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ï ɸ ʧ ʩ ʪ ʨ ʘ ʢ ʪ ï 

 

ʇʨʠʤʝʥʘʪʘ ʥʘ ʥʘʧʨʝʜʥʠ ʪʝʭʥʦʣʦʛʠʠ ʢʘʢʦ ʤʘʰʠʥʩʢʦ ʫʯʝˁʝ (ML), ʚʝʰʪʘʯʢʠ ʥʝʚʨʦʥʩʢʠ ʤʨʝʞʠ 

(ANN) ʠ ʜʠʛʠʪʘʣʝʥ ʙʣʠʟʥʘʢ (DT) ʚʦ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʩʠʩʪʝʤʠ ʩʝ ʧʦʯʝʩʪʦ ʩʝ ʧʨʠʩʫʪʥʠ ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ 

ʨʝʚʦʣʫʮʠʦʥʠʟʠʨʘˁʝ ʥʘ ʠʥʜʫʩʪʨʠʠʪʝ ʩʦ ʮʝʣ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʝʬʠʢʘʩʥʦʩʪʘ, ʘʜʘʧʪʠʚʥʦʩʪʘ ʠ 

ʧʨʝʜʚʠʜʣʠʚʠʪʝ ʩʧʦʩʦʙʥʦʩʪʠ. ʆʚʠʝ ʪʝʭʥʦʣʦʛʠʠ ʠʤ ʦʚʦʟʤʦʞʫʚʘʘʪ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʩʠʩʪʝʤʠ ʜʘ ʫʯʘʪ 

ʦʜ ʧʦʜʘʪʦʮʠʪʝ, ʩʘʤʦʩʪʦʿʥʦ ʜʘ ʩʝ ʦʧʪʠʤʠʟʠʨʘʘʪ ʠ ʜʘ ʩʠʤʫʣʠʨʘʘʪ ʧʝʨʬʦʨʤʘʥʩʠ ʚʦ ʨʝʘʣʥʦ ʚʨʝʤʝ, 

ʧʨʘʚʝʿ˃ʠ ʛʦ ʫʧʨʘʚʫʚʘˁʝʪʦ ʧʦʧʘʤʝʪʥʦ ʠ ʧʦʧʨʠʣʘʛʦʜʣʠʚʦ ʥʘ ʨʘʟʣʠʯʥʠ ʜʠʥʘʤʠʯʢʠ ʫʩʣʦʚʠ. ɿʘ ʪʘʘ ʮʝʣ 

ʚʦ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ, ʠʩʪʨʘʞʫʚʘˁʝʪʦ ʩʝ ʬʦʢʫʩʠʨʘ ʥʘ ʠʥʪʝʛʨʘʮʠʿʘ ʥʘ ʨʘʟʣʠʯʥʠ ʪʝʭʥʠʢʠ ʥʘ ML ʩʦ 

ʮʝʣ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʝʬʠʢʘʩʥʦʩʪʘ ʠ ʧʝʨʬʦʨʤʘʥʩʠʪʝ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʩʠʩʪʝʤʠ ʧʨʝʜ ʩʝ ʢʘʿ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪʠ. 

ʎʝʣʪʘ ʥʘ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ʝ ʜʘ ʩʝ ʧʨʦʫʯʠ ʤʦʞʥʦʩʪʘ ʟʘ ʢʦʨʠʩʪʝˁʝ ʥʘ ANN, ML ʠ DT ʧʨʝʢʫ 

ʥʘʫʢʘʪʘ ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ. ʀʩʪʦʚʨʝʤʝʥʦ, ʧʨʝʢʫ ʥʘʚʝʜʝʥʠʪʝ ʪʝʭʥʠʢʠ ʜʘ ʩʝ ʨʘʟʚʠʝ 

ʩʧʝʮʠʬʠʯʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʢʦʨʠʩʪʝˁʝ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ, ʥʦ ʠ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʧʨʦʝʢʪʠʨʘˁʝ ʥʘ 

ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ, ʠʥʪʝʛʨʘʣʥʦ ʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦ (PID) ʫʧʨʘʚʫʚʘˁʝ. ʇʨʠ ʪʦʘ, ʜʝʬʠʥʠʨʘˁʝʪʦ ʥʘ 

ʤʝʪʦʜʦʣʦʛʠʿʘʪʘ ˃ʝ ʜʦʚʝʜʝ ʜʦ ʤʦʞʥʦʩʪ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ ʟʘ ʙʠʣʦ ʢʦʿ ʫʧʨʘʚʫʚʘʯʢʠ ʩʠʩʪʝʤ 

ʩʦ ʧʨʝʯʠʩʪʝʥʦ ʠ ʨʝʘʣʥʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ. ʇʨʠ ʘʥʘʣʠʟʘ ʥʘ ʤʦʜʝʣʠʪʝ, ʣʠʥʝʘʨʥʠʪʝ ʠ ʥʝʣʠʥʝʘʨʥʠʪʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ˃ʝ ʟʘʚʠʩʘʪ ʝʜʠʥʩʪʚʝʥʦ ʦʜ ʢʚʘʣʠʪʝʪʦʪ ʠ ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʦʙʨʘʙʦʪʫʚʘʥʦʪʦ ʧʦʜʘʪʦʯʥʦ 

ʤʥʦʞʝʩʪʚʦ. ʂʦʨʠʩʪʝˁʝʪʦ ʥʘ ʧʦʜʘʪʦʯʥʠʪʝ ʤʥʦʞʝʩʪʚʘ ʟʘ ʩʦʟʜʘʚʘˁʝ ʥʘ DT ˃ʝ ʦʙʝʟʙʝʜʘʪ ʦʩʥʦʚʥʦ 

ʨʘʟʙʠʨʘˁʝ ʥʘ ʜʝʿʩʪʚʫʚʘˁʝʪʦ ʥʘ ʩʠʩʪʝʤʦʪ, ʦʚʦʟʤʦʞʫʚʘʿ˃ʠ ʧʦʧʨʝʮʠʟʥʠ ʧʨʝʜʚʠʜʫʚʘˁʘ ʠ ʩʪʨʘʪʝʛʠʠ ʟʘ 

ʠʜʥʦ ʫʧʨʘʚʫʚʘˁʝ ʠ ʘʥʘʣʠʟʠʨʘˁʝ. 

ʄʝʪʦʜʠʪʝ ʥʘ ML, ʰʪʦ ʩʝ ʟʝʤʝʥʠ ʚʦ ʧʨʝʜʚʠʜ ʧʨʠ ʩʧʨʦʚʝʜʫʚʘˁʝ ʥʘ ʠʩʪʨʘʞʫʚʘˁʝʪʦ ʚʦ ʦʚʦʿ 

ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ʩʝ ʤʨʝʞʠ ʩʦ ʤʦʞʥʦʩʪ ʥʘ ʟʘʜʨʞʫʚʘˁʝ ʥʘ ʩʪʘʨʘʪʘ, ʥʦ ʚʘʞʥʘ ʠʥʬʦʨʤʘʮʠʿʘ ʧʦʜʦʣʛ 

ʚʨʝʤʝʥʩʢʠ ʧʝʨʠʦʜ ï ʜʦʣʛʘ ʢʨʘʪʢʦʨʦʯʥʘ ʤʝʤʦʨʠʿʘ (LSTM) ʠ ʤʝʪʦʜʘʪʘ ʥʘ ʧʦʚʝ˃ʝʩʣʦʝʥ ʧʝʨʮʝʧʪʨʦʥ 

(MLP). ʇʨʝʢʫ ʥʠʚ ˃ʝ ʩʝ ʦʚʦʟʤʦʞʠ ʘʥʘʣʠʟʘ ʥʘ ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʘʥʘʣʠʟʘ ʥʘ 

ʧʨʝʪʭʦʜʥʠ, ʠʩʪʦʨʠʩʢʠ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ ʩʦ ʮʝʣ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʝʬʠʢʘʩʥʦʩʪʘ ʥʘ ʩʠʩʪʝʤʦʪ ʧʨʝʢʫ 

ʥʝʛʦʚʘ ʩʦʦʜʚʝʪʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ, ʥʦ ʠ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʩʦ ʧʦʤʦʰ ʥʘ ʘʣʛʦʨʠʪʤʠ 

ʥʘ ANN ʟʘ ʧʦʜʦʙʨʝʥʦ ʫʧʨʘʚʫʚʘˁʝ. 

ʆʩʚʝʥ ʪʦʘ, ˃ʝ ʙʠʜʝ ʧʨʠʢʘʞʘʥʦ ʠ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʜʠʨʝʢʪʥʘ ʧʨʠʤʝʥʘ ʥʘ ʥʝʚʨʦʥʩʢʠ ʤʨʝʞʠ (NN) 

ʚʦ ʢʦʤʙʠʥʘʮʠʿʘ ʩʦ ʟʘʢʦʥ ʟʘ ʫʧʨʘʚʫʚʘˁʝ. ʄʝʪʦʜʘʪʘ ʥʘ ʙʨʟʦʧʨʦʪʦʪʠʧʠʨʘˁʝ (real-time control 

prototyping) ˃ʝ ʩʝ ʠʩʢʦʨʠʩʪʠ ʩʦ ʮʝʣ ʜʘ ʩʝ ʘʥʘʣʠʟʠʨʘʘʪ ʠ ʜʘ ʩʝ ʧʦʪʚʨʜʘʪ ʦʜʟʠʚʠʪʝ ʦʜ ʩʤʫʣʘʮʠʩʢʠʪʝ 

ʤʦʜʝʣʠ ʧʨʝʢʫ ʢʦʠ ˃ʝ ʙʠʜʝ ʧʨʠʢʘʞʘʥʦ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʜʦʙʠʝʥʠ ʩʦ ʧʦʤʦʰ ʥʘ ML ʚʨʟ 

ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʘʥʘʣʠʟʠʨʘʥʠʪʝ ʫʧʨʘʚʫʚʘʯʢʠ ʩʠʩʪʝʤʠ. ʀʩʪʦ ʪʘʢʘ ʦʜ ʠʟʚʝʜʝʥʠʪʝ 

ʣʘʙʦʨʘʪʦʨʠʩʢʠ ʤʝʨʝˁʘ ˃ʝ ʩʝ ʧʦʢʘʞʝ ʢʘʢʦ ʧʦʝʜʠʥʝʯʥʠ ʧʘʨʘʤʝʪʨʠ ʦʜ NN ʚʣʠʿʘʘʪ ʧʨʠ ʥʦʩʝˁʝ ʦʜʣʫʢʘ 

ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʚʦ ʨʝʘʣʥʦ ʚʨʝʤʝ, ʥʦ ʠ ʪʦʘ ʜʝʢʘ ʝ ʧʦʪʨʝʙʝʥ ʤʦ˃ʝʥ ʧʨʦʮʝʩʦʨ ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʛʦʣʝʤʠ 

ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ ʢʘʢʦ ʙʠ ʤʦʞʝʣ ʩʠʩʪʝʤʦʪ ʙʨʟʦ ʜʘ ʨʝʘʛʠʨʘ ʥʘ ʧʨʦʤʝʥʠ. ʅʦ ʠʩʪʦ ʪʘʢʘ ʧʦʪʨʝʙʝʥ 

ʝ ʠ ʩʦʚʨʝʤʝʥ ʧʨʦʮʝʩʦʨ ʩʦ ʮʝʣ ʦʙʨʘʙʦʪʢʘ ʥʘ ʤʦʜʝʣʦʪ ʥʘ ML ʧʨʠ ʜʠʨʝʢʪʥʘ ʧʨʠʤʝʥʘ ʥʘ ʭʘʨʜʚʝʨ. 

ʈʝʟʫʣʪʘʪʠʪʝ, ʥʦ ʠ ʧʨʠʢʘʞʘʥʠʪʝ ʪʝʭʥʠʢʠ ʚʦ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ʠʤʘʘʪ ʧʦʪʝʥʮʠʿʘʣ ʜʘ ʛʦ 

ʨʝʚʦʣʫʮʠʦʥʠʟʠʨʘʘʪ ʨʘʙʦʪʝˁʝʪʦ ʠ ʫʧʨʘʚʫʚʘˁʝʪʦ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʩʠʩʪʝʤʠ, ʧʨʘʚʝʿ˃ʠ ʛʠ 

ʧʨʠʣʘʛʦʜʣʠʚʠ ʥʘ ʧʨʦʤʝʥʣʠʚʠ ʫʩʣʦʚʠ. ɼʦʢʦʣʢʫ ʢʘʢʦ ʫʧʨʘʚʫʚʘʯʢʠ ʩʠʩʪʝʤʠ ʩʝ ʨʘʟʛʣʝʜʫʚʘ ʝʜʝʥ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ, ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ʧʨʠʜʦʥʝʩʫʚʘ ʟʘ ʨʘʟʤʠʩʣʫʚʘˁʝ ʠ ʦʚʦʟʤʦʞʫʚʘˁʝ ʢʦʥ 

ʧʦʩʪʠʛʥʫʚʘˁʝ ʧʦʯʠʩʪʘ ʠ ʧʦʝʬʠʢʘʩʥʘ ʝʥʝʨʛʝʪʩʢʘ ʤʨʝʞʘ ʧʨʝʢʫ ʠʩʢʦʨʠʩʪʫʚʘˁʝ ʥʘ ʮʝʣʦʩʥʠʦʪ 

ʧʦʪʝʥʮʠʿʘʣ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʪʝ ʨʝʩʫʨʩʠ. ʊʦʘ ʙʠ ʤʦʞʝʣʦ ʜʘ ʩʝ ʧʦʩʪʠʛʥʝ ʜʦʢʦʣʢʫ ʚʦ ʠʜʥʠʥʘ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʪʝ ʦʙʿʝʢʪʠ ʙʠʜʘʪ ʤʦʜʝʨʥʠʟʠʨʘʥʠ ʩʦ ʦʧʨʝʤʘ ʟʘ ʩʦʙʠʨʘˁʝ ʠ ʘʥʘʣʠʟʠʨʘˁʝ ʥʘ ʧʦʜʘʪʦʮʠ 

ʚʦ ʨʝʘʣʥʦ ʚʨʝʤʝ ʢʘʢʦ ʙʠ ʤʦʞʝʣʦ ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʝʬʠʢʘʩʥʘ ʘʥʘʣʠʟʘ ʥʘ ʠʟʤʝʨʝʥʠʪʝ ʧʦʜʘʪʦʮʠ ʠ ʜʘ ʩʝ 
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ʥʘʧʨʘʚʠ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʤʝʪʦʜʘʪʘ ʥʘ ʙʨʟʦ ʧʨʦʪʦʪʠʧʠʨʘˁʝ - real-time control prototyping 

ʚʦ ʟʘʚʠʩʥʦʩʪ ʦʜ ʜʦʩʪʘʧʥʠʪʝ ʠ ʩʥʠʤʝʥʠ ʧʦʜʘʪʦʮʠ. ʀʩʪʦ ʪʘʢʘ ʧʨʝʢʫ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ʝ ʥʘʧʨʘʚʝʥʘ 

ʘʥʘʣʠʟʘ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʦʜ ANN, ʥʦ ʠ ʢʘʢʦ ʪʠʝ ʚʣʠʿʘʘʪ ʚʨʟ ʫʧʨʘʚʫʚʘˁʝʪʦ ʥʘ ʝʜʝʥ ʦʙʿʝʢʪ ʥʘ 

ʫʧʨʘʚʫʚʘˁʝ. 

 

ʂʣʫʯʥʠ ʟʙʦʨʦʚʠ: ʦʙʿʝʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ, ʤʘʰʠʥʩʢʦ ʫʯʝˁʝ, LSTM, MLP, PID, ʧʨʝʜʚʠʜʫʚʘˁʝ, 

ʜʠʛʠʪʘʣʝʥ ʙʣʠʟʥʘʢ, back-calculation, anti-windup  
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ɹʣʘʛʦʜʘʨʥʦʩʪ  

 

 
ʅʘʿʥʘʧʨʝʜ, ʩʘʢʘʤ ʜʘ ʠʟʨʘʟʘʤ ʠʩʢʨʝʥʘ ʙʣʘʛʦʜʘʨʥʦʩʪ ʜʦ ʩʠʪʝ ʢʦʠ ʥʘ ʢʦʿ ʙʠʣʦ ʥʘʯʠʥ 

ʧʨʠʜʦʥʝʩʦʘ ʦʚʦʿ ʪʨʫʜ ʜʘ ʙʠʜʝ ʫʩʧʝʰʥʦ ʨʝʘʣʠʟʠʨʘʥ. ɺʘʰʘʪʘ ʧʦʜʜʨʰʢʘ, ʧʦʤʦʰ ʠ 

ʦʭʨʘʙʨʫʚʘˁʝ ʦʩʪʘʚʠʿʘ ʥʝʠʟʙʨʠʰʣʠʚʘ ʪʨʘʛʘ ʚʦ ʦʚʦʿ ʜʦʣʛ ʠ ʟʥʘʯʘʝʥ ʧʨʦʮʝʩ. 

 

ʇʦʩʝʙʥʦ ʩʝ ʟʘʙʣʘʛʦʜʘʨʫʚʘʤ ʥʘ ʤʦʿʦʪ ʤʝʥʪʦʨ, ʧʨʦʬ. ʜ-ʨ ɼʘʨʢʦ ɹʘʙʫʥʩʢʠ, ʟʘ ʥʝʛʦʚʘʪʘ 

ʧʦʩʚʝʪʝʥʦʩʪ, ʩʪʨʫʯʥʦʩʪ ʠ ʪʨʧʝʥʠʝ ʚʦ ʥʘʩʦʯʫʚʘˁʝʪʦ ʥʘ ʤʦʿʘʪʘ ʨʘʙʦʪʘ. ʅʝʛʦʚʘʪʘ ʧʦʜʜʨʰʢʘ ʠ 

ʜʦʚʝʨʙʘ ʙʝʘ ʢʣʫʯʥʠ ʟʘ ʟʘʚʨʰʫʚʘˁʝʪʦ ʥʘ ʦʚʦʿ ʜʦʢʪʦʨʘʪ. ɹʣʘʛʦʜʘʨʥʦʩʪ ʫʧʘʪʫʚʘʤ ʠ ʜʦ ʧʨʦʬ. 

ʜ-ʨ ɽʤʠʣ ɿʘʝʚ ʢʦʿ ʠʩʪʦ ʪʘʢʘ ʩʦ ʥʝʛʦʚʘʪʘ ʧʦʩʚʝʪʝʥʦʩʪ, ʢʦʨʠʩʥʠ ʩʦʚʝʪʠ ʠ ʜʦʙʨʦʥʘʤʝʨʥʦʩʪ 

ʧʦʤʦʛʥʘ ʜʘ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ʙʠʜʝ ʥʘ ʧʦʚʠʩʦʢʦ ʥʠʚʦ. ʀʩʪʦ ʪʘʢʘ ʠʤ ʩʝ 

ʟʘʙʣʘʛʦʜʘʨʫʚʘʤ ʥʘ ʧʨʦʬ. ʜ-ʨ ʃʘʟʝ ʊʨʘʿʢʦʚʩʢʠ ʠ ʜ-ʨ ɸʪʘʥʘʩʢʦ ʊʫʥʝʩʢʠ ʢʦʠ ʟʥʘʯʠʪʝʣʥʦ 

ʧʨʠʜʦʥʝʩʦʘ ʟʘ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʦʚʦʿ ʪʨʫʜ. 

 

ʀʩʢʣʫʯʠʪʝʣʥʘ ʙʣʘʛʦʜʘʨʥʦʩʪ ʫʧʘʪʫʚʘʤ ʜʦ ʧʨʦʬ. ʜ-ʨ ɻʝʨʭʘʨʜ ʈʘʪʭ ʦʜ ʋʥʠʚʝʨʟʠʪʝʪʦʪ ʚʦ 

ʃʝʦʙʝʥ, ɸʚʩʪʨʠʿʘ, ʟʘ ʥʝʛʦʚʘʪʘ ʧʦʜʜʨʰʢʘ, ʤʝʥʪʦʨʩʪʚʦ ʠ ʫʢʘʞʘʥʘʪʘ ʤʦʞʥʦʩʪ ʜʘ ʧʨʝʩʪʦʿʫʚʘʤ 

ʠ ʨʘʙʦʪʘʤ ʥʘ ʂʘʪʝʜʨʘʪʘ ʟʘ ɸʚʪʦʤʘʪʠʢʘ ʧʨʠ ʋʥʠʚʝʨʟʠʪʝʪʦʪ ʚʦ ʃʝʦʙʝʥ, ɸʚʩʪʨʠʿʘ. ʊʦʿ ʧʝʨʠʦʜ 

ʙʝʰʝ ʥʝʧʨʦʮʝʥʣʠʚʦ ʠʩʢʫʩʪʚʦ ʢʦʝ ʤʥʦʛʫ ʧʨʠʜʦʥʝʩʝ ʟʘ ʤʦʿʦʪ ʠʩʪʨʘʞʫʚʘʯʢʠ ʠ ʣʠʯʝʥ ʨʘʟʚʦʿ. 

 

ɻʦʣʝʤʘ ʙʣʘʛʦʜʘʨʥʦʩʪ ʜʦʣʞʘʤ ʠ ʥʘ ʤʦʝʪʦ ʩʝʤʝʿʩʪʚʦ ð ʥʘ ʪʘʪʢʦ ʤʠ ʃʘʟʘʨ, ʤʘʿʢʘ ʤʠ ʄʘʨʠʮʘ 

ʠ ʩʝʩʪʨʘ ʤʠ ʄʘʛʜʘʣʝʥʘ ð ʟʘ ʥʠʚʥʘʪʘ ʥʝʠʟʤʝʨʥʘ ˀʫʙʦʚ, ʦʭʨʘʙʨʫʚʘˁʝ ʠ ʪʨʧʝʥʠʝ ʚʦ ʪʝʢʦʪ ʥʘ 

ʮʝʣʠʦʪ ʧʨʦʮʝʩ. ɹʝʟ ʚʘʰʘʪʘ ʧʦʜʜʨʰʢʘ ʦʚʦʿ ʧʘʪ ʙʠ ʙʠʣ ʤʥʦʛʫ ʧʦʪʝʞʦʢ. 

 

ɹʣʘʛʦʜʘʨʥʦʩʪ ʫʧʘʪʫʚʘʤ ʠ ʜʦ ɻʦʨʜʘʥʘ, ʟʘ ʩʦʚʝʪʠʪʝ, ʨʘʟʙʠʨʘˁʝʪʦ ʠ ʠʩʪʨʘʿʥʦʩʪʘ ʚʦ ʩʠʪʝ 

ʤʦʤʝʥʪʠ ʢʦʛʘ ʪʦʘ ʤʠ ʙʝʰʝ ʥʘʿʧʦʪʨʝʙʥʦ. 

 

ʅʘʿʧʦʩʣʝ, ʦʜ ʩʨʮʝ ʤʫ ʙʣʘʛʦʜʘʨʘʤ ʥʘ ʄʘʨʪʠʥ, ʢʦʿ ʙʝʰʝ ʤʦʿ ʛʦʣʝʤ ʧʦʪʪʠʢ ʚʦ ʮʝʣʠʦʪ ʦʚʦʿ 

ʧʨʝʜʠʟʚʠʢʫʚʘʯʢʠ ʧʨʦʮʝʩ. 
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ʀʟʿʘʚʫʚʘʤ ʜʝʢʘ ʜʦʢʪʦʨʩʢʠʦʪ ʪʨʫʜ ʝ ʦʨʛʠʥʘʣʝʥ ʪʨʫʜ ʰʪʦ ʛʦ ʠʤʘʤ ʠʟʨʘʙʦʪʝʥʦ ʩʘʤʦʩʪʦʿʥʦ.  

 

      ʉʚʦʝʨʘʯʝʥ ʧʦʪʧʠʩ ʥʘ ʜʦʢʪʦʨʘʥʜʦʪ, ʩ.ʨ.          

                                                                                    ʈʘʜʤʠʣʘ ʂʦʣʝʚʘ 

 

 

 

 

(ʥʘ ʝʣʝʢʪʨʦʥʩʢʘʪʘ ʚʝʨʟʠʿʘ ʥʘ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ) 

 

ʀʟʿʘʚʫʚʘʤ ʜʝʢʘ ʝʣʝʢʪʨʦʥʩʢʘʪʘ ʚʝʨʟʠʿʘ ʥʘ ʜʦʢʪʦʨʩʢʠʦʪ ʪʨʫʜ ʝ ʠʜʝʥʪʠʯʥʘ ʩʦ ʦʪʧʝʯʘʪʝʥʠʦʪ 

ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ. 

 

       ʇʦʪʧʠʩ ʥʘ ʘʚʪʦʨʦʪ, ʩ.ʨ  
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ʇʨʝʛʣʝʜ ʥʘ ʩʠʤʙʦʣʠ ʧʦʚʨʟʘʥʠ ʩʦ ʤʦʜʝʣʠʨʘˁʝ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ 

 

ʀʤʝ ʥʘ ʦʟʥʘʢʘʪʘ ʆʟʥʘʢʘ ʄʝʨʥʘ ʚʝʣʠʯʠʥʘ 

ɼʦʣʞʠʥʘ ʥʘ ʮʝʚʢʦʚʦʜ L [ά] 

ɿʝʤʿʠʥʦ ʟʘʙʨʟʫʚʘˁʝ g [ά ίϳ ] 

ɺʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘʪʘ 
WT  [ί] 

ʇʨʦʪʦʢ ʥʠʟ ʪʫʨʙʠʥʘ ʧʨʠ ʧʦʪʧʦʣʥʦ ʦʪʚʦʨʝʥ ʩʧʨʦʚʦʜʝʥ 

ʘʧʘʨʘʪ   

 

baseq  

 

[-] 

ʇʨʠʪʠʩʦʢ ʥʠʟ ʪʫʨʙʠʥʘ ʧʨʠ ʧʦʪʧʦʣʥʦ ʦʪʚʦʨʝʥ 

ʩʧʨʦʚʦʜʝʥ ʘʧʘʨʘʪ 

 

baseh  

 

[-] 

ʇʦʧʨʝʯʝʥ ʧʨʝʩʝʢ ʥʘ ʮʝʚʢʦʚʦʜʦʪ A [ά ] 

ʄʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ 
mP  [Ὧὡ] 

ʇʦʚʨʰʠʥʘ ʥʘ ʦʪʚʦʨʝʥʦʩʪ ʥʘ ʣʦʧʘʪʢʠ ʥʘ ʩʧʨʦʚʦʜʝʥ 

ʘʧʘʨʘʪ 

 

C 

 

[ά ] 

ʂʦʝʬʠʮʠʝʥʪ ʥʘ ʟʘʛʫʙʠ ʚʦ ʮʝʚʢʦʚʦʜʦʪ 
fpf  [ά ά ίϳϳ ] 

ʇʘʜ ʥʘ ʧʨʠʪʠʩʦʢ ʥʠʟ ʪʫʨʙʠʥʘ 
tH   [ά] 

ɽʜʠʥʝʯʝʥ ʧʨʦʪʦʢ  
tQ  [pu] 

ʂʦʝʬʠʮʠʝʥʪ ʥʘ ʟʘʩʠʣʫʚʘˁʝ 
tA  [-] 

ɹʝʟʜʠʤʝʥʟʠʦʥʘʣʝʥ ʝʜʠʥʝʯʝʥ ʧʨʠʪʠʩʦʢ 
th  [pu] 

ɹʝʟʜʠʤʝʥʟʠʦʥʘʣʝʥ ʝʜʠʥʝʯʝʥ ʧʨʦʪʦʢ 
tq  [pu] 

ʇʨʦʪʦʢ ʥʠʟ ʪʫʨʙʠʥʘ ʢʦʛʘ ʥʝʤʘ ʦʧʪʦʚʘʨʫʚʘˁʝ  
nlq  [pu] 

ʂʦʝʬʠʮʠʝʥʪ ʥʘ ʧʨʠʜʫʰʫʚʘˁʝ ʥʘ ʪʫʨʙʠʥʘ D  [-] 

Aʛʦʣʥʘ ʙʨʟʠʥʘ w [rad/s] 

ʄʝʭʘʥʠʯʢʘʪʘ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ 
mT   [ί] 

ɺʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʩʝʨʚʦ ʨʘʩʧʦʨʝʜʥʠʢ 
AT  [ί] 

ʄʦʤʝʥʪ ʥʘ ʠʥʝʨʮʠʿʘ 2G DÖ  [ὸά] 

ɹʨʦʿ ʥʘ ʚʨʪʝʞʠ ʚʦ ʤʠʥʫʪʘ  
rn  [rev/min] 

ɻʝʥʝʨʠʨʘʥʘ ʤʦ˃ʥʦʩʪ  
rP  [ὓὡ] 

ɽʣʝʢʪʨʠʯʥʦ ʦʧʪʦʚʘʨʫʚʘˁʝ 
lP  [Ὧὡ 

ʇʨʦʧʦʨʮʠʦʥʘʣʥʘ ʢʦʥʩʪʘʥʪʘ 
pK  [-] 

ʀʥʪʝʛʨʘʣʥʘ ʢʦʥʩʪʘʥʪʘ 
iK  [-] 

ɼʠʬʝʨʝʥʮʠʿʘʣʥʘ ʢʦʥʩʪʘʥʪʘ  
dK  [-] 

ʇʝʨʠʦʜʘ ʥʘ ʦʩʮʠʣʘʮʠʠ 
uʊ  [ί] 
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ʇʨʝʛʣʝʜ ʥʘ ʩʠʤʙʦʣʠ ʧʦʚʨʟʘʥʠ ʩʦ ʤʘʰʠʥʩʢʦ ʫʯʝˁʝ 

 

ʀʤʝ ʥʘ ʦʟʥʘʢʘʪʘ ʆʟʥʘʢʘ ʄʝʨʥʘ ʚʝʣʠʯʠʥʘ 

ʇʘʨʘʤʝʪʨʠ ʢʦʠ ʿʘ ʜʝʬʠʥʠʨʘʘʪ ʤʨʝʞʘʪʘ 
ij - 

ɹʝʣ ʰʫʤ  
te - 

ʉʝʢʚʝʥʮʘ ʦʜ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʩʠʛʥʘʣ ()u k  - 

ɺʣʝʟ ʚʦ ʩʠʩʪʝʤʦʪ ʦʜ ʥʝʚʨʦʥʩʢʘʪʘ ʤʨʝʞʘ ()u k  - 

ʀʟʣʝʟ ʦʜ ʩʠʩʪʝʤʦʪ ()y k  - 

ɹʨʦʿ ʥʘ ʚʣʝʟʦʚʠ ʚʦ ʩʠʩʪʝʤʦʪ ʰʪʦ ʜʦʮʥʘʪ   m - 

ɹʨʦʿ ʥʘ ʠʟʣʝʟʠ ʰʪʦ ʜʦʮʥʘʪ n  - 

ɼʦʮʥʝˁʝ ʥʘ ʩʠʩʪʝʤʦʪ ʦʜ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʩʠʛʥʘʣ ʠ 

ʠʟʣʝʟʦʪ ʦʜ ʩʠʩʪʝʤʦʪ 

 

d  

 

- 

ʅʝʣʠʥʝʘʨʥʘ ʬʫʥʢʮʠʿʘ ʦʜ NARMA f  - 

ʅʝʣʠʥʝʘʨʥʘ ʬʫʥʢʮʠʿʘ ʦʜ NARMA g  - 

ʊʝʞʠʥʩʢʠ ʢʦʝʬʠʮʠʝʥʪ 
nw  - 

ʂʦʝʬʠʮʠʝʥʪ ʥʘ ʧʦʤʝʩʪ (bias) b  - 

ɹʨʦʿ ʥʘ ʚʣʝʟʦʚʠ ʚʦ ʩʠʩʪʝʤʦʪ 
in  - 

ɹʨʦʿ ʥʘ ʠʟʣʝʟʠ ʦʜ ʩʠʩʪʝʤʦʪ 
0n  - 

ɹʨʦʿʦʪ ʥʘ ʧʘʨʘʤʝʪʨʠ ʪ.ʝ. ʙʨʦʿʦʪ ʥʘ ʧʨʦʤʝʥʣʠʚʠ k   

- 

ʇʨʝʩʤʝʪʘʥʠʦʪ ʙʨʦʿ ʥʘ ʥʝʚʨʦʥʠ 
1n  - 

ɹʨʦʿ ʥʘ ʠʟʤʝʨʝʥʠ ʪʦʯʢʠ z  - 

ɺʠʩʪʠʥʩʢʘ ʚʨʝʜʥʦʩʪ ʦʜ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ 
iy  - 

ʇʨʝʜʚʠʜʝʥʘ ʚʨʝʜʥʦʩʪ 
iy  - 

ɹʨʟʠʥʘ ʥʘ ʫʯʝˁʝ a - 

ɺʝʢʪʦʨ ʚʦ ʧʦʯʝʪʝʥ ʤʦʤʝʥʪ 
0m  - 

ɺʝʢʪʦʨ ʚʦ ʤʦʤʝʥʪʦʪ ʧʦʩʣʝ ʧʦʯʝʪʥʠʦʪ ʤʦʤʝʥʪ 
0v  - 

ɺʨʝʤʝʥʩʢʠ ʧʨʝʩʤʝʪʢʦʚʝʥ ʯʝʢʦʨ t  - 

ɽʢʩʧʦʥʝʥʮʠʿʘʣʥʘ ʩʪʘʧʢʘ  b - 

ɺʣʝʟ ʚʦ ʥʝʚʨʦʥʩʢʘ ʤʨʝʞʘ ʜʝʬʠʥʠʨʘʥ ʚʦ ʚʨʝʤʝʥʩʢʠ 

ʜʦʤʝʥ ʢʘʿ RNN 
tx  - 

ʉʦʩʪʦʿʙʘ ʚʦ ʩʣʦʝʚʠʪʝ ʢʘʿ RNN 
th  - 

ʀʟʣʝʟ ʦʜ ʥʝʚʨʦʥʩʢʘ ʤʨʝʞʘ ʚʦ ʚʨʝʤʝʥʩʢʠ ʜʦʤʝʥ ʢʘʿ RNN 
to   

- 

ʅʝʣʠʥʝʘʨʥʘ ʘʢʪʠʚʘʮʠʩʢʘ ʬʫʥʢʮʠʿʘ 
hF  - 
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Sigmoid AF ů - 

Tanh AF tanh - 

Linear AF linear - 

Relu AF relu  

ʇʨʝʛʣʝʜ ʥʘ ʢʨʘʪʝʥʢʠ 

ʉʢʨʘʪʝʥ ʟʘʧʠʩ ʎʝʣʦʩʥʦ ʠʤʝ ʥʘ ʢʨʘʪʝʥʢʘʪʘ  ʀʤʝ ʥʘ ʘʥʛʣʠʩʢʠ 

 

PID 

ʇʨʦʧʦʨʮʠʦʥʘʣʥʦ-ʠʥʪʝʛʨʘʣʥʠ-

ʜʠʬʝʨʝʥʮʠʿʘʣʥʦ ʫʧʨʘʚʫʚʘˁʝ 

Proportional-integral-derivative ï 

PID  

ANN ɺʝʰʪʘʯʢʠ ʥʝʚʨʦʥʩʢʠ ʤʨʝʞʠ Artificial Neural Network  

NN ʅʝʚʨʦʥʩʢʠ ʤʨʝʞʠ Neural Network 

ML ʄʘʰʠʥʩʢʦ ʫʯʝˁʝ Machine learning  

 

MPC 

ʋʧʨʘʚʫʚʘˁʝ ʢʦʿ ʤʦʞʝ ʜʘ ʛʠ 

ʧʨʝʜʚʠʜʠ ʩʣʝʜʥʠʪʝ ʯʝʢʦʨʠ  

Model predictive controller 

 

NARMA 

ʋʧʨʘʚʫʚʘˁʝ ʩʦ ʘʚʪʦʤʘʪʩʢʘ 

ʨʝʛʨʝʩʠʿʘ 

Nonlinear auto regressive 

controller 

 

MRC 

ʋʧʨʘʚʫʚʘˁʝ ʩʦ ʜʚʝ ʥʝʚʨʦʥʩʢʠ 

ʤʨʝʞʠ ʠ ʨʝʬʝʨʝʥʪʝʥ ʤʦʜʝʣ  

Model reference controller - MRC 

AR ɸʚʪʦʤʘʪʩʢʘ ʨʝʛʨʝʩʠʿʘ Autoregressive - AR 

 

MA 

ɼʚʠʞʝʯʢʠ ʧʨʦʩʝʢ (ʩʣʠʯʥʦ ʩʦ 

ʩʨʝʜʥʘ ʚʨʝʜʥʦʩʪ) 

Moving average - ʄɸ 

 

FFNN 

ʅʝʚʨʦʥʩʢʘ ʤʨʝʞʘ ʩʦ ʜʚʠʞʝˁʝ ʥʘ 

ʩʠʛʥʘʣʦʪ ʩʘʤʦ ʧʦ ʧʘʨʘʣʝʣʥʘ ʥʘ 

ʜʠʨʝʢʪʥʘʪʘ ʧʘʪʝʢʘ 

 

Feed-forward neural network  

LMA  ɸʣʛʦʨʠʪʘʤ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ Levenberg-Marquardt Algorithm 

LR ɹʨʟʠʥʘ ʥʘ ʫʯʝˁʝ  Learning rate 

nw  ʊʝʞʠʥʩʢʠ ʢʦʝʬʠʮʠʝʥʪ  Weight   

b  ʂʦʝʬʠʮʠʝʥʪ ʥʘ ʧʦʤʝʩʪ Bias 

AF ɸʢʪʠʚʘʮʠʩʢʘ ʬʫʥʢʮʠʿʘ Activation function  

DT ɼʠʛʠʪʘʣʝʥ ʙʣʠʟʥʘʢ Digital Twin 

ADAM  ɸʣʛʦʨʠʪʘʤ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʥʘ 

ʧʨʝʩʤʝʪʢʘ - ADAM  ʦʧʪʠʤʠʟʘʪʦʨ 

Adam optimizer (Adaptive 

Moment Estimation) 

RNN ʈʝʢʫʨʝʥʪʥʠ ʥʝʚʨʦʥʩʢʠ ʤʨʝʞʠ  Recurrent neural network - RNN 

 

LSTM 

Mʨʝʞʠ ʩʦ ʤʦʞʥʦʩʪ ʥʘ 

ʟʘʜʨʞʫʚʘˁʝ ʥʘ ʩʪʘʨʘʪʘ, ʥʦ ʚʘʞʥʘ 

ʠʥʬʦʨʤʘʮʠʿʘ ʧʦʜʦʣʛ ʚʨʝʤʝʥʩʢʠ 

ʧʝʨʠʦʜ ï ʜʦʣʛʘ ʢʨʘʪʢʦʨʦʯʥʘ 

ʤʝʤʦʨʠʿʘ 

 

 

Long short-term memory (LSTM) 

PLC ʇʨʦʛʨʘʤʠʙʠʣʝʥ ʣʦʛʠʯʢʠ 

ʢʦʥʪʨʦʣʝʨ  

Programable logic controller 

(PLC) 

MLP ʇʦʚʝ˃ʝʩʣʦʝʥ ʧʝʨʮʝʧʪʨʦʥ/ʥʝʚʨʦʥ Multilayer perceptron (MLP) 

 

SCADA 

ʉʠʩʪʝʤʠʪʝ ʟʘ ʩʫʧʝʨʚʠʟʦʨʥʦ 

ʫʧʨʘʚʫʚʘˁʝ ʠ ʘʢʚʠʟʠʮʠʿʘ ʥʘ 

ʧʦʜʘʪʦʮʠ 

Supervizory control and data 

acquisition (SCADA) 
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ʂʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʘʥʘʣʠʟʠʨʘʥ ʭʠʜʨʦʝʥʝʨʛʝʪʢʠ ʦʙʿʝʢʪ  

 

ʈʝʜʝʥ 

ʙʨ. 

ʂʘʨʘʢʪʝʨʠʩʪʠʢʘ ɺʨʝʜʥʦʩʪ/ʄʝʨʥʘ 

ʝʜʠʥʠʮʘ 

1 ʄʦ˃ʥʦʩʪ ʥʘ ʛʝʥʝʨʘʪʦʨ ʧʨʠ ʦʧʪʠʤʘʣʥʘ ʨʘʙʦʪʘ 50 [MVA]  

2 ʄʦ˃ʥʦʩʪ ʥʘ ʪʫʨʙʠʥʘ ʧʨʠ ʦʧʪʠʤʘʣʥʘ ʨʘʙʦʪʘ 41 [MW] 

3 ʆʧʪʠʤʘʣʝʥ ʧʨʦʪʦʢ 50 [m³/s] 

4 ʆʧʪʠʤʘʣʝʥ ʥʘʧʦʨ 92 [m] 

5 ʅʦʤʠʥʘʣʝʥ ʧʨʦʪʦʢ 48,5 [m³/s] 

6 ʅʦʤʠʥʘʣʝʥ ʥʘʧʦʨ 92 [m] 

7 ʄʘʢʩʠʤʘʣʝʥ ʧʨʦʪʦʢ 50 [m³/s] 

8 ʄʘʢʩʠʤʘʣʝʥ ʥʘʧʦʨ 110.7 [m] 

9 ʆʪʚʦʨʝʥʦʩʪ ʥʘ ʩʧʨʦʚʦʜʝʥ ʘʧʘʨʘʪ ʧʨʠ ʦʧʪʠʤʘʣʥʘ ʨʘʙʦʪʘ  73.75 % 

10 ʄʘʢʩʠʤʘʣʥʘ ʤʦ˃ʥʦʩʪ ʥʘ ʪʫʨʙʠʥʘ 50 [MW] 

11 ɻʝʦʜʝʪʩʢʘ ʚʠʩʠʥʘ 106.2 [m] 

12 ɼʦʣʞʠʥʘ ʥʘ ʧʨʠʪʠʩʝʥ ʮʝʚʢʦʚʦʜ 382.355 [m] 

13 ɼʠʿʘʤʝʪʘʨ ʥʘ ʧʨʠʪʠʩʝʥ ʮʝʚʢʦʚʦʜ 5 [m] 

14 ɺʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘ ʚʦ ʮʝʚʢʦʚʦʜ Tw 1.434 [s] 

15 ʂʦʝʬʠʮʠʝʥʪ ʥʘ ʟʘʛʫʙʠ ʥʠʟ ʮʝʚʢʦʚʦʜ kf 0.001071 m/(m³/s)² 

16 ʂʦʝʬʠʮʠʝʥʪ ʥʘ ʟʘʩʠʣʫʚʘˁʝ At 1.1211 

17 ɺʦʣʫʤʝʥʩʢʠ ʟʘʛʫʙʠ ʥʠʟ ʪʫʨʙʠʥʘʪʘ qnl 0.08 [p.u.] 

18 ɺʨʝʤʝ ʥʘ ʧʘʪʫʚʘˁʝ ʥʘ ʙʨʘʥʦʪ Te 0.429 [s] 

19 ɺʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘ ʚʦ ʧʨʠʪʠʩʝʥ ʮʝʚʢʦʚʦʜ 

Twp 

1.143 [s] 

20 ɺʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʦʩʪʘʥ Cs 36.11 [s] 
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ʂʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʚʪʦʨ ʨʝʘʣʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ   

 

ʈʝʜʝʥ 

ʙʨ. 

ʂʘʨʘʢʪʝʨʠʩʪʠʢʘ ɺʨʝʜʥʦʩʪ/ʄʝʨʥʘ ʝʜʠʥʠʮʘ 

1 ʂʦʥʩʪʨʫʢʪʠʚʥʘ ʤʦ˃ʥʦʩʪ ʥʘ ʛʝʥʝʨʘʪʦʨ 20500 [kVA]  

2 ʄʘʢʩʠʤʘʣʥʘ ʤʦ˃ʥʦʩʪ ʥʘ ʪʫʨʙʠʥʘ 20010 [kW]  

3 ʅʦʤʠʥʘʣʥʘ ʤʦ˃ʥʦʩʪ ʥʘ ʪʫʨʙʠʥʘ 18200 [kW]  

4 ʄʘʢʩʠʤʘʣʝʥ ʥʝʪʦ ʧʘʜ 42.4 [m] 

5 ʅʦʤʠʥʘʣʝʥ ʥʝʪʦ ʧʘʜ  40 [m] 

6 ʄʘʢʩʠʤʘʣʝʥ ʧʨʦʪʦʢ 53,5 [m³/s] 

7 ʅʦʤʠʥʘʣʝʥ ʧʨʦʪʦʢ 50 [m³/s] 

8 ɼʦʣʞʠʥʘ ʥʘ ʮʝʚʢʦʚʦʜ 31455 [mm] 

9 ɼʠʿʘʤʝʪʘʨ ʥʘ ʮʝʚʢʦʚʦʜ 3280 [mm] 

10 ɺʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘ ʚʦ ʮʝʚʢʦʚʦʜʦʪ Tw 0.479 [s] 

11 ʂʦʝʬʠʮʠʝʥʪ ʥʘ ʟʘʛʫʙʠ ʚʦ ʮʝʚʢʦʚʦʜʦʪ 0.000225 

12 ʄʘʢʩʠʤʘʣʥʘ ʦʪʧʦʨʥʦʩʪ ʥʘ ʩʧʨʦʚʦʜʝʥ ʘʧʘʨʘʪ 100 % 

13 ʆʪʚʦʨʝʥʦʩʪ ʥʘ ʩʧʨʦʚʦʜʝʥ ʘʧʘʨʘʪ ʧʨʠ ʦʧʪʠʤʘʣʥʘ 

ʨʘʙʦʪʘ 

75 % 

14 ʂʦʝʬʠʮʠʝʥʪ ʥʘ ʟʘʩʠʣʫʚʘˁʝ At 1.5344 

15 ɺʦʣʫʤʝʥʩʢʠ ʟʘʛʫʙʠ ʥʠʟ ʪʫʨʙʠʥʘ qnl 0.1214 [p.u.] 

16 ʂʦʥʩʪʘʥʪʘ  0.015 

17 ɼʘʨʠʩʦʚ ʢʦʝʬʠʮʠʝʥʪ  0.00025 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xix 
 

ʇʨʝʛʣʝʜ ʥʘ ʩʣʠʢʠ 
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1 ɻʣʘʚʘ 1 ɺʦʚʝʜ 

1.1 ʄʦʪʠʚʘʮʠʿʘ ʟʘ ʠʩʪʨʘʞʫʚʘˁʝʪʦ 

ʄʦʪʠʚʘʮʠʿʘʪʘ ʟʘ ʠʟʨʘʙʦʪʢʘ ʥʘ ʦʚʘʘ ʠʩʪʨʘʞʫʚʘˁʝ ʝ ʧʦʪʨʝʙʘʪʘ ʦʜ ʧʨʦʚʝʨʢʘ ʜʘʣʠ ʦʜʨʝʜʝʥʠ 

ʤʝʪʦʜʠ ʥʘ ʚʝʰʪʘʯʢʠ ʥʝʚʨʦʥʩʢʠ ʤʨʝʞʠ (ANN), ʤʘʰʠʥʩʢʦ ʫʯʝˁʝ (ML) ˃ʝ ʜʘʜʘʪ ʧʦʟʠʪʠʚʥʠ 

ʨʝʟʫʣʪʘʪʠ ʚʦ ʦʜʥʦʩ ʥʘ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʪʝ 

ʩʠʩʪʝʤʠ ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʤʝʥʘʪʘ ʢʘʿ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʪʝ ʦʙʿʝʢʪʠ, ʩʧʦʨʝʜʝʥʦ ʩʦ ʥʠʚʥʘʪʘ 

ʧʨʠʤʝʥʘ ʧʨʠ ʧʨʝʧʦʟʥʘʚʘˁʝ ʥʘ ʩʣʠʢʠ, ʪʝʢʩʪ, ʛʦʚʦʨ ʠʪʥ. 

ʄʘʢʩʠʤʘʣʥʦʪʦ ʠʩʢʦʨʠʩʪʫʚʘˁʝ ʥʘ ʚʦʜʥʠʪʝ ʨʝʩʫʨʩʠ ʚʦ ʝʜʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʝ ʛʦʣʝʤ 

ʧʨʝʜʠʟʚʠʢ ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʦ ʥʘ ʝʣʝʢʪʨʠʯʥʘ ʝʥʝʨʛʠʿʘ. ʆʚʦʿ ʧʨʝʜʠʟʚʠʢ ʝ ʜʝʣ ʦʜ 

ʝʜʝʥ ʛʝʥʝʨʘʣʝʥ ʧʨʦʮʝʩ ʚʦ ʢʦʿ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʟʝʤʘʪ ʚʦ ʧʨʝʜʚʠʜ ʛʦʣʝʤ ʙʨʦʿ ʚʣʠʿʘʥʠʿʘ ʚʨʟ 

ʩʘʤʠʦʪ ʫʧʨʘʚʫʚʘʯʢʠ ʦʙʿʝʢʪ. ɼʝʣ ʦʜ ʪʠʝ ʚʣʠʿʘʥʠʿʘ ʩʝ ʤʠʥʠʤʠʟʠʨʘˁʝ ʥʘ ʟʘʛʫʙʠʪʝ ʥʘ ʚʦʜʘ, 

ʦʧʪʠʤʠʟʠʨʘˁʝ ʥʘ ʨʘʙʦʪʝˁʝʪʦ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ, ʟʝʤʘˁʝʪʦ ʚʦ ʧʨʝʜʚʠʜ ʥʘ 

ʩʦʩʪʘʚʥʠʪʝ ʜʝʣʦʚʠ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ ʢʘʢʦ ʰʪʦ ʩʝ ʮʝʚʢʦʚʦʜʦʪ, ʩʧʨʦʚʦʜʥʠʦʪ 

ʘʧʘʨʘʪ, ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʚʦʜʦʩʪʘʥ, ʩʘʤʘʪʘ ʪʫʨʙʠʥʘ ʠʪʥ. [1]. 

ʇʦʢʨʘʿ ʧʨʠʤʝʥʘ ʥʘ ʪʨʘʜʠʮʠʦʥʘʣʥʠʪʝ ʪʝʭʥʠʢʠ ʟʘ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʝʬʠʢʘʩʥʦʩʪʘ ʠ 

ʦʧʪʠʤʠʟʠʨʘˁʝ ʥʘ ʨʘʙʦʪʥʠʦʪ ʧʨʦʮʝʩ ʥʘ ʝʜʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ, ʚʦ ʜʝʥʝʰʥʦ ʚʨʝʤʝ 

ʛʦʣʝʤʘ ʫʣʦʛʘ ʠʛʨʘ ʜʠʛʠʪʘʣʠʟʘʮʠʿʘʪʘ ʥʘ ʧʨʦʮʝʩʠʪʝ [2], ʧʨʠʤʝʥʘʪʘ ʥʘ ʥʦʚʠʪʝ ʪʝʭʥʠʢʠ ʟʘ 

ʧʨʦʝʢʪʠʨʘˁʝ ʥʘ ʟʘʢʦʥʠʪʝ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʠ ʧʦʩʪʘʚʫʚʘˁʝ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʦʜʨʝʜʫʚʘˁʝ ʥʘ 

ʜʠʛʠʪʘʣʝʥ ʙʣʠʟʥʘʢ (DT) ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ. ʇʨʠʤʝʥʘʪʘ ʥʘ ʧʨʠʥʮʠʧʠʪʝ ʠ ʧʨʘʚʠʣʘʪʘ ʥʘ 

ʀʥʜʫʩʪʨʠʿʘ 4.0 ʤʦʞʝ ʜʘ ʧʨʠʜʦʥʝʩʘʪ ʢʦʥ ʩʪʨʘʪʝʛʠʩʢʠ ʨʝʰʝʥʠʿʘ ʟʘ ʧʦʜʦʙʨʫʚʘˁʝ ʠ 

ʦʧʪʠʤʠʟʘʮʠʿʘ ʥʘ ʧʨʦʮʝʩʠʪʝ. 

ɻʣʘʚʝʥ ʧʨʠʩʪʘʧ ʢʦʥ ʧʨʦʫʯʫʚʘˁʝ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʩʠʩʪʝʤʠ ʝ ʧʨʝʢʫ ʠʩʧʠʪʫʚʘˁʝ ʠ ʘʥʘʣʠʟʘ 

ʥʘ ʤʦʜʝʣʠʪʝ ʜʦʙʠʝʥʠ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʨʘʟʣʠʯʥʠ ʥʘʧʨʝʜʥʠ, ʤʦʜʝʨʥʠ ʪʝʭʥʠʢʠ ʠ ʘʣʛʦʨʠʪʤʠ ʦʜ 

DT ʠ ʩʠʤʫʣʘʮʠʩʢʠ ʤʦʜʝʣʠ. ʈʘʟʚʦʿʦʪ ʥʘ ʪʝʭʥʦʣʦʛʠʿʘʪʘ, ʥʘʧʨʝʜʫʚʘˁʝʪʦ ʠ ʤʦ˃ʥʦʩʪʘ ʥʘ 

ʢʦʤʧʿʫʪʝʨʠʪʝ ʦʚʦʟʤʦʞʫʚʘ ʧʨʠʤʝʥʘ ʥʘ ʩʦʚʨʝʤʝʥʠ ʘʣʛʦʨʠʪʤʠ ʠ ʩʦʬʪʚʝʨʠ ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ 

ʧʨʦʫʯʫʚʘˁʝ ʠ ʧʨʠʤʝʥʘ ʥʘ ʩʦʬʪʚʝʨʩʢʠ ʘʣʘʪʢʠ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʥʘ ʧʨʦʮʝʩʠʪʝ, ʥʦ ʠ 

ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʨʘʙʦʪʘʪʘ ʥʘ ʜʝʣʦʚʠ ʦʜ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʩʠʩʪʝʤʠ. ɺʦ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ʪʦʘ 

ʝ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ. ʇʨʠʤʝʥʘʪʘ ʥʘ ʩʦʚʨʝʤʝʥʠʪʝ ʤʝʪʦʜʠ ʠ ʩʦʬʪʚʝʨʩʢʠ ʘʣʘʪʢʠ, 

ʦʚʦʟʤʦʞʫʚʘ ʨʝʘʣʥʦ-ʚʨʝʤʝʥʩʢʦ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʩʠʩʪʝʤʠʪʝ ʠ ʧʨʦʮʝʩʠʪʝ, ʥʦ ʪʦʘ ʙʘʨʘ ʤʦ˃ʥʠ 

ʧʨʦʮʝʩʦʨʠ ʢʦʠ ʤʦʞʝ ʠʩʪʦʚʨʝʤʝʥʦ ʜʘ ʦʙʨʘʙʦʪʫʚʘʘʪ ʠ ʘʥʘʣʠʟʠʨʘʘʪ ʛʦʣʝʤ ʙʨʦʿ ʧʦʜʘʪʦʮʠ. 

ʇʨʠʤʝʥʘ ʥʘ ANN, ML ʠ DT ʩʝ ʟʘʩʥʦʚʘʘʪ ʥʘ ʥʘʫʢʘ ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ ʢʦʠ 

ʧʨʝʢʫ ʪʦʯʥʘ ʢʦʤʙʠʥʘʮʠʿʘ ʥʘ ʪʦʯʥʦ ʦʜʨʝʜʝʥʠ ʧʘʨʘʤʝʪʨʠ, ˃ʝ ʜʘʜʘʪ ʚʘʞʥʠ ʠʥʬʦʨʤʘʮʠʠ ʟʘ 

ʘʥʘʣʠʟʠʨʘʥʠʦʪ ʩʠʩʪʝʤ. ʉʦ ʧʨʠʤʝʥʘ ʥʘ ʘʣʛʦʨʠʪʤʠʪʝ ʥʘ ANN, ML, DT ʠ ʥʘʫʢʘʪʘ ʟʘ ʦʙʨʘʙʦʪʢʘ 

ʥʘ ʧʦʜʘʪʦʮʠ, ʩʝʢʦʛʘʰ ʪʨʝʙʘ ʜʘ ʩʝ ʠʤʘ ʚʦ ʧʨʝʜʚʠʜ ʜʝʢʘ ʪʦʯʥʠʦʪ ʨʝʟʫʣʪʘʪ ʚʦ ʥʘʿʛʦʣʝʤʘ ʤʝʨʘ 

ʟʘʚʠʩʠ ʦʜ ʪʦʯʥʘ ʢʦʤʙʠʥʘʮʠʿʘ ʥʘ ʧʘʨʘʤʝʪʨʠ ʢʦʠ ʠʤʘʘʪ ʠʩʪʘ ʤʘʪʝʤʘʪʠʯʢʘ ʬʦʨʤʘ. ʇʦʨʘʜʠ 

ʧʦʩʪʦʝˁʝʪʦ ʥʘ ʛʦʣʝʤ ʙʨʦʿ ʤʝʪʦʜʠ ʢʘʢʦ ʜʝʣ ʦʜ ML, ʮʝʣʪʘ ʥʘ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ʝ ʥʝʢʦʠ ʦʜ 

ʪʠʝ ʤʝʪʦʜʠ ʜʘ ʩʝ ʠʩʢʦʨʠʩʪʘʪ ʠ ʧʨʠʤʝʥʘʪ ʥʘ ʜʦʩʪʘʧʥʠʪʝ ʧʦʜʘʪʦʮʠ, ʩʦ ʮʝʣ ʜʘ ʩʝ ʘʥʘʣʠʟʠʨʘ 

ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʨʘʟʣʠʯʥʠ ʤʝʪʦʜʠ ʥʘ ML ʚʨʟ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʪʝ 

ʩʠʩʪʝʤʠ ʢʘʿ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ. 
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ʇʦʨʘʜʠ ʧʦʩʪʦʝˁʝʪʦ ʥʘ ʛʦʣʝʤ ʙʨʦʿ ʤʝʪʦʜʠ ʢʘʢʦ ʜʝʣ ʦʜ ML, ʮʝʣʪʘ ʥʘ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ʝ 

ʥʝʢʦʠ ʦʜ ʪʠʝ ʤʝʪʦʜʠ ʠ ʘʣʛʦʨʠʪʤʠ, ʜʘ ʩʝ ʠʩʢʦʨʠʩʪʘʪ ʠ ʧʨʠʤʝʥʘʪ ʥʘ ʜʦʩʪʘʧʥʠʪʝ ʧʦʜʘʪʦʯʥʠ 

ʤʥʦʞʝʩʪʚʘ, ʩʦ ʮʝʣ ʜʘ ʩʝ ʘʥʘʣʠʟʠʨʘ ʥʠʚʥʦʪʦ ʚʣʠʿʘʥʠʝ ʚʨʟ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ 

ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʩʠʩʪʝʤʠ ʢʘʿ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ. 

ʉʦʛʣʘʩʥʦ ʥʘʚʝʜʝʥʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ, ANN ʠ ML ʩʝ ʠʩʢʦʨʠʩʪʝʠ ʟʘ ʜʝʬʠʥʠʨʘˁʝ ʥʘ 

ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʦʜʨʝʜʫʚʘˁʝ ʥʘ ʧʨʝʥʦʩʥʘʪʘ ʬʫʥʢʮʠʿʘ ʥʘ ʪʫʨʙʠʥʘ ʧʨʝʢʫ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ 

ʩʠʩʪʝʤʠ, ʙʝʟ ʧʨʠʪʦʘ ʜʘ ʩʝ ʢʦʨʠʩʪʘʪ ʩʣʦʞʝʥʠ ʥʝʣʠʥʝʘʨʥʠ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣʠ, ʪʫʢʫ ʧʨʝʢʫ 

ʥʘʫʢʘʪʘ ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʧʦʜʘʪʦʮʠʪʝ ʠ ʬʦʨʤʠʨʘˁʝ ʥʘ DT. ʀʩʪʦ ʪʘʢʘ ʩʦ ʮʝʣ ʜʘ ʩʝ ʧʦʜʦʙʨʘʪ 

ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʩʠʩʪʝʤʦʪ, ANN ʠ ML ʩʝ ʠʩʢʦʨʠʩʪʝʥʠ ʩʦ ʮʝʣ ʜʘ ʤʦʞʝ ʜʘ 

ʩʝ ʜʝʬʠʥʠʨʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʧʨʝʩʤʝʪʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠ ʥʘ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ, ʠʥʪʝʛʨʘʣʥʠ ʠ 

ʜʠʬʝʨʝʥʮʠʿʘʣʥʦ (PID) ʫʧʨʘʚʫʚʘˁʝʪʦ. ʀʩʢʦʨʠʩʪʝʥʦ ʝ ʠ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ ʥʝʚʨʦʥʩʢʠ 

ʤʨʝʞʠ (NN) ʢʦʝ ʩʝ ʩʤʝʪʘ ʜʝʢʘ ʜʦʧʦʣʥʠʪʝʣʥʦ ʤʦʞʝ ʜʘ ʚʣʠʿʘʝ ʥʘ ʧʨʦʮʝʩʦʪ ʥʘ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ 

ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʩʠʩʪʝʤʠ. 

1.2 ʎʝʣʠ ʥʘ ʠʩʪʨʘʞʫʚʘˁʝʪʦ  

ʆʩʥʦʚʥʠ ʮʝʣʠ ʥʘ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ʩʝ: 

- ɼʘ ʩʝ ʜʦʙʠʿʘʪ ʧʨʦʜʣʘʙʦʯʝʥʠ ʟʥʘʝˁʘ ʚʦ ʦʙʣʘʩʪʘ ʥʘ ʧʨʠʤʝʥʘ ʥʘ ANN, ML, DT ʚʦ 

ʥʘʫʢʘʪʘ ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʧʦʜʘʪʦʮʠ ʢʘʿ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʩʠʩʪʝʤʠ. 

- ɼʘ ʩʝ ʧʨʦʫʯʘʪ, ʩʝʣʝʢʪʠʨʘʘʪ ʠ ʜʘ ʩʝ ʧʨʠʤʝʥʘʪ ʥʝʢʦʠ ʦʜ ʤʝʪʦʜʠʪʝ ʥʘ ML ʩʦ ʮʝʣ ʜʘ ʩʝ 

ʘʥʘʣʠʟʠʨʘʘʪ ʢʘʢʦ ʪʠʝ ʚʣʠʿʘʘʪ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʩʠʩʪʝʤʠ, ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʪʝ 

ʦʙʿʝʢʪʠ. 

- ʇʨʠʤʝʥʘ ʥʘ ʟʘʢʦʥ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥ ʥʘ ANN. 

- ʇʨʦʚʝʨʢʘ ʠ ʚʝʨʠʬʠʢʘʮʠʿʘ ʜʘʣʠ ʧʦʚʝ˃ʝʩʣʦʝʥ ʧʝʨʮʝʧʪʨʦʥ/ʥʝʚʨʦʥ (MLP), ʜʦʣʛʘ 

ʢʨʘʪʢʦʨʦʯʥʘ ʤʝʤʦʨʠʿʘ (LSTM) ʠ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʘʚʪʦʤʘʪʩʢʘ ʨʝʛʨʝʩʠʿʘ (NARMA) 

ʤʦʞʝ ʜʘ ʩʝ ʠʩʢʦʨʠʩʪʘʪ ʚʦ ʨʝʘʣʥʠ ʫʩʣʦʚʠ. 

- ʇʨʠʤʝʥʘ ʥʘ ANN ʠ ML ʩʦ ʮʝʣ ʜʝʬʠʥʠʨʘˁʝ ʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʧʨʦʝʢʪʠʨʘˁʝ ʥʘ PID 

ʫʧʨʘʚʫʚʘˁʝ ʢʘʢʦ ʙʠ ʩʝ ʧʦʩʪʠʛʥʘʣʘ ʚʝʨʠʬʠʢʘʮʠʿʘ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʜʦʙʠʝʥʠ ʦʜ 

ʘʣʛʦʨʠʪʤʠʪʝ ʥʘ ML. 

- ʈʘʟʚʠʚʘˁʝ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʢʦʨʠʩʪʝˁʝ ʥʘ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ ʧʨʝʚʟʝʤʝʥʠ ʦʜ 

ʩʠʩʪʝʤʠʪʝ ʟʘ ʩʫʧʝʨʚʠʟʦʨʥʦ ʫʧʨʘʚʫʚʘˁʝ ʠ ʘʢʚʠʟʠʮʠʿʘ ʥʘ ʧʦʜʘʪʦʮʠ (SCADA). 

- ɺʝʨʠʬʠʢʘʮʠʿʘ ʥʘ ʤʝʪʦʜʘʪʘ ʠ ʤʦʜʝʣʦʪ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝ ʜʦʙʠʝʥʦ ʩʦ ʧʨʠʤʝʥʘ ʥʘ 

ʘʣʛʦʨʠʪʤʠʪʝ ʥʘ ANN ʠ ML. 

- ɺʝʨʠʬʠʢʘʮʠʿʘ ʥʘ ʨʝʟʫʣʪʘʪʠ ʜʦʙʠʝʥʠ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʨʘʟʣʠʯʥʠ ʤʝʪʦʜʠ ʥʘ ML, 

ʜʝʪʝʢʮʠʿʘ ʥʘ ʘʥʦʤʘʣʠʠ ʧʨʠ ʧʨʝʜʚʠʜʫʚʘˁʝʪʦ ʥʘ ʧʘʨʘʤʝʪʨʠ ʠ ʢʦʥʩʪʘʥʪʠ. 

- ʇʨʦʥʘʦʺʘˁʝ ʥʘ ʤʦʞʝʥ ʥʘʯʠʥ ʥʘ ʦʪʢʣʦʥʫʚʘˁʝ ʥʘ ʘʥʦʤʘʣʠʠ ʢʘʿ ʩʠʩʪʝʤʠ ʢʦʠ ʨʘʙʦʪʘʪ 

ʩʦ ʧʘʨʘʤʝʪʨʠ ʧʨʝʜʚʠʜʝʥʠ ʩʦ ʧʦʤʦʰ ʥʘ ʘʣʛʦʨʠʪʤʠʪʝ ʥʘ ML. 

ML ʤʦʞʝ ʜʘ ʩʝ ʧʦʜʝʣʠ ʥʘ ʧʦʚʝ˃ʝ ʧʦʜ ʛʨʘʥʢʠ ʢʦʠ ʧʘʢ ʦʧʬʘ˃ʘʘʪ ʨʘʟʣʠʯʥʠ ʧʨʠʩʪʘʧʠ ʠ 

ʨʘʟʣʠʯʥʠ ʤʝʪʦʜʠ ʟʘ ʘʥʘʣʠʟʘ ʠ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʤʦʜʝʣʠʪʝ. ʇʦʨʘʜʠ ʛʦʣʝʤʠʦʪ ʙʨʦʿ ʥʘ ʤʝʪʦʜʠ, 

ʚʦ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ʩʝ ʨʘʟʛʣʝʜʫʚʘʘʪ ʩʘʤʦ ʜʚʝ ʤʝʪʦʜʠ, MLP ʠ LSTM. ʀʩʪʦ ʪʘʢʘ ʦʩʚʝʥ 

ʥʘʚʝʜʝʥʠʪʝ ʤʝʪʦʜʠ, ʩʝ ʢʦʨʠʩʪʠ ʠ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥ ʥʘ NN, NARMA ʢʦʿʘ ʧʘʢ ʚʦ ʩʝʙʝ ʠʤʘ 

ʚʛʨʘʜʝʥʦ ʟʘʢʦʥ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʢʦʿ ʚʦ ʢʦʤʙʠʥʘʮʠʿʘ ʩʦ NN ʪʨʝʙʘ ʜʘ ʜʦʧʨʠʥʝʩʝ ʢʦʥ 

ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʩʠʩʪʝʤ.  
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ʀʟʙʨʘʥʠʪʝ ʤʝʪʦʜʠ ʩʝ ʩʦʩʝʤʘ ʨʘʟʣʠʯʥʠ ʠ ʥʘ ʩʦʩʝʤʘ ʨʘʟʣʠʯʝʥ ʥʘʯʠʥ ʛʦ ʦʙʨʘʙʦʪʫʚʘʘʪ ʩʠʛʥʘʣʦʪ 

ʧʨʝʜ ʜʘ ʩʝ ʜʦʙʠʝ ʧʦʩʣʝʜʥʘʪʘ ʠʥʬʦʨʤʘʮʠʿʘ ʢʦʿʘʰʪʦ ʩʝ ʧʨʝʟʝʥʪʠʨʘ ʥʘ ʠʟʣʝʟ ʦʜ ʦʙʿʝʢʪʦʪ ʥʘ 

ʫʧʨʘʚʫʚʘˁʝ. ʉʠʤʫʣʘʮʠʠʪʝ ʥʘ ʣʠʥʝʘʨʥʠʪʝ ʠ ʥʝʣʠʥʝʘʨʥʠʪʝ ʤʦʜʝʣʠ ʩʝ ʠʟʨʘʙʦʪʝʥʠ ʚʦ 

ʩʦʬʪʚʝʨʩʢʠʦʪ ʧʘʢʝʪ MATLAB/Simulink. ʉʦ ʢʦʤʙʠʥʘʮʠʿʘ ʥʘ ʜʦʩʪʘʧʥʠʪʝ ʧʦʜʘʪʦʯʥʠ 

ʤʥʦʞʝʩʪʚʘ ʧʨʝʢʫ ʠʩʢʦʨʠʩʪʫʚʘˁʝ ʥʘ ʥʘʫʢʘʪʘ ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʧʦʜʘʪʦʮʠ ʥʘʧʨʘʚʝʥ ʝ DT ʢʦʿ 

ʦʚʦʟʤʦʞʫʚʘ ʧʦʥʘʪʘʤʦʰʥʦ ʘʥʘʣʠʟʠʨʘˁʝ ʠ ʨʘʟʛʣʝʜʫʚʘˁʝ ʥʘ ʦʙʿʝʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʧʨʠʤʝʥʘ 

ʥʘ ʪʝʭʥʠʢʠʪʝ ʥʘ ML ʧʨʝʢʫ ʧʨʦʛʨʘʤʩʢʠʦʪ ʿʘʟʠʢ Python.   

ɺʝʨʠʬʠʢʘʮʠʿʘʪʘ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʜʦʙʠʝʥʠ ʩʦ ʧʦʤʦʰ ʥʘ ANN, ML ʠ DT ʩʝ ʧʨʘʚʠ ʩʦ ʧʦʤʦʰ ʥʘ 

ʤʝʪʦʜʘʪʘ real-time control prototyping, ʢʘʜʝ ʰʪʦ ʧʨʝʢʫ Simulink ʠ B&R ʧʨʦʛʨʘʤʠʙʠʣʝʥ 

ʣʦʛʠʯʢʠ ʢʦʥʪʨʦʣʝʨ (PLC) ʩʝ ʚʦʩʧʦʩʪʘʚʫʚʘ ʫʧʨʘʚʫʚʘˁʝ ʥʘ ʭʘʨʜʚʝʨ ʢʦʿ ʝ ʜʦʩʪʘʧʝʥ ʟʘ 

ʨʝʘʣʠʟʘʮʠʿʘ ʚʦ ʣʘʙʦʨʘʪʦʨʠʩʢʠ ʫʩʣʦʚʠ.   

1.3 ʄʝʪʦʜʦʣʦʛʠʿʘ ʥʘ ʠʩʪʨʘʞʫʚʘˁʝʪʦ 

ɿʘ ʜʘ ʩʝ ʨʝʘʣʠʟʠʨʘ ʦʚʘ ʠʩʪʨʘʞʫʚʘˁʝ ˃ʝ ʙʠʜʘʪ ʧʨʠʤʝʥʝʪʠ ʤʝʪʦʜʠ ʢʦʠ ˃ʝ ʦʙʝʟʙʝʜʘʪ ʦʧʪʠʤʘʣʥʠ 

ʠ ʥʦʚʠ ʧʨʠʩʪʘʧʠ ʢʦʥ ʨʝʘʣʠʟʘʮʠʿʘ ʥʘ ʥʘʫʯʥʠ ʨʝʟʫʣʪʘʪʠ. ʌʦʢʫʩʦʪ ʥʘ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ʝ 

ʧʨʠʤʝʥʘ ʥʘ ʥʝʢʦʣʢʫ ʤʝʪʦʜʠ ʦʜ ML ʩʦ ʮʝʣ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ 

ʝʜʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ, ʥʦ ʠ ʧʨʠʤʝʥʘʪʘ ʥʘ DT ʧʨʝʢʫ ʥʘʫʢʘ ʩʦ ʦʙʨʘʙʦʪʢʘ ʥʘ ʧʦʜʘʪʦʮʠ.  

ʀʩʪʨʘʞʫʚʘʯʢʘʪʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ˃ʝ ʩʝ ʧʦʪʧʠʨʘ ʥʘ ʥʝʢʦʣʢʫ ʯʝʢʦʨʠ ʠ ʪʦʘ: 

Å ʊʝʦʨʝʪʩʢʠ ʠʩʪʨʘʞʫʚʘˁʘ 

ɵʝ ʩʝ ʥʘʧʨʘʚʠ ʧʨʝʛʣʝʜ ʥʘ ʜʦʩʪʘʧʥʘʪʘ ʥʘʫʯʥʘ ʠ ʩʪʨʫʯʥʘ ʣʠʪʝʨʘʪʫʨʘ ʧʦʚʨʟʘʥʘ ʩʦ ʧʨʠʤʝʥʘʪʘ 

ʥʘ ANN, ML, DT, ʥʘʫʢʘʪʘ ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʧʦʜʘʪʦʮʠ ʢʘʿ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʩʠʩʪʝʤʠ, ʦʜʥʦʩʥʦ ʢʘʿ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪʠ. ɺʦ ʟʘʚʠʩʥʦʩʪ ʦʜ ʜʦʩʝʛʘʰʥʠʪʝ ʠʩʪʨʘʞʫʚʘˁʘ ˃ʝ ʩʝ ʠʟʜʚʦʠ ʜʝʣ ʟʘ ʢʦʿ 

ʰʪʦ ʩʝ ʜʦʩʪʘʧʥʠ ʤʥʦʛʫ ʤʘʣʢʫ ʧʦʜʘʪʦʮʠ ʠʣʠ ʨʝʯʠʩʠ ʝ ʚʦʦʧʰʪʦ ʥʝ ʦʙʨʘʙʦʪʝʥ, ʧʘ ʥʘ ʪʦʿ ʥʘʯʠʥ 

˃ʝ ʩʝ ʦʬʦʨʤʠ ʮʝʣʠʥʘ ʢʦʥ ʢʦʿ ˃ʝ ʩʝ ʜʚʠʞʠ ʮʝʣʦʩʥʦʪʦ ʠʩʪʨʘʞʫʚʘˁʝ.  

Å ʉʠʤʫʣʘʮʠʩʢʠ ʠʩʪʨʘʞʫʚʘˁʘ 

ʇʦʩʣʝ ʧʨʝʛʣʝʜʦʪ ʥʘ ʣʠʪʝʨʘʪʫʨʘ ʠ ʜʝʬʠʥʠʨʘˁʝ ʥʘ ʧʨʘʚʝʮʦʪ ʢʦʥ ʢʦʿ ˃ʝ ʩʝ ʜʚʠʞʠ 

ʠʩʪʨʘʞʫʚʘˁʝʪʦ, ʩʣʝʜʫʚʘ ʦʬʦʨʤʫʚʘˁʝ ʠ ʧʨʝʨʘʙʦʪʢʘ ʥʘ ʩʠʤʫʣʘʮʠʩʢʠ ʤʦʜʝʣʠ ʢʦʠ ˃ʝ ʩʣʫʞʘʪ 

ʟʘ ʩʧʦʨʝʜʙʘ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʧʨʠ ʚʝʨʠʬʠʢʘʮʠʿʘ. ʎʝʣʪʘ ʥʘ ʩʠʤʫʣʘʮʠʩʢʠʪʝ ʤʦʜʝʣʠ ˃ʝ ʙʠʜʝ 

ʘʥʘʣʠʟʘ ʥʘ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʧʨʠʤʝʥʝʪʠʪʝ ʤʝʪʦʜʠ ʦʜ ANN, ML ʠ DT ʢʘʢʦ ʠ ʚʣʠʿʘʥʠʝʪʦ ʥʘ 

ʫʧʨʘʚʫʚʘˁʝʪʦ ʟʘʩʥʦʚʘʥʦ ʥʘ NN. ʇʦʥʘʪʘʤʫ, ʨʝʟʫʣʪʘʪʠʪʝ ʦʜ ʩʠʤʫʣʘʮʠʠʪʝ ˃ʝ ʙʠʜʘʪ ʩʧʦʨʝʜʝʥʠ 

ʩʦ ʨʝʟʫʣʪʘʪʠʪʝ ʜʦʙʠʝʥʠ ʦʜ ʣʘʙʦʨʘʪʦʨʠʩʢʠʪʝ ʤʝʨʝˁʘ.  

Å ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʠʩʪʨʘʞʫʚʘˁʘ 

ɿʘ ʚʝʨʠʬʠʢʘʮʠʿʘʪʘ ʥʘ ʥʘʚʝʜʝʥʠʪʝ ʭʠʧʦʪʝʟʠ ʦʜ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ˃ʝ ʩʝ ʢʦʨʠʩʪʠ 

ʭʠʜʨʘʫʣʠʯʥʘ ʠʥʩʪʘʣʘʮʠʿʘ ʚʦ ʣʘʙʦʨʘʪʦʨʠʩʢʠ ʫʩʣʦʚʠ. ʍʠʜʨʘʫʣʠʯʥʘʪʘ ʠʥʩʪʘʣʘʮʠʿʘ ˃ʝ ʩʝ 

ʩʦʩʪʦʠ ʦʜ ʥʝʢʦʣʢʫ ʝʣʝʤʝʥʪʠ ʠ ʪʦʘ ʭʠʜʨʘʫʣʠʯʝʥ ʮʠʣʠʥʜʘʨ ʩʦ ʜʚʦʩʪʨʘʥʦ ʜʝʿʩʪʚʦ ʠ ʝʜʥʦʩʪʨʘʥʘ 

ʢʣʠʧʥʠʮʘ, ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ 4/3 ʨʘʩʧʦʨʝʜʥʠʢ ʦʜ ʜʚʝʪʝ ʩʪʨʘʥʠ ʘʢʪʠʚʠʨʘʥ ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʦ, 

ʧʫʤʧʘ, ʣʠʥʝʘʨʝʥ ʩʝʥʟʦʨ ʟʘ ʦʪʯʠʪʫʚʘˁʝ ʥʘ ʧʦʟʠʮʠʿʘʪʘ ʥʘ ʢʣʠʧʦʪ ʦʜ ʭʠʜʨʘʫʣʠʯʥʠʦʪ ʮʠʣʠʥʜʘʨ 

ʠ ʤʦʟʦʢʦʪ ʥʘ ʩʠʩʪʝʤʦʪ, PLC ʪʠʧ B&R. ʄʝʪʦʜʘʪʘ real-time control prototyping ʩʝ ʢʦʨʠʩʪʠ ʧʨʠ 

ʚʝʨʠʬʠʢʘʮʠʿʘ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʦʜ ʦʚʦʿ ʩʠʩʪʝʤ.  
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ɿʘ ʢʚʘʣʠʪʝʪʥʦ ʜʘ ʩʝ ʠʟʨʘʙʦʪʠ ʠʩʪʨʘʞʫʚʘˁʝʪʦ, ʜʦʩʪʘʧʥʠ ʩʝ ʛʦʣʝʤ ʙʨʦʿ ʥʘ ʧʦʜʘʪʦʯʥʠ 

ʤʥʦʞʝʩʪʚʘ ʢʦʠ ˃ʝ ʩʝ ʢʦʨʠʩʪʘʪ ʟʘ ʧʨʠʤʝʥʘ ʥʘ ANN, ML, DT ʧʨʝʢʫ ʥʘʫʢʘʪʘ ʟʘ ʦʙʨʘʙʦʪʢʘ ʩʦ 

ʧʦʜʘʪʦʮʠ. ɽʜʝʥ ʜʝʣ ʦʜ ʜʦʙʠʝʥʠʪʝ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ ʿʘ ʧʨʝʩʣʠʢʫʚʘʘʪ ʜʠʥʘʤʠʢʘʪʘ ʥʘ 

ʨʝʘʣʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ, ʜʨʫʛ ʜʝʣ ʦʜ ʪʠʝ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ, ʧʨʝʚʟʝʤʝʥʠ ʦʜ 

SCADA ʩʠʩʪʝʤʦʪ, ʛʠ ʧʨʝʩʣʠʢʫʚʘʘʪ ʩʪʘʪʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʜʚʘ ʨʘʟʣʠʯʥʠ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪʠ. 

ʇʨʝʜ ʜʘ ʩʝ ʧʨʝʤʠʥʠ ʧʨʦʮʝʩʦʪ ʥʘ ʚʝʨʠʬʠʢʘʮʠʿʘ, ʧʦʪʨʝʙʥʦ ʝ ʩʦ ʧʨʠʤʝʥʘ ʥʘ MLP ʠ LSTM 

ʤʝʪʦʜʘʪʘ ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘʪʘ, ʠʥʪʝʛʨʘʣʥʘʪʘ 

ʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʘʪʘ ʢʦʥʩʪʘʥʪʘ ʥʘ PID. ʆʪʢʘʢʦ ˃ʝ ʩʝ ʜʦʙʠʿʘʪ ʧʘʨʘʤʝʪʨʠʪʝ ʧʦʪʨʝʙʥʦ ʝ ʜʘ ʩʝ 

ʥʘʧʨʘʚʠ ʩʝʣʝʢʮʠʿʘ ʢʦʠ ʦʜ ʪʠʝ ʧʘʨʘʤʝʪʨʠ ʤʫ ʦʚʦʟʤʦʞʫʚʘʘʪ ʥʘ ʩʠʩʪʝʤʦʪ ʧʦʜʦʙʨʝʥʠ 

ʜʠʥʘʤʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ. ʊʦʘ ʝ ʙʠʪʝʥ ʯʝʢʦʨ ʙʠʜʝʿ˃ʠ ʩʝʢʦʿ ʦʜ ʧʘʨʘʤʝʪʨʠʪʝ ʩʝ ʜʦʙʠʚʘ ʩʦ 

ʨʘʟʣʠʯʥʘ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʥʘ NN. ʆʜ ʪʫʢʘ ˃ʝ ʤʦʞʝ ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʘʥʘʣʠʟʘ ʢʦʿʘ ʢʦʥʬʠʛʫʨʘʮʠʿʘ 

ʠ ʢʦʿ ʨʘʩʧʦʨʝʜ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʦʜ NN ʜʘʚʘʘʪ ʥʘʿʩʦʦʜʚʝʪʥʠ ʧʨʝʜʚʠʜʫʚʘˁʘ. ʀʩʪʦ ʪʘʢʘ ˃ʝ ʤʦʞʝ 

ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʩʧʦʨʝʜʙʘ ʢʦʿʘ ʦʜ ʤʝʪʦʜʠʪʝ MLP ʠʣʠ LSTM ʜʘʚʘ ʨʝʟʫʣʪʘʪʠ ʩʦ ʧʦʛʦʣʝʤʘ 

ʧʨʦʮʝʥʪʫʘʣʥʘ ʪʦʯʥʦʩʪ. ɿʘ ʜʘ ʤʦʞʝ ʜʘ ʩʝ ʨʝʘʣʠʟʠʨʘ ʚʝʨʠʬʠʢʘʮʠʿʘʪʘ ʧʦʪʨʝʙʥʠ ˃ʝ ʙʠʜʘʪ 

ʩʦʬʪʚʝʨʩʢʠʦʪ ʧʘʢʝʪ Automation Studio 4.2 ʟʘ ʧʨʦʛʨʘʤʠʨʘˁʝ ʥʘ B&R PLC, Matlab/Simulaink 

ʟʘ ʧʦʜʛʦʪʦʚʢʘ ʥʘ ʩʠʤʫʣʘʮʠʠʪʝ ʠ ʧʨʦʛʨʘʤʩʢʠʦʪ ʿʘʟʠʢ Python ʧʨʠ ʩʧʨʦʚʝʜʫʚʘˁʝ ʥʘ MLP ʠ 

LSTM ʤʝʪʦʜʘʪʘ ʥʘ ML. 

1.4 ʆʨʛʘʥʠʟʘʮʠʿʘ ʥʘ ʪʝʤʘ 

ʆʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ʝ ʧʦʜʝʣʝʥ ʚʦ ʰʝʩʪ ʧʦʛʣʘʚʿʘ ʢʘʜʝ ʰʪʦ ɻʣʘʚʘ 1 ʝ ʚʦʚʝʜ, ʮʝʣʠ ʠ 

ʤʝʪʦʜʦʣʦʛʠʿʘ ʥʘ ʠʩʪʨʘʞʫʚʘˁʝʪʦ, ʜʦʜʝʢʘ ɻʣʘʚʘ 2 ʦʧʬʘ˃ʘ ʧʨʝʛʣʝʜ ʥʘ ʜʦʩʝʛʘʰʥʠʪʝ 

ʠʩʪʨʘʞʫʚʘˁʘ ʠ ʜʦʩʪʠʛʥʫʚʘˁʘ ʥʘ ʪʝʤʘʪʘ ʢʦʿʘʰʪʦ ʛʠ ʦʙʨʘʙʦʪʫʚʘ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʩʠʩʪʝʤʠ, 

ʦʜʥʦʩʥʦ ʚʦ ʦʚʦʿ ʩʣʫʯʘʿ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʪʝ ʦʙʿʝʢʪʠ ʧʨʝʢʫ ʧʨʠʤʝʥʘ ʥʘ ʨʘʟʣʠʯʥʠ ʤʝʪʦʜʠ ʦʜ 

ML. 

ɺʦ ɻʣʘʚʘ 3 ʩʝ ʧʨʝʟʝʥʪʠʨʘʥʠ ʤʘʪʝʤʘʪʠʯʢʠʪʝ ʤʦʜʝʣʠ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ, ʥʦ ʠ 

ʤʘʪʝʤʘʪʠʯʢʠʪʝ ʤʦʜʝʣʠ ʥʘ ʤʝʪʦʜʠʪʝ ʥʘ ML ʢʦʠ ʩʝ ʢʦʨʠʩʪʝʥʠ ʚʦ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ, MLP, 

LSTM ʠ ʫʧʨʘʚʫʚʘˁʝʪʦ ʟʘʩʥʦʚʘʥʦ ʥʘ NN. ʀʩʪʦ ʪʘʢʘ ʚʦ ʦʚʘ ʧʦʛʣʘʚʿʝ ʤʘʪʝʤʘʪʠʯʢʠ ʩʝ ʦʧʠʰʘʥʠ 

ʩʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ANN ʠ ML ʢʘʢʦ ʰʪʦ ʩʝ ʙʨʦʿʦʪ ʥʘ ʥʝʚʨʦʥʠ, ʧʨʝʩʤʝʪʢʘʪʘ ʥʘ ʢʚʘʜʨʘʪʥʘ 

ʛʨʝʰʢʘ ʠ ʧʨʝʩʤʝʪʢʘ ʥʘ ʢʦʨʝʥʦʪ ʥʘ ʢʚʘʜʨʘʪʥʘʪʘ ʛʨʝʰʢʘ, ʧʨʝʩʤʝʪʢʘ ʥʘ ʪʝʞʠʥʩʢʠʦʪ 

ʢʦʝʬʠʮʠʝʥʪ ï w,  ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʧʦʤʝʩʪ, ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʠʟʣʝʟʥʠʦʪ ʩʠʛʥʘʣ ʦʜ ʚʣʝʟʥʠʦʪ ʩʣʦʿ, 

ʥʦ ʠ ʦʜ ʩʢʨʠʝʥʠʪʝ ʩʣʦʝʚʠ, ʧʘʨʮʠʿʘʣʥʠʪʝ ʠʟʚʦʜʠ ʥʘ ʛʨʝʰʢʘʪʘ, ʘʣʛʦʨʠʪʘʤʦʪ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ 

ʥʘ ʧʨʝʩʤʝʪʢʘ. ɺʦ ɻʣʘʚʘ 3 ʝ ʦʧʠhʘʥ ʠ ʟʘʢʦʥʦʪ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʢʦʿh ʪʦ ʝ ʚʦ ʢʦʤʙʠʥʘʮʠʿʘ ʩʦ NN. 

ʀʩʪʦ ʪʘʢʘ ʤʘʪʝʤʘʪʠʯʢʠ ʝ ʧʨʝʪʩʪʘʚʝʥ ʠ ʤʦʜʝʣʦʪ ʥʘ MLP ʠ LSTM ʤʝʪʦʜʘʪʘ. ɺʦ ʦʚʘʘ ʧʦʛʣʘʚʿʝ 

ʝ ʧʨʝʪʩʪʘʚʝʥ ʠ ʘʣʛʦʨʠʪʘʤʦʪ ʟʘ ʬʦʨʤʠʨʘˁʝ ʥʘ ANN.  

 ɺʦ ɻʣʘʚʘ 4 ʩʝ ʧʨʝʟʝʥʪʠʨʘʥʠ ʨʝʟʫʣʪʘʪʠ ʦʜ ʩʠʤʫʣʘʮʠʩʢʠʪʝ ʤʦʜʝʣʠ ʦʜ ʮʝʣʦʢʫʧʥʦʪʦ 

ʠʩʪʨʘʞʫʚʘˁʝ, ʘ ʪʫʢʘ ʩʧʘʺʘʘʪ ʨʝʟʫʣʪʘʪʠʪʝ ʦʜ ʩʣʝʜʥʠʪʝ ʘʥʘʣʠʟʠ: 

1. ʃʠʥʝʘʨʝʥ ʤʦʜʝʣ ʥʘ ʭʠʜʨʦʧʦʩʪʨʦʿʢʘ ʩʦ NARMA ʫʧʨʘʚʫʚʘˁʝ.  

2. ʅʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ ʥʘ ʭʠʜʨʦʧʦʩʪʨʦʿʢʘ ʙʝʟ ʚʦʜʦʩʪʘʥ ʠ ʙʝʟ ʚʣʠʿʘʥʠʝ ʥʘ ʝʣʘʩʪʠʯʥʠ 

ʩʚʦʿʩʪʚʘ ʥʘ ʚʦʜʝʥ ʩʪʦʣʙ ʧʨʠ ʫʧʨʘʚʫʚʘˁʝ ʚʦ ʢʦʤʙʠʥʘʮʠʿʘ ʩʦ NARMA ʠ PID . 

3. ʇʨʠʤʝʥʘ ʥʘ ANN ʢʘʿ ʠʟʦʣʠʨʘʥʘ ʨʘʙʦʪʘ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ. 
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4. ɼʝʬʠʥʠʨʘˁʝ ʥʘ DT ʠ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ ʩʦ ʧʨʠʤʝʥʘ ʥʘ 

LSTM ʥʘ ʧʨʚ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ. 

5. ɼʝʬʠʥʠʨʘˁʝ ʥʘ DT ʠ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ ʩʦ ʧʨʠʤʝʥʘ ʥʘ MLP 

ʥʘ ʧʨʚ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ. 

6. ɼʝʬʠʥʠʨʘˁʝ ʥʘ DT ʠ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ ʩʦ ʧʨʠʤʝʥʘ ʥʘ 

LSTM ʥʘ ʚʪʦʨ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ. 

7. ɼʝʬʠʥʠʨʘˁʝ ʥʘ DT ʠ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ ʩʦ ʧʨʠʤʝʥʘ ʥʘ MLP 

ʥʘ ʚʪʦʨ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ. 

8. ʄʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ PID ʚʨʝʜʥʦʩʪʠ ʩʦ ʧʦʤʦʰ ʥʘ ML. 

9. ʄʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʦʜʨʝʜʫʚʘˁʝ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘ ʚʦ ʮʝʚʢʦʚʦʜʦʪ (Tw) ʩʦ 

ʧʨʠʤʝʥʘ ʥʘ ML. 

ɺʦ ɻʣʘʚʘ 5 ʩʝ ʦʧʠʰʘʥʠ ʣʘʙʦʨʘʪʦʨʠʩʢʠʪʝ ʤʝʨʝˁʘ ʠʟʨʘʙʦʪʝʥʠ ʩʦ ʧʦʤʦʰ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ 

ʠʥʩʪʘʣʘʮʠʿʘ ʧʦʩʪʘʚʝʥʘ ʚʦ ʃʘʙʦʨʘʪʦʨʠʿʘʪʘ ʟʘ ʘʚʪʦʤʘʪʠʢʘ ʥʘ ʄʘʰʠʥʩʢʠʦʪ ʬʘʢʫʣʪʝʪ ʚʦ ʉʢʦʧʿʝ. 

ʎʝʣʪʘ ʥʘ ʦʚʠʝ ʠʩʪʨʘʞʫʚʘˁʘ ʝ ʜʘ ʩʝ ʚʝʨʠʬʠʮʠʨʘ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʜʦʙʠʝʥʠ ʩʦ 

ʧʦʤʦʰ ʠ ʧʨʠʤʝʥʘ ʥʘ ANN, ML, DT ʧʨʝʢʫ ʥʘʫʢʘʪʘ ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʧʦʜʘʪʦʮʠ, ʥʘ ʨʝʘʣʝʥ 

ʩʠʩʪʝʤ, ʢʘʢʦ ʜʝʣ ʦʜ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ, ʦʜʥʦʩʥʦ ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ ʢʦʿʰʪʦ ʝ ʩʦʩʪʘʚʝʥ 

ʦʜ ʭʠʜʨʘʫʣʠʯʝʥ ʮʠʣʠʥʜʘʨ ʩʦ ʜʚʦʩʪʨʘʥʦ ʜʝʿʩʪʚʦ ʠ ʝʜʥʦʩʪʨʘʥʘ ʢʣʠʧʥʠʮʘ, 4/3 ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ 

ʨʘʩʧʦʨʝʜʝʥʠʢ, ʩʝʥʟʦʨ ʟʘ ʤʝʨʝˁʝ ʥʘ ʧʦʟʠʮʠʿʘʪʘ ʥʘ ʢʣʠʧʦʪ ʦʜ ʭʠʜʨʘʫʣʠʯʥʠʦʪ ʮʠʣʠʥʜʘʨ ʚʦ 

ʟʘʚʠʩʥʦʩʪ ʦʜ ʜʦʚʝʜʝʥʠʦʪ ʥʘʧʦʥ, ʧʫʤʧʘ ʠ ʬʠʣʪʝʨ ʢʘʢʦ ʩʦʩʪʘʚʥʠ ʝʣʝʤʝʥʪʠ ʥʘ ʠʥʩʪʘʣʘʮʠʿʘʪʘ. 

ʂʘʢʦ ʨʝʟʫʣʪʘʪ ʥʘ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ML ʚʨʟ ʨʝʟʫʣʪʘʪʠʪʝ, ʟʘʙʝʣʝʞʘʥʘ ʝ ʧʦʿʘʚʘ ʥʘ integral wind-up 

(ʠʥʪʝʛʨʘʣʝʥ ʧʦʙʝʛ) ʬʝʥʦʤʝʥ ʢʘʿ ʫʧʨʘʚʫʚʘʯʢʠ ʩʠʩʪʝʤ, ʘ ʟʘ ʠʩʪʠʦʪ ʚʦ ʦʚʘʘ ʧʦʛʣʘʚʿʝ ʝ 

ʧʨʠʢʘʞʘʥ ʠ ʚʝʨʠʬʠʮʠʨʘʥ ʥʘʯʠʥʦʪ ʟʘ ʥʝʛʦʚʦ ʦʪʩʪʨʘʥʫʚʘˁʝ. ɼʦʧʦʣʥʠʪʝʣʥʦ ʧʨʠʣʦʞʝʥʦ ʝ ʠ 

ʦʙʿʘʩʥʫʚʘˁʝ ʢʦʿʘ ʝ ʧʨʠʯʠʥʘʪʘ ʟʘ ʧʦʿʘʚʘ ʥʘ ʬʝʥʦʤʝʥʦʪ ʠʥʪʝʛʨʘʣʝʥ ʧʦʙʝʛ ʧʨʠ ʧʨʝʜʚʠʜʫʚʘˁʝ 

ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ANN ʠ ML. 

ɻʣʘʚʘ 6 ʩʝ ʩʦʩʪʦʠ ʦʜ ʟʘʢʣʫʯʦʢ, ʥʦ ʠ ʦʜ ʧʨʝʧʦʨʘʢʠ ʟʘ ʧʦʥʘʪʘʤʦʰʥʦ ʠʩʪʨʘʞʫʚʘˁʝ. ʇʦʨʘʜʠ 

ʙʨʟʠʦʪ ʨʘʟʚʦʿ ʥʘ ʪʝʭʥʠʢʘʪʘ ʠ ʪʝʭʥʦʣʦʛʠʿʘʪʘ ʧʨʝʧʦʨʘʢʠʪʝ ʟʘ ʧʦʥʘʪʘʤʦʰʥʦ ʠʩʪʨʘʞʫʚʘˁʝ 

ʦʪʚʦʨʘʘʪ ʤʦʞʥʦʩʪ ʜʘ ʩʝ ʧʨʦʜʦʣʞʠ ʩʦ ʨʘʙʦʪʘ ʥʘ ʠʩʪʘʪʘ ʪʝʤʘ, ʥʦ ʩʦ ʨʘʟʣʠʯʝʥ ʧʨʠʩʪʘʧ ʠ ʩʦ 

ʧʨʠʤʝʥʘ ʥʘ ʨʘʟʣʠʯʥʠ ʪʝʭʥʠʢʠ ʥʘ ʫʧʨʘʚʫʚʘˁ ʝ ʠʣʠ ʘʥʘʣʠʟʘ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʩʠʩʪʝʤʠ. 

ʅʘ ʢʨʘʿ ʝ ʧʨʠʣʦʞʝʥ ɼʦʜʘʪʦʢ ʢʦʿ ʩʝ ʩʦʩʪʦʠ ʦʜ ʢʦʜʦʚʠ ʢʦʠ ʩʝ ʧʠʰʫʚʘʥʠ ʟʘ ʜʘ ʩʝ ʜʦʙʠʿʘʪ 

ʨʝʟʫʣʪʘʪʠʪʝ ʧʨʠʢʘʞʘʥʠ ʚʦ ɻʣʘʚʘ 4 ʠ ɻʣʘʚʘ 5. 
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2 ɻʣʘʚʘ 2 ʇʨʝʛʣʝʜ  ʥʘ ʜʦʩʝʛʘʰʥʠʪʝ ʠʩʪʨʘʞʫʚʘˁʘ 

2.1 ɺʦʚʝʜ 

ʇʦʢʨʘʿ ʤʝʭʘʥʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʩʦʩʪʘʚʥʠʪʝ ʝʣʝʤʝʥʪʠ ʥʘ ʝʜʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ 

ʦʙʿʝʢʪ, ʧʨʝʜ ʩʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ, ʚʘʞʥʘ ʫʣʦʛʘ ʠʛʨʘ ʠ 

ʧʨʠʤʝʥʝʪʦʪʦ ʫʧʨʘʚʫʚʘˁʝ. ʆʩʚʝʥ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ, ʚʦ ʧʨʝʜʚʠʜ ʪʨʝʙʘ ʜʘ ʙʠʜʘʪ ʟʝʤʝʥʠ 

ʚʥʘʪʨʝʰʥʠʪʝ, ʥʘʜʚʦʨʝʰʥʠʪʝ ʚʣʠʿʘʥʠʿʘ ʠ ʥʘʨʫʰʫʚʘˁʘʪʘ, ʝʣʘʩʪʠʯʥʦʩʪʘ ʥʘ ʮʝʚʢʦʚʦʜʦʪ, 

ʝʣʘʩʪʠʯʥʦʩʪʘ ʥʘ ʬʣʫʠʜʦʪ, ʤʦʞʥʘʪʘ ʧʦʿʘʚʘ ʥʘ ʭʠʜʨʘʫʣʠʯʝʥ ʫʜʘʨ, ʧʨʦʤʝʥʣʠʚʘʪʘ ʧʦʪʨʝʙʘ ʠ 

ʧʦʙʘʨʫʚʘʯʢʘ ʥʘ ʝʣʝʢʪʨʠʯʥʘ ʝʥʝʨʛʠʿʘ ʥʘ ʤʨʝʞʘʪʘ. ʉʠʪʝ ʦʚʠʝ ʩʝ ʚʣʠʿʘʪʝʣʥʠ ʬʘʢʪʦʨʠ ʚʨʟ 

ʨʘʙʦʪʝˁʝʪʦ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ. 

ʇʦʨʘʜʠ ʩʧʝʮʠʬʠʯʥʦʩʪʘ ʠ ʨʘʩʧʨʦʩʪʨʘʥʝʪʦʩʪʘ ʥʘ ʧʦʣʝʪʦ ʰʪʦ ʛʠ ʦʧʬʘ˃ʘ ʠʩʪʨʘʞʫʚʘˁʘʪʘ 

ʧʦʚʨʟʘʥʠ ʩʦ ʢʦʥʩʪʨʫʢʪʠʚʥʠʪʝ, ʤʝʭʘʥʠʯʢʠʪʝ, ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʠ ʩʠʪʝ ʦʩʪʘʥʘʪʠ ʚʣʠʿʘʪʝʣʥʠ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ, ʦʚʦ ʿʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ʛʦ ʦʙʨʘʙʦʪʫʚʘ ʜʝʣʦʪ 

ʧʦʚʨʟʘʥ ʩʦ ʫʧʨʘʚʫʚʘˁʝʪʦ ʢʘʢʦ ʚʘʞʝʥ ʜʝʣ ʦʜ ʦʙʿʝʢʪʦʪ ʩʦ ʮʝʣ ʥʝʛʦʚʦ ʨʘʙʦʪʝˁʝ ʩʦ ʥʘʿʜʦʙʨʠ 

ʧʝʨʬʦʨʤʘʥʩʠ. ʀʩʪʦ ʪʘʢʘ ʛʦ ʦʙʨʘʙʦʪʫʚʘ ʜʝʣʦʪ ʩʦ ʧʦʜʦʙʨʫʚʘˁʝʪʦ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʪʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʝʢʫ ʘʥʘʣʠʟʘ ʥʘ ʧʦʜʘʪʦʮʠʪʝ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML.  

ʇʦʢʨʘʿ ʤʥʦʛʫʙʨʦʿʥʠʪʝ ʜʦʩʪʘʧʥʠ ʪʝʭʥʠʢʠ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʦʜʥʦʩʥʦ ʧʨʦʝʢʪʠʨʘˁʝ ʥʘ ʟʘʢʦʥ ʟʘ 

ʫʧʨʘʚʫʚʘˁʝ ʢʘʢʦ ʰʪʦ ʩʝ ʧʨʝʢʫ ʪʨʘʛ ʥʘ ʢʦʨʝʥ, ɹʦʜʝʦʚʘ, ʅʠʢʚʠʩʪʦʚʘ ʤʝʪʦʜʘ ʢʘʢʦ 

ʢʦʥʚʝʥʮʠʦʥʘʣʥʠ ʪʝʭʥʠʢʠ, ʜʦʩʝʛʘ ʥʘʿʧʨʠʩʫʪʥʦ ʝ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʠʣʠ ʥʝʛʦʚʘ ʢʦʤʙʠʥʘʮʠʿʘ 

ʩʦ ʢʦʥʩʪʘʥʪʠʪʝ.  

ʆʩʚʝʥ ʪʦʘ ʩʝ ʧʦʿʘʚʫʚʘʘʪ ʠʩʪʨʘʞʫʚʘˁʘ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʬʘʟʠ ʣʦʛʠʢʘ ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ 

ʩʦ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ, ʥʦ ʠ ʧʨʠʤʝʥʘ ʥʘ ANN ʠ ML, ʥʦ ʥʝ ʚʦ ʧʦʣʝʪʦ ʥʘ ʫʧʨʘʚʫʚʘˁʝ, 

ʪʫʢʫ ʚʦ ʧʦʣʝʪʦ ʥʘ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʦ ʥʘ ʝʣʝʢʪʨʠʯʥʘ ʝʥʝʨʛʠʿʘ, ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ 

ʧʦʙʘʨʫʚʘʯʢʘ ʥʘ ʝʣʝʢʪʨʠʯʥʘ ʝʥʝʨʛʠʿʘ, ʢʚʘʣʠʪʝʪ ʥʘ ʧʨʦʠʟʚʝʜʝʥʘ ʝʣʝʢʪʨʠʯʥʘ ʝʥʝʨʛʠʿʘ ʧʨʠ 

ʚʣʠʿʘʥʠʝ ʥʘ ʨʘʟʣʠʯʥʠ ʫʩʣʦʚʠ ʠʪʥ. ɺʦ ʦʚʦ ʿʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ʧʨʠʢʘʞʘʥʘ ʝ ʧʨʠʤʝʥʘʪʘ ʥʘ 

ʨʘʟʣʠʯʥʠ ʤʦʜʝʣʠ ʥʘ ANN ʢʘʢʦ ʜʝʣ ʦʜ ML ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ ʜʝʬʠʥʠʨʘˁʝ ʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ 

ʦʜʨʝʜʫʚʘˁʝ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ, ʜʝʬʠʥʠʨʘˁʝ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʧʨʦʝʢʪʠʨʘˁʝ ʥʘ 

ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʟʘ ʧʦʩʪʠʛʥʫʚʘˁʝ ʧʦʜʦʙʨʠ ʜʠʥʘʤʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ 

ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ. ɺʦ ʜʝʬʠʥʠʨʘˁʝ ʥʘ ʤʝʪʦʜʦʣʦʛʠʠʪʝ, ʛʣʘʚʥʘ ʫʣʦʛʘ ʠʛʨʘ 

ʜʝʬʠʥʠʨʘˁʝʪʦ ʥʘ DT ʩʦ ʧʦʤʦʰ ʥʘ ʥʘʫʢʘʪʘ ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ. ʇʨʝʢʫ 

ʧʨʝʛʣʝʜ ʥʘ ʜʦʩʝʛʘ ʜʦʩʪʘʧʥʘʪʘ ʣʠʪʝʨʘʪʫʨʘ, ˃ʝ ʙʠʜʘʪ ʧʨʠʢʘʞʘʥʠ ʛʦʣʝʤ ʜʝʣ ʦʜ ʜʦʩʪʠʛʥʫʚʘˁʘʪʘ 

ʚʦ ʦʜʥʦʩ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪʠ, ʥʦ ʛʣʘʚʝʥ ʘʢʮʝʥʪ ˃ʝ ʙʠʜʝ ʩʪʘʚʝʥʦ ʥʘ 

ʚʣʠʿʘʥʠʝʪʦ ʥʘ ANN ʠ ML ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ ʜʝʬʠʥʠʨʘˁʝ ʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʫʧʨʘʚʫʚʘʯʢʠʪʝ 

ʩʠʩʪʝʤʠ, ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ ʠʪʥ.   

 ʇʨʠʤʝʥʘʪʘ ʥʘ ANN, ʢʘʢʦ ʜʝʣ ʦʜ ML ʩʦ ʮʝʣ ʦʜʨʝʜʫʚʘˁʝ ʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘʪʘ ʟʘ 

ʧʨʦʝʢʪʠʨʘˁʝ ʥʘ ʟʘʢʦʥ ʟʘ ʫʧʨʘʚʫʚʘˁʝ, ʦʜʥʦʩʥʦ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʦʜʨʝʜʫʚʘˁʝ ʥʘ ʚʨʝʤʝʥʩʢʘʪʘ 

ʢʦʥʩʪʘʥʪʘ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ ʧʨʠ ʥʝʿʟʠʥ ʠʟʙʦʨ, ʥʦ ʠ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ 

ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ, ʛʣʘʚʥʦ ˃ʝ ʙʠʜʝ ʧʨʠʢʘʞʘʥʦ ʧʨʝʢʫ ʣʠʥʝʘʨʥʠ ʠ ʥʝʣʠʥʝʘʨʥʠ ʤʦʜʝʣʠ ʥʘ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʘ ʧʦʩʪʨʦʿʢʘ ʙʝʟ ʚʦʜʦʩʪʘʥ ʧʦʨʘʜʠ ʥʝʛʦʚʦʪʦ ʟʘʥʝʤʘʨʣʠʚʦ ʤʘʣʦ ʚʣʠʿʘʥʠʝ ʥʘ 

ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠ ʘʥʘʣʠʟʘ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ. ʊʫʢʘ ʛʦʣʝʤʘ ʚʘʞʥʦʩʪ ʧʨʠ 

ʜʝʬʠʥʠʨʘˁʝ ʥʘ ʤʝʪʦʜʦʣʦʛʠʠʪʝ ˃ʝ ʠʤʘ ʠ ʜʝʬʠʥʠʨʘˁʝʪʦ ʥʘ DT ʩʦ ʧʦʤʦʰ ʥʘ ʜʦʩʪʘʧʥʠʪʝ 

ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ ʠ ʧʨʠʤʝʥʘ ʥʘ ʥʘʫʢʘʪʘ ʟʘ ʦʙʨʘʙʦʪʢʘ ʩʦ ʧʦʜʘʪʦʮʠ.  
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2.2 ʄʦʜʝʣʠʨʘˁʝ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ  

ʇʦʩʪʦʿʘʪ ʨʘʟʣʠʯʥʠ ʪʠʧʦʚʠ ʥʘ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣʠ ʢʦʠ ʦʧʠʰʫʚʘʘʪ ʝʜʥʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ 

ʦʙʿʝʢʪ. ʅʝʢʦʠ ʦʜ ʥʠʚ ʩʝ ʣʠʥʝʘʨʥʠ ʤʦʜʝʣʠ, ʜʝʣ ʥʝʣʠʥʝʘʨʥʠ, ʥʝʢʦʠ ʛʠ ʟʠʤʘʘʪ ʚʦ ʧʨʝʜʚʠʜ  

ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʚʦʜʦʩʪʘʥʦʪ, ʧʦʩʪʦʝˁʝʪʦ ʥʘ ʧʨʠʪʠʩʝʥ ʮʝʚʢʦʚʦʜ, ʥʝʢʦʠ ʥʝ ʛʦ ʟʠʤʘʘʪ ʚʦ ʧʨʝʜʚʠʜ 

ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʚʦʜʦʩʪʘʥʦʪ, ʥʠʪʫ ʧʘʢ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʮʝʚʢʦʚʦʜʦʪ ʠʪʥ. ɺʦ ʦʚʘʘ ʠʩʪʨʘʞʫʚʘˁʝ ʚʦ 

ʧʨʝʜʚʠʜ ʩʝ ʟʝʤʝʥʠ ʣʠʥʝʘʨʥʠʪʝ ʠ ʥʝʣʠʥʝʘʨʥʠʪʝ ʤʦʜʝʣʠ ʢʦʠ ʥʝ ʛʦ ʟʠʤʘʘʪ ʚʦ ʧʨʝʜʚʠʜ 

ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʚʦʜʦʩʪʘʥʦʪ, ʘ ʛʦ ʟʠʤʘʘʪ ʚʦ ʧʨʝʜʚʠʜ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʧʨʠʪʠʩʥʠʦʪ ʮʝʚʢʦʚʦʜ ʠ ʪʦʘ 

ʩʘʤʦ ʢʘʿ ʥʝʣʠʥʝʘʨʥʠʪʝ ʤʦʜʝʣʠ.  

ʆʩʚʝʥ ʩʠʤʫʣʘʮʠʩʢʠʪʝ ʤʦʜʝʣʠ, ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʥʘʫʢʘʪʘ ʟʘ ʦʙʨʘʙʦʪʢʘ ʩʦ ʧʦʜʘʪʦʮʠ ʠ 

ʜʦʩʪʘʧʥʠʪʝ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ, ʠʟʨʘʙʦʪʝʥ ʝ DT ʥʘ ʦʙʝʿʢʪʠʪʝ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʢʦʠ ʠʩʪʦ ʪʘʢʘ 

ʩʝ ʢʦʨʠʩʪʘʪ ʟʘ ʜʝʬʠʥʠʨʘˁʝ ʥʘ ʤʝʪʦʜʦʣʦʛʠʠʪʝ ʟʘ ʧʨʦʝʢʪʠʨʘˁʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝ, 

ʤʝʪʦʜʦʣʦʛʠʠʪʝ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ, ʤʝʪʦʜʦʣʦʛʠʠ ʟʘ ʢʦʨʠʩʪʝˁʝ ʥʘ ʧʦʜʘʪʦʯʥʠ 

ʤʥʦʞʝʩʪʚʘ. 

2.3 ʋʧʨʘʚʫʚʘˁʝ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ, 

ʠʥʪʝʛʨʘʣʥʠ ʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦ ʫʧʨʘʚʫʚʘˁʝ ʠ ʥʝʛʦʚʘ ʢʦʤʙʠʥʘʮʠʿʘ 

ʋʰʪʝ ʚʦ ʩʘʤʠʪʝ ʧʦʯʝʪʦʮʠ ʧʨʠ ʘʥʘʣʠʟʘ ʥʘ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʝʜʝʥ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ, ʙʠʣʦ ʥʝʟʘʤʠʩʣʠʚʦ ʜʘ ʩʝ ʨʘʙʦʪʠ ʩʦ ʥʝʣʠʥʝʘʨʥʠ ʤʦʜʝʣʠ ʧʦʨʘʜʠ 

ʩʣʘʙʘʪʘ ʧʨʦʮʝʩʦʨʩʢʘ ʤʦ˃ ʥʘ ʥʝʢʦʛʘʰʥʠʪʝ ʧʨʝʩʤʝʪʢʦʚʥʠ ʤʘʰʠʥʠ, ʥʦ ʠ ʥʝʜʦʩʪʠʛ ʥʘ ʘʣʘʪʢʠ 

ʟʘ ʥʠʚʥʦ ʦʙʨʘʙʦʪʫʚʘˁʝ ʠ ʧʨʝʩʤʝʪʫʚʘˁʝ. ɿʘ ʪʘʘ ʮʝʣ ʩʝ ʦʙʨʘʙʦʪʫʚʘʣʝ ʩʘʤʦ ʣʠʥʝʘʨʥʠʪʝ ʤʦʜʝʣʠ 

ʟʘ ʢʦʠ ʥʝ ʝ ʧʦʪʨʝʙʘ ʛʦʣʝʤʘ ʧʨʝʩʤʝʪʢʦʚʥʘ ʤʦ˃, ʘ ʠ ʩʘʤʠʪʝ ʤʘʪʝʤʘʪʠʯʢʠ ʠʟʨʘʟʠ ʩʝ 

ʧʦʝʜʥʦʩʪʘʚʥʠ.  

ʅʦ ʚʦ ʧʦʥʦʚʦ ʚʨʝʤʝ, ʚʦ ʚʨʝʤʝ ʥʘ ʙʨʟ ʪʝʭʥʦʣʦʰʢʠ ʨʘʟʚʦʿ ʢʦʛʘ ʧʨʦʮʝʩʦʨʩʢʘʪʘ ʤʦ˃ ʥʘ 

ʢʦʤʧʿʫʪʝʨʠʪʝ ʦʚʦʟʤʦʞʫʚʘ ʧʨʝʩʤʝʪʢʘ ʠ ʩʠʤʫʣʘʮʠʿʘ ʥʘ ʤʘʪʝʤʘʪʠʯʢʠʪʝ ʤʦʜʝʣʠ ʙʝʟ ʧʦʛʦʣʝʤʠ 

ʧʦʪʝʰʢʦʪʠʠ, ʧʨʠ ʩʠʤʫʣʘʮʠʿʘ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ, ʛʣʘʚʝʥ ʘʢʮʝʥʪ ʩʝ 

ʩʪʘʚʘ ʥʘ ʥʝʣʠʥʝʘʨʥʠʪʝ ʤʦʜʝʣʠ [3], [4], [5], [6]. ɿʘ ʨʘʟʣʠʢʘ ʦʜ ʥʝʣʠʥʝʘʨʥʠʪʝ ʤʦʜʝʣʠ 

ʜʝʬʠʥʠʨʘʥʠ ʚʦ [4], ʚʦ [7] ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ ʝ ʧʦʧʨʝʮʠʟʥʦ ʤʘʪʝʤʘʪʠʯʢʠ ʜʝʬʠʥʠʨʘʥʘ. 

ʇʨʠ ʪʦʘ ʥʘʿʧʨʚʦ ˃ʝ ʙʠʜʘʪ ʦʙʨʘʙʦʪʝʥʠ ʤʦʜʝʣʠʪʝ ʢʦʠ ʢʦʨʠʩʪʘʪ ʢʦʥʚʝʥʮʠʦʥʘʣʥʠ ʪʝʭʥʠʢʠ ʥʘ 

ʫʧʨʘʚʫʚʘˁʝ, PID ʫʧʨʘʚʫʚʘˁʝ, ʥʦ ʠ ʢʦʤʙʠʥʘʮʠʿʘ ʦʜ PID ʫʧʨʘʚʫʚʘˁʝʪʦ.   

ɽʜʥʘ ʦʜ ʥʘʿʰʠʨʦʢʦ ʫʧʦʪʨʝʙʫʚʘʥʠʪʝ ʪʝʭʥʠʢʠ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʝ PID ʫʧʨʘʚʫʚʘˁʝʪʦ. ʂʘʿ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʪʝ ʦʙʿʝʢʪ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʬʨʝʢʚʝʥʮʠʿʘʪʘ ʠʩʪʦ ʪʘʢʘ ʩʝ ʢʦʨʠʩʪʠ PID, ʥʦ ʠ 

ʥʝʛʦʚʘ ʢʦʤʙʠʥʘʮʠʿʘ. ɺʦ [8] ʝ ʧʨʝʪʩʪʘʚʝʥʦ ʨʦʙʫʩʪʥʦ ʫʧʨʘʚʫʚʘˁʝ ʩʦ PID ʩʦ ʮʝʣ ʜʘ ʩʝ ʦʙʝʟʙʝʜʠ 

ʩʪʘʙʠʣʥʦʩʪ ʠ ʜʠʥʘʤʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʩʠʩʪʝʤʦʪ ʚʦ ʮʝʣʦʪʦ ʨʘʙʦʪʥʦ ʧʦʜʨʘʯʿʝ ʥʘ 

ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ. ʊʫʢʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʩʝ ʩʧʦʨʝʜʫʚʘ ʩʦ ʤʝʪʦʜʘʪʘ Ὄ . ʉʦʛʣʘʩʥʦ 

ʧʨʠʣʦʞʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ, ʤʦʞʝ ʜʘ ʩʝ ʢʘʞʝ ʜʝʢʘ PID ʢʘʢʦ ʝʜʥʦ ʦʜ ʥʘʿʝʜʥʦʩʪʘʚʥʠʪʝ ʠ 

ʥʘʿʧʨʠʤʝʥʫʚʘʥʠʪʝ ʤʝʪʦʜʠ ʥʘ ʫʧʨʘʚʫʚʘˁʝ, ʦʙʝʟʙʝʜʫʚʘ ʩʪʘʙʠʣʥʦʩʪ ʠ ʜʠʥʘʤʠʯʢʠ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʧʦʨʝʜʣʠʚʠ ʠ ʩʦ ʧʦʩʦʚʨʝʤʝʥʠ ʫʧʨʘʚʫʚʘʯʢʠ ʤʝʪʦʜʠ. ɼʦʢʦʣʢʫ ʩʝ ʦʙʨʘʙʦʪʫʚʘ 

ʣʠʥʝʘʨʥʠʦʪ ʤʦʜʝʣ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ, ʩʘʤʦ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ, ʠʥʪʝʛʨʘʣʥʦ (PI) 

ʫʧʨʘʚʫʚʘˁʝ ʜʦʧʨʠʥʝʩʫʚʘ ʜʦ ʟʘʜʦʚʦʣʠʪʝʣʥʠ ʨʝʟʫʣʪʘʪʠ ʧʨʠ ʘʥʘʣʠʟʘ ʥʘ ʬʨʝʢʚʝʥʮʠʿʘʪʘ ʠ ʥʘ 

ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ [9]. ɺʦ ʠʩʪʠʦʪ ʪʨʫʜ, ʦʩʚʝʥ PI ʫʧʨʘʚʫʚʘˁʝ ʩʝ ʧʨʝʟʝʥʪʠʨʘʥʠ ʠ 

ʜʨʫʛʠ ʥʘʯʠʥʠ ʥʘ ʢʦʨʠʩʪʝˁʝ, ʦʜʥʦʩʥʦ PID ʫʧʨʘʚʫʚʘˁʝ, ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ ʠʥʪʝʛʨʘʣʥʦ ï 

ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦ (PI-PD), ʥʦ ʩʦʛʣʘʩʥʦ ʧʨʠʣʦʞʝʥʠʪʝ ʘʥʘʣʠʟʠ ʠ ʨʝʟʫʣʪʘʪʠ 
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ʜʦʿʜʝʥʦ ʝ ʜʦ ʟʘʢʣʫʯʦʢ ʜʝʢʘ PI ʜʘʚʘ ʥʘʿʦʧʪʠʤʘʣʥʦ ʨʝʰʝʥʠʝ ʧʨʠ ʩʧʦʨʝʜʫʚʘˁʝ ʥʘ ʧʦʙʘʨʘʥʘʪʘ 

ʠ ʚʠʩʪʠʥʩʢʠ ʜʦʙʠʝʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ. 

ʉʦ ʮʝʣ ʜʘ ʩʝ ʧʦʩʪʠʛʥʝ ʫʧʨʘʚʫʚʘˁʝ ʚʦ ʮʝʣʦ ʨʘʙʦʪʥʦ ʧʦʜʨʘʯʿʝ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ ʩʝ 

ʧʨʠʤʝʥʫʚʘ ʤʝʪʦʜʘʪʘ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʨʘʩʧʨʝʜʝʣʫʚʘˁʝ ʥʘ ʟʘʩʠʣʫʚʘˁʘ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ 

PID ʫʧʨʘʚʫʚʘˁʝʪʦ. ɺʦ [10] ʠ [11] ʝ ʧʦʢʘʞʘʥʦ ʢʘʢʦ ʪʝʭʥʠʢʘʪʘ ʥʘ ʨʘʩʧʨʝʜʝʣʫʚʘˁʝ ʥʘ 

ʟʘʩʠʣʫʚʘˁʘ ʝ ʝʬʠʢʘʩʝʥ ʤʝʪʦʜ ʟʘ ʦʜʨʝʜʫʚʘˁʝ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ PID ʩʦ ʮʝʣ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ 

ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʩʠʩʪʝʤʠ. 

ʆʩʚʝʥ PID ʫʧʨʘʚʫʚʘˁʝʪʦ, ʜʨʫʛʠ ʪʝʭʥʠʢʠ ʢʦʠ ʧʨʠʜʦʥʝʩʫʚʘʘʪ ʟʘ ʧʦʜʦʙʨʝʥʠ ʜʠʥʘʤʠʯʢʠ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʩʠʩʪʝʤʦʪ ʩʝ ʨʦʙʫʩʪʥʦ ʦʧʪʠʤʘʣʥʦʪʦ ʫʧʨʘʚʫʚʘˁʝ [12], ʘʜʘʧʪʠʚʥʦ 

ʫʧʨʘʚʫʚʘˁʝ [13], ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ANN [14] ʠʪʥ. ɼʝʣ ʦʜ ʥʘʚʝʜʝʥʠʪʝ ʪʝʭʥʠʢʠ ˃ʝ 

ʙʠʜʘʪ ʧʦʜʝʪʘʣʥʦ ʦʙʨʘʙʦʪʝʥʠ ʚʦ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ. 

ɼʦʧʦʣʥʠʪʝʣʥʦ ʜʦʩʪʘʧʥʠ ʪʝʭʥʠʢʠ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʦʩʚʝʥ PID ʝ complimentary sliding mode 

controller (CSMC) [15], ʦʜʥʦʩʥʦ ʫʧʨʘʚʫʚʘʯʢʘ ʪʝʭʥʠʢʘ ʢʦʿʘ ʩʝ ʧʨʠʤʝʥʫʚʘ ʧʨʝʜ ʩʝ ʢʘʿ 

ʥʝʣʠʥʝʘʨʥʠ ʩʠʩʪʝʤʠ ʧʨʝʢʫ ñʧʨʠʥʫʜʘò ʜʘ ʩʠʩʪʝʤʦʪ ʩʝ ʜʚʠʞʠ ʧʦ ʪʦʯʥʦ ʜʝʬʠʥʠʨʘʥ 

ʥʝʢʦʥʪʠʥʫʠʨʘʥ ʫʧʨʘʚʫʚʘʯʢʠ ʩʠʛʥʘʣ. ʆʚʘʘ ʤʝʪʦʜʘ ʧʨʝʜ ʩʝ, ʩʝ ʧʨʠʤʝʥʫʚʘ ʢʘʿ ʭʠʜʨʘʫʣʠʯʥʠ 

ʪʫʨʙʠʥʠ ʩʦ ʧʨʦʤʝʥʣʠʚ ʙʨʦʿ ʥʘ ʚʨʪʝʞʠ.  

2.4 ʋʧʨʘʚʫʚʘˁʝ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʬʘʟʠ ʣʦʛʠʢʘ 

ʈʘʟʚʦʿʦʪ ʥʘ ʪʝʭʥʦʣʦʛʠʿʘʪʘ ʠ ʜʦʩʪʘʧʥʦʩʪʘ ʥʘ ʥʦʚʠʪʝ ʪʝʭʥʠʢʠ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʩʦ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪʠ, ʜʦʚʝʜʫʚʘ ʜʦ ʤʦʞʥʦʩʪ ʟʘ ʧʨʠʤʝʥʘ ʥʘ ʧʦʩʦʚʨʝʤʝʥʘ ʤʝʪʦʜʘ ʟʘ 

ʨʘʟʣʠʢʘ ʦʜ PID, ʘ ʪʦʘ ʝ ʧʨʠʤʝʥʘ ʥʘ ʬʘʟʠ ʣʦʛʠʢʘ. ʅʘʿʯʝʩʪʦ ʠʥʪʝʣʠʛʝʥʪʥʠʪʝ ʧʨʠʩʪʘʧʠ ʟʘ 

ʫʧʨʘʚʫʚʘˁʝ ʠʤʘʘʪ ʧʦʪʨʝʙʘ ʦʜ ʜʚʘ ʠʣʠ ʧʦʚʝ˃ʝ ʚʣʝʟʥʠ ʚʨʝʜʥʦʩʪʠ ʚʦ ʫʧʨʘʚʫʚʘˁʝʪʦ ʩʦ ʧʨʠʤʝʥʘ 

ʥʘ ʬʘʟʠ ʣʦʛʠʢʘ, ʥʦ ʪʦʿ ʧʨʠʩʪʘʧ ʦʜ ʝʢʦʥʦʤʩʢʘ ʛʣʝʜʥʘ ʪʦʯʢʘ ʚʦʦʧʰʪʦ ʥʝ ʝ ʧʨʠʤʝʥʣʠʚ. ʇʘ ʟʘʪʦʘ 

ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʚʦ [16] ʩʝ ʢʦʨʠʩʪʠ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʝʜʝʥ ʚʣʝʟʝʥ ʫʧʨʘʚʫʚʘʯʢʠ ʩʠʛʥʘʣ. 

ʉʦʛʣʘʩʥʦ ʘʥʘʣʠʟʠʪʝ ʠ ʨʝʟʫʣʪʘʪʠʪʝ ʧʨʝʟʝʥʪʠʨʘʥʠ ʚʦ [16] ʠ [17] ʥʘʧʨʘʚʝʥʘ ʝ ʢʦʤʙʠʥʘʮʠʿʘ ʦʜ 

ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʬʘʟʠ ʣʦʛʠʢʘ ʚʦ ʢʦʤʙʠʥʘʮʠʿʘ ʩʦ PI, ʘ ʨʝʟʫʣʪʘʪʠʪʝ ʩʝ ʩʧʦʨʝʜʝʥʠ ʩʦ PID 

ʫʧʨʘʚʫʚʘˁʝ. ʉʦʛʣʘʩʥʦ ʨʝʟʫʣʪʘʪʠʪʝ ʧʨʠ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʥʝʣʠʥʝʘʨʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ 

ʠ ʧʨʠʤʝʥʘ ʥʘ ʬʘʟʠ ʣʦʛʠʢʘ ʚʦ ʢʦʤʙʠʥʘʮʠʿʘ ʩʦ PI ʩʝ ʜʦʙʠʝʥʠ 8 ʧʘʪʠ ʧʦʤʘʣʦ ʚʨʝʤʝ ʥʘ 

ʩʪʘʙʠʣʠʟʠʨʘˁʝ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ ʚʦ ʩʧʦʨʝʜʙʘ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʯʠʩʪʦ PID ʫʧʨʘʚʫʚʘˁʝ 

ʠ 15 ʧʘʪʠ ʧʦʤʘʣ ʧʨʝʩʢʦʢ ʚʦ ʩʧʦʨʝʜʙʘ ʩʦ ʢʦʥʚʝʥʮʠʦʥʘʣʥʠʪʝ PI/PID ʫʧʨʘʚʫʚʘˁʝ. ʊʘʢʘ ʝ 

ʧʦʢʘʞʘʥʦ ʜʝʢʘ ʧʨʠʤʝʥʘʪʘ ʥʘ ʬʘʟʠ ʣʦʛʠʢʘ ʚʦ ʢʦʤʙʠʥʘʮʠʿʘ ʩʦ PI ʫʧʨʘʚʫʚʘˁʝ ʝ ʧʦʜʦʙʨʦ 

ʨʝʰʝʥʠʝ ʧʨʠ ʫʧʨʘʚʫʚʘˁʝ ʠ ʧʦʩʪʠʛʥʫʚʘˁʝ ʥʘ ʩʪʘʙʠʣʥʦʩʪ ʥʘ ʩʠʩʪʝʤʦʪ. 

ʀʩʪʦ ʪʘʢʘ ʚʦ [18][19] ʝ ʧʨʠʢʘʞʘʥ ʧʨʠʩʪʘʧʦʪ ʟʘ ʦʜʨʝʜʫʚʘˁʝ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʦʜ PI 

ʫʧʨʘʚʫʚʘˁʝʪʦ, ʧʨʦʧʦʨʮʠʦʥʘʣʥʘʪʘ ʠ ʠʥʪʝʛʨʘʣʥʘʪʘ ʢʦʥʩʪʘʥʪʘ ʩʦ ʮʝʣ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ 

ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʩʪʘʙʠʣʥʦʩʪʘ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ.  

ɽʜʥʘ ʦʜ ʪʝʭʥʠʢʠʪʝ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʝ ʠ ʧʨʠʤʝʥʘ ʥʘ ʬʘʟʠ ʣʦʛʠʢʘ ʚʦ ʢʦʤʙʠʥʘʮʠʿʘ ʩʦ PI ʧʨʠ 

ʦʧʨʝʜʝʣʫʚʘˁʝ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʨʘʩʧʨʝʜʝʣʫʚʘˁʝ ʥʘ ʟʘʩʠʣʫʚʘˁʘʪʘ ʩʦʛʣʘʩʥʦ 

ʧʨʝʟʝʥʪʠʨʘʥʠʪʝ ʠ ʘʥʘʣʠʟʠʨʘʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʚʦ [20], [21]. 

ɺʦ [22] ʝ ʧʨʠʢʘʞʘʥʘ ʧʨʠʤʝʥʘʪʘ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʬʘʟʠ ʣʦʛʠʢʘ ʟʘ ʟʛʦʣʝʤʫʚʘˁʝ ʥʘ ʠʟʣʝʟʥʘʪʘ 

ʤʦ˃ʥʦʩʪ ʧʨʝʢʫ ʟʛʦʣʝʤʫʚʘˁʝ ʥʘ ʙʨʦʿʦʪ ʥʘ ʚʨʪʝʞʠ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ. ɺʦ ʦʚʦʿ ʩʣʫʯʘʿ 

ʩʝ ʢʦʨʠʩʪʠ ʯʠʩʪʦ ʬʘʟʠ ʣʦʛʠʢʘ ʙʝʟ ʧʨʠʤʝʥʘ ʥʘ ʢʦʥʚʝʥʮʠʦʥʘʣʥʦ ʫʧʨʘʚʫʚʘˁʝ, PID ʠʣʠ PI.  
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ʇʨʠ ʘʥʘʣʠʟʘ ʥʘ ʛʦʣʝʤ ʙʨʦʿ ʪʨʫʜʦʚʠ ʢʦʠ ʿʘ ʦʙʨʘʙʦʪʫʚʘʘʪ ʬʘʟʠ ʣʦʛʠʢʘʪʘ ʢʘʢʦ ʜʝʣ ʦʜ ʧʨʦʮʝʩʦʪ 

ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪʠ, ʤʦʞʝ ʜʘ ʩʝ ʢʘʞʝ ʜʝʢʘ ʬʘʟʠ ʣʦʛʠʢʘʪʘ ʚʦ 

ʢʦʤʙʠʥʘʮʠʿʘ ʩʦ ʢʦʥʚʝʥʮʠʦʥʘʣʥʦ ʫʧʨʘʚʫʚʘˁʝ, ʦʜʥʦʩʥʦ PI ʠʣʠ PID ʜʘʚʘ ʥʘʿʟʘʜʦʚʦʣʠʪʝʣʥʠ 

ʨʝʟʫʣʪʘʪʠ ʚʦ ʩʧʦʨʝʜʙʘ ʩʦ ʧʨʠʤʝʥʘ ʩʘʤʦ ʥʘ ʬʘʟʠ ʣʦʛʠʢʘ.  

ʆʩʚʝʥ ʧʨʠʤʝʥʘʪʘ ʥʘ ʬʘʟʠ ʣʦʛʠʢʘ ʢʘʢʦ ʫʧʨʘʚʫʚʘʯʢʘ ʪʝʭʥʠʢʘ, ʥʦ ʠ ʧʨʠʤʝʥʘʪʘ ʥʘ ʢʦʤʙʠʥʘʮʠʿʘ 

ʦʜ ʬʘʟʠ ʣʦʛʠʢʘ ʩʦ PI/PID, ʜʦʩʪʘʧʥʠ ʩʝ ʪʨʫʜʦʚʠ ʚʦ ʢʦʠ ʝ ʧʨʠʢʘʞʘʥʦ ʜʝʢʘ ʧʨʠʤʝʥʘʪʘ ʥʘ ʥʝʫʨʦ-

ʬʘʟʠ ʣʦʛʠʢʘ [23], [24], [25] ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʬʨʝʢʚʝʥʮʠʿʘʪʘ, ʦʜʥʦʩʥʦ ʥʘʤʘʣʫʚʘˁʝ ʥʘ 

ʜʝʚʠʿʘʮʠʿʘ ʚʦ ʬʨʝʢʚʝʥʮʠʿʘʪʘ ʧʨʠʜʦʥʝʩʫʚʘ ʜʦ ʧʦʙʨʟʦ ʩʪʘʙʠʣʠʟʠʨʘˁʝ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ 

ʦʙʿʝʢʪ. 

2.5 ʋʧʨʘʚʫʚʘˁʝ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʝʿʢʪ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ 

ʥʝʚʨʦʥʩʢʠ ʤʨʝʞʠ 

ʇʨʠʤʝʥʘʪʘ ʥʘ ANN ʢʘʢʦ ʜʝʣ ʦʜ ML ʦʚʦʟʤʦʞʫʚʘ ʥʠʚʥʘ ʢʦʤʙʠʥʘʮʠʿʘ ʩʦ ʟʘʢʦʥ ʟʘ ʫʧʨʘʚʫʚʘˁʝ 

ʥʘ ʙʠʣʦ ʢʦʿ ʩʠʩʪʝʤ. ʎʝʣʪʘ ʥʘ ʚʦʚʝʜʫʚʘˁʝ ʟʘʢʦʥ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʚʦ ʢʦʤʙʠʥʘʮʠʿʘ ʩʦ ANN ʝ ʩʦ 

ʮʝʣ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʩʠʩʪʝʤʠʪʝ, ʩʪʘʙʠʣʥʦʩʪʘ, ʟʛʦʣʝʤʫʚʘˁʝ 

ʥʘ ʝʬʠʢʘʩʥʦʩʪʘ, ʥʦ ʠ ʩʝʢʦʿ ʜʨʫʛ ʧʘʨʘʤʝʪʘʨ ʢʦʿ ʝ ʮʝʣ ʥʘ ʨʘʟʛʣʝʜʫʚʘˁʝ ʠ ʠʩʪʨʘʞʫʚʘˁʝ. ʅʝ 

ʩʘʤʦ ʢʘʿ ʫʧʨʘʚʫʚʘˁʝʪʦ ʩʦ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪʠ, ʰʠʨʦʢʘ ʝ ʧʨʠʤʝʥʘʪʘ ʥʘ ʫʧʨʘʚʫʚʘˁʝ 

ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʠ ʢʘʿ ʦʩʪʘʥʘʪʠʪʝ ʫʧʨʘʚʫʚʘʯʢʠ ʩʠʩʪʝʤʠ [26].  

ɺʦ [27] ʝ ʧʨʠʢʘʞʘʥʘ ʧʨʠʤʝʥʘʪʘ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ NN, NARMA ʩʦ ʮʝʣ ʫʧʨʘʚʫʚʘˁʝ 

ʟʘ ʢʦʥʩʪʘʥʪʥʦ ʦʜʨʞʫʚʘˁʝ ʥʘ ʥʠʚʦ ʥʘ ʚʦʜʘ ʚʦ ʨʝʟʝʨʚʦʘʨ. ʈʝʟʫʣʪʘʪʠʪʝ ʚʦ ʦʚʦʿ ʪʨʫʜ ʩʝ 

ʩʧʦʨʝʜʝʥʠ ʩʦ ʫʧʨʘʚʫʚʘˁʝ ʢʦʝ ʤʦʞʝ ʜʘ ʛʠ ʧʨʝʜʚʠʜʠ ʩʣʝʜʥʠʪʝ ʯʝʢʦʨʠ (MPC), ʥʦ ʠʩʪʠʦʪ ʥʝ ʝ 

ʟʘʩʥʦʚʘʥ ʥʘ NN. ʉʦʛʣʘʩʥʦ ʩʠʤʫʣʘʮʠʩʢʠʪʝ ʨʝʟʫʣʪʘʪʠ ʧʨʝʟʝʥʪʠʨʘʥʠ ʚʦ ʪʨʫʜʦʪ, ʤʦʞʝ ʜʘ ʩʝ 

ʚʠʜʠ ʜʝʢʘ ʫʧʨʘʚʫʚʘˁʝʪʦ ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʜʘʚʘ ʜʘʣʝʢʫ ʧʦʟʘʜʦʚʦʣʠʪʝʣʥʠ ʨʝʟʫʣʪʘʪʠ ʦʪʢʦʣʢʫ 

MPC. 

ʋʰʪʝ ʝʜʝʥ ʧʨʠʤʝʨ ʢʘʜʝ ʰʪʦ ʩʝ ʢʦʨʠʩʪʠ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ NN, NARMA ʝ ʫʧʨʘʚʫʚʘˁʝ 

ʩʦ ʙʨʟʠʥʘʪʘ ʥʘ ʨʦʪʠʨʘˁʝ ʥʘ ʧʝʨʢʠʪʝ ʢʘʿ ʚʝʪʝʨʥʠʮʠ [28]. ʆʜ ʦʚʦʿ ʪʨʫʜ ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʜʝʢʘ 

ʫʧʨʘʚʫʚʘˁʝʪʦ ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʚʦ ʩʧʦʨʝʜʙʘ ʩʦ PID ʠʣʠ MPC ʛʠ ʝʣʠʤʠʥʠʨʘ ʧʨʝʩʢʦʮʠʪʝ ʚʦ 

ʩʠʩʪʝʤʦʪ, ʚʨʝʤʝʪʦ ʥʘ ʩʪʘʙʠʣʠʟʠʨʘˁʝ ʥʘ ʩʠʩʪʝʤʦʪ ʝ ʟʘ 16 % ʧʦʤʘʣʠ, ʘ ʚʦ ʩʧʦʨʝʜʙʘ ʩʦ PID 

ʚʨʝʤʝʪʦ ʥʘ ʧʦʩʪʠʛʥʫʚʘˁʝ ʥʘ ʩʪʘʮʠʦʥʘʨʥʘ ʩʦʩʪʦʿʙʘ ʝ ʟʘ ʧʦʚʝ˃ʝ ʦʜ 50 % ʧʦʜʦʙʨʝʥʦ. 

ɺʦ [29] ʝ ʧʨʠʢʘʞʘʥʦ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʢʦʥʮʝʥʪʨʘʮʠʿʘʪʘ ʥʘ ʨʘʩʪʚʦʨʝʥ ʢʠʩʣʦʨʦʜ ʚʦ ʙʠʦ-ʨʝʘʢʪʦʨ, 

ʢʘʜʝ ʰʪʦ ʩʦ ʧʨʠʤʝʥʘ ʥʘ NN ʩʝ ʜʝʬʠʥʠʨʘ ʧʨʝʜʚʠʜʫʚʘʯʢʠʦʪ ʩʠʛʥʘʣ ʦʜ MPC. ʂʘʢʦ ʠ ʚʦ 

ʧʨʝʪʭʦʜʥʠʪʝ ʦʙʿʘʩʥʫʚʘˁʘ ʠ ʚʦ ʦʚʦʿ ʪʨʫʜ ʩʝ ʧʦʪʚʨʜʫʚʘ ʜʝʢʘ ʫʧʨʘʚʫʚʘˁʝʪʦ ʟʘʩʥʦʚʘʥʦ ʥʘ 

ʥʝʚʨʦʥʩʢʠ ʤʨʝʞʠ, NARMA ʦʚʦʟʤʦʞʫʚʘ ʧʦʝʬʠʢʘʩʥʦ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʥʠʚʦʪʦ ʥʘ ʨʘʩʪʚʦʨʝʥ 

ʢʠʩʣʦʨʦʜ ʚʦ ʙʠʦ-ʨʝʢʪʦʨʦʪ.  

ʇʨʠʤʝʥʘʪʘ ʥʘ ʫʧʨʘʚʫʚʘˁʝʪʦ ʟʘʩʥʦʚʘʥ ʥʘ NN, ʧʨʝʜ ʩʝ NARMA, ʚʦ [30] ʛʦ ʧʨʝʪʩʪʘʚʫʚʘ 

ʫʧʨʘʚʫʚʘˁʝʪʦ ʩʦ ʰʠʨʦʢ ʩʧʝʢʪʘʨ ʥʘ ʥʝʣʠʥʝʘʨʥʠ ʩʠʩʪʝʤʠ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʛʝʥʝʪʩʢʠ ʘʣʛʦʨʠʪʘʤ. 

ʉʦʛʣʘʩʥʦ ʧʨʠʣʦʞʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ, ʩʝ ʧʦʢʘʞʫʚʘ ʜʝʢʘ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʦʚʘ ʫʧʨʘʚʫʚʘˁʝ ʩʝ 

ʧʦʩʪʠʛʥʫʚʘ ʝʬʠʢʘʩʥʦ ʫʧʨʘʚʫʚʘˁʝ ʥʘ ʥʝʣʠʥʝʘʨʥʠʪʝ ʠ ʨʦʙʫʩʪʥʠ ʩʠʩʪʝʤʠ. 
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2.6 ʋʧʨʘʚʫʚʘˁʝ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʤʘʰʠʥʩʢʦ ʫʯʝˁʝ  

ʇʨʠʤʝʥʘʪʘ ʥʘ ML ʝ ʘʢʪʫʝʣʥʘ ʪʝʤʘ ʠ ʪʝʭʥʠʢʘ ʟʘ ʝʬʠʢʘʩʥʦ ʠ ʢʚʘʣʠʪʝʪʥʦ ʫʧʨʘʚʫʚʘˁʝ ʩʦ 

ʩʠʩʪʝʤʠ. ɽʜʝʥ ʦʜ ʧʨʠʤʝʨʠʪʝ ʠ ʪʨʫʜʦʚʠʪʝ ʚʦ ʢʦʠ ʩʝ ʧʨʠʤʝʥʫʚʘ ML ʝ ʟʘ ʙʨʟʘ ʜʝʪʝʢʮʠʿʘ ʥʘ 

ʛʨʝʰʢʠ ʠ ʧʨʦʙʣʝʤʠ ʚʦ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʩʠʩʪʝʤʠ [31] ʦʩʦʙʝʥʦ ʢʘʿ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʪʝ ʦʙʿʝʢʪʠ 

ʧʦʨʘʜʠ ʧʦʪʨʝʙʘʪʘ ʟʘ ʙʨʟʘ ʨʝʘʢʮʠʿʘ ʧʨʠ ʧʦʿʘʚʘ ʥʘ ʙʠʣʦ ʢʘʢʦʚ ʧʨʦʙʣʝʤ. ʆʩʚʝʥ ʚʦ ʝʥʝʨʛʝʪʩʢʠʪʝ 

ʩʠʩʪʝʤʠ, ʧʨʠʤʝʥʘʪʘ ʥʘ ML ʩʝ ʩʨʝ˃ʘʚʘ ʚʦ ʛʦʣʝʤ ʙʨʦʿ ʦʙʣʘʩʪʠ ʢʘʢʦ ʰʪʦ ʝ ʥʘ ʧʨʠʤʝʨ ʧʨʠʤʝʥʘ 

ʚʦ ʟʜʨʘʚʩʪʚʝʥʠʦʪ ʩʠʩʪʝʤ ʟʘ ʥʝʛʦʚʦ ʧʦʣʝʩʥʦ ʫʧʨʘʚʫʚʘˁʝ [32]. 

ɼʨʫʛʘ ʧʨʠʤʝʥʘ ʥʘ ML ʝ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʠ ʦʧʪʠʤʠʟʘʮʠʿʘ ʥʘ ʥʠʚʦ ʥʘ ʚʦʜʘ ʚʦ ʨʝʟʝʨʚʦʘʨʠ [33], 

[34].  

2.7 ʇʨʠʤʝʥʘ ʥʘ ʤʘʰʠʥʩʢʦ ʫʯʝˁʝ ʟʘ ʧʨʦʝʢʪʠʨʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ 

ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ, ʠʥʪʝʛʨʘʣʥʦ ʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦ ʫʧʨʘʚʫʚʘˁʝ 

ʇʨʠʤʝʥʘʪʘ ʥʘ ML ʟʘ ʦʜʨʝʜʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʧʨʠʜʦʥʝʩʫʚʘ ʜʘ ʤʦʞʝ 

ʜʘ ʩʝ ʦʧʬʘʪʠ ʧʦʛʦʣʝʤʦ ʨʘʙʦʪʥʦ ʧʦʜʨʘʯʿʝ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ. ʊʦʘ ʟʥʘʯʠ ʜʝʢʘ ʤʦʞʝ 

ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʘʚʪʦʤʘʪʩʢʠ ʠʟʙʦʨ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʦʜ PID ʪʘʢʘ ʜʘ ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ 

ʧʦʩʪʠʛʥʝ ʥʘʿʛʦʣʝʤʘ ʝʬʠʢʘʩʥʦʩʪ ʠʣʠ ʜʘ ʩʝ ʦʚʦʟʤʦʞʠ ʘʚʪʦʤʘʪʩʢʦ ʧʨʠʣʘʛʦʜʫʚʘˁʝ ʥʘ 

ʢʦʥʩʪʘʥʪʠʪʝ ʧʨʝʢʫ ʨʝʘʣʥʦ-ʚʨʝʤʝʥʩʢʦ ʩʦʙʠʨʘˁʝ ʥʘ ʧʦʜʘʪʦʮʠ ʦʜ ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ, 

ʦʙʨʘʙʦʪʫʚʘˁʝ ʥʘ ʩʦʙʨʘʥʠʪʝ ʧʦʜʘʪʦʮʠ ʚʦ ʨʝʘʣʥʦ ʚʨʝʤʝ ʠ ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʩʦʩʪʦʿʙʘʪʘ ʥʘ 

ʩʠʩʪʝʤʦʪ ʜʘ ʩʝ ʤʝʥʫʚʘʘʪ ʧʘʨʘʤʝʪʨʠʪʝ ʢʘʢʦ ʙʠ ʩʝ ʦʧʬʘʪʠʣʦ ʧʦʛʦʣʝʤʦ ʨʘʙʦʪʥʦ ʧʦʜʨʘʯʿʝ ʥʘ 

ʪʫʨʙʠʥʘʪʘ. ʉʝʪʦ ʪʦʘ ʝ ʚʦʟʤʦʞʥʦ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʥʝʢʦʿʘ ʦʜ ʤʝʪʦʜʠʪʝ ʥʘ ML. ɺʦ ʜʦʩʪʘʧʥʘʪʘ 

ʣʠʪʝʨʘʪʫʨʘ ʧʦʩʪʦʿʘʪ ʛʦʣʝʤ ʙʨʦʿ ʥʘ ʧʨʠʤʝʥʠ ʥʘ ML ʩʦ ʮʝʣ ʘʚʪʦʤʘʪʩʢʦ ʧʨʠʣʘʛʦʜʫʚʘˁʝ ʥʘ 

ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ.  

ɺʦ [35] ʩʝ ʧʨʠʤʝʥʫʚʘ ANN ʩʦ ʜʚʘ ʩʢʨʠʝʥʠ ʩʣʦʿʘ, ʥʦ ʠ ʩʦ ʧʦʚʨʘʪʥʘ ʚʨʩʢʘ ʦʜ ʠʟʣʝʟʦʪ ʦʜ NN. 

ɺʦ ʦʚʦʿ ʪʨʫʜ ʧʨʚʠʦʪ ʩʣʦʿ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʤʨʝʞʘʪʘ ʜʘ ʤʦʞʝ ʜʘ ʿʘ ʥʘʫʯʠ ʚʨʩʢʘʪʘ ʧʦʤʝʺʫ 

ʨʘʟʣʠʯʥʠʪʝ ʫʧʨʘʚʫʚʘʯʢʠ ʧʘʨʘʤʝʪʨʠ ʠ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʧʝʨʬʦʨʤʘʥʩʠ ʥʘ ʩʠʩʪʝʤʦʪ ʧʦʜ 

ʨʘʟʣʠʯʥʠ ʨʘʙʦʪʥʠ ʫʩʣʦʚʠ. ɺʪʦʨʠʦʪ ʩʣʦʿ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʧʨʦʫʯʫʚʘˁʝ ʥʘ ʦʜʥʦʩʦʪ ʧʦʤʝʺʫ 

ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʨʘʙʦʪʥʠʪʝ ʫʩʣʦʚʠ ʠ ʦʧʪʠʤʠʟʠʨʘʯʢʠʪʝ ʫʧʨʘʚʫʚʘʯʢʠ ʧʘʨʘʤʝʪʨʠ ʧʨʠ ʨʘʟʣʠʯʥʠ 

ʨʘʙʦʪʥʠ ʫʩʣʦʚʠ. ʉʦ ʧʨʠʤʝʥʘ ʥʘ ʜʚʦʿʥʘ NN ʩʦ ʧʦʚʨʘʪʝʥ ʩʠʛʥʘʣ, ʩʦʛʣʘʩʥʦ ʪʝʦʨʝʪʩʢʠʪʝ ʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʪʝ ʧʨʦʙʠ, ʫʪʚʨʜʝʥʦ ʝ ʜʝʢʘ ʜʫʨʠ ʟʘ 31.3% ʝ ʥʘʤʘʣʝʥʦ ʧʨʝʩʢʦʢʥʫʚʘˁʝʪʦ ʧʨʠ 

ʧʦʩʪʠʛʥʫʚʘˁʝ ʥʘ ʩʪʘʮʠʦʥʘʨʥʘ ʩʦʩʪʦʿʙʘ. ʀʩʪʦ ʪʘʢʘ ʚʦ ʦʚʦʿ ʪʨʫʜ ʩʝ ʥʘʚʝʜʫʚʘ ʜʝʢʘ ʦʩʚʝʥ 

ʥʘʤʘʣʫʚʘˁʝʪʦ ʥʘ ʧʨʝʩʢʦʢʥʫʚʘˁʝʪʦ, ʢʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ ʥʘ ʩʠʩʪʝʤʦʪ ʩʦ ʧʨʠʤʝʥʘ ʥʘ NN ʚʦ 

ʩʧʦʨʝʜʙʘ ʩʦ PID ʩʝ ʨʝʯʠʩʠ ʠʩʪʠ. ʀʩʪʦ ʪʘʢʘ ʠ ʚʦ [36] ʝ ʠʩʢʦʨʠʩʪʝʥʘ NN ʩʦ ʧʦʚʨʘʪʝʥ ʩʠʛʥʘʣ 

ʟʘ ʘʚʪʦʤʘʪʩʢʦ ʦʜʨʝʜʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʦʜ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʟʘ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ 

ʩʪʘʙʠʣʥʦʩʪʘ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʩʠʩʪʝʤ. 

ʅʝ ʩʘʤʦ ʟʘ ʧʨʦʝʢʪʠʨʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʢʘʿ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ, 

ʪʫʢʫ ʠ ʚʦ ʤʥʦʛʫ ʜʨʫʛʠ ʘʧʣʠʢʘʮʠʠ ʩʝ ʢʦʨʠʩʪʠ ʥʝʢʦʿʘ ʦʜ ʤʝʪʦʜʠʪʝ ʥʘ ML ʟʘ ʘʚʪʦʤʘʪʩʢʦ 

ʦʜʨʝʜʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʠʣʠ ʥʝʛʦʚʠ ʚʘʨʠʿʘʮʠʠ. ʂʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʚʦ [37] ʠ 

[38] ʩʝ ʢʦʨʠʩʪʠ ANN ʟʘ ʘʚʪʦʤʘʪʩʢʘ ʨʝʛʫʣʘʮʠʿʘ ʥʘ ʥʘʧʦʥʦʪ ʢʘʿ ʩʠʥʭʨʦʥʠ ʛʝʥʝʨʘʪʦʨʠ. ʀʩʪʦ 

ʪʘʢʘ ʧʨʠʤʝʥʘʪʘ ʥʘ ANN ʧʨʠ ʦʜʨʝʜʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ, ʢʘʢʦ ʰʪʦ ʝ 

ʧʨʠʢʘʞʘʥʦ ʚʦ [39] ʩʝ ʧʨʠʤʝʥʫʚʘ ʥʘʿʯʝʩʪʦ ʧʦʨʘʜʠ ʪʦʘ ʰʪʦ ʥʝ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʙʠʜʝ ʜʝʬʠʥʠʨʘʥ 

ʤʘʪʝʤʘʪʠʯʢʠʦʪ ʤʦʜʝʣ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʦʙʿʝʢʪ ʪʫʢʫ ʜʦʚʦʣʥʦ ʝ ʜʘ ʠʤʘ ʢʚʘʣʠʪʝʪʥʦ ʧʦʜʘʪʦʯʥʦ 

ʤʥʦʞʝʩʪʚʦ. ʇʨʝʢʫ ʪʦʘ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ˃ʝ ʩʝ ʛʝʥʝʨʠʨʘ DT ʟʘ ʘʥʘʣʠʟʠʨʘʥʠʦʪ ʠ 
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ʦʙʨʘʙʦʪʫʚʘʥʠʦʪ ʩʠʩʪʝʤʠ ʠ ʥʘ ʪʦʿ ʥʘʯʠʥ ˃ʝ ʤʦʞʝ ʜʘ ʩʝ ʧʦʤʦʛʥʝ ʧʨʠ ʧʨʦʝʢʪʠʨʘˁʝ ʥʘ 

ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID.  

ɿʘ ʨʝʘʣʥʦ-ʚʨʝʤʝʥʩʢʘ ʧʨʠʤʝʥʘ ʥʘ ANN ʠ ML ʧʨʠ ʧʨʠʣʘʛʦʜʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID 

ʫʧʨʘʚʫʚʘˁʝʪʦ ʢʘʿ ʥʝʣʠʥʝʘʨʥʠʪʝ ʩʠʩʪʝʤʠ, ʪʝʦʨʝʪʩʢʠ ʦʩʚʨʪ ʝ ʧʨʝʟʝʥʪʠʨʘʥ ʚʦ [40][41]. 

2.8 ʋʧʨʘʚʫʚʘˁʝ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʢʦʤʙʠʥʠʨʘʥʠ ʪʝʭʥʠʢʠ 

PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʝ ʥʘʿʯʝʩʪʦ ʧʨʠʩʫʪʥʘ ʪʝʭʥʠʢʘ ʢʘʿ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʩʠʩʪʝʤʠ. ʊʦʘ ʝ 

ʢʦʥʚʝʥʮʠʦʥʘʣʝʥ ʠ ʤʦʞʝ ʜʘ ʩʝ ʢʘʞʝ ʥʘʿʝʜʥʦʩʪʘʚʝʥ ʠ ʥʘʿʝʢʦʥʦʤʠʯʝʥ ʥʘʯʠʥ ʥʘ ʫʧʨʘʚʫʚʘˁʝ. 

ʆʩʚʝʥ PID, ʩʝ ʧʦʯʝʩʪʦ ʩʝ ʩʨʝ˃ʘʚʘʘʪ ʥʘʿʨʘʟʣʠʯʥʠ ʢʦʤʙʠʥʘʮʠʠ ʥʘ ʧʦʩʦʚʨʝʤʝʥʠ ʪʝʭʥʠʢʠ ʢʘʢʦ 

ʰʪʦ ʩʝ ʢʦʤʙʠʥʘʮʠʿʘ ʥʘ ʬʘʟʠ-PID, ʬʘʟʠ-ʥʝʫʨʦ ʠʣʠ ʥʝʫʨʦ-PID ʫʧʨʘʚʫʚʘˁʝ. ʉʝʢʦʿʘ ʦʜ ʦʚʠʝ 

ʪʝʭʥʠʢʠ ʩʠ ʥʦʩʠ ʩʚʦʠ ʧʨʝʜʥʦʩʪʠ, ʥʦ ʠ ʥʝʜʦʩʪʘʪʦʮʠ. 

ɽʜʥʘ ʦʜ ʧʨʠʤʝʥʠʪʝ ʥʘ fuzzy-PID ʝ ʦʜʨʝʜʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʩʘʤʦ 

ʧʨʠ ʧʦʿʘʚʘ ʥʘ ʥʘʜʚʦʨʝʰʥʠ ʚʣʠʿʘʥʠʿʘ ʢʦʠ ʛʦ ʚʘʜʘʪ ʩʠʩʪʝʤʦʪ ʦʜ ʩʪʘʙʠʣʥʘ ʩʦʩʪʦʿʙʘ ʩʦ ʮʝʣ 

ʩʪʘʙʠʣʠʟʠʨʘˁʝ ʠ ʥʝʛʦʚʦ ʚʨʘ˃ʘˁʝ ʚʦ ʩʪʘʮʠʦʥʘʨʥʘ ʩʦʩʪʦʿʙʘ. ʆʚʦʿ ʤʝʪʦʜ ʥʘʿʯʝʩʪʦ ʩʝ ʥʘʨʝʢʫʚʘ 

ʧʨʠʣʘʛʦʜʣʠʚ ʬʘʟʠ-PID ʢʦʿ ʥʘʿʯʝʩʪʦ ʥʘ ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ, ML ʦʚʦʟʤʦʞʫʚʘ ʧʦʜʦʙʨʠ 

ʜʠʥʘʤʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠ ʧʦʜʦʙʨʝʥʘ ʩʪʘʙʠʣʥʦʩʪ ʜʦʢʦʣʢʫ ʩʝ ʩʧʦʨʝʜʫʚʘ ʩʘʤʦ ʩʦ ʧʨʠʤʝʥʘ 

ʥʘ ʬʘʟʠ ʣʦʛʠʢʘ ʠʣʠ ʩʘʤʦ ʩʦ PID [42], [43], [44], [45], [46]. ʆʚʘʘ ʪʝʭʥʠʢʘ ʩʝ ʧʨʠʤʝʥʫʚʘ ʥʝ 

ʩʘʤʦ ʢʘʿ ʩʠʩʪʝʤʠ ʩʦ ʛʦʣʝʤʘ ʚʘʞʥʦʩʪ ʟʘ ʦʧʰʪʝʩʪʚʦʪʦ ʪʫʢʫ ʠ ʢʘʿ ʤʘʣʠ ʧʨʦʝʢʪʠ ʢʦʠ ʢʦʨʠʩʪʘʪ 

ʤʠʢʨʦʢʦʥʪʨʦʣʝʨʠ ʢʘʢʦ ʰʪʦ ʩʝ Arduino ATMega [47], [48] ʠ ʩʣʠʯʥʠ ʙʠʜʝʿ˃ʠ ʥʘʯʠʥʦʪ ʥʘ 

ʧʨʦʛʨʘʤʠʨʘˁʝ ʦʜʥʦʩʥʦ ʢʨʝʠʨʘˁʝ ʥʘ ʩʦʬʪʚʝʨ ʢʦʛʘ ʩʪʘʥʫʚʘ ʟʙʦʨ ʟʘ ʤʘʣ ʩʠʩʪʝʤ ʩʦ ʤʘʣʘ ʙʘʟʘ 

ʥʘ ʧʦʜʘʪʦʮʠ ʝ ʧʨʠʣʠʯʥʦ ʝʜʥʦʩʪʘʚʥʦ. 

ɺʦ [49] ʝ ʧʨʠʢʘʞʘʥ ʧʨʠʩʪʘʧ ʟʘ ʧʨʠʤʝʥʘ ʥʘ ʬʘʟʠ ʣʦʛʠʢʘ ʚʦ ʢʦʤʙʠʥʘʮʠʿʘ ʩʦ ʫʧʨʘʚʫʚʘˁʝ 

ʟʘʩʥʦʚʘʥʦ ʥʘ ANN ʩʦ ʮʝʣ ʬʠʥʦ ʧʨʠʣʘʛʦʜʫʚʘˁʝ ʥʘ ʠʟʣʝʟʥʠʪʝ ʜʠʥʘʤʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʧʨʠ 

ʧʦʿʘʚʘ ʥʘ ʥʝʥʘʿʘʚʝʥʠ ʧʨʦʤʝʥʠ ʚʦ ʦʧʪʦʚʘʨʫʚʘˁʝʪʦ ʥʘ ʤʨʝʞʘʪʘ.  

ɺʦ [50] ʝ ʧʨʠʢʘʞʘʥʘ ʧʨʠʤʝʥʘ ʥʘ ʥʝʫʨʦ-ʬʘʟʠ ʫʧʨʘʚʫʚʘˁʝ ʢʘʿ ʤʝʺʫʩʝʙʥʦ ʧʦʚʨʟʘʥʠ ʯʝʪʠʨʠ 

ʝʥʝʨʛʝʪʩʢʠ ʩʠʩʪʝʤʠ, ʜʚʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪʠ ʠ ʜʚʘ ʪʝʨʤʦ ʦʙʿʝʢʪʠ. ɺʦ ʦʚʦʿ ʪʨʫʜ ʩʝ 

ʧʨʝʟʝʥʪʠʨʘʥʠ ʠ ʘʥʘʣʠʟʠʨʘʥʠ ʨʝʟʫʣʪʘʪʠ ʦʜ ʢʦʠ ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʜʝʢʘ ʧʝʨʠʦʜʦʪ ʥʘ 

ʩʪʘʙʠʣʠʟʠʨʘˁʝ ʥʘ ʧʦʩʪʨʦʿʢʠʪʝ ʝ ʧʦʜʦʙʘʨ ʧʨʠ ʢʦʨʠʩʪʝˁʝ ʥʘ ʢʦʤʙʠʥʘʮʠʿʘʪʘ ʦʜ ʥʝʫʨʦ-ʬʘʟʠ ʚʦ 

ʩʧʦʨʝʜʙʘ ʩʘʤʦ ʩʦ ʬʘʟʠ ʠʣʠ ʩʘʤʦ ʩʦ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ NN.  

ɽʜʥʘ ʦʜ ʧʨʝʜʥʦʩʪʠʪʝ ʢʘʢʦ ʰʪʦ ʝ ʦʧʠʰʘʥʦ ʚʦ ʤʥʦʛʫ ʣʠʪʝʨʘʪʫʨʠ ʧʘ ʠ ʚʦ [51], [52], [53] ʰʪʦ 

ʩʝ ʥʘʚʝʜʫʚʘ ʧʨʠ ʢʦʨʠʩʪʝˁʝ ʥʘ ʩʦʚʨʝʤʝʥʠʪʝ ʪʝʭʥʠʢʠ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʝ ʪʦʘ ʰʪʦ ʥʝ ʝ ʧʦʪʨʝʙʥʦ 

ʤʘʪʝʤʘʪʠʯʢʦ ʤʦʜʝʣʠʨʘˁʝ ʥʘ ʧʦʩʪʨʦʿʢʠʪʝ ʟʘ ʜʘ ʤʦʞʝ ʠʩʪʠʪʝ ʜʘ ʩʝ ʫʧʨʘʚʫʚʘʘʪ ʪʫʢʫ 

ʝʜʥʦʩʪʘʚʥʦ ʜʦʚʦʣʥʦ ʝ ʛʦʣʝʤʦ ʠ ʢʚʘʣʠʪʝʪʥʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʟʘ ʜʘ ʤʦʞʝ ʘʣʛʦʨʠʪʘʤʦʪ 

ʧʨʘʚʠʣʥʦ ʜʘ ʛʠ ʦʙʨʘʙʦʪʫʚʘ ʧʦʜʘʪʦʮʠʪʝ ʠ ʜʘ ʤʦʞʝ ʜʘ ʧʨʠʣʦʞʠ ʜʦʙʨʠ ʨʝʟʫʣʪʘʪʠ ʠ ʘʥʘʣʠʟʠ. 

ʇʨʠʤʝʥʘʪʘ ʥʘ ʥʝʫʨʦ-PID ʪʝʭʥʠʢʘ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʚʦ ʧʝʨʠʦʜʦʪ ʥʘ 

ʠʩʪʨʘʞʫʚʘˁʝ ʠ ʧʨʝʛʣʝʜ ʥʘ ʜʦʪʦʛʘʰʥʠʪʝ ʜʦʩʪʠʛʥʫʚʘˁʘ, ʩʝʫʰʪʝ ʥʝ ʙʝʰʝ ʧʨʦʥʘʿʜʝʥ, ʧʘ ʟʘʪʦʘ 

ʚʦ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ʛʣʘʚʝʥ ʬʦʢʫʩ ʝ ʩʪʘʚʝʥ ʥʘ ʢʦʤʙʠʥʘʮʠʿʘʪʘ ʥʘ ʥʝʫʨʦ-PID ʪʝʭʥʠʢʘ, ʥʦ ʠ 

ʧʨʠʤʝʥʘʪʘ ʥʘ ANN ʠ ʫʧʨʘʚʫʚʘˁ ʝ ʢʘʢʦ ʟʘʩʝʙʥʘ ʛʨʘʥʢʘ ʢʘʢʦ ʙʠ ʩʝ ʧʦʩʪʠʛʥʘʣʝ ʧʦʜʦʙʨʫʚʘˁʘ 

ʚʦ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʝʬʠʢʘʩʥʦʩʪʘ ʠ ʩʪʘʙʠʣʥʦʩʪʘ ʢʘʿ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ. 



12 
 

ɻʣʘʚʝʥ ʥʝʜʦʩʪʘʪʦʢʦʪ ʢʦʛʘ ʩʝ ʨʘʙʦʪʠ ʩʦ ʥʝʫʨʦ ʪʝʭʥʠʢʘ ʝ ʧʦʪʨʝʙʘʪʘ ʦʜ ʛʦʣʝʤʘ ʧʨʦʮʝʩʦʨʩʢʘ 

ʤʦ˃ ʢʦʿʘ ʙʘʨʘ ʜʦʩʪʘʧʥʦʩʪ ʥʘ ʠʥʬʦʨʤʘʮʠʠʪʝ ʠ ʧʦʜʘʪʦʮʠʪʝ ʚʦ ʨʝʘʣʥʦ ʚʨʝʤʝ. ʀʩʪʦʪʦ ʤʦʞʝ ʜʘ 

ʩʝ ʢʘʞʝ ʠ ʟʘ ʧʨʠʤʝʥʘʪʘ ʥʘ ʬʘʟʠ ʣʦʛʠʢʘ ʧʦʨʘʜʠ ʪʦʘ ʰʪʦ ʠ ʪʫʢʘ ʝ ʧʦʪʨʝʙʥʘ ʛʦʣʝʤʘ ʧʨʦʮʝʩʦʨʩʢʘ 

ʤʦ˃ ʟʘ ʜʘ ʤʦʞʝ ʜʘ ʩʝ ʦʙʨʘʙʦʪʘʪ ʧʦʜʘʪʦʮʠʪʝ. ʅʦ ʟʘʩʝʛʘ ʥʝʫʨʦ ʪʝʭʥʠʢʘʪʘ ʝ ʚʦʜʝʯʢʘ ʙʠʜʝʿ˃ʠ 

ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʜʦʙʠʝʥʠ ʨʝʰʝʥʠʿʘ ʠ ʥʘʯʠʥʦʪ ʥʘ ʘʥʘʣʠʟʘ ʥʘ ʨʝʰʝʥʠʿʘʪʘ ʟʘʚʠʩʠ ʦʜ ʛʦʣʝʤʠʥʘʪʘ 

ʠ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ. 

2.9 ʄʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʦʜʨʝʜʫʚʘˁʝ ʧʨʝʥʦʩʥʘ ʬʫʥʢʮʠʿʘ ʥʘ ʪʫʨʙʠʥʘ (ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ 

ʥʘ ʩʠʩʪʝʤ) ʧʨʝʢʫ ʧʨʠʤʝʥʘ ʥʘ ʤʘʰʠʥʩʢʦ ʫʯʝˁʝ/ʜʠʛʠʪʘʣʝʥ ʙʣʠʟʥʘʢ  

ʀʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʝʜʝʥ ʩʠʩʪʝʤ ʧʦʜʨʘʟʙʠʨʘ ʧʨʠʤʝʥʘ ʥʘ ʥʘʫʢʘ ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʧʦʜʘʪʦʮʠ ʟʘ 

ʠʟʥʘʦʺʘˁʝ/ʛʨʘʜʝˁʝ DT ʥʘ ʜʠʥʘʤʠʯʢʠ ʩʠʩʪʝʤ ʩʦ ʧʦʤʦʰ ʥʘ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ ʧʨʝʚʟʝʤʝʥʠ 

ʦʜ ʚʠʩʪʠʥʩʢʠ ʤʦʜʝʣ ʟʘ ʩʦʦʜʚʝʪʝʥ ʨʘʟʛʣʝʜʫʚʘʥ ʩʠʩʪʝʤ. ʉʦ ʧʦʤʦʰ ʥʘ ʧʨʠʤʝʥʘʪʘ ʥʘ ʨʘʟʣʠʯʥʠ 

ʤʝʪʦʜʠ ʥʘ ANN ʠ ML ʧʨʝʢʫ ʘʥʘʣʠʟʘ ʠ ʦʙʨʘʙʦʪʢʘ ʥʘ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʩʦ ʧʦʤʦʰ ʥʘ 

ʥʘʫʢʘʪʘ ʟʘ ʦʙʨʘʙʦʪʢʘ ʩʦ ʧʦʜʘʪʦʮʠ, ʤʦʞʝ ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ ʙʝʟ 

ʨʝʰʘʚʘˁʝ ʥʘ ʥʝʣʠʥʝʘʨʥʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ ʨʘʚʝʥʢʠ. ʇʨʠʪʦʘ ʟʘ ʚʘʢʦʚ ʧʨʠʩʪʘʧ ʢʦʥ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ, ʧʦʪʨʝʙʥʦ ʝ ʪʦʯʥʘ ʢʦʤʙʠʥʘʮʠʿʘ ʥʘ ʧʦʪʨʝʙʥʠ ʧʘʨʘʤʝʪʨʠ ʠ ʥʠʚʥʘ 

ʪʦʯʥʘ ʘʥʘʣʠʟʘ. ʇʨʠʪʦʘ ʚʦ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ, ʠʜʝʥʪʠʬʠʢʘʮʠʿʘʪʘ ʥʘ ʩʠʩʪʝʤ ʩʝ ʢʦʨʠʩʪʠ ʟʘ 

ʜʘ ʩʝ ʦʜʨʝʜʠ ʤʘʪʝʤʘʪʠʯʢʠʦʪ ʤʦʜʝʣ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ ʩʦ ʮʝʣ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ 

ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ.  

ɺʦ [54], [55] ʝ ʦʧʠʰʘʥʘ ʧʨʠʤʝʥʘʪʘ ʥʘ DT ʩʦ ʮʝʣ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʜʝʣʦʚʠ ʦʜ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʙʿʝʢʪ ʩʦ ʮʝʣ ʜʝʪʝʢʮʠʿʘ ʥʘ ʘʥʦʤʘʣʠʠ ʠʣʠ ʘʣʘʨʤʠ. ɺʦ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ, 

ʧʨʝʪʩʪʘʚʝʥʘ ʝ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ 

ʪʫʨʙʠʥʘ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʥʝʢʦʠ ʦʜ ʤʝʪʦʜʠʪʝ ʥʘ ML, ʦʜʥʦʩʥʦ ʬʦʨʤʠʨʘˁʝ ʥʘ DT ʩʦ ʢʦʨʠʩʪʝˁʝ 

ʥʘ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʦʜ ʝʜʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ.  

ʇʦʩʪʦʿʘʪ ʠʩʪʨʘʞʫʚʘˁʘ ʚʦ ʢʦʠ ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʢʘʢʦ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML ʩʝ ʚʨʰʠ 

ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʨʘʙʦʪʘʪʘ ʥʘ ʪʫʨʙʠʥʘʪʘ [56] ʢʘʜʝ ʰʪʦ ʚʦ ʙʘʟʘʪʘ ʥʘ ʚʣʝʟʥʠ ʠ ʮʝʣʥʠ ʧʦʜʘʪʦʮʠ 

ʩʝ ʟʝʤʝʥʠ ʚʦ ʧʨʝʜʚʠʜ ʜʠʥʘʤʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʪʫʨʙʠʥʘʪʘ ʟʘ ʧʦʜʦʣʛ ʚʨʝʤʝʥʩʢʠ ʧʝʨʠʦʜ, 

ʩʪʘʪʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʪʫʨʙʠʥʘʪʘ ʠʩʪʦ ʪʘʢʘ ʟʘ ʧʦʜʦʣʛ ʚʨʝʤʝʥʩʢʠ ʧʝʨʠʦʜ, ʥʦ ʠ 

ʧʦʟʥʘʪʠ ʠʜʥʠ ʩʣʫʯʫʚʘˁʘ ʢʦʠ ʩʘʤʠʪʝ ʦʧʝʨʘʪʦʨʠ ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʜʦʣʛʦʛʦʜʠʰʥʦ ʠʩʢʫʩʪʚʦ ʟʥʘʘʪ 

ʜʝʢʘ ʠʩʪʠʪʝ ˃ʝ ʩʝ ʩʣʫʯʘʪ. ʉʦʦʜʚʝʪʥʘʪʘ ʠ ʪʦʯʥʘ ʢʦʤʙʠʥʘʮʠʿʘ ʥʘ ʚʣʝʟʥʠʪʝ ʠ ʠʟʣʝʟʥʠʪʝ 

ʧʘʨʘʤʝʪʨʠ, ʟʥʘʯʠ ʪʦʯʥʦ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʘʢʪʠʚʥʦʩʪʠʪʝ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʩʠʩʪʝʤ. 

ɼʨʫʛ ʧʨʠʩʪʘʧ ʟʘ ʧʨʠʤʝʥʘ ʥʘ ANN ʠ ML ʝ ʧʨʝʢʫ ʜʝʪʝʢʮʠʿʘ ʥʘ ʘʥʦʤʘʣʠʠ ʧʨʠ ʨʘʙʦʪʘ ʟʘ 

ʨʘʟʣʠʯʥʠ ʙʨʟʠʥʠ ʥʘ ʦʪʚʘʨʘˁʝ ʠ ʟʘʪʚʘʨʘˁʝ ʥʘ ʣʦʧʘʪʢʠʪʝ ʦʜ ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ [57]. ɺʦ ʦʚʘʘ 

ʠʩʪʨʘʞʫʚʘˁʝ ʥʝ ʩʝ ʧʨʘʚʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ, ʥʦ ʩʝ ʢʦʨʠʩʪʠ ML ʟʘ ʤʦʜʝʣʠʨʘˁʝ ʥʘ 

ʩʠʩʪʝʤ ʟʘ ʜʝʪʝʢʮʠʿʘ ʥʘ ʘʥʦʤʘʣʠʠ. ɼʨʫʛʦ ʠʩʪʨʘʞʫʚʘˁʝ ʝ ʥʘʧʨʘʚʝʥʦ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʥʘ 

ʨʘʙʦʪʘʪʘ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ [58] ʚʦ ʢʦʝ ʧʦʚʪʦʨʥʦ ʥʝ ʝ ʚʢʣʫʯʝʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘʪʘ 

ʥʘ ʩʠʩʪʝʤʠʪʝ, ʥʦ ʨʘʙʦʪʠ ʥʘ ʜʝʬʠʥʠʨʘˁʝ ʥʘ ʤʦʜʝʣ ʟʘ ʦʧʪʠʤʘʣʥʦ ʨʘʙʦʪʝˁʝ ʥʘ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ.  

ɺʦ ʜʦʩʝʛʘ ʦʙʨʘʙʦʪʝʥʠʪʝ ʪʨʫʜʦʚʠ, ʥʦ ʠ ʜʦʩʪʘʧʥʠʪʝ ʠʩʪʨʘʞʫʚʘˁʘ ʥʝ ʝ ʥʘʧʨʘʚʝʥʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ ʥʠʪʫ ʧʘʢ ʥʘ ʙʠʣʦ ʢʦʿ ʜʝʣ ʦʜ ʝʜʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ 

ʦʙʿʝʢʪ. ɺʨʟ ʦʩʥʦʚʘ ʥʘ ʜʦʩʪʘʧʥʠʪʝ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ, ʥʘʧʨʘʚʝʥʠ ʩʝ ʘʥʘʣʠʟʠ ʧʨʝʜ ʩʝ ʟʘ 
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ʧʨʝʜʚʠʜʫʚʘˁʝ ʟʘ ʧʦʥʘʪʘʤʦʰʥʠʪʝ ʯʝʢʦʨʠ ʧʨʠ ʧʨʦʠʟʚʦʜʩʪʚʦ ʥʘ ʝʣʝʢʪʨʠʯʥʘ ʝʥʝʨʛʠʿʘ, 

ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʤʦʞʥʠ ʘʥʦʤʘʣʠʠ ʧʨʠ ʨʘʙʦʪʘ ʥʘ ʜʝʣʦʚʠ ʦʜ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ, 

ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʧʦʿʘʚʘ ʥʘ ʚʠʙʨʘʮʠʠ ʠʪʥ.  

ʇʨʠʤʝʥʘʪʘ ʥʘ ML ʢʘʿ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʪʝ ʦʙʿʝʢʪʠ ʦʧʬʘ˃ʘ ʛʦʣʝʤʦ ʧʦʜʨʘʯʿʝ ʥʘ ʠʩʪʨʘʞʫʚʘˁʝ, 

ʥʦ ʥʘʿʙʠʪʥʦ ʝ ʠʟʙʦʨʦʪ ʥʘ ʩʦʦʜʚʝʪʥʘ ʤʝʪʦʜʘ ʠ ʠʟʙʦʨʦʪ ʥʘ ʩʦʦʜʚʝʪʝʥ ʜʝʣ ʦʜ ʫʧʨʘʚʫʚʘʯʢʠʦʪ 

ʦʙʿʝʢʪ ʟʘ ʢʦʿ ʝ ʤʦʞʥʦ ʜʘ ʩʝ ʩʦʙʝʨʘʪ ʛʦʣʝʤ ʙʨʦʿ ʥʘ ʧʦʜʘʪʦʮʠ ʟʘ ʧʦʜʦʣʛ ʚʨʝʤʝʥʩʢʠ ʧʝʨʠʦʜ ʠ 

ʚʦ ʢʦʥʪʠʥʫʠʪʝʪ. 

2.10 ʇʨʠʤʝʥʘ ʥʘ ʜʠʛʠʪʘʣʝʥ ʙʣʠʟʥʘʢ ʢʘʿ ʫʧʨʘʚʫʚʘʯʢʠ ʩʠʩʪʝʤʠ  

ʇʨʠʤʝʥʘʪʘ ʥʘ DT ʢʘʿ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʩʠʩʪʝʤʠ ʩʝ ʧʦʯʝʩʪʦ ʥʘʦʺʘ ʰʠʨʦʢʘ ʧʨʠʤʝʥʘ ʧʨʠ ʥʠʚʥʘ 

ʦʧʪʠʤʠʟʘʮʠʿʘ, ʩʠʤʫʣʘʮʠʿʘ ʠ ʘʥʘʣʠʟʘ [59], [60]. ɺʦ ʦʩʥʦʚʘ, ʧʨʠʯʠʥʘʪʘ ʟʘ ʧʦʩʪʦʝˁʝʪʦ ʥʘ DT ʝ 

ʧʦʿʘʚʘ ʥʘ ʬʫʟʠʿʘ ʧʦʤʝʺʫ ʬʠʟʠʯʢʠʦʪ ʩʠʩʪʝʤ ʠ ʥʘʫʢʘʪʘ ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʧʦʜʘʪʦʮʠ.  

ɺʦ [59], [61] ʩʝ ʢʦʨʠʩʪʠ DT ʢʘʢʦ ʤʦʞʥʦʩʪ ʟʘ ʤʦʥʠʪʦʨʠʥʛ ʥʘ ʩʦʩʪʦʿʙʘʪʘ ʥʘ ʤʝʭʘʥʠʯʢʠ ʩʠʩʪʝʤ 

ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʢʦʿʘ ˃ʝ ʤʦʞʝ ʜʘ ʩʝ ʤʝʥʫʚʘ ʫʧʨʘʚʫʚʘʯʢʘʪʘ ʩʪʨʘʪʝʛʠʿʘ. ʊʦʘ ʝ ʧʦʩʪʠʛʥʘʪʦ ʧʨʝʢʫ 

ʩʦʟʜʘʚʘˁʝ ʥʘ DT ʥʘ ʧʦʚʨʘʪʥʘʪʘ ʚʨʩʢʘ ʥʘ ʩʠʩʪʝʤʦʪ ʧʨʝʢʫ ʢʦʿʘ ʢʦʥʪʠʥʫʠʨʘʥʦ ʩʝ ʥʘʙˀʫʜʫʚʘ 

ʠʟʣʝʟʥʘʪʘ ʩʦʩʪʦʿʙʘ ʦʜ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʩʠʩʪʝʤ.  

ʅʘʿʛʦʣʝʤ ʜʝʣ ʦʜ ʟʘʜʘʯʠʪʝ ʢʦʠ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʠʟʚʨʰʫʚʘʘʪ ʩʝ ʥʦʩʝˁʝ ʦʜʣʫʢʠ ʟʘ ʦʜʨʝʜʝʥʠ 

ʧʨʦʮʝʩʠ, ʩʣʝʜʝˁʝ ʠ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʥʘʩʪʘʥʠʪʝ ʠʥʪ. ʇʦʩʪʦʝˁʝʪʦ ʥʘ ʤʦ˃ʥʠ ʧʨʦʮʝʩʦʨʠ, 

ʨʘʟʚʦʿʦʪ ʥʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʜʠʛʠʪʘʣʥʠ ʩʠʛʥʘʣʠ, ʧʨʠʤʝʥʘʪʘ ʥʘ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ ʩʦ ʛʦʣʝʤ 

ʟʘʬʘʪʥʠʥʘ, ʥʝ ʩʝʢʦʛʘʰ ʚʦʜʠ ʢʦʥ ʨʘʟʚʦʿ ʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʩʠʩʪʝʤʠʪʝ ʢʦʠ ʩʝ 

ʟʘʩʥʦʚʘʘʪ ʥʘ ʤʝʪʦʜʠʪʝ ʥʘ ANN, ML ʠʣʠ DT [62], [63], [64]. 

ʂʦʛʘ ʩʪʘʥʫʚʘ ʟʙʦʨ ʟʘ ʫʧʦʪʨʝʙʘ ʥʘ DT ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʩʠʩʪʝʤʠʪʝ, ʩʝʫʰʪʝ ʝ 

ʥʝʠʩʪʨʘʞʝʥʘ ʦʙʣʘʩʪ ʠ ʪʦʘ ʧʨʘʰʘˁʝ ʦʩʪʘʥʫʚʘ ʦʪʚʦʨʝʥʦ.   
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3 ɻʣʘʚʘ 3 ʄʘʪʝʤʘʪʠʯʢʦ ʤʦʜʝʣʠʨʘˁʝ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ  

ʄʦʜʝʣʠʪʝ ʢʦʠ ʩʝ ʢʦʨʠʩʪʘʪ ʟʘ ʦʚʘ ʠʩʪʨʘʞʫʚʘˁʝ ʩʝ ʣʠʥʝʘʨʥʠ ʠ ʥʝʣʠʥʝʘʨʥʠ ʤʦʜʝʣʠ ʥʘ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ, ʘ ʧʨʝʜ ʩʝ ʥʝʣʠʥʝʘʨʥʠ ʤʦʜʝʣʠʪʝ ʚʦ ʢʦʠ ʥʝ ʩʝ ʟʝʤʝʥʠ ʚʦ ʧʨʝʜʚʠʜ 

ʝʣʘʩʪʠʯʥʠʪʝ ʩʚʦʿʩʪʚʘ ʥʘ ʚʦʜʝʥʠʦʪ ʩʪʦʣʙ ʢʘʢʦ ʠ ʜʦʣʞʠʥʘʪʘ ʥʘ ʮʝʚʢʦʚʦʜʦʪ ʙʠʜʝʿ˃ʠ ʚʦ [65] ʝ 

ʧʦʢʘʞʘʥʦ ʜʝʢʘ ʢʘʿ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʪʝ ʦʙʿʝʢʪʠ ʩʦ ʢʨʘʪʦʢ ʜʦʚʦʜʝʥ ʮʝʚʢʦʚʦʜ ʠ ʩʨʝʜʝʥ ʧʘʜ, 

ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʝʣʘʩʪʠʯʥʠʪʝ ʩʚʦʿʩʪʚʘ ʥʘ ʚʦʜʝʥʠʦʪ ʩʪʦʣʙ ʠ ʧʨʠʪʠʩʥʠʦʪ ʮʝʚʢʦʚʦʜ ʝ 

ʟʘʥʝʤʘʨʣʠʚʦ ʤʘʣʦ.  

ʈʘʟʛʣʝʜʫʚʘʥ ʝ ʠ ʤʦʜʝʣʦʪ ʩʦ ʚʦʜʦʩʪʘʥ ʩʦ ʮʝʣ ʜʘ ʩʝ ʧʦʢʘʞʝ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ANN ʠ ML ʚʦ 

ʧʨʦʮʝʩʦʪ ʥʘ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʜʠʥʘʤʠʯʢʦʪʦ ʦʜʥʝʩʫʚʘˁʝ ʥʘ ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ, ʥʦ ʠ 

ʧʨʦʤʝʥʘʪʘ ʥʘ ʝʬʠʢʘʩʥʦʩʪʘ. 

ʅʘ ʉʣʠʢʘ 1 ʝ ʧʨʠʢʘʞʘʥ ʙʣʦʢ ʜʠʿʘʛʨʘʤ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʚʦ ʢʦʿ ʩʝ ʟʝʤʝʥʠ ʚʦ ʧʨʝʜʚʠʜ 

ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ, ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ, ʝʣʝʢʪʨʠʯʥʠʦʪ ʧʦʪʩʠʩʪʝʤ, ʦʧʪʦʚʘʨʫʚʘˁʝʪʦ ʥʘ 

ʤʨʝʞʘ ʠ ʫʧʨʘʚʫʚʘˁʝʪʦ. ʋʧʨʘʚʫʚʘˁʝʪʦ ʢʘʢʦ ʰʪʦ ʝ ʧʨʝʪʩʪʘʚʝʥʦ ʥʘ ʉʣʠʢʘ 1 ʝ PID ʢʘʢʦ ʧʨʚʘ 

ʤʝʪʦʜʘ ʠ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʢʘʢʦ ʚʪʦʨʘ, ʘʣʪʝʨʥʘʪʠʚʥʘ ʤʝʪʦʜʘ. 

 

ʉʣʠʢʘ 1. ɹʣʦʢ ʜʠʿʘʛʨʘʤ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʩʦ ʜʚʘ ʪʠʧʘ ʫʧʨʘʚʫʚʘˁʝ, PID ʠ 

ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ ʥʝʚʨʦʥʩʢʠ ʤʨʝʞʠ 

ʄʦʜʝʣ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʰʪʦ ʛʠ ʦʧʬʘ˃ʘ ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ, ʭʠʜʨʘʫʣʠʯʥʘʪʘ 

ʪʫʨʙʠʥʘ ʠ ʝʣʝʢʪʨʠʯʥʠʦʪ ʧʦʪʩʠʩʪʝʤ, ʤʘʪʝʤʘʪʠʯʢʠ ʩʝ ʦʧʠʰʫʚʘ ʩʦ ʨʘʚʝʥʢʠʪʝ ʧʨʠʢʘʞʘʥʠ ʚʦ 

ʦʚʦʿ ʜʦʢʪʦʨʠ ʪʨʫʜ, ʘ ʩʦʛʣʘʩʥʦ [66]. 

ʉʦʛʣʘʩʥʦ ʦʧʰʪʠʦʪ ʧʨʠʢʘʟ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʘ ʧʦʩʪʨʦʿʢʘ ʢʘʢʦ ʥʘ ʉʣʠʢʘ 1, ʥʘ ʉʣʠʢʘ 2 ʝ 

ʧʨʠʢʘʞʘʥʦ ʫʧʨʘʚʫʚʘˁʝʪʦ ʥʘ ʪʫʨʙʠʥʘ ʢʘʢʦ ʩʦʩʪʘʚʝʥ ʜʝʣ ʦʜ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʩʠʩʪʝʤ ʩʦ ʝʜʝʥ 

ʦʜ ʟʘʢʦʥʠʪʝ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʧʨʝʪʩʪʘʚʝʥ ʚʦ ɻʣʘʚʘ 3 ʠ 4 ʠ ʝʣʝʢʪʨʠʯʝʥ ʧʦʪʩʠʩʪʝʤ.  
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ʉʣʠʢʘ 2. ɹʣʦʢ ʜʠʿʘʛʨʘʤ ʟʘ ʦʩʪʨʦʚʩʢʘ ʨʘʙʦʪʘ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʧʦʥʘʪʘʤʫ 

ʨʘʟʛʣʝʜʫʚʘʥʘ ʢʘʢʦ ʫʧʨʘʚʫʚʘʯʢʠ ʩʠʩʪʝʤ 

ʃʠʥʝʘʨʠʟʠʨʘʥ ʤʦʜʝʣ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ ʙʝʟ ʚʦʜʦʩʪʘʥ ʧʨʠʢʘʞʘʥʘ ʥʘ ʉʣʠʢʘ 3 ʩʝ 

ʧʨʝʪʩʪʘʚʝʥʠ ʩʦ ʨʘʚʝʥʢʠʪʝ ʢʘʢʦ ʚʦ [66], [67]. ʉʦ ʪʠʝ ʨʘʚʝʥʢʠ ʩʝ ʜʝʬʠʥʠʨʘ ʟʘʚʠʩʥʦʩʪʘ ʧʦʤʝʺʫ 

ʛʝʥʝʨʠʨʘʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʠ ʦʪʚʦʨʝʥʦʩʪʘ ʥʘ ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ. ɺʦ ʨʘʚʝʥʢʘ 1, WT  ʝ 

ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘ ʚʦ ʮʝʚʢʦʚʦʜʦʪ, ʘ ʥʝʿʟʠʥʘʪʘ ʚʨʝʜʥʦʩʪ ʟʘʚʠʩʠ ʦʜ ʧʦʚʝ˃ʝ 

ʧʘʨʘʤʝʪʨʠ ʠ ʪʦʘ ʦʜ ʜʦʣʞʠʥʘʪʘ ʥʘ ʮʝʚʢʦʚʦʜʦʪ L, ʧʨʦʪʦʢʦʪ ʥʠʟ ʪʫʨʙʠʥʘʪʘ ʧʨʠ ʧʦʪʧʦʣʥʦ 

ʦʪʚʦʨʝʥ ʩʧʨʦʚʦʜʝʥ ʘʧʘʨʘʪ baseq , ʧʨʠʪʠʩʦʢʦʪ baseh , ʧʦʧʨʝʯʥʠʦʪ ʧʨʝʩʝʢ ʥʘ ʮʝʚʢʦʚʦʜʦʪ A ʠ 

ʟʝʤʿʠʥʦʪʦ ʟʘʙʨʟʫʚʘˁʝ g. ʈʘʚʝʥʢʘ ʙʨʦʿ 1 ʛʦ ʦʧʠʰʫʚʘ ʥʘʯʠʥʦʪ ʥʘ ʧʨʝʩʤʝʪʫʚʘˁʝ ʥʘ 

ʚʨʝʤʝʥʩʢʘʪʘ ʢʦʥʩʪʘʥʪʘ WT . 
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(2) 

ʊʝʦʨʝʪʩʢʠ ʜʝʬʠʥʠʨʘʥʦ, ʚʨʝʤʝʥʩʢʘʪʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘ ʚʦ ʮʝʚʢʦʚʦʜʦʪ ʩʝ ʜʝʬʠʥʠʨʘ ʢʘʢʦ 

ʚʨʝʤʝ ʧʦʪʨʝʙʥʦ ʧʨʦʪʦʢʦʪ ʚʦ ʮʝʚʢʦʚʦʜʦʪ ʜʘ ʧʦʤʠʥʝ ʦʜ ʥʫʣʘ ʚʦ baseq  ʢʦʛʘ ʧʨʠʪʠʩʦʢʦʪ ʧʨʝʜ 

ʪʫʨʙʠʥʘʪʘ ˃ʝ ʜʦʙʠʝ ʚʨʝʜʥʦʩʪ baseh  [66]. 

 

ʉʣʠʢʘ 3. ɹʣʦʢ ʜʠʿʘʛʨʘʤ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʩʦ ʧʨʠʢʘʟ ʥʘ ʣʠʥʝʘʨʝʥ ʤʦʜʝʣ ʥʘ 

ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ 
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ʇʨʠʪʠʩʦʢʦʪ ʥʠʟ ʪʫʨʙʠʥʘʪʘ ʠʤʘ ʟʘʚʠʩʥʦʩʪ ʦʜ ʧʨʦʪʦʢʦʪ ʜʝʬʠʥʠʨʘʥʘ ʧʨʝʢʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʪʘ 

ʥʘ ʚʝʥʪʠʣʦʪ ʠ ʪʦʘ:  

 2t tQ C gH= Ö  (3) 

ʢʘʜʝ ʰʪʦ C ʝ ʧʦʚʨʰʠʥʘʪʘ ʥʘ ʦʪʚʦʨʝʥʦʩʪʘ ʥʘ ʣʦʧʘʪʢʠʪʝ ʦʜ ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ, ʘ tH  ʝ 

ʧʨʠʪʠʩʦʢ ʥʠʟ ʪʫʨʙʠʥʘ.  

ʄʦ˃ʥʦʩʪʘ ʥʘ ʪʫʨʙʠʥʘʪʘ ʝ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘ ʥʘ ʧʨʦʠʟʚʦʜʦʪ ʦʜ ʧʨʦʪʦʢʦʪ ʠ ʧʨʠʪʠʩʦʢʦʪ, ʘ 

ʟʘʚʠʩʘʪ ʦʜ ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʧʦʣʝʟʥʦ ʜʝʿʩʪʚʦ. ɿʘ ʜʘ ʩʝ ʟʝʤʝ ʚʦ ʧʨʝʜʚʠʜ ʜʝʢʘ ʢʦʝʬʠʮʠʝʥʪʦʪ 

ʥʘ ʧʦʣʝʟʥʦ ʜʝʿʩʪʚʦ ʥʝ ʝ 1, ʚʢʫʧʥʠʦʪ ʧʨʦʪʦʢ ʥʠʟ ʪʫʨʙʠʥʘʪʘ ʢʦʛʘ ʥʝʤʘ ʦʧʪʦʚʘʨʫʚʘˁʝ ʝ nlq .  

  ( )m t t t nlP A h q q= -  (4) 

ʂʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʟʘʩʠʣʫʚʘˁʝ tA  ʝ ʚʥʝʩʝʥ ʧʦʨʘʜʠ ʜʦʚʝʜʫʚʘˁʝ ʥʘ ʨʘʚʝʥʢʠʪʝ ʚʦ ʝʜʠʥʝʯʥʘ 

ʛʦʣʝʤʠʥʘ ʚʦ ʦʜʥʦʩ ʥʘ ʤʦ˃ʥʦʩʪʘ ʥʘ ʛʝʥʝʨʘʪʦʨʦʪ, ʘ ʩʝ ʧʨʝʩʤʝʪʫʚʘ ʧʦ ʩʣʝʜʥʘʪʘ ʨʘʚʝʥʢʘ: 

 

( )
m

t

t t nl

P
A

h q q
=

-
 

(5) 

 
ὃ

̬̍̏̎̏̒̓ ̎  ́̓̔̑̂̉̎́ ὓὡ

 ̬̍̏̎̏̒̓ ̎  ́̄̆̎̆̑́̓̏̑ ὓὠὃὬ ή ή
 

(6) 

ʆʜ ʨʘʚʝʥʢʘ 5 ʠ 6, th  ʝ ʙʝʟʜʠʤʝʥʟʠʦʥʘʣʝʥ ʝʜʠʥʝʯʝʥ ʧʨʠʪʠʩʦʢ, tq  ʝ ʙʝʟʜʠʤʝʥʟʠʦʥʘʣʝʥ 

ʝʜʠʥʝʯʝʥ ʧʨʦʪʦʢ ʠ nlq  ʝ ʧʨʦʪʦʢ ʥʠʟ ʪʫʨʙʠʥʘ ʢʦʛʘ ʥʝʤʘ ʦʧʪʦʚʘʨʫʚʘˁʝ. 

ɼʦʢʦʣʢʫ ʚʦ ʨʘʚʝʥʢʘʪʘ 4 ʩʝ ʚʥʝʩʝ ʠ ʧʨʠʜʫʰʫʚʘˁʝʪʦ ʢʦʝ ʟʘʚʠʩʠ ʦʜ ʦʪʚʘʨʘˁʝʪʦ ʥʘ 

ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ, ʚʦ ʪʦʿ ʩʣʫʯʘʿ ʨʘʚʝʥʢʘʪʘ ʟʘ ʤʦ˃ʥʦʩʪ ʥʘ ʪʫʨʙʠʥʘʪʘ ʟʘ ʙʠʣʦ ʢʦʝ 

ʦʧʪʦʚʘʨʫʚʘˁʝ ˃ʝ ʙʠʜʝ: 

 ( )m t t t nlP A h q q Dcw= - - D (7) 

ʢʘʜʝ ʰʪʦ D ʝ ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʧʨʠʜʫʰʫʚʘˁʝ ʥʘ ʪʫʨʙʠʥʘ, ʘ wD  ʝ ʨʘʟʣʠʢʘ ʧʦʤʝʺʫ 

ʨʝʬʝʨʝʥʪʥʘʪʘ ʠ ʨʝʘʣʥʘʪʘ ʘʛʦʣʥʘ ʙʨʟʠʥʘ ʥʘ ʛʝʥʝʨʘʪʦʨʦʪ ʦʜ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ.  

ʉʠʪʝ ʨʘʚʝʥʢʠ ʦʜ 1 ʜʦ 7, ʚʢʣʫʯʫʚʘʿ˃ʠ ʛʠ ʠ ʨʘʚʝʥʢʠʪʝ ʦʜ 8 ʜʦ 11, ʛʦ ʧʨʠʢʘʞʫʚʘʘʪ ʥʝʣʠʥʝʘʨʥʠʦʪ 

ʤʦʜʝʣ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ ʯʠʿ ʰʪʦ ʙʣʦʢ ʜʠʿʘʛʨʘʤ ʝ ʧʨʠʢʘʞʘʥ ʥʘ ʉʣʠʢʘ 4. ʈʘʟʣʠʢʘʪʘ 

ʧʦʤʝʺʫ ʉʣʠʢʘ 3 ʠ ʉʣʠʢʘ 4 ʝ ʚʦ ʪʦʘ ʰʪʦ ʥʘ ʉʣʠʢʘ 3 ʝ ʧʨʝʪʩʪʘʚʝʥ ʙʣʦʢ ʜʠʿʘʛʨʘʤ ʟʘ ʣʠʥʝʘʨʝʥ 

ʤʦʜʝʣ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ, ʜʦʜʝʢʘ ʥʘ ʉʣʠʢʘ 4 ʝ ʧʨʝʪʩʪʘʚʝʥ ʙʣʦʢ ʜʠʿʘʛʨʘʤ ʥʘ ʥʝʣʠʥʝʘʨʝʥ 

ʤʦʜʝʣ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ, ʥʦ ʩʦ ʠʩʪʠ ʫʧʨʘʚʫʚʘʯʢʠ ʧʦʜʩʠʩʪʝʤ ʠ ʝʣʝʢʪʨʠʯʝʥ ʧʦʜʩʠʩʪʝʤ 

ʢʘʢʦ ʠ ʤʦʜʝʣʦʪ ʦʜ ʉʣʠʢʘ 3. ɿʥʘʯʠ, ʥʘ ʤʝʩʪʦʪʦ ʥʘ ʭʠʜʨʘʫʣʠʯʥʠʦʪ ʧʦʜʩʠʩʪʝʤ ʧʨʠʢʘʞʘʥ ʥʘ 

ʉʣʠʢʘ 3 ʝ ʚʤʝʪʥʘʪ ʥʝʣʠʥʝʘʨʥʠʦʪ ʤʦʜʝʣ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʥʘ 

ʉʣʠʢʘ 4.  
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ʉʣʠʢʘ 4. ɹʣʦʢ ʜʠʿʘʛʨʘʤ ʥʘ ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ 

ʇʨʝʥʦʩʥʘʪʘ ʬʫʥʢʮʠʿʘ ʰʪʦ ʛʦ ʦʧʠʰʫʚʘ ʤʝʭʘʥʠʯʢʦʪʦ ʜʚʠʞʝˁʝ ʥʘ ʝʜʥʘ ʤʘʰʠʥʘ ʧʦʚʨʟʘʥʘ ʩʦ 

ʦʧʪʦʚʘʨʫʚʘˁʝʪʦ ʠ ʩʦ ʩʦʦʜʚʝʪʥʦ ʧʨʠʜʫʰʫʚʘˁʝ fD  ʝ ʧʨʝʪʩʪʘʚʝʥʦ ʩʦ ʨʘʚʝʥʢʘ 8 [66]. 

 ( )m e m fP P T s D wD -D = Ö + D (8) 

ɽʣʝʢʪʨʠʯʥʠʦʪ ʧʦʪʩʠʩʪʝʤ ʩʦʛʣʘʩʥʦ ʉʣʠʢʘ 5 ʩʝ ʩʦʩʪʦʠ ʦʜ ʝʥʝʨʛʝʪʩʢʠ ʩʠʩʪʝʤ, ʛʝʥʝʨʘʪʦʨ, 

ʤʦ˃ʥʦʩʪʘ ʧʨʝʥʝʩʝʥʘ ʧʦʤʝʺʫ ʥʠʚ ʠ ʧʨʦʤʝʥʠʪʝ ʥʘ ʦʧʪʦʚʘʨʫʚʘˁʝʪʦ ʥʘ ʤʨʝʞʘʪʘ. ʀʩʪʠʦʪ ʩʝ 

ʧʨʝʪʩʪʘʚʫʚʘ ʩʦ ʨʘʚʝʥʢʠʪʝ 9, 10 ʠ 11.  

 
( )

1
m e

m

P P
T

w
w

Ö

= -  
(9) 

 ( )1e lP P D w= + - (10) 

 
m e m fP P T s D- = Ö + (11) 

ɺʦ ʦʚʠʝ ʨʘʚʝʥʢʠ, w ʝ ʘʛʦʣʥʘʪʘ ʙʨʟʠʥʘ ʩʦ ʢʦʿʘ ʰʪʦ ʨʦʪʠʨʘ ʛʝʥʝʨʘʪʦʨʦʪ, lP  ʝ ʦʧʪʦʚʘʨʫʚʘˁʝ 

ʥʘ ʤʨʝʞʘ, ʦʜʥʦʩʥʦ ʥʘʨʫʫhʚʘˁʝ, eP  ʝ ʛʝʥʝʨʠʨʘʥʘ ʝʣʝʢʪʨʠʯʥʘ ʝʥʝʨʛʠʿʘ, mT  ʝ ʤʝʭʘʥʠʯʢʘʪʘ 

ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʯʠʿʘ ʰʪʦ ʚʨʝʜʥʦʩʪ ʟʘʚʠʩʠ ʦʜ ʙʨʦʿʦʪ ʥʘ ʚʨʪʝʞʠ ʥʘ ʛʝʥʝʨʘʪʦʨʦʪ, ʥʦ ʠ 

ʩʦʛʣʘʩʥʦ ʪʦʘ ʩʝ ʧʨʝʩʤʝʪʫʚʘ ʩʧʦʨʝʜ ʨʘʚʝʥʢʠʪʝ ʜʝʬʠʥʠʨʘʥʠ ʚʦ [68].  
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ʉʣʠʢʘ 5. ɹʣʦʢ ʜʠʿʘʛʨʘʤ ʥʘ ʝʣʝʢʪʨʠʯʝʥ ʧʦʜʩʠʩʪʝʤ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ 

ʄʦʜʝʣʦʪ ʥʘ ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ ʝ ʧʨʝʪʩʪʘʚʝʥ ʧʨʝʢʫ ʧʨʝʥʦʩʥʘ ʬʫʥʢʮʠʿʘ ʧʨʠʢʘʞʘʥʘ ʩʦ 

ʨʘʚʝʥʢʘ 12 [67] 

 

( )
2

1

1 As T+ Ö
 

(12) 

ʢʘʜʝ ʰʪʦ AT  ʝ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʩʝʨʚʦ ʨʘʩʧʦʨʝʜʥʠʢʦʪ. ʅʘ ʉʣʠʢʘ 6 ʝ ʧʨʝʪʩʪʘʚʝʥ ʙʣʦʢ 

ʜʠʿʘʛʨʘʤ ʥʘ ʩʠʩʪʝʤʦʪ ʟʘ ʧʨʠʜʚʠʞʫʚʘˁʝ ʥʘ ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ. 

 

ʉʣʠʢʘ 6. ɹʣʦʢ ʜʠʿʘʛʨʘʤ ʥʘ ʩʠʩʪʝʤ ʟʘ ʧʨʠʜʚʠʞʫʚʘˁʝ ʥʘ ʩʧʨʦʚʦʜʝʥ ʘʧʘʨʘʪ 

ɺʦʜʦʩʪʘʥʦʪ ʥʝ ʩʝ ʟʠʤʘ ʚʦ ʧʨʝʜʚʠʜ ʧʦʨʘʜʠ ʢʨʘʪʢʠʦʪ ʧʨʠʪʠʩʝʥ ʮʝʚʢʦʚʦʜ, ʘ ʚʦ ʦʜʥʦʩ ʥʘ ʪʦʘ 

ʥʝʛʦʚʦʪʦ ʚʣʠʿʘʥʠʝ ʝ ʤʘʣʦ ʠ ʟʘʥʝʤʘʨʣʠʚʦ ʚʨʟ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ  ʥʘ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ ʢʘʢʦ ʰʪʦ ʝ ʜʦʢʘʞʘʥʦ ʚʦ [66].   

3.1 ʇʨʝʩʤʝʪʢʘ ʥʘ ʢʦʝʬʠʮʠʝʥʪʠʪʝ ʥʘ ʨʝʘʣʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ  

ʉʦ ʮʝʣ ʜʘ ʩʝ ʧʦʪʚʨʜʠ ʢʦʥʮʝʧʪʦʪ ʥʘ ʧʨʠʤʝʥʘ ʥʘ ANN ʠ ML ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ 

ʥʘ ʩʠʩʪʝʤʦʪ, ʥʦ ʠ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʩʦ ʝʜʠʥʩʪʚʝʥʘ ʮʝʣ, 

ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ ʧʨʝʢʫ ʟʘʜʘʚʘˁʝ 

ʥʘ ʩʪʘʪʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʘʢʦ ʚʣʝʟʦʚʠ ʠ ʮʝʣʥʠ ʠʟʣʝʟʠ, ʥʘʧʨʘʚʝʥʘ ʝ ʧʨʝʩʤʝʪʢʘ ʥʘ 
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ʢʦʝʬʠʮʠʝʥʪʠʪʝ ʥʘ ʨʝʘʣʝʥ ʭʠʜʦʨʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʢʦʥ ʤʦʜʝʣ ʩʦ ʨʘʟʣʠʯʥʠ ʩʪʘʪʠʯʢʠ, 

ʜʠʥʘʤʠʯʢʠ ʠ ʬʠʟʠʯʢʠ ʧʘʨʘʤʝʪʨʠ.  

ʇʨʠʣʘʛʦʜʫʚʘˁʝʪʦ ʢʦʥ ʧʦʩʪʦʝʯʢʠ ʫʧʨʘʚʫʚʘʯʢʠ ʦʙʿʝʢʪ ʟʥʘʯʠ ʧʨʝʩʤʝʪʢʘ ʥʘ ʩʣʝʜʥʠʪʝ 

ʧʘʨʘʤʝʪʨʠ: ʤʝʭʘʥʠʯʢʘ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ Tm, ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘ ʚʦ ʮʝʚʢʦʚʦʜʦʪ 

Tw, ʢʦʝʬʠʮʠʝʥʪ ʥʘ ʟʘʩʠʣʫʚʘˁʝ At, ʚʦʣʫʤʝʥʩʢʠ ʟʘʛʫʙʠ ʥʠʟ ʪʫʨʙʠʥʘ nlq , ʢʦʝʬʠʮʠʝʥʪ ʥʘ 

ʪʨʠʝˁʝ ʥʘ ʮʝʚʢʦʚʦʜʦʪ pf . ʆʩʚʝʥ ʥʘʚʝʜʝʥʠʪʝ ʧʘʨʘʤʝʪʨʠ, ʛʦʣʝʤʦ ʚʣʠʿʘʥʠʝ ʠʤʘʘʪ ʠ 

ʧʦʿʜʦʚʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʢʘʢʦ ʰʪʦ ʩʝ: ʢʦʥʩʪʨʫʢʪʠʚʥʘʪʘ ʤʦ˃ʥʦʩʪ ʥʘ ʛʝʥʝʨʘʪʦʨʦʪ, ʤʘʢʩʠʤʘʣʥʘʪʘ 

ʤʦ˃ʥʦʩʪ ʥʘ ʪʫʨʙʠʥʘʪʘ, ʥʦʤʠʥʘʣʥʘʪʘ ʤʦ˃ʥʦʩʪ ʥʘ ʪʫʨʙʠʥʘʪʘ, ʤʘʢʩʠʤʘʣʥʠʦʪ ʥʝʪʦ ʧʘʜ, 

ʥʦʤʠʥʘʣʥʠʦʪ ʥʝʪʦ ʧʘʜ, ʜʦʣʞʠʥʘ ʥʘ ʮʝʚʢʦʚʦʜ, ʜʠʿʘʤʝʪʘʨ ʥʘ ʮʝʚʢʦʚʦʜ, ʧʦʚʨʰʠʥʘ ʥʘ ʮʝʚʢʦʚʦʜ, 

ʧʘʨʦʚʠ ʧʦʣʦʚʠ ʥʘ ʛʝʥʝʨʘʪʦʨ ʠʪʥ.  

ɿʘ ʜʘ ʩʝ ʧʨʝʩʤʝʪʘ ʤʝʭʘʥʠʯʢʘʪʘ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ, ʨʘʚʝʥʢʘ 13, ʩʦʛʣʘʩʥʦ ʧʨʝʧʦʨʘʢʠʪʝ ʦʜ 

2019 ʜʝʬʠʥʠʨʘʥʠ ʚʦ [68] ʝ 
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(13) 

ʢʘʜʝ ʰʪʦ mT  ʝ ʤʝʭʘʥʠʯʢʘʪʘ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ, 
2G DÖ  ʝ ʤʦʤʝʥʪ ʥʘ ʠʥʝʨʮʠʿʘ, rn  ʝ ʙʨʦʿ ʥʘ 

ʚʨʪʝʞʠ ʚʦ ʤʠʥʫʪʘ ʠ rP  ʝ ʛʝʥʝʨʠʨʘʥʘ ʤʦ˃ʥʦʩʪ ʚʦ ʤʝʛʘʚʘʪʠ MW. 

ɺʨʝʤʝʥʩʢʘʪʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘʪʘ ʠʩʪʦ ʪʘʢʘ ʩʝ ʤʝʥʫʚʘ ʚʦ ʟʘʚʠʩʥʦʩʪ ʦʜ ʤʦ˃ʥʦʩʪʘ ʥʘ 

ʛʝʥʝʨʘʪʦʨʦʪ. ʀʩʪʘʪʘ ʩʝ ʧʨʝʩʤʝʪʫʚʘ ʧʨʝʢʫ ʨʘʚʝʥʢʘ ʙʨʦʿ 14 [69]. 

 
w
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(14) 

ɻʦʣʝʤʠʥʘʪʘ ʥʘ ʚʨʝʤʝʥʩʢʘʪʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘʪʘ ʟʘ ʪʫʨʙʠʥʠ ʩʦ ʤʦ˃ʥʦʩʪ ʦʜ 50 ʜʦ 300 MW, 

ʩʝ ʜʚʠʞʠ ʦʜ 0,9 ʜʦ 2,6 [s] [69]. ʅʦ, ʚʨʝʤʝʥʩʢʘʪʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘʪʘ ʤʥʦʛʫ ʟʘʚʠʩʠ ʠ ʦʜ 

ʜʦʣʞʠʥʘʪʘ ʥʘ ʮʝʚʢʦʚʦʜʦʪ L, ʪʘʢʘ ʜʘ ʟʘ ʢʨʘʪʢʠ ʧʨʠʪʠʩʥʠ ʮʝʚʢʦʚʦʜʠ, 3wT <  [s]. ɺʦ 

ʨʘʟʛʣʝʜʫʚʘʥʠʦʪ ʩʣʫʯʘʿ ʥʘ ʨʝʘʣʥʘ ʧʦʩʪʨʦʿʢʘ, ʜʦʣʞʠʥʘʪʘ ʥʘ ʧʨʠʪʠʩʥʠʦʪ ʮʝʚʢʦʚʦʜ ʝ 31455 ʤʤ. 

ɺʦ ʨʘʚʝʥʢʘ ʙʨʦʿ 14, ʩʦ Q  ʝ ʦʟʥʘʯʝʥ ʧʨʦʪʦʢ ʥʠʟ ʪʫʨʙʠʥʘ ʧʨʠ ʧʦʪʧʦʣʥʦ ʦʪʚʦʨʝʥ ʩʧʨʦʚʦʜʝʥ 

ʘʧʘʨʘʪ, L ʝ ʜʦʣʞʠʥʘ ʥʘ ʧʨʠʪʠʩʝʥ ʮʝʚʢʦʚʦʜ, ɸ ʝ ʧʦʧʨʝʯʝʥ ʧʨʝʩʝʢ ʥʘ ʮʝʚʢʦʚʦʜʦʪ, g ʝ 

ʟʝʤʿʠʥʦʪʦ ʟʘʙʨʟʫʚʘˁʝ ʠ H  ʝ ʩʪʘʪʠʯʢʠ ʧʨʠʪʠʩʦʢ ʥʠʟ ʪʫʨʙʠʥʘ.   

ʂʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʚʦʣʫʤʝʥʩʢʠʪʝ ʟʘʛʫʙʠ ʥʠʟ ʪʫʨʙʠʥʘʪʘ, nlq  ʢʘʢʦ ʚʘʞʝʥ ʝʣʝʤʝʥʪ ʧʨʠ 

ʜʝʬʠʥʠʨʘˁʝʪʦ ʥʘ ʧʨʝʩʤʝʪʢʦʚʥʠʦʪ ʤʦʜʝʣ ʟʘʚʠʩʠ ʦʜ ʧʨʦʮʝʥʪʫʘʣʥʘʪʘ ʦʪʚʦʨʝʥʦʩʪ ʥʘ 

ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ. ʇʨʠ ʧʨʠʣʘʛʦʜʫʚʘˁʝ ʥʘ ʤʦʜʝʣʦʪ, ʛʦʣʝʤʘ ʫʣʦʛʘ ʠʛʨʘ ʠ ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ 

ʟʘʩʠʣʫʚʘˁʝ tA . 

ɺʦ ʊʘʙʝʣʘ 1 ʩʝ ʧʨʝʪʩʪʘʚʝʥʠ ʢʦʝʬʠʮʠʝʥʪʠʪʝ ʧʦʪʨʝʙʥʠ ʟʘ ʠʟʨʘʙʦʪʢʘ ʥʘ ʩʠʤʫʣʘʮʠʠʪʝ ʩʦʛʣʘʩʥʦ 

ʜʝʬʠʥʠʨʘʥʠʪʝ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣʠ ʚʦ ʩʦʬʪʚʝʨʩʢʦʪ ʧʘʢʝʪ Simulink. ʀʩʪʦ ʪʘʢʘ ʚʦ ʪʦʯʢʘ 9 ʩʝ 

ʟʘʜʘʜʝʥʠ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘʪʘ, ʠʥʪʝʛʨʘʣʥʘʪʘ ʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʘʪʘ ʢʦʥʩʪʘʥʪʘ ʟʘ 

ʨʝʘʣʥʠʪʝ ʫʧʨʘʚʫʚʘʯʢʠ ʩʠʩʪʝʤʠ, ʧʦʩʪʨʦʿʢʘ 1 ʠ ʧʦʩʪʨʦʿʢʘ 2. 
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ʊʘʙʝʣʘ 1. ʂʦʝʬʠʮʠʝʥʪʠ ʟʘ ʠʟʨʘʙʦʪʢʘ ʥʘ ʩʠʤʫʣʘʮʠʿʘ ʩʦʛʣʘʩʥʦ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣʠ 

 

 

3.2 ʀʟʙʦʨ ʠ ʧʨʠʤʝʥʘ ʥʘ ʪʝʭʥʠʢʘ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʘ ʥʘ ʥʝʚʨʦʥʩʢʠ ʤʨʝʞʠ 

3.2.1 ɼʠʟʘʿʥ ʥʘ ʥʝʚʨʦʥʩʢʘ ʤʨʝʞʘ ʟʘ ʧʦʪʧʦʤʦʛʥʘʪʦ ʫʧʨʘʚʫʚʘˁʝ 

ɺʨʟ ʦʩʥʦʚʘ ʥʘ ʠʟʙʦʨʦʪ ʥʘ ʤʦʜʝʣʠ ʢʦʠ ˃ʝ ʩʝ ʢʦʨʠʩʪʘʪ ʢʘʢʦ ʦʙʿʝʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ, ʠʟʚʨʰʝʥ ʝ 

ʠʟʙʦʨ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʦʜʥʦʩʥʦ ʧʨʠʤʝʥʘ ʥʘ ʟʘʢʦʥ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʢʦʿ ˃ʝ ʫʧʨʘʚʫʚʘ ʩʦ 

ʬʨʝʢʚʝʥʮʠʿʘʪʘ ʦʜʥʦʩʥʦ ʙʨʟʠʥʘʪʘ ʥʘ ʨʦʪʠʨʘˁʝ ʥʘ ʦʩʦʚʠʥʘʪʘ ʥʘ ʛʝʥʝʨʘʪʦʨʦʪ ʦʜ 

ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ. ʀʟʚʨʰʝʥʘ ʝ ʩʠʤʫʣʘʮʠʿʘ ʥʘ ʩʪʘʪʠʯʢʠ ʠ ʜʠʥʘʤʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʢʦʠ ʚʣʠʿʘʘʪ ʥʘ ʤʦʜʝʣʠʪʝ, ʘ ʜʦʙʠʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʩʝ ʩʧʦʨʝʜʝʥʠ ʩʦ ʨʝʟʫʣʪʘʪʠʪʝ ʧʨʝʪʭʦʜʥʦ 

ʜʦʙʠʝʥʠ ʠ ʚʝʨʠʬʠʮʠʨʘʥʠ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʢʦʥʚʝʥʮʠʦʥʘʣʥʠʪʝ ʤʝʪʦʜʠ ʥʘ ʫʧʨʘʚʫʚʘˁʝ [65] ʢʘʿ 

ʣʠʥʝʘʨʥʠ ʠ ʥʝʣʠʥʝʘʨʝʥʠ ʤʦʜʝʣʠ. 

ʇʦʢʨʘʿ ʮʝʣʦʢʫʧʥʘʪʘ ʭʠʜʨʦʤʝʭʘʥʠʯʢʘ ʦʧʨʝʤʘ, ʫʧʨʘʚʫʚʘˁʝʪʦ ʢʘʢʦ ʜʝʣ ʦʜ ʝʜʝʥ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ, ʠʛʨʘ ʚʘʞʥʘ ʫʣʦʛʘ ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ ʧʨʦʠʟʚʦʜʩʪʚʦ ʥʘ ʝʣʝʢʪʨʠʯʥʘ 

ʝʥʝʨʛʠʿʘ. ʇʦʨʘʜʠ ʪʦʘ, ʩʦ ʪʝʢʦʪ ʥʘ ʛʦʜʠʥʠʪʝ ʥʘʧʨʘʚʝʥʠ ʩʝ ʛʦʣʝʤ ʙʨʦʿ ʥʘ ʠʩʪʨʘʞʫʚʘˁʘ ʦʜ 

ʦʙʣʘʩʪʘ ʥʘ ʫʧʨʘʚʫʚʘˁʝʪʦ ʠ ʥʝʛʦʚʘ ʧʨʠʤʝʥʘ ʢʘʿ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪʠ, ʧʨʠ ʰʪʦ ʩʝʢʦʛʘʰ 

ʩʦ ʧʦʿʘʚʘʪʘ ʥʘ ʩʦʚʨʝʤʝʥʘ ʪʝʭʥʠʢʘ ʠ ʥʘʧʨʝʜʥʘ ʪʝʭʥʦʣʦʛʠʿʘ ʯʠʿʘ ʰʪʦ ʧʨʠʤʝʥʘ ʚʦ ʛʣʘʚʥʦ ʛʦ 

ʧʦʜʦʙʨʫʚʘ ʦʜʥʝʩʫʚʘˁʝʪʦ ʥʘ ʭʠʜʨʘʫʣʠʯʥʠʦʪ ʩʠʩʪʝʤ, ʛʣʘʚʥʘ ʮʝʣ ʝ ʜʘ ʛʠ ʧʦʜʦʙʨʠ ʜʠʥʘʤʠʯʢʠʪʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʠ ʩʝ ʦʜ ʛʦʣʝʤʘ ʚʘʞʥʦʩʪ ʢʘʢʦ ʰʪʦ ʝ ʩʪʘʙʠʣʥʦʩʪʘ, ʘ ʠ ʦʜʥʝʩʫʚʘˁʝʪʦ ʥʘ 

ʩʠʩʪʝʤʦʪ ʧʨʠ ʨʝʞʠʤʠ ʥʘ ʛʦʣʝʤʠ ʧʨʦʤʝʥʠ ʚʦ ʦʧʪʦʚʘʨʫʚʘˁʝ ʥʘ ʤʨʝʞʘ. ʇʦʢʨʘʿ PID 

ʫʧʨʘʚʫʚʘˁʝʪʦ ʢʘʢʦ ʢʦʥʚʝʥʮʠʦʥʘʣʥʘ, ʧʦʧʫʣʘʨʥʘ ʠ ʥʘʿʧʨʠʤʝʥʫʚʘʥʘ ʪʝʭʥʠʢʘ [4], [70][71], [24] 

ȎʁʀЮНǵʑЮȇʏʁʖʆʙʆʁʎʓ ȌʅʎɷʊɷȍʏʒʓʑʏʧʊɷНΝȍʏʒʓʑʏʧʊɷНΞǶʁʌʆʘʆʎɷ

1
ǶʑʁʍʁʎʒʊɷНʊʏʎʒʓɷʎʓɷНʎɷНɹʏʀɷН
ɹʏНʙʁɹʊʏɹʏʀʏʓ

Tw 1,434 0,479 s

2
ȊʁʗɷʎʆʘʊɷНɹʑʁʍʁʎʒʊɷН
ʊʏʎʒʓɷʎʓɷНʎɷНɺʁʎʁʑɷʓʏʑʏʓ

Tm 8,3 5,420142 s

3
ȇʏʎʒʓʑʔʊʓʆɹʎɷНʍʏʋʎʏʒʓНʎɷН
ɺʁʎʁʑɷʓʏʑʏʓ

50 20,5 MVA

4
ȇʏʁʖʆʙʆʁʎʓНʎɷННʌʆʎʆʒʊʆН
ʅɷɺʔɸʆНʎʆʅНʙʁɹʊʏʀʏɹ

0.027383 0,015 pu

5
ǶʏʌʔʍʁʎʒʊʆНʅɷɺʔɸʆНʎʆʅН
ʓʔʑɸʆʎɷʓɷ

qnl 0,08407 0,1214 pu

6
ȇʏʁʖʆʙʆʁʎʓНʎɷНʐʑʆɺʔʚʔɹɷʡʁН
ʎɷНʓʔʑɸʆʎɷ

D 0,75 1 /

7 ȇʏʁʖʆʙʆʁʎʓНʎɷНʅɷʒʆʌʔɹɷʡʁAt 1,1211 1,5344 /

8
ǶʑʁʍʁʎʒʊɷНʊʏʎʒʓɷʎʓɷНʎɷН
ʒʁʑɹʏНʑɷʒʐʏʑʁʀʎʆʊ

0,07 0,07 s

9
ȍʑʏʁʐʏʑʙʆʏʎɷʌʎɷНʊʏʎʒʓɷʎʓɷ
ȃʎʓʁɺʑɷʌʎɷНʊʏʎʒʓɷʎʓɷ
ǽʆʖʁʑʁʎʙʆʧɷʌʎɷНʊʏʎʒʓɷʎʓɷ

Kp
Ki
Kd

Kp= 2
Ki= 0,465
Kd= 1,06

Kp= 3,4
Ki= 0,465
Kd= 3,6

/

ff

AT
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ʚʦ ʧʦʥʦʚʦ ʚʨʝʤʝ ʜʦʩʪʘʧʥʠ ʩʝ ʫʧʨʘʚʫʚʘʯʢʠ ʪʝʭʥʠʢʠ ʢʦʠ ʩʝ ʩʤʝʪʘʘʪ ʟʘ ʧʦʩʦʚʨʝʤʝʥʠ, 

ʧʦʥʘʧʨʝʜʥʠ, ʘ ʠʩʪʦ ʪʘʢʘ ʩʝ ʩʤʝʪʘ ʜʝʢʘ ʦʚʦʟʤʦʞʫʚʘʘʪ ʧʦʩʠʛʫʨʥʘ ʝʢʩʧʣʦʘʪʘʮʠʿʘ ʠ ʫʧʨʘʚʫʚʘˁʝ 

ʥʘ ʝʜʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ.  

ʍʠʜʨʦʝʥʝʨʛʝʪʩʢʠʪʝ ʦʙʿʝʢʪʠ ʩʝ ʚʠʩʦʢʦ ʥʝʣʠʥʝʘʨʥʠ ʦʙʿʝʢʪʠ ʯʠʠ ʰʪʦ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʤʥʦʛʫ 

ʣʝʩʥʦ ʤʦʞʝ ʜʘ ʩʝ ʧʨʦʤʝʥʘʪ ʠ ʪʦʘ ʧʦʨʘʜʠ ʦʧʪʦʚʘʨʫʚʘˁʝʪʦ ʥʘ ʤʨʝʞʘʪʘ ʢʦʝ ʧʦʥʝʢʦʛʘʰ ʥʝ ʤʦʞʝ 

ʜʘ ʩʝ ʧʨʝʜʚʠʜʝ. ʂʘʢʦ ʚʠʩʦʢʦ ʥʝʣʠʥʝʘʨʥʠ ʠ ʢʦʤʧʣʝʢʩʥʠ ʤʦʜʝʣʠ, ˃ʝ ʩʝ ʥʘʧʨʘʚʠ ʠʟʙʦʨ ʥʘ ʪʠʧ 

ʥʘ ʩʦʚʨʝʤʝʥʦ ʫʧʨʘʚʫʚʘˁʝ ʯʠʠ ʰʪʦ ʨʝʟʫʣʪʘʪʠ ˃ʝ ʩʝ ʩʧʦʨʝʜʘʪ ʩʦ ʨʝʟʫʣʪʘʪʠʪʝ ʜʦʙʠʝʥʠ ʦʜ 

ʢʦʥʚʝʥʮʠʦʥʘʣʥʦʪʦ PID ʫʧʨʘʚʫʚʘˁʝ, ʘ ʠʩʪʦ ʪʘʢʘ ʩʦʚʨʝʤʝʥʠʪʝ ʪʝʭʥʠʢʠ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ˃ʝ ʩʝ 

ʩʧʦʨʝʜʘʪ ʠ ʩʦ ʪʝʭʥʠʢʘʪʘ ʟʘ ʨʘʩʧʦʨʝʜ ʥʘ ʟʘʩʠʣʫʚʘˁʘ (gain scheduling), ʢʘʢʦ ʧʦʥʘʧʨʝʜʝʥ 

ʧʨʠʩʪʘʧ ʢʦʥ ʫʧʨʘʚʫʚʘˁʝʪʦ ʚʦ ʩʧʦʨʝʜʙʘ ʩʦ PID, ʧʨʝʜ ʩʝ ʢʘʿ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʪʝ ʦʙʿʝʢʪʠ ʢʦʠ 

ʠʤʘʘʪ ʧʨʦʤʝʥʣʠʚʦ ʨʘʙʦʪʥʦ ʧʦʜʨʘʯʿʝ. Gain scheduling ʚʦ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ˃ʝ ʩʝ ʠʩʢʦʨʠʩʪʠ 

ʢʘʢʦ ʪʝʭʥʠʢʘ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʚʦ ʮʝʣʦʩʥʦʪʦ ʨʘʙʦʪʥʦ ʧʦʜʨʘʯʿʝ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ, 

ʥʘʤʝʩʪʦ ʚʦ ʝʜʥʘ ʨʘʙʦʪʥʘ ʪʦʯʢʘ, ʠʘʢʦ ʨʝʘʣʥʠʦʪ ʦʙʿʝʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʬʫʥʢʮʠʦʥʠʨʘ ʩʦ 

ʧʨʠʤʝʥʘ ʥʘ PID. ʋʧʨʘʚʫʚʘˁʝ ʩʦ ʨʘʩʧʦʨʝʜ ʥʘ ʟʘʩʠʣʫʚʘˁʘ ʟʥʘʯʠ ʢʦʨʠʩʪʝˁʝ ʥʘ ʟʘʩʝʙʥʦ PID 

ʫʧʨʘʚʫʚʘˁʝ ʟʘ ʩʝʢʦʿʘ ʧʨʦʤʝʥʘ ʧʦʩʝʙʥʦ, ʥʦ ʠ ʧʨʝʩʤʝʪʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʧʨʠ ʩʝʢʦʿʘ 

ʧʨʦʤʝʥʘ ʧʦʩʝʙʥʦ. ɺʦ ʩʫʰʪʠʥʘ ʧʦʚʪʦʨʥʦ ʩʪʘʥʫʚʘ ʟʙʦʨ ʟʘ PID ʫʨʧʘʚʫʚʘˁʝ, ʥʦ ʩʦ ʨʘʟʣʠʯʥʠ 

ʚʨʝʜʥʦʩʪʠ ʧʨʠ ʧʨʦʮʝʩʦʪ ʥʘ ʚʢʣʫʯʫʚʘˁʝ ʥʘ ʪʫʨʙʠʥʘʪʘ ʧʘ ʩʝ ʜʦ ʧʦʩʪʠʛʥʫʚʘˁʝ ʥʘ ʩʪʘʮʠʦʥʘʨʥʘ 

ʩʦʩʪʦʿʙʘ. ʎʝʣʪʘ ʝ ʜʘ ʩʝ ʥʘʧʨʘʚʘʪ ʩʠʤʫʣʘʮʠʩʢʠ ʠʩʧʠʪʫʚʘˁʘ ʟʘ ʜʘ ʩʝ ʚʠʜʠ ʜʘʣʠ ʧʨʠʤʝʥʘʪʘ ʥʘ 

ʪʝʭʥʠʢʘʪʘ ʥʘ ʨʘʩʧʦʨʝʜʫʚʘˁʝ ʥʘ ʟʘʩʠʣʫʚʘˁʘ ˃ʝ ʜʘʜʝ ʨʝʟʫʣʪʠʨʘ ʩʦ ʦʜʟʠʚʠ ʢʦʠ ˃ʝ ʦʚʦʟʤʦʞʘʪ 

ʦʧʪʠʤʘʣʥʦ ʠʩʢʦʨʠʩʪʫʚʘˁʝ ʥʘ ʚʦʜʝʥʠʪʝ ʨʝʩʫʨʩʠ. ʊʘʢʚʠʪʝ ʠʩʧʠʪʫʚʘˁʘ ʩʝ ʥʘʧʨʘʚʝʥʠ, 

ʧʨʠʢʘʞʘʥʠ ʠ ʘʥʘʣʠʟʠʨʘʥʠ ʚʦ [72]. ʉʦ ʧʨʠʤʝʥʘ ʥʘ ML ʥʘʧʨʘʚʝʥʦ ʝ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ 

ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʟʘ ʩʝʢʦʿ ʯʝʢʦʨ ʧʦʩʝʙʥʦ ʧʨʠ ʧʨʠʤʝʥʘ ʥʘ 

gain scheduling. ʈʝʟʫʣʪʘʪʠʪʝ ʦʜ ʩʠʤʫʣʘʮʠʠʪʝ ˃ʝ ʙʠʜʘʪ ʧʨʠʢʘʞʘʥʠ ʠ ʘʥʘʣʠʟʠʨʘʥʠ ʚʦ ɻʣʘʚʘ 4. 

ʉʧʦʤʝʥʘʪʠʪʝ ʩʦʚʨʝʤʝʥʠ ʪʝʭʥʠʢʠ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʦʧʬʘ˃ʘʘʪ ʧʨʠʤʝʥʘ ʥʘ ʫʧʨʘʚʫʚʘˁʝ 

ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʢʦʿ ʩʝ ʩʪʨʝʤʠ ʜʘ ʛʦ ʣʠʥʝʘʨʠʟʠʨʘ ʩʝʢʦʿ ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ ʩʦ ʮʝʣ ʥʘ ʠʟʣʝʟ ʦʜ 

ʦʙʿʝʢʪʦʪ ʜʘ ʩʝ ʜʦʙʠʝ ʧʦʩʘʢʫʚʘʥʠʦʪ ʦʜʟʠʚ, ʦʜʥʦʩʥʦ ʛʠ ʟʝʤʘ ʚʦ ʧʨʝʜʚʠʜ ʧʨʝʪʭʦʜʥʠʪʝ 

ʚʨʝʜʥʦʩʪʠ ʢʦʠ ʩʝ ʙʠʪʥʠ ʟʘ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʦʙʿʝʢʪ ʟʘ ʜʘ ʛʠ ʧʨʝʜʚʠʜʠ ʩʣʝʜʥʠʪʝ ʪʨʝʥʜʦʚʠ 

(nonlinear auto regressive moving average - NARMA). ɼʨʫʛ ʧʨʠʩʪʘʧ ʝ ʜʠʨʝʢʪʥʦ ʚʥʝʩʫʚʘˁʝ ʥʘ 

NN ʚʦ ʤʦʜʝʣʦʪ ʩʦ ʮʝʣ ʜʘ ʩʝ ʧʦʜʦʙʨʘʪ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʠʘʢʦ ʜʠʨʝʢʪʥʦ 

ʚʥʝʩʝʥʘʪʘ NN ʥʝ ʝ ʧʦʚʨʟʘʥʘ ʩʦ ʟʘʢʦʥ ʟʘ ʫʧʨʘʚʫʚʘˁʝ. ʊʦʘ ʟʥʘʯʠ ʜʝʢʘ NN ʚʦ ʮʝʣʦʩʪ ʟʘʤʝʥʫʚʘ 

ʥʝʢʦʿ ʜʝʣ ʦʜ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ  ʩʦ ʮʝʣ ʜʘ ʩʝ ʘʥʘʣʠʟʠʨʘʘʪ ʩʦʦʜʚʝʪʥʠ ʩʦʩʪʦʿʙʠ ʥʘ 

ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ. ʉʧʦʤʝʥʘʪʠʪʝ ʟʘʢʦʥʠ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʚʦ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ʩʝ 

ʧʨʠʤʝʥʝʪʠ ʥʘ ʣʠʥʝʘʨʥʠ ʠ ʥʝʣʠʥʝʘʨʥʠ ʤʦʜʝʣʠ. ʂʘʿ ʦʚʠʝ ʤʦʜʝʣʠ ʩʝ ʨʘʟʛʣʝʜʫʚʘ ʠ ʨʘʟʨʘʙʦʪʫʚʘ 

ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʤʦ˃ʥʦʩʪʘ ʢʦʿʘ ʜʠʨʝʢʪʥʦ ʚʣʠʿʘʝ ʥʘ ʬʨʝʢʚʝʥʮʠʿʘʪʘ ʥʘ ʦʙʿʝʢʪʦʪ. ʊʨʝʙʘ ʜʘ ʩʝ 

ʥʘʧʦʤʝʥʝ ʜʝʢʘ ʧʨʠ ʧʨʦʝʢʪʠʨʘˁʝ ʠ ʧʦʜʝʩʫʚʘˁʝ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʢʘʿ ʩʦʚʨʝʤʝʥʠʪʝ ʪʝʭʥʠʢʠ ʥʘ 

ʫʧʨʘʚʫʚʘˁʝ, ʩʝʢʦʿ ʤʦʜʝʣ ʠʤʘ ʩʚʦʠ ʩʦʦʜʚʝʪʥʠ ʧʘʨʘʤʝʪʨʠ ʢʦʠ ʪʨʝʙʘ ʜʘ ʙʠʜʘʪ ʛʝʥʝʨʠʨʘʥʠ ʩʦ 

ʮʝʣ ʜʘ ʤʦʞʝ ʤʦʜʝʣʦʪ ʟʘʝʜʥʦ ʩʦ ʫʧʨʘʚʫʚʘˁʝʪʦ ʧʦʥʘʪʘʤʫ ʜʘ ʩʝ ʪʨʝʥʠʨʘ ʟʘ ʜʘ ʩʝ ʜʦʙʠʿʘʪ 

ʧʦʩʘʢʫʚʘʥʠʪʝ ʠʟʣʝʟʠ. ɻʦʣʝʤʦ ʚʥʠʤʘʥʠʝ ʪʨʝʙʘ ʜʘ ʩʝ ʦʙʨʘʪʠ ʠ ʥʘ ʧʨʠʣʘʛʦʜʫʚʘˁʝ ʠ 

ʦʧʪʠʤʠʟʠʨʘˁʝ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʢʦʠ ʩʝ ʜʝʣ ʦʜ NN, ʘ ʢʦʠ ʚʦ ʛʦʣʝʤʘ ʤʝʨʘ ʚʣʠʿʘʘʪ ʥʘ ʜʦʙʠʝʥʠʪʝ 

ʨʝʟʫʣʪʘʪʠ.  
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ɼʦʧʦʣʥʠʪʝʣʥʦ, ʦʩʚʝʥ ʟʘʢʦʥʦʪ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ NN, ʩʧʦʨʝʜʝʥʠ ʩʝ ʨʝʟʫʣʪʘʪʠʪʝ 

ʜʦʙʠʝʥʠ ʩʦ ʢʦʨʠʩʪʝˁʝ ʥʘ ʪʝʭʥʠʢʘʪʘ ʟʘ ʨʘʩʧʦʨʝʜʫʚʘˁʝ ʥʘ ʟʘʩʠʣʫʚʘˁʘ ʚʦ ʩʧʦʨʝʜʙʘ ʩʦ 

ʧʘʨʘʤʝʪʨʠʪʝ ʜʦʙʠʝʥʠ ʩʦ ʧʦʤʦʰ ʥʘ Ziegler-Nichols ʚʦ ʢʦʤʙʠʥʘʮʠʿʘ ʩʦ NN ʟʘ ʜʘ ʩʝ ʜʦʙʠʿʘʪ 

ʧʨʦʧʦʨʮʠʦʥʘʣʥʘʪʘ, ʠʥʪʝʛʨʘʣʥʘʪʘ ʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʘʪʘ ʢʦʥʩʪʘʥʪʘ ʦʜ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʩʦ 

ʥʘʿʤʘʣʘ ʤʦʞʥʘ ʢʚʘʜʨʘʪʥʘ ʠ ʧʨʦʮʝʥʪʫʘʣʥʘ ʛʨʝʰʢʘ. ʊʦʘ ʙʠ ʦʚʦʟʤʦʞʠʣʦ ʧʦʜʦʙʨʫʚʘˁʝ ʚʦ 

ʧʘʨʘʤʝʪʨʠʪʝ ʢʦʠ ʧʦʥʘʪʘʤʫ ʩʝ ʧʨʠʤʝʥʫʚʘʘʪ ʩʦ ʧʦʤʦʰ ʥʘ ʪʝʭʥʠʢʘʪʘ ʟʘ ʨʘʩʧʦʨʝʜʫʚʘˁʝ ʥʘ 

ʟʘʩʠʣʫʚʘˁʘ. ʊʫʢʘ ʤʦʞʝ ʜʘ ʩʝ ʧʨʠʤʝʥʘʪ ʜʚʘ ʧʨʠʩʪʘʧʠ, ʧʨʚʠʦʪ ʧʨʠʩʪʘʧ ʝ ʚʝ˃ʝ ʩʧʦʤʝʥʘʪʠʦʪ, 

ʩʦ ʧʨʠʤʝʥʘ ʥʘ Ziegler-Nichols ʤʝʪʦʜʘʪʘ ʜʘ ʩʝ ʜʝʬʠʥʠʨʘ ʦʜʥʦʩʥʦ ʜʘ ʩʝ ʦʛʨʘʥʠʯʠ ʧʦʜʨʘʯʿʝʪʦ 

ʚʦ ʢʦʝ ʩʝ ʜʚʠʞʘʪ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID, ʘ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʤʝʪʦʜʠʪʝ ʥʘ ANN ʠ 

ML, ʜʘ ʩʝ ʠʟʜʚʦʿʘʪ ʥʘʿʩʦʦʜʚʝʪʥʠʪʝ ʚʨʝʜʥʦʩʪʠ, ʦʜʥʦʩʥʦ ʢʦʥʩʪʘʥʪʠʪʝ ʩʦ ʥʘʿʤʘʣʘ ʢʚʘʜʨʘʪʥʘ 

ʛʨʝʰʢʘ. ɺʪʦʨʠʦʪ ʧʨʠʩʪʘʧ ʝ ʜʘ ʩʝ ʛʝʥʝʨʠʨʘ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʩʦ ʩʣʫʯʘʿʥʠ ʚʨʝʜʥʦʩʪʠ, ʩʦ 

ʰʪʦ ʦʛʨʘʥʠʯʫʚʘˁʝʪʦ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʧʨʠ ʦʙʨʘʙʦʪʢʘ ʥʘ ʧʦʜʘʪʦʮʠʪʝ, 

ʪʨʝʥʠʨʘˁʝ, ʫʯʝˁʝ ʠ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʚʨʝʜʥʦʩʪʠʪʝ ʙʠ ʩʝ ʥʘʤʘʣʠʣʦ. ɺʪʦʨʠʦʪ ʧʨʠʩʪʘʧ ʝ ʜʦʙʘʨ 

ʩʦ ʮʝʣ ʜʘ ʩʝ ʪʝʩʪʠʨʘ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʪʝʭʥʠʢʠʪʝ ʥʘ ANN ʠ ML ʢʦʥ ʠʟʙʠʨʘˁʝ ʥʘ ʩʦʦʜʚʝʪʥʠ 

ʚʨʝʜʥʦʩʪʠ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʢʦʛʘ ʦʛʨʘʥʠʯʫʚʘˁʝʪʦ ʝ ʥʘʤʘʣʝʥʦ. 

ʀʩʪʦ ʢʘʢʦ ʠ ʢʘʿ ʫʧʨʘʚʫʚʘˁʝʪʦ ʢʦʝ ʩʝ ʟʘʩʥʦʚʘ ʥʘ ANN, ʟʘ ʜʝʬʠʥʠʨʘˁʝ ʠ ʩʦʦʜʚʝʪʥʦ 

ʜʠʟʘʿʥʠʨʘˁʝ ʥʘ NN, ʧʦʪʨʝʙʥʦ ʝ ʜʘ ʙʠʜʘʪ ʩʦʦʜʚʝʪʥʦ ʠʟʙʨʘʥʠ ʛʦʣʝʤ ʙʨʦʿ ʥʘ ʧʘʨʘʤʝʪʨʠ ʢʦʠ ʩʝ 

ʦʜ ʛʦʣʝʤʘ ʚʘʞʥʦʩʪ ʧʨʠ ʜʦʙʠʚʘˁʝʪʦ ʥʘ ʢʨʘʿʥʠʪʝ ʧʨʝʩʤʝʪʢʠ ʠ ʨʝʰʝʥʠʿʘ. ʊʠʝ ʧʘʨʘʤʝʪʨʠ ʩʝ 

ʥʘʨʝʢʫʚʘʘʪ ʭʠʧʝʨʧʘʨʘʤʝʪʨʠ.  

ʍʠʧʝʨʧʘʨʘʤʝʪʨʠʪʝ ʛʦ ʢʦʥʪʨʦʣʠʨʘʘʪ ʧʨʦʮʝʩʦʪ ʥʘ ʫʯʝˁʝ, ʥʦ ʠ ʥʘʿʤʥʦʛʫ ʚʣʠʿʘʘʪ ʥʘ ʥʝʛʦ. 

ʇʨʝʬʠʢʩʦʪ ʭʠʧʝʨ ʟʥʘʯʠ ʜʝʢʘ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʦʚʠʝ ʧʘʨʘʤʝʪʨʠ ʝ ʦʜ ʤʥʦʛʫ ʛʦʣʝʤʘ ʚʘʞʥʦʩʪ. ɼʝʣ 

ʦʜ ʭʠʧʝʨʧʘʨʘʤʝʪʨʠʪʝ ʩʝ ʩʣʝʜʥʠ: ʙʨʦʿ ʥʘ ʥʝʚʨʦʥʠ ʚʦ ʩʝʢʦʿ ʩʣʦʿ ʧʦʝʜʠʥʝʯʥʦ, ʙʨʦʿ ʥʘ ʩʢʨʠʝʥʠ 

ʩʣʦʝʚʠ, ʪʠʧ ʥʘ ʘʢʪʠʚʘʮʠʩʢʘ ʬʫʥʢʮʠʿʘ (AF) ʯʠʿʘ ʮʝʣ ʝ ʜʘ ʤʫ ʦʙʝʟʙʝʜʠ ʩʦʦʜʚʝʪʥʘ ʜʠʥʘʤʠʢʘ ʥʘ 

ʥʝʚʨʦʥʠʪʝ ʚʦ ʩʝʢʦʿ ʩʣʦʿ ʧʦʩʝʙʥʦ, ʪʠʧ ʥʘ ʦʧʪʠʤʠʟʘʪʦʨ, ʙʨʦʿ ʥʘ ʝʧʦʭʠ, ʛʦʣʝʤʠʥʘ ʥʘ ʩʝʨʠʿʘ ʥʘ 

ʧʨʠʤʝʨʦʮʠ ʢʦʠ ˃ʝ ʙʠʜʘʪ ʠʩʧʨʘʪʝʥʠ ʧʨʝʢʫ ʥʝʚʨʦʥʩʢʘʪʘ ʤʨʝʞʘ ʚʦ ʠʩʪʦ ʚʨʝʤʝ (batch size), 

ʛʦʣʝʤʘ ʫʣʦʛʘ ʠʛʨʘ ʠ ʬʫʥʢʮʠʿʘʪʘ ʩʧʦʨʝʜ ʢʦʿʘ ˃ʝ ʩʝ ʦʜʨʝʜʠ ʛʨʝʰʢʘʪʘ ʚʦ ʩʠʩʪʝʤʦʪ ï ʢʚʘʜʨʘʪʥʘ 

ʛʨʝʰʢʘ, ʙʨʟʠʥʘ ʥʘ ʫʯʝˁʝ (learning rate) ʢʦʿ ʝ ʙʠʪʝʥ ʩʦʩʪʘʚʝʥ ʜʝʣ ʚʦ ʘʣʛʦʨʠʪʘʤʦʪ ʟʘ 

ʦʧʪʠʤʠʟʘʮʠʿʘ ʥʘ ʝʜʥʘ ʬʫʥʢʮʠʿʘ. 

ʇʦʩʪʘʚʫʚʘˁʝʪʦ ʥʘ ʩʦʦʜʚʝʪʝʥ ʙʨʦʿ ʥʘ ʥʝʚʨʦʥʠ ʝ ʚʘʞʥʦ ʙʠʜʝʿ˃ʠ ʦʜ ʪʦʘ ʟʘʚʠʩʠ ʜʘʣʠ ʤʨʝʞʘʪʘ 

˃ʝ ʫʯʠ ʩʦʦʜʚʝʪʥʦ. ɼʦʢʦʣʢʫ ʠʤʘ ʤʘʣ ʙʨʦʿ ʥʘ ʥʝʚʨʦʥʠ ʢʦʿ ʥʝ ʝ ʩʦʦʜʚʝʪʝʥ ʚʦ ʦʜʥʦʩ ʥʘ 

ʢʦʤʧʣʝʢʩʥʦʩʪʘ ʥʘ ʤʦʜʝʣʦʪ, ʤʨʝʞʘʪʘ ʥʝʤʘ ʜʘ ʤʦʞʝ ʩʦʦʜʚʝʪʥʦ ʜʘ ʛʠ ʩʧʦʨʝʜʠ ʚʣʝʟʥʠʪʝ ʠ 

ʠʟʣʝʟʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʠ ʠʩʪʠʪʝ ʜʘ ʛʠ ʩʧʨʦʚʝʜʝ ʚʦ ʠʟʣʝʟʥʘ ʠʥʬʦʨʤʘʮʠʿʘ. ɼʦʢʦʣʢʫ ʧʘʢ ʠʤʘ 

ʧʨʝʛʦʣʝʤ ʙʨʦʿ ʥʘ ʧʘʨʘʤʝʪʨʠ, ʤʨʝʞʘʪʘ ʠʩʪʦ ʪʘʢʘ ʥʝʤʘ ʜʘ ʤʦʞʝ ʜʘ ʥʘʧʨʘʚʠ ʛʝʥʝʨʘʣʠʟʠʨʘˁʝ 

ʥʘ ʠʟʣʝʟʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʦʜʥʦʩʥʦ ʥʝʤʘ ʜʘ ʠʤʘ ʨʝʰʝʥʠʝ ʢʦʝ ʢʦʥʚʝʨʛʠʨʘ. 

ɹʨʦʿʦʪ ʥʘ ʩʢʨʠʝʥʠ ʩʣʦʝʚʠ ʟʘʚʠʩʠ ʦʜ ʢʦʤʧʣʝʢʩʥʦʩʪʘ ʥʘ ʤʦʜʝʣʦʪ ʢʦʿʰʪʦ ʩʝ ʦʙʨʘʙʦʪʫʚʘ. 

ɼʦʢʦʣʢʫ ʩʪʘʥʫʚʘ ʟʙʦʨ ʟʘ ʚʠʩʦʢʦ ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ, ʧʦʪʨʝʙʥʦ ʝ ʜʘ ʠʤʘ ʤʠʥʠʤʫʤ ʝʜʥʘ ʠʣʠ 

ʧʦʚʝ˃ʝ ʩʢʨʠʝʥʠ ʩʣʦʝʚʠ ʟʘ ʜʘ ʤʦʞʝ ʥʝʣʠʥʝʘʨʥʦʩʪʘ ʥʘ ʤʦʜʝʣʦʪ ʜʘ ʩʝ ʧʨʠʣʘʛʦʜʠ ʥʘ ʮʝʣʥʘʪʘ 

ʢʨʠʚʘ (target curve). 
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AF ʩʝ ʚʘʞʥʠ ʙʠʜʝʿ˃ʠ ʦʜ ʥʠʚ ʟʘʚʠʩʠ ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʠʟʣʝʟʦʪ ʦʜ ʥʝʚʨʦʥʦʪ ʰʪʦ ʝ ʚʣʝʟ ʚʦ 

ʥʝʚʨʦʥʦʪ ʚʦ ʩʣʝʜʥʠʦʪ ʩʣʦʿ. AF ʠ ʜʘʚʘ ʥʘ NN ʥʝʣʠʥʝʘʨʥʦʩʪ ʠ ʜʠʥʘʤʠʢʘ. ɼʦʢʦʣʢʫ ʥʝ ʩʝ 

ʧʦʩʪʘʚʠ AF, ʚʦ ʪʦʿ ʩʣʫʯʘʿ ˃ʝ ʩʝ ʨʘʙʦʪʠ ʩʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʩʦ ʣʠʥʝʘʨʥʘ ʟʘʚʠʩʥʦʩʪ. 

ɹʨʦʿʦʪ ʥʘ ʝʧʦʭʠ ʝ ʚʘʞʝʥ ʙʠʜʝʿ˃ʠ ʦʜ ʪʦʘ ʟʘʚʠʩʠ ʢʦʣʢʫ ʧʘʪʠ ʧʦʜʘʪʦʢʦʪ, ʦʜʥʦʩʥʦ ʥʝʛʦʚʘʪʘ 

ʚʨʝʜʥʦʩʪ ʧʦʤʠʥʫʚʘ ʧʨʝʢʫ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʢʦʝ ʝ ʦʜʚʦʝʥʦ ʟʘ ʪʨʝʥʠʨʘˁʝ ʥʘ ʤʨʝʞʘʪʘ. 

ɹʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ ʝ ʭʠʧʝʨʧʘʨʘʤʝʪʘʨ ʰʪʦ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʪʝʤʧʦʪʦ ʩʦ ʢʦʝ 

ʘʣʛʦʨʠʪʘʤʦʪ ʛʠ ʘʞʫʨʠʨʘ ʠʣʠ ʛʠ ʫʯʠ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ NN. 

ʉʦʦʜʚʝʪʥʠʦʪ ʠʟʙʦʨ ʥʘ ʪʠʧ ʥʘ ʦʧʪʠʤʠʟʘʪʦʨ ʝ ʤʥʦʛʫ ʚʘʞʝʥ ʙʠʜʝʿ˃ʠ ʦʜ ʦʧʪʠʤʠʟʘʪʦʨʦʪ ʟʘʚʠʩʠ 

ʢʘʢʦ ˃ʝ ʩʝ ʘʞʫʨʠʨʘʘʪ ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʧʦʤʝʩʪ ʠ ʪʝʞʠʥʩʢʠʪʝ ʢʦʝʬʠʮʠʝʥʪʠ (weights), ʘ ʦʜ ʪʦʘ 

ʟʘʚʠʩʠ ʠ ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʢʚʘʜʨʘʪʥʘʪʘ ʛʨʝʰʢʘ. 

3.2.2 ʄʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣ ʥʘ ʟʘʢʦʥ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ ʥʝʚʨʦʥʩʢʠ ʤʨʝʞʠ 

ʇʦʩʪʦʿʘʪ ʧʦʚʝ˃ʝ ʪʠʧʦʚʠ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʠ ʥʘ NN ʢʘʢʦ ʧʦʩʦʚʨʝʤʝʥʘ ʪʝʭʥʠʢʘ ʟʘ 

ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʜʠʥʘʤʠʯʢʠʪʝ ʠ ʩʪʘʪʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʝʜʝʥ ʦʙʿʝʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ. 

ʂʘʿ ʩʠʪʝ ʪʠʧʦʚʠ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʠ ʥʘ NN, ʝʜʠʥʩʪʚʝʥʘ ʮʝʣ ʝ ʥʘ ʠʟʣʝʟ ʦʜ ʩʠʩʪʝʤʦʪ ʜʘ ʩʝ 

ʜʦʙʠʝ ʧʦʩʘʢʫʚʘʥʠʦʪ ʦʜʟʠʚ ʠ ʪʦʘ ʧʦʜʦʙʨʝʥ ʚʦ ʦʜʥʦʩ ʥʘ ʦʜʟʠʚʦʪ ʰʪʦ ʤʦʞʝ ʜʘ ʩʝ ʜʦʙʠʝ ʩʦ 

ʧʨʠʤʝʥʘ ʥʘ ʢʦʥʚʝʥʮʠʦʥʘʣʥʦʪʦ ʫʧʨʘʚʫʚʘʝˁ. ɿʘ ʪʘʘ ʮʝʣ ʧʦʩʪʦʿʘʪ ʪʨʠ ʪʠʧʘ ʫʧʨʘʚʫʚʘʝˁ 

ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʠ ʪʦʘ ʫʧʨʘʚʫʚʘˁʝ ʢʦʝ ʤʦʞʝ ʜʘ ʛʠ ʧʨʝʜʚʠʜʠ ʩʣʝʜʥʠʪʝ ʯʝʢʦʨʠ (model 

predictive controller - MPC) [73], ʫʧʨʘʚʫʚʘˁʝ ʢʦʝ ʩʝ ʩʪʨʝʤʠ ʜʘ ʛʠ ʣʠʥʝʘʨʠʟʠʨʘ ʤʦʜʝʣʠʪʝ ʠ ʥʘ 

ʠʟʣʝʟ ʜʘ ʩʝ ʜʦʙʠʝ ʧʦʩʘʢʫʚʘʥʠʦʪ ʦʜʟʠʚ ʚʦ ʟʘʚʠʩʥʦʩʪ ʦʜ ʠʟʣʝʟʦʪ ʦʜ ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʠ 

ʨʝʬʝʨʝʥʪʥʠʦʪ ʚʣʝʟ (nonlinear auto regressive controller - NARMA) [73] ʠ ʫʧʨʘʚʫʚʘˁʝ ʢʦʝ ʠʩʪʦ 

ʪʘʢʘ ʩʝ ʩʪʨʝʤʠ ʥʘ ʠʟʣʝʟ ʜʘ ʩʝ ʜʦʙʠʝ ʧʦʩʘʢʫʚʘʥʠʦʪ ʦʜʟʠʚ ʩʦ ʧʦʤʦʰ ʥʘ ʜʚʝ NN, ʝʜʥʘʪʘ ʟʘ 

ʪʨʝʥʠʨʘˁʝ ʥʘ ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ, ʘ ʚʪʦʨʘʪʘ ʟʘ ʪʨʝʥʠʨʘˁʝ ʥʘ ʩʘʤʦʪʦ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʮʝʣ 

ʜʘ ʩʝ ʧʨʠʣʘʛʦʜʠ ʥʘ ʩʝʢʦʿʘ ʥʦʚʦ ʥʘʩʪʘʥʘʪʘ ʩʦʩʪʦʿʙʘ (model reference controller - MRC) [74].  

ʂʘʢʦ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʨʝʯʠʩʠ ʥʘʿʢʨʘʪʢʦ ʚʨʝʤʝ ʟʘ ʧʨʝʩʤʝʪʢʘ ʥʘ ʤʦʜʝʣʠʪʝ, ʩʝ ʢʦʨʠʩʪʠ NARMA. 

ʇʨʠ ʩʪʘʪʠʩʪʠʯʢʘ ʘʥʘʣʠʟʘ ʥʘ ʚʨʝʤʝʥʩʢʠ ʟʘʚʠʩʥʠ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ, ARMA ʤʦʜʝʣʦʪ 

ʦʚʦʟʤʦʞʫʚʘ ʧʦʩʣʘʙ ʩʪʘʮʠʦʥʘʨʝʥ ʩʪʦʭʘʩʪʠʯʢʠ ʧʨʦʮʝʩ ʠ ʪʦʘ ʢʦʛʘ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʫʧʦʪʨʝʙʘʪ 

ʜʚʘ ʧʦʣʠʥʦʤa. ɽʜʥʠʦʪ ʟʘ ʘʚʪʦʤʘʪʩʢʘ ʨʝʛʨʝʩʠʿʘ ʠʣʠ AR ʠ ʚʪʦʨʠʦʪ ʟʘ ʤʦʜʝʣʠʨʘˁʝ ʥʘ ʝʜʝʥ 

ʧʦʣʠʥʦʤ ʩʦ ʝʜʥʘ ʧʨʦʤʝʥʣʠʚʘ ʠʣʠ MA (moving average). ʄʘʪʝʤʘʪʠʯʢʠʦʪ ʤʦʜʝʣ ʟʘ 

ʘʚʪʦʤʘʪʩʢʘʪʘ ʨʝʛʨʝʩʠʿʘ ʝ ʜʝʬʠʥʠʨʘʥ ʩʦ ʨʘʚʝʥʢʘ 15, 
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ʢʘʜʝ ʰʪʦ ij  ʩʝ ʧʘʨʘʤʝʪʨʠʪʝ ʢʦʠ ʩʝ ʚʣʝʟ ʚʦ ʤʨʝʞʘʪʘ, te ʝ ʙʝʣ ʰʫʤ. ʊʠʝ ʧʘʨʘʤʝʪʨʠ ʩʝ 

ʥʝʟʘʚʠʩʥʠ ʠ ʩʦ ʠʜʝʥʪʠʯʥʦ ʥʘʨʫʰʫʚʘˁʝ ʜʦʢʦʣʢʫ ʩʝʢʦʿʘ ʩʣʫʯʘʿʥʘ ʧʨʦʤʝʥʣʠʚʘ ʠʤʘ ʠʩʪʦ ʤʦʞʥʦ 

ʥʘʨʫʰʫʚʘˁʝ ʢʘʢʦ ʠ ʜʨʫʛʠʪʝ ʧʨʦʤʝʥʣʠʚʠ ʠ ʩʠʪʝ ʪʠʝ ʧʨʦʤʝʥʣʠʚʠ ʟʘʝʜʥʦ ʩʝ ʥʝʟʘʚʠʩʥʠ [75], 

[76].   

ʄʦʜʝʣʠʨʘˁʝʪʦ ʥʘ ʝʜʝʥ ʧʦʣʠʥʦʤ ʩʦ ʝʜʥʘ ʧʨʦʤʝʥʣʠʚʘ ʤʘʪʝʤʘʪʠʯʢʠ ʝ ʧʨʠʢʘʞʘʥʦ ʩʦ ʨʘʚʝʥʢʘ 

16, 
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ʢʘʜʝ ʰʪʦ iQ  ʩʝ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʤʦʜʝʣʦʪ, m ʝ ʦʯʝʢʫʚʘʥʘʪʘ ʚʨʝʜʥʦʩʪ ʜʦʙʠʝʥʘ ʦʜ tX  ʠ te ʝ 

ʙʝʣ ʰʫʤ. ʊʠʝ ʧʘʨʘʤʝʪʨʠ ʩʝ ʥʝʟʘʚʠʩʥʠ ʠ ʩʦ ʠʜʝʥʪʠʯʥʦ ʥʘʨʫʰʫʚʘˁʝ ʜʦʢʦʣʢʫ ʩʝʢʦʿʘ ʩʣʫʯʘʿʥʘ 

ʧʨʦʤʝʥʣʠʚʘ ʠʤʘ ʠʩʪʦ ʤʦʞʥʦ ʥʘʨʫʰʫʚʘˁʝ ʢʘʢʦ ʠ ʜʨʫʛʠʪʝ ʧʨʦʤʝʥʣʠʚʠ, ʧʘ ʩʠʪʝ ʪʠʝ 

ʧʨʦʤʝʥʣʠʚʠ ʟʘʝʜʥʦ ʩʝ ʥʝʟʘʚʠʩʥʠ [75], [76].   

ɼʦʢʦʣʢʫ ʩʝ ʩʧʦʿʘʪ ʪʠʝ ʜʚʘ ʧʦʣʠʥʦʤʘ ʟʘʝʜʥʦ, ʚʦ ʪʦʿ ʩʣʫʯʘʿ ˃ʝ ʩʝ ʜʦʙʠʝ ʤʘʪʝʤʘʪʠʯʢʠ ʟʘʧʠʩ ʩʦ 

ʜʚʝ ʬʫʥʢʮʠʠ ʩʦʛʣʘʩʥʦ ʨʘʚʝʥʢʘ 17 ʢʘʜʝ ʰʪʦ p ʠ q ʩʝ ʜʚʝ ʬʫʥʢʮʠʠ [75], [76]. 
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ʆʚʦʿ ʪʠʧ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʥʝ ʝ ʧʨʝʧʦʨʘʯʣʠʚʦ ʜʘ ʩʝ ʢʦʨʠʩʪʠ ʚʦ ʩʠʪʫʘʮʠʠ ʢʦʛʘ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ 

ʧʦʩʪʠʛʥʝ ʘʜʘʧʪʠʚʥʦ ʫʧʨʘʚʫʚʘˁʝ ʧʦʨʘʜʠ ʥʝʣʠʥʝʘʨʥʘʪʘ ʟʘʚʠʩʥʦʩʪ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʚʣʝʟʦʚʠ 

[73]. ʇʨʝʢʫ ʨʘʚʝʥʢʘ (18), ʧʨʝʪʩʪʘʚʝʥ ʝ ʧʦʝʜʥʦʩʪʘʚʝʥʠʦʪ ʤʘʪʝʤʘʪʠʯʢʠ ʟʘʧʠʩ ʥʘ NARMA 

ʫʧʨʘʚʫʚʘˁʝʪʦ 

 ( ) () ( ) ( ) ()( )( ), 1 , 1 , , 1 , 1y k d f y k y k y k n u k k k m+ = - - + - - +è øê ú 
(18) 

ʢʘʜʝ ()u k RÍ  ʝ ʩʝʢʚʝʥʮʘ ʦʜ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʩʠʛʥʘʣ, ʘ ()y k RÍ ʝ ʩʝʢʚʝʥʮʘ ʦʜ ʠʟʣʝʟʦʪ ʦʜ 

ʩʠʩʪʝʤʦʪ [77]. 

ɺʦ ʛʦʨʝʥʘʚʝʜʝʥʠʦʪ ʠʟʨʘʟ, ()u k ʝ ʚʣʝʟ ʚʦ ʩʠʩʪʝʤʦʪ, ()y k ʝ ʠʟʣʝʟ ʦʜ ʩʠʩʪʝʤʦʪ, ʜʦʜʝʢʘ m ʛʦ 

ʧʨʝʪʩʪʘʚʫʚʘ ʙʨʦʿʦʪ ʥʘ ʚʣʝʟʦʚʠ ʚʦ ʩʠʩʪʝʤʦʪ ʩʦ ʦʜʣʦʞʝʥʦ ʚʣʠʿʘʥʠʝ (ʰʪʦ ʜʦʮʥʘʪ), n  ʝ ʙʨʦʿʦʪ 

ʥʘ ʠʟʣʝʟʠ ʩʦ ʦʜʣʦʞʝʥʦ ʚʣʠʿʘʥʠʝ (ʰʪʦ ʜʦʮʥʘʪ), dʛʦ ʧʨʝʪʩʪʘʚʫʚʘ ʜʦʮʥʝˁʝʪʦ ʥʘ ʩʠʩʪʝʤʦʪ ʦʜ 

ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʩʠʛʥʘʣ ʠ ʠʟʣʝʟʦʪ ʦʜ ʩʠʩʪʝʤʦʪ [77]. ɹʨʦʿʦʪ ʥʘ ʚʣʝʟʦʚʠ ʩʦ ʦʜʣʦʞʝʥʦ ʚʣʠʿʘʥʠʝ  

ʩʝ ʦʜʥʝʩʫʚʘ ʥʘ ʧʨʝʪʭʦʜʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʩʝʢʦʿ ʦʜ ʧʘʨʘʤʝʪʨʠʪʝ ʢʦʠ ʧʦʥʘʪʘʤʫ ʩʝ ʢʦʨʠʩʪʘʪ ʜʘ 

ʩʝ ʥʘʧʨʘʚʠ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʢʦʥʝʯʥʠʦʪ ʠʟʣʝʟ. ɺʣʝʟʦʚʠʪʝ ʩʦ ʦʜʣʦʞʝʥʦ ʚʣʠʿʘʥʠʝ ʧʦʤʘʛʘʘʪ ʜʘ 

ʩʝ ʜʦʣʦʚʠ ʜʠʥʘʤʠʯʢʦʪʦ ʦʜʥʝʩʫʚʘˁʝ ʥʘ ʩʠʩʪʝʤʦʪ ʩʦ ʪʝʢʦʪ ʥʘ ʚʨʝʤʝʪʦ, ʠʤʘʿ˃ʠ ʧʨʝʜʚʠʜ ʢʘʢʦ 

ʤʠʥʘʪʠʪʝ ʚʣʝʟʦʚʠ ʚʣʠʿʘʘʪ ʥʘ ʩʝʛʘʰʥʘʪʘ/ʤʦʤʝʥʪʘʣʥʘʪʘ ʩʦʩʪʦʿʙʘ. ɹʨʦʿʦʪ ʥʘ ʠʟʣʝʟʠ ʩʦ 

ʦʜʣʦʞʝʥʦ ʚʣʠʿʘʥʠʝ ʩʝ ʦʜʥʝʩʫʚʘ ʥʘ ʧʨʝʪʭʦʜʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʢʦʠ ʧʦʥʘʪʘʤʫ ʩʝ ʢʦʨʠʩʪʘʪ ʜʘ ʩʝ 

ʥʘʧʨʘʚʠ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʢʦʥʝʯʥʠʦʪ ʠʟʣʝʟ. ʊʦʘ ʤʫ ʦʚʦʟʤʦʞʫʚʘ ʥʘ ʫʧʨʘʚʫʚʘˁʝʪʦ ʜʘ ʨʘʟʙʝʨʝ 

ʢʘʢʦ ʤʠʥʘʪʠʪʝ/ʧʨʝʪʭʦʜʥʠʪʝ ʠʟʣʝʟʠ ʧʨʠʜʦʥʝʩʫʚʘʘʪ ʟʘ ʪʝʢʦʚʥʠʦʪ ʠʟʣʝʟ, ʩʦ ʰʪʦ ʩʝ ʧʦʜʦʙʨʫʚʘ 

ʪʦʯʥʦʩʪʘ ʥʘ ʧʨʝʜʚʠʜʫʚʘˁʝʪʦ ʥʘ ʠʟʣʝʟʠʪʝ, ʥʦ ʠ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʧʝʨʬʦʨʤʘʥʩʠʪʝ ʥʘ 

ʩʠʩʪʝʤʦʪ. 

NARMA ʩʝ ʢʘʨʘʢʪʝʨʠʟʠʨʘ ʧʨʝʢʫ ʊʝʿʣʦʨʦʚʠʦʪ ʠʟʨʘʟ ʟʘ ʩʢʘʣʘʨ () 0u k = , ʧʘ ʚʦ ʪʦʿ ʩʣʫʯʘʿ, 

ʤʘʪʝʤʘʪʠʯʢʠʦʪ ʤʦʜʝʣ ʟʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʝ ʜʝʬʠʥʠʨʘʥ ʧʨʝʢʫ ʨʘʚʝʥʢʠʪʝ (19), (20) ʠ (21). 
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(19) 

 () ( ) ( ) ( )( ),..., 1 ,0, 1 ,..., 1f F y k y k n u k u k mè ø= - + - - +ê ú 
(20) 
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(21) 

NARMA ʩʝ ʩʦʩʪʦʠ ʦʜ ʜʚʝ ʥʝʣʠʥʝʘʨʥʠ ʬʫʥʢʮʠʠ, f  ʠ g  ʢʦʠ ʩʝ ʤʦʜʝʣʠʨʘʘʪ ʩʦ ʧʦʤʦʰ ʥʘ ʜʚʝ 

ʥʝʚʨʦʥʩʢʠ ʧʦʜ ʤʨʝʞʠ. ɼʚʝʪʝ ʬʫʥʢʮʠʠ ʠʤʘʘʪ ( )2 1n-  ʚʣʝʟʦʚʠ ʢʦʠ ʩʝ ʤʠʥʘʪʠ ʚʨʝʜʥʦʩʪʠ ʦʜ 

ʠʟʣʝʟʦʪ ʦʜ ʩʠʩʪʝʤʦʪ yʠ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʩʠʛʥʘʣ u . ʐʪʦʤ ˃ʝ ʩʝ ʥʘʧʨʘʚʠ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʥʘ 

ʥʝʣʠʥʝʘʨʥʠʦʪ ʩʠʩʪʝʤ, ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʩʠʛʥʘʣ ʝ ʜʠʟʘʿʥʠʨʘʥ ʥʘ ʪʦʿ ʥʘʯʠʥ ʰʪʦ ʩʝ ʝʣʠʤʠʥʠʨʘʘʪ 

ʜʚʝʪʝ ʥʝʣʠʥʝʘʨʥʠ ʬʫʥʢʮʠʠ f  ʠ g, ʘ ʠʟʣʝʟʦʪ ( )y k d+  ʝ ʝʜʥʘʢʦʚ ʥʘ ʨʝʬʝʨʝʥʪʥʠʦʪ ʚʣʝʟ 

( )ry k d+  ʚʦ ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ. ʐʪʦʤ ʦʜʥʦʩʦʪ ʧʦʤʝʺʫ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʩʠʛʥʘʣ ʠ ʠʟʣʝʟʦʪ 

ʦʜ ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʝ ʚʦ ʬʦʨʤʘ ʥʘ ʘʣʛʝʙʘʨʩʢʘ ʣʠʥʝʘʨʥʘ ʨʘʚʝʥʢʘ, ʫʧʨʘʚʫʚʘʯʢʠʦʪ 

ʩʠʛʥʘʣ ʢʦʿ ʰʪʦ ʧʨʦʠʟʣʝʛʫʚʘ ʦʜ ʠʟʣʝʟʦʪ, ʥʦ ʠ ʦʜ ʨʝʬʝʨʝʥʪʥʠʦʪ ʚʣʝʟ ʚʦ ʦʙʿʝʢʪʦʪ ʥʘ 

ʫʧʨʘʚʫʚʘˁʝ, ʝ ʣʝʩʥʦ ʦʜʨʝʜʣʠʚ [77][78], [30]. f ʝ ʥʝʣʠʥʝʘʨʥʘ ʬʫʥʢʮʠʿʘ ʢʦʿʘ ʿʘ ʦʧʠʰʫʚʘ 

ʚʨʩʢʘʪʘ ʧʦʤʝʺʫ ʪʝʢʦʚʥʠʦʪ ʠʟʣʝʟ ʠ ʤʠʥʘʪʠʪʝ ʚʣʝʟʦʚʠ ʠ ʠʟʣʝʟʠ ʥʘ ʩʠʩʪʝʤʦʪ. ʆʚʘʘ ʬʫʥʢʮʠʿʘ ʿʘ 

ʜʦʣʦʚʫʚʘ ʜʠʥʘʤʠʢʘʪʘ ʥʘ ʩʠʩʪʝʤʦʪ, ʚʢʣʫʯʫʚʘʿ˃ʠ ʛʠ ʠ ʥʝʛʦʚʠʪʝ ʥʝʣʠʥʝʘʨʥʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ. 

ʊʦʯʥʦʩʪʘ ʠ ʝʬʝʢʪʠʚʥʦʩʪʘ ʥʘ NARMA ʚʦ ʛʦʣʝʤʘ ʤʝʨʘ ʟʘʚʠʩʘʪ ʦʜ ʪʦʘ ʢʦʣʢʫ ʜʦʙʨʦ Ὢ ʤʦʞʝ ʜʘ 

ʿʘ ʧʨʝʪʩʪʘʚʠ ʚʠʩʪʠʥʩʢʘʪʘ ʜʠʥʘʤʠʢʘ ʥʘ ʩʠʩʪʝʤʦʪ. ʇʨʝʮʠʟʝʥ ʤʦʜʝʣ ʥʘ Ὢ ʤʫ ʦʚʦʟʤʦʞʫʚʘ ʥʘ 
ʫʧʨʘʚʫʚʘˁʝʪʦ ʪʦʯʥʦ ʜʘ ʛʠ ʧʨʝʜʚʠʜʠ ʠʜʥʠʪʝ ʠʟʣʝʟʠ, ʰʪʦ ʝ ʦʜ ʩʫʰʪʠʥʩʢʦ ʟʥʘʯʝˁʝ ʟʘ 

ʝʬʝʢʪʠʚʥʦ ʫʧʨʘʚʫʚʘˁʝ. 

 

ʉʣʠʢʘ 7. ʉʪʨʫʢʪʫʨʘ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʘ ʥʘ ʥʝʚʨʦʥʩʢʠ ʤʨʝʞʠ ï NARMA [77] 

ʉʦ ʮʝʣ ʜʘ ʩʝ ʠʟʛʨʘʜʠ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʢʘʢʦ ʰʪʦ ʝ NARMA, ʙʨʦʿʦʪ ʥʘ ʟʘʜʦʮʥʝʪʠ 

ʚʣʝʟʦʚʠ ʠ ʠʟʣʝʟʠ ʦʜ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʦʙʿʝʢʪ ʩʝ ʠʟʙʠʨʘʘʪ ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʩʪʨʫʢʪʫʨʘʪʘ ʥʘ ʦʙʿʝʢʪʦʪ 

ʢʦʿʰʪʦ ʩʝ ʨʘʟʛʣʝʜʫʚʘ ʠ ʫʧʨʘʚʫʚʘ, ʜʦʜʝʢʘ ʧʘʢ ʙʨʦʿʦʪ ʥʘ ʩʢʨʠʝʥʠ ʩʣʦʝʚʠ ʩʝ ʙʠʨʘ ʥʘ ʥʘʯʠʥ ʜʘ 

ʩʝ ʥʘʧʨʘʚʠ ʥʘʿʪʦʯʥʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʥʘ ʥʝʣʠʥʝʘʨʥʠʦʪ ʦʙʿʝʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ. ɼʚʘ ʯʝʢʦʨʠ ʩʝ 

ʙʠʪʥʠ ʧʨʠ ʠʟʛʨʘʜʙʘʪʘ ʥʘ NARMA ʫʧʨʘʚʫʚʘˁʝʪʦ ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʠ ʪʦʘ: ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʠ 

ʫʧʨʘʚʫʚʘˁʝ [77]. 

ʀʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʟʥʘʯʠ ʜʝʢʘ ʪʦʿ ʥʝ ʩʝ ʪʨʝʥʠʨʘ ʚʦ ʨʝʘʣʥʦ ʚʨʝʤʝ, 

ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʜʦʩʪʘʧʥʦʪʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ, ʚʣʝʟʦʚʠ ʠ ʠʟʣʝʟʠ ʩʦ ʢʦʠ ʩʝ ʨʘʩʧʦʣʘʛʘ ʩʦ ʮʝʣ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʥʘ ʥʝʣʠʥʝʘʨʥʠʪʝ ʬʫʥʢʮʠʠ f  ʠ g . ʆʪʢʘʢʦ ˃ʝ ʩʝ ʥʘʧʨʘʚʠ ʘʧʨʦʢʩʠʤʘʮʠʿʘ, 

ʚʣʝʟʥʠʦʪ ʩʠʛʥʘʣ ʝ ʠʟʝʜʥʘʯʝʥ ʩʦ ʠʟʣʝʟʥʠʦʪ ʩʠʛʥʘʣ ʠ ʚʦ ʪʦʿ ʩʣʫʯʘʿ ʥʝʣʠʥʝʘʨʥʦʩʪʘ ʠ 

ʜʠʥʘʤʠʢʘʪʘ ʥʘ ʝʜʝʥ ʩʠʩʪʝʤ ʩʝ ʧʦʥʠʰʪʝʥʠ [73], [77]. 
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ʋʧʨʘʚʫʚʘˁʝʪʦ ʩʝ ʟʘʩʥʦʚʘ ʥʘ ʟʘʢʦʥʦʪ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʢʘʢʦ ʰʪʦ ʝ ʧʦʢʘʞʘʥʦ ʩʦ ʨʘʚʝʥʢʘ 

(22). 
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() ( ) () ( )

,..., 1 , ,..., 1
1

,..., 1 , ,..., 1

ry k d f y k y k n u k u k n
u k
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+ - - + - +è øê ú
+ =

- + - +è øê ú
 

 

(22) 

ʂʦʛʘ ʥʝʣʠʥʝʘʨʥʠʪʝ ʬʫʥʢʮʠʠ f  ʠ g˃ʝ ʩʝ ʤʦʜʝʣʠʨʘʘʪ, ʫʧʨʘʚʫʚʘˁʝʪʦ ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʝ 

ʜʝʬʠʥʠʨʘʥ ʪʘʢʘ ʜʘ ʟʘʢʦʥʦʪ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʧʨʠʢʘʞʘʥ ʩʦ ʨʘʚʝʥʢʘ (22) ʠʤʘ ʧʨʠʤʝʥʘ ʚʦ 

ʧʨʦʮʝʩʦʪ ʥʘ ʜʦʙʠʚʘˁʝ ʥʘ ʧʦʩʘʢʫʚʘʥʠʦʪ ʦʜʟʠʚ ʥʘ ʠʟʣʝʟ ʦʜ ʩʠʩʪʝʤʦʪ.  

 

ʉʣʠʢʘ 8. ʉʠʩʪʝʤ ʩʦ ʟʘʪʚʦʨʝʥʘ ʧʦʚʨʘʪʥʘ ʚʨʩʢʘ ʠ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ NN - NARMA 

[77] 

ɺʦ ʦʚʦʿ ʪʠʧ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ NN, NARMA, ʢʘʢʦ ʨʝʬʝʨʝʥʪʝʥ ʚʣʝʟ ʚʦ ʩʠʩʪʝʤʦʪ 

ʝʜʠʥʩʪʚʝʥʦ ʤʦʞʝ ʜʘ ʩʝ ʠʩʢʦʨʠʩʪʠ ʢʦʥʩʪʘʥʪʥʘ ʚʨʝʜʥʦʩʪ, ʧʨʝʜ ʜʝʬʠʥʠʨʘʥʘ ʬʫʥʢʮʠʿʘ 

(ʝʜʠʥʝʯʥʘ ʦʪʩʢʦʯʥʘ, ʝʜʠʥʝʯʥʘ ʨʘʤʧʘ, ʩʠʥʫʩʦʠʜʘ ʠʪʥ.), ʜʦʜʝʢʘ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʩʠʛʥʘʣ ʥʝ ʝ 

ʚʦʟʤʦʞʥʦ ʜʘ ʩʝ ʜʝʬʠʥʠʨʘ ʢʘʢʦ ʚʣʝʟ ʚʦ ʩʠʩʪʝʤʦʪ ʧʦʨʘʜʠ ʪʦʘ ʰʪʦ ʠʟʣʝʟʦʪ ʦʜ ʦʙʿʝʢʪʦʪ ʥʘ 

ʫʧʨʘʚʫʚʘˁʝ ʤʦʨʘ ʜʘ ʩʝ ʩʧʦʨʝʜʠ ʩʦ ʚʝ˃ʝ ʧʦʟʥʘʪʘ ʠ ʬʫʥʢʮʠʿʘ ʢʦʿʘ ʥʝ ʩʝ ʤʝʥʫʚʘ ʩʦ ʪʝʢʦʪ ʥʘ 

ʚʨʝʤʝʪʦ. 

ʂʦʛʘ ʩʝ ʢʦʨʠʩʪʠ ʦʚʦʿ ʤʝʪʦʜ, ʫʧʦʪʨʝʙʫʚʘʥʠʦʪ ʘʣʛʦʨʠʪʘʤ ʝ back-propagation, ʤʝʪʦʜʘ ʢʘʜʝ ʰʪʦ 

ʩʠʛʥʘʣʦʪ ʩʝ ʜʚʠʞʠ ʧʦ ʧʦʚʨʘʪʥʘ ʧʘʪʝʢʘ, ʢʦʿ ʰʪʦ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʪʨʝʥʠʨʘˁʝ ʥʘ NN ʢʘʿ ʢʦʿʘ 

ʜʚʠʞʝˁʝʪʦ ʥʘ ʩʠʛʥʘʣʦʪ ʝ ʩʘʤʦ ʚʦ ʝʜʥʘ, ʧʘʪʝʢʘ ʧʘʨʘʣʝʣʥʘ ʥʘ ʜʠʨʝʢʪʥʘʪʘ ʧʘʪʝʢʘ (feed-forward 

neural network) - FFNN, ʜʦʜʝʢʘ ʘʣʛʦʨʠʪʘʤʦʪ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʢʦʿ ʨʘʙʦʪʠ ʚʦ ʩʚʦʿʩʪʚʦ ʥʘ back-

propagation ʤʝʪʦʜʘʪʘ ʝ Levenberg-Marquardt Algorithm (LMA ) [79]. 



27 
 

ʂʦʨʠʩʪʝˁʝʪʦ ʥʘ NARMA ʠʤʘ ʦʜʨʝʜʝʥʠ ʦʛʨʘʥʠʯʫʚʘˁʘ ʢʘʢʦ ʥʘ ʧʨʠʤʝʨ AF ʢʦʠ ʩʝ ʧʨʝʜ 

ʜʝʬʠʥʠʨʘʥʠ ʧʨʝʢʫ ʫʧʨʘʚʫʚʘˁʝʪʦ ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʠ ʪʦʘ tansig ʠ purelin. ʊʠʝ ʩʝ ʠʩʪʠ ʩʦ AF 

ʩʝʢʦʛʘʰ ʢʦʛʘ ʩʝ ʛʨʘʜʠ NN ʢʦʛʘ ʪʠʧʦʪ ʥʘ ʘʣʛʦʨʠʪʘʤʦʪ ʥʘ ML ʝ ʩʫʧʝʨʚʠʟʦʨʥʦ, ʪʠʧ ʣʠʥʝʘʨʥʘ 

ʨʝʛʨʝʩʠʿʘ. 

 
ʉʣʠʢʘ 9. Tansig AF [80] 

 
ʉʣʠʢʘ 10. Purelin AF [80] 

Tansig ʝ AF ʰʪʦ ʦʙʠʯʥʦ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʨʝʰʘʚʘˁʝ ʥʘ ʨʝʘʣʥʠ ʧʦʩʪʨʦʿʢʠ. ɺʦ ʦʚʘ ʠʩʪʨʘʞʫʚʘˁʝ, 

ʪʦʘ ʝ ʤʥʦʛʫ ʚʘʞʥʦ ʙʠʜʝʿ˃ʠ ʤʦʜʝʣʦʪ ʝ ʨʝʘʣʝʥ ʠ ʚʝʨʠʬʠʮʠʨʘʥ. ʂʦʨʠʩʪʝˁʝʪʦ ʥʘ ʦʚʘʘ ʬʫʥʢʮʠʿʘ 

˃ʝ ʛʦ ʧʨʝʪʩʪʘʚʫʚʘ ʩʠʛʥʘʣʦʪ, ʠʟʣʝʟʦʪ ʦʜ ʩʠʩʪʝʤʦʪ ʧʦʤʝʺʫ -1 ʠ +1. Purelin ʩʘʤʦ ʿʘ ʧʦʥʠʰʪʫʚʘ 

ʥʝʣʠʥʝʘʨʥʦʩʪʘ ʚʦ ʩʠʩʪʝʤʦʪ. 

3.2.3 ʄʦʜʝʣʠʨʘˁʝ ʥʘ ʥʝʚʨʦʥʩʢʘ ʤʨʝʞʘ ʢʦʿʘ ʝ ʜʠʨʝʢʪʥʦ ʚʥʝʩʝʥʘ ʚʦ ʫʧʨʘʚʫʚʘʯʢʠ 

ʩʠʩʪʝʤ 

ɼʠʨʝʢʪʥʦ ʚʥʝʩʫʚʘˁʝ ʥʘ NN ʚʦ ʩʠʩʪʝʤʦʪ ʟʥʘʯʠ ʟʘʤʝʥʘ ʥʘ ʝʜʝʥ ʦʜ ʤʦʜʝʣʠʨʘʥʠʪʝ ʧʦʜ ʩʠʩʪʝʤʠ 

ʦʜ ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʜʠʨʝʢʪʥʦ ʩʦ NN. ʅʝ ʟʘʤʝʥʘ ʩʦ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥ ʥʘ NN ʪʫʢʫ 

ʯʠʩʪʘ NN ʙʝʟ ʚʦʚʝʜʝʥ ʟʘʢʦʥ ʟʘ ʫʧʨʘʚʫʚʘˁʝ. ɺʣʝʟʦʚʠʪʝ ʠ ʠʟʣʝʟʠʪʝ ʦʜ ʤʨʝʞʘʪʘ ʩʝ ʜʝʬʠʥʠʨʘʥʠ 

ʪʘʢʘ ʰʪʦ ʩʦʦʜʚʝʪʩʪʚʫʚʘʘʪ ʩʦ ʩʠʤʫʣʘʮʠʩʢʠʦʪ ʤʦʜʝʣ. ɹʠʜʝʿ˃ʠ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ ʩʝ 

ʟʘʤʝʥʫʚʘ ʩʦ NN, ʚʣʝʟ ʚʦ ʤʨʝʞʘʪʘ ʝ ʦʪʚʦʨʝʥʦʩʪ ʥʘ ʩʧʨʦʚʦʜʝʥ ʘʧʘʨʘʪ, ʜʦʜʝʢʘ ʠʟʣʝʟ ʦʜ NN ˃ʝ 

ʙʠʜʝ ʛʝʥʝʨʠʨʘʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦʥ˃ʦʩʪ Pm. ʇʦʜʘʪʦʯʥʠʪʝ ʤʥʦʞʝʩʪʚʘ ʟʘ ʤʦʜʝʣʦʪ ʥʘ ʚʣʝʟʦʪ ʠ 

ʠʟʣʝʟʦʪ ʦʜ NN ʩʝ ʟʝʤʝʥʠ ʦʜ ʚʝ˃ʝ ʠʟʤʝʨʝʥʠ ʧʦʜʘʪʦʮʠ ʦʜ ʨʝʘʣʝʥ, ʧʦʩʪʦʝʯʢʠ ʦʙʿʝʢʪ. ɿʘ ʜʘ ʩʝ 

ʠʩʧʠʪʘ ʚʣʠʿʘʥʠʝʪʦ ʥʘ NN ʚʨʟ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ, 

ʥʘʧʨʘʚʝʥʠ ʩʝ ʩʠʤʫʣʘʮʠʠ ʚʦ ʩʦʬʪʚʝʨʩʢʠʦʪ ʧʘʢʝʪ MATLAB /Simulink.  

 

ʉʣʠʢʘ 11. ɿʘʤʝʥʘ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ ʩʦ NN 
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ʅʘ ʉʣʠʢʘ 11 ʝ ʧʨʠʢʘʞʘʥʦ ʜʠʨʝʢʪʥʦʪʦ ʚʥʝʩʫʚʘˁʝ ʥʘ NN ʚʦ DT - ʟʘʤʝʥʘ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ 

ʪʫʨʙʠʥʘ. ʎʝʣʪʘ ʥʘ ʩʦʟʜʘʚʘˁʝ DT ʠ ʥʝʛʦʚʦ ʚʥʝʩʫʚʘˁʝ ʚʦ ʩʠʩʪʝʤʦʪ ʝ ʜʘ ʩʝ ʚʠʜʠ ʜʘʣʠ ʤʦʞʝ ʜʘ 

ʟʘʤʝʥʠ ʦʙʿʝʢʪ ʢʘʢʦ ʜʝʣ ʦʜ ʮʝʣʠʥʘ, ʧʨʠʪʦʘ ʥʘʿʧʨʚʦ ʜʘ ʩʝ ʧʨʝʩʣʠʢʘʘʪ ʠʩʪʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʠ ʚʣʠʿʘʥʠʿʘ ʥʘ ʤʦʜʝʣʦʪ, ʘ ʧʦʜʦʮʥʘ ʜʘ ʩʝ ʦʚʦʟʤʦʞʠ ʠ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʜʠʥʘʤʠʯʢʠʪʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ. ɿʘ ʪʘʘ ʮʝʣ, ʪʠʧʦʪ ʥʘ ʤʨʝʞʘʪʘ ʰʪʦ ʝ ʠʩʢʦʨʠʩʪʝʥʘ 

ʝ 1:3:1. ʇʨʚʠʦʪ ʩʣʦʿ ʝ ʚʣʝʟʥʠʦʪ ʢʦʿʰʪʦ ʩʝ ʩʦʩʪʦʠ ʦʜ ʝʜʝʥ ʥʝʚʨʦʥ, ʦʜʥʦʩʥʦ ʪʦʘ ʝ ʧʦʜʘʪʦʯʥʦ 

ʤʥʦʞʝʩʪʚʦ ʩʦ ʢʦʝ ʩʝ ʦʧʠʰʫʚʘ ʧʦʟʠʮʠʿʘʪʘ ʥʘ ʣʦʧʘʪʢʠʪʝ ʦʜ ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ. ʂʘʢʦ ʪʝʯʝ 

ʩʠʛʥʘʣʦʪ, ʥʘ ʨʝʜ ʜʦʘʺʘ ʩʢʨʠʝʥ ʩʣʦʿ ʩʦ ʪʨʠ ʥʝʚʨʦʥʠ, ʘ ʧʦʪʦʘ ʠ ʠʟʣʝʟʥʠʦʪ ʩʣʦʿ ʩʦ ʝʜʝʥ ʥʝʚʨʦʥ 

ʦʜʥʦʩʥʦ ʠʟʣʝʟ ʦʜ ʩʠʩʪʝʤʦʪ, ʘ ʪʦʘ ʝ ʛʝʥʝʨʠʨʘʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ. ʉʦʛʣʘʩʥʦ ʨʘʚʝʥʢʘʪʘ 

ʙʨʦʿ 24, ʟʘ ʧʨʝʩʤʝʪʢʘ ʥʘ ʤʠʥʠʤʘʣʝʥ ʠ ʤʘʢʩʠʤʘʣʝʥ ʦʧʩʝʛ ʚʦ ʢʦʿ h ʪʦ ʪʨʝʙʘ ʜʘ ʩʝ ʜʚʠʞʘʪ ʙʨʦʿʦʪ 

ʥʘ ʥʝʚʨʦʥʠ ʚʦ ʝʜʝʥ ʩʣʦʿ, ʥʦ ʠ ʩʦʛʣʘʩʥʦ ʨʘʩʧʦʣʦʞʣʠʚʠʪʝ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ, ʤʠʥʠʤʘʣʥʠʦʪ 

ʙʨʦʿ ʥʘ ʥʝʚʨʦʥʠ ʚʦ ʩʢʨʠʝʥʠʦʪ ʩʣʦʿ ʪʨʝʙʘ ʜʘ ʙʠʜʝ ʧʦʤʘʣʦ ʠʣʠ ʝʜʥʘʢʚʦ (Ò) ʦʜ ʯʝʪʠʨʠ. 

ɼʝʬʠʥʠʨʘˁʝʪʦ ʥʘ ʪʦʯʥʠʦʪ ʙʨʦʿ ʥʝʚʨʦʥʠ ʠ ʩʢʨʠʝʥʠ ʩʣʦʝʚʠ ʚʦ NN ʝ ʦʜ ʦʩʦʙʝʥʦ ʟʥʘʯʝˁʝ 

ʙʠʜʝʿ˃ʠ ʥʝʩʦʦʜʚʝʪʥʦʪʦ ʧʦʩʪʘʚʫʚʘˁʝ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʤʦʞʝ ʜʘ ʜʦʚʝʜʝ ʜʦ overfitting ʠʣʠ 

underfitting, ʰʪʦ ʛʦ ʜʦʚʝʜʫʚʘ ʚʦ ʧʨʘʰʘˁʝ ʬʫʥʢʮʠʦʥʠʨʘˁʝʪʦ ʥʘ NN, ʥʦ ʠ ʨʝʟʫʣʪʘʪʠʪʝ ʰʪʦ 

ʠʩʪʘʪʘ ʙʠ ʛʠ ʠʩʧʦʨʘʯʘʣʘ. ɿʘ ʜʦʜʘʚʘˁʝ ʜʠʥʘʤʠʢʘ ʥʘ NN, ʧʦʪʨʝʙʥʦ ʝ ʜʘ ʩʝ ʜʝʬʠʥʠʨʘ AF ʥʘ 

ʩʝʢʦʿ ʦʜ ʩʣʦʝʚʠʪʝ ʧʦʩʝʙʥʦ. ɺʦ ʩʢʨʠʝʥʠʦʪ ʩʣʦʿ ʝ ʜʝʬʠʥʠʨʘʥʘ tansig AF, ʜʦʜʝʢʘ ʚʦ ʠʟʣʝʟʥʠʦʪ 

ʩʣʦʿ ʝ ʜʝʬʠʥʠʨʘʥʘ purelin AF. ɸʣʛʦʨʠʪʘʤʦʪ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʢʦʿʰʪʦ ʩʝ ʢʦʨʠʩʪʠ ʟʘ NN ʧʨʠ 

ʤʦʜʝʣʠʨʘˁʝ ʚʦ Simulink ʝ LMA. ʆʜ ʜʦʩʪʘʧʥʠʪʝ ʘʣʛʦʨʠʪʤʠ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʚʦ ʩʦʬʪʚʝʨʩʢʠʦʪ 

ʧʘʢʝʪ MATLAB/Simulink, ʥʘʚʝʜʝʥʠʦʪ ʦʙʝʟʙʝʜʫʚʘ ʥʘʿʜʦʙʨʠ ʧʝʨʬʦʨʤʘʥʩʠ ʥʘ ʩʠʩʪʝʤʦʪ [81], 

[82]. 

ɹʠʜʝʿ˃ʠ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ ʤʦʞʝ ʜʘ ʩʝ ʦʧʠʰʝ ʩʦ ʣʠʥʝʘʨʥʠ, ʥʦ ʠ ʩʦ ʥʝʣʠʥʝʘʨʥʠ 

ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣʠ, ʥʝʣʠʥʝʘʨʥʦʩʪʘ ʥʘ ʪʫʨʙʠʥʘʪʘ ʚʦ ʩʣʫʯʘʿ ʢʦʛʘ ʩʝ ʢʦʨʠʩʪʠ ML ʝ 

ʟʘʥʝʤʘʨʣʠʚʘ ʙʠʜʝʿ˃ʠ ʠʩʪʘʪʘ ʥʝʟʘʚʠʩʥʦ ʜʘʣʠ ʩʝ ʨʘʙʦʪʠ ʩʦ ʣʠʥʝʘʨʥʠʦʪ ʠʣʠ ʥʝʣʠʥʝʘʨʥʠʦʪ 

ʤʦʜʝʣ, ʮʝʣʦʩʥʦ ʩʝ ʟʘʤʝʥʫʚʘ ʩʦ NN ʤʦʜʝʣʠʨʘʥʘ ʩʦ ʧʦʤʦʰ ʥʘ ʜʦʩʪʘʧʥʦʪʦ ʧʦʜʘʪʦʯʥʦ 

ʤʥʦʞʝʩʪʚʦ. ɺʦ NN, ʥʝʣʠʥʝʘʨʥʦʩʪʘ ʦʜ ʤʘʪʝʤʘʪʠʯʢʠʦʪ ʤʦʜʝʣʦʪ ʥʝ ʩʝ ʟʠʤʘ ʚʦ ʧʨʝʜʚʠʜ ʙʠʜʝʿ˃ʠ 

ʪʘʘ ʨʘʙʦʪʠ ʩʦ ʦʜʥʘʧʨʝʜ ʜʝʬʠʥʠʨʘʥʠ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ, ʠʟʤʝʨʝʥʠ ʠʣʠ ʧʨʝʚʟʝʤʝʥʠ 

ʧʦʜʘʪʦʮʠ. ʈʝʟʫʣʪʘʪʠʪʝ ʩʝ ʧʨʝʟʝʥʪʠʨʘʥʠ ʚʦ ʧʦʛʣʘʚʿʝ 4. 

3.2.4 ʄʦʜʝʣʠʨʘˁʝ ʥʘ ʥʝʚʨʦʥʩʢʘ ʤʨʝʞʘ ʟʘ ʧʨʝʩʤʝʪʢʘ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ 

ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ, ʠʥʪʝʛʨʘʣʥʦ ʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦ ʫʧʨʘʚʫʚʘˁʝ  

ʎʝʣʪʘ ʥʘ ʧʨʝʩʤʝʪʢʘʪʘ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ, , ,p i dK K K , ʝ ʜʘ ʩʝ ʟʛʦʣʝʤʠ 

ʝʬʠʢʘʩʥʦʩʪʘ ʥʘ ʩʠʩʪʝʤʦʪ ʠ ʜʘ ʩʝ ʧʦʜʦʙʨʘʪ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ. ʇʨʝʩʤʝʪʫʚʘˁʝʪʦ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʧʨʚʠʯʥʦ 

ʝ ʜʝʬʠʥʠʨʘʥʦ ʧʨʝʢʫ ʤʝʪʦʜʘʪʘ ʥʘ Ziegler-Nichols, ʩʦ ʮʝʣ ʜʘ ʩʝ ʜʦʙʠʝ ʛʨʘʥʠʮʘʪʘ ʚʦ ʢʦʿʘ ʤʦʞʝ 

ʜʘ ʩʝ ʜʚʠʞʘʪ ʢʦʥʩʪʘʥʪʠʪʝ, ʘ ʧʦʪʦʘ ʩʦ ʧʨʠʤʝʥʘ ʥʘ NN ʜʘ ʩʝ ʩʝʣʝʢʪʠʨʘʘʪ ʠ ʦʜʚʦʿʘʪ ʩʘʤʦ ʦʥʠʝ 

ʢʦʠ ʠʤʘʘʪ ʥʘʿʤʘʣʘ ʢʚʘʜʨʘʪʥʘ ʛʨʝʰʢʘ. 

ʅʘʿʧʨʚʦ ʧʨʠʤʝʥʘʪʘ ʥʘ Ziegler-Nichols ʝ ʩʦʛʣʘʩʥʦ ʧʨʘʚʠʣʘʪʘ ʢʦʠ ʩʝ ʜʝʬʠʥʠʨʘʥʠ ʚʦ [83], ʘ ʪʦʘ 

ʟʥʘʯʠ ʜʝʢʘ ʥʘʿʧʨʚʦ iK  ʠ dK  ʩʝ ʧʦʩʪʘʚʫʚʘʘʪ ʜʘ ʙʠʜʘʪ ʝʜʥʘʢʚʠ ʥʘ ʥʫʣʘ, ʪʘʢʘ ʰʪʦ ʦʩʪʘʥʫʚʘ 

ʩʘʤʦ 
pK . ɺʨʝʜʥʦʩʪʘ ʥʘ 

pK  ʩʝ ʜʝʬʠʥʠʨʘ ʥʘ ʪʦʿ ʥʘʯʠʥ ʰʪʦ ʩʝ ʟʛʦʣʝʤʫʚʘ ʩʝ ʜʦ ʪʦʯʢʘ ʢʦʛʘ 

ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ˃ʝ ʧʦʯʥʝ ʜʘ ʦʩʮʠʣʠʨʘ, ʦʜʥʦʩʥʦ ˃ʝ ʧʦʯʥʝ ʜʘ ʩʝ ʜʚʠʞʠ ʚʦ ʬʦʨʤʘ ʥʘ 

ʢʦʥʩʪʘʥʪʥʘ ʩʠʥʫʩʦʠʜʘ, ʘ ʧʨʠʪʦʘ ʦʩʮʠʣʘʮʠʠʪʝ ʥʝʤʘ ʜʘ ʧʦʯʥʘʪ ʜʘ ʩʝ ʥʘʤʘʣʫʚʘʘʪ. ʊʘʘ ʪʦʯʢʘ ʩʝ 
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ʜʝʬʠʥʠʨʘ ʢʘʢʦ ʪʦʯʢʘ uK . ʇʝʨʠʦʜʘʪʘ ʥʘ ʦʩʮʠʣʘʮʠʠʪʝ ʝ ʜʝʬʠʥʠʨʘʥʘ ʢʘʢʦ uʊ. ʉʦʛʣʘʩʥʦ 

ʜʝʬʠʥʠʨʘʥʠʪʝ ʢʦʥʩʪʘʥʪʥʠ ʧʘʨʘʤʝʪʨʠ, ʩʦ ʮʝʣ ʩʦʦʜʚʝʪʥʦ ʜʘ ʩʝ ʜʠʟʘʿʥʠʨʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ, 

ʩʝ ʢʦʨʠʩʪʠ ʊʘʙʝʣʘ 2. 

ʊʘʙʝʣʘ 2. ɼʠʟʘʿʥʠʨʘˁʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝ ʩʦʛʣʘʩʥʦ ʤʝʪʦʜʘʪʘ ʥʘ Ziegler-Nichols 

ʌʦʨʤʘ ʥʘ 

ʫʧʨʘʚʫʚʘˁʝ 
pK  

iK  dK  

 

PID 
0.6 uKÖ  

1.2 u

u

K

T
 

0.075 u uK TÖ Ö 

 

ʅʘ ʪʦʿ ʥʘʯʠʥ ʩʝ ʜʝʬʠʥʠʨʘʘʪ ʤʠʥʠʤʘʣʥʘʪʘ ʠ ʤʘʢʩʠʤʘʣʥʘʪʘ ʛʨʘʥʠʮʘ ʟʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID 

ʫʧʨʘʚʫʚʘˁʝʪʦ. ʎʝʣʪʘ ʥʘ ʜʝʬʠʥʠʨʘˁʝ ʥʘ , ,p i dK K K  ʢʦʥʩʪʘʥʪʠʪʝ ʝ ʥʠʚʥʦ ʜʝʬʠʥʠʨʘˁʝ ʢʘʢʦ 

ʮʝʣʥʠ/ʪʘʨʛʝʪ ʚʨʝʜʥʦʩʪʠ ʚʦ NN ʩʦ ʮʝʣ ʜʘ ʩʝ ʦʜʨʝʜʠ ʥʘʿʩʦʦʜʚʝʪʥʘʪʘ ʢʦʤʙʠʥʘʮʠʿʘ ʢʦʿʘ ˃ʝ ʩʝ 

ʜʦʙʠʝ ʧʨʝʢʫ ʜʝʬʠʥʠʨʘˁʝ ʥʘ ʥʘʿʤʘʣʘ ʢʚʘʜʨʘʪʥʘ ʛʨʝʰʢʘ. 

ʉʦ ʮʝʣ ʜʘ ʩʝ ʜʠʟʘʿʥʠʨʘ NN, ʥʘʿʧʨʚʦ ʩʝ ʜʝʬʠʥʠʨʘʘʪ ʥʝʿʟʠʥʠʪʝ ʚʣʝʟʦʚʠ, ʘ ʪʦʘ ʩʝ ʠʟʤʝʨʝʥʘʪʘ 

ʘʛʦʣʥʘ ʙʨʟʠʥʘ outw  ʠ ʨʝʬʝʨʝʥʪʥʘʪʘ ʘʛʦʣʥʘ ʙʨʟʠʥʘ 
refw . ʀʟʣʝʟ ʦʜʥʦʩʥʦ ʢʘʢʦ ʮʝʣʥʠʪʝ/ʪʘʨʛʝʪ 

ʚʨʝʜʥʦʩʪʠ ʩʝ ʜʝʬʠʥʠʨʘʘʪ ʨʘʟʣʠʯʥʠ ʩʝʪʦʚʠ ʟʘ , ,p i dK K K  ʩʦʛʣʘʩʥʦ ʜʦʙʠʝʥʠʪʝ ʛʦʨʥʠ ʠ ʜʦʣʥʠ 

ʛʨʘʥʠʯʥʠ ʚʨʝʜʥʦʩʪʠ. ʂʦʤʙʠʥʘʮʠʿʘʪʘ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʢʦʠ ʛʦ ʜʝʬʠʥʠʨʘʘʪ PID ʫʧʨʘʚʫʚʘˁʝʪʦ 

ʩʦ ʥʘʿʤʘʣʘ ʢʚʘʜʨʘʪʥʘ ʛʨʝʰʢʘ ˃ʝ ʙʠʜʝ ʠʟʙʨʘʥʘ ʢʘʢʦ ʥʘʿʩʦʦʜʚʝʪʥʘ, ʘ ʧʦʪʦʘ ˃ʝ ʙʠʜʝ ʧʨʠʤʝʥʝʪʘ 

ʚʦ ʜʝʣ ʦʜ ʤʦʜʝʣʠʪʝ ʩʦ ʮʝʣ ʜʘ ʩʝ ʧʦʪʚʨʜʠ ʜʘʣʠ ʠʟʙʨʘʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʜʦʙʠʝʥʠ ʩʦ ʧʨʠʤʝʥʘ ʥʘ 

NN ˃ ʝ ʦʚʦʟʤʦʞʘʪ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʝʬʠʢʘʩʥʦʩʪʘ ʠ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʜʠʥʘʤʠʯʢʦʪʦ ʦʜʥʝʩʫʚʘˁʝ 

ʥʘ ʩʠʩʪʝʤʦʪ.     

 

ʉʣʠʢʘ 12. ʉʪʨʫʢʪʫʨʘ ʥʘ ʥʝʚʨʦʥʩʢʘ ʤʨʝʞʘ ʟʘ ʧʨʝʩʤʝʪʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID 

ʫʧʨʘʚʫʚʘˁʝ 

ɿʘ ʧʨʝʩʤʝʪʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝ, ʩʪʨʫʢʪʫʨʘʪʘ ʥʘ NN ʧʨʝʪʩʪʘʚʝʥʘ ʥʘ 

ʉʣʠʢʘ 12 ʝ ʩʦʩʪʘʚʝʥʘ ʦʜ ʝʜʝʥ ʩʣʦʿ ʩʦ ʜʚʘ ʥʝʚʨʦʥʠ ʚʦ ʢʦʿ ʩʝ ʜʝʬʠʥʠʨʘʥʠ ʚʣʝʟʦʚʠʪʝ ʥʘ 



30 
 

ʩʠʩʪʝʤʦʪ, ʝʜʝʥ ʩʢʨʠʝʥ ʩʣʦʿ (ʩʣʦʿ ʩʦ ʧʨʦʤʝʥʣʠʚ ʙʨʦʿ ʥʘ ʥʝʚʨʦʥʠ) ʠ ʠʟʣʝʟʥʠʦʪ ʩʣʦʿ ʚʦ ʢʦʿ ʩʝ 

ʜʝʬʠʥʠʨʘʥʠ ʮʝʣʥʠʪʝ/ʪʘʨʛʝʪ ʚʨʝʜʥʦʩʪʠ ʟʘ ʢʦʠ ʩʝ ʧʨʘʚʠ ʧʨʝʩʤʝʪʢʘ.    

 

ʉʣʠʢʘ 13. ʉʪʨʫʢʪʫʨʘ ʥʘ ʥʝʚʨʦʥʩʢʘʪʘ ʤʨʝʞʘ 

ʂʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʥʘ ʉʣʠʢʘ 13, ʤʨʝʞʘʪʘ ʝ ʦʜ ʪʠʧ ʢʘʜʝ ʰʪʦ ʠʥʬʦʨʤʘʮʠʿʘʪʘ ʦʜ ʝʜʝʥ 

ʥʝʚʨʦʥ ʚʦ ʩʣʦʿʦʪ ʩʝ ʧʦʚʨʟʫʚʘ ʧʦʩʝʙʥʦ ʩʦ ʩʝʢʦʿ ʥʝʚʨʦʥ ʦʜ ʥʘʨʝʜʥʠʦʪ ʩʣʦʿ. ʇʦʨʘʜʠ ʪʦʘ ʰʪʦ ʩʝ 

ʨʘʙʦʪʠ ʟʘ ʤʦʜʝʣ ʚʦ ʢʦʿ ʩʝ ʠʩʪʨʘʞʫʚʘʘʪ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʥʦ ʠ ʬʨʝʢʚʝʥʮʠʿʘʪʘ ʥʘ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ ʧʨʠ ʮʨʥ ʩʪʘʨʪ, ʦʧʪʦʚʘʨʫʚʘˁʝʪʦ ʥʘ ʪʫʨʙʠʥʘ ʩʝ ʧʨʝʪʩʪʘʚʫʚʘ ʧʨʝʢʫ 

6 ʨʘʟʣʠʯʥʠ ʯʝʢʦʨʥʠ ʚʣʝʟʦʚʠ ʩʝ ʜʦʜʝʢʘ ʥʝ ʩʝ ʧʦʩʪʠʛʥʝ ʩʪʘʙʠʣʥʘ ʩʦʩʪʦʿʙʘ, ʦʜʥʦʩʥʦ 50 Hz ʠʣʠ 

1 ʢʘʢʦ ʥʦʨʤʘʣʠʟʠʨʘʥʘ ʚʨʝʜʥʦʩʪ. ʉʦ ʪʘʘ ʮʝʣ, ʟʘ ʩʝʢʦʿ ʯʝʢʦʨʝʥ ʚʣʝʟ ʧʦʩʪʦʠ ʧʦʩʝʙʥʘ NN, ʪʘʢʘ 

ʰʪʦ ʟʘ ʩʝʢʦʿ ʯʝʢʦʨʝʥ ʚʣʝʟ ʧʦʩʝʙʥʦ ʩʝ ʜʠʟʘʿʥʠʨʘ NN ʩʦ ʨʘʟʣʠʯʥʠ ʚʨʝʜʥʦʩʪʠ ʟʘ ʢʦʥʩʪʘʥʪʠʪʝ 

ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ. ɹʠʜʝʿ˃ʠ ʢʘʢʦ ʰʪʦ ʩʠʩʪʝʤʦʪ ʩʝ ʜʚʠʞʠ ʧʨʝʤʘ ʩʪʘʙʠʣʥʘ ʩʦʩʪʦʿʙʘ, ʪʘʢʘ ʝ 

ʧʦʛʦʣʝʤʘ ʫʣʦʛʘʪʘ ʠ ʚʣʠʿʘʥʠʝʪʦ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ, ʥʦ ʪʘʢʘ ʝ ʠ ʧʦʢʦʤʧʣʝʢʩʥʘ ʤʦʞʥʦʩʪʘ ʟʘ 

ʦʜʨʝʜʫʚʘˁʝ ʥʘ ʩʦʦʜʚʝʪʥʠ ʢʦʥʩʪʘʥʪʥʠ ʚʨʝʜʥʦʩʪʠ ʯʠʠ ʰʪʦ ʚʣʠʿʘʥʠʿʘ ˃ʝ ʿʘ ʧʦʜʦʙʨʘʪ 

ʝʬʠʢʘʩʥʦʩʪʘ ʠ ʜʠʥʘʤʠʢʘʪʘ ʥʘ ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ. 

ʆʩʚʝʥ ʜʝʬʠʥʠʨʘˁʝʪʦ ʥʘ ʪʠʧʦʪ ʥʘ NN, ʩʦʦʜʚʝʪʥʠʦʪ ʠʟʙʦʨ ʥʘ ʭʠʧʝʨʧʘʨʘʤʝʪʨʠ ʠʤʘ ʛʦʣʝʤʦ 

ʚʣʠʿʘʥʠʝ ʥʘ ʠʟʣʝʟʥʠʪʝ ʨʝʟʫʣʪʘʪʠ.  

ʉʦʦʜʚʝʪʥʘʪʘ ʢʦʤʙʠʥʘʮʠʿʘ ʦʜ ʩʠʪʝ ʥʘʚʝʜʝʥʠ ʭʠʧʝʨʧʘʨʘʤʝʪʨʠʪʝ ˃ʝ ʜʘʜʝ ʜʦʙʘʨ ʠ ʩʦʦʜʚʝʪʝʥ 

ʜʠʟʘʿʥ ʥʘ ʝʜʥʘ NN. ɹʠʜʝʿ˃ʠ ʙʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ, ʙʨʦʿʦʪ ʥʘ ʥʝʚʨʦʥʠ, ʙʨʦʿʦʪ ʥʘ ʝʧʦʭʠ ʠ ʙʨʦʿʦʪ 

ʥʘ ʩʝʨʠʿʘʪʘ ʧʨʠʤʝʨʦʮʠ ʥʝʤʘʘʪ ʤʝʺʫʩʝʙʥʘ ʤʘʪʝʤʘʪʠʯʢʘ ʧʦʚʨʟʘʥʦʩʪ, ʝʜʥʦʩʪʘʚʥʦ ʥʠʚʥʠʪʝ 

ʚʨʝʜʥʦʩʪʠ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʙʠʜʘʪ ʩʦʦʜʚʝʪʥʦ ʧʨʠʣʘʛʦʜʝʥʠ ʧʨʠ ʧʨʦʮʝʩʦʪ ʥʘ ʜʠʟʘʿʥʠʨʘˁʝ ʥʘ NN. 

ʉʝʢʦʝ ʛʦʣʝʤʦ ʦʪʩʪʘʧʫʚʘˁʝ ʚʦ ʙʠʣʦ ʢʦʿ ʦʜ ʥʘʚʝʜʝʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʛʦ ʜʦʚʝʜʫʚʘ ʚʦ ʧʨʘʰʘˁʝ 

ʢʨʘʿʥʠʦʪ ʨʝʟʫʣʪʘʪ ʧʨʠ ʧʨʠʤʝʥʘ ʥʘ NN.   
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3.2.5 ʇʨʠʤʝʥʘ ʥʘ ʤʘʰʠʥʩʢʦ ʫʯʝˁʝ ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʪʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʇʨʠʤʝʥʘʪʘ ʥʘ ʩʦʚʨʝʤʝʥʠ ʪʝʭʥʠʢʠ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʚʦ ʧʨʦʮʝʩʠʪʝ ʝ ʩʝ ʧʦʯʝʩʪʦ ʪʝʤʘ ʥʘ 

ʠʩʪʨʘʞʫʚʘˁʝ. ʎʝʣʪʘ ʟʘ ʥʠʚʥʘ ʧʨʠʤʝʥʘ ʠ ʫʧʦʪʨʝʙʘ ʝ ʤʦʞʥʦʩʪʘ ʟʘ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ 

ʧʝʨʬʦʨʤʘʥʩʠʪʝ, ʜʠʥʘʤʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʝʬʠʢʘʩʥʦʩʪ ʠ ʜʨʫʛʦ ʚʦ ʟʘʚʠʩʥʦʩʪ ʦʜ 

ʨʘʟʛʣʝʜʫʚʘʥʠʦʪ ʫʧʨʘʚʫʚʘʯʢʠ ʩʠʩʪʝʤʠ. 

ʈʘʟʚʦʿʦʪ ʥʘ ʥʦʚ, ʤʦʜʝʨʝʥ ʫʧʨʘʚʫʚʘʯʢʠ ʩʠʩʪʝʤ ʧʦʜʨʘʟʙʠʨʘ ʧʨʠʣʘʛʦʜʫʚʘˁʝ ʥʘ ʦʙʿʝʢʪʦʪ ʥʘ  

ʫʧʨʘʚʫʚʘˁʝ ʢʦʥ ʩʝʢʦʿʘ ʥʦʚʦ ʥʘʩʪʘʥʘʪʘ ʩʦʩʪʦʿʙʘ ʚʦ ʢʦʿʘ ʪʦʿ ʤʦʞʝ ʜʘ ʩʝ ʥʘʿʜʝ ʚʦ ʙʠʣʦ ʢʦʿ 

ʤʦʤʝʥʪ ʦʜ ʚʨʝʤʝʪʦ. ɺʘʢʚʠʦʪ ʩʠʩʪʝʤ ʠʩʪʦ ʪʘʢʘ ʤʦʞʝ ʜʘ ʨʘʩʧʦʣʘʛʘ ʩʦ ʛʦʣʝʤʦ ʧʦʜʘʪʦʯʥʦ 

ʤʥʦʞʝʩʪʚʦ ʢʦʿ ʧʦʥʘʪʘʤʫ ʩʦ ʧʦʤʦʰ ʥʘ ʩʦʦʜʚʝʪʝʥ ʘʣʛʦʨʠʪʘʤ ʩʝ ʦʙʨʘʙʦʪʫʚʘ ʠ ʥʘ ʢʨʘʿ ʛʦ ʜʘʚʘ 

ʥʘʿʩʦʦʜʚʝʪʥʠʦʪ ʨʝʟʫʣʪʘʪ ʩʦʛʣʘʩʥʦ ʩʪʨʫʢʪʫʨʘʪʘ ʥʘ ʘʣʛʦʨʠʪʘʤʦʪ [84]. ML ʪʫʢʘ ˃ʝ ʩʝ ʢʦʨʠʩʪʠ 

ʢʘʢʦ ʪʝʭʥʠʢʘ ʟʘ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʩʪʘʙʠʣʥʦʩʪʘ ʠ 

ʢʦʥʪʠʥʫʠʨʘʥʦ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʦʜʟʠʚʠʪʝ ʥʘ ʠʟʣʝʟ ʦʜ ʩʠʩʪʝʤʦʪ. ɿʘ ʪʘʘ ʮʝʣ ʩʝ ʠʩʢʦʨʠʩʪʝʥʠ NN 

ʩʦ ʮʝʣ ʧʨʦʝʢʪʠʨʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ. ɿʘ ʪʘʘ ʮʝʣ ʟʘ ʦʚʦʿ ʧʨʦʙʣʝʤ ʝ 

ʠʟʙʨʘʥʘ FFNN. ʆʚʦʿ ʪʠʧ ʥʘ ʤʨʝʞʘ ʩʝ ʢʦʨʠʩʪʠ ʪʦʛʘʰ ʢʦʛʘ ʚʣʝʟʥʠʪʝ ʧʦʜʘʪʦʮʠ ʩʝ ʜʚʠʞʘʪ ʦʜ 

ʣʝʚʦ ʩʧʨʝʤʘ ʜʝʩʥʦ ʦʜʥʦʩʥʦ ʦʜ ʚʣʝʟʦʪ ʩʧʨʝʤʘ ʠʟʣʝʟʦʪ, ʩʘʤʦ ʚʦ ʝʜʝʥ ʧʨʘʚʝʮ ʧʨʝʢʫ ʥʝʚʨʦʥʠʪʝ 

ʠ ʩʣʦʝʚʠʪʝ. 

ʇʨʠʤʝʥʘʪʘ ʥʘ ML ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʩʠʩʪʝʤʠʪʝ ʧʦʜʨʘʟʙʠʨʘ ʠʟʙʦʨ ʠ ʜʠʟʘʿʥ ʥʘ 

ʭʠʧʝʨʧʘʨʘʤʝʪʨʠ ʩʦ ʮʝʣ ʜʦʙʠʚʘˁʝ ʨʝʟʫʣʪʘʪʠ ʢʦʠ ʚʣʠʿʘʘʪ ʥʘ ʧʦʜʦʙʨʫʚʘˁʝʪʦ ʥʘ 

ʧʝʨʬʦʨʤʘʥʩʠʪʝ ʥʘ ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ. 

ʇʦʩʪʦʿʘʪ ʧʦʚʝ˃ʝ ʪʠʧʦʚʠ ʘʣʛʦʨʠʪʤʠ ʟʘ ML, ʥʦ ʚʦ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ, ʩʦʛʣʘʩʥʦ ʜʦʩʪʘʧʥʠʪʝ 

ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ, ʠʟʤʝʨʝʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʠ ʙʨʦʿʦʪ ʥʘ ʦʙʨʘʙʦʪʝʥʠ ʧʦʜʘʪʦʮʠ ʢʦʠ ʩʝ 

ʜʝʬʠʥʠʨʘʘʪ ʢʘʢʦ ʚʣʝʟ ʠ ʠʟʣʝʟ ʚʦ NN, ʪʠʧʦʪ ʥʘ ʘʣʛʦʨʠʪʘʤʦʪ ʥʘ ML ʝ ʩʫʧʝʨʚʠʟʦʨʥʦ, ʪʠʧ 

ʣʠʥʝʘʨʥʘ ʨʝʛʨʝʩʠʿʘ ʢʦʿʘ ʚʦ ʦʚʦʿ ʩʣʫʯʘʿ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʥʘ ʧʨʦʮʝʩ. 

ʅʘʿʧʨʚʦ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʘʥʘʣʠʟʠʨʘ ʜʦʩʪʘʧʥʦʪʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ, ʜʘ ʩʝ ʥʘʧʨʘʚʠ 

ʩʝʣʝʢʮʠʿʘ ʥʘ ʧʦʪʨʝʙʥʠʪʝ ʧʦʜʘʪʦʮʠ ʠ ʜʘ ʩʝ ʢʦʤʙʠʥʠʨʘʘʪ ʧʘʨʘʤʝʪʨʠʪʝ ʰʪʦ ʩʝ ʧʦʪʨʝʙʥʠ ʜʘ ʩʝ 

ʘʥʘʣʠʟʠʨʘʘʪ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML. ʇʦʪʦʘ ʩʝ ʜʝʬʠʥʠʨʘʘʪ ʚʣʝʟʦʚʠʪʝ ʚʦ NN. ʉʦʛʣʘʩʥʦ ʉʣʠʢʘ 14 

ʚʣʝʟʦʚʠʪʝ ʚʦ ʤʨʝʞʘʪʘ ʩʝ ʦʟʥʘʯʝʥʠ ʩʦ 1 2, ,...., nx x x . ʆʜ ʩʝʢʦʿ ʥʝʚʨʦʥ ʢʦʿ ʰʪʦ ʚʩʫʰʥʦʩʪ 

ʦʟʥʘʯʫʚʘ ʧʦʩʝʙʝʥ ʚʣʝʟ ʚʦ NN ʠʟʣʝʛʫʚʘ ʩʠʛʥʘʣ ʩʦ ʩʦʦʜʚʝʪʥʘ ʛʦʣʝʤʠʥʘ ʥʘ ʪʝʞʠʥʩʢʠʦʪ 

ʢʦʝʬʠʮʠʝʥʪ (wieght) - nw  ʯʠʿʘ ʛʦʣʝʤʠʥʘ ʥʘ ʧʦʯʝʪʦʢʦʪ ʩʝ ʟʘʜʘʚʘ ʢʘʢʦ ʩʣʫʯʘʿʥʘ ʚʨʝʜʥʦʩʪ ʚʦ 

ʛʨʘʥʠʮʘ ʦʜ 0 ʜʦ 1, ʘ ʧʦʪʦʘ ʩʦ ʪʨʝʥʠʨʘˁʝ ʥʘ NN, ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʩʠʛʥʘʣʦʪ ʘʚʪʦʤʘʪʩʢʠ ʩʝ 

ʤʝʥʫʚʘʘʪ ʩʝ ʜʦʜʝʢʘ ʥʝ ʩʝ ʧʦʩʪʠʛʥʝ ʙʘʨʘʥʠʦʪ ʨʝʟʫʣʪʘʪ. ʅʝ ʧʦʩʪʦʠ ʥʘʯʠʥ ʢʘʢʦ ʜʘ ʩʝ ʧʨʝʩʤʝʪʘ 

ʧʦʯʝʪʥʘʪʘ ʚʨʝʜʥʦʩʪ ʥʘ ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʩʠʛʥʘʣʦʪ nw , ʧʘ ʟʘʪʦʘ ʝʜʥʦʩʪʘʚʥʦ ʩʝ ʟʘʜʘʚʘ ʩʣʫʯʘʿʥʘ 

ʚʨʝʜʥʦʩʪ ʚʦ ʜʝʬʠʥʠʨʘʥʠʪʝ ʛʨʘʥʠʮʠ. ʆʩʚʝʥ ʪʝʞʠʥʩʢʠʦʪ ʢʦʝʬʠʮʠʝʥʪ nw , ʥʘ ʧʨʦʮʝʩʦʪ ʥʘ 

ʦʧʪʠʤʠʟʘʮʠʿʘ ʚʣʠʿʘʝ ʠ ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʧʦʤʝʩʪ b , ʢʦʿ ʥʘʿʯʝʩʪʦ ʧʨʝʢʫ AF ʚʥʝʩʫʚʘʘʪ 

ʜʠʥʘʤʠʢʘ ʥʘ ʩʣʦʿʦʪ, ʧʦʤʘʛʘʘʪ ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʩʦ ʮʝʣ ʧʦʙʨʟʦ ʜʘ ʩʝ ʜʦʩʪʠʛʥʝ 

ʣʦʢʘʣʥʠʦʪ ʤʠʥʠʤʫʤ. ɺʦ ʜʝʬʠʥʠʨʘʥʘʪʘ NN ʟʘ ʧʨʝʩʤʝʪʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID 

ʫʧʨʘʚʫʚʘˁʝʪʦ, ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʧʦʤʝʩʪ, ʚʦ ʧʦʯʝʪʝʥ ʤʦʤʝʥʪ ʝ ʧʦʩʪʘʚʝʥ ʜʘ ʙʠʜʝ ʥʫʣʘ, ʘ ʩʦ 

ʪʨʝʥʠʨʘˁʝʪʦ ʥʘ ʤʨʝʞʘʪʘ ʠʩʪʠʦʪ ʩʝ ʤʝʥʫʚʘ ʚʦ ʚʨʝʜʥʦʩʪ ʦʜ ʥʫʣʘ ʜʦ ʝʜʝʥ. ʉʠʛʥʘʣʦʪ ʰʪʦ ʝ 

ʢʦʤʙʠʥʘʮʠʿʘ ʦʜ ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʩʠʛʥʘʣʦʪ, ʘ ʧʦʪʝʢʥʫʚʘ ʦʜ ʩʝʢʦʿ ʥʝʚʨʦʥ ʧʦʩʝʙʥʦ ʠ ʦʜ 
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ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʧʦʤʝʩʪ, ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʞʝ ʜʘ ʩʝ ʟʘʧʠʰʝ ʥʘ ʩʣʝʜʥʠʦʪ ʥʘʯʠʥ, ʢʘʢʦ ʰʪʦ ʝ 

ʧʨʝʪʩʪʘʚʝʥʦ ʩʦ ʨʘʚʝʥʢʘʪʘ ʙʨʦʿ 23. 

 
1 1 2 2 ... n nz w x w x w x b= Ö + Ö + + Ö + (23) 

 

 

ʉʣʠʢʘ 14. ɼʚʠʞʝˁʝ ʥʘ ʩʠʛʥʘʣʦʪ ʧʨʝʢʫ ʥʝʚʨʦʥʩʢʘʪʘ ʤʨʝʞʘ [85] 

ɿʘ ʚʨʝʤʝ ʥʘ ʪʨʝʥʠʨʘˁʝʪʦ ʥʘ ʤʨʝʞʘʪʘ, ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʥʘ ʉʣʠʢʘ 14 ʧʦʩʪʦʿʘʪ ʜʚʝ ʛʣʘʚʥʠ 

ʬʘʟʠ ʠ ʪʦʘ ʜʚʠʞʝˁʝ ʥʘ ʩʠʛʥʘʣʦʪ ʧʦ ʧʘʨʘʣʝʣʥʘ ʥʘ ʜʠʨʝʢʪʥʘʪʘ ʧʘʪʝʢʘ (foreward propagation) 

ʠ ʜʚʠʞʝˁʝ ʥʘ ʩʠʛʥʘʣʦʪ ʧʦ ʧʦʚʨʘʪʥʘ ʧʘʪʝʢʘ (backpropagation). ɼʚʠʞʝˁʝʪʦ ʥʘ ʩʠʛʥʘʣʦʪ ʧʦ 

ʜʠʨʝʢʪʥʘ ʧʘʪʝʢʘ ʟʥʘʯʠ ʜʝʢʘ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʰʪʦ ʝ ʜʝʬʠʥʠʨʘʥʦ ʥʘ ʚʣʝʟ ʚʦ ʩʠʩʪʝʤʦʪ 

ʩʝ ʚʦʜʠ ʧʦ ʜʠʨʝʢʪʥʘ ʧʘʪʝʢʘ ʧʨʝʢʫ ʩʠʪʝ ʩʣʦʝʚʠ ʥʠʟ ʮʝʣʘʪʘ NN. ʊʦʘ ʟʥʘʯʠ ʜʝʢʘ ʜʚʠʞʝˁʝʪʦ ʥʘ 

ʩʠʛʥʘʣʦʪ ʧʦ ʜʠʨʝʢʪʥʘ ʧʘʪʝʢʘ ʧʦʯʥʫʚʘ ʦʜ ʚʣʝʟʦʪ ʚʦ ʩʠʩʪʝʤʦʪ, ʘ ʟʘʚʨʰʫʚʘ ʩʦ ʧʨʝʩʤʝʪʫʚʘˁʝ 

ʥʘ ʛʨʝʰʢʘʪʘ ʧʦʤʝʺʫ ʚʣʝʟʦʪ ʠ ʜʝʬʠʥʠʨʘʥʠʪʝ ʮʝʣʥʠ ʠʟʣʝʟʠ. ɼʦʜʝʢʘ ʧʘʢ ʜʚʠʞʝˁʝʪʦ ʥʘ 

ʩʠʛʥʘʣʦʪ ʧʦ ʧʦʚʨʘʪʥʘ ʧʘʪʝʢʘ ʝ ʥʘʿʙʠʪʥʠʦʪ ʜʝʣ ʢʦʿ ʛʦ ʦʧʬʘ˃ʘ ʪʨʝʥʠʨʘˁʝʪʦ ʥʘ ʤʨʝʞʘʪʘ. 

ʊʨʝʥʠʨʘˁʝʪʦ ʥʘ ʤʨʝʞʘʪʘ ʛʦ ʦʧʬʘ˃ʘ ʧʨʦʮʝʩʦʪ ʥʘ ʬʠʥʦ ʧʦʜʝʩʫʚʘˁʝ ʥʘ ʪʝʞʠʥʩʢʠʦʪ 

ʢʦʝʬʠʮʠʝʥʪ (weight), ʢʦʿʘhʪʦ ʩʝ ʟʘʩʥʦʚʘ ʥʘ ʧʨʝʩʤʝʪʘʥʘʪʘ ʛʨʝʰʢʘ ʚʦ ʦʜʥʦʩ ʥʘ ʠʟʙʦʨʦʪ ʥʘ 

ʩʦʦʜʚʝʪʥʘʪʘ ʦʧʪʠʤʠʟʠʨʘʯʢʘ ʬʫʥʢʮʠʿʘ, ʘ ʧʨʠʪʦʘ ʠʟʚʨʰʫʚʘʿ˃ʠ ʩʝ ʚʦ ʧʨʝʪʭʦʜʥʘʪʘ ʠʪʝʨʘʮʠʿʘ 

ʪ.ʝ. ʝʧʦʭʘ. ɻʣʘʚʥʘʪʘ ʮʝʣ ʥʘ ʜʚʠʞʝˁʝ ʥʘ ʩʠʛʥʘʣʦʪ ʧʦ ʧʦʚʨʘʪʥʘ ʧʘʪʝʢʘ ʝ ʜʘ ʩʝ ʧʦʜʦʙʨʠ 

ʪʦʯʥʦʩʪʘ ʥʘ ʤʨʝʞʘʪʘ, ʘ ʚʦ ʠʩʪʦ ʚʨʝʤʝ ʜʘ ʩʝ ʥʘʤʘʣʠ ʛʨʝʰʢʘʪʘ ʧʨʝʢʫ ʫʧʦʪʨʝʙʘʪʘ ʥʘ ʩʦʦʜʚʝʪʝʥ 

ʘʣʛʦʨʠʪʘʤ ʟʘ ʦʧʪʠʤʠʟʠʨʘˁʝ [85].  

ʆʪʢʘʢʦ ˃ʝ ʙʠʜʝ ʜʝʬʠʥʠʨʘʥʦ, ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʢʘʢʦ ʚʣʝʟ ʠ ʮʝʣʥʠ ʠʟʣʝʟʠ ʚʦ NN, 

ʧʦʪʨʝʙʥʦ ʝ ʜʘ ʩʝ ʦʜʨʝʜʠ ʙʨʦʿʦʪ ʥʘ ʥʝʚʨʦʥʠ ʚʦ ʩʝʢʦʿ ʦʜ ʩʣʦʝʚʠʪʝ. ʇʦʩʪʦʠ ʨʘʚʝʥʢʘ ʩʦ ʢʦʿʘ 

ʤʦʞʝ ʜʘ ʩʝ ʧʨʝʩʤʝʪʘ ʛʨʘʥʠʮʘʪʘ ʥʘ ʙʨʦʿʦʪ ʥʘ ʥʝʚʨʦʥʠ ʢʦʠ ʙʠ ʩʝ ʜʝʬʠʥʠʨʘʣʝ ʚʦ ʤʨʝʞʘʪʘ, ʥʦ 

ʩʝʧʘʢ ʩʦʛʣʘʩʥʦ ʜʠʥʘʤʠʢʘʪʘ ʥʘ ʩʠʩʪʝʤʦʪ, ʚʨʝʜʥʦʩʪʠʪʝ ʜʦʙʠʝʥʠ ʦʜ ʪʘʘ ʨʘʚʝʥʢʘ ʤʦʞʝ ʜʘ 

ʧʨʝʪʨʧʘʪ ʧʨʦʤʝʥʠ ʧʨʝʢʫ ʥʘʪʘʤʦʰʥʦ ʨʘʯʥʦ ʧʨʠʣʘʛʦʜʫʚʘˁʝ.  
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ʇʨʝʢʫ ʨʘʚʝʥʢʘʪʘ 24 ʩʝ ʧʨʝʩʤʝʪʫʚʘʘʪ ʥʘʿʥʠʩʢʘʪʘ ʠ ʥʘʿʚʠʩʦʢʘʪʘ ʛʨʘʥʠʮʘ ʥʘ ʙʨʦʿʦʪ ʥʘ ʥʝʚʨʦʥʠ 

ʚʦ ʝʜʥʘ NN. 
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ʊʫʢʘ in  ʝ ʙʨʦʿʦʪ ʥʘ ʚʣʝʟʦʚʠ ʚʦ ʩʠʩʪʝʤʦʪ, 0n  ʝ ʙʨʦʿʦʪ ʥʘ ʠʟʣʝʟʠ ʦʜ ʩʠʩʪʝʤʦʪ, k  ʝ ʙʨʦʿʦʪ ʥʘ 

ʧʘʨʘʤʝʪʨʠ ʪ.ʝ. ʙʨʦʿʦʪ ʥʘ ʧʨʦʤʝʥʣʠʚʠ ʠ 1n  ʝ ʧʨʝʩʤʝʪʘʥʠʦʪ ʙʨʦʿ ʥʘ ʥʝʚʨʦʥʠ. ʄʠʥʠʤʘʣʥʘʪʘ ʠ 

ʤʘʢʩʠʤʘʣʥʘʪʘ ʛʨʘʥʠʮʘ ʥʘ ʙʨʦʿ ʥʘ ʥʝʚʨʦʥʠ ʩʦ ʢʦʠʰʪʦ ʙʠ ʤʦʞʝʣʘ ʝʜʥʘ NN ʜʘ ʩʝ ʚʘʣʠʜʠʨʘ, 

ʪʝʩʪʠʨʘ ʠ ʪʨʝʥʠʨʘ, ʟʘʚʠʩʠ ʦʜ ʙʨʦʿʦʪ ʥʘ ʠʟʤʝʨʝʥʠ ʧʦʜʘʪʦʮʠ, ʦʜʥʦʩʥʦ ʟʘʚʠʩʠ ʦʜ ʙʨʦʿʦʪ ʥʘ 

ʚʣʝʟʥʠ ʠ ʮʝʣʥʠʪʝ ʠʟʣʝʟʥʠ ʧʘʨʘʤʝʪʨʠ ʚʦ NN.  

ɼʝʬʠʥʠʨʘˁʝʪʦ ʥʘ ʪʠʧʦʪ ʥʘ ʦʧʪʠʤʠʟʘʪʦʨ, ʘ ʧʦʥʘʪʘʤʫ ʠ ʥʝʛʦʚʦʪʦ ʦʜʥʝʩʫʚʘˁʝ ʚʦ ʛʦʣʝʤʘ ʤʝʨʘ 

ʟʘʚʠʩʠ ʠ ʦʜ ʠʟʙʦʨʦʪ ʥʘ ʪʠʧ ʥʘ AF, ʙʠʜʝʿ˃ʠ ʦʜ ʥʠʚ ʟʘʚʠʩʠ ʜʘʣʠ ʧʨʠ ʪʨʝʥʠʨʘˁʝ ʥʘ ʤʨʝʞʘʪʘ ˃ʝ 

ʩʝ ʤʝʥʫʚʘʘʪ/ʧʨʠʣʘʛʦʜʫʚʘʘʪ ʪʝʞʠʥʩʢʠʦʪ ʢʦʝʬʠʮʠʝʥʪ ʠ ʢʦʝʬʠʮʠʝʥʪ ʥʘ ʧʦʤʝʩʪ ʠʣʠ ʙʠ ʩʝ 

ʤʝʥʫʚʘʣʘ ʩʘʤʦ ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʩʠʛʥʘʣʦʪ. ʅʘʿʯʝʩʪʦ ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʩʠʛʥʘʣʦʪ ʩʝ ʤʝʥʫʚʘ ʚʦ 

ʛʨʘʥʠʮʘ ʦʜ 0 ʜʦ 1, ʜʦʜʝʢʘ ʢʦʝʬʠʮʠʝʥʪʠʪʝ ʥʘ ʧʦʤʝʩʪ (bias) ʥʘʿʯʝʩʪʦ ʦʩʪʘʥʫʚʘʘʪ ʥʝʧʨʦʤʝʥʝʪʠ, 

ʦʜʥʦʩʥʦ ʠʤʘ ʚʨʝʜʥʦʩʪ ʦʜ 0 ʜʦ 1 ʚʦ ʪʝʢʦʪ ʥʘ ʮʝʣʠʦʪ ʧʨʦʮʝʩ ʦʜ ʧʦʯʝʪʦʢ, ʧʘ ʩʝ ʜʦ ʜʦʙʠʚʘˁʝ ʥʘ 

ʨʝʟʫʣʪʘʪʦʪ.   

ʇʦʩʪʦʿʘʪ ʛʦʣʝʤ ʙʨʦʿ ʥʘ AF [86] ʦʜ ʢʦʠ ʟʘʚʠʩʠ ʧʨʠʣʘʛʦʜʫʚʘˁʝʪʦ ʥʘ ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʩʠʛʥʘʣʦʪ, 

ʘ ʧʦʥʘʪʘʤʫ ʠ ʥʘ ʠʟʣʝʟʦʪ ʦʜ ʩʠʩʪʝʤʦʪ.  

ʉʦ ʮʝʣ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ, ʥʦ ʠ 

ʧʨʝʩʤʝʪʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ, ʧʨʠ ʜʠʟʘʿʥʠʨʘˁʝ ʥʘ NN, ʠʩʢʦʨʠʩʪʝʥʠ 

ʙʝʘ AF sigmoid/tanh ʟʘ ʧʨʚʠʦʪ ʩʢʨʠʝʥ ʩʣʦʿ ʜʦʢʦʣʢʫ ʩʝ ʢʦʨʠʩʪʠ Python ʟʘ ʜʠʟʘʿʥ ʥʘ NN ʠʣʠ 

sigmoid/tansig ʜʦʢʦʣʢʫ ʩʝ ʢʦʨʠʩʪʠ ʩʦʬʪʚʝʨʩʢʠʦʪ ʧʘʢʝʪ MATLAB/Simulink, ʜʦʜʝʢʘ AF 

ʠʩʢʦʨʠʩʪʝʥʘ ʚʦ ʥʝʚʨʦʥʠʪʝ ʥʘ ʠʟʣʝʟ ʦʜ ʤʨʝʞʘʪʘ ʝ relu ʜʦʢʦʣʢʫ NN ʩʝ ʜʝʬʠʥʠʨʘ ʚʦ Python, 

ʠʣʠ linear ʜʦʢʦʣʢʫ ʩʝ ʢʦʨʠʩʪʠ ʩʦʬʪʚʝʨʩʢʠʦʪ ʧʘʢʝʪ MATLAB/Simulink. 

ʇʨʠʤʝʥʘʪʘ ʥʘ sigmoid AF, ʝ ʧʦʨʘʜʠ ʪʦʘ ʰʪʦ ʦʚʘʘ ʬʫʥʢʮʠʿʘ ʿʘ ʟʝʤʘ ʚʦ ʧʨʝʜʚʠʜ ʙʠʣʦ ʢʦʿʘ 

ʨʝʘʣʥʘ ʚʨʝʜʥʦʩʪ ʢʘʢʦ ʚʣʝʟ ʠʣʠ ʠʟʣʝʟ ʚʦ ʛʨʘʥʠʮʘ ʦʜ 0 ʜʦ 1. ʂʦʣʢʫ ʰʪʦ ʝ ʧʦʛʦʣʝʤʘ ʚʨʝʜʥʦʩʪʘ  

ʥʘ ʚʣʝʟʥʠʦʪ ʩʠʛʥʘʣ, ʪʦʣʢʫ ʝ ʠʟʣʝʟʦʪ ʧʦʙʣʠʩʢʫ ʜʦ 1, ʦʜʥʦʩʥʦ ʢʦʣʢʫ ʝ ʚʣʝʟʥʠʦʪ ʩʠʛʥʘʣ ʧʦʤʘʣ, 

ʪʦʣʢʫ ʠʟʣʝʟʦʪ ʝ ʧʦʙʣʠʩʢʫ ʜʦ 0, ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʥʘ ʉʣʠʢʘ 15. ʄʘʪʝʤʘʪʠʯʢʘʪʘ 

ʧʨʝʟʝʥʪʘʮʠʿʘ ʥʘ sigmoid AF ʝ ʟʘʜʘʜʝʥʘ ʩʦ ʨʘʚʝʥʢʘ 25. ʆʚʘʘ AF ʝ ʠʟʙʨʘʥʘ ʧʦʨʘʜʠ ʪʦʘ ʰʪʦ ʧʨʠ 

ʧʨʠʣʘʛʦʜʫʚʘˁʝ ʥʘ ʩʠʛʥʘʣʦʪ, ʥʝʛʦʚʘʪʘ ʛʦʣʝʤʠʥʘ ˃ʝ ʩʝ ʜʚʠʞʠ ʚʦ ʛʨʘʥʠʮʠʪʝ ʩʘʤʦ ʦʜ 0 ʜʦ 1, ʘ 

ʪʦʘ ʟʥʘʯʠ ʜʝʢʘ ʥʝʤʘ ʜʘ ʠʤʘ ʥʝʛʘʪʠʚʥʠ ʚʨʝʜʥʦʩʪʠ ʠʣʠ ʧʦʛʦʣʝʤʠ ʚʨʝʜʥʦʩʪʠ ʦʜ 1 ʢʦʠ ʥʝʛʘʪʠʚʥʦ 

ʙʠ ʚʣʠʿʘʝʣʝ ʧʨʠ ʢʦʤʙʠʥʘʮʠʿʘ ʩʦ ʘʣʛʦʨʠʪʘʤʦʪ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ. ʌʫʥʢʮʠʿʘʪʘ ʤʦʞʝ ʜʘ ʩʝ 

ʜʠʬʝʨʝʥʮʠʨʘ ʠ ʜʘ ʦʙʝʟʙʝʜʠ ʤʘʟʥʦ ʧʨʠʙʣʠʞʫʚʘˁʝ ʢʦʥ ʛʣʦʙʘʣʥʠʦʪ ʤʠʥʠʤʫʤ ʧʨʠ 

ʧʨʝʩʤʝʪʫʚʘˁʝ ʥʘ ʛʨʝʰʢʘʪʘ. ʆʚʘʘ ʬʫʥʢʮʠʿʘ ʝ ʥʘʿʩʦʦʜʚʝʪʥʘ ʙʠʜʝʿ˃ʠ ʧʨʠ ʩʠʤʫʣʘʮʠʿʘ ʥʘ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ, ʩʠʪʝ ʚʨʝʜʥʦʩʪʠ ʩʝ ʚʦ ʥʦʨʤʘʣʠʟʠʨʘʥʘ ʬʦʨʤʘ ʚʦ ʚʨʝʜʥʦʩʪ ʦʜ 0 ʜʦ 

1, ʧʘ ʩʠʛʥʘʣʦʪ ʢʦʿʰʪʦ ʩʝ ʜʚʠʞʠ ʦʜ ʩʨʝʜʥʠʦʪ ʩʣʦʿ ʩʧʨʝʤʘ ʩʣʦʿʦʪ ʚʦ ʢʦʿʰʪʦ ʩʝ ʥʘʦʺʘʘʪ ʠʟʣʝʟʠʪʝ 

˃ʝ ʠʤʘ ʢʦʤʧʘʢʪʥʘ ʬʦʨʤʘ ʚʦ ʛʨʘʥʠʮʘ ʦʜ 0 ʜʦ 1. ʀʩʪʦ ʪʘʢʘ ʝ ʤʥʦʛʫ ʙʠʪʥʘ ʙʠʜʝʿ˃ʠ ʩʦ sigmoid 

ʩʝ ʦʙʨʘʙʦʪʫʚʘʘʪ ʩʘʤʦ ʜʚʝ ʢʣʘʩʠ ʧʦʜʘʪʦʮʠ, ʜʦʜʝʢʘ ʩʦ ʜʨʫʛʠʪʝ ʩʣʠʯʥʠ ʩʝ ʦʙʨʘʙʦʪʫʚʘʘʪ ʧʦʚʝ˃ʝ 

ʢʣʘʩʠ ʝʜʥʦʚʨʝʤʝʥʦ.  
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ʇʨʠʤʝʥʘʪʘ ʥʘ tanh/tansig e ʥʘʿʧʨʠʩʫʪʥʘ ʢʘʿ ʦʥʠʝ NN ʚʦ ʢʦʠ ʠʤʘʤ ʧʨʠʩʫʩʪʚʦ ʥʘ ʧʦʚʝ˃ʝ ʩʣʦʝʚʠ. 

ʆʚʘʘ AF ʝ ʤʥʦʛʫ ʩʣʠʯʥʘ ʩʦ sigmoid AF, ʩʦ ʠʩʪʘ ʬʦʨʤʘ ʥʘ ʢʨʠʚʘʪʘ, ʩʦ ʝʜʠʥʩʪʚʝʥʘ ʨʘʟʣʠʢʘ ʚʦ 

ʪʦʘ ʰʪʦ ʨʝʟʫʣʪʘʪʠʪʝ ʥʘ ʠʟʣʝʟʦʪ ʩʝ ʤʝʥʫʚʘʘʪ ʦʜ 1 ʜʦ -1 ʢʘʢʦ ʥʘ ʉʣʠʢʘ 18. ʄʘʪʝʤʘʪʠʯʢʠ, 

tanh/tansig ʝ ʧʨʝʪʩʪʘʚʝʥʘ ʩʦ ʨʘʚʝʥʢʘ 26. ɹʠʜʝʿʠ˃ ʠʟʣʝʟʠʪʝ ʦʜ ʦʚʘʘ AF ʩʝ ʮʝʥʪʨʠʨʘʥʠ ʚʦ 0 

(ʥʫʣʘ), ʤʥʦʛʫ ʝ ʧʦʣʝʩʥʦ ʜʘ ʩʝ ʧʨʝʬʨʣʠ ʩʠʛʥʘʣʦʪ ʚʦ ʥʘʨʝʜʥʠʦʪ ʩʣʦʿ ʚʦ ʢʦʿʰʪʦ ʪʨʝʙʘ ʧʦʚʪʦʨʥʦ 

ʜʘ ʩʝ ʪʨʝʥʠʨʘ ʤʨʝʞʘʪʘ ʠʣʠ ʜʘ ʩʝ ʧʨʠʣʘʛʦʜʫʚʘʘʪ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʩʠʛʥʘʣʦʪ.  

ɺʦ ʢʨʘʿʥʠʦʪ ʩʣʦʿ ʥʘʿʯʝʩʪʦ ʩʝ ʧʦʩʪʘʚʫʚʘ linear ʠʣʠ relu AF ʢʦʿʘ ʥʝ ʛʠ ʘʢʪʠʚʠʨʘ ʩʠʪʝ ʥʝʚʨʦʥʠ 

ʚʦ ʠʩʪʦ ʚʨʝʤʝ, ʪʫʢʫ ʩʘʤʦ ʦʥʠʝ ʢʦʠ ʠʤʘʘʪ ʧʦʛʦʣʝʤʘ ʚʨʝʜʥʦʩʪ ʦʜ ʥʫʣʘ, ʜʦʜʝʢʘ ʪʠʝ ʰʪʦ ʠʤʘʘʪ 

ʚʨʝʜʥʦʩʪ ʥʫʣʘ ʠʣʠ ʥʝʛʘʪʠʚʥʘ ʚʨʝʜʥʦʩʪʠ, ˃ʝ ʙʠʜʘʪ ʜʝʘʢʪʠʚʠʨʘʥʠ. ɹʠʜʝʿ˃ʠ ʚʦ ʧʨʝʜʚʠʜ ʥʝ ʩʝ 

ʟʠʤʘʘʪ ʩʠʪʝ ʥʝʚʨʦʥʠ ʪʫʢʫ ʩʘʤʦ ʦʜʨʝʜʝʥ ʙʨʦʿ ʦʜ ʥʠʚ ʢʦʠ ʥʝʤʘʘʪ ʚʨʝʜʥʦʩʪ 0, ʧʨʝʩʤʝʪʢʦʚʥʘʪʘ 

ʝʬʠʢʘʩʥʦʩʪ ʝ ʤʥʦʛʫ ʧʦʛʦʣʝʤʘ ʟʘ ʨʘʟʣʠʢʘ ʦʜ tansig ʠʣʠ sigmoid AF [86], [87], [88]. 

ʄʘʪʝʤʘʪʠʯʢʘʪʘ ʨʝʧʨʝʟʝʥʪʘʮʠʿʘ ʥʘ relu AF ʝ ʧʨʝʪʩʪʘʚʝʥʘ ʩʦ ʨʘʚʝʥʢʘ ʙʨ. 27. 
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ʉʣʠʢʦʚʠʪ ʧʨʠʢʘʟ ʥʘ ʩʝʢʦʿʘ ʦʜ ʢʦʨʠʩʪʝʥʠʪʝ AF.  

 
ʉʣʠʢʘ 15. Sigmoid AF [80] 

 
ʉʣʠʢʘ 16. Linear AF [80] 

 
ʉʣʠʢʘ 17. ReLu AF 

 
ʉʣʠʢʘ 18. Tansig AF [89] 

ʆʩʚʝʥ ʠʟʙʦʨʦʪ ʥʘ ʙʨʦʿʦʪ ʥʘ ʥʝʚʨʦʥʠ, ʙʨʦʿʦʪ ʥʘ ʩʣʦʝʚʠ, ʪʠʧʦʪ ʥʘ AF, ʠʟʙʦʨʦʪ ʥʘ ʩʦʦʜʚʝʪʥʘ 

ʬʫʥʢʮʠʿʘ ʟʘ ʧʨʝʩʤʝʪʢʘ ʥʘ ʛʨʝʰʢʘ ʝ ʠʩʪʦ ʪʘʢʘ ʤʥʦʛʫ ʙʠʪʥʘ ʙʠʜʝʿ˃ʠ ʦʜ ʪʦʘ ʟʘʚʠʩʠ ʢʦʣʢʫ ʪʦʯʥʦ 

ʩʝ ʧʨʝʩʤʝʪʫʚʘ ʜʠʟʘʿʥʠʨʘʥʠʦʪ ʤʦʜʝʣ, ʦʜʥʦʩʥʦ ʤʨʝʞʘʪʘ.  

ʇʦʩʪʦʿʘʪ ʥʝʢʦʣʢʫ ʧʨʠʩʪʘʧʠ ʟʘ ʧʨʝʩʤʝʪʢʘ ʥʘ ʛʨʝʰʢʘʪʘ, ʜʦʢʦʣʢʫ ʧʦʜʘʪʦʮʠʪʝ ʰʪʦ ʩʝ 

ʦʙʨʘʙʦʪʫʚʘʘʪ ʩʧʘʺʘʘʪ ʧʦʜ ʢʣʘʩʘʪʘ ʥʘ ʨʝʛʨʝʩʠʿʘ, ʘ ʪʦʘ ʩʝ ʧʨʝʩʤʝʪʫʚʘ ʧʨʝʢʫ ʘʧʩʦʣʫʪʥʘ 

ʢʚʘʜʨʘʪʥʘ ʛʨʝʰʢʘ, ʩʨʝʜʥʘ ʘʧʩʦʣʫʪʥʘ ʛʨʝʰʢʘ, ʧʨʝʩʤʝʪʢʘ ʩʧʦʨʝʜ ʤʝʪʦʜʘ ʥʘ ʍʫʙʝʨ. ɼʦʢʦʣʢʫ 
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ʩʝ ʨʘʟʨʘʙʦʪʫʚʘ ʤʦʜʝʣ ʢʦʿ ʧʨʠʧʘʺʘ ʥʘ ʢʣʘʩʘʪʘ ʥʘ ʢʣʘʩʠʬʠʢʘʮʠʿʘ ʠʣʠ ʜʨʫʛʠ ʧʦʜʝʣʙʠ ʦʜ ʜʝʣʦʪ 

ʢʦʝ ʛʦ ʦʧʬʘ˃ʘ ML, ʚʦ ʪʦʿ ʩʣʫʯʘʿ ʩʝ ʧʨʠʤʝʥʫʚʘʘʪ ʜʨʫʛʠ ʤʝʪʦʜʠ ʟʘ ʧʨʝʩʤʝʪʢʘ ʥʘ ʛʨʝʰʢʘʪʘ, 

ʦʜʥʦʩʥʦ ʥʘ ʜʨʫʛ ʥʘʯʠʥ ʩʝ ʦʜʨʝʜʫʚʘ ʪʦʯʥʦʩʪʘ ʥʘ ʜʠʟʘʿʥʠʨʘʥʠʦʪ ʤʦʜʝʣ. 

ɺʦ ʦʜʥʦʩ ʥʘ ʛʨʝʰʢʘʪʘ ʩʧʦʨʝʜ ʢʦʿʘ ˃ʝ ʩʝ ʘʥʘʣʠʟʠʨʘʘʪ ʜʦʙʠʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ, ˃ʝ ʩʝ ʢʦʨʠʩʪʠ 

ʤʝʪʦʜʘʪʘ ʧʨʝʢʫ ʧʨʝʩʤʝʪʢʘ ʥʘ ʘʧʩʦʣʫʪʥʘ ʢʚʘʜʨʘʪʥʘ ʛʨʝʰʢʘ, ʤʘʪʝʤʘʪʠʯʢʠ ʦʧʠʰʘʥʘ ʩʦ 

ʨʘʚʝʥʢʘʪʘ ʙʨ. 28. ʆʚʘʘ ʤʝʪʦʜʘ ʝ ʥʘʿʯʝʩʪʦ ʢʦʨʠʩʪʝʥʘ ʙʠʜʝʿ˃ʠ ʩʝʢʦʛʘʰ ʩʝ ʜʦʙʠʚʘ ʢʚʘʜʨʘʪʦʪ ʦʜ 

ʨʝʟʫʣʪʘʪʦʪ, ʘ ʪʦʘ ʟʥʘʯʠ ʜʝʢʘ ʥʠʢʦʛʘʰ ʥʝʤʘ ʜʘ ʠʤʘ ʥʝʛʘʪʠʚʥʦ ʨʝʰʝʥʠʝ. ʀʩʪʦ ʪʘʢʘ ʙʠʪʥʦ ʝ 

ʜʝʢʘ ʩʦ ʢʦʨʠʩʪʝˁʝ ʥʘ ʦʚʘʘ ʤʝʪʦʜʘ, ʧʨʠ ʧʨʝʩʤʝʪʢʘ ˃ʝ ʩʝ ʜʦʙʠʚʘ ʩʝʢʦʛʘʰ ʩʘʤʦ ʝʜʝʥ ʣʦʢʘʣʝʥ 

ʤʠʥʠʤʫʤ.  
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ɺʦ ʦʚʘʘ ʨʘʚʝʥʢʘ, z  ʛʦ ʦʟʥʘʯʫʚʘ ʙʨʦʿʦʪ ʥʘ ʠʟʤʝʨʝʥʠ ʪʦʯʢʠ, iy  ʝ ʚʠʩʪʠʥʩʢʘ ʚʨʝʜʥʦʩʪ ʦʜ 

ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ, ʜʦʜʝʢʘ iy ʝ ʧʨʝʜʚʠʜʝʥʘʪʘ ʚʨʝʜʥʦʩʪ, ʦʜʥʦʩʥʦ ʚʨʝʜʥʦʩʪ ʰʪʦ ʝ 

ʜʦʙʠʝʥʘ ʢʘʢʦ ʨʝʟʫʣʪʘʪ ʥʘ ʜʚʠʞʝˁʝʪʦ ʥʘ ʩʠʛʥʘʣʦʪ ʚʦ ʧʦʚʨʘʪʥʘʪʘ ʧʘʪʝʢʘ. 

ʇʨʠ ʜʦʙʠʚʘˁʝʪʦ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ, ʟʘ ʥʘʿʩʦʦʜʚʝʪʥʘ ʢʦʤʙʠʥʘʮʠʿʘ ʥʘ ʧʘʨʘʤʝʪʨʠ ʥʘ ʠʟʣʝʟ ʦʜ NN 

ʩʝ ʩʤʝʪʘʘʪ ʦʥʠ ʢʦʠ ˃ʝ ʠʤʘʘʪ ʥʘʿʤʘʣʘ ʢʚʘʜʨʘʪʥʘ ʛʨʝʰʢʘ. 

ɺʦ ʦʜʥʦʩ ʥʘ ʜʝʬʠʥʠʨʘˁʝ ʥʘ ʙʨʦʿʦʪ ʥʘ ʝʧʦʭʠ, ʢʘʢʦ ʜʝʣ ʦʜ ʭʠʧʝʨʧʘʨʘʤʝʪʨʠʪʝ, ʧʦʩʪʦʠ ʝʜʥʦ 

ʥʝʧʠʰʘʥʦ ʧʨʘʚʠʣʦ, ʘ ʪʦʘ ʝ ʜʝʢʘ ʙʨʦʿʦʪ ʥʘ ʝʧʦʭʠ ʩʝ ʦʜʨʝʜʫʚʘ ʚʦ ʟʘʚʠʩʥʦʩʪ ʦʜ ʙʨʦʿʦʪ ʥʘ 

ʢʦʣʦʥʠ ʢʦʠ ʩʝ ʜʝʬʠʥʠʨʘʘʪ ʧʨʝʢʫ ʜʦʩʪʘʧʥʘʪʘ ʙʘʟʘ ʥʘ ʧʦʜʘʪʦʮʠ ʩʦ ʢʦʿʘ ʩʝ ʜʠʟʘʿʥʠʨʘ NN. 

ʇʨʘʚʠʣʦʪʦ ʛʣʘʩʠ ʜʝʢʘ ʙʨʦʿʦʪ ʥʘ ʝʧʦʭʠ ʪʨʝʙʘ ʜʘ ʙʠʜʝ ʪʨʠ ʧʘʪʠ ʧʦʛʦʣʝʤ ʧʦ ʙʨʦʿʦʪ ʥʘ ʢʦʣʦʥʠ 

ʢʦʠ ʛʦ ʩʦʜʨʞʘʪ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʩʦ ʢʦʝ ʩʝ ʧʨʦʝʢʪʠʨʘ NN. ʅʦ ʪʦʘ ʧʨʘʚʠʣʦ ʥʝ ʝ 

ʩʝʢʦʛʘʰ ʥʘʿʩʦʦʜʚʝʪʥʦ ʠ ʧʦʥʝʢʦʛʘʰ ʥʝ ʜʘʚʘ ʥʘʿʜʦʙʨʠ ʨʝʟʫʣʪʘʪʠ [90][91] [43]. ʅʘʿʯʝʩʪʦ 

ʥʘʿʜʦʙʨʘʪʘ ʢʦʤʙʠʥʘʮʠʿʘ ʥʘ ʧʘʨʘʤʝʪʨʠ ʢʦʠ ʥʝ ʩʝ ʧʦʜʣʦʞʥʠ ʥʘ ʧʨʝʩʤʝʪʢʘ ʪʫʢʫ ʝʜʥʦʩʪʘʚʥʦ ʝ 

ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʠʟʙʝʨʘʪ ʩʦʛʣʘʩʥʦ ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʩʦʛʣʘʩʥʦ 

ʠʩʢʫʩʪʚʦʪʦ, ʥʦ ʠ ʩʦʛʣʘʩʥʦ ʧʦʟʥʘʚʘˁʝʪʦ ʥʘ ʧʨʦʙʣʝʤʦʪ ʢʦʿʰʪʦ ʩʝ ʨʘʟʨʘʙʦʪʫʚʘ. ʂʦʨʠʩʪʝʝˁʪʦ 

ʥʘ ʛʦʨʝʩʧʦʤʝʥʘʪʦʪʦ ʧʨʘʚʠʣʦ ʤʦʞʝ ʩʘʤʦ ʜʘ ʧʦʤʦʛʥʝ ʧʨʠ ʧʨʚʠʯʥʠʦʪ ʠʟʙʦʨ ʥʘ ʝʧʦʭʠ, ʥʦ ʧʦʪʦʘ 

ʠʟʙʦʨʦʪ ʥʘ ʚʨʝʜʥʦʩʪʘ ʥʘ ʦʚʦʿ ʭʠʧʝʨʧʘʨʘʤʝʪʘʨ ʝ ʧʦʜʣʦʞʝʥʘ ʥʘ ʤʘʥʫʝʣʥʦ ʧʨʠʣʘʛʦʜʫʚʘˁʝ. 

ʆʚʦʿ ʧʘʨʘʤʝʪʘʨ ʝ ʠʩʪʦ ʪʘʢʘ ʙʠʪʝʥ ʢʘʢʦ ʥʘ ʧʨʠʤʝʨ ʠʟʙʦʨʦʪ ʥʘ ʘʣʛʦʨʠʪʘʤ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʠʣʠ 

ʙʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ, ʥʦ ʩʝʧʘʢ ʩʦ ʦʜʨʝʜʝʥʘ ʤʝʨʘ ʤʦʞʝ ʜʘ ʚʣʠʿʘʝ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʢʦʠ ʙʠ ʩʝ 

ʜʦʙʠʣʝ. ʀʥʘʢʫ ʚʦ ML, ʝʧʦʭʘ ʝ ʝʜʝʥ ʮʝʣʦʩʝʥ ʮʠʢʣʫʩ ʥʘ ʧʦʤʠʥʫʚʘˁʝ ʥʘ ʧʦʜʘʪʦʯʥʦʪʦ 

ʤʥʦʞʝʩʪʚʦ ʥʠʟ ʘʣʛʦʨʠʪʘʤʦʪ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ. ʂʦʣʢʫ ʧʘʪʠ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ˃ʝ 

ʧʦʤʠʥʝ ʥʠʟ ʘʣʛʦʨʠʪʘʤʦʪ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʥʘ ʧʨʦʮʝʩʦʪ. 

ʇʨʝʢʫ ʙʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ ʩʝ ʦʜʨʝʜʫʚʘ ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʩʠʛʥʘʣʦʪ ʥʘ ʥʝʚʨʦʥʩʢʘʪʘ ʤʨʝʞʘ, ʘ 

ʚʦʝʜʥʦ ʛʠ ʧʨʠʣʘʛʦʜʫʚʘ/ʘʞʫʨʠʨʘ ʛʦʣʝʤʠʥʠʪʝ ʥʘ ʩʠʛʥʘʣʦʪ ʟʘ ʚʨʝʤʝ ʥʘ ʧʨʦʮʝʩʦʪ ʥʘ ʪʨʝʥʠʨʘˁʝ 

ʥʘ ʩʘʤʘʪʘ ʤʨʝʞʘ. ɹʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ ʝ ʤʥʦʛʫ ʙʠʪʥʘ ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ ʙʨʟʠʥʘʪʘ ʩʦ ʢʦʿʘ ʫʯʠ 

ʤʨʝʞʘʪʘ [92]. ɹʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ ʥʘʿʯʝʩʪʦ ʥʘʿʧʨʚʦ ʩʝ ʧʦʩʪʘʚʫʚʘ ʜʘ ʙʠʜʝ ʦʜ 0,01 ʠʣʠ 0,1, ʧʘ 

ʩʝ ʜʦ ʤʘʢʩʠʤʘʣʥʦʪʦ ʥʠʚʦ ʦʜʥʦʩʥʦ 1. ɹʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ ʥʠʢʦʛʘʰ ʥʝ ʩʝ ʧʦʩʪʘʚʫʚʘ ʧʦʚʝ˃ʝ ʦʜ 

1, ʥʦ ʠʩʪʦ ʪʘʢʘ ʥʠʢʦʛʘʰ ʥʝ ʩʝ ʧʦʩʪʘʚʫʚʘ ʧʦʤʘʣʢʫ ʦʜ 
610- . ɺʦ ʧʦʯʝʪʝʥ ʤʦʤʝʥʪ ʩʝʢʦʛʘʰ ʩʝ 
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ʧʦʯʥʫʚʘ ʧʨʚʦ ʦʜ ʥʘʿʤʘʣʘʪʘ ʤʦʞʥʘ ʚʨʝʜʥʦʩʪ, ʧʘ ʜʦʢʦʣʢʫ ʨʝʟʫʣʪʘʪʠʪʝ ʧʦʩʣʝ ʪʨʝʥʠʨʘˁʝʪʦ ʥʘ 

ʤʨʝʞʘʪʘ ʥʝ ʩʝ ʩʦʦʜʚʝʪʥʠ, ʩʝ ʟʛʦʣʝʤʫʚʘ ʚʨʝʜʥʦʩʪʘ ʥʘ ʙʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ. ʉʦʛʣʘʩʥʦ 

ʠʩʪʨʘʞʫʚʘˁʘʪʘ ʠ ʨʝʟʫʣʪʘʪʠʪʝ ʚʦ [93], ʥʘʿʛʦʣʝʤʘ ʪʦʯʥʦʩʪ ʩʦ ʥʘʿʤʘʣʘ ʛʨʝʰʢʘ ʚʦ ʦʜʨʝʜʫʚʘˁʝʪʦ 

ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʩʝ ʧʦʩʪʠʛʥʫʚʘ ʩʦ ʰʪʦ ʝ ʤʦʞʥʦ ʧʦʤʘʣʘ ʚʨʝʜʥʦʩʪ ʥʘ ʙʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ 

ʦʜʥʦʩʥʦ 0,0001 ʢʦʝ ʝ ʧʨʠʙʣʠʞʥʦ ʜʦ 
610-  ʢʘʢʦ ʤʠʥʠʤʘʣʥʘ ʛʨʘʥʠʮʘ. ʉʦʛʣʘʩʥʦ ʨʘʚʝʥʢʠʪʝ 29 

ʠ 30 ʩʝ ʜʝʬʠʥʠʨʘ ʢʘʢʦ ʢʦʝʬʠʮʠʝʥʪʦʪ ʩʦ ʢʦʿʰʪʦ ʝ ʜʝʬʠʥʠʨʘʥʘ ʙʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ ʚʣʠʿʘʝ ʥʘ 

ʧʨʦʮʝʩʦʪ ʥʘ ʧʨʠʣʘʛʦʜʫʚʘˁʝ ʥʘ ʪʝʞʠʥʩʢʠʦʪ ʢʦʝʬʠʮʠʝʥʪ (wieght) ʠ ʢʦʝʬʠʮʠʝʥʪ ʥʘ ʧʦʤʝʩʪ 

(bias), ʢʘʜʝ ʰʪʦ ʩʦ a ʝ ʧʨʝʪʩʪʘʚʝʥʘ ʙʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ.  
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(30) 

ɸʢʦ ʩʝ ʩʣʝʜʠ ʩʠʛʥʘʣʦʪ ʥʘ ʜʚʠʞʝˁʝ ʚʦ NN, ʬʦʨʤʫʣʘʪʘ ʟʘ ʝʜʝʥ ʝʜʠʥʩʪʚʝʥ ʥʝʚʨʦʥ, ʘ ʧʦʪʦʘ ʠ 

ʟʘ ʧʦʜʝʩʫʚʘˁʝ ʥʘ ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʩʠʛʥʘʣʦʪ ʝ ʩʦʛʣʘʩʥʦ ʨʘʚʝʥʢʠʪʝ 31 ʠ 32. ʆʜ ʨʘʚʝʥʢʘʪʘ 31, ʩʦ
l

ka  ʝ ʜʝʬʠʥʠʨʘʥ ʝʜʝʥ ʥʝʚʨʦʥ ʚʦ l - ʪʠʦʪ ʩʣʦʿ ʦʜ NN, ʜʦʜʝʢʘ s ʝ AF, ʪʝʞʠʥʩʢʠʦʪ ʢʦʝʬʠʮʠʝʥʪ 

(wieght) - l

kw  , ʜʦʜʝʢʘ l

kb  ʝ ʢʦʝʬʠʮʠʝʥʪ ʥʘ ʧʦʤʝʩʪ (bias) ʚʦ NN. 

 ( )l l

k ka zs=  (31) 

 1 1 1

1 1 2 2 ...l l l l l l l l

k k k kn n kz w a w a w a b- - -= Ö + Ö + + Ö + (32) 

ɿʘ ʜʘ ʩʝ ʘʞʫʨʠʨʘ ʪ.ʝ. ʜʘ ʩʝ ʧʨʠʣʘʛʦʜʠ ʝʜʝʥ ʪʝʞʠʥʩʢʠ ʢʦʝʬʠʮʠʝʥʪ ʧʦʪʨʝʙʥʦ ʝ ʜʘ ʩʝ ʧʨʝʩʤʝʪʘ 

ʧʘʨʮʠʿʘʣʥʠʦʪ ʠʟʚʦʜʦʪ ʥʘ ʛʨʝʰʢʘʪʘ ʚʦ ʦʜʥʦʩ ʥʘ ʩʦʦʜʚʝʪʥʘʪʘ ʛʦʣʝʤʠʥʘ ʥʘ ʩʠʛʥʘʣʦʪ ʢʘʢʦ ʰʪʦ 

ʝ ʧʨʝʪʩʪʘʚʝʥʦ ʤʘʪʝʤʘʪʠʯʢʠ ʩʦ ʠʟʨʘʟ ʙʨ. 33 ʠ 34. 
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(34) 

ʉʦ ʧʨʝʩʤʝʪʢʘ ʥʘ ʧʘʨʮʠʿʘʣʥʠʪʝ ʠʟʚʦʜʠʪʝ ʥʘ ʛʨʝʰʢʘʪʘ ʚʦ ʦʜʥʦʩ ʥʘ ʪʝʞʠʥʩʢʠʦʪ ʢʦʝʬʠʮʠʝʥʪ, 

ʥʘ ʢʨʘʿ ʩʝ ʜʦʙʠʚʘ ʜʝʢʘ ʘʞʫʨʠʨʘˁʝʪʦ ʥʘ ʪʝʞʠʥʩʢʠʦʪ ʢʦʝʬʠʮʠʝʥʪ ʩʝ ʩʚʝʜʫʚʘ ʥʘ ʨʘʚʝʥʢʘ 29, 

ʜʦʜʝʢʘ ʘʞʫʨʠʨʘˁʝʪʦ ʥʘ ʧʦʜʦʙʨʫʚʘʯʢʠʦʪ ʢʦʝʬʠʮʠʝʥʪ ʩʝ ʩʚʝʜʫʚʘ ʥʘ ʨʘʚʝʥʢʘ 30. ʆʩʚʝʥ 

ʧʦʩʪʦʝʯʢʘʪʘ ʨʘʚʝʥʢʘ, ʧʦʜʦʙʨʫʚʘʯʢʠʦʪ ʢʦʝʬʠʮʠʝʥʪ ʚʦ ʛʦʣʝʤ ʙʨʦʿ ʦʜ ʩʣʫʯʘʠʪʝ ʩʝ ʧʨʠʣʘʛʦʜʫʚʘ 

ʜʘ ʦʩʪʘʥʝ ʩʦ ʚʨʝʜʥʦʩʪ 1 (ʝʜʝʥ) ʚʦ ʪʝʢʦʪ ʥʘ ʮʝʣʦʪʦ ʚʨʝʤʝ ʥʘ ʪʨʝʥʠʨʘˁʝ ʥʘ NN.   

ɿʘ ʜʘ ʤʦʞʝ ʜʘ ʩʝ ʩʧʨʦʚʝʜʝ ʪʨʝʥʠʨʘˁʝʪʦ, ʚʘʣʠʜʘʮʠʿʘʪʘ, ʥʦ ʠ ʘʞʫʨʠʨʘˁʝʪʦ ʥʘ NN, ʧʦʪʨʝʙʥʦ 

ʝ ʜʘ ʙʠʜʝ ʠʟʙʨʘʥ ʩʦʦʜʚʝʪʝʥ ʘʣʛʦʨʠʪʘʤʦʪ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʥʘ ʧʨʦʮʝʩʦʪ. ʎʝʣʪʘ ʥʘ ʘʣʛʦʨʠʪʘʤʦʪ 

ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʝ ʙʨʟʦ ʢʦʥʚʝʨʛʠʨʘˁʝ ʢʦʥ ʤʠʥʠʤʫʤ. ʊʦʘ ʟʥʘʯʠ ʜʝʢʘ ʢʦʣʢʫ ʧʦʙʨʟʦ 

ʬʫʥʢʮʠʿʘʪʘ ʢʦʥʚʝʨʛʠʨʘ ʢʦʥ ʣʦʢʘʣʝʥ ʤʠʥʠʤʫʤ ʪʦʣʢʫ ʧʦʙʨʟʦ ʝ ʧʦʩʪʠʛʥʘʪʘ ʩʪʘʙʠʣʥʘ ʩʦʩʪʦʿʙʘ 

ʩʦ ʥʘʿʤʘʣʘ ʛʨʝʰʢʘ. ʂʦʨʠʩʪʝʥʠʪʝ ʘʣʛʦʨʠʪʤʠ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʢʦʠ ʤʦʞʝ ʜʘ ʩʝ ʥʘʿʜʘʪ ʚʦ ʦʚʘʘ 

ʠʩʪʨʘʞʫʚʘˁʝ ʩʝ Levenberg-Marquardt (LMA ) ʠ Adam optimizer ï ADAM . ʉʦʛʣʘʩʥʦ 

ʧʨʝʛʣʝʜʘʥʘʪʘ ʠ ʜʦʩʪʘʧʥʘ ʣʠʪʝʨʘʪʫʨʘ, ʥʘʚʝʜʝʥʠʪʝ ʘʣʛʦʨʠʪʤʠ ʦʚʦʟʤʦʞʫʚʘʘʪ ʥʘʙʿʨʟʦ 

ʢʦʥʚʝʨʛʠʨʘˁʝ ʢʦʥ ʤʠʥʠʤʫʤ [94][95], [81], [82], [96]. ʅʘ ʉʣʠʢʘ 91 ʠ ʉʣʠʢʘ 92 ʝ ʧʨʠʢʘʞʘʥa 
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ʧʨʠʯʠʥʘʪʘ ʟʘ ʧʨʠʤʝʥʘ ʥʘ ADAM ʦʧʪʠʤʠʟʘʪʦʨ ʟʘ ʧʨʦʧʨʘʛʠʨʘˁʝ ʢʦʥ ʛʣʦʙʘʣʝʥ ʤʠʥʠʤʫʤ ʠ 

ʧʦʩʪʠʛʥʫʚʘˁʝ ʥʘ ʥʘʿʦʧʪʠʤʘʣʥʦ ʨʝʰʝʥʠʝ ʥʘ ʠʟʣʝʟ ʦʜ NN. 

LMA  ʘʣʛʦʨʠʪʘʤʦʪ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʧʦʩʪʠʛʥʫʚʘˁʝ ʥʘ ʧʦʜʦʙʨʝʥʠ ʜʠʥʘʤʠʯʢʠ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ ʧʨʠ ʫʧʨʘʚʫʚʘˁ ʝ ʩʦ ʬʨʝʢʚʝʥʮʠʿʘʪʘ ʜʦʜʝʢʘ 

ADAM  ʦʧʪʠʤʠʟʘʪʦʨʦʪ ʩʝ ʢʦʨʠʩʪʠ ʢʦʛʘ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʦʜʨʝʜʘʪ ʢʦʝʬʠʮʠʝʥʪʠʪʝ ʟʘ PID 

ʫʧʨʘʚʫʚʘˁʝʪʦ ʧʨʝʢʫ ʢʦʠ ʪʨʝʙʘ ʜʘ ʩʝ ʧʦʩʪʠʛʥʝ ʧʦʛʦʣʝʤʘ ʝʬʠʢʘʩʥʦʩʪ ʚʦ ʩʠʩʪʝʤʦʪ, ʥʦ ʠ 

ʧʦʜʦʙʨʝʥʠ ʜʠʥʘʤʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ. 

ADAM  ʦʧʪʠʤʠʟʘʪʦʨʦʪ ʢʘʢʦ ʥʘʿʝʬʠʢʘʩʝʥ ʠ ʥʘʿʢʦʨʠʩʪʝʥ, ʥʝʛʦʚʦʪʦ ʜʝʿʩʪʚʦ ʤʦʞʝ ʜʘ ʩʝ ʧʦʜʝʣʠ 

ʥʘ ʥʝʢʦʣʢʫ ʬʘʟʠ ʚʦ ʚʣʠʿʘʥʠʝʪʦ ʧʨʠ ʜʦʙʠʚʘˁʝ ʥʘ ʥʘʿʧʦʚʦʣʥʦ ʨʝʰʝʥʠʝ ʠ ʪʦʘ, ʧʦʜʛʦʪʚʫʚʘˁʝ 

ʥʘ ʘʣʛʦʨʠʪʘʤʦʪ, ʘʞʫʨʠʨʘˁʝ ʥʘ ʪʝʞʠʥʩʢʠʦʪ ʢʦʝʬʠʮʠʝʥʪ, ʦʪʧʦʯʥʫʚʘˁʝ ʥʘ ʬʘʟʘ ʥʘ ʢʦʨʝʢʮʠʿʘ 

ʥʘ ʧʦʜʦʙʨʫʚʘʯʢʠʦʪ ʢʦʝʬʠʮʠʝʥʪ ʠ ʘʥʘʣʠʟʘ ʥʘ ʬʘʟʘʪʘ ʥʘ ʢʦʥʚʝʨʛʝʥʮʠʿʘ ʢʦʥ ʦʧʪʠʤʘʣʥʦʪʦ 

ʨʝʰʝʥʠʝ [95]. 

ɺʦ ʧʨʚʘʪʘ ʬʘʟʘ, ʦʜʥʦʩʥʦ ʧʦʜʛʦʪʚʫʚʘˁʝ ʥʘ ʘʣʛʦʨʠʪʘʤʦʪ ʟʘ ʢʦʨʠʩʪʝˁʝ, ʥʘʿʧʨʚʦ ʝ ʧʦʪʨʝʙʥʦ 

ʜʘ ʩʝ ʠʟʙʝʨʝ ʬʫʥʢʮʠʿʘ ()f Q , ʢʘʜʝ ʰʪʦ 0Q  ʝ ʧʦʯʝʪʥʠʦʪ ʚʝʢʪʦʨ, ʦʜʥʦʩʥʦ ʚʨʝʜʥʦʩʪʘ ʥʘ 

ʪʝʞʠʥʩʢʠʦʪ ʢʦʝʬʠʮʠʝʥʪ ʠ ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʧʦʤʝʩʪ, ʩʦʦʜʚʝʪʥʦ. ʉʦʛʣʘʩʥʦ ʠʟʙʨʘʥʘʪʘ, 

ʦʜʥʦʩʥʦ ʧʦʜʛʦʪʚʝʥʘʪʘ ʬʫʥʢʮʠʿʘ, ʧʦʪʨʝʙʥʦ ʝ ʜʘ ʩʝ ʠʟʙʝʨʘʪ ʠ ʧʦʩʪʘʚʘʪ ʩʦʦʜʚʝʪʥʠ ʚʨʝʜʥʦʩʪʠ 

ʟʘ ʩʣʝʜʥʠʪʝ ʧʘʨʘʤʝʪʨʠ: a ʝ ʙʨʟʠʥʘ ʥʘ ʫʯʝˁʝ (ʭʠʧʝʨʧʘʨʘʤʝʪʘʨ), ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠʪʝ ʩʪʘʧʢʠ 

1b ʠ 2b  ʢʦʠ ʩʝ ʚʘʞʥʠ ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ ʢʦʥʚʝʨʛʠʨʘˁʝ ʧʨʠ ʘʞʫʨʠʨʘˁʝ ʥʘ ʛʨʘʜʠʝʥʪʦʪ ʠ 

ʢʚʘʜʨʘʪʦʪ ʥʘ ʛʨʘʜʠʝʥʪʦʪ, ʠʩʪʦ ʪʘʢʘ ʩʝ ʥʘʨʝʢʫʚʘʘʪ ʠ ʧʘʨʘʤʝʪʨʠ ʟʘ ʠʟʤʘʟʥʫʚʘˁʝ ʥʘ ʢʨʠʚʘʪʘ ʥʘ 

ʢʦʥʚʝʨʛʠʨʘˁʝ. ʀʩʪʦ ʪʘʢʘ ʪʫʢʘ ʩʝ ʩʧʦʤʥʫʚʘ ʠ ʛʦʣʝʤʠʥʘ ʥʘ ʯʝʢʦʨ (step size) ʢʦʿ ʝ 

ʧʨʘʚʦʧʨʦʧʦʨʮʠʦʥʘʣʥʦ ʟʘʚʠʩʥʘ ʦʜ ʙʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ ʠ ʛʦʣʝʤʠʥʘ ʥʘ ʛʨʘʜʠʝʥʪʦʪ tss ga= Ö. 

ʊʦʘ ʝ ʧʦʚʨʟʘʥʦ ʩʦ ʚʠʩʪʠʥʩʢʦʪʦ ʨʘʩʪʦʿʘʥʠʝ ʧʨʠ ʜʚʠʞʝˁʝ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʚʦ ʜʝʬʠʥʠʨʘʥʠʦʪ 

ʧʨʦʩʪʦʨ ʟʘ ʚʨʝʤʝ ʥʘ ʧʨʦʮʝʩʦʪ ʥʘ ʘʞʫʨʠʨʘˁʝ ʥʘ ʢʦʝʬʠʮʠʝʥʪʠʪʝ. ɼʚʠʞʝʯʢʠ ʧʨʦʩʝʢ (Moving 

average - MA) ʦʜ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ ʧʨʝʪʭʦʜʥʠʪʝ ʛʨʘʜʠʝʥʪʠ (first moment estimation) ʩʝ 

ʦʟʥʘʯʫʚʘ ʩʦ tm , ʜʦʜʝʢʘ ʧʨʦʩʝʢʦʪ ʦʜ ʢʚʘʜʨʘʪʦʪ ʥʘ ʧʨʝʪʭʦʜʥʠʪʝ ʛʨʘʜʠʝʥʪʠ (second moment 

estimation) ʩʝ ʦʟʥʘʯʫʚʘ ʩʦ tv , ʜʝʬʠʥʠʨʘˁʝ ʥʘ ʚʨʝʤʝʥʩʢʠʦʪ ʧʨʝʩʤʝʪʢʦʚʝʥ ʯʝʢʦʨ - t  [95], [97]. 

ɺʨʝʜʥʦʩʪʠʪʝ ʥʘ ʛʨʘʜʠʝʥʪʦʪ ʠ ʢʚʘʜʨʘʪʦʪ ʥʘ ʛʨʘʜʠʝʥʪʦʪ ʩʝ ʦʟʥʘʯʫʚʘʘʪ ʩʦ tg  ʠ 
2

tg . 

 1t t« +  (35) 

 ( )1 1 11t t tm m gb b-« Ö + - Ö (36) 

 ( ) 2

2 1 21t t tv v gb b-« Ö + - Ö (37) 

 ( )11 t

t tm m b« -  (38) 

 ( )21 t

t tv v b« -  (39) 

 ( )1 /t t t tm v ea-Q «Q - Ö + 
(40) 

ʈʘʚʝʥʢʘ 36 ʛʦ ʦʧʠʰʫʚʘ ʘʞʫʨʠʨʘˁʝʪʦ ʥʘ ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʧʦʤʝʩʪ (bias) ʠ ʪʝʞʠʥʩʢʠʦʪ 

ʢʦʝʬʠʮʠʝʥʪ (w) ʚʦ ʧʨʚʠʦʪ ʤʦʤʝʥʪ ʥʘ ʧʨʦʮʝʥʢʘ ʧʨʠ ʬʘʟʘ ʥʘ ʢʦʥʚʝʨʛʠʨʘˁʝ. ʈʘʚʝʥʢʘ 37 ʛʦ 

ʦʧʠʰʫʚʘ ʘʞʫʨʠʨʘˁʝʪʦ ʥʘ ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʧʦʤʝʩʪ (bias) ʠ ʪʝʞʠʥʩʢʠʦʪ ʢʦʝʬʠʮʠʝʥʪ (w) ʚʦ 
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ʚʪʦʨʠʦʪ ʤʦʤʝʥʪ ʥʘ ʧʨʦʮʝʥʢʘ ʧʨʠ ʬʘʟʘ ʥʘ ʢʦʥʚʝʨʛʠʨʘˁʝ. ʈʘʚʝʥʢʘ 38 ʿ ʘ ʦʙʿʘʩʥʫʚʘ ʢʦʨʝʢʮʠʿʘʪʘ 

ʥʘ ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʧʦʤʝʩʪ (bias) ʠ ʪʝʞʠʥʩʢʠʦʪ ʢʦʝʬʠʮʠʝʥʪ (w) ʧʨʠ ʧʨʝʪʭʦʜʥʘʪʘ ʧʨʝʩʤʝʪʢʘ 

ʦʜ ʧʨʚʠʦʪ ʤʦʤʝʥʪ ʥʘ ʧʨʦʮʝʥʢʘ. ʈʘʚʝʥʢʘ 39 ʿʘ ʦʙʿʘʩʥʫʚʘ ʢʦʨʝʢʮʠʿʘʪʘ ʥʘ ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ 

ʧʦʤʝʩʪ (bias) ʠ ʪʝʞʠʥʩʢʠʦʪ ʢʦʝʬʠʮʠʝʥʪ (w) ʚʦ ʚʪʦʨʠʦʪ ʤʦʤʝʥʪ ʥʘ ʧʨʦʮʝʥʢʘ ʚʦ ʬʘʟʘ ʥʘ 

ʢʦʥʚʝʨʛʠʨʘˁʝ. ʈʘʚʝʥʢʘ 40 ʛʦ ʦʧʠʰʫʚʘ ʘʞʫʨʠʨʘˁʝʪʦ ʥʘ ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʧʦʤʝʩʪ ʠ 

ʪʝʞʠʥʩʢʠʦʪ ʢʦʝʬʠʮʠʝʥʪ ʟʘʩʝʙʥʦ ʟʘ ʩʝʢʦʝ ʩʣʝʜʥʦ ʧʨʝʩʤʝʪʫʚʘˁʝ, ʢʘʢʦ ʰʪʦ ʚʝ˃ʝ ʙʝʰʝ 

ʥʘʧʦʤʝʥʘʪʦ, ʟʝʤʘʿ˃ʠ ʛʠ ʚʦ ʧʨʝʜʚʠʜ ʧʨʝʪʭʦʜʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʥʘ ʢʦʝʬʠʮʠʝʥʪʠʪʝ. 

ʉʦ ʧʦʚʪʦʨʫʚʘˁʝ ʥʘ ʨʝʜʦʩʣʝʜʦʪ ʥʘ ʨʘʚʝʥʢʠ 35 ʜʦ 40 ʧʨʠ ʧʨʦʮʝʩʦʪ ʥʘ ʧʨʝʩʤʝʪʢʘ, ʥʦ ʠ ʩʦ 

ʧʨʦʤʝʥʘ ʥʘ ʨʝʜʦʩʣʝʜʦʪ ʥʘ ʧʨʝʩʤʝʪʫʚʘˁʝ, ʜʦʘʺʘ ʜʦ ʠʟʥʘʦʺʘˁʝ ʥʘ ʥʘʿʧʦʚʦʣʥʦʪʦ, 

ʥʘʿʦʧʪʠʤʘʣʥʦʪʦ ʨʝʰʝʥʠʝ ʩʦ ʢʦʨʠʩʪʝˁʝ ʥʘ ADAM  ʦʧʪʠʤʠʟʘʪʦʨʦʪ ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ 

ʢʦʥʚʝʨʛʠʨʘˁʝ ʥʘ ʨʝʰʝʥʠʝʪʦ. ɹʠʜʝʿ˃ʠ a ʝ ʙʨʟʠʥʘ ʥʘ ʫʯʝˁʝ ʚʦ ʦʩʥʦʚʥʘ ʬʦʨʤʘ ʠ ʠʤʘ 

ʥʝʧʨʦʤʝʥʣʠʚʘ ʚʨʝʜʥʦʩʪ ʙʠʜʝʿ˃ʠ ʝ ʭʠʧʝʨʧʘʨʘʤʝʪʘʨ, ta  ʝ ʝʬʝʢʪʠʚʥʘ ʙʨʟʠʥʘ ʥʘ ʫʯʝˁʝ ʚʦ 

ʪʦʯʥʦ ʜʝʬʠʥʠʨʘʥʦ ʚʨʝʤʝ t. ɽʬʝʢʪʠʚʥʘʪʘ ʙʨʟʠʥʘ ʥʘ ʫʯʝˁʝ ʩʝ ʤʝʥʫʚʘ ʚʦ ʟʘʚʠʩʥʦʩʪ ʦʜ 

ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ ʧʨʝʪʭʦʜʥʠʪʝ ʛʨʘʜʠʝʥʪʠ ʟʘ ʢʦʿʘ ʙʠʣʦ ʥʘʧʨʘʚʝʥʘ ʧʨʝʩʤʝʪʢʘ. ɽʬʝʢʪʠʚʥʘʪʘ 

ʙʨʟʠʥʘ ʥʘ ʫʯʝˁʝ ʩʝ ʤʝʥʫʚʘ ʚʦ ʟʘʚʠʩʥʦʩʪ ʦʜ ʚʨʝʤʝʪʦ ʠ ʚʦ ʟʘʚʠʩʥʦʩʪ ʦʜ ʧʘʨʘʤʝʪʝʨʠʪʝ 

(ʪʝʞʠʥʩʢʠʦʪ ʢʦʝʬʠʮʠʝʥʪ ʠ ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʧʦʤʝʩʪ). ADAM ʦʧʪʠʤʠʟʘʪʦʨʦʪ ʿʘ ʧʨʠʣʘʛʦʜʫʚʘ 

ʙʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ ʟʘ ʩʝʢʦʿ ʧʘʨʘʤʝʪʘʨ ʟʘʩʝʙʥʦ ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʚʨʝʜʥʦʩʪʘ ʥʘ ʧʨʝʪʭʦʜʥʠʪʝ 

ʛʨʘʜʠʝʥʪʠ. ɼʦʢʦʣʢʫ ʢʘʿ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ ʛʨʘʜʠʝʥʪʠʪʝ ʩʝ ʧʦʿʘʚʫʚʘʘʪ ʛʦʣʝʤʠ ʨʘʟʣʠʢʠ, tv  ˃ʝ ʠʤʘ 

ʛʦʣʝʤʘ ʚʨʝʜʥʦʩʪ, ʘ ta  ˃ʝ ʩʝ ʥʘʤʘʣʠ. ɼʦʢʦʣʢʫ ʢʘʿ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ ʛʨʘʜʠʝʥʪʠʪʝ ʩʝ ʧʦʿʘʚʫʚʘʘʪ 

ʤʘʣʠ ʨʘʟʣʠʢʠ, ta  ˃ʝ ʩʝ ʜʦʙʣʠʞʠ ʜʦ ʚʨʝʜʥʦʩʪʘ ʥʘ a. ɺʘʢʚʘʪʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʤʫ ʧʦʤʘʛʘ ʥʘ 

ADAM ʦʧʪʠʤʠʟʘʪʦʨʦʪ ʜʘ ʦʚʦʟʤʦʞʠ ʧʦʙʨʟʦ ʠ ʧʦʩʠʛʫʨʥʦ ʢʦʥʚʝʨʛʠʨʘˁʝ. ɿʘ ʪʘʘ ʮʝʣ ʧʦʪʨʝʙʥʦ 

ʝ ʜʘ ʩʝ ʟʘʤʝʥʠ a ʩʦ ta  ʠ ʪʦʘ ʥʘ ʩʣʝʜʥʠʦʪ ʥʘʯʠʥ, ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʩʦ ʨʘʚʝʥʢʠʪʝ 41 ʠ 42: 

 ( )2 11 1t t

ta a b b= Ö - - (41) 

 ( )1 /t t t t tm v ea-Q «Q - Ö + (42) 

ʉʦʛʣʘʩʥʦ ʨʘʚʝʥʢʘ 41, ʚʦ
11 tb-  ʩʝ ʧʨʘʚʠ ʢʦʨʝʢʮʠʿʘ ʥʘ ʜʚʠʞʝʯʢʠʦʪ ʧʨʦʩʝʢ ʥʘ ʢʚʘʜʨʘʪʦʪ ʥʘ 

ʛʨʘʜʠʝʥʪʦʪ, ʜʦʜʝʢʘ ʚʦ 21 tb-  ʩʝ ʧʨʘʚʠ ʢʦʨʝʢʮʠʿʘ ʥʘ ʜʚʠʞʝʯʢʠʦʪ ʧʨʦʩʝʢ ʥʘ ʛʨʘʜʠʝʥʪʦʪ. ʇʦʪʦʘ 

ʩʦ ʨʘʚʝʥʢʘ 42 ʝ ʧʨʠʢʘʞʘʥ ʥʘʯʠʥʦʪ ʥʘ ʘʞʫʨʠʨʘˁʝ ʥʘ ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʧʦʤʝʩʪ ʠ ʪʝʞʠʥʩʢʠʦʪ 

ʢʦʝʬʠʮʠʝʥʪ ʟʘʩʝʙʥʦ ʟʝʤʘʿ˃ʠ ʿʘ ʚʦ ʧʨʝʜʚʠʜ ʝʬʝʢʪʠʚʥʘʪʘ/ʧʨʦʤʝʥʣʠʚʘ ʙʨʟʠʥʘ ʥʘ ʫʯʝˁʝ.   

ADAM  ʦʧʪʠʤʠʟʘʪʦʨʦʪ ʬʫʥʢʮʠʦʥʠʨʘ ʥʘ ʪʦʿ ʥʘʯʠʥ ʰʪʦ, ʩʝ ʜʦʜʝʢʘ tQ  ʥʝ ʢʦʥʚʝʨʛʠʨʘ ʜʦ 

ʦʧʪʠʤʘʣʥʦ, ʥʘʿʜʦʙʨʦ ʨʝʰʝʥʠʝ, ʧʦʩʪʦʿʘʥʦ ʩʝ ʧʦʚʪʦʨʫʚʘ ʧʦ ʙʨʟʠʥʘʪʘ ʥʘ ʘʞʫʨʠʨʘˁʝ ʥʘ 

ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʧʦʤʝʩʪ (bias), ʧʨʝʩʤʝʪʢʘ ʠ ʥʠʚʥʘ ʢʦʨʝʢʮʠʿʘ.  

ɺʦ ʚʪʦʨʘ ʬʘʟʘ ʩʝ ʚʦʩʧʦʩʪʘʚʫʚʘ ʧʨʘʚʠʣʦ ʟʘ ʘʞʫʨʠʨʘˁʝ ʥʘ ʚʨʝʜʥʦʩʪʠ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʩʦ 

ʢʦʨʠʩʪʝˁʝ ʥʘ ADAM  ʦʧʪʠʤʠʟʘʪʦʨ. 

ʄʥʦʛʫ ʚʘʞʝʥ ʧʘʨʘʤʝʪʘʨ ʚʦ ʚʦʩʧʦʩʪʘʚʫʚʘˁʝʪʦ ʥʘ ʧʨʘʚʠʣʦʪʦ ʟʘ ʘʞʫʨʠʨʘˁʝ ʥʘ ʚʨʝʜʥʦʩʪʠʪʝ ʝ 

ʚʥʠʤʘʪʝʣʥʦ ʦʜʙʨʘʥʘ ʙʨʟʠʥʘ ʥʘ ʫʯʝˁʝ. ɽʬʝʢʪʠʚʥʠʦʪ ʯʝʢʦʨ ʧʨʝʪʩʪʘʚʝʥ ʚʦ ʚʨʝʤʝʥʩʢʠ ʜʦʤʝʥ t 
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ʝ /t t tm vaD = Ö . ɽʬʝʢʪʠʚʥʠʦʪ ʯʝʢʦʨ ʥʘ ʧʨʝʩʤʝʪʫʚʘˁʝ ʠʤʘ ʜʚʝ ʛʨʘʥʠʯʥʠ ʚʨʝʜʥʦʩʪʠ ʢʦʠ ʩʝ 

ʧʨʝʪʩʪʘʚʝʥ ʥʘ ʩʣʝʜʥʠʦʪ ʥʘʯʠʥ ʩʦʛʣʘʩʥʦ ʨʘʚʝʥʢʠʪʝ 43, 44, 45:  

 ( )1 21 1t a b bD ¢ Ö - - (43) 

ʚʦ ʩʣʫʯʘʿ ʢʦʛʘ 

 ( )1 21 1b b- > -  
(44) 

ʠ ʚʪʦʨʘʪʘ ʛʨʘʥʠʯʥʘ ʚʨʝʜʥʦʩʪ. 

 
t aD ¢  (45) 

ʇʨʚʠʦʪ ʩʣʫʯʘʿ, ʦʜʥʦʩʥʦ ʨʘʚʝʥʢʠʪʝ 43 ʠ 44 ʩʝ ʧʨʠʩʫʪʥʠ ʩʘʤʦ ʚʦ ʥʘʿʪʝʰʢʠ ʩʠʪʫʘʮʠʠ, ʘ ʪʦʘ ʝ 

ʢʦʛʘ ʛʨʘʜʠʝʥʪʦʪ ʝ ʥʫʣʘ ʚʦ ʩʠʪʝ ʚʨʝʤʝʥʩʢʠ ʯʝʢʦʨʠ ʥʘ ʧʨʝʩʤʝʪʫʚʘˁʝ ʦʩʚʝʥ ʚʦ ʤʦʤʝʥʪʘʣʥʠʦʪ 

ʯʝʢʦʨ ʥʘ ʧʨʝʩʤʝʪʫʚʘˁʝ. ʅʦ ʟʘ ʧʦʤʘʣʢʫ ʢʦʤʧʣʠʮʠʨʘʥʠ ʩʠʪʫʘʮʠʠ, ʝʬʝʢʪʠʚʥʠʦʪ ʚʨʝʤʝʥʩʢʠ 

ʯʝʢʦʨ, ˃ʝ ʙʠʜʝ ʧʦʤʘʣ ʦʜ ʥʫʣʘ. ʂʦʛʘ ( )1 21 1b b- = -, ʪʦʛʘʰ / 1t tm v <  ʚʦ ʪʦʿ ʩʣʫʯʘʿ 

t aD ¢ . ɺʦ ʤʥʦʛʫ ʧʦʯʝʩʪʠ ʩʠʪʫʘʮʠʠ, ˃ʝ ʚʘʞʠ ʜʝʢʘ / 1t tm v º°.   

ɽʬʝʢʪʠʚʥʘʪʘ ʛʦʣʝʤʠʥʘ ʥʘ ʚʨʝʤʝʥʩʢʠʦʪ ʯʝʢʦʨ ʚʦ ʚʨʝʤʝʥʩʢʠ ʜʦʤʝʥ ʩʝ ʧʨʠʙʣʠʞʥʦ ʦʛʨʘʥʠʯʝʥʠ 

ʠ ʪʦʘ t a
<

D
º

. ʆʚʦʿ ʠʟʨʘʟ ʤʦʞʝ ʜʘ ʩʝ ʟʘʧʠʰʝ ʠ ʨʘʟʙʝʨʝ ʢʘʢʦ ʙʝʟʙʝʜʥʘ ʟʦʥʘ ʦʢʦʣʫ ʢʦʿʘ 

ʤʦʤʝʥʪʘʣʥʠʦʪ ʛʨʘʜʠʝʥʪ ʥʝʤʘ ʜʘ ʧʨʦʠʟʚʝʜʫʚʘ ʜʦʧʦʣʥʠʪʝʣʥʠ ʠ ʥʝʧʦʪʨʝʙʥʠ ʠʥʬʦʨʤʘʮʠʠ ʟʘ 

ʧʨʝʩʤʝʪʢʦʚʥʠʦʪ ʤʦʜʝʣ.   

ɺʦ ʪʨʝʪʘʪʘ ʬʘʟʘ ʩʝ ʧʨʘʚʠ ʢʦʨʝʢʮʠʿʘ ʥʘ ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʧʦʤʝʩʪ (bias). ɹʠʜʝʿ˃ʠ 

ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʘʪʘ ʩʪʘʧʢʘ 1b ʝ ʘʥʘʣʦʛʥʘ, ʧʦʛʦʣʝʤʦ ʚʥʠʤʘʥʠʝ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʦʙʨʘʪʠ ʥʘ 

2b . ɸʢʦ g  ʝ ʛʨʘʜʠʝʥʪ ʥʘ ʙʠʣʦ ʢʦʿ ʩʪʦʭʘʩʪʠʯʢʠ ʦʙʿʝʢʪ f  ʠ ʜʦʢʦʣʢʫ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ 

ʥʘʧʨʘʚʠ ʧʨʦʮʝʥʢʘ ʥʘ 2b , ʚʦ ʧʦʯʝʪʝʥ ʤʦʤʝʥʪ ʩʝ ʟʘʜʘʚʘ 0 0v = , ʘ ʧʨʠʪʦʘ ʪʨʝʙʘ ʜʘ ʩʝ ʥʘʛʣʘʩʠ 

ʜʝʢʘ ʥʘʿʧʨʚʦ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʘʞʫʨʠʨʘ ʚʨʝʤʝʥʩʢʠʦʪ ʯʝʢʦʨ t  ʪʘʢʘ ʰʪʦ ˃ʝ ʚʘʞʠ ʠʟʨʘʟʦʪ 

( ) 2

2 1 21t t tv v gb b-= Ö + - Ö, ʘ ʦʚʦʿ ʠʟʨʘʟ ʧʦʥʘʪʘʤʫ ʤʦʞʝ ʜʘ ʩʝ ʟʘʧʠʰʝ ʢʘʢʦ ʬʫʥʢʮʠʿʘ ʦʜ ʩʠʪʝ 

ʛʨʘʜʠʝʥʪʠ ʚʦ ʩʠʪʝ ʧʨʝʪʭʦʜʥʠ ʚʨʝʤʝʥʩʢʠ ʯʝʢʦʨʠ, ʢʘʢʦ ʰʪʦ ʝ ʧʨʝʪʩʪʘʚʝʥʦ ʩʦ ʨʘʚʝʥʢʘ 46.    

 
( ) 2

2 2

1

1
t

t i

t i

i

v gb b-

=

= - Öä  
 

(46) 

ʉʝʧʘʢ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʟʥʘʝ ʢʘʢʦ []tvE  ʤʘʪʝʤʘʪʠʯʢʠ ʝ ʧʦʚʨʟʘʥ ʩʦ 
2

tgè øEê ú ʠ ʢʘʢʚʘ ʝ 

ʟʘʚʠʩʥʦʩʪʘ ʥʘ ʧʨʦʤʝʥʘʪʘ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʩʦ ʤʝʥʫʚʘˁʝ ʥʘ ʪʠʝ ʚʨʝʜʥʦʩʪʠ. 

ɸʢʦ ʨʘʚʝʥʢʘʪʘ 46 ʝ ʧʦʿʜʦʚʥʘ ʪʦʯʢʘ, ʚʦ ʪʦʿ ʩʣʫʯʘʿ ʩʝ ʩʧʨʦʚʝʜʫʚʘ ʩʣʝʜʥʘʪʘ ʤʘʪʝʤʘʪʠʢʘ ʦʜ ʣʝʚʘ 

ʠ ʜʝʩʥʘ ʩʪʨʘʥʘ ʥʘ ʨʘʚʝʥʢʘʪʘ 46 ʠ ʪʦʘ ʥʘ ʩʣʝʜʥʠʦʪ ʥʘʯʠʥ: 
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(47) 

 
( )2

2 2

1

1
t

t i

t

i

g b b V-

=

è ø=E Ö - +ê ú ä  
(48) 

 ( )2

21 t

tg b Vè ø=E Ö - +ê ú  (49) 

ʢʘʜʝ ʰʪʦ 0V= ʜʦʢʦʣʢʫ 
2

tgè øEê ú ʠʤʘ ʩʪʘʙʠʣʥʘ ʚʨʝʜʥʦʩʪ, ʚʦ ʩʧʨʦʪʠʚʥʦ V ˃ʝ ʠʤʘ ʤʘʣʘ 

ʚʨʝʜʥʦʩʪ. 

ɺʦ ʯʝʪʚʨʪʘʪʘ ʬʘʟʘ ʩʝ ʠʟʚʝʜʫʚʘ ʧʨʦʮʝʩʦʪ ʥʘ ʢʦʥʚʝʨʛʠʨʘˁʝ, ʧʨʠ ʰʪʦ ʝ ʚʘʞʥʦ ʜʘ ʩʝ ʧʨʝʜʚʠʜʠ 

ʧʘʨʘʤʝʪʘʨʦʪ tQ , ʘ ʧʨʝʜʚʠʜʝʥʘʪʘ ʚʨʝʜʥʦʩʪ ʜʘ ʩʝ ʠʤʧʣʝʤʝʥʪʠʨʘ ʢʘʢʦ ʧʘʨʘʤʝʪʘʨ ʦʜ ʢʦʿ ʰʪʦ 

ʥʘ ʢʨʘʿ ʟʘʚʠʩʠ ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʠʟʣʝʟʥʠʦʪ ʨʝʟʫʣʪʘʪ, tf . ɸʢʦ ʧʦʩʪʦʿʘʪ ʢʦʥʚʝʢʩʥʠ ʢʦʩʪ ʬʫʥʢʮʠʠ, 

ʦʜʥʦʩʥʦ ʧʘʨʘʤʝʪʘʨ ʢʦʿ ʧʦʢʘʞʫʚʘ ʢʦʣʢʫ ʜʦʙʨʦ ʤʦʜʝʣʦʪ ʥʘ ʢʦʿʰʪʦ ʩʝ ʧʨʠʤʝʥʫʚʘ ML ʩʝ 

ʩʦʚʧʘʺʘ ʩʦ ʜʝʬʠʥʠʨʘʥʦʪʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ, () () ()1 2, ,..., ʊf f fQ Q Q , ʚʨʝʜʥʦʩʪʘ 

ʦʜʥʦʩʥʦ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʥʠʟʘʪʘ ʦʜʥʘʧʨʝʜ ʥʝ ʝ ʧʦʟʥʘʪʦ. ʅʘ ʪʦʿ ʥʘʯʠʥ ʩʝ ʧʨʠʤʝʥʫʚʘ ʩʣʝʜʥʠʦʪ 

ʠʟʨʘʟ ʟʘ ʧʨʝʩʤʝʪʢʘ ʥʘ ʚʨʝʜʥʦʩʪʘ ʥʘ ʢʦʥʚʝʨʛʠʨʘˁʝ, ʩʦʛʣʘʩʥʦ ʨʘʚʝʥʢʘ 50. 
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 ʉʦʛʣʘʩʥʦ ʨʘʚʝʥʢʘ 50, ( )t tf Q  ʝ ʧʨʝʜʚʠʜʝʥa ʚʨʝʜʥʦʩʪ, ʘ ( )*tf Q  ʝ ʥʘʿʜʦʙʨʘʪʘ ʬʠʢʩʥʘ 

ʚʨʝʜʥʦʩʪ ʢʦʿʘ ʩʝ ʟʝʤʘ ʚʦ ʧʨʝʜʚʠʜ ʧʨʠ ʦʜʨʝʜʫʚʘˁʝ ʥʘ ʚʨʝʜʥʦʩʪʘ ʥʘ ʢʦʥʚʝʨʛʠʨʘˁʝ ʢʦʥ 

ʦʧʪʠʤʘʣʥʦʪʦ ʨʝʰʝʥʠʝ. 

ʆʪʢʘʢʦ ˃ʝ ʙʠʜʘʪ ʠʟʙʨʘʥʠ ʩʠʪʝ ʭʠʧʝʨʧʘʨʘʤʝʪʨʠ, ʥʦ ʠ ʩʦʦʜʚʝʪʝʥ ʘʣʛʦʨʠʪʘʤ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ, 

ʧʦʪʨʝʙʥʦ ʝ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʰʪʦ ʩʝ ʚʥʝʩʫʚʘ ʚʦ NN ʜʘ ʙʠʜʝ ʧʦʜʝʣʝʥʦ ʥʘ ʧʦʜʘʪʦʮʠ ʩʦ 

ʢʦʠ ˃ʝ ʩʝ ʧʨʘʚʠ ʪʝʩʪʠʨʘˁʝ, ʚʘʣʠʜʠʨʘˁʝ ʠ ʪʨʝʥʠʨʘˁʝ ʥʘ ʤʨʝʞʘʪʘ. ʅʘʿʯʝʩʪʦ ʥʝ ʩʝ ʟʠʤʘʘʪ ʩʠʪʝ 

ʪʨʠ ʪʠʧʘ ʥʘ ʧʦʜʘʪʦʮʠ ʚʦ ʧʨʝʜʚʠʜ ʧʨʠ ʧʨʦʝʢʪʠʨʘˁʝ ʥʘ ʤʨʝʞʘʪʘ, ʪʫʢʫ ʩʝ ʠʟʙʠʨʘ ʢʦʤʙʠʥʘʮʠʿʘ 

ʩʘʤʦ ʦʜ ʚʘʣʠʜʠʨʘˁʝ ʠ ʪʨʝʥʠʨʘˁʝ ʥʘ ʧʦʜʘʪʦʮʠʪʝ. ɿʘ ʚʘʣʠʜʠʨʘˁʝ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʥʘʿʯʝʩʪʦ ʩʝ 

ʠʟʜʚʦʿʫʚʘʘʪ 10% ʦʜ ʚʢʫʧʥʦʪʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ, ʘ ʧʨʝʦʩʪʘʥʘʪʠʪʝ 90% ʩʝ ʢʦʨʠʩʪʘʪ ʟʘ 

ʪʨʝʥʠʨʘˁʝ ʥʘ NN. ʆʚʘʘ ʧʦʜʝʣʝʥʦʩʪ ʤʦʞʝ ʜʘ ʙʠʜʝ 20/80, ʥʦ ʥʘʿʯʝʩʪʦ ʧʦʜʝʣʙʘʪʘ ʝ 10/90. 

ʇʦʥʝʢʦʛʘʰ ʧʦʜʝʣʝʥʦʩʪʘ ʤʦʞʝ ʜʘ ʩʝ ʥʘʿʜʝ ʢʘʢʦ 70 % ʪʨʝʥʠʨʘˁʝ, 15% ʚʘʣʠʜʠʨʘˁʝ ʠ 15% 

ʪʝʩʪʠʨʘˁʝ ʥʘ ʧʦʜʘʪʦʮʠʪʝ. ɺʦ ʧʨʦʮʝʩʦʪ ʥʘ ʨʘʟʚʦʿ ʥʘ ʤʦʜʝʣ ʚʨʟ ʢʦʿ ˃ʝ ʩʝ ʧʨʠʤʝʥʫʚʘʘʪ 

ʤʝʪʦʜʠʪʝ ʠ ʘʣʛʦʨʠʪʤʠʪʝ ʥʘ ML, ʪʨʝʥʠʨʘˁʝ, ʪʝʩʪʠʨʘˁʝ ʠ ʚʘʣʠʜʠʨʘˁʝ ʥʘ ʢʦʨʠʩʪʝʥʠʪʝ 

ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ ʩʝ ʫʧʦʪʨʝʙʫʚʘʘʪ/ʧʨʠʤʝʥʫʚʘʘʪ ʟʘ ʩʦʩʝʤʘ ʨʘʟʣʠʯʥʠ ʮʝʣʠ ʠ ʚʦ ʨʘʟʣʠʯʥʠ 

ʬʘʟʠ ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ ʫʪʚʨʜʫʚʘˁʝ ʜʘʣʠ ʤʦʜʝʣʦʪ ʨʘʙʦʪʠ ʩʦ ʜʦʙʨʠ ʧʝʨʬʦʨʤʘʥʩʠ ʠʣʠ ʥʘʚʣʝʛʫʚʘ 

ʚʦ ʬʘʟʘ ʥʘ ʥʝʜʦʚʦʣʥʦ ʚʢʣʦʧʫʚʘˁʝ ʩʦ ʤʦʜʝʣʦʪ (underfitting) ʠʣʠ ʧʨʝʛʦʣʝʤʦ ʚʢʣʦʧʫʚʘˁʝ ʩʦ 

ʤʦʜʝʣʦʪ (overfitting). ʎʝʣʪʘ ʥʘ ʧʨʦʮʝʩʦʪ ʥʘ ʪʨʝʥʠʨʘˁʝ ʝ ʜʘ ʛʦ ʥʘʫʯʠ ʤʦʜʝʣʦʪ ʜʘ ʩʣʝʜʠ 

ʧʘʪʝʨʥʠ ʠ ʟʘʚʠʩʥʦʩʪʠ ʧʦʤʝʺʫ ʧʦʜʘʪʦʮʠʪʝ ʚʦ ʜʝʬʠʥʠʨʘʥʦʪʦ ʤʥʦʞʝʩʪʚʦ. ʀʩʪʦ ʪʘʢʘ ʚʘʞʝʥ 

ʧʨʦʮʝʩ ʝ ʜʘ ʩʝ ʤʠʥʠʤʠʟʠʨʘ ʛʨʝʰʢʘʪʘ ʚʦ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʦʜʜʝʣʝʥʦ ʟʘ ʪʨʝʥʠʨʘˁʝ ʥʘ 

ʤʦʜʝʣʦʪ ʧʨʝʜʫ ʩʦʦʜʚʝʪʥʦ ʧʨʠʣʘʛʦʜʫʚʘˁʝ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ ʤʦʜʝʣʦʪ ʢʘʢʦ ʰʪʦ ʩʝ 

ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʧʦʤʝʩʪ ʠ ʪʝʞʠʥʩʢʠʦʪ ʢʦʝʬʠʮʠʝʥʪ ʥʘ NN. ʇʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʦʜʚʦʝʥʦ 
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ʟʘ ʪʨʝʥʠʨʘˁʝ ʩʝ ʢʦʨʠʩʪʠ ʥʘ ʩʘʤʠʦʪ ʧʦʯʝʪʦʢ ʧʨʠ ʧʨʦʮʝʩʦʪ ʥʘ ʨʘʟʚʦʿ ʥʘ ʤʦʜʝʣʦʪ. ʄʦʜʝʣʦʪ ʥʘ 

ʢʦʿʰʪʦ ʩʝ ʨʘʙʦʪʠ, ʩʝ ʜʦʚʝʜʫʚʘ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʢʦʝ ʩʝ ʩʦʩʪʦʠ ʦʜ ʚʣʝʟʥʠ ʠ ʠʟʣʝʟʥʠ 

ʧʦʜʘʪʦʮʠ. ʄʦʜʝʣʦʪ ʧʨʘʚʠ ʧʨʝʜʚʠʜʫʚʘˁʘ ʧʨʝʢʫ ʧʨʝʩʤʝʪʢʘ ʥʘ ʛʨʝʰʢʘʪʘ ʧʦʤʝʺʫ ʧʨʝʜʚʠʜʝʥʘʪʘ 

ʠ ʚʠʩʪʠʥʩʢʘʪʘ ʚʨʝʜʥʦʩʪ. ɼʝʣ ʦʜ ʧʘʨʘʤʝʪʨʠʪʝ ʢʦʠ ʤʦʞʝ ʜʘ ʩʝ ʤʝʥʫʚʘʘʪ, ʧʨʝʢʫ ʢʦʨʠʩʪʝˁʝ ʥʘ 

ʩʦʦʜʚʝʪʝʥ ʦʧʪʠʤʠʟʘʪʦʨ, ʩʝ ʧʨʝʩʤʝʪʫʚʘʘʪ ʠ ʘʜʘʧʪʠʚʥʦ ʩʝ ʤʝʥʫʚʘʘʪ. ɺʘʣʠʜʘʮʠʿʘʪʘ ʩʝ ʢʦʨʠʩʪʠ 

ʟʘ ʩʣʝʜʝˁʝ ʥʘ ʧʝʨʬʦʨʤʘʥʩʠʪʝ ʥʘ ʤʦʜʝʣʦʪ ʟʘ ʚʨʝʤʝ ʥʘ ʧʨʦʮʝʩʦʪ ʥʘ ʪʨʝʥʠʨʘˁʝ ʥʘ ʤʦʜʝʣʦʪ ʠ 

ʫʯʝʩʪʚʫʚʘ ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ ʧʨʦʤʝʥʘ ʥʘ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʢʦʠ ʩʝ ʦʜ ʛʦʣʝʤʦ ʟʥʘʯʝˁʝ 

ʟʘ ʤʦʜʝʣʦʪ ʠ ʥʝʛʦʚʠʪʝ ʠʟʣʝʟʥʠ ʚʨʝʜʥʦʩʪʠ, ʢʘʢʦ ʰʪʦ ʩʝ ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ ʧʦʤʝʩʪ ʠ 

ʪʝʞʠʥʩʢʠʦʪ ʢʦʝʬʠʮʠʝʥʪ. ʇʨʝʢʫ ʚʘʣʠʜʠʨʘˁʝʪʦ ʩʝ ʦʚʦʟʤʦʞʫʚʘ ʜʘ ʩʝ ʠʟʙʝʛʥʝ overfitting ʠ 

underfitting. ɼʦʢʦʣʢʫ ʩʝ ʥʘʚʣʝʟʝ ʚʦ ʝʜʥʦ ʦʜ ʥʘʚʝʜʝʥʠʪʝ ʩʠʪʫʘʮʠʠ, overfitting ʠʣʠ underfitting, 

ʪʦʘ ʝ ʧʦʢʘʟʘʪʝʣ ʜʝʢʘ ʭʠʧʝʨʧʘʨʘʤʝʪʨʠʪʝ ʥʝ ʩʝ ʩʦʦʜʚʝʪʥʦ ʜʝʬʠʥʠʨʘʥʠ ʚʦ ʤʦʜʝʣʦʪ, ʧʘ 

ʧʦʪʨʝʙʥʦ ʝ ʠʩʪʠʪʝ ʜʘ ʩʝ ʧʨʦʤʝʥʘʪ. ʆʪʢʘʢʦ ˃ʝ ʟʘʚʨʰʠ ʧʨʦʮʝʩʦʪ ʥʘ ʪʨʝʥʠʨʘˁʝ ʠ ʚʘʣʠʜʠʨʘˁʝ, 

ʩʝ ʢʦʨʠʩʪʠ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʟʘ ʪʝʩʪʠʨʘˁʝ ʩʦ ʮʝʣ ʜʘ ʩʝ ʦʜʨʝʜʘʪ ʬʠʥʘʣʥʠʪʝ ʧʝʨʬʦʨʤʘʥʩʠ 

ʥʘ ʤʦʜʝʣʦʪ. ʇʨʝʢʫ ʪʝʩʪʠʨʘˁʝʪʦ ʩʝ ʜʦʙʠʚʘ ʧʨʦʮʝʥʢʘ ʟʘ ʪʦʘ ʢʦʣʢʫ ʜʦʙʨʦ ʤʦʜʝʣʦʪ ˃ʝ 

ʬʫʥʢʮʠʦʥʠʨʘ ʩʦ ʜʦʩʪʘʧʥʦʪʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ. ʊʝʩʪʠʨʘˁʝ ʥʘ ʤʦʜʝʣʦʪ ʩʝ ʧʨʘʚʠ ʦʪʢʘʢʦ 

˃ʝ ʟʘʚʨʰʠ ʧʨʦʮʝʩʦʪ ʥʘ ʪʨʝʥʠʨʘˁʝ ʠ ʚʘʣʠʜʠʨʘˁʝ. ʇʦʪʦʘ, ʤʦʜʝʣʦʪ ʝ ʠʟʣʦʞʝʥ ʥʘ ʧʦʜʘʪʦʯʥʦ 

ʤʥʦʞʝʩʪʚʦ ʢʦʝ ʜʦʩʝʛʘ ʥʝ ʙʠʣʦ ʠʩʢʦʨʠʩʪʝʥʦ ʥʠʪʫ ʧʨʠ ʧʨʦʮʝʩʦʪ ʥʘ ʪʨʝʥʠʨʘˁʝ ʥʠʪʫ ʧʨʠ 

ʧʨʦʮʝʩʦʪ ʥʘ ʚʘʣʠʜʠʨʘˁʝ. ʇʨʦʮʝʩʦʪ ʥʘ ʪʝʩʪʠʨʘˁʝ ʩʝ ʠʟʚʨʰʫʚʘ ʩʘʤʦ ʝʜʥʘʰ ʠ ʪʦʘ ʧʦʩʣʝ 

ʪʨʝʥʠʨʘˁʝʪʦ ʠ ʚʘʣʠʜʠʨʘˁʝʪʦ. ʈʘʟʣʠʢʠʪʝ ʧʦʤʝʺʫ ʪʨʝʥʠʨʘˁʝʪʦ, ʚʘʣʠʜʠʨʘˁʝʪʦ ʠ ʪʝʩʪʠʨʘˁʝʪʦ 

ʩʝ ʧʨʝʪʩʪʘʚʝʥʠ ʚʦ ʊʘʙʝʣʘ 3. 

ʊʘʙʝʣʘ 3. ʈʘʟʣʠʢʘ ʧʦʤʝʺʫ ʪʨʝʥʠʨʘˁʝ, ʚʘʣʠʜʠʨʘˁʝ ʠ ʪʝʩʪʠʨʘˁʝ ʥʘ ʤʦʜʝʣ 

ʂʘʨʘʢʪʝʨʠʩʪʠʢʘ ʊʨʝʥʠʨʘˁʝ ɺʘʣʠʜʠʨʘˁʝ ʊʝʩʪʠʨʘˁʝ 

ʇʨʠʯʠʥʘ ʟʘ 

ʫʧʦʪʨʝʙʘ 

ʋʯʠ ʧʘʪʝʨʥʠ ʠ 

ʟʘʚʠʩʥʦʩʪʠ ʧʦʤʝʺʫ 

ʧʘʨʘʤʝʪʨʠʪʝ ʚʦ 

ʧʦʜʘʪʦʯʥʠʪʝ 

ʤʥʦʞʝʩʪʚʘ 

ʋʯʝʩʪʚʫʚʘ ʚʦ 

ʧʨʦʮʝʩʦʪ ʥʘ ʧʨʦʤʝʥʘ 

ʥʘ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ 

ʧʘʨʘʤʝʪʨʠʪʝ ʠ 

ʧʨʝʚʝʥʠʨʘ overfitting 

ɻʠ ʦʮʝʥʫʚʘ 

ʬʠʥʘʣʥʠʪʝ 

ʧʝʨʬʦʨʤʘʥʩʠ ʥʘ 

ʪʨʝʥʠʨʘʥʠʦʪ ʠ 

ʚʘʣʠʜʠʨʘʥʠʦʪ ʤʦʜʝʣ 

ʂʦʛʘ ʩʝ ʢʦʨʠʩʪʠ ʅʘ ʧʦʯʝʪʦʢʦʪ ʧʨʠ 

ʨʘʟʚʦʿ ʥʘ ʤʦʜʝʣʦʪ  

ɿʘ ʚʨʝʤʝ ʥʘ ʧʨʦʮʝʩʦʪ 

ʥʘ ʪʨʝʥʠʨʘˁʝ  

ʇʦʩʣʝ ʧʨʦʮʝʩʦʪ ʥʘ 

ʪʨʝʥʠʨʘˁʝ ʠ 

ʚʘʣʠʜʠʨʘˁʝ 

ʀʩʢʦʨʠʩʪʝʥʦ 

ʧʦʜʘʪʦʯʥʦ 

ʤʥʦʞʝʩʪʚʦ 

ʇʦʜʘʪʦʯʥʦ 

ʤʥʦʞʝʩʪʚʦ ʟʘ 

ʪʨʝʥʠʨʘˁʝ (ʥʘʿʯʝʩʪʦ 

ʩʦ ʥʘʿʛʦʣʝʤ ʧʨʦʮʝʥʪ ï 

70 ʜʦ 80 %) 

ʇʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ 

ʟʘ ʚʘʣʠʜʠʨʘˁʝ 

(ʥʘʿʯʝʩʪʦ ʩʦ ʠʩʪʘ 

ʟʘʩʪʘʧʝʥʦʩʪ ʢʘʢʦ  ʠ 

ʤʥʦʞʝʩʪʚʦʪʦ ʟʘ 

ʪʝʩʪʠʨʘˁʝ ï 10, 15 ʠʣʠ 

20 %) 

ʇʦʜʘʪʦʯʥʦ 

ʤʥʦʞʝʩʪʚʦ ʟʘ 

ʪʝʩʪʠʨʘˁʝ (ʥʘʿʯʝʩʪʦ 

ʩʦ ʠʩʪʘ ʟʘʩʪʘʧʝʥʦʩʪ 

ʢʘʢʦ ʠ ʤʥʦʞʝʩʪʚʦʪʦ 

ʟʘ ʚʘʣʠʜʠʨʘˁʝ ï 10, 

15 ʠʣʠ 20 %) 

ʂʦʛʘ ʩʝ ʢʦʨʠʩʪʠ ʂʦʥʪʠʥʫʠʨʘʥʦ ʚʦ 

ʪʝʢʦʪ ʥʘ ʧʨʦʮʝʩʦʪ ʥʘ 

ʪʨʝʥʠʨʘˁʝ 

ɿʘ ʚʨʝʤʝ ʥʘ ʧʨʦʮʝʩʦʪ 

ʥʘ ʪʨʝʥʠʨʘˁʝ 

ʉʘʤʦ ʝʜʥʘʰ ʥʘ 

ʢʨʘʿʦʪ ʦʜ ʧʨʦʮʝʩʦʪ 

ʥʘ ʪʨʝʥʠʨʘˁʝ ʠ 

ʚʘʣʠʜʠʨʘˁʝ 
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ʎʝʣ ʧʦʨʘʜʠ ʢʦʿʘ 

ʩʝ ʧʨʠʤʝʥʫʚʘ 

ɼʘ ʩʝ ʤʠʥʠʤʠʟʠʨʘ 

ʛʨʝʰʢʘʪʘ ʧʨʠ 

ʪʨʝʥʠʨʘˁʝ ʥʘ 

ʤʦʜʝʣʦʪ 

ɼʘ ʩʝ ʦʧʪʠʤʠʟʠʨʘʘʪ 

ʭʠʧʝʨʧʘʨʘʤʝʪʨʠʪʝ ʥʘ 

ʤʦʜʝʣʦʪ 

ʄʝʨʝˁʝ ʥʘ 

ʬʠʥʘʣʥʠʪʝ 

ʧʝʨʬʦʨʤʘʥʩʠ ʥʘ 

ʤʦʜʝʣʦʪ 

 

ɼʦʢʦʣʢʫ ʧʦ ʙʠʣʦ ʢʦʿʘ ʩʣʫʯʘʿʥʦʩʪ, ʤʦʜʝʣʦʪ ʥʘʚʣʝʟʝ ʚʦ ʧʨʦʮʝʩ ʥʘ ʫʯʝˁʝ ʦʜ ʧʦʜʘʪʦʯʥʦʪʦ 

ʤʥʦʞʝʩʪʚʦ ʧʨʝʜʚʠʜʝʥʦ ʟʘ ʪʝʩʪʠʨʘˁʝ ʥʘ ʤʦʜʝʣʦʪ, ʢʨʘʿʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ˃ʝ ʙʠʜʘʪ ʥʝʨʝʘʣʥʠ, 

ʛʨʝʰʥʠ. ʇʦʨʘʜʠ ʪʦʘ ʝ ʤʥʦʛʫ ʙʠʪʥʦ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʧʨʝʜʚʠʜʝʥʦ ʟʘ ʪʝʩʪʠʨʘˁʝ ʜʘ 

ʦʩʪʘʥʝ ʥʝʜʦʧʨʝʥʦ ʩʝ ʜʦ ʩʘʤʠʦʪ ʢʨʘʿ, ʦʜʥʦʩʥʦ ʩʝ ʜʦʜʝʢʘ ʥʝ ʟʘʚʨʰʠ ʧʨʦʮʝʩʦʪ ʥʘ ʪʨʝʥʠʨʘˁʝ ʠ 

ʚʘʣʠʜʠʨʘˁʝ. 

ɸʣʛʦʨʠʪʘʤʦʪ ʥʘ ʧʨʦʝʢʪʠʨʘˁʝ ʥʘ NN ʝ ʧʨʝʪʩʪʘʚʝʥ ʥʘ ʉʣʠʢʘ 19.  
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ʉʣʠʢʘ 19. ɸʣʛʦʨʠʪʘʤ ʟʘ ʜʝʬʠʥʠʨʘˁʝ ʥʘ ʢʦʜ ʟʘ ʧʨʝʩʤʝʪʢʘ ʥʘ ʢʦʥʩʪʘʥʪʠ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝ 

ʩʦ ʢʦʨʠʩʪʝˁʝ ʥʘ ʤʘʰʠʥʩʢʦ ʫʯʝˁʝ  
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3.3 ʀʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʤʘʰʠʥʩʢʦ ʫʯʝˁʝ 

ʉʦ ʮʝʣ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʝʜʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ 

ʠʟʚʨʰʝʥʘ ʝ ʧʨʠʤʝʥʘ ʥʘ ʤʝʪʦʜʘʪʘ ʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ ʧʨʝʢʫ ʧʨʠʤʝʥʘ ʥʘ ANN ʠ 

ML. ʀʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML ʚʦ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ ʝ ʧʨʠʤʝʥʝʪʘ 

ʧʨʝʢʫ ʜʚʝ ʤʝʪʦʜʠ. ʄʝʪʦʜʘ ʥʘ ʈʝʢʫʨʝʥʪʥʠ ʥʝʚʨʦʥʩʢʠ ʤʨʝʞʠ (RNN), ʦʜʥʦʩʥʦ ʤʨʝʞʠ ʩʦ 

ʤʦʞʥʦʩʪ ʥʘ ʟʘʜʨʞʫʚʘˁʝ ʥʘ ʩʪʘʨʘ, ʥʦ ʚʘʞʥʘ ʠʥʬʦʨʤʘʮʠʿʘ ʧʦʜʦʣʛ ʚʨʝʤʝʥʩʢʠ ʧʝʨʠʦʜ ï ʜʦʣʛʘ 

ʢʨʘʪʢʦʨʦʯʥʘ ʤʝʤʦʨʠʿʘ ʠʣʠ long short term memory (LSTM) ʠ ʤʝʪʦʜʘʪʘ ʥʘ ʧʦʚʝ˃ʝʩʣʦʝʥ 

ʧʝʨʮʝʧʪʨʦʥ - multilayer perceptron (MLP). MLP ʝ ʦʜ ʢʣʘʩʘʪʘ ʥʘ ANN ʢʦʠ ʨʘʙʦʪʘʪ ʥʘ 

ʧʨʠʥʮʠʧʦʪ ʥʘ ʜʚʠʞʝˁʝ ʥʘ ʩʠʛʥʘʣʦʪ ʧʦ ʧʘʨʘʣʝʣʥʘ ʥʘ ʜʠʨʝʢʪʥʘʪʘ ʧʘʪʝʢʘ. ʇʨʠʯʠʥʘʪʘ ʟʘ 

ʢʦʨʠʩʪʝˁʝ ʥʘ ʜʚʝ ʩʦʩʝʤʘ ʨʘʟʣʠʯʥʠ ʪʝʭʥʠʢʠ ʥʘ ʧʨʠʤʝʥʘ ʥʘ NN ʝ ʧʦʨʘʜʠ ʩʦʩʝʤʘ ʨʘʟʣʠʯʥʠʦʪ 

ʥʘʯʠʥ ʥʘ ʧʨʝʩʤʝʪʢʘ ʧʨʝʢʫ ʢʦʝ ˃ʝ ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʧʨʦʮʝʥʪʫʘʣʥʘʪʘ ʨʘʟʣʠʢʘ ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤʦʪ, ʥʦ ʠ ʧʨʠ ʧʦʜʦʙʨʫʚʘˁʝʪʦ ʥʘ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ.  

3.3.1 ʈʝʢʫʨʝʥʪʥʠ ʥʝʚʨʦʥʩʢʠ ʤʨʝʞʠ 

ʈʝʢʫʨʝʥʪʥʠʪʝ ʥʝʚʨʦʥʩʢʠ ʤʨʝʞʠ (RNN) ʩʝ ʪʠʧ ʥʘ ʤʨʝʞʠ ʢʦʠ ʩʝ ʢʦʨʠʩʪʘʪ ʟʘ ʤʦʜʝʣʠʨʘˁʝ ʠ 

ʦʙʨʘʙʦʪʢʘ ʥʘ ʩʝʢʚʝʥʮʠʿʘʣʥʠ ʧʦʜʘʪʦʮʠ ʢʦʠ ʩʝ ʚʨʝʤʝʥʩʢʠ ʟʘʚʠʩʥʠ [98], [99] 

RNN ʨʘʙʦʪʘʪ ʥʘ ʧʨʠʥʮʠʧ ʥʘ ʟʘʯʫʚʫʚʘˁʝ ʥʘ ʠʟʣʝʟʦʪ ʦʜ ʩʦʦʜʚʝʪʝʥ ʩʣʦʿ ʠ ʚʨʘ˃ʘˁʝ ʥʘ ʠʩʪʠʦʪ 

ʚʦ ʚʣʝʟʦʪ ʦʜ ʠʩʪʠʦʪ ʩʣʦʿ ʩʦ ʮʝʣ ʜʘ ʩʝ ʧʨʝʜʚʠʜʠ ʠʟʣʝʟʦʪ ʦʜ ʩʣʦʿʦʪ ʩʦ ʰʪʦ ʝ ʤʦʞʥʦ ʧʦʤʘʣʘ 

ʛʨʝʰʢʘ. ɿʘ ʚʨʝʤʝ ʥʘ ʠʟʚʝʜʫʚʘˁʝ ʥʘ ʧʨʝʩʤʝʪʢʘʪʘ ʚʥʘʪʨʝ ʚʦ NN, ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʿʘʯʠʥʘʪʘ ʥʘ 

ʩʠʛʥʘʣʦʪ ʦʩʪʘʥʫʚʘ ʥʝʧʨʦʤʝʥʝʪʘ ʟʘ ʩʝʢʦʿ ʝʣʝʤʝʥʪ ʧʦʩʝʙʥʦ, ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʥʘ ʉʣʠʢʘ 

20 [100].  

 

ʉʣʠʢʘ 20. ʇʨʠʥʮʠʧ ʥʘ ʧʨʝʥʝʩʫʚʘˁʝ ʥʘ ʩʠʛʥʘʣ ʧʨʝʢʫ RNN 

RNN ʥʘʿʯʝʩʪʦ ʩʝ ʦʧʠʰʫʚʘ ʢʘʢʦ ʤʨʝʞʘ ʢʦʿʘ ʰʪʦ ʝ ʬʦʨʤʠʨʘʥʘ ʦʜ ʠʩʪʠ ʢʦʧʠʠ [100] ʢʘʢʦ ʰʪʦ 

ʝ ʧʨʠʢʘʞʘʥʦ ʥʘ ʉʣʠʢʘ 20. ɹʨʦʿʦʪ ʥʘ ʢʦʧʠʠ ʟʘʚʠʩʠ ʦʜ ʧʨʦʝʢʪʘʥʪʦʪ ʥʘ ʤʨʝʞʘʪʘ ʠ ʧʦʪʨʝʙʠʪʝ 

ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʧʦʜʘʪʦʮʠ.    

ʆʩʦʙʝʥʦ ʚʘʞʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʘ RNN ʝ ʚʦ ʪʦʘ ʰʪʦ ʩʦ ʦʚʦʿ ʪʠʧ ʥʘ NN ʩʝ ʦʙʝʟʙʝʜʫʚʘ 

ʢʦʥʪʠʥʫʠʨʘʥʦ ʦʜʥʝʩʫʚʘˁʝ ʥʘ ʥʘʩʪʘʥʠʪʝ ʩʦ ʧʨʠʩʫʩʪʚʦ ʥʘ ʩʠʛʥʘʣ ʢʦʿʰʪʦ ʩʝ ʦʜʥʝʩʫʚʘ ʢʘʢʦ 

ʧʦʚʨʘʪʥʘ ʚʨʩʢʘ ʜʦ ʩʦʦʜʚʝʪʥʠʦʪ ʥʝʚʨʦʥ ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʥʘ ʉʣʠʢʘ 20, ʜʦʜʝʢʘ ʩʦ 

ʦʩʪʘʥʘʪʠʪʝ ʪʠʧʦʚʠ NN ʢʘʢʦ ʰʪʦ ʩʝ ANN ʢʦʠ ʨʘʙʦʪʘʪ ʥʘ ʧʨʠʥʮʠʧʦʪ ʥʘ ʜʚʠʞʝˁʝ ʥʘ ʩʠʛʥʘʣʦʪ 

ʧʦ ʧʘʨʘʣʝʣʥʘ ʥʘ ʜʠʨʝʢʪʥʘʪʘ ʧʘʪʝʢʘ, ʥʝʤʘʘʪ ʢʦʥʪʠʥʫʠʪʝʪ ʚʦ ʥʘʩʪʘʥʠʪʝ ʠ ʩʝʢʦʿ ʧʦʯʝʪʦʢ ʥʘ 

ʥʦʚʦ ʧʨʝʩʤʝʪʫʚʘˁʝ ʟʥʘʯʠ ʫʯʝˁʝ ʥʘ ʤʨʝʞʘʪʘ ʦʜ ʥʦʚʦ. 
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ʉʣʠʢʘ 21. ɼʚʠʞʝˁʝ ʥʘ ʩʠʛʥʘʣ ʚʦ RNN 

ʉʦʛʣʘʩʥʦ ʦʟʥʘʢʠʪʝ ʥʘ ʉʣʠʢʘ 20, ʚʣʝʟʦʪ ʚʦ NN ʜʝʬʠʥʠʨʘʥ ʚʦ ʚʨʝʤʝʥʩʢʠ ʜʦʤʝʥ ʥʘʿʯʝʩʪʦ ʩʝ 

ʦʟʥʘʯʫʚʘ ʩʦ tx , ʜʦʜʝʢʘ ʩʦʩʪʦʿʙʘʪʘ ʚʦ ʩʣʦʝʚʠʪʝ ʩʝ ʦʧʠʰʫʚʘ ʩʦ th . ʀʟʣʝʟʦʪ ʦʜ NN ʚʦ 

ʚʨʝʤʝʥʩʢʠ ʜʦʤʝʥ ʝ ʦʟʥʘʯʝʥ ʩʦ to . ʇʦʜʦʙʨʫʚʘˁʝʪʦ ʥʘ ʩʠʛʥʘʣʦʪ ʥʘ ʤʨʝʞʘʪʘ ʩʝ ʧʦʩʪʠʛʥʫʚʘ ʩʦ 

ʚʦʚʝʜʫʚʘˁʝ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ V, U, W. ʉʠʛʥʘʣʦʪ ʦʜ ʧʨʝʪʭʦʜʥʠʦʪ ʩʣʦʿ ʝ ʦʟʥʘʯʝʥ ʚʦ V, ʩʦ U ʠ 

W ʩʝ ʦʟʥʘʯʝʥʠ ʿʘʯʠʥʘʪʘ ʥʘ ʩʠʛʥʘʣʦʪ ʢʦʿʰʪʦ ʧʨʦʧʘʛʠʨʘ ʥʠʟ NN ʦʜ ʚʣʝʟʦʪ ʢʦʥ ʥʝʿʟʠʥʠʦʪ 

ʠʟʣʝʟ.  

ʉʝʢʦʿ ʩʢʨʠʝʥ ʩʣʦʿ ʝ ʬʫʥʢʮʠʿʘ ʦʜ ʜʚʘ ʧʘʨʘʤʝʪʨʠ ʠ ʪʦʘ tx  ʠ 1th- . ʀʟʣʝʟʦʪ ʦʜ ʩʢʨʠʝʥʠʦʪ ʩʣʦʿ ʝ 

ʚʦ ʬʫʥʢʮʠʿʘ ʦʜ th  ʚʦ ʚʨʝʤʝ t, ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʩʦ ʠʟʨʘʟʠʪʝ 51 ʠ 52.  

 ( )1,t h t th f x h-=  (51) 

 ()0t ty f h=  (52) 

ɺʣʝʟʦʪ, ʠʟʣʝʟʦʪ ʠ ʩʦʩʪʦʿʙʘʪʘ ʚʦ ʩʝʢʦʿ ʩʢʨʠʝʥ ʩʣʦʿ, ʤʘʪʝʤʘʪʠʯʢʠ ʝ ʦʧʠʰʘʥʘ ʩʦ ʩʣʝʜʥʠʪʝ 

ʨʘʚʝʥʢʠ 53 ʠ 54: 

 ( ) ( )1 1, T T

t h t t h xh t hh t hh f x h W x W h b- -= =F Ö + Ö + (53) 

 () ( )0 0

T

t t yh t yy f h W h b= =F Ö + (54) 

ʉʦʩʪʦʿʙʘʪʘ ʚʦ ʩʝʢʦʿ ʩʢʨʠʝʥ ʩʣʦʿ ʠ ʚʦ ʩʝʢʦʿ ʚʨʝʤʝʥʩʢʠ ʯʝʢʦʨ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʜʘ ʩʝ ʜʦʣʦʚʠ 

ʟʥʘʯʝˁʝʪʦ, ʧʦʚʨʟʘʥʦʩʪʘ ʠ ʟʘʚʠʩʥʦʩʪʠʪʝ ʥʘ ʧʦʜʘʪʦʮʠʪʝ. ʊʦʘ ʟʥʘʯʝˁʝ ʩʝ ʧʨʝʥʝʩʫʚʘ ʦʜ ʝʜʝʥ 

ʚʨʝʤʝʥʩʢʠ ʯʝʢʦʨ ʥʘ ʩʣʝʜʥʠʦʪ, ʜʦʟʚʦʣʫʚʘʿ˃ʠ ʠ ʥʘ RNN ʜʘ ʛʠ ʦʙʨʘʙʦʪʫʚʘ ʧʦʜʘʪʦʮʠʪʝ ʥʘ ʥʘʯʠʥ 

ʟʘʚʠʩʝʥ ʦʜ ʚʨʝʤʝʪʦ. ʊʦʘ ʝ ʦʥʘ ʰʪʦ ML ʦʚʦʟʤʦʞʫʚʘ ʥʘ RNN, ʜʘ ʿʘ ʩʣʝʜʠ ʧʘʪʝʢʘʪʘ ʠ 

ʟʘʚʠʩʥʦʩʪʘ ʚʦ ʧʦʜʘʪʦʮʠʪʝ ʰʪʦ ʦʧʬʘ˃ʘʘʪ ʧʦʚʝ˃ʝ ʚʨʝʤʝʥʩʢʠ ʯʝʢʦʨʠ. 

ɺʦ ʩʢʨʠʝʥʠʪʝ ʩʣʦʝʚʠ ʚʦ ʢʦʠ ʩʠʛʥʘʣʦʪ ʧʨʝʤʠʥʫʚʘ ʦʜ ʝʜʥʘ ʚʦ ʜʨʫʛʘ ʩʦʩʪʦʿʙʘ, hF  ʝ 

ʥʝʣʠʥʝʘʨʥʘ AF, ʧʨʠʤʝʨ sigmoid ʠʣʠ tanh. ʇʦʪʦʘ ʪʝʞʠʥʩʢʠʦʪ ʢʦʝʬʠʮʠʝʥʪ (weight) ʩʝ ʤʥʦʞʠ 

ʩʦ ʚʣʝʟʦʪ ʚʦ ʩʣʦʿʦʪ tx . ʅʘ ʪʦʿ ʧʨʦʠʟʚʦʜ ʧʦʪʦʘ ʩʝ ʜʦʜʘʚʘ ʚʣʝʟʦʪ ʢʦʿʰʪʦ ʝ ʧʨʝʪʭʦʜʥʦ ʧʦʤʥʦʞʝʥ 

ʩʦ ʟʘʩʠʣʫʚʘʯʦʪ ʥʘ ʩʠʛʥʘʣʦʪ ʦʜ ʧʨʝʪʭʦʜʥʠʪʦ ʩʣʦʿ. 0F  ʝ ʥʝʣʠʥʝʘʨʥʘ AF ʢʘʢʦ ʥʘ ʧʨʠʤʝʨ 

softmax ʠʣʠ relu. ʆʚʦʿ ʩʠʛʥʘʣ ʧʦʥʘʪʘʤʫ ʩʝ ʤʥʦʞʠ ʩʦ ʢʦʝʬʠʮʠʝʥʪʦʪ ʟʘ ʟʛʦʣʝʤʫʚʘˁʝ ʥʘ 



46 
 

ʿʘʯʠʥʘʪʘ ʥʘ ʩʠʛʥʘʣʦʪ ʥʘ ʠʟʣʝʟʦʪ ʦʜ ʩʢʨʠʝʥʠʦʪ ʩʣʦʿ th  ʥʘ ʢʦʿ ʧʘʢ ʩʠʛʥʘʣ ʥʘ ʢʨʘʿʦʪ ʩʝ ʜʦʜʘʚʘ 

ʠ ʢʦʝʬʠʮʠʝʥʪ ʥʘ ʧʦʤʝʩʪ (bias) ʩʦ ʮʝʣ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʠʟʣʝʟʥʠʦʪ ʩʠʛʥʘʣ ʦʜ RNN [101]. 

ʅʘʿʝʬʠʢʘʩʥʠʪʝ ʪʠʧʦʚʠ ʥʘ RNN ʩʝ LSTM ʠ networks based on the gated recurrent unit (GRU). 

ɺʦ ʦʚʘ ʠʩʪʨʘʞʫʚʘˁʝ ˃ʝ ʩʝ ʧʨʠʢʘʞʝ ʚʣʠʿʘʥʠʝʪʦ ʥʘ NN ʟʘʩʥʦʚʘʥʠ ʥʘ LSTM ʢʘʢʦ ʜʝʣ ʦʜ RNN. 

3.3.2 ʅʝʚʨʦʥʩʢʘ ʤʨʝʞʘ ʩʦ ʤʦʞʥʦʩʪ ʟʘ ʟʘʜʨʞʫʚʘˁʝ ʥʘ ʩʪʘʨʘ ʥʦ ʚʘʞʥʘ ʠʥʬʦʨʤʘʮʠʿʘ ʧʦʜʦʣʛ 

ʚʨʝʤʝʥʩʢʠ ʧʝʨʠʦʜ ï ʜʦʣʛʘ ʢʨʘʪʢʦʨʦʯʥʘ ʤʝʤʦʨʠʿʘ ï LSTM  

LSTM ʢʘʢʦ ʜʝʣ ʦʜ RNN ʩʝ ʤʝʪʦʜʠ ʥʘ ʜʣʘʙʦʢʦʪʦ ʫʯʝˁʝ ʢʦʠ ʩʝ ʨʘʟʚʠʝʥʠ ʩʦ ʮʝʣ ʜʘ ʩʝ ʨʝʰʘʚʘʘʪ 

ʧʨʝʜʠʟʚʠʮʠʪʝ ʧʦʚʨʟʘʥʠ ʩʦ RNN. ʂʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʥʘ ʉʣʠʢʘ 20, NN ʟʘʩʥʦʚʘʥʘ ʥʘ LSTM 

ʠʤʘ ʩʦʧʩʪʚʝʥʘ ʧʦʚʨʘʪʥʘ ʚʨʩʢʘ ʦʢʦʣʫ ʩʘʤʘʪʘ ˃ ʝʣʠʿʘ. ʊʘʘ ʩʦʧʩʪʚʝʥʘ ʧʦʚʨʘʪʥʘ ʚʨʩʢʘ ʧʦʤʘʛʘ ʚʦ 

ʧʨʦʮʝʩʦʪ ʥʘ ʧʘʤʪʝˁʝ ʥʘ ʧʨʝʪʭʦʜʥʠʪʝ ʠʥʬʦʨʤʘʮʠʠ. ʇʘʤʝʪʝˁʝʪʦ ʥʘ ʠʥʬʦʨʤʘʮʠʠʪʝ ʝ ʚʦ 

ʢʨʘʪʦʢ ʚʨʝʤʝʥʩʢʠ ʧʝʨʠʦʜ ʠʣʠ ʧʘʢ ʜʦʣʛʦʪʨʘʿʥʦ, ʚʦ ʟʘʚʠʩʥʦʩʪ ʦʜ ʿʘʯʠʥʘʪʘ ʥʘ ʩʠʛʥʘʣʠʪʝ ʠ 

ʧʦʜʘʪʦʮʠʪʝ. ʆʜ ʠʩʪʘʪʘ ʟʘʚʠʩʥʦʩʪ ʩʘʤʠʦʪ ʘʣʛʦʨʠʪʘʤ ʩʝʣʝʢʪʠʚʥʦ ʙʨʠʰʝ ʜʝʣ ʦʜ ʠʥʬʦʨʤʘʮʠʠʪʝ 

ʦʜ ʥʝʛʦʚʘʪʘ ʤʝʤʦʨʠʿʘ [102][103] [54].  

ʀʥʬʦʨʤʘʮʠʿʘʪʘ ʜʚʠʞʝʿ˃ʠ ʩʝ ʦʜ ʚʣʝʟʦʪ ʥʘʩʧʨʝʤʘ ʠʟʣʝʟʦʪ ʦʜ ʥʝʚʨʦʥʦʪ ʠʣʠ ˃ʝʣʠʿʘʪʘ ʝ 

ʟʘʩʥʦʚʘʥʘ ʥʘ ʥʝʢʦʣʢʫ ʚʘʞʥʠ ʧʨʝʪʭʦʜʥʠ ʠ ʤʦʤʝʥʪʘʣʥʠ ʩʦʩʪʦʿʙʠ ʠ ʪʦʘ: ʩʦʩʪʦʿʙʘ ʥʘ ʧʨʝʪʭʦʜʥʘ 

˃ʝʣʠʿʘ ʠʣʠ ʥʝʚʨʦʥ, ʩʦʩʪʦʿʙʘ ʥʘ ʧʨʝʪʭʦʜʝʥ ʩʢʨʠʝʥ ʩʣʦʿ, ʩʦʩʪʦʿʙʘ ʥʘ ʤʦʤʝʥʪʘʣʝʥ ʚʣʝʟ ʦʜ NN 

[103]. 

ɸʨʭʠʪʝʢʪʫʨʘʪʘ ʥʘ NN ʟʘʩʥʦʚʘʥʘ ʥʘ LSTM ʝ ʩʦʩʪʘʚʝʥʘ ʦʜ ʨʘʟʣʠʯʥʠ ʙʣʦʢʦʚʠ ʢʦʠ ʿʘ 

ʧʨʠʢʘʞʫʚʘʘʪ ʤʝʤʦʨʠʿʘʪʘ ʥʘ ˃ʝʣʠʠʪʝ ʧʦʝʜʠʥʝʯʥʦ. LSTM ʚʦ ʩʚʦʿʘʪʘ ʩʪʨʫʢʪʫʨʘ ʠʤʘ ʠ 

ʤʝʤʦʨʠʩʢʠ ʙʣʦʢ ʠ ʪʦʢʤʫ ʪʦʿ ʙʣʦʢ ʛʠ ʤʝʤʦʨʠʨʘ ʠ ʤʘʥʠʧʫʣʠʨʘ ʩʦ ʠʥʬʦʨʤʘʮʠʠʪʝ. 

ʄʘʥʠʧʫʣʘʮʠʿʘʪʘ ʩʦ ʠʥʬʦʨʤʘʮʠʠʪʝ ʦʜ ʤʝʤʦʨʠʿʘʪʘ ʚʦ ˃ʝʣʠʠʪʝ ʩʝ ʧʨʘʚʠ ʩʦ ʢʦʨʠʩʪʝˁʝ ʥʘ ʪʨʠ 

ʧʦʨʪʠ ʠ ʪʦʘ: ʚʣʝʟʥʘ ʧʦʨʪʘ, ʠʟʣʝʟʥʘ ʧʦʨʪʘ ʠ ʪʘʢʘʥʘʨʝʯʝʥʘ ʧʦʨʪʘ ʟʘ ʟʘʙʦʨʘʚʘˁʝ ʥʘ ʧʦʤʘʣʢʫ 

ʚʘʞʥʠ ʠʣʠ ʠʩʢʦʨʠʩʪʝʥʠ ʠʥʬʦʨʤʘʮʠʠ ʧʨʝʪʭʦʜʥʦ ʦʜ ʤʨʝʞʘʪʘ [98], [100], [101], [102], [103]. 

ɻʣʘʚʥʘʪʘ ʬʦʨʤʘ ʠ ʩʪʨʫʢʪʫʨʘ ʥʘ LSTM ʘʨʭʠʪʝʢʪʫʨʘʪʘ ʝ ʧʨʠʢʘʞʘʥʘ ʥʘ ʉʣʠʢʘ 22. 

 

ʉʣʠʢʘ 22.  ɸʨʭʠʪʝʢʪʫʨʘ ʥʘ ʤʦʜʝʣʦʪ LSTM [103] 

ʉʦʛʣʘʩʥʦ ʉʣʠʢʘ 22 ʠ ʧʨʝʪʭʦʜʥʦ ʜʝʬʠʥʠʨʘʥʠʪʝ ʧʦʨʪʠ, ʩʝʢʦʿʘ ʦʜ  ʥʠʚ ʠʤʘ ʩʦʦʜʚʝʪʥʦ ʟʥʘʯʝˁʝ 

ʠ ʪʦʘ: 
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1. ʇʦʨʪʘ ʟʘ ʟʘʙʦʨʘʚʘˁʝ ʥʘ ʧʦʤʘʣʢʫ ʙʠʪʥʠ ʠʣʠ ʠʩʢʦʨʠʩʪʝʥʠ ʠʥʬʦʨʤʘʮʠʠ ï Forget gate ï 

ʦʚʘ ʝ ʧʨʚʘ ʧʦʨʪʘ ʠ ʝ ʦʟʥʘʯʝʥʘ ʩʦ (ů). ʇʨʝʢʫ ʦʚʘʘ ʧʦʨʪʘ ʩʝ ʙʨʠʰʘʪ ʠʥʬʦʨʤʘʮʠʠʪʝ ʰʪʦ 

ʥʝ ʩʝ ʨʝʣʝʚʘʥʪʥʠ ʦʜ ʧʨʝʪʭʦʜʥʠʪʝ ˃ʝʣʠʠ ʚʦ ʤʨʝʞʘʪʘ. ʇʨʝʢʫ ʦʚʘʘ ʧʦʨʪʘ ʚʦ ʩʘʤʠʦʪ 

ʘʣʛʦʨʠʪʘʤ ʦʜʥʦʩʥʦ ʚʦ ʩʘʤʘʪʘ NN ʩʝ ʚʥʝʩʫʚʘʘʪ ʨʘʟʣʠʯʥʠ ʪʠʧʦʚʠ ʥʘ ʬʠʣʪʨʠ ʠ 

ʦʧʪʠʤʠʟʘʪʦʨʠ ʦʜ ʢʦʠ ʩʝʢʘʢʦ ʟʘʚʠʩʘʪ ʧʝʨʬʦʨʤʘʥʩʠʪʝ ʥʘ ʩʘʤʘʪʘ ʤʨʝʞʘ. ɺʦ ʦʚʘʘ ʧʦʨʪʘ 

ʩʝ ʩʨʝ˃ʘʚʘʘʪ ʜʚʘ ʪʠʧʘ ʥʘ ʚʣʝʟ ʠ ʪʦʘ 1th-  ʠ tx . 1th-  ʝ ʩʢʨʠʝʥʘʪʘ ʩʦʩʪʦʿʙʘ ʚʦ ʧʨʝʪʭʦʜʥʘʪʘ 

˃ʝʣʠʿʘ, ʜʦʜʝʢʘ tx  ʝ ʚʣʝʟʦʪ ʚʦ ʚʨʝʤʝʥʩʢʠ ʜʦʤʝʥ. ɺʣʝʟʦʚʠʪʝ ʜʝʬʠʥʠʨʘʥʠ ʚʦ ʤʨʝʞʘʪʘ 

ʩʝ ʤʥʦʞʘʪ ʩʦ ʢʦʝʬʠʮʠʝʥʪ ʢʦʿʰʪʦ ʝ ʚʦ ʬʦʨʤʘ ʥʘ ʤʘʪʨʠʮʘ ʩʦ ʩʦʦʜʚʝʪʥʘ ʛʦʣʝʤʠʥʘ, ʘ 

ʧʦʩʣʝ ʤʥʦʞʝˁʝʪʦ ʥʘ ʮʝʣʠʦʪ ʠʟʨʘʟ ʩʝ ʜʦʜʘʚʘ ʢʦʝʬʠʮʠʝʥʪ ʥʘ ʧʦʤʝʩʪ (bias). ʉʦ ʮʝʣ 

ʘʢʪʠʚʠʨʘˁʝ ʦʜʥʦʩʥʦ ʜʦʜʘʚʘˁʝ ʜʠʥʘʤʠʢʘ ʥʘ ʮʝʣʘʪʘ ʢʦʥʬʠʛʫʨʘʮʠʿʘ, ʩʝ ʜʦʜʘʚʘ ʠ 

sigmoid AF. ʆʚʘʘ AF ʩʝ ʜʦʜʘʚʘ ʙʠʜʝʿ˃ʠ ʠʟʣʝʟʠʪʝ ʩʝ ʛʝʥʝʨʠʨʘʘʪ ʚʦ ʦʧʩʝʛ ʦʜ 0-1. ʉʦ 

ʧʦʤʦʰ ʥʘ ʦʚʘʘ ʬʫʥʢʮʠʿʘ ʩʝ ʥʦʩʠ ʦʜʣʫʢʘ ʢʦʠ ʚʨʝʜʥʦʩʪʠ ʦʩʪʘʥʫʚʘʘʪ ʟʘ ʧʦʥʘʪʘʤʦʰʥʦ 

ʪʨʝʥʠʨʘˁʝ ʠ ʦʙʨʘʙʦʪʢʘ, ʘ ʢʦʠ ˃ʝ ʩʝ ʠʩʬʨʣʘʪ ʢʘʢʦ ʥʝʬʫʥʢʮʠʦʥʘʣʥʠ ʠ ʥʝʨʝʣʝʚʘʥʪʥʠ 

ʚʦ ʧʦʥʘʪʘʤʦʰʥʠʦʪ ʪʝʢ ʥʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʧʦʜʘʪʦʮʠʪʝ ʩʦ ʮʝʣ ʜʦʙʠʚʘˁʝ ʥʘʿʩʦʦʜʚʝʪʥʠ 

ʠʟʣʝʟʥʠ ʨʝʰʝʥʠʿʘ [103].  

 

2. ɺʣʝʟʥʘ ʧʦʨʪʘ 

ɺʣʝʟʥʘʪʘ ʧʦʨʪʘ ʩʝ ʧʦʚʨʟʫʚʘ ʥʘ (+), ʘ ʩʦ ʪʦʘ ʩʝ ʧʦʚʨʟʫʚʘʘʪ ů (sigmoid) ʠ tanh AF. ʉʦ 

ʦʚʘ ʩʝ ʜʦʜʘʚʘ ʠʥʬʦʨʤʘʮʠʿʘ ʚʦ ˃ʝʣʠʿʘʪʘ ʟʘ ʥʝʿʟʠʥʘʪʘ ʩʦʩʪʦʿʙʘ, ʪʘʢʘ ʰʪʦ ʧʦʜʦʮʥʘ ʩʝ 

ʚʦʚʝʜʫʚʘ sigmoid AF ʩʦ ʮʝʣ ʜʘ ʩʝ ʨʝʛʫʣʠʨʘ ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʠʟʣʝʟʥʘʪʘ ʚʨʝʜʥʦʩʪ. ʅʘ ʦʚʦʿ 

ʥʘʯʠʥ ʩʝ ʬʦʨʤʠʨʘ ʚʝʢʪʦʨ ʩʦ ʩʦʦʜʚʝʪʥʠ ʚʨʝʜʥʦʩʪʠ ʚʦ ʟʘʚʠʩʥʦʩʪ ʦʜ ʧʨʝʪʭʦʜʥʠʪʝ 

ʩʦʩʪʦʿʙʠ. ʆʚʠʝ ʚʨʝʜʥʦʩʪʠ ʧʦʥʘʪʘʤʫ ʩʝ ʜʦʜʘʚʘʘʪ ʚʦ ˃ʝʣʠʿʘʪʘ ʩʦ AF tanh. ʀʩʪʘ ʪʘʢʘ ʿʘ 

ʤʥʦʞʠ ʚʨʝʜʥʦʩʪʘ ʜʦʙʠʝʥʘ ʦʜ sigmoid AF ʩʦ ʚʝʢʪʦʨʦʪ ʜʦʙʠʝʥ ʦʜ tanh AF, ʘ ʧʦʪʦʘ 

ʜʦʜʘʚʘ ʠʥʬʦʨʤʘʮʠʠ ʟʘ ʩʦʩʪʦʿʙʘʪʘ ʥʘ ˃ʝʣʠʿʘʪʘ. ʆʚʘʘ ʜʦʣʛʘ ʧʦʩʪʘʧʢʘ ʩʝ ʧʨʘʚʠ ʩʦ ʮʝʣ 

ʠʥʬʦʨʤʘʮʠʠʪʝ ʩʧʨʦʚʝʜʝʥʠ ʥʠʟ ˃ʝʣʠʿʘʪʘ ʜʘ ʩʝ ʦʜ ʛʦʣʝʤʘ ʚʘʞʥʦʩʪ ʟʘ ʠʟʣʝʟʥʘʪʘ 

ʠʥʬʦʨʤʘʮʠʿʘ ʦʜ ʪʘʘ ˃ʝʣʠʿʘ, ʥʦ ʠ ʜʘ ʥʝ ʙʠʜʘʪ ʧʦʚʪʦʨʫʚʘʯʢʠ, ʪʫʢʫ ʩʝʢʦʿ ʯʝʢʦʨ ʜʘ ʠʤʘ 

ʝʜʠʥʩʪʚʝʥʘ ʘʚʪʝʥʪʠʯʥʦʩʪ ʥʘ ʩʧʨʦʚʝʜʝʥʘʪʘ ʠʥʬʦʨʤʘʮʠʿʘ [103].   

3. ʀʟʣʝʟʥʘ ʧʦʨʪʘ 

ɺʦ ʠʟʣʝʟʥʘʪʘ ʧʦʨʪʘ ʩʝ ʩʝʣʝʢʪʠʨʘʘʪ ʚʘʞʥʠ ʠʥʬʦʨʤʘʮʠʠ ʟʘ ʤʦʤʝʥʪʘʣʥʘʪʘ ʩʦʩʪʦʿʙʘ ʥʘ 

˃ʝʣʠʿʘʪʘ ʠ ʪʘʢʘ ʩʝ ʦʜʣʫʯʫʚʘ ʢʦʿ ʠʟʣʝʟ ˃ʝ ʙʠʜʝ ʟʘʜʘʜʝʥ ʢʘʢʦ ʨʝʰʝʥʠʝ ʥʘ ʧʦʩʪʘʚʝʥʠʦʪ 

ʧʨʦʙʣʝʤ. ʇʨʝʢʫ ʠʟʣʝʟʥʘʪʘ ʧʦʨʪʘ ʩʝ ʬʦʨʤʠʨʘ ʚʝʢʪʦʨ, ʘ ʥʘ ʪʦʿ ʥʘʯʠʥ ʩʝ ʬʠʣʪʨʠʨʘʘʪ ʠ 

ʨʝʛʫʣʠʨʘʘʪ ʠʟʣʝʟʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʩʦ ʢʦʨʠʩʪʝˁʝ ʥʘ 1th-  ʠ tx . ʌʦʨʤʠʨʘʥʠʦʪ ʚʝʢʪʦʨ ʩʝ 

ʤʥʦʞʠ ʩʦ1th-  ʠ tx  ʠ ʥʘ ʪʦʿ ʥʘʯʠʥ ʩʝ ʜʦʙʠʚʘ ʢʦʥʝʯʥʘʪʘ ʬʠʣʪʨʠʨʘʥʘ ʠʟʣʝʟʥʘ ʚʨʝʜʥʦʩʪ 

[103]. 

ʄʘʪʝʤʘʪʠʯʢʠ ʛʣʝʜʘʥʦ, ʯʝʢʦʨ ʧʦ ʯʝʢʦʨ ʧʨʠʤʝʥʘʪʘ ʥʘ NN ʟʘʩʥʦʚʘʥʘ ʥʘ LSTM ʚʦ ʘʧʣʠʢʘʪʠʚʥʠ 

ʧʨʦʮʝʩʠ ʝ ʦʧʠʰʘʥʘ ʧʨʝʢʫ ʩʣʝʜʥʠʪʝ ʟʘʧʠʩʠ. 

ʇʨʚʠʦʪ ʯʝʢʦʨ ʚʦ ʧʨʠʤʝʥʘʪʘ ʥʘ NN ʟʘʩʥʦʚʘʥʘ ʥʘ LSTM ʝ ʜʘ ʩʝ ʜʦʥʝʩʝ ʦʜʣʫʢʘ ʢʦʿʘ 

ʠʥʬʦʨʤʘʮʠʿʘ ʧʦʤʠʥʫʚʘ, ʘ ʢʦʿʘ ʠʥʬʦʨʤʘʮʠʿʘ ˃ʝ ʙʠʜʝ ʠʩʬʨʣʝʥʘ ʢʘʢʦ ʥʝʧʦʪʨʝʙʥʘ ʠʣʠ 

ʧʨʝʟʘʩʠʪʝʥʘ. ʊʘʘ ʦʜʣʫʢʘ ʩʝ ʧʨʘʚʠ ʩʦ ʢʦʨʠʩʪʝˁʝ ʥʘ sigmoid AF ʚʦ ʧʨʚʘʪʘ ʧʦʨʪʘ ʪ.ʝ. ʚʦ ʧʦʨʪʘʪʘ 
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ʟʘ ʟʘʙʦʨʘʚʘˁʝ ʥʘ ʧʦʤʘʣʢʫ ʙʠʪʥʠʪʝ ʠʣʠ ʠʩʢʦʨʠʩʪʝʥʠʪʝ ʠʥʬʦʨʤʘʮʠʠ. ʉʝ ʧʨʘʚʠ ʧʨʦʚʝʨʢʘ ʥʘ 

ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ 1th-  ʠ tx , ʘ ʧʦʪʦʘ ʩʝ ʠʩʬʨʣʘ ʙʨʦʿ ʩʦ ʚʨʝʜʥʦʩʪ ʧʦʤʝʺʫ 0 ʠ 1. ʊʘʘ ʧʨʦʚʝʨʢʘ ʩʝ 

ʧʨʘʚʠ ʟʘ ʩʝʢʦʿʘ ʦʜ ʚʨʝʜʥʦʩʪʘ ʢʦʿʘʰʪʦ ˃ʝ ʙʠʜʝ ʜʝʬʠʥʠʨʘʥʘ ʦʜ ʤʨʝʞʘʪʘ ʚʦ ʟʘʚʠʩʥʦʩʪ ʦʜ 

ʥʝʿʟʠʥʘʪʘ ʩʦʩʪʦʿʙʘ tC . ɺʨʝʜʥʦʩʪʘ 1 ʟʥʘʯʠ ʜʝʢʘ ʠʥʬʦʨʤʘʮʠʿʘʪʘ ʝ ʦʜ ʛʦʣʝʤʘ ʚʘʞʥʦʩʪ ʠ ʠʩʪʘʪʘ 

ʤʦʨʘ ʜʘ ʩʝ ʟʘʜʨʞʠ ʜʦʜʝʢʘ ʚʨʝʜʥʦʩʪ 0 ʟʥʘʯʠ ʜʝʢʘ ʪʘʘ ʠʥʬʦʨʤʘʮʠʿʘ ʤʦʨʘ ʜʘ ʩʝ ʦʪʩʪʨʘʥʠ 

ʙʠʜʝʿ˃ʠ ʥʝʤʘ ʥʠʢʘʢʚʦ ʚʣʠʿʘʥʠʝ ʥʘ ʠʟʣʝʟʥʘʪʘ ʚʨʝʜʥʦʩʪ. ɺʦ ʧʨʦʙʣʝʤʦʪ ʩʦ ʢʦʨʠʩʪʝˁʝ ʥʘ LSTM 

ʟʘ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʝ ʜʘ ʩʝ ʟʝʤʝ ʚʦ 

ʧʨʝʜʚʠʜ ʜʠʥʘʤʠʢʘ ʥʘ ʩʠʩʪʝʤʦʪ ʢʦʿʘʰʪʦ ʝ ʚʝʨʠʬʠʮʠʨʘʥʘ ʠ ʜʦʢʘʞʘʥʦ ʧʨʠʤʝʥʝʪʘ ʠ ʜʘ ʩʝ 

ʠʩʪʨʝʥʠʨʘ ʩʠʩʪʝʤʦʪ ʜʘ ʩʝ ʧʨʠʣʘʛʦʜʠ ʥʘ ʪʘʘ ʧʦʩʪʦʝʯʢʘ ʠ ʧʦʟʥʘʪʘ ʜʠʥʘʤʠʢʘ, ʘ ʧʦʪʦʘ ʜʘ ʩʝ 

ʧʦʩʪʠʛʥʝ ʠ ʦʜʨʝʜʝʥʦ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ 

ʦʙʿʝʢʪ. ɿʘ ʪʘʘ ʮʝʣ ʧʦʪʨʝʙʥʦ ʝ ʥʝʟʥʘʯʘʿʥʠʪʝ ʠʥʬʦʨʤʘʮʠʠ ʠ ʧʘʨʘʤʝʪʨʠ ʜʘ ʩʝ ʠʩʬʨʣʘʪ ʦʜ 

ʩʦʩʪʦʿʙʘʪʘ ʥʘ ˃ʝʣʠʿʘʪʘ, ʘ ʜʘ ʦʩʪʘʥʘʪ ʜʘ ʜʝʿʩʪʚʫʚʘʘʪ ʩʘʤʦ ʚʘʞʥʠʪʝ ʠʥʬʦʨʤʘʮʠʠ ʠ ʧʘʨʘʤʝʪʨʠ. 

ʄʘʪʝʤʘʪʠʯʢʠ ʪʦʘ ʩʝ ʦʧʠʰʫʚʘ ʥʘ ʩʣʝʜʥʠʦʪ ʥʘʯʠʥ: 

 

ʉʣʠʢʘ 23. ʉʦʩʪʦʿʙʘ ʟʘ ʦʜʣʫʢʘ ʢʦʿʘ ʠʥʬʦʨʤʘʮʠʿʘ ʦʩʪʘʥʫʚʘ, ʘ ʢʦʿʘ ʩʝ ʠʩʬʨʣʘ ʢʘʢʦ ʥʝʧʦʪʨʝʙʥʘ 

[98] 

 [ ]( )1 ,t f t t ff W h x bs -= Ö + (55) 

ʉʣʝʜʥʘʪʘ ʠʥʬʦʨʤʘʮʠʿʘ ʝ ʜʘ ʩʝ ʜʦʥʝʩʝ ʦʜʣʫʢʘ ʢʦʿʘ ʥʦʚʘ ʠʥʬʦʨʤʘʮʠʿʘ ˃ʝ ʩʝ ʟʘʯʫʚʘ ʚʦ ˃ʝʣʠʿʘʪʘ. 

ʇʨʚʠʦʪ ʜʝʣ ʝ ʧʦʤʠʥʫʚʘˁʝ ʥʘ ʠʥʬʦʨʤʘʮʠʿʘʪʘ ʧʨʝʢʫ sigmoid AF ʚʦ ʚʣʝʟʥʘʪʘ ʧʦʨʪʘ ʠ ʧʦʪʦʘ ʩʝ 

ʥʦʩʠ ʦʜʣʫʢʘ ʢʦʿʘ ʠʥʬʦʨʤʘʮʠʿʘ ʧʦʤʠʥʫʚʘ, ʘ ʢʦʿʘ ˃ʝ ʦʩʪʘʥʝ ʜʘ ʚʣʠʿʘʝ ʥʘ ʩʦʩʪʦʿʙʘʪʘ ʥʘ ˃ʝʣʠʿʘʪʘ. 

ʉʣʝʜʥʦ, tanh AF ʬʦʨʤʠʨʘ ʚʝʢʪʦʨ ʩʦ ʥʦʚʠ ʚʨʝʜʥʦʩʪʠ, tC . ɼʦʢʦʣʢʫ ʪʠʝ ʚʨʝʜʥʦʩʪʠ ʩʝ ʚʘʞʥʠ, 

ʠʩʪʠʪʝ ʩʝ ʜʦʜʘʜʝʥʠ ʚʦ ʩʦʩʪʦʿʙʘʪʘ ʥʘ ˃ʝʣʠʿʘʪʘ. 

ɺʦ ʦʜʥʦʩ ʥʘ ʧʨʠʤʝʥʘʪʘ ʥʘ ʦʚʘʘ ʤʝʪʦʜʘ ʚʦ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ  

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ, ʟʥʘʯʠ ʜʝʢʘ ʦʜʨʝʜʝʥʠ ʚʨʝʜʥʦʩʪʠ ʢʦʠ ʩʝ ʛʝʥʝʨʠʨʘʘʪ, ʘ ʠʩʪʠʪʝ ʛʦ 

ʥʘʨʫʰʫʚʘʘʪ ʧʦʜʦʙʨʫʚʘˁʝʪʦ, ʜʘ ʙʠʜʘʪ ʠʩʬʨʣʝʥʠ ʦʜ ʫʧʦʪʨʝʙʘ. 
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ʉʣʠʢʘ 24. ʉʦʩʪʦʿʙʘ ʥʘ ʬʦʨʤʠʨʘˁʝ ʥʦʚʠ ʚʝʢʪʦʨʠ ʩʦ ʮʝʣ ʢʣʘʩʠʬʠʮʠʨʘˁʝ ʥʘ ʠʥʬʦʨʤʘʮʠʿʘʪʘ 

ʢʘʢʦ ʚʘʞʥʘ ʠʣʠ ʥʝ ʚʘʞʥʘ [98] 

ʄʘʪʝʤʘʪʠʯʢʠ ʪʦʘ ʩʝ ʦʧʠʰʫʚʘ ʥʘ ʩʣʝʜʥʠʦʪ ʥʘʯʠʥ: 

     [ ]( )1 ,t i t t ii W h x bs -= Ö + (56) 

 [ ]( )1tanh ,t C t t CC W h x b-= Ö + (57) 

ʇʦʩʣʝ ʪʦʿ ʧʨʦʮʝʩ, ʩʣʝʜʫʚʘ ʚʨʝʤʝ ʟʘ ʘʞʫʨʠʨʘˁʝ ʥʘ ʩʦʩʪʦʿʙʘʪʘ ʥʘ ʩʪʘʨʠʪʝ ˃ʝʣʠʠ, 1tC-  ʚʦ tC . 

ʉʪʘʨʘʪʘ ʩʦʩʪʦʿʙʘ ʥʘ ˃ʝʣʠʿʘʪʘ ʩʝ ʤʥʦʞʠ ʩʦ tf  ʧʨʠʪʦʘ ʝʣʠʤʠʥʠʨʘʿ˃ʠ ʛʠ ʩʦʩʪʦʿʙʠʪʝ ʠ 

ʧʘʨʘʤʝʪʨʠʪʝ ʢʦʠ ʧʨʝʪʭʦʜʥʦ ʙʠʣʝ ʧʨʦʧʫʰʪʝʥʠ ʢʘʢʦ ʠʥʬʦʨʤʘʮʠʿʘ, ʘ ʩʝʧʘʢ ʥʝʤʘʣʝ ʪʦʣʢʫ 

ʛʦʣʝʤʦ ʟʥʘʯʝˁʝ ʚʦ ʦʜʨʝʜʫʚʘˁʝ ʥʘ ʠʟʣʝʟʦʪ. ʇʦʪʦʘ ʩʝ ʜʦʜʘʚʘ t ti CÖ . ʉʦ ʪʦʘ ʩʝ ʥʘʟʥʘʯʫʚʘ 

ʜʦʜʘʚʘˁʝ ʥʘ ʥʦʚʠ ʚʨʝʜʥʦʩʪʠ ʚʦ ʧʨʝʩʤʝʪʢʦʚʥʠʦʪ ʤʦʜʝʣ ʠ ʥʘ ʪʦʿ ʥʘʯʠʥ ʩʝ ʠʟʚʨʰʫʚʘ 

ʘʞʫʨʠʨʘˁʝ ʥʘ ʠʥʬʦʨʤʘʮʠʠʪʝ ʰʪʦ ʩʝ ʜʚʠʞʘʪ ʢʦʥ ʠʟʣʝʟʥʠʪʝ ʧʘʨʘʤʝʪʨʠ. 

 

ʉʣʠʢʘ 25. ʉʦʩʪʦʿʙʘ ʥʘ ʘʞʫʨʠʨʘˁʝ ʥʘ ʩʦʩʪʦʿʙʘʪʘ ʚʦ ˃ʝʣʠʠʪʝ [98] 

 ʄʘʪʝʤʘʪʠʯʢʠ ʪʦʘ ʩʝ ʦʧʠʰʫʚʘ ʥʘ ʩʣʝʜʥʠʦʪ ʥʘʯʠʥ: 

     
1t t t t tC f C i C-= Ö + Ö (58) 

ʌʠʥʘʣʥʠʦʪ ʯʝʢʦʨ ʝ ʜʘ ʩʝ ʜʦʥʝʩʝ ʦʜʣʫʢʘ ʢʦʠ ʠʥʬʦʨʤʘʮʠʠ ˃ʝ ʩʝ ʧʣʘʩʠʨʘʘʪ ʢʘʢʦ ʠʟʣʝʟ ʩʦ 

ʥʘʿʛʦʣʝʤʘ ʝʬʠʢʘʩʥʦʩʪ ʠ ʚʘʞʥʦʩʪ. ʀʟʣʝʟʥʘʪʘ ʚʨʝʜʥʦʩʪ ˃ʝ ʟʘʚʠʩʠ ʦʜ ʩʦʩʪʦʿʙʘʪʘ ʥʘ ˃ʝʣʠʿʘʪʘ, 

ʥʦ ʩʦ ʬʠʣʪʨʠʨʘʥʠ ʧʘʨʘʤʝʪʨʠ. ʊʦʘ ʟʥʘʯʠ ʜʝʢʘ ʧʨʚʦ ʠʥʬʦʨʤʘʮʠʿʘʪʘ ʧʦʤʠʥʫʚʘ ʥʠʟ ˃ʝʣʠʿʘʪʘ ʚʦ 

ʢʦʿʘ ʰʪʦ ʝ ʘʢʪʠʚʥʘ sigmoid AF ʠ ʥʘ ʪʦʿ ʥʘʯʠʥ ʩʝ ʬʠʣʪʨʠʨʘʘʪ ʩʠʛʥʘʣʠʪʝ, ʧʘ ʩʝ ʦʜʣʫʯʫʚʘ ʢʦʿ 

ʩʠʛʥʘʣ ˃ʝ ʩʝ ʧʨʦʮʝʩʠʨʘ ʧʦʥʘʪʘʤʫ ʚʦ ˃ʝʣʠʿʘʪʘ, ʤʦʨʘ ʜʘ ʙʠʜʝ ʩʦ ʚʨʝʜʥʦʩʪ ʦʜ 0 ʜʦ 1. ʇʦʪʦʘ ʪʘʘ 

ʠʥʬʦʨʤʘʮʠʿʘ ʧʦʤʠʥʫʚʘ ʥʠʟ tanh AF ʢʦʿʘʰʪʦ ʠʤʘ ʚʨʝʜʥʦʩʪ ʦʜ -1 ʜʦ 1 ʠ ʦʜ ʪʫʢʘ ʩʝ ʤʥʦʞʠ 
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ʠʟʣʝʟʥʘʪʘ ʚʨʝʜʥʦʩʪ ʩʦ ʚʨʝʜʥʦʩʪʘ ʥʘ ʠʟʣʝʟ ʦʜ sigmoid AF. ʊʦʘ ʟʥʘʯʠ ʜʝʢʘ ʚʦ ʦʚʦʿ ʜʝʣ ʩʝ ʥʦʩʠ 

ʦʜʣʫʢʘ ʜʘʣʠ ʜʠʥʘʤʠʢʘʪʘ ʥʘ ʩʠʩʪʝʤʦʪ ʝ ʧʦʜʦʙʨʝʥʘ ʠʣʠ ʚʣʦʰʝʥʘ ʚʦ ʟʘʚʠʩʥʦʩʪ ʦʜ ʩʧʦʨʝʜʙʘʪʘ 

ʥʘ ʠʟʣʝʟʥʘʪʘ ʤʘʪʨʠʮʘ ʠ ʜʦʙʠʝʥʘʪʘ ʤʘʪʨʠʮʘ ʢʦʿʘ ʛʦ ʧʦʤʠʥʘʣʘ ʧʨʦʮʝʩʦʪ ʥʘ ʨʘʟʣʠʯʥʠ ʩʦʩʪʦʿʙʠ 

ʥʘ ˃ʝʣʠʠʪʝ. 

 

ʉʣʠʢʘ 26. ʌʦʨʤʠʨʘˁʝ ʥʘ ʠʟʣʝʟʥʠʦʪ ʩʠʛʥʘʣ [98] 

ʄʘʪʝʤʘʪʠʯʢʠ ʪʦʘ ʩʝ ʦʧʠʰʫʚʘ ʥʘ ʩʣʝʜʥʠʦʪ ʥʘʯʠʥ: 

     [ ]( )1 ,t ʦ t t ʦʦ W h x bs -= Ö + (59) 

 ( )tanht t th o C= Ö  (60) 

 

3.3.3 ɸʣʛʦʨʠʪʘʤ ʟʘ ʜʝʬʠʥʠʨʘˁʝ ʥʘ ʜʠʛʠʪʘʣʝʥ ʙʣʠʟʥʘʢ ʠ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ 

ʥʘ ʩʠʩʪʝʤ ʩʦ ʥʝʚʨoʥʩʢʘ ʤʨʝʞʘ ʟʘʩʥʦʚʘʥʘ ʥʘ ʜʦʣʛʘ ʢʨʘʪʢʦʨʦʯʥʘ ʤʝʤʦʨʠʿʘ - LSTM  

ɿʘ ʜʘ ʩʝ ʤʦʜʝʣʠʨʘ NN ʢʦʿʘʰʪʦ ʝ ʟʘʩʥʦʚʘʥʘ ʥʘ LSTM, ʧʦʪʨʝʙʥʦ ʝ ʜʘ ʩʝ ʜʝʬʠʥʠʨʘʘʪ ʩʣʝʜʥʠʪʝ 

ʧʘʨʘʤʝʪʨʠ. 

1. ɼʝʬʠʥʠʨʘˁʝ ʥʘ ʧʦʪʨʝʙʥʠʪʝ ʙʠʙʣʠʦʪʝʢʠ ʟʘ ʜʘ ʤʦʞʝ ʜʘ ʩʝ ʠʟʚʨʰʫʚʘ ʧʨʝʩʤʝʪʢʘʪʘ. 

2. ɼʝʬʠʥʠʨʘˁʝ ʥʘ ʚʣʝʟʦʚʠʪʝ (ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ ʟʘ ʚʣʝʟʦʚʠ). 

3. ɼʝʬʠʥʠʨʘˁʝ ʥʘ ʮʝʣʥʠ ʠʟʣʝʟʠ (ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ ʟʘ ʮʝʣʥʠ ʠʟʣʝʟʠ). 

4. ʉʝ ʜʝʬʠʥʠʨʘ ʪʠʧʦʪ ʥʘ NN ʩʦ ʢʦʿʘʰʪʦ ˃ʝ ʩʝ ʦʙʨʘʙʦʪʫʚʘʘʪ ʧʦʜʘʪʦʮʠʪʝ. 

5. ʉʝ ʜʝʬʠʥʠʨʘ ʙʨʦʿʦʪ ʥʘ ʩʢʨʠʝʥʠ ʩʣʦʝʚʠ ʠ ʙʨʦʿʦʪ ʥʘ ʥʝʚʨʦʥʠ ʚʦ ʩʝʢʦʿ ʦʜ ʩʣʦʝʚʠʪʝ. 

6. ʉʝ ʜʝʬʠʥʠʨʘ AF ʟʘ ʩʝʢʦʿ ʦʜ ʩʣʦʝʚʠʪʝ ʧʦʩʝʙʥʦ. 

7. ʉʝ ʜʝʬʠʥʠʨʘ ʪʠʧʦʪ ʥʘ ʦʧʪʠʤʠʟʘʪʦʨ. 

8. ʉʝ ʜʝʬʠʥʠʨʘ ʪʠʧʦʪ ʥʘ ʛʨʝʰʢʘ ʩʧʦʨʝʜ ʢʦʿʘ ˃ʝ ʩʝ ʧʨʝʩʤʝʪʫʚʘ ʤʦʜʝʣʦʪ. 

9. ʉʝ ʪʨʝʥʠʨʘ ʤʦʜʝʣʦʪ. 

10. ʉʝ ʜʝʬʠʥʠʨʘ ʙʨʦʿʦʪ ʥʘ ʧʦʣʦʚʠ ʠ ʥʫʣʠ ʩʦ ʮʝʣ ʜʘ ʩʝ ʛʝʥʝʨʠʨʘ ʧʨʝʥʦʩʥʘ ʬʫʥʢʮʠʿʘ. 

11. ʉʝ ʜʝʬʠʥʠʨʘ ʛʦʨʥʘʪʘ ʠ ʜʦʣʥʘʪʘ ʛʨʘʥʠʮʘ ʥʘ ʧʦʣʦʚʠʪʝ ʠ ʥʫʣʠʪʝ ʦʜ ʧʨʝʥʦʩʥʘʪʘ 

ʬʫʥʢʮʠʿʘ. 

12. ʉʝ ʚʘʜʘʪ ʛʝʥʝʨʠʨʘʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʧʦʣʦʚʠʪʝ ʠ ʥʫʣʠʪʝ. 

13. ʉʝ ʛʝʥʝʨʠʨʘ ʤʦʜʝʣ ʚʦ Simulink . 

14. ʉʝ ʜʝʬʠʥʠʨʘ ʠʤʝʪʦ ʠ ʣʦʢʘʮʠʿʘʪʘ ʥʘ ʛʝʥʝʨʠʨʘʥʠʦʪ ʤʦʜʝʣ ʚʦ Simulink. 

15. ʉʝ ʜʝʬʠʥʠʨʘ ʠʤʝʪʦ ʥʘ ʙʣʦʢ ʜʠʿʘʛʨʘʤʦʪ ʦʜ ʛʝʥʝʨʠʨʘʥʠʦʪ ʤʦʜʝʣ ʚʦ Simulink ʢʘʜʝ ʰʪʦ 

ʪʨʝʙʘ ʜʘ ʩʝ ʟʘʧʠhʘʪ ʛʝʥʝʨʠʨʘʥʠʪʝ ʚʨʝʜʥʦʩʪʠ. 

16. ʉʝ ʜʝʬʠʥʠʨʘ ʢʦʜ ʟʘ ʧʨʝʩʤʝʪʢʘ ʥʘ ʩʠʤʫʣʘʮʠʿʘʪʘ ʚʦ Simulink ʧʨʝʢʫ Python. 
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17. ʉʝ ʜʝʬʠʥʠʨʘ ʢʦʜ ʟʘ ʠʟʜʚʦʿʫʚʘˁʝ ʥʘ ʠʟʣʝʟʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʛʝʥʝʨʠʨʘʥʘʪʘ ʜʠʥʘʤʠʢʘ 

ʥʘ ʤʦʜʝʣʦʪ. 

18. ʉʝ ʩʧʦʨʝʜʫʚʘʘʪ ʜʦʙʠʝʥʠʪʝ ʠʟʣʝʟʠ ʩʦ ʠʟʣʝʟʠʪʝ ʦʜ ʤʦʜʝʣʦʪ ʧʨʝʜ ʜʘ ʩʝ ʧʨʠʤʝʥʠ ML 

ʧʨʝʢʫ MLP.  

3.3.4 ʇʦʚʝ˃ʝʩʣʦʝʥ ʧʝʨʮʝʧʪʨʦʥ - MLP  

ANN ʩʝ ʥʘʿʯʝʩʪʦ ʧʦʚʨʟʫʚʘʥʠ ʩʦ ʧʦʚʝ˃ʝʩʣʦʿʥʠ ʧʝʨʮʝʧʪʨʦʥʠ. ʊʠʝ ʩʝ ʝʜʝʥ ʦʜ ʥʘʿʯʝʩʪʦ 

ʢʦʨʠʩʪʝʥʠʪʝ NN ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ, ʥʝ ʟʘ ʜʘ ʩʝ ʢʨʝʠʨʘ ʨʝʘʣʠʩʪʠʯʝʥ 

ʤʦʜʝʣ, ʪʫʢʫ ʟʘ ʨʘʟʚʦʿ ʠ ʛʨʘʜʝˁʝ ʥʘ ʨʦʙʫʩʪʝʥ ʘʣʛʦʨʠʪʘʤ ʟʘ ʜʘ ʤʦʞʝ ʠʩʪʠʦʪ ʧʦʥʘʪʘʤʫ ʜʘ ʩʝ 

ʢʦʨʠʩʪʠ ʧʨʠ ʤʦʜʝʣʠʨʘˁʝ ʟʘ ʘʥʘʣʠʟʘ ʥʘ ʧʦʢʦʤʧʣʠʮʠʨʘʥʠ ʧʨʦʙʣʝʤʠ.  

ʂʦʤʙʠʥʘʮʠʿʘʪʘ ʦʜ ʝʜʝʥ ʚʣʝʟʝʥ ʩʣʦʿ, ʝʜʝʥ ʩʢʨʠʝʥ ʩʣʦʿ ʠ ʝʜʝʥ ʠʟʣʝʟʝʥ ʩʣʦʿ ʛʦ ʩʦʯʠʥʫʚʘʘʪ MLP. 

ɼʦʢʦʣʢʫ NN ʩʦʜʨʞʠ ʧʦʚʝ˃ʝ ʦʜ ʝʜʝʥ ʩʢʨʠʝʥ ʩʣʦʿ ʪʦʘ ʚʝ˃ʝ ʩʝ ʥʘʨʝʢʫʚʘ ʜʣʘʙʦʢʘ NN ʠʣʠ 

ʜʣʘʙʦʢʦ ʫʯʝˁʝ [104].  

NN ʥʘ MLP ʝ ʩʦʩʪʘʚʝʥʘ ʦʜ ʝʜʥʦʩʪʘʚʥʠ ʝʣʝʤʝʥʪʠ. ʊʦʘ ʝ ʥʝʚʨʦʥ ʢʦʿ ʤʦʞʝ ʜʘ ʙʠʜʝ ʩʦ ʝʜʝʥ ʚʣʝʟ 

ʠʣʠ ʥʝʚʨʦʥ ʩʦ ʧʦʚʝ˃ʝ ʚʣʝʟʦʚʠ. ʅʝʟʘʚʠʩʥʦ ʦʜ ʙʨʦʿʦʪ ʥʘ ʚʣʝʟʦʚʠ, ʥʝʚʨʦʥʠʪʝ ʧʦʥʘʪʘʤʫ ʩʝ 

ʛʨʫʧʠʨʘʘʪ ʚʦ ʩʣʦʝʚʠ. ʉʣʦʝʚʠʪʝ ʧʦʥʘʪʘʤʫ ʩʝ ʛʨʫʧʠʨʘʘʪ ʠ ʥʘ ʪʦʿ ʥʘʯʠʥ ʩʝ ʛʨʘʜʠ ʤʨʝʞʘ ʦʜ 

ʩʣʦʝʚʠ ʢʦʠ ʩʝ ʩʦʩʪʘʚʝʥʠ ʦʜ ʧʦʚʝ˃ʝ ʥʝʚʨʦʥʠ [105]. ʀʟʣʝʟʦʪ ʦʜ ʝʜʝʥ ʥʝʚʨʦʥ ʩʝ ʧʨʝʩʤʝʪʫʚʘ ʥʘ 

ʥʘʯʠʥ ʧʨʠʢʘʞʘʥ ʩʦ ʨʘʚʝʥʢʘ 61 ʢʘʜʝ ʰʪʦ p ʝ ʩʢʘʣʘʨ ʢʦʿ ʰʪʦ ʧʦʤʥʦʞʝʥ ʩʦ ʩʢʘʣʘʨ w, ʛʦ 

ʬʦʨʤʠʨʘʘʪ ʠʟʨʘʟʦʪ w pÖ . ʀʟʣʝʟʦʪ ʦʜ ʥʝʚʨʦʥʦʪ, a  ʝ ʠʩʪʦ ʪʘʢʘ ʩʢʘʣʘʨ. ʌʫʥʢʮʠʿʘʪʘ ʚʨʟ ʦʩʥʦʚʘ 

ʥʘ ʢʦʿʘ ʩʝ ʧʨʘʚʘʪ ʧʨʝʩʤʝʪʢʠʪʝ ʟʘ ʜʘ ʩʝ ʜʦʙʠʝ ʚʨʝʜʥʦʩʪʘ ʥʘ ʩʢʘʣʘʨʦʪ ʥʘ ʠʟʣʝʟ ʦʜ ʥʝʚʨʦʥʦʪ, ʝ 

ʜʝʬʠʥʠʨʘʥʘ ʢʘʢʦ AF ʦʜʥʦʩʥʦ f . Kʦʝʬʠʮʠʝʥʪoʪ ʥʘ ʧʦʤʝʩʪ (bias) ʝ ʦʟʥʘʯʝʥ ʩʦ b .  

     ( )a f w p b= Ö + (61) 

ɺʦ ʪʝʢʦʪ ʥʘ ʮʝʣʠʦʪ ʧʨʦʮʝʩ ʥʘ ʫʯʝˁʝ, w ʠ b ʩʝ ʧʘʨʘʤʝʪʨʠ ʢʦʠʰʪʦ ʧʦʩʪʦʿʘʥʦ ʩʝ ʤʝʥʫʚʘʘʪ. 

ʅʠʚʥʦʪʦ ʘʞʫʨʠʨʘˁʝ ʚʦ ʪʝʢʦʪ ʥʘ ʧʨʦʮʝʩʦʪ ʥʘ ʫʯʝˁʝ ʟʘʚʠʩʠ ʦʜ ʯʝʢʦʨʦʪ ʥʘ ʫʯʝˁʝ, ʦʜ ʪʠʧʦʪ 

ʥʘ ʦʧʪʠʤʠʟʘʪʦʨʦʪ, AF ʢʦʠ ʩʝ ʧʦʩʪʘʚʫʚʘʘʪ ʥʘ ʢʨʘʿʦʪ ʦʜ ʩʝʢʦʿ ʩʢʨʠʝʥ ʩʣʦʿ ʠ ʦʜ ʠʟʣʝʟʥʠʦʪ ʩʣʦʿ. 

ʅʘʚʝʜʝʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʛʦ ʥʦʩʘʪ ʠʤʝʪʦ ʭʠʧʝʨʧʘʨʘʤʝʪʨʠʪʝ ʧʦʨʘʜʠ ʪʦʘ ʰʪʦ ʠʤʘʘʪ ʛʦʣʝʤʦ 

ʚʣʠʿʘʥʠʝ ʚʨʟ ʠʟʣʝʟʥʠʪʝ, ʬʠʥʘʣʥʠ ʨʝʟʫʣʪʘʪʠ.  

 

ʉʣʠʢʘ 27. ɽʜʠʥʝʯʝʥ ʧʝʨʮʝʧʪʨʦʥ ʧʨʠʢʘʞʘʥ ʚʦ ʦʧʰʪʘ ʩʦʩʪʦʿʙʘ [105] 

AF ʥʘ ʢʨʘʿ ʠʤʘ ʫʣʦʛʘ ʜʘ ʛʦ ʧʨʝʪʚʦʨʠ ʠʟʣʝʟʥʠʦʪ ʩʠʛʥʘʣ ʚʦ ʩʦʦʜʚʝʪʥʘ ʬʦʨʤʘ ʩʦ ʩʦʦʜʚʝʪʥʠ 

ʛʨʘʥʠʮʠ, ʘ ʬʦʨʤʘʪʘ ʥʘ ʠʟʣʝʟʥʠʦʪ ʩʠʛʥʘʣ ʟʘʚʠʩʠ ʦʜ ʪʠʧʦʪ ʥʘ ʬʫʥʢʮʠʿʘʪʘ. 
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ʂʘʿ ʦʚʦʿ ʪʠʧ ʥʘ NN, ʩʠʛʥʘʣʦʪ ʧʘʪʫʚʘ ʦʜ ʚʣʝʟʥʠʦʪ ʢʦʥ ʠʟʣʝʟʥʠʦʪ ʩʣʦʿ ʧʦʤʠʥʫʚʘʿ˃ʠ ʥʠʟ 

ʩʢʨʠʝʥʠʪʝ ʩʣʦʝʚʠ. ɹʨʦʿʦʪ ʥʘ ʩʢʨʠʝʥʠ ʩʣʦʝʚʠ ʢʦʿʰʪʦ ʤʦʞʝ ʜʘ ʩʝ ʧʦʩʪʘʚʠ ʚʦ ʤʨʝʞʘʪʘ ʝ 

ʥʝʦʛʨʘʥʠʯʝʥ, ʘ ʪʦʘ ʟʘʚʠʩʠ ʦʜ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʠ ʦʜ ʢʦʤʧʣʝʢʩʥʦʩʪʘ ʥʘ ʤʦʜʝʣʦʪ 

ʢʦʿʰʪʦ ʩʝ ʘʥʘʣʠʟʠʨʘ. ʀʥʬʦʨʤʘʮʠʿʘʪʘ ʥʠʟ ʤʨʝʞʘʪʘ ʧʦʤʠʥʫʚʘ ʧʦ ʧʨʘʚʘ ʨʫʪʠʥʘ, ʘ ʧʨʠʪʦʘ ʚʦ 

ʝʜʥʦ ʜʚʠʞʝˁʝ ʦʜ ʚʣʝʟʦʪ ʩʧʨʝʤʘ ʠʟʣʝʟʦʪ, ʩʠʛʥʘʣʦʪ ʥʠʢʦʛʘʰ ʥʝ ʧʦʤʠʥʫʚʘ ʥʠʟ ʠʩʪʠʦʪ ʥʝʚʨʦʥ 

ʜʚʘ ʧʘʪʠ [106]. 

ʆʚʦʿ ʪʠʧ ʥʘ ʤʨʝʞʠ, ʢʘʜʝ ʰʪʦ ʩʠʛʥʘʣʦʪ ʩʝ ʜʚʠʞʠ ʦʜ ʚʣʝʟʥʠʦʪ ʩʣʦʿ ʩʧʨʝʤʘ ʠʟʣʝʟʥʠʦʪ ʙʝʟ 

ʧʨʠʪʦʘ ʚʦ ʝʜʥʦ ʜʚʠʞʝˁʝ ʜʚʘ ʧʘʪʠ ʜʘ ʧʦʤʠʥʫʚʘ ʥʠʟ ʠʩʪ ʩʣʦʿ ʠ ʥʝʚʨʦʥ, ʠʤʘ ʤʘʣʘ ʩʧʦʩʦʙʥʦʩʪ 

ʚʦ ʜʦʙʠʚʘˁʝʪʦ ʟʘʜʦʚʦʣʠʪʝʣʥʠ ʨʝʟʫʣʪʘʪʠ ʧʦʨʘʜʠ ʪʦʘ ʰʪʦ ʦʚʦʿ ʪʠʧ ʥʘ NN ʥʝʤʘ ʤʝʤʦʨʠʿʘ ʠ 

ʧʦʜʘʪʦʮʠʪʝ ʰʪʦ ʛʠ ʧʨʠʤʘ ʝʜʥʘʰ ʥʘ ʚʣʝʟ, ʧʦʩʣʝ ʠʟʣʝʟʦʪ ʦʜ ʥʝʚʨʦʥʦʪ ʥʝʤʘ ʟʘʯʫʚʘʥʠ ʪʨʘʛʠ ʦʜ 

ʩʠʛʥʘʣʦʪ. ɽʜʥʦʩʪʘʚʥʦ ʢʘʿ ʦʚʦʿ ʪʠʧ ʥʘ ʤʨʝʞʘ, ʧʨʝʩʤʝʪʢʘʪʘ ʠ ʘʞʫʨʠʨʘˁʝʪʦ ʥʘ ʧʦʜʘʪʦʮʠʪʝ 

ʚʥʘʪʨʝ ʚʦ ʤʨʝʞʘʪʘ ʩʝ ʧʨʘʚʠ ʤʦʤʝʥʪʘʣʥʦ ʠ ʩʝʢʦʛʘʰ ʦʜʥʦʚʦ, ʘ ʥʝ ʚʨʟ ʙʘʟʘ ʥʘ ʧʨʝʪʭʦʜʥʦ 

ʠʩʪʨʝʥʠʨʘʥʠ ʠʣʠ ʟʘʧʘʤʝʪʝʥʠ ʩʮʝʥʘʨʠʿʘ ʩʦʛʣʘʩʥʦ ʜʦʩʪʘʧʥʘʪʦʪʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ.  

3.3.5 ɸʣʛʦʨʠʪʘʤ ʟʘ ʜʝʬʠʥʠʨʘˁʝ ʥʘ ʜʠʛʠʪʘʣʝʥ ʙʣʠʟʥʘʢ ʠ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ 

ʥʘ ʩʠʩʪʝʤ ʩʦ ʥʝʚʨʦʥʩʢʘ ʤʨʝʞʘ ʟʘʩʥʦʚʘʥʘ ʥʘ ʧʦʚʝ˃ʝʩʣʦʝʥ ʧʝʨʮʝʧʪʨʦʥ - MLP  

ɿʘ ʜʘ ʩʝ ʤʦʜʝʣʠʨʘ NN ʢʦʿʘʰʪʦ ʝ ʟʘʩʥʦʚʘʥʘ ʥʘ MLP, ʧʦʪʨʝʙʥʦ ʝ ʜʘ ʩʝ ʜʝʬʠʥʠʨʘʘʪ ʩʣʝʜʥʠʪʝ 

ʧʘʨʘʤʝʪʨʠ. 

1. ɼʝʬʠʥʠʨʘˁʝ ʥʘ ʧʦʪʨʝʙʥʠʪʝ ʙʠʙʣʠʦʪʝʢʠ ʟʘ ʜʘ ʤʦʞʝ ʜʘ ʩʝ ʠʟʚʨʰʫʚʘ ʧʨʝʩʤʝʪʢʘʪʘ. 

2. ɼʝʬʠʥʠʨʘˁʝ ʥʘ ʚʣʝʟʦʚʠʪʝ (ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʟʘ ʚʣʝʟʦʚʠ). 

3. ɼʝʬʠʥʠʨʘˁʝ ʥʘ ʮʝʣʥʠ ʠʟʣʝʟʠ (ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʟʘ ʮʝʣʥʠ ʠʟʣʝʟʠ). 

4. ʉʝ ʜʝʬʠʥʠʨʘ ʪʠʧʦʪ ʥʘ NN ʩʦ ʢʦʿʘʰʪʦ ˃ʝ ʩʝ ʦʙʨʘʙʦʪʫʚʘʘʪ ʧʦʜʘʪʦʮʠʪʝ. 

5. ʉʝ ʜʝʬʠʥʠʨʘ ʙʨʦʿʦʪ ʥʘ ʩʢʨʠʝʥʠ ʩʣʦʝʚʠ ʠ ʙʨʦʿʦʪ ʥʘ ʥʝʚʨʦʥʠ ʚʦ ʩʝʢʦʿ ʦʜ ʩʣʦʝʚʠʪʝ. 

6. ʉʝ ʜʝʬʠʥʠʨʘ AF ʟʘ ʩʝʢʦʿ ʦʜ ʩʣʦʝʚʠʪʝ ʧʦʩʝʙʥʦ. 

7. ʉʝ ʜʝʬʠʥʠʨʘ ʪʠʧʦʪ ʥʘ ʦʧʪʠʤʠʟʘʪʦʨ. 

8. ʉʝ ʪʨʝʥʠʨʘ ʤʦʜʝʣʦʪ. 

9. ʉʝ ʜʝʬʠʥʠʨʘ ʙʨʦʿʦʪ ʥʘ ʧʦʣʦʚʠ ʠ ʥʫʣʠ ʩʦ ʮʝʣ ʜʘ ʩʝ ʛʝʥʝʨʠʨʘ ʧʨʝʥʦʩʥʘ ʬʫʥʢʮʠʿʘ. 

10. ʉʝ ʜʝʬʠʥʠʨʘ ʛʦʨʥʘʪʘ ʠ ʜʦʣʥʘʪʘ ʛʨʘʥʠʮʘ ʥʘ ʧʦʣʦʚʠʪʝ ʠ ʥʫʣʠʪʝ ʦʜ ʧʨʝʥʦʩʥʘʪʘ 

ʬʫʥʢʮʠʿʘ. 

11. ʉʝ ʚʘʜʘʪ ʛʝʥʝʨʠʨʘʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʧʦʣʦʚʠʪʝ ʠ ʥʫʣʠʪʝ. 

12. ʉʝ ʛʝʥʝʨʠʨʘ ʤʦʜʝʣ ʚʦ Simulink . 

13. ʉʝ ʜʝʬʠʥʠʨʘ ʠʤʝʪʦ ʠ ʣʦʢʘʮʠʿʘʪʘ ʥʘ ʛʝʥʝʨʠʨʘʥʠʦʪ ʤʦʜʝʣ ʚʦ Simulink. 

14. ʉʝ ʜʝʬʠʥʠʨʘ ʠʤʝʪʦ ʥʘ ʙʣʦʢ ʜʠʿʘʛʨʘʤʦʪ ʦʜ ʛʝʥʝʨʠʨʘʥʠʦʪ ʤʦʜʝʣ ʚʦ Simulink ʢʘʜʝ ʰʪʦ 

ʪʨʝʙʘ ʜʘ ʩʝ ʟʘʧʠʰʘʪ ʛʝʥʝʨʠʨʘʥʠʪʝ ʚʨʝʜʥʦʩʪʠ. 

15. ʉʝ ʜʝʬʠʥʠʨʘ ʢʦʜ ʟʘ ʧʨʝʩʤʝʪʢʘ ʥʘ ʩʠʤʫʣʘʮʠʿʘʪʘ ʚʦ Simulink ʧʨʝʢʫ Python. 

16. ʉʝ ʜʝʬʠʥʠʨʘ ʢʦʜ ʟʘ ʠʟʜʚʦʿʫʚʘˁʝ ʥʘ ʠʟʣʝʟʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʛʝʥʝʨʠʨʘʥʘʪʘ ʜʠʥʘʤʠʢʘ 

ʥʘ ʤʦʜʝʣʦʪ. 

17. ʉʝ ʩʧʦʨʝʜʫʚʘʘʪ ʜʦʙʠʝʥʠʪʝ ʠʟʣʝʟʠ ʩʦ ʠʟʣʝʟʠʪʝ ʦʜ ʤʦʜʝʣʦʪ ʧʨʝʜ ʜʘ ʩʝ ʧʨʠʤʝʥʠ ML 

ʧʨʝʢʫ MLP.  
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4 ɻʣʘʚʘ 4 ʉʠʤʫʣʘʮʠʿʘ ʥʘ ʤʦʜʝʣ ʧʨʠ ʮʨʥ ʩʪʘʨʪ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʩʦ 

ʢʦʨʠʩʪʝˁʝ ʥʘ ʤʘʰʠʥʩʢʦ ʫʯʝˁʝ ʠ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ ʥʝʚʨʦʥʩʢʠ ʤʨʝʞʠ 

4.1 ɺʦʚʝʜ 

ɺʦ ɻʣʘʚʘ 3, ʙʝhʝ ʜʝʬʠʥʠʨʘʥ ʤʦʜʝʣʦʪ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʢʦʿ ʦʧʬʘ˃ʘ ʦʩʪʨʦʚʩʢʘ 

ʨʘʙʦʪʘ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ. ɿʘ ʚʘʢʚʠʪʝ ʤʦʜʝʣʠ ʠʟʨʘʙʦʪʝʥʠ ʩʝ ʩʠʤʫʣʘʮʠʠ ʩʦ ʮʝʣ ʜʘ ʩʝ 

ʘʥʘʣʠʟʠʨʘʘʪ ʩʪʘʪʠʯʢʠʪʝ ʠ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ. 

ɿʘʢʦʥʠʪʝ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʢʦʠ ʩʝ ʠʩʢʦʨʠʩʪʝʥʠ ʟʘ ʘʥʘʣʠʟʘ ʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ ʥʘ ʦʙʿʝʢʪʦʪ ʩʝ 

ʧʨʠʤʝʥʫʚʘʘʪ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʤʦ˃ʥʦʩʪʘ. ʇʨʠʤʝʥʝʪʠ ʩʝ ʥʝʢʦʣʢʫ ʪʠʧʦʚʠ ʫʧʨʘʚʫʚʘˁʝ ʠ ʪʦʘ 

ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʢʘʢʦ ʠ ʧʨʠʤʝʥʘ ʥʘ ANN ʠ ML ʩʦ ʮʝʣ ʜʘ ʩʝ ʘʥʘʣʠʟʠʨʘ ʥʠʚʥʦʪʦ 

ʚʣʠʿʘʥʠʝ ʠ ʤʦʞʥʦʩʪʘ ʟʘ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʩʪʘʪʠʯʢʠʪʝ ʠ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ 

ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ. 

ʄʦʜʝʣʠʪʝ ʢʦʠ ʩʝ ʟʝʤʝʥʠ ʚʦ ʧʨʝʜʚʠʜ ʠ ʚʨʟ ʢʦʠ ˃ʝ ʩʝ ʧʨʘʚʠ ʠʩʧʠʪʫʚʘˁʝ ʥʘ ʚʣʠʿʘʥʠʝʪʦ ʟʘ 

ʧʨʠʤʝʥʘ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʠ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ANN ʠ ML ʧʨʠ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ 

ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʨʟ ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ, ʩʝ ʣʠʥʝʘʨʥʠʦʪ ʠ ʥʝʣʠʥʝʘʨʥʠʦʪ 

ʤʦʜʝʣ ʧʨʠ ʦʩʪʨʦʚʩʢʘ ʨʘʙʦʪʘ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ, ʧʨʝʪʩʪʘʚʝʥʠ ʥʘ ʉʣʠʢʘ 2, ʉʣʠʢʘ 3, 

ʉʣʠʢʘ 4, ʉʣʠʢʘ 5, ʉʣʠʢʘ 6, ʉʣʠʢʘ 28 ʠ ʉʣʠʢʘ 29. ʂʘʿ ʦʚʠʝ ʤʦʜʝʣʠ ʥʝ ʩʝ ʟʝʤʝʥʠ ʚʦ ʧʨʝʜʚʠʜ 

ʚʣʠʿʘʥʠʿʘʪʘ ʥʘ ʚʦʜʦʩʪʘʥʦʪ, ʚʣʠʿʘʥʠʿʘʪʘ ʥʘ ʝʣʘʩʪʠʯʥʠʪʝ ʩʚʦʿʩʪʚʘ ʥʘ ʚʦʜʝʥʠʦʪ ʩʪʦʣʙ ʠ 

ʧʨʠʪʠʩʥʠʦʪ ʮʝʚʢʦʚʦʜ.  

ʉʠʤʫʣʘʮʠʩʢʠʪʝ ʠʩʧʠʪʫʚʘˁʘ ˃ʝ ʩʝ ʥʘʧʨʘʚʘʪ ʩʦ ʧʦʤʦʰ ʥʘ Simulink, ʢʘʢʦ ʥʘʿʧʦʧʫʣʘʨʥʘ 

ʛʨʘʬʠʯʢʘ ʩʨʝʜʠʥʘ ʟʘ ʤʦʜʝʣʠʨʘˁʝ, ʩʠʤʫʣʠʨʘˁʝ ʠ ʘʥʘʣʠʟʘ ʥʘ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʥʘ ʝʜʝʥ ʦʙʿʝʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ.  

ʆʩʚʝʥ Simulink, ˃ʝ ʩʝ ʢʦʨʠʩʪʠ ʠ ʧʨʦʛʨʘʤʩʢʠʦʪ ʿʘʟʠʢ Python ʩʦ ʮʝʣ ʜʘ ʩʝ ʠʟʛʨʘʜʠ NN ʢʦʿʘ 

ʧʦʥʘʪʘʤʫ ˃ʝ ʩʝ ʪʨʝʥʠʨʘ ʚʦ ʟʘʚʠʩʥʦʩʪ ʦʜ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʢʦʝ ˃ʝ ʙʠʜʝ ʚʥʝʩʝʥʦ ʚʦ 

ʤʨʝʞʘʪʘ, ʘ ʧʨʝʢʫ ʢʦʘʿ ˃ʝ ʤʦʞʝ ʠʥʜʠʨʝʢʪʥʦ ʜʘ ʩʝ ʚʣʠʿʘʝ ʚʨʟ ʧʦʜʦʙʨʫʚʘˁʝʪʦ ʥʘ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ ʥʘ ʦʙʿʝʢʪʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ.  

ʇʨʠʤʝʥʘʪʘ ʥʘ ML ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʝ 

ʠʥʜʠʨʝʢʪʝʥ ʙʠʜʝʿ˃ʠ ʩʦ ʧʦʤʦʰ ʥʘ NN ʢʦʿʘ ʰʪʦ ˃ʝ ʩʝ ʛʨʘʜʠ, ʘ ʧʦʪʦʘ ʠ ˃ʝ ʩʝ ʪʨʝʥʠʨʘ, ˃ʝ ʩʝ 

ʜʦʙʠʚʘʘʪ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘʪʘ, ʠʥʪʝʛʨʘʣʥʘʪʘ ʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʘʪʘ ʢʦʥʩʪʘʥʪʘ, ʘ ʪʠʝ ʚʨʝʜʥʦʩʪʠ 

˃ʝ ʩʝ ʟʘʧʠhʫʚʘʘʪ ʚʦ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʢʦʿʰʪʦ ʜʠʨʝʢʪʥʦ ˃ʝ ʙʠʜʝ ʚʢʣʫʯʝʥ ʚʦ ʦʙʿʝʢʪʦʪ ʥʘ 

ʫʧʨʘʚʫʚʘˁʝ.   

ɻʣʘʚʥʦ ʰʪʦ ʪʨʝʙʘ ʜʘ ʩʝ ʟʘʢʣʫʯʠ ʦʜ ʦʚʘʘ ʛʣʘʚʘ ʝ ʢʘʢʦ ʥʦʚʠʪʝ ʪʝʭʥʦʣʦʛʠʠ ʟʘʩʥʦʚʘʥʠ ʥʘ ANN, 

ʙʝʟ ʨʘʟʣʠʢʘ ʜʘʣʠ ʩʪʘʥʫʚʘ ʟʙʦʨ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʠʣʠ ʯʠʩʪʦ ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ ʥʘ ML, ʤʦʞʝ ʜʘ 

ʧʨʠʜʦʥʝʩʘʪ ʚʦ ʧʦʜʦʙʨʫʚʘˁʝʪʦ ʥʘ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʝʜʝʥ ʨʝʘʣʝʥ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ, ʥʦ ʠ ʪʝʩʪʠʨʘˁʝ ʥʘ ʧʨʠʤʝʥʘʪʘ ʥʘ ʥʦʚʠ ʪʝʭʥʦʣʦʛʠʠ ʚʦ ʝʢʩʪʨʝʤʥʠ 

ʩʣʫʯʘʠ ʢʦʠ ʤʦʞʝ ʜʘ ʙʠʜʘʪ ʦʜ ʛʦʣʝʤʘ ʚʘʞʥʦʩʪ ʧʦʨʘʜʠ ʤʦʞʥʦʩʪʘ ʟʘ ʦʰʪʝʪʫʚʘˁʝ ʥʘ 

ʧʦʩʪʨʦʿʢʘʪʘ. 

ʉʦʛʣʘʩʥʦ ʜʦʩʪʘʧʥʠʪʝ ʤʦʜʝʣʠ [65] ʚʨʟ ʢʦʠ ˃ʝ ʩʝ ʧʨʘʚʘʪ ʩʠʤʫʣʘʮʠʠʪʝ ʠ ʠʩʧʠʪʫʚʘˁʘʪʘ, ʚʦ 

ʦʜʥʦʩ ʥʘ ʩʪʘʙʠʣʥʦʩʪʘ ʥʘ ʩʠʩʪʝʤʦʪ, ʥʝʤʘ ʜʘ ʩʝ ʨʘʟʛʣʝʜʫʚʘ ʨʝʘʢʪʠʚʥʘʪʘ ʪʫʢʫ ˃ʝ ʩʝ ʘʥʘʣʠʟʠʨʘ 

ʩʘʤʦ ʘʢʪʠʚʥʘʪʘ ʤʦ˃ʥʦʩʪ. 
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ʄʦʜʝʣʠʪʝ ʢʦʠ ˃ʝ ʩʝ ʢʦʨʠʩʪʘʪ ʟʘ ʦʚʘ ʠʩʪʨʘʞʫʚʘˁʝ ʩʝ ʤʦʜʝʣʠʪʝ ʚʦ ʢʦʠ ʥʝ ʩʝ ʟʝʤʝʥʠ ʚʦ ʧʨʝʜʚʠʜ 

ʝʣʘʩʪʠʯʥʠʪʝ ʩʚʦʿʩʪʚʘ ʥʘ ʚʦʜʝʥʠʦʪ ʩʪʦʣʙ ʢʘʢʦ ʠ ʜʦʣʞʠʥʘʪʘ ʥʘ ʮʝʚʢʦʚʦʜʦʪ ʙʠʜʝʿ˃ʠ ʚʦ [65] ʝ 

ʜʦʢʘʞʘʥʦ ʜʝʢʘ ʢʘʿ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʪʝ ʦʙʿʝʢʪʠ ʩʦ ʢʨʘʪʦʢ ʜʦʚʦʜʝʥ ʮʝʚʢʦʚʦʜ ʠ ʩʨʝʜʝʥ ʧʘʜ, 

ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʝʣʘʩʪʠʯʥʠʪʝ ʩʚʦʿʩʪʚʘ ʥʘ ʚʦʜʝʥʠʦʪ ʩʪʦʣʙ ʠ ʧʨʠʪʠʩʥʠʦʪ ʮʝʚʢʦʚʦʜ ʝ 

ʟʘʥʝʤʘʨʣʠʚʦ ʤʘʣʦ. 

4.2 ʀʟʦʣʠʨʘʥʘ ʨʘʙʦʪʘ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ 

ɺʦ ʦʚʘʘ ʛʣʘʚʘ ˃ʝ ʩʝ ʘʥʘʣʠʟʠʨʘʘʪ ʨʝʟʫʣʪʘʪʠʪʝ ʦʜ ʤʦʜʝʣʠʪʝ ʠʟʨʘʙʦʪʝʥʠ ʚʦ Simulink, ʥʦ ʠ 

ʘʥʘʣʠʟʘ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʜʦʙʠʝʥʠ ʩʦ ʜʠʨʝʢʪʥʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ ʥʘ ML ʚʦ ʧʨʦʮʝʩʦʪ ʥʘ 

ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ . 

ɿʘ ʪʘʘ ʮʝʣ ʚʦ ʦʚʘ ʧʦʛʣʘʚʿʝ ˃ʝ ʙʠʜʘʪ ʧʨʝʪʩʪʘʚʝʥʠ ʤʦʜʝʣʠ ʦʜ ʣʠʥʝʘʨʝʥ (ʉʣʠʢʘ 28) ʠ ʥʝʣʠʥʝʘʨʝʥ 

ʤʦʜʝʣ (ʉʣʠʢʘ 29) ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ ʢʘʢʦ ʜʝʣ ʦʜ ʫʧʨʘʚʫʚʘʯʢʠ ʦʙʿʝʢʪ, ʦʜʥʦʩʥʦ 

ʭʠʜʨʦʝʥʝʨʛʝʪʢʠ ʦʙʿʝʢʪ ʠʟʨʘʙʦʪʝʥ ʚʦ Simulink. 

 

ʉʣʠʢʘ 28. ʄʦʜʝʣ ʠʟʨʘʙʦʪʝʥ ʚʦ Simulink ʟʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʠ ʣʝʥʝʘʨʝʥ ʤʦʜʝʣ ʥʘ 

ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ [72] 

 

ʉʣʠʢʘ 29. ʄʦʜʝʣ ʠʟʨʘʙʦʪʝʥ ʚʦ Simulink ʟʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʠ ʥʝʣʝʥʝʘʨʝʥ ʤʦʜʝʣ ʥʘ 

ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ [72] 

ʅʘʿʧʨʚʦ ˃ʝ ʩʝ ʘʥʘʣʠʟʠʨʘʘʪ ʦʜʟʠʚʠʪʝ ʠ ʥʠʚʥʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʦʜ ʤʦʜʝʣʠʪʝ ʠʟʨʘʙʦʪʝʥʠ ʚʦ 

Simulink, ʘ ʧʦ ʥʠʚʥʘ ʜʝʪʘʣʥʘ ʘʥʘʣʠʟʘ, ˃ʝ ʩʝ ʧʨʠʢʘʞʘʪ ʠ ʘʥʘʣʠʟʠʨʘʘʪ ʨʝʟʫʣʪʘʪʠʪʝ ʜʦʙʠʝʥʠ ʩʦ 

ʢʦʨʠʩʪʝˁʝ ʥʘ ML. ɼʦʙʠʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ˃ʝ ʩʝ ʩʧʦʨʝʜʘʪ ʩʦ ʦʜʟʠʚʠʪʝ ʜʦʙʠʝʥʠ ʠ ʘʥʘʣʠʟʠʨʘʥʠ 

ʚʦ [65]. 
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4.3 ʃʠʥʝʘʨʝʥ ʤʦʜʝʣ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ  

ʇʨʠ ʤʘʪʝʤʘʪʠʯʢʦ ʤʦʜʝʣʠʨʘˁʝ ʥʘ ʣʠʥʝʘʨʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ ʥʘʿʛʦʣʝʤʦ ʚʣʠʿʘʥʠʝ ʠʤʘ 

ʚʨʝʤʝʥʩʢʘʪʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘʪʘ, Tw ʯʠʿʘ ʰʪʦ ʚʨʝʜʥʦʩʪ ʚʦ ʥʘʿʛʦʣʝʤʘ ʤʝʨʘ ʟʘʚʠʩʠ ʦʜ 

ʜʦʣʞʠʥʘʪʘ ʠ ʧʦʧʨʝʯʥʠʦʪ ʧʨʝʩʝʢ ʥʘ ʮʝʚʢʦʚʦʜʦʪ, ʧʨʦʪʦʢʦʪ ʠ ʧʨʠʪʠʩʦʢʦʪ, ʥʦ ʠ ʦʜ ʤʦ˃ʥʦʩʪʘ 

ʥʘ ʪʫʨʙʠʥʘʪʘ ʩʦʛʣʘʩʥʦ [68]. 

ʂʘʢʦ ʰʪʦ ʚʦ ɻʣʘʚʘ 3 ʙʝʰʝ ʧʨʝʪʭʦʜʥʦ ʧʨʠʢʘʞʘʥ ʙʣʦʢ ʜʠʿʘʛʨʘʤʦʪ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ 

ʦʙʿʝʢʪ ʧʨʝʢʫ ʉʣʠʢʘ 1, ʥʘ ʉʣʠʢʘ 30 ʝ ʧʨʠʢʘʞʘʥ ʩʠʤʫʣʘʮʠʩʢʠʦʪ ʤʦʜʝʣ ʥʘ ʣʠʥʝʘʨʥʘ 

ʤʘʪʝʤʘʪʠʯʢʘ ʨʝʧʨʝʟʝʥʪʘʮʠʿʘ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ ʦʜ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʚʦ ʢʦʿ ʰʪʦ 

ʩʝ ʟʝʤʝʥʠ ʚʦ ʧʨʝʜʚʠʜ ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ, ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ, ʝʣʝʢʪʨʠʯʥʠʦʪ 

ʧʦʪʩʠʩʪʝʤ, ʩʠʤʫʣʠʨʘʥʦ ʝ ʠ ʦʧʪʦʚʘʨʫʚʘˁʝʪʦ ʥʘ ʤʨʝʞʘ, ʘ ʠʩʪʦ ʪʘʢʘ ʢʘʢʦ ʨʝʬʝʨʝʥʪʥʘ ʚʨʝʜʥʦʩʪ 

ʢʦʿʘ ʰʪʦ ʧʦʥʘʪʘʤʫ ʩʝ ʫʧʨʘʚʫʚʘ ʠ ʘʥʘʣʠʟʠʨʘ ʝ ʨʝʬʝʨʝʥʪʥʘʪʘ ʘʛʦʣʥʘ ʙʨʟʠʥʘ ʯʠʿʘ ʚʨʝʜʥʦʩʪ ʝ 

50 Hz, ʘ ʥʝʿʟʠʥʘʪʘ ʥʦʨʤʘʣʠʟʠʨʘʥʘ ʚʨʝʜʥʦʩʪ ʝ 1 p.u. ʂʣʘʩʠʯʥʠʦʪ ʥʘʯʠʥ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʥʘ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʝ ʩʦ ʧʨʠʤʝʥʘ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝ ʢʘʢʦ ʥʘʿʝʜʥʦʩʪʘʚʥʦ ʠ ʥʘʿʣʝʩʥʦ 

ʧʨʠʤʝʥʣʠʚʦ, ʥʦ ʦʩʚʝʥ ʪʦʘ ʧʦʩʪʦʿʘʪ ʠ ʜʨʫʛʠ ʪʝʭʥʠʢʠ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʤʦ˃ʥʦʩʪʘ. ɽʜʝʥ ʦʜ ʪʠʝ 

ʥʘʯʠʥʠ ʝ ʧʨʠʢʘʞʘʥ ʥʘ ʉʣʠʢʘ 30, ʘ ʪʦʘ ʝ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ NN. ʉʦ 

ʧʨʠʤʝʥʘʪʘ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ NN, ʚʦ ʧʦʯʝʪʝʥ ʤʦʤʝʥʪ ʥʝ ʝ ʟʝʤʝʥʘ ʚʦ ʧʨʝʜʚʠʜ 

ʜʦʧʦʣʥʠʪʝʣʥʘ ʫʧʨʘʚʫʚʘʯʢʘ ʤʝʪʦʜʘ ʢʦʿʘ ʙʠ ʠ ʧʦʤʦʛʥʘʣʘ ʥʘ NN, ʪʫʢʫ ʝʜʥʦʩʪʘʚʥʦ ʩʝ 

ʘʥʘʣʠʟʠʨʘʥʠ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʩʠʩʪʝʤʦʪ ʩʘʤʦ ʜʦʢʦʣʢʫ ʫʧʨʘʚʫʚʘˁʝʪʦ 

ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʠʤʘ ʚʣʠʿʘʥʠʝ ʥʘ ʩʠʩʪʝʤʦʪ. ɺʣʝʟ ʚʦ ʫʧʨʘʚʫʚʘˁʝʪʦ ʝ ʨʝʬʝʨʝʥʪʥʘ ʘʛʦʣʥʘ 

ʙʨʟʠʥʘ, ʘ ʠʟʣʝʟ ʝ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʩʠʛʥʘʣ ʢʦʿʰʪʦ ʚʣʝʛʫʚʘ ʚʦ ʭʠʜʨʘʫʣʠʯʥʠʦʪ ʧʦʪʩʠʩʪʝʤ. 

ɻʨʝʰʢʘʪʘ ʢʦʿʘʰʪʦ ʿʘ ʧʨʘʚʠ ʩʠʩʪʝʤʦʪ ʝ ʧʨʝʪʩʪʘʚʝʥʘ ʩʦ ʧʦʚʨʘʪʥʘʪʘ ʚʨʩʢʘ ʢʦʿʘ ʚʣʝʛʫʚʘ ʚʦ plant 

output. ʅʘʯʠʥʦʪ ʥʘ ʧʨʝʩʤʝʪʫʚʘˁʝ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʩʠʛʥʘʣ ʝ ʦʧʠhʘʥ ʚʦ ɻʣʘʚʘ 3. ʇʦʨʘʜʠ ʪʦʘ 

ʰʪʦ ʧʨʠʤʝʥʘʪʘ ʥʘ ʪʝʭʥʠʢʠ ʦʜ ML ʩʘʤʠ ʧʦ ʩʝʙʝ ʧʦʙʘʨʫʚʘʘʪ ʧʨʝʩʤʝʪʢʘ ʠ ʠʟʙʦʨ ʥʘ ʛʦʣʝʤ ʙʨʦʿ 

ʧʘʨʘʤʝʪʨʠ, ʧʨʠ ʩʝʢʦʿʘ ʠʪʝʨʘʮʠʿʘ ʥʘ ʧʨʝʩʤʝʪʢʘ ʥʘʿʯʝʩʪʦ ʩʝ ʜʦʙʠʚʘʘʪ ʨʘʟʣʠʯʥʠ ʨʝʰʝʥʠʿʘ. 

 

ʉʣʠʢʘ 30. ʃʠʥʝʘʨʝʥ ʤʦʜʝʣ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʩʦ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ NN ï 

NARMA ʚʦ ʩʧʦʨʝʜʙʘ ʩʦ ʣʠʥʝʘʨʥ ʤʦʜʝʣ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ  ʦʙʿʝʢʪ ʩʦ ʫʧʨʘʚʫʚʘˁʝ ʩʘʤʦ ʩʦ 

PID 
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ɿʘ ʜʘ ʩʝ ʜʦʙʠʝ ʦʜʟʠʚʦʪ ʧʨʠʢʘʞʘʥ ʥʘ ʉʣʠʢʘ 31, ʫʧʨʘʚʫʚʘˁʝʪʦ ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʛʠ ʠʤʘ 

ʩʣʝʜʥʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ:  

ʊʘʙʝʣʘ 4. ʇʘʨʘʤʝʪʨʠ ʟʘ ʤʨʝʞʘʪʘ ʦʜ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ NN 

ʉʪʨʫʢʪʫʨʘ ʥʘ ʤʨʝʞʘʪʘ 

ɹʨʦʿ ʥʘ ʩʢʨʠʝʥʠ ʩʣʦʝʚʠ 2 

ʇʝʨʠʦʜ ʥʘ ʩʝʤʧʣʠʨʘˁʝ 0.01 [s] 

ʊʠʧ ʥʘ AF Tanh ʠ Relu  

ɸʣʛʦʨʠʪʘʤ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ  LMA  

ʇʦʜʘʪʦʮʠ ʟʘ ʪʨʝʥʠʨʘˁʝ ʥʘ ʤʨʝʞʘʪʘ 

ɹʨʦʿ ʥʘ ʧʦʜʘʪʦʮʠ ʟʘ ʪʨʝʥʠʨʘˁʝ 1000 

ɹʨʦʿ ʥʘ ʚʣʝʟʦʚʠ ʚʦ ʤʨʝʞʘʪʘ 1 

ɹʨʦʿ ʥʘ ʠʟʣʝʟʠ ʦʜ ʤʨʝʞʘʪʘ 1 

ɹʨʦʿ ʥʘ ʝʧʦʭʠ 100 

ʆʜ ʉʣʠʢʘ 31 ʤʦʞʝ ʜʘ ʩʝ ʟʘʙʝʣʝʞʠ ʜʝʢʘ ʩʦʛʣʘʩʥʦ ʧʘʨʘʤʝʪʨʠʪʝ ʦʜ ʊʘʙʝʣʘ 4, ʦʜʟʠʚʦʪ ʟʘ 

ʤʦ˃ʥʦʩʪʘ ʢʦʿ ʩʝ ʧʨʝʟʝʥʪʠʨʘ ʧʨʠ ʮʨʥ ʩʪʘʨʪ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʝ ʩʪʘʙʠʣʝʥ, ʥʦ ʩʦ ʝʜʝʥ 

ʥʝʜʦʩʪʘʪʦʢ, ʘ ʪʦʘ ʝ ʜʝʢʘ ʛʝʥʝʨʠʨʘʥʘʪʘ ʤʦ˃ʥʦʩʪ ʥʠʢʦʛʘʰ ʥʝʤʘ ʜʘ ʿʘ ʧʦʩʪʠʛʥʝ ʧʦʪʨʝʙʥʘʪʘ 

ʧʦʙʘʨʘʥʘ ʤʦ˃ʥʦʩʪ. ʊʦʘ ʤʦʞʝ ʜʘ ʩʝ ʧʨʠʤʝʪʠ ʦʜ ʪʦʘ ʜʝʢʘ ʦʜʟʠʚʦʪ ʩʦ ʨʦʟʝʚʘ ʣʠʥʠʿʘ ʥʠʢʦʛʘʰ 

ʥʝ ʛʦ ʜʦʧʠʨʘ ʦʜʟʠʚʦʪ ʩʦ ʮʨʥʘ ʣʠʥʠʿʘ ʢʦʿʘ ʛʦ ʦʟʥʘʯʫʚʘ ʦʧʪʦʚʘʨʫʚʘˁʝʪʦ ʥʘ ʤʨʝʞʘ. ʊʦʘ ʟʥʘʯʠ 

ʜʝʢʘ ʪʫʨʙʠʥʘʪʘ ʥʠʢʦʛʘʰ ʥʝʤʘ ʜʘ ʜʦʩʪʠʛʥʝ ʪʦʣʢʫ ʤʦ˃ʥʦʩʪ ʢʦʣʢʫ ʰʪʦ ʝ ʧʦʙʘʨʘʥʦ ʦʜʥʦʩʥʦ 

ʥʝʤʘ ʜʘ ʛʦ ʧʨʦʠʟʚʝʜʝ ʧʦʙʘʨʘʥʦʪʦ ʢʦʣʠʯʝʩʪʚʦ ʝʣʝʢʪʨʠʯʥʘ ʝʥʝʨʛʠʿʘ. ʆʜ ʪʫʢʘ ʤʦʞʝ ʜʘ ʩʝ ʢʘʞʝ 

ʜʝʢʘ ʩʘʤʦʩʪʦʿʥʦʪʦ ʜʝʿʩʪʚʫʚʘˁʝ ʥʘ ʫʧʨʘʚʫʚʘˁʝʪʦ ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʚʣʠʿʘʝ ʢʘʢʦ ʯʠʩʪʦ 

ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ ʫʧʨʘʚʫʚʘˁʝ ʙʠʜʝʿ˃ʠ ʚʦ ʩʪʘʮʠʦʥʘʨʥʘ ʩʦʩʪʦʿʙʘ ʧʨʘʚʠ ʛʨʝʰʢʘ ʰʪʦ ʥʝ ʤʦʞʝ 

ʜʘ ʩʝ ʦʪʩʪʨʘʥʠ [107]. 

 

ʉʣʠʢʘ 31. ʉʧʦʨʝʜʙʘ ʥʘ ʦʜʟʠʚʠ ʟʘ ʤʦʜʝʣ ʥʘ ʣʠʥʝʘʨʥʘ ʪʫʨʙʠʥʘ ʩʦ NARMA ʫʧʨʘʚʫʚʘˁʝ ʠ 

ʫʧʨʘʚʫʚʘˁʝ ʩʦ PID 

ʆʜʟʠʚʦʪ ʧʨʝʪʩʪʘʚʝʥ ʥʘ ʉʣʠʢʘ 32 ʝ ʠʩʪʦ ʪʘʢʘ ʜʦʙʠʝʥ ʦʜ ʣʠʥʝʘʨʝʥ ʤʦʜʝʣ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ 

ʦʙʿʝʢʪ, ʥʦ ʩʦ ʨʘʟʣʠʯʥʠ ʧʘʨʘʤʝʪʨʠ ʟʘ NARMA ʫʧʨʘʚʫʚʘˁʝ. 



57 
 

ʊʘʙʝʣʘ 5. ʇʘʨʘʤʝʪʨʠ ʟʘ ʤʨʝʞʘʪʘ ʦʜ ʫʧʨʘʚʫʚʘˁʝʪʦ ʟʘʩʥʦʚʘʥʦ ʥʘ NN 

ʉʪʨʫʢʪʫʨʘ ʥʘ ʤʨʝʞʘʪʘ 

ɹʨʦʿ ʥʘ ʩʢʨʠʝʥʠ ʩʣʦʝʚʠ 2 

ʇʝʨʠʦʜ ʥʘ ʩʝʤʧʣʠʨʘˁʝ 0.1 [s] 

ʊʠʧ ʥʘ AF Tanh ʠ Relu  

ɸʣʛʦʨʠʪʘʤ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ  LMA  

ʇʦʜʘʪʦʮʠ ʟʘ ʪʨʝʥʠʨʘˁʝ ʥʘ ʤʨʝʞʘʪʘ 

ɹʨʦʿ ʥʘ ʧʦʜʘʪʦʮʠ ʟʘ ʪʨʝʥʠʨʘˁʝ 1000 

ɹʨʦʿ ʥʘ ʚʣʝʟʦʚʠ ʚʦ ʤʨʝʞʘʪʘ 1 

ɹʨʦʿ ʥʘ ʠʟʣʝʟʠ ʦʜ ʤʨʝʞʘʪʘ 1 

ɹʨʦʿ ʥʘ ʝʧʦʭʠ 500 

ʉʦʛʣʘʩʥʦ ʩʪʨʫʢʪʫʨʘʪʘ ʥʘ NN, ʙʨʟʠʥʘ ʥʘ ʫʯʝˁʝ ʠ ʙʨʦʿʦʪ ʥʘ ʝʧʦʭʠ ʩʝ ʧʨʦʤʝʥʝʪʠ ʚʦ ʩʧʦʨʝʜʙʘ 

ʩʦ ʦʜʟʠʚʦʪ ʧʨʝʪʩʪʘʚʝʥ ʥʘ ʉʣʠʢʘ 31. ʅʘ ʉʣʠʢʘ 32 ʤʦʞʝ ʜʘ ʩʝ ʟʘʙʝʣʝʞʠ ʧʦʿʘʚʘ ʥʘ ʤʘʣʠ 

ʦʩʮʠʣʘʮʠʠ ʢʘʿ ʦʜʟʠʚʦʪ ʥʘ ʛʝʥʝʨʠʨʘʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʧʨʠ ʧʨʠʙʣʠʞʫʚʘˁʝ ʢʦʥ 

ʩʪʘʮʠʦʥʘʨʥʘ ʩʦʩʪʦʿʙʘ. ʀʘʢʦ ʚʦ ʧʨʚʠʪʝ ʤʦʤʝʥʪʠ ʥʘ ʦʪʧʦʯʥʫʚʘˁʝ ʩʦ ʨʘʙʦʪʘ, ʪʫʨʙʠʥʘʪʘ ʿʘ 

ʩʣʝʜʠ ʧʦʪʨʝʙʘʪʘ ʟʘ ʧʨʦʠʟʚʦʜʩʪʚʦ ʥʘ ʝʣʝʢʪʨʠʯʥʘ ʝʥʝʨʛʠʿʘ, ʥʦ ʚʦ ʧʦʩʣʝʜʥʠʪʝ ʜʚʘ ʯʝʢʦʨʠ ʩʝ 

ʟʘʙʝʣʝʞʫʚʘ ʧʦʿʘʚʘ ʥʘ ʛʨʝʰʢʘ ʦʜʥʦʩʥʦ ʜʝʢʘ ʛʝʥʝʨʠʨʘʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʥʝ ʿʘ ʩʣʝʜʠ 

ʧʦʪʨʝʙʘʪʘ ʟʘ ʧʦʙʘʨʘʥʘʪʘ ʤʦ˃ʥʦʩʪ. ʆʙʿʘʩʥʫʚʘˁʝʪʦ ʝ ʠʩʪʦ ʢʘʢʦ ʠ ʥʘ ʉʣʠʢʘ 31, ʜʝʢʘ NARMA 

ʫʧʨʘʚʫʚʘˁʝʪʦ ʩʝ ʦʜʥʝʩʫʚʘ ʢʘʢʦ ʯʠʩʪʦ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʝʣʝʤʝʥʪ ʙʝʟ ʧʨʠʪʦʘ ʜʘ ʤʦʞʝ ʜʘ ʿʘ 

ʝʣʠʤʠʥʠʨʘ ʛʨʝʰʢʘʪʘ ʚʦ ʩʪʘʮʠʦʥʘʨʥʘ ʩʦʩʪʦʿʙʘ.  

 

ʉʣʠʢʘ 32. ʉʧʦʨʝʜʙʘ ʥʘ ʦʜʟʠʚ ʦʜ ʣʠʥʝʘʨʝʥ ʤʦʜʝʣ ʩʦ ʧʨʠʤʝʥʘ ʥʘ NARMA ʫʧʨʘʚʫʚʘˁʝ ʠ PID 

ʫʧʨʘʚʫʚʘˁʝ 

ʅʘ ʉʣʠʢʘ 33 ʝ ʧʨʝʪʩʪʘʚʝʥ ʜʝʪʘʣʝʥ ʧʦʛʣʝʜ ʦʜ ʧʦʩʣʝʜʥʠʪʝ ʜʚʘ ʯʝʢʦʨʘ ʧʨʠ ʧʨʠʙʣʠʞʫʚʘˁʝ ʢʦʥ 

ʩʪʘʮʠʦʥʘʨʥʘ ʩʦʩʪʦʿʙʘ, ʢʘʜʝ ʰʪʦ ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʛʨʝʰʢʘʪʘ ʢʦʿʘ ʩʝ ʧʦʿʘʚʫʚʘ ʧʦʤʝʺʫ ʧʦʪʨʝʙʘʪʘ 

ʦʜ ʛʝʥʝʨʠʨʘʥʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ, ʦʜʟʠʚʦʪ ʩʦ ʩʠʥʘ ʣʠʥʠʿʘ ʠ ʛʝʥʝʨʠʨʘʥʘʪʘ ʤʦ˃ʥʦʩʪ, ʦʜʟʠʚʦʪ 

ʩʦ ʧʦʨʪʦʢʘʣʦʚʘ ʣʠʥʠʿʘ (ʧʨʠ ʫʧʨʘʚʫʚʘˁʝ ʩʦ PID) ʠ ʚʠʦʣʝʪʦʚʘʪʘ ʣʠʥʠʿʘ (ʧʨʠ ʫʧʨʘʚʫʚʘˁʝ ʩʦ 

NARMA) [107].   
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ʉʣʠʢʘ 33. ɼʝʪʘʣʝʥ ʧʦʛʣʝʜ ʥʘ ʦʜʟʠʚ ʦʜ ʣʠʥʝʘʨʝʥ ʤʦʜʝʣ ʫʧʨʘʚʫʚʘʥ ʠ ʪʨʝʥʠʨʘʥ ʩʦ ʧʨʠʤʝʥʘ ʥʘ 

NARMA 

4.4 ʅʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʙʝʟ ʚʦʜʦʩʪʘʥ ʠ ʙʝʟ ʚʣʠʿʘʥʠʝ ʥʘ 

ʝʣʘʩʪʠʯʥʠ ʩʚʦʿʩʪʚʘ ʥʘ ʚʦʜʝʥ ʩʪʦʣʙ 

ʇʨʠ ʤʘʪʝʤʘʪʠʯʢʦ ʤʦʜʝʣʠʨʘˁʝ ʥʘ ʥʝʣʠʥʝʘʨʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ (ʧʨʠʢʘʞʘʥʦ ʚʦ ɻʣʘʚʘ 3 

ʧʨʝʢʫ ʉʣʠʢʘ 4 ʠ ʉʣʠʢʘ 29), ʦʩʚʝʥ ʚʨʝʤʝʥʩʢʘʪʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘʪʘ Tw, ʚʣʠʿʘʥʠʝ ʠʤʘʘʪ ʠ 

ʜʨʫʛʠ ʧʘʨʘʤʝʪʨʠ ʢʘʢʦ ʰʪʦ ʩʝ ʚʦʣʫʤʝʥʩʢʠʪʝ ʟʘʛʫʙʠ ʥʠʟ ʪʫʨʙʠʥʘʪʘ nlq , ʢʦʝʬʠʮʠʝʥʪʦʪ ʥʘ 

ʟʘʩʠʣʫʚʘˁʝ tA  ʠ ʢʦʝʬʠʮʠʝʥʪ ʥʘ ʟʘʛʫʙʠ ʚʦ ʮʝʚʢʦʚʦʜʦʪ 
fpf . 

ʆʜ ʉʣʠʢʘ 34 ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʜʝʢʘ ʩʠʤʫʣʘʮʠʩʢʠʦʪ ʤʦʜʝʣ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ 

(ʩʧʦʨʝʜʙʘ ʥʘ ʜʚʘ ʤʦʜʝʣʠ, ʝʜʝʥ ʤʦʜʝʣ ʢʘʜʝ ʰʪʦ ʫʧʨʘʚʫʚʘˁʝʪʦ ʝ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʥʝʚʨʦʥʩʢʠ 

ʤʨʝʞʠ ï NARMA ʚʦ ʢʦʤʙʠʥʘʮʠʿʘ ʩʦ PID, a ʚʪʦʨʠʦʪ ʤʦʜʝʣ ʝ ʩʘʤʦ ʩʦ ʫʧʨʘʚʫʘˁʝ ʩʦ PID) ʛʠ 

ʦʧʬʘ˃ʘ ʩʣʝʜʥʠʪʝ ʦʙʿʝʢʪʠ ʠ ʪʦʘ ʩʧʨʦʚʦʜʝʥ ʘʧʘʨʘʪ, ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ ʟʘʝʜʥʦ ʩʦ ʟʘʛʫʙʠʪʝ 

ʚʦ ʮʝʚʢʦʚʦʜʦʪ ʦʧʠʰʘʥʘ ʧʨʝʢʫ ʥʝʣʠʥʝʘʨʥʠ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣʠ, ʝʣʝʢʪʨʠʯʥʠʦʪ ʧʦʪʩʠʩʪʝʤ ʠ 

ʦʧʪʦʚʘʨʫʚʘˁʝʪʦ ʥʘ ʤʨʝʞʘ. ɼʦʧʦʣʥʠʪʝʣʥʦ ʩʦʛʣʘʩʥʦ ʩʠʤʫʣʘʮʠʩʢʠʦʪ ʤʦʜʝʣ (ʉʣʠʢʘ 29), 

ʫʧʨʘʚʫʚʘˁʝʪʦ ʩʦ ʬʨʝʢʚʝʥʮʠʿʘʪʘ ʦʜʥʦʩʥʦ ʘʛʦʣʥʘʪʘ ʙʨʟʠʥʘ, ʝ ʢʦʤʙʠʥʘʮʠʿʘ ʦʜ ʫʧʨʘʚʫʚʘˁʝ 

ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʠ ʢʦʥʚʝʥʮʠʦʥʘʣʝʥ ʪʠʧ ʫʧʨʘʚʫʚʘˁʝ, PID.  

ʂʦʤʙʠʥʘʮʠʿʘʪʘ ʥʘ ʜʚʝ ʤʝʪʦʜʠ ʥʘ ʫʧʨʘʚʫʚʘˁʝ, ʧʦʪʦʯʥʦ ʢʦʤʙʠʥʠʨʘˁʝ ʜʚʘ ʫʧʨʘʚʫʚʘʯʢʠ 

ʩʠʛʥʘʣʠ ʝ ʟʝʤʝʥʘ ʚʦ ʧʨʝʜʚʠʜ ʟʘ ʠʩʧʠʪʫʚʘˁʝ ʥʘ ʚʣʠʿʘʥʠʝʪʦ ʚʨʟ ʜʠʥʘʤʠʢʘʪʘ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʦʪ 

ʦʙʿʝʢʪ. ʂʘʢʦ ʰʪʦ ʙʝʰʝ ʧʨʝʪʭʦʜʥʦ ʧʨʠʢʘʞʘʥʦ ʩʦʛʣʘʩʥʦ ʨʝʟʫʣʪʘʪʠʪʝ ʦʜ ʉʣʠʢʘ 31, ʉʣʠʢʘ 32 ʠ 

ʉʣʠʢʘ 33, ʧʨʠʤʝʥʘʪʘ ʩʘʤʦ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʢʦʝ ʪʨʝʙʘ ʜʘ ʫʧʨʘʚʫʚʘ ʩʦ ʘʛʦʣʥʘʪʘ 

ʙʨʟʠʥʘ ʥʘ ʨʦʪʠʨʘˁʝ ʥʘ ʚʨʘʪʠʣʦʪʦ ʥʘ ʭʠʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ ʚʦʚʝʜʫʚʘ ʛʨʝʰʢʘ ʚʦ ʩʠʩʪʝʤʦʪ ʩʦ 

ʪʦʘ ʰʪʦ ʤʝʭʘʥʠʯʢʘʪʘ ʝʥʝʨʛʠʿʘ ʰʪʦ ˃ʝ ʪʨʝʙʘ ʜʘ ʿʘ ʧʨʦʠʟʚʝʜʝ ʪʫʨʙʠʥʘʪʘ, ʥʝʤʘ ʜʘ ʿʘ ʧʦʩʪʠʛʥʝ 

ʧʦʪʨʝʙʥʘʪʘ/ʧʦʙʘʨʘʥʘʪʘ ʤʦ˃ʥʦʩʪ. ɿʘ ʪʘʘ ʮʝʣ ʥʘ ʫʧʨʘʚʫʚʘˁʝʪʦ ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʝ ʜʦʜʘʜʝʥʦ 

PID ʫʧʨʘʚʫʚʘˁʝ, ʢʘʢʦ ʙʠ ʤʦʞʝʣʦ ʜʘ ʩʝ ʦʪʩʪʨʘʥʠ ʤʠʥʠʤʘʣʥʘʪʘ ʛʨʝʰʢʘ ʚʦ ʩʪʘʮʠʦʥʘʨʥʘ 

ʩʦʩʪʦʿʙʘ. ʅʝʛʦʚʘʪʘ ʮʝʣ ʝ ʜʘ ML ʧʦʤʦʛʥʝ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʩʠʛʥʘʣ ʦʜ ʥʝʚʨʦʥʩʢʘʪʘ ʤʨʝʞʘ ʜʘ 

ʿʘ ʝʣʠʤʠʥʠʨʘ ʛʨʝʰʢʘʪʘ ʢʦʿʘ ʩʝ ʧʦʿʘʚʫʚʘ ʧʨʝʜ ʧʦʩʪʠʛʥʫʚʘˁʝ ʥʘ ʩʪʘʮʠʦʥʘʨʥʘ ʩʦʩʪʦʿʙʘ. 
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ʉʣʠʢʘ 34. ʅʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʩʦ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ NN, 

NARMA ʚʦ ʢʦʤʙʠʥʘʮʠʿʘ ʩʦ PID ʫʧʨʘʚʫʚʘˁʝ 

ʅʘ ʉʣʠʢʘ 35 ʝ ʧʨʝʪʩʪʘʚʝʥʘ ʩʧʦʨʝʜʙʘ ʥʘ ʦʜʟʠʚʠʪʝ ʟʘ ʤʝʭʘʥʠʯʢʘʪʘ ʤʦ˃ʥʦʩʪ ʢʦʛʘ ʢʘʢʦ 

ʫʧʨʘʚʫʚʘʯʢʘ ʪʝʭʥʠʢʘ ʩʝ ʢʦʨʠʩʪʠ ʢʦʤʙʠʥʠʨʘʥʦ ʫʧʨʘʚʫʚʘˁʝ, NARMA ʠ PID ʫʧʨʘʚʫʚʘˁʝ ʠ 

ʩʘʤʦ PID ʫʧʨʘʚʫʚʘˁʝ. ʆʜʟʠʚʦʪ ʩʦ ʩʠʥʘ ʣʠʥʠʿʘ ʿʘ ʦʟʥʘʯʫʚʘ ʤʝʭʘʥʠʯʢʘʪʘ ʤʦ˃ʥʦʩʪ ʜʦʢʦʣʢʫ ʩʝ 

ʚʤʝʪʥʝ ʢʦʤʙʠʥʠʨʘʥʦ ʫʧʨʘʚʫʚʘˁʝ, NARMA ʠ PID, ʜʦʜʝʢʘ ʦʜʟʠʚʦʪ ʩʦ ʧʦʨʪʦʢʘʣʦʚʘ ʙʦʿʘ ʛʦ 

ʦʟʥʘʯʫʚʘ ʫʧʨʘʚʫʚʘˁʝʪʦ ʩʘʤʦ ʩʦ PID ʫʧʨʘʚʫʚʘˁʝ.  

 

ʉʣʠʢʘ 35. ʉʧʦʨʝʜʙʘ ʥʘ ʦʜʟʠʚʦʪ ʟʘ ʤʝʭʘʥʠʯʢʘʪʘ ʤʦ˃ʥʦʩʪ ʧʨʠ ʢʦʨʠʩʪʝˁʝ ʥʘ ʢʦʤʙʠʥʠʨʘʥʦ 

ʫʧʨʘʚʫʚʘˁʝ - NARMA ʠ PID ʠ ʫʧʨʘʚʫʚʘˁʝ ʩʘʤʦ ʩʦ PID [108] 

ʆʜ ʦʜʟʠʚʦʪ ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʜʝʢʘ ʢʦʛʘ ʩʝ ʧʨʠʤʝʥʫʚʘ ʪʝʭʥʠʢʘ ʥʘ ʢʦʤʙʠʥʠʨʘʥʦ ʫʧʨʘʚʫʚʘˁʝ, 

NARMA ʠ PID, ʦʜʟʠʚʦʪ ʥʘ ʤʝʭʘʥʠʯʢʘʪʘ ʤʦ˃ʥʦʩʪ ï ʩʠʥʘ ʙʦʿʘ ʝ ʧʦʙʨʟ ʠ ʠʤʘ ʧʦʙʨʟʦ ʚʨʝʤʝ ʥʘ 

ʩʪʘʙʠʣʠʟʠʨʘˁʝ, ʥʦ ʩʝ ʧʦʿʘʚʫʚʘʘʪ ʦʜʨʝʜʝʥʠ ʦʩʮʠʣʘʮʠʠ/ʧʨʝʩʢʦʢʥʫʚʘˁʘ ʧʨʠ ʧʦʩʪʠʛʥʫʚʘˁʝ ʥʘ 

ʩʪʘʮʠʦʥʘʨʥʘʪʘ ʩʦʩʪʦʿʙʘ, ʜʦʜʝʢʘ ʧʘʢ ʫʧʨʘʚʫʚʘˁʝʪʦ ʩʘʤʦ ʩʦ ʧʨʠʤʝʥʘ ʥʘ PID, ʦʜʟʠʚʦʪ ʩʦ 

ʧʦʨʪʦʢʘʣʦʚʘ ʙʦʿʘ ʧʨʠʢʘʞʫʚʘ ʦʜʟʠʚ ʩʦ ʙʘʚʥʦ ʧʦʩʪʠʛʥʫʚʘˁʝ ʥʘ ʩʪʘʮʠʦʥʘʨʥʘʪʘ ʩʦʩʪʦʿʙʘ ʠ 

ʙʘʚʥʦ ʩʪʘʙʠʣʠʟʠʨʘˁʝ ʚʦ ʠʩʪʘʪʘ. 

ʇʘʨʘʤʝʪʨʠʪʝ ʢʦʨʠʩʪʝʥʠ ʟʘ ʧʦʜʝʩʫʚʘˁʝ ʥʘ ʥʝʚʨʦʥʩʢʘʪʘ ʤʨʝʞʘ ʩʝ ʧʨʠʢʘʞʘʥʠ ʚʦ ʊʘʙʝʣʘ 6. 
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ʊʘʙʝʣʘ 6. ʇʘʨʘʤʝʪʨʠ ʟʘ ʤʨʝʞʘʪʘ ʦʜ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʢʘʿ ʥʝʣʠʥʝʘʨʝʥ ʩʠʩʪʝʤ 

ʉʪʨʫʢʪʫʨʘ ʥʘ ʤʨʝʞʘʪʘ 

ɹʨʦʿ ʥʘ ʩʢʨʠʝʥʠ ʩʣʦʝʚʠ 10 

ʇʝʨʠʦʜ ʥʘ ʩʝʤʧʣʠʨʘˁʝ 0.01 [s] 

ʊʠʧ ʥʘ AF Tanh ʠ Relu 

ɸʣʛʦʨʠʪʘʤ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ  LMA  

ʇʦʜʘʪʦʮʠ ʟʘ ʪʨʝʥʠʨʘˁʝ ʥʘ ʤʨʝʞʘʪʘ 

ɹʨʦʿ ʥʘ ʧʦʜʘʪʦʮʠ ʟʘ ʪʨʝʥʠʨʘˁʝ 3000 

ɹʨʦʿ ʥʘ ʚʣʝʟʦʚʠ ʚʦ ʤʨʝʞʘʪʘ 1 

ɹʨʦʿ ʥʘ ʠʟʣʝʟʠ ʦʜ ʤʨʝʞʘʪʘ 1 

ɹʨʦʿ ʥʘ ʝʧʦʭʠ 2500 

 

ɼʦʢʦʣʢʫ ʩʝ ʩʧʦʨʝʜʘʪ ʊʘʙʝʣʘ 4, ʊʘʙʝʣʘ 5 ʠ ʊʘʙʝʣʘ 6, ʘ ʩʦʛʣʘʩʥʦ ʦʜʟʠʚʠʪʝ ʜʦʙʠʝʥʠ ʦʜ 

ʣʠʥʝʘʨʥʠʪʝ ʠ ʥʝʣʠʥʝʘʨʥʠʪʝ ʤʦʜʝʣʠ ʤʦʞʝ ʜʘ ʩʝ ʟʘʙʝʣʝʞʠ ʜʝʢʘ ʘʣʛʦʨʠʪʘʤʦʪ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ 

ʝ ʥʝʧʨʦʤʝʥʝʪ, AF ʩʝ ʥʝʧʨʦʤʝʥʝʪʠ, ʝʜʠʥʩʪʚʝʥʠ ʭʠʧʝʨʧʘʨʘʤʝʪʨʠ ʰʪʦ ʩʝ ʤʝʥʫʚʘʘʪ ʩʝ ʙʨʦʿʦʪ 

ʥʘ ʝʧʦʭʠ, ʙʨʦʿ ʥʘ ʩʢʨʠʝʥʠ ʩʣʦʝʚʠ ʠ ʙʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ ʥʘ ʩʘʤʦʪʦ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ 

NN. ʆʚʠʝ ʩʝ ʧʘʨʘʤʝʪʨʠ ʢʦʠ ʥʝ ʩʝ ʧʨʝʩʤʝʪʫʚʘʘʪ ʪʫʢʫ ʝʜʥʦʩʪʘʚʥʦ ʩʝ ʜʝʬʠʥʠʨʘʘʪ ʚʦ ʟʘʚʠʩʥʦʩʪ 

ʦʜ ʜʠʥʘʤʠʢʘʪʘ ʥʘ ʤʦʜʝʣʦʪ ʢʦʿʰʪʦ ʩʝ ʘʥʘʣʠʟʠʨʘ.  

4.5 ɼʠʨʝʢʪʥʘ ʧʨʠʤʝʥʘ ʥʘ ʥʝʚʨʦʥʩʢʘ ʤʨʝʞʘ ʢʘʿ ʠʟʦʣʠʨʘʥʘ ʨʘʙʦʪʘ ʥʘ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ  

ɺʦ ʦʚʘʘ ʧʦʛʣʘʚʿʝ ʩʝ ʘʥʘʣʠʟʠʨʘʥʠ ʧʦʚʝ˃ʝ ʧʨʠʩʪʘʧʠ ʟʘ ʧʨʠʤʝʥʘ ʥʘ NN ʩʦ ʮʝʣ ʜʘ ʩʝ ʚʠʜʠ 

ʥʠʚʥʦʪʦ ʚʣʠʿʘʥʠʝ ʥʘ ʜʠʥʘʤʠʢʘʪʘ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ. ɸʥʘʣʠʟʠʪʝ ʩʝ ʥʘʧʨʘʚʝʥʠ 

ʥʝʟʘʚʠʩʥʦ ʥʘ ʣʠʥʝʘʨʥʠʪʝ, ʥʦ ʠ ʥʘ ʥʝʣʠʥʝʘʨʥʠʪʝ ʤʦʜʝʣʠ. 

ʇʨʚʠʦʪ ʧʨʠʩʪʘʧ ʟʘ ʧʨʠʤʝʥʘ ʥʘ NN ʚʦ ʤʦʜʝʣʦʪ ʝ ʮʝʣʦʩʥʘ ʟʘʤʝʥʘ ʥʘ ʤʘʪʝʤʘʪʠʯʢʠʦʪ ʤʦʜʝʣ ʥʘ 

ʪʫʨʙʠʥʘʪʘ ʜʠʨʝʢʪʥʦ ʩʦ NN. ɺʦ ʦʚʦʿ ʩʣʫʯʘʿ ʚʣʝʟʦʪ ʚʦ NN ʝ ʦʪʚʦʨʝʥʦʩʪʘ ʥʘ ʩʧʨʦʚʦʜʥʠʦʪ 

ʘʧʘʨʘʪ, ʜʦʜʝʢʘ ʠʟʣʝʟʦʪ ʦʜ ʤʨʝʞʘʪʘ ʝ ʛʝʥʝʨʠʨʘʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ. ʇʦʜʘʪʦʮʠʪʝ ʰʪʦ ʩʝ 

ʧʦʪʨʝʙʥʠ ʟʘ ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʮʝʣʦʩʥʘ ʟʘʤʝʥʘ ʥʘ ʤʘʪʝʤʘʪʠʯʢʠʦʪ ʤʦʜʝʣ ʩʦ NN ʩʝ ʠʟʤʝʨʝʥʠ 

ʚʨʝʜʥʦʩʪ ʟʘ ʦʪʚʦʨʝʥʦʩʪʘ ʥʘ ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ ʠ ʦʜ ʛʝʥʝʨʠʨʘʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ. ʉʦ 

ʜʠʨʝʢʪʥʦ ʚʥʝʩʫʚʘˁʝ ʥʘ NN ʚʦ ʤʦʜʝʣʦʪ, ʩʦʛʣʘʩʥʦ ʜʦʩʪʘʧʥʦʪʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ, ʩʝ 

ʧʨʘʚʠ DT ʥʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ ʩʦ ʧʦʤʦʰ ʥʘ ʥʘʫʢʘʪʘ ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʧʦʜʘʪʦʮʠ ʠ ANN. 

ʇʨʠʤʝʥʘʪʘ ʥʘ DT ʠʤʘ ʧʨʝʜʥʦʩʪ ʚʦ ʪʦʘ ʰʪʦ ʟʘ ʩʠʤʫʣʘʮʠʿʘ ʥʘ ʝʜʝʥ ʦʙʿʝʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʥʝ 

ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʚʥʝʩʫʚʘʘʪ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣʠ, ʚʦ ʦʚʦʿ ʩʣʫʯʘʿ ʤʘʪʝʤʘʪʠʯʢʠʦʪ ʤʦʜʝʣ ʥʘ 

ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ, ʜʦʚʦʣʥʦ ʝ ʢʚʘʣʠʪʝʪʥʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ.  

ʅʘ ʉʣʠʢʘ 36 ʝ ʧʨʝʪʩʪʘʚʝʥʦ ʜʠʨʝʢʪʥʦ ʚʥʝʩʫʚʘˁʝ ʥʘ NN ʥʘ ʤʝʩʪʦʪʦ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ, 

ʘ ʧʨʠʪʦʘ ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʜʝʢʘ ʚʣʝʟ ʚʦ ʩʠʩʪʝʤʦʪ ʝ ʦʪʚʦʨʝʥʦʩʪʘ ʥʘ ʣʦʧʘʪʢʠʪʝ ʦʜ ʩʧʨʦʚʦʜʥʠʦʪ 

ʘʧʘʨʘʪ, ʜʦʜʝʢʘ ʠʟʣʝʟ ʝ ʛʝʥʝʨʠʨʘʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ. 
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ʉʣʠʢʘ 36. ɼʠʨʝʢʪʥʦ ʚʥʝʩʫʚʘˁʝ ʥʘ ʥʝʚʨʦʥʩʢʘ ʤʨʝʞʘ ʚʦ ʤʦʜʝʣʦʪ (ʮʝʣʦʩʥʘ ʜʠʨʝʢʪʥʘ ʟʘʤʝʥʘ 

ʟʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ) 

ʇʦʨʘʜʠ ʝʜʥʦʩʪʘʚʥʦʩʪʘ ʥʘ ʤʦʜʝʣʦʪ, NN ʝ ʩʦʩʪʘʚʝʥʘ ʦʜ ʝʜʝʥ ʚʣʝʟ (ʦʪʚʦʨʝʥʦʩʪ ʥʘ ʣʦʧʘʪʢʠʪʝ 

ʥʘ ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ), ʝʜʝʥ ʠʟʣʝʟ (ʛʝʥʝʨʠʨʘʥʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ), ʜʚʘ ʥʝʚʨʦʥʠ ʚʦ 

ʩʢʨʠʝʥʠʦʪ ʩʣʦʿ, ʧʨʦʮʝʥʪʫʘʣʥʘʪʘ ʨʘʩʧʨʝʜʝʣʙʘʪʘ ʥʘ ʧʦʜʘʪʦʮʠʪʝ ʟʘ ʪʝʩʪʠʨʘˁʝ ʠ ʪʨʝʥʠʨʘˁʝ ʝ 

20/80. ɸʣʛʦʨʠʪʘʤ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʥʘ ʧʨʦʮʝʩʦʪ ʝ ʠʟʙʨʘʥ LMA . 

ʅʘ ʉʣʠʢʘ 37 ʩʝ ʧʨʠʢʘʞʘʥʠ ʦʜʟʠʚʠʪʝ ʦʜ ʤʦʜʝʣ ʩʦ ʠ ʙʝʟ ʚʤʝʪʥʘʪʘ NN ʥʘ ʤʝʩʪʦʪʦ ʥʘ 

ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ. ʆʜʟʠʚʦʪ ʩʦ ʢʘʬʝʘʚʘ ʙʦʿʘ (ʤʝʭʘʥʠʯʢʘʪʘ ʤʦ˃ʥʦʩʪ) ʜʦʘʺʘ ʦʜ ʤʦʜʝʣʦʪ ʚʦ 

ʢʦʿʰʪʦ ʤʘʪʝʤʘʪʠʯʢʠ ʧʦʩʪʦʠ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ, ʜʦʜʝʢʘ ʧʘʢ ʦʜʟʠʚʦʪ ʩʦ ʩʠʥʘ ʙʦʿʘ 

(ʤʝʭʘʥʠʯʢʘʪʘ ʤʦ˃ʥʦʩʪ) ʜʦʘʺʘ ʦʜ ʤʦʜʝʣʦʪ ʚʦ ʢʦʿʰʪʦ ʥʘʤʝʩʪʦ ʤʦʜʝʣʦʪ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ 

ʪʫʨʙʠʥʘ ʧʦʩʪʦʠ NN. ɼʦʢʦʣʢʫ ʩʝ ʩʧʦʨʝʜʘʪ ʜʚʘʪʘ ʦʜʟʠʚʠ ʤʦʞʝ ʩʣʦʙʦʜʥʦ ʜʘ ʩʝ ʢʘʞʝ ʜʝʢʘ 

ʦʜʟʠʚʦʪ ʩʦ ʩʠʥʘ ʙʦʿʘ ʥʘ ʥʝʢʦʿ ʥʘʯʠʥ ʧʨʝʪʩʪʘʚʫʚʘ ʠʜʝʘʣʝʥ ʩʣʫʯʘʿ. ʊʘʢʚʠʦʪ ʟʘʢʣʫʯʦʢ ʝ ʧʦʨʘʜʠ 

ʪʦʘ ʰʪʦ ʩʘʤʘʪʘ NN ʩʝʢʦʛʘʰ ʩʝ ʩʪʨʝʤʠ ʜʘ ʛʦ ʧʨʦʥʘʿʜʝ ʥʘʿʜʦʙʨʦʪʦ ʨʝʰʝʥʠʝ, ʘ ʚʦ ʦʚʦʿ ʩʣʫʯʘʿ 

ʪʘʘ ʛʦ ʝʣʠʤʠʥʠʨʘ ʥʝʛʘʪʠʚʥʠʦʪ ʧʘʜ ʢʦʿʰʪʦ ʩʝ ʧʦʿʘʚʫʚʘ ʧʦʨʘʜʠ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʚʦʜʘʪʘ, 

ʮʝʚʢʦʚʦʜʦʪ, ʬʠʟʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ ʠʪʥ. ʀʩʪʦ ʪʘʢʘ ʤʦʞʝ 

ʜʘ ʩʝ ʚʠʜʠ ʜʝʢʘ ʩʪʘʥʫʚʘ ʟʙʦʨ ʟʘ ʢʨʠʪʠʯʥʦ ʧʨʠʛʫʰʝʥ, ʩʪʘʙʠʣʝʥ ʠ ʙʨʟ ʩʠʩʪʝʤ. ɼʦʢʦʣʢʫ ʧʘʢ ʩʝ 

ʘʥʘʣʠʟʠʨʘ ʬʨʝʢʚʝʥʮʠʿʘʪʘ ʦʜʥʦʩʥʦ ʦʜʟʠʚʦʪ ʩʦ ʟʝʣʝʥʘ ʙʦʿʘ, ʤʦʞʝ ʜʘ ʩʝ ʢʘʞʝ ʜʝʢʘ ʛʨʝʰʢʘʪʘ 

ʧʦʤʝʺʫ ʧʦʪʨʝʙʥʘʪʘ ʬʨʝʢʚʝʥʮʠʿʘ, 50 Hz ʦʜʥʦʩʥʦ 1 p.u. ʠ ʧʦʩʪʠʛʥʘʪʘʪʘ ʝ ʨʝʯʠʩʠ ʥʫʣʘ. ɼʦʢʦʣʢʫ 

ʧʘʢ ʩʝ ʘʥʘʣʠʟʠʨʘʘʪ ʦʜʟʠʚʦʪ ʟʘ ʤʝʭʘʥʠʯʢʘʪʘ ʤʦ˃ʥʦʩʪ ʦʟʥʘʯʝʥ ʩʦ ʢʘʬʝʘʚʘ ʙʦʿʘ, ʦʜʥʦʩʥʦ ʢʦʛʘ 

ʤʘʪʝʤʘʪʠʯʢʠʦʪ ʤʦʜʝʣ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ ʝ ʚʥʝʩʝʥ ʚʦ ʩʘʤʠʦʪ ʤʦʜʝʣ, ʩʝ ʟʘʙʝʣʝʞʫʚʘ 

ʧʨʠʩʫʩʪʚʦʪʦ ʥʘ ʥʝʛʘʪʠʚʥʠʦʪ ʧʘʜ ʢʦʿ ʛʦ ʦʟʥʘʯʫʚʘ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʮʝʚʢʦʚʦʜʦʪ, ʥʘ ʚʦʜʘʪʘ ʠ 

ʜʨʫʛʠʪʝ ʬʠʟʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʠ ʚʣʠʿʘʘʪ ʥʘ ʭʠʜʨʘʫʣʠʯʥʪʘ ʪʫʨʙʠʥʘ. ʊʫʢʘ ʩʪʘʥʫʚʘ ʟʙʦʨ 

ʟʘ ʩʪʘʙʠʣʝʥ ʩʠʩʪʝʤ, ʥʦ ʜʦʢʦʣʢʫ ʩʝ ʩʧʦʨʝʜʫʚʘ ʩʦ ʦʜʟʠʚʦʪ ʦʟʥʘʯʝʥ ʩʦ ʩʠʥʘ ʙʦʿʘ, ʚʦ ʪʦʿ ʩʣʫʯʘʿ 

ʝ ʜʘʣʝʢʫ ʧʦʙʘʚʝʥ. ɼʦʢʦʣʢʫ ʠʩʪʦ ʪʘʢʘ ʩʝ ʘʥʘʣʠʟʠʨʘ ʦʜʟʠʚʦʪ ʧʨʝʪʩʪʘʚʝʥ ʩʦ ʮʨʥʘ ʙʦʿʘ, ʘ ʪʦʘ ʝ 

ʬʨʝʢʚʝʥʮʠʿʘʪʘ ʢʦʛʘ ʚʦ ʤʦʜʝʣʦʪ ʝ ʚʤʝʪʥʘʪ ʤʘʪʝʤʘʪʠʯʢʠʦʪ ʤʦʜʝʣ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ 

ʠ ʜʦʢʦʣʢʫ ʩʝ ʩʧʦʨʝʜʫʚʘ ʩʦ ʦʜʟʠʚʦʪ ʩʦ ʟʝʣʝʥʘ ʙʦʿʘ, ʪʦʿ ʩʦ ʮʨʥʘ ʙʦʿʘ ʧʨʘʚʠ ʜʘʣʝʢʫ ʧʦʛʦʣʝʤʘ 
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ʛʨʝʰʢʘ ʚʦ ʦʜʥʦʩ ʥʘ ʧʦʩʪʠʛʥʘʪʘʪʘ ʠ ʧʦʙʘʨʫʚʘʥʘʪʘ ʬʨʝʢʚʝʥʮʠʿʘ, ʥʦ ʩʝʧʘʢ ʜʘ ʩʝ ʥʘʧʦʤʝʥʝ ʜʝʢʘ 

ʦʜʟʠʚʦʪ ʩʦ ʟʝʣʝʥʘ ʙʦʿʘ ʛʦ ʧʨʝʪʩʪʘʚʫʚʘ ʤʦʜʝʣʦʪ ʠʜʝʘʣʥʦ.   

 

ʉʣʠʢʘ 37. ʉʧʦʨʝʜʙʘ ʥʘ ʦʜʟʠʚʠ ʦʜ ʤʦʜʝʣʠ ʩʦ ʠ ʙʝʟ ʟʘʤʝʥʘ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ ʩʦ 

ʥʝʚʨʦʥʩʢʘ ʤʨʝʞʘ 

4.6 ɼʝʬʠʥʠʨʘˁʝ ʥʘ ʜʠʛʠʪʘʣʝʥ ʙʣʠʟʥʘʢ ʠ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ 

ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʤʘʰʠʥʩʢʦ ʫʯʝˁʝ ʥʘ ʧʨʚ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ 

4.6.1 ʇʨʠʤʝʥʘ ʥʘ ʤʝʪʦʜʘ ʥʘ ʜʦʣʛʘ ʢʨʘʪʢʦʨʦʯʥʘ ʤʝʤʦʨʠʿʘ ʠ ʧʦʚʝ˃ʝʩʣʦʝʥ ʧʝʨʮʝʧʪʨʦʥ 

ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠ ʩʠʩʪʝʤ 

ɹʠʜʝʿ˃ʠ ʧʦʩʪʦʿʘʪ ʧʦʚʝ˃ʝ ʤʝʪʦʜʠ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ [109], ʝʜʝʥ ʦʜ ʧʨʠʩʪʘʧʠʪʝ ʢʦʿ 

ʰʪʦ ʨʝʪʢʦ ʩʝ ʥʘʦʺʘ ʚʦ ʣʠʪʝʨʘʪʫʨʘʪʘ ʢʘʢʦ ʧʨʠʤʝʥʫʚʘʥ, ʘ ʧʦʩʝʙʥʦ ʚʦ ʦʙʣʘʩʪʘ ʥʘ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʪʝ ʦʙʿʝʢʪʠ ʝ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML.  

ʎʝʣʪʘ ʟʘ ʧʨʠʤʝʥʘ ʥʘ ʤʝʪʦʜʘʪʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ ʝ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ 

ʜʠʥʘʤʠʢʘʪʘ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ ʧʨʝʢʫ ʦʜʨʝʜʫʚʘˁʝ ʥʘ ʧʨʝʥʦʩʥʘ ʬʫʥʢʮʠʿʘ ʩʦ ʧʨʠʤʝʥʘ 

ʥʘ ʥʝʢʦʠ ʦʜ ʤʝʪʦʜʠʪʝ ʥʘ ANN ʠ ML.  

ʉʦ ʮʝʣ ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʧʨʝʥʦʩʥʘ ʬʫʥʢʮʠʿʘ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ ʚʦ 

ʦʚʘʘ ʠʩʪʨʘʞʫʚʘˁʝ, ʘ ʢʘʢʦ ʰʪʦ ʝ ʪʝʦʨʝʪʩʢʠ ʠ ʤʘʪʝʤʘʪʠʯʢʠ ʦʧʠʰʘʥʦ ʚʦ ɻʣʘʚʘ 3 ʧʨʠʤʝʥʝʪʠ ʩʝ 

ʜʚʝ ʪʝʭʥʠʢʠ ʥʘ ML ʠ ʪʦʘ LSTM ʠ MLP.  

ɿʘ ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ, ʧʦʪʨʝʙʥʦ ʝ ʢʚʘʣʠʪʝʪʥʦ ʠʩʬʠʣʪʨʠʨʘʥʦ 

ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʧʨʝʢʫ ʢʦʝ ˃ʝ ʩʝ ʛʝʥʝʨʠʨʘ DT ʟʘ ʦʙʿʝʢʪʦʪ ʟʘ ʢʦʿʰʪʦ ʩʝ ʧʨʘʚʠ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʩʦ ʮʝʣ ʜʘ ʤʦʞʝ ʜʘ ʩʝ ʩʧʦʨʝʜʘʪ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ ʥʘ ʩʠʩʪʝʤʦʪ. 

ʉʦ ʧʨʠʤʝʥʘ LSTM ˃ʝ ʙʠʜʝ ʧʨʠʢʘʞʘʥʦ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʦʚʦʿ ʪʠʧ ʤʨʝʞʠ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ 

ʧʨʝʥʦʩʥʘʪʘ ʬʫʥʢʮʠʿʘ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ. 

ʇʦʨʘʜʠ ʪʦʘ ʰʪʦ ʤʘʪʝʤʘʪʠʯʢʠ ʛʣʝʜʘʥʦ, ʧʨʝʥʦʩʥʘʪʘ ʬʫʥʢʮʠʿʘ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ ʚʦ 

ʣʠʥʝʘʨʥʘ ʬʦʨʤʘ ʝ ʧʨʝʪʩʪʘʚʝʥʘ ʚʦ ʨʘʚʝʥʢʘ 67,  
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(67) 

ʤʦʞʝ ʜʘ ʩʝ ʢʘʞʝ ʜʝʢʘ ʩʪʘʥʫʚʘ ʟʙʦʨ ʟʘ ʩʠʩʪʝʤ ʩʦ ʝʜʝʥ ʧʦʣ ʠ ʝʜʥʘ ʥʫʣʘ, ʦʜʥʦʩʥʦ ʩʪʘʥʫʚʘ ʟʙʦʨ 

ʟʘ ʩʠʩʪʝʤ ʦʜ ʧʨʚ ʨʝʜ. ɿʘ ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ ʦʜʥʦʩʥʦ ʦʜʨʝʜʫʚʘˁʝ ʥʘ 

ʧʨʝʥʦʩʥʘ ʬʫʥʢʮʠʿʘ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ ʚʦ ʧʨʝʜʚʠʜ ʩʝ ʟʝʤʝʥʠ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ 

ʢʘʜʝ ʰʪʦ ʚʣʝʟ ʚʦ ʩʠʩʪʝʤʦʪ ʝ ʦʪʚʦʨʝʥʦʩʪʘ ʥʘ ʣʦʧʘʪʢʠʪʝ ʥʘ ʩʧʨʦʚʦʜʝʥ ʘʧʘʨʘʪ, ʜʦʜʝʢʘ ʠʟʣʝʟ ʦʜ 

ʩʠʩʪʝʤʦʪ ʝ ʛʝʥʝʨʠʨʘʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ. ʇʦʜʘʪʦʯʥʠʪʝ ʤʥʦʞʝʩʪʚʘ ʠʩʢʦʨʠʩʪʝʥʠ ʟʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ ʢʦʿʘ ʰʪʦ ʩʝ ʢʦʨʠʩʪʠ ʚʦ ʧʨʚʠʦʪ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ 

ʦʙʿʝʢʪ, ʛʦ ʩʦʯʠʥʫʚʘʘʪ ʠʟʤʝʨʝʥʠ ʚʨʝʜʥʦʩʪʠ ʢʦʠ ʛʠ ʦʧʠʰʫʚʘʘʪ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʥʘ ʩʘʤʠʦʪ ʦʙʿʝʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ. ɸʢʦ ʠʩʪʦʪʦ ʩʝ ʧʨʝʪʩʪʘʚʠ ʥʘ ʙʣʦʢ ʜʠʿʘʛʨʘʤ ʟʘ ʧʦʝʜʥʦʩʪʘʚʝʥ 

ʧʨʠʢʘʟ, ʙʠ ʠʟʛʣʝʜʘʣʦ ʢʘʢʦ ʥʘ ʉʣʠʢʘ 38. 

 

ʉʣʠʢʘ 38. ɹʣʦʢ ʜʠʿʘʛʨʘʤ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ  

ɿʘ ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ ʩʦ ʧʦʤʦʰ ʥʘ NN, ʧʦʪʨʝʙʥʦ ʝ ʠʟʤʝʨʝʥʠʪʝ 

ʚʨʝʜʥʦʩʪʠ ʦʜ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʜʘ ʩʝ ʨʘʩʧʨʝʜʝʣʘʪ ʢʘʢʦ ʚʣʝʟ ʠ ʠʟʣʝʟ ʦʜ ʩʠʩʪʝʤʦʪ. 

ʇʨʘʚʠʣʥʘʪʘ ʨʘʩʧʨʝʜʝʣʙʘ ʥʘ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʦʚʦʟʤʦʞʫʚʘ ʧʨʘʚʠʣʥʦ ʠ ʪʦʯʥʦ 

ʦʜʨʝʜʫʚʘˁʝ ʥʘ ʧʨʝʥʦʩʥʘʪʘ ʬʫʥʢʮʠʿʘ. 

ɺʦ ʊʘʙʝʣʘ 7 ʩʝ ʧʨʠʢʘʞʘʥʠ ʨʘʟʣʠʯʥʠ ʧʨʝʥʦʩʥʠ ʬʫʥʢʮʠʠ ʟʘ ʭʠʜʨʫʣʠʯʥʘ ʪʫʨʙʠʥʘ ʜʦʙʠʝʥʠ ʩʦ 

ʧʨʠʤʝʥʘ ʥʘ ʨʘʟʣʠʯʥʠ ʘʣʛʦʨʪʤʠ ʥʘ ML ʠ ʨʘʟʣʠʯʥʠ ʢʦʥʬʠʛʫʨʘʮʠʠ ʥʘ NN. ʀʘʢʦ ʟʘ 

ʤʘʪʝʤʘʪʠʯʢʘ ʨʝʧʨʝʟʝʥʪʘʮʠʿʘ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ (ʣʠʥʝʘʨʥʘ ʠ ʥʝʣʠʥʝʘʨʥʘ) ʩʝ ʢʦʨʠʩʪʘʪ 

ʨʘʚʝʥʢʠʪʝ ʦʜ 3 ʜʦ 11 ʠ 67, ʢʦʛʘ ʩʝ ʧʨʘʚʠ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʤʝʪʦʜʠʪʝ 

ʥʘ ML, ʧʦʪʨʝʙʥʦ ʝ ʢʚʘʣʠʪʝʪʥʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʠ ʚʣʝʟʥʘ ʠʥʬʦʨʤʘʮʠʿʘ ʟʘ ʙʨʦʿʦʪ ʥʘ 

ʧʦʣʦʚʠ ʠ ʥʫʣʠ ʦʜ ʢʦʠ ʙʠ ʪʨʝʙʘʣʦ ʜʘ ʩʝ ʩʦʩʪʦʠ ʬʫʥʢʮʠʿʘʪʘ. ɼʦʙʠʝʥʠʪʝ ʧʨʝʥʦʩʥʠ ʬʫʥʢʮʠʠ ʩʝ 

ʟʘ ʧʨʚ ʠ ʚʪʦʨ ʨʝʘʣʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʢʘʜʝ ʰʪʦ ʩʦ ʧʨʠʤʝʥʘ ʥʘ LSTM ʠ MLP ʤʝʪʦʜʘʪʘ 

ʩʝ ʜʦʙʠʝʥʠ ʨʘʟʣʠʯʥʠ ʧʨʝʥʦʩʥʠ ʬʫʥʢʮʠʠ ʟʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ. ʈʝʟʫʣʪʘʪʠʪʝ ʦʜ 

ʩʠʤʫʣʘʮʠʠʪʝ ʟʘ ʜʦʙʠʝʥʠʪʝ ʧʨʝʥʦʩʥʠ ʬʫʥʢʮʠʠ ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʥʘ ʉʣʠʢʘ 39 ʠ ʉʣʠʢʘ 

40 ʩʝ ʩʧʦʨʝʜʝʥʠ ʩʦ ʦʜʟʠʚʦʪ ʜʦʙʠʝʥ ʦʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʠʟʤʝʨʝʥʠ ʚʨʝʜʥʦʩʪʠ ʟʘ ʚʠʩʪʠʥʩʢʘ 

ʪʫʨʙʠʥʘ ʦʜ ʧʨʚʠʦʪ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ. ʆʜ ʦʜʟʠʚʠʪʝ ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʠ ʟʘʢʣʫʯʠ ʜʝʢʘ 

ʧʨʠʤʝʥʘʪʘ ʥʘ MLP ʠʣʠ LSTM ʤʝʪʦʜʘʪʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ ʩʦ ʢʦʨʠʩʪʝˁʝ ʥʘ 

ʢʚʘʣʠʪʝʪʥʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʝ ʤʦʞʥʦ ʠ ʜʝʢʘ ʜʦʙʠʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʩʝ ʩʧʦʨʝʜʣʠʚʠ ʩʦ 

ʦʜʟʠʚʦʪ ʦʜ ʨʝʘʣʥʘʪʘ ʧʦʩʪʨʦʿʢʘ. ʅʦ ʜʦʢʦʣʢʫ ʩʝ ʥʘʧʨʘʚʠ ʧʦʜʝʪʘʣʥʘ ʘʥʘʣʠʟʘ ʥʘ ʦʜʟʠʚʠʪʝ, ʤʦʞʝ 

ʜʘ ʩʝ ʚʠʜʠ ʜʝʢʘ ʥʝʛʘʪʠʚʥʠʦʪ ʧʘʜ ʢʦʿʰʪʦ ʩʝ ʧʦʿʘʚʫʚʘ ʢʘʿ ʦʜʟʠʚʦʪ ʟʘ ʨʝʘʣʥʘʪʘ ʤʝʭʘʥʠʯʢʘ 

ʤʦ˃ʥʦʩʪ, ʝ ʠʟʦʩʪʘʚʝʥ ʦʜʥʦʩʥʦ ʧʨʠ ʜʝʬʠʥʠʨʘˁʝ ʥʘ ʧʨʝʥʦʩʥʘʪʘ ʬʫʥʢʮʠʿʘ, ʘʣʛʦʨʠʪʤʠʪʝ ʥʘ ML, 

ʛʠ ʩʤʝʪʘʘʪ ʪʠʝ ʚʨʝʜʥʦʩʪʠ ʢʘʢʦ ʥʝʧʦʪʨʙʥʠ, ʧʘ ʧʨʠ ʧʨʦʮʝʩʦʪ ʥʘ ʪʨʝʥʠʨʘˁʝ ʠ ʪʝʩʪʠʨʘˁʝ, ʜʝʣ 

ʦʜ ʧʦʜʘʪʦʮʠʪʝ ʛʠ ʦʪʬʨʣʘʘʪ ʢʘʢʦ ʥʝʚʘʞʥʠ ʧʨʝʜ ʠʩʪʠʪʝ ʜʘ ʦʜʘʪ ʥʘ ʚʘʣʠʜʠʨʘˁʝ ʠ ʜʝʬʠʥʠʨʘˁʝ 

ʥʘ ʚʨʝʜʥʦʩʪʠʪʝ ʚʦ ʧʦʣʦʚʠʪʝ ʠ ʥʫʣʠʪʝ ʟʘ ʛʝʥʝʨʠʨʘˁʝ ʥʘ ʧʨʝʥʦʩʥʘʪʘ ʬʫʥʢʮʠʿʘ. ɺʦ ʊʘʙʝʣʘ 7 
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ʧʨʚʠʪʝ 4 (ʯʝʪʠʨʠ) ʨʝʜʠʮʠ ʩʝ ʦʜʦʥʝʩʫʚʘʘʪ ʥʘ ʧʨʝʥʦʩʥʠ ʬʫʥʢʮʠʠ ʟʘ ʧʨʚ ʨʝʘʣʝʥ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ, ʜʦʜʝʢʘ ʨʝʜʠʮʘ 5, 6 ʠ 7 ʩʝ ʦʜʥʝʩʫʚʘʘʪ ʥʘ ʚʪʦʨ ʨʝʘʣʝʥ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ. ʀʩʪʦ ʪʘʢʘ, ʙʠʜʝʿ˃ʠ ʩʝ ʤʝʥʫʚʘ ʦʨʠʛʠʥʘʣʥʘʪʘ ʧʨʝʥʦʩʥʘ ʬʫʥʢʮʠʿʘ, ʢʘʿ 

ʜʝʣ ʦʜ ʨʘʟʛʣʝʜʫʚʘʥʠʪʝ ʦʜʟʠʚʠ ʦʜ ʩʠʤʫʣʘʮʠʠʪʝ, ʧʦʪʨʝʙʥʦ ʝ ʜʘ ʩʝ ʟʘʤʝʥʘʪ ʠ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ 

ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ. ʀʟʙʦʨʦʪ ʥʘ ʢʦʥʩʪʘʥʪʠ ʥʘ PID ʝ ʥʘʧʨʘʚʝʥʦ ʥʘ ʪʦʿ ʥʘʯʠʥ 

ʰʪʦ ʧʨʝʢʫ Ziegler-Nichols ʤʝʪʦʜʘʪʘ ʩʝ ʜʝʬʠʥʠʨʘʘʪ ʛʨʘʥʠʯʥʠ ʚʨʝʜʥʦʩʪʠ ʟʘ ʩʝʢʦʿʘ ʢʦʥʩʪʘʥʪʘ 

ʧʦʩʝʙʥʦ, ʘ ʧʦʪʦʘ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʘʣʛʦʨʠʪʤʠʪʝ ʥʘ ML ʬʠʥʦ ʩʝ ʧʦʜʝʩʫʚʘʘʪ ʥʦʚʠ ʚʨʝʜʥʦʩʪʠ ʟʘ 

ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID. ɻʝʥʝʨʘʣʥʦ ʢʘʿ ʤʦʜʝʣʦʪ ʦʜ ʚʪʦʨ ʨʝʘʣʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʢʘʿ ʩʠʪʝ 

ʤʦʜʝʣʠ ʩʝ ʟʘʜʨʞʘʥʠ ʠʩʪʠʪʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID, ʜʦʜʝʢʘ ʢʘʿ ʧʨʚʘʪʘ ʨʝʘʣʥʘ 

ʭʠʜʨʦʧʦʩʪʨʦʿʢʘ, ʚʨʝʜʥʦʩʪʠʪʝ ʩʝ ʟʘʤʝʥʝʪʠ. ʇʨʠ ʪʦʘ, ʦʨʠʛʠʥʘʣʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ 

ʩʝ Kp=2, Ki=0.465 ʠ Kd=1.04. 

ʊʘʙʝʣʘ 7. ʇʨʠʢʘʟ ʥʘ ʩʠʪʝ ʧʨʝʥʦʩʥʠ ʬʫʥʢʮʠʠ ʟʘ ʭʠʜʨʫʣʠʯʥʘ ʪʫʨʙʠʥʘ ʜʦʙʠʝʥʠ ʩʦ ʧʨʠʤʝʥʘ ʥʘ 

ML  
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ʆʜ ʉʣʠʢʘ 39 ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʜʝʢʘ ʦʜʟʠʚʠʪʝ ʩʦ ʥʦʚʠʪʝ ʧʨʝʥʦʩʥʠ ʬʫʥʢʮʠʠ (Prva PM LSTM 

10 ï ʧʦʨʪʦʢʘʣʦʚʘ ʙʦʿʘ, Prva PM LSTM 11 ï ʟʝʣʝʥʘ ʙʦʿʘ, Prva PM LSTM 12 ï ʚʠʦʣʝʪʦʚʘ ʙʦʿʘ, 

Prva PM MLP 6 ï ʢʘʬʝʘʚʘ ʙʦʿʘ) ʦʩʦʙʝʥʦ ʜʦʙʠʝʥʠʪʝ ʩʦ ʧʨʠʤʝʥʘ ʥʘ LSTM ʤʝʪʦʜʘʪʘ, 

ʧʦʢʘʞʫʚʘʘʪ ʜʦʙʨʠ ʜʠʥʘʤʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʘ ʤʝʭʘʥʠʯʢʘʪʘ ʤʦ˃ʥʦʩʪ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ 

ʪʫʨʙʠʥʘ. ɼʦʜʝʢʘ ʧʨʝʥʦʩʥʘʪʘ ʬʫʥʢʮʠʿʘ ʜʦʙʠʝʥʘ ʩʦ ʧʨʠʤʝʥʘ ʥʘ MLP ʤʝʪʦʜʘʪʘ ʩʝ 

ʢʘʨʘʢʪʝʨʠʟʠʨʘ ʩʦ ʛʦʣʝʤʠ ʧʨʝʩʢʦʮʠ ʠ ʦʩʮʠʣʘʮʠʠ ʯʠʠ ʰʪʦ ʜʠʥʘʤʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʩʝ 

ʧʦʩʣʘʙʠ ʟʘ ʨʘʟʣʠʢʘ ʦʜ ʦʜʟʠʚʠʪʝ ʜʦʙʠʝʥʠ ʩʦ ʧʨʠʤʝʥʘ ʥʘ LSTM ʤʝʪʦʜʘʪʘ. ʉʝʧʘʢ ʩʠʪʝ ʦʜʟʠʚʠ 

ʜʦʙʠʝʥʠ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML, ʥʦʚʠʪʝ ʧʨʝʥʦʩʥʠ ʬʫʥʢʮʠʠ ʢʘʢʦ ʰʪʦ ʚʝ˃ʝ ʙʝʰʝ ʧʦʛʦʨʝ 

ʥʘʧʦʤʝʥʘʪʦ, ʛʫʙʘʪ ʚʘʞʥʘ ʢʘʨʘʢʝʨʠʩʪʠʢʘ, ʘ ʪʦʘ ʝ ʥʝʛʘʪʠʚʥʠʦʪ ʧʘʜ ʢʦʿʰʪʦ ʩʝ ʧʦʿʘʚʫʚʘ ʢʘʢʦ 

ʨʝʟʫʣʪʘʪ ʥʘ ʬʠʟʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ (ʦʩʦʙʝʥʦ ʮʝʚʢʦʚʦʜʦʪ ʠ 

ʜʨ.). ɿʘ ʪʘʘ ʮʝʣ ʧʨʠʤʝʥʘʪʘ ʥʘ LSTM ʠ MLP ʚʦ ʟʘʜʘʯʘʪʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ ʩʝ 

ʧʦʩʦʯʫʚʘʘʪ ʢʘʢʦ ʥʝʩʦʦʜʚʝʪʥʠ ʤʝʪʦʜʠ ʠʘʢʦ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʜʦʩʪʘʧʥʦ ʟʘ ʦʙʨʘʙʦʪʢʘ 

ʙʨʦʝʰʝ ʧʦʚʝ˃ʝ ʦʜ 190.000,00 ʧʦʜʘʪʦʮʠ. ʇʦʪʨʝʙʥʦ ʝ ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʘʥʘʣʠʟʘ ʠ ʧʨʦʙʘ ʩʦ ʜʨʫʛʠ 

ʪʝʭʥʠʢʠ ʥʘ ML ʩʦ ʮʝʣ ʜʘ ʩʝ ʧʨʦʚʝʨʠ ʪʠʧʦʪ ʥʘ ʧʨʝʥʦʩʥʘ ʬʫʥʢʮʠʿʘ ʢʦʿʘ ʰʪʦ ˃ʝ ʩʝ ʛʝʥʝʨʠʨʘ 

ʢʘʢʦ ʨʝʰʝʥʠ, ʥʦ ʜʘ ʩʝ ʧʨʦʚʝʨʠ ʪʦʯʥʦʩʪ ʠ ʨʝʘʣʥʦʩʪʘ ʥʘ ʜʦʙʠʝʥʠʪʝ ʦʜʟʠʚʠ. 

 

ʉʣʠʢʘ 39. ʀʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ ʩʦ ʧʨʠʤʝʥʘ ʥʘ LSTM ʠ MLP ʤʝʪʦʜʘ ʥʘ ML ʟʘ ʧʨʚ 

ʨʝʘʣʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ 

ʀʩʪʦʪʦ ʚʘʞʠ ʠ ʟʘ ʦʜʟʠʚʠʪʝ ʜʦʙʠʝʥʠ ʩʦ ʧʨʠʤʝʥʘ ʥʘ LSTM ʠ MLP ʤʝʪʦʜʘʪʘ ʟʘ ʚʪʦʨ ʨʝʘʣʝʥ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʧʨʠʢʘʞʘʥʠ ʥʘ ʉʣʠʢʘ 40. ʆʜʟʠʚʠʪʝ ʧʦʢʘʞʫʚʘʘʪ ʜʦʙʨʠ ʜʠʥʘʤʠʯʢʠ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʥʦ ʧʨʠ ʘʥʘʣʠʟʘ ʥʘ ʨʝʘʣʥʘʪʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʘ ʥʘ ʦʜʟʠʚʦʪ, ʧʦʚʪʦʨʥʦ ʠʩʪʦ ʢʘʢʦ 

ʠ ʥʘ ʉʣʠʢʘ 39 ʥʝʜʦʩʪʘʩʫʚʘ ʥʝʛʘʪʠʚʥʠʦʪ ʧʘʜ ʢʦʿʰʪʦ ʩʝ ʧʦʿʘʚʫʚʘ ʢʘʢʦ ʨʝʟʫʣʪʘʪ ʥʘ ʬʠʟʠʯʢʠʪʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ (ʦʩʦʙʝʥʦ ʮʝʚʢʦʚʦʜʦʪ). ʇʦʨʘʜʠ ʪʦʘ ʰʪʦ 

ʢʦʨʠʩʪʝʥʠʪʝ ʤʝʪʦʜʠ ʥʘ ML ʢʘʿ ʚʪʦʨ ʨʝʘʣʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʩʝ ʩʦʦʯʫʚʘʘʪ ʩʦ ʠʩʪʠʪʝ 

ʧʨʦʙʣʝʤʠ ʢʘʢʦ ʠ ʢʘʿ ʧʨʚʘʪʘ, ʟʘʢʣʫʯʦʢʦʪ ʦʩʪʘʥʫʚʘ ʠʩʪ, ʘ ʪʦʘ ʝ ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʘʥʘʣʠʟʘ ʠ ʧʨʦʙʘ 

ʩʦ ʜʨʫʛʠ ʪʝʭʥʠʢʠ ʥʘ ML ʩʦ ʮʝʣ ʜʘ ʩʝ ʧʨʦʚʝʨʠ ʪʠʧʦʪ ʥʘ ʧʨʝʥʦʩʥʘ ʬʫʥʢʮʠʿʘ ʢʦʿʘ ʰʪʦ ˃ʝ ʩʝ 

ʛʝʥʝʨʠʨʘ ʢʘʢʦ ʨʝʰʝʥʠ, ʥʦ ʜʘ ʩʝ ʧʨʦʚʝʨʠ ʪʦʯʥʦʩʪʘ ʠ ʨʝʘʣʥʦʩʪʘ ʥʘ ʜʦʙʠʝʥʠʪʝ ʦʜʟʠʚʠ. 
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ʉʣʠʢʘ 40. ʀʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ ʩʦ ʧʨʠʤʝʥʘ ʥʘ LSTM ʠ MLP ʤʝʪʦʜʘ ʥʘ ML ʟʘ ʚʪʦʨ 

ʨʝʘʣʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ 

4.7 ʇʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ, ʠʥʪʝʛʨʘʣʥʦ ʠ 

ʜʠʬʝʨʝʥʮʠʿʘʣʥʦ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʧʦʤʦʰ ʥʘ ʤʘʰʠʥʩʢʦ ʫʯʝˁʝ 

ʂʘʢʦ ʰʪʦ ʙʝʰʝ ʦʙʿʘʩʥʝʪʦ ʚʦ ɻʣʘʚʘ 3, ʧʨʠʤʝʥʘʪʘ ʥʘ ML ʚʦ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ʝ ʠʩʢʦʨʠʩʪʝʥʦ 

ʟʘ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ.  

ɺʦ ʧʨʝʪʭʦʜʥʦʪʦ ʧʦʛʣʘʚʿʝ ʙʝʰʝ ʧʨʝʟʝʥʪʠʨʘʥ ʤʝʪʦʜʦʪ ʥʘ Ziegler-Nichols ʩʦ ʮʝʣ ʩʢʨʘʪʫʚʘˁʝ ʥʘ 

ʨʘʙʦʪʥʦʪʦ ʧʦʜʨʘʯʿʝ ʠ ʤʦʞʥʦʩʪʘ ʟʘ ʛʨʝʰʢʘ ʥʘ ML. ʅʦ ʚʦ ʦʚʘ ʧʦʛʣʘʚʿʝ, ʥʝʤʘ ʜʘ ʩʝ ʧʨʠʤʝʥʠ 

ʤʝʪʦʜʘʪʘ Ziegler-Nichols ʩʦ ʮʝʣ ʦʜʨʝʜʫʚʘˁʝ ʥʘ ʧʦʜʨʘʯʿʝʪʦ ʚʦ ʢʦʝ ʪʨʝʙʘ ʜʘ ʩʝ ʜʚʠʞʘʪ 

ʧʨʦʧʦʨʮʠʦʥʘʣʥʘʪʘ, ʠʥʪʝʛʨʘʣʥʘʪʘ ʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʘʪʘ ʢʦʥʩʪʘʥʪʘ. ʊʦʘ ʝ ʥʘʧʨʘʚʝʥʦ ʟʘ ʜʘ ʥʘ 

ʫʧʦʪʨʝʙʝʥʘʪʘ ʤʝʪʦʜʘ ʦʜ ML ʩʝ ʜʘʜʝ ʧʦʛʦʣʝʤ ʧʨʦʩʪʦʨ ʟʘ ʧʨʝʜʚʠʜʫʚʘˁʝ ʧʦʛʦʣʝʤ ʙʨʦʿ 

ʢʦʤʙʠʥʘʮʠʠ ʟʘ ʩʝʢʦʿʘ ʦʜ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ.  

ʅʘʿʧʨʚʦ ʩʝ ʬʦʨʤʠʨʘ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʩʦ ʦʢʦʣʫ 2500 ʧʦʜʘʪʦʮʠ ʟʘ ʧʘʨʘʤʝʪʨʠʪʝ ʧʦʩʝʙʥʦ 

ʟʘ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘʪʘ, ʠʥʪʝʛʨʘʣʥʘʪʘ ʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʘʪʘ ʢʦʥʩʪʘʥʪʘ ʢʦʠ ʚʦ NN ʩʝ 

ʜʝʬʠʥʠʨʘʥʠ ʢʘʢʦ ʠʟʣʝʟʥʠ ʚʨʝʜʥʦʩʪʠ. ʂʘʢʦ ʚʣʝʟʥʠ ʧʘʨʘʤʝʪʨʠ ʚʦ NN ʩʝ ʟʘʜʘʜʝʥʠ ʠʟʤʝʨʝʥʠ 

ʚʨʝʜʥʦʩʪʠ ʟʘ ʛʝʥʝʨʠʨʘʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʦʜ ʜʚʝ ʨʘʟʣʠʯʥʠ ʤʝʨʝˁʘ. ɻʝʥʝʨʠʨʘʥʘʪʘ 

ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʩʝ ʟʘʜʘʚʘ ʢʘʢʦ ʚʣʝʟʝʥ ʧʘʨʘʤʝʪʘʨ ʟʘ ʧʨʠ ʧʨʦʮʝʩʦʪ ʥʘ ML ʦʜʥʦʩʥʦ 

ʠʟʙʨʘʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘʪʘ, ʠʥʪʝʛʨʘʣʥʘʪʘ ʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʘʪʘ ʢʦʥʩʪʘʥʪʘ ʜʘ 

ʩʝ ʧʨʠʣʘʛʦʜʠ ʩʧʨʝʤʘ ʪʘʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʢʦʿʘ ʩʝ ʩʤʝʪʘ ʜʝʢʘ ʜʘʚʘ ʜʦʙʨʘ ʜʠʥʘʤʠʢʘ ʥʘ 

ʩʠʩʪʝʤʦʪ.  

ɿʘʜʘʜʝʥʠʪʝ ʛʨʘʥʠʯʥʠ ʚʨʝʜʥʦʩʪʠ ʟʘ ʢʦʥʩʪʘʥʪʠʪʝ ʩʝ ʩʣʝʜʥʠ, ʟʘ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘʪʘ ʢʦʥʩʪʘʥʪʘ: 

ʦʜ 1 ʜʦ 5 ʛʝʥʝʨʠʨʘʥʠ ʩʝ 2500 ʜʝʮʠʤʘʣʥʠ ʚʨʝʜʥʦʩʪʠ. ɿʘ ʠʥʪʝʛʨʘʣʥʘʪʘ ʢʦʥʩʪʘʥʪʘ: ʦʜ 0 ʜʦ 3 

ʛʝʥʝʨʠʨʘʥʠ ʩʝ 2500 ʜʝʮʠʤʘʣʥʠ ʚʨʝʜʥʦʩʪʠ ʠ ʟʘ ʜʠʬʝʨʝʥʮʠʿʘʣʥʘʪʘ ʢʦʥʩʪʘʥʪʘ: ʦʜ 0 ʜʦ 2 

ʛʝʥʝʨʠʨʘʥʠ ʩʝ 2500 ʜʝʮʠʤʘʣʥʠ ʚʨʝʜʥʦʩʪʠ. ʊʘʢʘ ʛʝʥʝʨʠʨʘʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʩʝ ʜʝʬʠʥʠʨʘʥʠ 

ʢʘʢʦ ʠʟʣʝʟ ʦʜ ʩʠʩʪʝʤʦʪ ʢʦʿ ʰʪʦ ʪʨʝʙʘ ʜʘ ʥʘʧʨʘʚʠ ʧʨʝʜʚʠʜʫʚʘˁʝ ʢʦʿʘ ʢʦʤʙʠʥʘʮʠʿʘ ʦʜ 

ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʩʝ ʩʦʦʜʚʝʪʥʘ ʢʦʤʙʠʥʘʮʠʿʘ ʟʘ ʜʝʬʠʥʠʨʘʥʠʪʝ ʚʣʝʟʥʠ ʚʨʝʜʥʦʩʪʠ, 

ʦʜʥʦʩʥʦ ʟʘ ʩʦʦʜʚʝʪʥʘʪʘ ʛʝʥʝʨʠʨʘʥʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ. ɺʦ ʊʘʙʝʣʘ 8 ʩʝ ʧʨʝʪʩʪʘʚʝʥʠ 
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ʨʝʘʣʥʠʪʝ ʚʨʝʜʥʦʩʪʠ, ʜʦʜʝʢʘ ʚʦ ʚʪʦʨʘʪʘ ʢʦʣʦʥʘ ʩʝ ʟʘʧʠʰʘʥʠ ʧʨʝʜʚʠʜʝʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʟʘ 

ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʜʦʙʠʝʥʦ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML. ɺʦ ʪʨʝʪʘʪʘ ʢʦʣʦʥʘ ʝ 

ʜʝʬʠʥʠʨʘʥ ʪʠʧʦʪ ʥʘ ʥʝʚʨʦʥʩʢʘ ʤʨʝʞʘ ʠʩʢʦʨʠʩʪʝʥʘ ʟʘ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID. 

ʄʦʞʝ ʜʘ ʩʝ ʟʘʢʣʫʯʠ ʜʝʢʘ ʠ ʧʦʢʨʘʿ ʩʧʦʿʦʪ ʥʘ ʨʘʟʣʠʯʥʠ ʚʨʝʜʥʦʩʪʠ ʟʘ ʭʠʧʝʨʧʘʨʘʤʝʪʨʠʪʝ, 

ʢʘʜʝʰʪʦ ʩʝʢʦʿ ʧʘʨʘʤʝʪʘʨ ʩʠ ʠʤʘ ʧʦʩʝʙʥʦ ʚʣʠʿʘʥʠʝ ʠ ʟʥʘʯʝˁʝ ʚʦ ʜʦʙʠʚʘˁʝʪʦ ʥʘ ʠʟʣʝʟʥʠ 

ʚʨʝʜʥʦʩʪʠ, ʥʘʿʛʦʣʝʤʦ ʚʣʠʿʘʥʠʝ ʚʨʟ ʧʨʝʜʚʠʜʫʚʘˁʝʪʦ ʥʘ ʚʨʝʜʥʦʩʪʠʪʝ ʢʦʥʢʨʝʪʥʦ ʥʘ 

ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʠʤʘ AF ʙʠʜʝʿ˃ʠ ʪʘʘ ʠ ʜʘʚʘ ʜʠʥʘʤʠʢʘ ʥʘ ʥʝʚʨʦʥʩʢʘʪʘ 

ʤʨʝʞʘ ʢʘʢʦ ʠʩʪʘʪʘ ʙʠ ʤʦʞʝʣʘ ʜʘ ʨʘʙʦʪʠ ʩʦ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ ʟʘ ʥʝʣʠʥʝʘʨʥʠ ʤʦʜʝʣʠ.     

ɺʦ ʦʜʥʦʩ ʥʘ ʩʪʨʫʢʪʫʨʘʪʘ ʥʘ NN, ʩʝʢʦʿ ʭʠʧʝʨʧʘʨʘʤʝʪʘʨ ʠʤʘ ʩʦʦʜʚʝʪʥʦ ʟʥʘʯʝˁʝ ʠ ʚʣʠʿʘʥʠʝ 

ʧʨʠ ʜʦʙʠʚʘˁʝʪʦ ʥʘ ʠʟʣʝʟʥʠʦʪ ʨʝʟʫʣʪʘʪ. ʇʘ ʪʘʢʘ, ʟʘ ʧʦʛʦʣʝʤʠ ʚʨʝʜʥʦʩʪʠ ʥʘ ʙʨʟʠʥʘʪʘ ʥʘ 

ʫʯʝˁʝ ʜʦʚʝʜʫʚʘ ʜʦ ʧʦʙʨʟʦ ʢʦʥʚʝʨʛʠʨʘˁʝ, ʥʦ ʜʦʢʦʣʢʫ ʚʨʝʜʥʦʩʪʘ ʩʝ ʧʨʠʣʘʛʦʜʠ ʜʘ ʙʠʜʝ 

ʧʨʝʛʦʣʝʤʘ, ˃ʝ ʤʫ ʥʘʧʨʘʚʠ overfitting ʥʘ ʤʦʜʝʣʦʪ. ɺʦ ʦʜʥʦʩ ʥʘ ʙʨʦʿʦʪ ʥʘ ʩʣʦʝʚʠ ʠ ʥʝʚʨʦʥʠ, ʩʝ 

ʦʜʨʝʜʫʚʘ ʢʘʧʘʮʠʪʝʪʦʪ ʥʘ ʤʦʜʝʣʦʪ ʜʘ ʫʯʠ ʧʦʢʦʤʧʣʝʢʩʥʠ ʩʦʩʪʦʿʙʠ ʠ ʧʘʪʝʨʥʠ. ʂʦʨʠʩʪʝˁʝʪʦ 

ʥʘ ʧʦʛʦʣʝʤʘ ʤʨʝʞʘ ʚʦ ʦʜʨʝʜʝʥʠ ʩʠʪʫʘʮʠʠ ʟʥʘʯʠ ʤʦʜʝʣʠʨʘˁʝ ʥʘ ʧʦʢʦʤʧʣʝʢʩʥʠ ʩʦʦʜʥʦʩʠ 

ʧʦʤʝʺʫ ʧʘʨʘʤʝʪʨʠʪʝ ʚʦ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ, ʥʦ ʧʨʝʛʦʣʝʤʘ ʤʨʝʞʘ ʟʘ ʧʦʤʘʣʢʫ 

ʢʦʤʧʣʝʢʩʥʠ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ ʟʥʘʯʠ ʜʦʚʝʜʫʚʘˁʝ ʜʦ overfitting ʠʣʠ underfitting. 

ɿʥʘʯʝˁʝʪʦ ʥʘ AF ʝ ʚʘʞʥʦ ʧʨʝʜ ʩʝ ʢʘʿ ʥʝʣʠʥʝʘʨʥʠ ʤʦʜʝʣʠ ʙʠʜʝʿ˃ʠ ʧʨʝʢʫ ʪʦʘ ʩʝ ʯʠʪʘ ʠ ʫʯʠ 

ʜʠʥʘʤʠʢʘʪʘ ʥʘ ʤʦʜʝʣʦʪ. ɹʨʦʿʦʪ ʥʘ ʝʧʦʭʠ ʩʝ ʚʘʞʥʠ ʙʠʜʝʿ˃ʠ ʩʦ ʥʠʚ ʩʝ ʦʜʨʝʜʫʚʘ ʢʦʣʢʫ ʧʘʪʠ 

ʘʣʛʦʨʠʪʘʤʦʪ ʟʘ ʫʯʝˁʝ ʧʨʘʚʠ ʧʨʝʩʤʝʪʢʘ ʥʠʟ ʮʝʣʦʪʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ. ʇʦʚʝ˃ʝ ʝʧʦʭʠ 

ʤʦʞʝ ʜʘ ʛʦ ʧʦʜʦʙʨʘʪ ʫʯʝˁʝʪʦ, ʥʦ ʤʦʞʝ ʜʘ ʜʦʚʝʜʘʪ ʜʦ overfitting. ʇʦʢʨʘʿ ʠʟʙʦʨʦʪ ʥʘ 

ʥʘʿʩʦʦʜʚʝʪʝʥ ʦʧʪʠʤʠʟʘʪʦʨ, ʪʠʧʦʪ ʥʘ ʘʣʛʦʨʠʪʘʤ, ʩʦʦʜʚʝʪʥʦʪʦ ʧʨʠʣʘʛʦʜʫʚʘˁʝ ʥʘ ʚʨʝʜʥʦʩʪʠʪʝ 

ʥʘ ʭʠʧʝʨʧʘʨʘʤʝʪʨʠʪʝ ʝ ʝʜʝʥ ʠʩʪʦ ʪʘʢʘ ʥʘʿʚʘʞʝʥ ʜʝʣ ʧʨʠ ʢʦʥʬʠʛʫʨʘʮʠʿʘʪʘ ʥʘ NN. ʉʦʛʣʘʩʥʦ 

ʩʪʨʫʢʪʫʨʘʪʘ ʥʘ ʤʨʝʞʘʪʘ ʧʨʠʢʘʞʘʥʠ ʚʦ ʊʘʙʝʣʘ 8 ʠ ʦʜʟʠʚʠʪʝ ʧʨʠʢʘʞʘʥʠ ʥʘ ʉʣʠʢʘ 41, ʉʣʠʢʘ 

42 ʠ ʉʣʠʢʘ 43, ˃ʝ ʩʝ ʥʘʧʨʘʚʠ ʘʥʘʣʠʟʘ ʥʘ ʥʘʯʠʥʦʪ ʥʘ ʚʣʠʿʘʥʠʝ ʥʘ NN ʧʨʠ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ 

ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʠ ʥʠʚʥʦ ʚʣʠʿʘʥʠʝ ʥʘ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʩʠʩʪʝʤʦʪ. 
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ʊʘʙʝʣʘ 8. ʇʨʠʤʝʥʘ ʥʘ ML ʟʘ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝ 

 

ʅʘ ʉʣʠʢʘ 41 ʝ ʧʨʠʢʘʞʘʥʘ ʨʘʟʣʠʢʘʪʘ ʧʦʤʝʺʫ ʦʜʟʠʚʦʪ ʩʦ ʢʘʬʝʘʚʘ ʙʦʿʘ ʟʘ ʚʨʝʜʥʦʩʪʠ Kp=2, 

Ki=0.465 ʠ Kd=1,04 (ʨʝʘʣʥʠ ʚʨʝʜʥʦʩʪʠ) ʠ ʦʜʟʠʚʦʪ ʩʦ ʧʦʨʪʦʢʘʣʦʚʘ ʙʦʿʘ ʟʘ Kp=3,0456, 

Ki=1,5047 ʠ Kd=1,0376 (ʧʨʝʜʚʠʜʝʥʠ ʚʨʝʜʥʦʩʪʠ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML). ʆʚʠʝ ʦʜʟʠʚʠ ʿʘ 

ʧʨʠʢʘʞʫʚʘʘʪ ʛʝʥʝʨʠʨʘʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʟʘ ʣʠʥʝʘʨʥʘ ʨʝʧʨʝʟʝʥʪʘʮʠʿʘ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ 

ʪʫʨʙʠʥʘ. ʇʦʩʣʝ ʘʥʘʣʠʟʘ ʥʘ ʧʦʚʝ˃ʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʜʦʙʠʝʥʠ ʩʦ ʧʦʤʦʰ ʥʘ 

ML ʟʘ ʧʨʠʤʝʥʘ ʢʘʿ ʣʠʥʝʘʨʝʥ ʤʦʜʝʣ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ, ʥʘʿʩʦʦʜʚʝʪʥʠ ʨʝʟʫʣʪʘʪʠ ʩʝ 

ʜʦʙʠʝʥʠ ʩʦ ʚʨʝʜʥʦʩʪʠʪʝ ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʩʦ ʧʦʨʪʦʢʘʣʦʚʘʪʘ ʣʠʥʠʿʘ. ʀʘʢʦ ʙʨʟʠʥʘʪʘ ʥʘ 

ʫʯʝˁʝ ʝ ʧʦʜʝʩʝʥʘ ʜʘ ʙʠʜʝ ʥʠʩʢʘ, ʙʨʦʿʦʪ ʥʘ ʝʧʦʭʠ ʝ ʛʦʣʝʤ ʠ ʠʩʪʠʦʪ ʦʙʝʟʙʝʜʫʚʘ overfitting, ʦʜ 

ʜʨʫʛʘ ʩʪʨʘʥʘ ʪʠʧʦʪ ʥʘ AF ʝ ʩʦʦʜʚʝʪʥʦ ʠʟʙʨʘʥʘ, ʥʦ ʟʘ ʣʠʥʝʘʨʝʥ ʤʦʜʝʣ, ʢʦʥʬʠʛʫʨʘʮʠʿʘʪʘ ʥʘ 

NN ʝ ʜʦʩʪʘ ʩʣʦʞʝʥʘ ʠ ʪʘʘ ʜʦʧʦʣʥʠʪʝʣʥʦ ʜʦʧʨʠʥʝʩʫʚʘ ʟʘ ʜʦʙʠʚʘˁʝ ʥʘ ʦʜʟʠʚ ʢʘʿ ʢʦʿʰʪʦ ʤʦʞʝ 

ʜʘ ʩʝ ʟʘʙʝʣʝʞʠ ʛʦʣʝʤ ʧʨʝʩʢʦʢ ʠ ʦʩʮʠʣʘʮʠʠ. ʇʨʝʜʚʠʜʝʥʠʪʝ ʧʘʨʘʤʝʪʨʠ, ʥʝʤʘ ʜʘ ʛʠ ʟʘʜʦʚʦʣʘʪ 

ʧʦʪʨʝʙʠʪʝ ʥʘ ʩʠʩʪʝʤʦʪ ʩʦ ʮʝʣ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʥʝʛʦʚʠʪʝ ʜʠʥʘʤʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ. 

ȎʁʀЮН
ǵʑ

ȎʁɷʌʎʆН
ȍȃǽ

ǶʑʁʀʎʏʒʓʆНʅɷН
ȍȃǽНрНН~x

ȐʆʐНʎɷНʎʁɹʑʏʎʒʊɷНʍʑʁʄɷȍʏʒʓʑʏʧʊɷ

1
Kp=2

Ki=0,456
Kd=1,04

Kp=3.0456
Ki=1.5047
Kd=1.0376

ʀɹɷНʒʌʏʧɷНΝΟΠоΡΡоΟ
ǴȓНрНƣċŰőоƣċŰőоũŔŰĲċƖ
ǴǽǴȊНʏʐʓʆʍʆʅɷʓʏʑ
ɸʑʏʧНʎɷНʁʐʏʗʆНрНΝΡΜ
ɸʑʅʆʎɷНʎɷНʔʘʡʁНрНxÅӀΜЯΜΝ

ʐʑɹɷ
ʌʆʎʁɷʑʁʎНʆН
ʎʁʌʆʎʁɷʑʁʎН
ʍʏʀʁʌН

2
Kp=2

Ki=0,456
Kd=1,04

Kp=4
Ki=0.9
Kd=1

ʀɹɷНʒʌʏʧɷНΝΟΠоΡΡоΟ
ǴȓНрНƣċŰőоũŔŰĲċƖоũŔŰĲċƖ
ǴǽǴȊНʏʐʓʆʍʆʅɷʓʏʑ
ɸʑʏʧНʎɷНʁʐʏʗʆНрНΝΡΜ
ɸʑʅʆʎɷНʎɷНʔʘʡʁНрНxÅӀΜЯΜΝ

ʐʑɹɷ
ʎʁʌʆʎʁɷʑʁʎН
ʍʏʀʁʌН

3
Kp=2

Ki=0,456
Kd=1,04

Kp=2.513216
Ki=0.539

Kd=0.4857

ʀɹɷНʒʌʏʧɷНΝΟΠоΡΡ
ǴȓНрНƣċŰőоũŔŰĲċƖ
ǴǽǴȊНʏʐʓʆʍʆʅɷʓʏʑ
ɸʑʏʧНʎɷНʁʐʏʗʆНрНΝΡΜ
ɸʑʅʆʎɷНʎɷНʔʘʡʁНрНxÅӀΜЯΜΝ

ʐʑɹɷ
ʎʁʌʆʎʁɷʑʁʎН
ʍʏʀʁʌН

4
Kp=2

Ki=0,456
Kd=1,04

Kp=2.522996
Ki=0.456009
Kd=0.48257

ʀɹɷНʒʌʏʧɷНΞΜоΥ
ǴȓНрНƣċŰőоƣċŰő
ǴǽǴȊНʏʐʓʆʍʆʅɷʓʏʑ
ɸʑʏʧНʎɷНʁʐʏʗʆНрНΡΜ
ɸʑʅʆʎɷНʎɷНʔʘʡʁНрНxÅӀΜЯΜΜΝ

ʐʑɹɷН
ʎʁʌʆʎʁɷʑʁʎН
ʍʏʀʁʌН

5
Kp=3,4

Ki=0,456
Kd=3,6

Kp=2.957487
Ki=1.4251481
Kd=1.0417138

ʀɹɷНʒʌʏʧɷНΝΟΞоΥΞ
ǴȓНрНƣċŰőоƣċŰő
ǴǽǴȊНʏʐʓʆʍʆʅɷʓʏʑ
ɸʑʏʧНʎɷНʁʐʏʗʆНрНΝΜΜ
ɸʑʅʆʎɷНʎɷНʔʘʡʁНрНxÅӀΜЯΜΜΝ

ɹʓʏʑɷ
ʎʁʌʆʎʁɷʑʁʎН
ʍʏʀʁʌН
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ʂʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʥʘ ʉʣʠʢʘ 42, ʦʜʟʠʚʦʪ ʩʦ ʧʦʨʪʦʢʘʣʦʚʘ ʙʦʿʘ ʟʘ Kp=2, Ki=0,46 ʠ Kd=1,04 

ʛʠ ʧʨʝʪʩʪʘʚʫʚʘ ʚʠʩʪʠʥʩʢʠʪʝ ʚʨʝʜʥʦʩʪʠ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʟʘ ʨʝʘʣʝʥ ʫʧʨʘʚʫʚʘʯʢʠ ʦʙʿʝʢʪ. 

ɸʥʘʣʠʟʠʪʝ ʥʘ ʦʩʪʘʥʘʪʠʪʝ ʦʜʟʠʚʠ ˃ʝ ʩʝ ʦʜʚʠʚʘʘʘʪ ʚʦ ʩʧʦʨʝʜʙʘ ʩʦ ʦʜʟʠʚʦʪ ʩʦ ʧʦʨʪʦʢʘʣʦʚʘ 

ʣʠʥʠʿʘ ʩʦ ʮʝʣ ʜʦʙʠʚʘˁʝ ʧʦʝʬʠʢʘʩʝʥ, ʧʦʙʨʟ ʠ ʩʪʘʙʠʣʝʥ ʫʧʨʘʚʫʚʘʯʢʠ ʦʙʿʝʢʪ. ɺʦ ʦʜʥʦʩ ʥʘ ʪʦʘ, 

ʦʜʟʠʚʦʪ ʩʦ ʩʚʝʪʣʦ ʧʣʘʚʘ ʙʦʿʘ ʟʘ Kp=3.456, Ki=1.5047 ʠ Kd=1.0376 ʜʦʜʘʚʘ ʥʘʿʛʦʣʝʤʠ 

ʧʨʝʩʢʦʢʥʫʚʘˁʘ ʠ ʦʩʮʠʣʘʮʠʠ ʦʢʦʣʫ ʩʪʘʙʠʣʥʘ ʩʦʩʪʦʿʙʘ ʰʪʦ ʛʦ ʧʨʘʚʠ ʩʠʩʪʝʤʦʪ ʘʛʨʝʩʠʚʝʥ ʧʨʠ 

ʥʝʛʦʚʦ ʫʧʨʘʚʫʚʘˁʝ ʠʘʢʦ ʩʠʩʪʝʤʦʪ ʩʦ ʦʚʠʝ ʚʨʝʜʥʦʩʪʠ ʥʘ PID ʝ ʥʘʿʙʨʟ, ʥʦ ʧʦʪʨʝʙʥʦ ʤʫ ʝ ʤʥʦʛʫ 

ʜʦʣʛʦ ʚʨʝʤʝ ʟʘ ʜʘ ʠʩʪʠʦʪ ʩʝ ʩʪʘʙʠʣʠʟʠʨʘ. ʊʘʢʚʠʦʪ ʦʜʟʠʚ ʧʨʘʚʠ ʩʠʩʪʝʤʦʪ ʜʘ ʙʠʜʝ ʥʝʧʦʩʘʢʫʚʘʥ 

ʚʦ ʦʧʝʨʘʪʠʚʥʘ ʩʨʝʜʠʥʘ. ʆʜʟʠʚʦʪ ʩʦ ʚʠʦʣʝʪʦʚʘ ʙʦʿʘ ʟʘ Kp=4, Ki=0,9 ʠ Kd=1 ʩʣʠʯʥʦ ʢʘʢʦ ʠ 

ʦʜʟʠʚʦʪ ʩʦ ʩʚʝʪʣʦ ʩʠʥʘ ʙʦʿʘ, ʛʦ ʧʨʘʚʠ ʩʠʩʪʝʤʦʪ ʜʘ ʙʠʜʝ ʙʨʟ, ʥʦ ʩʦ ʛʦʣʝʤʠ ʧʨʝʩʢʦʢʥʫʚʘˁʘ ʠ 

ʦʩʮʠʣʘʮʠʠ ʦʢʦʣʫ ʩʪʘʙʠʣʥʘ ʩʦʩʪʦʿʙʘ. ɼʦʢʦʣʢʫ ʩʝ ʘʥʘʣʠʟʠʨʘ NN ʥʘ ʜʚʘʪʘ ʦʜʟʠʚʠ ʪ.ʝ. ʨʝʜʠʮʘ 

1 ʠ 2 ʦʜ ʊʘʙʝʣʘ 8, ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʝ ʜʝʢʘ ʨʘʟʣʠʢʘ ʩʝ ʧʦʿʘʚʫʚʘ ʢʘʿ AF ʢʦʿʘ ʜʦʚʝʜʫʚʘ ʜʦ 

ʟʥʘʯʠʪʝʣʥʦ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʦʜʟʠʚʦʪ ʠ ʚʦ ʦʜʥʦʩ ʥʘ ʧʨʝʩʢʦʢʥʫʚʘˁʘʪʘ ʠ ʦʩʮʠʣʘʮʠʠʪʝ. 

ʆʜʟʠʚʠʪʝ ʩʦ ʪʝʤʥʦ ʩʠʥʘ ʙʦʿʘ ʟʘ Kp=2,522, Ki=0,465 ʠ Kd=0,4825 ʠ ʟʝʣʝʥʘ ʙʦʿʘ ʟʘ Kp=2.513, 

Ki=0.53981 ʠ Kd=0,48569 ʩʝ ʨʝʯʠʩʠ ʠʜʝʥʪʠʯʥʠ ʠ ʠʤʘʘʪ ʥʘʿʜʦʙʨʠ ʧʝʨʬʦʨʤʘʥʩʠ ʜʦʢʦʣʢʫ ʩʝ 

ʩʧʦʨʝʜʘʪ ʩʦ ʦʜʟʠʚʦʪ ʩʦ ʧʦʨʪʦʢʘʣʦʚ ʙʦʿʘ. ʆʜʟʠʚʠʪʝ ʩʦ ʟʝʣʝʥʘ ʠ ʪʝʤʥʦ ʧʣʘʚʘ ʙʦʿʘ ʦʙʝʟʙʝʜʫʚʘʘʪ 

ʙʨʟ ʠ ʩʪʘʙʠʣʝʥ ʩʠʩʪʝʤ ʩʦ ʤʠʥʠʤʘʣʥʠ ʦʩʮʠʣʘʮʠʠ ʩʦ ʤʘʣʠ ʧʨʝʩʢʦʮʠ. ʉʦʛʣʘʩʥʦ ʪʦʘ, ʦʜʟʠʚʦʪ 

ʩʦ ʪʝʤʥʦ ʩʠʥʘ ʙʦʿʘ ʟʘ Kp=2,522, Ki=0,465 ʠ Kd=0,4825 ʚʦ ʦʧʨʝʘʪʠʚʥʘ ʩʨʝʜʠʥʘ ʤʦʞʝ ʜʘ ʜʘʜʝ 

ʩʠʩʪʝʤ ʩʦ ʥʘʿʜʦʙʨʠ ʜʠʥʘʤʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ. ɼʦʢʦʣʢʫ ʩʝ ʩʧʦʨʝʜʠ NN ʟʘ ʢʦʣʦʥʘ 3 ʠ 4 ʪ.ʝ. 

ʟʘ ʦʜʟʠʚʦʪ ʩʦ ʪʝʤʥʦ ʩʠʥʘ ʠ ʟʝʣʝʥʘ ʙʦʿʘ, ʿʘʩʥʦ ʝ ʟʦʰʪʦ ʦʜʟʠʚʦʪ ʩʦ ʪʝʤʥʦ ʩʠʥʘ ʙʦʿʘ ʜʘʚʘ 

ʧʦʜʦʙʨʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʩʠʩʪʝʤ. ʊʦʘ ʝ ʪʘʢʘ ʙʠʜʝʿ˃ʠ ʥʠʩʢʠ ʚʨʝʜʥʦʩʪʠ ʥʘ 

ʙʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ ʦʚʦʟʤʦʞʫʚʘ ʧʦʙʨʟʦ ʢʦʥʚʝʨʛʠʨʘˁʝ ʢʦʥ ʛʣʦʙʘʣʥʠʦʪ ʤʠʥʠʤʫʤ, ʰʪʦ ʟʥʘʯʠ 

ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʥʘʿʦʧʪʠʤʘʣʥʦ ʨʝʰʝʥʠʝ ʟʘ ʤʦʜʝʣʦʪ ʢʦʿʰʪʦ ʩʝ ʨʘʟʨʘʙʦʪʫʚʘ, ʥʦ ʠ ʜʦʚʝʜʫʚʘ 

ʜʦ ʛʝʥʝʨʠʘʨʘˁʝ ʠʣʠ ʧʦʿʘʚʘ ʥʘ ʥʘʿʤʘʣʫ ʧʨʝʩʢʦʮʠ ʠ ʦʩʮʠʣʘʮʠʠ. ɹʨʦʿʦʪ ʥʘ ʩʣʦʝʚʠ ʠ ʥʝʚʨʦʥʠ 

ʚʦ ʩʝʢʦʿ ʦʜ ʩʣʦʝʚʠʪʝ ʝ ʦʧʪʠʤʘʣʥʦ ʠʟʙʨʘʥ ʩʦ ʮʝʣ ʜʘ ʩʝ ʦʚʦʟʤʦʞʠ ʜʦʚʦʣʥʦ ʢʘʧʘʮʠʪʝʪ ʢʦʣʢʫ ʝ 

ʧʦʪʨʝʙʥʦ ʟʘ ʜʘ ʤʦʜʝʣʦʪ ʛʦ ʥʘʫʯʠ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ, ʥʦ ʧʨʠʪʦʘ ʜʘ ʥʝ ʩʝ ʜʦʿʜʝ ʜʦ 

ʩʠʪʫʘʮʠʿʘ ʥʘ overfitting. ɺʦ ʦʜʥʦʩ ʥʘ ʙʨʦʿʦʪ ʥʘ ʝʧʦʭʠ, ʟʥʘʯʠ ʢʦʣʢʫ ʧʘʪʠ ʘʣʛʦʨʠʪʤʦʪ ʟʘ ʫʯʝˁʝ 

ʨʘʙʦʪʠ ʥʠʟ ʮʝʣʦʩʥʦ ʜʦʩʪʘʧʥʦʪʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ. ʇʦʩʪʘʚʫʚʘˁʝ ʥʘ ʧʦʛʦʣʝʤ ʙʨʦʿ ʥʘ 

ʝʧʦʭʠ, ʤʦʞʝ ʜʘ ʛʦ ʧʦʜʦʙʨʠ ʫʯʝˁʝʪʦ, ʥʦ ʠʩʪʦ ʪʘʢʘ (ʜʦʢʦʣʢʫ ʜʨʫʛʠʪʝ ʭʠʧʝʨʧʘʨʘʤʝʪʨʠ ʥʝ ʩʝ 

ʜʦʙʨʦ ʧʨʠʣʘʛʦʜʝʥʠ) ʜʘ ʜʦʚʝʜʘʪ ʜʦ overfitting. ʇʘ ʚʦ ʦʜʥʦʩ ʥʘ ʪʦʘ, ʧʦʤʘʣ ʙʨʦʿ ʥʘ ʝʧʦʭʠ ʚʦ 

ʢʦʤʙʠʥʘʮʠʿʘ ʩʦ ʧʦʤʘʣʘ ʙʨʟʠʥʘ ʥʘ ʫʯʝˁʝ ˃ʝ ʜʘʜʘʪ ʨʝʰʝʥʠʝ ʩʦ ʧʦʜʦʙʨʠ ʜʠʥʘʤʠʯʢʠ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ, ʢʘʢʦ ʰʪʦ ʝ ʧʦʢʘʞʘʥʦ ʧʨʝʢʫ ʦʜʟʠʚʦʪ ʩʦ ʪʝʤʥʦ ʩʠʥʘ ʙʦʿʘ ʚʦ ʩʧʦʨʝʜʙʘ ʩʦ ʩʠʪʝ 

ʦʩʪʘʥʘʪʠ. ɺʦ ʦʜʥʦʩ ʥʘ ʠʟʙʦʨʦʪ ʥʘ AF, tanh/tanh ʦʙʝʟʙʝʜʫʚʘ ʩʦʦʜʚʝʪʥʦ ʯʠʪʘˁʝ ʥʘ 

ʥʝʣʠʥʝʘʨʥʠʪʝ ʩʚʦʿʩʪʚʘ ʥʘ ʤʦʜʝʣʦʪ ʦʜ ʜʦʩʪʘʧʥʦʪʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ. ʀʤʘʿ˃ʠ tanh ʚʦ 

ʧʦʩʣʝʜʥʠʦʪ ʩʣʦʿ ʚʦ ʦʜʨʝʜʝʥʠ ʩʣʫʯʘʝʚʠ ʜʦʚʝʜʫʚʘ ʜʦ ʧʦʤʘʟʥʦ ʫʧʨʘʚʫʚʘˁʝ ʠ ʤʠʥʠʤʠʟʠʨʘˁʝ 

ʥʘ ʧʨʝʩʢʦʮʠʪʝ ʠ ʦʩʮʠʣʘʮʠʠʪʝ ʟʘ ʩʤʝʪʢʘ ʥʘ ʤʦʞʥʦʩʪ ʟʘ ʧʦʿʘʚʘ ʥʘ ʛʫʙʝˁʝ ʥʘ ʜʝʣ ʦʜ 

ʛʨʘʜʠʝʥʪʠʪʝ ʢʦʠ ʩʝʢʘʢʦ ʚʦ ʦʚʦʿ ʩʣʫʯʘʿ ʥʝ ʧʦʢʘʞʫʚʘʘʪ ʥʝʢʦʝ ʟʥʘʯʠʪʝʣʥʦ ʚʣʠʿʘʥʠʝ. ʀʘʢʦ ʚʦ 

ʦʜʥʦʩ ʥʘ AF, ʥʘʿʩʦʦʜʚʝʪʥʘ ʢʦʤʙʠʥʘʮʠʿʘ ʙʠ ʙʠʣʘ tanh/linear, ʢʘʢʦ ʰʪʦ ʝ ʚʦ ʦʜʟʠʚʦʪ ʩʦ ʟʝʣʝʥʘ 

ʣʠʥʠʿʘ, ʨʝʜʠʮʘ 3, ʥʦ ʚʦ ʪʘʘ ʩʠʪʫʘʮʠʿʘ ʛʦʣʝʤ ʜʝʣ ʦʜ ʧʘʨʘʤʝʪʨʠʪʝ ʩʝ ʧʨʦʤʝʥʝʪʠ, ʢʘʢʦ ʥʘ 

ʧʨʠʤʝʨ ʙʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ ʝ ʧʦʛʦʣʝʤʘ, ʙʨʦʿʦʪ ʥʘ ʥʝʚʨʦʥʠ ʚʦ ʩʣʦʝʚʠʪʝ ʝ ʧʦʛʦʣʝʤ, ʰʪʦ 

ʜʦʧʦʣʥʠʪʝʣʥʦ ʚʥʝʩʫʚʘ ʧʦʛʦʣʝʤ ʧʨʝʩʢʦʢ ʚʦ ʦʜʟʠʚʦʪ ʥʘ ʩʠʩʪʝʤʦʪ.   

ʅʘʿʯʝʩʪʦ ʢʘʿ NN, ʧʨʝʧʦʨʘʯʣʠʚʦ ʝ AF ʚʦ ʢʨʘʿʥʠʦʪ ʩʣʦʿ ʜʘ ʙʠʜʝ linear/relu ʙʠʜʝʿ˃ʠ ʪʘʘ ʯʝʩʪʦ 

ʚʦʜʠ ʢʦʥ ʧʦʙʨʟʦ ʫʯʝˁʝ ʠ ʢʦʥʚʝʨʛʠʨʘˁʝ ʢʦʥ ʛʣʦʙʘʣʝʥ ʤʠʥʠʤʫʤ ʧʦʨʘʜʠ ʥʠʚʥʘʪʘ ʥʝʟʘʩʠʪʝʥʘ 
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ʧʨʠʨʦʜʘ (ʥʝ ʟʘʜʨʞʫʚʘʘʪ ʛʨʘʜʠʝʥʪʠ ʚʦ ʚʨʝʜʥʩʦʪ 0 ʢʦʿʘ ʥʝ ʙʠ ʤʦʞʝʣʘ ʜʘ ʙʠʜʝ ʦʜ ʧʦʤʦʰ ʧʨʠ 

ʧʨʦʮʝʩʦʪ ʥʘ ʫʯʝˁʝ), ʰʪʦ ʝ ʥʘʿʯʝʩʪʦ ʢʦʨʠʩʥʦ ʟʘ ʧʨʠʤʝʥʘ ʧʨʠ ʫʧʨʘʚʫʚʘˁʝ ʚʦ ʨʝʘʣʥʦ ʚʨʝʤʝ.  

ʂʘʿ NN, AF ʩʝ ʥʘʨʝʢʫʚʘ ʟʘʩʠʪʝʥʘ ʘʢʦ ʥʝʿʟʠʥʠʪʝ ʠʟʣʝʟʥʠ ʚʨʝʜʥʦʩʪʠ ʩʝ ʧʨʠʙʣʠʞʫʚʘʘʪ ʜʦ 

ʘʩʠʤʧʪʦʪʘ ʢʘʢʦ ʰʪʦ ʩʝ ʤʝʥʫʚʘʘʪ (ʟʛʦʣʝʤʫʚʘʘʪ) ʚʣʝʟʥʠʪʝ ʚʨʝʜʥʦʩʪʠ, ʧʨʝʜʠʟʚʠʢʫʚʘʿ˃ʠ ʛʦ 

ʛʨʘʜʠʝʥʪʦʪ ʥʘ ʬʫʥʢʮʠʿʘʪʘ ʜʘ ʩʝ ʧʨʠʙʣʠʞʠ ʜʦ ʥʫʣʘ. ʆʚʘ ʦʜʥʝʩʫʚʘˁʝ ʤʦʞʝ ʜʘ ʜʦʚʝʜʝ ʜʦ 

ʩʦʩʪʦʿʙʘ ʜʘ ʥʝʚʨʦʥʠʪʝ ʩʪʘʥʫʚʘʘʪ ʧʦʤʘʣʢʫ ʦʜʛʦʚʦʨʥʠ ʟʘ ʚʣʝʟʥʠʪʝ ʧʨʦʤʝʥʠ ʟʘ ʚʨʝʤʝ ʥʘ 

ʪʨʝʥʠʨʘˁʝ ʥʘ ʤʦʜʝʣʦʪ/ʤʨʝʞʘʪʘ, ʫʩʧʦʨʫʚʘʿ˃ʠ ʛʦ ʠʣʠ ʜʫʨʠ ʠ ʟʘʧʠʨʘʿ˃ʠ ʛʦ ʫʯʝˁʝʪʦ. 

ʉʧʨʦʪʠʚʥʦ ʥʘ ʪʦʘ, ʥʝʟʘʩʠʪʝʥʘ AF ʛʠ ʦʜʨʞʫʚʘ ʛʨʘʜʠʝʥʪʠʪʝ ʨʘʟʣʠʯʥʠ ʦʜ ʥʫʣʘ ʙʝʟ ʦʛʣʝʜ ʥʘ 

ʚʣʝʟʥʘʪʘ ʛʦʣʝʤʠʥʘ, ʦʙʝʟʙʝʜʫʚʘʿ˃ʠ  ʩʠʪʫʘʮʠʿʘ ʜʘ ʥʝʚʨʦʥʠʪʝ ʦʩʪʘʥʘʪ ʦʜʛʦʚʦʨʥʠ ʠ ʜʘ ʦʙʝʟʙʝʜʘʪ 

ʧʦʝʬʠʢʘʩʥʦ ʫʯʝˁʝ. ɿʘ ʪʘʘ ʮʝʣ, linear AF ʝ ʥʘʿʜʦʙʨʦ ʜʘ ʩʝ ʢʦʨʠʩʪʠ ʢʘʿ ʠʟʣʝʟʥʠʪʝ ʩʣʦʝʚʠ, ʘ 

ʙʠʜʝʿ˃ʠ ʝ ʥʝʟʘʩʠʪʝʥʘ ʬʫʥʢʮʠʿʘ ʯʠʿ ʛʨʘʜʠʝʥʪ ʝ ʢʦʥʩʪʘʥʪʝʥ ʟʘ ʧʦʟʠʪʠʚʥʠ ʚʨʝʜʥʩʦʪʠ, ʘ ʩʦ ʪʦʘ 

ʛʦ ʥʘʤʘʣʫʚʘ ʨʠʟʠʢʦʪ ʦʜ ʠʩʯʝʟʥʫʚʘˁʝ ʥʘ ʛʨʘʜʠʝʥʪʠʪʝ ʦʜʥʦʩʥʦ ʟʘʧʠʨʘˁʝ ʥʘ ʫʯʝˁʝʪʦ. 

 

ʉʣʠʢʘ 41. ʉʧʦʨʝʜʙʘ ʥʘ ʦʜʟʠʚʠʪʝ ʢʘʿ ʣʠʥʝʘʨʝʥ ʤʦʜʝʣ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ ʟʘ ʢʦʥʩʪʘʥʪʠ 

ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʢʘʿ ʧʨʚ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ 
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ʉʣʠʢʘ 42. ʉʧʦʨʝʜʙʘ ʥʘ ʦʜʟʠʚʠʪʝ ʢʘʿ ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ ʟʘ 

ʢʦʥʩʪʘʥʪʠ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʢʘʿ ʧʨʚ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ 

ʂʘʿ ʚʪʦʨʘʪʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʘ ʧʦʩʪʨʦʿʢʘ ʠʩʪʦ ʪʘʢʘ ʥʘʧʨʘʚʝʥʦ ʝ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ 

ʟʘ PID. ɼʦʢʦʣʢʫ ʩʝ ʥʘʧʨʘʚʠ ʩʧʦʨʝʜʙʘ ʧʦʤʝʺʫ ʦʜʟʠʚʦʪ ʩʦ ʧʦʨʪʦʢʘʣʦʚʘ ʙʦʿʘ ʟʘ Kp=2.957, 

Ki=1.4251 ʠ Kd=1.0417 (ʧʨʝʜʚʠʜʝʥʠ ʚʨʝʜʥʦʩʪʠ ʩʦ ML) ʠ ʦʜʟʠʚʦʪ ʩʦ ʢʘʬʝʘʚʘ ʙʦʿʘ ʟʘ Kp=3.4, 

Ki=0.465 ʠ Kd=3.6 (ʟʘ ʨʝʘʣʥʠʪʝ ʚʨʝʜʥʦʩʪʠ), ʦʜʟʠʚʦʪ ʩʦ ʢʘʬʝʘʚʘ ʙʦʿʘ ʝ ʧʦʧʨʠʬʘʪʣʠʚ ʙʠʜʝʿ˃ʠ 

ʢʘʿ ʥʝʛʦ ʥʝ ʩʝ ʧʦʿʘʚʫʚʘʘʪ ʧʨʝʩʢʦʢʥʫʚʘˁʘ, ʘ ʩʪʘʙʠʣʠʟʠʨʘˁʝʪʦ ʚʦ ʩʪʘʮʠʦʥʘʨʥʘ ʩʦʩʪʦʿʙʘ ʝ ʚʦ 

ʠʩʪʦ ʚʨʝʤʝ ʢʘʢʦ ʠ ʦʜʟʠʚʦʪ ʩʦ ʧʦʨʪʦʢʘʣʦʚʘ ʙʦʿʘ. ɼʦʢʦʣʢʫ ʩʝ ʘʥʘʣʠʟʠʨʘ ʩʪʨʫʢʪʫʨʘʪʘ ʥʘ NN, 

ʤʦʞʝ ʜʘ ʩʝ ʢʘʞʝ ʜʝʢʘ ʪʠʧʦʪ ʥʘ AF ʝ ʩʦʦʜʚʝʪʥʦ ʠʟʙʨʘʥ, ʙʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ ʝ ʜʦʙʨʦ 

ʧʨʠʣʘʛʦʜʝʥʘ, ʙʨʦʿʦʪ ʥʘ ʝʧʦʭʠ ʤʦʞʝʙʠ ʤʦʞʝ ʜʘ ʩʝ ʥʘʤʘʣʠ ʧʦʜ 100 ʩʦʛʣʘʩʥʦ ʙʨʟʠʥʘʪʘ ʥʘ 

ʫʯʝˁʝ, ʙʨʦʿʦʪ ʥʘ ʩʣʦʝʚʠ ʠʩʪʦ ʪʘʢʘ ʤʦʞʝ ʜʘ ʩʝ ʥʘʤʘʣʠ ʧʦʜ 50 ʚʦ ʜʚʘʪʘ ʩʣʦʿʘ ʩʦʦʜʚʝʪʥʦ. ʉʠʪʝ 

ʦʚʠʝ ʧʨʝʧʦʨʘʢʠ ʥʘʿʚʝʨʦʿʘʪʥʦ ˃ʝ ʛʦ ʥʘʤʘʣʘʪ ʧʨʝʩʢʦʢʦʪ ʢʘʿ ʦʜʟʠʚʦʪ ʦʟʥʘʯʝʥ ʩʦ ʧʦʨʪʦʢʘʣʦʚʘ 

ʙʦʿʘ ʯʠʠ ʧʘʨʘʤʝʪʨʠ ʩʝ ʜʦʙʠʝʥʠ ʩʦ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML.  

 

ʉʣʠʢʘ 43. ʉʧʦʨʝʜʙʘ ʥʘ ʦʜʟʠʚʠʪʝ ʢʘʿ ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʪʫʨʙʠʥʘ ʟʘ 

ʢʦʥʩʪʘʥʪʠ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʢʘʿ ʚʪʦʨ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ 
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ʆʩʚʝʥ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ, ʥʘʧʨʘʚʝʥʦ ʝ ʠ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ 

ʢʦʥʩʪʘʥʪʠʪʝ ʟʘ PID ʧʨʠ ʧʨʠʤʝʥʘ ʥʘ ʪʝʭʥʠʢʘʪʘ ʟʘ ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʨʘʩʧʦʨʝʜ ʥʘ ʟʘʩʠʣʫʚʘˁʘ. ɿʘ 

ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ PID ʢʦʥʩʪʘʥʪʠʪʝ ʟʘ ʮʝʣʦʪʦ ʨʘʙʦʪʥʦ ʧʦʜʨʘʯʿʝ ʥʘ 

ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ, ʠʩʢʦʨʠʩʪʝʥʘ ʝ ʩʝʢʚʝʥʮʠʿʘʣʥʘ NN ʢʦʿʘ ʰʪʦ ʟʘ ʩʝʢʦʿ ʯʝʢʦʨ ʧʦʩʝʙʥʦ 

ʚʨʰʠ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘʪʘ, ʠʥʪʝʛʨʘʣʥʘʪʘ ʠ ʜʠʬʠʨʝʥʮʠʿʘʣʥʘʪʘ ʢʦʥʩʪʘʥʪʘ.  

ʇʨʝʜʚʠʜʫʚʘˁʝʪʦ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʚʦ ʦʚʦʿ ʩʣʫʯʘʿ ʩʝ ʧʨʘʚʠ ʩʦ ʧʦʤʦʰ ʥʘ Ziegler-Nichols ʤʝʪʦʜʘ 

ʟʘ ʜʝʬʠʥʠʨʘˁʝ ʥʘ ʛʨʘʥʠʯʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʟʘ ʩʝʢʦʿ ʯʝʢʦʨ 

ʧʦʩʝʙʥʦ. ʇʦʜʦʮʥʘ ʪʠʝ ʛʨʘʥʠʯʥʠ ʚʨʝʜʥʦʩʪʠ ʩʝ ʟʘʜʘʚʘʘʪ ʢʘʢʦ ʮʝʣʥʠ ʠʟʣʝʟʠ ʟʘ 

ʧʨʦʧʦʨʮʠʦʥʘʣʥʘʪʘ, ʠʥʪʝʛʨʘʣʥʘʪʘ ʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʘʪʘ ʚʨʝʜʥʦʩʪ. ɺʦ ʦʚʦʿ ʩʣʫʯʘʿ ʩʝʢʦʿ ʦʜ 

ʯʝʢʦʨʥʠʪʝ ʚʣʝʟʦʚʠ ʜʦʙʠʚʘ ʨʘʟʣʠʯʥʠ ʛʨʘʥʠʯʥʠ ʚʨʝʜʥʦʩʪʠ ʟʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID. 

ʇʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʩʝ ʩʦʩʪʦʠ ʦʜ 939 ʧʘʨʘʤʝʪʨʠ ʥʘ ʚʣʝʟ ʠ ʠʟʣʝʟ, ʜʦʜʝʢʘ ʤʦʜʝʣʦʪ ʥʘ 

ʤʨʝʞʘʪʘ ʝ ʩʦʩʪʘʚʝʥ ʩʘʤʦ ʦʜ ʝʜʝʥ ʩʣʦʿ ʢʦʿ ʩʝ ʩʦʩʪʦʠ ʦʜ 156 ʥʝʚʨʦʥʠ ʠ ʠʟʣʝʟʝʥ ʩʣʦʿ ʢʦʿ h ʪʦ ʩʝ 

ʩʦʩʪʦʠ ʦʜ 3 ʥʝʚʨʦʥʠ. AF ʚʦ ʩʢʨʠʝʥʠʦʪ ʩʣʦʿ ʝ sigmoid, ʜʦʜʝʢʘ ʚʦ ʧʦʩʣʝʜʥʠʦʪ ʩʣʦʿ ʝ linear. 

ɹʨʦʿʦʪ ʥʘ ʝʧʦʭʠ ʝ 100, ʜʦʜʝʢʘ ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʬʘʢʪʦʨʦʪ ʥʘ ʫʯʝˁʝ ʝ 0.03. ʊʠʧʦʪ ʥʘ 

ʦʧʪʠʤʠʟʘʪʦʨʦʪ ʝ ADAM .  

ɼʦʢʦʣʢʫ ʩʝ ʩʧʦʨʝʜʘʪ ʜʚʝʪʝ ʛʨʫʧʠ ʦʜʟʠʚʠ ʠ ʪʦʘ ʧʨʚʘʪʘ ʛʨʫʧʘ ʝ ʦʜʟʠʚʦʪ ʜʦʙʠʝʥ ʩʦ ʘʚʪʦʤʘʪʩʢʦ 

ʧʨʝʩʤʝʪʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʟʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ, ʘ ʪʠʝ ʩʝ ʦʟʥʘʯʝʥʠ ʩʦ ʧʦʨʪʦʢʘʣʦʚʘ ʙʦʿʘ, 

ʜʦʜʝʢʘ ʚʪʦʨʘʪʘ ʛʨʫʧʘ ʦʜʟʠʚʠ ʝ ʦʟʥʘʯʝʥa ʩʦ ʚʠʦʣʝʪʦʚʘ ʙʦʿʘ, ʘ ʚʨʝʜʥʦʩʪʠ ʟʘ PID ʩʝ ʧʨʝʜʚʠʜʝʥʠ 

ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML. ʇʨʠʪʦʘ ʟʘ ʧʨʚʘʪʘ ʛʨʫʧʘ ʦʜʟʠʚʠ ʤʦʞʝ ʜʘ ʩʝ ʢʘʞʝ ʜʝʢʘ ʩʪʘʥʫʚʘ ʟʙʦʨ ʟʘ 

ʢʨʠʪʠʯʥʦ ʧʨʠʛʫʰʝʥ ʩʠʩʪʝʤ. ʇʨʠʣʠʯʥʦ ʙʨʟʦ ʨʝʘʛʠʨʘ ʥʘ ʧʨʦʤʝʥʘ ʧʨʠ ʧʨʝʤʠʥ ʦʜ 0 ʧʘ ʩʝ ʜʦ 

ʧʦʪʨʝʙʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ. ɺʦ ʩʪʘʮʠʦʥʘʨʥʘ ʩʦʩʪʦʿʙʘ ʩʠʩʪʝʤʦʪ ʝ ʩʪʘʙʠʣʝʥ.  

ɼʦʢʦʣʢʫ ʩʝ ʘʥʘʣʠʟʠʨʘʘʪ ʚʨʝʜʥʦʩʪʠʪʝ ʦʜ ʚʪʦʨʘʪʘ ʛʨʫʧʘ ʦʜʟʠʚʠ ʢʘʜʝ ʰʪʦ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID 

ʫʧʨʘʚʫʚʘˁʝʪʦ ʩʝ ʜʦʙʠʝʥʠ ʩʦ ʧʨʝʜʚʠʜʫʚʘˁʝ ʧʨʠ ʧʨʠʤʝʥʘ ʥʘ ML ʩʦʛʣʘʩʥʦ ʊʘʙʝʣʘ 9, ʦʜ ʉʣʠʢʘ 

44 ʤʦʞʝ ʜʘ ʩʝ ʢʘʞʝ ʜʝʢʘ ʩʦ ʧʨʝʜʚʠʜʝʥʠʪʝ ʢʦʥʩʪʘʥʪʠ ʟʘ PID ʩʠʩʪʝʤʦʪ ʜʦʙʠʚʘ ʦʜʟʠʚ ʢʦʿʰʪʦ 

ʠʤʘ ʧʦʤʘʣ ʧʨʝʩʢʦʢ ʠ ʥʝʤʘ ʦʩʮʠʣʘʮʠʠ ʢʦʿʰʪʦ ʝ ʩʝʢʘʢʦ ʧʨʠʬʘʪʣʠʚ ʟʘ ʧʨʠʤʝʥʘ ʢʘʿ ʦʙʿʝʢʪʠ ʥʘ 

ʫʧʨʘʚʫʚʘˁʝ ʩʦ ʛʦʣʝʤʘ ʠʥʝʨʮʠʿʘ. ɼʦʢʦʣʢʫ ʩʝ ʘʥʘʣʠʟʠʨʘ ʤʝʭʘʥʠʯʢʘʪʘ ʤʦ˃ʥʦʩʪ ʤʦʞʝ ʜʘ ʩʝ 

ʚʠʜʠ ʜʝʢʘ ʥʝʛʘʪʠʚʥʠʦʪ ʧʘʜ ʢʦʿ ʝ ʦʜ ʛʦʣʝʤʘ ʚʘʞʥʦʩʪ ʧʦʨʘʜʠ ʪʦʘ ʰʪʦ ʧʨʝʢʫ ʪʦʘ ʩʝ ʧʦʢʘʞʫʚʘ 

ʜʝʢʘ ʚʦ ʩʠʤʫʣʠʨʘʥʠʦʪ ʩʠʩʪʝʤ ʩʝ ʟʝʤʝʥʠ ʚʦ ʧʨʝʜʚʠʜ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʬʠʟʠʯʢʠʪʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʚʦʜʘʪʘ ʠ ʮʝʚʢʦʚʦʜʦʪ ʦʜ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ, ʝ ʧʨʠʩʫʪʝʥ ʚʦ ʩʘʤʠʦʪ 

ʤʦʜʝʣ. 

ɼʦʢʦʣʢʫ ʩʝ ʘʥʘʣʠʟʠʨʘ ʤʨʝʞʘʪʘ ʢʦʿʘʰʪʦ ʝ ʢʦʨʠʩʪʝʥʘ ʧʨʠ ʜʦʙʠʚʘˁʝ ʥʘ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ 

ʢʦʥʩʪʘʥʪʠʪʝ, ʤʦʞʝ ʜʘ ʩʝ ʢʘʞʝ ʜʝʢʘ ʩʝ ʨʘʙʦʪʠ ʟʘ ʤʨʝʞʘ ʢʦʿʘ ʩʝ ʩʦʩʪʦʠ ʦʜ ʜʚʘ ʩʣʦʿʘ, ʠʟʙʦʨʦʪ 

ʥʘ AF ʝ ʩʦʦʜʚʝʪʝʥ ʧʦʨʘʜʠ ʬʘʢʪʦʪ ʜʝʢʘ ʚʦ ʢʨʘʿʥʠʦʪ ʩʣʦʿ ʝ ʩʤʝʩʪʝʥʘ linear AF. ɺʦ ʦʜʥʦʩ ʥʘ 

ʙʨʦʿʦʪ ʥʘ ʝʧʦʭʠ ʠ ʙʨʟʠʥʘ ʥʘ ʫʯʝˁʝ, ʝʜʝʥ ʩʦ ʜʨʫʛ ʧʘʨʘʤʝʪʘʨ ʩʝ ʥʘʜʦʧʦʣʥʫʚʘʘʪ ʰʪʦ ʟʥʘʯʠ ʜʝʢʘ 

ʟʘ ʜʦʙʠʚʘˁʝ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʥʘ ʩʣʠʢʘʪʘ, ʢʦʥʚʝʨʛʠʨʘˁʝʪʦ ʢʦʥ 

ʛʣʦʙʘʣʥʠʦʪ ʤʠʥʠʤʫʤ ʝ ʧʨʠʣʠʯʥʦ ʙʨʟʦ.  
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ʊʘʙʝʣʘ 9. ʉʧʦʨʝʜʙʘ ʥʘ PID ʢʦʥʩʪʘʥʪʠ ʜʦʙʠʝʥʠ ʩʦ ʘʚʪʦʤʘʪʩʢʦ ʧʨʝʩʤʝʪʫʚʘˁʝ ʠ ʩʦ ML 

ʇʘʨʘʤʝʪʘʨ Kp  Ki  Kd  

ɺʨʝʜʥʦʩʪʠ ʟʘ PID ʦʜ ʘʚʪʦʤʘʪʩʢʦ 

ʧʨʝʩʤʝʪʫʚʘˁʝ ʟʘ ʯʝʢʦʨ 1 

 

2.991 

 

0.24975 

 

-14.9873 

ɺʨʝʜʥʦʩʪʠ ʟʘ PID ʦʜ ʘʚʪʦʤʘʪʩʢʦ 

ʧʨʝʩʤʝʪʫʚʘˁʝ ʟʘ ʯʝʢʦʨ 2 

 

3.1019 

 

0.25205 

 

-14.3325 

ɺʨʝʜʥʦʩʪʠ ʟʘ PID ʦʜ ʘʚʪʦʤʘʪʩʢʦ 

ʧʨʝʩʤʝʪʫʚʘˁʝ ʟʘ ʯʝʢʦʨ 3 

 

3.2402 

 

0.25619 

 

-13.7388 

ɺʨʝʜʥʦʩʪʠ ʟʘ PID ʦʜ ʘʚʪʦʤʘʪʩʢʦ 

ʧʨʝʩʤʝʪʫʚʘˁʝ ʟʘ ʯʝʢʦʨ 4 

 

3.4247 

 

0.26341 

 

-13.2217 

ɺʨʝʜʥʦʩʪʠ ʟʘ PID ʦʜ ʘʚʪʦʤʘʪʩʢʦ 

ʧʨʝʩʤʝʪʫʚʘˁʝ ʟʘ ʯʝʢʦʨ 5 

 

3.6659 

 

0.27402 

 

-12.7521 

ɺʨʝʜʥʦʩʪʠ ʟʘ PID ʦʜ ʘʚʪʦʤʘʪʩʢʦ 

ʧʨʝʩʤʝʪʫʚʘˁʝ ʟʘ ʯʝʢʦʨ 6 

 

3.68 

 

0.3144 

 

-7.2432 

ɺʨʝʜʥʦʩʪʠ ʥʘ PID ʟʘ ʯʝʢʦʨ 1 ʜʦʙʠʝʥʠ ʩʦ ML  

4.2 

 

1.592115239 

 

2.7699 

ɺʨʝʜʥʦʩʪʠ ʥʘ PID ʟʘ ʯʝʢʦʨ 2 ʜʦʙʠʝʥʠ ʩʦ ML  

5.1 

 

1.942487145 

 

3.3475125 

ɺʨʝʜʥʦʩʪʠ ʥʘ PID ʟʘ ʯʝʢʦʨ 3 ʜʦʙʠʝʥʠ ʩʦ ML  

3.486 

 

0.713905 

 

4.255535 

ɺʨʝʜʥʦʩʪʠ ʥʘ PID ʟʘ ʯʝʢʦʨ 4 ʜʦʙʠʝʥʠ ʩʦ ML  

2.7804 

 

0.48994 

 

3.94469 

ɺʨʝʜʥʦʩʪʠ ʥʘ PID ʟʘ ʯʝʢʦʨ 5 ʜʦʙʠʝʥʠ ʩʦ ML  

2.4252 

 

0.38249 

 

3.84425 

ɺʨʝʜʥʦʩʪʠ ʥʘ PID ʟʘ ʯʝʢʦʨ 6 ʜʦʙʠʝʥʠ ʩʦ ML  

1.926 

 

0.372827 

 

2.581256 

 

ʉʣʠʢʘ 44. ʉʧʦʨʝʜʙʘ ʥʘ ʦʜʟʠʚʠ ʦʜ ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʩʦ 

ʨʘʩʧʦʨʝʜʫʚʘˁʝ ʥʘ ʟʘʩʠʣʫʚʘˁʘ ʟʘ ʚʨʝʜʥʦʩʪʠ ʜʦʙʠʝʥʠ ʩʦ ML ʠ ʩʦ ʤʝʪʦʜʘ ʥʘ ʘʚʪʦʤʘʪʩʢʦ 

ʧʦʜʝʩʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠ 
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4.8 ʄʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʦʜʨʝʜʫʚʘˁʝ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘ ʚʦ ʮʝʚʢʦʚʦʜʦʪ (Tw) 

ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʤʘʰʠʥʩʢʦ ʫʯʝˁʝ 

ɺʨʝʤʝʥʩʢʘʪʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘʪʘ ʩʦʛʣʘʩʥʦ ʨʘʚʝʥʢʘ 14 ʟʘʚʠʩʠ ʦʜ ʧʦʚʝ˃ʝ ʧʘʨʘʤʝʪʨʠ ʠ ʪʦʘ 

ʜʦʣʞʠʥʘʪʘ ʥʘ ʜʦʚʦʜʥʠʦʪ ʮʝʚʢʦʚʦʜ, ʧʦʚʨʰʠʥʘʪʘ ʥʘ ʥʘʧʨʝʯʥʠʦʪ ʧʨʝʩʝʢ ʥʘ ʜʦʚʦʜʥʠʦʪ 

ʮʝʚʢʦʚʦʜ, ʧʨʦʪʦʢʦʪ ʥʠʟ ʪʫʨʙʠʥʘʪʘ ʧʨʠ ʤʘʢʩʠʤʘʣʥʘ ʦʪʚʦʨʝʥʦʩʪ ʥʘ ʣʦʧʘʪʢʠʪʝ ʦʜ ʩʧʨʦʚʦʜʥʠʦʪ 

ʘʧʘʨʘʪ c=1 ʠ ʧʨʠʪʠʩʦʢʦʪ ʥʘ ʪʫʨʙʠʥʘʪʘ. ʊʦʘ ʝ ʢʦʝʬʠʮʠʝʥʪʦʪ ʧʨʝʢʫ ʢʦʿ ʩʝ ʜʝʬʠʥʠʨʘ 

ʧʨʝʥʦʩʥʘʪʘ ʬʫʥʢʮʠʿʘ ʥʘ ʪʫʨʙʠʥʘʪʘ ʠ ʚʦ ʥʘʿʝʜʥʦʩʪʘʚʥʘʪʘ, ʣʠʥʝʘʨʥʘ ʬʦʨʤʘ ʢʘʢʦ ʰʪʦ ʝ 

ʧʨʠʢʘʞʘʥʦ ʩʦ ʨʘʚʝʥʢʘ 2, ʥʦ ʠ ʩʦ ʥʝʣʠʥʝʘʨʥʘ ʤʘʪʝʤʘʪʠʯʢʘ ʨʝʧʨʝʟʝʥʪʘʮʠʿʘ. ʇʦʨʘʜʠ ʪʦʘ ʰʪʦ 

ʝ ʚʘʞʝʥ ʬʘʢʪʦʨ ʧʨʠ ʜʝʬʠʥʠʨʘˁʝ ʥʘ ʤʦʜʝʣʦʪ, ʥʦ ʠ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ 

ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ, ʦʚʦʿ ʢʦʝʬʠʮʠʝʥʪ ʝ ʠʩʢʦʨʠʩʪʝʥ ʠʩʪʠʦʪ ʜʘ ʩʝ ʛʝʥʝʨʠʨʘ ʧʨʝʢʫ 

ʧʨʠʤʝʥʘʪʘ ʥʘ ML ʦʜʥʦʩʥʦ ʧʨʝʢʫ ʤʝʪʦʜʘʪʘ ʥʘ MLP ʠ ʧʨʝʢʫ ʧʨʠʤʝʥʘ ʥʘ LSTM. 

ɸʣʛʦʨʠʪʘʤʦʪ ʟʘ ʜʝʬʠʥʠʨʘˁʝ ʥʘ Tw ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML: 

1. ʉʝ ʧʨʘʚʘʪ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʤʝʨʝˁʘ ʩʦ ʮʝʣ ʜʘ ʩʝ ʦʬʦʨʤʠ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʢʦʝ 

ʧʦʜʦʮʥʘ ˃ʝ ʩʝ ʦʙʨʘʙʦʪʠ ʩʦ ʧʦʤʦʰ ʥʘ ANN ʠ ML (ʩʝ ʜʝʬʠʥʠʨʘ ʢʦʠ 

ʛʦʣʝʤʠʥʠ/ʧʘʨʘʤʝʪʨʠ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʙʠʜʘʪ ʘʥʘʣʠʟʠʨʘʥʠ).  

2. ʇʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʩʝ ʬʠʣʪʨʠʨʘ (ʜʦʢʦʣʢʫ ʝ ʧʦʪʨʝʙʥʦ).  

3. ʉʝ ʠʟʙʠʨʘ ʤʝʪʦʜʘ ʥʘ ANN ʠ ML ʩʦ ʢʦʿʘ ˃ʝ ʩʝ ʦʙʨʘʙʦʪʫʚʘʘʪ ʧʦʜʘʪʦʯʥʠʪʝ ʤʥʦʞʝʩʪʚʘ.  

4. ʉʝ ʜʝʬʠʥʠʨʘʘʪ ʚʣʝʟʥʦ ʠ ʠʟʣʝʟʥʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ. 

5. ʉʝ ʜʝʬʠʥʠʨʘʘʪ ʭʠʧʝʨʧʘʨʘʤʝʪʨʠ ʩʦ ʢʦʠ ˃ʝ ʩʝ ʤʦʜʝʣʠʨʘ ʚʝʰʪʘʯʢʘʪʘ NN. 

6. ʉʝ ʧʨʦʝʢʪʠʨʘ ʤʨʝʞʘ ʢʦʿʘ ʪʨʝʙʘ ʜʘ ʿʘ ʧʨʝʜʚʠʜʠ ʚʨʝʤʝʥʩʢʘʪʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘʪʘ. 

6.1. ʄʦʜʝʣʦʪ ʩʝ ʧʦʩʪʘʚʫʚʘ ʢʘʢʦ ʜʘ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʦʜʨʝʜʠ ʥʫʣʘ ʦʜ ʧʨʝʥʦʩʥʘʪʘ 

ʬʫʥʢʮʠʿʘ. 

6.2. ʇʨʝʜʚʠʜʝʥʘʪʘ ʚʨʝʜʥʦʩʪ ʩʝ ʩʪʘʚʘ ʚʦ ʩʤʫʣʘʮʠʩʢʠ ʤʦʜʝʣ. 

6.3. ɼʦʢʦʣʢʫ ʠʤʘ ʧʦʪʨʝʙʘ, ʧʦʨʘʜʠ ʪʦʘ ʰʪʦ ʩʪʘʥʫʚʘ ʟʙʦʨ ʟʘ ʥʦʚ ʤʦʜʝʣ ʥʘ ʪʫʨʙʠʥʘ, ʩʝ 

ʠʟʙʠʨʘʘʪ ʠ ʥʦʚʠ ʢʦʥʩʪʘʥʪʠ ʟʘ PID.  

6.4. ʀʟʙʦʨʦʪ ʥʘ ʥʦʚʠ ʢʦʥʩʪʘʥʪʠ ʟʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʩʝ ʧʨʘʚʠ ʩʦ ʨʘʯʥʦ ʧʦʜʝʩʫʚʘˁʝ, 

ʘʚʪʦʤʘʪʩʢʦ ʧʦʜʝʩʫʚʘˁʝ ʠʣʠ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʚʨʝʜʥʦʩʪʠʪʝ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ʥʝʢʦʠ 

ʦʜ ʤʝʪʦʜʠʪʝ ʥʘ ML.  

6.5. ɼʘ ʩʝ ʧʨʝʩʤʝʪʘ Fopt, ʦʧʪʠʤʘʣʥʦʩʪʘ ʟʘ ʤʦʜʝʣʠʪʝ ʩʦ ʥʦʚʘ ʧʨʝʥʦʩʥʘ ʬʫʥʢʮʠʿʘ 

ʜʦʙʠʝʥʘ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML ʠ ʧʨʝʥʦʩʥʘʪʘ ʬʫʥʢʮʠʿʘ ʜʦʙʠʝʥʘ ʩʦ ʧʨʝʩʤʝʪʢʘ ʟʘ 

ʧʦʩʪʦʝʯʢʘʪʘ ʪʫʨʙʠʥʘ. 

ɹʠʜʝʿ˃ʠ ʚʦ ʦʚʦʿ ʜʦʢʪʦʨʩʢʠ ʪʨʫʜ ʩʝ ʦʙʨʘʙʦʪʫʚʘʘʪ ʜʚʝ ʨʝʘʣʥʠ ʧʦʩʪʨʦʿʢʠ ʦʜ ʢʦʠ ʝʜʥʘʪʘ ʝ ʪʘʨʛʝʪ 

ʧʦ ʯʠʿ ʧʨʠʤʝʨ ʩʝ ʚʦʜʠ ʧʦʜʦʙʨʫʚʘˁʝʪʦ ʚʦ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʚʪʦʨʘʪʘ, ʨʝʘʣʥʘ 

ʧʦʩʪʨʦʿʢʘ, ʢʘʢʦ ʮʝʣʥʘ ʠʣʠ ʪʘʨʛʝʪ ʠʟʣʝʟʥʘ ʚʨʝʜʥʦʩʪ ʩʝ ʧʦʩʪʘʚʫʚʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʩʧʦʨʝʜ 

ʢʦʿʘ ˃ʝ ʪʨʝʙʘ ʜʘ ʩʝ ʪʨʝʥʠʨʘ ʠ ʧʨʠʣʘʛʦʜʫʚʘ NN. ʎʝʣʥʘʪʘ ʚʨʝʜʥʦʩʪ ʝ ʦʩʥʦʚʘ ʩʦ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʠʟʤʝʨʝʥʠ ʧʦʜʘʪʦʮʠ ʟʘ ʘʢʪʠʚʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʦʜ ʧʨʚʘʪʘ ʧʦʩʪʨʦʿʢʘ 

ʩʧʦʨʝʜ ʢʦʿʘ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʜʦʙʠʝ Tw ʠ ʜʘ ʩʝ ʜʦʙʠʝ ʩʣʠʯʥʘ ʠʣʠ ʧʦʜʦʙʨʝʥʘ ʜʠʥʘʤʠʯʢʘ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ. ʂʘʢʦ ʚʣʝʟʥʘ ʚʨʝʜʥʦʩʪ ʚʦ ʤʨʝʞʘʪʘ ʝ ʧʦʩʪʘʚʝʥʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ 

(ʩʦʩʪʘʚʝʥʦ ʦʜ ʩʪʘʪʠʯʢʠ ʧʘʨʘʤʝʪʨʠ) ʟʘ ʘʢʪʠʚʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʧʨʝʚʟʝʤʝʥʠ ʦʜ 

ʩʠʩʪʝʤʦʪ ʟʘ ʩʫʧʝʨʚʠʟʦʨʥʦ ʫʧʨʘʚʫʚʘˁʝ ʠ ʘʢʚʠʟʠʮʠʿʘ ʥʘ ʧʦʜʘʪʦʮʠ.  
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ɺʪʦʨʘʪʘ ʛʨʫʧʘ ʨʝʟʫʣʪʘʪʠ ʩʝ ʢʦʛʘ ʥʘ ʚʣʝʟ ʚʦ NN ˃ʝ ʩʝ ʧʦʩʪʘʚʠ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʦʜ 

ʦʪʚʦʨʝʥʦʩʪʘ ʥʘ ʣʦʧʘʪʢʠʪʝ ʦʜ ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ ʯʠʠ ʧʦʜʘʪʦʮʠ ʩʝ ʜʦʙʠʝʥʠ ʩʦ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʤʝʨʝˁʝ ʥʘʧʨʘʚʝʥʦ ʥʘ ʩʘʤʠʦʪ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ, ʜʦʜʝʢʘ ʥʘ ʠʟʣʝʟ 

ʢʘʢʦ ʮʝʣʥʘ ʚʨʝʜʥʦʩʪ ˃ʝ ʩʝ ʧʦʩʪʘʚʠ ʘʢʪʠʚʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʦʜ ʧʨʚʘʪʘ ʭʠʜʨʦʧʦʩʪʨʦʿʢʘ 

ʩʧʦʨʝʜ ʢʦʿʘ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʧʨʠʣʘʛʦʜʠ ʚʪʦʨʘʪʘ ʧʦʩʪʨʦʿʢʘ ʩʦʛʣʘʩʥʦ ʜʠʥʘʤʠʯʢʠʪʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ. 

ɸʣʛʦʨʠʪʘʤ ʟʘ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘʪʘ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML: 

1. ɼʝʬʠʥʠʨʘˁʝ ʥʘ ʧʦʪʨʝʙʥʠ ʙʠʙʣʠʦʪʝʢʠ ʟʘ ʜʘ ʤʦʞʝ ʜʘ ʩʝ ʠʟʚʨʰʫʚʘ ʧʨʝʩʤʝʪʢʘʪʘ. 

2. ɼʝʬʠʥʠʨʘˁʝ ʥʘ ʚʣʝʟʦʚʠ (ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʟʘ ʚʣʝʟʦʚʠ). 

3. ɼʝʬʠʥʠʨʘˁʝ ʥʘ ʮʝʣʥʠ ʠʟʣʝʟʠ (ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʟʘ ʮʝʣʥʠ ʠʟʣʝʟʠ). 

4. ʉʝ ʜʝʬʠʥʠʨʘ ʪʠʧʦʪ ʥʘ ANN ʩʦ ʢʦʿʘ ʰʪʦ ˃ʝ ʩʝ ʦʙʨʘʙʦʪʫʚʘʘʪ ʧʦʜʘʪʦʮʠʪʝ. 

5. ʉʝ ʜʝʬʠʥʠʨʘ ʙʨʦʿʦʪ ʥʘ ʩʢʨʠʝʥʠ ʩʣʦʝʚʠ ʠ ʙʨʦʿʦʪ ʥʘ ʥʝʚʨʦʥʠ ʚʦ ʩʝʢʦʿ ʦʜ ʩʣʦʝʚʠʪʝ. 

6. ʉʝ ʜʝʬʠʥʠʨʘʘʪ AF ʟʘ ʩʝʢʦʿ ʦʜ ʩʣʦʝʚʠʪʝ ʧʦʩʝʙʥʦ. 

7. ʉʝ ʜʝʬʠʥʠʨʘ ʪʠʧ ʥʘ ʦʧʪʠʤʠʟʘʪʦʨ. 

8. ʉʝ ʧʨʘʚʠ ʧʨʦʮʝʥʪʫʘʣʥʘ ʨʘʩʧʨʝʜʝʣʙʘ ʥʘ ʧʦʜʘʪʦʮʠʪʝ ʟʘ ʚʘʣʠʜʠʨʘˁʝ, ʪʝʩʪʠʨʘˁʝ ʠ 

ʪʨʝʥʠʨʘˁʝ. 

9. ʉʝ ʪʨʝʥʠʨʘ ʤʦʜʝʣʦʪ. 

10. ʉʝ ʟʘʜʘʚʘ ʠʥʬʦʨʤʘʮʠʿʘ ʜʝʢʘ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʜʝʬʠʥʠʨʘʘʪ ʥʫʣʠ ʩʦ ʮʝʣ ʜʘ ʩʝ ʛʝʥʝʨʠʨʘ 

ʚʨʝʜʥʦʩʪ ʟʘ ʚʨʝʤʝʥʩʢʘʪʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘ. 

11. ʉʝ ʜʝʬʠʥʠʨʘ ʛʦʨʥʘʪʘ ʠ ʜʦʣʥʘʪʘ ʛʨʘʥʠʮʘ ʥʘ ʚʨʝʜʥʦʩʪʘ ʥʘ Tw ʰʪʦ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ 

ʜʦʙʠʝ. 

12. ʉʝ ʚʘʜʘʪ ʛʝʥʝʨʠʨʘʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʚʨʝʤʝʥʩʢʘʪʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘʪʘ. 

13. ɼʦʙʠʝʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʩʝ ʧʦʩʪʘʚʫʚʘʘʪ ʚʦ ʩʤʫʣʘʮʠʩʢʠ ʤʦʜʝʣ ʚʦ Simulink.  

14. ʉʝ ʩʧʦʨʝʜʫʚʘʘʪ ʜʦʙʠʝʥʠʪʝ ʠʟʣʝʟʠ ʩʦ ʠʟʣʝʟʠʪʝ ʦʜ ʤʦʜʝʣʦʪ ʧʨʝʜ ʜʘ ʩʝ ʧʨʠʤʝʥʠ ML 

ʧʨʝʢʫ ʧʨʠʤʝʥʘ ʥʘ MLP ʠ LSTM.  

ʈʝʘʣʥʘʪʘ, ʧʦʩʪʦʝʯʢʘ ʚʨʝʜʥʦʩʪ ʥʘ ʚʨʝʤʝʥʩʢʘʪʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘʪʘ ʟʘ ʚʪʦʨʠʦʪ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʝ Tw=0.479 (s), ʜʦʜʝʢʘ ʥʘ ʧʨʚʠʦʪ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ Tw=1.434 

(s).  

ɼʦʙʠʝʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʚʨʝʤʝʥʩʢʘʪʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘʪʘ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML ʩʦ ʢʦʨʠʩʪʝˁʝ 

ʥʘ MLP ʠ ʧʨʝʢʫ ʧʨʠʤʝʥʘ ʥʘ LSTM ʩʝ ʜʝʬʠʥʠʨʘʥʠ ʚʦ ʊʘʙʝʣʘ 10 ʜʦʢʦʣʢʫ ʢʘʢʦ ʧʦʜʘʪʦʯʥʦ 

ʤʥʦʞʝʩʪʚʦ ʥʘ ʚʣʝʟʥʘ ʩʪʨʘʥʘ ʩʝ ʧʦʩʪʘʚʠ ʦʪʚʦʨʝʥʦʩʪʘ ʥʘ ʣʦʧʘʪʢʠʪʝ ʦʜ ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ, ʘ 

ʥʘ ʠʟʣʝʟ ʩʝ ʜʝʬʠʥʠʨʘ ʘʢʪʠʚʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ. ʂʘʢʦ ʚʪʦʨʘ ʦʧʮʠʿʘ ʚʦ ʦʜʥʦʩ ʥʘ 

ʜʝʬʠʥʠʨʘˁʝʪʦ ʥʘ ʚʣʝʟʥʠʪʝ ʠ ʠʟʣʝʟʥʠʪʝ ʧʘʨʘʤʝʪʨʠ, ʥʘʧʨʘʚʝʥʘ ʝ ʢʦʤʙʠʥʘʮʠʿʘ ʥʘ ʧʦʜʘʪʦʯʥʦ 

ʤʥʦʞʝʩʪʚʦ ʥʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʥʘ ʚʣʝʟ ʯʠʠ ʰʪʦ ʚʨʝʜʥʦʩʪʠ (ʩʪʘʪʠʯʢʠ ʧʘʨʘʤʝʪʨʠ) ʩʝ 

ʧʨʝʚʟʝʤʝʥʠ ʦʜ SCADA ʩʠʩʪʝʤʦʪ ʥʘ ʩʘʤʘʪʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʘ ʧʦʩʪʨʦʿʢʘ, ʜʦʜʝʢʘ ʧʦʜʘʪʦʯʥʦʪʦ 

ʤʥʦʞʝʩʪʚʦ ʥʘ ʠʟʣʝʟ ʩʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʤʝʨʝˁʘ ʥʘʧʨʘʚʝʥʠ ʦʜ ʧʨʚʘʪʘ, ʨʝʬʝʨʝʥʪʥʘ ʧʦʩʪʨʦʿʢʘ 

(ʜʠʥʘʤʠʯʢʠʪʝ ʧʘʨʘʤʝʪʨʠ). 

ɺʦ ʊʘʙʝʣʘ 10 ʠ ʊʘʙʝʣʘ 11 ʩʝ ʦʟʥʘʯʝʥʠ ʥʝʢʦʠ ʦʜ ʜʦʙʠʝʥʠʪʝ ʚʨʝʜʥʦʩʪʠ. ʀʩʪʠʪʝ ʩʝ 

ʧʨʝʟʝʥʪʠʨʘʥʠ ʩʦ ʮʝʣ ʜʘ ʩʝ ʚʠʜʠ ʜʝʢʘ ʧʨʠʤʝʥʘʪʘ ʥʘ ML ʚʦ ʥʝʢʦʠ ʜʝʣʦʚʠ ʦʜ ʠʩʪʨʘʞʫʚʘˁʝʪʦ, 
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ʤʦʞʝ ʩʝʨʠʦʟʥʦ ʜʘ ʥʘʧʨʘʚʠ ʛʨʝʰʢʘ, ʘ ʠʩʪʘʪʘ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʩʦʛʣʝʜʘ ʧʨʝʢʫ ʘʥʘʣʠʟʘ ʥʘ 

ʧʨʝʪʭʦʜʥʦ ʜʦʙʠʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ. 

ɼʦʢʦʣʢʫ ʩʝ ʘʥʘʣʠʟʠʨʘʘʪ ʚʨʝʜʥʦʩʪʠʪʝ ʜʦʙʠʝʥʠ ʟʘ RMSE ʠ ʟʘ ʬʫʥʢʮʠʿʘʪʘ ʥʘ ʮʝʣ Fopt ʟʘ 

ʨʝʟʫʣʪʘʪʠʪʝ ʜʦʙʠʝʥʠ ʟʘ ʪʦʯʢʘ 1 ʜʦ 4 ʦʜ ʪʘʙʝʣʘ ʊʘʙʝʣʘ 10, ʧʨʝʢʫ ʧʨʠʤʝʥʘ ʥʘ ʤʝʪʦʜʘʪʘ ʥʘ MLP 

ʜʦʢʦʣʢʫ ʩʝ ʢʦʤʙʠʥʠʨʘʘʪ ʧʦʜʘʪʦʯʥʠʪʝ ʤʥʦʞʝʩʪʚʘ ʟʘ ʦʪʚʦʨʝʥʦʩʪ ʥʘ ʩʧʨʦʚʦʜʝʥ ʘʧʘʨʘʪ ʠ 

ʘʢʪʠʚʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ, ʤʦʞʝ ʜʘ ʩʝ ʢʘʞʝ ʜʝʢʘ ʢʦʣʢʫ ʝ ʧʦʙʣʠʩʢʫ ʧʨʝʜʚʠʜʝʥʘʪʘ 

ʚʨʝʜʥʦʩʪ ʥʘ Tw ʜʦ ʨʝʘʣʥʘʪʘ, ʪʘʢʘ RMSE ʝ ʧʦʤʘʣʘ, ʢʘʢʦ ʩʝ ʟʛʦʣʝʤʫʚʘ ʚʨʝʜʥʦʩʪʘ ʥʘ Tw, ʪʘʢʘ 

RMSE ʨʘʩʪʝ, ʰʪʦ ʝ ʦʯʝʢʫʚʘʥʦ ʙʠʜʝʿ˃ʠ ʩʝ ʦʜʜʘʣʝʯʫʚʘ ʦʜ ʚʨʝʜʥʦʩʪʘ ʥʘ ʚʝ˃ʝ ʧʦʩʪʦʝʯʢʘʪʘ 

ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ. ɺʦ ʠʩʪʦ ʚʨʝʤʝ ʜʦʢʦʣʢʫ ʩʝ ʘʥʘʣʠʟʠʨʘ ʠ ʬʫʥʢʮʠʿʘʪʘ ʥʘ ʮʝʣ ʤʦʞʝ ʜʘ ʩʝ 

ʚʠʜʠ ʜʝʢʘ ʨʘʟʣʠʢʘ ʩʝ ʧʦʿʘʚʫʚʘ ʚʦ ʯʝʪʚʨʪʘ ʠʣʠ ʧʝʪʪʘ ʜʝʮʠʤʘʣʘ ʜʦʢʦʣʢʫ ʩʝ ʩʧʦʨʝʜʫʚʘ 

ʚʨʝʜʥʦʩʪʘ ʥʘ ʬʫʥʢʮʠʿʘ ʥʘ ʮʝʣ ʟʘ ʧʦʩʪʦʝʯʢʘʪʘ ʚʦ ʩʧʦʨʝʜʙʘ ʩʦ ʚʨʝʜʥʦʩʪʘ ʜʦʙʠʝʥʘ ʩʦ 

ʧʨʝʜʚʠʜʫʚʘˁʝ ʧʨʝʢʫ ML.  

ʀʩʪʦ ʪʘʢʘ ʜʦʢʦʣʢʫ ʩʝ ʘʥʘʣʠʟʠʨʘʘʪ ʠ ʚʨʝʜʥʦʩʪʠʪʝ ʟʘ Tw ʢʦʠ h ʪʦ ʩʝ ʜʦʙʠʝʥʠ ʩʦ ʧʦʤʦʰ ʥʘ ML 

ʦʜ ʨʝʜʝʥ ʙʨʦʿ 5 ʜʦ 13, ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʜʝʢʘ ʧʨʠ ʧʨʠʤʝʥʘ ʥʘ ʤʝʪʦʜʘʪʘ ʥʘ MLP ʩʝ ʜʦʙʠʚʘʘʪ 

ʨʝʟʫʣʪʘʪʠ ʢʦʠ ʩʝ ʧʦʙʣʠʩʢʠ ʠ ʩʦ ʧʦʤʘʣʦ RMSE, ʚʦ ʩʧʦʨʝʜʙʘ ʩʦ ʨʝʟʫʣʪʘʪʠʪʝ ʢʦʠ ʩʝ ʜʦʙʠʚʘʘʪ 

ʢʦʛʘ ʩʝ ʧʨʠʤʝʥʫʚʘ ʤʝʪʦʜʘʪʘ ʥʘ LSTM. MLP ʢʘʢʦ ʤʝʪʦʜʘ ʝ ʜʘʣʝʢʫ ʧʦʝʜʥʦʩʪʘʚʥʘ ʚʦ ʟʘʚʠʩʥʦʩʪ 

ʦʜ LSTM ʤʝʪʦʜʘʪʘ, ʧʘ ʟʘʪʦʘ ʠ ʦʜ ʊʘʙʝʣʘ 10 ʠ ʊʘʙʝʣʘ 11 ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʜʝʢʘ ʚʨʝʜʥʦʩʪʘ ʥʘ 

RMSE ʧʨʠ ʧʨʠʤʝʥʘ ʥʘ ʤʝʪʦʜʘʪʘ ʥʘ MLP ʢʘʢʦ ʧʦʝʜʥʦʩʪʘʚʥʘ ʤʝʪʦʜʘ ʝ ʧʦʤʘʣʦ, ʚʦ ʩʧʦʨʝʜʙʘ 

ʩʦ ʤʝʪʦʜʘʪʘ ʥʘ LSTM. ʊʦʘ ʝ ʦʯʝʢʫʚʘʥʦ ʜʘ ʙʠʜʝ ʪʘʢʘ ʙʠʜʝʿ˃ʠ ʩʝ ʨʘʙʦʪʠ ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ 

ʧʦʜʘʪʦʮʠ ʟʘ ʢʦʠ ʥʝ ʝ ʧʦʪʨʝʙʥʘ ʛʦʣʝʤʘ ʧʨʝʩʤʝʪʢʦʚʥʘ ʤʦ˃ ʢʘʜʝ ʰʪʦ ʠʥʬʦʨʤʘʮʠʿʘʪʘ ʩʝ ʜʚʠʞʠ 

ʚʦ ʝʜʝʥ ʧʨʘʚʝʮ ʙʝʟ ʧʨʠʪʦʘ ʜʘ ʩʝ ʟʝʤʝ ʚʦ ʧʨʝʜʚʠʜ ʚʣʠʿʘʥʠʝʪʦ ʥʘ ʧʨʝʪʭʦʜʥʠʪʝ ʠʥʬʦʨʤʘʮʠʠ. 

ʊʫʢʘ ʩʝ ʧʦʢʘʞʫʚʘ ʜʝʢʘ ʥʝ ʩʝʢʦʛʘʰ ʝ ʥʝʦʧʭʦʜʥʦ ʜʘ ʩʝ ʠʩʢʦʨʠʩʪʠ ʥʘʿʿʘʢʘʪʘ ʤʝʪʦʜʘ ʥʘ ML ʠʣʠ 

ʢʦʤʧʣʠʮʠʨʘʥʘ NN ʩʦʩʪʘʚʝʥʘ ʦʜ ʧʦʚʝ˃ʝ ʦʜ ʝʜʝʥ ʩʢʨʠʝʥ ʩʣʦʿ ʠʣʠ ʦʛʨʦʤʝʥ ʙʨʦʿ ʥʝʚʨʦʥʠ, 

ʧʨʠʤʝʨ ʧʦʚʝ˃ʝ ʦʜ 100 ʧʨʠ ʦʙʨʘʙʦʪʢʘ ʠ ʘʥʘʣʠʟʘ ʥʘ ʧʦʜʘʪʦʮʠ ʟʘ ʜʘ ʩʝ ʜʦʿʜʝ ʜʦ ʥʘʿʩʦʦʜʚʝʪʝʥ 

ʨʝʟʫʣʪʘʪ ʙʠʜʝʿ˃ʠ ʪʦʘ ʩʝʢʦʛʘʰ ʥʝ ʛʘʨʘʥʪʠʨʘ ʧʨʝʩʤʝʪʢʘ ʥʘ ʥʘʿʜʦʙʨʦ ʨʝʰʝʥʠʝ ʥʘ ʟʘʜʘʜʝʥʠʦʪ 

ʧʨʦʙʣʝʤ. ʊʫʢʘ ʤʦʞʝ ʜʘ ʩʝ ʢʘʞʝ ʜʝʢʘ ʜʦʢʦʣʢʫ ANN ʩʦ ʮʝʣ ʠʣʠ ʥʝʩʚʝʩʥʦ ʩʝ ʠʩʢʦʤʧʣʠʮʠʨʘ ʟʘ 

ʜʘ ʩʝ ʜʦʙʠʝ ʥʘʿʜʦʙʘʨ ʨʝʟʫʣʪʘʪ, ʪʦʘ ʤʦʞʝ ʜʘ ʥʘʧʨʘʚʠ ʦʙʨʘʪʝʥ ʝʬʝʢʪ ʧʦʨʘʜʠ ʧʦʚʝ˃ʝ ʬʘʢʪʦʨʠ 

ʦʜ ʢʦʠ ʝʜʥʠʦʪ ʦʜ ʥʠʚ ʙʠ ʤʦʞʝʣʦ ʜʘ ʙʠʜʝ ʥʝʜʦʚʦʣʝʥ ʙʨʦʿ ʧʦʜʘʪʦʮʠ ʧʦʪʨʝʙʝʥ ʥʘ ʩʘʤʘʪʘ ʤʨʝʞʘ 

ʠʣʠ ʧʨʝʛʦʣʝʤʘ ʝʜʥʦʩʪʘʚʥʦʩʪ ʥʘ ʚʣʝʟʥʠʪʝ ʠ ʮʝʣʥʠʪʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʦʙʨʘʙʦʪʢʘ. ʆʜ ʪʫʢʘ 

ʧʨʦʠʟʣʝʛʫʚʘ ʜʝʢʘ ʥʝ ʩʝʢʦʛʘʰ ʤʝʪʦʜʠʪʝ ʥʘ ML ʩʝ ʩʦʦʜʚʝʪʥʠ ʚʦ ʩʠʪʝ ʩʬʝʨʠ ʚʦ ʘʥʘʣʠʟʘ ʥʘ 

ʧʦʜʘʪʦʮʠʪʝ. ʇʦʥʝʢʦʛʘʰ ʝ ʧʦʪʨʝʙʥʦ ʧʦʝʜʥʦʩʪʘʚʝʥ ʪʨʝʪʤʘʥ ʥʘ ʧʦʜʘʪʦʯʥʠʪʝ ʤʥʦʞʝʩʪʚʘ ʟʘ ʜʘ 

ʤʦʞʝ ʜʘ ʩʝ ʠʟʚʣʝʯʘʪ ʥʘʿʚʘʞʥʠʪʝ ʠʥʬʦʨʤʘʮʠʠ. 
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ʊʘʙʝʣʘ 10. ʉʧʦʨʝʜʙʘ ʥʘ RMSE ʠ Fopt ʧʨʠ ʨʘʟʣʠʯʥʠ ʢʦʝʬʠʮʠʝʥʪʠ ʟʘ Tw ʧʨʠ ʫʧʦʪʨʝʙʘ ʥʘ 

ʦʪʚʦʨʝʥʦʩʪ ʥʘ ʩʧʨʦʚʦʜʝʥ ʘʧʘʨʘʪ ʩʦ ʘʢʪʠʚʥʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʟʘ ʧʨʚ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ 

ʦʙʿʝʢʪ 

 

ʈʝʜ. 

ʙʨ. 

ʇʦʚʝ˃ʝʩʣʦʝʥ ʧʝʨʮʝʧʪʨʦʥ  

ʆʪʚʦʨʝʥʦʩʪ ʥʘ ʩʧʨʦʚʦʜʝʥ ʘʧʘʨʘʪ ʩʦ ʘʢʪʠʚʥʘ 

ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ 

 

RMSE (%) 

 

Fopt 

1 0,6322 (ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ) 0,4 % 0,02858 

0,02586 

2 0,76774798 (ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ) 0,4 % 0,02563 

0,02564 

3 0,8791 (ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ) 0,4 % 0,02552 

0,02553 

4 0,1571 (ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ) 0,3 % 0,02622 

0,02626 

 ʄʨʝʞʠ ʩʦ ʜʦʛʣʘ ʢʨʘʪʢʦʨʦʯʥʘ ʤʝʤʦʨʠʿʘ 

ʆʪʚʦʨʝʥʦʩʪ ʥʘ ʩʧʨʦʚʦʜʝʥ ʘʧʘʨʘʪ ʩʦ ʘʢʪʠʚʥʘ 

ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ 

 

 

RMSE (%) 

 

 

Fopt 

5 0,5822 (ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ) 0,7 % 0,02221 

0,02443 

6 0,93149 (ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ) 0,9 % 0,02187 

0,02409 

7 0,2753 (ʣʠʥʝʘʨʝʥ ʤʦʜʝʣ) 0,07 %  0,00355 

0,00357 

ʊʘʙʝʣʘ 11. ʉʧʦʨʝʜʙʘ ʥʘ RMSE ʠ Fopt ʧʨʠ ʨʘʟʣʠʯʥʠ ʢʦʝʬʠʮʠʝʥʪʠ ʟʘ Tw ʧʨʠ ʫʧʦʪʨʝʙʘ ʥʘ 

ʘʢʪʠʚʥʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʦʜ ʚʪʦʨʘ ʭʠʜʨʦʧʦʩʪʨʦʿʢʘ ʩʦ ʘʢʪʠʚʥʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʦʜ 

ʨʝʬʝʨʝʥʪʥʘ ʭʠʜʨʦʧʦʩʪʨʦʿʢʘ 

 

ʈʝʜ. 

ʙʨ. 

ʇʦʚʝ˃ʝʩʣʦʝʥ ʧʝʨʮʝʧʪʨʦʥ  

ɸʢʪʠʚʥʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʦʜ ʚʪʦʨʘ 

ʭʠʜʨʦʧʦʩʪʨʦʿʢʘ ʩʦ ʘʢʪʠʚʥʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʦʜ 

ʨʝʬʝʨʝʥʪʥʘ ʭʠʜʨʦʧʦʩʪʨʦʿʢʘ 

 

RMSE (%) 

 

Fopt 

8 0,195 (ʥʝʣʠʥʝʨʝʥ ʤʦʜʝʣ) 0.3 % 0.02644 

0.02649 

9 0,52615 (ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ) 0.3 % 0.026107 

0.026123 

10 0,60458 (ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ) 8 % 0.49587 

0.02617 

 ʄʨʝʞʠ ʩʦ ʜʦʣʛʘ ʢʨʘʪʢʦʨʦʯʥʘ ʤʝʤʦʨʠʿʘ 

ɸʢʪʠʚʥʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʦʜ ʚʪʦʨʘ 

ʭʠʜʨʦʧʦʩʪʨʦʿʢʘ ʩʦ ʘʢʪʠʚʥʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʦʜ 

ʨʝʬʝʨʝʥʪʥʘ ʭʠʜʨʦʧʦʩʪʨʦʿʢʘ 

 

 

RMSE (%) 

 

 

Fopt 

11 0,829 (ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ) 76 % 0,00238 

0,00457 

12 0,8602 (ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ) 0.9 % 0.02195 

0.02417 
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13 0.87875963 (ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ) 0,9 % 0,02193 

0,024149 

 

ʅʘ ʉʣʠʢʘ 45 ʠ ʉʣʠʢʘ 46, ʧʨʝʪʩʪʘʚʝʥ ʝ ʟʙʠʨʝʥ ʜʠʿʘʛʨʘʤ ʟʘ ʨʘʟʣʠʯʥʠ ʚʨʝʜʥʦʩʪʠ ʥʘ Tw ʜʦʙʠʝʥʠ 

ʩʦ ʧʨʠʤʝʥʘ MLP ʤʝʪʦʜʘʪʘ ʟʘ ʧʨʚ ʨʝʘʣʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʢʘʜʝʰʪʦ ʨʝʘʣʥʘʪʘ ʚʨʝʜʥʦʩʪ 

ʥʘ Tw=1.434. ʉʦʛʣʘʩʥʦ ʨʝʟʫʣʪʘʪʠʪʝ ʦʜ ʩʠʤʫʣʘʮʠʠʪʝ ʟʘ ʛʝʥʝʨʠʨʘʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ, 

ʘʛʦʣʥʘʪʘ ʙʨʟʠʥʘ, RMSE ʠ Fopt, ʤʦʞʝ ʜʘ ʩʝ ʢʘʞʝ ʜʝʢʘ ʜʦʢʦʣʢʫ ʚʨʝʜʥʦʩʪʘ ʥʘ Tw ʢʘʢʦ ʜʝʣ ʦʜ 

ʭʠʜʨʘʫʣʠʯʥʠʦʪ ʧʦʜʩʠʩʪʝʤ ʝ 0,175 ʩʝ ʜʦʙʠʚʘ ʥʘʿʤʘʣʘ ʚʨʝʜʥʦʩʪ ʥʘ RMSE=0.3%, ʥʦ ʠ 

ʚʨʝʜʥʦʩʪʘ ʥʘ Fopt ʝ ʚʦ ʩʨʝʜʠʥʘ ʧʦʤʝʺʫ ʥʘʿʚʠʩʦʢʘʪʘ ʠ ʥʘʿʥʠʩʢʘʪʘ. ɼʦʢʦʣʢʫ ʩʝ ʘʥʘʣʠʟʠʨʘʘʪ 

ʦʜʟʠʚʠʪʝ ʟʘ ʤʦ˃ʥʦʩʪʘ ʥʘ ʪʫʨʙʠʥʘʪʘ ʠ ʬʨʝʢʚʝʥʮʠʿʘʪʘ, ʤʦʞʝ ʜʘ ʩʝ ʢʘʞʝ ʜʝʢʘ ʟʘ Tw=0.157 ʩʝ 

ʦʙʝʟʙʝʜʫʚʘ ʦʜʟʠʚ ʙʝʟ ʦʩʮʠʣʘʮʠʠ, ʘ ʙʨʟʠʥʘʪʘ ʥʘ ʧʦʩʪʠʛʥʫʚʘˁʝ ʥʘ ʩʪʘʮʠʦʥʘʨʥʘ ʩʦʩʪʦʿʙʘ ʝ 

ʠʜʝʥʪʠʯʥʦ ʠ ʩʦ ʦʩʪʘʥʪʠʪʝ ʚʨʝʜʥʦʩʪʠ ʥʘ Tw. ʆʜʟʠʚʦʪ ʥʘ ʬʨʝʢʚʝʥʮʠʿʘʪʘ ʟʘ Tw=0.157 ʧʨʘʚʠ 

ʥʘʿʤʘʣʘ ʛʨʝʰʢʘ ʧʨʠ ʦʙʝʟʙʝʜʫʚʘˁʝ ʥʘ ʩʪʘʙʠʣʥʘ ʨʘʙʦʪʘ ʥʘ ʪʫʨʙʠʥʘʪʘ ʚʦ 50Hz. 

 

ʉʣʠʢʘ 45. ʇʨʠʤʝʥʘ ʥʘ MLP ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘʪʘ ʚʦ 

ʮʝʚʢʦʚʦʜʦʪ Tw= 0.6322, Tw=0.76774798, Tw=0.8791, Tw=0.1571 ʜʦʙʠʝʥʘ ʩʦ ML ʟʘ ʧʨʠʢʘʟ 

ʥʘ ʤʦ˃ʥʦʩʪʘ ʥʘ ʪʫʨʙʠʥʘʪʘ (ʧʨʚ ʨʝʘʣʝʥ ʦʙʿʝʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ) 
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ʉʣʠʢʘ 46. ʇʨʠʤʝʥʘ ʥʘ MLP ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘʪʘ ʚʦ 

ʮʝʚʢʦʚʦʜʦʪ Tw= 0.6322, Tw=0.76774798, Tw=0.8791, Tw=0.1571 ʜʦʙʠʝʥʘ ʩʦ ML ʟʘ ʜʝʪʘʣʝʥ 

ʧʨʠʢʘʟ ʥʘ ʬʨʝʢʚʝʥʮʠʿʘ (ʧʨʚ ʨʝʘʣʝʥ ʦʙʿʝʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ) 

ɼʦʢʦʣʢʫ ʩʝ ʘʥʘʣʠʟʠʨʘʘʪ ʦʜʟʠʚʠʪʝ ʦʜ ʉʣʠʢʘ 47 ʠ ʉʣʠʢʘ 48 ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʜʝʢʘ ʜʦʢʦʣʢʫ ʩʝ 

ʟʝʤʝ ʚʦ ʧʨʝʜʚʠʜ ʭʠʜʨʘʫʣʠʯʝʥ ʧʦʜʩʠʩʪʝʤ ʩʦ Tw=0.5822, ʧʦʩʪʠʛʥʫʚʘˁʝʪʦ ʥʘ ʩʪʘʮʠʦʥʘʨʥʘ 

ʩʦʩʪʦʿʙʘ ʢʘʿ ʛʝʥʝʨʠʨʘʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦʥ˃ʦʩʪ ˃ʝ ʙʠʜʝ ʧʦʙʘʚʥʦ, ʥʦ ʙʝʟ ʧʨʝʩʢʦʢ ʢʘʢʦ ʰʪʦ ʝ 

ʩʦ ʤʦʤʝʥʪʘʣʥʘʪʘ ʨʝʘʣʥʘ ʚʨʝʜʥʦʩʪ, Tw=1.434. ɽʢʚʠʚʘʣʝʥʪʥʦ, ʜʦʢʦʣʢʫ ʩʝ ʨʘʟʛʣʝʜʫʚʘʘʪ 

ʦʜʟʠʚʠʪʝ ʥʘ ʘʛʦʣʥʘʪʘ ʙʨʟʠʥʘ, ʦʜʥʦʩʥʦ ʟʘ Tw=0.5822, ʧʦʩʪʠʛʥʫʚʘˁʝʪʦ ʥʘ 50 Hz ˃ʝ ʙʠʜʝ 

ʥʘʿʝʬʠʢʘʩʥʦ ʦʜʥʦʩʥʦ ʩʦ ʥʘʿʤʘʣʘ ʛʨʝʰʢʘ, ʢʘʢʦ ʰʪʦ ʝ ʠ ʧʨʠʢʘʞʘʥʦ ʚʦ ʊʘʙʝʣʘ 10.  

 

ʉʣʠʢʘ 47. ʇʨʠʤʝʥʘ ʥʘ LSTM ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘʪʘ ʚʦ 

ʮʝʚʢʦʚʦʜʦʪ Tw= 0.5822, Tw=0.93149, Tw=0.2753 ʜʦʙʠʝʥʘ ʩʦ ML ʟʘ ʧʨʠʢʘʟ ʥʘ ʤʦ˃ʥʦʩʪʘ ʥʘ 

ʪʫʨʙʠʥʘʪʘ (ʧʨʚ ʨʝʘʣʝʥ ʦʙʿʝʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ) 
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ʉʣʠʢʘ 48. ʇʨʠʤʝʥʘ ʥʘ LSTM ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘʪʘ ʚʦ 

ʮʝʚʢʦʚʦʜʦʪ Tw= 0.5822, Tw=0.93149, Tw=0.2753 ʜʦʙʠʝʥʘ ʩʦ ML ʟʘ ʧʨʠʢʘʟ ʥʘ ʬʨʝʢʚʝʥʮʠʿʘ 

ʥʘ ʪʫʨʙʠʥʘʪʘ (ʧʨʚ ʨʝʘʣʝʥ ʦʙʿʝʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ) 

ʆʜʟʠʚʠʪʝ ʧʨʠʢʘʞʘʥʠ ʥʘ ʉʣʠʢʘ 49 ʜʦ ʉʣʠʢʘ 52 ʩʝ ʦʜʥʝʩʫʚʘʘʪ ʥʘ ʚʪʦʨ ʨʝʘʣʝʥ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʚʨʟ ʢʦʿ ʩʝ ʧʨʠʤʝʥʝʪʠ ʠʩʪʠʪʝ ʤʝʪʦʜʠ ʥʘ ML ʠ ʪʦʘ MLP ʠ LSTM. ɿʘ 

ʚʪʦʨ ʨʝʘʣʝʥ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ Tw=0.479. ʅʘ ʉʣʠʢʘ 49 ʠ ʉʣʠʢʘ 50 ʩʝ ʧʨʠʢʘʞʘʥʠ 

ʦʜʟʠʚʠʪʝ ʦʜ ʧʨʠʤʝʥʘ ʥʘ MLP ʤʝʪʦʜʘʪʘ. ʇʨʠ ʘʥʘʣʠʟʘ ʤʦʞʝ ʜʘ ʩʝ ʢʘʞʝ ʜʝʢʘ ʟʘ ʥʦʚʦʜʦʙʠʝʥʘʪʘ 

ʢʦʥʩʪʘʥʪʘ Tw=0.195 ʩʝ ʜʦʙʠʚʘ ʦʜʟʠʚ ʩʦ ʥʘʿʤʘʣʘ ʛʨʝʰʢʘ, ʙʝʟ ʦʩʮʠʣʘʮʠʠ ʧʨʠ ʜʚʠʞʝˁʝ ʢʦʥ 

ʩʪʘʮʠʦʥʘʨʥʘ ʩʦʩʪʦʿʙʘ ʠ ʝʜʥʘʢʚʦ ʚʨʝʤʝ ʥʘ ʩʪʘʙʠʣʠʟʠʨʘˁʝ ʥʘ ʩʠʩʪʝʤʦʪ ʚʦ ʩʪʘʮʠʦʥʘʨʥʘ 

ʩʦʩʪʦʿʙʘ ʢʘʢʦ ʠ ʦʜʟʠʚʠʪʝ ʩʦ ʜʨʫʛʠ ʚʨʝʜʥʦʩʪʠ ʥʘ Tw. ʇʨʠ ʪʦʘ ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʜʝʢʘ ʟʘ 

Tw=0.60458, ʢʘʜʝ ʰʪʦ RMSE ʝ ʜʫʨʠ 8% ʠ ʝ ʥʘʿʛʦʣʝʤʘ ʦʜ ʟʘʜʘʜʝʥʠʪʝ ʚʨʝʜʥʦʩʪʠ, ʜʘʚʘ ʦʜʟʠʚ 

ʩʦ ʥʘʿʛʦʣʝʤʠ ʦʩʮʠʣʘʮʠʠ ʠ ʠʩʪʦ ʚʨʝʤʝ ʥʘ ʧʦʩʪʠʛʥʫʚʘˁʝ ʥʘ ʩʪʘʮʠʦʥʘʨʥʘ ʩʦʩʪʦʿʙʘ ʢʘʢʦ ʠ ʟʘ 

ʩʠʪʝ ʦʩʪʘʥʘʪʠ ʚʨʝʜʥʦʩʪʠ ʥʘ Tw. ʀʩʪʦʪʦ ʩʝ ʦʜʥʝʩʫʚʘ ʠ ʟʘ ʘʥʘʣʠʟʘʪʘ ʥʘ ʦʜʟʠʚʦʪ ʥʘ ʘʛʦʣʥʘʪʘ 

ʙʨʟʠʥʘ ʦʜʥʦʩʥʦ ʬʨʝʢʚʝʥʮʠʿʘʪʘ ʦʜ ʢʘʜʝ ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʜʝʢʘ ʦʜʟʠʚʦʪ ʩʦ ʩʚʝʪʣʦ ʧʣʘʚʘ ʙʦʿʘ 

(Tw=0.195) ʩʦ ʥʘʿʤʘʣʘ ʛʨʝʰʢʘ ʿʘ ʜʦʩʪʠʛʥʫʚʘ ʨʝʬʝʨʝʥʪʥʘʪʘ ʚʨʝʜʥʦʩʪ ʦʜ 50 Hz.  
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ʉʣʠʢʘ 49. ʇʨʠʤʝʥʘ ʥʘ MLP ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘʪʘ ʚʦ 

ʮʝʚʢʦʚʦʜʦʪ Tw= 0.195, Tw=0.52615, Tw=0.60458 ʜʦʙʠʝʥʘ ʩʦ ML ʟʘ ʧʨʠʢʘʟ ʥʘ ʤʦ˃ʥʦʩʪʘ ʥʘ 

ʪʫʨʙʠʥʘʪʘ (ʚʪʦʨ ʦʙʿʝʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ) 

 

ʉʣʠʢʘ 50. ʇʨʠʤʝʥʘ ʥʘ MLP ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘʪʘ ʚʦ 

ʮʝʚʢʦʚʦʜʦʪ Tw= 0.195, Tw=0.52615, Tw=0.60458 ʜʦʙʠʝʥʘ ʩʦ ML ʟʘ ʜʝʪʘʣʝʥ ʧʨʠʢʘʟ ʥʘ 

ʬʨʝʢʚʝʥʮʠʿʘʪʘ (ʚʪʦʨ ʦʙʿʝʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ) 

ɼʦʢʦʣʢʫ ʩʝ ʘʥʘʣʠʟʠʨʘʘʪ ʨʝʟʫʣʪʘʪʠʪʝ ʧʨʠʢʘʞʘʥʠ ʥʘ ʉʣʠʢʘ 51 ʠ ʉʣʠʢʘ 52, ʟʘ ʩʠʪʝ ʚʨʝʜʥʦʩʪʠ 

ʥʘ ʥʦʚʦʜʦʙʠʝʥʠʪʝ Tw, ʩʝ ʜʦʙʠʚʘʘʪ ʩʣʠʯʥʠ ʦʜʟʠʚʠ ʦʜ ʢʘʜʝ ʢʘʢʦ ʥʘʿʩʦʦʜʚʝʪʝʥ ʤʦʞʝ ʜʘ ʩʝ 

ʠʟʙʝʨʝ Tw=0.8602 ʠʣʠ Tw=0.87875963 ʙʠʜʝʿ˃ʠ ʛʝʥʝʨʠʨʘʘʪ ʩʣʠʯʝʥ ʦʜʟʠʚ, ʥʦ ʤʘʣʢʫ ʧʦʙʨʟ ʚʦ 

ʧʦʩʪʠʛʥʫʚʘˁʝʪʦ ʥʘ ʩʪʘʮʠʦʥʘʨʥʘ ʩʦʩʪʦʿʙʘ, ʘ ʚʨʝʤʝʪʦ ʥʘ ʩʤʠʨʫʚʘˁʝ ʥʘ ʦʩʮʠʣʘʮʠʠʪʝ ʝ ʩʣʠʯʥʦ 

ʢʘʢʦ ʠ ʢʘʿ ʧʦʩʪʦʝʯʢʘʪʘ ʚʨʝʜʥʦʩʪ ʟʘ Tw. ʀʩʪʦ ʦʜ ʊʘʙʝʣʘ 11 ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʜʝʢʘ ʟʘ Tw=0.829, 

RMSE=76%, ʘ ʪʦʘ ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʠ ʦʜ ʦʜʟʠʚʦʪ ʢʦʿ ʧʦʩʪʦʿʘʥʦ ʦʩʮʠʣʠʨʘ ʦʢʦʣʫ ʩʪʘʮʠʦʥʘʨʥʘ 

ʩʦʩʪʦʿʙʘ ʩʦ ʪʝʥʜʝʥʮʠʿʘ ʥʘ ʥʘʤʘʣʫʚʘˁʝ ʥʘ ʦʩʮʠʣʘʮʠʠʪʝ, ʥʦ ʧʦʩʣʝ ʤʥʦʛʫ ʜʦʣʛ ʚʨʝʤʝʥʩʢʠ 

ʧʝʨʠʦʜ. ʀʩʪʦʪʦ ʤʦʞʝ ʜʘ ʩʝ ʟʘʙʝʣʝʞʠ ʠ ʢʘʿ ʦʜʟʠʚʦʪ ʟʘ ʬʨʝʢʚʝʥʮʠʿʘʪʘ ʦʜʥʦʩʥʦ ʘʛʦʣʥʘʪʘ 

ʙʨʟʠʥʘ, ʢʘʜʝ ʰʪʦ ʚʪʦʨʠʦʪ ʥʘʿʜʦʙʘʨ ʦʜʟʠʚ ʩʝ ʜʦʙʠʚʘ ʟʘ Tw=0.806. 
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ʉʣʠʢʘ 51. ʇʨʠʤʝʥʘ ʥʘ LSTM ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘ ʚʦ 

ʮʝʚʢʦʚʦʜʦʪ Tw = 0.829, Tw=8602, Tw=87875963 ʜʦʙʠʝʥʦ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML ʟʘ ʜʝʪʘʣʝʥ 

ʧʨʠʢʘʟ ʥʘ ʤʝʭʘʥʠʯʢʘʪʘ ʤʦ˃ʥʦʩʪ (ʚʪʦʨ ʦʙʿʝʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ) 

 

ʉʣʠʢʘ 52. ʇʨʠʤʝʥʘ ʥʘ LSTM ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘ ʚʦ 

ʮʝʚʢʦʚʦʜʦʪ Tw = 0.829, Tw=8602, Tw=87875963 ʜʦʙʠʝʥʦ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML ʟʘ ʜʝʪʘʣʝʥ 

ʧʨʠʢʘʟ ʥʘ ʬʨʝʢʚʝʥʮʠʿʘʪʘ (ʚʪʦʨ ʦʙʿʝʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ) 

ɼʦʢʦʣʢʫ ʩʝ ʥʘʧʨʘʚʠ ʘʥʘʣʠʟʘ ʥʘ ʩʠʪʝ ʚʨʝʤʝʥʩʢʠ ʢʦʥʩʪʘʥʪʠ ʥʘ ʚʦʜʘ ʚʦ ʮʝʚʢʦʚʦʜʦʪ ï Tw, ʤʦʞʝ 

ʜʘ ʩʝ ʚʠʜʠ ʜʝʢʘ ʚʨʝʜʥʦʩʪʠʪʝ ʜʦʙʠʝʥʠ ʩʦ ʧʨʠʤʝʥʘ ʥʘ MLP ʠ LSTM ʩʝ ʜʚʠʞʘʪ ʚʦ ʨʘʥʛʦʪ ʥʘ 

ʨʝʘʣʥʘʪʘ ʚʨʝʜʥʦʩʪ ʰʪʦ ʠʟʥʝʩʫʚʘ 0.479. ʀʩʪʦ ʪʘʢʘ ʦʚʘ ʝ ʜʦʙʘʨ ʧʨʠʤʝʨ ʦʜ ʢʘʜʝ ʰʪʦ ʤʦʞʝ ʜʘ 

ʩʝ ʢʘʞʝ ʜʝʢʘ ʥʝ ʩʝʢʦʛʘʰ ʥʘʿʤʦ˃ʥʘʪʘ ʤʝʪʦʜʘ ʠ ʤʨʝʞʘ ˃ʝ ʜʘʜʝ ʥʘʿʜʦʙʘʨ ʨʝʟʫʣʪʘʪ, ʧʦʥʝʢʦʛʘʰ 

ʝ ʜʦʚʦʣʥʦ ʧʦʝʜʥʦʩʪʘʚʥʘ ʤʝʪʦʜʘ ʢʘʢʦ ʰʪʦ ʝ MLP ʟʘ ʜʦʙʠʚʘˁʝ ʟʘʜʦʚʦʣʠʪʝʣʥʠ ʨʝʟʫʣʪʘʪʠ ʢʦʠ 

˃ʝ ʚʥʝʩʘʪ ʧʦʜʦʙʨʝʥʠ ʜʠʥʘʤʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʩʠʩʪʝʤ. 
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4.9 ɼʦʩʪʘʧʥʠ ʧʦʜʘʪʦʯʥʠ ʤʥʦʞʝʩʪʚʘ ʟʘ ʧʦʩʪʦʝʯʢʠ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʟʘ 

ʬʦʨʤʠʨʘˁʝ ʜʠʛʠʪʘʣʝʥ ʙʣʠʟʥʘʢ 

ɺʦ ʦʚʘ ʧʦʛʣʘʚʿʝ ˃ʝ ʙʠʜʘʪ ʧʨʠʢʘʞʘʥʠ ʜʝʣ ʦʜ ʩʥʠʤʝʥʠʪʝ ʧʦʜʘʪʦʮʠ ʦʜ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʪʝ 

ʦʙʿʝʢʪʠ (ʩʪʘʪʠʯʢʠ ʠ ʜʠʥʘʤʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ) ʩʦ ʢʦʠ ʩʝ ʨʘʙʦʪʝʰʝ ʚʦ ʪʝʢʦʪ ʥʘ ʦʚʘ 

ʠʩʪʨʘʞʫʚʘˁʝ. ʅʘʿʧʨʚʦ ʧʨʝʢʫ ʉʣʠʢʘ 53 ʠ ʉʣʠʢʘ 54 ʩʝ ʧʨʠʢʘʞʘʥʠ ʦʜʟʠʚʠʪʝ ʥʘ ʤʝʭʘʥʠʯʢʘʪʘ 

ʤʦ˃ʥʦʩʪ (ʩʠʥʘ ʙʦʿʘ) ʠ ʘʛʦʣʥʘʪʘ ʙʨʟʠʥʘ (ʧʦʨʪʦʢʘʣʦʚʘ ʙʦʿʘ). ʆʚʠʝ ʧʦʜʘʪʦʮʠ ʩʝ ʩʪʘʪʠʯʢʠʪʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʪ ʦʙʿʝʢʪ ʧʨʝʚʟʝʤʝʥʠ ʦʜ SCADA ʩʠʩʪʝʤʦʪ ʟʘ ʨʝʘʣʥʘʪʘ 

ʭʠʜʨʦʧʦʩʪʨʦʿʢʘ ʢʘʜʝ ʰʪʦ ʧʨʠʢʣʫʯʫʚʘˁʝʪʦ ʥʘ ʤʨʝʞʘ ʩʝ ʦʜʚʠʚʘ ʚʦ ʜʚʘ ʯʝʢʦʨʠ, ʩʦ ʜʚʘ ʯʝʢʦʨʥʠ 

ʚʣʝʟʦʚʠ. ʉʦʛʣʘʩʥʦ ʩʥʠʤʝʥʠʪʝ ʧʦʜʘʪʦʮʠ, ʥʘʧʨʘʚʝʥʠ ʩʝ ʠ ʧʨʠʣʘʛʦʜʫʚʘˁʘ ʥʘ ʩʠʤʫʣʘʮʠʠʪʝ 

ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʢʘʞʘʥʦ ʥʘ ʉʣʠʢʘ 55. 

 

ʉʣʠʢʘ 53. ʀʟʤʝʨʝʥʠ ʚʨʝʜʥʦʩʪʠ ʦʜ ʚʪʦʨ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ (ʧʨʠ ʚʢʣʫʯʫʚʘˁʝ ʥʘ 

ʪʫʨʙʠʥʘ) ʟʘ ʦʪʚʦʨʝʥʦʩʪ ʥʘ ʣʦʧʘʪʢʠ ʦʜ ʩʧʨʦʚʝʦʜʝʥ ʘʧʘʨʘʪ (ʩʠʥʘ ʙʦʿʘ) ʠ ʬʨʝʢʚʝʥʮʠʿʘ 

(ʧʦʨʪʦʢʘʣʦʚʘ ʙʦʿʘ) ʦʜ 08.02.2023 

 

ʉʣʠʢʘ 54. ʀʟʤʝʨʝʥʠ ʚʨʝʜʥʦʩʪʠ ʦʜ ʚʪʦʨ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠʦʙʿʝʢʪ (ʧʨʠ ʠʩʢʣʫʯʫʚʘˁʝ ʥʘ 

ʪʫʨʙʠʥʘ) ʟʘ ʦʪʚʦʨʝʥʦʩʪ ʥʘ ʣʦʧʘʪʢʠ ʦʜ ʩʧʨʦʚʝʦʜʝʥ ʘʧʘʨʘʪ (ʩʠʥʘ ʙʦʿʘ) ʠ ʬʨʝʢʚʝʥʮʠʿʘ 

(ʧʦʨʪʦʢʘʣʦʚʘ ʙʦʿʘ) ʦʜ 08.02.2023 

ʅʘ ʉʣʠʢʘ 55, ʧʨʝʪʩʪʘʚʝʥʦ ʝ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʦʜ ʚʪʦʨʘ, ʨʝʘʣʥʘ ʧʦʩʪʨʦʿʢʘ ʟʘ 

ʦʪʚʦʨʝʥʦʩʪʘ ʥʘ ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ, ʠʩʢʦʨʠʩʪʝʥʦ ʟʘ ʜʝʬʠʥʠʨʘˁʝ ʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ 
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ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ ʩʠʩʪʝʤ, ʜʝʬʠʥʠʨʘˁʝ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʧʨʦʝʢʪʠʨʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʟʘ PID 

ʫʧʨʘʚʫʚʘˁʝ, ʥʦ ʠ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʜʦʩʪʘʧʥʦʪʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ. 

 

ʉʣʠʢʘ 55. ʇʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʟʘ ʧʨʝʚʟʝʤʝʥʦ ʦʜ SCADA ʥʘ ʨʝʘʣʥʘʪʘ ʧʦʩʪʨʦʿʢʘ ʟʘ 

ʦʪʚʦʨʥʦʩʪ ʥʘ ʣʦʧʘʪʢʠ ʦʜ ʩʧʨʦʚʦʜʝʥ ʘʧʘʨʘʪ 

ʅʘ ʉʣʠʢʘ 56 ʝ ʧʨʠʢʘʞʘʥʦ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʦʜ ʚʪʦʨʘ, ʨʝʘʣʥʘ ʧʦʩʪʨʦʿʢʘ ʟʘ ʛʝʥʝʨʠʨʘʥʘ 

ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ, ʠʩʢʦʨʠʩʪʝʥʦ ʟʘ ʜʝʬʠʥʠʨʘˁʝ ʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ 

ʩʠʩʪʝʤ, ʜʝʬʠʥʠʨʘˁʝ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʧʨʦʝʢʪʠʨʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʟʘ PID ʫʧʨʘʚʫʚʘˁʝ, ʥʦ ʠ 

ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʦʙʨʘʙʦʪʢʘ ʥʘ ʜʦʩʪʘʧʥʦʪʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ. 

 

ʉʣʠʢʘ 56. ʇʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʧʨʝʚʟʝʤʝʥʦ ʦʜ SCADA ʥʘ ʨʝʘʣʥʘ ʧʦʩʪʨʦʿʢʘ ʟʘ ʛʝʥʝʨʠʨʘʥʘ 

ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ 
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ʅʘ ʉʣʠʢʘ 57 ʝ ʧʨʠʢʘʞʘʥʦ ʧʦʩʪʠʛʥʫʚʘˁʝʪʦ ʥʘ ʧʦʪʨʝʙʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʚʦ ʜʚʘ ʯʝʢʦʨʠ 

ʢʦʝ ʩʝ ʩʧʦʨʝʜʫʚʘ ʩʦʛʣʘʩʥʦ ʩʥʠʤʝʥʠʪʝ/ʨʝʘʣʥʠʪʝ ʧʦʜʘʪʦʮʠ ʧʨʠʢʘʞʘʥʠ ʥʘ ʉʣʠʢʘ 53.  

 

ʉʣʠʢʘ 57. ʉʤʫʣʘʮʠʩʢʠ ʤʦʜʝʣ ʦʜ ʨʝʘʣʥʝ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʩʦ ʜʚʘ ʯʝʢʦʨʠ ʟʘ 

ʚʦʩʧʦʩʪʘʚʫʚʘˁʝ ʥʘ ʧʦʪʨʝʙʥʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʧʨʠ ʚʢʣʫʯʫʚʘˁʝ 

ʉʧʦʨʝʜʙʝʥʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʘ ʛʝʥʝʨʠʨʘʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʠ ʬʨʝʢʚʝʥʮʠʿʘʪʘ 

ʧʨʝʟʝʤʝʥʠ ʦʜ ʥʘʧʨʘʚʝʥʦ ʤʝʨʝˁʝ ʦʜ ʧʨʚʠʦʪ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʧʨʠ ʫʧʨʘʚʫʚʘˁʝ ʩʦ 

ʨʘʩʧʨʝʜʝʣʫʚʘˁʝ ʥʘ ʟʘʩʠʣʫʚʘˁʘ ʟʘ PID, ʩʦ ʮʝʣ ʪʨʝʥʠʨʘˁʝ ʠ ʚʘʣʠʜʠʨʘˁʝ ʥʘ ʤʦʜʝʣʦʪ ʦʜ ML 

ʩʝ ʧʨʝʪʩʪʘʚʝʥʠ ʥʘ ʉʣʠʢʘ 58 ʠ ʉʣʠʢʘ 59. ʅʘ ʉʣʠʢʘ 60 ʠ ʉʣʠʢʘ 61 ʩʝ ʧʨʝʪʩʪʘʚʝʥʠ 

ʩʧʦʨʝʜʙʝʥʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʟʘ ʛʝʥʝʨʠʨʘʥʘʪʘ ʤʝʭʘʥʠʯʢʘ ʤʦ˃ʥʦʩʪ ʠ ʬʨʝʢʚʝʥʮʠʿʘʪʘ 

ʧʨʝʚʟʝʤʝʥʠ ʦʜ ʥʘʧʨʘʚʝʥʦ ʤʝʨʝˁʝ (ʜʠʥʘʤʠʯʢʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ) ʦʜ ʧʨʚʠʦʪ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ 

ʦʙʿʝʢʪ ʧʨʠ ʫʧʨʘʚʫʚʘˁʝ ʩʦ PID, ʩʦ ʮʝʣ ʪʨʝʥʠʨʘˁʝ ʠ ʚʘʣʠʜʠʨʘˁʝ ʥʘ ʤʦʜʝʣʦʪ ʦʜ ML. 

 

ʉʣʠʢʘ 58. ʆʜʟʠʚ ʦʜ ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ ʙʝʟ ʚʦʜʦʩʪʘʥ ʠ PID ʫʧʨʘʚʫʚʘˁʝ ʧʨʠ ʮʨʥ ʩʪʘʨʪ [66] 
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ʉʣʠʢʘ 59. ɼʝʚʠʿʘʮʠʿʘ ʥʘ ʬʨʝʢʚʝʥʮʠʿʘʪʘ ʥʘ ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ ʙʝʟ ʚʦʜʦʩʪʘʥ ʩʦ PID ʧʨʠ ʮʨʥ 

ʩʪʘʨʪ [66] 

 

ʉʣʠʢʘ 60. ʆʜʟʠʚ ʥʘ ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ ʙʝʟ ʚʦʜʦʩʪʘʥ ʠ ʩʦ ʨʘʩʧʦʨʝʜ ʥʘ ʟʘʩʠʣʫʚʘˁʘ ʥʘ PID 

ʧʨʠ ʮʨʥ ʩʪʘʨʪ [66] 



87 
 

 

ʉʣʠʢʘ 61. ɼʝʚʠʿʘʮʠʿʘ ʥʘ ʬʨʝʢʚʝʥʮʠʿʘʪʘ ʥʘ ʥʝʣʠʥʝʘʨʝʥ ʤʦʜʝʣ ʙʝʟ ʚʦʜʦʩʪʘʥ ʩʦ 

ʨʘʩʧʨʝʜʝʣʫʚʘˁʝ ʥʘ ʟʘʩʠʣʫʚʘˁʘ ʥʘ PID ʧʨʠ ʮʨʥ ʩʪʘʨʪ [66] 

ʅʘ ʉʣʠʢʘ 62 ʩʝ ʧʨʝʪʩʪʘʚʝʥʠ ʠʟʤʝʨʝʥʠ ʧʦʜʘʪʦʮʠ ʜʠʨʝʢʪʥʦ ʦʜ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʟʘ 

ʠʟʣʝʟʥʘʪʘ ʤʦ˃ʥʦʩʪ ʧʨʠ ʫʧʦʪʨʝʙʘ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝ. ɼʦʜʝʢʘ ʥʘ ʉʣʠʢʘ 63 ʩʝ ʧʨʠʢʘʞʘʥʠ 

ʧʦʜʘʪʦʮʠʪʝ ʧʨʝʚʟʝʤʝʥʠ ʦʜ SCADA ʩʠʩʪʝʤʦʪ ʟʘ ʩʪʘʪʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʠ ʧʦʥʘʪʘʤʫ ʩʝ 

ʢʦʨʠʩʪʘʪ ʢʘʢʦ ʚʣʝʟʥʦ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʟʘ ʦʙʨʘʙʦʪʢʘ ʩʦ ANN ʠ ML. 

 

ʉʣʠʢʘ 62. ʀʟʤʝʨʝʥʘ ʠʟʣʝʟʥʘ ʤʦ˃ʥʦʩʪ ʧʨʠ ʚʢʣʫʯʫʚʘˁʝ ʠ ʠʩʢʣʫʯʫʚʘˁʝ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ 

ʪʫʨʙʠʥʘ, ʧʦʜʘʪʦʮʠ ʠʩʢʦʨʠʩʪʝʥʠ ʟʘ ʪʨʝʥʠʨʘˁʝ ʠ ʚʘʣʠʜʠʨʘˁʝ ʥʘ ʤʦʜʝʣʦʪ ʦʜ ML 
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ʉʣʠʢʘ 63. ʇʨʝʚʟʝʤʝʥʠ ʧʦʜʘʪʦʮʠ ʦʜ SCADA ʩʠʩʪʝʤʦʪ ʟʘ ʧʨʚʘ ʧʦʩʪʨʦʿʢʘ 

ʉʦʛʣʘʩʥʦ ʧʨʠʢʘʞʘʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʦʜ ʩʠʤʫʣʘʮʠʩʢʠʪʝ ʤʦʜʝʣʠ ʠ ʧʨʠʤʝʥʘʪʘ ʥʘ ML ʢʘʿ 

ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢ ʢʘʢʦ ʦʙʿʝʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ, ʥʘʿʧʨʚʦ ʧʨʝʢʫ ʩʧʦʨʝʜʝʫʚʘˁʝ ʥʘ ʉʣʠʢʘ 31, 

ʉʣʠʢʘ 32, ʉʣʠʢʘ 33 ʠ ʉʣʠʢʘ 35, ʤʦʞʝ ʜʘ ʩʝ ʢʘʞʝ ʜʝʢʘ ʧʨʠʤʝʥʘʪʘ ʥʘ ʜʚʦʿʥʘ ʪʝʭʥʠʢʘ ʥʘ 

ʫʧʨʘʚʫʚʘˁʝ ʢʘʢʦ ʢʦʤʙʠʥʘʮʠʿʘ ʥʘ NARMA ʠ PID, ʧʨʠʜʦʥʝʩʫʚʘ ʜʦ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ 

ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʘʥʘʣʠʟʠʨʘʥʠʦʪ ʦʙʿʝʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ, ʜʦʜʝʢʘ ʧʘʢ ʩʘʤʦ 

ʢʦʨʠʩʪʝˁʝ ʥʘ NARMA ʪʝʭʥʠʢʘ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʧʨʠʜʦʥʝʩʫʚʘ ʜʦ ʪʦʘ ʜʘ ʚʦ ʩʪʘʮʠʦʥʘʨʥʘ 

ʩʦʩʪʦʿʙʘ ʩʝ ʧʦʿʘʚʫʚʘ ʛʨʝʰʢʘ ʢʦʿʘʰʪʦ ʥʝ ʤʦʞʝ ʜʘ ʩʝ ʝʣʠʤʠʥʠʨʘ. ʊʦʘ ʟʥʘʯʠ ʜʝʢʘ NARMA 

ʪʝʭʥʠʢʘʪʘ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʩʝ ʦʜʥʝʩʫʚʘ ʢʘʢʦ ʯʠʩʪʦ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ ʫʧʨʘʚʫʚʘˁʝ. ʊʦʘ ʤʦʞʝ ʜʘ 

ʩʝ ʩʣʫʯʠ ʦʜ ʧʦʚʝ˃ʝ ʧʨʠʯʠʥʠ, ʝʜʥʘ ʦʜ ʥʠʚ ʝ ʘʨʭʠʪʝʢʪʫʨʘʪʘ ʥʘ NN, ʠʟʙʦʨʦʪ ʥʘ ʛʦʣʝʤʠʥʘʪʘ ʥʘ 

ʭʠʧʝʨʧʘʨʘʤʝʪʨʠʪʝ, ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʠ ʥʝʛʦʚʘʪʘ ʧʦʜʛʦʪʦʚʢʘ ʧʨʝʜ ʜʘ ʩʝ 

ʢʦʨʠʩʪʠ ʩʦ ʘʣʛʦʨʠʪʤʠʪʝ ʥʘ ML. 

ɼʦʧʦʣʥʠʪʝʣʥʦ, ʜʠʨʝʢʪʥʦʪʦ ʚʤʝʪʥʫʚʘˁʝ ʥʘ NN ʚʦ ʩʠʩʪʝʤʦʪ ʢʘʢʦ ʟʘʤʝʥʘ ʟʘ ʝʜʝʥ ʧʦʪʩʠʩʪʝʤ 

ʦʜ ʮʝʣʠʦʪ ʦʙʝʿʢʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ, ʙʝʟ ʧʨʠʪʦʘ ʜʘ ʩʝ ʠʩʢʦʨʠʩʪʠ ʪʝʭʥʠʢʘ ʥʘ ʫʧʨʘʚʫʚʘˁʝ, 

ʩʦʛʣʘʩʥʦ ʨʝʟʫʣʪʘʪʠʪʝ ʧʨʠʢʘʞʘʥʠ ʥʘ ʉʣʠʢʘ 37, ʤʦʞʝ ʜʘ ʩʝ ʟʘʢʣʫʯʠ ʜʝʢʘ ʜʘʚʘ ʠʜʝʘʣʥʠ 

ʨʝʟʫʣʪʘʪʠ ʢʦʠ ʚʦ ʨʝʘʣʥʠ ʨʘʙʦʪʥʠ ʫʩʣʦʚʠ ʥʝ ʩʝ ʩʣʫʯʘʿ. 

ɺʦ ʦʜʥʦʩ ʥʘ ʧʨʠʤʝʥʘʪʘ ʥʘ ʘʣʛʦʨʠʪʤʠʪʝ ʥʘ ML ʟʘ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ PID ʩʦ 

ʮʝʣ ʧʦʜʦʙʨʫʚʘˁʝ ʥʘ ʜʠʥʘʤʠʯʢʠʪʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʦʙʝʿʢʪʠʪʝ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʝ ʧʨʝʪʩʪʘʚʝʥʦ 

ʧʨʝʢʫ ʨʝʟʫʣʪʘʪʠʪʝ ʧʨʠʢʘʞʘʥʠ ʥʘ ʉʣʠʢʘ 41 ʜʦ ʉʣʠʢʘ 44. ʇʨʠ ʪʦʘ ʦʜ ʛʦʣʝʤʦ ʟʥʘʯʝˁʝ ʝ ʠ 

ʘʨʭʠʪʝʢʪʫʨʘʪʘ ʥʘ NN, ʥʦ ʠ ʠʟʙʦʨʦʪ ʥʘ ʛʦʣʝʤʠʥʠʪʝ ʥʘ ʭʠʧʝʨʧʘʨʘʤʪʝʨʠʪʝ. 

ʀʩʪʦ ʪʘʢʘ ʩʦʛʣʘʩʥʦ ʨʝʟʫʣʪʘʪʠʪʝ ʧʨʠʢʘʞʘʥʠ ʥʘ ʉʣʠʢʘ 39 ʠ ʉʣʠʢʘ 40, ʉʣʠʢʘ 45 ʜʦ ʉʣʠʢʘ 52,   

ʤʦʞʝ ʜʘ ʩʝ ʢʘʞʝ ʜʝʢʘ ʘʣʛʦʨʠʪʤʠʪʝ ʥʘ ML, ʤʦʞʝ ʜʘ ʩʝ ʢʦʨʠʩʪʘʪ ʠ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʥʘ 
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ʩʠʩʪʝʤ. ɺʦ ʩʣʫʯʘʿʦʪ ʥʘ ʦʚʦʿ ʜʦʢʪʦʨʩʠ ʪʨʫʜ ʝ ʟʘ ʦʜʨʝʜʫʚʘˁʝ ʥʘ ʚʨʝʜʥʦʩʪʠ ʥʘ ʚʨʝʤʝʥʩʢʘʪʘ 

ʢʦʥʩʪʘʥʪʘ ʥʘ ʚʦʜʘʪʘ ʚʦ ʮʝʚʢʦʚʦʜʦʪ, Tw ʧʨʝʢʫ ʢʦʿʘ ʩʝ ʦʜʨʝʜʫʚʘ ʣʠʥʝʘʨʥʠʦʪ ʤʦʜʝʣ ʥʘ 

ʧʨʝʥʦʩʥʘ ʬʫʥʢʮʠʿʘ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʪʫʨʙʠʥʘ. ʀʩʪʦʪʦ ʚʘʞʠ ʠ ʪʫʢʘ, ʜʝʢʘ ʚʦ ʟʘʚʠʩʥʦʩʪ ʦʜ 

ʠʟʙʦʨʦʪ ʥʘ ʛʦʣʝʤʠʥʠʪʝ ʥʘ ʭʠʧʝʨʧʘʨʘʤʝʪʨʠʪʝ, ʦʜ ʘʣʛʦʨʠʪʘʤʦʪ, ʦʧʪʠʤʠʟʘʪʦʨʦʪ ʥʦ ʠ 

ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʠ ʪʦʘ ʢʘʢʦ ʝ ʠʩʪʦʪʦ ʦʙʨʘʙʦʪʝʥʦ, ʟʘʚʠʩʘʪ ʠ ʠʟʣʝʟʥʠʪʝ 

ʨʝʟʫʣʪʘʪʠ.  

ɿʘ ʜʘ ʩʝ ʬʦʨʤʠʨʘ ʜʠʛʠʪʘʣʝʥ ʙʣʠʟʥʘʢ ʟʘ ʝʜʝʥ ʬʠʟʠʯʢʠ ʩʠʩʪʝʤ, ʦʜ ʦʩʦʙʝʥʦ ʛʦʣʝʤʘ ʚʘʞʥʦʩʪ ʝ 

ʢʚʘʣʠʪʝʪʦʪ ʥʘ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ, ʥʦ ʩʦʛʣʘʩʥʦ ʧʨʠʢʘʞʘʥʠʪʝ ʨʝʟʫʣʪʘʪʠ, ʤʦʞʝ ʜʘ ʩʝ 

ʢʘʞʝ ʜʝʢʘ ʝ ʫʩʧʝʰʥʦ ʠʟʨʘʙʦʪʝʥ ʜʠʛʠʪʘʣʝʥ ʙʣʠʟʥʘʢ ʥʘ ʭʠʜʨʦʝʥʝʨʛʝʪʩʢʠ ʦʙʿʝʢʪ ʠ ʠʩʪʠʦʪ ʩʝ 

ʢʦʨʠʩʪʠ ʟʘ ʩʧʦʨʝʜʙʘ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʦʜ ʦʜʟʠʚʠʪʝ ʦʜ ʩʠʤʫʣʘʮʠʩʢʠ ʤʦʜʝʣʠ ʩʦ ʨʝʟʫʣʪʘʪʠʪʝ ʦʜ 

ʨʝʘʣʥʠ ʦʙʿʝʢʪʠ ʥʘ ʫʧʨʘʚʫʚʘˁʝ. 
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5 ɻʣʘʚʘ 5 ɺʝʨʠʬʠʢʘʮʠʿʘ ʥʘ ʧʨʠʤʝʥʘ ʥʘ ʚʝʰʪʘʯʢʠ ʥʝʚʨʦʥʩʢʠ ʤʨʝʞʠ ʠ ʤʘʰʠʥʩʢʦ 

ʫʯʝˁʝ  

ʉʦ ʮʝʣ ʜʘ ʩʝ ʚʝʨʠʬʠʮʠʨʘʘʪ ʧʨʝʟʝʥʪʠʨʘʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʦʜ ʩʠʤʫʣʘʮʠʠʪʝ, ʚʦ ʃʘʙʦʨʘʪʦʨʠʿʘʪʘ 

ʟʘ ʘʚʪʦʤʘʪʠʢʘ ʥʘ ʄʘʰʠʥʩʢʠʦʪ ʬʘʢʫʣʪʝʪ ʚʦ ʉʢʦʧʿʝ ʙʝʰʝ ʩʦʩʪʘʚʝʥ ʤʦʜʝʣ, ʭʠʜʨʘʫʣʠʯʥʘ 

ʠʥʩʪʘʣʘʮʠʿʘ ʢʦʿʘʰʪʦ ʩʝ ʩʦʩʪʦʠ ʦʜ ʭʠʜʨʘʫʣʠʯʥʘ ʧʫʤʧʘ ʢʦʿʘ ʚʦ ʚʦʩʧʦʩʪʘʚʝʥʠʦʪ ʩʠʩʪʝʤ ʙʝʰʝ 

ʚʦ ʬʫʥʢʮʠʿʘ ʩʦ ʧʨʠʪʠʩʦʢ ʦʜ 50 ʙʘʨʠ ʠʘʢʦ ʤʘʢʩʠʤʘʣʥʠʦʪ ʧʨʠʪʠʩʦʢ ʰʪʦ ʤʦʞʝ ʜʘ ʛʦ ʧʦʩʪʠʛʥʝ 

ʧʫʤʧʘʪʘ ʝ 150 ʙʘʨʠ, ʚʝʥʪʠʣ ʟʘ ʦʛʨʘʥʠʯʫʚʘˁʝ ʥʘ ʧʨʠʪʠʩʦʢ, 4/3 ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʨʘʩʧʦʨʝʜʥʠʢ 

ʦʜ ʜʚʝʪʝ ʩʪʨʘʥʠ ʘʢʪʠʚʠʨʘʥ ʩʦ ʩʦʣʝʥʦʠʜ ʠ ʧʨʫʞʠʥʠ, ʭʠʜʨʘʫʣʠʯʝʥ ʮʠʣʠʥʜʘʨ ʩʦ ʜʚʦʩʪʨʘʥʦ 

ʜʝʿʩʪʚʦ ʠ ʝʜʥʦʩʪʨʘʥʘ ʢʣʠʧʥʠʮʘ, ʙʝʟ ʜʦʧʦʣʥʠʪʝʣʥʦ ʥʘʜʚʦʨʝʰʥʦ ʦʧʪʦʚʘʨʫʚʘˁʝ. ʅʘʜʚʦʨʝʰʥʦ, 

ʜʦʧʦʣʥʠʪʝʣʥʦ ʦʧʪʦʚʘʨʫʚʘˁʝ ʥʝ ʙʝʰʝ ʧʦʩʪʘʚʝʥʦ ʧʦʨʘʜʠ ʪʦʘ ʰʪʦ ʟʘ ʮʝʣ ʥʘ ʚʝʨʠʬʠʢʘʮʠʿʘʪʘ 

ʥʝ ʙʝʰʝ ʜʘ ʩʝ ʘʥʘʣʠʟʠʨʘʘʪ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠʪʝ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʠʥʩʪʘʣʘʮʠʿʘ ʧʨʠ ʨʘʟʣʠʯʥʠ 

ʦʧʪʦʚʘʨʫʚʘˁʘ, ʪʫʢʫ ʜʘ ʩʝ ʚʠʜʠ ʢʘʢʦ ʠ ʜʘʣʠ ʨʝʟʫʣʪʘʪʠʪʝ ʧʨʝʜʚʠʜʝʥʠ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML, ʤʦʞʝ 

ʜʘ ʩʝ ʧʨʠʤʝʥʘʪ ʚʦ ʨʝʘʣʥʦʩʪʘ ʥʘ ʧʦʩʪʦʝʯʢʘ ʠʥʩʪʘʣʘʮʠʿʘ, ʘ ʧʨʠʪʦʘ ʢʦʣʢʘʚʦ ˃ʝ ʙʠʜʝ 

ʦʪʩʪʘʧʫʚʘˁʝʪʦ ʥʘ ʠʟʤʝʨʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʜʦʙʠʝʥʠ ʩʦ ʩʠʤʫʣʘʮʠʿʘ ʚʦ ʩʧʦʨʝʜʙʘ ʩʦ ʨʝʘʣʥʠʪʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʥʘ ʩʠʩʪʝʤʦʪ.  

ɸʣʛʦʨʠʪʘʤʦʪ ʥʘ ʧʨʦʮʝʩʦʪ ʟʘ ʚʝʨʠʬʠʢʘʮʠʿʘ ʥʘ ʧʦʜʘʪʦʮʠʪʝ ʜʦʙʠʝʥʠ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML ʝ 

ʩʣʝʜʝʥ: 

1. ʆʩʦʟʥʘʚʘˁʝ ʥʘ ʩʠʩʪʝʤʦʪ ʢʦʿʰʪʦ ʝ ʧʦʪʨʝʙʥʦ ʭʘʨʜʚʝʨʩʢʠ ʜʘ ʩʝ ʧʦʩʪʘʚʠ. 

2. ɺʦʩʧʦʩʪʘʚʫʚʘˁʝ ʥʘ ʭʘʨʜʚʝʨʩʢʠʦʪ ʜʝʣ ʥʘ ʩʠʩʪʝʤʦʪ ʠ ʧʦʚʨʟʫʚʘˁʝ ʥʘ ʢʦʤʧʦʥʝʥʪʠʪʝ. 

3. ɸʥʘʣʠʟʘ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʢʦʠ ʚʣʠʿʘʘʪ ʥʘ ʬʫʥʢʮʠʦʥʠʨʘˁʝʪʦ ʥʘ ʩʠʩʪʝʤʦʪ ʢʘʢʦ ʰʪʦ ʩʝ: 

ʥʘʧʦʥ, ʧʨʦʪʦʢ, ʧʨʠʪʠʩʦʢ, ʦʜ ʥʘ ʭʠʜʨʘʫʣʠʯʥʠʦʪ ʮʠʣʠʥʜʘʨ. 

4. ʇʦʚʨʟʫʚʘˁʝ ʥʘ ʮʝʣʠʦʪ ʩʠʩʪʝʤ ʩʦ PLC. 

5. ʇʦʩʪʘʚʫʚʘˁʝ (ʥʘ ʭʘʨʜʚʝʨʩʢʘʪʘ ʠʥʩʪʘʣʘʮʠʿʘ) ʠ ʧʦʚʨʟʫʚʘˁʝ ʥʘ ʩʝʥʟʦʨʦʪ (ʥʘ PLC) ʟʘ 

ʤʝʨʝˁʝ ʥʘ ʧʦʟʠʮʠʿʘʪʘ ʥʘ ʠʟʚʣʝʢʫʚʘˁʝ ʠʣʠ ʚʦʚʣʝʢʫʚʘˁʝ ʥʘ ʢʣʠʧʦʪ ʦʜ ʭʠʜʨʘʫʣʠʯʥʠʦʪ 

ʮʠʣʠʥʜʘʨ. 

6. ɺʦʩʧʦʩʪʘʚʫʚʘˁʝ ʢʦʤʫʥʠʢʘʮʠʿʘ ʧʦʤʝʺʫ ʭʘʨʜʚʝʨʩʢʠʦʪ ʠ ʩʦʬʪʚʝʨʩʢʠʦʪ ʜʝʣ. 

7. ʇʨʠʣʘʛʦʜʫʚʘˁʝ ʥʘ ʤʦʜʝʣʦʪ ʚʦ MATLAB /Simulink ʢʦʥ ʧʦʩʪʦʝʯʢʘʪʘ ʭʘʨʜʚʝʨʩʢʘ 

ʠʥʩʪʘʣʘʮʠʿʘ. 

8. ʉʝ ʧʠhʫʚʘ ʩʢʨʠʧʪʘ ʚʦ ʧʨʦʛʨʘʤʩʢʠʦʪ ʿʘʟʠʢ Python ʢʦʿʘ ʩʦ ʧʦʤʦʰ ʥʘ ML ˃ʝ ʛʦ 

ʦʙʨʘʙʦʪʠ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ, ʘ ʧʦʪʦʘ ʩʦʛʣʘʩʥʦ ʚʥʝʩʝʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ˃ʝ ʛʠ 

ʧʨʝʜʚʠʜʠ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ.  

9. ʉʦ ʧʦʤʦʰ ʥʘ B&R Automation Studio Toolbox, ʠʟʨʘʙʦʪʝʥʠʦʪ ʤʦʜʝʣ ʚʦ Simulink ʩʝ 

ʧʨʝʪʚʦʨʘ ʚʦ ʎ ʢʦʜ, ʘ ʧʦʪʦʘ ʠʩʪʠʦʪ ʢʦʜ ʩʝ ʧʨʝʬʨʣʘ ʠ ʦʙʨʘʙʦʪʫʚʘ ʥʘ PLC. 

10. ɼʦʙʠʝʥʠʪʝ ʧʨʝʜʚʠʜʝʥʠ ʧʘʨʘʤʝʪʨʠ ʟʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʦʜ ML, ʩʝ ʚʥʝʩʫʚʘʘʪ ʚʦ PLC 

ʧʨʝʢʫ ʢʦʿ ʩʝ ʠʟʚʝʜʫʚʘ ʫʧʨʘʚʫʚʘˁʝʪʦ ʥʘ ʠʟʚʣʝʢʫʚʘˁʝ/ʚʦʚʣʝʢʫʚʘˁʝ ʥʘ ʭʠʜʨʘʫʣʠʯʥʠʦʪ 

ʮʠʣʠʥʜʘʨ. 

11. ʉʝ ʦʪʯʠʪʫʚʘʘʪ ʧʦʜʘʪʦʮʠʪʝ ʠʟʤʝʨʝʥʠ ʦʜ ʩʝʥʟʦʨʦʪ ʠ ʛʨʘʬʠʯʢʠ ʩʝ ʧʨʝʪʩʪʘʚʫʚʘʘʪ ʚʦ 

Excel. 

12. ʀʩʪʠʪʝ ʜʦʙʠʝʥʠ ʧʘʨʘʤʝʪʨʠ ʩʝ ʩʪʘʚʘʘʪ ʠ ʚʦ ʩʠʤʫʣʘʮʠʩʢʠʦʪ ʤʦʜʝʣ ʩʦ ʮʝʣ ʜʘ ʩʝ 

ʩʧʦʨʝʜʘʪ ʜʦʙʠʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʦʜ ʩʠʤʫʣʘʮʠʿʘ ʠ ʜʦʙʠʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ʦʜ ʤʝʨʝˁʝʪʦ. 
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ʉʦ ʮʝʣ ʜʘ ʩʝ ʩʣʝʜʠ ʠ ʤʝʨʠ ʧʦʟʠʮʠʿʘʪʘ ʥʘ ʠʟʚʣʝʢʫʚʘˁʝ ʠ ʚʦʚʣʝʢʫʚʘˁʝ ʥʘ ʢʣʠʧʦʪ ʦʜ 

ʭʠʜʨʘʫʣʠʯʥʠʦʪ ʮʠʣʠʥʜʘʨ, ʢʦʨʠʩʪʝʥ ʝ ʣʠʥʝʘʨʝʥ ʩʝʥʟʦʨ ʟʘ ʤʝʨʝˁʝ ʧʦʟʠʮʠʿʘ ʠ ʪʦʘ Li300P0-

Q25LM0-LIU5X3-H1151 ʦʜ ʧʨʦʠʟʚʦʜʠʪʝʣʦʪ TURCK. 

ɿʘ ʜʘ ʩʝ ʧʨʠʢʘʞʝ ʧʨʠʤʝʥʘʪʘ ʥʘ ʨʘʟʣʠʯʥʠ ʤʝʪʦʜʠ ʥʘ ML ʚʦ ʨʝʘʣʥʘ ʧʨʠʤʝʥʘ, ʥʦ ʚʦ 

ʣʘʙʦʨʘʪʦʨʠʩʢʠ ʫʩʣʦʚʠ, ʙʝʰʝ ʧʨʠʤʝʥʝʪʘ ʤʝʪʦʜʘʪʘ ʥʘ ʙʨʟʦ ʧʨʦʪʦʪʠʧʠʨʘˁʝ. ɿʘ ʜʘ ʩʝ ʧʨʠʤʝʥʠ 

ʪʘʘ ʤʝʪʦʜʘ, ʥʘʿʧʨʚʦ ʚʦ MATLAB /Simulink ʙʝʰʝ ʠʟʨʘʙʦʪʝʥ ʤʦʜʝʣ ʥʘ ʭʠʜʨʘʫʣʠʯʝʥ ʩʠʩʪʝʤ, 

ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʚʝʥʪʠʣ ʠ ʭʠʜʨʘʫʣʠʯʝʥ ʮʠʣʠʥʜʘʨ ʩʦ ʜʚʦʩʪʨʘʥʦ ʜʝʿʩʪʚʦ ʠ ʝʜʥʦʩʪʨʘʥʘ 

ʢʣʠʧʥʠʮʘ ʙʝʟ ʥʘʜʚʦʨʝʰʥʦ ʦʧʪʦʚʘʨʫʚʘˁʝ, ʧʨʠʣʘʛʦʜʝʥ ʩʦʛʣʘʩʥʦ ʧʘʨʘʤʝʪʨʠʪʝ ʠ ʛʦʣʝʤʠʥʠʪʝ 

ʥʘ ʢʦʤʧʦʥʝʥʪʠʪʝ ʜʦʩʪʘʧʥʠ ʚʦ ʃʘʙʦʨʘʪʦʨʠʿʘʪʘ ʟʘ ʘʚʪʦʤʘʪʠʢʘ ʥʘ ʄʘʰʠʥʩʢʠʦʪ ʬʘʢʫʣʪʝʪ ʚʦ 

ʉʢʦʧʿʝ. ʇʨʠ ʪʦʘ ʨʝʟʫʣʪʘʪʠʪʝ ʦʜ ʩʠʤʫʣʘʮʠʿʘ ʠ ʨʝʟʫʣʪʘʪʠʪʝ ʥʘʧʨʘʚʝʥʠ ʦʜ ʤʝʨʝˁʘʪʘ, ʩʝ 

ʩʧʦʨʝʜʝʥʠ ʩʦ ʮʝʣ ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʚʝʨʠʬʠʢʘʮʠʿʘ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʜʦʙʠʝʥʠ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML. ɿʘ 

ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʤʝʨʝˁʝ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʚʦ ʨʝʘʣʥʦ ʚʨʝʤʝ, ʩʝ ʢʦʨʠʩʪʠ ʤʝʪʦʜʘʪʘ ʥʘ real time 

control prototyping. ʇʨʝʩʤʝʪʢʘʪʘ ʥʘ ʩʠʤʫʣʘʮʠʿʘʪʘ ʟʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʠʥʩʪʘʣʘʮʠʿʘ 

(ʭʠʜʨʘʫʣʠʯʝʥ ʮʠʣʠʥʜʘʨ ʠ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʨʘʩʧʦʨʝʜʥʠʢ) ʩʝ ʚʨʰʠ ʩʦ ʙʨʟʠʥʘ ʥʘ ʩʝʤʧʣʠʨʘˁʝ 

ʦʜ 0,01 ʩʝʢʫʥʜʘ. ʉʠʤʫʣʘʮʠʿʘʪʘ ʝ ʠʟʨʘʙʦʪʝʥʘ ʚʦ ʩʦʬʪʚʝʨʩʢʠʦʪ ʧʘʢʝʪ MATLAB /Simulink. 

ɼʝʬʠʥʠʨʘˁʝʪʦ ʥʘ ʨʝʬʝʨʝʥʪʥʘʪʘ ʧʦʟʠʮʠʿʘ ʦʜʥʦʩʥʦ ʧʦʤʝʩʪʦʪ ʥʘ ʢʣʠʧʦʪ ʦʜ ʭʠʜʨʘʫʣʠʯʥʠʦʪ 

ʮʠʣʠʥʜʘʨ ʟʘʚʠʩʠ ʦʜ ʢʦʥʩʪʘʥʪʠʪʝ ʜʦʙʠʝʥʠ ʦʜ ʧʨʠʤʝʥʘʪʘ ʥʘ ML.   

ʇʨʠʤʝʥʘ ʥʘ ʤʝʪʦʜʘʪʘ ʟʘ ʧʨʝʩʤʝʪʢʘ ʠ ʜʦʙʠʚʘˁʝ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʚʦ ʨʝʘʣʥʦ ʚʨʝʤʝ ʟʘ 

ʚʝʨʠʬʠʢʘʮʠʿʘ ʥʘ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʩʠʛʥʘʣ ʦʧʬʘ˃ʘ ʧʨʠʤʝʥʘ ʥʘ ʩʦʬʪʚʝʨʦʪ MATLAB /Simulink 

ʚʦ ʢʦʿ ʝ ʩʠʤʫʣʠʨʘʥ ʧʨʦʮʝʩʦʪ ʥʘ ʠʟʚʣʝʢʫʚʘˁʝ ʠ ʚʦʚʣʝʢʫʚʘˁʝ ʥʘ ʭʠʜʨʘʫʣʠʯʝʥ ʮʠʣʠʥʜʘʨ 

ʫʧʨʘʚʫʚʘʥ ʦʜ ʩʪʨʘʥʘ ʥʘ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ 4/3 ʚʝʥʪʠʣ. ɹʠʜʝʿ˃ʠ ʧʨʦʧʦʨʮʠʦʥʘʣʥʠʦʪ 

ʨʘʩʧʦʨʝʜʥʠʢ ʦʜ ʜʚʝʪʝ ʩʪʨʘʥʠ ʝ ʘʢʪʠʚʠʨʘʥ ʩʦ ʩʦʣʝʥʦʠʜ, ʥʘʧʦʥʦʪ ʢʦʿʰʪʦ ʩʝ ʜʦʚʝʜʫʚʘ ʥʘ 

ʩʦʣʝʥʦʠʜʦʪ ʝ Ñ 10 V. ʊʦʘ ʟʥʘʯʠ ʜʝʢʘ ʩʦ ʜʦʚʝʜʫʚʘˁʝ ʥʘ ʥʘʧʦʥ ʦʜ -10 V ʜʦ 0 V, ˃ʝ ʛʦ ʘʢʪʠʚʠʨʘ 

ʩʦʣʝʥʦʠʜʦʪ ɸ, ʦʜʥʦʩʥʦ ˃ʝ ʩʝ ʠʟʚʝʜʫʚʘ ʬʘʟʘʪʘ ʥʘ ʠʟʚʣʝʢʫʚʘˁʝ, ʜʦʜʝʢʘ ʩʦ ʜʦʚʝʜʫʚʘˁʝ ʥʘ 

ʥʘʧʦʥ ʦʜ 0 V ʜʦ +10 V, ˃ʝ ʩʝ ʘʢʪʠʚʠʨʘ ʩʦʣʝʥʦʠʜʦʪ ɹ, ʦʜʥʦʩʥʦ ˃ʝ ʩʝ ʠʟʚʝʜʫʚʘ ʬʘʟʘʪʘ ʥʘ 

ʚʦʚʣʝʢʫʚʘˁʝ.   

ʇʨʚʠʯʥʘʪʘ ʠʜʝʿʘ ʙʝʰʝ ʜʘ ʩʝ ʠʩʢʦʨʠʩʪʠ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʠ ʫʧʨʘʚʫʚʘʯʢʠʦʪ ʩʠʛʥʘʣ 

ʦʜ ʥʝʛʦ ʜʘ ʩʝ ʧʨʝʩʣʠʢʘ ʥʘ ʭʠʨʘʫʣʠʯʥʘʪʘ ʠʥʩʪʘʣʘʮʠʿʘ. ʅʦ ʩʦ ʜʦʩʪʘʧʥʠʦʪ ʭʘʨʜʚʝʨ ʚʦ 

ʃʘʙʦʨʘʪʦʨʠʿʘʪʘ ʟʘ ʘʚʪʦʤʘʪʠʢʘ ʥʘ ʄʘʰʠʥʩʢʠʦʪ ʬʘʢʫʣʪʝʪ ʚʦ ʉʢʦʧʿʝ, ʥʝ ʙʝʰʝ ʚʦʟʤʦʞʥʦ ʜʘ ʩʝ 

ʧʨʝʩʣʠʢʘ ʤʦʜʝʣʦʪ ʥʘ ʫʧʨʘʚʫʚʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ NN ʧʦʨʘʜʠ ʟʘʩʪʘʨʝʥʦʩʪʘ ʥʘ ʦʧʨʝʤʘʪʘ, ʧʘ 

ʟʘʪʦʘ ʠʩʢʦʨʠʩʪʝʥʘ ʙʝʰʝ ʦʧʮʠʿʘʪʘ ʩʦ ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝ ʠ 

ʥʠʚʥʦ ʚʤʝʪʥʫʚʘˁʝ ʚʦ PLC ʩʦ ʮʝʣ ʫʧʨʘʚʫʚʘˁʝ ʥʘ ʠʟʚʣʝʢʫʚʘˁʝ ʠ ʚʦʚʣʝʢʫʚʘˁʝ ʥʘ ʢʣʠʧʦʪ ʦʜ 

ʭʠʜʨʘʫʣʠʯʥʠʦʪ ʮʠʣʠʥʜʘʨ ʢʦʿʰʪʦ ʩʠʤʫʣʠʨʘ ʦʪʚʦʨʘˁʝ ʠ ʟʘʪʚʦʨʘˁ ʝ ʦʜʥʦʩʥʦ ʧʦʤʝʩʪʫʚʘˁʝ ʥʘ 

ʣʦʧʘʪʢʠʪʝ ʦʜ ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ.   

ɿʘ ʜʘ ʤʦʞʝ ʚʦ ʨʝʘʣʥʦ ʚʨʝʤʝ ʜʘ ʩʝ ʨʝʘʣʠʟʠʨʘ ʚʝʨʠʬʠʢʘʮʠʿʘ ʥʘ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ PID ʜʦʙʠʝʥʠ 

ʩʦ ML, ʙʝʰʝ ʠʩʢʦʨʠʩʪʝʥ PLC ʪʠʧ B&R XC20 CP 1485. ʆʩʚʝʥ ʧʨʦʮʝʩʦʨʦʪ, ʙʝʘ ʠʩʢʦʨʠʩʪʝʥʠ 

ʠ ʘʥʘʣʦʛʥʠ ʚʣʝʟʦʚʠ AI 4622 ʟʘ ʜʘ ʤʦʞʝ ʜʘ ʩʝ ʧʦʚʨʟʝ ʩʝʥʟʦʨʦʪ ʟʘ ʤʝʨʝˁʝ ʧʦʟʠʮʠʿʘ ʠ 

ʘʥʘʣʦʛʥʠʪʝ ʠʟʣʝʟʠ AO 4622 ʟʘ ʜʘ ʤʦʞʝ ʜʘ ʩʝ ʨʝʘʣʠʟʠʨʘ ʜʦʚʝʜʫʚʘˁʝʪʦ ʥʘ ʥʘʧʦʥ ʥʘ ʝʜʝʥ ʦʜ 

ʩʦʣʝʥʦʠʜʠʪʝ ɸ ʠʣʠ ɺ ʩʦ ʮʝʣ ʠʟʚʣʝʢʫʚʘˁʝ ʠʣʠ ʚʦʚʣʝʢʫʚʘˁʝ. 
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ʀʟʨʘʙʦʪʝʥʠʦʪ ʤʦʜʝʣ ʚʦ MATLAB /Simulink ʝ ʠʩʢʦʨʠʩʪʝʥ ʩʦ ʮʝʣ ʜʘ ʩʝ ʩʧʦʨʝʜʘʪ ʠʟʤʝʨʝʥʠʪʝ 

ʦʜʟʠʚʠ ʩʦ ʦʜʟʠʚʠʪʝ ʦʜ ʩʠʤʫʣʘʮʠʿʘ ʠ ʜʘ ʩʝ ʜʦʙʠʝ ʧʨʦʮʝʥʪʫʘʣʥʦ ʟʘ ʢʦʣʢʫ ʩʝ ʨʘʟʣʠʢʫʚʘʘʪ ʪʠʝ 

ʧʦʤʝʺʫ ʩʝʙʝ ʩʦ ʮʝʣ ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʚʝʨʠʬʠʢʘʮʠʿʘ ʥʘ ʚʨʝʜʥʦʩʪʠʪʝ ʜʦʙʠʝʥʠ ʩʦ ʧʦʤʦʰ ʥʘ ML.  

ʅʘ ʉʣʠʢʘ 64, ʩʣʠʢʦʚʠʪʦ ʝ ʧʨʝʪʩʪʘʚʝʥʘ ʰʝʤʘ ʥʘ ʮʝʣʦʢʫʧʥʘʪʘ ʠʥʩʪʘʣʘʮʠʿʘ ʩʦʩʪʘʚʝʥʘ ʦʜ 

ʭʠʜʨʘʫʣʠʯʝʥ ʮʠʣʠʥʜʘʨ ʩʦ ʜʚʦʩʪʨʘʥʦ ʜʝʿʩʪʚʦ ʠ ʝʜʥʦʩʪʨʘʥʘ ʢʣʠʧʥʠʮʘ, 4/3 ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ 

ʨʘʩʧʦʨʝʜʥʠʢ, ʧʫʤʧʘ, ʩʝʥʟʦʨ ʟʘ ʤʝʨʝˁʝ ʥʘ ʧʦʟʠʮʠʿʘ, ʧʨʝʪʚʦʨʘʯ ʥʘ ʩʠʛʥʘʣ ʠ PLC. 
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ʉʣʠʢʘ 64. ʐʝʤʘ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ ʠʥʩʪʘʣʘʮʠʿʘ ʚʦ ʃʘʙʦʨʘʪʦʨʠʿʘʪʘ ʟʘ ʘʚʪʦʤʘʪʠʢʘ 



94 
 

ʅʘ ʉʣʠʢʘ 65 ʧʨʝʪʩʪʘʚʝʥ ʝ ʤʦʜʝʣʦʪ ʠʟʨʘʙʦʪʝʥ ʚʦ MATLAB /Simulink ʢʦʿʰʪʦ ʩʝ ʢʦʨʠʩʪʠ ʟʘ 

ʨʝʘʣʠʟʠʨʘˁʝ ʥʘ ʤʝʪʦʜʘʪʘ ʥʘ ʙʨʟʦ ʧʨʦʪʦʪʠʧʠʨʘˁʝ (real-time control prototyping) ʥʘ 

ʭʠʜʘʨʫʣʠʯʥʘ ʠʥʩʪʘʣʘʮʠʿʘ ʩʦʩʪʘʚʝʥʘ ʦʜ ʭʠʜʨʘʫʣʠʯʝʥ ʮʠʣʠʥʜʘʨ ʠ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ 4/3 

ʨʘʩʧʦʨʝʜʥʠʢ ʟʘ ʧʨʝʩʤʝʪʫʚʘˁʝ ʚʦ ʨʝʘʣʥʦ ʚʨʝʤʝ, ʘ ʩʦ ʪʦʘ ʠ ʘʥʘʣʠʟʘ ʥʘ ʚʣʠʿʘʥʠʝʪʦ ʥʘ 

ʢʦʥʩʪʘʥʪʠʪʝ ʦʜ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʜʦʙʠʝʥʠ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML.  

 

ʉʣʠʢʘ 65. ʄʦʜʝʣ ʥʘ ʭʠʜʨʘʫʣʠʯʥʘ ʠʥʩʪʘʣʘʮʠʿʘ ʠʟʨʘʙʦʪʝʥʘ ʚʦ MATLAB/Simulink 

ʧʦʜʛʦʪʚʝʥʘ ʟʘ ʧʨʝʩʤʝʪʢʘ ʚʦ ʨʝʘʣʥʦ ʚʨʝʤʝ ʩʦ ʧʦʤʦʰ ʥʘ B&R Automation Studio Toolbox 

ʅʘ ʉʣʠʢʘ 66 ʝ ʧʨʝʪʩʪʘʚʝʥ ʬʠʟʠʯʢʠʦʪ ʤʦʜʝʣ ʟʘ ʩʠʤʫʣʠʨʘˁʝ ʥʘ ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ ʧʨʝʢʫ 

ʢʦʿʘ ˃ʝ ʩʝ ʥʘʧʨʘʚʠ ʚʝʨʠʬʠʢʘʮʠʿʘ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʦʜ ML. 

 

ʉʣʠʢʘ 66. ʃʘʙʦʨʘʪʦʨʠʩʢʘ ʠʥʩʪʘʣʘʮʠʿʘ ʟʘ ʚʝʨʠʬʠʢʘʮʠʿʘ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʦʜ ʤʘʰʠʥʩʢʦʪʦ 

ʫʯʝˁʝ 
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ʅʘʿʧʨʚʦ ʙʝʰʝ ʥʘʧʨʘʚʝʥʦ ʤʝʨʝˁʝ ʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʪʘ ʥʘ ʨʘʩʧʦʨʝʜʥʠʢʦʪ ʟʘ ʥʝʛʦʚʠʪʝ ʜʚʘ 

ʩʦʣʝʥʦʠʜʠ, ɸ ʠ ɹ. ʇʨʝʢʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʪʘ ʥʘ ʨʘʩʧʦʨʝʜʥʠʢʦʪ ʙʝʰʝ ʫʪʚʨʜʝʥʦ ʢʘʢʦ ʩʝ ʤʝʥʫʚʘ 

ʧʨʦʪʦʢʦʪ ʚʦ ʦʜʥʦʩ ʥʘ ʜʦʚʝʜʝʥʠʦʪ ʥʘʧʦʥ ʠʣʠ ʩʪʨʫʿʘ. ʂʘʨʘʢʪʝʨʠʩʪʠʢʘʪʘ ʥʘ ʨʘʩʧʦʨʝʜʥʠʢʦʪ ʝ 

ʧʨʠʢʘʞʘʥʘ ʥʘ ʉʣʠʢʘ 67 ʠ ʉʣʠʢʘ 68. ʀʩʪʦ ʪʘʢʘ ʧʨʝʢʫ ʧʦʚʪʦʨʫʚʘˁʝ ʥʘ ʤʝʨʝˁʝʪʦ ʙʝʰʝ ʫʚʠʜʝʥʦ 

ʜʝʢʘ ʢʨʠʚʘʪʘ ʥʘ ʨʘʩʧʦʨʝʜʥʠʢʦʪ ʥʝ ʝ ʢʦʥʩʪʘʥʪʥʦ ʠʩʪʘ ʚʦ ʤʦʤʝʥʪʦʪ ʢʦʛʘ ʭʠʜʨʘʫʣʠʯʥʘʪʘ 

ʠʥʩʪʘʣʘʮʠʿʘ ʝ ʚʢʣʫʯʝʥʘ ʠ ʧʦʩʣʝ ʦʜʨʝʜʝʥʦ ʚʨʝʤʝ (10-20 ʤʠʥʫʪʠ) ʨʘʙʦʪʘ. ʉʝ ʧʨʝʪʧʦʩʪʘʚʫʚʘ 

ʜʝʢʘ ʧʨʠʯʠʥʘ ʟʘ ʧʦʿʘʚʘ ʥʘ ʨʘʟʣʠʢʘ ʚʦ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʪʘ ʥʘ ʨʘʩʧʦʨʝʜʥʠʢʦʪ ʝ ʧʦʨʘʜʠ ʪʦʘ ʰʪʦ 

ʧʦʩʣʝ ʦʜʨʝʜʝʥʦ ʚʨʝʤʝ, ʢʦʛʘ ʪʝʤʧʝʨʘʪʫʨʘʪʘ ʥʘ ʭʠʜʨʘʫʣʠʯʥʦʪʦ ʤʘʩʣʦ ˃ʝ ʿʘ ʜʦʩʪʠʛʥʝ 

ʥʦʨʤʘʣʥʘʪʘ ʨʘʙʦʪʥʘʪʘ ʪʝʤʧʝʨʘʪʫʨʘ (40õ50 ↔ C), ʧʫʤʧʘʪʘ ʟʘʧʦʯʥʫʚʘ ʜʘ ʠʩʧʫʰʪʘ ʛʣʘʩʥʠ ʠ 

ʥʝʩʪʘʥʜʘʨʜʥʠ ʟʚʫʮʠ. ʇʦʨʘʜʠ ʧʦʪʚʨʜʫʚʘˁʝ ʥʘ ʥʘʚʝʜʝʥʘʪʘ ʧʨʝʪʧʦʩʪʘʚʢʘ, ʚʦ ʠʜʥʠʥʘ ʝ 

ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʥʘʧʨʘʚʘʪ ʜʝʪʘʣʥʠ ʤʝʨʝˁʘ ʠ ʘʥʘʣʠʟʠ ʟʘ ʜʘ ʩʝ ʚʠʜʠ ʢʦʣʢʫ ʧʨʦʤʝʥʘʪʘ ʥʘ 

ʪʝʤʧʝʨʘʪʫʨʘʪʘ ʥʘ ʭʠʜʨʘʫʣʠʯʥʦʪʦ ʤʘʩʣʦ ʚʣʠʿʘʝ ʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʪʘ ʥʘ ʨʘʩʧʦʨʝʜʥʠʢʦʪ ʠ 

ʧʫʤʧʘʪʘ ʠ ʢʦʣʢʫ ʪʘʘ ʧʨʦʤʝʥʘ ʚʣʠʿʘʝ ʥʘ ʧʝʨʬʦʨʤʘʥʩʠʪʝ ʥʘ ʩʠʩʪʝʤʦʪ. ɼʦʢʦʣʢʫ ʩʝ ʩʧʦʨʝʜʠ 

ʩʨʝʜʥʘʪʘ ʚʨʝʜʥʦʩʪ ʥʘ ʤʝʨʝˁʘʪʘ ʟʘ ʩʪʨʫʿʘ ʚʦ ʦʜʥʦʩ ʥʘ ʧʨʦʪʦʢʦʪ ʠ ʥʘʧʦʥʦʪ ʚʦ ʦʜʥʦʩ ʥʘ 

ʩʪʨʫʿʘʪʘ, ʤʦʞʝ ʜʘ ʩʝ ʢʘʞʝ ʜʝʢʘ ʨʘʟʣʠʢʘʪʘ ʥʘ ʢʨʠʚʘʪʘ ʝ ʦʢʦʣʫ 20%. ʊʘʢʚʘʪʘ ʨʘʟʣʠʢʘ ˃ʝ ʙʠʜʝ 

ʟʝʤʝʥʘ ʚʦ ʧʨʝʜʚʠʜ ʢʦʛʘ ˃ʝ ʩʝ ʘʥʘʣʠʟʠʨʘʘʪ ʦʜʟʠʚʠʪʝ ʧʨʠ ʚʝʨʠʬʠʢʘʮʠʿʘ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʢʦʠ ˃ʝ 

ʙʠʜʘʪ ʧʨʝʟʝʥʪʠʨʘʥʠ ʟʘ ʨʘʟʣʠʯʥʠ ʧʨʝʜʚʠʜʝʥʠ ʚʨʝʜʥʦʩʪʠ ʜʦʙʠʝʥʠ ʩʦ ʧʦʤʦʰ ʠ ʧʨʠʤʝʥʘ ʥʘ 

ʤʝʪʦʜʠʪʝ ʥʘ ML. 

  

ʉʣʠʢʘ 67. ʂʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʘ ʨʘʩʧʦʨʝʜʥʠʢ ʟʘ ʩʦʣʝʥʦʠʜ ɸ 

 

  
ʉʣʠʢʘ 68. ʂʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʘ ʨʘʩʧʦʨʝʜʥʠʢ ʟʘ ʩʦʣʝʥʦʠʜ ɹ 

ɿʘ ʜʘ ʤʦʞʝ ʜʘ ʩʝ ʩʧʦʨʝʜʘʪ ʧʦʜʘʪʦʮʠʪʝ ʦʜ ʤʝʨʝˁʝ ʠ ʧʦʜʘʪʦʮʠʪʝ ʦʜ ʩʠʤʫʣʘʮʠʩʢʠʪʝ ʤʦʜʝʣʠ, 

ʥʘʿʧʨʚʦ ʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʦʬʦʨʤʠ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ ʟʘ ʚʣʝʟʥʠʪʝ ʠ ʠʟʣʝʟʥʠʪʝ ʧʘʨʘʤʝʪʨʠ 

ʩʦ ʯʠʿʘ ʧʦʤʦʰ ˃ʝ ʩʝ ʪʨʝʥʠʨʘ ʤʦʜʝʣʦʪ ʥʘ ML. ɿʘ ʪʘʘ ʮʝʣ ʩʦʟʜʘʜʝʥʦ ʝ ʧʦʜʘʪʦʯʥʦ ʤʥʦʞʝʩʪʚʦ 

ʢʘʜʝ ʰʪʦ ʢʘʢʦ ʚʣʝʟ ʚʦ NN ʚʣʝʛʫʚʘʘʪ ʥʘʧʦʥʦʪ ʠ ʦʪʚʦʨʝʥʦʩʪʘ ʥʘ ʩʧʨʦʚʦʜʥʠʦʪ ʘʧʘʨʘʪ, ʜʦʜʝʢʘ 
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ʥʘ ʠʟʣʝʟ ʦʜ NN ʩʝ ʧʦʩʪʘʚʝʥʠ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ, Kp, Ki ʠ Kd. ʊʠʝ ʩʝ 

ʛʝʥʝʨʠʨʘʥʠ ʚʦ ʛʦʣʝʤ ʦʧʩʝʛ ʩʦ ʮʝʣ ʜʘ ʠ ʩʝ ʦʚʦʟʤʦʞʠ ʥʘ ʤʨʝʞʘʪʘ ʜʘ ʥʘʧʨʘʚʠ ʥʘʿʩʦʦʜʚʝʪʥʦ 

ʧʨʝʜʚʠʜʫʚʘˁʝ ʥʘ ʨʘʟʣʠʯʥʠ ʢʦʤʙʠʥʘʮʠʠ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ ʢʦʠ ʧʦʥʘʪʘʤʫ ˃ʝ ʙʠʜʘʪ ʧʨʠʤʝʥʝʪʠ 

ʟʘ ʚʝʨʠʬʠʢʘʮʠʿʘ. ʇʨʠʪʦʘ ʩʝ ʜʦʙʠʝʥʠ ʛʦʣʝʤ ʙʨʦʿ ʥʘ ʧʦʜʘʪʦʮʠ ʩʦ ʨʘʟʣʠʯʥʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʠ ʚʦ 

ʩʘʤʘʪʘ ʤʨʝʞʘ.  

ɼʦʙʠʝʥʠʪʝ ʧʨʝʜʚʠʜʝʥʠ ʚʨʝʜʥʦʩʪʠ ʟʘ ʥʦʚʠʪʝ ʢʦʥʩʪʘʥʪʠ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʩʝ ʧʨʠʢʘʞʘʥʠ 

ʚʦ ʊʘʙʝʣʘ 12. 

ʊʘʙʝʣʘ 12. ʇʦʜʘʪʦʮʠ ʜʦʙʠʝʥʠ ʟʘ ʢʦʥʩʪʘʥʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ ʩʦ ʨʘʟʣʠʯʥʘ 

ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʥʘ ʥʝʚʨʦʥʩʢʘʪʘ ʤʨʝʞʘ 

˾͔͒Φ 
ˣͪΦ Kp Ki Kd ͔͍͙ͫͦ͡ 

AF ͍ ͦ 
ͫͦ͡͞ м 

AF ͍ ͦ 
ͫͦ͡͞ н 

AF ͍ ͦ 
ͫͦ͡͞ о ͔ͨͦͻ͙ 

͙͋ͪͤ͊͘ ͤ ͊ 
ͯ;͔͔ͥ 

1 471 328 476 2 200 102 3 tanh  sigmoid relu 500 0,01 

2 692 425 576 3 200 102 3 tanh  sigmoid relu 500 0,01 

3 160 159 162 2 20 12 3 tanh  tanh  tanh  500 0,01 

4 471 328 476 2 20 12 3 sigmoid sigmoid relu 500 0,01 

5 76 75 76 2 5 3 sigmoid sigmoid   500 0,01 

6 31 31 32 3 5 3 tanh  tanh    200 0,01 

7 150 148 153 3 5 3 tanh  tanh    1000 0,01 

8 472 327 475 3 50 12 3 tanh  tanh  relu  1000 0,01 

9 472 327 475 3 50 12 3 tanh  tanh  relu  1000 0,1 

                   

10 472 327 475 3 50 12 3 tanh  tanh  relu  1000 0,1 

11 471 326 475 3 50 12 3 tanh  tanh  relu  1000 0,01 

12 267 261 267 3 50 12 3 tanh  tanh  sigmoid 1000 0,01 

13 26 25 28 3 50 12 3 tanh  tanh  sigmoid 100 0,01 

14 139 135 140 3 50 3 tanh  tanh    100 0,01 

                   

15 139 137 138 3 50 3 tanh  tanh    100 0,01 

16 141 133 138 3 50 3 tanh  tanh    100 0,1 

17 472 326 475 3 50 3 tanh  tanh    1000 0,1 

18 472 326 475 3 50 3 sigmoid sigmoid   1000 0,1 

19 472 326 475 3 50 3 sigmoid sigmoid   1000 0,001 

20 254 235 254 3 50 3 sigmoid tanh    200 0,001 

21 50 51 54 3 50 12 3 sigmoid tanh  sigmoid 200 0,001 

22 47 46 46 3 50 12 3 sigmoid tanh  sigmoid 200 0,01 

23 39 37 37 3 50 12 3 sigmoid tanh  sigmoid 200 0,01 

24 304 291 308 3 50 12 3 sigmoid tanh  sigmoid 1000 0,001 

25 314 298 315 3 50 12 3 sigmoid tanh  tanh 1000 0,001 

 

ʆʜ ʊʘʙʝʣʘ 12 ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʜʝʢʘ ʩʦ ʧʨʠʤʝʥʘ ʥʘ ML ʧʨʠ ʨʘʟʣʠʯʥʠ ʢʦʥʬʠʛʫʨʘʮʠʠ ʥʘ NN, 

ʘ ʧʨʠ ʨʘʟʣʠʯʝʥ ʙʨʦʿ ʥʘ ʝʧʦʭʠ (ʢʦʣʢʫ ʧʘʪʠ ʧʦʜʘʪʦʯʥʦʪʦ ʤʥʦʞʝʩʪʚʦ ʩʝ ʧʨʝʩʤʝʪʫʚʘ ʥʠʟ 
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ʘʣʛʦʨʠʪʘʤʦʪ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʘ ʧʨʝʜ ʜʘ ʩʝ ʜʦʙʠʝ ʬʠʥʘʣʥʠʦʪ ʠʟʣʝʟʝʥ ʨʝʟʫʣʪʘʪ ʦʜ ML) ʠ ʙʨʟʠʥʘ 

ʥʘ ʫʯʝˁʝ, ʩʝ ʜʦʙʠʚʘʘʪ ʨʘʟʣʠʯʥʠ ʢʦʥʩʪʘʥʪʠ ʟʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ. ʇʨʠʪʦʘ ʦʜ ʪʘʙʝʣʘʪʘ ʤʦʞʝ 

ʜʘ ʩʝ ʚʠʜʠ ʜʝʢʘ ʚʦ ʜʝʣ ʦʜ ʤʦʜʝʣʠʪʝ ʥʘ NN ʩʝ ʢʦʨʠʩʪʘʪ ʜʚʘ ʩʢʨʠʝʥʠ ʩʣʦʿʘ, ʘ ʚʦ ʜʝʣ ʩʝ ʢʦʨʠʩʪʘʪ 

ʪʨʠ ʩʢʨʠʝʥʠ ʩʣʦʿʘ. ʀʩʪʦ ʪʘʢʘ ʙʨʦʿʦʪ ʥʘ ʝʧʦʭʠ ʩʝ ʤʝʥʫʚʘ ʦʜ 100 ʜʦ 1000, ʙʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ 

ʩʝ ʤʝʥʫʚʘ ʦʜ 0,1 ʜʦ 0,001. ʉʦʛʣʘʩʥʦ ʧʨʝʛʣʝʜʘʥʘʪʘ ʣʠʪʝʨʘʪʫʨʘ, ʥʝ ʧʦʩʪʦʠ ʝʜʥʦʟʥʘʯʝʥ ʥʘʯʠʥ 

ʥʘ ʧʨʝʩʤʝʪʢʘ ʥʘ ʙʨʦʿʦʪ ʥʘ ʝʧʦʭʠ, ʙʨʦʿʦʪ ʥʘ ʩʢʨʠʝʥʠ ʩʣʦʝʚʠ ʠ ʚʨʝʜʥʦʩʪʘ ʥʘ ʙʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ. 

ʊʠʝ ʩʝ ʧʨʠʣʘʛʦʜʫʚʘʘʪ ʠʥʪʫʠʪʠʚʥʦ ʚʦ ʦʜʥʦʩ ʥʘ ʛʦʣʝʤʠʥʘʪʘ ʥʘ ʧʦʜʘʪʦʮʠʪʝ ʩʦ ʢʦʠ ʩʝ ʨʘʙʦʪʠ ʠ 

ʚʨʟ ʦʩʥʦʚʘ ʥʘ ʜʠʥʘʤʠʢʘʪʘ ʥʘ ʩʠʩʪʝʤʦʪ. ʇʨʝʩʤʝʪʫʚʘˁʝʪʦ ʥʘ ʢʦʥʩʪʘʥʪʠ ʚʦ ʰʠʨʦʢ ʩʧʝʢʪʘʨ ʥʘ 

ʚʨʝʜʥʦʩʪʠ ʩʦʛʣʘʩʥʦ ʪʘʙʝʣʘʪʘ ʝ ʧʦʨʘʜʠ ʪʦʘ ʰʪʦ ʥʘ ʩʘʤʘʪʘ NN ʠ ʙʝʰʝ ʜʘʜʝʥʦ ʧʦʜʘʪʦʯʥʦ 

ʤʥʦʞʝʩʪʚʦ ʩʦ ʰʠʨʦʢ ʦʧʩʝʛ ʥʘ ʚʨʝʜʥʦʩʪʠ ʩʦ ʤʦʞʥʦʩʪ ʥʘ ʪʨʝʥʠʨʘˁʝ, ʚʘʣʠʜʠʨʘˁʝ ʠ 

ʧʨʝʜʚʠʜʫʚʘˁʝ ʨʝʟʫʣʪʘʪʠ. ʀʩʪʦ ʪʘʢʘ ʦʜ ʪʘʙʝʣʘʪʘ ʤʦʞʝ ʜʘ ʩʝ ʟʘʙʝʣʝʞʠ ʜʝʢʘ ʚʦ ʩʢʨʠʝʥʠʪʝ 

ʩʣʦʝʚʠ, ʙʨʦʿʦʪ ʥʘ ʥʝʚʨʦʥʠ ʩʝ ʤʝʥʫʚʘ ʦʜ 5, 20, 50, 200 ʢʦʝ ʰʪʦ ʧʦʥʘʪʘʤʫ ʧʨʠ ʘʥʘʣʠʟʘ ʥʘ 

ʜʦʙʠʝʥʠʪʝ ʨʝʟʫʣʪʘʪʠ ˃ʝ ʩʝ ʚʠʜʠ ʜʝʢʘ ʠʤʘʘʪ ʚʘʞʥʘ ʫʣʦʛʘ ʧʨʠ ʧʨʝʜʚʠʜʫʚʘˁʝʪʦ ʥʘ ʢʦʥʩʪʘʥʪʠʪʝ 

ʥʘ PID. ʆʥʠʝ ʨʝʜʠʮʠ ʰʪʦ ʩʝ ʦʟʥʘʯʝʥʠ ʩʦ ʮʨʚʝʥʘ ʙʦʿʘ, ʩʝ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ ʧʘʨʘʤʝʪʨʠʪʝ ʥʘ PID 

ʢʦʠ ʧʦʪʘʥʘʤʫ ʩʝ ʢʦʨʠʩʪʘʪ ʧʨʠ ʩʠʤʫʣʘʮʠʿʘ ʠ ʝʢʩʧʝʨʠʤʝʥʪ ʩʦ ʮʝʣ ʚʝʨʠʬʠʢʘʮʠʿʘ ʥʘ 

ʨʝʟʫʣʪʘʪʠʪʝ. ʇʨʠ ʘʥʘʣʠʟʘ ʥʘ ʠʟʙʦʨʦʪ ʥʘ ʭʠʧʝʨʧʘʨʘʤʝʪʨʠ ʠ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʥʘ NN 

ʧʨʝʟʝʥʪʠʨʘʥʠ ʚʦ ʊʘʙʝʣʘ 12, ʘ ʩʦʛʣʘʩʥʦ ʧʨʝʪʭʦʜʥʘʪʘ ʘʥʘʣʠʟʘ ʥʘ ʚʣʠʿʘʥʠʝʪʦ ʥʘ 

ʭʠʧʝʨʧʘʨʘʤʝʪʨʠʪʝ ʠ ʢʦʥʬʠʛʫʨʘʮʠʿʘʪʘ ʥʘ NN ʦʧʠʰʘʥʠ ʚʦ ʧʦʛʣʘʚʿʝ 4.6, ʤʦʞʝ ʿʘʩʥʦ ʜʘ ʩʝ ʢʘʞʝ 

ʟʦʰʪʦ ʪʠʝ ʩʝ ʠʟʙʨʘʥʠ, ʘ ʚʦʝʜʥʦ ʜʘʚʘʘʪ ʠ ʥʘʿʩʦʦʜʚʝʪʥʠ ʨʝʟʫʣʪʘʪʠ ʧʨʠ ʘʥʘʣʠʟʘ ʥʘ ʦʜʟʠʚʠʪʝ ʦʜ 

ʩʠʤʫʣʘʮʠʿʘ ʠ ʦʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʪʝ ʤʝʨʝˁʘ. ʉʦʛʣʘʩʥʦ ʢʦʥʬʠʛʫʨʘʮʠʿʘʪʘ ʥʘ ʤʨʝʞʘʪʘ ʟʘ 

ʨʝʟʫʣʪʘʪʠʪʝ ʦʜ ʨʝʜʠʮʘ ʙʨʦʿ 1 ʠ 2, ʙʠʜʝʿ˃ʠ AF ʚʦ ʧʦʩʣʝʜʥʠʪʦ ʩʣʦʿ ʝ relu, ʧʦʨʘʜʠ ʥʝʿʟʠʥʘʪʘ 

ʥʝʟʘʩʠʪʝʥʘ ʧʨʠʨʦʜʘ, ʦʚʦʟʤʦʞʫʚʘ ʧʦʙʨʟʦ ʫʯʝˁʝ ʠ ʢʦʥʚʝʨʛʠʨʘˁʝ ʢʦʥ ʛʣʦʙʘʣʝʥ ʤʠʥʠʤʫʤ, ʘ ʚʦ 

ʢʦʤʙʠʥʘʮʠʿʘ ʩʦ ʥʠʩʢʘ ʚʨʝʜʥʦʩʪ ʥʘ ʙʨʟʠʥʘ ʥʘ ʫʯʝˁʝ (0,01) ʢʘʢʦ ʰʪʦ ʝ ʧʨʠʤʝʨ ʪʫʢʘ, ʥʦ ʠ 

ʩʦʦʜʚʝʪʝʥ ʙʨʦʿ ʥʘ ʝʧʦʭʠ, ʩʝ ʦʙʝʟʙʝʜʫʚʘ ʙʨʟʦ ʢʦʥʚʝʨʛʠʨʘˁʝ ʢʦʥ ʤʠʥʠʤʫʤ ʠ ʙʨʟʦ ʫʯʝˁʝ. 

ʀʩʪʦʪʦ ʚʘʞʠ ʠ ʟʘ ʚʨʝʜʥʦʩʪʠʪʝ ʜʦʙʠʝʥʠ ʚʦ ʨʝʜʠʮʘ ʙʨʦʿ 10. ʅʦ ʙʠʜʝʿ˃ʠ ʪʫʢʘ ʠʤʘ ʧʦʩʪʘʚʝʥʦ 

ʧʦʤʘʣʘ ʙʨʟʠʥʘ ʥʘ ʫʯʝˁʝ (0,1) ʠ 1000 ʙʨʦʿ ʥʘ ʝʧʦʭʠ ʚʦ ʢʦʤʙʠʥʘʮʠʿʘ ʩʦ tanh/tanh/relu ʠʩʪʦ 

ʦʙʝʟʙʝʜʫʚʘʘʪ ʙʨʟʦ ʢʦʥʚʝʨʛʠʨʘˁʝ ʠ ʫʯʝˁʝ. ɺʦ ʦʜʥʦʩ ʥʘ ʨʝʟʫʣʪʘʪʠʪʝ ʦʜ ʨʝʜʠʮʘ ʙʨʦʿ 24, ʢʘʜʝ 

ʰʪʦ ʧʦʩʪʘʚʝʥʦʩʪʘ ʥʘ AF ʝ sigmoid/tanh/sigmoid ʝ ʥʝʩʪʘʥʜʘʨʜʥʘ ʙʠʜʝʿ˃ʠ ʧʦʨʘʜʠ ʧʦʿʘʚʘʪʘ ʥʘ 

sigmoid ʚʦ ʧʦʩʣʝʜʥʠʦʪ ʩʣʦʿ ʤʦʞʝ ʜʘ ʧʨʝʜʠʟʚʠʢʘ ʛʫʙʝˁʝ ʥʘ ʛʨʘʜʠʝʥʪʠʪʝ ʠ ʜʦʚʝʜʫʚʘˁʝ ʜʦ 

ʩʦʩʪʦʿʙʘ ʥʘ overfitting. 

ʉʦʛʣʘʩʥʦ ʊʘʙʝʣʘ 12, ʦʟʥʘʯʝʥʠʪʝ ʨʝʜʠʮʠ ʩʦ ʮʨʚʝʥʦ ʩʝ ʚʨʝʜʥʦʩʪʠʪʝ ʟʘ PID ʢʦʥʩʪʘʥʪʠʪʝ ʢʦʠ 

ʜʘʚʘʘʪ ʥʘʿʩʦʦʜʚʝʪʥʠ ʨʝʟʫʣʪʘʪʠ. ɺʦ ʧʨʦʜʦʣʞʝʥʠʝ ˃ʝ ʙʠʜʘʪ ʧʨʝʟʝʥʪʠʨʘʥʠ ʠ ʨʝʟʫʣʪʘʪʠ ʦʜ 

ʩʠʤʫʣʘʮʠʩʢʠʪʝ ʤʦʜʝʣʠ, ʥʦ ʠ ʦʜ ʤʝʨʝˁʘʪʘ.  

ɿʘ ʜʘ ʤʦʞʝ ʜʘ ʩʝ ʥʘʧʨʘʚʠ ʚʝʨʠʬʠʢʘʮʠʿʘ ʦʜʥʦʩʥʦ ʩʧʦʨʝʜʣʠʚʦʩʪ, ʩʝ ʦʜʨʝʜʫʚʘ ʩʨʝʜʥʘʪʘ 

ʧʨʦʮʝʥʪʫʘʣʥʘ ʨʘʟʣʠʢʘ ʧʦʤʝʺʫ ʦʜʟʠʚʠʪʝ ʜʦʙʠʝʥʠ ʩʦ ʩʠʤʫʣʘʮʠʿʘ ʠ ʚʠʩʪʠʥʩʢʠ ʜʦʙʠʝʥʠʪʝ 

ʦʜʟʠʚʠ. ɿʘ ʪʘʘ ʮʝʣ ʩʝ ʢʦʨʠʩʪʠ ʨʘʚʝʥʢʘ 68. ɺʦ ʦʚʘʘ ʨʘʚʝʥʢʘ ʩʦ a ʩʝ ʦʟʥʘʯʫʚʘʘʪ ʚʠʩʪʠʥʩʢʠʪʝ 

ʚʨʝʜʥʦʩʪʠ, ʩʦ p ʩʝ ʦʟʥʘʯʝʥʠ ʚʨʝʜʥʦʩʪʠʪʝ ʜʦʙʠʝʥʠ ʦʜ ʩʠʤʫʣʘʮʠʿʘ ʠ ʩʦ n ʩʝ ʦʟʥʘʯʫʚʘʘʪ ʙʨʦʿʦʪ 

ʥʘ ʧʨʠʤʝʨʦʮʠ. 

 1
( ) 100
a p

MPE
n a

-
= Ö Öä  

 

(68) 
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ʇʨʚʘʪʘ ʛʨʫʧʘ ʨʝʟʫʣʪʘʪʠ ʩʝ ʩʦ ʧʨʝʜʚʠʜʝʥʠ PID ʟʘ Kp=304, Ki=291 ʠ Kd=308 ʩʦ NN ʩʦ ʜʚʘ 

ʩʢʨʠʝʥʠ ʩʣʦʿʘ. ʇʨʚʠʦʪ ʩʢʨʠʝʥ ʩʣʦʿ ʝ ʩʦʩʪʘʚʝʥ ʦʜ 50 ʥʝʚʨʦʥʠ, ʚʪʦʨʠʦʪ ʩʢʨʠʝʥ ʩʣʦʿ ʝ ʩʦʩʪʘʚʝʥ 

ʦʜ 12 ʥʝʚʨʦʥʠ ʠ ʠʟʣʝʟʥʠʦʪ ʩʣʦʿ ʝ ʩʦʩʪʘʚʝʥ ʦʜ ʪʨʠ ʥʝʚʨʦʥʠ ʦʜʥʦʩʥʦ ʪʨʠʪʝ ʢʦʥʩʪʘʥʪʠ ʰʪʦ 

ʪʨʝʙʘ ʜʘ ʩʝ ʧʨʝʜʚʠʜʘʪ. AF ʚʦ ʧʨʚʠʦʪ ʩʣʦʿ ʝ sigmoid, AF ʚʦ ʚʪʦʨʠʦʪ ʩʣʦʿ ʝ tanh, ʠʟʣʝʟʥʠʦʪ 

ʩʣʦʿ ʝ sigmoid. ɹʨʟʠʥʘʪʘ ʥʘ ʫʯʝˁʝ ʝ 0,001 ʠ ʙʨʦʿʦʪ ʥʘ ʝʧʦʭʠ ʝ 1000. ɼʦʢʦʣʢʫ ʨʝʬʝʨʝʥʪʥʘʪʘ 

ʚʨʝʜʥʦʩʪ ʩʝ ʧʦʩʪʘʚʠ ʜʘ ʙʠʜʝ 80 ʤʤ, ʦʜʥʦʩʥʦ ʢʣʠʧʦʪ ʦʜ ʭʠʜʨʘʫʣʠʯʥʠʦʪ ʮʠʣʠʥʜʘʨ ʜʘ ʩʝ 

ʠʟʚʣʝʯʝ ʥʘ ʨʘʩʪʦʿʘʥʠʝ ʦʜ 80 ʤʤ ʠ ʜʘ ʿʘ ʟʘʜʨʞʠ ʪʘʘ ʩʦʩʪʦʿʙʘ ʪʦʛʘʰ NN ʩʦʛʣʘʩʥʦ ʜʦʩʪʘʧʥʠʪʝ 

ʧʦʜʘʪʦʮʠ, ʛʠ ʧʨʝʜʚʠʜʝ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ, Kp=304, Ki=291 ʠ Kd=308. 

ʆʜʟʠʚʠʪʝ ʩʦʛʣʘʩʥʦ ʟʘʜʘʜʝʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʩʝ ʧʨʝʩʪʘʚʝʥʠ ʥʘ ʉʣʠʢʘ 69 ʠ ʉʣʠʢʘ 70. 

 

ʉʣʠʢʘ 69. ʆʜʟʠʚ ʦʜ ʩʠʤʫʣʘʮʠʿʘ ʟʘ ʧʦʤʝʩʪʫʚʘˁʝ ʥʘ ʧʦʟʠʮʠʿʘ 80 ʤʤ  

 

ʉʣʠʢʘ 70. ʆʜʟʠʚ ʦʜ ʠʟʤʝʨʝʥʦ ʧʦʤʝʩʪʫʚʘˁʝ ʥʘ ʧʦʟʠʮʠʿʘ 80 ʤʤ  

ʈʘʟʣʠʢʘʪʘ ʢʦʿʘʰʪʦ ʩʝ ʧʦʿʘʚʫʚʘ ʧʦʤʝʺʫ ʩʠʤʫʣʘʮʠʩʢʠʦʪ ʤʦʜʝʣ ʠ ʠʟʚʣʝʢʫʚʘˁʝʪʦ ʠʟʤʝʨʝʥʦ ʩʦ 

ʩʝʥʟʦʨ ʧʨʠ ʧʦʩʪʠʛʥʫʚʘˁʝ ʩʪʘʮʠʦʥʘʨʥʘ ʩʦʩʪʦʿʙʘ e 16 %, ʘ ʧʨʠ ʧʦʩʪʠʛʥʫʚʘˁʝ ʥʘ ʨʝʬʝʨʝʥʪʥʘ 

ʧʦʟʠʮʠʿʘ e ʨʝʯʠʩʠ 2 % ʨʘʟʣʠʢʘ. 

5.1 (s) 

4.99 (s) 

1.4 (s) 

1.65 (s) 

˾͔ͺ͔͔ͪͤͭͤ͊ ͙ͨͦ͘ͼ͙͊͞ 

˽͙͎ͦͫͭͤ͊ͭ͊ ͙ͨͦ͘ͼ͙͊͞ 
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ʉʨʝʜʥʘʪʘ ʢʚʘʜʨʘʪʥʘ ʛʨʝʰʢʘ ʧʦʤʝʺʫ ʦʜʟʠʚʠʪʝ ʝ 7 ʜʦʜʝʢʘ ʢʚʘʜʨʘʪʝʥ ʢʦʨʝʥ ʦʜ ʩʨʝʜʥʘʪʘ 

ʢʚʘʜʨʘʪʥʘ ʛʨʝʰʢʘ ʝ 2.6. ɼʦʢʦʣʢʫ ʩʝ ʧʨʝʩʤʝʪʘ ʩʨʝʜʥʘʪʘ ʧʨʦʮʝʥʪʫʘʣʥʘ ʛʨʝʰʢʘ ʧʦʤʝʺʫ 

ʚʠʩʪʠʥʩʢʠʦʪ ʠ ʦʜʟʠʚʦʪ ʜʦʙʠʝʥʘ ʥʘ ʩʠʤʫʣʘʮʠʿʘ, ʩʝ ʜʦʙʠʚʘ 5 % ʨʘʟʣʠʢʘ. 

ɿʘ ʧʦʣʝʩʥʘ ʩʧʦʨʝʜʙʘ ʥʘ ʦʜʟʠʚʠʪʝ ʦʜ ʩʠʤʫʣʘʮʠʿʘ ʠ ʜʦʙʠʝʥʠ ʦʜ ʤʝʨʝˁʝ ʥʘ ʉʣʠʢʘ 71 ʩʝ 

ʧʨʝʪʩʪʘʚʝʥʠ ʦʜʟʠʚʠʪʝ ʧʨʝʢʣʦʧʝʥʠ ʩʦ ʮʝʣ ʧʦʣʝʩʥʦ ʜʘ ʩʝ ʟʘʙʝʣʝʞʠ ʨʘʟʣʠʢʘʪʘ.  

 

ʉʣʠʢʘ 71. ʉʧʦʨʝʜʙʘ ʥʘ ʦʜʟʠʚʠʪʝ ʦʜ ʩʠʤʫʣʘʮʠʿʘ ʠ ʦʜʟʠʚʠʪʝ ʦʜ ʤʝʨʝˁʝ ʟʘ ʧʨʚʘ ʛʨʫʧʘ 

ʨʝʟʫʣʪʘʪʠ ʟʘ ʧʦʤʝʩʪʫʚʘˁʝ ʥʘ ʧʦʟʠʮʠʿʘ 80 ʤʤ ʟʘ Kp=304, Ki=291 ʠ Kd=308 

ɺʪʦʨʘʪʘ ʛʨʫʧʘ ʨʝʟʫʣʪʘʪʠ ʩʝ ʩʦ ʧʨʝʜʚʠʜʝʥʠ PID ʟʘ Kp=475, Ki=327 ʠ Kd=472 ʩʦ NN ʩʦ ʜʚʘ 

ʩʢʨʠʝʥʠ ʩʣʦʿʘ. ʇʨʚʠʦʪ ʩʢʨʠʝʥ ʩʣʦʿ ʝ ʩʦʩʪʘʚʝʥ ʦʜ 50 ʥʝʚʨʦʥʠ, ʚʪʦʨʠʦʪ ʩʢʨʠʝʥ ʩʣʦʿ ʝ ʩʦʩʪʘʚʝʥ 

ʦʜ 12 ʥʝʚʨʦʥʠ ʠ ʠʟʣʝʟʥʠʦʪ ʩʣʦʿ ʝ ʩʦʩʪʘʚʝʥ ʦʜ ʪʨʠ ʥʝʚʨʦʥʠ ʦʜʥʦʩʥʦ ʪʨʠʪʝ ʢʦʥʩʪʘʥʪʠ ʰʪʦ 

ʪʨʝʙʘ ʜʘ ʩʝ ʧʨʝʜʚʠʜʘʪ. AF ʚʦ ʧʨʚʠʦʪ ʩʣʦʿ ʝ tanh, AF ʚʦ ʚʪʦʨʠʦʪ ʩʣʦʿ ʝ tanh, ʠʟʣʝʟʥʠʦʪ ʩʣʦʿ ʝ 

relu. ɹʨʟʠʥʘ ʥʘ ʫʯʝˁʝ ʝ 0,1 ʠ ʙʨʦʿʦʪ ʥʘ ʝʧʦʭʠ ʝ 1000. ɼʦʢʦʣʢʫ ʨʝʬʝʨʝʥʪʥʘʪʘ ʚʨʝʜʥʦʩʪ ʩʝ 

ʧʦʩʪʘʚʠ ʜʘ ʙʠʜʝ 60 ʤʤ, ʦʜʥʦʩʥʦ ʢʣʠʧʦʪ ʦʜ ʭʠʜʨʘʫʣʠʯʥʠʦʪ ʮʠʣʠʥʜʘʨ ʜʘ ʩʝ ʠʟʚʣʝʯʝ ʥʘ 

ʨʘʩʪʦʿʘʥʠʝ ʦʜ 60 ʤʤ ʠ ʜʘ ʿʘ ʟʘʜʨʞʠ ʪʘʘ ʩʦʩʪʦʿʙʘ ʪʦʛʘʰ NN ʩʦʛʣʘʩʥʦ ʜʦʩʪʘʧʥʠʪʝ ʧʦʜʘʪʦʮʠ, 

ʛʠ ʧʨʝʜʚʠʜʠ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ, Kp=475, Ki=300 ʠ Kd=472. ʆʜʟʠʚʠʪʝ 

ʩʦʛʣʘʩʥʦ ʟʘʜʘʜʝʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʩʝ ʧʨʝʪʩʪʘʚʝʥʠ ʥʘ ʉʣʠʢʘ 72 ʠ ʉʣʠʢʘ 73. 
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ʉʣʠʢʘ 72. ʆʜʟʠʚ ʦʜ ʩʠʤʫʣʘʮʠʿʘ ʟʘ ʧʦʤʝʩʪʫʚʘˁʝ ʥʘ ʧʦʟʠʮʠʿʘ 60 ʤʤ ʟʘ Kp=475, Ki=327 ʠ 

Kd=472 

 

ʉʣʠʢʘ 73. ʆʜʟʠʚ ʦʜ ʠʟʤʝʨʝʥʦ ʧʦʤʝʩʪʫʚʘˁʝ ʥʘ ʧʦʟʠʮʠʿʘ 60 ʤʤ ʟʘ Kp=475, Ki=327 ʠ Kd=472 

ʅʘ ʉʣʠʢʘ 74 ʝ ʧʨʝʪʩʪʘʚʝʥʘ ʩʧʦʨʝʜʙʘ ʥʘ ʦʜʟʠʚʠʪʝ ʥʘʧʨʘʚʝʥʠ ʦʜ ʩʠʤʫʣʘʮʠʿʘ ʠ ʦʜʟʠʚʠʪʝ ʦʜ 

ʤʝʨʝˁʝ ʟʘ ʚʪʦʨʘʪʘ ʛʨʫʧʘ ʨʝʟʫʣʪʘʪʠ ʩʦ ʮʝʣ ʥʠʚʥʘ ʩʧʦʨʝʜʙʘ ʧʨʠ ʚʝʨʠʬʠʢʘʮʠʿʘ.  

 

1.45 (s) 

1.49 (s) 5.16 (s) 

5.34 (s) 

тп ͣͣ 
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ʉʣʠʢʘ 74. ʉʧʦʨʝʜʙʘ ʥʘ ʦʜʟʠʚʠʪʝ ʦʜ ʩʠʤʫʣʘʮʠʿʘ ʠ ʦʜʟʠʚʠʪʝ ʦʜ ʤʝʨʝˁʝ ʟʘ ʚʪʦʨʘ ʛʨʫʧʘ 

ʨʝʟʫʣʪʘʪʠ ʟʘ ʧʦʤʝʩʪʫʚʘˁʝ ʥʘ ʧʦʟʠʮʠʿʘ 60 ʤʤ ʟʘ Kp=475, Ki=327 ʠ Kd=472 

ʈʘʟʣʠʢʘʪʘ ʢʦʿʘʰʪʦ ʩʝ ʧʦʿʘʚʫʚʘ ʧʦʤʝʺʫ ʩʠʤʫʣʘʮʠʩʢʠʦʪ ʤʦʜʝʣ ʠ ʠʟʚʣʝʢʫʚʘˁʝʪʦ ʠʟʤʝʨʝʥʦ ʩʦ 

ʩʝʥʟʦʨ ʧʨʠ ʧʦʩʪʠʛʥʫʚʘˁʝ ʥʘ ʨʝʬʝʨʝʥʪʥʘ ʧʦʟʠʮʠʿʘ e 2 %. ɺʦ ʦʜʥʦʩ ʥʘ ʪʦʯʢʘʪʘ ʥʘ 

ʜʦʩʪʠʛʥʫʚʘˁʝ ʥʘ ʩʪʘʮʠʦʥʘʨʥʘ ʩʦʩʪʦʿʙʘ ʨʘʟʣʠʢʘʪʘ ʝ ʧʦʛʦʣʝʤʘ ʦʜ 3.4 %. 

ʉʨʝʜʥʘʪʘ ʢʚʘʜʨʘʪʥʘ ʛʨʝʰʢʘ ʧʦʤʝʺʫ ʦʜʟʠʚʠʪʝ ʝ 2.3, ʜʦʜʝʢʘ ʢʚʘʜʨʘʪʝʥ ʢʦʨʝʥ ʦʜ ʩʨʝʜʥʘʪʘ 

ʢʚʘʜʨʘʪʥʘ ʛʨʝʰʢʘ ʝ 1.5. ɼʦʢʦʣʢʫ ʩʝ ʧʨʝʩʤʝʪʘ ʩʨʝʜʥʘʪʘ ʧʨʦʮʝʥʪʫʘʣʥʘ ʛʨʝʰʢʘ ʧʦʤʝʺʫ 

ʚʠʩʪʠʥʩʢʠʦʪ ʠ ʦʜʟʠʚʦʪ ʜʦʙʠʝʥ ʥʘ ʩʠʤʫʣʘʮʠʿʘ, ʩʝ ʜʦʙʠʚʘ 3.7 % ʨʘʟʣʠʢʘ. 

ʊʨʝʪʘʪʘ ʛʨʫʧʘ ʨʝʟʫʣʪʘʪʠ ʩʝ ʩʦ ʧʨʝʜʚʠʜʝʥʠ PID ʟʘ Kp=690, Ki=425 ʠ Kd=576 ʩʦ NN ʩʦ ʜʚʘ 

ʩʢʨʠʝʥʠ ʩʣʦʿʘ. ʇʨʚʠʦʪ ʩʢʨʠʝʥ ʩʣʦʿ ʝ ʩʦʩʪʘʚʝʥ ʦʜ 200 ʥʝʚʨʦʥʠ, ʚʪʦʨʠʦʪ ʩʢʨʠʝʥ ʩʣʦʿ ʝ 

ʩʦʩʪʘʚʝʥ ʦʜ 102 ʥʝʚʨʦʥʠ ʠ ʠʟʣʝʟʥʠʦʪ ʩʣʦʿ ʝ ʩʦʩʪʘʚʝʥ ʦʜ ʪʨʠ ʥʝʚʨʦʥʠ ʦʜʥʦʩʥʦ ʪʨʠʪʝ 

ʢʦʥʩʪʘʥʪʠ ʰʪʦ ʪʨʝʙʘ ʜʘ ʩʝ ʧʨʝʜʚʠʜʘʪ. AF ʚʦ ʧʨʚʠʦʪ ʩʣʦʿ ʝ tanh, AF ʚʦ ʚʪʦʨʠʦʪ ʩʣʦʿ ʝ sigmoid, 

ʠʟʣʝʟʥʠʦʪ ʩʣʦʿ ʝ relu. ɹʨʟʠʥʘ ʥʘ ʫʯʝˁʝ ʝ 0,01 ʠ ʙʨʦʿʦʪ ʥʘ ʝʧʦʭʠ ʝ 500. ɼʦʢʦʣʢʫ ʨʝʬʝʨʝʥʪʥʘʪʘ 

ʚʨʝʜʥʦʩʪ ʩʝ ʧʦʩʪʘʚʠ ʜʘ ʙʠʜʝ 40 ʤʤ, ʦʜʥʦʩʥʦ ʢʣʠʧʦʪ ʦʜ ʭʠʜʨʘʫʣʠʯʥʠʦʪ ʮʠʣʠʥʜʘʨ ʜʘ ʩʝ 

ʠʟʚʣʝʯʝ ʥʘ ʨʘʩʪʦʿʘʥʠʝ ʦʜ 40 ʤʤ ʠ ʜʘ ʿʘ ʟʘʜʨʞʠ ʪʘʘ ʩʦʩʪʦʿʙʘ ʪʦʛʘʰ NN ʩʦʛʣʘʩʥʦ ʜʦʩʪʘʧʥʠʪʝ 

ʧʦʜʘʪʦʮʠ, ʛʠ ʧʨʝʜʚʠʜʝ ʚʨʝʜʥʦʩʪʠʪʝ ʥʘ PID ʫʧʨʘʚʫʚʘˁʝʪʦ, Kp=690, Ki=425 ʠ Kd=576. 

ʆʜʟʠʚʠʪʝ ʩʦʛʣʘʩʥʦ ʟʘʜʘʜʝʥʠʪʝ ʧʘʨʘʤʝʪʨʠ ʩʝ ʧʨʝʩʪʘʚʝʥʠ ʥʘ ʉʣʠʢʘ 75 ʠ ʉʣʠʢʘ 76. 




























































































