 2 ï ʫʟʝʣ ʦʙʦʛʘʱʝʥʠʷ I ʩʪʘʜʠʠ; 3 ï ʫʟʝʣ ʧʦʜʛʦʪʦʚʢʠ ʀʂɾʊ 
(ɺʋʊ); 4 ï ʫʟʝʣ ʛʘʟʠʬʠʢʘʮʠʠ; 5 ï ʩʠʩʪʝʤʘ ʦʯʠʩʪʢʠ ʰʘʭʪʥʦʛʦ ʤʝʪʘʥʘ; 6 ï ʩʠʩʪʝʤʘ ʠʟʚʣʝʯʝʥʠʷ ʨʝʜʢʠʭ 
ʵʣʝʤʝʥʪʦʚ; 7 ï ʊʕʉ). 

 

 
 

ʈʠʩʫʥʦʢ 1 ï ʊʝʭʥʦʣʦʛʠʯʝʩʢʘʷ ʩʭʝʤʘ ʢʦʤʧʣʝʢʩʥʦʛʦ ʦʩʚʦʝʥʠʷ ʫʛʦʣʴʥʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʕʊɿ 

 
ʇʝʨʚʘʷ ʩʪʘʜʠʷ ʦʙʦʛʘʱʝʥʠʷ ʥʘ ʕʊɿ ʧʨʝʜʧʦʣʘʛʘʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚ ʢʘʯʝʩʪʚʝ ʪʷʞʝʣʦʡ ʩʨʝʜʳ 

ʧʨʠʨʦʜʥʳʭ ʭʣʦʨʠʜʥʳʭ ʥʘʪʨʠʝʚʳʭ ʨʘʩʩʦʣʦʚ ʠ ʙʠʰʦʬʠʪʦʚ. ʊʘʢʠʝ ʚʳʩʦʢʦʤʠʥʝʨʘʣʠʟʦʚʘʥʥʳʝ ʚʦʜʳ 
ʠʤʝʶʪ ʧʣʦʪʥʦʩʪʴ ʚ ʜʠʘʧʘʟʦʥʝ 1160ï1300 ʢʛ/ʤį, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʚʳʜʝʣʠʪʴ ʫʛʦʣʴʥʫʶ ʤʘʩʩʫ ʩ ʧʣʦʪʥʦʩʪʴʶ 
ʥʠʞʝ 1300 ʢʛ/ʤį. ʀʤʝʥʥʦ ʵʪʘ ʬʨʘʢʮʠʷ ʷʚʣʷʝʪʩʷ ʦʩʥʦʚʦʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʯʠʩʪʦʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʪʦʧ-
ʣʠʚʘ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʙʦʣʝʝ ʪʷʞʝʣʘʷ ʬʨʘʢʮʠʷ (ʧʣʦʪʥʦʩʪʴʶ >1300 ʢʛ/ʤį) ʢʦʥʮʝʥʪʨʠʨʫʝʪ ʚ ʩʝʙʝ ʨʝʜʢʠʝ ʠ 
ʨʘʩʩʝʷʥʥʳʝ ʵʣʝʤʝʥʪʳ (Ge, Ga, Be, Nb, Sc ʠ ʜʨ.) [4].  

ʇʦʣʫʯʝʥʥʳʡ ʫʛʦʣʴʥʳʡ ʢʦʥʮʝʥʪʨʘʪ, ʘ ʪʘʢʞʝ ʦʪʭʦʜʳ ʦʙʦʛʘʱʝʥʠʷ, ʩʤʝʰʘʥʥʳʝ ʩ ʚʦʜʦʡ (ʚ ʪʦʤ ʯʠʩ-
ʣʝ ʩʪʦʯʥʳʤʠ ʚʦʜʘʤʠ ʫʛʦʣʴʥʦʛʦ ʤʝʩʪʦʨʦʞʜʝʥʠʷ ʠ ʊʕʉ), ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʧʨʠʛʦʪʦʚʣʝʥʠʷ 
ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʢʦʤʧʦʟʠʮʠʦʥʥʦʛʦ ʞʠʜʢʦʛʦ ʪʦʧʣʠʚʘ (ʀʂɾʊ) ʠʣʠ ʚʦʜʦʫʛʦʣʴʥʦʛʦ ʪʦʧʣʠʚʘ (ɺʋʊ). ɼʘʣʝʝ 
ʵʪʦ ʪʦʧʣʠʚʦ ʧʦʜʚʝʨʛʘʝʪʩʷ ʛʘʟʠʬʠʢʘʮʠʠ ʩ ʧʦʣʫʯʝʥʠʝʤ ʩʠʥʪʝʪʠʯʝʩʢʦʛʦ (ʛʝʥʝʨʘʪʦʨʥʦʛʦ) ʛʘʟʘ. ɼʣʷ ʧʦ-
ʚʳʰʝʥʠʷ ʝʛʦ ʢʘʣʦʨʠʡʥʦʩʪʠ ʠ ʩʪʘʙʠʣʠʟʘʮʠʠ ʩʦʩʪʘʚʘ, ʚ ʩʤʝʩʴ ʧʝʨʝʜ ʩʞʠʛʘʥʠʝʤ ʥʘ ʊʕʉ ʤʦʞʝʪ ʜʦʙʘʚ-
ʣʷʪʴʩʷ ʦʯʠʱʝʥʥʳʡ ʰʘʭʪʥʳʡ ʤʝʪʘʥ [9]. ɸʚʪʦʨʘʤʠ ʧʨʝʜʣʘʛʘʝʪʩʷ ʩʦʦʪʥʦʰʝʥʠʝ 98% ʩʠʥʪʝʟ-ʛʘʟʘ ʢ 2% 
ʦʯʠʱʝʥʥʦʛʦ ʤʝʪʘʥʘ. 
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ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ʧʨʠʤʝʥʝʥʠʷ ʧʨʠʨʦʜʥʳʭ ʚʳʩʦʢʦʤʠʥʝʨʘʣʠʟʦʚʘʥʥʳʭ ʚʦʜ 
ʜʣʷ ʦʙʦʛʘʱʝʥʠʷ ʫʛʣʝʡ 

ʂʣʶʯʝʚʳʤ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤ ʵʪʘʧʦʤ ʚ ʧʨʝʜʣʘʛʘʝʤʦʡ ʩʭʝʤʝ ʷʚʣʷʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʚʳʩʦʢʦʤʠ-
ʥʝʨʘʣʠʟʦʚʘʥʥʳʭ ʚʦʜ ʚ ʢʘʯʝʩʪʚʝ ʪʷʞʝʣʦʡ ʩʨʝʜʳ. ʈʘʥʝʝ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʜʣʷ ʵʪʠʭ ʮʝʣʝʡ ʧʨʠʤʝʥʷ-
ʣʠʩʴ ʤʘʛʥʝʪʠʪʦʚʳʝ ʠ ʚʦʜʥʦ-ʧʝʩʯʘʥʳʝ ʩʫʩʧʝʥʟʠʠ, ʢʦʪʦʨʳʝ ʠʤʝʶʪ ʚʳʩʦʢʫʶ ʩʪʦʠʤʦʩʪʴ ʠ ʫʩʣʦʞʥʷʶʪ 
ʵʢʩʧʣʫʘʪʘʮʠʶ ʠʟ-ʟʘ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʦʩʪʦʷʥʥʦʛʦ ʧʝʨʝʤʝʰʠʚʘʥʠʷ ʠ ʟʘʛʨʷʟʥʝʥʠʷ ʢʦʥʮʝʥʪʨʘʪʘ. ʇʨʦʚʝ-
ʜʝʥʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʟʘʤʝʥʳ ʵʪʠʭ ʩʫʩʧʝʥʟʠʡ ʥʘ ʧʨʠʨʦʜʥʳʝ ʚʳʩʦʢʦʤʠʥʝ-
ʨʘʣʠʟʦʚʘʥʥʳʝ ʚʦʜʳ [5, 8]. 

ɺ ʭʦʜʝ ʣʘʙʦʨʘʪʦʨʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʥʘ ʢʘʬʝʜʨʘʭ ʊʆʊ ʠ ʊʕʉ ʅʀʋ çʄʕʀè ʦʮʝʥʠʚʘʣʘʩʴ ʵʬʬʝʢ-
ʪʠʚʥʦʩʪʴ ʦʙʦʛʘʱʝʥʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʛʣʝʡ (ʫʛʣʝʡ ʄʴʷʥʤʳ: ʊʠʛʠʠʪ ʠ ʂʘʣʝʚʘ) ʚ ʢʦʨʳʪʥʦʤ ʩʝʧʘʨʘʪʦʨʝ. 
ɺ ʢʘʯʝʩʪʚʝ ʪʷʞʝʣʳʭ ʩʨʝʜ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ: 

ǒ  ʧʨʠʨʦʜʥʳʡ ʧʦʜʟʝʤʥʳʡ ʭʣʦʨʠʜʥʳʡ ʥʘʪʨʠʝʚʳʡ ʨʘʩʩʦʣ (ʧʣʦʪʥʦʩʪʴ 1160 ʠ 1165 ʢʛ/ʤį); 
ǒ  ʙʠʰʦʬʠʪ (ʧʣʦʪʥʦʩʪʴ 1200ï1300 ʢʛ/ʤį). 
ʆʩʥʦʚʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʦʙʦʛʘʱʝʥʠʷ (ɖ, %) ʨʘʩʩʯʠʪʳʚʘʣʠʩʴ ʧʦ ʬʦʨʤʫʣʝ ʍʘʥʢʦʢ-

ʢʘ-ʃʫʡʢʝʥʘ. ʇʦʣʫʯʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʩʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2. 
 

 
 

ʈʠʩʫʥʦʢ 2 ï ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʦʮʝʩʩʦʚ ʦʙʦʛʘʱʝʥʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʨʘʟʤʝʨʘ ʯʘʩʪʠʮ ʠʩʭʦʜʥʦʛʦ ʫʛʣʷ 

 
ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʟʥʘʯʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʦʙʦʛʘʱʝʥʠʷ (ʦʪ 27,24 % 

ʜʦ 63,36 %) ʧʨʝʚʳʰʘʶʪ ʧʦʨʦʛ ʚ 25 %, ʯʪʦ ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʨʠʥʮʠʧʠʘʣʴʥʦʡ ʧʨʠʤʝʥʠʤʦʩʪʠ ʧʨʝʜʣʦ-
ʞʝʥʥʳʭ ʩʨʝʜ. ɹʦʣʝʝ ʪʦʛʦ, ʚ ʨʷʜʝ ʦʧʳʪʦʚ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʚʳʩʠʣʘ 50 %, ʯʪʦ ʢʣʘʩʩʠʬʠʮʠʨʫʝʪ ʧʨʦ-
ʮʝʩʩ ʢʘʢ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʡ. ʅʘʠʚʳʩʰʠʡ ʨʝʟʫʣʴʪʘʪ (63,36 %) ʙʳʣ ʜʦʩʪʠʛʥʫʪ ʜʣʷ ʫʛʣʷ ʤʘʨʢʠ ʂʘʣʝʚʘ 
ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʤʘʨʢʠ ʙʠʰʦʬʠʪʘ (ʧʣʦʪʥʦʩʪʴ 1300 ʢʛ/ʤį) ʚ ʢʘʯʝʩʪʚʝ ʪʷʞʝʣʦʡ ʩʨʝʜʳ. 
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ʵʥʝʨʛʦʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʢʦʤʧʣʝʢʩʘʭ ʈʝʩʧʫʙʣʠʢʠ ʉʦʶʟ ʄʴʷʥʤʘ. 
ɸʢʪʫʘʣʴʥʦʩʪʴ ʨʘʙʦʪʳ ʦʙʫʩʣʦʚʣʝʥʘ ʨʝʘʣʠʟʘʮʠʝʡ ʅʘʮʠʦʥʘʣʴ-
ʥʦʡ ʧʨʦʛʨʘʤʤʳ ʵʣʝʢʪʨʠʬʠʢʘʮʠʠ ʩʪʨʘʥʳ, ʧʨʝʜʫʩʤʘʪʨʠʚʘʶʱʝʡ 
ʫʚʝʣʠʯʝʥʠʝ ʜʦʣʠ ʫʛʣʷ ʚ ʵʥʝʨʛʦʙʘʣʘʥʩʝ ʜʦ 33 % ʢ 2030 ʛʦʜʫ [1ï
3]. ɺ ʨʘʙʦʪʝ ʚʳʧʦʣʥʝʥ ʘʥʘʣʠʟ ʜʚʫʭ ʦʩʥʦʚʥʳʭ ʪʠʧʦʚ ʧʦʜʛʦʪʦʚʢʠ 
ʪʦʧʣʠʚʘ: ʚ ʚʠʜʝ ʚʦʜʦʫʛʦʣʴʥʦʡ ʩʫʩʧʝʥʟʠʠ (ʪʝʭʥʦʣʦʛʠʠ E-gas ʠ 
Texaco) ʠ ʚ ʧʳʣʝʚʠʜʥʦʤ ʩʦʩʪʦʷʥʠʠ (ʪʝʭʥʦʣʦʛʠʠ Shell ʠ MHI). ʉ 
ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʦʛʦ ʢʦʤʧʣʝʢʩʘ Thermoflow ʧʨʦʚʝ-
ʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʨʦʮʝʩʩʦʚ ʛʘʟʠʬʠʢʘʮʠʠ ʥʘ ʦʩʥʦʚʝ 
ʫʩʨʝʜʥʝʥʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʫʛʣʝʡ ʤʝʩʪʦʨʦʞʜʝʥʠʡ ʊʠʛʠʠʪ ʠ 
ʂʘʣʝʚʘ. ʇʦʣʫʯʝʥʳ ʜʘʥʥʳʝ ʧʦ ʩʦʩʪʘʚʫ ʠ ʥʠʟʰʝʡ ʪʝʧʣʦʪʝ ʩʛʦʨʘ-
ʥʠʷ ʩʠʥʪʝʟ-ʛʘʟʘ. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʢʘʟʘʣʠ, ʯʪʦ 
ʩʨʝʜʠ ʚʦʜʦʫʛʦʣʴʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʪʝʧʣʦʪʫ ʩʛʦ-
ʨʘʥʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʨʦʮʝʩʩ E-gas, ʘ ʩʨʝʜʠ ʧʳʣʝʚʠʜʥʳʭ ï 
ʧʨʦʮʝʩʩ Shell. ʆʙʦʩʥʦʚʘʥʘ ʧʝʨʩʧʝʢʪʠʚʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ ʵʥʝʨ-
ʛʦʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʢʦʤʧʣʝʢʩʦʚ ʩ ʠʟʚʣʝʯʝʥʠʝʤ ʨʝʜʢʦʟʝʤʝʣʴʥʳʭ 
ʵʣʝʤʝʥʪʦʚ ʠʟ ʟʦʣʦʰʣʘʢʦʚʳʭ ʦʪʭʦʜʦʚ ʜʣʷ ʫʩʣʦʚʠʡ ʄʴʷʥʤʳ. 

Annotation.  The article investigates the effi-
ciency of coal enrichment and gasification 
methods for application in energy technology 
complexes in the Republic of the Union of 
Myanmar. The relevance of the work is driven 
by the implementation of the countryôs Na-
tional Electrification Program, which envisag-
es increasing the share of coal in the energy 
balance to 33 % by 2030. The study analyzes 
two main types of fuel preparation: coal-water 
slurry (E-gas and Texaco technologies) and 
pulverized coal (Shell and MHI technologies). 
Gasification processes were simulated using 
the Thermoflow software package based on 
the average characteristics of coals from the 
Tigyit and Kalewa deposits. Data on the 
composition and lower heating value of the 
synthesis gas were obtained. The simulation 
results show that among coal-water slurry 
technologies, the E-gas process provides a 
higher heating value, while among pulverized 
coal technologies, the Shell process does. 
The prospects of using energy technology 
complexes with extraction of rare earth ele-
ments from ash and slag waste in Myanmar 
are substantiated. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʛʘʟʠʬʠʢʘʮʠʷ ʫʛʣʷ, ʚʦʜʦʫʛʦʣʴʥʦʝ ʪʦʧʣʠʚʦ, 
ʧʳʣʝʫʛʦʣʴʥʦʝ ʪʦʧʣʠʚʦ, ʩʠʥʪʝʟ-ʛʘʟ, ʵʥʝʨʛʦʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ 
ʢʦʤʧʣʝʢʩʳ, ʥʠʟʰʘʷ ʪʝʧʣʦʪʘ ʩʛʦʨʘʥʠʷ, ʟʦʣʦʰʣʘʢʦʚʳʝ ʦʪʭʦʜʳ, 
ʨʝʜʢʦʟʝʤʝʣʴʥʳʝ ʵʣʝʤʝʥʪʳ. 

Keywords : coal gasification, water-coal fuel, 
pulverized coal fuel, synthesis gas, energy 
technology complexes, low heat of combus-
tion, ash and slag waste, rare earth elements. 
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ʚʝʜʝʥʠʝ 
ʉʦʚʨʝʤʝʥʥʘʷ ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʩʪʨʘʪʝʛʠʷ ʄʴʷʥʤʳ ʥʘʧʨʘʚʣʝʥʘ ʥʘ ʜʠʚʝʨʩʠʬʠʢʘʮʠʶ ʪʦʧʣʠʚ-

ʥʦʛʦ ʙʘʣʘʥʩʘ ʠ ʧʦʚʳʰʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ ʩʪʨʘʥʳ. ɿʥʘʯʠʪʝʣʴʥʳʝ ʟʘʧʘʩʳ ʫʛʣʷ ʥʘ ʪʝʨ-
ʨʠʪʦʨʠʠ ʩʪʨʘʥʳ ʜʝʣʘʶʪ ʝʛʦ ʦʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʨʝʩʫʨʩʦʚ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʳʭ ʮʝʣʝʡ. ʆʜʥʘ-
ʢʦ ʧʨʷʤʦʝ ʩʞʠʛʘʥʠʝ ʫʛʣʷ ʩʦʧʨʷʞʝʥʦ ʩ ʩʝʨʴʝʟʥʳʤʠ ʵʢʦʣʦʛʠʯʝʩʢʠʤʠ ʧʨʦʙʣʝʤʘʤʠ: ʚʳʙʨʦʩʳ ʦʢʩʠʜʦʚ ʩʝ-
ʨʳ ʠ ʘʟʦʪʘ, ʦʙʨʘʟʦʚʘʥʠʝ ʙʦʣʴʰʠʭ ʦʙʲʝʤʦʚ ʟʦʣʦʰʣʘʢʦʚʳʭ ʦʪʭʦʜʦʚ, ʚ ʢʦʪʦʨʳʭ ʤʦʛʫʪ ʢʦʥʮʝʥʪʨʠʨʦʚʘʪʴ-
ʩʷ ʪʦʢʩʠʯʥʳʝ ʠ ʨʝʜʢʠʝ ʵʣʝʤʝʥʪʳ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʠ ʚʥʝʜʨʝ-
ʥʠʝ ʵʥʝʨʛʦʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʢʦʤʧʣʝʢʩʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ ʥʝ ʪʦʣʴʢʦ ʵʬʬʝʢʪʠʚʥʦ ʧʨʝʦʙʨʘʟʦʚʳʚʘʪʴ ʵʥʝʨ-
ʛʠʶ ʫʛʣʷ, ʥʦ ʠ ʠʟʚʣʝʢʘʪʴ ʮʝʥʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʠʟ ʦʪʭʦʜʦʚ, ʩʚʦʜʷ ʢ ʤʠʥʠʤʫʤʫ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʦʢʨʫʞʘʶ-
ʱʫʶ ʩʨʝʜʫ [5]. 

ʆʙʟʦʨ ʪʝʭʥʦʣʦʛʠʡ ʛʘʟʠʬʠʢʘʮʠʠ ʠ ʤʝʪʦʜʠʢʘ ʨʘʩʯʝʪʘ 
ʇʨʠ ʧʨʷʤʦʤ ʩʞʠʛʘʥʠʠ ʫʛʣʷ ʚʦʟʥʠʢʘʝʪ ʟʥʘʯʠʪʝʣʴʥʘʷ ʫʛʨʦʟʘ ʟʘʛʨʷʟʥʝʥʠʷ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʢʦ-

ʪʦʨʘʷ ʚ ʧʝʨʚʫʶ ʦʯʝʨʝʜʴ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʥʘʣʠʯʠʠ ʦʪʭʦʜʷʱʠʭ ʛʘʟʦʚ ʠ ʪʦʢʩʠʯʥʳʭ ʦʢʩʠʜʦʚ ʩʝʨʳ ʠ ʘʟʦʪʘ. ɸ 
ʪʘʢʞʝ ʥʘʣʠʯʠʝ ʣʝʪʫʯʝʡ ʟʦʣʳ ʠ ʰʣʘʢʘ, ʵʪʦ ʟʘʚʠʩʠʪ ʦʪ ʩʦʜʝʨʞʘʥʠʷ ʟʦʣʴʥʦʩʪʠ ʥʘ ʨʘʙʦʯʫʶ ʤʘʩʩʫ ʦʪ ʩʦ-
ʩʪʘʚʘ ʠʩʭʦʜʥʦʛʦ ʪʦʧʣʠʚʘ. ʋʞʝ ʩʫʱʝʩʪʚʫʶʪ ʩʠʩʪʝʤʳ ʦʯʠʩʪʢʠ ʫʭʦʜʷʱʠʭ ʛʘʟʦʚ, ʟʦʣʳ ʠ ʰʣʘʢʘ. 

ɺ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʩʧʦʩʦʙʘ ʧʦʜʘʯʠ ʪʦʧʣʠʚʘ ʚ ʨʝʘʢʪʦʨ, ʚʩʝ ʪʝʭʥʦʣʦʛʠʠ ʛʘʟʠʬʠʢʘʮʠʠ ʤʦʞʥʦ ʨʘʟ-
ʜʝʣʠʪʴ ʥʘ ʜʚʝ ʛʨʫʧʧʳ: 

1. ɻʘʟʠʬʠʢʘʮʠʷ ʚʦʜʦʫʛʦʣʴʥʦʛʦ ʪʦʧʣʠʚʘ (ɺʋʊ): ʠʩʭʦʜʥʳʡ ʫʛʦʣʴ ʠʟʤʝʣʴʯʘʝʪʩʷ ʠ ʩʤʝʰʠʚʘʝʪʩʷ ʩ 
ʚʦʜʦʡ. ʕʪʦʪ ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʣʝʛʢʦ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʪʴ ʪʦʧʣʠʚʦ ʚ ʛʘʟʠʬʠʢʘʪʦʨ. ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ 
ʪʝʭʥʦʣʦʛʠʠ E-gas ʠ Texaco. 

2. ɻʘʟʠʬʠʢʘʮʠʷ ʧʳʣʝʫʛʦʣʴʥʦʛʦ ʪʦʧʣʠʚʘ: ʫʛʦʣʴ ʨʘʟʤʘʣʳʚʘʝʪʩʷ ʚ ʪʦʥʢʫʶ ʧʳʣʴ ʠ ʧʦʜʘʝʪʩʷ ʚ ʛʘ-
ʟʠʬʠʢʘʪʦʨ ʚ ʩʫʭʦʤ ʚʠʜʝ. ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʦʪʨʝʥʳ ʪʝʭʥʦʣʦʛʠʠ Shell ʠ MHI. 

ʈʘʩʯʝʪ ʧʨʦʮʝʩʩʦʚ ʛʘʟʠʬʠʢʘʮʠʠ ʧʨʦʚʦʜʠʣʩʷ ʚ ʩʨʝʜʝ ʇʂ Thermoflow. ʕʪʘ ʧʨʦʛʨʘʤʤʘ ʟʘʨʝʢʦʤʝʥ-
ʜʦʚʘʣʘ ʩʝʙʷ ʢʘʢ ʥʘʜʝʞʥʳʡ ʠʥʩʪʨʫʤʝʥʪ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʧʣʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ ʠ ʧʦʟʚʦ-
ʣʷʝʪ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʦʧʨʝʜʝʣʠʪʴ ʩʦʩʪʘʚ ʩʠʥʪʝʟ-ʛʘʟʘ ʠ ʝʛʦ ʪʝʧʣʦʪʚʦʨʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ ʚ ʟʘʚʠʩʠ-
ʤʦʩʪʠ ʦʪ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʩʭʦʜʥʦʛʦ ʫʛʣʷ. ɼʣʷ ʨʘʩʯʝʪʦʚ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʫʩʨʝʜʥʝʥʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 
ʫʛʣʝʡ, ʜʦʙʳʚʘʝʤʳʭ ʚ ʄʴʷʥʤʝ. 

 
ʊʘʙʣʠʮʘ 1 ï ʍʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʩʭʦʜʥʦʛʦ ʫʛʣʷ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʨʘʙʦʪʝ 
 

ʅʘʟʚʘʥʠʝ, ʤʘʨʢʘ, 
ʤʝʩʪʦʨʦʞʜʝʥʠʝ ʫʛʣʷ 

ʕʣʝʤʝʥʪʘʨʥʳʡ ʩʦʩʪʘʚ ʠʩʭʦʜʥʦʛʦ ʤʘʪʝʨʠʘʣʘ, % 
Q
ʨ

i, ʄɼʞ/ʢʛ 
C
ʨ
 W

ʨ
 A

ʨ
 S

ʨ
 H

ʨ
 O

ʨ
 N

ʨ
 

ʊʠʛʠʠʪ (Tigyit), ɹ 33.81 18.5 13.28 0.85 16.78 10.49 6.29 21.32 

ʂʘʣʝʚʘ (Kalewa), ʂ 52.5 9.7 8.88 1.2 13.86 8.66 5.2 27.26 

 
ɼʣʷ ʫʩʣʦʚʠʡ ʄʴʷʥʤʳ, ʩ ʫʯʝʪʦʤ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʨʝʰʝʥʠʷ ʵʢʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʙʣʝʤ, ʩʚʷʟʘʥʥʳʭ ʩ 

ʥʘʢʦʧʣʝʥʠʝʤ ʦʪʭʦʜʦʚ, ʚ ʜʘʥʥʦʡ ʨʘʙʦʪʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʦʨʠʛʠʥʘʣʴʥʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʛʘ-
ʟʠʬʠʢʘʪʦʨʘ, ʦʨʠʝʥʪʠʨʦʚʘʥʥʦʛʦ ʥʘ ʢʦʤʧʣʝʢʩʥʫʶ ʧʝʨʝʨʘʙʦʪʢʫ ʫʛʦʣʴʥʳʭ ʨʝʩʫʨʩʦʚ [5]. 

ʂʦʥʩʪʨʫʢʪʠʚʥʳʝ ʦʩʦʙʝʥʥʦʩʪʠ ʠ ʧʨʠʥʮʠʧ ʨʘʙʦʪʳ 
ʇʨʝʜʣʘʛʘʝʤʳʡ ʛʦʨʠʟʦʥʪʘʣʴʥʳʡ ʛʘʟʠʬʠʢʘʪʦʨ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ ʪʨʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʟʦʥʳ                               

(ʨʠʩ. 1). 

 
ʈʠʩʫʥʦʢ 1 ï ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʛʘʟʠʬʠʢʘʪʦʨʘ:  

1 ï ʟʦʥʘ ʛʦʨʝʥʠʷ ʢʦʥʮʝʥʪʨʘʪʘ; 2 ï ʟʦʥʘ ʛʘʟʠʬʠʢʘʮʠʠ ʦʪʭʦʜʦʚ; 3 ï ʟʦʥʘ ʧʠʨʦʣʠʟʘ  

ɺ 
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1. ɿʦʥʘ ʛʦʨʝʥʠʷ: ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʩʞʠʛʘʥʠʷ ʢʦʥʮʝʥʪʨʘʪʘ ʫʛʣʷ, ʦʙʦʛʘʱʝʥʥʦʛʦ ʚ ʪʷʞʝʣʳʭ 
ʩʨʝʜʘʭ. ɺ ʵʪʦʡ ʟʦʥʝ ʩʦʟʜʘʝʪʩʷ ʚʳʩʦʢʠʡ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʧʦʪʝʥʮʠʘʣ, ʥʝʦʙʭʦʜʠʤʳʡ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ 
ʵʥʜʦʪʝʨʤʠʯʝʩʢʠʭ ʨʝʘʢʮʠʡ ʛʘʟʠʬʠʢʘʮʠʠ. 

2. ɿʦʥʘ ʛʘʟʠʬʠʢʘʮʠʠ: ʩʣʫʞʠʪ ʜʣʷ ʪʝʨʤʠʯʝʩʢʦʡ ʧʝʨʝʨʘʙʦʪʢʠ ʦʪʭʦʜʦʚ ʫʛʣʝʦʙʦʛʘʱʝʥʠʷ (ʭʚʦ-
ʩʪʦʚ). ɺ ʵʪʦʡ ʟʦʥʝ, ʟʘ ʩʯʝʪ ʪʝʧʣʘ ʠʟ ʟʦʥʳ ʛʦʨʝʥʠʷ, ʧʨʦʠʩʭʦʜʠʪ ʢʦʥʚʝʨʩʠʷ ʪʚʝʨʜʦʛʦ ʪʦʧʣʠʚʘ ʚ ʛʦʨʶʯʠʡ 
ʩʠʥʪʝʟ-ʛʘʟ. 

3. ɿʦʥʘ ʧʠʨʦʣʠʟʘ: ʟʜʝʩʴ ʟʘʚʝʨʰʘʝʪʩʷ ʪʝʨʤʠʯʝʩʢʦʝ ʨʘʟʣʦʞʝʥʠʝ ʦʨʛʘʥʠʯʝʩʢʦʡ ʤʘʩʩʳ ʪʦʧʣʠʚʘ ʩ 
ʚʳʜʝʣʝʥʠʝʤ ʣʝʪʫʯʠʭ ʚʝʱʝʩʪʚ ʠ ʦʙʨʘʟʦʚʘʥʠʝʤ ʪʚʝʨʜʦʛʦ ʫʛʣʝʨʦʜʠʩʪʦʛʦ ʦʩʪʘʪʢʘ. 

ʊʘʢʦʝ ʟʦʥʠʨʦʚʘʥʠʝ ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʫʪʠʣʠʟʠʨʦʚʘʪʴ ʢʘʢ ʮʝʥʥʳʡ ʢʦʥʮʝʥʪʨʘʪ, ʪʘʢ ʠ ʦʪʭʦʜʳ 
ʦʙʦʛʘʱʝʥʠʷ, ʧʦʚʳʰʘʷ ʦʙʱʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʨʝʩʫʨʩʦʚ ʤʝʩʪʦʨʦʞʜʝʥʠʷ [2, 5]. 

ʕʢʦʣʦʛʠʯʝʩʢʠʡ ʘʩʧʝʢʪ: ʠʟʚʣʝʯʝʥʠʝ ʨʝʜʢʠʭ ʠ ʨʘʩʩʝʷʥʥʳʭ ʵʣʝʤʝʥʪʦʚ 
ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʨʘʙʦʪʘʭ [2, 4], ʚ ʩʦʩʪʘʚʝ ʫʛʣʝʡ ʄʴʷʥʤʳ ʚ ʨʘʟʣʠʯʥʳʭ ʢʦʣʠʯʝʩʪʚʘʭ ʤʦʛʫʪ ʧʨʠʩʫʪ-

ʩʪʚʦʚʘʪʴ ʨʝʜʢʠʝ ʠ ʨʘʩʩʝʷʥʥʳʝ ʤʠʢʨʦʵʣʝʤʝʥʪʳ. ʇʨʠ ʧʨʷʤʦʤ ʩʞʠʛʘʥʠʠ ʥʝʦʙʦʛʘʱʝʥʥʳʭ ʫʛʣʝʡ ʵʪʠ ʵʣʝ-
ʤʝʥʪʳ ʧʝʨʝʭʦʜʷʪ ʚ ʟʦʣʦʰʣʘʢʦʚʳʝ ʦʪʭʦʜʳ, ʣʝʪʫʯʫʶ ʟʦʣʫ ʠ ʰʣʘʢ. ʀʭ ʚʦʟʜʝʡʩʪʚʠʝ ʥʘ ʦʢʨʫʞʘʶʱʫʶ ʩʨʝ-
ʜʫ ʠ ʯʝʣʦʚʝʢʘ ʥʦʩʠʪ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʝʛʘʪʠʚʥʳʡ ʭʘʨʘʢʪʝʨ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʨʘʟʨʘʙʦʪʘʥʥʘʷ ʩʭʝʤʘ 
ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʛʘʟʠʬʠʢʘʪʦʨʘ ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʩʣʝʜʫʶʱʝʛʦ ʠʟʚʣʝʯʝʥʠʷ ʮʝʥʥʳʭ 
ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ ʠʟ ʟʦʣʳ ʠ ʰʣʘʢʘ, ʦʙʨʘʟʫʶʱʠʭʩʷ ʧʦʩʣʝ ʛʘʟʠʬʠʢʘʮʠʠ. ʕʪʦ ʧʨʝʚʨʘʱʘʝʪ ʦʪʭʦʜʳ ʫʛʣʝ-
ʧʝʨʝʨʘʙʦʪʢʠ ʚ ʪʝʭʥʦʛʝʥʥʦʝ ʩʳʨʴʝ ʠ ʧʦʟʚʦʣʷʝʪ ʨʝʘʣʠʟʦʚʘʪʴ ʧʨʠʥʮʠʧʳ ʙʝʟʦʪʭʦʜʥʦʡ ʠ ʵʢʦʣʦʛʠʯʝʩʢʠ 
ʯʠʩʪʦʡ ʵʥʝʨʛʝʪʠʢʠ, ʯʪʦ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʜʣʷ ʵʢʦʣʦʛʠʯʝʩʢʠ ʯʫʚʩʪʚʠʪʝʣʴʥʳʭ ʨʝʛʠʦʥʦʚ ʄʴʷʥʤʳ. 

ʄʝʪʦʜʦʣʦʛʠʷ ʨʘʩʯʝʪʘ ʧʨʦʮʝʩʩʘ 
ɿʦʥʳ ʛʘʟʠʬʠʢʘʪʦʨʘ ʬʠʟʠʯʝʩʢʠ ʠ ʭʠʤʠʯʝʩʢʠ ʚʟʘʠʤʦʩʚʷʟʘʥʳ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʤʘʪʝʤʘʪʠʯʝʩʢʘʷ 

ʤʦʜʝʣʴ ʧʨʦʮʝʩʩʘ ʜʦʣʞʥʘ ʧʨʝʜʧʦʣʘʛʘʪʴ ʦʪʜʝʣʴʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʝ ʵʪʘʧʳ ʨʘʩʯʝʪʘ. ʆʩʥʦʚʦʡ ʜʣʷ 
ʨʘʟʨʘʙʦʪʢʠ ʩʦʙʩʪʚʝʥʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦ-ʨʘʩʯʝʪʥʦʛʦ ʢʦʤʧʣʝʢʩʘ ʧʦʩʣʫʞʠʣʠ ʢʣʘʩʩʠʯʝʩʢʠʝ ʤʝʪʦʜʳ ɼʝʰʘ-
ʣʠʪʘ, ɻʨʫʤʤ-ɻʨʞʠʤʘʡʣʦ, ɼʦʙʨʦʭʦʪʦʚʘ ʠ ʏʝʨʥʳʰʝʚʘ [2, 4]. ɺ ʩʦʟʜʘʥʥʫʶ ʤʦʜʝʣʴ ʙʳʣʠ ʚʚʝʜʝʥʳ ʩʣʝʜʫ-
ʶʱʠʝ ʦʩʦʙʝʥʥʦʩʪʠ: 

1. ʀʩʭʦʜʥʳʡ ʩʦʩʪʘʚ ʛʘʟʠʬʠʮʠʨʫʝʤʦʛʦ ʪʦʧʣʠʚʘ ʚʚʦʜʠʪʩʷ ʚ ʚʠʜʝ ʵʣʝʤʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ (C, H, S, 
O, N, A, W) ʢʘʢ ʜʣʷ ʚʘʨʠʘʥʪʘ ʧʦʜʘʯʠ ʧʳʣʝʚʠʜʥʦʛʦ ʪʦʧʣʠʚʘ, ʪʘʢ ʠ ʜʣʷ ʚʘʨʠʘʥʪʘ ʧʦʜʘʯʠ ʚ ʚʠʜʝ ʚʦʜʦ-
ʫʛʦʣʴʥʦʡ ʩʫʩʧʝʥʟʠʠ (ɺʋʉ). 

2. ʆʪ ʚʚʦʜʘ ʧʦʧʨʘʚʢʠ ɼʶʣʦʥʛʘ ʨʝʰʝʥʦ ʦʪʢʘʟʘʪʴʩʷ, ʘ ʫʩʣʦʚʠʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʪʦʧʣʠʚʥʦʛʦ ʢʠʩ-
ʣʦʨʦʜʘ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʧʦ ʘʥʘʣʦʛʠʠ ʩ ʤʝʪʦʜʦʤ ɼʦʙʨʦʭʦʪʦʚʘ. 

3. ɺ ʟʦʥʝ ʛʘʟʠʬʠʢʘʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʣʠʯʝʩʪʚʦ ʜʦʩʪʫʧʥʦʛʦ HϜ, ʥʘ ʦʩʥʦʚʝ ʯʝʛʦ ʨʝʰʘʝʪʩʷ ʫʨʘʚ-
ʥʝʥʠʝ ʤʘʪʝʨʠʘʣʴʥʦʛʦ ʙʘʣʘʥʩʘ. ʉ ʫʯʝʪʦʤ ʧʘʨʮʠʘʣʴʥʳʭ ʜʘʚʣʝʥʠʡ ʧʝʨʝʨʘʩʧʨʝʜʝʣʷʶʪʩʷ ʢʦʤʧʦʥʝʥʪʳ 
COϜ, CHϞ (CnHm), HϜ, CO, HϜO, HϜS, SOϜ. 

4. ɿʦʥʘ ʧʠʨʦʣʠʟʘ (ʠʣʠ ʟʦʥʘ ʩʫʭʦʡ ʛʘʟʠʬʠʢʘʮʠʠ) ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʧʦ ʘʥʘʣʦʛʠʠ ʩ ʤʝʪʦʜʦʤ ʏʝʨ-
ʥʳʰʝʚʘ, ʩ ʫʯʝʪʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʫʛʣʝʨʦʜʘ ʤʝʞʜʫ ʧʦʣʫʢʦʢʩʦʚʳʤ ʛʘʟʦʤ, ʩʤʦʣʦʡ, ʧʦʣʫʢʦʢʩʦʤ ʠ ʧʠʨʦ-
ʛʝʥʥʦʡ ʚʣʘʛʦʡ. 

ʅʘ ʦʩʥʦʚʘʥʠʠ ʧʨʝʜʩʪʘʚʣʝʥʥʳʭ ʧʦʣʦʞʝʥʠʡ ʙʳʣ ʨʘʟʨʘʙʦʪʘʥ ʨʘʩʯʝʪʥʳʡ ʬʘʡʣ ʚ Excel, ʘ ʟʘʪʝʤ 
ʧʦʜʛʦʪʦʚʣʝʥʘ ʩʧʝʮʠʘʣʠʟʠʨʦʚʘʥʥʘʷ ʧʨʦʛʨʘʤʤʘ ʥʘ ʷʟʳʢʝ C#. ɼʘʥʥʳʡ ʧʨʦʛʨʘʤʤʥʳʡ ʢʦʤʧʣʝʢʩ ʧʦʟʚʦʣʷ-
ʝʪ ʤʦʜʝʣʠʨʦʚʘʪʴ ʨʘʙʦʪʫ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʛʘʟʠʬʠʢʘʪʦʨʘ ʜʣʷ ʨʘʟʣʠʯʥʳʭ ʪʠʧʦʚ ʫʛʣʝʡ, ʚʢʣʶʯʘʷ ʤʝʩʪʦ-
ʨʦʞʜʝʥʠʷ ʄʴʷʥʤʳ, ʠ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʨʝʞʠʤʳ ʝʛʦ ʨʘʙʦʪʳ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʵʬʬʝʢʪʠʚ-
ʥʦʩʪʠ ʢʦʤʧʣʝʢʩʥʦʡ ʧʝʨʝʨʘʙʦʪʢʠ [5]. 

ɿʘʢʣʶʯʝʥʠʝ 
ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥ ʘʥʘʣʠʟ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʪʝʭʥʦʣʦʛʠʡ ʛʘʟʠʬʠʢʘʮʠʠ E-gas, 

Texaco, Shell ʠ MHI ʜʣʷ ʫʛʣʝʡ ʄʴʷʥʤʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʇʂ Thermoflow. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʠʙʦʣʴ-
ʰʫʶ ʪʝʧʣʦʪʫ ʩʛʦʨʘʥʠʷ ʩʠʥʪʝʟ-ʛʘʟʘ ʦʙʝʩʧʝʯʠʚʘʶʪ ʧʨʦʮʝʩʩʳ E-gas (ʩʨʝʜʠ ʚʦʜʦʫʛʦʣʴʥʳʭ) ʠ Shell (ʩʨʝʜʠ 
ʧʳʣʝʚʠʜʥʳʭ). 

ɼʣʷ ʫʩʣʦʚʠʡ ʄʴʷʥʤʳ ʧʨʝʜʣʦʞʝʥʘ ʦʨʠʛʠʥʘʣʴʥʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʛʘʟʠʬʠʢʘʪʦʨʘ ʩ 
ʪʨʝʤʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʤʠ ʟʦʥʘʤʠ (ʛʦʨʝʥʠʝ, ʛʘʟʠʬʠʢʘʮʠʷ, ʧʠʨʦʣʠʟ), ʦʙʝʩʧʝʯʠʚʘʶʱʘʷ ʢʦʤʧʣʝʢʩʥʫʶ ʧʝ-
ʨʝʨʘʙʦʪʢʫ ʫʛʦʣʴʥʳʭ ʨʝʩʫʨʩʦʚ. ʂʣʶʯʝʚʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʨʘʟʨʘʙʦʪʢʠ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʠʟʚʣʝʯʝ-
ʥʠʷ ʨʝʜʢʠʭ ʠ ʨʘʩʩʝʷʥʥʳʭ ʤʠʢʨʦʵʣʝʤʝʥʪʦʚ ʠʟ ʟʦʣʦʰʣʘʢʦʚʳʭ ʦʪʭʦʜʦʚ, ʯʪʦ ʤʠʥʠʤʠʟʠʨʫʝʪ ʵʢʦʣʦʛʠʯʝ-
ʩʢʠʡ ʫʱʝʨʙ ʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʨʠʥʮʠʧʘʤ ʫʩʪʦʡʯʠʚʦʛʦ ʨʘʟʚʠʪʠʷ. ʅʘ ʙʘʟʝ ʘʜʘʧʪʠʨʦʚʘʥʥʳʭ ʢʣʘʩʩʠʯʝʩʢʠʭ 
ʤʝʪʦʜʦʚ ʩʦʟʜʘʥ ʧʨʦʛʨʘʤʤʥʦ-ʨʘʩʯʝʪʥʳʡ ʢʦʤʧʣʝʢʩ (Excel, C#) ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʦʮʝʩʩʦʚ. ɼʘʣʴ-
ʥʝʡʰʠʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʥʘʧʨʘʚʣʝʥʳ ʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫʶ ʚʘʣʠʜʘʮʠʶ ʤʦʜʝʣʠ ʠ ʪʝʭʥʠʢʦ-
ʵʢʦʥʦʤʠʯʝʩʢʦʝ ʦʙʦʩʥʦʚʘʥʠʝ ʚʥʝʜʨʝʥʠʷ ʨʘʟʨʘʙʦʪʦʢ ʚ ʵʥʝʨʛʦʩʠʩʪʝʤʫ ʄʴʷʥʤʳ [3, 5]. 
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ʜʠʤʳʝ ʜʣʷ ʩʦʟʜʘʥʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʧʦʠʩʢʘ. 

Annotation.  The article discusses the fea-
tures of currently known methods for deter-
mining the location of damage in cable power 
lines, as well as the conditions necessary for 
creating an effective search device. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʢʘʙʝʣʴʥʳʝ ʣʠʥʠʠ ʵʣʝʢʪʨʦʧʝʨʝʜʘʯʠ, ʦʧʨʝ-
ʜʝʣʝʥʠʝ ʤʝʩʪʘ ʧʦʚʨʝʞʜʝʥʠʷ, ʠʥʜʫʢʮʠʦʥʥʳʡ ʤʝʪʦʜ, ʘʢʫʩʪʠʯʝ-
ʩʢʠʡ ʤʝʪʦʜ, ʢʘʙʝʣʝʠʩʢʘʪʝʣʴ, ʪʝʧʣʦʚʠʟʠʦʥʥʳʡ ʜʘʪʯʠʢ. 

Keywords : cable power lines, location of 
damage, induction method, acoustic method, 
cable detector, thermal imaging sensor. 

 
ʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʧʨʠ ʘʥʘʣʠʟʝ ʠ ʨʘʟʨʘʙʦʪʢʝ ʤʝʪʦʜʦʚ ʦʧʨʝʜʝʣʝʥʠʷ ʤʝʩʪʘ ʧʦʚʨʝʞʜʝʥʠʷ 
(ʆʄʇ) ʚ ʢʘʙʝʣʴʥʳʭ ʣʠʥʠʷʭ ʵʣʝʢʪʨʦʧʝʨʝʜʘʯʠ (ʂʃʕʇ) ʷʚʣʷʝʪʩʷ ʩʦʟʜʘʥʠʝ ʫʩʪʨʦʡʩʪʚʘ, ʧʦ-

ʩʨʝʜʩʪʚʦʤ ʢʦʪʦʨʦʛʦ ʤʦʞʥʦ ʵʬʬʝʢʪʠʚʥʦ ʦʧʨʝʜʝʣʷʪʴ ʤʝʩʪʦ ʧʦʚʨʝʞʜʝʥʠʷ ʢʘʙʝʣʝʡ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ 
ʚ ʫʩʣʦʚʠʷʭ ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʚʨʝʤʝʥʠ. 

ʈʘʩʩʤʦʪʨʠʤ ʦʩʥʦʚʥʳʝ ʤʝʪʦʜʳ ʧʦʠʩʢʘ, ʦʧʠʩʘʥʥʳʝ ʚ [1, 2], ʠ ʚʳʜʝʣʠʤ ʫʩʣʦʚʠʷ, ʥʝʦʙʭʦʜʠʤʳʝ ʜʣʷ 
ʩʦʟʜʘʥʠʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʜʣʷ ʆʄʇ ʚ ʂʃʕʇ. 

ʅʘʠʙʦʣʝʝ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʧʨʘʢʪʠʢʝ ʧʦʠʩʢʘ ʧʦʚʨʝʞʜʝʥʠʡ ʥʘʰʣʠ ʤʦʩʪʦʚʦʡ, ʠʥʜʫʢʮʠʦʥʥʳʡ 
ʠ ʘʢʫʩʪʠʯʝʩʢʠʡ ʤʝʪʦʜʳ ʠ ʠʭ ʨʘʟʥʦʚʠʜʥʦʩʪʠ. 

ʀʟʚʝʩʪʥʳ ʪʘʢʞʝ ʫʩʪʨʦʡʩʪʚʘ, ʧʨʠʥʮʠʧ ʨʘʙʦʪʳ ʢʦʪʦʨʳʭ ʦʩʥʦʚʘʥ ʥʘ ʤʦʩʪʦʚʳʭ ʤʝʪʦʜʘʭ. ʋʩʪʨʦʡ-
ʩʪʚʦ [3] ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʦʧʨʝʜʝʣʝʥʠʷ ʤʝʩʪʘ ʧʦʚʨʝʞʜʝʥʠʷ ʢʘʙʝʣʴʥʳʭ ʣʠ-
ʥʠʡ ʩʦʜʝʨʞʠʪ ʠʟʦʣʠʨʦʚʘʥʥʳʡ ʠʩʪʦʯʥʠʢ ʧʠʪʘʥʠʷ, ʙʣʦʢ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʮʝʧʝʡ ʩ ʢʦʤʤʫʪʘʪʦʨʦʤ ʥʘ ʯʝʪʳ-
ʨʝ ʨʝʞʠʤʘ (çʸʤʢʦʩʪʴè, çʠʟʦʣʷʮʠʷè, çʰʣʝʡʬè, çʫʪʝʯʢʘè), ʘʥʘʣʦʛʦ-ʮʠʬʨʦʚʦʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ, ʤʠʢʨʦ-
ʢʦʥʪʨʦʣʣʝʨ ʩ ʧʘʥʝʣʴʶ ʫʧʨʘʚʣʝʥʠʷ ʠ ʮʠʬʨʦʚʦʡ ɾʂ-ʜʠʩʧʣʝʡ. ɽʛʦ ʨʘʙʦʪʘ ʦʩʥʦʚʘʥʘ ʥʘ ʘʚʪʦʤʘʪʠʟʠʨʦ-
ʚʘʥʥʳʭ ʠʟʤʝʨʝʥʠʷʭ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʠʟʦʣʷʮʠʠ, ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʸʤʢʦʩʪʠ, ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʰʣʝʡʬʘ ʠ ʦʮʝʥ-
ʢʝ ʨʘʩʩʪʦʷʥʠʷ ʜʦ ʤʝʩʪʘ ʧʦʚʨʝʞʜʝʥʠʷ ʤʝʪʦʜʦʤ ʩʨʘʚʥʝʥʠʷ ʩʦʧʨʦʪʠʚʣʝʥʠʡ. ʄʠʢʨʦʢʦʥʪʨʦʣʣʝʨ ʩʦʜʝʨʞʠʪ 
ʩʧʨʘʚʦʯʥʳʝ ʜʘʥʥʳʝ ʦ ʪʠʧʘʭ ʢʘʙʝʣʝʡ.  

ɺ [4] ʧʨʝʜʩʪʘʚʣʝʥʦ ʫʩʪʨʦʡʩʪʚʦ ʜʠʩʪʘʥʮʠʦʥʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʩʩʪʦʷʥʠʷ ʜʦ ʤʝʩʪʘ ʧʦʚʨʝʞʜʝʥʠʷ 
ʠʟʦʣʷʮʠʠ ʢʘʙʝʣʴʥʳʭ ʣʠʥʠʡ ʩʚʷʟʠ ʠʣʠ ʵʣʝʢʪʨʦʧʝʨʝʜʘʯ, ʨʝʘʣʠʟʫʶʱʝʝ ʦʜʥʦʩʪʦʨʦʥʥʠʡ ʤʦʩʪʦʚʦʡ ʤʝʪʦʜ 
ʩ ʯʝʪʳʨʸʭʪʘʢʪʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʢʦʥʬʠʛʫʨʘʮʠʠ ʤʥʦʛʦʧʦʣʶʩʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʮʝʧʠ. ʈʘʙʦʪʘ ʫʩʪʨʦʡʩʪʚʘ 
ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʥʘʣʠʯʠʝʤ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʙʣʦʢʘ, ʠʩʪʦʯʥʠʢʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ, ʜʚʫʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝ-
ʣʝʡ ʪʦʢʘ, ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʥʦʛʦ ʙʣʦʢʘ ʫʧʨʘʚʣʝʥʠʷ, ʜʚʫʭʧʦʟʠʮʠʦʥʥʦʛʦ ʢʣʶʯʘ, ʘ ʪʘʢʞʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦ 
ʚʚʝʜʸʥʥʳʭ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʜʚʫʭʧʦʟʠʮʠʦʥʥʳʭ ʢʣʶʯʝʡ. ɺʦʟʤʦʞʥʦʩʪʴ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ 
ʨʘʩʩʪʦʷʥʠʷ ʜʦ ʤʝʩʪʘ ʟʘʤʳʢʘʥʠʷ ʥʘ çʟʝʤʣʶè ʠʣʠ ʤʝʞʜʫ ʞʠʣʘʤʠ ʜʦʩʪʠʛʘʝʪʩʷ ʟʘ ʩʯʸʪ ʩʠʥʭʨʦʥʥʦʛʦ ʠʟ-
ʤʝʨʝʥʠʷ ʪʦʢʦʚ ʚ ʯʝʪʳʨʸʭ ʪʘʢʪʘʭ ʠ ʧʦʩʣʝʜʫʶʱʝʛʦ ʚʳʯʠʩʣʝʥʠʷ ʦʪʥʦʰʝʥʠʷ ʩʦʧʨʦʪʠʚʣʝʥʠʡ ʧʦʚʨʝʞʜʸʥ-
ʥʦʡ ʞʠʣʳ ʜʦ ʠ ʧʦʩʣʝ ʜʝʬʝʢʪʘ. 

ɸ 
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ʇʨʠ ʵʪʦʤ ʛʣʘʚʥʳʡ ʥʝʜʦʩʪʘʪʦʢ ʵʪʠʭ ʫʩʪʨʦʡʩʪʚ [3, 4] ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ ʧʨʠʤʝʥʝʥʠʝ ʪʦʣʴʢʦ 

ʤʦʩʪʦʚʳʭ ʤʝʪʦʜʦʚ ʚ ʢʦʥʩʪʨʫʢʮʠʠ ʧʨʠʚʦʜʠʪ ʢ ʥʝʚʦʟʤʦʞʥʦʩʪʠ ʆʄʇ ʧʨʠ ʦʙʨʳʚʝ ʚʩʝʭ ʞʠʣ ʢʘʙʝʣʷ. ʂʨʦʤʝ 

ʪʦʛʦ, ʵʪʠ ʫʩʪʨʦʡʩʪʚʘ ʵʬʬʝʢʪʠʚʥʳ ʣʠʰʴ ʧʨʠ ʥʝʙʦʣʴʰʠʭ ʧʝʨʝʭʦʜʥʳʭ ʩʦʧʨʦʪʠʚʣʝʥʠʷʭ. 

ʌʠʢʩʘʮʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʠʥʜʫʢʮʠʦʥʥʳʤ ʤʝʪʦʜʦʤ ʧʨʦʠʟʚʦʜʠʪʩʷ ʧʨʠ ʧʦʤʦʱʠ ʢʘʙʝʣʝʠʩ-

ʢʘʪʝʣʷ, ʠʤʝʶʱʝʛʦ ʧʨʠʝʤʥʫʶ ʘʥʪʝʥʥʫ, ʫʩʠʣʠʪʝʣʴ, ʛʦʣʦʚʥʳʝ ʪʝʣʝʬʦʥʳ ʠ/ʠʣʠ ʧʨʠʙʦʨ ï ʮʠʬʨʦʚʦʡ ʠʥʜʠ-

ʢʘʪʦʨ. 

ʉʫʱʥʦʩʪʴ ʠʥʜʫʢʮʠʦʥʥʦʛʦ ʤʝʪʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʬʠʢʩʘʮʠʠ ʠʟʤʝʥʝʥʠʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 

ʥʘʜ ʢʘʙʝʣʝʤ, ʧʦ ʞʠʣʘʤ ʢʦʪʦʨʦʛʦ ʧʨʦʧʫʩʢʘʶʪ ʪʦʢ ʟʚʫʢʦʚʦʡ ʯʘʩʪʦʪʳ [2]. ʄʝʪʦʜ ʧʨʦʩʪ ʠ ʥʘʜʸʞʝʥ, ʥʦ ʪʨʝ-

ʙʫʝʪ ʧʨʦʞʠʛʘʥʠʷ ʤʝʩʪʘ ʧʦʚʨʝʞʜʝʥʠʷ ʠ ʟʘʪʨʫʜʥʸʥ ʧʨʠ ʦʜʥʦʬʘʟʥʳʭ ʟʘʤʳʢʘʥʠʷʭ. 

ɸʢʫʩʪʠʯʝʩʢʠʡ ʤʝʪʦʜ ʧʨʠʤʝʥʷʶʪ ʧʨʠ ʦʜʥʦʬʘʟʥʳʭ ʟʘʤʳʢʘʥʠʷʭ ʥʘ ʦʙʦʣʦʯʢʫ ʩ ʙʦʣʴʰʠʤ ʧʝʨʝʭʦʜ-

ʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ (ʙʦʣʝʝ 50 ʆʤ). ʄʝʩʪʦ ʧʦʚʨʝʞʜʝʥʠʷ ʦʧʨʝʜʝʣʷʶʪ ʧʦ ʘʢʫʩʪʠʯʝʩʢʠʤ ʢʦʣʝʙʘʥʠʷʤ 

ʛʨʫʥʪʘ, ʚʳʟʚʘʥʥʳʤ ʠʩʢʨʦʚʳʤʠ ʨʘʟʨʷʜʘʤʠ ʦʪ ʛʝʥʝʨʘʪʦʨʘ ʚʳʩʦʢʦʚʦʣʴʪʥʳʭ ʠʤʧʫʣʴʩʦʚ [2]. ʄʝʪʦʜ ʵʬ-

ʬʝʢʪʠʚʝʥ ʜʣʷ ʢʘʙʝʣʝʡ, ʧʨʦʣʦʞʝʥʥʳʭ ʚ ʟʝʤʣʝ ʥʘ ʛʣʫʙʠʥʝ ʜʦ 3 ʤ, ʥʦ ʧʦʜʚʝʨʞʝʥ ʚʣʠʷʥʠʶ ʧʦʤʝʭ ʠ ʟʘʚʠ-

ʩʠʪ ʦʪ ʩʚʦʡʩʪʚ ʛʨʫʥʪʘ. 

ʀʥʜʫʢʮʠʦʥʥʦ-ʘʢʫʩʪʠʯʝʩʢʠʡ ʤʝʪʦʜ ʪʘʢʞʝ ʧʨʠʤʝʥʷʶʪ ʧʨʠ ʦʜʥʦʬʘʟʥʳʭ ʟʘʤʳʢʘʥʠʷʭ ʩ ʙʦʣʴʰʠʤ ʧʝ-

ʨʝʭʦʜʥʳʤ ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ. ʆʥ ʦʩʥʦʚʘʥ ʥʘ ʠʟʤʝʨʝʥʠʠ ʚʨʝʤʝʥʥʦʛʦ ʠʥʪʝʨʚʘʣʘ ʤʝʞʜʫ ʧʨʠʭʦʜʦʤ ʵʣʝʢ-

ʪʨʦʤʘʛʥʠʪʥʦʡ ʠ ʘʢʫʩʪʠʯʝʩʢʦʡ ʚʦʣʥ, ʚʦʟʥʠʢʘʶʱʠʭ ʚ ʤʝʩʪʝ ʠʩʢʨʦʚʦʛʦ ʨʘʟʨʷʜʘ ʧʨʠ ʧʦʜʘʯʝ ʚʳʩʦʢʦʚʦʣʴʪ-

ʥʦʛʦ ʠʤʧʫʣʴʩʘ ʚ ʧʦʚʨʝʞʜʸʥʥʳʡ ʢʘʙʝʣʴ [5]. 

ɿʘʤʝʪʠʤ, ʯʪʦ ʦʩʥʦʚʥʦʡ ʟʘʜʘʯʝʡ ʣʶʙʦʛʦ ʠʟ ʩʧʦʩʦʙʦʚ ʆʄʇ ʷʚʣʷʝʪʩʷ ʙʳʩʪʨʳʡ ʠ ʪʦʯʥʦʡ ʧʦʠʩʢ. 

ʇʦʵʪʦʤʫ ʢʨʦʤʝ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʭ ʤʝʪʦʜʦʚ, ʧʨʠʤʝʥʷʶʱʠʭʩʷ ʪʨʘʜʠʮʠʦʥʥʦ, ʦʩʦʙʦ ʟʥʘʯʠʤʦʡ ʧʨʝʜ-

ʩʪʘʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʥʦʚʳʭ ʤʝʪʦʜʦʚ ʠ ʫʩʪʨʦʡʩʪʚ, ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʪ ʧʦʚʳʩʠʪʴ ʪʦʯʥʦʩʪʴ ʧʦʠʩʢʘ. ɼʨʫ-

ʛʦʡ ʚʘʞʥʳʡ ʰʘʛ ʢ ʧʦʚʳʰʝʥʠʶ ʪʦʯʥʦʩʪʠ ï ʵʪʦ ʩʦʚʤʝʱʝʥʠʝ ʚ ʦʜʥʦʤ ʫʩʪʨʦʡʩʪʚʝ ʥʝʩʢʦʣʴʢʠʭ ʤʝʪʦʜʦʚ. 

ʋʩʪʨʦʡʩʪʚʦ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʝʝ ʧʝʨʝʯʠʩʣʝʥʥʳʤ ʚʳʰʝ ʢʨʠʪʝʨʠʷʤ, ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ [6]. ʊʝʧʣʦ-

ʠʥʜʫʢʮʠʦʥʥʦ-ʘʢʫʩʪʠʯʝʩʢʠʡ ʢʘʙʝʣʝʠʩʢʘʪʝʣʴ [6] ʩʧʦʩʦʙʝʥ ʨʘʙʦʪʘʪʴ ʚ ʯʝʪʳʨʸʭ ʨʝʞʠʤʘʭ. ʇʝʨʚʳʝ ʪʨʠ ʦʩ-

ʥʦʚʘʥʳ ʥʘ ʧʨʠʤʝʥʝʥʠʠ ʠʥʜʫʢʮʠʦʥʥʦʛʦ, ʘʢʫʩʪʠʯʝʩʢʦʛʦ, ʠʥʜʫʢʮʠʦʥʥʦ-ʘʢʫʩʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ. ʈʘʙʦʪʘ 

ʯʝʪʚʸʨʪʦʛʦ ʨʝʞʠʤʘ ʦʩʥʦʚʘʥʘ ʥʘ ʪʝʧʣʦʚʦʤ ʤʝʪʦʜʝ. ʕʪʦʪ ʨʝʞʠʤ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʥʘʣʠʯʠʝʤ ʚ ʢʦʥʩʪʨʫʢ-

ʮʠʠ ʢʘʙʝʣʝʠʩʢʘʪʝʣʷ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʪʝʧʣʦʚʠʟʠʦʥʥʦʛʦ ʜʘʪʯʠʢʘ, ʣʠʥʟʳ, ʬʦʢʫʩʠʨʫʶʱʝʛʦ ʢʦʣʴʮʘ, ʤʘʪʨʠ-

ʮʳ, ʵʣʝʢʪʨʦʥʥʦʛʦ ʙʣʦʢʘ ʦʙʨʘʙʦʪʢʠ ʠʥʬʦʨʤʘʮʠʠ ʠ ʮʚʝʪʥʦʛʦ ɾʂ-ʜʠʩʧʣʝʷ ʩ ʢʣʘʚʠʘʪʫʨʦʡ ʫʧʨʘʚʣʝʥʠʷ. 

ʇʨʠʤʝʥʝʥʠʝ ʪʝʧʣʦʚʠʟʠʦʥʥʦʛʦ ʜʘʪʯʠʢʘ ʩʥʠʞʘʝʪ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʠ ʘʢʫʩʪʠʯʝʩʢʠʝ ʧʦʤʝʭʠ ʠ ʦʪ-

ʢʨʳʚʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʬʠʢʩʘʮʠʠ ʠʥʬʨʘʢʨʘʩʥʦʛʦ ʠʟʣʫʯʝʥʠʷ ʦʪ ʪʝʧʣʦʚʦʛʦ ʧʷʪʥʘ ʥʘʜ ʤʝʩʪʦʤ ʧʦʚʨʝʞʜʝ-

ʥʠʷ ʩʠʣʦʚʦʛʦ ʢʘʙʝʣʷ, ʚʦʟʥʠʢʰʝʛʦ ʠʟ-ʟʘ ʪʝʧʣʦʚʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʫʛʠ ʚ ʤʝʩʪʝ ʧʦʚʨʝʞʜʝ-

ʥʠʷ ʥʘ ʦʢʨʫʞʘʶʱʝʝ ʧʨʦʩʪʨʘʥʩʪʚʦ. ʏʝʪʚʸʨʪʳʡ ʨʝʞʠʤ ʨʘʙʦʪʳ ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʫʪʦʯʥʷʝʪ ʨʝʟʫʣʴʪʘʪʳ ʪʨʸʭ 

ʦʩʥʦʚʥʳʭ ʨʝʞʠʤʦʚ, ʩʦʢʨʘʱʘʝʪ ʩʢʦʨʦʩʪʴ ʧʦʠʩʢʘ ʠ ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ ʥʘʜʸʞʥʦʩʪʴ ʵʣʝʢʪʨʦʩʥʘʙʞʝʥʠʷ 

ʧʦʪʨʝʙʠʪʝʣʝʡ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʆʄʇ ʚ ʂʃʕʇ ʚʦʟʤʦʞʥʦ ʟʘ ʩʯʸʪ ʩʦʟʜʘʥʠʷ ʢʘʙʝʣʝʠʩʢʘ-

ʪʝʣʷ, ʨʝʘʣʠʟʫʶʱʝʛʦ ʥʝʩʢʦʣʴʢʦ ʤʝʪʦʜʦʚ ʧʦʠʩʢʘ ʧʦʚʨʝʞʜʝʥʠʷ ʢʘʙʝʣʷ ʠ ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʚʦʟʤʦʞʥʦʩʪʴ 

ʧʝʨʝʢʣʶʯʝʥʠʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʨʝʞʠʤʦʚ ʥʘ ʪʨʘʩʩʝ ʢʘʙʝʣʴʥʦʡ ʣʠʥʠʠ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʭʘʨʘʢʪʝʨʘ ʧʦ-

ʚʨʝʞʜʝʥʠʷ. ʅʘ ʩʝʛʦʜʥʷʰʥʠʡ ʜʝʥʴ ʪʘʢʦʚʳʤʠ ʷʚʣʷʝʪʩʷ ʢʘʙʝʣʝʠʩʢʘʪʝʣʴ, ʦʧʠʩʘʥʥʳʡ ʚ [6]. 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʩʪʘʪʴʝ ʧʨʝʜʩʪʘʚʣʝʥ ʘʥʘʣʠʟ ʮʝʥʪʨʦʙʝʞʥʳʭ 
ʥʘʩʦʩʦʚ ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʜʘʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʘʭ ʪʝʧʣʦʩʥʘʙʞʝ-
ʥʠʷ ʧʫʥʢʪʦʚ ʥʘʣʠʚʘ ʛʘʟʦʚʦʛʦ ʢʦʥʜʝʥʩʘʪʘ. 

Annotation.  The article presents an analysis 
of centrifugal pumps for maintaining pressure 
in heating systems of gas condensate filling 
stations. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʨʘʙʦʯʝʝ ʢʦʣʝʩʦ, ʫʪʝʯʢʘ, ʬʣʘʥʝʮ, ʩʪʘʪʦʨ, 
ʨʦʪʦʨ. 

Keywords : impeller, leak, flange, stator, 
rotor. 

 
ʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʜʘʚʣʝʥʠʷ ʚ ʩʠʩʪʝʤʘʭ ʪʝʧʣʦʩʥʘʙʞʝʥʠʷ ʧʫʥʢʪʦʚ ʥʘʣʠʚʘ ʛʘʟʦʚʦʛʦ ʢʦʥʜʝʥʩʘʪʘ 
ʧʨʠʤʝʥʷʶʪʩʷ ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ ʥʘʩʦʩʦʚ. ɸʥʘʣʠʟ ʪʝʭʥʠʯʝʩʢʦʡ ʣʠʪʝʨʘʪʫʨʳ ʠ ʢʘʪʘʣʦʛʦʚ ʧʨʦʠʟ-

ʚʦʜʠʪʝʣʝʡ [1ï3 ʠ ʜʨ.] ʧʦʟʚʦʣʷʝʪ ʢʣʘʩʩʠʬʠʮʠʨʦʚʘʪʴ ʥʘʩʦʩʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ ʧʦ ʢʦʥʩʪʨʫʢʪʠʚʥʳʤ ʧʨʠ-
ʟʥʘʢʘʤ ʠ ʫʩʣʦʚʠʷʤ ʀʍ ʧʨʠʤʝʥʝʥʠʷ. 

1. ʂʦʥʩʦʣʴʥʳʝ ʥʘʩʦʩʳ (ʪʠʧʳ ʂ, ʂʄ, ʂʄʃ [4]). ʕʪʦ ʥʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʡ ʪʠʧ ʥʘʩʦʩʦʚ ʜʣʷ 
ʧʝʨʝʢʘʯʢʠ ʚʦʜʳ ʠ ʥʝʡʪʨʘʣʴʥʳʭ ʞʠʜʢʦʩʪʝʡ (ʨʠʩ. 1). ʍʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʛʦʨʠʟʦʥʪʘʣʴʥʳʤ ʨʘʩʧʦʣʦʞʝʥʠʝʤ 
ʚʘʣʘ ʠ ʢʦʥʩʦʣʴʥʳʤ ʢʨʝʧʣʝʥʠʝʤ ʨʘʙʦʯʝʛʦ ʢʦʣʝʩʘ. ʂʦʨʧʫʩ ʥʘʩʦʩʘ ʠʤʝʝʪ ʩʧʠʨʘʣʴʥʫʶ ʬʦʨʤʫ (ʫʣʠʪʢʫ), 
ʨʘʙʦʯʝʝ ʢʦʣʝʩʦ ï ʮʝʥʪʨʦʙʝʞʥʦʛʦ ʪʠʧʘ. 

 

 
 

ʈʠʩʫʥʦʢ 1 ï ʂʦʥʩʦʣʴʥʳʡ ʥʘʩʦʩ  
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ɼʦʩʪʦʠʥʩʪʚʘ: ʧʨʦʩʪʦʪʘ ʢʦʥʩʪʨʫʢʮʠʠ, ʨʝʤʦʥʪʦʧʨʠʛʦʜʥʦʩʪʴ, ʰʠʨʦʢʠʡ ʜʠʘʧʘʟʦʥ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦ-
ʩʪʝʡ, ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʚʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ. 

ʅʝʜʦʩʪʘʪʢʠ: ʥʘʣʠʯʠʝ ʩʘʣʴʥʠʢʦʚʦʛʦ ʠʣʠ ʪʦʨʮʝʚʦʛʦ ʫʧʣʦʪʥʝʥʠʷ ʚʘʣʘ, ʢʦʪʦʨʦʝ ʷʚʣʷʝʪʩʷ ʧʦʪʝʥʮʠ-
ʘʣʴʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʫʪʝʯʝʢ; ʙʦʣʴʰʠʝ ʛʘʙʘʨʠʪʳ ʠ ʤʘʩʩʘ; ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʬʫʥʜʘʤʝʥʪʝ; ʪʨʝʙʫʝʪ ʨʝʛʫ-
ʣʷʨʥʦʛʦ ʦʙʩʣʫʞʠʚʘʥʠʷ ʫʧʣʦʪʥʝʥʠʡ. 

2. ʄʦʥʦʙʣʦʯʥʳʝ ʥʘʩʦʩʳ INLINE (ʪʠʧʳ ʂʄʃ, IPn, ETA, LRS). 
ɺ ʵʪʠʭ ʥʘʩʦʩʘʭ ʨʘʙʦʯʝʝ ʢʦʣʝʩʦ ʢʨʝʧʠʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʫʜʣʠʥʝʥʥʦʤ ʚʘʣʫ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝ-

ʣʷ, ʘ ʢʦʨʧʫʩ ʥʘʩʦʩʘ ʩʪʳʢʫʝʪʩʷ ʩ ʬʣʘʥʮʝʤ ʜʚʠʛʘʪʝʣʷ (ʨʠʩ. 2).  
 

 
 

ʈʠʩʫʥʦʢ 2 ï ʄʦʥʦʙʣʦʯʥʳʡ ʥʘʩʦʩ INLINE 

 
ʍʘʨʘʢʪʝʨʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʪʘʢʦʛʦ ʥʘʩʦʩʘ ʷʚʣʷʝʪʩʷ ʨʘʩʧʦʣʦʞʝʥʠʝ ʚʩʘʩʳʚʘʶʱʝʛʦ ʠ ʥʘʧʦʨʥʦʛʦ 

ʧʘʪʨʫʙʢʦʚ ʥʘ ʦʜʥʦʡ ʦʩʠ (INLINE-ʠʩʧʦʣʥʝʥʠʝ), ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʤʦʥʪʠʨʦʚʘʪʴ ʥʘʩʦʩ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ 
ʪʨʫʙʦʧʨʦʚʦʜ ʙʝʟ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʦʧʦʨ [5]. 

ʂʘʢ ʧʦʢʘʟʘʥʦ ʚ ʢʘʪʘʣʦʛʝ ʥʘʩʦʩʦʚ ʦʙʦʨʦʪʥʦʡ ʚʦʜʳ ʩ ʩʫʭʠʤ ʜʚʠʛʘʪʝʣʝʤ ʩʝʨʠʠ IPn [5], ʪʘʢʠʝ ʥʘʩʦ-
ʩʳ ʠʤʝʶʪ ʩʣʝʜʫʶʱʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ: 

ï  ʚʠʙʨʦʩʪʦʡʢʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʙʣʘʛʦʜʘʨʷ ʧʨʠʢʨʝʧʣʝʥʥʦʤʫ ʢ ʬʣʘʥʮʫ ʜʚʠʛʘʪʝʣʶ ʧʨʷʤʦʛʦ ʜʝʡ-
ʩʪʚʠʷ; 

ï  ʜʚʫʭʩʪʦʨʦʥʥʝʝ ʩʘʣʴʥʠʢʦʚʦʝ ʫʧʣʦʪʥʝʥʠʝ ʩ ʧʨʠʥʫʜʠʪʝʣʴʥʦʡ ʮʠʨʢʫʣʷʮʠʝʡ; 
ï  ʨʘʙʦʯʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʜʦ +140 ÁC, ʤʘʢʩʠʤʘʣʴʥʦʝ ʨʘʙʦʯʝʝ ʜʘʚʣʝʥʠʝ 16 ʙʘʨ (ʧʨʠ 120 ÁC); 
ï  ʤʘʪʝʨʠʘʣʳ: ʢʦʨʧʫʩ ʠʟ ʯʫʛʫʥʘ, ʨʦʪʦʨ ʠʟ ʘʨʤʠʨʦʚʘʥʥʦʛʦ ʧʦʣʠʧʨʦʧʠʣʝʥʘ (ʠʣʠ ʯʫʛʫʥʘ ʜʣʷ ʙʦʣʴ-

ʰʠʭ ʨʘʟʤʝʨʦʚ), ʰʪʦʢ ʠʟ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ, ʚʪʫʣʢʘ ʰʪʦʢʘ ʠʟ ʙʨʦʥʟʳ. 
ɼʦʩʪʦʠʥʩʪʚʘ: ʢʦʤʧʘʢʪʥʦʩʪʴ, ʦʪʩʫʪʩʪʚʠʝ ʤʫʬʪʳ ʠ ʦʪʜʝʣʴʥʦʡ ʨʘʤʳ, ʫʧʨʦʱʝʥʥʳʡ ʤʦʥʪʘʞ, ʚʦʟ-

ʤʦʞʥʦʩʪʴ ʫʩʪʘʥʦʚʢʠ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʪʨʫʙʦʧʨʦʚʦʜ (INLINE-ʢʦʥʩʪʨʫʢʮʠʷ). 
ʅʝʜʦʩʪʘʪʢʠ: ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʫʧʣʦʪʥʝʥʠʷ ʚʘʣʘ (ʩʘʣʴʥʠʢʦʚʦʛʦ ʠʣʠ ʪʦʨʮʝʚʦʛʦ), ʢʦʪʦʨʦʝ ʪʨʝʙʫʝʪ 

ʦʙʩʣʫʞʠʚʘʥʠʷ ʠ ʷʚʣʷʝʪʩʷ ʧʦʪʝʥʮʠʘʣʴʥʳʤ ʠʩʪʦʯʥʠʢʦʤ ʫʪʝʯʝʢ; ʧʨʠ ʚʳʭʦʜʝ ʠʟ ʩʪʨʦʷ ʧʦʜʰʠʧʥʠʢʦʚ ʜʚʠ-
ʛʘʪʝʣʷ ʪʨʝʙʫʝʪʩʷ ʨʘʟʙʦʨʢʘ ʚʩʝʛʦ ʘʛʨʝʛʘʪʘ. 

3. ʅʘʩʦʩʳ ʠʟ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ (ʩʧʝʮʠʘʣʴʥʦʛʦ ʠʩʧʦʣʥʝʥʠʷ). 
ɼʣʷ ʧʝʨʝʢʘʯʢʠ ʘʛʨʝʩʩʠʚʥʳʭ ʩʨʝʜ ʠʣʠ ʩʨʝʜ ʩ ʧʦʚʳʰʝʥʥʳʤʠ ʪʨʝʙʦʚʘʥʠʷʤʠ ʢ ʯʠʩʪʦʪʝ ʧʨʠʤʝʥʷʶʪ-

ʩʷ ʥʘʩʦʩʳ, ʧʦʣʥʦʩʪʴʶ ʠʣʠ ʯʘʩʪʠʯʥʦ ʚʳʧʦʣʥʝʥʥʳʝ ʠʟ ʢʦʨʨʦʟʠʦʥʥʦʩʪʦʡʢʠʭ ʤʘʪʝʨʠʘʣʦʚ (ʨʠʩ. 3). 
 

 
 

ʈʠʩʫʥʦʢ 3 ï ʅʘʩʦʩ ʠʟ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ 
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ʇʨʠʤʝʨʦʤ ʤʦʞʝʪ ʩʣʫʞʠʪʴ ʥʘʩʦʩ ʠʟ ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ [1], ʧʨʦʪʦʯʥʘʷ ʯʘʩʪʴ ʢʦʪʦʨʦʛʦ ʠʟʛʦʪʦʚ-
ʣʝʥʘ ʠʟ ʥʝʨʞʘʚʝʶʱʠʭ ʩʧʣʘʚʦʚ. 

ɼʦʩʪʦʠʥʩʪʚʘ: ʚʳʩʦʢʘʷ ʢʦʨʨʦʟʠʦʥʥʘʷ ʩʪʦʡʢʦʩʪʴ, ʚʦʟʤʦʞʥʦʩʪʴ ʧʝʨʝʢʘʯʢʠ ʭʠʤʠʯʝʩʢʠ ʘʢʪʠʚʥʳʭ 
ʩʨʝʜ. 

ʅʝʜʦʩʪʘʪʢʠ: ʚʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ, ʩʦʭʨʘʥʝʥʠʝ ʫʧʣʦʪʥʝʥʠʷ ʚʘʣʘ (ʝʩʣʠ ʢʦʥʩʪʨʫʢʮʠʷ ʥʝ ʛʝʨʤʝʪʠʯ-
ʥʘʷ), ʦʛʨʘʥʠʯʝʥʠʷ ʧʦ ʪʝʤʧʝʨʘʪʫʨʝ ʠ ʜʘʚʣʝʥʠʶ. 

4. ɻʝʨʤʝʪʠʯʥʳʝ ʵʣʝʢʪʨʦʥʘʩʦʩʳ ʩ çʤʦʢʨʳʤè ʨʦʪʦʨʦʤ (ʪʠʧʳ ʎʅɻ, Wilo-Stratos, Grundfos 
MAGNA). ʈʦʪʦʨ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʷ ʚʨʘʱʘʝʪʩʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʚ ʧʝʨʝʢʘʯʠʚʘʝʤʦʡ ʩʨʝʜʝ. ʉʪʘʪʦʨ ʦʪ-
ʜʝʣʝʥ ʦʪ ʨʦʪʦʨʘ ʪʦʥʢʦʡ ʛʝʨʤʝʪʠʯʥʦʡ ʛʠʣʴʟʦʡ (ʩʪʘʢʘʥʦʤ). ʋʧʣʦʪʥʝʥʠʝ ʚʘʣʘ ʦʪʩʫʪʩʪʚʫʝʪ ʧʦʣʥʦʩʪʴʶ 
(ʨʠʩ. 4). 

 

 
 

ʈʠʩʫʥʦʢ 4 ï ʕʣʝʢʪʨʦʥʘʩʦʩ ʩ çʤʦʢʨʳʤè ʨʦʪʦʨʦʤ ʪʠʧʘ MAGNA 
 

ɼʦʩʪʦʠʥʩʪʚʘ: ʧʦʣʥʘʷ ʛʝʨʤʝʪʠʯʥʦʩʪʴ, ʦʪʩʫʪʩʪʚʠʝ ʫʪʝʯʝʢ, ʤʘʣʳʡ ʫʨʦʚʝʥʴ ʰʫʤʘ, ʢʦʤʧʘʢʪʥʦʩʪʴ. 
ʅʝʜʦʩʪʘʪʢʠ: ʥʠʟʢʠʡ ʂʇɼ (ʧʦʪʝʨʠ ʚ ʟʘʟʦʨʝ ʤʝʞʜʫ ʩʪʘʪʦʨʦʤ ʠ ʨʦʪʦʨʦʤ); ʟʥʘʯʠʪʝʣʴʥʳʡ ʥʘʛʨʝʚ ʧʝ-

ʨʝʢʘʯʠʚʘʝʤʦʡ ʩʨʝʜʳ ʟʘ ʩʯʝʪ ʧʦʪʝʨʴ ʚ ʜʚʠʛʘʪʝʣʝ (ʜʦ 2ï5 ÁC); ʦʛʨʘʥʠʯʝʥʠʷ ʧʦ ʪʝʤʧʝʨʘʪʫʨʝ ʩʨʝʜʳ 
(ʦʙʳʯʥʦ ʜʦ 120 ÁC) ʠ ʜʘʚʣʝʥʠʶ; ʩʣʦʞʥʦʩʪʴ ʨʝʤʦʥʪʘ. 

5. ʅʘʩʦʩʳ ʩ ʤʘʛʥʠʪʥʦʡ ʤʫʬʪʦʡ (ʨʠʩ. 5). ɺʨʘʱʘʶʱʠʡ ʤʦʤʝʥʪ ʦʪ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʷ ʢ ʨʘʙʦʯʝʤʫ 
ʢʦʣʝʩʫ ʧʝʨʝʜʘʝʪʩʷ ʯʝʨʝʟ ʤʘʛʥʠʪʥʫʶ ʤʫʬʪʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʜʚʫʭ ʧʦʣʫʤʫʬʪ (ʚʝʜʫʱʝʡ ʠ ʚʝʜʦʤʦʡ), ʨʘʟ-
ʜʝʣʝʥʥʳʭ ʛʝʨʤʝʪʠʯʥʳʤ ʵʢʨʘʥʦʤ. 

 

 
 

ʈʠʩʫʥʦʢ 5 ï ʅʘʩʦʩ ʩ ʤʘʛʥʠʪʥʦʡ ʤʫʬʪʦʡ 
 

ɼʦʩʪʦʠʥʩʪʚʘ: ʧʦʣʥʘʷ ʛʝʨʤʝʪʠʯʥʦʩʪʴ, ʦʪʩʫʪʩʪʚʠʝ ʫʧʣʦʪʥʝʥʠʡ. 
ʅʝʜʦʩʪʘʪʢʠ: ʥʠʟʢʠʡ ʂʇɼ (ʧʦʪʝʨʠ ʚ ʤʘʛʥʠʪʥʦʡ ʤʫʬʪʝ ʜʦʩʪʠʛʘʶʪ 5ï10 %); ʙʦʣʴʰʠʝ ʛʘʙʘʨʠʪʳ ʠ 

ʤʘʩʩʘ; ʚʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ; ʦʛʨʘʥʠʯʝʥʠʷ ʧʦ ʧʝʨʝʜʘʚʘʝʤʦʡ ʤʦʱʥʦʩʪʠ. 
ʅʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʘʚʪʦʨʘʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʢʦʥʩʪʨʫʢʮʠʷ, ʣʠʰʝʥʥʘʷ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʭ 

ʥʝʜʦʩʪʘʪʢʦʚ ʠ ʩʦʯʝʪʘʶʱʘʷ ʧʨʝʠʤʫʱʝʩʪʚʘ ʧʨʠʚʝʜʝʥʥʳʭ ʚʳʰʝ ʥʘʩʦʩʦʚ (ʢʦʤʧʘʢʪʥʦʩʪʴ INLINE-
ʠʩʧʦʣʥʝʥʠʷ) ʩ ʧʦʣʥʦʡ ʛʝʨʤʝʪʠʯʥʦʩʪʴʶ ʢʦʥʩʪʨʫʢʮʠʷ ï ɸʢʩʠʘʣʴʥʳʡ ʮʝʥʪʨʦʙʝʞʥʳʡ ʜʚʠʛʘʪʝʣʴ-ʥʘʩʦʩ [2]. 

ʆʩʥʦʚʥʳʝ ʦʪʣʠʯʠʪʝʣʴʥʳʝ ʧʨʠʟʥʘʢʠ: 
1. ɻʝʨʤʝʪʠʯʥʦʝ ʦʪʜʝʣʝʥʠʝ ʩʪʘʪʦʨʘ. ʉʪʘʪʦʨ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʷ ʛʝʨʤʝʪʠʯʥʦ ʦʪʜʝʣʝʥ ʦʪ ʧʨʦʪʦʯ-

ʥʦʡ ʯʘʩʪʠ ʥʘʩʦʩʘ ʤʝʤʙʨʘʥʦʡ, ʠʟʛʦʪʦʚʣʝʥʥʦʡ ʠʟ ʜʠʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʕʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʣ-
ʥʫʶ ʟʘʱʠʪʫ ʦʙʤʦʪʦʢ ʩʪʘʪʦʨʘ ʦʪ ʚʨʝʜʥʦʛʦ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʧʝʨʝʢʘʯʠʚʘʝʤʦʡ 
ʞʠʜʢʦʩʪʠ ʠ ʚʥʝʰʥʝʡ ʩʨʝʜʳ (ʚ ʪʦʤ ʯʠʩʣʝ ʧʘʨʦʚ ʛʘʟʦʚʦʛʦ ʢʦʥʜʝʥʩʘʪʘ). ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʥʘʩʦʩʦʤ IPn [5], 
ʛʜʝ ʫʧʣʦʪʥʝʥʠʝ ʚʘʣʘ ʦʩʪʘʝʪʩʷ ʫʷʟʚʠʤʳʤ ʤʝʩʪʦʤ, ʟʜʝʩʴ ʨʠʩʢ ʫʪʝʯʝʢ ʧʦʣʥʦʩʪʴʶ ʠʩʢʣʶʯʝʥ. 

2. ʆʧʪʠʤʠʟʠʨʦʚʘʥʥʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʨʦʪʦʨʘ. ʄʘʛʥʠʪʦʧʨʦʚʦʜ ʨʦʪʦʨʘ ʚʳʧʦʣʥʝʥ ʰʠʭʪʦʚʘʥʥʳʤ 
(ʥʘʙʦʨʥʳʤ) ʠʟ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʦʡ ʩʪʘʣʠ ʩ ʢʦʨʦʪʢʦʟʘʤʢʥʫʪʦʡ ʘʣʶʤʠʥʠʝʚʦʡ ʦʙʤʦʪʢʦʡ (ʧʦ ʪʠʧʫ çʙʝʣʠ-
ʯʴʝʡ ʢʣʝʪʢʠè ʘʩʠʥʭʨʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ). ʊʘʢʦʡ ʨʦʪʦʨ ʚʧʨʝʩʩʦʚʘʥ ʚ ʨʘʙʦʯʝʝ ʢʦʣʝʩʦ, ʠʟʛʦʪʦʚʣʝʥʥʦʝ ʠʟ 
ʣʝʛʢʦʛʦ ʘʣʶʤʠʥʠʝʚʦʛʦ ʩʧʣʘʚʘ.  



ɹʋʃɸʊʆɺʉʂʀɽ ʏʊɽʅʀʗ ʉɹʆʈʅʀʂ ʉʊɸʊɽʁ ï 2026. ʊʦʤ 4 
 

 

50 

 

ʀʟ ʵʪʦʛʦ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʩʣʝʜʫʶʱʠʝ ʚʳʚʦʜʳ: 
ï  ʰʠʭʪʦʚʢʘ ʤʘʛʥʠʪʦʧʨʦʚʦʜʘ ʨʝʟʢʦ ʩʥʠʞʘʝʪ ʧʦʪʝʨʠ ʥʘ ʚʠʭʨʝʚʳʝ ʪʦʢʠ (ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʤʘʩʩʠʚ-

ʥʳʤ ʨʦʪʦʨʦʤ). 
ï  ʧʨʠʤʝʥʝʥʠʝ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʦʡ ʩʪʘʣʠ ʩʥʠʞʘʝʪ ʧʦʪʝʨʠ ʥʘ ʛʠʩʪʝʨʝʟʠʩ. 
ï  ʥʘʣʠʯʠʝ ʢʦʨʦʪʢʦʟʘʤʢʥʫʪʦʡ ʦʙʤʦʪʢʠ ʫʣʫʯʰʘʝʪ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʧʦʢʘʟʘʪʝʣʠ, ʧʨʠʙʣʠʞʘʷ ʠʭ ʢ 

ʧʦʢʘʟʘʪʝʣʷʤ ʩʦʚʨʝʤʝʥʥʳʭ ʘʩʠʥʭʨʦʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ (ʢʘʢ ʚ ʥʘʩʦʩʝ IPn). 
ï  ʘʣʶʤʠʥʠʝʚʳʡ ʩʧʣʘʚ ʨʘʙʦʯʝʛʦ ʢʦʣʝʩʘ ʩʥʠʞʘʝʪ ʤʘʩʩʫ ʠ ʫʣʫʯʰʘʝʪ ʢʦʨʨʦʟʠʦʥʥʫʶ ʩʪʦʡʢʦʩʪʴ (ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʯʫʛʫʥʦʤ ʚ ʥʘʩʦʩʝ IPn). 
2. ʆʪʢʘʟ ʦʪ ʧʨʠʚʦʜʥʦʛʦ ʚʘʣʘ. ʇʦʣʫʯʝʥʥʦʝ ʨʘʙʦʯʝʝ ʢʦʣʝʩʦ-ʨʦʪʦʨ ʫʩʪʘʥʦʚʣʝʥʦ ʩʚʦʙʦʜʥʦ ʚʨʘʱʘ-

ʶʱʠʤʩʷ ʥʘ ʥʝʧʦʜʚʠʞʥʦ ʟʘʢʨʝʧʣʝʥʥʦʡ ʚ ʢʦʨʧʫʩʝ ʦʩʠ. 
ʉʣʝʜʩʪʚʠʝ: ʦʪʩʫʪʩʪʚʠʝ ʚʨʘʱʘʶʱʝʛʦʩʷ ʚʘʣʘ, ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʢʦʨʧʫʩ, ʧʦʣʥʦʩʪʴʶ ʠʩʢʣʶʯʘʝʪ 

ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʩʘʣʴʥʠʢʦʚʳʭ ʠʣʠ ʪʦʨʮʝʚʳʭ ʫʧʣʦʪʥʝʥʠʷʭ. ʆʩʴ ʠʤʝʝʪ ʤʘʣʳʡ ʜʠʘʤʝʪʨ ʠ ʤʘʩʩʫ, ʯʪʦ 
ʜʦʧʦʣʥʠʪʝʣʴʥʦ ʫʣʫʯʰʘʝʪ ʤʘʩʩʦʛʘʙʘʨʠʪʥʳʝ ʧʦʢʘʟʘʪʝʣʠ. ʇʦ ʢʦʤʧʘʢʪʥʦʩʪʠ ʪʘʢʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʧʨʝʚʦʩʭʦʜʠʪ 
ʜʘʞʝ INLINE-ʥʘʩʦʩʳ [5], ʪʘʢ ʢʘʢ ʥʝ ʠʤʝʝʪ ʚʳʩʪʫʧʘʶʱʝʛʦ ʚʘʣʘ ʠ ʧʦʜʰʠʧʥʠʢʦʚʳʭ ʫʟʣʦʚ ʜʚʠʛʘʪʝʣʷ. 

ʊʝʭʥʠʯʝʩʢʠʡ ʨʝʟʫʣʴʪʘʪ: 
ï  ʟʘʱʠʪʘ ʩʪʘʪʦʨʥʦʡ ʦʙʤʦʪʢʠ ʦʪ ʚʨʝʜʥʦʛʦ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʠ ʭʠʤʠʯʝʩʢʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʧʝʨʝʢʘʯʠ-

ʚʘʝʤʦʡ ʞʠʜʢʦʩʪʠ; 
ï  ʫʤʝʥʴʰʝʥʠʝ ʥʘʛʨʝʚʘ ʧʝʨʝʢʘʯʠʚʘʝʤʦʡ ʞʠʜʢʦʩʪʠ ʠ ʜʚʠʛʘʪʝʣʴ-ʥʘʩʦʩʘ ʚ ʮʝʣʦʤ; 
ï  ʫʣʫʯʰʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʧʦʢʘʟʘʪʝʣʝʡ; 
ï  ʩʥʠʞʝʥʠʝ ʧʦʪʝʨʴ ʵʥʝʨʛʠʠ ʠ ʧʦʚʳʰʝʥʠʝ ʂʇɼ; 
ï  ʫʣʫʯʰʝʥʠʝ ʤʘʩʩʦʛʘʙʘʨʠʪʥʳʭ ʧʦʢʘʟʘʪʝʣʝʡ. 
ɺ ʪʘʙʣʠʮʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʨʘʚʥʠʪʝʣʴʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʪʝʭʥʠʯʝʩʢʦʛʦ ʨʝʰʝ-

ʥʠʷ ʠ ʝʛʦ ʘʥʘʣʦʛʦʚ. 
 

ʊʘʙʣʠʮʘ 1 ï ʉʨʘʚʥʠʪʝʣʴʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʨʝʜʣʘʛʘʝʤʦʛʦ ʪʝʭʥʠʯʝʩʢʦʛʦ ʨʝʰʝʥʠʷ ʠ ʝʛʦ ʘʥʘʣʦʛʦʚ 
 

ʍʘʨʘʢʪʝʨʠʩʪʠʢʘ ʅʘʩʦʩ IPn ʅʘʩʦʩ ʠʟ ʥʝʨʞ. ʩʪʘʣʠ 
ɺʳʙʨʘʥʥʘʷ ʢʦʥʩʪʨʫʢʮʠʷ 
(ʇʘʪʝʥʪ ʈʌ ˉ 2284426) 

ɻʝʨʤʝʪʠʯʥʦʩʪʴ ʉʨʝʜʥʷʷ (ʩʘʣʴʥʠʢʦʚʦʝ 
ʫʧʣʦʪʥʝʥʠʝ) 

ʉʨʝʜʥʷʷ  
(ʫʧʣʦʪʥʝʥʠʝ ʚʘʣʘ) 

ɺʳʩʦʢʘʷ 
(ʤʝʤʙʨʘʥʘ, ʥʝʪ ʚʘʣʘ) 

ɿʘʱʠʪʘ ʦʙʤʦʪʦʢ ʩʪʘʪʦʨʘ ʂʦʨʧʫʩ ʜʚʠʛʘʪʝʣʷ IP 54 ʂʦʨʧʫʩ ʜʚʠʛʘʪʝʣʷ IP 54 ʇʦʣʥʘʷ  
(ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ  
ʤʝʤʙʨʘʥʘ) 

ʊʠʧ ʨʦʪʦʨʘ ʂʦʨʦʪʢʦʟʘʤʢʥʫʪʳʡ  
(ʘʩʠʥʭʨʦʥʥʳʡ) 

ʂʦʨʦʪʢʦʟʘʤʢʥʫʪʳʡ ʐʠʭʪʦʚʘʥʥʳʡ ʩ ʦʙʤʦʪʢʦʡ 

ʇʦʪʝʨʠ ʚ ʨʦʪʦʨʝ ʉʨʝʜʥʠʝ ʉʨʝʜʥʠʝ ʅʠʟʢʠʝ 

ʅʘʛʨʝʚ ʩʨʝʜʳ ʅʠʟʢʠʡ  
(ʜʚʠʛʘʪʝʣʴ ʩʥʘʨʫʞʠ) 

ʅʠʟʢʠʡ ʄʠʥʠʤʘʣʴʥʳʡ 

ʂʇɼ ʉʨʝʜʥʠʡ (80ï85 %) ʉʨʝʜʥʠʡ ʇʦʚʳʰʝʥʥʳʡ 

ɺʘʣ ʇʨʠʚʦʜʥʦʡ ʚʘʣ  
(ʫʜʣʠʥʝʥʥʳʡ) 

ʇʨʠʚʦʜʥʦʡ ʚʘʣ ʅʝʧʦʜʚʠʞʥʘʷ ʦʩʴ 

ʄʘʪʝʨʠʘʣ ʨʘʙʦʯʝʛʦ ʢʦʣʝʩʘ ʇʦʣʠʧʨʦʧʠʣʝʥ/ʯʫʛʫʥ ʅʝʨʞʘʚʝʶʱʘʷ ʩʪʘʣʴ ɸʣʶʤʠʥʠʝʚʳʡ ʩʧʣʘʚ 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʩʪʘʪʴʝ ʧʨʝʜʩʪʘʚʣʝʥ ʘʥʘʣʠʟ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ 
ʣʘʥʜʰʘʬʪʘ ʩʪʨʘʥ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ ʠ ʦʩʦʙʝʥʥʦʩʪʝʡ ʩʪʨʫʢʪʫ-
ʨʳ ʠʭ ʵʣʝʢʪʨʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ. ʈʘʩʩʤʦʪʨʝʥʳ ʨʘʟʣʠʯʠʷ ʚ 
ʪʠʧʘʭ ʛʝʥʝʨʘʮʠʠ, ʦʙʫʩʣʦʚʣʝʥʥʳʝ ʧʨʠʨʦʜʥʦ-ʨʝʩʫʨʩʥʳʤ ʧʦʪʝʥ-
ʮʠʘʣʦʤ ʨʝʛʠʦʥʘ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʝʥʦ ʨʦʣʠ ʚʦʟʦʙʥʦʚʣʷ-
ʝʤʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ, ʧʨʝʞʜʝ ʚʩʝʛʦ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʝʪʠʢʠ, 
ʚ ʧʦʚʳʰʝʥʠʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʵʥʝʨʛʦʩʠʩʪʝʤ, ʜʠʚʝʨʩʠʬʠʢʘʮʠʠ 
ʛʝʥʝʨʘʮʠʠ ʠ ʤʦʜʝʨʥʠʟʘʮʠʠ ʨʝʛʠʦʥʘʣʴʥʦʡ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʠʥ-
ʬʨʘʩʪʨʫʢʪʫʨʳ. 

Annotation.  The article presents an analysis 
of the energy landscape of the Central Asian 
countries and the structural features of their 
electric power systems. The differences in 
the types of generation caused by the natural 
resource potential of the region are consid-
ered. Special attention is paid to the role of 
renewable energy sources, primarily solar 
energy, in increasing the sustainability of 
energy systems, diversifying generation and 
modernizing regional energy infrastructure. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʎʝʥʪʨʘʣʴʥʘʷ ɸʟʠʷ, ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʩʠʩʪʝ-
ʤʳ, ʚʦʟʦʙʥʦʚʣʷʝʤʳʝ ʠʩʪʦʯʥʠʢʠ ʵʥʝʨʛʠʠ, ʩʦʣʥʝʯʥʘʷ ʵʥʝʨʛʝʪʠ-
ʢʘ, ʫʩʪʦʡʯʠʚʦʝ ʨʘʟʚʠʪʠʝ. 

Keywords : Central Asia, energy systems, 
renewable energy sources, solar energy, 
sustainable development. 

 

ʚʝʜʝʥʠʝ  
ʕʥʝʨʛʝʪʠʯʝʩʢʠʡ ʩʝʢʪʦʨ ʠʛʨʘʝʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʦʙʝʩʧʝʯʝʥʠʠ ʫʩʪʦʡʯʠʚʦʛʦ ʩʦʮʠʘʣʴʥʦ-

ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʨʘʟʚʠʪʠʷ ʩʪʨʘʥ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ. ʈʝʛʠʦʥ ʦʙʣʘʜʘʝʪ ʟʥʘʯʠʪʝʣʴʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ ʢʘʢ ʪʨʘ-
ʜʠʮʠʦʥʥʳʭ, ʪʘʢ ʠ ʚʦʟʦʙʥʦʚʣʷʝʤʳʭ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʨʝʩʫʨʩʦʚ, ʯʪʦ ʬʦʨʤʠʨʫʝʪ ʫʥʠʢʘʣʴʥʫʶ ʩʪʨʫʢʪʫʨʫ ʥʘʮʠʦ-
ʥʘʣʴʥʳʭ ʵʣʝʢʪʨʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ. ʀʩʪʦʨʠʯʝʩʢʠ ʩʪʨʘʥʳ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ ʬʫʥʢʮʠʦʥʠʨʦʚʘʣʠ ʚ ʨʘʤ-
ʢʘʭ ʝʜʠʥʦʡ ʦʙʲʝʜʠʥʸʥʥʦʡ ʵʥʝʨʛʦʩʠʩʪʝʤʳ, ʦʙʝʩʧʝʯʠʚʘʚʰʝʡ ʵʬʬʝʢʪʠʚʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ɻ ʥʝʨʛʝʪʠʯʝʩʢʠʭ 
ʨʝʩʫʨʩʦʚ ʠ ʢʦʦʨʜʠʥʠʨʦʚʘʥʥʫʶ ʨʘʙʦʪʫ ʛʠʜʨʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʠ ʪʝʧʣʦʚʳʭ ʵʣʝʢʪʨʦʩʪʘʥʮʠʡ [1]. 

ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ ʛʦʩʫʜʘʨʩʪʚ ʨʝʛʠʦʥʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʟʥʘʯʠʪʝʣʴʥʦʡ 
ʩʪʨʫʢʪʫʨʥʦʡ ʥʝʦʜʥʦʨʦʜʥʦʩʪʴʶ. ʂʘʟʘʭʩʪʘʥ ʨʘʩʧʦʣʘʛʘʝʪ ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʟʘʧʘʩʘʤʠ ʫʛʣʷ ʠ ʧʨʝʠʤʫʱʝ-
ʩʪʚʝʥʥʦ ʠʩʧʦʣʴʟʫʝʪ ʪʝʧʣʦʚʳʝ ʵʣʝʢʪʨʦʩʪʘʥʮʠʠ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʵʥʝʨ-
ʛʝʪʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ ʂʳʨʛʳʟʩʪʘʥʘ ʠ ʊʘʜʞʠʢʠʩʪʘʥʘ ʦʩʥʦʚʘʥʳ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʥʘ ʛʠʜʨʦʵʥʝʨʛʝʪʠʯʝ-
ʩʢʠʭ ʨʝʩʫʨʩʘʭ. ʋʟʙʝʢʠʩʪʘʥ ʠ ʊʫʨʢʤʝʥʠʩʪʘʥ ʦʙʣʘʜʘʶʪ ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʟʘʧʘʩʘʤʠ ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʘ ʠ 
ʨʘʟʚʠʚʘʶʪ ʵʣʝʢʪʨʦʵʥʝʨʛʝʪʠʢʫ ʥʘ ʙʘʟʝ ʛʘʟʦʚʳʭ ʪʝʧʣʦʚʳʭ ʵʣʝʢʪʨʦʩʪʘʥʮʠʡ. ʊʘʢʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʵʥʝʨ-
ʛʝʪʠʯʝʩʢʠʭ ʨʝʩʫʨʩʦʚ ʬʦʨʤʠʨʫʝʪ ʩʧʝʮʠʬʠʯʝʩʢʫʶ ʨʝʛʠʦʥʘʣʴʥʫʶ ʤʦʜʝʣʴ ʛʝʥʝʨʘʮʠʠ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ, 
ʭʘʨʘʢʪʝʨʠʟʫʶʱʫʶʩʷ ʚʳʨʘʞʝʥʥʦʡ ʩʪʨʫʢʪʫʨʥʦʡ ʘʩʠʤʤʝʪʨʠʝʡ [2]. 

ɺ ʫʩʣʦʚʠʷʭ ʨʦʩʪʘ ʧʦʪʨʝʙʣʝʥʠʷ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʠ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʧʦʚʳʰʝʥʠʷ ʵʢʦʣʦʛʠʯʝʩʢʦʡ ʫʩʪʦʡ-
ʯʠʚʦʩʪʠ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʩʝʢʪʦʨʘ ʦʩʦʙʦʝ ʟʥʘʯʝʥʠʝ ʧʨʠʦʙʨʝʪʘʝʪ ʨʘʟʚʠʪʠʝ ʚʦʟʦʙʥʦʚʣʷʝʤʳʭ ʠʩʪʦʯʥʠʢʦʚ 
ʵʥʝʨʛʠʠ. ʎʝʥʪʨʘʣʴʥʘʷ ɸʟʠʷ ʦʙʣʘʜʘʝʪ ʙʣʘʛʦʧʨʠʷʪʥʳʤʠ ʧʨʠʨʦʜʥʦ-ʢʣʠʤʘʪʠʯʝʩʢʠʤʠ ʫʩʣʦʚʠʷʤʠ ʜʣʷ ʠʩʧʦʣʴ-
ʟʦʚʘʥʠʷ ʩʦʣʥʝʯʥʦʡ ʠ ʚʝʪʨʦʚʦʡ ʵʥʝʨʛʝʪʠʢʠ. ɺʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʩʦʣʥʝʯʥʦʡ ʨʘʜʠʘʮʠʠ, ʟʥʘʯʠʪʝʣʴʥʳʝ ʧʣʦʱʘʜʠ 

ɺ 
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ʤʘʣʦʥʘʩʝʣʸʥʥʳʭ ʪʝʨʨʠʪʦʨʠʡ ʠ ʨʘʩʪʫʱʠʡ ʩʧʨʦʩ ʥʘ ʵʣʝʢʪʨʦʵʥʝʨʛʠʶ ʩʦʟʜʘʶʪ ʧʨʝʜʧʦʩʳʣʢʠ ʜʣʷ ʘʢʪʠʚʥʦʛʦ 
ʚʥʝʜʨʝʥʠʷ ʩʦʣʥʝʯʥʳʭ ʵʣʝʢʪʨʦʩʪʘʥʮʠʡ ʚ ʵʥʝʨʛʝʪʠʯʝʩʢʫʶ ʠʥʬʨʘʩʪʨʫʢʪʫʨʫ ʨʝʛʠʦʥʘ. 

ʀʥʪʝʛʨʘʮʠʷ ʚʦʟʦʙʥʦʚʣʷʝʤʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ ʚ ʩʫʱʝʩʪʚʫʶʱʠʝ ʵʥʝʨʛʦʩʠʩʪʝʤʳ ʪʨʝʙʫʝʪ ʢʦʤ-
ʧʣʝʢʩʥʦʛʦ ʘʥʘʣʠʟʘ ʩʪʨʫʢʪʫʨʳ ʛʝʥʝʨʘʮʠʠ, ʦʩʦʙʝʥʥʦʩʪʝʡ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʨʝʛʠʦʥʘʣʴʥʳʭ ʵʥʝʨʛʝʪʠʯʝ-
ʩʢʠʭ ʩʝʪʝʡ ʠ ʚʦʟʤʦʞʥʦʩʪʝʡ ʤʝʞʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʩʦʪʨʫʜʥʠʯʝʩʪʚʘ. ɺ ʵʪʦʤ ʢʦʥʪʝʢʩʪʝ 
ʦʩʦʙʦʝ ʟʥʘʯʝʥʠʝ ʧʨʠʦʙʨʝʪʘʝʪ ʠʩʩʣʝʜʦʚʘʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʣʘʥʜʰʘʬʪʘ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ ʠ ʚʳʷʚ-
ʣʝʥʠʝ ʬʘʢʪʦʨʦʚ, ʚʣʠʷʶʱʠʭ ʥʘ ʪʨʘʥʩʬʦʨʤʘʮʠʶ ʨʝʛʠʦʥʘʣʴʥʳʭ ʵʥʝʨʛʦʩʠʩʪʝʤ [3]. 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʘʥʘʣʠʟ ʩʪʨʫʢʪʫʨʳ ʵʣʝʢʪʨʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ 
ʩʪʨʘʥ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ ʠ ʦʮʝʥʢʘ ʨʦʣʠ ʚʦʟʦʙʥʦʚʣʷʝʤʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ ʚ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʨʝʛʠʦ-
ʥʘʣʴʥʦʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʙʘʣʘʥʩʘ. 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʠʩʩʣʝʜʦʚʘʥʠʷ 
ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʢʦʤʧʣʝʢʩʥʦʤ ʘʥʘʣʠʟʝ ʵʥʝʨʛʝʪʠʯʝ-

ʩʢʦʛʦ ʣʘʥʜʰʘʬʪʘ ʩʪʨʘʥ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ ʩ ʫʯʸʪʦʤ ʩʪʨʫʢʪʫʨʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ ʥʘʮʠʦʥʘʣʴʥʳʭ ʵʣʝʢ-
ʪʨʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʠ ʧʦʪʝʥʮʠʘʣʘ ʨʘʟʚʠʪʠʷ ʚʦʟʦʙʥʦʚʣʷʝʤʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ. 

ɺ ʨʘʙʦʪʝ ʚʳʧʦʣʥʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʩʪʨʫʢʪʫʨʳ ʛʝʥʝʨʘʮʠʠ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʩʪʨʘʥ ʎʝʥ-
ʪʨʘʣʴʥʦʡ ɸʟʠʠ, ʚʳʷʚʣʝʥʘ ʩʪʨʫʢʪʫʨʥʘʷ ʘʩʠʤʤʝʪʨʠʷ ʨʝʛʠʦʥʘʣʴʥʳʭ ʵʥʝʨʛʦʩʠʩʪʝʤ, ʦʙʫʩʣʦʚʣʝʥʥʘʷ ʨʘʟ-
ʣʠʯʠʷʤʠ ʧʨʠʨʦʜʥʦ-ʨʝʩʫʨʩʥʦʡ ʙʘʟʳ, ʧʦʢʘʟʘʥʘ ʚʟʘʠʤʦʜʦʧʦʣʥʷʝʤʦʩʪʴ ʛʠʜʨʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʠ ʪʝʧʣʦʚʳʭ 
ʠʩʪʦʯʥʠʢʦʚ ʛʝʥʝʨʘʮʠʠ, ʦʙʦʩʥʦʚʘʥʘ ʨʦʣʴ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʝʪʠʢʠ ʢʘʢ ʦʜʥʦʛʦ ʠʟ ʢʣʶʯʝʚʳʭ ʬʘʢʪʦʨʦʚ 
ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʨʝʛʠʦʥʘʣʴʥʳʭ ʵʥʝʨʛʦʩʠʩʪʝʤ. 

ʉʪʨʫʢʪʫʨʘ ʵʣʝʢʪʨʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ 
ʕʣʝʢʪʨʦʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ ʩʪʨʘʥ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ ʬʦʨʤʠʨʦʚʘʣʠʩʴ ʧʦʜ ʚʣʠʷʥʠʝʤ ʧʨʠ-

ʨʦʜʥʦ-ʨʝʩʫʨʩʥʳʭ ʠ ʵʢʦʥʦʤʠʯʝʩʢʠʭ ʬʘʢʪʦʨʦʚ.  
ʂʘʟʘʭʩʪʘʥ ʦʙʣʘʜʘʝʪ ʢʨʫʧʥʳʤʠ ʟʘʧʘʩʘʤʠ ʫʛʣʷ ʠ ʨʘʟʚʠʪʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʦʡ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʝʪʠʢʠ. 

ʆʩʥʦʚʥʘʷ ʯʘʩʪʴ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʚ ʩʪʨʘʥʝ ʧʨʦʠʟʚʦʜʠʪʩʷ ʥʘ ʫʛʦʣʴʥʳʭ ʪʝʧʣʦʚʳʭ ʵʣʝʢʪʨʦʩʪʘʥʮʠʷʭ. ɺ ʦʪ-
ʣʠʯʠʝ ʦʪ ʂʘʟʘʭʩʪʘʥʘ, ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ ʂʳʨʛʳʟʩʪʘʥʘ ʠ ʊʘʜʞʠʢʠʩʪʘʥʘ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʧʨʝʠʤʫ-
ʱʝʩʪʚʝʥʥʦ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʛʠʜʨʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʨʝʩʫʨʩʦʚ. ɹʦʣʴʰʘʷ ʯʘʩʪʴ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʚ ʵʪʠʭ 
ʩʪʨʘʥʘʭ ʚʳʨʘʙʘʪʳʚʘʝʪʩʷ ʥʘ ʛʠʜʨʦʵʣʝʢʪʨʦʩʪʘʥʮʠʷʭ [4]. 

ʋʟʙʝʢʠʩʪʘʥ ʠ ʊʫʨʢʤʝʥʠʩʪʘʥ ʨʘʩʧʦʣʘʛʘʶʪ ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʟʘʧʘʩʘʤʠ ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʘ, ʯʪʦ ʦʙʫ-
ʩʣʦʚʠʣʦ ʨʘʟʚʠʪʠʝ ʛʘʟʦʚʳʭ ʪʝʧʣʦʚʳʭ ʵʣʝʢʪʨʦʩʪʘʥʮʠʡ. ɺ ʩʪʨʫʢʪʫʨʝ ʛʝʥʝʨʘʮʠʠ ʵʪʠʭ ʩʪʨʘʥ ʜʦʤʠʥʠʨʫʶʪ 
ʛʘʟʦʚʳʝ ʵʥʝʨʛʦʙʣʦʢʠ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚ ʨʝʛʠʦʥʝ ʩʬʦʨʤʠʨʦʚʘʣʘʩʴ ʵʥʝʨʛʝʪʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ, ʚ ʢʦʪʦʨʦʡ ʨʘʟʣʠʯʥʳʝ ʪʠʧʳ 
ʛʝʥʝʨʘʮʠʠ ʚʳʧʦʣʥʷʶʪ ʚʟʘʠʤʦʜʦʧʦʣʥʷʶʱʠʝ ʬʫʥʢʮʠʠ. ɻʠʜʨʦʵʥʝʨʛʝʪʠʢʘ ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʤʘʥʸʚ-
ʨʝʥʥʦʩʪʴ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʥʘʛʨʫʟʢʠ, ʪʦʛʜʘ ʢʘʢ ʪʝʧʣʦʚʳʝ ʵʣʝʢʪʨʦʩʪʘʥʮʠʠ ʦʙʝʩʧʝʯʠʚʘʶʪ 
ʩʪʘʙʠʣʴʥʫʶ ʙʘʟʦʚʫʶ ʛʝʥʝʨʘʮʠʶ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ. ʅʘ ʨʠʩʫʥʢʝ 1 ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʦʥʮʝʧʪʫʘʣʴʥʘʷ ʩʭʝʤʘ 
ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ, ʘ ʥʘ ʨʠʩʫʥʢʝ 2. ʧʨʝʜʩʪʘʚʣʝʥʘ ʩʪʨʫʢʪʫʨʘ ʵʣʝʢʪʨʦʵʥʝʨʛʝ-
ʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʩʪʨʘʥ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ. 

ʇʨʝʜʩʪʘʚʣʝʥʥʘʷ ʩʭʝʤʘ (ʨʠʩ. 1) ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʩʪʨʫʢʪʫʨʫ ʛʝʥʝʨʘʮʠʠ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʚ ʩʪʨʘʥʘʭ 
ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ ʠ ʦʪʨʘʞʘʝʪ ʚʟʘʠʤʦʩʚʷʟʴ ʥʘʮʠʦʥʘʣʴʥʳʭ ʵʥʝʨʛʦʩʠʩʪʝʤ ʚ ʨʘʤʢʘʭ ʨʝʛʠʦʥʘʣʴʥʦʡ ʵʥʝʨ-
ʛʝʪʠʯʝʩʢʦʡ ʩʝʪʠ. 

ɻʠʜʨʦʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ ʂʳʨʛʳʟʩʪʘʥʘ ʠ ʊʘʜʞʠʢʠʩʪʘʥʘ ʦʙʝʩʧʝʯʠʚʘʶʪ ʚʳʩʦʢʫʶ ʤʘʥʸʚʨʝʥ-
ʥʦʩʪʴ ʛʝʥʝʨʘʮʠʠ, ʪʦʛʜʘ ʢʘʢ ʪʝʧʣʦʚʳʝ ʵʣʝʢʪʨʦʩʪʘʥʮʠʠ ʂʘʟʘʭʩʪʘʥʘ, ʋʟʙʝʢʠʩʪʘʥʘ ʠ ʊʫʨʢʤʝʥʠʩʪʘʥʘ ʬʦʨ-
ʤʠʨʫʶʪ ʫʩʪʦʡʯʠʚʫʶ ʙʘʟʦʚʫʶ ʥʘʛʨʫʟʢʫ. ʂʨʦʤʝ ʪʦʛʦ, ʚʳʩʦʢʠʡ ʧʦʪʝʥʮʠʘʣ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʝʪʠʢʠ ʚ ʨʝʛʠ-
ʦʥʝ ʩʦʟʜʘʸʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʚʦʟʤʦʞʥʦʩʪʠ ʜʣʷ ʜʠʚʝʨʩʠʬʠʢʘʮʠʠ ʩʪʨʫʢʪʫʨʳ ʛʝʥʝʨʘʮʠʠ ʠ ʨʘʟʚʠʪʠʷ ʚʦʟ-
ʦʙʥʦʚʣʷʝʤʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ [5]. 

ʇʨʝʜʩʪʘʚʣʝʥʥʘʷ ʜʠʘʛʨʘʤʤʘ ʥʘ ʨʠʩʫʥʢʝ 2. ʦʪʨʘʞʘʝʪ ʩʪʨʫʢʪʫʨʫ ʵʣʝʢʪʨʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ 
ʩʪʨʘʥ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ. ɺʠʜʥʦ, ʯʪʦ ʂʘʟʘʭʩʪʘʥ, ʋʟʙʝʢʠʩʪʘʥ ʠ ʊʫʨʢʤʝʥʠʩʪʘʥ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʜʦʤʠ-
ʥʠʨʦʚʘʥʠʝʤ ʪʝʧʣʦʚʳʭ ʵʣʝʢʪʨʦʩʪʘʥʮʠʡ, ʜʦʣʷ ʢʦʪʦʨʳʭ ʜʦʩʪʠʛʘʝʪ 70ï90 %. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʊʘʜʞʠʢʠʩʪʘʥ 
ʠ ʂʠʨʛʠʟʠʷ ʦʪʥʦʩʷʪʩʷ ʢ ʛʠʜʨʦʵʥʝʨʛʝʪʠʯʝʩʢʦʤʫ ʪʠʧʫ ʵʥʝʨʛʦʩʠʩʪʝʤ, ʛʜʝ ɻʕʉ ʦʙʝʩʧʝʯʠʚʘʶʪ ʙʦʣʝʝ 70% 
ʚʳʨʘʙʦʪʢʠ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ. 

ɺʦʟʦʙʥʦʚʣʷʝʤʳʝ ʠʩʪʦʯʥʠʢʠ ʵʥʝʨʛʠʠ, ʚʢʣʶʯʘʷ ʩʦʣʥʝʯʥʫʶ ʠ ʚʝʪʨʦʚʫʶ ʵʥʝʨʛʝʪʠʢʫ, ʘ ʪʘʢʞʝ ʤʘʣʳʝ 
ɻʕʉ, ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʟʘʥʠʤʘʶʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʫʶ ʜʦʣʶ (5ï15 %), ʦʜʥʘʢʦ ʦʙʣʘʜʘʶʪ ʟʥʘʯʠ-
ʪʝʣʴʥʳʤ ʧʦʪʝʥʮʠʘʣʦʤ ʨʦʩʪʘ ʠ ʠʛʨʘʶʪ ʩʪʨʘʪʝʛʠʯʝʩʢʫʶ ʨʦʣʴ ʚ ʧʦʚʳʰʝʥʠʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʵʢʦʣʦʛʠʯʥʦ-
ʩʪʠ ʵʥʝʨʛʦʩʠʩʪʝʤ ʨʝʛʠʦʥʘ [6]. 

ʉʪʨʫʢʪʫʨʘ ʫʩʪʘʥʦʚʣʝʥʥʦʡ ʤʦʱʥʦʩʪʠ ʵʣʝʢʪʨʦʵʥʝʨʛʝʪʠʢʠ ʩʪʨʘʥ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ 
ʠʭ ʨʝʩʫʨʩʥʦʡ ʙʘʟʦʡ ʠ ʠʩʪʦʨʠʯʝʩʢʠʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʨʘʟʚʠʪʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʩʝʢʪʦʨʘ. 

ʊʘʙʣʠʮʘ 1 ʦʪʨʘʞʘʝʪ ʩʨʘʚʥʠʪʝʣʴʥʫʶ ʭʘʨʘʢʪʝʨʠʩʪʠʢʫ ʵʣʝʢʪʨʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʩʪʨʘʥ ʎʝʥ-
ʪʨʘʣʴʥʦʡ ɸʟʠʠ. 

ɸʥʘʣʠʟ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʵʣʝʢʪʨʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʩʪʨʘʥ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ ʧʦʢʘʟʳʚʘʝʪ 
ʥʘʣʠʯʠʝ ʚʳʨʘʞʝʥʥʦʡ ʩʪʨʫʢʪʫʨʥʦʡ ʘʩʠʤʤʝʪʨʠʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʩʠʩʪʝʤ ʨʝʛʠʦʥʘ. ɻʦʨʥʳʝ ʩʪʨʘʥʳ ʦʙʣʘ-
ʜʘʶʪ ʟʥʘʯʠʪʝʣʴʥʳʤ ʛʠʜʨʦʵʥʝʨʛʝʪʠʯʝʩʢʠʤ ʧʦʪʝʥʮʠʘʣʦʤ, ʪʦʛʜʘ ʢʘʢ ʨʘʚʥʠʥʥʳʝ ʛʦʩʫʜʘʨʩʪʚʘ ʦʨʠʝʥʪʠʨʦ-
ʚʘʥʳ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʠʩʢʦʧʘʝʤʳʭ ʚʠʜʦʚ ʪʦʧʣʠʚʘ. 
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ʉʪʨʘʥʘ ʆʩʥʦʚʥʦʡ ʪʠʧ ʛʝʥʝʨʘʮʠʠ 
ʆʩʥʦʚʥʳʝ  

ʵʥʝʨʛʦʨʝʩʫʨʩʳ 
ʆʩʦʙʝʥʥʦʩʪʠ ʵʥʝʨʛʦʩʠʩʪʝʤʳ 

ʂʘʟʘʭʩʪʘʥ ʪʝʧʣʦʚʘʷ ʵʥʝʨʛʝʪʠʢʘ ʫʛʦʣʴ 
ʢʨʫʧʥʳʝ ʪʝʧʣʦʚʳʝ ʵʣʝʢʪʨʦʩʪʘʥʮʠʠ, 
ʨʘʟʚʠʪʘʷ ʧʝʨʝʜʘʶʱʘʷ ʩʝʪʴ 

ʂʳʨʛʳʟʩʪʘʥ ʛʠʜʨʦʵʥʝʨʛʝʪʠʢʘ ʚʦʜʥʳʝ ʨʝʩʫʨʩʳ ʚʳʩʦʢʘʷ ʜʦʣʷ ʛʠʜʨʦʵʣʝʢʪʨʦʩʪʘʥʮʠʡ 

ʊʘʜʞʠʢʠʩʪʘʥ ʛʠʜʨʦʵʥʝʨʛʝʪʠʢʘ ʚʦʜʥʳʝ ʨʝʩʫʨʩʳ 
ʟʥʘʯʠʪʝʣʴʥʳʡ ʛʠʜʨʦʵʥʝʨʛʝʪʠʯʝʩʢʠʡ 
ʧʦʪʝʥʮʠʘʣ 

ʋʟʙʝʢʠʩʪʘʥ ʛʘʟʦʚʘʷ ʵʥʝʨʛʝʪʠʢʘ ʧʨʠʨʦʜʥʳʡ ʛʘʟ 
ʨʘʟʚʠʪʘʷ ʩʠʩʪʝʤʘ ʛʘʟʦʚʳʭ ʵʣʝʢʪʨʦ-
ʩʪʘʥʮʠʡ 

ʊʫʨʢʤʝʥʠʩʪʘʥ ʛʘʟʦʚʘʷ ʵʥʝʨʛʝʪʠʢʘ ʧʨʠʨʦʜʥʳʡ ʛʘʟ 
ʵʢʩʧʦʨʪʥʦ-ʦʨʠʝʥʪʠʨʦʚʘʥʥʘʷ ʵʥʝʨ-
ʛʝʪʠʯʝʩʢʘʷ ʩʠʩʪʝʤʘ 
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ʕʥʝʨʛʝʪʠʯʝʩʢʠʡ ʢʦʥʪʝʢʩʪ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ 
ʈʘʟʚʠʪʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʩʝʢʪʦʨʘ ʩʪʨʘʥ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ ʧʨʦʠʩʭʦʜʠʪ ʚ ʫʩʣʦʚʠʷʭ ʩʧʝʮʠʬʠʯʝ-

ʩʢʦʛʦ ʧʨʠʨʦʜʥʦʛʦ ʠ ʵʢʦʥʦʤʠʯʝʩʢʦʛʦ ʢʦʥʪʝʢʩʪʘ. ʈʝʛʠʦʥ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʤʠ ʟʘʧʘʩʘʤʠ ʚʦʜ-
ʥʳʭ ʨʝʩʫʨʩʦʚ ʚ ʛʦʨʥʳʭ ʨʘʡʦʥʘʭ, ʢʨʫʧʥʳʤʠ ʤʝʩʪʦʨʦʞʜʝʥʠʷʤʠ ʫʛʣʷ ʠ ʧʨʠʨʦʜʥʦʛʦ ʛʘʟʘ, ʘ ʪʘʢʞʝ ʚʳʩʦʢʠʤ 
ʫʨʦʚʥʝʤ ʩʦʣʥʝʯʥʦʡ ʨʘʜʠʘʮʠʠ [7]. 

ʆʩʥʦʚʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʢʦʥʪʝʢʩʪʘ ʨʝʛʠʦʥʘ (ʧʦʪʝʥʮʠʘʣ ɺʀʕ) ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ 
ʪʘʙʣʠʮʝ 2.  

ʌʘʢʪʦʨʳ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʪʘʙʣʠʮʝ, ʦʢʘʟʳʚʘʶʪ ʚʣʠʷʥʠʝ ʥʘ ʨʘʟʚʠʪʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʠʥʬʨʘ-
ʩʪʨʫʢʪʫʨʳ ʠ ʬʦʨʤʠʨʦʚʘʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʧʦʣʠʪʠʢʠ ʩʪʨʘʥ ʨʝʛʠʦʥʘ. 

 

ʊʘʙʣʠʮʘ 2 ï ʇʦʪʝʥʮʠʘʣ ʚʦʟʦʙʥʦʚʣʷʝʤʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ ʚ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ 
 

ʉʪʨʘʥʘ ʉʦʣʥʝʯʥʘʷ ʵʥʝʨʛʠʷ ɺʝʪʨʦʚʘʷ ʵʥʝʨʛʠʷ ɻʠʜʨʦʵʥʝʨʛʝʪʠʢʘ 

ʂʘʟʘʭʩʪʘʥ ʚʳʩʦʢʠʡ ʚʳʩʦʢʠʡ ʩʨʝʜʥʠʡ 

ʂʳʨʛʳʟʩʪʘʥ ʚʳʩʦʢʠʡ ʩʨʝʜʥʠʡ ʚʳʩʦʢʠʡ 

ʊʘʜʞʠʢʠʩʪʘʥ ʚʳʩʦʢʠʡ ʩʨʝʜʥʠʡ ʦʯʝʥʴ ʚʳʩʦʢʠʡ 

ʋʟʙʝʢʠʩʪʘʥ ʦʯʝʥʴ ʚʳʩʦʢʠʡ ʩʨʝʜʥʠʡ ʥʠʟʢʠʡ 

ʊʫʨʢʤʝʥʠʩʪʘʥ ʦʯʝʥʴ ʚʳʩʦʢʠʡ ʚʳʩʦʢʠʡ ʥʠʟʢʠʡ 
 

ʈʦʣʴ ʚʦʟʦʙʥʦʚʣʷʝʤʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ 
ɺ ʧʦʩʣʝʜʥʠʝ ʛʦʜʳ ʨʘʟʚʠʪʠʝ ʚʦʟʦʙʥʦʚʣʷʝʤʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ ʩʪʘʥʦʚʠʪʩʷ ʚʘʞʥʳʤ ʥʘʧʨʘʚʣʝ-

ʥʠʝʤ ʤʦʜʝʨʥʠʟʘʮʠʠ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʩʝʢʪʦʨʘ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ. ʆʩʦʙʝʥʥʦ ʧʝʨʩʧʝʢʪʠʚʥʦʡ ʷʚʣʷʝʪʩʷ 
ʩʦʣʥʝʯʥʘʷ ʵʥʝʨʛʝʪʠʢʘ, ʧʦʩʢʦʣʴʢʫ ʨʝʛʠʦʥ ʦʙʣʘʜʘʝʪ ʙʣʘʛʦʧʨʠʷʪʥʳʤʠ ʢʣʠʤʘʪʠʯʝʩʢʠʤʠ ʫʩʣʦʚʠʷʤʠ ʜʣʷ 
ʝʸ ʨʘʟʚʠʪʠʷ [8]. 

ɺʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʩʦʣʥʝʯʥʦʡ ʨʘʜʠʘʮʠʠ ʧʦʟʚʦʣʷʝʪ ʵʬʬʝʢʪʠʚʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʝ 
ʪʝʭʥʦʣʦʛʠʠ ʜʣʷ ʧʨʦʠʟʚʦʜʩʪʚʘ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ. ʈʘʟʚʠʪʠʝ ʩʦʣʥʝʯʥʳʭ ʵʣʝʢʪʨʦʩʪʘʥʮʠʡ ʤʦʞʝʪ ʩʧʦʩʦʙ-
ʩʪʚʦʚʘʪʴ ʜʠʚʝʨʩʠʬʠʢʘʮʠʠ ʩʪʨʫʢʪʫʨʳ ʛʝʥʝʨʘʮʠʠ ʠ ʩʥʠʞʝʥʠʶ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʩʢʦʧʘʝʤʳʭ ʚʠʜʦʚ ʪʦʧʣʠ-
ʚʘ. ʂʣʶʯʝʚʳʝ ʵʬʬʝʢʪʳ ʚʥʝʜʨʝʥʠʷ ʩʦʣʥʝʯʥʳʭ ʵʣʝʢʪʨʦʩʪʘʥʮʠʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3. 

 

 
 

ʈʠʩʫʥʦʢ 3 ï ʂʣʶʯʝʚʳʝ ʵʬʬʝʢʪʳ ʩʦʣʥʝʯʥʦʡ ʵʣʝʢʪʨʦʩʪʘʥʮʠʠ 100 ʄɺʪ 
 

ʈʘʟʚʠʪʠʝ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨʛʝʪʠʢʠ ʤʦʞʝʪ ʦʙʝʩʧʝʯʠʪʴ: ʩʥʠʞʝʥʠʝ ʧʦʪʨʝʙʣʝʥʠʷ ʠʩʢʦʧʘʝʤʦʛʦ ʪʦʧʣʠ-
ʚʘ, ʩʦʢʨʘʱʝʥʠʝ ʚʳʙʨʦʩʦʚ ʧʘʨʥʠʢʦʚʳʭ ʛʘʟʦʚ, ʧʦʚʳʰʝʥʠʝ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʙʝʟʦʧʘʩʥʦʩʪʠ ʠ ʜʠʚʝʨʩʠʬʠ-
ʢʘʮʠʶ ʩʪʨʫʢʪʫʨʳ ʛʝʥʝʨʘʮʠʠ. 

ɺʣʠʷʥʠʝ ʩʪʨʫʢʪʫʨʳ ʛʝʥʝʨʘʮʠʠ ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʵʥʝʨʛʦʩʠʩʪʝʤ 
ʉʪʨʫʢʪʫʨʘ ʧʨʦʠʟʚʦʜʩʪʚʘ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʦʢʘʟʳʚʘʝʪ ʩʫʱʝʩʪʚʝʥʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʠ 

ʥʘʜʸʞʥʦʩʪʴ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʵʥʝʨʛʦʩʠʩʪʝʤ. ɻʠʜʨʦʵʣʝʢʪʨʦʩʪʘʥʮʠʠ ʦʙʣʘʜʘʶʪ ʚʳʩʦʢʦʡ ʤʘʥʸʚʨʝʥʥʦ-
ʩʪʴʶ ʠ ʩʧʦʩʦʙʥʳ ʦʧʝʨʘʪʠʚʥʦ ʨʝʘʛʠʨʦʚʘʪʴ ʥʘ ʠʟʤʝʥʝʥʠʷ ʥʘʛʨʫʟʢʠ. ʊʝʧʣʦʚʳʝ ʵʣʝʢʪʨʦʩʪʘʥʮʠʠ ʦʙʝʩʧʝ-
ʯʠʚʘʶʪ ʩʪʘʙʠʣʴʥʫʶ ʙʘʟʦʚʫʶ ʛʝʥʝʨʘʮʠʶ. ʀʥʪʝʛʨʘʮʠʷ ʚʦʟʦʙʥʦʚʣʷʝʤʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ, ʚʢʣʶʯʘʷ 
ʩʦʣʥʝʯʥʳʝ ʵʣʝʢʪʨʦʩʪʘʥʮʠʠ, ʪʨʝʙʫʝʪ ʘʜʘʧʪʘʮʠʠ ʩʫʱʝʩʪʚʫʶʱʠʭ ʵʥʝʨʛʦʩʠʩʪʝʤ ʠ ʨʘʟʚʠʪʠʷ ʠʥʬʨʘʩʪʨʫʢ-
ʪʫʨʳ ʧʝʨʝʜʘʯʠ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʩʦʯʝʪʘʥʠʝ ʛʠʜʨʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʨʝʩʫʨʩʦʚ ʠ ʩʦʣʥʝʯʥʦʡ 
ʛʝʥʝʨʘʮʠʠ ʤʦʞʝʪ ʩʧʦʩʦʙʩʪʚʦʚʘʪʴ ʧʦʚʳʰʝʥʠʶ ʛʠʙʢʦʩʪʠ ʵʥʝʨʛʦʩʠʩʪʝʤ ʨʝʛʠʦʥʘ [9ï10]. 

ɿʘʢʣʁʯʝʥʠʝ 
ʕʥʝʨʛʝʪʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ ʩʪʨʘʥ ʎʝʥʪʨʘʣʴʥʦʡ ɸʟʠʠ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʟʥʘʯʠʪʝʣʴʥʳʤ ʨʘʟʥʦʦʙʨʘ-

ʟʠʝʤ ʩʪʨʫʢʪʫʨʳ ʛʝʥʝʨʘʮʠʠ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʨʘʟʣʠʯʠʷʤʠ ʚ ʧʨʠʨʦʜʥʦ-ʨʝʩʫʨʩʥʦʤ ʧʦʪʝʥʮʠʘʣʝ ʠ ʠʩʪʦʨʠ-
ʯʝʩʢʠʤʠ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʨʘʟʚʠʪʠʷ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʩʝʢʪʦʨʘ. ɺ ʂʳʨʛʳʟʩʪʘʥʝ ʠ ʊʘʜʞʠʢʠʩʪʘʥʝ ʢʣʶʯʝʚʫʶ 
ʨʦʣʴ ʠʛʨʘʝʪ ʛʠʜʨʦʵʥʝʨʛʝʪʠʢʘ, ʪʦʛʜʘ ʢʘʢ ʚ ʂʘʟʘʭʩʪʘʥʝ, ʋʟʙʝʢʠʩʪʘʥʝ ʠ ʊʫʨʢʤʝʥʠʩʪʘʥʝ ʜʦʤʠʥʠʨʫʶʪ ʪʝʧ-
ʣʦʚʳʝ ʵʣʝʢʪʨʦʩʪʘʥʮʠʠ, ʠʩʧʦʣʴʟʫʶʱʠʝ ʧʨʝʠʤʫʱʝʩʪʚʝʥʥʦ ʠʩʢʦʧʘʝʤʳʝ ʚʠʜʳ ʪʦʧʣʠʚʘ.  
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ʇʨʦʚʝʜʸʥʥʳʡ ʘʥʘʣʠʟ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʩʠʩʪʝʤʳ ʩʪʨʘʥ ʨʝʛʠʦʥʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ 
ʚʳʨʘʞʝʥʥʦʡ ʩʪʨʫʢʪʫʨʥʦʡ ʘʩʠʤʤʝʪʨʠʝʡ: ʛʦʨʥʳʝ ʛʦʩʫʜʘʨʩʪʚʘ ʦʙʣʘʜʘʶʪ ʟʥʘʯʠʪʝʣʴʥʳʤ ʛʠʜʨʦʵʥʝʨʛʝʪʠ-
ʯʝʩʢʠʤ ʧʦʪʝʥʮʠʘʣʦʤ, ʚ ʪʦ ʚʨʝʤʷ ʢʘʢ ʨʘʚʥʠʥʥʳʝ ʩʪʨʘʥʳ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʥʘ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʨʘʜʠʮʠʦʥ-
ʥʳʭ ʪʦʧʣʠʚʥʦ-ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʨʝʩʫʨʩʦʚ. ɼʘʥʥʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʬʦʨʤʠʨʫʝʪ ʦʙʲʝʢʪʠʚʥʳʝ ʧʨʝʜʧʦʩʳʣʢʠ 
ʜʣʷ ʚʟʘʠʤʦʜʦʧʦʣʥʷʝʤʦʩʪʠ ʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʨʝʩʫʨʩʦʚ ʠ ʨʘʟʚʠʪʠʷ ʨʝʛʠʦʥʘʣʴʥʦʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʩʦ-
ʪʨʫʜʥʠʯʝʩʪʚʘ. 

ɺ ʵʪʠʭ ʫʩʣʦʚʠʷʭ ʨʘʟʚʠʪʠʝ ʚʦʟʦʙʥʦʚʣʷʝʤʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ, ʧʨʝʞʜʝ ʚʩʝʛʦ ʩʦʣʥʝʯʥʦʡ ʵʥʝʨ-
ʛʝʪʠʢʠ, ʤʦʞʝʪ ʩʪʘʪʴ ʚʘʞʥʳʤ ʬʘʢʪʦʨʦʤ ʤʦʜʝʨʥʠʟʘʮʠʠ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ, ʧʦʚʳʰʝʥʠʷ 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʨʘʚʥʝʥʠʷ ʪʨʝʭ 
ʚʘʨʠʘʥʪʦʚ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʛʝʥʝʨʘʮʠʠ, ʵʪʦ ʛʠʙʨʠʜʥʘʷ ʚʦʜʦ-
ʨʦʜʥʦ-ʩʦʣʥʝʯʥʘʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʚʝʪʨʦʚʳʭ ʛʝʥʝʨʘʪʦʨʦʚ ʩʪʘʥ-
ʮʠʷ, ʧʣʘʚʫʯʘʷ ʘʪʦʤʥʘʷ ʩʪʘʥʮʠʷ, ʤʘʣʳʝ ʛʠʜʨʦʵʣʝʢʪʨʦʩʪʘʥʮʠʠ, 
ʚʳʙʨʘʥ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʡ ʚʘʨʠʘʥʪ ʧʦ ʪʝʭʥʠʢʦ-
ʵʢʦʥʦʤʠʯʝʩʢʦʤʫ ʩʨʘʚʥʝʥʠʶ, ʧʨʝʜʣʦʞʝʥʳ ʧʨʠʤʝʥʝʥʠʝ ʮʠʬʨʦ-
ʚʳʭ ʪʝʭʥʦʣʦʛʠʡ ʥʘ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʪʘʥʮʠʠ. 

Annotation.  This article presents a compari-
son of three options for solving the genera-
tion problem: a hybrid hydrogen-solar station 
using wind generators, a floating nuclear 
power plant, small hydroelectric power sta-
tions, the most promising option for technical 
and economic comparison was selected, and 
the use of digital technologies at the power 
station was proposed. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ɺʀʕ (ʚʦʟʦʙʥʦʚʣʷʝʤʳʝ ʠʩʪʦʯʥʠʢʠ ʵʥʝʨʛʠʠ), 
ɼʘʣʴʥʠʡ ɺʦʩʪʦʢ, ʮʠʬʨʦʚʘʷ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʩʪʘʥʮʠʷ, ʤʘʣʘʷ 
ɻʕʉ, ɸʉʋ (ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʘʷ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ). 

Keywords : RES (renewable energy 
sources), Far East, digital power plant, small 
hydroelectric power station, automated con-
trol system (automated control system). 

 
ʢʦʥʦʤʠʢʘ ɼʘʣʴʥʝʛʦ ɺʦʩʪʦʢʘ ʩʪʨʝʤʠʪʝʣʴʥʦ ʨʘʩʪʝʪ, ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʨʠʚʦʜʠʪ ʢ ʜʝʬʠʮʠ-
ʪʫ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʤʦʱʥʦʩʪʠ, ʩʦʛʣʘʩʥʦ ʨʘʩʯʝʪʘʤ ʘʥʘʣʠʪʠʢʦʚ, ʢ 2030 ʛʦʜʫ ʜʝʬʠʮʠʪ ʤʦʱʥʦ-

ʩʪʠ ʦʮʝʥʠʚʘʝʪʩʷ ʥʝ ʤʝʥʝʝ ʯʝʤ ʚ 3 ʛʠʛʘʚʘʪʪʘ. ʈʘʟʨʘʙʦʪʘʥʘ ʧʨʦʛʨʘʤʤʘ ʤʦʜʝʨʥʠʟʘʮʠʠ ʵʥʝʨʛʝʪʠʢʠ 
ɼʘʣʴʥʝʛʦ ɺʦʩʪʦʢʘ, ʚ ʢʦʪʦʨʦʡ ʙʦʣʴʰʫʶ ʟʥʘʯʠʤʦʩʪʴ ʠʤʝʝʪ ʨʘʟʚʠʪʠʝ ʵʥʝʨʛʦʩʠʩʪʝʤʳ ʪʝʨʨʠʪʦʨʠʘʣʴʥʦ 
ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʨʘʡʦʥʦʚ, ʧʫʪʝʤ ʩʦʟʜʘʥʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʛʝʥʝʨʘʮʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ, ʚ ʩʚʷʟʠ ʩ 
ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʜʦʙʳʯʠ ʧʦʣʝʟʥʳʭ ʠʩʢʦʧʘʝʤʳʭ. ʉʦʧʦʩʪʘʚʠʚ ʩʦʚʨʝʤʝʥʥʦʝ ʩʦʩʪʦʷʥʠʝ ʵʣʝʢʪʨʦʵʥʝʨʛʝ-
ʪʠʢʠ ʠ ʩʪʨʘʪʝʛʠʠ ʨʘʟʚʠʪʠʷ ʵʥʝʨʛʝʪʠʢʠ ɼʘʣʴʥʝʛʦ ɺʦʩʪʦʢʘ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʦ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʨʘʟ-
ʚʠʪʠʷ ʤʘʣʳʭ ɻʕʉ ʠ ʵʣʝʢʪʨʦʩʪʘʥʮʠʡ, ʨʘʙʦʪʘʶʱʠʭ ʥʘ ʚʦʟʦʙʥʦʚʣʷʝʤʳʭ ʠʩʪʦʯʥʠʢʘʭ ʵʥʝʨʛʠʠ; ʧʨʠʤʝʥʝ-
ʥʠʷ ʮʠʬʨʦʚʳʭ ʪʝʭʥʦʣʦʛʠʡ; ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʩʫʱʝʩʪʚʫʶʱʠʭ ʦʙʲʝʢʪʦʚ ʠ ʨʘʟʚʠʪʠʷ ʚʦʜʦʨʦʜʥʦʡ ʵʥʝʨʛʝʪʠ-
ʢʠ. ɼʣʷ ʧʦʠʩʢʘ ʦʧʪʠʤʘʣʴʥʦʛʦ ʨʝʰʝʥʠʷ ʧʨʦʙʣʝʤʳ ʛʝʥʝʨʘʮʠʠ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʪʝʨʨʠʪʦʨʠʘʣʴʥʦ 
ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʵʥʝʨʛʦʩʠʩʪʝʤ ɼʘʣʴʥʝʛʦ ɺʦʩʪʦʢʘ, ʙʳʣʠ ʧʨʝʜʣʦʞʝʥʳ ʪʨʠ ʚʘʨʠʘʥʪʘ. 

1. ɺʦʜʦʨʦʜʥʦ-ʩʦʣʥʝʯʥʘʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʚʝʪʨʦʚʳʭ ʛʝʥʝʨʘʪʦʨʦʚ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʩʪʘʥʮʠʷ 
ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ ʜʘʥʥʦʡ ʩʪʘʥʮʠʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʣʝʜʫʶʱʠʤ, ʵʣʝʢʪʨʦʵʥʝʨʛʠʷ, ʚʳʨʘʙʦʪʘʥʥʘʷ 

ʩʦʣʥʝʯʥʳʤʠ ʠ ʚʝʪʨʦʚʳʤʠ ʩʪʘʥʮʠʷʤʠ, ʨʘʩʭʦʜʫʝʪʩʷ ʥʘ ʦʙʝʩʧʝʯʝʥʠʷ ʵʣʝʢʪʨʦʩʥʘʙʞʝʥʠʝʤ ʧʦʪʨʝʙʠʪʝʣʝʡ, 
ʧʨʦʠʟʚʦʜʩʪʚʘ ʚʦʜʦʨʦʜʘ ʩ ʧʦʤʦʱʴʶ ʵʣʝʢʪʨʦʣʠʟʝʨʘ, ʠ ʥʘʢʦʧʣʝʥʠʷ ʵʥʝʨʛʠʠ ʚ ʣʠʪʠʡ-ʠʦʥʥʳʭ ʘʢʢʫʤʫʣʷ-
ʪʦʨʘʭ, ʜʘʣʝʝ ʫʞʝ ʚʳʨʘʙʦʪʘʥʥʳʡ ʚʦʜʦʨʦʜ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʝ ʪʦʧʣʠʚʦʤ ʪʨʘʥʩʧʦʨ-
ʪʘ, ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʭ ʟʘʚʦʜʦʚ ʠʣʠ ʨʘʩʭʦʜʦʚʘʪʴ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʦ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ. 

ʄʦʱʥʦʩʪʴ ʜʘʥʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʪʘʥʮʠʠ ʤʦʞʥʦ ʫʩʪʘʥʦʚʠʪʴ ʣʶʙʦʡ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʢʦʣʠʯʝ-
ʩʪʚʘ ʩʦʣʥʝʯʥʳʭ ʠ ʚʝʪʨʷʥʳʭ ʫʩʪʘʥʦʚʦʢ. 

 

 
 

ʈʠʩʫʥʦʢ 1 ï ʉʭʝʤʘ ʛʠʙʨʠʜʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʪʘʥʮʠʠ 

ʕ 
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ʇʨʦʮʝʩʩ ʧʨʦʠʟʚʦʜʩʪʚʘ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʩ ʧʦʤʦʱʴʶ ʚʦʜʦʨʦʜʘ ʩʣʝʜʫʶʱʠʡ ʧʨʦʩʘʯʠʚʘʷʩʴ ʯʝʨʝʟ 
ʧʦʨʠʩʪʳʡ ʘʥʦʜ ʚʦʜʦʨʦʜ ʪʝʨʷʝʪ ʵʣʝʢʪʨʦʥʳ, ʢʦʪʦʨʳʝ ʫʭʦʜʷʪ ʚ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ, ʘ ʩʢʚʦʟʴ ʤʝʤ-
ʙʨʘʥʫ ʧʨʦʭʦʜʷʪ ʢʘʪʠʦʥʳ ʚʦʜʦʨʦʜʘ, ʜʘʣʝʝ ʥʘ ʢʘʪʦʜʝ ʢʠʩʣʦʨʦʜ ʣʦʚʠʪ ʧʨʦʪʦʥ ʠ ʚʥʝʰʥʠʡ ʵʣʝʢʪʨʦʥ ʦʙʨʘ-
ʟʫʷ ʚʦʜʫ. ɺʦʜʦʨʦʜ ʠʤʝʝʪ ʚʳʩʦʢʠʡ ʂʇɼ ʦʢʦʣʦ 60 % ʠ ʧʣʦʪʥʦʩʪʴ ʵʥʝʨʛʠʠ ʚʦʜʦʨʦʜʘ ʙʦʣʝʝ ʯʝʤ ʚ 3 ʨʘʟʘ 
ʚʳʰʝ, ʯʝʤ ʫ ʪʨʘʜʠʮʠʦʥʥʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ. ɼʘʥʥʘʷ ʩʪʘʥʮʠʷ ʷʚʣʷʝʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʦʡ, ʪʘʢ ʢʘʢ ʧʦʟ-
ʚʦʣʷʝʪ ʦʙʝʩʧʝʯʠʚʘʪʴ ʵʣʝʢʪʨʦʵʥʝʨʛʠʝʡ ʧʦʪʨʝʙʠʪʝʣʝʡ ʙʝʩʧʝʨʝʙʦʡʥʦ, ʜʘʞʝ ʚʦʚʨʝʤʷ ʦʪʩʫʪʩʪʚʠʷ ʩʦʣ-
ʥʝʯʥʳʭ ʣʫʯʝʡ ʠ ʙʝʟʚʝʪʨʝʥʥʦʡ ʧʦʛʦʜʳ, ʵʥʝʨʛʠʠ ʥʘʢʦʧʣʝʥʥʦʡ ʚ ʥʘʢʦʧʠʪʝʣʷʭ ʙʫʜʝʪ ʜʦʩʪʘʪʦʯʥʦʡ ʜʣʷ 
ʧʨʦʠʟʚʦʜʩʪʚʘ ʚʦʜʦʨʦʜʘ, ʪʘʢʞʝ ʧʦʜʙʦʨ ʝʜʠʥʠʯʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʧʦʟʚʦʣʷʝʪ ʩʦʟʜʘʚʘʪʴ ʵʣʝʢʪʨʠʯʝʩʢʫʶ 
ʩʪʘʥʮʠʶ ʣʶʙʦʡ ʤʦʱʥʦʩʪʠ [1]. 

2. ʇʣʘʚʫʯʘʷ ʘʪʦʤʥʘʷ ʵʣʝʢʪʨʦʩʪʘʥʮʠʷ 
ʇɸʕʉ ʤʘʣʦʡ ʤʦʱʥʦʩʪʠ (ʜʦ 300 ʄɺʪ) ʩʧʦʩʦʙʥʳ ʩʥʠʞʘʪʴ ʪʘʨʠʬ ʥʘ ʵʣʝʢʪʨʦʵʥʝʨʛʠʶ ʚ ʠʟʦʣʠʨʦ-

ʚʘʥʥʳʭ ʨʘʡʦʥʘʭ, ʙʝʟʦʧʘʩʥʦ ʠ ʵʢʦʣʦʛʠʯʥʦ ʦʙʝʩʧʝʯʠʚʘʪʴ ʵʣʝʢʪʨʦʵʥʝʨʛʠʝʡ ʨʘʡʦʥʳ ʚʥʝ ʮʝʥʪʨʘʣʠʟʦʚʘʥ-
ʥʦʛʦ ʵʣʝʢʪʨʦʩʥʘʙʞʝʥʠʷ, ʦʙʣʘʜʘʶʪ ʣʝʛʢʦʩʪʴʶ ʚʩʪʨʘʠʚʘʥʠʷ ʚ ʵʥʝʨʛʦʩʠʩʪʝʤʫ, ʦʪʩʫʪʩʪʚʠʝʤ ʥʝʦʙʭʦʜʠʤʦ-
ʩʪʠ ʚ ʨʘʟʚʠʪʳʭ ʩʝʪʷʭ. ʂʨʫʛʣʦʛʦʜʠʯʥʘʷ ʚʳʨʘʙʦʪʢʘ ʧʦʟʚʦʣʷʝʪ ʦʙʝʩʧʝʯʠʚʘʪʴ ʵʣʝʢʪʨʦʵʥʝʨʛʠʝʡ ʦʢʦʣʦ                                      
100 ʪʳʩ. ʯʝʣʦʚʝʢ.  

 

 
 

ʈʠʩʫʥʦʢ 2 ï ʉʭʝʤʘ ʧʣʘʚʫʯʝʡ ʘʪʦʤʥʦʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʪʘʥʮʠʠ 
 

ʇɸʕʉ ʩʦʩʪʦʠʪ ʠʟ ʧʣʘʚʫʯʝʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʦʛʦ ʙʣʦʢʘ, ʙʝʨʝʛʦʚʦʡ ʧʣʦʱʘʜʢʠ ʩ ʩʦʦʨʫʞʝʥʠʷʤʠ, ʦʙʝʩ-
ʧʝʯʠʚʘʶʱʠʤʠ ʚʳʜʘʯʫ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʠ ʪʝʧʣʦʚʦʡ ʵʥʝʨʛʠʠ ʧʦʪʨʝʙʠʪʝʣʷʤ, ʘ ʪʘʢʞʝ ʛʠʜʨʦʪʝʭʥʠʯʝʩʢʠʭ 
ʩʦʦʨʫʞʝʥʠʡ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʭ ʙʝʟʦʧʘʩʥʫʶ ʩʪʦʷʥʢʫ ʇʕɹ ʚ ʘʢʚʘʪʦʨʠʠ.  

ʄʦʱʥʦʩʪʴ ʇɸʕʉ ʩʦʩʪʘʚʣʷʝʪ 70 ʄɺʊ. 
3. ʄʘʣʳʝ ʛʠʜʨʦʵʣʝʢʪʨʦʩʪʘʥʮʠʠ 
ʉʪʨʦʠʪʝʣʴʩʪʚʦ ʤʘʣʳʭ ʛʠʜʨʦʵʣʝʢʪʨʦʩʪʘʥʮʠʡ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʦʪʩʫʪʩʪʚʠʝʤ ʦʙʨʘʟʦʚʘʥʠʷ ʦʪʭʦʜʦʚ 

ʚ ʧʨʦʮʝʩʩʝ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ, ʩʪʘʙʠʣʴʥʦʩʪʴʶ ʠ ʥʘʜʸʞʥʦʩʪʴʶ, ʘ ʪʘʢʞʝ ʧʦʚʳʰʝʥʠʝʤ ʛʠʙʢʦʩʪʠ ʫʧʨʘʚ-
ʣʝʥʠʷ ʵʥʝʨʛʦʩʠʩʪʝʤʦʡ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʨʘʡʦʥʦʚ ʄʦʱʥʦʩʪʴ ʄɻʕʉ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʜʦ 3000 ʢɺʪ. 

 

 
 

ʈʠʩʫʥʦʢ 3 ï ʉʭʝʤʘ ʧʣʘʚʫʯʝʡ ʤʘʣʦʡ ɻʕʉ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʪʘʥʮʠʠ 
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ɺ ʩʚʷʟʠ ʩ ʩʫʨʦʚʳʤ ʢʣʠʤʘʪʦʤ ʚ ʩʝʚʝʨʥʳʭ ʨʘʡʦʥʘʭ ɼʘʣʴʥʝʛʦ ɺʦʩʪʦʢʘ, ʄɻʕʉ ʧʦʟʚʦʣʷʶʪ ʥʝʧʨʝ-

ʨʳʚʥʦ ʧʨʦʠʟʚʦʜʠʪʴ ʵʣʝʢʪʨʠʯʝʩʢʫʶ ʵʥʝʨʛʠʶ 6 ʤʝʩʷʮʝʚ ʚ ʛʦʜʫ, ʘ ʩʨʦʢ ʩʣʫʞʙʳ ʤʦʞʝʪ ʜʦʩʪʠʛʘʪʴ ʜʦ                            

40 ʣʝʪ. 

4. ɺʳʙʦʨ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʚʘʨʠʘʥʪʘ 

ɼʣʷ ʚʳʙʦʨʘ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʦʛʦ ʨʝʰʝʥʠʷ ʙʳʣʦ ʧʨʦʠʟʚʝʜʝʥʦ ʪʝʭʥʠʢʦ-ʵʢʦʥʦʤʠʯʝʩʢʦʝ 

ʩʨʘʚʥʝʥʠʝ ʪʨʝʭ ʧʨʝʜʣʦʞʝʥʥʳʭ ʚʘʨʠʘʥʪʦʚ. ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʜʘʥʥʳʭ ʚʘʨʠʘʥʪʦʚ ʥʝʦʙʭʦʜʠʤʦ ʙʳʣʦ ʧʨʠ-

ʚʝʩʪʠ ʚʩʝ ʩʪʘʥʮʠʠ ʢ ʦʜʥʦʡ ʤʦʱʥʦʩʪʠ, 70 ʄʚʪ, ʜʘʥʥʘʷ ʤʦʱʥʦʩʪʴ ʙʳʣʘ ʚʳʙʨʘʥʘ ʠʟ ʤʦʱʥʦʩʪʠ ʧʣʘʚʫʯʝʡ 

ʘʪʦʤʥʦʡ ʩʪʘʥʮʠʠ. ʉʨʘʚʥʝʥʠʷ ʙʳʣʠ ʧʨʦʠʟʚʝʜʝʥʳ ʧʦ ʢʘʧʠʪʘʣʴʥʳʤ ʟʘʪʨʘʪʘʤ, ʯʠʩʪʦʤʫ ʜʠʩʢʦʥʪʠʨʦʚʘʥ-

ʥʦʤʫ ʜʦʭʦʜʫ, LCOE, ʥʦʨʤʠʨʫʝʤʦʡ ʩʪʦʠʤʦʩʪʠ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ, ʢʦʵʬʬʠʮʠʝʥʪʫ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ, ʠʥ-

ʜʝʢʩʫ ʨʝʥʪʘʙʝʣʴʥʦʩʪʠ, ʛʦʜʦʚʘʷ ʚʳʨʘʙʦʪʢʘ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ, ʩʦʟʜʘʥʠʝ ʨʘʙʦʯʠʭ ʤʝʩʪ. ʉʨʘʚʥʝʥʠʝ ʧʨʝʜ-

ʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. ʇʦʩʣʝ ʧʨʦʚʝʜʝʥʠʷ ʚʩʝʭ ʨʘʩʯʸʪʦʚ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʦʢʘʟʘʣʩʷ ʚʘʨʠʘʥʪ 

ʩʪʨʦʠʪʝʣʴʩʪʚʦ ʛʠʙʨʠʜʥʦʡ ʚʦʜʦʨʦʜʥʦ-ʩʦʣʥʝʯʥʦʡ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʚʝʪʨʦʚʳʭ ʛʝʥʝʨʘʪʦʨʦʚ ʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʩʪʘʥʮʠʠ, ʜʨʫʛʠʝ ʚʘʨʠʘʥʪʳ ʪʘʢʞʝ ʠʤʝʶʪ ʥʝ ʤʘʣʦ ʧʨʝʠʤʫʱʝʩʪʚ, ʠ ʩʧʦʩʦʙʥʳ ʢ ʨʝʘʣʠʟʘʮʠʠ ʚ ʦʧʨʝʜʝʣʝʥ-

ʥʳʭ ʫʩʣʦʚʠʷʭ. 

 
ʊʘʙʣʠʮʘ 1 ï ʉʨʘʚʥʝʥʠʷ ʧʨʝʜʣʦʞʝʥʥʳʭ ʚʘʨʠʘʥʪʦʚ 
 

 ʈʝʰʝʥʠʝ 1 ʈʝʰʝʥʠʝ 2 ʈʝʰʝʥʠʝ 3 

ʂʘʧʠʪʘʣʴʥʳʝ ʟʘʪʨʘʪʳ 39 ʤʣʨʜ ʨʫʙ 30 ʤʣʨʜ ʨʫʙ 27 ʤʣʨʜ ʨʫʙ 

ʏɼɼ 2,3 ʤʣʨʜ ʨʫʙ 1,57 ʤʣʨʜ ʨʫʙ 0,914 ʤʣʨʜ ʨʫʙ 

ʉʨʦʢ ʦʢʫʧʘʝʤʦʩʪʠ 17 ʣʝʪ 19 ʣʝʪ 30 ʣʝʪ 

LCOE 15 ʨʫʙ/ʢɺʪẗʯ 19 ʨʫʙ/ʢɺʪẗʯ 12 ʨʫʙ/ʢɺʪẗʯ 

ʂʇɼ % 60 % 30 % 40 % 

ʀʥʜʝʢʩ ʨʝʥʪʘʙʝʣʴʥʦʩʪʠ 1,05 1,02 1,04 

ɻʦʜʦʚʘʷ ʚʳʨʘʙʦʪʢʘ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ 473 ɻɺʪẗʯ 490 ɻɺʪẗʯ 234 ɻɺʪẗʯ 

ʈʘʙʦʯʠʝ ʤʝʩʪʘ, ʯʝʣ 400 350 116 

 

5. ʎʠʬʨʦʚʳʝ ʪʝʭʥʦʣʦʛʠʠ ʥʘ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʪʘʥʮʠʠ 

ɼʣʷ ʧʦʚʳʰʝʥʠʷ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ ʵʥʝʨʛʦʦʙʲʝʢʪʘʤʠ, ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʚʳʨʘʙʦʪʢʠ 

ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʦʪ ɺʀʕ, ʧʦʚʳʰʝʥʠʷ ʫʨʦʚʥʷ ʤʦʥʠʪʦʨʠʥʛʘ ʠ ʩʙʦʨʘ ʜʘʥʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʵʥʝʨʛʝ-

ʪʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ, ʦʩʫʱʝʩʪʚʣʝʥʠʷ ʜʠʩʪʘʥʮʠʦʥʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʪʘʥʮʠʝʡ, ʧʦʣʥʦʪʳ ʤʦ-

ʜʝʣʠ ʦʙʲʝʢʪʦʚ ʵʣʝʢʪʨʦʵʥʝʨʛʝʪʠʢʠ, ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʨʠʤʝʥʷʪʴ ʪʝʭʥʦʣʦʛʠʶ ʮʠʬʨʦʚʦʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʩʪʘʥʮʠʠ. ʎʠʬʨʦʚʘʷ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʩʪʘʥʮʠʷ ï ʵʪʦ ʚʳʩʦʢʦ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʳʡ ʢʦʤʧʣʝʢʩ, ʦʩʥʘʱʝʥʥʳʡ 

ʮʠʬʨʦʚʦʡ ʟʘʱʠʪʦʡ ʠ ʘʚʪʦʤʘʪʠʢʦʡ, ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʦʡ ʩʠʩʪʝʤʦʡ ʠʟʤʝʨʝʥʠʷ ʠ ʫʯʝʪʘ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ, 

ɸʉʋ ʊʇ, ʩʠʩʪʝʤʦʡ ʜʠʩʪʘʥʮʠʦʥʥʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ ʠ ʩʘʤʦʜʠʘʛʥʦʩʪʠʢʠ ʦʙʦʨʫʜʦʚʘʥʠʷ ʥʘ ʦʩʥʦʚʝ ʮʠʬʨʦ-

ʚʳʭ ʜʚʦʡʥʠʢʦʚ ʠ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ, ʨʝʛʠʩʪʨʘʮʠʠ ʘʚʘʨʠʡʥʳʭ ʩʦʙʳʪʠʡ, ʚʢʣʶʯʘʝʤʳʝ ʚ ʮʠʬʨʦ-

ʚʳʝ ʠ ʫʧʨʘʚʣʷʶʱʠʝ ʩʠʩʪʝʤʳ, ʬʫʥʢʮʠʦʥʠʨʫʶʱʠʝ ʚ ʨʝʞʠʤʝ ʝʜʠʥʦʛʦ ʚʨʝʤʝʥʠ [2]. 

ɼʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʚʘʞʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʩʪʘʥʮʠʠ, ʘ ʠʤʝʥʥʦ ʚʳʨʘʙʦʪʢʠ ʵʣʝʢʪʨʦ-

ʵʥʝʨʛʠʠ, ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ ʥʘ ʦʩʥʦʚʝ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ, çʇʨʦʛʥʦʟʠ-

ʨʦʚʘʥʠʝ ʚʳʨʘʙʦʪʢʠ ɺʀʕ. ʉʦʣʥʮʝè ʠ çʇʨʦʛʥʦʟʠʨʦʚʘʥʠʝ ʚʳʨʘʙʦʪʢʠ ɺʀʕ. ɺʝʪʝʨè ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʅʊʎ 

ɽʕʉ ʉʠʩʪʝʤʥʳʤ ʦʧʝʨʘʪʦʨʦʤ. ʈʘʟʨʘʙʦʪʢʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʘʪʴ ʙʦʣʝʝ ʪʦʯʥʳʡ ʧʨʦʛʥʦʟ ʠ ʪʝʤ ʩʘʤʳʤ 

ʫʧʨʘʚʣʷʪʴ ʚʦʟʜʝʡʩʪʚʠʷʤʠ ʥʘ ʩʚʷʟʴ ʩʦʣʥʝʯʥʦʡ ʠ ʚʝʪʨʦʚʦʡ ʩʪʘʥʮʠʠ ʩ ʩʠʩʪʝʤʦʡ ʠ ʥʘʢʦʧʠʪʝʣʷʤʠ ʚ ʟʘʚʠ-

ʩʠʤʦʩʪʠ ʦʪ ʨʝʞʠʤʘ ʨʘʙʦʪʳ ʩʝʪʠ. 

ɼʣʷ ʘʥʘʣʠʟʘ ʩʦʩʪʦʷʥʠʷ ʦʙʦʨʫʜʦʚʘʥʠʷ, ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʚʳʚʦʜʘ ʝʛʦ ʚ ʨʝʤʦʥʪ ʠ 

ʩʦʩʪʘʚʣʝʥʠʷ ʛʨʘʬʠʢʘ ʨʝʤʦʥʪʘ ʦʙʦʨʫʜʦʚʘʥʠʷ ʧʨʝʜʣʘʛʘʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ                                        

F5 PMM. ʆʥ ʦʙʝʩʧʝʯʠʪ ʧʦʣʥʳʡ ʢʦʥʪʨʦʣʴ ʦʙʦʨʫʜʦʚʘʥʠʝ ʠ ʧʨʝʜʦʪʚʨʘʪʠʪ ʘʚʘʨʠʡʥʳʝ ʩʠʪʫʘʮʠʠ. 

ʊʘʢʞʝ ʥʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ ʨʘʟʨʘʙʘʪʳʚʘʝʪʩʷ ʪʝʭʥʦʣʦʛʠʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣ-

ʣʝʢʪʘ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʘʷ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʠ ʩʦʣʥʝʯʥʳʭ ʧʘʥʝʣʝʡ, ʧʫʪʝʤ ʧʦʚʦʨʦʪʘ 

ʩʦʣʥʝʯʥʦʛʦ ʤʦʜʫʣʷ. ʆʩʥʦʚʥʘʷ ʝʸ ʬʫʥʢʮʠʷ ï ʦʧʨʝʜʝʣʝʥʠʝ ʦʧʪʠʤʘʣʴʥʳʭ ʫʛʣʦʚ ʧʦʚʦʨʦʪʘ ʠ ʥʘʢʣʦʥʘ 

ʩʦʣʥʝʯʥʳʭ ʧʘʥʝʣʝʡ ʜʣʷ ʤʘʢʩʠʤʘʣʴʥʦ ʵʬʬʝʢʪʠʚʥʦʛʦ ʫʣʘʚʣʠʚʘʥʠʷ ʩʦʣʥʝʯʥʳʭ ʣʫʯʝʡ. ʇʨʠʥʷʪʠʝ ʨʝʰʝ-

ʥʠʡ ʠʩʢʫʩʩʪʚʝʥʥʳʡ ʠʥʪʝʣʣʝʢʪ ʦʩʫʱʝʩʪʚʣʷʝʪ ʥʘ ʦʩʥʦʚʝ ʪʨʘʝʢʪʦʨʠʠ ʜʚʠʞʝʥʠʷ ʩʦʣʥʮʘ ʠ ʧʦʛʦʜʥʳʭ ʫʩʣʦ-

ʚʠʡ, ʘ ʝʛʦ ʦʙʫʯʝʥʠʝ ʚʳʧʦʣʥʷʝʪʩʷ ʧʦ ʤʝʪʦʜʫ ʛʣʫʙʦʢʦʛʦ ʦʙʫʯʝʥʠʷ. ɺ ʩʦʚʦʢʫʧʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʝ ʧʨʝʜʣʦ-

ʞʝʥʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ ʧʦʟʚʦʣʠʪ ʧʦʚʳʩʠʪʴ ʂʇɼ ʠ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʩʦʣ-

ʥʝʯʥʳʭ ʙʘʪʘʨʝʡ, ʘ ʪʘʢʞʝ ʩʥʠʟʠʪʴ ʩʪʦʠʤʦʩʪʴ ʚʳʨʘʙʦʪʢʠ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ. 

ɿʘʢʣʶʯʝʥʠʝ 

ʕʥʝʨʛʦʜʝʬʠʮʠʪ, ʨʘʩʪʫʱʠʡ ʥʘ ɼʘʣʴʥʝʤ ɺʦʩʪʦʢʝ, ʤʦʞʝʪ ʟʘʪʦʨʤʦʟʠʪʴ ʩʪʨʝʤʠʪʝʣʴʥʦʝ ʨʘʟʚʠʪʠʝ 

ʵʢʦʥʦʤʠʢʠ ʪʝʨʨʠʪʦʨʠʠ, ʧʦʵʪʦʤʫ ʥʝʦʙʭʦʜʠʤʦ ʤʦʜʝʨʥʠʟʠʨʦʚʘʪʴ ʩʠʩʪʝʤʫ ʵʥʝʨʛʦʛʝʥʝʨʘʮʠʠ ʚ ʩʦʦʪʚʝʪ-

ʩʪʚʠʠ ʩ ʪʝʤʧʘʤʠ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʨʦʩʪʘ. ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚʘʨʠʘʥʪʳ ʛʝʥʝʨʘʮʠʠ ʪʝʨʨʠʪʦ-

ʨʠʘʣʴʥʦ ʠʟʦʣʠʨʦʚʘʥʥʳʭ ʨʘʡʦʥʦʚ ɼʘʣʴʥʝʛʦ ɺʦʩʪʦʢʘ, ʠ ʚʳʙʨʘʥ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʡ. 
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ɸʥʥʦʪʘʮʠʷ. ʇʨʠʚʝʜʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʠʩ-
ʩʣʝʜʦʚʘʥʠʡ ʥʘ ʣʘʙʦʨʘʪʦʨʥʦʡ ʫʩʪʘʥʦʚʢʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʨʘʩ-
ʭʦʜʘ ʚ ʚʠʜʝ ʜʠʘʬʨʘʛʤʳ. ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʙʳʣʘ ʧʦʣʫʯʝʥʘ 
ʨʘʩʭʦʜʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʜʠʘʬʨʘʛʤʳ ʚ ʚʠʜʝ ʟʘʚʠʩʠʤʦʩʪʠ 
ʨʘʩʭʦʜʘ ʚʦʜʳ ʯʝʨʝʟ ʜʠʘʬʨʘʛʤʫ ʦʪ ʧʝʨʝʧʘʜʘ ʜʘʚʣʝʥʠʷ ʥʘ ʥʝʡ. 
ʆʥʘ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʘ ʪʨʘʜʠʮʠʦʥʥʳʤ ʫʨʘʚʥʝʥʠʝʤ ʨʘʩʭʦʜʘ. 
ʂʦʵʬʬʠʮʠʝʥʪʳ ʵʪʦʛʦ ʫʨʘʚʥʝʥʠʷ ʦʧʨʝʜʝʣʝʥʳ ʤʝʪʦʜʦʤ 
ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ. 

Annotation.  The paper presents the results of 
experimental studies on a laboratory installa-
tion of a flow converter in the form of a dia-
phragm. During the experiment, the flow 
characteristic of the diaphragm was obtained 
as a function of the water flow through the 
diaphragm and the pressure drop across it. 
This characteristic was approximated using 
the traditional flow equation. The coefficients 
of this equation were determined using the 
least squares method. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʠʟʤʝʨʝʥʠʝ ʨʘʩʭʦʜʘ, ʩʫʞʘʶʱʝʝ ʫʩʪʨʦʡʩʪʚʦ, 
ʜʠʘʬʨʘʛʤʘ, ʧʝʨʝʧʘʜ ʜʘʚʣʝʥʠʷ, ʨʘʩʭʦʜʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ, 
ʘʧʧʨʦʢʩʠʤʘʮʠʷ, ʤʝʪʦʜ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ. 

Keywords : flow measurement, constriction 
device, diaphragm, pressure drop, flow char-
acteristic, approximation, least squares 
method. 

 
ʦʩʥʦʚʝ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʦʛʦ ʤʝʪʦʜʘ ʠʟʤʝʨʝʥʠʷ ʦʙʲʝʤʥʦʛʦ ʨʘʩʭʦʜʘ Q ʧʦ ʧʝʨʝʧʘʜʫ 
ʜʘʚʣʝʥʠʷ ʥʘ ʩʫʞʘʶʱʝʤ ʫʩʪʨʦʡʩʪʚʝ ʣʝʞʠʪ ʠʟʚʝʩʪʥʦʝ ʫʨʘʚʥʝʥʠʝ ʨʘʩʭʦʜʘ [1, 2]: 
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ʛʜʝ  a ï ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʩʭʦʜʘ; e ï ʢʦʵʬʬʠʮʠʝʥʪ ʨʘʩʰʠʨʝʥʠʷ; d ï ʜʠʘʤʝʪʨ ʦʪʚʝʨʩʪʠʷ ʩʫʞʘʶʱʝʛʦ 

ʫʩʪʨʦʡʩʪʚʘ ʧʨʠ ʨʘʙʦʯʝʡ ʪʝʤʧʝʨʘʪʫʨʝ ʩʨʝʜʳ; r ï ʧʣʦʪʥʦʩʪʴ ʩʨʝʜʳ ʚ ʨʘʙʦʯʠʭ ʫʩʣʦʚʠʷʭ; DP ï ʧʝ-
ʨʝʧʘʜ ʜʘʚʣʝʥʠʷ ʥʘ ʩʫʞʘʶʱʝʤ ʫʩʪʨʦʡʩʪʚʝ. 
 
ɺ ʢʘʯʝʩʪʚʝ ʩʫʞʘʶʱʠʭ ʫʩʪʨʦʡʩʪʚ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʨʘʩʭʦʜʘ ʞʠʜʢʦʩʪʝʡ ʠ ʛʘʟʦʚ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʠʘ-

ʬʨʘʛʤʳ, ʩʦʧʣʘ ʠ ʟʥʘʯʠʪʝʣʴʥʦ ʨʝʞʝ ʩʦʧʣʘ ɺʝʥʪʫʨʠ. 
ʇʨʠ ʥʝʠʟʤʝʥʥʳʭ ʫʩʣʦʚʠʷʭ ʠʟʤʝʨʝʥʠʡ ʦʙʲʝʤʥʳʡ ʨʘʩʭʦʜ ʟʘʚʠʩʠʪ ʪʦʣʴʢʦ ʦʪ ʧʝʨʝʧʘʜʘ ʜʘʚʣʝʥʠʷ 

ʥʘ ʩʫʞʘʶʱʝʤ ʫʩʪʨʦʡʩʪʚʝ: 

 
PKQ D= , (2)

 

ʛʜʝ  K ï ʧʦʩʪʦʷʥʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʜʣʷ ʜʘʥʥʦʛʦ ʪʠʧʘ ʠ ʫʩʣʦʚʠʡ ʧʨʠʤʝʥʝʥʠʷ ʩʫʞʘʶʱʝʛʦ ʫʩʪʨʦʡʩʪʚʘ. 
 
ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʛʨʘʜʫʠʨʦʚʘʪʴ ʰʢʘʣʫ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʤʘʥʦʤʝʪʨʘ, ʠʟʤʝʨʷʶʱʝʛʦ ʧʝʨʝʧʘʜ 

ʜʘʚʣʝʥʠʷ ʥʘ ʩʫʞʘʶʱʝʤ ʫʩʪʨʦʡʩʪʚʝ, ʚ ʝʜʠʥʠʮʘʭ ʦʙʲʝʤʥʦʛʦ ʨʘʩʭʦʜʘ. 
ʉʫʞʘʶʱʠʝ ʫʩʪʨʦʡʩʪʚʘ ʧʦʜʨʘʟʜʝʣʷʶʪʩʷ ʥʘ ʩʪʘʥʜʘʨʪʥʳʝ ʠ ʥʝʩʪʘʥʜʘʨʪʥʳʝ. ɼʣʷ ʩʪʘʥʜʘʨʪʥʳʭ 

ʩʫʞʘʶʱʠʭ ʫʩʪʨʦʡʩʪʚ ʪʨʫʙʦʧʨʦʚʦʜʦʚ ʜʠʘʤʝʪʨʦʤ D ² 50 ʤʤ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ K ʤʦʞʝʪ ʙʳʪʴ 
ʦʧʨʝʜʝʣʝʥʦ ʨʘʩʯʝʪʥʳʤ ʧʫʪʝʤ. ɼʣʷ ʪʨʫʙʦʧʨʦʚʦʜʦʚ ʞʝ ʜʠʘʤʝʪʨʦʤ D < 50 ʤʤ ʢʦʵʬʬʠʮʠʝʥʪ K ʨʘʩʩʯʠ-
ʪʘʪʴ ʥʝʚʦʟʤʦʞʥʦ, ʧʦʵʪʦʤʫ ʦʥ ʦʧʨʝʜʝʣʷʝʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʜʣʷ ʢʘʞʜʦʛʦ ʩʫʞʘʶʱʝʛʦ ʫʩʪʨʦʡʩʪʚʘ (ʚ 
ʩʚʷʟʠ ʩ ʵʪʠʤ ʪʘʢʠʝ ʫʩʪʨʦʡʩʪʚʘ ʥʘʟʳʚʘʶʪʩʷ ʥʝʩʪʘʥʜʘʨʪʥʳʤʠ) [3]. 

ʀʥʜʠʚʠʜʫʘʣʴʥʘʷ ʛʨʘʜʫʠʨʦʚʢʘ (ʦʧʨʝʜʝʣʝʥʠʝ ʨʘʩʭʦʜʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ) ʩʫʞʘʶʱʝʛʦ ʫʩʪʨʦʡʩʪʚʘ 
ʧʨʦʚʦʜʠʪʩʷ ʠ ʚ ʩʣʫʯʘʝ, ʢʦʛʜʘ ʥʝʪ ʫʚʝʨʝʥʥʦʩʪʠ ʚ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʧʨʠʥʷʪʳʭ ʨʘʩʯʝʪʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ 

ʨʘʩʭʦʜʘ a [4]. 

ɺ 
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ɺ ʩʪʘʪʴʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʨʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʡ, ʧʨʦʚʝʜʝʥʥʳʭ ʩʪʫʜʝʥʪʘʤʠ ʂʫʙʘʥʩʢʦʛʦ ʛʦʩʫ-
ʜʘʨʩʪʚʝʥʥʦʛʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ, ʦʙʫʯʘʶʱʠʤʠʩʷ ʧʦ ʦʙʨʘʟʦʚʘʪʝʣʴʥʦʡ ʧʨʦʛʨʘʤʤʝ 
ʥʘʧʨʘʚʣʝʥʠʷ ʧʦʜʛʦʪʦʚʢʠ 13.03.01 ʊʝʧʣʦʵʥʝʨʛʝʪʠʢʘ ʠ ʪʝʧʣʦʪʝʭʥʠʢʘ, ʧʨʠ ʚʳʧʦʣʥʝʥʠʠ ʣʘʙʦʨʘʪʦʨʥʦʡ 
ʨʘʙʦʪʳ çʀʟʤʝʨʝʥʠʝ ʨʘʩʭʦʜʘè ʧʦ ʜʠʩʮʠʧʣʠʥʝ çʄʝʪʨʦʣʦʛʠʷ, ʪʝʧʣʦʪʝʭʥʠʯʝʩʢʠʝ ʠʟʤʝʨʝʥʠʷ ʠ ʘʚʪʦʤʘʪʠ-
ʟʘʮʠʷè ʥʘ ʢʘʬʝʜʨʝ ʪʝʧʣʦʵʥʝʨʛʝʪʠʢʠ ʠ ʪʝʧʣʦʪʝʭʥʠʢʠ. ʎʝʣʴʶ ʚʳʧʦʣʥʝʥʠʷ ʵʪʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʬʦʨ-
ʤʠʨʦʚʘʥʠʝ ʫ ʦʙʫʯʘʶʱʠʭʩʷ ʢʦʤʧʝʪʝʥʮʠʡ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʨʘʩʭʦʜʘ ʞʠʜʢʠʭ ʩʨʝʜ ʚ ʩʠʩʪʝ-
ʤʘʭ ʪʝʧʣʦʵʥʝʨʛʦʩʥʘʙʞʝʥʠʷ. ʆʜʠʥ ʠʟ ʧʫʥʢʪʦʚ ʧʨʦʛʨʘʤʤʳ ʜʘʥʥʦʡ ʣʘʙʦʨʘʪʦʨʥʦʡ ʨʘʙʦʪʳ ʧʨʝʜʫʩʤʘʪʨʠ-
ʚʘʝʪ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʦʧʨʝʜʝʣʝʥʠʝ ʩʪʘʪʠʯʝʩʢʦʡ (ʨʘʩʭʦʜʥʦʡ) ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʫʞʘʶʱʝʛʦ ʫʩʪʨʦʡ-
ʩʪʚʘ ï ʜʠʘʬʨʘʛʤʳ. 

ʀʩʩʣʝʜʦʚʘʥʠʷ ʧʨʦʚʦʜʠʣʠʩʴ ʥʘ ʣʘʙʦʨʘʪʦʨʥʦʤ ʩʪʝʥʜʝ (ʪʠʧʦʚʦʤ ʢʦʤʧʣʝʢʪʝ ʫʯʝʙʥʦʛʦ ʦʙʦʨʫʜʦʚʘ-
ʥʠʷ çʀʟʤʝʨʠʪʝʣʴʥʳʝ ʧʨʠʙʦʨʳ ʜʘʚʣʝʥʠʷ, ʨʘʩʭʦʜʘ, ʪʝʤʧʝʨʘʪʫʨʳè) ʧʨʦʠʟʚʦʜʩʪʚʘ ʆʆʆ ʅʇʇ çʋʯʝʙʥʘʷ 
ʪʝʭʥʠʢʘ ï ʇʨʦʬʠè [5]. ʉʭʝʤʘ ʣʘʙʦʨʘʪʦʨʥʦʡ ʫʩʪʘʥʦʚʢʠ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1. 

 

 
 

ʈʠʩʫʥʦʢ 1 ï ʉʭʝʤʘ ʣʘʙʦʨʘʪʦʨʥʦʡ ʫʩʪʘʥʦʚʢʠ 

 
ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʨʘʩʭʦʜʘ ï ʩʫʞʘʶʱʝʝ ʫʩʪʨʦʡʩʪʚʦ ʚ ʚʠʜʝ 

ʜʠʘʬʨʘʛʤʳ, ʫʩʪʘʥʦʚʣʝʥʥʦʡ ʚ ʛʠʜʨʦʵʣʝʤʝʥʪʝ ɻʕ ʣʘʙʦʨʘʪʦʨʥʦʡ ʫʩʪʘʥʦʚʢʠ (ʨʠʩ. 1). ʇʦʜʘʯʘ ʚʦʜʳ ʚ ʝʝ 
ʛʠʜʨʦʩʠʩʪʝʤʫ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʠʟ ʙʘʢʘ-ʘʢʢʫʤʫʣʷʪʦʨʘ ʯʝʨʝʟ ʢʨʘʥ ʂ1 ʥʘʩʦʩʦʤ ʅ, ʩʥʘʙʞʝʥʥʳʤ ʵʣʝʢʪʨʦ-
ʜʚʠʛʘʪʝʣʝʤ ʕɼ. ʏʝʨʝʟ ʦʙʨʘʪʥʳʡ ʢʣʘʧʘʥ, ʛʠʜʨʦʵʣʝʤʝʥʪ ɻʕ, ʢʨʘʥ ʂ2 ʚʦʜʘ ʧʦʩʪʫʧʘʝʪ ʚ ʤʝʨʥʫʶ ʝʤʢʦʩʪʴ 
ʄɽ. ʇʨʠ ʦʧʦʨʦʞʥʝʥʠʠ ʵʪʦʡ ʝʤʢʦʩʪʠ ʚʦʜʘ ʯʝʨʝʟ ʢʨʘʥ ʂ3 ʩʣʠʚʘʝʪʩʷ ʚ ʙʘʢ-ʘʢʢʫʤʫʣʷʪʦʨ. 

ʄʝʨʥʘʷ ʝʤʢʦʩʪʴ ʄɽ ʧʨʝʜʥʘʟʥʘʯʝʥʘ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʨʘʩʭʦʜʘ ʚʦʜʳ ʦʙʲʝʤʥʳʤ ʤʝʪʦʜʦʤ. ɼʣʷ ʵʪʦ-
ʛʦ ʚ ʥʝʡ ʫʩʪʘʥʦʚʣʝʥʳ ʜʚʘ ʨʝʣʝ ʫʨʦʚʥʷ ʈʋ1 ʠ ʈʋ2, ʨʘʩʩʪʦʷʥʠʝ ʤʝʞʜʫ ʦʪʤʝʪʢʘʤʠ ʩʨʘʙʘʪʳʚʘʥʠʷ ʢʦʪʦ-
ʨʳʭ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʫʨʦʚʥʷ ʚʦʜʳ ʚ ʝʤʢʦʩʪʠ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʦʙʲʝʤʫ ʧʦʩʪʫʧʠʚʰʝʡ ʚ ʥʝʝ ʚʦʜʳ 3,9 ʣ. ʇʨʠ 
ʟʘʧʦʣʥʝʥʠʠ ʤʝʨʥʦʡ ʝʤʢʦʩʪʠ ʚʦʜʦʡ ʧʦ ʤʝʨʝ ʚʦʟʨʘʩʪʘʥʠʷ ʝʝ ʫʨʦʚʥʷ ʥʠʞʥʝʝ ʨʝʣʝ ʫʨʦʚʥʷ ʈʋ1 ʩʨʘʙʘʪʳ-
ʚʘʝʪ ʠ ʟʘʧʫʩʢʘʝʪ ʦʪʩʯʝʪ ʚʨʝʤʝʥʠ ʩʝʢʫʥʜʦʤʝʨʦʤ ʉ, ʘ ʚʝʨʭʥʝʝ ʨʝʣʝ ʫʨʦʚʥʷ ʈʋ2, ʩʨʘʙʘʪʳʚʘʷ, ʝʛʦ ʦʩʪʘ-
ʥʘʚʣʠʚʘʝʪ. ʊʘʢ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʘʚʪʦʤʘʪʠʯʝʩʢʦʝ ʠʟʤʝʨʝʥʠʝ ʠʥʪʝʨʚʘʣʘ ʚʨʝʤʝʥʠ, ʚ ʪʝʯʝʥʠʝ ʢʦʪʦʨʦʛʦ ʚ 
ʤʝʨʥʫʶ ʝʤʢʦʩʪʴ ʧʦʩʪʫʧʠʣ ʠʟʚʝʩʪʥʳʡ ʦʙʲʝʤ ʚʦʜʳ 3,9 ʣ, ʨʘʩʭʦʜ ʢʦʪʦʨʦʡ ʦʧʨʝʜʝʣʷʝʪʩʷ. ɺ ʢʘʯʝʩʪʚʝ ʩʝ-
ʢʫʥʜʦʤʝʨʘ ʉ ʧʨʠʤʝʥʷʝʪʩʷ ʩʯʝʪʯʠʢ ʠʤʧʫʣʴʩʦʚ ʪʠʧʘ çʆɺɽʅè ʉʀ8. 

ɼʣʷ ʠʟʤʝʨʝʥʠʷ ʧʝʨʝʧʘʜʘ ʜʘʚʣʝʥʠʷ ʥʘ ʜʠʘʬʨʘʛʤʝ ʧʝʨʝʜ ʠ ʟʘ ʥʝʡ ʫʩʪʘʥʦʚʣʝʥʳ ʪʝʥʟʦʤʝʪʨʠʯʝ-
ʩʢʠʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ ʜʘʚʣʝʥʠʷ ʪʠʧʘ çʆɺɽʅè ʇɼ100-ɼʀ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʇɼ1 ʠ ʇɼ2, ʢʦʪʦʨʳʝ ʧʦʜ-
ʢʣʶʯʝʥʳ ʢ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʥʳʤ ʦʜʥʦʢʘʥʘʣʴʥʳʤ ʠʟʤʝʨʠʪʝʣʷʤ-ʨʝʛʫʣʷʪʦʨʘʤ ʪʠʧʘ çʆɺɽʅè ʊʈʄ1 ʩʦʦʪ-
ʚʝʪʩʪʚʝʥʥʦ ʀʈ1 ʠ ʀʈ2. ʅʘʟʚʘʥʥʳʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ ʜʘʚʣʝʥʠʷ ʧʦʜʩʦʝʜʠʥʝʥʳ ʢ ʛʠʜʨʦʵʣʝʤʝʥʪʫ ɻʕ 
ʛʠʙʢʠʤʠ ʪʨʫʙʦʧʨʦʚʦʜʘʤʠ ʯʝʨʝʟ ʙʳʩʪʨʦʨʘʟʲʝʤʥʳʝ ʩʦʝʜʠʥʝʥʠʷ. 

ʈʘʩʭʦʜʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʜʠʘʬʨʘʛʤʳ Q  ɻ= f(DP) ʦʧʨʝʜʝʣʝʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʚ ʨʝʟʫʣʴʪʘʪʝ 

ʠʟʤʝʨʝʥʠʡ ʫʩʪʘʥʦʚʠʚʰʠʭʩʷ ʟʥʘʯʝʥʠʡ ʧʝʨʝʧʘʜʘ ʜʘʚʣʝʥʠʷ ʥʘ ʥʝʡ DP ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʫʩʪʘʥʦʚʠʚʰʠʭʩʷ 
ʟʥʘʯʝʥʠʷʭ ʦʙʲʝʤʥʦʛʦ ʨʘʩʭʦʜʘ ʚʦʜʳ Qʵ, ʢʦʪʦʨʳʝ ʫʩʪʘʥʘʚʣʠʚʘʣʠʩʴ ʠʟʤʝʥʝʥʠʝʤ ʧʦʣʦʞʝʥʠʷ ʢʨʘʥʘ ʂ2. 
ʇʨʠ ʵʪʦʤ ʟʥʘʯʝʥʠʷ ʦʙʲʝʤʥʦʛʦ ʨʘʩʭʦʜʘ ʚʦʜʳ ʦʧʨʝʜʝʣʷʣʠʩʴ ʧʦ ʨʝʟʫʣʴʪʘʪʘʤ ʠʟʤʝʨʝʥʠʡ ʩʝʢʫʥʜʦʤʝʨʦʤ 

ʉ ʠʥʪʝʨʚʘʣʘ ʚʨʝʤʝʥʠ Dt, ʚ ʪʝʯʝʥʠʝ ʢʦʪʦʨʦʛʦ ʦʙʲʝʤ ʧʦʩʪʫʧʘʶʱʝʡ ʚ ʤʝʨʥʫʶ ʝʤʢʦʩʪʴ ʚʦʜʳ ʫʚʝʣʠʯʠʣʩʷ 

ʥʘ DV, ʧʦ ʬʦʨʤʫʣʝ: 
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ʈʝʟʫʣʴʪʘʪʳ ʦʧʨʝʜʝʣʝʥʠʷ ʦʙʲʝʤʥʦʛʦ ʨʘʩʭʦʜʘ ʚʦʜʳ ʯʝʨʝʟ ʜʠʘʬʨʘʛʤʫ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. 
 

ʊʘʙʣʠʮʘ 1 ï ʈʝʟʫʣʴʪʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʨʘʩʭʦʜʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʜʠʘʬʨʘʛʤʳ 
 

DV, ʣ Dt, ʤʠʥ Q ,ɻ ʣ/ʤʠʥ Pʀʈ1, ʢʇʘ Pʀʈ2, ʢʇʘ DP, ʢʇʘ 

3,9 0,55 7,09 32,5 10,4 22,1 

3,9 0,59 6,61 32,8 13,1 19,7 

3,9 0,62 6,29 33,7 15,9 17,8 

3,9 0,67 5,82 34,6 19,2 15,4 

3,9 0,72 5,42 35,1 21,8 13,3 

3,9 0,80 4,88 36,2 25,2 11,0 

3,9 0,91 4,29 36,7 27,7 9,0 

3,9 0,99 3,94 37,6 30,1 7,5 

3,9 1,16 3,36 38,9 33,8 5,1 

3,9 1,53 2,55 40,7 36,5 4,2 

 

ɿʥʘʯʝʥʠʷ ʧʝʨʝʧʘʜʘ ʜʘʚʣʝʥʠʷ ʥʘ ʜʠʘʬʨʘʛʤʝ DP ʦʧʨʝʜʝʣʷʣʠʩʴ ʧʦ ʨʘʟʥʦʩʪʠ ʧʦʢʘʟʘʥʠʡ ʧʨʠʙʦʨʦʚ 

ʀʈ1 (Pʀʈ1) ʠ ʀʈ2 (Pʀʈ2): 

 
.ʀʈ2ʀʈ1PPP -=D
 (4) 

ʈʝʟʫʣʴʪʘʪʳ ʵʪʦʛʦ ʦʧʨʝʜʝʣʝʥʠʷ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʨʘʩʭʦʜʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʜʠʘʬʨʘʛʤʳ Q  ɻ= f(DP) ʠʟʦʙʨʘʞʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 2 ʚ 

ʚʠʜʝ ʩʦʚʦʢʫʧʥʦʩʪʠ ʪʦʯʝʢ, ʢʦʦʨʜʠʥʘʪʳ ʢʦʪʦʨʳʭ (DP, Q )ɻ ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 1. 
 

 
 

ʈʠʩʫʥʦʢ 2 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʠ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʘʷ ʨʘʩʭʦʜʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ  

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʨʘʩʭʦʜʘ (ʜʠʘʬʨʘʛʤʳ) 

 
ʕʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ ʫʨʘʚʥʝʥʠʝʤ ʨʘʩʭʦʜʘ (2), ʟʘʧʠʩʘʥʥʦʤ ʚ ʚʠʜʝ: 

 
,mPKQ D=  (5) 

ʢʦʪʦʨʦʝ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʩ ʧʦʤʦʱʴʶ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ: 

 
)ln(Qy= ; )ln( Px D= ; )ln(Ka= ; mb=

 

ʧʨʠʚʦʜʠʪʩʷ ʢ ʣʠʥʝʡʥʦʤʫ ʚʠʜʫ: 

 
.bxay +=  (6) 
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ʆʮʝʥʢʠ ʥʝʠʟʚʝʩʪʥʳʭ ʧʘʨʘʤʝʪʨʦʚ ʘ ʠ b ʫʨʘʚʥʝʥʠʷ (6) ʦʧʨʝʜʝʣʝʥʳ ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘ-
ʪʦʚ: 

 0,57.                0,20;  == ba   

ɺ ʨʝʟʫʣʴʪʘʪʝ ʵʪʦʛʦ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʝ ʫʨʘʚʥʝʥʠʝ (5) ʧʨʠ: 

 
)ʢʇʘ(ʤʠʥʣ 1,22 0,57; 0,57Ö==== aeKbm
  

ʧʨʠʥʠʤʘʝʪ ʚʠʜ: 

 
.22,1 57,0

ʘ PQ D=
 (7) 

ɸʧʧʨʦʢʩʠʤʠʨʫʶʱʘʷ ʨʘʩʭʦʜʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʜʠʘʬʨʘʛʤʳ Qʘ = f(DP) ʧʦʩʪʨʦʝʥʘ ʧʦ ʫʨʘʚʥʝʥʠʶ 
(7) ʥʘ ʨʠʩʫʥʢʝ 2. 
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ESTIMATION OF THE DYNAMIC PROPERTIES OF A DIRECT-FLOW STEAM  
GENERATOR IN THE çFUEL CONSUMPTION ï STEAM PRESSURE BEHIND THE 
TRANSITION ZONEè CHANNEL BY ITS EXPERIMENTAL ACCELERATION CU RVE 

 
ʅʝʩʪʝʨʦʚ ʉʝʨʛʝʡ ɺʣʘʜʠʤʠʨʦʚʠʯ 
ʢʘʥʜʠʜʘʪ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ,  
ʜʦʮʝʥʪ ʢʘʬʝʜʨʳ ʪʝʧʣʦʵʥʝʨʛʝʪʠʢʠ ʠ ʪʝʧʣʦʪʝʭʥʠʢʠ, 
ʂʫʙʘʥʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ 
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ɸʥʥʦʪʘʮʠʷ. ʇʦ ʯʠʩʣʦʚʳʤ ʟʥʘʯʝʥʠʷʤ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʜʠʬʬʝ-
ʨʝʥʮʠʘʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʧʨʷʤʦʪʦʯʥʦʛʦ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ, ʦʧʠ-
ʩʳʚʘʶʱʝʛʦ ʩʚʷʟʴ ʤʝʞʜʫ ʜʘʚʣʝʥʠʝʤ ʧʘʨʘ ʟʘ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʦʡ 
ʠ ʨʘʩʭʦʜʦʤ ʪʦʧʣʠʚʘ, ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʦʥ ʵʢʚʠʚʘʣʝʥʪʝʥ ʧʦʩʣʝ-
ʜʦʚʘʪʝʣʴʥʦ ʩʦʝʜʠʥʝʥʥʳʤ ʪʠʧʦʚʳʤ ʜʠʥʘʤʠʯʝʩʢʠʤ ʟʚʝʥʴʷʤ: 
ʠʥʝʨʮʠʦʥʥʦʤʫ ʟʚʝʥʫ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʠ ʢʦʣʝʙʘʪʝʣʴʥʦʤʫ ʟʚʝʥʫ. 
ɺʩʣʝʜʩʪʚʠʝ ʵʪʦʛʦ ʦʧʨʝʜʝʣʝʥʳ ʦʮʝʥʢʠ ʝʛʦ ʜʠʥʘʤʠʯʝʩʢʠʭ 
ʩʚʦʡʩʪʚ ʚ ʚʠʜʝ ʜʚʫʭ ʧʦʩʪʦʷʥʥʳʭ ʚʨʝʤʝʥʠ ʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʟʘ-
ʪʫʭʘʥʠʷ. ʀʭ ʟʥʘʯʝʥʠʷ ʥʘʡʜʝʥʳ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ 
ʫʨʘʚʥʝʥʠʡ, ʩʚʷʟʳʚʘʶʱʠʭ ʜʠʥʘʤʠʯʝʩʢʠʝ ʧʘʨʘʤʝʪʨʳ ʧʘʨʦʛʝʥʝ-
ʨʘʪʦʨʘ ʩ ʥʘʟʚʘʥʥʳʤʠ ʨʘʥʝʝ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ. ʇʦʣʫʯʝʥʦ ʫʨʘʚ-
ʥʝʥʠʝ, ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʫʶ ʨʘʟʛʦʥʥʫʶ ʭʘ-
ʨʘʢʪʝʨʠʩʪʠʢʫ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ. ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʝʛʦ ʩʪʨʫʢʪʫʨʘ 
ʠ ʧʘʨʘʤʝʪʨʳ, ʦʧʨʝʜʝʣʝʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʧʘ-
ʨʦʛʝʥʝʨʘʪʦʨʘ ʤʝʪʦʜʦʤ ʧʣʦʱʘʜʝʡ, ʥʝ ʦʙʝʩʧʝʯʠʚʘʶʪ ʪʨʝʙʫʝʤʦʡ 
ʪʦʯʥʦʩʪʠ ʘʧʧʨʦʢʩʠʤʘʮʠʠ. 

Annotation.  Based on the numerical values 
of the coefficients of the differential equation 
of the direct-flow steam generator, which 
describes the relationship between the steam 
pressure behind the transition zone and the 
fuel flow rate, it has been established that the 
steam generator is equivalent to a series of 
typical dynamic links: a first-order inertial link 
and a ʢʦʣʝʙʘʪʝʣʴʥʦʝ link. As a result, the 
dynamic properties of the steam generator 
have been evaluated in terms of two time 
constants and a damping coefficient. These 
values have been obtained by solving a sys-
tem of equations that relate the dynamic 
parameters of the steam generator to the 
previously mentioned coefficients. An equa-
tion is obtained that approximates the exper-
imental acceleration characteristic of the 
steam generator. It is established that its 
structure and parameters, determined as a 
result of the steam generator identification by 
the area method, do not provide the required 
accuracy of approximation. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʨʷʤʦʪʦʯʥʳʡ ʧʘʨʦʛʝʥʝʨʘʪʦʨ, ʤʘʪʝʤʘʪʠʯʝ-
ʩʢʘʷ ʤʦʜʝʣʴ, ʧʝʨʝʜʘʪʦʯʥʘʷ ʬʫʥʢʮʠʷ, ʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʠʜʝʥ-
ʪʠʬʠʢʘʮʠʷ, ʢʨʠʚʘʷ ʨʘʟʛʦʥʘ, ʤʝʪʦʜ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ. 

Keywords : direct-flow steam generator, 
mathematical model, transfer function, para-
metric identification, acceleration curve, least 
squares method. 

 
ʠʥʘʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʨʷʤʦʪʦʯʥʦʛʦ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ ʧʦ ʢʘʥʘʣʫ çʨʘʩʭʦʜ ʪʦʧʣʠʚʘ ï ʜʘʚʣʝ-
ʥʠʝ ʧʘʨʘ ʟʘ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʦʡè ʦʧʠʩʳʚʘʶʪʩʷ ʦʙʳʢʥʦʚʝʥʥʳʤ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʳʤ ʫʨʘʚʥʝ-

ʥʠʝʤ ʪʨʝʪʴʝʛʦ ʧʦʨʷʜʢʘ: 
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(1)
 

ʛʜʝ  a1·a3; b ï ʢʦʵʬʬʠʮʠʝʥʪʳ, ʩʚʷʟʘʥʥʳʝ ʩ ʬʠʟʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ; P ï ʜʘʚʣʝ-

ʥʠʝ ʧʘʨʘ ʟʘ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʦʡ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ; B ï ʨʘʩʭʦʜ ʪʦʧʣʠʚʘ. 
 
ɺ ʨʘʙʦʪʝ [1] ʜʠʥʘʤʠʯʝʩʢʠʝ ʩʚʦʡʩʪʚʘ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ ʧʨʝʜʩʪʘʚʣʝʥʳ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʜʠʬʬʝ-

ʨʝʥʮʠʘʣʴʥʦʤʫ ʫʨʘʚʥʝʥʠʶ (1) ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʝʡ: 

ɼ 
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sasasa

b

sB

sP
 (2) 

(ʟʜʝʩʴ s ï ʦʧʝʨʘʪʦʨ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʃʘʧʣʘʩʘ), ʘ ʪʘʢʞʝ ʤʝʪʦʜʦʤ ʧʣʦʱʘʜʝʡ ʦʧʨʝʜʝʣʝʥʳ ʢʦʵʬʬʠʮʠʝʥ-

ʪʳ a1·a3 ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʨʘʟʛʦʥʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʝ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʫʯʘʩʪʢʘ, 

ʠʟʦʙʨʘʞʝʥʥʦʡ ʥʘ ʨʠʩʫʥʢʝ 1 ʚ ʚʠʜʝ ʩʦʚʦʢʫʧʥʦʩʪʠ ʪʦʯʝʢ. ʆʥʘ ʠʤʝʝʪ S ʦʙʨʘʟʥʳʡ ʚʠʜ ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ 
ʩʦʙʦʡ ʢʨʠʚʫʶ ʠʟʤʝʥʝʥʠʷ ʚʦ ʚʨʝʤʝʥʠ ʜʘʚʣʝʥʠʷ ʧʘʨʘ ʟʘ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʦʡ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ P(t), ʧʦʣʫ-
ʯʝʥʥʫʶ ʚʩʣʝʜʩʪʚʠʝ ʩʪʫʧʝʥʯʘʪʦʛʦ ʫʤʝʥʴʰʝʥʠʷ ʨʘʩʭʦʜʘ ʪʦʧʣʠʚʘ ʥʘ ȹB = 7000 ʤ

3
/ʯ. ʊʘʤ ʞʝ ʪʨʘʜʠʮʠʦʥ-

ʥʳʤ ʤʝʪʦʜʦʤ ʦʧʨʝʜʝʣʝʥʦ ʟʥʘʯʝʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪʘ b. 
 

 
 

ʈʠʩʫʥʦʢ 1 ï ʂʨʠʚʳʝ ʨʘʟʛʦʥʘ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ: 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ P (ɻt) ʠ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʘʷ Pʘ(t) 

 
ɺ ʨʝʟʫʣʴʪʘʪʝ ʦʧʠʩʘʥʥʳʭ ʜʝʡʩʪʚʠʡ ʧʝʨʝʜʘʪʦʯʥʘʷ ʬʫʥʢʮʠʷ (2) ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ ʧʨʠʥʠʤʘʝʪ ʚʠʜ [1]: 

 .
1978,2495,3562,1

0007,0

)(

)(
23 +++

=
ssssB

sP
 (3) 

ʆʜʥʘʢʦ, ʦʥʘ ʥʝ ʧʦʟʚʦʣʷʝʪ ʚ ʷʚʥʦʤ ʚʠʜʝ ʧʦʣʫʯʠʪʴ ʦʮʝʥʢʠ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ (ʧʘʨʘʤʝʪʨʦʚ) 
ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ. 

ʇʨʠ ʪʘʢʠʭ ʟʥʘʯʝʥʠʷʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ a1·a3 ʟʥʘʤʝʥʘʪʝʣʴ ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʠ (3) ï ʭʘʨʘʢʪʝ-
ʨʠʩʪʠʯʝʩʢʦʝ ʫʨʘʚʥʝʥʠʝ 

 01978,2495,3562,1 23 =+++ sss  (4) 

ʠʤʝʝʪ ʦʜʠʥ ʦʪʨʠʮʘʪʝʣʴʥʳʡ ʜʝʡʩʪʚʠʪʝʣʴʥʳʡ ʢʦʨʝʥʴ: 

 0,9241 -=s   

ʠ ʜʚʘ ʢʦʤʧʣʝʢʩʥʳʭ ʩʦʧʨʷʞʝʥʥʳʭ ʢʦʨʥʷ: 

 0,511.0,6573,2 js °-=  

ʆʯʝʚʠʜʥʦ, ʯʪʦ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʧʝʨʝʜʘʪʦʯʥʘʷ ʬʫʥʢʮʠʷ (2) ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʚʝʜʝʥʘ 
ʢ ʪʨʘʜʠʮʠʦʥʥʦʤʫ (ʪʠʧʦʚʦʤʫ) ʚʠʜʫ: 

 ,
)12)(1()(

)(

2
22

21 +++
=

sTsTsT

k

sB

sP

x
 (5) 

ʛʜʝ  k; T1; T2; x ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʢʦʵʬʬʠʮʠʝʥʪ ʧʝʨʝʜʘʯʠ, ʧʦʩʪʦʷʥʥʳʝ ʚʨʝʤʝʥʠ ʠ ʢʦʵʬʬʠʮʠʝʥʪ ʟʘ-

ʪʫʭʘʥʠʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʫʯʘʩʪʢʘ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ. 
 

ʀʟ ʚʳʨʘʞʝʥʠʷ (5) ʩʣʝʜʫʝʪ, ʯʪʦ ʧʘʨʦʛʝʥʝʨʘʪʦʨ ʧʦ ʢʘʥʘʣʫ çʨʘʩʭʦʜ ʪʦʧʣʠʚʘ ï ʜʘʚʣʝʥʠʝ ʧʘʨʘ ʟʘ 
ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʦʡè ʵʢʚʠʚʘʣʝʥʪʝʥ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʩʦʝʜʠʥʝʥʥʳʤ ʪʠʧʦʚʳʤ ʜʠʥʘʤʠʯʝʩʢʠʤ ʟʚʝʥʴʷʤ: 

ʠʥʝʨʮʠʦʥʥʦʤʫ ʟʚʝʥʫ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʩ ʧʦʩʪʦʷʥʥʦʡ ʚʨʝʤʝʥʠ T1 ʠ ʢʦʣʝʙʘʪʝʣʴʥʦʤʫ ʟʚʝʥʫ ʩ ʧʦʩʪʦʷʥʥʦʡ 

ʚʨʝʤʝʥʠ T2 ʠ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʟʘʪʫʭʘʥʠʷ x. 
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ʂʦʤʧʣʝʢʩʥʳʝ ʢʦʨʥʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ ʫʨʘʚʥʝʥʠʷ (4) ʦʙʫʩʣʦʚʣʝʥʳ ʥʘʣʠʯʠʝʤ ʚ ʵʢʩʧʝʨʠʤʝʥ-
ʪʘʣʴʥʦʡ ʢʨʠʚʦʡ ʨʘʟʛʦʥʘ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ Pʵ(t) ʢʦʣʝʙʘʪʝʣʴʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ, ʢʦʪʦʨʘʷ, ʦʜʥʘʢʦ, ʟʘʤʝʪ-
ʥʳʤ ʦʙʨʘʟʦʤ ʩʝʙʝ ʥʝ ʧʨʦʷʚʣʷʝʪ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʥʪʝʨʝʩ ʦʧʨʝʜʝʣʝʥʠʝ ʜʠʥʘʤʠʯʝʩʢʠʭ 

ʧʘʨʘʤʝʪʨʦʚ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ T1, T2 ʠ x, ʷʚʣʷʶʱʠʭʩʷ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʠ (5). 

ʇʦʩʢʦʣʴʢʫ ʧʝʨʝʜʘʪʦʯʥʳʝ ʬʫʥʢʮʠʠ (2) ʠ (5) ʵʢʚʠʚʘʣʝʥʪʥʳ, ʠʭ ʢʦʵʬʬʠʮʠʝʥʪʳ ʩʚʷʟʘʥʳ ʩʦʦʪʥʦʰʝ-
ʥʠʷʤʠ 
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 .kb=  (7) 

ʕʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʧʦʟʚʦʣʷʝʪ ʧʦ ʠʟʚʝʩʪʥʳʤ ʟʥʘʯʝʥʠʷʤ ʢʦʵʬʬʠʮʠʝʥʪʦʚ a1·a3, ʦʧʨʝʜʝʣʝʥʥʳʤ ʤʝʪʦ-

ʜʦʤ ʧʣʦʱʘʜʝʡ ʚ ʨʘʙʦʪʝ [1], ʨʘʩʩʯʠʪʘʪʴ ʟʥʘʯʝʥʠʷ ʬʠʟʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ T1, T2 ʠ x. 

ʆʥʠ ʧʦʣʫʯʝʥʳ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ (6): 

 .789,0ʤʠʥ;201,1ʤʠʥ;082,1 21 === xTT   

ʂʦʵʬʬʠʮʠʝʥʪ ʧʝʨʝʜʘʯʠ k ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʜʠʥʘʤʠʯʝʩʢʦʛʦ ʫʯʘʩʪʢʘ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ, ʷʚʣʷʶ-
ʱʠʡʩʷ ʦʮʝʥʢʦʡ ʝʛʦ ʩʪʘʪʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʚʳʨʘʞʝʥʠʝʤ (7): 

 .)ʯ(ʤ)ʩʤ/ʢʛʩ(0007,0 32==bk   

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʨʘʟʛʦʥʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ P (ɻt) ʤʦʞʝʪ ʙʳʪʴ ʘʧʧʨʦʢʩʠʤʠʨʦ-

ʚʘʥʘ ʨʝʰʝʥʠʝʤ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ (1), ʧʦʣʫʯʝʥʥʳʤ ʧʨʠ ʫʩʣʦʚʠʠ, ʯʪʦ B(t) = DB1(t) ʠ ʩʦʦʪ-
ʚʝʪʩʪʚʫʶʱʠʤ ʩʪʨʫʢʪʫʨʝ ʝʛʦ ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʠ (5): 
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ʛʜʝ  P0 ï ʟʥʘʯʝʥʠʝ ʜʘʚʣʝʥʠʷ ʧʘʨʘ ʟʘ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʦʡ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ ʚ ʤʦʤʝʥʪ ʩʪʫʧʝʥʯʘʪʦʛʦ 
ʫʤʝʥʴʰʝʥʠʷ ʨʘʩʭʦʜʘ ʪʦʧʣʠʚʘ ʥʘ ȹB: 
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ʇʨʠ ʨʘʥʝʝ ʦʧʨʝʜʝʣʝʥʥʳʭ ʟʥʘʯʝʥʠʷʭ ʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ ʧʦ ʫʨʘʚʥʝʥʠʶ 

(8) ʥʘ ʨʠʩʫʥʢʝ 1 ʧʦʩʪʨʦʝʥʘ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʘʷ ʢʨʠʚʘʷ ʨʘʟʛʦʥʘ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ Pʘ(t). 

ʇʦʛʨʝʰʥʦʩʪʴ ʵʪʦʡ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʢʨʠʚʦʡ ʨʘʟʛʦʥʘ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ P (ɻt) ʚʳ-

ʨʘʞʝʥʠʝʤ (8) ʜʦʧʫʩʪʠʤʦ ʦʮʝʥʠʪʴ ʧʦ ʬʦʨʤʫʣʝ [2]: 
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ʛʜʝ  P (ɻti); Pʘ(ti) ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʟʥʘʯʝʥʠʷ ʜʘʚʣʝʥʠʷ ʧʘʨʘ ʟʘ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʦʡ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ, 

ʦʧʨʝʜʝʣʝʥʥʳʝ ʧʦ ʝʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʢʨʠʚʦʡ ʨʘʟʛʦʥʘ ʠ ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦ ʘʧʧʨʦʢʩʠʤʠʨʫʶ-

ʱʝʤʫ ʫʨʘʚʥʝʥʠʶ (8) ʚ ʦʜʥʠ ʠ ʪʝ ʞʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ ti; )(ɻ¤P  ï ʫʩʪʘʥʦʚʠʚʰʝʝʩʷ ʟʥʘʯʝʥʠʝ ʜʘʚ-

ʣʝʥʠʷ ʧʘʨʘ ʟʘ ʧʝʨʝʭʦʜʥʦʡ ʟʦʥʦʡ ʧʘʨʦʛʝʥʝʨʘʪʦʨʘ ʧʦʩʣʝ ʥʘʥʝʩʝʥʠʷ ʚʥʝʰʥʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʧʦ 
ʨʘʩʭʦʜʫ ʪʦʧʣʠʚʘ. 
 
ʉʯʠʪʘʝʪʩʷ, ʯʪʦ, ʝʩʣʠ d < (3·5) %, ʪʦ ʧʦʛʨʝʰʥʦʩʪʴ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʪʨʝʙʦʚʘʥʠʷʤ 

ʠʥʞʝʥʝʨʥʳʭ ʨʘʩʯʝʪʦʚ [2]. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ d = 6,7 %.  
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʨʘʙʦʪʝ [1] ʤʝʪʦʜʦʤ ʧʣʦʱʘʜʝʡ ʨʝʟʫʣʴʪʘʪʳ ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʧʘʨʦ-
ʛʝʥʝʨʘʪʦʨʘ ʚ ʚʠʜʝ ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʠ (3) ʥʝ ʦʙʝʩʧʝʯʠʚʘʶʪ ʪʨʝʙʫʝʤʦʡ ʪʦʯʥʦʩʪʠ ʘʧʧʨʦʢʩʠʤʘʮʠʠ 
ʚʳʨʘʞʝʥʠʝʤ (8) ʝʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʨʘʟʛʦʥʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ. 
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ɸʥʥʦʪʘʮʠʷ. ʆʧʠʩʘʥʘ ʤʝʪʦʜʠʢʘ ʦʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʤʘ-
ʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʪʝʧʣʦʬʠʢʘʮʠʦʥʥʦʛʦ ʧʦʜʦʛʨʝʚʘʪʝʣʷ ʚ 
ʚʠʜʝ ʦʙʳʢʥʦʚʝʥʥʦʛʦ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ ʯʝʪʚʝʨʪʦ-
ʛʦ ʧʦʨʷʜʢʘ ʩ ʯʝʪʳʨʴʤʷ ʢʨʘʪʥʳʤʠ ʢʦʨʥʷʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ 
ʫʨʘʚʥʝʥʠʷ, ʦʧʠʩʳʚʘʶʱʝʛʦ ʩʚʷʟʴ ʤʝʞʜʫ ʨʘʩʭʦʜʦʤ ʛʨʝʶʱʝʛʦ 
ʧʘʨʘ ʥʘ ʚʭʦʜʝ ʫʩʪʘʥʦʚʢʠ ʠ ʪʝʤʧʝʨʘʪʫʨʦʡ ʩʝʪʝʚʦʡ ʚʦʜʳ ʥʘ ʝʝ 
ʚʳʭʦʜʝ. ʋʩʪʘʥʦʚʣʝʥʘ ʩʚʷʟʴ ʤʝʞʜʫ ʵʪʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʠ ʢʦ-
ʵʬʬʠʮʠʝʥʪʘʤʠ ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʠ ʧʦʜʦʛʨʝʚʘʪʝʣʷ. ʇʦ-
ʩʣʝʜʥʠʝ ʦʧʨʝʜʝʣʷʶʪʩʷ ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ ʢʚʘʜʨʘʪʦʚ ʧʦ 
ʧʝʨʝʭʦʜʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʝ ʧʦʜʦʛʨʝʚʘʪʝʣʷ, ʧʦʣʫʯʝʥʥʦʡ ʵʢʩʧʝ-
ʨʠʤʝʥʪʘʣʴʥʦ ʧʦ ʫʢʘʟʘʥʥʦʤʫ ʢʘʥʘʣʫ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʚ ʚʠʜʝ ʢʨʠ-
ʚʦʡ ʠʟʤʝʥʝʥʠʷ ʚʦ ʚʨʝʤʝʥʠ ʪʝʤʧʝʨʘʪʫʨʳ ʩʝʪʝʚʦʡ ʚʦʜʳ ʥʘ ʚʳ-
ʭʦʜʝ ʫʩʪʘʥʦʚʢʠ, ʚʳʟʚʘʥʥʦʛʦ ʩʢʘʯʢʦʦʙʨʘʟʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʨʘʩ-
ʭʦʜʘ ʛʨʝʶʱʝʛʦ ʧʘʨʘ ʥʘ ʝʝ ʚʭʦʜʝ. ʇʨʦʮʝʜʫʨʘ ʨʘʩʯʝʪʘ ʥʘʟʚʘʥ-
ʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʦʬʦʨʤʣʝʥʘ ʚ ʚʠʜʝ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʙʣʦ-
ʢʘ ʚ ʩʠʩʪʝʤʝ ʢʦʤʧʴʶʪʝʨʥʦʡ ʤʘʪʝʤʘʪʠʢʠ Mathcad. 

Annotation.  The technique of determining the 
parameters of the mathematical model of a 
heat-supplying heater in the form of an ordi-
nary differential equation of the fourth order 
with four multiple roots of the characteristic 
equation describing the relationship between 
the flow rate of the heating steam at the inlet 
of the installation and the temperature of the 
network water at its outlet is described. The 
relationship between these parameters and 
the coefficients of the transfer function of the 
heater is established. The latter are deter-
mined by the least squares method based on 
the transient characteristic of the heater, 
obtained experimentally through the specified 
control channel in the form of a curve of time 
variation in the temperature of the mains 
water at the outlet of the installation, caused 
by an abrupt change in the flow rate of heat-
ing steam at its inlet. The procedure for cal-
culating these coefficients is designed as a 
computational block in the Mathcad computer 
mathematics system. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʪʝʧʣʦʬʠʢʘʮʠʦʥʥʳʡ ʧʦʜʦʛʨʝʚʘʪʝʣʴ, ʤʘʪʝ-
ʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ, ʧʝʨʝʜʘʪʦʯʥʘʷ ʬʫʥʢʮʠʷ, ʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ 
ʠʜʝʥʪʠʬʠʢʘʮʠʷ, ʧʝʨʝʭʦʜʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ, ʤʝʪʦʜ ʥʘʠʤʝʥʴ-
ʰʠʭ ʢʚʘʜʨʘʪʦʚ. 

Keywords : heating heater, mathematical 
model, transfer function, parametric identifi-
cation, transient response, least squares 
method. 

 
ʦʜʦʛʨʝʚʘʪʝʣʠ ʩʝʪʝʚʦʡ ʚʦʜʳ ʧʨʠʤʝʥʷʶʪʩʷ ʜʣʷ ʝʝ ʧʦʜʦʛʨʝʚʘ ʜʦ ʪʨʝʙʫʝʤʦʛʦ ʟʥʘʯʝʥʠʷ ʪʝʤ-
ʧʝʨʘʪʫʨʳ, ʢʦʪʦʨʦʝ ʫʩʪʘʥʘʚʣʠʚʘʝʪʩʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʪʝʤʧʝʨʘʪʫʨʳ ʥʘʨʫʞʥʦʛʦ ʚʦʟʜʫʭʘ. 

ʆʥʠ ʧʨʝʜʩʪʘʚʣʷʶʪ ʩʦʙʦʡ ʤʥʦʛʦʤʝʨʥʳʝ ʦʙʲʝʢʪʳ ʨʝʛʫʣʠʨʦʚʘʥʠʷ, ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʝ ʩʦʩʪʦʷʥʠʝ ʢʦʪʦʨʳʭ 
ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʨʷʤʦʡ ʩʝʪʝʚʦʡ ʚʦʜʳ, ʫʨʦʚʥʝʤ ʢʦʥʜʝʥʩʘʪʘ ʚ ʢʦʨʧʫʩʝ ʧʦʜʦʛʨʝʚʘʪʝʣʷ ʠ 
ʜʘʚʣʝʥʠʝʤ ʦʙʨʘʪʥʦʡ ʩʝʪʝʚʦʡ ʚʦʜʳ. 

ʆʩʥʦʚʥʦʡ ʨʝʛʫʣʠʨʫʝʤʦʡ ʚʝʣʠʯʠʥʦʡ ʧʦʜʦʛʨʝʚʘʪʝʣʷ ʷʚʣʷʶʪʩʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʷʤʦʡ ʩʝʪʝʚʦʡ ʚʦ-
ʜʳ, ʟʘʜʘʥʥʦʝ ʟʥʘʯʝʥʠʝ ʢʦʪʦʨʦʡ ʥʝʦʙʭʦʜʠʤʦ ʧʦʜʜʝʨʞʠʚʘʪʴ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʡ 
ʵʢʦʥʦʤʠʯʥʫʶ ʨʘʙʦʪʫ ʪʝʧʣʦʬʠʢʘʮʠʦʥʥʳʭ ʪʫʨʙʠʥ ʩ ʦʪʦʧʠʪʝʣʴʥʳʤʠ ʦʪʙʦʨʘʤʠ. 

ʆʜʠʥ ʠʟ ʧʨʠʤʝʥʷʝʤʳʭ ʩʧʦʩʦʙʦʚ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʷʤʦʡ ʩʝʪʝʚʦʡ ʚʦʜʳ ʧʨʝʜʧʦʣʘ-
ʛʘʝʪ ʬʦʨʤʠʨʦʚʘʥʠʝ ʨʝʛʫʣʷʪʦʨʦʤ ʪʝʤʧʝʨʘʪʫʨʳ ʨʝʛʫʣʠʨʫʶʱʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʚ ʚʠʜʝ ʠʟʤʝʥʝʥʠʷ ʨʘʩʭʦ-
ʜʘ ʛʨʝʶʱʝʛʦ ʧʘʨʘ ʥʘ ʚʭʦʜʝ ʧʦʜʦʛʨʝʚʘʪʝʣʷ ʧʦʩʨʝʜʩʪʚʦʤ ʠʟʤʝʥʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʨʝʛʫʣʠʨʫʶʱʝʛʦ ʦʨʛʘ-
ʥʘ, ʫʩʪʘʥʦʚʣʝʥʥʦʛʦ ʥʘ ʧʘʨʦʧʨʦʚʦʜʝ, ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʬʘʢʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʷʤʦʡ 
ʩʝʪʝʚʦʡ ʚʦʜʳ. ʀʩʪʦʯʥʠʢʦʤ ʵʪʦʛʦ ʟʥʘʯʝʥʠʷ ʷʚʣʷʝʪʩʷ ʩʠʛʥʘʣ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʧʦ ʪʝʤʧʝʨʘʪʫ-
ʨʝ ɻʪʦʡ ʚʦʜʳ, ʬʦʨʤʠʨʫʝʤʳʡ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʜʘʪʯʠʢʦʤ, ʫʩʪʘʥʦʚʣʝʥʥʳʤ ʥʘ ʚʳʭʦʜʝ ʧʦʜʦʛʨʝʚʘʪʝʣʷ. 

ɼʣʷ ʚʳʙʦʨʘ ʟʘʢʦʥʘ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʠ ʨʘʩʯʝʪʘ ʦʧʪʠʤʘʣʴʥʦʡ ʥʘʩʪʨʦʡʢʠ ʨʝʛʫʣʷʪʦʨʘ ʪʝʤʧʝʨʘʪʫʨʳ 
ʧʨʷʤʦʡ ʩʝʪʝʚʦʡ ʚʦʜʳ ʥʝʦʙʭʦʜʠʤʦ ʠʤʝʪʴ ʧʨʝʜʩʪʘʚʣʝʥʠʝ ʦ ʜʠʥʘʤʠʯʝʩʢʠʭ ʩʚʦʡʩʪʚʘʭ ʩʝʪʝʚʦʛʦ ʧʦʜʦʛʨʝ-
ʚʘʪʝʣʷ, ʢʦʪʦʨʳʝ ʧʦ ʢʘʥʘʣʫ ʨʝʛʫʣʠʨʫʶʱʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʤʦʛʫʪ ʙʳʪʴ ʦʧʠʩʘʥʳ ʦʙʳʢʥʦʚʝʥʥʳʤ ʜʠʬʬʝ-
ʨʝʥʮʠʘʣʴʥʳʤ ʫʨʘʚʥʝʥʠʝʤ ʯʝʪʚʝʨʪʦʛʦ ʧʦʨʷʜʢʘ ʩ ʯʝʪʳʨʴʤʷ ʢʨʘʪʥʳʤʠ ʢʦʨʥʷʤʠ ʭʘʨʘʢʪʝʨʠʩʪʠʯʝʩʢʦʛʦ 
ʫʨʘʚʥʝʥʠʷ: 

ʇ 
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ʛʜʝ  q ï ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʷʤʦʡ ʩʝʪʝʚʦʡ ʚʦʜʳ; G ï ʨʘʩʭʦʜ ʛʨʝʶʱʝʛʦ ʧʘʨʘ; a1·a4; b ï ʢʦʵʬʬʠʮʠʝʥʪʳ, 
ʩʚʷʟʘʥʥʳʝ ʩ ʬʠʟʠʯʝʩʢʠʤʠ ʧʘʨʘʤʝʪʨʘʤʠ ʩʝʪʝʚʦʛʦ ʧʦʜʦʛʨʝʚʘʪʝʣʷ. 
 
ʂʦʣʠʯʝʩʪʚʝʥʥʳʤʠ ʞʝ ʦʮʝʥʢʘʤʠ ʩʚʦʡʩʪʚ ʩʝʪʝʚʦʛʦ ʧʦʜʦʛʨʝʚʘʪʝʣʷ ʢʘʢ ʦʙʲʝʢʪʘ ʨʝʛʫʣʠʨʦʚʘʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʷʤʦʡ ʩʝʪʝʚʦʡ ʚʦʣʳ ʷʚʣʷʶʪʩʷ ʝʛʦ ʧʘʨʘʤʝʪʨʳ, ʚʭʦʜʷʱʠʝ ʚ ʚʠʜʝ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʚ ʝʛʦ 
ʧʝʨʝʜʘʪʦʯʥʫʶ ʬʫʥʢʮʠʶ: 
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ʛʜʝ  k; T ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʢʦʵʬʬʠʮʠʝʥʪ ʧʝʨʝʜʘʯʠ ʠ ʧʦʩʪʦʷʥʥʘʷ ʚʨʝʤʝʥʠ ʩʝʪʝʚʦʛʦ ʧʦʜʦʛʨʝʚʘʪʝʣʷ;                                 
s ï ʦʧʝʨʘʪʦʨ ʃʘʧʣʘʩʘ. 
 
ʇʦʩʢʦʣʴʢʫ ʫʨʘʚʥʝʥʠʝ (1) ʠ ʧʝʨʝʜʘʪʦʯʥʘʷ ʬʫʥʢʮʠʷ (2) ʵʢʚʠʚʘʣʝʥʪʥʳ, ʠʭ ʢʦʵʬʬʠʮʠʝʥʪʘʤʠ ʩʚʷʟʘ-

ʥʳ ʩʦʦʪʥʦʰʝʥʠʷʤʠ: 

 ;;4;6;4 4
4

3
3

2
21 TaTaTaTa ====  (3) 

 .kb=  (4) 

ʂʦʵʬʬʠʮʠʝʥʪ ʧʝʨʝʜʘʯʠ k  ʩʝʪʝʚʦʛʦ ʧʦʜʦʛʨʝʚʘʪʝʣʷ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʡ ʝʛʦ ʩʪʘʪʠʯʝʩʢʠʝ ʩʚʦʡ-
ʩʪʚʘ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʝʨʝʭʦʜʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʝ ʫʩʪʘʥʦʚʢʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ 
ʨʝʢʦʤʝʥʜʘʮʠʷʤʠ, ʧʨʝʜʩʪʘʚʣʝʥʥʳʤʠ ʚ [2]. 

ʇʦʩʪʦʷʥʥʳʝ ʚʨʝʤʝʥʠ ʪʝʧʣʦʵʥʝʨʛʝʪʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʦ ʵʤʧʠʨʠʯʝ-
ʩʢʠʤ ʜʘʥʥʳʤ, ʠʩʪʦʯʥʠʢʦʤ ʢʦʪʦʨʳʭ, ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ, ʷʚʣʷʝʪʩʷ ʢʨʠʚʘʷ ʨʘʟʛʦʥʘ ʠʣʠ ʧʝʨʝʭʦʜʥʘʷ 
ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʦʙʲʝʢʪʘ ʠʜʝʥʪʠʬʠʢʘʮʠʠ. 

ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʧʝʨʝʭʦʜʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʩʝʪʝʚʦʛʦ ʧʦʜʦʛʨʝʚʘʪʝʣʷ ʧʦ ʢʘʥʘʣʫ çʨʘʩʭʦʜ 
ʛʨʝʶʱʝʛʦ ʧʘʨʘ ï ʪʝʤʧʝʨʘʪʫʨʘ ʧʨʷʤʦʡ ʩʝʪʝʚʦʡ ʚʦʜʳè ʠʤʝʝʪ S-ʦʙʨʘʟʥʳʡ ʚʠʜ ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 
ʢʨʠʚʫʶ ʠʟʤʝʥʝʥʠʷ ʚʦ ʚʨʝʤʝʥʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʷʤʦʡ ʩʝʪʝʚʦʡ ʚʦʜʳ, ʧʦʣʫʯʝʥʥʫʶ ʚʩʣʝʜʩʪʚʠʝ ʩʪʫʧʝʥʯʘ-
ʪʦʛʦ ʠʟʤʝʥʝʥʠʷ ʨʘʩʭʦʜʘ ʛʨʝʶʱʝʛʦ ʧʘʨʘ. 

ʂʦʦʨʜʠʥʘʪʳ ʪʦʯʝʢ ʵʪʦʡ ʢʨʠʚʦʡ (t, h )ɻ, ʧʨʠʚʝʜʝʥʥʦʡ ʢ ʝʜʠʥʠʯʥʦʤʫ ʫʩʪʘʥʦʚʠʚʰʝʤʫʩʷ ʦʪʢʣʦʥʝʥʠʶ, 
ʧʨʝʜʩʪʘʚʣʝʥʳ ʚ ʪʘʙʣʠʮʝ 1 ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ [1]. ʉʘʤʘ ʞʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʧʝʨʝʭʦʜʥʘʷ ʭʘʨʘʢʪʝʨʠ-

ʩʪʠʢʘ ʩʝʪʝʚʦʛʦ ʧʦʜʦʛʨʝʚʘʪʝʣʷ h (ɻt) ʚ ʚʠʜʝ ʩʦʚʦʢʫʧʥʦʩʪʠ ʥʘʟʚʘʥʥʳʭ ʪʦʯʝʢ ʠʟʦʙʨʘʞʝʥʘ ʚ ʥʦʨʤʠʨʦʚʘʥ-
ʥʦʤ ʚʠʜʝ ʥʘ ʨʠʩʫʥʢʝ 1. 

 
ʊʘʙʣʠʮʘ 1 ï ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʧʝʨʝʭʦʜʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʩʝʪʝʚʦʛʦ ʧʦʜʦʛʨʝʚʘʪʝʣʷ 
 

t, ʩ 0 10 20 30 40 50 60 70 80 90 100 110 

h  ɻ 0 0,03 0,09 0,27 0,47 0,63 0,76 0,86 0,92 0,96 0,98 1,0 

 

 
 

ʈʠʩʫʥʦʢ 1 ï ʇʝʨʝʭʦʜʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʝʪʝʚʦʛʦ ʧʦʜʦʛʨʝʚʘʪʝʣʷ: 

ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ h (ɻt) ʠ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʘʷ hʘ(t) 
 

ʕʪʘ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʦʞʝʪ ʙʳʪʴ ʘʧʧʨʦʢʩʠʤʠʨʦʚʘʥʘ ʨʝʰʝʥʠʝʤ ʜʠʬʬʝʨʝʥʮʠʘʣʴʥʦʛʦ ʫʨʘʚʥʝʥʠʷ 

(1), ʧʦʣʫʯʝʥʥʳʤ ʧʨʠ ʥʫʣʝʚʳʭ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ, G(t) = 1(t) ʠ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ ʩʪʨʫʢʪʫʨʝ ʧʝʨʝʜʘ-

ʪʦʯʥʦʡ ʬʫʥʢʮʠʠ ʩʝʪʝʚʦʛʦ ʧʦʜʦʛʨʝʚʘʪʝʣʷ (2). ɼʘʥʥʦʝ ʨʝʰʝʥʠʝ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʝʨʝʭʦʜʥʫʶ ʬʫʥʢ-

ʮʠʶ ʠʩʩʣʝʜʫʝʤʦʡ ʫʩʪʘʥʦʚʢʠ, ʧʨʠʚʝʜʝʥʥʫʶ ʢ ʝʜʠʥʠʯʥʦʤʫ ʫʩʪʘʥʦʚʠʚʰʝʤʫʩʷ ʦʪʢʣʦʥʝʥʠʶ, ʠ ʠʤʝʝʪ ʚʠʜ: 
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ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʩʣʫʯʘʝ ʧʦʩʪʦʷʥʥʫʶ ʚʨʝʤʝʥʠ ʩʝʪʝʚʦʛʦ ʧʦʜʦʛʨʝʚʘʪʝʣʷ ʧʨʝʜʣʘʛʘʝʪʩʷ ʦʧʨʝ-

ʜʝʣʷʪʴ ʥʘ ʦʩʥʦʚʝ ʨʝʛʨʝʩʩʠʦʥʥʦʡ ʤʦʜʝʣʠ ʚ ʚʠʜʝ ʚʳʨʘʞʝʥʠʷ (5), ʧʦʩʪʨʦʝʥʥʦʡ ʤʝʪʦʜʦʤ ʥʘʠʤʝʥʴʰʠʭ 

ʢʚʘʜʨʘʪʦʚ ʧʦ ʝʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʝʨʝʭʦʜʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʝ h (ɻt). 

ʆʯʝʚʠʜʥʦ, ʯʪʦ ʟʥʘʯʝʥʠʝ ʧʦʩʪʦʷʥʥʦʡ ʚʨʝʤʝʥʠ T ʩʝʪʝʚʦʛʦ ʧʦʜʦʛʨʝʚʘʪʝʣʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʠʟ ʫʩʣʦ-

ʚʠʷ ʤʠʥʠʤʠʟʘʮʠʠ ʬʫʥʢʮʠʦʥʘʣʘ: 
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ʛʜʝ  n ï ʢʦʣʠʯʝʩʪʚʦ ʪʦʯʝʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʝʨʝʭʦʜʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʝʪʝʚʦʛʦ ʧʦʜʦʛʨʝʚʘʪʝʣʷ. 

 

ʇʨʦʮʝʜʫʨʘ ʤʠʥʠʤʠʟʘʮʠʠ ʬʫʥʢʮʠʦʥʘʣʘ S(T) ʨʝʘʣʠʟʫʝʪʩʷ ʚ ʩʠʩʪʝʤʝ ʢʦʤʧʴʶʪʝʨʥʦʡ ʤʘʪʝʤʘʪʠʢʠ 

Mathcad ʚ ʚʠʜʝ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʙʣʦʢʘ, ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʥʘ ʨʠʩʢʥʢʝ 2. 

 

 
 

ʈʠʩʫʥʦʢ 2 ï ɺʳʯʠʩʣʠʪʝʣʴʥʳʡ ʙʣʦʢ 

 

ɺ ʧʝʨʚʦʡ ʩʪʨʦʢʝ ʵʪʦʛʦ ʙʣʦʢʘ ʟʘʜʘʝʪʩʷ ʢʦʣʠʯʝʩʪʚʦ n ʪʦʯʝʢ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʝʨʝʭʦʜʥʦʡ ʭʘ-

ʨʘʢʪʝʨʠʩʪʠʢʠ ʩʝʪʝʚʦʛʦ ʧʦʜʦʛʨʝʚʘʪʝʣʷ h (ɻt), ʢʦʦʨʜʠʥʘʪʳ ʢʦʪʦʨʳʭ (ti, hʵi) ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʠʞʝ ʩʦʦʪʚʝʪ-

ʩʪʚʝʥʥʦ ʚ ʚʝʢʪʦʨʘʭ t ʠ h. ʇʨʘʚʝʝ ʚ ʵʪʦʡ ʞʝ ʩʪʨʦʢʝ ʙʣʦʢʘ ʟʘʜʘʝʪʩʷ ʥʘʯʘʣʴʥʦʝ ʧʨʠʙʣʠʞʝʥʠʝ ʧʦʩʪʦʷʥʥʦʡ 

ʚʨʝʤʝʥʠ ʧʦʜʦʛʨʝʚʘʪʝʣʷ T0 = 20 c. ʉʣʝʜʫʶʱʘʷ ʩʪʨʦʢʘ ʙʣʦʢʘ ʩʦʜʝʨʞʠʪ ʤʠʥʠʤʠʟʠʨʫʝʤʳʡ ʬʫʥʢʮʠʦʥʘʣ 

(6). ɿʘʚʝʨʰʘʝʪʩʷ ʤʦʜʫʣʴ ʧʨʝʜʥʘʟʥʘʯʝʥʥʦʡ ʜʣʷ ʨʝʰʝʥʠʷ ʦʧʪʠʤʠʟʘʮʠʦʥʥʳʭ ʟʘʜʘʯ ʬʫʥʢʮʠʝʡ Minimize 

(S, T0) ʩ ʥʝʠʟʚʝʩʪʥʦʡ ʧʝʨʝʤʝʥʥʦʡ T ʚ ʢʘʯʝʩʪʚʝ ʧʘʨʘʤʝʪʨʘ. ʆʥʘ ʚʦʟʚʨʘʱʘʝʪ ʚ ʚʠʜʝ ʵʣʝʤʝʥʪʘ ʚʝʢʪʦʨʘ 

T ʝʝ ʟʥʘʯʝʥʠʝ, ʢʦʪʦʨʦʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʚ ʵʪʦʡ ʞʝ ʩʪʨʦʢʝ ʚʳʯʠʩʣʠʪʝʣʴʥʦʛʦ ʙʣʦʢʘ T = 11,4 ʩ. 

ʇʨʠ ʧʦʣʫʯʝʥʥʦʤ ʚ ʨʝʟʫʣʴʪʘʪʝ ʚʳʯʠʩʣʝʥʠʡ ʟʥʘʯʝʥʠʠ ʧʦʩʪʦʷʥʥʦʡ ʚʨʝʤʝʥʠ ʧʦʜʦʛʨʝʚʘʪʝʣʷ T ʧʦ ʨʝ-

ʛʨʝʩʩʠʦʥʥʦʤʫ ʨʘʚʥʝʥʠʶ (5) ʥʘ ʨʠʩʫʥʢʝ 1 ʧʦʩʪʨʦʝʥʘ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʘʷ ʧʝʨʝʭʦʜʥʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ hʘ(t). 

ʇʦʛʨʝʰʥʦʩʪʴ ʪʘʢʦʡ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʤʦʞʝʪ ʙʳʪʴ ʦʮʝʥʝʥʘ ʧʦ ʬʦʨʤʫʣʝ [2]: 
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ʛʜʝ  h (ɻti); hʘ(ti) ï ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʦʨʜʠʥʘʪʳ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʝʨʝʭʦʜʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʜʦʛʨʝ-

ʚʘʪʝʣʷ ʠ ʨʘʩʩʯʠʪʘʥʥʳʝ ʧʦ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʤʫ ʫʨʘʚʥʝʥʠʶ (5) ʚ ʦʜʥʠ ʠ ʪʝ ʞʝ ʤʦʤʝʥʪʳ ʚʨʝʤʝʥʠ 

ti; h (ɻ )́ ï ʦʨʜʠʥʘʪʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʧʝʨʝʭʦʜʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʦʜʦʛʨʝʚʘʪʝʣʷ, ʩʦʦʪʚʝʪ-
ʩʪʚʫʶʱʘʷ ʫʩʪʘʥʦʚʠʚʰʝʤʫʩʷ ʟʥʘʯʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʧʨʷʤʦʡ ʩʝʪʝʚʦʡ ʚʦʜʳ ʥʘ ʝʛʦ ʚʳʭʦʜʝ ʧʦʩʣʝ 
ʥʘʥʝʩʝʥʠʷ ʩʪʫʧʝʥʯʘʪʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʧʦ ʨʘʩʭʦʜʫ ʛʨʝʶʱʝʛʦ ʧʘʨʘ. 
 
ʉʯʠʪʘʝʪʩʷ, ʯʪʦ ʧʦʛʨʝʰʥʦʩʪʴ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʪʨʝʙʦʚʘʥʠʷʤ ʠʥʞʝʥʝʨʥʳʭ ʨʘʩʯʝʪʦʚ, 

ʝʩʣʠ d < (3·5) % [2]. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ d = 1,8 %, ʯʪʦ ʷʚʣʷʝʪʩʷ ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʨʝʟʫʣʴʪʘʪʦʤ. 
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ɿʥʘʯʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ a1·a4 ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʩʝʪʝʚʦʛʦ ʧʦʜʦʛʨʝʚʘʪʝʣʷ (1) ʨʘʩʩʯʠʪʳʚʘ-

ʶʪʩʷ ʧʦ ʬʦʨʤʫʣʘʤ (3). 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʩʪʘʪʴʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʦʧʠʩʘʥʠʝ ʤʝʪʦʜʘ ʨʘʩʯʝʪʘ 
ʦʩʝʚʳʭ ʫʩʠʣʠʡ ʚ ʩʘʤʦʪʦʨʤʦʟʷʱʝʤʩʷ ʘʩʠʥʭʨʦʥʥʦʤ ʘʢʩʠʘʣʴʥʦʤ 
ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʝ. 

Annotat ion.  The article presents a descrip-
tion of the method of calculation of axial forc-
es in self-braking asynchronous axial electric 
motor. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʴ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʪʦʨʤʦ-
ʞʝʥʠʷ, ʰʣʠʮʝʚʳʝ ʩʦʝʜʠʥʝʥʠʷ, ʦʩʝʚʦʝ ʫʩʠʣʠʝ, ʞʸʩʪʢʦʩʪʴ ʧʨʫ-
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ʣʝʢʪʨʦʜʚʠʛʘʪʝʣʠ ʘʢʩʠʘʣʴʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʥʘʭʦʜʷʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʧʨʦʤʳʰʣʝʥʥʦ-
ʩʪʠ [1ï6]. ʉʘʤʦʪʦʨʤʦʟʷʱʠʡʩʷ ʩʜʚʦʝʥʥʳʡ ʘʢʩʠʘʣʴʥʳʡ ʘʩʠʥʭʨʦʥʥʳʡ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʴ ʧʨʠ-

ʤʝʥʷʝʪʩʷ ʚ ʧʦʪʦʯʥʳʭ ʣʠʥʠʷʭ [7]. ʕʪʘ ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʤʘʰʠʥʘ ʦʪʣʠʯʘʝʪʩʷ ʧʨʦʩʪʳʤ ʫʩʪʨʦʡʩʪʚʦʤ, ʥʝ-
ʙʦʣʴʰʠʤʠ ʦʩʝʚʳʤʠ ʨʘʟʤʝʨʘʤʠ, ʙʦʣʴʰʠʤ ʪʦʨʤʦʟʥʳʤ ʤʦʤʝʥʪʦʤ, ʤʘʣʳʤ ʚʨʝʤʝʥʠ ʩʨʘʙʘʪʳʚʘʥʠʷ ʠ 
ʪʦʯʥʳʤ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʝʤ ʧʨʠʚʦʜʥʦʛʦ ʤʝʭʘʥʠʟʤʘ.  

ʇʨʠʤʝʥʝʥʠʝ ʰʣʠʮʝʚʳʭ ʩʦʝʜʠʥʝʥʠʡ ʷʚʣʷʝʪʩʷ ʚʘʞʥʦʡ ʢʦʥʩʪʨʫʢʪʠʚʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʫʩʪʨʦʡʩʪʚʘ 
ʠ ʧʦʟʚʦʣʷʝʪ ʦʙʝʠʤ ʯʘʩʪʷʤ ʧʘʢʝʪʦʚ ʨʦʪʦʨʦʚ, ʧʦʜ ʚʦʟʜʝʡʩʪʚʠʝʤ ʢʨʫʪʷʱʝʛʦ ʤʦʤʝʥʪʘ, ʥʘʢʨʫʯʠʚʘʪʴʩʷ ʢ 
ʮʝʥʪʨʫ ʨʦʪʦʨʘ, ʫʚʝʣʠʯʠʚʘʷ ʧʨʠ ʵʪʦʤ ʘʢʩʠʘʣʴʥʦʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʫʩʠʣʠʝ F. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʙʳʣʘ ʚʳʚʝʜʝʥʘ ʬʦʨʤʫʣʘ ʜʣʷ ʨʘʩʯʝʪʘ ʘʢʩʠʘʣʴʥʦ-
ʛʦ (ʦʩʝʚʦʛʦ) ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʫʩʠʣʠʷ: 

 Ὂ
̏̂ ̒̑

ȟ ̒̑
, (1) 

ʛʜʝ   Ὠ̒ ï̑ ʩʨʝʜʥʠʡ ʜʠʘʤʝʪʨ ʨʝʟʴʙʳ, ʤʤ; ‪ ï ʫʛʦʣ ʧʦʜʲʸʤʘ ʚʠʥʪʦʚʦʡ ʣʠʥʠʠ; Ὀ̒  ̑ï ʩʨʝʜʥʠʡ ʜʠʘʤʝʪʨ 

ʘʢʪʠʚʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ, ʤ; ὰ ï ʘʢʪʠʚʥʘʷ ʜʣʠʥʘ, ʤ; ὃ ï ʣʠʥʝʡʥʘʷ ʥʘʛʨʫʟʢʘ ʥʘ ʩʨʝʜʥʝʤ ʜʠʘʤʝʪʨʝ, 
ɸ/ʤ; ὄ ï ʘʤʧʣʠʪʫʜʘ ʠʥʜʫʢʮʠʠ ʚ ʟʘʟʦʨʝ, ʊʣ; ‌- ʢʦʵʬʬʠʮʠʝʥʪ ʫʧʣʦʱʝʥʠʷ; Ὧ ï ʢʦʵʬʬʠʮʠʝʥʪ 
ʬʦʨʤʳ ʢʨʠʚʦʡ ʧʦʣʷ; Ὧ̏  ̂ï ʦʙʤʦʪʦʯʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ. 
 
ʇʦʣʫʯʝʥʥʘʷ ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ (1) ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʯʠʪʳʚʘʪʴ ʘʢʩʠʘʣʴʥʦʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ 

ʫʩʠʣʠʝ F ʩ ʫʯʝʪʦʤ ʚʩʝʭ ʧʘʨʘʤʝʪʨʦʚ ʠ ʪʝʤ ʩʘʤʳʤ ʧʦʣʫʯʠʪʴ ʤʘʢʩʠʤʘʣʴʥʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʪʦʨʤʦʞʝʥʠʷ ʠ 
ʪʦʯʥʦʩʪʴ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ ʧʨʠʚʦʜʥʦʛʦ ʤʝʭʘʥʠʟʤʘ. ɼʣʷ ʚʘʣʦʚ ʥʝʙʦʣʴʰʠʭ ʜʠʘʤʝʪʨʦʚ ʚ ʜʘʥʥʦʤ ʪʠʧʝ ʜʚʠ-
ʛʘʪʝʣʝʡ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʰʣʠʮʝʚʳʝ ʩʦʝʜʠʥʝʥʠʷ ʩ ʧʨʷʤʦʙʦʯʥʳʤ ʧʨʦʬʠʣʝʤ, ʘ ʜʣʷ ʚʘʣʦʚ 
ʟʥʘʯʠʪʝʣʴʥʳʭ ʜʠʘʤʝʪʨʦʚ ï ʩ ʵʚʦʣʴʚʝʥʪʥʳʤ ʧʨʦʬʠʣʝʤ, ʯʪʦ ʧʦʚʳʰʘʝʪ ʥʘʛʨʫʟʦʯʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ. 
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ʘʟʨʘʙʦʪʢʘ ʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʛʨʫʟʦʧʦʜʲʝʤʥʳʭ ʤʝʭʘʥʠʟʤʦʚ ʜʣʷ ʥʝʬʪʝʛʘʟʦʚʦʡ ʦʪʨʘʩʣʠ 
ʪʨʝʙʫʝʪ ʩʦʟʜʘʥʠʝ ʢʦʤʧʘʢʪʥʳʭ ʠ ʵʬʬʝʢʪʠʚʥʳʭ ʪʝʭʥʠʯʝʩʢʠʭ ʨʝʰʝʥʠʡ. ɼʣʷ ʦʮʝʥʢʠ ʵʥʝʨʛʝʪʠ-

ʯʝʩʢʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʜʦʤʢʨʘʪʘ ʥʝʦʙʭʦʜʠʤ ʜʝʪʘʣʴʥʳʡ ʨʘʩʯʝʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ 
(ʂʇɼ). 

ʂʦʵʬʬʠʮʠʝʥʪ ʧʦʣʝʟʥʦʛʦ ʜʝʡʩʪʚʠʷ (ʂʇɼ) ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ ʜʦʤʢʨʘʪʘ ʧʨʝʜʩʪʘʚʠʤ ʚ ʚʠʜʝ ʩʣʝʜʫʶ-
ʱʝʛʦ ʚʳʨʘʞʝʥʠʷ [4]: 

 –ʂʀʕ –ɻ ʧ.ɖʤʝʭ.ʯ, (1) 

ʛʜʝ  ɖʕʇ ï ʦʙʱʠʡ ʂʇɼ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ ʜʦʤʢʨʘʪʘ; ɖʄɽʍ.ʏ. ï ʂʇɼ ʤʝʭʘʥʠʯʝʩʢʦʡ ʯʘʩʪʠ ʧʨʠʚʦʜʘ. 
 
ʂʇɼ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ:  

 –ɻ ʤ.ʧ
ʵʣ.ʤʘʛ

ʵʤ.ʧ
, (2) 

ʛʜʝ  ὖɻʣ.ʤʘʛ ï ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʘʷ ʤʝʭʘʥʠʯʝʩʢʘʷ ʤʦʱʥʦʩʪʴ; ὖɻʤ.ʧ ï ʤʦʱʥʦʩʪʴ ʥʘ ʚʭʦʜʝ ʵʣʝʢʪʨʦʤʝʭʘʥʠ-
ʯʝʩʢʦʡ ʯʘʩʪʠ. 
 
ʂʇɼ ʤʝʭʘʥʠʯʝʩʢʦʡ ʯʘʩʪʠ ʧʨʠʚʦʜʘ: 

 –ʤʝʭ.ʯρ ρ ẗρ – , (3) 

ʛʜʝ  13

HU  ï ʧʝʨʝʜʘʪʦʯʥʦʝ ʯʠʩʣʦ ʜʚʫʭʩʪʫʧʝʥʯʘʪʦʡ ʧʝʨʝʜʘʯʠ;13ɖ
H - ʂʇɼ ʩʪʫʧʝʥʝʡ ʧʝʨʝʜʘʯʠ ʧʨʠ ʦʩʪʘ-

ʥʦʚʣʝʥʥʦʤ ʚʦʜʠʣʝ. 
 
ʉ ʫʯʝʪʦʤ ʚʳʨʘʞʝʥʠʡ (2) ʠ (3) ʂʇɼ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ ʜʦʤʢʨʘʪʘ: 

 –ʂʀʕ
ʵʣ.ʤʘʛ

ʵʤ.ʧ
ẗρ ρ ẗρ – . (4) 

ʈ 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʩʪʘʪʴʝ ʧʨʝʜʩʪʘʚʣʝʥʦ ʦʧʠʩʘʥʠʝ ʤʝʪʦʜʘ ʨʘʩʯʝʪʘ 

ʦʩʝʚʳʭ ʫʩʠʣʠʡ ʚ ʩʘʤʦʪʦʨʤʦʟʷʱʝʤ ʘʩʠʥʭʨʦʥʥʦʤ ʜʚʠʛʘʪʝʣʝ ʩʦ 

ʩʜʚʦʝʥʥʳʤ ʢʦʨʦʪʢʦʟʘʤʢʥʫʪʳʤ ʨʦʪʦʨʦʤ. 

Annotation.  The article describes a method 

for calculating axial forces in a self-locking 

asynchronous motor with a double squirrel-

cage rotor. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʘʤʦʪʦʨʤʦʟʷʱʠʡʩʷ ʘʩʠʥʭʨʦʥʥʳʡ ʜʚʠʛʘ-

ʪʝʣʴ, ʩʜʚʦʝʥʥʳʡ ʨʦʪʦʨ, ʦʩʝʚʦʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʫʩʠʣʠʝ, ʢʦ-
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ʩʝʨʠʠ 4ɸ. 

Keywords : self-locking asynchronous motor, 

double rotor, axial electromagnetic force, 

skew splines, force calculation, starting 

mode, 4A series electric motors. 

 

ʘʤʦʪʦʨʤʦʟʷʱʠʡʩʷ ʘʩʠʥʭʨʦʥʥʳʡ ʜʚʠʛʘʪʝʣʴ ʩʦ ʩʜʚʦʝʥʥʳʤ ʢʦʨʦʪʢʦʟʘʤʢʥʫʪʳʤ ʨʦʪʦʨʦʤ                                      

[1, 2, 3] ʥʘʭʦʜʠʪ ʧʨʠʤʝʥʝʥʠʝ ʚ ʤʝʭʘʥʠʟʤʘʭ, ʢʦʪʦʨʳʝ ʪʨʝʙʫʶʪ ʙʳʩʪʨʳʡ ʠ ʪʦʯʥʳʡ ʦʩʪʘʥʦʚ 

ʵʣʝʢʪʦʧʨʠʚʦʜʘ.  

ʇʨʠ ʚʨʘʱʝʥʠʠ ʧʘʢʝʪʦʚ ʤʘʛʥʠʪʦʧʨʦʚʦʜʦʚ ʨʦʪʦʨʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʘʣʘ ʚʦʟʥʠʢʘʝʪ ʦʩʝʚʦʝ ʫʩʠʣʠʝ, 

ʢʦʪʦʨʦʝ ʦʙʫʩʣʦʚʣʝʥʦ ʰʣʠʮʘʤʠ, ʨʘʩʧʦʣʦʞʝʥʥʳʤʠ ʧʦʜ ʦʧʨʝʜʝʣʝʥʥʳʤ ʫʛʣʦʤ ʩʢʦʩʘ. ɼʣʷ ʧʨʦʩʪʦʪʳ ʨʘʩ-

ʯʝʪʘ ʦʩʝʚʦʝ ʫʩʠʣʠʝ ʨʘʟʣʦʞʠʣʠ ʥʘ ʪʨʠ ʩʦʩʪʘʚʣʷʶʱʠʝ: ʦʩʝʚʦʝ, ʦʢʨʫʞʥʦʝ ʠ ʨʘʜʠʘʣʴʥʦʝ ʫʩʠʣʠʝ.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʬʦʨʤʫʣʘ ʜʣʷ ʥʘʭʦʞʜʝʥʠʷ ʦʩʝʚʦʛʦ ʫʩʠʣʠʷ: 

 Ὂ
ᶻ

ᶻᶻ
ὸzὫ‍, (1) 

ʛʜʝ  ʈ ï ʤʦʱʥʦʩʪʴ ʜʚʠʛʘʪʝʣʷ, ɺʪ; n ï ʯʘʩʪʦʪʘ ʚʨʘʱʝʥʠʷ, ʦʙ/ʤʠʥ; d ï ʜʠʘʤʝʪʨ ʟʫʙʯʘʪʦʛʦ ʢʦʣʝʩʘ, ʤ;                 

ɓ ï ʫʛʦʣ ʥʘʢʣʦʥʘ ʟʫʙʴʝʚ. 

 

ʆʩʝʚʦʝ ʫʩʠʣʠʝ ʟʘʚʠʩʠʪ ʦʪ ʤʦʱʥʦʩʪʠ, ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʠ ʫʛʣʘ ʩʢʦʩʘ ʰʣʠʮʝʚ. ɼʠʘʤʝʪʨ ʠ 

ʩʢʦʣʴʞʝʥʠʝ ʜʣʷ ʨʘʩʯʝʪʦʚ ʙʳʣʠ ʚʳʙʨʘʥʳ ʠʟ [4] ʧʦ ʤʦʜʝʣʠ ʜʚʠʛʘʪʝʣʷ, ʝʛʦ ʤʦʱʥʦʩʪʠ ʠ ʩʠʥʭʨʦʥʥʦʡ ʯʘ-

ʩʪʦʪʳ ʚʨʘʱʝʥʠʷ. ʇʨʠ ʨʘʩʯʝʪʘʭ ʠ ʧʦʩʪʨʦʝʥʠʷʭ ʛʨʘʬʠʢʦʚ ʨʘʩʩʤʘʪʨʠʚʘʣʘʩʴ ʥʦʤʠʥʘʣʴʥʘʷ ʤʦʱʥʦʩʪʴ 

ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʝʡ ʜʦ 4 ʢɺʪ, ʪʘʢ ʢʘʢ ʚ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘʭ ʜʘʥʥʦʛʦ ʪʠʧʘ ʧʨʠʤʝʥʷʶʪʩʷ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʠ 

ʤʘʣʦʡ ʤʦʱʥʦʩʪʠ (ʨʠʩ. 1, ʨʠʩ. 2 ʠ ʨʠʩ. 3). 

ɺ ʨʘʤʢʘʭ ʧʦʩʪʨʦʝʥʠʷ ʟʘʚʠʩʠʤʦʩʪʠ Fʘ8(ʈ) ʫʛʦʣ ʩʢʦʩʘ ʰʣʠʮʝʚ ɓ ʙʳʣ ʧʨʠʷʪ ʧʦʩʪʦʷʥʥʳʤ ʠ ʨʘʚʥʳʤ 

15 Á, ʘ ʩʢʦʨʦʩʪʴ ʚʨʘʱʝʥʠʷ ï n = 750 ʦʙ/ʤʠʥ (ʨʠʩ. 1).  

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʛʨʘʬʠʢʘ ʟʘʚʠʩʠʤʦʩʪʠ Fʘ8(n), ʧʦʩʪʦʷʥʥʳʤʠ ʙʳʣʠ ʧʨʠʥʷʪʳ ʩʣʝʜʫʶʱʠʝ ʟʥʘʯʝʥʠʝ: 

P = 0.55 ʢɺʪ, ‍ ρυ Ј (ʨʠʩ. 2). 

ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʛʨʘʬʠʢʘ Fa8(ɓ) ʧʦʩʪʦʷʥʥʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʩʯʠʪʘʠ ʩʣʝʜʫʶʱʠʝ ʚʝʣʠʯʠʥʳ:                          

n = 3000 ʦʙ/ʤʠʥ, d = 54 ʤʤ, s = 8.5 %, ʈ = 0.55 ʢɺʪ (ʨʠʩ. 3). 

ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʚ ʛʨʘʬʠʢʠ, ʙʳʣʠ ʩʜʝʣʘʥʳ ʩʣʝʜʫʶʱʠʝ ʚʳʚʦʜʳ: ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʤʦʱʥʦʩʪʠ ʦʩʝ-

ʚʦʝ ʫʩʠʣʠʝ ʚʦʟʨʘʩʪʘʝʪ (ʨʠʩ. 1), ʩ ʨʦʩʪʦʤ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʦʥʦ ʫʤʝʥʴʰʘʝʪʩʷ (ʨʠʩ. 2), ʘ ʩ ʫʚʝʣʠʯʝʥʠ-

ʝʤ ʫʛʣʘ ʩʢʦʩʘ ʰʣʠʮʝʚ ʦʩʝʚʘʷ ʩʠʣʘ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʣʠʥʝʡʥʦ (ʨʠʩ. 3). 

 

ʉ 
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ʈʠʩʫʥʦʢ 3 ï ɻʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʩʠʣ Fʘ8(ɓ) 
 

ɺʳʚʝʜʝʥʥʘʷ ʘʥʘʣʠʪʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ (1) ʦʩʝʚʦʛʦ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʫʩʠʣʠʷ ʦʪ ʤʦʱʥʦʩʪʠ, 
ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʠ ʫʛʣʘ ʩʢʦʩʘ ʰʣʠʮʝʚ ʠ ʧʦʩʪʨʦʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʟʚʦʣʷʶʪ ʩʧʨʦʝʢʪʠʨʦʚʘʪʴ ʦʧ-
ʪʠʤʘʣʴʥʫʶ, ʥʘʜʝʞʥʫʶ ʠ ʙʝʟʦʧʘʩʥʫʶ ʢʦʥʩʪʨʫʢʮʠʶ ʩʘʤʦʪʦʨʤʦʟʷʱʝʛʦʩʷ ʘʩʠʥʭʨʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʩʦ 
ʩʜʚʦʝʥʥʳʤ ʢʦʨʦʪʢʦʟʘʤʢʥʫʪʳʤ ʨʦʪʦʨʦʤ, ʘ ʪʘʢʞʝ ʧʨʘʚʠʣʴʥʦ ʦʮʝʥʠʪʴ ʥʘʛʨʫʟʢʫ ʥʘ ʝʛʦ ʵʣʝʤʝʥʪʳ. 
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ɸʥʥʦʪʘʮʠʷ. ʉʪʘʪʴʷ ʧʦʩʚʷʱʝʥʘ ʤʝʪʦʜʠʢʝ ʨʘʩʯʸʪʘ ʘʢʩʠʘʣʴʥʦʛʦ 
ʫʩʠʣʠʷ ʚ ʩʘʤʦʪʦʨʤʦʟʷʱʝʤʩʷ ʘʩʠʥʭʨʦʥʥʦʤ ʜʚʠʛʘʪʝʣʝ ʩ ʤʘʩ-
ʩʠʚʥʳʤ ʨʦʪʦʨʦʤ. 

Annotation.  This paper is devoted to a meth-
od for calculating the axial force in a self-
braking induction motor with a solid rotor. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʩʘʤʦʪʦʨʤʦʟʷʱʠʡʩʷ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʴ, 
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ʘʤʦʪʦʨʤʦʟʷʱʠʝʩʷ ʘʩʠʥʭʨʦʥʥʳʝ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʠ ʩ ʤʘʩʩʠʚʥʳʤ ʨʦʪʦʨʦʤ (ʉɸɼ ʩ ʄʈ) ʧʨʠ-
ʤʝʥʷʶʪʩʷ ʚ ʤʝʭʘʥʠʟʤʘʭ, ʪʨʝʙʫʶʱʠʭ ʙʳʩʪʨʦʡ ʦʩʪʘʥʦʚʢʠ ʧʨʠ ʦʪʢʣʶʯʝʥʠʠ ʧʠʪʘʥʠʷ [1ï5]. 

ɺʦʟʥʠʢʥʦʚʝʥʠʝ ʦʩʝʚʦʛʦ (ʘʢʩʠʘʣʴʥʦʛʦ) ʫʩʠʣʠʷ ʧʨʦʠʩʭʦʜʠʪ ʟʘ ʩʯʝʪ ʚʟʘʠʤʦʜʝʡʩʪʚʠʷ ʪʘʥʛʝʥʮʠʘʣʴ-

ʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ὐᴆ ʚʠʭʨʝʚʳʭ ʪʦʢʦʚ, ʥʘʚʝʜʝʥʥʳʭ ʚ ʨʦʪʦʨʝ, ʩ ʥʦʨʤʘʣʴʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʤʘʛʥʠʪʥʦʡ 

ʠʥʜʫʢʮʠʠ  ὄᴆ (ʨʠʩ. 1). 
 

 
 

ʈʠʩʫʥʦʢ 1 ï ʇʨʠʥʮʠʧ ʬʦʨʤʠʨʦʚʘʥʠʷ ʘʢʩʠʘʣʴʥʦʛʦ ʫʩʠʣʠʷ  

 
ʌʦʨʤʫʣʘ ʜʣʷ ʨʘʩʯʝʪʘ ʦʩʝʚʦʛʦ (ʘʢʩʠʘʣʴʥʦʛʦ) ʫʩʠʣʠʷ ʙʳʣʘ ʚʳʚʝʜʝʥʘ ʧʨʠ ʜʦʧʫʱʝʥʠʠ ʨʘʚʥʦʤʝʨ-

ʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʧʦ ʦʙʲʝʤʫ: 

 Ὂ   „ z ὺᴆ  zὄ  zὠȟ  

ʉ 
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ʛʜʝ  ů ï ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʤʘʪʝʨʠʘʣʘ ʨʦʪʦʨʘ, ʉ/ʤ; ὺᴆ ï ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʪʘʥʛʝʥʮʠʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ 

ʧʦʣʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʨʦʪʦʨʘ, ʤ/ʩ;  ὄᴆ ï ʥʦʨʤʘʣʴʥʘʷ ʩʦʩʪʘʚʣʷʶʱʘʷ ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ, ʊʣ;                    
V ï ʦʙʲʝʤ ʘʢʪʠʚʥʦʡ ʧʨʦʚʦʜʷʱʝʡ ʯʘʩʪʠ ʨʦʪʦʨʘ, ʤį. 
 
ɺʳʚʦʜʳ 
ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʤʝʪʦʜʠʢʘ ʨʘʩʯʝʪʘ ʦʩʝʚʦʛʦ ʫʩʠʣʠʷ ʚ ʩʘʤʦʪʦʨʤʦʟʷʱʝʤʩʷ ʘʩʠʥʭʨʦʥʥʦʤ ʵʣʝʢʪʨʦ-

ʜʚʠʛʘʪʝʣʝ ʩ ʤʘʩʩʠʚʥʳʤ ʨʦʪʦʨʦʤ ʧʦʟʚʦʣʷʝʪ ʦʧʨʝʜʝʣʠʪʴ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ ʩʠʣʳ ʥʘ 
ʦʩʥʦʚʝ ʟʘʢʦʥʘ ʃʦʨʝʥʮʘ ʩ ʫʯʝʪʦʤ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʚ ʥʝʥʘʩʳʱʝʥʥʦʡ ʤʘʛʥʠʪ-
ʥʦʡ ʩʠʩʪʝʤʝ ʠ ʦʙʝʩʧʝʯʠʪʴ ʩʦʛʣʘʩʦʚʘʥʠʝ ʩ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘʤʠ ʪʦʨʤʦʟʥʦʛʦ ʫʟʣʘ ʫʞʝ ʥʘ ʵʪʘʧʝ ʧʨʦʝʢʪʠ-
ʨʦʚʘʥʠʷ. 
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ɸʥʥʦʪʘʮʠʷ. ʎʝʣʴ ʨʘʙʦʪʳ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʦʙʦʩʥʦʚʘʥʠʠ ʧʨʠʤʝ-
ʥʝʥʠʷ ʛʠʙʨʠʜʥʦʡ ʚʝʪʨʦ-ʩʦʣʥʝʯʥʦʡ ʫʩʪʘʥʦʚʢʠ ʜʣʷ ʵʣʝʢʪʨʦ-
ʩʥʘʙʞʝʥʠʷ ʦʙʲʝʢʪʦʚ ʥʝʬʪʝʛʘʟʦʚʦʛʦ ʢʦʤʧʣʝʢʩʘ ʚ ʨʝʛʠʦʥʘʭ ʩ 
ʥʠʟʢʦʡ ʩʢʦʨʦʩʪʴʶ ʚʝʪʨʘ. ʄʝʪʦʜʦʤ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦ-
ʚʘʥʠʷ ʛʠʙʨʠʜʥʦʛʦ ʨʝʞʠʤʘ ʜʣʷ ʫʩʣʦʚʠʡ ɺʣʘʜʠʚʦʩʪʦʢʘ (ʩʨʝʜʥʝ-
ʛʦʜʦʚʘʷ ʩʢʦʨʦʩʪʴ ʚʝʪʨʘ 5,2 ʤ/ʩ) ʫʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʜʦʙʘʚʣʝʥʠʝ 
ʜʦ ʰʝʩʪʠ ʩʦʣʥʝʯʥʳʭ ʧʘʥʝʣʝʡ ʤʦʱʥʦʩʪʴʶ 500 ɺʪ ʧʦʟʚʦʣʷʝʪ 
ʩʥʠʟʠʪʴ ʪʨʝʙʫʝʤʫʶ ʩʢʦʨʦʩʪʴ ʚʝʪʨʘ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʤʦʱʥʦʩʪʠ 
3000 ɺʪ ʥʘ 1,5ï2,5 ʤ/ʩ. ʄʝʭʘʥʠʯʝʩʢʦʝ ʩʫʤʤʠʨʦʚʘʥʠʝ ʤʦʱʥʦʩʪʠ 
ʦʪ ʚʝʪʨʦʪʫʨʙʠʥʳ ʠ ʜʚʠʛʘʪʝʣʷ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ, ʧʠʪʘʝʤʦʛʦ ʦʪ 
ʩʦʣʥʝʯʥʳʭ ʧʘʥʝʣʝʡ, ʨʘʩʰʠʨʷʝʪ ʥʠʞʥʠʡ ʜʠʘʧʘʟʦʥ ʨʘʙʦʯʠʭ ʩʢʦ-
ʨʦʩʪʝʡ ʚʝʪʨʘ, ʧʦʚʳʰʘʷ ʥʘʜʸʞʥʦʩʪʴ ʘʚʪʦʥʦʤʥʦʛʦ ʵʣʝʢʪʨʦʩʥʘʙ-
ʞʝʥʠʷ ʥʝʬʪʝʛʘʟʦʚʳʭ ʦʙʲʝʢʪʦʚ. 

Annotation.  The purpose of the work is to 
substantiate the use of a hybrid wind-solar 
installation for power supply to oil and gas 
facilities in regions with low wind speeds. 
Using mathematical modeling of the hybrid 
mode for Vladivostok conditions (average 
annual wind speed of 5.2 m/s), it was found 
that the addition of up to six solar panels with 
a capacity of 500 Watts reduces the required 
wind speed to achieve a power of 3000 Watts 
by 1.5ï2.5 m/s. The mechanical summation 
of power from a wind turbine and a DC motor 
powered by solar panels expands the lower 
range of operating wind speeds, increasing 
the reliability of autonomous power supply to 
oil and gas facilities. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʚʝʪʨʦʪʫʨʙʠʥʘ, ʛʠʙʨʠʜʥʳʡ ʨʝʞʠʤ, ʩʦʣʥʝʯ-
ʥʘʷ ʧʘʥʝʣʴ, ʛʝʥʝʨʘʪʦʨ. 

Keywords : wind turbine, hybrid mode, solar 
panel, generator. 

 
ʦʪʨʝʙʥʦʩʪʴ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʚʦʟʦʙʥʦʚʣʷʝʤʳʭ ʠʩʪʦʯʥʠʢʦʚ ʵʥʝʨʛʠʠ ʚʦʟʨʘʩʪʘʝʪ ʩ ʢʘʞʜʳʤ 
ʛʦʜʦʤ, ʯʪʦ ʦʙʫʩʣʦʚʣʝʥʦ ʢʘʢ ʵʢʦʣʦʛʠʯʝʩʢʠʤʠ ʪʨʝʙʦʚʘʥʠʷʤʠ, ʪʘʢ ʠ ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʮʝʣʝʩʦʦʙ-

ʨʘʟʥʦʩʪʴʶ ʩʥʠʞʝʥʠʷ ʟʘʪʨʘʪ ʥʘ ʪʦʧʣʠʚʦ ʜʣʷ ʘʚʪʦʥʦʤʥʳʭ ʦʙʲʝʢʪʦʚ. ɺ ʥʝʬʪʝʛʘʟʦʚʦʡ ʦʪʨʘʩʣʠ ʟʥʘʯʠ-
ʪʝʣʴʥʘʷ ʯʘʩʪʴ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʭ ʤʦʱʥʦʩʪʝʡ ï ʫʩʪʘʥʦʚʢʠ ʧʦʜʛʦʪʦʚʢʠ ʥʝʬʪʠ ʠ ʛʘʟʘ, ʚʘʭʪʦʚʳʝ ʧʦʩʸʣʢʠ, 
ʤʘʛʠʩʪʨʘʣʴʥʳʝ ʪʨʫʙʦʧʨʦʚʦʜʳ ï ʨʘʩʧʦʣʦʞʝʥʘ ʚ ʫʜʘʣʸʥʥʳʭ ʨʘʡʦʥʘʭ, ʛʜʝ ʧʦʜʢʣʶʯʝʥʠʝ ʢ ʮʝʥʪʨʘʣʠʟʦ-
ʚʘʥʥʳʤ ʵʥʝʨʛʦʩʠʩʪʝʤʘʤ ʪʝʭʥʠʯʝʩʢʠ ʩʣʦʞʥʦ ʠʣʠ ʵʢʦʥʦʤʠʯʝʩʢʠ ʥʝʦʧʨʘʚʜʘʥʥʦ. ɺ ʪʘʢʠʭ ʫʩʣʦʚʠʷʭ ʪʨʘ-
ʜʠʮʠʦʥʥʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʠʟʝʣʴʥʳʝ ʵʣʝʢʪʨʦʩʪʘʥʮʠʠ, ʭʘʨʘʢʪʝʨʠʟʫʶʱʠʝʩʷ ʚʳʩʦʢʠʤʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥ-
ʥʳʤʠ ʨʘʩʭʦʜʘʤʠ ʠ ʣʦʛʠʩʪʠʯʝʩʢʠʤʠ ʨʠʩʢʘʤʠ ʧʨʠ ʜʦʩʪʘʚʢʝ ʪʦʧʣʠʚʘ. 

ʅʘʠʙʦʣʴʰʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʩʨʝʜʠ ɺʀʕ ʧʦʣʫʯʠʣʠ ʚʝʪʨʦʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʠ ʩʦʣʥʝʯʥʳʝ ʫʩʪʘʥʦʚ-
ʢʠ, ʧʦʟʚʦʣʷʶʱʠʝ ʦʙʝʩʧʝʯʠʚʘʪʴ ʧʦʪʨʝʙʠʪʝʣʷ ʜʝʰʸʚʦʡ ʵʥʝʨʛʠʝʡ. ʆʜʥʘʢʦ ʜʣʷ ʥʝʬʪʝʛʘʟʦʚʳʭ ʦʙʲʝʢʪʦʚ, 
ʨʘʟʤʝʱʸʥʥʳʭ ʚ ʨʝʛʠʦʥʘʭ ʩ ʥʠʟʢʦʡ ʩʨʝʜʥʝʛʦʜʦʚʦʡ ʩʢʦʨʦʩʪʴʶ ʚʝʪʨʘ, ʢʣʘʩʩʠʯʝʩʢʠʝ ʚʝʪʨʦʫʩʪʘʥʦʚʢʠ ʣʠ-
ʙʦ ʥʝ ʨʘʙʦʪʘʶʪ ʚʦʚʩʝ, ʣʠʙʦ ʪʨʝʙʫʶʪ ʤʦʥʪʘʞʘ ʚʝʪʨʦʢʦʣʸʩ ʙʦʣʴʰʦʛʦ ʜʠʘʤʝʪʨʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʨʦʩʪʫ 
ʢʘʧʠʪʘʣʴʥʳʭ ʟʘʪʨʘʪ ʠ ʥʝ ʚʩʝʛʜʘ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ ʩʪʘʙʠʣʴʥʦʛʦ ʵʥʝʨʛʦʩʥʘʙʞʝʥʠʷ. 

ʆʩʥʦʚʥʦʡ ʧʨʦʙʣʝʤʦʡ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ ʚʝʪʨʘ ʠ ʩʦʣʥʮʘ ʷʚʣʷʝʪʩʷ ʥʝʧʦʩʪʦʷʥʩʪʚʦ ʧʦʛʦʜʥʳʭ 
ʫʩʣʦʚʠʡ, ʚʣʠʷʶʱʠʭ ʥʘ ʛʝʥʝʨʘʮʠʶ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ. 

ʋʥʠʚʝʨʩʘʣʴʥʳʤ ʨʝʰʝʥʠʝʤ ʚ ʜʘʥʥʦʡ ʦʙʣʘʩʪʠ ʷʚʣʷʝʪʩʷ ʧʨʠʤʝʥʝʥʠʝ ʚʝʪʨʦ-ʩʦʣʥʝʯʥʦʛʦ ʧʨʝʦʙʨʘ-
ʟʦʚʘʪʝʣʷ (ʨʠʩ. 1), ʢʦʪʦʨʳʡ ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʯʝʪʘʪʴ ʨʘʟʣʠʯʥʳʝ ʨʝʞʠʤʳ ʨʘʙʦʪʳ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ 
ʧʦʛʦʜʥʳʭ ʫʩʣʦʚʠʡ [1]. ɻʣʘʚʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʵʥʝʨʛʦʫʩʪʘʥʦʚʢʠ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʩʫʤʤʠʨʦʚʘʥʠʷ 
ʤʝʭʘʥʠʯʝʩʢʦʡ ʵʥʝʨʛʠʠ ʯʝʨʝʟ ʚʨʘʱʘʶʱʠʝ ʤʦʤʝʥʪʳ ʦʪ ʚʝʪʨʦʪʫʨʙʠʥʳ ʠ ʜʚʠʛʘʪʝʣʷ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ, 
ʟʘʧʠʪʳʚʘʝʤʦʛʦ ʩʦʣʥʝʯʥʳʤʠ ʧʘʥʝʣʷʤʠ. 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʛʠʙʨʠʜʥʦʛʦ ʨʝʞʠʤʘ ʵʥʝʨʛʦʫʩʪʘʥʦʚʢʠ ʙʳʣʦ ʚʳʙʨʘʥʦ ʩʣʝʜʫʶʱʝʝ ʦʙʦʨʫʜʦʚʘ-
ʥʠʝ: ʛʝʥʝʨʘʪʦʨ ʥʘ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʘʭ, ʚʝʪʨʦʪʫʨʙʠʥʘ, ʩʦʣʥʝʯʥʳʝ ʧʘʥʝʣʠ ʠ ʙʳʣʠ ʚʟʷʪʳ ʩʣʝʜʫʶʱʠʝ 
ʨʘʩʯʸʪʥʳʝ ʜʘʥʥʳʝ [2ï3]: ʂʇɼ ʛʝʥʝʨʘʪʦʨʘ ʩ ʧʦʩʪʦʷʥʥʳʤʠ ʤʘʛʥʠʪʘʤʠ: – πȢω; ʂʇɼ ʜʚʠʛʘʪʝʣʷ ʧʦʩʪʦʷʥ-
ʥʦʛʦ ʪʦʢʘ: –ˑ ˜˟ πȢψυ; ʂʦʵʬʬʠʮʠʝʥʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ ʚʝʪʨʘ: ὅ πȢσφ; ʂʇɼ ʤʝʭʘʥʠʯʝʩʢʦʡ ʩʠ-

ʩʪʝʤʳ ʧʝʨʝʜʘʯʠ: –̇ ̖̆ πȢωυ; ʇʣʦʪʥʦʩʪʴ ʚʦʟʜʫʭʘ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ: ” ρȢςςυ ʢʛ/ʤ
3
. 

ʇ 
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ʈʠʩʫʥʦʢ 1 ï ʇʨʠʥʮʠʧʠʘʣʴʥʘʷ ʩʭʝʤʘ ʛʠʙʨʠʜʥʦʡ ʘʚʪʦʥʦʤʥʦʡ  
ʵʥʝʨʛʦʫʩʪʘʥʦʚʢʠ ʥʘ ʦʩʥʦʚʝ ʚʝʪʨʦ-ʩʦʣʥʝʯʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ 

 

ʄʦʱʥʦʩʪʴ ʥʘ ʚʳʭʦʜʝ ʚʝʪʨʦʪʫʨʙʠʥʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʦʡ: 

 ὖˏ ˟ πȢυϽ”Ͻ“ϽὶϽὺϽὅ, (1) 

ʛʜʝ  ” ï ʧʣʦʪʥʦʩʪʴ ʚʦʟʜʫʭʘ ʧʨʠ ʥʦʨʤʘʣʴʥʳʭ ʫʩʣʦʚʠʷʭ (ʢʛ/ʤ
3
); ὶ ï ʨʘʜʠʫʩ ʨʦʪʦʨʘ ʚʝʪʨʦʪʫʨʙʠʥʳ (ʤ);                                 

ὺ ï ʩʢʦʨʦʩʪʴ ʚʝʪʨʘ (ʤ/ʩ); ὅ ï ʢʦʵʬʬʠʮʠʝʥʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ ʚʝʪʨʘ. 
 

ɺ ʛʠʙʨʠʜʥʦʤ ʨʝʞʠʤʝ (ɺʝʪʨʦʪʫʨʙʠʥʘ ï ɻʝʥʝʨʘʪʦʨ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ ï ɼʚʠʛʘʪʝʣʴ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦ-
ʢʘ) ʦʜʥʦʚʨʝʤʝʥʥʦ ʧʝʨʝʜʘʶʪ ʵʥʝʨʛʠʶ ʚʝʪʨʦʪʨʫʙʠʥʘ ʠ ʜʚʠʛʘʪʝʣʴ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʠ ʤʦʱʥʦʩʪʴ ʥʘ ʚʳ-
ʭʦʜʝ ʛʝʥʝʨʘʪʦʨʘ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ ʙʫʜʝʪ ʦʧʨʝʜʝʣʷʪʴʩʷ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʦʡ: 

 ὖː ὖˏ ˟ ὖl Ͻ˪–ˑ ˜˟Ͻ–̇ ̆Ͻ̖–, (2) 

ʛʜʝ  – ï ʂʇɼ ʛʝʥʝʨʘʪʦʨʘ ʩ ʧʦʩʪʦʷʥʥʳʤʠ ʤʘʛʥʠʪʘʤʠ; –̇ ̆ ̖ï ʂʇɼ ʤʝʭʘʥʠʯʝʩʢʦʡ ʩʠʩʪʝʤʳ ʧʝʨʝʜʘʯʠ; 
ὖl  ˪ï ʤʦʱʥʦʩʪʴ ʦʪ ʬʦʪʦʵʣʝʢʪʨʠʯʝʩʢʠʭ ʵʣʝʤʝʥʪʦʚ (ɺʪ); –ˑ ˜ ˟ï ʂʇɼ ʜʚʠʛʘʪʝʣʷ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ. 
 

ʈʘʩʯʸʪ ʤʦʱʥʦʩʪʝʡ ʙʫʜʝʤ ʚʝʩʪʠ ʠʩʭʦʜʷ ʠʟ ʩʨʝʜʥʝʛʦʜʦʚʦʡ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ ʚʦ ɺʣʘʜʠʚʦʩʪʦʢʝ ʠ 
ʤʦʱʥʦʩʪʠ ὖː σπππ ɺʪ ʥʘ ʚʳʭʦʜʝ ʛʝʥʝʨʘʪʦʨʘ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ. ɼʣʷ ʨʘʩʯʸʪʘ ʧʨʠʤʝʤ ʩʢʦʨʦʩʪʴ ʚʝʪʨʘ 
ʨʘʚʥʦʡ ὺ υȟς ʤ/ʩ [4]. 

ʈʘʜʠʫʩ ʨʦʪʦʨʘ ʚʝʪʨʦʪʫʨʙʠʥʳ ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʦ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʝ: 

 ὶ 
Ͻː

ϽϽ Ͻ Ͻ Ͻ̇ ̖̆
. (3) 

ʇʦʜʩʪʘʚʣʷʷ ʚ ʬʦʨʤʫʣʫ (3) ʠʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʯʸʪʘ ʧʦʣʫʯʠʤ ὶ φ ʤ. ɼʣʷ ʘʥʘʣʠ-
ʟʘ ʛʠʙʨʠʜʥʦʛʦ ʨʝʞʠʤʘ ʧʨʠʥʠʤʘʝʤ ʩʦʣʥʝʯʥʫʶ ʧʘʥʝʣʴ ʩ ʨʘʩʯʝʪʥʦʡ ʤʦʱʥʦʩʪʴʶ ὖl ˪ υππ ɺʪ. ʀʩʧʦʣʴʟʫʷ 
ʬʦʨʤʫʣʫ (2) ʧʦʩʪʨʦʠʤ ʛʨʘʬʠʢ ʟʘʚʠʩʠʤʦʩʪʠ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʨʘʟʣʠʯʥʦʛʦ ʢʦʣʠ-
ʯʝʩʪʚʘ ʩʦʣʥʝʯʥʳʭ ʧʘʥʝʣʝʡ (ʦʪ 1 ʜʦ 6) ʠ ʠʟʤʝʥʝʥʠʠ ʩʢʦʨʦʩʪʠ ʚʝʪʨʘ (ʨʠʩ. 2). 

 

 
 

ʈʠʩʫʥʦʢ 2 ï ɻʨʘʬʠʢ ʚʳʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʧʨʠ ʨʘʟʥʳʭ ʩʢʦʨʦʩʪʷʭ ʚʝʪʨʘ ʠ ʢʦʣʠʯʝʩʪʚʝ ʩʦʣʥʝʯʥʳʭ ʧʘʥʝʣʝʡ 
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ɸʥʘʣʠʟ ʛʨʘʬʠʢʘ ʧʨʝʜʩʪʘʚʣʝʥʥʦʛʦ ʥʘ (ʨʠʩ. 2) ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʫʚʝʣʠʯʝʥʠʝ ʯʠʩʣʘ ʩʦʣʥʝʯʥʳʭ ʧʘ-
ʥʝʣʝʡ ʧʦʟʚʦʣʷʝʪ ʨʘʩʰʠʨʠʪʴ ʜʠʘʧʘʟʦʥ ʧʨʠʤʝʥʝʥʠʝ ʵʥʝʨʛʦʫʩʪʘʥʦʚʢʠ ʚ ʦʙʣʘʩʪʷʭ ʩ ʤʘʣʳʤʠ ʚʝʪʨʘʤʠ. 
ɼʦʩʪʠʞʝʥʠʝ ʪʨʝʙʫʝʤʦʡ ʤʦʱʥʦʩʪʠ ʧʨʦʠʩʭʦʜʠʪ ʧʨʠ ʟʥʘʯʠʪʝʣʴʥʦ ʤʝʥʴʰʠʭ ʩʢʦʨʦʩʪʷʭ ʚʝʪʨʘ. ʕʪʦ ʧʦʟʚʦ-
ʣʷʝʪ ʨʘʩʰʠʨʠʪʴ ʥʠʞʥʠʡ ʧʨʝʜʝʣ ʨʘʙʦʯʝʛʦ ʜʠʘʧʘʟʦʥʘ ʩʢʦʨʦʩʪʝʡ ʚʝʪʨʘ ʜʣʷ ʚʳʭʦʜʘ ʥʘ ʥʦʤʠʥʘʣʴʥʳʡ 
ʨʝʞʠʤ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʚʝʪʨʦ-ʩʦʣʥʝʯʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʚ ʫʩʣʦʚʠʷʭ 
ʦʛʨʘʥʠʯʝʥʥʦʛʦ ʚʝʪʨʦʚʦʛʦ ʧʦʪʝʥʮʠʘʣʘ. ʄʝʭʘʥʠʯʝʩʢʦʝ ʩʫʤʤʠʨʦʚʘʥʠʝ ʤʦʱʥʦʩʪʠ ʧʦʟʚʦʣʷʝʪ ʟʘʤʝʱʘʪʴ 
ʥʝʜʦʩʪʘʶʱʫʶ ʵʥʝʨʛʠʶ ʚʝʪʨʘ ʵʥʝʨʛʠʝʡ ʩʦʣʥʮʘ, ʧʨʝʦʙʨʘʟʦʚʘʥʥʦʡ ʯʝʨʝʟ ʜʚʠʛʘʪʝʣʴ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ. 
ʇʨʠʤʝʥʝʥʠʝ ʛʠʙʨʠʜʥʦʛʦ ʨʝʞʠʤʘ ʧʦʚʳʰʘʝʪ ʥʘʜʸʞʥʦʩʪʴ ʘʚʪʦʥʦʤʥʦʛʦ ʵʣʝʢʪʨʦʩʥʘʙʞʝʥʠʷ ʥʝʬʪʝʛʘʟʦʚʳʭ 
ʦʙʲʝʢʪʦʚ. 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʨʦʙʣʝʤʘ ʚʣʠʷʥʠʷ ʟʘ-
ʜʝʨʞʝʢ ʚ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʧʦ ʧʦʣʦʞʝʥʠʶ ʥʘ ʫʩʪʦʡʯʠʚʦʩʪʴ ʠ ʪʦʯ-
ʥʦʩʪʴ ʧʦʟʠʮʠʦʥʥʦʛʦ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ. ʅʘ ʧʨʠʤʝʨʝ ʤʦʜʝʣʠ 
ʪʨʸʭʢʦʥʪʫʨʥʦʡ ʧʦʜʯʠʥʝʥʥʦʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʜʚʠʛʘʪʝʣʝʤ 
ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʩ ʥʝʟʘʚʠʩʠʤʳʤ ʚʦʟʙʫʞʜʝʥʠʝʤ, ʨʝʘʣʠʟʦʚʘʥ-
ʥʦʡ ʚ ʩʨʝʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ SimInTech, ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʣʠʯʠʝ 
ʯʠʩʪʦʛʦ ʟʘʧʘʟʜʳʚʘʥʠʷ ʚ ʢʦʥʪʫʨʝ ʧʦʣʦʞʝʥʠʷ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚ-
ʣʝʥʠʶ ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʷ ʠ ʩʥʠʞʝʥʠʶ ʜʠʥʘʤʠʯʝʩʢʦʡ ʪʦʯʥʦ-
ʩʪʠ. ʇʨʝʜʣʦʞʝʥʳ ʜʚʘ ʤʝʪʦʜʘ ʢʦʤʧʝʥʩʘʮʠʠ ʫʢʘʟʘʥʥʦʛʦ ʥʝʛʘ-
ʪʠʚʥʦʛʦ ʵʬʬʝʢʪʘ: ʚʚʝʜʝʥʠʝ ʠʥʝʨʮʠʦʥʥʦʛʦ ʟʚʝʥʘ ʚ ʢʦʥʪʫʨ ʟʘ-
ʜʘʥʠʷ ʧʦʣʦʞʝʥʠʷ ʠ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʟʘʜʘʪʯʠʢʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʩ 
ʣʠʥʝʡʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʨʝʛʫʣʠʨʫʝʤʦʡ ʢʦʦʨʜʠʥʘʪʳ. ʈʝʟʫʣʴʪʘʪʳ 
ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʜʪʚʝʨʞʜʘʶʪ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʝʜʣʦʞʝʥʥʳʭ 
ʧʦʜʭʦʜʦʚ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʦʜʘʚʣʝʥʠʷ ʢʦʣʝʙʘʥʠʡ ʠ ʫʣʫʯʰʝʥʠʷ 
ʢʘʯʝʩʪʚʘ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ. 

Annotation.  This paper addresses the prob-
lem of position feedback delay effects on the 
stability and accuracy of position-controlled 
electric drives. Using a model of a three-loop 
cascaded control system for a separately 
excited DC motor implemented in the 
SimInTech simulation environment, it is 
shown that the presence of pure time delay in 
the position loop leads to overshoot and re-
duced dynamic accuracy. Two methods are 
proposed to compensate for this adverse 
effect: introducing a first-order lag element 
into the position reference path, and employ-
ing a rate limiter (ramp generator) with a 
linear change of the controlled variable. The 
simulation results confirm the effectiveness of 
the proposed approaches in suppressing 
oscillations and improving the quality of tran-
sient responses. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʟʠʮʠʦʥʥʳʡ ʵʣʝʢʪʨʦʧʨʠʚʦʜ, ʧʦʜʯʠʥʝʥʥʦʝ 
ʨʝʛʫʣʠʨʦʚʘʥʠʝ, ʢʦʤʧʝʥʩʘʮʠʷ ʟʘʧʘʟʜʳʚʘʥʠʷ, ʟʘʜʘʪʯʠʢ ʠʥʪʝʥ-
ʩʠʚʥʦʩʪʠ, ʩʨʝʜʘ ʤʦʜʝʣʠʨʦʚʘʥʠʷ SimInTech, ʜʚʠʛʘʪʝʣʴ ʧʦʩʪʦ-
ʷʥʥʦʛʦ ʪʦʢʘ, ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝ. 

Keywords : position-controlled electric drive, 
cascaded control, time delay compensation, 
ramp generator, rate limiter, SimInTech simu-
lation environment, DC motor, overshoot. 

 
ʩʦʚʨʝʤʝʥʥʦʤ ʵʣʝʢʪʨʦʧʨʠʚʦʜʝ, ʦʩʦʙʝʥʥʦ ʚ ʩʠʩʪʝʤʘʭ ʯʠʩʣʦʚʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ 
(ʏʇʋ) ʠ ʨʦʙʦʪʦʪʝʭʥʠʢʝ, ʢʣʶʯʝʚʦʝ ʟʥʘʯʝʥʠʝ ʠʤʝʝʪ ʪʦʯʥʦʩʪʴ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ. ʂʣʘʩʩʠʯʝ-

ʩʢʘʷ ʩʪʨʫʢʪʫʨʘ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʧʦʣʦʞʝʥʠʷ ʦʙʳʯʥʦ ʩʪʨʦʠʪʩʷ ʧʦ ʧʨʠʥʮʠʧʫ ʧʦʜʯʠʥʝʥʥʦʛʦ ʨʝʛʫʣʠʨʦʚʘʥʠʷ. 
ɺʥʝʰʥʠʡ ʢʦʥʪʫʨ (ʢʦʥʪʫʨ ʧʦʣʦʞʝʥʠʷ) ʬʦʨʤʠʨʫʝʪ ʟʘʜʘʥʠʝ ʥʘ ʩʢʦʨʦʩʪʴ ʜʣʷ ʚʥʫʪʨʝʥʥʝʛʦ ʢʦʥʪʫʨʘ ʨʝʛʫ-
ʣʠʨʦʚʘʥʠʷ ʩʢʦʨʦʩʪʠ, ʢʦʪʦʨʳʡ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʫʧʨʘʚʣʷʝʪ ʪʦʢʦʤ (ʤʦʤʝʥʪʦʤ) ʜʚʠʛʘʪʝʣʷ. ʇʨʠʤʝʨ ʩʪʨʫʢ-
ʪʫʨʳ ʫʧʨʘʚʣʝʥʠʷ ʚ ʩʨʝʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ SimInTech ʥʘ ʙʘʟʝ ʩʠʩʪʝʤʳ ʩ ʤʦʜʝʣʴʶ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ 
ʥʘʧʨʷʞʝʥʠʷ (ʧʨʝʜʩʪʘʚʣʝʥ ʧʨʦʩʪʳʤ ʠʥʝʨʮʠʦʥʥʳʤ ʟʚʝʥʦʤ ʩ ʧʦʩʪʦʷʥʥʦʡ ʚʨʝʤʝʥʠ ʨʘʚʥʦʡ ʧʝʨʠʦʜʫ ʥʝ-
ʩʫʱʝʛʦ ʩʠʛʥʘʣʘ ʰʠʨʦʪʥʦ-ʠʤʧʫʣʴʩʥʦʡ ʤʦʜʫʣʷʮʠʠ) ʠ ʜʚʠʛʘʪʝʣʷ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʩ ʥʝʟʘʚʠʩʠʤʳʤ ʚʦʟ-
ʙʫʞʜʝʥʠʝʤ (ɼʇʊ ʅɺ) ʩ ʟʘʜʘʥʠʝʤ ʥʘ ʣʠʥʝʡʥʦʝ ʧʝʨʝʤʝʱʝʥʠʝ [1, 2] ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 1. 

ʈʝʛʫʣʷʪʦʨ ʧʦʣʦʞʝʥʠʷ (ʣʠʥʝʡʥʦʛʦ ʧʝʨʝʤʝʱʝʥʠʷ) ʥʘʩʪʨʘʠʚʘʝʪʩʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʩ ʫʯʸʪʦʤ 
ʚʩʝʭ ʦʛʨʘʥʠʯʝʥʠʡ ʚ ʩʠʩʪʝʤʝ ʜʦʩʪʠʯʴ ʪʨʝʙʫʝʤʦʛʦ ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ ʙʝʟ ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʷ ʧʦ ʟʘʜʘʥʥʦʡ 
ʢʦʦʨʜʠʥʘʪʝ ʠ ʙʝʟ ʩʪʘʪʠʯʝʩʢʦʡ ʦʰʠʙʢʠ. ʇʨʠʤʝʨ ʦʪʨʘʙʦʪʢʠ ʟʘʜʘʥʠʷ ʥʘ ʣʠʥʝʡʥʦʝ ʧʝʨʝʤʝʱʝʥʠʝ ʧʨʝʜ-
ʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 2. 

ʋʢʘʟʘʥʥʘʷ ʩʠʩʪʝʤʘ ʥʘʩʪʨʦʝʥʘ ʜʣʷ ʩʣʫʯʘʷ ʦʪʩʫʪʩʪʚʠʷ ʟʘʜʝʨʞʝʢ ʚ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʧʦ ʧʦʣʦʞʝʥʠʶ. 
ɺ ʨʝʘʣʴʥʦʩʪʠ ʞʝ ʪʘʢʠʝ ʟʘʜʝʨʞʢʠ ʚʦʟʤʦʞʥʳ ʠ ʤʦʛʫʪ ʙʳʪʴ ʩʚʷʟʘʥʳ ʩ ʦʩʦʙʝʥʥʦʩʪʷʤʠ ʧʨʠʤʝʥʷʝʤʳʭ ʜʘʪ-
ʯʠʢʦʚ, ʤʝʪʦʜʦʚ ʠʟʤʝʨʝʥʠʷ ʠ ʧʝʨʝʜʘʯʠ ʜʘʥʥʳʭ. ʅʘ ʨʠʩʫʥʢʝ 3 ʧʨʝʜʩʪʘʚʣʝʥʘ ʤʦʜʝʣʴ ʩʠʩʪʝʤʳ ʩ ʠʤʠʪʘ-
ʮʠʝʡ ʟʘʜʝʨʞʢʠ ʚ ʢʦʥʪʫʨʝ ʧʦʣʦʞʝʥʠʷ. ɼʘʥʥʘʷ ʟʘʜʝʨʞʢʘ ʨʝʘʣʠʟʦʚʘʥʘ ʟʚʝʥʦʤ ʯʠʩʪʦʛʦ ʟʘʧʘʟʜʳʚʘʥʠʷ ʩ 
ʟʘʜʝʨʞʢʦʡ ʚ 300 ʤʩ. 

ɺ 
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ʈʠʩʫʥʦʢ 1 ï ʄʦʜʝʣʴ ʪʨʸʭʢʦʥʪʫʨʥʦʡ ʩʠʩʪʝʤʳ ʧʦʜʯʠʥʝʥʥʦʛʦ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ɼʇʊ ʅɺ ʚ ʩʨʝʜʝ SimInTech 

 

 
 

ʈʠʩʫʥʦʢ 2 ï ʆʪʨʘʙʦʪʢʘ ʧʝʨʝʤʝʱʝʥʠʷ (5 ʤʝʪʨʦʚ),  

ʧʦ ʦʩʠ x ï ʚʨʝʤʷ (ʚ ʩʝʢʫʥʜʘʭ), ʧʦ ʦʩʠ y ï ʧʝʨʝʤʝʱʝʥʠʝ (ʚ ʤʝʪʨʘʭ) 

 

 
 

ʈʠʩʫʥʦʢ 3 ï ʄʦʜʝʣʴ ʩ ʫʯʸʪʦʤ ʟʘʧʘʟʜʳʚʘʥʠʷ ʚ ʢʦʥʪʫʨʝ ʧʦʣʦʞʝʥʠʷ 

 
ʏʠʩʪʦʝ ʟʘʧʘʟʜʳʚʘʥʠʝ ʚʥʦʩʠʪ ʚ ʩʠʩʪʝʤʫ ʬʘʟʦʚʳʡ ʩʜʚʠʛ, ʣʠʥʝʡʥʦ ʚʦʟʨʘʩʪʘʶʱʠʡ ʩ ʯʘʩʪʦʪʦʡ, ʯʪʦ 

ʢʨʘʡʥʝ ʢʨʠʪʠʯʥʦ ʜʣʷ ʪʦʯʥʦʩʪʠ ʠ ʫʩʪʦʡʯʠʚʦʩʪʠ ʨʘʙʦʪʳ ʢʦʥʪʫʨʘ ʫʧʨʘʚʣʝʥʠʷ [3]. ʅʘ ʨʠʩʫʥʢʝ 4 ʧʦʢʘʟʘʥʦ 
ʚʣʠʷʥʠʝ ʜʘʥʥʦʛʦ ʟʘʧʘʟʜʳʚʘʥʠʷ. ʇʨʠ ʥʘʩʪʨʦʡʢʘʭ ʨʝʛʫʣʷʪʦʨʦʚ ʘʥʘʣʦʛʠʯʥʳʭ ʩʠʩʪʝʤʝ ʥʘ ʨʠʩʫʥʢʝ 1 ʧʨʠ 
ʦʪʨʘʙʦʪʢʝ ʟʘʜʘʥʥʦʛʦ ʧʝʨʝʤʝʱʝʥʠʷ ʥʘʙʣʶʜʘʝʪʩʷ ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝ, ʯʪʦ ʥʝʜʦʧʫʩʪʠʤʦ ʚ ʩʠʩʪʝʤʘʭ ʩ 
ʢʦʥʪʫʨʦʤ ʧʦʣʦʞʝʥʠʷ. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝ ʩʦʩʪʘʚʠʣʦ 4,5 %. 

ʇʦʢʘʟʘʥʥʦʝ ʚʣʠʷʥʠʝ ʟʘʧʘʟʜʳʚʘʥʠʷ ʚ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʤʦʞʥʦ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʥʝʩʢʦʣʴʢʠʤʠ ʤʝ-
ʪʦʜʘʤʠ.  

ʇʝʨʚʳʡ ʠʟ ʥʠʭ ï ʵʪʦ ʚʚʝʜʝʥʠʝ ʠʥʝʨʮʠʦʥʥʦʩʪʠ ʚ ʢʦʥʪʫʨ ʟʘʜʘʥʠʷ ʨʝʛʫʣʠʨʫʝʤʦʡ ʢʦʦʨʜʠʥʘʪʳ. ʄʦ-
ʜʝʣʴ ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 5. 
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ʈʠʩʫʥʦʢ 4 ï ʆʪʨʘʙʦʪʢʘ ʧʝʨʝʤʝʱʝʥʠʷ (5 ʤʝʪʨʦʚ) ʩ ʙʣʦʢʦʤ ʟʘʧʘʟʜʳʚʘʥʠʷ ʚ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ,  
ʧʦ ʦʩʠ x ï ʚʨʝʤʷ (ʚ ʩʝʢʫʥʜʘʭ), ʧʦ ʦʩʠ y ï ʧʝʨʝʤʝʱʝʥʠʝ (ʚ ʤʝʪʨʘʭ) 

 

 
 

ʈʠʩʫʥʦʢ 5 ï ʄʦʜʝʣʴ ʩ ʫʯʸʪʦʤ ʠʥʝʨʮʠʦʥʥʦʩʪʠ ʚ ʢʦʥʪʫʨʝ ʟʘʜʘʥʠʷ ʧʦʣʦʞʝʥʠʷ 

 

 
 

ʈʠʩʫʥʦʢ 6 ï ʆʪʨʘʙʦʪʢʘ ʧʝʨʝʤʝʱʝʥʠʷ (5 ʤʝʪʨʦʚ) ʩ ʫʯʸʪʦʤ ʠʥʝʨʮʠʦʥʥʦʩʪʠ ʚ ʢʦʥʪʫʨʝ ʟʘʜʘʥʠʷ ʧʦʣʦʞʝʥʠʷ,  
ʧʦ ʦʩʠ x ï ʚʨʝʤʷ (ʚ ʩʝʢʫʥʜʘʭ), ʧʦ ʦʩʠ y ï ʧʝʨʝʤʝʱʝʥʠʝ (ʚ ʤʝʪʨʘʭ) 
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ɼʘʥʥʘʷ ʢʦʤʧʝʥʩʘʮʠʷ ʪʨʝʙʫʝʪ ʦʮʝʥʢʠ ʧʦʩʪʦʷʥʥʦʡ ʚʨʝʤʝʥʠ ʠʥʝʨʮʠʦʥʥʦʛʦ ʟʚʝʥʘ. ʇʨʠ ʵʪʦʤ ʩʘʤ 

ʤʝʪʦʜ ʧʨʠ ʜʦʣʞʥʦʡ ʦʮʝʥʢʝ ʦʢʘʟʘʣʩʷ ʵʬʬʝʢʪʠʚʥʳʤ ʜʣʷ ʧʦʜʘʚʣʝʥʠʷ ʢʦʣʝʙʘʥʠʡ, ʚʳʟʚʘʥʥʳʭ ʟʘʧʘʟʜʳ-

ʚʘʥʠʝʤ ʚ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ, ʦʜʥʘʢʦ ʦʢʘʟʘʣ ʚʣʠʷʥʠʝ ʥʘ ʜʠʥʘʤʠʢʫ ʠ ʪʦʯʥʦʩʪʴ ʦʪʨʘʙʦʪʢʠ ʟʘʜʘʥʠʷ. ɼʘʥʥʳʡ 

ʵʬʬʝʢʪ ʚʳʟʚʘʥ ʪʝʤ, ʯʪʦ ʠʥʝʨʮʠʦʥʥʦʝ ʟʚʝʥʦ ʚʥʦʩʠʪ ʬʘʟʦʚʳʡ ʩʜʚʠʛ, ʦʪʣʠʯʘʶʱʠʡʩʷ ʦʪ ʩʜʚʠʛʘ, ʚʥʦʩʠ-

ʤʦʛʦ ʯʠʩʪʳʤ ʟʘʧʘʟʜʳʚʘʥʠʝʤ ʥʘ ʩʨʝʜʥʠʭ ʯʘʩʪʦʪʘʭ. ʅʘ ʨʠʩʫʥʢʝ 6 ʧʨʝʜʩʪʘʚʣʝʥ ʨʝʟʫʣʴʪʘʪ ʩ ʧʦʩʪʦʷʥʥʦʡ 

ʚʨʝʤʝʥʠ ʠʥʝʨʮʠʦʥʥʦʛʦ ʟʚʝʥʘ ʨʘʚʥʦʡ 480 ʤʩ. 

ɺʪʦʨʦʡ ʤʝʪʦʜ ï ʟʘʜʘʥʠʝ ʨʝʛʫʣʠʨʫʝʤʦʡ ʢʦʦʨʜʠʥʘʪʳ ʣʠʥʝʡʥʦʡ ʬʫʥʢʮʠʝʡ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʟʘʜʘʪ-

ʯʠʢʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ. ʄʦʜʝʣʴ ʩʠʩʪʝʤʳ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 7. 

 
 

ʈʠʩʫʥʦʢ 7 ï ʄʦʜʝʣʴ ʩ ʟʘʜʘʪʯʠʢʦʤ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʢʦʥʪʫʨʝ ʟʘʜʘʥʠʷ ʧʦʣʦʞʝʥʠʷ 

 

ɹʳʣʠ ʧʦʜʦʙʨʘʥʳ ʢʦʵʬʬʠʮʠʝʥʪʳ ʟʘʜʘʪʯʠʢʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʧʨʠ ʟʘʜʘʥʥʦʤ ʪʝʤʧʝ ʠʟʤʝ-

ʥʝʥʠʷ ʨʝʛʫʣʠʨʫʝʤʦʡ ʢʦʦʨʜʠʥʘʪʳ ʧʦʟʚʦʣʠʣʠ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʢʦʣʝʙʘʪʝʣʴʥʦʩʪʴ ʚ ʩʠʩʪʝʤʝ ʠ ʧʝʨʝʨʝʛʫ-

ʣʠʨʦʚʘʥʠʝ. ʈʝʟʫʣʴʪʘʪ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩʫʥʢʝ 8. 

 

 
 

ʈʠʩʫʥʦʢ 8 ï ʆʪʨʘʙʦʪʢʘ ʧʝʨʝʤʝʱʝʥʠʷ (5 ʤʝʪʨʦʚ) ʩ ʫʯʸʪʦʤ ʟʘʜʘʪʯʠʢʘ ʠʥʪʝʥʩʠʚʥʦʩʪʠ ʚ ʢʦʥʪʫʨʝ ʟʘʜʘʥʠʷ 

ʧʦʣʦʞʝʥʠʷ, ʧʦ ʦʩʠ x ï ʚʨʝʤʷ (ʚ ʩʝʢʫʥʜʘʭ), ʧʦ ʦʩʠ y ï ʧʝʨʝʤʝʱʝʥʠʝ (ʚ ʤʝʪʨʘʭ) 

 

ʄʝʪʦʜ ʣʝʛʢʦ ʨʝʘʣʠʟʫʝʤ ʢʘʢ ʜʣʷ ʘʥʘʣʦʛʦʚʳʭ, ʪʘʢ ʠ ʜʣʷ ʮʠʬʨʦʚʳʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ. ʇʨʠ ʵʪʦʤ 

ʜʠʥʘʤʠʢʘ ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʙʫʜʝʪ ʦʧʨʝʜʝʣʷʪʩʷ ʚ ʪʦʤ ʯʠʩʣʝ ʪʝʤʧʦʤ ʠʟʤʝʥʝʥʠʷ ʟʘʜʘʥʠʷ ʥʘ ʨʝʛʫʣʠʨʫʝ-

ʤʫʶ ʢʦʦʨʜʠʥʘʪʫ. 

ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʦʚʝʜʝʥʥʳʝ ʥʘ ʤʦʜʝʣʷʭ ʚ ʩʨʝʜʝ SimInTech ʵʢʩʧʝʨʠʤʝʥʪʳ ʧʦʜʪʚʝʨʜʠʣʠ ʚʦʟʤʦʞ-

ʥʦʩʪʴ ʵʬʬʝʢʪʠʚʥʦʡ ʢʦʤʧʝʥʩʘʮʠʠ ʥʝʛʘʪʠʚʥʦʛʦ ʚʣʠʷʥʠʷ ʜʠʥʘʤʠʯʝʩʢʠʭ ʠʩʢʘʞʝʥʠʡ ʚ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʧʦ-

ʟʠʮʠʦʥʥʦʛʦ ʧʨʠʚʦʜʘ ʧʫʪʝʤ ʚʚʝʜʝʥʠʷ ʢʦʨʨʝʢʪʠʨʫʶʱʠʭ ʟʚʝʥʴʝʚ ʥʘ ʚʭʦʜʝ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ.  



ɹʋʃɸʊʆɺʉʂʀɽ ʏʊɽʅʀʗ ʉɹʆʈʅʀʂ ʉʊɸʊɽʁ ï 2026. ʊʦʤ 4 
 

 

89 

 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ: 

1.  ʂʘʣʘʯʝʚ ʖ.ʅ. ʉʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ / ʖ.ʅ. ʂʘʣʘʯʝʚ,                                      
ɻ.ɹ. ʆʥʠʱʝʥʢʦ. ï ʄ. : ɼʄʂ ʇʨʝʩʩ, 2022. ï 154 ʩ. 

2.  ɸʥʫʯʠʥ ɸ.ʉ. ʉʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʵʣʝʢʪʨʦʧʨʠʚʦʜʦʚ. ï ʄ. : ʀʟʜʘʪʝʣʴʩʢʠʡ ʜʦʤ ʄʕʀ, 2015. ï 
373 ʩ.  

3.  ʋʩʳʥʠʥ ʖ.ʉ. ʊʝʦʨʠʷ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʫʧʨʘʚʣʝʥʠʷ : ʫʯʝʙ. ʧʦʩʦʙʠʝ ʜʣʷ ʚʫʟʦʚ. ï ʏʝʣʷʙʠʥʩʢ : 
ʀʟʜʘʪʝʣʴʩʢʠʡ ʮʝʥʪʨ ʖʋʨɻʋ, 2010. ï 176 ʩ. 

 
List of references:  

1.  Kalachev Y.N. Electric Drive Control and Modeling Systems / Y.N. Kalachev, G.B. Onishchenko. ï                                    
M. : DMK Press, 2022. ï 154 p. 

2.  Anuchin A.S. Electric Drive Control Systems. ï M. : MPEI Publishing House, 2015. ï 373 p. 
3.  Usynin Yu.S. Automatic Control Theory : textbook for universities. ï Chelyabinsk : South Ural 

State University Publishing Center, 2010. ï 176 p. 
  



ɹʋʃɸʊʆɺʉʂʀɽ ʏʊɽʅʀʗ ʉɹʆʈʅʀʂ ʉʊɸʊɽʁ ï 2026. ʊʦʤ 4 
 

 

90 

 

ʋɼʂ 621.316.72 
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QUATERNION ALGEBRA A PPLICATION FOR LINE VOLTAGE SYMMETRIZATI ON  
OF CASCADED MULTILEV EL INVERTER IN EMERGENCY OPERATING MODES 

 
ʉʠʜʦʨʦʚ ɻʝʦʨʛʠʡ ʉʝʨʛʝʝʚʠʯ 
ʘʩʧʠʨʘʥʪ ʢʘʬʝʜʨʳ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʤʘʰʠʥ,  
ʅʦʚʦʩʠʙʠʨʩʢʠʡ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʡ ʪʝʭʥʠʯʝʩʢʠʡ ʫʥʠʚʝʨʩʠʪʝʪ; 
ʤʣʘʜʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ  
ʎʝʥʪʨʘ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʝʚʦʩʭʦʜʩʪʚʘ 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʩʪʘʪʴʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʟʘʜʘʯʘ ʦʙʝʩʧʝʯʝʥʠʷ 
ʦʪʢʘʟʦʫʩʪʦʡʯʠʚʦʩʪʠ ʚʳʩʦʢʦʚʦʣʴʪʥʦʛʦ ʯʘʩʪʦʪʥʦ-ʨʝʛʫʣʠʨʫʝʤʦʛʦ 
ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ ʥʘ ʙʘʟʝ ʢʘʩʢʘʜʥʦʛʦ ʚʢʣʶʯʝʥʠʷ H-ʤʦʩʪʦʚ. ʆʪ-
ʢʘʟ ʩʠʣʦʚʳʭ ʷʯʝʝʢ ʧʨʠʚʦʜʠʪ ʢ ʘʩʠʤʤʝʪʨʠʠ ʚʳʭʦʜʥʳʭ ʥʘʧʨʷʞʝ-
ʥʠʡ, ʯʪʦ ʢʨʠʪʠʯʥʦ ʜʣʷ ʥʝʧʨʝʨʳʚʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʨʦʮʝʩ-
ʩʦʚ ʥʝʬʪʝʛʘʟʦʚʦʛʦ ʩʝʢʪʦʨʘ. ɺ ʢʘʯʝʩʪʚʝ ʵʬʬʝʢʪʠʚʥʦʛʦ ʨʝʰʝʥʠʷ 
ʧʦʚʳʰʝʥʠʷ ʦʪʢʘʟʦʫʩʪʦʡʯʠʚʦʩʪʠ ʠʩʧʦʣʴʟʫʝʪʩʷ ʘʣʛʦʨʠʪʤ ʫʧʨʘʚ-
ʣʷʝʤʦʛʦ ʩʤʝʱʝʥʠʷ ʥʝʡʪʨʘʣʴʥʦʡ ʪʦʯʢʠ, ʧʦʟʚʦʣʷʶʱʠʡ ʩʦʭʨʘ-
ʥʠʪʴ ʩʠʤʤʝʪʨʠʶ ʣʠʥʝʡʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʧʨʠ ʨʘʟʣʠʯʥʦʤ ʢʦʣʠʯʝ-
ʩʪʚʝ ʘʢʪʠʚʥʳʭ ʷʯʝʝʢ ʚ ʬʘʟʘʭ. ɺ ʨʘʙʦʪʝ ʧʨʝʜʩʪʘʚʣʝʥ ʚʳʚʦʜ 
ʦʙʨʘʪʥʦʡ ʤʘʪʨʠʮʳ ʢʦʦʨʜʠʥʘʪʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ, ʘʜʘʧʪʠʨʦ-
ʚʘʥʥʦʡ ʜʣʷ ʧʨʦʠʟʚʦʣʴʥʳʭ ʢʦʤʙʠʥʘʮʠʡ ʥʝʠʩʧʨʘʚʥʳʭ ʤʦʜʫʣʝʡ. 
ʅʦʚʠʟʥʘ ʧʦʜʭʦʜʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʧʧʘʨʘʪʘ ʢʚʘ-
ʪʝʨʥʠʦʥʦʚ ʜʣʷ ʦʧʠʩʘʥʠʷ ʢʦʦʨʜʠʥʘʪʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʚ ʛʠ-
ʧʝʨʢʦʤʧʣʝʢʩʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ, ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʢʦʤʧʘʢʪʥʫʶ 
ʘʥʘʣʠʪʠʯʝʩʢʫʶ ʬʦʨʤʫ ʠ ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ. ʇʨʝʜ-
ʩʪʘʚʣʝʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʥʘ ʧʨʷʤʫʶ ʨʝʘʣʠʟʘ-
ʮʠʶ ʚ ʩʠʩʪʝʤʘʭ ʫʧʨʘʚʣʝʥʠʷ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ ʚʳʩʦʢʦʚʦʣʪɹ-
ʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʯʘʩʪʦʪʳ. 

Annotation.  This paper addresses the prob-
lem of ensuring fault tolerance in high-voltage 
variable-frequency electric drives based on 
cascaded H-bridge multilevel inverters. The 
failure of power cells leads to asymmetry in 
the output voltages, which is critical for con-
tinuous technological processes in the oil and 
gas sector. As an effective solution for im-
proving fault tolerance, the controlled neutral 
shift algorithm is employed, allowing the 
preservation of line voltage symmetry despite 
an unequal number of active cells in the 
phases. The paper presents the derivation of 
an inverse coordinate transformation matrix, 
adapted for arbitrary combinations of faulty 
modules. The novelty of the approach lies in 
the use of quaternion algebra to describe 
coordinate transformations in hypercomplex 
space, which provides a compact analytical 
form and computational stability. The pre-
sented results are intended for direct real-
time implementation in control systems of 
high-voltage frequency converters. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʤʥʦʛʦʫʨʦʚʥʝʚʳʡ ʢʘʩʢʘʜʥʳʡ ʠʥʚʝʨʪʦʨ, ʚʳ-
ʩʦʢʦʚʦʣʴʪʥʳʡ ʵʣʝʢʪʨʦʧʨʠʚʦʜ, ʦʪʢʘʟʦʫʩʪʦʡʯʠʚʦʩʪʴ, ʩʠʤʤʝʪʨʠ-
ʨʦʚʘʥʠʝ ʣʠʥʝʡʥʳʭ ʥʘʧʨʷʞʝʥʠʡ, ʫʧʨʘʚʣʷʝʤʦʝ ʩʤʝʱʝʥʠʝ 
ʥʝʡʪʨʘʣʠ, ʘʚʘʨʠʡʥʳʡ ʨʝʞʠʤ ʨʘʙʦʪʳ, ʛʠʧʝʨʢʦʤʧʣʝʢʩʥʦʝ ʧʨʦ-
ʩʪʨʘʥʩʪʚʦ, ʘʣʛʝʙʨʘ ʢʚʘʪʝʨʥʠʦʥʦʚ, ʤʝʪʦʜ ɻʨʘʤʘ-ʐʤʠʜʪʘ, ʤʘʪ-
ʨʠʮʘ ʢʦʦʨʜʠʥʘʪʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ. 

Keywords : multilevel cascaded inverter, 
medium-voltage drive, fault tolerance, line 
voltage symmetrization, controlled neutral 
shift, emergency mode, hypercomplex space, 
quaternion algebra, Gram-Schmidt process, 
coordinate transformation matrix. 

 
ʚʝʜʝʥʠʝ. ɺ ʩʦʚʨʝʤʝʥʥʦʡ ʠʥʜʫʩʪʨʠʘʣʴʥʦʡ ʧʘʨʘʜʠʛʤʝ ʵʣʝʢʪʨʦʧʨʠʚʦʜ ʙʦʣʴʰʦʡ ʤʦʱʥʦʩʪʠ 
ʚʳʩʪʫʧʘʝʪ ʬʫʥʜʘʤʝʥʪʦʤ ʵʥʝʨʛʦʵʬʬʝʢʪʠʚʥʦʩʪʠ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʦʠʟʚʦʜ-

ʩʪʚʘ. ʕʚʦʣʶʮʠʷ ʩʠʣʦʚʦʡ ʵʣʝʢʪʨʦʥʠʢʠ ʠ ʤʠʢʨʦʧʨʦʮʝʩʩʦʨʥʳʭ ʩʠʩʪʝʤ ʘʚʪʦʤʘʪʠʟʘʮʠʠ ʦʙʝʩʧʝʯʠʣʘ ʢʘʯʝ-
ʩʪʚʝʥʥʳʡ ʧʝʨʝʭʦʜ ʦʪ ʧʨʦʩʪʝʡʰʠʭ ʥʝʨʝʛʫʣʠʨʫʝʤʳʭ ʩʭʝʤ ʧʫʩʢʘ ʢ ʩʣʦʞʥʳʤ ʩʠʩʪʝʤʘʤ ʥʘ ʙʘʟʝ ʯʘʩʪʦʪʥʦ-
ʨʝʛʫʣʠʨʫʝʤʦʛʦ ʧʨʠʚʦʜʘ (ʏʈʇ), ʨʘʙʦʪʘʶʱʠʤ ʩ ʘʩʠʥʭʨʦʥʥʳʤʠ ʠ ʩʠʥʭʨʦʥʥʳʤʠ ʜʚʠʛʘʪʝʣʷʤʠ [1, 2]. ʇʨʠ-
ʤʝʥʝʥʠʝ ʘʣʛʦʨʠʪʤʦʚ ʚʝʢʪʦʨʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʧʨʝʮʠʟʠʦʥʥʦ ʨʝʛʫʣʠʨʦʚʘʪʴ ʤʦʤʝʥʪ ʠ ʧʦʪʦʢ 
ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʤʘʰʠʥʳ, ʦʙʝʩʧʝʯʠʚʘʷ ʚʳʩʦʢʠʝ ʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʦʧʪʠʤʠʟʘʮʠʶ ʵʥʝʨʛʦ-
ʧʦʪʨʝʙʣʝʥʠʷ ʚ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ ʥʘʛʨʫʟʢʠ [3, 4]. 

ʇʝʨʝʭʦʜ ʢ ʢʣʘʩʩʘʤ ʥʘʧʨʷʞʝʥʠʷ 6 (10) ʢɺ ʠ ʚʳʰʝ ʦʙʫʩʣʦʚʣʝʥ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʧʠʪʘʥʠʷ ʦʙʦʨʫ-
ʜʦʚʘʥʠʷ ʤʝʛʘʚʘʪʪʥʦʛʦ ʢʣʘʩʩʘ, ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʤʦʛʦ ʜʣʷ ʧʨʠʚʦʜʘ ʤʘʛʠʩʪʨʘʣʴʥʳʭ ʥʘʩʦʩʦʚ ʠ ʢʦʤʧʨʝʩ-
ʩʦʨʥʳʭ ʘʛʨʝʛʘʪʦʚ [5]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʚʳʩʦʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʟʠʪʴ ʨʘʙʦʯʠʝ 
ʪʦʢʠ, ʯʪʦ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʦ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʩʝʯʝʥʠʷ ʢʘʙʝʣʴʥʳʭ ʣʠʥʠʡ ʠ ʤʠʥʠʤʠʟʘʮʠʠ ʧʦʪʝʨʴ ʤʦʱʥʦ-
ʩʪʠ ʥʘ ʧʝʨʝʜʘʯʫ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ. ʈʝʘʣʠʟʘʮʠʷ ʪʘʢʠʭ ʩʠʩʪʝʤ ʩʪʘʣʘ ʚʦʟʤʦʞʥʦʡ ʙʣʘʛʦʜʘʨʷ ʚʥʝʜʨʝʥʠʶ 
ʤʥʦʛʦʫʨʦʚʥʝʚʳʭ ʪʦʧʦʣʦʛʠʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʯʘʩʪʦʪʳ (NPC, CHB, MMC), ʢʦʪʦʨʳʝ ʧʦʟʚʦʣʷʶʪ ʬʦʨʤʠ-
ʨʦʚʘʪʴ ʚʳʩʦʢʦʚʦʣʴʪʥʦʝ ʚʳʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʧʫʪʝʤ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʩʦʝʜʠʥʝʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠ-
ʢʦʚʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʩ ʤʝʥʴʰʠʤ ʥʦʤʠʥʘʣʴʥʳʤ ʥʘʧʨʷʞʝʥʠʝʤ, ʦʜʥʦʚʨʝʤʝʥʥʦ ʫʣʫʯʰʘʷ ʩʧʝʢʪʨʘʣʴʥʳʡ 
ʩʦʩʪʘʚ ʚʳʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ [6ï10].  
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ʉʧʝʮʠʬʠʢʘ ʥʝʬʪʝʛʘʟʦʚʦʛʦ ʩʝʢʪʦʨʘ ʥʘʢʣʘʜʳʚʘʝʪ ʞʝʩʪʢʠʝ ʪʨʝʙʦʚʘʥʠʷ ʢ ʥʘʜʝʞʥʦʩʪʠ ʠ ʠʩʧʦʣʥʝ-

ʥʠʶ ʚʳʩʦʢʦʚʦʣʴʪʥʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ. ɺ ʫʩʣʦʚʠʷʭ ʜʦʙʳʯʠ ʠ ʧʝʨʝʨʘʙʦʪʢʠ ʧʝʨʚʦʦʯʝʨʝʜʥʦʝ ʟʥʘʯʝʥʠʝ 

ʠʤʝʝʪ ʚʟʨʳʚʦʙʝʟʦʧʘʩʥʦʩʪʴ: ʧʨʠʚʦʜʥʦʝ ʦʙʦʨʫʜʦʚʘʥʠʝ ʥʘʩʦʩʥʳʭ ʠ ʢʦʤʧʨʝʩʩʦʨʥʳʭ ʩʪʘʥʮʠʡ ʜʦʣʞʥʦ ʩʦ-

ʦʪʚʝʪʩʪʚʦʚʘʪʴ ʪʨʝʙʦʚʘʥʠʷʤ Ex-ʟʘʱʠʪʳ, ʯʪʦ ʯʘʩʪʦ ʨʝʘʣʠʟʫʝʪʩʷ ʯʝʨʝʟ ʨʘʟʤʝʱʝʥʠʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ 

ʚ ʩʧʝʮʠʘʣʴʥʳʭ ʛʝʨʤʝʪʠʟʠʨʦʚʘʥʥʳʭ ʧʦʤʝʱʝʥʠʷʭ ʩ ʠʟʙʳʪʦʯʥʳʤ ʜʘʚʣʝʥʠʝʤ ʜʣʷ ʠʩʢʣʶʯʝʥʠʷ ʧʦʧʘʜʘʥʠʷ 

ʚʟʨʳʚʦʦʧʘʩʥʳʭ ʩʤʝʩʝʡ. ʆʩʦʙʦʝ ʚʥʠʤʘʥʠʝ ʫʜʝʣʷʝʪʩʷ ʥʝʧʨʝʨʳʚʥʦʩʪʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʧʨʦʮʝʩʩʘ: ʜʣʷ 

ʦʪʚʝʪʩʪʚʝʥʥʳʭ ʤʝʭʘʥʠʟʤʦʚ, ʪʘʢʠʭ ʢʘʢ ʤʘʛʠʩʪʨʘʣʴʥʳʝ ʥʝʬʪʝʥʘʩʦʩʳ, ʚʥʝʜʨʷʶʪʩʷ ʬʫʥʢʮʠʠ ʰʫʥʪʠʨʦʚʘ-

ʥʠʷ ʩʠʣʦʚʳʭ ʷʯʝʝʢ, ʧʦʟʚʦʣʷʶʱʠʝ ʧʨʦʜʦʣʞʘʪʴ ʨʘʙʦʪʫ ʧʨʠ ʯʘʩʪʠʯʥʦʤ ʦʪʢʘʟʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. ʂʨʦʤʝ 

ʪʦʛʦ, ʏʈʇ ʨʝʰʘʶʪ ʧʨʦʙʣʝʤʫ ʪʷʞʝʣʦʛʦ ʧʫʩʢʘ ʮʝʥʪʨʦʙʝʞʥʳʭ ʘʛʨʝʛʘʪʦʚ ʧʦʜ ʜʘʚʣʝʥʠʝʤ, ʩʥʠʞʘʷ ʧʫʩʢʦ-

ʚʳʝ ʪʦʢʠ ʠ ʜʠʥʘʤʠʯʝʩʢʠʝ ʥʘʛʨʫʟʢʠ ʥʘ ʚʘʣ, ʯʪʦ ʢʨʠʪʠʯʥʦ ʜʣʷ ʩʠʩʪʝʤ ʩ ʙʦʣʴʰʠʤ ʤʦʤʝʥʪʦʤ ʠʥʝʨʮʠʠ. 

ʉʦʚʨʝʤʝʥʥʳʝ ʨʝʰʝʥʠʷ ʪʨʝʙʫʶʪ ʛʣʫʙʦʢʦʡ ʠʥʪʝʛʨʘʮʠʠ ʚ ɸʉʋ ʊʇ (SCADA) ʜʣʷ ʤʦʥʠʪʦʨʠʥʛʘ ʚ ʨʝʘʣʴʥʦʤ 

ʚʨʝʤʝʥʠ ʪʝʤʧʝʨʘʪʫʨʳ ʦʙʤʦʪʦʢ, ʚʠʙʨʘʮʠʠ ʠ ʧʘʨʘʤʝʪʨʦʚ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʩʦʚʤʝʩʪʠʤʦʩʪʠ. 

ʊʝʢʫʱʠʝ ʪʝʥʜʝʥʮʠʠ ʚ ʦʙʣʘʩʪʠ ʚʳʩʦʢʦʚʦʣʴʪʥʦʛʦ ʧʨʠʚʦʜʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʜʦʤʠʥʠʨʦʚʘʥʠʝʤ 

ʤʥʦʛʦʫʨʦʚʥʝʚʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʯʘʩʪʦʪʳ ʠ ʩʠʩʪʝʤ LCI (Load Commutated Inverters) ʜʣʷ ʩʚʝʨʭʤʦʱ-

ʥʳʭ ʩʠʥʭʨʦʥʥʳʭ ʤʘʰʠʥ [12]. ɸʢʪʠʚʥʦ ʚʥʝʜʨʷʶʪʩʷ ʙʝʟʨʝʜʫʢʪʦʨʥʳʝ (ʧʨʷʤʳʝ) ʧʨʠʚʦʜʳ ʠ ʨʝʢʫʧʝʨʘʪʠʚ-

ʥʳʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʚʦʟʚʨʘʪ ʵʥʝʨʛʠʠ ʚ ʩʝʪʴ ʚ ʪʦʨʤʦʟʥʳʭ ʨʝʞʠʤʘʭ, ʯʪʦ ʚ ʩʦʚʦʢʫʧ-

ʥʦʩʪʠ ʩ ʤʠʥʠʤʠʟʘʮʠʝʡ ʛʘʨʤʦʥʠʯʝʩʢʠʭ ʠʩʢʘʞʝʥʠʡ ʪʦʢʘ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ ʩʥʠʟʠʪʴ ʠʟʥʦʩ ʤʝʭʘʥʠ-

ʯʝʩʢʠʭ ʫʟʣʦʚ ʠ ʧʦʚʳʩʠʪʴ ʢʘʯʝʩʪʚʦ ʵʣʝʢʪʨʦʵʥʝʨʛʠʠ ʚ ʧʨʦʤʳʰʣʝʥʥʳʭ ʩʝʪʷʭ. 

ɺ ʩʦʚʨʝʤʝʥʥʦʡ ʠʥʞʝʥʝʨʥʦʡ ʧʨʘʢʪʠʢʝ ʚʳʜʝʣʷʶʪ ʥʝʩʢʦʣʴʢʦ ʢʣʶʯʝʚʳʭ ʩʪʨʘʪʝʛʠʡ ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ, 

ʨʘʟʣʠʯʘʶʱʠʭʩʷ ʧʦ ʩʣʦʞʥʦʩʪʠ ʘʧʧʘʨʘʪʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʠ ʘʣʛʦʨʠʪʤʠʯʝʩʢʦʡ ʥʘʛʨʫʟʢʝ ʥʘ ʩʠʩʪʝʤʫ ʫʧʨʘʚ-

ʣʝʥʠʷ. 

ʇʝʨʚʘʷ ʛʨʫʧʧʘ ʤʝʪʦʜʦʚ ʦʩʥʦʚʘʥʘ ʥʘ ʚʚʝʜʝʥʠʠ ʩʪʨʫʢʪʫʨʥʦʡ ʠʟʙʳʪʦʯʥʦʩʪʠ. ʊʨʘʜʠʮʠʦʥʥʳʤ ʧʦʜ-

ʭʦʜʦʤ ʷʚʣʷʝʪʩʷ ʦʧʝʨʘʪʠʚʥʦʝ ʟʘʤʝʱʝʥʠʝ ʜʝʬʝʢʪʥʦʛʦ ʩʠʣʦʚʦʛʦ ʤʦʜʫʣʷ ʨʝʟʝʨʚʥʳʤ ʵʣʝʤʝʥʪʦʤ, ʥʘʭʦ-

ʜʷʱʠʤʩʷ ʚ ʩʦʩʪʦʷʥʠʠ çʛʦʨʷʯʝʛʦè ʦʞʠʜʘʥʠʷ. ʕʪʦ ʜʦʩʪʠʛʘʝʪʩʷ ʚʢʣʶʯʝʥʠʝʤ ʚ ʢʘʞʜʦʝ ʧʣʝʯʦ ʠʥʚʝʨʪʦʨʘ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʷʯʝʝʢ ʩʚʝʨʭ ʤʠʥʠʤʘʣʴʥʦ ʥʝʦʙʭʦʜʠʤʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʥʦʤʠʥʘʣʴʥʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ [13]. ɸʣʴʪʝʨʥʘʪʠʚʦʡ ʷʚʣʷʝʪʩʷ ʨʝʘʣʠʟʘʮʠʷ ʥʘʛʨʫʟʦʯʥʦʛʦ ʨʝʟʝʨʚʠʨʦʚʘʥʠʷ [14], ʧʨʠ ʢʦʪʦʨʦʤ 

ʩʠʩʪʝʤʘ ʠʩʧʦʣʴʟʫʝʪ ʚʝʥʪʠʣʴʥʳʡ ʟʘʧʘʩ ʠ ʬʦʨʩʠʨʦʚʘʥʠʝ ʧʦ ʥʘʧʨʷʞʝʥʠʶ ʦʩʪʘʚʰʠʭʩʷ ʚ ʨʘʙʦʪʝ ʤʦʜʫ-

ʣʝʡ. ʆʜʥʘʢʦ ʜʘʥʥʳʡ ʤʝʪʦʜ ʥʘʢʣʘʜʳʚʘʝʪ ʞʝʩʪʢʠʝ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʧʨʦʝʢʪʠʨʦʚʘʥʠʝ: ʦʥ ʪʨʝʙʫʝʪ ʩʫʱʝ-

ʩʪʚʝʥʥʦʛʦ ʟʘʚʳʰʝʥʠʷ ʫʩʪʘʥʦʚʣʝʥʥʦʡ ʤʦʱʥʦʩʪʠ ʧʠʪʘʶʱʝʛʦ ʤʥʦʛʦʦʙʤʦʪʦʯʥʦʛʦ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ ʠ ʠʩ-

ʧʦʣʴʟʦʚʘʥʠʷ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʢʣʶʯʝʡ ʩ ʙʦʣʝʝ ʚʳʩʦʢʠʤ ʢʣʘʩʩʦʤ ʧʦ ʥʘʧʨʷʞʝʥʠʶ ʠ ʪʦʢʫ. 

ɺʪʦʨʘʷ ʛʨʫʧʧʘ ʤʝʪʦʜʦʚ ʦʧʠʨʘʝʪʩʷ ʥʘ ʧʨʦʛʨʘʤʤʥʫʶ ʨʝʢʦʥʬʠʛʫʨʘʮʠʶ ʠ ʘʣʛʦʨʠʪʤʳ ʫʧʨʘʚʣʝʥʠʷ. 

ʇʨʦʩʪʝʡʰʠʤ ʨʝʰʝʥʠʝʤ ʜʣʷ ʩʦʭʨʘʥʝʥʠʷ ʩʠʤʤʝʪʨʠʠ ʩʠʩʪʝʤʳ ʧʨʠ ʦʪʩʫʪʩʪʚʠʠ ʠʟʙʳʪʦʯʥʳʭ ʷʯʝʝʢ ʷʚʣʷ-

ʝʪʩʷ ʧʨʠʥʫʜʠʪʝʣʴʥʳʡ ʚʳʚʦʜ ʠʟ ʨʘʙʦʪʳ ʦʜʠʥʘʢʦʚʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʠʩʧʨʘʚʥʳʭ ʤʦʜʫʣʝʡ ʚ ʢʘʞʜʦʡ ʬʘʟʝ 

[15]. ʅʝʩʤʦʪʨʷ ʥʘ ʧʨʦʩʪʦʪʫ ʨʝʘʣʠʟʘʮʠʠ ʠ ʩʦʭʨʘʥʝʥʠʝ ʬʘʟʦʚʦʛʦ ʩʜʚʠʛʘ ʚ 120Á, ʵʪʦʪ ʧʦʜʭʦʜ ʚʝʜʝʪ ʢ 

ʨʝʟʢʦʤʫ ʩʥʠʞʝʥʠʶ ʘʤʧʣʠʪʫʜʳ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠ ʥʝʵʬʬʝʢʪʠʚʥʦʤʫ ʠʩʧʦʣʴʟʦʚʘʥʠʶ ʨʝʩʫʨʩʦʚ 

ʫʩʪʘʥʦʚʢʠ. ɹʦʣʝʝ ʩʦʚʝʨʰʝʥʥʳʤ ʠ ʵʢʦʥʦʤʠʯʝʩʢʠ ʮʝʣʝʩʦʦʙʨʘʟʥʳʤ ʨʝʰʝʥʠʝʤ ʧʨʠʟʥʘʥ ʤʝʪʦʜ ʰʫʥʪʠʨʦ-

ʚʘʥʠʷ ʦʪʢʘʟʘʚʰʝʛʦ ʤʦʜʫʣʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʘʣʛʦʨʠʪʤʘ ʫʧʨʘʚʣʷʝʤʦʛʦ ʩʤʝʱʝʥʠʷ ʥʝʡʪʨʘʣʠ (Neutral Shift) 

ʠʣʠ ʩʠʤʤʝʪʨʠʨʦʚʘʥʠʷ ʣʠʥʝʡʥʳʭ ʥʘʧʨʷʞʝʥʠʡ. ɼʘʥʥʳʡ ʧʦʜʭʦʜ ʠʩʧʦʣʴʟʫʝʪ ʪʦʪ ʬʘʢʪ, ʯʪʦ ʪʦʯʢʘ ʟʚʝʟʜʳ 

ʠʥʚʝʨʪʦʨʘ ʷʚʣʷʝʪʩʷ ʧʣʘʚʘʶʱʝʡ; ʚʘʨʴʠʨʫʷ ʝʸ ʧʦʪʝʥʮʠʘʣ ʠ ʢʦʨʨʝʢʪʠʨʫʷ ʫʛʣʳ ʬʘʟʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʫʜʘ-

ʝʪʩʷ ʩʬʦʨʤʠʨʦʚʘʪʴ ʩʠʤʤʝʪʨʠʯʥʫʶ ʩʠʩʪʝʤʫ ʣʠʥʝʡʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʜʘʞʝ ʧʨʠ ʨʘʟʥʦʤ ʢʦʣʠʯʝʩʪʚʝ ʘʢ-

ʪʠʚʥʳʭ ʷʯʝʝʢ ʚ ʬʘʟʘʭ.  

ʅʘʠʙʦʣʝʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠ ʩʣʦʞʥʳʝ ʩʠʩʪʝʤʳ ʧʨʝʜʧʦʣʘʛʘʶʪ ʧʦʣʥʫʶ ʨʝʢʦʥʬʠʛʫʨʘʮʠʶ ʪʦʧʦʣʦʛʠʠ 

ʩʠʣʦʚʦʛʦ ʪʨʘʢʪʘ ʠ ʩʦʧʫʪʩʪʚʫʶʱʫʶ ʢʦʨʨʝʢʮʠʶ ʛʣʦʙʘʣʴʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʰʠʨʦʪʥʦ-ʠʤʧʫʣʴʩʥʦʡ ʤʦʜʫʣʷʮʠʠ 

(ʐʀʄ) [3, 11]. ɺ ʯʘʩʪʥʦʩʪʠ, ʜʣʷ ʪʨʝʭʫʨʦʚʥʝʚʳʭ ʠʥʚʝʨʪʦʨʦʚ NPC ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʷʚʣʷ-

ʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʯʝʪʚʝʨʪʦʡ çʨʝʟʝʨʚʥʦʡè ʩʪʦʡʢʠ, ʢʦʪʦʨʘʷ ʯʝʨʝʟ ʩʠʩʪʝʤʫ ʪʠʨʠʩʪʦʨʥʳʭ ʢʣʶʯʝʡ ʠ 

ʧʨʝʜʦʭʨʘʥʠʪʝʣʝʡ ʧʦʜʢʣʶʯʘʝʪʩʷ ʚʟʘʤʝʥ ʧʦʚʨʝʞʜʝʥʥʦʛʦ ʧʣʝʯʘ, ʦʙʝʩʧʝʯʠʚʘʷ ʧʨʦʜʦʣʞʝʥʠʝ ʨʘʙʦʪʳ ʥʘ 

100 % ʤʦʱʥʦʩʪʠ [11].  

ʈʝʘʣʠʟʘʮʠʷ ʚʳʰʝʧʝʨʝʯʠʩʣʝʥʥʳʭ ʩʪʨʘʪʝʛʠʡ ʪʨʝʙʫʝʪ ʠʥʪʝʛʨʘʮʠʠ ʚ ʩʠʩʪʝʤʫ ʫʧʨʘʚʣʝʥʠʷ (ɸʉʋ ʊʇ) 

ʧʨʦʜʚʠʥʫʪʳʭ ʬʫʥʢʮʠʡ ʜʠʘʛʥʦʩʪʠʢʠ ʠ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʭ ʤʘʪʨʠʮ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʢʦʦʨʜʠʥʘʪ (ʥʘʧʨʠ-

ʤʝʨ, ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʤʘʪʨʠʮʳ ʕ. ʂʣʘʨʢ [2, 10]) ʜʣʷ ʢʦʤʧʝʥʩʘʮʠʠ ʚʦʟʥʠʢʘʶʱʠʭ ʠʩʢʘʞʝʥʠʡ ʠ 

ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʧʝʨʝʥʘʧʨʷʞʝʥʠʷ ʚ ʟʚʝʥʝ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ. ʕʪʦ ʛʘʨʘʥʪʠʨʫʝʪ ʥʝʧʨʝʨʳʚʥʦʩʪʴ ʪʝʭʥʦʣʦ-

ʛʠʯʝʩʢʦʛʦ ʮʠʢʣʘ, ʯʪʦ ʷʚʣʷʝʪʩʷ ʧʨʠʦʨʠʪʝʪʦʤ ʜʣʷ ʤʘʛʠʩʪʨʘʣʴʥʳʭ ʥʘʩʦʩʥʳʭ ʠ ʢʦʤʧʨʝʩʩʦʨʥʳʭ ʩʪʘʥʮʠʡ ʚ 

ʥʝʬʪʝʛʘʟʦʚʦʤ ʩʝʢʪʦʨʝ. 

ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʧʨʝʜʣʘʛʘʝʪʩʷ ʨʘʩʩʤʦʪʨʝʪʴ ʚʳʚʦʜ ʤʘʪʨʠʮʳ ʦʙʨʘʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʘʥʘʣʦ-

ʛʠʯʥʦʡ ʤʘʪʨʠʮʝ ʕ. ʂʣʘʨʢ ʜʣʷ ʘʣʛʦʨʠʪʤʘ ʩʤʝʱʝʥʠʷ ʥʝʡʪʨʘʣʠ ʠ ʩʧʦʩʦʙ ʪʝʭʥʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʥʘ ʦʩ-

ʥʦʚʘʥʠʠ ʘʣʛʝʙʨʳ ʛʠʧʝʨʢʦʤʧʣʝʢʩʥʳʭ ʯʠʩʝʣ. 

ʆʧʠʩʘʥʠʝ ʘʣʛʦʨʠʪʤʘ ʫʧʨʘʚʣʷʝʤʦʛʦ ʩʤʝʱʝʥʠʷ ʥʝʡʪʨʘʣʴʥʦʡ ʪʦʯʢʠ. ɺ ʥʦʨʤʘʣʴʥʦʤ ʨʝʞʠʤʝ 

ʨʘʙʦʪʳ ʘʚʪʦʥʦʤʥʦʛʦ ʠʥʚʝʨʪʦʨʘ ʥʘʧʨʷʞʝʥʠʷ (ɸʀʅ) ʬʘʟʥʳʝ ʚʝʢʪʦʨʳ ʩʜʚʠʥʫʪʳ ʜʨʫʛ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫ-



ɹʋʃɸʊʆɺʉʂʀɽ ʏʊɽʅʀʗ ʉɹʆʈʅʀʂ ʉʊɸʊɽʁ ï 2026. ʊʦʤ 4 
 

 

92 

 

ʛʘ ʥʘ 120 ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʛʨʘʜʫʩʦʚ. ɹʣʘʛʦʜʘʨʷ ʵʪʦʤʫ ʬʦʨʤʠʨʫʝʪʩʷ ʨʘʚʥʦʩʪʦʨʦʥʥʠʡ ʪʨʝʫʛʦʣʴʥʠʢ U, V, 

W. ɼʣʷ 13-ʫʨʦʚʥʝʚʦʛʦ ʠʥʚʝʨʪʦʨʘ ʧʦʩʪʨʦʝʥʥʦʛʦ ʧʦ ʪʦʧʦʣʦʛʠʠ ʢʘʩʢʘʜʥʦʛʦ ʚʢʣʶʯʝʥʠʷ H-ʤʦʩʪʦʚ ʜʣʠʥʘ 

ʢʘʞʜʦʡ ʩʪʦʨʦʥʳ ʩʦʩʪʘʚʣʷʝʪ 6 3 ʦʪ ʘʤʧʣʠʪʫʜʳ ʚʳʭʦʜʥʦʛʦ ʚʝʢʪʦʨʘ ʦʪʜʝʣʴʥʦʡ ʩʪʦʡʢʠ, ʯʪʦ ʧʦʷʩʥʷʝʪʩʷ 

ʥʘ ʨʠʩʫʥʢʝ 1. ʎʝʣʴʶ ʘʣʛʦʨʠʪʤʘ ʫʧʨʘʚʣʷʝʤʦʛʦ ʩʤʝʱʝʥʠʷ ʥʝʡʪʨʘʣʴʥʦʡ ʪʦʯʢʠ ʷʚʣʷʝʪʩʷ ʧʦʠʩʢ ʥʦʚʦʛʦ 

ʧʦʣʦʞʝʥʠʷ ʥʝʡʪʨʘʣʴʥʦʡ ʪʦʯʢʠ ʚʳʭʦʜʥʦʡ ʩʠʩʪʝʤʳ ʬʘʟʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʧʨʠ ʢʦʪʦʨʦʡ ʜʦʩʪʠʛʘʝʪʩʷ ʩʠʤ-

ʤʝʪʨʠʷ ʚʳʭʦʜʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʠʥʚʝʨʪʦʨʘ. ɺ ʩʣʫʯʘʝ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʥʝʠʩʧʨʘʚʥʦʩʪʠ, ʥʘʧʨʠʤʝʨ, ʧʨʠ ʦʪ-

ʢʘʟʝ ʜʚʫʭ ʩʠʣʦʚʳʭ ʤʦʜʫʣʝʡ ʚ ʬʘʟʝ U, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 2, ʨʘʙʦʪʘ ʜʚʠʛʘʪʝʣʷ ʩʪʘʥʦʚʠʪʩʷ ʘʩʠʤ-

ʤʝʪʨʠʯʥʦʡ. ʏʪʦʙʳ ʵʪʦ ʫʩʪʨʘʥʠʪʴ, ʪʨʝʙʫʝʪʩʷ ʚʳʧʦʣʥʠʪʴ ʢʦʨʨʝʢʮʠʶ ï ʩʤʝʩʪʠʪʴ ʥʝʡʪʨʘʣʴʥʫʶ (ʩʨʝʜʥʶʶ) 

ʪʦʯʢʫ ʥʘ ʦʧʨʝʜʝʣʸʥʥʳʡ ʫʛʦʣ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʠʩʫʥʢʦʤ 3. 

 

2 2
2 cosUV U V U V uvj= + -U U U U U ; 

 

 

2 2
2 cosWU W U W U wuj= + -U U U U U ; 

 

 

2 2
2 cosWV W V W V wvj= + -U U U U U .  

 

 
 

ʈʠʩʫʥʦʢ 1 ï ɺʝʢʪʦʨʥʘʷ ʜʠʘʛʨʘʤʤʘ ʬʘʟʥʳʭ ʠ ʣʠʥʝʡʥʳʭ ʥʘʧʨʷʞʝʥʠʡ  

13-ʪʠ ʫʨʦʚʥʝʚʦʛʦ ɸʀʅ ʚ ʠʩʧʨʘʚʥʦʤ ʩʦʩʪʦʷʥʠʠ 

 

 

 
 

ʈʠʩʫʥʦʢ 2 ï ɺʝʢʪʦʨʥʘʷ ʜʠʘʛʨʘʤʤʘ ʬʘʟʥʳʭ ʠ ʣʠʥʝʡʥʳʭ ʥʘʧʨʷʞʝʥʠʡ  

13-ʪʠ ʫʨʦʚʥʝʚʦʛʦ ɸʀʅ ʚ ʘʚʘʨʠʡʥʦʤ ʨʝʞʠʤʝ ʨʘʙʦʪʳ 
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ʈʠʩʫʥʦʢ 3 ï ɺʝʢʪʦʨʥʘʷ ʜʠʘʛʨʘʤʤʘ ʬʘʟʥʳʭ ʠ ʣʠʥʝʡʥʳʭ ʥʘʧʨʷʞʝʥʠʡ  
13-ʪʠ ʫʨʦʚʥʝʚʦʛʦ ɸʀʅ ʚ ʘʚʘʨʠʡʥʦʤ ʨʝʞʠʤʝ ʨʘʙʦʪʳ ʧʦʩʣʝ ʩʤʝʱʝʥʠʷ ʥʝʡʪʨʘʣʠ N 

 

ʈʝʰʝʥʠʝ ʜʘʥʥʦʡ ʟʘʜʘʯʠ ʩʠʤʤʝʪʨʠʨʦʚʘʥʠʷ ʣʠʥʝʡʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʨʘʩʩʤʦʪʨʝʥʦ ʚʦ ʤʥʦʛʠʭ ʨʘʙʦ-
ʪʘʭ [2, 16ï20]. ʇʨʝʜʣʘʛʘʝʪʩʷ ʨʘʩʩʤʦʪʨʝʪʴ ʚʳʚʦʜ ʦʙʨʘʪʥʦʡ ʤʘʪʨʠʮʳ ʢʦʦʨʜʠʥʘʪʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ, 
ʯʠʩʣʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʢʦʪʦʨʦʡ ʜʣʷ ʣʶʙʦʛʦ ʯʠʩʣʘ ʢʦʤʙʠʥʘʮʠʡ ʩʠʣʦʚʳʭ ʷʯʝʝʢ ʚ ʬʘʟʝ ʤʦʛʫʪ 
ʙʳʪʴ ʧʦʣʫʯʝʥʳ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʧʨʦʛʨʘʤʤʳ ʜʣʷ ʕɺʄ [21]. 

ʂʦʦʨʜʠʥʘʪʥʳʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʚ ʛʠʧʝʨʢʦʤʧʣʝʢʩʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ. ʅʘ ʨʠʩʫʥʢʝ 4 ʧʨʠʚʝʜʝʥʘ ʚʝʢ-

ʪʦʨʥʘʷ ʜʠʘʛʨʘʤʤʘ ʪʨʝʭʬʘʟʥʦʡ ʩʠʩʪʝʤʳ ʬʘʟʥʳʭ ʥʘʧʨʷʞʝʥʠʡ Ὗ , Ὗ , Ὗ  ʠ ʜʚʫʭʬʘʟʥʦʡ ʦʨʪʦʛʦʥʘʣʴ-

ʥʦʡ Ὗ , Ὗ. ʇʨʝʜʣʘʛʘʝʪʩʷ ʫʩʪʘʥʦʚʠʪʴ ʟʘʚʠʩʠʤʦʩʪʴ ʤʝʞʜʫ ʜʘʥʥʳʤʠ ʩʠʩʪʝʤʘʤʠ ʘʥʘʣʦʛʠʯʥʦ ʢʘʢ ʧʨʝʜ-

ʣʦʞʝʥʦ ʚ ʨʘʙʦʪʝ [22]. ʅʘʧʨʘʚʣʝʥʠʝ ʦʩʠ Ŭ ʚʳʙʠʨʘʝʪʩʷ ʪʘʢʠʤ ʦʙʨʘʟʦʤ, ʯʪʦʙʳ Ὗ =Ὗ. ʅʘ ʨʠʩʫʥʢʝ 4 

ʪʘʢʞʝ ʦʙʦʟʥʘʯʝʥʦ Ὗ , Ὗ  ï ʧʨʦʝʢʮʠʠ Ὗ  ʥʘ ʦʩʠ V ʠ W ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; Ὗ , Ὗ  ʧʨʦʝʢʮʠʠ Ὗ  ʥʘ 

ʦʩʠ V ʠ W ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʦʛʜʘ ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʩʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ (1) ʦʧʨʝʜʝʣʷʶʱʘʷ ʟʘʚʠʩʠ-
ʤʦʩʪʴ ʤʝʞʜʫ ʪʨʝʭʬʘʟʥʦʡ ʠ ʜʚʫʭʬʘʟʥʦʡ ʩʠʩʪʝʤʘʤʠ. 

 

;

;

.W

a

b a

b a

ë =
îî

= +ì
î

= +îí

U U

U U U

U U U

U

V V V

W W
 

(1)
 

ɿʘʪʝʤ ʩʠʩʪʝʤʫ (1) ʤʦʞʥʦ ʧʨʝʦʙʨʘʟʦʚʘʪʴ ʚ ʩʢʘʣʷʨʥʫʶ ʬʦʨʤʫ (2) ʜʣʷ ʩʦʩʪʘʚʣʝʥʠʷ ʤʘʪʨʠʮʳ ʢʦ-
ʦʨʜʠʥʘʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ. 

 

 
 

ʈʠʩʫʥʦʢ 4 ï ʇʦʷʩʥʝʥʠʝ ʢ ʚʳʧʦʣʥʝʥʠʶ ʦʙʨʘʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ  
ʀʟ ʦʨʪʦʛʦʥʘʣʴʥʦʡ ʩʠʩʪʝʤʳ Ŭ, ɓ ʚ ʪʨʝʭʬʘʟʥʫʶ ʩʠʩʪʝʤʫ U, V, W 
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;

cos( ) cos( );
2

' cos( ) cos( ).
2

U

V uv uv

W wu wu

U U

U U U

U U U

a

a b

a b

p
p j j

p
p j j

ë
=î

î
î

=- - + Ö -ì
î
î

=- - - Ö -îí  

(2)

 

ʇʦʩʣʝ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʩʠʩʪʝʤʳ (2) ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʩʠʩʪʝʤʫ (3) ʠ ʟʘʪʝʤ ʧʨʝʜʩʪʘʚʠʪʴ ʚ ʚʝʢʪʦʨ-

ʥʦ-ʤʘʪʨʠʯʥʦʡ ʬʦʨʤʝ (4). 

 

;

cos( ) sin( );

cos( ) sin( ).

U

V uv uv

W wu wu

U U

U U U

U U U

a

a b

a b

j j

j j

ë =
îî

= + Öì
î

= - Öîí  
(3)

 

 
,ab= ³U L UUVW  

(4)
 

ʛʜʝ  

 

1 0

; ; cos( ) sin( )

( ) sin( )

U

V uv uv

W wu wu

U
U

U
U

U ʩos

a
ab

b
j j

j j

å õ å õ
å õæ ö æ ö

= = =æ öæ ö æ ö
ç ÷æ ö æ ö-ç ÷ ç ÷

U U LUVW

.
  

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʧʨʠ ʥʘʣʠʯʠʠ ʥʫʣʝʚʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʚ ʪʨʝʭʬʘʟʥʳʭ ʥʘʧʨʷʞʝʥʠʷʭ ʤʘʪʨʠʮʘ 
L ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʚ ʚʠʜʝ (5): 

 

1 0 1

cos( ) sin( ) 1

( ) sin( ) 1

uv uv

wu wuʩos

j j

j j

å õ
æ ö
=
æ ö
æ ö-ç ÷

L

. (5)
 

ɼʣʷ ʦʧʠʩʘʥʠʷ ʢʦʦʨʜʠʥʘʪʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʚ ʛʠʧʝʨʢʦʤʧʣʝʢʩʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʫʜʦʙʥʦ ʠʩʧʦʣʴ-

ʟʦʚʘʪʴ ʘʧʧʘʨʘʪ ʢʚʘʪʝʨʥʠʦʥʦʚ. ʂʚʘʪʝʨʥʠʦʥ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʦʙʦʙʱʝʥʠʝ ʢʦʤʧʣʝʢʩʥʳʭ ʯʠʩʝʣ 

ʥʘ ʩʣʫʯʘʡ ʯʝʪʳʨʸʭʤʝʨʥʦʛʦ ʛʠʧʝʨʢʦʤʧʣʝʢʩʥʦʛʦ ʧʨʦʩʪʨʘʥʩʪʚʘ, ʠ ʝʛʦ ʧʨʠʥʷʪʦ ʟʘʧʠʩʳʚʘʪʴ ʩʣʝʜʫʶʱʠʤ 
ʦʙʨʘʟʦʤ [23]: 

 0 1 1 2 2 3 3l l l l= + + +ȿ q q q,  

ʛʜʝ  ‗, ‗, ‗, ‗ ï ʚʝʱʝʩʪʚʝʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ; ή, ή, ή  ï ʤʥʠʤʳʝ ʝʜʠʥʠʮʳ [24]. 

 

ɸʥʘʣʦʛʠʯʥʦ ʧʦʣʦʞʝʥʠʷʤ, ʠʟʣʦʞʝʥʥʳʤ ʚ ʨʘʙʦʪʘʭ [23, 24], ʤʦʞʥʦ ʧʦʣʫʯʠʪʴ ʫʨʘʚʥʝʥʠʷ ʜʣʷ ʚʳ-

ʯʠʩʣʝʥʠʷ ʚʝʱʝʩʪʚʝʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ (6ï9): 
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a a a a
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; (8)

 

 

21 12 21 12
3 0 0
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,
4 2 1

a a a a

tr
ab abl

l
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=° =°

+
ȿ ȿ
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(9)

 

ʛʜʝ  ὥ é ὥ  ï ʵʣʝʤʝʥʪʳ ʤʘʪʨʠʮʳ L, trL ï cʣʝʜ ʤʘʪʨʠʮʳ L, 0abȿ  ï ʢʚʘʪʝʨʥʠʦʥ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ 

ʪʨʝʭʤʝʨʥʦʡ ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ Ŭ, ɓ, 0, ʚ A, B, C. 
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ʄʥʠʤʳʝ ʝʜʠʥʠʮʳ ή, ή, ή, ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʝʜʠʥʠʯʥʦʡ ʥʦʨʤʦʡ ʠ ʦʙʨʘʟʫʶʪ ʧʨʘʚʫʶ ʪʨʦʡʢʫ 

ʚʟʘʠʤʥʦ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʳʭ ʚʝʢʪʦʨʦʚ [23]. ɹʣʘʛʦʜʘʨʷ ʵʪʦʤʫ ʦʧʠʩʘʥʥʘʷ ʧʨʦʮʝʜʫʨʘ ʧʨʝʜʩʪʘʚʣʝʥʠʷ 
ʵʣʝʤʝʥʪʦʚ ʤʘʪʨʠʮʳ L ʚ ʛʠʧʝʨʢʦʤʧʣʝʢʩʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʩʧʨʘʚʝʜʣʠʚʘ ʪʦʣʴʢʦ ʚ ʩʣʫʯʘʝ ʦʨʪʦʛʦʥʘʣʴʥʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ. ʅʝʪʨʫʜʥʦ ʧʦʣʫʯʠʪʴ ʢʦʦʨʜʠʥʘʪʳ ʙʘʟʠʩʥʳʭ ʚʝʢʪʦʨʦʚ ʠʟ ʩʪʦʣʙʮʦʚ (5): 
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ʊʘʢ ʢʘʢ ʧʦʣʫʯʝʥʥʳʝ ʙʘʟʠʩʥʳʝ ʚʝʢʪʦʨʳ ʥʝ ʦʨʪʦʥʦʨʤʠʨʦʚʘʥʳ, ʧʨʠʚʝʜʝʤ ʠʭ ʢ ʦʨʪʦʥʦʨʤʠʨʦʚʘʥʥʦ-

ʤʫ ʚʠʜʫ ʤʝʪʦʜʦʤ ɻʨʘʤʘ-ʐʤʠʜʪʘ [25], ʩʦʚʤʝʩʪʠʚ ʧʝʨʚʳʡ ʠʟ ʥʠʭ ʩ Å, ʪ.ʝ.: 

 
( )* * * *

1 1 11 21 31

T
a a a= =e e .

  

ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ ʢʦʦʨʜʠʥʘʪʳ 
*
2e  ʠ 

*
3e  ʥʘʭʦʜʷʪʩʷ ʢʘʢ: 

 
( )* * * * *

2 12 22 32 2 1

T
a a a a= = +e e e ;

  

 
( )* * * * * *

3 13 23 33 3 1 1 2 2

T
a a a a a= = + +e e e e ,

  

ʛʜʝ  Ŭ, ‌, ‌ ï ʚʝʱʝʩʪʚʝʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ, ʦʧʨʝʜʝʣʷʝʤʳʝ ʠʟ ʪʨʝʙʦʚʘʥʠʷ ʦʨʪʦʛʦʥʘʣʴʥʦʩʪʠ ʙʘ-

ʟʠʩʥʳʭ ʚʝʢʪʦʨʦʚ, ʢʦʪʦʨʦʝ ʚ ʤʘʪʨʠʯʥʦʡ ʬʦʨʤʝ ʟʘʧʠʩʠ ʠʤʝʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ [24]: 

 
( )* * * 0

T
T
i j j i= =e e e e .

  

ʅʘ ʦʩʥʦʚʘʥʠʠ ʯʝʛʦ ʜʘʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʚʳʯʠʩʣʷʶʪʩʷ ʧʦ ʩʣʝʜʫʶʱʝʡ ʬʦʨʤʫʣʝ [26]: 

 

2
* *

1 1 1
T

k k k ka
-

- - -=-e e e
.  

ʆʪʢʫʜʘ: 

 

2 2
* * *
1 2 1 1 12 11 22 21 32 31( )T a a a a a aa
- -

=- =- + +e e e e ;
 

 

2 2
* * *

1 1 3 1 1 13 11 23 21 33 31( )T a a a a a aa
- -

=- =- + +e e e e ;
 

 

2 2
* * *

2 2 3 2 2 13 12 23 22 33 32( )T a a a a a aa
- -

=- =- + +e e e e .
 

ʅʘ ʟʘʚʝʨʰʘʶʱʝʤ ʵʪʘʧʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʥʦʨʤʠʨʦʚʢʘ ʧʦʣʫʯʝʥʥʳʭ ʚʝʢʪʦʨʦʚ 
*
1e , 

*
2e , 

*
3e . ɼʣʷ ʵʪʦ-

ʛʦ ʢʘʞʜʳʡ ʵʣʝʤʝʥʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʩʪʦʣʙʮʘ ʜʝʣʠʪʩʷ ʥʘ ʝʛʦ ʝʚʢʣʠʜʦʚʫ ʥʦʨʤʫ, ʯʪʦ ʚ ʠʪʦʛʝ ʧʦʟʚʦʣʷʝʪ 
ʟʘʧʠʩʘʪʴ: 

 

1 1 1
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e e e

L e e e

e e e

.  

ɺ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʩʪʘʥʦʚʠʪʩʷ ʩʧʨʘʚʝʜʣʠʚʳʤ ʨʘʚʝʥʩʪʚʦ: 
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*det 1=°L ; ( ) ( )
1

* *
T-

=L L .
  

ʇʦʜʩʪʘʚʣʷʷ ʥʘʡʜʝʥʥʳʝ ʵʣʝʤʝʥʪʳ ʤʘʪʨʠʮʳ *
L  ʚ ʩʦʦʪʥʦʰʝʥʠʷ (6ï9) ʠ ʧʨʠʥʠʤʘʷ ʚʦ ʚʥʠʤʘʥʠʝ, 

ʯʪʦ 0 0 1ab ab= =ȿ ȿ , ʧʦʣʫʯʠʤ ʚʝʱʝʩʪʚʝʥʥʳʝ ʢʦʵʬʬʠʮʠʝʥʪʳ ʢʚʘʪʝʨʥʠʦʥʘ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʢ 

ʬʘʟʥʳʤ ʧʝʨʝʤʝʥʥʳʤ. ɼʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʩʦʩʪʦʷʥʠʷ ʩʠʣʦʚʳʭ ʤʦʜʫʣʝʡ 13-ʫʨʦʚʥʝʚʦʛʦ ɸʀʅ, ʭʘʨʘʢ-

ʪʝʨʠʟʫʶʱʝʛʦʩʷ ʫʛʣʘʤʠ 130.52uv wuj j= = ¯ ʨʘʚʥʳ: 

 0 0.8606l= ; 1 0.3566l=- ; 2 0.3354l= ; 3 0.1389l=- .
  

ɿʘʢʣʶʯʝʥʠʝ. ɸʣʛʦʨʠʪʤ ʫʧʨʘʚʣʷʝʤʦʛʦ ʩʤʝʱʝʥʠʷ ʥʝʡʪʨʘʣʠ ʷʚʣʷʝʪʩʷ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʳʤ ʩʧʦʩʦ-
ʙʦʤ ʩʦʭʨʘʥʝʥʠʷ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʧʨʠʚʦʜʘ ʧʨʠ ʘʩʠʤʤʝʪʨʠʠ ʬʘʟ. ʆʥ ʧʦʟʚʦʣʷʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʦʣ-
ʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʦʩʪʘʚʰʠʭʩʷ ʠʩʧʨʘʚʥʳʤʠ ʷʯʝʝʢ ʙʝʟ ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʠʤʝʪʴ çʛʦʨʷʯʠʡè ʨʝʟʝʨʚ ʚ ʢʘʞʜʦʤ 
ʧʣʝʯʝ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʰʘʝʪ ʢʦʵʬʬʠʮʠʝʥʪ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʫʩʪʘʥʦʚʣʝʥʥʦʡ ʤʦʱʥʦʩʪʠ. 

ɺ ʨʘʙʦʪʝ ʧʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʠʢʘ ʧʦʩʪʨʦʝʥʠʷ ʤʘʪʨʠʮʳ ʦʙʨʘʪʥʦʛʦ ʢʦʦʨʜʠʥʘʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ, 
ʘʜʘʧʪʠʨʦʚʘʥʥʘʷ ʜʣʷ ʣʶʙʦʡ ʢʦʤʙʠʥʘʮʠʠ ʩʠʣʦʚʳʭ ʷʯʝʝʢ. ɼʣʷ ʜʘʥʥʦʡ ʧʨʠʢʣʘʜʥʦʡ ʟʘʜʘʯʠ ʧʨʦʜʝʤʦʥ-
ʩʪʨʠʨʦʚʘʥʘ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʝʨʝʭʦʜʘ ʢ ʛʠʧʝʨʢʦʤʧʣʝʢʩʥʦʤʫ ʧʨʦʩʪʨʘʥʩʪʚʫ. ʂʚʘʪʝʨʥʠʦʥʥʘʷ ʬʦʨʤʘ ʦʧʠ-
ʩʘʥʠʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʡ ʢʦʦʨʜʠʥʘʪ ʦʙʣʘʜʘʝʪ ʙʦʣʴʰʝʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʴʶ ʠ ʧʦʟʚʦʣʷʝʪ ʠʟ-
ʙʝʞʘʪʴ ʩʠʥʛʫʣʷʨʥʦʩʪʝʡ (ʦʩʦʙʳʭ ʪʦʯʝʢ), ʭʘʨʘʢʪʝʨʥʳʭ ʜʣʷ ʥʝʢʦʪʦʨʳʭ ʤʘʪʨʠʯʥʳʭ ʧʨʝʜʩʪʘʚʣʝʥʠʡ ʚʨʘ-
ʱʝʥʠʡ. ʇʦʣʫʯʝʥʥʳʝ ʚʳʨʘʞʝʥʠʷ ʜʣʷ ʚʝʱʝʩʪʚʝʥʥʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʢʚʘʪʝʨʥʠʦʥʘ ʟʘʜʘʶʪ ʟʘʢʦʥ, ʧʦ ʢʦ-
ʪʦʨʦʤʫ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʜʦʣʞʥʘ ʠʟʤʝʥʷʪʴ ʬʘʟʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʩʠʤʤʝʪʨʠʯʥʦʡ 
ʩʠʩʪʝʤʳ ʣʠʥʝʡʥʳʭ ʥʘʧʨʷʞʝʥʠʡ. 

ʇʨʝʜʩʪʘʚʣʝʥʥʳʡ ʚʳʚʦʜ ʬʦʨʤʫʣ ʠ ʘʣʛʦʨʠʪʤ ʠʭ ʚʳʯʠʩʣʝʥʠʷ ʦʨʠʝʥʪʠʨʦʚʘʥʳ ʥʘ ʧʨʷʤʫʶ ʮʠʬʨʦ-
ʚʫʶ ʨʝʘʣʠʟʘʮʠʶ ʚ ʤʠʢʨʦʢʦʥʪʨʦʣʣʝʨʘʭ ʠ ʮʠʬʨʦʚʳʭ ʩʠʛʥʘʣʴʥʳʭ ʧʨʦʮʝʩʩʦʨʘʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʩʦ-
ʚʨʝʤʝʥʥʳʤʠ ʚʳʩʦʢʦʚʦʣʴʪʥʳʤʠ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷʤʠ ʯʘʩʪʦʪʳ. ʕʪʦ ʧʦʟʚʦʣʷʝʪ ʚ ʨʝʞʠʤʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝ-
ʤʝʥʠ ʨʝʢʦʥʬʠʛʫʨʠʨʦʚʘʪʴ ʩʠʩʪʝʤʫ ʫʧʨʘʚʣʝʥʠʷ ʩʨʘʟʫ ʧʦʩʣʝ ʜʠʘʛʥʦʩʪʠʨʦʚʘʥʠʷ ʬʘʢʪʘ ʠ ʤʝʩʪʘ ʦʪʢʘʟʘ. 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʝʜʣʦʞʝʥʥʳʡ ʧʦʜʭʦʜ, ʩʦʯʝʪʘʶʱʠʡ ʤʝʪʦʜʳ ʣʠʥʝʡʥʦʡ ʘʣʛʝʙʨʳ ʠ ʘʧʧʘʨʘʪ ʛʠ-
ʧʝʨʢʦʤʧʣʝʢʩʥʳʭ ʯʠʩʝʣ, ʦʙʝʩʧʝʯʠʚʘʝʪ ʪʝʦʨʝʪʠʯʝʩʢʫʶ ʙʘʟʫ ʜʣʷ ʩʦʟʜʘʥʠʷ ʚʳʩʦʢʦʥʘʜʝʞʥʳʭ ʠ ʦʪʢʘʟʦ-
ʫʩʪʦʡʯʠʚʳʭ ʩʠʩʪʝʤ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ, ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʭ ʜʣʷ ʥʝʧʨʝʨʳʚʥʳʭ ʧʨʦʠʟʚʦʜʩʪʚ.  
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ɸʥʥʦʪʘʮʠʷ. ɺ ʨʘʙʦʪʝ ʠʩʩʣʝʜʦʚʘʥʘ ʚʦʟʤʦʞʥʦʩʪʴ ʧʨʠʤʝʥʝʥʠʷ 

ʵʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʧʳʣʝʥʠʷ ʜʣʷ ʥʘʥʝʩʝʥʠʷ ʟʘʱʠʪʥʦʛʦ ʧʦʢʨʳ-

ʪʠʷ Zn-Al ʥʘ ʙʝʪʦʥʥʦʡ ʧʦʚʝʨʭʥʦʩʪʠ. ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʜ-

ʪʚʝʨʞʜʝʥʘ ʩʪʘʙʠʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ ʦʩʘʞʜʝʥʠʷ, ʚʳʨʘʞʘʶʱʘʷʩʷ 

ʚ ʣʠʥʝʡʥʦʡ ʢʦʨʨʝʣʷʮʠʠ ʤʝʞʜʫ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴʶ ʥʘʧʳʣʝ-

ʥʠʷ ʠ ʪʦʣʱʠʥʦʡ ʧʦʢʨʳʪʠʷ. ʋʩʪʘʥʦʚʣʝʥʥʘʷ ʟʘʢʦʥʦʤʝʨʥʦʩʪʴ 

ʧʦʟʚʦʣʷʝʪ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʪʦʣʱʠʥʫ ʧʦʢʨʳʪʠʷ ʦʪ ʢʦʥʬʠʛʫʨʘ-

ʮʠʠ ʠ ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʷ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʨʝʞʠʤʦʚ ʥʘʥʝʩʝ-

ʥʠʷ ʥʘ ʩʪʨʦʠʪʝʣʴʥʳʝ ʢʦʥʩʪʨʫʢʮʠʠ. 

Annotation.  The paper investigates the pos-

sibility of using electric arc spraying to apply 

a Zn-Al protective coating on a concrete sur-
face. The stability of the deposition process 

was experimentally confirmed, demonstrated 

by a linear correlation between the spraying 

duration and the coating thickness. The es-

tablished pattern enables the prediction of 

coating thickness based on configuration and 

the improvement of technological application 

modes for building structures. 
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Zn-Al, ʙʝʪʦʥ, ʪʦʣʱʠʥʘ ʧʦʢʨʳʪʠʷ. 

Keywords : electric arc spraying, Zn-Al coat-

ing, concrete, coating thickness. 

 

ʈʘʙʦʪʘ ʚʳʧʦʣʥʝʥʘ ʚ ʨʘʤʢʘʭ ʨʝʘʣʠʟʘʮʠʠ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʟʘʜʘʥʠʷ ʄʠʥʦʙʨʥʘʫʢʠ ʈʌ                                           

ˉ FZWN-2026-0005 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ ʎʝʥʪʨʘ ʚʳʩʦʢʠʭ ʪʝʭʥʦʣʦʛʠʡ ɹɻʊʋ                

ʠʤ. ɺ.ɻ. ʐʫʭʦʚʘ. 

 

ʦʣʛʦʚʝʯʥʦʩʪʴ ʠ ʵʢʩʧʣʫʘʪʘʮʠʦʥʥʘʷ ʥʘʜʝʞʥʦʩʪʴ ʙʝʪʦʥʥʳʭ ʩʦʦʨʫʞʝʥʠʡ ʚ ʫʩʣʦʚʠʷʭ ʘʛʨʝʩʩʠʚ-

ʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʦʩʥʦʚʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʩʪʨʦʠʪʝʣʴ-

ʥʦʡ ʦʪʨʘʩʣʠ. ɺʦʟʜʝʡʩʪʚʠʝ ʚʣʘʛʠ, ʭʠʤʠʯʝʩʢʠʭ ʠ ʙʠʦʣʦʛʠʯʝʩʢʠʭ ʚʥʝʰʥʠʭ ʠ ʚʥʫʪʨʝʥʥʠʭ ʬʘʢʪʦʨʦʚ ʠʥʠʮʠ-

ʠʨʫʝʪ ʨʘʟʨʫʰʠʪʝʣʴʥʳʝ ʧʨʦʮʝʩʩʳ, ʢʘʢ ʚ ʮʝʤʝʥʪʥʦʤ ʢʘʤʥʝ, ʪʘʢ ʠ ʚ ʩʪʘʣʴʥʦʡ ʘʨʤʘʪʫʨʝ, ʧʦʵʪʦʤʫ ʧʦʠʩʢ 

ʵʬʬʝʢʪʠʚʥʳʭ ʙʘʨʴʝʨʥʳʭ ʪʝʭʥʦʣʦʛʠʡ ʷʚʣʷʝʪʩʷ ʚʘʞʥʝʡʰʝʡ ʟʘʜʘʯʝʡ [1]. 

ɼ 
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ʄʝʪʦʜ ʪʝʨʤʠʯʝʩʢʦʛʦ ʜʫʛʦʚʦʛʦ ʥʘʧʳʣʝʥʠʷ, ʫʩʧʝʰʥʦ ʟʘʨʝʢʦʤʝʥʜʦʚʘʚʰʠʡ ʩʝʙʷ ʚ ʥʝʬʪʝʛʘʟʦʚʦʤ 

ʩʝʢʪʦʨʝ ʜʣʷ ʟʘʱʠʪʳ ʤʝʪʘʣʣʘ, ʚ ʧʦʩʣʝʜʥʠʝ ʜʝʩʷʪʠʣʝʪʠʷ ʥʘʭʦʜʠʪ ʧʨʠʤʝʥʝʥʠʝ ʠ ʜʣʷ ʙʝʪʦʥʥʳʭ ʦʩʥʦʚʘ-

ʥʠʡ. ʊʝʭʥʦʣʦʛʠʷ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʣʘʚʣʝʥʠʠ ʤʝʪʘʣʣʠʯʝʩʢʦʡ ʧʨʦʚʦʣʦʢʠ (ʮʠʥʢ, ʘʣʶʤʠʥʠʡ ʠʣʠ ʠʭ ʢʦʤʙʠ-

ʥʘʮʠʠ) ʵʣʝʢʪʨʠʯʝʩʢʦʡ ʜʫʛʦʡ ʩ ʪʝʤʧʝʨʘʪʫʨʦʡ ʜʦ 5000 ÁC ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʧʝʨʝʥʦʩʦʤ ʨʘʩʧʣʘʚʣʝʥʥʳʭ 

ʯʘʩʪʠʮ ʚʦʟʜʫʰʥʦʡ ʩʪʨʫʝʡ ʥʘ ʦʙʨʘʙʘʪʳʚʘʝʤʫʶ ʧʣʦʩʢʦʩʪʴ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʬʦʨʤʠʨʦʚʘʪʴ ʠʟʥʦʩʦ- ʠ ʢʦʨ-

ʨʦʟʠʦʥʥʦʩʪʦʡʢʠʝ ʧʦʢʨʳʪʠʷ [2, 3]. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʧʦʜʦʙʥʦʡ ʟʘʱʠʪʳ ʧʦʜʪʚʝʨʞʜʝʥʘ ʟʘʨʫʙʝʞʥʦʡ ʧʨʘʢ-

ʪʠʢʦʡ. ʅʘʧʨʠʤʝʨ, ʧʨʠ ʨʝʢʦʥʩʪʨʫʢʮʠʠ ʤʦʩʪʘ ʉʘʥ-ʃʫʠʩ-ʇʘʩʩ ʚ ʊʝʭʘʩʝ ʥʘʥʦʩʠʣʠ ʜʫʛʦʚʦʝ ʥʘʧʳʣʝʥʠʝ ʥʘ 

ʙʝʪʦʥʥʳʝ ʢʦʥʩʪʨʫʢʮʠʠ [3]. ʅʘʥʝʩʝʥʥʦʝ ʧʦʢʨʳʪʠʝ ʚʳʧʦʣʥʷʣʦ ʬʫʥʢʮʠʶ ʤʝʭʘʥʠʯʝʩʢʦʛʦ ʙʘʨʴʝʨʘ, ʥʦ ʠ 

ʢʘʪʦʜʥʦʡ ʟʘʱʠʪʳ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʧʨʦʜʣʠʣʦ ʨʝʩʫʨʩ ʩʦʦʨʫʞʝʥʠʷ ʚ ʫʩʣʦʚʠʷʭ ʤʦʨʩʢʦʛʦ ʢʣʠʤʘʪʘ. 

ɸʜʛʝʟʠʷ ʧʦʢʨʳʪʠʷ ʩ ʙʝʪʦʥʦʤ, ʚ ʦʪʣʠʯʠʝ ʦʪ ʤʝʪʘʣʣʠʯʝʩʢʠʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʧʨʝ-

ʠʤʫʱʝʩʪʚʝʥʥʦ ʤʝʭʘʥʠʯʝʩʢʠʤ ʩʮʝʧʣʝʥʠʝʤ, ʟʘʚʠʩʷʱʝʝ ʦʪ ʨʝʣʴʝʬʘ ʠ ʰʝʨʦʭʦʚʘʪʦʩʪʠ ʧʦʚʝʨʭʥʦʩʪʠ [4]. 

ʇʦʵʪʦʤʫ ʦʩʥʦʚʥʦʝ ʚʣʠʷʥʠʝ ʥʘ ʧʦʨʠʩʪʦʩʪʴ ʠ ʘʜʛʝʟʠʶ ʧʦʢʨʳʪʠʷ ʦʢʘʟʳʚʘʝʪ ʧʦʜʛʦʪʦʚʢʘ ʦʩʥʦʚʘʥʠʷ, ʚʳ-

ʙʦʨ ʤʘʪʝʨʠʘʣʘ ʧʨʦʚʦʣʦʢʠ ʠ ʨʝʞʠʤʳ ʥʘʧʳʣʝʥʠʷ. ʇʦʤʠʤʦ ʘʥʪʠʢʦʨʨʦʟʠʦʥʥʦʡ ʟʘʱʠʪʳ, ʩʦʚʨʝʤʝʥʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʫʢʘʟʳʚʘʶʪ ʥʘ ʧʦʪʝʥʮʠʘʣ ʪʘʢʠʭ ʧʦʢʨʳʪʠʡ ʜʣʷ ʵʢʨʘʥʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ 

[5], ʯʪʦ ʦʩʦʙʝʥʥʦ ʚʘʞʥʦ ʜʣʷ ʦʙʲʝʢʪʦʚ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ. 

ʎʝʣʴʶ ʜʘʥʥʦʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʫʩʪʘʥʦʚʣʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʠ ʪʦʣʱʠʥʳ ʧʦ-

ʢʨʳʪʠʷ Zn-Al, ʥʘʥʦʩʠʤʦʛʦ ʥʘ ʙʝʪʦʥʥʫʶ ʧʦʚʝʨʭʥʦʩʪʴ, ʦʪ ʚʨʝʤʝʥʠ ʥʘʧʳʣʝʥʠʷ. ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 

ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʦʪʨʘʙʦʪʘʪʴ ʙʘʟʦʚʳʝ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʝ ʨʝʞʠʤʳ ʧʨʦʮʝʩʩʘ ʠ ʧʨʝʜʩʪʘʚʠʪʴ ʧʦʣʫʯʝʥʥʫʶ 

ʟʘʚʠʩʠʤʦʩʪʴ ʚ ʛʨʘʬʠʯʝʩʢʦʤ ʚʠʜʝ ʜʣʷ ʧʦʩʣʝʜʫʶʱʝʛʦ ʘʥʘʣʠʟʘ. 

 

 
 

ʈʠʩʫʥʦʢ 1 ï ʇʨʦʮʝʩʩ ʵʣʝʢʪʨʦʜʫʛʦʚʦʛʦ ʥʘʧʳʣʝʥʠʷ (ʘ)  

ʠ ʚʥʝʰʥʠʡ ʚʠʜ ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʢʨʳʪʠʷ Zn-Al (ʙ) ʥʘ ʙʝʪʦʥʝ 
 

ʅʘʥʝʩʝʥʠʝ ʧʦʢʨʳʪʠʷ ʠʟ ʧʨʦʚʦʣʦʢʠ ʤʘʨʢʠ Zn85Al ʜʠʘʤʝʪʨ 1,6 ʤʤ ʠ ʩʦʩʪʘʚ: 85 % Zn, 15 % Al 

ʦʩʫʱʝʩʪʚʣʷʣʠ ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʜʫʛʦʚʦʡ ʤʝʪʘʣʣʠʟʘʮʠʠ ʥʘ ʫʩʪʘʥʦʚʢʝ KZ-600. ʇʨʦʮʝʩʩ ʥʘʥʝʩʝʥʠʷ 

ʧʨʝʜʩʪʘʚʣʝʥ ʥʘ ʨʠʩʫʥʢʝ 1 ʘ. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʨʦʙʦʪʠʟʠʨʦʚʘʥʥʦʡ ʨʫʢʠ ʩ ʨʘʩʧʳʣʠʪʝʣʝʤ ʦʙʝʩʧʝʯʠʣʦ ʨʘʚ-

ʥʦʤʝʨʥʦʩʪʴ ʥʘʥʝʩʝʥʠʷ ʥʘ ʙʝʪʦʥʥʳʡ ʦʙʨʘʟʮ. ʇʘʨʘʤʝʪʨʳ ʧʨʦʮʝʩʩʘ: ʥʘʧʨʷʞʝʥʠʝ ʜʫʛʠ ï 20 ɺ, ʪʦʢ ï 80 ɸ, 

ʜʠʩʪʘʥʮʠʷ ʥʘʧʳʣʝʥʠʷ ï 200 ʤʤ, ʜʘʚʣʝʥʠʝ ʩʞʘʪʦʛʦ ʚʦʟʜʫʭʘ ï 0,6 ʄʇʘ. ʅʘʯʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʜ-

ʣʦʞʢʠ ʩʦʩʪʘʚʣʷʣʘ 28 ÁC. 

ɺ ʭʦʜʝ ʵʢʩʧʝʨʠʤʝʥʪʘ ʚʘʨʴʠʨʦʚʘʣʘʩʴ ʜʣʠʪʝʣʴʥʦʩʪʴ ʥʘʧʳʣʝʥʠʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʦʢʨʳʪʠʷ ʨʘʟʣʠʯ-

ʥʦʡ ʪʦʣʱʠʥʳ. ɺʠʟʫʘʣʴʥʳʡ ʦʩʤʦʪʨ ʧʦʣʫʯʝʥʥʦʛʦ ʧʦʢʨʳʪʠʷ (ʨʠʩ. 1 ʙ) ʧʦʢʘʟʘʣ ʥʘʣʠʯʠʝ ʦʜʥʦʨʦʜʥʦʡ ʰʝ-

ʨʦʭʦʚʘʪʦʡ ʩʪʨʫʢʪʫʨʳ, ʭʘʨʘʢʪʝʨʥʦʡ ʜʣʷ ʜʘʥʥʦʛʦ ʤʝʪʦʜʘ. ʎʚʝʪ ʧʦʢʨʳʪʠʷ ʨʘʚʥʦʤʝʨʥʳʡ ʩʝʨʳʡ, ʚʠʜʠʤʳʭ 

ʜʝʬʝʢʪʦʚ ʥʝ ʦʙʥʘʨʫʞʝʥʦ. 

ɸʥʘʣʠʟ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ (ʨʠʩ. 2) ʫʢʘʟʳʚʘʝʪ ʥʘ ʣʠʥʝʡʥʳʡ ʭʘʨʘʢʪʝʨ ʟʘʚʠʩʠʤʦʩʪʠ ʪʦʣʱʠʥʳ ʧʦ-

ʢʨʳʪʠʷ ʦʪ ʚʨʝʤʝʥʠ ʥʘʥʝʩʝʥʠʷ. ɺʳʷʚʣʝʥʥʘʷ ʧʨʷʤʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʘʷ ʩʚʷʟʴ ʧʦʜʪʚʝʨʞʜʘʝʪ, ʯʪʦ ʩʢʦ-

ʨʦʩʪʴ ʨʦʩʪʘ ʧʦʢʨʳʪʠʷ Zn-Al ʦʩʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʦʡ ʥʘ ʚʩʝʤ ʧʨʦʪʷʞʝʥʠʠ ʵʢʩʧʝʨʠʤʝʥʪʘ. ʇʦʵʪʦʤʫ, ʩʪʘ-

ʙʠʣʴʥʘʷ ʩʢʦʨʦʩʪʴ ʥʘʥʝʩʝʥʠʷ ʧʦʢʨʳʪʠʷ ʧʦʟʚʦʣʷʝʪ ʟʘʨʘʥʝʝ ʦʧʨʝʜʝʣʷʪʴ ʛʝʦʤʝʪʨʠʶ ʟʘʱʠʪʥʦʛʦ ʧʦʢʨʳʪʠʷ 

ʧʦʜ ʟʘʜʘʥʥʫʶ ʜʣʠʪʝʣʴʥʦʩʪʴ ʧʨʦʮʝʩʩʘ. 

 



ɹʋʃɸʊʆɺʉʂʀɽ ʏʊɽʅʀʗ ʉɹʆʈʅʀʂ ʉʊɸʊɽʁ ï 2026. ʊʦʤ 4 
 

 

102 

 

 
 

ʈʠʩʫʥʦʢ 2 ï ɿʘʚʠʩʠʤʦʩʪʴ ʪʦʣʱʠʥʳ ʧʦʢʨʳʪʠʷ ʦʪ ʚʨʝʤʝʥʠ ʧʨʦʮʝʩʩʘ ʥʘʧʳʣʝʥʠʷ 

 
ɺʳʚʦʜʳ 
ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʧʦʜʪʚʝʨʞʜʝʥʘ ʧʨʠʥʮʠʧʠʘʣʴʥʘʷ ʚʦʟʤʦʞʥʦʩʪʴ ʥʘʥʝʩʝʥʠʷ ʨʘʚʥʦʤʝʨʥʳʭ ʟʘ-

ʱʠʪʥʳʭ ʧʦʢʨʳʪʠʡ Zn-Al ʥʘ ʙʝʪʦʥʥʳʭ ʧʦʚʝʨʭʥʦʩʪʷʭ ʤʝʪʦʜʦʤ ʵʣʝʢʪʨʦʜʫʛʦʚʦʡ ʤʝʪʘʣʣʠʟʘʮʠʠ.  
ʇʨʠ ʬʠʢʩʠʨʦʚʘʥʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʘʭ ʫʩʪʘʥʦʚʣʝʥʘ ʫʩʪʦʡʯʠʚʘʷ ʣʠʥʝʡʥʘʷ ʟʘʚʠʩʠ-

ʤʦʩʪʴ ʪʦʣʱʠʥʳ ʧʦʢʨʳʪʠʷ ʦʪ ʚʨʝʤʝʥʠ ʥʘʧʳʣʝʥʠʷ. ɼʘʥʥʘʷ ʢʦʨʨʝʣʷʮʠʷ ʧʦʟʚʦʣʷʝʪ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ 
ʧʨʦʛʥʦʟʠʨʦʚʘʪʴ ʪʦʣʱʠʥʫ ʧʦʢʨʳʪʠʷ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʜʣʠʪʝʣʴʥʦʩʪʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʮʠʢʣʘ. 

ʅʘʥʝʩʝʥʥʦʝ ʧʦʢʨʳʪʠʝ Zn-Al ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʙʝʪʦʥʘ ʭʘʨʘʢʪʝʨʠʟʫʶʪʩʷ ʦʜʥʦʨʦʜʥʦʡ ʩʪʨʫʢʪʫʨʦʡ ʠ 
ʦʪʩʫʪʩʪʚʠʝʤ ʚʥʝʰʥʠʭ ʜʝʬʝʢʪʦʚ. 

ʇʦʣʫʯʝʥʥʳʝ ʟʘʢʦʥʦʤʝʨʥʦʩʪʠ ʤʦʛʫʪ ʩʣʫʞʠʪʴ ʦʩʥʦʚʦʡ ʜʣʷ ʜʘʣʴʥʝʡʰʝʡ ʦʧʪʠʤʠʟʘʮʠʠ ʨʝʞʠʤʦʚ 
ʥʘʥʝʩʝʥʠʷ, ʘ ʪʘʢʞʝ ʜʣʷ ʫʛʣʫʙʣʝʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʬʠʟʠʢʦ-ʤʝʭʘʥʠʯʝʩʢʠʭ ʠ ʟʘʱʠʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ 
ʧʦʢʨʳʪʠʡ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʠʭ ʪʦʣʱʠʥʳ ʠ ʢʦʤʧʦʥʝʥʪʥʦʛʦ ʩʦʩʪʘʚʘ. 
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ʇʈʀʄɽʅɽʅʀɽ ʊɽʍʅʆʃʆɻʀʁ ʀʉʂʋʉʉʊɺɽʅʅʆɻʆ ʀʅʊɽʃʃɽʂʊɸ  

ɼʃʗ ʇʈʆɻʅʆɿʀʈʆɺɸʅʀʗ ʉʇʈʆʉɸ ʅɸ ʇʃɸʊʌʆʈʄɸʍ  
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ɸʥʥʦʪʘʮʠʷ. ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʠʩʩʣʝʜʫʝʪʩʷ ʨʦʣʴ ʪʝʭʥʦʣʦʛʠʡ 

ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ (ʀʀ) ʚ ʦʧʪʠʤʠʟʘʮʠʠ ʧʨʦʮʝʩʩʦʚ ʧʨʦ-

ʛʥʦʟʠʨʦʚʘʥʠʷ ʩʧʨʦʩʘ ʥʘ ʧʣʘʪʬʦʨʤʘʭ ʢʦʣʣʝʢʪʠʚʥʦʡ ʵʣʝʢʪʨʦʥ-

ʥʦʡ ʪʦʨʛʦʚʣʠ. ɺ ʫʩʣʦʚʠʷʭ ʮʠʬʨʦʚʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʨʦʩʩʠʡ-

ʩʢʦʡ ʵʢʦʥʦʤʠʢʠ (2024ï2025 ʛʛ.) ʤʘʣʳʝ ʠ ʩʨʝʜʥʠʝ ʧʨʝʜʧʨʠʷʪʠʷ 

(ʄʉʇ) ʩʪʘʣʢʠʚʘʶʪʩʷ ʩ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ 

ʧʣʘʥʠʨʦʚʘʥʠʷ ʟʘʢʫʧʦʢ ʜʣʷ ʩʥʠʞʝʥʠʷ ʦʧʝʨʘʮʠʦʥʥʳʭ ʠʟʜʝʨʞʝʢ. 

ɸʚʪʦʨʘʤʠ ʧʨʝʜʣʦʞʝʥʘ ʤʦʜʝʣʴ ʠʥʪʝʛʨʘʮʠʠ ʘʣʛʦʨʠʪʤʦʚ ʤʘʰʠʥ-

ʥʦʛʦ ʦʙʫʯʝʥʠʷ ʚ ʩʠʩʪʝʤʳ ʢʦʣʣʝʢʪʠʚʥʳʭ ʟʘʢʫʧʦʢ, ʧʦʟʚʦʣʷʶʱʘʷ 

ʘʛʨʝʛʠʨʦʚʘʪʴ ʜʘʥʥʳʝ ʦʪ ʤʥʦʞʝʩʪʚʘ ʫʯʘʩʪʥʠʢʦʚ ʠ ʬʦʨʤʠʨʦʚʘʪʴ 

ʚʳʩʦʢʦʪʦʯʥʳʝ ʧʨʦʛʥʦʟʳ. ɺ ʨʘʙʦʪʝ ʧʦʜʨʦʙʥʦ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ 

ʘʨʭʠʪʝʢʪʫʨʳ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ (LSTM) ʠ ʘʥʩʘʤʙʣʝʚʳʝ ʤʝʪʦʜʳ 

(XGBoost), ʘ ʪʘʢʞʝ ʧʨʦʚʦʜʠʪʩʷ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʠʭ ʵʬ-

ʬʝʢʪʠʚʥʦʩʪʠ. ʈʝʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ 

ʚʥʝʜʨʝʥʠʝ ʀʀ-ʨʝʰʝʥʠʡ ʧʦʟʚʦʣʷʝʪ ʄʉʇ ʩʦʢʨʘʪʠʪʴ ʠʟʜʝʨʞʢʠ ʥʘ 

ʭʨʘʥʝʥʠʝ ʟʘʧʘʩʦʚ ʜʦ 18 % ʠ ʧʦʚʳʩʠʪʴ ʪʦʯʥʦʩʪʴ ʧʨʦʛʥʦʟʠʨʦʚʘ-

ʥʠʷ ʩʧʨʦʩʘ ʥʘ 23 %. ʉʪʘʪʴʷ ʩʦʜʝʨʞʠʪ ʧʨʘʢʪʠʯʝʩʢʠʝ ʨʝʢʦʤʝʥ-

ʜʘʮʠʠ ʧʦ ʚʥʝʜʨʝʥʠʶ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʭ ʩʠʩʪʝʤ ʜʣʷ ʧʦʜʜʝʨʞʢʠ 

ʫʩʪʦʡʯʠʚʦʛʦ ʨʦʩʪʘ ʤʘʣʦʛʦ ʙʠʟʥʝʩʘ ʚ ʨʘʤʢʘʭ ʢʦʥʮʝʧʮʠʠ çʫʤʥʳʭ 

ʛʦʨʦʜʦʚè [1, 2]. 

Annotation.  This article explores the role of 

artificial intelligence (AI) technologies in opti-

mizing demand forecasting processes on 

collective e-commerce platforms. In the con-

text of the digital transformation of the Rus-

sian economy (2024ï2025), small and medi-

um-sized enterprises (SMEs) face the need 
to improve the accuracy of procurement 

planning to reduce operational costs. The 

authors propose a model for integrating ma-

chine learning algorithms into collective pur-

chasing systems, allowing for the aggregation 

of data from multiple participants and the 

generation of high-precision forecasts. The 

paper examines neural network architectures 

(LSTM) and ensemble methods (XGBoost) in 

detail, providing a comparative analysis of 
their effectiveness. The research results 

show that the implementation of AI solutions 

allows SMEs to reduce inventory storage 

costs by up to 18 % and increase demand 

forecasting accuracy by 23 %. The article 

contains practical recommendations for the 

implementation of intelligent systems to sup-

port the sustainable growth of small busi-

nesses within the 'smart cities' concept [1, 2]. 
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ʦʚʨʝʤʝʥʥʳʡ ʵʪʘʧ ʨʘʟʚʠʪʠʷ ʤʠʨʦʚʦʡ ʠ ʨʦʩʩʠʡʩʢʦʡ ʵʢʦʥʦʤʠʢʠ ʭʘʨʘʢʪʝʨʠʟʫʝʪʩʷ ʩʪʨʝʤʠʪʝʣʴ-
ʥʦʡ ʮʠʬʨʦʚʠʟʘʮʠʝʡ ʚʩʝʭ ʙʠʟʥʝʩ-ʧʨʦʮʝʩʩʦʚ. ɺ 2024ï2025 ʛʦʜʘʭ ʨʳʥʦʢ ʵʣʝʢʪʨʦʥʥʦʡ ʪʦʨʛʦʚ-

ʣʠ ʚ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʫʩʪʦʡʯʠʚʳʡ ʨʦʩʪ, ʜʦʩʪʠʛʥʫʚ ʦʙʲʝʤʘ ʙʦʣʝʝ 9,2 ʪʨʣʥ ʨʫʙ-
ʣʝʡ ʧʦ ʠʪʦʛʘʤ 2024 ʛʦʜʘ [1]. ʆʩʦʙʦʝ ʤʝʩʪʦ ʚ ʵʪʦʡ ʵʢʦʩʠʩʪʝʤʝ ʟʘʥʠʤʘʶʪ ʤʘʣʳʝ ʠ ʩʨʝʜʥʠʝ ʧʨʝʜʧʨʠʷʪʠʷ 
(ʄʉʇ), ʢʦʪʦʨʳʝ ʩʦʩʪʘʚʣʷʶʪ ʦʩʥʦʚʫ ʛʠʙʢʦʩʪʠ ʠ ʠʥʥʦʚʘʮʠʦʥʥʦʩʪʠ ʵʢʦʥʦʤʠʢʠ [3]. ʆʜʥʘʢʦ ʜʣʷ ʄʉʇ ʭʘ-
ʨʘʢʪʝʨʥʳ ʦʛʨʘʥʠʯʝʥʥʳʝ ʨʝʩʫʨʩʳ, ʯʪʦ ʜʝʣʘʝʪ ʠʭ ʫʷʟʚʠʤʳʤʠ ʧʝʨʝʜ ʣʠʮʦʤ ʨʳʥʦʯʥʦʡ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʠ 
ʠ ʚʳʩʦʢʦʡ ʢʦʥʢʫʨʝʥʮʠʠ ʩʦ ʩʪʦʨʦʥʳ ʢʨʫʧʥʳʭ ʢʦʨʧʦʨʘʮʠʡ. 

ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʧʦʚʳʰʝʥʠʷ ʢʦʥʢʫʨʝʥʪʦʩʧʦʩʦʙʥʦʩʪʠ ʄʉʇ ʷʚʣʷ-

ʝʪʩʷ ʫʯʘʩʪʠʝ ʚ ʧʣʘʪʬʦʨʤʘʭ ʢʦʣʣʝʢʪʠʚʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʪʦʨʛʦʚʣʠ. ʊʘʢʠʝ ʧʣʘʪʬʦʨʤʳ ʧʦʟʚʦʣʷʶʪ ʦʙʲ-

ʝʜʠʥʷʪʴ ʟʘʢʫʧʦʯʥʳʝ ʧʦʪʨʝʙʥʦʩʪʠ ʤʥʦʞʝʩʪʚʘ ʤʝʣʢʠʭ ʠʛʨʦʢʦʚ, ʦʙʝʩʧʝʯʠʚʘʷ ʵʬʬʝʢʪ ʤʘʩʰʪʘʙʘ, ʜʦʩʪʫʧ-

ʥʳʡ ʨʘʥʝʝ ʪʦʣʴʢʦ ʢʨʫʧʥʦʤʫ ʨʠʪʝʡʣʫ [7]. ʊʝʤ ʥʝ ʤʝʥʝʝ, ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʢʦʣʣʝʢʪʠʚʥʳʭ ʟʘʢʫʧʦʢ ʥʘʧʨʷ-

ʤʫʶ ʟʘʚʠʩʠʪ ʦʪ ʪʦʯʥʦʩʪʠ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʩʧʨʦʩʘ. ʆʰʠʙʢʠ ʚ ʧʣʘʥʠʨʦʚʘʥʠʠ ʚʝʜʫʪ ʣʠʙʦ ʢ ʜʝʬʠʮʠʪʫ 

ʪʦʚʘʨʦʚ, ʣʠʙʦ ʢ ʠʟʙʳʪʦʯʥʳʤ ʟʘʧʘʩʘʤ, ʯʪʦ ʢʨʠʪʠʯʥʦ ʜʣʷ ʬʠʥʘʥʩʦʚʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʤʘʣʦʛʦ ʙʠʟʥʝʩʘ. ɺ 

ʵʪʦʤ ʢʦʥʪʝʢʩʪʝ ʧʨʠʤʝʥʝʥʠʝ ʪʝʭʥʦʣʦʛʠʡ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ (ʀʀ) ʩʪʘʥʦʚʠʪʩʷ ʥʝ ʧʨʦʩʪʦ ʢʦʥʢʫ-

ʨʝʥʪʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ, ʘ ʥʝʦʙʭʦʜʠʤʳʤ ʫʩʣʦʚʠʝʤ ʚʳʞʠʚʘʥʠʷ ʠ ʨʦʩʪʘ [4, 5]. 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʫʩʣʦʚʣʝʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʧʝʨʝʭʦʜʘ ʦʪ ʠʥʪʫʠʪʠʚʥʦʛʦ ʫʧʨʘʚʣʝ-

ʥʠʷ ʢ ʫʧʨʘʚʣʝʥʠʶ ʥʘ ʦʩʥʦʚʝ ʜʘʥʥʳʭ (Data-Driven Management) ʚ ʩʝʛʤʝʥʪʝ ʄʉʇ. ɺ ʨʘʤʢʘʭ ʢʦʥʮʝʧʮʠʠ 

çʫʤʥʳʭ ʛʦʨʦʜʦʚè (Smart Cities) ʠʥʪʝʛʨʘʮʠʷ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʭ ʪʦʨʛʦʚʳʭ ʧʣʘʪʬʦʨʤ ʧʦʟʚʦʣʷʝʪ ʦʧʪʠʤʠ-

ʟʠʨʦʚʘʪʴ ʣʦʛʠʩʪʠʯʝʩʢʠʝ ʧʦʪʦʢʠ ʠ ʩʥʠʟʠʪʴ ʵʢʦʣʦʛʠʯʝʩʢʫʶ ʥʘʛʨʫʟʢʫ ʟʘ ʩʯʝʪ ʩʦʢʨʘʱʝʥʠʷ ʣʠʰʥʠʭ ʧʝʨʝʚʦ-

ʟʦʢ [6]. 

ʇʦʩʪʘʥʦʚʢʘ ʧʨʦʙʣʝʤʳ: ʥʝʩʤʦʪʨʷ ʥʘ ʦʯʝʚʠʜʥʳʝ ʧʨʝʠʤʫʱʝʩʪʚʘ ʮʠʬʨʦʚʠʟʘʮʠʠ, ʫʨʦʚʝʥʴ ʚʥʝʜ-

ʨʝʥʠʷ ʧʨʦʜʚʠʥʫʪʳʭ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʚ ʩʝʛʤʝʥʪʝ ʄʉʇ ʦʩʪʘʝʪʩʷ ʥʝʚʳʩʦʢʠʤ. ʇʦ ʜʘʥʥʳʤ ʥʘ 

ʥʘʯʘʣʦ 2025 ʛʦʜʘ, ʣʠʰʴ ʦʢʦʣʦ 18ï20 % ʤʘʣʳʭ ʧʨʝʜʧʨʠʷʪʠʡ ʚ ʈʦʩʩʠʠ ʠʩʧʦʣʴʟʫʶʪ ʪʝʭʥʦʣʦʛʠʠ ʀʀ ʚ 

ʩʚʦʝʡ ʦʧʝʨʘʮʠʦʥʥʦʡ ʜʝʷʪʝʣʴʥʦʩʪʠ [2]. ʆʩʥʦʚʥʳʤʠ ʙʘʨʴʝʨʘʤʠ ʷʚʣʷʶʪʩʷ ʚʳʩʦʢʘʷ ʩʪʦʠʤʦʩʪʴ ʨʘʟʨʘʙʦʪ-

ʢʠ ʠʥʜʠʚʠʜʫʘʣʴʥʳʭ ʨʝʰʝʥʠʡ, ʥʝʭʚʘʪʢʘ ʢʚʘʣʠʬʠʮʠʨʦʚʘʥʥʳʭ ʢʘʜʨʦʚ ʚ ʦʙʣʘʩʪʠ Data Science ʠ ʬʨʘʛ-

ʤʝʥʪʘʨʥʦʩʪʴ ʜʘʥʥʳʭ [12]. 

ʇʨʦʙʣʝʤʘ ʫʩʫʛʫʙʣʷʝʪʩʷ ʩʧʝʮʠʬʠʢʦʡ ʢʦʣʣʝʢʪʠʚʥʳʭ ʟʘʢʫʧʦʢ: ʜʘʥʥʳʝ ʧʦʩʪʫʧʘʶʪ ʦʪ ʤʥʦʞʝʩʪʚʘ 

ʨʘʟʨʦʟʥʝʥʥʳʭ ʫʯʘʩʪʥʠʢʦʚ, ʠʤʝʶʪ ʨʘʟʣʠʯʥʫʶ ʩʪʨʫʢʪʫʨʫ ʠ ʯʘʩʪʦ ʩʦʜʝʨʞʘʪ çʰʫʤʳè. ʊʨʘʜʠʮʠʦʥʥʳʝ ʤʝ-

ʪʦʜʳ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʥʝ ʩʧʦʩʦʙʥʳ ʵʬʬʝʢʪʠʚʥʦ ʦʙʨʘʙʘʪʳʚʘʪʴ ʪʘʢʠʝ ʤʘʩʩʠʚʳ ʠʥʬʦʨʤʘʮʠʠ ʠ 

ʫʯʠʪʳʚʘʪʴ ʜʠʥʘʤʠʯʝʩʢʠʝ ʠʟʤʝʥʝʥʠʷ ʨʳʥʦʯʥʦʡ ʢʦʥʲʶʥʢʪʫʨʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʚʦʟʥʠʢʘʝʪ ʦʩʪʨʘʷ ʧʦ-

ʪʨʝʙʥʦʩʪʴ ʚ ʨʘʟʨʘʙʦʪʢʝ ʜʦʩʪʫʧʥʳʭ ʠ ʥʘʫʯʥʦ ʦʙʦʩʥʦʚʘʥʥʳʭ ʤʦʜʝʣʝʡ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʩʧʨʦʩʘ ʥʘ ʙʘʟʝ 

ʀʀ, ʘʜʘʧʪʠʨʦʚʘʥʥʳʭ ʧʦʜ ʥʫʞʜʳ ʢʦʣʣʝʢʪʠʚʥʳʭ ʧʣʘʪʬʦʨʤ ʜʣʷ ʄʉʇ [8, 9]. 

ʂʨʦʤʝ ʪʦʛʦ, ʦʪʩʫʪʩʪʚʠʝ ʩʪʘʥʜʘʨʪʠʟʠʨʦʚʘʥʥʳʭ ʧʦʜʭʦʜʦʚ ʢ ʦʙʨʘʙʦʪʢʝ ʠ ʠʥʪʝʨʧʨʝʪʘʮʠʠ ʜʘʥʥʳʭ ʠʟ 

ʨʘʟʣʠʯʥʳʭ ʠʩʪʦʯʥʠʢʦʚ (ʚʢʣʶʯʘʷ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʝ ʨʝʝʩʪʨʳ, ʢʦʤʤʝʨʯʝʩʢʠʝ ʙʘʟʳ ʜʘʥʥʳʭ ʠ ʚʥʫʪʨʝʥʥʠʝ 

ʩʠʩʪʝʤʳ ʧʨʝʜʧʨʠʷʪʠʡ) ʫʩʣʦʞʥʷʝʪ ʧʨʦʮʝʩʩ ʬʦʨʤʠʨʦʚʘʥʠʷ ʮʝʣʦʩʪʥʦʡ ʠ ʜʦʩʪʦʚʝʨʥʦʡ ʢʘʨʪʠʥʳ ʜʣʷ ʧʨʠ-

ʥʷʪʠʷ ʦʙʦʩʥʦʚʘʥʥʳʭ ʫʧʨʘʚʣʝʥʯʝʩʢʠʭ ʨʝʰʝʥʠʡ [14]. 

ʄʝʪʦʜʦʣʦʛʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ: ɺ ʨʘʤʢʘʭ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʳʣ ʧʨʠʤʝʥʝʥ ʢʦʤʧʣʝʢʩʥʳʡ 

ʧʦʜʭʦʜ, ʚʢʣʶʯʘʶʱʠʡ ʩʠʩʪʝʤʥʳʡ ʘʥʘʣʠʟ ʘʨʭʠʪʝʢʪʫʨʳ ʧʣʘʪʬʦʨʤ ʵʣʝʢʪʨʦʥʥʦʡ ʪʦʨʛʦʚʣʠ ʠ ʤʝʪʦʜʳ ʤʘ-

ʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ʆʩʥʦʚʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʘʣʘ ʨʘʟʨʘʙʦʪʢʘ ʢʦʥʮʝʧʪʫ-

ʘʣʴʥʦʡ ʤʦʜʝʣʠ çData-to-Decisionè, ʦʩʥʦʚʘʥʥʦʡ ʥʘ ʠʥʪʝʛʨʘʮʠʠ ʘʣʛʦʨʠʪʤʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ 

(Machine Learning) [10].  

ɼʣʷ ʘʥʘʣʠʟʘ ʙʳʣʠ ʠʩʧʦʣʴʟʦʚʘʥʳ ʩʪʘʪʠʩʪʠʯʝʩʢʠʝ ʜʘʥʥʳʝ ʦ ʜʠʥʘʤʠʢʝ ʨʳʥʢʘ ʵʣʝʢʪʨʦʥʥʦʡ ʪʦʨ-

ʛʦʚʣʠ ʚ ʈʌ ʟʘ ʧʝʨʠʦʜ 2020ï2024 ʛʛ. ʠ ʧʨʦʛʥʦʟʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʥʘ 2025 ʛʦʜ [1]. ɺʠʟʫʘʣʠʟʘʮʠʷ ʜʘʥʥʳʭ ʠ 

ʧʦʩʪʨʦʝʥʠʝ ʛʨʘʬʠʢʦʚ ʦʩʫʱʝʩʪʚʣʷʣʠʩʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʛʨʘʤʤʥʳʭ ʩʨʝʜʩʪʚ ʥʘ ʷʟʳʢʝ Python (ʙʠʙ-

ʣʠʦʪʝʢʠ Pandas, Matplotlib). 

ʄʝʪʦʜʦʣʦʛʠʷ ʚʢʣʶʯʘʝʪ ʩʣʝʜʫʶʱʠʝ ʵʪʘʧʳ: 

ï  ʩʙʦʨ ʠ ʧʨʝʜʦʙʨʘʙʦʪʢʘ ʜʘʥʥʳʭ ʦʪ ʫʯʘʩʪʥʠʢʦʚ ʢʦʣʣʝʢʪʠʚʥʳʭ ʟʘʢʫʧʦʢ; 

ï  ʦʯʠʩʪʢʘ ʜʘʥʥʳʭ ʦʪ ʘʥʦʤʘʣʠʡ ʠ ʟʘʧʦʣʥʝʥʠʝ ʧʨʦʧʫʩʢʦʚ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʘʪʠʩʪʠʯʝʩʢʠʭ ʤʝ-

ʪʦʜʦʚ; 

ï  ʦʙʫʯʝʥʠʝ ʠ ʪʝʩʪʠʨʦʚʘʥʠʝ ʨʘʟʣʠʯʥʳʭ ʤʦʜʝʣʝʡ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ (ARIMA, XGBoost, LSTM) [11]; 

ï  ʦʮʝʥʢʘ ʪʦʯʥʦʩʪʠ ʤʦʜʝʣʝʡ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʨʠʢ MAPE (Mean Absolute Percentage Error) ʠ 

RMSE (Root Mean Square Error).  

ʉ 
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ʊʘʙʣʠʮʘ 1 ï ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʤʝʪʦʜʦʚ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʩʧʨʦʩʘ ʜʣʷ ʄʉʇ 
 

ʄʝʪʦʜ ʊʦʯʥʦʩʪʴ ʉʣʦʞʥʦʩʪʴ ʉʪʦʠʤʦʩʪʴ ʇʨʠʤʝʥʠʤʦʩʪʴ 

ARIMA ʉʨʝʜʥʷʷ ʅʠʟʢʘʷ ʅʠʟʢʘʷ ʆʛʨʘʥʠʯʝʥʘ 

XGBoost ɺʳʩʦʢʘʷ ʉʨʝʜʥʷʷ ʉʨʝʜʥʷʷ ɺʳʩʦʢʘʷ 

LSTM ʆʯʝʥʴ ʚʳʩʦʢʘʷ ɺʳʩʦʢʘʷ ɺʳʩʦʢʘʷ ʉʨʝʜʥʷʷ 

Prophet ʉʨʝʜʥʷʷ+ ʅʠʟʢʘʷ ʅʠʟʢʘʷ ɺʳʩʦʢʘʷ 

 

ʊʝʭʥʠʯʝʩʢʠʡ ʘʥʘʣʠʟ ʘʣʛʦʨʠʪʤʦʚ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ: ɺ ʜʘʥʥʦʤ ʨʘʟʜʝʣʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʢʣʶʯʝ-

ʚʳʝ ʘʣʛʦʨʠʪʤʳ, ʧʨʠʤʝʥʠʤʳʝ ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʩʧʨʦʩʘ ʚ ʫʩʣʦʚʠʷʭ ʢʦʣʣʝʢʪʠʚʥʳʭ ʟʘʢʫʧʦʢ [13]. 

ɸʥʩʘʤʙʣʝʚʳʝ ʤʝʪʦʜʳ (XGBoost) : XGBoost (Extreme Gradient Boosting) ʷʚʣʷʝʪʩʷ ʨʝʘʣʠʟʘʮʠʝʡ 

ʛʨʘʜʠʝʥʪʥʦʛʦ ʙʫʩʪʠʥʛʘ ʥʘʜ ʜʝʨʝʚʴʷʤʠ ʨʝʰʝʥʠʡ. ʕʪʦʪ ʘʣʛʦʨʠʪʤ ʧʦʢʘʟʘʣ ʚʳʩʦʢʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʧʨʠ 

ʨʘʙʦʪʝ ʩ ʪʘʙʣʠʯʥʳʤʠ ʜʘʥʥʳʤʠ, ʢʦʪʦʨʳʝ ʪʠʧʠʯʥʳ ʜʣʷ ʩʠʩʪʝʤ ʫʯʝʪʘ ʧʨʦʜʘʞ ʄʉʇ. ʆʩʥʦʚʥʳʤ ʧʨʝʠʤʫ-

ʱʝʩʪʚʦʤ XGBoost ʷʚʣʷʝʪʩʷ ʝʛʦ ʩʧʦʩʦʙʥʦʩʪʴ ʦʙʨʘʙʘʪʳʚʘʪʴ ʧʨʦʧʫʱʝʥʥʳʝ ʟʥʘʯʝʥʠʷ ʠ ʫʯʠʪʳʚʘʪʴ ʥʝʣʠ-

ʥʝʡʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʤʝʞʜʫ ʬʘʢʪʦʨʘʤʠ (ʥʘʧʨʠʤʝʨ, ʚʣʠʷʥʠʝ ʧʨʘʟʜʥʠʢʦʚ, ʧʦʛʦʜʳ ʠ ʤʘʨʢʝʪʠʥʛʦʚʳʭ ʘʢ-

ʮʠʡ ʥʘ ʩʧʨʦʩ) [11]. 

ʈʝʢʫʨʨʝʥʪʥʳʝ ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ (LSTM) : LSTM (Long Short-Term Memory) ï ʵʪʦ ʪʠʧ ʨʝʢʫʨʨʝʥʪʥʦʡ 

ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ, ʩʧʦʩʦʙʥʳʡ ʦʙʫʯʘʪʴʩʷ ʜʦʣʛʦʚʨʝʤʝʥʥʳʤ ʟʘʚʠʩʠʤʦʩʪʷʤ. ɺ ʟʘʜʘʯʘʭ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ 

ʚʨʝʤʝʥʥʳʭ ʨʷʜʦʚ ʩʧʨʦʩʘ LSTM ʧʦʟʚʦʣʷʝʪ ʫʯʠʪʳʚʘʪʴ ʛʣʫʙʦʢʫʶ ʩʝʟʦʥʥʦʩʪʴ ʠ ʪʨʝʥʜʳ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ 

ʙʳʪʴ ʫʧʫʱʝʥʳ ʢʣʘʩʩʠʯʝʩʢʠʤʠ ʤʝʪʦʜʘʤʠ. ʆʜʥʘʢʦ ʜʣʷ ʵʬʬʝʢʪʠʚʥʦʛʦ ʦʙʫʯʝʥʠʷ LSTM ʪʨʝʙʫʶʪʩʷ ʟʥʘʯʠ-

ʪʝʣʴʥʳʝ ʦʙʲʝʤʳ ʜʘʥʥʳʭ, ʯʪʦ ʜʝʣʘʝʪ ʝʛʦ ʧʨʠʤʝʥʝʥʠʝ ʦʧʨʘʚʜʘʥʥʳʤ ʠʤʝʥʥʦ ʥʘ ʫʨʦʚʥʝ ʘʛʨʝʛʠʨʦʚʘʥʥʳʭ 

ʧʣʘʪʬʦʨʤ ʢʦʣʣʝʢʪʠʚʥʳʭ ʟʘʢʫʧʦʢ [8]. 

 

 
 

ʈʠʩʫʥʦʢ 1 ï ʉʨʘʚʥʝʥʠʝ ʪʦʯʥʦʩʪʠ ʘʣʛʦʨʠʪʤʦʚ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʩʧʨʦʩʘ (MAPE, %) 

 

ʈʝʟʫʣʴʪʘʪʳ ʠ ʦʙʩʫʞʜʝʥʠʝ. ɸʥʘʣʠʟ ʜʠʥʘʤʠʢʠ ʨʳʥʢʘ ʵʣʝʢʪʨʦʥʥʦʡ ʪʦʨʛʦʚʣʠ ʚ ʈʦʩʩʠʠ ʧʦʢʘʟʳʚʘ-

ʝʪ ʚʟʨʳʚʥʦʡ ʨʦʩʪ. ʆʞʠʜʘʝʪʩʷ, ʯʪʦ ʢ ʢʦʥʮʫ 2025 ʛʦʜʘ ʦʙʲʝʤ ʨʳʥʢʘ ʧʨʝʚʳʩʠʪ 12,5 ʪʨʣʥ ʨʫʙʣʝʡ [1]. ʕʪʦʪ 

ʨʦʩʪ ʩʦʟʜʘʝʪ ʢʦʣʦʩʩʘʣʴʥʳʝ ʦʙʲʝʤʳ ʜʘʥʥʳʭ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʣʷ ʦʙʫʯʝʥʠʷ ʀʀ-

ʤʦʜʝʣʝʡ. 

ɺʥʝʜʨʝʥʠʝ ʀʀ-ʪʝʭʥʦʣʦʛʠʡ ʦʢʘʟʳʚʘʝʪ ʧʨʷʤʦʝ ʚʣʠʷʥʠʝ ʥʘ ʢʣʶʯʝʚʳʝ ʧʦʢʘʟʘʪʝʣʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ 

(ʂʇʕ) ʤʘʣʦʛʦ ʙʠʟʥʝʩʘ. ʇʨʠʤʝʥʝʥʠʝ ʀʀ ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ ʪʦʯʥʦʩʪʠ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʥʘ ʫʨʦʚʥʝ 88 %, 

ʯʪʦ ʥʘ 23 % ʚʳʰʝ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʪʨʘʜʠʮʠʦʥʥʳʤʠ ʤʝʪʦʜʘʤʠ. ʕʪʦ, ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʚʝʜʝʪ ʢ ʩʥʠʞʝʥʠʶ 

ʠʟʜʝʨʞʝʢ ʥʘ ʣʦʛʠʩʪʠʢʫ ʠ ʭʨʘʥʝʥʠʝ ʥʘ 18 % [2, 5]. 
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ʈʠʩʫʥʦʢ 2 ï ɼʠʥʘʤʠʢʘ ʦʙʲʝʤʘ ʨʳʥʢʘ ʵʣʝʢʪʨʦʥʥʦʡ ʪʦʨʛʦʚʣʠ ʚ ʈʌ (2020-2025*). 

 

 
 

ʈʠʩʫʥʦʢ 3 ï ɺʣʠʷʥʠʝ ʀʀ ʥʘ ʢʣʶʯʝʚʳʝ ʧʦʢʘʟʘʪʝʣʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʄʉʇ 

 
ʄʝʞʜʫʥʘʨʦʜʥʳʡ ʦʧʳʪ ʠ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ: ʆʧʳʪ ʂʠʪʘʷ ʠ ʩʪʨʘʥ ɽʚʨʦʩʦʶʟʘ ʧʦʢʘʟʳʚʘʝʪ, ʯʪʦ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʘʷ ʧʦʜʜʝʨʞʢʘ ʮʠʬʨʦʚʠʟʘʮʠʠ ʄʉʇ ʷʚʣʷʝʪʩʷ ʢʣʶʯʝʚʳʤ ʬʘʢʪʦʨʦʤ ʫʩʧʝʭʘ. ɺ ʂʠʪʘʝ 
ʧʣʘʪʬʦʨʤʳ ʪʠʧʘ Alibaba ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʫʶʪ ʀʀ ʜʣʷ ʧʦʜʜʝʨʞʢʠ ʤʝʣʢʠʭ ʧʦʩʪʘʚʱʠʢʦʚ, ʧʨʝʜʦʩʪʘʚʣʷʷ 
ʠʤ ʜʦʩʪʫʧ ʢ ʧʨʦʛʥʦʟʥʦʡ ʘʥʘʣʠʪʠʢʝ ʚ ʨʝʘʣʴʥʦʤ ʚʨʝʤʝʥʠ [7]. 
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ʈʠʩʫʥʦʢ 4 ï ʋʨʦʚʝʥʴ ʚʥʝʜʨʝʥʠʷ ʀʀ ʚ ʩʝʛʤʝʥʪʝ ʄʉʇ ʧʦ ʨʝʛʠʦʥʘʤ (2024ï2025, %) 

 
ʈʦʩʩʠʷ ʥʘ ʪʝʢʫʱʠʡ ʤʦʤʝʥʪ ʥʘʭʦʜʠʪʩʷ ʥʘ ʵʪʘʧʝ ʘʢʪʠʚʥʦʛʦ ʜʦʛʦʥʷʶʱʝʛʦ ʨʘʟʚʠʪʠʷ. ʀʥʪʝʛʨʘʮʠʷ ʩ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʤʠ ʩʠʩʪʝʤʘʤʠ (ɽʀʉ) ʠ ʨʘʟʚʠʪʠʝ ʥʘʮʠʦʥʘʣʴʥʳʭ ʀʀ-ʩʝʨʚʠʩʦʚ ʤʦʛʫʪ ʟʥʘʯʠʪʝʣʴʥʦ ʫʩʢʦ-
ʨʠʪʴ ʵʪʦʪ ʧʨʦʮʝʩʩ [15]. 

ɺʣʠʷʥʠʝ ʦʙʲʝʤʘ ʜʘʥʥʳʭ ʥʘ ʪʦʯʥʦʩʪʴ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ: ʆʜʥʠʤ ʠʟ ʢʣʶʯʝʚʳʭ ʚʳʚʦʜʦʚ ʠʩ-
ʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʛʠʧʦʪʝʟʳ ʦ ʪʦʤ, ʯʪʦ ʪʦʯʥʦʩʪʴ ʥʝʡʨʦʩʝʪʝʚʳʭ ʤʦʜʝʣʝʡ (LSTM) 
ʨʘʩʪʝʪ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʦʙʲʝʤʘ ʦʙʫʯʘʶʱʝʡ ʚʳʙʦʨʢʠ. ʕʪʦ ʧʦʜʯʝʨʢʠʚʘʝʪ ʚʘʞʥʦʩʪʴ 
ʢʦʣʣʝʢʪʠʚʥʳʭ ʧʣʘʪʬʦʨʤ, ʢʦʪʦʨʳʝ ʚʳʩʪʫʧʘʶʪ ʚ ʨʦʣʠ ʘʛʨʝʛʘʪʦʨʦʚ ʜʘʥʥʳʭ ʜʣʷ ʤʥʦʞʝʩʪʚʘ ʄʉʇ [8, 10]. 
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ʇʨʘʢʪʠʯʝʩʢʠʝ ʨʝʢʦʤʝʥʜʘʮʠʠ: ɼʣʷ ʫʩʧʝʰʥʦʡ ʨʝʘʣʠʟʘʮʠʠ ʧʦʪʝʥʮʠʘʣʘ ʀʀ ʥʘ ʧʣʘʪʬʦʨʤʘʭ ʢʦʣ-

ʣʝʢʪʠʚʥʦʡ ʪʦʨʛʦʚʣʠ ʧʨʝʜʣʘʛʘʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʰʘʛʠ: 
ï  ʉʦʟʜʘʥʠʝ ʝʜʠʥʳʭ ʩʪʘʥʜʘʨʪʦʚ ʦʙʤʝʥʘ ʜʘʥʥʳʤʠ: ʈʘʟʨʘʙʦʪʢʘ ʧʨʦʪʦʢʦʣʦʚ, ʧʦʟʚʦʣʷʶʱʠʭ ʄʉʇ 

ʙʝʟʦʧʘʩʥʦ ʧʝʨʝʜʘʚʘʪʴ ʦʙʝʟʣʠʯʝʥʥʳʝ ʜʘʥʥʳʝ ʦ ʧʨʦʜʘʞʘʭ ʥʘ ʮʝʥʪʨʘʣʠʟʦʚʘʥʥʫʶ ʧʣʘʪʬʦʨʤʫ ʜʣʷ ʦʙʫ-

ʯʝʥʠʷ ʤʦʜʝʣʝʡ [6]; 

ï  ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʦʙʣʘʯʥʳʭ ʀʀ-ʩʝʨʚʠʩʦʚ (SaaS): ɺʤʝʩʪʦ ʨʘʟʨʘʙʦʪʢʠ ʩʦʙʩʪʚʝʥʥʳʭ ʩʠʩʪʝʤ ʄʉʇ 

ʨʝʢʦʤʝʥʜʫʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʛʦʪʦʚʳʝ ʦʙʣʘʯʥʳʝ ʨʝʰʝʥʠʷ, ʯʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʩʥʠʞʘʝʪ ʧʦʨʦʛ ʚʭʦʜʘ [9]; 

ï  ʀʥʪʝʛʨʘʮʠʷ ʩ ʛʦʩʫʜʘʨʩʪʚʝʥʥʳʤʠ ʩʠʩʪʝʤʘʤʠ: ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʥʥʳʭ ʠʟ ɽʜʠʥʦʡ ʠʥʬʦʨʤʘʮʠ-
ʦʥʥʦʡ ʩʠʩʪʝʤʳ (ɽʀʉ) ʠ ʩʠʩʪʝʤ ʤʦʥʠʪʦʨʠʥʛʘ ʪʦʚʘʨʦʚ ʜʣʷ ʚʝʨʠʬʠʢʘʮʠʠ ʢʦʥʪʨʘʛʝʥʪʦʚ ʠ ʫʪʦʯʥʝʥʠʷ ʨʳ-

ʥʦʯʥʳʭ ʪʨʝʥʜʦʚ [15]; 

ï  ʆʙʫʯʝʥʠʝ ʧʝʨʩʦʥʘʣʘ: ʇʦʚʳʰʝʥʠʝ ʮʠʬʨʦʚʦʡ ʛʨʘʤʦʪʥʦʩʪʠ ʨʫʢʦʚʦʜʠʪʝʣʝʡ ʄʉʇ ʜʣʷ ʧʦʥʠʤʘ-

ʥʠʷ ʚʦʟʤʦʞʥʦʩʪʝʡ ʠ ʦʛʨʘʥʠʯʝʥʠʡ ʀʀ-ʠʥʩʪʨʫʤʝʥʪʦʚ [13]. 

ʇʨʠʤʝʥʝʥʠʝ ʪʝʭʥʦʣʦʛʠʡ ʠʩʢʫʩʩʪʚʝʥʥʦʛʦ ʠʥʪʝʣʣʝʢʪʘ ʜʣʷ ʧʨʦʛʥʦʟʠʨʦʚʘʥʠʷ ʩʧʨʦʩʘ ʷʚʣʷʝʪʩʷ 

ʩʪʨʘʪʝʛʠʯʝʩʢʠʤ ʚʝʢʪʦʨʦʤ ʨʘʟʚʠʪʠʷ ʧʣʘʪʬʦʨʤ ʢʦʣʣʝʢʪʠʚʥʦʡ ʵʣʝʢʪʨʦʥʥʦʡ ʪʦʨʛʦʚʣʠ. ʀʩʩʣʝʜʦʚʘʥʠʝ 
ʧʦʜʪʚʝʨʜʠʣʦ, ʯʪʦ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʘʣʛʦʨʠʪʤʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʧʦʟʚʦʣʷʝʪ ʄʉʇ ʥʠʚʝʣʠʨʦʚʘʪʴ ʨʠʩ-

ʢʠ, ʩʚʷʟʘʥʥʳʝ ʩ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴʶ ʩʧʨʦʩʘ, ʠ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʟʘʢʫʧʦʯʥʫʶ ʜʝʷʪʝʣʴʥʦʩʪʴ. ɺ ʫʩʣʦʚʠʷʭ 

2025 ʛʦʜʘ, ʢʦʛʜʘ ʮʠʬʨʦʚʘʷ ʵʢʦʥʦʤʠʢʘ ʩʪʘʥʦʚʠʪʩʷ ʬʫʥʜʘʤʝʥʪʦʤ ʥʘʮʠʦʥʘʣʴʥʦʛʦ ʨʘʟʚʠʪʠʷ, ʧʦʜʜʝʨʞʢʘ 

ʄʉʇ ʯʝʨʝʟ ʚʥʝʜʨʝʥʠʝ ʠʥʪʝʣʣʝʢʪʫʘʣʴʥʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʷʚʣʷʝʪʩʷ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ. ʇʨʝʜ-

ʣʦʞʝʥʥʘʷ ʤʦʜʝʣʴ ʠ ʨʝʢʦʤʝʥʜʘʮʠʠ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʩʪʨʘʪʝʛʠʡ ʮʠʬʨʦʚʠʟʘʮʠʠ 
ʤʘʣʦʛʦ ʙʠʟʥʝʩʘ ʚ ʨʘʤʢʘʭ ʧʨʦʛʨʘʤʤ çʋʤʥʳʡ ʛʦʨʦʜè ʠ ʥʘʮʠʦʥʘʣʴʥʳʭ ʧʨʦʝʢʪʦʚ ʧʦ ʧʦʜʜʝʨʞʢʝ ʧʨʝʜʧʨʠ-

ʥʠʤʘʪʝʣʴʩʪʚʘ [3, 12]. 
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ɸʥʥʦʪʘʮʠʷ. ɺ ʜʘʥʥʦʡ ʩʪʘʪʴʝ ʧʨʦʚʦʜʠʪʩʷ ʛʣʫʙʦʢʠʡ ʘʥʘʣʠʟ ʧʦ-
ʪʨʝʙʠʪʝʣʴʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ ʥʘ ʧʣʘʪʬʦʨʤʘʭ ʢʦʣʣʝʢʪʠʚʥʳʭ ʧʦʢʫ-
ʧʦʢ ʚ ʢʦʥʪʝʢʩʪʝ ʮʠʬʨʦʚʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʨʦʩʩʠʡʩʢʦʛʦ ʨʠʪʝʡ-
ʣʘ (2024ï2025 ʛʛ.). ʀʩʩʣʝʜʦʚʘʥʠʝ ʥʘʧʨʘʚʣʝʥʦ ʥʘ ʚʳʷʚʣʝʥʠʝ 
ʢʣʶʯʝʚʳʭ ʬʘʢʪʦʨʦʚ ʤʦʪʠʚʘʮʠʠ ʧʦʣʴʟʦʚʘʪʝʣʝʡ, ʪʘʢʠʭ ʢʘʢ ʮʝ-
ʥʦʚʘʷ ʵʢʦʥʦʤʠʷ, ʩʦʮʠʘʣʴʥʦʝ ʚʟʘʠʤʦʜʝʡʩʪʚʠʝ ʠ ʜʦʚʝʨʠʝ ʢ ʩʦ-
ʦʙʱʝʩʪʚʫ. ɸʚʪʦʨʘʤʠ ʦʙʦʩʥʦʚʘʥʘ ʟʥʘʯʠʤʦʩʪʴ ʘʥʘʣʠʟʘ ʜʘʥʥʳʭ ʦ 
ʧʦʚʝʜʝʥʠʠ ʧʦʪʨʝʙʠʪʝʣʝʡ ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʘʜʘʧʪʠʚʥʳʭ ʤʘʨʢʝ-
ʪʠʥʛʦʚʳʭ ʩʪʨʘʪʝʛʠʡ ʤʘʣʳʭ ʠ ʩʨʝʜʥʠʭ ʧʨʝʜʧʨʠʷʪʠʡ (ʄʉʇ). ɺ 
ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʨʘʟʣʠʯʠʷ ʚ ʧʘʪʪʝʨʥʘʭ ʧʦʪʨʝʙʣʝʥʠʷ 
ʤʝʞʜʫ ʧʦʢʦʣʝʥʠʷʤʠ Z ʠ ʤʠʣʣʝʥʠʘʣʘʤʠ, ʘ ʪʘʢʞʝ ʚʣʠʷʥʠʝ ʧʝʨ-
ʩʦʥʘʣʠʟʠʨʦʚʘʥʥʦʛʦ ʤʘʨʢʝʪʠʥʛʘ ʥʘ ʧʦʢʘʟʘʪʝʣʠ ʢʦʥʚʝʨʩʠʠ. ʈʝ-
ʟʫʣʴʪʘʪʳ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʜʪʚʝʨʞʜʘʶʪ, ʯʪʦ ʠʥʪʝʛʨʘʮʠʷ ʘʥʘʣʠ-
ʪʠʯʝʩʢʠʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʚ ʤʘʨʢʝʪʠʥʛʦʚʫʶ ʜʝʷʪʝʣʴʥʦʩʪʴ ʄʉʇ 
ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʨʝʢʣʘʤʥʳʭ ʢʘʤʧʘʥʠʡ ʥʘ 
35% ʠ ʫʢʨʝʧʠʪʴ ʣʦʷʣʴʥʦʩʪʴ ʢʣʠʝʥʪʦʚ. ʉʪʘʪʴʷ ʩʦʜʝʨʞʠʪ ʧʨʘʢ-
ʪʠʯʝʩʢʠʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʦʧʪʠʤʠʟʘʮʠʠ ʤʘʨʢʝʪʠʥʛʦʚʳʭ ʢʦʤ-
ʤʫʥʠʢʘʮʠʡ ʜʣʷ ʩʫʙʲʝʢʪʦʚ ʤʘʣʦʛʦ ʙʠʟʥʝʩʘ ʥʘ ʙʘʟʝ ʘʥʘʣʠʟʘ 
ʙʦʣʴʰʠʭ ʜʘʥʥʳʭ [1, 2, 5]. 

Annotation.  This article provides an in-depth 
analysis of consumer behavior on collective 
buying platforms within the context of the 
digital transformation of Russian retail (2024ï
2025). The study aims to identify key user 
motivation factors such as price savings, 
social interaction, and community trust. The 
authors substantiate the importance of ana-
lyzing consumer behavior data for developing 
adaptive marketing strategies for small and 
medium-sized enterprises (SMEs). The paper 
examines differences in consumption pat-
terns between Generation Z and Millennials, 
as well as the impact of personalized market-
ing on conversion rates. The research results 
confirm that integrating analytical tools into 
the marketing activities of SMEs allows for a 
35% increase in advertising campaign effec-
tiveness and strengthens customer loyalty. 
The article contains practical recommenda-
tions for optimizing marketing communica-
tions for small business entities based on big 
data analysis [1, 2, 5]. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʧʦʚʝʜʝʥʠʝ ʧʦʪʨʝʙʠʪʝʣʝʡ, ʢʦʣʣʝʢʪʠʚʥʳʝ 
ʧʦʢʫʧʢʠ, ʤʘʨʢʝʪʠʥʛʦʚʳʝ ʩʪʨʘʪʝʛʠʠ, ʤʘʣʳʡ ʠ ʩʨʝʜʥʠʡ ʙʠʟʥʝʩ 
(ʄʉʇ), ʵʣʝʢʪʨʦʥʥʘʷ ʢʦʤʤʝʨʮʠʷ, ʮʠʬʨʦʚʘʷ ʪʨʘʥʩʬʦʨʤʘʮʠʷ, 
ʣʦʷʣʴʥʦʩʪʴ ʢʣʠʝʥʪʦʚ, ʧʦʢʦʣʝʥʠʝ Z, ʙʦʣʴʰʠʝ ʜʘʥʥʳʝ, ʈʦʩʩʠʷ. 

Keywords : consumer behavior, collective 
buying, marketing strategies, small and me-
dium-sized enterprises (SME), e-commerce, 
digital transformation, customer loyalty, Gen-
eration Z, big data, Russia. 

 
ʫʩʣʦʚʠʷʭ ʩʪʨʝʤʠʪʝʣʴʥʦʛʦ ʨʘʟʚʠʪʠʷ ʮʠʬʨʦʚʦʡ ʵʢʦʥʦʤʠʢʠ ʚ ʈʦʩʩʠʡʩʢʦʡ ʌʝʜʝʨʘʮʠʠ (2024ï
2025 ʛʛ.) ʧʦʚʝʜʝʥʠʝ ʧʦʪʨʝʙʠʪʝʣʝʡ ʧʨʝʪʝʨʧʝʚʘʝʪ ʬʫʥʜʘʤʝʥʪʘʣʴʥʳʝ ʠʟʤʝʥʝʥʠʷ. ʊʨʘʜʠʮʠ-

ʦʥʥʳʝ ʤʦʜʝʣʠ ʧʦʪʨʝʙʣʝʥʠʷ ʫʩʪʫʧʘʶʪ ʤʝʩʪʦ ʙʦʣʝʝ ʛʠʙʢʠʤ ʠ ʩʦʮʠʘʣʴʥʦ ʦʨʠʝʥʪʠʨʦʚʘʥʥʳʤ ʬʦʨʤʘʪʘʤ, 
ʩʨʝʜʠ ʢʦʪʦʨʳʭ ʦʩʦʙʦʝ ʤʝʩʪʦ ʟʘʥʠʤʘʶʪ ʧʣʘʪʬʦʨʤʳ ʢʦʣʣʝʢʪʠʚʥʳʭ ʧʦʢʫʧʦʢ [1]. ɼʘʥʥʳʡ ʬʦʨʤʘʪ ʧʦʟʚʦ-
ʣʷʝʪ ʧʦʪʨʝʙʠʪʝʣʷʤ ʦʙʲʝʜʠʥʷʪʴʩʷ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʦʧʪʦʚʳʭ ʩʢʠʜʦʢ, ʯʪʦ ʩʪʘʥʦʚʠʪʩʷ ʦʩʦʙʝʥʥʦ ʘʢʪʫʘʣʴ-
ʥʳʤ ʚ ʧʝʨʠʦʜʳ ʵʢʦʥʦʤʠʯʝʩʢʦʡ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʠ ʠ ʚʳʩʦʢʦʡ ʠʥʬʣʷʮʠʠ. 

ɼʣʷ ʤʘʣʦʛʦ ʠ ʩʨʝʜʥʝʛʦ ʙʠʟʥʝʩʘ (ʄʉʇ) ʧʦʥʠʤʘʥʠʝ ʵʪʠʭ ʠʟʤʝʥʝʥʠʡ ʷʚʣʷʝʪʩʷ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʤ 
ʬʘʢʪʦʨʦʤ ʚʳʞʠʚʘʥʠʷ ʠ ʨʦʩʪʘ. ɺ ʦʪʣʠʯʠʝ ʦʪ ʢʨʫʧʥʳʭ ʢʦʨʧʦʨʘʮʠʡ, ʄʉʇ ʦʙʣʘʜʘʶʪ ʙʦʣʴʰʝʡ ʛʠʙʢʦʩʪʴʶ, 
ʥʦ ʦʛʨʘʥʠʯʝʥʳ ʚ ʤʘʨʢʝʪʠʥʛʦʚʳʭ ʙʶʜʞʝʪʘʭ [4]. ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʜʘʥʥʳʭ ʦ ʧʦʚʝʜʝʥʠʠ ʧʦʪʨʝʙʠʪʝʣʝʡ ʥʘ 

ɺ 
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ʧʣʘʪʬʦʨʤʘʭ ʢʦʣʣʝʢʪʠʚʥʳʭ ʟʘʢʫʧʦʢ ʧʨʝʜʦʩʪʘʚʣʷʝʪ ʤʘʣʳʤ ʧʨʝʜʧʨʠʷʪʠʷʤ ʫʥʠʢʘʣʴʥʫʶ ʚʦʟʤʦʞʥʦʩʪʴ 
ʪʦʯʝʯʥʦʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʥʘ ʮʝʣʝʚʫʶ ʘʫʜʠʪʦʨʠʶ, ʤʠʥʠʤʠʟʠʨʫʷ ʟʘʪʨʘʪʳ ʥʘ ʧʨʠʚʣʝʯʝʥʠʝ ʢʣʠʝʥʪʦʚ (CAC) 
ʠ ʧʦʚʳʰʘʷ ʠʭ ʧʦʞʠʟʥʝʥʥʫʶ ʮʝʥʥʦʩʪʴ (LTV) [8]. 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʦʙʫʩʣʦʚʣʝʥʘ ʥʝʦʙʭʦʜʠʤʦʩʪʴʶ ʨʘʟʨʘʙʦʪʢʠ ʥʘʫʯʥʦ ʦʙʦʩʥʦ-

ʚʘʥʥʳʭ ʧʦʜʭʦʜʦʚ ʢ ʬʦʨʤʠʨʦʚʘʥʠʶ ʤʘʨʢʝʪʠʥʛʦʚʳʭ ʩʪʨʘʪʝʛʠʡ ʄʉʇ ʥʘ ʦʩʥʦʚʝ ʘʥʘʣʠʟʘ ʙʦʣʴʰʠʭ ʜʘʥʥʳʭ 

ʦ ʧʦʚʝʜʝʥʠʠ ʧʦʣʴʟʦʚʘʪʝʣʝʡ ʚ ʮʠʬʨʦʚʦʡ ʩʨʝʜʝ [6]. 

ʊʝʦʨʝʪʠʯʝʩʢʠʝ ʦʩʥʦʚʳ ʘʥʘʣʠʟʘ ʧʦʪʨʝʙʠʪʝʣʴʩʢʦʛʦ ʧʦʚʝʜʝʥʠʷ: ʇʦʚʝʜʝʥʠʝ ʧʦʪʨʝʙʠʪʝʣʷ ʚ 

ʮʠʬʨʦʚʦʡ ʩʨʝʜʝ ï ʵʪʦ ʩʣʦʞʥʳʡ ʧʨʦʮʝʩʩ, ʚʢʣʶʯʘʶʱʠʡ ʧʦʠʩʢ ʠʥʬʦʨʤʘʮʠʠ, ʦʮʝʥʢʫ ʘʣʴʪʝʨʥʘʪʠʚ, ʧʨʠ-

ʥʷʪʠʝ ʨʝʰʝʥʠʷ ʦ ʧʦʢʫʧʢʝ ʠ ʧʦʩʣʝʧʦʢʫʧʦʯʥʳʡ ʦʧʳʪ [9]. ʅʘ ʧʣʘʪʬʦʨʤʘʭ ʢʦʣʣʝʢʪʠʚʥʳʭ ʧʦʢʫʧʦʢ ʢ ʵʪʠʤ 

ʢʣʘʩʩʠʯʝʩʢʠʤ ʵʪʘʧʘʤ ʜʦʙʘʚʣʷʝʪʩʷ ʩʦʮʠʘʣʴʥʳʡ ʢʦʤʧʦʥʝʥʪ: ʚʣʠʷʥʠʝ ʤʥʝʥʠʷ ʩʦʦʙʱʝʩʪʚʘ, ʨʝʬʝʨʘʣɹ -

ʥʳʝ ʧʨʦʛʨʘʤʤʳ ʠ ʛʨʫʧʧʦʚʘʷ ʜʠʥʘʤʠʢʘ [10]. 

ɺ 2024ï2025 ʛʦʜʘʭ ʢʣʶʯʝʚʳʤ ʪʨʝʥʜʦʤ ʚ ʈʦʩʩʠʠ ʩʪʘʣʘ çʨʘʮʠʦʥʘʣʠʟʘʮʠʷ ʧʦʪʨʝʙʣʝʥʠʷè. ʇʦʢʫʧʘ-

ʪʝʣʠ ʚʩʝ ʯʘʱʝ ʠʱʫʪ ʩʧʦʩʦʙʳ ʦʧʪʠʤʠʟʘʮʠʠ ʨʘʩʭʦʜʦʚ ʙʝʟ ʧʦʪʝʨʠ ʢʘʯʝʩʪʚʘ ʪʦʚʘʨʦʚ, ʯʪʦ ʜʝʣʘʝʪ ʧʣʘʪ-

ʬʦʨʤʳ ʢʦʣʣʝʢʪʠʚʥʳʭ ʟʘʢʫʧʦʢ ʠʜʝʘʣʴʥʳʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʨʝʘʣʠʟʘʮʠʠ ʵʪʦʡ ʧʦʪʨʝʙʥʦʩʪʠ [2]. 

 

 
ʈʠʩʫʥʦʢ 1 ï ʄʦʪʠʚʘʮʠʷ ʧʦʪʨʝʙʠʪʝʣʝʡ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʧʣʘʪʬʦʨʤ ʢʦʣʣʝʢʪʠʚʥʳʭ ʧʦʢʫʧʦʢ (%) 

 

ʄʝʪʦʜʦʣʦʛʠʷ ʠʩʩʣʝʜʦʚʘʥʠʷ: ʄʝʪʦʜʦʣʦʛʠʯʝʩʢʫʶ ʙʘʟʫ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʦʩʪʘʚʠʣʠ ʩʠʩʪʝʤʥʳʡ 

ʧʦʜʭʦʜ, ʤʝʪʦʜʳ ʩʪʘʪʠʩʪʠʯʝʩʢʦʛʦ ʘʥʘʣʠʟʘ ʠ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʜʘʥʥʳʭ. ɺ ʢʘʯʝʩʪʚʝ ʵʤʧʠ-

ʨʠʯʝʩʢʦʡ ʙʘʟʳ ʠʩʧʦʣʴʟʦʚʘʥʳ ʦʪʯʝʪʳ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʘʛʝʥʪʩʪʚ (Data Insight, ʉʙʝʨʇʨʦ) ʟʘ 2024 ʛʦʜ ʠ 

ʧʨʦʛʥʦʟʥʳʝ ʧʦʢʘʟʘʪʝʣʠ ʥʘ 2025 ʛʦʜ [1, 2]. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʚ ʪʨʠ ʵʪʘʧʘ: 

ï  ɸʥʘʣʠʟ ʚʪʦʨʠʯʥʳʭ ʜʘʥʥʳʭ ʦ ʜʠʥʘʤʠʢʝ ʦʥʣʘʡʥ-ʧʦʪʨʝʙʣʝʥʠʷ ʚ ʈʌ; 

ï  ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʧʦʚʝʜʝʥʠʷ ʨʘʟʣʠʯʥʳʭ ʚʦʟʨʘʩʪʥʳʭ ʛʨʫʧʧ (ʇʦʢʦʣʝʥʠʝ Z ʠ ʄʠʣʣʝʥʠʘ-

ʣʳ) [5, 14]; 

ï  ʆʮʝʥʢʘ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʨʘʟʣʠʯʥʳʭ ʤʘʨʢʝʪʠʥʛʦʚʳʭ ʠʥʩʪʨʫʤʝʥʪʦʚ ʚ ʩʝʛʤʝʥʪʝ ʄʉʇ ʥʘ ʦʩʥʦʚʝ 

ʢʝʡʩ-ʩʪʘʜʠ ʮʠʬʨʦʚʳʭ ʧʣʘʪʬʦʨʤ [12]. 

ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʧʦʚʝʜʝʥʠʷ ʧʦʢʦʣʝʥʠʡ Z ʠ ʤʠʣʣʝʥʠʘʣʦʚ: ʇʦʢʦʣʝʥʠʝ Z (ʨʦʜʠʚʰʠʝʩʷ 

ʧʦʩʣʝ 1997 ʛʦʜʘ) ʠ ʤʠʣʣʝʥʠʘʣʳ (1981ï1996 ʛʛ.) ʷʚʣʷʶʪʩʷ ʦʩʥʦʚʥʳʤʠ ʜʨʘʡʚʝʨʘʤʠ ʨʦʩʪʘ ʵʣʝʢʪʨʦʥʥʦʡ 

ʪʦʨʛʦʚʣʠ ʚ ʈʦʩʩʠʠ. ʆʜʥʘʢʦ ʠʭ ʧʘʪʪʝʨʥʳ ʧʦʚʝʜʝʥʠʷ ʥʘ ʧʣʘʪʬʦʨʤʘʭ ʢʦʣʣʝʢʪʠʚʥʳʭ ʧʦʢʫʧʦʢ ʩʫʱʝʩʪʚʝʥ-

ʥʦ ʨʘʟʣʠʯʘʶʪʩʷ [5]. 

ʇʦʢʦʣʝʥʠʝ Z ʜʝʤʦʥʩʪʨʠʨʫʝʪ ʙʦʣʝʝ ʚʳʩʦʢʫʶ ʯʘʩʪʦʪʫ ʧʦʢʫʧʦʢ ʠ ʩʢʣʦʥʥʦʩʪʴ ʢ ʠʤʧʫʣʴʩʠʚʥʳʤ ʨʝ-

ʰʝʥʠʷʤ ʧʦʜ ʚʣʠʷʥʠʝʤ ʩʦʮʠʘʣʴʥʳʭ ʩʝʪʝʡ. ʄʠʣʣʝʥʠʘʣʳ, ʥʘʧʨʦʪʠʚ, ʙʦʣʝʝ ʩʢʣʦʥʥʳ ʢ ʪʱʘʪʝʣʴʥʦʤʫ 

ʩʨʘʚʥʝʥʠʶ ʮʝʥ ʠ ʧʦʠʩʢʫ ʜʦʣʛʦʩʨʦʯʥʦʡ ʚʳʛʦʜʳ [14]. 
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ʈʠʩʫʥʦʢ 2 ï ʏʘʩʪʦʪʘ ʦʥʣʘʡʥ-ʧʦʢʫʧʦʢ ʚ ʈʦʩʩʠʠ ʧʦ ʚʦʟʨʘʩʪʥʳʤ ʛʨʫʧʧʘʤ (2024-2025) 

 
ʈʦʣʴ ʘʥʘʣʠʟʘ ʧʦʚʝʜʝʥʠʷ ʚ ʫʣʫʯʰʝʥʠʠ ʤʘʨʢʝʪʠʥʛʦʚʳʭ ʩʪʨʘʪʝʛʠʡ ʄʉʇ: ɼʣʷ ʄʉʇ ʧʝʨʝʭʦʜ ʦʪ 

ʤʘʩʩʦʚʦʛʦ ʤʘʨʢʝʪʠʥʛʘ ʢ ʧʝʨʩʦʥʘʣʠʟʠʨʦʚʘʥʥʦʤʫ ʷʚʣʷʝʪʩʷ ʟʘʣʦʛʦʤ ʵʬʬʝʢʪʠʚʥʦʩʪʠ. ɸʥʘʣʠʟ ʧʦʚʝʜʝʥʠʷ 
ʧʦʪʨʝʙʠʪʝʣʝʡ ʧʦʟʚʦʣʷʝʪ ʩʝʛʤʝʥʪʠʨʦʚʘʪʴ ʘʫʜʠʪʦʨʠʶ ʥʝ ʪʦʣʴʢʦ ʧʦ ʜʝʤʦʛʨʘʬʠʯʝʩʢʠʤ ʧʨʠʟʥʘʢʘʤ, ʥʦ ʠ 
ʧʦ ʧʦʚʝʜʝʥʯʝʩʢʠʤ ʧʘʪʪʝʨʥʘʤ (RFM-ʘʥʘʣʠʟ: Recency, Frequency, Monetary) [6, 8]. 

ʇʝʨʩʦʥʘʣʠʟʘʮʠʷ ʧʨʝʜʣʦʞʝʥʠʡ: ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʘʣʛʦʨʠʪʤʦʚ ʤʘʰʠʥʥʦʛʦ ʦʙʫʯʝʥʠʷ ʜʣʷ ʘʥʘʣʠʟʘ 
ʠʩʪʦʨʠʠ ʧʦʢʫʧʦʢ ʧʦʟʚʦʣʷʝʪ ʄʉʇ ʬʦʨʤʠʨʦʚʘʪʴ ʠʥʜʠʚʠʜʫʘʣʴʥʳʝ ʧʨʝʜʣʦʞʝʥʠʷ ʜʣʷ ʫʯʘʩʪʥʠʢʦʚ ʢʦʣʣʝʢ-
ʪʠʚʥʳʭ ʟʘʢʫʧʦʢ, ʯʪʦ ʧʦʚʳʰʘʝʪ ʢʦʥʚʝʨʩʠʶ ʚ ʩʨʝʜʥʝʤ ʥʘ 12ï15 % [9]. 

 

 
 

ʈʠʩʫʥʦʢ 3 ï ɺʣʠʷʥʠʝ ʤʘʨʢʝʪʠʥʛʦʚʳʭ ʩʪʨʘʪʝʛʠʡ ʥʘ ʢʦʥʚʝʨʩʠʶ ʚ ʄʉʇ (2024ï2025, %) 
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ɹʘʨʴʝʨʳ ʠ ʚʳʟʦʚʳ ʮʠʬʨʦʚʦʡ ʪʨʘʥʩʬʦʨʤʘʮʠʠ ʤʘʨʢʝʪʠʥʛʘ: ʅʝʩʤʦʪʨʷ ʥʘ ʧʦʪʝʥʮʠʘʣ, ʄʉʇ 
ʩʪʘʣʢʠʚʘʶʪʩʷ ʩ ʨʷʜʦʤ ʙʘʨʴʝʨʦʚ ʧʨʠ ʚʥʝʜʨʝʥʠʠ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʠʥʩʪʨʫʤʝʥʪʦʚ: ʥʝʭʚʘʪʢʘ ʜʘʥʥʳʭ, ʩʣʦʞ-
ʥʦʩʪʴ ʠʥʪʝʛʨʘʮʠʠ ʩʠʩʪʝʤ ʠ ʚʦʧʨʦʩʳ ʢʠʙʝʨʙʝʟʦʧʘʩʥʦʩʪʠ [13]. ɺ 2025 ʛʦʜʫ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ ʨʝʛʫʣʠʨʦ-
ʚʘʥʠʝ ʚ ʦʙʣʘʩʪʠ ʟʘʱʠʪʳ ʧʝʨʩʦʥʘʣʴʥʳʭ ʜʘʥʥʳʭ ʚ ʈʌ ʥʘʢʣʘʜʳʚʘʝʪ ʜʦʧʦʣʥʠʪʝʣʴʥʳʝ ʦʙʷʟʘʪʝʣʴʩʪʚʘ ʥʘ 
ʤʘʣʳʡ ʙʠʟʥʝʩ [11]. 

ʇʨʘʢʪʠʯʝʩʢʠʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʜʣʷ ʄʉʇ: ʅʘ ʦʩʥʦʚʝ ʧʨʦʚʝʜʝʥʥʦʛʦ ʘʥʘʣʠʟʘ ʧʨʝʜʣʘʛʘʶʪʩʷ ʩʣʝ-
ʜʫʶʱʠʝ ʨʝʢʦʤʝʥʜʘʮʠʠ ʧʦ ʫʣʫʯʰʝʥʠʶ ʤʘʨʢʝʪʠʥʛʦʚʳʭ ʩʪʨʘʪʝʛʠʡ: 

ï  ɺʥʝʜʨʝʥʠʝ ʦʤʥʠʢʘʥʘʣʴʥʳʭ ʩʠʩʪʝʤ ʘʥʘʣʠʪʠʢʠ: ʆʙʲʝʜʠʥʝʥʠʝ ʜʘʥʥʳʭ ʠʟ ʩʦʮʠʘʣʴʥʳʭ ʩʝʪʝʡ, 
ʤʘʨʢʝʪʧʣʝʡʩʦʚ ʠ ʩʦʙʩʪʚʝʥʥʳʭ ʩʘʡʪʦʚ ʜʣʷ ʩʦʟʜʘʥʠʷ ʝʜʠʥʦʛʦ ʧʨʦʬʠʣʷ ʢʣʠʝʥʪʘ [12]. 

ï  ʈʘʟʚʠʪʠʝ ʧʨʦʛʨʘʤʤ ʣʦʷʣʴʥʦʩʪʠ ʥʘ ʙʘʟʝ ʛʝʡʤʠʬʠʢʘʮʠʠ: ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʠʛʨʦʚʳʭ ʤʝʭʘʥʠʢ ʜʣʷ 
ʩʪʠʤʫʣʠʨʦʚʘʥʠʷ ʢʦʣʣʝʢʪʠʚʥʳʭ ʜʝʡʩʪʚʠʡ ʧʦʪʨʝʙʠʪʝʣʝʡ [14]; 

ï  ʀʩʧʦʣʴʟʦʚʘʥʠʝ ʀʀ-ʘʩʩʠʩʪʝʥʪʦʚ ʜʣʷ ʢʦʤʤʫʥʠʢʘʮʠʠ: ɸʚʪʦʤʘʪʠʟʘʮʠʷ ʦʪʚʝʪʦʚ ʥʘ ʟʘʧʨʦʩʳ 
ʧʦʣʴʟʦʚʘʪʝʣʝʡ ʥʘ ʧʣʘʪʬʦʨʤʘʭ ʢʦʣʣʝʢʪʠʚʥʳʭ ʟʘʢʫʧʦʢ ʜʣʷ ʩʦʢʨʘʱʝʥʠʷ ʚʨʝʤʝʥʠ ʦʪʢʣʠʢʘ [9]; 

ï  ʌʦʢʫʩ ʥʘ ʚʠʜʝʦʢʦʥʪʝʥʪ ʠ ʩʦʮʠʘʣʴʥʫʶ ʢʦʤʤʝʨʮʠʶ: ʋʯʠʪʳʚʘʷ ʧʨʝʜʧʦʯʪʝʥʠʷ ʧʦʢʦʣʝʥʠʷ Z, ʄʉʇ 
ʩʣʝʜʫʝʪ ʘʢʪʠʚʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʢʦʨʦʪʢʠʝ ʚʠʜʝʦ (Reels, Clips) ʜʣʷ ʜʝʤʦʥʩʪʨʘʮʠʠ ʧʨʝʠʤʫʱʝʩʪʚ ʢʦʣʣʝʢ-
ʪʠʚʥʳʭ ʧʦʢʫʧʦʢ [5]. 

ɸʥʘʣʠʟ ʧʦʚʝʜʝʥʠʷ ʧʦʪʨʝʙʠʪʝʣʝʡ ʥʘ ʧʣʘʪʬʦʨʤʘʭ ʢʦʣʣʝʢʪʠʚʥʳʭ ʧʦʢʫʧʦʢ ʷʚʣʷʝʪʩʷ ʬʫʥʜʘʤʝʥʪʦʤ 
ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʵʬʬʝʢʪʠʚʥʳʭ ʤʘʨʢʝʪʠʥʛʦʚʳʭ ʩʪʨʘʪʝʛʠʡ ʄʉʇ ʚ 2025 ʛʦʜʫ. ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʦʢʘʟʘʣʦ, 
ʯʪʦ ʧʦʥʠʤʘʥʠʝ ʤʦʪʠʚʘʮʠʠ ʧʦʣʴʟʦʚʘʪʝʣʝʡ ʠ ʨʘʟʣʠʯʠʡ ʚ ʧʦʚʝʜʝʥʠʠ ʧʦʢʦʣʝʥʠʡ ʧʦʟʚʦʣʷʝʪ ʤʘʣʳʤ ʧʨʝʜ-
ʧʨʠʷʪʠʷʤ ʟʥʘʯʠʪʝʣʴʥʦ ʧʦʚʳʩʠʪʴ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʚʦʠʭ ʤʘʨʢʝʪʠʥʛʦʚʳʭ ʫʩʠʣʠʡ. ɺ ʫʩʣʦʚʠʷʭ ʚʳʩʦʢʦʡ 
ʢʦʥʢʫʨʝʥʮʠʠ ʥʘ ʨʦʩʩʠʡʩʢʦʤ ʨʳʥʢʝ ʵʣʝʢʪʨʦʥʥʦʡ ʪʦʨʛʦʚʣʠ, ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʘʥʘʣʠʪʠʯʝʩʢʠʭ ʠʥʩʪʨʫʤʝʥʪʦʚ 
ʠ ʧʝʨʩʦʥʘʣʠʟʠʨʦʚʘʥʥʦʛʦ ʧʦʜʭʦʜʘ ʩʪʘʥʦʚʠʪʩʷ ʦʙʷʟʘʪʝʣʴʥʳʤ ʫʩʣʦʚʠʝʤ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʫʩʪʦʡʯʠʚʦʛʦ 
ʨʦʩʪʘ ʠ ʣʦʷʣʴʥʦʩʪʠ ʢʣʠʝʥʪʦʚ [3, 15]. 
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ɸʥʥʦʪʘʮʠʷ. ʉʦʚʨʝʤʝʥʥʳʝ ʛʣʫʙʦʢʠʝ ʥʝʡʨʦʥʥʳʝ ʩʝʪʠ ʘʢʪʠʚʥʦ 
ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʟʘʜʘʯʘʭ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʟʨʝʥʠʷ, ʛʜʝ ʫʩʪʦʡʯʠ-
ʚʦʩʪʴ ʦʙʫʯʝʥʠʷ ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʠʪ ʦʪ ʚʳʙʦʨʘ ʬʫʥʢʮʠʠ ʘʢʪʠʚʘ-
ʮʠʠ. ɺ ʨʘʙʦʪʝ ʚʳʧʦʣʥʝʥ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʬʫʥʢʮʠʡ ʘʢʪʠ-
ʚʘʮʠʠ ReLU, Sigmoid, ELU, SeLU ʠ PeLU ʩ ʧʦʟʠʮʠʠ ʨʘʩʧʨʦ-
ʩʪʨʘʥʝʥʠʷ ʛʨʘʜʠʝʥʪʘ ʠ ʧʨʝʜʦʪʚʨʘʱʝʥʠʷ ʜʝʛʨʘʜʘʮʠʠ ʘʢʪʠʚʥʦ-
ʩʪʠ ʥʝʡʨʦʥʦʚ. ʈʘʩʩʤʦʪʨʝʥʳ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʚʳʨʘʞʝʥʠʷ ʬʫʥʢ-
ʮʠʡ ʠ ʠʭ ʧʨʦʠʟʚʦʜʥʳʭ, ʠʩʩʣʝʜʦʚʘʥʳ ʦʩʦʙʝʥʥʦʩʪʠ ʧʦʚʝʜʝʥʠʷ ʚ 
ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʠ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʦʙʣʘʩʪʷʭ ʘʨʛʫʤʝʥʪʘ. ʇʦʢʘʟʘ-
ʥʦ ʚʣʠʷʥʠʝ ʬʫʥʢʮʠʡ ʘʢʪʠʚʘʮʠʠ ʥʘ ʩʪʘʙʠʣʴʥʦʩʪʴ ʦʙʫʯʝʥʠʷ, ʚʳ-
ʯʠʩʣʠʪʝʣʴʥʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʠ ʚʝʨʦʷʪʥʦʩʪʴ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 
ʵʬʬʝʢʪʦʚ ʟʘʪʫʭʘʶʱʝʛʦ ʛʨʘʜʠʝʥʪʘ ʠ ʫʤʠʨʘʶʱʠʭ ʥʝʡʨʦʥʦʚ. 

Annotation.  Modern deep neural networks are 
actively used in computer vision tasks, where 
the stability of learning directly depends on the 
choice of the activation function. The paper 
provides a comparative analysis of the activa-
tion functions of ReLU, Sigmoid, ELU, SeLU 
and PeLU from the perspective of gradient 
propagation and prevention of degradation of 
neuronal activity. The analytical expressions of 
functions and their derivatives are considered, 
the features of behavior in the positive and 
negative areas of the argument are investigat-
ed. The effect of activation functions on learning 
stability, computational efficiency, and the likeli-
hood of effects of a decaying gradient and dying 
neurons is shown. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʬʫʥʢʮʠʠ ʘʢʪʠʚʘʮʠʠ; ʛʣʫʙʦʢʠʝ ʥʝʡʨʦʥʥʳʝ 
ʩʝʪʠ; ʟʘʪʫʭʘʶʱʠʡ ʛʨʘʜʠʝʥʪ; ʫʤʠʨʘʶʱʠʝ ʥʝʡʨʦʥʳ; ReLU; ELU; 
Sigmoid, SeLU, PeLU. 

Keywords:  activation functions; deep neural 
networks; fading gradient; dying neurons; 
ReLU; ELU; Sigmoid, SeLU, PeLU. 

 

ʘʢ ʠʟʚʝʩʪʥʦ ʚ ʧʦʩʣʝʜʥʝʝ ʚʨʝʤʷ ʚʦ ʚʩʝʭ ʩʬʝʨʘʭ ʞʠʟʥʠ ʯʝʣʦʚʝʢʘ ʚʩʝ ʯʘʱʝ ʧʨʠʤʝʥʷʶʪ ʠʩʢʫʩ-
ʩʪʚʝʥʥʘʷ ʥʝʡʨʦʥʥʘʷ ʩʝʪʴ (ʀʅʉ). ʅʝ ʠʩʢʣʶʯʝʥʠʷʤ ʷʚʣʷʝʪʩʷ, ʠ ʪʨʘʥʩʧʦʨʪʥʘʷ ʦʪʨʘʩʣʴ, ʚ ʢʦ-

ʪʦʨʦʡ ʘʢʪʠʚʥʦ ʚʥʝʜʨʷʶʪʩʷ ʠʥʩʪʨʫʤʝʥʪʳ ʤʘʰʠʥʥʦʛʦ ʟʨʝʥʠʷ. [1ï3] 
ʀʥʪʝʥʩʠʚʥʦʝ ʚʥʝʜʨʝʥʠʝ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʚ ʟʘʜʘʯʠ ʥʘʙʣʶʜʝʥʠʷ, ʦʙʨʘʙʦʪʢʠ 

ʠʟʦʙʨʘʞʝʥʠʡ ʠ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʫʧʨʘʚʣʝʥʠʷ [4ï6] ʚʝʜʸʪ ʢ ʚʦʟʨʘʩʪʘʥʠʶ ʪʨʝʙʦʚʘʥʠʡ ʢ ʥʘʜʸʞʥʦʩʪʠ ʦʙʫ-
ʯʝʥʠʷ ʛʣʫʙʦʢʠʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ. 

ʆʩʦʙʝʥʥʦ ʚʘʞʥʳʤ ʵʪʦ ʩʪʘʥʦʚʠʪʩʷ ʜʣʷ ʩʚʝʨʪʦʯʥʳʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ, ʢʦʪʦʨʳʝ ʰʠʨʦʢʦ ʧʨʠʤʝʥʷ-
ʶʪʩʷ ʚ ʩʠʩʪʝʤʘʭ ʤʘʰʠʥʥʦʛʦ ʟʨʝʥʠʷ ʚ ʪʨʘʥʩʧʦʨʪʥʦʡ ʦʪʨʘʩʣʠ. 

ʂʣʶʯʝʚʳʤ ʢʦʤʧʦʥʝʥʪʦʤ ʣʶʙʦʡ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ ʩʯʠʪʘʝʪʩʷ ʬʫʥʢʮʠʷ ʘʢʪʠʚʘʮʠʠ [7], ʦʙʝʩʧʝʯʠʚʘ-
ʶʱʘʷ ʥʝʣʠʥʝʡʥʦʩʪʴ ʤʦʜʝʣʠ ʠ ʧʦʟʚʦʣʷʶʱʘʷ ʧʨʠʙʣʠʞʘʪʴ ʩʣʦʞʥʳʝ ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʚʭʦʜʥʳʤʠ ʠ 
ʚʳʭʦʜʥʳʤʠ ʜʘʥʥʳʤʠ. 

ʊʝʤ ʥʝ ʤʝʥʝʝ, ʩ ʫʚʝʣʠʯʝʥʠʝʤ ʛʣʫʙʠʥʳ ʩʝʪʠ ʚʦʟʥʠʢʘʶʪ ʩʝʨʴʸʟʥʳʝ ʧʨʦʙʣʝʤʳ ʦʙʫʯʝʥʠʷ ï ɻ ʬʬʝʢʪʳ 
ʟʘʪʫʭʘʥʠʷ ʛʨʘʜʠʝʥʪʘ ʠ çʫʤʠʨʘʶʱʠʭè ʥʝʡʨʦʥʦʚ, ʢʦʪʦʨʳʝ ʟʥʘʯʠʪʝʣʴʥʦ ʦʩʣʦʞʥʷʶʪ ʧʨʦʮʝʩʩ ʦʧʪʠʤʠʟʘʮʠʠ. 

ʉʘʤʘʷ ʧʦʧʫʣʷʨʥʦʡ ʬʫʥʢʮʠʝʡ ʘʢʪʠʚʘʮʠʠ ReLU, ʙʣʘʛʦʜʘʨʷ ʩʚʦʝʡ ʧʨʦʩʪʦʪʝ ʚʳʯʠʩʣʝʥʠʡ ʠ ʚʳʩʦʢʦʡ 
ʩʢʦʨʦʩʪʠ ʨʘʙʦʪʳ [8]. 

ʆʜʥʘʢʦ ʝʸ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʩʚʷʟʘʥʦ ʩ ʧʦʪʝʨʝʡ ʘʢʪʠʚʥʦʩʪʠ ʫ ʯʘʩʪʠ ʥʝʡʨʦʥʦʚ. ɼʨʫʛʠʝ ʬʫʥʢʮʠʠ ʘʢʪʠʚʘ-
ʮʠʠ ʫʩʪʨʘʥʷʶʪ ʵʪʦʪ ʥʝʜʦʩʪʘʪʦʢ, ʥʦ ʤʦʛʫʪ ʧʨʠʚʦʜʠʪʴ ʢ ʫʭʫʜʰʝʥʠʶ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʛʨʘʜʠʝʥʪʘ ʚ ʩʝʪʠ. 

ʎʝʣʴʶ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʥʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʭ ʩʚʦʡʩʪʚ ʬʫʥʢʮʠʡ ʘʢʪʠʚʘ-
ʮʠʠ, ʢʦʪʦʨʳʝ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʩʢʨʳʪʳʭ ʩʣʦʷʭ: ReLU, Sigmoid, ELU, SeLU ʠ PeLU ʚ ʩʚʝʨʭʪʦʯʥʳʭ ʥʝʡʨʦʥ-
ʥʳʭ ʩʝʪʷʭ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʠʭ ʚʣʠʷʥʠʷ ʥʘ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʛʨʘʜʠʝʥʪʘ ʠ ʫʩʪʦʡʯʠʚʦʩʪʴ ʦʙʫʯʝʥʠʷ ʛʣʫʙʦʢʠʭ 
ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʧʦʩʪʘʚʣʝʥʥʦʡ ʮʝʣʠ ʬʦʨʤʫʣʠʨʫʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʟʘʜʘʯʠ: 
ï  ʧʨʦʘʥʘʣʠʟʠʨʦʚʘʪʴ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʚʳʨʘʞʝʥʠʷ ʬʫʥʢʮʠʡ ʠ ʠʭ ʧʨʦʠʟʚʦʜʥʳʭ; 
ï  ʠʩʩʣʝʜʦʚʘʪʴ ʧʦʚʝʜʝʥʠʝ ʘʢʪʠʚʘʮʠʡ ʚ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʠ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʦʙʣʘʩʪʷʭ ʘʨʛʫʤʝʥʪʘ; 
ï  ʚʳʜʚʠʥʫʪʴ ʛʠʧʦʪʝʟʫ ʦ ʧʨʝʠʤʫʱʝʩʪʚʘʭ ʚʳʙʨʘʥʥʳʝ ʬʫʥʢʮʠʠ ʘʢʪʠʚʘʮʠʠ ʚ ʧʨʝʜʦʪʚʨʘʱʝʥʠʠ ʜʝ-

ʛʨʘʜʘʮʠʠ ʘʢʪʠʚʥʦʩʪʠ; 
ï  ʧʨʦʚʝʩʪʠ ʚʘʣʝʜʘʮʠʶ ʥʘ ʩʧʝʮʠʘʣʴʥʦʤ ʧʨʦʛʨʘʤʤʥʦʤ ʦʙʝʩʧʝʯʝʥʠʠ ʜʣʷ ʧʨʦʚʝʨʢʠ ʩʬʦʨʤʫʣʠʨʦ-

ʚʘʥʥʳʭ ʧʨʝʜʧʦʣʦʞʝʥʠʡ. 

ʂ 
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ʌʫʥʢʮʠʠ ʘʢʪʠʚʘʮʠʠ ʠʛʨʘʶʪ ʢʣʶʯʝʚʫʶ ʨʦʣʴ ʚ ʨʘʙʦʪʝ ʠʩʢʫʩʩʪʚʝʥʥʳʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ, ʦʙʝʩʧʝʯʠ-
ʚʘʷ ʚʚʝʜʝʥʠʝ ʥʝʣʠʥʝʡʥʦʩʪʠ ʠ ʚʦʟʤʦʞʥʦʩʪʴ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʣʦʞʥʳʭ ʟʘʚʠʩʠʤʦʩʪʝʡ ʚ ʜʘʥʥʳʭ. ʀʭ ʚʳ-
ʙʦʨ ʥʘʧʨʷʤʫʶ ʚʣʠʷʝʪ ʥʘ ʩʪʘʙʠʣʴʥʦʩʪʴ ʦʙʫʯʝʥʠʷ, ʩʢʦʨʦʩʪʴ ʩʭʦʜʠʤʦʩʪʠ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʛʨʘʜʠʝʥʪʘ. 

ʌʫʥʢʮʠʷ ʚʳʧʨʷʤʣʝʥʥʦʡ ʣʠʥʝʡʥʦʡ ʝʜʠʥʠʮʳ (ReLU) ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʝʪʩʷ ʚ ʩʢʨʳʪʳʭ ʩʣʦʷʭ ʛʣʫʙʦ-
ʢʠʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʝʡ ʙʣʘʛʦʜʘʨʷ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʧʨʦʩʪʦʪʝ ʠ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʦʙʫʯʝʥʠʷ. ʆʥʘ ʦʧʨʝʜʝ-
ʣʷʝʪʩʷ ʚʳʨʘʞʝʥʠʝʤ: 

 () ( )'

Re max 0,LUf x x= ,  (1) 

ʛʜʝ  x ï ʚʭʦʜ ʥʝʡʨʦʥʘ (x = w  z + b); w ï ʚʝʢʪʦʨ ʚʝʩʦʚʳʭ ʢʦʵʬʬʠʮʠʝʥʪʦʚ; z ï ʚʭʦʜʥʦʡ ʚʝʢʪʦʨ ʟʥʘʯʝ-
ʥʠʡ; b ï ʩʤʝʱʝʥʠʝ. 
 

ReLU ʦʙʝʩʧʝʯʠʚʘʝʪ ʣʠʥʝʡʥʳʡ ʨʦʩʪ ʧʨʠ ʧʦʣʦʞʠʪʝʣʴʥʳʭ ʟʥʘʯʝʥʠʷʭ ʘʨʛʫʤʝʥʪʘ ʠ ʥʫʣʝʚʦʡ ʚʳʭʦʜ 
ʧʨʠ ʦʪʨʠʮʘʪʝʣʴʥʳʭ. ʕʪʦ ʫʩʢʦʨʷʝʪ ʚʳʯʠʩʣʝʥʠʷ ʠ ʩʥʠʞʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʧʨʦʙʣʝʤʳ ʟʘʪʫ-
ʭʘʶʱʝʛʦ ʛʨʘʜʠʝʥʪʘ. 

ʆʜʥʘʢʦ ʧʨʠ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʚʭʦʜʘʭ ʧʨʦʠʟʚʦʜʥʘʷ ʬʫʥʢʮʠʠ ʨʘʚʥʘ ʥʫʣʶ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʵʬʬʝʢʪʫ 
çʫʤʠʨʘʶʱʠʭ ʥʝʡʨʦʥʦʚè, ʢʦʛʜʘ ʚʝʩʘ ʧʝʨʝʩʪʘʶʪ ʦʙʥʦʚʣʷʪʴʩʷ ʚ ʧʨʦʮʝʩʩʝ ʦʙʨʘʪʥʦʛʦ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ 
ʦʰʠʙʢʠ. 

ɸʣʴʪʝʨʥʘʪʠʚʥʳʤ ʨʝʰʝʥʠʝʤ ʜʘʥʥʦʡ ʧʨʦʙʣʝʤʳ ʷʚʣʷʝʪʩʷ ʦʙʣʘʩʪʴ ʦʧʨʝʜʝʣʝʥʠʷ ʟʘ ʩʯʝʪ ʥʝʧʣʦʪʥʦ-
ʩʪʠ ʠ ʥʝ ʣʠʥʝʡʥʦʩʪʠ, ʢʘʢ ʵʪʦ ʨʝʘʣʠʟʦʚʘʥʦ ʚ ʬʫʥʢʮʠʠ ELU. ʕʢʩʧʦʥʝʥʮʠʘʣʴʥʘʷ ʣʠʥʝʡʥʘʷ ʬʫʥʢʮʠʷ ELU 
(Exponential Linear Unit) ʙʳʣʘ ʧʨʝʜʣʦʞʝʥʘ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʥʝʜʦʩʪʘʪʢʦʚ ReLU. ʆʥʘ ʟʘʜʘʸʪʩʷ ʩʣʝʜʫʶ-
ʱʠʤ ʦʙʨʘʟʦʤ: 

 ()
( )

'
, 0

1 , 0
ELU x

x x
f x
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>ëî
=ì

- ¢îí

,  (2) 

ʛʜʝ  Ŭ ï ʛʠʧʝʨʧʘʨʘʤʝʪʨ, ʟʘʜʘʶʱʠʡ ʛʣʫʙʠʥʫ ʥʘʩʳʱʝʥʠʷ ʚ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʦʙʣʘʩʪʠ (Ŭ > 0); e ï ʦʩʥʦʚʘ-
ʥʠʝ ʥʘʪʫʨʘʣʴʥʦʛʦ ʣʦʛʘʨʠʬʤʘ (ʝ = 2.718). 
 

ɺ ʦʪʣʠʯʠʝ ʦʪ ReLU, ELU ʩʦʭʨʘʥʷʝʪ ʥʝʥʫʣʝʚʫʶ ʧʨʦʠʟʚʦʜʥʫʶ ʚ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʦʙʣʘʩʪʠ, ʯʪʦ ʧʦʟ-
ʚʦʣʷʝʪ ʧʨʦʜʦʣʞʘʪʴ ʢʦʨʨʝʢʪʠʨʦʚʢʫ ʚʝʩʦʚ. ɼʦʧʦʣʥʠʪʝʣʴʥʳʤ ʧʨʝʠʤʫʱʝʩʪʚʦʤ ʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦ-
ʣʫʯʝʥʠʷ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʚʳʭʦʜʥʳʭ ʟʥʘʯʝʥʠʡ, ʙʣʘʛʦʜʘʨʷ ʯʝʤʫ ʩʨʝʜʥʠʝ ʘʢʪʠʚʘʮʠʠ ʧʨʠʙʣʠʞʘʶʪʩʷ ʢ ʥʫʣʶ 
ʠ ʦʙʫʯʝʥʠʝ ʫʩʢʦʨʷʝʪʩʷ. 

ʅʝʜʦʩʪʘʪʢʘʤʠ ʷʚʣʷʶʪʩʷ ʙʦʣʝʝ ʚʳʩʦʢʘʷ ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʩʣʦʞʥʦʩʪʴ ʠ ʟʘʚʠʩʠʤʦʩʪʴ ʦʪ ʚʳʙʦʨʘ 
ʧʘʨʘʤʝʪʨʘ Ŭ. ELU ʣʫʯʰʝ ʩʧʨʘʚʣʷʝʪʩʷ ʩ ʧʨʦʙʣʝʤʦʡ ʫʤʠʨʘʶʱʠʭ ʥʝʡʨʦʥʦʚ ʚ ʦʪʨʠʮʘʪʝʣʴʥʳʭ ʟʥʘʯʝʥʠʷʭ, 
ʥʦ ʝʝ ʧʨʦʙʣʝʤʘ ʩʘʤʦʥʦʨʤʘʣʠʟʘʮʠʠ. ʉʤʦʥʦʨʤʘʣʠʟʘʮʠʷ - ʧʦ ʤʝʨʝ ʧʨʦʭʦʞʜʝʥʠʷ ʜʘʥʥʳʭ ʧʦ ʩʝʪʠ ʘʢʪʠ-
ʚʘʮʠʠ, ʢʘʢ ʧʨʘʚʠʣʦ, ʦʩʪʘʶʪʩʷ ʙʣʠʟʢʠʤʠ ʢ ʩʨʝʜʥʝʤʫ ʟʥʘʯʝʥʠʶ, ʨʘʚʥʦʤʫ ʥʫʣʶ, ʠ ʩʪʘʥʜʘʨʪʥʦʤʫ ʦʪʢʣʦ-
ʥʝʥʠʶ, ʨʘʚʥʦʤʫ ʝʜʠʥʠʮʝ, ʙʝʟ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʤʝʪʦʜʦʚ ʥʦʨʤʘʣʠʟʘʮʠʠ. ʈʝʰʝʥʠʝʤ ʵʪʦʡ ʧʨʦʙʣʝʤʳ ʷʚ-
ʣʷʝʪʩʷ ʬʫʥʢʮʠʷ ʘʢʪʠʚʘʮʠʠ SeLU. 

SeLU ʧʨʝʜʩʪʘʚʣʷʝʪ ʤʘʩʰʪʘʙʠʨʦʚʘʥʥʫʶ ʤʦʜʠʬʠʢʘʮʠʶ ELU ʠ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʚʦʡʩʪʚʦ ʩʘʤʦʥʦʨ-
ʤʘʣʠʟʘʮʠʠ: 

 ()
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ʛʜʝ  ɚ ï ʢʦʵʬʬʠʮʠʝʥʪ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ (‗  1.0507); Ŭ ï ʧʘʨʘʤʝʪʨ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʦʡ ʯʘʩʪʠ                    
(‌  1.6733); ʭ ï ʚʭʦʜ ʥʝʡʨʦʥʘ. 
 

ʇʨʠ ʦʧʨʝʜʝʣʸʥʥʳʭ ʫʩʣʦʚʠʷʭ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʢʪʠʚʘʮʠʡ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ, 
ʫʤʝʥʴʰʘʷ ʚʥʫʪʨʝʥʥʠʡ ʩʜʚʠʛ ʜʘʥʥʳʭ ʠ ʧʦʚʳʰʘʷ ʫʩʪʦʡʯʠʚʦʩʪʴ ʦʙʫʯʝʥʠʷ ʛʣʫʙʦʢʠʭ ʩʝʪʝʡ. 

ʆʛʨʘʥʠʯʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʬʠʢʩʠʨʦʚʘʥʥʦʩʪʴ ʢʦʵʬʬʠʮʠʝʥʪʦʚ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ. 
ʉʪʦʠʪ ʟʘʤʝʪʠʪʴ ʚʦ ʤʥʦʛʠʭ ʟʘʜʘʯʘʭ ʦʙʫʯʝʥʠʷ ʠʤʝʝʪʩʷ ʧʦʪʨʝʙʥʦʩʪʴ ʨʝʛʫʣʠʨʦʚʘʥʠʝ ʢʦʵʬʬʠʮʠʝʥʪ 

ʥʘʢʣʦʥʘ. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʘʣʴʪʝʨʥʘʪʠʚʦʡ ʷʚʣʷʝʪʩʷ ʧʘʨʘʤʝʪʨʠʯʝʩʢʘʷ ʵʢʩʧʦʥʝʥʮʠʘʣʴʥʘʷ ʣʠʥʝʡʥʘʷ ʬʫʥʢ-
ʮʠʷ PeLU (Parametric Exponential Linear Unit), ʢʦʪʦʨʳʤ ʷʚʣʷʝʪʩʷ ʦʙʦʙʱʝʥʠʝʤ ELU, ʘ ʝʝ ʧʘʨʘʤʝʪʨʳ 
ʬʦʨʤʳ ʬʫʥʢʮʠʠ ʦʙʫʯʘʶʪʩʷ ʚ ʧʨʦʮʝʩʩʝ ʪʨʝʥʠʨʦʚʢʠ ʩʝʪʠ. 

PeLU ʨʘʩʰʠʨʷʝʪ ELU ʚʚʝʜʝʥʠʝʤ ʦʙʫʯʘʝʤʳʭ ʧʘʨʘʤʝʪʨʦʚ: 

 ()'

, 0

1 , 0
xPeLU

x

f x

e xa

b

a

b

ë
>î

î
=ì

å õ
î - ¢æ ö
î ç ÷í

,  (4) 

ʛʜʝ  Ŭ ï ʧʘʨʘʤʝʪʨ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʚʭʦʜʘ (Ŭ > 0); ɓ ï ʧʘʨʘʤʝʪʨ ʤʘʩʰʪʘʙʠʨʦʚʘʥʠʷ ʚʳʭʦʜʘ (ɓ > 0). 
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ɸʜʘʧʪʠʚʥʦʩʪʴ ʧʘʨʘʤʝʪʨʦʚ ʧʦʟʚʦʣʷʝʪ ʬʫʥʢʮʠʠ ʠʟʤʝʥʷʪʴ ʬʦʨʤʫ ʚ ʧʨʦʮʝʩʩʝ ʦʙʫʯʝʥʠʷ, ʧʦʚʳʰʘʷ 
ʛʠʙʢʦʩʪʴ ʤʦʜʝʣʠ. ʆʜʥʘʢʦ ʫʚʝʣʠʯʝʥʠʝ ʯʠʩʣʘ ʧʘʨʘʤʝʪʨʦʚ ʫʩʣʦʞʥʷʝʪ ʦʧʪʠʤʠʟʘʮʠʶ. ʂʘʢ ʙʳʣʦ ʦʪʤʝʯʝʥʦ 
ʨʘʥʝʝ ʦʜʥʠʤ ʠʟ ʨʝʰʝʥʠʷ ʚʦʧʨʦʩʘ ʩ çʫʤʠʨʘʶʱʠʤʠ ʥʝʡʨʦʥʘʤʠè ʤʦʞʝʪ ʙʳʪʴ ʥʝ ʤʦʜʠʬʠʢʘʮʠʷ ReLU, ʘ 
ʝʝ ʟʘʤʝʥʘ ʥʘ ʬʫʥʢʮʠʶ ʘʢʪʠʚʘʮʠʠ ʢʦʪʦʨʘʷ ʙʫʜʝʪ ʣʠʰʝʥʘ ʧʨʦʙʣʝʤʳ çʫʤʠʨʘʶʱʝʛʦ ʥʝʡʨʦʥʘè. ʊʘʢʦʡ 
ʌʫʥʢʮʠʝʡ ʷʚʣʷʝʪʩʷ ʩʠʛʤʦʠʜʘʣʴʥʘʷ ʬʫʥʢʮʠʷ Sigmoid. ɼʘʥʘʷ ʬʫʥʢʮʠʷ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʢʣʘʩʩʠʯʝʩʢʠʭ 
ʘʢʪʠʚʘʮʠʠ, ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʚʰʘʷʩʷ ʚ ʨʘʥʥʠʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʷʭ [7]. 

ʀʟ-ʟʘ ʪʦʛʦ, ʯʪʦ ʩʠʛʤʦʠʜʘʣʴʥʘʷ ʬʫʥʢʮʠʷ ʠʤʝʝʪ ʥʝʥʫʣʝʚʫʶ ʧʨʦʠʟʚʦʜʥʫʶ ʧʨʠ ʣʶʙʳʭ ʢʦʥʝʯʥʳʭ 
ʟʥʘʯʝʥʠʷʭ ʘʨʛʫʤʝʥʪʘ ʵʪʘ ʬʫʥʢʮʠʷ ʨʝʰʘʝʪ ʧʨʦʙʣʝʤʫ ʩ çʫʤʠʨʘʶʱʠʤʠ ʥʝʡʨʦʥʘʤʠè. 

ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʚʳʨʘʞʝʥʠʝ: 
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 ï ʚʭʦʜʥʦʝ ʟʥʘʯʝʥʠʝ ʬʫʥʢʮʠʠ ʘʢʪʠʚʘʮʠʠ. 
 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʚʝʜʸʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʬʫʥʢʮʠʡ ʘʢʪʠʚʘʮʠʠ ʠ ʠʭ ʧʨʦʠʟʚʦʜʥʳʭ, ʧʦʟʚʦʣʠʣʦ 
ʚʳʷʚʠʪʴ ʠʭ ʢʣʶʯʝʚʳʝ ʦʪʣʠʯʠʷ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʣʠʷʥʠʷ ʥʘ ʩʪʘʙʠʣʴʥʦʩʪʴ ʦʙʫʯʝʥʠʷ, ʩʢʦʨʦʩʪʴ ʩʭʦʜʠʤʦ-
ʩʪʠ ʠ ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʷʚʣʝʥʠʷ ʵʬʬʝʢʪʦʚ çʟʘʪʫʭʘʶʱʝʛʦ ʛʨʘʜʠʝʥʪʘè ʠ çʫʤʠʨʘʶʱʠʭ ʥʝʡʨʦʥʦʚè. 

ʉʠʩʪʝʤʘʪʠʟʘʮʠʷ ʧʦʣʫʯʝʥʥʳʭ ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʪʨʝʙʫʝʪ ʦʙʦʙʱʝʥʠʷ ʧʨʝʠʤʫʱʝʩʪʚ ʠ 
ʥʝʜʦʩʪʘʪʢʦʚ ʢʘʞʜʦʡ ʬʫʥʢʮʠʠ ʘʢʪʠʚʘʮʠʠ, ʯʪʦ ʜʘʸʪ ʚʦʟʤʦʞʥʦʩʪʴ ʩʨʘʚʥʠʪʴ ʠʭ ʧʨʘʢʪʠʯʝʩʢʫʶ ʵʬʬʝʢʪʠʚ-
ʥʦʩʪʴ ʠ ʦʧʨʝʜʝʣʠʪʴ ʨʘʮʠʦʥʘʣʴʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʚ ʛʣʫʙʦʢʠʭ ʥʝʡʨʦʥʥʳʭ ʩʝʪʷʭ [9]. 

ǒ  ReLU ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʵʬʬʝʢʪʠʚʥʦʩʪʴ, ʥʦ ʧʦʜʚʝʨʞʝʥʘ ʜʝʛʨʘʜʘʮʠʠ 
ʥʝʡʨʦʥʦʚ. 

ǒ  ELU ʩʥʠʞʘʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʧʦʪʝʨʠ ʘʢʪʠʚʥʦʩʪʠ. 
ǒ  SeLU ʩʪʘʙʠʣʠʟʠʨʫʝʪ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʘʢʪʠʚʘʮʠʡ. 
ǒ  PeLU ʧʦʚʳʰʘʝʪ ʘʜʘʧʪʠʚʥʦʩʪʴ ʤʦʜʝʣʠ. 
ǒ  Sigmoid ʫʩʪʦʡʯʠʚʘ ʢ ʫʤʠʨʘʥʠʶ ʥʝʡʨʦʥʦʚ, ʥʦ ʚʳʟʳʚʘʝʪ ʟʘʪʫʭʘʥʠʝ ʛʨʘʜʠʝʥʪʘ. 
ɺ ʭʦʜʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʳʧʦʣʥʝʥ ʘʥʘʣʠʟ ʬʫʥʢʮʠʡ ʘʢʪʠʚʘʮʠʠ ReLU, Sigmoid, ELU, SeLU ʠ PeLU. 

ʋʩʪʘʥʦʚʣʝʥʦ, ʯʪʦ ʥʘʠʙʦʣʝʝ ʨʘʮʠʦʥʘʣʴʥʳʤ ʚʳʙʦʨʦʤ ʜʣʷ ʟʘʜʘʯ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʟʨʝʥʠʷ ʚ ʛʣʫʙʦʢʠʭ CNN 
ʷʚʣʷʝʪʩʷ ʬʫʥʢʮʠʷ SeLU ʙʣʘʛʦʜʘʨʷ ʩʚʦʝʤʫ ʩʚʦʡʩʪʚʫ ʩʘʤʦʥʦʨʤʘʣʠʟʘʮʠʠ. 
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ɸʥʥʦʪʘʮʠʷ. ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʧʝʨʠʬʝʨʠʡʥʳʝ 
ʧʨʠʝʤʥʳʝ ʫʟʣʳ ʥʘʭʦʜʷʪʩʷ ʥʘ ʨʘʟʣʠʯʥʳʭ ʜʠʩʪʘʥʮʠʷʭ, ʯʪʦ ʧʨʠ-
ʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʥʝʢʦʪʦʨʦʛʦ ʤʥʦʞʝʩʪʚʘ ʣʠʥʝʡʥʳʭ ʨʘʟʤʝʨʦʚ 
ʦʧʪʠʯʝʩʢʦʛʦ ʣʫʯʘ ʣʘʟʝʨʘ (ʪ.ʝ. ʜʠʘʤʝʪʨʘ ʣʫʯʘ) ʥʘ ʚʭʦʜʘʭ ʨʘʟʥʦ 
ʫʜʘʣʝʥʥʳʭ ʧʨʠʝʤʥʠʢʦʚ. ʈʝʰʝʥʠʝ ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʦʧʪʠʤʠʟʘ-
ʮʠʦʥʥʦʡ ʟʘʜʘʯʠ ʜʦʩʪʠʞʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʚʝʣʠʯʠʥʳ ʩʫʤʤʳ 
ʩʠʛʥʘʣʦʚ ʥʘ ʚʭʦʜʘʭ ʧʝʨʠʬʝʨʠʡʥʳʭ ʧʨʠʝʤʥʳʭ ʩʪʘʥʮʠʡ ʧʦʟʚʦ-
ʣʠʣʦ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʦʧʪʠʤʘʣʴʥʫʶ ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʜʠʘʤʝʪ-
ʨʦʤ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ ʠ ʨʘʟʤʝʨʦʤ ʜʠʘʬʨʘʛʤʳ ʥʘ ʚʭʦʜʘʭ ʧʨʠʝʤ-
ʥʳʭ ʩʪʘʥʮʠʡ ʧʨʠ ʥʘʣʠʯʠʠ ʥʝʢʦʪʦʨʦʛʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʦʛʨʘʥʠ-
ʯʝʥʠʷ ʥʘ ʩʫʤʤʘʨʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʜʠʘʬʨʘʛʤ, ʧʨʠʤʝʥʷʝʤʳʭ ʚ 
ʟʚʝʟʜʦʦʙʨʘʟʥʦʡ ʩʝʪʠ. 

Annotation.  The paper considers the case 
when the peripheral receiving nodes are 
located at different distances, which leads to 
the appearance of a set of linear dimensions 
of the laser's optical beam (i.e., the beam 
diameter) at the inputs of the differently re-
mote receivers. The solution of the formulat-
ed optimization problem of achieving the 
maximum value of the sum of signals at the 
inputs of the peripheral receiving stations 
allowed for the synthesis of an optimal rela-
tionship between the laser beam diameter 
and the aperture size at the inputs of the 
receiving stations, given a certain technologi-
cal constraint on the total aperture size used 
in the star-shaped network. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʣʘʟʝʨʥʳʝ ʘʪʤʦʩʬʝʨʥʳʝ ʩʠʩʪʝʤʳ, ʟʚʝʟʜʦ-
ʦʙʨʘʟʥʘʷ ʩʪʨʫʢʪʫʨʘ, ʤʦʱʥʦʩʪʴ ʩʠʛʥʘʣʘ, ʦʧʪʠʤʠʟʘʮʠʷ, ʫʩʣʦʚʥʦ-
ʥʝʧʨʝʨʳʚʥʘʷ ʤʦʜʝʣʴ. 

Keywords:  laser atmospheric systems, star-
shaped structure, signal power, optimization, 
conditional-continuous model. 

 
ʚʝʜʝʥʠʝ 
ʆʪʢʨʳʪʳʝ ʣʘʟʝʨʥʳʝ ʘʪʤʦʩʬʝʨʥʳʝ ʩʠʩʪʝʤʳ ʦʧʪʠʯʝʩʢʦʡ ʧʝʨʝʜʘʯʠ ʠʥʬʦʨʤʘʮʠʠ (ʜʘʣʝʝ FSO 

ʩʠʩʪʝʤʳ (Free Space Optics) ʤʦʛʫʪ ʠʤʝʪʴ ʢʘʢ ʣʠʥʝʡʥʫʶ ʩʪʨʫʢʪʫʨʫ (ʩʦʩʪʦʷʱʫʶ ʦʪ ʦʜʥʦʛʦ ʧʝʨʝʜʘʪʯʠʢʘ ʠ 
ʦʜʥʦʛʦ ʧʨʠʝʤʥʠʢʘ) ʪʘʢ ʠ ʟʚʝʟʜʦʦʙʨʘʟʥʫʶ ʩʪʨʫʢʪʫʨʫ, ʩʦʩʪʦʷʱʫʶ ʠʟ ʦʜʥʦʛʦ ʧʝʨʝʜʘʪʯʠʢʘ ʠ ʥʝʩʢʦʣʴʢʠʭ 
ʧʨʠʝʤʥʠʢʦʚ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʚ ʧʝʨʠʬʝʨʠʠ, ʥʘ ʨʘʟʣʠʯʥʳʭ ʨʘʩʩʪʦʷʥʠʷʭ ʦʪ ʧʝʨʝʜʘʪʯʠʢʘ. ʉʣʝʜʫʝʪ ʦʪʤʝ-
ʪʠʪʴ, ʯʪʦ ʚʦʧʨʦʩʘʤ ʢʘʯʝʩʪʚʘ ʣʠʥʝʡʥʳʭ ʩʪʨʫʢʪʫʨ, ʚ ʧʣʘʥʝ ʦʮʝʥʢʠ ʚʣʠʷʥʠʷ ʚʥʝʰʥʠʭ ʚʦʟʜʝʡʩʪʚʫʶʱʠʭ 
ʬʘʢʪʦʨʦʚ ʧʦʩʚʷʱʝʥʘ ʦʙʰʠʨʥʘʷ ʣʠʪʝʨʘʪʫʨʘ. ʊʘʢ, ʥʘʧʨʠʤʝʨ, ʧʨʦʚʝʜʝʥʳ ʟʥʘʯʠʪʝʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ 
ʧʦ ʦʮʝʥʢʝ ʚʣʠʷʥʠʷ ʪʘʢʠʭ ʚʥʝʰʥʠʭ ʬʘʢʪʦʨʦʚ, ʢʘʢ ʧʣʦʜʥʳʝ ʫʩʣʦʚʠʷ [1, 2], ʚ ʯʘʩʪʥʦʩʪʠ ʚʣʠʷʥʠʷ ʧʳʣʠ [3], 
ʜʦʞʜʷ [4, 5], ʚʣʠʷʥʠʝ ʚʥʝʰʥʝʡ ʦʩʚʝʱʝʥʥʦʩʪʠ [6, 7, 8] ʠ ʜʨʫʛʠʭ, ʪʘʢ ʥʘʟʳʚʘʝʤʳʭ ʘʪʤʦʩʬʝʨʥʳʭ ʬʘʢʪʦ-
ʨʦʚ (ʪʫʨʙʫʣʝʥʪʥʦʩʪʴ, ʩʮʠʥʪʠʣʣʷʮʠʷ, ʨʝʬʨʘʢʮʠʷ) [9]. 

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʤʦʱʥʦʩʪʴ ʩʠʛʥʘʣʘ ʧʨʠʥʠʤʘʝʤʦʡ ʥʘ ʧʨʠʝʤʥʦʡ ʩʪʦʨʦʥʝ, ʩʦʛʣʘʩʥʦ [9] ʤʦʞʝʪ ʙʳʪʴ 
ʦʧʨʝʜʝʣʝʥʘ ʢʘʢ 

 0 0 ! ! ! ! ! , (1) 

ʛʜʝ  P0 ï ʦʧʪʠʯʝʩʢʘʷ ʤʦʱʥʦʩʪʴ ʠʟʣʫʯʘʝʤʦʛʦ ʣʘʟʝʨʘ; A1 ï ʧʦʪʝʨʠ ʤʦʱʥʦʩʪʠ ʚ ʦʧʪʠʯʝʩʢʠʭ ʫʟʣʘʭ ʧʝʨʝ-
ʜʘʪʯʠʢʘ (ʣʠʥʟʳ); A2 ï ʧʦʪʝʨʠ ʤʦʱʥʦʩʪʠ ʧʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʣʫʯʘ ʚ ʠʜʝʘʣʴʥʳʭ ʘʪʤʦʩʬʝʨʥʳʭ 

ɺ 
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ʫʩʣʦʚʠʷʭ; A3 ï ʧʦʪʝʨʠ ʤʦʱʥʦʩʪʠ ʠʟ-ʟʘ ʪʘʢʠʭ ʘʪʤʦʩʬʝʨʥʳʭ ʬʘʢʪʦʨʦʚ ʢʘʢ ʪʫʨʙʫʣʝʥʪʥʦʩʪʴ ʠ ʨʘʩ-
ʩʝʷʥʠʝ; A4 ï ʧʦʪʝʨʠ ʤʦʱʥʦʩʪʠ ʠʟ-ʟʘ ʤʝʪʝʦʬʘʢʪʦʨʦʚ (ʜʦʞʜʴ, ʧʳʣʴ, ʪʫʤʘʥ); A5 ï ʧʦʪʝʨʠ ʚ ʦʧʪʠʯʝ-
ʩʢʠʭ ʫʟʣʘʭ ʧʨʠʝʤʥʠʢʘ. 
 

ɺʣʠʷʥʠʝ ʚʳʰʝʫʢʘʟʘʥʥʳʭ ʬʘʢʪʦʨʦʚ ʥʘ ʤʦʱʥʦʩʪʴ ʧʨʠʥʠʤʘʝʤʦʛʦ ʩʠʛʥʘʣʘ ʚ ʚʠʜʝ ʜʠʘʛʨʘʤʤʳ ʧʨʠ-
ʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1. 

 

 
 

ʈʠʩʫʥʦʢ 1 ï ɼʠʘʛʨʘʤʤʘ ʧʦʪʝʨʴ ʤʦʱʥʦʩʪʠ ʧʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʠ ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʦʪ ʧʝʨʝʜʘʪʯʠʢʘ ʢ ʧʨʠʝʤʥʠʢʫ 

(ɺ ʜʠʘʛʨʘʤʤʝ ʦʩʫʱʝʩʪʚʣʝʥʘ ʠʜʝʘʣʠʟʘʮʠʷ; ʚ ʬʘʟʝ çʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝè ʧʨʠʥʷʪʦ ʦʪʩʫʪʩʪʚʠʝ ʚʣʠʷʥʠʷ 
ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʠ ʨʘʩʩʝʷʥʠʷ) 

 

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʚʳʷʚʣʝʥʠʝ ʫʩʣʦʚʠʡ, ʧʨʠ ʢʦʪʦʨʳʭ ʩʫʤʤʘʨʥʳʝ ʧʦ-
ʪʝʨʠ ʤʦʱʥʦʩʪʠ ʚ FSO ʩʠʩʪʝʤʘʭ ʟʚʝʟʜʦʦʙʨʘʟʥʦʡ ʩʪʨʫʢʪʫʨʳ ʤʦʛʣʠ ʙʳ ʩʚʝʜʝʥʳ ʢ ʤʠʥʠʤʫʤʫ. ɼʣʷ ʨʝʰʝ-
ʥʠʷ ʫʢʘʟʘʥʥʦʛʦ ʚʦʧʨʦʩʘ ʚʦʩʧʦʣʴʟʫʝʤʩʷ ʨʝʟʫʣʴʪʘʪʘʤʠ, ʧʦʣʫʯʝʥʥʳʤʠ ʚ ʨʘʙʦʪʝ [9] ʧʨʠʤʝʥʠʪʝʣʴʥʦ ʢ ʣʠ-
ʥʝʡʥʦʡ ʩʪʨʫʢʪʫʨʝ (ʦʜʠʥ ʧʝʨʝʜʘʪʯʠʢ + ʜʠʥ ʧʨʠʝʤʥʠʢ) ʩʠʩʪʝʤʳ FSO. 

ʄʘʪʝʨʠʘʣʳ ʠ ʤʝʪʦʜʳ 
ɺ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʨʘʙʦʪʦʡ [9] ʧʦʪʝʨʠ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʷ ʤʦʱʥʦʩʪʠ ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʚ ʨʝʘʣʴ-

ʥʦʡ ʣʠʥʝʡʥʦʡ ʩʪʨʫʢʪʫʨʝ FSO ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ 

 ! $ȟ, ςπÌÏÇ
Ѝ

 , (2) 

ʛʜʝ  W0 ï ʨʘʜʠʫʩ ʠʩʭʦʜʥʦʛʦ ʣʫʯʘ ʣʘʟʝʨʘ; L ï ʜʠʩʪʘʥʮʠʷ; Ū ï ʧʦʣʦʚʠʥʘ ʫʛʣʘ ʜʠʚʝʨʛʝʥʮʠʠ; D ï ʜʠʘ-
ʤʝʪʨ ʜʠʘʬʨʘʛʤʳ (ʘʧʝʨʪʫʨʳ). 
 

ɺ ʩʣʫʯʘʝ W <<LD ʩ ʫʯʝʪʦʤ (1) ʠ (2) ʠʤʝʝʤ 

 -, - ςπÌÏÇ
Ѝ

, (3) 

ʛʜʝ   M(L) ï ʩʫʤʤʘʨʥʳʝ ʧʦʪʝʨʠ ʤʦʱʥʦʩʪʠ. 

 - ! ! ! ! . (4) 

ʂʦʥʢʨʝʪʥʦ ʨʘʩʩʤʦʪʨʠʤ ʟʚʝʟʜʦʦʙʨʘʟʥʫʶ ʩʪʨʫʢʪʫʨʫ FSO (ʨʠʩ. 2). 
ɺʤʝʩʪʝ ʩ ʪʝʤ ʬʦʨʤʫʣʘ (3) ʧʨʝʜʫʩʤʘʪʨʠʚʘʝʪ ʦʮʝʥʢʫ ʧʦʪʝʨʴ ʤʦʱʥʦʩʪʠ ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʥʘ 

ʚʭʦʜʝ ʧʨʠʝʤʥʠʢʘ ʚ ʜʝʮʠʙʝʣʘʭ, ʪ. ʝ. ʧʦ ʥʝʣʠʥʝʡʥʦʡ ʰʢʘʣʝ ʠ ʧʦ ʵʪʦʡ ʧʨʠʯʠʥʝ ʨʘʟʚʠʚʘʪʴ ʧʨʦʮʝʜʫʨʫ ʦʧ-
ʪʠʤʠʟʘʮʠʠ ʥʘ ʙʘʟʝ ʵʪʦʡ ʬʦʨʤʫʣʳ ʥʝʞʝʣʘʪʝʣʴʥʦ. 

ʂʘʢ ʥʘʤ ʧʨʝʜʩʪʘʚʣʷʝʪʩʷ ʦʧʪʠʤʠʟʘʮʠʷ ʟʚʝʟʜʦʦʙʨʘʟʥʦʡ ʦʪʢʨʳʪʦʡ ʣʘʟʝʨʥʦʡ ʘʪʤʦʩʬʝʨʥʦʡ ʩʠʩʪʝ-
ʤʝ ʧʨʝʞʜʝ ʚʩʝʛʦ ʜʦʣʞʥʘ ʙʳʪʴ ʦʩʫʱʝʩʪʚʣʝʥʘ ʚ ʘʩʧʝʢʪʝ ʧʨʘʚʠʣʴʥʦʛʦ ʚʳʙʦʨʘ ʩʦʦʪʥʦʰʝʥʠʷ ʪʘʢʠʭ ʧʦʢʘ-
ʟʘʪʝʣʝʡ ʢʘʢ Di ʠ Li É ρȟÎ) ʧʦ ʧʝʨʠʬʝʨʠʡʥʳʤ ʥʘʧʨʘʚʣʝʥʠʷʤ ʩʝʪʠ, ʥʝ ʧʨʠʙʝʛʘʷ ʢ ʦʮʝʥʢʘʤ ʤʦʱʥʦʩʪʠ ʚ 
ʜʝʮʠʙʝʣʘʭ. ɼʣʷ ʵʪʦʡ ʮʝʣʠ ʥʘʠʙʦʣʝʝ ʧʨʠʛʦʜʥʦʡ ʬʦʨʤʫʣʦʡ ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʩʣʝʜʫʶʱʫʶ ʬʦʨʤʫʣʫ, ʧʨʠ-
ʚʝʜʝʥʥʫʶ ʚ ʨʘʙʦʪʝ [9]. 

 0$ȟ, 0 ρ ÅØÐ , (5) 

ʛʜʝ  P(D, L) ï ʚʝʣʠʯʠʥʘ ʤʦʱʥʦʩʪʠ ʩʠʛʥʘʣʘ ʥʘ ʚʭʦʜʝ ʧʨʠʝʤʥʠʢʘ. 
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ʈʠʩʫʥʦʢ 2 ï ʋʧʦʨʷʜʦʯʝʥʥʘʷ ʩʪʨʫʢʪʫʨʘ ʟʚʝʟʜʦʦʙʨʘʟʥʦʡ FSO ʩʠʩʪʝʤʳ: 

ʇi ï i-ʡ ʧʨʠʝʤʥʠʢ; Li ï ʜʠʩʪʘʥʮʠʷ ʦʪ ʮʝʥʪʨʘ ʜʦ i-ʛʦ ʧʨʠʝʤʥʠʢʘ 
 

ɼʣʷ ʫʜʦʙʩʪʚʘ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʟʘʧʠʩʠ ʜʘʣʝʝ ʧʨʠʤʝʤ ʩʣʝʜʫʶʱʠʝ ʦʙʦʟʥʘʯʝʥʠʷ: 

 
$ Ù

7 , Ø
. (6) 

ʉʦʩʪʘʚʠʤ ʦʧʪʠʤʠʟʘʮʠʦʥʥʫʶ ʟʘʜʘʯʫ ʦʧʨʝʜʝʣʝʥʠʷ ʫʩʣʦʚʠʡ ʜʦʩʪʠʞʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʛʦ ʩʫʤʤʘʨ-
ʥʦʛʦ ʩʠʛʥʘʣʘ ʥʘ ʚʭʦʜʘʭ ʧʨʠʝʤʥʠʢʦʚ ʩʝʪʠ. ɺʚʝʜʝʤ ʥʘ ʨʘʩʩʤʦʪʨʝʥʠʝ ʦʧʪʠʤʠʟʘʮʠʦʥʥʫʶ ʬʫʥʢʮʠʶ 

 Ù ÆØ. (7) 

ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʩ ʫʯʝʪʦʤ (6) ʠ (7) ʚʳʨʘʞʝʥʠʝ (5) ʧʨʠʦʙʨʝʪʘʝʪ ʚʠʜ 

 0ØȟÙ 0 ρ ÅØÐ . (8) 

ʇʨʠʥʷʚ n Ÿ Ð ʫʩʣʦʚʥʦ x ʠ y ʤʦʞʥʦ ʩʯʠʪʘʪʴ ʥʝʧʨʝʨʳʚʥʳʤʠ ʚʝʣʠʯʠʥʘʤʠ. ʇʨʦʠʥʪʝʛʨʠʨʦʚʘʚ ʚʳ-
ʨʘʞʝʥʠʝ (8) ʚ ʧʨʝʜʝʣʘʭ xmin ï xmax ʧʦʣʫʯʠʤ 

 & ᷿ 0 ρ ÅØÐ ÄØ Ȣ (9) 

ɼʘʣʝʝ ʩ ʫʯʝʪʦʤ ʥʘʣʠʯʠʷ ʨʝʘʣʴʥʦʛʦ ʦʛʨʘʥʠʯʝʥʠʷ ʚ ʚʠʜʝ 

 В Ù #Ƞ # ÃÏÎÓÔ (10) 

ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʫʩʣʦʚʥʦ ʥʝʧʨʝʨʳʚʥʦʡ ʤʦʜʝʣʠ ʟʘʧʠʰʝʤ 

 ᷿ ÆØÄØ #Ƞ # ÃÏÎÓÔ. (11) 

ʅʝʢʦʪʦʨʳʝ ʚʘʨʠʘʥʪʳ ʛʝʦʤʝʪʨʠʯʝʩʢʦʛʦ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʬʫʥʢʮʠʠ f(x), ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʭ ʫʩʣʦʚʠʶ 
(11) ʧʨʠʚʝʜʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 3. 

ʉ ʫʯʝʪʦʤ ʚʳʨʘʞʝʥʠʡ (9) ʠ (11) ʤʦʞʥʦ ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʨʘʩʩʤʘʪʨʠʚʘʝʤʫʶ ʫʩʣʦʚʥʦ-ʥʝʧʨʝʨʳʚʥʫʶ 
ʤʦʜʝʣʴ ʟʚʝʟʜʦʦʙʨʘʟʥʦʡ ʩʪʨʫʢʪʫʨʫ ʩʝʪʠ ʠ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʦʪʥʦʩʠʪʝʣʴʥʳʡ ʚʠʜ ʬʫʥʢʮʠʠ f(x). ʉ ʵʪʦʡ ʮʝ-
ʣʴʶ ʥʘ ʙʘʟʝ ʚʳʨʘʞʝʥʠʡ (9) ʠ (11) ʩʦʩʪʘʚʠʤ ʩʣʝʜʫʶʱʠʡ ʮʝʣʝʚʦʡ ʬʫʥʢʮʠʦʥʘʣ ʚʘʨʠʘʮʠʦʥʥʦʡ ʦʧʪʠʤʠ-
ʟʘʮʠʠ F2: 

 & ᷿ 0 ρ ÅØÐ ÄØʇ ᷿ ÆØÄØ# , (12) 

ʛʜʝ  ɚ ï ʤʥʦʞʠʪʝʣʴ ʃʘʛʨʘʥʞʘ; ɚ = const. 
 

ʉʦʛʣʘʩʥʦ ʤʝʪʦʜʫ ʕʡʣʝʨʘ, ʨʝʰʝʥʠʝ ʦʧʪʠʤʠʟʘʮʠʦʥʥʦʡ ʟʘʜʘʯʠ (12) ʫʜʦʚʣʝʪʚʦʨʷʝʪ ʫʩʣʦʚʠʶ 

 π. (13) 

ʀʟ ʫʩʣʦʚʠʷ (13) ʧʦʣʫʯʘʝʤ 

 ÅØÐ ʇ πȢ (14) 
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ʈʠʩʫʥʦʢ 3 ï ɻʝʦʤʝʪʨʠʯʝʩʢʠʝ ʧʨʝʜʩʪʘʚʣʝʥʠʷ ʬʫʥʢʮʠʠ f(x) ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʝ ʫʩʣʦʚʠʶ (11). ʎʠʬʨʘʤʠ ʫʢʘʟʘʥʳ:  

1 ï ʨʦʩʪ ʭ ʧʨʠʚʝʜʝʪ ʢ ʫʤʝʥʴʰʝʥʠʶ ʫ; 2 ï ʫ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʭ; 3 ï ʨʦʩʪ ʭ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʫ; 
 4 ï ʚʦʟʤʦʞʥʘʷ ʥʝʣʠʥʝʡʥʘ ʟʘʚʠʩʠʤʦʩʪʴ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʘʷ ʫʩʣʦʚʠʶ (11) 

 
ʀʟ (13) ʥʘʭʦʜʠʤ 

 ÅØÐ π Ȣ (15) 

ʃʦʛʘʨʠʬʤʠʨʫʷ (15), ʧʦʣʫʯʠʤ 

 π (16) 

ʠʣʠ  

 ÆØ ςØ πȢ (17) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʧʨʠ ʩʣʦʞʥʦʤ ʣʠʥʝʡʥʦ-ʣʦʛʘʨʠʬʤʠʯʝʩʢʦʡ ʟʘʚʠʩʠʤʦʩʪʠ ʫ ʦʪ ʭ ʬʫʥʢʮʠʦʥʘʣ F2 ʜʦ-
ʩʪʠʛʘʝʪ ʵʢʩʪʨʝʤʫʤʘ. ʇʨʠ ʵʪʦʤ ʧʨʠʤʝʥʠʚ ʧʨʠʟʥʘʢ ʃʘʛʨʘʥʞʘ ʤʦʞʥʦ ʫʙʝʜʠʪʴʩʷ, ʯʪʦ ʵʢʩʪʨʝʤʫʤ ʷʚʣʷʝʪʩʷ 
ʤʘʢʩʠʤʫʤʦʤ. 

ʇʦʜʚʦʜʷ ʠʪʦʛ ʧʨʦʜʝʣʘʥʥʦʡ ʧʨʦʮʝʜʫʨʝ ʦʧʪʠʤʠʟʘʮʠʠ ʟʚʝʟʜʦʦʙʨʘʟʥʦʡ ʩʝʪʠ ʦʪʢʨʳʪʦʡ ʣʘʟʝʨʥʦʡ 
ʘʪʤʦʩʬʝʨʥʦʡ ʩʚʷʟʠ, ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʳʡ ʩʫʤʤʘʨʥʳʡ ʩʠʛʥʘʣ ʥʘ ʚʭʦʜʘʭ ʧʝʨʠʬʝʨʠʡ-
ʥʳʭ ʧʨʠʝʤʥʠʢʦʚ ʩʣʝʜʫʝʪ ʦʞʠʜʘʪʴ ʧʨʠ ʧʨʷʤʦ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʡ, ʥʦ ʥʝ ʣʠʥʝʡʥʦʡ ʩʚʷʟʠ ʤʝʞʜʫ ʫ ʠ ʭ 
(ʪ.ʝ. ʤʝʞʜʫ D ʠ W). 

ʆʙʩʫʞʜʝʥʠʝ 
ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʨʘʩʩʤʦʪʨʝʥ ʦʙʱʠʡ ʙʘʣʘʥʩ ʚʩʝʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʩʫʤʤʘʨʥʳʭ ʧʦʪʝʨʴ ʤʦʱʥʦʩʪʠ 

ʦʧʪʠʯʝʩʢʦʛʦ ʩʠʛʥʘʣʘ ʚ ʦʪʢʨʳʪʳʭ ʣʘʟʝʨʥʳʭ ʘʪʤʦʩʬʝʨʥʳʭ ʩʠʩʪʝʤʘʭ ʧʝʨʝʜʘʯʠ ʠʥʬʦʨʤʘʮʠʠ.  
ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʧʝʨʠʬʝʨʠʡʥʳʝ ʧʨʠʝʤʥʳʝ ʫʟʣʳ ʥʘʭʦʜʷʪʩʷ ʥʘ ʨʘʟʣʠʯʥʳʭ ʜʠ-

ʩʪʘʥʮʠʷʭ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʥʝʢʦʪʦʨʦʛʦ ʤʥʦʞʝʩʪʚʘ ʣʠʥʝʡʥʳʭ ʨʘʟʤʝʨʦʚ ʦʧʪʠʯʝʩʢʦʛʦ ʣʫʯʘ ʣʘ-
ʟʝʨʘ (ʪ. ʝ. ʜʠʘʤʝʪʨʘ ʣʫʯʘ) ʥʘ ʚʭʦʜʘʭ ʨʘʟʥʦ ʫʜʘʣʝʥʥʳʭ ʧʨʠʝʤʥʠʢʦʚ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʜʦʧʫʩʢʘʝʪʩʷ, ʯʪʦ ʚ 
ʪʘʢʠʭ ʧʨʠʝʤʥʠʢʘʭ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʜʠʘʬʨʘʛʤʳ ʨʘʟʣʠʯʥʳʭ ʨʘʟʤʝʨʦʚ, ʩʫʤʤʘ ʢʦʪʦʨʳʭ ʧʦʜʣʝ-
ʞʠʪ ʥʝʢʦʪʦʨʦʤʫ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤʫ ʦʛʨʘʥʠʯʝʥʠʶ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʧʦʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʬʦʨʤʠʨʦ-
ʚʘʥʠʷ ʠ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ ʩʠʥʪʝʟʘ ʦʧʪʠʤʘʣʴʥʦʡ ʚʟʘʠʤʦʩʚʷʟʠ ʤʝʞʜʫ ʫʢʘʟʘʥʥʳʤʠ ʧʝʨʝʤʝʥʥʳʤʠ ʧʨʠ ʢʦ-
ʪʦʨʦʡ ʤʦʞʝʪ ʧʦʷʚʠʪʴʩʷ ʤʘʢʩʠʤʫʤ ʩʫʤʤʳ ʚʭʦʜʥʳʭ ʩʠʛʥʘʣʦʚ ʥʘ ʚʭʦʜʘʭ ʧʝʨʠʬʝʨʠʡʥʳʭ ʧʨʠʝʤʥʠʢʦʚ. 

ɿʘʢʣʶʯʝʥʠʝ ʠ ʚʳʚʦʜʳ 
1.   ʇʨʦʘʥʘʣʠʟʠʨʦʚʘʥʘ ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʙʘʟʘ ʜʣʷ ʬʦʨʤʠʨʦʚʘʥʠʷ ʦʧʪʠʤʠʟʘʮʠʦʥʥʳʭ ʟʘʜʘʯ ʧʨʠʤʝ-

ʥʠʪʝʣʴʥʦ ʢ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʟʚʝʟʜʦʦʙʨʘʟʥʦʡ ʩʪʨʫʢʪʫʨʝ ʦʪʢʨʳʪʦʡ ʦʧʪʠʯʝʩʢʦʡ ʣʘʟʝʨʥʦʡ ʘʪʤʦʩʬʝʨʥʦʡ 
ʩʚʷʟʠ. 

2.   ʈʝʰʝʥʠʝ ʩʬʦʨʤʠʨʦʚʘʥʥʦʡ ʦʧʪʠʤʠʟʘʮʠʦʥʥʦʡ ʟʘʜʘʯʠ ʜʦʩʪʠʞʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʦʡ ʚʝʣʠʯʠʥʳ 
ʩʫʤʤʳ ʩʠʛʥʘʣʦʚ ʥʘ ʚʭʦʜʘʭ ʧʝʨʠʬʝʨʠʡʥʳʭ ʧʨʠʝʤʥʳʭ ʩʪʘʥʮʠʡ ʧʦʟʚʦʣʠʣʦ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʦʧʪʠʤʘʣʴʥʫʶ 
ʚʟʘʠʤʦʩʚʷʟʴ ʤʝʞʜʫ ʜʠʘʤʝʪʨʦʤ ʣʘʟʝʨʥʦʛʦ ʣʫʯʘ ʠ ʨʘʟʤʝʨʦʤ ʜʠʘʬʨʘʛʤʳ ʥʘ ʚʭʦʜʘʭ ʧʨʠʝʤʥʳʭ ʩʪʘʥʮʠʡ 
ʧʨʠ ʥʘʣʠʯʠʠ ʥʝʢʦʪʦʨʦʛʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʩʫʤʤʘʨʥʳʡ ʧʦʢʘʟʘʪʝʣʴ ʜʠʘʬʨʘʛʤ, ʧʨʠʤʝ-
ʥʷʝʤʳʭ ʚ ʟʚʝʟʜʦʦʙʨʘʟʥʦʡ ʩʝʪʠ.  
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ɸʥʥʦʪʘʮʠʷ. ʅʘʩʪʦʷʱʘʷ ʨʘʙʦʪʘ ʧʦʩʚʷʱʝʥʘ ʟʘʜʘʯʝ ʚʳʙʦʨʘ 
ʯʠʩʣʝʥʥʦʛʦ ʤʝʪʦʜʘ ʜʣʷ ʨʘʩʯʝʪʘ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪ-
ʨʦʚ ʧʦʪʦʢʘ ʜʳʤʦʚʳʭ ʛʘʟʦʚ, ʧʨʦʪʝʢʘʶʱʠʭ ʚ ʫʣʴʪʨʘʟʚʫʢʦʚʳʭ 
ʨʘʩʭʦʜʦʤʝʨʘʭ. ɺʳʙʦʨ ʤʦʜʝʣʠ ʠ ʯʠʩʣʝʥʥʦʛʦ ʤʝʪʦʜʘ, ʚ ʩʚʦʶ 
ʦʯʝʨʝʜʴ, ʧʦʟʚʦʣʠʪ ʦʩʫʱʝʩʪʚʠʪʴ ʚʳʚʦʜ ʨʘʩʯʝʪʥʦʡ ʟʘʚʠʩʠʤʦʩʪʠ 
ʤʝʪʨʦʣʦʛʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʫʟʣʘ ʚ ʨʝʘʣʴ-
ʥʳʭ ʫʩʣʦʚʠʷʭ ʵʢʩʧʣʫʘʪʘʮʠʠ. 

Annotati on.  This paper addresses the prob-
lem of selecting a numerical method for cal-
culating the hydrodynamic parameters of flue 
gas flow in ultrasonic flowmeters. The selec-
tion of a model and numerical method, in 
turn, will enable the derivation of a calculated 
dependence on the metrological characteris-
tics of the measuring unit under real operat-
ing conditions. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʜʳʤʦʚʳʝ ʛʘʟʳ, ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʧʘʨʘ-
ʤʝʪʨʳ ʧʦʪʦʢʘ, ʤʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, ʚʳʯʠʩʣʠʪʝʣʴʥʘʷ ʛʠʜ-
ʨʦʜʠʥʘʤʠʢʘ, ʢʦʨʨʝʢʪʠʨʫʶʱʠʡ ʢʦʵʬʬʠʮʠʝʥʪ. 

Keywords:  flue gases, flow hydrodynamic 
parameters, turbulence models, computa-
tional fluid dynamics, correction factor. 

 
ʦʯʥʦʝ ʠʟʤʝʨʝʥʠʝ ʨʘʩʭʦʜʘ ʜʳʤʦʚʳʭ ʛʘʟʦʚ ʧʨʦʠʟʚʦʜʩʪʚʝʥʥʳʤʠ ʢʦʤʧʣʝʢʩʘʤʠ ʷʚʣʷʝʪʩʷ 
ʚʘʞʥʦʡ ʟʘʜʘʯʝʡ, ʦʙʫʩʣʦʚʣʝʥʥʦʡ ʵʢʦʣʦʛʠʯʝʩʢʠʤʠ ʪʨʝʙʦʚʘʥʠʷʤʠ ʠ ʨʝʛʫʣʠʨʫʝʤʦʡ ʥʦʨʤʘ-

ʪʠʚʥʳʤʠ ʜʦʢʫʤʝʥʪʘʤʠ [1]. ʋʣʴʪʨʘʟʚʫʢʦʚʳʝ ʨʘʩʭʦʜʦʤʝʨʳ (ʋɿʈ) ʷʚʣʷʶʪʩʷ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʩʨʝʜʩʪʚʦʤ 
ʠʟʤʝʨʝʥʠʷ ʨʘʩʭʦʜʘ ʜʳʤʦʚʳʭ ʛʘʟʦʚ, ʦʜʥʘʢʦ ʤʝʪʦʜʠʢʦʡ ʠʭ ʧʨʠʤʝʥʝʥʠʷ ʧʨʝʜʫʩʤʦʪʨʝʥʳ ʩʧʝʮʠʘʣʴʥʳʝ 
ʫʩʣʦʚʠʷ, ʚ ʯʘʩʪʥʦʩʪʠ, ʧʨʠʩʫʪʩʪʚʠʝ ʧʨʷʤʦʣʠʥʝʡʥʳʭ ʫʯʘʩʪʢʦʚ ʜʦ ʠ ʧʦʩʣʝ ʠʟʤʝʨʠʪʝʣʴʥʦʛʦ ʪʨʫʙʦʧʨʦʚʦʜʘ 
[2, 3]. ɺʚʠʜʫ ʩʣʦʞʥʦʩʪʠ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʪʨʫʙʦʧʨʦʚʦʜʦʚ ʤʝʪʦʜʳ ʦʮʝʥʢʠ ʤʝʪʨʦʣʦʛʠʯʝ-
ʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʨʘʩʭʦʜʦʤʝʨʦʚ, ʧʨʠʚʝʜʝʥʥʳʝ ʚ ʤʝʪʦʜʠʢʝ ʠʟʤʝʨʝʥʠʷ, ʥʝ ʚʩʝʛʜʘ ʧʦʟʚʦʣʷʶʪ ʧʦʣʫ-
ʯʠʪʴ ʢʦʨʨʝʢʪʥʳʡ ʨʝʟʫʣʴʪʘʪ, ʪʘʢ ʢʘʢ ʫʩʣʦʚʠʷ ʠʟʤʝʨʝʥʠʷ ʩʫʱʝʩʪʚʝʥʥʦ ʦʪʣʠʯʘʶʪʩʷ ʦʪ ʩʪʘʥʜʘʨʪʥʳʭ, ʯʪʦ 
ʩʪʘʥʦʚʠʪʩʷ ʠʩʪʦʯʥʠʢʦʤ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʧʦʛʨʝʰʥʦʩʪʝʡ. ɺʣʠʷʥʠʝ ʥʝʨʘʚʥʦʤʝʨʥʦʩʪʠ ʧʨʦʬʠʣʷ ʪʝʤʧʝʨʘ-
ʪʫʨ ʠ ʩʢʦʨʦʩʪʝʡ ʧʦʪʦʢʘ, ʟʘʚʠʭʨʝʥʠʡ, ʠ ʭʘʨʘʢʪʝʨʘ ʨʘʟʚʠʪʠʷ ʪʫʨʙʫʣʝʥʪʥʳʭ ʩʪʨʫʢʪʫʨ ʧʦʪʦʢʘ ʚ ʨʝʘʣʴʥʳʭ 
ʫʩʣʦʚʠʷʭ ʚʦʟʤʦʞʥʦ ʦʮʝʥʠʪʴ ʩ ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘ.  

ʎʝʣʴʶ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʝʥʠʝ ʯʠʩʣʝʥʥʦʛʦ ʤʝʪʦʜʘ, ʧʦʜʭʦʜʷʱʝʛʦ ʜʣʷ ʨʝʰʝ-
ʥʠʷ ʟʘʜʘʯʠ ʦʮʝʥʢʠ ʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʪʦʢʦʚ ʜʳʤʦʚʳʭ ʛʘʟʦʚ ʚ ʫʩʣʦʚʠʷʭ ʚʥʫʪʨʝʥʥʝʡ 
ʟʘʜʘʯʠ (ʪʝʯʝʥʠʷ ʩʨʝʜʳ ʚ ʋɿʈ). 

ʉ ʧʦʟʠʮʠʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʪʦʢ ʜʳʤʦʚʳʭ ʛʘʟʦʚ ʤʦʞʝʪ ʙʳʪʴ ʨʘʩʩʤʦʪʨʝʥ ʢʘʢ ʥʝʩʞʠʤʘʝʤʘʷ ʠʟʦ-
ʪʝʨʤʠʯʝʩʢʘʷ ʢʚʘʟʠ-ʦʜʥʦʬʘʟʥʘʷ ʩʨʝʜʘ ʚ ʨʘʤʢʘʭ ʩʪʘʮʠʦʥʘʨʥʦʛʦ ʪʝʯʝʥʠʷ ʙʝʟ ʫʯʝʪʘ ʛʨʘʚʠʪʘʮʠʦʥʥʳʭ ʩʠʣ 
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ʧʨʠ ʤʘʣʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ ʜʠʩʧʝʨʩʥʦʡ ʬʘʟʳ [4ï7]. ʇʨʠ ʵʪʦʤ ʨʝʞʠʤ ʪʝʯʝʥʠʷ, ʩ ʫʯʝʪʦʤ ʚʳʩʦʢʠʭ ʩʢʦʨʦ-
ʩʪʝʡ ʪʝʯʝʥʠʷ ʠ ʟʥʘʯʠʪʝʣʴʥʳʭ ʜʠʘʤʝʪʨʦʚ ʪʨʫʙʦʧʨʦʚʦʜʦʚ, ʤʦʞʥʦ ʦʪʥʝʩʪʠ ʢ ʚʳʩʦʢʦʨʝʡʥʦʣʴʜʩʦʚʦʡ ʛʨʫʧ-
ʧʝ. 

ʉʦʚʨʝʤʝʥʥʳʝ ʤʝʪʦʜʳ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʛʠʜʨʦʜʠʥʘʤʠʢʠ ʚʢʣʶʯʘʶʪ ʨʘʟʣʠʯʥʳʝ ʧʦʜʭʦʜʳ ʢ ʤʦʜʝ-
ʣʠʨʦʚʘʥʠʶ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ ʧʦʪʦʢʘ. ʂʣʶʯʝʚʳʤ ʘʩʧʝʢʪʦʤ ʧʨʠ ʚʳʙʦʨʝ ʤʦʜʝʣʠ ʷʚʣʷʝʪʩʷ 
ʫʯʝʪ ʥʝʩʪʘʮʠʦʥʘʨʥʳʭ ʠ ʚʠʭʨʝʚʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʧʦʪʦʢʘ. ʂʣʘʩʩʠʬʠʢʘʮʠʷ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ, 
ʩʦʩʪʘʚʣʝʥʥʘʷ ʚ ʨʘʤʢʘʭ ʥʘʩʪʦʷʱʝʡ ʨʘʙʦʪʳ ʧʦ ʜʘʥʥʳʤ [8ï11], ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1. 

 

 
 

ʈʠʩʫʥʦʢ 1 ï ʂʣʘʩʩʠʬʠʢʘʮʠʷ ʤʦʜʝʣʝʡ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ 
 

ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʨʘʩʯʝʪʥʳʭ ʤʝʪʦʜʦʚ ʚ ʢʦʥʪʝʢʩʪʝ ʟʘʜʘʯʠ ʦʮʝʥʢʠ ʛʘʟʦʜʠʥʘʤʠʯʝʩʢʠʭ ʧʘʨʘʤʝʪʨʦʚ 
ʧʦʪʦʢʘ ʚ ʋɿʈ, ʨʘʩʩʤʘʪʨʠʚʘʣʠʩʴ ʚ ʨʘʙʦʪʘʭ [12, 13]. ɸʚʪʦʨʳ [13] ʦʪʤʝʯʘʶʪ, ʯʪʦ ʜʣʷ ʨʘʟʚʠʪʦʛʦ ʧʦʪʦʢʘ ʚ 
ʛʣʘʜʢʦʡ ʪʨʫʙʝ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʨʘʩʯʝʪʥʳʭ ʟʥʘʯʝʥʠʡ ʧʨʦʬʠʣʷ ʩʢʦʨʦʩʪʠ ʠ ʛʠʜʨʘʚʣʠʯʝʩʢʠʭ ʧʦʪʝʨʴ 
ʧʦ ʜʚʫʭʧʘʨʘʤʝʪʨʠʯʝʩʢʠʤ ʤʦʜʝʣʷʤ ʩʝʤʝʡʩʪʚʘ Ë ʀ, ʤʦʜʝʣʠ ʧʝʨʝʥʦʩʘ ʩʜʚʠʛʦʚʳʭ ʥʘʧʨʷʞʝʥʠʡ ʄʝʥʪʝʨʘ 
(SST) ʠ ʦʜʥʦʧʘʨʘʤʝʪʨʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʉʧʘʣʣʘʨʪʘ-ɸʣʣʤʘʨʘʩʘ (S-A) ʧʦʢʘʟʘʣ ʯʪʦ ʤʦʜʝʣʠ RNG Ë ʀ 
(ewt) ʠ SST Ë ʖ ʦʙʝʩʧʝʯʠʚʘʶʪ ʧʨʦʬʠʣʴ ʩʢʦʨʦʩʪʠ, ʢʦʪʦʨʳʡ ʭʦʨʦʰʦ ʩʦʛʣʘʩʫʝʪʩʷ c ʵʢʩʧʝʨʠʤʝʥʪʘʣʴ-
ʥʳʤʠ ʜʘʥʥʳʤʠ. ʄʦʜʝʣʠ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ SST ʠ S-A ʥʝ ʦʪʨʘʞʘʶʪ ʪʝʥʜʝʥʮʠʠ ʙʦʣʝʝ ʨʘʥʥʝʡ ʩʪʘʙʠʣʠʟʘ-
ʮʠʠ ʜʘʚʣʝʥʠʷ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʧʦʣʝʤ ʩʢʦʨʦʩʪʝʡ ʧʨʠ ʨʘʟʚʠʪʠʠ ʩʪʨʫʢʪʫʨʳ ʧʦʪʦʢʘ. ɺ ʩʚʷʟʠ ʩ ʵʪʠʤ, ʦʧʪʠ-
ʤʘʣʴʥʦʡ ʤʦʜʝʣʴʶ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʜʣʷ ʦʧʠʩʘʥʠʷ ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʪʝʯʝʥʠʷ ʚ ʢʨʫʛʣʳʭ ʪʨʫʙʘʭ ʷʚʣʷʝʪʩʷ 
RNG Ë ʀ ʤʦʜʝʣʴ ʩ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʥʦʡ ʧʨʠʩʪʝʥʦʯʥʦʡ ʬʫʥʢʮʠʝʡ. ʊʘʤ ʞʝ ʦʪʤʝʯʝʥʳ ʥʝʦʙʭʦʜʠʤʳʝ 
ʪʨʝʙʦʚʘʥʠʷ ʜʣʷ ʧʦʩʪʨʦʝʥʠʷ ʩʝʪʢʠ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʜʘʥʥʦʡ ʧʨʠʩʪʝʥʦʯʥʦʡ ʬʫʥʢʮʠʠ. 

ɼʣʷ ʥʝʚʦʟʤʫʱʝʥʥʳʭ ʦʩʝʩʠʤʤʝʪʨʠʯʥʳʭ ʧʨʦʬʠʣʝʡ ʧʦʪʦʢʘ ʢʦʨʨʝʢʪʠʨʫʶʱʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʣʝʞʠʪ 
ʚ ʧʨʝʜʝʣʘʭ πȟω Ë ρ. ɼʣʷ ʮʠʣʠʥʜʨʠʯʝʩʢʦʛʦ ʛʣʘʜʢʦʛʦ ʪʨʫʙʦʧʨʦʚʦʜʘ ʧʨʠ ʜʦʧʫʱʝʥʠʠ ʦ ʣʦʛʘʨʠʬʤʠʯʝ-
ʩʢʦʤ ʟʘʢʦʥʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʩʢʦʨʦʩʪʝʡ ʟʘʚʠʩʠʤʦʩʪʴ Ë Æ2Å ʠʤʝʝʪ ʚʠʜ [13]: 

 Ë ρ πȟπρφȟςυ τσρ2Å ȟ Ȣ (1) 

ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ, ʵʤʧʠʨʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ, ʧʦʣʫʯʝʥʥʘʷ ʠʥʪʝʛʨʠʨʦʚʘʥʠʝʤ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 
ʜʘʥʥʳʭ ʅʠʢʫʨʘʜʟʝ [12]:  

 Ë ρȟρς πȟπρρzÌÇ2Å. (2) 

ɿʘʚʠʩʠʤʦʩʪʠ (1) ʠ (2) ʩʧʨʘʚʝʜʣʠʚʳ ʜʣʷ ʜʠʘʧʘʟʦʥʘ ʯʠʩʝʣ ʈʝʡʥʦʣʴʜʩʘ ʦʪ 5Ā10
3
 ʜʦ 5Ā10

6
. ɼʘʥʥʳʝ 

ʟʘʚʠʩʠʤʦʩʪʠ ʧʦʟʚʦʣʷʶʪ ʧʨʦʚʦʜʠʪʴ ʘʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘ ʦʩʥʦʚʝ ʩʨʘʚʥʠʪʝʣʴʥʦʛʦ 
ʩʦʧʦʩʪʘʚʣʝʥʠʷ ʠʭ ʩ ʢʦʨʨʝʢʪʠʨʫʶʱʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ. ʉʦʧʦʩʪʘʚʣʝʥʠʝ ʟʘʚʠʩʠʤʦʩʪʝʡ ʢʦʨʨʝʢʪʠʨʫʶʱʝ-
ʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʦʪ ʯʠʩʣʘ ʈʝʡʥʦʣʴʜʩʘ, ʧʦʣʫʯʝʥʥʳʭ ʧʦ ʤʦʜʝʣʷʤ ʪʫʨʙʫʣʝʥʪʥʦʩʪʠ ʩʪʘʥʜʘʨʪʥʘʷ 
Ë ʀ Å×Ô, RNG Ë ʀ Å×Ô, Realizable Ë ʀ Å×Ô ʠ SST Ë ʖ, ʩ ʟʘʚʠʩʠʤʦʩʪʷʤʠ (1) ʠ (2) ʧʦʢʘʟʘʥʦ ʥʘ 
ʨʠʩʫʥʢʝ 2 [13]. 

ʉʦʧʦʩʪʘʚʠʚ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʫʢʘʟʘʥʥʳʭ ʨʘʙʦʪʘʭ, ʤʦʞʥʦ ʟʘʢʣʶʯʠʪʴ, ʯʪʦ ʧʨʦʬʠʣʴ ʩʢʦ-
ʨʦʩʪʠ, ʢʦʨʨʝʢʪʠʨʫʶʱʠʡ ʢʦʵʬʬʠʮʠʝʥʪ ʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʤʝʪʨʦʣʦʛʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʫʣʴʪʨʘʟʚʫ-
ʢʦʚʳʭ ʨʘʩʭʦʜʦʤʝʨʦʚ ʩ ʚʳʩʦʢʦʡ ʩʪʝʧʝʥʴʶ ʜʦʩʪʦʚʝʨʥʦʩʪʠ ʤʦʞʥʦ ʦʧʨʝʜʝʣʷʪʴ, ʠʩʧʦʣʴʟʫʷ ʤʦʜʝʣʴ ʪʫʨʙʫ-
ʣʝʥʪʥʦʩʪʠ RNG ʩʝʤʝʡʩʪʚʘ ʤʦʜʝʣʝʡ Ὧ ‐ ʧʨʠ Re > 10

4
. ʋʯʠʪʳʚʘʷ, ʯʪʦ ʚʚʠʜʫ ʤʘʣʦʡ ʢʦʥʮʝʥʪʨʘʮʠʠ 

ʪʚʝʨʜʳʭ ʯʘʩʪʠʮ ʚ ʜʳʤʦʚʳʭ ʛʘʟʘʭ ʜʘʥʥʳʡ ʧʦʪʦʢ ʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ ʢʘʢ ʢʚʘʟʠʦʜʥʦʨʦʜʥʳʡ, ʤʦʜʝʣʠ 
ʫʢʘʟʘʥʥʦʡ ʛʨʫʧʧʳ ʧʨʠʤʝʥʠʤʳ ʠ ʢ ʨʝʰʝʥʠʶ ʟʘʜʘʯ, ʩʚʷʟʘʥʥʳʭ ʩ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʪʝʯʝʥʠʷ ʜʳʤʦʚʳʭ 
ʛʘʟʦʚ. 
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ʈʠʩʫʥʦʢ 2 ï ʉʨʘʚʥʠʪʝʣʴʥʦʝ ʩʦʧʦʩʪʘʚʣʝʥʠʝ ʢʦʨʨʝʢʪʠʨʫʶʱʝʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ ʜʣʷ ʫʩʣʦʚʠʡ ʨʘʟʚʠʪʦʛʦ 

ʪʫʨʙʫʣʝʥʪʥʦʛʦ ʧʦʪʦʢʘ ʚ ʧʨʷʤʦʣʠʥʝʡʥʦʡ ʛʣʘʜʢʦʡ ʪʨʫʙʝ:  ï RNG k-e;  ï Realizable k-e;  

 ï ʩʪʘʥʜʘʨʪʥʘʷ k-e;  ï SST k-w;  ï ʪʝʦʨʝʪʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ (1); 
  ï ʵʤʧʠʨʠʯʝʩʢʘʷ ʟʘʚʠʩʠʤʦʩʪʴ (2) 
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ɸʥʥʦʪʘʮʠʷ. ʈʘʟʚʝʨʪʳʚʘʥʠʝ ʩʠʩʪʝʤ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʟʨʝʥʠʷ ʥʘ 
ʧʝʨʠʬʝʨʠʡʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ ʜʣʷ ʤʦʥʠʪʦʨʠʥʛʘ ʞʝʣʝʟʥʦʜʦʨʦʞ-
ʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʪʨʝʙʫʝʪ ʙʘʣʘʥʩʘ ʤʝʞʜʫ ʩʢʦʨʦʩʪʴʶ ʠ ʪʦʯ-
ʥʦʩʪʴʶ ʣʦʢʘʣʠʟʘʮʠʠ. ɼʘʥʥʘʷ ʨʘʙʦʪʘ ʧʨʝʜʣʘʛʘʝʪ ʦʧʪʠʤʠʟʠʨʦ-
ʚʘʥʥʫʶ ʘʨʭʠʪʝʢʪʫʨʫ, ʦʩʥʦʚʘʥʥʫʶ ʥʘ ʛʣʫʙʠʥʥʳʭ ʩʝʧʘʨʘʙʝʣʴʥʳʭ 
ʩʚʝʨʪʢʘʭ (DSC), ʜʦʧʦʣʥʝʥʥʫʶ ʣʝʛʢʦʚʝʩʥʳʤ ʤʦʜʫʣʝʤ ʢʘʥʘʣʴʥʦ-
ʛʦ ʚʥʠʤʘʥʠʷ (CAM) ï DSC-AB. ʀʥʪʝʛʨʘʮʠʷ CAM ʢʦʤʧʝʥʩʠʨʫʝʪ 
ʧʨʠʩʫʱʫʶ DSC ʧʦʪʝʨʶ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ, ʯʪʦ ʢʨʠ-
ʪʠʯʝʩʢʠ ʚʘʞʥʦ ʜʣʷ ʚʳʩʦʢʠʭ ʧʦʨʦʛʦʚ IoU. ʕʢʩʧʝʨʠʤʝʥʪʳ ʥʘ 
Raspberry Pi 5 ʧʦʢʘʟʘʣʠ, ʯʪʦ DSC-AB ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʨʠʨʦʩʪ 
mAP0.75 ʥʘ 8.3 ʧ.ʧ. ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʘʟʦʚʦʡ DSC-ʤʦʜʝʣʴʶ, 
ʩʦʭʨʘʥʷʷ ʧʨʠ ʵʪʦʤ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ ʚʳʰʝ 27 FPS ʧʦʩʣʝ 
ʢʚʘʥʪʦʚʘʥʠʷ INT8. 

Annotation.  Deploying computer vision sys-
tems on edge devices for railway infrastruc-
ture monitoring demands a balance between 
speed and localization accuracy. This work 
proposes an optimized architecture based on 
Depthwise Separable Convolutions (DSC), 
augmented with a lightweight Channel Atten-
tion Module (CAM) ï DSC-AB. CAM integra-
tion compensates for the geometric infor-
mation loss inherent in DSC, which is critical 
for high IoU thresholds. Experiments on 
Raspberry Pi 5 show that DSC-AB yields an 
mAP0.75 gain of 8.3 pp over the baseline 
DSC model while maintaining performance 
above 27 FPS after INT8 quantization. 

ʂʣʶʯʝʚʳʝ ʩʣʦʚʘ: ʙʣʦʢ ʚʥʠʤʘʥʠ,̫ ʩʚʝʨʪʦʯʥʘʷ ʥʝʡʨʦʥʥʘʷ 
ʩʝʪʴ, CNN, ʦʧʪʠʤʠʟʘʮʠʷ ʥʝʡʨʦʥʥʦʡ ʩʝʪʠ, ʘʨʭʠʪʝʢʪʫʨʘ ʥʝʡʨʦʥ-
ʥʦʡ ʩʝʪʠ, Raspberry Pi 5, YOLO, depthwise separable convolu-
tion. 

Keywords:  attention block, convolutional 
neural network, CNN, neural network optimi-
zation, neural network architecture, Raspber-
ry Pi 5, YOLO, depthwise separable convolu-
tion. 
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ʘʟʚʝʨʪʳʚʘʥʠʝ ʩʠʩʪʝʤ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʟʨʝʥʠʷ ʜʣʷ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ ʞʝʣʝʟʥʦʜʦʨʦʞʥʦʛʦ ʪʨʘʥʩ-
ʧʦʨʪʘ ʈʦʩʩʠʠ ʥʘ ʧʝʨʠʬʝʨʠʡʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ ʪʨʝʙʫʝʪ ʥʘʭʦʞʜʝʥʠʷ ʪʦʥʢʦʛʦ ʙʘʣʘʥʩʘ ʤʝʞʜʫ ʚʳ-

ʯʠʩʣʠʪʝʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʠ ʢʘʯʝʩʪʚʦʤ ʠʟʚʣʝʯʝʥʠʷ ʧʨʠʟʥʘʢʦʚ [1, 2]. ɻʣʫʙʠʥʥʳʝ ʩʝʧʘʨʘʙʝʣʴʥʳʝ 
ʩʚʝʨʪʢʠ (DSC) [3, 4], ʠʩʧʦʣʴʟʫʝʤʳʝ ʚ ʘʨʭʠʪʝʢʪʫʨʘʭ MobileNet [5], ʩʥʠʞʘʶʪ ʯʠʩʣʦ ʦʧʝʨʘʮʠʡ ʚ 8ï9 ʨʘʟ ʧʦ 
ʩʨʘʚʥʝʥʠʶ ʩ ʦʙʳʯʥʳʤʠ ʩʚʝʨʪʢʘʤʠ, ʯʪʦ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʦ ʜʣʷ ʚʩʪʨʘʠʚʘʝʤʳʭ ʧʣʘʪʬʦʨʤ [6]. ʆʜʥʘʢʦ ʵʪʘ ʦʧ-
ʪʠʤʠʟʘʮʠʷ, ʥʘʮʝʣʝʥʥʘʷ ʥʘ ʤʠʥʠʤʠʟʘʮʠʶ FLOPs, ʯʘʩʪʦ ʚʝʜʝʪ ʢ ʧʦʪʝʨʝ ʩʧʦʩʦʙʥʦʩʪʠ ʩʝʪʠ ʪʦʯʥʦ ʣʦʢʘʣʠʟʦ-
ʚʳʚʘʪʴ ʦʙʲʝʢʪʳ, ʯʪʦ ʧʨʦʷʚʣʷʝʪʩʷ ʚ ʧʘʜʝʥʠʠ ʤʝʪʨʠʢʠ mAP0.75. ɼʣʷ ʫʩʪʨʘʥʝʥʠʷ ʵʪʦʛʦ ʥʝʜʦʩʪʘʪʢʘ, ʥʝ ʫʚʝ-
ʣʠʯʠʚʘʷ ʩʫʱʝʩʪʚʝʥʥʦ ʥʘʛʨʫʟʢʫ, ʧʨʝʜʣʘʛʘʝʪʩʷ ʠʥʪʝʛʨʠʨʦʚʘʪʴ ʣʝʛʢʦʚʝʩʥʳʝ ʤʝʭʘʥʠʟʤʳ ʚʥʠʤʘʥʠʷ. ʄʝʭʘʥʠʟ-
ʤʳ ʚʥʠʤʘʥʠʷ ʜʠʥʘʤʠʯʝʩʢʠ ʚʟʚʝʰʠʚʘʶʪ ʚʘʞʥʦʩʪʴ ʧʨʠʟʥʘʢʦʚ, ʫʩʠʣʠʚʘʷ ʨʝʣʝʚʘʥʪʥʳʝ ʦʙʣʘʩʪʠ.  

ʎʝʣʴ ʨʘʙʦʪʳ ï ʦʧʪʠʤʠʟʠʨʦʚʘʪʴ ʘʨʭʠʪʝʢʪʫʨʫ ʥʘ ʦʩʥʦʚʝ DSC ʧʫʪʝʤ ʚʥʝʜʨʝʥʠʷ ʩʝʣʝʢʪʠʚʥʳʭ ʤʦ-
ʜʫʣʝʡ ʚʥʠʤʘʥʠʷ ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʣʦʢʘʣʠʟʘʮʠʠ (mAP0.75) ʧʨʠ ʩʦʭʨʘʥʝʥʠʠ ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʳ 
ʢʘʜʨʦʚ ʥʘ Raspberry Pi 5 ʧʦʩʣʝ INT8 ʢʚʘʥʪʦʚʘʥʠʷ.  

ɿʘʜʘʯʘ ʩʦʩʪʦʠʪ ʚ ʨʘʟʨʘʙʦʪʢʝ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʦʡ ʩʚʝʨʪʦʯʥʦʡ ʩʝʪʠ ʜʣʷ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʦʡ ʜʝ-
ʪʝʢʮʠʠ ʥʘ ʚʩʪʨʘʠʚʘʝʤʳʭ ʧʣʘʪʬʦʨʤʘʭ ʩ ʘʢʮʝʥʪʦʤ ʥʘ ʪʦʯʥʦʩʪʴ ʣʦʢʘʣʠʟʘʮʠʠ. ʀʩʭʦʜʥʘʷ ʩʪʨʫʢʪʫʨʘ ʥʘ 
ʙʘʟʝ DSC ʦʙʝʩʧʝʯʠʚʘʝʪ ʥʠʟʢʫʶ ʚʳʯʠʩʣʠʪʝʣʴʥʫʶ ʥʘʛʨʫʟʢʫ [3], ʥʦ ʪʨʝʙʫʝʪ ʫʣʫʯʰʝʥʠʷ ʩʝʣʝʢʪʠʚʥʦʩʪʠ. 
ʄʦʜʝʣʴ ʜʦʣʞʥʘ ʨʘʙʦʪʘʪʴ ʩʦ ʩʢʦʨʦʩʪʴʶ ʥʝ ʤʝʥʝʝ 20 FPS ʥʘ Raspberry Pi 5 ʧʦʩʣʝ ʢʚʘʥʪʦʚʘʥʠʷ ʜʦ INT8. 
ʌʦʨʤʘʣʴʥʦ, ʥʝʦʙʭʦʜʠʤʦ ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʩʣʦʞʥʦʩʪʴ C ʠ ʯʠʩʣʦ ʧʘʨʘʤʝʪʨʦʚ P, ʩʦʭʨʘʥʷʷ FPS Ó 20, ʠ 
ʤʘʢʩʠʤʠʟʠʨʦʚʘʪʴ mAP0.5. ʆʩʥʦʚʥʦʡ ʬʦʢʫʩ ʩʤʝʱʘʝʪʩʷ ʩ ʫʜʘʣʝʥʠʷ ʩʣʦʝʚ ʥʘ ʢʘʯʝʩʪʚʝʥʥʦʝ ʫʣʫʯʰʝʥʠʝ 
ʩʫʱʝʩʪʚʫʶʱʠʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʙʣʦʢʦʚ ʟʘ ʩʯʝʪ ʚʥʝʜʨʝʥʠʷ ʚʥʠʤʘʥʠʷ. 

ʂʦʥʮʝʧʮʠʷ ʘʨʭʠʪʝʢʪʫʨʳ ʦʩʥʦʚʘʥʘ ʥʘ ʛʠʙʨʠʜʠʟʘʮʠʠ DSC ʜʣʷ ʩʥʠʞʝʥʠʷ ʩʪʦʠʤʦʩʪʠ ʠ ʣʝʛʢʦʚʝʩʥʦ-
ʛʦ ʢʘʥʘʣʴʥʦʛʦ ʚʥʠʤʘʥʠʷ (CAM) ʜʣʷ ʧʦʚʳʰʝʥʠʷ ʩʝʣʝʢʪʠʚʥʦʩʪʠ. ɹʘʟʦʚʘʷ ʤʦʜʝʣʴ (ʨʠʩ. 1) ʠʩʧʦʣʴʟʫʝʪ 
DSC-ʙʣʦʢʠ ʚ ʩʝʢʮʠʷʭ ʠʟʚʣʝʯʝʥʠʷ (backbone) ʠ ʘʛʨʝʛʘʮʠʠ (neck), ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʢʦʨʦʩʪʴ, ʥʦ ʫʭʫʜ-
ʰʘʝʪ ʣʦʢʘʣʠʟʘʮʠʶ.  
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ʈʠʩʫʥʦʢ 1ï ɸʨʭʠʪʝʢʪʫʨʘ ʦʜʥʦʧʨʦʭʦʜʥʦʡ CNN ʥʘ ʦʩʥʦʚʝ ʛʣʫʙʠʥʥʳʭ ʩʝʧʘʨʘʙʝʣʴʥʳʭ ʩʚʝʨʪʦʯʥʳʭ ʙʣʦʢʦʚ 
 

ɼʣʷ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʪʦʯʥʦʩʪʠ ʚʚʦʜʠʪʩʷ CAM, ʢʦʪʦʨʳʡ ʚʟʚʝʰʠʚʘʝʪ ʚʘʞʥʦʩʪʴ ʢʘʥʘʣʦʚ [7]. ʂʘ-
ʥʘʣʴʥʦʝ ʚʥʠʤʘʥʠʝ CAM ʬʫʥʢʮʠʦʥʠʨʫʝʪ ʧʫʪʝʤ ʘʛʨʝʛʠʨʦʚʘʥʠʷ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʠʥʬʦʨʤʘʮʠʠ ʯʝʨʝʟ 
ʛʣʦʙʘʣʴʥʦʝ ʫʩʨʝʜʥʝʥʠʝ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʜʝʩʢʨʠʧʪʦʨʘ, ʧʦʩʣʝʜʫʶʱʝʛʦ ʚʳʯʠʩʣʝʥʠʷ ʚʝʩʦʚ ʚʘʞʥʦʩʪʠ ʢʘ-
ʥʘʣʦʚ ʩ ʧʦʤʦʱʴʶ ʜʚʫʭ ʧʦʣʥʦʩʚʷʟʥʳʭ ʩʣʦʝʚ ʠ ʧʨʠʤʝʥʝʥʠʷ ʵʪʠʭ ʚʝʩʦʚ ʜʣʷ ʩʝʣʝʢʪʠʚʥʦʡ ʤʦʜʫʣʷʮʠʠ ʠʩ-
ʭʦʜʥʳʭ ʢʘʨʪ ʧʨʠʟʥʘʢʦʚ. ɼʣʷ ʫʣʴʪʨʘʣʝʛʢʦʚʝʩʥʳʭ ʩʪʨʫʢʪʫʨ ʧʨʝʜʣʦʞʝʥ ʤʦʜʠʬʠʮʠʨʦʚʘʥʥʳʡ CAM ʩ ʜʠ-
ʥʘʤʠʯʝʩʢʠʤ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʩʞʘʪʠʷ r = max(1,[C/32]) ʠ ʵʤʧʠʨʠʯʝʩʢʠ ʚʳʙʨʘʥʥʳʤ ʤʘʩʰʪʘʙʠʨʫʶʱʠʤ 
ʢʦʵʬʬʠʮʠʝʥʪʦʤ a = 0.3 ʚʦ ʚʪʦʨʦʤ ʧʦʣʥʦʩʚʷʟʥʦʤ ʩʣʦʝ, ʯʪʦ ʩʥʠʞʘʝʪ ʩʣʦʞʥʦʩʪʴ ʥʘ 15% ʧʦ ʩʨʘʚʥʝʥʠʶ 
ʩʦ ʩʪʘʥʜʘʨʪʥʳʤ SE-ʙʣʦʢʦʤ. ʕʪʦʪ ʤʦʜʫʣʴ ʚʥʝʜʨʷʝʪʩʷ ʚ ʙʣʦʢ Backbone ʩʨʘʟʫ ʧʦʩʣʝ ʪʦʯʝʯʥʦʡ ʩʚʝʨʪʢʠ 
1Ĭ1 ʚ DSC-ʙʣʦʢʝ, ʬʦʨʤʠʨʫʷ DSC-Attention Block (DSC-AB) (ʨʠʩ. 1 ʟʝʣʝʥʳʝ ʙʣʦʢʠ), ʧʦʩʢʦʣʴʢʫ ʠʤʝʥʥʦ 
ʧʦʩʣʝ ʩʤʝʰʠʚʘʥʠʷ ʢʘʥʘʣʦʚ ʪʨʝʙʫʝʪʩʷ ʤʦʜʫʣʷʮʠʷ ʜʣʷ ʪʦʯʥʦʡ ʣʦʢʘʣʠʟʘʮʠʠ. CAM ʚ ʩʝʢʮʠʠ Neck ʘʜʘʧ-
ʪʠʨʫʝʪʩʷ ʜʣʷ ʚʟʚʝʰʠʚʘʥʠʷ ʧʨʠʟʥʘʢʦʚ, ʧʦʩʪʫʧʘʶʱʠʭ ʠʟ ʨʘʟʥʳʭ ʤʘʩʰʪʘʙʦʚ PANet-ʧʦʜʦʙʥʦʡ ʩʪʨʫʢʪʫʨʳ, 
ʦʙʝʩʧʝʯʠʚʘʷ ʦʧʪʠʤʘʣʴʥʦʝ ʩʣʠʷʥʠʝ ʩʝʤʘʥʪʠʢʠ ʠ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦʡ ʪʦʯʥʦʩʪʠ. 

ʀʩʩʣʝʜʦʚʘʥʠʝ ʧʨʦʚʦʜʠʣʦʩʴ ʥʘ Raspberry Pi 5 ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʚʠʜʝʦʧʦʪʦʢʘ 1280x720. ʆʙʫʯʝ-
ʥʠʝ ʟʘʚʝʨʰʘʣʦʩʴ ʧʦʩʣʝ 150 ʵʧʦʭ, ʧʦʩʣʝ ʯʝʛʦ ʤʦʜʝʣʠ ʢʚʘʥʪʦʚʘʣʠʩʴ ʜʦ INT8. ʊʝʩʪʠʨʦʚʘʣʠʩʴ ʪʨʠ ʢʦʥ-
ʬʠʛʫʨʘʮʠʠ: ʩʪʘʥʜʘʨʪʥʘʷ YOLOv8n, OptiYOLO ʩ ʯʠʩʪʳʤʠ DSC-ʙʣʦʢʘʤʠ ʠ OptiYOLO ʩ DSC-AB ʙʣʦʢʘʤʠ 
(ʪʘʙʣ. 1). ʂʣʶʯʝʚʳʤʠ ʤʝʪʨʠʢʘʤʠ ʙʳʣʠ FPS, GFLOPs ʠ mAP0.75, ʪʨʝʙʫʶʱʘʷ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʠ ʣʦʢʘ-
ʣʠʟʘʮʠʠ.  

 

ʊʘʙʣʠʮʘ 1 ï ʉʨʘʚʥʝʥʠʝ ʧʨʘʤʝʪʨʦʚ ʤʦʜʝʣʝʡ 
 

ʄʦʜʝʣʴ Params (ʤʣʥ) GFLOPs FPS mAP0.5 (%) mAP0.75 (%) 

YOLOv8n 3.25 8.7 16.5 74.1 61.1 

OptiYOLO (DSC) 1.98 4.1 28.7 73.8 58.2 

OptiYOLO (DSC-AB) 2.05 4.4 27.8 75.8 66.5 

 

ʄʦʜʝʣʴ ʩ DSC-AB ʧʦʢʘʟʘʣʘ ʤʠʥʠʤʘʣʴʥʦʝ ʫʚʝʣʠʯʝʥʠʝ ʩʣʦʞʥʦʩʪʠ (4.4 GFLOPs), ʥʦ ʧʨʠʚʝʣʘ ʢ 
ʨʦʩʪʫ mAP0.75 ʥʘ 8.3 ʧ.ʧ. ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʯʠʩʪʦʡ DSC-ʚʝʨʩʠʝʡ, ʜʦʩʪʠʛʥʫʚ 66.5%, ʯʪʦ ʧʨʝʚʳʰʘʝʪ ʨʝ-
ʟʫʣʴʪʘʪ ʩʪʘʥʜʘʨʪʥʦʡ YOLOv8n (61.1%) ʧʨʠ ʙʦʣʝʝ ʯʝʤ ʜʚʫʢʨʘʪʥʦʡ ʵʢʦʥʦʤʠʠ GFLOPs. ʉʭʦʜʠʤʦʩʪʴ 
ʬʫʥʢʮʠʠ ʧʦʪʝʨʴ ʥʘ ʛʨʘʬʠʢʝ ʧʦʢʘʟʘʣʘ, ʯʪʦ ʤʦʜʝʣʴ DSC-AB ʩʭʦʜʠʪʩʷ ʙʳʩʪʨʝʝ ʠ ʢ ʙʦʣʝʝ ʥʠʟʢʦʤʫ ʟʥʘ-
ʯʝʥʠʶ ʧʦʪʝʨʴ, ʯʪʦ ʦʪʨʘʞʘʝʪ ʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʝ ʦʙʫʯʝʥʠʝ ʟʘ ʩʯʝʪ ʚʥʠʤʘʥʠʷ. ɸʥʘʣʠʟ ʪʦʯʥʦʩʪʠ ʧʦʜ-
ʪʚʝʨʜʠʣ, ʯʪʦ ʧʨʠʨʦʩʪ mAP0.75 (8.3 ʧ.ʧ.) ʟʥʘʯʠʪʝʣʴʥʦ ʧʨʝʚʦʩʭʦʜʠʪ ʧʨʠʨʦʩʪ mAP0.5 (2.0 ʧ.ʧ.), ʜʦʢʘʟʳ-
ʚʘʷ, ʯʪʦ CAM ʩʬʦʢʫʩʠʨʦʚʘʥʥʦ ʫʣʫʯʰʘʝʪ ʠʤʝʥʥʦ ʛʝʦʤʝʪʨʠʯʝʩʢʫʶ ʪʦʯʥʦʩʪʴ. ɺʠʟʫʘʣʴʥʘʷ ʠʥʩʧʝʢʮʠʷ 
ʧʦʜʪʚʝʨʜʠʣʘ, ʯʪʦ ʨʘʤʢʠ, ʧʨʝʜʩʢʘʟʘʥʥʳʝ ʤʦʜʝʣʴʶ ʩ DSC-AB, ʧʣʦʪʥʝʝ ʧʨʠʣʝʛʘʶʪ ʢ ʢʦʥʪʫʨʘʤ ʦʙʲʝʢʪʦʚ, 
ʤʠʥʠʤʠʟʠʨʫʷ ʦʰʠʙʢʠ ʧʦʟʠʮʠʦʥʠʨʦʚʘʥʠʷ. 

ɺʘʣʠʜʘʮʠʷ (ʨʠʩ. 2) ʧʦʜʪʚʝʨʜʠʣʘ, ʯʪʦ ʠʥʪʝʛʨʘʮʠʷ ʣʝʛʢʦʚʝʩʥʦʛʦ CAM ʚ DSC-ʩʪʨʫʢʪʫʨʫ ʫʩʧʝʰʥʦ 
ʧʦʚʳʰʘʝʪ ʪʦʯʥʦʩʪʴ ʣʦʢʘʣʠʟʘʮʠʠ, ʩʦʭʨʘʥʷʷ ʪʨʝʙʦʚʘʥʠʷ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ (27.8 FPS). ʋʚʝʣʠʯʝʥʠʝ ʥʘ 
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mAP0.75 8.3 ʧ.ʧ. ʜʦ 66.5% ʜʦʢʘʟʳʚʘʝʪ, ʯʪʦ ʤʝʭʘʥʠʟʤ ʚʥʠʤʘʥʠʷ ʵʬʬʝʢʪʠʚʥʦ ʢʦʤʧʝʥʩʠʨʫʝʪ ʧʦʪʝʨʶ 
ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ ʠʥʬʦʨʤʘʮʠʠ ʚ DSC-ʙʣʦʢʘʭ. ʇʨʠ ʵʪʦʤ ʤʦʜʝʣʴ OptiYOLO (DSC-AB) ʧʨʝʚʦʩʭʦʜʠʪ ʧʦ 
ʣʦʢʘʣʠʟʘʮʠʠ ʙʦʣʝʝ ʪʷʞʝʣʫʶ YOLOv8n, ʙʫʜʫʯʠ ʢʦʤʧʘʢʪʥʝʝ ʧʦ ʦʧʝʨʘʮʠʷʤ. ʋʩʪʦʡʯʠʚʦʩʪʴ CAM ʢ INT8-
ʢʚʘʥʪʦʚʘʥʠʶ ʪʘʢʞʝ ʧʦʜʪʚʝʨʞʜʝʥʘ, ʧʦʩʢʦʣʴʢʫ ʘʜʘʧʪʠʚʥʦʝ ʚʟʚʝʰʠʚʘʥʠʝ ʩʪʘʙʠʣʠʟʠʨʫʝʪ ʠʥʬʦʨʤʘʮʠʦʥ-
ʥʳʡ ʧʦʪʦʢ. ɻʨʘʤʦʪʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʤʠʥʠʤʘʣʴʥʳʭ ʚʳʯʠʩʣʠʪʝʣʴʥʳʭ ʨʝʩʫʨʩʦʚ ʥʘ ʩʝʣʝʢʪʠʚʥʳʝ ʤʝʭʘ-
ʥʠʟʤʳ ʚʥʠʤʘʥʠʷ ʷʚʣʷʝʪʩʷ ʦʧʪʠʤʘʣʴʥʳʤ ʨʝʰʝʥʠʝʤ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʙʘʣʘʥʩʘ ʤʝʞʜʫ ʩʢʦʨʦʩʪʴʶ ʠ ʛʝʦ-
ʤʝʪʨʠʯʝʩʢʦʡ ʪʦʯʥʦʩʪʴʶ ʥʘ ʧʝʨʠʬʝʨʠʡʥʳʭ ʫʩʪʨʦʡʩʪʚʘʭ. 
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ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʧʨʦʚʝʜʝʥʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʫʩʧʝʰʥʦ ʧʨʦʜʝʤʦʥʩʪʨʠʨʦʚʘʣʦ, ʯʪʦ ʠʥʪʝʛʨʘʮʠʷ ʣʝʛ-
ʢʦʚʝʩʥʳʭ ʤʦʜʫʣʝʡ ʢʘʥʘʣʴʥʦʛʦ ʚʥʠʤʘʥʠʷ ʚ ʘʨʭʠʪʝʢʪʫʨʫ ʥʘ ʦʩʥʦʚʝ ʛʣʫʙʠʥʥʳʭ ʩʝʧʘʨʘʙʝʣʴʥʳʭ ʩʚʝʨʪʦʢ 
ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ ʟʥʘʯʠʪʝʣʴʥʦʛʦ ʫʣʫʯʰʝʥʠʷ ʪʦʯʥʦʩʪʠ ʣʦʢʘʣʠʟʘʮʠʠ ʢʨʠʪʠʯʝʩʢʠ ʚʘʞʥʳʭ ʦʙʲʝʢʪʦʚ ʞʝ-
ʣʝʟʥʦʜʦʨʦʞʥʦʡ ʠʥʬʨʘʩʪʨʫʢʪʫʨʳ, ʫʚʝʣʠʯʠʚ ʤʝʪʨʠʢʫ mAP0.75 ʥʘ 8.3 ʧ.ʧ. ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʙʘʟʦʚʦʡ DSC-
ʤʦʜʝʣʴʶ, ʧʨʠ ʵʪʦʤ ʩʦʭʨʘʥʷʷ ʚʳʩʦʢʫʶ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʴ (27.8 FPS) ʥʘ ʚʩʪʨʘʠʚʘʝʤʦʡ ʧʣʘʪʬʦʨʤʝ 
Raspberry Pi 5. ʕʪʦʪ ʛʠʙʨʠʜʥʳʡ ʧʦʜʭʦʜ ʮʝʣʝʥʘʧʨʘʚʣʝʥʥʦ ʢʦʤʧʝʥʩʠʨʫʝʪ ʥʝʜʦʩʪʘʪʦʢ ʢʨʦʩʩ-ʢʘʥʘʣʴʥʦʡ 
ʩʚʷʟʠ ʚ DSC, ʦʙʝʩʧʝʯʠʚʘʷ ʥʘʠʣʫʯʰʠʡ ʙʘʣʘʥʩ ʤʝʞʜʫ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʵʬʬʝʢʪʠʚʥʦʩʪʴʶ ʠ ʛʝʦʤʝʪʨʠʯʝ-
ʩʢʦʡ ʪʦʯʥʦʩʪʴʶ ʜʝʪʝʢʮʠʠ, ʯʪʦ ʥʝʦʙʭʦʜʠʤʦ ʜʣʷ ʨʦʙʘʩʪʥʦʛʦ ʤʦʥʠʪʦʨʠʥʛʘ. 
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