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ɼʠʩʩʝʨʪʘʮʠʷ ʧʦʜʛʦʪʦʚʣʝʥʘ ʥʘ ʢʘʬʝʜʨʝ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ 

ʫʧʨʘʚʣʝʥʠʷ ʬʠʟʠʯʝʩʢʦʛʦ ʬʘʢʫʣʴʪʝʪʘ ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ 
 

 

ʅʘʫʯʥʳʡ ʨʫʢʦʚʦʜʠʪʝʣʴ  ï ʄʠʪʨʠʰʢʠʥ ʖʨʠʡ ɺʣʘʜʠʤʠʨʦʚʠʯ  

ʜʦʢʪʦʨ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ  

ʆʬʠʮʠʘʣʴʥʳʝ ʦʧʧʦʥʝʥʪʳ ï ʇʫʩʪʦʚʠʪʦʚ ɺʣʘʜʠʤʠʨ ɼʤʠʪʨʠʝʚʠʯ 

ʜʦʢʪʦʨ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʥʘʫʢ, 

ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè, ʦʪʜʝʣ 

ʪʝʦʨʠʠ ʧʣʘʟʤʳ, ʛʣʘʚʥʳʡ ʥʘʫʯʥʳʡ 

ʩʦʪʨʫʜʥʠʢ 

ɹʦʛʦʣʶʙʦʚ ɸʣʝʢʩʘʥʜʨ ʅʠʢʦʣʘʝʚʠʯ  

ʜʦʢʪʦʨ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʥʘʫʢ, 

ʧʨʦʬʝʩʩʦʨ, ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ, 

ʬʠʟʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪ, ʢʘʬʝʜʨʘ 

ʤʘʪʝʤʘʪʠʢʠ, ʧʨʦʬʝʩʩʦʨ  

ɻʦʣʫʙʝʚ ɸʣʝʢʩʝʡ ɽʚʛʝʥʴʝʚʠʯ 

ʢʘʥʜʠʜʘʪ ʬʠʟʠʢʦ-ʤʘʪʝʤʘʪʠʯʝʩʢʠʭ ʥʘʫʢ, 

ʜʦʮʝʥʪ, ʌʝʜʝʨʘʣʴʥʦʝ ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʝ 

ʙʶʜʞʝʪʥʦʝ ʫʯʨʝʞʜʝʥʠʝ ʥʘʫʢʠ ʀʥʩʪʠʪʫʪ 

ʧʨʦʙʣʝʤ ʤʝʭʘʥʠʢʠ ʠʤ. ɸ.ʖ. ʀʰʣʠʥʩʢʦʛʦ 

ʈɸʅ, ʣʘʙʦʨʘʪʦʨʠ ̫ʤʝʭʘʥʠʢʠ ʩʠʩʪʝʤ, 

ʩʪʘʨʰʠʡ ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ  

 

ɿʘʱʠʪʘ ʜʠʩʩʝʨʪʘʮʠʠ ʩʦʩʪʦʠʪʩʷ ç21è ʩʝʥʪʷʙʨʷ 2023 ʛ. ʚ 15-30 ʥʘ 

ʟʘʩʝʜʘʥʠʠ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʩʦʚʝʪʘ ʄɻʋ.013.7 ʄʦʩʢʦʚʩʢʦʛʦ 

ʛʦʩʫʜʘʨʩʪʚʝʥʥʦʛʦ ʫʥʠʚʝʨʩʠʪʝʪʘ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ ʧʦ ʘʜʨʝʩʫ: 119991, 

ʄʦʩʢʚʘ, ʃʝʥʠʥʩʢʠʝ ʛʦʨʳ, ʜ.1, ʩʪʨ.2, ʌʠʟʠʯʝʩʢʠʡ ʬʘʢʫʣʴʪʝʪ ʄɻʋ, ʘʫʜ. ___. 

E-mail: igorkartashov@mail.ru 

ʉ ʜʠʩʩʝʨʪʘʮʠʝʡ ʤʦʞʥʦ ʦʟʥʘʢʦʤʠʪʴʩʷ ʚ ʦʪʜʝʣʝ ʜʠʩʩʝʨʪʘʮʠʡ ʥʘʫʯʥʦʡ 

ʙʠʙʣʠʦʪʝʢʠ ʄɻʋ ʠʤʝʥʠ ʄ.ɺ. ʃʦʤʦʥʦʩʦʚʘ (ʃʦʤʦʥʦʩʦʚʩʢʠʡ ʧʨʦʩʧ., ʜ.27) ʠ ʥʘ 

ʧʦʨʪʘʣʝ: https://dissovet.msu.ru/dissertation/013.7/2578 

 

 

 

ɸʚʪʦʨʝʬʝʨʘʪ ʨʘʟʦʩʣʘʥ ç__è __________ 20__ ʛ. 

 

 

 

ʋʯʝʥʳʡ ʩʝʢʨʝʪʘʨʴ  

ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʛʦ ʩʦʚʝʪʘ, 

ʢ.ʬ.-ʤ.ʥ.         ʀ.ʅ. ʂʘʨʪʘʰʦʚ 
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ʆʙʱʘʷ ʭʘʨʘʢʪʝʨʠʩʪʠʢʘ ʨʘʙʦʪʳ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʠ ʩʪʝʧʝʥʴ ʥʘʫʯʥʦʡ ʨʘʟʨʘʙʦʪʘʥʥʦʩʪʠ ʪʝʤʳ 

ʠʩʩʣʝʜʦʚʘʥʠʷ. ʅʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʤ ʥʘʧʨʘʚʣʝʥʠʝʤ ʠʩʩʣʝʜʦʚʘʥʠʡ ʠ 

ʩʦʟʜʘʥʠʷ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ ʪʝʨʤʦʷʜʝʨʥʳʭ ʫʩʪʘʥʦʚʦʢ ʥʘ ʨʘʟʣʠʯʥʳʭ 

ʬʠʟʠʯʝʩʢʠʭ ʧʨʠʥʮʠʧʘʭ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʵʥʝʨʛʠʠ ʦʪ ʩʣʠʷʥʠʷ ʷʜʝʨ ʣʝʛʢʠʭ 

ʵʣʝʤʝʥʪʦʚ ʚ ʵʢʦʥʦʤʠʯʝʩʢʦʤ ʠ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʤ ʦʪʥʦʰʝʥʠʠ ʷʚʣʷʝʪʩʷ ʨʘʟʚʠʪʠʝ 

ʪʦʢʘʤʘʢʦʚ  ʪʦʨʦʠʜʘʣʴʥʳʭ ʢʘʤʝʨ ʩ ʤʘʛʥʠʪʥʳʤʠ ʢʘʪʫʰʢʘʤʠ. ʕʪʠ ʬʠʟʠʯʝʩʢʠʝ 

ʫʩʪʘʥʦʚʢʠ ʙʳʣʠ ʠʟʦʙʨʝʪʝʥʳ ʚ ʀʥʩʪʠʪʫʪʝ ʘʪʦʤʥʦʡ ʵʥʝʨʛʠʠ ʠʤ. ʀ.ɺ. ʂʫʨʯʘʪʦʚʘ 

ʚ ʉʉʉʈ ʠ ʨʘʩʧʨʦʩʪʨʘʥʠʣʠʩʴ ʧʦ ʚʩʝʤʫ ʤʠʨʫ: ʙʳʣʦ ʧʦʩʪʨʦʝʥʦ ʙʦʣʝʝ 200 

ʪʦʢʘʤʘʢʦʚ, ʩʝʡʯʘʩ ʨʘʙʦʪʘʝʪ ʙʦʣʝʝ 40 ʪʦʢʘʤʘʢʦʚ. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʚʝʜʫʪʩʷ 

ʨʘʙʦʪʳ ʧʦ ʩʦʟʜʘʥʠʶ ʤʝʞʜʫʥʘʨʦʜʥʦʛʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʛʦ ʪʝʨʤʦʷʜʝʨʥʦʛʦ 

ʨʝʘʢʪʦʨʘ ITER (International Thermonuclear Experimental Reactor) ʚ ʛ. ʂʘʜʘʨʘʰ 

(ʌʨʘʥʮʠʷ) ʠ ʧʨʦʝʢʪʠʨʫʶʪʩʷ ʪʝʨʤʦʷʜʝʨʥʳʝ ʵʣʝʢʪʨʦʩʪʘʥʮʠʠ DEMO 

(DEMOnstration Power Plant). ɺ ʨʝʟʫʣʴʪʘʪʝ ʧʨʝʜʧʦʣʘʛʘʝʪʩʷ ʧʦʣʫʯʘʪʴ 

ʪʝʨʤʦʷʜʝʨʥʫʶ ʵʥʝʨʛʠʶ ʥʘ ʦʩʥʦʚʝ ʩʠʥʪʝʟʘ ʠʟʦʪʦʧʦʚ ʚʦʜʦʨʦʜʘ ʚ ʪʝʯʝʥʠʝ 400 ʩ 

ʚ ITER ʠ ʜʦʩʪʠʛʥʫʪʴ ʥʝʧʨʝʨʳʚʥʦʡ ʛʝʥʝʨʘʮʠʠ ʪʝʨʤʦʷʜʝʨʥʦʡ ʵʥʝʨʛʠʠ ʚ DEMO. 

ʆʜʥʦʡ ʠʟ ʧʨʠʦʨʠʪʝʪʥʳʭ ʟʘʜʘʯ ʚ ʩʦʚʨʝʤʝʥʥʦʡ ʧʨʦʙʣʝʤʝ ʫʧʨʘʚʣʷʝʤʦʛʦ 

ʪʝʨʤʦʷʜʝʨʥʦʛʦ ʩʠʥʪʝʟʘ ʷʚʣʷʝʪʩʷ ʫʜʝʨʞʘʥʠʝ ʧʣʘʟʤʳ ʚ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ 

ʪʦʢʘʤʘʢʦʚ ʧʦʩʨʝʜʩʪʚʦʤ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʩ ʦʙʨʘʪʥʦʡ ʩʚʷʟʴʶ ʩ ʚʳʩʦʢʠʤ 

ʢʘʯʝʩʪʚʦʤ (ʙʳʩʪʨʦʜʝʡʩʪʚʠʝʤ ʠ ʪʦʯʥʦʩʪʴʶ) ʠ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʤʠ 

ʨʦʙʘʩʪʥʳʤʠ ʟʘʧʘʩʘʤʠ ʫʩʪʦʡʯʠʚʦʩʪʠ. ɺ ʪʦʢʘʤʘʢʘʭ ʚʳʩʦʢʦʪʝʤʧʝʨʘʪʫʨʥʘʷ 

ʧʣʘʟʤʘ ʫʜʝʨʞʠʚʘʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʠʥʜʫʮʠʨʫʝʤʳʭ ʚ ʦʙʤʦʪʢʘʭ, ʨʘʩʧʦʣʦʞʝʥʥʳʭ 

ʚʦʢʨʫʛ ʪʦʨʦʠʜʘʣʴʥʦʡ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ, ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʠ ʧʦʣʦʠʜʘʣʴʥʦʛʦ 

ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ. ɺ ʧʣʘʟʤʝ ʪʦʢʘʤʘʢʦʚ ʩʫʱʝʩʪʚʫʝʪ ʚʝʨʦʷʪʥʦʩʪʴ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʨʘʟʣʠʯʥʳʭ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʢ ʩʨʳʚʫ ʨʘʟʨʷʜʘ. ʇʨʠ 

ʵʪʦʤ ʤʦʞʝʪ ʧʨʦʠʟʦʡʪʠ ʤʝʭʘʥʠʯʝʩʢʦʝ ʠʣʠ ʪʝʧʣʦʚʦʝ ʧʦʚʨʝʞʜʝʥʠʝ ʢʦʥʩʪʨʫʢʮʠʠ 

ʪʦʢʘʤʘʢʘ ʧʨʠ ʙʦʣʴʰʠʭ ʩʨʳʚʘʭ. ʇʨʠ ʩʦʦʨʫʞʝʥʠʠ ʩʦʚʨʝʤʝʥʥʳʭ ʪʦʢʘʤʘʢʦʚ 

ʩʦʟʜʘʶʪ ʚʳʪʷʥʫʪʫʶ ʧʦ ʚʝʨʪʠʢʘʣʠ ʪʦʨʦʠʜʘʣʴʥʫʶ ʢʦʥʩʪʨʫʢʮʠʶ, ʢʘʢ ʥʘʧʨʠʤʝʨ, 

ʚ ʜʝʡʩʪʚʫʶʱʠʭ ʪʦʢʘʤʘʢʘʭ DIII -D, NSTX (ʉʐɸ), JET, ST40 (ɸʥʛʣʠʷ), JT-60U 

(ʗʧʦʥʠʷ), ASDEX Upgrade (ɻʝʨʤʘʥʠʷ), TCV (ʐʚʝʡʮʘʨʠʷ), EAST (ʂʠʪʘʡ), 

KSTAR (ʖʞʥʘʷ ʂʦʨʝʷ), ɻʣʦʙʫʩ-ʄ2 (ʈʦʩʩʠʷ), ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʩʫʱʝʩʪʚʝʥʥʦ 

ʧʦʚʳʩʠʪʴ ʜʘʚʣʝʥʠʝ ʧʣʘʟʤʳ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʜʘʚʣʝʥʠʝʤ ʧʣʘʟʤʳ ʚ ʪʦʢʘʤʘʢʘʭ ʩ 

ʢʨʫʛʣʳʤ ʧʦʧʝʨʝʯʥʳʤ ʩʝʯʝʥʠʝʤ ʧʨʠ ʪʦʤ ʞʝ ʪʦʨʦʠʜʘʣʴʥʦʤ ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ. 

ʆʜʥʘʢʦ, ʵʪʦ ʧʨʠʚʦʜʠʪ ʢ ʚʦʟʥʠʢʥʦʚʝʥʠʶ ʚʝʨʪʠʢʘʣʴʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ 

ʧʣʘʟʤʳ.  

ɺ ʌʠʟʠʢʦ-ʪʝʭʥʠʯʝʩʢʦʤ ʠʥʩʪʠʪʫʪʝ ʠʤ. ɸ.ʌ. ʀʦʬʬʝ (ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ) 

ʠʤʝʝʪʩʷ ʜʝʡʩʪʚʫʶʱʠʡ ʩʬʝʨʠʯʝʩʢʠʡ ʪʦʢʘʤʘʢ ɻʣʦʙʫʩ-ʄ, ʤʦʜʝʨʥʠʟʠʨʦʚʘʥʥʳʡ 

ʜʦ ʪʦʢʘʤʘʢʘ ɻʣʦʙʫʩ-ʄ2. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʦʚʦʜʷʪʩʷ ʨʘʙʦʪʳ ʧʦ ʧʫʩʢʫ 

ʪʦʢʘʤʘʢʘ ʊ-15ʄɼ ʩ ʚʳʪʷʥʫʪʳʤ ʚ ʚʝʨʪʠʢʘʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʠ ʧʦʧʝʨʝʯʥʳʤ 

ʩʝʯʝʥʠʝʤ ʚ ʅʀʎ çʂʫʨʯʘʪʦʚʩʢʠʡ ʠʥʩʪʠʪʫʪè (ʛ. ʄʦʩʢʚʘ). ʅʘ ʤʦʜʝʣʷʭ ʧʣʘʟʤʳ ʚ 

ʜʘʥʥʳʭ ʪʦʢʘʤʘʢʘʭ ʚʝʜʫʪʩʷ ʨʘʙʦʪʳ ʧʦ ʨʘʟʨʘʙʦʪʢʝ ʠ ʘʧʨʦʙʘʮʠʠ ʤʝʪʦʜʦʚ ʠ 

ʩʠʩʪʝʤ ʤʘʛʥʠʪʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʦʞʝʥʠʝʤ, ʪʦʢʦʤ ʠ ʬʦʨʤʦʡ ʧʣʘʟʤʳ. 

ʅʘ ʫʩʪʘʥʦʚʢʝ ɻʣʦʙʫʩ-ʄ ʠʤʝʝʪʩʷ ʩʠʩʪʝʤʘ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʧʦ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʤʫ ʠ ʚʝʨʪʠʢʘʣʴʥʦʤʫ ʧʦʣʦʞʝʥʠʶ ʧʣʘʟʤʳ, ʨʘʟʨʘʙʦʪʘʥʥʘ ̫ ʠ 
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ʚʥʝʜʨʝʥʥʘ ̫ʢ.ʪ.ʥ. ɽ.ɸ. ʂʫʟʥʝʮʦʚʳʤ (ɸʆ çɻʅʎ ʈʌ ʊʈʀʅʀʊʀè, ʛ. ʊʨʦʠʮʢ) ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʪʠʨʠʩʪʦʨʥʳʭ ʠʥʚʝʨʪʦʨʦʚ ʪʦʢʘ, ʨʘʙʦʪʘʶʱʠʭ ʚ 

ʘʚʪʦʢʦʣʝʙʘʪʝʣʴʥʦʤ ʨʝʞʠʤʝ, ʚ ʢʘʯʝʩʪʚʝ ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ.  

ʋʧʨʘʚʣʝʥʠʝ ʪʦʢʦʤ ʠ ʬʦʨʤʦʡ ʧʣʘʟʤʳ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʫʪʝʤ ʟʘʜʘʥʠʷ 

ʧʨʦʛʨʘʤʤʥʳʭ ʪʦʢʦʚ ʚ ʢʘʪʫʰʢʘʭ ʧʦʣʦʠʜʘʣʴʥʦʛʦ ʧʦʣʷ ʩ ʧʦʤʦʱʴʶ ʢʘʩʢʘʜʦʚ 

ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʧʦ ʪʦʢʘʤ ʚ ʵʪʠʭ ʢʘʪʫʰʢʘʭ ʠ ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ ʥʘ 

ʦʩʥʦʚʝ ʫʧʨʘʚʣʷʝʤʳʭ ʤʥʦʛʦʬʘʟʥʳʭ ʪʠʨʠʩʪʦʨʥʳʭ ʚʳʧʨʷʤʠʪʝʣʝʡ. ʇʨʠ ʵʪʦʤ 

ʦʙʨʘʪʥʘʷ ʩʚʷʟʴ ʧʦ ʪʦʢʫ ʠ ʬʦʨʤʝ ʧʣʘʟʤʳ ʥʘ ʫʩʪʘʥʦʚʢʝ ʦʪʩʫʪʩʪʚʫʝʪ. ʉʠʩʪʝʤʘ 

ʤʘʛʥʠʪʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʧʣʘʟʤʦʡ ʚ ʪʦʢʘʤʘʢʝ ʊ-15ʄɼ ʥʘʭʦʜʠʪʩʷ ʥʘ ʵʪʘʧʝ 

ʨʘʟʨʘʙʦʪʢʠ. 

ʎʝʣʴ ʨʘʙʦʪʳ ʩʦʩʪʦʠʪ ʚ ʘʥʘʣʠʟʝ, ʩʠʥʪʝʟʝ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʤ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʤʥʦʛʦʩʚʷʟʥʳʭ ʠ ʤʥʦʛʦʢʦʥʪʫʨʥʳʭ ʨʦʙʘʩʪʥʳʭ ʩʠʩʪʝʤ 

ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʦʞʝʥʠʝʤ, ʪʦʢʦʤ ʠ ʬʦʨʤʦʡ ʧʣʘʟʤʳ ʩ ʦʙʨʘʪʥʦʡ ʩʚʷʟʴʶ ʥʘ 

ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʡ ʬʘʟʝ ʧʣʘʟʤʝʥʥʦʛʦ ʨʘʟʨʷʜʘ ʪʦʢʘʤʘʢʦʚ, ʦʮʝʥʢʝ ʨʦʙʘʩʪʥʳʭ 

ʩʚʦʡʩʪʚ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ, ʠʩʩʣʝʜʦʚʘʥʠʠ ʧʦʚʝʜʝʥʠʷ 

ʟʘʤʢʥʫʪʳʭ ʩʠʩʪʝʤ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʳʭ ʚʦʟʤʫʱʝʥʠʡ ʠ ʧʨʠ 

ʥʘʣʠʯʠʠ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʝʡ ʚ ʧʘʨʘʤʝʪʨʘʭ ʤʦʜʝʣʝʡ ʨʘʩʩʤʘʪʨʠʚʘʝʤʳʭ ʦʙʲʝʢʪʦʚ 

ʫʧʨʘʚʣʝʥʠʷ. 

ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʫʢʘʟʘʥʥʦʡ ʮʝʣʠ ʙʳʣʠ ʧʦʩʪʘʚʣʝʥʳ ʠ ʨʝʰʝʥʳ ʩʣʝʜʫʶʱʠʝ 

ʟʘʜʘʯʠ: 

1. ʆʩʫʱʝʩʪʚʠʪʴ ʘʥʘʣʠʟ, ʩʠʥʪʝʟ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤ 

ʫʧʨʘʚʣʝʥʠʷ ʥʝʫʩʪʦʡʯʠʚʳʤ ʚʝʨʪʠʢʘʣʴʥʳʤ ʧʦʣʦʞʝʥʠʝʤ ʧʣʘʟʤʳ ʚ ʧʨʦʪʦʪʠʧʝ 

ʪʦʢʘʤʘʢʘ ʊ-15ʄɼ ʜʣʷ ʜʚʫʭ ʪʠʧʦʚ ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ: ʤʥʦʛʦʬʘʟʥʦʛʦ 

ʪʠʨʠʩʪʦʨʥʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ ʠ ʪʨʘʥʟʠʩʪʦʨʥʦʛʦ ʠʥʚʝʨʪʦʨʘ ʥʘʧʨʷʞʝʥʠʷ.  

2. ʇʨʦʚʝʩʪʠ ʠʜʝʥʪʠʬʠʢʘʮʠʶ, ʘʥʘʣʠʟ, ʩʠʥʪʝʟ ʤʝʪʦʜʦʤ H¤-ʦʧʪʠʤʠʟʘʮʠʠ ʠ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʤʥʦʛʦʩʚʷʟʥʦʡ ʠ ʤʥʦʛʦʢʦʥʪʫʨʥʦʡ ʩʠʩʪʝʤʳ 

ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʦʞʝʥʠʝʤ, ʪʦʢʦʤ ʠ ʬʦʨʤʦʡ ʧʣʘʟʤʳ ʚ ʪʦʢʘʤʘʢʝ ɻʣʦʙʫʩ-ʄ/ʄ2. 

3. ʈʝʘʣʠʟʦʚʘʪʴ ʥʘ ʥʝʣʠʥʝʡʥʦʤ ʧʣʘʟʤʦʬʠʟʠʯʝʩʢʦʤ ʢʦʜʝ DINA 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤʳ ʤʘʛʥʠʪʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʦʞʝʥʠʝʤ 

ʧʣʘʟʤʳ ʥʘ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʡ ʩʪʘʜʠʠ ʨʘʟʨʷʜʘ ʪʦʢʘʤʘʢʘ ɻʣʦʙʫʩ-ʄ/ʄ2. 

4. ɺʳʧʦʣʥʠʪʴ ʩʪʨʫʢʪʫʨʥʳʡ ʘʥʘʣʠʟ, ʩʠʥʪʝʟ ʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤʳ ʤʘʛʥʠʪʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʧʣʘʟʤʦʡ ʚ ʪʦʢʘʤʘʢʝ ɻʣʦʙʫʩ-

ʄ/ʄ2 ʩ ʜʚʦʡʥʦʡ ʨʘʟʚʷʟʢʦʡ ʢʘʥʘʣʦʚ ʫʧʨʘʚʣʝʥʠʷ. 

ʆʙʲʝʢʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʧʣʘʟʤʘ ʚ ʪʦʢʘʤʘʢʝ. ʇʨʝʜʤʝʪʦʤ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ ʟʘʤʢʥʫʪʳʝ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʦʞʝʥʠʝʤ, ʪʦʢʦʤ ʠ 

ʬʦʨʤʦʡ ʧʣʘʟʤʳ ʚ ʪʦʢʘʤʘʢʘʭ ʥʘ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʡ ʬʘʟʝ ʧʣʘʟʤʝʥʥʦʛʦ ʨʘʟʨʷʜʘ. 

ʄʝʪʦʜʳ ʠʩʩʣʝʜʦʚʘʥʠʷ. ʇʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʦʙʱʝʡ ʩʪʨʫʢʪʫʨʳ ʩʠʩʪʝʤ 

ʫʧʨʘʚʣʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʤʘʪʝʤʘʪʠʯʝʩʢʠʡ ʘʧʧʘʨʘʪ: Õ-ʘʥʘʣʠʟʘ, Relative Gain 

Array (RGA), Singular Value Decomposition (SVD) ʯʘʩʪʦʪʥʦʛʦ ʘʥʘʣʠʟʘ (Doyle 

J.C., Stein G., Safonov M.G., Young P.M., Newlin M.P., Zhou K., Bristol E.H., 

Skogestad S., Postlethwaite I., ʠ ʜʨ.). 

ʇʨʠ ʩʠʥʪʝʟʝ ʨʦʙʘʩʪʥʳʭ ʨʝʛʫʣʷʪʦʨʦʚ ʜʣʷ ʧʦʜʘʚʣʝʥʠʷ ʥʝʫʩʪʦʡʯʠʚʦʩʪʝʡ ʚ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʦʥʪʫʨʘʭ ʫʧʨʘʚʣʝʥʠʷ ʧʨʠʤʝʥʷʣʩʷ ʤʝʪʦʜ H¤ ʪʝʦʨʠʠ 

ʦʧʪʠʤʠʟʘʮʠʠ, ʦʩʥʦʚʘʥʥʳʡ ʥʘ ʚʟʘʠʤʥʦ ʧʨʦʩʪʦʡ ʬʘʢʪʦʨʠʟʘʮʠʠ ʧʝʨʝʜʘʪʦʯʥʦʡ 

ʬʫʥʢʮʠʠ ʤʦʜʝʣʠ ʦʙʲʝʢʪʘ (McFalane D. ʠ Glover K.). 
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ɸʚʪʦʤʘʪʠʯʝʩʢʘʷ ʥʘʩʪʨʦʡʢʘ ʇʀɼ (ʇʨʦʧʦʨʮʠʦʥʘʣʴʥʦ-ʀʥʪʝʛʨʘʣʴʥʦ-

ɼʠʬʬʝʨʝʥʮʠʨʫʶʱʠʭ)-ʨʝʛʫʣʷʪʦʨʦʚ ʚ ʢʦʥʪʫʨʘʭ ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʦʞʝʥʠʝʤ 

ʧʣʘʟʤʳ, ʘ ʪʘʢʞʝ ʜʣʷ ʚʳʙʨʘʥʥʦʡ ʩʪʨʫʢʪʫʨʳ ʫʧʨʘʚʣʝʥʠʷ ʪʦʢʦʤ ʠ ʬʦʨʤʦʡ ʧʣʘʟʤʳ 

ʩ ʨʘʟʚʷʟʢʦʡ ʢʘʥʘʣʦʚ ʫʧʨʘʚʣʝʥʠʷ ʧʦʩʨʝʜʩʪʚʦʤ RGA (Gahinet P. ʠ Apkarian P.) 

ʧʨʦʚʦʜʠʣʘʩʴ ʩ ʧʦʤʦʱʴʶ ʤʝʪʦʜʦʚ ʥʘʩʪʨʦʡʢʠ ʣʠʥʝʡʥʳʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʚ 

ʯʘʩʪʦʪʥʦʡ ʦʙʣʘʩʪʠ ʧʦ ʢʨʠʪʝʨʠʶ H¤-ʥʦʨʤʳ ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʠ ʟʘʤʢʥʫʪʦʡ 

ʩʠʩʪʝʤʳ ʦʪ ʚʥʝʰʥʠʭ ʚʦʟʤʫʱʝʥʠʡ ʜʦ ʠʟʤʝʨʷʝʤʳʭ ʩʠʛʥʘʣʦʚ. 

ɼʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʥʝʫʩʪʦʡʯʠʚʦʛʦ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʧʣʘʟʤʳ ʚ 

ʪʦʢʘʤʘʢʝ ʊ-15ʄɼ ʧʨʠʤʝʥʷʣʩʷ ʤʝʪʦʜ ʣʠʥʝʡʥʳʭ ʤʘʪʨʠʯʥʳʭ ʥʝʨʘʚʝʥʩʪʚ (Linear 

Matrix Inequalities  LMI ) (Boyd S., Duan G.-R., Yu H.-H., ʇʦʣʷʢ ɹ.ʊ., 

ʍʣʝʙʥʠʢʦʚ ʄ.ɺ., ʑʝʨʙʘʢʦʚ ʉ.ʇ., ɹʘʣʘʥʜʠʥ ɼ.ɺ., ʂʦʛʘʥ ʄ.ʄ. ʠ ʜʨ.), ʤʝʪʦʜ 

ʩʠʥʪʝʟʘ ʨʝʛʫʣʷʪʦʨʘ ʧʦ ʩʦʩʪʦʷʥʠʶ ʩ ʞʝʣʘʝʤʳʤ ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʧʦʣʶʩʦʚ 

ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ (ʤʦʜʘʣʴʥʦʝ ʫʧʨʘʚʣʝʥʠʝ) (Rosenbrock H.H., Simon J.D., 

Mitter S.K. ʠ ʜʨ.), ʤʝʪʦʜ ʩʠʥʪʝʟʘ ʥʝʣʠʥʝʡʥʦʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʚ 

ʩʢʦʣʴʟʷʱʝʤ ʨʝʞʠʤʝ (ʋʪʢʠʥ ɺ.ʀ., ʇʦʟʥʷʢ ɸ.ʉ., ʆʨʣʦʚ ʖ. ɺ. ʠ ʜʨ.). 

ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ. ɼʣʷ ʣʠʥʝʡʥʦʡ ʤʦʜʝʣʠ ʚʝʨʪʠʢʘʣʴʥʦʡ 

ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʧʣʘʟʤʳ, ʧʦʣʫʯʝʥʥʦʡ ʨʘʥʝʝ ʧʦʩʨʝʜʩʪʚʦʤ ʠʜʝʥʪʠʬʠʢʘʮʠʠ 

ʧʣʘʟʤʦ-ʬʠʟʠʯʝʩʢʦʛʦ ʢʦʜʘ DINA (ɸʆ çɻʅʎ ʈʌ ʊʈʀʅʀʊʀè, ʛ. ʊʨʦʠʮʢ) ʜʣʷ 

ʪʦʢʘʤʘʢʘ ʊ-15ʄɼ, ʠ ʠʩʧʦʣʥʠʪʝʣʴʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʚ ʚʠʜʝ ʪʠʨʠʩʪʦʨʥʦʛʦ 

ʤʥʦʛʦʬʘʟʥʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ ʨʘʟʨʘʙʦʪʘʥ ʥʦʚʳʡ ʤʦʜʘʣʴʥʳʡ ʨʝʛʫʣʷʪʦʨ ʧʦ 

ʩʦʩʪʦʷʥʠʶ ʩ ʩʦʚʤʝʱʝʥʠʝʤ ʧʦʣʶʩʦʚ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ 

ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʧʣʘʟʤʳ ʩ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʠʤʠ ʟʘʧʘʩʘʤʠ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦ ʘʤʧʣʠʪʫʜʝ ʠ ʧʦ ʬʘʟʝ ʪʨʝʭ ʢʦʥʪʫʨʦʚ ʫʧʨʘʚʣʝʥʠʷ. 

ɼʣʷ ʣʠʥʝʡʥʦʡ ʤʦʜʝʣʠ ʚʝʨʪʠʢʘʣʴʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʧʣʘʟʤʳ ʪʦʢʘʤʘʢʘ ʊ-

15ʄɼ ʩʠʥʪʝʟʠʨʦʚʘʥʘ ʠ ʠʩʩʣʝʜʦʚʘʥʘ ʥʦʚʘʷ ʨʦʙʘʩʪʥʘʷ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʩ 

ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ LMI -ʤʝʪʦʜʘ ʩ ʨʘʟʤʝʱʝʥʠʝʤ ʧʦʣʶʩʦʚ ʩʠʩʪʝʤʳ ʚ D-ʦʙʣʘʩʪʠ, 

ʧʦʟʚʦʣʷʶʱʘʷ ʧʦʜʘʚʣʷʪʴ ʚʦʟʤʫʱʝʥʠʷ ʪʠʧʘ çʤʘʣʳʡ ʩʨʳʚè ʥʘ 

ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʡ ʬʘʟʝ ʨʘʟʨʷʜʘ ʧʨʠ ʨʘʟʙʨʦʩʝ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ ʧʣʘʟʤʳ. 

ʅʘ ʣʠʥʝʡʥʳʭ ʤʦʜʝʣʷʭ ʧʣʘʟʤʳ ʜʣʷ ʪʦʢʘʤʘʢʘ ɻʣʦʙʫʩ-ʄ/M2 ʤʝʪʦʜʘʤʠ H¤-

ʦʧʪʠʤʠʟʘʮʠʠ ʩʠʥʪʝʟʠʨʦʚʘʥʘ ʨʦʙʘʩʪʥʘʷ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʚʝʨʪʠʢʘʣʴʥʳʤ ʠ 

ʛʦʨʠʟʦʥʪʘʣʴʥʳʤ ʧʦʣʦʞʝʥʠʝʤ ʧʣʘʟʤʳ, ʧʨʝʜʥʘʟʥʘʯʝʥʥʘʷ ʜʣʷ ʨʘʙʦʪʳ ʩʦ 

ʩʪʨʫʢʪʫʨʥʦʡ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʴʶ ʤʦʜʝʣʝʡ ʦʙʲʝʢʪʘ. ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʜʘʥʥʦʡ ʩʠʩʪʝʤʳ ʩ ʪʨʝʙʫʝʤʳʤ ʢʘʯʝʩʪʚʦʤ ʫʧʨʘʚʣʝʥʠʷ ʙʝʟ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ 

ʥʘʩʪʨʦʡʢʠ ʚʧʝʨʚʳʝ ʧʨʦʚʝʜʝʥʦ ʥʘ ʥʝʣʠʥʝʡʥʦʤ ʧʣʘʟʤʦ-ʬʠʟʠʯʝʩʢʦʤ ʢʦʜʝ DINA, 

ʥʘʩʪʨʦʝʥʥʳʤ ʥʘ ʬʠʟʠʯʝʩʢʠʡ ʵʢʩʧʝʨʠʤʝʥʪ ʚ ʪʦʢʘʤʘʢʝ ɻʣʦʙʫʩ-ʄ/M2. 

ʀʩʧʦʣʴʟʦʚʘʥʠʝ Õ- ʠ SVD-ʘʥʘʣʠʟʘ ʣʠʥʝʡʥʳʭ ʤʥʦʛʦʤʝʨʥʳʭ ʤʦʜʝʣʝʡ 

ʧʣʘʟʤʳ ʦʙʝʩʧʝʯʠʣʦ ʦʙʦʩʥʦʚʘʥʥʳʡ ʚʳʙʦʨ ʥʫʞʥʳʭ ʟʘʟʦʨʦʚ ʤʝʞʜʫ 

ʩʝʧʘʨʘʪʨʠʩʦʡ ʧʣʘʟʤʳ ʠ ʧʝʨʚʦʡ ʩʪʝʥʢʦʡ ʜʣʷ ʩʦʟʜʘʥʠʷ çʢʚʘʜʨʘʪʥʦʛʦè ʦʙʲʝʢʪʘ, 

ʠʤʝʶʱʝʛʦ ʨʘʚʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʚʭʦʜʦʚ ʠ ʚʳʭʦʜʦʚ. ʇʨʠʤʝʥʝʥʠʝʤ RGA-ʘʥʘʣʠʟʘ 

ʢ çʢʚʘʜʨʘʪʥʦʡè ʩʪʨʫʢʪʫʨʝ ʤʦʜʝʣʠ ʬʦʨʤʳ ʧʣʘʟʤʳ ʪʦʢʘʤʘʢʘ ɻʣʦʙʫʩ-ʄ/M2 

ʫʩʪʘʥʦʚʣʝʥʦ ʥʘʠʣʫʯʰʝʝ ʩʦʦʪʚʝʪʩʪʚʠʝ ʤʝʞʜʫ ʚʭʦʜʘʤʠ ʠ ʚʳʭʦʜʘʤʠ ʦʙʲʝʢʪʘ 

ʫʧʨʘʚʣʝʥʠʷ, ʧʦʟʚʦʣʠʚʰʝʝ ʩʫʱʝʩʪʚʝʥʥʦ ʫʤʝʥʴʰʠʪʴ ʩʚʷʟʠ ʤʝʞʜʫ ʢʘʥʘʣʘʤʠ. ɺ 

ʦʙʨʘʪʥʫʶ ʩʚʷʟʴ ʙʳʣʠ ʚʚʝʜʝʥʳ ʇʀ-ʨʝʛʫʣʷʪʦʨʳ ʠ ʜʦʧʦʣʥʠʪʝʣʴʥʘʷ ʤʘʪʨʠʮʘ 

ʨʘʟʚʷʟʢʠ ʢʘʥʘʣʦʚ, ʯʪʦ ʜʘʣʦ ʚʦʟʤʦʞʥʦʩʪʴ ʤʝʪʦʜʦʤ ʤʠʥʠʤʠʟʘʮʠʠ H¤ ʥʦʨʤʳ 

ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʠ ʦʪ ʚʭʦʜʦʚ ʧʦ ʚʦʟʤʫʱʝʥʠʶ ʢ ʠʟʤʝʨʷʝʤʳʤ ʚʳʭʦʜʘʤ 
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ʤʠʥʠʤʠʟʠʨʦʚʘʪʴ ʩʚʷʟʴ ʤʝʞʜʫ ʢʘʥʘʣʘʤʠ ʫʧʨʘʚʣʝʥʠʷ, ʧʦʣʫʯʠʪʴ ʧʨʠʝʤʣʝʤʳʝ 

ʢʘʯʝʩʪʚʦ ʠ ʨʦʙʘʩʪʥʳʡ ʟʘʧʘʩ ʫʩʪʦʡʯʠʚʦʩʪʠ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ. ʅʦʚʠʟʥʘ 

ʜʘʥʥʦʛʦ ʨʝʟʫʣʴʪʘʪʘ ʩʦʩʪʦʠʪ ʚ ʜʚʦʡʥʦʡ ʨʘʟʚʷʟʢʝ ʢʘʥʘʣʦʚ ʫʧʨʘʚʣʝʥʠʷ ʬʦʨʤʦʡ 

ʧʣʘʟʤʳ ʚ ʪʦʢʘʤʘʢʝ ɻʣʦʙʫʩ-ʄ/M2. 

ʅʘʫʯʥʘʷ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ. ʈʝʟʫʣʴʪʘʪʳ ʘʥʘʣʠʟʘ ʠ ʩʠʥʪʝʟʘ 

ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʧʣʘʟʤʦʡ ʠʤʝʶʪ ʥʘʫʯʥʫʶ ʠ ʧʨʘʢʪʠʯʝʩʢʫʶ ʮʝʥʥʦʩʪʴ, ʪʘʢ ʢʘʢ 

ʧʦʟʚʦʣʷʶʪ ʩʠʥʪʝʟʠʨʦʚʘʪʴ ʨʦʙʘʩʪʥʳʝ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʧʣʘʟʤʦʡ ʠ ʚ 

ʯʠʩʣʝʥʥʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʦʮʝʥʠʪʴ ʢʘʯʝʩʪʚʦ (ʙʳʩʪʨʦʜʝʡʩʪʚʠʝ ʠ ʪʦʯʥʦʩʪʴ) ʠ 

ʨʦʙʘʩʪʥʳʝ ʩʚʦʡʩʪʚʘ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʩʠʩʪʝʤ. ʇʨʠ ʵʪʦʤ ʜʘʥʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʜʘʶʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʚʳʙʨʘʪʴ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʳʝ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ, 

ʧʨʠʤʝʥʝʥʠʝ ʢʦʪʦʨʳʭ ʚ ʨʝʘʣʴʥʦʤ ʬʠʟʠʯʝʩʢʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ ʧʦʟʚʦʣʠʪ ʧʦʜʘʚʠʪʴ 

ʚʦʟʤʫʱʝʥʠʝ ʧʣʘʟʤʝʥʥʦʛʦ ʨʘʟʨʷʜʘ ʪʠʧʘ ʤʘʣʳʡ ʩʨʳʚ ʠ ʠʟʙʝʞʘʪʴ ʧʦʚʨʝʞʜʝʥʠʷ 

ʜʦʨʦʛʦʩʪʦʷʱʝʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʚ ʩʣʫʯʘʝ ʙʦʣʴʰʠʭ ʫʩʪʘʥʦʚʦʢ. ʊʘʢʞʝ ʧʦʜʦʙʥʳʝ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʟʚʦʣʷʶʪ ʝʱʝ ʥʘ ʵʪʘʧʝ ʢʦʥʩʪʨʫʠʨʦʚʘʥʠʷ ʪʦʢʘʤʘʢʦʚ 

ʧʨʦʝʢʪʠʨʦʚʘʪʴ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʩ ʫʯʝʪʦʤ ʢʦʥʩʪʨʫʢʪʠʚʥʳʭ ʦʩʦʙʝʥʥʦʩʪʝʡ 

ʪʦʢʘʤʘʢʦʚ, ʧʨʦʚʦʜʠʪʴ ʨʘʩʯʝʪʳ ʪʨʝʙʫʝʤʦʡ ʤʦʱʥʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ, ʠʩʩʣʝʜʦʚʘʪʴ 

ʨʘʟʣʠʯʥʳʝ ʚʠʜʳ ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ ʠ ʪ.ʜ. ʕʪʦ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ 

ʜʝʣʘʪʴ ʦʙʦʩʥʦʚʘʥʥʳʡ ʚʳʙʦʨ ʠʩʪʦʯʥʠʢʦʚ ʧʠʪʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ 

ʫʩʪʨʦʡʩʪʚ, ʘʣʛʦʨʠʪʤʦʚ ʫʧʨʘʚʣʝʥʠʷ ʠ ʪ.ʜ., ʯʪʦ ʜʦʣʞʥʦ ʦʙʝʩʧʝʯʠʪʴ ʥʘʜʝʞʥʫʶ 

ʵʢʩʧʣʫʘʪʘʮʠʠ ʬʠʟʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢ ʪʠʧʘ ʪʦʢʘʤʘʢ ʠ ʧʦʟʚʦʣʷʝʪ ʩʦʢʨʘʪʠʪʴ 

ʙʫʜʫʱʠʝ ʨʘʩʭʦʜʳ. ʈʝʟʫʣʴʪʘʪʳ ʧʦ ʧʨʠʤʝʥʝʥʠʶ ʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʠ ʩʠʥʪʝʟʘ 

ʦʙʝʩʧʝʯʠʚʘʶʪ ʚʦʟʤʦʞʥʦʩʪʴ ʥʘ ʦʩʥʦʚʝ ʣʠʥʝʡʥʦʡ ʤʦʜʝʣʠ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ 

ʦʙʦʩʥʦʚʘʥʥʦ ʚʳʙʨʘʪʴ ʩʪʨʫʢʪʫʨʫ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʧʣʘʟʤʦʡ, ʜʘʶʱʫʶ 

ʚʦʟʤʦʞʥʦʩʪʴ ʛʘʨʘʥʪʠʨʦʚʘʪʴ ʟʘʧʘʩ ʨʦʙʘʩʪʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʨʠ ʨʘʟʚʷʟʢʝ 

ʢʘʥʘʣʦʚ ʠ ʩʠʥʪʝʟʝ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʚ ʵʪʠʭ ʫʩʣʦʚʠʷʭ. 

ɼʦʩʪʦʚʝʨʥʦʩʪʴ ʠ ʦʙʦʩʥʦʚʘʥʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ. ɼʦʩʪʦʚʝʨʥʦʩʪʴ 

ʨʝʟʫʣʴʪʘʪʦʚ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʟʘ ʩʯʝʪ ʧʨʠʤʝʥʝʥʠʷ ʧʨʠ ʘʥʘʣʠʟʝ ʠ ʩʠʥʪʝʟʝ ʩʠʩʪʝʤ 

ʫʧʨʘʚʣʝʥʠʷ ʧʣʘʟʤʦʡ ʚ ʪʦʢʘʤʘʢʘʭ ʩʪʨʦʛʦʛʦ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʘʧʧʘʨʘʪʘ 

ʪʝʦʨʝʪʠʯʝʩʢʠʭ ʤʝʪʦʜʦʚ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʫʧʨʘʚʣʝʥʠʷ. ɼʦʩʪʦʚʝʨʥʦʩʪʴ 

ʨʝʟʫʣʴʪʘʪʦʚ ʜʘʥʥʦʛʦ ʠʩʩʣʝʜʦʚʘʥʠʷ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʨʝʟʫʣʴʪʘʪʘʤʠ 

ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʥʘ 

ʣʠʥʝʡʥʳʭ ʤʦʜʝʣʷʭ ʧʣʘʟʤʳ ʩ ʧʦʤʦʱʴʶ ʧʘʢʝʪʘ ʧʨʠʢʣʘʜʥʳʭ ʧʨʦʛʨʘʤʤ 

MATLAB  ʠ ʛʨʘʬʠʯʝʩʢʦʡ ʩʨʝʜʳ ʠʤʠʪʘʮʠʦʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ Simulink, ʘ 

ʪʘʢʞʝ ʨʝʟʫʣʴʪʘʪʘʤʠ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘ ʥʝʣʠʥʝʡʥʦʤ ʧʣʘʟʤʦ-

ʬʠʟʠʯʝʩʢʦʤ ʢʦʜʝ DINA ʠ ʮʠʬʨʦʚʦʤ ʩʪʝʥʜʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ Speedgoat 

Performance. ʆʙʦʩʥʦʚʘʥʥʦʩʪʴ ʨʝʟʫʣʴʪʘʪʦʚ ʦʧʨʝʜʝʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʳʤʠ 

ʧʦʩʪʘʥʦʚʢʘʤʠ ʟʘʜʘʯ ʥʘ ʦʩʥʦʚʝ ʟʥʘʥʠʷ ʤʝʪʦʜʦʚ ʠ ʩʠʩʪʝʤ ʤʘʛʥʠʪʥʦʛʦ 

ʫʧʨʘʚʣʝʥʠʷ ʧʣʘʟʤʦʡ ʚ ʪʦʢʘʤʘʢʘʭ, ʘ ʪʘʢʞʝ ʘʜʝʢʚʘʪʥʳʤ ʚʳʙʦʨʦʤ, ʨʘʟʨʘʙʦʪʢʦʡ ʠ 

ʧʨʠʤʝʥʝʥʠʝʤ ʵʬʬʝʢʪʠʚʥʳʭ ʤʝʪʦʜʦʚ, ʧʦʜʭʦʜʦʚ ʠ ʘʣʛʦʨʠʪʤʦʚ ʪʝʦʨʠʠ 

ʫʧʨʘʚʣʝʥʠʷ. 

ʅʘʫʯʥʳʝ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ: 

1.  ʈʦʙʘʩʪʥʳʡ ʤʝʪʦʜ ʫʧʨʘʚʣʝʥʠʷ ʧʦ ʩʦʩʪʦʷʥʠʶ ʩ ʞʝʣʘʝʤʳʤ 

ʨʘʟʤʝʱʝʥʠʝʤ ʧʦʣʶʩʦʚ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʧʦʟʚʦʣʷʝʪ ʥʘʩʪʨʘʠʚʘʪʴ ʪʦʣʴʢʦ ʦʜʠʥ 

ʧʘʨʘʤʝʪʨ ʜʣʷ ʥʝʫʩʪʦʡʯʠʚʦʛʦ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʧʣʘʟʤʳ ʚ ʪʦʢʘʤʘʢʝ ʊ-

15ʄɼ ʜʣʷ ʤʥʦʛʦʬʘʟʥʦʛʦ ʪʠʨʠʩʪʦʨʥʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ ʚ ʢʘʯʝʩʪʚʝ 
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ʠʩʧʦʣʥʠʪʝʣʴʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ.  

2. ʈʦʙʘʩʪʥʳʡ ʨʝʛʫʣʷʪʦʨ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʡ ʤʝʪʦʜʦʤ ʣʠʥʝʡʥʳʭ 

ʤʘʪʨʠʯʥʳʭ ʥʝʨʘʚʝʥʩʪʚ ʥʘ ʤʦʜʝʣʠ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʧʣʘʟʤʳ ʚ ʪʦʢʘʤʘʢʝ 

ʊ-15ʄɼ ʠ ʧʨʦʤʦʜʝʣʠʨʦʚʘʥʥʳʡ ʥʘ ʮʠʬʨʦʚʦʤ ʩʪʝʥʜʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ 

SPEEDGOAT, ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʪʘʙʠʣʠʟʘʮʠʶ ʧʦʣʦʞʝʥʠʷ ʧʨʠ 20 % ʨʘʟʙʨʦʩʝ 

ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ ʧʣʘʟʤʳ, ʧʨʠ ʜʝʡʩʪʚʠʠ ʘʜʜʠʪʠʚʥʦʛʦ ʚʦʟʤʫʱʝʥʠʷ 1,5 ʢɸ 

ʪʠʧʘ çʤʘʣʳʡ ʩʨʳʚè. 

3. ɼʚʫʭʢʦʥʪʫʨʥʘʷ ʨʦʙʘʩʪʥʘʷ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ, 

ʧʨʦʤʦʜʝʣʠʨʦʚʘʥʥʘ̫ ʚ ʜʠʩʢʨʝʪʥʦʤ ʚʨʝʤʝʥʠ ʥʘ ʧʣʘʟʤʦʬʠʟʠʯʝʩʢʦʤ ʢʦʜʝ DINA 

(ɸʆ çɻʅʎ ʈʌ ʊʈʀʅʀʊʀè, ʛ. ʊʨʦʠʮʢ), ʨʝʘʣʠʟʫʝʪ ʦʜʥʦʚʨʝʤʝʥʥʫʶ 

ʩʪʘʙʠʣʠʟʘʮʠʶ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʧʣʘʟʤʳ ʚ 

ʪʦʢʘʤʘʢʝ ɻʣʦʙʫʩ-ʄ/M2. 

4. ʄʥʦʛʦʩʚʷʟʥʘʷ ʨʦʙʘʩʪʥʘʷ ʢʘʩʢʘʜʥʘʷ ʩʠʩʪʝʤʘ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʘʷ 

ʤʝʪʦʜʦʤ ʚʟʘʠʤʥʦ-ʧʨʦʩʪʦʡ ʬʘʢʪʦʨʠʟʘʮʠʠ ʠ HÐ ʯʘʩʪʦʪʥʦʛʦ ʬʦʨʤʠʨʦʚʘʥʠʷ 

ʢʦʥʪʫʨʘ ʥʘ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʥʦʡ ʤʦʜʝʣʠ ʥʠʟʢʦʛʦ ʧʦʨʷʜʢʘ ʠ ʧʨʠʤʝʥʝʥʥʘʷ ʥʘ 

ʠʩʭʦʜʥʦʡ ʤʦʜʝʣʠ ʧʦʣʥʦʛʦ ʧʦʨʷʜʢʘ ʚ ʯʠʩʣʝʥʥʳʭ ʵʢʩʧʝʨʠʤʝʥʪʘʭ 

MATLAB/Simulink, ʧʦʟʚʦʣʷʝʪ ʫʧʨʘʚʣʷʪʴ ʧʦʣʦʞʝʥʠʝʤ, ʪʦʢʦʤ ʠ ʬʦʨʤʦʡ 

ʧʣʘʟʤʳ ʜʣʷ ʪʦʢʘʤʘʢʘ ɻʣʦʙʫʩ-ʄ/M2. 

5. ʄʥʦʛʦʩʚʷʟʥʘʷ ʨʦʙʘʩʪʥʘʷ ʢʘʩʢʘʜʥʘʷ ʩʠʩʪʝʤʘ ʩ ʜʚʦʡʥʦʡ ʨʘʟʚʷʟʢʦʡ 

ʢʘʥʘʣʦʚ (RGA-ʘʥʘʣʠʟ + HÐ-ʦʧʪʠʤʠʟʘʮʠʷ) ʠ HÐ-ʨʝʛʫʣʷʪʦʨʦʤ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʘʷ 

ʥʘ ʦʩʥʦʚʝ ʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʭʦʜʦ-

ʚʳʭʦʜʥʦʡ ʫʧʨʘʚʣʷʝʤʦʩʪʠ ʤʦʜʝʣʝʡ ʧʣʘʟʤʳ ʪʦʢʘʤʘʢʘ ɻʣʦʙʫʩ-ʄ/M2, ʧʦʟʚʦʣʷʝʪ 

ʫʧʨʘʚʣʷʪʴ ʬʦʨʤʦʡ ʧʣʘʟʤʳ.  

ʃʠʯʥʳʡ ʚʢʣʘʜ ʘʚʪʦʨʘ. ɸʚʪʦʨ ʩʠʥʪʝʟʠʨʦʚʘʣʘ ʩʠʩʪʝʤʳ ʤʘʛʥʠʪʥʦʛʦ 

ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʦʞʝʥʠʝʤ, ʬʦʨʤʦʡ ʠ ʪʦʢʦʤ ʧʣʘʟʤʳ ʚ ʪʦʢʘʤʘʢʘʭ ʊ-15ʄɼ ʠ 

ɻʣʦʙʫʩ-ʄ/M2 ʠ ʧʨʦʚʝʣʘ ʯʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʭ ʩʠʩʪʝʤ. 

ʇʨʝʜʩʪʘʚʣʝʥʥʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʠ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʧʦʣʫʯʝʥʳ ʘʚʪʦʨʦʤ ʣʠʯʥʦ ʠʣʠ ʧʨʠ ʝʸ ʫʯʘʩʪʠʠ. ʇʦʜʛʦʪʦʚʢʘ ʢ ʧʫʙʣʠʢʘʮʠʠ 

ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʦʚʦʜʠʣʘʩʴ ʩʦʚʤʝʩʪʥʦ ʩ ʥʘʫʯʥʳʤ ʨʫʢʦʚʦʜʠʪʝʣʝʤ ʠ 

ʩʦʘʚʪʦʨʘʤʠ. 

ɸʧʨʦʙʘʮʠʷ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʙʦʪʳ. ʈʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʜʦʢʣʘʜʳʚʘʣʠʩʴ ʠ 

ʦʙʩʫʞʜʘʣʠʩʴ ʥʘ ʩʣʝʜʫʶʱʠʭ ʥʘʮʠʦʥʘʣʴʥʳʭ ʠ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ: 

¶ ʅʘʫʯʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʃʦʤʦʥʦʩʦʚʩʢʠʝ ʯʪʝʥʠʷ. ʉʝʢʮʠʷ ʌʠʟʠʢʘè, ʛ. 

ʄʦʩʢʚʘ, 2023. 

¶ XIV , XV ʄʝʞʜʫʥʘʨʦʜʥʳʡ ʩʠʤʧʦʟʠʫʤ çʀʥʪʝʣʣʝʢʪʫʘʣʴʥʳʝ ʩʠʩʪʝʤʳè 

(INTELSô20, INTELSô22), ʄʦʩʢʚʘ, 2020; 2022; 

¶ The 11th IEEE International conference on Application of Information and 

Communication Technologies (AICT), Moscow, 2017; 

¶ XIII  ʤʝʞʜʫʥʘʨʦʜʥʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʋʩʪʦʡʯʠʚʦʩʪʴ ʠ ʢʦʣʝʙʘʥʠʷ 

ʥʝʣʠʥʝʡʥʳʭ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷè (ʢʦʥʬʝʨʝʥʮʠʷ ʇʷʪʥʠʮʢʦʛʦ), ʛ. ʄʦʩʢʚʘ, 2016; 

¶ 7-ʘʷ ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʥʘʫʯʥʦ-ʧʨʘʢʪʠʯʝʩʢʘʷ ʢʦʥʬʝʨʝʥʮʠʷ çʀʤʠʪʘʮʠʦʥʥʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ. ʊʝʦʨʠʷ ʠ ʧʨʘʢʪʠʢʘè (ʀʄʄʆɼ), ʛ. ʄʦʩʢʚʘ, 2015; 

¶ XII  ʠ XIII  ɺʩʝʨʦʩʩʠʡʩʢʦʝ ʩʦʚʝʱʘʥʠʝ ʧʦ ʧʨʦʙʣʝʤʘʤ ʫʧʨʘʚʣʝʥʠʷ (ɺʉʇʋ), 

ʛ. ʄʦʩʢʚʘ, 2014; 2019; 



8 
 

¶ 11-ʘ ̫ ʠ 16-ʘ ̫ ɺʩʝʨʦʩʩʠʡʩʢʘʷ ʰʢʦʣʘ-ʢʦʥʬʝʨʝʥʮʠʷ ʤʦʣʦʜʳʭ ʫʯʝʥʳʭ 

çʋʧʨʘʚʣʝʥʠʝ ʙʦʣʴʰʠʤʠ ʩʠʩʪʝʤʘʤʠè (ʋɹʉ), ʛ. ɸʨʟʘʤʘʩ, 2014; ʛ. ʊʘʤʙʦʚ, 2019; 

¶ ʄʝʞʜʫʥʘʨʦʜʥʳʡ ʥʘʫʯʥʳʡ ʬʦʨʫʤ çʃʦʤʦʥʦʩʦʚè, ʛ. ʄʦʩʢʚʘ, 2013. 

ʉʧʠʩʦʢ ʧʫʙʣʠʢʘʮʠʡ. ʈʝʟʫʣʴʪʘʪʳ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʳ ʚ 15 

ʧʝʯʘʪʥʳʭ ʨʘʙʦʪʘʭ, ʩʧʠʩʦʢ ʢʦʪʦʨʳʭ ʧʨʠʚʝʜʝʥ ʚ ʢʦʥʮʝ ʘʚʪʦʨʝʬʝʨʘʪʘ, ʠʟ ʥʠʭ 5 

ʩʪʘʪʝʡ ʚ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʞʫʨʥʘʣʘʭ: çFusion Engineering and Designè 

(ʠʟʜʘʪʝʣʴʩʪʚʦ Elsevier, Q1), Mathematics (ʠʟʜʘʪʝʣʴʩʪʚʦ MDPI, Q1) ʠ çPhysics of 

Atomic Nucleiè (Q3)  ʨʝʛʠʩʪʨʠʨʫʝʤʳʭ ʚ ʙʠʙʣʠʦʛʨʘʬʠʯʝʩʢʦʡ ʙʘʟʝ ʜʘʥʥʳʭ Web 

of Science (WoS), ʘ ʪʘʢʞʝ çAdvances in Systems Science and Applicationsè (Q2) 

ʨʝʛʠʩʪʨʠʨʫʝʤʦʤ ʚ ʙʠʙʣʠʦʛʨʘʬʠʯʝʩʢʦʡ ʙʘʟʝ ʜʘʥʥʳʭ Scopus, ʦʩʪʘʣʴʥʳʝ ʚ 

ʪʨʫʜʘʭ ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʠ ʨʦʩʩʠʡʩʢʠʭ ʢʦʥʬʝʨʝʥʮʠʡ. 

ʉʪʨʫʢʪʫʨʘ ʠ ʦʙʲʝʤ ʜʠʩʩʝʨʪʘʮʠʠ  

ɼʠʩʩʝʨʪʘʮʠʷ ʩʦʩʪʦʠʪ ʠʟ ʚʚʝʜʝʥʠʷ, 4 ʛʣʘʚ, ʟʘʢʣʶʯʝʥʠʷ ʠ ʩʧʠʩʢʘ ʣʠʪʝʨʘʪʫʨʳ. 

ʆʙʱʠʡ ʦʙʲʝʤ ï 146 ʩʪʨʘʥʠʮ, ʨʘʙʦʪʘ ʩʦʜʝʨʞʠʪ 5 ʪʘʙʣʠʮ, 70 ʨʠʩʫʥʢʦʚ, ʩʧʠʩʦʢ 

ʣʠʪʝʨʘʪʫʨʳ ʠʟ 134 ʥʘʠʤʝʥʦʚʘʥʠʡ ʠ ʧʨʠʣʦʞʝʥʠʝ.  

ʉʦʜʝʨʞʘʥʠʝ ʨʘʙʦʪʳ 

ɺʦ ʚʚʝʜʝʥʠʠ ʦʙʦʩʥʦʚʘʥʘ ʘʢʪʫʘʣʴʥʦʩʪʴ ʪʝʤʳ ʜʠʩʩʝʨʪʘʮʠʠ, 

ʩʬʦʨʤʫʣʠʨʦʚʘʥʳ ʮʝʣʠ ʨʘʙʦʪʳ ʠ ʨʝʰʘʝʤʳʝ ʟʘʜʘʯʠ, ʥʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʠ 

ʧʨʘʢʪʠʯʝʩʢʘʷ ʮʝʥʥʦʩʪʴ. ʇʨʝʜʩʪʘʚʣʝʥʳ ʧʦʣʦʞʝʥʠʷ, ʚʳʥʦʩʠʤʳʝ ʥʘ ʟʘʱʠʪʫ. 

ʂʨʘʪʢʦ ʠʟʣʦʞʝʥʦ ʩʦʜʝʨʞʘʥʠʝ ʜʠʩʩʝʨʪʘʮʠʠ ʧʦ ʛʣʘʚʘʤ. ʇʨʠʚʝʜʝʥʦ ʧʦʥʷʪʠʝ 

ʨʦʙʘʩʪʥʦʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ, ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʢʦʪʦʨʳʤ ʨʦʙʘʩʪʥʘʷ ʩʠʩʪʝʤʘ 

ʫʧʨʘʚʣʝʥʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʪʨʝʙʫʝʤʳʝ ʟʘʧʘʩʳ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʢʘʯʝʩʪʚʦ 

ʫʧʨʘʚʣʝʥʠʷ ʜʣʷ ʣʶʙʦʛʦ ʧʨʝʜʩʪʘʚʠʪʝʣʷ ʠʟ ʩʝʤʝʡʩʪʚʘ ʦʙʲʝʢʪʦʚ, ʪ.ʝ. ʩʠʩʪʝʤʘ 

ʩʧʦʩʦʙʥʘ ʨʘʙʦʪʘʪʴ ʚ ʫʩʣʦʚʠʷʭ ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʠ. 

ɺ ʧʝʨʚʦʡ ʛʣʘʚʝ [3] ʧʨʠʚʝʜʝʥ ʦʙʟʦʨ ʩʠʩʪʝʤ ʤʘʛʥʠʪʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ 

ʧʦʣʦʞʝʥʠʝʤ, ʬʦʨʤʦʡ ʠ ʪʦʢʦʤ ʧʣʘʟʤʳ ʥʘ ʩʦʚʨʝʤʝʥʥʳʭ ʚʳʪʷʥʫʪʳʭ ʧʦ 

ʚʝʨʪʠʢʘʣʠ ʪʦʢʘʤʘʢʘʭ, ʚʢʣʶʯʘʷ ʩʬʝʨʠʯʝʩʢʠʝ ʪʦʢʘʤʘʢʠ, ʧʦʢʘʟʘʥʦ, ʯʪʦ ʟʘʜʘʯʘ 

ʨʘʟʨʘʙʦʪʢʠ ʵʬʬʝʢʪʠʚʥʦʡ ʠ ʥʘʜʝʞʥʦʡ ʩʪʨʫʢʪʫʨʳ ʩʠʩʪʝʤʳ ʤʘʛʥʠʪʥʦʛʦ 

ʫʧʨʘʚʣʝʥʠʷ ʧʣʘʟʤʦʡ ʥʝ ʨʝʰʝʥʘ ʦʢʦʥʯʘʪʝʣʴʥʦ. ɺ ʤʠʨʦʚʦʡ ʧʨʘʢʪʠʢʝ 

ʩʫʱʝʩʪʚʫʶʪ ʢʦʥʢʫʨʠʨʫʶʱʠʝ ʧʦʜʭʦʜʳ ʢ ʩʪʘʙʠʣʠʟʘʮʠʠ ʧʣʘʟʤʳ ʧʦ ʚʝʨʪʠʢʘʣʠ ʠ 

ʨʘʟʣʠʯʥʳʝ ʧʦʜʭʦʜʳ ʢ ʫʧʨʘʚʣʝʥʠʶ ʬʦʨʤʦʡ ʠ ʪʦʢʦʤ ʧʣʘʟʤʳ, ʠʤʝʶʱʠʝ ʩʚʦʠ 

ʜʦʩʪʦʠʥʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ, ʦʙʫʩʣʦʚʣʠʚʘʶʱʠʝ ʠʭ ʧʨʠʤʝʥʝʥʠʝ ʥʘ ʢʦʥʢʨʝʪʥʳʭ 

ʫʩʪʘʥʦʚʢʘʭ, ʠʤʝʶʱʠʭ ʨʘʟʣʠʯʥʳʝ ʢʦʤʙʠʥʘʮʠʠ ʦʙʤʦʪʦʢ ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʠ 

ʧʦʣʦʠʜʘʣʴʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ.  

ɺʪʦʨʘʷ ʛʣʘʚʘ [1, 5] ʧʦʩʚʷʱʝʥʘ ʨʘʟʨʘʙʦʪʢʝ ʠ ʤʦʜʝʣʠʨʦʚʘʥʠʶ ʩʠʩʪʝʤ 

ʫʧʨʘʚʣʝʥʠʷ ʚʝʨʪʠʢʘʣʴʥʳʤ ʧʦʣʦʞʝʥʠʝʤ ʧʣʘʟʤʳ ʚ ʧʨʦʪʦʪʠʧʝ ʪʦʢʘʤʘʢʝ ʊ-15ʄɼ 

(ʈʠʩ. 1, ʘ).  

ɼʘʥʦ ʢʨʘʪʢʦʝ ʦʧʠʩʘʥʠʝ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ʠ ʚʦʟʤʦʞʥʳʭ 

ʠʩʧʦʣʥʠʪʝʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ ï ʤʥʦʛʦʬʘʟʥʦʛʦ ʪʠʨʠʩʪʦʨʥʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ ʠ 

ʪʨʘʥʟʠʩʪʦʨʥʦʛʦ ʠʥʚʝʨʪʦʨʘ ʥʘʧʨʷʞʝʥʠʷ. ʇʨʠʤʝʥʝʥʘ ʘʧʧʨʦʢʩʠʤʘʮʠʷ 

ʚʳʧʨʷʤʠʪʝʣʷ ʣʠʥʝʡʥʳʤ ʟʚʝʥʦʤ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʧʦ ʩʨʝʜʥʝʡ ʩʦʩʪʘʚʣʷʶʱʝʡ 

ʚʳʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ, ʪʘʢʞʝ ʨʘʩʩʤʦʪʨʝʥʘ ʩʠʩʪʝʤʘ ʩ ʧʦʣʥʦʡ ʤʦʜʝʣʴʶ 

ʚʳʧʨʷʤʠʪʝʣʷ. ɺ ʩʠʩʪʝʤʝ ʫʧʨʘʚʣʝʥʠʷ ʩ ʠʥʚʝʨʪʦʨʦʤ ʥʘʧʨʷʞʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ 

ʠʩʧʦʣʥʠʪʝʣʴʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʩʦʟʜʘʥ ʩʢʦʣʴʟʷʱʠʡ ʨʝʞʠʤ. ʅʘ ʩʦʚʨʝʤʝʥʥʳʭ 
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ʪʦʢʘʤʘʢʘʭ, ʢʘʢ ʧʨʘʚʠʣʦ, ʠʟʫʯʘʝʪʩʷ ʠ ʩʪʘʙʠʣʠʟʠʨʫʝʪʩʷ ʚʳʪʷʥʫʪʘʷ ʧʦ ʚʝʨʪʠʢʘʣʠ 

ʧʣʘʟʤʘ. ɼʣʷ ʨʘʩʪʷʞʝʥʠʷ ʧʣʘʟʤʳ ʧʦ ʚʝʨʪʠʢʘʣʠ, ʚ ʧʣʘʟʤʝ ʩʦʟʜʘʝʪʩʷ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʝ ʧʦʣʝ, ʥʘʧʨʘʚʣʝʥʥʦʝ ʚ ʧʨʦʪʠʚʦʧʦʣʦʞʥʳʝ ʩʪʦʨʦʥʳ ʚ ʚʝʨʭʥʝʡ ʠ 

ʥʠʞʥʝʡ ʯʘʩʪʷʭ ʧʣʘʟʤʳ (ʈʠʩ. 1, ʙ). ɺ ʨʘʚʥʦʚʝʩʥʦʤ ʩʦʩʪʦʷʥʠʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʪʦʢʦʚ ʠ ʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ ʩʠʤʤʝʪʨʠʯʥʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʵʢʚʘʪʦʨʠʘʣʴʥʦʡ 

ʧʣʦʩʢʦʩʪʠ ʪʦʢʘʤʘʢʘ, ʠ ʚʝʨʪʠʢʘʣʴʥʘʷ ʨʘʚʥʦʜʝʡʩʪʚʫʶʱʘʷ ʩʠʣʘ ɸʤʧʝʨʘ ʨʘʚʥʘ 

ʥʫʣʶ. ʇʨʠ ʵʪʦʤ ʚ ʦʪʩʫʪʩʪʚʠʝ ʫʧʨʘʚʣʷʶʱʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ ʩʤʝʱʝʥʠʝ ʧʣʘʟʤʳ 

ʷʚʣʷʝʪʩʷ ʥʝʦʙʨʘʪʠʤʳʤ, ʧʦʩʢʦʣʴʢʫ ʨʘʚʥʦʜʝʡʩʪʚʫʶʱʘʷ ʩʠʣʘ, ʥʘʧʨʘʚʣʝʥʥʘʷ 

ʚʚʝʨʭ (ʠʣʠ ʚʥʠʟ), ʙʫʜʝʪ ʚʦʟʨʘʩʪʘʪʴ. 

 

 

(ʘ) (ʙ) 

ʈʠʩ. 1. (ʘ) ʆʙʤʦʪʢʠ ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʧʦʣʷ ʪʦʢʘʤʘʢʘ ʊ-15ʄɼ, (ʙ) ʬʠʟʠʢʘ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʚʝʨʪʠʢʘʣʴʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʩʪʠ ʧʣʘʟʤʳ 

ɺʝʨʪʠʢʘʣʴʥʦʝ ʩʤʝʱʝʥʠʝ ʧʣʘʟʤʝʥʥʦʛʦ ʰʥʫʨʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʨʘʟʥʦʩʪʠ 

ʨʘʜʠʘʣʴʥʳʭ ʧʦʪʦʢʦʚ ʥʘʜ ʠ ʧʦʜ ʧʣʘʟʤʝʥʥʳʤ ʰʥʫʨʦʤ yD , ʠʟʤʝʨʷʝʤʳʭ ʩ 

ʧʦʤʦʱʴʶ ʜʘʪʯʠʢʦʚ ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʪʦʢʘ, ʠ ʦʙʨʘʪʥʦ 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʪʦʢʫ ʧʣʘʟʤʳ Ip, ʠʟʤʝʨʷʝʤʦʛʦ ʧʦʷʩʘʤʠ ʈʦʛʦʚʩʢʦʛʦ: 

pZ k IyD = D , ʛʜʝ k ï ʢʦʵʬʬʠʮʠʝʥʪ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʩʪʠ. ʇʨʠ ʵʪʦʤ ʩʠʛʥʘʣ ʩ 

ʧʦʷʩʘ ʈʦʛʦʚʩʢʦʛʦ: . ʈʦʛ.ʚʳʭ ʧU K dI dt= , . ʈʦʛ.ʧK - ʧʦʩʪʦʷʥʥʘʷ ʧʦʷʩʘ ʈʦʛʦʚʩʢʦʛʦ, 

ʦʧʨʝʜʝʣʷʝʤʘʷ ʢʘʢ: Kʧ.ʈʦʛ. = m0SN/L, ʛʜʝ: m 0= 4p ³ 10-7 ɻʥ/ʤ ï ʤʘʛʥʠʪʥʘʷ 

ʧʦʩʪʦʷʥʥʘʷ, S ï ʧʣʦʱʘʜʴ ʚʠʪʢʘ ʥʘʤʦʪʢʠ, N - ʯʠʩʣʦ ʚʠʪʢʦʚ ʚ ʜʘʪʯʠʢʝ, L ï ʜʣʠʥʘ 

ʜʘʪʯʠʢʘ. ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʩ ʧʦʷʩʘ ʈʦʛʦʚʩʢʦʛʦ ʩʠʛʥʘʣʘ, ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʛʦ 

ʠʟʤʝʨʷʝʤʦʤʫ ʪʦʢʫ, ʝʛʦ ʥʝʦʙʭʦʜʠʤʦ ʧʨʦʠʥʪʝʛʨʠʨʦʚʘʪʴ.  

ʇʨʠ ʨʘʟʨʘʙʦʪʢʝ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʚ ʪʦʢʘʤʘʢʝ ʊ-15ʄɼ ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ 

ʥʝʫʩʪʦʡʯʠʚʘʷ ʣʠʥʝʡʥʘʷ ʤʦʜʝʣʴ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ ʚ ʚʠʜʝ (ʈʠʩ. 2): 

,  ,  .p p c a aT dZ dt Z K I LdI dt R I U T dU dt U K V- = + = + = 

ʄʦʜʝʣʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʫʨʘʚʥʝʥʠʷʤʠ ʥʝʫʩʪʦʡʯʠʚʦʡ ʧʣʘʟʤʳ, ʢʘʪʫʰʢʠ 

ʫʧʨʘʚʣʝʥʠʷ ʠ ʠʩʧʦʣʥʠʪʝʣʴʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ; Z ï ʚʝʨʪʠʢʘʣʴʥʦʝ 

ʩʤʝʱʝʥʠʝ ʧʣʘʟʤʳ, I, U ï ʪʦʢ ʠ ʥʘʧʨʷʞʝʥʠʝ ʢʘʪʫʰʢʠ ʫʧʨʘʚʣʝʥʠʷ. ʇʦ 

ʧʨʝʜʦʩʪʘʚʣʝʥʥʳʤ ɸʆ çʅʀʀʕʌɸ ʠʤ. ɼ.ɺ. ɽʬʨʝʤʦʚʘè (ʛ. ʉʘʥʢʪ-ʇʝʪʝʨʙʫʨʛ) 

ʛʝʦʤʝʪʨʠʯʝʩʢʠʤ ʜʘʥʥʳʤ ʧʨʦʠʟʚʝʜʝʥ ʨʘʩʯʝʪ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠ ʘʢʪʠʚʥʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʦʙʤʦʪʢʠ, ʢʦʪʦʨʘʷ ʩʦʟʜʘʝʪ ʛʦʨʠʟʦʥʪʘʣʴʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚ ʊ-

15ʄɼ (ʦʙʤʦʪʢʠ ʫʧʨʘʚʣʝʥʠʷ): L= 0,0042 ɻʥ, Rc=0,09 ʆʤ. ɺ ʜʠʥʘʤʠʯʝʩʢʦʤ ʟʚʝʥʝ, 

pIÃpI
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ʤʦʜʝʣʠʨʫʶʱʝʤ ʥʝʫʩʪʦʡʯʠʚʦʝ ʜʚʠʞʝʥʠʝ ʧʣʘʟʤʳ ʧʦ ʚʝʨʪʠʢʘʣʠ, ʠʩʧʦʣʴʟʦʚʘʥ 

ʦʮʝʥʝʥʥʳʡ ʥʝʫʩʪʦʡʯʠʚʳʡ ʧʦʣʶʩ ʨʘʟʦʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʨʘʚʥʳʡ Tp = 20,8 ʤʩ ʠ 

ʢʦʵʬʬʠʮʠʝʥʪ ʫʩʠʣʝʥʠʷ Kp = 1,78 ʩʤ/ʢɸ, ʥʘʡʜʝʥʥʳʝ ʤʝʪʦʜʦʤ ʠʜʝʥʪʠʬʠʢʘʮʠʠ 

ʥʝʣʠʥʝʡʥʦʛʦ ʢʦʜʘ DINA, ʥʘʩʪʨʦʝʥʥʦʛʦ ʥʘ ʨʝʞʠʤ ʨʘʙʦʪʳ ʫʩʪʘʥʦʚʢʠ ʊ-15ʄɼ ʚ 

ʚʳʙʨʘʥʥʦʡ ʪʦʯʢʝ ʩʮʝʥʘʨʠʷ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚ ʢʘʯʝʩʪʚʝ 

ʠʩʧʦʣʥʠʪʝʣʴʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʥʦʛʦʬʘʟʥʳʡ ʪʠʨʠʩʪʦʨʥʳʡ 6-ʪʠ 

ʧʫʣʴʩʥʳʡ ʫʧʨʘʚʣʷʝʤʳʡ ʚʳʧʨʷʤʠʪʝʣʴ, ʤʦʜʝʣʴʶ ʢʦʪʦʨʦʛʦ ʷʚʣʷʝʪʩʷ 

ʠʥʝʨʮʠʦʥʥʦʝ ʟʚʝʥʦ ʧʝʨʚʦʛʦ ʧʦʨʷʜʢʘ ʩ ʧʦʩʪʦʷʥʥʦʡ ʚʨʝʤʝʥʠ Ta = 
1

/ 6
50ɻʮ

º3,3 

ʤʩ ʠ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʫʩʠʣʝʥʠʷ Ka = 2000.  

1+sT

K

c

cr

ɺr ʧʨ̫ʤʠʪʝʣɹ ʂʘʪʫh ʢʘ HFC ʇʣʘʟʤʘ
U I Z

ɿʘʜʘʁ ʝɦʝ 

ʚʦʟʜʝʡʩʪʚʠʝ
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I-loop

Z-loop

K1

K3

K2

K0 +_+_+_

ɺʦʟʤʫɦ ʝʥʠʝ

w

++

ʈʝʛʫʣ̫ʪʦʨ ʧʦ

ʩʦʩʪʦ̫ʥʠʁ

1

p

p

K

T s-1

a

a

K

T s+

u

 

ʈʠʩ. 2. ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʟʘʤʢʥʫʪʦʡ ʪʨʝʭʢʦʥʪʫʨʥʦʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʚʝʨʪʠʢʘʣʴʥʳʤ 

ʧʦʣʦʞʝʥʠʝʤ ʧʣʘʟʤʳ Z ʩ ʤʦʜʝʣʴʶ ʚʳʧʨʷʤʠʪʝʣʷ ʚ ʚʠʜʝ ʠʥʝʨʮʠʦʥʥʦʛʦ ʟʚʝʥʘ 

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʟʘʢʦʥʘ ʫʧʨʘʚʣʝʥʠʷ ʧʨʠʤʝʥʷʣʩʷ ʤʝʪʦʜ ʤʦʜʘʣʴʥʦʛʦ 

ʩʠʥʪʝʟʘ, ʧʨʝʜʧʦʣʘʛʘʶʱʠʡ ʬʦʨʤʠʨʦʚʘʥʠʝ ʪʘʢʦʡ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʧʦ ʩʦʩʪʦʷʥʠʶ, 

ʧʨʠ ʢʦʪʦʨʦʡ ʦʙʝʩʧʝʯʠʚʘʝʪʩʷ ʟʘʜʘʥʥʦʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʧʦʣʶʩʦʚ ʟʘʤʢʥʫʪʦʡ 

ʩʠʩʪʝʤʳ: 

1 2 3 0V K Z K I K U K r=- - - +, 

ʛʜʝ K1, K2, K3 ï ʢʦʵʬʬʠʮʠʝʥʪʳ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ (ʧʝʨʚʘʷ ʩʪʝʧʝʥʴ ʩʚʦʙʦʜʳ 

ʨʝʛʫʣʷʪʦʨʘ), ʦʙʝʩʧʝʯʠʚʘʶʱʠʝ ʨʘʩʧʦʣʦʞʝʥʠʝ ʧʦʣʶʩʦʚ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʚ 

ʣʝʚʦʡ ʧʦʣʫʧʣʦʩʢʦʩʪʠ ʢʦʤʧʣʝʢʩʥʦʡ ʧʣʦʩʢʦʩʪʠ, ʢʦʵʬʬʠʮʠʝʥʪ K0 (ʚʪʦʨʘʷ 

ʩʪʝʧʝʥʴ ʩʚʦʙʦʜʳ ʨʝʛʫʣʷʪʦʨʘ) ʚʳʙʠʨʘʝʪʩʷ ʠʟ ʫʩʣʦʚʠʷ ʨʘʚʝʥʩʪʚʘ ʚʝʨʪʠʢʘʣʴʥʦʛʦ 

ʧʦʣʦʞʝʥʠʷ ʧʣʘʟʤʳ Z ʟʘʜʘʶʱʝʤʫ ʚʦʟʜʝʡʩʪʚʠʶ r ʚ ʫʩʪʘʥʦʚʠʚʰʝʤʩʷ ʨʝʞʠʤʝ.  

ɼʣʷ ʥʘʩʪʨʦʡʢʠ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʠʩʧʦʣʴʟʦʚʘʣʩʷ ʪʦʣʴʢʦ ʦʜʠʥ ʧʘʨʘʤʝʪʨ, ʘ 

ʠʤʝʥʥʦ, ʢʨʘʪʥʳʡ ʣʝʚʳʡ ʧʦʣʶʩ, ʯʪʦ ʤʘʢʩʠʤʘʣʴʥʦ ʫʜʦʙʥʦ ʠ ʵʬʬʝʢʪʠʚʥʦ ʚ 

ʬʠʟʠʯʝʩʢʦʤ ʵʢʩʧʝʨʠʤʝʥʪʝ  

ʆʮʝʥʢʘ ʟʘʧʘʩʦʚ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦ ʬʘʟʝ ʠ ʧʦ ʘʤʧʣʠʪʫʜʝ ʜʣʷ ʢʘʞʜʦʛʦ ʠʟ 

ʪʨʝʭ ʟʘʤʢʥʫʪʳʭ ʢʦʥʪʫʨʦʚ (Z-loop, I-loop ʠ U-loop) ʦʩʫʱʝʩʪʚʣʷʣʘʩʴ ʧʦ ʚʠʜʫ 

ʘʤʧʣʠʪʫʜʥʦ-ʬʘʟʦʚʦʡ ʯʘʩʪʦʪʥʦʡ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ (ɸʌʏʍ) ʧʝʨʝʜʘʪʦʯʥʦʡ 

ʬʫʥʢʮʠʠ ʨʘʟʦʤʢʥʫʪʦʛʦ ʢʦʥʪʫʨʘ ï ʛʦʜʦʛʨʘʬʫ ʅʘʡʢʚʠʩʪʘ. ɼʣʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʡ 

ʩʠʩʪʝʤʳ ʧʨʠ ʚʳʙʦʨʝ ʥʘʩʪʨʦʝʯʥʦʛʦ ʧʘʨʘʤʝʪʨʘ ɚ = 3 ʠ ʧʘʨʘʤʝʪʨʘʭ ʧʣʘʟʤʳ Kp = 

1,78 ʩʤ/ʢɸ, Tp = 20,8 ʤʩ, ʟʘʧʘʩ ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦ ʘʤʧʣʠʪʫʜʝ ʠ ʟʘʧʘʩ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʧʦ ʬʘʟʝ ʨʘʚʝʥ: ï8,88 ʜɹ ʠ 47,5Á; 9,25 ʜɹ ʠ ï57,9Á; 24,7 ʜɹ ʠ ï83,3Á 

ʜʣʷ ʢʦʥʪʫʨʦʚ Z-loop, I-loop ʠʣʠ U-loop ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʕʪʦ ʛʦʚʦʨʠʪ ʦ ʪʦʤ, ʯʪʦ 



11 
 

ʧʨʠʤʝʥʝʥʥʳʡ ʤʝʪʦʜ ʩʠʥʪʝʟʘ ʧʨʠʚʝʣ ʢ ʧʦʚʳʰʝʥʥʳʤ ʟʘʧʘʩʘʤ ʫʩʪʦʡʯʠʚʦʩʪʠ, 

ʦʙʝʩʧʝʯʠʚ ʨʦʙʘʩʪʥʦʩʪʴ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ, ʪ.ʝ. ʩʦʭʨʘʥʝʥʠʝ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʩʠʩʪʝʤʳ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʟʤʳ.  

ɺ ʮʝʣʷʭ ʠʩʩʣʝʜʦʚʘʥʠʷ ʚʦʟʤʦʞʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʤʥʦʛʦʬʘʟʥʦʛʦ 

ʪʠʨʠʩʪʦʨʥʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ ʚ ʢʘʯʝʩʪʚʝ ʠʩʧʦʣʥʠʪʝʣʴʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ʚ ʢʦʥʪʫʨʝ 

ʫʧʨʘʚʣʝʥʠʷ ʚʝʨʪʠʢʘʣʴʥʳʤ ʧʦʣʦʞʝʥʠʝʤ ʧʣʘʟʤʳ ʧʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʩʠʩʪʝʤʳ ʩ ʧʦʣʥʦʡ ʤʦʜʝʣʴʶ ʯʝʪʳʨʝʭʢʚʘʜʨʘʥʪʥʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ, ʨʘʙʦʪʘʶʱʝʛʦ 

ʥʘ ʠʥʜʫʢʪʠʚʥʫʶ ʥʘʛʨʫʟʢʫ.  

ʅʘ ʨʠʩ. 3 ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʪʳ 

ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʩ ʧʦʣʥʦʡ ʤʦʜʝʣʴʶ ʚʳʧʨʷʤʠʪʝʣʷ ʠ ʩ ʘʧʧʨʦʢʩʠʤʠʨʫʶʱʝʡ 

ʤʦʜʝʣʴʶ 1-ʛʦ ʧʦʨʷʜʢʘ. ʈʘʟʣʠʯʠʝ ʛʨʘʬʠʢʦʚ ʥʘʧʨʷʞʝʥʠʷ ʦʙʫʩʣʦʚʣʝʥʦ 

ʩʪʨʫʢʪʫʨʦʡ ʠ ʧʨʠʥʮʠʧʦʤ ʨʘʙʦʪʳ ʫʧʨʘʚʣʷʝʤʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ, ʥʦ ʧʨʠ ʵʪʦʤ 

ʠʥʜʫʢʪʠʚʥʳʡ ʭʘʨʘʢʪʝʨ ʥʘʛʨʫʟʢʠ ʧʦʟʚʦʣʷʝʪ ʩʛʣʘʜʠʪʴ ʧʫʣʴʩʘʮʠʠ ʥʘʧʨʷʞʝʥʠʷ. 

ɻʨʘʬʠʢʠ ʠʟʤʝʥʝʥʠʷ ʧʦʣʦʞʝʥʠʷ ʧʣʘʟʤʳ ʜʦʚʦʣʴʥʦ ʪʦʯʥʦ ʩʦʚʧʘʜʘʶʪ ʜʣʷ ʦʙʝʠʭ 

ʤʦʜʝʣʝʡ, ʯʪʦ ʛʦʚʦʨʠʪ ʦʙ ʘʧʧʨʦʢʩʠʤʘʮʠʠ ʧʦʣʥʦʡ ʤʦʜʝʣʠ ʚʳʧʨʷʤʠʪʝʣʷ 

ʜʠʥʘʤʠʯʝʩʢʠʤ ʟʚʝʥʦʤ 1-ʛʦ ʧʦʨʷʜʢʘ ʩ ʜʦʩʪʘʪʦʯʥʦʡ ʪʦʯʥʦʩʪʴʶ. ʇʨʠ ʵʪʦʤ 

ʪʨʝʙʫʝʤʘʷ ʤʦʱʥʦʩʪʴ ʫʧʨʘʚʣʝʥʠʷ ~ 5-6 ʄɺʪ ʧʨʠ ʚʭʦʜʥʦʤ ʧʨʷʤʦʫʛʦʣʴʥʦʤ 

ʚʦʟʜʝʡʩʪʚʠʠ ʩ ʘʤʧʣʠʪʫʜʦʡ r = 0,05 ʤ. 

 
ʈʠʩ. 3. ʉʨʘʚʥʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʪʳ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʩ 

ʣʠʥʝʡʥʦʡ ʠ ʩ ʧʦʣʥʦʡ ʤʦʜʝʣʴʶ ʚʳʧʨʷʤʠʪʝʣʷ 

ɼʘʣʴʥʝʡʰʝʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʩʚʷʟʘʥʦ ʩ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ ʩʠʩʪʝʤʳ (ʨʠʩ. 4) ʩ 

ʤʦʜʝʣʴʶ ʠʥʚʝʨʪʦʨʘ ʥʘʧʨʷʞʝʥʠʷ ʚ ʢʘʯʝʩʪʚʝ ʠʩʧʦʣʥʠʪʝʣʴʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ.  

1+sT

K

c

c

1-sT

K

p

p

K0

K1

K2

ʂʘʪʫh ʢʘ ʇʣʘʟʤʘ

ʈʝʛʫʣ̫ʪʦʨ

V
U I Z

I-loop

Z-loop

DC/AC 

converter

ʀʥʚʝʨʪʦʨ 

ʥʘʧʨ̫ʞʝʥʠ̫

 r

111,11 ;

46,7 .
c

c

K
ʆʤ

T ʤʩ

=

=

1,78 ;

20,8 .
p

p

ʩʤK
ʢɸ

T ʤʩ

=

=

 
ʈʠʩ. 4. ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʟʘʤʢʥʫʪʦʡ ʥʝʣʠʥʝʡʥʦʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʚʝʨʪʠʢʘʣʴʥʳʤ 

ʧʦʣʦʞʝʥʠʝʤ ʧʣʘʟʤʳ Z ʩ ʤʦʜʝʣʴʶ ʠʥʚʝʨʪʦʨʘ ʥʘʧʨʷʞʝʥʠʷ 

ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʟʘʤʢʥʫʪʘʷ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ 

ʨʝʣʝʡʥʫʶ ʩʠʩʪʝʤʫ ʚʪʦʨʦʛʦ ʧʦʨʷʜʢʘ, ʦʧʠʩʳʚʘʝʤʫʶ ʫʨʘʚʥʝʥʠʷʤʠ: 

1 1
,  ,

p c

p p

K R
Z Z I I I U

T T L L
= + =- + 

 ʧʨʠ 0,

 ʧʨʠ 0,

M l
U

M l

>ë
=ì
- <í

 1 2 ,l K Z K I=- -  
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ʛʜʝ M = const. ʋʨʘʚʥʝʥʠʝ 1 2 0K Z K I+ = ʦʧʨʝʜʝʣʷʝʪ ʧʨʷʤʫʶ ʧʝʨʝʢʣʶʯʝʥʠʷ 

(ʨʘʟʨʳʚʘ), ʧʦ ʢʦʪʦʨʦʡ ʩʠʩʪʝʤʘ ʜʚʠʞʝʪʩʷ ʚ ʩʢʦʣʴʟʷʱʝʤ ʨʝʞʠʤʝ.  

ʅʘ ʨʠʩ. 5 ʧʦʢʘʟʘʥʳ ʬʘʟʦʚʳʝ ʧʦʨʪʨʝʪʳ ʠ ʚʨʝʤʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ 

ʩʤʝʱʝʥʠʷ Z, ʪʦʢʘ I, ʠ ʥʘʧʨʷʞʝʥʠʷ U ʜʣʷ ʩʠʩʪʝʤʳ ʩ ʤʦʜʝʣʴʶ ʠʥʚʝʨʪʦʨʘ 

ʥʘʧʨʷʞʝʥʠʷ ʚ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʚʠʜʝʪʝʣʴʩʪʚʫʶʪ ʦ 

ʮʝʣʝʩʦʦʙʨʘʟʥʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʚʳʭʦʜʝ ʠʩʧʦʣʥʠʪʝʣʴʥʦʛʦ 

ʫʩʪʨʦʡʩʪʚʘ ʨʘʚʥʳʤ °(800-1200) ɺ, ʪʘʢ ʢʘʢ ʧʨʠ ʪʘʢʠʭ ʥʘʧʨʷʞʝʥʠʷʭ ʜʦʩʪʠʛʘʝʪʩʷ 

ʧʨʠʝʤʣʝʤʦʝ ʢʘʯʝʩʪʚʦ ʧʝʨʝʭʦʜʥʦʛʦ ʧʨʦʮʝʩʩʘ ʧʨʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʭ 

ʦʪʢʣʦʥʝʥʠʷʭ ʧʦ ʪʦʢʫ ʚ ʢʘʪʫʰʢʝ ʫʧʨʘʚʣʝʥʠʷ 2,5 ʢɸ. 

 

ʈʠʩ. 5. ʌʘʟʦʚʳʝ ʧʦʨʪʨʝʪʳ ʠ ʚʨʝʤʝʥʥʳʝ ʟʘʚʠʩʠʤʦʩʪʠ ʩʤʝʱʝʥʠʷ, ʪʦʢʘ ʠ ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ 

ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʩ ʤʦʜʝʣʴʶ ʠʥʚʝʨʪʦʨʘ ʥʘʧʨʷʞʝʥʠʷ ʚ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ 

ʇʨʠ ʧʨʦʪʝʢʘʥʠʠ ʧʣʘʟʤʝʥʥʦʛʦ ʨʘʟʨʷʜʘ ʚʦʟʥʠʢʘʶʪ ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʳʝ 

ʚʦʟʤʫʱʝʥʠʷ, ʢʦʪʦʨʳʝ ʤʦʛʫʪ ʧʨʠʚʝʩʪʠ ʢ ʩʨʳʚʫ ʨʘʟʨʷʜʘ. ʇʦʵʪʦʤʫ ʩʪʘʙʠʣʠʟʘʮʠʷ 

ʥʝʫʩʪʦʡʯʠʚʦʛʦ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʧʣʘʟʤʳ ʧʨʠ ʜʝʡʩʪʚʠʠ ʚʦʟʤʫʱʝʥʠʡ 

ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʢʣʶʯʝʚʳʭ ʧʨʠ ʨʘʟʨʘʙʦʪʢʝ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʧʣʘʟʤʦʡ ʚ 

ʪʦʢʘʤʘʢʘʭ. ɼʣʷ ʣʠʥʝʡʥʦʡ ʥʝʫʩʪʦʡʯʠʚʦʡ ʤʦʜʝʣʠ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ 

ʧʣʘʟʤʳ ʪʦʢʘʤʘʢʘ ʊ-15ʄɼ ʩ ʣʠʥʝʡʥʦʡ ʤʦʜʝʣʴʶ ʚʳʧʨʷʤʠʪʝʣʷ ʨʘʟʨʘʙʦʪʘʥʘ 

ʨʦʙʘʩʪʥʘʷ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʝʪʦʜʘ LMI. ʇʨʠ ʵʪʦʤ ʩʠʥʪʝʟ 

ʨʝʛʫʣʷʪʦʨʦʚ ʧʨʦʚʦʜʠʣʩʷ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʩʠʩʪʝʤʫ ʚʦʟʤʫʱʝʥʠʷ ʪʠʧʘ 

çʤʘʣʳʡ ʩʨʳʚè ʥʘ ʢʚʘʟʠʩʪʘʮʠʦʥʘʨʥʦʡ ʬʘʟʝ ʨʘʟʨʷʜʘ, ʢʦʪʦʨʦʝ ʙʳʣʦ ʧʨʠʚʝʜʝʥʦ ʢʦ 

ʚʭʦʜʫ ʤʦʜʝʣʠ ʧʣʘʟʤʳ (ʈʠʩ. 2). ʃʠʥʝʡʥʘʷ ʤʦʜʝʣʴ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ (ʧʣʘʟʤʳ 

ʚ ʪʦʢʘʤʘʢʝ) ʤʦʞʝʪ ʙʳʪʴ ʧʨʝʜʩʪʘʚʣʝʥʘ ʚ 3-ʭ ʤʝʨʥʦʤ ʧʨʦʩʪʨʘʥʩʪʚʝ ʩʦʩʪʦʷʥʠʡ: 

1 2 , ,x Ax B u B w y Cx= + + =ʛʜʝ ɸ, B1, B2, ʉ ï ʤʘʪʨʠʮʳ ʤʦʜʝʣʠ:  

1 2

0 0

0 1 0 0

0 ,  0 ,  0 ,  0 1 0 ,

0 0 0 1

0

a

a
a

c

c c

p

p

p

p p

1
- K
T

T
K 1

A - B B C
T T

K
K 1

T
T T

è ø
è øé ù è ø
é ùé ù é ù

è øé ùé ù é ù
é ùé ùé ù= = = =é ù
é ùé ùé ù é ù
é ùé ù ê úé ù é ù

é ùé ù é ùê ú ê úé ùê ú

 

x ï ʧʦʣʥʦʩʪʴʶ ʜʦʩʪʫʧʥʦʝ ʜʣʷ ʠʟʤʝʨʝʥʠʷ ʩʦʩʪʦʷʥʠʝ ʤʦʜʝʣʠ ([   ]Tx U I Z= ), u ï 

ʩʢʘʣʷʨʥʦʝ ʫʧʨʘʚʣʷʶʱʝʝ ʚʦʟʜʝʡʩʪʚʠʝ (ʚʭʦʜ ʠʩʧʦʣʥʠʪʝʣʴʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ), w ï 

ʘʜʜʠʪʠʚʥʦʝ ʩʢʘʣʷʨʥʦʝ ʚʦʟʤʫʱʝʥʠʝ. 

ɿʘʢʦʥ ʫʧʨʘʚʣʝʥʠʷ ʚʳʙʠʨʘʝʪʩʷ ʠʟ ʢʣʘʩʩʘ ʣʠʥʝʡʥʳʭ ʦʙʨʘʪʥʳʭ ʩʚʷʟʝʡ ʧʦ 
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ʩʦʩʪʦʷʥʠʶ ʚ ʚʠʜʝ u = Kx. ʉʠʥʪʝʟ ʨʦʙʘʩʪʥʦʛʦ H2-ʨʝʛʫʣʷʪʦʨʘ K ʩ ʨʘʟʤʝʱʝʥʠʝʤ 

ʧʦʣʶʩʦʚ ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʚ D-ʦʙʣʘʩʪʠ 

{ }, , | 0,  ,  tanrD x iy x x iy r y xa J a J= + <- < + < < 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʨʦʙʘʩʪʥʫʶ ʫʩʪʦʡʯʠʚʦʩʪʴ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʧʣʘʟʤʳ ʧʨʠ 

ʚʦʟʤʦʞʥʦʤ ʦʪʢʣʦʥʝʥʠʠ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ ʧʣʘʟʤʳ ʦʪ ʥʦʤʠʥʘʣʴʥʳʭ ʟʥʘʯʝʥʠʡ 

ʥʘ 20% ʠ ʤʠʥʠʤʘʣʴʥʳʡ ʫʨʦʚʝʥʴ ʚʣʠʷʥʠʷ ʘʜʜʠʪʠʚʥʦʛʦ ʚʦʟʤʫʱʝʥʠ ̫ʥʘ ʚʳʭʦʜ 

ʟʘʤʢʥʫʪʦʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ. 
ʉʚʷʟʴ ʚʳʭʦʜʘ Z ʠ ʚʦʟʤʫʱʝʥʠʷ w ʦʧʨʝʜʝʣʷʝʪʩʷ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ 

ʠʟʦʙʨʘʞʝʥʠʡ ʧʦ ʃʘʧʣʘʩʫ ʫʨʘʚʥʝʥʠʝʤ ()( ) ( )Z s G s w s= , ʛʜʝ ʧʝʨʝʜʘʪʦʯʥʘʷ 

ʬʫʥʢʮʠʷ G(s) ʥʘʭʦʜʠʪʩʷ ʠʟ ʤʦʜʝʣʠ ʦʙʲʝʢʪʘ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʩʦʩʪʦʷʥʠʡ ʚ ʚʠʜʝ: 

() ( )11 2( )G s C sI A B K B-= - + . 

ɺ ʩʠʣʫ ʥʝʨʘʚʝʥʩʪʚʘ () ()
2

( )
P P

Z s G s w s¢ , ʛʜʝ 

( )
1 2

2

1
( ) ( ) ( )

2

HG s trace G j G j dw w w
p

¤

-¤

å õ
=æ ö
ç ÷

ñ  , H ï ʵʨʤʠʪʦʚʦ ʩʦʧʨʷʞʝʥʠʝ, 

1 2

21
( ) lim ( )

2

T

P T
T

w t w t dt
T­¤
-

å õ
=æ ö
ç ÷

ñ   ʵʥʝʨʛʠʷ ʩʠʛʥʘʣʘ, ʨʝʛʫʣʷʪʦʨ K ʜʦʣʞʝʥ 

ʛʘʨʘʥʪʠʨʦʚʘʪʴ ʚʳʧʦʣʥʝʥʠʝ ʫʩʣʦʚʠʷ 
2

( )G s g< . ʋʯʠʪʳʚʘʷ ʫʩʣʦʚʠʝ 

ʥʝʦʧʨʝʜʝʣʝʥʥʦʩʪʠ ʧʘʨʘʤʝʪʨʦʚ ʧʣʘʟʤʳ, ʤʘʪʨʠʮʳ A ʠ B2 ʤʦʜʝʣʠ ʧʨʝʜʩʪʘʚʣʷʶʪʩʷ 

ʚ ʚʠʜʝ: 0 1 1 2 2A A A Ad d= + + , 
2 2,0 1 2,1B B Bd= + . ʉʠʩʪʝʤʘ LMI  ʜʣʷ ʨʝʰʝʥʠʷ ʜʘʥʥʦʡ 

ʟʘʜʘʯʠ ʟʘʜʘʝʪʩʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

1

1 1

1

2 0, 0,T T T

T T T

rP AP BW
AP PA BW W B P

PA W B rP
a

- +è ø
+ + + + < <é ù

+ -ê ú
 

( ) ( )

( ) ( )

1 1 1 1

1 1 1 1

sin cos
0,

cos sin

T T T T T T

T T T T T T

AP PA BW W B AP PA BW W B

AP PA BW W B AP PA BW W B

J J

J J

è ø+ + + - + -
é ù<
é ù- + - + + + +
ê ú

 

2

1 1 2 2 0, 0, ( ) .T T T T

T

Z CP
AP PA BW W B B B trace Z

PC P
g

-è ø
+ + + + < < <é ù

-ê ú
 

ɼʣʷ ʥʘʭʦʞʜʝʥʠʷ ʩʢʘʣʷʨʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪʘ g ʨʝʰʘʝʪʩʷ ʦʧʪʠʤʠʟʘʮʠʦʥʥʘʷ 

ʟʘʜʘʯʘ: 2

, ,
min    ( = )
P Z W

r r g. ʀʟ ʨʝʰʝʥʠʡ ʩʪʨʦʢʠ W ʠ ʤʘʪʨʠʮʳ P ʩʠʩʪʝʤʳ ʥʝʨʘʚʝʥʩʪʚ 

ʚ ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʪʦʯʢʘʭ: 

[ ]{ }1 2  ...  ʠʣʠ , 1,2,...,E k i i i i kd d d d d d d- +D = = = =  

ʧʦʣʠʪʦʧʘ ( )EconvD= D, ʪʦ ʝʩʪʴ ʚ ʢʨʘʡʥʠʭ ʪʦʯʢʘʭ ʠʥʪʝʨʚʘʣʦʚ ʠʟʤʝʥʝʥʠʷ 

ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ ʧʣʘʟʤʳ, ʧʦʣʫʯʘʝʪʩʷ ʤʘʪʨʠʮʘ-ʩʪʨʦʢʘ ʨʦʙʘʩʪʥʦʛʦ 

ʨʝʛʫʣʷʪʦʨʘ [ ]1 0,001 0,0051 1557,3K WP- - - -= = .  

ʉ ʧʦʤʦʱʴʶ ʤʝʪʦʜʘ ʠʥʚʘʨʠʘʥʪʥʳʭ ʵʣʣʠʧʩʦʠʜʦʚ ʜʣʷ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ 

ʩʠʩʪʝʤʳ ʧʨʦʚʝʜʝʥʘ ʦʮʝʥʢʘ ʚʝʣʠʯʠʥʳ ʜʦʧʫʩʪʠʤʦʛʦ ʚʦʟʤʫʱʝʥʠʷ w(t). ɼʣʷ ʚʩʝʭ 
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ʚʦʟʤʫʱʝʥʠʡ, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʭ ʫʩʣʦʚʠʶ 1561,1w¢  ɸ, ʚʳʭʦʜ ʩʠʩʪʝʤʳ 

ʦʩʪʘʝʪʩʷ ʚ ʧʨʝʜʝʣʘʭ ʧʦʣʦʩʳ 0,02Z ¢  ʤ ʧʨʠ ʚʭʦʜʥʦʤ ʫʧʨʘʚʣʷʶʱʝʤ 

ʚʦʟʜʝʡʩʪʚʠʠ 1u ¢  ɺ. ʏʠʩʣʝʥʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʩʠʩʪʝʤʳ (ʈʠʩ. 6) ʚ 

ʵʢʩʪʨʝʤʘʣʴʥʳʭ ʪʦʯʢʘʭ ʧʦʣʠʪʦʧʘ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ ʧʣʘʟʤʳ ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ 

ʚʦʟʤʫʱʝʥʠʷ w(t) ʧʨʷʤʦʫʛʦʣʴʥʦʡ ʬʦʨʤʳ ʩ ʘʤʧʣʠʪʫʜʦʡ  1500 A ʧʦʟʚʦʣʠʣʦ 

ʧʦʣʫʯʠʪʴ ʦʮʝʥʢʫ ʪʨʝʙʫʝʤʦʡ ʤʦʱʥʦʩʪʠ ʠʩʧʦʣʥʠʪʝʣʴʥʦʛʦ ʫʩʪʨʦʡʩʪʚʘ ~ 3 ʄɺʪ. 

ʇʨʝʜʣʦʞʝʥ rʠ ʧʨʠʤʝʥʝʥ rʩʨʘʚʥʠʪʝʣʴʥʳʝ ʢʨʠʪʝʨʠʠ ʨʘʟʣʠʯʥʳʭ ʩʠʩʪʝʤ 

ʫʧʨʘʚʣʝʥʠʷ ʩ ʨʘʟʣʠʯʥʳʤʠ ʨʝʛʫʣʷʪʦʨʘʤʠ. ʆʥʠ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʩʨʘʚʥʝʥʠʠ 

ʨʘʜʠʫʩʦʚ ʨʦʙʘʩʪʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʠ ʪʨʝʙʫʝʤʦʡ ʤʦʱʥʦʩʪʠ ʫʧʨʘʚʣʝʥʠʷ. 

ʅʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʦʤ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʧʨʠʤʝʥʠʤʦʩʪʠ ʚ ʨʝʘʣʴʥʦʤ 

ʵʢʩʧʝʨʠʤʝʥʪʝ ʷʚʣʷʝʪʩʷ LMI -ʨʝʛʫʣʷʪʦʨ ʩ ʨʘʟʤʝʱʝʥʠʝʤ ʧʦʣʶʩʦʚ ʟʘʤʢʥʫʪʦʡ 

ʩʠʩʪʝʤʳ ʚ ʦʙʣʘʩʪʠ 
, ,rDa J. 

 
ʈʠʩ. 6. ʇʝʨʝʭʦʜʥʳʝ ʧʨʦʮʝʩʩʳ ʩʪʘʙʠʣʠʟʘʮʠʠ ʥʝʫʩʪʦʡʯʠʚʦʛʦ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ 

ʧʣʘʟʤʳ Z ʧʨʠ ʚʦʟʜʝʡʩʪʚʠʠ ʥʘ ʩʠʩʪʝʤʫ ʚʦʟʤʫʱʝʥʠʷ w ʚ ʚʠʜʝ ʧʨʷʤʦʫʛʦʣʴʥʦʛʦ ʠʤʧʫʣʴʩʘ ʚ 

ʢʨʘʡʥʠʭ ʪʦʯʢʘʭ ʠʥʪʝʨʚʘʣʦʚ ʠʟʤʝʥʝʥʠʷ ʧʘʨʘʤʝʪʨʦʚ ʤʦʜʝʣʠ ʧʣʘʟʤʳ 

ʆʩʥʦʚʥʳʤ ʨʝʟʫʣʴʪʘʪʦʤ ʵʪʦʡ ʛʣʘʚʳ ʷʚʣʷʝʪʩʷ ʦʙʥʘʨʫʞʝʥʠʝ ʪʦʛʦ ʬʘʢʪʘ, 

ʯʪʦ ʚʳʩʦʢʘʷ ʨʦʙʘʩʪʥʦʩʪʴ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʧʨʠ ʩʠʥʪʝʟʝ ʨʦʙʘʩʪʥʳʭ 

ʨʝʛʫʣʷʪʦʨʦʚ ʤʝʪʦʜʦʤ LMI  ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʥʝʦʧʨʘʚʜʘʥʥʦ ʙʦʣʴʰʦʡ ʤʦʱʥʦʩʪʠ 

ʫʧʨʘʚʣʝʥʠʷ ʧʨʠ ʦʪʨʘʙʦʪʢʝ ʟʘʜʘʶʱʝʛʦ ʚʦʟʜʝʡʩʪʚʠ ̫ʠ ʘʜʜʠʪʠʚʥʦʛʦ ʚʦʟʤʫʱʝʥʠʷ 

ʥʘ ʤʦʜʝʣʠ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʧʣʘʟʤʳ. ʇʦʵʪʦʤʫ ʢʨʠʪʝʨʠʡ ʤʦʱʥʦʩʪʠ 

ʫʧʨʘʚʣʝʥʠʷ ʥʫʞʥʦ ʫʯʠʪʳʚʘʪʴ ʧʨʠ ʩʠʥʪʝʟʝ ʣʶʙʦʛʦ ʨʝʛʫʣʷʪʦʨʘ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ 

ʚʝʨʪʠʢʘʣʴʥʳʤ ʧʦʣʦʞʝʥʠʝʤ ʧʣʘʟʤʳ ʧʨʠ ʣʶʙʦʤ ʠʩʧʦʣʥʠʪʝʣʴʥʦʤ ʫʩʪʨʦʡʩʪʚʝ. 

ʇʨʘʢʪʠʯʝʩʢʠʤ ʨʝʟʫʣʴʪʘʪʦʤ ʜʘʥʥʦʡ ʛʣʘʚʳ ʷʚʣʷʝʪʩʷ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʨʘʟʨʘʙʦʪʘʥʥʦʡ ʮʠʬʨʦʚʦʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʩ ʨʘʩʧʦʣʦʞʝʥʠʝʤ ʧʦʣʶʩʦʚ ʚ 

, ,rDa J ʦʙʣʘʩʪʠ ʜʣʷ ʥʝʫʩʪʦʡʯʠʚʦʛʦ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʧʣʘʟʤʳ ʪʦʢʘʤʘʢʘ 

ʊ-15ʄɼ ʥʘ ʩʪʝʥʜʝ ʨʝʘʣʴʥʦʛʦ ʚʨʝʤʝʥʠ Speedgoat Performance. ʉʠʩʪʝʤʘ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʪʘʙʠʣʠʟʘʮʠʶ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʧʣʘʟʤʳ ʜʣʷ ʝʝ 

ʥʝʫʩʪʦʡʯʠʚʦʡ ʤʦʜʝʣʠ ʧʨʠ ʜʝʡʩʪʚʠʠ ʚʦʟʤʫʱʝʥʠʷ ʪʠʧʘ çʤʘʣʳʡ ʩʨʳʚè. 

ʅʘʩʪʨʦʝʥʥʳʡ ʮʠʬʨʦʚʦʡ ʨʝʛʫʣʷʪʦʨ ʤʦʞʝʪ ʙʳʪʴ ʧʨʠʤʝʥʝʥ ʚ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ 

ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦ ʥʘ ʪʦʢʘʤʘʢʝ T-15Mɼ. 

ɺ ʪʨʝʪʴʝʡ ʛʣʘʚʝ [2, 4] ʨʝʘhʝʪʩʷ ʟʘʜʘʯʘ ʩʠʥʪʝʟʘ ʤʥʦʛʦʢʦʥʪʫʨʥʦʡ 

ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʦʞʝʥʠʝʤ, ʪʦʢʦʤ ʠ ʬʦʨʤʦʡ ʧʣʘʟʤʳ ʩ ʧʦʤʦʱʴʶ 

ʠʜʝʥʪʠʬʠʢʘʮʠʠ ʨʘʟʣʠʯʥʳʭ ʢʦʥʪʫʨʦʚ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʧʣʘʟʤʦʡ ʚ ʪʦʢʘʤʘʢʝ 

ɻʣʦʙʫʩ-ʄ (ʈʠʩ. 7, ʘ). ʄʘʣʦʩʪʴ ʦʪʢʣʦʥʝʥʠʡ ʧʣʘʟʤʳ ʦʪ ʧʦʣʦʞʝʥʠʷ ʨʘʚʥʦʚʝʩʠʷ, 

ʦʙʝʩʧʝʯʠʚʘʝʤʘʷ ʩʠʩʪʝʤʦʡ ʫʧʨʘʚʣʝʥʠʷ ʩ ʦʙʨʘʪʥʦʡ ʩʚʷʟʴʶ, ʧʦʟʚʦʣʷʝʪ ʦʧʠʩʳʚʘʪʴ 

ʜʠʥʘʤʠʢʫ ʧʣʘʟʤʳ ʚ ʪʦʢʘʤʘʢʝ ʣʠʥʝʡʥʳʤʠ ʤʦʜʝʣʷʤʠ.  
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ʌʦʨʤʘ ʧʣʘʟʤʳ ʠ ʧʨʦʬʠʣʠ ʝʸ ʧʘʨʘʤʝʪʨʦʚ ʜʦʣʞʥʳ ʙʳʪʴ 

ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʳ ʧʦ ʜʘʥʥʳʤ ʜʠʘʛʥʦʩʪʠʢʠ ʚʥʝ ʧʣʘʟʤʳ ʚ ʪʝʯʝʥʠʝ ʨʘʟʨʷʜʘ. ɺ 

ʜʘʥʥʦʡ ʦʙʨʘʪʥʦʡ ʟʘʜʘʯʝ ʚʦʩʩʪʘʥʦʚʣʝʥʠʷ ʨʘʚʥʦʚʝʩʠʷ ʥʝʦʙʭʦʜʠʤʦ ʥʘʡʪʠ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʣʦʠʜʘʣʴʥʦʛʦ ʧʦʪʦʢʘ y ʠ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʣʦʪʥʦʩʪʠ 

ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʪʦʢʘ ʧʣʘʟʤʳ J, ʫʜʦʚʣʝʪʚʦʨʷʶʱʠʝ ʫʨʘʚʥʝʥʠʶ ɻʨʵʜʘ-

ʐʘʬʨʘʥʦʚʘ:  
2

20
02 2

1
,  ( ) ( ),

8

d d
R RJ J R p F

R R R Z d R d

y y m
m y y

y p y

µ µ µ
+ =- = +

µ µ µ
 

ʩ ʛʨʘʥʠʯʥʳʤʠ ʫʩʣʦʚʠʷʤʠ 
0

0,
R R

y y
= =¤
= =  ʠ ʩʦʛʣʘʩʫʶʱʠʝʩʷ ʩ ʧʦʢʘʟʘʥʠʷʤʠ 

ʠʤʝʶʱʝʡʩʷ ʤʘʛʥʠʪʥʦʡ ʜʠʘʛʥʦʩʪʠʢʠ. ɿʜʝʩʴ p ʠ F ʜʘʚʣʝʥʠʝ ʠ ʧʦʣʦʠʜʘʣʴʥʳʡ ʪʦʢ 

ʢʘʢ ʬʫʥʢʮʠʠ ʧʦʣʦʠʜʘʣʴʥʦʛʦ ʧʦʪʦʢʘ y, ʟʘʚʠʩʷʱʝʛʦ ʦʪ ʚʝʨʪʠʢʘʣʴʥʦʡ Z ʠ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ R ʢʦʦʨʜʠʥʘʪ.  

 

 

 

 

 

 
 

(ʘ)  (ʙ)  (ʚ) 
ʈʠʩ. 7. ʊʦʢʘʤʘʢ ɻʣʦʙʫʩ-ʄ: (ʘ) ï ʦʙʱʠʡ ʚʠʜ, (ʙ) ï ʧʦʧʝʨʝʯʥʦʝ ʩʝʯʝʥʠʝ:  ï ʣʠʤʠʪʝʨ,  ï 

ʤʘʛʥʠʪʥʳʝ ʧʝʪʣʠ,  ï ʚʘʢʫʫʤʥʘʷ ʢʘʤʝʨʘ,  ï PF ʢʘʪʫʰʢʠ,  ï ʮʝʥʪʨʘʣʴʥʳʡ ʩʦʣʝʥʦʠʜ, (ʚ) ï 

ʤʘʛʥʠʪʥʘʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʩ ʥʘʧʨʘʚʣʝʥʠʷʤʠ ʠʟʤʝʨʝʥʠʷ ʟʘʟʦʨʦʚ ʤʝʞʜʫ ʧʝʨʚʦʡ ʩʪʝʥʢʦʡ 

ʪʦʢʘʤʘʢʘ ʠ ʩʝʧʘʨʘʪʨʠʩʦʡ (ʛʨʘʥʠʮʝʡ ʧʣʘʟʤʳ) 

ʉʠʩʪʝʤʘ ʤʘʛʥʠʪʥʦʡ ʜʠʘʛʥʦʩʪʠʢʠ ʪʦʢʘʤʘʢʘ ɻʣʦʙʫʩ-ʄ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ 

ʨʷʜ ʠʟʤʝʨʠʪʝʣʴʥʳʭ ʫʩʪʨʦʡʩʪʚ: 

¶ ʧʦʷʩʘ ʈʦʛʦʚʩʢʦʛʦ, ʧʦʟʚʦʣʷʶʱʠʝ ʠʟʤʝʨʷʪʴ ʪʦʢʠ ʚ ʦʙʤʦʪʢʘʭ HFC, VFC, CS, 

PF, CC, ʪʦʢ ʧʦ ʧʣʘʟʤʝ, ʩʫʤʤʘʨʥʳʡ ʪʦʢ ʧʦ ʧʣʘʟʤʝ ʠ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʝ: 

0

0 0

0 0

( ) 1
( ) ( ) ( )

t

t

t
I t U d I t

nS nS

F
= =- t t+
m m ñ

, ʌ ï ʤʘʛʥʠʪʥʳʡ ʧʦʪʦʢ, ʧʨʦʥʠʟʳʚʘʶʱʠʡ 

ʧʦʷʩ ʈʦʛʦʚʩʢʦʛʦ, U0 ï ʠʥʜʫʮʠʨʦʚʘʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʚ ʢʘʪʫʰʢʝ, n ï ʯʠʩʣʦ 

ʚʠʪʢʦʚ ʥʘ ʝʜʠʥʠʮʫ ʜʣʠʥʳ ʢʘʪʫʰʢʠ, S ï ʧʣʦʱʘʜʴ ʧʦʧʝʨʝʯʥʦʛʦ ʩʝʯʝʥʠʷ 

ʢʘʪʫʰʢʠ; 

¶ 21 ʤʘʛʥʠʪʥʳʝ ʧʝʪʣʠ, ʠʟʤʝʨʷʶʱʠʝ ʧʦʣʦʠʜʘʣʴʥʳʡ ʤʘʛʥʠʪʥʳʡ ʧʦʪʦʢ. 

ʀʥʪʝʛʨʠʨʦʚʘʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʧʝʪʣʠ U0(t) ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤ 

ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʣʦʠʜʘʣʴʥʳʡ ʤʘʛʥʠʪʥʳʡ ʧʦʪʦʢ, 
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ʧʨʦʭʦʜʷʱʠʡ ʯʝʨʝʟ ʝʝ ʢʦʥʪʫʨ: 
0

0 0

1
( )( , ) ( , )

2

t

t
U dr t r ty t t

p
y=- +ñ . ɼʣʷ 

ʦʩʝʩʠʤʤʝʪʨʠʯʥʦʡ ʧʣʘʟʤʳ ʵʪʦ ʠʟʤʝʨʝʥʠʝ ʜʘʝʪ ʟʥʘʯʝʥʠʝ ʧʦʣʦʠʜʘʣʴʥʦʛʦ 

ʧʦʪʦʢʘ ʚ ʦʧʨʝʜʝʣʝʥʥʦʡ ʪʦʯʢʝ ʧʦʣʦʠʜʘʣʴʥʦʡ ʧʣʦʩʢʦʩʪʠ.  

ɼʣʷ ʧʦʣʫʯʝʥʠʷ ʣʠʥʝʡʥʦʡ ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʫʶʪ ʣʠʥʝʘʨʠʟʦʚʘʥʥʳʝ 

ʫʨʘʚʥʝʥʠʷ ʂʠʨʭʛʦʬʘ ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʳ ʚʟʘʠʤʦʩʚʷʟʘʥʥʳʭ ʢʦʥʪʫʨʦʚ ʢʘʪʫʰʝʢ 

ʪʦʢʘʤʘʢʘ ʠ ʚʠʪʢʘ ʧʣʘʟʤʝʥʥʦʛʦ ʪʦʢʘ ʧʨʠ ʤʘʣʳʭ ʦʪʢʣʦʥʝʥʠʷʭ ʦʪ ʧʦʣʦʞʝʥʠʷ 

ʨʘʚʥʦʚʝʩʠʷ: 
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( , ) ,
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p

J
M I M J I R I r U
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y
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d
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d

µY
+ + + =
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ʛʜʝ ʠʥʜʝʢʩ ʩ ʦʪʥʦʩʠʪʩʷ ʢ ʧʨʦʚʦʜʥʠʢʘʤ, ʘ p ï ʢ ʧʣʘʟʤʝ, Id  ï ʚʝʢʪʦʨ ʩʪʦʣʙʝʮ 

ʚʦʟʤʫʱʝʥʠʡ ʪʦʢʦʚ ʚ ʧʨʦʚʦʜʷʱʠʭ ʢʦʥʪʫʨʘʭ ʩʠʩʪʝʤʳ (ʢʘʪʫʰʢʘʭ ʫʧʨʘʚʣʝʥʠʷ ʠ 

ʵʣʝʤʝʥʪʘʭ ʚʘʢʫʫʤʥʦʡ ʢʘʤʝʨʳ), ʨId  ï ʚʦʟʤʫʱʝʥʠʝ ʪʦʢʘ ʧʣʘʟʤʳ, Y ï ʚʝʢʪʦʨ 

ʧʦʪʦʢʦʚ, ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʧʣʘʟʤʦʡ, ʚ ʧʨʦʚʦʜʷʱʠʭ ʢʦʥʪʫʨʘʭ, ,  Z Rd d  ï 

ʦʪʢʣʦʥʝʥʠʷ ʦʪ ʧʦʣʦʞʝʥʠʷ ʨʘʚʥʦʚʝʩʠʷ (ʚʦʟʤʫʱʝʥʠʷ) ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʠ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʧʣʘʟʤʳ, Rʩ ï ʤʘʪʨʠʮʘ ʩʦʧʨʦʪʠʚʣʝʥʠʡ 

ʧʨʦʚʦʜʥʠʢʦʚ, U ï ʚʝʢʪʦʨ ʚʥʝʰʥʠʭ ʥʘʧʨʷʞʝʥʠʡ, ʧʨʠʣʦʞʝʥʥʳʭ ʢ ʢʦʥʪʫʨʘʤ 

ʩʠʩʪʝʤʳ, J ï ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʧʣʘʟʤʳ, y ï ʚʦʩʩʪʘʥʦʚʣʝʥʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʣʦʠʜʘʣʴʥʦʛʦ ʧʦʪʦʢʘ, 
, ,{ }j i c pi j

M
Í

è øê ú  ï ʤʘʪʨʠʮʳ ʚʟʘʠʤʥʦʡ 

ʠʥʜʫʢʮʠʠ ʧʨʦʚʦʜʥʠʢʦʚ i ʠ j, ʵʣʝʤʝʥʪʳ ʢʦʪʦʨʳʭ ʨʘʩʩʯʠʪʳʚʘʶʪʩʷ ʧʦ ʬʦʨʤʫʣʝ: 

() ()

{ }
,

1
( , , , ) , , ,

i j

ij i i j j i j i j

i j S S

M G r z r z J J dS dS i j c p
I I

y y

= Íññ . 

ɿʜʝʩʴ { },c p  ï ʵʪʦ ʤʥʦʞʝʩʪʚʦ ʫʧʦʨʷʜʦʯʝʥʥʳʭ ʥʦʤʝʨʦʚ ʵʣʝʤʝʥʪʦʚ 

ʤʘʪʨʠʮʳ Mʩc, ʚʝʢʪʦʨʘ-ʩʪʦʣʙʮʘ Mcp ʠ  ʚʝʢʪʦʨʘ-ʩʪʨʦʢʠ Mpc ʠ ʩʢʘʣʷʨʘ Mpp.  , ,i i iJ I S  

ʠ , ,j j jJ I S  ï ʧʣʦʪʥʦʩʪʴ ʪʦʨʦʠʜʘʣʴʥʦʛʦ ʪʦʢʘ, ʧʦʣʥʘʷ ʚʝʣʠʯʠʥʘ ʪʦʢʘ ʠ ʧʣʦʱʘʜʴ 

ʩʝʯʝʥʠʷ ʢʦʥʪʫʨʦʚ i ʠ j, G ï ʬʫʥʢʮʠʷ ɻʨʠʥʘ ʜʣʷ ʫʨʘʚʥʝʥʠʷ ɻʨʵʜʘ-ʐʘʬʨʘʥʦʚʘ: 

( ) ( )

2
2 2 2

0 2 2
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i j i j
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i j i j

r r r rk
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E ʠ K ï ʵʣʣʠʧʪʠʯʝʩʢʠʝ ʠʥʪʝʛʨʘʣʳ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʨʦʜʘ. 

ʉʤʝʱʝʥʠʝ ʧʦʣʦʞʝʥʠʷ ʧʣʘʟʤʳ prd  ʤʦʞʝʪ ʙʳʪʴ ʦʧʠʩʘʥʦ ʫʨʘʚʥʝʥʠʝʤ 

ʜʚʠʞʝʥʠʷ 
pmr F=  ʠ, ʧʨʝʥʝʙʨʝʛʘʷ ʤʘʩʩʦʡ ʧʣʘʟʤʳ, ʣʠʥʝʡʥʦ ʚʳʨʘʞʝʥʦ ʠʟ 

ʫʩʣʦʚʠʷ ʙʘʣʘʥʩʘ ʜʝʡʩʪʚʫʶʱʠʭ ʥʘ ʧʣʘʟʤʫ ʩʠʣ F : 0.p

p

F F
r I

r I
d d

µ µ
+ =

µ µ
 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ ʩʠʩʪʝʤʘ ʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ, ʧʨʝʜʩʪʘʚʣʷʶʱʠʭ 

ʜʠʥʘʤʠʢʫ ʧʣʘʟʤʳ ʚ ʪʦʢʘʤʘʢʝ ɻʣʦʙʫʩ-ʄ, ʤʦʞʝʪ ʙʳʪʴ ʟʘʧʠʩʘʥʘ ʚ ʚʠʜʝ: 
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ʇʨʠ 1 1,  ,  ,  I x U u M R A M Bd d - -= = = = ʤʥʦʛʦʩʚʷʟʥʘʷ ʣʠʥʝʡʥʘʷ ʤʦʜʝʣʴ 

ʧʣʘʟʤʳ, ʧʘʩʩʠʚʥʳʭ ʠ ʫʧʨʘʚʣʷʶʱʠʭ ʩʪʨʫʢʪʫʨ ʚ ʪʦʢʘʤʘʢʝ ɻʣʦʙʫʩ-ʄ ʠʤʝʝʪ ʚʠʜ 

ʣʠʥʝʡʥʦʡ ʩʪʘʮʠʦʥʘʨʥʦʡ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʩʦʩʪʦʷʥʠʡ: 

,x Ax Bu y Cx= + =, 

ʛʜʝ A75Ῐ75, B75Ῐ8, C39Ῐ75 ï ʤʘʪʨʠʮʳ ʤʦʜʝʣʠ. ɺʝʢʪʦʨ ʚʳʭʦʜʥʳʭ ʩʠʛʥʘʣʦʚ:   

y = [ Zd  Rd  
pId  HFCId  VFCId  CSId  PFId  CCId  Tgd ]T, 

ʛʜʝ Zd , Rd  ï ʩʤʝʱʝʥʠʷ ʧʣʘʟʤʳ ʧʦ ʛʦʨʠʟʦʥʪʘʣʠ ʠ ʧʦ ʚʝʨʪʠʢʘʣʠ, 
pId  ï 

ʧʨʠʨʘʱʝʥʠʝ ʪʦʢʘ ʧʣʘʟʤʳ, HFCId , VFCId , CSId , PFId , CCId   ï ʧʨʠʨʘʱʝʥʠʷ ʪʦʢʦʚ 

ʚ HFC, VFC, CS, PF, CC ʢʘʪʫʰʢʘʭ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ (ʈʠʩ. 7, ʙ), gd  ï ʩʤʝʱʝʥʠʷ 

ʰʝʩʪʠ ʟʘʟʦʨʦʚ ʤʝʞʜʫ ʩʝʧʘʨʘʪʨʠʩʦʡ ʠ ʧʝʨʚʦʡ ʩʪʝʥʢʦʡ (ʈʠʩ. 7, ʚ). ɺʝʢʪʦʨ 

ʚʭʦʜʥʳʭ ʚʦʟʜʝʡʩʪʚʠʡ:  u = [ HFCUd  VFCUd  CSUd  PFUd  CCUd ]T, ʛʜʝ HFCUd , ,VFCUd

CSUd , PFUd , CCUd  ï ʧʨʠʨʘʱʝʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʚ HFC, VFC, CS, PF, CC 

ʢʘʪʫʰʢʘʭ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʂʦʤʧʦʥʝʥʪʳ ʚʝʢʪʦʨʘ ʩʦʩʪʦʷʥʠʷ x ʧʨʝʜʩʪʘʚʣʷʶʪ 

ʩʦʙʦʡ ʧʨʠʨʘʱʝʥʠʷ ʪʦʢʦʚ ʚ ʧʘʩʩʠʚʥʳʭ ʩʪʨʫʢʪʫʨʘʭ ʠ ʘʢʪʠʚʥʳʭ ʦʙʤʦʪʢʘʭ. 

ʄʝʪʦʜʦʤ H¤-ʦʧʪʠʤʠʟʘʮʠʠ ʩʠʥʪʝʟʠʨʦʚʘʥʳ ʨʝʛʫʣʷʪʦʨʳ ʜʣʷ ʢʦʥʪʫʨʦʚ 

ʚʝʨʪʠʢʘʣʴʥʦʡ ʠ ʛʦʨʠʟʦʥʪʘʣʴʥʦʡ ʩʪʘʙʠʣʠʟʘʮʠʠ ʧʣʘʟʤʳ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʦʩʥʦʚʘʥ 

ʥʘ ʚʟʘʠʤʥʦ-ʧʨʦʩʪʦʡ ʬʘʢʪʦʨʠʟʘʮʠʠ ( )( )
1

M NG M N
-

D= +D +D ʚʦʟʤʫʱʝʥʥʦʡ 

ʧʝʨʝʜʘʪʦʯʥʦʡ ʬʫʥʢʮʠʠ ʤʦʜʝʣʠ ʦʙʲʝʢʪʘ 
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D D <, ʛʜʝ 
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I e
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, ʷʚʣʷʝʪʩʷ H¤-ʥʦʨʤʦʡ ( ( )( ) max ( )G s G jw

w
s

¤
) ʧʘʨʳ 

ʥʝʦʧʨʝʜʝʣʝʥʥʳʭ ʫʩʪʦʡʯʠʚʳʭ ʧʝʨʝʜʘʪʦʯʥʳʭ ʬʫʥʢʮʠʡ ND , MD  ʚ ʩʦʤʥʦʞʠʪʝʣʷʭ 

ʬʘʢʪʦʨʠʟʘʮʠʠ ʚʦʟʤʫʱʝʥʥʦʡ ʤʦʜʝʣʠ ʦʙʲʝʢʪʘ. ʇʨʠ ʩʠʥʪʝʟʝ ʨʝʛʫʣʷʪʦʨʘ ʚʥʘʯʘʣʝ 

ʢ ʚʦʟʤʫʱʝʥʥʦʡ ʤʦʜʝʣʠ ʦʙʲʝʢʪʘ ʧʦʜʢʣʶʯʘʣʠʩʴ ʚʝʩʦʚʳʝ ʬʫʥʢʮʠʠ ()1W s  ʠ  

()2W s : () () () ()2 1G s W s G s W sD=  ʪʘʢʠʝ, ʯʪʦʙʳ ʥʘ ʥʠʟʢʠʭ ʯʘʩʪʦʪʘʭ ʙʳʣ ʙʦʣʴʰʦʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʫʩʠʣʝʥʠʷ ()s w (ʤʠʥʠʤʘʣʴʥʦʝ ʩʠʥʛʫʣʷʨʥʦʝ ʯʠʩʣʦ G(s)), ʘ ʥʘ 

ʚʳʩʦʢʠʭ ï ʥʝʙʦʣʴʰʦʡ ()s w (ʤʘʢʩʠʤʘʣʴʥʦʝ ʩʠʥʛʫʣʷʨʥʦʝ ʯʠʩʣʦ G(s)) (ʦʪʩʶʜʘ 

ʥʘʟʚʘʥʠʝ: loop shaping). ʇʦʩʣʝ ʧʦʣʫʯʝʥʠʷ ʨʦʙʘʩʪʥʦʛʦ ʨʝʛʫʣʷʪʦʨʘ ()K s¤  ʧʫʪʝʤ 

ʤʘʢʩʠʤʠʟʘʮʠʠ ʟʘʧʘʩʘ ʫʩʪʦʡʯʠʚʦʩʪʠ ʥʘ ʤʥʦʞʝʩʪʚʝ ʩʪʘʙʠʣʠʟʠʨʫʶʱʠʭ 

ʨʝʛʫʣʷʪʦʨʦʚ, ʬʦʨʤʠʨʫʝʪʩʷ ʬʠʥʘʣʴʥʳʡ ʨʝʛʫʣʷʪʦʨ ʚʠʜʘ: 

() () () ()1 2K s W s K s W s¤= . ɿʘʧʘʩʳ ʨʦʙʘʩʪʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʠʩʪʝʤ ʩ 

ʧʦʣʫʯʝʥʥʳʤʠ ʨʝʛʫʣʷʪʦʨʘʤʠ: e = 0,33 ʜʣʷ ʢʦʥʪʫʨʘ ʫʧʨʘʚʣʝʥʠʷ ʚʝʨʪʠʢʘʣʴʥʳʤ ʠ 

e = 0,37 ʜʣʷ ʢʦʥʪʫʨʘ ʫʧʨʘʚʣʝʥʠʷ ʛʦʨʠʟʦʥʪʘʣʴʥʳʤ ʧʦʣʦʞʝʥʠʝʤ ʧʣʘʟʤʳ. 

ʉʠʥʪʝʟʠʨʦʚʘʥʥʳʝ H¤-ʨʝʛʫʣʷʪʦʨʳ ʧʨʦʪʝʩʪʠʨʦʚʘʥʳ ʥʘ ʢʦʜʝ DINA, 

ʥʘʩʪʨʦʝʥʥʦʛʦ ʥʘ ʧʣʘʟʤʫ ʚ ʪʦʢʘʤʘʢʝ ɻʣʦʙʫʩ-ʄ. ʅʘ ʧʝʨʚʦʤ ʵʪʘʧʝ ʤʦʜʝʣʠʨʦʚʘʣʩʷ 
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ʪʦʣʴʢʦ ʦʜʠʥ ʢʦʥʪʫʨ ʩʪʘʙʠʣʠʟʘʮʠʠ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʧʣʘʟʤʳ. ɺ 

ʢʘʯʝʩʪʚʝ ʟʘʜʘʶʱʝʛʦ ʚʦʟʜʝʡʩʪʚʠʷ (ʫʩʪʘʚʢʠ) ʥʘ ʩʠʩʪʝʤʫ ʫʧʨʘʚʣʝʥʠʷ ʧʦʜʘʚʘʣʘʩʴ 

ʩʪʫʧʝʥʯʘʪʘʷ ʬʫʥʢʮʠʷ ʚʨʝʤʝʥʠ. ʄʦʜʝʣʠʨʦʚʘʣʩʷ ʧʨʦʤʝʞʫʪʦʢ ʧʣʘʟʤʝʥʥʦʛʦ 

ʨʘʟʨʷʜʘ  ̄31648 ʦʪ 185 ʤʩ ʜʦ 195 ʤʩ ʜʣʠʪʝʣʴʥʦʩʪʴʶ 10 ʤʩ. ɺ ʧʨʦʮʝʩʩʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʦʢ ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʧʣʘʟʤʳ ʧʨʠʥʠʤʘʣʠʩʴ ʧʦʩʪʦʷʥʥʳʤʠ.  

ɺ ʭʦʜʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘʙʣʶʜʘʣʦʩʴ ʢʘʯʝʩʪʚʝʥʥʦʝ ʠʟʤʝʥʝʥʠʝ ʤʘʛʥʠʪʥʦʡ 

ʢʦʥʬʠʛʫʨʘʮʠʠ ʧʣʘʟʤʳ ï ʚʝʨʭʥʷʷ (ʘ)-ʥʠʞʥʷʷ (ʙ)-ʚʝʨʭʥʷʷ (ʚ) X-ʪʦʯʢʠ (ʈʠʩ. 8), 

ʢʦʪʦʨʦʝ ʤʦʞʥʦ ʦʙʲʷʩʥʠʪʴ ʪʝʤ, ʯʪʦ ʚʝʨʪʠʢʘʣʴʥʦʝ ʧʦʣʦʞʝʥʠʝ ʧʣʘʟʤʳ ʧʨʠ ʩʚʦʸʤ 

ʧʨʠʥʫʜʠʪʝʣʴʥʦʤ ʠʟʤʝʥʝʥʠʠ ʧʦʩʨʝʜʩʪʚʦʤ ʩʠʩʪʝʤʳ ʩ ʦʙʨʘʪʥʦʡ ʩʚʷʟʴʶ 

ʧʨʦʭʦʜʠʪ ʯʝʨʝʟ ʛʨʘʥʠʮʫ ʚ ʧʨʦʩʪʨʘʥʩʪʚʝ ʧʘʨʘʤʝʪʨʦʚ, ʨʘʟʜʝʣʷʶʱʫʶ ʵʪʦ 

ʧʨʦʩʪʨʘʥʩʪʚʦ ʥʘ ʦʙʣʘʩʪʠ ʩ ʢʘʯʝʩʪʚʝʥʥʦ ʨʘʟʥʳʤʠ ʧʣʘʟʤʝʥʥʳʤʠ 

ʢʦʥʬʠʛʫʨʘʮʠʷʤʠ, ʪ.ʝ. ʵʪʦ ʙʠʬʫʨʢʘʮʠʷ. 

 
              (ʘ)              (ʙ)             (ʚ) 

ʈʠʩ. 8. ʕʚʦʣʶʮʠʷ ʤʘʛʥʠʪʥʦʡ ʢʦʥʬʠʛʫʨʘʮʠʠ ʧʣʘʟʤʳ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʨʘʙʦʪʳ ʢʦʥʪʫʨʘ 

ʩʠʩʪʝʤʳ ʚʝʨʪʠʢʘʣʴʥʦʡ ʩʪʘʙʠʣʠʟʘʮʠʠ (Ip = 151880 ɸ): (ʘ) ï ʥʘʯʘʣʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, (ʙ) ï 

ʧʝʨʝʨʝʛʫʣʠʨʦʚʘʥʠʝ, (ʚ) ï ʢʦʥʝʮ ʤʦʜʝʣʠʨʦʚʘʥʠʷ  

 

  
(ʘ) (ʙ) 

ʈʠʩ. 9. ʉʤʝʱʝʥʠʝ ʧʦʣʦʞʝʥʠʷ ʤʘʛʥʠʪʥʦʡ ʦʩʠ ʧʣʘʟʤʳ (ʘ) ʧʦ ʚʝʨʪʠʢʘʣʠ ʠ (ʙ) ʧʦ 

ʛʦʨʠʟʦʥʪʘʣʠ 
ʅʘ ʚʪʦʨʦʤ ʵʪʘʧʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʥʘ ʢʦʜʝ DINA ʧʨʠʤʝʥʷʣʘʩʴ 

ʜʚʫʭʢʦʥʪʫʨʥʘʷ ʩʠʩʪʝʤʘ ʦʜʥʦʚʨʝʤʝʥʥʦʡ ʩʪʘʙʠʣʠʟʘʮʠʠ ʚʝʨʪʠʢʘʣʴʥʦʛʦ ʠ 
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ʛʦʨʠʟʦʥʪʘʣʴʥʦʛʦ ʧʦʣʦʞʝʥʠʷ ʧʣʘʟʤʳ (ʈʠʩ. 9). ʇʨʠ ʵʪʦʤ ʩʠʩʪʝʤʘ ʩʪʘʙʠʣʠʟʘʮʠʠ 

ʩʤʝʱʘʝʪ ʧʣʘʟʤʫ ʚʚʝʨʭ ʩ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʤʠ ʠʟʤʝʥʝʥʠʷʤʠ ʪʦʢʦʚ ʚ ʢʘʪʫʰʢʘʭ 

HFC ʠ VFC. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʥʝʪ ʧʝʨʝʭʦʜʘ ʛʨʘʥʠʮʳ ʙʠʬʫʨʢʘʮʠʠ, ʠ ʧʨʠ ʪʘʢʦʤ 

ʩʤʝʱʝʥʠʠ ʧʣʘʟʤʘ ʩʦʭʨʘʥʷʝʪ ʢʦʥʬʠʛʫʨʘʮʠʶ ʩ ʚʝʨʭʥʝʡ ʍ-ʪʦʯʢʦʡ. ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʩʠʥʪʝʟʠʨʦʚʘʥʥʳʝ ʨʝʛʫʣʷʪʦʨʳ ʫʧʨʘʚʣʝʥʠʷ ʚʝʨʪʠʢʘʣʴʥʳʤ ʠ 

ʛʦʨʠʟʦʥʪʘʣʴʥʳʤ ʧʦʣʦʞʝʥʠʝʤ ʧʣʘʟʤʳ ʙʝʟ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʥʘʩʪʨʦʡʢʠ ʫʩʧʝʰʥʦ 

ʧʨʦʪʝʩʪʠʨʦʚʘʥʳ ʚ ʦʙʨʘʪʥʦʡ ʩʚʷʟʠ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʜʣʷ ʪʦʢʘʤʘʢʘ ɻʣʦʙʫʩ-

ʄ ʥʘ ʧʣʘʟʤʦ-ʬʠʟʠʯʝʩʢʦʤ ʢʦʜʝ DINA, ʪʝʤ ʩʘʤʳʤ ʢʦʩʚʝʥʥʦ ʚʝʨʠʬʠʮʠʨʦʚʘʥʳ 

ʧʦʩʪʨʦʝʥʥʳʝ ʧʦ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʤ ʜʘʥʥʳʤ ʤʦʜʝʣʠ ʧʣʘʟʤʳ. 

ʇʀɼ-ʨʝʛʫʣ̫ʪʦʨ 

ʛʦʨʠʟʦʥʪʘʣɹʥʦʛʦ ʧʦʣʦʞʝʥʠ̫

ʇʀɼ-ʨʝʛʫʣ̫ʪʦʨ 

ʚʝʨʪʠʢʘʣɹʥʦʛʦ ʧʦʣʦʞʝʥʠ̫

r
       UHFC

ʇʣʘʟʤʘ ʚ 

ʪʦʢʘʤʘʢʝ 

ɻʣʦʙʫʩ-ʄɺr ʧʨ̫ʤʠ-

ʪʝʣɹ

ʇʀɼ-ʨʝʛʫʣ̫ʪʦʨ 

ʪʦʢʘ ʧʣʘʟʤr

ɺr ʧʨ̫ʤʠ-

ʪʝʣʠ (5)
HÐ ʨʝʛʫʣ̫ʪʦʨ 

ʬʦʨʤr  ʧʣʘʟʤr  

(5Ĭ6)

       UVFC

IPF (5)

 ŭg (6)
ICS

  ŭIp

 ŭR

ŭZʀʥʚʝʨʪʦʨ 

ʪʦʢʘ
+_

+_

+_

+_

+_

+_

P

P

r

r

r

ʀʥʚʝʨʪʦʨ 

ʪʦʢʘ

 
ʈʠʩ. 10. ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʦʞʝʥʠʝʤ, ʪʦʢʦʤ ʠ ʬʦʨʤʦʡ 

ʧʣʘʟʤʳ ʚ ʪʦʢʘʤʘʢʝ ɻʣʦʙʫʩ-ʄ 

 

ɼʣʷ ʪʦʢʘʤʘʢʘ ɻʣʦʙʫʩ-ʄ ʩʠʥʪʝʟʠʨʦʚʘʥʘ ʤʥʦʛʦʢʦʥʪʫʨʥʘʷ ʩʠʩʪʝʤʘ 

ʫʧʨʘʚʣʝʥʠʷ (ʈʠʩ. 10) ʚʝʨʪʠʢʘʣʴʥʳʤ ʠ ʛʦʨʠʟʦʥʪʘʣʴʥʳʤ ʧʦʣʦʞʝʥʠʝʤ, ʪʦʢʦʤ ʠ 

ʬʦʨʤʦʡ ʧʣʘʟʤʳ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʇʀɼ ʠ HÐ-ʨʝʛʫʣʷʪʦʨʦʚ (ʩʠʥʪʝʟ ʤʝʪʦʜʦʤ HÐ- 

robust loop shaping) ʜʣʷ ʠʜʝʥʪʠʬʠʮʠʨʦʚʘʥʥʳʭ ʤʦʜʝʣʝʡ ʥʠʟʢʦʛʦ ʧʦʨʷʜʢʘ (2, 3, 

9 ʠ 20-ʛʦ ʧʦʨʷʜʢʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ) ʤʝʪʦʜʦʤ ʧʦʜʧʨʦʩʪʨʘʥʩʪʚ. ʇʦʩʣʝ ʧʝʨʝʥʦʩʘ 

ʨʝʛʫʣʷʪʦʨʦʚ ʥʘ ʦʙʲʝʢʪ ʩ ʧʦʣʥʦʡ ʤʦʜʝʣʴʶ ʧʣʘʟʤʳ (75-ʛʦ ʧʦʨʷʜʢʘ, ʨʘʟʨʘʙʦʪʯʠʢ 

ʥʘʫʯʥʳʡ ʩʦʪʨʫʜʥʠʢ ʀʇʋ ʠʤ. ɺ.ɸ. ʊʨʘʧʝʟʥʠʢʦʚʘ ʈɸʅ ʇ.ʉ. ʂʦʨʝʥʝʚ) ʩʠʩʪʝʤʘ 

ʩʦʭʨʘʥʠʣʘ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʩ ʧʨʠʝʤʣʝʤʳʤ ʢʘʯʝʩʪʚʦʤ ʫʧʨʘʚʣʝʥʠʷ, ʯʪʦ 

ʩʚʠʜʝʪʝʣʴʩʪʚʫʝʪ ʦ ʧʨʘʚʦʤʝʨʥʦʩʪʠ ʧʨʠʤʝʥʝʥʠʷ ʜʘʥʥʦʛʦ ʧʦʜʭʦʜʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʠ. ʉ ʧʦʤʦʱʴʶ ʯʠʩʣʝʥʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʜʪʚʝʨʞʜʝʥʘ 

ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʴ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʩʦ ʟʚʝʥʴʷʤʠ ʪʨʘʥʩʧʦʨʪʥʦʛʦ 

ʟʘʧʘʟʜʳʚʘʥʠʷ 10 ʤʢʩ ʥʘ ʚʭʦʜʝ ʠ ʚʳʭʦʜʝ ʤʦʜʝʣʝʡ ʦʙʲʝʢʪʘ ʠ ʨʝʛʫʣʷʪʦʨʘ ʩ 

ʠʤʠʪʘʮʠʝʡ ʥʘʣʠʯʠʷ ʎɸʇ ʠ ɸʎʇ ʥʘ ʚʭʦʜʘʭ ʠ ʚʳʭʦʜʘʭ ʤʦʜʝʣʝʡ ʦʙʲʝʢʪʘ ʠ 

ʨʝʛʫʣʷʪʦʨʘ. 

ɼʣʷ ʩʠʥʪʝʟʘ ʨʝʛʫʣʷʪʦʨʦʚ ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʦʞʝʥʠʝʤ ʠ ʪʦʢʦʤ ʧʣʘʟʤʳ 

ʧʨʠʤʝʥʷʣʩʷ ʤʝʪʦʜ ʥʘʩʪʨʦʡʢʠ ʇʀɼ-ʨʝʛʫʣʷʪʦʨʦʚ PID 1p i d fK K s K s T s= + + + 

ʧʦʩʨʝʜʩʪʚʦʤ ʠʥʩʪʨʫʤʝʥʪʘ PID Tuner ʧʨʦʛʨʘʤʤʳ ʚ MATLAB  (ʈʠʩ. 10), 

ʧʦʟʚʦʣʷʶʱʠʡ ʜʦʩʪʠʛʘʪʴ ʪʨʝʙʫʝʤʦʛʦ ʢʘʯʝʩʪʚʘ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʦʚ ʠ ʟʘʧʘʩʘ 

ʫʩʪʦʡʯʠʚʦʩʪʠ ʩʠʩʪʝʤʳ. ʇʨʠ ʩʠʥʪʝʟʝ ʤʥʦʛʦʤʝʨʥʦʛʦ ʨʝʛʫʣʷʪʦʨʘ K 

(ʧʨʝʜʩʪʘʚʣʷʶʱʝʛʦ ʩʦʙʦʡ ʧʝʨʝʜʘʪʦʯʥʫʶ ʤʘʪʨʠʮʫ ʨʘʟʤʝʨʥʦʩʪʠ 56) ʬʦʨʤʳ 

ʧʣʘʟʤʳ ʧʨʠʤʝʥʷʣʩʷ ʤʝʪʦʜ HÐ- ʦʧʪʠʤʠʟʘʮʠʠ (HÐ- robust loop shaping). ʇʨʠ ʵʪʦʤ 

³
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ʟʘʧʘʩ ʨʦʙʘʩʪʥʦʡ ʫʩʪʦʡʯʠʚʦʩʪʠ 

ʧʦʣʫʯʝʥʥʦʛʦ ʨʝʛʫʣʷʪʦʨʘ =0,36.   

ʈʝʟʫʣʴʪʘʪʳ ʯʠʩʣʝʥʥʦʛʦ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʩʠʥʪʝʟʠʨʦʚʘʥʥʦʡ ʩʠʩʪʝʤʳ 

ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 13. ɼʣʷ ʪʝʩʪʠʨʦʚʘʥʠʷ 

ʩʠʩʪʝʤʳ ʥʘ ʝʸ ʚʭʦʜ ʧʦʜʘʚʘʣʠʩʴ 

ʩʪʫʧʝʥʯʘʪʳʝ ʟʘʜʘʶʱʠʝ ʚʦʟʜʝʡʩʪʚʠʷ: 0 ʤ ʧʦ 

ʚʝʨʪʠʢʘʣʴʥʦʤʫ ʧʦʣʦʞʝʥʠʶ, 0,01 ʤ ʧʦ 

ʛʦʨʠʟʦʥʪʘʣʴʥʦʤʫ ʧʦʣʦʞʝʥʠʶ, 5 ʢɸ ʧʦ ʪʦʢʫ 

ʧʣʘʟʤʳ ʠ 0,01 [1 1 -1 -1 0 1] ʤ ʧʦ ʟʘʟʦʨʘʤ. 

ʇʨʠ ʵʪʦʤ ʩʝʧʘʨʘʪʨʠʩʘ ʩʤʝʩʪʠʣʘʩʴ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʚʦʝʛʦ ʠʩʭʦʜʥʦʛʦ ʧʦʣʦʞʝʥʠʷ 

(ʈʠʩ. 11).  

ʏʝʪʚʝʨʪʘʷ ʛʣʘʚʘ [4] ʧʦʩʚʷʱʝʥʘ 

ʨʘʟʨʘʙʦʪʢʝ ʠ ʠʩʩʣʝʜʦʚʘʥʠʶ ʨʦʙʘʩʪʥʳʭ 

ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʩ ʩʦʚʤʝʩʪʥʳʤ ʠ 

ʨʘʟʜʝʣʴʥʳʤ ʫʧʨʘʚʣʝʥʠʝʤ ʚ ʤʝʜʣʝʥʥʳʭ ʢʦʥʪʫʨʘʭ ʪʦʢʦʤ ʠ ʬʦʨʤʦʡ ʧʣʘʟʤʳ, ʘ 

ʪʘʢʞʝ ʩ ʜʚʦʡʥʦʡ ʨʘʟʚʷʟʢʦʡ ʢʘʥʘʣʦʚ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʬʦʨʤʦʡ ʧʣʘʟʤʳ.  

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʪʨʫʢʪʫʨʳ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʪʦʢʦʤ ʠ ʬʦʨʤʦʡ 

ʧʣʘʟʤʳ ʥʝʦʙʭʦʜʠʤʦ ʚʥʘʯʘʣʝ ʩʪʘʙʠʣʠʟʠʨʦʚʘʪʴ ʝʸ ʧʦʣʦʞʝʥʠʝ. ʇʦʵʪʦʤʫ ʚ 

ʢʦʥʪʫʨʳ ʫʧʨʘʚʣʝʥʠʷ ʚʝʨʪʠʢʘʣʴʥʳʤ ʠ ʛʦʨʠʟʦʥʪʘʣʴʥʳʤ ʧʦʣʦʞʝʥʠʝʤ ʧʣʘʟʤʳ ʚ 

ʪʦʢʘʤʘʢʝ ɻʣʦʙʫʩ-ʄ ʚʚʝʜʝʥʳ ʇʀɼ-ʨʝʛʫʣʷʪʦʨʳ. ʊʘʢʞʝ ʟʘʤʢʥʫʪ ʚʥʫʪʨʝʥʥʠʡ 

ʤʥʦʛʦʤʝʨʥʳʡ ʢʘʩʢʘʜ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ, ʢʦʪʦʨʳʡ ʫʧʨʘʚʣʷʝʪ ʪʦʢʦʤ ʚ 

ʮʝʥʪʨʘʣʴʥʦʤ ʩʦʣʝʥʦʠʜʝ ʠ ʚ ʢʘʪʫʰʢʘʭ ʧʦʣʦʠʜʘʣʴʥʦʛʦ ʧʦʣʷ. ʇʦʣʫʯʝʥʥʘʷ 

ʩʠʩʪʝʤʘ ʩ 6 ʚʭʦʜʘʤʠ ʠ 7 ʚʳʭʦʜʘʤʠ ʷʚʣʷʝʪʩʷ ʦʙʲʝʢʪʦʤ ʩʪʨʫʢʪʫʨʥʦʛʦ ʘʥʘʣʠʟʘ. 

ʄʦʜʝʣʴ ʢʦʥʪʫʨʘ ʫʧʨʘʚʣʝʥʠʷ ʪʦʢʦʤ ʠʤʝʝʪ 1 ʚʭʦʜ ( CSId ) ʠ 1 ʚʳʭʦʜ (pId ), ʘ 

ʤʦʜʝʣʴ ʢʦʥʪʫʨʘ ʫʧʨʘʚʣʝʥʠʷ ʬʦʨʤʦʡ ʧʣʘʟʤʳ ʠʤʝʝʪ 5 ʚʭʦʜʦʚ (PFId ) ʠ 6 ʚʳʭʦʜʦʚ 

( gd ). ʈʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʜʚʝ ʘʣʴʪʝʨʥʘʪʠʚʥʳʝ ʩʪʨʫʢʪʫʨʳ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ: ʩ 

ʩʦʚʤʝʩʪʥʳʤ (ʩʠʥʪʝʟʠʨʫʝʪʩʷ ʦʜʠʥ ʦʙʱʠʡ ʨʝʛʫʣʷʪʦʨ) ʠ ʩ ʨʘʟʜʝʣʴʥʳʤ 

(ʩʠʥʪʝʟʠʨʫʶʪʩʷ ʜʚʘ ʨʝʛʫʣʷʪʦʨʳ) ʫʧʨʘʚʣʝʥʠʝʤ ʪʦʢʦʤ ʠ ʬʦʨʤʦʡ ʧʣʘʟʤʳ. ʉ 

ʠʥʞʝʥʝʨʥʦʡ ʪʦʯʢʠ ʟʨʝʥʠʷ ʫʜʦʙʥʳʤ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʫʧʨʘʚʣʝʥʠʷ ʷʚʣʷʝʪʩʷ 

ʢʚʘʜʨʘʪʥʳʡ ʦʙʲʝʢʪ, ʪ.ʝ. ʦʙʲʝʢʪ ʩ ʨʘʚʥʳʤ ʯʠʩʣʦʤ ʚʭʦʜʦʚ ʠ ʚʳʭʦʜʦʚ. ʊʘʢʘʷ 

ʩʪʨʫʢʪʫʨʘ ʦʙʲʝʢʪʘ ʧʦʟʚʦʣʷʝʪ ʜʝʣʘʪʴ ʨʘʟʚʷʟʢʫ ʢʘʥʘʣʦʚ ʫʧʨʘʚʣʝʥʠʷ, ʯʪʦ 

ʩʫʱʝʩʪʚʝʥʥʦ ʫʧʨʦʱʘʝʪ ʥʘʩʪʨʦʡʢʫ ʩʠʩʪʝʤʳ: ʧʦʟʚʦʣʷʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ 

ʥʘʩʪʨʘʠʚʘʪʴ ʢʘʥʘʣʳ ʠ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʦʩʪʳʝ ʇʀɼ-ʨʝʛʫʣʷʪʦʨʳ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʜʣʷ ʦʧʨʝʜʝʣʝʥʠʷ ʥʘʠʙʦʣʝʝ ʵʬʬʝʢʪʠʚʥʦʡ ʩʪʨʫʢʪʫʨʳ ʦʙʲʝʢʪʘ ʫʧʨʘʚʣʝʥʠʷ 

ʥʝʦʙʭʦʜʠʤʦ ʨʘʩʩʤʦʪʨʝʪʴ ʩʣʝʜʫʶʱʠʝ 4 ʚʘʨʠʘʥʪʘ ʩʪʨʫʢʪʫʨ: ʩʠʩʪʝʤʘ ʩ 

ʨʘʟʜʝʣʴʥʳʤ ʫʧʨʘʚʣʝʥʠʝʤ ʪʦʢʦʤ ʠ ʬʦʨʤʦʡ ʧʣʘʟʤʳ ʠ ʠʩʢʣʶʯʝʥʥʳʤ (1) 3 ʠʣʠ 

(2) 4 ʟʘʟʦʨʦʤ, ʩʠʩʪʝʤʘ ʩ ʩʦʚʤʝʩʪʥʳʤ ʫʧʨʘʚʣʝʥʠʝʤ ʪʦʢʦʤ ʠ ʬʦʨʤʦʡ ʧʣʘʟʤʳ ʠ 

ʠʩʢʣʶʯʝʥʥʳʤ (3) 3 ʠʣʠ (4) 4 ʟʘʟʦʨʦʤ. ʇʨʠ ʨʝʰʝʥʠʠ ʟʘʜʘʯʠ ʩʠʥʪʝʟʘ 

ʨʝʛʫʣʷʪʦʨʦʚ ʜʣʷ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʭ ʢʦʥʪʫʨʦʚ ʫʧʨʘʚʣʝʥʠʷ ʠʩʩʣʝʜʦʚʘʥʠʝ 

ʛʨʘʬʠʢʦʚ ʯʘʩʪʦʪʥʳʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ s ʠ ʯʠʩʣʘ ʦʙʫʩʣʦʚʣʝʥʥʦʩʪʠ /g s s=  

ʧʦʟʚʦʣʷʝʪ ʢʦʣʠʯʝʩʪʚʝʥʥʦ ʩʨʘʚʥʠʪʴ ʦʙʲʝʢʪʳ ʫʧʨʘʚʣʝʥʠʷ. ʇʦʩʢʦʣʴʢʫ s ʚ 

ʨʘʙʦʯʝʤ ʯʘʩʪʦʪʥʦʤ ʜʠʘʧʘʟʦʥʝ 10-3000 ɻʮ ʙʦʣʴʰʝ ʜʣʷ ʩʠʩʪʝʤʳ ʩ ʨʘʟʜʝʣʴʥʳʤ 

e

³

ʈʠʩ. 11. ʉʤʝʱʝʥʠʝ ʩʝʧʘʨʘʪʨʠʩʳ 

(ʩʧʣʦʰʥʦʡ ʣʠʥʠʝʡ ʧʦʢʘʟʘʥʦ ʠʩʭʦʜʥʦʝ 

ʧʦʣʦʞʝʥʠʝ, ʧʫʥʢʪʠʨʥʦʡ  ʢʦʥʝʯʥʦʝ) 


