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ʄʝʥʪʦʨ: 

ʜʨ ʉʣʦʙʦʜʘʥ ʅ. ɺʫʢʦʩʘʚʠ˂, ʨʝʜʦʚʥʠ ʧʨʦʬʝʩʦʨ 

ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ, ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʠ ʬʘʢʫʣʪʝʪ 

 

 

 

ʏʣʘʥʦʚʠ ʢʦʤʠʩʠʿʝ: 

ʜʨ ɼʨʘʛʘʥ ʄʠʭʠ˂, ʚʘʥʨʝʜʥʠ ʧʨʦʬʝʩʦʨ 

ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ, ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʠ ʬʘʢʫʣʪʝʪ 

 

ʜʨ ʊʦʤʠʩʣʘʚ ʐʝʢʘʨʘ, ʨʝʜʦʚʥʠ ʧʨʦʬʝʩʦʨ 

ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ, ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʠ ʬʘʢʫʣʪʝʪ 

 

ʜʨ ɾʘʨʢʦ ɱʘʥʜʘ, ʚʠʰʠ ʥʘʫʯʥʠ ʩʘʨʘʜʥʠʢ 

ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ, ʀʥʩʪʠʪʫʪ Ăʅʠʢʦʣʘ ʊʝʩʣʘñ 

 

ʜʨ ʄʠʣʘʥ ɹʝʙʠ˂, ʚʘʥʨʝʜʥʠ ʧʨʦʬʝʩʦʨ 

ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ, ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʠ ʬʘʢʫʣʪʝʪ 

 

ʜʨ ɿʦʨʘʥ ʉʪʦʿʘʥʦʚʠ˂, ʨʝʜʦʚʥʠ ʧʨʦʬʝʩʦʨ 

ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ, ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʠ ʬʘʢʫʣʪʝʪ 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

ɼʘʪʫʤ ʦʜʙʨʘʥʝ: _________________ ʛʦʜʠʥʝ ʫ ɹʝʦʛʨʘʜʫ. 



 

 

ʅʘʩʣʦʚ ʜʠʩʝʨʪʘʮʠʿʝ: ʋʧʨʘʚˀʘˁʝ ʘʩʠʥʭʨʦʥʠʤ ʤʘʰʠʥʘʤʘ ʥʘ ʦʩʥʦʚʫ ʨʦʪʦʨʩʢʠʭ ʞʣʝʙʥʠʭ 

ʭʘʨʤʦʥʠʢʘ ʧʨʠʩʫʪʥʠʭ ʫ ʩʪʨʫʿʠ ʩʪʘʪʦʨʘ 

ʉʘʞʝʪʘʢ: ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʩʠʥʪʝʟʘ ʥʦʚʝ ʩʪʨʫʢʪʫʨʝ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ 

ʚʨʘʪʠʣʘ ʘʩʠʥʭʨʦʥʝ ʤʘʰʠʥʝ ʩʘ ʢʘʚʝʟʥʠʤ ʨʦʪʦʨʦʤ ʟʘʩʥʦʚʘʥʘ ʥʘ ʨʦʪʦʨʩʢʠʤ ʞʣʝʙʥʠʤ 

ʭʘʨʤʦʥʠʮʠʤʘ (ʈɾʍ) ʧʨʠʩʫʪʥʠʤ ʫ ʩʪʨʫʿʠ ʩʪʘʪʦʨʘ. ʉʪʨʫʢʪʫʨʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʟʘʩʥʦʚʘʥʘ ʥʘ 

ʈɾʍ, ʫ ʥʘʩʪʘʚʢʫ ʢʘʦ ʝʩʪʠʤʘʪʦʨ, ʜʠʟʘʿʥʠʨʘʥʘ ʿʝ ʩʘ ʮʠˀʝʤ ʜʘ ʩʝ ʫʧʦʪʨʝʙʠ ʫʤʝʩʪʦ ʜʘʚʘʯʘ ʥʘ 

ʚʨʘʪʠʣʫ ʟʘ ʧʦʪʨʝʙʝ ʨʝʛʫʣʘʮʠʿʝ ʙʨʟʠʥʝ ʠ ʩʪʨʫʿʝ ʚʠʩʦʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ. ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʩʝ ʨʘʜ 

ʨʝʛʫʣʘʪʦʨʘ ʙʨʟʠʥʝ ʠ ʚʝʢʪʦʨʩʢʦʛ ʫʧʨʘʚˀʘˁʘ ʟʘʩʥʠʚʘ ʥʘ ʠʟʣʘʟʠʤʘ ʝʩʪʠʤʘʪʦʨʘ, ʘ ʩʠʥʪʝʟʘ 

ʥʘʜʨʝʹʝʥʠʭ ʨʝʛʫʣʘʮʠʦʥʠʭ ʧʝʪˀʠ ʿ ʝ ʠʟʚʨʰʝʥʘ ʫʚʘʞʘʚʘˁʝʤ ʩʪʘʪʠʯʢʦʛ ʠ ʜʠʥʘʤʠʯʢʦʛ ʧʦʥʘʰʘˁʘ 

ʝʩʪʠʤʘʪʦʨʘ. ʂʨʦʟ ʘʥʘʣʠʪʠʢʫ, ʩʠʤʫʣʘʮʠʦʥʝ ʤʦʜʝʣʝ ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʠʩʧʠʪʠʚʘˁʘ ʝʩʪʠʤʘʪʦʨʘ 

ʠ sensorless ʨʝʛʫʣʘʮʠʦʥʦʛ ʩʠʩʪʝʤʘ, ʦʩʪʚʘʨʝʥʠ ʩʫ ʩʣʝʜʝ˂ʠ ʨʝʟʫʣʪʘʪʠ: 

- ʪʘʯʥʦʩʪ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ ʦʜ 0,1164% ʩʘ ʢʘʰˁʝˁʝʤ ʦʮʝʥʝ ʦʜ 50 ms ʧʨʠ ʙʨʟʠʥʠ ʦʙʨʪʘˁʘ 

ʦʜ 4% ʥʦʤʠʥʘʣʥʝ ʙʨʟʠʥʝ; 

- ʪʘʯʥʦʩʪ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ ʦʜ 0,041% ʩʘ ʢʘʰˁʝˁʝʤ ʦʮʝʥʝ ʦʜ 7 ms ʧʨʠ ʥʦʤʠʥʘʣʥʦʿ ʙʨʟʠʥʠ;  

- ʚʨʝʤʝʥʩʢʠ ʦʜʟʠʚ ʝʩʪʠʤʘʪʦʨʘ ʫ ʧʨʠʩʫʩʪʚʫ ʦʜʩʢʦʯʥʝ ʧʨʦʤʝʥʝ ʙʨʟʠʥʝ ʢʦʿʠ ʥʝ ʫʩʣʦʞˁʘʚʘ 

ʟʘʭʪʝʚʝ ʫ ʧʦʛʣʝʜʫ ʩʠʥʪʝʟʝ ʨʝʛʫʣʘʪʦʨʘ ʙʨʟʠʥʝ;  

- ʠʟʣʘʟʠ ʝʩʪʠʤʘʪʦʨʘ ʩʫ ʫʩʧʝʰʥʦ ʠʩʢʦʨʠʰ˂ʝʥʠ ʟʘ ʧʦʪʨʝʙʝ sensorless ʨʝʛʫʣʘʮʠʿʝ ʙʨʟʠʥʝ ʠ 

ʚʝʢʪʦʨʩʢʦʛ ʫʧʨʘʚˀʘˁʘ;  

- ʦʩʪʚʘʨʝʥ ʿʝ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ sensorless ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʙʨʟʠʥʠ ʦʜ 15 Hz; 

- ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʿʝ ʦʩʪʚʘʨʝʥ ʧʦʫʟʜʘʥ ʨʘʜ sensorless ʩʠʩʪʝʤʘ ʫ ʧʨʠʩʫʩʪʚʫ:  

o ʦʜʩʢʦʯʥʝ ʧʨʦʤʝʥʝ ʨʝʬʝʨʝʥʮʝ ʙʨʟʠʥʝ ʦʜ 1000 ʦʙʨ/ʤʠʥ; 

o ʧʨʦʤʝʥʝ ʨʝʬʝʨʝʥʮʝ ʙʨʟʠʥʝ ʩʘ ʜʠʥʘʤʠʢʦʤ ʨʘʤʧʝ ʩʪʨʤʠʥʝ 1400 ʦʙʨ/ʩʝʢʫʥʜʠ; 

o ʧʨʦʤʝʥʝ ʦʧʪʝʨʝ˂ʝˁʘ ʥʘ ʚʨʘʪʠʣʫ ʩʘ ʜʠʥʘʤʠʢʦʤ ʨʘʤʧʝ ʩʪʨʤʠʥʝ 3,75 Nm/̓; 

o ʦʜʩʢʦʯʥʝ ʧʨʦʤʝʥʝ ʦʧʪʝʨʝ˂ʝˁʘ ʫ ʚʨʝʜʥʦʩʪʠ ʦʜ 100% ʥʦʤʠʥʘʣʥʦʛ ʤʦʤʝʥʪʘ ʩʠʣʝ; 

- ʜʝʬʠʥʠʩʘʥʠ ʩʫ ʤʠʥʠʤʘʣʥʠ ʫʩʣʦʚʠ ʠ ʦʛʨʘʥʠʯʝˁʘ ʢʦʿʘ ʤʦʨʘʿʫ ʙʠʪʠ ʦʩʪʚʘʨʝʥʘ ʫ ʧʦʛʣʝʜʫ 
ʧʨʘʢʪʠʯʥʝ ʧʨʠʤʝʥʝ ʨʝʰʝˁʘ; 

ʇʨʝʤʘ ʜʦ ʩʘʜʘ ʧʫʙʣʠʢʦʚʘʥʦʿ ʣʠʪʝʨʘʪʫʨʠ, ʤʝʪʦʜʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʈɾʍ ʩʝ ʜʦʤʠʥʘʥʪʥʦ ʢʦʨʠʩʪʝ 

ʟʘ ʧʦʪʨʝʙʝ ʥʘʜʟʦʨʘ, ʜʠʿʘʛʥʦʩʪʠʢʝ ʠ ʘʜʘʧʪʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦʛʦʥʘ. ʅʘʿʚʝ˂ʠ ʙʨʦʿ 

ʜʦ ʩʘʜʘ ʧʫʙʣʠʢʦʚʘʥʠʭ ʨʝʰʝˁʘ, ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʩʧʦʤʝʥʫʪʦʿ ʘʥʠʟʦʪʨʦʧʠʿʠ, ʧʦʜʨʘʟʫʤʝʚʘʦ ʿʝ ʦʮʝʥʫ 

ʙʨʟʠʥʝ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ. ɼʠʥʘʤʠʯʢʦ ʧʦʥʘʰʘˁʘ ʤʝʪʦʜʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʈɾʍ ʠ ˁʠʭʦʚʘ 

ʫʧʦʪʨʝʙʘ ʫ sensorless ʨʝʛʫʣʘʮʠʦʥʠʤ ʩʠʩʪʝʤʠʤʘ ʫʛʣʘʚʥʦʤ ʥʠʩʫ ʨʘʟʤʘʪʨʘʥʠ. ɼʦʜʘʪʥʦ, ʟʘ ʧʦʪʨʝʙʝ 

ʧʨʠʤʝʥʝ, ʨʝʰʝˁʘ ʫʛʣʘʚʥʦʤ ʟʘʭʪʝʚʘʿʫ ʤʦʜʠʬʠʢʘʮʠʿʝ ʥʘʜ ʝʥʝʨʛʝʪʩʢʠʤ ʧʨʝʪʚʘʨʘʯʝʤ ʠʣʠ 

ʝʣʝʢʪʨʠʯʥʦʤ ʤʘʰʠʥʦʤ, ʫʧʦʪʨʝʙʫ ʚʠʰʝ ʧʨʦʮʝʩʦʨʩʢʠʭ ʿʝʜʠʥʠʮʘ ʫ ʿʝʜʥʦʚʨʝʤʝʥʦʤ ʨʘʜʫ, ʤʘʪʨʠʮʝ 

ʧʦʜʘʪʘʢʘ, ʜʦʜʘʪʥʠ ʤʝʤʦʨʠʿʩʢʠ ʧʨʦʩʪʦʨ, ʧʦʟʥʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʤʘʰʠʥʝ ʠ ʧʨʝʪʚʘʨʘʯʘ, ʠʪʜ. 

ʄʝʪʦʜʘ ʧʨʝʜʩʪʘʚˀʝʥʘ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʥʝʤʘ ʟʘʭʪʝʚʝ ʫ ʧʦʛʣʝʜʫ ʧʨʘʢʪʠʯʥʝ ʧʨʠʤʝʥʝ ʠ ʥʠʿʝ 

ʦʛʨʘʥʠʯʝʥʘ ʥʘ ʩʧʝʮʠʬʠʯʥʫ ʘʧʣʠʢʘʮʠʿʫ. ʇʨʝʜʩʪʘʚˀʝʥʠ ʝʩʪʠʤʘʪʦʨ ʩʝ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʧʦʪʨʝʙʝ 

ʨʝʛʫʣʘʮʠʿʝ, ʥʘʜʟʦʨʘ ʠ ʜʠʿʘʛʥʦʩʪʠʢʝ ʩʠʩʪʝʤʘ ʢʦʜ ʙʠʣʦ ʢʦʿʝ ʘʩʠʥʭʨʦʥʝ ʤʘʰʠʥʝ ʢʦʿʘ ʠʤʘ 

ʩʧʦʩʦʙʥʦʩʪ ʜʘ ʛʝʥʝʨʠʰʝ ʈɾʍ. ʋ ʧʦʛʣʝʜʫ ʩʪʨʫʢʪʫʨʝ ʝʩʪʠʤʘʪʦʨʘ, ʈɾʍ ʩʝ ʜʝʪʝʢʪʫʿʫ ʫ ʩʧʝʢʪʨʫ 

ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʢʦʨʠʩʪʝ˂ʠ ʬʘʟʥʦ ʩʧʨʝʛʥʫʪʫ ʧʝʪˀʫ (ʌʉʇ). ʂʘʢʦ ʙʠ ʩʝ ʫʚʝ˂ʘʣʘ ʨʦʙʫʩʥʦʩʪ ʨʝʰʝˁʘ, 

ʧʨʝ ʧʨʦʮʝʩʘ ʜʝʪʝʢʮʠʿʝ ʤʝʨʝʥʘ ʩʪʨʫʿʘ ʩʪʘʪʦʨʘ ʩʝ ʧʨʦʧʫʰʪʘ ʢʨʦʟ ʘʜʘʧʪʠʚʥʠ ʜʠʛʠʪʘʣʥʠ ʬʠʣʪʘʨ 

ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ (ʇʆ) ʫʯʝʩʪʘʥʦʩʪʠ. ʅʘ ʠʟʣʘʟ ʌʉʇ ʧʦʩʪʘʚˀʝʥ ʿʝ ʘʜʘʧʪʠʚʥʠ ʜʠʛʠʪʘʣʥʠ 

ʥʠʩʢʦʬʨʝʢʚʝʥʪʥʠ (ʅʌ) ʬʠʣʪʘʨ. ʅʌ ʬʠʣʪʘʨ ʦʙʝʟʙʝʹʫʿʝ ʞʝˀʝʥʫ ʪʘʯʥʦʩʪ ʠ ʢʘʰˁʝˁʝ ʫ ʦʮʝʥʠ 

ʙʨʟʠʥʝ, ʢʘʦ ʠ ʧʦʪʨʝʙʥʫ ʙʨʟʠʥʫ ʘʜʘʧʪʘʮʠʿʝ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫʣʘʟʥʦʛ ʬʠʣʪʨʘ ʇʆ ʫ 

ʧʦʛʣʝʜʫ ʩʪʘʙʠʣʥʦʩʪʠ ʝʩʪʠʤʘʪʦʨʘ. ʅʘʚʝʜʝʥʠ ʝʣʝʤʝʥʪʠ ʝʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ ʩʫ ʧʨʦʿʝʢʪʦʚʘʥʠ 

ʧʨʝʤʘ ʟʘʭʪʝʚʠʤʘ ʥʘʜʨʝʹʝʥʠʭ ʨʝʛʫʣʘʮʠʦʥʠʭ ʧʝʪˀʠ ʢʘʢʦ ʙʠ ʩʝ ʦʙʝʟʙʝʜʠʣʦ ʞʝˀʝʥʦ ʧʦʥʘʰʘˁʝ 

ʝʩʪʠʤʘʪʦʨʘ ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ ʧʨʦʮʝʩʘ ʠ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ. ʆʚʘʢʦ ʥʘʧʨʘʚˀʝʥ ʝʩʪʠʤʘʪʦʨ ʿʝ ʫ 

ʜʠʩʝʨʪʘʮʠʿʠ ʢʦʨʠʰ˂ʝʥ ʟʘ ʧʦʪʨʝʙʝ ʩʠʥʪʝʟʝ ʨʝʛʫʣʘʮʠʿʝ ʧʦ ʙʨʟʠʥʠ ʠ ʚʝʢʪʦʨʩʢʦʛ ʫʧʨʘʚˀʘˁʘ.  

ʈʝʛʫʣʘʪʦʨ ʙʨʟʠʥʝ ʿʝ ʜʠʟʘʿʥʠʨʘʥ ʫʚʘʞʘʚʘʿʫ˂ʠ ʜʠʥʘʤʠʢʫ ʝʩʪʠʤʘʪʦʨʘ. ɿʘʭʚʘˀʫʿʫ˂ʠ 

ʧʨʠʭʚʘʪˀʠʚʦʤ ʜʠʥʘʤʠʯʢʦʤ ʦʜʟʠʚʫ ʝʩʪʠʤʘʪʦʨʘ ʟʘ ʧʦʪʨʝʙʝ ʨʝʛʫʣʘʮʠʿʝ ʙʨʟʠʥʝ ʿʝ ʫʧʦʪʨʝʙˀʝʥa 



 

 

ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ-ʠʥʪʝʛʨʘʣʥʘ (ʇʀ) ʩʪʨʫʢʪʫʨʘ ʨʝʛʫʣʘʪʦʨʘ. ɼʘ ʙʠ ʩʝ ʦʩʪʚʘʨʠʣʦ ʢʚʘʣʠʪʝʪʥʦ 

ʧʦʥʘʰʘˁʝ ʠ ʩʪʘʙʠʣʥʦʩʪ ʧʦʛʦʥʘ ʧʨʠ ʩʚʘʢʦʤ ʨʘʜʥʦʤ ʨʝʞʠʤʫ, ʧʘʨʘʤʝʪʨʠ ʨʝʛʫʣʘʪʦʨʘ ʠ ʝʩʪʠʤʘʪʦʨʘ 

ʙʨʟʠʥʝ ʩʝ ʤʝˁʘʿʫ ʟʘʿʝʜʥʦ ʫ ʬʫʥʢʮʠʿʠ ʨʘʜʥʦʛ ʨʝʞʠʤʘ ʠ ʤʘʢʩʠʤʘʣʥʦʛ ʜʦʟʚʦˀʝʥʦʛ ʧʨʦʧʫʩʥʦʛ 

ʦʧʩʝʛʘ ʨʝʛʫʣʘʮʠʦʥʠʭ ʧʝʪˀʠ. ʅʘ ʦʩʥʦʚʫ ʥʘʚʝʜʝʥʠʭ ʘʥʘʣʠʪʠʯʢʠʭ ʬʫʥʢʮʠʿʘ, ʠʟʚʝʜʝʥʠ ʩʫ 

ʣʠʥʝʘʨʥʠ ʤʦʜʝʣʠ ʝʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ ʠ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʙʨʟʠʥʠ. ʅʘ ʦʩʥʦʚʫ ʣʠʥʝʘʨʥʝ 

ʘʥʘʣʠʟʝ ʩʪʘʙʠʣʥʦʩʪʠ, ʩʠʤʫʣʘʮʠʦʥʠʭ ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʠʩʧʠʪʠʚʘˁʘ ʩʠʩʪʝʤʘ, ʧʦʥʘʰʘˁʝ ʠ 

ʩʪʘʙʠʣʥʦʩʪ ʧʨʝʜʩʪʘʚˀʝʥʦʛ sensorless ʨʝʛʫʣʘʮʠʦʥʦʛ ʩʠʩʪʝʤʘ ʠ ʝʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ ʩʝ ʤʦʛʫ 

ʛʘʨʘʥʪʦʚʘʪʠ ʘʢʦ ʠ ʩʘʤʦ ʘʢʦ ʩʫ ʫ ʧʨʦʠʟʚʦˀʥʦʤ ʧʦʛʦʥʫ ʠʩʧʫˁʝʥʘ ʦʙʘ ʦʜ ʜʚʘ ʥʘʨʝʜʥʘ ʫʩʣʦʚʘ: 

- ʜʘ ʿʝ ʈɾʍ ʦʧʠʩʘʥ ʩʘ ʤʠʥʠʤʫʤ ʧʝʪ ʢʚʘʥʪʠʟʘʮʠʦʥʠʭ ʥʠʚʦʘ ʘʥʘʣʦʛʥʦ-ʜʠʛʠʪʘʣʥʦʛ 

ʢʦʥʚʝʨʪʦʨʘ; 

- ʜʘ ʿʝ ʙʨʟʠʥʘ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʫ ʚʨʝʤʝʥʫ ʤʘˁʘ ʦʜ 770 Hz/s. 

ɸʥʘʣʠʟʘʤʘ ʠ ʠʩʧʠʪʠʚʘˁʠʤʘ ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ ʥʘʚʝʜʝʥʠ ʫʩʣʦʚʠ ʥʠʩʫ ʠʩʢˀʫʯʠʚʠ. ɽʩʪʠʤʘʪʦʨ ʠ 

ʨʝʛʫʣʘʮʠʦʥʠ ʩʠʩʪʝʤ ʨʘʜʠ˂ʝ ʠ ʫ ʩʣʫʯʘʿʫ ʜʘ ʙʠʣʦ ʢʦʿʠ ʦʜ ʥʘʚʝʜʝʥʠʭ ʫʩʣʦʚʘ ʥʠʿʝ ʠʩʧʫˁʝʥ, ʘʣʠ ʩʝ 

ʥʝ ʤʦʞʝ ʛʘʨʘʥʪʦʚʘʪʠ ʥʘʚʝʜʝʥʦ ʧʦʥʘʰʘˁʝ ʩʠʩʪʝʤʘ ʠ ʩʪʘʙʠʣʥʦʩʪ. ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʥʘʚʝʜʝʥʠ 

ʫʩʣʦʚʠ ʥʝ˂ʝ ʙʠʪʠ ʠʩʧʫˁʝʥʠ ʧʨʠ ʥʠʞʠʤ ʚʨʰʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʈɾʍ, ʪʿ. ʧʨʠ ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ, ʠ 

ʫ ʧʨʠʩʫʩʪʚʫ ʦʜʩʢʦʯʥʠʭ ʧʨʦʤʝʥʘ ʦʧʪʝʨʝ˂ʝˁʘ ʥʘ ʚʨʘʪʠʣʫ ʤʘʰʠʥʝ ʚʝʣʠʢʝ ʿʘʯʠʥʝ. 

ɸʣʛʦʨʠʪʤʠ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ, ʨʝʛʫʣʘʮʠʿʫ ʙʨʟʠʥʝ, ʨʝʛʫʣʘʮʠʿʫ ʩʪʨʫʿʝ ʠ ʚʝʢʪʦʨʩʢʦ ʫʧʨʘʚˀʘˁʝ  

ʨʝʘʣʠʟʦʚʘʥʠ ʩʫ ʥʘ ʿʝʜʠʥʩʪʚʝʥʦʤ ʧʨʦʮʝʩʦʨʫ ʙʝʟ ʜʦʜʘʪʥʠʭ ʟʘʭʪʝʚʘ ʫ ʧʦʛʣʝʜʫ ʭʘʨʜʚʝʨʘ ʠʣʠ 

ʩʦʬʪʚʝʨʘ. ʈʘʜ ʧʦʛʦʥʘ ʩʘ sensorless ʨʝʛʫʣʘʮʠʿʦʤ ʤʦʤʝʥʪʘ ʩʠʣʝ, ʬʣʫʢʩʘ ʠ ʙʨʟʠʥʝ, ʢʘʦ ʠ 

ʝʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ, ʜʝʤʦʥʩʪʨʠʨʘʥ ʿ ʝ ʥʘʜ ʪʨʦʬʘʟʥʦʤ ʘʩʠʥʭʨʦʥʦʤ ʤʘʰʠʥʦʤ ʩʥʘʛʝ 2,2 kW ʫ 

ʦʧʩʝʛʫ ʫʯʝʩʪʘʥʦʩʪʠ ʩʪʘʪʦʨʩʢʠʭ ʩʪʨʫʿʘ ʦʜ 2 Hz (60 ʦʙʨ/ʤʠʥ) ʜʦ 50 Hz (1500 ʦʙʨ/ʤʠʥ), ʠ ʦʜ 

ʧʨʘʟʥʦʛ ʭʦʜʘ ʜʦ ʥʦʤʠʥʘʣʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ. ʆʜʟʠʚʠ ʩʠʩʪʝʤʘ ʩʫ ʜʝʤʦʥʩʪʨʠʨʘʥʠ ʧʨʠ ʧʨʦʤʝʥʘʤʘ 

ʨʝʬʝʨʝʥʮʝ ʙʨʟʠʥʝ ʠ ʫ ʧʨʠʩʫʩʪʚʫ ʦʧʪʝʨʝ˂ʝˁʘ ʥʘ ʚʨʘʪʠʣʫ, ʠ ʪʦ ʧʨʠ ʨʘʟʣʠʯʠʪʠʤ ʿ ʘʯʠʥʘʤʘ ʠ 

ʜʠʥʘʤʠʢʘʤʘ ʧʦʨʝʤʝ˂ʘʿʘ. ʆʩʪʚʘʨʝʥ ʿʝ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ sensorless ʨʝʛʫʣʘʮʠʿʝ ʧʦ ʙʨʟʠʥʠ ʜʦ 15 Hz 

ʠ ʧʦʪʠʩʢʠʚʘˁʝ ʧʦʨʝʤʝ˂ʘʿʘ ʦʜ 100% ʚʨʝʜʥʦʩʪʠ ʥʦʤʠʥʘʣʥʦʛ ʤʦʤʝʥʪʘ ʩʠʣʝ.   

ʋ ʧʦʛʣʝʜʫ ʝʩʪʠʤʘʪʦʨʘ, ʧʦʫʟʜʘʥ ʨʘʜ ʿʝ ʦʩʪʚʘʨʝʥ ʥʘ ʚʝʦʤʘ ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ, ʧʨʠ ʫʯʝʩʪʘʥʦʩʪʠ 

ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʦʜ 2 Hz, ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʚʝʣʠʢʠʤ ʙʨʦʿʝʤ ʜʦ ʩʘʜʘ ʧʫʙʣʠʢʦʚʘʥʠʭ ʨʝʰʝˁʘ ʢʦʿʘ 

ʦʙʝʟʙʝʹʫʿʫ ʦʮʝʥʫ ʙʨʟʠʥʝ ʜʦ ʫʯʝʩʪʘʥʦʩʪʠ ʦʜ 5 Hz. ʇʨʝʤʘ ʥʘʿʙʦˀʝʤ ʩʘʟʥʘˁʫ ʘʫʪʦʨʘ, ʜʦ ʩʘʜʘ 

ʧʫʙʣʠʢʦʚʘʥʝ ʤʝʪʦʜʝ ʩʫ ʥʘ ʥʘʿʥʠʞʠʤ ʨʘʜʥʠʤ ʙʨʟʠʥʘʤʘ ʦʩʪʚʘʨʠʣʝ ʪʘʯʥʦʩʪ ʥʝ ʚʝ˂ʫ ʦʜ 0,2%. ʂʘʢʦ 

ʩʫ ʜʦ ʩʘʜʘ ʧʫʙʣʠʢʦʚʘʥʘ ʨʝʰʝˁʘ  ʧʦ ʧʨʠʨʦʜʠ ʬʠʢʩʥʝ ʩʪʨʫʢʪʫʨʝ, ʪʘʯʥʦʩʪ ʩʝ ʥʠʿʝ ʤʝˁʘʣʘ ʩʘ 

ʧʨʦʤʝʥʦʤ ʨʘʜʥʠʭ ʨʝʞʠʤʘ. ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʧʨʝʜʩʪʘʚˀʝʥʦ ʨʝʰʝˁʝ ʫ ʥʘʿʛʦʨʝʤ ʩʣʫʯʘʿʫ, ʪʿ. ʧʨʠ 

ʧʨʘʟʥʦʤ ʭʦʜʫ ʠ ʫʯʝʩʪʘʥʦʩʪʠ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʦʜ 2 Hz, ʠʤʘ ʪʘʯʥʦʩʪ ʦʜ 0,1164% ʩʘ ʢʘʰˁʝˁʝʤ ʫ 

ʦʮʝʥʠ ʙʨʟʠʥʝ ʦʜ 50 ms. ɸʜʘʧʪʠʚʥʘ ʧʨʠʨʦʜʘ ʧʨʝʜʩʪʘʚˀʝʥʦʛ ʝʩʪʠʤʘʪʦʨʘ ʧʨʫʞʘ ʢʘʰˁʝˁʝ ʦʜ 7 ms 

ʩʘ ʪʘʯʥʦʰ˂ʫ ʦʜ 0,041% ʫ ʧʨʘʟʥʦʤ ʭʦʜʫ ʟʘ ʫʯʝʩʪʘʥʦʩʪʠ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʚʝ˂ʝ ʦʜ 40 Hz. ʊʦʢʦʤ 

ʠʩʧʠʪʠʚʘˁʘ ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ ʩʘ ʧʦʨʘʩʪʦʤ ʦʧʪʝʨʝ˂ʝˁʘ ʥʘ ʚʨʘʪʠʣʫ ʪʘʯʥʦʩʪ ʦʮʝˁʝʥʝ ʙʨʟʠʥʝ ʟʥʘʪʥʦ 

ʨʘʩʪʝ. ʄʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ, ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʧʨʝʪʭʦʜʥʦ ʧʫʙʣʠʢʦʚʘʥʠʤ ʨʝʰʝˁʠʤʘ, ʝʩʪʠʤʘʪʦʨ 

ʧʨʝʜʩʪʘʚˀʝʥ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʧʨʫʞʘ ʙʦˀʫ ʪʘʯʥʦʩʪ, ʥʠʞʝ ʢʘʰˁʝˁʝ, ʨʝʘʣʠʟʘʮʠʿʫ ʙʝʟ ʩʧʝʮʠʬʠʯʥʠʭ 

ʟʘʭʪʝʚʘ, ʢʘʦ ʠ ʜʘ ʿʝ ʫʩʧʝʰʥʦ ʫʧʦʪʨʝʙˀʝʥ ʟʘ sensorless ʨʝʛʫʣʘʮʠʿʫ ʤʦʤʝʥʪʘ ʩʠʣʝ, ʬʣʫʢʩʘ ʠ 

ʙʨʟʠʥʝ ʦʜʣʠʯʥʦʛ ʢʚʘʣʠʪʝʪʘ ʧʦʥʘʰʘˁʘ. ʆʩʪʚʘʨʝʥʠ ʢʚʘʣʠʪʝʪ ʧʦʥʘʰʘˁʘ ʠ ʩʪʘʙʠʣʥʦʩʪ ʩʠʩʪʝʤʘ ʩʝ 

ʤʦʛʫ ʛʘʨʘʥʪʦʚʘʪʠ ʘʢʦ ʠ ʩʘʤʦ ʘʢʦ ʩʫ ʠʩʧʫˁʝʥʘ ʜʚʘ ʥʘʚʝʜʝʥʘ ʫʩʣʦʚʘ ʫ ʧʦʛʣʝʜʫ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ 

ʠ ʙʨʟʠʥʝ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ. 
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Dissertation title: Control of asynchronous machines based on rotor slot harmonics comprised 

in stator currents 

Summary: The thesis presents the synthesis of a new structure to estimate the shaft rotation speed 

of an asynchronous machine with a cage rotor based on the rotor slot harmonics (RSH) comprised in 

the stator current. The RSH-based speed estimation structure, hereinafter referred to as estimator, is 

designed to be used in place of a speed sensor for high-performance speed and current regulation 

purposes. In the thesis, the operation of the speed regulator and vector control is based on the outputs 

of the estimator, and the synthesis of the control system was carried out taking into account the static 

and dynamic behavior of the estimator. Through analysis, simulation models and experimental tests 

of the estimator and sensorless regulation system, the following results were achieved: 

- speed estimation accuracy of 0,1164% with an estimation delay of 50 ms at a rotation speed 

of 4% of the nominal speed; 

- speed estimation accuracy of 0,041% with an estimation delay of 7 ms at the nominal speed; 

- the frequency and time response of the estimator that does not complicate the requirements 

for the synthesis of the speed regulator; 

- the outputs of the estimator were successfully used for the needs of sensorless speed regulation 

and vector control purposes; 

- the bandwidth of the speed sensorless control loop of 15 Hz was achieved; 

- reliable operation of the sensorless system was achieved experimentally in the presence of: 

o step speed reference change of 1000 rpm; 

o ramp speed reference change with a slope of 1400 rotations per seconds; 

o ramp load change with a slope of 3,75 Nm/̓; 

o step load change of 100% of the nominal torque; 

- the minimum conditions and limitations that must be met regarding the practical application 

of the solution are defined. 

In the literature, RSH-based methods are dominantly used for monitoring, diagnostics and 

adjustment of the electrical drive parameters. Most of the solutions published so far, based on the 

mentioned anisotropy, related to the estimation of the speed in the stationary conditions. The dynamic 

behavior of RSH-based methods and their use in sensorless control systems has usually not been 

considered. Further, for application purposes, the solutions generally require modifications of the 

power converter or electrical machine, the use of multiple processing units in simultaneous operation, 

look-up tables, additional memory space, information of the converter and machine parameters, etc. 

The method presented in the thesis has no requirements regarding practical application and is not 

limited to a specific application. The presented estimator can be used for system regulation, 

monitoring and diagnostic purposes of any asynchronous machine that can generate RSH. Regarding 

the structure of the estimator, RSHs are detected in the stator current spectrum using a phase-locked 

loop (PLL). To increase the robustness of the solution, prior to the detection process, the measured 

stator current passes through an adaptive digital frequency band-pass filter (BPF). An adaptive low-

pass digital filter (LPF) is placed at the output of the PLL. The LPF provides the desired accuracy 

and estimation delay, as well as the required rate of adaptation of the center frequency of the BPF in 

terms of stability of the estimator. The mentioned elements of the speed estimator are designed 

according to the requirements of the control system to ensure the desired behavior of the estimator 

during steady-state and transient processes. The estimator designed in this way was further used in 

the dissertation for the needs of the synthesis of sensorless speed regulation and vector control. 

The speed regulator is designed considering the dynamics of the estimator. Acceptable dynamic 

response of the estimator provides the proportional-integral (PI) structure of the regulator to be used 

for speed regulation. The parameters of the regulator and the estimator are adapting together as a 

function of the operating regime and the maximum allowed bandwidth of the control loops, to achieve 

high performance and stability of the electrical drive in each operating regime. Linear models of the 



 

 

speed estimator and speed control loop were derived based on these analytical functions. Based on 

the linear stability analysis, simulation and experimental tests of the system, the performance and 

stability of the presented sensorless control system and speed estimator can be guaranteed if and only 

if the following two conditions are met in arbitrary electrical drive: 

- that RSH is described with a minimum of five quantization levels of the analog-digital converter; 

- that the rate of change of the RSH frequency is less than 770 Hz/s. 

Analysis and experimental tests have shown that the indicated conditions are not exclusive. The 

estimator and regulation system will operate even if any of the stated conditions are not met, but the 

stated system performance and stability cannot be guaranteed. It is shown that the indicated conditions 

will not be met with lower amplitudes of the RSH, i.e. at low speeds, and in the presence of higher 

values of step load change on the motor shaft. 

Algorithms for speed estimation, speed regulation, current regulation, and vector control are 

implemented on a single processor with no additional hardware or software requirements. The 

operation of the electrical drive with sensorless torque, flux and speed regulation, as well as the speed 

estimator, was demonstrated on a 2,2 kW three-phase asynchronous machine in the frequency range 

of stator currents from 2 Hz (60rpm) up to 50 Hz (1500 rpm) and from idle to nominal load. The 

system responses are demonstrated during changes in speed reference and in the presence of shaft 

loads, with different disturbance intensities and dynamics. The sensorless speed regulation bandwidth 

of up to 15 Hz and disturbance suppression of 100% of the nominal torque value were achieved. 

As for the estimator, reliable operation was achieved at very low speeds, at a stator current 

frequency of 2 Hz, compared to many solutions published so far that provide speed estimation up to 

a frequency of 5 Hz. To the best of the author's knowledge, methods published so far achieved an 

accuracy of no more than 0,2% at the lowest operating speeds. As the solutions published so far have 

a fixed structure, the accuracy did not change with the change of operating regimes. In the worst case 

for the solution presented in the dissertation, i.e. at idle-state and with a stator current frequency of 

2 Hz, it has a speed estimation accuracy of 0,1164% with an estimation delay of 50 ms. The adaptive 

nature of the presented estimator provides a delay of 7 ms with an accuracy of 0,041% at stator current 

frequencies above 40 Hz. It is shown, during the experimental tests, that the accuracy of the estimated 

speed increases significantly with increasing load on the shaft. It can be concluded that, compared to 

previously published solutions, the estimator presented in the dissertation provides higher accuracy, 

lower delay, realization without specific requirements and that it was successfully used within the 

high-performance sensorless regulation of the torque, flux and speed. The achieved performance and 

stability can be guaranteed if and only if the two stated conditions, regarding the amplitude value and 

the rate of change of the RSH frequency, are met. 

 

Keywords: Induction machines, Rotor Slot Harmonics, Sensorless control, Machine vector 

control, Digital Filter, Speed control, Phase-Locked Loop, Electrical Drive 

Scientific area: Electrical engineering 
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1 ʋʚʦʜ 
 

 

 

ʎʠˀ ʫʚʦʜʥʦʛ ʧʦʛʣʘʚˀʘ  ʿ ʝ ʜʘ ʦʙʨʘʟʣʦʞʠ ʧʦʪʨʝʙʫ ʟʘ ʨʘʟʚʦʿʝʤ ʥʦʚʦʛ sensorless ʘʣʛʦʨʠʪʤʘ ʠ 

ʜʘ ʧʨʝʜʩʪʘʚʠ ʩʪʨʫʢʪʫʨʫ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦʛʦʥʘ ʢʦʿʘ ˂ʝ ʩʝ ʘʥʘʣʠʟʠʨʘʪʠ ʫ ʜʠʩʝʨʪʘʮʠʿʠ. ʇʦʛʣʘʚˀʝ 

ʦʙʫʭʚʘʪʘ ʢʨʘ˂ʠ ʠʩʪʦʨʠʿʘʪ ʦ ʨʘʟʚʦʿʫ ʝʣʝʢʪʨʠʯʥʠʭ ʧʦʛʦʥʘ, ʧʨʝʜʩʪʘʚˀʘˁʝ ʦʩʥʦʚʥʠʭ 

ʩʪʨʫʢʪʫʨʘʣʥʠʭ ʝʣʝʤʝʥʘʪʘ ʧʦʛʦʥʘ. ʋʢʨʘʪʢʦ ʿʝ ʫʢʘʟʘʥʦ ʥʘ ʧʨʝʜʥʦʩʪʠ ʠ ʤʘʥʝ ʧʦʩʪʦʿʘˁʘ ʜʘʚʘʯʘ 

ʙʨʟʠʥʝ ʠ ʧʦʟʠʮʠʿʝ ʥʘ ʚʨʘʪʠʣʫ ʤʘʰʠʥʝ. ʇʨʝʜʩʪʘʚˀʝʥʝ ʩʫ ʥʝʢʝ ʦʜ ʧʨʠʤʝʥʘ ʢʦʿʝ ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʫ 

ʧʨʘʢʩʠ, ʘ ʢʦʿʝ ʩʝ ʟʘʩʥʠʚʘʿʫ ʥʘ ʫʧʨʘʚˀʘˁʫ ʝʣʝʢʪʨʠʯʥʠʤ ʤʘʰʠʥʘʤʘ ʙʝʟ ʫʧʦʪʨʝʙʝ ʜʘʚʘʯʘ ʥʘ 

ʚʨʘʪʠʣʫ, ʛʜʝ ʿʝ ʫʿʝʜʥʦ ʠ ʫʢʘʟʘʥʦ ʠ ʥʘ ʧʦʪʨʝʙʫ ʟʘ ʨʘʟʚʦʿʝʤ ʥʦʚʠʭ ʨʝʰʝˁʘ. ʇʨʝʜʩʪʘʚˀʝʥ ʿʝ 

ʧʨʝʜʤʝʪ ʠʩʪʨʘʞʠʚʘˁʘ ʠ ʤʝʪʦʜʦʣʦʛʠʿʘ ʫʧʦʪʨʝʙˀʝʥʘ ʪʦʢʦʤ ʧʨʠʜʦʙʠʿʘˁʘ ʦʩʪʚʘʨʝʥʠʭ ʥʘʫʯʥʠʭ 

ʨʝʟʫʣʪʘʪʘ. ʂʘʢʦ ʙʠ ʩʝ ʠʩʪʘʢʣʠ ʛʣʘʚʥʠ ʨʝʟʫʣʪʘʪʠ ʩʧʨʦʚʝʜʝʥʦʛ ʥʘʫʯʥʦ-ʠʩʪʨʘʞʠʚʘʯʢʦʛ ʨʘʜʘ, 

ʦʩʪʚʘʨʝʥʠ ʥʘʫʯʥʠ ʜʦʧʨʠʥʦʩʠ ʩʫ ʫʢʨʘʪʢʦ ʩʘʞʝʪʠ. ʅʘ ʢʨʘʿʫ, ʜʘʪʘ ʿʝ ʩʪʨʫʢʪʫʨʘ ʜʠʩʝʨʪʘʮʠʿʝ. 

 

1.1 ʀʩʪʦʨʠʿʘʪ ʝʣʝʢʪʨʠʯʥʠʭ ʧʦʛʦʥʘ 
 

ʇʦʛʦʥʠ ʠʛʨʘʿʫ ʚʘʞʥʫ ʫʣʦʛʫ ʫ ʨʝʘʣʠʟʘʮʠʿʠ ʟʘʜʘʪʘʢʘ ʠ ʧʦʚʝ˂ʘˁʘ ʧʨʦʜʫʢʪʠʚʥʦʩʪʠ ʨʘʜʘ ʫ 

ʨʘʟʣʠʯʠʪʠʤ ʩʝʢʪʦʨʠʤʘ ʥʘʮʠʦʥʘʣʥʝ ʧʨʠʚʨʝʜʝ, ʘʫʪʦʤʘʪʠʟʘʮʠʿʠ ʠ ʩʣʦʞʝʥʦʿ ʤʝʭʘʥʠʟʘʮʠʿʠ 

ʧʨʦʠʟʚʦʜʥʠʭ ʧʨʦʮʝʩʘ. ʆʩʥʦʚʥʘ ʧʦʜʝʣʘ ʧʦʛʦʥʘ ʩʘ ʤʘʰʠʥʘʤʘ ʤʦʞʝ ʩʝ ʠʟʚʨʰʠʪʠ ʥʘ ʧʦʛʦʥʝ ʩʘ 

ʧʘʨʥʠʤ ʤʘʰʠʥʘʤʘ, ʧʦʛʦʥʝ ʩʘ ʤʦʪʦʨʠʤʘ ʩʘ ʫʥʫʪʨʘʰˁʠʤ ʩʘʛʦʨʝʚʘˁʝʤ (ʉʋʉ) ʠ ʝʣʝʢʪʨʠʯʥʝ 

ʧʦʛʦʥʝ (ɽʇ). ɽʣʝʢʪʨʠʯʥʠ ʧʦʛʦʥʠ (ʝʣʝʢʪʨʦʤʦʪʦʨʥʠ ʧʦʛʦʥʠ, ʝʣʝʢʪʨʦʧʦʛʦʥʠ, ʨʫʩ. 

ʵʣʝʢʪʨʦʧʨʠʚʦʜʳ, ʥʝʤ. elektrische Antriebe, hʧʘ. propulsi·n el®ctrica, ʬʨ. entra´nement ®lectrique, 

ʠʪʘ. ʘzionamenti elettrici, ʝʥʛʣ. electrical drives), ʥʘʣʘʟʝ ʧʨʠʤʝʥʫ ʫ  

- ʧʦʛʦʥʠʤʘ ʠʥʜʫʩʪʨʠʿʩʢʠʭ ʦʙʨʘʜʘ; 

- ʧʦʛʦʥʠʤʘ ʘʣʘʪʥʠʭ ʤʘʰʠʥʘ; 

- ʘʫʪʦʤʘʪʠʟʘʮʠʿʠ; 

- ʩʘʦʙʨʘ˂ʘʿʫ; 

- ʧʫʤʧʘʤʘ, ʚʝʥʪʠʣʘʪʦʨʠʤʘ; 

- ʚʝʪʨʦʛʝʥʝʨʘʪʦʨʠʤʘ, ʠʪʜ. 

ʅʘ ʤʥʦʛʠʤ ʤʝʩʪʠʤʘ ʩʝ ʤʦʞʝ ʥʘ˂ʠ ʜʘ ʩʝ 1838. ʛʦʜʠʥʘ ʩʤʘʪʨʘ ʛʦʜʠʥʦʤ ʨʦʹʝˁʘ ɽʇ 

ʨʝʘʣʠʟʦʚʘʥʦʛ ʫ ʚʠʜʫ ʝʣʝʢʪʨʠʯʥʦʛ ʯʘʤʮʘ ʦʜ ʩʪʨʘʥʝ Moritz Hermann Jacobi-ʘ ʫ ʉʘʥʢʪ ʇʝʪʝʨʙʫʨʛʫ. 

ʅʘ ʦʚʦʤ ʧʨʚʦʤ ʥʝʩʘʚʨʰʝʥʦʤ ʤʦʜʝʣʫ ʝʣʝʢʪʨʠʯʥʝ ʤʘʰʠʥʝ (ɽʄ) ʠ ʧʦʛʦʥʘ ʢʘʦ ʪʘʢʚʦʛ, ʦʪʢʨʠʚʝʥʝ 

ʩʫ ʟʥʘʯʘʿʥʝ ʧʨʝʜʥʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ ʜʦ ʪʘʜʘ ʜʦʤʠʥʘʥʪʥʦ ʧʨʠʤʝˁʝʥʝ ʧʦʛʦʥʝ ʩʘ ʧʘʨʥʠʤ 

ʤʘʰʠʥʘʤʘ. ʅʝʧʦʩʪʦʿʘˁʝ ʧʘʨʥʦʛ ʢʦʪʣʘ, ʟʘʣʠʭʘ ʛʦʨʠʚʘ ʠ ʚʦʜʝ, ʟʥʘʯʘʿʥʦ ʩʫ ʫʪʠʮʘʣʠ ʥʘ ʦʜʥʦʩ ʤʘʩʝ 

ʠ ʟʘʧʨʝʤʠʥʝ, ʪʘʜʘ ʛʣʘʚʥʠʭ ʧʦʢʘʟʘʪʝˀʘ ʟʘ ʢʚʘʣʠʪʝʪ ʧʦʛʦʥʘ. Rober Davidson, ʰʢʦʪʩʢʠ ʥʘʫʯʥʠʢ, 

ʛʦʜʠʥʫ ʜʘʥʘ ʢʘʩʥʠʿʝ ʧʨʝʜʩʪʘʚˀʘ ʧʨʚʠ ʝʣʝʢʪʨʠʯʥʠ ʯʝʪʚʦʨʦʯʢʘʰ, ʘ 1842. ʛʦʜʠʥʝ ʠ ʧʨʚʠ ʧʨʦʪʦʪʠʧ 

ʝʣʝʢʪʨʠʯʥʝ ʣʦʢʦʤʦʪʠʚʝ ʢʦʿʘ ʿʝ ʫʩʧʝʰʥʦ ʧʨʝʰʣʘ ʧʫʪ ʦʜ ɽʜʠʥʙʫʨʛʘ ʜʦ ɻʣʘʟʛʦʚʘ. ʊʦʢʦʤ 19-ʦʛ ʚʝʢʘ 

ɽʄ, ʫʿʝʜʥʦ ʠ ɽʇ, ʫʙʨʟʘʥʦ ʩʝ ʨʘʟʚʠʿʘʿʫ ʠ ʥʘʣʘʟʝ ʧʨʠʤʝʥʫ ʢʦʜ ʰʠʚʘ˂ʠʭ ʤʘʰʠʥʘ (1880), 

ʚʝʥʪʠʣʘʪʦʨʘ (1886), ʠʪʜ. ʂʨʘʿʝʤ 19-ʦʛ ʠ ʧʦʯʝʪʢʦʤ 20-ʦʛ ʚʝʢʘ ʧʦʯʠˁʝ ʝʣʝʢʪʨʠʬʠʢʘʮʠʿʘ ʛʨʘʜʩʢʦʛ 

ʩʘʦʙʨʘ˂ʘʿʘ. ʇʨʚʠ ʝʣʝʢʪʨʠʯʥʠ ʪʨʘʤʚʘʿ ʧʨʝʜʩʪʘʚʠʦ ʿʝ Fyodor Pirotsky 1880. ʛʦʜʠʥʝ ʫ ʉʘʥʢʪ 

ʇʝʪʝʨʙʫʨʛʫ, ʜʦʢ ʿ ʝ ʛʦʜʠʥʫ ʜʘʥʘ ʢʘʩʥʠʿʝ ʧʨʚʠ ʝʣʝʢʪʨʠʯʥʠ ʪʨʘʤʚʘʿ ʧʫʰʪʝʥ ʫ ʨʘʜ ʠ ʫ ɹʝʨʣʠʥʫ. 

ɹʝʦʛʨʘʜ ʫʚʦʜʠ ʧʨʚʫ ʝʣʝʢʪʨʠʯʥʫ ʣʠʥʠʿʫ 1894. ʛʦʜʠʥʝ, ʜʦʢ ʩʫ ʜʦ ʢʨʘʿʘ 1905. ʛʦʜʠʥʝ ʩʚʝ ʣʠʥʠʿʝ 

ʙʠʣʝ ʝʣʝʢʪʨʠʬʠʮʠʨʘʥʝ. ʂʨʘʿʝʤ 20-ʦʛ ʠ ʧʦʯʝʪʢʦʤ ʦʚʦʛ ʚʝʢʘ ʧʦʯʠˁʝ ʠʥʪʝʥʟʠʚʥʘ ʧʨʠʤʝʥʘ ɽʇ ʢʦʜ 

ʝʣʝʢʪʨʠʯʥʠʭ ʜʨʫʤʩʢʠʭ ʚʦʟʠʣʘ [1], ʘʣʠ ʠ ʫ ʧʨʠʤʝʥʘʤʘ ʢʦʜ ʧʦʛʦʥʘ ʫ ʙʨʦʜʦʚʠʤʘ [2] ʠ ʣʝʪʠʣʠʮʘʤʘ 



2 

 

[3]. ʇʨʝʤʘ ʄʝʹʫʥʘʨʦʜʥʦʿ ʘʛʝʥʮʠʿʠ ʟʘ ʝʥʝʨʛʠʿʫ (ʝʥʛʣ. International Energy Agency (2023), World 

Energy Outlook 2023, IEA), ʪʦʢʦʤ 2023. ʛʦʜʠʥʝ ʥʘ ʜʨʫʤʦʚʠʤʘ ʩʝ ʥʘʰʣʦ 14 ʤʠʣʠʦʥʘ ʥʦʚʠʭ 

ʝʣʝʢʪʨʠʯʥʠʭ ʚʦʟʠʣʘ, ʰʪʦ ʯʠʥʠ 18% ʫʢʫʧʥʝ ʧʨʦʜʘʿʝ ʩʚʠʭ ʚʦʟʠʣʘ ʥʘ ʛʣʦʙʘʣʥʦʤ ʥʠʚʦʫ. ɻʦʜʠʥʝ 

1890. ʝʣʝʢʪʨʠʯʥʠ ʧʦʛʦʥ ʿʝ ʯʠʥʠʦ ʩʘʤʦ 5% ʫʢʫʧʥʝ ʩʥʘʛʝ ʢʦʨʠʰ˂ʝʥʠʭ ʤʝʭʘʥʠʟʘʤʘ, ʜʦʢ ʩʝ ʜʘʥʘʩ 

ʦʢʦ 70% ʧʨʦʠʟʚʝʜʝʥʝ ʝʣʝʢʪʨʠʯʥʝ ʝʥʝʨʛʠʿʝ ʧʨʝʪʚʘʨʘ ʫ ʤʝʭʘʥʠʯʢʫ ʝʥʝʨʛʠʿʫ ʧʦʤʦ˂ʫ ʝʣʝʢʪʨʠʯʥʠʭ 

ʤʦʪʦʨʘ (ʝʣʝʢʪʨʦʤʦʪʦʨʘ, ʤʦʪʦʨʘ) ʢʦʿʠ ʧʦʢʨʝ˂ʫ ʨʘʟʣʠʯʠʪʝ ʤʘʰʠʥʝ ʠ ʤʝʭʘʥʠʟʤʝ. ɼʘʥʘʩ, ʙʦʨʙʘ ʥʘ 

ʩʚʝʪʩʢʦʤ ʪʨʞʠʰʪʫ ʟʘ ʧʨʝʩʪʠʞ ʫ ʮʝʥʠ ʠ ʢʚʘʣʠʪʝʪʫ ʧʨʦʠʟʚʦʜʘ ʢʘʦ ʠ ʧʦʪʨʝʙʝ ʚʦʿʥʦ-ʪʝʭʥʠʯʢʠʭ 

ʩʠʩʪʝʤʘ ʫ ʪʝʭʥʠʮʠ ʥʘʦʨʫʞʘˁʘ ʥʘʤʝ˂ʫ ʧʦʪʨʝʙʫ ʟʘ ʚʝʣʠʢʦʤ ʧʨʠʤʝʥʦʤ ʘʫʪʦʤʘʪʠʟʘʮʠʿʝ 

ʧʨʦʠʟʚʦʜʥʠʭ ʧʨʦʮʝʩʘ ʰʪʦ ʧʦʜʨʘʟʫʤʝʚʘ ʧʨʠʤʝʥʫ ʥʫʤʝʨʠʯʢʠ ʫʧʨʘʚˀʘʥʠʭ ʘʣʘʪʥʠʭ ʤʘʰʠʥʘ, 

ʨʦʙʦʪʘ, ʠʥʜʫʩʪʨʠʿʩʢʠʭ ʧʦʛʦʥʘ ʦʧʰʪʝ ʥʘʤʝʥʝ ʠ ʨʘʯʫʥʘʨʩʢʠʭ ʧʝʨʠʬʝʨʠʿʩʢʠʭ ʫʨʝʹʘʿʘ.  

ʋʚʦʹʝˁʝ ɽʇ ʫ ʨʘʟʣʠʯʠʪʝ ʠʥʜʫʩʪʨʠʿʝ ʥʘʤʝ˂ʝ ʥʦʚʝ ʟʘʭʪʝʚʝ ʟʘ ʩʪʘʪʠʯʢʠʤ ʠ ʜʠʥʘʤʠʯʢʠʤ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʧʦʛʦʥʘ ʠ ʧʦʪʨʝʙʫ ʟʘ ʨʘʟʚʦʿʝʤ ʥʦʚʠʭ ʨʝʰʝˁʘ. ʇʦʩʣʝʜʠʯʥʦ, ʜʦʣʘʟʠ ʜʦ ʧʨʠʤʝʥʝ 

ʩʠʩʪʝʤʘ ʩʘ ʨʝʛʫʣʠʩʘʥʠʤ ʧʦʛʦʥʠʤʘ (ʝʥʛʣ. Motion Control Systems). ʈʘʟʚʦʿ ʤʠʢʨʦʝʣʝʢʪʨʦʥʠʢʝ ʠ 

ʨʘʯʫʥʘʨʩʢʝ ʪʝʭʥʦʣʦʛʠʿʝ ʠ ˁʠʭʦʚʘ ʧʨʠʤʝʥʘ ʫ ʝʣʝʢʪʨʦʥʩʢʠ ʨʝʛʫʣʠʩʘʥʠʤ ʧʦʛʦʥʠʤʘ (ʝʥʛʣ. 

Electronic Motion Control Systems) ʜʦʚʦʜʠ ʜʦ ʠʥʜʫʩʪʨʠʿʩʢʠʭ ʨʝʰʝˁʘ ʢʦʿʝ ʢʘʨʘʢʪʝʨʠʰʝ ʚʠʩʦʢ 

ʩʪʝʧʝʥ ʘʫʪʦʤʘʪʠʟʘʮʠʿʝ. ɼʘʥʘʩ ʩʝ ʧʨʦʠʟʚʦʜʝ ɽʇ ʫ ʦʧʩʝʛʫ ʩʥʘʛʘ ʦʜ ʿʝʜʥʦʛ ɺʘʪʘ, ʝʣʝʢʪʨʦʥʩʢʠ 

ʩʘʪʦʚʠ, ʧʘ ʜʦ ʚʠʰʝ ʩʪʦʪʠʥʘ ʤʝʛʘʚʘʪʘ ʫ ʚʠʜʫ ʧʫʤʧʠ ʫ ʨʝʚʝʨʟʠʙʠʣʥʠʤ ʭʠʜʨʦʝʣʝʢʪʨʘʥʘʤʘ, ʩʘ 

ʠʟʣʘʟʥʠʤ ʦʙʨʪʥʠʤ ʤʦʤʝʥʪʠʤʘ ʦʜ ʧʨʝʢʦ ʤʠʣʠʦʥ ɳʫʪʥ-ʤʝʪʘʨʘ ʫ ʚʘˀʘʦʥʠʮʘʤʘ ʠ ʩʘ ʤʝʭʘʥʠʯʢʠʤ 

ʙʨʟʠʥʘʤʘ ʦʜ ʧʨʝʢʦ 150.000 ʦʙʨ/ʤʠʥ ʢʦʜ ʨʘʜʥʠʭ ʤʘʰʠʥʘ ʟʘ ʮʝʥʪʨʠʬʫʛʠʨʘˁʝ. ʋ ʧʦʨʝʹʝˁʫ ʩʘ 

ʜʨʫʛʠʤ ʧʦʛʦʥʠʤʘ, ɽʇ ʠʤʘʿʫ ʚʠʩʦʢ ʩʪʝʧʝʥ ʢʦʨʠʩʥʦʛ ʜʝʿʩʪʚʘ ʯʘʢ ʠ ʫ ʧʨʘʟʥʦʤ ʭʦʜʫ, ʥʝ ʟʘʭʪʝʚʘʿʫ 

ʫʧʦʪʨʝʙʫ ʟʘʧʘˀʠʚʦʛ ʛʦʨʠʚʘ, ʥʝ ʜʦʚʦʜʝ ʜʦ ʝʤʠʩʠʿʝ ʰʪʝʪʥʠʭ ʛʘʩʦʚʘ ʠ ʝʤʠʪʫʿʫ ʨʝʣʘʪʠʚʥʦ ʥʠʩʢʫ 

ʘʢʫʩʪʠʯʥʫ ʙʫʢʫ, h ʪʦ ʠʭ ʯʠʥʠ ʝʢʦʣʦʰʢʠ ʧʨʠʭʚʘʪˀʠʚʠʤ. ʄʦʛʫ ʩʝ ʧʨʠʣʘʛʦʜʠʪʠ ʨʘʟʥʠʤ ʨʘʜʥʠʤ 

ʫʩʣʦʚʠʤʘ ʠ ʟʘʭʪʝʚʠʤʘ ʤʦʥʪʘʞʝ ʩʭʦʜʥʦ ʧʦʪʨʝʙʘʤʘ ʨʘʜʥʠʭ ʤʘʰʠʥʘ, ʫʟ ʨʝʣʘʪʠʚʥʦ ʥʠʩʢʝ ʟʘʭʪʝʚʝ 

ʦʜʨʞʘʚʘˁʘ ʠ ʜʫʛ ʞʠʚʦʪʥʠ ʚʝʢ. ʀʟ ʫʛʣʘ ʫʧʨʘʚˀʘˁʘ, ʤʦʜʝʨʥʠ ɽʇ ʧʨʫʞʘ ʚʝʦʤʘ ʙʨʟ ʜʠʥʘʤʠʯʢʠ 

ʦʜʟʠʚ ʫʟ ʤʦʛʫ˂ʥʦʩʪ ʫʧʨʘʚˀʘˁʘ ʫ ʰʠʨʦʢʦʤ ʦʧʩʝʛʫ ʙʨʟʠʥʘ ʙʝʟ ʧʦʪʨʝʙʝ ʟʘ ʤʝʭʘʥʠʯʢʠʤ ʤʝˁʘˁʝʤ 

ʧʨʝʥʦʩʥʦʛ ʦʜʥʦʩʘ, ʤʦʛʫ˂ʥʦʩʪ ʢʦʯʝˁʘ ʩʘ ʨʝʢʫʧʝʨʘʮʠʿʦʤ (ʨʝʛʝʥʝʨʘʮʠʿʦʤ), ʩʧʦʩʦʙʥʦʩʪ ʚʠʩʦʢʝ ʠ 

ʢʨʘʪʢʦʪʨʘʿʥʝ ʧʨʝʦʧʪʝʨʝʪˀʠʚʦʩʪʠ ʫʟ ʿʝʜʥʦʩʪʘʚʥʫ ʧʨʦʤʝʥʫ ʩʤʝʨʘ ʦʙʨʪʘˁʘ ʙʝʟ ʫʧʦʪʨʝʙʝ 

ʤʝʭʘʥʠʯʢʠʭ ʩʢʣʦʧʦʚʘ, ʠʪʜ. ɼʚʘ ʛʣʘʚʥʘ ʥʝʜʦʩʪʘʪʢʘ, ʢʦʿʘ ʩʫ ʫ ʦʜʨʝʹʝʥʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʜʦʚʦˀʥʘ 

ʜʘ ʩʧʨʝʯʝ ʠʣʠ ʦʛʨʘʥʠʯʝ ʫʧʦʪʨʝʙʫ ɽʇ, ʿ ʝʩʫ ʤʘʣʠ ʦʜʥʦʩ ʠʟʣʘʟʥʝ ʤʝʭʘʥʠʯʢʝ ʩʥʘʛʝ ʧʨʝʤʘ ʤʘʩʠ ʠ 

ʟʘʚʠʩʥʦʩʪ ʦʜ ʝʣʝʢʪʨʠʯʥʦʛ ʥʘʧʘʿʘˁʘ, ʢʦʘʿ ʿʝ ʜʫʛʦ ʦʛʨʘʥʠʯʘʚʘʣʘ ʧʨʠʤʝʥʫ ɽʇ ʫ ʝʣʝʢʪʨʠʯʥʦʿ ʚʫʯʠ 

ʫʩʣʝʜ ʝʢʦʥʦʤʩʢʠ ʥʝʧʨʠʭʚʘʪˀʠʚʝ ʘʢʫʤʫʣʘʪʦʨʩʢʝ ʙʘʪʝʨʠʿʝ ʠ ʚʠʰʝʩʪʨʫʢʦ ʚʝ˂ʝ ʤʘʩʝ ʦʜ 

ʝʢʚʠʚʘʣʝʥʪʥʝ ʢʦʣʠʯʠʥʝ ʛʦʨʠʚʘ ʟʘ ʉʋʉ ʤʦʪʦʨ. 

 

1.2 ʉʪʨʫʢʪʫʨʘ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦʛʦʥʘ 
 

ɽʇ ʿʝ ʝʣʝʢʪʨʦʤʝʭʘʥʠʯʢʠ ʩʠʩʪʝʤ ʢʦʿʠ ʩʝ ʫ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ ʩʘʩʪʦʿʠ ʠʟ ʝʣʝʢʪʨʠʯʥʝ ʤʘʰʠʥʝ, 

ʫʨʝʹʘʿʘ ʝʥʝʨʛʝʪʩʢʝ ʝʣʝʢʪʨʦʥʠʢʝ (ʝʥʝʨʛʝʪʩʢʦʛ ʧʨʝʪʚʘʨʘʯʘ, ʝʥʛʣ. power converter), ʤʝʭʘʥʠʯʢʦʛ 

ʧʨʝʥʦʩʥʦʛ ʩʠʩʪʝʤʘ ʠ ʩʠʩʪʝʤʘ ʘʫʪʦʤʘʪʩʢʝ ʨʝʛʫʣʘʮʠʿʝ. ʆʩʥʦʚʥʘ ʩʪʨʫʢʪʫʨʘ ɽʇ ʜʘʪʘ ʿʝ ʥʘ ʉʣʠʮʠ 

1.1. ʄʫʣʪʠʜʠʩʮʠʧʣʠʥʘʨʥʠ ʢʘʨʘʢʪʝʨ ɽʇ ʦʙʫʭʚʘʪʘ ʦʙʣʘʩʪʠ ʦʧʰʪʝ ʪʝʦʨʠʿʝ ʝʣʝʢʪʨʠʯʥʠʭ ʤʘʰʠʥʘ 

(ʆʊɽʄ), ʝʥʝʨʛʝʪʩʢʫ ʝʣʝʢʪʨʦʥʠʢʫ (ɽɽ), ʪʝʦʨʠʿʫ ʩʠʩʪʝʤʘ ʘʫʪʦʤʘʪʩʢʦʛ ʫʧʨʘʚˀʘˁʘ (ʉɸʋ), 

ʫʧʨʘʚˀʘˁʝ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ, ʪʝʦʨʠʿʫ ʤʝʨʝˁʘ ʝʣʝʢʪʨʠʯʥʠʭ ʠ ʥʝʝʣʝʢʪʨʠʯʥʠʭ ʚʝʣʠʯʠʥʘ, 

ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ, ʪʝʦʨʠʿʫ ʤʝʭʘʥʠʯʢʠʭ ʩʠʩʪʝʤʘ, ʠʥʪʝʨʘʢʮʠʿʫ ʩʘ ʨʘʜʥʠʤ ʤʘʰʠʥʘʤʘ ʠ ʜʨʫʛʠʤ 

ʦʙʣʠʮʠʤʘ ʦʧʪʝʨʝ˂ʝˁʘ, ʠʪʜ.  

ʄʝʭʘʥʠʯʢʠ ʧʨʝʥʦʩʥʠ ʩʠʩʪʝʤ ʯʠʥʝ ʤʝʭʘʥʠʯʢʠ ʧʨʝʥʦʩʥʠʢ (ʝʥʛʣ. reductor, gearbox) ʠ ʫʨʝʹʘʿ 

ʟʘ ʧʦʚʝʟʠʚʘˁʝ ɽʇ ʩʘ ʦʧʪʝʨʝ˂ʝˁʝʤ. ʇʨʝʥʦʩʥʠʢ ʿʝ ʤʝʭʘʥʠʯʢʠ ʧʨʝʪʚʘʨʘʯ ʢʦʿʠ ʧʨʝʥʦʩʠ ʤʝʭʘʥʠʯʢʫ 

ʝʥʝʨʛʠʿʫ ʦʜ ʠʟʣʘʟʘ ɽʄ ʜʦ ʠʟʚʨʰʥʦʛ ʪʝʣʘ ʨʘʜʥʝ ʤʘʰʠʥʝ ʧʨʠʣʘʛʦʹʘʚʘʿʫ˂ʠ ʠ ʢʦʦʨʜʠʥʠʰʫ˂ʠ ʚʨʩʪʫ 

ʠ ʙʨʟʠʥʫ ˁʝʛʦʚʦʛ ʢʨʝʪʘˁʘ. ʂʘʦ ʦʧʪʝʨʝ˂ʝˁʝ ʤʦʛʫ ʩʝ ʥʘ˂ʠ ʝʣʠʩʝ, ʨʘʜʥʘ ʢʦʣʘ ʢʦʜ ʧʫʤʧʠ, ʧʦʛʦʥʩʢʦ 

ʚʨʘʪʠʣʦ ʚʦʟʠʣʘ ʢʘ ʪʦʯʢʫ, ʨʘʟʣʠʯʠʪʠ ʘʣʘʪʠ, ʠʟʚʨʰʥʦ ʪʝʣʦ ʨʘʜʥʠʭ ʤʘʰʠʥʘ, ʠʪʜ. ʈʘʜʥʘ ʤʘʰʠʥʘ 

ʠʤʘ ʬʫʥʢʮʠʿʫ ʜʘ ʤʝˁʘ ʦʙʣʠʢ, ʩʚʦʿʩʪʚʘ, ʩʪʘˁʝ ʠ ʧʦʣʦʞʘʿ ʧʨʝʜʤʝʪʘ ʨʘʜʘ ʫʧʦʪʨʝʙʦʤ ʠʟʚʨʰʥʦʛ 
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ʪʝʣʘ, ʢʦʿʠ ʿʝ ʛʣʘʚʥʠ ʧʦʢʨʝʪʥʠ ʝʣʝʤʝʥʪ ʨʘʜʥʝ ʤʘʰʠʥʝ ʠ ʢʦʿʠ ʦʙʘʚˀʘ ʪʝʭʥʦʣʦʰʢʫ ʦʧʝʨʘʮʠʿʫ. ʋ 

ʜʠʩʝʨʪʘʮʠʿʠ ʤʝʭʘʥʠʯʢʠ ʩʠʩʪʝʤ ʙʠ˂ʝ ʣʠʥʝʘʨʥʦ ʫʚʘʞʝʥ, ʜʦʢ ʩʚʝ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʤʝʭʘʥʠʯʢʦʛ 

ʩʠʩʪʝʤʘ ʠ ʨʘʜʥʝ ʤʘʰʠʥʝ ʢʦʿʝ ʤʦʛʫ ʫʪʠʮʘʪʠ ʥʘ ʪʨʘʿʥʠ ʨʘʜ ɽʇ ʥʝ˂ʝ ʙʠʪʠ ʧʨʝʜʤʝʪ ʨʘʩʧʨʘʚʝ. 

ʋ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ, ʘʢʪʫʘʪʦʨ ʿʝ ʜʝʦ ʧʦʛʦʥʘ ʢʦʿʠ ʢʦʥʚʝʨʪʫʿʝ ʫʣʘʟʥʦ ʫʧʨʘʚˀʘʯʢʦ ʜʝʿʩʪʚʦ 

(ʝʣʝʢʪʨʠʯʥʠ ʩʠʛʥʘʣ, ʧʥʝʫʤʘʪʩʢʠ ʠʣʠ ʭʠʜʨʘʫʣʠʯʥʠ ʧʨʠʪʠʩʘʢ) ʫ ʞʝˀʝʥʫ ʬʦʨʤʫ ʤʝʭʘʥʠʯʢʝ 

ʝʥʝʨʛʠʿʝ ʛʝʥʝʨʠʩʘˁʝʤ ʩʠʣʝ, ʤʦʤʝʥʪʘ ʩʠʣʝ ʠʣʠ ʧʦʤʝʨʘʿʘ. ʄʦʛʫ ʩʝ ʧʦʜʝʣʠʪʠ ʥʘ ʠʥʢʨʝʤʝʥʪʘʣʥʝ 

(ʢʦʨʘʯʥʠ ʤʦʪʦʨ, ʝʥʛʣ. stepper motor) ʠʣʠ ʢʦʥʪʠʥʫʘʣʥʝ (ʝʣʝʢʪʨʠʯʥʠ, ʭʠʜʨʘʫʣʠʯʥʠ ʠʣʠ 

ʧʥʝʫʤʘʪʩʢʠ ʤʦʪʦʨʠ). ʋ ɽʇ ʩʝ ʢʘʦ ʘʢʪʫʘʪʦʨʠ ʤʦʤʝʥʪʘ ʩʠʣʝ ʢʦʨʠʩʪʝ ʤʘʰʠʥʝ ʟʘ ʿʝʜʥʦʩʤʝʨʥʫ 

ʩʪʨʫʿʫ (ʄɱʉ), ʩʠʥʭʨʦʥʝ ʤʘʰʠʥʝ (ʉʄ), ʘʩʠʥʭʨʦʥʝ ʤʘʰʠʥʝ, ʧʨʝʢʠʜʘʯʢʝ ʨʝʣʫʢʪʘʥʪʥʝ ʤʘʰʠʥʝ 

(ʈʄ), ʠʪʜ. ʇʨʝʤʘ ʠʟʣʘʟʥʦʿ ʩʥʘʟʠ ɽʄ ʩʝ ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʥʘ ʤʠʢʨʦʤʘʰʠʥʝ ʜʦ 600W,  ʤʘʰʠʥʝ ʤʘʣʝ 

ʩʥʘʛʝ ʜʦ 100 kW, ʤʘʰʠʥʝ ʩʨʝʜˁʝ ʩʥʘʛʝ ʜʦ 1 MW ʠ ʤʘʰʠʥʝ ʚʝʣʠʢʠʭ ʩʥʘʛʘ ʧʨʝʢʦ 1 MW. ʇʨʝʤʘ 

ʥʦʤʠʥʘʣʥʦʿ ʙʨʟʠʥʠ, ɽʄ ʩʝ ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʥʘ ʤʘʰʠʥʝ ʟʘ ʤʘʣʝ ʙʨʟʠʥʝ ʜʦ 500 ʦʙʨ/ʤʠʥ, ʩʨʝʜˁʝ 

ʙʨʟʠʥʝ ʜʦ 1500 ʦʙʨ/ʤʠʥ, ʚʝʣʠʢʝ ʙʨʟʠʥʝ ʜʦ 3000 ʦʙʨ/ʤʠʥ ʠ ʚʠʩʦʢʦʙʨʟʠʥʩʢʝ ʤʘʰʠʥʝ ʢʦʿʝ 

ʥʦʤʠʥʘʣʥʫ ʨʘʜʥʫ ʪʘʯʢʫ ʦʩʪʚʘʨʫʿʫ ʥʘ ʙʨʟʠʥʘʤʘ ʧʨʝʢʦ 3000 ʦʙʨ/ʤʠʥ. ʇʨʝʤʘ ʥʦʤʠʥʘʣʥʦʤ ʥʘʧʦʥʫ 

ʨʘʟʣʠʢʫʿʫ ʩʝ ʥʠʩʢʦʥʘʧʦʥʩʢʝ ɽʄ ʜʦ 1000 V ʠ ʚʠʩʦʢʦʥʘʧʦʥʩʢʝ ʟʘ ʥʘʧʦʥʝ ʠʟʥʘʜ 1000 V. ʋ 

ʜʠʩʝʨʪʘʮʠʿʠ ʢʘʦ ʘʢʪʫʘʪʦʨ ʤʦʤʝʥʪʘ ʩʠʣʝ ʨʘʟʤʘʪʨʘ˂ʝ ʩʝ ʪʨʦʬʘʟʥʘ ʘʩʠʥʭʨʦʥʘ ʤʘʰʠʥʘ ʩʘ ʢʘʚʝʟʥʠʤ 

ʨʦʪʦʨʦʤ, ʫ ʥʘʩʪʘʚʢʫ ʢʘʦ ɸʄ, ʢʦʿʘ ʿʝ ʚʝʦʤʘ ʟʘʩʪʫʧˀʝʥʘ ʫ ʠʥʜʫʩʪʨʠʿʠ, ʫ ʤʦʜʝʨʥʠʤ ɽʇ ʠ 

ʝʣʝʢʪʨʠʯʥʠʤ ʚʦʟʠʣʠʤʘ ʟʙʦʛ ʩʚʦʿʝ ʨʦʙʫʩʥʦʩʪʠ, ʮʝʥʝ ʠ ʣʘʢʦʛ ʦʜʨʞʘʚʘˁʘ. 

ɽʇ ʿʝ ʜʝʦ ʧʨʦʠʟʚʦʜʥʦʛ ʧʨʦʮʝʩʘ ʯʠʿʘ ʧʨʦʜʫʢʪʠʚʥʦʩʪ ʧʦʩʝʙʥʦ ʟʘʚʠʩʠ ʦʜ ʦʨʛʘʥʠʟʘʮʠʿʝ ʪʦʢʘ 

ʨʘʜʥʦʛ ʧʨʦʮʝʩʘ, ʧʨʠʩʪʫʧʘ ʩʝʛʤʝʥʪʘʮʠʿʠ ʩʣʦʞʝʥʦʛ ʧʨʦʮʝʩʘ ʥʘ ʤʘˁʝ ʩʣʦʞʝʥʝ ʨʘʜˁʝ ʠ ʦʜ 

ʥʘʯʠˁʝʥʦʛ ʫʧʨʘʚˀʘˁʘ. ʋʧʨʘʚˀʘˁʝ ʧʦʜʨʘʟʫʤʝʚʘ ʜʝʿʩʪʚʦ ʥʘ ʫʧʨʘʚˀʠʚʠ ʧʦʛʦʥ ʙʝʟ ʫʯʝʰ˂ʘ 

ʨʝʛʫʣʘʪʦʨʘ, ʪʿ. ʜʝʣʦʚʘˁʝ ʧʨʝʤʘ ʫʥʘʧʨʝʜ ʫʪʚʨʹʝʥʦʤ ʪʦʢʫ ʦʜʚʠʿʘˁʘ ʧʨʦʮʝʩʘ ʠʟʚʨʰʘʚʘˁʝʤ ʩʢʫʧʘ 

ʨʘʜˁʠ ʢʦʿʠʤʘ ʩʝ ʦʙʝʟʙʝʹʫʿʝ ʞʝˀʝʥʦ ʧʦʥʘʰʘˁʝ ʢʦʿʝ ʩʝ ʚʨʝʤʝʥʦʤ ʤʦʞʝ ʠʟʤʝʥʠʪʠ ʫʩʣʝʜ ʧʨʦʤʝʥʘ 

ʫʥʫʪʘʨ ɽʇ, ʜʝʿʩʪʚʘ ʢʦʨʠʩʥʠʢʘ, ʩʧʦˀʘʰˁʠʭ ʧʦʨʝʤʝ˂ʘʿʘ, ʠʪʜ. ʊʦʢ ʧʨʦʠʟʚʦʜʥʦʛ ʧʨʦʮʝʩʘ ʿʝ 

ʫʛʣʘʚʥʦʤ ʦʜʨʝʹʝʥ ʚʨʝʜʥʦʰ˂ʫ ʥʝʢʝ ʬʠʟʠʯʢʝ ʚʝʣʠʯʠʥʝ: ʪʝʤʧʝʨʘʪʫʨʝ, ʫʛʘʦʥʝ ʙʨʟʠʥʝ, ʥʘʧʦʥʘ, 

ʧʨʠʪʠʩʢʘ, ʠ ʩʣʠʯʥʦ, ʧʘ ʩʝ ʟʘʜʘʪʘʢ ʫʧʨʘʚˀʘˁʘ ʩʚʦʜʠ ʥʘ ʘʫʪʦʤʘʪʩʢʫ ʨʝʛʫʣʘʮʠʿʫ ʬʠʟʠʯʢʝ 

ʚʝʣʠʯʠʥʝ ʦʜ ʟʥʘʯʘʿʘ. ʈʝʛʫʣʘʮʠʿʘ ɽʇ ʧʦʜʨʘʟʫʤʝʚʘ ʜʝʿʩʪʚʦ ʥʘ ʫʧʨʘʚˀʠʚʠ ʧʦʛʦʥ ʧʨʝʢʦ ʩʠʩʪʝʤʘ 

ʘʫʪʦʤʘʪʩʢʝ ʨʝʛʫʣʘʮʠʿʝ (ʉɸʈ), ʢʦʿʠ ʿʝ ʫ ʦʩʥʦʚʠ ʩʠʩʪʝʤ ʘʫʪʦʤʘʪʩʢʦʛ ʫʧʨʘʚˀʘˁʘ ʫ ʟʘʪʚʦʨʝʥʦʿ 

ʩʧʨʝʟʠ. ʂʘʢʦ ʫ ʦʩʥʦʚʠ ʥʝ ʧʦʩʪʦʿʝ ʙʠʪʥʝ ʨʘʟʣʠʢʝ ʫ ʧʨʠʥʮʠʧʫ ʨʘʜʘ, ʟʘ ʘʥʘʣʠʟʫ ʦʙʘ ʩʝ ʢʦʨʠʩʪʠ 

ʧʨʘʢʪʠʯʥʦ ʠʩʪʘ ʪʝʦʨʠʿʘ ʠ ʠʩʪʠ ʦʩʥʦʚʥʠ ʧʦʿʤʦʚʠ. ʉɸʈ ʪʨʝʙʘ ʜʘ ʧʨʫʞʠ ʦʜʨʞʘʚʘˁʝ ʬʠʟʠʯʢʠʭ 

ʚʝʣʠʯʠʥʘ ʦʜ ʟʥʘʯʘʿʘ ʥʘ ʞʝˀʝʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʙʝʟ ʛʨʝʰʢʝ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʩʘ ʰʪʦ ʤʘˁʠʤ 

ʜʝʚʠʿʘʮʠʿʘʤʘ, ʘ ʜʘ ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ ʨʝʞʠʤʘ ʜʠʥʘʤʠʯʢʠ ʦʜʟʠʚʠ ʝʣʝʢʪʨʠʯʥʠʭ ʠ ʤʝʭʘʥʠʯʢʠʭ 

ʚʝʣʠʯʠʥʘ ʠʤʘʿʫ ʞʝˀʝʥʦ ʢʘʰˁʝˁʝ, ʚʨʝʤʝ ʫʩʧʦʥʘ ʠ ʩʤʠʨʝˁʘ, ʧʨʝʩʢʦʢ, ʜʦʤʠʥʘʥʪʥʫ ʚʨʝʤʝʥʩʢʫ 

ʢʦʥʩʪʘʥʪʫ, ʨʝʟʝʨʚʫ ʩʪʘʙʠʣʥʦʩʪʠ, ʠʪʜ. ʉɸʈ ʪʨʝʙʘ ʜʘ ʦʙʝʟʙʝʜʠ ʟʘʰʪʠʪʫ ʠ ʩʧʨʝʯʘʚʘˁʝ ʭʘʚʘʨʠʿʘ ʫ 

ɽʇ ʢʦʿʝ ʤʦʛʫ ʥʘʩʪʘʪʠ ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ ʨʝʞʠʤʘ ʢʘʜʘ ʝʣʝʢʪʨʠʯʥʝ ʚʝʣʠʯʠʥʝ, ʘ ʧʦʩʣʝʜʠʯʥʦ ʠ 

ʤʝʭʘʥʠʯʢʝ, ʤʦʛʫ ʫʟʠʤʘʪʠ ʟʥʘʪʥʝ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ, ʧʦʧʫʪ ʧʦʢʨʝʪʘˁʘ ɽʄ ʠʟ ʥʫʣʪʝ ʙʨʟʠʥʝ. 

ʈʝʛʫʣʘʮʠʿʘ ʬʠʟʠʯʢʠʭ ʚʝʣʠʯʠʥʘ ʥʘ ʠʟʣʘʟʫ ɽʇ ʩʝ ʦʩʪʚʘʨʫʿʝ ʧʨʠʤʝʥʦʤ ʞʝˀʝʥʦʛ ʦʙʨʪʥʦʛ ʤʦʤʝʥʪʘ 

ʥʘ ʞʝˀʝʥʦʿ ʤʝʭʘʥʠʯʢʦʿ ʙʨʟʠʥʠ ʚʨʘʪʠʣʘ ʫʧʨʘʚˀʘˁʝʤ ʘʢʪʠʚʥʠʤ ʝʣʝʤʝʥʪʠʤʘ ʫ ɽʇ.  

 

 
ʉʣʠʢʘ 1.1. ɽʣʝʢʪʨʠʯʥʠ ʧʦʛʦʥ. 



4 

 

ɺʨʝʜʥʦʩʪʠ ʠ ʢʚʘʣʠʪʝʪ ʦʙʨʪʥʦʛ ʤʦʤʝʥʪʘ ʠ ʤʝʭʘʥʠʯʢʝ ʙʨʟʠʥʝ ʤʦʛʫ ʫʟʠʤʘʪʠ ʢʦʥʩʪʘʥʪʥʝ ʠʣʠ 

ʧʨʦʤʝʥˀʠʚʝ ʚʨʝʜʥʦʩʪʠ ʪʦʢʦʤ ʨʘʜʘ, ʩʭʦʜʥʦ ʟʘʭʪʝʚʠʤʘ ʪʝʭʥʦʣʦʰʢʦʛ ʧʨʦʮʝʩʘ ʠʣʠ ʢʦʨʠʩʥʠʢʘ ɽʇ. 

ʈʘʥʠʿʝ ʩʫ ʩʝ ʫ ɽʇ ʩʘ ʧʨʦʤʝʥˀʠʚʦʤ ʙʨʟʠʥʦʤ ʦʙʨʪʘˁʘ ʜʦʤʠʥʘʥʪʥʦ ʢʦʨʠʩʪʠʣʝ ʄɱʉ, ʜʦʢ ʩʫ 

ʤʘʰʠʥʝ ʥʘʠʟʤʝʥʠʯʥʝ ʩʪʨʫʿʝ, ɸʄ ʠ ʉʄ, ʢʦʨʠʰ˂ʝʥʝ ʠʩʢˀʫʯʠʚʦ ʢʦʜ ʥʝʨʝʛʫʣʠʩʘʥʠʭ ʧʦʛʦʥʘ. 

ɽʣʝʢʪʨʠʯʥʦ ʢʦʣʦ ʥʝʨʝʛʫʣʠʩʘʥʠʭ ʧʦʛʦʥʘ ʫʛʣʘʚʥʦʤ ʯʠʥʝ ʧʘʩʠʚʥʠ ʝʣʝʤʝʥʪʠ: ʦʪʧʦʨʥʠʮʠ, 

ʢʘʣʝʤʦʚʠ, ʘʫʪʦʪʨʘʥʩʬʦʨʤʘʪʦʨʠ ʠ ʜʨʫʛʠ ʝʣʝʤʝʥʪʠ, ʢʦʿʠ ʦʙʝʟʙʝʹʫʿʫ ʧʨʘʚʠʣʘʥ ʧʦʣʘʟʘʢ ʧʦʛʦʥʘ [4]. 

ʂʦʜ ʨʝʛʫʣʠʩʘʥʠʭ ʧʦʛʦʥʘ ʩʘ ɽʄ ʟʘ ʥʘʠʟʤʝʥʠʯʥʫ ʩʪʨʫʿʫ ʧʨʦʤʝʥʘ ʚʨʝʜʥʦʩʪʠ ʤʦʤʝʥʪʘ ʩʠʣʝ ʠ 

ʙʨʟʠʥʝ ʥʘ ʚʨʘʪʠʣʫ ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʿʝ ʧʦʪʨʝʙʥʦ ʦʙʝʟʙʝʜʠʪʠ ʧʨʦʤʝʥʫ ʿʘʯʠʥʝ ʠ ʫʯʝʩʪʘʥʦʩʪʠ ʩʪʨʫʿʘ 

ʠ ʥʘʧʦʥʘ ʢʦʿʝ ʩʝ ʜʦʚʦʜʝ ʥʘ ʧʨʠʢˀʫʯʥʝ ʢʨʘʿʝʚʝ ɽʄ. ʆʧʨʝʤʘ ʟʘ ʦʚʝ ʧʦʪʨʝʙʝ ʿʝ ʨʘʥʠʿʝ ʙʠʣʘ 

ʩʣʦʞʝʥʘ ʠ ʩʢʫʧʘ, ʧʘ ʩʫ ʄɱʉ ʜʫʛʦ ʜʨʞʘʣʝ ʧʨʠʤʘʪ ʫ ʨʝʛʫʣʠʩʘʥʠʤ ʧʦʛʦʥʠʤʘ. ɼʦ ʧʦʿʘʚʝ ʩʥʘʞʥʠʭ 

ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʠʭ ʫʨʝʹʘʿʘ, ʢʨʘʿʝʤ 50-ʠʭ ʛʦʜʠʥʘ 20-ʦʛ ʚʝʢʘ, ʢʘʦ ʠʟʚʨʰʥʠ ʦʨʛʘʥ ʫ ʉɸʈ 

ʜʦʤʠʥʠʨʘʣʠ ʩʫ ʭʠʜʨʘʫʣʠʯʥʠ, ʧʥʝʫʤʘʪʩʢʠ ʠ ʝʣʝʢʪʨʦ-ʤʝʭʘʥʠʯʢʠ ʩʠʩʪʝʤʠ ʧʦʧʫʪ ʝʣʝʢʪʨʠʯʥʦʛ 

ʛʝʥʝʨʘʪʦʨʘ (ɺʘʨʜ-ʃʝʦʥʘʨʜʦʚʘ ʛʨʫʧʘ), ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ ʩʘ ʧʨʦʤʝʥˀʠʚʠʤ ʧʨʝʥʦʩʥʠʤ ʦʜʥʦʩʦʤ, 

ʫʨʝʹʘʿʘ ʩʘ ʤʘʛʥʝʪʥʠʤ ʧʦʿʘʯʘʚʘʯʠʤʘ, ʠʪʜ. [5]. ɼʘʥʘʩ ʩʝ ɽʄ ʧʦ ʧʨʘʚʠʣʫ ʥʘʧʘʿʘʿʫ ʠʟ ʝʥʝʨʛʝʪʩʢʠʭ 

ʧʨʝʪʚʘʨʘʯʘ ʢʦʿʠ ʚʨʰʝ ʧʨʝʪʚʘʨʘˁʝ ʿʝʜʥʦʩʤʝʨʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʚʝʣʠʯʠʥʘ, ʥʘʧʦʥʘ ʠ ʩʪʨʫʿʘ (ʝʥʛʣ. 

direct current - DC) ʫ ʥʘʠʟʤʝʥʠʯʥʝ (ʝʥʛʣ. alternating current - AC) ʠʣʠ ʦʙʨʘʪʥʦ. ʇʨʝʪʚʘʨʘʯʠ 

ʧʨʦʤʝʥʦʤ ʿ ʘʯʠʥʝ, ʬʘʟʝ ʠ ʫʯʝʩʪʘʥʦʩʪʠ ʩʪʨʫʿʘ ʠ ʥʘʧʦʥʘ ʧʦʩʪʠʞʫ ʢʦʥʪʨʦʣʠʩʘˁʝ ʢʦʣʠʯʠʥʝ 

ʧʨʝʪʚʦʨʝʥʝ ʠ ʧʨʝʜʘʪʝ ʝʥʝʨʛʠʿʝ ɽʄ, ʪʿ. ʫʧʨʘʚˀʘˁʝ ʚʨʝʜʥʦʩʪʠʤʘ ʠ ʢʚʘʣʠʪʝʪʦʤ ʦʙʨʪʥʦʛ ʤʦʤʝʥʪʘ, 

ʤʝʭʘʥʠʯʢʝ ʙʨʟʠʥʝ ʠ ʧʦʟʠʮʠʝʿ ʚʨʘʪʠʣʘ. ɿʘʪʦ ʩʝ ʟʘ ʧʨʝʪʚʘʨʘʯʝ ʯʝʩʪʦ ʢʦʨʠʩʪʠ ʪʝʨʤʠʥ ʥʘʧʦʥʩʢʠ 

ʘʢʪʫʘʪʦʨ ʠʣʠ ʠʟʚʨʰʥʠ ʦʨʛʘʥ [6]. ʋ ɽʇ ʩʝ ʩʭʦʜʥʦ ʧʦʪʨʝʙʘʤʘ ʫ ʨʘʟʣʠʯʠʪʠʤ ʢʦʤʙʠʥʘʮʠʿʘʤʘ ʤʦʛʫ 

ʥʘ˂ʠ ʠʥʚʝʨʪʦʨʠ (DC-AC ʧʨʝʪʚʘʨʘʯʠ, ʝʥʛʣ. inverter), ʠʩʧʨʘʚˀʘʯʠ (ɸC-DC, ʝʥʛʣ. rectifier), ʯʦʧʝʨʠ 

(DC-DC, ʝʥʛʣ. chopper) ʠ ʤʘʪʨʠʯʥʠ ʧʨʝʪʚʘʨʘʯʠ (ɸC-AC, ʝʥʛʣ. matrix). ʊʠʧ ʧʨʝʪʚʘʨʘʯʘ ʫ ɽʇ 

ʦʜʨʝʹʫʿʝ ʥʘʠʟʤʝʥʠʯʥʘ (ɽɽʉ, ʤʘʰʠʥʝ ʟʘ ʥʘʠʟʤʝʥʠʯʥʫ ʩʪʨʫʿʫ) ʠʣʠ ʿʝʜʥʦʩʤʝʨʥʘ (ʙʘʪʝʨʠʿʝ, ʄɱʉ) 

ʧʨʠʨʦʜʘ ʠʟʚʦʨʘ ʠ ʧʦʪʨʦʰʘʯʘ ʝʣʝʢʪʨʠʯʥʝ ʝʥʝʨʛʠʿʝ. ʋ ʩʣʫʯʘʿʫ ʜʘ ʩʝ ʄɱʉ ʥʘʧʘʿʘ ʠʟ ʙʘʪʝʨʠʿʝ, ʪʘʜʘ 

ʿʝ ʜʦʚʦˀʥʦ ʢʦʨʠʩʪʠʪʠ DC/DC ʧʨʝʪʚʘʨʘʯ. ɸʢʦ ʩʝ ʤʘʰʠʥʘ ʟʘ ʥʘʠʟʤʝʥʠʯʥʫ ʩʪʨʫʿʫ ʥʘʧʘʿʘ ʠʟ ɽɽʉ 

ʠʣʠ ʦʙʨʘʪʥʦ, ʝʣʝʢʪʨʠʯʥʠ ʛʝʥʝʨʘʪʦʨ ʫ ʚʝʪʨʦʘʛʨʝʛʘʪʫ, ʪʘʜʘ ʩʝ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ AC/AC ʤʘʪʨʠʯʥʠ 

ʧʨʝʪʚʘʨʘʯ ʠʣʠ ʢʘʩʢʘʜʥʘ ʚʝʟʘ ʠʩʧʨʘʚˀʘʯʘ ʠ ʠʥʚʝʨʪʦʨʘ ʧʫʪʝʤ ʢʦʥʜʝʥʟʘʪʦʨʘ ʫ ʿʝʜʥʦʩʤʝʨʥʦʤ 

ʤʝʹʫʢʦʣʫ (ʝʥʛʣ. DC link). ɸʢʦ ʩʝ ʤʘʰʠʥʘ ʟʘ ʥʘʠʟʤʝʥʠʯʥʫ ʩʪʨʫʿʫ ʥʘʧʘʿʘ ʠʟ ʙʘʪʝʨʠʿʝ, ʪʘʜʘ ʩʝ, ʘʢʦ 

ʿʝ ʧʦʪʨʝʙʥʦ, ʤʦʛʫ ʢʘʩʢʘʜʥʦ ʧʦʚʝʟʘʪʠ DC/DC ʠ DC/AC ʧʨʝʪʚʘʨʘʯ, ʠʪʜ. ʋʚʘʞʘʚʘʿʫ˂ʠ ʜʘ ʿʝ ɸʄ, 

ʤʘʰʠʥʘ ʦʜ ʟʥʘʯʘʿʘ ʫ ʜʠʩʝʨʪʘʮʠʿʠ, ʠ ʜʘ ʿʝ ʧʨʠ ʨʝʘʣʠʟʘʮʠʿʠ ʫʨʝʹʘʿʘ ʝʥʝʨʛʝʪʩʢʝ ʝʣʝʢʪʨʦʥʠʢʝ ʩʘ 

ʚʠʰʝ ʧʨʝʪʚʘʨʘʯʘ ʫ ʢʘʩʢʘʜʠ ʿʝʜʘʥ ʦʜ ʛʣʘʚʥʠʭ ʮʠˀʝʚʘ ʜʘ ʩʚʘʢʘ ʢʘʩʢʘʜʘ ʨʘʜʠ ʥʝʟʘʚʠʩʥʦ, ʪʿ. ʜʘ ʿʝ 

ʤʝʹʫʩʦʙʥʠ ʫʪʠʮʘʿ ʠʟʤʝʹʫ ʧʨʝʪʚʘʨʘʯʘ ʩʚʝʜʝʥ ʥʘ ʤʠʥʠʤʫʤ, ʫ ʥʘʩʪʘʚʢʫ ʨʘʟʤʘʪʨʘ˂ʝ ʩʝ ʩʘʤʦ 

ʠʥʚʝʨʪʦʨʩʢʠ ʩʪʝʧʝʥ ʧʨʝʪʚʘʨʘʯʘ ʫ ɽʇ ʙʝʟ ʛʫʙʠʪʢʘ ʦʧʰʪʦʩʪʠ. 

ʋ ɽʇ, ʪʦʧʦʣʦʛʠʿʘ ʝʥʝʨʛʝʪʩʢʦʛ ʧʨʝʪʚʘʨʘʯʘ ʠ ʧʨʠʜʨʫʞʝʥʠʭ ʤʦʜʫʣʘʪʦʨʘ, ʢʦʿʠ ʦʙʝʟʙʝʹʫʿʫ 

ʞʝˀʝʥʝ ʚʨʝʜʥʦʩʪ ʥʘʧʦʥʘ ʥʘ ʧʨʠʢˀʫʯʮʠʤʘ ɽʄ, ʦʜʨʝʹʝʥʘ ʿʝ: ʦʯʝʢʠʚʘʥʠʤ ʦʧʩʝʟʠʤʘ ʝʣʝʢʪʨʠʯʥʠʭ 

ʚʝʣʠʯʠʥʘ ʠʟʚʦʨʘ ʝʣʝʢʪʨʠʯʥʝ ʝʥʝʨʛʠʿʝ, ʝʢʩʧʣʦʘʪʘʮʠʦʥʦʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʦʤ ɽʇ ʫ ʧʦʛʣʝʜʫ 

ʤʘʢʩʠʤʘʣʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ ʠ ʙʨʟʠʥʝ, ʟʘʭʪʝʚʠʤʘ ʫ ʧʦʛʣʝʜʫ ʙʨʦʿʘ ʬʘʟʘ, ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʝ 

ʪʝʭʥʦʣʦʛʠʿʝ, ʝʥʝʨʛʝʪʩʢʠʭ ʬʠʣʪʘʨʘ, ʠʪʜ. ʊʦʧʦʣʦʛʠʿʝ ʠʥʚʝʨʪʦʨʘ ʩʝ ʛʨʫʙʦ ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʥʘ 

ʜʚʦʥʠʚʦʩʢʝ ʠ ʚʠʰʝʥʠʚʦʩʢʝ (ʝʥʛʣ. Multilevel), ʘ ʦʥʝ ʥʘ Cascaded, Flying-capacitor, Modular 

multi-cell, Diode-clamped, Active-clamped ʠʪʜ. [15]. ɺʠʰʝʥʠʚʦʩʢʝ ʪʦʧʦʣʦʛʠʿʝ ʧʨʫʞʘʿʫ ʚʝ˂ʠ 

ʢʚʘʣʠʪʝʪ ʠʟʣʘʟʥʠʭ ʚʝʣʠʯʠʥʘ. ʅʘʣʘʟʝ ʧʨʠʤʝʥʫ ʢʦʜ sensorless ɽʇ [16], ʘ ʥʝʢʘʜʘ ʿʝ ʫ ʧʨʘʢʩʠ 

ˁʠʭʦʚʘ ʧʨʠʤʝʥʘ ʿʝʜʠʥʦ ʠ ʤʦʛʫ˂ʘ [15]. ʉʣʦʞʝʥʦʩʪ ʚʠʰʝʥʠʚʦʩʢʠʭ ʠʥʚʝʨʪʦʨʘ ʠ ʧʨʠʜʨʫʞʝʥʦʛ 

ʤʦʜʫʣʘʪʦʨʘ ʨʘʩʪʝ ʩʘ ʥʦʤʠʥʘʣʥʠʤ ʠ ʤʘʢʩʠʤʘʣʥʠʤ ʦʯʝʢʠʚʘʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʠʟʣʘʟʥʠʭ ʥʘʧʦʥʘ ʠ 

ʩʪʨʫʿʘ [17]. ʄʦʜʫʣʘʮʠʿʘ ʫ ɽʇ ʤʦʞʝ ʙʠʪʠ ʘʥʘʣʦʛʥʘ ʠʣʠ ʜʠʛʠʪʘʣʥʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʫʧʨʘʚˀʘʯʢʦʛ 

ʫʨʝʹʘʿʘ, ʉʣʠʢʘ 1.1. ʄʦʜʫʣʘʮʠʦʥʠ ʧʨʦʮʝʩ ʧʦʜʨʘʟʫʤʝʚʘ ʧʨʝʥʦʩ ʧʦʜʘʪʘʢʘ ʦʜ ʟʥʘʯʘʿʘ ʢʦʿʝ ʩʘʜʨʞʠ 

ʤʦʜʫʣʘʮʠʦʥʠ ʩʠʛʥʘʣ ʧʨʦʤʝʥʦʤ ʘʤʧʣʠʪʫʜʝ, ʫʯʝʩʪʘʥʦʩʪʠ ʠʣʠ ʬʘʟʝ ʧʝʨʠʦʜʠʯʥʦʛ ʩʠʛʥʘʣʘ 

ʥʦʩʠʦʮʘ (ʝʥʛʣ. carrier signal). ʀʥʬʦʨʤʘʮʠʿʘ ʩʝ ʤʦʞʝ ʧʨʝʥʝʪʠ ʠʤʧʫʣʩʥʦʤ ʢʦʜʥʦʤ ʤʦʜʫʣʘʮʠʿʦʤ 

(ʝʥʛʣ. Pulse Code Modulation ï PCM), ʤʦʜʫʣʘʮʠʿʦʤ ʘʤʧʣʠʪʫʜʝ ʠʤʧʫʣʩʘ (ʝʥʛʣ. pulse-amplitude 

modulation ï PAM), ʧʦʟʠʮʠʿʦʤ ʥʘʩʪʘʚʢʘ ʠʤʧʫʣʩʘ (ʝʥʛʣ. pulse-position modulation ï PPM), 

ʧʨʦʤʝʥʦʤ ʛʫʩʪʠʥʝ ʠʤʧʫʣʩʝ (ʝʥʛʣ. pulse-density modulation ï PDM), ʠ ˁʝʥʦʤ ʩʧʝʮʠʿʘʣʥʦʤ 

ʧʨʠʤʝʥʦʤ ʫ ʚʠʜʫ ʧʨʦʤʝʥʝ h ʠʨʠʥʝ ʠʤʧʫʣʩʘ (ʝʥʛʣ. pulse width modulation ï PWM). ʅʘʚʝʜʝʥʝ 
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ʤʝʪʦʜʝ ʩʝ ʧʨʠʤʝˁʫʿʫ ʢʦʜ ɽʇ, ʨʘʜʠʦ ʠ ʪʝʣʝʢʦʤʫʥʠʢʘʮʠʦʥʠʭ ʩʠʩʪʝʤʘ, ʦʙʨʘʜʝ ʟʚʫʢʘ, ʩʣʠʢʝ, 

ʤʫʣʪʠʤʝʜʠʿʝ ʠʪʜ. [23], [24]. ʋ ɽʇ, PAM ʪʝʭʥʠʢʝ ʩʝ ʢʦʨʠʩʪʝ ʢʦʜ ʣʘʢʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʚʦʟʠʣʘ [26], 

ʘ ʤʦʛʫ ʩʝ ʥʘ˂ʠ ʠ ʧʨʠʤʝʥʝ PDM [25]. PWM ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʜʨʫʛʠʤ ʪʝʭʥʠʢʘʤʘ ʧʨʫʞʘ ʿʝʜʥʦʩʪʘʚʥʫ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ, ʢʦʥʩʪʘʥʪʥʫ ʫʯʝʩʪʘʥʦʩʪ ʧʨʝʢʠʜʘˁʘ ʧʨʝʢʠʜʘʯʘ ʩʥʘʛʝ, ʢʦʥʩʪʘʥʪʥʝ ʘʤʧʣʠʪʫʜʝ 

ʩʠʛʥʘʣʘ ʢʦʿʝ ʫʧʨʘʚˀʘʯʢʠ ʫʨʝʹʘʿ ʧʨʦʩʣʝʹʫʿʝ ʧʨʝʪʚʘʨʘʯʫ ʠ ʥʝʧʦʩʨʝʜʥʫ ʜʝʤʦʜʫʣʘʮʠʿʫ ʧʫʪʝʤ 

ʥʠʩʢʦʬʨʝʢʚʝʥʪʥʦʛ ʬʠʣʪʨʘ. ʂʦʥʩʪʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʧʨʝʢʠʜʘˁʘ ʦʣʘʢʰʘʚʘ ʘʥʘʣʠʟʫ ʩʧʝʢʪʨʘ 

ʩʠʛʥʘʣʘ ʫ ɽʇ, ʧʨʝʜʠʢʮʠʿʫ ʩʥʘʛʝ ʛʫʙʠʪʘʢʘ ʥʘ ʧʨʝʢʠʜʘʯʠʤʘ, ʧʨʦʿʝʢʪʦʚʘˁʝ ʭʣʘʜˁʘʢʘ, ʝʥʝʨʛʝʪʩʢʠʭ 

ʬʠʣʪʘʨʘ, ʨʝʛʫʣʘʮʠʿʝ, ʠʪʜ. ʄʦʜʝʨʥʝ ʧʨʦʮʝʩʦʨʩʢʝ ʧʣʘʪʬʦʨʤʝ ʠʤʘʿʫ ʧʨʝʜʦʜʨʝʹʝʥʝ ʭʘʨʜʚʝʨʩʢʝ 

ʧʝʨʠʬʝʨʠʿʝ ʟʘ ʧʨʠʤʝʥʫ ʜʠʛʠʪʘʣʥʦʛ PWʄ, ʟʙʦʛ ʯʝʛʘ ʥʘʣʘʟʠ hʠʨʦʢʫ ʧʨʠʤʝʥʫ ʠ ʢʦʜ ʜʚʦʥʠʚʦʩʢʠʭ 

ʠ ʚʠʰʝʥʠʚʦʩʢʠʭ ʪʦʧʦʣʦʛʠʿʘ ʠʥʚʝʨʪʦʨʘ. ɺʨʝʤʝʥʦʤ ʩʫ ʨʘʟʚʠʿʝʥʝ PWM ʪʝʭʥʠʢʝ ʟʘ ʧʦʪʨʝʙʝ 

ʨʘʟʣʠʯʠʪʠʭ ʪʦʧʦʣʦʛʠʿʘ ʠʥʚʝʨʪʦʨʘ [27], [28], ʢʘʦ ʠ ʟʘ ʩʣʫʯʘʿʝʚʝ ʢʘʜʘ ʿʝ ʠʥʚʝʨʪʦʨ ʨʝʛʫʣʠʩʘʥ ʜʘ 

ʧʨʝʜʩʪʘʚˀʘ ʠʟʚʦʨ ʥʘʧʦʥʘ (ʝʥʛʣ. Voltage Source Inverter) ʠʣʠ ʠʟʚʦʨ ʩʪʨʫʿʝ (ʝʥʛʣ. Current Source 

Inverter) [29], [30]. ʋ ʥʘʩʪʘʚʢʫ, ʫ ʮʠˀʫ ʧʦʩʪʠʟʘˁʘ ʫʥʠʚʝʨʟʘʣʥʦʩʪʠ ʠ ʟʙʦʛ ʚʝʣʠʢʝ ʟʘʩʪʫʧˀʝʥʦʩʪʠ 

ʫ ʠʥʜʫʩʪʨʠʿʠ, ʢʘʦ ʘʢʪʫʘʪʦʨʘ ʥʘʧʦʥʘ ʫ ɽʇ ʘʥʘʣʠʟʠʨʘ˂ʝ ʩʝ ʪʦʧʦʣʦʛʠʿʘ ʜʚʦʥʠʚʦʩʢʦʛ ʪʨʦʬʘʟʥʦʛ 

PWM ʫʧʨʘʚˀʘʥʦʛ ʩʪʨʫʿʥʦ ʨʝʛʫʣʠʩʘʥʦʛ ʧʨʝʢʠʜʘʯʢʦʛ ʥʘʧʦʥʩʢʦʛ ʠʟʚʦʨʘ, ʫ ʥʘʩʪʘʚʢʫ ʢʘʦ ʠʥʚʝʨʪʦʨ, 

ʙʝʟ ʫʤʘˁʝˁʘ ʦʧʰʪʦʩʪʠ ʫ ʟʘʢˀʫʯʮʠʤʘ ʜʦ ʢʦʿʠʭ ˂ʝ ʩʝ ʜʦ˂ʠ ʥʘʨʝʜʥʠʤ ʧʦʛʣʘʚˀʠʤʘ. ʀʥʚʝʨʪʦʨ ʠ 

ɽʇ ʩʝ ʤʦʛʫ ʥʘʧʘʿʘʪʠ ʠʟ ʨʘʟʣʠʯʠʪʠʭ ʠʟʚʦʨʘ ʝʣʝʢʪʨʠʯʥʝ ʝʥʝʨʛʠʿʝ, ʙʘʪʝʨʠʿʝ, ʝʣʝʢʪʨʦʝʥʝʨʛʝʪʩʢʦʛ 

ʩʠʩʪʝʤʘ (ɽɽʉ), ʜʨʫʛʦʛ ʧʨʝʪʚʘʨʘʯʘ,  ʠʪʜ. ʋ ʥʘʩʪʘʚʢʫ, ʩʤʘʪʨʘ˂ʝ ʩʝ ʜʘ ʿʝ ʠʟʚʦʨ ʝʣʝʢʪʨʠʯʥʝ ʝʥʝʨʛʠʿʝ 

ʠʜʝʘʣʥʦ ʢʨʫʪ ʠ ʙʝʟ ʧʨʠʩʫʩʪʚʘ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʢʦʿʠ ʤʦʛʫ ʫʪʠʮʘʪʠ ʥʘ ɽʇ ʫ ʪʨʘʿʥʦʤ ʨʘʜʫ. 

ɽʥʝʨʛʝʪʩʢʠ ʜʝʦ ʠʥʚʝʨʪʦʨʘ ʯʠʥʝ ʰʝʩʪ ʧʨʝʢʠʜʘʯʘ ʩʥʘʛʝ ʥʘ ʘʣʫʤʠʥʠʿʫʤʩʢʦʤ ʭʣʘʜˁʘʢʫ ʩʘ 

ʧʦʤʦ˂ʥʠʤ ʢʦʤʧʦʥʝʥʪʘʤʘ ʨʘʩʧʦʨʝʹʝʥʠ ʫ ʜʚʘ ʧʨʝʢʠʜʘʯʘ ʧʦ ʬʘʟʠ, ʝʥʝʨʛʝʪʩʢʠ ʬʠʣʪʨʠ ʫ 

ʿʝʜʥʦʩʤʝʨʥʦʤ ʤʝʹʫʢʦʣʫ ʢʘ ʠʟʚʦʨʫ ʥʘʧʘʿʘˁʘ ʠ ʢʘ ʦʧʪʝʨʝ˂ʝˁʫ, ʠʤʧʫʣʩʥʠ ʧʦʿʘʯʘʚʘʯʠ ʩʘ ʩʚʦʿʠʤ 

ʧʨʠʣʘʛʦʜʥʠʤ ʢʦʣʠʤʘ (ʝʥʛʣ. Gate driver) ʠ ʧʦ ʧʦʪʨʝʙʠ ʜʘʚʘʯʠ ʩʪʨʫʿʝ, ʥʘʧʦʥʘ, ʪʝʤʧʝʨʘʪʫʨʝ, ʠʪʜ. 

ʨʘʩʧʦʨʝʹʝʥʠ ʥʘ ʫʣʘʟʥʠʤ ʠ ʠʟʣʘʟʥʠʤ ʝʥʝʨʛʝʪʩʢʠʤ ʧʨʠʢˀʫʯʮʠʤʘ ʠʥʚʝʨʪʦʨʘ. ʋ ʿʝʜʥʦʩʤʝʨʥʦʤ 

ʢʦʣʫ ʠʥʚʝʨʪʦʨʘ ʧʦʨʝʜ ʢʦʥʜʝʥʟʘʪʦʨʩʢʝ ʙʘʪʝʨʠʿʝ ʤʦʛʫ ʩʝ ʥʘ˂ʠ ʢʦʣʦ ʟʘ ʢʦʯʝˁʝ, ʢʦʣʦ ʟʘ ʧʫˁʝˁʝ 

ʢʦʥʜʝʥʟʘʪʦʨʘ ʧʨʠ ʫʢˀʫʯʝˁʫ ʠʥʚʝʨʪʦʨʘ, ʠʪʜ. ʀʟʣʘʟʥʠ ʬʠʣʪʘʨ ʠʟʤʝʹʫ ʠʥʚʝʨʪʦʨʘ ʠ ɽʄ, ʢʦʿʠ ʩʝ 

ʤʦʞʝ ʥʘʯʠʥʠʪʠ ʨʘʟʣʠʯʠʪʠʤ ʪʦʧʦʣʦʛʠʿʘʤʘ, ʯʝʩʪʦ ʩʝ ʠʟʦʩʪʘʚˀʘ ʢʘʢʦ ʙʠ ʩʝ ʩʤʘˁʠʣʘ ʮʝʥʘ ɽʇ ʫʟ 

ʧʨʠʭʚʘʪˀʠʚʦ ʫʤʘˁʝˁʝ ʢʚʘʣʠʪʝʪʘ ʧʦʥʘʰʘˁʘ ʩʠʩʪʝʤʘ. ʂʦʨʠʩʪʝ ʩʝ ʨʘʟʣʠʯʠʪʝ ʧʦʣʫʧʨʦʚʦʜʥʠʯʢʝ 

ʪʝʭʥʦʣʦʛʠʿʝ ʧʨʝʢʠʜʘʯʘ, ʘ ʦʜʘʙʠʨ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʦʯʝʢʠʚʘʥʠʤ ʚʨʰʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʩʪʨʫʿʘ ʠ 

ʥʘʧʦʥʘ ʫ ɽʇ, ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʢʠʜʘˁʘ, ʟʘʭʪʝʚʠʤʘ ʟʘ ʟʘʧʨʝʤʠʥʦʤ, ʫʢʫʧʥʠʤ ʛʫʙʠʮʠʤʘ, ʮʝʥʠ, ʠʪʜ. 

ɿʘ ʧʨʠʤʝʥʝ ʥʘ ʚʝ˂ʠʤ ʩʥʘʛʘʤʘ ʩʘ ʤʘˁʠʤ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʢʠʜʘˁʘ (UR > 1 kV, IR < 3 kA, Ὢ  

20 kHz) ʦʙʠʯʥʦ ʩʝ ʢʦʨʠʩʪʝ IGBT (ʝʥʛʣ. Insulated-Gate Bipolar Transistor) ʧʨʝʢʠʜʘʯʠ, ʜʦʢ ʩʝ ʟʘ 

ʥʘʿʚʝ˂ʝ ʩʥʘʛʝ ʠ ʥʘʿʥʠʞʝ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʢʠʜʘˁʘ (UR > 3 kV, IR > 3 kA, Ὢ  1 kHz) ʢʦʨʠʩʪʝ 

ʨʘʟʣʠʯʠʪʝ ʚʘʨʠʿʘʥʪʝ ʪʠʨʠʩʪʦʨʘ. MOSFET (ʝʥʛʣ. Metal-Oxide-Semiconductor Filed-Effect 

Transistor) ʧʨʝʢʠʜʘʯʠ ʟʘʩʥʦʚʘʥʠ ʥʘ ʩʠʣʠʮʠʿʫʤʫ (ʝʥʛʣ. Si MOSFET) ʠ ʩʠʣʠʮʠʿʫʤ ʢʘʨʙʠʜʫ (ʝʥʛʣ. 

silicon carbide ï SiC) ʫʛʣʘʚʥʦʤ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʥʘʧʦʥʝ ʜʦ 1000 V ʠ ʚʠʰʝ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʢʠʜʘˁʘ. 

ɿʘ ʥʘʿʚʠʰʝ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʢʠʜʘˁʘ ʠʟʥʘʜ 1 MHz ʠ ʟʘ ʥʘʧʦʥʝ ʜʦ 600 V ʢʦʨʠʩʪʝ ʩʝ ʪʝʭʥʦʣʦʛʠʿʝ 

MOSFET ʧʨʝʢʠʜʘʯʘ ʧʦʧʫʪ ʛʘʣʠʿʫʤ ʥʠʪʨʠʜʘ (ʝʥʛʣ. gallium nitride ï GaN), ʛʘʣʠʿʫʤ ʘʨʩʝʥʠʜʘ 

(ʝʥʛʣ. gallium arsenide ï GaAs), ʠʪʜ. ʊʝʭʥʦʣʦʛʠʿʘ ʠ ʧʘʢʦʚʘˁʝ ʧʨʝʢʠʜʘʯʘ ʦʜʨʝʹʫʿʝ ʧʘʨʘʟʠʪʥʝ 

ʧʘʨʘʤʝʪʨʝ ʧʨʝʢʠʜʘʯʘ ʩʥʘʛʝ ʢʦʿʠ ʫʪʠʯʫ ʥʘ ʨʘʜ ɽʇ, ʦ ʯʝʤʫ ʛʦʚʦʨʠ ʥʘʨʝʜʥʦ ʧʦʛʣʘʚˀʝ. 

ʋʧʨʘʚˀʘˁʝ ʧʨʝʪʚʘʨʘʯʝʤ ʠ ʧʨʦʮʝʩʦʤ ʝʣʝʢʪʨʦʤʝʭʘʥʠʯʢʦʛ ʧʨʝʪʚʘʨʘˁʘ ʫ ɽʇ ʦʩʪʚʘʨʫʿʝ ʩʝ 

ʧʦʩʨʝʜʩʪʚʦʤ ʉɸʈ ʢʦʿʝʛ ʯʠʥʝ ʫʧʨʘʚˀʘʯʢʠ ʠ ʠʥʬʦʨʤʘʮʠʦʥʠ ʫʨʝʹʘʿʠ. ʅʘʚʝʜʝʥʠ ʝʣʝʤʝʥʪʠ ʩʝ ʤʦʛʫ 

ʥʘʣʘʟʠʪʠ ʫ ʦʜʚʦʿʝʥʠʤ ʠʣʠ ʟʘʿʝʜʥʠʯʢʦʤ ʢʫ˂ʠʰʪʫ ʩʘ ʝʥʝʨʛʝʪʩʢʠʤ ʧʨʝʪʚʘʨʘʯʝʤ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ 

ʟʘʭʪʝʚʘ ʢʦʨʠʩʥʠʢʘ, ʪʿ. ʜʘ ʣʠ ʿʝʜʘʥ ʫʧʨʘʚˀʘʯʢʠ ʫʨʝʹʘʿ ʫʧʨʘʚˀʘ ʩʘ ʿʝʜʥʠʤ ʠʣʠ ʚʠʰʝ ʧʨʝʪʚʘʨʘʯʘ. 

ʀʥʬʦʨʤʘʮʠʦʥʠ ʫʨʝʹʘʿ (ʝʥʛʣ. interface) ʦʤʦʛʫ˂ʘʚʘ ʧʨʠʩʪʫʧ ʠ ʥʘʜʟʦʨ ʨʝʣʝʚʘʥʪʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ 

ʠ ʩʪʘˁʠʤʘ ʢʦʘʿ ʦʧʠʩʫʿʫ ʨʘʜ ɽʇ ʠ ʟʘʜʘʚʘˁʝ ʞʝˀʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʟʘ ʚʝʣʠʯʠʥʝ ʦʜ ʟʥʘʯʘʿʘ ʫ ɽʇ 

(ʨʝʬʝʨʝʥʮʠ, ʝʥʛʣ. reference). ɿʘʜʘʚʘˁʝ ʨʝʬʝʨʝʥʮʠ ʠ ʧʨʠʢʘʟ ʚʝʣʠʯʠʥʘ ʠʟ ɽʇ ʩʝ ʤʦʞʝ ʚʨʰʠʪʠ 

ʣʦʢʘʣʥʦ, ʧʨʝʢʦ ʚʝʟʝ ʠʟʤʝʹʫ ɽʇ ʠ ʯʦʚʝʢʘ (ʝʥʛʣ. Human Machine Interface), ʠʣʠ ʜʘˀʠʥʩʢʠ ʧʨʝʢʦ 

ʩʝʨʠʿʩʢʝ ʚʝʟʝ. ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʩʝ ʧʨʝʪʧʦʩʪʘʚˀʘ ʜʘ ʩʝ ʧʦʜʘʮʠ ʩʘ ʠʥʬʦʨʤʘʮʠʦʥʦʛ ʫʨʝʹʘʿʘ 

ʧʨʦʩʣʝʹʫʿʫ ʜʦ ʫʧʨʘʚˀʘʯʢʦʛ ʫʨʝʹʘʿʘ ʙʝʟ ʪʨʘʥʩʧʦʨʪʥʠʭ ʢʘʰˁʝˁʘ, ʰʫʤʦʚʘ ʠ ʩʤʝʪˁʠ ʢʘʦ ʠ ʜʘ ʥʘʜ 

ʧʦʜʘʮʠʤʘ ʥʠʿʝ ʧʦʪʨʝʙʥʦ ʠʟʚʨʰʠʪʠ ʜʠʛʠʪʘʣʥʫ ʦʙʨʘʜʫ, ʪʿ. ʜʘ ʥʝ ʫʪʠʯʝ ʥʘ ʘʥʘʣʠʟʫ ʠ ʩʠʥʪʝʟʫ ʉɸʈ. 
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ʋʧʨʘʚˀʘʯʢʠ ʫʨʝʹʘʿ ʿʝ ʝʣʝʢʪʨʦʥʩʢʠ ʩʢʣʦʧ ʢʦʿʠ ʦʜʨʝʹʫʿʝ ʫʧʨʘʚˀʘʯʢʘ ʜʝʿʩʪʚʘ ʫ ɽʇ ʥʘ ʦʩʥʦʚʫ 

ʧʨʠʢʫʧˀʝʥʠʭ ʧʦʜʘʪʘʢʘ ʩʘ ʠʥʬʦʨʤʘʮʠʦʥʠʭ ʠ ʤʝʨʥʠʭ ʫʨʝʹʘʿʘ ʫ ɽʇ (ʜʘʚʘʯʘ, ʝʥʛʣ. sensor). ʉʘʩʪʦʿʠ 

ʩʝ ʦʜ ʨʘʟʣʠʯʠʪʠʭ ʠʥʪʝʛʨʠʩʘʥʠʭ ʠ ʣʦʛʠʯʢʠʭ ʢʦʣʘ, ʧʦʤʦ˂ʥʠʭ ʥʘʧʘʿʘˁʘ (ʝʥʛʣ. auxiliary power 

supplies), ʥʠʟʘ ʧʨʠʢˀʫʯʥʠʭ ʢʦʥʝʢʪʦʨʘ, ʘ ʫ ʩʣʫʯʘʿʫ ʚʠʩʦʢʦ-ʧʨʝʮʠʟʥʠʭ ʜʠʛʠʪʘʣʥʠʭ ʫʧʨʘʚˀʘʯʢʠʭ 

ʫʨʝʹʘʿʘ ʠ ʦʜ ʧʨʦʮʝʩʦʨʩʢʠʭ ʧʣʘʪʬʦʨʤʠ ʠ ˁ ʠʤʘ ʧʨʠʜʨʫʞʝʥʠʭ ʧʦʤʦ˂ʥʠʭ ʢʦʣʘ ʢʦʿʘ ʩʫ ʥʝʦʧʭʦʜʥʘ 

ʜʘ ʙʠ ʧʨʦʮʝʩʦʨ ʨʦʙʫʩʥʦ ʠʟʚʨʰʘʚʘʦ ʟʘʜʘʪʢʝ ʫʟ ʢʦʤʫʥʠʢʘʮʠʿʫ ʩʘ ʦʩʪʘʣʠʤ ʝʣʝʤʝʥʪʠʤʘ ɽʇ. 

ʇʦʤʦ˂ʥʘ ʢʦʣʘ ʯʠʥʝ ʨʘʟʥʘ ʠʥʪʝʛʨʠʩʘʥʘ ʢʦʣʘ, ʧʘʩʠʚʥʠ ʝʣʝʤʝʥʪʠ, ʠʟʦʣʘʪʦʨʠ, ʢʦʣʘ ʟʘ ʘʥʘʣʦʛʥʫ 

ʦʙʨʘʜʫ ʩʠʛʥʘʣʘ, ʠʪʜ. ɹʠʪʘʥ ʜʝʦ ʝʥʝʨʛʝʪʩʢʦʛ ʧʨʝʪʚʘʨʘʯʘ ʠ ʫʧʨʘʚˀʘʯʢʦʛ ʫʨʝʹʘʿʘ ʯʠʥʝ ʧʦʤʦ˂ʥʘ 

ʥʘʧʘʿʘˁʘ ʢʦʿʘ ʩʫ, ʫ ʦʩʥʦʚʠ, ʨʝʛʫʣʠʩʘʥʠ ʧʨʝʪʚʘʨʘʯʠ ʤʘʣʠʭ ʩʥʘʛʘ ʩʘ ʧʨʘʪʝ˂ʠʤ ʫʣʘʟʥʠʤ ʠ ʠʟʣʘʟʥʠʤ 

ʬʠʣʪʨʠʤʘ. ʇʦʤʦ˂ʥʘ ʥʘʧʘʿʘˁʘ ʦʙʝʟʙʝʹʫʿʫ ʩʪʘʙʠʣʥʝ ʥʠʚʦʝ ʿʝʜʥʦʩʤʝʨʥʦʛ ʥʘʧʦʥʘ, ʨʦʙʫʩʥʝ ʥʘ 

ʧʨʝʣʘʟʥʝ ʨʝʞʠʤʝ ʫ ɽʇ, ʟʘ ʧʦʪʨʝʙʝ ʨʘʜʘ ʩʚʠʭ ʠʥʪʝʛʨʠʩʘʥʠʭ ʢʦʣʘ, ʧʨʦʮʝʩʦʨʘ, ʠʤʧʫʣʩʥʠʭ 

ʧʦʿʘʯʘʚʘʯʘ, ʜʘʚʘʯʘ ʠ ʦʩʪʘʣʠʭ ʘʢʪʠʚʥʠʭ ʠʥʪʝʛʨʠʩʘʥʠʭ ʢʦʣʘ ʫ ʧʨʝʪʚʘʨʘʯʫ ʠ ʫʧʨʘʚˀʘʯʢʦʤ ʫʨʝʹʘʿʫ. 

 ʋʧʨʘʚˀʘʯʢʠ ʫʨʝʹʘʿʠ ʫ ɽʇ ʩʫ ʩʚʝ ʜʦ 90-ʠʭ ʛʦʜʠʥʘ ʧʨʦʰʣʦʛ ʚʝʢʘ, ʟʙʦʛ ʦʛʨʘʥʠʯʝˁʘ ʪʘʜʘʰˁʠʭ 

ʧʨʦʮʝʩʦʨʘ, ʨʘʹʝʥʠ ʫ ʘʥʘʣʦʛʥʦʿ ʪʝʭʥʠʮʠ. ʆʜ 70-ʠʭ ʛʦʜʠʥʘ ʜʠʛʠʪʘʣʥʠ ʩʠʩʪʝʤʠ ʧʦʩʪʘʿʫ 

ʟʘʩʪʫʧˀʝʥʠ ʟʙʦʛ ʨʦʙʫʩʥʝ, ʬʣʝʢʩʠʙʠʣʥʝ ʠ ʿʝʜʥʦʩʪʘʚʥʝ ʧʨʠʤʝʥʝ ʩʣʦʞʝʥʠʭ ʤʘʪʝʤʘʪʠʯʢʠʭ 

ʧʨʦʨʘʯʫʥʘ ʠ ʢʦʥʪʨʦʣʥʠʭ ʘʣʛʦʨʠʪʘʤʘ [18]. ʅʘʢʦʥ ʰʪʦ ʿʝ 1983. ʛʦʜʠʥʝ Texas Instruments 

ʧʨʝʜʩʪʘʚʠʦ ʜʠʛʠʪʘʣʥʠ ʩʠʛʥʘʣʥʠ ʧʨʦʮʝʩʦʨ (ɼʉʇ, ʝʥʛʣ. Digital Signal Processor ï DSP), 

ʟʘʧʦʯʠˁʝ ˁʝʛʦʚʘ ʧʨʠʤʝʥʘ ʟʘ ʧʦʪʨʝʙʝ ʠʩʪʨʘʞʠʚʘˁʘ ʠ ʩʢʫʧˀʠʭ ʘʧʣʠʢʘʮʠʿʘ, ʜʦʢ ʩʫ ʟʘ ʧʦʤʦ˂ʥʝ 

ʬʫʥʢʮʠʿʝ ʢʦʨʠʰ˂ʝʥʠ ʤʠʢʨʦʧʨʦʮʝʩʦʨʠ [18]. ʀʥʜʫʩʪʨʠʿʩʢʠ ʧʨʦʠʟʚʦʜʠ ʩʘ ʧʦʪʧʫʥʦ ʜʠʛʠʪʘʣʥʠʤ 

ʫʧʨʘʚˀʘˁʝʤ ʠʟʣʘʟʝ ʥʘ ʪʨʞʠʰʪʝ ʢʨʘʿʝʤ ʧʦʩʣʝʜˁʝ ʜʝʮʝʥʠʿʝ ʧʨʦʰʣʦʛ ʚʝʢʘ. ɼʘʥʘʩ, ʫ ʦʙʣʘʩʪʠ 

ʝʥʝʨʛʝʪʩʢʠʭ ʧʨʝʪʚʘʨʘʯʘ ʠ ʧʦʛʦʥʘ ʜʠʛʠʪʘʣʥʠ ʩʠʩʪʝʤʠ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʧʨʠʤʝʥʫ ʘʣʛʦʨʠʪʘʤʘ 

ʫʧʨʘʚˀʘˁʘ ʟʙʦʛ ʩʣʦʞʝʥʦʩʪʠ ʠ ʟʘʭʪʝʚʘʥʝ ʜʠʥʘʤʠʢʝ ʧʨʦʤʝʥʝ ʫʧʨʘʚˀʘʯʢʠʭ ʩʠʛʥʘʣʘ. ɿʘ ʧʦʪʨʝʙʝ 

ʨʝʘʣʠʟʘʮʠʿʝ ʜʠʛʠʪʘʣʥʦʛ ʫʧʨʘʚˀʘˁʘ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʛʣʘʚʥʠ ʝʣʝʤʝʥʪ ʫʧʨʘʚˀʘʯʢʦʛ ʫʨʝʹʘʿʘ ʿʝ 

ʧʨʦʮʝʩʦʨʩʢʘ ʧʣʘʪʬʦʨʤʘ: ʤʠʨʢʦʧʨʦʮʝʩʦʨ, ʤʠʢʨʦʢʦʥʪʨʦʣʝʨ, ɼʉʇ, ʠʥʪʝʛʨʠʩʘʥʦ ʢʦʣʦ ʯʠʿʘ ʩʝ 

ʫʥʫʪʨʘʰˁʘ ʩʪʨʫʢʪʫʨʘ ʤʦʞʝ ʢʦʥʬʠʛʫʨʠʩʘʪʠ ʦʜ ʩʪʨʘʥʝ ʢʨʘʿˁʝʛ ʢʦʨʠʩʥʠʢʘ (ʝʥʛʣ. Field-

Programmable Gate Array ï FPGA), ʧʨʦʛʨʘʤʘʙʠʣʥʠ ʣʦʛʠʯʢʠ ʢʦʥʪʨʦʣʝʨʠ (ʝʥʛʣ. Programmable 

Logic Controllers ï PLC), ʠʥʜʫʩʪʨʠʿʩʢʠ ʨʘʯʫʥʘʨʠ (ʝʥʛʣ. VME bus, VXI and PXI boarads), ʠʪʜ. 

ʈʝʰʝˁʘ ʩʝ ʨʘʟʣʠʢʫʿʫ ʫ ʭʘʨʜʚʝʨʩʢʦʿ ʨʝʘʣʠʟʘʮʠʿʠ ʢʦʿʘ ʟʥʘʯʘʿʥʦ ʫʪʠʯʝ ʥʘ ʦʨʛʘʥʠʟʘʮʠʿʫ ʠ 

ʦʧʪʠʤʠʟʘʮʠʿʫ ʟʘʭʪʝʚʘʥʠʭ ʧʨʦʨʘʯʫʥʘ. ʇʦʩʣʝʜˁʘ ʜʚʘ ʥʘʚʝʜʝʥʘ ʨʝʰʝˁʘ ʩʫ ʧʦʛʦʜʥʘ ʟʘ ʨʘʟʚʦʿ 

ʚʝʣʠʢʠʭ ʠ ʩʣʦʞʝʥʠʭ ʩʠʩʪʝʤʘ, ʘʣʠ ʩʫ ʩʢʫʧʠ ʠ ʥʝ ʤʦʛʫ ʫʚʝʢ ʜʘ ʦʜʛʦʚʦʨʝ ʟʘʭʪʝʚʠʤʘ ɽʇ. PLC ʿ ʝ 

ʤʦʜʫʣʘʨʥʠ ʩʠʩʪʝʤ ʟʘʩʥʦʚʘʥ ʥʘ ʤʠʢʨʦʧʨʦʮʝʩʦʨʫ ʢʦʿʠ ʢʦʨʠʩʪʠ ʘʥʘʣʦʛʥʝ ʠ ʜʠʛʠʪʘʣʥʝ ʫʣʘʟʝ ʟʘ 

ʜʦʥʦʰʝˁʝ ʦʜʣʫʢʘ ʠʟʚʨʰʘʚʘˁʝʤ ʧʨʝʜʝʬʠʥʠʩʘʥʠʭ ʧʨʦʛʨʘʤʘ ʠ ʜʝʣʦʚʘˁʝʤ ʥʘ ʘʥʘʣʦʛʥʝ ʠʣʠ 

ʜʠʛʠʪʘʣʥʝ ʠʟʣʘʟʝ, ʢʘʩʥʠʿʝ ʜʦʩʪʫʧʥʠʤ ʫ ʬʦʨʤʠ ʿʝʜʥʦʩʤʝʨʥʠʭ ʠʣʠ ʥʘʠʟʤʝʥʠʯʥʠʭ ʚʝʣʠʯʠʥʘ. PLC 

ʿʝ ʧʦʛʦʜʘʥ ʟʘ ʧʨʠʤʝʥʝ ʩʘ ʚʠʩʦʢʦʤ ʤʦʜʫʣʘʨʥʦʰ˂ʫ, ʦʪʧʦʨʥʦʰ˂ʫ ʥʘ ʝʣʝʢʪʨʠʯʥʝ ʩʤʝʪˁʝ ʠ 

ʰʠʨʦʢʠʤ ʪʝʤʧʝʨʘʪʫʨʥʠʤ ʦʧʩʝʛʦʤ ʢʘʜʘ ʿʝ ʧʦʪʨʝʙʥʦ ʤʘʣʦ ʝʣʝʢʪʨʠʯʥʦʛ ʜʠʟʘʿʥʘ. ʂʦʨʠʩʪʝ ʩʝ ʫ 

ʠʥʜʫʩʪʨʠʿʘʤʘ ʛʜʝ ʩʫ ʪʨʦʰʢʦʚʠ ʦʜʨʞʘʚʘˁʘ ʠ ʨʘʟʚʦʿʘ ʨʝʣʘʪʠʚʥʦ ʚʠʩʦʢʠ. ʄʠʢʨʦʧʨʦʮʝʩʦʨʠ 

ʩʘʜʨʞʝ ʩʘʤʦ ʮʝʥʪʨʘʣʥʫ ʧʨʦʮʝʩʦʨʩʢʫ ʿʝʜʠʥʠʮʫ (ʝʥʛʣ. Central Processing Unit ï CPU) ʢʦʿʘ ʿʝ ʧʦ 

ʦʙʠʯʘʿʫ ʚʝ˂ʝ ʧʨʦʮʝʩʦʨʩʢʝ ʤʦ˂ʠ ʠ ʫʛʣʘʚʥʦʤ ʩʝ ʧʨʠʤʝˁʫʿʝ ʫ ʧʝʨʩʦʥʘʣʥʠʤ ʨʘʯʫʥʘʨʠʤʘ ʦʧʰʪʝ 

ʥʘʤʝʥʝ. ʄʠʢʨʦʢʦʥʪʨʦʣʝʨʠ ʦʙʿʝʜʠˁʫʿʫ CPU, ʤʝʤʦʨʠʿʝ, ʭʘʨʜʚʝʨʩʢʝ ʧʝʨʠʬʝʨʠʿʝ, ʠʪʜ., ʫ ʠʩʪʦʤ 

ʢʫ˂ʠʰʪʫ, ʯʠʧʫ, ʠ ʚʠʰʝ ʩʫ ʥʘʤʝˁʝʥʝ ʟʘ ʨʘʯʫʥʘʨʩʢʝ ʩʠʩʪʝʤʝ ʧʦʩʝʙʥʝ ʥʘʤʝʥʝ (ʝʥʛʣ. embedded 

systems). ɼʉʇ ʪʘʢʦʹʝ ʦʜʣʠʢʫʿʝ ʠʥʪʝʛʨʘʮʠʿʘ ʥʘʚʝʜʝʥʠʭ ʝʣʝʤʝʥʘʪʘ ʫʟ ʚʠʰʝ ʤʝʤʦʨʠʿʝ, ʘʣʠ ʩʘ 

ʜʦʜʘʪʥʦʤ ʿʝʜʠʥʠʮʦʤ ʟʘ ʤʥʦʞʝˁʝ ʠ ʘʢʫʤʫʣʘʮʠʿʫ ʠ ʥʘʧʨʝʜʥʠʿʦʤ ʫʥʫʪʨʘʰˁʦʤ ʍʘʨʚʘʨʜʦʚʦʤ 

ʘʨʭʠʪʝʢʪʫʨʦʤ ʯʠʧʘ ʠ ʦʨʛʘʥʠʟʦʚʘʥʦʤ ʪʘʢʦ ʜʘ ʧʨʫʞʘ ʦʧʪʠʤʠʟʘʮʠʿʝ ʟʘ ʧʦʪʨʝʙʝ ʜʠʛʠʪʘʣʥʝ ʦʙʨʘʜʝ 

ʩʠʛʥʘʣʘ ʫ ʚʠʜʫ ʙʨʟʦʛ ʠʟʚʨʰʘʚʘˁʘ ʤʘʪʝʤʘʪʠʯʢʠʭ ʬʫʥʢʮʠʿʘ ʫʟ ʤʠʥʠʤʘʣʥʠ ʫʪʨʦʰʘʢ ʝʣʝʢʪʨʠʯʥʝ 

ʝʥʝʨʛʠʿʝ. FPGA ʜʘʿʝ ʤʦʛʫ˂ʥʦʩʪ ʩʦʬʪʚʝʨʩʢʦʛ ʤʦʜʝʣʦʚʘˁʘ ʚʝ˂ʝʛ ʙʨʦʿʘ ʠʥʪʝʛʨʠʩʘʥʠʭ ʢʦʣʘ, ʧʘ ʠ 

ʤʠʢʨʦʢʦʥʪʨʦʣʝʨʘ. ʇʦʛʦʜʘʥ ʿʝ ʟʘ ʧʨʠʤʝʥʝ ʛʜʝ ʩʫ ʟʘʭʪʝʚʘʥʝ ʚʝʣʠʢʝ ʙʨʟʠʥʝ ʦʜʘʙʠʨʘˁʘ ʩʠʛʥʘʣʘ, 

ʜʦʢ ʿʝ ʟʘ ʩʣʦʞʝʥʠʿʝ ʩʦʬʪʚʝʨʩʢʝ ʧʨʦʙʣʝʤʝ ʧʦʛʦʜʥʠʿʝ ʢʦʨʠʩʪʠʪʠ ɼʉʇ [19]. FPGA ʠ ɼʉʇ ʩʫ ʜʚʘ 

ʚʝʦʤʘ ʨʘʟʣʠʯʠʪʘ ʧʨʠʩʪʫʧʘ ʦʙʨʘʜʠ ʩʠʛʥʘʣʘ, ʧʨʠ ʯʝʤʫ ʩʚʘʢʠ ʠʤʘ ʧʨʝʜʥʦʩʪʠ ʠ ʤʘʥʝ. ʋ ʧʨʘʢʩʠ ʩʝ 

ʤʦʛʫ ʥʘ˂ʠ ʭʠʙʨʠʜʥʝ ʫʧʦʪʨʝʙʝ ʦʙʝ ʧʨʦʮʝʩʦʨʩʢʝ ʧʣʘʪʬʦʨʤʝ, ʢʘʦ ʟʘ ʧʦʪʨʝʙʝ ʤʦʜʝʣʠʨʘˁʘ ʠ 

ʫʧʨʘʚˀʘˁʘ ʤʠʢʨʦ ʤʨʝʞʘʤʘ [20]. ʄʠʢʨʦʧʨʦʮʝʩʦʨʠ ʦʧʰʪʝ ʥʘʤʝʥʝ (ʝʥʛʣ. General Purpose 

Processor ï GPP) ʤʦʛ ʫ ʠʟʚʨʰʘʚʘʪʠ ʘʣʛʦʨʠʪʤʝ ʥʘʤʝˁʝʥʝ ʟʘ ɼʉʇ, ʘʣʠ ʧʦ ʮʝʥʫ ʣʦʰʝ ʝʥʝʨʛʝʪʩʢʝ 
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ʝʬʠʢʘʩʥʦʩʪʠ ʠ ʚʝ˂ʝʛ ʢʘʰˁʝˁʘ ʰʪʦ ʯʝʩʪʦ ʦʛʨʘʥʠʯʘʚʘ ˁʠʭʦʚʫ ʧʨʠʤʝʥʫ. ʇʦʪʨʦʰˁʘ ʤʦʜʝʨʥʠʭ 

ɼʉʇ ʩʝ ʢʨʝ˂ʝ ʫ ʦʧʩʝʛʫ ʦʜ 0,7 W ʜʦ 1,5 W, ʟʘʚʠʩʥʦ ʦʜ ʙʨʦʿʘ ʫʧʦʪʨʝʙˀʝʥʠʭ ʧʝʨʠʬʝʨʠʿʘ. ɼʉʇ 

ʤʦʞʝ ʜʘ ʨʘʜʠ ʠ ʩʘ ʜʦʩʪʘ ʥʠʞʦʤ ʧʦʪʨʦʰˁʦʤ (ʝʥʛʣ. Low-Power Mode) ʢʘʜʘ ʦʙʘʚˀʘ ʤʠʥʠʤʘʣʥʠ 

ʙʨʦʿ ʠʥʩʪʨʫʢʮʠʿʘ. GPP ʠ ɼʉʇ ʤʦʛʫ ʜʘ ʩʝ ʧʨʦʛʨʘʤʠʨʘʿʫ ʥʘ ʿʝʟʠʮʠʤʘ ʢʦʿʠ ʧʨʫʞʘʿʫ ʚʝ˂ʠ ʥʠʚʦ 

ʘʧʩʪʨʘʢʮʠʿʝ ʠ ʬʣʝʢʩʠʙʠʣʥʦʩʪʠ, ʘ ʤʦʛʫ ʜʘ ʧʦʜʨʞʝ ʠ ʨʝʘʣʠʟʘʮʠʿʫ ʦʧʝʨʘʪʠʚʥʦʛ ʩʠʩʪʝʤʘ ʫ ʨʝʘʣʥʦʤ 

ʚʨʝʤʝʥʫ (ʝʥʛʣ. real time operating system). ʂʦʜ ʤʦʜʝʨʥʠʭ ɼʉʇ ʧʨʦʮʝʩʦʨʘ, CPU ʿ ʝ ʦʧʠʩʘʥ ʪʠʧʦʤ 

ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʦʙʨʘʹʫʿʝ, ʥʘʨʝʜʙʘʤʘ ʢʦʿʝ ʧʦʜʨʞʘʚʘ ʠ ʙʨʟʠʥʦʤ ʩʠʩʪʝʤʩʢʦʛ ʩʘʪʘ ʢʦʿʘ ʜʝʬʠʥʠʰʝ 

ʪʘʢʪ ʠʟʚʨʰʘʚʘˁʘ ʠʥʩʪʨʫʢʮʠʿʘ, ʪʿ. ʙʨʟʠʥʫ ʢʦʿʦʤ ʩʝ ʯʠʪʘʿʫ ʠ ʦʙʨʘʹʫʿʫ ʧʦʜʘʮʠ ʫ CPU. ʅʘ ʪʨʞʠʰʪʫ 

ʩʝ ʜʘʥʘʩ ʤʦʛʫ ʧʨʦʥʘ˂ʠ 8-ʙʠʪʥʠ, 16-ʙʠʪʥʠ ʠʣʠ 32-ʙʠʪʥʠ ɼʉʇ ʧʨʦʮʝʩʦʨʠ ʩʘ ʙʨʟʠʥʘʤʘ ʜʦ 

480 MHz. ɿʘ ʧʦʪʨʝʙʝ ʫʧʨʘʚˀʘˁʘ ʫ ɽʇ ʫʛʣʘʚʥʦʤ ʩʝ ʢʦʨʠʩʪʝ 16-ʙʠʪʥʝ ʠʣʠ 32-ʙʠʪʥʝ ʚʝʨʟʠʿʝ, ʢʦʿʝ 

ʧʦʜʨʞʘʚʘʿʫ ʘʨʠʪʤʝʪʠʢʫ ʩʘ ʬʠʢʩʥʠʤ (ʝʥʛʣ. fixed point) ʠ ʧʦʢʨʝʪʥʠʤ ʟʘʨʝʟʦʤ (ʝʥʛʣ. floating point). 

ɼʉʇ ʨʘʩʧʦʣʘʞʝ ʤʝʤʦʨʠʿʦʤ ʩʘ ʩʣʫʯʘʿʥʠʤ ʧʨʠʩʪʫʧʦʤ (ʝʥʛʣ. random-access memory - RAM), ʬʣʝʰ 

ʠ ʜʨʫʛʠʤ ʤʝʤʦʨʠʿʘʤʘ, ʿʝʜʥʠʤ ʠʣʠ ʚʠʰʝ ʿʝʟʛʘʨʘ, ʥʠʟʦʤ ʧʦʤʦ˂ʥʠʭ ʭʘʨʜʚʝʨʩʢʠʭ ʧʝʨʠʬʝʨʠʿʘ, ʠʪʜ. 

ʇʦʚʦʘˀʥ ʦʜʥʦʩ ʮʝʥʝ ʠ ʢʚʘʣʠʪʝʪʘ ʥʘʤʝ˂ʝ ʧʨʠʤʝʥʫ ɼʉʇ ʫ ʨʘʟʣʠʯʠʪʠʤ ʠʥʜʫʩʪʨʠʿʘʤʘ, ʘʫʜʠʦ 

ʦʙʨʘʜʠ ʩʠʛʥʘʣʘ, ʜʠʛʠʪʘʣʥʦʿ ʦʙʨʘʜʠ ʩʣʠʢʝ ʠ ʛʦʚʦʨʘ, ʢʦʜ ʨʘʜʘʨʘ, ʧʦʪʨʦʰʘʯʢʠʭ ʝʣʝʢʪʨʦʥʩʢʠʭ 

ʩʢʣʦʧʦʚʘ (ʝʥʛʣ. consumer electronic devices) ʧʦʧʫʪ ʤʦʙʠʣʥʠʭ ʪʝʣʝʬʦʥʘ ʠ ʩʣʠʯʥʦ. ʋʧʦʨʝʜʥʘ 

ʘʥʘʣʠʟʘ ʧʨʦʮʝʩʦʨʩʢʠʭ ʧʣʘʪʬʦʨʤʠ ʿʝ ʜʘʪʘ ʫ ʊʘʙʝʣʠ 1.1. ɸʥʘʣʠʟʘ ʠ ʩʠʥʪʝʟʘ sensorless ʘʣʛʦʨʠʪʘʤʘ 

ʫ ʥʘʩʪʘʚʢʫ ʟʘʩʥʠʚʘ˂ʝ ʩʝ ʥʘ ʫʧʦʪʨʝʙʠ ɼʉʇ ʙʝʟ ʛʫʙʠʪʢʘ ʦʧʰʪʦʩʪʠ. ʂˀʫʯʥʝ ʢʦʨʘʢʝ ʫ ʩʠʥʪʝʟʠ 

ʧʨʘʪʠ˂ʝ ʜʠʩʢʫʩʠʿʘ ʩʘ ʫʪʠʮʘʿʝʤ ʧʨʠʤʝʥʝ ʜʨʫʛʠʭ ʧʨʦʮʝʩʦʨʩʢʠʭ ʨʝʰʝˁʘ ʥʘ ʧʝʨʬʦʨʤʘʥʩʝ ʠ 

ʧʦʪʝʥʮʠʿʘʣʥʘ ʦʛʨʘʥʠʯʝˁʘ ʧʨʠ ʠʥʜʫʩʪʨʠʿʩʢʦʿ ʧʨʠʤʝʥʠ ʧʨʝʜʣʦʞʝʥʠʭ sensorless ʘʣʛʦʨʠʪʘʤʘ.  

ʀʩʧʨʘʚʘʥ ʨʘʜ ɼʉʇ ʟʘʭʪʝʚʘ ʧʦʩʪʦʿʘˁʝ ʦʩʮʠʣʘʪʦʨʘ, ʠʥʪʝʨʥʦʛ ʫʥʫʪʘʨ ʯʠʧʘ ʠʣʠ ʝʢʩʪʝʨʥʦʛ 

ʫʛʨʘʹʝʥʦʛ ʫʥʫʪʘʨ ʫʧʨʘʚˀʘʯʢʦʛ ʫʨʝʹʘʿʘ. ʀʟʣʘʟ ʦʩʮʠʣʘʪʦʨʘ ʩʝ ʜʦʚʦʜʠ ʥʘ ʠʥʪʝʨʥʠ ʙʣʦʢ ʬʘʟʥʦ 

ʩʧʨʝʛʥʫʪʝ ʧʝʪˀʝ (ʌʉʇ, ʝʥʛʣ. Phase ï Locked Loop ï PLL) ʫʥʫʪʘʨ ʯʠʧʘ ɼʉʇ. ɹʣʦʢ ʌʉʇ 

ʜʝʬʠʥʠʰʝ ʩʠʩʪʝʤʩʢʠ ʩʘʪ, ʙʨʟʠʥʫ ʧʨʦʮʝʩʦʨʘ, ʧʨʘʪʠ ʠʩʧʨʘʚʥʦʩʪ ʩʠʥʭʨʦʥʠʟʘʮʠʿʘ ʠʥʩʪʨʫʢʮʠʿʘ, 

ʠʪʜ. ʇʨʝʩʢʘʣʠʨʘʥʝ ʚʨʝʜʥʦʩʪʠ ʩʠʩʪʝʤʩʢʦʛ ʩʘʪʘ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʧʦʪʨʝʙʝ ʩʠʥʭʨʦʥʠʟʘʮʠʿʝ ʠ ʨʘʜʘ 

ʧʝʨʠʬʝʨʠʿʘ ʧʨʦʮʝʩʦʨʘ. ʋ ʥʘʩʪʘʚʢʫ, ʩʤʘʪʨʘ˂ʝ ʩʝ ʜʘ ʩʫ ʧʦʤʦ˂ʥʘ ʥʘʧʘʿʘˁʘ ʠ ʜʨʫʛʘ ʢʦʣʘ ʫ ʩʢʣʦʧʫ 

ʫʧʨʘʚˀʘʯʢʦʛ ʫʨʝʹʘʿʘ ʠʜʝʘʣʥʘ, ʠ ʨʘʟʤʘʪʨʘ˂ʝ ʩʝ ʩʘʤʦ ʫʪʠʮʘʿ ɼʉʇ ʠ ʢʦʣʘ ʟʘ ʘʥʘʣʦʛʥʫ ʦʙʨʘʜʫ 

ʩʠʛʥʘʣʘ ʩʘ ʜʘʚʘʯʘ ʥʘ ʨʘʜ ʠ ʧʦʥʘʰʘˁʝ ɽʇ ʫ ʪʨʘʿʥʦʤ ʨʘʜʫ. ʂʦʥʘʯʥʦ, ʫʚʘʞʘʚʘʿʫ˂ʠ ʥʘʚʝʜʝʥʝ 

ʘʧʨʦʢʩʠʤʘʮʠʿʝ, ɽʇ ʦʜ ʠʥʪʝʨʝʩʘ ʟʘ ʜʠʩʝʨʪʘʮʠʿʫ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʉʣʠʮʠ 1.2. ʅʘ ʩʣʠʮʠ ʿʝ ʜʘʪʘ 

ʫʧʨʦʰ˂ʝʥʘ ʰʝʤʘ ʠʥʚʝʨʪʦʨʘ ʠ ʤʦʜʝʣ ɸʄ ʫ ʚʠʜʫ ʩʪʘʪʦʨʩʢʝ ʦʪʧʦʨʥʦʩʪʠ, ʠʥʜʫʢʪʠʚʥʦʩʪʠ 

ʨʘʩʠʧʘˁʘ ʠ ʢʦʥʪʨʘ-ʝʣʝʢʪʨʦʤʦʪʦʨʥʝ ʩʠʣʝ (ɽʄʉ), ʘ ʦʟʥʘʯʝʥʠ ʩʫ ʧʦʪʝʥʮʠʿʘʣʠ ʩʨʝʜˁʠʭ ʪʘʯʘʢʘ 

ʬʘʟʘ ʠʥʚʝʨʪʦʨʘ ὠ , ὠ , ὠ  ʠ ʧʦʪʝʥʮʠʿʘʣ ʠʟʦʣʦʚʘʥʦʛ ʟʚʝʟʜʠʰʪʘ ὠ .  

ɿʘʭʪʝʚʠ ʢʦʿʝ ʉɸʈ ʪʨʝʙʘ ʜʘ ʟʘʜʦʚʦˀʠ ʟʘʚʠʩʝ ʦʜ ʧʨʠʤʝʥʝ ɽʇ. ʉɸʈ ʩʝ ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʥʘ 

ʨʝʛʫʣʠʩʘʥʝ ʩʠʩʪʝʤʘ ʟʘ ʦʜʨʞʘʚʘˁʝ ʞʝˀʝʥʝ ʧʨʦʤʝʥˀʠʚʝ ʥʘ ʧʨʝʜʝʬʠʥʠʩʘʥʦʿ ʚʨʝʜʥʦʩʪʠ ʫ 

ʧʨʠʭʚʘʪˀʠʚʠʤ ʛʨʘʥʠʮʘʤʘ ʫ ʧʨʠʩʫʩʪʚʫ ʦʧʪʝʨʝ˂ʝˁʘ ʠʣʠ ʜʨʫʛʠʭ ʧʦʨʝʤʝ˂ʘʿʘ ʫ ʩʠʩʪʝʤʫ, ʥʘ ʩʝʨʚʦ 

ʧʦʟʠʮʠʦʥʝ ʩʠʩʪʝʤʝ ʩʘ ʩʧʦʩʦʙʥʦʰ˂ʫ ʧʦʩʪʠʟʘˁʘ ʧʨʦʤʝʥʝ ʞʝˀʝʥʝ ʧʨʦʤʝʥˀʠʚʝ ʧʨʝʤʘ ʧʨʦʤʝʥʠ 

ʨʝʬʝʨʝʥʮʝ ʥʘ ʫʣʘʟʫ ʫʧʨʘʚˀʘʯʢʦʛ ʫʨʝʹʘʿʘ, ʠ ʥʘ ʩʠʩʪʝʤʝ ʟʘ ʧʨʘ˂ʝˁʝ ʪʨʘʿʝʢʪʦʨʠʿʝ. ɼʉʇ ʧʨʠʢʫʧˀʘ 

ʧʦʜʘʪʢʝ ʩʘ ʜʘʚʘʯʘ ʠ ʠʥʬʦʨʤʘʮʠʦʥʠʭ ʫʨʝʹʘʿʘ ʠ ʦʙʨʘʹʫʿʝ ʠʭ ʧʨʠʤʝʥʦʤ ʧʨʦʮʝʩʥʦʛ ʘʣʛʦʨʠʪʘʤʘ ʩʘ 

ʮʠˀʝʤ ʧʦʩʪʠʟʘˁʘ ʞʝˀʝʥʠʭ ʟʘʭʪʝʚʘ ʠ ʧʦʥʘʰʘˁʘ ʫ ɽʇ. 

 

ʊʘʙʝʣʘ 1.1. ʋʧʦʨʝʜʥʘ ʘʥʘʣʠʟʘ ʧʨʦʮʝʩʦʨʩʢʠʭ ʧʣʘʪʬʦʨʤʠ. 

ʇʣʘʪʬʦʨʤʘ ɼʉʇ FPGA ÕC PLC ʀʥʜ. ʈʘʯ. 

ʇʦʛʦʜʘʥ ʟʘ ʧʨʝʪʚʘʨʘʯʝ ɱʝʩʪʝ ɱʝʩʪʝ ɱʝʩʪʝ ʅʠʿʝ ʅʠʿʝ 

ɹʨʟʠʥʘ ʠʟ ʫʛʣʘ ʨʘʟʚʦʿʘ ɺʠʩʦʢ ʅʠʟʘʢ/ɺʠʩʦʢ ʅʠʟʘʢ ʅʠʟʘʢ ɺʠʩʦʢ 

ʉʣʦʞʝʥʦʩʪ ʘʣʛʦʨʠʪʤʘ ʉʨʝʜˁʠ ɺʠʩʦʢ ʅʠʟʘʢ ʅʠʟʘʢ ɺʠʩʦʢ 

ʇʦʫʟʜʘʥʦʩʪ ʉʨʝʜˁʘ ʉʨʝʜˁʠ ʉʨʝʜˁʠ ɺʠʩʦʢ ɺʠʩʦʢ 

ʌʣʝʢʠʙʠʣʥʦʩʪ ʉʨʝʜˁʠ ɺʠʩʦʢ ʉʨʝʜˁʠ ɺʠʩʦʢ ɺʠʩʦʢ 

ʎʝʥʘ ʅʠʟʘʢ ʉʨʝʜˁʠ/ʅʠʟʘʢ ʅʠʟʘʢ ɺʠʩʦʢ ɺʠʩʦʢ 
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ʉʣʠʢʘ 1.2. ʉʪʨʫʢʪʫʨʘʣʥʠ ʝʣʝʤʝʥʪʠ ʠʥʚʝʨʪʦʨʘ ʠ ʫʧʨʦʰ˂ʝʥʠ ʤʦʜʝʣ ʘʩʠʥʭʨʦʥʝ ʤʘʰʠʥʝ. 

 

ʇʨʦʮʝʩʥʠ ʘʣʛʦʨʠʪʘʤ ʯʠʥʠ ʩʢʫʧ ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʨʘʟʣʠʯʠʪʠʭ ʟʘʢʦʥʘ ʫʧʨʘʚˀʘˁʘ, 

ʟʘʰʪʠʪʘ, ʜʠʿʘʛʥʦʩʪʠʢʝ, ʥʘʜʟʦʨʘ, ʠʥʠʮʠʿʘʣʠʟʘʮʠʿʝ ʩʠʩʪʝʤʘ, ʢʘʣʠʙʨʘʮʠʿʝ ʜʘʚʘʯʘ, ʘʣʛʦʨʠʪʤʘ ʟʘ 

ʘʜʘʧʪʘʮʠʿʫ ʠ ʧʨʠʣʘʛʦʹʝˁʝ ʥʘʚʝʜʝʥʠʭ ʘʣʛʦʨʠʪʘʤʘ, ʠʪʜ. ʂˀʫʯʥʠ ʜʝʦ ʧʨʦʮʝʩʥʦʛ ʘʣʛʦʨʠʪʤʘ ʯʠʥʝ 

ʟʘʢʦʥʠ ʫʧʨʘʚˀʘˁʘ ʨʝʘʣʠʟʦʚʘʥʠ ʫ ʚʠʰʝ ʨʝʛʫʣʘʮʠʦʥʠʭ ʩʣʦʿʝʚʘ, ʢʦʿʠ ʥʘ ʦʩʥʦʚʫ ʫʣʘʟʥʠʭ 

ʨʝʬʝʨʝʥʮʠ ʠ ʤʝʨʝˁʘ, ʛʨʝʰʢʝ ʫ ʨʝʛʫʣʘʮʠʿʠ, ʧʨʦʨʘʯʫʥʘʚʘʿʫ ʨʝʬʝʨʝʥʮʝ ʥʘʧʦʥʘ ʩʪʘʪʦʨʘ. ʉɸʈ 

ʤʦʞʝ ʙʠʪʠ ʧʦʜʨʝʹʝʥ ʜʨʫʛʦʤ ʨʝʛʫʣʘʮʠʦʥʦʤ ʩʠʩʪʝʤʫ ʢʦʿʠ ʫʧʨʘʚˀʘ ʛʨʫʧʦʤ ʨʝʛʫʣʠʩʘʥʠʭ ɽʇ, ʯʠʿʝ 

ʜʝʿʩʪʚʦ ʪʘʜʘ ʧʨʝʜʩʪʘʚˀʘ ʨʝʬʝʨʝʥʮʫ ʟʘ ʧʦʜʨʝʹʝʥʠ ʩʠʩʪʝʤ. ʂʘʢʦ ʛʦʜ ʜʘ ʩʫ ʨʝʛʫʣʘʮʠʦʥʠ ʩʣʦʿʝʚʠ 

ʦʨʛʘʥʠʟʦʚʘʥʠ, ʢʦʥʘʯʥʘ ʥʘʧʦʥʩʢʘ ʨʝʬʝʨʝʥʮʘ ʩʝ ʧʨʦʩʣʝʹʫʿʝ ʥʘ ʤʦʜʫʣʘʪʦʨ. ʈʝʟʫʣʪʘʪ ʤʦʜʫʣʘʮʠʿʝ 

ʩʫ ʫʧʨʘʚˀʘʯʢʘ ʜʝʿʩʪʚʘ ʢʦʿʘ ʩʝ ʧʫʪʝʤ ʫʧʨʘʚˀʘʯʢʦʛ ʫʨʝʹʘʿʘ, ʫ ʚʠʜʫ ʩʠʛʥʘʣʘ ʤʘʣʝ ʝʥʝʨʛʠʿʝ, 

ʧʨʦʩʣʝʹʫʿʫ ʠʤʧʫʣʩʥʦʤ ʧʦʿʘʯʘʚʘʯʫ ʢʘʦ ʥʘ ʉʣʠʮʠ 1.2. ɸʫʪʦʤʘʪʩʢʘ ʨʝʛʫʣʘʮʠʿʘ ʚʝʣʠʯʠʥʘ ʫ ɽʇ ʩʝ 

ʤʘʥʠʬʝʩʪʫʿʝ ʧʨʦʤʝʥʦʤ ʫʧʨʘʚˀʘʯʢʠʭ ʧʨʦʤʝʥˀʠʚʠʭ, ʪʿ. ʪʘʣʘʩʥʠʭ ʦʙʣʠʢʘ ʥʘʧʦʥʘ ʠ ʩʪʨʫʿʘ ʥʘ 

ʧʨʠʢˀʫʯʮʠʤʘ ɽʄ. ʉʠʥʪʝʟʘ ʉɸʈ, ʘʣʛʦʨʠʪʤʘ ʫʧʨʘʚˀʘˁʘ, ʟʘʭʪʝʚʘ ʧʦʟʥʘʚʘˁʝ ʦʙʿʝʢʪʘ ʫʧʨʘʚˀʘˁʘ. 

ʂʦʨʝʢʪʥʦ ʥʘʯʠˁʝʥ ʘʣʛʦʨʠʪʘʤ ʫʧʨʘʚˀʘˁʘ ʦʙʝʟʙʝʹʫʿʝ ʩʤʘˁʝˁʝ ʛʨʝʰʢʝ ʫ ʨʝʛʫʣʘʮʠʿʠ, ʧʦʩʣʝ 

ʜʦʚʦˀʥʦ ʚʨʝʤʝʥʘ, ʥʘ ʥʫʣʫ. ʈʝʛʫʣʘʪʦʨʠ ʤʦʛʫ ʙʠʪʠ ʘʥʘʣʦʛʥʠ (ʝʣʝʢʪʨʠʯʥʠ ʩʢʣʦʧʦʚʠ, ʧʥʝʫʤʘʪʩʢʠ, 

ʭʠʜʨʘʫʣʠʯʥʠ, ʥʘ ʙʘʟʠ ʧʨʠʪʠʩʢʘ ʬʣʫʠʜʘ, ʥʘ ʙʘʟʠ ʦʧʨʫʛʝ, ʚʝʥʪʠʣʘ, ʙʠʤʝʪʘʣʥʠ ʠʣʠ ʪʝʨʤʘʣʥʠ) ʠʣʠ 

ʜʠʛʠʪʘʣʥʠ (ʢʦʜ ʫ ʤʝʤʦʨʠʿʠ ʧʨʦʮʝʩʦʨʘ). ʋ ʜʠʩʝʨʪʘʮʠʿʠ, ʨʘʟʤʘʪʨʘ˂ʝ ʩʝ ʜʠʛʠʪʘʣʥʘ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ ʨʝʛʫʣʘʪʦʨʘ ʥʘ ɼʉʇ ʢʦʿʘ ʜʘʥʘʩ ʠʤʘ ʩʚʝ h ʠʨʫ ʧʨʠʤʝʥʫ. ʋʧʨʘʚˀʘʯʢʘ 

ʧʨʦʤʝʥˀʠʚʘ ʿʝ ʪʘʜʘ ʙʠʥʘʨʥʦ ʢʦʜʠʨʘʥʘ ʙʨʦʿʥʘ ʚʨʝʜʥʦʩʪ ʟʘʧʠʩʘʥʘ ʫ ʿʝʜʥʦʤ ʨʝʛʠʩʪʨʫ ɼʉʇ, ʘ 

ʠʥʚʝʨʪʦʨ ʢʘʦ ʘʢʪʫʘʪʦʨ ʥʘʧʦʥʘ ʜʦʙʠʿʘ ʢʦʤʘʥʜʝ ʫ ʩʢʣʘʜʫ ʩʘ ʜʠʛʠʪʘʣʥʠʤ ʟʘʧʠʩʦʤ ʧʨʦʤʝʥˀʠʚʝ. 

ʇʦʩʪʠʟʘˁʝ ʞʝˀʝʥʦʛ ʧʦʥʘʰʘˁʘ ɽʇ ʟʘʭʪʝʚʘ ʘʥʘʣʠʟʫ ʧʦʥʘʰʘˁʘ ʧʦʛʦʥʘ ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ 

ʧʨʦʮʝʩʘ ʠ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ. ɸʥʘʣʠʟʘ ʧʦʥʘʰʘˁʘ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʟʘʭʪʝʚʘ ʧʦʟʥʘʚʘˁʝ 

ʟʘʤʝʥʩʢʝ ʰʝʤʝ ɸʄ ʟʘ ʫʩʪʘˀʝʥʘ ʩʪʘˁʘ ʠ ʤʝʭʘʥʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ. ʇʦʩʪʠʟʘˁʝ ʞʝˀʝʥʦʛ 

ʜʠʥʘʤʠʯʢʦʛ ʧʦʥʘʰʘˁʘ ʟʘʭʪʝʚʘ ʧʦʟʥʘʚʘˁʝ ʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ ɸʄ ʠ ʝʥʝʨʛʝʪʩʢʦʛ ʧʨʝʪʚʘʨʘʯʘ, 

ʧʦʩʪʦʿʘˁʝ ʧʨʦʮʝʩʥʦʛ ʘʣʛʦʨʠʪʤʘ, ʫʧʨʘʚˀʘʯʢʦʛ ʫʨʝʹʘʿʘ ʠ ʜʘʚʘʯʘ ʟʘ ʧʦʪʨʝʙʝ ʤʝʨʝˁʘ ʚʝʣʠʯʠʥʘ ʦʜ 

ʟʥʘʯʘʿʘ, ʧʦʟʠʮʠʿʝ ʠ ʙʨʟʠʥʝ ʚʨʘʪʠʣʘ, ʩʪʨʫʿʝ, ʥʘʧʦʥʘ, ʧʨʦʪʦʢʘ, ʧʨʠʪʠʩʢʘ, ʪʝʤʧʝʨʘʪʫʨʝ, ʠʪʜ.  

 

1.3 ɼʘʚʘʯʠ ʧʦʟʠʮʠʿʝ ʠ ʙʨʟʠʥʝ ʥʘ ʚʨʘʪʠʣʫ ʤʘʰʠʥʝ   
 

ʇʦʩʪʦʿʘˁʝ ʜʘʚʘʯʘ ʥʘ ʚʨʘʪʠʣʫ ɽʄ ʿʝ ʧʦʞʝˀʥʦ, ʘ ʥʝʢʘʜʘ ʠ ʦʙʘʚʝʟʥʦ ʟʘʭʪʝʚʘʥʦ ʢʘʢʦ ʙʠ ʩʝ 

ʟʘʜʦʚʦˀʠʣʠ ʩʪʘʥʜʘʨʜʠ ʠ ʨʝʛʫʣʘʪʠʚʝ, ʧʦʩʝʙʥʦ ʫ ʦʙʣʘʩʪʠʤʘ ʨʘʟʚʦʿʘ ʠʥʜʫʩʪʨʠʿʩʢʠʭ ʤʘʰʠʥʘ ʠ 
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ʘʫʪʦʤʘʪʠʟʘʮʠʿʝ ʧʨʦʮʝʩʘ. ʇʦʫʟʜʘʥ ʠ ʧʨʝʮʠʟʘʥ ʧʦʜʘʪʘʢ ʦ ʙʨʟʠʥʠ ʚʨʘʪʠʣʘ ʿʝ ʥʝʦʧʭʦʜʘʥ ʟʘ ʧʦʪʨʝʙʝ 

ʫʧʨʘʚˀʘˁʘ ʤʦʤʝʥʪʦʤ, ʙʨʟʠʥʦʤ, ʥʘʜʟʦʨʘ, ʜʠʿʘʛʥʦʩʪʠʢʝ ʠ ʘʜʘʧʪʘʮʠʿʝ ʧʨʦʮʝʩʥʦʛ ʘʣʛʦʨʠʪʤʘ ʫ 

ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʩʭʦʜʥʦ ʨʘʜʥʠʤ ʫʩʣʦʚʠʤʘ. ʊʘʢʦʹʝ, ʟʘ ʧʦʪʨʝʙʝ ʟʘʰʪʠʪʝ ʠ ʙʝʟʙʝʜʥʦʩʪʠ ʫ ʧʦʛʣʝʜʫ 

ʥʘʛʣʦʛ ʠ ʢʦʥʪʨʦʣʠʩʘʥʦʛ ʟʘʫʩʪʘʚˀʘˁʘ ɽʇ ʫ ʩʣʫʯʘʿʫ ʢʚʘʨʘ, ʠʪʜ. ɸʧʩʦʣʫʪʥʘ ʧʦʟʠʮʠʿʘ ʚʨʘʪʠʣʘ 

ʯʝʩʪʦ ʤʦʞʝ ʙʠʪʠ ʟʘʭʪʝʚʘʥʘ ʢʦʜ ɸʄ ʠ ʉʄ ʩʘ ʩʪʘʣʥʠʤ ʤʘʛʥʝʪʠʤʘ (ʝʥʛʣ. permanent magnet 

synchronous motor - PMSM) ʟʘ ʨʝʘʣʠʟʘʮʠʿʫ ʘʣʛʦʨʠʪʘʤʘ ʧʦʧʫʪ ʚʝʢʪʦʨʩʢʦʛ ʫʧʨʘʚˀʘˁʘ (ʝʥʛʣ. 

Field-Oriented Control - FOC) ʠʣʠ ʟʘ ʧʦʪʨʝʙʝ ʨʝʛʫʣʘʮʠʿʝ ʧʦʟʠʮʠʿʝ. ʅʘʚʝʜʝʥʝ ʬʫʥʢʮʠʦʥʘʣʥʦʩʪʠ 

ʫ ɽʇ ʩʫ ʥʝʦʧʭʦʜʥʝ ʟʘ ʠʟʙʝʛʘʚʘˁʝ ʦʧʘʩʥʦʩʪʠ ʟʘ ʦʧʝʨʘʪʝʨʘ, ʦʯʫʚʘˁʝ ʤʘʪʝʨʠʿʘʣʥʦʛ ʜʦʙʨʘ ʠ 

ʠʥʪʝʛʨʠʪʝʪʘ ʧʨʦʮʝʩʘ. ʈʝʟʦʣʫʮʠʿʘ ʠ ʜʠʥʘʤʠʢʘ ʜʘʚʘʯʘ ʤʦʞʝ ʫʪʠʮʘʪʠ ʥʘ ʧʦʥʘʰʘˁʝ ʉɸʈ ʧʘ ʿʝ ʦʜ 

ʚʝʣʠʢʦʛ ʟʥʘʯʘʿʘ ʙʨʟʦ, ʫʟ ʤʠʥʠʤʘʣʥʦ ʢʘʰˁʝˁʝ, ʦʙʝʟʙʝʜʠʪʠ ʪʘʯʘʥ ʧʦʜʘʪʘʢ ʦ ʙʨʟʠʥʠ ʠ ʧʦʟʠʮʠʿʠ 

ʚʨʘʪʠʣʘ ʫ ʩʚʘʢʦʤ ʨʘʜʥʦʤ ʨʝʞʠʤʫ. ʇʦʜʘʪʘʢ ʦ ʙʨʟʠʥʠ ʠ ʩʤʝʨʫ ʦʙʨʪʘˁʘ ʚʨʘʪʠʣʘ ʤʦʞʝ ʩʝ 

ʦʙʝʟʙʝʜʠʪʠ ʫʧʦʪʨʝʙʦʤ ʪʨʘʜʠʮʠʦʥʘʣʥʠʭ ʜʘʚʘʯʘ ʧʦʩʪʘʚˀʝʥʠʭ ʥʘ ʚʨʘʪʠʣʫ ʤʘʰʠʥʝ: ʪʘʭʦʤʝʪʨʘ, 

ʨʝʟʦʣʚʝʨʘ, ʝʥʢʦʜʝʨʘ, ʜʘʚʘʯʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʍʦʣʦʚʦʤ ʝʬʝʢʪʫ (ʝʥʛʣ. Hall sensor), ʠʪʜ. ʂʦʜ ɽʇ ʩʘ 

ʄɱʉ ʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʝ ʘʥʘʣʦʛʥʠ ʪʘʭʦʤʝʪʨʠ ʢʦʿʠ ʜʘʿʫ ʥʘʧʦʥ ʧʨʦʧʦʨʮʠʦʥʘʣʘʥ ʤʝʭʘʥʠʯʢʦʿ ʙʨʟʠʥʠ.  

ɽʥʢʦʜʝʨʠ ʤʦʛʫ ʙʠʪʠ ʠʥʢʨʝʤʝʥʪʘʣʥʠ ʠʣʠ ʘʧʩʦʣʫʪʥʠ, ʘ ʧʦ ʧʨʠʥʮʠʧʫ ʨʘʜʘ ʦʧʪʠʯʢʠ, 

ʤʘʛʥʝʪʩʢʠ, ʤʝʭʘʥʠʯʢʠ, ʨʝʟʠʩʪʠʚʥʠ, ʠʥʜʫʢʪʠʚʥʠ, ʢʘʧʘʮʠʪʠʚʥʠ, ʠʪʜ. ʆʧʪʠʯʢʠ ʝʥʢʦʜʝʨʠ ʩʫ 

ʥʘʿʧʨʝʮʠʟʥʠʿʠ ʜʘʚʘʯʠ ʧʦʟʠʮʠʿʝ, ʘ ʨʝʟʦʣʫʮʠʿʘ ʠ ʪʘʯʥʦʩʪ ʝʥʢʦʜʝʨʘ ʥʘʿʯʝʰ˂ʝ ʟʘʚʠʩʠ ʦʜ ˁʝʛʦʚʝ 

ʢʦʥʩʪʨʫʢʮʠʿʝ. ɽʥʢʦʜʝʨ, ʫʧʨʦʰ˂ʝʥʦ, ʯʠʥʝ ʤʝʭʘʥʠʯʢʠ ʜʠʩʢʦʚʠ ʩʘ ʧʨʦʟʦʨʠʤʘ ʠ ʧʦʤʦ˂ʥʘ 

ʝʣʝʢʪʨʦʥʠʢʘ. ɽʥʢʦʜʝʨʠ ʟʘ ʧʦʪʨʝʙʝ ʨʘʜʘ ʟʘʭʪʝʚʘʿ ʫ DC ʥʘʧʘʿʘˁʝ ʦʜ 3V ʠʣʠ 5V ʢʦʿʝ ʿʝ ʥʘʿʯʝʰ˂ʝ 

ʫʚʝʢ ʜʦʩʪʫʧʥʦ ʫ ɽʇ. ɸʧʩʦʣʫʪʥʠ ʝʥʢʦʜʝʨʠ ʥʘ ʠʟʣʘʟʫ ʜʘʿʫ ʘʧʩʦʣʫʪʥʫ ʧʦʟʠʮʠʿʫ ʚʨʘʪʠʣʘ ʠ 

ʛʝʥʝʨʘʣʥʦ ʥʘʣʘʟʝ ʧʨʠʤʝʥʫ ʫ ʧʨʦʮʝʩʠʤʘ ʩʘ ʚʠʩʦʢʠʤ ʩʪʝʧʝʥʦʤ ʨʠʟʠʢʘ ʿʝʨ ʥʝ ʟʘʭʪʝʚʘʿʫ ʧʦʥʦʚʥʦ 

ʫʩʚʘʿʘˁʝ ʨʝʬʝʨʝʥʪʥʝ ʦʩʝ ʟʘ ʤʝʨʝˁʝ ʧʦʟʠʮʠʿʝ, ʢʘʦ ʥʘ ʧʨʠʤʝʨ ʢʦʜ CNC ʤʘʰʠʥʘ (ʝʥʛʣ. Computer 

Numerical Control Machines). ʂʘʢʦ ʿʝ ʠʟʣʘʟ ʦʚʦʛ ʝʥʢʦʜʝʨʘ ʜʠʛʠʪʘʣʥʘ ʨʝʯ, ʦʥʠ ʩʫ ʢʦʤʧʘʪʘʙʠʣʥʠ 

ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʢʦʤʫʥʠʢʘʮʠʦʥʠʤ ʧʨʦʪʦʢʦʣʠʤʘ ʢʘʦ ʰʪʦ ʩʫ Profibus, Modbus, CAN, Ethernet-based 

protocols, synchronous serial interface, ʠʪʜ. ʇʦʩʪʦʿʝ ʝʥʢʦʜʝʨʠ ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘʿʫ ʩʢʣʘʜʠʰʪʝˁʝ 

ʧʦʜʘʪʘʢʘ ʪʦʢʦʤ ʨʘʜʘ ʠ ʢʦʤʫʥʠʢʘʮʠʿʫ ʩʘ ʥʘʜʨʝʹʝʥʠʤ ʫʧʨʘʚˀʘʯʢʠʤ ʫʨʝʹʘʿʝʤ. ʆʚʠ ʧʦʜʘʮʠ ʯʝʩʪʦ 

ʤʦʛʫ ʙʠʪʠ ʦʜ ʚʝʣʠʢʝ ʢʦʨʠʩʪʠ ʟʘ ʧʦʪʨʝʙʝ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʤʝʭʘʥʠʯʢʦʛ ʩʠʩʪʝʤʘ. ʂʘʜʘ 

ʦʚʝ ʬʫʥʢʮʠʿʝ ʥʠʩʫ ʟʘʭʪʝʚʘʥʝ, ʥʘʿʯʝʰ˂ʝ ʩʝ ʠʟʙʝʛʘʚʘʿʫ ʟʙʦʛ ʮʝʥʝ ʠ ʟʘʭʪʝʚʥʠʿʝ ʤʦʥʪʘʞʝ.  

ʊʘʜʘ ʩʝ ʢʦʨʠʩʪʝ ʠʥʢʨʝʤʝʥʪʘʣʥʠ (ʦʧʪʠʯʢʠ) ʝʥʢʦʜʝʨʠ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʘʣʛʦʨʠʪʤʠʤʘ ʟʘ 

ʜʝʪʝʢʮʠʿʫ ʠ ʢʘʣʠʙʨʘʮʠʿʫ ʘʧʩʦʣʫʪʥʦʛ ʫʛʣʘ. ʀʥʢʨʝʤʝʥʪʘʣʥʠ ʝʥʢʦʜʝʨ ʯʠʥʠ, ʫʧʨʦʰ˂ʝʥʦ, ʚʠʰʝ 

ʜʠʩʢʦʚʘ ʟʘ ʧʨʦʨʝʟʠʤʘ ʢʦʿʠ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ ʬʦʪʦʝʤʠʩʠʦʥʠʤ ʜʠʦʜʘʤʘ ʠ ʬʦʪʦʦʩʝʪˀʠʚʠʤ 

ʪʨʘʥʟʠʩʪʦʨʠʤʘ ʥʘ ʠʟʣʘʟʫ ʛʝʥʝʨʠʰʫ ʧʦʚʦʨʢʫ ʥʘʧʦʥʩʢʠʭ ʠʤʧʫʣʩʘ ʯʠʿʘ ʿʝ ʰʠʨʠʥʘ ʠ ʙʨʦʿ ʥʘ 

ʿʝʜʠʥʠʯʥʦʿ ʧʝʨʠʦʜʠ ʚʨʝʤʝʥʘ ʫ ʜʠʨʝʢʪʥʦʿ ʟʘʚʠʩʥʦʩʪʠ ʩʘ ʙʨʟʠʥʦʤ ʚʨʘʪʠʣʘ, ʪʿ. ʥʘ ʦʩʥʦʚʫ ʢʦʿʠʭ ʩʝ 

ʜʝʪʝʢʪʫʿʝ ʧʨʦʤʝʥʘ ʧʦʣʦʞʘʿʘ ʚʨʘʪʠʣʘ. ʆʙʠʯʥʦ ʠʤʘʿʫ ʜʚʘ ʜʠʩʢʘ, ʬʘʟʫ ɸ ʠ ɹ, ʢʦʿʝ ʩʫ ʧʨʦʩʪʦʨʥʦ 

ʧʦʤʝʨʝʥʝ ʟʘ ʧʦʣʦʚʠʥʫ ʰʠʨʠʥʝ ʧʨʦʟʦʨʘ. ʇʨʦʩʪʦʨʥʠ ʧʦʤʝʨʘʿ ʩʝ ʦʩʣʠʢʘʚʘ ʫ ʬʘʟʥʦʤ ʧʦʤʝʨʘʿʫ 

ʩʠʛʥʘʣʘ ʥʘ ʠʟʣʘʟʫ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʧʦʪʨʝʙʝ ʜʝʪʝʢʮʠʿʝ ʩʤʝʨʘ ʨʦʪʘʮʠʿʝ. ʅʝʢʘʜʘ ʝʥʢʦʜʝʨ ʤʦʞʝ 

ʠʤʘʪʠ ʠ ʜʠʩʢ ʩʘ ʩʘʤʦ ʿʝʜʥʠʤ ʧʨʦʟʦʨʦʤ ʟʘ ʜʦʙʠʿʘˁʝ ʘʧʩʦʣʫʪʥʦʛ ʙʨʦʿʘ ʦʙʨʪʘʿʘ. ʇʨʠʤʝʥʦʤ 

ʿʝʜʥʦʩʪʘʚʥʠʭ ʤʘʪʝʤʘʪʠʯʢʠʭ ʦʧʝʨʘʮʠʿʘ ʠʤʧʫʣʩʠ ʩʝ ʤʦʛʫ ʧʨʝʩʣʠʢʘʪʠ ʥʘʿʧʨʝ ʫ ʘʧʩʦʣʫʪʥʫ ʫʛʘʦʥʫ 

ʧʦʟʠʮʠʿʫ ʚʨʘʪʠʣʘ, ʘ ʠ ʫ ʫʛʘʦʥʫ ʙʨʟʠʥʫ. ʈʝʟʦʣʫʮʠʿʘ ʠʥʢʨʝʤʝʥʪʘʣʥʦʛ ʝʥʢʦʜʝʨʘ ʿʝ ʦʜʨʝʹʝʥʘ ʙʨʦʿʝʤ 

ʧʨʦʟʦʨʘ ʧʦ ʜʠʩʢʫ. ʋ ʧʨʘʢʩʠ, ʤʦʛʫ ʩʝ ʥʘ˂ʠ ʝʥʢʦʜʝʨʠ ʩʘ ʨʝʟʦʣʫʮʠʿʦʤ ʦʜ 1000,1024, 2000, 2048, 

4000, 4096 ʠʤʧʫʣʩʘ, ʪʿ. ʧʨʦʟʦʨʘ ʧʦ ʦʙʦʜʫ ʜʠʩʢʘ. ʆʚʠ ʝʥʢʦʜʝʨʠ ʩʫ ʿʝʬʪʠʥʠ ʩʘ ʨʝʣʘʪʠʚʥʦ 

ʿʝʜʥʦʩʪʘʚʥʦʤ ʤʦʥʪʘʞʦʤ. ɽʥʢʦʜʝʨʠ ʩʝ ʢʦʨʠʩʪʝ ʢʦʜ ʄɱʉ ʠ ʤʘʰʠʥʘ ʟʘ ʥʘʠʟʤʝʥʠʯʥʫ ʩʪʨʫʿʫ, ʩʝʨʚʦ 

ʧʦʛʦʥʘ ʠ ʫ ʧʨʦʠʟʚʦʜˁʠ ʛʜʝ ʩʝ ʟʘʭʪʝʚʘ ʚʝʣʠʢʘ ʪʘʯʥʦʩʪ ʢʘʦ ʰʪʦ ʩʫ CNC ʤʘʰʠʥʝ, 3D h ʪʘʤʧʘʯʠ, 

ʫ ʧʨʦʠʟʚʦʜˁʠ ʝʣʝʢʪʨʦʥʩʢʠʭ ʢʦʤʧʦʥʝʥʪʠ, ʨʦʙʦʪʠʮʠ, ʠʪʜ. ʈʘʜ ʝʥʢʦʜʝʨʘ ʤʦʞʝ ʙʠʪʠ ʫʛʨʦʞʝʥ 

ʘʤʙʠʿʝʥʪʘʣʥʠʤ ʫʩʣʦʚʠʤʘ ʫ ʢʦʿʠʤʘ ʩʝ ɽʇ ʥʘʣʘʟʠ. ʅʘ ʨʘʜ ʝʣʝʢʪʨʦʥʩʢʝ ʧʣʦʯʝ ʠ ʪʘʯʥʦʩʪ ʠʟʣʘʟʥʦʛ 

ʩʠʛʥʘʣʘ ʤʦʛʫ ʫʪʠʮʘʪʠ ʨʘʜʥʝ ʪʝʤʧʝʨʘʪʫʨʝ, ʧʨˀʘʚʰʪʠʥʘ ʠ ʯʝʩʪʠʮʝ ʫ ʚʘʟʜʫʭʫ, ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠ 

ʰʫʤ, ʤʝʭʘʥʠʯʢʠʭ ʚʠʙʨʘʮʠʿʘ ʠʪʜ. ʊʨʝʥʫʪʥʦ ʜʦʩʪʫʧʥʠ ʝʥʢʦʜʝʨʠ ʥʘ ʪʨʞʠʰʪʫ ʫʛʣʘʚʥʦʤ ʩʫ 

ʧʨʝʜʚʠʹʝʥʠ ʟʘ ʤʘʢʩʠʤʘʣʥʝ ʨʘʜʥʝ ʪʝʤʧʝʨʘʪʫʨʝ ʦʜ 60Áʉ ʜʦ 120Áʉ. ʄʘʛʥʝʪʩʢʠ ʝʥʢʦʜʝʨʠ ʠʤʘʿʫ 

ʙʦˀʫ ʨʦʙʫʩʥʦʩʪ, ʘʣʠ ʚʝʣʠʢʠ ʥʝʜʦʩʪʘʪʘʢ ʫ ʚʠʜʫ ʫʪʠʮʘʿʘ ʥʘ ʦʢʦʣʥʦ ʤʘʛʥʝʪʩʢʦ ʧʦˀʝ. ʅʘ ʉʣʠʮʠ 

1.3. ʧʨʠʢʘʟʘʥʠ ʩʫ ʨʝʟʦʣʚʝʨ ʠ ʝʥʢʦʜʝʨ ʧʦʩʪʘʚˀʝʥʠ ʥʘ ʚʨʘʪʠʣʫ ɸʄ, ʨʝʩʧʝʢʪʠʚʥʦ. 
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ʉʣʠʢʘ 1.3. ɼʘʚʘʯʠ ʥʘ ʚʨʘʪʠʣʫ ʘʩʠʥʭʨʦʥʝ ʤʘʰʠʥʝ: ʘ) ʨʝʟʦʣʚʝʨ; ʙ) ʝʥʢʦʜʝʨ. 

 

ɿʙʦʛ ʥʘʚʝʜʝʥʠʭ ʩʣʘʙʦʩʪʠ ʝʥʢʦʜʝʨʘ ʫ ʚʠʜʫ ʨʦʙʫʩʥʦʩʪʠ ʠ ʘʤʙʠʿʝʥʪʘʣʥʠʭ ʫʪʠʮʘʿʘ, ʚʝʣʠʢʫ 

ʧʨʠʤʝʥʫ ʫ ʧʨʘʢʩʠ ʥʘʰʘʦ ʿʝ ʨʝʟʦʣʚʝʨ ʧʨʫʞʘʿʫ˂ʠ ʚʝ˂ʫ ʨʦʙʫʩʥʦʩʪ ʧʦ ʮʝʥʫ ʤʘˁʝ ʪʘʯʥʦʩʪʠ. ʄʦʛʫ 

ʩʝ ʨʝʘʣʠʟʦʚʘʪʠ ʩʘ ʧʨʦʤʝʥˀʠʚʦʤ ʤʘʛʥʝʪʩʢʦʤ ʦʪʧʦʨʥʦʰ˂ʫ, ʢʘʦ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ ʠʣʠ ʢʘʦ ʩʠʥʭʨʦ-

ʨʝʟʦʣʚʝʨ ʟʘ ʧʨʠʤʝʥʝ ʛʜʝ ʿʝ ʟʘʭʪʝʚʘʥʘ ʚʝ˂ʘ ʪʘʯʥʦʩʪ, ʠʪʜ. ʈʝʟʦʣʚʝʨ ʿʝ ʧʦ ʧʨʠʨʦʜʠ ʝʣʝʢʪʨʠʯʥʘ 

ʤʘʰʠʥʘ ʠ ʟʘʭʪʝʚʘ ɸʉ ʥʘʧʘʿʘˁʝ. ʅʘ ʠʟʣʘʟʫ ʛʝʥʝʨʠʰʝ ʘʥʘʣʦʛʥʝ ʩʠʛʥʘʣʝ ʢʦʿʝ ʿʝ ʧʦʪʨʝʙʥʦ 

ʧʨʠʣʘʛʦʜʠʣʠ ʫʣʘʟʠʤʘ ʫʧʨʘʚˀʘʯʢʦʛ ʫʨʝʹʘʿʘ ʫ ʚʠʜʫ ʜʦʜʘʪʥʦʛ ʠʥʪʝʨʬʝʿʩʘ ʢʘ ʧʨʦʮʝʩʦʨʫ (ʝʥʛʣ. 

resolver to digital unit). ʊʘʯʥʦʩʪ ʨʝʟʦʣʚʝʨʘ ʟʘʚʠʩʠ ʦʜ ʙʨʦʿʘ ʧʘʨʠ ʧʦʣʦʚʘ ʥʘ ˁʝʛʦʚʦʤ ʩʪʘʪʦʨʫ, ʛʜʝ 

ʫʚʝ˂ʘˁʝ ʧʦʣʦʚʘ ʜʦʚʦʜʠ ʜʦ ʚʝ˂ʝ ʪʘʯʥʦʩʪʠ, ʠʧʘʢ ʫʟ ʤʘˁʫ ʪʘʯʥʦʩʪ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʝʢʚʠʚʘʣʝʥʪʥʠʤ 

ʝʥʢʦʜʝʨʦʤ. ʈʝʟʦʣʚʝʨʠ ʩʫ ʨʦʙʫʩʥʠʿʠ ʿʝʨ ʥʝ ʩʘʜʨʞʝ ʝʣʝʢʪʨʦʥʠʢʫ ʠʣʠ ʜʨʫʛʝ ʦʩʝʪˀʠʚʝ ʝʣʝʤʝʥʪʝ, 

ʧʘ ʩʝ ʢʦʨʠʩʪʝ ʢʦʜ ɽʇ ʢʦʿʠ ʨʘʜʝ ʫ ʦʪʝʞʘʥʠʤ ʨʘʜʥʠʤ ʫʩʣʦʚʠʤʘ, ʧʦʧʫʪ ʠʥʜʫʩʪʨʠʿʘ ʦʙʨʘʜʝ ʤʝʪʘʣʘ, 

ʦʙʨʘʜʝ ʧʘʧʠʨʘ, ʠʥʜʫʩʪʨʠʿʘʤʘ ʛʘʩʘ ʠ ʥʘʬʪʝ, ʫ ʚʦʿʥʠʤ ʚʦʟʠʣʠʤʘ, ʩʚʝʤʠʨʩʢʠʤ ʘʧʣʠʢʘʮʠʿʘʤʘ, ʠʪʜ.  

ɸʣʪʝʨʥʘʪʠʚʘ ʝʥʢʦʜʝʨʠʤʘ ʠ ʨʝʟʦʣʚʝʨʠʤʘ ʩʫ ʍʦʣʦʚʠ ʜʘʚʘʯʠ ʟʘʩʥʦʚʘʥʠ ʥʘ ʜʝʪʝʢʮʠʿʠ 

ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ ʫ ʜʚʦʜʠʤʝʥʟʠʦʥʘʣʥʦʤ ʠʣʠ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʤ ʧʨʦʩʪʦʨʫ. ʆʙʠʯʥʦ ʍʦʣʦʚ 

ʜʘʚʘʯ ʯʠʥʝ ʜʚʝ ʝʣʝʢʪʨʦʥʩʢʝ ʧʣʦʯʝ ʢʦʿʝ ʥʘ ʩʚʦʿʠʤ ʠʟʣʘʟʠʤʘ ʜʘʿʫ ʧʦʚʦʨʢʝ ʠʤʧʫʣʩʘ, ʬʘʟʥʦ 

ʧʦʤʝʨʝʥʝ ʟʘ 90Á, ʠʟ ʢʦʿʠʭ ʩʝ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʧʦʟʠʮʠʿʘ ʠʣʠ ʙʨʟʠʥʘ ʚʨʘʪʠʣʘ. ʆʚʘʢʚʘ ʨʝʰʝˁʘ ʩʝ 

ʤʦʛʫ ʥʘ˂ʠ ʫ ʧʦʛʦʥʠʤʘ ʩʘ ʄɱʉ ʙʝʟ ʯʝʪʢʠʮʘ (ʝʥʛʣ. brushless DC drives - BLDC) ʢʘʜʘ ʩʝ ʧʦʜʘʪʘʢ ʦ 

ʧʦʟʠʮʠʿʠ ʧʨʠʙʘʚˀʘ ʠ ʪʨʝʥʫʮʠʤʘ ʫ ʢʦʿʠʤʘ ʩʝ ʧʨʝʢʠʜʘ ʩʪʘʪʦʨʩʢʘ ʩʪʨʫʿʘ ʯʝʩʪʦ ʩʘ ʧʨʦʩʪʦʨʥʦʤ 

ʨʝʟʦʣʫʮʠʿʦʤ ʧʦʣʦʞʘʿʘ ʚʨʘʪʠʣʘ ʦʜ 60 . ʍʦʣʦʚʠ ʜʘʚʘʯʠ ʩʫ ʿʝʬʪʠʥʠ ʠ ʿʝʜʥʦʩʪʘʚʥʠ ʟʘ ʤʦʥʪʘʞʫ. 

ʀʧʘʢ, ʟʙʦʛ ʥʠʩʢʝ ʨʝʟʦʣʫʮʠʿʝ ʠ ʪʘʯʥʦʩʪʠ ʛʦʪʦʚʦ ʿʝ ʥʝʤʦʛʫ˂ʝ ʦʩʪʚʘʨʠʪʠ ʚʠʩʦʢʝ ʧʝʨʬʦʨʤʘʥʩʝ, ʚʝ˂ 

ʩʘʤʦ ʦʩʥʦʚʥʝ ʬʫʥʢʮʠʦʥʘʣʥʦʩʪʠ ɽʇ, ʰʪʦ ʯʝʩʪʦ ʦʛʨʘʥʠʯʘʚʘ ˁʠʭʦʚʫ ʧʨʠʤʝʥʫ. ʋ ʧʦʨʝʹʝˁʫ ʩʘ 

ʝʥʢʦʜʝʨʦʤ, ʦʚʠ ʜʘʚʘʯʠ ʥʝ ʟʘʭʪʝʚʘʿʫ ʬʠʟʠʯʢʠ ʢʦʥʪʘʢʪ ʩʘ ɽʄ, ʪʘʢʦ ʜʘ ʥʝʤʘ ʧʦʿʘʚʝ ʤʝʭʘʥʠʯʢʦʛ 

ʪʨʝˁʘ ʢʦʿʝ ʤʦʛʫ ʩʢʨʘʪʠʪʠ ʞʠʚʦʪʥʠ ʚʝʢ ʜʘʚʘʯʘ, ʤʘˁʝ ʩʫ ʦʩʝʪˀʠʚʠ ʥʘ ʧʨʘʰʠʥʫ, ʚʠʙʨʘʮʠʿʝ, ʜʦʢ 

ʿʝ ʫʚʝ˂ʘʥʘ ʦʩʝʪˀʠʚʦʩʪ ʥʘ ʪʝʤʧʝʨʘʪʫʨʫ ʠ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʝ ʩʤʝʪˁʝ ʢʦʿʝ ʪʘʜʘ ʤʦʛʫ ʫʛʨʦʟʠʪʠ 

ʧʦʫʟʜʘʥʦʩʪ ʮʝʣʦʛ ʧʦʛʦʥʘ. ɺʠʩʦʢʝ ʧʝʨʬʦʨʤʘʥʩʝ ɽʇ ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʢʚʘʣʠʪʝʪʘʥ ʬʨʝʢʚʝʥʮʠʿʩʢʠ 

ʦʜʟʠʚ ʉɸʈ, ʪʿ. ʚʝʣʠʢʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ, ʙʨʟʦ ʧʦʪʠʩʢʠʚʘˁʝ ʧʦʨʝʤʝ˂ʘʿʘ, ʨʦʙʫʩʥʦʩʪ ʥʘ ʧʨʦʤʝʥʝ 

ʧʘʨʘʤʝʪʘʨʘ ʤʦʜʝʣʘ ʩʠʩʪʝʤʘ, ʦʜʟʠʚʝ ʙʝʟ ʧʨʝʩʢʦʢʘ, ʟʥʘʯʘʿʥʫ ʨʝʟʝʨʚʫ ʩʪʘʙʠʣʥʦʩʪʠ, ʠʪʜ. 

 

1.4 ʇʨʝʜʤʝʪ ʠʩʪʨʘʞʠʚʘˁʘ   
 

ʇʨʠʩʫʩʪʚʦ ʜʘʚʘʯʘ ʫ ʧʦʛʦʥʫ ʠʟʠʩʢʫʿʝ ʦʜʨʝʹʝʥʝ ʟʘʭʪʝʚʝ ʠ ʫʚʦʜʠ ʦʛʨʘʥʠʯʝˁʘ. ɼʘʚʘʯ ʿʝ ʢʘʙʣʦʤ 

ʧʦʚʝʟʘʥ ʩʘ ʫʧʨʘʚˀʘʯʢʠʤ ʫʨʝʹʘʿʝʤ. ʋʧʨʘʚˀʘʯʢʠ ʫʨʝʹʘʿ ʤʦʨʘ ʜʘ ʦʙʝʟʙʝʜʠ ʥʘʧʘʿʘˁʝ ʟʘ ʧʦʪʨʝʙʝ 

ʨʘʜʘ ʜʘʚʘʯʘ ʠ ʘʜʝʢʚʘʪʥʦ ʯʠʪʘˁʝ ʧʦʜʘʪʘʢʘ. ʆʚʦ ʧʦʜʨʘʟʫʤʝʚʘ ʫʛʨʘʜˁʫ ʧʦʤʦ˂ʥʝ ʝʣʝʢʪʨʦʥʠʢʝ ʟʘ 
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ʧʦʪʨʝʙʝ ʧʨʠʣʘʛʦʹʝˁʘ ʥʘʧʦʥʩʢʦʛ ʥʠʚʦʘ ʩʠʛʥʘʣʘ, ʟʘ ʧʦʪʨʝʙʝ ʛʘʣʚʘʥʩʢʦʛ ʠʟʦʣʦʚʘˁʘ, ʘʥʘʣʦʛʥʝ 

ʦʙʨʘʜʝ ʩʠʛʥʘʣʘ, ʠʪʜ. ɼʫʞʠʥʘ ʢʘʙʣʘ ʠ ʤʝʭʘʥʠʯʢʘ ʤʦʥʪʘʞʘ ʜʘʚʘʯʘ ʫʟʨʦʢʫʿʫ ʥʠʟ ʧʨʦʙʣʝʤʘ ʫ 

ʧʨʘʢʩʠ ʢʦʿʠ ʤʦʛʫ ʫʪʠʮʘʪʠ ʥʘ ʢʦʣʠʯʠʥʫ ʝʥʝʨʛʠʿʝ ʰʫʤʘ ʫ ʩʠʛʥʘʣʠʤʘ ʥʘ ʠʟʣʘʟʫ ʜʘʚʘʯʘ, ʘʣʠ ʯʘʢ ʠ 

ʜʦ ʩʪʘˁʘ ʬʠʟʠʯʢʦʛ ʧʨʝʢʠʜʘ ʜʦʪʦʢʘ ʧʦʜʘʪʘʢʘ ʦ ʧʦʟʠʮʠʿʠ ʠ ʙʨʟʠʥʠ ʚʨʘʪʠʣʘ ʠ ʜʦ ʟʘʫʩʪʘʚˀʘˁʘ ɽʇ. 

ʇʨʠʩʫʩʪʚʦ ʜʘʚʘʯʘ ʥʘ ʚʨʘʪʠʣʫ ʫʚʝ˂ʘʚʘ ʮʝʥʫ ɽʇ ʠ ʫʪʠʯʝ ʥʘ ʧʨʦʮʝʥʫ ʪʨʦʰʢʦʚʘ ʞʠʚʦʪʥʦʛ ʮʠʢʣʫʩʘ 

ʠʟ ʫʛʣʘ ʧʦʫʟʜʘʥʦʩʪʠ. ʋʪʠʮʘʿ ʿʝ ʟʥʘʯʘʿʘʥ ʢʦʜ ʧʨʠʤʝʥʘ ʥʘ ʥʠʩʢʠʤ ʩʥʘʛʘʤʘ ʢʘʦ ʰʪʦ ʩʫ ʣʘʢʘ 

ʝʣʝʢʪʨʠʯʥʘ ʚʦʟʠʣʘ, ʛʜʝ ʮʝʥʘ ʜʘʚʘʯʘ ʠ ʧʨʠʢˀʫʯʥʝ ʦʧʨʝʤʝ ʤʦʞʝ ʙʠʪʠ ʧʨʠʙʣʠʞʥʘ ʮʝʥʠ ɽʄ. ʂʦʜ 

ʦʚʘʢʚʠʭ ʧʨʠʤʝʥʘ, ʫʧʦʪʨʝʙʘ ʜʘʚʘʯʘ ʥʠʿʝ ʧʦʞʝˀʥʘ ʠ ʟʙʦʛ ʯʝʩʪʦ ʦʧʨʝʯʥʠʭ ʟʘʭʪʝʚʘ ʩʘ ʜʠʟʘʿʥʦʤ 

ʧʨʦʠʟʚʦʜʘ ʫ ʧʦʛʣʝʜʫ ʟʘʧʨʝʤʠʥʝ, ʠʟʛʣʝʜʘ, ʠʪʜ. ʇʨʠʩʫʩʪʚʦ ʜʘʚʘʯʘ ʫʛʨʦʞʘʚʘ ʧʦʫʟʜʘʥʦʩʪ ɽʇ ʠ 

ʤʦʞʝ ʫʤʘˁʠʪʠ ʨʦʙʫʩʥʦʩʪ ʫ ʧʦʛʣʝʜʫ ʟʘʰʪʠʪʝ, ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʝ ʢʦʤʧʘʪʠʙʠʣʥʦʩʪʠ, ʤʝʭʘʥʠʯʢʠʭ 

ʦʩʮʠʣʘʮʠʿʘ, ʤʘʢʩʠʤʘʣʥʝ ʙʨʟʠʥʝ ʠ ʨʘʜʥʝ ʪʝʤʧʝʨʘʪʫʨʝ. ʄʦʥʪʘʞʘ ʜʘʚʘʯʘ ʥʠʿʝ ʫʚʝʢ ʤʦʛʫ˂ʘ ʢʘʦ ʢʦʜ 

ɽʄ ʩʘ ʰʫʧˀʠʤ ʚʨʘʪʠʣʠʤʘ ʠ ʢʦʜ ʚʠʩʦʢʦ-ʙʨʟʠʥʩʢʠʭ ʧʨʠʤʝʥʘ. ʅʝʧʦʚʦˀʥʦ ʨʘʜʥʦ ʦʢʨʫʞʝˁʝ ʟʘ 

ʜʘʚʘʯ, ʢʘʦ ʰʪʦ ʿʝ ʨʝʯʝʥʦ, ʤʦʛʫ ʙʠʪʠ ʨʘʟʣʠʯʠʪʝ ʠʥʜʫʩʪʨʠʿʝ ʦʙʨʘʜʝ ʤʘʪʝʨʠʿʘʣʘ, ʜʝʨʠʚʘʪʘ, ʚʦʿʥʝ 

ʠʣʠ ʩʚʝʤʠʨʩʢʝ ʧʨʠʤʝʥʝ, ʧʦʛʦʥʠ ʫ ʙʨʦʜʦʚʠʤʘ, ʣʝʪʠʣʠʮʘʤʘ, ʜʨʫʤʩʢʠʤ ʚʦʟʠʣʠʤʘ, ʠʪʜ. [7]. 

ʆʜʥʦʩʥʦ, ʩʚʘʢʘ ʩʨʝʜʠʥʘ ʩʘ ʚʠʩʦʢʠʤ ʘʤʙʠʿʝʥʪʘʣʥʠʤ ʪʝʤʧʝʨʘʪʫʨʘʤʘ, ʚʠʩʦʢʦʤ ʢʦʥʮʝʥʪʨʘʮʠʿʦʤ 

ʤʠʢʨʦ ʯʝʩʪʠʮʘ ʠ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ ʩʤʝʪˁʠ, ʢʦʿʝ ʤʦʛʫ ʟʥʘʪʥʦ ʫʤʘˁʠʪʠ ʪʘʯʥʦʩʪ ʜʘʚʘʯʘ, ʘ 

ʥʝʢʘʜʘ ʠ ʧʦʪʧʫʥʦ ʦʛʨʘʥʠʯʠʪʠ ˁʝʛʦʚʫ ʧʨʠʤʝʥʫ. ʅʘʚʝʜʝʥʝ ʧʨʠʤʝʥʝ ʫʛʣʘʚʥʦʤ ʟʘʭʪʝʚʘʿʫ ʫʚʝʢ 

ʜʦʩʪʫʧʘʥ, ʪʘʯʘʥ ʠ ʧʦʫʟʜʘʥ ʧʦʜʘʪʘʢ ʦ ʙʨʟʠʥʠ ʦʙʨʪʘˁʘ ʨʦʪʦʨʘ. ɿʘʪʦ ʢʦʜ ʧʨʠʤʝʥʘ ʛʜʝ ʿʝ ʟʘʭʪʝʚʘʥʘ 

ʚʝʣʠʢʘ ʧʦʫʟʜʘʥʦʩʪ, ʢʦʿʝ ʩʫ ʦʩʝʪˀʠʚʝ ʧʦ ʮʝʥʠ ʠʣʠ ʛʜʝ ʿʝ ʩʢʫʧʦ ʤʝˁʘʪʠ ʠʣʠ ʧʦʧʨʘʚˀʘʪʠ ʜʘʚʘʯ, 

ʢʘʜʘ ʫʩʣʦʚʠʤʘ ʜʠʟʘʿʥʘ ʧʨʦʠʟʚʦʜʘ ʥʝ ʧʦʩʪʦʿʝ ʫʩʣʦʚʠ ʟʘ ʧʦʩʪʦʿʘˁʝ ʜʘʚʘʯʘ, ʘ ʧʦʩʝʙʥʦ ʢʦʜ ɽʇ ʫ 

ʥʝʧʦʛʦʜʥʦʤ ʨʘʜʥʦʤ ʦʢʨʫʞʝˁʫ ʛʜʝ ʿʝ ʧʦʫʟʜʘʥ ʠ ʪʘʯʘʥ ʧʦʜʘʪʘʢ ʦ ʙʨʟʠʥʠ ʚʨʘʪʠʣʘ ʥʝʦʧʭʦʜʘʥ, 

ʯʝʩʪʦ ʩʝ, ʩʘʤʦʩʪʘʣʥʦ ʠʣʠ ʿʝʜʥʦʚʨʝʤʝʥʦ ʩʘ ʜʘʚʘʯʝʤ, ʢʦʨʠʩʪʝ ʘʣʛʦʨʠʪʤʠ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʚʨʘʪʠʣʘ 

ʥʘ ʦʩʥʦʚʫ ʤʝʨʝʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʚʝʣʠʯʠʥʘ (ʝʥʛʣ. sensorless algorithms).  

Sensorless ʘʣʛʦʨʠʪʤʠ ʧʨʫʞʘʿʫ ʧʦʜʘʪʘʢ ʦ ʙʨʟʠʥʠ ʦʙʨʪʘˁʘ ʙʝʟ ʫʧʦʪʨʝʙʝ ʪʨʘʜʠʮʠʦʥʘʣʥʠʭ 

ʜʘʚʘʯʘ ʥʘ ʚʨʘʪʠʣʫ. ʎʠˀ ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʿʝ ʜʘ ʦʙʝʟʙʝʜʝ ʪʘʯʘʥ ʠ ʧʦʫʟʜʘʥ ʧʦʜʘʪʘʢ ʦ 

ʙʨʟʠʥʠ ʦʙʨʪʘˁʘ ʨʦʪʦʨʘ ʫʟ ʤʠʥʠʤʘʣʥʘ ʪʨʘʥʩʧʦʨʪʥʘ ʢʘʰˁʝˁʘ. ʋ ʠʜʝʘʣʥʦʤ ʩʣʫʯʘʿʫ, ʧʨʠ ˁʠʭʦʚʦʿ 

ʫʧʦʪʨʝʙʠ ɽʇ ʙʠ ʦʩʪʚʘʨʠʦ ʠʩʪʝ ʩʪʘʪʠʯʢʦ ʠ ʜʠʥʘʤʠʯʢʦ ʧʦʥʘʰʘˁʝ, ʪʿ. ʩʚʠ ʘʣʛʦʨʠʪʤʠ ʫ ɽʇ ʙʠ 

ʦʩʪʚʘʨʠʣʠ ʠʩʪʦ ʧʦʥʘʰʘˁʝ ʢʘʦ ʫ ʧʨʠʩʫʩʪʚʫ ʜʘʚʘʯʘ. ʀʧʘʢ, sensorless ʘʣʛʦʨʠʪʤʠ ʫʧʨʘʚˀʘˁʘ ʥʝ 

ʤʦʛʫ ʫ ʩʚʠʤ ʧʨʠʤʝʥʘʤʘ ʜʘ ʧʨʫʞʝ ʠʩʪʝ ʧʦʥʘʰʘˁʝ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʘʣʛʦʨʠʪʤʠʤʘ ʫʧʨʘʚˀʘˁʘ ʢʦʿʠ 

ʩʝ ʦʩʣʘˁʘʿʫ ʥʘ ʨʘʜ ʜʘʚʘʯʘ. ʈʝʟʫʣʪʘʪʠ sensorless ʘʣʛʦʨʠʪʘʤʘ ʩʝ ʢʦʨʠʩʪʠʪʝ ʟʘ ʧʦʪʨʝʙʝ ʥʘʜʟʦʨʘ ʠ 

ʜʠʿʘʛʥʦʩʪʠʢʝ ʩʠʩʪʝʤʘ, ʘ ʥʝʢʘʜʘ ʠ ʟʘ ʧʦʪʨʝʙʝ ʨʝʛʫʣʘʮʠʿʝ ʠ ʫʧʨʘʚˀʘˁʘ ɽʇ [8]. ɻʣʘʚʥʝ ʧʨʝʜʥʦʩʪʠ 

sensorless ʧʦʛʦʥʘ, ʧʦʩʝʙʥʦ ʢʦʜ ʧʦʛʦʥʘ ʩʥʘʛʝ ʜʦ ʥʝʢʦʣʠʢʦ ʢʠʣʦʚʘʪʘ, ʩʫ: 

- ʅʠʞʘ ʮʝʥʘ, ʤʘˁʠ ʛʘʙʘʨʠʪʠ ʠ ʿʝʜʥʦʩʪʘʚʥʠʿʘ ʨʝʘʣʠʟʘʮʠʿʘ ɽʇ ʟʙʦʛ ʦʜʩʫʩʪʚʘ ʜʘʚʘʯʘ, 

ʢʘʙʣʦʚʘ, ʢʦʥʝʢʪʦʨʘ, ʩʠʛʥʘʣʥʦʛ ʠʥʪʝʨʬʝʿʩʘ ʠ ʧʨʠʢˀʫʯʝʥʠʭ ʪʨʦʰʢʦʚʘ; 

- ʋʚʝ˂ʘʥʘ ʧʦʫʟʜʘʥʦʩʪ ʠ ʫʤʘʝˁʥʠ ʟʘʭʪʝʚʠ ʟʘ ʦʜʨʞʘʚʘˁʝʤ; 

- ʆʜʩʫʩʪʚʦ ʰʫʤʘ ʜʘʚʘʯʘ ʠ ʰʫʤ ʠʥʪʝʨʬʝʿʩʘ ʜʘʚʘʯʘ; 

- ʋʚʝ˂ʘˁʝ ʤʘʢʩʠʤʘʣʥʝ ʜʦʟʚʦˀʝʥʝ ʨʘʜʥʝ ʪʝʤʧʝʨʘʪʫʨʝ ʧʦʛʦʥʘ. 

ɮensorless ʘʣʛʦʨʠʪʤʠ ʩʫ ʚʝ˂ ʜʝʮʝʥʠʿʘʤʘ ʧʨʝʜʤʝʪ ʠʩʪʨʘʞʠʚʘˁʘ [9]. ɺʨʝʤʝʥʦʤ ʩʫ ʨʘʟʚʠʿʝʥʘ 

ʨʝʰʝˁʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʚʨʘʪʠʣʘ ʢʦʜ ʩʠʥʭʨʦʥʠʭ [10], ʧʨʝʢʠʜʘʯʢʠʭ-ʨʝʣʫʢʪʘʥʪʥʠʭ  

[11], ʘʩʠʥʭʨʦʥʠʭ ʠ ʜʨʫʛʠʭ ʤʘʰʠʥʘ ʢʘʦ ʟʘʤʝʥʘ ʟʘ ʪʨʘʜʠʮʠʦʥʘʣʥʝ ʜʘʚʘʯʝ. Sensorless ʘʣʛʦʨʠʪʤʠ 

ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʟʘ ʧʦʪʨʝʙʝ ʙʝʟʙʝʜʥʦʩʪʠ ʫ ʩʣʫʯʘʿʫ ʦʪʢʘʟʘ ʜʘʚʘʯʘ. ɻʣʘʪʢʘ ʠ ʥʝʦʤʝʪʘʥʘ 

ʧʨʦʮʝʜʫʨʘ ʧʨʝʙʘʮʠʚʘˁʘ ʠʟ ʨʝʞʠʤʘ ʨʘʜʘ ʩʘ ʜʘʚʘʯʝʤ ʥʘ ʦʥʘʿ ʙʝʟ ʜʘʚʘʯʘ ʤʦʞʝ ʦʜʨʞʘʪʠ ʧʦʛʦʥ ʫ 

ʨʘʜʫ ʜʦ ʨʝʜʦʚʥʝ ʧʨʦʚʝʨʝ ʠʣʠ ʙʘʨʝʤ ʧʦʧʨʘʚʢʝ, ʧʨʫʞʘ ʙʝʟʙʝʜʥʦ ʫ ʰʪʦ ʢʨʘ˂ʝʤ ʚʨʝʤʝʥʫ 

ʟʘʫʩʪʘʚˀʘˁʝ ʯʠʤʝ ʩʝ ʩʧʨʝʯʘʚʘʿʫ ʦʟʙʠˀʥʠʿʘ ʦʰʪʝ˂ʝˁʘ ʥʘ ɽʄ ʠʣʠ ʧʨʦʮʝʩʫ ʫʧʨʘʚˀʘˁʘ. 

ʅʘʚʝʜʝʥʠ ʘʣʛʦʨʠʪʤʠ ʩʝ ʩʚʝ ʯʝʰ˂ʝ ʧʨʠʤʝˁʫʿʫ ʫ ʩʧʨʝʟʠ ʩʘ ʤʫʣʪʠʬʘʟʥʠʤ ʤʘʰʠʥʘʤʘ ʢʘʢʦ ʙʠ ʩʝ 

ʜʦʜʘʪʥʦ ʫʚʝ˂ʘʣʘ ʪʦʣʝʨʘʥʮʠʿʘ ʥʘ ʢʚʘʨʦʚʝ [12]. ʋ ʤʦʜʝʨʥʠʤ ɽʇ ʧʦʩʪʦʿʠ ʪʝʞˁʘ ʜʘ ʩʝ ʩʤʘˁʠ 

ʫʧʦʪʨʝʙʘ ʤʘʪʝʨʠʿʘʣʘ, ʘ ʜʘ ʩʝ ʧʨʠʪʦʤ ʦʩʪʚʘʨʠ ʿʝʬʪʠʥʦ ʠ ʨʦʙʫʩʥʦ ʨʝʰʝˁʝ ʩʘ ʿʝʜʥʦʩʪʘʚʥʦʤ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʦʤ, ʛʜʝ sensorless ʘʣʛʦʨʠʪʤʠ ʥʘʣʘʟʝ ʧʨʠʤʝʥʫ. ʇʦʛʦʥʠ ʙʝʟ ʜʘʚʘʯʘ ʥʘ ʚʨʘʪʠʣʫ 

ʜʘʥʘʩ ʠʤʘʿʫ ʚʝʣʠʢʫ ʧʨʠʤʝʥʫ ʢʦʜ ʝʣʝʢʪʨʠʯʥʠʭ ʚʦʟʠʣʘ, ʧʦʩʝʙʥʦ ʢʦʜ ʣʘʢʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʚʦʟʠʣʘ 

ʛʜʝ ʩʝ ʟʘʭʪʝʚʘ ʚʠʩʦʢ ʩʪʝʧʝʥ ʠʥʪʝʛʨʘʮʠʿʝ ʚʫʯʥʦʛ ʩʠʩʪʝʤʘ ʦʜ ʙʘʪʝʨʠʿʝ ʜʦ ʨʝʜʫʢʪʦʨʘ [13]. ʂʦʜ 
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ʤʝʭʘʪʨʦʥʠʯʢʠʭ ʩʠʩʪʝʤʘ, ʛʜʝ ʿʝ ʿʝʜʘʥ ʦʜ ʦʩʥʦʚʥʠʭ ʟʘʭʪʝʚʘ ʫʛʘʦʥʦ ʩʠʥʭʨʦʥʠʟʦʚʘʪʠ ʨʘʟʣʠʯʠʪʘ 

ʚʨʘʪʠʣʘ ʢʦʿʘ ʩʝ ʦʙʨ˂ʫ ʥʘ ʨʘʟʣʠʯʠʪʠʤ ʙʨʟʠʥʘʤʘ, sensorless ʘʣʛʦʨʠʪʤʠ ʦʤʦʛʫ˂ʘʚʘʿʫ ʟʘʤʝʥʫ 

ʤʝʭʘʥʠʯʢʠʭ ʝʣʝʤʝʥʘʪʘ ʬʣʝʢʩʠʙʠʣʥʠʤ ʨʝʰʝˁʠʤʘ. ɼʦʜʘʪʥʦ, ʥʝʢʝ ʢʦʤʝʨʮʠʿʘʣʥʝ ʧʨʠʤʝʥʘ 

e̓nsorless ʘʣʛʦʨʠʪʘʤʘ ʩʫ:  

- ʧʫʤʧʝ ʠ ʚʝʥʪʠʣʘʪʦʨʠ; 

- ʩʠʩʪʝʤ ʛʨʝʿʘˁʘ, ʚʝʥʪʠʣʘʮʠʿʝ ʠ ʭʣʘʹʝˁʘ (ʝʥʛʣ. heating, ventilation, and air conditioning 

- HVAC); 

- ʘʤʬʠʙʠʿʩʢʘ ʚʦʟʠʣʘ ʥʘʤʝˁʝʥʘ ʟʘ ʚʦʞˁʫ ʧʦ ʢʦʧʥʫ ʠ ʚʦʜʠ; 

- ʠʥʜʫʩʪʨʠʿʩʢʘ, ʘʝʨʦʜʨʦʤʩʢʘ ʠ ʩʣʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʚʦʟʠʣʘ; 

- ʝʣʝʢʪʨʠʯʥʠ ʙʠʮʠʢʣʠ ʠ ʪʨʦʪʠʥʝʪʠ; 

- ʝʣʝʢʪʨʠʯʥʠ ʧʘʣʝʪʥʠ ʚʠʣʠʯʘʨ (ʚʠˀʫʰʢʘʨ), ʠ ʪʦ ʟʘ ʛʣʘʚʥʠ ʧʦʛʦʥ ʠ ʜʦʜʘʪʥʦ ʟʘ ʧʫʤʧʫ;  

- ʤʘʰʠʥʝ ʟʘ ʯʠʰ˂ʝˁʝ ʧʦʜʦʚʘ; 

- ʧʦʛʦʥʠ ʟʘ ʛʣʠʩʝʨʝ, ʯʘʤʮʝ, ʿʘʭʪʝ ʫ ʙʘʪʝʨʠʿʩʢʠʤ ʠʣʠ ʭʠʙʨʠʜʥʠʤ ʩʠʩʪʝʤʠʤʘ; 

- ʚʦʟʠʣʘ ʟʘ ʩʣʦʙʦʜʥʦ ʚʨʝʤʝ (ʧʝʜʘʣʠʥʝ, ʚʦʜʝʥʠ ʩʢʫʪʝʨ (ʝʥʛʣ. jet-ski), ʛʦʣʬ ʚʦʟʠʣʘ, ATV 

ʚʦʟʠʣʘ, ʢʘʥʫ, ʢʘʿʘʢ, ʛʣʠʩʝʨʠ ʟʘ ʚʦʜʫ ʠ ʩʥʝʛ (ʝʥʛʣ. snowmobile), ʠʪʜ. 

ɸʣʛʦʨʠʪʤʠ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʩʝ ʨʝʘʣʠʟʫʿʫ ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʟʘʢʦʥʠʤʘ ʫʧʨʘʚˀʘˁʘ ʢʘʦ ʰʪʦ ʩʫ 

ʩʢʘʣʘʨʥʦ  ʫʧʨʘʚˀʘˁʝ ʫ ʦʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ (ʝʥʛʣ. U/f scalar control), ʜʠʨʝʢʪʥʘ ʢʦʥʪʨʦʣʘ ʤʦʤʝʥʪʘ 

(ʝʥʛʣ. Direct Torque Control ï DTC), ʚʝʢʪʦʨʩʢʦ ʫʧʨʘʚˀʘˁʝ (ʝʥʛʣ. Field Oriented Control ï FOC), 

ʠʪʜ. ʈʘʥʠʿʝ ʫ ʠʥʜʫʩʪʨʠʿʫ ʿʝ ʜʦʤʠʥʘʥʪʥʦ ʢʦʨʠʰ˂ʝʥʦ ʩʢʘʣʘʨʥʦ U/f  ʫʧʨʘʚˀʘˁʝ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ 

sensorless ʘʣʛʦʨʠʪʤʠʤʘ. ʋʧʨʘʚˀʘˁʝ ʢʦʜ HVAC ʩʠʩʪʝʤʘ, ʧʫʤʧʠ ʠ ʚʝʥʪʠʣʘʪʦʨʘ ʧʦʜʨʘʟʫʤʝʚʘ 

ʫʧʦʪʨʝʙʫ PMSM ʤʘʰʠʥʘ ʩʢʘʣʘʨʥʦ ʫʧʨʘʚˀʘʥʠʭ ʧʦ U/f ʟʘʢʦʥʫ ʩʘ ʿʝʜʥʦʚʨʝʤʝʥʦʤ ʧʨʠʤʝʥʦʤ 

e̓nsorless ʘʣʛʦʨʠʪʘʤʘ ʫ ʮʠˀʫ ʫʚʝ˂ʘˁʘ ʨʦʙʫʩʥʦʩʪʠ ʠ ʧʦʥʘʰʘˁʘ ʉɸʈ. ʇʨʦʮʝʩʦʨʠ ʜʦʩʪʫʧʥʠ 

ʜʘʥʘʩ ʥʘ ʪʨʞʠʰʪʫ ʦʤʦʛʫ˂ʘʚʘʿʫ ʧʨʝʣʘʟʘʢ ʩʘ ʩʢʘʣʘʨʥʠʭ ʥʘ ʩʦʬʠʩʪʠʮʠʨʘʥʘ ʨʝʰʝˁʘ, ʪʿ. ʫʧʦʪʨʝʙʫ 

ʩʣʦʞʝʥʠʿʠʭ sensorless ʘʣʛʦʨʠʪʘʤʘ ʫʧʨʘʚˀʘˁʘ ʩʘ ʙʦˀʠʤ ʜʠʥʘʤʠʯʢʠʤ ʧʦʥʘʰʘˁʝʤ ʢʦʜ ʩʚʠʭ 

ʤʘʰʠʥʘ ʟʘ ʥʘʠʟʤʝʥʠʯʥʫ ʩʪʨʫʿʫ. ʅʘ ʧʨʠʤʝʨ, ʢʦʜ ʚʦʟʠʣʘ ʟʘ ʩʣʦʙʦʜʥʦ ʚʨʝʤʝ ʧʨʠʤʝˁʫʿʫ ʩʝ 

e̓nsorless DTC ʢʘʢʦ ʙʠ ʩʝ ʧʨʫʞʠʣʘ ʙʨʞʘ ʨʝʘʢʮʠʿʘ ʥʘ ʟʘʭʪʝʚʝ ʚʦʟʘʯʘ. ɿʘʿʝʜʥʠʯʢʠ ʧʨʦʙʣʝʤ ʟʘ ɽʇ 

ʩʘ ɸʄ ʠ ʉʄ ʿʝʩʫ ʣʦʰʝ ʧʦʥʘʰʘˁʝ ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʧʨʠ ʨʘʜʫ ʦʢʦ ʥʫʣʪʝ ʙʨʟʠʥʝ, 

ʧʦʩʝʙʥʦ ʧʨʠ ʥʫʣʪʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʩʪʘʪʦʨʩʢʠʭ ʩʪʨʫʿʘ ʠ ʫ ʦʜʩʫʩʪʚʫ ʤʦʤʝʥʪʘ ʦʧʪʝʨʝ˂ʝˁʘ ʠʣʠ ʢʘʜʘ 

ʿʝ ʟʥʘʢ ʤʦʤʝʥʪʘ ʩʠʣʝ ʠ ʙʨʟʠʥʝ ʩʫʧʨʦʪʘʥ ʢʦʜ ɸʄ. ʊʘʜʘ ʿʝ ʤʦʛʫ˂ʝ ʦʩʪʚʘʨʠʪʠ ʧʦʢʨʝʪʘˁʝ ʩʘʤʦ 

ʤʘʰʠʥʘ ʩʘ ʤʘʣʦʤ ʠʥʝʨʮʠʿʦʤ ʠ ʩʘ ʨʝʜʫʢʦʚʘʥʦʤ ʚʨʝʜʥʦʰ˂ʫ ʤʦʤʝʥʪʘ ʩʠʣʝ. ʆʚʦ ʦʛʨʘʥʠʯʘʚʘ 

ʧʨʠʤʝʥʫ ʥʘʚʝʜʝʥʠʭ ʘʣʛʦʨʠʪʘʤʘ ʫ ʝʣʝʢʪʨʠʯʥʦʿ ʚʫʯʠ ʛʜʝ ʩʝ ʟʘʭʪʝʚʘ ʧʨʠʤʝʥʘ ʤʘʢʩʠʤʘʣʥʝ 

ʚʨʝʜʥʦʩʪʠ ʤʦʤʝʥʪʘ ʩʠʣʝ ʫ ʥʫʣʪʦʿ ʠ ʦʢʦ ʥʫʣʪʝ ʙʨʟʠʥʝ. ʊʘʜʘ ʧʨʠʩʫʩʪʚʦ ʍʦʣʦʚʦʛ ʜʘʚʘʯʘ ʦʤʦʛʫ˂ʘʚʘ 

ʧʦʢʨʝʪʘˁʝ ɽʇ ʩʘ ʤʘʢʩʠʤʘʣʥʠʤ ʤʦʤʝʥʪʦʤ ʩʠʣʝ, ʧʦʩʣʝ ʯʝʛʘ ʩʝ ʥʘ ʚʠʰʠʤ ʙʨʟʠʥʘʤʘ ʢʦʨʠʩʪʝ 

sensorless ʘʣʛʦʨʠʪʤʠ ʛʜʝ ʩʝ ʤʦʞʝ ʦʩʪʚʘʨʠʪʠ ʠʩʪʦ ʧʦʥʘʰʘˁʝ ʢʘʦ ʧʨʠ FOC ʫʧʨʘʚˀʘˁʫ [14]. ʆʚʦ 

ʿʝ ʯʝʩʪʦ ʨʝʰʝˁʝ ʢʦʜ ʝʣʝʢʪʨʠʯʥʠʭ ʙʠʮʠʢʘʣʘ ʠ ʪʨʦʪʠʥʝʪʘ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ PMSM ʤʘʰʠʥʘʤʘ. 

ɼʨʫʛʘ ʦʧʮʠʿʘ ʧʨʠ ʟʘʣʝʪʘˁʫ ɽʇ ʿʝ ʜʦʜʘʚʘˁʝ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʫ ʩʪʨʫʿʠ ʩʪʘʪʦʨʘ, ʛʜʝ ʧʦʩʪʦʿʠ 

ʦʜʩʫʩʪʚʦ ʫʥʠʚʝʨʟʘʣʥʦʩʪʠ.  

  Sensorless ʤʝʪʦʜʝ ʩʝ ʨʘʟʚʠʿʘʿʫ ʦʜ 70-ʠʭ ʛʦʜʠʥʘ ʧʨʦʰʣʦʛ ʚʝʢʘ ʟʘ ɸʄ ʠ ʉʄ, ʘʣʠ ʪʝʢ ʢʨʘʿʝʤ 

ʧʨʚʝ ʜʝʮʝʥʠʿʝ 21-ʦʛ ʚʝʢʘ ʦʚʠ ʘʣʛʦʨʠʪʤʠ ʥʘʣʘʟʝ ʧʨʠʤʝʥʫ ʟʘ ʠʥʜʫʩʪʨʠʿʩʢʝ ʧʦʪʨʝʙʝ. ʅʝʦʜʣʫʯʥʦʩʪ 

ʫ ʧʨʠʤʝʥʠ ʘʣʛʦʨʠʪʘʤʘ ʦʜ ʩʪʨʘʥʝ ʧʨʦʠʟʚʦʹʘʯʘ ʤʦʞʝ ʩʝ ʦʙʿʘʩʥʠʪʠ ʧʨʘʢʪʠʯʥʠʤ ʨʘʟʣʦʟʠʤʘ ʢʦʿʠ 

ʩʝ ʤʦʨʘʿʫ ʟʘʜʦʚʦˀʠʪʠ ʫ ʠʥʜʫʩʪʨʠʿʠ. ʅʦʚʘ ʨʝʰʝˁʘ ʩʫ ʧʨʠʭʚʘʪˀʠʚʝ ʩʘʤʦ ʘʢʦ ʥʝ ʫʚʝ˂ʘʚʘʿʫ ʮʝʥʫ 

ʧʨʦʠʟʚʦʜʘ ʠ ʪʨʫʜ ʢʦʿʠ ʿʝ ʧʦʪʨʝʙʥʦ ʫʣʦʞʠʪʠ ʟʘ ʧʦʩʪʠʟʘˁʘ ʨʝʟʫʣʪʘʪʘ. ʋʢʣʘˁʘˁʝ ʜʘʚʘʯʘ ʥʘ 

ʚʨʘʪʠʣʫ ʠ ʫʧʦʪʨʝʙʘ sensorless ʘʣʛʦʨʠʪʘʤʘ ʥʠʿʝ ʧʨʠʭʚʘʪˀʠʚʘ ʘʢʦ ʟʘʭʪʝʚʘ ʠʥʩʪʘʣʘʮʠʿʫ ʜʦʜʘʪʥʠʭ 

ʜʘʚʘʯʘ ʠʣʠ ʧʨʦʮʝʩʦʨʘ, ʤʦʜʠʬʠʢʘʮʠʿʝ ʥʘʜ ɽʄ, ʠʥʚʝʨʪʦʨʦʤ, ʠʪʜ., ʯʠʤʝ ʩʝ ʛʫʙʝ ʙʝʥʝʬʠʪʠ 

ʫʧʦʪʨʝʙʝ ʠʩʪʠʭ. ʇʦʛʦʥʠ ʚʠʩʦʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʟʘʭʪʝʚʘʿʫ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʚʨʰʥʦʿ ʚʨʝʜʥʦʩʪʠ ʠ 

ʦʨʠʿʝʥʪʘʮʠʿʠ ʬʣʫʢʩʘ ʩʪʘʪʦʨʘ ʠʣʠ ʨʦʪʦʨʘ ʫ ʮʠˀʫ ʧʨʠʤʝʥʝ ʚʝʢʪʦʨʩʢʦʛ ʫʧʨʘʚˀʘˁʘ. ʂʦʜ sensorless 

ʧʦʛʦʥʘ ʧʦʟʠʮʠʿʘ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ ʩʝ ʦʮʝˁʫʿʝ ʠʟ ʜʨʫʛʠʭ ʤʝʨʝʥʠʭ ʚʝʣʠʯʠʥʘ ʢʘʦ ʰʪʦ ʩʫ ʩʪʨʫʿʘ 

ʩʪʘʪʦʨʘ, ʥʘʧʦʥʘ ʿʝʜʥʦʩʤʝʨʥʦʛ ʤʝʹʫʢʦʣʘ, ʥʘʧʦʥʘ ʥʘ ʪʝʨʤʠʥʘʣʥʠʤʘ ʤʘʰʠʥʝ, ʧʦʪʝʥʮʠʿʘʣ 

ʟʚʝʟʜʠʰʪʘ, ʠʪʜ., ʰʪʦ ʫʛʣʘʚʥʦʤ ʧʦʜʨʘʟʫʤʝʚʘ ʫʧʦʪʨʝʙʫ ʜʦʜʘʪʥʠʭ ʜʘʚʘʯʘ ʠ ʣʦʰʝ ʧʦʥʘʰʘˁʝ ʉɸʈ 

ʫ ʧʦʛʣʝʜʫ ʦʩʪʚʘʨʠʚʦʛ ʦʧʪʝʨʝ˂ʝˁʘ, ʘ ʧʦʩʝʙʥʦ ʪʘʯʥʦʩʪʠ ʠ ʩʪʘʙʠʣʥʦʩʪʠ ʧʨʠ ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ. 
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ʊʘʢʦʹʝ, ʧʦʩʪʦʿʠ ʿ ʘʢ ʪʨʝʥʜ ʜʘ ʩʝ ʩʤʘˁʠ ʚʨʝʤʝ ʧʦʪʨʝʙʥʦ ʟʘ ʫʛʨʘʜˁʫ ʨʝʰʝˁʘ, ʪʿ. ʟʘ ʘʫʪʦʤʘʪʩʢʠʤ 

ʧʦʜʝʰʘʚʘˁʝʤ ʧʘʨʘʤʝʪʘʨʘ ʠ ʪʦ, ʘʢʦ ʿʝ ʤʦʛʫ˂ʝ, ʫ ʨʘʜʥʦʤ ʨʝʞʠʤʫ. ɹʠʣʦ ʢʘʢʚʦ ʨʫʯʥʦ ʧʦʜʝʰʘʚʘˁʝ 

ʚʨʝʜʥʦʩʪʠ ʿʝ ʧʦʪʨʝʙʥʦ ʠʟʙʝ˂ʠ ʠʣʠ ʦʛʨʘʥʠʯʠʪʠ ʥʘ ʧʦʩʝʙʥʝ ʩʣʫʯʘʿʝʚʝ. ʊʨʝʥʫʪʥʦ, sensorless 

ʘʣʛʦʨʠʪʤʠ ʫʛʣʘʚʥʦʤ ʟʘʭʪʝʚʘʿʫ ʧʦʜʝʰʘʚʘˁʝ ʤʦʜʝʣʘ ʠ ʨʝʛʫʣʘʪʦʨʘ ʧʨʝʤʘ ɽʄ ʫ ʧʦʛʦʥʫ. ɼʦʜʘʪʥʠ 

ʟʘʭʪʝʚʠ ʢʦʿʠ ʩʫ ʦʛʨʘʥʠʯʠʣʠ ʧʨʠʤʝʥʫ ʠ ʫʩʧʦʨʠʣʠ ʫʧʦʪʨʝʙʫ ʘʣʛʦʨʠʪʘʤʘ ʫ ʠʥʜʫʩʪʨʠʿʩʢʝ ʩʚʨʭʝ, 

ʧʦʩʝʙʥʦ ʢʦʜ ɽʇ ʚʝ˂ʠʭ ʩʥʘʛʘ ʥʘ ʩʨʝʜˁʝʤ ʠ ʚʠʩʦʢʦʤ ʥʘʧʦʥʫ ʿʝʩʫ: 

- ʦʧʨʝʟʘʥ ʧʨʠʩʪʫʧ ʟʙʦʛ ʦʜʣʠʯʥʦʛ ʠʩʢʫʩʪʚʘ ʫ ʨʘʜʫ ʩʘ ʩʪʘʥʜʘʨʜʥʠʤ ʧʦʛʦʥʠʤʘ; 

- ʛʣʦʤʘʟʥʦ ʤʝʨʝˁʝ ʥʘʧʦʥʘ ʿʝʜʥʦʩʤʝʨʥʦʛ ʤʝʹʫʢʦʣʘ; 

- ʦʯʝʢʠʚʘʥʠ ʦʧʩʝʛ ʨʘʜʥʠʭ ʪʝʤʧʝʨʘʪʫʨʘ; 

- ʥʠʩʢʝ ʧʨʝʢʠʜʘʯʢʝ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʚʝʣʠʢʝ ʚʨʝʜʥʦʩʪʠ ʚʘʣʦʚʠʪʦʩʪʠ ʩʪʨʫʿʘ (ʝʥʛʣ. ripple) 

ʢʦʝʿ ʦʪʝʞʘʚʘʿʫ ʤʝʨʝˁʘ ʩʪʘʪʦʨʩʢʠʭ ʩʪʨʫʿʘ; 

- ʦʛʨʘʥʠʯʝʥʦ ʧʦʥʘʰʘˁʝ sensorless ʧʦʛʦʥʘ ʫ ʧʦʛʣʝʜʫ ʨʘʜʘ ʧʨʠ ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ, 

ʪʘʯʥʦʩʪʠ ʠ ʩʪʘʙʠʣʥʦʩʪʠ, ʢʘʦ ʠ ʫʩʣʝʜ ʦʛʨʘʥʠʯʝˁʘ ʫ ʧʦʛʣʝʜʫ ʦʩʪʚʘʨʠʚʦʛ ʦʧʪʝʨʝ˂ʝˁʘ. 

ʉʭʦʜʥʦ ʪʦʤʝ, ʧʨʝʜʤʝʪ ʥʘʫʯʥʝ ʜʠʩʢʫʩʠʿʝ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʙʠ˂ʝ ̓ensorless ʘʣʛʦʨʠʪʤʠ ʫ ɽʇ. 

ʆʩʥʦʚʥʘ ʩʪʨʫʢʪʫʨʘ sensorless ɽʇ ʧʦʜʨʘʟʫʤʝʚʘ ʧʦʩʪʦʿʘˁʝ ʝʥʝʨʛʝʪʩʢʦʛ ʧʨʝʪʚʘʨʘʯʘ, ɽʄ, 

sensorless ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʠ ʨʝʛʫʣʘʮʠʿʫ, ʠ ʤʝʭʘʥʠʯʢʦʛ ʦʧʪʝʨʝ˂ʝˁʘ ʥʘ ʠʟʣʘʟʫ. ʂʘʦ 

ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʉʣʠʮʠ 1.1. ʝʣʝʢʪʨʠʯʥʠ ʧʦʛʦʥ ʿʝ ʠʟʫʟʝʪʥʦ ʩʣʦʞʝʥ ʩʠʩʪʝʤ ʩʘ ʠʟʨʘʞʝʥʠʤ 

ʠʥʪʝʨʘʢʮʠʿʘʤʘ ʠʟʤʝʹʫ ʝʣʝʤʝʥʘʪʘ. ʇʦʣʘʟʝ˂ʠ ʦʜ ɽʇ ʧʨʠʢʘʟʘʥʦʛ ʥʘ ʉʣʠʮʠ 1.2, ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʿʝ 

ʧʨʝʜʩʪʘʚˀʝʥʘ ʩʠʥʪʝʟʘ ʥʦʚʦʛ ʝʩʪʠʤʘʪʦʨʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʢʘʦ ʠ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ 

ʧʘʨʘʤʝʪʘʨʘ ʝʩʪʠʤʘʪʦʨʘ ʠ ʧʨʠʜʨʫʞʝʥʠʭ ʨʝʛʫʣʘʪʦʨʘ ʢʦʿʘ ʦʤʦʛʫ˂ʘʚʘ ʜʦʩʪʠʟʘˁʝ ʚʝ˂ʝʛ ʧʨʦʧʫʩʥʦʛ 

ʦʧʩʝʛʘ, ʤʘˁʝ ʦʩʝʪˀʠʚʦʩʪʠ ʥʘ ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ ʠ ʤʘˁʝ ʤʠʥʠʤʘʣʥʝ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʦʜ ʜʦ 

ʩʘʜʘ ʧʫʙʣʠʢʦʚʘʥʠʭ ʨʝʰʝˁʘ. ɸʣʛʦʨʠʪʘʤ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʟʘʩʥʦʚʘʥ ʿʝ ʥʘ ʘʥʠʟʦʪʨʦʧʠʿʠ ʨʦʪʦʨʩʢʠʭ 

ʞʣʝʙʥʠʭ ʭʘʨʤʦʥʠʢʘ ʢʦʜ ɸʄ ʠ ʩʪʨʫʢʪʫʨʠ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʢʦʿʫ ʯʠʥʝ ʜʠʛʠʪʘʣʥʠ ʘʜʘʧʪʠʚʥʠ 

ʬʠʣʪʨʠ ʠ ʬʘʟʥʦ ʩʧʨʝʛʥʫʪʘ ʧʝʪˀʘ. ʄʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʨʝʛʫʣʘʪʦʨʘ ʫ 

sensorless ʨʝʛʫʣʘʮʠʦʥʦʛ ʩʠʩʪʝʤʘ ʫʚʘʞʘʚʘ ʜʠʥʘʤʠʢʫ ʘʣʛʦʨʠʪʤʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ, h ʪʦ ʜʦ ʩʘʜʘ 

ʥʠʿʝ ʙʠʦ ʩʣʫʯʘʿ ʫ ʧʫʙʣʠʢʦʚʘʥʦʿ ʣʠʪʝʨʘʪʫʨʠ. 

 

1.5 ʇʦʣʘʟʥʝ ʭʠʧʦʪʝʟʝ ʠ ʤʝʪʦʜʦʣʦʛʠʿʘ ʠʩʪʨʘʞʠʚʘˁʘ 
 

ʇʨʝ ʘʥʘʣʠʟʝ ʠ ʩʠʥʪʝʟʝ ʥʘʚʝʜʝʥʠʭ ʘʣʛʦʨʠʪʘʤʘ, ʙʠ˂ʝ ʜʘʪ ʢʨʘʪʘʢ ʦʩʚʨʪ ʥʘ ʫʩʚʦʿʝʥʝ ʭʠʧʦʪʝʟʝ ʠ 

ʥʘ ʤʝʪʦʜʦʣʦʛʠʿʝ ʢʦʿʝ ʩʫ ʢʦʨʠʰ˂ʝʥʝ ʪʦʢʦʤ ʠʩʪʨʘʞʠʚʘˁʘ. ʇʦʣʘʟʥʝ ʭʠʧʦʪʝʟʝ ʜʠʩʝʨʪʘʮʠʿʝ ʩʫ: 

¶ ʋʩʣʝʜ ʠʥʪʝʨʘʢʮʠʿʝ ʤʘʛʥʝʪʦʧʦʙʫʜʥʝ ʩʠʣʝ ʫ ʟʘʟʦʨʫ ʤʘʰʠʥʝ ʠ ʧʨʦʤʝʥˀʠʚʝ ʤʘʛʥʝʪʩʢʝ 
ʦʪʧʦʨʥʦʩʪʠ ʥʘʩʪʘʿʫ ʠʟʦʙʣʠʯʝˁʘ ʫ ʬʣʫʢʩʫ. ʇʦʪʦʤ ʩʝ ʦʚʝ ʜʠʩʪʦʨʟʠʿʝ ʤʦʛʫ ʚʠʜʝʪʠ ʫ 

ʝʣʝʢʪʨʦʤʦʪʦʨʥʦʿ ʩʠʣʠ ʠ ʩʪʨʫʿʠ ʩʪʘʪʦʨʘ. ʋʩʣʝʜ ʦʞʣʝʙˀʝˁʘ ʨʦʪʦʨʘ ʫ ʩʧʝʢʪʨʫ ʩʪʨʫʿʝ 

ʩʪʘʪʦʨʘ ʧʦʩʪʦʿʝ ʨʦʪʦʨʩʢʠ ʞʣʝʙʥʠ ʭʘʨʤʦʥʠʮʠ ʢʦʿʠ ʥʦʩʝ ʠʥʬʦʨʤʘʮʠʿʫ ʦ ʙʨʟʠʥʠ 

ʦʙʨʪʘˁʘ ʠ ʢʦʿʠ ʩʝ ʤʦʛʫ ʠʩʢʦʨʠʩʪʠʪʠ ʟʘ ʧʦʪʨʝʙʝ ʦʮʝʥʝ ʤʝʭʘʥʠʯʢʝ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ. 

¶ ʉʪʨʫʢʪʫʨʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʥʘ ʦʩʥʦʚʫ ʈɾʍ ʤʦʞʝ ʩʝ ʥʘʯʠʥʠʪʠ ʪʘʢʦ ʜʘ ʥʝ ʟʘʚʠʩʠ ʦʜ 
ʧʘʨʘʤʝʪʘʨʘ ʤʘʰʠʥʝ, ʙʝʟ ʜʦʜʘʪʥʠʭ ʜʘʚʘʯʘ, ʙʝʟ ʧʦʪʨʝʙʝ ʟʘ ʧʦʜʝʰʘʚʘˁʝʤ ʩʣʦʞʝʥʠʭ 

ʤʘʪʨʠʮʘ ʩʘ ʢʦʝʬʠʮʠʿʝʥʪʠʤʘ, ʙʝʟ ʟʘʭʪʝʚʘ ʟʘ ʤʝʤʦʨʠʿʦʤ ʠ ʙʝʟ ʧʨʝʧʨʘʚʢʠ ʝʣʝʢʪʨʠʯʥʝ 

ʤʘʰʠʥʝ ʠ ʝʥʝʨʛʝʪʩʢʦʛ ʧʨʝʪʚʘʨʘʯʘ. 

¶ ʉʪʨʫʢʪʫʨʘ ʟʘʩʥʦʚʘʥʘ ʥʘ ʘʜʘʧʪʠʚʥʠʤ ʜʠʛʠʪʘʣʥʠ ʬʠʣʪʨʠʤʘ ʠ ʬʘʟʥʦ ʩʧʨʝʛʥʫʪʦʿ ʧʝʪˀʠ 

ʤʦʞʝ ʩʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʧʦʪʨʝʙʝ sensorless ʨʝʛʫʣʘʮʠʿʝ ʙʨʟʠʥʝ, ʩʪʨʫʿʝ ʠ ʚʝʢʪʦʨʩʢʦʛ 

ʫʧʨʘʚˀʘˁʘ ʚʠʩʦʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ. 

¶ ʂʘʰˁʝˁʝ ʢʦʿʝ ʘʣʛʦʨʠʪʘʤ ʦʮʝʥʝ ʙʨʟʠʥʝ ʫʥʦʩʠ ʫ ʥʘʜʨʝʹʝʥʝ ʨʝʛʫʣʘʮʠʦʥʝ ʢʦʥʪʫʨʝ 
ʤʦʞʝ ʩʝ ʟʥʘʯʘʿʥʦ ʫʤʘˁʠʪʠ ʘʜʘʧʪʘʮʠʿʦʤ ʧʘʨʘʤʝʪʘʨʘ ʩʪʨʫʢʪʫʨʝ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʫ 

ʬʫʥʢʮʠʿʠ ʨʘʜʥʠʭ ʨʝʞʠʤʘ, ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʨʦʪʦʨʘ ʠ ʦʧʪʝʨʝ˂ʝˁʘ ʥʘ ʚʨʘʪʠʣʫ, ʪʘʢʦ ʜʘ 
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ʪʨʘʥʩʧʦʨʪʥʦ ʢʘʰˁʝˁʝ ʦʜʟʠʚʘ ʝʩʪʠʤʘʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʤʝʨʝʥʫ ʙʨʟʠʥʫ ʙʫʜʝ ŭ < 50 ms 

ʟʘ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʘ ʩʪʘʪʦʨʘ, Ὢ , ʚʝ˂ʝ ʦʜ 25 Hz. 

¶ ɸʜʘʧʪʘʮʠʿʦʤ ʧʘʨʘʤʝʪʘʨʘ ʩʪʨʫʢʪʫʨʝ ʠ ʫʚʘʞʘʚʘˁʝʤ ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʬʘʟʥʦ ʩʧʨʝʛʥʫʪʝ 
ʧʝʪˀʝ ʤʦʞʝ ʩʝ ʧʦʩʪʠ˂ʠ ʜʘ ʛʨʝʰʢʘ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ ʙʫʜʝ ʟʘʥʝʤʘʨʠʚʘ  ʫ ʩʚʠʤ ʨʝʞʠʤʠʤʘ 

ʛʜʝ ʧʦʩʪʦʿʠ ʤʝʨˀʠʚ ʠʟʥʦʩ ʈɾʍ ʫ AM, ʪʿ. ȹ < 0.4 % ʟʘ 2 Hz Ò  Ὢ   Ò 50 Hz.   

¶ ʋʢʦʣʠʢʦ ʩʝ ʩʪʨʫʢʪʫʨʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʛʨʘʜʠ ʫʟ ʫʚʘʞʘʚʘˁʝ ʜʠʥʘʤʠʢʝ ʥʘʜʨʝʹʝʥʠʭ 
ʨʝʛʫʣʘʮʠʦʥʠʭ ʢʦʥʪʫʨʘ, ʤʦʛʫ˂ʝ ʿʝ ʦʩʪʚʘʨʠʪʠ ʩʪʘʙʠʣʘʥ ʨʘʜ ʩʠʩʪʝʤʘ ʫ ʩʚʠʤ 

ʨʝʣʝʚʘʥʪʥʠʤ ʨʝʞʠʤʠʤʘ.  

ʊʦʢʦʤ ʠʩʪʨʘʞʠʚʘˁʘ ʘʥʘʣʠʟʠʨʘ˂ʝ ʩʝ ʧʨʠʨʦʜʘ ʈɾʍ, ʜʦ ʩʘʜʘ ʧʫʙʣʠʢʦʚʘʥʘ ʨʝʰʝˁʘ, ʢʘʦ ʠ 

sensorless ʘʣʛʦʨʠʪʤʠ ʟʘʩʥʦʚʘʥʠ ʥʘ ʈɾʍ. ɸʥʘʣʠʟʘ ʠ ʧʦʨʝʹʝˁʝ ʧʫʙʣʠʢʦʚʘʥʠʭ ʨʝʰʝˁʘ ʩʣʫʞʠ˂ʝ 

ʟʘ ʩʘʛʣʝʜʘʚʘˁʝ ʧʨʦʩʪʦʨʘ ʟʘ ʥʘʫʯʥʝ ʠ ʩʪʨʫʯʥʝ ʜʦʧʨʠʥʦʩʝ. ʉʠʥʪʝʟʘ ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ 

ʠ ʟʘ sensorless ʫʧʨʘʚˀʘˁʝ ʙʨʟʠʥʦʤ, ʬʣʫʢʩʦʤ ʠ ʤʦʤʝʥʪʦʤ ʩʠʣʝ ʙʠ˂ʝ ʩʧʨʦʚʝʜʝʥʘ ʫʧʦʪʨʝʙʦʤ 

ʧʨʦʛʨʘʤʩʢʦʛ ʧʘʢʝʪʘ MATLAB. ɼʝʪʘˀʘʥ ʤʦʜʝʣ ʩʠʩʪʝʤʘ ʙʠ˂ʝ ʥʘʯʠˁʝʥ ʫ ʧʨʦʛʨʘʤʫ MATLAB-

Simulink. ʋʧʦʪʨʝʙʦʤ ʩʠʤʫʣʘʮʠʦʥʦʛ ʤʦʜʝʣʘ, ʙʠ˂ʝ ʥʘʿʧʨʝ ʨʘʟʚʠʿʝʥʠ, ʘ ʧʦʪʦʤ ʠ ʘʥʘʣʠʟʠʨʘʥʠ 

ʘʥʘʣʠʪʠʯʢʠ ʤʦʜʝʣ ʩʪʨʫʢʪʫʨʝ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʠ ʥʘʜʨʝʹʝʥʠʭ ʨʝʛʫʣʘʮʠʦʥʠʭ ʢʦʥʪʫʨʘ. ʇʨʠʤʝʥʘ 

ʨʘʟʚʠʿʝʥʠʭ ʘʣʛʦʨʠʪʘʤʘ ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʠʩʧʠʪʠʚʘˁʘ ʙʠ˂ʝ ʠʟʚʨʰʝʥʘ ʧʨʦʛʨʘʤʠʨʘˁʝʤ ʫ ʉ 

ʧʨʦʛʨʘʤʩʢʦʤ ʿʝʟʠʢʫ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʠʩʧʠʪʠʚʘˁʘ ʙʠ˂ʝ ʩʧʨʦʚʝʜʝʥʘ ʫ ʥʝʢʦʣʠʢʦ ʢʦʨʘʢʘ: 

- ʠʩʧʠʪʠʚʘˁʝ ʠʥʠʮʠʿʘʣʥʦʛ ʩʠʩʪʝʤʘ, ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʫʧʨʘʚˀʘˁʘ ʤʦʤʝʥʪʦʤ ʩʠʣʝ ʠ 

ʙʨʟʠʥʦʤ, ʩʘ ʫʧʦʪʨʝʙʦʤ ʜʘʚʘʯʘ ʥʘ ʚʨʘʪʠʣʫ ʢʘʦ ʠ ʠʩʧʠʪʠʚʘˁʘ ʟʘʰʪʠʪʘ ʫ ʩʠʩʪʝʤʫ; 

- ʜʝʪʘˀʥʦ ʠʩʧʠʪʠʚʘˁʝ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʠ ʧʨʝʣʘʟʥʠʤ ʨʝʞʠʤʠʤʘ ʩʚʠʭ ʝʣʝʤʝʥʘʪʘ 
ʩʪʨʫʢʪʫʨʝ ʥʘ ʨʝʘʣʥʦʿ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʿ ʧʦʩʪʘʚʮʠ. ʊʝʩʪʦʚʠ ˂ʝ ʙʠʪʠ ʩʧʨʦʚʝʜʝʥʠ ʟʘ 

ʨʝʞʠʤʝ ʦʧʪʝʨʝ˂ʝˁʘ ʦʜ ʧʨʘʟʥʦʛ ʭʦʜʘ ʜʦ ʥʦʤʠʥʘʣʥʦʛ ʦʧʪʝʨʝ˂ʝˁa; 

- ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʧʦʪʚʨʜʘ ʠʟʚʝʜʝʥʠʭ ʘʥʘʣʠʪʠʯʢʠʭ ʤʦʜʝʣʘ; 

- ʧʦʨʝʹʝˁʝ ʨʝʟʫʣʪʘʪʘ ʧʨʝʜʣʦʞʝʥʝ ʩʪʨʫʢʪʫʨʝ ʩʘ ʜʦ ʩʘʜʘ ʧʫʙʣʠʢʦʚʘʥʠʤ ʨʝʰʝˁʠʤʘ;  

- ʘʥʘʣʠʟʘ ʢʦʥʘʯʥʠʭ ʨʝʟʫʣʪʘʪʘ ʠ ʨʘʟʤʘʪʨʘˁʝ ʫʩʚʦʿʝʥʠʭ ʭʠʧʦʪʝʟʘ. 

ʇʦʩʣʝ ʩʘʛʣʝʜʘʚʘˁʘ ʦʩʪʚʘʨʝʥʠʭ ʨʝʟʫʣʪʘʪʘ, ʧʨʠʤʝʥʝ ʥʝʦʧʭʦʜʥʠʭ ʠʟʤʝʥʘ, ʧʨʝʜʣʦʞʝʥʠ 

ʘʣʛʦʨʠʪʤʠ ʙʠ˂ʝ ʜʦʜʘʪʥʦ ʠʩʧʠʪʘʥʠ ʩʘ ʮʠˀʝʤ ʜʝʬʠʥʠʩʘˁʘ ʦʛʨʘʥʠʯʝˁʘ ʩʠʩʪʝʤʘ.  

 

1.6 ʆʩʪʚʘʨʝʥʠ ʥʘʫʯʥʠ ʜʦʧʨʠʥʦʩʠ 
 

ʆʩʪʚʘʨʝʥʠ ʥʘʫʯʥʠ ʜʦʧʨʠʥʦʩʠ ʜʠʩʝʨʪʘʮʠʿʝ, ʧʨʝʤʘ ʥʘʿʙʦˀʝʤ ʩʘʟʥʘˁʫ ʘʫʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʜʦ 

ʩʘʜʘ ʧʫʙʣʠʢʦʚʘʥʘ ʨʝʰʝˁʘ ʫ ʣʠʪʝʨʘʪʫʨʠ, ʩʫ: 

¶ ʆʨʠʛʠʥʘʣʥʘ ʩʪʨʫʢʪʫʨʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʢʦʿʘ ʦʤʦʛʫ˂ʘʚʘ ʨʘʜ ʫʟ ʤʘˁʫ ʛʨʝʰʢʫ ʫ ʦʮʝʥʠ, 

ȹ < 0.4 %, ʤʘˁʝ ʪʨʘʥʩʧʦʨʪʥʦ ʢʘʰˁʝˁʝ, ŭ < 50 ms, ʫ ʦʧʩʝʛʫ ʦʜ 4% ʜʦ 100% 

ʥʦʤʠʥʘʣʥʝ ʙʨʟʠʥʝ, 

¶ ʉʪʨʫʢʪʫʨʘ ʢʦʿʘ ʩʝ ʤʦʞʝ ʧʨʠʤʝʥʠʪʠ ʙʝʟ ʜʦʜʘʪʥʠʭ ʭʘʨʜʚʝʨʩʢʠʭ ʠ ʩʦʬʪʚʝʨʩʢʠʭ ʠʟʤʝʥʘ 

ʠʣʠ ʟʘʭʪʝʚʘ, 

¶ ʉʪʨʫʢʪʫʨʘ ʢʦʿʘ ʟʥʘʯʘʿʥʦ ʫʤʘˁʫʿʝ ʫʪʠʮʘʿ ʨʝʛʫʣʘʮʠʦʥʠʭ ʢʦʥʪʫʨʘ ʟʘ ʨʝʛʫʣʘʮʠʿʫ ʩʪʨʫʿʝ 

ʠ ʙʨʟʠʥʝ ʥʘ ʢʚʘʣʠʪʝʪ ʦʮʝʥʝ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʠ ʦʤʦʛʫ˂ʘʚʘ ʨʘʩʧʨʝʛʥʫʪ ʨʘʜ ʝʩʪʠʤʘʪʦʨʘ 

ʠ ʥʘʚʝʜʝʥʠʭ ʨʝʛʫʣʘʮʠʦʥʠʭ ʢʦʥʪʫʨʘ, 

¶ ɸʥʘʣʠʪʠʯʢʠ ʤʦʜʝʣ ʧʨʝʜʣʦʞʝʥʝ ʩʪʨʫʢʪʫʨʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʈɾʍ ʩʘ ʜʝʬʠʥʠʩʘʥʠʤ 

ʦʛʨʘʥʠʯʝˁʠʤʘ ʧʨʠ ʢʦʿʠʤʘ ʩʝ ʤʦʞʝ ʛʘʨʘʥʪʦʚʘʪʠ ʩʪʘʙʠʣʘʥ ʠ ʣʠʥʝʘʨʘʥ ʨʘʜ ʩʠʩʪʝʤʘ, 

¶ ʄʝʪʦʜʦʣʦʛʠʿʘ ʦʜʨʝʹʠʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʧʨʝʜʣʦʞʝʥʝ ʩʪʨʫʢʪʫʨʝ ʠ ʧʨʠʜʨʫʞʝʥʠʭ 
ʨʝʛʫʣʘʪʦʨʘ ʢʦʿʘ ʦʤʦʛʫ˂ʘʚʘ ʜʦʩʪʠʟʘˁʝ ʚʝ˂ʝʛ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ, ʤʘˁʝ ʦʩʝʪˀʠʚʦʩʪʠ ʥʘ 

ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ ʠ ʤʘˁʝ ʤʠʥʠʤʘʣʥʝ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʦʜ ʜʦ ʩʘʜʘ ʧʫʙʣʠʢʦʚʘʥʠʭ 

ʨʝʰʝˁʘ. 
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1.7 ʉʪʨʫʢʪʫʨʘ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿ ʝ 
 

ʋ ʦʢʚʠʨʫ ʜʨʫʛʦʛ ʧʦʛʣʘʚˀʘ ʠʟʚʝʜʝʥʠ ʩʫ ʘʥʘʣʠʪʠʯʢʠ ʤʦʜʝʣʠ ʬʝʥʦʤʝʥʘ ʫ ɽʇ ʢʦʿʠ ʫʪʠʯʫ ʥʘ 

ʩʠʥʪʝʟʫ sensorless ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʦʮʝʥʫ ʠ ʨʝʛʫʣʘʮʠʿʫ. ʅʘ ʦʩʥʦʚʫ ʤʦʜʝʣʘ, ʫ ʜʨʫʛʦʤ ʧʦʛʣʘʚˀʫ ʿʝ 

ʠʟʚʨʰʝʥʘ ʘʥʘʣʠʟʘ ʜʦ ʩʘʜʘ ʧʫʙʣʠʢʦʚʘʥʠʭ ʨʝʰʝˁʘ ʫ ʦʙʣʘʩʪʠ sensorless ʨʝʛʫʣʘʮʠʿʝ ʠ ʥʘʜʟʦʨʘ 

ʧʦʛʦʥʘ, ʘ ʟʘʪʠʤ ʫ ʥʘʨʝʜʥʠʤ ʧʦʛʣʘʚˀʠʤʘ ʩʠʥʪʝʟʘ ʥʦʚʦʛ ʘʣʛʦʨʠʪʤʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʠ ʩʠʥʪʝʟʘ 

ʨʝʛʫʣʘʪʦʨʘ. ʋ ʧʦʛʣʝʜʫ ʧʨʝʪʚʘʨʘʯʘ ʤʦʜʝʣʠʨʘʥʠ ʩʫ ʝʬʝʢʪʠ ʜʠʛʠʪʘʣʥʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʢʦʿʠ ʫʪʠʯʫ 

ʥʘ ʨʘʜ sensorless ɽʇ, ʘ ʠʟ ʫʛʣʘ ʤʘʰʠʥʝ ʠʟʚʝʜʝʥ ʿ ʝ ʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ ʫ ʧʦʿʘʩʫ ʦʩʥʦʚʥʠʭ 

ʫʯʝʩʪʘʥʦʩʪʠ, ʢʦʿʠ ʿʝ ʧʦʪʦʤ ʧʨʦʰʠʨʝʥ ʩʘ ʫʪʠʮʘʿʝʤ ʘʥʠʟʦʪʨʦʧʠʿʘ ʫʩʣʝʜ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʜʠʟʘʿʥʘ. 

ʇʨʝʛʣʝʜʦʤ ʜʦ ʩʘʜʘ ʧʫʙʣʠʢʦʚʘʥʝ ʣʠʪʝʨʘʪʫʨʝ ʫʢʘʟʘʥʦ ʿʝ ʥʘ ʜʝʦ ʦʙʣʘʩʪʠ ʫ ʢʦʿʝʤ ʧʦʩʪʦʿʠ ʧʦʪʨʝʙʘ 

ʟʘ ʨʘʟʚʦʿʝʤ ʥʦʚʠʭ sensorless ʘʣʛʦʨʠʪʘʤʘ ʠ ʥʘ ʨʘʟʣʦʛʝ ʟʘ ʦʜʘʙʠʨ ʨʦʪʦʨʩʢʠʭ ʞʣʝʙʥʠʭ ʭʘʨʤʦʥʠʢʘ 

ʢʘʦ ʘʥʠʟʦʪʨʦʧʠʿʝ ʦʜ ʟʥʘʯʘʿʘ. 

ʋʚʘʞʘʚʘʿʫ˂ʠ ʠʟʚʝʜʝʥʝ ʤʦʜʝʣʝ, ʫ ʪʨʝ˂ʝʤ ʧʦʛʣʘʚˀʫ ʩʧʨʦʚʝʜʝʥʘ ʿʝ ʩʠʥʪʝʟʘ ʩʪʨʫʢʪʫʨʝ ʟʘ ʦʮʝʥʫ 

ʙʨʟʠʥʝ ʚʨʘʪʠʣʘ. ʇʨʝʜʩʪʘʚˀʝʥʠ ʩʫ ʟʘʭʪʝʚʠ ʢʦʿʝ ʩʪʨʫʢʪʫʨʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʪʨʝʙʘ ʜʘ ʟʘʜʦʚʦˀʠ, ʘ 

ʟʘʪʠʤ ʠ ʜʠʟʘʿʥ ʜʝʣʦʚʘ ʩʪʨʫʢʪʫʨʝ ʠ ʪʦ: ʘʜʘʧʪʠʚʥʦʛ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪ (ʇʆ) 

(ʝʥʛʣ. Band-pass filter - BPF), ʬʘʟʥʦ ʩʧʨʝʛʥʫʪʝ ʧʝʪʝˀ (ʌʉʇ), ʘʜʘʧʪʠʚʥʦʛ ʥʠʩʢʦʬʨʝʢʚʝʥʪʥʦʛ 

ʬʠʣʪʨʘ (ʅʌ) (ʝʥʛʣ. low-pass filter). ʀʟʚʝʜʝʥ ʿʝ ʣʠʥʝʘʨʥʠ ʤʦʜʝʣ ʩʪʨʫʢʪʫʨʝ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ, ʢʦʿʠ 

ʿʝ ʫʧʦʪʨʝʙˀʝʥ ʟʘ ʣʠʥʝʘʨʥʫ ʘʥʘʣʠʟʫ ʩʪʘʙʠʣʥʦʩʪʠ, ʜʝʬʠʥʠʩʘˁʝ ʦʛʨʘʥʠʯʝˁʘ ʩʠʩʪʝʤʘ, ʠ ʩʠʥʪʝʟʫ 

sensorless ʚʝʢʪʦʨʩʢʦʛ ʨʝʛʫʣʘʮʠʦʥʦʛ ʩʠʩʪʝʤʘ ʫ ʯʝʪʚʨʪʦʤ ʧʦʛʣʘʚˀʫ. ʋ ʯʝʪʚʨʪʦʤ ʧʦʛʣʘʚˀʫ 

ʠʟʚʨʰʝʥʘ ʿʝ ʩʠʥʪʝʟʘ ʫʥʫʪʨʘʰˁʝ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʩʪʨʫʿʠ. ʋ ʠʩʪʦʤ ʧʦʛʣʘʚˀʫ ʿʝ ʩʧʨʦʚʝʜʝʥ 

ʜʠʟʘʿʥ ʩʧʦˀʘʰˁʝ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʙʨʟʠʥʠ ʫʚʘʞʘʚʘʿʫ˂ʠ ʜʠʥʘʤʠʢʫ ʫʥʫʪʨʘʰˁʝ 

ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ, ʢʘʦ ʠ ʜʠʥʘʤʠʢʫ ʩʪʨʫʢʪʫʨʝ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ. ʏʝʪʚʨʪʦ ʧʦʛʣʘʚˀʝ ʪʘʢʦʹʝ 

ʦʙʫʭʚʘʪʘ ʠʩʧʠʪʠʚʘˁʝ ʣʠʥʝʘʨʥʝ ʩʪʘʙʠʣʥʦʩʪʠ, ʨʦʙʫʩʥʦʩʪʠ ʠ ʦʩʝʪˀʠʚʦʩʪʠ sensorless ʚʝʢʪʦʨʩʢʦʛ 

ʨʝʛʫʣʘʮʠʦʥʦʛ ʩʠʩʪʝʤʘ. ɸʥʘʣʠʟʫ ʠ ʩʠʥʪʝʟʫ ʫ ʪʨʝ˂ʝʤ ʠ ʯʝʪʚʨʪʦʤ ʧʦʛʣʘʚˀʫ ʧʨʘʪʠ ʜʠʩʢʫʩʠʿʘ 

ʢʦʨʠʰ˂ʝˁʝʤ ʨʘʟʚʠʿʝʥʠʭ ʩʠʤʫʣʘʮʠʦʥʠʭ ʤʦʜʝʣʘ ʩʠʩʪʝʤʘ.  

ʋ ʧʝʪʦʤ ʧʦʛʣʘʚˀʫ ʧʨʝʜʩʪʘʚˀʝʥʠ ʩʫ ʨʝʟʫʣʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʛ ʠʩʧʠʪʠʚʘˁʘ ʨʘʟʚʠʿʝʥʦʛ 

sensorless ʩʠʩʪʝʤʘ ʩʘ ʮʠˀʝʤ ʚʝʨʠʬʠʢʘʮʠʿʝ ʫʩʚʦʿʝʥʠʭ ʭʠʧʦʪʝʟʘ. ʅʘʿʧʨʝ ʿ ʝ ʦʧʠʩʘʥʘ ʢʦʨʠʰ˂ʝʥʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʧʦʩʪʘʚʢʘ. ʇʦʪʦʤ ʩʫ ʨʝʜʦʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʪʝʩʪʠʨʘʥʠ ʥʘʿʧʨʝ ʝʩʪʠʤʘʪʦʨ, ʘ 

ʟʘʪʠʤ ʠ ʘʣʛʦʨʠʪʘʤ ʫʧʨʘʚˀʘˁʘ ʢʦʿʠ ʫ ʩʝʙʠ ʠʥʪʝʛʨʠʰʝ ʨʘʟʚʠʿʝʥʠ ʝʩʪʠʤʘʪʦʨ. ʊʝʩʪʦʚʠ ʩʫ 

ʩʧʨʦʚʝʜʝʥʠ ʫ ʦʧʩʝʛʫ ʙʨʟʠʥʘ ʦʜ 4% ʜʦ 100% ʥʦʤʠʥʘʣʥʝ ʙʨʟʠʥʝ, ʢʘʦ ʠ ʦʜ ʧʨʘʟʥʦʛ ʭʦʜʘ ʜʦ 

ʥʦʤʠʥʘʣʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ. ʇʨʝʜʩʪʘʚˀʝʥʠ ʩʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʦʜʟʠʚʠ ʩʠʩʪʝʤʘ ʫ ʧʨʠʩʫʩʪʚʫ 

ʧʦʨʝʤʝ˂ʘʿʘ ʩʘ ʦʜʩʢʦʯʥʦʤ ʜʠʥʘʤʠʢʦʤ ʠ ʜʠʥʘʤʠʢʦʤ ʨʘʤʧʝ. ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʩʫ ʧʨʦʚʝʨʝʥʘ ʠ 

ʦʛʨʘʥʠʯʝˁʘ ʩʠʩʪʝʤʘ ʫ ʧʦʛʣʝʜʫ ʧʨʘʢʪʠʯʥʝ ʧʨʠʤʝʥʝ. ʅʘ ʢʨʘʿʫ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʨʝʟʫʣʪʘʪʠ ʩʫ 

ʧʦʨʝʹʝʥʠ ʩʘ ʜʦ ʩʘʜʘ ʧʫʙʣʠʢʦʚʘʥʠʤ ʨʝʰʝˁʠʤʘ ʢʘʦ ʠ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʜʦʙʠʿʝʥʠʤ ʧʫʪʝʤ ʨʘʟʚʠʿʝʥʦʛ 

ʘʥʘʣʠʪʠʯʢʦʛ ʠ ʩʠʤʫʣʘʮʠʦʥʦʛ ʤʦʜʝʣʘ. ʅʘ ʢʨʘʿʫ ʩʫ ʜʘʪʠ ʢʦʥʘʯʥʠ ʟʘʢˀʫʯʮʠ ʠʩʪʨʘʞʠʚʘˁʘ.  



16 

 

2 ɸʣʛʦʨʠʪʤʠ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʚʨʘʪʠʣʘ 
 

 

 

ʋ ʦʢʚʠʨʫ ʧʦʛʣʘʚˀʘ ʠʟʚʝʜʝʥʠ ʩʫ ʘʥʘʣʠʪʠʯʢʠ ʤʦʜʝʣʠ ʬʝʥʦʤʝʥʘ ʫ ɽʇ ʢʦʿʠ ʫʪʠʯʫ ʥʘ ʩʠʥʪʝʟʫ 

sensorless ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʦʮʝʥʫ ʠ ʨʝʛʫʣʘʮʠʿʫ. ʋ ʧʦʛʣʝʜʫ ʠʥʚʝʨʪʦʨʘ, ʫʢʘʟʘʥʦ ʿʝ ʥʘ ʥʝʩʘʚʨʰʝʥʦʩʪʠ 

ʢʦʿʝ ʩʝ ʤʦʛʫ ʿʘʚʠʪʠ ʪʦʢʦʤ ʨʘʜʘ ʫ ɽʇ. ɼʘʪʠ ʩʫ ʤʦʜʝʣʠ ʟʘ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʢʦʿʝ ʜʦʤʠʥʘʥʪʥʦ ʫʪʠʯʫ 

ʥʘ ʩʠʥʪʝʟʫ ʘʣʛʦʨʠʪʤʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʠ ʥʘʜʨʝʹʝʥʠʭ ʨʝʛʫʣʘʮʠʦʥʠʭ ʧʝʪˀʠ ʠ ʦʙʨʘʟʣʦʞʝʥʘ ʩʫ 

ʫʩʚʦʿʝʥʘ ʟʘʥʝʤʘʨʝˁʘ. ʋ ʜʝʣʫ ʧʦʛʣʘʚˀʘ 2.2. ʜʘʪ ʿʝ ʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦʜʩʠʩʪʝʤʘ 

ʘʩʠʥʭʨʦʥʝ ʤʘʰʠʥʝ ʫ ʧʦʿʘʩʫ ʦʩʥʦʚʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʤʘ ʦʧʰʪʦʿ ʪʝʦʨʠʿʠ ʝʣʝʢʪʨʠʯʥʠʭ ʤʘʰʠʥʘ. 

ɼʦʜʘʪʥʦ, ʜʘʪ ʿʝ ʠ ʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ ʤʝʭʘʥʠʯʢʦʛ ʧʦʜʩʠʩʪʝʤʘ ɽʇ. ʋ ʜʝʣʫ ʧʦʛʣʘʚˀʘ 2.3. ʜʘʪʠ ʩʫ 

ʘʥʘʣʠʪʠʯʢʠ ʤʦʜʝʣʠ ʙʠʪʥʠʭ ʘʥʠʟʦʪʨʦʧʠʿʘ ʫ ɽʄ ʩʚʝʜʝʥʠ ʥʘ ʝʣʝʢʪʨʠʯʥʦ ʢʦʣʦ ʩʪʘʪʦʨʘ. ʇʨʫʞʝʥʘ 

ʿʝ ʘʥʘʣʠʟʘ ʿʘʯʠʥʝ, ʬʘʟʝ ʠ ʫʯʝʩʪʘʥʦʩʪʠ ʭʘʨʤʦʥʠʢʘ ʢʦʿʠ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʘʥʠʟʦʪʨʦʧʠʿʘ ʫ ɽʄ ʦʜ 

ʨʘʜʥʠʭ ʨʝʞʠʤʘ ʠ ʜʝʬʠʥʠʩʘʥʠ ʩʫ ʫʩʣʦʚʠ ʢʦʿʠ ʤʦʨʘʿʫ ʙʠʪʠ ʠʩʧʫˁʝʥʠ ʜʘ ʙʠ ʥʘʚʝʜʝʥʝ 

ʘʥʠʟʦʪʨʦʧʠʿʝ ʧʦʩʪʦʿʘʣʝ. ʅʘ ʦʩʥʦʚʫ ʠʟʚʝʜʝʥʠʭ ʤʦʜʝʣʘ ʠʟʚʨʰʝʥʘ ʿʝ ʘʥʘʣʠʟʘ ʜʦ ʩʘʜʘ 

ʧʫʙʣʠʢʦʚʘʥʠʭ ʨʝʰʝˁʘ ʫ ʦʙʣʘʩʪʠ sensorless ʨʝʛʫʣʘʮʠʿʝ ʠ ʥʘʜʟʦʨʘ ʧʦʛʦʥʘ ʫ ʜʝʣʫ 2.4, ʠ ʫʢʘʟʘʥʦ 

ʿʝ ʥʘ ʜʝʦ ʦʙʣʘʩʪʠ ʫ ʢʦʿʝʤ ʧʦʩʪʦʿʠ ʧʦʪʨʝʙʘ ʟʘ ʨʘʟʚʦʿʝʤ ʥʦʚʠʭ sensorless ʘʣʛʦʨʠʪʘʤʘ. ʅʘ ʢʨʘʿʫ, 

ʠʟʣʦʞʝʥʠ ʩʫ ʨʘʟʣʦʟʠ ʟʘ ʦʜʘʙʠʨ ʨʦʪʦʨʩʢʠʭ ʞʣʝʙʥʠʭ ʭʘʨʤʦʥʠʢʘ ʢʘʦ ʘʥʠʟʦʪʨʦʧʠʿʝ ʦʜ ʟʥʘʯʘʿʘ ʠ 

ʜʘʪ ʿʝ ʪʘʙʝʣʘʨʥʠ ʧʨʠʢʘʟ  ʨʝʣʝʚʘʥʪʥʠʭ ʧʫʙʣʠʢʦʚʘʥʠʭ ʨʝʰʝˁʘ ʫ ʣʠʪʝʨʘʪʫʨʠ ʫ ʦʙʣʘʩʪʠ. 

 

2.1 ʋʪʠʮʘʿ ʠʥʚʝʨʪʦʨʘ ʥʘ sensorless ʘʣʛʦʨʠʪʤʝ   
 

ʀʥʚʝʨʪʦʨ ʫ ɽʇ ʫʥʦʩʠ ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʢʦʿʝ ʤʦʛʫ ʦʛʨʘʥʠʯʠʪʠ ʠ ʦʥʝʤʦʛʫ˂ʠʪʠ ʧʨʠʤʝʥʫ 

sensorless ʘʣʛʦʨʠʪʘʤʘ. ʍʘʨʜʚʝʨʩʢʠ ʜʠʟʘʿʥ ʠʥʚʝʨʪʦʨʘ ʫʪʠʯʝ ʥʘ ˁʝʛʦʚ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʠ 

ʢʚʘʣʠʪʝʪ ʠʟʣʘʟʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʚʝʣʠʯʠʥʘ. ʋ ʥʘʩʪʘʚʢʫ ʿʝ ʠʟʚʨʰʝʥʘ ʘʥʘʣʠʟʘ ʠ ʤʦʜʝʣʠʨʘˁʝ 

ʢʫˀʯʥʠʭ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʠʥʚʝʨʪʦʨʘ ʢʦʿʝ ʜʦʤʠʥʘʥʪʥʦ ʫʪʠʯʫ ʥʘ ʧʦʥʘʰʘˁʝ sensorless Eʇ ʫ 

ʪʨʘʿʥʦʤ ʨʘʜʫ, ʪʿ. ʥʘ ʘʥʘʣʠʟʫ ʠ ʩʠʥʪʝʟʫ sensorless ʘʣʛʦʨʠʪʘʤʘ. ʀʟʦʩʪʘʚˀʝʥʘ ʩʫ ʨʘʟʤʘʪʨʘˁʘ ʫ 

ʧʦʛʣʝʜʫ ʦʧʪʠʤʘʣʥʦʛ ʠ ʧʦʞʝˀʥʦʛ ʭʘʨʜʚʝʨʩʢʦʛ ʜʠʟʘʿʥʘ ʠʥʚʝʨʪʦʨʘ ʫ sensorless ɽʇ. ʋʚʘʞʘʚʘʿʫ˂ʠ 

ʫʚʝʜʝʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʫ ʧʨʚʦʤ ʧʦʛʣʘʚˀʫ ʠ ʉʣʠʢʫ 1.2, ʘʥʘʣʠʟʘ ʫ ʥʘʩʪʘʚʢʫ ʦʙʫʭʚʘʪa ʫʪʠʮʘʿ ʢʦʣʘ 

ʦʜ ʜʘʚʘʯʘ ʜʦ ʘʥʘʣʦʛʥʦ-ʜʠʛʠʪʘʣʥʠʭ (ɸɼ) ʢʦʥʚʝʨʪʦʨʘ (ʝʥʛʣ. analog to digital converter - ADC), 

ʜʠʛʠʪʘʣʥʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ, ʧʨʦʮʝʩʘ ʜʠʛʠʪʘʣʥʦ-ʘʥʘʣʦʛʥʝ (ɼɸ) ʢʦʥʚʝʨʟʠʿʝ (ʝʥʛʣ. digital to 

analog converter - DAC) ʠ ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʧʨʝʢʠʜʘʯʘ ʩʥʘʛʝ ʥʘ ʩʠʥʪʝʟʫ sensorless ʘʣʛʦʨʠʪʘʤʘ.  

ʈʘʟʚʦʿ ʘʣʛʦʨʠʪʤʘ ʫʧʨʘʚˀʘˁʘ ʠ ʝʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ ʢʦʿʠ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʤʝʨʝˁʫ ʩʪʘʪʦʨʩʢʝ 

ʩʪʨʫʿʝ, ʟʘʭʪʝʚʘ ʜʦʙʨʦ ʧʨʦʿʝʢʪʦʚʘʥʘ ʢʦʣʘ ʟʘ ʤʝʨʝˁʝ. ʂʦʣʘ ʟʘ ʤʝʨʝˁʝ ʫʪʠʯʫ ʥʘ ʧʦʥʘʰʘˁʝ 

ʥʘʚʝʜʝʥʠʭ ʩʠʩʪʝʤʘ ʠ ʩʤʘˁʫʿʝ ʠʟʣʘʟʫ ʠʤʧʝʜʘʥʩʫ ʧʨʝʪʚʘʨʘʯʘ. ʋ ʤʦʜʝʣʫ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ 

ʫʚʘʞʘʚʘʿʫ ʩʝ ʫ ʧʦʚʨʘʪʥʦʿ ʛʨʘʥʠ, ʘ ʫ ʤʦʜʝʣʫ ʝʩʪʠʤʘʪʦʨʘ ʫ ʜʠʨʝʢʪʥʦʿ ʛʨʘʥʠ. ʂʦʣʦ ʟʘ ʤʝʨʝˁʝ 

ʦʙʫʭʚʘʪʘ ʜʘʚʘʯ, ʧʨʠʣʘʛʦʜʥʘ ʝʣʝʢʪʨʦʥʠʯʘʨʩʢʘ ʢʦʣʘ, ʘʥʘʣʦʛʥʝ ʬʠʣʪʨʝ, ɸɼ ʢʦʥʚʝʨʪʦʨʝ, ʜʠʛʠʪʘʣʥʝ 

ʬʠʣʪʨʝ. ɼʦʙʨʦ ʧʨʦʿʝʢʪʦʚʘʥʦ ʢʦʣʦ ʟʘ ʤʝʨʝˁʝ ʩʠʛʥʘʣʘ ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʩʫ: 

- ʬʠʣʪʨʠʤʘ ʦʜʩʪʨʘˁʝʥʠ h ʫʤʦʚʠ ʫ ʤʝʨʝʥʠʤ ʩʠʛʥʘʣʠʤʘ ʢʦʿʠ ʤʦʛʫ ʠʟʘʟʚʘʪʠ ʝʬʝʢʘʪ 

ʧʨʝʩʣʠʢʘʚʘˁʘ (ʝʥʛʣ. aliasing effect) ʠʣʠ ʫʪʠʮʘʪʠ ʥʘ ʨʘʜ ʉɸʈ; 

- ʩʠʛʥʘʣʠ ʩʘ ʜʘʚʘʯʘ ʧʦʿʘʯʘʥʠ ʢʘʢʦ ʙʠ ʩʝ ʩʤʘˁʠʣʠ ʫʪʠʮʘʿʠ ʢʚʘʥʪʠʟʘʮʠʿʝ ʥʘ ʢʚʘʣʠʪʝʪ ʠ 

ʩʪʘʙʠʣʥʦʩʪ ʨʝʛʫʣʘʮʠʿʝ, ʪʿ. ʜʘ ʿʝ ʠʩʢʦʨʠʰ˂ʝʥ ʮʝʦ ʥʘʧʦʥʩʢʠ ʦʧʩʝʛ ɸɼ ʢʦʥʚʝʨʪʦʨʘ; 

- ʨʝʜʫʢʦʚʘʥʘ ʪʨʘʥʩʧʦʨʪʥʘ ʢʘʰˁʝˁʘ ʫ ʧʦʚʨʘʪʥʦʿ ʛʨʘʥʠ. 

ʂʘʦ ʩʪʨʫʿʥʠ ʜʘʚʘʯ ʤʦʛʫ ʩʝ ʢʦʨʠʩʪʠʪʠ ʰʘʥʪ ʦʪʧʦʨʥʠʮʠ (ʝʥʛʣ. shunt resistor), ʢʘʣʝʤ ʈʦʛʦʚʩʢʠ, 

ʩʪʨʫʿʥʠ ʪʨʘʥʩʬʦʨʤʘʪʦʨʠ, ʜʘʚʘʯʠ ʟʘʩʥʦʚʘʥʠ ʥʘ ʧʨʠʤʝʥʠ ʍʦʣʦʚʦʛ ʝʬʝʢʪʘ, ʜʘʚʘʯʠ ʥʘ ʙʘʟʠ 

ʜʝʪʝʢʮʠʿʝ ʬʣʫʢʩʘ, ʬʠʙʝʨ-ʦʧʪʠʯʢʠ ʩʪʨʫʿʥʠ ʜʘʚʘʯʠ ʩʘ ʠʥʪʝʨʬʝʨʝʥʮʠʿʦʤ, ʠʪʜ. [6]. ɼʚʘ ʥʘʿʯʝʰ˂ʝ 



17 

 

ʢʦʨʠʰ˂ʝʥʘ ʥʘʯʠʥʘ ʟʘ ʤʝʨʝˁʝ ʩʪʨʫʿʝ ʋ ʝʥʝʨʛʝʪʩʢʦʤ ʧʨʝʪʚʘʨʘʯʫ ʩʝ ʟʘ ʤʝʨʝˁʝ ʩʪʨʫʿʝ ʥʘʿʯʝʰ˂ʝ 

ʢʦʨʠʩʪʝ ʰʘʥʪ ʦʪʧʦʨʥʠʢ ʠʣʠ ʍʦʣʦʚ ʜʘʚʘʯ. ʋ ʧʨʚʦʤ ʩʣʫʯʘʿʫ, ʤʝʨʠ ʩʝ ʧʘʜ ʥʘʧʦʥʘ ʥʘ ʢʨʘʿʝʚʠʤʘ 

ʪʝʤʧʝʨʘʪʫʨʥʦ ʩʪʘʙʠʣʥʦʛ ʦʪʧʦʨʥʠʢʘ, ʤʘʣʝ ʦʪʧʦʨʥʦʩʪʠ ʠ ʤʘʣʝ ʧʘʨʘʟʠʪʥʝ ʠʥʜʫʢʪʠʚʥʦʩʪʠ. 

ʇʨʝʜʥʦʩʪʠ ʰʘʥʪʘ ʩʫ ʿʝʜʥʦʩʪʘʚʥʦʩʪ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʠ ʮʝʥʘ, ʘ ʤʘʥʝ ʩʥʘʛʘ ʛʫʙʠʪʘʢʘ ʧʨʠ ʚʝ˂ʠʤ 

ʤʝʨʝʥʠʤ ʩʪʨʫʿʘʤʘ ʠ ʦʜʩʫʩʪʚʦ ʛʘʣʚʘʥʩʢʝ ʠʟʦʣʘʮʠʿʝ ʠʟʤʝʹʫ ʝʥʝʨʛʝʪʩʢʦʛ ʠ ʤʝʨʥʦʛ ʜʝʣʘ ʢʦʣʘ h ʪʦ 

ʤʦʞʝ ʦʛʨʘʥʠʯʠʪʠ ʧʨʠʤʝʥʫ. ʍʦʣʦʚ ʜʘʚʘʯ ʧʨʫʞʘ ʛʘʣʚʘʥʩʢʫ ʠʟʦʣʘʮʠʿʫ, ʚʝʣʠʢʫ ʪʘʯʥʦʩʪ, 

ʣʠʥʝʘʨʥʦʩʪ ʠ ʰʠʨʦʢ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ. ʄʘʥʝ ʩʫ ʚʝ˂ʝ ʜʠʤʝʥʟʠʿʝ ʠ ʮʝʥʘ ʫ ʦʜʥʦʩʫ ʥʘ ʰʘʥʪ ʠ ʟʘʭʪʝʚʠ 

ʟʘ ʥʘʧʘʿʘˁʝʤ. ʅʘ ʠʟʣʘʟʠʤʘ ʜʘʚʘʯʠ ʜʘʿʫ ʫʥʠʧʦʣʘʨʥʝ ʠʣʠ ʙʠʧʦʣʘʨʥʝ ʩʪʨʫʿʥʝ ʠʣʠ ʥʘʧʦʥʩʢʝ 

ʩʠʛʥʘʣʝ ʨʘʟʣʠʯʠʪʦʛ ʦʧʩʝʛʘ ʚʨʰʥʠʭ ʚʨʝʜʥʦʩʪʠ. ɸɼ ʢʦʥʚʝʨʪʦʨ ʦʯʝʢʫʿʝ ʥʘ ʫʣʘʟʫ ʥʘʧʦʥʩʢʠ ʩʠʛʥʘʣ 

ʦʜ 0 V ʜʦ 3 V ʫʟ ʚʝʦʤʘ ʤʘʣʝ ʿʘʯʠʥʝ ʩʪʨʫʿʝ. ɸʥʘʣʦʛʥʘ ʢʦʣʘ ʠʟʤʝʹʫ ʜʘʚʘʯʘ ʠ ɼʉʇ ʪʘʜʘ ʫ ʩʚʠʤ 

ʨʘʜʥʠʤ ʨʝʞʠʤʠʤʘ, ʫʚʘʞʘʚʘʿʫ˂ʠ ʠ ʨʝʞʠʤʝ ʧʨʝʦʧʪʝʨʝ˂ʝˁʘ ʠ ʢʚʘʨʘ, ʩʠʛʥʘʣ ʟʘ ʠʟʣʘʟʘ ʜʘʚʘʯʘ 

ʧʨʠʣʘʛʦʹʘʚʘʿʫ ʫʣʘʟʠʤʘ ɸɼ ʢʦʥʚʝʨʪʦʨʘ. ʆʚʘ ʢʦʣʘ ʧʨʝʪʚʘʨʘʿʫ ʠʟʣʘʟʥʝ ʩʪʨʫʿʥʝ ʫ ʥʘʧʦʥʩʢʝ 

ʩʠʛʥʘʣʝ, ʜʦʜʘʿʫ ʥʘʧʦʥʩʢʘ ʨʘʟʜʝʰʝˁʘ (ʝʥʛʣ. offset), ʩʢʘʣʠʨʘʿʫ ʘʤʧʣʠʪʫʜʝ ʩʠʛʥʘʣʘ ʫʚʘʞʘʚʘʿʫ˂ʠ 

ʛʨʘʥʠʯʥʝ ʚʨʝʜʥʦʩʪʠ ʨʘʜʥʠʭ ʨʝʞʠʤʘ, ʧʨʫʞʘʿʫ ʛʘʣʚʘʥʩʢʫ ʠʟʦʣʘʮʠʿʫ, ʬʠʣʪʨʠʨʘʿʫ ʥʝʞʝˀʝʥʝ 

ʢʦʤʧʦʥʝʥʪʝ ʠʟ ʩʧʝʢʪʨʘ, ʠʪʜ. ʏʠʥʝ ʠʭ ʨʘʟʥʝ ʧʘʩʠʚʥʝ ʢʦʤʧʦʥʝʥʪʝ ʠ ʠʥʪʝʛʨʠʩʘʥʘ ʢʦʣʘ. ʇʨʦʩʪʦʨʥʦ 

ʩʝ ʥʘʣʘʟʝ ʜʝʣʦʤ ʫ ʝʥʝʨʛʝʪʩʢʦʤ ʧʨʝʪʚʘʨʘʯʫ, ʘ ʜʝʣʦʤ ʫ ʫʧʨʘʚˀʘʯʢʦʤ ʫʨʝʹʘʿʫ. ʆʧʠʩʘʥʦ ʢʦʣʦ ʜʦ 

ɸɼ ʢʦʥʚʝʨʪʦʨʘ ʫ ʧʨʘʢʩʠ ʠʤʘ ʥʠʟ ʥʝʩʘʚʨʰʝʥʦʩʪʠ. ɼʘʚʘʯʝ ʢʘʨʘʢʪʝʨʠʰʫ ʧʘʨʘʟʠʪʥʝ 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʰʘʥʪʘ, ʩʪʨʫʿʘ ʤʘʛʥʝ˂ʝˁʘ ʩʪʨʫʿʥʦʛ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ, ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ 

ʍʦʣʦʚʦʛ ʜʘʚʘʯʘ ʢʦʿʠ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ ʜʠʩʪʦʨʟʠʿʘ ʠ ʥʝʣʠʥʝʘʨʥʦʩʪʠ, ʠʪʜ. ɸʥʘʣʦʛʥʘ ʢʦʣʘ ʫʩʣʝʜ 

ʢʦʥʘʯʥʝ ʧʨʝʮʠʟʥʦʩʪʠ ʠ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʫʥʦʩʝ ʩʚʦʿʝ ʜʠʩʪʦʨʟʠʿʝ. ʊʘʢʦʹʝ, ʫ ʘʥʘʣʦʛʥʠʤ ʢʦʣʠʤʘ ʩʝ 

ʤʦʛʫ ʧʦʩʪʦʿʘʪʠ ʨʘʟʥʠ ʰʫʤʦʚʠ, ʧʦʨʝʤʝ˂ʘʿʠ ʢʦʥʜʫʢʮʠʦʥʝ ʠʣʠ ʠʥʜʫʢʮʠʦʥʝ ʧʨʠʨʦʜʝ ʫʩʣʝʜ 

ʧʨʝʢʠʜʘˁʘ ʫ ʠʥʚʝʨʪʦʨʫ, ʨʘʜʘ ʧʦʤʦ˂ʥʠʭ ʥʘʧʘʿʘˁʘ, ʠʪʜ. [6]. ʅʘʚʝʜʝʥʠ ʬʝʥʦʤʝʥʠ ʩʝ ʤʦʨʘʿʫ 

ʠʩʧʠʪʘʪʠ ʫ ʝʢʩʧʣʦʘʪʘʮʠʦʥʦʤ ʦʧʩʝʛʫ ɽʇ ʠ ʢʦʤʧʝʥʟʦʚʘʪʠ ʧʨʠ ʜʠʟʘʿʥʫ ʉɸʈ.  

ʉʧʝʢʪʘʨ ʩʠʛʥʘʣʘ ʥʘ ʠʟʣʘʟʫ ʜʘʚʘʯʘ ʿʝ ʥʝʦʛʨʘʥʠʯʝʥ ʠ ʧʨʠʣʠʢʦʤ ʦʜʘʙʠʨʘˁʘ ʫ ɸɼ ʢʦʥʚʝʨʪʦʨʫ 

ʤʦʞʝ ʠʟʘʟʚʘʪʠ ʝʬʝʢʘʪ ʧʨʝʩʣʠʢʘʚʘˁʘ ʠ ʫʪʠʮʘʪʠ ʥʘ ʥʠʞʠ ʜʝʦ ʩʧʝʢʪʨʘ ʦʜ ʟʥʘʯʘʿʘ ʫʩʣʝʜ ʧʦʿʘʚʝ 

ʩʠʛʥʘʣʘ ʫ ʜʠʛʠʪʘʣʥʦʤ ʜʦʤʝʥʫ ʢʦʿʝ ʬʠʟʠʯʢʠ ʥʝ ʧʦʩʪʦʿʝ ʫ ʠʟʚʦʨʥʦʤ ʩʠʛʥʘʣʫ. ɼʘ ʙʠ ʩʠʛʥʘʣ ʥʘ 

ʠʟʣʘʟʫ ʦʜʘʙʠʨʘʯʘ ʤʦʛʘʦ ʜʘ ʩʝ ʨʝʢʦʥʩʪʨʫʠʰʝ ʫʧʦʪʨʝʙʥʦʤ ʬʠʣʪʘʨʘ, ʩʧʝʢʪʘʨ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ 

ʤʦʨʘ ʙʠʪʠ ʦʛʨʘʥʠʯʝʥ ʧʨʝʤʘ, ʧʨʝʤʘ ʂʦʪʝˀʥʠʢʦʚʦʿ, ʐʝʥʦʥʦʚʦʿ ʠ ʅʠʢʚʠʩʪʦʚʦʿ (ʝʥʛʣ. Nyquist 

criterion) ʪʝʦʨʝʤʠ ʦʜʘʙʠʨʘˁʘ [20]. ʅʘʿʚʠʰʘ ʢʦʤʧʦʥʝʥʪʘ ʫ ʩʧʝʢʪʨʫ ʩʠʛʥʘʣʘ ʥʘ ʫʣʘʟʫ ɸɼ 

ʢʦʥʚʝʨʪʦʨʘ ʤʦʨʘ ʙʠʪʠ ʤʘˁʘ ʦʜ ʧʦʣʦʚʠʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʦʜʘʙʠʨʘˁʘ, ʪʿ. ˁʝʥʘ ʚʨʰʥʘ ʚʨʝʜʥʦʩʪ 

ʤʦʨʘ ʙʠʪʠ ʤʘˁʘ ʦʜ ʿʝʜʥʦʛ ʢʚʘʥʪʘ ɸɼ ʢʦʥʚʝʨʪʦʨʘ ʥʘʿʤʘˁʝ ʪʝʞʠʥʝ ή ὠ ςϳ  (ʝʥʛʣ. least 

significant bit - LSB), ʛʜʝ ʿʝ n ʙʨʦʿ ʙʠʪʘ ʥʘ ʨʘʩʧʦʣʘʛʘˁʫ ʠ ὠ  ʤʘʢʩʠʤʘʣʥʠ ʥʘʧʦʥ ʥʘ ʫʣʘʟʫ ɸɼ 

ʢʦʥʚʝʨʪʦʨʘ. ʆʚʦ ʩʝ ʧʦʩʪʠʞʝ ʫʧʦʪʨʝʙʦʤ ʘʢʪʠʚʥʠʭ ʠʣʠ ʧʘʩʠʚʥʠʭ ʘʥʘʣʦʛʥʠʭ ʅʌ ʬʠʣʪʘʨʘ ʢʦʿʠ 

ʦʜʨʝʹʫʿʫ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʢʦʣʘ ʟʘ ʤʝʨʝˁʝ. ɼʘ ʙʠ ʩʝ ʠʟʙʝʛʣʠ ʥʝʜʦʩʪʘʮʠ ʠ ʩʣʦʞʝʥʠʿʘ ʧʨʠʤʝʥʘ 

ʘʢʪʠʚʥʠʭ ʬʠʣʪʘʨʘ, ʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʝ ʧʘʩʠʚʥʠ RC ʬʠʣʪʨʠ, ʦʧʠʩʘʥʠ ʬʫʥʢʮʠʿʦʤ ʧʨʝʥʦʩʘ  
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ʛʜʝ ʩʫ Ὑ ʠ ὅ ʨʝʜʦʤ ʦʪʧʦʨʥʦʩʪ ʠ ʢʘʧʘʮʠʪʠʚʥʦʩʪ ʬʠʣʪʨʘ. ɼʘ ʙʠ ʩʝ ʠʟʙʝʛʣʦ ʠʥʜʫʢʦʚʘˁʝ ʰʫʤʘ 

ʧʦʩʣʝ ʘʥʘʣʦʛʥʝ ʦʙʨʘʜʝ, ʬʠʣʪʨʠ ʩʝ ʧʦʩʪʘʚˀʘʿʫ ʙʣʠʟʫ ɼʉʇ ʥʘ ʰʪʘʤʧʘʥʦʿ ʧʣʦʯʠ. ʅʌ ʬʠʣʪʨʠ ʩʘ 

ʚʝʣʠʢʠʤ ʚʨʝʤʝʥʩʢʠʤ ʢʦʥʩʪʘʥʪʘʤʘ ʤʦʛʫ ʦʛʨʘʥʠʯʠʪʠ ʧʨʦʧʫʩʥʝ ʦʧʩʝʛʝ ʉɸʈ ʠ ʝʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ 

ʟʙʦʛ ʫʚʝ˂ʘʥʠʭ ʢʘʰˁʝˁʘ. ɿʘʪʦ, ʅʌ ʬʠʣʪʨʠ ʪʨʝʙʘ ʩʘʤʦ ʜʘ ʦʛʨʘʥʠʯʝ ʩʧʝʢʪʘʨ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʠ 

ʜʘ ʩʧʨʝʯʝ ʝʬʝʢʘʪ ʧʨʝʩʣʠʢʘʚʘˁʘ. ʆʩʪʘʣʝ ʥʝʞʝˀʝʥʝ ʢʦʤʧʦʥʝʥʪʝ ʫ ʩʧʝʢʪʨʫ, ʧʦʧʫʪ ʚʘʣʦʚʠʪʦʩʪʠ 

ʩʪʨʫʿʝ, ʤʦʛʫ ʩʝ ʦʩʣʘʙʠʪʠ ʧʫʪʝʤ ʜʠʛʠʪʘʣʥʠʭ ʬʠʣʪʘʨʘ ʠ ʧʦʟʠʮʠʦʥʠʨʘˁʝʤ ʪʨʝʥʫʪʢʘ ʦʜʘʙʠʨʘˁʘ 

ɸɼ ʢʦʥʚʝʨʪʦʨʘ ʦʨʛʘʥʠʟʘʮʠʿʦʤ ʨʘʜʘ ɼʉʇ, ʪʿ. ʧʨʝʢʠʜʥʝ ʨʫʪʠʥʝ.  

ɸɼ ʢʦʥʚʝʨʪʦʨʠ ʩʫ ʜʝʦ ʥʘʤʝʥʩʢʝ ʧʝʨʠʬʝʨʠʿʝ ʟʘ ʘʥʘʣʦʛʥʦ-ʜʠʛʠʪʘʣʥʫ ʢʦʥʚʝʨʟʠʿʫ ʟʘ ʦʙʨʘʜʫ 

ʧʦʜʘʪʘʢʘ ʩʘ ʜʘʚʘʯʘ. ɸɼ ʢʦʥʚʝʨʪʦʨ ʧʨʝʪʚʘʨʘ ʘʥʘʣʦʛʥʝ ʩʠʛʥʘʣʝ ʫ ʜʠʛʠʪʘʣʥʝ ʨʝʯʠ, ʦʜ ʦʙʠʯʥʦ 8, 

12 ʠʣʠ 16 ʙʠʪʘ. ʅʘʧʘʿʘˁʝ, ʩʘʪ ʠ ʨʝʬʝʨʝʥʮʘ ʟʘ ʨʘʜ ʢʦʥʚʝʨʪʦʨʘ ʩʝ ʦʙʝʟʙʝʹʫʿʫ ʠʥʪʝʨʥʦ ʠʟ ɼʉʇ 
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ʠʣʠ ʝʢʩʪʝʨʥʦ ʢʘʜʘ ʧʦʩʪʦʿʝ ʚʝʣʠʢʝ ʩʤʝʪˁʝ ʫʩʣʝʜ ʨʘʜʘ ʠʥʚʝʨʪʦʨʘ. ɽʢʩʪʝʨʥʝ ʨʝʬʝʨʝʥʮʝ ʤʦʛʫ 

ʠʤʘʪʠ ʚʨʝʜʥʦʩʪʠ ʦʜ 2,048 V, 1,5 V ʠʣʠ 1,024 V. ʀʥʪʝʨʥʠ ʩʘʪ ʢʦʜ ʪʠʧʠʯʥʠʭ ɼʉʇ ʦʤʦʛʫ˂ʘʚʘ 

ʫʯʝʩʪʘʥʦʩʪ ʦʜʘʙʠʨʘˁʘ ʦʜ 25 MHz, ʪʿ. ʥʘ 12,5 MSPS. ɼʠʛʠʪʘʣʥʠ ʜʝʦ ʢʦʥʚʝʨʪʦʨʘ ʩʘʜʨʞʠ ʥʠʟ 

ʧʨʦʛʨʘʤʘʙʠʣʥʠʭ ʫʩʤʝʨʠʚʘʯʘ, ʨʝʛʠʩʪʨʝ ʟʘ ʨʝʟʫʣʪʘʪʝ, ʠʥʪʝʨʬʝʿʩ ʥʘ ʘʥʘʣʦʛʥʠʤ ʢʦʣʠʤʘ, 

ʤʘʛʠʩʪʨʘʣʝ ʠ ʜʨʫʛʝ ʤʦʜʫʣʝ, ʜʦʢ ʩʝ ʘʥʘʣʦʛʥʠ ʜʝʦ ʩʘʩʪʦʿʠ ʦʜ ʤʫʣʪʠʧʣʝʢʩʝʨʘ, ʢʦʣʘ ʟʘ ʦʜʘʙʠʨʘˁʝ 

ʩʘ ʟʘʜʨʰʢʦʤ (ʝʥʛʣ. sampe-and-hold ï S&H), ʨʝʛʫʣʘʪʦʨʘ ʥʘʧʦʥʘ, ʢʦʥʪʨʦʣʥʠʭ ʠ ʤʝʤʦʨʠʿʩʢʠʭ 

ʨʝʛʠʩʪʘʨʘ, ʜʨʫʛʠʭ ʧʦʤʦ˂ʥʠʭ ʘʥʘʣʦʛʥʘ ʢʦʣʘ. ʏʝʩʪʦ ʩʝ ʤʦʜʝʣʫʿʝ ʢʘʦ ʥʘ ʉʣʠʮʠ 2.1. ʇʦ ʟʘʪʚʘʨʘˁʫ 

ʧʨʝʢʠʜʘʯʘ, ʫʣʘʟʥʠ ʥʘʧʦʥ ʧʫʥʠ ʢʦʥʜʝʥʟʘʪʦʨ ὅ ʧʨʝʤʘ ʚʨʝʤʝʥʩʢʦʿ ʢʦʥʩʪʘʥʪʠ ʠʥʪʝʨʥʦʛ ʅʌ RC 

ʬʠʣʪʨʘ. ʇʨʝʢʠʜʘʯ ʪʨʝʙʘ ʜʘ ʦʩʪʘʥʝ ʟʘʪʚʦʨʝʥ ʜʦʢ ʥʘʧʦʥ ʥʘ ὅ ʥʝ ʦʩʪʚʘʨʠ ʫʩʪʘˀʝʥʦ ʩʪʘˁʝ ʩʘ 
ʧʨʠʭʚʘʪˀʠʚʠʤ ʦʜʩʪʫʧʘˁʝʤ ʦʜ ʿʝʜʥʝ ʧʦʣʦʚʠʥʝ ʠʣʠ ʯʝʪʚʨʪʠʥʝ ʚʨʝʜʥʦʩʪʠ ʢʚʘʥʪʘ ʥʘʿʤʘˁʝ 

ʪʝʞʠʥʝ, ή . ɺʨʝʤʝ S&H ʧʨʦʮʝʩʘ ʿʝ ʜʦʤʠʥʘʥʪʥʦ ʦʜʨʝʹʝʥʦ ʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʫʣʘʟʥʦʛ 

ʩʠʛʥʘʣʘ. ʉʠʛʥʘʣʠ ʚʝ˂ʝʛ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛ, ʟʘ ʧʦʪʨʝʙʝ ʨʝʛʫʣʘʮʠʿʝ, ʦʜʘʙʠʨʘʿʫ ʩʝ ʫʟ ʤʠʥʠʤʘʣʥʘ 

ʢʘʰˁʝˁʘ. ɿʘ ʩʠʛʥʘʣʝ ʥʠʞʝʛ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʢʦʨʠʩʪʝ ʩʝ ʝʢʩʪʝʨʥʠ ʦʧʝʨʘʮʠʦʥʠ ʧʦʿʘʯʘʚʘʯʠ ʫ 

ʬʦʨʤʠ ʤʝʹʫʩʧʨʝʤʥʠʢʘ (ʝʥʛʣ. buffer), ʢʘʢʦ ʙʠ ʩʝ ʝʬʝʢʪʠʚʥʦ ʫʚʝ˂ʘʦ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʫʣʘʟʥʦʛ 

ʩʠʛʥʘʣʘ ʠ ʟʘʜʦʚʦˀʠʦ ʧʨʦʟʦʨ S&H ʢʦʣʘ. ʇʦ ʟʘʚʨʰʝʪʢʫ ʧʫˁʝˁʘ ὅ, ʧʨʝʢʠʜʘʯ ʩʝ ʦʪʚʘʨʘ ʠ ʧʦʯʠˁʝ 

ʢʦʥʚʝʨʟʠʿʘ. ʂʦʥʚʝʨʟʠʿʘ ʠʣʠ ʢʦʜʠʨʘˁʝ, ʧʦʜʨʘʟʫʤʝʚʘ ʧʨʝʪʚʘʨʘˁʝ ʘʢʫʤʫʣʠʩʘʥʦʛ ʥʘʧʦʥʘ ʥʘ 

ʢʦʥʜʝʥʟʘʪʦʨʫ ὅ ʫ n-ʙʠʪʥʠ ʙʠʥʘʨʥʠ ʙʨʦʿ ʧʫʪʝʤ ʢʚʘʥʪʠʟʝʨʘ. ʆʜʚʘʿʘˁʝʤ ʢʚʘʥʪʠʟʝʨʘ ʦʜ ʫʣʘʟʥʦʛ 

ʩʠʛʥʘʣʘ ʯʫʚʘ ʩʝ ʠʥʪʝʛʨʠʪʝʪ ʢʦʥʚʝʨʟʠʿʝ ʠ ʩʧʨʝʯʘʚʘʿʫ ʩʝ ʧʨʦʤʝʥʝ ʥʘʧʦʥʘ ʥʘ ὅ ʪʦʢʦʤ ʪʨʘʿʘˁʘ 
ʢʦʥʝʨʟʠʿʝ. ʆʜʘʙʠʨʘˁʝ ʩʠʛʥʘʣʘ ʫ ʜʠʩʢʨʝʪʥʠʤ ʪʨʝʥʫʮʠʤʘ ʫʥʦʩʠ ʛʨʝʰʢʫ ʫ ʚʠʜʫ ʥʝʜʦʩʪʘʪʢʘ 

ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʧʨʦʤʝʥʠ ʚʝʣʠʯʠʥʝ ʦʜ ʟʥʘʯʘʿʘ ʠʟʤʝʹʫ ʪʨʝʥʫʪʘʢʘ ʦʜʘʙʠʨʘˁʘ. ʉʘ ʧʦʨʘʩʪʦʤ 

ʨʝʟʦʣʫʮʠʿʝ ɸɼ ʢʦʥʚʝʨʟʠʿʝ, ʨʘʩʪʝ ʚʨʝʤʝ ʧʦʪʨʝʙʥʦ ʟʘ ʢʦʥʚʝʨʟʠʿʫ ‏ . ɺʨʝʤʝ ʧʦʪʨʝʙʥʦ ʟʘ ʿʝʜʥʫ 

ʢʦʥʚʝʨʟʠʿʫ ʿʝʜʥʦʛ ʘʥʘʣʦʛʥʦʛ ʩʠʛʥʘʣʘ (ʝʥʛʣ. S&H acquisition time window), ʪʿ. ʢʘʰˁʝˁʝ, ʤʦʞʝ ʩʝ 

ʥʝʟʘʚʠʩʥʦ ʢʦʥʪʨʦʣʠʩʘʪʠ, ʘ ʟʘ 12-ʙʠʪʥʠ ʢʦʥʚʝʨʪʦʨ ʟʘʭʪʝʚʘ ʦʢʦ 200 ns. S&H ʧʨʦʮʝʩ, ʧʨʦʮʝʩ 

ʢʦʥʚʝʨʟʠʿʝ ʠ ʧʨʦʮʝʩ ʫʧʠʩʠʚʘˁʘ ʫ ʨʝʛʠʩʪʘʨ ʟʘ ʨʝʟʫʣʪʘʪʝ ʪʨʘʿʝ ʦʢʦ 300 ns, ʢʘʦ ʰʪʦ ˂ʝ ʙʠʪʠ 

ʧʦʢʘʟʘʥʦ ʫ ʯʝʪʚʨʪʦʤ ʧʦʛʣʘʚˀʫ. ʋ ʩʣʫʯʘʿʫ ʢʦʥʚʝʨʟʠʿʝ ʚʝ˂ʝʛ ʙʨʦʿʘ ʘʥʘʣʦʛʥʠʭ ʢʘʥʘʣʘ ʢʘʰˁʝˁʝ 

ʢʦʥʚʝʨʟʠʿʝ ‏  ʤʦʞʝ ʙʠʪʠ ʟʥʘʯʘʿʥʦ. ʇʨʦʮʝʩ ɸɼ ʢʦʥʚʝʨʟʠʿʝ, ʟʘʿʝʜʥʦ ʩʘ ʘʥʘʣʦʛʥʠʤ ʠ 

ʜʠʛʠʪʘʣʥʠʤ ʬʠʣʪʨʠʤʘ, ʫʪʠʯʝ ʥʘ ʫʢʫʧʥʘ ʪʨʘʥʩʧʦʨʪʥʘ ʢʘʰˁʝˁʘ ʫ ʧʦʚʨʘʪʥʦʿ ʛʨʘʥʠ, ʪʿ. ʦʜʨʝʹʫʿʫ 

ʜʠʥʘʤʠʯʢʘ ʠ ʩʪʘʪʠʯʢʘ ʧʦʥʘʰʘˁʘ ʢʦʣʘ ʟʘ ʤʝʨʝˁʝ ʩʪʨʫʿʝ, ʢʦʿʘ ʦʛʨʘʥʠʯʘʚʘʿʫ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʉɸʈ.  

ɼʠʩʢʨʝʪʠʟʘʮʠʿʘ ʧʦ ʘʤʧʣʠʪʫʜʠ ʜʦʚʦʜʠ ʜʦ ʛʫʙˀʝˁʘ ʠʥʬʦʨʤʘʮʠʿʘ ʫʩʣʝʜ ʢʦʜʠʨʘˁʘ ʥʘʧʦʥʩʢʦʛ 

ʩʠʛʥʘʣʘ ʩʘ ʢʦʥʘʯʥʠʤ ʙʨʦʿʝʤ ʨʘʟʣʠʯʠʪʠʭ ʥʠʚʦʘ ʢʦʿʠ ʟʘʚʠʩʠ ʦʜ ʙʨʦʿʘ ʙʠʪʘ ɸɼ ʢʦʥʚʝʨʪʦʨʘ. ʂʦʨʘʢ 

ʢʚʘʥʪʠʟʘʮʠʿʝ ʦʜʛʦʚʘʨʘ ʙʠʪʫ ʥʘʿʤʘˁʝ ʪʝʞʠʥʝ ή . ʉʚʘʢʘ ʧʨʦʤʝʥʘ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʢʦʿʘ ʿʝ ʤʘˁʘ 

ʦʜ ή  ʥʝ˂ʝ ʙʠʪʠ ʧʨʝʧʦʟʥʘʪʘ ʫ ʢʦʥʚʝʨʟʠʿʠ. ʆʚʘʿ ʬʝʥʦʤʝʥ ʩʝ ʤʦʜʝʣʫʿʝ ʢʘʦ ʩʪʦʭʘʩʪʠʯʢʠ ʰʫʤ ʫ 

ʢʦʨʝʣʘʮʠʿʠ ʩʘ ʫʣʘʟʥʠʤ ʩʠʛʥʘʣʦʤ, ʩʘ ʫʥʠʬʦʨʤʥʦʤ ʚʝʨʦʚʘʪʥʦ˂ʦʤ ʛʫʩʪʠʥʝ ʝʥʝʨʛʠʿʝ ʫ ʩʧʝʢʪʨʫ. 

ʋʪʠʮʘʿ ʢʚʘʥʪʠʟʘʮʠʿʝ ʩʝ ʩʤʘˁʫʿʝ ʪʘʢʦ ʰʪʦ ʩʝ ʩʠʛʥʘʣ ʩʘ ʜʘʚʘʯʘ ʫ ʢʦʣʫ ʟʘ ʤʝʨʝˁʝ ʧʨʠʣʘʛʦʹʘʚʘˁʘ, 

ʪʘʢʦ ʜʘ ʧʨʠ ʢʦʥʚʝʨʟʠʿʠ ɸɼ ʢʦʥʚʝʨʪʦʨ ʢʦʨʠʩʪʠ ʤʘʢʩʠʤʘʣʘʥ ʙʨʦʿ ʙʠʪʘ. ɹʨʦʿ ʧʦʪʨʝʙʥʠʭ ʙʠʪʘ ɸɼ 

ʢʦʥʚʝʨʪʦʨʘ ʩʝ ʦʜʨʝʹʫʿʝ ʧʨʝʢʦ ʞʝˀʝʥʦʛ ʦʜʥʦʩʘ ʩʠʛʥʘʣ-h ʫʤ (ʝʥʛʣ. Signal-to-noise ratio - SNR) 

ʢʘʦ SNR = 6,02Ān + 1,76 [dB] [20]. ʂʦʥʘʯʥʘ ʪʘʯʥʦʩʪ ʘʨʠʪʤʝʪʠʯʢʦ-ʣʦʛʠʯʢʝ ʿʝʜʠʥʠʮʝ ɼʉʇ, ʢʦʿʘ 

ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʧʨʦʨʘʯʫʥ ʘʣʛʦʨʠʪʤʘ, ʜʦʚʦʜʠ ʜʦ ʟʘʦʢʨʫʞʠʚʘˁʘ (ʝʥʛʣ. rounding) ʠʣʠ ʟʘʥʝʤʘʨʠʚʘˁʘ 

 

 
ʉʣʠʢʘ 2.1. ʋʧʨʦʰ˂ʝʥʠ ʤʦʜʝʣ ʘʥʘʣʦʛʥʦ-ʜʠʛʠʪʘʣʥʦʛ ʢʦʥʚʝʨʪʦʨʘ. 
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(ʝʥʛʣ. truncation) ʢʘʢʦ ʙʠ ʩʝ ʧʨʦʤʝʥˀʠʚʝ, ʢʦʝʬʠʮʠʿʝʥʪʠ ʠʣʠ ʨʝʟʫʣʪʘʪʠ ʤʘʪʝʤʘʪʠʯʢʠʭ ʦʧʝʨʘʮʠʿʘ 

ʧʨʝʜʩʪʘʚʠʣʠ ʫ ʙʨʦʿʫ ʙʠʪʘ ʢʦʿʠ ʿʝ ʥʘ ʨʘʩʧʦʣʘʛʘˁʫ. ʆʚʝ ʘʢʮʠʿʝ ʜʦʚʦʜʝ ʜʦ ʘʨʠʪʤʝʪʠʯʢʝ 

ʢʚʘʥʪʠʟʘʮʠʿʝ, ʰʫʤʘ, ʠ ʜʦ ʠʟʤʝʥʝ ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʦʜʟʠʚʘ ʠ ʧʦʥʘʰʘˁʘ ʉɸʈ. ʅʘʚʝʜʝʥʠ ʧʨʦʙʣʝʤʠ 

ʩʫ ʠʟʨʘʞʝʥʠ ʢʦʜ 8-ʙʠʪʥʦʛ ʧʨʦʮʝʩʦʨʘ ʩʘ ʘʨʠʪʤʝʪʠʯʢʦʤ ʿʝʜʠʥʠʮʦʤ ʩʘ ʬʠʢʩʥʠʤ ʟʘʨʝʟʦʤ. ɸʢʦ 

ɼʉʇ ʠʤʘ 16 ʠʣʠ 32 ʙʠʪʘ ʥʘ ʨʘʩʧʦʣʘʛʘˁʫ ʥʘʚʝʜʝʥʠ ʧʨʦʙʣʝʤʠ ʩʫ ʤʘˁʝ ʠʟʨʘʞʝʥʠ, ʘ ʘʢʦ ɼʉʇ 

ʧʦʜʨʞʘʚʘ ʨʘʜ ʩʘ ʘʨʠʪʤʝʪʠʢʦʤ ʩʘ ʧʦʢʨʝʪʥʠʤ ʟʘʨʝʟʦʤ ʦʚʠ ʬʝʥʦʤʝʥʠ ʩʝ ʥʝʢʘʜʘ ʤʦʛʫ ʠ 

ʟʘʥʝʤʘʨʠʪʠ. ɼʘʥʘʩ ʩʝ ʫ ʠʥʜʫʩʪʨʠʿʠ, ʧʦʩʝʙʥʦ ʢʘʜʘ ʮʝʥʘ ʧʨʦʮʝʩʦʨʘ ʥʝ ʫʪʠʯʝ ʟʥʘʯʘʿʥʦ ʥʘ ʮʝʥʫ 

ɽʇ, ʢʦʨʠʩʪʝ ɼʉʇ ʢʦʿʠ ʧʦʜʨʞʘʚʘʿʫ ʘʨʠʪʤʝʪʠʢʫ ʩʘ ʧʦʢʨʝʪʥʠʤ ʟʘʨʝʟʦʤ ʠ 16-ʙʠʪʥʫ ʠʣʠ 32-ʙʠʪʥʫ 

ʘʨʭʠʪʝʢʪʫʨʫ. ɼʘʢʣʝ, ʧʨʦʮʝʩ ɸɼ ʢʦʥʚʝʨʟʠʿʝ ʤʦʞʝ ʫʪʠʮʘʪʠ ʥʘ ʨʘʜ sensorless ɽʇ. ʅʘ ʉʣʠʮʠ 2.2. 

ʿʝ ʤʦʜʝʣʠʨʘʥ ʢʘʦ ʢʘʩʢʘʜʥʘ ʚʝʟʘ ʠʜʝʘʣʥʦʛ ʦʜʘʙʠʨʘʯʘ, ʠʥʪʝʨʥʦʛ RC ʬʠʣʪʨʘ ʠ ʫʥʠʬʦʨʤʥʦʛ n-

ʙʠʪʥʦʛ ʢʚʘʥʪʠʟʝʨʘ ʫʟ ʜʦʜʘʚʘˁʝ ʦʧʠʩʘʥʦʛ ʰʫʤʘ ʥʘ ʠʟʣʘʟʫ, ʟʘ ʦʧʠʩʠʚʘˁʝ 

- ʢʦʥʘʯʥʝ ʘʨʠʪʤʝʪʠʯʢʝ ʠ ʢʚʘʥʪʠʟʘʮʠʦʥʝ ʪʘʯʥʦʩʪʠ; 

- ʘʤʧʣʠʪʫʜʩʢʝ ʢʚʘʥʪʠʟʘʮʠʿʝ ʪʦʢʦʤ ʢʦʥʚʝʨʟʠʿʝ ʥʘʧʦʥʘ ʫ ʜʠʛʠʪʘʣʥʫ ʨʝʯ, ʠ; 

- ʢʘʰˁʝˁʝ ʧʨʠʣʠʢʦʤ ʦʜʘʙʠʨʘˁʘ ʩʠʛʥʘʣʘ ʫ ʜʠʩʢʨʝʪʥʠʤ ʚʨʝʤʝʥʩʢʠʤ ʪʨʝʥʫʮʠʤʘ. 

ɼʉʇ, ʢʘʦ ʛʣʘʚʥʠ ʝʣʝʤʝʥʪ ʫʧʨʘʚˀʘʯʢʦʛ ʫʨʝʹʘʿʘ, ʥʘ ʧʨʝʜʝʬʠʥʠʩʘʥ ʥʘʯʠʥ ʧʨʠʢʫʧˀʘ ʧʦʜʘʪʢʝ 

ʩʘ ʜʘʚʘʯʘ ʠ ʠʥʬʦʨʤʘʮʠʦʥʦʛ ʫʨʝʹʘʿʘ ʫ ɽʇ ʠ ʥʘ ʦʩʥʦʚʫ ˁʠʭ ʧʨʠʤʝʥʦʤ ʨʘʟʥʠʭ ʘʣʛʦʨʠʪʘʤʘ ʜʝʣʫʿʝ 

ʫʧʨʘʚˀʘˁʝʤ ʢʘ ʠʤʧʫʣʩʥʦʤ ʧʦʿʘʯʘʚʘʯʫ. ɼʘʢʣʝ, ɼʉʇ ʿʝ ʠʟʣʦʞʝʥ ʥʠʟʫ ʫʥʫʪʨʘʰˁʠʭ ʠ ʩʧʦˀʘʰˁʠʭ 

ʜʦʛʘʹʘʿʘ, ʧʨʝʢʠʜʘ, ʯʠʿʠ ʥʘʠʣʘʟʘʢ ʟʘʭʪʝʚʘ ʪʨʝʥʫʪʥʫ ʧʘʞˁʫ, ʦʙʨʘʜʫ ʠ ʧʨʠʤʝʥʫ ʘʜʝʢʚʘʪʥʦʛ 

ʘʣʛʦʨʠʪʤʘ. ɸʣʛʦʨʠʪʤʠ ʢʦʿʠ ʩʝ ʠʤʧʣʝʤʝʥʪʠʨʘʿʫ ʥʘ ʧʨʦʮʝʩʦʨʫ ʟʘʭʪʝʚʘʿʫ ʜʘ ʩʝ ʚʝ˂ʠ ʙʨʦʿ 

ʤʘʪʝʤʘʪʠʯʢʠʭ ʦʧʝʨʘʮʠʿʘ ʦʙʘʚˀʘ ʙʨʟʦ, ʝʬʠʢʘʩʥʦ ʠ ʨʝʢʫʨʟʠʚʥʦ ʧʨʝʤʘ ʧʦʚʦʨʮʠ ʧʦʜʘʪʘʢʘ 

ʧʨʠʢʫʧˀʝʥʠʭ ʠʟ Eʇ. ɿʘ ʦʚʝ ʧʦʪʨʝʙʝ, ʢʦʨʠʩʪʝ ʩʝ ʤʦʜʫʣʠ ʟʘ ʭʘʨʜʚʝʨʩʢʫ ʧʦʜʨʰʢʫ ʢʦʿʠ ʨʘʩʪʝʨʝ˂ʫʿʫ 

ʨʘʜ CPU, ʧʝʨʠʬʝʨʠʿʝ, ʧʦʧʫʪ ʧʝʨʠʬʝʨʠʿʝ ʟʘ ɸɼ ʢʦʥʚʝʨʟʠʿʫ. ʇʨʝʛʣʝʜ ʦʩʥʦʚʥʠʭ ʧʝʨʠʬʝʨʠʿʘ ʢʦʿʝ 

ʩʝ ʛʦʪʦʚʦ ʫʚʝʢ ʢʦʨʠʩʪʝ ʫ ɽʇ ʩʫ ʧʨʠʢʘʟʘʥʝ ʥʘ ʉʣʠʮʠ 2.3. ɼʉʇ ʠʤʘ ʥʠʟ ʧʝʨʠʬʝʨʠʿʘ ʟʘ 

ʠʥʪʝʨʘʢʮʠʿʫ ʩʘ ʝʣʝʤʝʥʪʠʤʘ ɽʇ ʧʦʧʫʪ ʧʝʨʠʬʝʨʠʿʝ ʟʘ ʦʙʨʘʜʫ ʝʥʢʦʜʝʨʩʢʠʭ ʠʤʧʫʣʩʘ (ʝʥʛʣ. 

Enhanced Quadrature Encoder Pulse ï ʝQEP), ʧʝʨʠʬʝʨʠʿʝ ʟʘ ʩʝʨʠʿʩʢʫ ʢʦʤʫʥʠʢʘʮʠʿʫ (ʝʥʛʣ. Serial 

Communication Interface), ʟʘ ʧʝʨʠʬʝʨʠʿʩʢʠ ʠʥʪʝʨʬʝʿʩ (ʝʥʛʣ. Serial Peripheral Interface), ʟʘ 

ʢʦʤʫʥʠʢʘʮʠʿʫ ʠʟʤʝʹʫ ʿʝʟʛʘʨʘ ʧʨʦʮʝʩʦʨʘ (ʝʥʛʣ. Inter-Integrated Circuit Module), ʟʘ ʠʥʜʫʩʪʨʠʿʩʢʝ  

 

 
ʉʣʠʢʘ 2.2. ʅʝʩʘʚʨʰʝʥʦʩʪʠ ʧʨʠ ʨʘʜʫ ʠʥʚʝʨʪʦʨʘ. 
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ʉʣʠʢʘ 2.3. ʇʨʝʛʣʝʜ ʙʠʪʥʠʭ ʭʘʨʜʚʝʨʩʢʠʭ ʧʝʨʠʬʝʨʠʿʘ ʫ ɼʉʇ. 

 

ʢʦʤʫʥʠʢʘʮʠʦʥʝ ʧʨʦʪʦʢʦʣʝ (ʝʥʛʣ. Controller Area Network, Universal Serial Bus), ʟʘ ʧʦʪʨʝʙʝ 

ʢʦʤʫʥʠʢʘʮʠʿʝ ʩʘ ʦʢʨʫʞʝˁʝʤ, ʨʘʟʚʦʿʘ ʠ ʪʝʩʪʠʨʘˁʘ ʩʦʬʪʚʝʨʘ (ʝʥʛʣ. Joint Test Action Group) ʠʪʜ. 

ʉʚʘʢʘ ʧʝʨʠʬʝʨʠʿʘ ʟʘʭʪʝʚʘ ʩʚʦʿʘ ʧʨʠʣʘʛʦʜʥʘ ʢʦʣʘ ʢʘʢʦ ʙʠ ʩʝ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪ ʥʘʧʦʥʘ ʠ ʩʪʨʫʿʘ 

ʧʨʠʣʘʛʦʜʠʣʝ ʦʯʝʢʠʚʘʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʥʘ ʫʣʘʟʠʤʘ ʫ ɼʉʇ. ʊʘʢʦʹʝ, ʩʚʘʢʘ ʦʜ ʧʝʨʠʬʝʨʠʿʘ ʠʤʘ 

ʧʨʝʜʝʬʠʥʠʩʘʥʝ ʭʘʨʜʚʝʨʩʢʠ ʧʦʚʝʟʘʥʝ ʧʠʥʦʚʝ ʟʘ ʧʦʪʨʝʙʝ ʯʠʪʘˁʘ ʠʣʠ ʩʣʘˁʘ ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʤʦʛʫ 

ʠ ʥʝ ʤʦʨʘʿʫ ʙʠʪʠ ʦʧʰʪʝ ʥʘʤʝʥʝ (ʝʥʛʣ. general purpose input/output ï GPIO) 

ʉʧʦˀʘʰˁʠ ʧʨʝʢʠʜʠ ʥʘʩʪʘʿʫ ʩʘ ʧʨʦʤʝʥʦʤ ʩʪʘˁʘ ʫʣʘʟʥʠʭ ʩʠʛʥʘʣʘ ʠʟ ɽʇ, ʘ ʫʥʫʪʨʘʰˁʠ ʫʩʣʝʜ 

ʧʨʦʤʝʥʝ ʩʪʘˁʘ ʧʨʝʜʝʬʠʥʠʩʘʥʠʭ ʙʨʦʿʘʯʘ ʫ ɼʉʇ (ʝʥʛʣ. level triggered). ʆʙʨʘʜʘ ʩʚʠʭ ʧʨʝʢʠʜʘ ʩʝ 

ʠʟʚʨʰʘʚʘ ʜʝʬʠʥʠʩʘˁʝʤ ʩʠʩʪʝʤʘ ʧʨʝʢʠʜʘ, ʢʦʿʠ ʦʙʘʚʝʰʪʘʚʘ ʧʨʦʮʝʩʦʨ ʦ ʥʘʩʪʘʣʦʤ ʜʦʛʘʹʘʿʫ ʠ 

ʦʜʣʫʯʫʿʝ ʪʠʧ ʨʝʘʢʮʠʿʝ. ʉʠʩʪʝʤ ʧʨʝʢʠʜʘ ʢʦʜ ʤʦʜʝʨʥʠʭ ɼʉʇ ʨʘʩʧʦʣʘʞʝ ʩʘ 16 ʧʨʝʜʝʬʠʥʠʩʘʥʠʭ 

ʛʣʦʙʘʣʥʠʭ ʧʨʝʢʠʜʘ, ʢʦʿʠ ʜʝʣʫʿʫ ʜʠʨʝʢʪʥʦ ʥʘ CPU, ʠ 96 ʛʨʫʧʥʠʭ ʧʨʝʢʠʜʘ ʢʦʿʠ ʜʝʣʫʿʫ ʥʘ 

ʭʘʨʜʚʝʨʩʢʝ ʧʝʨʠʬʝʨʠʿʝ, ʰʪʦ ʿʝ ʫʛʣʘʚʥʦʤ ʜʦʚʦˀʥʦ ʟʘ ʧʦʪʨʝʙʝ ɽʇ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʨʠʦʨʠʪʝʪʘ, 

ʧʦʩʨʝʜʩʪʚʦʤ CPU ʧʨʝʢʠʜʠ ʩʝ ʠʛʥʦʨʠʰʫ ʠʣʠ ʩʪʘʚˀʘʿʫ ʥʘ ʯʝʢʘˁʝ (ʝʥʛʣ. maskable interrupt) ʠʣʠ 

ʧʦʢʨʝ˂ʫ ʪʨʝʥʫʪʥʫ ʨʝʘʢʮʠʿʫ (ʝʥʛʣ. non-maskable interrupt). ʇʨʝʢʠʜʠ ʥʘʿʚʝ˂ʝʛ ʧʨʠʦʨʠʪʝʪʘ ʩʫ 

ʘʧʝʨʠʦʜʠʯʥʠ ʠ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʩʧʦˀʘʰˁʠʭ ʧʨʦʤʝʥʘ, ʧʨʠ ʭʘʨʜʚʝʨʩʢʠʤ ʢʚʘʨʦʚʠʤʘ, ʜʝʙʘʛʦʚʘˁʫ 

ʠʣʠ ʧʦʥʦʚʥʦʤ ʧʦʢʨʝʪʘˁʫ ʩʠʩʪʝʤʘ, ʠʪʜ. ʅʘ ʦʚʝ ʧʨʝʢʠʜʝ ʿʝ ʧʦʪʨʝʙʥʦ ʨʝʘʛʦʚʘʪʠ ʪʨʝʥʫʪʥʦ, ʘ 

ʧʦʟʚʘʥʠ ʘʣʛʦʨʠʪʘʤ ʥʝ ʩʤʝ ʙʠʪʠ ʦʤʝʪʘʥ ʪʦʢʦʤ ʨʘʜʘ. ʋ ʥʦʨʤʘʣʥʦʤ ʨʘʜʫ ʧʦʩʪʦʿʝ ʧʝʨʠʦʜʠʯʥʠ 

ʘʢʫʤʫʣʘʮʠʦʥʠ ʧʨʝʢʠʜʠ ʧʦ ʦʯʝʢʠʚʘʥʦʤ ʰʘʙʣʦʥʫ, ʪʿ. ʧʦ ʧʨʠʢʫʧˀʘˁʫ ʧʨʝʜʝʬʠʥʠʩʘʥʦʛ ʩʢʫʧʘ 

ʧʦʜʘʪʘʢʘ ʠʣʠ ʦʩʪʚʘʨʝʥʦʿ ʚʨʝʜʥʦʩʪʠ ʢʦʥʬʠʛʫʨʠʩʘʥʦʛ ʙʨʦʿʘʯʘ. ʋ ʮʠˀʫ ʦʯʫʚʘˁʘ ʩʠʥʭʨʦʥʠʟʘʮʠʿʝ 

ʩʠʩʪʝʤʘ, ˁʠʭʦʚʦ ʠʟʚʨʰʘʚʘˁʝ ʿʝ ʦʨʛʘʥʠʟʦʚʘʥʦ ʧʨʝʢʠʜʥʦʤ ʨʫʪʠʥʦʤ (ʝʥʛʣ. interrupt servise 

routine - ISR) ʪʘʢʦ ʜʘ ʩʝ ʤʠʥʠʤʠʟʠʨʘ ʢʘʰˁʝˁʝ ʫ ʠʟʚʨʰʘʚʘˁʫ ʧʨʝʜʚʠʹʝʥʠʭ ʠʥʩʪʨʫʢʮʠʿʘ ʢʘʦ ʠ 

ʜʘ ʩʝ ʩʚʝ ʠʥʩʪʨʫʢʮʠʿʝ ʢʦʿʝ ʨʫʪʠʥʘ ʧʦʜʨʘʟʫʤʝʚʘ ʠʟʚʨʰʝ ʜʦ ʧʦʿʘʚʝ ʥʘʨʝʜʥʦʛ ʧʝʨʠʦʜʠʯʥʦʛ 

ʧʨʝʢʠʜʘ. ɼʝʬʠʥʠʩʘˁʝ ʧʨʝʢʠʜʘ ʧʦ ʧʨʠʦʨʠʪʝʪʫ, ʤʝʹʫʩʦʙʥʘ ʠʥʪʝʨʘʢʮʠʿʘ ʠ ʩʠʥʭʨʦʥʠʟʘʮʠʿʘ 

ʧʝʨʠʬʝʨʠʿʘ, ʠ ʦʛʨʘʥʠʟʘʮʠʿʘ ISR ʦʩʪʚʘʨʫʿʝ ʩʝ ʩʦʬʪʚʝʨʩʢʠʤ ʧʫʪʝʤ, ʭʘʨʜʚʝʨʩʢʦʤ ʢʦʥʬʠʛʫʨʘʮʠʿʦʤ 

ɼʉʇ ʧʦʜʝʰʘʚʘˁʝʤ ʜʝʢʣʘʨʠʩʘʥʠʭ ʧʝʨʠʬʝʨʠʿʩʢʠʭ ʨʝʛʠʩʪʘʨʘ ʠ ʫʧʦʪʨʝʙʦʤ ʪʘʙʣʠʮʝ ʚʝʢʪʦʨʘ 

ʧʨʝʢʠʜʘ (ʝʥʛʣ. Peripheral Interrupt Expansion - PIE). ʊʘʙʣʠʮʘ ʩʝ ʤʘʧʠʨʘ ʪʦʢʦʤ ʠʥʠʮʠʿʘʣʠʟʘʮʠʿʝ 

ɼʉʇ. PIE ʤʫʣʪʠʧʣʝʢʩʝʨʠ ʪʦʢʦʤ ʨʘʜʘ ʧʨʠ ʩʚʘʢʦʤ ʧʨʝʢʠʜʫ ʩʘ ʧʝʨʠʬʝʨʠʿʘ ʠʣʠ ʝʢʩʪʝʨʥʠʭ ʠʟʚʦʨʘ 

ʬʦʨʤʠʨʘʿʫ ʿʝʜʘʥ ʚʝʢʪʦʨ ʥʘ ʦʩʥʦʚʫ ʢʦʿʠʭ ʩʝ ʬʦʨʤʠʨʘ ʿʝʜʠʥʩʪʚʝʥʘ ISR. ʇʨʝʢʠʜʠ ʢʦʿʠ ʥʝ ʠʜʫ ʢʨʦʟ 

ʤʫʣʪʠʧʣʝʢʩʝʨʝ ʜʠʨʝʢʪʥʦ ʩʝ ʰʘˀʫ ʥʘ CPU. ʊʦʢʦʤ ʠʟʚʨʰʘʚʘˁʘ ISR, CPU ʧʨʝʫʟʠʤʘ ʧʨʝʢʠʜʥʠ 

ʚʝʢʪʦʨ ISR ʠʟ ʨʝʛʠʩʪʘʨʘ PIE ʤʦʜʫʣʘ, ʪʿ. ʘʜʨʝʩʝ ʠʟ RAM ʤʝʤʦʨʠʿʝ, ʜʝʢʦʜʫʿʝ ʧʨʠʦʨʠʪʝʪʝ ʧʨʝʢʠʜʘ 

ʠ ʫ ʪʨʘʿʘˁʫ ʦʜ 9 ʫʜʘʨʘ ʩʠʩʪʝʤʩʢʦʛ ʩʘʪʘ ʨʝʘʛʫʿʝ ʥʘ ʧʦʟʠʚʘʥʠ ʥʠʟ ʧʨʝʢʠʜʘ. ʇʦʟʠʚʘˁʝ ʧʨʝʢʠʜʘ 

ʪʦʢʦʤ ISR ʦʨʛʘʥʠʟʫʿʝ ʩʝ ʢʦʨʠʰ˂ʝˁʝʤ ʠʥʢʨʝʤʝʥʪʘʣʥʠʭ 16-ʙʠʪʥʠʭ ʙʨʦʿʘʯʘ, ʥʘʤʝʥʩʢʠʭ ʤʦʜʫʣʘ 

ʟʘ ʤʝʨʝˁʝ ʚʨʝʤʝʥʘ. ɹʨʦʿʘʯʠ ʥʘ ʥʠʚʦʫ ʧʨʦʮʝʩʦʨʘ ʠ ʧʝʨʠʬʝʨʠʿʘ ʤʦʨʘʿʫ ʙʠʪʠ ʩʠʥʭʨʦʥʠʟʦʚʘʥʠ. 

ʄʦʛʫ ʙʠʪʠ ʫʟʣʘʟʥʦ ʠʣʠ ʩʠʣʘʟʥʦ ʘʩʠʤʝʪʨʠʯʥʠ ʠʣʠ ʫʣʘʟʥʦ-ʩʠʣʘʟʥʦ ʩʠʤʝʪʨʠʯʥʠ. ɹʨʟʠʥʘ ʧʨʦʤʝʥʝ 

ʩʪʘˁʘ ʙʨʦʿʘʯʘ ʧʦʩʪʠʞʝ ʩʝ ʩʢʘʣʠʨʘˁʝʤ ʚʨʝʜʥʦʩʪʠ ʩʠʩʪʝʤʩʢʦʛ ʩʘʪʘ.  
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ʄʠʥʠʤʠʟʘʮʠʿʝ ʢʘʰˁʝˁʘ ʧʨʦʮʝʩʘ ɸɼ ʢʦʥʚʝʨʟʠʿʝ ‏  ʠ ʩʣʘʙˀʝˁʝ ʰʫʤʘ ʫʩʣʝʜ ʨʘʜʘ 

ʠʥʚʝʨʪʦʨʘ ʧʦʩʪʠʞʝ ʩʝ ʫʚʝ˂ʘˁʝʤ ʫʯʝʩʪʘʥʦʩʪʠ ʦʜʘʙʠʨʘˁʘ ʠ ʧʦʚʦˀʥʦʤ ʦʨʛʘʥʠʟʘʮʠʿʦʤ ʧʨʝʢʠʜʥʝ 

ʨʫʪʠʥʝ, ʪʿ. ʥʘʯʠʥʦʤ ʥʘ ʢʦʿʠ ʩʝ ʠʟʚʨʰʘʚʘʿʫ ʩʚʝ ʢʦʥʚʝʨʟʠʿʝ ʫ ɽʇ. ʂʦʥʚʝʨʪʦʨ ʯʝʩʪʦ ʨʘʩʧʦʣʘʞʝ ʩʘ 

8 ʜʚʦʢʘʥʘʣʠʥʠʭ ʤʦʜʫʣʘ, 16 ʥʝʟʘʚʠʩʥʠʭ ʫʣʘʟʘ (ʢʘʥʘʣʘ), ʢʦʿʠ ʩʫ ʦʜʘʙʠʨʦʤ ʤʫʣʪʠʧʣʝʢʩʝʨʘ 

ʧʦʚʝʟʘʥʠ ʩʘ ʿʝʜʥʠʤ ʠʣʠ ʜʚʘ ɮ&ʅ ʢʦʣʘ, ʢʘʦ ʥʘ ʉʣʠʮʠ 2.1. ɮ&ʅ ʢʦʣʦ ʤʦʞʝ ʜʘ ʨʘʜʠ ʫ ʩʠʤʫʣʪʘʥʦʤ 

ʠʣʠ ʩʝʢʚʝʥʮʠʿʘʣʥʦʤ ʤʦʜʫ. ʋ ʦʙʘ ʩʣʫʯʘʿʘ, ʤʦʛʫ˂ʝ ʿʝ ʘʫʪʦʤʘʪʩʢʠ ʜʝʬʠʥʠʩʘʪʠ ʧʨʦʮʝʩ ʢʦʥʚʝʨʟʠʿʝ, 

ʪʿ. ʜʝʬʠʥʠʩʘʪʠ ʢʘʥʘʣʝ ʟʘ ʦʜʘʙʠʨʘˁʝ ʫ ʧʨʦʠʟʚʦˀʥʦʤ ʨʝʜʦʩʣʝʜʫ (ʝʥʛʣ. auto sequencing), ʢʦʿʠ ʩʝ 

ʠʟʚʨʰʘʚʘ ʧʦ ʥʘʩʪʘʥʢʫ ʧʨʝʢʠʜʘ ʟʘ ʧʦʯʝʪʘʢ ʢʦʥʚʝʨʟʠʿʝ ʩʘ ʧʝʨʠʬʝʨʠʿʘ ʠʣʠ ʫʩʣʝʜ ʝʢʩʪʝʨʥʦʛ 

ʜʦʛʘʹʘʿʘ (ʝʥʛʣ. start of conversion ï SOC). ʄʦʛʫ˂ʝ ʿʝ ʠʩʪʠ ʢʘʥʘʣ ʜʝʬʠʥʠʩʘʪʠ ʚʠʰʝ ʧʫʪʘ ʫ 

ʩʝʢʚʝʥʮʠ ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʧʨʠʤʝʥʫ ʧʨʝʢʦʤʝʨʥʦʛ ʦʜʘʙʠʨʘˁʘ (ʝʥʛʣ. oversampling). ʉʠʤʫʣʪʘʥʦ, 

ʿʝʜʥʦʚʨʝʤʝʥʦ, ʦʜʘʙʠʨʘˁʝ ʜʚʘ ʩʠʛʥʘʣʘ ʫ ʧʘʨʫ ʩʘ ʜʚʘ ʨʘʟʣʠʯʠʪʘ ʤʦʜʫʣʘ ʟʘʭʪʝʚʘ ʜʘ ʩʫ ʥʘʧʦʥʩʢʘ 

ʨʘʟʜʝʰʝˁʘ ʿʝʜʥʘʢʘ ʥʘ ʦʙʘ ɮ&ʅ ʢʦʣʘ. ʉʝʢʚʝʥʮʠʿʘʣʥʦ ʦʜʘʙʠʨʘˁʝ ʧʨʫʞʘ ʤʦʛʫ˂ʥʦʩʪ 16 ʢʦʥʚʝʨʟʠʿʘ 

ʫ ʥʠʟʫ ʫ ʿʝʜʥʦʿ ʩʝʩʠʿʠ ʢʘʜʘ ʩʫ ʩʚʠ ʜʚʦʢʘʥʘʣʥʠ ʤʦʜʫʣʠ ʤʫʣʪʠʧʣʝʢʩʠʨʘʥʠ ʥʘ ʠʩʪʦ ɮ&ʅ ʢʦʣʦ. ʇʦ 

ʟʘʚʨʰʝʪʢʫ ʩʚʘʢʝ ʠʣʠ ʥʠʟʘ ʢʦʥʚʝʨʟʠʿʘ, ɸɼ ʢʦʥʚʝʨʪʦʨ ʤʦʞʝ ʜʘ ʠʟʘʟʦʚʝ ʩʚʦʿʝ ʧʨʝʢʠʜʝ ʢʘ CPU 

(ʝʥʛʣ. ɽnd of Conversion ï EOC). ʇʦ ʧʨʘʚʠʣʫ, ʦʚʠ ʧʨʝʢʠʜʠ ʧʦʢʨʝ˂ʫ ʨʘʜ ʧʝʨʠʬʝʨʠʿʝ ʟʘ ʜʠʨʝʢʪʘʥ 

ʧʨʠʩʪʫʧ ʤʝʤʦʨʠʿʠ (ʝʥʛʣ. Direct Memory Access ï DMA). DMA ʧʨʝʫʟʠʤʘ ʨʝʟʫʣʪʘʪʝ ʢʦʥʚʝʨʟʠʿʝ, 

ʜʠʛʠʪʘʣʥʝ ʨʝʯʠ ʢʦʿʦʤ ʩʫ ʢʦʜʠʨʘʥʝ ʠʟʤʝʨʝʥʠ ʩʠʛʥʘʣʠ, ʦʙʘʚˀʘ ʠʥʠʮʠʿʘʣʥʝ ʦʧʝʨʘʮʠʿʝ ʠ ʧʨʝʙʘʮʫʿʝ 

ʧʨʠʧʨʝʤˀʝʥʝ ʧʦʜʘʪʢʝ ʟʘ ʧʦʪʨʝʙʝ ʧʨʦʮʝʩʥʦʛ ʘʣʛʦʨʠʪʤʘ ʫ ʦʜʛʦʚʘʨʘʿʫ˂ʝ ʨʝʛʠʩʪʨʝ ʫ RAM 

ʤʝʤʦʨʠʿʠ ʢʦʿʠʤʘ CPU ʤʦʞʝ ʜʘ ʧʨʠʩʪʫʧʠ. ʇʦ ʧʨʝʙʘʮʠʚʘˁʫ ʧʦʜʘʪʘʢʘ ʫ ʨʝʛʠʩʪʨʝ, ʩʠʛʥʘʣʠʟʠʨʘ ʩʝ 

ʧʨʝʢʠʜ ʟʘ ʧʦʯʝʪʘʢ ʠʟʚʨʰʘʚʘˁʘ ʧʨʦʮʝʩʥʦʛ ʘʣʛʦʨʠʪʤʘ. CPU ʩʝ ʦʚʘʢʦ ʨʘʩʪʝʨʝ˂ʫʿʝ ʢʘʢʦ ʩʝ ʩʚʝ 

ʥʘʚʝʜʝʥʝ ʘʢʪʠʚʥʦʩʪʠ ʠʟʚʨʰʘʚʘʿʫ ʙʝʟ ˁʝʛʦʚʦʛ ʫʯʝʰ˂ʘ.  

 ʋʯʝʩʪʘʥʦʩʪ ʦʜʘʙʠʨʘˁʘ ʿʝ ʿʝʜʥʘʢʘ ʠʣʠ ʚʝ˂ʘ ʦʜ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʢʠʜʘˁʘ. ʇʨʝʢʠʜʠ ʩʝ ʤʦʛʫ 

ʧʦʟʠʚʘʪʠ ʧʨʠ ʧʨʦʠʟʚʦˀʥʦʿ ʚʨʝʜʥʦʩʪʠ ʙʨʦʿʘʯʘ ʧʘ ʩʝ ʧʨʝʢʠʜʥʘ ʨʫʪʠʥʘ ʤʦʞʝ ʦʨʛʘʥʠʟʦʚʘʪʠ ʪʘʢʦ 

ʜʘ ʩʝ ʧʨʠʤʝʥʠ ʩʠʥʭʨʦʥʦ ʦʜʘʙʠʨʘˁʝ, ʢʦʿʝ ʪʝʦʨʠʿʩʢʠ ʦʙʝʟʙʝʹʫʿʝ ʧʦʜʘʪʘʢ ʙʝʟ ʫʪʠʮʘʿʘ ʧʨʝʢʠʜʘˁʘ 

ʠʥʚʝʨʪʦʨʘ [6], [20]. ʄʦʞʝ ʩʝ ʧʦʢʘʟʘʪʠ ʜʘ ʦʚʦ ʥʠʿʝ ʤʦʛʫ˂ʝ ʦʩʪʚʘʨʠʪʠ ʘʢʦ ʩʝ ʧʨʠ ʜʝʬʠʥʠʩʘˁʫ 

ʪʨʝʥʫʪʢʘ ʦʜʘʙʠʨʘˁʘ ʥʝ ʫʚʘʞʝ ʦʪʧʦʨʥʦʩʪʠ ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ, ʢʘʰˁʝˁʘ ʫʩʣʝʜ ʜʠʛʠʪʘʣʥʝ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʠ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ, ʫʪʠʮʘʿ ʣʠʥʠʿʩʢʠʭ ʥʘʧʦʥʘ ʥʘ ʩʪʨʫʿʫ ʦʧʪʝʨʝ˂ʝˁʘ ʢʦʜ ɸʄ ʩʘ 

ʠʟʦʣʦʚʘʥʠ ʟʚʝʟʜʠʰʪʝʤ, ʫʪʠʮʘʿʠ ʧʘʨʘʟʠʪʥʠʭ ʩʪʨʫʿʘ ʫʩʣʝʜ ʠʥʪʝʨʘʢʮʠʿʘ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʢʘʙʣʦʚʘ, 

ʰʪʘʤʧʘʥʠʭ ʧʣʦʯʘ, ʪʨʘʥʟʠʩʪʦʨʘ ʠ ʥʘʤʦʪʘʿʘ ʩʘ ʠʥʜʫʢʪʠʚʥʦʩʪʠʤʘ ʥʘʤʦʪʘʿʘ ʠ ʰʪʘʤʧʘʥʠʭ ʧʣʦʯʘ, 

ʫʩʣʝʜ ʣʦʰʝ ʜʠʥʘʤʠʢʝ ʢʦʤʫʪʦʚʘˁʘ ʧʨʝʢʠʜʘʯʘ, ʠʪʜ. [6]. ʉʣʘʙˀʝˁʝ ʰʫʤʘ ʢʦʿʠ ʥʘʩʪʘʿʝ ʫʩʣʝʜ 

ʧʨʝʢʠʜʘʯʢʦʛ ʨʘʜʘ ʠʥʚʝʨʪʦʨʘ, ʙʝʟ ʫʚʝ˂ʘˁʘ ʚʨʝʤʝʥʩʢʝ ʢʦʥʩʪʘʥʪʝ ʬʠʣʪʨʘ (2.1), ʤʦʛʫ˂ʝ ʿʝ 

ʦʩʪʚʘʨʠʪʠ ʧʨʠʤʝʥʦʤ ʧʨʝʢʦʤʝʨʥʦʛ ʦʜʘʙʠʨʘˁʘ. ʆʚʦ ʧʦʜʨʘʟʫʤʝʚʘ ʫʧʦʪʨʝʙʫ ʫʩʨʝʜˁʝʥʝ ʚʨʝʜʥʦʩʪ 

ʩʠʛʥʘʣʘ, ʥʧʨ. ʩʪʨʫʿʝ, ʢʘʦ ʧʦʚʨʘʪʥʦʛ ʩʠʛʥʘʣʘ ʟʘ ʧʦʪʨʝʙʝ ʨʝʛʫʣʘʮʠʿʝ. ʋʩʨʝʜˁʘʚʘ ʩʝ ς  ʦʜʙʠʨʘʢʘ, 

ʝʢʚʠʜʠʩʪʘʥʪʥʦ ʧʦʤʝʨʝʥʠʭ ʟʘ Ὕ , Ὥ ὸ‏ ὲὝ , ʪʦʢʦʤ ʿʝʜʥʦʤ ʧʝʨʠʦʜʘ ʠʤʧʫʣʩʥʦ-h ʠʨʠʥʩʢʝ 

ʤʦʜʫʣʘʮʠʿʝ, Ὕ , ʛʜʝ ʿʝ Ὕ Ὕ ὔϳ  ʠ ὔ  4, 8, 16, 32... ʀʟʚʨʰʘʚʘˁʝ ʧʨʝʢʦʤʝʨʥʦʛ 

ʦʜʘʙʠʨʘˁʘ ʿʝ ʩʠʥʭʨʦʥʠʟʦʚʘʥʦ ʩʘ ʨʘʜʦʤ PWM. ʉʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʩʪʨʫʿʝ, ʟʘ ὔ σς, ʿʝ ʜʘʪʘ ʢʘʦ 

 

Ὥ
ρ

ὔ
ὭὲὝ ὯὝ

ρ

σς
ὭὲὝ ὯὝ ȟ ςȢς 

 

ʧʘ ʩʝ ʫʪʠʮʘʿ ʧʨʝʢʦʤʝʨʥʦʛ ʦʜʘʙʠʨʘˁʘ ʥʘ ʨʘʜ ʉɸʈ ʤʦʞʝ ʤʦʜʝʣʦʚʘʪʠ ʧʨʝʤʘ ʧʝʨʠʦʜʠ Ὕ , ʢʘʦ  
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ʇʨʝʢʦʤʝʨʥʦ ʦʜʘʙʠʨʘˁʝ ʩʝ ʘʫʪʦʤʘʪʠʟʫʿʝ ʢʦʥʬʠʛʫʨʘʮʠʿʦʤ DMA ʧʝʨʠʬʝʨʠʿʝ ʜʘ ʩʘʢʫʧˀʘ ʠ 

ʧʨʝʙʘʮʫʿʝ ʦʜʙʠʨʢʝ ʫ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʜʝʦ RAM ʤʝʤʦʨʠʿʝ ʙʝʟ ʫʢˀʫʯʝˁʘ CPU. DMA ʧʝʨʠʬʝʨʠʿʘ 
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ʪʘʢʦʹʝ ʨʘʜʠ ʥʘ ʦʩʥʦʚʫ ʧʨʝʢʠʜʘ. DMA ʧʦʢʨʝ˂ʝ EOC ʧʨʝʢʠʜ ʧʦ ʟʘʚʨʰʝʪʢʫ ɸɼ ʢʦʥʚʝʨʟʠʿʝ, ʘ ʧʦ 

ʟʘʚʨʰʝʪʢʫ ʪʨʘʥʩʬʝʨʘ ʧʦʜʘʪʘʢʘ, DMA ʧʝʨʠʬʝʨʠʿʘ ʧʦʢʨʝ˂ʝ ʧʨʦʮʝʩʥʠ ʘʣʛʦʨʠʪʘʤ. ʇʨʦʮʝʩʥʠ 

ʘʣʛʦʨʠʪʘʤ ʯʠʥʠ ʥʠʟ ʘʧʣʠʢʘʪʠʚʥʠʭ ʘʣʛʦʨʠʪʘʤʘ ʙʠʪʥʠʭ ʟʘ ʨʘʜ ɽʇ, ʢʘʦ ʫ ʧʨʚʦʤ ʧʦʛʣʘʚˀʫ, ʘ 

ʦʩʥʦʚʫ ʯʠʥʝ ʚʠʰʝ ʩʣʦʿʝʚʘ ʨʝʛʫʣʘʮʠʿʝ (ʧʦʟʠʮʠʿʝ, ʙʨʟʠʥʝ, ʩʪʨʫʿʝ, ʠʪʜ.). ʀʟʚʨʰʘʚʘˁʝ ʧʨʦʮʝʩʥʦʛ 

ʘʣʛʦʨʠʪʤʘ ʟʘʭʪʝʚʘ ʚʨʝʤʝ ʰʪʦ ʫʥʦʩʠ ʢʘʰˁʝˁʝ ‏  ʫ ʨʝʘʢʮʠʿʠ ʠʥʚʝʨʪʦʨʘ, ʪʿ. ʫʧʨʘʚˀʘˁʫ, ʉʣʠʢʘ 

2.2. ʈʝʟʫʣʪʘʪ ʩʣʦʿʝʚʘ ʨʝʛʫʣʘʮʠʿʝ ʿʝ ʜʠʛʠʪʘʣʥʠ ʟʘʧʠʩ ʨʝʬʝʨʝʥʪʥʝ ʚʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ ʢʦʿʫ 

ʠʥʚʝʨʪʦʨ ʪʨʝʙʘ ʜʘ ʦʙʝʟʙʝʜʠ ʥʘ ʧʨʠʢˀʫʯʮʠʤʘ ɸʄ. ɺʨʝʜʥʦʩʪ ʩʝ ʧʨʦʩʣʝʹʫʿʝ ʤʦʜʫʣʘʮʠʦʥʦʤ ʩʣʦʿʫ 

ʢʦʿʠ ʦʧʠʩʫʿʝ ʧʨʦʮʝʩ ɼɸ ʢʦʥʚʝʨʟʠʿʝ ʠ ʢʦʿʠ ʠʤʘ ʟʘ ʮʠˀ ʜʘ ʥʘ ʫʣʘʟe ʠʤʧʫʣʩʥʠʭ ʧʦʿʘʯʘʚʘʯʘ ʜʦʚʝʜʝ 

ʧʦʚʦʨʢʫ ʠʤʧʫʣʩʘ ʫ ʢʦʿʦʿ ʩʝ ʥʘʣʘʟʝ ʧʦʜʘʮʠ ʢʘʜʘ ʿʝ ʧʦʪʨʝʙʥʦ ʫʢˀʫʯʠʪʠ ʠʣʠ ʠʩʢˀʫʯʠʪʠ ʧʨʝʢʠʜʘʯʝ 

ʩʥʘʛʝ. ɼɸ ʢʦʥʚʝʨʟʠʿʘ ʫ ɽʇ ʩʝ ʦʙʘʚˀʘ ʧʫʪʝʤ ʧʝʨʠʬʝʨʠʿʝ ʟʘ ʠʤʧʫʣʩʥʦ-h ʠʨʠʥʩʢʫ ʤʦʜʫʣʘʮʠʿʫ 

(ʝʥʛʣ. enhanced Pulse Width Modulator ï ePWM), ʙʝʟ ʫʯʝʰ˂ʘ CPU, ʢʦʿʫ ʯʠʥʝ ʧʨʦʛʨʘʤʘʙʠʣʥʠ 

ʚʨʝʤʝʥʩʢʠ ʙʨʦʿʘʯʠ, ʥʘʤʝʥʩʢʠ ʨʝʛʠʩʪʨʠ, ʤʦʜʫʣʠ ʟʘ ʧʦʨʝʹʝˁʝ (ʝʥʛʣ. counter compare submodul - 

ʉʉ), ʦʜʘʙʠʨ ʧʨʝʢʠʜʘ (ʝʥʛʣ. event trigger and interrupt modul - ɽʊ) ʢʚʘʥʪʠʬʠʢʘʮʠʿʫ ʘʢʮʠʿʘ ʠ 

ʛʝʥʝʨʠʩʘˁʝ ʥʘʧʦʥʩʢʠʭ ʠʤʧʫʣʩʘ (ʝʥʛʣ. action qualifier submodule - AQ), ʠʪʜ.  

PWM ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʧʦʩʪʠʟʘˁʫ ʞʝˀʝʥʝ ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪʠ ʚʝʣʠʯʠʥʝ ʥʘ ʥʠʚʦʫ ʧʝʨʠʦʜʝ Ὕ  

ʧʨʦʤʝʥʦʤ h ʠʨʠʥʝ ʠʤʧʫʣʩʘ. ʀʘʢʦ ʥʠʿʝ ʤʦʛʫ˂ʝ ʥʘʧʨʘʚʠʪʠ ʠʜʝʘʣʥʠ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʠ ʪʘʣʘʩʥʠ 

ʦʙʣʠʢ ʥʘʧʦʥʘ, ʤʦʛʫ˂ʝ ʿʝ ʦʙʝʟʙʝʜʠʪʠ ʞʝˀʝʥʝ ʩʨʝʜˁʝ ʚʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ ʥʘ ʧʦʩʤʘʪʨʘʥʠʤ 

ʠʥʪʝʨʚʘʣʠʤʘ Ὕ , ʢʘʦ ʥʘ ʉʣʠʮʠ 2.4. ʄʘʢʩʠʤʘʣʥʘ ʰʠʨʠʥʘ ʠʤʧʫʣʩʘ ʿʝ ʦʜʨʝʹʝʥʘ ʪʦʧʦʣʦʛʠʿʦʤ ʠ 

ʫʯʝʩʪʘʥʦʰ˂ʫ ʨʘʜʘ ʤʦʜʫʣʘʪʦʨʘ Ὢ , ʪʿ. ʧʝʨʠʦʜʦʤ Ὕ . ʋʯʝʩʪʘʥʦʩʪ ʨʘʜʘ ʤʦʜʫʣʘʪʦʨʘ ʤʝˁʘ ʩʝ 

ʧʨʦʤʝʥʦʤ ʚʨʝʜʥʦʩʪʠ ʚʨʭʘ ʥʦʩʠʦʮʘ ὧ . ɸʢʦ ʪʦʢʦʤ ʙʠʣʦ ʢʦʿʝʛ ʧʝʨʠʦʜʘ Ὕ  ʚʘʞʠ ʜʘ ʿʝ άὸ  

ὧ , ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʠʟʣʘʟʥʦʛ ʥʘʧʦʥʘ ʥʘ ʪʦʿ ʧʝʨʠʦʜʠ ʠʟʥʦʩʠ˂ʝ Ὁ ςϳ. ɼʘʢʣʝ, ʥʘʧʦʥ 
ʨʝʟʫʣʪʘʪ ʨʝʛʫʣʘʮʠʿʝ ʿʝ ʧʦʪʨʝʙʥʦ ʩʢʘʣʠʨʘʪʠ ʪʘʢʦ ʜʘ ʤʘʢʩʠʤʘʣʥʠ ʦʯʝʢʠʚʘʥʠ ʥʘʧʦʥ ʪʦʢʦʤ ʨʘʜʥʠʭ 

ʨʝʞʠʤʘ ʦʜʛʦʚʘʨʘ ʚʨʝʜʥʦʩʪʠ ʥʦʩʠʦʮʘ ὧ Ȣ ʅʘ ʉʣʠʮʠ 2.2. ʧʨʠʢʘʟʘʥʘ ʿʝ ʿʝʜʥʘ ʬʘʟʘ ɽʇ ʜʘʪʦʛ ʥʘ 
ʉʣʠʮʠ 1.2. ʈʝʟʫʣʪʘʪ ʨʝʛʫʣʘʮʠʿʝ, ʞʝˀʝʥʠ ʥʘʧʦʥ ό ὸ, ʜʝʬʠʥʠʰʝ ʥʘʧʦʥʩʢʫ ʢʦʤʘʥʜʫ ʟʘ 

ʠʥʚʝʨʪʦʨ ʠ ʤʦʜʫʣʘʮʠʦʥʠ ʩʠʛʥʘʣ, ʪʿ. ʠʥʜʝʢʩ ʤʦʜʫʣʘʮʠʿʝ άὸ (ʝʥʛʣ. duty cycle). ʋʧʨʘʚˀʘʯʢʠ 

ʩʠʛʥʘʣ ʫ ʣʦʛʠʯʢʦʿ ʬʦʨʤʠ (ʝʥʛʣ. transistor-transistor logic - TTL) ʢʦʿʠ ʩʝ ʧʨʦʩʣʝʹʫʿʝ ʥʘ ʠʤʧʫʣʩʥʠ 

ʧʦʿʘʯʘʚʘʯ ʜʦʙʠʿʘʿʫ ʩʝ ʧʦʨʝʹʝˁʝʤ ʩʠʛʥʘʣʘ άὸ ʠ ʥʦʩʠʦʮʘ ὧὸ. TTL ʩʠʛʥʘʣʠ ʟʘ ʛʦʨˁʠ ʠ ʜʦˁʠ 
ʧʨʝʢʠʜʘʯ ʦʟʥʘʯʝʥʠ ʩʫ ʨʝʜʦʤ ʢʘʦ ὠ ὸ ʠ ὠ ὸ ʥʘ ʉʣʠʮʠ 2.4ʘ, ʘ ʪʘʣʘʩʥʠ ʦʙʣʠʮʠ ʥʘʧʦʥʘ ʠ 
ʩʪʨʫʿʝ ʿʝʜʥʝ ʬʘʟʝ ʪʘʜʘ ʠʟʛʣʝʜʘʿʫ ʢʘʦ ʥʘ ʉʣʠʮʠ 2.4ʙ, ʛʜʝ ʿʝ ό ὸ ὠ ὸ  ὠ ὸ. ʋʢˀʫʯʝˁʝʤ 
ʛʦʨˁʝʛ ʧʨʝʢʠʜʘʯʘ ʩʨʝʜˁʘ ʪʘʯʢʘ ʬʘʟʝ, ʫʿʝʜʥʦ ʠ ʧʨʠʢˀʫʯʥʠ ʢʨʘʿ ɸʄ, ʥʘʣʘʟʠ ʩʝ ʥʘ ʥʘʧʦʥʫ 

Ὁ ςϳ ʫ ʪʨʘʿʘˁʫ ʚʦʹʝˁʘ ʧʨʝʢʠʜʘʯʘ ʩʥʘʛʝ ʫ ʬʘʟʠ ὸ . ʊʦʢʦʤ ʚʦʹʝˁʘ ʜʦˁʝʛ ʧʨʝʢʠʜʘʯʘ ʫ ʬʘʟʠ 
ὸ  ʥʘ ʢʨʘʿ ɸʄ ʩʝ ʜʦʚʦʜʠ ʥʘʧʦʥ Ὁ ςϳ, ʧʨʠ ʯʝʤʫ ʚʘʞʠ ʜʘ ʿʝ Ὕ ὸ ὸ . ɼʘʢʣʝ, ʪʦʢʦʤ 

ʩʚʘʢʦʛ Ὕ  ʧʝʨʠʦʜʘ ʠʥʚʝʨʪʦʨ ʜʘʿʝ ʿʝʜʘʥ ʥʘʧʦʥʩʢʠ ʠʤʧʫʣʩ ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ ʧʦʢʨʝʪʘʯʢʫ ʩʠʣʫ 

ʉɸʈ. ɸʄ ʩʝ ʥʘʧʘʿʘ ʧʦʚʦʨʢʦʤ ʥʘʧʦʥʩʢʠʭ ʠʤʧʫʣʩʘ ʰʠʨʠʥʝ άὸ, ʘ ʞʝˀʝʥʘ ʚʨʝʜʥʦʩʪ ʥʘʧʦʥʘ 

ʦʜʛʦʚʘʨʘ ʩʨʝʜˁʦʿ ʚʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ ʥʘ ʠʥʪʝʨʚʘʣʫ Ὕ . ʂʘʢʦ ʿʝ ʤʦʜʫʣʘʪʦʨ ʥʝʣʠʥʝʘʨʥʠ ʩʠʩʪʝʤ 

ʦʚʦ ʩʝ ʤʦʞʝ ʧʦʢʘʟʘʪʠ ʘʥʘʣʠʟʦʤ ʟʘ ʤʘʣʝ ʩʠʛʥʘʣʝ (ʝʥʛʣ. small-signal analysis) ʥʘʜ ʤʦʜʫʣʘʪʦʨʦʤ 

ʧʨʠ ʤʘʣʠʤ ʧʨʦʤʝʥʘʤʘ ʥʘʧʦʥʘ ό ὸ. ʇʨʝʤʘ ʘʥʘʣʠʟʠ ʟʘ ʤʘʣʝ ʩʠʛʥʘʣʝ, ʫ ʪʨʝʥʫʪʢʫ ὸ ʫ 
ʧʨʦʠʟʚʦˀʥʦʿ ʨʘʜʥʦʿ ʪʘʯʢʠ ʣʠʥʝʘʨʠʟʘʮʠʿʝ ʚʘʞʠ ʜʘ ʿʝ ʠʥʜʝʢʩ ʤʦʜʫʣʘʮʠʿʝ άὸ ὓὸ άὸ 
ʠ ʞʝˀʝʥʠ ʥʘʧʦʥ ό ὸ Ὗ ὸ ό ὸ, ʛʜʝ ʩʫ άὸ ʠ ό ὸ ʤʘʣʝ ʧʨʦʤʝʥʝ ʥʘʚʝʜʝʥʠʭ 
ʚʝʣʠʯʠʥʘ ʦʢʦ ʠʩʪʝ ʪʘʯʢʝ ʠ ʛʜʝ ʩʝ ʥʘʧʦʥʫ Ὗ ὸ ʤʦʞʝ ʧʦʩʪʠ˂ʠ ʠʥʜʝʢʩʦʤ ʤʦʜʫʣʘʮʠʿʝ ὓὸ ʢʘʦ  
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ʛʜʝ ʿʝ ὓὸ ὸ Ὕϳ  [34]. ʉʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʥʘʧʦʥʘ Ὗ ὸ ʤʝˁʘ ʩʝ ʫ ʚʨʝʤʝʥʫ ʩʘ ʧʨʦʤʝʥʦʤ 
ʨʝʬʝʨʝʥʮʝ ʥʘʧʦʥʘ ʥʘ ʫʣʘʟʫ ʫ ʤʦʜʫʣʘʪʦʨ ό ὸ. ʇʦʣʘʟʝ˂ʠ ʦʜ (2.4), ʤʦʞʝ ʩʝ ʥʘʧʠʩʘʪʠ ʿʝʜʥʘʢʦʩʪ 
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ʘ)                                                                               ʙ) 

ʉʣʠʢʘ 2.4. ɸʥʘʣʦʛʥʘ ʠʤʧʫʣʩʥʦ-h ʠʨʠʥʩʢʘ ʤʦʜʫʣʘʮʠʿʘ: ʘ) TTL ʩʠʛʥʘʣʠ, ʙ) ʦʙʣʠʮʠ ʩʪʨʫʿʘ ʠ ʥʘʧʦʥʘ. 
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ʀʟʚʝʜʝʥʠ ʟʘʢˀʫʯʮʠ ʚʘʞʝ ʘʢʦ ʝʿ ʧʨʦʤʝʥʘ ʤʦʜʫʣʘʮʠʦʥʦʛ ʩʠʛʥʘʣʘ ʩʧʦʨʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ 

ʧʨʦʤʝʥʦʤ ʥʦʩʠʦʮʘ ὧὸ. ʆʜʥʦʩʥʦ, ʘʢʦ ʿʝ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʩʠʛʥʘʣʘ άὸ ʟʥʘʪʥʦ ʤʘˁʠ, ʚʠʰʝ ʦʜ 

ʜʚʘ ʧʫʪʘ, ʦʜ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʢʠʜʘˁʘ Ὢ , ʪʘʜʘ ʩʝ ʤʦʞʝ ʟʘʥʝʤʘʨʠʪʠ ʠʤʧʫʣʩʥʘ ʧʨʠʨʦʜʘ ʥʘʧʦʥʘ 

ʠ ʤʦʜʫʣʘʮʠʦʥʠ ʩʠʛʥʘʣ ʩʝ ʤʦʞʝ ʿʝʜʥʦʩʪʘʚʥʦ ʨʝʢʦʥʩʪʨʫʠʩʘʪʠ ʫʧʦʪʨʝʙʦʤ ʅʌ ʬʠʣʪʨʘ. ʇʦʜ ʦʚʠʤ 

ʫʩʣʦʚʠʤʘ ʤʘʣʝ ʧʨʦʤʝʥʝ ʩʨʝʜˁʝ ʚʨʝʜʥʦʩʪʠ ʠʟʣʘʟʥʦʛ ʥʘʧʦʥʘ ˂ʝ ʧʨʘʪʠʪʠ ʧʨʦʤʝʥʝ ʠʥʜʝʢʩʘ 

ʤʦʜʫʣʘʮʠʿʝ ʠ ʠʥʬʦʨʤʘʮʠʿʘ ʩʝ ʫʩʧʝʰʥʦ ʧʨʝʥʝʪʠ ʧʫʪʝʤ PWM ʫ ʚʠʜʫ ʚʨʝʤʝʥʘ ʚʦʹʝˁʘ  
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ɸʢʦ ʿʝ ʧʨʦʤʝʥʘ ʨʝʬʝʨʝʥʮʝ ʥʘʧʦʥʘ ʦʧʠʩʘʥʘ ʬʫʥʢʮʠʿʦʤ ό ὸ Ὗ ÓÉÎ ‫ὸ, ʛʜʝ ʿʝ ‫ 
ʦʩʥʦʚʥʘ ʫʯʝʩʪʘʥʦʩʪ ʞʝˀʝʥʦʛ ʥʘʧʦʥʘ, ʪʘʜʘ ˂ʝ ʫʛʘʦ ʚʦʹʝˁʘ ʠ ʠʥʜʝʢʩ ʤʦʜʫʣʘʮʠʿʝ ʠʤʘʪʠ 

ʠʩʪʦʚʝʪʥʫ ʧʨʦʤʝʥʫ. ʅʘ ʠʟʣʘʟʫ ʩʝ ʠʤʘ ʞʝˀʝʥʘ ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʥʘʧʦʥʘ ʠ ʩʪʨʫʿʝ ʫʟ ʧʨʠʩʫʩʪʚʦ 

ʧʨʝʢʠʜʘʯʢʦʛ ʰʫʤʘ, ʚʘʣʦʚʠʪʦʩʪʠ ʩʪʨʫʿʝ ʥʘ ʉʣʠʮʠ 2.4ʙ, ʫ ʬʫʥʢʮʠʿʠ ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʦʜʟʠʚʘ ɸʄ. 

ʄʦʜʫʣʘʪʦʨ ʦʚʝ, ʫ ʩʫʰʪʠʥʠ, ʘʥʘʣʦʛʥʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ PWM (ʝʥʛʣ. Naturally sampled PWM) ʿʝ 

ʦʧʠʩʘʥ ʣʠʥʝʘʨʥʠʤ ʧʦʿʘʯʘˁʝʤ ʢʦʿʝ ʟʘʚʠʩʠ ʦʜ ʩʪʨʤʠʥʝ ʥʦʩʠʦʮʘ ʠ ʢʦʿʘ ʠʤʘ ʩʘʚʨʰʝʥ ʜʠʥʘʤʠʯʢʠ 

ʦʜʟʠʚ ʙʝʟ ʢʘʰˁʝˁʘ. ʀʘʢʦ ʘʥʘʣʦʛʥʠ ʤʦʜʫʣʘʪʦʨ ʦʤʦʛʫ˂ʘʚʘ ʠʟʫʟʝʪʥʦ ʚʠʩʦʢ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ, ʠʤʘ 

ʚʝʣʠʢʠ ʥʝʜʦʩʪʘʪʘʢ ʫ ʧʦʛʣʝʜʫ ʨʦʙʫʩʥʦʩʪʠ ʠ ʦʩʝʪˀʠʚʦʩʪʠ ʥʘ ʰʫʤʦʚʝ, ʧʨʦʤʝʥʝ ʪʝʤʧʝʨʘʪʫʨʝ, ʠʪʜ. 

[33]. ʂʦʜ ʜʠʛʠʪʘʣʥʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ, ʨʝʟʫʣʪʘʪ ʨʝʛʫʣʘʮʠʿʝ ʿʝ ʜʠʛʠʪʘʣʥʠ ʝʢʚʠʚʘʣʝʥʪ ʰʠʨʠʥʝ 

ʥʘʧʦʥʩʢʦʛ ʠʤʧʫʣʩʘ ʢʦʿʠ ʥʘʩʪʘʿʝ ɼɸ ʢʦʥʚʝʨʟʠʿʦʤ, ʪʿ. ʜʠʛʠʪʘʣʥʠ ʤʦʜʫʣʘʮʠʦʥʠ ʩʠʛʥʘʣ. ʅʦʩʠʣʘʮ 

ʩʝ ʨʝʘʣʠʟʫʿʝ ʧʦʤʦ˂ʫ ʠʥʢʨʝʤʝʥʪʘʣʥʦʛ ʙʨʦʿʘʯʘ ʫ ePWM ʧʝʨʠʬʝʨʠʿʠ. ɹʨʦʿʘʯ ʩʝ ʫʚʝ˂ʘʚʘ ʥʘ ʩʚʘʢʠ 

ʫʜʘʨ ʩʠʩʪʝʤʩʢʦʛ ʙʨʦʿʘʯʘ ʤʦʜʫʣʘʪʦʨʘ ʠ ʢʦʨʠʩʪʠ ʤʘʢʩʠʤʘʣʥʦ 16 ʙʠʪʘ. ɹʨʦʿ ʙʠʪʘ ʩʘ ʢʦʿʠʤʘ ʩʝ ʤʦʞʝ 

ʧʨʝʜʩʪʘʚʠʪʠ ʚʨʝʤʝ ʚʦʹʝˁʘ, ʨʝʟʦʣʫʮʠʿʘ ʤʦʜʫʣʘʪʦʨʘ, ʦʜʨʝʹʫʿʝ ʩʝ ʢʘʦ ʬʫʥʢʮʠʿʘ ʙʨʟʠʥʝ 
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ʩʠʩʪʝʤʩʢʦʛ ʩʘʪʘ ʠ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʢʠʜʘˁʘ Ὢ . ɹʨʦʿʘʯ ʩʝ ʤʦʞʝ ʢʦʥʬʠʛʫʨʠʩʘʪʠ ʪʘʢʦ ʜʘ ʩʝ 

ʧʦʩʪʠʛʥʝ ʨʘʟʣʠʯʠʪʘ ʜʠʥʘʤʠʢʘ ʥʦʩʠʦʮʘ, ʢʘʦ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʉʣʠʮʠ 2.5.  

ʇʦ ʟʘʚʨʰʝʪʢʫ ʧʨʦʮʝʩʥʦʛ ʘʣʛʦʨʠʪʤʘ ʥʘʧʦʥʩʢʘ ʨʝʬʝʨʝʥʮʘ ʩʝ ʫʧʠʩʫʿʝ ʫ ʧʘʩʠʚʥʠ (ʝʥʛʣ. 

shadow) ʨʝʛʠʩʪʘʨ ʧʨʠ CC ʤʦʜʫʣʫ ePWM ʧʝʨʠʬʝʨʠʿʝ, ʪʿ. ʫ ʧʨʠʚʨʝʤʝʥʦ ʩʢʣʘʜʠʰʪʝ, ʢʘʢʦ ʙʠ ʩʝ 

ʧʨʝʜʫʧʨʝʜʠʣʘ ʧʦʿʘʚʘ ʛʣʠʯʝʚʘ ʪʦʢʦʤ ʘʢʪʠʚʥʦʛ ʜʝʣʘ ɼɸ ʢʦʥʚʝʨʟʠʿʝ. ɺʨʝʜʥʦʩʪʠ ʠʟ ʧʘʩʠʚʥʠʭ ʩʝ 

ʧʨʝʙʘʮʫʿʫ ʫ ʘʢʪʠʚʥʝ ʨʝʛʠʩʪʨʝ ʪʝʢ ʢʘʜʘ ʥʦʩʠʣʘʮ ʠʤʘ ʚʨʝʜʥʦʩʪ 0 ʠʣʠ ὧ , ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ 

ʢʦʥʬʠʛʫʨʘʮʠʿʝ, ʰʪʦ ʫʥʦʩʠ ʢʘʰˁʝˁʝ ʫ ʨʝʘʢʮʠʿʫ ʠʥʚʝʨʪʦʨʘ. ʊʨʝʥʫʪʥʝ ʚʨʝʜʥʦʩʪʠ ʥʦʩʠʦʮʘ, 

ʙʨʦʿʘʯʘ ePWM ʧʝʨʠʬʝʨʠʿʝ, ʧʨʦʩʣʝʹʫʿʫ ʩʝ ʥʘ CC ʠ ET ʤʦʜʫʣe. ET ʤʦʜʫʣ ʦʜʨʝʹʫʿʝ ʢʘʜʘ ʠ ʢʦʿʠ 

ʧʨʝʢʠʜ ʪʨʝʙʘ ʜʘ ʩʝ ʜʦʛʦʜʠ ʪʘʢʦ ʜʘ ʩʝ ʦʩʪʚʘʨʠ ʞʝˀʝʥʘ ʧʨʦʤʝʥʘ ʩʪʘˁʘ ʥʘ ʠʟʣʘʟʠʤ ʧʠʥʦʚʠʤʘ 

ɼʉʇ. ɺʨʝʜʥʦʩʪʠ ʥʦʩʠʦʮʘ ʩʝ ʢʦʥʪʠʥʫʘʣʥʦ ʧʦʨʝʜʝ ʩʘ ʚʨʝʜʥʦʩʪʠʤʘ ʘʢʪʠʚʥʠʭ ʨʝʛʠʩʪʘʨʘ ʟʘ 

ʧʦʨʝʹʝˁʝ ʫ ʉʉ ʤʦʜʫʣʫ. ʂʘʜʘ ʿ ʝ άὲὝ ὧὲὝ , ʛʜʝ ʿʝ Ὕ  ʧʝʨʠʦʜʘ ʫʜʘʨʘ ʩʠʩʪʝʤʩʢʦʛ 

ʩʘʪʘ, ʨʝʜʦʤ ʩʝ ʧʦʢʨʝ˂ʫ ET, PIE ʠ AQ ʤʦʜʫʣʠ ʯʠʤʝ ʟʘʧʦʯʠˁʝ ɼɸ ʢʦʥʚʝʨʟʠʿʘ ʩʘ ʟʘʢʘʰˁʝˁʝʤ, 

ʥʦʚʘ ʥʘʧʦʥʩʢʘ ʨʝʬʝʨʝʥʮʘ ʟʘ ʧʦʨʝʹʝˁʝ ʩʝ ʫʧʠʩʫʿʝ ʫ ʧʘʩʠʚʥʠ ʨʝʛʠʩʪʘʨ, ʘ ʚʨʝʜʥʦʩʪ ʠʥʜʝʢʩʘ 

άὲὝ  ʦʩʪʘʿʝ ʘʢʪʠʚʥʘ ʜʦ ʩʣʝʜʝ˂ʝʛ ʧʦʢʣʘʧʘˁʘ. AQ ʤʦʜʫʣ ʢʚʘʥʪʠʬʠʢʫʿʝ ʠ ʦʜʣʫʯʫʿʝ ʢʘʜʘ ʠ 

ʢʦʿʠ ʧʨʝʢʠʜ ʩʝ ʧʨʝʪʚʘʨʘ ʫ ʢʦʿʫ ʘʢʪʠʚʥʦʩʪ. ʂʘʦ ʨʝʟʫʣʪʘʪ ʛʝʥʝʨʠʰʝ TTL ʫʧʨʘʚˀʘʯʢʝ ʩʠʛʥʘʣʝ ʫ 

ʣʦʛʠʯʢʦʿ ʬʦʨʤʠ. ʂʚʘʥʪʠʬʠʢʘʮʠʿʘ ʧʨʝʢʠʜʘ ʩʝ ʦʙʘʚˀʘ ʧʨʝʤʘ ʩʤʝʨʫ ʥʦʩʠʦʮʘ, ʧʘ ʘʢʦ ʿʝ ʥʦʩʠʣʘʮ 

ʪʝʩʪʝʨʘʩʪʠ ʛʝʥʝʨʠʩʘ˂ʝ ʩʝ ʿʝʜʘʥ ʧʨʝʢʠʜ ʧʦ ʧʝʨʠʦʜʠ, ʜʦʢ ʩʝ ʜʚʘ ʧʨʝʢʠʜʘ ʛʝʥʝʨʠʰʫ ʟʘ ʪʨʦʫʛʘʦʥʠ. 

ʋ ʧʦʛʣʝʜʫ ʘʢʪʠʚʥʦʩʪʠ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ, ʤʦʞʝ ʩʝ ʦʩʪʚʘʨʠʪʠ ʧʦʜʠʟʘˁʝ ʥʘ 3,3 V, ʩʧʫʰʪʘˁʝ ʥʘ 0, 

ʧʨʦʤʝʥʘ ʠʣʠ ʦʜʨʞʘʚʘˁʝ ʪʨʝʥʫʪʥʦʛ ʩʪʘˁʘ ʩʠʛʥʘʣʘ. ʈʝʟʫʣʪʘʪ ʜʠʛʠʪʘʣʥʦʛ PWM ʩʫ ʜʠʥʘʤʠʢʘ ʠ 

ʣʦʛʠʢʘ ʫʢˀʫʯʝˁʘ ʠ ʠʩʢˀʫʯʝˁʘ ʧʨʝʢʠʜʘʯʘ ʫ ʧʨʝʪʚʘʨʘʯʫ ʢʦʿʘ ʦʙʝʟʙʝʹʫʿʝ ʞʝˀʝʥʝ ʚʨʝʜʥʦʩʪʠ 

ʥʘʧʦʥʘ ʥʘ Aʄ. ʋʚʘʞʘʚʘʿʫ˂ʠ ʥʘʚʝʜʝʥʦ, ʠʟʨʘʟʠ (2.6) ʩʝ ʤʦʞʝ ʥʘʧʠʩʘʪʠ ʫ ʜʠʩʢʨʝʪʥʦʿ ʬʦʨʤʠ ʢʘʦ  
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ʛʜʝ ʿʝ άὲὝ  ʠʥʜʝʢʩ ʤʦʜʫʣʘʮʠʿʝ ʧʨʦʨʘʯʫʥʘʪ ʪʦʢʦʤ ʠʥʪʝʨʚʘʣʘ ὲ ρὝ ȣὲὝ  ʠ 

ʢʦʿʠ ʩʝ ʧʨʠʤʝˁʫʿʝ ʪʦʢʦʤ ʠʥʪʝʨʚʘʣʘ ὲ ρὝ ȣ ὲ ςὝ . ʆʚʘ ʤʦʜʫʣʘʮʠʿʘ ʩʝ ʟʙʦʛ 

ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʝ ʥʘʧʦʥʩʢʝ ʨʝʬʝʨʝʥʮʝ ʥʘʟʠʚʘ ʿʦʰ ʠ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʠ PWM. 

ʇʨʦʩʪʦʧʝʨʠʦʜʠʯʥʠ PWM ʤʦʞʝ ʜʘ ʦʯʫʚʘ ʣʠʥʝʘʨʥʫ ʟʘʚʠʩʥʦʩʪ ʰʠʨʠʥʝ ʠʤʧʫʣʩʘ ʦʜ ʨʝʬʝʨʝʥʮʝ 

ʩʘʤʦ ʘʢʦ ʿʝ ʚʨʰʥʘ ʚʨʝʜʥʦʩʪ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʘ ʨʝʬʝʨʝʥʮʘ ʤʘˁʘ ʦʜ ὧ  ʪʦʢʦʤ ʨʘʜʥʠʭ ʨʝʞʠʤʘ.  

ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʘʥʘʣʦʛʥʝ PWM, ʧʨʦʮʝʩ ɼɸ ʢʦʥʚʝʨʟʠʿʝ ʫʥʦʩʠ ʢʘʰˁʝˁʝ ʫ ʫʧʨʘʚˀʘˁʝ ʢʦʿʝ 

ʦʜʛʦʚʘʨʘ ʚʨʝʤʝʥʫ ʦʜ ʪʨʝʥʫʪʢʘ ʢʘʜʘ ʩʝ ʚʨʝʜʥʦʩʪ ʥʘʧʦʥʩʢʝ ʨʝʬʝʨʝʥʮʝ ʫʧʠʰʝ ʫ ʧʘʩʠʚʥʠ ʨʝʛʠʩʪʘʨ, 

ʜʦ ʪʨʝʥʫʪʢʘ ʢʘʜʘ ʩʝ ʪʘ ʚʨʝʜʥʦʩʪ ʠʟ ʘʢʪʠʚʥʦʛ ʨʝʛʠʩʪʨʘ ʥʝ ʠʟʿʝʜʥʘʯʠ ʟʘ ʚʨʝʜʥʦʰ˂ʫ ʚʨʝʤʝʥʩʢʦʛ 

ʙʨʦʿʘʯʘ. ʆʧʠʩʘʥʠ ʧʨʦʮʝʩ ʤʦʞʝ ʩʝ ʤʦʜʝʣʦʚʘʪʠ ʢʘʦ ʠʜʝʘʣʥʠ ʦʜʘʙʠʨʘʯ ʧʦʚʝʟʘʥ ʩʘ ʢʦʣʦʤ ʟʘʜʨʰʢʝ 

ʥʫʣʪʦʛ ʨʝʜʘ (ʝʥʛʣ. zero-order hold - ZOH) ʯʠʿʠ ʩʝ ʠʟʣʘʟʥʠ ʩʠʛʥʘʣ ʧʦʨʝʜʠ ʩʘ ʠʜʝʘʣʥʠʤ ʘʥʘʣʦʛʥʠʤ 

ʥʦʩʠʦʮʝʤ. ZOH ʫʥʦʩʠ ʢʘʰˁʝˁʝ ʢʦʿʘ ʩʤʘˁʫʿʫ ʧʨʝʪʝʢ ʬʘʟʝ ʠ ʦʛʨʘʥʠʯʘʚʘ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʉɸʈ. 

ʇʨʠʤʝʥʦʤ ʃʘʧʣʘʩʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʬʘʟʥʦ ʢʘʰˁʝˁʝ ʚʨʝʤʝʥʩʢʦʛ ʩʠʛʥʘʣʘ ʢʦʜ ʪʨʦʫʛʘʦʥʦʛ 

ʥʦʩʠʦʮʘ, ʉʣʠʢʘ 2.5ʚ, ʢʦʜ ʢʦʛʘ ʿʝ ʦʜʘʙʠʨʘˁʝ ʤʦʜʫʣʘʮʠʦʥʦʛ ʩʠʛʥʘʣʘ ʫ ʩʨʝʜʠʥʠ ʠʤʧʫʣʩʘ ʚʦʹʝˁʘ 

ʛʦʨˁʝʛ ʪʨʘʥʟʠʩʪʦʨʘ (ʥʘ ʧʦʣʦʚʠʥʠ ʧʝʨʠʦʜʘ ὸ ), ʤʦʞʝ ʩʝ ʤʦʜʝʣʦʚʘʪʠ ʬʫʥʢʮʠʿʦʤ ʧʨʝʥʦʩʘ [35] 
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ʛʜʝ ὠ ί ʠ ὓί ʧʨʝʜʩʪʘʚˀʘʿʫ ʃʘʧʣʘʩʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʤʦʜʫʣʘʮʠʦʥʦʛ ʩʠʛʥʘʣʘ άὸ ʠ 
ʠʟʣʘʟʘ ʤʦʜʫʣʘʪʦʨʘ ό ὸ. ʂʘʜʘ ʩʝ ʦʜʘʙʠʨʘˁʝ ʚʨʰʠ ʪʦʢʦʤ ὸ  ʩʪʘˁʘ ʛʦʨˁʝʛ ʧʨʝʢʠʜʘʯʘ ʫ 

ʬʘʟʠ, ʫ (2.8) ʿʝ ʧʦʪʨʝʙʥʦ ʫʚʘʞʠʪʠ ʨʝʣʘʮʠʿʫ άὸ άᴂὸ ρ άὸ, [20].  

ʂʘʰˁʝˁʝ ʿʝ ʧʨʦʤʝʥˀʠʚʦ ʠ ʫ ʬʫʥʢʮʠʿʠ ʠʥʜʝʢʩʘ ʤʦʜʫʣʘʮʠʿʝ. ʂʘʢʦ ʩʝ ʨʝʬʝʨʝʥʮʘ ʥʘʧʦʥʘ ʟʘʜʘʿʝ 

ʥʘ ʧʦʯʝʪʢʫ ʧʝʨʠʦʜʘ Ὕ , ʤʦʞʝ ʩʝ ʫʚʘʞʠʪʠ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʜʘ ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʪʨʘʥʩʧʦʨʪʥʦʛ 
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                     ʘ)                                                      ʙ)                                                        ʚ) 

ʉʣʠʢʘ 2.5. ɼʠʥʘʤʠʢʝ ʥʦʩʠʦʮʘ: ʘ) ʪʝʩʪʝʨʘʩʪʠ ʩʘ ʨʘʩʪʫ˂ʦʤ ʠʚʠʮʦʤ; ʙ) ʪʝʩʪʝʨʘʩʪʠ ʩʘ ʧʘʜʘʿʫ˂ʦʤ ʠʚʠʮʦʤ; 

ʚ) ʪʨʦʫʛʘʦʥʠ ʥʦʩʠʣʘʮ. 

 

ʢʘʰˁʝˁʘ ʠʟʥʦʩʠ ὥὶὫὡ Ὦ‫ ‫τὝ ςϳ, ʪʿ. ςὝ . ʂʦʜ ʪʝʩʪʝʨʘʩʪʦʛ ʥʦʩʠʦʮʘ, 

ʛʝʥʝʨʠʩʘʥʠ ʠʤʧʫʣʩʠ ʩʫ ʘʩʠʤʝʪʨʠʯʥʠ ʿʝʨ ʪʨʘʿʫ ʜʦ ʢʨʘʿʘ ʧʦʩʪʦʿʝ˂ʝʛ ʠʣʠ ʜʦ ʧʦʯʝʪʢʘ ʥʘʨʝʜʥʦʛ 

ʧʨʝʢʠʜʘ, ʪʿ. ʥʠʩʫ ʩʠʤʝʪʨʠʯʥʠ ʫ ʦʜʥʦʩʫ ʥʘ ʧʝʨʠʦʜ [6]. ɸʢʦ ʿʝ ʥʦʩʠʣʘʮ ʪʨʦʫʛʘʦʥʠ, ʪʘʜʘ ʝʿ ʩʨʝʜʠʥʘ 

ʠʤʧʫʣʩʘ ʚʦʹʝˁʘ ʜʦˁʝʛ ʪʨʘʥʟʠʩʪʦʨʘ ʥʘ ʧʦʟʠʮʠʿʠ ʤʘʢʩʠʤʫʤʫ ʥʦʩʠʦʮʘ. ʆʜʘʙʠʨ ʥʦʩʠʦʮʘ ʫʪʠʯʝ 

ʥʘ ʪʘʣʘʩʥʠ ʦʙʣʠʢ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ, ʧʘ ʪʘʢʦ ʠ ʥʘ ʧʦʥʘʰʘˁʝ ɽʇ. ʂʦʜ ʥʦʩʠʣʘʮʘ ʥʘ ʉʣʠʢʘʤʘ 2.5ʘ. 

ʠ 2.5ʙ. ʤʦʞʝ ʩʝ ʫʦʯʠʪʠ ʜʘ ʫ ʩʚʘʢʦʤ ʪʨʝʥʫʪʢʫ ʨʝʩʝʪʦʚʘˁʘ ʙʨʦʿʘʯʘ ʧʦʩʪʦʿʠ ʿʝʜʥʦʚʨʝʤʝʥʘ 

ʢʦʤʫʪʘʮʠʿʘ ʩʚʠʭ ʧʨʝʢʠʜʘʯʘ ʫ ʧʨʝʪʚʘʨʘʯʫ ʠ ʧʨʦʤʝʥʝ ˁʠʭʦʚʦʛ ʩʪʘˁʘ ʩʘ Ὁ ςϳ ʥʘ Ὁ ςϳ. 
ʇʨʠʣʠʢʦʤ ʦʚʝ ʘʢʪʠʚʥʦʩʪʠ ʥʝ ʜʦʣʘʟʠ ʜʦ ʧʨʦʤʝʥʝ ʣʠʥʠʿʩʢʠʭ ʥʘʧʦʥʘ ʠ ʨʝʟʫʣʪʘʪ ʩʫ ʩʘʤʦ ʫʚʝ˂ʘʥʘ 

ʩʥʘʛʘ ʛʫʙʠʪʘʢʘ, ʜʦʜʘʪʥʦ ʠʟʦʙʣʠʯʝˁʝ ʥʘʧʦʥʘ ʠ ʩʪʨʫʿʘ ʧʨʘ˂ʝʥʦ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʤ ʩʤʝʪˁʘʤʘ ʠ 

ʚʝ˂ʝ ʭʘʨʜʚʝʨʩʢʦ ʥʘʧʨʝʟʘˁʝ ʧʨʝʢʠʜʘʯʘ ʩʥʘʛʝ. ʀʟ ʥʘʚʝʜʝʥʠʭ ʨʘʟʣʦʛʘ, ʫ ʥʘʩʪʘʚʢʫ ˂ʝ ʩʝ ʨʘʟʤʘʪʨʘʪʠ 

ʩʘʤʦ ʪʨʦʫʛʘʦʥʠ ʥʦʩʠʣʘʮ ʧʨʠʢʘʟʘʥ ʥʘ ʉʣʠʮʠ 2.5ʚ. 

ʊʨʘʥʩʧʦʨʪʥʦ ʢʘʰˁʝˁʝ ɼɸ ʢʦʥʚʝʨʟʠʿʝ ʩʝ ʩʤʘˁʫʿʝ ʥʘʧʨʝʜʥʦʤ ʦʨʛʘʥʠʟʘʮʠʿʦʤ ʧʨʝʢʠʜʥʝ 

ʨʫʪʠʥʝ (ʝʥʛʣ. advanced scheduling) ʠ ʧʨʠʤʝʥʦʤ ʜʚʦʩʪʨʫʢʦʛ ʧʦʨʝʹʝˁʘ ʧʦ ʧʝʨʠʦʜʠ PWM (ʝʥʛʣ. 

double update), ʢʘʦ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʉʣʠʮʠ 2.6. [6]. ʊʘʜʘ ʩʝ ʢʦʨʠʩʪʠ ʿʝʜʘʥ ʠʥʜʝʢʩ ʤʦʜʫʣʘʮʠʿʝ 

ʢʦʨʠʩʪʠ ʟʘ ʨʘʩʪʫ˂ʫ ʠʚʠʮʫ ʪʨʦʫʛʣʘ, ʘ ʜʨʫʛʠ ʟʘ ʧʘʜʘʿʫ˂ʫ, ʢʦʿʠ ʩʝ ʫ ʧʘʩʠʚʥʝ ʨʝʛʠʩʪʨʝ ʟʘ ʧʦʨʝʹʝˁʝ 

ʫʧʠʩʫʿʫ ʥʝʧʦʩʨʝʜʥʦ ʧʨʝ ʥʝʛʦ ʰʪʦ ʜʠʛʠʪʘʣʥʠ ʥʦʩʠʣʘʮ ʫʟʤʝ ʚʨʝʜʥʦʩʪʠ ʿʝʜʥʘʢʝ 0 ʠʣʠ ὧ . ʆʚʦ 

ʟʘʭʪʝʚʘ ʜʘ ʩʝ ʘʣʛʦʨʠʪʘʤ ʨʝʛʫʣʘʮʠʿʝ ʠʟʚʨʰʘʚʘ ʜʚʘ ʧʫʪʘ ʙʨʞʝ ʦʜ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʢʠʜʘˁʘ, ʪʿ, ʜʘ 

ʚʘʞʠ Ὢ ςὪ , Ὕ ςὝ , ʛʜʝ ʿʝ Ὕ  ʧʝʨʠʦʜʘ ʠʟʚʨʰʘʚʘˁʘ ʘʣʛʦʨʠʪʤʘ ʨʝʛʫʣʘʮʠʿʝ 

ʧʨʠʢʘʟʘʥʘ ʥʘ ʉʣʠʮʠ 2.6. ʅʝʢʘʜʘ ʿʝ ʟʘ ʦʚʝ ʧʦʪʨʝʙʝ ʧʦʪʨʝʙʥʦ ʧʦʚʝ˂ʘʪʠ ʧʝʨʠʦʜʫ ʧʨʝʢʠʜʘˁʘ, 

ʧʦʚʝ˂ʘʪʠ ʙʨʟʠʥʫ ʩʠʩʪʝʤʩʢʦʛ ʩʘʪʘ, ʩʤʘˁʠʪʠ ʙʨʦʿ ʙʠʪʘ ʟʘ ʿʝʜʘʥ ʠʣʠ ʦʧʪʠʤʠʟʦʚʘʪʠ ʠʟʚʨʰʘʚʘˁʝ 

ʘʣʛʦʨʠʪʤʘ, ʠʪʜ. ʋʚʘʞʘʚʘˁʝʤ ʥʘʚʝʜʝʥʠʭ ʘʢʪʠʚʥʦʩʪʠ ʫ (2.8), ʨʝʟʫʣʪʫʿʝ ʬʫʥʢʮʠʿʦʤ ʧʨʝʥʦʩʘ 
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ʀʟʨʘʟ (2.9.) ʝʬʝʢʪʠʚʥʦ ʧʨʝʜʩʪʘʚˀʘ ʢʦʤʙʠʥʘʮʠʿʫ ʤʦʜʝʣʘ ʢʘʰˁʝˁʘ ʪʝʩʪʝʨʘʩʪʠʭ ʥʦʩʠʦʮʘ ʩʘ 

ʧʘʜʘʿʫ˂ʦʤ ʠ ʨʘʩʪʫ˂ʦʤ ʠʚʠʮʦʤ ʨʝʩʧʝʢʪʠʚʥʦ. ʄʦʞʝ ʩʝ ʧʦʥʦʚʦ ʥʘʧʨʘʚʠʪʠ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʜʘ 

ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʪʨʘʥʩʧʦʨʪʥʦʛ ʢʘʰˁʝˁʘ ʠʟʥʦʩʠ ὥὶὫὡ Ὦ‫ ‫τὝ ςϳ, ʪʿ. Ὕ . 

ʄʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʿʝ ʢʘʰˁʝˁʝ ʜʚʦʩʪʨʫʢʦ ʤʘˁʝ. ʇʨʝʜʩʪʘʚˀʝʥʠ ʢʦʥʮʝʧʪ ʩʝ ʤʦʞʝ 

ʧʨʦʰʠʨʠʪʠ ʥʘ ʧʨʠʤʝʥʫ ʧʨʝʢʦʤʝʨʥʝ ʨʝʛʫʣʘʮʠʿʝ, ʛʜʝ ʩʝ ʢʘʰˁʝˁʘ ʩʤʘˁʫʿʫ ʩʘ ʨʝʜʦʤ Ὕ ςὔϳ  

ʛʜʝ ʿʝ N ʨʝʜ ʧʨʝʢʦʤʝʨʥʝ ʨʝʛʫʣʘʮʠʿʝ, Ὢ ὔὪ  [20]. ɻʣʘʚʥʠ ʥʝʜʦʩʪʘʪʘʢ ʦʚʦʛ ʧʨʠʩʪʫʧʘ ʿʝ 

ʧʦʪʨʝʙʘ ʟʘ ʜʦʙʨʠʤ ʬʠʣʪʨʠʨʘˁʝʤ ʧʨʝʢʠʜʘʯʢʦʛ ʰʫʤʘ ʠʟ ʢʦʥʪʨʦʣʥʦʛ ʩʠʛʥʘʣʘ. ʂʘʢʦ ʿʝ  ʬʫʥʢʮʠʿʘ 

(2.9) ʥʝʣʠʥʝʘʨʥʘ, ʟʘ ʧʦʪʨʝʙʝ ʘʥʘʣʠʟʝ ʠ ʩʠʥʪʝʟʝ ʉɸʈ ʧʦʞʝˀʥʦ ʿʝ ʘʧʨʦʢʩʠʤʠʨʘʪʠ ʤʦʜʝʣ 

ʤʦʜʫʣʘʪʦʨʘ ʫʚʘʞʘʚʘʿʫ˂ʠ ʇʘʜʝʦʚʫ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʧʨʚʦʛ ʨʝʜʘ, ʢʘʢʦ ʫʚʘʞʘʚʘˁʝ ʯʣʘʥʦʚʘ ʚʠʰʝʛ 

ʨʝʜʘ ʜʦʧʨʠʥʦʩʠ ʩʘʤʦ ʙʦˀʦʿ ʧʨʝʜʩʪʘʚʠ ʬʘʟʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʥʘ ʥʠʞʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ, ʢʘʦ 
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ʉʣʠʢʘ 2.6. ɼʚʦʩʪʨʫʢʦ ʤʝˁʘˁʝ ʠʥʜʝʢʩʘ ʤʦʜʫʣʘʮʠʿʝ ʧʦ ʧʝʨʠʦʜʫ ʩʘ ʫʥʘʧʨʝʹʝʥʦʤ ʦʨʛʘʥʠʟʘʮʠʿʦʤ 

ʧʨʝʢʠʜʥʝ ʨʫʪʠʥʝ. 
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ʀʟʣʘʟʥʘ ʢʚʘʥʪʠʟʘʮʠʿʘ ɼɸ ʢʦʥʚʝʨʟʠʿʝ ʿʝ ʥʝʠʟʙʝʞʥʘ ʠ ʦʛʣʝʜʘ ʩʝ ʫ ʩʤʘˁʝˁʫ ʫʧʨʘʚˀʘʥʝ 

ʚʘʨʠʿʘʙʣʝ ʫ ʜʦʧʫʰʪʝʥʠ ʙʨʦʿ ʙʠʪʘ ʢʦʿʘ ʩʝ ʢʘʨʘʢʪʝʨʠʰʝ ʢʘʦ ʟʘʦʢʨʫʞʠʚʘˁʝ. ɽʬʝʢʪʠʚʥʠ ʙʨʦʿ ʙʠʪʘ 

ʥʘ ʨʘʩʧʦʣʘʛʘˁʫ ʟʘ ʧʨʝʜʩʪʘʚˀʘˁʝ ʠʥʜʝʢʩʘ ʤʦʜʫʣʘʮʠʿʝ ʿʝ ʦʜʨʝʹʝʥ ʦʜʥʦʩʦʤ Ὢ Ὢϳ , ʛʜʝ ʿʝ 

Ὢ  ʫʯʝʩʪʘʥʦʩʪ ʩʠʩʪʝʤʩʢʦʛ ʩʘʪʘ ʧʨʦʮʝʩʦʨʘ, ʘ ή  ʿ ʝʜʘʥ ʢʚʘʥʪ ʜʠʛʠʪʘʣʥʝ ʧʨʝʜʩʪʘʚʝ ʠʥʜʝʢʩʘ 

ʤʦʜʫʣʘʮʠʿʝ. ʂʦʜ ʜʠʛʠʪʘʣʥʠʭ ʩʠʩʪʝʤʘ ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʧʦʿʘʚʝ ʥʝʧʨʠʛʫʰʝʥʠʭ 

ʦʛʨʘʥʠʯʝʥʠʭ ʦʩʮʠʣʘʮʠʿʘ ʫʧʨʘʚˀʘʯʢʝ ʧʨʦʤʝʥˀʠʚʝ ʠʟʤʝʹʫ ʜʚʘ ʢʚʘʥʪʘ (ʝʥʛʣ. Limit Cycle 

Oscilation - LCO), ʢʘʜʘ ʩʝ ʧʨʠʤʝˁʫʿʝ ʥʘ ʩʤʝʥʫ ʚʝ˂ʠ ʠʣʠ ʥʠʞʠ ʠʥʜʝʢʩ ʤʦʜʫʣʘʮʠʿʝ ʦʜ ʞʝˀʝʥʦʛ. 

ʇʝʨʠʦʜʘ ʦʩʮʠʣʘʮʠʿʝ ʿʝ ʦʜʨʝʹʝʥʘ ʫʯʝʩʪʘʥʦʰ˂ʫ Ὢ , ʘ ʚʨʰʥʘ ʚʨʝʜʥʦʩʪ ʦʩʮʠʣʘʮʠʿʘ ʟʘʚʠʩʠ ʦʜ 

ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ, ʚʨʝʤʝʥʩʢʝ ʢʦʥʩʪʘʥʪʥʝ ʦʧʪʝʨʝ˂ʝˁʘ, ʩʪʘʪʠʯʢʦʛ ʧʦʿʘʯʘˁʘ ʬʫʥʢʮʠʿʝ ʦʪʚʦʨʝʥʦʛ 

ʧʨʝʥʦʩʘ. LCO ʥʘʩʪʘʿʝ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʨʘʜʥʝ ʪʘʯʢʝ ʫ ɽʇ, ʪʿ. ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʩʪʨʫʿʝ ʦʧʪʝʨʝ˂ʝˁʘ 

ʠ ʫʣʘʟʥʦʛ ʥʘʧʦʥʘ. ɼʘ ʙʠ ʩʝ ʠʟʙʝʛʘʦ LCO ʫ ɽʇ ʢʦʿʠ ʠʤʘ ʨʝʛʫʣʘʮʠʿʫ ʤʦʤʝʥʪʘ ʩʠʣʝ, ʪʿ. ʩʪʨʫʿʝ Ὥὸ, 
ʧʦʪʨʝʙʥʦ ʿʝ ʜʘ ʨʝʟʦʣʫʮʠʿʘ ʜʠʛʠʪʘʣʥʦʛ PWM ʙʫʜʝ ʚʝ˂ʘ ʦʜ ʨʝʟʦʣʫʮʠʿʝ ɸɼ ʢʦʥʚʝʨʟʠʿʝ ʢʘʢʦ ʙʠ 

PWM ʠʤʘʦ ʜʦʚʦˀʥʦ ʨʝʟʦʣʫʮʠʿʝ ʜʘ ʦʜʨʞʘʚʘ ʛʨʝʰʢʫ ʨʝʛʫʣʘʮʠʿʝ ʥʘ ʫʥʫʪʘʨ ʿʝʜʥʦʛ ʢʚʘʥʪʘ ή . 

ʊʘʜʘ, ʧʨʦʤʝʥʘ ʦʜ ʿʝʜʥʦʛ ή  ʥʝ ʫʟʨʦʢʫʿʝ ʧʨʦʤʝʥʫ ʩ  ʪʨʫʿʝ ʢʦʿʘ ʿʝ ʚʝ˂ʘ ʦʜ ʿʝʜʥʦʛ ή  ʘʢʦ ʚʘʞʠ 

ʥʝʿʝʜʥʘʢʦʩʪ ή Ὃ ή , ʛʜʝ ʿʝ Ὃ ȿὋὮπȿ ρȟὋί Ὅί ὓ ίϳ , ʩʪʘʪʠʯʢʦ ʧʦʿʘʯʘˁʝ 

ʠʥʚʝʨʪʦʨʘ. ɸʢʦ ʨʝʛʫʣʘʪʦʨ ʩʪʨʫʿʝ ʫ ɽʇ ʠʤʘ ʩʘʤʦ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ ʜʝʿʩʪʚʦ, ʠʣʠ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ-

ʜʠʬʝʨʝʥʮʠʿʘʣʥʦ, ʪʘʜʘ, ʜʘ ʙʠ ʧʨʦʤʝʥʝ ʧʨʦʤʝʥˀʠʚʝ ʩʪʘˁʘ, ʩʪʨʫʿʝ Ὥὸȟ ʙʠʣʝ ʠʩʧʦʜ ʿʝʜʥʦʛ ʢʚʘʥʪʘ 
ʤʦʨʘ ʜʘ ʚʘʞʠ ὑή ή  hʪʦ ʥʝ ʤʦʨʘ ʫʚʝʢ ʙʠʪʠ ʩʣʫʯʘʿ ʿʝʨ ʿʝ ʥʘʿʯʝʰ˂ʝ ὑ ρ. ʅʘʚʝʜʝʥʠ 
ʫʩʣʦʚ ʩʝ ʣʘʢʰʝ ʧʦʩʪʠʞʝ ʩʘ ʤʘˁʠʤ ʧʦʿʘʯʘˁʝʤ ʛʨʝʰʢʝ ʫ ʨʝʛʫʣʠʩʘʥʦʿ ʩʪʨʫʿʠ ʧʨʠʩʫʩʪʚʦʤ 

ʠʥʪʝʛʨʘʣʥʦʛ ʜʝʿʩʪʚʘ ʢʦʿʝ ʫʟʨʦʢʫʿʝ ʤʘˁʝ ʢʚʘʥʪʠʟʘʮʠʦʥʝ ʛʨʝʰʢʝ PWM ʠ ʢʘʜʘ ʿʝ ʧʦʪʨʝʙʥʦ 

ʠʩʧʫʥʠʪʠ ʥʝʿʝʜʥʘʢʦʩʪ ὑή ή  [36]. ʅʘʚʝʜʝʥʠ ʫʩʣʦʚʠ ʩʝ ʩʚʦʜʝ ʥʘ ʥʝʿʝʜʥʘʢʦʩʪ ὑὋ
ρ ʢʦʘʿ ʧʨʝʜʩʪʘʚˀʘ ʛʦʨˁʝ ʦʛʨʘʥʠʯʝˁʝ ʟʘ ʠʥʪʝʛʨʘʣʥʦ ʜʝʿʩʪʚʦ. ɸʫʪʦʨ ʙʠ ʥʘʛʣʘʩʠʦ ʜʘ ʩʫ ʥʘʚʝʜʝʥʠ 

ʫʩʣʦʚʠ ʫʚʘʞʝʥʠ ʧʨʠ ʜʠʟʘʿʥʫ ʉɸʈ ʫ ʯʝʪʚʨʪʦʤ ʧʦʛʣʘʚˀʫ, ʧʘ ʩʝ ʫ ʥʘʩʪʘʚʢʫ ʧʨʝʜʩʪʘʚˀʝʥʠ 

ʬʝʥʦʤʝʥʠ ʥʝ˂ʝ ʜʝʪʘˀʥʠʿʝ ʦʙʨʘʹʠʚʘʪʠ ʠ ʤʦʜʝʣʦʚʘʪʠ.  

ʂʘʦ ʰʪʦ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʥʘ ʉʣʠʮʠ 2.4ʙ. ʤʦʜʫʣʘʮʠʿʘ ʫʪʠʯʝ ʥʘ ʭʘʨʤʦʥʠʿʩʢʠ ʩʘʩʪʘʚ ʠʟʣʘʟʥʠʭ 

ʝʣʝʢʪʨʠʯʥʠʭ ʚʝʣʠʯʠʥʘ (ʝʥʛʣ. total harmonic distortion - THD). ʀʟʦʙʣʠʯʝˁʘ ʚʝʣʠʯʠʥʘ ʥʘʩʪʘʿʫ 

ʫʩʣʝʜ ʧʨʦʤʝʥʝ ʪʨʘʿʘˁʘ ʰʠʨʠʥʝ ʠʤʧʫʣʩʘ ʚʦʹʝˁʘ ʧʨʝʢʠʜʘʯʘ ʩʥʘʛʝ ʠ ʦʧʠʩʫʿʫ ʩʝ ʚʨʝʤʝʥʩʢʠʤ 

ʭʘʨʤʦʥʠʮʠʤʘ. ʅʝʞʝˀʝʥʝ ʢʦʤʧʦʥʝʥʪʝ ʫ ʩʧʝʢʪʨʫ ʩʪʨʫʿʝ ʫʩʣʝʜ ʠʤʧʫʣʩʥʝ ʧʨʠʨʦʜʝ ʥʘʧʦʥʘ, ʰʫʤ 

ʫʩʣʝʜ PWM, ʧʦʩʪʦʿʝ ʥʘ ʫʤʥoh ʮʠʤʘ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʢʠʜʘˁʘ [6]. ɺʘʣʦʚʠʪʦʩʪ ʩʪʨʫʿʝ ʿʝ ʦʜʨʝʹʝʥʘ 
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ʨʘʟʣʠʢʦʤ ʧʨʠʤʝˁʝʥʦʛ ʥʘʧʦʥʘ ʠ ɽʄʉ, ʘ ʦʙʨʥʫʪʦ ʩʨʘʟʤʝʨʥʘ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʥʘʤʦʪʘʿʘ ʠ 

ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʢʠʜʘˁʘ. ɽʄ ʠʤʘ ʧʨʠʨʦʜʫ ʅʌ ʬʠʣʪʨʘ, ʩʘ ʚʨʝʤʝʥʩʢʦʤ ʢʦʥʩʪʘʥʪʦʤ ʩʪʘʪʦʨʩʢʦʛ 

ʥʘʤʦʪʘʿʘ ʦʜ ʦʢʦ 1 ms, ʢʦʿʘ ʟʥʘʪʥʦ ʩʣʘʙʠ ʥʝʞʝˀʝʥʝ ʢʦʤʧʦʥʝʥʪʝ ʫ ʩʧʝʢʪʨʫ. ɸʢʦ ʿʝ ʟʚʝʟʜʠʰʪʝ ɸʄ 

ʧʦʚʝʟʘʥʦ ʥʘ ʩʨʝʜˁʫ ʪʘʯʢʫ ʿʝʜʥʦʩʤʝʨʥʦʛ ʤʝʹʫʢʦʣʘ ʠʥʚʝʨʪʦʨʘ, ʩʧʝʢʪʘʨ ʩʪʨʫʿʝ ʟʘʚʠʩʠ ʦʜ ʬʘʟʥʠʭ 

ʥʘʧʦʥʘ, ʘ ʘʢʦ ʿʝ ʟʚʝʟʜʠʰʪʝ ʠʟʦʣʦʚʘʥʦ ʦʜ ʣʠʥʠʿʩʢʠʭ, ʪʿ. ʧʦʥʘʰʘˁʝ ʩʪʨʫʿʝ ʫ ʿʝʜʥʦʿ ʬʘʟʠ ʟʘʚʠʩʠ 

ʦʜ ʢʦʤʫʪʘʮʠʿʘ ʫ ʩʚʠʤ ʬʘʟʘʤʘ. ʆʚʦ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʫ ʪʘʣʘʩʥʦʤ ʦʙʣʠʢʫ ʚʘʣʦʚʠʪʦʩʪʠ ʠ ʪʦ ʫ 

ʧʨʦʤʝʥʘʤʘ ʤʘʢʩʠʤʘʣʥʠʭ ʠʟʦʙʣʠʯʝˁʘ ʠ ʫ ʨʘʩʧʦʜʝʣʠ ʩʧʝʢʪʨʘ ʥʘ ʚʠʰʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ [6]. 

ʂʦʣʠʯʠʥʘ ʠʟʦʙʣʠʯʝˁʘ ʟʘʚʠʩʠ ʦʜ ʦʜʘʙʠʨʘ ʤʦʜʫʣʘʮʠʿʝ, ʘ ʧʦʩʣʝʜʠʯʥʦ ʫʪʠʯʝ ʥʘ: 

- ʝʬʠʢʘʩʥʦʩʪ ʧʨʝʪʚʘʨʘʯʘ ʠ ɽʇ, ʘ ʠ ʥʘ ʜʠʤʝʥʟʠʿʝ ʭʣʘʜˁʘʢʘ ʫ ʧʨʝʪʚʘʨʘʯʫ; 

- ʚʘʣʦʚʠʪʦʩʪ ʩʪʨʫʿʝ, ʤʦʤʝʥʪʘ ʩʠʣʝ ʠ ʙʨʟʠʥʝ;  

- ʟʘʭʪʝʚʘʥʠ ʥʘʧʦʥ ʥʘ ʩʘʙʠʨʥʠʮʘʤʘ ʿʝʜʥʦʩʤʝʨʥʦʛ ʤʝʹʫʢʦʣʘ;  

- ʧʦʿʘʚʫ ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʫ ʨʝʛʫʣʘʮʠʦʥʠʤ ʢʦʥʪʫʨʘʤʘ;  

- ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʠ ʜʠʥʘʤʠʯʢʦ ʧʦʥʘʰʘˁʝ ʉɸʈ ʠ ʩʪʨʫʢʪʫʨʘ ʟʘ ʦʮʝʥʫ ʩʪʘˁʘ ʫ ɽʇ; 

- ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʝ ʩʤʝʪˁʝ ʠ ʘʢʫʩʪʠʯʥʫ ʙʫʢʫ; 

- ʜʦʜʘʪʥʝ ʠʥʪʝʨʤʦʜʫʣʘʮʠʦʥʝ ʭʘʨʤʦʥʠʢʝ, ʠʪʜ.  

ʋ ʧʨʘʢʩʠ ʧʦʩʪʦʿʝ PWM ʤʝʪʦʜʝ ʨʘʟʣʠʯʠʪʝ ʩʣʦʞʝʥʦʩʪʠ ʠ ʨʘʟʣʠʯʠʪʦʛ ʫʪʠʮʘʿʘ ʥʘ ʩʧʝʢʪʘʨ 

ʠʟʣʘʟʥʠʭ ʥʘʧʦʥʘ ʠ ʩʪʨʫʿʘ. ʂʘʜʘ ʭʘʨʤʦʥʠʿʩʢʠ ʩʘʩʪʘʚ ʚʝʣʠʯʠʥʘ ʥʠʿʝ ʦʜ ʧʨʠʤʘʨʥʦʛ ʟʥʘʯʘʿʘ, ʪʘʜʘ 

ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʠ ʿʝʜʥʦʩʪʘʚʥʠʿʠ ʦʙʣʠʮʠ ʤʦʜʫʣʘʮʠʿʝ. ʆʚʦ ʿʝ ʥʘʿʯʝʰ˂ʝ ʩʣʫʯʘʿ ʢʦʜ ʤʦʥʦʬʘʟʥʠʭ 

ʠʥʚʝʨʪʦʨʘ, ʢʘʜʘ ʩʝ ʛʝʥʝʨʠʰʝ ʿ ʝʜʘʥ (ʝʥʛʣ. Single PWM) [33], ʠʣʠ ʥʝʢʦʣʠʢʦ ʥʘʧʦʥʩʢʠʭ ʠʤʧʫʣʩʘ 

(ʝʥʛʣ. Multiple PWM) [38], ʧʦ ʧʦʣʫʧʝʨʠʦʜʠ ʠʟʣʘʟʥʦʛ ʥʘʠʟʤʝʥʠʯʥʦʛ ʩʠʛʥʘʣʘ. ʄʝʪʦʜʝ ʩʫ ʠʟʫʟʝʪʥʦ 

ʿʝʜʥʦʩʪʘʚʥʝ ʠ ʤʦʛʫ ʩʝ ʨʝʘʣʠʟʦʚʘʪʠ ʥʘ ʜʚʘ ʥʘʯʠʥʘ, ʫ ʟʘʚʠʩʥʦʩʪʠ ʜʘ ʣʠ ʥʦʩʠʣʘʮ ʠʤʘ ʤʠʥʠʤʘʣʥʫ 

ʠʣʠ ʤʘʢʩʠʤʘʣʥʫ ʚʨʝʜʥʦʩʪ ʫ ʪʨʝʥʫʪʢʫ ʢʘʜʘ ʧʦʯʠˁʝ ʨʝʬʝʨʝʥʮʘ. ʀʧʘʢ, ʫ ʥʘʿʚʝ˂ʝʤ ʙʨʦʿʫ ʩʣʫʯʘʿʝʚʘ 

ʧʨʫʞʘʿʫ ʥʝʧʨʠʭʚʘʪˀʠʚʘ ʭʘʨʤʦʥʠʿʩʢʘ ʠʟʦʙʣʠʯʝˁʘ. ʂʘʜʘ ʩʫ ʟʘʭʪʝʚʘʥʝ ʚʠʩʦʢʝ ʧʝʨʬʦʨʤʘʥʩʝ ʢʦʜ 

ʤʦʥʦʬʘʟʥʠʭ ʠʥʚʝʨʪʦʨʘ ʩʝ ʧʨʠʤʝˁʫʿʫ ʜʚʘ ʪʠʧʘ PWM: ʙʠʧʦʣʘʨʥʘ PWM [31], [32], ʛʜʝ ʠʟʣʘʟʥʠ 

ʥʘʧʦʥ ʠʥʚʝʨʪʦʨʘ ʫʟʠʤʘ ʚʨʝʜʥʦʩʪʠ Ὁ ςϳ, Ὁ ςϳ, ʠ 0; ʠ ʫʥʠʧʦʣʘʨʥʘ PWM [31], [32], ʛʜʝ 

ʠʟʣʘʟʥʠ ʥʘʧʦʥ ʫʟʠʤʘ ʚʨʝʜʥʦʩʪʠ Ὁ , Ὁ  ʠʣʠ 0. ʋʥʠʧʦʣʘʨʥʘ ʢʦʨʠʩʪʠ ʜʚʘ ʨʝʬʝʨʝʥʪʥʘ ʩʠʛʥʘʣʘ 

ό , ό  ʠ ʤʦʞʝ ʩʝ ʢʦʨʠʩʪʠʪʠ ʢʦʜ ʧʫʥʦʤʦʩʥʝ ʪʦʧʦʣʦʛʠʿʝ ʠʥʚʝʨʪʦʨʘ (ʝʥʛʣ. full-bridge, H-

bridge), ʜʦʢ ʩʝ ʙʠʧʦʣʘʨʥʘ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʩʚʝ ʪʦʧʦʣʦʛʠʿʝ ʤʦʥʦʬʘʟʥʠʭ ʠ ʪʨʦʬʘʟʥʠʭ 

ʠʥʚʝʨʪʦʨʘ. ʋʥʠʧʦʣʘʨʥʘ ʝʬʝʢʪʠʚʥʦ ʧʨʫʞʘ ʜʫʧʣʦ ʚʝ˂ʫ ʫʯʝʩʪʘʥʦʩʪ ʧʨʝʢʠʜʘˁʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ 

ʙʠʧʦʣʘʨʥʦʤ, ʘ ʧʦʩʣʝʜʠʯʥʦ ʠ ʤʘˁʘ ʭʘʨʤʦʥʠʿʩʢʘ ʠʟʦʙʣʠʯʝˁʘ [32], [37]. ʄʝʪʦʜʝ ʟʘ ʧʨʦʤʝʥʫ ʬʘʟʝ 

ʠʤʧʫʣʩʘ (ʝʥʛʣ. Phase ï displacement control, Phase shift) ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʫʧʨʘʚˀʘˁʝ ʩʥʘʛʦʤ ʢʦʿʘ 

ʩʝ ʧʨʝʜʘʿʝ ʦʧʪʝʨʝ˂ʝˁʫ ʧʨʦʤʝʥʦʤ ʬʘʟʥʦʛ ʫʛʣʘ ʠʟʤʝʹʫ ʥʘʧʦʥʘ ʠ ʩʪʨʫʿʝ [34].  

ɻʝʥʝʨʘʣʥʦ, ʩʚʝ ʤʝʪʦʜʝ PWM ʥʘʤʝˁʝʥʝ ʟʘ ʤʦʥʦʬʘʟʥʝ ʠʥʚʝʨʪʦʨʝ ʩʝ ʤʦʛʫ ʧʨʠʤʝʥʠʪʠ ʠ ʢʦʜ 

ʪʨʦʬʘʟʥʠʭ, ʫ ʩʣʫʯʘʿʫ ʜʘ ʥʝ ʧʦʩʪʦʿʝ ʩʧʝʮʠʬʠʯʥʘ ʦʛʨʘʥʠʯʝˁʘ. ɿʘ ʪʨʦʬʘʟʥʝ ʠʥʚʝʨʪʦʨʝ ʯʝʩʪʦ ʩʝ 

ʢʦʨʠʩʪʝ ʨʘʥʠʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʘ ʤʦʜʫʣʘʮʠʿʘ ʠʤʧʫʣʩʘ (ʝʥʛʣ. Sinusoidal Pulse 

Width Modulation - SPWM) ʠ ʤʦʜʫʣʘʮʠʿʘ ʥʘʧʦʥʩʢʠʭ ʚʝʢʪʦʨʘ ʫ ʧʨʦʩʪʦʨʫ (ʝʥʛʣ. Space Vector Pulse 

Width Modulation ï SVPWM) [6], [20]. SPWM ʧʦʩʪʠʞʝ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʠ ʠʟʣʘʟʥʠ ʪʘʣʘʩʥʠ 

ʦʙʣʠʢ ʛʝʥʝʨʠʩʘˁʝʤ ʚʝ˂ʝʛ ʙʨʦʿʘ ʠʤʧʫʣʩʘ ʪʦʢʦʤ ʧʦʣʫʧʝʨʠʦʜʝ ʰʪʦ ʟʥʘʯʘʿʥʦ ʧʦʚʝ˂ʘʚʘ ʢʚʘʣʠʪʝʪ 

ʠʟʣʘʟʥʦʛ ʥʘʧʦʥʘ ʠ ʩʪʨʫʿʝ, ʘʣʠ ʥʘ ʨʘʯʫʥ ʚʝ˂ʝ ʩʥʘʛʝ ʛʫʙʠʪʘʢʘ. SPWM ʩʝ ʤʦʞʝ ʤʦʜʠʬʠʢʦʚʘʪʠ ʫ 

ʮʠˀʫ ʩʤʘˁʝˁʘ ʢʦʤʫʪʘʮʠʦʥʠʭ ʛʫʙʠʪʘʢʘ ʠ ʫʚʝ˂ʘˁʘ ʦʩʥʦʚʥʝ ʢʦʤʧʦʥʝʥʪʝ ʫ ʩʧʝʢʪʨʫ, ʪʘʢʦ ʜʘ ʩʝ 

ʤʦʜʫʣʘʮʠʿʘ ʧʨʠʤʝˁʫʿʝ ʪʦʢʦʤ ʪʨʘʿʘˁʘ ʧʨʚʠʭ ʠ ʧʦʩʣʝʜˁʠʭ 60  ʿʝʜʥʝ ʧʦʣʫʧʝʨʠʦʜʝ ʤʦʜʫʣʘʮʠʦʥʦʛ 

ʩʠʛʥʘʣʘ, ʜʦʢ ʩʝ ʫ ʧʨʝʦʩʪʘʣʠʭ 60  ʛʝʥʝʨʠʰʝ ʢʦʥʩʪʘʥʪʘʥ ʫʧʨʘʚˀʘʯʢʠ ʩʠʛʥʘʣ (ʝʥʛʣ. Selective 

Harmonic Elimination (SHE), Modified Sinusoidal PWM) [37].  

 SVPWM ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʧʦʩʪʠʟʘˁʝ ʥʘʿʢʚʘʣʠʪʝʪʥʠʿʝʛ ʧʦʥʘʰʘˁʘ ʪʨʦʬʘʟʥʦʛ ʠʥʚʝʨʪʦʨʘ. ɻʣʘʚʥʘ 

ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ʦʚʝ ʠ ʜʨʫʛʠʭ ʤʝʪʦʜʘ ʤʦʜʫʣʘʮʠʿʝ ʿʝ ʤʘʪʝʤʘʪʠʯʢʦ ʬʦʨʤʫʣʠʩʘˁʝ ʤʝʪʦʜʦʣʦʛʠʿʝ 

ʧʨʝʢʠʜʘˁʘ. ʂʦʜ SVPWM ʩʝ ʧʦʩʤʘʪʨʘ ʠʥʚʝʨʪʦʨ ʢʘʦ ʮʝʣʠʥʘ. ʅʝ ʨʘʟʤʘʪʨʘ ʩʝ ʧʦʥʘʰʘˁʝ ʧʨʝʢʠʜʘʯʘ 

ʧʦ ʬʘʟʠ ʚʝ ˂ʫʢʫʧʥʦ ʫʯʝʰ˂ʝ ʚʦʹʝˁʘ ʧʨʝʢʠʜʘʯʘ ʥʘ ʬʦʨʤʠʨʘˁʝ ʥʘʧʦʥʩʢʦʛ ʦʙʨʪʥʦʛ ʚʝʢʪʦʨʘ, ʪʿ. 

ʮʠˀ ʤʦʜʫʣʘʮʠʿʝ ʿ ʝ ʥʘʧʨʘʚʠʪʠ ʣʠʥʠʿʩʢʝ ʘ ʥʝ ʬʘʟʥʝ ʥʘʧʦʥʝ. ʀʟʣʘʟʥʠ ʥʘʧʦʥʩʢʠ ʚʝʢʪʦʨ ʩʝ 

ʧʨʝʜʩʪʘʚˀʘ ʫ Ŭ ï ɓ ʨʘʚʥʠ, ʘʤʧʣʠʪʫʜʦʤ ʠ ʫʛʣʦʤ ʫ ʦʜʥʦʩʫ ʥʘ ʨʝʬʝʨʝʥʪʥʫ ʦʩʫ. ʅʘʧʦʥʩʢʠ ʚʝʢʪʦʨ 

ʿʝ ʦʧʠʩʘʥ ʥʘʧʦʥʠʤʘ uŬ ʠ uɓ, ʜʦʢ ʿʝ u0 ʥʘʧʦʥ ʠʟʦʣʦʚʘʥʦʛ ʟʚʝʟʜʠʰʪʘ. SVPWM ʩʝ ʠʤʧʣʝʤʝʥʪʠʨʘ 
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ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ. ʈʘʚʘʥ Ŭ ï ɓ ʿ ʝ ʧʦʜʝˀʝʥʘ ʥʘ ʰʝʩʪ ʩʝʢʪʦʨʘ ʥʘʧʦʥʩʢʠʤ ʚʝʢʪʦʨʠʤʘ ʦʧʠʩʘʥʠʤ ʫ 

ʬʫʥʢʮʠʿʠ uŬ ʠ uɓ. ɾʝˀʝʥʠ ʦʙʨʪʥʠ ʥʘʧʦʥʩʢʠ ʚʝʢʪʦʨ, ʨʝʬʝʨʝʥʮʘ, ʩʝ ʬʦʨʤʠʨʘ ʧʨʠʤʝʥʦʤ ʦʩʘʤ 

ʧʨʝʢʠʜʘʯʢʠʭ ʩʪʘˁʘ ʢʦʿʘ ʠʤʘ ʥʘ ʨʘʩʧʦʣʘʛʘˁʫ ʜʚʦʥʠʚʦʩʢʠ ʪʨʦʬʘʟʥʠ ʠʥʚʝʨʪʦʨ, ʦʜ ʪʦʛʘ ʜʚʘ ʥʫʣʪʘ 

ʠ h ʝʩʪ ʥʘʧʦʥʩʢʠʭ ʚʝʢʪʦʨʘ. ʇʦʟʠʮʠʿʘ ʨʝʬʝʨʝʥʪʥʦ ʥʘʧʦʥʘ ʫ ʨʘʚʥʠ ʦʜʨʝʹʫʿʝ ʚʝʢʪʦʨʝ, ʜʚʘ 

ʥʘʧʦʥʩʢʘ ʠ ʿʝʜʘʥ ʥʫʣʪʠ, ʢʦʿʠ ʪʨʝʙʘ ʜʘ ʫʯʝʩʪʚʫʿʫ ʫ ˁ ʝʛʦʚʦʤ ʬʦʨʤʠʨʘˁʫ. ɸʢʦ ʩʝ ʟʘ ʬʦʨʤʠʨʘˁʝ 

ʨʝʬʝʨʝʥʮʝ ʢʦʨʠʩʪʝ ʚʝʢʪʦʨʠ ʢʦʿʠ ʦʧʠʩʫʿʫ ʩʝʢʪʦʨ ʫ ʢʦʿʝʤ ʩʝ ʨʝʬʝʨʝʥʮʘ ʥʘʣʘʟʠ, ʤʦʞʝ ʩʝ ʩʤʘˁʠʪʠ 

ʚʘʣʦʚʠʪʦʩʪ ʩʪʨʫʿʝ ʥʘ ʨʘʩʠʧʥʠʤ ʠʥʜʫʢʪʠʚʥʦʩʪʠʤʘ. ɸʤʧʣʠʪʫʜʘ ʨʝʬʝʨʝʥʪʥʦʛ ʥʘʧʦʥʘ ʦʜʨʝʹʫʿʝ 

ʜʫʞʠʥʫ ʪʨʘʿʘˁʘ ʦʜʘʙʨʘʥʠʭ ʚʝʢʪʦʨʘ ʥʘ ʥʠʚʦʫ ʿʝʜʥʝ ʧʝʨʠʦʜʝ ʊPWM ʢʘʦ ʧʦʥʜʝʨʠʩʘʥʘ ʩʫʤʘ 

ʜʠʩʢʨʝʪʥʠʭ ʚʝʢʪʦʨʘ ʛʜʝ ʪʝʞʠʥʘ ʩʚʘʢʦʛ ʚʝʢʪʦʨʘ ʟʘʚʠʩʠ ʦʜ ʥʫʣʪʦʛ ʚʝʢʪʦʨʘ. ʈʝʬʝʨʝʥʮʘ ʥʘʧʦʥʘ ʩʝ 

ʜʦʙʠʿʘ ʢʘʦ ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʧʨʠʤʝˁʝʥʠʭ ʚʝʢʪʦʨʘ ʥʘ ʧʝʨʠʦʜʠ ʊPWM. ʉʚʘʢʠ ʥʘʧʦʥʩʢʠ ʚʝʢʪʦʨ 

ʦʧʠʩʫʿʝ ʿʝʜʥʦ ʩʪʘˁʝ ʧʨʝʢʠʜʘʯʘ ʫ ʠʥʚʝʨʪʦʨʫ, ʘ ʩʪʘˁʘ ʩʝ ʢʦʜʠʨʘʿʫ ʪʨʦʙʠʪʥʠʤ ʟʘʧʠʩʦʤ, ʧʨʠ ʯʝʤʫ 

ʨʝʜʦʩʣʝʜ ʙʠʪʘ ʦʜʨʝʹʫʿʝ ʨʝʜʦʩʣʝʜ ʬʘʟʘ ʫ ʠʥʚʝʨʪʦʨʫ. ʅʘ ʢʨʘʿʫ ʩʝ ʠʟʚʨʰʘʚʘ ʜʝʢʦʜʠʨʘˁʝʤ 

ʚʝʢʪʦʨʩʢʝ ʩʝʢʚʝʥʮʝ ʫ ʢʦʥʚʝʥʮʠʦʥʘʣʥʠ PWM ʩʠʛʥʘʣ ʟʘ ʩʚʘʢʫ ʦʜ ʪʨʠ ʬʘʟʝ, ʪʿ. ʰʠʨʠʥʘʤʘ ʚʦʹʝˁʘ 

ʩʚʠʭ ʧʨʝʢʠʜʘʯʘ ʫ ʠʥʚʝʨʪʦʨʫ. ʂʘʜʘ ʩʫ ʩʚʝ ʪʨʠ ʬʘʟʝ ʫʧʨʘʚˀʘʥʝ ʥʝʟʘʚʠʩʥʦ, ʢʘʦ ʢʦʜ SPWM, ʧʦʩʪʦʿʠ 

ʫʢʫʧʥʦ 6 ʢʦʤʫʪʘʮʠʿʘ ʫ ʠʥʚʝʨʪʦʨʫ ʧʦ ʧʝʨʠʦʜʫ ʊPWM. ʉʘ SVPWM ʤʦʛʫ˂ʝ ʿʝ ʩʤʘˁʠʪʠ ʙʨʦʿ 

ʢʦʤʫʪʘʮʠʿʘ ʥʘ 4 ʧʦ ʮʝʥʫ ʫʚʝ˂ʘˁʘ ʩʥʘʛʝ ʛʫʙʠʪʘʢʘ ʧʨʝʢʠʜʘʯʫ ʫ ʬʘʟʠ ʢʦʿʘ ʥʝ ʫʣʘʟʠ ʫ ʢʦʤʫʪʘʮʠʦʥʦ 

ʩʪʘˁʝ, ʪʿ. ʥʘ ʧʨʝʢʠʜʘʯʫ ʢʦʿʠ ʦʧʠʩʫʿʝ ʥʫʣʪʠ ʚʝʢʪʦʨ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ. ɹʨʦʿ ʢʦʤʫʪʘʮʠʿʘ ʩʝ ʤʦʞʝ 

ʩʤʘˁʠʪʠ ʥʘ ʪʨʠ ʘʢʦ ʩʝ ʿʝʜʘʥ ʥʫʣʪʠ ʚʝʢʪʦʨ ʢʦʨʠʩʪʠ ʫ ʧʘʨʥʠʤ, ʘ ʜʨʫʛʠ ʫ ʥʝʧʘʨʥʠʤ ʧʝʨʠʦʜʠʤʘ 

ʊPWM, ʯʠʤʝ ʩʝ ʧʦʩʪʠʞʝ ʠ ʨʘʚʥʦʤʝʨʥʘ ʨʘʩʧʦʜʝʣʘ ʢʦʥʜʫʢʮʠʦʥʠʭ ʛʫʙʠʪʘʢʘ ʥʘ ʧʨʝʢʠʜʘʯʠʤʘ [6].  

ʂʦʜ SPWM ʤʘʢʩʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ ʬʘʟʥʦʛ ʥʘʧʦʥʘ ʠʟʥʦʩʠ Ὁ ςϳ ʜʦʢ ʿʝ ʢʦʜ SVPWM Ὁ Ѝσϳ . 

ʄʘʢʩʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ ʣʠʥʠʿʩʢʦʛ ʥʘʧʦʥʘ ʠʟʥʦʩʠ Ὁ  h ʪʦ ʿʝ ςЍσϳ  (15,5%) ʙʦˀʝ ʠʩʢʦʨʠʰ˂ʝˁʝ 

ʥʘʧʦʥʘ DC ʣʠʥʢʘ ʠ ʟʥʘʯʘʿʥʦ ʧʨʦʰʠʨʝˁʝ ʦʧʩʝʛʘ ʣʠʥʝʘʨʥʦʛ ʨʘʜʘ ʠʥʚʝʨʪʦʨʘ [38], ʰʪʦ ʧʦʩʝʙʥʦ 

ʤʦʞʝ ʙʠʪʠ ʦʜ ʟʥʘʯʘʿʘ ʢʦʜ ʚʠʰʝʬʘʟʥʠʭ ʤʘʰʠʥʘ [39]. SVPWM ʧʨʫʞʘ ʤʘˁʘ ʠʟʦʙʣʠʯʝˁʘ ʠʟʣʘʟʥʠʭ 

ʚʝʣʠʯʠʥʘ ʠ ʤʘˁʝ ʛʫʙʠʪʢʝ ʫʩʣʝʜ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʫ ʙʘʢʨʫ ʠ ʜʦ 38% ʫ ʨʝʞʠʤʠʤʘ ʨʘʜʘ ʩʘ 

ʚʝʣʠʢʠʤ ʠʥʜʝʢʩʦʤ ʤʦʜʫʣʘʮʠʿʝ [40]. SVPWM ʩʝ ʤʦʞʝ ʢʦʨʠʩʪʠ ʘʢʦ ʿʝ ɸʄ ʩʠʤʝʪʨʠʯʥʦ 

ʦʧʪʝʨʝ˂ʝˁʝ ʩʘ ʠʟʦʣʦʚʘʥʠʤ ʟʚʝʟʜʠʰʪʝʤ. ɺʝʣʠʢʘ ʤʘʥʘ SVPWM ʿ ʝ ʩʣʦʞʝʥʦʩʪ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ. 

ɿʘʪʦ ʩʝ ʯʝʩʪʦ ʧʨʠʤʝˁʫʿʝ SPWM ʩʘ  ʜʦʜʘʚʘˁʝʤ ʪʨʦʫʛʘʦʥʦʛ ʧʝʨʠʦʜʠʯʥʦʛ ʩʠʛʥʘʣʘ ʥʘ ʪʨʦʩʪʨʫʢʦʿ 

ʦʩʥʦʚʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʥʘʧʦʥʘ (ʝʥʛʣ. Third-Harmonic PWM - THPWM, Saddle PWM ï SAPWM). 

ʆʚʦ ʩʝ ʧʦʩʪʠʞʝ ʪʘʢʦ ʰʪʦ ʩʝ ʧʨʦʥʘʹʝ ʥʘʿʤʘˁʠ ʬʘʟʥʠ ʠʥʜʝʢʩ ʤʦʜʫʣʘʮʠʿʝ ʢʦʜ SPWM, ʦʥ ʩʝ ʧʦʜʝʣʠ 

ʩʘ ʜʚʘ, ʘ ʟʘʪʠʤ ʩʝ ʜʦʙʠʿʝʥʘ ʚʨʝʜʥʦʩʪ ʜʦʜʘ ʥʘ ʧʦʯʝʪʥʦ ʧʨʦʨʘʯʫʥʘʪʝ ʬʘʟʥʝ ʠʥʜʝʢʩʝ ʤʦʜʫʣʘʮʠʿʝ 

SPWM. ʈʝʟʫʣʪʘʪ ʩʫ ʚʝʦʤʘ ʩʣʠʯʥʠ ʤʦʜʫʣʘʮʠʦʥʠ ʩʠʛʥʘʣʠ, ʢʦʿʠ ʨʝʟʫʣʪʫʿʫ ʠʩʪʠʤ ʪʘʣʘʩʥʠʤ 

ʦʙʣʠʮʠʤʘ ʬʘʟʥʠʭ ʠ ʣʠʥʠʿʩʢʠʭ ʥʘʧʦʥʘ ʢʘʦ SVPWM. ʋ ʥʘʨʝʜʥʠʤ ʧʦʛʣʘʚˀʠʤʘ, ʢʦʨʠʩʪʠ˂ʝ ʩʝ 

SPWM ʢʘʦ ʢʨʠʪʠʯʥʠʿʠ ʩʣʫʯʘʿ ʠʟ ʫʛʣʘ ʠʟʦʙʣʠʯʝˁʘ ʥʘ ʫʣʘʟʫ ʫ ʝʩʪʠʤʘʪʦʨ ʙʨʟʠʥʝ, ʢʘʢʦ ʩʥʘʛʘ 

ʛʫʙʠʪʘʢʘ ʦʚʜʝ ʥʠʿʝ ʦʜ ʠʥʪʝʨʝʩʘ. ʂʦʜ ʪʨʦʬʘʟʥʦʛ ʠʥʚʝʨʪʦʨʘ SPWM ʩʝ ʧʨʠʤʝˁʫʿʝ ʢʦʤʙʠʥʘʮʠʿʦʤ 

ʪʨʠ ʬʘʟʥʝ SPWM ʩʘ ʬʘʟʥʦ ʧʦʤʝʨʝʥʠʤ ʤʦʜʫʣʘʮʠʦʥʠʤ ʩʠʛʥʘʣʠʤʘ ʟʘ ὲ ς“σϳ, ʢʘʦ 

 

ά ὲὝ
ρ

ς

Ὗ ὲὝ

Ὁ
ÓÉÎ‫ὲὝ  ὲ ς“σϳ ȟ ςȢρρ 

 

ʛʜʝ ʿʝ Ὗ ὲὝ  ʘʤʧʣʠʪʫʜʘ, ά ὲὝ  ʠʥʜʝʢʩ ʤʦʜʫʣʘʮʠʿʝ ʬʘʟʥʠʭ ʥʘʧʦʥʘ, ὲ ρȟςȟσ ʨʝʜʥʠ 

ʙʨʦʿ ʬʘʟʝ. ɿʘ ʩʠʤʝʪʨʠʯʥʦ ʦʧʪʝʨʝ˂ʝʥ ɽʇ ʧʨʠʢʘʟʘʥ ʥʘ ʉʣʠʮʠ 1.2. ʚʘʞʠ ʜʘ ʿʝ ʟʙʠʨ ʪʨʦʬʘʟʥʠʭ 

ʥʘʧʦʥʘ ʠ ʩʪʨʫʿʘ ʿʝʜʥʘʢ ʥʫʣʠ, ὠ ὠ ὠ π, ʠ ʜʘ ʿʝ ὠ ͺ ὠ ͺ ὠ . ʊʘʜʘ ʿʝ 
ʧʦʪʝʥʮʠʿʘʣ ʠʟʦʣʦʚʘʥʦʛ ʟʚʝʟʜʠʰʪʘ ʠʟʥʦʩʠ ʿʝʜʥʫ ʪʨʝ˂ʠʥʫ ʟʙʠʨʘ ʬʘʟʥʠʭ ʥʘʧʦʥʘ  

 

ὠ
ρ

σ
ὠ ὠ ὠ Ȣ ςȢρς 

 

ʅʘʧʦʥ ʟʚʝʟʜʠʰʪʘ ʪʘʜʘ ʧʣʠʚʘ ʦʜ Ὁ ςϳ ʦʜ Ὁ ςϳ, ʫ ʩʣʫʯʘʿʫ ʧʦʜʝˀʝʥʦʛ DC ʣʠʥʢʘ, ʘ ʦʜ 

Ὁ  ʜʦ Ὁ  ʘʢʦ ʥʠʿʝ ʧʦʜʝˀʝʥ. ʌʘʟʥʝ ʩʪʨʫʿʝ ʟʘʚʠʩʝ ʦʜ ʣʠʥʠʿʩʢʠʭ ʥʘʧʦʥʘ uab, ubc, uca ʢʦʿʠ ʤʦʛʫ 
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ʫʟʠʤʘʪʠ ʚʨʝʜʥʦʩʪʠ Ὁ , Ὁ , 0, ʘ ʙʠʣʦ ʢʦʿʘ ʿʝʜʥʦʚʨʝʤʝʥʘ ʧʨʦʤʝʥʘ ʩʪʘˁʘ ʧʨʝʢʠʜʘʯʘ ʫ ʩʚʝ ʪʨʠ 

ʬʘʟʝ ʥʝ ʜʦʚʦʜʠ ʜʦ ʧʨʦʤʝʥʝ ʩʪʨʫʿʘ ʩʪʘʪʦʨ ʚʝ˂ ʩʘʤʦ ʜʦ ʧʨʦʤʝʥʝ ʥʘʧʦʥʘ ʟʚʝʟʜʠʰʪʘ. 

ʄʦʜʝʣʠʨʘˁʝ ʧʨʦʮʝʩʘ ɼɸ ʢʦʥʚʝʨʟʠʿʝ ʿʝ ʫʨʘʹʝʥʦ ʩʘ ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʜʘ ʿʝ ʧʨʦʮʝʩ ʠʩʢˀʫʯʝˁʘ 

ʠ ʫʢˀʫʯʝˁʘ ʧʨʝʢʠʜʘʯʘ ʪʨʝʥʫʪʘʥ. ʋ ʧʨʘʢʩʠ, ʧʨʦʮʝʩ ʢʦʤʫʪʘʮʠʿʝ ʟʘʭʪʝʚʘ ʚʨʝʤʝ ʟʘ ʧʨʦʤʝʥʫ 

ʝʥʝʨʛʠʿʝ ʫ ʫʣʘʟʥʠʤ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠʤʘ ʧʨʝʢʠʜʘʯʘ. ɼʘʢʣʝ, ʧʦʪʨʝʙʥʦ ʿʝ ʦʙʝʟʙʝʜʠʪʠ ʙʝʟʙʝʜʥʦ 

ʫʢˀʫʯʝˁʝ ʠ ʠʩʢˀʫʯʝˁʝ ʧʨʝʢʠʜʘʯʘ ʫ ʬʘʟʠ ʠ ʦʥʝʤʦʛʫ˂ʠʪʠ ʿʝʜʥʦʚʨʝʤʝʥʠ ʨʘʜ ʪʨʘʥʟʠʩʪʦʨʘ ʫ ʬʘʟʠ, 

ʪʿ. ʥʘʩʪʘʥʘʢ ʢʨʘʪʢʦʛ ʩʧʦʿʘ ʩʘʙʠʨʥʠʮʘ ʫ ʿʝʜʥʦʩʤʝʨʥʦʤ ʢʦʣʫ ʠʥʚʝʨʪʦʨʘ. ʆʚʦ ʩʝ ʦʩʪʚʘʨʫʿʝ 

ʠʩʢˀʫʯʝˁʝʤ ʦʙʘ ʧʨʝʢʠʜʘʯʘ ʫ ʬʘʟʠ ʪʦʢʦʤ ʦʜʨʝʹʝʥʦʛ ʚʨʝʤʝʥʘ ʫ ʦʢʚʠʨʫ ʧʝʨʠʦʜʝ Ὕ . ʀʥʪʝʨʚʘʣ 

ʪʦʢʦʤ ʢʦʿʝʛ ʩʫ ʦʙʘ ʧʨʝʢʠʜʘʯʘ ʠʩʢˀʫʯʝʥʘ ʩʝ ʥʘʟʠʚʘ ʤʨʪʚʦ ʚʨʝʤʝ (ʝʥʛʣ. Dead time, lockout time). 

ʅʘʚʝʜʝʥʘ ʘʢʪʠʚʥʦʩʪ ʩʝ ʦʩʪʚʘʨʫʿʝ ʢʦʨʝʢʮʠʿʦʤ ʠʥʜʝʢʩʘ ʤʦʜʫʣʘʮʠʿʝ ʪʘʢʦ ʜʘ ʠʟʣʘʟʠ ʠʤʧʫʣʩʥʦʛ 

ʧʦʿʘʯʘʚʘʯʘ ʛʝʥʝʨʠʰʫ ʥʘʧʦʥ ʩʨʝʜˁʝ ʪʘʯʢʝ ʠʥʚʝʨʪʦʨʘ ʢʘʦ ʥʘ ʉʣʠʮʠ 2.7ʘ. ʊʨʘʿʘˁʝ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ 

ʟʘʚʠʩʠ ʦʜ ʿʘʯʠʥʝ ʩʪʨʫʿʝ ʠ ʥʘʧʦʥʘ ʫ ʠʥʚʝʨʪʦʨʫ, ʩʪʨʫʿʝ ʠʤʧʫʣʩʥʦʛ ʧʦʿʘʯʘʚʘʯʘ, ʪʝʤʧʝʨʘʪʫʨʝ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʘ ʧʨʝʢʠʜʘʯʘ, ʠʪʜ. ʏʝʩʪʦ ʩʝ ʦʜʨʝʹʫʿʝ ʠʟ ʪʝʭʥʠʯʢʝ ʜʦʢʫʤʝʥʪʘʮʠʿʝ ʧʨʝʢʠʜʘʯʘ, ʘʣʠ 

ʩʝ ʟʙʦʛ ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʧʨʦʮʝʩʘ ʫʚʝʢ ʟʙʦʛ ʙʝʟʙʝʜʥʦʩʪʠ ʫʟʠʤʘ ʥʝʰʪʦ ʚʝ˂ʘ ʨʝʟʝʨʚʘ ʠ ʜʦ ʥʝʢʦʣʠʢʦ 

ʤʠʨʢʦʩʝʢʫʥʜʠ. ʋ ʧʨʘʢʩʠ ʥʠʿʝ ʧʦʛʦʜʥʦ ʢʦʨʠʩʪʠʪʠ ʭʘʨʜʚʝʨʩʢʫ ʢʦʤʧʣʝʤʝʥʪʘʨʥʫ ʣʦʛʠʢʫ ʟʘ 

ʜʝʬʠʥʠʩʘˁʝ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ ʠʟ ʨʘʟʣʦʛʘ ʥʠʩʢʝ ʨʦʙʫʩʥʦʩʪʠ, ʫʩʣʝʜ ʥʘʚʝʜʝʥʠʭ ʥʝʣʠʥʝʘʨʥʦʩʪʠ.  

ʇʨʝʢʠʜʦʤ ʫʧʨʘʚˀʘʯʢʠʭ ʩʠʛʥʘʣʘ ʢʨʘʿʝʚʠ ɸʄ ʩʝ ʦʜʚʘʿʘʿʫ ʦʜ ʥʘʧʦʥʘ ʿʝʜʥʦʩʤʝʨʥʦʛ ʤʝʹʫʢʦʣʘ. 

ʄʨʪʚʦ ʚʨʝʤʝ ʯʠʥʠ ʦʜ ʠʥʚʝʨʪʦʨʘ ʥʝʣʠʥʝʘʨʥʠ ʦʙʿʝʢʘʪ ʫʧʨʘʚˀʘˁʘ ʫ ʬʫʥʢʮʠʿʠ ʫʯʝʩʪʘʥʦʩʪʠ Ὢ  

ʠ ʦʧʪʝʨʝ˂ʝˁʘ (ʠʥʜʝʢʩʘ ʤʦʜʫʣʘʮʠʿʝ). ʂʘʦ ʧʦʩʣʝʜʠʮʘ, ʜʦʣʘʟʠ ʜʦ ʛʨʝʰʢʝ ʫ ʩʨʝʜˁʦʿ ʚʨʝʜʥʦʩʪʠ 

ʠʟʣʘʟʥʦʛ ʥʘʧʦʥʘ ʫ ʚʠʜʫ ʩʣʘʙˀʝˁʘ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʠ ʜʠʩʪʦʨʟʠʿʘ ʪʘʣʘʩʥʠʭ ʦʙʣʠʢʘ ʥʘʧʦʥʘ ʠ 

ʩʪʨʫʿʘ [22]. ɼʠʩʪʦʨʟʠʿʘ ʠʟʣʘʟʥʠʭ ʥʘʧʦʥʘ ʩʝ ʦʛʣʝʜʘ ʫ ʭʘʨʤʦʥʠʮʠʤʘ ʥʠʞʝʛ ʨʝʜʘ, ʥʘʿʯʝʰ˂ʝ ʧʝʪʠʤ 

ʠ ʩʝʜʤʠʤ. ɼʦʜʘʪʥʦ, ʧʨʦʤʝʥʝ ʰʠʨʠʥʝ ʠʤʧʫʣʩʘ ʪʦʢʦʤ ʧʝʨʠʦʜʝ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʫʟʨʦʢʫʿʫ 

ʧʨʦʤʝʥʝ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʜʚʝ ʜʝʚʠʿʘʮʠʿʝ ʠʤʧʫʣʩʘ ʠ ʜʦ ʜʠʩʪʨʠʙʫʠʨʘʥʝ ʝʥʝʨʛʠʿʝ ʩʧʝʢʪʨʘ ʦʢʦ 

ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʢʠʜʘˁʘ (ʝʥʛʣ. sidebands). ʋ ʦʧʰʪʝʤ ʢʦʥʪʝʢʩʪʫ, ʜʦʣʘʟʠ ʜʦ ʜʦʜʘʪʥʦʛ ʧʨʝʜˁʘʯʝˁʘ 

ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʥʘʧʦʥʘ ʫ ʦʜʥʦʩʫ ʥʘ ʩʪʨʫʿʫ [41], ʜʦ ʫʚʝ˂ʘˁʘ ʨʝʘʢʪʠʚʥʝ ʩʥʘʛʝ, ʚʝ˂ʝ ʝʬʝʢʪʠʚʥʝ 

ʚʨʝʜʥʦʩʪʠ ʩʪʨʫʿʝ, ʫʚʝ˂ʘʥʝ ʩʥʘʛʝ ʛʫʙʠʪʘʢʘ, ʚʘʣʦʚʠʪʦʩʪ ʤʦʤʝʥʪʘ ʩʠʣʝ ʠ ʙʨʟʠʥʝ, ʠʪʜ. [22].  

ʂʘʜʘ ʿʝ ʪʦʢʦʤ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ ὸ ʬʫʥʢʮʠʿʘ ʩʪʨʫʿʝ ʦʧʪʝʨʝ˂ʝˁʘ Ὥὸ ʥʝʧʨʝʢʠʜʥʘ, ʧʘʨʘʟʠʪʥʘ 
ʜʠʦʜʘ ʧʨʝʢʠʜʘʯʘ (ʝʥʛʣ. body diode) ʧʨʝʫʟʠʤʘ ʩʪʨʫʿʫ ʦʜ ʧʨʝʢʠʜʘʯʘ ʢʦʿʠ ʩʝ ʠʩʢˀʫʯʫʿʝ [42]. ʉʤʝʨ 

ʩʪʨʫʿʝ ʦʧʪʝʨʝ˂ʝˁʘ ʦʜʨʝʹʫʿʝ ʢʦʿʘ ʜʠʦʜʘ ʫ ʬʘʟʠ ʧʨʦʚʦʜʠ. ʂʘʜʘ ʿʝ ʩʪʨʫʿʘ ʧʦʟʠʪʠʚʥʘ, ʚʦʜʠ ʜʠʦʜʘ 

ʜʦˁʝʛ ʧʨʝʢʠʜʘʯʘ ʠ ʩʨʝʜˁʘ ʪʘʯʢʘ ʿʝ ʥʘ ʧʦʪʝʥʮʠʿʘʣʫ ὠ Ὁ ςϳ, ʘ ʘʢʦ ʿʝ ʩʪʨʫʿʘ ʥʝʛʘʪʠʚʥʘ ʚʦʜʠ 
ʜʠʦʜʘ ʛʦʨˁʝʛ ʧʨʝʢʠʜʘʯʘ ʠ ʩʨʝʜˁʘ ʪʘʯʢʘ ʿʝ ʥʘ ʧʦʪʝʥʮʠʿʘʣʫ ὠ Ὁ ςϳ, ʉʣʠʢʘ 2.2. ʅʝʟʘʚʠʩʥʦ 

 

     

                               ʘ)                                                                                     ʙ) 

ʉʣʠʢʘ 2.7. ʄʨʪʚʦ ʚʨʝʤʝ: ʘ) ʤʦʜʠʬʠʢʘʮʠʿʘ ʠʤʧʫʣʩʥʦ-h ʠʨʠʥʩʢʝ ʤʦʜʫʣʘʮʠʿʝ; ʙ) ʤʘʪʝʤʘʪʠʯʢʘ 

ʧʨʝʜʩʪʘʚʘ ʫʪʠʮʘʿʘ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ. 



30 

 

ʦʜ ʟʥʘʢʘ ʩʪʨʫʿʝ ʪʦʢʦʤ ὸ, ʩʪʨʫʿʘ Ὥὸ ʦʧʘʜʘ ʢʘ ʥʫʣʠ. ʊʦʢʦʤ ʢʦʤʫʪʘʮʠʿʝ ʨʝʘʣʥʘ ʜʠʥʘʤʠʢʘ 
ʧʨʦʤʝʥʝ ʥʘʧʦʥʘ ʥʘ ʧʨʝʢʠʜʘʯʫ ʿʝ ʠʟʨʘʟʠʪʦ ʥʝʣʠʥʝʘʨʥʘ, ʧʘ ʩʝ ʨʘʟʣʠʢʘ ʞʝˀʝʥʦʛ ʠ ʦʩʪʚʘʨʝʥʦʛ 

ʧʦʪʝʥʮʠʿʘʣʘ ʩʨʝʜˁʝ ʪʘʯʢʝ ʯʝʩʪʦ ʧʨʝʜʩʪʘʚˀʘ ʥʘʧʦʥʩʢʠʤ ʠʤʧʫʣʩʦʤ ʿʘʯʠʥʝ ῳόὸ ὠ ὠ  ʠ 
ʰʠʨʠʥʝ ὸ. ɻʫʩʪʠʥʘ ʧʦʚʦʨʢʝ ʦʧʠʩʘʥʠʭ ʠʤʧʫʣʩʘ ʟʘʚʠʩʠ ʦʜ ʫʯʝʩʪʘʥʦʩʪʠ, ʢʘʦ ʥʘ ʉʣʠʮʠ 2.7ʙ.  

ɸʧʨʦʢʩʠʤʘʮʠʿʘ ʩʨʝʜʝˁ ʚʨʝʜʥʦʩʪ ʛʨʝʰʢʝ ʬʘʟʥʦʛ ʥʘʧʦʥʘ ʥʘ ʧʝʨʠʦʜʫ Ὕ  ʿʝ ʪʘʜʘ ʜʘʪʘ ʢʘʦ  

 

ῳό Ὁ ὸὪ ÓÉÇÎὭὸȢ ςȢρσ 

 

ɼʘʢʣʝ, ʧʦʩʪʦʿʠ ʦʜʩʪʫʧʘˁʝ ʥʘʧʦʥʘ ʧʨʠʢˀʫʯʘʢʘ ɸʄ ʦʜ ʨʝʬʝʨʝʥʪʥʦʛ ʥʘʧʦʥʘ ʥʘ ʫʣʘʟʫ ʫ 

ʤʦʜʫʣʘʪʦʨ, ʪʿ. ό ὸ ό ὸ ῳόὸ ό ὸ. ʉʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʛʨʝʰʢʝ ʨʘʩʪʝ ʩʘ ʧʦʨʘʩʪʦʤ 
Ὢ . ɼʝʚʠʿʘʮʠʿʘ ʥʘʧʦʥʘ, ʧʦʣʘʨʥʦʩʪ ʠʤʧʫʣʩʘ ʧʨʠʢʘʟʘʥʘ ʥʘ ʉʣʠʮʠ 2.8ʙ, ʩʝ ʫʚʝʢ ʩʫʧʨʦʩʪʘʚˀʘ 

ʩʤʝʨʫ ʩʪʨʫʿʝ, ʰʪʦ ʨʝʟʫʣʪʫʿʝ ʤʘˁʦʤ ʩʪʨʫʿʦʤ, ʤʘˁʠʤ ʪʝʨʤʠʥʘʣʥʠʤ ʥʘʧʦʥʠʤʘ ʠ ʩʧʦʨʠʿʦʤ 

ʧʨʦʤʝʥʦʤ ʩʤʝʨʘ ʩʪʨʫʿʝ. ɸʢʦ ʚʨʝʜʥʦʩʪ ʩʪʨʫʿʝ ʪʝʞʠ ʥʫʣʠ ʥʘ ʧʦʯʝʪʢʫ ʠʥʪʝʨʚʘʣʘ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ, 

ʪʘʜʘ ʪʦʢʦʤ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ ʚʨʝʜʥʦʩʪ ʩʪʨʫʿʝ ʦʧʘʜʘ ʥʘ ʥʫʣʫ, ʧʘʨʘʟʠʪʥʘ ʜʠʦʜʘ ʦʜ ʠʥʪʝʨʝʩʘ ʧʦʩʪʘʿʝ 

ʙʣʦʢʠʨʘʥʘ ʠʥʚʝʨʟʥʠʤ ʥʘʧʦʥʦʤ ʠ ʩʪʨʫʿʘ ʦʧʪʝʨʝ˂ʝˁʘ ʥʝ ʤʦʞʝ ʜʘ ʨʘʩʪʝ ʫ ʩʫʧʨʦʪʥʦʤ ʩʤʝʨʫ, ʪʿ.  

ʧʦʩʪʘʿʝ ʧʨʝʢʠʜʥʘ (ʝʥʛʣ. zero current clamping - ZCC) [41]. ʉʨʝʜˁʘ ʪʘʯʢʘ ʬʘʟʝ ʠʥʚʝʨʪʦʨʘ ʿʝ 

ʬʠʟʠʯʢʠ ʦʜʚʦʿʝʥʘ ʦʜ ʿʝʜʥʦʩʤʝʨʥʦʛ ʤʝʹʫʢʦʣʘ ʠ ʬʘʟʥʘ ʩʪʨʫʿʘ ʿʝ ʿʝʜʥʘʢʘ ʥʫʣʠ. ʊʘʜʘ ʿʝ ʥʘʧʦʥ ὠ  
ʿʝʜʥʘʢ ɽʄʉ, ʘ ɸʄ ʨʘʜʠ ʫ ʛʝʥʝʨʘʪʦʨʩʢʦʤ ʨʝʞʠʤʫ ʧʨʘʟʥʦʛ ʭʦʜʘ. ʉʘ ʤʘˁʦʤ ʠʥʜʫʢʪʠʚʥʦʰ˂ʫ 

ʨʘʩʠʧʘˁʘ, ʩʪʨʫʿʘ ʙʨʞʝ ʧʘʜʘ ʥʘ ʥʫʣʫ ʠ ʧʨʦʜʫʞʘʚʘ ʪʨʘʿʘˁʝ ZZC. ɼʘʢʣʝ, ZCC ʬʝʥʦʤʝʥ ʫʥʦʩʠ 

ʜʦʜʘʪʥʝ ʜʠʩʪʦʨʟʠʿʝ ʠ ʚʠʰʝ ʭʘʨʤʦʥʠʢʝ ʫ ʥʘʧʦʥʝ ʥʘ ʧʨʠʢˀʫʯʥʠʤ ʢʨʘʿʝʚʠʤʘ ɸʄ. ʋ ʧʦʛʣʝʜʫ 

sensorless ɽʇ, ʥʝʛʘʪʠʚʥʠ ʬʝʥʦʤʝʥʠ ʢʦʿʠ ʥʘʩʪʘʿʫ ʧʨʠ ʧʨʦʣʘʩʢʫ ʩʪʨʫʿʝ ʢʨʦʟ ʥʫʣʫ ʫʟʨʦʢʫʿʫ 

ʜʠʩʪʦʨʟʠʿʝ ʥʘ ʰʝʩʪʦʤ ʭʘʨʤʦʥʠʢʫ ʫ ʦʮʝˁʝʥʦʤ ʬʣʫʢʩʫ ʠʣʠ ʙʨʟʠʥʠ [46]. 

ʅʘʧʦʥʩʢʘ ʛʨʝʰʢʘ ῳό  ʤʦʞʝ ʧʨʝʜʩʪʘʚˀʘʪʠ ʢˀʫʯʥʠ ʧʦʨʝʤʝ˂ʘʿ ʫ ɽʇ ʢʘʜʘ ʫʟʠʤʘ ʚʨʝʜʥʦʩʪʠ 

ʦʜ ʥʝʢʦʣʠʢʦ ʧʨʦʮʝʥʘʪʘ ʥʘʧʦʥʘ ʿʝʜʥʦʩʤʝʨʥʦʛ ʤʝʹʫʢʦʣʘ, ʰʪʦ ʤʦʞʝ ʫʪʠʮʘʪʠ ʥʘ ʧʦʥʘʰʘˁʝ ʉɸʈ ʠ 

ʜʦʚʝʩʪʠ ʜʦ ʛʨʝʰʢʝ ʫ ʧʨʘ˂ʝˁʫ ʪʨʘʿʝʢʪʦʨʠʿʝ ʚʝʣʠʯʠʥʘ ʦʜ ʟʥʘʯʘʿʘ. ʅʘʚʝʜʝʥʠ ʧʨʦʙʣʝʤʠ ʩʫ ʧʦʩʝʙʥʦ 

ʠʟʨʘʞʝʥʠ ʢʘʜʘ ʠʥʚʝʨʪʦʨ ʥʘ ʩʚʦʿʠʤ ʠʟʣʘʟʠʤʘ ʛʝʥʝʨʠʰʝ ʤʘʣʝ ʚʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ, ʦʙʠʯʥʦ ʧʨʠ 

ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ. ʊʘʜʘ ʛʨʝʰʢʝ ʫʩʣʝʜ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ ʤʦʛʫ ʙʠʪʠ ʟʥʘʯʘʿʥʝ, ʘ ʦʜʩʪʫʧʘˁʘ ʦʜ 

ʞʝˀʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ ʤʦʛʫ ʫ ʚʝʣʠʢʦʿ ʤʝʨʠ ʫʪʠʮʘʪʠ ʥʘ ʨʘʜ sensorless ɽʇ ʠʣʠ ʧʦʪʧʫʥʦ 

ʦʛʨʘʥʠʯʠʪʠ ˁʝʛʦʚʫ ʧʨʠʤʝʥʫ. ʇʨʦʙʣʝʤʠ ʫʩʣʝʜ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ ʩʝ ʤʦʛʫ ʢʦʤʧʝʥʟʦʚʘʪʠ ʦʜʘʙʠʨʦʤ 

ʩʪʨʫʢʪʫʨʝ ʨʝʛʫʣʘʪʦʨʘ ʫʥʫʪʘʨ ʉɸʈ ʠʣʠ ʤʦʜʠʬʠʢʘʮʠʿʘʤʘ ʥʘʜ ʠʥʜʝʢʩʦʤ ʤʦʜʫʣʘʮʠʿʝ. ʋ ʧʦʛʣʝʜʫ 

ʨʝʛʫʣʘʮʠʿʝ, ʧʦʪʠʩʢʠʚʘˁʝ ʦʚʘʢʚʠʭ ʧʦʨʝʤʝ˂ʘʿʘ ʟʘʚʠʩʠ ʦʜ ʥʠʩʢʦʬʨʝʢʚʝʥʪʥʦʛ ʧʦʿʘʯʘˁʘ ʢʦʿʝ 

ʧʦʩʪʠʞʝ ʨʝʛʫʣʘʪʦʨ ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ. ʈʝʛʫʣʘʪʦʨʠ ʟʘʩʥʦʚʘʥʠ ʥʘ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ-ʠʥʪʝʛʨʘʣʥʦʿ 

ʩʪʨʫʢʪʫʨʠ ʩʫ ʠʤʫʥʠ ʥʘ ʝʬʝʢʪʝ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ [20]. ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʧʨʝʜʠʢʪʠʚʥʝ ʩʪʨʫʢʪʫʨʝ 

ʨʝʛʫʣʘʪʦʨʘ, ʧʦʧʫʪ dead-beat ʨʝʛʫʣʘʪʦʨʘ, ʥʝ ʤʦʞʝ ʜʘ ʢʦʤʧʝʥʟʫʿʝ ʤʨʪʚʦ ʚʨʝʤʝ. ʊʘʜʘ ʩʝ ʤʦʨʘʿʫ 

ʩʧʨʦʚʝʩʪʠ ʢʦʤʧʝʥʟʘʮʠʿʝ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ ʢʦʨʝʢʮʠʿʦʤ ʥʘʧʦʥʩʢʝ ʨʝʬʝʨʝʥʮʝ. ʂʣʘʩʠʯʥʝ ʤʝʪʦʜʝ 

ʢʦʿʝ ʩʝ ʟʘʩʥʠʚʘʿʫ ʥʘ ʟʥʘʢʫ ʩʪʨʫʿʝ ʩʫ ʜʦʙʨʝ ʟʘ ʢʦʤʧʝʥʟʘʮʠʿʫ ʢʦʜ ʚʝʣʠʢʠʭ (ʥʝʧʨʝʢʠʜʥʠʭ) 

ʧʦʟʠʪʠʚʥʠʭ ʠʣʠ ʥʝʛʘʪʠʚʥʠʭ ʩʪʨʫʿʘ ʛʜʝ ʚʘʣʦʚʠʪʦʩʪ ʩʪʨʫʿʘ ʫʩʣʝʜ ʧʨʝʢʠʜʘˁʘ ʥʝʤʘ ʪʦʣʠʢʠ ʫʪʠʮʘʿ. 

ʂʘʢʦ ʩʝ ʫ ɽʇ ʩʪʨʫʿʝ ʦʧʪʝʨʝ˂ʝˁʘ ʠ ʥʘʧʦʥ ʿʝʜʥʦʩʤʝʨʥʠʭ ʩʘʙʠʨʥʠʮʘ ʛʦʪʦʚʦ ʫʚʝʢ ʤʝʨʝ ʟʘ ʧʦʪʨʝʙʝ 

ʫʧʨʘʚˀʘˁʘ ʠ ʟʘʰʪʠʪʘ, ʤʦʛʫ˂ʝ ʿʝ ʦʜʨʘʜʠʪʠ ʢʦʤʧʝʥʟʘʮʠʿʫ ʥʘ ʦʩʥʦʚʫ (2.13) [42]. ʆʚʘʿ ʢʦʥʮʝʧʪ ʥʝ 

ʦʪʢʣʘˁʘ ʧʦʪʧʫʥʦ ʥʘʚʝʜʝʥʝ ʧʨʦʙʣʝʤʝ ʟʙʦʛ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʫ ʤʦʜʝʣʦʚʘˁʫ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ ʧʫʪʝʤ 

ʥʘʧʦʥʩʢʦʛ ʠʤʧʫʣʩʘ. ɼʦʜʘʪʥʝ ʢʦʨʝʢʮʠʿʝ ʩʝ ʤʦʛʫ ʩʧʨʦʚʝʩʪʠ ʧʨʠʣʘʛʦʹʘʚʘˁʝʤ ʜʚʘ ʧʘʨʘʤʝʪʨʘ, 

ʘʤʧʣʠʪʫʜʝ ʠ ʬʘʟʝ ʥʘʧʦʥʩʢʦʛ ʠʤʧʫʣʩʘ, ʰʪʦ ʤʦʞʝ ʧʦʤʦ˂ʠ ʠ ʫ ʧʦʛʣʝʜʫ ʩʫʙʭʘʨʤʦʥʠʢʘ ʢʦʿʠ ʥʘʩʪʘʿʫ 

ʫʩʣʝʜ ʨʘʜʘ PWM ʤʦʜʫʣʘʪʦʨʘ [41]. ʇʦʩʪʦʿʝ ʠ ʤʝʪʦʜʝ ʟʘ ʢʦʤʧʝʥʟʘʮʠʿʫ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ ʢʦʜ 

SVPWM ʢʦʿʝ ʫʚʘʞʘʚʘʫʿ ʠ ʚʨʝʤʝ ʢʦʤʫʪʘʮʠʿʝ, ʚʨʝʤʝ ʫʢˀʫʯʝˁʘ ʠ ʠʩʢˀʫʯʝˁʘ ʧʨʝʢʠʜʘʯʘ [43]. 

ʋʦʙʠʯʘʿʝʥʝ ʤʝʪʦʜʝ ʟʘ ʢʦʤʧʝʥʟʘʮʠʿʫ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ ʥʝ ʚʘʞʝ ʫ ʩʣʫʯʘʿʝʚʠʤʘ ʢʘʜʘ ʿʝ ʩʪʨʫʿʘ 

ʧʨʝʢʠʜʥʘ, ʪʦʢʦʤ ZCC ʠʥʪʝʨʚʘʣʘ, ʢʘʦ ʠ ʢʘʜʘ ʿʝ ʧʨʦʤʝʥʫ ʩʪʨʫʿʝ ʪʝʰʢʦ ʜʝʬʠʥʠʩʘʪʠ ʫʩʣʝʜ ʚʠʰʝ 

ʧʨʦʣʘʟʘʢʘ ʢʨʦʟ ʥʫʣʫ ʟʙʦʛ ʧʦʩʪʦʿʘˁʘ ʧʨʝʢʠʜʘʯʢʝ ʚʘʣʦʚʠʪʦʩʪʠ. ʊʘʜʘ ʩʝ ʥʘʧʦʥ ʩʨʝʜˁʝ ʪʘʯʢʝ ʤʦʞʝ 

ʦʮʝʥʠʪʠ, ʠʟ ʢʦʤʘʥʜʦʚʘʥʦʛ ʥʘʧʦʥʘ ʠ ʚʨʝʜʥʦʩʪʠ ɽʄʉ ʪʦʢʦʤ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ [44].  



31 

 

ʇʦʨʝʜ ʧʨʝʜʩʪʘʚˀʝʥʠʭ ʫʪʠʮʘʿʘ ʜʠʛʠʪʘʣʥʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ, ʥʘ ʜʠʩʪʦʨʟʠʿʝ ʫ ʝʣʝʢʪʨʠʯʥʠʤ 

ʚʝʣʠʯʠʥʘʤʘ ʫʪʠʯʫ ʠ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʭʘʨʜʚʝʨʩʢʦʛ ʜʠʟʘʿʥʘ ʠʥʚʝʨʪʦʨʘ. ʊTL ʩʠʛʥʘʣʠ ʩʘ ɼʉʇ, 

ʫʧʨʘʚˀʘʯʢʦʛ ʫʨʝʹʘʿʘ, ʩʝ ʧʨʦʩʣʝʹʫʿʫ ʠʤʧʫʣʩʥʦʤ ʧʦʿʘʯʘʚʘʯʫ, ʉʣʠʢʘ 2.2. ʇʦʿʘʯʘʚʘʯ ʿʝ ʫʩʣʝʜ ʚʝʟʝ 

ʩʘ ʝʥʝʨʛʝʪʩʢʠʤ ʢʦʣʦʤ ʠʟʣʦʞʝʥ ʚʠʩʦʢʠʤ ʥʘʧʦʥʠʤʘ, ʜʦʢ ʿʝ ʫʧʨʘʚˀʘʯʢʠ ʫʨʝʹʘʿ ʫʛʣʘʚʥʦʤ 

ʨʝʬʝʨʝʥʮʠʨʘʥ ʥʘ ʤʘʩʫ ɼʉʇ. ʋ ʮʠˀʫ ʨʦʙʫʩʥʦʩʪʠ, ʊTL ʩʠʛʥʘʣʠ ʩʘ ɼʉʇ ʩʝ ʯʝʩʪʦ ʩʧʨʦʚʦʜʝ ʜʦ 

ʠʤʧʫʣʩʥʦʛ ʧʦʿʘʯʘʚʘʯʘ ʧʨʝʢʦ ʛʘʣʚʘʥʩʢʝ ʠʟʦʣʘʮʠʿʝ, ʬʦʪʦ-ʠʟʦʣʘʪʦʨʘ ʠʣʠ ʬʠʙʝʨ-ʦʧʪʠʯʢʠʭ ʢʘʙʣʦʚʘ 

ʫʟ ʜʦʜʘʪʥʘ ʧʨʠʣʘʛʦʜʥʘ ʢʦʣʘ ʟʘ ʧʦʪʨʝʙʝ ʫʚʝ˂ʘˁʘ SNR [21]. ʉʭʦʜʥʦ ʦʜʘʙʠʨʫ ʠʥʪʝʛʨʠʩʘʥʦʛ ʢʦʣʘ, 

ʧʦʿʘʯʘʚʘʯ ʤʦʞʝ ʜʘ ʢʦʥʪʨʦʣʠʰʝ ʨʘʜ ʿʝʜʥʦʛ ʠʣʠ ʚʠʰʝ ʧʨʝʢʠʜʘʯʘ ʩʥʘʛʝ, ʤʦʞʝ ʙʠʪʠ ʠʟʦʣʦʚʘʥ ʠʣʠ 

ʥʝʠʟʦʣʦʚʘʥ, ʩʘ ʠʟʦʣʦʚʘʥʠʤ ʥʘʧʦʥʠʤʘ ʟʘ ʩʚʘʢʠ ʦʜ ʧʨʝʢʠʜʘʯʘ, ʩʘ ʠʣʠ ʙʝʟ ʠʥʪʝʛʨʠʩʘʥʠʭ ʢʦʣʘ ʟʘ 

ʧʨʫʞʘˁʝ ʥʘʧʦʥʘ ʨʝʬʝʨʝʥʮʠʨʘʥʠʭ ʥʘ ʩʨʝʜˁʫ ʪʘʯʢʫ ʠʥʚʝʨʪʦʨʩʢʦʛ ʩʪʫʙʘ (ʝʥʛʣ. bootstrap), ʠʪʜ. 

ʀʤʧʫʣʩʥʠ ʧʦʿʘʯʘʚʘʯʠ ʥʘ ʦʩʥʦʚʫ ʫʣʘʟʥʠʭ ʊTL ʩʠʛʥʘʣʘ, ʥʘ ʩʚʦʿʠʤ ʢʨʘʿʝʚʠʤʘ ʛʝʥʝʨʠʰʫ 

ʩʠʛʥʘʣʝ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʥʘʧʦʥʩʢʠʭ ʥʠʚʦʘ ʠ ʧʨʫʞʘʿʫ ʧʦʪʨʝʙʥʝ ʢʦʣʠʯʠʥʝ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʟʘ 

ʫʢˀʫʯʝˁʝ ʠ ʠʩʢˀʫʯʝˁʝ ʧʨʝʢʠʜʘʯʘ ʩʥʘʛʝ, ʪʿ. ʟʘ ʧʫˁʝˁʝ ʠʣʠ ʧʨʘʞˁʝˁʝ ˁʠʭʦʚʠʭ ʧʘʨʘʟʠʪʥʠʭ 

ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ. ʊʊL ʩʠʛʥʘʣʠ ʩʝ ʧʨʠʣʘʛʦʹʘʚʘʿʫ ʦʜʘʙʨʘʥʦʤ ʧʨʝʢʠʜʘʯʫ, ʥʧʨ. ʥʘʧʦʥʩʢʠ ʦʧʩʝʟʠ 

ʤʦʛʫ ʙʠʪʠ ʟʘ Si MOSFET {-10 V, +15 V}, ʟʘ SiC {-5 V, +20 V}, ʠʪʜ. ʊʨʘʿʘˁʝ ʠ ʢʚʘʣʠʪʝʪ 

ʢʦʤʫʪʘʮʠʦʥʦʛ ʧʨʦʮʝʩʘ ʫʪʠʯʝ ʥʘ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʝ ʩʤʝʪˁʝ, ʩʥʘʛʫ ʛʫʙʠʪʘʢʘ ʫ ʧʨʝʪʚʘʨʘʯʫ, ʠʪʜ. 

ʂʚʘʣʠʪʝʪ ʢʦʤʫʪʘʮʠʦʥʦʛ ʧʨʦʮʝʩʘ ʟʘʚʠʩʠ ʦʜ ʥʘʧʦʥʩʢʦʛ ʠ ʩʪʨʫʿʥʦʛ ʢʘʧʘʮʠʪʝʪʘ ʧʦʿʘʯʘʚʘʯʘ, 

ʧʘʨʘʟʠʪʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʧʨʝʢʠʜʘʯʘ ʩʥʘʛʝ, ʘ ʤʦʛʫ ʩʝ ʫʥʘʧʨʝʜʠʪʠ ʫʧʦʪʨʝʙʥʦʤ ʘʢʪʠʚʥʠʭ ʠ 

ʧʘʩʠʚʥʠʭ ʢʦʤʧʦʥʝʥʘʪʘ ʫ ʢʦʣʫ ʦʜ ʧʦʿʘʯʘʚʘʯʘ ʜʦ ʧʨʝʢʠʜʘʯʘ (ʝʥʛʣ. snubber, zener diode, schottky 

diode, gate resistance, ʠʪʜ.). ʀʘʢʦ ʦʩʮʠʣʘʮʠʿʝ ʩʨʝʜˁʝ ʪʘʯʢʝ ʠʥʚʝʨʪʦʨʘ ʫʩʣʝʜ ʥʝʩʘʚʨʰʝʥʦʩʪʠ 

ʢʦʤʫʪʘʮʠʦʥʦʛ ʧʨʦʮʝʩʘ ʤʦʛʫ ʫʪʠʮʘʪʠ ʥʘ ʨʘʜ sensorless ʘʣʛʦʨʠʪʘʤʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʜʦʜʘʚʘˁʫ 

ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ [22], ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʫ ʢʦʣʫ ʠʤʧʫʣʩʥʦʛ ʧʦʿʘʯʘʚʘʯʘ, ʿʝʜʥʦʩʤʝʨʥʦʤ ʤʝʹʫʢʦʣʫ, 

ʠʪʜ., ʥʠʩʫ ʦʜ ʠʥʪʝʨʝʩʘ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʠ ʥʝ˂ʝ ʩʝ ʜʝʪʘˀʥʠʿʝ ʘʥʘʣʠʟʠʨʘʪʠ. ʅʘʿʚʝ˂ʠ ʫʪʠʮʘʿ ʥʘ ʨʘʜ 

sensorless ɽʇ ʫ ʧʦʛʣʝʜʫ ʭʘʨʜʚʝʨʩʢʦʛ ʜʠʟʘʿʥʘ, ʠʤʘ ʥʝʣʠʥʝʘʨʥʦʩʪ ʧʨʝʢʠʜʘʯʘ ʩʥʘʛʝ ʫ ʠʥʚʝʨʪʦʨʫ, 

ʢʦʿʠ ʧʦʧʫʪ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ ʯʝʩʪʦ ʤʦʞʝ ʜʘ ʜʝʛʨʘʜʠʨʘ ʠʣʠ ʧʦʪʧʫʥʦ ʦʛʨʘʥʠʯʠ ʨʘʜ sensorless ɽʇ.  

ʀʟ ʫʛʣʘ ʫʪʠʮʘʿʘ ʥʘ ʜʠʩʪʦʨʟʠʿʫ ʠʟʣʘʟʥʦʛ ʥʘʧʦʥʘ, ʧʨʝʢʠʜʘʯ ʩʥʘʛʝ ʩʝ ʫ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ 

ʤʦʜʝʣʫʿʝ ʢʘʦ ʜʠʨʝʢʪʥʠ ʧʘʜ ʥʘʧʦʥʘ ʥʘ ʧʨʝʢʠʜʘʯʫ ό  (ʝʥʛʣ. forward voltage), ʧʘʜ ʥʘʧʦʥʘ ʥʘ 

ʧʘʨʘʟʠʪʥʦʿ ʜʠʦʜʠ ό, ʩʨʝʜˁʠʭ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ʚʦʹʝˁʘ ʧʨʝʢʠʜʘʯʘ ὶ ʠ ʜʠʦʜʝ ὶ, 
ʛʜʝ ʿʝ ό ό ὶȿὭȿ, ό ό ὶȿὭȿ. ʅʘʚʝʜʝʥʠ ʧʘʨʘʤʝʪʨʠ ʩʝ ʤʦʛʫ ʜʦʙʠʪʠ ʠʟ ʪʝʭʥʠʯʢʝ 
ʜʦʢʫʤʝʥʪʘʮʠʿʝ ʧʨʝʢʠʜʘʯʘ ʠʣʠ ʠʩʧʠʪʠʚʘˁʝʤ ʠʥʚʝʨʪʦʨʘ ʧʨʠ ʛʝʥʝʨʠʩʘˁʫ ʠʟʣʘʟʥʠʭ ʩʠʛʥʘʣʘ ʥʠʩʢʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʢʘʜʘ ʨʝʘʢʪʠʚʥʠ ʧʘʨʘʤʝʪʨʠ ʥʝ ʫʯʝʩʪʚʫʿʫ ʫ ʦʜʟʠʚʫ [22]. ʇʘʜʦʚʠ ʥʘʧʦʥʘ ό  ʠ ό ʩʝ  
ʤʘʥʠʬʝʩʪʫʿʝ ʢʘʦ ʤʨʪʚʦ ʚʨʝʤʝ ʠ ʩʤʘˁʫʿʫ ʠʟʣʘʟʥʫ ʩʨʝʜˁʫ ʚʨʝʜʥʦʩʪ ʥʘʧʦʥʘ ʠʥʚʝʨʪʦʨʘ. ɸʢʦ ʩʝ 

ʧʨʝʪʧʦʩʪʘʚʠ ʜʘ ʩʝ ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʠʩʧʦˀʘʚʘʿʫ ʥʘ ʠʩʪʠ ʥʘʯʠʥ ʫ ʩʚʝ ʪʨʠ ʬʘʟʝ, ʤʦʛʫ ʩʝ ʦʧʠʩʘʪʠ 

ʧʨʦʩʪʦʨʥʠʤ ʥʘʧʦʥʩʢʠʤ ʚʝʢʪʦʨʦʤ ʫ ʬʫʥʢʮʠʿʠ ʩʤʝʨʘ ʬʘʟʥʠʭ ʩʪʨʫʿʘ [43], ʢʘʦ 

  

ό ὸ
ρ

ς
ό ÓÉÇÎὭ ὥό ÓÉÇÎὭ ὥό ÓÉÇÎὭ ό ÓÅÃὭȠ  ὥ Ὡ ϳȢ ςȢρτ 

 

ʌʫʥʢʮʠʿʘ ίὩὧὭ ʿʝ ʢʦʤʧʣʝʢʩʥʘ ʥʝʣʠʥʝʘʨʥʘ ʬʫʥʢʮʠʿʘ ʿʝʜʠʥʠʯʥʝ ʘʤʧʣʠʪʫʜʝ ʠ ʧʦʢʘʟʫʿʝ ʫ ʢʦʤ 
ʧʨʦʩʪʦʨʥʦʤ ʩʝʢʪʦʨʫ Ŭ ï ɓ ʨʘʚʥʠ ʩʝ ʥʘʣʘʟʠ ʩʪʨʫʿʥʠ ʚʝʢʪʦʨ, ʦʜ ʰʝʩʪ ʤʦʛʫ˂ʠʭ ʛʜʝ ʩʚʘʢʠ ʩʝʢʪʦʨ 

ʦʙʫʭʚʘʪʘ 60  ʢʨʫʛʘ. ʉʤʝʨ ʬʘʟʥʝ ʩʪʨʫʿʝ ʩʝ ʤʝˁʘ ʰʝʩʪ ʧʫʪʘ ʪʦʢʦʤ ʧʝʨʠʦʜʝ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ, ʘ 

ʧʘʜ ʥʘʧʦʥʘ ʩʝ ʥʝ ʤʝˁʘ ʪʦʢʦʤ ʿʝʜʥʦʛ PWM ʧʝʨʠʦʜʘ ʙʝʟ ʦʙʟʠʨʘ ʰʪʦ ʩʝ ʤʝˁʘʿʫ ʧʨʝʢʠʜʘʯʢʘ ʩʪʘˁʘ, 

ʧʨʠ ʯʝʤʫ ʩʝ ʫʩʚʘʿʘ ʜʘ ʩʝ ʥʝ ʤʝˁʘ ʩʤʝʨ ʩʪʨʫʿʝ. ʊʨʘʿʝʢʪʦʨʠʿʘ ʥʘʧʦʥʘ ό ὸ ʧʨʘʚʠ ʠʟʨʘʞʝʥ ʰʝʩʪʠ 

ʭʘʨʤʦʥʠʢ. ʆʪʧʦʨʥʦʩʪ ʢʦʿʘ ʦʜʨʝʹʫʿʝ ʚʨʝʤʝʥʩʢʫ ʢʦʥʩʪʘʥʪʫ ʩʪʘʪʦʨʘ, ʠ ʨʝʘʣʥʫ ʚʘʣʦʚʠʪʦʩʪ ʩʪʨʫʿʝ, 

ʧʨʝʜʩʪʘʚˀʘ ʟʙʠʨ ʦʪʧʦʨʥʦʩʪʠ ʥʘʤʦʪʘʿʘ ʩʪʘʪʦʨʘ ʠ ʩʨʝʜˁʫ ʦʪʧʦʨʥʦʩʪ ʚʦʹʝˁʘ ʧʨʝʢʠʜʘʯʘ ʢʘʦ 

 

ὶ ὶ
ρ

ς
ὶ ὶ Ȣ ςȢρυ 
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ʆʪʧʦʨʥʦʩʪʠ ʩʫ ʫ ʬʫʥʢʮʠʿʠ ʪʝʤʧʝʨʘʪʫʨʝ, ʘ ʜʠʬʝʨʝʥʮʠʿʘʣʥʝ ʦʪʧʦʨʥʦʩʪʠ ʧʨʝʢʠʜʘʯʘ ʩʫ 

ʜʦʜʘʪʥʦ ʬʫʥʢʮʠʿʘ ʨʘʜʥʠʭ ʩʪʨʫʿʘ, ʥʘʧʦʥʘ ʠ ʥʘʧʦʥʩʢʦʛ ʦʧʩʝʛʘ ʩʠʛʥʘʣʘ ʥʘ ʠʟʣʘʟʠʤʘ ʠʤʧʫʣʩʥʦʛ 

ʧʦʿʘʯʘʚʘʯʘ [45]. ʅʘʧʦʥ ʥʘ ʧʨʠʢˀʫʯʥʦʤ ʢʨʘʿʫ ʿʝʜʥʝ ʬʘʟʝ ɸʄ ʩʝ ʤʦʞʝ ʠʟʨʘʟʠʪʠ ʫ ʬʫʥʢʮʠʿʠ ʫʛʣʘ 

ʚʦʹʝˁʘ ʛʦʨˁʝʛ ʧʨʝʢʠʜʘʯʘ ʧʦʣʘʟʝ˂ʠ ʦʜ (2.6) ʠ ʫʚʘʞʘʚʘʿʫ˂ʠ ˁʝʛʦʚʝ ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʢʘʦ   

 

ό ὸ Ὁ ό ό
ὸ

Ὕ

ρ

ς

ρ

ς
ÓÉÇÎὭ ό ό ὶ ὭȢ ςȢρφ 

 

ʆʜʘʚʜʝ ʩʝ ʿʘʩʥʦ ʤʦʞʝ ʫʪʠʮʘʿ ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʧʨʝʢʠʜʘʯʘ ʫ ʬʫʥʢʮʠʿʠ ʠʥʜʝʢʩʘ ʤʦʜʫʣʘʮʠʿʝ ʢʘʦ 

ό ὸ ό ὸ ό ὸ ὶ Ὥὸ. ʅʝʣʠʥʝʘʨʥʦʩʪʠ ʧʨʝʢʠʜʘʯʘ ʩʣʘʙʠ ʧʨʚʠ ʭʘʨʤʦʥʠʢ ʥʘʧʦʥʘ 
ʫ ʤʦʪʦʨʥʦʤ ʨʝʞʠʤʫ, ʘ ʧʦʿʘʯʘʚʘʿʘ ʛʘ ʫ ʛʝʥʝʨʘʪʦʨʩʢʦʤ ʨʝʞʠʤʫ ʨʘʜʘ. ʋʪʠʮʘʿ ʧʨʝʢʠʜʘʯʘ ʿʝ ʦʧʠʩʘʥ 

ʫ ʬʫʥʢʮʠʿʠ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ, ʪʿ. ʦʧʪʝʨʝ˂ʝˁʘ. ʂʦʥʘʯʥʦ, ʥʘʧʦʥ ʥʘ ʠʟʣʘʟʫ ʠʥʚʝʨʪʦʨʘ ʿʝ ʜʘʪ ʢʘʦ  

 

ό ὸ ό ὸ ῳόὸ ό ὸ ὶ Ὥὸ ςȢρχ 

 

ɺʨʝʤʝʥʩʢʠ ʭʘʨʤʦʥʠʮʠ ʫ ʪʘʣʘʩʥʠʤ ʦʙʣʠʮʠʤʘ ʠʟʣʘʟʥʠʭ ʥʘʧʦʥʘ ʧʦʩʪʦʿʝ, ʥʘʿʯʝʰ˂ʝ, ʫʩʣʝʜ 

ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ ʠ ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʧʨʝʢʠʜʘʯʘ ʫ ʥʠʞʝʤ ʜʝʣʫ ʩʧʝʢʪʨʘ, ʘ ʫʩʣʝʜ PWM ʫ ʚʠʰʝʤ ʜʝʣʫ 

ʩʧʝʢʪʨʘ [47], [48], [49]. ʋ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ, ʢʘʜʘ ʠʥʚʝʨʪʦʨ ʛʝʥʝʨʠʰʝ ʩʠʤʝʪʨʠʯʥʠ n-ʬʘʟʥʠ ʩʠʩʪʝʤ 

ʥʘʧʦʥʘ ʝʣʝʢʪʨʠʯʥʠ ʧʦʤʝʨʘʿ ʠʟʤʝʹʫ ʫʟʘʩʪʦʧʥʠʭ ʬʘʟʘ, ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠ ʫʛʘʦ, ʠʟʥʦʩʠ ‌ ς“ὲϳ. 
ʇʨʠʤʝʥʦʤ ʪʝʦʨʠʿʝ ʌʫʨʠʿʝʦʚʠʭ ʨʝʜʦʚʘ (ʝʥʛʣ. Fourier analysis), ʧʨʚʠ ʭʘʨʤʦʥʠʢ ʥʘʧʦʥʘ ʢʦʿʠ 

ʧʦʩʪʦʿʠ ʥʘ ʧʨʠʢˀʫʯʥʠʤ ʢʨʘʿʝʚʠʤʘ ɸʄ ʿʝ ʦʧʠʩʘʥ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʦʤ ʬʫʥʢʮʠʿʦʤ  

 

ό ὸ ὟÓÉÎ‫ὸ • ςȢρψ 

 

ʛʜʝ ʿʝ Ὗ ʚʨʰʥʘ ʚʨʝʜʥʦʩʪ ʬʘʟʥʦʛ ʥʘʧʦʥʘ, ,ʫʛʘʦʥʘ ʫʯʝʩʪʘʥʦʩʪ ʥʘʧʦʥʘ, ὸ ʚʨʝʤʝʥʩʢʘ ʚʘʨʠʿʘʙʣʘ ‫ 
• ʫʛʘʦ ʬʘʟʥʦʛ ʥʘʧʦʥʘ n ʫ ʦʜʥʦʩʫ ʥʘ ʨʝʬʝʨʝʥʪʥʫ ʦʩʫ. ʂʘʰˁʝˁʝ ʠʟʤʝʹʫ ʬʘʟʥʠʭ ʥʘʧʦʥʘ ʤʦʞʝ 

ʩʝ ʠʟʨʘʟʠʪʠ ʢʘʦ • ὲά‌, ʛʜʝ ʿʝ ά ʮʝʦ ʙʨʦʿ ʢʦʿʠ ʜʝʬʠʥʠʰʝ ʝʣʝʢʪʨʠʯʥʠ ʫʛʘʦ ʠʟʤʝʹʫ 

ʫʟʘʩʪʦʧʥʠʭ ʬʘʟʘ ʢʦʜ ʚʠʰʝʬʘʟʥʠʭ ʤʘʰʠʥʘ ʠʣʠ ʚʠʰʝʤʦʪʦʨʥʠʭ ʧʦʛʦʥʘ, ʜʦʢ ʢʦʜ ʪʨʦʬʘʟʥʠʭ 

ʩʠʩʪʝʤʘ ʠʤʘ ʿʝʜʠʥʠʯʥʫ ʚʨʝʜʥʦʩʪ [50]. ʅʘʧʦʥ ʢʦʿʠ ʧʦʩʪʦʿʠ ʥʘ ʧʨʠʢˀʫʯʥʠʤ ʢʨʘʿʝʚʠʤʘ ɸʄ ʥʠʿʝ 

ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʘʥ ʠ ʩʘʩʪʦʿʠ ʩʝ ʦʜ ʚʨʝʤʝʥʩʢʠʭ ʭʘʨʤʦʥʠʢʘ ʨʝʜʘ q, ʚʨʰʥʠʭ ʚʨʝʜʥʦʩʪʠ Ὗ .  ɸʢʦ 

ʩʝ ʧʨʝʪʧʦʩʪʘʚʠ ʜʘ q-ʪʠ ʭʘʨʤʦʥʠʢ ʠʤʘ ʠʩʪʫ ʚʨʰʥʫ ʚʨʝʜʥʦʩʪ ʫ ʩʚʠʤ ʬʘʟʘʤʘ, ʜʘ ʿ ʝ ʫʛʘʦ q-ʪʦʛ 

ʭʘʨʤʦʥʠʢʘ ʠʟʤʝʹʫ ʜʚʝ ʫʟʘʩʪʦʧʥʝ ʬʘʟʝ ήὲά‌ ʠ ʜʘ ʩʫʙʭʘʨʤʦʥʠʮʠ ʥʠʩʫ ʧʨʠʩʫʪʥʠ, ʥʘʧʦʥ ʢʦʿʠ 

ʧʦʩʪʦʿʠ ʥʘ ʢʨʘʿʝʚʠʤʘ ɸʄ ʩʝ ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʢʦʨʠʰ˂ʝˁʝʤ ʪʝʦʨʠʿʝ ʌʫʨʠʿʝʦʚʠʭ ʨʝʜʦʚʘ ʢʘʦ  

 

όȟ ὸ Ὗ ÓÉÎή‫ὸ ὲά‌ • ȟ ςȢρω 

 

ʛʜʝ ʿʝ • ʫʛʘʦ ʠʟʤʝʹʫ q-ʪʦʛ ʠ ʧʨʚʦʛ ʚʨʝʤʝʥʩʢʦʛ ʭʘʨʤʦʥʠʢʘ ʥʘʧʦʥʘ. ʉʪʨʫʿʘ ʩʪʘʪʦʨʘ ʬʘʟʝ n, 

ʫʚʘʞʘʚʘʿʫ˂ʠ ʚʠʰʝ ʚʨʝʤʝʥʩʢʝ ʭʘʨʤʦʥʠʢʝ, ʤʦʞʝ ʩʝ ʟʘʧʠʩʘʪʠ ʢʘʦ 

 

Ὥȟ ὸ ὍÓÉÎή‫ὸ ὲά‌ •ȟ ȟ ςȢςπ 

ʛʜʝ ʿʝ Ὅ ʚʨʰʥʘ ʚʨʝʜʥʦʩʪ ʚʨʝʤʝʥʩʢʦʛ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʨʝʜʘ q ʫ ʬʘʟʠ n, ʘ •ȟ ʫʛʘʦ 

ʠʟʤʝʹʫ q-ʪʦʛ ʠ ʧʨʚʦʛ ʚʨʝʤʝʥʩʢʦʛ ʭʘʨʤʦʥʠʢʘ ʥʘʧʦʥʘ ʫʚʝ˂ʘʥ ʟʘ ʫʛʘʦ ʠʟʤʝʹʫ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ ʠ 
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ʥʘʧʦʥʘ ʨʝʜʘ q. ɺʨʝʤʝʥʩʢʠ ʭʘʨʤʦʥʠʮʠ ʫ ʪʘʣʘʩʥʠʤ ʦʙʣʠʮʠʤʘ ʩʪʨʫʿʘ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʤʨʪʚʦʛ 

ʚʨʝʤʝʥʘ [41], [51], PWM [6], [20], ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʧʨʝʢʠʜʘʯʘ [22], ʥʝʩʠʤʝʪʨʠʯʥʦʛ ʥʘʧʘʿʘˁʘ ʠʣʠ 

ʦʧʪʝʨʝ˂ʝˁʘ [52], ʠʪʜ. ʅʘʧʦʥʠ (2.19) ʠ ʩʪʨʫʿʝ (2.20) ʧʦʙʫʹʫʿʫ ɸʄ ʠ ʫʟʨʦʢʫʿʝ ʚʠʰʝ ʭʘʨʤʦʥʠʢʝ ʠ 

ʨʘʟʥʝ ʞʝˀʝʥʝ ʠ ʥʝʞʝˀʝʥʝ ʝʬʝʢʪʝ ʫ ɸʄ ʢʦʿʠ ʩʫ ʧʨʝʜʤʝʪ ʘʥʘʣʠʟʝ ʫ ʥʘʩʪʘʚʢʫ. 

 

2.2 ɼʠʥʘʤʠʯʢʠ ʤʦʜʝʣ ɸʄ ʫ ʧʦʿʘʩʫ ʦʩʥʦʚʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ 
 

ʋ ʥʘʩʪʘʚʢʫ ʿʝ ʜʘʪ ʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ ɸʄ ʫ ʧʦʿʘʩʫ ʦʩʥʦʚʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʟʘʩʥʦʚʘʥ ʥʘ ʦʧʰʪʦʿ 

ʪʝʦʨʠʿʠ ʝʣʝʢʪʨʠʯʥʠʭ ʤʘʰʠʥʘ (ʆʊɽʄ). ɼʠʥʘʤʠʯʢʠ ʤʦʜʝʣ ɸʄ ʫ ʧʦʿʘʩʫ ʦʩʥʦʚʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ 

ʦʙʫʭʚʘʪʘ ʤʦʜʝʣʝ ʝʣʝʢʪʨʠʯʥʦʛ ʠ ʤʝʭʘʥʠʯʢʦʛ ʧʦʜʩʠʩʪʝʤʘ. ʂʦʨʠʩʪʠ ʩʝ ʟʘ ʘʥʘʣʠʟʫ ʧʨʝʣʘʟʥʠʭ 

ʧʨʦʮʝʩʘ, ʟʘ ʧʨʦʙʣʝʤʝ ʥʘʧʘʿʘˁʘ ʠ ʫʧʨʘʚˀʘˁʘ ɸʄ [53] ʇʦʣʘʟʝ˂ʠ ʦʜ ʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ ʤʦʛʫ˂ʝ 

ʿʝ ʦʜʨʝʜʠʪʠ ʤʝʭʘʥʠʯʢʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ ʠ ʟʘʤʝʥʩʢʫ ʰʝʤʫ ʧʦʪʨʝʙʥʫ ʟʘ ʘʥʘʣʠʟʫ ʧʦʥʘʰʘˁʘ ʠ ʫ 

ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ. ɼʠʥʘʤʠʯʢʠ ʤʦʜʝʣ ɸʄ ʩʝ ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʢʦʨʠʩʪʠ ʢʘʦ ʦʩʥʦʚʘ ʟʘ ʤʦʜʝʣʠʨʘˁʝ 

ʘʥʠʟʦʪʨʦʧʠʿʘ ʫ ɸʄ ʠ ʟʘ ʧʦʪʨʝʙʝ ʘʥʘʣʠʟʝ sensorless ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ, ʢʘʦ ʠ ʟʘ 

ʧʦʪʨʝʙʝ ʩʠʥʪʝʟʝ ʘʣʛʦʨʠʪʤʘ ʫʧʨʘʚˀʘˁʘ ʫ ʯʝʪʚʨʪʦʤ ʧʦʛʣʘʚˀʫ. ʄʦʜʝʣ ʿ ʝ ʠʟʚʝʜʝʥ ʫ ʚʨʝʤʝʥʩʢʦʤ 

ʜʦʤʝʥʫ. ʋ ʥʘʩʪʘʚʢʫ, ʩʭʦʜʥʦ ʧʦʪʨʝʙʘʤʘ ʠʩʪʠ ʤʦʜʝʣ ʢʦʨʠʩʪʠ˂ʝ ʩʝ ʠ ʫ ʃʘʧʣʘʩʦʚʦʤ 

ʬʨʝʢʚʝʥʮʠʿʩʢʦʤ (ʝʥʛʣ. Laplace transform) ʠʣʠ ʜʠʩʢʨʝʪʥʦʤ z ʜʦʤʝʥʫ.  

ʆʩʥʦʚʥʠ ʢʦʥʩʪʨʫʢʮʠʦʥʠ ʝʣʝʤʝʥʪʠ ɸʄ ʩʫ ʩʪʘʪʦʨ, ʨʦʪʦʨ ʠ ʤʝʪʘʣʥʦ ʢʫ˂ʠʰʪʝ. ʄʝʭʘʥʠʯʢʘ 

ʩʥʘʛʘ ʢʦʿʘ ʥʘʩʪʘʿʝ ʢʘʦ ʨʝʟʫʣʪʘʪ ʝʣʝʢʪʨʦʤʝʭʘʥʠʯʢʦʛ ʧʨʝʪʚʘʨʘˁʘ (ɽʄʇ) ʩʝ ʧʨʝʥʦʩʠ ʦʩʪʘʪʢʫ ɽʇ 

ʧʨʝʢʦ ʚʨʘʪʠʣʘ, ʢʦʿʝ ʿʝ ʥʘʿʯʝʰ˂ʝ ʩʘʩʪʘʚʥʠ ʜʝʦ ʨʦʪʦʨʘ. ʉʪʘʪʦʨ ʠ ʨʦʪʦʨ ʯʠʥʝ ʝʣʝʢʪʨʠʯʥʘ ʠ 

ʤʘʛʥʝʪʩʢʘ ʢʦʣʘ. ʉʪʘʪʦʨ ʤʘʰʠʥʝ ʿʝ ʠʥʪʝʛʨʠʩʘʥ ʫ ʤʝʪʘʣʥʦ ʢʫ˂ʠʰʪʝ, ʯʠʿʠ ʦʙʣʠʢ ʜʠʢʪʠʨʘ ʜʠʟʘʿʥʘ 

ʤʘʛʥʝʪʩʢʦʛ ʢʦʣʘ. ɺʨʘʪʠʣʦ ʠ ʨʦʪʦʨ ʩʝ ʧʨʝʢʦ ʢʦʪʨˀʘʿʫ˂ʠʭ ʣʝʞʘʿʝʚʘ, ʧʦʩʪʘʚˀʝʥʠʭ ʥʘ ʜʚʘ ʩʫʧʨʦʪʥʘ 

ʢʨʘʿʘ ʚʨʘʪʠʣʘ, ʦʩʣʘˁʘʿʫ ʥʘ ʢʫ˂ʠʰʪʝ. ʄʘʛʥʝʪʩʢʘ ʢʦʣʘ ʩʫ ʮʠʣʠʥʜʨʠʯʥʦʛ ʦʙʣʠʢʘ ʠʟʨʘʹʝʥʘ 

ʩʣʘʛʘˁʝʤ ʣʠʤʦʚʘ ʩʘ ʮʠˀʝʤ ʩʤʘˁʝˁʘ ʩʥʘʛʝ ʛʫʙʠʪʘʢʘ ʫ ʛʚʦʞʹʫ [53]. ɿʘʟʦʨ ʿʝ ʚʘʟʜʫʰʥʠ ʧʨʦʩʪʦʨ 

ʠʟʤʝʹʫ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʜʫʞʠʥʝ ʜʦ ʥʝʢʦʣʠʢʦ ʤʠʣʠʤʝʪʘʨʘ. ʉʪʘʪʦʨʩʢʦ ʩʪʨʫʿʥʦ ʢʦʣʦ ʯʠʥʝ 

ʠʟʦʣʦʚʘʥʠ ʙʘʢʘʨʥʠ ʧʨʦʚʦʜʥʠʮʠ ʫʛʨʘʹʝʥʠ ʫ ʞʣʝʙʦʚʝ ʥʘ ʧʦʚʨʰʠʥʠ ʤʘʛʥʝʪʩʢʦʛ ʢʦʣʘ ʧʨʝʤʘ 

ʚʘʟʜʫʰʥʠʤ ʟʘʟʦʨʫ. ɼʚʘ ʧʦʚʝʟʘʥʘ ʧʨʦʚʦʜʥʠʢʘ ʫ ʞʣʝʙʦʚʠʤʘ ʯʠʥʝ ʥʘʚʦʿʘʢ. ʅʘʚʦʿʮʠ ʩʝ ʨʝʜʥʦ 

ʧʦʚʝʟʫʿʫ ʫ ʚʠʰʝ ʬʘʟʥʠʭ ʥʘʤʦʪʘʿʘ. ʂʨʘʿʝʚʠ ʨʝʜʥʠʭ ʚʝʟʘ ʥʘʚʦʿʘʢʘ ʩʫ ʢʨʘʿʝʚʠ ʥʘʤʦʪʘʿʘ, ʢʦʿʠ ʩʝ ʢʦʜ 

ʪʨʦʬʘʟʥʝ ʤʘʰʠʥʝ ʤʦʛʫ ʚʝʟʘʪʠ ʫ ʟʚʝʟʜʫ ʠʣʠ ʪʨʦʫʛʘʦ. ʊʨʠ ʠʟʚʦʜʘ ʥʘʤʦʪʘʿʘ ʩʫ ʪʘʜʘ ʜʦʩʪʫʧʥʘ ʥʘ 

ʧʨʠʢˀʫʯʥʠʤ ʢʨʘʿʝʚʠʤʘ ɸʄ, ʩʘ ʠʣʠ ʙʝʟ ʠʟʚʫʯʝʥʦʛ ʧʨʠʢˀʫʯʢʘ ʟʘ ʟʚʝʟʜʠʰʪʝ. ʈʦʪʦʨʩʢʦ ʩʪʨʫʿʥʦ 

ʢʦʣʦ ʯʠʥʝ ʘʣʫʤʠʥʠʿʫʤʩʢʠ hʪʘʧʦʚʠ, ʠʟʨʘʹʝʥʠ ʫʣʠʚʘˁʝʤ ʘʣʫʤʠʥʠʿʫʤʘ ʫ ʨʦʪʦʨʩʢʝ ʞʣʝʙʦʚʝ, ʯʠʿʠ 

ʩʝ ʢʨʘʿʝʚʠ ʢʨʘʪʢʦ ʩʧʘʿʘʿʫ ʯʝʦʥʠʤ ʧʨʩʪʝʥʦʚʠʤʘ ʪʘʢʦ ʬʦʨʤʠʨʘʿʫ˂ʠ ʢʘʚʝʟ. ʄʦʞʝ ʩʝ ʨʝʘʣʠʟʦʚʘʪʠ ʠ 

ʩʣʠʯʥʦ ʩʪʘʪʦʨʩʢʦʤ ʥʘʤʦʪʘʿʫ, ʫ ʚʠʜʫ ʥʘʤʦʪʘʿʘ ʥʘʿʯʝʰ˂ʝ ʧʦʚʝʟʘʥʠʭ ʫ ʟʚʝʟʜʫ. ʊʘʜʘ ʩʝ ʪʨʠ ʢʨʘʿʘ 

ʪʨʦʬʘʟʥʦʛ ʨʦʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ ʧʦʚʝʟʫʿʫ ʥʘ ʧʨʦʚʦʜʥʝ ʢʦʣʫʪʦʚʝ ʢʦʿʠ ʥʘʣʝʞʫ ʥʘ ʝʣʘʩʪʠʯʥʝ ʤʝʪʘʣʦ-

ʛʨʘʬʠʪʥʝ ʧʣʦʯʠʮʝ ʢʦʿʠʤʘ ʩʝ ʢʨʘʿʝʚʠ ʨʦʪʦʨʘ ʯʠʥʝ ʜʦʩʪʫʧʥʠʤ ʥʘ ʩʪʘʪʦʨʩʢʦʿ ʩʪʨʘʥʠ. ʋ ɽʄ ʤʦʛʫ 

ʧʦʩʪʦʿʘʪʠ ʠ ʜʦʜʘʪʥʠ ʥʘʤʦʪʘʿʠ ʟʘ ʧʦʪʨʝʙʝ ʤʝʨʝˁʘ, ʘ ʥʝʢʘʜʘ ʿ ʝ ʤʦʛʫ˂ʝ ʦʩʪʚʘʨʠʪʠ ʤʝʭʘʥʠʯʢʦ 

ʩʧʘʿʘˁʝ ʠʣʠ ʨʘʟʜʚʘʿʘˁʝ ʩʪʘʪʦʨʩʢʦʛ ʟʚʝʟʜʠʰʪʘ, ʨʝʢʦʥʬʠʛʫʨʘʮʠʿʫ ʥʘʤʦʪʘʿʘ ʩʘ ʮʠˀʝʤ ʧʨʦʤʝʥʝ 

ʙʨʦʿʘ ʧʘʨʠ ʧʦʣʦʚʘ, ʠʪʜ. ɸʢʦ ʥʘ ʧʨʠʢˀʫʯʥʠʤ ʢʨʘʿʝʚʠʤʘ ʪʨʦʬʘʟʥʦʛ ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ ʧʦʩʪʦʿʠ 

ʩʠʤʝʪʨʠʯʥʠ ʩʠʩʪʝʤ ʪʨʦʬʘʟʥʠʭ ʥʘʧʦʥʘ (2.18), ʠ ʘʢʦ ʩʝ ʟʘʥʝʤʘʨʠ ʧʦʩʪʦʿʘˁʝ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ 

ʫʩʣʝʜ ʨʘʜʘ ʠʥʚʝʨʪʦʨʘ ʠ ʫʩʣʝʜ ʥʝʩʠʤʝʪʨʠʯʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ ʧʦ ʬʘʟʘʤʘ ɸʄ, ʪʘʜʘ ʜʦʣʘʟʠ ʜʦ 

ʫʩʧʦʩʪʘʚˀʘˁʘ ʪʨʦʬʘʟʥʦʛ ʩʠʤʝʪʨʠʯʥʦʛ ʩʠʩʪʝʤʘ ʩʪʘʪʦʨʩʢʠʭ ʩʪʨʫʿʘ,  
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ʛʜʝ ʿʝ Ὅ ʝʬʝʢʪʠʚʥʘ ʚʨʝʜʥʦʩʪ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ. ʂʘʦ ʧʦʩʣʝʜʠʮʘ ʧʦʩʪʦʿʘˁʘ ʩʪʨʫʿʘ ʫ ʧʨʦʚʦʜʥʠʮʠʤʘ 

ʥʘʤʦʪʘʿʘ, ʜʦʣʘʟʠ ʜʦ ʫʩʧʦʩʪʘʚˀʘˁʘ ʩʪʘʪʦʨʩʢʝ ʤʘʛʥʝʪʦʧʦʙʫʜʥʝ ʩʠʣʝ (ʄʇʉ). ʅʘʤʦʪʘʿ ʩʚʘʢʝ ʬʘʟʝ 

ʩʪʚʘʨʘ ʧʫʣʩʘʮʠʦʥʫ ʬʘʟʥʫ ʄʇʉ. ʋʢʫʧʥʘ ʄʇʉ ʫ ɸʄ ʿʝ ʦʜʨʝʹʝʥʘ ʪʨʝʥʫʪʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʬʘʟʥʠʭ 

ʩʪʨʫʿʘ ʢʦʿʝ ʧʦʩʪʦʿʝ ʫ ʥʘʤʦʪʘʿʠʤʘ ʠ ʢʦʿʝ ʩʫ ʬʘʟʥʦ ʧʦʤʝʨʝʥʝ ʟʘ — ς“σϳ. ʆʩʝ ʬʘʟʥʠʭ ʥʘʤʦʪʘʿʘ 

ʩʫ ʧʦʤʝʨʝʥʝ ʫ ʧʨʦʩʪʦʨʫ ʟʘ ς“ σὴϳ , ʪʿ. ʟʘ ʝʣʝʢʪʨʠʯʥʠʭ ς“σϳ, ʛʜʝ ʿʝ ʨ ʙʨʦʿ ʧʘʨʠ ʧʦʣʦʚʘ. ʄʇʉ 

ʪʨʦʬʘʟʥʦʛ ʥʘʤʦʪʘʿʘ ʩʝ ʜʦʙʠʿʘ ʛʝʦʤʝʪʨʠʿʩʢʠʤ ʟʙʠʨʦʤ ʩʚʠʭ ʬʘʟʥʠʭ ʄʇʉ. ʄʇʉ ʩʪʘʪʦʨʘ ʩʝ ʦʙʨ˂ʝ 

ʩʠʥʭʨʦʥʦʤ ʙʨʟʠʥʦʤ ɱ ʫ ʦʜʥʦʩʫ ʥʘ ʩʪʘʮʠʦʥʘʨʥʠ ʢʦʦʨʜʠʥʘʪʥʠ ʩʠʩʪʝʤ. ʆʜʨʝʹʝʥʘ ʿʝ 

ʫʯʝʩʪʘʥʦʰ˂ʫ ʩʪʨʫʿʘ ʩʪʘʪʦʨʘ ʠ ʙʨʦʿʝʤ ʧʦʣʦʚʘ ʢʘʦ ɱ ‫ ὴϳ. ɸʢʦ ʩʚʘʢʠ ʬʘʟʥʠ ʥʘʤʦʪʘʿ ʩʪʘʪʦʨʘ 
ʠʤʘ ὔ ʥʘʚʦʿʘʢʘ, ʪʘʜʘ ʿʝ ʚʨʰʥʘ ʚʨʝʜʥʦʩʪ ʚʝʢʪʦʨʘ ʄʇʉ ʪʨʦʬʘʟʥʦʛ ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ [53]: 
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ʇʨʦʩʪʦʨʥʘ ʨʘʩʧʦʜʝʣʘ ʥʘʤʦʪʘʿʘ ʦʜʨʝʹʫʿʝ ʧʨʦʩʪʦʨʥʫ ʨʘʩʧʦʜʝʣʫ ʄʇʉ ʫ ʟʘʟʦʨʫ. ʄʦʜʝʣ ɸʄ 

ʟʘʩʥʦʚʘʥ ʥʘ ʆʊɽʄ ʧʨʝʪʧʦʩʪʘʚˀʘ ʜʘ ʩʝ ʛʫʩʪʠʥʘ ʧʨʦʚʦʜʥʠʢʘ ʩʪʘʪʦʨʩʢʠʭ ʥʘʤʦʪʘʿʘ ʩʘʚʨʰʝʥʦ 

ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʦ ʤʝˁʘ ʜʫʞ ʦʙʠʤʘ ɽʄ ʠ ʨʘʟʤʘʪʨʘ ʩʝ ʩʘʤʦ ʧʨʚʠ ʭʘʨʤʦʥʠʢ (ʝʥʛʣ. fundamental) 

ʄʇʉ ʩʪʘʪʦʨʘ ʫ ʟʘʟʦʨʫ. ʆʜʥʦʩʥʦ, ʟʘʥʝʤʘʨʫʿʝ ʩʝ ʧʦʩʪʦʿʘˁʝ ʢʦʥʘʯʥʦʛ ʙʨʦʿʘ ʩʪʘʪʦʨʩʢʠʭ ʞʣʝʙʦʚʘ, 

ὔ, ʨʦʪʦʨʩʢʠʭ ʞʣʝʙʦʚʘ ὔ, ʫʪʠʮʘʿ ʧʨʦʤʝʥˀ ʠʚʝ ʤʘʛʥʝʪʩʢʝ ʦʪʧʦʨʥʦʩʪʠ ʫʩʣʝʜ ʦʞˀʝʙˀʝˁʘ 

ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʠʣʠ ʟʘʩʠ˂ʝˁʘ ʤʘʛʥʝʪʩʢʦʛ ʢʦʣʘ, ʠʪʜ. ʊʘʜʘ ʚʝʢʪʦʨ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ ὄᴆ ʠs 
ʤʘʛʥʝʪʩʢʠ ʬʣʫʢʩ ʩʪʘʪʦʨʘ ‪ ʩʫ ʪʘʢʦʹʝ ʦʧʠʩʘʥʠ ʩʘʤʦ ʦʩʥʦʚʥʦʤ ʢʦʤʧʦʥʝʥʪʦʤ ʧʦˀʘ.  

ʋʩʣʝʜ ʧʨʦʤʝʥʝ ʩʪʘʪʦʨʩʢʦʛ ʬʣʫʢʩʘ, ʜʦʣʘʟʠ ʜʦ ʠʥʜʫʢʦʚʘˁʘ ɽʄʉ ʥʘ ʨʦʪʦʨʫ. ɽʄʉ ʫ ʨʦʪʦʨʩʢʦʤ 

ʥʘʤʦʪʘʿʫ, ʧʨʝʤʘ ʃʝʥʮʦʚʦʤ ʧʨʘʚʠʣʫ, ʫʩʧʦʩʪʘʚˀʘ ʥʘʠʟʤʝʥʠʯʥʝ ʩʪʨʫʿʝ ʢʦʿʝ ʩʝ ʧʨʦʪʠʚʝ ʧʨʦʤʝʥʘʤʘ 

ʤʘʛʥʝʪʩʢʦʛ ʬʣʫʢʩʘ ʩʪʘʪʦʨʘ [53]. ʈʦʪʦʨʩʢʝ ʩʪʨʫʿʝ ʩʪʚʘʨʘʿʫ ʄʇʉ ʨʦʪʦʨʘ ʢʦʿʠ ʩʝ ʦʙʨ˂ʝ ʙʨʟʠʥʦʤ 

ʢʣʠʟʘˁʘ ɱ ʫ ʦʜʥʦʩʫ ʥʘ ʨʦʪʦʨ. ʋ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ, ʚʝʢʪʦʨʠ ʄʇʉ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʩʫ ʬʘʟʥʦ 

ʧʦʤʝʨʝʥʠ ʠ ʦʙʨ˂ʫ ʩʝ ʫ ʩʠʥʭʨʦʥʠʟʤʫ,  ʪʿ. ʚʘʞʠ ʜʘ ʿʝ ɱ ɱ ɱ ʛʜʝ ʿʝ ɱ  ʤʝʭʘʥʠʯʢʘ ʙʨʟʠʥʘ 

ʦʙʨʘʪʘˁʘ ʨʦʪʦʨʘ. ʄʇʉ ʨʦʪʦʨʘ ʫʟʨʦʢʫʿʝ ʤʘʛʥʝʪʩʢʫ ʠʥʜʫʢʮʠʿʫ ʨʦʪʦʨʘ ὄᴆ ʠ ʬʣʫʢʩ ʨʦʪʦʨʘ ‪, ʛʜʝ 
ʩʝ ʫʚʦʜʝ ʠʜʝʥʪʠʯʥʘ ʟʘʥʝʤʘʨʝˁʘ ʢʘʦ ʢʦʜ ʩʪʘʪʦʨʩʢʦʛ ʬʣʫʢʩʘ ʠ ʫʚʘʞʘʚʘ ʩʝ ʩʘʤʦ ʦʩʥʦʚʥʘ 

ʢʦʤʧʦʥʝʥʪʘ ʧʦˀʘ. ʈʦʪʦʨʩʢʠ ʬʣʫʢʩ ʠʥʜʫʢʫʿʝ ɽʄʉ ʥʘ ʩʪʘʪʦʨʩʢʦʤ ʥʘʤʦʪʘʿʫ, ʢʦʿʘ ʧʨʝʜʩʪʘʚˀʘ 

ʨʝʘʢʮʠʿʫ ʨʦʪʦʨʘ ʥʘ ʧʨʦʤʝʥʝ ʬʣʫʢʩʘ ʩʪʘʪʦʨʘ. ʈʦʪʦʨʩʢʠ ʢʘʚʝʟʥʠ ʥʘʤʦʪʘʿ ʩʝ ʩʘʩʪʦʿʠ ʦʜ ὔ ςϳ 
ʤʘʛʥʝʪʩʢʠ ʩʧʨʝʛʥʫʪʠʭ ʥʘʚʦʿʘʢʘ. ʈʦʪʦʨʩʢʠ ʢʘʚʝʟ ʩʝ ʤʦʜʝʣʫʿʝ ʪʘʢʦ ʰʪʦ ʩʝ ʤʘʛʥʝʪʩʢʘ ʩʧʨʝʛʘ 

ʠʟʤʝʹʫ ʥʘʚʦʿʘʢʘ ʤʘʪʝʤʘʪʠʯʢʠ ʧʨʝʩʣʠʢʘʚʘ ʥʘ ʪʨʠ ʚʠʨʪʫʝʣʥʘ ʥʘʤʦʪʘʿʘ ʩʘ ʧʨʦʩʪʦʨʥʦ ʧʦʤʝʨʝʥʠʤ 

ʦʩʘʤʘ ʥʘʤʦʪʘʿʘ ʟʘ ς“ σὴϳ . ʆʚʠ ʥʘʤʦʪʘʿʠ ʩʫ ʬʠʥʩʢʠʨʘʥʠ ʟʘ ʨʦʪʦʨ ʩʘ ʧʦʤʝʨʘʿʝʤ — ʫ ʦʜʥʦʩʫ 
ʥʘ ʩʪʘʪʦʨʩʢʠ ʩʪʘʮʠʦʥʘʨʥʠ ʢʦʦʨʜʠʥʘʪʥʠ ʩʠʩʪʝʤ. ʉʘʜʘ, ʩʪʘˁʝ ʥʘʧʦʥʩʢʝ ʨʘʚʥʦʪʝʞʝ ʩʪʘʪʦʨʩʢʠʭ ʠ 

ʨʦʪʦʨʩʢʠʭ ʥʘʤʦʪʘʿʘ ʩʝ ʤʦʞʝ ʦʧʠʩʘʪʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʤ ʿʝʜʥʘʯʠʥʘʤʘ ʧʨʚʦʛ ʨʝʜʘ 

 

◊◄ ╡░◄
Äⱶ◄

Äὸ
╡░◄ ▄▓▫▪◄►╪╔╜╢

◄ ╡░◄ ▄◄ȟ ςȢςυ 

 

ʛʜʝ ʿʝ ◊◄ ʤʘʪʨʠʮʘ ʥʘʧʦʥʘ ʥʘʤʦʪʘʿʘ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ, ░◄ ʤʘʪʨʠʮʘ ʩʪʨʫʿʘ ʥʘʤʦʪʘʿʘ, R ʤʘʪʨʠʮʘ 

ʦʪʧʦʨʥʦʩʪʠ ʥʘʤʦʪʘʿʘ, ⱶ◄ ʤʘʪʨʠʮʘ ʫʢʫʧʥʠʭ ʬʣʫʢʩʝʚʘ ʥʘʤʦʪʘʿʘ, ▄◄ ʤʘʪʨʠʮʘ ʬʘʟʥʠʭ ʢʦʥʪʨʘ-

ʝʣʝʢʪʨʦʤʦʪʦʨʥʠʭ ʩʠʣʘ, ʦʜʥʦʩʥʦ ʫ ʤʘʪʨʠʯʥʦʤ ʟʘʧʠʩʫ  

 

░◄ ὭȟὭȟὭȟὭȟὭȟὭ ȟ ςȢςφ 

◊◄ όȟόȟόȟό ȟό ȟό ȟ ςȢςχ 

ⱶ◄ ‪ȟ‪ȟ‪ȟ‪ ȟ‪ ȟ‪  ȟ ςȢςψ 
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╡

ụ
Ụ
Ụ
Ụ
Ụ
ợ
Ὑ π π π π π
π Ὑί π π π π
π π Ὑ π π π
π π π Ὑ π π
π π π π Ὑ π
π π π π π ὙỨ

ủ
ủ
ủ
ủ
Ủ

Ȣ ςȢςω 

 

ʋʢʫʧʥʠ ʬʣʫʢʩ ʧʨʦʠʟʚʦˀʥʦʛ ʥʘʤʦʪʘʿʘ ʿʝ ʦʧʠʩʘʥ ʫʪʠʮʘʿʝʤ ʩʚʠʭ ʩʧʨʝʛʥʫʪʠʭ ʥʘʤʦʪʘʿʘ. ʉʧʨʝʛʘ 

ʠʟʤʝʹʫ ʥʘʤʦʪʘʿʘ ʿʝ ʦʧʠʩʘʥʘ ʿ ʘʯʠʥʦʤ ʩʪʨʫʿʝ ʥʘʤʦʪʘʿʘ ʠ ʢʦʝʬʠʮʠʿʝʥʪʠʤʘ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦʩʪʠ 

ʠʟʤʝʹʫ ʬʣʫʢʩʘ ʠ ʿʘʯʠʥʝ ʩʪʨʫʿʘ, ʩʦʧʩʪʚʝʥʠʤ ʠ ʤʝʹʫʩʦʙʥʠʤ ʠʥʜʫʢʪʠʚʥʦʩʪʠʤʘ ʥʘʤʦʪʘʿʘ. ʄʘʪʨʠʮʝ 

ʬʣʫʢʩʝʚʘ ʥʘʤʦʪʘʿʘ ʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ, ʩʫ ʟʘ ʪʨʦʬʘʟʥʫ ɸʄ ʩʘ ʢʘʚʝʟʥʠʤ ʨʦʪʦʨʦʤ ʜʘʪʝ ʨʝʜʦʤ ʢʘʦ 

 

ⱶ◄ ╛Ᵽ□ ◄ ░◄ȟ ςȢσπ 

╛Ᵽ□ ◄

ụ
Ụ
Ụ
Ụ
Ụ
Ụ
ợ
ὒ — ὒ — ὒ — ὒ — ὒ — ὒ —

ὒ — ὒ — ὒ — ὒ — ὒ — ὒ —

ὒ — ὒ — ὒ — ὒ — ὒ — ὒ —

ὒ — ὒ — ὒ — ὒ — ὒ — ὒ —

ὒ — ὒ — ὒ — ὒ — ὒ — ὒ —

ὒ — ὒ — ὒ — ὒ — ὒ — ὒ — Ứ
ủ
ủ
ủ
ủ
ủ
Ủ

ȢςȢσρ 

 

ʄʘʪʨʠʮʘ (2.31) ʿʝ ʥʝʩʪʘʮʠʦʥʘʨʥʝ ʧʨʠʨʦʜʝ. ʋʛʘʦ ʠʟʤʝʹʫ ʦʩʘ ʬʘʟʥʠʭ ʥʘʤʦʪʘʿʘ ʿʝ ʪʘʢʘʚ ʜʘ ʩʫ 

ʝʣʝʤʝʥʪʠ ʤʘʪʨʠʮʝ ʨʘʟʣʠʯʠʪʠ ʦʜ ʥʫʣʝ, ʘ ʫʩʣʝʜ ʨʝʣʘʪʠʚʥʦʛ ʢʨʝʪʘˁʘ ʨʦʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʩʪʘʪʦʨ ʠ 

ʧʨʦʤʝʥˀʠʚʝ ʫ ʬʫʥʢʮʠʿʠ ʧʦʣʦʞʘʿʘ ʨʝʬʝʨʝʥʪʥʝ ʦʩʝ ʨʦʪʦʨʘ — ὸ. ʇʦʩʪʦʿʘˁʝ ʠʥʪʝʨʘʢʮʠʿʝ ʠʟʤʝʹʫ 

ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ ʠ ʩʪʨʫʿʘ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ, ʪʿ. ʤʘʛʥʝʪʩʢʦʛ ʩʧʨʝʞʥʦʛ ʧʦˀʘ, ʫʟʨʦʢʫʿʝ ʨʘʟʚʠʿʘˁʝ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ ʩʠʣʘ ʢʦʿʝ ʜʝʣʫʿʫ ʥʘ ʩʪʘʪʦʨ ʠ ʨʦʪʦʨ ʠ ɽʄʇ. ɽʥʝʨʛʠʿʘ ʤʘʛʥʝʪʩʢʦʛ ʩʧʨʝʞʥʦʛ 

ʧʦˀʘ ʩʝ ʜʦʙʠʿʘ ʧʨʦʩʪʦʨʥʦʤ ʠʥʪʝʛʨʘʮʠʿʦʤ ʧʨʦʩʪʦʨʥʝ ʛʫʩʪʠʥʝ ʝʥʝʨʛʠʿʝ ʩʧʨʝʞʥʦʛ ʧʦˀʘ, ʦʧʠʩʘʥʝ 

ʿʘʯʠʥʦʤ ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ Ὄᴆ ʠ ʠʥʜʫʢʮʠʿʦʤ ὄᴆ. ɸʢʫʤʫʣʘʮʠʿʘ ʝʥʝʨʛʠʿʝ ʿʝ ʦʛʨʘʥʠʯʝʥʘ ʧʦʿʘʚʦʤ 

ʟʘʩʠ˂ʝˁʘ ʤʘʛʥʝʪʩʢʦʛ ʢʦʣʘ, ʪʿ. ʤʘʢʩʠʤʘʣʥʦʤ ʚʨʝʜʥʦʰ˂ʫ ʠʥʜʫʢʮʠʿʝ ὄᴆ. ʂʘʜʘ ʤʘʛʥʝʪʩʢʦ ʧʦˀʝ 
ʧʦʩʪʦʿʠ ʫ ʣʠʥʝʘʨʥʠʤ ʩʨʝʜʠʥʘʤʘ, ʢʦʨʠʩʪʘʥ ʨʘʜ ʥʘʩʪʘʿʝ ʫʩʣʝʜ ʧʨʦʤʝʥʝ ʤʘʛʥʝʪʩʢʝ ʝʥʝʨʛʠʿʝ ʫ 

ʬʫʥʢʮʠʿʠ ʧʦʣʦʞʘʿʘ ʨʦʪʦʨʘ — ʫ ʟʘʟʦʨʫ. ʂʦʜ ɸʄ ʠ ʉʄ ʬʣʫʢʩʝʚʠ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʩʫ ʤʝʹʫʩʦʙʥʦ 

ʥʝʧʦʤʠʯʥʠ ʠ ʦʙʨ˂ʫ ʩʝ ʫ ʩʠʥʭʨʦʥʠʟʤʫ. ʉʧʨʝʛ ʩʠʣʘ ʩʪʚʘʨʘ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠ ʤʦʤʝʥʪ ὓ  ʢʦʿʠ 

ʦʧʠʩʫʿʝ ʤʝʨʫ ʤʝʭʘʥʠʯʢʝ ʠʥʪʝʨʘʢʮʠʿʝ ʠʟʤʝʹʫ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ. ʅʘ ʨʦʪʦʨ ʜʝʣʫʿʝ ʦʙʨʪʥʠ ʤʦʤʝʥʪ 

ὓ  ʜʦʢ ʥʘ ʩʪʘʪʦʨ ʜʝʣʫʿʝ ʦʙʨʪʥʠ ʤʦʤʝʥʪ ʩʫʧʨʦʪʥʦʛ ʟʥʘʢʘ ὓ . ɺʨʝʜʥʦʩʪ ʤʦʤʝʥʪʘ ʩʠʣʝ 

ʟʘʚʠʩʠ ʦʜ ʬʘʟʥʦʛ ʧʦʤʝʨʘʿʘ ʠʟʤʝʹʫ ʬʣʫʢʩʝʚʘ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ, ʦʜ ʧʨʦʤʝʥʝ ʩʧʨʝʞʥʦʛ ʧʦˀʘ, ʢʘʦ 

 

ὓ
Äὡ

Ä—

Ä

Ä—
ύ Äὠ

Ä

Ä—
ὌᴆὨὄᴆὨὠ

ρ

ς

Ä░◄ ⱶ◄

Ä—
Ȣ ςȢσς 

 

ʀʟʨʘʟʠ (2.25) - (2.32) ʧʨʝʜʩʪʘʚˀʘʿʫ ʤʦʜʝʣ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦʜʩʠʩʪʝʤʘ ɸʄ. ʂʦʜ ʤʦʜʝʣʦʚʘˁʘ, 

ʮʠˀ ʿʝ ʜʦʙʠʪʠ ʜʦʚʦˀʥʦ ʪʘʯʥʫ, ʘʣʠ ʠ ʤʘʪʝʤʘʪʠʯʢʠ ʿʝʜʥʦʩʪʘʚʥʫ ʧʨʝʜʩʪʘʚʫ ʬʠʟʠʯʢʦʛ ʩʠʩʪʝʤʘ. 

ʄʝ́ ʫʩʦʙʥʝ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʫ ʬʫʥʢʮʠʿʠ ʧʦʣʦʞʘʿʘ ʨʦʪʦʨʘ, ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʝ ʬʫʥʢʮʠʿʝ ʫ 

ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʤ ʿʝʜʥʘʯʠʥʘʤʘ, ʢʘʦ ʠ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʝ ʧʨʦʤʝʥˀʠʚʝ ʩʪʘˁʘ ʫʤʘˁʫʿʫ 

ʫʧʦʪʨʝʙʥʫ ʚʨʝʜʥʦʩʪ ʠʟʚʝʜʝʥʦʛ ʤʦʜʝʣʘ ʟʘ ʧʦʪʨʝʙʝ ʘʥʘʣʠʟʝ ʠ ʩʠʥʪʝʟʝ ʘʣʛʦʨʠʪʘʤʘ ʫ ʥʘʩʪʘʚʢʫ. ɼʘ 

ʙʠ ʩʝ ʥʘʧʨʘʚʠʦ ʧʨʝʛʣʝʜʘʥ, ʠʥʪʫʠʪʠʚʘʥ ʠ ʫʧʦʪʨʝʙˀʠʚ ʤʦʜʝʣ, ʥʘʚʝʜʝʥʠ ʧʨʦʙʣʝʤʠ ʩʝ ʦʪʢʣʘˁʘʿʫ 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʦʤ ʢʦʦʨʜʠʥʘʪʘ ʩʪʘˁʘ ʧʨʠʤʝʥʦʤ ʂʣʘʨʢʠʥʝ ʠ ʇʘʨʢʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ, ʢʘʦ ʥʘ 

ʉʣʠʮʠ 2.8. [54]. ʅʘʚʝʜʝʥʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʩʪʘˁʘ ʥʝʤʘʿʫ ʫʪʠʮʘʿ ʥʘ ʬʠʟʠʯʢʝ ʧʨʦʮʝʩʝ ʫ ɸʄ ʢʦʿʝ 

ʤʦʜʝʣ ʦʧʠʩʫʿʝ. ʈʝʟʫʣʪʘʪ ʜʚʝ ʥʘʚʝʜʝʥʝ ʘʢʮʠʿʝ ʿʝ ʤʦʜʝʣ ʫ ʢʦʦʨʜʠʥʘʪʥʦʤ ʩʠʩʪʝʤʫ ʢʦʿʠ ʩʝ ʦʙʨ˂ʝ ʫ  
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                                   ʘ)                                                                                ʙ) 

ʉʣʠʢʘ 2.8.ʊʨʘʥʩʬʦʨʤʘʮʠʿʝ ʤʦʜʝʣʘ: ʘ) ʂʣʘʨʢʠʥʘ ʠ ʙ) ʇʘʨʢʦʚʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ. 

 

ʩʠʥʭʨʦʥʠʟʤʫ ʩʘ ʦʙʨʪʥʠʤ ʧʦˀʝʤ (2.24), ʢʦʿʠ ʢʘʨʘʢʪʝʨʠʰʫ ʢʦʥʩʪʘʥʪʥʝ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠ 

ʧʨʦʤʝʥˀʠʚʝ ʩʪʘˁʘ, ʠ ʢʦʿʠ ʿʝ ʢʘʦ ʪʘʢʘʚ ʧʦʛʦʜʘʥ ʟʘ ʫʧʦʪʨʝʙʫ.  ʂʦʜ ʂʣʘʨʢʠʥʝ ʪʨʦʬʘʟʥʦ-ʜʚʦʬʘʟʥe 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ, ʪʨʦʬʘʟʥʠ ʥʘʤʦʪʘʿʠ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ɸʄ ʩʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʜʚʦʬʘʟʥʠʤ 

ʝʢʚʠʚʘʣʝʥʪʠʤʘ. ʎʠˀ ʦʚʝ ʧʨʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʿʝʩʪʝ ʜʘ ʩʝ ʠʟʙʝʛʥʝ ʩʧʨʝʛʘ ʠʟʤʝʹʫ 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʥʘ ʥʠʚʦʫ ʩʪʘʪʦʨʩʢʠʭ ʠ ʥʘ ʥʠʚʦʫ ʨʦʪʦʨʩʢʠʭ ʥʘʤʦʪʘʿʘ. ʆʚʦ ʩʝ ʧʦʩʪʠʞʝ ʫʚʦʹʝˁʝʤ 

ʯʝʪʠʨʠ ʦʨʪʦʛʦʥʘʣʥʘ ʥʘʤʦʪʘʿʘ, ʜʚʘ ʥʘ ʩʪʨʘʥʠ ʩʪʘʪʦʨʘ ʠ ʜʚʘ ʥʘ ʩʪʨʘʥʠ ʨʦʪʦʨʘ. ɽʬʝʢʪʠ ʬʠʟʠʯʢʠʭ 

ʥʘʤʦʪʘʿʘ ʩʝ ʧʨʠʤʝʥʦʤ ʪʨʠʛʦʥʦʤʝʪʨʠʿʩʢʠʭ ʨʝʣʘʮʠʿʘ ʧʨʝʩʣʠʢʘʚʘʿʫ ʥʘ Ŭ-ɓ ʚʠʨʪʫʝʣʥʝ ʥʘʤʦʪʘʿʘ. 

ʂʘʦ ʨʘʥʠʿʝ, ʫʪʠʮʘʿʠ ʩʚʠʭ ὔ ςϳ ʨʦʪʦʨʩʢʠʭ ʥʘʚʦʿʘʢʘ ʩʝ ʧʨʝʩʣʠʢʘʚʘʿʫ ʥʘ ʜʚʘ ʦʨʪʦʛʦʥʘʣʥʦ 
ʧʦʩʪʘʚˀʝʥʘ ʥʘʤʦʪʘʿʘ, ʢʦʿʠ ʩʫ ʬʠʢʩʠʨʘʥʠ ʟʘ ʨʦʪʦʨ ʠ ʫ ʦʜʥʦʩʫ ʥʘ ʩʪʘʪʦʨʩʢʠ ʨʝʬʝʨʝʥʪʥʫ ʦʩʫ 

ʠʤʘʿʫ ʧʦʤʝʨʘʿ —. ʊʨʘʥʩʬʦʨʤʘʮʠʿʘ ʩʝ ʤʦʞʝ ʦʧʠʩʘʪʠ ʤʘʪʨʠʯʥʠʤ ʠʟʨʘʟʦʤ 
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ʆʜʘʙʠʨ ʢʦʥʩʪʘʥʪʝ ʂKT ʜʝʬʠʥʠʰʝ ʠʥʚʘʨʠʿʘʥʪʥʦʩʪ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ [53]. ʋ ʧʨʘʢʩʠ ʩʝ ʯʝʩʪʦ 

ʙʠʨʘ ʜʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʙʫʜʝ ʠʥʚʘʨʠʿʘʥʪʥʘ ʧʦ ʠʤʧʝʜʘʥʩʠ, ʦʪʧʦʨʥʦʩʪʠ ʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ, ʟʘ 

ὑ ςȾσ, ʫʟ ʧʨʠʭʚʘʪʘˁʝ ʦʜʩʫʩʪʚʘ ʠʥʚʘʨʠʿʘʥʪʥʦʩʪʠ ʧʦ ʩʥʘʟʠ. ʆʚʘʢʦ ʩʝ ʧʦʩʪʠʞʝ ʜʘ ʚʨʰʥʝ ʠ 

ʝʬʝʢʪʠʚʥʝ ʚʨʝʜʥʦʩʪʠ ʚʝʣʠʯʠʥʘ ʫ Ŭ-ɓ ʩʠʩʪʝʤʫ ʦʜʛʦʚʘʨʘʿʫ ʚʨʰʥʠʤ ʠ ʝʬʝʢʪʠʚʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ 

ʚʝʣʠʯʠʥʘ (ʥʘʧʦʥʘ, ʩʪʨʫʿʘ ʠ ʬʣʫʢʩʝʚʘ) ʫ abc ʩʠʩʪʝʤʫ. ʊʘʜʘ ʩʝ ʟʘ ʪʨʘʥʩʬʦʨʤʠʩʘˁʝ ʩʪʨʫʿʘ, ʥʘʧʦʥʘ 

ʠ ʬʣʫʢʩʝʚʘ ʢʦʨʠʩʪʝ ʠʜʝʥʪʠʯʥʝ ʤʘʪʨʠʮʝ ╜  ʩʘ ʠʩʪʠʤ ʢʦʝʬʠʮʠʿʝʥʪʦʤ ὑ , ʢʘʦ  
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ʇʨʠʤʝʥʘ (2.34) ʠ (2.35) ʥʘʜ ʤʦʜʝʣʦʤ ɸʄ (2.25) - (2.32), ʨʝʟʫʣʪʫʿʝ ʩʠʩʪʝʤʦʤ ʿʝʜʥʘʯʠʥʘ 
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ʛʜʝ ʿʝ ʠʩʪʠ ʤʘʪʨʠʯʥʠ ʨʘʯʫʥ ʫʧʦʪʨʝʙˀʝʥ ʠ ʟʘ ʨʦʪʦʨʩʢʝ ʥʘʤʦʪʘʿʝ ʠ ʛʜʝ ʩʫ ʩʫʙʩʢʨʠʧʪʦʤ R ʦʟʥʘʯʝʥʝ 

ʧʨʦʤʝʥˀʠʚʝ ʨʦʪʦʨʘ, ʘ ɮ ʧʨʦʤʝʥˀʠʚʝ ʩʪʘʪʦʨʘ. ʄʦʞʝ ʩʝ ʫʦʯʠʪʠ ʜʘ ʿʝ ʨʘʩʧʨʝʟʘˁʝʤ ʥʘʤʦʪʘʿʘ 

ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʤʦʜʝʣ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥ, ʠ ʜʘ ʿʝ ʩʥʘʛʘ (ʤʦʤʝʥʪ ʩʠʣʝ) ʜʚʦʬʘʟʥʦʛ ʝʢʚʠʚʘʣʝʥʪʘ 

ςȾσ ʩʥʘʛʝ ʨʝʘʣʥʦʛ ʩʠʩʪʝʤʘ (2.39). ʋ ʤʘʪʨʠʮʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ (2.38) ʥʘ ʛʣʘʚʥʦʿ ʛʨʘʥʠ ʩʝ ʥʘʣʘʟʝ 

ʢʦʥʩʪʘʥʪʥʝ ʩʦʧʩʪʚʝʥʝ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʥʘʤʦʪʘʿʘ. ʀʧʘʢ, ʤʝʹʫʩʦʙʥʝ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʩʫ ʬʫʥʢʮʠʿʘ 

ʧʦʣʦʞʘʿʘ ʨʦʪʦʨʘ, ʘ ʧʨʦʤʝʥˀʠʚʝ ʩʪʘˁʘ ʠ ʫʧʨʘʚˀʘʯʢʝ ʧʨʦʤʝʥˀʠʚʝ ʩʫ ʠ ʪʨʠʛʦʥʦʤʝʪʨʠʿʩʢʝ 

ʬʫʥʢʮʠʿʝ. ʄʦʜʝʣ ʦʧʠʩʘʥ ʩʘ (2.36) - (2.39) ʿ ʝ ʧʦʪʨʝʙʥʦ ʪʨʘʥʩʬʦʨʤʠʩʘʪʠ ʫ ʩʠʥʭʨʦʥʦ-ʦʙʨʪʥʠ d-q 

ʢʦʦʨʜʠʥʘʪʥʠ ʩʠʩʪʝʤ ʧʨʠʤʝʥʦʤ ʇʘʨʢʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ. ʈʝʟʫʣʪʘʪ ʿʝ ʩʠʩʪʝʤ ʢʦʿʠ ʩʝ ʦʙʨ˂ʝ ʫ 

ʩʠʥʭʨʦʥʠʟʤʫ ʩʘ ʄʇʉ, ʦʧʠʩʘʥ ʫʛʣʦʤ — ʢʘʦ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʉʣʠʮʠ 2.8ʙ. ʂʘʢʦ d-q ʩʠʩʪʝʤ 

ʥʘʧʨʝʜʫʿʝ ʟʘ ʫʛʘʦ — ʫ ʦʜʥʦʩʫ ʥʘ ʨʦʪʦʨ, ˁʝʛʦʚ ʧʦʤʝʨʘʿ ʫ ʦʜʥʦʩʫ ʥʘ ʩʪʘʪʦʨ ʠʟʥʦʩʠ — — —. 
ʉʪʨʫʿʝ Ŭ-ɓ ʥʘʤʦʪʘʿʘ ʩʝ ʧʨʦʿʝʢʪʫʿʫ ʥʘ d-q ʥʘʤʦʪʘʿʝ ʧʫʪʝʤ ʪʨʠʛʦʥʦʤʝʪʨʠʿʩʢʠʭ ʨʝʣʘʮʠʿʘ 
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ʛʜʝ ʩʫ ʩʫʙʩʢʨʠʧʪʠ d-q ʦʟʥʘʢʝ ʟʘ ʩʪʘʪʦʨʩʢʝ, ʘ D-Q ʦʟʥʘʢʝ ʟʘ ʨʦʪʦʨʩʢʝ ʩʪʨʫʿʝ. ʇʨʠʤʝʥʦʤ ʤʘʪʨʠʮʝ 

╜  ʠʜʝʥʪʠʯʥʦ ʩʝ ʪʨʘʥʩʬʦʨʤʠʰʫ ʬʣʫʢʩʝʚʠ ʠ ʥʘʧʦʥʠ ʨʝʜʦʤ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ, ʟʘʜʨʞʘʚʘʿʫ˂ʠ ʫ 

ʦʜʥʦʩʫ ʥʘ Ŭ-ɓ ʩʠʩʪʝʤ ʠʥʚʘʨʠʿʘʥʪʥʦʩʪ ʧʦ ʄʇʉ, ʠʤʧʝʜʘʥʩʠ ʠ ʩʥʘʟʠ. ʉʘ ʮʠˀʝʤ ʿʝʜʥʦʩʪʘʚʥʠʿʝ 

ʧʨʝʜʩʪʘʚʝ ʩʠʩʪʝʤʘ ʿ ʝʜʥʘʯʠʥʘ, ʧʨʠ ʨʘʟʤʘʪʨʘˁʫ ʫʨʘʚʥʦʪʝʞʝʥʠʭ ʩʠʩʪʝʤʘ ʫ ʦʜʩʫʩʪʚʫ ʥʫʣʪʠʭ 

ʤʘʪʨʠʯʥʠʭ ʢʦʤʧʦʥʝʥʪʠ ʫʩʚʘʿʘ ʩʝ ʥʦʪʘʮʠʿʘ ʢʦʿʘ ʚʝʢʪʦʨʝ ʧʨʝʜʩʪʘʚˀʘ ʢʦʤʧʣʝʢʩʥʠʤ ʙʨʦʿʝʚʠʤʘ. 

ʊʘʜʘ ʩʝ d ʦʩʘ ʤʦʞʝ ʫʩʚʦʿʠʪʠ ʢʘʦ ʨʝʘʣʥʘ, ʘ q ʦʩʘ ʢʘʦ ʠʤʘʛʠʥʘʨʥʘ ʦʩʘ. ʄʘʪʨʠʮʝ ʩʝ ʨʝʜʫʢʫʿʫ ʫ 

ʢʦʤʧʣʝʢʩʥʝ ʙʨʦʿʝʚʝ, ʧʘ ʿʝ ʩʪʘʪʦʨʩʢʘ ʩʪʨʫʿʘ ʧʨʝʜʩʪʘʚˀʝʥʘ ʢʦʤʧʣʝʢʩʥʠʤ ʙʨʦʿʝʤ, Ὥ Ὥ ÊὭ

 Ὥ ϽὩ , ʨʦʪʦʨʩʢʘ ʩʪʨʫʿʘ Ὥ Ὥ ÊὭ  Ὥ ϽὩ . ʀʩʪʘ ʧʨʝʜʩʪʘʚʘ ʩʝ ʫʩʚʘʿʘ ʟʘ ʥʘʧʦʥʝ ʠ 

ʬʣʫʢʩʝʚʝ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ, ʯʠʤʝ ʩʝ ʜʦʙʠʿʘ ʩʠʩʪʝʤ ʿʝʜʥʘʯʠʥʘ  
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ʋ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ, ʧʨʦʿʝʢʮʠʿʝ ʨʦʪʦʨʩʢʠʭ ʠ ʩʪʘʪʦʨʩʢʠʭ ʚʝʣʠʯʠʥʘ ʥʘ ʦʩʝ ʩʠʥʭʨʦʥʦ-ʦʙʨʪʥʦʛ 

ʩʠʩʪʝʤʘ ʩʫ ʢʦʥʩʪʘʥʪʥʝ, ʘ ʤʘʪʨʠʮʘ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠʤʘ ʩʘʤʦ ʢʦʥʩʪʘʥʪʥʝ ʝʣʝʤʝʥʪʝ. ɽʄʉ Ê‫‪  

ʠ Ê‫‪  ʥʝ ʧʦʩʪʦʿʝ ʫ ʧʦʯʝʪʥʠʤ ʿʝʜʥʘʯʠʥʘʤʘ ʢʦʿʝ ʦʧʠʩʫʿʫ ʬʠʟʠʯʢʝ ʧʦʿʘʚʝ ʫ ɸʄ ʚʝ˂ ʩʫ 

ʧʦʩʣʝʜʠʮʘ ʧʨʠʤʝˁʝʥʝ ʇʘʨʢʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ. ʉʣʦʙʦʜʘ ʫ ʠʟʙʦʨʫ ʙʨʦʿʘ ʥʘʚʦʿʘʢʘ ʥʘʤʦʪʘʿʘ 

ʜʚʦʬʘʟʥʦʛ ʨʦʪʦʨʩʢʦʛ ʝʢʚʠʚʘʣʝʥʪʘ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʩʝ ʫʩʚʦʿʠ ʙʨʦʿ ʿʝʜʥʘʢ ʙʨʦʿʫ ʩʪʘʪʦʨʩʢʠʭ ʥʘʚʦʿʘʢʘ, 

ʰʪʦ ʟʘ ʨʝʟʫʣʪʘʪ ʜʘʿʝ ʠʜʝʥʪʠʯʥʝ ʩʦʧʩʪʚʝʥʝ ʠ ʨʘʩʠʧʥʝ ʠʥʜʫʢʪʠʚʥʦʩʪʠ. ʋ ʚʝʣʠʢʦʤ ʙʨʦʿʫ ʩʣʫʯʘʿʝʚʘ 

ʢʦʜ ʮʠʣʠʥʜʨʠʯʥʠʭ ʤʘʰʠʥʘ ʥʝ ʧʦʩʪʦʿʝ ʟʥʘʯʘʿʥʝ ʛʝʦʤʝʪʨʠʿʩʢʝ ʘʩʠʤʝʪʨʠʿʝ ʧʘ ʿʝ ʤʦʛʫ˂ʝ ʫʚʘʞʠʪʠ 

ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʜʘ ʩʫ ʨʘʟʣʠʢʝ ʫ ʦʪʧʦʨʥʦʩʪʠ ʥʘ ʧʫʪʫ ʩʪʘʪʦʨʩʢʦʛ ʠ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ ʟʘʥʝʤʘʨʠʚʝ, 

ʪʿ. ʜʘ ʚʘʞʠ ὒ ὒ ὒ ὒ ὒ ὒ , ʠ ʜʘ ʿʝ ὒ ὒ ὒ .  

ɽʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠ ʤʦʤʝʥʪ (2.45) ʩʝ ʧʨʝʥʦʩʠ ʧʨʝʢʦ ʨʦʪʦʨʘ ʠ ʚʨʘʪʠʣʘ ʜʦ ʨʘʜʥʝ ʤʘʰʠʥʝ ʠʣʠ 

ʧʦʛʦʥʩʢʝ ʪʫʨʙʠʥʝ. ʋ ʤʦʪʦʨʥʦʤ ʨʝʞʠʤʫ ʨʘʜʘ, ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠ ʤʦʤʝʥʪ ʜʝʣʫʿʝ ʥʘ ʨʘʜʥʫ 

ʤʘʰʠʥʫ ʠ ʧʦʩʧʝʰʫʿʝ ˁ ʝʥʦ ʢʨʝʪʘˁʝ. ʀʩʪʦʚʨʝʤʝʥʦ, ʤʦʤʝʥʪ ʦʧʪʝʨʝ˂ʝˁʘ ʨʘʜʥʝ ʤʘʰʠʥʝ ʩʝ 

ʩʫʧʨʦʪʩʪʘʚˀʘ ʢʨʝʪʘˁʫ ʨʦʪʦʨʘ. ɿʘ ʦʚʘʿ ʨʦʪʘʮʠʦʥʠ ʤʝʭʘʥʠʯʢʠ ʩʠʩʪʝʤ ʩʝ ʤʦʞʝ ʥʘʧʠʩʘʪʠ ɳʫʪʥʦʚʘ 

ʿʝʜʥʘʯʠʥʘ ʟʘ ʨʦʪʘʮʠʦʥʦ ʢʨʝʪʘˁʝ ʢʦʿʘ ʫʿʝʜʥʦ ʧʨʝʜʩʪʘʚˀʘ ʤʦʜʝʣ ʤʝʭʘʥʠʯʢʦʛ ʩʠʩʪʝʤʘ ɸʄ ʢʘʦ: 
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ʛʜʝ ʿʝ ὐ  ʤʦʤʝʥʪ ʠʥʝʨʮʠʿʝ ɸʄ, ὐ  ʤʦʤʝʥʪ ʠʥʝʨʮʠʿʝ ʦʧʪʝʨʝ˂ʝˁʘ, ὓ  ʤʦʤʝʥʪ ʩʠʣʝ 

ʧʨʠʢˀʫʯʝʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ, ὄ ʢʦʝʬʠʮʠʿʝʥʪ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʪʨʝˁʘ ʤʝʭʘʥʠʯʢʦʛ ʩʠʩʪʝʤʘ. 

ʇʨʝʪʧʦʩʪʘʚˀʘ ʩʝ ʜʘ ʿʝ ʢʨʫʪʦʩʪ ʚʨʘʪʠʣʘ ʙʝʩʢʦʥʘʯʥʘ ʠ ʟʘʥʝʤʘʨʝʥʠ ʩʫ ʝʬʝʢʪʠ ʚʠʩʢʦʟʥʦʩʪʠ. ʋ 

ʩʣʫʯʘʿʫ ʜʘ ʿʝ ʚʨʘʪʠʣʦ ʢʦʿʝ ʧʦʚʝʟʫʿʝ ɸʄ ʩʘ ʨʘʜʥʦʤ ʤʘʰʠʥʦʤ ʜʫʛʘʯʢʦ, ʫʩʣʝʜ ʢʦʥʘʯʥʠʭ ʢʨʫʪʦʩʪʠ 

ʠ ʚʠʩʢʦʟʥʦʩʪʠ ʤʘʪʝʨʠʿʘʣʘ ʪʦʢʦʤ ʨʘʜʘ ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʠʟʚʠʿʘˁʘ ʚʨʘʪʠʣʘ ʠ ʜʦ ʧʦʿʘʚʝ ʥʝʞʝˀʝʥʠʭ 

ʪʦʨʟʠʦʥʠʭ ʦʩʮʠʣʘʮʠʿʝ ʫ ʙʨʟʠʥʠ [55], [56]. ʊʘʜʘ ʿʝ ʟʘ ʧʦʪʨʝʙʝ ʫʧʨʘʚˀʘˁʘ ʚʠʩʦʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ 

ʥʝʦʧʭʦʜʥʦ ʫʚʘʞʠʪʠ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʤʝʭʘʥʠʯʢʦʛ ʩʠʩʪʝʤʘ. ʋ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʦʜʥʦʩʘ ὐ ὐϳ  ʠ ʫ 

ʟʘʚʠʩʥʦʩʪʠ ʜʘ ʣʠ ʩʝ ʜʘʚʘʯ ʥʘʣʘʟʠ ʥʘ ɸʄ, ʨʘʜʥʦʿ ʤʘʰʠʥʠ, ʠʣʠ ʥʘ ʦʙʘ ʝʣʝʤʝʥʪʘ ɽʇ, ʤʝʭʘʥʠʯʢʠ 

ʩʠʩʪʝʤ ʿʝ ʧʦʪʨʝʙʥʦ ʤʦʜʝʣʦʚʘʪʠ ʩʠʩʪʝʤʦʤ ʦʜ ʪʨʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʝ ʿʝʜʥʘʯʠʥʝ [56]. ʋ ʥʘʩʪʘʚʢʫ, 

ʤʝʭʘʥʠʯʢʠ ʩʠʩʪʝʤ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥ ʩʘ (2.46) ʢʘʢʦ ʥʘʚʝʜʝʥʝ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʥʠʩʫ ʦʜ ʠʥʪʝʨʝʩʘ. 

ɼʠʥʘʤʠʯʢʠ ʤʦʜʝʣ ɸʄ ʩʘ ʢʘʚʝʟʥʠʤ ʨʦʪʦʨʦʤ ʟʘʩʥʦʚʘʥ ʥʘ ʆʊɽʄ ʿʝ ʜʘʪ ʩʠʩʪʝʤʦʤ ʘʣʛʝʙʘʨʩʢʠʭ 

ʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ ʿʝʜʥʘʯʠʥʘ (2.42) ï (2.46). ʄʦʜʝʣ ʫʚʘʞʘʚʘ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʫ ʨʘʩʧʦʜʝʣʫ 

ʩʪʘʪʦʨʩʢʦʛ ʠ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ ʫ ʟʘʟʦʨʫ, ʪʿ. ʧʨʝʧʦʟʥʘʿʝ ʧʨʚʝ ʭʘʨʤʦʥʠʢʝ ʩʪʨʫʿʘ, ʥʘʧʦʥʘ, ʬʣʫʢʩʝʚʘ, 

ʠ ʨʝʟʫʣʪʘʪ ʿʝ ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʤʦʤʝʥʪʘ ʩʠʣʝ [53], [57], [58]. ʄʦʜʝʣ ʟʘʥʝʤʘʨʫʿʝ: 

i. ʧʦʩʪʦʿʘˁʝ ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ ʫ ʄʇʉ ʩʪʘʪʦʨʘ ʫʩʣʝʜ ʨʘʩʧʦʜʝʣʝ ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ;  

ii. ʧʦʩʪʦʿʘˁʝ ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ ʫ ʄʇʉ ʨʦʪʦʨʘ ʫʩʣʝʜ ʨʘʩʧʦʜʝʣʝ ʨʦʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ 

ʠʣʠ ʰʪʘʧʦʚʘ;  

iii. ʧʦʩʪʦʿʘˁʝ ʚʠʰʠʭ ʚʨʝʤʝʥʩʢʠʭ ʭʘʨʤʦʥʠʢʘ ʫʩʣʝʜ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʧʨʠ ʨʘʜʫ ʠʥʚʝʨʪʦʨʘ; 

iv. ʟʘʩʠ˂ʝˁʝ ʤʘʛʥʝʪʩʢʦʛ ʢʦʣʘ ʠ ʧʨʝʪʧʦʩʪʘʚˀʘ ʩʝ ʜʘ ʿʝ ʤʘʛʥʝʪʠʟʘʮʠʦʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʬʝʨʦʤʘʛʥʝʪʩʢʦʛ ʤʘʪʝʨʠʿʘʣʘ ʣʠʥʝʘʨʥʘ; 

v. ʜʘ ʜʫʞʠʥʫ ʟʘʟʦʨʘ ʠ ʤʘʛʥʝʪʩʢʘ ʦʪʧʦʨʥʦʩʪ ʥʠʩʫ ʢʦʥʩʪʘʥʪʥʠ ʫʩʣʝʜ ʧʦʩʪʦʿʘˁʘ ʞʣʝʙʦʚʘ ʥʘ 

ʩʪʘʪʦʨʫ ʠ ʨʦʪʦʨʫ, ʢʘʦ ʠ ʫʩʣʝʜ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪʘ ʨʦʪʦʨʘ; 
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vi. ʘʧʨʦʢʩʠʤʠʨʘ ʄʇʉ ʨʦʪʦʨʘ ʦʥʦʤ ʢʦʿʫ ʙʠ ʧʨʘʚʠʦ ʥʘʤʦʪʘʥ ʨʦʪʦʨ ʩʘ ʠʩʪʠʤ ʙʨʦʿʝʤ ʧʘʨʠ 

ʧʦʣʦʚʘ ʠ ʬʘʟʘ ʢʘʦ ʠ ʩʪʘʪʦʨʩʢʠ ʥʘʤʦʪʘʿ; 

vii. ʧʨʦʤʝʥʫ ʩʪʘʪʦʨʩʢʝ ʠ ʨʦʪʦʨʩʢʝ ʦʪʧʦʨʥʦʩʪʠ ʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʫ ʬʫʥʢʮʠʿʠ ʧʨʦʤʝʥʝ ʚʨʰʥʝ 

ʚʨʝʜʥʦʩʪʠ ʩʪʨʫʿʝ, ʫʯʝʩʪʘʥʦʩʪʠ, ʪʝʤʧʝʨʘʪʫʨʝ, ʠʪʜ.; 

viii. ʝʬʝʢʪʝ ʨʘʩʧʦʜʝˀʝʥʠʭ ʧʘʨʘʤʝʪʘʨʘ; 

ix. ʧʘʨʘʟʠʪʥʝ ʢʘʧʘʮʠʪʠʚʥʦʩʪʠ ʠ ʝʥʝʨʛʠʿʫ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ; 

x. ʩʥʘʛʫ ʛʫʙʠʪʘʢʘ ʫʩʣʝʜ ʚʠʭʦʨʥʠʭ ʩʪʨʫʿʘ ʠ ʭʠʩʪʝʨʝʟʠʩʘ. 

 

2.3 ɸʥʠʟʦʪʨʦʧʠʿʝ ʢʦʜ ɸʄ ʩʘ ʢʘʚʝʟʥʠʤ ʨʦʪʦʨʦʤ 
 

ɼʘ ʙʠ ʩʝ ʧʦʩʪʠʛʣʝ ʚʠʩʦʢʝ ʧʝʨʬʦʨʤʘʥʩʝ ɽʄ ʦʜ ʠʥʪʝʨʝʩʘ ʿʝ ʦʩʪʚʘʨʠʪʠ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʫ 

ʨʘʩʧʦʜʝʣʫ ʚʝʢʪʦʨʘ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ ὄᴆ ʫ ʟʘʟʦʨʫ, ʪʿ. ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʫ ɽʄʉ ʩʪʘʪʦʨʩʢʦʛ 

ʥʘʤʦʪʘʿʘ. ʊʘʜʘ ʩʫ ʥʘʯʠˁʝʥʘ ʟʘʥʝʤʘʨʝˁʘ (i. ï x.) ʫ ʜʠʥʘʤʠʯʢʦʤ ʤʦʜʝʣʫ ɸʄ ʟʘʩʥʦʚʘʥʦʛ ʥʘ ʆʊɽʄ 

ʦʧʨʘʚʜʘʥʘ. ʆʚʦ ʩʝ ʫ ʧʨʘʢʩʠ ʥʝ ʤʦʞʝ ʦʩʪʚʘʨʠʪʠ ʫʩʣʝʜ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʤʘʛʥʝʪʩʢʦʛ ʠ ʝʣʝʢʪʨʠʯʥʦʛ 

ʢʦʣʘ, ʢʘʦ ʠ ʤʝʭʘʥʠʯʢʦʛ ʩʠʩʪʝʤʘ. ʇʦʩʪʘʚˀʘˁʘ ʥʘʤʦʪʘʿʘ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʫ ʢʦʥʘʯʘʥ ʠ ʤʘʣʠ ʙʨʦʿ 

ʩʪʘʪʦʨʩʢʠʭ ʠ ʨʦʪʦʨʩʢʠʭ ʞʣʝʙʦʚʘ, ʛʝʦʤʝʪʨʠʿʘ ʟʫʙʘʮʘ ʠ ʞʣʝʙʦʚʘ, ʟʘʩʠ˂ʝˁʝ ʟʫʙʘʮʘ ʠ ʜʨʫʛʠʭ 

ʜʝʣʦʚʘ ʤʘʛʥʝʪʩʢʦʛ ʢʦʣʘ, ʧʨʝʣʦʤ ʰʪʘʧʦʚʘ ʠʣʠ ʧʨʩʪʝʥʘ ʨʦʪʦʨʘ, ʝʢʩʮʝʥʪʨʠʮʠʪʝʪ ʨʦʪʦʨʘ ʠʣʠ ʜʨʫʛʝ 

ʛʝʦʤʝʪʨʠʿʩʢʝ ʘʩʠʤʝʪʨʠʿʝ ʤʘʛʥʝʪʩʢʦʛ ʢʦʣʘ ʜʦʚʦʜʝ ʜʦ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ ʧʦʿʘʚʘ, ʘʥʠʟʦʪʨʦʧʠʿʘ, 

ʢʦʿʝ ʫʟʨʦʢʫʿʫ ʜʠʩʪʦʨʟʠʿʝ ʄʇʉ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ, ɽʄʉ ʠ ʫ ʩʪʨʫʿʘʤʘ ʩʪʘʪʦʨʘ [59], [60], [61]. 

ɼʠʩʪʦʨʟʠʿʝ ʫʩʣʝʜ ʧʨʦʩʪʦʨʥʝ ʨʘʩʧʦʜʝʣʝ ʩʪʘʪʦʨʩʢʦʛ ʠ ʨʦʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ ʠ ʧʨʦʤʝʥˀʠʚʝ 

ʤʘʛʥʝʪʩʢʝ ʦʪʧʦʨʥʦʩʪʠ ʧʦʩʪʦʿʝ ʪʦʢʦʤ ʨʘʜʘ ɸʄ ʫ ʦʜʩʫʩʪʚʫ ʢʚʘʨʘ. ʄʘʛʥʝʪʩʢʘ ʦʪʧʦʨʥʦʩʪ ʩʝ ʤʝˁʘ 

ʫʩʣʝʜ ʦʞˀʝʙˀʝʘˁ ʤʘʛʥʝʪʩʢʠʭ ʢʦʣʘ, ʝʢʩʮʝʥʪʨʠʮʠʪʝʪʘ ʨʦʪʦʨʘ ʠ ʟʘʩʠ˂ʝˁʘ ʤʘʛʥʝʪʩʢʦʛ ʢʦʣʘ ʥʘ 

ʧʫʪʫ ʤʘʛʥʝʪʩʢʦʛ ʬʣʫʢʩʘ. ʀʥʪʝʥʟʠʪʝʪ ʠʩʧʦˀʘʚʘˁʘ ʥʘʚʝʜʝʥʠʭ ʘʥʠʟʦʪʨʦʧʠʿʘ ʟʘʚʠʩʠ ʦʜ ʜʠʟʘʿʥʘ 

ʤʘʛʥʝʪʩʢʦʛ ʠ ʝʣʝʢʪʨʠʯʥʦʛ ʢʦʣʘ ʠ ʨʘʜʥʘ ʪʘʯʢʘ ɽʇ. ɼʦʜʘʪʥʝ ʜʠʩʪʦʨʟʠʿʝ ʤʦʛʫ ʥʘʩʪʘʪʠ ʧʨʠ 

ʧʨʝʣʦʤʫ ʨʦʪʦʨʩʢʠʭ ʰʪʘʧʦʚʘ, ʢʚʘʨʘ ʥʘ ʣʝʞʘʿʝʚʠʤʘ, ʠʪʜ., ʘ ʥʘ ˁʠʭʦʚ ʠʥʪʝʥʟʠʪʝʪ ʫʪʠʯʝ ʧʨʠʨʦʜʘ 

ʠ ʚʝʣʠʯʠʥʘ ʢʚʘʨʘ. ɸʥʠʟʦʪʨʦʧʠʿʝ ʦʛʨʘʥʠʯʘʚʘʿʫ ʧʝʨʬʦʨʤʘʥʩʝ ɸʄ ʠ ɽʇ. ʇʦʰʪʦ ʩʝ ʫʛʣʘʚʥʦʤ ʥʝ 

ʤʦʛʫ ʠʟʙʝ˂ʠ, ʫ ʧʨʘʢʩʠ ʩʝ ʫ ɽʇ ʘʣʛʦʨʠʪʤʠ ʟʘʩʥʦʚʘʥʠ ʥʘ ʥʘʚʝʜʝʥʠʤ ʘʥʠʟʦʪʨʦʧʠʿʘʤʘ ʢʦʨʠʩʪʝ ʟʘ  

- ʥʘʜʟʦʨ ʠ ʜʠʿʘʛʥʦʩʪʠʢʫ [62];  

- ʢʦʤʧʝʥʟʘʮʠʿʫ ʜʨʫʛʠʭ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʫ ɽʇ [63];  

- ʦʮʝʥʫ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʚʨʘʪʠʣʘ [8]; 

- ʟʘʰʪʠʪʫ ʠ ʫʧʨʘʚˀʘˁʝ [64], ʠ ʪʦ ʙʝʟ ʠ ʩʘ ʜʦʜʘʚʘˁʝʤ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ [65]; 

- ʘʥʘʣʠʟʫ ʚʘʣʦʚʠʪʦʩʪʠ ʤʦʤʝʥʪʘ ʩʠʣʝ [66]; 

- ʫʚʝ˂ʘˁʝ ʛʫʩʪʠʥʝ ʤʦʤʝʥʪʘ ʩʠʣʝ ʫʟ ʜʦʜʘʚʘˁʝ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ [65]; 

- ʧʨʠʣʘʛʦʹʝˁʝ ʧʘʨʘʤʝʪʘʨʘ ʤʦʜʝʣʘ, ʥʧʨ. ʨʦʪʦʨʩʢʝ ʚʨʝʤʝʥʩʢʝ ʢʦʥʩʪʘʥʪʝ ʠʣʠ ʦʮʝʥʫ 

ʪʝʤʧʝʨʘʪʫʨʝ ʤʦʪʦʨʘ ʢʦʜ ʚʝʢʪʦʨʩʢʦʛ ʫʧʨʘʚˀʘˁʘ [67]; 

- ʟʘʣʝʪʘˁʝ ɸʄ ʠʟ ʥʫʣʪʝ ʙʨʟʠʥʝ ʩʘ ʥʦʤʠʥʘʣʥʦʤ ʚʨʝʜʥʦʰ˂ʫ ʤʦʤʝʥʪʘ ʙʝʟ ʜʘʚʘʯʘ, ʠʪʜ. 

ʇʨʠʨʦʜʘ ʥʘʚʝʜʝʥʠʭ ʘʥʠʟʦʪʨʦʧʠʿʘ ʿʝ ʪʘʢʚʘ ʩʝ ʫ ʿʝʜʥʦʤ ʪʨʝʥʫʪʢʫ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʩʘʤʦ ʿʝʜʘʥ 

ʬʝʥʦʤʝʥ. ʢʘʜʘ ʩʫ ʦʩʪʘʣʝ ʘʥʠʟʦʪʨʦʧʠʿʝ ʧʦʨʝʤʝ˂ʘʿʠ ʫ ʩʠʩʪʝʤʫ. ʋ ʧʨʘʢʩʠ, ʥʘʿʯʝʰ˂ʝ ʩʝ ʢʦʨʠʩʪʝ ʟʘ 

ʧʦʪʨʝʙʝ ʥʘʜʟʦʨʘ ʠ ʜʝʪʝʢʮʠʿʝ ʢʚʘʨʘ [68], [69], [70], [47], [72], [73]. ɼʝʪʝʢʮʠʿʘ ʢʚʘʨʘ ʧʦʚʝ˂ʘʚʘ 

ʧʦʫʟʜʘʥʦʩʪ, ʦʤʦʛʫ˂ʘʚʘ ʧʨʝʚʝʥʮʠʿʫ, ʧʣʘʥʠʨʘˁʝ ʨʝʤʦʥʪʘ, ʩʤʘˁʫʿʝ ʚʨʝʤʝ ʩʪʘʿʘˁʘ ʧʨʦʠʟʚʦʜˁʝ ʠ 

ʝʢʦʥʦʤʩʢʝ ʛʫʙʠʪʢʝ ʫ ʧʨʦʠʟʚʦʜˁʠ. ʋ ʠʥʜʫʩʪʨʠʿʠ, 40% ʢʚʘʨʦʚʘ ʥʘʩʪʘʿʝ ʥʘ ʣʝʞʘʿʝʚʠʤʘ ʠ ʫʩʣʝʜ 

ʝʢʩʮʝʥʪʨʠʮʠʪʝʪʘ, 38% ʥʘ ʩʪʘʪʦʨʩʢʦʤ, 10% ʥʘ ʨʦʪʦʨʩʢʦʤ ʥʘʤʦʪʘʿʫ, ʘ 12% ʩʫ ʦʩʪʘʣʝ ʛʨʫʧʝ 

ʢʚʘʨʦʚʘ [68], [69], [90]. ʄʝʪʦʜʝ ʟʘ ʜʝʪʝʢʮʠʿʫ ʢʚʘʨʘ ʟʘʩʥʦʚʘʥʝ ʥʘ ʘʥʠʟʦʪʨʦʧʠʿʘʤʘ ʫ ɸʄ ʩʝ 

ʨʘʟʚʠʿʘʿʫ ʚʝʦʤʘ ʜʫʛʦ. ʇʨʚʠ ʘʣʛʦʨʠʪʤʠ ʟʘ ʜʝʪʝʢʮʠʿʫ ʣʦʤʘ ʨʦʪʦʨʩʢʠʭ ʰʪʘʧʦʚʘ ʧʫʙʣʠʢʦʚʘʥʠ ʩʫ 

1982. ʛʦʜʠʥʝ [79], ʠ 1988. ʛʦʜʠʥʝ, ʛʜʝ ʩʝ ʜʨʫʛʘ ʤʝʪʦʜʘ ʟʘʩʥʠʚʘ ʥʘ ʘʥʘʣʠʟʠ ʩʧʝʢʪʨʘ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ 

[83]. ʄʝʪʦʜʘ ʟʘ ʜʝʪʝʢʮʠʿʫ ʢʚʘʨʘ ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿ ʧʫʙʣʠʢʦʚʘʥʘ ʿʝ 1985. ʛʦʜʠʥʝ [79], ʧʦʪʦʤ 

1989. ʛʦʜʠʥʝ ʤʝʪʦʜʘ ʟʘ ʜʝʪʝʢʮʠʿʫ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪʘ [80], ʘ ʟʘ ʧʦʪʨʝʙʝ ʜʝʪʝʢʮʠʿʘ ʢʚʘʨʘ ʥʘ 

ʣʝʞʘʿʝʚʠʤʘ ʤʦʪʦʨʘ ʧʦʯʝʪʢʦʤ 90-ʠʭ [81]. ɼʘʥʘʩ ʩʝ ʥʘʚʝʜʝʥʝ ʘʥʠʟʦʪʨʦʧʠʿʝ ʢʦʨʠʩʪʝ ʟʘ ʜʝʪʝʢʮʠʿʫ 

ʬʝʥʦʤʝʥʘ ʫ ɽʇ ʧʦʧʫʪ ʧʦʚʨʘʪʥʝ ʨʝʘʢʮʠʿʝ ʟʫʧʯʘʥʠʢʘ ʫ ʧʨʝʥʦʩʥʠʢʫ (ʝʥʛʣ. backlash) [82], ʟʘ 
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ʜʝʪʝʢʮʠʿʫ ʦʪʢʘʟʠʚʘˁʘ ʧʨʝʢʠʜʘʯʘ ʩʥʘʛʝ ʫ ʠʥʚʝʨʪʦʨʫ [84], ʟʘ ʜʝʪʝʢʮʠʿʫ ʫʪʠʮʘʿʘ ʧʨʦʤʝʥˀʠʚʦʛ 

ʤʝʭʘʥʠʯʢʦʛ ʦʧʪʝʨʝ˂ʝˁʘ ʥʘ ʜʠʥʘʤʠʯʢʠ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪ [74], ʟʘ ʜʝʪʝʢʮʠʿʫ ʦʰʪʝ˂ʝˁʘ ʟʫʙʘ 

ʟʫʧʯʘʥʠʢʘ ʫ ʧʨʝʥʦʩʥʠʢʫ [85], ʠʪʜ. ɽʇ ʜʘʥʘʩ ʥʘʣʘʟʝ ʥʦʚʝ ʧʨʠʤʝʥʝ ʧʘ ʩʝ ʨʘʟʚʠʿʘʿʫ ʠ ʥʦʚʠ 

ʘʣʛʦʨʠʪʤʠ ʟʘ ʜʝʪʝʢʮʠʿʫ ʧʨʝʣʦʤʘ ʨʦʪʦʨʩʢʠʭ ʰʠʧʢʠ [86], [87], ʝʢʩʮʝʥʪʨʠʮʠʪʝʪʘ [88], ʢʚʘʨa ʥʘ 

ʫʥʫʪʨʘʰˁʝʤ ʥʘʤʦʪʘʿʫ ʢʘʚʝʟʥʦʛ ʨʦʪʦʨʘ [89], [90], [91], ʢʚʘʨʘ ʥʘ ʥʘʤʦʪʘʿʫ ʩʪʘʪʦʨʘ [92], ʠʪʜ. 

ʇʨʠʤʝʥʘ ʥʘʚʝʜʝʥʠʭ ʘʣʛʦʨʠʪʘʤʘ ʦʙʠʯʥʦ ʟʘʭʪʝʚʘ ʤʝʨʝˁʝ ʿʝʜʥʝ ʠʣʠ ʚʠʰʝ ʚʝʣʠʯʠʥʘ ʫ ɽʇ, 

ʥʘʧʦʥʘ, ʩʪʨʫʿʝ, ʨʘʜʠʿʘʣʥʝ ʠ/ʠʣʠ ʘʢʩʠʿʘʣʥʝ ʢʦʤʧʦʥʝʥʪʝ ʬʣʫʢʩʘ, ʪʝʤʧʝʨʘʪʫʨʝ, ʙʫʢʝ, ʚʠʙʨʘʮʠʿʘ, 

ʠʪʜ. ɿʘ ʦʚʝ ʧʦʪʨʝʙʝ ʩʝ ʧʦʨʝʜ ʧʨʠʩʫʩʪʚʘ ʜʦʜʘʪʥʠʭ ʜʘʚʘʯʘ ʫ ɽʇ, ʫ ɸʄ ʫʛʨʘʹʫʿʫ ʜʦʜʘʪʥʠ ʥʘʤʦʪʘʿʠ 

ʟʘ ʤʝʨʝˁʘ ʬʣʫʢʩʝʚʘ [75]. ʅʘʜ ʩʘʢʫʧˀʝʥʠʤ ʧʦʜʘʮʠʤʘ ʩʝ ʜʘʚʘʯʘ, ʧʨʠʤʝˁʫʿʫ ʩʝ ʨʘʟʣʠʯʠʪʠ 

ʘʣʛʦʨʠʪʤʠ ʦʙʨʘʜʝ ʧʦʜʘʪʘʢʘ. ʇʦʩʝʙʥʫ ʧʨʠʤʝʥʫ ʥʘʣʘʟʝ ʤʝʪʦʜʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʘʥʘʣʠʟʠ ʦʪʠʩʢʘ 

ʩʪʨʫʿʝ ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ (ʣʠʥʠʿʩʢʦʛ ʩʧʝʢʪʨʘ, ʝʥʛʣ. Motor-current signature analysis ï MCSA) 

[62]. MCSA ʧʨʠʩʪʫʧ ʟʘ ʜʝʪʝʢʮʠʿʫ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ ʠ ʝʣʝʢʪʨʦʤʝʭʘʥʠʯʢʠʭ ʧʦʿʘʚʘ ʩʝ ʟʘʩʥʠʚʘ 

ʥʘ ʧʦʩʤʘʪʨʘˁʫ ʦʜʟʠʚʘ ɸʄ ʢʘʜʘ ʩʝ ʥʘʧʘʿʘ ʥʘʧʦʥʩʢʠʤ ʠʤʧʫʣʩʠʤʘ. ɸʢʦ ʥʘʤʦʪʘʿ ʩʪʘʪʦʨʘ ʦʙʫʭʚʘʪʘ 

ʣʠʥʠʿʝ ʬʣʫʢʩʘ ʢʦʿʝ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʘʥʠʟʦʪʨʦʧʠʿʘ, ʪʘʜʘ ʭʘʨʤʦʥʠʮʠ ʧʦʩʪʦʿʝ ʫ ɽʄʉ ʠ ʩʪʨʫʿʘʤʘ 

ʩʪʘʪʦʨʘ. ʀʥʜʠʨʝʢʪʥʘ ʘʥʘʣʠʟʘ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ ʧʦʿʘʚʘ ʫ ɸʄ ʩʝ ʪʘʜʘ ʤʦʞʝ ʠʟʚʨʰʠʪʠ ʤʝʨʝˁʝʤ 

ʩʪʨʫʿʘ. ʇʨʠʩʪʫʧ ʿʝ ʥʝʠʥʚʘʟʠʚʥʝ ʧʨʠʨʦʜʝ, ʦʤʦʛʫ˂ʘʚʘ ʧʨʠʤʝʥʫ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʠ ʟʘʭʪʝʚʘ ʩʘʤʦ 

ʤʝʨʝˁʝ ʩʪʨʫʿʝ, hʪʦ ʿʝ ʥʘʿʯʝʰ˂ʝ ʚʝ ˂ʦʙʝʟʙʝʹʝʥʦ ʫ ɽʇ, ʯʠʤʝ ʩʝ ʦʪʢʣʘˁʘ ʧʦʪʨʝʙʘ ʟʘ ʠʥʚʝʩʪʠʮʠʿʦʤ 

ʫʛʨʘʜˁʝ ʜʦʜʘʪʥʠʭ ʜʘʚʘʯʘ ʠʣʠ ʥʘʤʦʪʘʿʘ ʢʦʿʝ ʟʘʭʪʝʚʘʿʫ ʜʨʫʛʠ ʧʨʠʩʪʫʧʠ [68], [70], [78]. ɮensorless 

ʤʝʪʦʜʝ ʟʘʩʥʦʚʘʥʝ ʥʘ MCSA ʧʨʠʩʪʫʧʫ ʜʝʪʝʢʮʠʿʫ ʢʚʘʨ ʘʥʘʣʠʟʦʤ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʚʨʰʥʠʭ 

ʚʨʝʜʥʦʩʪʠ ʭʘʨʤʦʥʠʢʘ ʫʩʣʝʜ ʘʥʠʟʦʪʨʦʧʠʿʘ ʫ ʩʪʨʫʿʠ ʩʪʘʪʦʨʘ ʢʦʜ ʠʩʧʨʘʚʥʝ ɸʄ ʠ ʢʦʜ ɸʄ ʫ ʢʚʘʨʫ 

[62]. ʆʚʝ ʤʝʪʦʜʝ ʟʘʭʪʝʚʘʿʫ ʪʘʯʘʥ ʧʦʜʘʪʘʢ ʦ ʫʯʝʩʪʘʥʦʩʪʠ ʢʣʠʟʘˁʘ ʠ ʫʛʣʘʚʥʦʤ ʩʫ ʥʘʤʝˁʝʥʝ ʟʘ ʨʘʜ 

ɽʇ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ. ʇʦʨʝʜ ʪʦʛʘ, ʥʝʜʦʩʪʘʪʘʢ ʘʣʛʦʨʠʪʘʤʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ MCSA ʤʝʪʦʜʠ ʠ 

ʘʥʠʟʦʪʨʦʧʠʿʘʤʘ ʿʝ ʰʪʦ ʥʝʢʠ ʩʠʤʧʪʦʤʠ ʤʦʛʫ ʜʘ ʩʝ ʿʘʚʝ ʥʘ ʠʩʪʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʜʘ ʜʦʹʝ ʜʦ 

ʧʨʝʢʣʘʧʘˁʘ ʫ ʩʧʝʢʪʨʫ ʢʘʜʘ ʿʝ ʪʝʰʢʦ ʫʪʚʨʜʠʪʠ ʫʟʨʦʢ ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʠ ʢʚʘʨʘ [93]. ʊʘʜʘ ʩʝ 

ʢʦʨʠʩʪʝ ʥʝʢʝ ʦʜ ʢʦʤʧʣʝʤʝʥʪʘʨʥʠʭ ʤʝʪʦʜʘ ʧʦʧʫʪ: 

- ɸʥʘʣʠʟe ʩʧʝʢʪʨʘ ʩʥʘʛʝ (ʝʥʛʣ. Power signature analysis) [93]; 

- ɸʥʘʣʠʟe ʥʫʣʪʠʭ ʩʪʨʫʿʘ (ʝʥʛʣ. Zero sequence current analysis) [94]; 

- ʄʝʨʝˁa ʭʘʨʤʦʥʠʢʘ ʬʣʫʢʩʘ (ʝʥʛʣ. Flux harmonics measurement) [95]; 

- ʄʝʨʝˁʘ ʧʨʦʤʝʥʝ ʦʧʪʝʨʝ˂ʝˁʘ ʟʘ ʦʮʝʥʫ ʩʪʘʪʠʯʢʦʛ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪʘ [96], [97].  

ɼʘ ʙʠ ʩʝ ʨʘʟʫʤʝʣʦ ʧʦʨʝʢʣʦ ʭʘʨʤʦʥʠʢʘ ʫ ʩʪʨʫʿʠ ʩʪʘʪʦʨʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʢʦʨʠʩʪʠʪʠ ʘʥʘʣʠʪʠʯʢʝ 

ʠ ʥʫʤʝʨʠʯʢʝ ʤʦʜʝʣʝ ʯʠʿʘ ʢʦʤʙʠʥʘʮʠʿʘ ʧʨʫʞʘ ʟʘʢˀʫʯʢʝ ʦ ʨʝʜʫ ʠ ʚʨʰʥʦʿ ʚʨʝʜʥʦʩʪʠ ʭʘʨʤʦʥʠʢʘ 

ʄʇʉ ʫ ʟʘʟʦʨʫ. ɿʘ ʧʦʪʨʝʙʝ ʘʥʘʣʠʟʝ ʧʫʙʣʠʢʦʚʘʥʠʭ ʠ ʩʠʥʪʝʟʝ ʥʦʚʝ sensorless ʤʝʪʦʜʝ, ʫ ʥʘʩʪʘʚʢʫ 

ʩʝ ʘʥʘʣʠʟʠʨʘʿʫ ʘʥʠʟʦʪʨʦʧʠʿʝ ʢʦʿʝ ʧʦʩʪʦʿʝ ʢʦʜ ʠʩʧʨʘʚʥʝ ɸʄ ʫʚʘʞʘʚʘˁʝʤ ʫʩʚʦʿʝʥʠʭ ʟʘʥʝʤʘʨʝˁʘ 

ʦʜ i. ʜʦ vi. ʢʦʜ ʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ ʟʘʩʥʦʚʘʥʦʛ ʥʘ ʆʊɽʄ. ɿʘʥʝʤʘʨʝˁʘ ʦʜ vii. ʜʦ x.  ʫʪʠʯʫ ʥʘ 

ʧʦʥʘʰʘˁʝ ɽʇ, ʘʣʠ ʩʝ ʥʝ˂ʝ ʨʘʟʤʘʪʨʘʪʠ ʿʝʨ ʥʠʩʫ ʫ ʬʦʢʫʩʫ ʜʠʩʝʨʪʘʮʠʿʝ. ʋ ʥʘʩʪʘʚʢʫ ʩʫ ʠʟʣʦʞʝʥʠ 

ʫʩʣʦʚʠ ʢʦʿʠ ʤʦʨʘʿʫ ʙʠʪʠ ʠʩʧʫˁʝʥʠ ʜʘ ʙʠ ʥʘʚʝʜʝʥʝ ʘʥʠʟʦʪʨʦʧʠʿʝ ʧʦʩʪʦʿʘʣʝ ʫ ɸʄ ʠ ʠʟʚʝʜʝʥʠ ʩʫ 

ʘʥʘʣʠʪʠʯʢʠ ʠʟʨʘʟʠ ʢʦʿʠ ʦʧʠʩʫʿʫ ʚʝʟʫ ʠʟʤʝʹʫ ʢʦʥʩʪʨʫʢʮʠʦʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ɸʄ, ʧʨʠʨʦʜʝ 

ʦʧʪʝʨʝ˂ʝˁʘ ɽʇ ʠ ʭʘʨʤʦʥʠʢʘ ʢʦʿʠ ʧʦʩʪʦʿʝ ʫ ʩʧʝʢʪʨʫ ʩʪʨʫʿʝ. ʂʘʢʦ ʘʥʠʟʦʪʨʦʧʠʿʝ ʫʩʣʝʜ ʢʚʘʨʘ ʥʠʩʫ 

ʦʜ ʠʥʪʝʨʝʩʘ ʫ ʦʚʦʿ ʜʠʩʝʨʪʘʮʠʿʠ, ʟʘ ˁʠʭ ʩʫ ʜʘʪʝ ʩʘʤʦ ʦʩʥʦʚʥʝ ʠʥʬʦʨʤʘʮʠʿʝ ʫʟ ʢʦʥʘʯʥʝ 

ʘʥʘʣʠʪʠʯʢʝ ʠʟʨʘʟʝ ʢʦʿʠ ʦʧʠʩʫʿʫ ˁʠʭʦʚʦ ʧʦʥʘʰʘˁʝ ʫ ʩʧʝʢʪʨʫ ʩʪʨʫʿʝ. 

 

2.3.1 ʄʇʉ ʨʘʩʧʦʜʝˀʝʥʦʛ ʥʘʤʦʪʘʿʘ ʩʪʘʪʦʨʘ 
 

ɺʝʢʪʦʨ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ ʫ ʟʘʟʦʨʫ ὄᴆ ʥʘʩʪʘʿʝ ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʄʇʉ, ʿʘʯʠʥʝ ʧʦˀʘ Ὄᴆ, ʢʦʿʫ 
ʩʪʚʘʨʘʿʫ ʩʪʨʫʿʝ ʢʦʿʝ ʧʦʩʪʦʿʝ ʫ ʧʨʦʚʦʜʥʠʮʠʤʘ ʥʘʤʦʪʘʿʘ ʠʣʠ ʩʪʘʣʥʠ ʤʘʛʥʝʪʠ. ʅʘʤʦʪʘʿ ʩʪʘʪʦʨʘ ɸʄ 

ʿʝ ʧʦʩʪʘʚˀʝʥ ʫ ʞʣʝʙʦʚʝ ʩʪʘʪʦʨʩʢʦʛ ʤʘʛʥʝʪʩʢʦʛ ʢʦʣʘ, ʜʦʢ ʩʫ ʨʦʪʦʨʩʢʠ ʰʪʘʧʦʚʠ ʫʢʦʧʘʥʠ ʫ 

ʤʘʛʥʝʪʩʢʦ ʢʦʣʦ ʨʦʪʦʨʘ. ʇʨʦʚʦʜʥʠʮʠ ʢʦʿʠ ʯʠʥʝ ʥʘʤʦʪʘʿ ʥʝ ʤʦʛʫ ʠʤʘʪʠ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʫ 

ʨʘʩʧʦʜʝʣʫ ʿʝʨ ʩʝ ʧʦʣʘʞʫ ʫ ʢʦʥʘʯʘʥ ʙʨʦʿ ʞʣʝʙʦʚʘ. ʊʘʢʦʹʝ, ʛʝʦʤʝʪʨʠʿʘ ʩʪʘʣʥʠʭ ʤʘʛʥʝʪʘ ʥʘ ʨʦʪʦʨʫ 



41 

 

ʩʝ ʥʝ ʤʦʞʝ ʥʘʧʨʘʚʠʪʠ ʪʘʢʦ ʜʘ ʧʨʫʞʘ ʠʜʝʘʣʥʫ ʨʘʩʧʦʜʝʣʫ ʠʥʜʫʢʮʠʿʝ ʨʦʪʦʨʘ ὄᴆ. ʅʝʢʘ ʿʝ ʥʘʤʦʪʘʿ 
ʩʪʘʪʦʨʘ ʢʦʥʮʝʥʪʨʠʩʘʥ ʠ ʜʠʿʘʤʝʪʨʘʣʥʦ ʧʦʩʪʘʚˀʝʥ ʫ ʜʚʘ ʞʣʝʙʘ ʩʘ ʧʫʥʠʤ ʥʘʚʦʿʥʠʤ ʢʦʨʘʢʦʤ ʜʫʞ 

ʦʙʠʤʘ ʤʘʰʠʥʝ ʢʘʦ ʥʘ ʉʣʠʮʠ 2.9ʘ. ʌʣʫʢʩ ʦʚʘʢʚʦʛ ʥʘʤʦʪʘʿʘ ʿʝ ʿʝʜʘʢ ʧʨʦʠʟʚʦʜʫ ʬʣʫʢʩʘ ʿʝʜʥʝ 

ʢʦʥʪʫʨʝ ʠ ʙʨʦʿʘ ʥʘʚʦʿʘʢʘ. ɸʢʦ ʫ ʥʘʤʦʪʘʿʫ ʧʦʩʪʦʿʠ ʩʪʨʫʿʘ Ὥὸ, ʪʘʜʘ ʩʫ ʫ ʜʠʩʢʨʝʪʥʦʤ ʪʨʝʥʫʪʢʫ ʫ 

ʚʨʝʤʝʥʫ ʄʇʉ ʠ ʠʥʜʫʢʮʠʿʘ ὄᴆ ʢʦʥʩʪʘʥʪʥʝ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ ʫ ʧʨʦʩʪʦʨʫ ʜʫʞ ʩʚʘʢʝ ʧʦʣʦʚʠʥʝ 

ʦʙʠʤʘ ʩʪʘʪʦʨʘ, ʉʣʠʢʘ 2.9ʙ. ʇʦʩʤʘʪʨʘˁʝʤ ʧʨʦʤʝʥʝ ʄʇʉ ʧʦ ʧʦʚʨʰʠʥʠ ʤʘʛʥʝʪʩʢʦʛ ʢʦʣʘ ʫ ʟʘʟʦʨʫ, 

ʤʦʞʝ ʩʝ ʫʦʯʠʪʠ ʜʘ ʄʇʉ ʯʠʥʝ ʞʝˀʝʥʠ ʧʨʚʠ ʠ ʚʠʰʠ ʧʨʦʩʪʦʨʥʠ ʭʘʨʤʦʥʠʮʠ ʨʝʜʘ ὺ (ʝʥʛʣ. spatial 

harmonics), ʦʧʠʩʘʥʠ ʫ ʬʫʥʢʮʠʿʠ ʧʦʣʦʞʘʿ — ʜʫʞ ʦʙʠʤʘ ʤʘʛʥʝʪʩʢʦʛ ʢʦʣʘ ʩʪʘʪʦʨʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʨʝʬʝʨʝʥʪʥʫ ʦʩʫ ʩʪʘʪʦʨʘ. ɼʘʢʣʝ, ʦʜʩʪʫʧʘˁʝ ʦʜ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʝ ʨʘʩʧʦʜʝʣʝ ʧʨʦʚʦʜʥʠʢʘ 

ʫʟʨʦʢʫʿʝ ʜʘ ʄʇʉ ʠ ʠʥʜʫʢʮʠʿʘ ὄᴆ ʥʠʩʫ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʝ ʬʫʥʢʮʠʿʘ ʫʛʣʘ — ʠ ʥʘʩʪʘʿʫ ʚʠʰʠ 

ʧʨʦʩʪʦʨʥʠ ʭʘʨʤʦʥʠʮʠ. ʉʤʝʨ ʜʝʣʦʚʘˁʘ ʄʇʉ ʤʝˁʘ ʩʝ ʫ ʚʨʝʤʝʥʫ ʫ ʬʫʥʢʮʠʿʠ ʫʯʝʩʪʘʥʦʩʪʠ ʩʪʨʫʿʝ 

Ὥὸ, ʝʣʝʢʪʨʠʯʥʦʛ ʫʛʣʘ — —‫ὸ, ʧʦ ʟʘʢʦʥʫ ÓÉÎ . ʄʘʰʠʥʘ ʥʘ ʉʣʠʮʠ 2.9. ʠʤʘ ʜʚʘ ʧʦʣʘ, ʧʘ 

ʄʇʉ ʜʦʩʪʠʞʝ ʚʨʰʥʫ ʚʨʝʜʥʦʩʪ ʥʘ ʜʚʘ ʩʫʩʝʜʥʘ ʤʘʛʥʝʪʩʢʘ ʧʦʣʘ ʫ ʧʨʦʩʪʦʨʫ ʪʦʢʦʤ ʚʨʝʤʝʥʩʢʦʛ 

ʠʥʪʝʨʚʘʣʘ ʢʦʿʠ ʦʜʨʝʹʫʿʝ ʝʣʝʢʪʨʠʯʥʘ ʧʝʨʠʦʜʘ ʩʪʨʫʿʝ Ὥὸ. ʆʜʥʦʩʥʦ, ʪʦʢʦʤ ʿʝʜʥʦʛ ʝʣʝʢʪʨʠʯʥʦʛ 

ʧʝʨʠʦʜʘ ʩʪʨʫʿʝ ʄʇʉ ʦʩʪʚʘʨʠ ʚʨʰʥʫ ʚʨʝʜʥʦʩʪ ʫ ʧʨʦʩʪʦʨʫ ʥʘ ʜʚʘ ʩʫʩʝʜʥʘ ʤʘʛʥʝʪʩʢʘ ʧʦʣʘ, ʢʦʜ 

ʧʨʚʦʛ ʧʦʣʘ ʢʘʜʘ ʩʪʨʫʿʘ ʫʟʠʤʘ ʚʨʝʜʥʦʩʪ ʧʦʟʠʪʠʚʥʦʛ ʤʘʢʩʠʤʫʤʘ, ʠ ʢʦʜ ʜʨʫʛʦʛ ʧʦʣʘ ʢʘʜʘ ʩʪʨʫʿʘ 

ʫʟʠʤʘ ʚʨʝʜʥʦʩʪ ʥʝʛʘʪʠʚʥʦʛ ʤʘʢʩʠʤʫʤʘ. ʂʦʜ ʚʠʰʝʧʦʣʥʠʭ ʤʘʰʠʥʘ ʥʘʤʦʪʘʿ ʩʪʘʪʦʨʘ ʩʝ ʧʦʩʪʘʚˀʘ 

ʫ ʞʣʝʙʦʚʝ ʩʘ ʢʨʘ˂ʠʤ ʧʦʣʥʠʤ ʢʦʨʘʢʦʤ Ű ʪʘʢʦ ʜʘ ʩʝ ʧʦʩʪʠʛʥʝ ʚʝ˂ʠ ʙʨʦʿ ʧʦʣʦʚʘ ʧʦ ʦʙʠʤʫ ʤʘʰʠʥʝ, 

ʉʣʠʢʘ 2.10ʘ. ʊʘʜʘ, ʧʦʪʨʝʙʥʦ ʚʨʝʤʝ ʜʘ ʄʇʉ ʦʩʪʚʘʨʠ ʚʨʰʥʫ ʚʨʝʜʥʦʩʪ ʢʦʜ ʩʚʠʭ ʤʘʛʥʝʪʩʢʠʭ 

ʧʦʣʦʚʘ ʜʫʞ ʦʙʠʤʘ ʤʘʰʠʥʝ, ʪʿ. ʜʘ ʄʇʉ ʥʘʧʨʘʚʠ ʿʝʜʘʥ ʢʨʫʛ, ʟʘʚʠʩʠ ʦʜ ʙʨʦʿʘ ʧʘʨʠ ʧʦʣʦʚʘ p, ʘ 

ʧʨʦʤʝʥʘ ʫʛʣʦʚʘ ʿʝ ʦʧʠʩʘʥʘ ʢʘʦ — ὴ—. ɱʝʜʘʥ ʤʝʭʘʥʠʯʢʠ ʦʙʨʪʘʿ ʯʠʥʠ ʨ ʝʣʝʢʪʨʠʯʥʠʭ ʧʝʨʠʦʜʘ 

ʩʪʨʫʿʝ, ʘ ʚʝʟʘ ʠʟʤʝʹʫ ʫʛʘʦʥʝ ʙʨʟʠʥʘ ʄʇʉ ʠ ʨʦʪʦʨʘ ʠ ʝʣʝʢʪʨʠʯʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʩʪʨʫʿʝ ʿʝ ʜʘʪʘ ʢʘʦ 

‫ ‫ ὴ . ʇʨʦʩʪʦʨʥʠ ʭʘʨʤʦʥʠʮʠ ʨʝʜʘ ὺ ʜʦʚʦʜʝ ʜʦ ʝʬʝʢʪʘ ʚʠʰʝʧʦʣʥʦʩʪʠ. ʄʇʉ ὺ-ʪʦʛ 
ʭʘʨʤʦʥʠʢʘ ʧʨʘʚʠ ὺ ʧʫʪʘ ʚʠʰʝ ʧʨʦʩʪʦʨʥʠʭ ʧʨʦʤʝʥʘ ʚʨʰʥʠʭ ʚʨʝʜʥʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʚʠ 

ʭʘʨʤʦʥʠʢ ʥʘ ʠʩʪʦʤ ʣʫʯʥʦʤ ʨʘʩʪʦʿʘˁʫ, ʪʿ. ɸʄ ʩʝ ʫ ʦʜʥʦʩʫ ʥʘ ὺ-ʪʠ ʭʘʨʤʦʥʠʢ ʧʦʥʘʰʘ ʢʘʦ ʜʘ ʠʤʘ 
ὺ ʧʫʪʘ ʚʠʰʝ ʧʘʨʠ ʧʦʣʦʚʘ. ʉʠʥʭʨʦʥʘ ʙʨʟʠʥʘ ὺ-ʪʦʛ ʭʘʨʤʦʥʠʢʘ ʿʝ ὺ ʧʫʪʘ ʤʘˁʘ ʦʜ ʩʠʥʭʨʦʥʝ ʙʨʟʠʥʝ 
ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ, ὲ φπὪ ὺὴϳ . ʋ ʩʚʘʢʦʤ ʩʣʫʯʘʿʘ, ʘʥʘʣʠʟʘ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ ʧʦʿʘʚʘ ʩʝ 

ʩʧʨʦʚʦʜʠ ʥʘʜ ʿʝʜʥʠʤ ʧʘʨʦʤ ʧʦʣʦʚʘ, ʜʚʘ ʧʦʣʥʘ ʢʦʨʘʢʘ, ʠ ʧʦʪʦʤ ʧʨʝʩʣʠʢʘʚʘ ʥʘ ʦʩʪʘʣʝ ʧʦʣʦʚʝ. 

ʆʜʨʝʹʠʚʘˁʝʤ ʚʨʰʥʠʭ ʚʨʝʜʥʦʩʪʠ ʠ ʨʝʜʘ ʚʠʰʠʭ ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ ʦʧʠʩʫʿʝ ʩʝ ʄʇʉ 

ʩʪʘʪʦʨʘ ʫ ʟʘʟʦʨʫ ʢʦʿʘ ʫʚʘʞʘʚʘ ʫʪʠʮʘʿ ʨʘʩʧʦʜʝˀʝʥʦʛ ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ. ʆʚʘ ʘʥʘʣʠʟʘ ʩʝ ʤʦʞʝ 

ʫʨʘʜʠʪʠ ʩʘ ʜʚʘ ʫʩʢʦ ʧʦʚʝʟʘʥʘ ʧʨʠʩʪʫʧʘ, ʠ ʪʦ ʟʘ ʠʩʧʨʘʚʥʝ ɸʄ ʠ ɸʄ ʫ ʧʨʠʩʫʩʪʚʫ ʢʚʘʨʘ. ʇʨʚʠ 

ʧʨʠʩʪʫʧ ʤʦʜʝʣʫʿʝ ʥʘʤʦʪʘʿ ʩʪʘʪʦʨʘ ʫ ʚʠʜʫ ʩʪʨʫʿʥʦʛ ʧʣʘʰʪʘ, ʢʘʦ ʛʨʫʧʫ ʙʝʩʢʦʥʘʯʥʦ ʤʘʣʠʭ ʙʣʦʢʦʚʘ 

ʩʘ ʠʩʪʦʤ ʧʦʚʨʰʠʥʩʢʦʤ ʛʫʩʪʠʥʦʤ ʩʪʨʫʿʝ (ʝʥʛʣ. Current Sheet Analysis - CSA) [53], [58], [98]. 

ʈʘʩʧʦʜʝʣʘ ʩʪʨʫʿʝ ʩʝ ʤʦʜʝʣʫʿʝ ʬʫʥʢʮʠʿʝ ὐ—ȟὸ ʢʦʿʘ ʦʧʠʩʫʿʝ ʧʦʚʨʰʠʥʩʢʫ ʛʫʩʪʠʥʫ ʩʪʨʫʿʝ ʫ 
ʬʫʥʢʮʠʿʠ ʧʨʦʩʪʦʨʥʦʛ ʫʛʣʘ, ʘ ʫʢʫʧʥʘ ʛʫʩʪʠʥʘ ʩʪʨʫʿʝ ʫ ɸʄ ʩʝ ʜʦʙʠʿʘ ʢʘʦ ʩʫʤʘ ʫʪʠʮʘʿʘ ὲ ʬʘʟʘ. 
ɼʨʫʛʠ ʧʨʠʩʪʫʧ ʤʦʜʝʣʫʿʝ ʨʘʩʧʦʜʝʣʫ ʥʘʤʦʪʘʿʘ ʧʨʝʢʦ ʥʘʚʦʿʥʝ ʬʫʥʢʮʠʿʝ (ʝʥʛʣ. Winding function 

 

     
                                      ʘ)                                                                      ʙ) 

ʉʣʠʢʘ 2.9. ʂʦʥʮʝʥʪʨʠʩʘʥʠ ʥʘʤʦʪʘʿʠ: ʘ) ʧʫʥ ʧʦʣʥʠ ʢʦʨʘʢ; ʙ) ʧʨʦʩʪʦʨʥʘ ʨʘʩʧʦʜʝʣʘ ʄʇʉ. 



42 

 

analysis ï WFA) [99]. ʈʘʩʧʦʜʝʣʘ ʥʘʚʦʿʘʢʘ ʩʚʘʢʝ ʬʘʟʝ ʿʝ ʦʧʠʩʘʥʘ ʬʫʥʢʮʠʿʦʤ ὲ— (ʝʥʛʣ. turns 

function) ʢʦʿʘ ʦʧʠʩʫʿʝ ʙʨʦʿ ʥʘʚʦʿʘʢʘ ʫ ʬʫʥʢʮʠʿʠ ʫʛʣʘ ɗ. ʅʘʚʦʿʥʘ ʬʫʥʢʮʠʿʘ ὔ— ʧʨʦʠʟʚʦˀʥʝ ʬʘʟʝ 
ʿʝ ʬʫʥʢʮʠʿʘ ʨʘʩʧʦʜʝʣʝ ʥʘʚʦʿʘʢʘ ʢʘʜʘ ʩʝ ʦʜ ˁʝ ʦʜʫʟʤʝ ˁʝʥʘ ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ. ʄʝʪʦʜʘ ʥʘʚʦʿʥʝ 

ʬʫʥʢʮʠʿʝ ʿʝ ʠʥʪʝʨʜʠʩʮʠʧʣʠʥʘʨʥʘ ʠ ʦʨʠʿʝʥʪʠʩʘʥʘ ʨʘʯʫʥʘʨʠʤʘ ʿʝʨ ʧʨʫʞʘ ʥʫʤʝʨʠʯʢʦ ʤʦʜʝʣʦʚʘˁʝ 

ʤʘʰʠʥʝ ʫʚʘʞʘʚʘʿʫ˂ʠ ˁʝʥʫ ʛʝʦʤʝʪʨʠʿʩʢʫ ʧʨʝʜʩʪʘʚʫ ʤʘʰʠʥʝ [62]. ʆʙʘ ʧʨʠʩʪʫʧʘ ʩʝ ʟʘʩʥʠʚʘʿʫ ʥʘ 

ɸʤʧʝʨʦʚʦʤ ʟʘʢʦʥʫ [99], ʫʟ ʧʨʝʪʧʦʩʪʘʚʢʫ ʜʘ ʿʝ ʨʝʣʘʪʠʚʥʘ ʤʘʛʥʝʪʩʢʘ ʧʝʨʤʝʘʙʠʣʥʦʩʪ ʛʚʦʞʹʘ ‘ 
ʙʝʩʢʦʥʘʯʥʘ. ɺʝʟʘ ʠʟʤʝʹʫ ʜʚʝ ʤʝʪʦʜʝ ʤʦʞʝ ʩʝ ʧʦʢʘʟʘʪʠ ʥʘʜ ʥʘʤʦʪʘʿʝʤ ʬʘʟʝ n ʢʘʦ 
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ʋ ʥʘʩʪʘʚʢʫ, ʢʦʨʠʩʪʠ˂ʝ ʩʝ WFA ʧʨʠʩʪʫʧ ʙʝʟ ʛʫʙʠʪʢʘ ʦʧʰʪʦʩʪʠ. ɼʚʘ ʨʝʜʥʦ ʧʦʚʝʟʘʥʘ 

ʧʨʦʚʦʜʥʠʢʘ ʫ ʜʚʘ ʞʣʝʙʘ ʧʦ ʦʙʦʜʫ ʤʘʰʠʥʝ ʯʠʥʝ ʥʘʚʦʿʘʢ ʠ ʠʤʘʿʫ ʿʝʜʠʥʩʪʚʝʥʫ ʥʘʚʦʿʥʫ ʬʫʥʢʮʠʿʫ. 

ʄʇʉ ʥʘʚʦʿʢʘ ʿʝ ʧʨʝʤʘ ɸʤʧʝʨʦʚʦʤ ʟʘʢʦʥʫ ʜʘʪʘ ʢʘʦ ʧʨʦʠʟʚʦʜ ʧʨʦʩʪʦʨʥʝ ʨʘʩʧʦʜʝʣʝ ʿʘʯʠʥʝ 

ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ ʫ ʟʘʟʦʨʫ Ὄᴆ ʜʫʞ ʢʦʥʪʫʨʝ ʉ ʠ ʜʫʞʠʥʝ ʟʘʟʦʨʘ ‏ ʢʘʦ 

 

Ὢ—ȟὸ ὌᴆὨὰᴆ ὐᴆὨὛᴆ  O  Ὢ—ȟὸ Ὄ—‏ ὔ— Ὥὸȟ ςȢτψ 

 

ʪʿ. ʢʘʦ ʧʨʦʠʟʚʦʜ ʥʘʚʦʿʥʝ ʬʫʥʢʮʠʿʝ ὔ— ʠ ʩʪʨʫʿʝ ʢʦʿʘ ʧʦʩʪʦʿʠ ʫ ʥʘʤʦʪʘʿʫ Ὥὸ, ʛʜʝ ʿʝ ɮ ʧʦʚʨʰʠʥʘ 

ʢʦʿʫ ʟʘʪʚʘʨʘ ʢʦʥʪʫʨʘ ʉ, ɱ ʧʦʚʨʰʠʥʩʢʘ ʛʫʩʪʠʥʘ ʩʪʨʫʿʝ ʥʘ ʧʦʚʨʰʠʥʠ ɮ, Ὄ— ʨʘʜʠʿʘʣʥʘ 
ʢʦʤʧʦʥʝʥʪʘ ʿʘʯʠʥʝ ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ ʫ ʟʘʟʦʨʫ ʫ ʬʫʥʢʮʠʿʠ ʫʛʣʘ —. ʉʪʨʫʿʘ ʥʘʤʦʪʘʿʘ Ὥὸ ʿ ʝ 
ʦʜʨʝʹʝʥʘ ʠʤʧʝʜʘʥʩʦʤ ʝʣʝʢʪʨʠʯʥʦʛ ʢʦʣʘ, ɽʄʉ ʠ ʧʨʠʨʦʜʦʤ ʥʘʧʘʿʘˁʘ, ʜʦʢ ʿʝ ʥʘʚʦʿʥʘ ʬʫʥʢʮʠʿʘ 

ʥʘʤʦʪʘʿʘ ὔ— ʦʜʨʝʹʝʥʘ ʰʝʤʦʤ ʤʦʪʘˁʘ ʠ ʧʨʦʩʪʦʨʥʦʤ ʨʘʩʧʦʜʝʣʦʤ ʞʣʝʙʦʚʘ ʫ ʤʘʛʥʝʪʩʢʦʤ ʢʦʣʫ 
ʩʪʘʪʦʨʘ. ʅʘʚʦʿʥʘ ʬʫʥʢʮʠʿʘ ʩʝ ʜʦʙʠʿʘ ʢʘʜʘ ʩʝ ʠʟ ɸʤʧʝʨʦʚʦʛ ʠ ɻʘʫʩʦʚʦʛ ʟʘʢʦʥʘ ʠʟʨʘʟʠ ʧʦˀʝ Ὄ—ȟ 
ʘ ʩʫʧʝʨʧʦʟʠʮʠʿʦʤ ʫʚʘʞʠ ʫʪʠʮʘʿ ʥʘʚʦʿʥʠʭ ʬʫʥʢʮʠʿʘ ʩʚʠʭ ʥʘʚʦʿʘʢʘ ʨʘʩʧʦʨʝʹʝʥʠʭ ʫ ʞʣʝʙʦʚʠʤʘ 

ʧʦ ʦʙʠʤʫ ʤʘʰʠʥʝ ʥʘ ʧʦˀʝ Ὄ—. ʇʦˀʝ Ὄ— ʤʦʞʝ ʩʝ ʠʟʨʘʟʠʪʠ ʧʦʣʘʟʝ˂ʠ ʦʜ ɸʤʧʝʨʦʚʦʛ ʟʘʢʦʥʘ 

(2.48), ʫʟ ʧʨʝʪʧʦʩʪʘʚʢʫ ʜʘ ʿʝ ʨʝʣʘʪʠʚʥʘ ʧʝʨʤʝʘʙʠʣʥʦʩʪ ʛʚʦʞʹʘ ‘ ʙʝʩʢʦʥʘʯʥʘ ʠ ʫʟ ʟʘʥʝʤʘʨʝˁʝ 

ʧʦʩʪʦʿʘˁʘ ʦʩʪʘʣʠʭ ʘʥʠʟʦʪʨʦʧʠʿʘ, ʢʘʦ  
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ʂʦʥʮʝʥʪʨʠʩʘʥ ʥʘʤʦʪʘʿ ʩʘ ὔ ʥʘʚʦʿʘʢʘ, ʛʜʝ ʩʫ ʧʨʦʚʦʜʥʠʮʠ ʧʦʩʪʘʚˀʘʥʠ ʥʘ ʜʠʩʢʨʝʪʥʠʤ 

ʧʦʣʦʞʘʿʠʤʘ ʦʧʠʩʘʥʠʤ ʫʛʣʦʚʠʤʘ — ʠ — ʢʘʦ ʥʘ ʉʣʠʮʠ 2.10ʙ, ʠʤʘ ʬʫʥʢʮʠʿʫ ʨʘʩʧʦʜʝʣʝ ʥʘʚʦʿʘʢʘ  
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ʂʘʜʘ ʢʦʥʪʫʨʘ ʉ, ʉʣʠʢʘ 2.10ʙ, ʦʙʫʭʚʘʪʘ ʦʙʘ ʠʣʠ ʥʠʿʝʜʘʥ ʧʨʦʚʦʜʥʠʢ ʥʘʚʦʿʢʘ, ʠʥʪʝʛʨʘʣ 

ʧʨʦʤʝʥʝ ʧʦˀʘ Ὄ— ʜʫʞ ʢʦʥʪʫʨʝ ʉ ʧʦ ɸʤʧʝʨʦʚʦʤ ʟʘʢʦʥʫ ʿʝ ʿʝʜʥʘʢ ʥʫʣʠ. ʂʘʜʘ ʢʦʥʪʫʨʘ ʉ 

ʦʙʫʭʚʘʪʘ ʛʨʫʧʫ ʧʨʦʚʦʜʥʠʢʘ Aô ʥʘ ʣʫʯʥʦʤ ʨʘʩʪʦʿʘˁʫ — — —, ʬʫʥʢʮʠʿʘ (2.50) ʿʝ ʦʧʠʩʘʥʘ 
ʙʨʦʿʝʤ ʥʘʚʦʿʘʢʘ ὔ ʯʠʤʝ ʩʝ ʫʚʘʞʘʚʘ ʫʪʠʮʘʿ ʩʚʠʭ ʥʘʚʦʿʘʢʘ ʥʘʤʦʪʘʿʘ ʥʘ ʬʦʨʤʠʨʘˁʝ ʄʇʉ ʩʪʘʪʦʨʘ, 

ʪʿ. ʥʘ ʬʦʨʤʠʨʘˁʝ ʄʇʉ ʫʪʠʯʝ ὔ ʥʘʚʦʿʘʢʘ ʥʘ ʣʫʯʥʦʤ ʨʘʩʪʦʿʘˁʫ — — — ʜʦʢ ʿʝ ʜʦʧʨʠʥʦʩ 
ʚʘʥ ʦʚʦʛ ʨʘʩʪʦʿʘˁʘ ʿʝʜʥʘʢ ʥʫʣʠ. ʅʝʧʦʟʥʘʪʘ ʢʦʤʧʦʥʝʥʪʘ ʧʦˀʘ Ὄπ ʫ (2.49) ʦʜʨʝʹʫʿʝ ʩʝ ʠʟ 
ɻʘʫʩʦʚʦʛ ʟʘʢʦʥʘ ʧʦ ʢʦʿʝʤ ʿʝ ʫʢʫʧʥʘ ʧʨʦʤʝʥʘ ʬʣʫʢʩʘ ʫʩʣʝʜ ʜʝʣʦʚʘˁʘ ʩʚʠʭ ʥʘʚʦʿʘʢʘ ʥʘʤʦʪʘʿʘ ʫ 
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ʟʘʟʦʨʫ ʿʝ ʿʝʜʥʘʢʘ ʥʫʣʠ. ʈʘʟʤʘʪʨʘʿʫ˂ʠ ʩʘʤʦ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠ ʧʨʦʮʝʩ ʠ ʘʢʦ ʩʝ ʧʨʝʪʧʦʩʪʘʚʠ ʜʘ ʩʝ 

ʧʦˀʝ Ὄᴆ ʥʝ ʤʝˁʘ ʧʦ ʘʢʩʠʿʘʣʥʦʿ ʦʩʠ, ʜʘ ʠʥʪʝʛʨʘʣ ʧʦ ʘʢʩʠʿʘʣʥʦʿ ʜʠʤʝʥʟʠʿʠ ʥʝ ʜʦʧʨʠʥʦʩʠ ʫʢʫʧʥʦʿ 

ʚʨʝʜʥʦʩʪʠ ʧʦˀʘ Ὄᴆ, ʪʘʜʘ ʩʝ ʠʟ ɻʘʫʩʦʚ ʟʘʢʦʥʘ ʥʫʣʪʘ ʢʦʤʧʦʥʝʥʪʘ ʧʦˀʘ Ὄπ ʤʦʞʝ ʠʟʨʘʟʠʪʠ ʢʘʦ 
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ʅʘʚʦʿʥʘ ʬʫʥʢʮʠʿʘ ὔ— ʤʦʞʝ ʩʝ ʠʟʨʘʟʠʪʠ ʟʘʤʝʥʦʤ (2.50) ʠ (2.51) ʫ (2.49) ʢʘʦ  
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ɿʘ ʧʦʩʤʘʪʨʘʥʠ ʩʣʫʯʘʿ ʢʦʥʮʝʥʪʨʠʩʘʥʦʛ ʥʘʤʦʪʘʿʘ ʩʘ ʧʨʦʚʦʜʥʠʮʠʤʘ ʥʘʤʦʪʘʿʘ ʧʦʩʪʘʚˀʝʥʠʤ ʥʘ 

ʜʠʩʢʨʝʪʥʠʤ ʧʦʣʦʞʘʿʠʤʘ — ʠ — ʠ ʧʨʦʩʪʦʨʥʠʤ ʨʘʩʪʦʿʘˁʝʤ ʠʟʤʝʹʫ ʧʨʦʚʦʜʥʠʢʘ ‌ — — ʫ 
ʤʝʭʘʥʠʯʢʠʤ ʨʘʜʠʿʘʥʠʤʘ, ʪʘʜʘ ʿʝ ộὲ—Ớ ὔ ‌ς“ϳ , ʘ ʥʘʚʦʿʥʘ ʬʫʥʢʮʠʿʘ ὔ— ʿ ʝ ʦʧʠʩʘʥʘ ʩʘ 
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ɼʘʢʣʝ, ʥʘʚʦʿʥʘ ʬʫʥʢʮʠʿʘ ὔ— ʿ ʝ ʥʦʨʤʘʣʠʟʦʚʘʥʘ ʄʇʉ ʧʨʝʤʘ ʩʪʨʫʿʠ ʥʘʤʦʪʘʿʘ, ʪʿ. ʿʝʜʥʘʢʘ ʿʝ 
ʄʇʉ ʢʘʜʘ ʫ ʥʘʤʦʪʘʿʫ ʧʦʩʪʦʿʝ ʿʝʜʥʦʩʤʝʨʥʝ ʩʪʨʫʿʝ ʿʝʜʠʥʠʯʥʝ ʚʨʝʜʥʦʩʪʠ ʠʣʠ ʫ ʜʠʩʢʨʝʪʥʦʤ 

ʪʨʝʥʫʪʢʫ ʧʨʠ ʢʦʿʝʤ ʥʘʠʟʤʝʥʠʯʥʝ ʩʪʨʫʿʝ ʠʤʘʿʫ ʿʝʜʠʥʠʯʥʫ ʚʨʰʥʫ ʚʨʝʜʥʦʩʪ. ʅʘʚʦʿʥʘ ʬʫʥʢʮʠʿʘ 

ʦʧʠʩʫʿʝ ʛʫʩʪʠʥʫ ʤʘʛʥʝʪʩʢʝ ʝʥʝʨʛʠʿʝ ʜʫʞ ʦʙʠʤʘ ʟʘʟʦʨʘ ʫʚʘʞʘʚʘʿʫ˂ʠ ʜʘ ʿʝ ʫʢʫʧʥʘ ʧʨʦʤʝʥʘ ʬʣʫʢʩʘ 

ʿʝʜʥʘʢʘ ʥʫʣʠ. ʄʘʛʥʝʪʩʢʘ ʝʥʝʨʛʠʿʘ ʩʝ ʩʘʜʘ ʜʝʣʠ ʥʘ ʜʚʝ ʟʘʧʨʝʤʠʥʝ, ʤʘʛʥʝʪʩʢʘ ʧʦʣʘ, ʫ ʧʨʦʩʪʦʨʫ.  

 

                       
                                       ʘ)                                                                                  ʙ) 

ʉʣʠʢʘ 2.10. ʂʦʥʮʝʥʪʨʠʩʘʥʠ ʥʘʤʦʪʘʿʠ: ʘ) ʚʠʰʝʧʦʣʥʦʩʪ; ʙ) ʩʢʨʘ˂ʝʥʦ ʧʦʣʥʦ ʨʘʩʪʦʿʘˁʝ. 
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ʇʦʰʪʦ ʩʫ ʧʨʦʚʦʜʥʠʮʠ ʧʦʩʪʘʚˀʝʥʠ ʥʘ ʨʘʩʪʦʿʘˁʫ ʤʘˁʝʤ ʦʜ ˊ, ʫ ʦʙʣʘʩʪʠ — — — 
ʤʘʛʥʝʪʩʢʘ ʝʥʝʨʛʠʿʘ ʩʝ ʧʨʝʜʘʿʝ ʩʘ ʩʪʘʪʦʨʘ ʥʘ ʨʦʪʦʨ ʿʝʜʥʦʤ ʛʫʩʪʠʥʦʤ ʢʨʦʟ ʧʨʚʠ ʟʘʟʦʨ, ʘ ʚʨʘ˂ʘ ʩʝ 

ʧʦ ʦʩʪʘʪʢʫ ʦʙʠʤʘ ʩʘ ʨʦʪʦʨʘ ʥʘ ʩʪʘʪʦʨ ʢʨʦʟ ʜʨʫʛʠ ʟʘʟʦʨ ʜʨʫʛʦʤ ʛʫʩʪʠʥʦʤ. ɸʥʘʣʠʪʠʯʢʠ, ʦʚʘ 

ʨʘʩʧʦʜʝʣʘ ʛʫʩʪʠʥʝ ʝʥʝʨʛʠʿʝ ʿʝ ʠʟʨʘʞʝʥʘ ʩʘ ộὲ—Ớ. ʂʘʜʘ ʩʫ ʧʨʦʚʦʜʥʠʮʠ ʧʦʩʪʘʚˀʝʥʠ 
ʜʠʿʘʤʝʪʨʘʣʥʦ ʥʘ ʨʘʩʪʦʿʘˁʫ ‌ — — “, ʉʣʠʢʘ 2.9ʘ, ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʄʇʉ ʧʦ ʦʙʠʤʫ 

ʤʘʰʠʥʝ ʿʝ ʿʝʜʥʘʢʘ ʧʦʣʦʚʠʥʠ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ ʿʝʨ ʩʝ ʠʩʪʘ ʢʦʣʠʯʠʥʘ ʝʥʝʨʛʠʿʝ ʜʝʣʠ ʥʘ ʜʚʝ 

ʠʜʝʥʪʠʯʥʝ ʟʘʧʨʝʤʠʥʝ, ʘ ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʬʫʥʢʮʠʿʝ ʨʘʩʧʦʜʝʣʝ ʥʘʚʦʿʘʢʘ ʿʝ ộὲ—Ớ ὔ “ς“ϳ
ὔ ςϳ. ʊʘʜʘ ʥʘʚʦʿʥʘ ʬʫʥʢʮʠʿʘ ʜʠʿʘʤʝʪʨʘʣʥʦ ʧʦʩʪʘʚˀʝʥʦʛ ʢʦʥʮʝʥʪʨʠʩʘʥʦʛ ʥʘʤʦʪʘʿʘ ʜʘʪʘ ʢʘʦ  
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ʂʦʜ ʚʠʰʝʧʦʣʥʝ ʤʘʰʠʥʝ, ʉʣʠʢʘ 2.10ʘ, ʥʘʚʦʿʥʘ ʬʫʥʢʮʠʿʘ ʥʘʤʦʪʘʿʘ ʿʝ ʟʙʠʨ ʥʘʚʦʿʥʠʭ ʬʫʥʢʮʠʿʘ 

ʩʚʘʢʝ ʛʨʫʧʝ ʥʘʚʦʿʘʢʘ, ʘ ʩʫʧʝʨʧʦʟʠʮʠʿʘ ʿʝ ʜʦʟʚʦˀʝʥʘ ʫʟ ʧʨʝʪʧʦʩʪʘʚʢʫ ʙʝʩʢʦʥʘʯʥʝ ʨʝʣʘʪʠʚʥʝ 

ʧʝʨʤʝʘʙʠʣʥʦʩʪ ʛʚʦʞʹʘ. ʅʘʚʦʿʥʘ ʬʫʥʢʮʠʿʘ ʠʤʘ ʩʣʦʞʝʥʦʧʝʨʠʦʜʠʯʥʠ ʧʨʦʬʠʣ ʧʨʦʤʝʥʝ, ʉʣʠʢʘ 

2.9ʙ. ɿʘ ʧʦʪʨʝʙʝ ʜʘˀʠʭ ʘʥʘʣʠʟʘ, ὔ— ʩʝ ʨʘʟʚʦʿʝʤ ʫ ʌʫʨʠʿʝʦʚ ʨʝʜ ʧʨʝʜʩʪʘʚˀʘ ʩʫʤʦʤ 

ʩʦʧʩʪʚʝʥʠʭ ʦʩʮʠʣʘʪʦʨʥʠʭ ʬʫʥʢʮʠʿʘ, ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ, ʩʘ ʧʨʠʜʨʫʞʝʥʠʤ ʢʦʝʬʠʮʠʿʝʥʪʠ ʟʘ 

ʩʚʘʢʠ ʦʜ ʭʘʨʤʦʥʠʢʘ ʢʦʿʠ ʟʘʿʝʜʥʦ ʯʠʥʝ ʜʠʿʘʛʨʘʤ ʢʦʤʧʣʝʢʩʥʠʭ ʌʫʨʠʿʝʦʚʠʭ ʢʦʝʬʠʮʠʿʝʥʘʪʘ, 

ʣʠʥʠʿʩʢʠ ʩʧʝʢʪʘʨ. ʌʫʨʠʿʝʦʚ ʨʝʜ ʩʝ ʤʦʞʝ ʧʨʠʤʝʥʠʪʠ ʠ ʟʘ ʩʚʘʢʠ ʥʘʚʦʿʘʢ ʧʦʿʝʜʠʥʘʯʥʦ ʢʘʜʘ ʩʝ 

ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ ʭʘʨʤʦʥʠʢʘ ʜʦʙʠʿʘʿʫ ʛʝʦʤʝʪʨʠʿʩʢʠʤ ʩʘʙʠʨʘˁʝʤ ʚʨʰʥʠʭ ʚʨʝʜʥʦʩʪʠ 

ʧʦʩʤʘʪʨʘʥʦʛ ʭʘʨʤʦʥʠʢʘ ʟʘ ʩʚʘʢʠ ʦʜ ʥʘʚʦʿʘʢʘ. ʄʘʪʝʤʘʪʠʯʢʘ ʦʧʝʨʘʮʠʿʘ ʌʫʨʠʿʝʦʚʦʛ ʨʝʜʘ ʩʝ 

ʧʨʠʤʝˁʫʿʝ ʩʣʝʜʝ˂ʠʤ ʩʠʩʪʝʤʦʤ ʿʝʜʥʘʯʠʥʘ,  
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ʛʜʝ ʿʝ ‫ ς“Ὕϳ, ʘ Ὕ ʧʝʨʠoʜʘ ʬʫʥʢʮʠʿʝ ὔ—. ʌʫʥʢʮʠʿʘ ὔ— ʿ ʝ ʩʠʤʝʪʨʠʯʥʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʘʧʩʮʠʩʫ, ʙʝʟ ʩʨʝʜˁʝ ʚʨʝʜʥʦʩʪʠ, ʧʘ ʩʘʜʨʞʠ ʩʘʤʦ ʥʝʧʘʨʥʝ ʭʘʨʤʦʥʠʢʝ. ʋ ʦʧʰʪʝʤ ʩʣʫʯʘʿ ʨʝʜ 

ʩʘʜʨʞʠ ʩʠʥʫʩʥʝ ʠ ʢʦʩʠʥʫʩʥʝ ʯʣʘʥʦʚʝ ʧʨʠ ʯʝʤʫ ʩʚʘʢʘ ʭʘʨʤʦʥʠʿʩʢʘ ʢʦʤʧʦʥʝʥʪʘ ʠʤʘ 

ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʥʦʨʤʘʣʠʟʦʚʘʥʠ ʢʦʝʬʠʮʠʿʝʥʪ ὔ  ʠ ὔ  ʚʨʰʥʠʭ ʚʨʝʜʥʦʩʪʠ ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ 

ʥʘʚʦʿʥʝ ʬʫʥʢʮʠʿʝ, ʪʿ. ʄʇʉ.  ɸʢʦ ʩʝ ʧʦʩʪʘʚˀʘˁʝʤ ʨʝʬʝʨʝʥʪʥʝ ʦʩʝ ʟʘ ʧʨʦʨʘʯʫʥ ʌʫʨʠʿʝʦʚʦʛ ʨʝʜʘ 

ʧʦʩʪʠʛʥʝ ʜʘ ὔ— ʙʫʜʝ ʥʝʧʘʨʥʘ ʬʫʥʢʮʠʿʘ, ʪʘʜʘ ʨʝʜ ʩʘʜʨʞʠ ʩʘʤʦ ʩʠʥʫʩʥʝ ʯʣʘʥʦʚʝ ʩʘ 

ʥʦʨʤʘʣʠʟʦʚʘʥʠʤ ʢʦʝʬʠʮʠʿʝʥʪʠʤʘ ʚʠʰʠʭ ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ  ὔ. ʈʝʟʫʣʪʘʪ ʿʝ ʣʠʥʠʿʩʢʠ 
ʩʧʝʢʪʘʨ ʥʦʨʤʘʣʠʟʦʚʘʥʝ ʄʇʉ ʩʪʘʪʦʨʘ ʫʩʣʝʜ ʢʦʥʮʝʥʪʨʠʩʘʥʝ ʨʘʩʧʦʜʝʣʝ ʥʘʤʦʪʘʿʘ, ʦʧʠʩʘʥ ʢʘʦ 

 

ὔ—  ὔ ÓÉÎὺ—  ὔ ÃÏÓὺ—  ὔÓÉÎὺ—
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ʅʘ ʦʩʥʦʚʫ (2.59) ʤʦʛʫ ʩʝ ʠʟʚʝʩʪʠ ʟʘʢˀʫʯʮʠ ʦ ʬʠʟʠʯʢʠʤ ʧʦʿʘʚʘʤʘ ʫ ɸʄ ʜʦ ʢʦʿʠʭ ʜʦʣʘʟʠ ʢʘʦ 

ʧʦʩʣʝʜʠʮʘ ʜʝʿʩʪʘʚʘ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʄʇʉ. ɺʨʰʥʝ ʚʨʝʜʥʦʩʪʠ ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ ʦʧʘʜʘʿʫ 

ʩʘ ʧʦʨʘʩʪʦʤ ʨʝʜʘ ʭʘʨʤʦʥʠʢʘ. ʂʘʢʦ ʿʝ ʮʠˀ ʧʨʝʩʣʠʢʘʪʠ ʫʪʠʮʘʿʝ ʩʚʠʭ ʘʥʠʟʦʪʨʦʧʠʿʘ ʥʘ ʩʧʝʢʪʘʨ 

ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ, ʫ ʥʘʚʦʿʥʦʿ ʬʫʥʢʮʠʿʠ ʿʝ ʧʦʪʨʝʙʥʦ ʩʚʝʩʪʠ ʧʨʦʩʪʦʨʥʠ ʫʛʘʦ ʢʦʿʠʤ ʩʫ ʦʧʠʩʘʥʠ 

ʧʨʦʩʪʦʨʥʠ ʚʠʰʠ ʭʘʨʤʦʥʠʮʠ ʫ ʝʣʝʢʪʨʠʯʥʠ ʢʦʦʨʜʠʥʘʪʥʠ ʩʠʩʪʝʤ ʤʥʦʞʝˁʝʤ ʧʨʦʩʪʦʨʥʦʛ ʫʛʣʘ ʩʘ 

ʙʨʦʿʝʤ ʧʘʨʠ ʧʦʣʦʚʘ. ʊʘʜʘ ʩʝ ʦʩʥʦʚʥʠ ʭʘʨʤʦʥʠʢ ʧʦʥʘʰʘ ʢʘʦ ʜʨʫʛʠ ʭʘʨʤʦʥʠʢ, ʫ ʧʦʨʝʹʝˁʫ ʩʘ 

ʜʚʦʧʦʣʥʦʤ ʤʘʰʠʥʦʤ, ʪʨʝ˂ʠ ʢʘʦ ʰʝʩʪʠ ʠʪʜ. ʋʢʫʧʥʘ ʤʘʛʥʝʪʩʢʘ ʝʥʝʨʛʠʿʘ ʫ ʟʘʟʦʨʫ ʩʝ ʜʝʣʠ ʥʘ ʚʠʰʝ 

ʧʦʣʦʚʘ, ʧʨʦʩʪʦʨʥʠʭ ʟʘʧʨʝʤʠʥʘ, ʧʘ ʿʝ ʢʦʝʬʠʮʠʿʝʥʪʝ ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ ὔ ʧʦʪʨʝʙʥʦ 
ʧʦʜʝʣʠʪʠ ʩʘ p. ʇʨʦʩʪʦʨʥʠ ʭʘʨʤʦʥʠʢ ʨʝʜʘ ὺ ʠʤʘ ʢʘʰˁʝˁʝ • ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʚʠ ʭʘʨʤʦʥʠʢ ʄʇʉ, 

ʧʘ ʿʝ ʫʚʘʞʘʚʘʿʫ˂ʠ ʥʘʚʝʜʝʥʦ ʥʘʚʦʿʥʘ ʬʫʥʢʮʠʿʘ ʥʘʤʦʪʘʿʘ ʦʧʠʩʘʥʘ ʩʘ 

 

ὔ—  ὔÓÉÎὴὺ— •
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ÓÉÎὴὺ— • Ȣ ςȢφπ 

 

ʂʦʜ n-ʬʘʟʥʝ ɸʄ ʩʘ ὔ ʥʘʚʦʿʘʢʘ ʧʦ ʬʘʟʠ ʠʩʪʝ ʧʨʦʩʪʦʨʥʝ ʨʘʩʧʦʜʝʣʝ, ʩʚʘʢʘ ʬʘʟʘ ʩʪʚʘʨʘ ʠʩʪʠ 

ʭʘʨʤʦʥʠʿʩʢʠ ʩʘʩʪʘʚ ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ. ʇʨʦʩʪʦʨʥʠ ʧʦʤʝʨʘʿ ʦʩʘ ʥʘʤʦʪʘʿʘ ʩʝ ʦʩʣʠʢʘʚʘ ʫ 

ʬʘʟʥʠʤ ʧʦʤʝʨʘʿʠʤʘ ʭʘʨʤʦʥʠʿʩʢʠʭ ʯʣʘʥʦʚʘ ʌʫʨʠʿʝʦʚʦʛ ʨʝʜʘ ʟʘ ʫʛʘʦ • ὲά‌. ʋʚʘʞʘʚʘʿʫ˂ʠ 
ʨʝʜ ʧʨʦʩʪʦʨʥʦʛ ʭʘʨʤʦʥʠʢʘ ʠ ʙʨʦʿ ʧʘʨʠ ʧʦʣʦʚʘ, ʧʨʦʩʪʦʨʥʠ ʭʘʨʤʦʥʠʿʩʢʠ ʩʘʩʪʘʚ ʬʘʟʝ ὲ ʿ ʝ ʦʧʠʩʘʥ  

 

ὔ —
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ρ
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ÓÉÎὺὴ— ὲά‌ • Ȣ ςȢφρ 

 

ʄʥʦʞʝˁʝ (2.61) ʩʘ ʩʪʨʫʿʦʤ ʬʘʟʥʦʛ ʥʘʤʦʪʘʿʘ ὲ, ʥʧʨ. Ὥὸ ὍЍςÓÉÎ‫ὸ, ʨʝʟʫʣʪʫʿʝ ʨʝʜʦʤ  

 

Ὢ—ȟὸ ὔ —Ὥὸ ὊÃÏÓ‫ὸ ὺὴ— ὲά‌ • ȟ ςȢφς 

 

ʢʦʿʠ ʘʥʘʣʠʪʠʯʢʠ ʦʧʠʩʫʿʝ, ʩʚʝʜʝʥʦ ʥʘ ʝʣʝʢʪʨʠʯʥʠ ʢʦʦʨʜʠʥʘʪʥʠ ʩʠʩʪʝʤ, ʧʨʦʤʝʥʫ ʄʇʉ ʥʘʤʦʪʘʿʘ 

ὲ ʜʫʞ ʦʙʠʤʘ ʩʪʘʪʦʨʘ ʫ ʚʨʝʤʝʥʫ ʫ ʬʫʥʢʮʠʿʠ ʩʪʨʫʿʝ ʠ ʢʦʿʠ ʫʚʘʞʘʚʘ ʨʘʩʧʦʜʝʣʫ ʥʘʤʦʪʘʿʘ ʧʦ ʦʙʠʤʫ 

ʩʪʘʪʦʨʘ. ʋ ʮʠˀʫ ʿʝʜʥʦʩʪʘʚʥʠʿʝʛ ʟʘʧʠʩʘ, ʚʘʞʠ ʜʘ ʿʝ ὺ ρȟςȟσȟȣ, • • , ʛʜʝ 

ʪʨʝʙʘ ʠʤʘʪʠ ʥʘ ʫʤʫ ʜʘ ʩʚʘʢʠ ʭʘʨʤʦʥʠʢ ʨʝʜʘ ὺ ʯʠʥʝ ʜʚʝ ʦʩʮʠʣʘʪʦʨʥʝ ʬʫʥʢʮʠʿʝ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ   
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 ὍЍς Ὂ Ὂ  Ȣ ςȢφσ 

 

ʋ ʤʦʜʝʣʫ ɸʄ (2.26) - (2.32) ʤʦʛʫ ʩʝ ʫʚʘʞʠʪʠ ʭʘʨʤʦʥʠʮʠ ʫʩʣʝʜ ʨʘʩʧʦʜʝʣʝ ʩʪʘʪʦʨʩʢʠʭ ʠ 

ʨʦʪʦʨʩʢʠʭ ʥʘʤʦʪʘʿʘ ʢʨʦʟ ʤʘʪʨʠʮʫ ʠʥʜʫʢʪʠʚʥʦʩʪʠ [100], ʠʣʠ ʧʫʪʝʤ Park mesh ʤʦʜʝʣʘ [62]. ɸʢʦ 

ʩʝ ʫʚʘʞʠ ʦʧʰʪʠ ʩʣʫʯʘʿ ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʙʨʦʿʝʤ ʬʘʟʘ ʥʘ ʩʪʘʪʦʨʫ ὲ ʠ ʨʦʪʦʨʫ ὲ, ʦʜʩʪʨʘˁʫʿʝ ʩʝ 
ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʨʦʪʦʨʩʢʦʛ ʢʘʚʝʟʘ ʩʪʘʪʦʨʩʢʠʤ ʥʘʤʦʪʘʿʝʤ. ʊʘʜʘ ʩʝ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʤʦʛʫ ʦʧʠʩʘʪʠ 

ʢʘʦ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʝ ʬʫʥʢʮʠʿʠ ʨʝʜʘ ʭʘʨʤʦʥʠʢʘ ὺ, ʙʨʦʿʘ ʧʘʨʠ ʧʦʣʦʚʘ, ʠ ʤʝʭʘʥʠʯʢʦʛ ʫʛʣʘ, ʢʘʦ 

 

ὒ ὺ ȟ ὒÃÏÓὺὴ— Ὥ‌ Ὦ‌ ȟ ςȢφτ 

 

ʛʜʝ Ὥ πȟρȟȣ ὲ ρ  ʠ Ὦ πȟρȟȣ ὲ ρ  ʦʟʥʘʯʘʚʘʿʫ ʝʣʝʤʝʥʪʝ ʤʘʪʨʠʮʝ ʠʥʜʫʢʪʠʚʥʦʩʪʠ, ʘ 

‌ ς“ὲϳ  ʠ ‌ ς“ὲϳ  ʩʫ ʨʝʜʦʤ ʫʛʣʦʚʠ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʠʟʤʝʹʫ ʜʚʝ ʫʟʘʩʪʦʧʥʝ ʬʘʟʝ. 
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2.3.2 ʀʥʪʝʨʘʢʮʠʿʘ ʚʨʝʤʝʥʩʢʠʭ ʠ ʧʨʦʩʪʦʨʥʠʭ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ 
 

ʋ ɸʄ ʧʦʩʪʦʿʝ ʚʠʰʠ ʧʨʦʩʪʦʨʥʠ ʭʘʨʤʦʥʠʮʠ ʫʩʣʝʜ ʘʥʠʟʦʪʨʦʧʠʿʘ ʠ ʚʠʰʠ ʚʨʝʤʝʥʩʢʠ 

ʭʘʨʤʦʥʠʮʠ ʫʩʣʝʜ ʨʘʜʘ ʠʥʚʝʨʪʦʨʘ (2.20). ɳʠʭʦʚʘ ʠʥʪʝʨʘʢʮʠʿʘ ʜʦʚʦʜʝ ʜʦ ʠʥʪʝʨʤʦʜʫʣʘʮʠʦʥʠʭ 

ʥʝʞʝˀʝʥʠʭ ʭʘʨʤʦʥʠʢʘ [101], ʜʦ ʠʟʦʙʣʠʯʝˁʘ ʄʇʉ ʠ ʧʦˀʘ ʫ ʟʘʟʦʨʫ, ʘ ʧʦʩʣʝʜʠʯʥʦ ʜʦ ʜʠʩʪʦʨʟʠʿʘ 

ɽʄʉ [64]. ʇʦʣʘʟʝ˂ʠ ʦʜ (2.62), ʧʨʦʩʪʦʨʥʠ ʭʘʨʤʦʥʠʮʠ ʫʩʣʝʜ ʨʘʩʧʦʜʝʣʝ ʩʪʘʪʦʨʩʢʦʛ ʠ ʨʦʪʦʨʩʢʦʛ 

ʥʘʤʦʪʘʿʘ ʧʦ ʦʙʠʤʫ ʤʘʰʠʥʝ ʫ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ ʧʨʦʠʟʚʦˀʥʦʛ ʙʨʦʿʘ ʬʘʟʘ ʩʪʘʪʦʨʘ ὲ ʠ ʨʦʪʦʨʘ ὲ, 
ʫʚʘʞʘʚʘʿʫ˂ʠ ʟʘ ʩʘʜʘ ʩʘʤʦ ʧʨʚʠ ʭʘʨʤʦʥʠʢ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ, ʩʫ ʜʘʪʠ ʢʘʦ  

  

ὺ Ὧὲ Ὥ ȟὯ πȟρȟςȟȣ ςȢφυ 

ὺ Ὧ
ὲ

ὴ
Ὦ ȟὯ πȟρȟςȟȣ ςȢφφ 

 

ʛʜʝ ʩʫ Ὥ ρȟȣȟὲɀρ ςϳ ʠ Ὦ ρȟȣȟὲɀρ ςϳ ʠʥʜʝʢʩʠ ʩʪʘʪʦʨʩʢʦʛ ʠ ʨʦʪʦʨʩʢʦʛ ʝʢʚʠʚʘʣʝʥʪʥʦʛ 

ʢʦʣʘ ʜʦʙʠʿʝʥʠʭ ʠʟ ʭʘʨʤʦʥʠʿʩʢʝ ʜʝʢʦʤʧʦʟʠʮʠʿʝ [54]. ʇʨʦʩʪʦʨʥʠ ʭʘʨʤʦʥʠʮʠ ʢʦʿʠ ʩʫ ʟʘʿʝʜʥʠʯʢʠ 

ʟʘ ʩʪʘʪʦʨ ʠ ʨʦʪʦʨ, ʪʿ. ʟʘ ʢʦʿʝ ʚʘʞʠ ὺ ὺ, ʧʨʦʠʟʚʦʜʝ ʤʝʹʫʩʦʙʥʠ ʬʣʫʢʩ ʠ ʫʯʝʩʪʚʫʿʫ ʫ ɽʄʇ. 

ʉʚʘʢʠ ʚʠʰʠ ʚʨʝʤʝʥʩʢʠ ʭʘʨʤʦʥʠʢ ʩʪʚʘʨʘ ʩʚʦʿʝ ʚʠʰʝ ʧʨʦʩʪʦʨʥʝ ʭʘʨʤʦʥʠʢʝ ʢʦʿʠ ʪʘʜʘ ʩʚʠ ʟʘʿʝʜʥʦ 

ʫʪʠʯʫ ʥʘ ɽʄʇ [102]. ɼʘ ʙʠ ʭʘʨʤʦʥʠʢ ʧʦʩʪʦʿʘʦ ʠ ʤʦʛʘʦ ʜʘ ʫʯʝʩʪʚʫʿʝ ʫ ɽʄʇ ʢʦʜ ɸʄ ʢʦʜ ʢʦʿʠʭ 

ʿʝ ὲ ὲ ὲ, ʤʦʨʘ ʜʘ ʙʫʜʝ ʠʩʧʫˁʝʥ ʫʩʣʦʚ 

 

ὺ ὴή ςὲὭ ςȢφχ 

 

ʛʜʝ ʿʝ Ὥ πȟρȟςȟσȟȣ ɿʘʚʠʩʥʦʩʪ ʠʟʤʝʹʫ ʚʨʝʤʝʥʩʢʠʭ ʠ ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ ʫ n-ʬʘʟʥʦʤ 

ɽʇ, ɸʄ, ʿʝ ʦʧʠʩʘʥʘ ʩʘ (2.67). ʅʘ ʦʩʥʦʚʫ ʦʚʦʛ ʫʩʣʦʚʘ ʤʦʞʝ ʩʝ ʩʧʨʦʚʝʩʪʠ ʘʥʘʣʠʟʘ ʢʦʿʠ ʚʠʰʠ 

ʧʨʦʩʪʦʨʥʠ ʭʘʨʤʦʥʠʮʠ ʤʦʛʫ ʜʘ ʧʦʩʪʦʿʝ ʫ ʟʘʟʦʨʫ, ʥʘ ʢʦʿʠ ʥʘʯʠʥ ʠʥʪʝʛʨʘʛʫʿʫ ʩʘ ʚʠʰʠʤ 

ʚʨʝʤʝʥʩʢʠʤ ʭʘʨʤʦʥʠʮʠʤʘ, ʢʘʢʚʝ ʩʧʨʝʛʝ ʥʘʩʪʘʿʫ ʠʟʤʝʹʫ ʦʙʨʪʥʠʭ ʧʦˀʘ ʚʠʰʝʛ ʨʝʜʘ, ʠʪʜ. ɸʢʦ 

ʥʠʿʝʜʘʥ ʚʨʝʤʝʥʩʢʠ ʭʘʨʤʦʥʠʢ q ʠʟ (2.20) ʥʝ ʠʩʧʫˁʘʚʘ (2.67), ʪʘʜʘ ʩʪʨʫʿʘ ʥʝ ʤʦʞʝ ʜʘ ʧʨʦʠʟʚʝʜʝ 

ʄʇʉ ʫ ʟʘʟʦʨʫ. ʍʘʨʤʦʥʠʮʠ ʢʦʿʠ ʠʩʧʫˁʘʚʘʿʫ (2.67), ʩʪʚʘʨʘʿʫ ʦʙʨʪʥʘ ʧʦˀʘ ʢʦʿʘ ʩʝ ʦʙʨ˂ʫ ʫ ʠʩʪʦʤ 

ʠʣʠ ʩʫʧʨʦʪʥʦʤ ʩʤʝʨʫ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʧʦˀʝʤ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʨʝʜʘ ʭʘʨʤʦʥʠʢʘ 

ʢʦʿʠ ʫʿʝʜʥʦ ʦʜʨʝʹʫʿʝ ʝʢʚʠʚʘʣʝʥʪʥʠ ʙʨʦʿ ʧʘʨʠ ʧʦʣʦʚʘ ʠ ʫʛʘʦʥʫ ʙʨʟʠʥʫ ʦʙʨʪʥʦʛ ʧʦˀʘ. ɺʨʰʥʘ 

ʚʨʝʜʥʦʩʪ ʧʦˀʘ ʦʧʘʜʘ ʩʘ ʨʝʜʦʤ ʭʘʨʤʦʥʠʢʘ, ʘ ʥʠʩʢʦʬʨʝʢʚʝʥʪʥʠ ʭʘʨʤʦʥʠʮʠ ʤʦʛʫ ʠʟʘʟʚʘʪʠ ʩʪʨʫʿʝ 

ʚʝ˂ʝ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ [103], [104]. ʂʦʜ ʪʨʦʬʘʟʥʝ ɸʄ ʩʘ ʧʫʥʠʤ ʥʘʚʦʿʥʠʤ ʢʦʨʘʢʦʤ ʙʝʟ ʩʢʨʘ˂ʝˁʘ, 

ʥʘʧʘʿʘʥʝ ʙʝʟ ʚʠʰʠʭ ʚʨʝʤʝʥʩʢʠʭ ʭʘʨʤʦʥʠʢʘ, ʘʢʦ ʩʝ ʫʚʘʞʠ ʩʘʤʦ ʘʥʠʟʦʪʨʦʧʠʿʘ ʫʩʣʝʜ ʧʨʦʩʪʦʨʥʝ 

ʨʘʩʧʦʜʝʣʝ ʥʘʤʦʪʘʿʘ ʩʪʘʪʦʨʘ ʠʟʨʘʟ (2.67) ʧʦʩʪʘʿ ʝ ὺ ρ φὭ. ʄʇʉ ʩʪʘʪʦʨʘ ʿʝ ʩʠʤʝʪʨʠʯʥʘ ʠ ʥʝʤʘ 

ʧʘʨʥʝ ʭʘʨʤʦʥʠʢʝ, ʘ ʘʢʦ ʿʝ ɸʄ ʚʝʟʘʥ ʫ ʟʚʝʟʜʫ ʪʘʜʘ ʥʝ˂ʝ ʧʦʩʪʦʿʘʪʠ ʥʠ ʭʘʨʤʦʥʠʮʠ ʨʝʜʘ ʫʤʥʦʞʢʘ 

ʙʨʦʿʘ 3. ʊʘʜʘ, ʧʨʚʠ ʭʘʨʤʦʥʠʢ ʩʪʨʫʿʝ ʩʪʚʘʨʘ ʧʨʦʩʪʦʨʥʝ ʭʘʨʤʦʥʠʢʝ ʨʝʜʘ ὺ ρὭ πȠ υὭ
ρȠ χὭ ρȠρρὭ ςȠρσὭ ς, ʠʪʜ., ʜʦʢ ʧʝʪʠ ʭʘʨʤʦʥʠʢ ʩʪʨʫʿʝ ʩʪʚʘʨʘ ʭʘʨʤʦʥʠʢʝ 
ʨʝʜʘ υὭ πȠ ρὭ ρȠρρὭ ρȠ χὭ ςȠρχὭ ς, ʠʪʜ. ʇʦʟʠʪʠʚʘʥ ʧʨʝʜʟʥʘʢ 

ʟʘ Ὥ π ʛʦʚʦʨʠ ʜʘ ʩʝ ʦʙʨʪʥʦ ʧʦˀʝ ʦʙʨ˂ʝ ʫ ʩʤʝʨʫ ʧʦˀʘ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʠ ʜʘ ʜʦʧʨʠʥʦʩʠ 

ʤʦʤʝʥʪʫ ʩʠʣʝ, ʜʦʢ ʥʝʛʘʪʠʚʘʥ ʧʨʝʜʟʥʘʢ ʟʘ Ὥ π ʛʦʚʦʨʠ ʜʘ ʩʝ ʧʦˀʝ ʦʙʨ˂ʝ ʫ ʩʫʧʨʦʪʥʦʤ ʩʤʝʨʫ ʠ 

ʩʤʘˁʫʿʝ ʤʦʤʝʥʪ ʩʠʣʝ. ʆʙʨʪʥʘ ʧʦˀʘ ʦʚʠʭ ʭʘʨʤʦʥʠʢʘ ʩʝ ʦʙʨ˂ʫ ʫʛʘʦʥʦʤ ʙʨʟʠʥʦʤ ή‫ ὺὴϳ . 

ʂʦʤʙʠʥʘʮʠʿʝ ήȟὺ ʢʦʿʝ ʠʩʧʫˁʘʚʘʿʫ (2.67) ʟʘ ʧʦʟʠʪʠʚʥʝ ʠ ʥʝʛʘʪʠʚʥʝ ʚʨʝʜʥʦʩʪʠ ὺ ʛʝʥʝʨʠʰʫ 
ʢʦʤʧʦʥʝʥʪʝ ʄʇʉ ʢʦʿʝ ʩʝ ʦʙʨ˂ʫ ʫ ʩʫʧʨʦʪʥʠʤ ʩʤʝʨʦʚʠʤʘ ʠʩʪʦʤ ʙʨʟʠʥʦʤ ʠ ʩʪʚʘʨʘʿʫ ʧʫʣʩʘʮʠʦʥʦ 

ʧʦˀʝ ʫ ɸʄ. ʇʫʣʩʘʮʠʿʝ ʤʦʤʝʥʪʘ ʩʠʣʝ ʩʫ ʧʨʦʧʦʨʮʠʦʥʘʣʥʝ ʧʨʦʠʟʚʦʜʫ ʚʨʰʥʠʭ ʚʨʝʜʥʦʩʪʠ ʚʠʰʠʭ 

ʭʘʨʤʦʥʠʢʘ ʠʩʪʦʛ ʨʝʜʘ. ʇʨʚʠ ʭʘʨʤʦʥʠʢ, ὺ, ʠʤʘ ʥʘʿʚʝ˂ʫ ʚʨʰʥʫ ʚʨʝʜʥʦʩʪ, ʧʘ k-ʪʠ ʭʘʨʤʦʥʠʢ 

ʛʝʥʝʨʠʰʝ ʧʫʣʩʘʮʠʿʫ ʤʦʤʝʥʪʘ ʩʠʣʝ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠ ὯὪ, ʘ ʦʩʪʘʣʝ ʢʦʤʙʠʥʘʮʠʿʝ ʭʘʨʤʦʥʠʢʘ ʩʝ 
ʤʦʛʫ ʟʘʥʝʤʘʨʠʪʠ. ʅʘ ʧʨʠʤʝʨ, ʧʨʚʠ ʠ ʧʝʪʠ ʚʨʝʤʝʥʩʢʠ ʭʘʨʤʦʥʠʢ ʩʪʚʘʨʘʿʫ ʧʦˀʘ ʢʦʿʘ ʩʝ ʦʙʨ˂ʫ ʫ 

ʩʫʧʨʦʪʥʠʤ ʩʤʝʨʦʚʠʤʘ ʿʝʜʥʘʢʠʤ ʙʨʟʠʥʘʤʘ h ʪʦ ʜʦʚʦʜʠ ʜʦ ʧʫʣʩʘʮʠʿʘ ʤʦʤʝʥʪʘ ʩʠʣʝ ʥʘ 
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ʠʥʜʝʢʩ ʜʠʩʪʦʨʟʠʿʝ ὖ ʢʦʿʠ ʦʧʠʩʫʿʝ ʢʦʣʠʯʠʥʫ ʧʫʣʩʘʮʠʿʘ ʫ ʤʦʤʝʥʪʫ ʩʠʣʝ [102] je ʜʝʬʠʥʠʩʘʥ ʢʘʦ 
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ɸʄ ʩʘ ʥʘʤʦʪʘʥʠʤ ʨʦʪʦʨʦʤ ʠʤʘ ʬʠʢʩʘʥ ʙʨʦʿ ʧʦʣʦʚʘ ʠ ʤʘˁʝ ʿʝ ʦʩʝʪˀʠʚ ʥʘ ʭʘʨʤʦʥʠʿʩʢʘ 

ʠʟʦʙʣʠʯʝˁʘ ʬʣʫʢʩʘ ʫ ʦʜʥʦʩʫ ɸʄ ʩʘ ʢʘʚʝʟʥʠʤ ʨʦʪʦʨʦʤ, ʢʦʿʠ ʩʚʦʿ ʙʨʦʿ ʧʦʣʦʚʘ ʧʨʠʣʘʛʦʹʘʚʘ 

ʬʣʫʢʩʫ ʫ ʟʘʟʦʨʫ ʠ ʥʘ ʩʚʘʢʠ ʭʘʨʤʦʥʠʢ ʨʝʘʛʫʿʝ ʠʩʪʦ ʢʘʦ ʠ ʥʘ ʦʩʥʦʚʥʠ ʭʘʨʤʦʥʠʢ. ɺʠʰʠ ʭʘʨʤʦʥʠʮʠ 

ʢʦʿʠ ʥʝ ʠʩʧʫˁʘʚʘʿʫ (2.67) ʥʝ ʜʦʚʦʜʝ ʜʦ ɽʄʇ, ʘʣʠ ʫʟʨʦʢʫʿʫ ʜʠʩʪʦʨʟʠʿʫ ɽʄʉ ʠ ʠʥʜʫʢʦʚʘˁʝ 

ʜʦʜʘʪʥʠʭ ʩʪʨʫʿʘ ʢʦʿʝ ʫʚʝ˂ʘʚʘʿʫ ʨʘʩʠʧʥʝ ʬʣʫʢʩʝʚʝ, ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʝ ʩʤʝʪˁʝ ʠ ʩʥʘʛʫ ʛʫʙʠʪʘʢʘ 

[47], [107]. ʍʘʨʤʦʥʠʮʠ ʢʦʿʠ ʠʩʧʫˁʘʚʘʿʫ (2.67) ʫʟʨʦʢʫʿʫ ʜʠʩʪʦʨʟʠʿʝ ʤʦʤʝʥʪʘ ʩʠʣʝ, ʘʩʠʥʭʨʦʥʝ ʠ 

ʩʠʥʭʨʦʥʝ ʢʦʯʠʦʥʝ ʤʦʤʝʥʪʝ, ʦʜʥʦʩʥʦ ʚʠʙʨʘʮʠʿʝ ʠ ʘʢʫʩʪʠʯʥʫ ʙʫʢʫ [105], [106]. ɸʩʠʥʭʨʦʥʠ 

ʧʘʨʘʟʠʪʥʠ ʤʦʤʝʥʪʠ ʩʠʣʝ ʩʝ ʠʩʧʦˀʘʚʘʿʫ ʫ ʚʠʜʫ ʧʘʨʘʟʠʪʥʠʭ ʤʝʭʘʥʠʯʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ, 

ʜʦʜʘʪʥʠʭ ʥʘ ʦʩʥʦʚʥʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ ɸʄ. ʉʠʥʭʨʦʥʠ ʧʘʨʘʟʠʪʥʠ ʤʦʤʝʥʪʠ (ʝʥʛʣ. locking torques, 

dead points) ʥʘ ʤʝʭʘʥʠʯʢʦ ʿʢʘʨʘʢʪʝʨʠʩʪʠʮʠ ʫʥʦʩʝ ʠʟʦʙʣʠʯʝˁʘ ʫ ʚʠʜʫ ʰʠˀʢʘ. ʈʝʟʫʣʪʫʿʫ˂ʘ 

ʤʝʭʘʥʠʯʢʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʠʤʘ ʜʦʜʘʪʥʝ ʝʢʩʪʨʝʤʫʤʝ ʢʦʿʠ ʤʦʛʫ, ʢʘʜʘ ʩʫ ʚʝ˂ʝʛ ʠʥʪʝʥʟʠʪʝʪʘ, ʜʘ 

ʦʥʝʤʦʛʫ˂ʝ ʧʦʩʪʠʟʘˁʝ ʞʝˀʝʥʝ ʨʘʜʥʝ ʪʘʯʢʝ, ʜʦʢ ʫ ʩʪʘˁʫ ʤʠʨʦʚʘˁʘ ʤʦʛʫ ʫʛʨʦʟʠʪʠ ʟʘʣʝʪʘˁʝ ɸʄ. 

ʆʚʠ ʤʦʤʝʥʪʠ ʩʠʣʝ ʩʝ ʥʝ ʤʦʛʫ ʠʟʙʝ˂ʠ, ʘʣʠ ˁʠʭʦʚʘ ʚʨʝʜʥʦʩʪ ʤʦʞʝ ʙʠʪʠ ʫʤʘˁʝʥʘ ʜʠʟʘʿʥʦʤ 

ʝʣʝʢʪʨʠʯʥʦʛ ʠ ʤʘʛʥʝʪʩʢʦʛ ʢʦʣʘ. ʍʘʨʤʦʥʠʮʠ ʥʠʞʝʛ ʨʝʜʘ ʩʝ ʧʨʠʛʫʰʫʿʫ ʦʜʘʙʠʨʦʤ ʠ ʜʠʟʘʿʥʦʤ 

ʥʘʚʦʿʥʝ ʬʫʥʢʮʠʿʝ ʥʘʤʦʪʘʿʘ, ʜʦʢ ʩʝ ʭʘʨʤʦʥʠʮʠ ʚʠʰʝʛ ʨʝʜʘ ʧʨʠʛʫʰʫʿʫ ʦʜʘʙʠʨʦʤ ʙʨʦʿʘ ʠ 

ʛʝʦʤʝʪʨʠʿʦʤ ʞʣʝʙʦʚʘ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ, ʢʨʠʚˀʝˁʝʤ ʞʣʝʙʦʚʘ, ʩʠʥʭʨʦʥʠ ʤʦʤʝʥʪʠ ʩʠʣʝ ʩʝ ʤʦʛʫ 

ʫʤʘˁʠʪʠ ʠ ʧʦʛʦʜʥʠʤ ʠʟʙʦʨʦʤ ʙʨʦʿʘ ʩʪʘʪʦʨʩʢʠʭ ʞʣʝʙʦʚʘ ὔ ʠ ʙʨʦʿʘ ʨʦʪʦʨʩʢʠʭ hʪʘʧʦʚʘ ὔ, ʠʪʜ. 

ɼʘ ʙʠ ʩʝ ʠʟʙʝʛʘʦ ʪʘʣʘʩʥʠ ʦʙʣʠʢ ʄʇʉ ʧʨʠʢʘʟʘʥ ʥʘ ʉʣʠʮʠ 2.9ʙ, ʢʦʜ n-ʬʘʟʥʝ ɸʄ, ʥʘʤʦʪʘʿʠ 

ʩʫ ʠʜʝʥʪʠʯʥʦ ʨʘʩʧʦʨʝʹʝʥʠ ʠ ʩʚʘʢʘ ʬʘʟʘ ʟʘʫʟʠʤʘ ὔ ὲϳ ʩʪʘʪʦʨʩʢʠʭ ʞʣʝʙʦʚʘ ʩʘ ʧʨʦʩʪʦʨʥʦ 
ʧʦʤʝʨʝʥʠʤ ʦʩʘʤʘ ʩʠʤʝʪʨʠʿʝ ʥʘʤʦʪʘʿʘ ʟʘ — ς“ ὲὴϳ  ʤʝʭʘʥʠʯʢʠʭ ʨʘʜʠʿʘʥʘ. ʂʘʦ ʧʨʠʤʝʨ, ʥʘ 

ʉʣʠʮʠ 2.11ʘ. ʧʨʠʢʘʟʘʥ ʿʝ ʩʪʘʪʦʨ ʪʨʦʬʘʟʥʝ ʜʚʦʧʦʣʥʝ ʤʘʰʠʥʝ ʩʘ ὔ = 18 ʞʣʝʙʦʚʘ ʥʘ ʩʪʘʪʦʨʫ, ʛʜʝ 
ʩʫ ʥʘʚʦʿʮʠ ʩʚʘʢʝ ʬʘʟʝ ʨʘʩʧʦʨʝʹʝʥʠ ʫ 6 ʞʣʝʙʦʚʘ, ʪ.ʿ ʫ ʜʚʘ ʥʘʚʦʿʥʘ ʧʦʿʘʩʘ ʦʜ ʧʦ ά σ ʩʫʩʝʜʥʘ 

ʞʣʝʙʘ. ʋ ʩʚʘʢʠ ʞʣʝʙ ʩʝ ʧʦʩʪʘʚˀʘ ʿʝʜʘʥ ʠʣʠ ʚʠʰʝ ʥʘʚʦʿʘʢʘ. ʂʘʜʘ ʩʝ ʥʘʚʦʿʮʠ ʧʦʩʪʘʚˀʘʿʫ ʫ 

ʫʟʘʩʪʦʧʥʝ ʩʫʩʝʜʥʝ ʞʣʝʙʦʚʝ, ʉʣʠʢʘ 2.11ʘ, ʧʨʦʩʪʦʨʥʠ ʧʦʤʝʨʘʿ ʥʘʚʦʿʥʠʭ ʜʦʧʨʠʥʦʩʘ ʄʇʉ ʿʝ 

ʿʝʜʥʘʢ ʞʣʝʙʥʦʤ ʢʦʨʘʢʫ. ʈʝʟʫʣʪʘʪ ʿʝ ʪʨʘʧʝʟʦʠʜʥʠ ʦʙʣʠʢ ʄʇʉ ʢʘʦ ʥʘ ʉʣʠʮʠ 5.11ʙ. ʄʇʉ ʿʝ ʧʦ 

ʜʠʥʘʤʠʮʠ ʙʣʠʞʘ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʦʤ ʩʠʛʥʘʣʫ ʥʝʛʦ ʨʘʥʠʿʝ ʠ ʩʤʘˁʝʥ ʿ ʝ ʩʘʜʨʞʘʿ ʚʠʰʠʭ 

ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ ʫ ʟʘʟʦʨʫ ʛʜʝ ʩʫ ʥʘʿʚʠʰʝ ʠʟʨʘʞʝʥʠ ʩʫ 5. ʠ 7. ʭʘʨʤʦʥʠʢ. ʌʫʥʢʮʠʿʘ 

ʨʘʩʧʦʜʝʣʝ ʥʘʤʦʪʘʿʘ ʠ ʥʘʚʦʿʥʘ ʬʫʥʢʮʠʿʘ ʿʝʜʥʝ ʬʘʟʝ ʜʦʙʠʿʘʿʫ ʩʝ ʩʫʧʝʨʧʦʟʠʮʠʿʦʤ ʫʪʠʮʘʿʘ ʩʚʠʭ 

ʥʘʚʦʿʘʢʘ ʫ ʞʣʝʙʦʚʠʤʘ. ʇʨʦʤʝʥʘ ɽʄʉ ʫ ʚʨʝʤʝʥʫ ʿ ʝʜʥʦʛ ʥʘʚʦʿʢʘ ʿ ʝ ʦʜʨʝʹʝʥʘ ʧʨʦʩʪʦʨʥʦʤ 

ʨʘʩʧʦʜʝʣʦʤ ʫʢʫʧʥʝ ʠʥʜʫʢʮʠʿʝ ʫ ʟʘʟʦʨʫ ὄ—. ʀʩʪʘ ʠʥʜʫʢʮʠʿʘ ὄ— ʫ ʜʚʘ ʧʨʦʩʪʦʨʥʦ ʧʦʤʝʨʝʥʘ 
ʥʘʚʦʿʢʘ ʠʥʫʜʫʢʫʿʝ ɽʄʉ ʢʦʿʝ ʩʫ ʬʘʟʥʦ ʧʦʤʝʨʝʥʝ ʟʘ ʫʛʘʦ ʢʦʿʠ ʿʝ ʦʜʨʝʹʝʥ ʧʨʦʩʪʦʨʥʠʤ ʧʦʤʝʨʘʿʝʤ 

ʠʟʤʝʹʫ ʥʘʚʦʿʘʢʘ. ɸʢʦ ʿʝ ʧʨʦʩʪʦʨʥʦ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʜʚʘ ʩʫʩʝʜʥʘ ʞʣʝʙʘ ‎, ʪʘʜʘ ὺ-ʪʠ ʧʨʦʩʪʦʨʥʠ 
ʭʘʨʤʦʥʠʢ ʠʥʜʫʢʫʿʝ ʬʘʟʥʦ ʧʦʤʝʨʝʥʝ ɽʄʉ ʥʘʚʦʿʘʢʘ ʫ ʜʚʘ ʩʫʩʝʜʥʝ ʞʣʝʙʘ ʟʘ ὺ‎. ʉʘʜʘ ʿʝ ʫʢʫʧʥʘ 

ɽʄʉ, ʘʣʠ ʠ ʄʇʉ ʿʝʜʥʦʛ ʬʘʟʥʦʛ ʥʘʤʦʪʘʿʘ, ʿʝʜʥʘʢʘ ʚʝʢʪʦʨʩʢʦʤ ʟʙʠʨʫ ɽʄʉ ʟʘʩʝʙʥʠʭ ʥʘʚʦʿʘʢʘ. 

ɸʢʦ ʩʝ ʥʘʚʦʿʥʠ ʧʦʿʘʩ ʢʦʿʠ ʦʙʫʭʚʘʪʘ ά  ʞʣʝʙʦʚʘ ʚʠʜʠ ʠʟ ʩʨʝʜʠʰʪʘ ʨʦʪʦʨʘ ʧʦʜ ʫʛʣʦʤ ς“ὺϳ, ʪʘʜʘ 

ʿʝ ʫʩʣʝʜ ʬʘʟʥʦʛ ʧʦʤʝʨʘʿʘ ʧʨʠ ʚʝʢʪʦʨʩʢʦʤ ʩʘʙʠʨʘˁʫ ɽʄʉ ʭʘʨʤʦʥʠʢ ʨʝʜʘ ὺ ʫ ɽʄʉ, ʢʦʿʠ ʧʦʩʪʦʿʠ 
ʫ ʟʘʟʦʨʫ ʫ ʠʥʜʫʢʮʠʿʠ ʫ ὄ—, ʟʥʘʯʘʿʥʦ ʦʩʣʘʙˀʝʥ [53]. ɼʘʢʣʝ, ʥʘʤʦʪʘʿ ʩʘ ʦʜʛʦʚʘʨʘʿʫ˂ʦʤ 

ʧʨʦʩʪʦʨʥʦʤ ʨʘʩʧʦʜʝʣʦʤ ʧʨʦʚʦʜʥʠʢʘ ʠʤʘ ʫʣʦʛʫ ʤʝʭʘʥʠʯʢʦʛ ʬʠʣʪʨʘ ʚʠʰʠʭ ʧʨʦʩʪʦʨʥʠʭ 

ʭʘʨʤʦʥʠʢʘ ʫ ʄʇʉ. ʆʚʦ ʩʝ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʧʦʿʘʩʥʠʤ ʥʘʚʦʿʥʠʤ ʩʘʯʠʥʠʦʮʝʤ, ʢʦʿʠ 

ʦʧʠʩʫʿʝ ʫʪʠʮʘʿ ʥʘʤʦʪʘʿʘ ʥʘ ʧʦʪʠʩʢʠʚʘˁʝ ʩʚʘʢʦʛ ʦʜ ʭʘʨʤʦʥʠʢʘ ʢʨʦʟ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ 

ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ, ʠ ʢʦʿʠ ʿʝ ʟʘ ʧʦʟʥʘʪ ʙʨʦʿ ʞʣʝʙʦʚʘ ʧʦ ʧʦʣʫ ʠ ʬʘʟʠ ʦʘʢ ʪʘʜ ‮  
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                                  ʘ)                                                                              ʙ) 

ʉʣʠʢʘ 2.11. ʄʘʰʠʥʘ ʩʘ ʨʘʩʧʦʜʝˀʝʥʠʤ ʥʘʤʦʪʘʿʝʤ: ʘ) ʨʘʩʧʦʜʝʣʘ ʥʘʚʦʿʘʢʘ; ʙ) ʨʘʩʧʦʜʝʣʘ ʄʇʉ. 
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ɼʦʜʘʪʥʦ ʫʥʘʧʨʝʹʝˁʝ ʪʘʣʘʩʥʦʛ ʦʙʣʠʢʘ ʄʇʉ ʧʦʩʪʠʞʝ ʩʝ ʩʢʨʘ˂ʝˁʝʤ ʥʘʚʦʿʥʦʛ ʢʦʨʘʢʘ [54]. 

ʂʘʜʘ ʿʝ ʥʘʤʦʪʘʿ ʩʪʘʪʦʨʘ ʤʘʢʘʨ ʜʚʦʩʣʦʿʥʠ, ʪʘʜʘ ʩʝ ʩʧʦˀʘʰˁʠ ʥʘʤʦʪʘʿ ʧʨʦʩʪʦʨʥʦ ʧʦʤʝʨʘ ʟʘ ʿʝʜʥʦ 

ʠʣʠ ʚʠʰʝ ʤʝʩʪʘ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʫ ʩʠʤʝʪʨʠʿʝ ʥʘʤʦʪʘʿʘ. ʇʨʦʚʦʜʥʠʮʠ ʥʘʚʦʿʢʘ ʩʝ ʥʘʣʘʟʝ ʥʘ 

ʤʝʹʫʩʦʙʥʦʤ ʨʘʩʪʦʿʘˁʫ ʤʘˁʝʤ ʦʜ ˊ, ʘ ʧʨʦʩʪʦʨʥʠ ʧʦʤʝʨʘʿ ʩʧʦˀʘʰˁʝʛ ʥʘʤʦʪʘʿʘ ʦʜʨʝʹʫʿʝ ʢʦʿʠ 

ʭʘʨʤʦʥʠʢ ʩʝ ʩʣʘʙʠ. ʇʦʪʨʝʙʘʥ ʧʦʤʝʨʘʿ ʟʘ ʩʣʘʙˀʝˁʝ ὺ-ʪʦʛ ʭʘʨʤʦʥʠʢʘ ʠʟʥʦʩʠ “ὺϳ. ʀʥʜʫʢʦʚʘʥʘ 
ɽʄʉ ʥʘʚʦʿʢʘ ʜʦʙʠʿʘ ʩʝ ʢʘʦ ʚʝʢʪʦʨʩʢʠ ʟʙʠʨ ɽʄʉ ʧʨʦʚʦʜʥʠʢʘ ʢʦʿʠ ʛʘ ʯʠʥʝ. ʌʘʟʥʠ ʧʦʤʝʨʘʿ 

ʠʥʜʫʢʦʚʘʥʝ ɽʄʉ ʧʨʦʚʦʜʥʠʢʘ ʿʝ ʦʜʨʝʹʝʥ ʫʛʘʦʥʠʤ ʨʘʩʪʦʿʘˁʝʤ ʠʟʤʝʹʫ ʧʨʦʚʦʜʥʠʢʘ ʫ ʥʘʚʦʿʢʫ ʠ 

ʨʝʜʦʤ ʭʘʨʤʦʥʠʢʘ ʰʪʦ ʦʪʝʞʘʚʘ ʝʣʠʤʠʥʘʮʠʿʫ ʭʘʨʤʦʥʠʢʘ. ʆʚʦ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ ʥʝʞʝˀʝʥʦʛ 

ʝʬʝʢʪʘ ʜʘ ʥʘʤʦʪʘʿ ʥʘʧʨʘʚˀʝʥ ʜʘ ʧʦʥʠʰʪʠ ʦʜʨʝʹʝʥʠ ʭʘʨʤʦʥʠʢ, ʧʘʩʠʚʥʦ ʠ ʥʝʞʝˀʝʥʦ ʧʦʿʘʯʘ ʥʝʢʠ 

ʜʨʫʛʠ ʭʘʨʤʦʥʠʢ. ɸʢʦ ʿʝ ʧʨʦʩʪʦʨʥʠ ʧʦʤʝʨʘʿ ʧʦʛʦʜʘʥ, ʚʠʰʠ ʭʘʨʤʦʥʠʮʠ ʠʥʜʫʢʦʚʘʥʠʭ ɽʄʉ ʫ 

ʧʨʦʚʦʜʥʠʮʠʤʘ ʩʝ ʜʦʚʦʜʝ ʫ ʧʨʦʪʠʚʬʘʟʫ ʥʘ ʥʠʚʦʫ ʥʘʚʦʿʢʘ ʠ ʧʦʥʠʰʪʘʚʘʿʫ ʩʝ ʧʨʠ ʩʘʙʠʨʘˁʫ. ʊʘʜʘ, 

ʠʘʢʦ ὄ— ʠʤʘ ὺïʪʠ ʭʘʨʤʦʥʠʢ, ɽʄʉ ʥʝ˂ʝ ʠʤʘʪʠ ʚʨʝʤʝʥʩʢʠ ʭʘʨʤʦʥʠʢ. ɸʢʦ ʿʝ † ʧʫʥ ʥʘʚʦʿʥʠ 

ʢʦʨʘʢ ʠʟʤʝʹʫ ʞʣʝʙʦʚʘ ʦʜʨʝʹʝʥ ʙʨʦʿʝʤ ʧʦʣʦʚʘ, ʘ ʩʢʨʘ˂ʝʥʠ ʥʘʚʦʿʥʠ ʢʦʨʘʢ ʫ ʞʣʝʙʦʚʠʤʘ ʦʧʠʩʘʥ 

ʩʘ y < †, ʪʘʜʘ ʪʝʪʠʚʥʘ ʨʘʩʧʦʜʝʣʘ ʥʘʚʦʿʘʢʘ ʩʢʨʘ˂ʫʿʝ ʙʦʯʥʝ ʚʝʟʝ, ʩʤʘˁʫʿʝ ʨʘʩʠʧʥʝ ʬʣʫʢʩʝʚʝ ʠ 

ʩʣʘʙʠ ʧʨʦʩʪʦʨʥʝ ʭʘʨʤʦʥʠʢʝ, ʰʪʦ ʩʝ ʘʥʘʣʠʪʠʯʢʠ ʦʧʠʩʫʿʝ ʧʫʪʝʤ ʪʝʪʠʚʥʦʛ ʩʘʯʠʥʠʦʮʘ  
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ʀʟʨʘʜʘ ʨʘʩʧʦʜʝˀʝʥʦʛ ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ ʩʘ ʪʝʪʠʚʥʠʤ ʩʢʨʘ˂ʝˁʝʤ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʩʣʘʙˀʝˁʝ 

ʜʝʬʠʥʠʩʘʥʠʭ ʭʘʨʤʦʥʠʢʘ ʥʠʞʝʛ ʨʝʜʘ. ʂʘʢʦ ʿʝ ʪʝʪʠʚʥʠ ʧʦʤʝʨʘʿ ʿʝʜʥʘʢ ʮʝʣʦʙʨʦʿʥʦʤ ʫʤʥʦʢhʫ 

ʞʣʝʙʥʦʛ ʨʘʩʪʦʿʘˁʘ, ʦʚʝ ʘʢʪʠʚʥʦʩʪʠ ʥʝʤʘʿʫ ʫʪʠʮʘʿ ʥʘ ʭʘʨʤʦʥʠʢʝ ʫʩʣʝʜ ʘʥʠʟʦʪʨʦʧʠʿʘ ʧʦʧʫʪ 

ʦʞˀʝʙˀʝˁʘ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ. ʇʨʠʤʝʥʘ ʥʘʚʝʜʝʥʠʭ ʘʢʪʠʚʥʦʩʪʠ ʠʤʘ ʟʘ ʧʦʩʣʝʜʠʮʫ ʜʘ ʩʫ ʧʨʚʠ 

ʭʘʨʤʦʥʠʮʠ ʄʇʉ ʠ ɽʄʉ ʥʝʞʝˀʝʥʦ ʦʩʣʘʙˀʝʥʠ, ʪʿ. ʜʘ ʠʤʘʿʫ ʤʘˁʝ ʚʨʝʜʥʦʩʪʠ ʫ ʧʦʨʝʹʝˁʫ ʩʘ 

ʢʦʥʮʝʥʪʨʠʩʘʥʠʤ ʥʘʤʦʪʘʿʝʤ. ʇʦʣʘʟʝ˂ʠ ʦʜ (2.61) ʠ ʫʚʘʞʘʚʘˁʝʤ ʚʠʰʠʭ ʚʨʝʤʝʥʩʢʠʭ ʭʘʨʤʦʥʠʢʘ ʫ 

ʩʪʨʫʿʠ ʩʪʘʪʦʨʘ (2.20), ʢʘʦ ʠ ʫʪʠʮʘʿ ʜʠʟʘʿʥʘ ʝʣʝʢʪʨʠʯʥʦʛ ʢʦʣʘ ʩʪʘʪʦʨʘ ʥʘ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪ 

ʭʘʨʤʦʥʠʢʘ ʢʨʦʟ (2.69) ʠ (2.70) ʤʦʞʝ ʩʝ ʠʟʨʘʟʠʪʠ ʄʇʉ ʥʘʤʦʪʘʿʘ ʬʘʟʝ n ʫ n-ʬʘʟʥʦʿ ʤʘʰʠʥʠ ʢʘʦ  
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ʛʜʝ ʿʝ ʫ ʮʠˀʫ ʿʝʜʥʦʩʪʘʚʥʠ ʫʩʚʦʿʝʥʦ ὺ ρȟςȟσȟȣ, •ȟ •ȟ •, • • . 

ʉʚʘʢʠ ʭʘʨʤʦʥʠʢ ʨʝʜʘ ὺ ʯʠʥʝ ʜʚʝ ʦʩʮʠʣʘʪʦʨʥʝ ʬʫʥʢʮʠʿʝ ʫ ʩʧʝʢʪʨʫ ʄʇʉ, ʚʨʰʥʠʭ ʚʨʝʜʥʦʩʪʠ  
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2.3.3 ʄʇʉ ʪʨʦʬʘʟʥʦʛ ʩʪʘʪʦʨʩʢʦʛ ʨʘʩʧʦʜʝˀʝʥʦʛ ʥʘʤʦʪʘʿʘ 
 

ʂʦʜ n-ʬʘʟʥʦʛ ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ, ʢʦʿʝʛ ʯʠʥʠ n ʥʘʤʦʪʘʿʘ ʩʘ ὔ ʥʘʚʦʿʘʢʘ, ʬʘʟʥʘ ʠ ʫʢʫʧʥʘ 

ʄʇʉ ʠʤʘʿʫ ʩʪʝʧʝʥʘʩʪʫ ʧʨʦʤʝʥʫ, ʉʣʠʢʘ 2.11ʙ. ʍʘʨʤʦʥʠʿʩʢʠ ʩʘʩʪʘʚ ʬʘʟʥʠʭ ʄʇʉ ʿʝ ʜʘʪ ʩʘ (2.71). 

ɸʄ ʩʘ ʚʠʰʝʩʣʦʿʥʠʤ ʥʘʤʦʪʘʿʝʤ ʩʝ ʤʦʞʝ ʧʦʩʤʘʪʨʘʪʠ ʢʘʦ ʚʠʰʝ ʥʘʤʦʪʘʿʘ ʧʨʦʩʪʦʨʥʦ ʧʦʤʝʨʝʥʠʭ 

ʟʘ ʿʝʜʘʥ ʠʣʠ ʚʠʰʝ ʞʣʝʙʦʚʘ. ʋʢʫʧʥʘ ʄʇʉ n-ʬʘʟʥʦʛ ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ ʿʝ ʚʝʢʪʦʨʩʢʠ ʟʙʠʨ ʄʇʉ 

ʩʚʠʭ ʬʘʟʥʠʭ ʥʘʤʦʪʘʿʘ. ʆʩʝ ʬʘʟʥʠʭ ʥʘʤʦʪʘʿʘ ʩʪʘʪʦʨʘ ʩʫ ʧʨʦʩʪʦʨʥʦ ʧʦʤʝʨʝʥʝ ʰʪʦ ʩʝ ʦʩʣʠʢʘʚʘ ʫ 

ʬʘʟʥʠʤ ʧʦʤʝʨʘʿʠʤʘ ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ, ʘ ʩʚʘʢʫ ʬʘʟʥʫ ʥʘʚʦʿʥʫ ʬʫʥʢʮʠʿʫ ʪʨʝʙʘ ʧʦʤʥʦʞʠʪʠ 

ʩʪʨʫʿʦʤ ʥʘʤʦʪʘʿʘ. ʋʟ ʧʨʝʪʧʦʩʪʘʚʢʫ ʜʘ ʿʝ ʧʝʨʤʝʘʙʠʣʥʦʩʪ ʛʚʦʞʹʘ ʙʝʩʢʦʥʘʯʥʘ ʠ ʜʘ ʿʝ ʟʘ ʠʥʚʝʨʪʦʨ 

AM ʩʠʤʝʪʨʠʯʥʦ ʦʧʪʝʨʝ˂ʝˁʝ, ʪʿ. ʜʘ ʩʫ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ ʩʚʠʭ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ Ὅ ʠʩʪʝ ʫ ʩʚʘʢʦʿ 

ʦʜ ʬʘʟʘ ʩʘ ʠʩʪʠʤ ʬʘʟʥʠʤ ʧʦʤʝʨʘʿʠʤʘ •ȟ, ʩʪʘʪʦʨʩʢʘ ʄʇʉ n-ʬʘʟʥʦʛ ʥʘʤʦʪʘʿʘ ʿʝ ʦʧʠʩʘʥʘ ʩʘ  
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ʛʜʝ ʩʫ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʄʇʉ n-ʬʘʟʥʦʛ ʥʘʤʦʪʘʿʘ ʦʧʠʩʘʥʝ ʠʟʨʘʟʠʤʘ 
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ʍʘʨʤʦʥʠʿʩʢʠ ʩʘʩʪʘʚ ʫʢʫʧʥʝ ʄʇʉ (2.73) ʦʩʪʘʿʝ ʠʩʪʠ ʢʘʦ ʢʦʜ ʬʘʟʥʝ (2.71), ʘʣʠ ʩʝ ʤʝˁʘʿʫ 

ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ. ɿʘ ʪʨʦʬʘʟʥʫ ʩʠʤʝʪʨʠʯʥʫ ɸʄ ʚʘʞʠ ʜʘ ʿʝ ‌ ς“σϳ, 
m = 1. ʈʘʟʤʘʪʨʘʿʫ˂ʠ ʩʘʤʦ ʭʘʨʤʦʥʠʢʝ ʢʦʿʠ ʤʦʛʫ ʜʘ ʫʯʝʩʪʚʫʿʫ ʫ ɽʄʇ, ʧʨʝʤʘ (2.67) ʚʘʞʠ ʜʘ ʿʝ  
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ʛʜʝ ʿʝ Ὥ πȟρȟςȟσȟȣ ʠ Ὦ ρȟςȟσ. ʉʘʜʘ ʩʝ (2.73) ʤʦʞʝ ʥʘʧʠʩʘʪʠ ʟʘ ʪʨʦʬʘʟʥʫ ɸʄ 

ʫʚʘʞʘʚʘʿʫ˂ʠ ʩʚʝ ʭʘʨʤʦʥʠʢʝ ήȟὺ ʢʦʿʝ ʟʘʜʦʚʦˀʘʚʘʿʫ ʫʩʣʦʚ (2.67), ʩʘ ʫʛʘʦʥʦʤ ʙʨʟʠʥʦʤ ʦʙʨʪʥʠʭ 

ʧʦˀʘ ή‫ ὺὴϳ . ɸʥʘʣʠʪʠʯʢʠ ʠʟʨʘʟ ʟʘ ʄʇʉ ʪʨʦʬʘʟʥʦʛ ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ ɸʄ ʫ ʝʣʝʢʪʨʠʯʥʦʤ 
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ʢʦʦʨʜʠʥʘʪʥʦʤ ʩʠʩʪʝʤʫ ʢʦʿʠ ʫʚʘʞʘʚʘʿʫ ʧʨʦʤʝʥʝ ʄʇʉ ʫ ʧʨʦʩʪʦʨʫ ʠ ʚʨʝʤʝʥʫ, ʜʠʟʘʿʥ ʩʪʘʪʦʨʩʢʦʛ 

ʥʘʤʦʪʘʿʘ ʠ ʩʣʦʞʝʥʦʧʝʨʠʦʜʠʯʥʫ ʧʨʠʨʦʜʫ ʩʪʨʫʿʘ ʩʪʘʪʦʨʘ ʿʝ ʜʘʪ ʢʘʦ 

  

Ὢȟ —ȟὸ ὊȟÃÏÓή‫ὸ ὺὴ—•ȟ Ȣ ςȢχφ 

 

2.3.4 ʆʞˀʝʙˀʝˁʝ ʤʘʛʥʝʪʩʢʦʛ ʢʦʣʘ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ 
 

ʈʘʩʧʦʜʝʣʘ ʬʣʫʢʩʘ ʩʪʘʪʦʨʘ ʫ ʟʘʟʦʨʫ ʩʝ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʢʘʦ ʢʦʣʠʯʥʠʢ ʄʇʉ ʩʪʘʪʦʨʘ (2.76) ʠ 

ʤʘʛʥʝʪʩʢʝ ʦʪʧʦʨʥʦʩʪʠ Ὑ ʩʘ ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʜʘ ʿʝ ʟʘʟʦʨ ŭ ʫʥʠʬʦʨʤʘʥ, ʪʿ. ʜʘ ʩʫ ʤʘʛʥʝʪʩʢʘ ʢʦʣʘ 

ʛʣʘʪʢʘ ʙʝʟ ʦʞˀʝʙˀʝˁʘ ʠ ʜʘ ʿʝ ʨʦʪʦʨ ʠʜʝʘʣʥʦ ʙʘʣʘʥʩʠʨʘʥ. ʊʘʜʘ ʿʝ ʤʘʛʥʝʪʩʢʘ ʦʪʧʦʨʥʦʩʪ 

ʢʦʥʩʪʘʥʪʥʘ ʥʘ ʧʫʪʫ ʤʘʛʥʝʪʩʢʦʛ ʬʣʫʢʩʘ, ʧʘ ʥʝ ʜʦʣʘʟʠ ʜʦ ʠʟʦʙʣʠʯʝˁʘ ʄʇʉ ʠ ʧʨʝʜʚʠʜʠʚʦ ʿʝ ʥʘ 

ʢʦʿʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ˂ʝ ʧʦʩʪʦʿʘʪʠ ʚʠʰʠ ʭʘʨʤʦʥʠʮʠ ʫ ɽʄʉ ʠ ʩʪʨʫʿʠ ʩʪʘʪʦʨʘ. ʉʘ ʦʚʦʤ 

ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʩʝ ɸʄ ʯʝʩʪʦ ʤʦʜʝʣʫʿʫ ʫ ʣʠʪʝʨʘʪʫʨʠ [62], [108], [109], [110]. ʉʨʝʜˁʘ ʚʨʝʜʥʦʩʪ 

ʬʣʫʢʩʘ ʩʪʘʪʦʨʘ ʩʝ ʪʘʜʘ ʜʦʙʠʿʘ ʠʥʪʝʛʨʘˀʝˁʝʤ ʬʣʫʢʩʘ ʜʫʞ ʦʙʠʤʘ ʤʘʰʠʥʝ [53]. ʈʘʩʧʦʜʝʣʘ 

ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʘ ʫ ʟʘʟʦʨʫ ʩʝ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʢʘʦ ʧʨʦʠʟʚʦʜ ʄʇʉ ʠ ʧʦʜʫʞʥʝ ʨʝʣʘʪʠʚʥʝ 

ʤʘʛʥʝʪʩʢʝ ʧʝʨʤʝʘʙʠʣʥʦʩʪʠ ɤ (ʇʈʄʇ, ʝʥʛʣ. MMF-permeance wave method), ʢʘʦ  
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ʛʜʝ ʿʝ ‘ ʤʘʛʥʝʪʩʢʘ ʧʝʨʤʝʘʙʠʣʥʦʩʪ ʚʘʟʜʫʭʘ. ɸʢʦ ʄʇʉ ʩʪʘʪʦʨʘ ʠʥʪʝʨʘʛʫʿʝ ʩʘ ʫʥʠʬʦʨʤʥʦʤ 

ʇʈʄʇ, ɤ ϳ‏‘ ὧέὲίὸ, ʪʘʜʘ ʿʝ ʨʘʩʧʦʜʝʣʘ ʚʝʢʪʦʨʘ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ ʩʪʘʪʦʨʘ ʫ ʟʘʟʦʨʫ 

 

ὄȟ —ȟὸ Ὢȟ —ȟὸ ɤ ὄȟȟÃÏÓή‫ὸ ὺὴ— •ȟ  ȟ ςȢχψ 

 

ʛʜʝ ʿʝ ὄȟȟ Ὂȟɤ. ʉʚʘʢʠ ʭʘʨʤʦʥʠʢ ʠʥʜʫʢʮʠʿʝ ʫ ʟʘʟʦʨʫ ʿʝ ʦʧʠʩʘʥ ʙʨʦʿʝʤ ʧʘʨʠ ʧʦʣʦʚʘ ὴȟȟ
ὺὴ, ʫʛʘʦʥʦʤ ʫʯʝʩʪʘʥʦʰ˂ʫ ‫ȟȟ ήʠ ʢʘʰˁʝˁʝʤ ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʚʠ ʭʘʨʤʦʥʠʢ ʤʘʛʥʝʪʩʢʝ ‫ 

ʠʥʜʫʢʮʠʿʝ •ȟ. ʋʛʘʦʥʘ ʙʨʟʠʥʘ ʠ ʩʤʝʨ ʨʦʪʘʮʠʿʝ ʩʚʘʢʝ ʢʦʤʧʦʥʝʥʪʝ ὄȟ —ȟὸ ʩʫ ʦʧʠʩʘʥʝ ʦʜʥʦʩʦʤ 

,‫ȟȟȾὴȟȟ. ʇʨʠʩʫʩʪʚʦ ʩʪʘʪʦʨʩʢʠʭ ʠ ʨʦʪʦʨʩʢʠʭ ʞʣʝʙʦʚʘ, ʘʣʠ ʠ ʜʨʫʛʠ ʬʝʥʦʤʝʥʠ ʫ ʥʘʩʪʘʚʢʫ 

ʯʠʥʝ ʜʘ ʟʘʟʦʨ ʦʜʩʪʫʧʘ ʦʜ ʫʥʠʬʦʨʤʥʝ ʨʘʩʧʦʜʝʣʝ ʚʝ˂ ʜʘ ʿʝ ʬʫʥʢʮʠʿʘ ʧʦʣʦʞʘʿʘ ʠ ʙʨʟʠʥʝ ʨʦʪʦʨʘ, 

 ȟὸȢ ʋʟ ʧʨʝʪʧʦʩʪʘʚʢʫ ʜʘ ʿʝ ʇʈʄʇ ʛʚʦʞʹʘ ʙʝʩʢʦʥʘʯʥʘ, ʠʥʜʫʢʮʠʿʘ ʫ ʟʘʟʦʨʫ ʿʝ ʦʧʠʩʘʥʘ ʩʘ—‏
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ʌʣʫʢʩ ʩʪʘʪʦʨʘ ʿʝ ʨʝʟʫʣʪʘʪ ʠʥʪʝʨʘʢʮʠʿʝ ʄʇʉ ʩʪʘʪʦʨʘ ʠ ʧʨʦʤʝʥˀʠʚʝ ʤʘʛʥʝʪʩʢʝ ʦʪʧʦʨʥʦʩʪʠ 

ʠ ʫʩʣʝʜ ʪʦʛʘ ʩʘʜʨʞʠ ʜʦʜʘʪʥʝ ʭʘʨʤʦʥʠʢʝ ʫʩʣʝʜ ʩʪʘʪʦʨʩʢʠʭ ʠ ʨʦʪʦʨʩʢʠʭ ʞʣʝʙʦʚʘ [62]. ʄʘʛʥʝʪʩʢʘ 

ʦʪʧʦʨʥʦʩʪ ʠ ʇʈʄʇ ʩʫ ʬʫʥʢʮʠʿʝ ʙʨʦʿʘ ʩʪʘʪʦʨʩʢʠʭ ʞʣʝʙʦʚʘ ʠ ʨʦʪʦʨʩʢʠʭ h ʪʘʧʦʚʘ, ʙʨʟʠʥʝ 

ʦʙʨʪʘˁʘ ʨʦʪʦʨʘ, ʛʝʦʤʝʪʨʠʿʝ ʠʟʨʘʜʝ ʩʪʘʣʥʠʭ ʤʘʛʥʝʪʘ, ʟʫʙʘʮʘ ʠ ʞʣʝʙʦʚʘ ʢʦʿʠ ʤʦʛʫ ʙʠʪʠ 

ʦʪʚʦʨʝʥʠ, ʟʘʪʚʦʨʝʥʠ, ʪʨʘʧʝʟʦʠʜʥʦʛ ʦʙʣʠʢʘ ʠʪʜ. [111]. ʇʦʪʨʝʙʥʦ ʿ ʝ ʧʦʩʤʘʪʨʘʪʠ ʪʨʠ ʬʫʥʢʮʠʿʝ 

ʢʦʿʝ ʦʧʠʩʫʿʫ ʧʨʦʤʝʥʫ ʇʈʄʇ ʠ ʪʦ: ʫʩʣʝʜ (1) ʩʪʘʪʦʨʩʢʠʭ ʞʣʝʙʦʚʘ, ʇ, (2) ʨʦʪʦʨʩʢʠʭ ʞʣʝʙʦʚʘ, ʇ, 
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ʠ (3) ʫʩʣʝʜ ʠʥʪʝʨʘʢʮʠʿʝ ʠʟʤʝʹʫ ʩʪʘʪʦʨʩʢʠʭ ʠ ʨʦʪʦʨʩʢʠʭ ʞʣʝʙʦʚʘ, ʇ. ʋʚʘʞʘʚʘʿʫ˂ʠ ʛʝʦʤʝʪʨʠʿʫ 
ʤʘʰʠʥʝ ʠ ʧʨʠʤʝʥʦʤ ʌʫʨʠʿʝʦʚʝ ʘʥʘʣʠʟʝ, ʧʨʦʤʝʥˀʠʚʘ ʇʈʄʇ ʢʦʿʘ ʫʚʘʞʘʚʘ ʧʨʦʤʝʥʫ ʟʘʟʦʨʘ 

ʫʩʣʝʜ ʧʦʩʪʦʿʘˁʘ ʞʣʝʙʦʚʘ ʿʝ ʜʘʪʘ ʢʘʦ [112]: 

 

ʇ —ȟ— ʇ — ʇ —ȟ— ʇ —ȟ—

ɤ ‗ÃÏÓὬὔ— ‗ÃÏÓὬὔ — —

‗ ÃÏÓὬὔ— Ὤὔ — — ÃÏÓὬὔ— Ὤὔ — —

ɤ
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ς
ÃÏÓὬὔ— Ὤὔ — — ÃÏÓὬὔ— Ὤὔ — —  ȟ ςȢψπ

 

 

ʛʜʝ ʿʝ Ὤ = 1,2,... ʨʝʜ ʩʪʘʪʦʨʩʢʠʭ ʞʣʝʙʥʠʭ ʭʘʨʤʦʥʠʢʘ (ʉɾʍ),  Ὤ = 1,2,... ʨʝʜ ʨʦʪʦʨʩʢʠʭ ʞʣʝʙʥʠʭ 

ʭʘʨʤʦʥʠʢʘ (ʈɾʍ) ʢʦʿʠ ʫʪʠʯʫ ʥʘ ʄʇʉ ʩʪʘʪʦʨʘ. ʉɾʍ ʩʫ ʥʘʿʠʩʪʘʢʥʫʪʠʿʠ ʚʠʰʠ ʧʨʦʩʪʦʨʥʠ 

ʭʘʨʤʦʥʠʮʠ ʫ ʩʪʝʧʝʥʘʩʪʦʤ ʪʘʣʘʩʥʦʤ ʦʙʣʠʢʫ ʩʪʘʪʦʨʩʢʝ ʄʇʉ. ʈɾʍ ʩʫ, ʧʦʨʝʜ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ, 

ʥʘʿʠʩʪʘʢʥʫʪʠʿʠ ʧʨʦʩʪʦʨʥʠ ʭʘʨʤʦʥʠʮʠ ʨʦʪʦʨʩʢʝ ʄʇʉ ʦ ʯʝʤʫ ʚʠʰʝ ʫ ʥʘʩʪʘʚʢʫ. ɼʠʨʝʢʪʥʘ ʩʫ 

ʧʦʩʣʝʜʠʮʘ ʜʠʩʢʨʝʪʥʦʛ ʧʦʩʪʘʚˀʘˁʘ ʥʘʚʦʿʘʢʘ ʫ ʞʣʝʙʦʚʝ ʠ ʥʘʣʘʟʝ ʩʝ ʫ ʚʠʰʝʤ ʜʝʣʫ ʩʧʝʢʪʨʘ ʄʇʉ 

ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ [113]. ɺʨʰʥʝ ʚʨʝʜʥʦʩʪʠ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʇʈʄʇ ʫʩʣʝʜ ʦʞˀʝʙˀʝˁʘ ʩʪʘʪʦʨʘ 

ʠ ʨʦʪʦʨʘ ʩʫ ʨʝʩʧʝʢʪʠʚʥʦ ʜʘʪʝ ʠʟʨʘʟʠʤʘ   
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ʛʜʝ ʩʫ ὲȟȟὲȟ ʧʦʜʫʞʥʝ, ὲȟȟὲȟ ʫʛʘʦʥʝ ʜʠʤʝʥʟʠʿʝ ʩʪʘʪʦʨʩʢʠʭ ʠ ʨʦʪʦʨʩʢʦʛ ʞʣʝʙʘ, ὲȟȟὲȟ 

ʫʛʣʦʚʠ ʠʟʤʝʹʫ ʜʚʘ ʫʟʘʩʪʦʧʥʘ ʞʣʝʙʘ ʧʨʠʢʘʟʘʥʠ ʥʘ ʉʣʠʮʠ 2.12ʘ, a ‗ ‗‗ [112]. ʄʦʞʝ ʩʝ 

ʠʟʨʘʟʠʪʠ ʚʝʢʪʦʨ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ ʩʪʘʪʦʨʘ, ʢʦʿʠ ʧʦʨʝʜ ʨʘʥʠʿʝ ʥʘʚʝʜʝʥʦʛ, ʩʘʜʘ ʫʚʘʞʘʚʘ ʠ 

ʧʨʦʤʝʥˀʠʚʫ ʤʘʛʥʝʪʩʢʫ ʦʪʧʦʨʥʦʩʪ ʫʩʣʝʜ ʦʞˀʝʙˀʝˁʘ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʢʘʦ  

 

ὄ ȟȟ —ȟ  ȟὸ Ὢȟ —ȟὸ ʇ —ȟ—

ὄ ȟ ȟȟÃÏÓή‫ Ὤὔ  ὸ ὺὴ Ὤὔ Ὤὔ — •ȟ ςȢψσ 

 

ʛʜʝ ʿʝ ὄ ȟ ȟȟ Ὂȟ‗ τϳ. ʆʙʝ ʢʦʤʧʦʥʝʥʪʝ ʩʪʘʪʦʨʩʢʝ ʄʇʉ Ὢȟ —ȟὸ ʩʪʚʘʨʘʿʫ ʜʦʜʘʪʥʝ 

ʢʦʤʧʦʥʝʥʪʝ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ ʫ ʠʥʪʝʨʘʢʮʠʿʠ ʩʘ ʭʘʨʤʦʥʠʮʠʤʘ Ὤ, Ὤ, ʪʿ. ʫʢʫʧʥʦ 8 ʭʘʨʤʦʥʠʢʘ, 
ʧʨʠ ʯʝʤʫ ʿʝ ʩʚʘʢʠ ʦʧʠʩʘʥ ʩʚʦʿʠʤ ʙʨʦʿʝʤ ʧʘʨʠ ʧʦʣʦʚʘ ὺὴ Ὤὔ Ὤὔ ʠ ʩʚʦʿʦʤ ʝʣʝʢʪʨʠʯʥʦʤ 
ʫʛʘʦʥʦʤ ʫʯʝʩʪʘʥʦʰ˂ʫ ή‫ Ὤὔ  . ɺʨʝʜʥʦʩʪʠ ʇʈʄʇ ʠ ʠʥʜʫʢʮʠʿʝ ʩʫ ʨʘʟʣʠʯʠʪʝ ʦʜ ʥʫʣʝ ʘʢʦ 
ʠ ʩʘʤʦ ʘʢʦ ʩʫ  Ὤ π ʠ Ὤ π, ʘ ʧʨʦʩʪʦʨʥʠ ʭʘʨʤʦʥʠʮʠ ʫʩʣʝʜ ʧʨʦʤʝʥˀʠʚʝ  ʇʈʄʇ ʧʦʩʪʦʿʝ ʯʘʢ 

ʠ ʘʢʦ ʩʝ ɸʄ ʥʘʧʘʿʘ ʠʜʝʘʣʥʦʤ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʦʤ ʩʪʨʫʿʦʤ [58]. 
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                           ʘ)                                                                                 ʙ) 

ʉʣʠʢʘ 2.12. ʋʟʨʦʮʠ ʘʥʠʟʦʪʨʦʧʠʿʘ: ʘ) ʦʞʝˀʙˀʝˁʘ ʤʘʛʥʝʪʩʢʦʛ ʢʦʣʘ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ; ʙ) ʧʨʦʤʝʥʘ 

ʧʝʨʤʝʘʙʠʣʥʦʩʪʠ ʩʘ ʧʨʦʤʝʥʦʤ ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ. 

 

2.3.5  ɿʘʩʠ˂ʝˁʝ ʤʘʛʥʝʪʩʢʦʛ ʢʦʣʘ 
 

ɼʦ ʩʘʜʘ ʿʝ ʫ ʘʥʘʣʠʟʠ ʧʨʝʪʧʦʩʪʘʚˀʘʥʘ ʙʝʩʢʦʥʘʯʥʘ ʤʘʛʥʝʪʩʢʘ ʧʝʨʤʝʘʙʠʣʥʦʩʪ ʛʚʦʞʹʘ. ʀʧʘʢ, 

ʬʝʨʦʤʘʛʥʝʪʩʢʠ ʤʘʪʝʨʠʿʘʣʠ ʩʫ ʦʧʠʩʘʥʠ ʢʨʠʚʦʤ ʤʘʛʥʝ˂ʝˁʘ ʢʦʿʘ ʦʧʠʩʫʿʝ ʥʝʣʠʥʝʘʨʥʫ ʟʘʚʠʩʥʦʩʪ 

ʠʟʤʝʹʫ ʚʝʢʪʦʨʘ ὄᴆ ʠ Ὄᴆ. ʄʘʛʥʝʪʩʢʘ ʧʝʨʤʝʘʙʠʣʥʦʩʪ ʩʝ ʤʝˁʘ ʩʘ ʧʨʦʤʝʥʦʤ ʿʘʯʠʥʝ ʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ, 

‘ ὄὌϳ  [118], [119], ʢʘʦ ʥʘ ʉʣʠʮʠ 2.12ʙ. ʀʥʜʫʢʮʠʿʘ ὄᴆ ʨʘʩʪʝ ʩʘ ʧʦʨʘʩʪʦʤ ʧʦˀʘ Ὄᴆ ʜʦ ʧʦʿʘʚʝ 
ʟʘʩʠ˂ʝˁʘ. ɼʘ ʙʠ ʩʝ ʤʘʢʩʠʤʘʣʥʦ ʠʩʢʦʨʠʩʪʠʦ ʤʘʛʥʝʪʩʢʠ ʤʘʪʝʨʠʿʘʣ, ʢʦʜ ɸʄ ʩʝ ʯʝʩʪʦ ʜʦʧʫʰʪʘ 

ʦʜʨʝʹʝʥʠ ʩʪʝʧʝʥ ʟʘʩʠ˂ʝˁʘ ʤʘʛʥʝʪʩʢʦʛ ʢʦʣʘ ʫ ʥʦʤʠʥʘʣʥʦʤ ʨʘʜʥʦʤ ʨʝʞʠʤʫ. ʇʦʿʘʚʘ ʟʘʩʠ˂ʝˁʘ 

ʤʘʛʥʝʪʩʢʦʛ ʢʦʣʘ ʿʝ ʦʜʨʝʹʝˁʘ ʦʜʘʙʨʘʥʠʤ ʬʝʨʦʤʘʛʥʝʪʩʢʠʤ ʤʘʪʝʨʠʿʘʣʦʤ ʟʘ ʠʟʨʘʜʫ ʤʘʛʥʝʪʩʢʦʛ 

ʢʦʣʘ ʠ ʨʘʜʥʠʤ ʨʝʞʠʤʠʤʘ, ʪʿ. ʚʨʰʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʩʪʨʫʿʝ. ʋ ʟʘʩʠ˂ʝˁʫ ʤʘʪʝʨʠʿʘʣ ʚʠʰʝ ʥʠʿʝ ʫ 

ʩʪʘˁʫ ʜʘ ʘʢʫʤʫʣʠʰʝ ʜʦʜʘʪʥʫ ʤʘʛʥʝʪʩʢʫ ʝʥʝʨʛʠʿʫ, ʠ ʧʝʨʤʝʘʙʠʣʥʦʩʪ ‘ ʦʧʘʜʘ ʩʘ ʧʦʨʘʩʪʦʤ ʿʘʯʠʥʝ 

ʧʦˀʘ Ὄᴆ ʢʘ ʿʝʜʠʥʠʯʥʦʿ ʚʨʝʜʥʦʩʪʠ [120]. ʊʘʜʘ ʩʝ ʠʟ ʫʛʣʘ ʤʘʛʥʝʪʩʢʝ ʦʪʧʦʨʥʦʩʪʠ ʤʘʛʥʝʪʩʢʦʛ ʢʦʣʦ 

ʧʦʥʘʰʘ ʢʘʦ ʚʘʟʜʫʭ. ʆʚʘ ʧʨʦʤʝʥʘ ʤʘʛʥʝʪʩʢʝ ʦʪʧʦʨʥʦʩʪʠ ʥʘ ʧʫʪʫ ʬʣʫʢʩʘ ʫʟʨʦʢʫʿʝ ʚʠʰʝ 

ʭʘʨʤʦʥʠʢʝ ʫ ʤʘʛʥʝʪʩʢʦʿ ʠʥʜʫʢʮʠʿʠ ὄᴆ, ʘ ʠ ʜʠʩʪʦʨʟʠʿʝ ʫ ʠʥʜʫʢʦʚʘʥʦʿ ɽʄʉ ʠ ʩʪʨʫʿʠ ʩʪʘʪʦʨʘ.  

ʂʦʜ ʥʘʿʚʝ˂ʝʛ ʙʨʦʿʘ ɸʄ ʤʘʛʥʝʪʩʢʦ ʟʘʩʠ˂ʝˁʝ ʥʘʿʯʝʰ˂ʝ ʧʨʚʦ ʥʘʩʪʘʿʝ ʫ ʟʫʧʮʠʤʘ ʩʪʘʪʦʨʘ ʠ 

ʨʦʪʦʨʘ. ɿʘʩʠ˂ʝˁʝ ʩʝ ʪʘʜʘ ʠʩʧʦˀʘʚʘ ʫ ʩʧʝʢʪʨʫ ʩʪʘʪʦʨʩʢʝ ʩʪʨʫʿʝ ʫ ʬʫʥʢʮʠʿʠ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ 

ʨʦʪʦʨʘ . ʌʘʟʝ ʭʘʨʤʦʥʠʢʘ ʟʘʩʠ˂ʝˁʘ ʩʫ ʪʘʢʚʝ ʜʘ ʩʝ ʪʨʫʜʝ ʜʘ ʟʘʦʙʣʝ ʪʘʣʘʩʥʠ ʦʙʣʠʢ ʬʣʫʢʩʘ ʢʦʿʠ ʿʝ 

ʠʟʘʟʚʘʦ ʟʘʩʠ˂ʝˁʝ [80]. ɸʄ ʩʘ ʟʘʪʚʦʨʝʥʠʤ ʨʦʪʦʨʩʢʠʤ ʞʣʝʙʦʚʠʤʘ ʠʤʘʿʫ ʠʟʨʘʞʝʥʫ ʘʥʠʟʦʪʨʦʧʠʿʫ 

ʫʩʣʝʜ ʟʘʩʠ˂ʝˁʘ. ʂʦʜ ˁʠʭ ʩʝ ʧʨʦʤʝʥʘ ʇʈʄʇ ʫʩʣʝʜ ʟʘʩʠ˂ʝˁʘ ʬʠʟʠʯʢʠ ʤʦʞʝ ʨʘʟʫʤʝʪʠ ʢʘʦ 

ʫʚʝ˂ʘʥʦ ʦʪʚʘʨʘˁʝ ʞʣʝʙʘ ʢʘ ʟʘʟʦʨʫ. ʂʘʜʘ ʟʘʩʠ˂ʝˁʝ ʥʘʩʪʘʥʝ ʫ ʿʘʨʤʫ, ʭʘʨʤʦʥʠʮʠ ʟʘʩʠ˂ʝˁʘ ʠʤʘʿʫ 

ʬʘʟʫ ʢʦʿʘ ʪʝʞʠ ʜʘ ʧʦʿʘʯʘ ʚʨʰʥʫ ʚʨʝʜʥʦʩʪ ʪʘʣʘʩʥʦʛ ʦʙʣʠʢʘ ʨʝʟʫʣʪʫʿʫ˂ʝʛ ʬʣʫʢʩʘ [120]. ɸʢʦ ʿʝ 

ʩʘʤʦ ʧʨʚʠ ʭʘʨʤʦʥʠʢ ʧʦˀʘ ʟʘʩʠ˂ʝʥ, ʇʈʄʇ ʩʝ ʤʦʞʝ ʤʦʜʝʣʠʨʘʪʠ ʧʨʝʤʘ [120], [121], [122], ʢʘʦ  
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ʛʜʝ Ὤ ʠ ‗ ʨʝʜʦʤ ʨʝʜ ʠ ʚʨʰʥʘ ʚʨʝʜʥʦʩʪ ʭʘʨʤʦʥʠʢʘ ʫʩʣʝʜ ʟʘʩʠ˂ʝˁʘ ʢʦʿʠ ʫʪʠʯʫ ʥʘ ʩʪʘʪʦʨʩʢʠ 
ʬʣʫʢʩ [120]. ɺʠʰʠ ʭʘʨʤʦʥʠʮʠ ʚʝʢʪʦʨʘ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ ʫʩʣʝʜ ʟʘʩʠ˂ʝˁʘ ʩʫ ʦʧʠʩʘʥʠ ʨʝʜʦʤ 
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ʛʜʝ ʿʝ ὄ ȟȟ ‗Ὂȟ τϳ. ʋʛʘʦʥʘ ʙʨʟʠʥʘ ʠ ʙʨʦʿ ʧʘʨʠ ʧʦʣʦʚʘ ʭʘʨʤʦʥʠʢʘ ʟʘʩʠ˂ʝˁʘ ʨʝʜʦʤ ʠʟʥʦʩʝ 

‫ȟȟ Ὤή‫ ‫ ή ςὬ  ʠ ὴȟȟ Ὤὺὴ ὴὺ ςὬ . ʄʦʞʝ ʩʝ ʚʠʜʝʪʠ ʜʘ ʤʘʛʥʝʪʩʢʦ 

ʟʘʩʠ˂ʝˁʝ ʟʫʧʮʘ ʧʨʦʠʟʚʦʜʠ ʢʦʤʧʦʥʝʥʪʝ ʧʦˀʘ ʨʝʜʘ 1,3,5,7,9, ʠʪʜ. [80]. ɼʨʫʛʠ ʧʨʠʩʪʫʧ 

ʤʦʜʝʣʠʨʘˁʫ ʟʘʩʠ˂ʝˁʘ ʿʝ ʧʫʪʝʤ ʪʨʝ˂ʝʛ ʭʘʨʤʦʥʠʢʘ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ [65], [120]. ʂʦʜ ʦʚʦʛ 

ʧʨʠʩʪʫʧʘ, ʧʨʦʤʝʥʘ ʇʈʄʇ ʫʩʣʝʜ ʟʘʩʠ˂ʝˁʘ ʩʝ ʘʧʨʦʢʩʠʤʠʨʘ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʦʤ ʬʫʥʢʮʠʿʦʤ 
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ʛʜʝ ʿʝ Ὧ  ʦʜʥʦʩ ʚʨʰʥʠʭ ʚʨʝʜʥʦʩʪʠ ʧʨʚʠʭ ʭʘʨʤʦʥʠʢʘ ʧʦˀʘ ʫ ʟʘʟʦʨʫ ʢʘʜʘ ʿʝ ʤʘʰʠʥʘ ʥʝʟʘʩʠ˂ʝʥʘ 

ʠ ʢʘʜʘ ʿʝ ʟʘʩʠ˂ʝʥʘ [62]. ʇʦʩʤʘʪʨʘ ʩʝ ʠʥʪʝʨʘʢʮʠʿʘ ʩʘʤʦ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʄʇʉ ʩʪʘʪʦʨʘ 

Ὂ ÃÏÓ‫ὸ  ὴ— ʩʘ ʧʨʦʤʝʥˀʠʚʦʤ ʇʈʄʇ, ʜʦʢ ʩʝ ʜʨʫʛʝ ʢʦʤʧʦʥʝʥʪʝ ʄʇʉ ʠ ʘʥʠʟʦʪʨʦʧʠʿʝ 

ʟʘʥʝʤʘʨʫʿʫ, ʢʘʦ ʠ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʥʘʧʘʿʘˁʘ. ʊʘʜʘ, ʠʥʪʝʨʘʢʮʠʿʘ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʄʇʉ ʩʪʘʪʦʨʘ 

ʩʘ ʧʨʦʤʝʥˀʠʚʦʤ ʇʈʄʇ (2.86), ʨʝʟʫʣʪʫʿʝ ʚʠʰʠʤ ʭʘʨʤʦʥʠʮʠʤʘ ʫʩʣʝʜ ʟʘʩʠ˂ʝˁʘ ʦʧʠʩʘʥʠ ʢʘʦ 
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2.3.6 ɽʢʩʮʝʥʪʨʠʮʠʪʝʪ ʨʦʪʦʨʘ 
 

ɽʢʩʮʝʥʪʨʠʮʠʪʝʪ ʨʦʪʦʨʘ ʤʦʞʝ ʙʠʪʠ ʜʠʥʘʤʠʯʢʠ, ʩʪʘʪʠʯʢʠ ʠʣʠ ʢʦʤʙʠʥʦʚʘʥʠ, ʠ ʜʦʚʦʜʠ ʜʦ 

ʘʩʠʤʝʪʨʠʯʥʠʭ ʩʠʣʘ ʢʦʿʝ ʫʟʨʦʢʫʿʫ ʚʠʙʨʘʮʠʿʝ, ʢʚʘʨ ʥʘ ʣʝʞʘʿʝʚʠʤʘ, ʠʪʜ. [69]. ʂʦʜ ʩʪʘʪʠʯʢʦʛ ʦʩʘ 

ʩʠʤʝʪʨʠʿʝ ʨʦʪʦʨʘ ὕ ʠ ʦʩʘ ʨʦʪʘʮʠʿʝ ὕ ʩʫ ʧʨʝʢʣʦʧˀʝʥʝ ʠ ʪʨʘʿʥʦ ʠʟʤʝʰʪʝʥʝ ʠʟ ʦʩʝ ʩʠʤʝʪʨʠʿʝ 

Aʄ,  ʢʘʦ ʥʘ ʉʣʠʮʠ 2.13. ʉʪʘʪʠʯʢʠ ʥʘʩʪʘʿʝ ʫʩʣʝʜ ʣʦʰʝ ʤʦʥʪʘʞʝ ʣʝʞʘʿʝʚʘ, ʥʝʫʩʢʣʘʹʝʥʦʛ ʢʫ˂ʠʰʪʘ 

Aʄ ʠʣʠ ʦʚʘʣʥʦʩʪʠ ʩʪʘʪʦʨʘ [123], [124]. ʂʦʜ ʜʠʥʘʤʠʯʢʦʛ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪa ʦʩʘ ʨʦʪʘʮʠʿʝ ὕ ʩʝ 
ʧʦʢʣʘʧʘ ʩʘ ʦʩʦʤ ʩʠʤʝʪʨʠʿʝ ʩʪʘʪʦʨʘ ὕ ʘʣʠ ʩʝ ʨʘʟʣʠʢʫʿʝ ʦʜ ʦʩʝ ʩʠʤʝʪʨʠʿʝ ʨʦʪʦʨʘ ὕ. Oʜʩʪʫʧʘˁʝ 
ʩʝ ʤʝˁʘ ʩʘ ʦʙʨʪʘˁʝʤ ʨʦʪʦʨʘ ʠ ʧʦʩʪʦʿʠ ʜʠʥʘʤʠʯʢʘ ʧʨʦʤʝʥʘ ʟʘʟʦʨʘ. ʆʚʦ ʩʝ ʿʘʚˀʘ ʫʩʣʝʜ ʠʟʚʠʿʘˁʘ 

ʠʣʠ ʩʘʚʠʿʘˁʘ ʚʨʘʪʠʣʘ, ʥʝʫʩʢʣʘʹʝʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ, ʠʪʜ. ʂʦʤʙʠʥʦʚʘʥʠ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪ ʥʘʩʪʘʿʝ 

ʢʘʦ ʢʦʤʙʠʥʘʮʠʿʘ ʥʘʚʝʜʝʥʠʭ ʬʝʥʦʤʝʥʘ, ʠ ʦʩʘ ʨʦʪʘʮʠʿʝ ʿʝ ʨʘʟʣʠʯʠʪʘ ʠ ʦʜ ʦʩʝ ʩʠʤʝʪʨʠʿʝ ʠ ʩʪʘʪʦʨʘ 

ʠ ʨʦʪʦʨʘ. ʇʨʦʤʝʥʝ ʟʘʟʦʨʘ ʫʩʣʝʜ ʥʘʚʝʜʝʥʠʭ ʬʝʥʦʤʝʥʘ ʩʝ ʤʦʛʫ ʤʦʜʝʣʠʨʘʪʠ ʢʘʦ [123]:  

 

 
ʉʣʠʢʘ 2.13. ɻʝʦʤʝʪʨʠʿʩʢʦ ʠʟʤʝʰʪʘˁʝ ʨʦʪʦʨʘ ʢʘʦ ʫʟʨʦʢ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪʘ. 
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ʇʨʚʠ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʠ ʯʣʘʥ ʦʧʠʩʫʿʝ ʩʪʘʪʠʯʢʠ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪ ʫ ʬʫʥʢʮʠʿʠ ʧʦʣʦʞʘʿʘ ʜʫʞ 

ʦʙʠʤʘ ʩʪʘʪʦʨʘ ʠ ʦʜʩʪʫʧʘˁʘ ʠʟʤʝʹʫ ʦʩʘ ὕ ʠ ὕ ʢʦʝʬʠʮʠʿʝʥʪʦʤ Ὧ ὕὕ ‏ϳ. ɼʨʫʛʠ ʯʣʘʥ 
ʦʧʠʩʫʿʝ ʜʠʥʘʤʠʯʢʠ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪ ʫ ʬʫʥʢʮʠʿʠ ʧʦʣʦʞʘʿʘ ʜʫʞ ʦʙʠʤʘ ʩʪʘʪʦʨʘ, ʫʛʣʘ ʦʙʨʪʘˁʘ 

ʨʦʪʦʨʘ — ʠ ʦʜʩʪʫʧʘˁʘ ʠʟʤʝʹʫ ʦʩʘ ὕ ʠ ὕ ʢʦʝʬʠʮʠʿʝʥʪʦʤ Ὧ ὕὕ ‏ϳ. ʀʩʪʫʨʝʥʠ ʧʦʣʦʚʠ ʠ 
ʜʨʫʛʝ ʛʝʦʤʝʪʨʠʿʩʢʝ ʘʩʠʤʝʪʨʠʿʝ ʫ ʤʘʛʥʝʪʩʢʠʤ ʢʦʣʠʤʘ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʢʦʜ ɽʄ ʩʝ ʤʦʛʫ 

ʠʥʪʝʨʧʨʝʪʠʨʘʪʠ ʠ ʤʦʜʝʣʦʚʘʪʠ ʥʘ ʩʣʠʯʘʥ ʥʘʯʠʥ [66]. ʇʨʦʤʝʥʘ ʇʈʄʇ ʫʩʣʝʜ ʩʪʘʪʠʯʢʦʛ 

ʝʢʩʮʝʥʪʨʠʮʠʪʝʪʘ ʩʝ ʤʦʞʝ ʤʦʜʝʣʦʚʘʪʠ ʢʘʦ 
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ÃÏÓὬ —ȟ ςȢψω 

 

ʛʜʝ ʿʝ Ὤ  ʨʝʜ ʭʘʨʤʦʥʠʢʘ ʫʩʣʝʜ ʩʪʘʪʠʯʢʦʛ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪʘ [80], [121]. ʇʨʦʤʝʥʘ ʇʈʄʇ ʫʩʣʝʜ 

ʜʠʥʘʤʠʯʢʦʛ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪʘ, ʛʜʝ ʿʝ Ὤ  ʨʝʜ ʭʘʨʤʦʥʠʢʘ ʫʩʣʝʜ ʜʠʥʘʤʠʯʢʦʛ [80], ʿʝ ʦʧʠʩʘʥʘ ʩʘ  

 

ʇ — ‗ ÃÏÓὬ —   ὸ
ς‘

‏

ρ ρ Ὧ

Ὧ ρ Ὧ
ÃÏÓὬ —   ὸ ȢςȢωπ 

 

ʂʦʤʧʦʥʝʥʪʝ ʩʪʘʪʦʨʩʢʝ ʠʥʜʫʢʮʠʿʝ ʫ ʟʘʟʦʨʫ ʫʩʣʝʜ ʠʥʪʝʨʘʢʮʠʿʝ ʄʇʉ ʩʪʘʪʦʨʘ ʩʘ ʧʨʦʤʝʥˀʠʚʦʤ 

ʇʈʄʇ ʫʩʣʝʜ ʩʪʘʪʠʯʢʦʛ ʠ ʜʠʥʘʤʠʯʢʦʛ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪʘ ʨʦʪʦʨʘ, ʜʘʪʝ ʩʫ ʨʝʜʦʤ ʢʘʦ 

 

ὄ ȟȟ —ȟὸ ὄ ȟȟÃÏÓή‫ὸ ὺὴ Ὤ — •ȟ ȟ  ςȢωρ
 

ὄ ȟȟ —ȟὸ ὄ ȟȟÃÏÓή‫ Ὤ   ὸ ὺὴ Ὤ — •ȟ Ȣ ςȢως
 

 

ʛʜʝ ʩʫ ὄ ȟȟ Ὂȟ‗ ςϳ ʠ ὄ ȟȟ Ὂȟ‗ ςϳ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʫʩʣʝʜ 

ʝʢʩʮʝʥʪʨʠʮʠʪʝʪʘ ʨʝʜʘ Ὤ  ʠ Ὤ , ʨʝʩʧʝʢʪʠʚʥʦ. ʄʦʞʝ ʩʝ ʫʦʯʠʪʠ ʜʘ ʩʚʘʢʘ ʢʦʤʧʦʥʝʥʪʘ ʩʪʘʪʦʨʩʢʝ 
ʄʇʉ ʫʩʣʝʜ ʩʪʘʪʠʯʢʦʛ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪʘ ʩʪʚʘʨʘ ʜʚʘ ʜʦʜʘʪʥʘ ʭʘʨʤʦʥʠʢʘ ʫ ʟʘʟʦʨʫ ʠʩʪʝ ʝʣʝʢʪʨʠʯʥʝ 

ʫʛʘʦʥʝ ʙʨʟʠʥʝ ήʘʣʠ ʨʘʟʣʠʯʠʪʝ ʧʦʣʥʦʩʪʠ ὺὴ ,‫ Ὤ . ʆʜʥʦʩʥʦ, ʩʪʘʪʠʯʢʠ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪ 

ʩʪʚʘʨʘ ʢʦʤʧʦʥʝʥʪʝ ʬʣʫʢʩʘ ʢʦʿʝ ʠʤʘʿʫ ʜʨʫʛʘʯʠʿʠ ʙʨʦʿ ʧʘʨʠ ʧʦʣʦʚʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʭʘʨʤʦʥʠʮʠʤʘ 

ʢʦʿʠ ʧʦʩʪʦʿʝ ʫ ʠʩʧʨʘʚʥʦʿ ʤʘʰʠʥʠ, ʘʣʠ ʧʦʩʪʦʿʝ ʥʘ ʠʩʪʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʫ ʩʧʝʢʪʨʫ ʩʪʨʫʿʝ ʥʘ 

ʢʦʿʠʤʘ ʚʝ˂ ʧʦʩʪʦʿʝ ʜʨʫʛʠ ʭʘʨʤʦʥʠʮʠ ʫ ʠʩʧʨʘʚʥʦʿ ʤʘʰʠʥʠ ʢʘʜʘ ʤʦʜʠʬʠʢʫʿʫ ˁʠʭʦʚʝ ʚʨʝʜʥʦʩʪʠ. 

ɿʘʪʦ ʩʝ ʥʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʟʘ ʧʦʪʨʝʙʝ MCSA ʤʝʪʦʜʘ. ɼʝʪʝʢʮʠʿʘ ʩʪʘʪʠʯʢʦʛ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪʘ ʩʝ 

ʩʧʨʦʚʦʜʠ ʫʧʦʪʨʝʙʦʤ ʨʘʥʠʿʝ ʥʘʚʝʜʝʥʠʭ ʠʥʜʠʨʝʢʪʥʠʭ ʤʝʪʦʜʘ, ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʈɾʍ [80] ʠ ʥʘ 

ʨʘʩʧʦʜʝˀʝʥʦʤ ʩʧʝʢʪʨʫ ʢʦʿʠ ʥʘʩʪʘʿʝ ʫ ʦʢʦʣʠʥʠ ʭʘʨʤʦʥʠʢʘ ʘʥʠʟʦʪʨʦʧʠʿʝ ʦʜ ʠʥʪʝʨʝʩʘ (ʝʥʛʣ. 

spectral leakage). ɼʠʥʘʤʠʯʢʠ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪ ʪʘʢʦʹʝ ʩʪʚʘʨʘ ʜʚʝ ʢʦʤʧʦʥʝʥʪʝ, ʘʣʠ ʥʘ 

ʩʧʝʮʠʬʠʯʥʠʤ ʫʛʘʦʥʠʤ ʙʨʟʠʥʘʤʘ ή‫ Ὤ    ʠ ʩʘ ʝʬʝʢʪʠʚʥʠʤ ʙʨʦʿʝʤ ʧʘʨʠ ʧʦʣʦʚʘ ὺὴ Ὤ . 
ɿʘʪʦ ʩʝ ʜʠʥʘʤʠʯʢʦ ʦʜʩʪʫʧʘˁʝ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʧʦʪʨʝʙʝ sensorless ʘʣʛʦʨʠʪʘʤʘ. ʍʘʨʤʦʥʠʮʠ 

ʫʩʣʝʜ ʩʪʘʪʠʯʢʦʛ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪʘ ʠʤʘʿʫ ʩʫʧʨʦʪʘʥ ʩʤʝʨ ʦʙʨʪʘˁʘ ʦʜ ʜʨʫʛʠʭ ʢʦʤʧʦʥʝʥʘʪʘ ʩʘ 

ʢʦʿʠʤʘ ʩʝ ʧʦʢʣʘʧʘʿʫ, ʠ ʜʦʚʦʜʝ ʜʦ ʧʫʣʩʘʮʠʦʥʠʭ ʤʦʤʝʥʘʪʘ ʢʘʦ ʰʪʦ ʿʝ ʨʘʥʠʿʝ ʦʙʿʘʰˁʝʥʦ.  
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2.3.7 ɺʝʢʪʦʨ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ ʩʪʘʪʦʨʘ 
 

ʀʟ ʧʨʝʜʩʪʘʚˀʝʥʦʛ, ʤʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʩʚʘʢʠ ʚʨʝʤʝʥʩʢʠ ʭʘʨʤʦʥʠʢ ʫ ʠʥʪʝʨʘʢʮʠʿʠ ʩʘ 

ʨʘʩʧʦʜʝˀʝʥʠʤ ʥʘʤʦʪʘʿʝʤ ʩʪʘʪʦʨʘ ʩʪʚʘʨʘ ʜʚʝ ʢʦʤʧʦʥʝʥʪʝ ʄʇʉ ʩʪʘʪʦʨʘ. ʂʘʜʘ ʩʝ ʟʘʥʝʤʘʨʝ 

ʘʥʠʟʦʪʨʦʧʠʿʝ, ʦʚʝ ʜʚʝ ʢʦʤʧʦʥʝʥʪʝ ʄʇʉ ʩʪʚʘʨʘʿʫ ʜʚʝ ʢʦʤʧʦʥʝʥʪʝ ʚʝʢʪʦʨʘ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ. 

ʋ ʩʫʧʨʦʪʥʦʤ, ʩʚʘʢʘ ʢʦʤʧʦʥʝʥʪʘ ʄʇʉ ʩʪʘʪʦʨʘ ʩʪʚʘʨʘ ʜʚʝ, ʯʝʪʠʨʠ ʠʣʠ ʦʩʘʤ ʜʦʜʘʪʥʠʭ 

ʢʦʤʧʦʥʝʥʪʠ ʧʦˀʘ ʫ ʠʥʪʝʨʘʢʮʠʿʠ ʩʘ ʩʚʘʢʦʤ ʦʜ ʘʥʘʣʠʟʠʨʘʥʠʭ ʘʥʠʟʦʪʨʦʧʠʿʘ: ʞʣʝʙʦʚʠ ʥʘ ʨʦʪʦʨʫ, 

ʞʣʝʙʦʚʠ ʥʘ ʩʪʘʪʦʨʫ, ʟʘʩʠ˂ʝˁʝ, ʩʪʘʪʠʯʢʠ ʠ ʜʠʥʘʤʠʯʢʠ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪ. ʆʜʥʦʩʥʦ, ʿʝʜʘʥ 

ʭʘʨʤʦʥʠʢ ʄʇʉ ʩʪʚʘʨʘ 11 ʢʦʤʧʦʥʝʥʪʠ ʠʥʜʫʢʮʠʿʝ, ʪʿ. ʿʝʜʘʥ ʚʨʝʤʝʥʩʢʠ ʭʘʨʤʦʥʠʢ ʥʘʧʘʿʘˁʘ ʩʪʚʘʨʘ 

22 ʢʦʤʧʦʥʝʥʪʝ ʠʥʜʫʢʮʠʿʝ, ʛʜʝ ʿʝ ʩʚʘʢʠ ʭʘʨʤʦʥʠʢ ʦʧʠʩʘʥ ʩʚʦʿʠʤ ʙʨʦʿʝʤ ʧʘʨʠ ʧʦʣʦʚʘ ὴ, 

ʫʛʘʦʥʦʤ ʫʯʝʩʪʘʥʦʰ˂ʫ ‫ , ʚʨʰʥʦʤ ʚʨʝʜʥʦʰ˂ʫ ὄ  ʠ ʬʘʟʦʤ ʫ ʦʜʥʦʩʫ ʥʘ ʦʩʥʦʚʥʦ ʧʦˀʝ • , ʢʘʦ 

 

ὄ —ȟὸ Ὢȟ —ȟὸ ɤ ʇ ʇ ʇ ʇ

ὄȟȟ —ȟὸ ὄ ȟȟ —ȟὸ ὄȟȟ —ȟὸ ὄ ȟȟ —ȟὸ ὄ ȟȟ —ȟὸ

ὄ ÃÏÓ‫ ὸ ὴ— • ςȢωσ

 

                Ὤ

ừ
Ử
Ử
Ừ

Ử
Ử
ứ
Ὤ ήɴ ρȟЊ                   
Ὤ ὺ ɴ ЊȟπẕπȟЊ

Ὤ Ὤ ɴ ЊȟЊ             

Ὤ Ὤ ɴ ЊȟЊ             
Ὤ Ὤ ɴ ЊȟπẕπȟЊ
Ὤ Ὤ ᶰ ЊȟπẕπȟЊ
Ὤ Ὤ ᶰ ЊȟπẕπȟЊ

ςȢωτ 

ὄ ὄ ὄ

ừ
ỬỬ
Ừ

ỬỬ
ứ
Ὂȟɤ       ̈ ́Ὤ Ὤ πȟὬ Ὤ πȟ

Ὂȟ‗ τϳ  ̈ ́ Ὤ Ὤ πȟὬ Ὤ πȟ

Ὂȟ‗ τϳ     ̈ ́ Ὤ Ὤ πȟ                     

Ὂȟ‗ ςϳ     ̈ ́ Ὤ Ὤ πȟ                      

Ὂȟ‗ ςϳ     ̈ ́ Ὤ Ὤ πȟ                    

ςȢωυ 

‫ ‫

ừ
Ử
Ừ

Ử
ứ
ήὬ́ ̈                            ‫ Ὤ πȟὬ Ὤ πȟ
ή‫ Ὤὔ         ̈ ́ Ὤ Ὤ πȟὬ Ὤ πȟ
ή‫ ςὬὬ ́ ̈           ‫ Ὤ πȟ                        
ήὬ ́ ̈                             ‫ Ὤ πȟ                       
ή‫ Ὤ             ̈ ́ Ὤ Ὤ πȟ                     

ςȢωφ 

                  ὴ ὴ

ừ
Ử
Ừ

Ử
ứ
ὺὴ                                  ̈ ́Ὤ Ὤ πȟὬ Ὤ πȟ
ὺὴ Ὤὔ Ὤὔ     ̈ ́ Ὤ Ὤ πȟὬ Ὤ πȟ
ὺὴ ςὴὬ                    ̈ ́ Ὤ Ὤ πȟ                         
ὺὴ Ὤ                        ̈ ́ Ὤ Ὤ πȟ                        
ὺὴ Ὤ                        ̈ ́ Ὤ Ὤ πȟ                      

ςȢωχ 

 

2.3.8 ʈʝʘʢʮʠʿʘ ʢʘʚʝʟʥʦʛ ʨʦʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ  
 

ʂʨʘʪʢʦʩʧʦʿʝʥʠ ʨʦʪʦʨʩʢʠʭ ʥʘʤʦʪʘʿ ʩʝ ʥʘʣʘʟʠ ʫ ʧʨʦʤʝʥˀʠʚʦʤ ʦʙʨʪʥʦʤ ʧʦˀʫ ʩʪʘʪʦʨʘ. ʃʠʥʠʿʝ 

ʧʦˀʘ ʚʝʢʪʦʨʘ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ ὄ  ʧʨʝʩʝʮʘʿʫ ʨʦʪʦʨʩʢʝ ʰʪʘʧʦʚʝ ʠ ʠʥʜʫʢʫʿʫ ɽʄʉ ʢʦʿʫ ʪʘʜʘ 
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ʯʠʥʝ ʧʨʝʜʩʪʘʚˀʝʥʠ ʭʘʨʤʦʥʠʮʠ. ɹʨʦʿ ʧʦʣʦʚʘ ʥʘ ʢʘʚʝʟʥʦʤ ʨʦʪʦʨʫ ʿʝ ʦʜʨʝʹʝʥ ʚʠʰʝʧʦʣʥʦʰ˂ʫ 

ʧʦʙʫʜʥʦʛ ʧʦˀʘ ʩʪʘʪʦʨʘ. ɸʢʦ ʩʝ ʧʦʩʤʘʪʨʘ ʩʘʤʦ ʧʨʚʠ ʭʘʨʤʦʥʠʢ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ,‫ 
ʢʘʚʝʟʫ ʨʦʪʦʨʘ ʧʦʩʪʦʿʝ ʩʪʨʫʿʝ ʫʯʝʩʪʘʥʦʩʪʠ ʢʣʠʟʘˁʘ ,‫ ‫ ὴ  ὴ    , ί    ϳ . 

ʇʨʝʤʘ ʧʦʪʧʦʛʣʘʚˀʫ 2.3.2, ʧʨʦʩʪʦʨʥʠ ʭʘʨʤʦʥʠʢ ὺ = 5 ʩʪʚʦʨʠ˂ʝ ʦʙʨʪʥʦ ʧʦˀʝ ʢʦʿʝ ʩʝ ʦʙʨ˂ʝ 

ʤʝʭʘʥʠʯʢʦʤ ʙʨʟʠʥʦʤ ‫ ὺὴϳ . ʀʥʜʫʢʦʚʘʥʝ ʩʪʨʫʿʝ ʥʘ ʨʦʪʦʨʫ ʫʩʣʝʜ ʧʦʩʤʘʪʨʘʥʝ ʢʦʤʧʦʥʝʥʪʝ 

ʧʦˀʘ ʩʫ ʪʘʜʘ ʦʧʠʩʘʥʝ ʫʛʘʦʥʦʤ ʫʯʝʩʪʘʥʦʰ˂ʫ ‫ ὺὴϳ ‫ ὺὴϳ ɱ , ʦʜʥʦʩʥʦ 

 

‫ ‫ ὺὴɱ ‫ ὺ‫ ‫ ὺρ ί‫ ‫ ρ ὺρ ί ί‫ ςȢωψ 

 

ʛʜʝ ʿʝ ί ʢʣʠʟʘˁʝ ʟʘ ὺ-ʪʠ ʭʘʨʤʦʥʠʢ ʧʨʦʩʪʦʨʥʝ ʨʘʩʧʦʜʝʣʝ ʥʘʤʦʪʘʿʘ ʩʪʘʪʦʨʘ. ʊʘʜʘ ʩʝ ʩʪʨʫʿʝ 

ʨʦʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ, ʠʥʜʫʢʦʚʘʥʝ ʦʜ ʩʪʨʘʥʝ ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ ʧʦˀʘ ʨʝʜʘ ὺ φὯ ρȟὯ
πȟρȟςȟȣ ʢʦʿʠ ʧʦʪʠʯʫ ʦʜ ʨʘʩʧʦʜʝʣʝ ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ, ʤʦʛʫ ʠʟʨʘʟʠʪʠ ʢʘʦ  

 

Ὥὸ ὍЍςÃÏÓρ ὺρ ί ὸ ‫ ὍЍςÃÏÓί‫ὸȟ ςȢωω 

 

ʛʜʝ ʿʝ Ὅ ʝʬʝʢʪʠʚʥʘ ʚʨʝʜʥʦʩʪ ʩʪʨʫʿʝ ʨʦʪʦʨʘ ʠʥʜʫʢʦʚʘʥʦʛ ʫʩʣʝʜ ʚʠʰʝʛ ʧʨʦʩʪʦʨʥʦʛ ʭʘʨʤʦʥʠʢʘ 
ʧʦˀʘ ʩʪʘʪʦʨʘ ʨʝʜʘ ὺ. ʄʦʛʫ˂ʝ ʿʝ ʫʚʘʞʠʪʠ ʠʩʪʦʤ ʣʦʛʠʢʦʤ ʠ ʦʩʪʘʣʝ ʨʘʟʤʘʪʨʘʥʝ ʘʥʠʟʦʪʨʦʧʠʿʝ. ɸʢʦ 

ʿʝ ʨʦʪʦʨ ʘʢʩʠʿʘʣʥʝ ʜʫʞʠʥʝ L ʠ ʧʨʝʯʥʠʢʘ Ὀ, ʘ ʣʠʥʝʘʨʥʘ ʙʨʟʠʥʘ ʠʟʤʝʹʫ h ʪʘʧʘ m 

πȟρȣȟὔ ρ ʠ ʧʨʚʦʛ ʠ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʠʥʜʫʢʮʠʿʝ ὄ —ȟὸ ʦʧʠʩʘʥʘ ʩʘ ὠȟ , ʠʥʜʫʢʦʚʘʥʘ 

ɽʄʉ ʥʘ ʰʪʘʧʫ m ʩʝ ʜʦʙʠʿʘ ʢʘʦ Ὡȟ ὸ ὄ —ȟὸὒὠȟ  [53], ʪ.ʿ  

 

Ὡȟ ὸ ὄ ὒ
Ὀ

ς
‫ ὴ  ÃÏÓὴ  ‫ ὸ ὴ

ς“

ὔ
ά • Ȣ ςȢρππ 

 

ʐʪʘʧʥʝ ɽʄʉ ʩʫ ʬʘʟʥʦ ʧʦʤʝʨʝʥʝ ʟʘ ʧʨʦʩʪʦʨʥʠ ʧʦʤʝʨʘʿ ʰʪʘʧʘ m ʧʨʝʤʘ ʨʝʬʝʨʝʥʪʥʦʿ ʦʩʠ 

ʨʦʪʦʨʘ. ʍʘʨʤʦʥʠʮʠ ɽʄʉ ʠʥʜʫʢʫʿʫ ʩʪʨʫʿʝ ʬʘʟʥʦ ʧʦʤʝʨʝʥʝ ʟʘ ʚʨʝʜʥʦʩʪ ʫʛʣʘ ʬʘʢʪʦʨʘ ʩʥʘʛʘ • , 
ʢʘʦ ʥʘ ʉʣʠʮʠ 2.14, ʛʜʝ ʿʝ •  ʬʫʥʢʮʠʿʘ ʠʤʧʝʜʘʥʩʝ ʨʦʪʦʨʩʢʦʛ ʰʪʘʧʘ ὤ [125]. ʉʪʨʫʿʘ ʰʪʘʧʘ m, 

Ƕ ὩǶὤ, ʦʜʨʝʹʝʥʘ ʿʝ ʠʥʜʫʢʮʠʿʦʤ ὄ —ȟὸ, ʦʧʪʝʨʝ˂ʝˁʝʤ ʠ ʙʨʟʠʥʦʤ ʦʙʨʪʘˁʘ ʨʦʪʦʨʘ ʢʘʦ  

 

Ὥȟ ὸ
ὄ ὒὈ

ςὤ
‫ ὴ  ÃÏÓὴ  ‫ ὸ ὴ

ς“

ὔ
ά • • ȢςȢρπρ 

 

ʇʨʠ ʧʨʝʣʦʤʫ ʰʪʘʧʘ k, ʜʦʣʘʟʠ ʜʦ ʫʚʝ˂ʘˁʘ ʦʪʧʦʨʥʦʩʪʠ h ʪʘʧʘ. ʊʘʜʘ ʿʝ ɸʄ ʥʝʩʠʤʝʪʨʠʯʥʦ 

ʦʧʪʝʨʝ˂ʝˁʝ, a ʨʦʪʦʨʩʢʝ ʩʪʨʫʿʝ ʯʠʥʝ ʘʩʠʤʝʪʨʠʯʥʠ ʪʨʦʬʘʟʥʠ ʩʠʩʪʝʤ ʩʘ ʚʠʰʠʤ ʭʘʨʤʦʥʠʮʠʤʘ. 

ʃʦʤ ʰʪʘʧʘ ʩʝ ʫʚʘʞʘʚʘ ʧʨʠʤʝʥʦʤ ʩʫʧʝʨʧʦʟʠʮʠʿʝ ʠ ʨʘʟʤʘʪʨʘˁʝʤ ʩʪʘˁʘ ʫ ʧʨʠʩʫʩʪʚʫ ʠ ʫ ʦʜʩʫʩʪʚʫ 

ʢʚʘʨʘ. ʋ ʧʨʠʩʫʩʪʚʫ ʢʚʘʨʘ ʧʦʪʨʝʙʥʦ ʿʝ ʧʦʩʤʘʪʨʘʪʠ ʤʘʪʨʠʮʝ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠ ʦʪʧʦʨʥʦʩʪʠ ʢʦʿʝ 

ʦʧʠʩʫʿʫ ʩʪʘˁʝ ʢʚʘʨʘ, ʪʿ. ʧʨʦʤʝʥʫ ʠʤʧʝʜʘʥʩʝ ʨʦʪʦʨʩʢʦʛ ʰʪʘʧʘ ὤ ᷂•  [83]. ʄʘʪʨʠʮʘ 

ʦʪʧʦʨʥʦʩʪʠ ʫʩʣʝʜ ʢʚʘʨʘ ʿʝ ʦʧʠʩʘʥʘ ʠʥʢʨʝʤʝʥʪʘʣʥʠʤ ʦʪʧʦʨʥʦʩʪʠʤʘ ʥʘ ʧʦʟʠʮʠʿʘʤʘ ὥȟ
ὥ ȟ ЎὙ , ὥȟ ὥ ȟ ЎὙ , ʜʦʢ ʩʫ ʦʩʪʘʣʠ ʝʣʝʤʝʥʪʠ ʤʘʪʨʠʮʝ ʿʝʜʥʘʢʠ ʥʫʣʠ. 

ʇʦʪʧʫʥʠ ʧʨʝʣʦʤ ʰʪʘʧʘ ʩʝ ʫʚʘʞʘʚʘ ʩʘ ЎὙ Њ. ʄʘʪʨʠʮʘ ʦʪʧʦʨʥʦʩʪʠ ʫʩʣʝʜ ʢʚʘʨʘ ʿʝ ʜʘʪʘ ʩʘ 
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ʉʣʠʢʘ 2.14. ɸʥʘʣʠʟʘ ʨʝʘʢʮʠʿʝ ʢʘʚʝʟʥʦʛ ʨʦʪʦʨʘ ʥʘʜ ʜʚʘ ʧʦʣʘ ʨʦʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ. 

 

ЎὙ ȟ

ụ
Ụ
Ụ
ợ
ȣ

ὥȟ ὥȟ
ὥ ȟ ὥ ȟ

ȣỨ
ủ
ủ
Ủ
Ȣ ςȢρπς 

 

ʇʨʠ ʧʨʝʣʦʤʫ ʰʪʘʧʘ, ʠʥʜʫʢʪʠʚʥʦʩʪ ʠʟʤʝʹʫ n-ʪʦʛ ʥʘʚʦʿʢʘ ʩʪʘʪʦʨʘ, n πȟρȣȟὔ ρ, ʠ m-
ʪʦʛ ʰʪʘʧʘ ʨʦʪʦʨʘ ʧʨʝʜʩʪʘʚˀʘ ʝʣʝʤʝʥʪ ʤʘʪʨʠʮʝ ʠʥʜʫʢʪʠʚʥʦʩʪʠ {n, m} ʠ ʦʧʠʩʘʥ ʿʝ ʠʟʨʘʟʦʤ  

 

ὰȟȟ — ὒ ÃÏÓὬ — ὲ ρ
ς“

ὔ
ά ρ

ς“

ὔ
ςȢρπσ 

 

ʛʜʝ ʿʝ ὒ  ʤʝʹʫʩʦʙʥʘ ʠʥʜʫʢʪʠʚʥʦʩʪ ʠʟʤʝʹʫ n-ʪʦʛ ʥʘʚʦʿʢʘ ʩʪʘʪʦʨʘ ʠ m-ʪʦʛ ʰʪʘʧʘ ʨʦʪʦʨʘ {n, m}   

ʧʨʠ ʢʦʤʧʦʥʝʥʪʠ ʧʦˀʘ ʨʝʜʘ Ὤ  ʢʦʿʘ ʥʘʩʪʘʿʝ ʫʩʣʝʜ ʧʨʝʣʦʤʘ ʨʦʪʦʨʩʢʦʛ ʰʪʘʧʘ.  ʋʚʘʞʘʚʘˁʝʤ 

(2.102) ʠ (2.103) ʫ ʤʦʜʝʣʫ ɸʄ (2.36) ï (2.39), ʜʦʙʠʿʘ ʩʝ ʩʘʜʨʞʘʿ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʫ ʨʦʪʦʨʩʢʠʤ 

ʬʣʫʢʩʝʚʠʤʘ ʫʩʣʝʜ ʧʨʝʣʦʤʘ ʨʦʪʦʨʩʢʦʛ ʰʪʘʧʘ. ʋ ʥʘʩʪʘʚʢʫ, ʨʘʟʤʘʪʨʘ ʩʝ ʩʘʤʦ ʩʠʤʝʪʨʠʯʥʠ ʩʠʩʪʝʤ 

ʨʦʪʦʨʩʢʠʭ ʩʪʨʫʿʘ. ʀʧʘʢ, ʢʨʘʿ ʘʥʘʣʠʟʝ ʦʙʫʭʚʘʪʘ ʠ ʟʘʢˀʫʯʢʝ ʫ ʚʝʟʠ ʩʘ ʢʚʘʨʦʚʠʤʘ ʫ ɸʄ.  

ʄʇʉ ʨʦʪʦʨʘ ʥʘʩʪʘʿʝ ʫʩʣʝʜ ʧʦʩʪʦʿʘˁʘ ʩʪʨʫʿʘ ʫ ʧʨʦʩʪʦʨʥʦ ʨʘʩʧʦʨʝʹʝʥʠʤ ʰʪʘʧʦʚʠʤʘ [53]. 

ʇʨʦʩʪʦʨʥʘ ʨʘʩʧʦʜʝʣʘ ʄʇʉ ʨʦʪʦʨʘ ʤʦʞʝ ʩʝ ʜʦʙʠʪʠ ʧʫʪʝʤ ʥʘʚʦʿʥʝ ʬʫʥʢʮʠʿʝ ʢʘʦ ʠ ʄʇʉ ʩʪʘʪʦʨʘ. 

ɿʘ ʢʦʥʮʝʥʪʨʠʩʘʥʠ ʥʘʤʦʪʘʿ ʨʦʪʦʨʘ ʩʘ NR ʥʘʚʦʿʘʢʘ ʩʘ ʩʪʨʫʿʦʤ (2.99) ʧʦʩʪʘʚˀʝʥʠʭ ʜʫʞ ʦʙʠʤʘ 

ʨʦʪʦʨʘ ʥʘ ʫʛʣʫ ‌ ς“ὔϳ , ʥʘʚʦʿʥʘ ʬʫʥʢʮʠʿʘ ʨʦʪʦʨʘ ʩʝ ʤʦʞʝ ʠʟʨʘʟʠʪʠ ʧʨʝʤʘ (2.53) ʢʘʦ  

 

ὔ —

ừ
Ừ

ứὔ ρ
‌

ς“
ὔ ρ

ρ

ὔ
 ὔ ρ Ƞ  ̈ ́

“

ὔ
—

“

ὔ

ὔ
‌

ς“
ὔ
ρ

ὔ
ρ Ƞ   ̈  ́̏̒̓́̌̏ —

ςȢρπτ 

 

ɸʢʦ ʿʝ v ʨʝʜ ʧʨʦʩʪʦʨʥʦʛ ʭʘʨʤʦʥʠʢʘ ʥʘʚʦʿʥʝ ʬʫʥʢʮʠʿʝ ʩʪʘʪʦʨʘ, ʘ hm ʨʝʜ ʚʠʰʝʛ ʭʘʨʤʦʥʠʢʘ 

ʨʦʪʦʨʩʢʝ ʥʘʚʦʿʥʝ ʬʫʥʢʮʠʿʝ, ʪʘʜʘ ʩʝ, ʨʘʟʚʦʿʝʤ ʬʫʥʢʮʠʿʝ ὔ —  ʫ ʌʫʨʠʿʝʦʚ ʨʝʜ, ʨʝʜʦʤ ʤʦʛʫ 

ʠʟʨʘʟʠ ʭʘʨʤʦʥʠʿʩʢʘ ʨʘʩʧʦʜʝʣʘ ʥʘʚʦʿʥʝ ʬʫʥʢʮʠʿʝ ʠ ʄʇʉ ʢʦʥʮʝʥʪʨʠʩʘʥʦʛ ʨʦʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ  

 

ὔ —
ςὔ

Ὤ“
ÓÉÎὬ

“

ὔ
ÃÏÓὬ— ȟ ςȢρπυ 
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Ὢȟ —ȟὸ Ὂȟ ÃÏÓί‫ὸ Ὤ— ȟ ςȢρπφ
 

 

ʛʜʝ ʫ ʮʠˀʫ ʿʝʜʥʦʩʪʘʚʥʠʿʝʛ ʟʘʧʠʩʘ, ʚʘʞʠ ʜʘ ʿʝ Ὤ ρȟςȟσȟȣ, ʪʿ. ʜʘ ʩʚʘʢʠ ʭʘʨʤʦʥʠʢ ʨʝʜʘ 
Ὤ ʯʠʥʝ ʜʚʝ ʦʩʮʠʣʘʪʦʨʥʝ ʬʫʥʢʮʠʿʝ ʚʨʰʥʠʭ ʚʨʝʜʥʦʩʪʠ Ὂȟ  ʜʘʪʝ ʢʘʦ  

 

Ὂȟ
ὍὔЍς

Ὤ“
ÓÉÎὬ

“

ὔ
Ὂȟ Ὂȟ Ȣ ςȢρπχ 

 

ɸʢʦ ʩʝ ʥʘʤʦʪʘʿ ʨʦʪʦʨʘ ʧʦʜʝʣʠ ʫ ʜʚʝ ʥʘʚʦʿʢʘ ʧʨʦʩʪʦʨʥʦ ʧʦʤʝʨʝʥʘ ʟʘ ʫʛʘʦ ς“ὔϳ , ʩʪʨʫʿʝ ʢʦʿʝ 

ʧʦʩʪʦʿʝ ʫ ʰʪʘʧʦʚʠʤʘ ʩʫ ʠʩʪʝ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ ʠ ʬʘʟʥʦ ʧʦʤʝʨʝʥʝ ʟʘ ʫʛʘʦ ς“ὺὴὔϳ  ʫʩʣʝʜ 

ʧʨʦʩʪʦʨʥʦʛ ʧʦʤʝʨʘʿʘ ʰʪʘʧʦʚʘ ʠ ʚʠʰʝʧʦʣʥʦʩʪʠ ʫʟʨʦʢʦʚʘʥʝ ʚʠʰʠʤ ʧʨʦʩʪʦʨʥʠʤ ʭʘʨʤʦʥʠʮʠʤʘ 

ʩʪʘʪʦʨʩʢʝ ʩʪʨʫʿʝ. ʊʘʜʘ ʩʝ ʟʘ ʜʦʜʘʪʥʠ ʥʘʚʦʿʘʢ ʩʪʨʫʿʘ, ʧʨʝʜʩʪʘʚʘ ʥʘʚʦʿʥʝ ʬʫʥʢʮʠʿʝ ʧʨʠʤʝʥʦʤ 

ʌʫʨʠʿʝʦʚʦʛ ʨʝʜʘ ʠ ʄʇʉ ʤʦʛʫ ʧʨʝʜʩʪʘʚʠʪʠ ʠʟʨʘʟʠʤʘ, ʨʝʜʦʤ ʢʘʦ  

 

Ὥȟ ὸ ὍЍςÃÏÓί‫ὸ ὺὴ
ς“

ὔ
ȟ ςȢρπψ 

ὔ —
ςὔ

Ὤ“
ÓÉÎὬ

“

ὔ
ÃÏÓὬ —

ς“

ὔ
ȟ ςȢρπω 

Ὢȟ ȟ —ȟὸ Ὂȟ ÃÏÓί‫ὸ Ὤ— ὺὴ Ὤ
ς“

ὔ
Ȣ ςȢρρπ

 

 

ʉʘʙʠʨʘˁʝʤ ʜʦʧʨʠʥʦʩʘ ʩʚʠʭ ʨʦʪʦʨʩʢʠʭ hʪʘʧʦʚʘ, ʉʣʠʢʘ 2.14, ʜʦʙʠʿʘ ʩʝ ʫʢʫʧʥʘ ʄʇʉ ʨʦʪʦʨʘ  
 

Ὢȟ —ȟὸ Ὂȟ ÃÏÓί‫ὸ Ὤ— άὺὴ Ὤ
ς“

ὔ
Ȣ

 

ςȢρρρ 

 

ʈʝʘʢʮʠʿʘ ʢʘʚʝʟʥʦʛ ʥʘʤʦʪʘʿʘ ʥʘ ʄʇʉ ʧʦʩʪʦʿʠ ʢʘʜʘ ʿʝ ȿὬȿ ȿὺȿὴ, ʠʣʠ ȿὬȿ ὺὴ Ὧὔ, 
ʛʜʝ ʿʝ Ὧ πȟρȟςȟσȣ [62]. ʂʘʜʘ ʿʝ ȿὬȿ ȿὺȿὴ ʜʦʙʠʿʘ ʩʝ ʨʝʘʢʮʠʿʘ ʥʘ ʧʨʚʠ ʭʘʨʤʦʥʠʢ ʄʇʉ 

ʩʪʘʪʦʨʘ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪ Ὂȟ, ʘ ʟʘ ȿὬȿ Ὧὔ ὺὴ ʨʦʪʦʨʩʢʠ ʞʣʝʙʥʠ ʭʘʨʤʦʥʠʮʠ (ʈɾʍ), 

ʧʨʝʤʘ (2.107) ʚʨʰʥʠʭ ʚʨʝʜʥʦʩʪʠ Ὂȟ  ʠ Ὂȟ , ʢʦʿʠ ʩʫ ʜʠʨʝʢʪʥʘ ʧʦʩʣʝʜʠʮʘ ʧʨʦʩʪʦʨʥʝ 

ʨʘʩʧʦʜʝʣʝ ʰʪʘʧʦʚʘ ʨʦʪʦʨʘ, ʪʿ. Ὢȟ —ȟὸ Ὢȟ —ȟὸ Ὢȟ —ȟὸ Ὢȟ —ȟὸ, ʛʜʝ ʩʫ  
 

Ὢȟ —ȟὸ ὊȟÃÏÓί‫ὸ ὺὴ— Ȣ ςȢρρς 

Ὢȟ —ȟὸ Ὂȟ ÃÏÓί‫ὸ Ὧὔ ὺὴ— Ȣ ςȢρρσ 
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Ὢȟ —ȟὸ Ὂȟ ÃÏÓί‫ὸ Ὧὔ ὺὴ— Ȣ ςȢρρτ 

 

ʎʠˀ ʘʥʘʣʠʟʝ ʿʝ ʩʚʝʩʪʠ ʩʚʝ ʘʥʠʟʦʪʨʦʧʠʿʝ ʥʘ ʩʪʘʪʦʨʩʢʫ ʩʪʨʘʥʫ ʢʘʢʦ ʙʠ ʩʝ ʨʘʟʤʘʪʨʘʣʠ ʫʪʠʮʘʿʠ 

ʧʦʩʤʘʪʨʘʿʫ˂ʠ ʣʠʥʠʿʩʢʠ ʩʧʝʢʪʨʘ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ. ʉʚʦʹʝˁʝ ʭʘʨʤʦʥʠʢʘ ʄʇʉ ʨʦʪʦʨʘ ʥʘ ʩʪʘʪʦʨʩʢʠ 

ʢʦʦʨʜʠʥʘʪʥʠ ʩʠʩʪʝʤ ʩʝ ʧʦʩʪʠʞʝ ʫʚʘʞʘʚʘʿʫ˂ʠ  — — — ʠ (2.98), ʰʪʦ ʨʝʟʫʣʪʫʿʝ ʠʟʨʘʟʠʤʘ 

 

Ὢȟ —ȟὸ ὊȟÃÏÓ‫ὸ ὺὴ—ȟ ςȢρρυ 

Ὢȟ —ȟὸ Ὂȟ  ÃÏÓρ
Ὧὔ

ὴ
ρ ί ‫ὸ Ὧὔ ὺὴ—ȟ ςȢρρφ 

Ὢȟ —ȟὸ Ὂȟ ÃÏÓρ
Ὧὔ

ὴ
ρ ί ‫ὸ Ὧὔ ὺὴ—Ȣ ςȢρρχ 

 

ʇʦʣʘʟʝ˂ʠ ʦʜ ʠʟʨʘʟʘ ʟʘ ʩʪʨʫʿʫ ʨʦʪʦʨʩʢʠʭ ʰʪʘʧʦʚʘ (2.101) ʠ ʥʘʚʦʿʥʠʭ ʬʫʥʢʮʠʿʘ ʥʘʤʦʪʘʿʘ 

ʨʦʪʦʨʘ (2.105), (2.109), ʄʇʉ ʨʦʪʦʨʘ ʢʘʦ ʠ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ ʭʘʨʤʦʥʠʢʘ ʩʫ ʦʧʠʩʘʥʝ ʨʝʜʦʤ  

 

Ὢ ȟȟ   ȟ—ȟὸ

Ὂ ȟ ÃÏÓὴ  ‫ ὸ ίάὬ— ὴ Ὤ
ς“

ὔ
ά •

 
 

ȟςȢρρψ
 

Ὂ ȟ

ςὔ

Ὤ“
ÓÉÎὬ

“

ὔ

ὄ ὒὶ

ὤ
‫ ὴ  Ὂ ȟ Ὂ ȟ Ȣ ςȢρρω 

 

ʛʜʝ ʿʝ • • • . ɼʘʪʠ ʠʟʨʘʟʠ ʫʚʘʞʘʚʘʿʫ ʨʘʥʠʿʝ ʫʚʝʜʝʥʝ ʜʠʩʪʦʨʟʠʿʝ ʄʇʉ ʩʪʘʪʦʨʘ ʢʘʦ ʠ 

ʨʘʩʧʦʜʝʣʫ ʥʘʤʦʪʘʿʘ ʨʦʪʦʨʘ. ʇʨʝʜʩʪʘʚˀʝʥʠ ʠʟʨʘʟ ʦʧʠʩʫʿʝ ʧʨʦʤʝʥʫ ʄʇʉ ʨʦʪʦʨʘ ʫ ʟʘʟʦʨʫ ʠ ʫ 

ʚʨʝʤʝʥʫ. ʂʘʢʦ ʨʝʘʢʮʠʿʘ ʢʘʚʝʟʥʦʛ ʥʘʤʦʪʘʿʘ ʧʦʩʪʦʿʠ ʘʢʦ ʿʝ ȿὬȿ ὺὴ Ὧὔ, ʛʜʝ ʿʝ Ὧ
πȟρȟςȟσȣ,  ʧʦʣʘʟʝ˂ʠ ʦʜ (2.118) ʤʦʞʝ ʩʝ ʠʟʨʘʟʠʪʠ ʫʢʫʧʥʘ ʄʇʉ ʨʦʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ ʢʦʿʘ ʧʦʩʪʦʿʠ 

ʫ ʟʘʟʦʨʫ ʠ ʪʦ ʩʚʝʜʝʥʘ ʥʘ ʢʦʦʨʜʠʥʘʪʥʠ ʩʠʩʪʝʤ ʩʪʘʪʦʨʘ ʢʘʦ,   

 

Ὢ ȟ —ȟ—ȟὸ Ὂ ȟ ÃÏÓ‫ ὔὬ  ὸ ὴ ὔὬ   ὸ • Ȣ

ȟ 

ςȢρςπ 

 

2.3.9 ʃʠʥʠʿʩʢʠ ʩʧʝʢʪʘʨ ʩʪʨʫʿʝ ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ 
 

ʄʇʉ ʨʦʪʦʨʘ (2.120) ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʭʘʨʤʦʥʠʢʘ ʢʦʿʠ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʜʠʩʪʦʨʟʠʿʘ ʄʇʉ ʩʪʘʪʦʨʘ ʠ 

ʨʘʩʧʦʜʝˀʝʥʦʛ ʥʘʤʦʪʘʿʘ. ʋʚʘʞʘʚʘʿʫ˂ʠ (2.96), (2.97), (2.120) ʠ ʜʘ ʿʝ Ὤ ρȟςȟσȟȣ 
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ʭʘʨʤʦʥʠʮʠ ʫ (2.120) ʩʫ ʦʧʠʩʘʥʠ ʝʣʝʢʪʨʠʯʥʦʤ ʫʛʘʦʥʦʤ ʫʯʝʩʪʘʥʦʰ˂ʫ ‫ ‫ ὔὬ  ʠ 

ʝʬʝʢʪʠʚʥʠʤ ʙʨʦʿʝʤ ʧʦʣʦʚʘ ὴ ὴ ὔὬȢ ʄʇʉ ʨʦʪʦʨʘ ʠʥʪʝʨʘʛʫʿʝ ʩʘ ʧʨʦʤʝʥˀʠʚʦʤ ʇʈʄʇ, 

ʫʩʣʝʜ ʧʦʩʪʦʿʘˁʘ ʞʣʝʙʦʚʘ ʥʘ ʩʪʘʪʦʨʫ ʠ ʨʦʪʦʨʫ, ʟʘʩʠ˂ʝˁʘ ʥʘ ʧʫʪʫ ʤʘʛʥʝʪʩʢʦʛ ʬʣʫʢʩʘ ʠ 

ʝʢʩʮʝʥʪʨʠʮʠʪʝʪʘ ʥʘ ʠʩʪʠ ʥʘʯʠʥ ʢʘʦ ʨʘʥʠʿʝ ʄʇʉ ʩʪʘʪʦʨʘ,. ɺʝʢʪʦʨ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ ʨʦʪʦʨʘ 

ʩʝ, ʫʚʘʞʘʚʘʿʫ˂ʠ  ʧʨʝʪʭʦʜʥʝ ʟʘʢˀʫʯʢʝ ʠ (2.80), (2.84), (2.89), (2.90), ʤʦʞʝ ʠʟʨʘʟʠʪʠ ʢʘʦ 

 

ὄ —ȟ—ȟὸ Ὢ ȟ —ȟ—ȟὸɤ ʇ ʇ ʇ ʇ

ὄ ÃÏÓ‫ ὸ ὴ — • ςȢρςρ
 

ὄ ὄ ὄ

ừ
ỬỬ
Ừ

ỬỬ
ứ
Ὂ ȟ ɤ       ̈ ́ Ὤ Ὤ πȟὬ Ὤ πȟ

Ὂ ȟ ‗ τϳ  ̈ ́ Ὤ Ὤ πȟὬ Ὤ πȟ

Ὂ ȟ ‗ τϳ     ̈ ́ Ὤ Ὤ πȟ                     

Ὂ ȟ ‗ ςϳ     ̈ ́ Ὤ Ὤ πȟ                      

Ὂ ȟ ‗ ςϳ     ̈ ́ Ὤ Ὤ πȟ                    

ςȢρςς 

 

Ὤ ήȟὺȟὬȟὬȟὬȟὬ ȟὬ ȟὬȟὬȟὬȟὬȟὬ ȟὬ , ʛʜʝ ʿʝ  ʬʘʟʥʠ ʩʪʘʚ ʧʨʦʠʟʚʦˀʥʦʛ ʭʘʨʤʦʥʠʢʘ 

• . ʐʠʨʠʥʘ ʩʧʝʢʪʨʘ ʄʇʉ ʩʪʘʪʦʨʘ ʿʝ ʦʧʠʩʘʥʘ  ʩʘ (2.94)-(2.97), ʘ ʭʘʨʤʦʥʠʮʠ ʢʦʿʠ ʧʦʩʪʦʿʝ ʫʩʣʝʜ 

ʠʥʪʝʨʘʢʮʠʿʝ ʄʇʉ ʨʦʪʦʨʘ ʠ ʧʨʦʤʝʥˀʠʚʝ ʇʈʄʇ ʥʘʣʘʟʝ ʩʝ ʫ ʦʧʩʝʟʠʤʘ ʜʘʪʠʤ ʩʘ 

ὬȟὬȟὬȟὬȟὬ ȟὬ ᶰ ЊȟπẕπȟЊ. ʇʨʠʤʝʥʦʤ ʠʜʝʥʪʠʯʥʦʛ ʘʥʘʣʠʪʠʯʢʦʛ ʠʟʚʦʹʝˁʘ ʢʘʦ 
ʨʘʥʠʿʝ ʢʦʜ ʄʇʉ ʩʪʘʪʦʨʘ, ʤʦʞʝ ʩʝ ʧʦʢʘʟʘʪʠ ʜʘ ʧʨʠ ʠʥʪʝʨʘʢʮʠʿʠ ʄʇʉ (2.120) ʩʘ ʧʨʦʤʝʥˀʠʚʦʤ 

ʇʈʄʇ ʫʩʣʝʜ ʟʘʩʠ˂ʝˁʘ (2.84) ʥʘʩʪʘʿʫ ʭʘʨʤʦʥʠʮʠ ʨʝʜʘ Ὤ ρȟςȟσȣ ʩʘ ʙʨʦʿʝʤ ʧʘʨʠ ʧʦʣʦʚʘ ʠ ʥʘ 

ʫʯʝʩʪʘʥʦʩʪʠ ὴ ςὴὬ ʠ ‫ ςὬʨʝʩʧʝʢʪʠʚʥʦ. ʇʨʦʤʝʥʝ ʇʈʄʇ ʥʘ ʧʫʪʫ ʄʇʉ ʨʦʪʦʨʘ ,‫ 

ʫʩʣʝʜ ʧʦʩʪʦʿʘˁʘ ʞʣʝʙʦʚʘ ʥʘ ʩʪʘʪʦʨʫ ʠ ʨʦʪʦʨʫ ʫʥʦʩʝ ʜʠʩʪʦʨʟʠʿʝ ʫ ʚʠʜʫ ʯʝʪʠʨʠ ʭʘʨʤʦʥʠʢʘ, 

ʦʧʠʩʘʥʝ ʩʘ ὴ Ὤὔ Ὤὔ ʧʘʨʠ ʧʦʣʦʚʘ ʠ ʩʘ ʫʛʘʦʥʠʤ ʙʨʟʠʥʘʤʘ ‫ Ὤὔ  , ʛʜʝ ʩʫ ʩʘ Ὤ, 
Ὤ ʠʥʜʝʢʩʠ ʨʝʜʦʚʘ ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ ʫ ʠʥʜʫʢʮʠʿʠ ʨʦʪʦʨʘ ʫʩʣʝʜ ʦʞˀʝʙˀʝˁʘ ʩʪʘʪʦʨʘ ʠ 

ʨʦʪʦʨʘ ʨʝʩʧʝʢʪʠʚʥʦ. ʂʘʦ ʨʘʥʠʿʝ ʩʘ (2.93) ï (2.97), ʤʦʞʝ ʩʝ ʦʧʠʩʘʪʠ ʘʥʘʣʠʪʠʯʥʘ ʟʘʚʠʩʥʦʩʪ ʙʨʦʿʘ 

ʧʦʣʦʚʘ ʠ ʫʛʘʦʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʠʥʜʫʢʮʠʿʝ ʨʦʪʦʨʘ ʫʚʘʞʘʚʘʿʫ˂ʠ ʩʪʘʪʠʯʢʠ ʠ 

ʜʠʥʘʤʠʯʢʠ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪ, ʨʝʩʧʝʢʪʠʚʥʦ ʩʘ ʠʥʜʝʢʩʠʤʘ ʭʘʨʤʦʥʠʢʘ Ὤ  ʠ Ὤ , ʢʘʦ 
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‫ ςὬὬ ́ ̈           ‫ Ὤ πȟ                        
Ὤ ́ ̈                            ‫ Ὤ πȟ                       

‫ Ὤ            ̈ ́ Ὤ Ὤ πȟ                     

ςȢρςσ 

                  ὴ ὴ

ừ
Ử
Ừ

Ử
ứ
ὴ                                 ̈ ́ Ὤ Ὤ πȟὬ Ὤ πȟ
ὴ Ὤὔ Ὤὔ     ̈ ́ Ὤ Ὤ πȟὬ Ὤ πȟ
ὴ ςὴὬ                    ̈ ́ Ὤ Ὤ πȟ                          
ὴ Ὤ                        ̈ ́ Ὤ Ὤ πȟ                         

ὴ Ὤ                         ̈ ́ Ὤ Ὤ πȟ                     

ςȢρςτ 

 

ʂʦʥʘʯʥʦ, ʫʢʫʧʥʘ ʧʨʦʩʪʦʨʥʘ ʨʘʩʧʦʜʝʣʘ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ ʫ ʟʘʟʦʨʫ ὄ —ȟ—ȟὸ ʜʦʙʠʿʘ ʩʝ 

ʩʘʙʠʨʘˁʝʤ ʚʝʢʪʦʨʘ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ ʩʪʘʪʦʨʘ (2.93) ʠ ʨʦʪʦʨʘ (2.121), ʫʚʘʞʘʚʘʿʫ˂ʠ ʜʘ ʫ ɽʄʇ 

ʫʯʝʩʪʚʫʿʫ ʩʘʤʦ ʭʘʨʤʦʥʠʮʠ ʢʦʿʠ ʠʩʧʫˁʘʚʘʿʫ ʫʩʣʦʚʝ (2.67) ʠ ȿὬȿ ὺὴ Ὧὔ, ʢʘʦ   
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ὄ —ȟ—ȟὸ ὄ —ȟὸ ὄ —ȟ—ȟὸ ὄ ÃÏÓ‫ὸ ὴ— • ȟ ςȢρςυ 

 

ʛʜʝ ʚʘʞʠ ʨʝʣʘʮʠʿʘ ʠʟʤʝʹʫ ʠʥʜʝʢʩʘ Ὤ Ὤ ʠ ʛʜʝ ʩʫ ὄ, ,ὴ, • ʨʝʜʦʤ ʚʨʰʥʘ ʚʨʝʜʥʦʩʪ ,‫ 
ʝʣʝʢʪʨʠʯʥʘ ʫʛʘʦʥʘ ʫʯʝʩʪʘʥʦʩʪ, ʝʬʝʢʪʠʚʥʠ ʙʨʦʿ ʧʘʨʠ ʧʦʣʦʚʘ ʠ ʬʘʟʥʠ ʩʪʘʚ ʭʘʨʤʦʥʠʢʘ ʥʘʩʪʘʣʦʛ 

ʫʩʣʝʜ ʤʦʜʝʣʠʨʘʥʠʭ ʘʥʠʟʦʪʨʦʧʠʿʘ ʦʧʠʩʘʥʠ ʠʟʨʘʟʠʤʘ (2.93)-(2.97), (2.121)-(2.124). ʇʦʣʘʟʝ˂ʠ ʦʜ 

(2.125) ʤʦʛʫ ʩʝ ʬʦʨʤʠʨʘʪʠ ʦʧʰʪʠ ʠʟʨʘʟʠ ʟʘ ʝʬʝʢʪʠʚʥʠ ʙʨʦʿ ʧʘʨʠ ʧʦʣʦʚʘ ʠ ʝʣʝʢʪʨʠʯʥʫ ʫʛʘʦʥʫ 

ʫʯʝʩʪʘʥʦʩʪ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʫʢʫʧʥʦʛ ʚʝʢʪʦʨʘ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ ʫ ʟʘʟʦʨʫ ʢʘʦ 

 

‫ ήὴὔὬ ςὬὔὬ ςὬὴ  Ὤὔ Ὤ Ὤὔ Ὤ   ȟ ςȢρςφ 

ὴ ὺ ςὬ ςὬ ὴ Ὤ Ὤ ὔ Ὤ Ὤ Ὤ ὔ Ὤ Ὤ Ὤ Ὤ ȢςȢρςχ 

 

ʍʘʨʤʦʥʠʮʠ ʩʘ ʩʫʧʝʨʩʢʨʠʧʪʦʤ ñrò ʦʟʥʘʯʘʚʘʿʫ ʭʘʨʤʦʥʠʢʝ ʢʦʿʠ ʧʦʩʪʦʿʝ ʫ ʠʥʜʫʢʮʠʿʠ ʨʦʪʦʨʘ, ʘ 

ʩʘ ñ̓ò ʭʘʨʤʦʥʠʢʝ ʫ ʠʥʜʫʢʮʠʿʠ ʩʪʘʪʦʨʘ. ɼʘʪʠ ʠʟʨʘʟʠ ʫʚʘʞʘʚʘʿʫ ʥʝʩʘʚʨʰʝʥʦʩʪ ʥʘʧʘʿʘˁʘ. ɹʨʦʿ 

ʧʘʨʠ ʧʦʣʦʚʘ ʠ ʫʛʘʦʥʘ ʫʯʝʩʪʘʥʦʩʪ ʭʘʨʤʦʥʠʢʘ ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʧʨʦʠʟʚʦˀʥʝ ʘʥʠʟʦʪʨʦʧʠʿʝ ʜʦʙʠʿʘ 

ʩʝ ʠʟ ʜʘʪʠʭ ʠʟʨʘʟʘ ʧʦʩʪʘʚˀʘˁʝʤ ʥʘ ʥʫʣʫ ʠʥʜʝʢʩʝ ʟʘ ʘʥʠʟʦʪʨʦʧʠʿʝ ʢʦʿʠ ʥʠʩʫ ʦʜ ʠʥʪʝʨʝʩʘ.  

ʋʩʣʝʜ ʨʝʘʢʮʠʿʝ ʨʦʪʦʨʘ ʜʦʣʘʟʠ ʜʦ ʫʩʧʦʩʪʘʚˀʘˁʝ ʤʝʹʫʩʦʙʥʦʛ ʬʣʫʢʩʘ ʫ ʟʘʟʦʨʫ ʤʘʰʠʥʝ ʢʦʠʿ 

ʦʙʫʭʚʘʪʘ ʥʘʤʦʪʘʿʝ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ. ʉʚʘʢʘ ʢʦʤʧʦʥʝʥʪʘ ʠʥʜʫʢʮʠʿʘ ὄ —ȟ—ȟὸ ʧʦʪʠʯʝ ʦʜ 
ʧʨʦʩʪʦʨʥʦʛ ʭʘʨʤʦʥʠʢʘ ʨʝʜʘ ὺ ʥʘʤʦʪʘʿʘ ʩʪʘʪʦʨʘ. ʂʘʢʦ ʣʠʥʠʿʝ ʠʥʜʫʢʮʠʿʝ ὄ —ȟ—ȟὸ ʩʝʢʫ 
ʧʨʦʩʪʦʨʥʦ ʨʘʩʧʦʨʝʹʝʥ ʥʘʤʦʪʘʿ ʩʪʘʪʦʨʘ, ʩʚʘʢʘ ʢʦʤʧʦʥʝʥʪʘ ʠʥʜʫʢʮʠʿʝ ʿʝ ʩʧʨʝʛʥʫʪʘ ʩʘ ʩʚʘʢʠʤ 

ʚʠʰʠʤ ʭʘʨʤʦʥʠʢʦʤ ʥʘʚʦʿʥʝ ʬʫʥʢʮʠʿʝ ʩʪʘʪʦʨʘ. ɿʘ ʧʦʪʨʝʙʝ ʘʥʘʣʠʟʝ ʦʚʝ ʩʧʨʝʛʝ, ʭʘʨʤʦʥʠʮʠ 

ʥʘʚʦʿʥʝ ʬʫʥʢʮʠʿʝ ʩʪʘʪʦʨʘ ʩʫ ʩʘʜʘ ʦʧʠʩʘʥʠ ʠʥʜʝʢʩʦʤ Ὤ ρȟσȟυȣ. ɿʘ ʫʥʫʪʨʘʰˁʠ ʧʨʝʯʥʠʢ 
ʩʪʘʪʦʨʘ Ὀ, ʤʝʹʫʩʦʙʥʠ ʬʣʫʢʩ ‪ȟ, ʢʦʿʠ ʧʦʩʪʦʿʠ ʫʩʣʝʜ ʠʥʪʝʨʘʢʮʠʿʝ ʠʥʜʫʢʮʠʿʝ ὄ —ȟ—ȟὸ ʩʘ 

ʬʘʟʦʤ ὲ ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ, ʦʧʠʩʘʥ ʿʝ ʩʫʤʦʤ ʩʚʠʭ ʭʘʨʤʦʥʠʢʘ ʬʣʫʢʩʘ ‪ȟȟ ʢʦʿʠ ʥʘʩʪʘʿʫ ʫʩʣʝʜ 

ʩʧʨʝʛʝ ʠʥʜʫʢʮʠʿʝ ὄ —ȟ—ȟὸ ʩʘ ʧʨʦʩʪʦʨʥʠʤ ʭʘʨʤʦʥʠʮʠʤʘ ʥʘʚʦʿʥʝ ʬʫʥʢʮʠʿʝ Ὤ (2.61), ʢʘʦ  
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ʍʘʨʤʦʥʠʢ ʠʥʜʫʢʮʠʿʝ ὄ —ȟ—ȟὸ ʫʯʝʩʪʚʫʿʝ ʫ ʬʦʨʤʠʨʘˁʫ ʤʝʹʫʩʦʙʥʦʛ ʬʣʫʢʩʘ ʘʢʦ ʠ ʩʘʤʦ ʘʢʦ 
ʿʝ Ὤὴ ὴ. ʊʘʜʘ ʿʝ ʬʣʫʢʩ (2.128) ʨʘʟʣʠʯʠʪ ʦʜ ʥʫʣʝ, ʘ ʭʘʨʤʦʥʠʢʘ ʬʣʫʢʩʘ ‪ȟȟ  ʿ ʝ ʜʘʪ ʠʟʨʘʟʦʤ 
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ὴὬὴ
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ʛʜʝ ʿʝ • • •. ʋʚʘʞʘʚʘʿʫ˂ʠ (2.67), (2.127), Ὤὴ ὴ, ȿὬȿ ὺὴ Ὧὔ, ʤʦʞʝ ʩʝ 

ʥʘʧʠʩʘʪʠ ʦʧʰʪʠ ʫʩʣʦʚ ʟʘ ʫʩʧʦʩʪʘʚˀʘˁʝ ɽʄʇ ʠʟ ʫʛʣʘ ʧʨʚʦʛ ʠ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʬʣʫʢʩʘ ʢʘʦ 
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ʍʘʨʤʦʥʠʮʠ ʬʣʫʢʩʘ ʧʨʝʜʩʪʘʚˀʝʥʠ ʩʘ (2.128) ʠʥʜʫʢʫʿʫ ɽʄʉ ʫ ʬʘʟʥʠʤ ʥʘʤʦʪʘʿʠʤʘ ʩʪʘʪʦʨʘ. 

ʇʨʚʠ ʠ ʚʠʰʠ ʭʘʨʤʦʥʠʮʠ ɽʄʉ ʩʪʘʪʦʨʘ ʢʦʿʠ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʨʝʘʢʮʠʿʝ ʨʦʪʦʨʘ ʩʫ ʬʫʥʢʮʠʿʘ ʙʨʟʠʥʝ 
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ʦʙʨʪʘˁʘ, ʦʧʪʝʨʝ˂ʝˁʘ ʠ ʢʦʥʩʪʨʫʢʮʠʦʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʤʘʰʠʥʝ, ʙʨʦʿʘ ʧʘʨʠ ʧʦʣʦʚʘ, ʞʣʝʙʦʚʘ, ʠʪʜ. 

ʇʨʚʠ ʠ ʚʠʰʠ ʭʘʨʤʦʥʠʮʠ ɽʄʉ ʠʥʜʫʢʫʿʫ ʧʨʚʠ ʠ ʚʠʰʝ ʭʘʨʤʦʥʠʢʝ ʩʪʨʫʿʝ ʥʘʤʦʪʘʿʘ ʩʪʘʪʦʨʘ. ɼʘʢʣʝ, 

ʠʟʦʙʣʠʯʝˁʘ ʬʣʫʢʩʘ ʫ ʟʘʟʦʨʫ ʦʩʣʠʢʘʚʘʿʫ ʩʝ ʫ ɽʄʉ ʢʦʿʘ ʜʠʢʪʠʨʘ ʭʘʨʤʦʥʠʿʩʢʘ ʠʟʦʙʣʠʯʝˁʘ ʩʪʨʫʿʝ 

ʩʪʘʪʦʨʘ ʫʢˀʫʯʫʿʫ˂ʠ ʨʦʪʦʨʩʢʝ ʞʣʝʙʥʝ (ʈɾʍ) ʠ ʩʪʘʪʦʨʩʢʝ ʞʣʝʙʥʝ ʭʘʨʤʦʥʠʢʝ (ʉɾʍ), ʭʘʨʤʦʥʠʢʝ 

ʫʩʣʝʜ ʟʘʩʠ˂ʝˁʘ, ʠʪʜ. ʋʢʫʧʥʘ ɽʄʉ ʩʪʘʪʦʨʘ, ʠ ʩʪʨʫʿʝ ʢʦʿʝ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʭʘʨʤʦʥʠʢʘ ʢʦʿʠ ʯʠʥʝ 

ɽʄʉ, ʟʘ ʧʨʦʠʟʚʦˀʥʫ ʬʘʟʫ n ʜʘʪʝ ʩʫ ʨʝʜʦʤ ʠʟʨʘʟʠʤʘ 
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ʛʜʝ ʿʝ ὤȟȟ ʤʦʜʫʦ ʫʢʫʧʥʝ ʠʤʧʝʜʘʥʩʘ ʬʘʟʝ n ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ ὤȟ ʠ ʠʤʧʝʜʘʥʩʝ ʠʟʣʘʟʘ 

ʠʥʚʝʨʪʦʨʘ ὤȟ ȟ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠ ʧʦʩʤʘʪʨʘʥʦʛ ʭʘʨʤʦʥʠʢʘ ὬȟὬ , ʛʜʝ ʿʝ ὤȟȟ ὤȟ ὤȟ ȟ.   

ɽʄʉ (2.131) ʯʠʥʝ ʭʘʨʤʦʥʠʮʠ ʢʦʿʠ ʩʫ ʫ ʩʠʥʭʨʦʥʠʟʤʫ ʩʘ ʥʘʧʦʥʩʢʠʤ ʠʟʚʦʨʦʤ ʠ ʭʘʨʤʦʥʠʮʠ 

ʯʠʿʘ ʩʝ ʫʯʝʩʪʘʥʦʩʪ ʤʝˁʘ ʩʘ ʧʨʦʤʝʥʦʤ ʙʨʟʠʥʝ ʠʣʠ ʢʣʠʟʘˁʘ [126]. ʅʘʧʦʥʩʢʠ ʠʟʚʦʨ, ʠʥʚʝʨʪʦʨ, 

ʢʘʦ ʰʪʦ ʿʝ ʧʦʢʘʟʘʥʦ ʫ ʧʦʪʧʦʛʣʘʚˀʫ 2.1, ʛʝʥʝʨʠʰʝ ʞʝˀʝʥʠ ʥʘʧʦʥʩʢʠ ʩʠʛʥʘʣ (2.18), ʘʣʠ ʠ 

ʥʝʞʝˀʝʥʝ ʚʠʰʝ ʭʘʨʤʦʥʠʢʝ (2.19). ʅʘ ʦʩʥʦʚʫ ʧʨʫʞʝʥʝ ʘʥʘʣʠʟʝ, ʤʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʧʨʚʠ 

ʭʘʨʤʦʥʠʢ ʥʘʧʘʿʘˁʘ ʛʝʥʝʨʠʰʝ ʞʝˀʝʥʠ ʧʨʚʠ ʭʘʨʤʦʥʠʢ ɽʄʉ, ʢʘʦ ʠ ʥʝʞʝˀʝʥʝ ʭʘʨʤʦʥʠʢʝ ʫʩʣʝʜ 

ʘʥʠʟʦʪʨʦʧʠʿʘ ʫ ɸʄ. ʉʚʘʢʠ ʚʠʰʠ ʭʘʨʤʦʥʠʢ ʥʘʧʘʿʘˁʘ ʪʘʢʦʹʝ ʛʝʥʝʨʠʰʝ ʚʠʰʝ ʭʘʨʤʦʥʠʢʝ ʫʩʣʝʜ 

ʘʥʠʟʦʪʨʦʧʠʿʘ. ɽʄʉ (2.131) ʩʝ ʤʦʞʝ ʧʨʝʜʩʪʘʚʠ ʢʘʦ ʟʙʠʨ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ, ʢʦʿʠ ʥʘʩʪʘʿʝ ʫʩʣʝʜ 

ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʥʘʧʘʿʘˁʘ ʛʜʝ ʩʫ ʟʘʥʝʤʘʨʝʥʝ ʩʚʝ ʘʥʠʟʦʪʨʦʧʠʿʝ Ὡ ὸ, ʠ ʩʚʠʭ ʦʩʪʘʣʠʭ ʭʘʨʤʦʥʠʢʘ 

Ὡȟ ὸ, ʪʿ. Ὡȟȟ ὸ Ὡ ὸ Ὡȟ ὸ. ʅʘ ʠʩʪʠ ʥʘʯʠʥ, ʧʦʣʘʟʝ˂ʠ ʦʜ (2.132) ʫʢʫʧʥʘ ʩʪʨʫʿʘ ʩʪʘʪʦʨʘ 

ʩʝ ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʢʘʦ ʟʙʠʨ ʧʨʚʦʛ ʠ ʦʩʪʘʣʠʭ ʭʘʨʤʦʥʠʢʘ ʢʘʦ Ὥȟȟ ὸ Ὥὸ Ὥȟ ὸ. ʉʪʨʫʿʘ 

Ὥȟ ὸ ʧʦʪʠʯʝ ʦʜ ʘʥʠʟʦʪʨʦʧʠʿʘ ɸʄ ʠ ʪʦ ʈɾʍ, ʉɾʍ, ʟʘʩʠ˂ʝˁʘ, ʝʢʩʮʝʥʪʨʠʮʠʪʝʪʘ, ʘʣʠ ʠ ʦʜ 

ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʠʥʚʝʨʪʦʨʘ. ʇʨʝʜʩʪʘʚˀʝʥʠ ʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ ɸʄ ʟʘʩʥʦʚʘʥ ʥʘ ʆʊɽʄ ʩʝ ʤʦʞʝ 

ʧʨʦʠhʨʠʪʠ ʫʚʘʞʘʚʘʿʫ˂ʠ (2.131). ʇʨʠʤʝʥʦʤ ʩʫʧʝʨʧʦʟʠʮʠʿʝ ʤʦʛʫ ʩʝ ʬʦʨʤʠʨʘʪʠ ʜʚʝ ʟʘʤʝʥʩʢʝ 

ʰʝʤʝ ʧʨʠʢʘʟʘʥe ʥʘ ʉʣʠʮʠ 2.15. ʋ ʜʚʝ ʰʝʤʝ ʬʠʛʫʨʠʰʫ ʜʚʝ ɽʄʉ ʢʦʿʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʥʘʚʝʜʝʥʝ 

ʛʨʫʧʝ ʭʘʨʤʦʥʠʢʘ. ʇʨʚʘ ʰʝʤʘ ʿʝ ʤʦʜʝʣ ɸʄ ʟʘʩʥʦʚʘʥ ʥʘ ʆʊɽʄ ʢʦʿʠ ʫʚʘʞʘʚʘ ʭʘʨʤʦʥʠʢ ʥʘʧʘʿʘˁʘ 

ʩʘ ʢʦʿʠʤ ʿʝ ɽʄʉ Ὡ ὸ ʫ ʩʠʥʭʨʦʥʠʟʤʫ. ʋ ʜʨʫʛʦʿ ʰʝʤʠ ʥʘʧʘʿʘˁʝ ʿʝ ʤʦʜʝʣʠʨʘʥʦ ʢʨʘʪʢʦʤ ʚʝʟʦʤ ʠ 

ʠʤʧʝʜʘʥʩʦʤ ʠʟʣʘʟʘ ʠʥʚʝʨʪʦʨʘ ὤȟ ȟ, ʢʦʿʘ ʫʚʝ˂ʘʚʘ ʬʘʟʥʫ ʠʤʧʝʜʘʥʩʫ ɸʄ ὤȟ. ɽʄʉ Ὡȟ ὸ ʯʠʥʝ 

ʚʠʰʠ ʭʘʨʤʦʥʠʮʠ ʢʦʿʠ ʛʝʥʝʨʠʰʫ ʚʠʰʝ ʭʘʨʤʦʥʠʢʝ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ Ὥȟ ὸȢ 

ʇʦʟʠʮʠʿʘ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʫ ʩʧʝʢʪʨʫ ʩʪʘʪʦʨʩʢʝ ʩʪʨʫʿʝ ʟʘʚʠʩʠ ʦʜ ʤʝʭʘʥʠʯʢʝ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ 

ʨʦʪʦʨʘ ʠ ʜʨʫʛʠʭ ʥʘʚʝʜʝʥʠʭ ʧʘʨʘʤʝʪʘʨʘ. ʂʦʜ ʠʩʧʨʘʚʥʝ ʤʘʰʠʥʝ [62], ʭʘʨʤʦʥʠʮʠ ʩʪʨʫʿʝ Ὥȟ ὸ ʩʝ 
ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʥʘ ʚʨʝʤʝʥʩʢʝ ʭʘʨʤʦʥʠʢʝ ʢʦʿʠ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʧʨʝʢʠʜʘʯʘ [22], 

ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ [47], PWM [6] ʠ ʧʨʦʩʪʦʨʥʝ ʭʘʨʤʦʥʠʢʝ ʢʦʿʠ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʧʨʦʩʪʦʨʥʝ ʨʘʩʧʦʜʝʣʝ 

ʄʇʉ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ [102], ʧʨʦʤʝʥʘ ʜʫʞʠʥʝ ʟʘʟʦʨʘ ʫʩʣʝʜ ʦʞˀʝʙˀʝˁʘ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ, 

ʟʘʩʠ˂ʝˁʘ, ʠʪʜ. ʋ ʧʨʠʩʫʩʪʚʫ ʢʚʘʨʘ ʧʦʩʪʦʿʝ ʭʘʨʤʦʥʠʮʠ ʫ ʩʪʨʫʿʠ ʫʩʣʝʜ ʧʨʝʣʦʤʘ ʰʪʘʧʦʚʘ ʨʦʪʦʨʘ,   

 

 

ʉʣʠʢʘ 2.15. ʇʨʦʰʠʨʝʥʠ ʤʦʜʝʣ ɸʄ ʟʘʩʥʦʚʘʥ ʥʘ ʘʥʠʟʦʪʨʦʧʠʿʘʤʘ. 
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ʢʚʘʨʘ ʥʘ ʣʝʞʘʿʝʚʠʤʘ, ʝʢʩʮʝʥʪʨʠʮʠʪʝʪ ʨʦʪʦʨʘ [80] ʠʪʜ. ʍʘʨʤʦʥʠʮʠ ʩʪʨʫʿʝ ʩʫ ʤʘʣʠʭ ʚʨʰʥʠʭ 

ʚʨʝʜʥʦʩʪʠ ʧʘ ʩʝ ʧʦ ʧʦʪʨʝʙʠ ʤʦʛʫ ʠ ʠʟʦʩʪʘʚʠʪʠ ʠʟ ʜʘʪʝ ʘʥʘʣʠʟʝ ʧʨʠ ʧʨʦʨʘʯʫʥʫ ʄʇʉ ʩʪʘʪʦʨʘ. 

ɺʠʰʠ ʭʘʨʤʦʥʠʮʠ ʩʪʨʫʿʝ ʩʘʜʨʞʝ ʧʦʜʘʪʢʝ ʦ ʩʪʘˁʠʤʘ ʫ ɸʄ, ʪʿ. ʙʨʟʠʥʠ, ʟʘʩʠ˂ʝˁʫ, ʢʚʘʨʫ, ʠʪʜ. ɿʘ 

ʧʦʪʨʝʙʝ ʩʠʥʪʝʟʝ sensorless ʘʣʛʦʨʠʪʘʤʘ, ʘ ʧʦʩʝʙʥʦ ʢʦʜ ʘʣʛʦʨʠʪʘʤʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ MCSA 

ʧʨʠʩʪʫʧʫ, ʦʜ ʧʦʩʝʙʥʦʛ ʠʥʪʝʨʝʩʘ ʩʫ ʫʯʝʩʪʘʥʦʩʪ ʠ ʙʨʦʿ ʧʘʨʠ ʧʦʣʦʚʘ ʢʦʿʠ ʩʫ ʫ ʚʝʟʠ ʩʘ ʿʝʜʥʦʤ ʦʜ 

ʘʥʠʟʦʪʨʦʧʠʿʘ, ʦʧʠʩʘʥʠ ʩʘ (2.126) ʠ (2.127). ʅʘʚʝʜʝʥʠ ʧʦʜʘʮʠ ʫ ʥʘʿʚʝ˂ʝʤ ʙʨʦʿʫ ʩʣʫʯʘʿʝʚʘ 

ʿʝʜʥʦʟʥʘʯʥʦ ʦʧʠʩʫʿʫ ʧʦʟʠʮʠʿʫ ʭʘʨʤʦʥʠʢʘ ʦʜ ʟʥʘʯʘʿʘ ʫ ʣʠʥʠʿʩʢʦʤ ʩʧʝʢʪʨʫ ʩʪʘʪʦʨʩʢʝ ʩʪʨʫʿʝ.  

 ɺʨʰʥʘ ʚʨʝʜʥʦʩʪ ʭʘʨʤʦʥʠʢʘ ʦʧʘʜʘ ʩʘ ʧʦʨʘʩʪʦʤ ʨʝʜʘ ʭʘʨʤʦʥʠʢʘ. ʉʪʦʛʘ, ʩʠʥʪʝʟʘ ʘʣʛʦʨʠʪʘʤʘ 

ʟʘʩʥʦʚʘʥʠʭ ʥʘ MCSA ʧʨʠʩʪʫʧʫ ʩʝ ʯʠʥʠ ʥʘ ʦʩʥʦʚʫ ʧʨʚʠʭ ʭʘʨʤʦʥʠʢʘ ʘʥʠʟʦʪʨʦʧʠʿʘ. ʆʥʠ ʥʘʩʪʘʿʫ 

ʫʩʣʝʜ ʧʨʚʦʛ ʚʨʝʤʝʥʩʢʦʛ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʫʯʝʩʪʘʥʦʩʪʠ ‫ ς“Ὢ, ʘ ʤʦʞʝ ʠʭ ʙʠʪʠ ʜʚʘ 
ʠʣʠ ʚʠʰʝ [62]. ɻʣʘʚʥʠ ʭʘʨʤʦʥʠʮʠ ʫʩʣʝʜ ʘʥʠʟʦʪʨʦʧʠʿʘ ʧʦʩʪʦʿʝ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠʤʘ Ὢ Ὤ Ὢ ʛʜʝ 
ʿʝ Ὤ ʨʝʜ ʭʘʨʤʦʥʠʢʘ ʘʥʠʟʦʪʨʦʧʠʿʝ Ὢ Ὢ ȟὪ ȟὪ ȟὪȟὪȟὪ ȟὪ ȟὪȟȟὪȟ, ʢʘʦ ʫ 
ʊʘʙʝʣʠ 2.1. ʃʦʤ ʰʪʘʧʦʚʘ ʩʝ ʠʩʧʦˀʘʚʘ ʩʘ ʜʚʝ ʢʦʤʧʦʥʝʥʪʝ ʫ ʩʧʝʢʪʨʫ ʩʪʨʫʿʝ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʫ 

ʊʘʙʝʣʠ 2.1. [79], [81]. ʍʘʨʤʦʥʠʮʠ ʫʩʣʝʜ ʢʚʘʨʘ ʥʘ ʣʝʞʘʿʝʚʠʤʘ ʩʝ ʿʘʚˀʘʿʫ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʢʦʿʠ 

ʩʫ ʬʫʥʢʮʠʿʘ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʠ ʿʝʜʥʝ ʦʜ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʭ 

ʚʠʙʨʘʮʠʦʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ Ὢ. ʂʚʘʨ ʥʘ ʣʝʞʘʿʝʚʠʤʘ ʩʝ ʪʘʢʦʹʝ ʤʦʞʝ ʜʝʪʝʢʪʦʚʘʪʠ ʘʥʘʣʠʟʦʤ 
ʭʘʨʤʦʥʠʢʘ ʫʩʣʝʜ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪʘ [81]. ʂʘʜʘ ʧʦʩʪʦʿʝ ʠ ʩʪʘʪʠʯʢʠ ʠ ʜʠʥʘʤʠʯʢʠ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪ 

ʫ ɸʄ, ʧʦʞʝˀʥʦ ʿʝ ʟʘ ʦʮʝʥʫ ʧʦʣʦʞʘʿʘ ʭʘʨʤʦʥʠʢʘ ʫʩʣʝʜ ʦʚʝ ʘʥʠʟʦʪʨʦʧʠʿʝ ʢʦʨʠʩʪʠʪʠ ʠʟʨʘʟ ʠʟ 

ʊʘʙʝʣʝ 2.1. ʥʘʚʝʜʝʥ ʢʘʦ ʢʦʤʙʠʥʦʚʘʥʠ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪ. ʆʚʦ ʿʝ ʠʩʪʦ ʧʦʞʝˀʥʦ ʢʘʜʘ ʩʝ ʫ ɽʇ ʥʘʣʘʟʠ 

ɸʄ ʩʘ ʟʘʪʚʦʨʝʥʠʤ ʞʣʝʙʦʚʠʤʘ, ʢʘʦ ʠ ʢʦʜ ɸʄ ʩʘ ʩʧʝʮʠʬʠʯʥʠʤ ʙʨʦʿʝʤ ʨʦʪʦʨʩʢʠʭ ʞʣʝʙʦʚʘ [88].  

ɼʠʟʘʿʥʦʤ ɸʄ ʩʝ ʧʦʪʠʩʢʫʿʫ ʥʠʞʠ ʭʘʨʤʦʥʠʮʠ ʫ ʩʧʝʢʪʨʫ, ʥʘ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ὪȟȟὪȟ, ʢʦʿʠ ʥʘʩʪʘʿʫ 
ʫʩʣʝʜ ʥʘʚʦʿʥʠʭ ʬʫʥʢʮʠʿʘ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ. ʆʜ ʧʨʝʦʩʪʘʣʠʭ ʭʘʨʤʦʥʠʢʘ, ʥʘʿʚʝ˂ʫ ʚʨʰʥʫ ʚʨʝʜʥʦʩʪ 

ʠʤʘʿʫ ʭʘʨʤʦʥʠʮʠ ʫʩʣʝʜ ʧʨʦʤʝʥˀʠʚʝ ʇʈʄʇ ʠ ʥʘʚʦʿʥʠʭ ʬʫʥʢʮʠʿʘ, ʩʪʘʪʦʨʩʢʠ ʞʣʝʙʥʠ ʭʘʨʤʦʥʠʮʠ 

Ὢ  (ʝʥʛʣ. Stator Slot Harmonics ï SSH), ʨʦʪʦʨʩʢʠ ʞʣʝʙʥʠ ʭʘʨʤʦʥʠʮʠ Ὢ  (ʝʥʛʣ. Rotor Slot 

Harmonics ï RSH) ʠ ʭʘʨʤʦʥʠʮʠ ʫʩʣʝʜ ʟʘʩʠ˂ʝˁʘ Ὢ  (ʝʥʛʣ. saturation harmonics) [113]. 

 

ʊʘʙʝʣʘ 2.1. ʈʝʜ ʭʘʨʤʦʥʠʢʘ ʫ ʩʪʨʫʿʠ ʩʪʘʪʦʨʘ ʫʩʣʝʜ ʘʥʠʟʦʪʨʦʧʠʿʘ. 

ɸʥʠʟʦʪʨʦʧʠʿʘ ʈʝʜ ʭʘʨʤʦʥʠʢʘ Ὤ  ɹʨʦʿʘʯ 

ʉʪʘʪʦʨʩʢʠ ʞʣʝʙʥʠ ʭʘʨʤʦʥʠʮʠ Ὢ  ρ Ὧ
ὔ

ὴ
 Ὧ ρȟςȟσȣȢ 

ʈʦʪʦʨʩʢʠ ʞʣʝʙʥʠ ʭʘʨʤʦʥʠʮʠ Ὢ  ρ Ὧὔ
ρ ί

ὴ
 Ὧ ρȟςȟσȣȢ 

ʈʘʩʧʦʜʝˀʝʥ ʥʘʤʦʪʘʿ ὪȟȟὪȟ̪ ρ φὯȠ ρ φὮ 
Ὧ ρȟςȟσȣȢ 

Ὦ ρȟςȟσȣȢ 

ɿʘʩʠ˂ʝˁʝ Ὢ  σ
ὔ

ὴ
ρ ί  

ʉʪʘʪʠʯʢʠ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪ Ὢ  Ὧὔ
ρ ί

ὴ
ρ Ὧ ρȟςȟσȣ 

ɼʠʥʘʤʠʯʢʠ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪ Ὢ  Ὧὔ Ὤ
ρ ί

ὴ
ρ 

Ὧ ρȟςȟσȣ 

Ὤ ρȟςȟσȣȢ 

ʂʦʤʙʠʥʦʚʘʥʠ ʝʢʩʮʝʥʪʨʠʮʠʪʝʪ Ὢ  Ὧ
ρ ί

ὴ
ρ Ὧ ρȟςȟσȣ 

ʃʦʤ ʨʦʪʦʨʩʢʠʭ ʰʠʧʢʠ Ὢ  
ρ ςὯί   ʠʣʠ 

Ὧρ ί ί 

Ὧ ρȟςȟσ ʠʣʠ 

Ὧ ρȟσȟυȟȣ 

ʂʚʘʨ ʥʘ ʣʝʞʘʿʝʚʠʤʘ Ὢ  ρ Ὧ
Ὢ

Ὢ
 Ὧ ρȟςȟσȣ 
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ʀʥʪʝʨʤʦʜʫʣʘʮʠʿʘ ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ ʫʩʣʝʜ ʥʘʚʦʿʥʝ ʬʫʥʢʮʠʿʝ ʩʪʘʪʦʨʘ ʠ ʧʨʦʤʝʥˀʠʚʝ 

ʇʈʄʇ ʧʨʠ ʟʘʩʠ˂ʝˁʫ ʩʪʚʘʨʘ ʪʨʝ˂ʠ ʭʘʨʤʦʥʠʢ ʠʥʜʫʢʮʠʿʝ [62]. ʂʦʜ AM ʚʝʟʘʥʝ ʫ ʟʚʝʟʜʫ ʙʝʟ 

ʧʨʠʩʫʩʪʚʘ ʥʫʣʪʦʛ ʧʨʦʚʦʜʥʠʢʘ, ʧʦʪʝʥʮʠʿʘʣ ʟʚʝʟʜʠʰʪʘ (2.12) ʿʝ ʜʦʤʠʥʘʥʪʥʦ ʦʜʨʝʹʝˁʝʤ 

ʭʘʨʤʦʥʠʮʠʤʘ ʫʩʣʝʜ ʟʘʩʠ˂ʝˁʘ, ʉɾʍ ʠ ʈɾʍ, ʜʦʢ ʥʫʣʪʝ ʢʦʤʧʦʥʝʥʪʝ ʩʪʨʫʿʘ ʥʝ ʧʦʩʪʦʿʝ ʫ 

ʥʘʤʦʪʘʿʠʤʘ ʠ ʩʧʝʢʪʨʫ. ʀʘʢʦ ʭʘʨʤʦʥʠʮʠ ʫʤʥʦʰʢʘ ʪʨʦʿʢʝ ʥʝ ʧʦʩʪʦʿʝ ʫ ʫʢʫʧʥʦʿ ʄʇʉ ʠʣʠ ʬʣʫʢʩ, 

ʤʝʨʝˁʝʤ ʬʘʟʥʠʭ ʚʝʣʠʯʠʥʘ ʤʦʛʫ ʩʝ ʧʨʠʤʝʥʠʪʠ ʥʝʢʠ ʦʜ sensorless ʘʣʛʦʨʠʪʘʤʘ. ʆʮʝʥʘ ʙʨʟʠʥʝ 

ʤʦʞʝ ʩʝ ʦʩʪʚʘʨʠʪʠ ʧʨʘ˂ʝˁʝʤ ʙʨʦʿʘ ʧʨʦʣʘʟʘʢʘ ʢʨʦʟ ʥʫʣʫ ʧʦʪʝʥʮʠʿʘʣʘ ʟʚʝʟʜʠʰʪʘ, ʪʿ. ʪʨʝ˂ʝʛ 

ʭʘʨʤʦʥʠʢʘ ʥʘʧʦʥʘ. ɸʢʦ ʿʝ ʩʪʘʪʦʨ ɸʄ ʚʝʟʘʥ ʫ ʪʨʦʫʛʘʦ ʪʘʜʘ ʩʝ ʤʦʞʝ ʘʥʘʣʠʟʠʨʘʪʠ ʠ ʩʧʝʢʪʘʨ ʩʪʨʫʿʝ 

ʩʪʘʪʦʨʘ ʙʝʟ ʤʝʨʝˁʘ ʥʘʧʦʥʘ.   

ɺʨʰʥʘ ʚʨʝʜʥʦʩʪ ʭʘʨʤʦʥʠʢʘ ʢʦʿʠ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʥʘʚʦʿʥʠʭ ʬʫʥʢʮʠʿʘ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ ʧʨʝʤʘ 

(2.80)-(2.82) ʟʘʚʠʩʠ ʦʜ ʛʝʦʤʝʪʨʠʿʝ ʨʦʪʦʨʩʢʦʛ ʠ ʩʪʘʪʦʨʩʢʦʛ ʞʣʝʙʘ (ʜʠʤʝʥʟʠʿʘ, ʢʦʣʠʢʦ ʿʝ ʞʣʝʙ 

ʠʩʢʨʠʚˀʝʥ ʠ ʦʪʚʦʨʝʥ ʢʘ ʟʘʟʦʨʫ), ʜʫʙʠʥʝ ʫʢʦʧʘʚʘˁʘ ʩʧʦˀʘʰˁʝʛ ʠʣʠ ʫʥʫʪʨʘʰˁʝʛ ʥʘʤʦʪʘʿʘ, 

ʙʨʦʿʘ ʠ ʦʜʥʦʩʘ ʙʨʦʿʘ ʩʪʘʪʦʨʩʢʠʭ ʠ ʨʦʪʦʨʩʢʠʭ ʞʣʝʙʦʚʘ, ʠʪʜ. [113]. ʈɾʍ ʯʝʩʪʦ ʠʤʘʿʫ ʥʘʿʚʝ˂ʝ 

ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ ʦʜ ʩʚʠʭ ʭʘʨʤʦʥʠʢʘ ʫ ʩʧʝʢʪʨʫ ʩʪʨʫʿʝ ʠ ʯʝʩʪʦ ʩʫ ʦʩʥʦʚʘ sensorless ʘʣʛʦʨʠʪʘʤʘ. 

ʊʘʜʘ ʿʝ ʧʦʞʝˀʥʦ ʜʘ ɸʄ ʠʤʘ ʦʪʚʦʨʝʥʝ ʠʣʠ ʧʦʣʫʦʪʚʦʨʝʥʝ ʥʝʠʩʢʨʠʚˀʝʥʝ ʞʣʝʙʦʚʝ ʠ ʜʘ ʚʘʞʝ 

ʨʝʣʘʮʠʿʝ ὔ ὔ ςὴ, ὔ ὔ [115]. ʅʘʚʝʜʝʥʝ ʘʢʪʠʚʥʦʩʪʠ ʫʚʝ˂ʘʚʘʿʫ ʚʨʰʥʫ ʚʨʝʜʥʦʩʪ ʈɾʍ, 

ʢʦʿʘ ʪʘʢʦʹʝ ʨʘʩʪʝ ʩʘ ʥʦʤʠʥʘʣʥʦʤ ʩʥʘʛʦʤ ʤʘʰʠʥʝ [111]. ɺʨʰʥʘ ʚʨʝʜʥʦʩʪ ʈɾʍ ʿʝ ʠʩʧʦʜ 50 mA 

ʟʘ ɸʄ ʩʥʘʛʝ ʜʦ ʥʝʢʦʣʠʢʦ ʢʠʣʦʚʘʪʘ. ɱʘʯʠʥʘ ʈɾʍ ʦʧʘʜʘ ʧʨʠ ʥʠʞʠʤ ʦʧʪʝʨʝ˂ʝˁʠʤʘ ʠ ʙʨʟʠʥʘʤʘ 

[62], [115], ʧʨʠ ʥʠʞʠʤ ὔ [116], ʠ ʘʢʦ ʩʫ ʨʦʪʦʨʩʢʠ ʞʣʝʙʦʚʠ ʠʩʢʨʠʚˀʝʥʠ [117]. ɱʘʯʠʥʘ ʈɾʍ ʥʝ 

ʟʘʚʠʩʝ ʦʜ ʜʠʟʘʿʥʘ ʝʣʝʢʪʨʠʯʥʦʛ ʢʦʣʘ, ʧʨʦʩʪʦʨʥʝ ʠ ʪʝʪʠʚʥʝ ʨʘʩʧʦʜʝʣʝ ʥʘʤʦʪʘʿʘ. ʇʨʠ ʥʠʞʠʤ 

ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ, ʥʧʨ. ʦʜ 0,5 Hz, ʿʘʯʠʥʘ ʈɾʍ ʧʦʩʪʘʿʝ ʚʨʣʦ ʤʘʣʘ 

ʠ ʛʦʪʦʚʦ ʛʘ ʿʝ ʥʝʤʦʛʫ˂ʝ ʜʝʪʝʢʪʦʚʘʪʠ ʥʝʟʘʚʠʩʥʦ ʦʜ ʜʠʟʘʿʥʘ ʤʘʛʥʝʪʩʢʦʛ ʢʦʣʘ, ʨʘʜʥʝ ʪʘʯʢʝ ɽʇ ʠʣʠ 

ʨʝʟʦʣʫʮʠʿʝ ɸɼ ʢʦʥʚʝʨʪʦʨʘ. ʂʦʜ sensorless ʘʣʛʦʨʠʪʘʤʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʈɾʍ ʢʦʨʠʩʪʝ ʩʝ ʛʣʘʚʥʠ 

ʞʣʝʙʥʠ ʭʘʨʤʦʥʠʮʠ (ɻɾʍ). ɸʄ ʤʦʞʝ ʜʘ ʛʝʥʝʨʠʰʝ ʈɾʍ ʘʢʦ ʠ ʩʘʤʦ ʘʢʦ ʿʝ ʟʘʜʦʚʦˀʝʥ ʫʩʣʦʚ  

 

ὔ ςὴσ‎ „ ςȢρσσ 

 

ʪʿ. ʘʢʦ ʿʝ ὔ ὴϳ ʧʘʨʘʥ ʙʨʦʿ, ʛʜʝ ʿʝ ‎ ʿʝ ʧʨʠʨʦʜʘʥ ʙʨʦʿ  [62]. ɹʨʦʿʘʯ „ ʜʝʬʠʥʠʰʝ ʢʦʿʠ ɻɾʍ ʧʦʩʪʦʿʠ. 

ɿʘ „ ρ ʫ ʠʟʨʘʟʫ ʟʘ Ὢ  ʫ ʊʘʙʝʣʠ 2.1. ʩʝ ʢʦʨʠʩʪʠ ʟʥʘʢ ʧʣʫʩ ʜʘ ʙʠ ʩʝ ʜʦʙʠʦ ʭʘʨʤʦʥʠʢ ʢʦʿʠ 

ʧʦʩʪʦʿʠ ʫ ɸʄ. ɸʢʦ ʿʝ „ ρ ʢʦʨʠʩʪʠ ʩʝ ʤʠʥʫʩ ʟʥʘʢ,  ʜʦʢ ʟʘ „ π ʧʦʩʪʦʿʝ ʦʙʘ ɻɾʍ ʫ ʤʘʰʠʥʠ. 
ʇʦʩʪʦʿʠ ʩʘʤʦ ʿʝʜʘʥ ɻɾʍ ʘʢʦ ὔ ʥʠʿʝ ʮʝʣʦʙʨʦʿʥʠ ʫʤʥʦʞʘʢ ʙʨʦʿʘ ʪʨʠ, ʰʪʦ ʩʝ ʦʙʠʯʥʦ ʨʘʜʠ ʜʘ ʙʠ 
ʩʝ ʩʤʘˁʠʣʘ ʙʫʢʘ ʠ ʚʠʙʨʘʮʠʿʝ ʢʦʜ ɸʄ. ʅʝʧʦʟʥʘʪʦ ὔ ʩʝ ʤʦʞʝ ʜʦʙʠʪʠ ʧʨʠʤʝʥʦʤ ʠʥʚʝʨʟʥʦʛ 
senosrless ʘʣʛʦʨʠʪʤʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ [114]. ɼʠʥʘʤʠʢʘ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ, ʘʣʠ ʠ ʜʨʫʛʠʭ 

ʘʥʘʣʠʟʠʨʘʥʠʭ ʭʘʨʤʦʥʠʢʘ, ʦʜʨʝʹʝʥʘ ʿ ʝ ʜʠʥʘʤʠʢʦʤ ʧʨʦʤʝʥʝ ʦʧʪʝʨʝ˂ʝˁʘ, ʨʝʬʝʨʝʥʮʝ ʙʨʟʠʥʝ, 

ʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʠ ʬʫʥʢʮʠʿʦʤ ʦʩʝʪˀʠʚʦʩʪʠ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʙʨʟʠʥʠ.  

 

2.4 ɸʣʛʦʨʠʪʤʠ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʚʨʘʪʠʣʘ  
 

ɸʥʠʟʦʪʨʦʧʠʿʝ ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʟʘ ʥʠʟ ʧʦʪʨʝʙʘ ʫ ɽʇ. ʋ ʥʘʩʪʘʚʢʫ, ʨʘʟʤʘʪʨʘʿʫ ʩʝ e̓nsorless 

ʘʣʛʦʨʠʪʤʠ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʘʩʠʥʭʨʦʥʝ ʤʘʰʠʥʝ ʢʦʿʠ ʩʫ ʫʩʣʝʜ ʚʨʣʦ ʰʠʨʦʢʝ ʧʨʠʤʝʥʝ ʦʜ 

1979. ʛʦʜʠʥʝ ʧʨʝʜʤʝʪ ʠʩʪʨʘʞʠʚʘˁʘ [127]. ɺʨʝʤʝʥʦʤ ʩʫ ʨʘʟʚʠʿʝʥʘ ʨʝʰʝˁʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ 

ʦʙʨʪʘˁʘ ʚʨʘʪʠʣʘ ʠ ʢʦʜ ʩʠʥʭʨʦʥʠʭ [128], ʧʨʝʢʠʜʘʯʢʠʭ-ʨʝʣʫʢʪʘʥʪʥʠʭ ʤʘʰʠʥʘ [130], ʠʪʜ. ɼʦ ʩʘʜʘ 

ʧʫʙʣʠʢʦʚʘʥʠ ʨʘʜʦʚʠ ʢʦʿʠ ʧʨʝʜʣʘʞʫ ʪʝʭʥʠʢʝ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʢʦʜ ʪʨʦʬʘʟʥʠʭ ɸʄ ʤʦʛʫ 

ʩʝ ʧʦʜʝʣʠʪʠ ʫ ʜʚʝ ʛʨʫʧʝ. ʇʨʚʫ ʛʨʫʧʫ ʯʠʥʝ ʧʨʠʩʪʫʧʠ ʢʦʿʠ ʫʚʘʞʘʚʘʿʫ ʦʜʟʠʚ ɸʄ ʫ ʧʦʿʘʩʫ ʦʩʥʦʚʥʠʭ 

ʫʯʝʩʪʘʥʦʩʪʠ. ɼʨʫʛʫ ʛʨʫʧʫ ʯʠʥʝ ʤʝʪʦʜʝ ʢʦʿʝ ʩʝ ʟʘʩʥʠʚʘʿʫ ʥʘ ʘʥʠʟʦʪʨʦʧʠʿʘʤʘ ʤʘʰʠʥʝ. ʆʙʝ ʛʨʫʧʝ 

ʤʝʪʦʜʘ ʩʝ ʤʦʛʫ ʨʝʘʣʠʟʦʚʘʪʠ ʩʘ ʠʣʠ ʙʝʟ ʜʦʜʘʚʘˁʘ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ, ʩʭʦʜʥʦ ʧʦʪʨʝʙʘʤʘ. ʋ ʦʚʦʤ 

ʜʝʣʫ ʧʦʛʣʘʚˀʘ ʘʥʘʣʠʟʠʨʘ˂ʝ ʩʝ ʜʦ ʩʘʜʘ ʧʫʙʣʠʢʦʚʘʥʘ ʨʝʰʝˁʘ. ʊʘʢʦʹʝ, ʫʢʘʟʘ˂ʝ ʩʝ ʥʘ ʧʦʪʨʝʙʫ ʠ 

ʧʨʦʩʪʦʨ ʟʘ ʩʠʥʪʝʟʫ ʥʦʚʦʛ ʘʣʛʦʨʠʪʤʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ, ʢʘʦ ʠ ʧʨʠʜʨʫʞʝʥʦʛ ʘʣʛʦʨʠʪʤʘ ʫʧʨʘʚˀʘˁʘ.  
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2.4.1 ɸʣʛʦʨʠʪʤʠ ʟʘʩʥʦʚʘʥʠ ʥʘ ʤʦʜʝʣʫ ɸʄ ʫ ʧʦʿʘʩʫ ʦʩʥʦʚʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ 
 

ʇʨʚʫ ʛʨʫʧʫ ʯʠʥʝ ʧʨʠʩʪʫʧʠ ʢʦʿʠ ʫʚʘʞʘʚʘʿʫ ʦʜʟʠʚ ɸʄ ʫ ʧʦʿʘʩʫ ʦʩʥʦʚʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ, ʫʟ 

ʧʨʝʪʧʦʩʪʘʚʢʫ ʦ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʦʿ ʨʘʩʧʦʜʝʣʠ ʤʘʛʥʝʪʩʢʝ ʠʥʜʫʢʮʠʿʝ ʫ ʟʘʟʦʨʫ ʟʘʥʝʤʘʨʫʿʫ˂ʠ 

ʧʨʦʩʪʦʨʥʝ ʭʘʨʤʦʥʠʢʝ ʠ ʜʨʫʛʝ ʩʝʢʫʥʜʘʨʥʝ ʧʦʿʘʚʝ. ʇʦʤʝʥʫʪʝ ʤʝʪʦʜʝ ʩʝ ʧʨʠʤʝˁʫʿʫ ʢʘʦ ʩʪʨʫʢʪʫʨʝ 

ʫ ʦʪʚʦʨʝʥʦʿ (ʝʥʛʣ. open-loop) ʠʣʠ ʟʘʪʚʦʨʝʥʦʿ (ʝʥʛʣ. closed-loop) ʩʧʨʝʟʠ, ʪʿ. ʢʘʦ ʝʩʪʠʤʘʪʦʨʠ ʠʣʠ 

ʦʧʩʝʨʚʝʨʠ ʩʪʘˁʘ. ʉʪʨʫʢʪʫʨʝ ʩʫ ʟʘʩʥʦʚʘʥʝ ʜʠʥʘʤʠʯʢʦʤ ʤʦʜʝʣʫ ɸʄ ʧʨʝʤʘ ʆʊɽʄ ʠ ʠʥʜʫʢʦʚʘʥʦʿ 

ɽʄʉ ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ. ɹʨʟʠʥʘ ʩʝ ʢʦʜ ʦʚʠʭ ʤʝʪʦʜʘ ʦʮʝˁʫʿʝ, ʫʛʣʘʚʥʦʤ, ʥʘ ʦʩʥʦʚʫ ʧʦʣʦʞʘʿʘ 

ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ. ʇʦʩʪʦʿʝ ʯʝʪʠʨʠ ʦʩʥʦʚʥʘ ʪʠʧʘ ʩʪʨʫʢʪʫʨʝ ʝʩʪʠʤʘʪʦʨʘ ʟʘ ʦʮʝʥʫ ʬʣʫʢʩʝʚʘ ʠ ʪʦ:  

- ɽʩʪʠʤʘʪʦʨ ʟʘʩʥʦʚʘʥ ʥʘ ʤʝʨʝˁʫ ʩʪʨʫʿʝ ʥʘʤʦʪʘʿʘ ʩʪʘʪʦʨʘ ʠ ʙʨʟʠʥʝ ʨʦʪʦʨʘ; 

- Eʩʪʠʤʘʪʦʨ (ʝʥʛʣ. full-order estimator) ʟʘʩʥʦʚʘʥ ʥʘ ʤʝʨʝˁʠʤʘ ʥʘʧʦʥʘ ʩʪʘʪʦʨʘ ʠ ʙʨʟʠʥʝ; 

- ɽʩʪʠʤʘʪʦʨ ʟʘʩʥʦʚʘʥ ʥʘ ʤʝʨʝˁʫ ʚʝʣʠʯʠʥʘ ʥʘ ʧʨʠʢˀʫʯʥʠʤ ʢʨʘʿʝʚʠʤʘ ʩʪʘʪʦʨʘ; 

- ɽʩʪʠʤʘʪʦʨ (ʝʥʛʣ. cancellation method) ʟʘʩʥʦʚʘʥ ʥʘ ʬʣʫʢʩʝʚʠʤʘ ʩʪʘʪʦʨʘ [130]. 

ʇʨʚʝ ʜʚʝ ʛʨʫʧʝ ʝʩʪʠʤʘʪʦʨʘ ʩʫ ʧʨʠʤʝˁʫʿʫ ɽʇ ʩʘ ʜʘʚʘʯʠʤʘ, ʢʘʦ ʧʦʜʨʰʢʘ ʦʩʥʦʚʥʦʤ ʩʠʩʪʝʤʫ. 

ʏʝʪʚʨʪʘ ʛʨʫʧʘ ʝʩʪʠʤʘʪʦʨʘ ʩʝ ʫʛʣʘʚʥʦʤ ʢʦʨʠʩʪʠ ʢʦʜ ʧʨʝʢʠʜʘʯʢʠʭ-ʨʝʣʫʢʪʘʥʪʥʠʭ ɽʇ. ʊʨʝ˂ʘ 

ʛʨʫʧʘ ʝʩʪʠʤʘʪʦʨʘ ʠʤʘ ʚʝʣʠʢʫ ʧʨʠʤʝʥʫ ʢʦʜ ʉʄ ʠ ɸʄ ʟʙʦʛ ʩʚʦʿʝ ʿʝʜʥʦʩʪʘʚʥʦʩʪʠ. ɿʘ ʧʦʪʨʝʙʝ 

ʦʚʠʭ ʝʩʪʠʤʘʪʦʨʘ, ʨʦʪʦʨʩʢʝ ʚʝʣʠʯʠʥʝ ʩʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʫ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʪʘʪʦʨʩʢʦʤ 

ʢʦʦʨʜʠʥʘʪʥʦʤ ʩʠʩʪʝʤʫ ʧʦʣʘʟʝ˂ʠ ʦʜ ʨʝʟʫʣʪʘʪʘ ʂʣʘʨʢʠʥʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ (2.36)-(2.39) ʠ 

ʧʨʠʤʝʥʦʤ ʇʘʨʢʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʫ ʩʫʧʨʦʪʥʦʤ ʩʤʝʨʫ ʦʜ ʩʤʝʨʘ ʦʙʨʪʘˁʘ ʨʦʪʦʨʘ ʢʘʦ (2.134). 

ʊʘʜʘ ʿʝ ʝʣʝʢʪʨʠʯʥʠ ʧʦʜʩʠʩʪʝʤ ʤʘʰʠʥʝ ʤʦʜʝʣʠʨʘʥ ʩʠʩʪʝʤʦʤ ʿʝʜʥʘʯʠʥʘ 
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ʂʘʦ ʫ ʧʦʛʣʘʚˀʫ 2.2, ʥʘʧʦʥʠ, ʬʣʫʢʩʝʚʠ ʠ ʩʪʨʫʿʝ ʩʫ ʧʨʝʜʩʪʘʚˀʝʥʝ ʢʦʤʧʣʝʢʩʥʦʤ ʥʦʪʘʮʠʿʦʤ, 

ʢʘʦ ʥʘ ʧʨʠʤʝʨ ʨʦʪʦʨʩʢʝ ʩʪʨʫʿʝ (2.134), ʛʜʝ ʩʫʧʝʨʩʢʨʠʧʪ ñSñ ʦʟʥʘʯʘʚʘ ʚʝʣʠʯʠʥʫ ʩʚʝʜʝʥʫ ʥʘ 

ʩʪʨʘʥʫ ʩʪʘʪʦʨʘ. ʋʧʨʘʚˀʘʯʢʝ ʠ ʧʨʦʤʝʥˀʠʚʝ ʩʪʘˁʝ ʩʫ ʪʨʠʛʦʥʦʤʝʪʨʠʿʩʢʝ ʬʫʥʢʮʠʿʝ, ʘʣʠ ʤʘʪʨʠʮʫ 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ (2.136) ʯʠʥʝ ʢʦʥʩʪʘʥʪʥʠ ʧʘʨʘʤʝʪʨʠ ʧʘ ʿʝ ʤʦʜʝʣ ʧʦʛʦʜʘʥ ʟʘ ʧʦʪʨʝʙʝ ʜʝʪʝʢʮʠʿʝ 

ʧʦʣʦʞʘʿʘ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ [22]. ʀʥʜʫʢʦʚʘʥʘ ɽʄʉ ʩʝ ʤʦʞʝ ʠʟʤʝʨʠʪʠ ʫʛʨʘʜˁʦʤ ʤʝʨʥʠʭ 

ʥʘʤʦʪʘʿʘ ʫ ʥʘʤʦʪʘʿ ʩʪʘʪʦʨʘ, ʠʣʠ ʦʮʝʥʦʤ ʥʘ ʦʩʥʦʚʫ ʪʝʨʤʠʥʘʣʥʠʭ ʚʝʣʠʯʠʥʘ ʩʪʘʪʦʨʘ. ʇʦʪʦʤ ʩʝ 

ʥʘʿʧʨʝ ʠʟ (2.135) ʦʜʨʝʹʫʿʫ ʬʣʫʢʩʝʚʠ ʩʪʘʪʦʨʘ, ʘ ʟʘʪʠʤ ʠʟ (2.137) ʠ ʬʣʫʢʩʝʚʠ ʨʦʪʦʨʘ ʨʝʜʦʤ ʢʘʦ 
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ɸʨʛʫʤʝʥʪ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ ‪  ʧʨʝʜʩʪʘʚˀʘ ʧʦʣʦʞʘʿ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ ʫ ʧʨʦʩʪʦʨʫ ʢʦʿʠ 

ʩʘʜʨʞʠ ʧʦʜʘʪʘʢ ʦ ʤʝʭʘʥʠʯʢʦʿ ʙʨʟʠʥʠ ʦʙʨʪʘˁʘ. ʇʨʦʨʘʯʫʥ ɽʄʉ ʠ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ ʥʘ ʦʩʥʦʚʫ 
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(2.138) ʿʝ ʦʩʝʪˀʠʚ ʥʘ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʠʥʚʝʨʪʦʨʘ ʢʦʿʝ ʩʫ ʤʦʜʝʣʦʚʘʥʝ ʫ ʧʦʪʧʦʛʣʘʚʫˀ 2.1. ʢʘʦ ʠ 

ʥʘ ʧʨʦʤʝʥʝ ʦʪʧʦʨʥʦʩʪʠ ʥʘʤʦʪʘʿʘ ʩʪʘʪʦʨʘ. ʅʘʚʝʜʝʥʠ ʬʝʥʦʤʝʥʠ ʩʫ ʧʦʨʝʤʝ˂ʘʿʠ ʫ ʩʪʨʫʿʘʤʘ ʠ 

ʥʘʧʦʥʠʤʘ, ό ʠ Ὥ ʤʦʜʝʣʠʨʘʥʠ ʩʘ (2.17), ʢʦʿʠ ʩʤʘˁʫʿʫ ʪʘʯʥʦʩʪ ʫ ʦʮʝʥʠ ʠ ʤʦʜʠʬʠʢʫʿʫ (2.138) ʫ  

 

‪ ὸ ό ὸ ῳόὸ ό ὸ ὶ Ὥ ὸ Ὠὸ ό ȟ ὸὨὸȢ ςȢρσω 

 

 ɻʨʝʰʢʫ ʢʦʿʘ ʥʘʩʪʘʿʝ ʫʩʣʝʜ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʘʢʫʤʫʣʠʰʝ ʠʥʪʝʛʨʘʪʦʨ ʝʩʪʠʤʘʪʦʨʘ. ʇʨʠ ʤʘʣʠʤ 

ʙʨʟʠʥʘʤʘ ʜʦʣʘʟʠ ʜʦ ʟʥʘʯʘʿʥʦʛ ʦʜʩʪʫʧʘˁʘ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ɽʄʉ ʠ ʜʦ ʥʝʩʪʘʙʠʣʥʦʩʪʠ ʩʠʩʪʝʤʘ. 

ɻʨʝʰʢʘ ʩʝ ʩʤʘˁʫʿʝ ʧʨʠʤʝʥʦʤ ʥʝʩʘʚʨʰʝʥʦʛ ʠʥʪʝʛʨʘʪʦʨʘ [22], ʅʌ ʬʠʣʪʨʘ ʩʘ ʢʘʰˁʝˁʝʤ ʧʨʚʦʛ 

ʨʝʜʘ †  ʧʨʝʩʝʯʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʦʧʩʝʛʫ ʦʢʦ 2 Hz ʠ ʢʦʥʘʯʥʠʤ DC ʧʦʿʘʯʘˁʝʤ, ʥʘʜ (2.135) ʢʘʦ  
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ʄʝʪʦʜʘ [22] ʿʝ ʿʝʜʥʦʩʪʘʚʥʘ, ʜʘʿʝ ʧʨʠʭʚʘʪˀʠʚʫ ʪʘʯʥʦʩʪ ʥʘ ʚʝ˂ʠʤ ʙʨʟʠʥʘʤʘ ʠ ʧʨʫʞʘ ʦʯʫʚʘˁʝ 

ʦʮʝʥʝ ʙʨʟʠʥʝ ʧʨʠ ʧʨʦʣʘʩʢʫ ʢʨʦʟ ʥʫʣʫ ʫʟ ʜʦʚʦˀʥʠ ʚʝʣʠʢʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʧʨʦʤʝʥʝ ʙʨʟʠʥʝ. 

ʀʧʘʢ, ʥʝ ʦʤʦʛʫ˂ʘʚʘ ʜʫʛʦʪʨʘʿʘʥ ʨʘʜ ʧʨʠ ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ. ʅʘʠʤʝ, ʅʌ ʬʠʣʪʘʨ ʩʝ ʧʦʥʘʰʘ ʢʘʦ 

ʠʥʪʝʛʨʘʪʦʨ ʟʘ ʩʠʛʥʘʣʝ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʤʥʦʛʦ ʚʝ˂ʠʤ ʦʜ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʬʠʣʪʨʘ, ʜʦʢ ʫ ʥʠʞʝʤ 

ʜʝʣʫ ʩʧʝʢʪʨʘ ʥʝʛʘʪʠʚʥʘ ʧʦʚʨʘʪʥʘ ʩʧʨʝʛʘ ʩʪʘʙʠʣʠʰʝ ʠʟʣʘʟ ʠʥʪʝʛʨʘʪʦʨʘ. ʇʨʠ ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ 

ʧʨʠ ʫʯʝʩʪʘʥʦʩʪʠ ʩʪʘʪʦʨʩʢʝ ʩʪʨʫʿʝ ʠʩʧʦʜ ʧʨʝʩʝʯʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʅʌ ʬʠʣʪʨʘ ʛʫʙʠ ʩʝ ʩʣʘʙˀʝˁʝ ʠ 

ʬʘʟʥʠ ʧʦʤʝʨʘʿ, ʧʘ ʩʠʩʪʝʤ ʧʦʩʪʘʿʝ ʥʝʩʪʘʙʠʣʘʥ. ʂʘʢʦ ʙʠ ʩʝ ʧʦʚʝ˂ʘʣʘ ʨʦʙʫʩʥʦʩʪ ʠ ʧʦʫʟʜʘʥʦʩʪ 

ʦʮʝʥʝ ʙʨʟʠʥʝ ʫʤʝʩʪʦ ʥʝʩʘʚʨʰʝʥʦʛ ʠʥʪʝʛʨʘʪʦʨʘ ʤʦʛʫ ʩʝ ʢʦʨʠʩʪʠʪʠ ʩʘʪʫʨʘʪʦʨʠ ʟʘ ʦʛʨʘʥʠʯʝˁʝ 

ʚʨʝʜʥʦʩʪ ʠʥʪʝʛʨʘʪʦʨʘ ʥʘ ʚʨʝʜʥʦʩʪ ʥʦʤʠʥʘʣʥʦʛ ʬʣʫʢʩʘ [131]. ʆʛʨʘʥʠʯʘʚʘˁʝ ʬʣʫʢʩʘ ʫʟʨʦʢʫʿʝ ʜʘ 

ʩʝ ʪʘʣʘʩʥʠ ʦʙʣʠʢ ʄʇʉ ʩʪʘʪʦʨʘ ʠʟʦʙʣʠʯʘʚʘ ʜʚʘ ʧʫʪʘ ʪʦʢʦʤ ʧʝʨʠʦʜʝ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ 

ʩʪʘʪʦʨʘ. ʀʟʦʙʣʠʯʝˁʘ ʜʦʚʦʜʝ ʜʦ ʟʥʘʯʘʿʥʠʭ ʚʘʣʦʚʠʪʦʩʪʠ ʤʦʤʝʥʪʘ, ʢʦʿʘ ʤʦʛʫ ʫʛʨʦʟʠʪʠ ʨʘʜ ɽʇ.  

ʇʨʠʩʫʩʪʚʦ ʥʝʩʘʚʨʰʝʥʦʛ ʠʥʪʝʛʨʘʪʦʨʘ (2.140) ʫʥʦʩʠ ʜʠʩʪʦʨʟʠʿʝ ʫ ʬʨʝʢʚʝʥʮʠʿʩʢʦʤ ʦʜʟʠʚʫ 

ʩʠʩʪʝʤʘ ʟʘ ʤʝʨʝˁʝ ʰʪʦ ʫʪʠʯʝ ʠ ʥʘ ʥʘʜʨʝʹʝʥʝ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ. ɼʠʩʪʦʨʟʠʿʝ ʩʝ ʨʝʢʦʥʩʪʨʫʠʰʫ 

ʛʝʥʝʨʠʩʘˁʝʤ ʨʝʬʝʨʝʥʪʥʦʛ ʚʝʢʪʦʨʘ ʬʣʫʢʩʘ ʨʦʪʦʨʘ ʫ ʬʫʥʢʮʠʿʠ ʦʧʪʝʨʝ˂ʝˁʘ [132]. ʈʝʬʝʨʝʥʪʥʠ 

ʚʝʢʪʦʨ ʬʣʫʢʩʘ ʩʝ ʪʨʘʥʩʬʦʨʤʠʰʝ ʫ ʩʪʘʪʦʨʩʢʠ ʢʦʦʨʜʠʥʘʪʥʠ ʩʠʩʪʝʤ ʠ ʧʨʦʧʫʰʪʘ ʢʨʦʟ ʬʠʣʪʝʨ ʩʘ 

ʠʩʪʦʤ ʚʨʝʤʝʥʩʢʦʤ ʢʦʥʩʪʘʥʪʦʤ † , ʘ ʟʘʪʠʤ ʜʦʜʘʿʝ ʥʘ ʚʝʢʪʦʨ ʬʣʫʢʩʘ ʠʟ (2.140), ʦʜʥʦʩʥʦ 
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ʆʚʘʢʦ ʩʝ ʨʦʪʦʨʩʢʠ ʬʣʫʢʩ ʜʦʙʠʿʘ ʠʟ ʜʚʝ ʢʦʤʧʦʥʝʥʪʝ. ʇʨʚʘ ʢʦʤʧʦʥʝʥʪʘ ʧʦʪʠʯʝ ʦʜ (2.140) ʠ 

ʦʜʨʝʹʫʿʝ ʚʨʝʜʥʦʩʪ ʦʮʝˁʝʥʦʛ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ ʥʘ ʚʠʰʠʤ ʙʨʟʠʥʘʤʘ. ɼʨʫʛʘ ʢʦʤʧʦʥʝʥʪʘ ʬʣʫʢʩʘ 

ʩʝ ʢʦʨʠʩʪʠ ʥʘ ʥʠʞʠʤ ʙʨʟʠʥʘʤʘ ʠ ʜʦʙʠʿʘ ʩʝ ʧʨʝʜʠʢʪʠʚʥʠʤ ʜʝʿʩʪʚʦʤ (ʝʥʛʣ. feed-forward) ʠʟ 

ʨʝʬʝʨʝʥʮʝ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ. ʇʨʝʣʘʟ ʩʘ ʫʧʦʪʨʝʙʝ ʿʝʜʥʝ ʥʘ ʫʧʦʪʨʝʙʫ ʜʨʫʛʝ ʢʦʤʧʦʥʝʥʪʝ ʿʝ 

ʦʜʨʝʹʝʥʦ ʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʬʠʣʪʨʘ. ʆʚʘʿ ʧʨʠʩʪʫʧ ʧʨʫʞʘ ʨʦʙʫʩʥʦʩʪ ʠ ʩʪʘʙʠʣʥʦʩʪ ʩʠʩʪʝʤʘ ʥʘ 

ʥʘʿʥʠʞʠʤ ʙʨʟʠʥʘʤʘ, ʘʣʠ ʥʠʿʝ ʤʦʛʫ˂ʝ ʧʨʠʤʝʥʠʪʠ ʘʣʛʦʨʠʪʤʝ ʟʘ ʨʝʛʫʣʘʮʠʿʫ ʤʦʤʝʥʪʘ ʩʠʣʝ ʧʦʧʫʪ 

ʚʝʢʪʦʨʩʢʦʛ ʫʧʨʘʚˀʘˁʘ [133]. ʅʘʠʤʝ, ʢʘʢʦ ʩʝ ʧʦʟʠʮʠʿʘ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ ʦʜʨʝʹʫʿʝ ʠʟʣʘʟʠʤʘ 

ʨʝʛʫʣʘʪʦʨʘ ʙʨʟʠʥʝ ʠ ʨʝʬʝʨʝʥʮʠ ʨʝʛʫʣʘʪʦʨʘ ʩʪʨʫʿʝ, ʧʦʩʪʦʿʠ ʛʨʝʰʢʘ ʫ ʦʮʝʥʠ ʫʛʣʘ ʨʦʪʦʨʩʢʦʛ 

ʬʣʫʢʩʘ ʠ ʥʠʿʝ ʤʦʛʫ˂ʝ ʠʩʧʨʘʚʥʦ ʧʦʟʠʮʠʦʥʠʨʘʪʠ d-q ʩʠʩʪʝʤ.  

ʇʦʩʪʦʿʠ ʚʝʣʠʢʠ ʙʨʦʿ ʨʝʰʝˁʘ ʢʦʿʠ ʘʢʫʤʫʣʠʩʘˁʝ ʛʨʝʰʢʝ ʫ ʠʥʪʝʛʨʘʪʦʨʫ ʨʝʰʘʚʘ ʧʨʠʤʝʥʦʤ 

ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʢʦʤʧʝʥʟʘʮʠʿʫ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʫ (2.17), ʦʜʥʦʩʥʦ (2.139) [22], [38], [45], [67], [129], 

[130], [131], [133], ʠʪʜ. ʐʝʤʘ ʢʦʿʘ ʦʙʫʭʚʘʪʘ ʢʦʤʧʝʥʟʘʮʠʿʝ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʧʨʝʜʩʪʘʚˀʝʥʝ ʫ 
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ʧʦʪʧʦʛʣʘʚˀʘ 2.1. ʜʘʪʘ ʿʝ ʥʘ ʉʣʠʮʠ 2.16. ʊʘʜʘ ʿʝ, ʧʦʜ ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʠʜʝʘʣʥʦ ʦʩʪʚʘʨʝʥʠʭ 

ʢʦʤʧʝʥʟʘʮʠʿʘ, ʤʦʛʫ˂ʝ ʢʦʨʠʩʪʠʪʠ ʠʜʝʘʣʥʠ ʠʥʪʝʛʨʘʪʦʨ ʟʘ ʧʨʦʨʘʯʫʥ ʬʣʫʢʩʝʚʘ ʩʪʘʪʦʨʘ ʢʘʦ ʫ 

(2.139). ɸʢʦ ʩʝ ʧʨʝʪʧʦʩʪʘʚʠ ʜʘ ʩʝ ʧʦʣʘʟʝ˂ʠ ʦʜ (2.17) ʠʟʦʙʣʠʯʝˁʘ ʥʘʧʦʥʘ ʥʘ ʧʨʠʢˀʫʯʮʠʤʘ ɸʄ 

ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʥʘ ʧʦʨʝʤʝ˂ʘʿʝ ʫ ʚʠʜʫ ʿʝʜʥʦʩʤʝʨʥʠʭ ʠ ʥʘʠʟʤʝʥʠʯʥʠʭ ʥʘʧʦʥʘ 

 

όȟ ὸ όȟ ὸ ὶ Ὥȟ ὸ ό ὸ ῳό ὸ ῳό ὸ ὶ Ὥȟ ὸȢ ςȢρτς 

 

ɱʝʜʥʦʩʤʝʨʥʝ ʢʦʤʧʦʥʝʥʪʝ ʢʦʿʝ ʧʦʩʪʦʿʝ ʫ ʤʝʨʝʥʠʤ ʚʝʣʠʯʠʥʘʤʘ ʜʦʧʨʠʥʦʩʝ ʥʘʧʦʥʩʢʦʤ 

ʨʘʟʜʝʰʝˁʫ ɸɼ ʢʦʥʚʝʨʪʦʨʘ ʠ ʥʝʨʘʚʥʦʤʝʨʥʦʤ ʧʦʿʘʯʘˁʫ ʧʦ ʢʘʥʘʣʠʤʘ, ʘ ʧʦʩʣʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ 

ʩʪʨʫʿʘ ʫ ʦʙʨʪʥʠ ʩʠʩʪʝʤ ʧʦʩʪʘʿʫ ɸʉ ʢʦʤʧʦʥʝʥʪʝ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ. 

ʅʝʧʨʠʣʘʛʦʹʝʥʘ ʧʦʿʘʯʘˁʘ ʫ ʉɸʈ ʧʦʿʘʯʘʚʘʿʫ ʦʚʝ ʢʦʤʧʦʥʝʥʪʝ ʠ ʜʦʚʦʜʝ ʜʦ ʝʣʠʧʪʠʯʥʦʛ ʦʙʣʠʢʘ 

ʪʨʘʿʝʢʪʦʨʠʿʝ ʩʪʨʫʿʥʦʛ ʚʝʢʪʦʨʘ ʠ ʚʝʢʪʦʨʘ ʬʣʫʢʩʘ. ʊʘʜʘ, 5% ʥʘʧʦʥʩʢʦʛ ʨʘʟʜʝʰʝˁʘ ʩʪʚʘʨʘ 

ʧʫʣʩʘʮʠʿʝ ʤʦʤʝʥʪʘ ʩʠʣʝ ʦʜ 6% ʥʦʤʠʥʘʣʥʝ ʚʨʝʜʥʦʩʪʠ, ʘ ʫ ʛʨʘʥʠʯʥʦʤ ʩʣʫʯʘʿʫ ʜʦʣʘʟʠ ʜʦ 

ʟʘʩʠ˂ʝˁʘ ʠʣʠ ʥʝʩʪʘʙʠʣʥʦʩʪʠ [45]. ʂʦʤʧʝʥʟʘʮʠʿʘ ʥʘʚʝʜʝʥʠʭ ʧʦʨʝʤʝ˂ʘʿʘ ʩʧʨʦʚʦʜʠ ʩʝ ʢʘʦ ʥʘ 

ʉʣʠʮʠ 2.16. ʇʨʠʤʝʥʦʤ ʩʘʚʨʰʝʥʦʛ ʠʥʪʝʛʨʘʪʦʨʘ ʜʦʙʠʿʘ ʩʝ ʬʣʫʢʩ ‪ ὸ, ʥʘʜ ʢʦʿʠʤ ʩʝ ʧʨʠʤʝˁʫʿʝ 
ʩʘʪʫʨʘʪʦʨ, ‪ ὸ, ʢʘʢʦ ʙʠ ʩʝ ʩʧʨʝʯʠʦ ʠʩʧʘʜ ʠʟ ʩʪʘʙʠʣʥʦʩʪʠ. ʅʘʧʦʥʩʢʘ ʨʘʟʜʝʰʝˁʘ ʥʘ ʫʣʘʟʠʤʘ 

ɸɼ ʢʦʥʚʝʨʪʦʨʘ ʩʝ ʘʧʨʦʢʩʠʤʠʨʘʿʫ ʜʝˀʝˁʝʤ ʩʨʝʜˁʝʛ ʦʜʩʪʫʧʘˁʘ ʬʣʫʢʩʘ ‪ ὸ ʦʜ ʨʝʬʝʨʝʥʪʥʦʛ 

ʬʣʫʢʩʘ ‪ᶻ ὸ ʩʘ ʪʨʘʿʘˁʝʤ ˁʝʛʦʚʝ ʧʦʣʫʧʝʨʠʦʜʝ. ɼʦʙʠʿʝʥʘ ʦʮʝˁʝʥʘ ʛʨʝʰʢʘ ʩʝ ʧʨʝʢʦ ʅʌ 

ʬʠʣʪʨʘ ʢʦʨʠʩʪʠ ʫ ʧʦʚʨʘʪʥʦʿ ʩʧʨʝʟʠ ʟʘ ʢʦʨʝʢʮʠʿʫ ʧʦʨʝʤʝ˂ʘʿʘ. ʅʘʠʟʤʝʥʠʯʥʝ ʢʦʤʧʦʥʝʥʪʝ ῳό ὸ 
ʩʫ ʨʘʥʠʿʝ ʦʧʠʩʘʥʝ ʩʘ (2.17) ʠ ʯʠʥʝ ʠʭ ʜʦʤʠʥʘʥʪʥʦ ʭʘʨʤʦʥʠʮʠ ʫʩʣʝʜ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ, 

ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʧʨʝʢʠʜʘʯʘ ʠ PWM. ɸʥʘʣʠʪʠʯʢʠ, ʢʦʤʧʝʥʟʘʮʠʿʝ ʩʝ ʩʧʨʦʚʦʜʝ ʠʟʨʘʟʠʤʘ  
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ʛʜʝ ʿʝ Ὧ ʢʦʥʩʪʘʥʪʘ ʫ ʦʧʩʝʛʫ ʦʜ 0,4 ʦʜ 0,8. ʉʪʨʫʢʪʫʨʘ ʢʦʤʧʝʥʟʫʿʝ ʬʝʥʦʤʝʥʝ ʢʦʿʠ ʥʘʩʪʘʿʫ ʩʘ 

ʧʨʦʤʝʥʦʤ ʪʝʤʧʝʨʘʪʫʨʝ ʫ ɽʇ ʠ ʢʦʿʠ ʠʤʘʿʫ ʩʧʦʨʫ ʜʠʥʘʤʠʢʫ ʧʨʦʤʝʥʝ. ɼʘʢʣʝ, ʠʟ ʫʛʣʘ ʩʠʥʪʝʟʝ ʉɸʈ 

ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʦʚʠʭ ʩʪʨʫʢʪʫʨʘ ʿʝ ʨʝʣʘʪʠʚʥʦ ʥʠʟʘʢ.  

 

 
ʉʣʠʢʘ 2.16. ɽʩʪʠʤʘʪʦʨ ʩʪʘʪʦʨʩʢʦʛ ʬʣʫʢʩʘ ʩʘ ʠʜʝʘʣʥʠʤ ʠʥʪʝʛʨʘʪʦʨʦʤ.  
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ʇʨʠʤʝˁʫʿʫ ʩe ʠ ʟʘʩʝʙʥʝ ʤʝʪʦʜʝ ʟʘ ʢʦʤʧʝʥʟʘʮʠʿʫ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ [42], [43], ʜʦʜʘʪʥʠ 

ʝʩʪʠʤʘʪʦʨʠ ʟʘ ʦʮʝʥʫ ʦʪʧʦʨʥʦʩʪʠ ʩʪʘʪʦʨʘ [131], ʠʪʜ. ʇʦʛʦʜʥʦ ʢʦʤʧʝʥʟʦʚʘˁʝ ʩʚʠʭ 

ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʦʤʦʛʫ˂ʘʚʘ ʫʧʦʪʨʝʙʫ ʩʘʚʨʰʝʥʦʛ ʠʥʪʝʛʨʘʪʦʨʘ ʟʘ ʦʮʝʥʫ ʩʪʘʪʦʨʩʢʦʛ ʬʣʫʢʩʘ ʠʟ 

ɽʄʉ ʯʠʤʝ ʩʝ ʩʤʘˁʫʿʝ ʢʘʰˁʝˁʝ ʦʮʝʥʝ ʠ ʧʨʫʞʘ ʚʝ˂ʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʨʝʛʫʣʘʮʠʦʥʠʭ ʧʝʪˀʠ ʩʘ 

ʪʝʦʨʠʿʩʢʦʤ ʛʨʝʰʢʦʤ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ ʫ ʚʨʝʜʥʦʩʪʠ ʦʜ ʿʝʜʥʝ ʧʦʣʦʚʠʥʝ ʥʦʤʠʥʘʣʥʦʛ ʢʣʠʟʘˁʘ [45].  

ʇʦʨʝʜ ʝʩʪʠʤʘʪʦʨʘ, ʤʝʪʦʜʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʤʦʜʝʣʫ ɸʄ ʫ ʧʦʿʘʩʫ ʦʩʥʦʚʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʩʝ 

ʧʨʠʤʝˁʫʿʫ ʢʘʦ ʩʪʨʫʢʪʫʨʝ ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ, ʪʿ. ʢʘʦ ʦʧʩʝʨʚʝʨʠ ʩʪʘˁʘ. ʇʨʠʤʝʥʘ ʦʧʩʝʨʚʝʨʘ 

ʫʚʝ˂ʘʚʘ ʨʦʙʫʩʥʦʩʪ ʧʨʦʮʝʩʘ ʦʮʝʥʝ ʙʨʟʠʥʝ ʥʘ ʦʜʩʪʫʧʘˁʝ ʫ ʧʘʨʘʤʝʪʨʠʤʘ ʤʦʜʝʣʘ ʠ ʧʨʠʩʫʩʪʚʦ 

ʰʫʤʦʚʘ ʫ ʩʠʩʪʝʤʫ. ʋ ʧʦʛʣʝʜʫ ʦʚʝ ʧʨʠʤʝʥʝ, ʦʧʩʝʨʚʝʨ ʯʠʥʝ ʪʨʠ ʮʝʣʠʥʝ ʠ ʪʦ: ʦʧʩʝʨʚʠʨʘˁʝ ɽʄʉ 

ʠʣʠ ʬʣʫʢʩʘ, ʜʝʤʦʜʫʣʘʮʠʿʘ ʩʠʛʥʘʣʘ ʛʨʝʰʢʝ, ʧʨʘ˂ʝˁʝ ʧʦʟʠʮʠʿʝ ʠʣʠ ʙʨʟʠʥʝ ʚʨʘʪʠʣʘ. ʆʧʩʝʨʚʝʨ ʩʝ 

ʩʘʩʪʦʿʠ ʦʜ ʜʚʘ ʝʩʪʠʤʘʪʦʨʘ ʠ ʨʝʛʫʣʘʪʦʨʘ ʢʦʿʠ ʨʝʘʛʫʿʝ ʥʘ ʩʠʛʥʘʣ ʛʨʝʰʢʝ ʠʟʤʝʹʫ ʤʝʨʝʥʠʭ ʠ 

ʦʮʝˁʝʥʠʭ ʚʝʣʠʯʠʥʘ ʯʠʤʝ ʫʚʝ˂ʘʚʘ ʨʦʙʫʩʥʦʩʪ ʠ ʢʚʘʣʠʪʝʪ ʧʨʦʮʝʩʘ ʦʮʝʥʝ. ʋ ʣʠʪʝʨʘʪʫʨʠ ʩʝ ʥʘʣʘʟʠ 

ʚʝ˂ʠ ʙʨʦʿ ʦʧʩʝʨʚʝʨʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʨʝʜʫʥʜʘʥʪʥʦʩʪʠ ʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ ɸʄ (2.42)-(2.45), ʪʿ. ʥʘ 

ʯʠˁʝʥʠʮʠ ʜʘ ʩʝ ʠʩʪʦ ʩʪʘˁʝ ʤʦʞʝ ʧʨʦʮʝʥʠʪʠ ʫʧʦʪʨʝʙʦʤ ʜʚʘ ʨʘʟʣʠʯʠʪʘ ʝʩʪʠʤʘʪʦʨʘ ʢʦʿʠ ʢʦʨʠʩʪʝ 

ʨʘʟʣʠʯʠʪʫ ʛʨʫʧʫ ʫʣʘʟʥʠʭ ʧʨʦʤʝʥˀʠʚʠʭ (ʝʥʛʣ. Model Reference Adaptive System ï MRAS) [241]. 

ʉʪʨʫʢʪʫʨʘ ʝʩʪʠʤʘʪʦʨʘ ʬʣʫʢʩʘ ʩʪʘʪʦʨʘ (2.138) ʢʘʦ ʫʣʘʟʥʝ ʧʘʨʘʤʝʪʨʝ ʢʦʨʠʩʪʠ ʤʝʨʝʥʝ ʩʪʨʫʿʝ ʠ 

ʥʘʧʦʥʝ ʩʪʘʪʦʨʘ ʠ ʥʘʟʠʚʘ ʩʝ ʨʝʬʝʨʝʥʪʥʠ ʤʦʜʝʣ ʿʝʨ ʥʝ ʟʘʚʠʩʠ ʦʜ ʙʨʟʠʥʝ. ɸʜʘʧʪʠʚʥʠ ʤʦʜʝʣ ʟʘʚʠʩʠ 

ʦʜ ʙʨʟʠʥʝ ʠ ʜʦʙʠʿʘ ʩʝ ʧʦʣʘʟʝ˂ʠ ʦʜ ʿʝʜʥʘʯʠʥʝ ʥʘʧʦʥʩʢʝ ʨʘʚʥʦʪʝʞʝ ʨʦʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ (2.136), 

ʛʜʝ ʩʫ ʫʣʘʟʠ ʠʟʤʝʨʝʥʘ ʩʪʘʪʦʨʩʢʘ ʩʪʨʫʿʘ ʠ ʦʮʝˁʝʥʘ ʙʨʟʠʥʘ ʦʙʨʪʘˁʘ [133]. MRAS ʩʝ ʨʝʘʣʠʟʫʿʝ ʢʘʦ 

ʚʝʢʪʦʨʩʢʠ ʟʘʢˀʫʯʘʥʘ ʧʝʪˀʘ ʛʜʝ ʿʝ ʨʝʬʝʨʝʥʪʥʠ ʚʝʢʪʦʨ ʬʣʫʢʩʘ ʬʣʫʢʩ ʩʪʘʪʦʨʘ, ʜʦʢ ʩʝ ʚʝʢʪʦʨ 

ʬʣʫʢʩʘ ʠʟ ʘʜʘʧʪʠʚʥʦʛ ʤʦʜʝʣʘ ʧʦʤʝʨʘ ʢʦʥʪʨʦʣʠʩʘʥʦ ʩʘ ʦʮʝˁʝʥʦʤ ʙʨʟʠʥʦʤ ʨʦʪʦʨʘ. ʆʙʘ ʤʦʜʝʣʘ 

ʨʝʟʫʣʪʫʿʫ ʠʩʪʦʤ ʧʨʦʤʝʥˀʠʚʦʤ ʩʪʘˁʘ, ʬʣʫʢʩʦʤ. ʇʦʨʝʹʝˁʝʤ ʨʝʟʫʣʪʘʪʘ ʘʜʘʧʪʠʚʥʦʛ ʠ 

ʨʝʬʝʨʝʥʪʥʦʛ ʤʦʜʝʣʘ ʜʦʙʠʿʘ ʩʝ ʩʠʛʥʘʣ ʧʨʦʧʦʨʮʠʦʥʘʣʘʥ ʩʠʥʫʩʫ ʫʛʣʘ ʛʨʝʰʢʝ ʝ ʠʟʤʝʹʫ ʜʚʘ 

ʠʟʣʘʟʥʘ ʚʝʢʪʦʨʘ, ʢʘʦ ʥʘ ʉʣʠʮʠ 2.17. ʉʠʛʥʘʣ ʛʨʝʰʢʝ ʿʝ ʫʣʘʟ ʟʘ ʘʜʘʧʪʠʚʥʠ ʤʝʭʘʥʠʟʘʤ, ʩʪʨʫʢʪʫʨʝ 

ʬʘʟʥʦ ʩʧʨʝʛʥʫʪʝ ʧʝʪˀʝ ʠʣʠ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ-ʠʥʪʝʛʨʘʣʥʦʛ (ʇʀ) ʨʝʛʫʣʘʪʦʨʘ. ʅʘ ʠʟʣʘʟʫ 

ʘʜʘʧʪʠʚʥʦʛ ʤʝʭʘʥʠʟʤʘ ʿʝ ʦʮʝˁʝʥʘ ʙʨʟʠʥʘ ʢʦʿʘ ʧʨʠʣʘʛʦʹʘʚʘ ʘʜʘʧʪʠʚʥʠ ʤʦʜʝʣ. ɼʝʿʩʪʚʦ 

ʨʝʛʫʣʘʪʦʨʘ ʫ ʘʜʘʧʪʠʚʥʦʤ ʤʝʭʘʥʠʟʤʫ ʩʠʛʥʘʣ ʛʨʝʰʢʝ ʦʧʘʜʘ ʠ ʙʨʟʠʥʘ ʩʝ ʧʨʠʙʣʠʞʘʚʘ ʨʝʘʣʥʦʿ, ʘ 

ʨʦʪʦʨʩʢʠ ʬʣʫʢʩʝʚʠ ʠʟ ʘʜʘʧʪʠʚʥʦʛ ʠ ʨʝʬʝʨʝʥʪʥʦʛ ʤʦʜʝʣʘ ʩʝ ʧʨʝʢʣʘʧʘʿʫ ʫ ʧʨʦʩʪʦʨʫ. ʅʘ ʦʚʘʿ 

ʥʘʯʠʥ ʩʝ ʧʦʨʝʜ ʙʨʟʠʥʝ ʠ ʬʣʫʢʩʘ ʨʦʪʦʨʘ ʤʦʛʫ ʦʮʝʥʠʪʠ ʠ ʜʨʫʛʘ ʩʪʘˁʘ ʫ ɽʄ ʧʦʧʫʪ ɽʄʉ, ʩʪʨʫʿʝ 

ʩʪʘʪʦʨʝ [22], ʩʪʨʫʿʝ ʤʘʛʥʝ˂ʝˁʘ [137], ʨʝʘʢʪʠʚʥʝ ʩʥʘʛʝ [45], ʩʪʘʪʦʨʩʢʘ ʦʪʧʦʨʥʦʩʪ [131], ʨʦʪʦʨʩʢʘ 

ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ [134], ʠʪʜ. ɱʝʜʥʦʚʨʝʤʝʥʦʤ ʧʨʠʤʝʥʦʤ ʚʠʰʝ MRAS ʦʧʩʝʨʚʝʨʘ ʤʦʛʫ˂ʝ ʿʝ 

ʠʟʚʨʰʠʪʠ ʦʮʝʥʫ ʚʝ˂ʝʛ ʙʨʦʿʘ ʩʪʘˁʘ ʠ ʧʘʨʘʤʝʪʘʨʘ [134]. 

ʅʝʣʠʥʝʘʨʥʠ ʦʧʩʝʨʚʝʨ ʧʦʪʧʫʥʦʛ ʨʝʜʘ (ʝʥʛʣ. Full-Order observer) ʧʨʫʞʘ ʿʝʜʥʦʚʨʝʤʝʥʫ ʦʮʝʥʫ 

ʚʝʢʪʦʨʘ ʩʪʘʪʦʨʩʢʝ ʩʪʨʫʿʝ ʠ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ [131]. ʇʦʨʝʹʝˁʝʤ ʤʝʨʝʥʝ ʠ ʦʮʝˁʝʥʝ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ 

ʜʦʙʠʿʘ ʩʝ ʦʜʩʪʫʧʘˁʝ ʫ ʤʦʜʝʣʦʚʘʥʦʿ ʦʪʧʦʨʥʦʩʪʠ ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ. ʆʧʩʝʨʚʝʨ ʧʦʪʧʫʥʦʛ ʨʝʜʘ 

ʩʝ ʢʦʨʠʩʪʠ ʠ ʟʘ ʦʮʝʥʫ ʿʝʜʥʦʩʤʝʨʥʠʭ ʢʦʤʧʦʥʝʥʪʠ, ʪʿ. ʥʘʧʦʥʩʢʠʭ ʨʘʟʜʝʰʝˁʘ ʥʘ ʫʣʘʟʠʤʘ ɸɼ 

ʢʦʥʚʝʨʪʦʨʘ ʘʥʘʣʠʟʦʤ ʦʩʮʠʣʘʮʠʿʘ ʫ ʨʦʪʦʨʩʢʦʤ ʬʣʫʢʩʫ ʠ ʙʨʟʠʥʠ [242]. ʋʣʘʟ ʫ ʘʜʘʧʪʠʚʥʠ 

ʤʝʭʘʥʠʟʘʤ ʿʝ ʧʨʦʠʟʚʦʜ ʦʮʝˁʝʥʦʛ ʬʣʫʢʩʘ ʨʦʪʦʨʘ ʠ ʛʨʝʰʢʝ ʫ ʦʮʝˁʝʥʦʿ ʩʪʨʫʿʠ ʩʪʘʪʦʨʘ, ʘ ʠʟʣʘʟ ʿʝ 

ʦʮʝˁʝʥʘ ʙʨʟʠʥʘ ʚʨʘʪʠʣʘ ʢʦʿʘ ʘʜʘʧʪʠʨʘ ʩʠʩʪʝʤ. ʇʦʿʘʯʘˁʘ ʨʝʛʫʣʘʪʦʨʘ ʩʫ ʢʦʤʧʣʝʢʩʥʝ ʚʨʝʜʥʦʩʪʠ 

ʠ ʟʘʚʠʩʝ ʦʜ ʦʮʝˁʝʥʝ ʫʛʘʦʥʝ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ. ʉʠʥʪʝʟʘ ʨʝʛʫʣʘʪʦʨʘ ʩʝ ʤʦʞʝ ʠʟʚʨʰʠʪʠ ʪʘʢʦ ʜʘ ʩʝ 

ʧʦʩʪʠʛʥʝ ʙʨʞʝ ʧʦʪʠʩʢʠʚʘˁʝ ʛʨʝʰʢʝ, ʚʝ˂ʘ ʨʦʙʫʩʥʦʩʪ ʥʘ ʰʫʤʦʚʝ ʠʪʜ. [135]. ʋʩʚʘʿʘ ʩʝ 

ʧʨʝʪʧʦʩʪʘʚʢʘ ʜʘ ʛʨʝʰʢʘ ʫ ʦʮʝʥʠ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ ʙʨʞʝ ʦʧʘʜʘ ʦʜ ʛʨʝʰʢʝ ʫ ʦʮʝʥʠ ʩʪʨʫʿʝ. 

ʂʘʦ ʠ ʢʦʜ ʝʩʪʠʤʘʪʦʨʘ, ʢʫʤʫʣʘʪʠʚʥʠ ʝʬʝʢʘʪ ʛʨʝʰʘʢʘ ʠ ʢʘʰˁʝˁʘ ʫ ʩʪʨʫʢʪʫʨʠ ʩʝ ʦʛʣʝʜʘ ʫ 

ʦʮʝˁʝʥʦʿ ʙʨʟʠʥʠ. ʆʮʝˁʝʥʘ ʙʨʟʠʥʘ ʩʝ ʢʦʨʠʩʪʠ ʫ ʝʩʪʠʤʘʪʦʨʫ ʬʣʫʢʩʘ, ʧʘ ʛʨʝʰʢʘ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ 

ʯʠʥʠ ʜʘ ʩʝ ʚʨʝʜʥʦʩʪʠ ʦʩʪʘʣʠʭ ʧʨʦʤʝʥˀʠʚʠʭ ʧʨʦʛʨʝʩʠʚʥʦ ʥʘʨʫʰʘʚʘʿʫ. ʆʚʦ ʩʝ ʩʧʨʝʯʘʚʘ 

ʫʧʦʪʨʝʙʦʤ ʘʜʘʧʪʠʚʥʦʛ ʤʦʜʝʣʘ, ʨʦʪʦʨʩʢʠʭ ʿ ʝʜʥʘʯʠʥʘ, ʫ ʩʠʥʭʨʦʥʦ-ʦʙʨʪʥʦʤ ʩʠʩʪʝʤʫ (2.42)-

(2.44), ʪʿ. ʢʣʠʟʘʿʫ˂ʝʛ ʦʧʩʝʨʚʝʨʘ (ʝʥʛʣ. Sliding mode observer - SMO). ɸʜʘʧʪʠʚʥʠ ʤʦʜʝʣ ʿʝ ʩʘʜʘ ʫ 

ʦʙʨʪʥʦʤ ʩʠʩʪʝʤʫ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʦʧʩʝʨʚʝʨʦʤ ʧʦʪʧʫʥʦʛ ʨʝʜʘ. ʊʨʘʥʩʬʦʨʤʘʮʠʿʘ ʩʝ ʩʧʨʦʚʦʜʠ 

ʢʦʨʠʩʪʝ˂ʠ ʘʨʛʫʤʝʥʪ ʧʨʚʦʛ ʠʟʚʦʜʘ ʦʮʝˁʝʥʦʛ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩ ʢʦʿʠ ʿʝ ʨʝʟʫʣʪʘʪ ʩʪʘʪʦʨʩʢʦʛ ʤʦʜʝʣʘ 

[136], [137], [138]. ɸʜʘʧʪʠʚʥʠ ʤʦʜʝʣ ʪʘʜʘ ʜʨʫʛʠ ʠʟʚʦʜ ʦʮʝˁʝʥʦʛ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ.  
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ʉʣʠʢʘ 2.17. Oʧʩʝʨʚʝʨ ʟʘʩʥʦʚʘʥ ʥʘ ʨʝʜʫʥʜʘʥʪʥʦʩʪʠ ʜʠʥʘʤʠʯʢʦʛ ʤʦʜʝʣʘ ɸʄ. 

 

ɸʢʦ ʿʝ ʬʣʫʢʩ ʧʦ q ʦʩʠ ʿʝʜʥʘʢ ʥʫʣʠ, ʪʘʜʘ ʿʝ ʨʦʪʦʨʩʢʠ ʤʦʜʝʣ ʥʝʟʘʚʠʩʘʥ ʦʜ ʙʨʟʠʥʝ ʠʣʠ ʢʣʠʟʘˁʘ, 

ʩʘʤʠʤ ʪʠʤ ʠ ʨʦʙʫʩʘʥ ʥʘ ʛʨʝʰʢʝ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ, ʢʣʠʟʘˁʘ ʠ ʥʘ ʧʦʿʘʚʫ ʿʝʜʥʦʩʤʝʨʥʠʭ 

ʢʦʤʧʦʥʝʥʘʪʘ, ʘʣʠ ʿʝ ʦʩʝʪˀʠʚ ʥʘ ʧʨʦʤʝʥʝ ʫ ʧʘʨʘʤʝʪʨʠʤʘ ʤʦʜʝʣʘ. ɼʨʫʛʠ ʠʟʚʦʜ ʦʮʝˁʝʥʦʛ 

ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʦʮʝʥʫ ʚʝʢʪʦʨʘ ʩʪʘʪʦʨʩʢʝ ʩʪʨʫʿʝ ʢʦʿʘ ʩʝ ʧʨʦʩʣʝʹʫʿʝ ʥʘ ʇʀ ʠʣʠ 

ʭʠʩʪʝʨʝʟʠʩʥʠ ʥʝʣʠʥʝʘʨʥʠ ʧʨʝʢʠʜʘʯʢʠ ʨʝʛʫʣʘʪʦʨ [138]. ʂʦʤʧʝʥʟʘʮʠʿʦʤ ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʠ 

ʿʝʜʥʦʚʨʝʤʝʥʦʤ ʧʨʠʤʝʥʦʤ ʚʠʰʝʩʪʨʫʢʠʭ MRAS ʩʠʩʪʝʤʘ ʩʘ ʠʟʜʚʦʿʝʥʠʤ ʦʧʩʝʨʚʝʨʦʤ ʦʧʪʝʨʝ˂ʝˁʘ 

ʤʦʛʫ˂ʝ ʿʝ ʦʩʪʚʘʨʠʪʠ sensorless ʨʝʛʫʣʘʮʠʿʫ ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ ʫ ʧʨʠʩʫʩʪʚʫ ʦʧʪʝʨʝ˂ʝˁʘ ʜʦ ʚʝʦʤʘ 

ʥʠʩʢʠʭ ʙʨʟʠʥʘ, ʧʨʠ ʫʯʝʩʪʘʥʦʩʪʠ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʦʜ 2 Hz [45]. ʈʝʰʝˁʘ ʟʘʩʥʦʚʘʥʘ ʥʘ ʥʝʫʨʘʣʥʠʤ 

ʤʨʝʞʘʤʘ ʠ ʃʫʝʥʙʝʨʛʦʚʦʤ ʦʧʩʝʨʚʝʨʫ ʧʦʪʧʫʥʦʛ ʨʝʜʘ [139], ʢʘʦ ʠ ʩʘ ʂʘʣʤʘʥʦʚʠʤ ʬʠʣʪʨʦʤ ʠ 

ʘʜʘʧʪʠʚʥʠʤ ʦʧʩʝʨʚʝʨʦʤ ʬʣʫʢʩʘ ʫ ʦʙʨʪʥʦʤ ʢʦʦʨʜʠʥʘʪʥʦʤ ʩʠʩʪʝʤʫ [140], ʧʨʫʞʘʿʫ ʜʦʙʨʦ 

ʧʦʥʘʰʘˁʝ ʫ ʧʦʛʣʝʜʫ ʦʮʝʥʝ ʙʨʟʠʥʝ, ʯʘʢ ʠ ʫ ʧʨʠʩʫʩʪʚʫ ʦʧʪʝʨʝ˂ʝˁʘ. ʀʧʘʢ, ʛʣʘʚʥʘ ʤʘʥʘ ʦʚʠʭ 

ʤʝʪʦʜʘ ʩʝ ʦʛʣʝʜʘ ʫ ʫʥʝʪʠʤ ʢʘʰˁʝˁʠʤʘ ʧʨʠ ʧʨʦʮʝʩʫ ʦʮʝʥʝ ʢʦʿʘ ʟʥʘʪʥʦ ʦʪʝʞʘʚʘʿʫ ʫʧʦʪʨʝʙʫ 

ʦʮʝˁʝʥʝ ʙʨʟʠʥʝ ʟʘ ʧʦʪʨʝʙʝ ʨʝʛʫʣʘʮʠʿʝ. ʅʘʠʤʝ, ʦʧʩʝʨʚʝʨ ʫʥʦʩʠ ʢʘʰˁʝˁʝ ʫ ʉɸʈ ʧʘ ʿʝ ʥʝʦʧʭʦʜʥʦ 

ʘʥʘʣʠʟʠʨʘʪʠ ʩʪʘʙʠʣʥʦʩʪ ʦʧʩʝʨʚʝʨʘ ʠ ʥʘʜʨʝʹʝʥʠʭ ʩʪʨʫʢʪʫʨʘ ʫ ʢʦʿʦʿ ʩʝ ʦʧʩʝʨʚʝʨ ʥʘʣʘʟʠ. ʉʠʥʪʝʟʘ 

ʨʝʛʫʣʘʪʦʨʘ ʫ ʦʧʩʝʨʚʝʨʫ ʿʝ ʪʘʜʘ ʦʜʨʝʹʝʥ ʧʘʨʘʤʝʪʨʠʤʘ ʤʦʜʝʣʘ ʠ ʰʫʤʦʤ ʫ ʩʠʩʪʝʤʫ. 

ʄʝʪʦʜʝ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʤʦʜʝʣʫ ɸʄ ʫ ʧʦʿʘʩʫ ʦʩʥʦʚʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʩʝ 

ʦʩʣʘˁʘʿʫ ʥʘ ɽʄʉ. ɳʠʭʦʚʘ ʧʨʠʤʝʥʘ ʿʝ ʦʛʨʘʥʠʯʝʥʘ ʟʙʦʛ ʥʝʟʘʜʦʚʦˀʘʚʘʿʫʝʛ ʦʜʟʠʚʘ ʫ ʦʙʣʘʩʪʠ 

ʤʘʣʠʭ ʙʨʟʠʥʘ, ʧʨʠ ʤʘʣʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʩʪʘʪʦʨʩʢʝ ʩʪʨʫʿʝ, ʢʘʜʘ ɽʄʉ ʪʝʞʠ ʥʫʣʠ ʘ ɸʄ ʧʦʩʪʘʿʝ 

ʥʝʦʧʩʝʨʚʘʙʠʣʥʠ ʩʠʩʪʝʤʘ [141]. ʆʧʩʝʨʚʝʨʠ ʧʦʢʘʟʫʿʫ ʥʝʰʪʦ ʙʦˀʝ, ʘʣʠ ʥʝʜʦʚʦˀʥʦ ʜʦʙʨʦ 

ʧʦʥʘʰʘˁʝ. ʆʧʩʝʨʚʝʨʠ ʙʨʟʠʥʝ, ʘ ʧʦʩʝʙʥʦ ʝʩʪʠʤʘʪʦʨʠ, ʩʫ ʦʩʝʪˀʠʚʠ ʥʘ ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ 

ʤʦʜʝʣʘ ɸʄ ʠ ʰʫʤʦʚʝ. ʇʦʫʟʜʘʥ ʨʘʜ ʟʘʭʪʝʚʘ ʜʘ ʩʝ ʿʝʜʥʦʚʨʝʤʝʥʦ ʦʮʝˁʫʿʫ ʧʨʦʤʝʥˀʠʚʝ ʩʪʘˁʘ, 

ʧʘʨʘʤʝʪʨʠ ʤʦʜʝʣʘ, ʧʦʨʝʤʝ˂ʘʿʠ, ʥʝʣʠʥʝʘʨʥʦʩʪʠ, ʠʪʜ. ʅʝʦʧʭʦʜʥʦ ʿʝ ʥʘʯʠʥʠʪʠ ʢʦʤʧʝʥʟʘʮʠʿʫ 

ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʠʥʚʝʨʪʦʨʘ ʧʦʧʫʪ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ, ʧʨʝʢʠʜʘʯʘ, ʚʠʰʝʩʪʨʫʢʝ ʧʨʦʣʘʩʢʝ ʩʪʨʫʿʝ ʢʨʦʟ 

ʥʫʣʫ, PWM hʫʤ, ʧʨʦʤʝʥʫ ʦʪʧʦʨʥʦʩʪʠ ʫ ʢʦʣʫ ʩʘ ʪʝʤʧʝʨʘʪʫʨʦʤ, ʥʘʧʦʥʩʢʘ ʨʘʟʜʝʰʝˁʘ ʥʘ ʫʣʘʟʠʤʘ 

ɸɼ ʢʦʥʚʝʨʪʦʨʘ, ʠʪʜ. ɼʦʜʘʪʥʦ, ʪʦʢʦʤ ʨʘʜʘ ɽʇ ʤʦʛʫ ʩʝ ʿ ʘʚʠʪʠ ʠ ʜʦʜʘʪʥʠ ʬʝʥʦʤʝʥʠ, ʫ ʚʠʜʫ 

ʚʠʩʦʢʦ-ʬʨʝʢʚʝʥʪʥʦʛ ʰʫʤʘ, ʠ ʫʛʨʦʟʠʪʠ ʨʘʜ ʦʧʩʝʨʚʝʨʘ ʠʣʠ ʝʩʪʠʤʘʪʦʨʘ [22]. ʇʨʠ ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ 

ʥʘʚʝʜʝʥʝ ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʧʦʩʪʘʿʫ ʟʥʘʯʘʿʥʝ ʠ ʦʛʨʘʥʠʯʘʚʘʿʫ ʫʧʦʪʨʝʙʫ ʝʩʪʠʤʘʪʦʨʘ ʠʣʠ ʦʧʩʝʨʚʝʨʘ 

ʊʘʯʥʦʩʪ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ ʠ ʥʘʿʥʠʞʘ ʙʨʟʠʥʘ ʥʘ ʢʦʿʦʿ ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʦʧʩʝʨʚʝʨʠ, ʘ ʧʦʩʝʙʥʦ 
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ʝʩʪʠʤʘʪʦʨʠ, ʿʝ ʦʜʨʝʹʝʥʘ ʢʚʘʣʠʪʝʪʦʤ ʥʘʯʠˁʝʥʠʭ ʢʦʤʧʝʥʟʘʮʠʿʘ ʠ ʢʚʘʣʠʪʝʪʦʤ ʤʦʜʝʣʠʨʘˁʘ ɽʇ. 

ʀʧʘʢ, ʨʘʜ ʧʨʠ ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ ʿʝ ʢʦʜ ʦʧʩʝʨʚʝʨʘ ʚʝʦʤʘ ʫʛʨʦʞʝʥ ʢʘʦ ʠ ʢʦʜ ʝʩʪʠʤʘʪʦʨʩʢʠʭ 

ʩʪʨʫʢʪʫʨʘ. ɼʘʢʣʝ, ʛʣʘʚʥʠ ʥʝʜʦʩʪʘʮʠ ʧʨʚʝ ʛʨʫʧʝ ʤʝʪʦʜʘ ʩʫ [22], [139], [141]:  

- ʆʩʝʪˀʠʚʦʩʪ ʥʘ ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ ʤʦʜʝʣʘ ʤʘʰʠʥʝ;  

- ʃʦʰ ʨʘʜ ʧʨʠ ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ; 

- ʅʝʦʧʭʦʜʥʝ ʢʦʤʧʝʥʟʘʮʠʿʝ ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʠʥʚʝʨʪʦʨʘ;  

- ʃʦʰʘ ʦʮʝʥʘ ʙʨʟʠʥʝ ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ ʧʨʦʮʝʩʘ.  

 

2.4.2 ɸʣʛʦʨʠʪʤʠ ʟʘʩʥʦʚʘʥʠ ʥʘ ʘʥʠʟʦʪʨʦʧʠʿʘʤʘ ʫ ɸʄ 
 

ɼʨʫʛʫ ʛʨʫʧʫ ʯʠʥʝ ʤʝʪʦʜʝ ʢʦʿʝ ʩʝ ʟʘʩʥʠʚʘʿʫ ʥʘ ʘʥʠʟʦʪʨʦʧʠʿʘʤʘ ʫ ɸʄ. ɸʥʘʣʠʟʘ ʫ ʧʦʪʧʦʛʣʘʚˀʫ 

2.3. ʿʝ ʧʦʢʘʟʘʣʘ ʜʘ ʫ ɸʄ ʧʦʩʪʦʿʝ ʭʘʨʤʦʥʠʮʠ ʢʦʿʠ ʩʘʜʨʞʝ ʧʦʜʘʪʘʢ ʦ ʤʝʭʘʥʠʯʢʦʿ ʙʨʟʠʥʠ. ʅʘ 

ʦʩʥʦʚʫ ʘʥʘʣʠʪʠʯʢʝ ʘʥʘʣʠʟʝ, ʩʫʤʠʨʘʥʝ ʫ ʊʘʙʝʣʠ 2.1, ʙʨʟʠʥʘ ʦʙʨʪʘˁʘ ʩʝ ʤʦʞʝ ʦʮʝʥʠʪʠ ʘʥʘʣʠʟʦʤ 

ʩʧʝʢʪʨʘ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ. ʆʮʝˁʝʥʘ ʙʨʟʠʥʘ ʩʝ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʫ ɽʇ ʟʘ ʧʦʪʨʝʙʝ ʟʘʰʪʠʪʘ, ʥʘʜʟʦʨʘ, 

ʨʝʛʫʣʘʮʠʿʝ, ʠʪʜ. ɹʨʟʠʥʘ ʩʝ ʤʦʞʝ ʦʮʝʥʠʪʠ ʘʥʘʣʠʟʦʤ ʭʘʨʤʦʥʠʢʘ ʫʩʣʝʜ ʟʘʩʠ˂ʝˁʘ [143], 

ʝʢʩʮʝʥʪʨʠʮʠʪʝʪʘ ʨʦʪʦʨʘ [62], ʨʦʪʦʨʩʢʠʭ ʞʣʝʙʥʠʭ ʭʘʨʤʦʥʠʢʘ [8], ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʨʘʩʠʧʘˁʘ 

[142], ʤʝʭʘʥʠʯʢʠʭ ʚʠʙʨʘʮʠʿʘ [144], ʠʥʪʝʨʤʦʜʫʣʘʮʠʿʘ ʠʟʤʝʹʫ ʥʘʚʝʜʝʥʠʭ ʘʥʠʟʦʪʨʦʧʠʿʘ [145],  

ʠʣʠ ʧʨʝʣʦʤʘ ʨʦʪʦʨʩʢʠʭ ʪhʘʧʦʚʘ [152]. ʂʘʦ ʰʪʦ ʿʝ ʧʦʢʘʟʘʥʦ, ʘʥʠʟʦʪʨʦʧʠʿʝ ʩʫ ʠʟʨʘʟʠʪʦ 

ʥʝʣʠʥʝʘʨʥʝ, ʧʘ ʩʝ ʟʘ ʧʦʪʨʝʙʝ sensorless ʘʣʛʦʨʠʪʤʘ ʥʝ ʤʦʞʝ ʿʝʜʥʦʚʨʝʤʝʥʦ ʢʦʨʠʩʪʠʪʠ ʚʠʰʝ 

ʘʥʠʟʦʪʨʦʧʠʿʘ. ʋ ʧʨʘʢʩʠ ʩʝ ʟʘ ʧʦʪʨʝʙʝ ʦʮʝʥʝ ʙʨʟʠʥʝ ʢʦʨʠʩʪʝ ʘʥʠʟʦʪʨʦʧʠʿʝ ʫʩʣʝʜ ʟʘʩʠ˂ʝˁʘ ʠ 

ʈɾʍ. ʆʩʪʘʣʝ ʘʥʠʟʦʪʨʦʧʠʿʝ ʩʝ ʠʩʧʦˀʘʚʘʿʫ ʧʨʠ ʥʘʩʪʘʥʢʫ ʢʚʘʨʘ ʠʣʠ ʫʩʣʝʜ ʥʝʧʨʘʚʠʣʥʦʛ ʨʘʜʘ ɸʄ, 

ʧʘ ʥʠʩʫ ʧʦʛʦʜʥʝ ʟʘ ʧʨʠʤʝʥʫ ʫ ʪʨʘʿʥʦʤ ʨʘʜʫ ʠʣʠ ʢʦʜ sensorless ɽʇ ʚʠʩʦʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ [62].  

ʆʙʝ ʛʨʫʧʝ ʤʝʪʦʜʘ, ʟʘʩʥʦʚʘʥʝ ʥʘ ʘʥʠʟʦʪʨʦʧʠʿʘʤʘ ʠ ʤʦʜʝʣʫ ɸʄ ʧʨʝʤʘ ʆʊɽʄ, ʩʝ ʟʘʩʥʠʚʘʿʫ ʥʘ 

ʧʦʩʪʦʿʘˁʫ ɽʄʉ, ʧʘ ʿʝ ʪʨʘʿʥʠ sensorless ʨʘʜ ʥʘ ʥʫʣʪʦʿ ʙʨʟʠʥʠ ʙʝʟ ʧʨʠʩʫʩʪʚʘ ʦʧʪʝʨʝ˂ʝˁʘ ʤʦʛʫ˂ 

ʩʘʤʦ ʫʟ ʜʦʜʘʚʘˁʝ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʫ ʩʪʨʫʿʠ ʩʪʘʪʦʨʘ (ʝʥʛʣ. high-frequnecy signal injection) [158]. 

ʆʚʘʿ ʢʦʥʮʝʧʪ ʩʝ ʧʨʠʤʝˁʫʿʝ ʢʦʜ ʦʙʝ ʛʨʫʧʝ ʤʝʪʦʜʘ. ɹʦˀʝ ʜʠʥʘʤʠʯʢʦ ʧʦʥʘʰʘˁʝ ʠ ʪʘʯʥʦʩʪ ʦʮʝʥʝ 

ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʦʢʦ ʥʫʣʪʝ ʙʨʟʠʥʝ ʩʝ ʧʦʩʪʠʞʝ ʜʦʜʘʚʘˁʝʤ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʢʦʜ ʨʝʰʝˁʘ 

ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʘʥʠʟʦʪʨʦʧʠʿʘʤʘ [45]. ɹʨʟʠʥʘ ʠ ʨʦʪʦʨʩʢʠ ʬʣʫʢʩ ʩʝ ʦʮʝˁʫʿʫ ʘʥʘʣʠʟʦʤ 

ʠʥʜʫʢʦʚʘʥʠʭ ʩʪʨʫʿʘ ʫʩʣʝʜ ʜʦʜʘʪʠʭ ʭʘʨʤʦʥʠʢʘ [152]. ʊʨʝʙʘ ʥʘʧʦʤʝʥʫʪʠ ʜʘ PWM ʭʘʨʤʦʥʠʮʠ 

ʟʘʚʠʩʝ ʦʜ ʦʧʪʝʨʝ˂ʝˁʘ ʠ ʥʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʩʠʤʝʪʨʠʯʘʥ ʩʠʩʪʝʤ ʥʘʧʦʥʘ ʧʘ ʩʝ ʥʝ ʤʦʛʫ ʠʩʢʦʨʠʩʪʠʪʠ 

ʟʘ ʦʚʝ ʧʦʪʨʝʙʝ [6], ʦʩʠʤ ʫ ʩʧʝʮʠʬʠʯʥʠʤ ʨʝʘʣʠʟʘʮʠʿʘʤʘ ʤʦʜʫʣʘʪʦʨʘ [154].   

ɺʠʰʠ ʭʘʨʤʦʥʠʮʠ ʩʝ ʤʦʛʫ ʜʦʜʘʪʠ ʠʥʚʝʨʪʦʨʦʤ ʠʣʠ ʜʦʜʘʪʥʠʤ ʭʘʨʜʚʝʨʦʤ. ʋʯʝʩʪʘʥʦʩʪ ʜʦʜʘʪʠʭ 

ʭʘʨʤʦʥʠʢʘ ʩʝ ʙʠʨʘ ʥʘ ʦʩʥʦʚʫ ʜʦʟʚʦˀʝʥʦʛ ʧʦʚʨʰʠʥʩʢʦʛ ʝʬʝʢʪʘ ʫ ʧʨʦʚʦʜʥʠʮʠʤʘ ʠ ʛʚʦʞʹʫ, 

ʰʠʨʠʥʝ ʩʧʝʢʪʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʭʘʨʤʦʥʠʢʝ ʢʦʿʠ ʥʘʩʪʘʿʫ ʨʘʜʦʤ ʠʥʚʝʨʪʦʨʘ, ʧʨʝʤʘ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʫ 

ʄʇʉ, ʭʘʨʜʚʝʨʩʢʠʤ ʦʛʨʘʥʠʯʝˁʠʤʘ ʛʝʥʝʨʘʪʦʨʘ ʩʠʛʥʘʣʘ [142], [143] [159]. ʇʨʠ ʜʦʜʘʚʘˁʫ ʚʠʰʠʭ 

ʭʘʨʤʦʥʠʢʘ ʧʦʪʨʝʙʥʦ ʿʝ ʧʦʩʤʘʪʨʘʪʠ AM ʧʦʛʦʜʥʦʤ ʟʘʤʝʥʩʢʦʤ ʰʝʤʦʤ. ʅʘ ʚʠʰʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ 

ʜʦʤʠʥʠʨʘ ʨʘʩʠʧʥʘ ʠʥʜʫʢʪʠʚʥʦʩʪ ʩʪʘʪʦʨʘ, ʜʦʢ ʩʝ ʦʩʪʘʣʠ ʧʘʨʘʤʝʪʨʠ ʰʝʤʝ ʤʦʛʫ ʟʘʥʝʤʘʨʠʪʠ [45], 

[142], [159]. ɿʥʘʪʥʦ ʫʚʝ˂ʘˁʝ ʫʯʝʩʪʘʥʦʩʪʠ ʜʦʜʘʪʠʭ ʭʘʨʤʦʥʠʢʘ ʫʤʘˁʫʿʝ ʢʚʘʣʠʪʝʪʫ ʩʠʛʥʘʣʘ ʦʜ 

ʠʥʪʝʨʝʩʘ, ʘ ʜʦʚʦʜʠ ʜʦ ʧʨʦʤʝʥʝ ʦʜʥʦʩʘ ʨʘʩʠʧʥʠʭ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ, ʜʦ 

ʚʘʣʦʚʠʪʦʩʪʠ ʤʦʤʝʥʪʘ ʩʠʣʝ, ʫʚʝ˂ʘʥʝ ʘʢʫʩʪʠʯʥʝ ʙʫʢʝ ʠ ʩʥʘʛʝ ʛʫʙʠʪʘʢʘ ʫ ʙʘʢʨʫ, ʘ ʧʦʩʝʙʥʦ ʫ 

ʛʚʦʞʹʫ [143]. ʀʟʨʘʞʝʥʠ ʧʦʚʨʰʠʥʩʢʠ ʝʬʝʢʪʠ ʥʘʩʪʘʿʫ ʫ ʨʦʪʦʨʩʢʦʤ ʥʘʤʦʪʘʿʫ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠʤʘ 

ʦʢʦ 100 Hz, ʜʦʢ ʫ ʛʚʦʞʹʫ ʨʦʪʦʨʘ ʫ ʦʧʩʝʛʫ ʦʜ 400 Hz ʜʦ 2 kHz ʟʘʚʠʩʥʦ ʦʜ ʜʝʙˀʠʥʝ ʣʠʤʦʚʘ [145]. 

ʀʟ ʥʘʚʝʜʝʥʠʭ ʨʘʟʣʦʛʘ, ʫ ʧʨʘʢʩʠ ʿʝ ʫʯʝʩʪʘʥʦʩʪ ʜʦʜʘʪʠʭ ʭʘʨʤʦʥʠʢʘ ʫ ʦʧʩʝʛʫ ʦʜ 3 kHz. 

ɼʦʜʘʚʘˁʝ ʭʘʨʤʦʥʠʢʘ ʩʝ ʥʘʿʯʝʰ˂ʝ ʯʠʥʠ ʢʦʜ ʠʥʜʠʨʝʢʪʥʠʭ ʤʝʪʦʜʘ ʟʘ ʦʮʝʥʫ ʬʣʫʢʩʘ ʠ ʙʨʟʠʥʝ 

ʨʦʪʦʨʘ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʤʝʨʝˁʫ ʧʨʦʤʝʥˀʠʚʝ ʨʝʘʢʪʘʥʩʝ ʫʩʣʝʜ ʟʘʩʠ˂ʝˁʘ ʠʣʠ 

ʨʘʩʠʧʥʠʭ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʫ ɸʄ (ʝʥʛʣ. Indirect Flux Detection by Online Reactance Measurement 

- INFORM). ɼʦʜʘʚʘˁʝ ʭʘʨʤʦʥʠʢʘ ʩʝ ʤʦʞʝ ʠ ʥʝ ʤʦʨʘ ʢʦʨʠʩʪʠʪʠ ʢʦʜ ʤʝʪʦʜʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʈɾʍ 

[152]. ʈʝʰʝˁʘ ʟʘʩʥʦʚʘʥʘ ʥʘ INFORM ʧʨʠʩʪʫʧʫ ʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠʤʘ ʨʘʩʠʧʘˁʘ [45], [142], [145], 
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ʠʣʠ ʟʘʩʠ˂ʝˁʫ [133], [143], [147], ʦʤʦʛʫ˂ʘʚʘʿʫ ʪʨʘʿʥʠ ʨʘʜ sensorless ɽʇ ʥʘ ʥʫʣʪʦʿ ʙʨʟʠʥʠ ʩʘ ʠʣʠ 

ʙʝʟ ʧʨʠʩʫʩʪʚʘ ʦʧʪʝʨʝ˂ʝˁʘ ʥʘ ʚʨʘʪʠʣʫ. ʂʦʜ ʪʝʭʥʠʢʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʨʘʩʠʧʥʠʤ ʠʥʜʫʢʪʠʚʥʦʩʪʠʤʘ 

ʭʘʨʤʦʥʠʮʠ ʩʝ ʜʦʜʘʿʫ ʫ ʛʦʨˁʝʤ ʜʝʣʫ ʩʧʝʢʪʨʘ [146], ʜʦʢ ʤʝʪʦʜʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʟʘʩʠ˂ʝˁʫ ʥʝʤʘʿʫ 

ʦʛʨʘʥʠʯʝˁʘ ʫ ʪʦʤ ʧʦʛʣʝʜʫ [118]. ʊʝʭʥʠʢʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʜʝʪʝʢʮʠʿʠ ʟʘʩʠ˂ʝˁʝ ʥʘ ʛʣʘʚʥʦʤ ʧʫʪʫ 

ʬʣʫʢʩʘ ʥʘʣʘʟʝ ʧʦʩʝʙʥʫ ʧʨʠʤʝʥʫ ʢʦʜ ɸʄ ʩʘ ʟʘʪʚʦʨʝʥʠʤ ʞʣʝʙʦʚʠʤʘ [119], [120], [121], [122]. 

ʆʮʝˁʝʥʘ ʙʨʟʠʥʘ ʨʝʰʝˁʠʤʘ ʢʦʿʝ ʨʘʜ ʟʘʩʥʠʚʘʿʫ ʥʘ ʭʘʨʤʦʥʠʮʠʤʘ ʟʘʩʠ˂ʝˁʘ ʩʝ ʤʦʞʝ ʫʧʦʪʨʝʙʠʪʠ 

ʠ ʟʘ ʧʦʪʨʝʙʝ ʨʝʛʫʣʘʮʠʿʝ ʫ ɽʇ [119], ʢʘʦ ʠ ʟʘ ʧʦʪʨʝʙʝ ʚʝʢʪʦʨʩʢʦʛ ʫʧʨʘʚˀʘˁʘ [150], [151].  

ɸʣʛʦʨʠʪʤʠ ʟʘʩʥʦʚʘʥʠ ʥʘ ʜʦʜʘʚʘˁʫ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʜʦʚʦʜʝ ʜʦ ʚʘʣʦʚʠʪʦʩʪʠ ʤʦʤʝʥʪʘ ʩʠʣʝ 

ʠ ʙʨʟʠʥʝ [154], [155], ʫʚʝ˂ʘʥʠʭ ʛʫʙʠʪʘʢʘ [156], ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ ʩʤʝʪˁʠ [154], ʘʢʫʩʪʠʯʥʝ 

ʙʫʢʝ, ʚʠʙʨʘʮʠʿʘ ʠ ʤʝʭʘʥʠʯʢʠʭ ʥʘʧʨʝʟʘˁʘ [157], ʫʚʝ˂ʘʥʠʭ ʧʨʝʩʢʦʢʘ ʫ ʥʘʧʦʥʫ ʿ ʝʜʥʦʩʤʝʨʥʦʛ 

ʤʝʹʫʢʦʣʘ ʠ ʟʥʘʯʘʿʥʦʛ ʫʤʘˁʝˁʘ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʫ ʨʝʛʫʣʘʮʠʿʠ ʩʪʨʫʿʝ ʠ ʙʨʟʠʥʝ [115], ʢʘʦ ʠ ʜʦ 

ʜʨʫʛʠʭ ʥʝʜʦʩʪʘʪʘʢʘ ʢʦʿʝ ʢʘʨʘʢʪʝʨʠʰʫ ʩʠʩʪʝʤ ʩʘ ʧʨʠʩʫʩʪʚʦʤ ʟʘʩʠ˂ʝˁʘ [49]. ʆʜʥʦʩʥʦ, ʧʨʠʤʝʥʘ 

ʦʚʠʭ ʘʣʛʦʨʠʪʘʤʘ ʿ ʝ ʧʦʞʝˀʥʘ ʥʘ ʙʨʟʠʥʘʤʘ ʦʢʦ ʥʫʣʝ, ʘʣʠ ʜʦʚʦʜʠ ʜʦ ʩʚʝʦʙʫʭʚʘʪʥʦ ʣʦʰʠʿʝʛ ʠ 

ʦʛʨʘʥʠʯʝʥʦʛ ʧʦʥʘʰʘˁʘ ɽʇ ʫ ʪʨʘʿʥʦʤ ʨʘʜʫ. ʀʥʪʝʨʤʦʜʫʣʘʮʠʿʘ ʜʦʜʘʪʠʭ ʭʘʨʤʦʥʠʢʘ ʠ ʭʘʨʤʦʥʠʢʘ 

ʘʥʠʟʦʪʨʦʧʠʿʝ ʫʤʘˁʫʿʝ ʨʦʙʫʩʥʦʩʪ ʨʝʰʝˁʘ ʠ ʧʦ ʧʨʘʚʠʣʫ ʟʘʭʪʝʚʘ ʩʣʦʞʝʥʠʿʫ ʦʙʨʘʜʘ ʩʠʛʥʘʣʘ ʩʘ 

ʥʠʞʦʤ ʨʝʟʦʣʫʮʠʿʦʤ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ ʠ ʧʦʟʠʮʠʿʝ ʚʨʘʪʠʣʘ [158]. ɿʘʪʦ ʿʝ ʯʝʩʪʦ ʟʘʭʪʝʚʘʥʘ 

ʢʦʤʧʝʥʟʘʮʠʿʘ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʢʦʿʠ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʠʥʪʝʨʤʦʜʫʣʘʮʠʿʘ ʢʘʢʦ ʙʠ ʘʣʛʦʨʠʪʘʤ ʫ 

ʰʠʨʝʤ ʦʧʩʝʛʫ ʨʘʜʥʠʭ ʙʨʟʠʥʘ ʠ ʦʧʪʝʨʝ˂ʝˁʘ ʩʘ ʧʨʠʭʚʘʪˀʠʚʦʤ ʪʘʯʥʦʰ˂ʫ ʧʨʫʞʘʦ ʧʦʜʘʪʘʢ ʦ 

ʙʨʟʠʥʠ ʚʨʘʪʠʣʘ [145], [148]. ʆʮʝʥʘ ʧʦʣʦʞʘʿʘ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ ʪʘʜʘ ʟʘʚʠʩʠ ʦʜ ʥʘʯʠʥʘ ʥʘ ʢʦʿʠ ʿʝ 

ʫʚʘʞʝʥʦ ʦʧʪʝʨʝ˂ʝˁʝ ʫ ʘʣʛʦʨʠʪʤʫ, ʪʿ. ʢʣʠʟʘˁʝ, ʢʘʦ ʠ ʦʜ, ʧʦ ʧʦʪʨʝʙʠ, ʧʨʠʤʝˁʝʥʠʭ ʢʦʤʧʝʥʟʘʮʠʿʘ 

ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʠʥʚʝʨʪʦʨʘ [156]. ʇʦ ʧʨʘʚʠʣʫ ʦʚʝ ʤʝʪʦʜʝ ʠʤʘʿʫ ʦʜʩʫʩʪʚʦ ʫʥʠʚʝʨʟʘʣʥʦʩʪʠ ʿʝʨ ʩʝ 

ˁʠʭʦʚʘ ʩʠʥʪʝʟʘ ʩʧʨʦʚʦʜʠ ʟʘ ʦʜʨʝʹʝʥʫ ɽʄ ʫ ʧʦʛʦʥʫ [159], [160]. 

ʅʘʚʝʜʝʥʠ ʥʝʜʦʩʪʘʮʠ, ʘ ʧʦʩʝʙʥʦ ʫ ʧʦʛʣʝʜʫ ʘʢʫʩʪʠʯʥʝ ʙʫʢʝ, ʩʝ ʤʦʛʫ ʩʤʘˁʠʪʠ ʧʨʠʣʘʛʦʹʝˁʝʤ 

ʿʘʯʠʥʝ ʠ  ʫʯʝʩʪʘʥʦʩʪʠ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ ʢʦʿʠ ʩʝ ʜʦʜʘʿʝ ʫ ʩʧʝʢʪʨʫ. ɸʥʘʣʠʟʦʤ ʨʘʩʧʦʜʝʣʝ ʝʥʝʨʛʠʿʝ 

ʩʧʝʢʪʨʘ ʫ [153], ʧʦʢʘʟʘʥʦ ʿʝ ʜʘ ʩʝ ʙʫʢʘ ʤʦʞʝ ʫʤʘˁʠʪʠ ʜʦʜʘʚʘˁʝʤ ʭʘʨʤʦʥʠʢʘ ʥʘ ʥʠʚʦʫ 

ʧʦʣʫʧʝʨʠʦʜʝ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ (ʝʥʛʣ. Half-period-switch pseudo high-frequnecy injection), 

ʘ ʥʝ ʥʘ ʥʠʚʦʫ ʮʝʣʝ ʧʝʨʠʦʜʝ (ʝʥʛʣ. Full-period-switch pseudo high-frequnecy injection) ʠʣʠ 

ʜʦʜʘʚʘˁʝʤ ʭʘʨʤʦʥʠʢʘ ʢʦʥʩʪʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ (ʝʥʛʣ. Fixed-frequency high-frequnecy injection).   

ɿʙʦʛ ʥʘʚʝʜʝʥʠʭ ʥʝʜʦʩʪʘʪʘʢʘ, ʫ ʥʘʩʪʘʚʢʫ ʜʠʩʝʨʪʘʮʠʿʝ ʨʘʟʤʘʪʨʘ˂ʝ ʩʝ ʫʧʦʪʨʝʙʘ ʘʥʠʟʦʪʨʦʧʠʿʝ 

ʈɾʍ ʟʘ ʧʦʪʨʝʙʝ ʦʮʝʥʝ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʨʦʪʦʨʘ, ʠ ʪʦ ʢʦʜ ʪʨʦʬʘʟʥʝ ɸʄ ʩʘ ʢʘʚʝʟʥʠʤ ʨʦʪʦʨʦʤ. 

ɸʣʛʦʨʠʪʤʠ ʟʘʩʥʦʚʘʥʠ ʥʘ ʈɾʍ ʥʝ ʟʘʚʠʩʝ ʦʜ ʧʘʨʘʤʝʪʘʨʘ ʤʘʰʠʥʝ ʠ ʧʨʫʞʘʿʫ ʚʝʣʠʢʫ ʪʘʯʥʦʩʪ ʫ 

ʦʮʝʥʠ ʙʨʟʠʥʝ, ʟʥʘʯʘʿʥʦ ʚʝ˂ʫ ʦʜ ʜʨʫʛʠʭ ʨʝʰʝˁʘ [144]. ʆʙʠʯʥʦ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʜʝʪʝʢʮʠʿʫ ʢʚʘʨʘ 

ʤʦʪʦʨʘ [62] [142], ʝʩʪʠʤʘʮʠʿʫ ʪʝʤʧʝʨʘʪʫʨʝ [161], [115], ʠ ʟʘ ʫʪʚʨʹʠʚʘˁʝ ʧʨʦʤʝʥʘ ʫ 

ʧʘʨʘʤʝʪʨʠʤʘ ʪʦʢʦʤ ʨʘʜʘ [134]. ʈʝʰʝˁʘ ʟʘʩʥʦʚʘʥʘ ʥʘ ʈɾʍ ʩʫ ʧʦʞʝˀʥʘ ʟʘ sensorless ɽʇ 

ʚʠʩʦʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ, ʘ ʧʨʝʤʘ ʜʦ ʩʘʜʘ ʧʫʙʣʠʢʦʚʘʥʠʤ ʨʘʜʦʚʠʤʘ, ʧʨʠʤʝˁʫʿʫ ʩʝ ʫ 

ʬʨʝʢʚʝʥʮʠʿʩʢʦʤ ʠʣʠ ʚʨʝʤʝʥʩʢʦʤ ʜʦʤʝʥʫ. ʅʝʟʘʚʠʩʥʦ ʦʜ ʧʨʠʩʪʫʧʘ, ʮʠˀ ʿʝ ʦʮʝʥʠʪʠ ʧʦʣʦʞʘʿ 

ʈɾʍ ʫ ʩʧʝʢʪʨʫ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʧʨʝʤʘ ʊʘʙʝʣʠ 2.1. ʇʦʩʣʝ ʜʝʪʝʢʪʦʚʘˁʘ ʈɾʍ, ʿʝʜʥʦʩʪʘʚʥʠʤ 

ʧʨʦʨʘʯʫʥʦʤ ʩʝ ʠʟʨʘʯʫʥʘʚʘ ʤʝʭʘʥʠʯʢʘ ʙʨʟʠʥʘ. ʀʟʨʘʟʠ ʟʘ ʤʝʭʘʥʠʯʢʫ ʙʨʟʠʥʫ ʠ ʫʯʝʩʪʘʥʦʩʪ ʈɾʍ 

ʫ ʬʫʥʢʮʠʿʠ ʧʘʨʘʤʝʪʘʨʘ ɸʄ ʠ ʨʘʜʥʦʛ ʨʝʞʠʤʘ, ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʢʣʠʟʘˁʘ, ʜʘʪʠ ʩʫ ʨʝʜʦʤ ʢʘʦ  
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ʛʜʝ ʿʝ Ὢ  ʫʯʝʩʪʘʥʦʩʪ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʣʠʥʠʿʩʢʝ ʩʪʨʫʿʝ ʥʘʤʦʪʘʿʘ ʩʪʘʪʦʨʘ, Ὕ  ʧʝʨʠʦʜʘ 

ʨʝʛʫʣʘʮʠʿʝ ʙʨʟʠʥʝ, ὲ  ʝʩʪʠʤʠʨʘʥʘ ʙʨʟʠʥʘ ʦʙʨʪʘˁʘ ʚʨʘʪʠʣʘ ʜʘʪʘ ʫ ʦʙʨʪʘʿʠʤʘ ʧʦ ʤʠʥʫʪʫ.     
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ʊʝʭʥʠʢʝ ʫ ʬʨʝʢʚʝʥʮʠʿʩʢʦʤ ʜʦʤʝʥʫ, ʙʨʟʘ ʠ ʜʠʩʢʨʝʪʥʘ ʌʫʨʠʿʝʦʚʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ (ʝʥʛʣ. Fast 

Fourier Transform ï FFT, Discrete Fourier Transform ï DFT), ʟʥʘʯʘʿʥʦ ʦʪʝʞʘʚʘʿʫ ʧʨʠʤʝʥʫ ʫ 

ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ. ʊʨʘʥʩʬʦʨʤʘʮʠʿʘ ʧʦʚʦʨʢʝ ʦʜʙʠʨʘʢʘ ʫ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʜʦʤʝʥ ʟʘʭʪʝʚʘ ʜʦʜʘʪʥʠ 

ʤʝʤʦʨʠʿʩʢʠ ʧʨʦʩʪʦʨ ʠ ʩʢʦʧʯʘʥʘ ʿʝ ʩʘ ʛʨʝʰʢʘʤʘ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʫʩʣʝʜ 

ʢʦʥʘʯʥʝ ʨʝʟʦʣʫʮʠʿʝ [116] ʫ ʦʜʨʝʹʠʚʘˁʫ ʩʧʝʢʪʨʘ. ʊʘʯʥʦʩʪ ʘʣʛʦʨʠʪʤʘ ʩʝ ʤʦʞʝ ʧʦʙʦˀʰʘʪʠ 

ʧʨʠʤʝʥʦʤ ʩʣʦʞʝʥʠʿʠʭ ʘʣʛʦʨʠʪʘʤʘ ʠ ʚʝ˂ʝʛ ʙʨʦʿʘ ʦʜʙʠʨʘʢʘ, ʰʪʦ ʫʚʝ˂ʘʚʘ ʚʨʝʤʝ ʠʟʚʨʰʘʚʘˁʘ 

ʘʣʛʦʨʠʪʤʘ ʠ ʫʥʝʪʘ ʪʨʘʥʩʧʦʨʪʥʘ ʢʘʰˁʝˁʘ. ʉʪʨʫʢʪʫʨʝ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʧʦʤʝʥʫʪʠʤ 

ʪʝʭʥʠʢʘʤʘ ʪʝʰʢʦ ʩʝ ʧʨʠʤʝˁʫʿʫ ʫ ʨʝʛʫʣʘʮʠʿʠ ʙʨʟʠʥʝ ʠ ʩʪʨʫʿʝ ʠ ʫʛʣʘʚʥʦʤ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʦʮʝʥʫ 

ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʫ ʦʙʣʘʩʪʠ ʚʝ˂ʠʭ ʙʨʟʠʥʘ [162]. ʊʝʭʥʠʢʘ ʫ ʬʨʝʢʚʝʥʮʠʿʩʢʦʤ ʜʦʤʝʥʫ ʧʦʜ ʠʤʝʥʦʤ 

Chirp-Z ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʟʘʭʪʝʚʘ ʤʘˁʠ ʙʨʦʿʘ ʦʜʙʠʨʘʢʘ ʦʜ ʨʘʥʠʿʝ ʧʦʤʝʥʫʪʠʭ ʤʝʪʦʜʘ ʠ ʦʤʦʛʫ˂ʫʿʝ 

ʚʝ˂ʫ ʪʘʯʥʦʩʪ ʧʨʠ ʦʮʝʥʠ ʙʨʟʠʥʝ. ʀʧʘʢ, ʧʦʜʘʪʘʢ ʦ ʙʨʟʠʥʠ ʦʙʨʪʘˁʘ ʨʦʪʦʨʘ ʜʦʙʠʿʘ ʩʝ ʥʘ ʩʚʘʢʠʭ 

726 ms [163]. ʇʨʦʥʠʿʝʚʘ ʤʝʪʦʜʘ (ʝʥʛʣ. Pronyôs short-time least-square method) ʟʘʩʥʦʚʘʥʘ ʥʘ ʩʫʤʠ 

ʢʚʘʜʨʘʪʘ ʦʜʩʪʫʧʘˁʘ ʫʤʘˁʫʿʝ ʢʘʰˁʝˁʝ ʧʨʠ ʦʮʝʥʠ ʙʨʟʠʥʝ ʢʦʨʠʩʪʝ˂ʠ ʠʩʪʠ ʜʝʦ ʦʜʙʠʨʘʢʘ ʧʨʠ 

ʫʟʘʩʪʦʧʥʠʤ ʠʟʚʨʰʘʚʘˁʠʤʘ ʘʣʛʦʨʠʪʤʘ [164]. ʂʦʜ ʦʚʝ ʤʝʪʦʜʝ ʿʝ ʨʝʜʫʢʦʚʘʥʦ ʢʘʰˁʝˁʝ ʠ ʟʘʭʪʝʚʠ 

ʟʘ ʤʘʪʝʤʘʪʠʯʢʠʤ ʧʨʦʨʘʯʫʥʠʤʘ, ʘʣʠ ʛʨʝʰʢʘ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʟʥʘʯʘʿʥʦ ʨʘʩʪʝ ʩʘ ʧʘʜʦʤ 

ʫʯʝʩʪʘʥʦʩʪʠ ʩʪʘʪʦʨʩʢʝ ʩʪʨʫʿʝ. ʆʮʝʥʘ ʙʨʟʠʥʝ ʟʘʩʥʦʚʘʥʘ ʥʘ ʘʥʘʣʠʟʠ ʤʘʢʩʠʤʘʣʥʝ ʢʦʚʘʨʠʿʘʥʩʝ 

ʢʦʨʠʩʪʠ ʢʦʨʝʣʘʮʠʦʥʫ ʬʫʥʢʮʠʿʫ ʠʟʤʝʹʫ ʫʣʘʟʥʦʛ ʟʘʰʫʤˀʝʥʦʛ ʠ ʨʝʬʝʨʝʥʪʥʦʛ ʩʠʛʥʘʣʘ [165]. 

ʇʨʝʜʣʦʞʝʥʘ ʩʪʨʫʢʪʫʨʘ ʿʝ ʧʨʠʤʝʨʝʥʘ ʧʦʪʨʝʙʘʤʘ ʦʮʝʥʝ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ, ʠʣʠ 

ʧʨʠ ʤʘʣʠʤ ʧʨʦʤʝʥʘʤʘ ʙʨʟʠʥʝ ʦʢʦ ʙʨʟʠʥʝ ʫʩʪʘˀʝʥʝ ʚʨʝʜʥʦʩʪʠ. ɸʣʛʦʨʠʪʘʤ ʢʣʘʩʠʬʠʢʘʮʠʿʝ 

ʩʠʛʥʘʣʘ (ʝʥʛʣ: Multiple signal classification ï MUSIC) ʦʤʦʛʫ˂ʫʿʝ ʚʝʣʠʢʫ ʪʘʯʥʦʩʪ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ 

ʫʟ ʪʨʘʥʩʧʦʨʪʥʘ ʢʘʰˁʝˁʘ ʢʦʿʘ ʨʘʩʪʫ ʩʘ ʜʠʤʝʥʟʠʿʘʤʘ ʘʫʪʦʢʦʨʝʣʘʮʠʦʥʝ ʤʘʪʨʠʮʝ [75]. ʄʝʪʦʜʘ ʩʝ 

ʧʨʠʤʝˁʫʿʝ ʟʘ ʜʝʪʝʢʮʠʿʫ ʢʚʘʨʦʚʘ ʠ ʦʮʝʥʫ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʨʦʪʦʨʘ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ.    

ʇʨʝʤʘ ʜʦ ʩʘʜʘ ʧʫʙʣʠʢʦʚʘʥʠʤ ʨʘʜʦʚʠʤʘ, ʟʘ ʧʦʪʨʝʙʝ ʦʮʝʥʝ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʫ ʨʝʘʣʥʦʤ 

ʚʨʝʤʝʥʫ ʧʦʛʦʜʥʠʿʝ ʩʫ ʪʝʭʥʠʢʝ ʫ ʚʨʝʤʝʥʩʢʦʤ ʜʦʤʝʥʫ ʢʦʿʝ ʥʘʿʯʝʰ˂ʝ ʥʝ ʟʘʭʪʝʚʘʿʫ ʜʦʜʘʪʥʠ 

ʤʝʤʦʨʠʿʩʢʠ ʧʨʦʩʪʦʨ ʠ ʧʨʫʞʘʿʫ ʛʨʝʰʢʫ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʠʩʧʦʜ 0,5% [144]. ɺʝʣʠʢʘ ʪʘʯʥʦʩʪ 

ʦʮʝʥʝ ʙʨʟʠʥʝ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʤʦʞʝ ʩʝ ʦʩʪʚʘʨʠʪʠ ʧʨʠʤʝʥʦʤ ʘʣʛʦʨʠʪʤʘ ʜʝʪʝʢʮʠʿʝ ʧʨʦʣʘʩʢʘ 

ʢʨʦʟ ʥʫʣʘ (ʝʥʛʣ: zero-crossing) [166] ʠ ʘʣʛʦʨʠʪʤʘ ʧʨʝʪʨʘʛʝ ʤʘʢʩʠʤʫʤʘ (ʝʥʛʣ: peak detection) 

[167]. ʂʦʜ ʧʦʤʝʥʫʪʠʭ ʤʝʪʦʜʘ, ʧʦʣʦʞʘʿ ʈɾʍ ʫ ʩʧʝʢʪʨʫ ʜʦʙʠʿʘ ʩʝ ʥʘ ʦʩʥʦʚʫ ʦʙʨʘʹʝʥʠʭ ʩʠʛʥʘʣʘ 

ʠʟʤʝʨʝʥʠʭ ʝʣʝʢʪʨʦʤʦʪʦʨʥʠʭ ʩʠʣʘ. ʇʨʠʤʝʥʘ ʦʚʠʭ ʤʝʪʦʜʘ ʿʝ ʩʣʦʞʝʥʘ ʿʝʨ ʪʨʘʞʠ ʧʨʠʤʝʥʫ 

ʥʘʧʦʥʩʢʠʭ ʜʘʚʘʯʘ ʠ ʧʨʝʧʨʘʚʢʫ ʤʘʰʠʥʝ ʫʛʨʘʜˁʦʤ ʜʦʜʘʪʥʠʭ ʩʧʦˀʘʰˁʠʭ ʠʣʠ ʫʥʫʪʨʘʰˁʠʭ 

ʥʘʤʦʪʘʿʘ. ʆʚʠ ʘʣʛʦʨʠʪʤʠ ʩʫ ʠʩʧʠʪʘʥʠ ʩʘʤʦ ʫ ʫʩʪʘˀʝʥʠʤ ʩʪʘˁʠʤʘ. ʉʪʨʫʢʪʫʨʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ 

ʩʘ ʬʠʣʪʨʠʤʘ ʣʠʥʝʘʨʥʝ ʬʘʟʝ ʠ ʜʝʪʝʢʪʦʨʦʤ ʬʨʝʢʚʝʥʮʠʿʝ ʢʦʨʠʩʪʠ ʩʝ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʫ 

ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ [168]. ɼʝʪʝʢʪʦʨ ʢʦʨʠʩʪʠ ʧʨʚʠ ʠʟʚʦʜ ʬʘʟʝ ʈɾʍ, ʛʜʝ ʩʝ ʠʟʥʦʩ ʠʟʚʦʜʘ ʧʨʦʮʝˁʫʿʝ 

ʢʦʨʠʰ˂ʝˁʝʤ ʜʠʬʝʨʝʥʮʥʝ ʿʝʜʥʘʯʠʥʝ ʯʝʪʚʨʪʦʛ ʨʝʜʘ ʠ ʠʥʪʝʨʧʦʣʘʮʠʿʝ ʃʘʛʨʘʥʞʦʚʠʤ ʧʦʣʠʥʦʤʠʤʘ. 

ʄʝʪʦʜʫ ʢʘʨʘʢʪʝʨʠʰʫ ʟʘʭʪʝʚ ʟʘ ʜʦʜʘʪʥʦʤ ʤʝʤʦʨʠʿʦʤ ʠ ʜʦʢ ʿʝ ʿʝʜʘʥ ʦʜ ʥʝʜʦʩʪʘʪʘʢʘ ʧʨʠʩʫʩʪʚʦ 

ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʫ ʩʠʛʥʘʣʫ ʦʮʝˁʝʥʝ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʨʦʪʦʨʘ. 

ʉʪʨʫʢʪʫʨʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʤʦʞʝ ʩʝ ʥʘʯʠʥʠʪʠ ʢʦʨʠʰ˂ʝˁʝʤ ʘʜʘʧʪʠʚʥʠʭ ʜʠʛʠʪʘʣʥʠʭ ʬʠʣʪʘʨʘ 

ʠ ʨʝʢʫʨʟʠʚʥʠʭ ʘʣʛʦʨʠʪʘʤʘ (ʝʥʛʣ. recursive maximum likelihood - RML) ʟʘ ʧʦʪʨʝʙʝ ʜʝʪʝʢʮʠʿʝ ʈɾʍ 

[169]. ʋʯʝʩʪʘʥʦʩʪ ʈɾʍ ʩʝ ʦʜʨʝʹʫʿʝ ʧʫʪʝʤ ʜʠʬʝʨʝʥʮʥʝ ʿʝʜʥʘʯʠʥʝ ʢʦʿʦʤ ʿʝ ʦʧʠʩʘʥ ʬʠʣʪʘʨ 

ʥʝʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʜʨʫʛʦʛ ʨʝʜʘ. ʇʨʝʜʣʦʞʝʥʦ ʨʝʰʝˁʝ ʟʥʘʯʘʿʥʦ ʫʤʘˁʫʿʝ ʧʨʦʧʫʩʥʠ 

ʦʧʩʝʛ ʫ sensorless ʨʝʛʫʣʘʮʠʿʠ ʙʨʟʠʥʝ ʥʘ ʩʚʝʛʘ 0,5 Hz ʟʙʦʛ ʨʝʘʣʠʟʦʚʘʥʦʛ ʬʠʣʪʨʠʨʘˁʘ ʩʠʛʥʘʣʘ. 

ɺʝ˂ʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʤʦʞʝ ʩʝ ʧʦʩʪʠ˂ʠ ʩʧʨʝʛʦʤ ʘʜʘʧʪʠʚʥʠʭ ʜʠʛʠʪʘʣʥʠʭ ʬʠʣʪʘʨʘ ʣʠʥʝʘʨʥʝ 

ʬʘʟʝ, ʇʠʩʘʨʝʥʢʦʚʝ ʤʝʪʦʜʝ ʠ MCA EXIN ʨʝʢʫʨʟʠʚʥʠʭ ʥʝʫʨʘʣʥʠʭ ʤʨʝʞʘ [170]. ʉʣʦʞʝʥʦʩʪ 

ʦʧʠʩʘʥʦʛ ʨʝʰʝˁʘ ʟʘʭʪʝʚʘ ʚʝʣʠʢʦ ʟʘʫʟʝ˂ʝ ʤʝʤʦʨʠʿʝ ʠ ʿʝʜʥʦʚʨʝʤʝʥʫ ʧʨʠʤʝʥʫ ʪʨʠ ʧʨʦʮʝʩʦʨʘ ʰʪʦ 

ʟʥʘʯʘʿʥʦ ʫʩʣʦʞˁʘʚʘ ʠ ʧʦʩʢʫʧˀʫʿʝ ʫʛʨʘʜˁʫ, ʩʤʘˁʫʿʝ ʧʦʫʟʜʘʥʦʩʪ ʠ ʜʦʚʦʜʠ ʫ ʧʠʪʘˁʝ 

ʦʧʨʘʚʜʘʥʦʩʪ ʧʨʠʤʝʥʝ.  ʉʪʨʫʢʪʫʨʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʘʣʛʦʨʠʪʤʠʤʘ ʬʘʟʥʦ ʩʧʨʝʛʥʫʪʝ ʧʝʪˀʝ, ʌʉʇ 

(ʝʥʛʣ: Phase-Locked Loop) ʦʤʦʛʫ˂ʘʚʘʿʫ ʤʠʥʠʤʘʣʥʦ ʢʘʰˁʝˁʝ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ. ʇʨʠʭʚʘʪˀʠʚʫ 

ʪʘʯʥʦʩʪ ʦʮʝˁʝʥʝ ʙʨʟʠʥʝ ʧʦʩʪʠʞʫ ʦʙʨʘʜʦʤ ʩʠʛʥʘʣʘ ʥʘ ʠʟʣʘʟʫ ʬʘʟʥʦʛ ʜʝʪʝʢʪʦʨʘ ʫʧʦʪʨʝʙʦʤ 

ʬʠʣʪʘʨʘ [171], [172] ʠʣʠ ʥʝʫʨʘʣʥʠʭ ʤʨʝʞʘ [173]. ʉʪʨʫʢʪʫʨʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʌʉʇ ʤʦʛʫ ʜʘ 

ʦʙʘʚˀʘʿʫ ʦʮʝʥʫ ʙʨʟʠʥʝ ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ ʧʨʦʮʝʩʘ, ʘʣʠ ʧʦ ʮʝʥʫ ʢʦʤʧʨʦʤʠʩʘ ʠʟʤʝʹʫ ʪʘʯʥʦʩʪʠ ʠ 

ʢʘʰˁʝˁʘ [171], [173].  
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2.2. ʋ ʨʘʜʦʚʠʤʘ ʛʜʝ ʩʫ ʧʝʨʬʦʨʤʘʥʩʝ ʿʘʩʥʦ ʠʩʪʘʢʥʫʪʝ ʦʜ ʩʪʨʘʥʝ ʘʫʪʦʨʘ, ʠʩʪʝ ʩʫ ʧʨʝʜʩʪʘʚˀʝʥʝ ʫ 

ʊʘʙʝʣʠ. ɿʘ ʨʝʰʝˁʘ ʛʜʝ ʥʠʩʫ ʿʘʩʥʦ ʠʩʪʘʢʥʫʪʝ ʧʝʨʬʦʨʤʘʥʩʝ, ʢʘʰˁʝˁʘ ʩʫ ʜʝʬʠʥʠʩʘʥʘ ʢʘʦ 

ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ʫʩʧʦʥʘ ʤʝʨʝˁʘ ʙʨʟʠʥʝ ʠ ʚʨʝʤʝʥʘ ʫʩʧʦʥʘ ʦʮʝˁʝʥʝ ʙʨʟʠʥʝ. ʊʘʯʥʦʩʪ ʤʝʪʦʜʘ ʫ 

ʩʧʝʢʪʨʘʣʥʦʤ ʜʦʤʝʥʫ ʿʝ ʜʝʬʠʥʠʩʘʥʘ ʬʨʝʢʚʝʥʮʠʿʩʢʦʤ ʨʝʟʦʣʫʮʠʿʦʤ, ʘ ʟʘ ʤʝʪʦʜʝ ʫ ʚʨʝʤʝʥʩʢʦʤ 

ʜʦʤʝʥʫ ʢʘʦ ʤʘʢʩʠʤʘʣʥʘ ʜʝʚʠʿʘʮʠʿʘ ʦʮʝˁʝʥʝ ʦʜ ʤʝʨʝʥʝ ʙʨʟʠʥʝ. ɼʦ ʩʘʜʘ ʿʝ ʥʘʿʚʝ˂ʠ ʙʨʦʿ 

ʧʫʙʣʠʢʦʚʘʥʠʭ ʤʝʪʦʜʘ ʢʦʨʠʰ˂ʝʥ ʠ ʜʠʟʘʿʥʠʨʘʥ ʟʘ ʧʦʪʨʝʙʝ ʦʮʝʥʝ ʙʨʟʠʥʝ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ, ʟʘ 

ʧʦʪʨʝʙʝ ʥʘʜʟʦʨʘ ʠ ʜʠʿʘʛʥʦʩʪʠʢʝ ʩʠʩʪʝʤʘ. ʈʝʰʝˁʘ ʢʦʿʘ ʩʫ ʜʦ ʩʘʜʘ ʧʦʢʘʟʘʣʘ ʥʘʿʙʦˀʝ ʨʝʟʫʣʪʘʪʝ ʫ 

ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʧʨʝʜʩʪʘʚˀʝʥʘ ʩʫ ʠ ʫ ʊʘʙʝʣʠ 2.2. ʠ ʦʟʥʘʯʝʥʝ ʩʫ ʦʟʥʘʢʦʤ Ăʋñ ʫ ʢʦʣʦʥʠ ʢʦʿʘ 

ʦʧʠʩʫʿʫ ʨʘʜʥʝ ʨʝʞʠʤʝ ʧʨʠ ʢʦʿʠʤʘ ʩʫ ʘʫʪʦʨʠ ʧʫʙʣʠʢʦʚʘʥʠʭ ʨʝʰʝˁʘ ʧʨʝʜʩʪʘʚʠʣʠ ʨʝʟʫʣʪʘʪʝ. 

ʄʝʪʦʜʝ ʢʦʿʝ ʩʫ ʢʦʨʠʰ˂ʝʥʝ ʟʘ ʧʦʪʨʝʙʝ ʦʮʝʥʝ ʙʨʟʠʥʝ ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ ʧʨʦʮʝʩʘ, ʦʜʥʦʩʥʦ ʪʦʢʦʤ 

ʨʘʜʥʠʭ ʨʝʞʠʤʘ ʧʨʠʣʠʢʦʤ ʢʦʿʠʭ ʤʝʭʘʥʠʯʢʘ ʙʨʟʠʥʘ ʚʨʘʪʠʣʘ ʜʦʞʠʚˀʘʚʘ ʝʢʩʢʫʨʟʠʿʝ ʠ ʧʨʦʤʝʥʝ, ʘ 

ʢʦʿʝ ʢʦʨʠʩʪʝ ʈɾʍ ʟʘ ʩʚʦʿʝ ʧʦʪʨʝʙʝ, ʦʟʥʘʯʝʥʝ ʩʫ ʦʟʥʘʢʦʤ Ăʇñ ʫ ʊʘʙʝʣʠ. ɼʦ ʩʘʜʘ ʧʫʙʣʠʢʦʚʘʥʝ 

ʤʝʪʦʜʝ, ʛʝʥʝʨʘʣʥʦ ʠʤʘʿʫ ʜʦʜʘʪʥʝ ʭʘʨʜʚʝʨʩʢʝ ʠ ʩʦʬʪʚʝʨʩʢʝ ʟʘʭʪʝʚʝ ʧʨʠ ʠʤʧʣʝʤʝʥʪʘʮʠʿʠ ʫ 

ʧʨʘʢʩʠ ʢʦʿʝ ʩʫ ʦʟʥʘʯʝʥʝ ʟʥʘʢʦʤ Ă+ñ ʫ ʪʘʙʝʣʠ. ɿʘʭʪʝʚʠ ʤʦʛʫ ʙʠʪʠ ʠʩʢʘʟʘʥʠ ʫ ʧʦʛʣʝʜʫ ʟʘʭʪʝʚʘʥʝ 

ʤʝʤʦʨʠʿʝ, ʤʘʪʨʠʮʝ ʧʦʜʘʪʘʢʘ (ʝʥʛʣ. look-up tables), ʟʘʭʪʝʚʠʤʘ ʟʘ ʤʦʜʠʬʠʢʘʮʠʿʦʤ ʤʘʰʠʥʝ ʠʣʠ 

ʠʥʚʝʨʪʦʨʘ, ʜʦʜʘʪʥʠʤ ʧʨʦʮʝʩʦʨʠʤʘ, ʜʦʜʘʪʥʠʤ ʜʘʚʘʯʠʤʘ, ʧʦʛʦʪʦʚʫ ʥʘʧʦʥʩʢʠʭ, ʠʪʜ. ʋ ʩʣʫʯʘʿʫ ʜʘ 

ʨʝʰʝˁʝ ʥʝʤʘ ʭʘʨʜʚʝʨʩʢʝ ʠʣʠ ʩʦʬʪʚʝʨʩʢʝ ʟʘʭʪʝʚʝ, ʦʟʥʘʯʝʥʦ ʿʝ ʩʘ Ăʅñ ʫ ʊʘʙʝʣʠ.  

ʄʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʤʝʪʦʜʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʈɾʍ ʦʤʦʛʫ˂ʘʚʘʿʫ ʧʨʠʭʚʘʪˀʠʚʫ ʪʘʯʥʦʩʪ ʫ ʦʮʝʥʠ 

ʙʨʟʠʥʝ, ʜʘ ʥʝ ʟʘʚʠʩʝ ʦʜ ʧʘʨʘʤʝʪʘʨʘ ɸʄ ʠ ʜʘ ʩʝ ʤʦʛʫ ʧʨʠʤʝʥʠʪʠ ʙʝʟ ʥʝʫʤʝʨʝʥʠʭ ʟʘʭʪʝʚʘ ʟʘ 

ʤʝʤʦʨʠʿʦʤ. ʀʧʘʢ, ʦʚʝ ʤʝʪʦʜʝ ʩʝ ʪʨʝʥʫʪʥʦ ʜʦʤʠʥʘʥʪʥʦ ʢʦʨʠʩʪʝ ʟʘ ʥʘʜʟʦʨ ʠ ʜʠʿʘʛʥʦʩʪʠʢʫ 

ʩʠʩʪʝʤʘ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ. ɳʠʭʦʚʘ ʧʨʠʤʝʥʘ ʫʛʣʘʚʥʦʤ ʟʘʭʪʝʚʘ ʧʨʝʧʨʘʚʢʫ ʤʘʰʠʥʝ, ʥʘʧʦʥʩʢʝ 

ʜʘʚʘʯʝ ʠ ʜʨʫʛʝ ʭʘʨʜʚʝʨʩʢʝ ʤʦʜʠʬʠʢʘʮʠʿʝ ʠʣʠ ʩʦʬʪʚʝʨʩʢʝ ʟʘʭʪʝʚʝ. ʈʝʰʝˁʝ ʢʦʿʝ ʿʝ ʥʘʰʣʦ 

ʧʨʠʤʝʥʫ ʟʘ ʧʦʪʨʝʙʝ sensorless ʫʧʨʘʚˀʘˁʘ, ʟʘʭʪʝʚʘ ʿʝʜʥʦʚʨʝʤʝʥʫ ʧʨʠʤʝʥʫ ʚʠʰʝ ʧʨʦʮʝʩʦʨʩʢʠʭ 

ʿʝʜʠʥʠʮʘ, ʧʨʠ ʯʝʤʫ ʦʩʪʚʘʨʫʿʝ ʣʦʰʝ ʧʦʥʘʰʘˁʝ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʜʨʫʛʠʤ sensorless ʨʝʰʝˁʠʤʘ. 

 

ʊʘʙʝʣʘ 2.2. ʇʦʨʝʹʝˁʝ ʨʝʣʝʚʘʥʪʥʠʭ ʝʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ ʟʘʩʥʦʚʘʥʠʭ ʈɾʍ ʫ ʣʠʪʝʨʘʪʫʨʠ. 

ʉʪʨʫʢʪʫʨʝ 

ʝʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ 

ʂʘʰˁʝˁʝ 

[ms] 

ɻʨʝʰʢʘ ʫ 

ʫʩʪʘˀʝʥʦʤ 

ʩʪʘˁʫ [%]  

ʅʘʿʥʠʞʘ ʨʘʜʥʘ 

ʫʯʝʩʪʘʥʦʩʪ ʩʪʨʫʿʘ 

ʩʪʘʪʦʨʘ [Hz] 

ʈʘʜʥʠ 

ʨʝʞʠʤʠ 

ʍʘʨʜ. 

ʟʘʭʪʝʚʠ 

ʉʦʬʪ.  

ɿʘʭʪʝʚʠ 

Ferrah [116] 3000 2 5 ʋ ʅ + 

Hurst [175] 1250 0,2 3 ʋ ʅ + 

Aiello [176] 250 0,6 20 ʇ ʅ + 

Sahraoui [164] 530 6 17 ʋ ʅ + 

Bellini [70] 250 0,0025 40 ʋ ʅ + 

Keysan [166] - 0,7 5 ʋ + ʅ 

Ishida [165] >200 0,3 6.7 ʋ ++ ʅ 

Ferrah [169] >100 0,2 5 ʇ ʅ + 

Zinger [174] >200 6 5 ʇ ʅ ʅ 

Ye [172] 10 0,26 2 ʇ + ++ 

Luecke [173] 40 1,5 5 ʇ ʅ ʅ 

Petric [171] 30 8,2 5 ʇ ʅ ʅ 

Milic [8]  7-52 0,04-0,117 2 ʇ ʅ ʅ 
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ɼʘʢʣʝ, ʧʦʩʪʦʿʠ ʿʘʩʥʘ ʧʦʪʨʝʙʘ ʟʘ ʝʩʪʠʤʘʪʦʨʦʤ ʙʨʟʠʥʝ ʟʘʩʥʦʚʘʥʠʤ ʥʘ ʈɾʍ ʢʦʿʠ ʩʝ ʤʦʞʝ 

ʢʦʨʠʩʪʠʪʠ ʟʘ ʧʦʪʨʝʙʝ sensorless ʨʝʛʫʣʠʩʘʥʠʭ ɽʇ ʚʠʩʦʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʫʤʝʩʪʦ ʜʘʚʘʯʘ ʥʘ 

ʚʨʘʪʠʣʫ ʠ ʢʦʿʠ ʩʝ ʤʦʞʝ ʧʨʠʤʝʥʠʪʠ ʙʝʟ ʭʘʨʜʚʝʨʩʢʠʭ ʠʣʠ ʩʦʬʪʚʝʨʩʢʠʭ ʟʘʭʪʝʚʘ ʠʣʠ ʠʟʤʝʥʘ ʫ ɽʇ, 

ʪʿ. ʙʝʟ ʜʦʜʘʪʥʠʭ ʥʘʤʦʪʘʿʘ ʫ ɸʄ, ʜʘʚʘʯʘ, ʭʘʨʜʚʝʨʘ ʟʘ ʦʙʨʘʜʫ ʧʦʜʘʪʘʢʘ, ʜʦʜʘʪʠʭ ʭʘʨʤʦʥʠʢʘ, 

ʤʘʪʨʠʮʘ ʧʦʜʘʪʘʢʘ, ʠʪʜ. ɼʦ ʩʘʜʘ ʧʫʙʣʠʢʦʚʘʥʘ ʨʝʰʝˁʘ ʩʫ ʥʝʣʠʥʝʘʨʥʘ, ʠ ʧʨʝʤʘ ʥʘʿʙʦˀʝʤ ʩʘʟʥʘˁʫ 

ʘʫʪʦʨʘ ʜʠʩʝʨʪʘʮʠʿʝ, ʜʦ ʩʘʜʘ ʥʠʿʝ ʘʥʘʣʠʟʠʨʘʥʦ ʜʠʥʘʤʠʯʢʦ ʧʦʥʘʰʘˁʝ ʝʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ, ʢʘʦ 

ʝʣʝʤʝʥʪʘ ʉɸʈ ʫ ʧʦʚʨʘʪʥʦʿ ʛʨʘʥʠ. ʊʘʢʦʹʝ, ʧʨʝʤʘ ʥʘʿʙʦˀʝʤ ʩʘʟʥʘˁʫ ʘʫʪʦʨʘ ʜʦ ʩʘʜʘ ʥʠʩʫ ʜʘʪʠ 

ʘʥʘʣʠʪʠʯʢʠ ʤʦʜʝʣʠ ʢʦʿʠ ʦʧʠʩʫʿʫ ʜʠʥʘʤʠʯʢʦ ʧʦʥʘʰʘˁʝ ʝʩʪʠʤʘʪʦʨʘ ʠ ʢʦʠʿ ʩʝ ʤʦʛʫ ʫʧʦʪʨʝʙʠʪʠ 

ʟʘ ʧʦʪʨʝʙʝ ʩʠʥʪʝʟʝ sensorless ʜʠʛʠʪʘʣʥʦʛ ʘʣʛʦʨʠʪʤʘ ʫʧʨʘʚˀʘˁʘ ʧʦ ʙʨʟʠʥʠ ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ.  

ʉʪʨʫʢʪʫʨʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʟʘʩʥʦʚʘʥʘ ʥʘ ʈɾʍ ʧʨʝʜʩʪʘʚˀʝʥʘ ʫ ʥʘʨʝʜʥʦʤ ʧʦʛʣʘʚˀʫ ʥʝʤʘ 

ʟʘʭʪʝʚʝ ʠʣʠ ʠʟʤʝʥʝ ʫ ʧʦʛʣʝʜʫ ʭʘʨʜʚʝʨʘ ʠʣʠ ʩʦʬʪʚʝʨʘ. ɼʘ ʙʠ ʩʝ ʦʧʨʘʚʜʘʣʘ ʫʧʦʪʨʝʙʘ ʝʩʪʠʤʘʪʦʨʘ 

ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʫʤʝʩʪʦ ʜʘʚʘʯʘ, ʩʠʥʪʝʟʘ ʝʩʪʠʤʘʪʦʨʘ ʠ ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʧʨʦʨʘʯʫʥ ʧʘʨʘʤʝʪʘʨʘ 

ʝʩʪʠʤʘʪʦʨʘ ʠ ʨʝʛʫʣʘʪʦʨʘ ʙʨʟʠʥʝ ʫ ʯʝʪʚʨʪʦʤ ʧʦʛʣʘʚˀʫ ʿʝ ʠʟʚʨʰʝʥʘ ʫʟ ʫʚʘʞʘʚʘˁʝ ʧʦʪʨʝʙʝ ʜʘ ʩʝ 

ʝʩʪʠʤʘʪʦʨ ʫʩʢʣʘʜʠ ʩʘ ʟʘʭʪʝʚʠʤʘ ʧʝʪˀʠ ʟʘ ʨʝʛʫʣʘʮʠʿʫ ʩʪʨʫʿʝ ʠ ʙʨʟʠʥʝ. ʈʝʰʝˁʝ ʫ ʥʘʩʪʘʚʢʫ 

ʜʠʩʝʨʪʘʮʠʿʝ ʿ ʝ ʦʧʠʩʘʥʦ ʣʠʥʝʘʨʥʠʤ ʤʦʜʝʣʦʤ ʠ ʦʤʦʛʫ˂ʘʚʘ ʣʠʥʝʘʨʥʦ ʧʦʥʘʰʘˁʝ ʫ ʛʦʪʦʚʦ ʮʝʣʦʤ 

ʦʧʩʝʛʫ ʨʘʜʥʠʭ ʨʝʞʠʤʘ. ɼʘ ʙʠ ʩʝ ʦʚʝ ʪʚʨʜˁʝ ʚʝʨʠʬʠʢʦʚʘʣʝ, ʨʘʟʚʠʿʝʥʠ ʝʩʪʠʤʘʪʦʨ ʙʨʟʠʥʝ 

ʟʘʩʥʦʚʘʥ ʥʘ ʈɾʍ ʠ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʧʨʦʨʘʯʫʥ ʧʘʨʘʤʝʪʘʨʘ ʥʘʜʨʝʹʝʥʠʭ ʨʝʛʫʣʘʪʦʨʘ ʩʫ ʫʩʧʝʰʥʦ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʪʝʩʪʠʨʘʥʠ ʫ ʰʠʨʦʢʦʤ ʦʧʩʝʛʫ ʙʨʟʠʥʘ ʠ ʦʧʪʝʨʝ˂ʝˁʘ ʫ ʧʝʪʦʤ ʧʦʛʣʘʚˀʫ. ʈʝʰʝˁʝ 

ʧʨʝʜʩʪʘʚˀʝʥʦ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʜʘʿʝ ʥʘʿʙʦˀʫ ʪʘʯʥʦʩʪ ʫʟ ʥʘʿʤʘˁʝ ʢʘʰˁʝˁʝ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʜʨʫʛʠʤ 

ʧʫʙʣʠʢʦʚʘʥʠʤ ʨʝʰʝˁʠʤʘ ʫ ʦʙʣʘʩʪʠ, ʠ ʪʦ ʫ ʮʝʣʦʤ ʦʧʩʝʛʫ ʨʘʜʥʠʭ ʙʨʟʠʥʘ. ʇʨʠ 2 Hz ʫʯʝʩʪʘʥʦʩʪʠ 

ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ, ʝʩʪʠʤʘʪʦʨ ʧʨʫʞʘ ʪʘʯʥʦʩʪ ʦʜ 0,1167% ʩʘ ʢʘʰˁʝˁʝʤ ʦʜ 50 ms. ɿʘ ʫʯʝʩʪʘʥʦʩʪʠ 

ʧʨʝʢʦ 40 Hz, ʢʘʰˁʝˁʝ ʦʜ 5 ms ʩʘ ʪʘʯʥʦʰ˂ʫ ʦʜ 0,04%  ʩʝ ʤʦʞʝ ʛʘʨʘʥʪʦʚʘʪʠ. ʅʝʰʪʦ ʚʝ˂ʘ 

ʢʘʰˁʝˁʘ ʦʜ 25 ms ʧʦʩʪʦʿʝ ʟʘ ʨʘʜʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʥʠʞʝ ʦʜ 5 Hz. ʇʦʫʟʜʘʥ ʠ ʨʦʙʫʩʪʘʥ ʨʘʜ ʩʝ ʤʦʞʝ 

ʦʩʪʚʘʨʠʪʠ ʜʦ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʦʜ 2 Hz, ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʜʨʫʛʠʤ 

ʤʝʪʦʜʘʤʘ ʢʦʿʝ ʩʫ ʦʮʝʥʫ ʙʨʟʠʥʝ ʦʩʪʚʘʨʠʣʝ ʜʦ 5 Hz. ʈʘʟʚʠʿʝʥʠ ʘʣʛʦʨʠʪʤʠ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʠ 

sensorless ʨʝʛʫʣʘʮʠʿʫ ɽʇ ʩʝ ʤʦʛʫ ʫʩʧʝʰʥʦ ʨʝʘʣʠʟʦʚʘʪʠ ʥʘ ʙʠʣʦ ʢʦʤ ɼʉʇ ʠʣʠ FPGA ʠ ʥʘ ʙʠʣʦ 

ʢʦʿʦʿ ɸʄ ʢʦʿʘ ʠʤʘ ʩʧʦʩʦʙʥʦʩʪ ʜʘ ʛʝʥʝʨʠʰʝ ʈɾʍ, ʙʝʟ ʛʫʙʠʪʢʘ ʦʧʰʪʦʩʪʠ. 

 

2.5 ɿʘʢˀʫʯʮʠ ʜʨʫʛʦʛ ʧʦʛʣʘʚˀʘ 
 

ʋ ʦʢʚʠʨʫ ʧʦʛʣʘʚˀʘ ʠʟʚʝʜʝʥʠ ʩʫ ʤʦʜʝʣʠ ʟʘ ʧʦʪʨʝʙʝ ʘʥʘʣʠʟʝ ʠ ʩʠʥʪʝʟʝ sensorless ʘʣʛʦʨʠʪʘʤʘ 

ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʠ ʘʣʛʦʨʠʪʘʤʘ ʫʧʨʘʚˀʘˁʘ. ʄʦʜʝʣʠʨʘʥʝ ʩʫ ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʠʥʚʝʨʪʦʨʘ 

ʢʦʿʝ ʜʦʤʠʥʘʥʪʥʦ ʫʪʠʯʫ ʥʘ ʨʘʜ sensorless ʨʝʛʫʣʘʮʠʦʥʠʭ ʩʠʩʪʝʤʘ. ʀʟʚʝʜʝʥ ʿʝ ʤʦʜʝʣ ɸʄ ʫ ʧʦʿʘʩʫ 

ʦʩʥʦʚʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ. ɿʘʪʠʤ ʩʫ ʘʥʘʣʠʟʠʨʘʥʝ ʠ ʘʥʘʣʠʪʠʯʢʠ ʦʧʠʩʘʥʝ ʘʥʠʟʦʪʨʦʧʠʿʝ ʢʦʿʝ ʫʥʦʩʝ 

ʠʟʦʙʣʠʯʝˁʘ ʫ ɽʄʉ ʩʪʘʪʦʨʘ. ʍʘʨʤʦʥʠʮʠ ʢʦʿʠ ʧʦʩʪʦʿʝ ʫ ʩʧʝʢʪʨʫ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʫʩʣʝʜ ʠʟʦʙʣʠʯʝʥʝ 

ɽʄʉ ʩʫ ʘʥʘʣʠʪʠʯʢʠ ʦʧʠʩʘʥʠ ʠ ʢʦʤʝʥʪʘʨʠʩʘʥʠ. ʅʘ ʦʩʥʦʚʫ ʩʧʨʦʚʝʜʝʥʝ ʘʥʘʣʠʟʝ, ʜʘʪʝ ʩʫ ʧʨʠʤʝʥʝ 

ʥʘʚʝʜʝʥʠʭ ʘʥʠʟʦʪʨʦʧʠʿʘ ʫ ʚʝʟʠ ʩʘ sensorless ʘʣʛʦʨʠʪʤʠʤʘ ʫ ʧʨʘʢʩʠ. 

ʋ ʧʦʩʣʝʜˁʝʤ ʜʝʣʫ ʧʦʛʣʘʚˀʘ ʜʘʪ ʿʝ ʧʨʝʛʣʝʜ ʩʪʨʫʯʥʝ ʠ ʥʘʫʯʥʝ ʣʠʪʝʨʘʪʫʨʝ ʫ ʦʙʣʘʩʪʠ 

ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʚʨʘʪʠʣʘ ʢʦʜ ʪʨʦʬʘʟʥʝ ʘʩʠʥʭʨʦʥʝ ʤʘʰʠʥʝ. ʈʘʟʤʘʪʨʘʥʠ ʩʫ ʘʣʛʦʨʠʪʤʠ 

ʟʘʩʥʦʚʘʥʠ ʥʘ ʜʠʥʘʤʠʯʢʦʤ ʤʦʜʝʣʫ ɸʄ ʫ ʧʦʿʘʩʫ ʦʩʥʦʚʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ, ʢʘʦ ʠ ʤʝʪʦʜʝ ʟʘʩʥʦʚʘʥʝ 

ʥʘ ʘʥʠʟʦʪʨʦʧʠʿʘʤʘ. ʅʘ ʦʩʥʦʚʫ ʘʥʘʣʠʟʝ ʧʫʙʣʠʢʦʚʘʥʝ ʣʠʪʝʨʘʪʫʨʝ, ʠʟʚʝʜʝʥʠ ʩʫ ʟʘʢˀʫʯʮʠ ʜʘ 

ʤʝʪʦʜʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʈɾʍ ʦʤʦʛʫ˂ʘʚʘʿʫ ʧʨʠʭʚʘʪʠʚʫ ʪʘʯʥʦʩʪ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ, ʜʘ ʥʝ ʟʘʚʠʩʝ ʦʜ 

ʧʘʨʘʤʝʪʘʨʘ ʤʘʰʠʥʝ ʠ ʜʘ ʩʝ ʤʦʛʫ ʨʝʘʣʠʟʦʚʘʪʠ ʙʝʟ ʭʘʨʜʚʝʨʩʢʠʭ ʠʣʠ ʩʦʬʪʚʝʨʩʢʠʭ ʟʘʭʪʝʚʘ, ʫ 

ʧʦʨʝʹʝˁʫ ʩʘ ʜʨʫʛʠʤ ʧʫʙʣʠʢʦʚʘʥʠʭ ʨʝʝhˁʠʤʘ. ʋʢʘʟʘʥʦ ʿʝ ʜʘ ʩʝ ʪʨʝʥʫʪʥʦ ʤʝʪʦʜʝ ʟʘʩʥʦʚʘʥʝ ʥʘ 

ʈɾʍ ʜʦʤʠʥʘʥʪʥʦ ʢʦʨʠʩʪʝ ʟʘ ʥʘʜʟʦʨ ʠ ʜʠʿʘʛʥʦʩʪʠʢʫ ʩʠʩʪʝʤʘ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʢʘʦ ʠ ʜʘ 

ʠˁʭʦʚʘ ʧʨʠʤʝʥʘ ʫʛʣʘʚʥʦʤ ʟʘʭʪʝʚʘ ʤʦʜʠʬʠʢʘʮʠʿʝ ʠ ʜʦʜʘʪʢʝ ʫ ʧʦʛʣʝʜʫ ʭʘʨʜʚʝʨʘ ʠʣʠ ʩʦʬʪʚʝʨʘ. 

ʀʟʚʝʜʝʥʠ ʩʫ ʘʨʛʫʤʝʥʪʠ ʢʦʿʠ ʫʢʘʟʫʿʫ ʥʘ ʧʨʦʩʪʦʨ ʫ ʦʙʣʘʩʪʠ ʠ ʧʦʪʨʝʙʫ ʟʘ ʨʘʟʚʦʿʝʤ ʥʦʚʦʛ 

ʘʣʛʦʨʠʪʤʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʠ ʧʨʠʜʨʫʞʝʥʝ ʤʝʪʦʜʦʣʦʛʠʿʝ ʟʘ ʩʠʥʪʝʟʫ ʨʝʛʫʣʘʪʦʨʘ ʙʨʟʠʥʝ ʟʘ ʧʦʪʨʝʙʝ 

sensorless ʨʝʛʫʣʠʩʘʥʠʭ ʧʦʛʦʥʘ ʚʠʩʦʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ.   



75 

 

3 ɽʩʪʠʤʘʪʦʨ ʙʨʟʠʥʝ ʟʘʩʥʦʚʘʥ ʥʘ ʈɾʍ 
 

 

 

ʎʠˀ ʧʦʛʣʘʚˀʘ ʿʝ ʠʟʚʨʰʠʪʠ ʩʠʥʪʝʟʫ ʝʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ ʟʘʩʥʦʚʘʥʦʛ ʥʘ ʈɾʍ ʢʦʿʠ ʩʝ ʤʦʞʝ 

ʢʦʨʠʩʪʠʪʠ ʟʘ ʧʦʪʨʝʙʝ sensorless ʜʠʛʠʪʘʣʥʦʛ ʫʧʨʘʚˀʘˁʘ ʧʦ ʙʨʟʠʥʠ ʠ ʤʦʤʝʥʪʫ ʩʠʣʝ ʚʠʩʦʢʠʭ 

ʧʝʨʬʦʨʤʘʥʩʠ, ʢʘʦ ʠ ʟʘ ʧʦʪʨʝʙʝ ʧʦʫʟʜʘʥʦʛ ʥʘʜʟʦʨʘ ʠ ʜʠʿʘʛʥʦʩʪʠʢʝ ʩʠʩʪʝʤʘ. ʆʜʥʦʩʥʦ, ʢʦʿʠ ʩʝ 

ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʫʥʫʪʘʨ sensorless ʨʝʛʫʣʘʮʠʦʥʠʭ ʧʝʪˀʝ ʧʦ ʩʪʨʫʿʠ (ʈʉ) ʠ ʧʝʪˀʝ ʧʦ ʙʨʟʠʥʠ (ʈɹ) 

ʫʤʝʩʪʦ ʜʘʚʘʯʘ ʧʦʟʠʮʠʿʝ. ɿʘ ʦʚʝ ʧʦʪʨʝʙʝ, ʝʩʪʠʤʘʪʦʨ ʩʝ ʤʦʨʘ ʧʦʥʘʰʘʪʠ ʩʣʠʯʥʦ ʪʨʘʜʠʮʠʦʥʘʣʥʦʤ 

ʜʘʚʘʯʫ ʧʦʟʠʮʠʿʝ ʫ ʰʠʨʦʢʦʤ ʦʧʩʝʛʫ ʦʯʝʢʠʚʘʥʠʭ ʨʘʜʥʠʭ ʙʨʟʠʥʘ ʠ ʦʧʪʝʨʝ˂ʝˁʘ. ʋ ʧʨʝʪʭʦʜʥʦʤ 

ʧʦʛʣʘʚˀʫ ʧʨʝʜʩʪʘʚˀʝʥʠ ʩʫ ʫʩʣʦʚʠ ʢʦʿʠ ʤʦʨʘʿʫ ʜʘ ʙʫʜʫ ʠʩʧʫˁʝʥʠ ʢʘʢʦ ʙʠ ɸʄ ʤʦʛʣʘ ʜʘ 

ʛʝʥʝʨʠʰʝ ʛʣʘʚʥʝ ʈɾʍ. ɼʘʪʘ ʿʝ ʠ ʘʥʘʣʠʪʠʯʢʘ ʟʘʚʠʩʥʦʩʪ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ ʈɾʍ ʫ 

ʬʫʥʢʮʠʿʠ ʨʘʜʥʠʭ ʨʝʞʠʤʘ, ʢʘʦ ʠ ʥʘ ʢʦʿʠ ʥʘʯʠʥ ʩʝ ʈɾʍ ʤʦʛʫ ʜʝʪʝʢʪʦʚʘʪʠ ʫ ʩʧʝʢʪʨʫ ʩʪʨʫʿʝ 

ʩʪʘʪʦʨʘ ʠ ʫʧʦʪʨʝʙʠʪʠ ʟʘ ʧʦʪʨʝʙʝ ʦʮʝʥʝ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ. ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʥʦʚʘ 

ʠ ʦʨʠʛʠʥʘʣʥʘ ʩʪʨʫʢʪʫʨʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʟʘʩʥʦʚʘʥʘ ʥʘ ʬʘʟʥʦ ʩʧʨʝʛʥʫʪʦʿ ʧʝʪˀʠ (ʌʉʇ) 

(ʝʥʛʣ. Phase-Locked Loop ï PLL), ʨʦʪʦʨʩʢʠʤ ʞʣʝʙʥʠʤ ʭʘʨʤʦʥʠʮʠʤʘ ʠ ʘʜʘʧʪʠʚʥʠʤ ʜʠʛʠʪʘʣʥʠʤ 

ʬʠʣʪʨʠʤʘ (ɸɼʌ). ʋ ʧʦʛʣʘʚˀʫ ʿʝ ʧʨʚʦ ʧʨʝʜʩʪʘʚˀʝʥʘ ʿ ʝ ʩʪʨʫʢʪʫʨʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ (ʝʩʪʠʤʘʪʦʨ, 

ʝʥʛʣ. estimator) ʠ ʜʝʬʠʥʠʩʘʥʠ ʩʫ ʢʨʠʪʝʨʠʿʫʤʠ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʩʪʨʫʢʪʫʨʝ ʫ ʧʦʛʣʝʜʫ 

ʞʝˀʝʥʦʛ ʧʦʥʘʰʘˁʘ ʠ ʩʪʘʙʠʣʥʦʩʪʠ. ʀʟʚʨʰʝʥʘ ʿʝ ʩʠʥʪʝʟʘ ʩʪʨʫʢʪʫʨʝ ʠ ˁʝʥʦʛ ʣʠʥʝʘʨʥʦʛ ʤʦʜʝʣʘ. 

ɿʘ ʧʦʪʨʝʙʝ ʘʥʘʣʠʟʝ ʠ ʩʠʥʪʝʟʝ ʢʦʨʠʰ˂ʝʥʠ ʩʫ ʩʠʤʫʣʘʮʠʦʥʠ ʤʦʜʝʣʠ ʨʘʟʚʠʿʝʥʠ ʫ ʩʦʬʪʚʝʨʩʢʦʤ 

ʧʘʢʝʪʫ MATLAB ï Simulink. ʇʨʠ ʩʠʥʪʝʟʠ ʩʪʨʫʢʪʫʨʝ, ʜʠʟʘʿʥʠʨʘʥ ʿʝ ʘʜʘʧʪʠʚʥʠ ʜʠʛʠʪʘʣʥʠ ʬʠʣʪʘʨ 

ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ (ʇʆ) (ʝʥʛʣ. Band-Pass Filter ï BPF), ʌʉʇ ʠ ʥʘ ʢʨʘʿʫ ʠʟʣʘʟʥʠ 

ʘʜʘʧʪʠʚʥʠ ʜʠʛʠʪʘʣʥʠ ʥʠʩʢʦ-ʬʨʝʢʚʝʥʪʥʠ ʬʠʣʪʘʨ (ʅʌ) (ʝʥʛʣ. Low-Pass Filter ï LPF). 

ʇʨʦʿʝʢʪʦʚʘʥʠ ʝʩʪʠʤʘʪʦʨ ʙʨʟʠʥʝ ʿʝ ʥʘ ʢʨʘʿʫ ʧʦʛʣʘʚˀʘ ʠʩʧʠʪʘʥ ʠʟ ʫʛʣʘ ʩʪʘʪʠʯʢʦʛ ʠ ʜʠʥʘʤʠʯʢʦʛ 

ʧʦʥʘʰʘˁʘ. ɼʘʪʘ ʿʝ ʠ ʣʠʥʝʘʨʥʘ ʘʥʘʣʠʟʘ ʩʪʘʙʠʣʥʦʩʪʠ ʠ ʘʥʘʣʠʟʘ ʦʩʝʪˀʠʚʦʩʪʠ ʥʘ ʧʨʦʤʝʥʝ 

ʧʘʨʘʤʝʪʘʨʘ ʝʩʪʠʤʘʪʦʨʘ.  

 

3.1 ʉʪʨʫʢʪʫʨʘ ʝʩʪʠʤʘʪʦʨʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʚʨʘʪʠʣʘ 
 

ʇʨʝʤʘ ʧʦʪʧʦʛʣʘʚˀʫ 2.4. ʤʦʞʝ ʩʝ ʨʝ˂ʠ ʜʘ ʨʝʰʝˁʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ, ʪʿ. ʧʦʣʦʞʘʿʘ ʭʘʨʤʦʥʠʢʘ 

ʫ ʩʧʝʢʪʨʫ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ, ʛʝʥʝʨʘʣʥʦ ʤʦʛʫ ʙʠʪʠ ʚʝʦʤʘ ʩʣʦʞʝʥʘ. ʋ ʮʠˀʫ ʧʦʩʪʠʟʘˁʘ ʚʝ˂ʝ 

ʫʥʠʚʝʨʟʘʣʥʦʩʪʠ ʠ ʨʦʙʫʩʥʦʩʪʠ ʤʝʪʦʜʝ, ʩʪʨʫʢʪʫʨʫ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ (ʫ ʥʘʩʪʘʚʢʫ ʢʘʦ ʝʩʪʠʤʘʪʦʨ) ʫ 

ʜʠʩʝʨʪʘʮʠʿʠ ʯʠʥʝ ʩʪʨʫʢʪʫʨʘ ʟʘ ʦʮʝʥʫ ʫʯʝʩʪʘʥʦʩʪʠ ʭʘʨʤʦʥʠʢʘ, ʫʣʘʟʥʦ-ʠʟʣʘʟʥʠ ʬʠʣʪʨʠ ʠ 

ʘʣʛʦʨʠʪʘʤ ʟʘ ʧʨʦʨʘʯʫʥ ʧʘʨʘʤʝʪʘʨʘ, ʜʦʢ ʩʪʨʫʢʪʫʨʝ ʟʘ ʢʦʤʧʝʥʟʘʮʠʿʫ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʩʠʩʪʝʤʘ, ʟʘ 

ʜʦʜʘʚʘˁʝ ʩʠʛʥʘʣʘ ʟʘ ʧʦʙʫʹʠʚʘˁʝ ʠ ʜʨʫʛʝ ʢʦʿʝ ʩʝ ʤʦʛʫ ʧʨʦʥʘ˂ʠ ʫ ʜʦ ʩʘʜʘ ʧʫʙʣʠʢʦʚʘʥʠʤ 

ʨʝʰʝˁʠʤʘ ʥʠʩʫ ʢʦʨʠʰ˂ʝʥʝ. ʇʨʝʤʘ ʧʦʪʧʦʛʣʘʚˀʫ 2.4. ʜʝʪʝʢʮʠʿʫ ʧʨʦʠʟʚʦˀʥʦʛ ʭʘʨʤʦʥʠʢʘ ʫ 

ʩʧʝʢʪʨʫ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʤʦʛʫ˂ʝ ʫʨʘʜʠʪʠ ʧʨʝʢʦ ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʜʝʪʝʢʮʠʿʫ ʧʨʦʣʘʩʢʘ ʢʨʦʟ ʥʫʣʫ ʠ ʟʘ 

ʜʝʪʝʢʮʠʿʫ ʤʘʢʩʠʤʫʤʘ, ʤʝʪʦʜʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʇʠʟʘʨʝʥʢʦ ʘʣʛʦʨʠʪʤʫ, ʌʉʇ, ʧʨʝʢʦ ʥʝʫʨʘʣʥʠʭ 

ʤʨʝʞʘ, ʦʧʪʠʤʠʟʘʮʠʦʥʠʭ ʤʝʪʦʜʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʩʧʝʮʠʿʘʣʥʦʿ ʫʧʦʪʨʝʙʠ ʂʘʣʤʘʥʦʚʦʛ ʬʠʣʪʨʘ, ʠʪʜ. 

ʂʘʢʦ ʿʝ ʘʥʘʣʠʟʦʤ ʣʠʪʝʨʘʪʫʨʝ ʧʦʢʘʟʘʥʦ ʜʘ ʤʦʞʝ ʜʘ ʧʨʫʞʠ ʤʘʣʘ ʢʘʰˁʝˁʘ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ, ʌʉʇ 

ʿʝ ʦʜʘʙʨʘʥʘ ʟʘ ʤʝʪʦʜʫ ʜʝʪʝʢʮʠʿʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ. ʉʪʨʫʢʪʫʨʘ ʌʉʇ ʿʝ ʧʨʝʜʤʝʪ ʨʘʩʧʨʘʚʝ ʫ 

ʧʦʪʧʦʛʣʘʚˀʫ 3.4. ɼʘ ʙʠ ʩʝ ʦʙʝʟʙʝʜʠʣʘ ʚʝʣʠʢʘ ʪʘʯʥʦʩʪ ʦʮʝˁʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʠ ʫʚʝ˂ʘʣʘ 

ʨʦʙʫʩʥʦʩʪ ʌʉʇ, ʩʠʛʥʘʣ ʤʝʨʝʥʝ ʩʪʨʫʿʝ ʩʝ ʬʠʣʪʨʠʨʘ ʪʘʢʦ ʜʘ ʩʝ ʦʩʣʘʙʝ ʥʝʞʝˀʝʥʠ ʭʘʨʤʦʥʠʮʠ ʫ 

ʦʢʦʣʠʥʠ ʈɾʍ. ʋʣʘʟʥʠ ʬʠʣʪʨʠ ʫ ʝʩʪʠʤʘʪʦʨʫ ʠʤʘʿʫ ʫʣʦʛʫ ʜʘ ʩʝʣʝʢʪʠʚʥʦ ʫʪʠʯʫ ʥʘ ʬʘʟʫ ʠ 

ʘʤʧʣʠʪʫʜʫ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʧʨʠ ʩʚʘʢʦʤ ʨʘʜʥʦʤ ʨʝʞʠʤʫ (ʙʨʟʠʥʠ ʠ ʦʧʪʝʨʝ˂ʝˁʫ), ʪʘʢʦ ʜʘ ʩʠʛʥʘʣ 

ʥʘ ʫʣʘʟʫ ʫ ʌʉʇ ʠʤʘ ʩʧʝʢʪʘʨ ʢʦʿʠ ʩʘʜʨʞʠ ʤʘʣʫ ʢʦʣʠʯʠʥʫ ʰʫʤʘ ʢʦʿʘ ʤʦʞʝ ʜʘ ʥʘʰʢʦʜʠ ʜʝʪʝʢʮʠʿʠ 

ʈɾʍ. ʇʨʝʤʘ (2.145), ʫʯʝʩʪʘʥʦʩʪ ʠ ʚʨʰʥʘ ʚʨʝʜʥʦʩʪ ʈɾʍ ʩʝ ʤʝˁʘʿʫ ʩʘ ʧʨʦʤʝʥʦʤ ʙʨʟʠʥʝ ʠ 
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ʦʧʪʝʨʝ˂ʝˁʘ ʥʘ ʚʨʘʪʠʣʫ, ʧʘ ʩʝ ʬʠʣʪʘʨ ʇʆ ʥʘʤʝ˂ʝ ʢʘʦ ʠʥʪʫʠʪʠʚʥʦ ʨʝʰʝˁʝ. ʇʦʩʣʝ ʬʠʣʪʨʘʮʠʿʝ 

ʩʠʛʥʘʣʘ, ʠʟʣʘʟ ʬʠʣʪʨʘ ʇʆ ʩʝ ʜʦʚʦʜʠ ʥʘ ʌʉʇ ʢʦʿʘ ʦʮʝˁʫʿʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ. ʀʟʣʘʟʥʠ ʅʌ 

ʬʠʣʪʨʠ ʩʣʘʙʠ ʥʝʞʝˀʝʥʝ ʢʦʤʧʦʥʝʥʪʝ ʫ ʩʧʝʢʪʨʫ ʢʦʿʝ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʨʘʜʘ ʌʉʇ ʠ ʥʝʩʘʚʨʰʝʥʦʩʪʠ 

ʬʠʣʪʨʘ ʇʆ. ʆʮʝˁʝʥʘ ʫʯʝʩʪʘʥʦʩʪ ʈɾʍ ʩʝ ʧʫʪʝʤ (2.146) ʢʦʨʠʩʪʠ ʟʘ ʧʨʦʨʘʯʫʥʘ ʙʨʟʠʥʝ ʚʨʘʪʠʣʘ 

ɸʄ ʢʘʦ ʠ ʟʘ ʘʜʘʧʪʘʮʠʿʫ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ ʇʆ, ʢʘʦ ʥʘ ʉʣʠʮʠ 3.1. ʋ ʥʘʩʪʘʚʢʫ ʩʝ 

ʨʘʟʤʘʪʨʘʿʫ ʤʦʛʫ˂ʝ ʩʪʨʫʢʪʫʨʝ ʬʠʣʪʘʨʘ ʠ ʟʘʭʪʝʚʠ ʢʦʿʝ ʝʩʪʠʤʘʪʦʨ ʙʨʟʠʥʝ ʪʨʝʙʘ ʜʘ ʟʘʜʦʚʦˀʠ.  

 

 
ʉʣʠʢʘ 3.1. ʉʪʨʫʢʪʫʨʘ ʝʩʪʠʤʘʪʦʨʘ ʈɾʍ ʟʘʩʥʦʚʘʥʘ ʥʘ ʌʉʇ ʠ ʫʣʘʟʥʦ-ʠʟʣʘʟʥʠʤ ʬʠʣʪʨʠʤʘ. 

 

ʂʦʜ ʬʠʣʪʨʘ ʇʆ, ʦʧʩʝʛ ʧʫʰʪʘˁʘ (ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ, ʝʥʛʣ. pass-band, bandwidth) ʿʝ ʜʝʬʠʥʠʩʘʥ 

ʛʦʨˁʦʤ ʠ ʜʦˁʦʤ ʧʨʝʩʝʯʥʦʤ ʫʯʝʩʪʘʥʦʰ˂ʫ, ῳ     , ʢʘʦ ʥʘ ʉʣʠʮʠ 3.2a. ʋ ʠʜʝʘʣʥʦʤ 

ʩʣʫʯʘʿʫ, ʩʧʝʢʪʘʨ ʩʠʛʥʘʣʘ ʥʘ ʫʣʘʟʫ ʫ ʌʉʇ ʪʨʝʙʘ ʜʘ ʩʘʜʨʞʠ ʩʘʤʦ ʩʠʛʥʘʣ ʈɾʍ, a ʩʚʠ ʦʩʪʘʣʠ 

ʭʘʨʤʦʥʠʮʠ ʪʨʝʙʘ ʜʘ ʩʝ ʥʘʣʘʟʝ ʚʘʥ ʦʧʩʝʛʘ ʧʫʰʪʘˁʘ ʫ ʩʚʘʢʦʤ ʨʘʜʥʦʤ ʨʝʞʠʤʫ. ʋ ʦʧʩʝʛʫ ʧʫʰʪʘˁʘ 

ʿʝ ʧʦʞʝˀʥʦ ʜʘ ʘʤʧʣʠʪʫʜʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʬʠʣʪʨʘ ʙʫʜʝ ʨʘʚʥʘ ʠ ʜʘ ʥʝ ʫʥʦʩʠ ʩʣʘʙˀʝˁʝ ʈɾʍ, ʘ 

ʜʘ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ (ʝʥʛʣ. stop band) ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʙʫʜʝ ʤʦʥʦʪʦʥʘ ʠ ʜʘ ʩʣʘʙˀʝˁʝ ʙʫʜʝ 

ʰʪʦ ʚʝ˂ʝ. ʌʠʣʪʘʨ ʇʆ ʧʨʝʜʩʪʘʚˀʘ ʢʦʤʙʠʥʘʮʠʿʫ ʅʌ ʠ ʬʠʣʪʨʘ ʧʨʦʧʫʩʥʠʢʘ ʚʠʩʦʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ, 

ɺʌ (ʝʥʛʣ. High-Pass Filter) ʩʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʤ ʧʦʣʠʥʦʤʦʤ ʜʨʫʛʦʛ ʨʝʜʘ ʫ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ, ʛʜʝ 

ʩʚʘʢʠ ʬʠʣʪʘʨ ʜʝʬʠʥʠʰʝ ʿʝʜʥʫ ʧʨʝʩʝʯʥʫ ʫʯʝʩʪʘʥʦʩʪ ʦʧʩʝʛʘ ʧʫʰʪʘˁʘ. ʉʪʨʤʠʥʘ ʧʨʝʣʘʟʥʝ 

ʦʙʣʘʩʪʠ, ʩʝʣʝʢʪʠʚʥʦʩʪ ʬʠʣʪʨʘ, ʦʜʨʝʹʝʥʘ ʿʝ ʧʘʨʘʤʝʪʨʠʤʘ ʠ ʨʝʜʦʤ ʬʠʣʪʨʘ. ɺʝ˂ʠ ʨʝʜ ʬʠʣʪʨʘ 

ʜʦʚʦʜʠ ʜʦ ʚʝ˂ʝ ʩʪʨʤʠʥʝ ʘʤʧʣʠʪʫʜʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʠ ʜʫʞʝʛ ʚʨʝʤʝʥʘ ʦʜʟʠʚʘ. ʆʧʩʝʛ ʧʫʰʪʘˁʘ 

ʬʠʣʪʨʘ ʇʆ ʿʝ ʠʥʚʝʨʟʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʘʥ ʪʨʘʿʘˁʫ ʚʨʝʤʝʥʩʢʦʛ ʦʜʟʠʚʘ, ʧʘ ʚʝʣʠʢʦ ʩʫʞʘʚʘˁʝ ʤʦʞʝ 

ʫʟʨʦʢʦʚʘʪʠ ʥʝʧʨʠʭʚʘʪˀʠʚʘ ʢʘʰˁʝˁʘ ʫ ʧʦʛʣʝʜʫ ʟʘʭʪʝʚʘ ʈʉ ʠ ʈɹ. ʂʘʢʦ ʿʝ ʮʠˀ ʜʘ ʩʝ ʝʩʪʠʤʘʪʦʨ 

ʙʨʟʠʥʝ ʢʦʨʠʩʪʠ ʟʘ ʈʉ ʠ ʈɹ, ʧʦʪʨʝʙʥʦ ʿʝ ʥʘʯʠʥʠʪʠ ʢʦʤʧʨʦʤʠʩ ʠʟʤʝʹʫ ʚʨʝʤʝʥʩʢʦʛ ʠ ʬʨʝʢʚʝʥʪʥʦʛ 

ʦʜʟʠʚʘ ʬʠʣʪʨʘ. ɸʜʝʢʚʘʪʥʦ ʬʠʣʪʨʠʨʘˁʝ ʫ ʩʚʠʤ ʨʘʜʥʠʤ ʨʝʞʠʤʠʤʘ ʟʘʭʪʝʚʘ ʜʘ ʩʝ ʮʝʥʪʨʘʣʥʘ 

ʫʯʝʩʪʘʥʦʩʪ ʬʠʣʪʨʘ,   ς“Ὢ, ʤʝˁʘ ʫ ʚʨʝʤʝʥʫ ʩʘ ʧʨʦʤʝʥʦʤ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ, ʪʿ. ʩʪʨʫʢʪʫʨʘ 
ʬʠʣʪʨʘ ʤʦʨʘ ʜʘ ʙʫʜʝ ʘʜʘʧʪʠʚʥʝ ʧʨʠʨʦʜʝ. ʀʟʙʦʨ ʩʪʨʫʢʪʫʨʝ ʬʠʣʪʨʘ ʠ ʘʜʘʧʪʠʚʥʝ ʢʨʠʪʝʨʠʿʫʤʩʢʝ 

ʬʫʥʢʮʠʿʝ ʢʦʿʘ ʩʝ ʧʨʠʤʝˁʫʿʝ ʫ ʧʨʦʮʝʩʫ ʘʜʘʧʪʘʮʠʿʝ ʠʤʘʿʫ ʢˀʫʯʥʠ ʫʪʠʮʘʿ ʥʘ ʨʘʜ ʝʩʪʠʤʘʪʦʨʘ 

ʙʨʟʠʥʝ ʠ ʥʘʨʝʹʝʥʠʭ ʈʉ ʠ ʈɹ. ɼʠʥʘʤʠʢʘ ʧʨʦʤʝʥʝ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫʪʠʯʝ ʥʘ ʢʘʰˁʝˁʝ 

ʢʦʿʝ ʬʠʣʪʘʨ ʫʥʦʩʠ ʥʘʜ ʫʣʘʟʥʠʤ ʢʦʤʧʦʥʝʥʪʘʤʘ ʩʠʛʥʘʣʘ. ʂʘʰˁʝˁʝ ʿʝ ʜʝʬʠʥʠʩʘʥʦ ʬʘʟʥʦʤ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʦʤ •  ʠʣʠ ʛʨʫʧʥʠʤ ʢʘʰˁʝˁʝʤ, ʪʿ. ʥʝʛʘʪʠʚʥʠʤ ʧʨʚʠʤ ʠʟʚʦʜʦʤ ʬʘʟʥʝ 
ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ, †  Ä•  Ä ϳ Ȣ ʅʝʣʠʥʝʘʨʥʠ ʬʠʣʪʨʠ ʠʤʘʿʫ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʟʘʚʠʩʥʝ ʬʘʟʥʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ, ʉʣʠʢʘ 3.2ʘ, ʠ ʣʠʥʝʘʨʥʦ ʧʦʥʘʰʘˁʝ ʩʝ ʤʦʞʝ ʨʘʟʤʘʪʨʘʪʠ ʩʘʤʦ ʫ ʦʢʦʣʠʥʠ ʨʘʜʥʝ 

ʪʘʯʢʝ. ʌʠʣʪʨʠ ʢʦʜ ʢʦʿʠʭ ʧʦʩʪʦʿʠ ʣʠʥʝʘʨʥʘ ʚʝʟʘ ʫ ʬʘʟʠ ʫʣʘʟʥʠʭ ʠ ʠʟʣʘʟʥʠʭ ʩʠʛʥʘʣʘ ʥʘʟʠʚʘʿʫ ʩʝ 

ʣʠʥʝʘʨʥʠʤ ʠ ʠʤʘʿʫ ʢʦʥʩʪʘʥʪʥʦ ʛʨʫʧʥʦ ʢʘʰˁʝˁʝ †  † ʢʘʦ ʥʘ ʉʣʠʮʠ 3.2ʙ, ʘ ʬʘʟʥʘ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʩʝ ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʣʠʥʝʘʨʥʦʤ ʬʫʥʢʮʠʿʦʤ ʫʯʝʩʪʘʥʦʩʪʠ •    †.  

ʇʨʦʿʝʢʪʦʚʘˁʝ ʬʠʣʪʨʘ ʧʦʜʨʘʟʫʤʝʚʘ ʦʜʘʙʠʨ ʩʪʨʫʢʪʫʨʝ ʬʠʣʪʨʘ ʠ ʤʝʪʦʜʝ ʟʘ ʧʨʦʨʘʯʫʥ 

ʧʘʨʘʤʝʪʘʨʘ ʢʦʿʘ ʦʙʝʟʙʝʹʫʿʝ ʞʝˀʝʥʠ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ (ʝʥʛʣ. frequency response). ɿʘʭʪʝʚʠ ʟʘ 

ʘʜʘʧʪʠʚʥʦʤ ʩʪʨʫʢʪʫʨʦʤ ʬʠʣʪʨʘ ʠ ʫ ʧʦʛʣʝʜʫ ʨʦʙʫʩʥʦʩʪʠ ʜʠʛʠʪʘʣʥʠʭ ʩʠʩʪʝʤʘ ʥʘʚʝʜʝʥʠ ʫ ʧʨʚʦʤ 

ʧʦʛʣʘʚˀʫ, ʫʩʣʦʚˀʘʚʘʿʫ ʫʧʦʪʨʝʙʫ ʜʠʛʠʪʘʣʥʠʭ ʬʠʣʪʘʨʘ. ʂʘʦ ʰʪʦ ʿʝ ʧʦʢʘʟʘʥʦ ʫ ʧʦʪʧʦʛʣʘʚˀʫ 2.4. 

ʥʝʫʨʘʣʥʝ ʤʨʝʞʝ ʩʝ ʤʦʛʫ ʫʧʦʪʨʝʙʠʪʠ ʟʘ ʧʦʪʨʝʙʝ ʬʠʣʪʨʘʮʠʿʝ. ʀʧʘʢ, ˁʠʭʦʚʘ ʧʨʠʤʝʥʘ ʥʝ 

ʜʦʧʨʠʥʦʩʠ ʟʥʘʯʘʿʥʦʤ ʫʚʝ˂ʘˁʫ ʧʝʨʬʦʨʤʘʥʩʠ ɽʇ ʧʨʠ ʯʝʤʫ ʦʥʝʤʦʛʫ˂ʘʚʘ ʫʧʦʪʨʝʙʫ ʝʩʪʠʤʘʪʦʨʘ ʫ 

ʈʉ ʠʣʠ ʈɹ ʙʝʟ ʜʦʜʘʪʥʠʭ ʭʘʨʜʚʝʨʩʢʠʭ ʫʣʘʛʘˁʘ. ʀʟ ʥʘʚʝʜʝʥʠʭ ʨʘʟʣʦʛʘ, ʫ ʥʘʩʪʘʚʢʫ ʩʝ ʥʝ˂ʝ 

ʨʘʟʤʘʪʨʘʪʠ ʧʨʠʤʝʥʘ ʥʝʫʨʘʣʥʠʭ ʤʨʝʞʝ. 
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                                       ʘ)                                                                                    ʙ) 

ʉʣʠʢʘ 3.2. ʌʠʣʪʘʨ ʇʆ: ʘ) ʥʝʣʠʥʝʘʨʥʠ ʫ ʬʫʥʢʮʠʿʠ ʧʘʨʘʤʝʪʨʘ Q; ʙ) ʣʠʥʝʘʨʥʠ ʬʠʣʪʘʨ. 

 

ɼʠʛʠʪʘʣʥʠ ʬʠʣʪʨʠ (ɼʌ) ʦʙʘʚˀʘʿʫ ʤʘʪʝʤʘʪʠʯʢʝ ʦʧʝʨʘʮʠʿʝ ʥʘʜ ʜʠʩʢʨʝʪʠʟʦʚʘʥʠʤ ʩʠʛʥʘʣʦʤ 

ʠ ʢʘʦ ʨʝʟʫʣʪʘʪ ʜʘʿʫ ʪʨʝʥʫʪʥʫ ʚʨʝʜʥʦʩʪ ʩʠʛʥʘʣʘ ʥʘ ʠʟʣʘʟʫ ʬʠʣʪʨʘ. ʀʤʘʿʫ ʰʠʨʦʢʫ ʧʨʠʤʝʥʫ ʦʜ 

ʦʙʨʘʜʝ ʟʚʫʢʘ, ʩʣʠʢʝ, ʛʦʚʦʨʘ, ʧʘ ʜʦ ɽʇ. ʋ ɽʇ ʩʝ ʢʦʨʠʩʪʠʪʝ ʢʦʜ ʧʨʝʢʦʤʝʨʥʦʛ ʦʜʘʙʠʨʘˁʘ (ʝʥʛʣ. 

oversampling, N-point moving-average), ʧʨʠ ʫʩʨʝʜˁʘʚʘˁʫ ʤʝʨʝʥʦʛ ʩʠʛʥʘʣʘ ʩʘ ʜʘʚʘʯʘ ʥʘ ʥʠʚʦʫ 

ʿʝʜʥʝ ʧʝʨʠʦʜʝ ʨʝʛʫʣʘʮʠʿʝ (ʝʥʛʣ. 2-point moving-average), ʟʘ ʢʦʤʧʝʥʟʘʮʠʿʫ ʤʝʭʘʥʠʯʢʦʛ 

ʨʝʟʦʥʘʪʦʨʘ, ʧʦʥʠʰʪʘʚʘˁʝʤ ʨʝʟʦʥʘʥʪʥʠʭ ʧʦʣʦʚʘ, ʠʣʠ ʜʨʫʛʠʭ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʫ ɽʇ ʯʠʤʝ ʩʝ 

ʜʦʟʚʦˀʘʚʘ ʰʠʨʠ ʦʧʩʝʛ ʜʦʟʚʦˀʝʥʠʭ ʧʦʿʘʯʘˁʘ ʠ ʫʥʘʧʨʝʹʫʿʝ ʧʦʥʘʰʘˁʝ ɽʇ. ʇʨʠ ʩʠʥʪʝʟʠ ɼʌ 

ʧʦʪʨʝʙʥʦ ʿʝ ʦʙʨʘʪʠʪʠ ʧʘʞˁʫ ʥʘ ʫʯʝʩʪʘʥʦʩʪ ʦʜʘʙʠʨʘˁʘ, ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʠ ʚʨʝʤʝʥʩʢʠ ʦʜʟʠʚ, ʨʝʜ 

ʬʠʣʪʨʘ, ʫʪʠʮʘʿ ʦʧʝʨʘʮʠʿʝ ʦʜʩʪʨʘˁʠʚʘˁʘ (ʝʥʛʣ. truncation), ʦʩʝʪˀʠʚʦʩʪ ʜʠʟʘʿʥʘ ʥʘ ʢʦʥʘʯʥʫ 

ʪʘʯʥʦʩʪ ʧʨʝʜʩʪʘʚˀʘˁʘ ʧʦʜʘʪʘʢʘ ʜʠʛʠʪʘʣʥʠʤ ʨʝʯʠʤʘ, ʫʪʠʮʘʿ ʧʨʠʤʝˁʝʥʝ ʧʨʦʟʦʨʩʢʝ ʬʫʥʢʮʠʿʝ 

(ʝʥʛʣ. window function), ʠʪʜ. ɿʘʭʪʝʚʠ ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ ɼʌ ʩʫ ʠʩʪʘ ʜʫʞʠʥʘ ʧʨʝʣʘʟʥʝ ʦʙʣʘʩʪʠ 

ʢʦʜ ʧʨʝʩʝʯʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʧʨʠʤʝʥʘ ʠʩʪʠʭ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʢʦʜ ʩʠʥʪʝʟʝ ʥʝʧʨʦʧʫʩʥʦʛ ʠ 

ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. ʇʦʜʝʣʘ ɼʌ ʧʨʝʤʘ ʩʪʨʫʢʪʫʨʠ ʩʝ ʚʨʰʠ ʧʨʝʤʘ ʪʨʘʿʘˁʫ ʠʤʧʫʣʩʥʦʛ ʦʜʟʠʚʘ 

ʬʠʣʪʨʘ ʫ ʧʨʠʩʫʩʪʚʫ ɼʠʨʘʢʦʚʦʛ ʠʤʧʫʣʩʘ ʥʘ ʫʣʘʟʫ, ʥʘ ʬʠʣʪʨʝ ʢʦʥʘʯʥʦʛ ʠʣʠ ʙʝʩʢʦʥʘʯʥʦʛ ʪʨʘʿʘˁʘ 

ʦʜʟʠʚʘ. ʆʙʝ ʩʪʨʫʢʪʫʨʝ ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʟʘ ʜʠʟʘʿʥ ʙʠʣʦ ʢʦʿʝ ʦʜ ʯʝʪʠʨʠ ʦʩʥʦʚʥʝ ʛʨʫʧʝ ʬʠʣʪʘʨʘ.  

ʌʠʣʪʨʠ ʢʦʥʘʯʥʦʛ ʪʨʘʿʘˁʘ ʠʤʧʫʣʩʥʦʛ ʦʜʟʠʚʘ (ʝʥʛʣ. Finite Impulse Response - FIR, transversal 

feedforward, non-recursive,) ʠʤʘʿʫ ʠʟʣʘʟ ʢʦʿʠ ʿʝ ʬʫʥʢʮʠʿʘ ʩʘʜʘʰˁʠʭ ʠ ʧʨʝʪʭʦʜʥʠʭ ʚʨʝʜʥʦʩʪʠ 

ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʠ ʢʦʿʠ ʥʝ ʟʘʚʠʩʠ ʦʜ ʠʟʣʘʟʥʠʭ ʩʠʛʥʘʣʘ. ʇʦʩʣʝ ʜʦʚʦʹʝˁʘ ʝʢʩʪʝʨʥʝ ʧʦʙʫʜʝ ʫ 

ʪʨʝʥʫʪʢʫ kT, ʛʜʝ ʿʝ ʊ ʧʝʨʠʦʜʘ ʦʜʘʙʠʨʘˁʘ, ʦʜʟʠʚ ʠʤʘ ʢʦʥʘʯʥʦ ʪʨʘʿʘˁʝ (ʤʝʤʦʨʠʿʫ) ʫ ʧʝʨʠʦʜʫ [kT 

é (k+n)T]. ʉʪʨʫʢʪʫʨʘ ʬʠʣʪʨʘ ʿʝ ʥʝʨʝʢʫʨʟʠʚʥʘ ʠ ʜʘʪʘ ʠʟʨʘʟʠʤʘ, ʫ ʜʠʩʢʨʝʪʥʦʤ ʠ z ʜʦʤʝʥʫ, ʢʘʦ 

 

ώὲ ὥὼὲ ὥὼὲ ρ Ễ ὥὼὲ ὔ ὥὼὲ Ὥ σȢρ 

ὡ ᾀ ὥ ὥᾀ ὥᾀ Ễ ὥᾀ σȢς 

 

ʛʜʝ ʿʝ ὔ ὓ ρ ʨʝʜ ʬʠʣʪʨʘ. FIR ʬʠʣʪʘʨ (3.2) ʤʦʞʝ ʠʤʘʪʠ ʧʘʨʥʫ ʠʣʠ ʥʝʧʘʨʥʫ ʜʫʞʠʥʫ ὓ. 
ʌʠʣʪʘʨ ʩʝ ʬʦʨʤʠʨʘ ʢʘʦ ʢʘʩʢʘʜʥʘ ʚʝʟʘ ʦʩʥʦʚʥʠʭ ʙʣʦʢʦʚʘ (ʝʥʛʣ. Lattice) ʧʨʠ ʯʝʤʫ ʿʝ ʩʚʘʢʦʤ ʙʣʦʢʫ 

ʧʨʠʜʨʫʞʝʥ ʿʝʜʘʥ ʢʦʝʬʠʮʠʿʝʥʪ ὥ (i = 1...M), ʢʘʦ ʥʘ ʉʣʠʮʠ 3.3a. ʂʦʝʬʠʮʠʿʝʥʪʠ ὥ ʠʤʘʿʫ 
ʚʨʝʜʥʦʩʪʠ ʦʜʙʠʨʢʘ ʠʤʧʫʣʩʥʦʛ ʦʜʟʠʚʘ ʫ i-ʪʦʤ ʜʠʩʢʨʝʪʥʦʤ ʪʨʝʥʫʪʢʫ ʦʜʘʙʠʨʘˁʘ ʩʠʛʥʘʣʘ. 

ʇʨʝʜʥʦʩʪʠ FIR ʩʪʨʫʢʪʫʨʝ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʬʠʣʪʨʠʤʘ ʙʝʩʢʦʥʘʯʥʦʛ ʪʨʘʿʘˁʘ ʦʜʟʠʚʘ ʿʝʩʫ ʢʦʥʘʯʥʘ 

ʤʝʤʦʨʠʿʘ, ʙʝʟʫʩʣʦʚʥʘ ʩʪʘʙʠʣʥʦʩʪ ʿʝʨ ʩʘʜʨʞʠ ʩʘʤʦ ʥʫʣʝ z = 0 ʚʠʰʝʩʪʨʫʢʦʩʪʠ ὓ, ʬʣʝʢʩʠʙʠʣʥʦʩʪ 
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ʟʘ ʦʙʣʠʢʦʚʘˁʝ ʣʠʥʝʘʨʥʝ ʬʘʟʥʝ ʠʣʠ ʘʤʧʣʠʪʫʜʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʩʘ ʪʝʦʨʠʿʩʢʠ ʙʝʩʢʦʥʘʯʥʠʤ 

ʩʣʘʙˀʝˁʝʤ ʥʘ ʞʝˀʝʥʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ. ʃʠʥʝʘʨʥʘ ʬʘʟʥʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʩʝ ʧʦʩʪʠʞʝ 

ʩʠʤʝʪʨʠʯʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʢʦʝʬʠʮʠʿʝʥʘʪʘ, ʪʿ. ʜʘ ʧʨʚʠ ʠ ʧʦʩʣʝʜˁʠ ʯʣʘʥ ʠʤʘʿʫ ʠʩʪʫ ʚʨʝʜʥʦʩʪ, 

ʟʘʪʠʤ ʜʨʫʛʠ ʠ ʧʨʝʪʧʦʩʣʝʜˁʠ, ʠʪʜ. ɹʨʦʿ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʤʦʞʝ ʙʠʪʠ ʧʘʨʘʥ ʠʣʠ ʥʝʧʘʨʘʥ, ʘ ˁʠʭʦʚʘ 

ʨʘʩʧʦʜʝʣʘ ʩʠʤʝʪʨʠʯʥʘ ʠʣʠ ʘʩʠʤʝʪʨʠʯʥʘ, ʧʘ ʧʦʩʪʦʿʝ ʯʝʪʠʨʠ ʤʦʛʫ˂ʥʦʩʪʠ ʟʘ ʜʠʟʘʿʥ ʣʠʥʝʘʨʥʠʭ 

ʬʠʣʪʘʨʘ ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʰʠʨʠʥʘʤʘ ʧʨʝʣʘʟʥʝ ʦʙʣʘʩʪʠ. ɿʘ ʧʘʨʘʥ ʙʨʦʿ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʧʦʪʨʝʙʥʦ ʿʝ 

ʠʩʧʫʥʠʪʠ ʫʩʣʦʚ Ὤὲ Ὤὓ ρ ὲȟὲ πȟρȟȣὓ ρȠ ʘ ʟʘ ʥʝʧʘʨʘʥ ʘʩʠʤʝʪʨʠʯʥʠ ʬʠʣʪʘʨ, 

ʫʩʣʦʚ ὬπȢυὓ ρ π. ɸʩʠʤʝʪʨʠʯʥʠ ʬʠʣʪʨʠ ʜʘʿʫ ʥʝʛʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ ʫ ʬʘʟʠ ʠ ʥʫʣʪʦ 

ʧʦʿʘʯʘˁʝ ʟʘ ʿ ʝʜʥʦʩʤʝʨʥʫ ʢʦʤʧʦʥʝʥʪʫ ʧʘ ʩʝ ʥʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʟʘ ʜʠʟʘʿʥ ʅʌ ʬʠʣʪʘʨʘ. ʂʦʜ 

ʣʠʥʝʘʨʥʠʭ ʬʠʣʪʘʨʘ ʢʘʰˁʝˁʝ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʠʟʥʦʩʠ N ʦʜʙʠʨʘʢʘ, ʜʦʢ ʢʘʜʘ ʥʠʿʝ ʮʝʣʦʙʨʦʿʥʘ 

ʚʨʝʜʥʦʩʪ ʧʦʪʨʝʙʥʦ ʿʝ ʠʟʚʨʰʠʪʠ ʠʥʪʝʨʧʦʣʘʮʠʿʫ ʢʘʰˁʝˁʘ. ʆʜʥʦʩʥʦ, ʢʘʰˁʝˁʘ ʩʫ ʧʨʝʜʚʠʜʠʚʘ, ʠ 

ʤʦʛʫ ʩʝ ʢʦʤʧʝʥʟʦʚʘʪʠ, ʧʘ ʣʠʥʝʘʨʥʠ ʬʠʣʪʨʠ ʥʘʣʘʟʝ ʧʨʠʤʝʥʫ ʫ ʝʩʪʠʤʘʪʦʨʠʤʘ ʙʨʟʠʥʝ [168]. 

FIR ʬʠʣʪʨʠ ʩʝ ʧʨʦʿʝʢʪʫʿʫ ʫ z ʜʦʤʝʥʫ ʥʘ ʦʩʥʦʚʫ ʞʝˀʝʥʦʛ ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʦʜʟʠʚʘ ʬʠʣʪʨʘ ʠ 

ʞʝˀʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʦʜʙʠʨʘʢʘ ʠʤʧʫʣʩʥʦʛ ʦʜʟʠʚʘ ʬʠʣʪʨʘ ʧʨʠʤʝʥʦʤ ʌʫʨʠʿʝʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ. 

ʂʘʢʦ ʿʝ ʠʤʧʫʣʩʥʠ ʦʜʟʠʚ ʞʝˀʝʥʦʛ ʬʠʣʪʨʘ ʙʝʩʢʦʥʘʯʥʦʛ ʪʨʘʿʘˁʘ ʠ ʥʠʿʝ ʢʘʫʟʘʣʘʥ, ʪʨʘʿʘˁʝ ʦʜʟʠʚʘ 

ʩʝ ʦʛʨʘʥʠʯʘʚʘ ʧʨʠʤʝʥʦʤ ʧʨʦʟʦʨʩʢʝ ʬʫʥʢʮʠʿʝ ʠ ʧʦʤʝʨʘˁʝʤ ʠʤʧʫʣʩʥʦʛ ʦʜʟʠʚʘ ʫ ʜʝʩʥʦ ʢʘʢʦ ʙʠ 

ʩʝ ʧʦʩʪʠʛʣʘ ʢʘʫʟʘʣʥʦʩʪ (ʝʥʛʣ. Window & Truncation methodʝ). ʆʜʩʪʨʘˁʠʚʘˁʝ ʦʛʨʘʥʠʯʘʚʘ ʙʨʦʿ 

ʜʝʮʠʤʘʣʘ ʜʝʩʥʦ ʦʜ ʟʘʨʝʟʘ, ʜʝʦ ʩʧʝʢʪʨʘ, ʰʪʦ ʫʟʨʦʢʫʿʝ ʚʠʩʦʢʦʬʨʝʢʚʝʥʪʥʝ ʜʠʩʢʦʥʪʠʥʫʠʪʝʪʝ ʠ 

ʜʠʩʪʦʨʟʠʿʝ ʩʧʝʢʪʨʘ (ʝʥʛʣ. frequency side lobes). ʀʘʢʦ ʩʝ ʦʚʘʢʦ ʫʤʘˁʫʿʝ ʰʘʥʩʘ ʟʘ ʥʘʩʪʘʥʘʢ 

ʣʘʞʥʠʭ ʣʠʢʦʚʘ, ʦʚʝ ʘʢʮʠʿʝ ʧʦʜʨʘʟʫʤʝʚʘʿʫ ʢʦʥʚʦʣʫʮʠʿʫ ʠʜʝʘʣʥʦʛ ʠʤʧʫʣʩʥʦʛ ʦʜʟʠʚʘ ʬʠʣʪʨʘ ʠ 

ʧʨʦʟʦʨʩʢʝ ʬʫʥʢʮʠʿʝ, ʪʿ. ʨʘʟʤʘʟʠʚʘˁʘ ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʦʜʟʠʚʘ ʬʠʣʪʨʘ, ʠ ʩʧʦʨʫ ʢʦʥʚʝʨʛʝʥʮʠʿʫ 

ʌʫʨʠʿʝʦʚʦʛ ʨʝʜʘ ʫʩʣʝʜ ʜʠʩʢʦʥʪʠʥʫʠʪʝʪʘ ʧʨʠ ʧʨʝʣʘʩʢʫ ʩʘ ʧʨʦʧʫʩʥʦʛ ʥʘ ʥʝʧʨʦʧʫʩʥʠ ʜʝʦ ʦʧʩʝʛʘ 

ʫʯʝʩʪʘʥʦʩʪʠ. ʆʜʥʦʩʥʦ, ʨʝʟʫʣʪʘʪ ʿʝ ʤʘˁʘ ʩʝʣʝʢʪʠʚʥʦʩʪ ʬʠʣʪʨʘ ʠ ʧʦʩʪʦʿʝ ʥʝʞʝˀʝʥʝ ɻʠʙʩʦʚʝ 

ʦʩʮʠʣʘʮʠʿʘ ʫ ʥʝʧʦʩʨʝʜʥʦʿ ʦʢʦʣʠʥʠ ʧʨʝʩʝʯʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ (ʝʥʛʣ. crossover frequency) ʫ 

ʚʠʜʫ ʛʣʘʚʥʠʭ ʠ ʙʦʯʥʠʭ ʣʫʢʦʚʘ ʫ ʩʧʝʢʪʨʫ (ʝʥʛʣ. main and side lobes), ʉʣʠʢʘ 3.2ʙ.  

ʇʦʥʘʰʘˁʝ ʬʠʣʪʨʘ ʜʠʢʪʠʨʘ ʦʜʘʙʠʨ ʧʨʦʟʦʨʩʢʝ ʬʫʥʢʮʠʿʝ (Hanning, Hamming, Blackman, ʠʪʜ.) 

ʢʦʦʿʤ ʩʝ ʧʦʩʪʠʞʝ ʩʢʨʘ˂ʝˁʝ ʌʫʨʠʿʝʦʚʦʛ ʨʝʜʘ. ʆʜʘʙʠʨ ʧʨʦʟʦʨʘ ʫʪʠʯʝ ʥʘ ʜʠʩʢʦʥʪʠʥʫʠʪʝʪʝ, 

ʰʠʨʠʥʫ ʧʨʝʣʘʟʥʝ ʦʙʣʘʩʪʠ, ʩʣʘʙˀʝˁʝ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ, ʥʘ ʰʠʨʠʥʫ ʠ ʚʨʰʥʫ ʚʨʝʜʥʦʩʪ 

ʥʝʞʝˀʝʥʠʭ ʦʩʮʠʣʘʮʠʿʘ. ʈʝʘʣʠʟʘʮʠʿʘ ʬʠʣʪʨʘ ʩʘ ʚʝ˂ʠʤ ʙʨʦʿʝʤ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʠʣʠ ʫ ʢʘʩʢʘʜʠ 

ʩʤʘˁʫʿʝ ʚʘʣʦʚʠʪʦʩʪ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ, ʜʦʧʨʠʥʦʩʠ ʩʝʣʝʢʪʠʚʥʦʩʪʠ, ʘʣʠ ʧʨʦʜʫʞʘʚʘ ʪʨʘʿʘˁʝ 

ʚʨʝʤʝʥʩʢʦʛ ʦʜʟʠʚʘ. ɺʝʣʠʢʠ ʙʨʦʿ ʪʝʭʥʠʢʘ ʟʘ ʜʠʟʘʿʥ FIR ʬʠʣʪʘʨʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʦʧʪʠʤʠʟʘʮʠʿʠ 

ʞʝˀʝʥʦʛ ʧʘʨʘʤʝʪʨʘ ʬʦʨʤʠʨʘˁʝʤ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ. ʆʚʝ ʬʫʥʢʮʠʿʝ ʢʦʜ FIR ʬʠʣʪʘʨʘ 

ʠʤʘʿʫ ʿʝʜʘʥ ʤʠʥʠʤʫʤ ʢʦʿʠ ʿʝ ʪʘʜʘ ʠ ʛʣʦʙʘʣʥʠ. ʄʝʪʦʜʝ ʩʫ ʟʘʩʥʦʚʘʥʝ ʥʘ ʧʨʝʢʦʤʝʨʥʦʤ ʦʜʘʙʠʨʘˁʫ, 

ʩʫʢʮʝʩʠʚʥʦʿ ʧʨʠʤʝʥʠ ʣʠʥʝʘʨʠʟʘʮʠʿʝ ʠ ʩʤʘˁʝˁʘ ʫʟʨʦʢʦʚʘˁʘ (ʝʥʛʣ. decimation), ʠ ʩʚʦʹʝˁʝʤ ʥʘ 

ʞʝˀʝʥʠ ʨʝʜ ʬʠʣʪʨʘ (ʝʥʛʣ. Frequency sampling) [177]. ʏʝʩʪʦ ʩʝ ʢʦʨʠʩʪʠ ʈʝʤʝʟʦʚ ʘʣʛʦʨʠʪʘʤ 

(ʝʥʛʣ. Remez Design) ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘ ʧʨʝʮʠʟʥʦ ʜʝʬʠʥʠʩʘˁʝ ʛʨʘʥʠʮʘ ʧʦʿʝʜʠʥʠʭ ʦʧʩʝʛʘ ʠ 

ʥʝʟʘʚʠʩʥʦ ʟʘʜʘʚʘˁʝ ʧʦʿʘʯʘˁʘ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʠ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ [178]. ʅʫʤʝʨʠʯʢʝ ʤʝʪʦʜʝ ʜʘʿʫ 

ʤʠʥʠʤʘʣʥʠ ʨʝʜ ʣʠʥʝʘʨʥʦʛ ʬʠʣʪʨʘ ʫʟ ʞʝˀʝʥʝ ʚʘʣʦʚʠʪʦʩʪʠ ʦʜʟʠʚʘ (ʝʥʛʣ. Optimum equiripple 

linear phase design, Park-McClellan algorithm) [179], ʬʦʨʤʠʨʘˁʝʤ ʧʦʥʜʝʨʠʩʘʥʝ ʩʫʤʝ ʛʨʝʰʘʢʘ 

ʠʟʤʝʹʫ ʞʝˀʝʥʦʛ ʠ ʜʠʟʘʿʥʠʨʘʥʦʛ ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʦʜʟʠʚʘ ʬʠʣʪʨʘ ʧʫʪʝʤ ʦʧʪʠʤʠʟʘʮʠʿʝ ʥʘʿʤʘˁʝʛ 

ʩʨʝʜˁʝʛ ʢʚʘʜʨʘʪʘ ʦʜʩʪʫʧʘˁʘ (ʝʥʛʣ. Least Mean Squares Error ï LʄSE). FIR ʬʠʣʪʨʠ ʩʝ ʢʦʨʠʩʪʝ 

ʢʘʦ ʘʜʘʧʪʠʚʥʠ ʜʠʛʠʪʘʣʥʠ ʬʠʣʪʨʠ (ɸɼʌ) ʟʙʦʛ ʩʪʘʙʠʣʥʦʩʪʠ ʠ ʿʝʜʥʦʩʪʘʚʥʝ ʘʥʘʣʠʟʝ. ʀʧʘʢ, 

ˁʠʭʦʚʘ ʧʨʠʤʝʥʘ ʿʝ ʪʘʜʘ ʦʛʨʘʥʠʯʝʥʘ ʫ ʧʦʛʣʝʜʫ ʙʨʦʿʘ ʟʘʭʪʝʚʘʥʠʭ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʬʠʣʪʨʘ ʠ ʙʨʦʿʘ 

ʠʪʝʨʘʮʠʿʘ ʧʦʪʨʝʙʥʠʭ ʟʘ ʢʦʥʚʝʨʛʠʨʘˁʝ ʧʨʦʨʘʯʫʥʘ. ɸʢʦ ʩʝ ʟʘʥʝʤʘʨʠ ʫʧʦʪʨʝʙʘ ʩʣʦʞʝʥʠʭ ʠʣʠ 

ʚʠʰʝ ʧʨʦʮʝʩʦʨʩʢʠʭ ʧʣʘʪʬʦʨʤʠ ʫ ʿʝʜʥʦʚʨʝʤʝʥʦʤ ʨʘʜʫ, ʧʨʠʤʝʥʘ FIR ʬʠʣʪʘʨʘ ʫʥʫʪʘʨ ʝʩʪʠʤʘʪʦʨʘ 

ʈɾʍ ʙʠ ʫʥʝʣʘ ʧʨʝʚʝʣʠʢʦ ʢʘʰˁʝˁʝ ʫʩʣʝʜ ʘʜʘʧʪʠʚʥʦʛ ʧʨʦʨʘʯʫʥʘ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʢʦʝʬʠʮʠʿʝʥʘʪʘ 

ʠ ʦʪʝʞʘʣʘ ʫʧʦʪʨʝʙʫ ʝʩʪʠʤʘʪʦʨʘ ʫʥʫʪʘʨ ʈʉ ʠ ʈɹ. ɿʙʦʛ ʿʝʜʥʦʩʪʘʚʥʠʿʝ ʩʪʨʫʢʪʫʨʝ, ʟʘ ʜʠʟʘʿʥ ʅʌ 

ʬʠʣʪʨʘ ʠ ʬʠʣʪʨʘ ʇʆ ʢʦʨʠʩʪʠ˂ʝ ʩʝ ɸɼʌ ʩʘ ʩʪʨʫʢʪʫʨʦʤ ʙʝʩʢʦʥʘʯʥʦʛ ʪʨʘʿʘˁʘ ʦʜʟʠʚʘ (ʝʥʛʣ. 

Infinite Impulse Response ï IIR, recursive), ʦʧʠʩʘʥʘ ʠʟʨʘʟʠʤʘ ʫ ʜʠʩʢʨʝʪʥʦʤ ʠ z ʜʦʤʝʥʫ ʨʝʜʦʤ ʢʘʦ  
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ώὴ ὥὼὴ ὥὼὴ ρ Ễ ὥὼὴ ά

ὦώὴ ρ ὦώὴ ς Ễ ὦώὴ ὲ ὥὼὲ Ὥ ὦώὲ Ὦȟ σȢσ
 

ὡ ᾀ
ὥ ὥᾀ ὥᾀ Ễ ὥᾀ

ρ ὦᾀ ὦᾀ Ễ ὦᾀ
ȟά ὲȟ σȢτ 

 

ʛʜʝ ʿʝ ὲ ʨʝʜ ʬʠʣʪʨʘ. ʂʦʜ IIR ʬʠʣʪʘʨʘ ʦʜʟʠʚ ʿʝ ʬʫʥʢʮʠʿʘ ʩʘʜʘʰˁʠʭ ʠ ʧʨʝʪʭʦʜʥʠʭ ʚʨʝʜʥʦʩʪʠ 

ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʠ ʧʨʝʪʭʦʜʥʠʭ ʚʨʝʜʥʦʩʪ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ, ʢʘʦ ʥʘ ʉʣʠʮʠ 3.3ʙ. ʈʝʢʫʨʟʠʚʘʥ ʿʝ ʠ 

ʠʤʧʫʣʩ ʜʦʚʝʜʝʥ ʫ ʪʨʝʥʫʪʢʫ kT ʠ ʫʪʠʯʝ ʥʘ ʠʟʣʘʟ ʬʠʣʪʨʘ ʫ ʠʥʪʝʨʚʘʣʫ [kT...Њ]. ɿʘʭʪʝʚʘ ʤʘˁʝ 
ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʦʜ FIR ʬʠʣʪʘʨʘ, ʪʿ. IIR ʬʠʣʪʨʠ ʩʘ ʥʝʢʦʣʠʢʦ ʧʘʨʘʤʝʪʘʨʘ ʤʦʛʫ ʠʤʘʪʠ ʙʦˀʘ 

ʩʚʦʿʩʪʚʘ ʦʜ FIR ʬʠʣʪʘʨʘ ʩʘ ʟʥʘʪʥʦʤ ʚʝ˂ʠʤ ʙʨʦʿʝʤ ʧʘʨʘʤʝʪʘʨʘ. ʆʧʪʠʤʠʟʘʮʠʿʘ ʢʨʠʪʝʨʠʿʫʤʩʢʝ 

ʬʫʥʢʮʠʿʝ ʩʘʜʘ ʧʦʜʨʘʟʫʤʝʚʘ ʘʞʫʨʠʨʘˁʝ ʤʘˁʝʛ ʙʨʦʿʘ ʧʘʨʘʤʝʪʘʨʘ, ά ὲ, ʘʣʠ ʤʦʛʫ ʥʘʩʪʘʪʠ 

ʧʨʦʙʣʝʤʫ ʠ ʧʦʛʣʝʜʫ ʩʪʘʙʠʣʥʦʩʪʠ ʬʠʣʪʨʘ ʠ ʜʝʬʠʥʠʩʘˁʘ ʛʣʘʚʥʦʛ ʝʢʩʪʨʝʤʫʤʘ. ʋ ʨʘʜʫ ʪʦʢʦʤ 

ʘʜʘʧʪʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʬʠʣʪʨʘ, ʧʦʣʦʚʠ ʬʠʣʪʨʘ ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʠʟʚʘʥ ʿʝʜʠʥʠʯʥʦʛ ʢʨʫʛʘ ʠ ʜʦʚʝʩʪʠ 

ʜʦ ʥʝʩʪʘʙʠʣʥʦʩʪʠ. ʊʘʢʦʹʝ, ʢʨʠʪʝʨʠʿʫʤʩʢʘ ʬʫʥʢʮʠʿʘ ʤʦʞʝ ʠʤʘʪʠ ʚʠʰʝ ʣʦʢʘʣʥʠʭ ʤʠʥʠʤʫʤʘ, 

ʢʘʜʘ ʩʝ ʧʨʦʮʝʩ ʦʧʪʠʤʠʟʘʮʠʿʝ ʤʦʞʝ ʟʘʚʨʰʠʪʠ ʫ ʣʦʢʘʣʥʦʤ, ʘ ʥʝ ʛʣʦʙʘʣʥʦʤ ʤʠʥʠʤʫʤʫ. 

ɼʠʥʘʤʠʯʢʠ ʦʜʟʠʚ ʬʠʣʪʨʘ ʟʘʚʠʩʠ ʦʜ ʧʦʣʦʞʘʿʘ ʧʦʣʦʚʘ ʫ z ʨʘʚʥʠ, ʘ ʧʦʪʨʝʙʘʥ ʠ ʜʦʚʦˀʘʥ ʫʩʣʦʚ ʟʘ 

ʩʪʘʙʠʣʥʦʩʪ ʬʠʣʪʨʘ ʿʝʩʪʝ ʜʘ ʩʝ ʧʦʣʦʚʠ ʥʘʣʘʟʝ ʫʥʫʪʘʨ ʿʝʜʠʥʠʯʥʦʛ ʢʨʫʛʘ ȿᾀȿ ρ [194]. 

ɿʘ ʦʜʘʙʨʘʥʫ ʘʜʘʧʪʠʚʥʫ ʜʠʛʠʪʘʣʥʫ IIR ʩʪʨʫʢʪʫʨʫ ʬʠʣʪʘʨʘ ʫ ʝʩʪʠʤʘʪʦʨʫ, ʧʦʪʨʝʙʥʦ ʿ ʝ 

ʦʜʘʙʨʘʪʠ ʤʝʪʦʜʫ ʟʘ ʜʠʟʘʿʥ ʧʘʨʘʤʝʪʘʨʘ ʬʠʣʪʨʘ. ʊʨʘʜʠʮʠʦʥʘʣʥʠ ʧʨʠʩʪʫʧ ʧʨʦʿʝʢʪʦʚʘˁʘ IIR 

ʬʠʣʪʘʨʘ ʟʘʩʥʠʚʘ ʩʝ ʧʨʦʿʝʢʪʦʚʘˁʫ ʘʥʘʣʦʛʥʦʛ ʬʠʣʪʨʘ ʫ  ̓ʜʦʤʝʥʫ ʠ ʜʠʩʢʨʝʪʠʟʘʮʠʿʠ ʬʫʥʢʮʠʿʝ 

ʧʨʝʥʦʩʘ, ʘʣʠ ʩʝ ʤʦʞʝ ʧʨʦʿʝʢʪʦʚʘʪʠ ʠ ʜʠʨʝʢʪʥʦ ʫ ʜʠʩʢʨʝʪʥʦʤ ʜʦʤʝʥʫ. ʅʝʢʘ ʿʝ ɋ = Tɤ, ʛʜʝ ʿʝ ɤ 

ʜʠʛʠʪʘʣʥʘ, ʘ ɋ ʘʥʘʣʦʛʥʘ ʫʛʘʦʥʘ ʫʯʝʩʪʘʥʦʩʪ ʠ ʥʝʢʘ ʿʝ ʥʘ ʫʣʘʟʠʤʘ ɸɼ ʢʦʥʚʝʨʪʦʨʘ ʧʨʠʤʝˁʝʥ ʅʌ 

ʬʠʣʪʨʠ ʧʨʦʪʠʚ ʣʘʞʥʠʭ ʣʠʢʦʚʘ (ʝʥʛʣ. anti-aliasing) ʢʦʿʠ ʦʛʨʘʥʠʯʘʚʘ ʩʧʝʢʪʘʨ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ. 

ʊʘʜʘ ʘʢʦ ʩʫ ʠʩʧʫˁʝʥʠ  ʫʩʣʦʚʠ ʧʦ ʪʝʦʨʝʤʠ ʦʜʘʙʠʨʘˁʘ, ʫʚʝʜʝʥʠ ʫ ʧʦʪʧʦʛʣʘʚˀʫ 2.1, ʪʘʜʘ ˂ʝ ʩʝ 

ɼʌ ʫ ʅʠʢʚʠʩʪʦʚʦʿ ʦʙʣʘʩʪʠ |ɋ| < ˊ/T ʧʦʥʘʰʘʪʠ ʛʦʪʦʚʦ ʠʜʝʥʪʠʯʥʦ ʢʘʦ ʠ ʞʝˀʝʥʠ ʬʠʣʪʘʨ ʫ  ̓

ʜʦʤʝʥʫ. ʉʭʦʜʥʦ ʪʦʤʝ, ʤʝʪʦʜʝ ʟʘ ʜʠʟʘʿʥ ʬʠʣʪʘʨʘ ʩʝ ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʫ ʪʨʠ ʛʨʫʧʝ:  

1) ʂʣʘʩʠʯʥʝ ʤʝʪʦʜʝ: ɹʘʪʝʨʚʦʨʪʦʚʘ (ʝʥʛʣ. Butterworth), ʏʝʙʠʰʝʚˀʝʚʘ (ʝʥʛʣ. Chebyshev), 

ʠʥʚʝʨʟʥʘ ʏʝʙʠʰʝʚˀʝʚʘ (ʝʥʛʣ. inverse Chebyshev, Type II), ʝʣʠʧʪʠʯʥʘ (ʝʥʛʣ. Cauer, Elliptic 

approximation), ɹʝʩʝʣʦʚʘ (ʝʥʛʣ. Bessel), ɻʘʫʩʦʚʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ, ʠʪʜ.; 

2) ʆʧʪʠʤʘʣʥʝ ʤʝʪʦʜʝ: ɺʠʥʝʨʦʚʘ (ʝʥʛʣ. Wiener Filter) ʠ ʂʘʣʤʘʥʦʚʘ (ʝʥʛʣ. Kalman filter); 

3) ʄʝʪʦʜʝ ʟʘ ʘʜʘʧʪʠʚʥʦ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ. 

 

       
                  ʘ)                                                                                      ʙ) 

ʉʣʠʢʘ 3.3. ʉʪʨʫʢʪʫʨʝ ɼʌ: ʘ) FIR ʬʠʣʪʘʨ; ʙ) IIR ʬʠʣʪʘʨ. 
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ɹʘʪʝʨʚʦʨʪʦʚ  ʬʠʣʪʘʨ ʿʝ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʩʘʚʨʰʝʥʝ ʘʤʧʣʠʪʫʜʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʅʌ ʬʠʣʪʨʘ 

(ʝʥʛʣ. maximally flat filter) ʠ ʥʘʿʙʦˀʠ ʢʦʤʧʨʦʤʠʩ ʠʟʤʝʹʫ ʚʨʝʤʝʥʩʢʦʛ ʠ ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʦʜʟʠʚʘ 

ʥʘ ʨʘʯʫʥ ʨʝʣʘʪʠʚʥʦ ʜʫʛʦʛ ʧʨʝʣʘʟʥʦʛ ʧʨʦʮʝʩʘ [180]. ʇʨʝʜʩʪʘʚˀʘ. ʏʝʙʠʰʝʚˀʝʚʘ ʠʤʘ ʿʝʜʠʥʠʯʥʦ 

ʧʦʿʘʯʘˁʝ ʿʝʜʥʦʩʤʝʨʥʝ ʢʦʤʧʦʥʝʥʪʝ ʠ ʚʝʣʠʢʫ ʩʝʣʝʢʪʠʚʥʦʩʪ, ʫʟ ʦʩʮʠʣʘʮʠʿʝ ʫ ʧʨʦʧʫʩʥʦʤ ʠ 

ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ [181]. ʂʘʨʘʢʪʝʨʠʩʪʠʢʘ ʥʠʿʝ ʤʦʥʦʪʦʥʘ, ʘ ʙʨʦʿ ʠ ʘʤʧʣʠʪʫʜʘ ʦʩʮʠʣʘʮʠʿʘ ʿʝ 

ʦʜʨʝʹʝʥʘ ʨʝʜʦʤ ʬʠʣʪʨʘ. ʇʨʚʝ ʜʚʝ ʤʝʪʦʜʝ ʠʤʘʿʫ ʜʦʙʨʦ ʧʦʥʘʰʘˁʝ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ, ʘʣʠ ʧʦ 

ʮʝʥʫ ʰʠʨʦʢʝ ʧʨʝʣʘʟʥʝ ʦʙʣʘʩʪʠ. ɹʘʪʝʨʚʦʨʪʦʚ, ʏʝʙʠʰʝʚˀʝʚ ʠ ɹʝʩʝʣʦʚ ʬʠʣʪʘʨ ʥʝʤʘʿʫ ʥʫʣʝ [182], 

ʘ ʨʝʘʣʠʟʫʿʫ ʩʝ ʧʫʪʝʤ ʠʩʪʠʭ ʩʪʨʫʢʪʫʨʘ, ʩʘ ʠʩʪʠʤ ʠʣʠ ʩʣʠʯʥʠʤ ʙʨʦʿʝʤ ʢʦʝʬʠʮʠʿʝʥʘʪʘ, ʢʦʨʠʩʪʝʠ˂ 

ʪʘʙʝʣʘʨʥʝ ʠʟʨʘʟʝ ʟʘ ʧʨʦʨʘʯʫʥ ʧʘʨʘʤʝʪʘʨʘ. ʀʥʚʝʨʟʥʠ ʏʝʙʠʰʝʚˀʝʚ ʬʠʣʪʘʨ ʩʝ ʠʟʚʦʜʠ ʪʘʢʦ ʰʪʦ 

ʩʝ ʦʜ ʏʝʙʠʰʝʚˀʝʚʦʛ ʦʜʫʟʤʝ ʿʝʜʠʥʠʮʘ ʠ ʠʥʚʝʨʪʫʿʝ ʫʯʝʩʪʘʥʦʩʪ ʢʘʦ   ρ ϳ  [183]. ʂʦʨʠʩʪʠ ʩʝ 

ʢʘʜʘ ʩʫ ʧʦʪʨʝʙʥʠ ʬʠʣʪʨʠ ʚʠʰʝʛ ʨʝʜʘ. ʇʨʫʞʘ ʤʦʥʦʪʦʥʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ ʩʘ ʧʨʠʩʫʩʪʚʦʤ ʥʫʣʝ ʫ 

ʬʫʥʢʮʠʿʠ ʧʨʝʥʦʩʘ, ʦʩʮʠʣʘʮʠʿʘʤʘ ʫ ʦʜʟʠʚʫ ʠ ʤʘˁʠʤ ʩʣʘʙˀʝˁʝʤ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ ʫ 

ʧʦʨʝʹʝˁʫ ʩʘ ʧʨʝʪʭʦʜʥʠʤ ʤʝʪʦʜʘʤʘ. ʀʥʚʝʨʟʥʘ ʠ ʝʣʠʧʪʠʯʥʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʩʝ ʨʝʘʣʠʟʫʿʫ ʧʦʤʦ˂ʫ 

ʠʩʪʠʭ ʩʪʨʫʢʪʫʨʘ. ɽʣʠʧʪʠʯʥʘ ʜʘʿʝ ʥʘʿʚʝ˂ʫ ʩʝʣʝʢʪʠʚʥʦʩʪʠ, ʥʘʿʫʞʫ ʧʨʝʣʘʟʥʫ ʦʙʣʘʩʪ, ʘ ʧʦʩʪʠʞʝ ʩʝ 

ʨʘʚʥʦʤʝʨʥʦʤ ʨʘʩʧʦʜʝʣʦʤ ʛʨʝʰʢʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʫ ʧʨʦʧʫʩʥʦʤ ʠ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ [184]. 

ɼʦʜʘʚʘˁʝ ʥʫʣʘ ʫʟʨʦʢʫʿʝ ʥʘʿʚʝ˂ʝ ʧʨʠʛʫʰʝˁʝ ʟʘ ʜʝʬʠʥʠʩʘʥ ʙʨʦʿ ʧʦʣʦʚʘ ʬʫʥʢʮʠʿʝ ʧʨʝʥʦʩʘ. ʂʘʦ 

ʧʦʩʣʝʜʠʮʘ, ʠʤʘ ʩʝ ʩʣʘʙʠʿʠ ʚʨʝʤʝʥʩʢʠ ʦʜʟʠʚ ʩʘ ʧʨʠʩʫʩʪʚʦʤ ʦʩʮʠʣʘʮʠʿʘ ʫ ʮʝʣʦʤ ʦʧʩʝʛʫ 

ʫʯʝʩʪʘʥʦʩʪʠ. ʋ ʥʘʩʪʘʚʢʫ ʿʝ ʜʘʪʦ ʛʨʫʙʦ ʧʦʨʝʹʝˁʝ ʢʣʘʩʠʯʥʠʭ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʠ ʣʠʥʝʘʨʥʦʛ FIR 

ʬʠʣʪʘʨ ʧʨʝʤʘ ʙʠʪʥʠʤ ʧʝʨʬʦʨʤʘʥʩʘʤʘ ʠʟ ʫʛʣʘ ʧʨʠʤʝʥʝ [168], [180], [181], [182], [183], [184]: 

- ʅʘʿʢʨʘ˂ʝ ʪʨʘʿʘˁʝ ʚʨʝʤʝʥʩʢʦʛ ʦʜʟʠʚʘ ʨʝʜʦʤ ʠʤʘʿʫ ɹʝʩʝʣʦʚ, ʣʠʥʝʘʨʥʠ FIR ʬʠʣʪʘʨ, 

ɻʘʫʩʦʚ, ɹʘʪʝʨʚʦʨʪʦʚ, ʠʥʚʝʨʟʥʠ, ʏʝʙʠʰʝʚˀʝʚ, ʝʣʠʧʪʠʯʥʠ, ʧʨʠ ʯʝʤʫ ʣʠʥʘʨʥʠ FIR ʬʠʣʪʘʨ 

ʠʤʘ ʥʝʰʪʦ ʚʝ˂ʠ ʧʨʝʩʢʦʢ ʘʤʧʣʠʪʫʜʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʜ ɹʝʩʝʣʦʚʦʛ ʬʠʣʪʨʘ;  

- ʅʘʙʿʦˀʫ ʣʠʥʝʘʨʥʦʩʪ ʬʘʟʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ ʧʨʫʞʘʿʫ ʨʝʜʦʤ ʣʠʥʘʨʥʠ FIR ʬʠʣʪʘʨ, 

ɹʝʩʝʣʦʚ, ɹʘʪʝʨʚʦʨʪʦʚ, ʠʥʚʝʨʟʥʠ, ʏʝʙʠʰʝʚˀʝʚ, ʝʣʠʧʪʠʯʥʠ; 

- ʅʘʿʚʝ˂ʫ ʩʝʣʝʢʪʠʚʥʦʩʪ ʠʤʘ ʝʣʠʧʪʠʯʥʠ, ʧʘ ʠʥʚʝʨʟʥʠ, ʏʝʙʠʰʝʚˀʝʚ, ɹʘʪʝʨʚʦʨʪʦʚ, ɹʝʩʝʣʦʚ; 

- ʅʘʿʟʘʨʘʚˁʝʥʠʿʫ ʘʤʧʣʠʪʫʜʥʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʫ ʜʝʣʫ ʩʧʝʢʪʨʘ ʦʢʦ ʥʫʣʪʝ ʫʯʝʩʪʘʥʦʩʪʠ 

ʠʤʘʿʫ ɹʘʪʝʨʚʦʨʪʦʚ, ʠʥʚʝʨʟʥʠ, ʏʝʙʠʰʝʚˀʝʚ, ʝʣʠʧʪʠʯʥʠ; 

- ʅʘʿʚʝ˂ʝ ʩʣʘʙˀʝˁʝ ʫ ʛʦʨˁʝʤ ʜʝʣʫ ʦʧʩʝʛʘ ʧʫʰʪʘˁʘ ʠʤʘʿʫ ʝʣʠʧʪʠʯʥʠ, ʏʝʙʠʰʝʚˀʝʚ, 

ɹʘʪʝʨʚʦʨʪʦʚ, ʠʥʚʝʨʟʥʠ; 

- ʅʘʿʚʝ˂ʝ ʩʣʘʙˀʝˁʝ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ ʠʤʘʿʫ ʏʝʙʠʰʝʚˀʝʚ, ɹʘʪʝʨʚʦʨʪʦʚ, ʠʥʚʝʨʟʥʠ, 
ʣʠʥʝʘʨʥʠ FIR ʬʠʣʪʘʨ, ɹʝʩʝʣʦʚ, ʝʣʠʧʪʠʯʥʠ; 

- ʅʘʿʚʝ˂ʠ Q ʬʘʢʪʦʨ ʠ ʥʘʿʤʘˁʫ ʚʘʣʦʚʠʪʦʩʪ ʘʤʧʣʠʪʫʜʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʫ ʥʝʧʨʦʧʫʩʥʦʤ ʠ 

ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ ʧʨʫʞʘʿʫ ʨʝʜʦʤ ɹʘʪʝʨʚʦʨʪʦʚ, ʠʥʚʝʨʟʥʠ, ʏʝʙʠʰʝʚˀʝʚ, ʣʠʥʝʘʨʥʠ FIR 

ʬʠʣʪʘʨ, ʝʣʠʧʪʠʯʥʠ. 

ʇʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ ʬʠʣʪʨʘ ʜʝʬʠʥʠʰʫ ʩʝ ʟʘʭʪʝʚʠ ʫ ʬʨʝʢʚʝʥʮʠʿʩʢʦʤ ʜʦʤʝʥʫ ʧʦʧʫʪ ʧʦʿʘʯʘˁʘ 

ʿʝʜʥʦʩʤʝʨʥʝ ʢʦʤʧʦʥʝʥʪʝ, ʦʩʮʠʣʘʮʠʿʘ ʠʣʠ ʩʣʘʙˀʝˁʘ ʫ ʧʨʦʧʫʩʥʦʤ ʠ ʥʝʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ, 

ʛʨʘʥʠʯʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʦʧʫʩʥʦʛ ʠ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʥʘ ʥʠʩʢʠʤ ʠ ʚʠʩʦʢʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ, 

ʛʨʫʧʥʦ ʢʘʰˁʝˁʝ, ʬʘʢʪʦʨ ʜʦʙʨʦʪʝ Q ʜʦʤʠʥʘʥʪʥʦʛ ʧʘʨʘ ʧʦʣʦʚʘ ʥʘʿʙʣʠʞʝʛ ʠʤʘʛʠʥʘʨʥʦʿ ʦʩʠ, ʠʪʜ. 

ɿʘ ʧʦʪʨʝʙʝ ʧʨʦʿʝʢʪʦʚʘˁʘ ʘʥʘʣʦʛʥʠʭ ʬʠʣʪʘʨʘ, ʩʚʘʢʘ ʢʣʘʩʠʯʥʘ ʤʝʪʦʜʘ ʠʤʘ ʩʚʦʿʝ ʧʨʝʜʣʦʞʝʥʝ 

ʝʣʝʢʪʨʠʯʥʝ ʰʝʤʝ ʠ ʥʦʨʤʘʣʠʟʦʚʘʥʝ ʪʘʙʣʠʯʥʝ ʠʟʨʘʟʝ. ʅʘ ʦʩʥʦʚʫ ʫʣʘʟʥʠʭ ʟʘʭʪʝʚʘ, ʧʨʦʠʟʚʦˀʥʠ 

ʘʥʘʣʦʛʥʠ ʬʠʣʪʘʨ ʩʝ ʨʝʘʣʠʟʫʿʝ ʪʘʢʦ ʰʪʦ ʩʝ ʧʨʚʦ ʜʠʟʘʿʥʠʨʘ ʥʦʨʤʘʣʠʟʦʚʘʥʠ ʅʌ ʬʠʣʪʘʨ, ʟʘʪʠʤ ʩʝ 

ʦʜʨʝʜʝ ʘʧʩʦʣʫʪʥʝ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʬʠʣʪʨʘ ʥʘ ʦʩʥʦʚʫ ʠʤʧʝʜʘʥʩʝ ʫʣʘʟʘ ʠ ʠʟʣʘʟʘ ʠ ʨʝʜʘ 

ʬʠʣʪʨʘ, ʧʦʩʣʝ ʯʝʛʘ ʩʝ ʧʨʝʩʝʯʥʘ ʫʯʝʩʪʘʥʦʩʪ ʬʠʣʪʨʘ ʩʢʘʣʠʨʘ ʥʘ ʞʝˀʝʥʫ ʚʨʝʜʥʦʩʪ. ʇʦʪʦʤ ʩʝ ʅʌ 

ʬʠʣʪʘʨ ʢʦʥʚʝʨʪʫʿʝ ʫ ʞʝˀʝʥʠ ʬʠʣʪʘʨ ʟʘʤʝʥʦʤ ʧʘʩʠʚʥʠʭ ʝʣʝʤʝʥʘʪʘ ʫ ʢʦʣʫ ʩʭʦʜʥʦ ʦʜʘʙʨʘʥʦʿ 

ʤʝʪʦʜʠ ʨʘʟʣʠʯʠʪʠʤ ʢʦʤʙʠʥʘʮʠʿʘʤʘ ʝʣʝʤʝʥʘʪʘ [182]. ʅʘ ʧʨʠʤʝʨ, ʟʘ ʬʠʣʪʨʝ ʙʝʟ ʥʫʣʘ ʫ ʬʫʥʢʮʠʿʠ 

ʧʨʝʥʦʩʘ ʩʚʘʢʠ ʢʦʥʜʝʥʟʘʪʦʨ ʫ ʅʌ ʬʠʣʪʨʫ ʩʝ ʤʝˁʘ ʧʘʨʘʣʝʣʥʦʤ ʚʝʟʦʤ ʢʦʥʜʝʥʟʘʪʦʨʘ ʠ ʢʘʣʝʤʘ. 

ʆʜʟʠʚ ʦʚʘʢʚʦʛ ʬʠʣʪʨʘ ʥʝ˂ʝ ʠʤʘʪʠ ʦʩʮʠʣʘʮʠʿʝ ʠʣʠ ʜʠʩʪʦʨʟʠʿʝ ʫ ʬʨʝʢʚʝʥʮʠʿʩʢʦʤ ʦʜʟʠʚʫ. 

ɼʦʙʠʿʝʥʠ ʘʥʘʣʦʛʥʠ ʬʠʣʪʘʨ ʩʝ ʧʦ ʧʦʪʨʝʙʠ ʤʦʞʝ ʜʠʩʢʨʝʪʠʟʦʚʘʪʠ.  

ʇʨʦʿʝʢʪʦʚʘˁʝ ʦʧʪʠʤʘʣʥʠʭ ʬʠʣʪʘʨʘ ʠʟ ʜʨʫʛʝ ʛʨʫʧʝ ʤʝʪʦʜʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʧʦʟʥʘʚʘˁʫ 

ʩʪʘʪʠʯʢʠʭ ʩʚʦʿʩʪʘʚʘ ʩʠʛʥʘʣʘ ʢʦʿʠ ʩʝ ʬʠʣʪʨʠʨʘ. ʋ ʧʨʘʢʩʠ ʦʚʠ ʧʦʜʘʮʠ ʥʘʿʯʝʰ˂ʝ ʥʠʩʫ ʜʦʩʪʫʧʥʠ 



81 

 

ʠʣʠ ʩʝ ʧʘʨʘʤʝʪʨʠ ʤʝˁʘʿʫ ʫ ʚʨʝʤʝʥʫ, ʧʘ ʿʝ ʦʧʪʠʤʘʣʥʦ ʨʝʰʝˁʝ ʪʝʰʢʦ ʦʩʪʚʘʨʠʚʦ. ɺʠʥʝʨʦʚ 

ʦʧʪʠʤʘʣʥʠ ʬʠʣʪʘʨ ʿʝ ʦʧʠʩʘʥ ʬʫʥʢʮʠʿʦʤ ʧʨʝʥʦʩʘ ʩʘ ʢʦʤʧʣʝʢʩʥʠʤ ʢʦʝʬʠʮʠʿʝʥʪʠʤʘ ʟʘ ʩʣʫʯʘʿ 

ʩʪʘʮʠʦʥʘʨʥʦʛ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ. ʂʨʠʪʝʨʠʿʫʤʠ ʟʘ ʦʧʪʠʤʠʟʘʮʠʿʫ ʩʝ ʟʘʩʥʠʚʘʿʫ ʥʘ ʤʠʥʠʤʠʟʘʮʠʿʠ 

LMS ʛʨʝʰʢʝ ʠʟʤʝʹʫ ʪʨʝʥʫʪʥʦʛ ʠʟʣʘʟʘ ʠʟ ʬʠʣʪʨʘ ʠ ʞʝˀʝʥʦʛ ʦʜʟʠʚʘ ʬʠʣʪʨʘ ʫ ʬʨʝʢʚʝʥʮʠʿʩʢʦʤ 

ʜʦʤʝʥʫ. ʉʪʘʮʠʦʥʘʨʥʦʩʪ ʩʪʦʭʘʩʪʠʯʢʦʛ ʩʠʛʥʘʣʘ ʥʘ ʫʣʘʟʫ ʟʘ ʧʦʪʨʝʙʝ ʧʨʝʣʘʩʢʘ ʫ ʬʨʝʢʚʝʥʮʠʿʩʢʠ 

ʜʦʤʝʥ ʩʝ ʧʦʩʪʠʞʝ ʧʨʠʤʝʥʦʤ ʚʘʨʠʿʘʮʠʦʥʦʛ ʨʘʯʫʥʘ ʰʪʦ ʫ ʧʨʘʢʩʠ ʦʪʝʞʘʚʘ ʧʨʠʤʝʥʫ ʟʙʦʛ 

ʩʣʦʞʝʥʦʩʪʠ [185]. ʂʘʣʤʘʥʦʚ ʬʠʣʪʘʨ ʿʝ ʨʝʢʫʨʟʠʚʥʠ ʥʫʤʝʨʠʯʢʠ ʘʣʛʦʨʠʪʘʤ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʢʘʜʘ 

ʫʣʘʟʥʠ ʩʠʛʥʘʣ ʥʠʿʝ ʩʪʘʮʠʦʥʘʨʘʥ ʠ ʥʘʩʪʘʦ ʧʫʰʪʘˁʝʤ ʩʣʫʯʘʿʥʦʛ ʩʠʛʥʘʣʘ ʢʨʦʟ ʣʠʥʝʘʨʥʠ 

ʚʨʝʤʝʥʩʢʦ-ʠʥʚʘʨʠʿʘʥʪʥʠ ʩʠʩʪʝʤ [186]. ʌʠʣʪʨʦʤ ʩʝ ʛʝʥʝʨʠʰʝ ʧʨʦʮʝʥʘ ʥʝʤʝʨˀʠʚʦʛ ʚʝʢʪʦʨʘ 

ʩʪʘˁʘ ʫ ʜʠʩʢʨʝʪʥʦʤ ʪʨʝʥʫʪʢʫ kT, ʥʘ ʦʩʥʦʚʫ ʜʦʩʪʫʧʥʝ ʧʨʦʮʝʥʝ ʚʝʢʪʦʨʘ ʩʪʘˁʘ ʫ ʪʨʝʥʫʪʢʫ (k-1)T, 

ʠ ʧʨʠʢʫʧˀʝʥʦʛ ʤʝʨʝˁʘ ʩʠʛʥʘʣʘ y ʧʦʩʤʘʪʨʘʥʦʤ ʪʨʝʥʫʪʢʫ (kT). ʆʧʠʩʘʥ ʿʝ ʤʦʜʝʣʦʤ ʚʝʢʪʦʨʘ 

ʩʪʘˁʘ ʫ ʚʠʜʫ ʚʝʢʪʦʨʩʢʝ ʣʠʥʝʘʨʥʝ ʜʠʬʝʨʝʥʮʠʿʘʣʥʝ ʠʣʠ ʜʠʬʝʨʝʥʮʥʝ ʿ ʝʜʥʘʯʠʥʦʤ ʧʨʚʦʛ ʨʝʜʘ ʠ 

ʘʣʛʝʙʘʨʩʢʦʤ ʿʝʜʥʘʯʠʥʦʤ ʠʟʣʘʟʘ ʩʠʩʪʝʤʘ ʢʦʿʘ ʦʧʠʩʫʿʝ ʤʝʭʘʥʠʟʘʤ ʤʝʨʝˁʘ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ 

ʫʚʘʞʘʚʘʿʫ˂ʠ ʪʘʯʥʦʩʪ ʜʘʚʘʯʘ ʫ ʚʠʜʫ ʜʦʜʘʪʥʦʛ ʰʫʤʘ. ʀʟʣʘʟʥʠ ʩʠʛʥʘʣ ʩʝ ʛʝʥʝʨʠʰʝ ʢʘʦ ʣʠʥʝʘʨʥʘ 

ʢʦʤʙʠʥʘʮʠʿʘ ʚʝʢʪʦʨʘ ʩʪʘˁʘ ʥʘ ʢʦʿʫ ʿʝ ʜʦʜʘʪ ʰʫʤ ʤʝʨʝˁʘ. ʇʨʝʜʥʦʩʪʠ ʂʘʣʤʘʥʦʚʦʛ ʬʠʣʪʨʘ ʫ 

ʦʜʥʦʩʫ ʥʘ ɺʠʥʝʨʘ ʩʫ ʨʝʰʘʚʘˁʝ ʦʧʪʠʤʠʟʘʮʠʦʥʦʛ ʨʘʯʫʥʘ ʫ ʚʨʝʤʝʥʩʢʦʤ ʜʦʤʝʥʫ, ʥʝʤʘ ʟʘʭʪʝʚʘ ʟʘ 

ʩʪʘʮʠʦʥʘʨʥʦʰ˂ʫ ʩʣʫʯʘʿʥʠʭ ʩʠʛʥʘʣʘ ʠ ʨʘʯʫʥʩʢʠ ʿʝ ʜʦʩʪʘ ʿʝʜʥʦʩʪʘʚʥʠʿʝ ʨʝʰʝˁʝ, ʟʙʦʛ ʯʝʛʘ ʩʝ 

ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʧʦʪʨʝʙʝ ʝʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ ʠ sensorless ɽʇ ʦʛʨʘʥʠʯʝʥʦʛ ʧʦʥʘʰʘˁʘ [128].  

ʇʨʠʤʝʥʘ ʥʘʚʝʜʝʥʠʭ ʤʝʪʦʜʘ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʧʦʜʨʘʟʫʤʝʚʘ ʫʧʦʪʨʝʙʫ ʜʦʜʘʪʥʠʭ ʤʘʪʨʠʮʘ 

ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʠ ʜʦʜʘʪʥʝ ʤʝʤʦʨʠʿʝ, ʠʣʠ ʧʨʠʤʝʥʫ ʩʣʦʞʝʥʠʭ ʤʘʪʝʤʘʪʠʯʢʠʭ ʘʣʛʦʨʠʪʤʘ ʟʘ ʧʦʪʨʝʙʝ 

ʧʨʦʨʘʯʫʥʘ ʢʦʝʬʠʮʠʿʝʥʘʪʘ. ɼʘʢʣʝ, ʠʣʠ ʧʦʩʪʦʿʝ ʟʘʭʪʝʚʠ ʟʘ ʫʧʦʪʨʝʙʫ ʩʥʘʞʥʠʿʝʛ ʧʨʦʮʝʩʦʨʘ ʠʣʠ ʩʫ 

ʢʘʰˁʝˁʘ ʧʨʦʮʝʩʘ ʦʮʝʥʝ ʧʨʝʚʝʣʠʢʘ, ʘ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ɼʌ ʩʝ ʠʟʚʨʰʘʚʘ ʧʨʠʤʝʥʦʤ 

ʘʜʘʧʪʠʚʥʦʛ ʘʣʛʦʨʠʪʤʘ. ɸʜʘʧʪʠʚʥʠ ʘʣʛʦʨʠʪʤʠ ʩʝ ʯʝʩʪʦ ʢʦʨʠʩʪʝ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʩʠʩʪʝʤʘ ʢʘʜʘ 

ʿʝ ʨʝʟʫʣʪʘʪ ʘʜʘʧʪʘʮʠʿʝ ɸɼʌ ʠʥʚʝʨʟʥʠ ʣʠʥʝʘʨʥʠ ʜʠʥʘʤʠʯʢʠ ʤʦʜʝʣ ʥʝʧʦʟʥʘʪʦʛ ʩʠʩʪʝʤʘ, ʘ 

ʢʘʩʢʘʜʥʘ ʚʝʟʘ ʧʦʟʥʘʪʦʛ ɸɼʌ ʠ ʥʝʧʦʟʥʘʪʦʛ ʩʠʩʪʝʤʘ ʪʨʘʥʩʧʦʨʪʥʦ ʢʘʰˁʝˁʝ. ʂʦʨʠʩʪʝ ʩʝ ʠ ʟʘ 

ʣʠʥʝʘʨʥʫ ʧʨʝʜʠʢʮʠʿʫ ʩʠʛʥʘʣʘ ʥʘ ʦʩʥʦʚʫ ʧʦʩʪʦʿʝ˂ʠʭ ʦʜʙʠʨʘʢʘ ʠʩʪʦʛ ʩʠʛʥʘʣʘ, ʟʘ ʧʦʥʠʰʪʘʚʘˁʝ 

ʠʥʪʝʨʬʝʨʝʥʮʠʿʝ ʛʜʝ ʩʝ ʧʨʠʤʘʨʥʠ ʩʠʛʥʘʣ ʩʘʩʪʦʿʠ ʦʜ ʠʥʪʝʨʬʝʨʝʥʮʠʿʝ ʠ ʢʦʨʠʩʥʦʛ ʩʠʛʥʘʣʘ ʢʘʦ ʢʦʜ 

ʘʢʪʠʚʥʝ ʢʦʥʪʨʦʣʝ ʙʫʢʝ, ʠʪʜ. ɸʜʘʧʪʠʚʥʠ ʘʣʛʦʨʠʪʤʠ ʩʘ ʥʝʦʛʨʘʥʠʯʝʥʦʤ ʤʝʤʦʨʠʿʦʤ ʩʝ ʢʦʨʠʩʪʝ ʟʘ 

ʦʙʨʘʜʫ ʩʪʘʮʠʦʥʘʨʥʠʭ ʩʠʛʥʘʣʘ ʠ ʫʚʘʞʘʚʘʿʫ ʩʚʝ ʧʨʝʪʭʦʜʥʝ ʚʨʝʜʥʦʩʪʠ ʘʥʘʣʠʟʠʨʘʥʦʛ ʩʠʛʥʘʣʘ ʠ 

ʜʘʿʫ ʩʨʝʜˁʫ ʧʨʦʮʝʥʫ ʧʦʥʘʰʘˁʘ ʩʠʩʪʝʤʘ ʫ ʥʘʨʝʜʥʦʤ ʚʨʝʤʝʥʩʢʦʤ ʧʝʨʠʦʜʫ. ʋ ʝʩʪʠʤʘʪʦʨʫ ʩʝ 

ʥʝʩʪʘʮʠʦʥʘʨʥʦʩʪ ʫ ʧʦʛʣʝʜʫ ʬʠʣʪʨʘ ʇʆ ʢʘʪʝʛʦʨʠʟʫʿʝ ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʦʤʝʥʫ ʩʪʘʪʠʯʢʠʭ ʩʚʦʿʩʪʘʚʘ 

ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʈɾʍ, ʨʝʬʝʨʝʥʪʥʦʛ ʩʠʛʥʘʣʘ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ ʠʣʠ ʦʙʘ 

ʿʝʜʥʦʚʨʝʤʝʥʦ. ɿʘ ʘʥʘʣʠʟʫ ʥʝʩʪʘʮʠʦʥʘʨʥʠʭ ʩʠʛʥʘʣʘ, ʢʘʦ ʰʪʦ ʿʝ ʩʘʜʘ ʩʣʫʯʘʿ, ʧʦʪʨʝʙʥʦ ʿʝ 

ʢʦʨʠʩʪʠʪʠ ʘʣʛʦʨʠʪʘʤ ʩʘ ʦʛʨʘʥʠʯʝʥʦʤ ʤʝʤʦʨʠʿʦʤ ʢʦʿʠ ʧʨʫʞʘ ʧʨʘ˂ʝˁʝ ʧʨʦʤʝʥʘ ʚʨʝʜʥʦʩʪʠ 

ʧʨʦʤʝʥˀʠʚʠʭ, ʧʨʠ ʯʝʤʫ ʩʝ ʥʝ ʥʘʨʫʰʘʚʘ ʢʚʘʣʠʪʝʪ ʦʮʝʥʝ ʫ ʩʪʘʮʠʦʥʘʨʥʦʤ ʨʝʞʠʤʫ.  

ɸʜʘʧʪʠʚʥʠ ʧʨʦʮʝʩ ʯʠʥʝ ʧʨʦʮʝʩ ʦʙʨʘʜʝ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʠ ʧʨʦʮʝʩ ʘʜʘʧʪʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ 

ʬʫʥʢʮʠʿʝ ʧʨʝʥʦʩʘ ʬʠʣʪʘʨʘ. ɸʜʘʧʪʠʚʥʠ ʘʣʛʦʨʠʪʘʤ ʧʦʣʘʟʠ ʠʟ ʧʨʝʪʭʦʜʥʦ ʜʝʬʠʥʠʩʘʥʠʭ ʧʦʯʝʪʥʠʭ 

ʫʩʣʦʚʘ ʢʦʿʠ ʥʝ ʤʦʨʘʿʫ ʙʠʪʠ ʫʩʢʣʘʹʝʥʠ ʩʘ ʦʢʨʫʞʝˁʝʤ, ʢʘʦ ʰʪʦ ʿʝ ʠʥʠʮʠʿʘʣʠʟʘʮʠʿʘ ɽʇ ʧʨʠ 

ʧʫʰʪʘˁʫ ʫ ʨʘʜ. ʊʦʢʦʤ ʨʘʜʘ, ʘʣʛʦʨʠʪʘʤ ʪʨʝʙʘ ʜʘ (1) ʧʨʝʤʘ ʪʨʝʥʫʪʥʦʤ ʨʘʜʥʦʤ ʨʝʞʠʤʫ ɽʇ ʦʮʝʥʠ 

ʩʪʘʪʠʯʢʝ ʦʩʦʙʠʥʝ ʩʠʛʥʘʣʘ ʥʘ ʦʩʥʦʚʫ ʚʨʝʤʝʥʩʢʠʭ ʩʝʢʚʝʥʮʠ ʦʜʙʠʨʘʢʘ ʫʣʘʟʥʦʛ, ʠʟʣʘʟʥʦʛ ʠ 

ʨʝʬʝʨʝʥʪʥʦʛ ʩʠʛʥʘʣʘ, ʜʘ (2) ʘʜʘʧʪʠʨʘ ʬʫʥʢʮʠʿʫ ʧʨʝʥʦʩʘ ʬʠʣʪʘʨʘ ʪʘʢʦ ʜʘ ʩʝ ʤʠʥʠʤʠʟʫʿʝ ʥʝʢʘ 

ʢʨʠʪʝʨʠʿʫʤʩʢʘ ʬʫʥʢʮʠʿʘ ʠ ʜʘ (3) ʫ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʪʘˁʫ ʬʠʣʪʨʠ ʢʦʥʚʝʨʛʠʨʘʿʫ ʢʘ ʦʧʪʠʤʫʤʫ. 

ʂʘʢʦ ʢʦʝʬʠʮʠʿʝʥʪʠ ʘʜʘʧʪʠʚʥʦʛ ʬʠʣʪʨʘ ʇʆ ʟʘʚʠʩʝ ʦʜ ʩʠʛʥʘʣʘ ʈɾʍ, ʬʠʣʪʘʨ ʩʝ ʤʦʞʝ ʩʤʘʪʨʘʪʠ 

ʣʠʥʝʘʨʥʠʤ ʜʠʥʘʤʠʯʢʠʤ ʩʠʩʪʝʤʦʤ ʩʘʤʦ ʢʘʜʘ ʩʝ ʠʟʣʘʟʥʠ ʩʠʛʥʘʣ ʤʦʞʝ ʠʟʨʘʟʠʪʠ ʢʘʦ ʣʠʥʝʘʨʥʘ 

ʢʦʤʙʠʥʘʮʠʿʘ ʦʜʙʠʨʘʢʘ ʩʠʛʥʘʣʘ ʈɾʍ. ʂʨʠʪʝʨʠʿʫʤʩʢʘ ʬʫʥʢʮʠʿʘ, ʦʜʨʝʹʝʥʘ ʟʘ ʢʦʥʢʨʝʪʥʫ ʧʨʠʤʝʥʫ 

ɸɼʌ ʫ ʬʫʥʢʮʠʿʠ ʞʝˀʝʥʦʛ ʦʜʟʠʚʘ ʬʠʣʪʨʘ, ʩʝ ʦʧʪʠʤʠʟʫʿʝ ʥʘʿʯʝʰ˂ʝ ʧʨʠʤʝʥʦʤ ʜʚʝ ʛʨʫʧʝ ʤʝʪʦʜʘ.  

ʇʨʚʫ ʛʨʫʧʫ ʤʝʪʦʜʘ ʯʠʥʝ ʦʧʪʠʤʠʟʘʮʠʿʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʥʘʿʤʘˁʝʤ ʢʚʘʜʨʘʪʫ ʦʜʩʪʫʧʘˁʘ ʛʜʝ ʩʝ 

ʧʨʚʦ ʤʝʨʝˁʘ ʫ ɽʇ ʛʨʫʧʠʰʫ, ʘ ʧʦʪʦʤ ʦʜʿʝʜʥʦʤ ʦʙʨʘʹʫʿʫ. ʄʦʞʝ ʩʝ ʧʦʩʪʠ˂ʠ ʙʨʞʝ ʢʦʥʚʝʨʛʠʨʘˁʝ 

ʘʣʛʦʨʠʪʤʘ, ʦʧʪʠʤʠʟʘʮʠʿʦʤ ʢʦʨʘʢʘ ʠʟʚʨʰʘʚʘˁʘ ʧʨʦʨʘʯʫʥʘ ʫ ʚʨʝʤʝʥʫ (ʝʥʛʣ. Conjugate gradient 

based Complex Block LMS) [187], ʠʣʠ ʚʝ˂ʘ ʪʘʯʥʦʩʪʠ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ, ʤʦʜʝʣʠʨʘˁʝʤ ʦʜʥʦʩʘ 
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ʩʠʛʥʘʣʘ ʢʦʤʧʣʝʢʩʥʠʭ ʚʨʝʜʥʦʩʪʠ (ʝʥʛʣ. augmented complex LMS) [188], ʫ ʧʦʨʝʹʝˁʫ ʩʘ 

ʪʨʘʜʠʮʠʦʥʘʣʥʠʤ ʢʦʤʧʣʝʢʩʥʠʤ LMS ʘʣʛʦʨʠʪʤʠʤʘ [189]. ʉʪʦʭʘʩʪʠʯʢʠ ʛʨʘʜʠʿʝʥʪʠ ʤʝʪʦʜ ʿʝ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘ ɺʠʥʝʨʦʚʦʛ ʬʠʣʪʨʘ, ʠ ʥʘʿʙʨʞʝ ʤʠʥʠʤʠʟʫʿʝ ʩʨʝʜˁʫ ʚʨʝʜʥʦʩʪ ʢʚʘʜʨʘʪʥʝ ʛʨʝʰʢʝ 

ʦʜʩʪʫʧʘˁʘ (ʝʥʛʣ. Widrow-Hoff LMSɽ) [190]. ʇʦʩʤʘʪʨʘ ʩʝ ʧʨʚʠ ʠʟʚʦʜ ʛʨʝʰʢʝ ʫ ʬʫʥʢʮʠʿʠ 

ʧʘʨʘʤʝʪʘʨʘ ʬʠʣʪʨʘ ʠ ʙʠʨʘʿʫ ʩʝ ʢʦʝʬʠʮʠʿʝʥʪʠ ʢʦʿʠ ʥʘʿʙʨʞʝ ʜʦʚʦʜʝ ʜʦ ʦʧʪʠʤʘʣʥʦʛ ʨʝʰʝˁʘ. 

ʄʘʥʝ ʦʚʦʛ ʧʨʠʩʪʫʧʘ ʩʫ ʟʘʚʠʩʥʦʩʪ ʧʦʣʦʞʘʿʘ ʢʨʠʚʝ ʫ ʧʨʦʩʪʦʨʫ ʦʜ ʥʝʩʪʘʮʠʦʥʘʨʥʦʛ ʰʫʤʘ ʰʪʦ 

ʧʨʝʜʩʪʘʚˀʘ ʧʨʦʙʣʝʤ ʘʢʦ ʿʝ ʚʝʣʠʢʘ ʜʠʥʘʤʠʢʘ ʧʨʦʤʝʥʝ ʛʨʝʰʢʝ ʫ ʚʨʝʤʝʥʫ, hʪʦ ʿʝ ʩʣʫʯʘʿ ʩʘ ʈɾʍ. 

ʊʘʢʦʹʝ, ʘʢʦ ʿʝ ʦʮʝˁʝʥʠ ʩʠʛʥʘʣ ʧʨʦʧʦʨʮʠʦʥʘʣʘʥ ʰʫʤʫ, ʠʟʣʘʟ ʦʧʪʠʤʠʟʘʮʠʿʝ ʿʝ ʿʝʜʥʘʢ ʥʫʣʠ ʠ 

ʦʧʪʠʤʠʟʘʮʠʿʘ ʥʠʢʘʜʘ ʥʝ ʜʦʩʪʠʞʝ ʜʦ ʢʦʥʘʯʥʝ ʚʨʝʜʥʦʩʪʠ ʚʝ˂ ʦʩʮʠʣʫʿʝ ʦʢʦ ʦʧʪʠʤʘʣʥʝ ʪʘʯʢʝ.  

ɼʨʫʛʫ ʛʨʫʧʫ ʤʝʪʦʜʝ ʯʠʥʝ ʨʝʰʝˁʘ ʟʘʩʥʦʚʘʥʘ ʥʘ ʨʝʢʫʨʟʠʚʥʦʿ ʦʧʪʠʤʠʟʘʮʠʿʠ ʩʫʤʝ ʢʚʘʜʨʘʪʘ 

(ʝʥʛʣ. Recursive least squares - RLS), ʛʜʝ ʩʝ ʟʥʘʯʘʿʥʦ ʩʤʘˁʫʿʝ ʢʦʤʧʣʝʢʩʥʦʩʪ ʧʨʦʨʘʯʫʥʘ ʠ ʧʦʩʪʠʞʝ 

ʙʨʞʝ ʢʦʥʚʝʨʛʠʨʘˁʝ ʫ ʧʦʨʝʹʝˁʫ ʩʘ LMS ʤʝʪʦʜʘʤʘ, ʘ ʪʘʢʦ ʠ ʤʘˁʝ ʢʘʰˁʝˁʝ ʧʨʦʮʝʩʘ ʦʮʝʥʝ 

ʙʨʟʠʥʝ [191]. RLS ʪʝʭʥʠʢʝ ʧʨʝʪʧʦʩʪʘʚˀʘʿʫ ʜʘ ʩʫ ʩʣʫʯʘʿʥʠ ʧʨʦʮʝʩʠ ʫ ʩʠʩʪʝʤʫ ʨʘʩʧʦʜʝˀʝʥʠ ʧʦ 

ɻʘʫʩʦʚʦʿ ʨʘʩʧʦʜʝʣʠ. ɼʘʢʣʝ, ʚʠʰʝ ʩʫ ʦʩʝʪˀʠʚʝ ʥʘ ʧʦʯʝʪʥʝ ʫʩʣʦʚʝ ʠ ʥʘ ʦʜʩʪʫʧʘˁʘ ʩʪʚʘʨʥʝ ʦʜ 

ʧʨʝʪʧʦʩʪʘʚˀʝʥʝ ʨʘʩʧʦʜʝʣʝ ʧʦʨʝʤʝ˂ʘʿʘ. ɼʝʪʝʢʮʠʿʘ ʈɾʍ ʠ ʦʮʝʥʘ ʙʨʟʠʥʝ ʟʘ ʧʦʪʨʝʙʝ ʥʘʜʟʦʨʘ ʠ 

ʜʠʿʘʛʥʦʩʪʠʢʝ ɽʇ ʤʦʞʝ ʩʝ ʧʦʩʪʠ˂ʠ ʨʦʙʫʩʥʠʿʠʤ ʤʝʪʦʜʘʤʘ ʟʘʩʥʦʚʘʥʠʤ ʥʘ ʧʨʠʤʝʥʠ ʤʝʪʦʜʦʣʦʛʠʿʝ 

ʘʧʨʦʢʩʠʤʘʪʠʚʥʝ ʤʘʢʩʠʤʘʣʥʝ ʚʝʨʦʜʦʩʪʦʿʥʦʩʪʠ (ʝʥʛʣ. aproximate maximum likelihood), ʩʘ 

ʜʦʜʘʪʥʠʤ ʪʝʞʠʥʩʢʠʤ ʬʘʢʪʦʨʠʤʘ ʟʘʙʦʨʘʚˀʘˁʘ (ʝʥʛʣ. Weighted Recursive Least Squares) [192], 

ʤʦʜʠʬʠʢʘʮʠʿʘʤʘ ʢʦʚʘʨʠʿʘʮʠʦʥʝ ʤʘʪʨʠʮʝ [193], ʠʪʜ. ʀʧʘʢ, ʢʘʦ ʰʪʦ ʿʝ ʧʦʢʘʟʘʥʦ ʫ ʧʦʪʧʦʛʣʘʚˀʫ 

2.4, ʝʩʪʠʤʘʪʦʨʠ ʟʘʩʥʦʚʘʥʠ ʥʘ ʦʚʠʤ ʤʝʪʦʜʘʤʘ ʥʠʩʫ ʧʦʛʦʜʥʠ ʟʘ ʜʝʪʝʢʮʠʿʫ ʈɾʍ ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ 

ʧʨʦʮʝʩʘ ʠ ʟʘ ʧʦʪʨʝʙʝ ʈʉ ʠ ʈɹ. ɿʘ ʧʦʪʨʝʙʝ ʩʠʥʪʝʟʝ ʝʩʪʠʤʘʪʦʨʘ ʢʦʿʠ ʩʝ ʤʦʞʝ ʫʧʦʪʨʝʙʠʪʠ ʫ ʈʉ ʠ 

ʈɹ ʚʠʩʦʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ, ʢʨʠʪʝʨʠʿʫʤʩʢʘ ʬʫʥʢʮʠʿʘ ʪʨʝʙʘ ʜʘ ʧʨʫʞʠ ʦʧʪʠʤʘʣʥʠ ʦʜʥʦʩ ʠʟʤʝʹʫ 

ʤʠʥʠʤʘʣʥʝ ʝʥʝʨʛʠʿʝ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ (ʤʘʢʩʠʤʘʣʥʦʛ SNR) ʠ ʫʥʝʪʦʛ ʪʨʘʥʩʧʦʨʪʥʦʛ ʢʘʰˁʝˁʘ 

ʫʚʘʞʘʚʘʿʫ˂ʠ ʬʠʟʠʯʢʘ ʦʛʨʘʥʠʯʝˁʘ ʫ ɽʇ. ʋ ʥʘʩʪʘʚʢʫ, ʫʚʦʜʝ ʩʝ ʬʠʟʠʯʢʘ ʦʛʨʘʥʠʯʝˁʘ ɽʇ ʠ ʞʝˀʝʥʦ 

ʧʦʥʘʰʘˁʝ ʝʩʪʠʤʘʪʦʨʘ ʢʦʿʝ, ʫ ʩʫʰʪʠʥʠ, ʯʠʥʝ ʢʨʠʪʝʨʠʿʫʤʩʢʫ ʬʫʥʢʮʠʿʫ. 

 

3.2  ʂʨʠʪʝʨʠʿʫʤʠ ʟʘ ʩʠʥʪʝʟʫ ʝʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ 
 

ʅʘ ʦʩʥʦʚʫ ʧʨʝʜʩʪʘʚˀʝʥʝ ʩʪʨʫʢʪʫʨʝ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ, ʙʠʪʥʝ ʦʩʦʙʠʥʝ ʘʜʘʧʪʠʚʥʦʛ ʝʩʪʠʤʘʪʦʨʘ 

ʢʦʿʝ ʫʯʝʩʪʚʫʿʫ ʠ ʫ ʬʦʨʤʠʨʘˁʫ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ ʩʫ: 

¶ ɹʨʟʠʥʘ ʢʦʥʚʝʨʛʝʥʮʠʿʝ, ʙʨʦʿ ʠʪʝʨʘʮʠʿʘ ʧʦʪʨʝʙʘʥ ʘʜʘʧʪʠʚʥʦʤ ʘʣʛʦʨʠʪʤʫ ʜʘ ʢʦʥʚʝʨʛʠʨʘ ʢʘ 

ʦʧʪʠʤʘʣʥʦʤ ʧʦʜ ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʜʘ ʿʝ ʧʦʙʫʜʘ ʩʪʘʮʠʦʥʘʨʥʘ ʪʦʢʦʤ ʨʘʜʘ ʘʣʛʦʨʠʪʤʘ;  

¶ ʂʦʤʧʣʝʢʩʥʦʩʪ ʠ ʨʘʯʫʥʘʨʩʢʘ ʝʬʠʢʘʩʥʦʩʪ ʘʣʛʦʨʠʪʤʘ ʠʟ ʫʛʣʘ ʪʨʘʿʘˁʘ ʧʨʦʨʘʯʫʥʘ, ʙʨʦʿ 
ʨʘʯʫʥʩʢʠʭ ʦʧʝʨʘʮʠʿʘ ʫ ʩʚʘʢʦʿ ʠʪʝʨʘʮʠʿʠ ʘʣʛʦʨʠʪʤʘ ʠ ʚʝʣʠʯʠʥʘ ʟʘʭʪʝʚʘʥʝ ʤʝʤʦʨʠʿʝ; 

¶ ʊʘʯʥʦʩʪ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ ʦʙʨʪʘˁʘ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʠ ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ ʧʨʦʮʝʩʘ, 

ʦʜʥʦʩʥʦ ʚʨʝʜʥʦʩʪ ʦʜʩʪʫʧʘˁʘ ʦʜ ʦʧʪʠʤʘʣʥʦʛ ʨʝʰʝˁʘ ʧʦʩʣʝ ʢʦʥʚʝʨʛʠʨʘˁʘ ʘʣʛʦʨʠʪʤʘ;  

¶ ɼʠʥʘʤʠʯʢʦ ʧʦʥʘʰʘˁʝ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʪʨʘʜʠʮʠʦʥʘʣʥʠʤ ʜʘʚʘʯʠʤʘ ʫ ʰʠʨʦʢʦʤ ʦʧʩʝʛʫ 
ʙʨʟʠʥʝ ʠ ʦʧʪʝʨʝ˂ʝˁʘ, ʧʨʠ ʯʝʤʫ ʜʠʥʘʤʠʢʘ ʝʩʪʠʤʘʪʦʨʘ ʥʝ ʪʨʝʙʘ ʜʘ ʫʩʣʦʞˁʘʚʘ ʟʘʭʪʝʚʝ 

ʢʦʿʠ ʨʝʛʫʣʘʪʦʨ ʙʨʟʠʥʝ ʤʦʨʘ ʜʘ ʟʘʜʦʚʦˀʠ, ʪʿ. ʜʘ ʩʝ ʙʨʟʠʥʩʢʘ ʧʝʪˀʘ ʤʦʞʝ ʧʨʦʿʝʢʪʦʚʘʪʠ ʩʘ 

ʿʝʜʥʦʩʪʘʚʥʦʤ ʩʪʨʫʢʪʫʨʦʤ ʨʝʛʫʣʘʪʦʨʘ ʙʨʟʠʥʝ; 

¶ ɼʝʬʠʥʠʩʘʥ ʦʧʩʝʛ ʨʘʜʥʠʭ ʨʝʞʠʤʘ ʫ ʦʢʚʠʨʫ ʢʦʿʠʭ ʩʝ ʤʦʞʝ ʛʘʨʘʥʪʦʚʘʪʠ ʣʠʥʝʘʨʥʘ 
ʩʪʘʙʠʣʥʦʩʪ ʝʩʪʠʤʘʪʦʨʘ ʧʨʠ ʧʨʦʤʝʥʠ ʥʝʩʪʘʮʠʦʥʘʨʥʠʭ ʫʣʘʟʥʠʭ ʩʠʛʥʘʣʘ; 

¶ ʄʦʛʫ˂ʥʦʩʪ ʜʘ ʩʝ ʙʨʟʠʥʘ ʦʮʝˁʫʿʝ ʫ ʚʝʣʠʢʦʤ ʦʧʩʝʛʫ ʙʨʟʠʥʘ ʠ ʦʧʪʝʨʝ˂ʝˁʘ ʢʘʦ ʠ ʜʘ ʧʦʜʨʞʠ 
ʨʘʜ ʧʨʠ ʤʘʣʠʤ ʠ ʥʫʣʪʠʤ ʙʨʟʠʥʘʤʘ ʢʘʦ ʠ ʧʨʠ ʧʨʦʣʘʩʮʠʤʘ ʢʨʦʟ ʥʫʣʫ; 

¶ ʇʨʦʧʫʩʥʠ ʦʧʩʝʛ sensorless ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʙʨʟʠʥʠ; 

¶ ʆʩʝʪˀʠʚʦʩʪ ʥʘ ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ ɸʄ, ʠʥʚʝʨʪʦʨʘ, ʦʧʪʝʨʝ˂ʝˁʘ, ʨʝʬʝʨʝʥʮʝ ʙʨʟʠʥʝ;  

¶ ʅʫʤʝʨʠʯʢʘ ʩʪʘʙʠʣʥʦʩʪ ʧʨʠ ʠʟʚʨʰʘʚʘˁʫ ʘʣʛʦʨʠʪʤʘ ʩʘ ʘʨʠʪʤʝʪʠʢʦʤ ʩʘ ʢʦʥʘʯʥʦʤ 
ʜʫʞʠʥʦʤ ʨʝʯʠ; 



83 

 

¶ ʌʠʥʘʥʩʠʿʩʢʘ ʦʧʨʘʚʜʘʥʦʩʪ ʧʨʠʤʝʥʝ ʝʩʪʠʤʘʪʦʨʘ ʫʤʝʩʪʦ ʜʘʚʘʯʘ, ʪʿ. ʧʨʘʢʪʠʯʥʘ ʧʨʠʤʝʥʘ 

ʘʣʛʦʨʠʪʤʘ ʤʦʨʘ ʜʘ ʙʫʜʝ ʿʝʜʥʦʩʪʘʚʥʘ ʠ ʿʝʬʪʠʥʘ; 

¶ ʇʦʞʝˀʝʥʦ ʿʝ ʜʘ ʘʣʛʦʨʠʪʘʤ ʙʫʜʝ ʤʦʜʫʣʘʨʘʥ ʠ ʧʦʛʦʜʘʥ ʟʘ ʧʘʨʘʣʝʣʠʟʘʮʠʿʫ. 

ɺʝ˂ʠ ʙʨʦʿ ʥʘʚʝʜʝʥʠʭ ʟʘʭʪʝʚʘ ʿʝ ʤʝʹʫʩʦʙʥʦ ʩʫʢʦʙˀʝʥ, ʧʦʩʝʙʥʦ ʟʘʭʪʝʚʠ ʪʘʯʥʦʩʪʠ ʠ ʢʘʰˁʝˁʘ 

ʧʨʦʮʝʩʘ ʦʮʝʥʝ. ɻʣʘʚʥʠ ʢʨʠʪʝʨʠʿʫʤʠ ʟʘ ʜʠʟʘʿʥ ʧʦʪʠʯʫ ʠʟ ʫʩʣʦʚʘ ʩʪʘʙʠʣʥʦʩʪʠ ʝʩʪʠʤʘʪʦʨʘ. 

ʅʝʦʧʭʦʜʥʦ ʿʝ ʜʠʟʘʿʥʠʨʘʪʠ ʜʝʣʦʚʝ ʝʩʪʠʤʘʪʦʨʘ ʪʘʢʦ ʜʘ ˁʠʭʦʚʝ ʜʦʤʠʥʘʥʪʥʝ ʚʨʝʤʝʥʩʢʝ ʢʦʥʩʪʘʥʪʝ 

ʦʙʝʟʙʝʜʝ ʩʪʘʙʠʣʘʥ ʨʘʜ ʧʨʠ ʜʝʬʠʥʠʩʘʥʠʤ ʨʘʜʥʠʤ ʨʝʞʠʤʠʤʘ. ɼʘ ʙʠ ʩʝ ʩʤʘˁʠʣʦ ʢʘʰˁʝˁʝ 

ʦʮʝˁʝʥʝ ʫ ʦʜʥʦʩʫ ʥʘ ʨʝʘʣʥʫ ʬʠʟʠʯʢʫ ʧʨʦʤʝʥʫ ʙʨʟʠʥʝ, ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʅʌ ʬʠʣʪʨʘ ʤʦʨʘ 

ʜʘ ʠʤʘ ʚʨʝʜʥʦʩʪ ʤʘˁʫ ʠʣʠ ʿʝʜʥʘʢʫ ʚʨʝʜʥʦʩʪʠ ʤʝʭʘʥʠʯʢʝ ʚʨʝʤʝʥʩʢʝ ʢʦʥʩʪʘʥʪʝ ʢʦʿʘ ʿʝ ʦʜʨʝʹʝʥʘ 

ʠʥʝʨʮʠʿʦʤ ɸʄ ʠ ʤʝʭʘʥʠʯʢʦʛ ʦʧʪʝʨʝ˂ʝˁʘ, ʜʠʟʘʿʥʦʤ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʙʨʟʠʥʠ ʠ ʜʠʥʘʤʠʢʦʤ 

ʧʨʦʤʝʥʝ ʦʧʪʝʨʝ˂ʝˁʘ. ʆʚʦ ʿʝ ʫʿʝʜʥʦ ʠ ʥʘʿʥʠʞʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʝʩʪʠʤʘʪʦʨʘ. ʅʘʿʚʠʰʠ ʧʨʦʧʫʩʥʠ 

ʦʧʩʝʛ ʿʝ ʦʜʨʝʹʝʥ ʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʌʉʇ, ʢʦʿʠ ʿʝ ʦʛʨʘʥʠʯʝʥ ʧʦʩʪʦʿʘˁʝʤ ʥʝʞʝˀʝʥʠʭ 

ʢʦʤʧʦʥʝʥʘʪʘ ʫ ʩʧʝʢʪʨʫ ʦʮʝˁʝʥʦʛ ʩʠʛʥʘʣʘ. ɼʘ ʙʠ ʩʝ ʦʙʝʟʙʝʜʠʣʘ ʩʪʘʙʠʣʥʦʩʪ ʝʩʪʠʤʘʪʦʨʘ, 

ʧʦʪʨʝʙʥʦ ʿʝ ʜʘ ʚʨʝʤʝʥʩʢʠ ʦʜʟʠʚ ʌʉʇ ʙʫʜʝ ʙʨʞʠ ʦʜ ʚʨʝʤʝʥʩʢʦʛ ʦʜʟʠʚʘ ʬʠʣʪʨʘ ʇʆ, ʠ ʜʘ ʩʝ 

ʦʛʨʘʥʠʯʠ ʙʨʟʠʥʘ ʧʨʦʤʝʥʝ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ ʇʆ. ɹʨʟʠʥʘ ʧʨʦʤʝʥʝ ʤʦʨʘ ʜʘ ʙʫʜʝ 

ʪʘʢʚʘ ʜʘ ʩʝ ʦʤʦʛʫ˂ʠ ʬʠʣʪʨʫ ʇʆ ʜʘ ʫʹʝ ʫ ʫʩʪʘˀʝʥʦ ʩʪʘˁʝ ʧʨʝ ʥʘʨʝʜʥʝ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 

ʈɾʍ. ʊʘʜʘ, ʠʟʣʘʟʥʠ ʅʌ ʬʠʣʪʘʨ ʧʨʫʞʘ ʬʠʣʪʨʠʨʘˁʝ ʦʮʝˁʝʥʦʛ ʩʠʛʥʘʣʘ ʠ ʧʨʠʣʘʛʦʹʘʚʘ ʙʨʟʠʥʫ 

ʧʨʦʤʝʥʝ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ ʇʆ ʪʘʢʦ ʜʘ ʩʝ ʧʨʦʤʝʥʘ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ 

ʜʝʰʘʚʘ ʧʦ ʩʧʦʨʠʿʦʿ ʜʠʥʘʤʠʮʠ. ʋʚʝ˂ʘˁʝ ʚʨʝʤʝʥʩʢʝ ʢʦʥʩʪʘʥʪʝ ʅʌ ʬʠʣʪʨʘ ʧʨʫʞʘ ʚʝ˂ʫ ʪʘʯʥʦʩʪ, 

ʫʚʝ˂ʘʚʘ ʢʘʰˁʝˁʝ ʝʩʪʠʤʘʪʦʨʘ ʠ ʦʛʨʘʥʠʯʘʚʘ ʜʦʟʚʦˀʝʥʫ ʙʨʟʠʥʫ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʢʦʿʘ 

ʥʝ ʫʛʨʦʞʘʚʘ ʝʩʪʠʤʘʪʦʨ ʫ ʧʦʛʣʝʜʫ ʩʪʘʙʠʣʥʦʩʪʠ. ɼʘʢʣʝ, ʢʨʠʪʝʨʠʿʫʤʩʢʘ ʬʫʥʢʮʠʿʘ ʟʘ ʘʜʘʧʪʘʮʠʿʫ 

ʧʘʨʘʤʝʪʘʨʘ ʝʩʪʠʤʘʪʦʨʘ ʜʦʙʠʿʘ ʩʝ ʢʘʦ ʢʦʤʧʨʦʤʠʩ ʠʟʤʝʹʫ ʢʘʰˁʝˁʘ, ʪʘʯʥʦʩʪʠ ʠ ʜʠʥʘʤʠʢʝ 

ʦʜʟʠʚʘ ʦʮʝˁʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ. ʄʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʿʝ ʛʣʘʚʥʘ ʧʨʦʤʝʥˀʠʚʘ ʩʪʘˁʘ ʫ 

ʩʠʩʪʝʤʫ ʬʘʟʘ ʈɾʍ, — , ʠ ʜʘ ʿʝ ʜʠʥʘʤʠʢʫ ʬʠʣʪʨʘ ʇʆ ʥʝʦʧʭʦʜʥʦ ʫʚʘʞʠʪʠ ʧʨʠ ʬʦʨʤʠʨʘˁʫ 

ʢʨʠʪʝʨʠʿʫʤʘ ʟʘ ʜʠʟʘʿʥ. ʅʘʚʝʜʝʥʝ ʟʘʚʠʩʥʦʩʪʠ ʩʝ ʤʦʛʫ ʛʨʫʧʠʩʘʪʠ ʫ ʬʦʨʤʠ ʥʝʿʝʜʥʘʢʦʩʪʠ (ʢ-1) ʢʘʦ 

 

† † † † Ȣ σȢυ 

 

ʊʘʢʦʹʝ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʠʩʧʫʥʠʪʠ ʠ ʢʨʠʪʝʨʠʿʫʤʝ ʟʘ ʩʪʘʙʠʣʥʦʩʪ ʌʉʇ. ɼʠʥʘʤʠʯʢʘ ʩʪʘʙʠʣʥʦʩʪ 

ʌʉʇ ʿʝ ʦʜʨʝʹʝʥʘ ʩʪʨʫʢʪʫʨʦʤ ʠ ʧʦʿʘʯʘˁʠʤʘ ʧʝʪˀʝ. ʆʜʩʢʦʯʥʘ (ʝʥʛʣ. step) ʧʨʦʤʝʥʘ ʫʯʝʩʪʘʥʦʩʪʠ 

ʈɾʍ ʥʠʿʝ ʤʦʛʫ˂ʘ ʿʝʨ ʙʠ ʟʘʭʪʝʚʘʣʘ ʪʨʝʥʫʪʥʫ ʧʨʦʤʝʥʫ ʙʨʟʠʥʝ ʠ ʢʠʥʝʪʠʯʢʝ ʝʥʝʨʛʠʿʝ ʘʢʫʤʫʣʠʩʘʥʝ 

ʫ ʦʙʨʪʥʠʤ ʤʘʩʘʤʘ. ʈʝʣʘʪʠʚʥʘ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʥʘ ʫʣʘʟʫ ʫ ʌʉʇ ʫ ʦʜʥʦʩʫ ʥʘ ʠʟʣʘʟʥʠ 

ʩʠʛʥʘʣ ʩʝ ʤʦʞʝ ʘʧʨʦʢʩʠʤʠʨʘʪʠ ʜʠʥʘʤʠʢʦʤ ʨʘʤʧʝ. ʊʘʜʘ ʿʝ ʢʨʠʪʝʨʠʿʫʤ ʩʪʘʙʠʣʥʦʩʪʠ ʌʉʇ (ʢ-2)  

- ʜʘ ʫʛʘʦʥʘ ʫʯʝʩʪʘʥʦʩʪ ʈɾʍ ʙʫʜʝ ʫʚʝʢ ʫʥʫʪʘʨ ʦʧʩʝʛʘ ʜʨʞʘˁʘ ʠ ʟʘʢˀʫʯʘʚʘˁʘ;  

- ʜʘ ʥʘʛʣʝ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʙʫʜʫ ʫʚʝʢ ʤʘˁʝ ʦʜ ʦʧʩʝʛʘ ʥʘʧʫʰʪʘˁʘ;  

- ʜʘ ʙʨʟʠʥʘ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʙʫʜʝ ʤʘʘˁ ʦʜ ʧʨʠʨʦʜʥʘ ʫʯʝʩʪʘʥʦʩʪ ‫ ʛʜʝ ʿʝ ,‫ 
ʌʉʇ [194].  

ɽʩʪʠʤʘʪʦʨ ʿʝ ʩʪʘʙʠʣʘʥ ʘʢʦ ʠ ʩʘʤʦ ʘʢʦ ʩʫ ʟʘʜʦʚʦˀʝʥʠ ʢʨʠʪʝʨʠʿʫʤʠ ʟʘ ʩʪʘʙʠʣʥʦʩʪ ʬʠʣʪʨʘ ʇʆ 

(ʢ-1) ʠ ʌʉʇ (ʢ-2). ɹʨʟʠʥʘ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʤʦʞʝ ʩʝ ʜʦʙʠʪʠ ʧʨʠʤʝʥʦʤ ʧʨʚʦʛ ʠʟʚʦʜʘ 

ʥʘʜ (2.145) ʠ ʧʦʟʥʘʚʘˁʝʤ ʚʨʝʜʥʦʩʪʠ ʤʝʭʘʥʠʯʢʦʛ ʫʙʨʟʘˁʘ, ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ Ὢ  ʠ 

ʛʨʘʥʠʯʥʦʛ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʈɹ ʢʦʿʠ ʿʝ ʜʝʬʠʥʠʩʘʥʘ ʢʨʠʪʝʨʠʿʫʤʦʤ (ʢ-1). ɼʘ ʙʠ ʩʝ ʟʘʜʦʚʦˀʠʣʠ 

ʢʨʠʪʝʨʠʿʫʤʠ (ʢ-1) ʠ (ʢ-2), ʘʣʠ ʠ ʫʚʝ˂ʘʣʘ ʨʦʙʫʩʥʦʩʪ ʝʩʪʠʤʘʪʦʨʘ ʫ ʪʨʘʿʥʦʤ ʨʘʜʫ, ʥʘ ʉʣʠʮʠ 3.4. ʿʝ 

ʜʘʪʘ ʫʥʘʧʨʝʹʝʥʘ ʩʪʨʫʢʪʫʨʘ ʝʩʪʠʤʘʪʦʨʘ ʧʨʝʜʩʪʘʚˀʝʥʦʛ ʥʘ ʉʣʠʮʠ 3.1. ʆʮʝˁʝʥʘ ʫʯʝʩʪʘʥʦʩʪ 

ʈɾʍ, Ὢ , ʥʘ ʠʟʣʘʟʫ ʅʌ ʬʠʣʪʨʘ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʘʜʘʧʪʘʮʠʿʫ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ ʇʆ 

ʠ ʟʘ ʧʦʪʨʝʙʝ ʧʨʦʨʘʯʫʥʘ ʙʨʟʠʥʝ ʠ ʧʦʟʠʮʠʿʝ ʚʨʘʪʠʣʘ ɸʄ. ʇʦʨʝʜ ʘʜʘʧʪʘʮʠʿʝ ʮʝʥʪʨʘʣʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʬʫʥʢʮʠʿʠ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ Ὢ , ʘʜʘʧʪʠʨʘ ʩʝ ʠ ʦʧʩʝʛ ʧʫʰʪʘˁʘ ʬʠʣʪʨʘ ʇʆ ʫ 

ʬʫʥʢʮʠʿʠ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ Ὢ . ʅʘʜ ʠʟʣʘʟʥʠʤ ʩʠʛʥʘʣʦʤ ʬʠʣʪʨʘ 

ʇʆ ʧʨʠʤʝˁʫʿʝ ʩʝ ʥʦʨʤʘʣʠʟʘʮʠʿʘ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ ʩʠʛʥʘʣʘ ʫ ʬʫʥʢʮʠʿʠ ʿʘʯʠʥʝ Ὅ ʠ ʫʯʝʩʪʘʥʦʩʪʠ 
Ὢ  ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ. ʆʚʘʢʦ ʩʝ ʜʦʜʘʪʥʦ ʫʚʝ˂ʘʚʘ ʨʦʙʫʩʥʦʩʪ, ʩʤʘˁʫʿʝ ʰʫʤ 
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ʝʩʪʠʤʘʮʠʿʝ ʠ ʤʘʢʩʠʤʠʟʠʨʘ ʜʠʥʘʤʠʯʢʦ ʧʦʥʘʰʘˁʝ ʌʉʇ. ʅʅʌ ʬʠʣʪʘʨ ʿʝ ʨʝʘʣʠʟʦʚʘʥ ʢʘʦ ɸɼʌ 

ʢʦʜ ʢʦʿʝʛ ʩʝ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʬʠʣʪʨʘ ʘʜʘʧʪʠʨʘ ʩʘ ʧʨʦʤʝʥʦʤ Ὢ . ɼʘʢʣʝ, ʧʘʨʘʤʝʪʨʠ ɸɼʌ 

ʩʝ ʤʝˁʘʿʫ ʫ ʬʫʥʢʮʠʿʠ ʨʘʜʥʠʭ ʨʝʞʠʤʘ, ʙʨʟʠʥʝ ʠ ʦʧʪʝʨʝ˂ʝˁʘ. ʉʤʘʪʨʘ ʩʝ ʜʘ ʩʝ ʧʦʜʘʮʠ ʟʘ ʧʦʪʨʝʙʝ 

ʘʜʘʧʪʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʦʙʝʟʙʝʹʫʿʫ ʙʝʟ ʢʘʰˁʝˁʘ, ʦʩʠʤ ʫ ʩʣʫʯʘʿʫ ʌʉʇ ʛʜʝ ʿʝ ʧʦʪʨʝʙʥʦ ʫʚʘʞʠʪʠ 

ʜʠʥʘʤʠʢʫ ʜʦʙʠʿʘˁʘ ʧʦʜʘʪʘʢʘ ʟʙʦʛ ʩʣʠʯʥʠʭ ʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʨʝʛʫʣʘʮʠʦʥʠʭ ʧʝʪˀʠ.  

ʇʨʝʜʩʪʘʚˀʝʥʘ ʩʪʨʫʢʪʫʨʘ ʿʝ ʩʣʦʞʝʥʘ, ʥʝʣʠʥʝʘʨʥʘ ʠ ʠʤʘ ʦʛʨʘʥʠʯʝˁʘ. ɼʘ ʙʠ ʩʝ ʝʩʪʠʤʘʪʦʨ 

ʢʦʨʠʩʪʠʦ ʟʘ ʧʦʪʨʝʙʝ sensorless ʫʧʨʘʚˀʘˁʘ ɸʄ, ʤʝʭʘʥʠʯʢʘ ʢʦʥʩʪʘʥʪʘ ʩʝ ʜʝʬʠʥʠʰʝ ʧʨʝʤʘ 

ʦʯʝʢʠʚʘʥʠʤ ʨʘʜʥʠʤ ʨʝʞʠʤʠʤʘ ʫ ʬʫʥʢʮʠʿʠ ʦʛʨʘʥʠʯʝʥʦʛ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʈɹ. ʆʛʨʘʥʠʯʝˁʝʤ 

ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʩʝ ʦʛʨʘʥʠʯʘʚʘ ʤʦʛʫ˂ʘ ʙʨʟʠʥʘ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʬʘʟʝ ʈɾʍ, ʠ ʫʤʘˁʫʿʝ 

ʩʝ ʨʠʟʠʢ ʦʜ ʫʣʘʩʢʘ ʝʩʪʠʤʘʪʦʨʘ ʫ ʥʝʣʠʥʝʘʨʥʝ ʨʝʞʠʤʝ. ʋʟ ʧʨʝʪʧʦʩʪʘʚʢʫ ʘʧʝʨʠʦʜʠʯʥʦʛ ʦʜʟʠʚʘ 

ʧʝʪˀʝ ʈɹ, ʚʨʝʤʝʥʩʢʠ ʦʜʟʠʚ ʩʝ ʤʦʞʝ ʘʧʨʦʢʩʠʤʠʨʘʪʠ ʢʘʦ ʩʠʩʪʝʤ ʩʘ ʢʘʰˁʝˁʝʤ ʧʨʚʦʛ ʨʝʜʘ ʩʘ 

ʚʨʝʤʝʥʩʢʦʤ ʢʦʥʩʪʘʥʪʦʤ ʢʦʿʘ ʿʝ ʜʘʪʘ ʢʘʦ ʬʫʥʢʮʠʿʘ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʧʝʪˀʝ ʈɹ ʢʘʦ 
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ʇʘʨʘʤʝʪʨʠ ʘʢʪʫʘʪʦʨʘ ʠ ʤʝʭʘʥʠʯʢʦʛ ʩʠʩʪʝʤʘ ʩʫ ʩʘʜʘ ʠʥʭʝʨʝʥʪʥʦ ʫʢˀʫʯʝʥʠ ʫ ʢʨʠʪʝʨʠʿʫʤ (ʢ-

1). ʈʦʙʫʩʥʦʩʪ ʩʠʩʪʝʤʘ ʥʘ ʧʨʦʤʝʥʝ ʤʝʭʘʥʠʯʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʿʝ ʦʩʠʛʫʨʘʥʘ ʫ ʨʝʞʠʤʠʤʘ ʨʘʜʘ ʙʝʟ 

ʦʧʪʝʨʝ˂ʝˁʘ, ʘ ʟʘ ʨʝʞʠʤʝ ʩʘ ʦʧʪʝʨʝ˂ʝˁʝʤ ʫʚʝʰ˂ʝ ʩʝ ʜʦʜʘʪʥʦ ʦʛʨʘʥʠʯʝˁʝ ʫ ʢʨʠʪʝʨʠʿʫʤʫ (ʢ-2) ʫ 

ʥʘʩʪʘʚʢʫ. ʅʘ ʦʩʥʦʚʫ ʥʘʚʝʜʝʥʠʭ ʙʠʪʥʠʭ ʦʩʦʙʠʥʘ ʘʜʘʧʪʠʚʥʦʛ ʝʩʪʠʤʘʪʦʨʘ, ʘʥʘʣʠʟʝ ʫ ʧʦʪʧʦʛʣʘʚˀʫ 

2.4. ʠ ʊʘʙʝʣʝ 2.1, ʜʠʟʘʿʥ ʝʩʪʠʤʘʪʦʨʘ ʫ ʥʘʩʪʘʚʢʫ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʩʣʝʜʝ˂ʠʤ ʟʘʭʪʝʚʠʤʘ:  

I. ɼʘ ʿʝ ʢʘʰˁʝˁʝ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ ʤʘˁʝ ʦʜ 50 ms ʫ ʮʝʣʦʤ ʦʧʩʝʛʫ ʨʘʜʥʠʭ ʨʝʞʠʤʘ; 

II. ɼʘ ʿʝ ʛʨʝʰʢʘ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʤʘˁʘ ʦʜ 0,2%; 

III. ɼʘ ʿʝ ʚʨʝʤʝʥʩʢʠ ʦʜʟʠʚ ʝʩʪʠʤʘʪʦʨʘ ʘʜʝʢʚʘʪʘʥ ʫ ʧʦʛʣʝʜʫ ʩʠʥʪʝʟʝ ʨʝʛʫʣʘʪʦʨʘ ʙʨʟʠʥʝ; 

IV. ɼʘ ʧʦʩʪʦʿʠ ʬʠʥʘʥʩʠʿʩʢʘ ʦʧʨʘʚʜʘʥʦʩʪʠ ʧʨʠʤʝʥʝ ʝʩʪʠʤʘʪʦʨʘ; 

- ʇʨʝʤʘ ʢʨʠʪʝʨʠʿʫʤʠʤʘ ʩʪʘʙʠʣʥʦʩʪʠ ʬʠʣʪʨʘ ʇʆ ʫʯʝʩʪʘʥʦʩʪʠ (ʢ-1) ʠ ʌʉʇ (ʢ-2); 

ʢʦʿʠ ʠʥʜʠʨʝʢʪʥʦ ʯʠʥʝ ʢʨʠʪʝʨʠʿʫʤʩʢʫ ʬʫʥʢʮʠʿʫ. ʋʣʘʟʥʠ ʧʘʨʘʤʝʪʨʠ ʟʘ ʜʠʟʘʿʥ ʝʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ 

ʩʫ ʞʝˀʝʥʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ sensorless ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʙʨʟʠʥʠ Ὢ , ʙʨʦʿ ʨʦʪʦʨʩʢʠʭ 

ʞʣʝʙʦʚʘ ὔ, ʙʨʦʿ ʧʘʨʠ ʧʦʣʦʚʘ p ʠ ʥʦʤʠʥʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ ɸʄ Ὢ . ʄʘʢʩʠʤʘʣʥʘ ʜʦʟʚʦˀʝʥʘ 

ʧʨʦʤʝʥʘ ʨʝʬʝʨʝʥʮʝ ʧʦ ʙʨʟʠʥʠ ʠʥʭʝʨʝʥʪʥʦ ʿʝ ʦʛʨʘʥʠʯʝʥʘ ʜʝʬʠʥʠʩʘˁʝʤ ʧʘʨʘʤʝʪʘʨʘ Ὢ  ʠ 

Ὢ  ʢʘʦ ʰʪʦ ʿʝ ʧʦʢʘʟʘʥʦ ʫ ʥʘʩʪʘʚʢʫ. ɼʘʢʣʝ, ʜʠʟʘʿʥ ʌʉʇ ʠ ʦʛʨʘʥʠʯʝˁʘ ʫʥʫʪʘʨ ʢʦʿʠʭ ʩʝ ʤʝˁʘʿʫ 

ʧʘʨʘʤʝʪʨʠ ɼʌ ʩʝ ʦʜʨʝʹʫʿʝ ʧʨʝʤʘ ʟʘʭʪʝʚʠʤʘ sensorless ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʙʨʟʠʥʠ.  

 

 
ʉʣʠʢʘ 3.4. ʉʪʨʫʢʪʫʨʘ ʝʩʪʠʤʘʪʦʨʘ ʈɾʍ ʩʘ ʌʉʇ ʠ ʘʜʘʧʪʠʚʥʠʤ ʜʠʛʠʪʘʣʥʠʤ ʬʠʣʪʨʠʤʘ. 
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3.3 ʉʠʥʪʝʟʘ ʘʜʘʧʪʠʚʥʦʛ ʜʠʛʠʪʘʣʥʦʛ ʬʠʣʪʨʘ ʇʆ ʫʯʝʩʪʘʥʦʩʪʠ  
 

ʋ ʥʘʩʪʘʚʢʫ ʿʝ ʠʟʚʨʰʝʥʘ ʩʠʥʪʝʟʘ ʫʣʘʟʥʦʛ ʘʜʘʧʪʠʚʥʦʛ ʜʠʛʠʪʘʣʥʦʛ ʬʠʣʪʨʘ ʇʆ ʫʯʝʩʪʘʥʦʩʪʠ. 

ɸʢʦ ʿʝ   ʮʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪʠ ʠ Ў  ʦʧʩʝʛ ʧʫʰʪʘˁʘ ʪʘʜʘ ʩʝ ʬʫʥʢʮʠʿʘ ʧʨʝʥʦʩʘ ʬʠʣʪʨʘ ʇʆ ʫ 

 ̓ʜʦʤʝʥʫ ʩʝ ʤʦʞʝ ʠʟʨʘʟʠʪʠ ʫ ʬʫʥʢʮʠʿʠ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ὗ   Ў ϳ  ʢʘʦ 
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ʇʦʩʪʠʟʘˁʝ ʞʝˀʝʥʦʛ Q ʬʘʢʪʦʨʘ ʟʘʭʪʝʚʘ ʠʣʠ ʚʝ˂ʠ ʙʨʦʿ ʙʠʪʘ ʫ ʜʠʛʠʪʘʣʥʦʿ ʨʝʯʠ ʠʣʠ 

ʢʚʘʣʠʪʝʪʥʠʿʝ ʢʦʤʧʦʥʝʥʪʝ ʫ ʘʥʘʣʦʛʥʦʿ ʪʝʭʥʠʮʠ, ʩʘ ʤʘˁʝ ʛʫʙʠʪʘʢʘ ʠ ʤʘˁʦʤ ʪʦʣʝʨʘʥʮʠʿʦʤ. ɺʝ˂ʠ 

Q ʬʘʢʪʦʨ ʜʘʿʝ ʚʝ˂ʠ ʦʧʩʝʛ ʧʫʰʪʘˁʘ ʫʟ ʤʘˁʫ ʨʝʟʝʨʚʫ ʩʪʘʙʠʣʥʦʩʪʠ. ʏʝʩʪʦ ʩʝ ʦʜʘʙʠʨʦʤ Q = 0,707 

ʧʨʘʚʠ ʢʦʤʧʨʦʤʠʩ ʠʟʤʝʹʫ ʩʪʘʙʠʣʥʦʩʪʠ ʠ ʙʨʟʠʥʝ ʦʜʟʠʚʘ. ɸʢʦ ʿʝ Q > 0,707 ʦʜʟʠʚ ʬʠʣʪʨʘ ˂ʝ ʠʤʘʪʠ 

ʧʨʝʩʢʦʢ, ʘ ʟʘ Q < 0,707 ʩʤʘˁʫʿʝ ʩʝ ʦʧʩʝʛ ʧʫʰʪʘˁʘ ʠ ʩʝʣʝʢʪʠʚʥʦʩʪ ʬʠʣʪʨʘ ʢʘʦ ʥʘ ʉʣʠʮʠ 3.2ʘ.  

ɿʘʪʠʤ ʿ ʝ ʧʦʪʨʝʙʥʦ ʠʟʚʨʰʠʪʠ ʜʠʩʢʨʝʪʠʟʘʮʠʿʫ ʬʠʣʪʨʘ ʫʚʘʞʘʚʘʿʫ˂ʠ ʨʘʥʠʿʝ ʥʘʚʝʜʝʥʝ ʟʘʭʪʝʚʝ. 

ʆʜʘʙʠʨ ʤʝʪʦʜʝ ʟʘ ʜʠʩʢʨʝʪʠʟʘʮʠʿʫ ʿʝ ʜʠʢʪʠʨʘʥ ʧʨʠʤʝʥʦʤ ʠ ʫʪʠʯʝ ʥʘ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʠ ʚʨʝʤʝʥʩʢʠ 

ʦʜʟʠʚ. ʆʧʩʝʛ ʘʥʘʣʦʛʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʦʜ -Њ ʜʦ +Њ ʩʝ ʧʨʝʩʣʠʢʘʚʘ ʫ ʦʧʩʝʛ ʜʠʛʠʪʘʣʥʠʭ 
ʫʯʝʩʪʘʥʦʩʪʠ ʦʜ -́  ʜʦ ́. ɺʝʟʘ ʠʟʤʝʹʫ ʜʚʝ ʧʨʦʤʝʥˀʠʚʝ ʿʝ ʥʝʣʠʥʝʘʨʥʘ, ʰʪʦ ʫʟʨʦʢʫʿʝ ʜʠʩʪʦʨʟʠʿʝ ʫ 

ʦʜʟʠʚʠʤʘ. ʐʪʦ ʿʝ ʙʣʠʞʘ ʥʘʿʚʠʰʘ ʢʦʤʧʦʥʝʥʪʘ ʫ ʩʧʝʢʪʨʫ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʅʠʢʚʠʩʪʦʚʦʿ 

ʫʯʝʩʪʘʥʦʩʪʠ, ʫ ʪʦʿ ʤʝʨʠ ʜʦʞʠʚˀʘʚʘ ʚʝ˂ʘ ʠʟʦʙʣʠʯʝˁʘ, ʧʨʝ ʩʚʝʛʘ ʬʘʟʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ (ʝʥʛʣ. 

warping). ɸʢʦ ʿʝ ʚʝ˂ʘ ʦʜ ʅʠʢʚʠʩʪʦʚʝ ʫʯʝʩʪʘʥʦʩʪʠ, ʥʘʩʪʘʿʝ ʧʨʝʩʣʠʢʘʚʘˁʘ ʢʦʤʧʦʥʝʥʪʝ ʫ ʜʦˁʠ 

ʜʝʦ ʩʧʝʢʪʨʘ ʦʜ ʟʥʘʯʘʿʘ. ʆʜ ʠʥʪʝʨʝʩʘ ʿʝ ʜʘ ʩʝ ʧʦʩʣʝ ʜʠʩʢʨʝʪʠʟʘʮʠʿʝ ʩʠʩʪʝʤʘ ʠʟ ί ʫ ᾀ ʜʦʤʝʥ ʦʯʫʚʘ 
ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʩʠʩʪʝʤʘ, ʘ ʧʦʩʝʙʥʦ ʫ ʦʢʦʣʠʥʠ ʧʨʝʩʝʯʥʝ ʫʯʝʩʪʘʥʦʩʪʠ. ʄʝʪʦʜʝ ʟʘ 

ʜʠʩʢʨʝʪʠʟʘʮʠʿʫ ʩʝ ʟʘʩʥʠʚʘʿʫ ʠʣʠ ʥʘ ʥʫʤʝʨʠʯʢʦ ʿʘʧʨʦʢʩʠʤʘʮʠʿʠ ʠʥʪʝʛʨʘʣʘ ʫ ʚʨʝʤʝʥʩʢʦʤ ʜʦʤʝʥʫ 

(ʝʥʛʣ. Euler integration or trapezoidal integration method) ʠʣʠ ʥʘ ʠʥʚʘʨʠʿʘʥʪʥʦʩʪʠ ʜʠʥʘʤʠʯʢʦʛ 

ʦʜʟʠʚʘ ʢʘʜʘ ʩʝ ʧʦʩʪʠʞʫ ʠʩʪʠ ʚʨʝʤʝʥʩʢʠ ʠ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚʠ ʧʨʠ ʦʜʩʢʦʯʥʦʿ, ʨʘʤʧʘ ʠʣʠ 

ʠʤʧʫʣʩʥʦʿ ʧʦʙʫʜʠ ʘʢʦ ʿʝ ʚʨʝʤʝ ʦʜʘʙʠʨʘˁʘ ʜʦʚʦˀʥʦ ʤʘʣʦ ʫ ʦʜʥʦʩʫ ʥʘ ʚʨʝʤʝʥʩʢʫ ʢʦʥʩʪʘʥʪʫ 

ʩʠʩʪʝʤʘ ʫ  ̓ʜʦʤʝʥʫ. ʄʝʪʦʜʘ ʧʨʝʩʣʠʢʘʚʘˁʘ (ʝʥʛʣ. Matched Pole-Zero) ʜʘʿʝ ʠʩʪʝ ʤʘʪʝʤʘʪʠʯʢʝ 

ʚʨʝʜʥʦʩʪʠ ʧʦʣʦʚʘ ʫʟ ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪ ʥʫʣʘ ʠ ʧʦʿʘʯʘˁʘ, ʠʥʜʠʚʠʜʫʘʣʥʠʤ ʧʨʦʨʘʯʫʥʦʤ ʧʦʣʦʚʘ 

ʠ ʥʫʣʘ ʩʤʝʥʦʤ ᾀ  Ὡ . ʇʦ ʧʦʪʨʝʙʠ ʩʝ ʧʨʠʣʘʛʦʹʘʚʘ ʧʦʿʘʯʘˁʝ ʿʝʜʥʦʩʤʝʨʥʝ ʢʦʤʧʦʥʝʥʪʝ, ʜʦʜʘʿʫ 

ʠʣʠ ʦʜʩʪʨʘˁʫʿʫ ʥʫʣʝ ʫ ʙʝʩʢʦʥʘʯʥʦʩʪʠ, ʢʘʢʦ ʙʠ ʩʝ ʜʦʙʠʣʘ ʬʫʥʢʮʠʿʘ ʧʨʝʥʦʩʘ ʢʦʜ ʢʦʿʝ ʚʘʞʠ ʜʘ ʿʝ 

ὔ ὔ ρ, ʛʜʝ ʿʝ ὔ ʙʨʦʿ ʥʫʣʘ ʠ ὔ ʙʨʦʿ ʧʦʣʦʚʘ. ʆʚʘ ʤʝʪʦʜʘ ʥʘʨʫʰʘʚʘ ʠʤʧʫʣʩʥʠ ʦʜʟʠʚ 
ʩʠʩʪʝʤʘ ʠ ʥʝ ʤʦʛʫ ʩʝ ʧʦʩʪʠ˂ʠ ʠʩʪʠ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʠ ʚʨʝʤʝʥʩʢʠ ʦʜʟʠʚʠ ʩʠʩʪʝʤʘ. 

ʀʥʚʘʨʠʿʘʥʪʥʦʩʪ ʦʜʩʢʦʯʥʦʛ ʦʜʟʠʚʘ ʩʝ ʧʦʩʪʠʞʝ ʤʝʪʦʜʦʤ ʟʘʜʨʞʘʚʘˁʘ ʥʫʣʪʦʛ ʨʝʜʘ (ʝʥʛʣ. Zero-

order hold ï ZOH), a ʧʦ ʨʘʤʧʠ ʤʝʪʦʜʦʤ ʟʘʜʨʞʘʚʘˁʘ ʧʨʚʦʛ ʨʝʜʘ (ʝʥʛʣ. First-order hold ï FOH). 

ʄʝʪʦʜʝ ʩʝ ʪʝʤʝˀʝ ʥʘ ʨʝʢʦʥʩʪʨʫʢʮʠʿʠ ʢʦʥʪʠʥʫʘʣʥʝ ʬʫʥʢʮʠʿʝ ʩʘʤʦ ʥʫʣʪʠʤ, ʠʣʠ ʥʫʣʪʠʤ ʠ ʧʨʚʠʤ 

ʯʣʘʥʦʤ ʊʝʿʣʦʨʦʚʦʛ ʨʝʜʘ. ʄʝʪʦʜʘ ʥʫʣʪʦʛ ʨʝʜʘ ʬʠʟʠʯʢʠ ʦʧʠʩʫʿʝ ʝʬʝʢʪʝ ɼɸ ʢʦʥʚʝʨʟʠʿʝ, 

ʟʘʜʨʞʘʚʘʿʫ˂ʠ ʩʚʘʢʫ ʚʨʝʜʥʦʩʪ ʦʜʙʠʨʢʘ ʥʘ ʢʦʥʩʪʘʥʪʥʦʿ ʚʨʝʜʥʦʩʪʠ ʫ ʪʨʘʿʘˁʫ ʦʜ ʿʝʜʥʝ ʧʝʨʠʦʜʝ 

ʦʜʘʙʠʨʘˁʘ. ʄʝʪʦʜʘ ʟʘʜʨʞʘʚʘˁʘ ʧʨʚʦʛ ʨʝʜʘ ʧʨʫʞʘ ʜʦʙʨʦ ʧʦʢʣʘʧʘˁʝ ʦʜʟʠʚʘ ʫ ʢʦʥʪʠʥʫʘʣʥʦʤ ʠ 

ʜʠʩʢʨʝʪʥʦʤ ʜʦʤʝʥʫ ʘʢʦ ʩʝ ʫʣʘʟ ʫ ʩʠʩʪʝʤ ʤʝˁʘ ʜʠʥʘʤʠʢʦʤ ʨʘʤʧʝ, ʯʘʢ ʠ ʙʦˀʝ ʦʜ ʤʝʪʦʜʝ 

ʟʘʜʨʞʘʚʘˁʘ ʥʫʣʪʦʛ ʨʝʜʘ. ɿʘ ʬʫʥʢʮʠʿʫ ʧʨʝʥʦʩʘ ὡ ί ʫ ί ï ʜʦʤʝʥʫ, ʝʢʚʠʚʘʣʝʥʪʥʘ ʬʫʥʢʮʠʿʘ 

ʧʨʝʥʦʩʘ ʫ ᾀ - ʜʦʤʝʥʫ ʧʨʠʤʝʥʦʤ ZOH ʤʝʪʦʜʝ ʿʝ ʜʘʪʘ ʢʘʦ  
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ʀʤʧʫʣʩʥʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʧʨʫʞʘ ʠʥʚʘʨʠʿʘʥʪʥʦʩʪ ʧʦ ʠʤʧʫʣʩʥʦʤ ʦʜʟʠʚʫ. ɺʨʝʜʥʦʩʪʠ ʥʫʣʘ 

ʬʫʥʢʮʠʿʝ ʧʨʝʥʦʩʘ ʩʫ ʥʘʿʙʣʠʞʝ ʨʝʘʣʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʠ ʦʚʘ ʤʝʪʦʜʘ ʩʝ ʯʝʩʪʦ ʢʦʨʠʩʪʠ ʟʘ 

ʧʨʦʿʝʢʪʦʚʘˁʝ IIR ʬʠʣʪʘʨʘ. ʌʫʥʢʮʠʿʘ ʧʨʝʥʦʩʘ ʫ ᾀ - ʜʦʤʝʥʫ ʜʦʙʠʿʘ ʩʝ ʧʨʠʤʝʥʦʤ ʠʥʚʝʨʟʥʝ 

ʃʘʧʣʘʩʦʚʝ ʠ ᾀ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʥʘʜ ʬʫʥʢʮʠʿʦʤ ʫ ί - ʜʦʤʝʥʫ, ὡ ᾀ ὤfl ὡ ί . ʆʚʦʤ 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʦʤ ʩʝ ʥʝ ʤʦʜʝʣʫʿʫ ʝʬʝʢʪʠ ʢʦʣʘ ʟʘʜʨʰʢʝ, ʢʦʿʝ ʩʝ ʪʘʜʘ ʤʦʜʝʣʠʨʘ ʟʘʩʝʙʥʦʤ 

ʬʫʥʢʮʠʿʦʤ ʧʨʝʥʦʩʘ. ʆʿʣʝʨʦʚʘ ʤʝʪʦʜʘ ʥʫʤʝʨʠʯʢʠ ʘʧʨʦʢʩʠʤʠʨʘ ʠʟʚʦʜ ʫ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʤ 

ʿʝʜʥʘʯʠʥʘʤʘ. ʇʨʠʤʝʥʦʤ ʊʝʿʣʦʨʦʚʦʛ ʨʝʜʘ ʠ ʦʧʝʨʘʮʠʿʝ ʟʘʥʝʤʘʨʝˁʘ ʫ ʧʦʩʤʘʪʨʘʥʦʿ ʪʘʯʢʠ ʬʦʨʤʠʨʘ 

ʩʝ ʥʫʤʝʨʠʯʢʠ ʠʥʪʝʛʨʘʪʦʨ ʢʦʿʠ ʚʨʰʠ ʧʨʝʜʠʢʮʠʿʫ ʪʨʘʿʝʢʪʦʨʠʿʝ. ʄʦʞʝ ʩʝ ʧʨʠʤʝʥʠʪʠ ʩʭʦʜʥʦ 

ʧʦʪʨʝʙʘʤʘ ʥʘ ʜʚʘ ʥʘʯʠʥʘ. ɸʢʦ ʿ ʝ ʪʨʝʥʫʪʥʘ ʚʨʝʜʥʦʩʪ ʠʟʣʘʟʘ ʘʧʨʦʢʩʠʤʠʨʘʥʘ ʬʫʥʢʮʠʿʦʤ ʩʘʤʦ 

ʧʨʝʪʭʦʜʥʠʭ ʚʨʝʜʥʦʩʪʠ ʪʘʜʘ ʩʝ ʥʘʟʠʚʘ ʝʢʩʧʣʠʮʠʪʥʦʤ, ί ᾀ ρ Ὕϳ (ʝʥʛʣ. forward Euler), ʘ ʘʢʦ 

ʩʝ ʢʦʨʠʩʪʝ ʠ ʩʘʜʘʰˁʝ ʚʨʝʜʥʦʩʪ ʪʘʜʘ ʿʝ ʠʤʧʣʠʮʠʪʥʘ, ί ρ ᾀ Ὕϳ (ʝʥʛʣ. backward Euler)Ȣ   

ɿʘ ʧʦʪʨʝʙʝ ʜʠʩʢʨʝʪʠʟʘʮʠʿʝ ʬʠʣʪʘʨʘ ʠ ʨʝʛʫʣʘʪʦʨʘ ʢʦʨʠʩʪʠʪʠ ʩʝ ʠ ʙʠʣʠʥʝʘʨʥʘ, ʊʘʩʪʠʥʦʚʘ 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ (ʝʥʛʣ. Trapezoidal Integration, Tustin). ʈʝʰʘʚʘˁʝʤ ʜʠʬʝʨʝʥʮʠʿʘʣʥʝ ʿʝʜʥʘʯʠʥʝ ʠ 

ʧʦʩʤʘʪʨʘˁʝʤ ʧʦʚʨʰʠʥʘ ʠʩʧʦʜ ʪʘʣʘʩʥʦʛ ʦʙʣʠʢʘ ʧʨʦʤʝʥˀʠʚʝ ʦʜ ʟʥʘʯʘʿʘ, ʫ ʜʠʩʢʨʝʪʥʠ ʜʦʤʝʥ ʩʝ 

ʧʨʝʣʘʟʠ ʥʫʤʝʨʠʯʢʦʤ ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ ʢʦʥʪʠʥʫʘʣʥʦʛ ʠʥʪʝʛʨʘʣʘ ʪʨʘʧʝʟʦʠʜʥʦʤ ʬʦʨʤʫʣʦʤ ʥʘ 

ʠʥʪʝʨʚʘʣʫ ʜʠʩʢʨʝʪʠʟʘʮʠʿʝ ʦʜ Ὧ ρὝ ʜʦ ὯὝ. ʇʦʪʦʤ ʩʝ ʧʨʠʤʝˁʫʿʝ ᾀ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ ʥʘʜ 
ʜʦʙʠʿʝʥʠʤ ʠʟʨʘʟʦʤ, ʧʨʝʩʣʠʢʘʚʘˁʝʤ Ὦoʩʝ ʥʘ ʿʝʜʥʫ ʨʝʚʦʣʫʮʠʿʫ ʿʝʜʠʥʠʯʥʝ ʢʨʫʞʥʠʮʝ ʫ ᾀ ʨʘʚʥʠ ‫ 
ʬʫʥʢʮʠʿʦʤ ᾀ  Ὡ , ʥʘʜ ʢʦʿʦʤ ʩʝ ʟʘʪʠʤ ʧʨʠʤʝˁʫʿʝ ʣʠʥʝʘʨʠʟʘʮʠʿʘ ʧʨʚʦʛ ʨʝʜʘ. ʅʘʚʝʜʝʥʠ ʢʦʨʘʮʠ 

ʨʝʟʫʣʪʫʿʫ ʠʥʚʘʨʠʿʘʥʪʥʠʤ ʠʟʨʘʟʠʤʘ ʟʘ ʜʠʨʝʢʪʥʫ ʠ ʠʥʚʝʨʟʥʫ ʙʠʣʠʥʝʘʨʥʫ ʪʨʘʥʩʬʦʨʤʘʮʠʿʫ 
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ɹʠʣʠʥʝʘʨʥʘ ʧʨʫʞʘ ʠʥʚʘʨʠʿʘʥʪʥʦʩʪ ʥʘ ʦʜʩʢʦʯʥʫ ʧʦʙʫʜʫ ʠ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʩʠʩʪʝʤʘ ʩʘ 

ʟʥʘʪʥʦ ʤʘˁʠʤ ʜʠʩʪʦʨʟʠʿʘʤʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʜʨʫʛʠʤ ʤʝʪʦʜʘʤʘ. ɼʘ ʙʠ ʩʝ ʦʩʪʚʘʨʠʣʘ ʜʠʩʪʦʨʟʠʿʘ 

ʤʘˁʘ ʦʜ 3%, ʧʦʪʨʝʙʥʦ ʿʝ ʜʘ ʦʜʥʦʩ ʫʯʝʩʪʘʥʦʩʪʠ ʦʜʘʙʠʨʘˁʘ ʠ ʩʠʛʥʘʣʘ ʦʜ ʟʥʘʯʘʿʘ ʙʫʜʝ ʚʝ˂ʠ ʦʜ 10, 

ʪʿ. ʚʝʘ˂ ʦʜ 20 ʟʘ ʆʿʣʝʨʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ. ʆʚʦʤ ʤʝʪʦʜʦʤ ʩʝ ʤʦʞʝ ʦʪʢʣʦʥʠʪʠ ʠʟʦʙʣʠʯʝˁʝ 

ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʦʜʟʠʚʘ, ʰʪʦ ʿʝ ʤʘʥʘ ʠʤʫʧʣʩʥʦ-ʠʥʚʘʨʠʿʘʥʪʥʝ ʤʝʪʦʜʝ, ʧʨʠʤʝʥʦʤ ʥʝʣʠʥʝʘʨʥʝ 

ʢʦʤʧʨʝʩʠʿʝ ʬʨʝʢʚʝʥʮʠʿʩʢʝ ʦʩʝ (ʝʥʛʣ. frequency pre-warping). ʆʚʘʢʦ ʩʝ ʢʦʤʧʝʥʟʫʿʫ ʜʠʩʪʦʨʟʠʿʝ 

ʬʘʟʥʝ ʠ ʘʤʧʣʠʪʫʜʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʥʘ ʧʦʩʤʘʪʨʘʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʠʣʠ ʫ ʦʧʩʝʛʫ ʜʦ ʫʯʝʩʪʘʥʦʩʪʠ 

ʦʧʩʝʛʘ ʧʫʰʪʘˁʘ. ɸʢʦ ʿʝ ʫʯʝʩʪʘʥʦʩʪ ʦʜʘʙʠʨʘˁʘ ʟʥʘʯʘʿʥʦ ʚʝ˂ʘ ʦʜ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʫʣʘʟʥʦʛ 

ʩʠʛʥʘʣʘ, ʦʚʫ ʘʢʪʠʚʥʦʩʪ ʥʠʿʝ ʧʦʪʨʝʙʥʦ ʩʧʨʦʚʦʜʠʪʠ. ʇʨʠʣʠʢʦʤ ʩʧʝʮʠʬʠʢʘʮʠʿʝ IIR ʬʠʣʪʨʘ 

ʫʛʣʘʚʥʦʤ ʩʝ ʜʝʬʠʥʠʰʫ ʯʝʪʠʨʠ ʫʯʝʩʪʘʥʦʩʪʠ, ʛʨʘʥʠʮʝ ʧʨʦʧʫʩʥʦʛ ʠ ʥʝʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ. 

ʀʜʝʘʣʥʦ ʧʨʝʢʣʘʧʘˁʝ ʦʜʟʠʚʘ ʥʘ ʩʚʠʤ ʫʯʝʩʪʘʥʦʩʪʠ ʥʠʿʝ ʤʦʛʫ˂ʝ ʧʦʩʪʠ˂ʠ. ɿʘʪʦ ʩʝ ʫʛʣʘʚʥʦʤ ʙʠʨʘʿʫ 

ʜʦʤʠʥʘʥʪʥʠ ʧʦʣʦʚʠ ʩʠʩʪʝʤʘ ʠ ʚʨʰʠ ʩʝ ʢʦʤʧʝʥʟʘʮʠʿʘ, ʢʦʤʧʨʝʩʠʿʘ ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʬʘʟʝ, ʫ ʨʘʜʥʦʿ 

ʪʘʯʢʠ. ɸʢʦ ʿʝ   ʘʥʘʣʦʛʥʘ,   ʜʠʛʠʪʘʣʥʘ ʫʛʘʦʥʘ ʫʯʝʩʪʘʥʦʩʪ ʬʠʣʪʨʘ, ʪʘʜʘ ʿʝ ί Ê , ᾀ Ὡ , ʛʜʝ 
ʿʝ ‫  ϽὝ ʥʦʨʤʘʣʠʟʦʚʘʥʘ ʫʛʘʦʥʘ ʫʯʝʩʪʘʥʦʩʪ ɼʌ. ʅʝʣʠʥʝʘʨʥʘ ʟʘʚʠʩʥʦʩʪ ʠʟʤʝʹʫ ʜʠʛʠʪʘʣʥʝ ʠ 
ʘʥʘʣʦʛʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ ʫ ʬʫʥʢʮʠʿʠ ʬʘʢʪʦʨʘ Q ʩʝ ʤʦʞʝ ʠʟʚʝʩʪʠ ʠʟ (3.9) ʢʘʦ  
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ʛʜʝ ʿʝ ʥʦʨʤʘʣʠʟʦʚʘʥʘ ʮʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪʠ ɼʌ. ɸʢʦ ʩʝ ʠʟʨʘʟʠ (3.9) ʠ (3.10) ʫʚʘʞʝ ʫ ‫ 
(3.7), ʩʨʝʹʠʚʘˁʝʤ ʠʟʨʘʟʘ ʜʦʙʠʿʘ ʩʝ ʧʨʦʪʦʪʠʧ ʜʠʛʠʪʘʣʥʦʛ IIR ʬʠʣʪʨʘ ʇʆ ʫʯʝʩʪʘʥʦʩʪʠ ʢʘʦ 
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ʌʫʥʢʮʠʿʫ (3.11) ʿʝ ʧʦʪʨʝʙʥʦ ʫʧʨʦʩʪʠʪʠ ʟʘ ʧʦʪʨʝʙʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʥʘ ɼʉʇ ʠ ʜʘ ʙʠ ʩʝ 

ʩʤʘˁʠʦ ʙʨʦʿ ʥʫʤʝʨʠʯʢʠʭ ʦʧʝʨʘʮʠʿʘ. ɸʢʦ ʿʝ Ўʥʦʨʤʘʣʠʟʦʚʘʥʠ ʦʧʩʝʛ ʧʫʰʪʘˁʘ ɼʌ, ʪʘʜʘ ʩʝ ‫ 

ʦʜʥʦʩ Q ʬʘʢʪʦʨʘ ʘʥʘʣʦʛʥʦʛ ʠ ή ʬʘʢʪʦʨʘ ʜʠʛʠʪʘʣʥʦʛ ʬʠʣʪʨʘ, ή ‫ Ў‫ϳ , ʤʦʞʝ ʠʟʨʘʟʠʪʠ ʢʘʦ 
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ʇʦʜ ʦʧʨʘʚʜʘʥʦʤ ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʜʘ ʿʝ ʜʠʩʪʦʨʟʠʿʘ ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʦʜʟʠʚʘ ʫ ʙʣʠʟʠʥʠ 

ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʟʘʥʝʤʘʨʠʚʘ, ʤʦʞʝ ʩʝ ʥʘʯʠʥʠʪʠ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʦʜʥʦʩʘ ὗήϳ ʢʘʦ 
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ʌʫʥʢʮʠʿʝ ʧʨʝʥʦʩʘ ʜʠʛʠʪʘʣʥʦʛ IIR ʬʠʣʪʨʘ ʇʆ ʫ ᾀ ï ʜʦʤʝʥʫ ʩʝ ʤʦʞʝ ʫʧʨʦʩʪʠʪʠ ʢʘʦ   
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ʌʫʥʢʮʠʿʘ ʧʨʝʥʦʩʘ IIR ʬʠʣʪʨʘ ʇʆ ʿʝ ʜʘʪʘ ʫ ʬʫʥʢʮʠʿʠ ʜʚʘ ʢʦʝʬʠʮʠʿʝʥʪʘ. ʇʘʨʘʤʝʪʘʨ ‌  ʿ ʝ 

ʬʫʥʢʮʠʿʘ ʦʧʩʝʛʘ ʧʫʰʪʘˁʘ ʬʠʣʪʨʘ ɝʠ ʜʝʬʠʥʠʩʘʥ ʿʝ ʢʘʦ ‫ 
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‌
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ς Ў‫ 

Ў ϽὝ

ς Ў ϽὝ
 ȟ σȢρω 

 

ʛʜʝ ʿʝ Ὕ  ʧʝʨʠʦʜʘ ʠʟʚʨʰʘʚʘˁʘ ʘʣʛʦʨʠʪʤʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ. ʇʘʨʘʤʝʪʘʨ ‍  ʩʝ ʘʜʘʧʪʠʨʘ ʩʘ 

ʧʨʦʤʝʥʦʤ ʠʟʣʘʟʘ ʅʌ ʬʠʣʪʨʘ, ʧʨʦʤʝʥʦʤ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ, Ὢ . ʋʚʘʞʘʚʘʿʫ˂ʠ ʤʝʭʘʥʠʟʘʤ ʟʘ 

ʥʝʣʠʥʝʘʨʥʫ ʢʦʤʧʨʝʩʠʿʫ ʬʨʝʢʚʝʥʮʠʿʩʢʝ ʦʩʝ (3.10), ʧʘʨʘʤʝʪʘʨ ‍  ʿ ʝ ʦʧʠʩʘʥ ʢʘʦ 

 

‍ ςÃÏÓ‫ ςϽÃÏÓς“ϽὪ ϽὝ Ȣ σȢςπ 

 

ʇʘʨʘʤʝʪʨʠ ʬʠʣʪʨʘ ʇʆ ʫʯʝʩʪʘʥʦʩʪʠ ʩʝ ʜʠʟʘʿʥʠʨʘʿʫ ʧʨʝʤʘ ʟʘʭʪʝʚʠʤʘ (I) ʠ (II) ʜʘ ʙʠ ʩʝ 

ʦʩʪʚʘʨʠʣʦ ʬʠʣʪʨʠʨʘˁʝ ʚʝʣʠʢʦʛ ʢʚʘʣʠʪʝʪʘ ʤʝʨʝʥʠʭ ʩʪʨʫʿʘ ʫʟ ʤʠʥʠʤʘʣʥʦ ʫʥʝʪʦ ʢʘʰˁʝˁʝ. 

ʇʘʨʘʤʝʪʘʨ ‌  ʦʜʨʝʹʫʿʝ ʚʨʝʤʝʥʩʢʫ ʢʦʥʩʪʘʥʪʫ ʬʠʣʪʨʘ, ʧʘ ˁ ʠʭʦʚ ʦʜʘʙʠʨ ʜʠʨʝʢʪʥʦ ʫʪʠʯʝ ʥʘ 

ʩʪʘʙʠʣʥʦʩʪ ʩʠʩʪʝʤʘ. Oʚʦ ʩʝ ʿʘʩʥʠʿʝ ʤʦʞʝ ʫʦʯʠʪʠ ʘʢʦ ʩʝ ʧʨʠʤʝʥʦʤ ʠʥʚʝʨʟʥʝ ʃʘʧʣʘʩʦʚʝ 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʥʘʜ (3.7) ʦʜʨʝʜʠ ʚʨʝʤʝʥʩʢʠ ʦʜʟʠʚ ʬʠʣʪʨʘ ʢʘʦ  

 

Ὤ ὸ ςὥὩ ÃÏÓὦ ὥ ὸ
ὥ

Ѝὦ ὥ
ÓÉÎὦ ὥ ὸ  ȟ σȢςρ 

ὥ
Ў 

ς
ȟ   ὦ   ȟ    ̄̅ ̪̆ ̆  †

ς

Ў 
Ȣ σȢςς 

 

ʇʦʥʘʰʘˁʝ ʬʠʣʪʨʘ ʩʝ ʤʦʞʝ ʫʥʘʧʨʝʜʠʪʠ ʫʚʝ˂ʘˁʝʤ ʙʨʦʿʘ ʢʘʩʢʘʜʘ. ʈʘʟʣʠʯʠʪʠ ʙʨʦʿ ʢʘʩʢʘʜʘ N 

ʨʝʟʫʣʪʫʿʝ ʜʨʫʛʘʯʠʿʠʤ ʘʤʧʣʠʪʫʜʥʦ-ʬʘʟʥʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ, ʦʜʥʦʩʥʦ ʧʦʩʪʠʞʝ ʩʝ ʤʘˁʠ ʦʧʩʝʛ 

ʧʫʰʪʘˁʘ ʬʠʣʪʨʘ, ʚʝ˂ʘ ʩʝʣʝʢʪʠʚʥʦʩʪ ʩʘ ʫʚʝ˂ʘʥʠʤ ʪʨʘʿʘˁʝʤ ʦʜʟʠʚʘ, ʉʣʠʢʘ 3.5ʘ. ɼʘʢʣʝ, 

ʧʘʨʘʤʝʪʨʠ ‌  ʠ ὔ ʟʘʿʝʜʥʦ ʜʝʬʠʥʠʰʫ ʚʨʝʤʝʥʩʢʫ ʢʦʥʩʪʘʥʪʫ ʬʠʣʪʨʘ ʇʆ, ʘ ʠˁʭʦʚ ʦʜʘʙʠʨ 

ʜʠʨʝʢʪʥʦ ʫʪʠʯʝ ʥʘ ʩʪʘʙʠʣʥʦʩʪ ʩʠʩʪʝʤʘ. ɼʘ ʙʠ ʩʝ ʘʥʘʣʠʪʠʯʢʠ ʦʧʠʩʘʦ ʫʪʠʮʘʿ ʙʨʦʿʘ ὔ ʥʘ 
ʚʨʝʤʝʥʩʢʠ ʦʜʟʠʚ ʬʠʣʪʨʘ, ʧʦʩʤʘʪʨʘ˂ʝ ʩʝ ʢʚʘʜʨʘʪ ʘʤʧʣʠʪʫʜʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʬʠʣʪʨʘ (3.7),  
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                                      ʘ)                                                                                 ʙ) 

ʉʣʠʢʘ 3.5. ʘ) ɺʨʝʤʝʥʩʢʠ ʦʜʟʠʚʠ ʬʠʣʪʨʘ ʇʆ ʫ ʬʫʥʢʮʠʿʠ ʙʨʦʿʘ ʢʘʩʢʘʜʘ ʧʨʠ ʢʦʥʩʪʘʥʪʥʦʤ ʦʧʩʝʛʫ 

ʧʫʰʪʘˁʘ ʬʠʣʪʨʘ; ʙ) ʂʚʘʜʨʘʪ ʘʤʧʣʠʪʫʜʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʬʠʣʪʨʘ. 
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ʇʨʝʤʘ ʉʣʠʮʠ 3.5ʙ,   i   ʜʝʬʠʥʠʰʫ ʦʧʩʝʛ ʧʫʰʪʘˁʘ,   i   ʥʝʧʨʦʧʫʩʥʠ ʦʧʩʝʛ, ʠ ʚʘʞʠ 
ʜʘʿʝ     ẗ    ẗ ȟ Ў     , Ў     . ʋʛʘʦʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʢʦʿʝ ʦʧʠʩʫʿʫ 
ʘʤʧʣʠʪʫʜʥʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʫ ʤʦʛʫ ʩʝ ʠʟʨʘʟʠʪʠ ʫ ʬʫʥʢʮʠʿʠ ʬʘʢʪʦʨʘ Q ʠ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʬʠʣʪʨʘ 

ὑ Ў  Ў ϳ , ʢʦʿʠ ʜʝʬʠʥʠʰʝ ʰʠʨʠʥʫ ʧʨʝʣʘʟʥʝ ʦʙʣʘʩʪʠ ʠ ʦʧʩʝʛ ʧʫʰʪʘˁʘ, ʢʘʦ 
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ʇʘʨʘʤʝʪʘʨ ά, ʥʘ ʉʣʠʮʠ 3.5ʙ, ʯʝʩʪʦ ʧʨʝʜʩʪʘʚˀʘ ʫʣʘʟʥʠ ʧʘʨʘʤʝʪʘʨ ʟʘ ʜʠʟʘʿʥ ʠ ʜʠʢʪʠʨʘ ʙʨʦʿ 
ʟʘʭʪʝʚʘʥʠʭ ʢʘʩʢʘʜʘ. ʇʦʣʘʟʝ˂ʠ ʦʜ (3.23.), ȿὡ Ὦ ȿ, ʧʘʨʘʤʝʪʘʨ ά ʤʦʞʝ ʩʝ ʦʜʨʝʜʠʪʠ ʢʘʦ  
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ʌʠʣʪʘʨ ʪʝʞʠ ʠʜʝʘʣʥʦʿ ʢʘʨʘʢʪʝʨʠʩʪʠʮʠ ʢʘʜʘ ὑ ʪʝʞʠ ʿʝʜʠʥʠʮʠ, ʪʿ. ʟʘ ά πȢυ. ɼʘ ʙʠ ʩʝ 
ʨʘʟʤʦʪʨʠʦ ʫʪʠʮʘʿ ʙʨʦʿʘ ʢʘʩʢʘʜʘ ʥʘ ʩʝʣʝʢʪʠʚʥʦʩʪ ʬʠʣʪʨʘ, ʠʟʨʘʟ (3.25) ʩʝ ʤʦʞʝ ʠʟʨʘʟʠʪʠ ʫ 

ʬʫʥʢʮʠʿʠ ʙʨʦʿʘ ʢʘʩʢʘʜʘ ὔ, ʢʘʜʘ ʩʝ ʜʦʙʠʿʘʿʫ ʠʟʨʘʟʠ ʟʘ ʛʨʘʥʠʯʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ ʢʘʦ 
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ʛʜʝ ʩʫ   ȟȟȟ ʝʬʝʢʪʠʚʥʝ ʛʨʘʥʠʯʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʢʘʩʢʘʜʥʦʛ ʬʠʣʪʨʘ, ʘ ὗ ʠ ή ʬʘʢʪʦʨʠ ʜʦʙʨʦʪʝ 

ʘʥʘʣʦʛʥʦʛ ʠ ʜʠʛʠʪʘʣʥʦʛ ʢʘʩʢʘʜʥʦʛ ʬʠʣʪʨʘ. ʆʜʥʦʩ ʬʘʢʪʦʨʘ ʜʦʙʨʦʪʝ ʟʘ ʬʠʣʪʨʝ ʫ ί ï ʜʦʤʝʥʫ ʿʝ  

 

ὗ

ὗ

ρ

Ѝς ρ
 ȟ̄ ̅ ̪̆ ̆ὗ

 

Ў 

 

   
Ȣ σȢςψ 

 

ʉʝʣʝʢʪʠʚʥʦʩʪʠ ʢʘʩʢʘʜʥʦʛ ʬʠʣʪʨʘ ὑ ʿ ʝ ʤʘˁʘ ʦʜ ʩʝʣʝʢʪʠʚʥʦʩʪ ʬʠʣʪʨʘ ʩʘ ʿʝʜʥʦʤ ʢʘʩʢʘʜʦʤ, 

ρ  ὑ ὑ, ʛʜʝ ʿʝ ʟʘ ὲ ρȟὑ ὑ. ʉʝʣʝʢʪʠʚʥʦʩʪʠ ʬʠʣʪʨʘ ὑ ʩʝ ʤʦʞʝ ʠʟʨʘʟʠʪʠ ʢʘʦ  

 

ὑ
Ў 

Ў 

ά Ⱦ ρ

ςȾ ρ
 Ȣ σȢςω 

 

ʇʨʠʤʝʥʦʤ ʤʝʭʘʥʠʟʤʘ ʟʘ ʢʦʤʧʨʝʩʠʿʫ ʥʝʣʠʥʝʘʨʥʦʩʪ ʬʘʟʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʦʞʝ ʩʝ ʧʦʢʘʟʘʪʠ 

ʜʘ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥʘ ʩʝʣʝʢʪʠʚʥʦʩʪ ʢʘʩʢʘʜʥʦʛ ʬʠʣʪʨʘ ʧʦʩʣʝ ʧʨʠʤʝʥʝ ʙʠʣʠʥʝʘʨʥʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ 

ʦʯʫʚʘʥʘ ʠ ʜʘ ʥʝ ʜʦʣʘʟʠ ʜʦ ʥʝʞʝˀʝʥʠʭ ʜʠʩʪʦʨʟʠʿʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ, ʦʜʥʦʩʥʦ ʜʘ ʚʘʞʝ ʨʝʣʘʮʠʿʝ 
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ὗ

ή

ÓÉÎ‫

‫
 ̉ 
ή

ή

ρ

ήȾ ρ
  Ȣ σȢσπ 

 

ʇʨʝʤʘ ʪʦʤʝ, ʧʨʦʪʦʪʠʧ ʬʠʣʪʨʘ ʇʆ ʫ ᾀ - ʜʦʤʝʥʫ ʩʘ ὔ ʬʠʣʪʘʨʘ ʫ ʢʘʩʢʘʜʠ ʿʝ ʜʘʪ ʠʟʨʘʟʦʤ   

 

ὡ ᾀ
 ‌ ρ ᾀ

ρ ‌ ρ‍  ᾀ ρ ς‌ ᾀ
σȢσρ 

 

ɼʦʤʠʥʘʥʪʥʘ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʬʠʣʪʨʘ ʇʆ ʠʥʭʝʨʝʥʪʥʦ ʦʛʨʘʥʠʯʘʚʘ ʦʩʪʚʘʨʠʚʝ ʧʨʦʧʫʩʥʝ 

ʦʧʩʝʛʝ ʝʩʪʠʤʘʪʦʨʘ ʠ sensorless ɽʇ, (3.6). ʇʘʨʘʤʝʪʨʠ ‌  ʠ ὔ ʦʜʨʝʹʫʿʫ ʚʨʝʤʝʥʩʢʫ ʢʦʥʩʪʘʥʪʫ 

ʬʠʣʪʨʘ. ɿʘ ʧʦʪʨʝʙʝ ˁʠʭʦʚʦʛ ʧʨʦʨʘʯʫʥʘ ʦʜ ʠʥʪʝʨʝʩʘ ʿʝ ʦʜʨʝʜʠʪʠ ʧʨʠʭʚʘʪˀʠʚʝ ʦʧʩʝʛʝ ʧʫʰʪʘˁʘ, 

ʩʪʘʪʠʯʢʝ  ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʬʠʣʪʨʘ, ʥʘ ʦʩʥʦʚʫ ʩʧʝʢʪʨʘ ʩʪʘʪʦʨʩʢʝ ʩʪʨʫʿʝ ʠ ʦʯʝʢʠʚʘʥʦʛ ʧʦʣʦʞʘʿʘ 

ʈɾʍ ʧʨʠ ʨʘʟʣʠʯʠʪʠʤ ʙʨʟʠʥʘʤʘ ʠ ʦʧʪʝʨʝ˂ʝˁʠʤʘ. ʋ ʠʜʝʘʣʥʦʤ ʧʨʘʟʥʦʤ ʭʦʜʫ, ʈɾʍ ʩʝ ʥʘʣʘʟʠ ʥʘ 

ʠʩʪʦʿ ʧʦʟʠʮʠʿʠ ʢʘʦ ʠ ὺ-ʪʠ ʭʘʨʤʦʥʠʢ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʧʨʝʤʘ (2.175), ʛʜʝ ʿʝ ὺ ὔ ὴϳ ρ ʥʝʧʘʨʘʥ 
ʙʨʦʿ. ʋ ʧʨʠʩʫʩʪʚʫ ʦʧʪʝʨʝ˂ʝˁʘ, ʈɾʍ ʩʝ ʥʘʣʘʟʠ ʠʟʤʝʹʫ ὺ ρ-ʦʛ ʠ ὺ-ʦʛ ʭʘʨʤʦʥʠʢʘ, ʜʦʢ ʩʫ ʫ 

ʩʧʝʢʪʨʫ ʩʪʨʫʿʝ ʭʘʨʤʦʥʠʮʠ ʥʘʿʙʣʠʞʠ ʈɾʍ ʨʝʜʘ ὺ ς, ὺ, ὺ ς. ʉʧʝʢʪʨʘʣʥʦ ʨʘʩʪʦʿʘˁʝ ʦʜ ʈɾʍ 

ʜʦ ʥʘʿʙʣʠʞʠʭ ʩʫʩʝʜʥʠʭ ʭʘʨʤʦʥʠʢʘ ʟʘʚʠʩʠ ʦʜ ʙʨʟʠʥʝ ʠ ʦʧʪʝʨʝ˂ʝˁʘ. ʇʨʠ ʤʘʣʠʤ ʚʨʝʜʥʦʩʪʠʤʘ 

ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʪʿ. ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ, ʩʚʠ ʭʘʨʤʦʥʠʮʠ ʩʫ ʟʙʠʿʝʥʠ ʫ ʩʧʝʢʪʨʫ ʧʘ ʿʝ 

ˁʠʭʦʚʘ ʫʜʘˀʝʥʦʩʪ ʤʘʣʘ. ʉʘ ʧʦʨʘʩʪʦʤ ʙʨʟʠʥʝ, ʩʧʝʢʪʘʨ ʩʝ ʰʠʨʠ ʠ ˁʠʭʦʚʦ ʤʝʹʫʩʦʙʥʦ ʨʘʩʪʦʿʘˁʝ 

ʨʘʩʪʝ. ɻʦʨˁʘ ʛʨʘʥʠʮʘ ʟʘ ʦʧʩʝʛ ʧʫʰʪʘˁʘ ʤʦʨʘ ʜʘ ʦʙʝʟʙʝʜʠ ʜʘ ʩʝ ʧʨʠ ʩʚʘʢʦʤ ʨʘʜʥʦʤ ʨʝʞʠʤʫ, 

ʙʨʟʠʥʠ ʠ ʦʧʪʝʨʝ˂ʝˁʫ, ʈɾʍ ʥʘʣʘʟʠ ʫʥʫʪʘʨ ʛʨʘʥʠʮʘ ʦʧʩʝʛʘ. ɺʨʝʜʥʦʩʪ ʦʧʩʝʛʘ ʧʫʰʪʘˁʘ ʤʦʨʘ ʙʠʪʠ 

ʤʘˁʘ ʠʣʠ ʿʝʜʥʘʢʘ ʦʜ ʜʚʦʩʪʨʫʢʝ ʚʨʝʜʥʦʩʪʠ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ, ʫ ʩʫʧʨʦʪʥʦʤ ʜʠʟʘʿʥ 

ʨʝʟʫʣʪʫʿʝ ʩʚʝʧʨʦʧʫʩʥʠʤ ʬʠʣʪʨʦʤ. ʊʘʢʦʹʝ, ʦʧʩʝʛ ʧʫʰʪʘˁʘ ʤʦʨʘ ʜʘ ʙʫʜʝ ʜʦʚʦˀʥʦ ʫʟʘʢ ʢʘʢʦ ʙʠ 

ʩʝ ʦʯʫʚʘʣʘ ʨʦʙʫʩʥʦʩʪ ʌʉʇ ʫ ʧʨʠʩʫʩʪʚʫ ʥʝʞʝˀʝʥʠʭ ʭʘʨʤʦʥʠʢʘ. ʍʘʨʤʦʥʠʮʠ ʫ ʙʣʠʟʠʥʠ ʈɾʍ ʩʫ 

ʧʦ ʧʨʘʚʠʣʠ ʥʠʞʝ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ, ʘʣʠ ʜʘ ʙʠ ʩʝ ʫʚʝ˂ʘʦ SNR ʥʘ ʠʟʣʘʟʫ ʝʩʪʠʤʘʪʦʨʘ ʦʜ ʠʥʪʝʨʝʩʘ 

ʿʝ ʦʩʣʘʙʠʪʠ ʩʚʝ ʥʝʞʝˀʝʥʝ ʢʦʤʧʦʥʝʥʪʝ ʫ ʩʧʝʢʪʨʫ. ɺʨʝʜʥʦʩʪ ʤʠʥʠʤʘʣʥʝ ʰʠʨʠʥʝ ʦʧʩʝʛʘ, 

ʚʨʝʤʝʥʩʢʝ ʢʦʥʩʪʘʥʪʝ ʬʠʣʪʨʘ, ʦʜʨʝʹʝʥʘ ʿʝ ʫʩʣʦʚʦʤ ʩʪʘʙʠʣʥʦʩʪʠ (ʢ-1) ʠ ʟʘʭʪʝʚʘʥʠʤ ʜʠʥʘʤʠʯʢʠʤ 

ʦʜʟʠʚʦʤ ʬʠʣʪʨʘ, ʪʿ. ʚʨʝʤʝʥʩʢʠʤ ʢʦʥʩʪʘʥʪʘʤʘ ʅʌ ʬʠʣʪʨʘ ʠ ʤʝʭʘʥʠʯʢʦʛ ʩʠʩʪʝʤʘ. ʋ ʥʘʩʪʘʚʢʫ ʩʝ 

ʨʘʟʤʘʪʨʘʿʫ ʜʚʘ ʧʨʠʩʪʫʧʘ, ʩʘ ʢʦʥʩʪʘʥʪʥʠʤ ʠ ʧʨʦʤʝʥˀʠʚʠʤ ʧʘʨʘʤʝʪʨʦʤ ‌ Ȣ ɿʘ ʧʦʪʨʝʙʝ 
ʠʩʧʠʪʠʚʘˁʘ ʠ ʩʠʥʪʝʟʝ, ʨʘʟʚʠʿʝʥ ʿʝ ʩʠʤʫʣʘʮʠʦʥʠ ʤʦʜʝʣ ʧʨʦʪʦʪʠʧʘ ʬʠʣʪʨʘ ʇʆ ʫ z ʜʦʤʝʥʫ. ʄʦʜʝʣ 

ʿʝʜʥʝ ʢʘʩʢʘʜʝ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʉʣʠʮʠ 3.6. ɸʥʘʣʠʟʘ ʧʦʥʘʰʘˁʘ ʬʠʣʪʨʘ ʩʘ ʚʠʰʝ ʢʘʩʢʘʜʘ ʩʝ 

ʨʝʘʣʠʟʫʿʝ ʨʝʜʥʠʤ ʧʦʚʝʟʠʚʘˁʝʤ ʚʠʰʝ ʠʩʪʠʭ ʤʦʜʝʣʘ, ʛʜʝ ʩʝ ʧʘʨʘʤʝʪʨʠ ʩʚʠʭ ʬʠʣʪʘʨʘ ʫ ʢʘʩʢʘʜʠ 

ʘʜʘʧʪʠʨʘʿʫ ʠʩʪʠʤ ʧʘʨʘʤʝʪʨʠʤʘ ‌  ʠ ‍ . ʂʦʥʩʪʘʥʪʘʥ ʧʘʨʘʤʝʪʘʨ ‌  ʧʨʫʞʘ ʤʘˁʝ ʟʘʭʪʝʚʘʥ 

ʧʨʦʨʘʯʫʥ ʬʠʣʪʨʘ, ʢʦʥʩʪʘʥʪʥʫ ʚʨʝʤʝʥʩʢʫ ʢʦʥʩʪʘʥʪʫ ʠ ʪʨʘʿʘˁʝ ʚʨʝʤʝʥʩʢʦʛ ʦʜʟʠʚʘ ʥʝʟʘʚʠʩʥʦ ʦʜ  

 

 
ʉʣʠʢʘ 3.6. ʉʠʤʫʣʘʮʠʦʥʠ ʤʦʜʝʣ ʿʝʜʥʝ ʢʘʩʢʘʜʝ ʧʨʦʪʦʪʠʧʘ IIR ʬʠʣʪʨʘ ʇʆ ʫʯʝʩʪʘʥʦʩʪʠ 
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ʨʘʜʥʦʛ ʨʝʞʠʤʘ, ʢʘʦ ʥʘ ʉʣʠʮʠ 3.7ʘ. ʆʚʦ ʿʝ ʧʦʛʦʜʥʦ ʟʘ ʩʠʥʪʝʟʫ ʥʘʜʨʝʹʝʥʠʭ ʨʝʛʫʣʘʮʠʦʥʠʭ ʧʝʪˀʠ 

ʟʘ ʈʉ ʠ ʈɹ. ʅʝʜʦʩʪʘʪʘʢ ʢʦʥʩʪʘʥʪʥʦʛ ʦʧʩʝʛʘ ʧʫʰʪʘˁʘ ʿʝʩʪʝ ʰʪʦ ʟʙʦʛ ʧʨʦʤʝʥˀʠʚʦʛ ʩʧʝʢʪʨʘʣʥʦʛ 

ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʩʫʩʝʜʥʠʭ ʭʘʨʤʦʥʠʢʘ, ʬʠʣʪʘʨ ʥʝ ʧʨʫʞʘ ʫʚʝʢ ʠʩʪʫ ʩʝʣʝʢʪʠʚʥʦʩʪ, ʰʪʦ ʫʤʘˁʫʿʝ 

ʢʚʘʣʠʪʝʪ, ʘ ʥʝʢʘʜʘ ʠ ʦʛʨʘʥʠʯʘʚʘ ʧʨʠʤʝʥʫ ʌʉʇ. ʇʨʠ ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ, ʫʩʣʝʜ ʩʢʫʧˀʘˁʘ ʩʧʝʢʪʨʘ 

ʥʘ ʫʣʘʟʫ ʫ ʌʉʇ ʤʦʞʝ ʧʦʩʪʦʿʘʪʠ ʠʟʨʘʞʝʥʠ ʧʨʚʠ ʭʘʨʤʦʥʠʢ ʩʪʨʫʿʝ ʫʩʣʝʜ ʥʝʜʦʚʦˀʥʦʛ ʩʣʘʙˀʝˁʘ, 

ʜʦʢ ʧʨʠ ʚʝʣʠʢʠʤ ʙʨʟʠʥʘʤʘ ʢʦʥʩʪʘʥʪʘʥ ʦʧʩʝʛʘ ʧʫʰʪʘˁʘ ʫʥʦʩʠ ʚʝʣʠʢʘ ʢʘʰˁʝˁʘ [171], [195]. 

ɿʘʪʦ ʩʝ ʫʚʦʜʠ ʢʦʥʮʝʧʪ ʘʜʘʧʪʠʚʥʦʛ ʦʧʩʝʛʘ ʧʫʰʪʘˁʘ ʜʝʬʠʥʠʩʘʥʦʛ ʫ ʬʫʥʢʮʠʿʠ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʚʦʛ 

ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ, ʪʿ. ʨʘʜʥʦʛ ʨʝʞʠʤʘ, ʢʘʦ Ὢ ὺ ς ὺ ς τὪ . 

ʆʚʘʢʦ ʩʝ ʧʦʩʪʠʞʝ ʚʝʣʠʢʦ ʩʣʘʙˀʝˁʝ ʧʨʚʦʛ ʠ ʧʦʪʨʝʙʥʦ ʩʣʘʙˀʝˁʝ ʥʘʿʙʣʠʞʠʭ ʭʘʨʤʦʥʠʢʘ ʈɾʍ 

ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʫ ʩʚʠʤ ʨʘʜʥʠʤ ʨʝʞʠʤʠʤʘ ʫʟ ʤʠʥʠʤʘʣʥʦ ʢʘʰˁʝˁʝ, ʟʘ ʩʚʘʢʫ ɸʄ ʢʦʿʘ ʠʩʧʫˁʘʚʘ 

ʫʩʣʦʚ ʟʘ ʩʪʚʘʨʘˁʝ ʈɾʍ (2.133). ʅʘ ʉʣʠʮʠ 3.7ʙ. ʩʝ ʤʦʞʝ ʫʦʯʠʪʠ ʠ ʜʘ ʩʫ ʦʩʮʠʣʘʮʠʿʝ ʚʨʝʤʝʥʩʢʦʛ 

ʦʜʟʠʚʘ ʬʠʣʪʘʨ ʤʘˁʝ ʠʟʨʘʞʝʥʝ. ʇʘʨʘʤʝʪʘʨ ‌  ʩʝ ʘʜʘʧʪʠʨʘ ʥʘ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ Ὢ   ʢʘʦ  
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ʛʜʝ ʩʝ ʘʜʘʧʪʘʮʠʿʘ ʧʘʨʘʤʝʪʨʘ ‍  ʚʠʰʠ ʢʘʦ (3.20). ʂʘʦ ʧʦʩʣʝʜʠʮʘ (3.32) ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ 

ʬʠʣʪʨʘ ʿʝ ʧʨʦʤʝʥˀʠʚʘ, ʢʘʦ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʉʣʠʮʠ 3.7ʙ. ʆʚʦ ʩʝ ʤʦʨʘ ʫʚʘʞʠʪʠ ʧʨʠ ʩʠʥʪʝʟʠ 

ʘʣʛʦʨʠʪʤʘ ʫʧʨʘʚˀʘˁʘ ʠ ʘʥʘʣʠʟʠ ʩʪʘʙʠʣʥʦʩʪʠ ʩʠʩʪʝʤʘ. ʅʝʟʘʚʠʩʥʦ ʜʘ ʣʠ ʿʝ ʧʘʨʘʤʝʪʘʨ ‌  

ʢʦʥʩʪʘʥʪʘʥ ʠʣʠ ʧʨʦʤʝʥˀʠʚ, ὺ-ʪʠ ʭʘʨʤʦʥʠʢ ʿʝ ʠʥʭʝʨʝʥʪʥʦ ʫʥʫʪʘʨ ʦʧʩʝʛʘ ʧʫʰʪʘˁʘ ʬʠʣʪʨʘ ʠ 

ʫʟʨʦʢʫʿʝ ʠʥʪʝʨʤʦʜʫʣʘʮʠʿʫ ʩʘ ʈɾʍ ʫʥʫʪʘʨ ʌʉʇ ʠ ʥʘʩʪʘʥʘʢ ʧʘʨʘʟʠʪʥʠʭ ʭʘʨʤʦʥʠʢʘ ʫ ʥʠʞʝʤ 

ʜʝʣʫ ʩʧʝʢʪʨʘ. ʇʨʠ ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ ʦʚʠ ʭʘʨʤʦʥʠʮʠ ʩʝ ʧʨʠʙʣʠʞʘʚʘʿʫ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ ʈɹ ʠ 

ʫʛʨʦʞʘʚʘʿʫ ʨʘʜ ʩʠʩʪʝʤʘ. ʂʘʢʦ ʙʠ ʩʝ ʧʨʝʜʫʧʨʝʜʠʣʠ ʥʘʚʝʜʝʥʠ ʧʨʦʙʣʝʤʠ, ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʈɹ ʿʝ ʫ 

ʜʠʩʝʨʪʘʮʠʿʠ ʦʛʨʘʥʠʯʝʥ ʥʘ Ὢ = 15 Hz, ʫʚʘʞʘʚʘʿʫ˂ʠ ʢʨʠʪʝʨʠʿʫʤ (ʢ-1), ʰʪʦ ʿʝ ʜʦʚʦˀʥʦ ʟʘ 

ʚʝ˂ʠ ʙʨʦʿ ʠʥʜʫʩʪʨʠʿʩʢʠʭ ʧʨʠʤʝʥʘ. ɼʦ ʩʘʜʘ ʩʫ ʫ ʣʠʪʝʨʘʪʫʨʠ ʨʝʰʝˁʘ ʩʘʤʦ ʢʦʥʮʝʧʪʫʘʣʥʦ 

ʫʢʘʟʠʚʘʣʘ ʥʘ ʤʦʛʫ˂ʥʦʩʪ ʫʧʦʪʨʝʙʝ ʈɾʍ ʟʘ ʧʦʪʨʝʙʝ ʈɹ, ʙʝʟ ʜʝʪʘˀʥʠʿʝ ʘʥʘʣʠʟʝ ʧʦʥʘʰʘˁʘ ɽʇ ʠ 

ʉɸʈ. ʀʟ ʥʘʚʝʜʝʥʦʛ, ʤʦʞʝ ʩʝ ʨʝ˂ʠ ʜʘ ʫʚʝʜʝʥʦ ʦʛʨʘʥʠʯʝˁʝ ʥʝ ʧʨʝʜʩʪʘʚˀʘ ʫʤʘˁʝˁʝ ʫʧʦʪʨʝʙʥʝ 

ʚʨʝʜʥʦʩʪʠ ʝʩʪʠʤʘʪʦʨʘ ʈɾʍ. ʇʨʦʧʫʩʥʠ ʦʧʩʝʛ ʩʝ ʤʦʞʝ ʫʚʝ˂ʘʪʠ ʟʥʘʯʘʿʥʦ ʫ ʩʣʫʯʘʿʫ ʥʠʩʢʝ ʚʨʰʥʝ 

ʚʨʝʜʥʦʩʪʠ ὺ-ʪʦʛ ʭʘʨʤʦʥʠʢʘ, ʠʣʠ ʧʨʠʤʝʥʦʤ ʜʦʜʘʪʥʠʭ ʤʝʪʦʜʘ ʟʘ ˁʝʛʦʚʫ ʢʦʤʧʝʥʟʘʮʠʿʫ. 

ʇʨʠʤʝʥʦʤ ʘʥʘʣʠʪʠʯʢʠʭ ʨʝʣʘʮʠʿʘ (3.28), (3.29) ʠ ʠʥʚʝʨʟʥʝ ʃʘʧʣʘʩʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʢʘʦ 

ʫ (3.21), ʤʦʞʝ ʩʝ ʧʦʢʘʟʘʪʠ ʜʘ ʩʝ ʝʬʝʢʪʠʚʥʦ ʪʨʘʿʘˁʘ ʚʨʝʤʝʥʩʢʦʛ ʦʜʟʠʚʘ ʫʚʝ˂ʘʚʘ 1,37, 2, 2,35, 2,73 

ʧʫʪʘ ʢʘʢʦ ʙʨʦʿ ʢʘʩʢʘʜʘ ʫ ʬʠʣʪʨʫ ʨʘʩʪʝ ʩʘ 2 ʥʘ 5. ʋʧʦʪʨʝʙʦʤ ʩʠʤʫʣʘʮʠʦʥʦʛ ʤʦʜʝʣʘ ʛʝʥʝʨʠʩʘʥʠ 

ʩʫ ʚʨʝʤʝʥʩʢʠ ʦʜʟʠʚʠ IIR ʬʠʣʪʨʘ ʇʆ ʫ ʬʫʥʢʮʠʿʠ ʙʨʦʿʘ ʢʘʩʢʘʜʘ ὔ  {1, 2, 3, 4} ʧʨʠ ʢʦʥʩʪʘʥʪʥʦʤ 

ʦʧʩʝʛʫ ʧʫʰʪʘˁʘ Ў   2́ 160 rad/s, ʠ ʧʨʠʢʘʟʘʥʠ ʥʘ ʉʣʠʮʠ 3.5ʘ. ʌʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚʠ ʬʠʣʪʨʘ 

ʇʆ ʫ ʬʫʥʢʮʠʿʠ ʙʨʦʿʘ ʢʘʩʢʘʜʘ ʜʘʪʠ ʩʫ ʥʘ ʉʣʠʮʠ 3.8ʘ. ʧʨʠ ʮʝʥʪʨʘʣʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ Ὢ  150 Hz 

ʠ ʠʩʪʦʤ ʦʧʩʝʛʫ ʧʫʰʪʘˁʘ. ʄʦʞʝ ʩʝ ʫʦʯʠʪʠ ʜʘ ʬʠʣʪʘʨ ʩʘ ʿʝʜʥʦʤ ʢʘʩʢʘʜʦʤ ʥʝ ʧʨʫʞʘ ʜʦʚʦˀʥʦ 

ʩʣʘʙˀʝˁʝ ʫ ʞʝˀʝʥʦʤ ʜʝʣʫ ʩʧʝʢʪʨʘ, ʜʦʢ ʩʝ ʪʨʘʥʩʧʦʨʪʥʘ ʢʘʰˁʝˁʘ ʫʚʝ˂ʘʚʘʿʫ ʟʥʘʯʘʿʥʦ ʟʘ ὔ σ. 
ʇʨʠʤʝʥʘ ʚʠʰʝ ʢʘʩʢʘʜʘ ʥʠʿʝ ʦʜ ʧʨʘʢʪʠʯʥʝ ʢʦʨʠʩʪʠ, ʢʘʢʦ ʿʝ ʮʠˀ ʫʧʦʪʨʝʙʠʪʠ ʝʩʪʠʤʘʪʦʨ ʟʘ 

ʧʦʪʨʝʙʝ ʈɹ. ʂʘʦ ʢʦʤʧʨʦʤʠʩ ʠʟʤʝʹʫ ʢʨʠʪʝʨʠʿʫʤʘ (I) ʠ (II) ʟʘ ʙʨʦʿ ʢʘʩʢʘʜʘ ʿʝ ʦʜʘʙʨʘʥʦ ὔ  2. 

ʌʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚʠ ʜʠʟʘʿʥʠʨʘʥʦʛ ʬʠʣʪʨʘ ʩʘ ʘʜʘʧʪʠʚʥʠʤ ʧʘʨʘʤʝʪʨʦʤ ‌  ʜʘʪʠ ʩʫ ʥʘ ʉʣʠʮʠ 

3.8ʙ ʧʨʠ ʫʯʝʩʪʘʥʦʩʪʠʤʘ Ὢ  15 Hz ʠ Ὢ  50 Hz, ʦʜʥʦʩʥʦ ʧʨʝʤʘ (2.145) ʥʘ ʮʝʥʪʨʘʣʥʠʤ 
ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʨʝʜʦʤ Ὢ Ὢ  345 Hz, ʠ Ὢ  750 Hz. ʆʧʩʝʛʘ ʧʫʰʪʘˁʘ ʬʠʣʪʨʘ ʩʝ 

ʨʝʜʫʢʫʿʝ ʩʘ 200 Hz ʥʘ 60 Hz ʢʘʢʦ ʫʯʝʩʪʘʥʦʩʪ ʩʪʘʪʦʨʩʢʝ ʩʪʨʫʿʝ Ὢ  ʦʧʘʜʘ ʩʘ 50 Hz ʥʘ 15 Hz 

ʧʨʠ ὔ ρ, ʧʨʠ ʯʝʤʫ ʩʝ ʩʤʘˁʫʿʝ ʠ ʚʨʝʜʥʦʩʪ ʧʘʨʘʤʝʪʨʘ ‌ . ʇʘʨʘʤʝʪʘʨ ‌  ʩʝ ʤʦʞʝ ʫʚʝ˂ʘʪʠ, 

ʪʿ. ʩʤʘˁʠʪʠ ʢʘʰˁʝˁʝ ʬʠʣʪʨʘ, ʥʘ ʠʤʝ ʨʝʜʫʢʦʚʘʥʦʛ ʦʧʩʝʛʘ ʧʫʰʪʘˁʘ ʫʩʣʝʜ ʜʦʜʘʪʥʝ ʢʘʩʢʘʜʝ ʠʣʠ 

ʫʚʘʞʘʚʘʿʫ˂ʠ ʩʘʜʨʞʘʿ ʣʠʥʠʿʩʢʦʛ ʩʧʝʢʪʨʘ ʢʦʜ ʧʨʦʠʟʚʦˀʥʝ ɸʄ ʫ ʬʫʥʢʮʠʿʠ ʜʠʟʘʿʥʘ ʤʘʛʥʝʪʩʢʦʛ ʠ 

ʝʣʝʢʪʨʠʯʥʦʛ ʢʦʣʘ. ʆʚʝ ʘʢʪʠʚʥʦʩʪʠ ʥʠʩʫ ʩʧʨʦʚʝʜʝ ʫ ʮʠˀʫ ʧʦʩʪʠʟʘˁʘ ʫʥʠʚʝʨʟʘʣʥʦʩʪʠ ʨʝʰʝˁʘ.  
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ʉʣʠʢʘ 3.7. ɺʨʝʤʝʥʩʢʠ ʦʜʟʠʚ ʬʠʣʪʨʘ ʇʆ ʫ ʬʫʥʢʮʠʿʠ Ὢ  ʩʘ: ʘ) ʢʦʥʩʪʘʥʪʥʠʤ ʧʘʨʘʤʝʪʨʦʤ ‌ ; ʙ) 

ʩʘ ʧʨʦʤʝʥˀʠʚʠʤ ʧʘʨʘʤʝʪʨʦʤ ‌ . 

 

ɺʨʝʤʝʥʩʢʠ ʦʜʟʠʚʠ ʬʠʣʪʘʨʘ ʟʘ ὔ  1 ʠ ὔ  2, ʩʘ ʧʘʨʘʤʝʪʨʦʤ ‌  ʫ ʬʫʥʢʮʠʿʠ Ὢ , 

ʧʨʠʢʘʟʘʥʠ ʩʫ ʧʨʠ Ὢ  25 Hz ʥʘ ʉʣʠʮʠ 3.9ʘ. ʠ ʧʨʠ Ὢ  50 Hz ʥʘ ʉʣʠʮʠ 3.9ʙ. ʄʦʞʝ ʩʝ 

ʫʦʯʠʪʠ ʜʘ ʚʨʝʤʝʥʩʢʠ ʦʜʟʠʚ ʟʥʘʯʘʿʥʦ ʢʨʘ˂ʝ ʪʨʘʿʝ ʥʘ ʚʝ˂ʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʰʪʦ ʦʜʛʦʚʘʨʘ ʨʘʥʠʿʝ 

ʠʟʚʝʜʝʥʠʤ ʘʥʘʣʠʪʠʯʢʠʤ ʟʘʢˀʫʯʮʠʤʘ (3.21), (3.32). ʊʘʢʦʹʝ, ʫ ʧʦʛʣʝʜʫ ʪʨʘʥʩʧʦʨʪʥʠʭ ʢʘʰˁʝˁʘ 

ʙʨʦʿ ʦʜʘʙʨʘʥʠʭ ʢʘʩʢʘʜʘ ʿʝ ʧʨʠʭʚʘʪˀʠʚ ʠʟ ʫʛʣʘ ʝʩʪʠʤʘʪʦʨʘ ʠ ʥʘʜʨʝʹʝʥʠʭ ʨʝʛʫʣʘʮʠʦʥʠʭ ʩʠʩʪʝʤʘ.  

ʅʘ ʉʣʠʮʠ 3.10. ʧʨʠʢʘʟʘʥʠ ʩʫ ʦʜʟʠʚʠ ʬʠʣʪʨʘ ʧʨʠ ʧʨʦʤʝʥʠ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʠ ʧʨʠ ʧʨʦʤʝʥʠ 

ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ. ʈʝʟʫʣʪʘʪʠ ʩʫ ʜʦʙʠʿʝʥʠ ʧʫʪʝʤ ʢʘʩʢʘʜʥʦʛ ʩʠʤʫʣʘʮʠʦʥʦʛ ʤʦʜʝʣʘ ʜʘʪʦʛ ʥʘ 

ʉʣʠʮʠ 3.6. ʉʠʛʥʘʣ ʥʘ ʫʣʘʟʫ ʬʠʣʪʨʘ ʿʝ ʈɾʍ ʫʯʝʩʪʘʥʦʩʪʠ Ὢ  22,5Ὢ , ʩʘ ʜʦʜʘʪʠʤ ʚʠʰʠ 

ʭʘʨʤʦʥʠʮʠ ʢʦʿʠ ʩʝ ʤʦʛʫ ʦʯʝʢʠʚʘʪʠ ʫ ʨʝʘʣʥʦʩʪʠ ʫ ʦʢʦʣʠʥʠ ʈɾʍ ʫʯʝʩʪʘʥʦʩʪʠ Ὢ ὺὪ , ʛʜʝ 

ʿʝ ὺ  {19, 21, 23, 25} ʨʝʜ ʜʦʜʘʪʠʭ ʭʘʨʤʦʥʠʢʘ. ʆʚʘʢʦ ʩʝ ʧʨʠ ʧʨʝʣʘʟʥʠʤ ʧʨʦʮʝʩʠʤʘ ʩʚʠ 

ʭʘʨʤʦʥʠʮʠ ʤʝˁʘʿʫ ʠʩʪʦʤ ʜʠʥʘʤʠʢʦʤ. ɱʘʯʠʥʘ ʈɾʍ ʠʤʘ ʿʝʜʠʥʠʯʥʫ ʚʨʝʜʥʦʩʪ ʜʦʢ ʩʚʠ ʦʩʪʘʣʠ 

ʭʘʨʤʦʥʠʮʠ ʠʤʘʿʫ ʘʤʧʣʠʪʫʜʫ ʚʨʝʜʥʦʩʪʠ 0,2. ʅʘ ʉʣʠʮʠ 3.10ʘ. ʮʨʚʝʥʦʤ ʙʦʿʦʤ ʿʝ ʧʨʠʢʘʟʘʥ ʩʠʛʥʘʣ 

ʈɾʍ, ʘ ʮʨʥʦʤ ʫʢʫʧʥʠ ʩʠʛʥʘʣ ʩʘ ʜʦʜʘʪʠʤ ʭʘʨʤʦʥʠʮʠʤʘ. ɼʘ ʙʠ ʩʝ ʠʩʧʠʪʘʣʦ ʧʦʥʘʰʘˁʝ ʫ ʮʝʣʦʤ 

ʦʧʩʝʛʫ ʦʯʝʢʠʚʘʥʠʭ Ὢ , ʫ ὸ  0 ʫʯʝʩʪʘʥʦʩʪ Ὢ  ʠʤʘ ʦʜʩʢʦʯʥʫ ʧʨʦʤʝʥʫ ʩʘ 0 ʥʘ 10 Hz, ʘ 

ʟʘʪʠʤ ʫ ὸ  0,04 s ʦʜʩʢʦʯʥʫ ʧʨʦʤʝʥʫ ʩʘ 10 Hz ʥʘ 50 Hz. ʎʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ ʬʠʣʪʨʘ ʫ 

 

       
                                     ʘ)                                                                                       ʙ) 

ʉʣʠʢʘ 3.8. ʌʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʬʠʣʪʨʘ: a) ʫ ʬʫʥʢʮʠʿʠ ʙʨʦʿʘ ʢʘʩʢʘʜʘ N; ʙ) ʧʨʠ ʘʜʘʧʪʠʚʥʦʤ ŬBPF ʟʘ 

ʜʚʝ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ fRSH å 345 Hz, fRSH å 750 Hz. 
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ʉʣʠʢʘ 3.9. ɺʨʝʤʝʥʩʢʠ ʦʜʟʠʚʠ ʫ ʬʫʥʢʮʠʿʠ fFUND, ʟʘ: a) fFUND = 25 Hz; ʙ) fFUND = 50 Hz. 

 

ʪʨʝʥʫʪʢʫ ὸ  0 ʫʟʠʤʘ ʚʨʝʜʥʦʩʪ Ὢ ρπ Hz, a ʫ ὸ 0,07 s ʦʜʩʢʦʯʥʫ ʧʨʦʤʝʥʫ ʩʘ 10 Hz ʥʘ 50 Hz. 

ʇʨʦʤʝʥʘ Ὢ ʩʝ ʜʝʰʘʚʘ ʩʘ ʢʘʰˁʝˁʝʤ ʦʜ 0,03 ̓, ʢʘʢʦ ʙʠ ʩʝ ʧʦʢʘʟʘʦ ʢʚʘʣʠʪʝʪ ʩʝʣʝʢʪʠʚʥʦʩʪʠ 

ʬʠʣʪʨʘ ʢʘʜʘ ʩʫ ʭʘʨʤʦʥʠʮʠ ʚʘʥ ʦʧʩʝʛʘ ʧʫʰʪʘˁʘ, ʉʣʠʢʘ 3.10ʙ. ʅʘ ʠʩʪʦʿ ʩʣʠʮʠ ʩʫ ʧʨʠʢʘʟʘʥʠ ʠ 

ʦʜʟʠʚʠ ʬʠʣʪʨʘ ʥʘ ʦʙʘ ʧʦʨʝʤʝ˂ʘʿʘ, ʧʨʠ ʧʨʦʤʝʥʘʤʘ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʠ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ. 

ʄʦʞʝ ʩʝ ʫʦʯʠʪʠ ʠ ʨʘʟʣʠʢʘ ʫ ʚʨʝʤʝʥʩʢʠʤ ʦʜʟʠʚʠʤʘ ʬʠʣʪʨʘ ʢʘʜʘ ʩʝ ‌  ʤʝˁʘ ʧʨʝʤʘ (3.32), ʢʘʦ 

ʠ ʧʨʠ ʢʦʥʩʪʘʥʪʥʦʤ ‌  0,006244 ʢʦʿʝ ʿʝ ʠʟʨʘʯʫʥʘʪʦ ʟʘ Ὢ  25 Hz. ʂʘʦ ʰʪʦ ʿʝ ʦʯʝʢʠʚʘʥʦ, 

ʬʠʣʪʘʨ ʩʘ ʢʦʥʩʪʘʥʪʥʠʤ ‌  ʫʥʦʩʠ ʤʘˁʝ ʢʘʰˁʝˁʝ ʥʘ ʥʠʞʠʤ ʫʯʝʩʪʘʥʦʩʪʠ, ʘʣʠ ʫʟ ʤʘˁʫ 

ʩʝʣʝʢʪʠʚʥʦʩʪ. ʇʨʠ Ὢ ςυ Hz ʦʙʘ ʬʠʣʪʨʘ ʧʨʫʞʘʿʫ ʠʩʪʦ ʧʦʥʘʰʘˁʝ. ʅʘ ʚʝ˂ʠʤ 

ʫʯʝʩʪʘʥʦʩʪʠʤʘ, ʧʨʠ ʧʨʦʤʝʥʠ ʫ ὸ  0,04 s, ʬʠʣʪʘʨ ʩʘ ʘʜʘʧʪʠʚʥʠʤ ‌  ʫʥʦʩʠ ʟʥʘʪʥʦ ʤʘˁʘ 

ʢʘʰˁʝˁʘ, ʧʨʠ ʯʝʤʫ ʿʝ ʦʯʫʚʘʥʘ ʩʝʣʝʢʪʠʚʥʦʩʪ ʬʠʣʪʨʘ. ʄʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʘʜʘʧʪʘʮʠʿʘ ‌  

ʩʘ (3.32) ʧʨʫʞʘ ʞʝˀʝʥʠ ʢʦʤʧʨʦʤʠʩ ʠʟʤʝʹʫ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʠ ʢʘʰˁʝˁʘ ʫ ʮʝʣʦʤ ʦʧʩʝʛʫ Ὢ .  

ʅʘ ʉʣʠʮʠ 3.11. ʧʨʠʢʘʟʘʥʠ ʩʫ ʠʟʣʘʟʠ ʩʚʘʢʝ ʦʜ ʢʘʩʢʘʜʘ ʬʠʣʪʨʘ ʩʘ ʘʜʘʧʪʠʨʘʥʠʤ ‌  ʧʨʠ 

ʠʩʪʦʤ ʦʧʠʩʘʥʦʤ ʪʝʩʪʫ. ʄʦʞʝ ʩʝ ʚʠʜʝʪʠ ʜʘ ʜʦʜʘʪʥʘ ʢʘʩʢʘʜʘ, ʮʨʚʝʥʠ ʩʠʛʥʘʣ, ʫʥʦʩʠ ʢʘʰˁˁʝˁʝ. 

ʀʧʘʢ, ʟʥʘʪʥʦ ʫʚʝ˂ʘʚʘ ʩʝʣʝʢʪʠʚʥʦʩʪ ʰʪʦ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʫ ʜʝʣʫ ʪʝʩʪʘ ʦʜ 0,4 s ʜʦ 0,7 ʼ ʛʜʝ ʚʘʞʠ 

ʜʘ ʿʝ Ὢ Ὢ ʠ ʛʜʝ ʫ ʠʜʝʘʣʥʦʤ ʩʣʫʯʘʿʫ ʠʟʣʘʟ ʬʠʣʪʨʘ ʪʨʝʙʘ ʜʘ ʙʫʜʝ ʥʫʣʘ. ʅʘ ʉʣʠʮʠ 3.11ʙ. 
ʨʘʟʤʘʪʨʘʥ ʿʝ ʫʪʠʮʘʿ ʧʝʨʠʦʜʝ ʜʠʩʢʨʝʪʠʟʘʮʠʿʝ ʥʘ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʬʠʣʪʨʘ ʫ ʬʫʥʢʮʠʿʠ 

ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ. ɿʘ ʧʨʦʠʟʚʦˀʥʦ ʦʜʘʙʨʘʥ ʙʨʦʿ ʨʦʪʦʨʩʢʠʭ ʞʣʝʙʦʚʘ, ὔ  44, ʠ ʙʨʦʿ ʧʘʨʠ 

 

   
                             ʘ)                                                                                     ʙ) 

ʉʣʠʢʘ 3.10.  ʘ) ʋʣʘʟʥʠ ʪʝʩʪ ʩʠʛʥʘʣ; ʙ) ɺʨʝʤʝʥʩʢʠ ʦʜʟʠʚʠ ʬʠʣʪʨʘ ʇʆ ʥʘ ʩʠʩʪʝʤʩʢʝ ʧʦʨʝʤʝ˂ʘʿʝ ʩʘ 

ʢʦʥʩʪʘʥʪʥʠʤ ʠ ʧʨʦʤʝʥˀʠʚʠʤ ‌ . 
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ʧʦʣʦʚʘ ὴ  2 ʧʦʩʤʘʪʨʘʥʠ ʩʫ ʢʨʠʪʠʯʥʠ ʩʣʫʯʘʿʝʚʠ ʫ ʧʦʛʣʝʜʫ ʨʘʜʥʦʛ ʨʝʞʠʤʘ ʠ ʧʝʨʠʦʜʝ ʨʘʜʘ 

ʘʣʛʦʨʠʪʤʘ, ʪʿ. ʧʣʘʚʠ ʦʜʟʠʚ ʧʨʠ Ὢ  50 kHz ʠ Ὢ  0,5 Hz O Ὢ  11,5 Hz, ʮʨʚʝʥʠ ʦʜʟʠʚ 

ʧʨʠ Ὢ  5 kHz ʠ Ὢ  100 Hz O Ὢ  2,3 kHz. ʇʨʚʠ ʩʣʫʯʘʿ ʿʝ ʢʨʠʪʠʯʘʥ ʫ ʧʦʛʣʝʜʫ 

ʠʟʚʨʰʘʚʘˁʘ ʘʣʛʦʨʠʪʤʘ, ʪʿ. ʚʨʝʤʝʥʩʢʝ ʩʣʦʞʝʥʦʩʪʠ ʧʨʦʛʨʘʤʘ, ʛʜʝ ʿʝ ʟʘ ʧʦʪʨʝʙʝ ʨʝʘʣʠʟʘʮʠʿʝ ʥʘ 

ʨʘʩʧʦʣʘʛʘˁʫ 20 ɛ̓ . ɼʨʫʛʠ ʩʣʫʯʘʿ ʩʝ ʤʦʞʝ ʿʘʚʠʪʠ ʢʦʜ ʧʨʠʤʝʥʝ ʝʩʪʠʤʘʪʦʨʘ ʩʘ ʚʠʩʦʢʦʙʨʟʠʥʩʢʠʤ 

ɸʄ. ʄʦʞʝ ʩʝ ʫʦʯʠʪʠ ʜʘ ʩʝ ʫ ʮʝʣʦʤ ʦʧʩʝʛʫ ʨʘʜʥʠʭ ʙʨʟʠʥʘ ʠʤʘ ʞʝˀʝʥʦ ʧʦʥʘʰʘˁʝ ʬʠʣʪʨʘ 

ʥʝʟʘʚʠʩʥʦ ʦʜ ʧʝʨʠʦʜʝ ʠʟʚʨh ʘʚʘˁʘ ʘʣʛʦʨʠʪʤʘ. ɼʠʩʪʦʨʟʠʿʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʩʝ ʤʦʛʫ ʫʦʯʠʪʠ ʩʘʤʦ 

ʧʨʠ ʥʘʿʚʠʰʠʤ ʙʨʟʠʥʘʤʘ ʫ ʙʣʠʟʠʥʠ ʅʠʢʚʠʩʪʦʚʝ ʫʯʝʩʪʘʥʦʩʪʠ, ʢʘʜʘ ʪʝʦʨʠʿʩʢʠ ʫʯʝʩʪʘʥʦʩʪ ʈɾʍ 

ʤʦʞʝ ʜʘ ʫʟʤʝ ʚʨʝʜʥʦʩʪ ʠ ʧʨʝʢʦ 2 kHz. ʋ ʦʚʘʢʚʦʤ ʩʣʫʯʘʿʫ, ʩʧʦʨʠʿʝ ʠʟʚʨʰʘʚʘˁʝ ʘʣʛʦʨʠʪʤʘ ʙʠ 

ʫʛʨʦʟʠʣʦ ʧʦʥʘʰʘˁʝ ʬʠʣʪʨʘ ʠ ʝʩʪʠʤʘʪʦʨʘ ʈɾʍ. 

ɺʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʬʠʣʪʨʘ † ὪὪ  ʦʧʠʩʫʿʝ ʧʨʦʤʝʥʫ ʬʘʟʝ ʩʠʛʥʘʣʘ ʥʘ ʠʟʣʘʟʫ 

ʬʠʣʪʨʘ ʧʨʠ ʧʨʦʤʝʥʘʤʘ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʠʣʠ ʫʯʝʩʪʘʥʦʩʪʠ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʢʘʦ ʥʘ ʉʣʠʮʠ 

3.11ʘ. ɿʘ ʧʦʪʨʝʙʝ ʜʠʟʘʿʥʘ ʅʌ ʬʠʣʪʨʘ, ʩʠʥʪʝʟʝ ʘʣʛʦʨʠʪʤʘ ʫʧʨʘʚˀʘˁʘ ʠ ʘʥʘʣʠʟʝ ʩʪʘʙʠʣʥʦʩʪʠ, 

ʥʝʦʧʭʦʜʥʦ ʿʝ ʠʟʚʝʩʪʠ ʣʠʥʝʘʨʥʠ ʤʦʜʝʣ ʬʠʣʪʨʘ ʠ ʘʥʘʣʠʪʠʯʢʠ ʦʜʨʝʜʠʪʠ † . ɿʘ ʝʩʪʠʤʘʪʦʨ ʥʘ 

ʉʣʠʮʠ 3.4. ʧʨʦʤʝʥˀʠʚʘ ʩʪʘˁʘ ʦʜ ʠʥʪʝʨʝʩʘ ʿʝ ʬʘʟʘ ʈɾʍ, — . ʌʫʥʢʮʠʿʫ ʧʨʝʥʦʩʘ ʧʦ ʬʘʟʠ ʥʠʿʝ 

ʤʦʛʫ˂ʝ ʜʠʨʝʢʪʥʦ ʠʟʚʝʩʪʠ ʟʙʦʛ ʤʥʦʞʝˁʘ ʠʟʤʝʹʫ ʥʘʚʝʜʝʥʠʭ ʧʨʦʤʝʥˀʠʚʠʭ ʫ (3.31), ʘʣʠ ʿʝ ʤʦʛʫ˂ʝ 

ʜʘʪʠ ʫʧʨʦʰ˂ʝʥ ʘʥʘʣʠʪʠʯʢʠ ʤʦʜʝʣ ʧʨʠʤʝʥʦʤ ʘʥʘʣʠʟʝ ʟʘ ʤʘʣʝ ʩʠʛʥʘʣʝ. ɿʘʨʘʚˁʝʥʦʩʪ ʘʤʧʣʠʪʫʜʥʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʬʠʣʪʨʘ ʜʦʟʚʦˀʘʚʘ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʜʘ ʘʤʧʣʠʪʫʜʝ ʫʣʘʟʥʦʛ ʠ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ 

ʦʩʪʘʿʫ ʠʩʪʝ ʧʨʠ ʤʘʣʠʤ ʧʨʦʤʝʥʘʤʘ ʮʝʥʪʨʘʣʥʝ ʠʣʠ ʫʯʝʩʪʘʥʦʩʪʠ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ. ʄʦʜʝʣ ʬʠʣʪʨʘ 

ʧʦ ʬʘʟʠ ʫ ʼ ʜʦʤʝʥʫ ʿʝ ʧʦʞʝˀʥʦ ʥʘʧʨʘʚʠʪʠ ʫ ʬʫʥʢʮʠʿʠ ʜʠʛʠʪʘʣʥʠʭ ʧʘʨʘʤʝʪʘʨʘ IIR ʬʠʣʪʨʘ ʢʘʢʦ 

ʙʠ ʩʝ ʫʚʘʞʠʣʠ ʝʬʝʢʪʠ ʜʠʛʠʪʘʣʥʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʠ ʦʣʘʢʰʘʣʘ ʫʧʦʪʨʝʙʘ ʘʣʛʦʨʠʪʤʘ ʫ ʧʨʘʢʩʠ. 

ʌʫʥʢʮʠʿʘ ʧʨʝʥʦʩʘ ʬʠʣʪʨʘ ʢʦʿʘ ʫʚʘʞʘʚʘ ʝʬʝʢʪʝ ʜʠʛʠʪʘʣʥʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʫ ̓ - ʜʦʤʝʥʫ ʩʝ 

ʤʦʞʝ ʜʦʙʠʪʠ ʧʨʠʤʝʥʦʤ ʠʥʚʝʨʟʥʝ ʙʠʣʠʥʝʘʨʥʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ (3.9) ʥʘʜ ʧʨʦʪʦʪʠʧʦʤ (3.31)  ʢʘʦ  
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ʛʜʝ ʩʫ ʮʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ   ʠ ʦʧʩʝʛʘ ʧʫʰʪʘˁʘ ʬʠʣʪʨʘ   ʜʘʪʠ ʫ ʬʫʥʢʮʠʿʠ ʫʯʝʩʪʘʥʦʩʪʠ Ὢ , 

ʧʦʯʝʪʥʦ ʟʘʜʘʪʦʛ ʦʧʩʝʛʘ ʧʫʰʪʘˁʘ ῳ  ʠ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ  , ʦʧʠʩʘʥʠ ʢʘʦ  

 

  
                                      ʘ)                                                                                      ʙ) 

ʉʣʠʢʘ 3.11. ʘ) ɺʨʝʤʝʥʩʢʠ ʦʜʟʠʚ ʬʠʣʪʨʘ ʥʘ ʩʠʩʪʝʤʩʢʝ ʧʦʨʝʤʝ˂ʘʿʝ ʫ ʬʫʥʢʮʠʿʠ ʙʨʦʿ ʢʘʩʢʘʜʘ; ʙ) 

ʌʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʬʠʣʪʨʘ ʫ ʬʫʥʢʮʠʿʠ ʧʝʨʠʦʜʝ ʜʠʩʢʨʝʪʠʟʘʮʠʿʝ ʠ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ. 
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ɼʠʛʠʪʘʣʥʘ ʮʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪʠ ʿʝ ʤʘʣʝ ʚʨʝʜʥʦʩʪʠ, ʥʧʨ. ‫ ς“Ὢ Ὕ  0,02088 

ʟʘ ʪʝʩʪ ʜʘʪ ʥʘ ʉʣʠʮʠ 3.11a. ʧʨʠ Ὢ  50 kHz ʠ Ὢ  50 Hz, Ὢ   1,15 kHz. ɿʘ ʧʝʨʠʦʜʫ 

ʠʟʚʨʰʘʚʘˁʘ ʘʣʛʦʨʠʪʤʘ 4  50 kHz, ʧʘʨʘʤʝʪʘʨ   ʩʝ ʤʦʞʝ ʨʘʟʚʠʪʠ ʫ ʄʘʢʣʦʨʝʥʦʚ ʨʝʜ. ɸʢʦ 

ʩʝ ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ ʫʚʘʞʝ ʩʘʤʦ ʧʨʚʘ ʜʚʘ ʯʣʘʥʘ ʨʝʜʘ, ʪʿ. ÃÏÓὼ ρ ὼ ςϳ, ʜʦʙʠʿʘ ʩʝ  
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ʋ ʥʘʩʪʘʚʢʫ ʩʫ ʜʘʪʝ ʜʦʜʘʪʥʝ ʘʥʘʣʠʟʝ ʧʦ ʧʠʪʘˁʫ ʫʪʠʮʘʿʘ ʦʚʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʥʘ ʩʪʘʙʠʣʥʦʩʪ 

ʝʩʪʠʤʘʪʦʨʘ. ʇʦʣʘʟʝ˂ʠ ʦʜ ʧʨʦʪʦʪʠʧʘ ʬʠʣʪʨʘ (3.33) ʢʦʿʠ ʫʚʘʞʘʚʘ ʝʬʝʢʪʝ ʜʠʛʠʪʘʣʥʝ ʧʨʠʤʝʥʝ ʤʦʞʝ 

ʩʝ ʠʟʚʝʩʪʠ ʤʦʜʝʣ ʬʠʣʪʨʘ ʇʆ ʧʦ ʬʘʟʠ ʟʘ ʦʜʘʙʨʘʥʠ ʜʠʟʘʿʥ ʩʘ ʜʚʘ ʬʠʣʪʨʘ ʫ ʢʘʩʢʘʜʠ. ʄʦʜʝʣ ʩʝ 

ʜʦʙʠʿʘ ʩʫʧʝʨʧʦʟʠʮʠʿʦʤ ʪʨʠ ʨʘʜʥʘ ʩʪʘˁʘ. ʋ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ, ʬʘʟʘ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ — ὸ ʿʝ 

ʿʝʜʥʘʢʘ ʬʘʟʠ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ — ὸ, ʫʚʝ˂ʘʥʘ ʟʘ ʬʘʟʫ ʫʥʝʪʫ ʜʝʣʦʚʘˁʝʤ ʬʠʣʪʨʘ ʫʩʣʝʜ ʥʘʩʪʘʥʢʘ 

ʧʦʨʝʤʝ˂ʘʿʘ ῳ— ὸ, — ὸ — ὸ ῳ— ὸ. ɸʢʦ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʚʘʞʠ Ὢ Ὢ, ʪʘʜʘ ʿʝ 

ῳ— ὸ π. ɿʘʪʠʤ ʩʫ ʦʜ ʠʥʪʝʨʝʩʘ ʜʚʘ ʩʣʫʯʘʿʘ ʧʨʦʤʝʥʝ ʬʘʟʝ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ, ʫʩʣʝʜ ʧʨʦʤʝʥʝ 

ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʬʠʣʪʨʘ ʠ ʫʩʣʝʜ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫʣʘʟʥʦʛ ʈɾʍ, ʉʣʠʢʘ 3.11ʘ. 

ʇʨʝʪʧʦʩʪʘʚʢʘ ʿʝ ʜʘ ʩʫ ʫ ʧʦʯʝʪʥʦʤ ʪʨʝʥʫʪʢʫ, ʧʨʠ ʙʠʣʦ ʢʘʢʚʦʤ ʧʦʨʝʤʝ˂ʘʿʫ, ʮʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ 

ʠ ʫʯʝʩʪʘʥʦʩʪ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʈɾʍ ʿʝʜʥʘʢʝ, ʪʿ. ʜʘ ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ ʨʝʞʠʤʘ ʚʘʞʠ — ὸ
— ὸ ῳ— ὸ ῳ— ὸ. ɸʢʦ ʿʝ ʩʠʛʥʘʣ ʥʘ ʫʣʘʟʫ ʬʠʣʪʨʘ ὼὸ ὢÅØÐÊ  ὸ,   ς“Ὢ, ʪʘʜʘ 

ʩʝ ʘʤʧʣʠʪʫʜʘ ʠ ʬʘʟʘ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ώὸ ὣÅØÐÊ  ὸ Ê— ὸ  ʜʦʙʠʿʘʿʫ ʠʟ  

 

ὢὩ
ɱί

ί ɱί ɱ
ὣὩ ὣὩ Ƞ     ɱ ς“ὪȠ σȢσχ 

 

ʛʜʝ ʿʝ — ὸ ɱ ὸ — ὸ. ʇʨʝʣʘʩʢʦʤ ʠʟ ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʫ ʚʨʝʤʝʥʩʢʠ ʜʦʤʝʥ ʜʦʙʠʿʘ ʩʝ 

 

ὢɱ
ÄὩ

Äὸ

ὣ
ÄὩ

Äὸ
ςɱ
ÄὩ

Äὸ
ςɱ ɱ

ÄὩ

Äὸ
ςɱɱ

ÄὩ

Äὸ
ɱὩ Ȣ σȢσψ

 

 

ʇʦʩʣʝ ʩʨʝʹʠʚʘˁʘ (3.38), ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʠ ʯʣʘʥ Ὡ  ʩʝ ʤʦʞʝ ʠʟʜʚʦʿʠʪʠ ʩʘ ʜʝʩʥʝ 

ʩʪʨʘʥʝ ʿʝʜʥʘʢʦʩʪʠ, ʘ ʦʙʝ ʩʪʨʘʥʝ ʿʝʜʥʘʢʦʩʪʠ ʧʦʜʝʣʠʪʠ ʯʣʘʥʦʤ Ὡ . ɼʝʩʥʘ ʩʪʨʘʥʘ ʿʝʜʥʘʯʠʥʝ ʩʝ 

ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʢʘʦ ὣ꞊ ὸÅØÐÊ— Ȣ ɸʢʦ ʩʝ ʧʨʝʪʧʦʩʪʘʚʠ ʜʘ ʩʝ ʦʯʝʢʫʿʫ ʤʘʣʠ ʧʦʨʝʤʝ˂ʘʿʠ 
ʦʢʦ ʪʘʯʢʝ ʫʩʪʘˀʝʥʦʛ ʩʪʘˁʘ, ʪʘʜʘ ʩʝ ʤʦʞʝ ʧʨʠʤʝʥʠʪʠ ʣʠʥʝʘʨʠʟʘʮʠʿʘ ʧʨʝʦʩʪʘʣʦʛ 

ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʦʛ ʯʣʘʥʘ ʢʘʦ ÃÏÓ— ÊÓÉÎ— ρ Êῳ—. ɻʨʫʧʠʩʘˁʝʤ ʧʨʝʦʩʪʘʣʠʭ ʨʝʘʣʥʠʭ 

ʠ ʠʤʘʛʠʥʘʨʥʠʭ ʯʣʘʥʦʚʘ ʜʦʙʠʿʘʿʫ ʩʝ ʠʟʨʘʟʠ  
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ὙὩȡ    ὢϽɱ ὣϽὙὩ꞊ ÃÏÓ— ὸ Ὅά꞊ ÓÉÎ— ὸȟ σȢσω 

Ὅάȡ     π Ὅά꞊ ÃÏÓ— ὸ ὙὩ꞊ ÓÉÎ— ὸᴼὍά꞊ ὙὩ꞊ Ͻῳʃ ὸȢ σȢτπ 

 

ʇʦʣʘʟʝ˂ʠ ʦʜ (3.40), ʜʦʙʠʿʘʿʫ ʩʝ ʞʝˀʝʥʝ ʬʫʥʢʮʠʿʝ ʧʨʝʥʦʩʘ ʟʘ ʬʦʨʤʠʨʘˁʝ ʤʦʜʝʣʘ ʬʠʣʪʨʘ ʢʦʿʝ 

ʦʧʠʩʫʿʫ ʧʦʥʘʰʘˁʘ ʬʠʣʪʨʘ ʧʦ ʬʘʟʠ ʧʨʠ ʧʨʦʤʝʥʠ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʫʯʝʩʪʘʥʦʩʪʠ ʩʠʛʥʘʣʘ 

ʈɾʍ. ʉʘ ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʧʨʠʩʫʩʪʚʘ ʤʘʣʠʭ ʧʦʨʝʤʝ˂ʘʿʘ ʫ ʩʠʩʪʝʤʫ, ʧʨʝʤʘ ʘʥʘʣʠʟʠ ʟʘ ʤʘʣʝ ʩʠʛʥʘʣʝ 

(3.40) ʩʝ ʤʦʞʝ ʫʧʨʦʩʪʠʪʠ ʧʨʠʤʝʥʦʤ ʥʘʨʝʜʥʠʭ ʘʧʨʦʢʩʠʤʘʮʠʿʘ:   ḻῳ—  0;   ḻῳ   

0;   ḻῳ ῳ—  0; ῳ—  0; ʟʘ ά  2. ʆʚʦ ʨʝʟʫʣʪʫʿʝ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦʤ ʿʝʜʥʘʯʠʥʦʤ 

ʯʝʪʚʨʪʦʛ ʨʝʜʘ ʧʦ ʧʨʦʤʝʥʠ ʬʘʟʝ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʫ ʬʫʥʢʮʠʿʠ ʮʝʥʪʨʘʣʥʝ ʫʛʘʦʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʠ 

ʦʧʩʝʛʘ ʧʫʰʪʘˁʘ ʬʠʣʪʨʘ, ʢʘʦ ʠ ʫ ʬʫʥʢʮʠʿʠ ʫʛʘʦʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ, ʜʘʪʝ ʠʟʨʘʟʦʤ  

 

ῳʃ ὸ σɱ ῳʃ ὸ τɱ ῳʃ ὸ ςɱ σɱ ɱ ῳʃ ὸ

ɱ ɱ ςɱ ɱ ɱ ῳʃ ὸ ςɱɱ ɱ ɱ πȢ σȢτρ
 

 

ɸʢʦ ʩʝ ʧʨʝʪʧʦʩʪʘʚʠ ʜʘ ʩʫ ʫ ʧʦʯʝʪʥʦʤ ʪʨʝʥʫʪʢʫ ʫʯʝʩʪʘʥʦʩʪ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʈɾʍ ʠ 

ʮʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ ʬʠʣʪʨʘ ʿʝʜʥʘʢʝ, ʪʘʜʘ ʧʨʠ ʥʘʩʪʘʥʢʫ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ 

ʚʘʞʠ ɱ ɱ ῳ    ʠ    . ʋʚʘʞʘʚʘˁʝʤ ʜʘʪʠʭ ʿʝʜʥʘʢʦʩʪʠ ʫ (3.41) ʠ ʜʘ ʿʝ ῳ   0 ʟʘ 

ὲ  2 ʧʨʠʤʝʥʘ ʃʘʧʣʘʩʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʥʘʜ (3.41) ʨʝʟʫʣʪʫʿʝ ʬʫʥʢʮʠʿʦʤ ʧʨʝʥʦʩʘ ʢʦʿʘ ʦʧʠʩʫʿʝ 

ʦʜʟʠʚ ʬʘʟʝ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ῳ— ὸ ʧʨʠ ʧʨʦʤʝʥʠ ʫʯʝʩʪʘʥʦʩʪʠ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ῳ  , ʜʘʪʝ ʩʘ 

 

ὡ ί
ῳ— ί

ῳ  ί

τɱɱ

ί σɱί τɱί τɱɱί ɱɱ
 Ȣ σȢτς 

 

ʌʫʥʢʮʠʿʘ ʧʨʝʥʦʩʘ ʢʦʿʘ ʦʧʠʩʫʿʝ ʦʜʟʠʚ ʬʘʟe ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ῳ— ʩʘ ʧʨʦʤʝʥʘʤʘ ʮʝʥʪʨʘʣʥʝ 
ʫʯʝʩʪʘʥʦʩʪʠ ῳ , ʦʜʥʦʩʥʦ ὡ ί ῳ— ί ῳ  ίϳ , ʤʦʞʝ ʩʝ ʜʦʙʠʪʠ ʧʨʘʪʝ˂ʠ ʠʜʝʥʪʠʯʥʫ 

ʧʨʦʮʝʜʫʨʫ, ʛʜʝ ʧʨʠ ʢʦʥʩʪʘʥʪʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʚʘʞʠ     ῳ ,     . 
ʈʝʟʫʣʪʘʪ ʧʨʦʮʝʜʫʨʝ ʿʝ ʠʜʝʥʪʠʯʥʘ ʬʫʥʢʮʠʿʘ ʧʨʝʥʦʩʘ ʩʫʧʨʦʪʥʦʛ ʟʥʘʢʘ, ὡ ί ὡ ί, ʪʿ.  

 

ὡ ί
ῳ— ί

ῳ  ί
ὡ ί

ῳ— ί

ῳ  ί

Â

ί Âί Âί Âί Â
Ȣ σȢτσ 

 

ʇʨʠʤʝʥʦʤ ʩʫʧʝʨʧʦʟʠʮʠʿʝ, ʫʚʘʞʘʚʘʿʫ˂ʠ ʫʩʪʘˀʝʥʦ ʩʪʘˁʝ ʠ ʬʫʥʢʮʠʿʝ ʧʨʝʥʦʩʘ ὡ ί ʠ 

ὡ ί, ʤʦʜʝʣ ʬʠʣʪʨʘ ʇʆ ʟʘ ʤʘʣʝ ʩʠʛʥʘʣʝ ʢʦʿʠ ʦʧʠʩʫʿʝ ʦʜʟʠʚ ʬʘʟʝ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʥʘ 

ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʠʣʠ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʿ ʝ ʜʘʪ ʥʘ ʉʣʠʮʠ 3.12ʘ. 

ɺʝʨʠʬʠʢʘʮʠʿʘ ʘʥʘʣʠʪʠʯʢʦʛ ʠʟʚʦʹʝˁʘ ʤʦʞʝ ʩʝ ʫʨʘʜʠʪʠ ʘʥʘʣʠʟʦʤ ʬʠʣʪʨʘ ʩʘ ʿʝʜʥʦʤ ʢʘʩʢʘʜʦʤ, ʪʿ. 

ʟʘ N = 1. ʀʩʪʘ ʧʨʦʮʝʜʫʨʘ ʟʘ ʦʚʘʢʘʚ ʬʠʣʪʘʨ ʨʝʟʫʣʪʫʿʝ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦʤ ʿʝʜʥʘʯʠʥʦʤ  

 

  ς ῳ  ῳ    ς ῳʃ ῳʃ ῳʃῳʃ   ῳʃ  ῳʃ ȟ σȢττ 

 

ʢʦʘʿ ʧʨʝʜʩʪʘʚˀʘ ʧʘʨʘʣʝʣʫ (3.41) ʟʘ ʬʠʣʪʘʨ ʩʘ N = 2. ʊʘʜʘ ʩʝ ʠʟʚʦʹʝˁʝʤ ʬʫʥʢʮʠʿʘ ʧʨʝʥʦʩʘ ʧʨʠ 

ʧʨʦʤʝʥʠ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʠ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʜʦʙʠʿʘʿʫ ʬʫʥʢʮʠʿʝ 
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                               ʘ)                                                                                        ʙ) 

ʉʣʠʢʘ 3.12. ʘ) ʄʦʜʝʣ ʬʠʣʪʨʘ ʇʆ ʟʘ ʤʘʣʝ ʩʠʛʥʘʣʝ; ʙ) ʆʜʟʠʚ ʣʠʥʝʘʨʥʦʛ ʤʦʜʝʣʘ ʥʘ ʧʦʨʝʤʝ˂ʘʿʝ. 
 

ὡ ί
ρ

ί   ςϳ

ῳ— ί

ῳ  ί

ῳ— ί

ῳ  ί
 Ȣ σȢτυ 

 

ʄʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʤʦʜʝʣ (3.45) ʦʜʛʦʚʘʨʘ ʜʠʥʘʤʠʮʠ ʧʨʝʣʘʟʥʦʛ ʧʨʦʮʝʩʘ ʨʘʥʠʿʝ ʠʟʚʝʜʝʥʦʛ 

ʚʨʝʤʝʥʩʢʦʛ ʦʜʟʠʚʘ ʬʠʣʪʨʘ (3.21), ʩʘ ʠʩʪʦʤ ʬʦʨʤʦʤ ʚʨʝʤʝʥʩʢʝ ʢʦʥʩʪʘʥʪʝ (3.22), ʢʦʿʘ ʩʘʜʘ 

ʫʚʘʞʘʚʘ ʠ ʜʠʩʢʨʝʪʠʟʘʮʠʿʫ. ʆʜʟʠʚ ʬʘʟʝ ʠʟʚʝʜʝʥʦʛ ʤʦʜʝʣʘ ʬʠʣʪʨʘ ʩʘ ʜʚʝ ʢʘʩʢʘʜʝ ʿʝ ʜʘʪ ʥʘ ʉʣʠʮʠ 

3.12ʙ. ʟʘ Ὢ  50 Hz. ʋ ὸ  0,025 s ʥʘʩʪʘʿʝ ʦʜʩʢʦʯʥʠ ʧʦʨʝʤʝ˂ʘʿ ʦʜ ῳ   70 rad/s, 

ῳὪ  0,5 Hz. ʌʘʟʘ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʠʟʥʦʩʠ — 13ę, ʰʪʦ ʦʜʛʦʚʘʨʘ 

ʬʨʝʢʚʝʥʮʠʿʩʢʦʤ ʦʜʟʠʚʫ ʬʠʣʪʨʘ ʟʘ ʧʨʦʤʝʥʫ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʥʘ ʫʣʘʟʫ ʬʠʣʪʨʘ ʦʜ ῳὪ  11 Hz, 

ʉʣʠʢʘ 3.8ʙ. ʋ ὸ  0,05 s, ʦʜʩʢʦʯʥʠ ʧʦʨʝʤʝ˂ʘʿ ʦʜ ῳ   70 rad/s ʿʝ ʧʨʠʤʝˁʝʥ, ʢʦʿʠ ʨʝʟʫʣʪʫʿʝ 

ʬʘʟʦʤ — πȍ ʧʦʩʣʝ ʧʨʝʣʘʟʥʦʛ ʧʨʦʮʝʩʘ. ʇʦʩʤʘʪʨʘʿʫ˂ʠ ʉʣʠʢʫ 3.9ʙ, ʟʘ ὔ ς ʠ ʟʘʢˀʫʯʢʝ 
ʠʟʚʝʜʝʥʝ ʫ ʧʦʛʣʝʜʫ ʧʨʦʤʝʥʝ ʝʬʝʢʪʠʚʥʦʛ ʦʧʩʝʛʘ ʧʫʰʪʘˁʘ ʬʠʣʪʨʘ ʩʘ ʚʝ˂ʠʤ ʙʨʦʿʝʤ ʢʘʩʢʘʜʘ 

(3.29), ʤʦʞʝ ʩʝ ʨʝ˂ʠ ʜʘ ʤʦʜʝʣ ʚʝʨʥʦ ʦʧʠʩʫʿʝ ʜʠʥʘʤʠʯʢʠ  ʬʠʣʪʨʘ ʦʜʟʠʚ ʧʦ ʬʘʟʠ ʥʘ ʤʘʣʝ 

ʧʦʨʝʤʝ˂ʘʿʝ ʩʘ ʚʨʝʤʝʥʩʢʦʤ ʢʦʥʩʪʘʥʪʦʤ †  ʢʦʿʘ ʿʝ ʿʝʜʥʘʢʘ ς ϳ , ʟʘ ὔ  1 ʠ ςȟχτ ϳ  ʟʘ ὔ  2. 

 

3.4 ʉʠʥʪʝʟʘ ʬʘʟʥʦ ʩʧʨʝʛʥʫʪʝ ʧʝʪˀʝ  
 

ʋ ʦʚʦʤ ʠʟʚʨʰʝʥʘ ʿʝ ʩʠʥʪʝʟʘ ʌʉʇ ʢʦʿʘ ʩʝ ʢʦʨʠʩʪʠ ʫʥʫʪʘʨ ʝʩʪʠʤʘʪʦʨʘ ʟʘ ʧʨʘ˂ʝˁʝ ʈɾʍ. ʌʉʇ 

ʫ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ ʯʠʥʝ ʬʘʟʥʠ ʜʝʪʝʢʪʦʨ (ʌɼ), ʬʠʣʪʘʨ ʧʝʪˀʝ ʠ ʥʘʧʦʥʩʢʦ-ʢʦʥʪʨʦʣʠʩʘʥʠ 

ʦʩʮʠʣʘʪʦʨ, ʅʂʆ (ʝʥʛʣ. voltage-controlled oscillator). ɻʣʘʚʥʝ ʨʘʟʣʠʢʝ ʫ ʩʪʨʫʢʪʫʨʘʤʘ ʌʉʇ ʩʝ 

ʦʛʣʝʜʘʿʫ ʫ ʦʜʘʙʠʨʫ ʥʘʚʝʜʝʥʠʭ ʝʣʝʤʝʥʘʪʘ. ʋʿʝʜʥʦ, ʦʜʘʙʠʨʦʤ ʩʪʨʫʢʪʫʨʝ ʝʣʝʤʝʥʘʪʘ ʠ ʚʨʝʜʥʦʩʪʠʤʘ 

ʧʦʿʘʯʘˁʘ ʬʠʣʪʨʘ ʧʝʪˀʝ, ʦʜʨʝʹʫʿʝ ʩʝ ʜʠʥʘʤʠʯʢʦ ʧʦʥʘʰʘˁʝ ʌʉʇ. ɿʘ ʦʚʝ ʧʦʪʨʝʙʝ, ʧʦʨʝʹʝʥʦ ʿʝ 

ʰʝʩʪ ʩʪʨʫʢʪʫʨʘ ʌʉʇ ʥʘʿʚʠʰʝ ʟʘʩʪʫʧˀʝʥʠʭ ʫ ʣʠʪʝʨʘʪʫʨʠ [196], [197], ʠ ʪʦ: 

- ʋ ʩʠʥʭʨʦʥʦ - ʦʙʨʪʥʦʤ ʩʠʩʪʝʤʫ (ʝʥʛʣ. Synchronous Reference Frame PLL ï SRF); 

- ʉʘ ʬʠʣʪʨʦʤ ʧʝʪˀʝ ʧʨʚʦʛ ʨʝʜʘ (ʝʥʛʣ. Lag PLL); 

- ʉʘ ʬʠʣʪʨʦʤ ʧʝʪˀʘ ʫʙʨʟʘˁʘ-ʢʘʰˁʝˁʘ (ʝʥʛʣ. Lead-Lag PLL ï LL PLL); 

- ʆʧʰʪʠʤ ʠʥʪʝʛʨʘʪʦʨʦʤ ʜʨʫʛʦʛ ʨʝʜʘ (ʝʥʛʣ. Second Order Generalized Integrator ï SOGI); 

- ɼʚʦʩʪʨʫʢʠʤ ʦʧʰʪʠʤ ʠʥʪʝʛʨʘʪʦʨʦʤ ʜʨʫʛʦʛ ʨʝʜʘ (ʝʥʛʣ. Dual Second Order Generalized 

Integrator ï DSOGI); 

- ʉʘ ʛʝʥʝʨʠʩʘˁʝʤ ʟʘʢʘʰˁʝʥʦʛ ʩʠʛʥʘʣʘ ʫ ʠʟʥʦʩʫ ʦʜ ʯʝʪʚʨʪʠʥʝ ʧʝʨʠʦʜʝ ʩʠʛʥʘʣʘ, T/4 PLL. 

ʉʪʨʫʢʪʫʨʝ ʩʫ ʧʦʨʝʹʝʥʝ ʧʨʝʤʘ ʤʘʢʩʠʤʘʣʥʦʿ ʜʝʚʠʿʘʮʠʿʠ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʧʦʪʨʝʙʥʦʤ ʚʨʝʤʝʥʫ 

ʩʤʠʨʝˁʘ, ʘ ʨʝʟʫʣʪʘʪʠ ʩʫ ʜʘʪʠ ʫ ʊʘʙʝʣʠ 3.1. [196], [197]. DSOGI ʧʨʫʞʘ ʥʘʿʙʦˀʝ ʧʦʥʘʰʘˁʝ ʫ  
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ʊʘʙʝʣʘ 3.1. ʇʦʨʝʹʝˁʝ ʩʪʨʫʢʪʫʨʘ ʌʉʇ. 

ʉʪʨʫʢʪʫʨʘ ʌʉʇ ɼʝʚʠʿʘʮʠʿʘ ʫʯʝʩʪʘʥʦʩʪʠ [%] ɺʨʝʤʝ ʩʤʠʨʝˁʘ [s] 

ʊ/4 1,2000 0,05 

SOGI 0,3000 0,10 

 DSOGI 0,0509 0,08 

SRF 0,4857 0,06 

Lag 0,1392 0,06 

Lead-Lag 0,1283 0,05 

 

ʧʦʛʣʝʜʫ ʦʮʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ, ʘʣʠ ʧʦ ʮʝʥʫ ʥʘʿʠʟʨʘʞʘʿʥʠʿʝʛ ʧʨʝʩʢʦʢʘ. LL-

PLL ʿ ʝʜʠʥʠ ʧʨʫʞʘ ʦʜʟʠʚ ʙʝʟ ʧʨʝʩʢʦʢʘ ʠ ʪʦ ʩʘ ʧʨʠʭʚʘʪˀʠʚʠʤ ʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ. ʂʘʢʦ ʩʫ ʠʟ 

ʫʛʣʘ ʧʨʠʤʝʥʝ ʥʘ ɼʉʇ ʩʚʝ ʘʥʘʣʠʟʠʨʘʥʝ ʩʪʨʫʢʪʫʨʝ ʧʨʠʭʚʘʪˀʠʚʝ, ʟʘ ʧʦʪʨʝʙʝ ʦʮʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 

ʈɾʍ ʿʝ ʟʘ ʦʩʥʦʚʫ ʠʟʘʙʨʘʥʘ Lag-PLL ʩʪʨʫʢʪʫʨʘ, ʥʘʜ ʢʦʿʦʤ ʩʫ ʩʧʨʦʚʝʜʝʥʝ ʤʦʜʠʬʠʢʘʮʠʿʝ. ʅʘʠʤʝ, 

ʩʪʨʫʢʪʫʨʫ ʌʉʇ ʫ ʦʚʦʿ ʜʠʩʝʨʪʘʮʠʿʠ ʯʠʥʝ ʌɼ, ʨʝʘʣʠʟʦʚʘʥ ʢʘʦ ʤʥʦʞʘʯ, ʠ ʢʘʩʢʘʜʥʘ ʚʝʟʘ 

ʜʠʛʠʪʘʣʥʦʛ ʘʜʘʧʪʠʚʥʦʛ ʬʠʣʪʨʘ ʥʝʧʨʦʧʫʩʥʠʢʘ ʫʯʝʩʪʘʥʦʩʪʠ (ʅʆ, ʝʥʛʣ. notch filter) ʠ ʘʢʪʠʚʥʦʛ 

ʇʀ ʬʠʣʪʨʘ ʧʝʪˀʝ. ʉʪʨʫʢʪʫʨʘ ʌʉʇ ʜʘʪʘ ʿʝ ʥʘ ʉʣʠʮʠ 3.13. ʎʠˀ ʩʪʨʫʢʪʫʨʝ ʿʝ ʜʘ ʥʘ ʠʟʣʘʟʫ 

ʛʝʥʝʨʠʰʝ ʢʦʩʠʥʫʩʥʠ ʩʠʛʥʘʣ ʠʩʪʝ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʬʘʟʝ ʢʘʦ ʫʣʘʟʥʠ ʩʠʛʥʘʣ ʈɾʍ ʫʟ ʤʠʥʠʤʘʣʥʦ 

ʫʥʝʪʦ ʢʘʰˁʝˁʝ ʫ ʥʘʜʨʝʹʝʥʝ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ. ʋʣʘʟʥʠ ʩʠʛʥʘʣ ʈɾʍ ʠ ʠʟʣʘʟʥʠ ʛʝʥʝʨʠʩʘʥʠ 

ʩʠʛʥʘʣ ό  ʜʦʚʦʜʝ ʩʝ ʥʘ ʌɼ ʢʦʿʠ ʥʘ ʠʟʣʘʟʫ ʛʝʥʝʨʠʰʝ ʬʘʟʥʫ ʛʨʝʰʢʫ ʧʨʦʧʦʨʮʠʦʥʘʣʥʫ ʬʘʟʥʦʤ 

ʧʦʤʝʨʘʿʫ ʫʣʘʟʥʦʛ ʠ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ῳ— — ὸ — ὸ ʢʦʿʘ ʩʝ ʧʨʦʩʣʝʹʫʿʝ ʥʘ ʇʀ ʬʠʣʪʘʨ.  

ʇʀ ʬʠʣʪʘʨ ʛʝʥʝʨʠʰʝ ʥʘʧʦʥʩʢʫ ʢʦʤʘʥʜʫ όᶻ  ʩʘ ʮʠˀʝʤ ʜʘ ʛʨʝʰʢʫ ῳ— ʩʚʝʜʝ ʥʘ ʥʫʣʫ. ʅʘʧʦʥ 

όᶻ  ʧʫʪʝʤ ʅʂʆ ʧʦʩʪʘʿʝ ʫʯʝʩʪʘʥʦʩʪ ‫ , ʧʨʠʙʣʠʞʥʦ ʿʝʜʥʘʢʘ ʫʯʝʩʪʘʥʦʩʪʠ ʫʣʘʟʥʦʛ ʈɾʍ, ‫ . 

ʌʘʟʘ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ —  ʜʦʙʠʿʘ ʩʝ ʧʨʠʤʝʥʦʤ ʠʥʪʝʛʨʘʪʦʨʘ ʥʘʜ ʦʮʝˁʝʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ‫ . 

ʉʠʛʥʘʣ ʛʝʥʝʨʘʪʦʨ ʛʝʥʝʨʠʰʝ ʩʠʛʥʘʣ ό , ʫʯʝʩʪʘʥʦʩʪʠ ʖ  ʠ ʬʘʟʥʦʛ ʩʪʘʚʘ — — , ʛʜʝ ʿʝ 

—  ʨʝʬʝʨʝʥʮʘ ʬʘʟʝ ʢʦʿʘ ʿʝ ʩʘʜʘ ʥʫʣʘ, ʘ ʢʦʨʠʩʪʠʪʠ ʩʝ ʟʘ ʫʧʨʘʚˀʘˁʝ ʬʘʟʦʤ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ 

ό  ʧʨʝʤʘ ʫʣʘʟʥʦʤ ʩʠʛʥʘʣʫ ό . ʉʠʛʥʘʣ ό  ʩʝ ʤʥʦʞʠ ʫ ʌɼ ʩʘ ʫʣʘʟʥʠʤ ʩʠʛʥʘʣʦʤ ʈɾʍ. ʂʘʜʘ 

ʿʝ ῳ— ʿ ʝʜʥʘʢʦ ʥʫʣʠ, ʠʟʣʘʟ ʅʂʆ ʿʝ ʠʜʝʘʣʥʠ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʠ ʩʠʛʥʘʣ ʢʦʥʩʪʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʠ 
ʬʘʟʝ, ʘ ʌʉʇ ʿʝ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ. ʆʜʘʙʨʘʥʠ ʌɼ ʛʝʥʝʨʠʰʝ ʥʝʞʝˀʝʥʠ ʭʘʨʤʦʥʠʢ ʫ ʛʨʝʰʮʠ ῳ— 
ʥʘ ʧʨʠʙʣʠʞʥʦ ʜʚʦʩʪʨʫʢʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʈɾʍ. ɿʘ ʧʦʪʨʝʙʝ ʧʦʪʠʩʢʠʚʘˁʘ ʦʚʝ 

ʢʦʤʧʦʥʝʥʪʝ ʢʦʨʠʩʪʠ ʩʝ ʘʜʘʧʪʠʚʥʠ ʬʠʣʪʘʨ ʅʆ. ʎʝʥʪʨʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ ʬʠʣʪʨʘ ʅʆ ‫  ʩʝ 

ʘʜʘʧʪʠʨʘ ʧʨʝʤʘ ʜʚʦʩʪʨʫʢʦʿ ʦʮʝˁʝʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʥʘ ʠʟʣʘʟʫ ʌʉʇ, ‫ . ɼʘʪʘ ʩʪʨʫʢʪʫʨʘ 

ʠʤʘ ʿʝʜʘʥ ʧʘʨ ʢʦˁʫʛʦʚʘʥʦ ʢʦʤʧʣʝʢʩʥʠʭ ʧʦʣʦʚʘ, ʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠ ʧʦʣʠʥʦʤ ʩʝ ʤʦʞʝ 

ʧʨʝʜʩʪʘʚʠʪʠ ʫ ʬʫʥʢʮʠʿʠ ʧʨʠʨʦʜʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʖ ʠ ʬʘʢʪʦʨʘ ʧʨʠʛʫʰʝˁʘ ʊ.  ʊʦʢʦʤ ʧʨʝʣʘʟʥʠʭ 

ʧʨʦʮʝʩʘ ʠʟʣʘʟ ʌɼ ʿʝ ʥʝʭʘʨʤʦʥʠʿʩʢʠ ʪʨʠʛʦʥʦʤʝʪʨʠʿʩʢʠ ʩʠʛʥʘʣ ʫʯʝʩʪʘʥʦʩʪʠ ῳ‫ ‫ ὸ
‫ ὸ, ʢʦʜ ʢʦʿʝʛ ʿʝʜʥʘ ʧʦʣʫʧʝʨʠʦʜʘ ʪʨʘʿʝ ʜʫʞʝ ʦʜ ʜʨʫʛʝ. ʆʚʘʿ ʩʠʛʥʘʣ ʠʟʘʟʠʚʘ ʧʨʦʤʝʥʫ ʩʨʝʜˁʝ 

ʚʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ όᶻ  ʠ ʬʨʝʢʚʝʥʮʠʿʩʢʫ ʤʦʜʫʣʘʮʠʿʫ ʅʂʆ, ʪʿ. ʧʨʦʤʝʥʫ ‫ . ɼʝʚʠʿʘʮʠʿʘ ῳʩʝ ‫ 
ʤʝˁʘ ʫ ʬʫʥʢʮʠʿʠ ʧʦʿʘʯʘˁʘ ʇʀ ʬʠʣʪʨʘ ʫ ʛʨʘʥʠʮʘʤʘ ʦʜ ῳ‫  ʜʦ ῳ‫ , ʜʦʟʚʦˀʝʥʠʭ ʠʟ ʫʛʣʘ  

 

 
ʉʣʠʢʘ 3.13. ʉʪʨʫʢʪʫʨʘ ʬʘʟʥʦ ʩʧʨʝʛʥʫʪʝ ʧʝʪˀʝ. 
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ʩʪʘʙʠʣʥʦʩʪʠ. ʉʘ ʧʨʦʤʝʥʦʤ ‫  ʤʝˁʘ ʩʝ ʫʯʝʩʪʘʥʦʩʪ ʩʠʛʥʘʣʘ ʥʘ ʠʟʣʘʟʫ ʩʠʛʥʘʣ ʛʝʥʝʨʘʪʦʨʘ ʠ 

ʚʨʝʤʝʥʦʤ ʛʨʝʰʢʘ ʫ ʬʘʟʠ ῳ— ʪʝʞʠ ʥʫʣʠ. ʊʦʢʦʤ ʦʚʦʛ ʧʨʦʮʝʩʘ ʘʩʠʤʝʪʨʠʿʘ ʫ ʪʘʣʘʩʥʦʤ ʦʙʣʠʢʫ 
ʩʠʛʥʘʣʘ ʥʘ ʠʟʣʘʟʫ ʌɼ ʨʘʩʪʝ ʩʘ ʩʤʘˁʝˁʝʤ ῳʠʟʣʘʟ ʅʂʆ ʦʩʮʠʣʫʿʝ ʦʢʦ ʩʨʝʜˁʝ ʚʨʝʜʥʦʩʪʠ ʠ ,‫ 

ʈɾʍ ʩʝ ʥʘʣʘʟʠ ʫ ʦʙʣʘʩʪʠ ʧʨʠʚʣʘʯʝˁʘ. ʂʘʜʘ ʩʝ ʪʨʝʥʫʪʥʘ ʚʨʝʜʥʦʩʪ ʠʟʣʘʟʘ ʅʂʆ, ʤʘʢʩʠʤʫʤ 

ʦʩʮʠʣʘʮʠʿʝ ‫ ὸ, ʠʟʿʝʜʥʘʯʠ ʩʘ ʪʨʝʥʫʪʥʦʤ ʚʨʝʜʥʦʰ˂ʫ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʥʘ ʫʣʘʟʫ, ʪʿ. ʢʘʜʘ ʿʝ 
‫ ὸ ‫ ὸ, ʈɾʍ ʫʣʘʟʠ ʫ ʦʙʣʘʩʪ ʟʘʢˀʫʯʘʚʘˁʘ ʠ ʧʝʪˀʘ ʩʝ ʟʘʢˀʫʯʘʚʘ ʫ ʪʨʘʿʘˁʫ ʿʝʜʥʝ 

ʧʝʨʠʦʜʝ ʧʨʠʨʦʜʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʌʉʇ ʖ. ɸʢʦ ʿʝ ʜʝʚʠʿʘʮʠʿʘ ῳʧʨʝʚʝʣʠʢʘ ʪʘʜʘ ʥʝ ʜʦʣʘʟʠ ʜʦ ‫ 
ʟʘʢˀʫʯʘʚʘˁʘ ʧʝʪˀʝ ʠ ʅʂʆ ʤʦʜʫʣʠʰʝ ʠʜʝʘʣʥʠ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʠ ʩʠʛʥʘʣ ʥʫʣʪʝ ʩʨʝʜˁʝ 

ʚʨʝʜʥʦʩʪʠ. ʉʪʘʪʠʯʢʦ ʠ ʜʠʥʘʤʠʯʢʦ ʧʦʥʘʰʘˁʝ ʠ ʩʪʘʙʠʣʥʦʩʪ ʌʉʇ ʿʝ ʦʜʨʝʹʝʥʦ ʧʘʨʘʤʝʪʨʠʤʘ 

ʧʝʪˀʝ ʖ ʠ ʊ, ʧʦʿʘʯʘˁʠʤʘ ʅʂʆ Ὧ̨ ʠ ʌɼ Ὧ, ʢʦʿʠ ʜʝʬʠʥʠʰʫ ʦʧʩʝʛ ʜʨʞʘˁʘ ῳ‫  (ʝʥʛʣ. hold-in 

range), ʦʧʩʝʛ ʧʨʠʚʣʘʯʝˁʘ ῳ‫  (ʝʥʛʣ. pull-in range), ʦʧʩʝʛ ʥʘʧʫʰʪʘˁʘ ῳ‫  (ʝʥʛʣ. pull-out 

range) ʠ ʦʧʩʝʛ ʟʘʢˀʫʯʘʚʘˁʘ ῳʛʜʝ ʚʘʞʠ ʦʜʥʦʩ ῳ ,(ʝʥʛʣ. lock-in range) ‫‫ ῳ‫ ῳ‫
ῳʇʘʨʘʤʝʪʨʝ ʧʝʪˀʝ ʿʝ ʧʦʪʨʝʙʥʦ ʦʜʨʝʜʠʪʠ ʪʘʢʦ ʜʘ ʩʝ ʦʙʝʟʙʝʜʠ ʞʝˀʝʥʦ ʜʠʥʘʤʠʯʢʦ ʧʦʥʘʰʘˁʝ .‫ 
ʌʉʇ ʢʦʿʝ ʿʝ ʢˀʫʯʥʦ ʟʘ ʧʦʫʟʜʘʥ ʨʘʜ ʝʩʪʠʤʘʪʦʨʘ ʠ ˁʝʛʦʚʫ ʧʨʠʤʝʥʫ ʟʘ ʈɹ ʠ ʈʉ. 

ʆʙʣʘʩʪ ʧʨʠʚʣʘʯʝˁʘ ῳ‫  ʩʝ ʜʝʬʠʥʠʰʝ ʢʘʦ ʦʙʣʘʩʪ ʦʜ ʮʝʥʪʨʘʣʥʝ ʜʦ ʥʘʿʜʘˀʝ ʫʯʝʩʪʘʥʦʩʪʠ ʟʘ 

ʢʦʿʫ ʌʉʇ ʤʦʞʝ ʜʘ ʩʝ ʟʘʢˀʫʯʘ, ʪʿ. ʥʘʿʚʝ˂ʘ ʚʨʝʜʥʦʩʪ ʛʨʝʰʢʝ ῳʆʙʣʘʩʪ ʧʨʠʚʣʘʯʝˁʘ ʥʝ ʤʦʨʘ ʜʘ .‫ 

ʙʫʜʝ ʩʠʤʝʪʨʠʯʥʘ ʠ ʤʘˁʘ ʿʝ ʦʜ ʦʧʩʝʛʘ ʜʨʞʘˁʘ. ʂʘʜʘ ʈɾʍ ʧʦʩʪʦʿʠ ʫ ʦʚʦʿ ʦʙʣʘʩʪʠ, ʛʨʝʰʢʘ ῳ— 
ʧʦʯʠˁʝ ʜʘ ʦʧʘʜʘ ʠ ʩʠʛʥʘʣ ʩʝ ʧʨʠʙʣʠʞʘʚʘ ʦʙʣʘʩʪʠ ῳʇʨʦʮʝʩ ʧʨʠʚʣʘʯʝˁʘ (ʝʥʛʣ. pull-in .‫ 

process) ʿ ʝ ʥʝʣʠʥʝʘʨʘʥ ʠ ʜʫʛʦ ʪʨʘʿʝ. ɸʢʦ je ʛʨʝʰʢʘ ῳ‫  0,8ῳ‫ , ʪʘʜʘ ʧʨʦʮʝʩʘ ʧʨʠʚʣʘʯʝˁʘ 

ʪʨʘʿʝ ʪʝʦʨʠʿʩʢʠ ʙʝʩʢʦʥʘʯʥʦ ʠ ʦʚʦ ʩʝ ʩʤʘʪʨʘ ʪʨʘʿʥʠʤ ʛʫʙʠʪʢʦʤ ʩʠʥʭʨʦʥʠʟʘʮʠʿʝ. ɸʢʦ ʿʝ ῳ‫  
0,8ῳ‫ , ʪʨʘʿʘˁʝ ʧʨʦʮʝʩʘ ʧʨʠʚʣʘʯʝˁʘ ʿʝ ʦʜʨʝʹʝʥ ʰʠʨʠʥʦʤ ʦʙʣʘʩʪʠ ῳʠ ʤʦʞʝ ʩʝ ʠʟʨʘʟʠʪʠ ‫ 

ʢʘʦ Ὕ “ῳ‫ ρφ‚‫ϳ , ʛʜʝ ʿʝ ῳ‫  ʚʨʝʜʥʦʩʪ ʛʨʝʰʢʝ ʧʨʠ ʢʦʿʦʿ ʟʘʧʦʯʠʥʝ ʧʨʦʮʝʩ.  ʇʦʯʝʪʥʘ 

ʩʠʥʭʨʦʥʠʟʘʮʠʿʘ ʠ ʧʨʦʮʝʩ ʧʨʠʚʣʘʯʝˁʘ ʩʝ ʫʙʨʟʘʚʘʿʫ ʜʦʜʘʚʘˁʝʤ ʩʢʘʣʠʨʘʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ‫  ʥʘ 

ʠʟʣʘʟ ʅʂʆ ʢʘʦ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʉʣʠʮʠ 3.13, ʛʜʝ ʿʝ ‫ ς“Ὢ  ʨʝʟʫʣʪʘʪ ʨʘʜʘ ʘʣʛʦʨʠʪʤʘ 

ʚʝʢʪʦʨʩʢʦʛ ʫʧʨʘʚˀʘˁʘ. ʀʘʢʦ ʦʚʦ ʧʨʝʜʠʢʪʠʚʥʦ ʜʝʿʩʪʚʦ ʫʚʝ˂ʘʚʘ ʨʦʙʫʩʥʦʩʪ ʌʉʇ ʠ ʜʦʟʚʦˀʘʚʘ 

ʙʨʞʝ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪ ʈɾʍ, ʦʚʘ ʘʢʮʠʿʘ ʥʠʿʝ ʫʚʘʞʝʥʘ ʫ ʢʨʠʪʝʨʠʿʫʤ ʟʘ ʜʠʟʘʿʥ ʧʘʨʘʤʝʪʘʨʘ 

ʧʝʪˀʝ (ʢ-2) ʠ ʢʦʨʠʩʪʠ ʩʝ ʠʩʢˀʫʯʠʚʦ ʟʘ ʧʦʪʨʝʙʝ ʙʨʞʝʛ ʧʨʦʮʝʩʘ ʧʨʠʚʣʘʯʝˁʘ.  

ʂʘʜʘ ʈɾʍ ʧʦʩʪʦʿʠ ʫ ʦʧʩʝʛʫ ʜʨʞʘˁʘ ῳ‫ , ʌʉʇ ʿʝ ʢʦʥʜʠʮʠʦʥʘʣʥʦ ʩʪʘʙʠʣʥʘ ʠ ʤʦʞʝ ʜʘ 
ʠʩʧʨʘʪʠ ʤʘʣʝ ʠ ʩʧʦʨʝ ʧʨʦʤʝʥʝ ʬʘʟʝ ʈɾʍ. ʐʠʨʠʥʫ ʦʧʩʝʛʘ ῳ‫  ʦʜʨʝʹʫʿʝ ʦʜʘʙʠʨ ʌɼ. ʂʘʜʘ ʿʝ 
ʌɼ ʥʘʯʠˁʝʥ ʢʘʦ ʤʥʦʞʘʯ ʠʣʠ ʝʢʩʢʣʫʟʠʚʥʘ ʀʃʀ (ʝʥʛʣ. ʆR) ʣʦʛʠʯʢʘ ʬʫʥʢʮʠʿʘ, ʤʘʢʩʠʤʘʣʥʘ 

ʘʢʫʤʫʣʠʩʘʥʘ ʛʨʝʰʢʘ ʦʜ “ςϳ ʩʝ ʧʦʩʪʠʞʝ ʥʘ ʛʨʘʥʠʮʠ ʦʧʩʝʛʘ ῳ‫ , ʰʪʦ ʿʝ ʩʪʘʪʠʯʢʦ ʦʛʨʘʥʠʯʝˁʝ 

ʌʉʇ. ʊʘʜʘ, ʥʘʿʤʘˁʠ ʧʦʨʝʤʝ˂ʘʿ ʜʦʚʦʜʠ ʜʦ ʪʨʘʿʥʦʛ ʛʫʙʠʪʢʘ ʩʪʘʙʠʣʥʦʩʪʠ ʌʉʇ. ʋ ʧʨʚʦʤ ʩʣʫʯʘʿʫ 

ʿʝ ʠʟʣʘʟ ʌɼ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʘ, ʘ ʫ ʜʨʫʛʦʤ ʣʠʥʝʘʨʥʘ ʬʫʥʢʮʠʿʘ ʛʨʝʰʢʝ. ʂʘʜʘ ʩʝ ʟʘ ʌɼ ʢʦʨʠʩʪʠ 

JK ʙʠʩʪʘʙʠʣʥʦ ʢʦʣʦ, ʛʨʝʰʢʘ ῳ— ʤʦʞʝ ʜʘ ʨʘʩʪʝ ʜʦ “, ʘ ʢʦʜ ʬʘʟʥʦ-ʬʨʝʢʚʝʥʮʠʿʩʢʦʛ ʌɼ ʜʦ ς“. 
ʆʧʩʝʛ ʥʘʧʫʰʪʘˁʘ ῳ‫  ʿ ʝ ʜʠʥʘʤʠʯʢʦ ʦʛʨʘʥʠʯʝˁʝ ʌʉʇ ʠ ʜʝʬʠʥʠʩʘʥ ʿʝ ʤʘʢʩʠʤʘʣʥʦʤ 

ʧʨʦʤʝʥʦʤ ʫʯʝʩʪʘʥʦʩʪʠ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʢʦʿʘ ʥʝ ʜʦʚʦʜʠ ʦʜ ʦʪʢˀʫʯʘʚʘˁʘ ʌʉʇ. ɸʢʦ ʩʝ ʧʦ 

ʥʘʧʫʰʪʘˁʫ ʦʙʣʘʩʪʠ ῳ‫  ʠ ʦʪʢˀʫʯʘʚʘˁʘ ʌʉʇ ʩʠʛʥʘʣ ʥʘʣʘʟʠ ʫ ʦʙʣʘʩʪʠ ʧʨʠʚʣʘʯʝˁʘ, ɝʖ
ῳ‫ , ʪʘʜʘ ʧʦʯʠˁʝ ʧʨʦʮʝʩ ʧʨʠʚʣʘʯʝˁʘ ʩʠʛʥʘʣʘ ʢʘ ʦʙʣʘʩʪʠ ʟʘʢˀʫʯʘʚʘˁʘ. ʂʘʜʘ ʩʠʛʥʘʣ ʫʹʝ ʫ 

ʦʧʩʝʛ ɝʧʦʯʠˁʝ ʙʨʟʠ ʧʨʦʮʝʩ ʟʘʢˀʫʯʘʚʘˁʘ (ʝʥʛʣ. lock-in process) ʢʦʿʠ ʧʨʠʙʣʠʞʥʦ ʪʨʘʿʝ Ὕ ,‫
ς“ʖϳ  [194]. ɿʘ ʬʘʢʪʦʨ ‚ ρ, ʧʨʦʮʝʩ ʟʘʢˀʫʯʘʚʘˁʘ ʩʝ ʦʜʚʠʿʘ ʩʘ ʦʩʮʠʣʘʮʠʿʘʤʘ. ʈʘʜ ʌʉʇ ʩʝ 

ʦʛʨʘʥʠʯʘʚʘ ʥʘ ʥʘʿʫʞʠ ʦʧʩʝʛ ʟʘʢˀʫʯʘʚʘˁʘ ɝʛʜʝ ʿʝ ʠʟʣʘʟ ʌɼ ʧʨʠʙʣʠʞʥʦ ʣʠʥʝʘʨʥʘ ʬʫʥʢʮʠʿʘ ,‫ 

ʛʨʝʰʢʝ ῳ—. ɼʘʢʣʝ, ʈɾʍ ʪʨʝʙʘ ʜʘ ʦʩʪʘʥʝ ʫʥʫʪʘʨ ɝ.ʧʨʠ ʩʚʘʢʦʤ ʨʘʜʥʦʤ ʨʝʞʠʤʫ ‫ 

ʄʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʿʝ ʟʘ ʧʦʪʨʝʙʝ ʢʦʨʠʰ˂ʝˁʘ ʝʩʪʠʤʘʪʦʨʘ ʟʘʩʥʦʚʘʥʦʛ ʥʘ ʌʉʇ ʫʥʫʪʘʨ 

ʧʝʪˀʠ ʈʉ ʠ ʈɹ ʦʜ ʠʥʪʝʨʝʩʘ ʤʘʢʩʠʤʠʟʦʚʘʪʠ ʥʘʚʝʜʝʥʘ ʯʝʪʠʨʠ ʧʘʨʘʤʝʪʨʘ, ʘ ʧʦʩʝʙʥʦ ῳ‫  ʠ ῳ‫Ȣ 
ɿʘ ʦʚʝ ʧʦʪʨʝʙʝ, ʢʘʦ ʠ ʟʘ ʘʥʘʣʠʟʫ ʩʪʘʙʠʣʥʦʩʪʠ, ʧʦʪʨʝʙʥʦ ʿʝ ʠʟʚʝʩʪʠ ʣʠʥʝʘʨʥʠ ʤʦʜʝʣ ʌʉʇ. ʌɼ 

ʫʥʦʩʠ ʥʝʣʠʥʝʘʨʥʦʩʪ ʫ ʧʝʪˀʫ ʤʥʦʞʝˁʝʤ ʩʠʛʥʘʣʘ ʈɾʍ ʩʘ ʩʠʛʥʘʣʦʤ ʥʘ ʠʟʣʘʟʫ ʩʠʛʥʘʣ ʛʝʥʝʨʘʪʦʨʘ 

ʌʉʇ ʫ ʬʫʥʢʮʠʿʠ ʬʘʟʝ — . ɸʢʦ ʩʝ ʧʨʝʪʧʦʩʪʘʚʠ ʜʘ ʿʝ ʌʉʇ ʟʘʢˀʫʯʘʥʘ ʠ ʜʘ ʦʩʪʘʿʝ ʟʘʢˀʫʯʘʥʘ 

ʙʝʟ ʚʝ˂ʠʭ ʧʨʦʤʝʥʘ ʫ ʬʘʟʠ ʈɾʍ, ʪʿ. ʩʘ ʤʘʣʦʤ ʬʘʟʥʦʤ ʛʨʝʰʢʦʤ ῳ— — —  ʪʘʜʘ ʩʝ ʠʟʣʘʟ 
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ʋʯʝʩʪʘʥʦʩʪ ʈɾʍ ʩʝ ʧʨʝʤʘ (2.145) ʤʝˁʘ ʫ ʦʧʩʝʛʫ ʦʜ 0 ʜʦ Ὢ ὔ ὴϳ ρ ʟʘ ʧʨʦʠʟʚʦˀʥʫ 
ɸʄ ʠ ʦʜʨʝʹʫʿʝ ʦʧʩʝʛʝ ῳ‫  ʠ ῳ‫ , ʛʜʝ ʿʝ Ὢ  ʥʦʤʠʥʘʣʥʘ ʫʯʝʩʪʘʥʦʩʪ ɸʄ. ɼʠʥʘʤʠʢʘ ʧʨʦʤʝʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʜʠʢʪʠʨʘ ʦʧʩʝʛʝ ῳʠ ῳ ‫‫ . ɼʠʥʘʤʠʢʫ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʥʘ ʫʣʘʟʫ 

ʌʉʇ ʦʜʨʝʹʫʿʫ ʧʨʦʧʫʩʥʠ ʦʧʩʝʟʠ ʠ ʬʫʥʢʮʠʿʝ ʦʩʝʪˀʠʚʦʩʪʠ ʧʝʪˀʠ ʈɹ ʠ ʈʉ, ʜʠʥʘʤʠʢʘ ʧʨʦʤʝʥʝ 

ʦʧʪʝʨʝ˂ʝˁʘ, ʠʥʪʝʥʟʠʪʝʪ ʧʦʨʝʤʝ˂ʘʿʘ ʥʘ ʚʨʘʪʠʣʫ, ʠʥʪʝʥʟʠʪʝʪ ʠ ʜʠʥʘʤʠʢʘ ʧʨʦʤʝʥʝ ʨʝʬʝʨʝʥʮʝ 

ʙʨʟʠʥʝ ʠ ʧʨʦʤʝʥˀʠʚʘ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ † . ɼʘ ʙʠ ʩʝ ʩʤʘˁʠʣʘ ʦʧʘʩʥʦʩʪ ʦʜ ʚʝʣʠʢʠʭ ῳ— 
ʫʥʫʪʘʨ ʌʉʇ ʠ ʜʘ ʩʠʩʪʝʤ ʧʦʩʪʘʥʝ ʥʝʣʠʥʝʘʨʘʥ, ʧʦʣʘʟʝ˂ʠ ʦʜ (3.6), ʦʩʪʚʘʨʠʚʝ ʙʨʟʠʥʝ ʧʨʦʤʝʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʩʝ ʦʛʨʘʥʠʯʘʚʘʿʫ ʜʝʬʠʥʠʩʘˁʝʤ ʤʘʢʩʠʤʘʣʥʝ ʚʨʝʜʥʦʩʪʠ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ 

ʧʝʪˀʝ ʧʦ ʙʨʟʠʥʠ, ʪʿ. ʜʦʤʠʥʘʥʪʝ ʚʨʝʤʝʥʩʢʝ ʢʦʥʩʪʘʥʪʝ ʦʚʝ ʧʝʪˀʝ, ʢʘʦ  
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ʅʘʿʚʝ˂ʘ ʙʨʟʠʥʘ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ, ʛʜʝ ʩʝ ʤʦʞʝ ʦʯʝʢʠʚʘʪʠ ʛʨʝʰʢʘ ῳ— “ςϳ, ʩʝ 
ʩʘʜʘ ʦʯʝʢʫʿʝ ʥʘ ʥʘʿʚʝ˂ʠʤ ʙʨʟʠʥʘʤʘ ʠ ʫ ʦʙʣʘʩʪʠ ʩʣʘʙˀʝˁʘ ʧʦˀʘ ʢʦʿʘ ʥʠʿʝ ʦʜ ʠʥʪʝʨʝʩʘ ʫ 

ʜʠʩʝʨʪʘʮʠʿʠ. ʇʦʜ ʦʚʦʤ ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʬʦʨʤʠʨʘʥ ʿʝ ʣʠʥʝʘʨʥʠ ʤʦʜʝʣ ʜʘʪ ʥʘ ʉʣʠʮʠ 3.14ʘ. ʇʨʝʤʘ 

(3.46) ʧʦʿʘʯʘˁʝ ʌɼ ʟʘʚʠʩʠ ʦʜ ʿʘʯʠʥʝ ʈɾʍ, ʜʦʢ ʩʫ ʧʦʿʘʯʘˁʘ ʇʀ ʬʠʣʪʨʘ ʠ ʅʂʆ ʢʦʥʩʪʘʥʪʝ.  

ʇʨʝʤʘ ʧʦʪʧʦʛʣʘʚˀʫ 2.3, ʿʘʯʠʥʘ ʈɾʍ ʿʝ ʤʘʣʘ ʠ ʟʘʚʠʩʠ ʦʜ ʨʘʜʥʦʤ ʨʝʞʠʤʘ, ʜʠʟʘʿʥʘ ʤʘʛʥʝʪʩʢʦʛ 

ʢʦʣʘ, ʨʝʟʦʣʫʮʠʿʝ ɸɼ ʢʦʥʚʝʨʪʦʨʘ, ʥʝʩʘʚʨʰʝʥʦʛ ʬʠʣʪʨʠʨʘˁʘ ʬʠʣʪʨʘ ʇʆ, ʠʪʜ. ʊʨʝʥʫʪʥʝ ʚʨʰʥʝ 

ʚʨʝʜʥʦʩʪʠ ʈɾʍ ʫʪʠʯʫ ʥʘ ʝʬʝʢʪʠʚʥʦ ʧʦʿʘʯʘˁʘ ʌɼ, ʘ ʠ ʥʘ ʧʦʥʘʰʘˁʝ ʌʉʇ. ʇʦʫʟʜʘʥ ʨʘʜ ʌʉʇ 

ʟʘʪʦ ʟʘʭʪʝʚʘ ʚʝʣʠʢʘ ʧʦʿʘʯʘˁʘ ʇʀ ʬʠʣʪʨʘ, h ʪʦ ʩʤʘˁʫʿʫ SNR ʥʘ ʠʟʣʘʟʫ ʌʉʇ. ʇʨʦʩʪʦ ʣʠʥʝʘʨʥʦ 

ʩʢʘʣʠʨʘˁʝ ʧʦʿʘʯʘˁʘ ʇʀ ʬʠʣʪʨʘ ʩʘ ʧʨʦʮʝˁʝʥʦʤ ʥʦʤʠʥʘʣʥʦʤ ʿʘʯʠʥʦʤ ʭʘʨʤʦʥʠʢʘ ʟʥʘʯʘʿʥʦ 

ʦʛʨʘʥʠʯʘʚʘ ʨʘʜ ʌʉʇ ʫ ʧʨʠʩʫʩʪʚʫ ʦʧʪʝʨʝ˂ʝˁʘ ʥʘ ʚʨʘʪʠʣʫ ɸʄ [171]. ʈʦʙʫʩʪʘʥ ʨʘʜ ʠ 

ʤʘʢʩʠʤʠʟʘʮʠʿʘ ʜʠʥʘʤʠʯʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʩʝ ʧʦʩʪʠʞʝ ʥʦʨʤʘʣʠʟʘʮʠʿʦʤ ʿʘʯʠʥʝ ʈɾʍ, ʦʙʝʟʙʝʹʫʿʫ˂ʠ 

ʜʘ ʧʨʠ ʩʚʘʢʦʤ ʨʘʜʥʦʤ ʨʝʞʠʤʫ ʈɾʍ ʠʤʘ ʿʝʜʠʥʠʯʥʫ ʚʨʰʥʫ ʚʨʝʜʥʦʩʪ. ʇʨʝʤʘ ʘʥʘʣʠʟʠ ʜʘʪʦʿ ʫ 

ʧʦʪʧʦʛʣʘʚˀʫ 2.3, ʿʘʯʠʥʘ ʈɾʍ ʩʝ ʘʧʨʦʢʩʠʤʠʨʘ ʢʘʦ ʧʨʦʠʟʚʦʜ ʜʚʝ ʧʦʣʠʥʦʤʩʢʝ ʬʫʥʢʮʠʿʝ ʯʝʪʚʨʪʦʛ 

ʨʝʜʘ ʫ ʬʫʥʢʮʠʿʠ ʧʘʨʘʤʝʪʘʨʘ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ, ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ Ὅ ʠ 
ʫʯʝʩʪʘʥʦʩʪʠ Ὢ . ʅʦʨʤʘʣʠʟʘʮʠʿʘ ʩʝ ʨʝʘʣʠʟʫʿʝ ʙʝʟ ʫʧʦʪʨʝʙʝ ʤʘʪʨʠʮʘ ʧʘʨʘʤʝʪʘʨʘ (ʝʥʛʣ. look-

up tables) ʤʥʦʞʝˁʝʤ ʠʟʣʘʟʘ ʬʠʣʪʨʘ ʇʆ ʩʘ ʧʦʣʠʥʦʤʩʢʠʤ ʬʫʥʢʮʠʿʘʤʘ   

  

Ὥ ὸ Ὥ ὸϽ ὃϽὍ ὸϽ ὄ ϽὪ ὸȟ Ὅ ὸ Ὥὸ Ὥὸ Ȣ σȢτψ 

 

ʛʜʝ ʢʦʝʬʠʮʠʿʝʥʪʠ ʟʘʚʠʩʝ ʦʜ ɸʄ ʫ ɽʇ ʠ ʙʠ˂ʝ ʦʜʨʝʹʝʥʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʫ ʇʦʛʣʘʚˀʫ V. ʇʨʠ 

Ὅ ρ, ʧʦʿʘʯʘˁʝ ʌɼ ʿʝ ʢʦʥʩʪʘʥʪʥʦ ʠ ʠʟʥʦʩʠ ρςϳ. ɺʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ Ὅ ʠ Ὢ , ʟʘ 

ʧʦʪʨʝʙʝ ʧʨʦʮʝʩʘ ʧʨʠʚʣʘʯʝˁʘ ʠ ʥʦʨʤʘʣʠʟʘʮʠʿʝ ʈɾʍ, ʜʦʙʠʿʘʿʫ ʩʝ ʢʘʦ ʨʝʟʫʣʪʘʪ ʨʘʜʘ ʘʣʛʦʨʠʪʤʘ 

ʚʝʢʪʦʨʩʢʦʛ ʫʧʨʘʚˀʘˁʘ. ɿʘ ʦʚʝ ʧʦʪʨʝʙʝ ʤʦʞʝ ʩʝ ʢʦʨʠʩʪʠʪʠ ʙʠʣʦ ʢʦʿʘ ʤʝʪʦʜʘ ʜʦʩʪʫʧʥʘ ʫ 

ʣʠʪʝʨʘʪʫʨʠ ʙʝʟ ʦʛʨʘʥʠʯʘʚʘˁʘ ʫʧʦʪʨʝʙʝ ʝʩʪʠʤʘʪʦʨʘ. ʄʦʞʝ ʩʝ ʠʩʪʦʚʨʝʤʝʥʦ ʢʦʨʠʩʪʠʪʠ ʿʦʰ ʿʝʜʥʘ 

ʌʉʇ, ʧʦʧʫʪ DSOGI ʩʪʨʫʢʪʫʨʝ ʢʦʿʘ ʧʨʫʞʘ ʜʝʪʝʢʮʠʿʫ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ ʩʠʛʥʘʣʘ 

[196], ʠʣʠ ʘʣʛʦʨʠʪʤʠ ʟʘ ʜʝʪʝʢʮʠʿʫ ʤʘʢʩʠʤʫʤʘ ʠʣʠ ʧʨʦʣʘʩʢʘ ʢʨʦʟ ʥʫʣʫ, ʠʪʜ. ʆʥʦ ʰʪʦ ʿʝ ʪʘʜʘ 
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ʧʦʪʨʝʙʥʦ ʫʨʘʜʠʪʠ, ʿʝʩʪʝ ʚʘˀʘʥʦ ʫʚʘʞʠʪʠ ʜʠʥʘʤʠʢʫ ʜʦʜʘʪʝ ʩʪʨʫʢʪʫʨʝ ʧʨʠ ʜʠʟʘʿʥʫ ʧʦʿʘʯʘˁʘ 

ʌʉʇ. ɸʥʘʣʠʟʘ ʫʪʠʮʘʿʘ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʢʦʤʧʝʥʟʘʮʠʿʝ ʥʘ ʨʘʜ ʌʉʇ ʿʝ ʜʘʪʘ ʫ ʧʦʪʧʦʛʣʘʚˀʫ 3.5.  

ʃʠʥʝʘʨʥʠ ʤʦʜʝʣ ʥʘ ʉʣʠʮʠ 3.14ʘ. ʿ ʝ ʬʦʨʤʠʨʘʥ ʩʘ ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʜʘ ʘʜʘʧʪʠʚʥʠ ʬʠʣʪʘʨ ʅʆ 

ʦʪʢʣʘˁʘ ʚʠʩʦʢʦ-ʬʨʝʢʚʝʥʪʥʫ ʢʦʤʧʦʥʝʥʪʫ, ʢʦʿʘ ʥʘʩʪʘʿʝ ʫʩʣʝʜ ʨʘʜʘ ʌɼ, ʙʝʟ ʜʘ ʫʪʠʯʝ ʥʘ ʦʩʪʘʪʘʢ 

ʩʧʝʢʪʨʘ. ʇʨʦʪʦʪʠʧ ʬʫʥʢʮʠʿʝ ʧʨʝʥʦʩʘ ʘʜʘʧʪʠʚʥʦʛ IIR ʬʠʣʪʨʘ ʅʆ ʫ z - ʜʦʤʝʥʫ ʜʦʙʠʿʝʥ ʿʝ 

ʧʨʠʤʝʥʦʤ ʠʩʪʝ ʧʨʦʮʝʜʫʨʝ ʢʘʦ ʟʘ ʨʘʥʠʿʝ ʧʨʦʿʝʢʪʦʚʘʥʠ IIR ʬʠʣʪʘʨ ʇʆ. ʌʫʥʢʮʠʿʘ ʧʨʝʥʦʩʘ ʿʝ  

 

                  ὡ ᾀ
ά άᾀ άᾀ

ρ ὲᾀ ὲᾀ

ρ ςÃÏÓὝ ‫ ᾀ ᾀ

ρ ςὶÃÏÓὝ ‫ ᾀ ὶᾀ
ȟ σȢτω 

 

ʛʜʝ ʢʦʝʬʠʮʠʿʝʥʪ r ʜʝʬʠʥʠʰʝ ʩʝʣʝʢʪʠʚʥʦʩʪʠ ʠ ʩʣʘʙˀʝˁʝ ʬʠʣʪʨʘ ʅʆ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠ ‫ . ɼʘ 

ʙʠ ʩʝ ʠʟʙʝʛʣʦ ʩʣʘʙˀʝˁʝ ʠ ʢʘʰˁʝˁʝ ʿʝʜʥʦʩʤʝʨʥʝ ʢʦʤʧʦʥʝʥʪʝ ʩʠʛʥʘʣʘ ῳ—‫ π ʦʜ ʠʥʪʝʨʝʩʘ 
ʥʘ ʫʯʝʩʪʘʥʦʩʪʠʤʘ Ὢ  2 Hz, ʠʟʘʙʨʘʥ je ὶ  0,997. ʌʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ IIR ʬʠʣʪʨʘ ʅʆ ʿʝ 

ʜʘʪ ʥʘ ʉʣʠʮʠ 3.14ʙ. ʟʘ ʜʚʝ ʫʯʝʩʪʘʥʦʩʪʠ Ὢ  ʠ ʟʘ ʨʘʟʣʠʯʠʪʝ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʨʘ ὶ. ʄʦʞʝ ʩʝ 
ʫʦʯʠʪʠ ʜʘ ʬʠʣʪʘʨ ʇʆ ʩʣʘʙʠ ʥʝʞʝˀʝʥʝ ʢʦʤʧʦʥʝʥʪʝ ʠ ʜʘ ʥʝ ʫʪʠʯʝ ʥʘ ʜʦˁʠ ʜʝʦ ʩʧʝʢʪʨʘ ʠ ʥʘ 

ʚʨʝʤʝʥʩʢʠ ʦʜʟʠʚ ʌʉʇ. ʅʘ ʦʩʥʦʚʫ ʣʠʥʝʘʨʥʦʛ ʤʦʜʝʣʘ ʌʉʇ ʧʨʝʜʩʪʘʚˀʝʥʦʛ ʥʘ ʉʣʠʮʠ 3.14ʘ. ʤʦʞʝ 

ʩʝ ʠʟʚʝʩʪʠ ʬʫʥʢʮʠʿʘ ʩʧʨʝʛʥʫʪʦʛ ʧʨʝʥʦʩʘ ʌʉʇ  

 

ὡ ί
— ί

— ί

 ὯὯὯ ί ὯὯὯ

 ί ὯὯὯ ί ὯὯὯ

 Ὅ “Ὧ ί Ὅ “Ὧ

 ί Ὅ “Ὧ ί Ὅ “Ὧ
 ȟ   σȢυπ 

 

ʛʜʝ ʩʫ Ὧ ς‚‫Ὧ ʠ Ὧ ‫Ὧ ʧʦʿʘʯʘˁʘ ʇʀ ʬʠʣʪʨʘ, Ὧ Ὅ “ . ʇʦʿʘʯʘˁʘ ʩʫ ʟʘ 

ʧʦʪʨʝʙʝ ʜʘˀʠʭ ʘʥʘʣʠʟʘ ʜʘʪʘ ʫ ʬʫʥʢʮʠʿʠ Ὅ , ʢʦʿʠ ʿʝ ʫ ʩʣʫʯʘʿʫ ʠʜʝʘʣʥʝ ʥʦʨʤʘʣʠʟʘʮʠʿʝ ʿʝʜʥʘʢ 

ʿʝʜʠʥʠʮʠ. ɿʘ ʧʦʪʨʝʙʝ ʘʥʘʣʠʟʝ ʌʉʇ ʠ ʩʠʥʪʝʟʝ ʧʘʨʘʤʝʪʘʨʘ ʧʝʪˀʝ, ʥʘ ʦʩʥʦʚʫ ʣʠʥʝʘʨʥʦʛ ʤʦʜʝʣʘ 

ʌʉʇ ʫ s ï ʜʦʤʝʥʫ ʨʘʟʚʠʿʝʥ ʿʝ ʩʠʤʫʣʘʮʠʦʥʠ ʤʦʜʝʣʠ ʜʘʪ ʥʘ ʉʣʠʮʠ 3.14ʘ, ʘ ʥʘ ʦʩʥʦʚʫ ʥʝʣʠʥʝʘʨʥʦʛ 

ʤʦʜʝʣʘ ʥʘ ʉʣʠʮʠ 3.13. ʨʘʟʚʠʿʝʥ ʿʝ ʩʠʤʫʣʘʮʠʦʥʠ ʤʦʜʝʣ ʫ z ï ʜʦʤʝʥʫ ʧʨʠʢʘʟʘʥ ʥʘ ʉʣʠʮʠ 3.15. 

ɹʠʪʥʠ ʝʣʝʤʝʥʪʠ ʌʉʇ ʩʫ ʦʟʥʘʯʝʥʠ ʪʝʢʩʪʦʤ ʥʘ ʩʣʠʮʠ ʢʘʦ ʠ ʠʟʣʘʟ ʌʉʇ, Ăʋʯʝʩʪʘʥʦʩʪ ʈɾʍñ ʢʦʿʠ 

ʩʝ ʧʨʦʩʣʝʹʫʿʝ ʥʘ ʅʌ ʬʠʣʪʘʨ ʫ ʝʩʪʠʤʘʪʦʨʫ. ʉʨʝʜʠʰˁʠ ʜʝʦ ʤʦʜʝʣʘ ʥʘ ʉʣʠʮʠ 3.15 ʿʝ ʤʦʜʝʣ 

ʘʜʘʧʪʠʚʥʦʛ IIR ʬʠʣʪʨʘ ʅʆ ʫ z ï ʜʦʤʝʥʫ, ʢʦʿʠ ʿʝ ʦʧʠʩʘʥ ʩʘ (3.49).   

 

   
                                   ʘ)                                                                                   ʙ) 

ʉʣʠʢʘ 3.14. ʘ) ʄʦʜʝʣ ʟʘ ʤʘʣʝ ʩʠʛʥʘʣʝ ʌʉʇ; ʙ) ʌʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚʠ ʬʠʣʪʨʘ ʅʆ. 
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Oʧʩʝʛ ʜʨʞʘˁʘ ɝʖ ʩʝ ʜʦʙʠʿʘ ʟʘ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʠ ʢʦʿʦʿ ʚʘʞʠ ʜʘ ʿʝ ῳ—ὸO Њ “ςϳ. 
ʇʦʣʘʟʝ˂ʠ ʦʜ (3.50) ʠ ʧʨʠʤʝʥʦʤ ʃʘʧʣʘʩʦʚʝ ʪʝʦʨʝʤʝ ʧʦ ʢʦʥʘʯʥʦʿ ʚʨʝʜʥʦʩʪʠ ʛʨʝʰʢʝ ῳ—, ʦʧʩʝʛ 
ɝʖ ʠʟʥʦʩʠ ῳ‫ ὯὯὡ πȾὔ , ʛʜʝ ʿʝ ὔ  ʫ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ ʬʘʢʪʦʨ ʧʨʝʩʢʘʣʠʨʘˁʘ 

ʫʯʝʩʪʘʥʦʩʪʠ ʅʂʆ, a ὡ π ʧʦʿʘʯʘˁʝ ʿʝʜʥʦʩʤʝʨʥʝ ʢʦʤʧʦʥʝʥʪʝ ʇʀ ʬʠʣʪʨʘ. ʉʪʨʫʢʪʫʨʘ ʌʉʇ ʟʘ 

ʤʥʦʞʘʯʝʤ ʢʘʦ ʌɼ ʠ ʇʀ ʬʠʣʪʨʦʤ ʧʨʫʞʘ ʙʝʩʢʦʥʘʯʥʦ ʧʦʿʘʯʘˁʝ ʿ ʝʜʥʦʩʤʝʨʥʝ ʢʦʤʧʦʥʝʥʪʝ. ʋ 

ʧʨʘʢʩʠ ʿʝ ῳ‫  ʦʛʨʘʥʠʯʝʥʦ ʦʧʩʝʛʦʤ ʫʯʝʩʪʘʥʦʩʪʠ ʢʦʿʠ ʧʦʢʨʠʚʘ ʅʂʆ, ʪʿ. ʧʦʣʦʚʠʥʦʤ ʨʘʜʥʝ 
ʫʯʝʩʪʘʥʦʩʪʠ ʠʟʚʨʰʘʚʘˁʘ ʘʣʛʦʨʠʪʤʘ 0,5ĀὪ  = 25 kHz. ɸʢʪʠʚʥʠ ʇʀ ʬʠʣʪʘʨ ʧʨʫʞʘ ʠ ʪʝʦʨʠʿʩʢʠ 

ʙʝʩʢʦʥʘʯʥʦ ῳ‫  ʛʜʝ ʿʝ ʠ ʥʘʿʤʘˁʝ ʥʝʭʘʨʤʦʥʠʿʩʢʦ ʧʦʥʘʰʘˁʝ ʥʘ ʠʟʣʘʟʫ ʌɼ ʜʦʚʦˀʥʦ ʜʘ ʅʂʆ 

ʥʘʧʨʘʚʠ ʤʦʜʫʣʘʮʠʿʫ ʠ ʟʘʢˀʫʯʘ ʧʝʪˀʫ [198]. ʇʨʠʭʚʘʪˀʠʚʦ ʪʨʘʿʘˁʝ ʧʨʦʮʝʩʘ ʧʨʠʚʣʘʯʝˁʘ ʟʘʭʪʝʚʘ 

ʜʘ ʙʫʜʝ ʠʩʧʫˁʝʥ ʫʩʣʦʚ ῳ0,8ῳ ‫‫ . ɼʝʚʠʿʘʮʠʿʘ ʫʯʝʩʪʘʥʦʩʪʠ ʥʘ ʠʟʣʘʟʫ ʅʂʆ ʢʦʿʘ ʈɾʍ ʜʨʞʠ 

ʥʘ ʛʨʘʥʠʮʠ ʦʙʣʘʩʪʠ Ў‫ʦʜʨʝʹʝʥʘ ʿʝ ʧʨʠʤʝʥʦʤ ʃʘʧʣʘʩʦʚʝ ʪʝʦʨʝʤʝ ʦ ʢʦʥʘʯʥʦʿ ʚʨʝʜʥʦʩʪʠ ʢʘʜʘ 

ʧʨʦʤʝʥʘ ʫʯʝʩʪʘʥʦʩʪʠ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʈɾʍ ʥʘ ʫʣʘʟʫ ʫ ʬʫʥʢʮʠʿʫ ʧʨʝʥʦʩʘ (3.50) ʪʝʞʠ ῳʂʘʦ .‫ 
ʨʝʟʫʣʪʘʪ ʜʦʙʠʿʘ ʩʝ Ў‫ Ὧ ϽὯȿὡ Ў‫ ȿȾὔ ὯὯὯȾὔ “Ὅ Ὧ 2‚ʛʜʝ ʿʝ ,‫ 

ὡ Ў‫  ʧʦʿʘʯʘˁʝ ʬʠʣʪʨʘ ʧʝʪˀʝ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠ Ўʆʙʣʘʩʪ ῳ .[198] ‫‫  ʩʝ ʥʝ ʤʦʞʝ 

ʘʥʘʣʠʪʠʯʢʠ ʠʟʨʘʟʠʪʠ ʠʟ ʣʠʥʝʘʨʥʦʛ ʤʦʜʝʣʘ ʌʉʇ, ʘʣʠ ʿʝ ʘʧʨʦʢʩʠʤʠʨʘʥʘ ʧʫʪʝʤ ʨʘʟʚʠʿʝʥʦʛ 

ʩʠʤʫʣʘʮʠʦʥʦʛ ʤʦʜʝʣʘ ʢʘʦ ῳ‫  1,764Ā‫ ρ ‚ ɿʘʪʠʤ ʩʝ ʦʜʨʝʹʫʿʫ ʧʘʨʘʤʝʪʨʠ ʠ ‚ ʢʦʿʠ ‫ 
ʜʝʬʠʥʠʰʫ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʌʉʇ, ʢʦʿʠ ʪʨʝʙʘ ʜʘ ʙʫʜʝ ʜʦʚʦˀʥʦ ʚʝʣʠʢʠ ʜʘ ʌʉʇ ʙʫʜʝ ʨʘʩʧʨʝʛʥʫʪʘ 

ʦʜ ʦʩʪʘʣʠʭ ʜʝʣʦʚʘ ʝʩʪʠʤʘʪʦʨʘ ʠ ʢʦʿʠʤʘ ʩʝ ʧʦʩʪʠʞʝ ʢʨʠʪʝʨʠʿʫʤ ʩʪʘʙʠʣʥʦʩʪʠ (ʢ-2). 

ɺʝ˂ʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʦʤʦʛʫ˂ʘʚʘ ʙʨʞʝ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʥʘ ʫʣʘʟʫ ʠ ʤʘˁʝ ʢʘʰˁʝˁʝ. 

ʇʨʝʚʝʣʠʢʦ ʫʚʝ˂ʘˁʝ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʩʤʘˁʫʿʝ SNR ʥʘ ʠʟʣʘʟʫ ʌʉʇ ʠ ʥʘʤʝ˂ʝ ʫʧʦʪʨʝʙʫ ʠʟʣʘʟʥʦʛ 

ʅʌ ʬʠʣʪʨʘ ʩʘ ʚʝ˂ʦʤ ʚʨʝʤʝʥʩʢʦʤ ʢʦʥʩʪʘʥʪʥʦʤ ʯʠʤʝ ʩʝ ʫʢʫʧʥʦ ʢʘʰˁʝˁʝ ʝʩʪʠʤʘʪʦʨʘ ʝʬʝʢʪʠʚʥʦ 

ʫʚʝ˂ʘʚʘ. ʇʨʝʤʘ (ʢ-1), ʬʘʢʪʦʨ ‚ ʩʝ ʦʜʨʝʹʫʿʝ ʧʦʪʨʝʙʥʠʤ ʚʨʝʤʝʥʦʤ ʜʘ ʛʨʝʰʢʘ ῳ— ʫʹʝ ʫ ʫʩʪʘˀʝʥʦ 
ʩʪʘˁʝ, ʠ ʢʚʘʣʠʪʝʪʦʤ ʦʜʟʠʚʘ ʢʘʦ ʢʦʤʧʨʦʤʠʩ ʠʟʤʝʹʫ ʨʘʥʠʿʝ ʜʝʬʠʥʠʩʘʥʠʭ ʢʨʠʪʝʨʠʿʫʤʘ (I), (II) ʠ 

(III). ɻʦʨˁʫ ʛʨʘʥʠʮʫ ʧʘʨʘʤʝʪʨʘ ʦʜʨʝʹʫʿʝ SNR ʥʘ ʠʟʣʘʟʫ IIR ʬʠʣʪʨʘ ʇʆ ʠ ʙʨʟʠʥʘ ʠʟʚʨʰʘʚʘˁʘ ‫ 

ʘʣʛʦʨʠʪʤʘ Ὕ  ʪʘʢʦ ʜʘ ʜʝʚʠʿʘʮʠʿʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʥʘ ʠʟʣʘʟʫ ʌʉʇ ʙʫʜʫ ʠʩʧʦʜ 

0,5% ʧʨʝʤʘ ʢʨʠʪʝʨʠʿʫʤʫ (I) ʠ ʫʚʘʞʘʚʘʿʫ˂ʠ ʧʦʩʪʦʿʘˁʝ ʠʟʣʘʟʥʦʛ ʅʌ. ɼʦˁʘ ʛʨʘʥʠʮʘ ʟʘ ʪʨʝʙʘ ‫ 
ʜʘ ʦʙʝʟʙʝʜʠ ʜʘ ʿʝ ʩʚʘʢʦʤ ʨʘʜʥʦʤ ʨʝʞʠʤʫ ʘʢʫʤʫʣʠʩʘʥʘ ʛʨʝʰʢʘ ῳ— “ςϳ ʠ ʜʘ ʩʝ ʈɾʍ ʥʘʣʘʟʠ 
ʫʥʫʪʘʨ ʦʙʣʘʩʪʠ ʧʨʠʚʣʘʯʝˁʘ. ɼʘʢʣʝ, ʦʜʨʝʹʝʥʘ ʿʝ ʜʠʥʘʤʠʢʦʤ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʠ 

ʜʝʬʠʥʠʰʝ ʢʨʠʪʝʨʠʿʫʤ ʩʪʘʙʠʣʥʦʩʪʠ (ʢ-2) ʫʚʝʜʝʥ ʫ ʧʦʪʧʦʛʣʘʚˀʫ 3.2. ʊʘʜʘ ʿʝ ʦʙʨʘʟʣʦʞʝʥʘ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʨʝʣʘʪʠʚʥʝ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʫ ʦʜʥʦʩʫ ʥʘ ʠʟʣʘʟʥʠ ʩʠʛʥʘʣ ʨʘʤʧʦʤ 

Ὢ ὸ Ὢ Ὢ ὸ, ʛʜʝ ʿʝ Ὢ  ʧʦʯʝʪʥʘ ʚʨʝʜʥʦʩʪ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ, a Ὢ ÄὪ Äὸϳ  

[Hz/s] ʩʪʨʤʠʥʘ ʧʨʦʤʝʥʝ. ʊʘʜʘ ʿʝ ʧʦʨʝʤʝ˂ʘʿ ʥʘ ʫʣʘʟʫ ʌʉʇ ʦʧʠʩʘʥ ʧʨʦʤʝʥʦʤ ʬʘʟʝ ʈɾʍ ʢʘʦ    

 

 
ʉʣʠʢʘ 3.15. ʉʠʤʫʣʘʮʠʦʥʠ ʤʦʜʝʣ ʬʘʟʥʦ ʩʧʨʝʛʥʫʪʝ ʧʝʪˀʝ ʫ z ï ʜʦʤʝʥʫ. 
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ʛʜʝ ʿʝ —  ʬʘʟʘ ʈɾʍ ʫ ʧʦʯʝʪʥʦʤ ʪʨʝʥʫʪʢʫ. ɸʢʦ ʩʝ ʧʨʝʪʧʦʩʪʘʚʠ ʜʘ ʧʨʦʤʝʥʘ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ 

ʥʘʩʪʘʿʝ ʪʦʢʦʤ ʨʘʜʘ ʌʉʇ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ, ʪʘʜʘ ʚʘʞʠ ʜʘ ʿʝ — —  ʠ ʢʦʥʩʪʘʥʪʥʠ ʯʣʘʥ 

ʫ ʠʟʨʘʟʫ (3.51) ʥʝ ʫʪʠʯʝ ʥʘ ʜʘˀʫ ʘʥʘʣʠʟʫ. ʋʚʘʞʘʚʘʿʫ˂ʠ (2.145), (2.146) ʠ ʧʨʠʤʝʥʦʤ ʃʘʧʣʘʩʦʚʝ 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ, ʦʧʠʩʫʿʝ ʩʝ ʜʠʥʘʤʠʢʘ ʧʦʨʝʤʝ˂ʘʿʘ ʢʘʦ  
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ɹʨʟʠʥʘ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ Ὢ  ʦʜʨʝʹʝʥʘ ʿʝ ʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʧʝʪˀʠ ʈʉ ʠ ʈɹ. 

ʀʘʢʦ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʇʀ ʬʠʣʪʘʨ ʦʙʝʟʙʝʹʫʿʝ ʧʨʘ˂ʝˁʝ ʫʣʘʟʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʙʝʟ ʛʨʝʰʢʝ, ʪʦʢʦʤ 

ʧʨʘ˂ʝˁʘ ʨʘʤʧʝ ʧʦʩʪʦʿʠ ʢʦʥʩʪʘʥʪʥʘ ʛʨʝʰʢʘ. ʌʉʇ ʧʨʘʪʠ ʧʨʦʤʝʥʫ ʬʘʟʝ — ί ʩʚʝ ʜʦʢ ʿʝ 
ʘʢʫʤʫʣʠʩʘʥʘ ʛʨʝʰʢʘ ῳ— “ςϳ. ʉʧʦʩʦʙʥʦʩʪ ʌʉʇ ʜʘ ʟʘʜʨʞʠ ʟʘʢˀʫʯʘʥ ʫʣʘʟʥʠ ʩʠʛʥʘʣ ʪʦʢʦʤ 
ʧʨʝʣʘʟʥʦʛ ʧʨʦʮʝʩʘ ʟʘʚʠʩʠ ʦʜ ʚʨʝʜʥʦʩʪʠ ʙʨʟʠʥʝ ʧʨʦʤʝʥʝ ʠ ʪʨʘʿʘˁʘ ʧʨʝʣʘʟʥʦʛ ʧʨʦʮʝʩʘ. ɻʨʘʥʠʮʘ 

ʩʪʘʙʠʣʥʦʩʪʠ ʩʝ ʠʜʝʥʪʠʬʠʢʫʿʝ ʦʜʨʝʹʠʚʘˁʝʤ ʧʦʪʨʝʙʥʝ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʢʦʿʘ ʜʦʚʦʜʠ 

ʜʦ ʥʝʜʦʟʚʦˀʝʥʦʛ ʧʦʨʘʩʪʘ ʬʘʟʝ ʠ ʥʘʩʪʘʥʢʘ ʥʝʣʠʥʝʘʨʥʦʩʪʠ. ɼʘʢʣʝ, ʛʨʝʰʢʘ ʧʦ ʬʘʟʠ ʫ ʫʩʪʘˀʝʥʦʤ 

ʩʪʘˁʫ ʜʝʬʠʥʠʰʝ ʢʨʠʪʝʨʠʿʫʤ ʩʪʘʙʠʣʥʦʩʪʠ (ʢ-2) ʠ ʜʦˁʫ ʜʦʟʚʦˀʝʥʫ ʛʨʘʥʠʮʫ ʟʘ ʦʜʘʙʠʨ 

ʧʘʨʘʤʝʪʨʘ ʠ ʤʦʞʝ ʩʝ ʦʜʨʝʜʠʪʠ ʢʘʜʘ ʩʝ ʧʦʨʝʤʝ˂ʘʿ (3.52) ʜʦʚʝʜʝ ʥʘ ʫʣʘʟ ʩʠʩʪʝʤʘ (3.50) ʢʘʦ ‫ 
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ʄʠʥʠʤʘʣʥʘ ʧʨʠʨʦʜʥʘ ʫʯʝʩʪʘʥʦʩʪ ʩʝ ʩʘʜʘ ʠʟʨʘʯʫʥʘʚʘ ʧʨʝʤʘ ʞʝˀʝʥʦʤ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ 

ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʙʨʟʠʥʠ Ὢ  ʠ ʤʘʢʩʠʤʘʣʥʠʤ ʧʨʦʤʝʥʘʤʘ ʨʝʬʝʨʝʥʮʝ ʙʨʟʠʥʝ. ʊʨʝʙʘ 

ʥʘʧʦʤʝʥʫʪʠ ʜʘ ʿʝ ʤʦʛʫ˂ʝ ʢʨʘʪʢʦʪʨʘʿʥʦ ʦʩʪʚʘʨʠʪʠ ʠ ʚʝ˂ʝ ʙʨʟʠʥʝ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʦʜ 

ʜʝʬʠʥʠʩʘʥʠʭ ʫʩʣʦʚʦʤ (3.54), ʩʚʝ ʜʦʢ ʿʝ ʘʢʫʤʫʣʠʩʘʥʘ ʛʨʝʰʢʘ ῳ— ʥʘ ʢʨʘʿʫ ʧʨʝʣʘʟʥʦʛ ʧʨʦʮʝʩʘ 
ʤʘˁʘ ʦʜ “ςϳ. ʀʧʘʢ, ʟʙʦʛ ʥʝʩʘʚʨʰʝʥʦʛ IIR ʬʠʣʪʨʘ ʇʆ ʠ ʥʘʯʠˁʝʥʠʭ ʘʧʨʦʢʩʠʤʘʮʠʿʘ, ʤʘʢʩʠʤʘʣʥʘ 

ʜʦʟʚʦˀʝʥʘ ʛʨʝʰʢʘ ῳ— ʩʝ ʦʛʨʘʥʠʯʘʚʘ ʥʘ “σϳ. ʂʘʜʘ ʛʨʝʰʢʘ ῳ— ʫʟʠʤʘ ʤʘʢʩʠʤʘʣʥʫ ʚʨʝʜʥʦʩʪ, ʠʟʣʘʟ 
ʌɼ ʥʠʿʝ ʧʨʦʧʦʨʮʠʦʥʘʣʘʥ ʩʠʥʫʩʫ ʛʨʝʰʢʝ ῳ— ʢʘʦ Ὅ ÓÉÎ ῳ—ḻῳ—, ʧʘ ʠʟʨʘʟ (3.54) ʧʦʩʪʘʿʝ  
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ʋʩʣʦʚ .rad/s ʩʝ ʜʦʙʠʿʘ ʟʘ ʛʨʘʥʠʯʥʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʜʝʬʠʥʠʩʘʥ ʫ ʧʦʪʧʦʛʣʘʚˀʫ 3.3 70,5 < ‫ 

ʦʜ Ὢ = 15 Hz ʩʘ ʧʨʦʤʝʥʦʤ ʨʝʬʝʨʝʥʮʝ ʦʜ 25 ʦʙʨ/ʤʠʥ, ʪʿ. 0,42 Hz ʩʘ ʧʨʦʤʝʥʦʤ ʨʝʬʝʨʝʥʮʝ 

ʦʜ 1000 ʦʙʨ/ʤʠʥ. ʋ ʇʦʛʣʘʚˀʫ V ʧʦʢʘʟʘ˂ʝ ʩʝ ʜʘ ʟʙʦʛ ʧʝʨʠʦʜʝ ʠʟʚʨʰʘʚʘˁʘ ʘʣʛʦʨʠʪʤʘ ʥʝ ʧʦʩʪʦʿʝ 

ʦʛʨʘʥʠʯʝˁʘ ʟʘ ʟʘʜʘʚʘˁʝ ʨʝʬʝʨʝʥʮʝ ʙʨʟʠʥʝ ʠʟ ʫʛʣʘ ʧʨʘʢʪʠʯʥʝ ʧʨʠʤʝʥʝ. ɿʘ ʦʜʘʙʨʘʥʦ ‫ 
ʜʦʙʠʿʝʥʠ ʫʩʣʦʚ (3.55) ʦʛʨʘʥʠʯʘʚʘ ʤʘʢʩʠʤʘʣʥʫ ʜʦʟʚʦˀʝʥʫ ʙʨʟʠʥʫ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ 
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ʥʘ ʫʣʘʟʫ ʫ ʌʉʇ ʠ ʧʨʝʜʩʪʘʚˀʘ ʢʨʠʪʝʨʠʿʫʤ ʩʪʘʙʠʣʥʦʩʪʠ ʌʉʇ (ʢ-2). ɸʥʘʣʠʟʘ ʫʪʠʮʘʿʘ ʧʘʨʘʤʝʪʘʨʘ 

ʠ ‚ ʥʘ ʜʠʥʘʤʠʯʢʠ ʦʜʟʠʚ ʌʉʇ ʿʝ ʠʟʚʨʰʝʥʘ ʧʫʪʝʤ ʣʠʥʝʘʨʥʦʛ ʩʠʤʫʣʘʮʠʦʥʦʛ ʤʦʜʝʣʘ. ʅʘ ʉʣʠʮʠ ‫ 

3.16ʘ. ʧʨʠʢʘʟʘʥ ʿʝ ʫʪʠʮʘʿ ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʨʘ ʧʨʠ ʢʦʥʩʪʘʥʪʥʦʤ ʧʘʨʘʤʝʪʨʫ ‚, ʜʦʢ ʿʝ ʦʙʨʥʫʪʠ ‫ 
ʩʣʫʯʘʿ ʨʘʟʤʘʪʨʘʥ ʥʘ ʉʣʠʮʠ 3.16ʙ. ʇʦʚʝ˂ʘˁʝ ʙʠʣʦ ʢʦʜ ʧʘʨʘʤʝʪʨʘ ʫʚʝ˂ʘʚʘ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ. 

ʋʚʝ˂ʘˁʝ ʧʘʨʘʤʝʪʨʘ ‚ ʧʨʠʛʫʰʫʿʝ ʦʜʟʠʚ ʌʉʇ, ʜʦʢ ʫʚʝ˂ʘˁʝ ʧʘʨʘʤʝʪʨʘ .ʫʚʝ˂ʘʚʘ ʧʨʝʩʢʦʢ ‫ 

ɿʘ ʜʝʪʘˀʥʠʿʘ ʠʩʧʠʪʠʚʘˁʘ ʢʦʨʠʩʪʠʪʠ ʩʝ ʨʘʟʚʠʿʝʥʠ ʤʦʜʝʣ ʫ z ï ʜʦʤʝʥʫ ʧʨʠʢʘʟʘʥ ʥʘ ʉʣʠʮʠ 3.15. 

ʋʣʘʟʥʠ ʩʠʛʥʘʣ ʫ ʤʦʜʝʣ ʯʠʥʝ ʈɾʍ ʠ ʜʦʜʘʪʥʠ ʚʠʰʠ ʭʘʨʤʦʥʠʮʠ ʢʦʿʠ ʩʝ ʤʦʛʫ ʦʯʝʢʠʚʘʪʠ ʫ 

ʨʝʘʣʥʦʩʪʠ ʫ ʦʢʦʣʠʥʠ ʈɾʍ. ʋʯʝʩʪʘʥʦʩʪʠ ʭʘʨʤʦʥʠʢʘ ʩʫ ʟʘʜʘʪʝ ʢʘʦ Ὢ ὺὪ , ʛʜʝ ʿʝ ὺ  {19, 

21, 23, 25} ʨʝʜ ʜʦʜʘʪʠʭ ʭʘʨʤʦʥʠʢʘ, ʠ Ὢ  22,5ĀὪ , ʯʠʤʝ ʩʝ ʧʦʩʪʠʞʝ ʜʘ ʩʝ ʧʨʠ ʧʨʝʣʘʟʥʠʤ 

ʧʨʦʮʝʩʠʤʘ ʩʚʠ ʭʘʨʤʦʥʠʮʠ ʤʝˁʘʿʫ ʧʦ ʠʩʪʦʿ ʜʠʥʘʤʠʮʠ. ɸʤʧʣʠʪʫʜʘ ʈɾʍ ʠʤʘ ʿʝʜʠʥʠʯʥʫ 

ʚʨʝʜʥʦʩʪ ʜʦʢ ʩʚʠ ʦʩʪʘʣʠ ʭʘʨʤʦʥʠʮʠ ʠʤʘʿʫ ʘʤʧʣʠʪʫʜʫ ʚʨʝʜʥʦʩʪʠ 0,1. ʅʘ ʉʣʠʮʠ 3.17. 

ʧʨʝʜʩʪʘʚˀʝʥʦ ʿʝ ʠʩʧʠʪʠʚʘˁʝ ʌʉʇ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʠ ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ ʧʨʦʮʝʩʘ. ʋ ʧʦʯʝʪʥʦʤ 

ʪʨʝʥʫʪʢʫ, ʧʘʨʘʤʝʪʨʠ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʦʛ ʧʦʣʠʥʦʤa ʠʤʘʿʫ ʚʨʝʜʥʦʩʪʠ ‫  75 rad/s ʠ ‚  1. ʇʦʩʣʝ 

ʩʠʥʭʨʦʥʠʟʘʮʠʿʝ ʫ ʪʨʝʥʫʪʢʫ ὸ  0,6 s ʥʘʩʪʘʿʝ ʦʜʩʢʦʯʥʘ ʧʨʦʤʝʥʘ ʫʯʝʩʪʘʥʦʩʪʠ Ὢ  ʩʘ 10 Hz ʥʘ 

60 Hz, ʪʿ. Ὢ  ʩʘ 225 Hz ʥʘ 1350 Hz, ʢʘʦ ʥʘ ʉʣʠʮʠ 3.17ʙ. ʄʦʞʝ ʩʝ ʫʦʯʠʪʠ ʜʘ ʟʙʦʛ ʦʜʩʢʦʯʥʝ 

ʧʨʦʤʝʥʘ ʦʚʝ ʿʘʯʠʥʝ ʈɾʍ ʥʘʧʫʰʪʘ ʦʙʣʘʩʪ ʟʘʢˀʫʯʘʚʘˁʘ ʫʩʣʝʜ ʫʚʝ˂ʘˁʘ ʛʨʝʰʢʝ ῳ—, ʰʪʦ ʿʝ 
ʧʨʠʢʘʟʘʥʦ ʥʘ ʉʣʠʮʠ 3.17ʘ. ʀʧʘʢ, ʢʘʢʦ ʜʝʚʠʿʘʮʠʿʘ ʫʯʝʩʪʘʥʦʩʪʠ ʥʠʿʝ ʧʨʝʚʝʣʠʢʘ, ʈɾʍ ʩʝ 

ʨʝʣʘʪʠʚʥʦ ʙʨʟʦ ʨʝʩʠʥʭʨʦʥʠʟʫʿʝ. ʋ ὸ  0,6 s ʥʘʩʪʘʿʝ ʪʨʝʥʫʪʥʘ ʧʨʦʤʝʥʘ ʫʯʝʩʪʘʥʦʩʪʠ Ὢ  ʩʘ 

60 Hz ʥʘ 70 Hz, ʪʿ. Ὢ  ʩʘ 1350 Hz ʥʘ 1575 Hz, ʛʜʝ ʌʉʇ ʦʩʪʘʿʝ ʟʘʢˀʫʯʘʥʘ ʠ ʛʨʝʰʢʘ ῳ— ʠʤʘ 
ʤʘˁʫ ʚʨʝʜʥʦʩʪ. ɿʘʥʝʤʘʨʫʿʫ˂ʠ ʝʬʝʢʪʝ ʫʩʣʝʜ ʜʦʜʘʪʠʭ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ, ʜʠʥʘʤʠʢʘ ʦʜʟʠʚʘ ʟʘ 

ʥʘʚʝʜʝʥʘ ʦʜʘʙʨʘʥʘ ʧʦʿʘʯʘˁʘ ʧʝʪˀʝ ʦʜʛʦʚʘʨʘ ʧʦʥʘʰʘˁʫ ʣʠʥʝʘʨʥʦʛ ʤʦʜʝʣʘ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ 

ʠ ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ ʨʝʞʠʤʘ, ʪʿ. ʨʝʟʫʣʪʘʪʠʤʘ ʧʨʠʢʘʟʘʥʠʤ ʥʘ ʉʣʠʮʠ 3.16.  

ʋ ὸ  0,7 s ʜʦʣʘʟʠ ʜʦ ʫʚʝ˂ʘˁʘ ʬʘʢʪʦʨʘ ʧʨʠʛʫʰʝˁʘ ʥʘ ‚  4, ʘ ʫ ὸ  0,9 s ʜʦ ʧʨʦʤʝʥʝ 
ʧʦʿʘʯʘˁʘ ʥʘ ‫  150 rad/s ʠ ‚  2. ʋʩʣʝʜ ʜʨʫʛʝ ʘʢʮʠʿʝ, ʝʬʝʢʪʠʚʥʦ ʛʣʝʜʘʥʦ ʩʝ Ὧ  ʥʝ ʤʝˁʘ, 

ʜʦʢ ʩʝ Ὧ  ʫʚʝ˂ʘʚʘ 4 ʧʫʪʘ. ʄʦʞʝ ʩʝ ʚʠʜʝʪʠ ʥʘ ʉʣʠʮʠ 3.17ʙ. ʜʘ ʜʝʚʠʿʘʮʠʿʘ ʦʮʝˁʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 

ʈɾʍ ʟʥʘʪʥʦ ʨʘʩʪʝ ʩʘ ʧʦʨʘʩʪʦʤ Ὧ , ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ, ʜʦʢ Ὧ  ʟʙʦʛ ʙʨʟʠʥʝ ʠʟʚʨʰʘʚʘˁʘ 

ʘʣʛʦʨʠʪʤʘ ʟʥʘʪʥʦ ʤʘˁʝ ʫʪʠʯʝ ʥʘ ʰʫʤ ʝʩʪʠʤʘʮʠʿʝ. ʋ ὸ  1,2 s ʧʦʿʘʯʘˁʘ ʩʫ ʚʨʘ˂ʝʥʘ ʥʘ ʧʦʯʝʪʥʝ 
ʚʨʝʜʥʦʩʪʠ ʠ ʤʦʞʝ ʩʝ ʫʦʯʠʪʠ ʩʣʘʙˀʝˁʝ ʰʫʤʘ. ʇʦʪʦʤ ʩʝ Ὢ  ʤʝˁʘ ʜʠʥʘʤʠʢʦʤ ʨʘʤʧʝ, ʠ ʪʦ 

ʪʦʢʦʤ  ʠʥʪʝʨʚʘʣʘ ʦʜ ὸ  1,3 s ʜʦ ὸ  1,5 s ʩʪʨʤʠʥʦʤ +750 Hz/s, ʘ ʟʘʪʠʤ ʪʦʢʦʤ ʠʥʪʝʨʚʘʣʘ ʦʜ ὸ  
1,8 s ʜʦ ὸ  1,9 s ʩʪʨʤʠʥʦʤ -1500 Hz/s. ʇʨʠ ʦʚʦʤ ʪʝʩʪʫ ʿʝ ʠʟʣʘʟ ʚʝʢʪʦʨʩʢʦʛ ʫʧʨʘʚˀʘˁʘ 

ʩʠʤʫʣʠʨʘʥ ʢʘʦ 0,8Ā22,5ĀὪ . ʆʚʘʢʦ ʩʝ ʧʦʩʪʠʞʝ ʝʬʝʢʪʠʚʥʘ ʜʠʥʘʤʠʢʘ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʈɾʍ ʫ 

ʌʉʇ ʦʜ +750 Hz/s ʫ ʧʨʚʦʤ ʠʥʪʝʨʚʘʣʫ ʠ -1500 Hz/s ʫ ʜʨʫʛʦʤ ʠʥʪʝʨʚʘʣʫ.  

 

   
                                      ʘ)                                                                                     ʙ) 

ʉʣʠʢʘ 3.16. ɼʠʥʘʤʠʯʢʦ ʧʦʥʘʰʘˁʝ ʌʉʇ: ʘ) ʧʨʦʤʝʥʘ ʧʘʨʘʤʝʪʨʘ ɤn; ʙ) ʧʨʦʤʝʥʘ ʧʘʨʘʤʝʪʨʘ ɝ. 
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ɸʧʩʦʣʫʪʥʘ ʧʨʦʤʝʥʘ ʠʟʥʦʩʠ ʨʝʜʦʤ 17 kHz/s ʠ -34 kHz/̓  ʢʘʦ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʉʣʠʮʠ 3.17ʚ. 

ʇʨʝʤʘ (3.55) ʟʘ ʦʜʘʙʨʘʥʦ ‫  75 rad/s, ʌʉʇ ʠʤʘ ʩʧʦʩʦʙʥʦʩʪ ʜʘ ʦʩʪʘʥʝ ʟʘʢˀʫʯʘʥʘ ʩʘ 

ʤʘʢʩʠʤʘʣʥʦʤ ʜʦʟʚʦˀʝʥʦʤ ʙʨʟʠʥʦʤ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʦʜ 767 Hz/s. ʇʨʠ ʧʦʨʘʩʪʫ 

ʫʯʝʩʪʘʥʦʩʪʠ ʙʨʟʠʥʦʤ ʦʜ 750 Hz/s ʫ ʠʥʪʝʨʚʘʣʫ ʦʜ ὸ  1,3 s ʜʦ ὸ  1,5 s, ʌʉʇ ʦʩʪʘʿʝ ʟʘʢˀʫʯʘʥʘ  
ʠ ʛʨʝʰʢʘ ῳ— ʠʤʘ ʧʦʨʘʩʪ ʥʘ ʦʢʦ 0,9, ʰʪʦ ʧʨʝʤʘ (3.55) ʧʦʪʚʨʹʫʿʝ ʨʘʥʠʿʝ ʫʚʝʜʝʥʝ ʧʨʝʪʧʦʩʪʘʚʢʝ ʫ 

ʧʦʛʣʝʜʫ ʫʪʠʮʘʿʘ ʥʝʩʘʚʨʰʝʥʦʛ ʬʠʣʪʨʘ ʇʆ ʥʘ ʚʨʝʜʥʦʩʪʠ ʛʨʝʰʢʝ ῳ—. ʇʨʠ ʩʤʘˁʝˁʫ ʫʯʝʩʪʘʥʦʩʪʠ 
ʦʢʦ ὸ  1,85 s, ʛʨʝʰʢʘ ῳ— ʧʨʝʣʘʟʠ ʧʨʝʢʦ ʛʨʘʥʠʯʥʝ ʚʨʝʜʥʦʩʪʠ ʠ ʌʉʇ ʩʝ ʦʪʢˀʫʯʘʚʘ. ɿʘ ʨʘʟʣʠʢʫ 

ʦʜ ʧʦʨʝʤʝ˂ʘʿʘ ʫ ὸ  0,2 s, ʩʘʜʘ ʧʦʨʝʤʝ˂ʘʿ ʪʨʘʿʝ ʜʫʞʝ ʯʠʤʝ ʩʝ ʫʚʝ˂ʘʚʘ ʘʢʫʤʫʣʠʩʘʥʘ ʛʨʝʰʢʘ ʠ 

ʦʜʩʪʫʧʘˁʝ ʈɾʍ ʦʜ ʦʙʣʘʩʪʠ ʟʘʢˀʫʯʘʚʘˁʘ. ʇʨʦʮʝʩ ʧʨʠʚʣʘʯʝˁʘ ʟʘʧʦʯʠˁʝ ʫ ὸ  1,9 s ʠ ʪʨʘʿʝ Ὕ  

0,9 s, ʧʦʩʣʝ ʯʝʛʘ ʈɾʍ ʫʣʘʟʠ ʫ ʦʙʣʘʩʪ ʟʘʢˀʫʯʘʚʘˁʘ, ʛʜʝ ʩʝ ʧʝʪˀʘ ʟʘʢˀʫʯʘʚʘ ʟʘ Ὕ  84 ms. ɼʫʞʝ 
ʪʨʘʿʘˁʝ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʝʬʝʢʪʠʚʥʦʤ ʜʠʥʘʤʠʢʦʤ ʦʜ 1500 Hz/s, ʠʣʠ ʚʠʰʝ ʦʜ ʪʦʛʘ, 

ʜʦʚʝʣʦ ʙʠ ʜʦ ʟʥʘʪʥʦʛ ʫʚʝ˂ʘˁʘ ʪʨʘʿʘˁʘ ʧʨʦʮʝʩʘ ʧʨʠʚʣʘʯʝˁʘ. ʅʘ ʉʣʠʮʠ 3.17ʘ. ʜʘʪʘ ʿʝ ʧʨʦʤʝʥʝ 

ʛʨʝʰʢʝ ῳ— ʥʘ ʠʟʣʘʟʫ ʬʠʣʪʨʘ ʅʆ, ʫ ʧʝʨʠʦʜʫ ʪʨʘʿʘˁʘ ʩʠʤʫʣʘʮʠʿʝ ʦʜ ὸ  0 s ʜʦ ὸ 4 s. ʅʝ 
ʢʦʨʠʰ˂ʝˁʝ ʘʜʘʧʪʠʚʥʦʛ ʬʠʣʪʨʘ ʅʆ ʧʨʠ ʦʜʘʙʨʘʥʠʤ ʧʦʿʘʯʘˁʠʤʘ ʇʀ ʬʠʣʪʨʘ ʜʦʚʦʜʠ ʿʘʢʦ ʙʨʟʦ ʜʦ 

ʪʨʘʿʥʦʛ ʛʫʙʠʪʢʘ ʩʠʥʭʨʦʥʠʟʘʮʠʿʝ. ʅʘ ʉʣʠʮʠ 3.17ʛ. ʧʨʠʢʘʟʘʥʠ ʩʫ ʩʠʛʥʘʣʠ ʥʘ ʫʣʘʟʫ ʫ ʌɼ ʫ 

ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʢʘʜʘ ʿʝ ʌʉʇ ʟʘʢˀʫʯʘʥʘ, ʪʿ. ʈɾʍ ʩʘ ʜʦʜʘʪʠʤ ʚʠʰʠʤ ʭʘʨʤʦʥʠʮʠʤʘ ʠ ʠʟʣʘʟ 

ʩʠʛʥʘʣ ʛʝʥʝʨʘʪʦʨʘ. ɿʘʢˀʫʯʫʿʝ ʩʝ ʜʘ ʣʠʥʝʘʨʥʠ ʤʦʜʝʣ ʜʦʙʨʦ ʦʧʠʩʫʿʝ ʜʠʥʘʤʠʢʫ ʌʉʇ ʫ ʫʩʪʘˀʝʥʦʤ 

ʩʪʘˁʫ ʠ ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ ʨʝʞʠʤʘ ʧʨʠ ʤʘʣʠʤ ʧʦʨʝʤʝ˂ʘʿʠʤʘ. ʋʪʠʮʘʿʠ ʧʦʨʝʤʝ˂ʘʿʘ ʠ 

ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʬʠʣʪʨʘ ʇʆ ʥʘ ʩʪʘʙʠʣʥʦʩʪ ʌʉʇ ʩʫ ʜʦʙʨʦ ʦʧʠʩʘʥʠ ʩʘ (3.55). ʅʘ ʦʩʥʦʚʫ 

ʧʨʠʣʦʞʝʥʦʛ, ʠʟʘʙʨʘʥʘ ʿʝ ʧʨʠʨʦʜʥʫ ʫʯʝʩʪʘʥʦʩʪ ʦʜ ‫  75 rad/s ʢʦʿʘ ʠʩʧʫˁʘʚʘ ʫʩʣʦʚ (3.55), ʪʿ.  

 

 
ʉʣʠʢʘ 3.17 ʀʩʧʠʪʠʚʘˁʝ ʌʉʇ: ʘ) ʬʘʟʥʘ ʛʨʝʰʢʘ; ʙ) ʦʜʟʠʚʠ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʠ ʧʨʠ ʧʨʝʣʘʟʥʠʤ 

ʧʨʦʮʝʩʠʤʘ; ʚ) ʦʜʟʠʚ ʌʉʇ ʪʦʢʦʤ ʧʨʘ˂ʝˁʘ ʨʘʤʧʝ ʥʘ ʫʣʘʟʫ; ʛ) ʫʣʘʟʠ ʫ ʌɼ.  
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ʢʨʠʪʝʨʠʿʫʤ (ʢ-2). ʄʘʣʘ ʧʝʨʠʦʜʘ ʠʟʚʨʰʘʚʘˁʘ ʘʣʛʦʨʠʪʤʘ ʜʦʟʚʦˀʘʚʘ ʠ ʟʥʘʪʥʦ ʚʝ˂ʝ ʚʨʝʜʥʦʩʪʠ, 

ʢʦʿʝ ʥʠʩʫ ʫʩʚʦʿʝʥʝ ʢʘʢʦ ʙʠ ʩʝ ʫ ʥʘʩʪʘʚʢʫ ʮʝʦ ʝʩʪʠʤʘʪʦʨ ʠ sensorless ʨʝʛʫʣʘʮʠʦʥʠ ʩʠʩʪʝʤ 

ʠʩʧʠʪʠʚʘʦ ʫ ʥʘʿʛʦʨʠʤ ʫʩʣʦʚʠʤʘ ʫ ʧʦʛʣʝʜʫ ʩʪʘʙʠʣʥʦʩʪʠ. 

ʀʟ ʠʩʪʦʛ ʨʘʟʣʦʛʘ, ʬʘʢʪʦʨ ʧʨʠʛʫʰʝˁʘ ʦʜ ‚  1 ʿʝ ʦʜʘʙʨʘʥ ʢʘʢʦ ʙʠ ʩʝ ʠʩʧʫʥʠʣʠ ʟʘʭʪʝʚʠ ʧʨʚʦʛ 

ʢʨʠʪʝʨʠʿʫʤʘ ʩʪʘʙʠʣʥʦʩʪʠ (ʢ-1) ʦʧʠʩʘʥʦʛ ʩʘ (3.6). ʆʚʘʢʦ ʿʝ ʦʙʝʟʙʝʹʝʥ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʌʉʇ ʢʦʿʠ 

ʧʨʫʞʘ ʧʦʪʨʝʙʥʫ ʙʨʟʠʥʫ ʦʜʟʠʚʘ ʛʨʝʰʢʝ ʧʦ ʬʘʟʠ ῳ— ʧʨʠ ʢʨʠʪʠʯʥʦʤ ʩʣʫʯʘʿʫ ʤʠʥʠʤʘʣʥʝ 
ʢʦʥʩʪʘʥʪʝ † , ʪʿ. ʧʨʠ Ὢ  50 Hz. ʀʟʘʙʨʘʥʠ ʧʘʨʘʤʝʪʨʠ ʨʝʟʫʣʪʫʿʫ ʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʌʉʇ 

ʦʜ 55 Hz ʩʘ ʧʨʝʙʘʯʘʿʝʤ ʫ ʦʜʟʠʚʫ ʦʜ 14%, ʤʠʥʠʤʘʣʥʠʤ ʰʫʤʦʤ ʫ ʠʟʣʘʟʥʦʤ ʩʠʛʥʘʣʫ ʠ 

ʤʘʢʩʠʤʘʣʥʦʤ ʜʦʟʚʦˀʝʥʦʤ ʙʨʟʠʥʦʤ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʦʜ 767 Hz/s.  

 

3.5 ʉʠʥʪʝʟʘ ʅʌ ʬʠʣʪʨʘ ʠ ʘʥʘʣʠʟʘ ʩʪʘʙʠʣʥʦʩʪʠ ʝʩʪʠʤʘʪʦʨʘ  
 

ʅʌ ʬʠʣʪʘʨ ʥʘ ʠʟʣʘʟʫ ʌʉʇ ʧʝʪˀʝ ʘʜʘʧʪʠʨʘ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʩʠʛʥʘʣʘ ʢʦʿʠ ʤʝˁʘ ʮʝʥʪʨʘʣʥʫ  

ʫʯʝʩʪʘʥʦʩʪ ʬʠʣʪʨʘ ʇʆ ʠ ʧʨʫʞʘ ʜʦʚʦˀʥʦ ʚʨʝʤʝʥʘ ʚʨʝʤʝʥʩʢʦʤ ʦʜʟʠʚʫ ʬʠʣʪʨʘ ʇʆ ʜʘ ʩʝ ʫʩʪʘʣʠ 

ʯʠʤʝ ʩʝ ʧʦʩʪʠʞʝ ʩʪʘʙʠʣʥʦʩʪ ʝʩʪʠʤʘʪʦʨʘ. ɼʦʜʘʪʥʦ, ʅʌ ʬʠʣʪʘʨ ʧʦʪʠʩʢʫʿʝ ʥʝʞʝˀʝʥʝ ʢʦʤʧʦʥʝʥʪʝ 

ʫ ʩʧʝʢʪʨʫ ʩʠʛʥʘʣʘ ʥʘ ʠʟʣʘʟʫ ʌʉʇ. ʅʌ ʬʠʣʪʘʨ ʫʥʦʩʠ ʢʘʰˁʝˁʝ ʢʦʿʝ ʫʪʠʯʝ ʥʘ ʧʦʥʘʰʘˁʝ ʈɹ ʠ 

ʈʉ. ʂʘʰˁʝˁʝ ʩʝ ʤʦʞʝ ʩʤʘˁʠʪʠ ʩʪʨʫʢʪʫʨʦʤ ʬʠʣʪʨʘ ʩʘ ʥʫʣʘʤʘ ʫ ʬʫʥʢʮʠʿʠ ʧʨʝʥʦʩʘ, ʧʨʠʤʝʥʦʤ 

ʧʨʝʜʠʢʪʠʚʥʦʛ ʜʝʿʩʪʚʘ, ʠʪʜ. ʀʧʘʢ, ʠʟʘʙʨʘʥʘ ʿʝ ʪʨʘʜʠʮʠʦʥʘʣʥʘ ʩʪʨʫʢʪʫʨʘ ʫ ʮʠˀʫ ʿʝʜʥʦʩʪʘʚʥʠʿʝʛ 

ʣʠʥʝʘʨʥʦʛ ʤʦʜʝʣʘ ʝʩʪʠʤʘʪʦʨʘ. ʇʨʠʤʝʥʦʤ ʙʠʣʠʥʝʘʨʥʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʠ ʠʩʪʝ ʧʨʦʮʝʜʫʨʝ ʢʘʦ 

ʧʨʠ ʠʟʚʦʹʝˁʫ IIR ʬʠʣʪʘʨʘ ʇʆ ʠ ʅʆ, ʜʦʙʠʿʘ ʩʝ ʧʨʦʪʦʪʠʧ ʜʠʛʠʪʘʣʥʦʛ IIR ʅʌ ʬʠʣʪʨʘ. ʌʫʥʢʮʠʿʝ 

ʧʨʝʥʦʩʘ ʬʠʣʪʨʘ ʫ  ̓- ʜʦʤʝʥʫ ʠ ʧʨʦʪʦʪʠʧʘ IIR ʬʠʣʪʨʘ ʫ z - ʜʦʤʝʥʫ, ʜʘʪʝ ʩʫ ʨʝʜʦʤ ʢʘʦ  

 

ὡ ί
ρ

† ί ρ
ȟ σȢυφ  

ὡ ᾀ
ρ ᾀ

ρ
ς†
Ὕ ρ

ς†
Ὕ ᾀ

Ȣ σȢυχ 

 

ɺʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʬʠʣʪʨʘ †  ʩʝ ʦʜʨʝʹʫʿʝ ʠʟ ʢʨʠʪʝʨʠʿʫʤʘ ʩʪʘʙʠʣʥʦʩʪʠ (ʢ-1), (3.6), ʠ ʢʘʦ 

ʢʦʤʧʨʦʤʠʩ ʠʟʤʝʹʫ ʢʘʰˁʝˁʘ ʠ ʜʝʚʠʿʘʮʠʿʝ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ, ʪʿ. ʢʨʠʪʝʨʠʿʫʤʘ (I) ʠ (II). ɸʢʦ ʩʝ ʟʘ 

ʦʚʝ ʧʦʪʨʝʙʝ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʬʠʣʪʨʘ ʇʆ ʘʧʨʦʢʩʠʤʠʨʘ ʢʘʦ ʨʘʥʠʿʝ   ʫ (3.36), ʩʘ   ψ“Ὢ , 

ʪʘʜʘ ʩʝ ʟʘʤʝʥʦʤ (3.47) ʫ ʢʨʠʪʝʨʠʿʫʤ ʩʪʘʙʠʣʥʦʩʪʠ (ʢ-1) (3.6) ʜʦʙʠʿʘ ʥʝʿʝʜʥʘʢʦʩʪ  

 

Ὢ

ς“Ὢ Ὢ
†

ςȢχτ

ψ“Ὢ
† ȟ  σȢυψ 

 

ʢʦʿʫ ʢʦʥʩʪʘʥʪʘ †  ʪʨʝʙʘ ʜʘ ʟʘʜʦʚʦˀʠ. ɺʨʝʤʝʥʩʢʝ ʢʦʥʩʪʘʥʪʝ ʬʠʣʪʨʘ ʇʆ ʠ ʤʝʭʘʥʠʯʢʦʛ ʩʠʩʪʝʤʘ 

ʩʫ ʜʘʪʝ ʫ ʬʫʥʢʮʠʿʠ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ Ὢ . ʂʘʢʦ ʙʠ ʩʝ ʧʦʩʪʠʛʣʦ 

ʜʦʙʨʦ ʧʦʥʘʰʘˁʝ ʫ ʮʝʣʦʤ ʦʧʩʝʛʫ ʨʘʜʥʠʭ ʨʝʞʠʤʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʘʜʘʧʪʠʨʘʪʠ ʠ ʢʦʥʩʪʘʥʪʫ †  

ʧʨʝʤʘ ʨʘʜʥʦʤ ʨʝʞʠʤʫ ɽʇ. ɺʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʅʌ ʬʠʣʪʨʘ ʿʝ ʠʟʨʘʞʝʥʘ ʫ ʬʫʥʢʮʠʿʠ Ὢ  ʢʘʦ 

† Ὀ ς“Ὢϳ , ʛʜʝ ʩʝ ʧʘʨʘʤʝʪʘʨ Ὀ ʥʘʣʘʟʠ ʫ ʦʧʩʝʛʫ  

 

Ὢ

ς“Ὢ Ὢ

Ὀ

ς“Ὢ

ςȢχτ
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   Ƞ   

Ὢ

Ὢ
Ὀ πȟφψυȢ  σȢυω 
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ʇʘʨʘʤʝʪʘʨ D ʩʝ ʙʠʨʘ ʥʘ ʦʩʥʦʚʫ ʘʥʘʣʠʟʝ ʣʠʥʝʘʨʥʝ ʩʪʘʙʠʣʥʦʩʪʠ ʠ ʧʦʥʘʰʘˁʘ ʝʩʪʠʤʘʪʦʨʘ ʪʘʢʦ 

ʜʘ ʩʝ ʧʦʩʪʠʛʥʝ ʙʘʣʘʥʩ ʠʟʤʝʹʫ ʢʘʰˁʝˁʘ ʠ ʪʘʯʥʦʩʪʠ ʫ ʦʮʝʥʠ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ, ʪʿ. ʠʟʤʝʹʫ 

ʢʨʠʪʝʨʠʿʫʤʘ (I) ʠ (II). ɸʥʘʣʠʟʘ ʩʪʘʙʠʣʥʦʩʪʠ ʿʝ ʥʝʦʧʭʦʜʥʘ ʜʘ ʙʠ ʩʝ ʧʨʫʞʠʣʘ ʨʦʙʫʩʥʦʩʪ ʨʝʰʝˁʘ 

ʟʘ ʧʦʪʨʝʙʝ ʠʥʜʫʩʪʨʠʿʩʢʝ ʧʨʠʤʝʥʝ. ɸʥʘʣʠʟʘ ʿʝ ʩʧʨʦʚʝʜʝʥʘ ʫʟ ʧʨʝʪʧʦʩʪʘʚʢʝ ʦ ʣʠʥʝʘʨʥʦʩʪʠ 

ʬʠʣʪʨʘ ʇʆ ʠ ʌʉʇ. ʇʝʨʠʦʜʘ ʠʟʚʨʰʘʚʘˁʘ ʘʣʛʦʨʠʪʤʘ ʟʘ ʦʮʝʥʫ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʠ ʙʨʟʠʥʝ ʿʝ 

ʟʥʘʯʘʿʥʦ ʚʝ˂ʘ ʦʜ ʥʘʿʚʠʰʝ ʨʝʣʝʚʘʥʪʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʩʧʝʢʪʨʫ ʫʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʧʘ ʩʝ ʘʥʘʣʠʟʘ 

ʩʧʨʦʚʦʜʠ ʫ ̓ - ʜʦʤʝʥʫ.  ʋʚʘʞʘʚʘʿʫ˂ʠ ʠʟʚʝʜʝʥʝ ʣʠʥʝʘʨʥʝ ʤʦʜʝʣʝ ʬʠʣʪʨʘ ʇʆ, ʌʉʇ ʠ ʅʌ ʬʠʣʪʨʘ 

ʣʠʥʝʘʨʥʠ ʤʦʜʝʣ ʝʩʪʠʤʘʪʦʨʘ ʈɾʍ ʿʝ ʜʘʪ ʥʘ ʉʣʠʮʠ 3.18. ɸʢʦ ʩʝ ʧʨʝʪʧʦʩʪʘʚʠ ʜʘ ʿʝ ʧʨʦʧʫʩʥʠ 

ʦʧʩʝʛ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʩʪʨʫʿʠ ʟʥʘʯʘʿʥʦ ʚʝ˂ʠ ʦʜ ʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ ʜʠʛʠʪʘʣʥʠʭ ʬʠʣʪʘʨʘ, 

ʤʦʞʝ ʩʝ ʩʤʘʪʨʘʪʠ ʜʘ ʩʝ ʚʨʝʜʥʦʩʪʠ ʫʯʝʩʪʘʥʦʩʪʠ Ὢ  ʧʦʪʨʝʙʥʝ ʟʘ ʘʜʘʧʪʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ 

ʬʠʣʪʘʨʘ ʜʦʙʠʿʘʿʫ ʪʨʝʥʫʪʥʦ ʠ ʙʝʟ ʢʘʰˁʝˁʘ. ʆʚʘ ʧʨʝʪʧʦʩʪʘʚʢʘ ʥʝ ʚʘʞʠ ʟʘ ʌʉʇ ʟʙʦʛ ʨʝʣʘʪʠʚʥʦ 

ʙʣʠʞʠʭ ʧʨʦʧʫʩʥʠʭ ʦʧʩʝʛʘ. ɼʠʥʘʤʠʢʘ ʘʢʮʠʿʝ ʧʦʜʨʰʢʝ ʫʥʫʪʘʨ ʌʉʇ ʿʝ ʘʧʨʦʢʩʠʤʠʨʘʥʘ 

ʬʫʥʢʮʠʿʦʤ ʧʨʝʥʦʩʘ ʢʘʰˁʝˁʘ ʧʨʚʦʛ ʨʝʜʘ ʩʘ ʧʦʿʘʯʘˁʝʤ ʿʝʜʥʦʩʤʝʨʥʝ ʢʦʤʧʦʥʝʥʪʝ ʢʘʦ 

 

ὡ ί
ρ

ρ
ὴ
ὔ † ί ρ

ȟ σȢφπ 

 

ʛʜʝ ʿʝ ʜʠʥʘʤʠʢʘ ʈʉ ʠ ʈɹ ʘʧʨʦʢʩʠʤʠʨʘʥʘ ʢʘʰˁʝˁʝʤ ʧʨʚʦʛ ʨʝʜʘ. ʆʚʦ ʿʝ ʧʨʠʭʚʘʪˀʠʚʦ ʿʝʨ 

ʧʨʠʩʫʩʪʚʦ ʜʠʥʘʤʠʢʝ ʚʠʰʝʛ ʨʝʜʘ ʥʝ ʫʪʠʯʝ ʥʘ ʧʦʣʦʞʘʿ ʜʦʤʠʥʘʥʪʥʠʭ ʧʦʣʦʚʘ ʠ ʥʫʣʘ ʝʩʪʠʤʘʪʦʨʘ. 

ʋʣʘʟʫ ʫ ʤʦʜʝʣ ʝʩʪʠʤʘʪʦʨʘ, ʫʯʝʩʪʘʥʦʩʪ ʈɾʍ, ʩʝ ʧʨʝʢʦ (3.60) ʩʘʙʠʨʘ ʩʘ ʠʟʣʘʟʦʤ ʇʀ ʬʠʣʪʨʘ ʫ 

ʌʉʇ. ʇʦʿʘʯʘˁʝʤ ʿʝʜʥʦʩʤʝʨʥʝ ʢʦʤʧʦʥʝʥʪʝ ʤʦʜʝʣʠʨʘ ʩʝ ʥʘʿʚʝ˂ʘ ʤʦʛʫ˂ʘ ʛʨʝʰʢʘ ʝʩʪʠʤʘʪʦʨʘ ʧʨʠ 

ʦʮʝʥʠ ʙʨʟʠʥʝ ʢʦʿʘ ʿʝ ʦʜʨʝʹʝʥʘ ʧʘʨʘʤʝʪʨʠʤʘ ʤʘʰʠʥʝ ὔ ʠ ὴ.  

ʌʫʥʢʮʠʿʘ ʧʨʝʥʦʩʘ ʝʩʪʠʤʘʪʦʨʘ ʩʘ 6 ʥʫʣʘ ʠ 8 ʧʦʣʦʚʘ, ʫ ʬʫʥʢʮʠʿʠ ʧʘʨʘʤʝʪʘʨʘ Ὢ , 

Ὅ ,  Ὢ , Ὕ , ʜʘʪʘ ʿʝ ʩʘ (3.61). ɿʘʚʠʩʥʦʩʪʠ ʥʫʣʘ ʠ ʧʦʣʦʚʘ ʫ ʬʫʥʢʮʠʿʠ ʧʘʨʘʤʝʪʘʨʘ ʬʠʣʪʨʘ 

ʇʆ (3.43), ʌʉʇ (3.50), ʅʌ ʬʠʣʪʨʘ (3.56) ʠ ʧʨʝʜʠʢʪʠʚʥʦʛ ʜʝʿʩʪʚʘ (3.60) ʜʘʪʝ ʩʫ ʠʟʨʘʟʠʤʘ (3.62)ï

(3.77). ʋ ʪʨʘʿʥʦʤ ʨʘʜʫ ʧʘʨʘʤʝʪʨʠ Ὅ ,  Ὢ , Ὕ  ʩʫ ʢʦʥʩʪʘʥʪʝ. ɼʠʟʘʿʥʠʨʘʥʠ ʝʩʪʠʤʘʪʦʨ 

ʙʨʟʠʥʝ ʠ ʤʦʜʝʣ ʜʘʪ ʥʘ ʉʣʠʮʠ 3.18. ʥʝ ʟʘʚʠʩʝ ʦʜ ʝʣʝʢʪʨʠʯʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ɸʄ ʠ ʥʝʣʠʥʝʘʨʥʦʩʪʠ 

ʠʥʚʝʨʪʦʨʘ ʦʧʠʩʘʥʠʭ ʩʘ (2.19), ʟʘ ʨʘʟʣʠʢʫ ʦʜ ʘʣʛʦʨʠʪʘʤʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʤʦʜʝʣ ɸʄ ʫ ʧʦʿʘʩʫ 

ʦʩʥʦʚʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʤʘ ʆʊɽʄ. ʇʨʝʤʘ ʧʦʪʧʦʛʣʘʚˀʫ 2.1. ʛʨʝʰʢʝ ʫ ʧʨʠʤʝˁʝʥʦʤ ʥʘʧʦʥʫ 

ʫʩʣʝʜ ῳὙὭὸ, ʧʘʜʘ ʥʘʧʦʥʘ ʥʘ ʧʨʝʢʠʜʘʯʠʤʘ, ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ, ʠʪʜ., ʧʦʩʪʦʿʝ ʫ ʥʠʞʝʤ ʜʝʣʫ 
ʩʧʝʢʪʨʘ. ʆʚʝ ʢʦʤʧʦʥʝʥʪʝ ʩʝ ʢʦʜ ʧʨʝʜʩʪʘʚˀʝʥʦʛ ʝʩʪʠʤʘʪʦʨʘ ʧʦʪʠʩʢʫʿʫ ʫʣʘʟʥʠʤ ʘʜʘʧʪʠʚʥʠʤ 

ʬʠʣʪʨʦʤ ʇʆ ʢʘʦ ʠ ʦʩʪʘʣʝ ʥʝʞʝˀʝʥʝ ʢʦʤʧʦʥʝʥʪʝ, ʧʘ ʜʠʟʘʿʥ ʥʝ ʧʘʪʠ ʦʜ ʩʪʘʥʜʘʨʜʥʠʭ ʧʨʦʙʣʝʤʘ 

ʢʦʿʠ ʩʫ ʫ ʚʝʟʠ ʩʘ sensorless ʘʣʛʦʨʠʪʤʠʤʘ ʠ ʥʝ ʟʘʭʪʝʚʘ ʢʦʤʧʝʥʟʘʮʠʿʝ ʥʝʩʘʚʨʰʝʥʦʩʪʠ. 

 

 
ʉʣʠʢʘ 3.18 ʃʠʥʝʘʨʥʠ ʤʦʜʝʣ ʝʩʪʠʤʘʪʦʨʘ ʈɾʍ ʟʘ ʤʘʣʝ ʩʠʛʥʘʣʝ. 
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ὡ ί
Ὢ ί

Ὢ ί

В ίὲ

В ίά
Ƞ  ά ȟὲ ὪὪ ȟὍ ȟὪ ȟ  σȢφρ 

ὲ ρ † Ὅ “Ὧ σȢφς 

ὲ ὦ Ὅ “Ὧ † ὦὯ Ὧ σȢφσ 

ὲ ὦ ρ † ὴ Ὅ “Ὧ † Ὧ Ὧ ὦ σȢφτ 

ὲ ὦ ρ † Ὅ “Ὧ Ὅ “Ὧ † ὦ ὦ Ὧ ὦ † ὦ σȢφυ 

ὲ ὦ ρ † ὴ Ὅ “ † Ὧ Ὧ ὦ ὦ ὦὯ σȢφφ 

ὲ Ὅ “ὦ † Ὧ Ὧ ὦ ὦ Ὧ σȢφχ 

ὲ ὦὍ “Ὧ σȢφψ 

ά † † σȢφω 

ά † † † ὦ Ὅ “Ὧ ρ σȢχπ 

ά † † ὦ Ὅ “Ὧ ρ † † ὦ Ὅ “Ὧ ὦὍ “Ὧ σȢχρ 

ά ρ † ὦ Ὧ † Ὧ Ὅ “ ὦ † ὦ Ὅ “Ὧ † ρ

† ὦ† Ὅ “Ὧ ὦ† σȢχς
 

ά ὦ† ὦ ρ † Ὅ “Ὧ † ὦ† ὦ

Ὅ “ ὦ ὦ† † Ὧ Ὧ Ὧ ὦ† ρ σȢχσ
 

ά ὦ† ὦ ρ † Ὅ “Ὧ † ὦ Ὅ “Ὧ ὦ

Ὅ “Ὧ ὦ† ὦ ὦ† ὦ † Ὧ Ὧ σȢχτ
 

ά Ὅ “ ὦ† ὦ ὦ † Ὧ Ὧ Ὧ ὦ† ὦ

ὦ † Ὅ “Ὧ ρ σȢχυ
 

ά Ὅ “Ὧ ὦ Ὧ ὦ † † ὦ ὦ σȢχφ 

ά ὦὍ “Ὧ σȢχχ 

 

ʅʘ ʉʣʠʮʠ 3.19. ʜʘʪ ʿʝ ʨʘʟʚʠʿʝʥʠ ʩʠʤʫʣʘʮʠʦʥʠ ʤʦʜʝʣ ʝʩʪʠʤʘʪʦʨʘ ʫ z ï ʜʦʤʝʥʫ ʢʦʿʠ ʩʝ ʩʘʩʪʦʿʠ 

ʦʜ ʧʨʝʜʩʪʘʚˀʝʥʠʭ ʤʦʜʝʣʘ ʥʘ ʉʣʠʢʘʤʘ 3.6. ʠ 3.15, ʬʫʥʢʮʠʿʝ ʧʨʝʥʦʩʘ IIR ʅʌ ʬʠʣʪʨʘ (3.57) ʩʘ 

ʢʦʨʘʢʦʤ ʠʟʚʨʰʘʚʘˁʘ ʦʜ Ὕ  0,25 Ὕ Ȣ ʋʧʦʪʨʝʙʦʤ ʨʘʟʚʠʿʝʥʠʭ ʤʦʜʝʣʘ ʠʩʧʠʪʫʿʝ ʩʝ ʧʦʥʘʰʘˁʝ 

ʝʩʪʠʤʘʪʦʨʘ ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ ʧʨʦʮʝʩʘ, ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ, ʩʪʘʙʠʣʥʦʩʪ ʝʩʪʠʤʘʪʦʨʘ, ʠ ʥʘ ʢʨʘʿʫ 

ʦʜʨʝʹʫʿʝ ʧʘʨʘʤʝʪʘʨ ʅʌ ʬʠʣʪʨʘ D. ʆʜʩʢʦʯʥʠ ʦʜʟʠʚʠ ʧʦʜʩʠʩʪʝʤʘ ʝʩʪʠʤʘʪʦʨʘ ʜʘʪ ʿʝ ʥʘ ʉʣʠʮʠ 

3.20. ʟʘ ʢʦʥʩʪʘʥʪʫ D = 1 ʠ ʟʘ ʚʨʝʜʥʦʩʪʠ ʫʯʝʩʪʘʥʦʩʪʠ Ὢ  ʦʜ Ὢ  50 Hz ʥʘ ʉʣʠʮʠ 3.20a. ʠ 

ʟʘ Ὢ  2 Hz ʥʘ ʉʣʠʮʠ 3.20ʙ. ʆʜʟʠʚʠ ʧʦʜʩʠʩʪʝʤʘ ʠʤʘʿʫ ʞʝˀʝʥʠ ʦʜʥʦʩ ʚʨʝʤʝʥʩʢʠʭ 

ʢʦʥʩʪʘʥʪʠ ʢʦʿʠ ʟʘʜʦʚʦˀʘʚʘ ʢʨʠʪʝʨʠʿʫʤ (ʢ-1) ʫ ʮʝʣʦʤ ʦʯʝʢʠʚʘʥʦʤ ʦʧʩʝʛʫ ʨʘʜʥʠʭ ʙʨʟʠʥʘ.  

ʆʜʩʢʦʯʥʠ ʦʜʟʠʚʠ ʝʩʪʠʤʘʪʦʨʘ ʩʫ ʧʨʠʢʘʟʘʥʠ ʫ ʛʨʘʥʠʮʘʤʘ ʜʦʟʚʦˀʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʨʘ 

D ʧʨʝʤʘ (3.59) ʧʨʠ Ὢ  2 Hz ʥʘ ʉʣʠʮʠ 3.21ʘ. ʠ ʧʨʠ Ὢ  50 Hz ʥʘ ʉʣʠʮʠ 3.21ʙ. ʆʙʘ 

ʧʘʨʘʤʝʪʨʘ ʫʪʠʯʫ ʥʘ ʚʨʝʤʝʥʩʢʫ ʢʦʥʩʪʘʥʪʫ ʅʌ ʬʠʣʪʨʘ, ʧʦʛʦʪʦʚʫ Ὢ , ʜʠʥʘʤʠʯʢʠ ʦʜʟʠʚ 

ʝʩʪʠʤʘʪʦʨʘ ʠ ʢʘʰˁʝˁʝ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ. ɺʨʝʤʝ ʫʩʧʦʥʘ ʦʜʩʢʦʯʥʦʛ ʦʜʟʠʚʘ ʝʩʪʠʤʘʪʦʨʘ ʦʧʘʜʘ ʩʘ 

150 ms ʥʘ 7 ms ʢʘʜʘ Ὢ  ʨʘʩʪʝ ʩʘ 2 Hz ʥʘ 50 Hz ʧʨʠ D = 0,685. ʇʨʝʩʢʦʢ ʧʦʩʪʦʿʠ ʫʩʣʝʜ ʌʉʇ ʠ 

ʥʠʩʢʦʛ ʬʘʢʪʦʨʘ ʧʨʠʛʫʰʝˁʘ. ʄʦʞʝ ʩʝ ʨʝ˂ʠ ʜʘ ʩʝ ʜʝʪʝʢʮʠʿʘ ʈɾʍ ʠʟʚʨʰʘʚʘ ʪʦʢʦʤ ʿʝʜʥʝ 

ʯʝʪʚʨʪʠʥʝ ʧʝʨʠʦʜʝ ʭʘʨʤʦʥʠʢʘ ʧʨʠ D = 0,685. ʈʘʟʤʘʪʨʘʿʫ˂ʠ ʛʨʘʥʠʯʥʝ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʨʘ D,  
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ʉʣʠʢʘ 3.19. ʉʠʤʫʣʘʮʠʦʥʠ ʤʦʜʝʣ ʝʩʪʠʤʘʪʦʨʘ ʈɾʍ ʠ ʙʨʟʠʥʝ ʚʨʘʪʠʣʘ ʫ z ï ʜʦʤʝʥʫ. 

 

  
                                      ʘ)                                                                                       ʙ) 

ʉʣʠʢʘ 3.20. ʆʜʩʢʦʯʥʠ ʦʜʟʠʚʠ ʧʦʜʩʠʩʪʝʤʘ ʫ ʝʩʪʠʤʘʪʦʨʫ: ʘ) ʧʨʠ fFUND = 50 Hz; ʙ) ʧʨʠ fFUND = 2 Hz. 
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                                      ʘ)                                                                                    ʙ) 

ʉʣʠʢʘ 3.21. ʆʜʩʢʦʯʥʠ ʦʜʟʠʚʠ ʝʩʪʠʤʘʪʦʨʘ ʫ ʬʫʥʢʮʠʿʠ D: ʘ) ʧʨʠ fFUND = 2 Hz; ʙ) ʧʨʠ fFUND = 50 Hz. 

  

ʦʜʟʠʚ ʙʝʟ ʧʨʝʩʢʦʢʘ ʩʝ ʤʦʞʝ ʦʩʪʚʘʨʠʪʠ ʟʘ D = 3,3, ʘʣʠ ʧʦ ʮʝʥʫ ʚʠʰʝʩʪʨʫʢʦʛ ʫʚʝ˂ʘˁʘ ʢʘʰˁʝˁʘ 

ʦʜʟʠʚʘ, ʪʿ. ʩʘ 7 ms  ʥʘ 24 ms ʩʘ ʧʦʨʘʩʪʦʤ ʧʘʨʘʤʝʪʨʘ D ʩʘ 0,685 ʥʘ 3,33 ʧʨʠ Ὢ  50 Hz. ʂʘʦ 

ʢʦʤʧʨʦʤʠʩ ʠʟʤʝʹʫ ʢʘʰˁʝˁʘ ʠ ʪʘʯʥʦʩʪʠ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ, ʢʨʠʪʝʨʠʿʫʤʘ (I) ʠ (II), ʦʜʘʙʨʘʥʦ ʿʝ  

D = 1,5. ʇʨʝʤʘ ʉʣʠʮʠ 3.21, ʦʚʘʢʦ ʩʝ ʜʦʧʫʰʪʘ ʧʨʝʩʢʦʢ ʫ ʦʜʟʠʚʫ ʧʨʠ ʯʝʤʫ ʿʝ ʧʨʚʠ ʭʘʨʤʦʥʠʢ 

ʩʪʨʫʿʝ ʧʨʠ ʩʚʘʢʦʤ ʨʘʜʥʦʤ ʨʝʞʠʤʫ ʜʦʚʦˀʥʦ ʫʜʘˀʝʥ ʦʜ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʝʩʪʠʤʘʪʦʨʘ. ʂʘʰˁʝˁʘ 

ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ ʩʝ ʟʘ ʦʜʙʨʘʥʦ D ʤʝˁʘʿʫ ʫ ʦʧʩʝʛʫ ʦʜ 14 ms ʜʦ 240 ms ʩʘ ʧʨʦʤʝʥʦʤ Ὢ  ʫ ʦʧʩʝʛʫ 

ʦʜ 50 Hz ʜʦ 2 Hz. ɿʘ Ὅ  1, Ὢ  15 Hz, Ὕ  = 20 Õs ʠ D = 1,5 ʛʨʘʥʠʯʥʝ ʚʨʝʜʥʦʩʪʠ 

ʧʘʨʘʤʝʪʘʨʘ ʫ ʬʫʥʢʮʠʿʠ ʧʨʝʥʦʩʘ ʝʩʪʠʤʘʪʦʨʘ ὡ ί ʫ ʬʫʥʢʮʠʿʠ Ὢ , ʜʘʪʝ ʩʫ ʫ ʊʘʙʝʣʠ 3.2.  

ʋ ʥʘʩʪʘʚʢʫ ʿʝ ʩʧʨʦʚʝʜʝʥʘ ʘʥʘʣʠʟʘ ʜʠʥʘʤʠʯʢʦʛ ʠ ʩʪʘʪʠʯʢʦʛ ʧʦʥʘʰʘˁʘ ʝʩʪʠʤʘʪʦʨʘ 

ʢʦʨʠʰ˂ʝˁʝʤ ʩʠʤʫʣʘʮʠʦʥʦʛ ʤʦʜʝʣʘ ʝʩʪʠʤʘʪʦʨʘ ʫ z - ʜʦʤʝʥʫ ʧʨʝʜʩʪʘʚˀʝʥʦʛ ʥʘ ʉʣʠʮʠ 3.19. ʠ 

ʣʠʥʝʘʨʥʦʛ ʤʦʜʝʣʘ ʧʨʝʜʩʪʘʚˀʝʥʦʛ ʥʘ ʉʣʠʮʠ 3.18. ʈʝʟʫʣʪʘʪʠ ʘʥʘʣʠʟʫ ʩʫ ʧʨʝʜʩʪʘʚˀʝʥʠ ʥʘ 

ʉʣʠʢʘʤʘ 3.22, 3.23. ʠ 3.24. ʋʣʘʟʥʠ ʩʠʛʥʘʣ ʫ ʤʦʜʝʣ ʥʘ ʉʣʠʮʠ 3.19. ʯʠʥʠ ʧʨʚʠ ʭʘʨʤʦʥʠʢ ʩʪʨʫʿʝ 

ʩʪʘʪʦʨʘ ʿʝʜʠʥʠʯʥʝ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ, ʈɾʍ ʿʘʯʠʥʝ 0,04 ʠ ʜʦʜʘʪʥʠ ʚʠʰʠ ʭʘʨʤʦʥʠʮʠ ʢʦʿʠ ʩʝ ʤʦʛʫ 

ʦʯʝʢʠʚʘʪʠ ʫ ʨʝʘʣʥʦʩʪʠ ʫ ʦʢʦʣʠʥʠ ʈɾʍ ʘʤʧʣʠʪʫʜʝ 0,004. ʋʯʝʩʪʘʥʦʩʪʠ ʭʘʨʤʦʥʠʢʘ ʩʫ ʟʘʜʘʪʝ ʢʘʦ 

Ὢ  22,5Ὢ , Ὢ ὺὪ , ʛʜʝ ʿʝ ὺ {19, 21, 23, 25} ʨʝʜ ʜʦʜʘʪʠʭ ʭʘʨʤʦʥʠʢʘ, ʯʠʤʝ ʩʝ 

ʧʦʩʪʠʞʝ ʜʘ ʩʝ ʧʨʠ ʧʨʝʣʘʟʥʠʤ ʧʨʦʮʝʩʠʤʘ ʩʚʠ ʭʘʨʤʦʥʠʮʠ ʤʝˁʘʿʫ ʠʩʪʦʤ ʜʠʥʘʤʠʢʦʤ. ɱʘʯʠʥʘ ʈɾʍ 

ʿʝ ʥʦʨʤʘʣʠʟʦʚʘʥʘ ʤʥʦʞʝˁʝʤ ʠʟʣʘʟʘ ʜʨʫʛʝ ʢʘʩʢʘʜʝ ʬʠʣʪʨʘ ʇʆ ʢʦʥʩʪʘʥʪʦʤ 25, ʯʠʤʝ ʿʝ ʫʚʘʞʝʥʦ 

ʠ ʥʝʞʝˀʝʥʦ ʧʦʿʘʯʘˁʝ ʩʫʩʝʜʥʠʭ ʭʘʨʤʦʥʠʢʘ ʦʚʠʤ ʧʨʠʩʪʫʧʦʤ. ʋʪʠʮʘʿʠ ʥʝʩʘʚʨʰʝʥʦʩʪʠ 

ʥʦʨʤʘʣʠʟʘʮʠʿʝ ʙʠ˂ʝ ʠʩʧʠʪʘʥʠ ʧʨʠʣʠʢʦʤ ʘʥʘʣʠʟʝ ʩʪʘʙʠʣʥʦʩʪʠ. ɼʠʥʘʤʠʢʘ ʧʨʦʤʝʥʝ ʫʣʘʟʥʦʛ 

ʩʠʛʥʘʣʘ ʧʦ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʿʘʯʠʥʠ ʿʝ ʧʨʠʢʘʟʘʥʘ ʥʘ ʉʣʠʮʠ 3.22ʘ. ʅʘʿʧʨʝ ʩʝ ʥʘ ʫʣʘʟ ʝʩʪʠʤʘʪʦʨʘ, 

ʜʦʚʦʜʠ ʩʘʤʦ ʈɾʍ ʩʘ ʦʢʦʣʥʠʤ ʚʠʰʠʤ ʭʘʨʤʦʥʠʮʠʤʘ, ʧʨʠʢʘʟʘʥ ʉʣʠʢʦʤ 3.22ʛ. ʋ ὸ  0,4 s ʩʝ 
ʜʦʜʘʿʝ ʧʨʚʠ ʭʘʨʤʦʥʠʢ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʿʝʜʠʥʠʯʥʝ ʘʤʧʣʠʪʫʜʝ ʢʘʦ ʥʘ ʉʣʠʮʠ 3.22ʘ. ʋʢʫʧʥʠ ʩʠʛʥʘʣ 

ʥʘ ʫʣʘʟʫ, ʧʨʚʠ ʭʘʨʤʦʥʠʢ ʩʘ ʈɾʍ ʠ ʜʨʫʛʠʤ ʚʠʰʠʤ ʭʘʨʤʦʥʠʮʠʤʘ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʉʣʠʮʠ 3.22ʚ. 

ʄʦʞʝ ʩʝ ʚʠʜʝʪʠ ʜʘ ʫ ʬʘʟʥʦʿ ʛʨʝʰʮʠ ʌʉʇ, ʉʣʠʢʘ 3.22ʙ, ʢʘʦ ʠ ʥʘ ʠʟʣʘʟʫ ʝʩʪʠʤʘʪʦʨʘ, ʉʣʠʢʘ 

3.23ʙ. ʠ 3.23ʚ, ʜʘ ʥʝ ʧʦʩʪʦʿʠ ʧʨʚʠ ʭʘʨʤʦʥʠʢ ʩʪʨʫʿʝ, ʠ ʜʘ ʥʝ ʧʦʩʪʦʿʠ ʫ ʩʠʩʪʝʤʫ ʯʘʢ ʥʠ ʥʘ ʥʠʞʠʤ 

ʙʨʟʠʥʘʤʘ ʜʝʿʩʪʚʦʤ ʬʠʣʪʨʘ ʇʆ ʠ ʅʌ ʬʠʣʪʨʘ. ʆʜ ὸ  0,6 s ʜʦ ὸ  0,65 s, Ὢ  ʨʘʩʪʝ ʜʠʥʘʤʠʢʦʤ 

200 Hz/s, ʘ ʟʘʪʠʤ ʠʩʪʦʤ ʜʠʥʘʤʠʢʦʤ ʦʧʘʜʘ ʦʜ ὸ  1 s ʜʦ ὸ  1,065 s, ʰʪʦ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʩʘ ʉʣʠʢʝ 

3.24ʘ. ʉʢʘʣʠʨʘʥʘ ʚʨʝʜʥʦʩʪ ʦʚʝ ʜʠʥʘʤʠʢʝ, Ὢ  22,5ĀὪ , ʧʨʝʜʩʪʘʚˀʘ ʫʣʘʟ ʟʘ ʣʠʥʝʘʨʥʠ 

ʤʦʜʝʣ ʧʨʠʢʘʟʘʥ ʥʘ ʉʣʠʮʠ 3.18. ʂʘʢʦ ʿʝ ʧʨʦʤʝʥʘ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ 4,5 kHz, ʧʨʠ ʦʚʦʤ ʪʝʩʪʫ ʿʝ 

ʠʟʣʘʟ ʚʝʢʪʦʨʩʢʦʛ ʫʧʨʘʚˀʘˁʘ ʩʠʤʫʣʠʨʘʥ ʢʘʦ 0,8Ā22,5ĀὪ  ʜʘ ʙʠ ʩʝ ʦʙʿʝʢʪʠʚʥʦ ʨʘʟʤʦʪʨʠʣʠ 

ʟʘʢˀʫʯʮʠ ʫ ʧʦʛʣʝʜʫ ʩʪʘʙʠʣʥʦʩʪʠ ʝʩʪʠʤʘʪʦʨʘ. ʆʚʘʢʦ ʩʝ ʜʦʙʠʿʘ ʝʬʝʢʪʠʚʥʘ ʧʨʦʤʝʥʘ ʫʯʝʩʪʘʥʦʩʪʠ 

ʈɾʍ ʦʜ 0,9 kHz. ʅʘ ʉʣʠʮʠ 3.23ʙ. ʧʨʠʢʘʟʘʥʘ ʿʝ ʧʨʦʤʝʥʘ ʨʝʬʝʨʝʥʮʘ ʈɾʍ ʧʦ ʜʠʥʘʤʠʮʠ ʨʘʤʧʝ 

ʝʬʝʢʪʠʚʥʦ ʫʚʝ˂ʘʥʝ ʜʠʥʘʤʠʢʝ ʩʨʘʟʤʝʨʥʦ ʨʝʜʦʤ ʭʘʨʤʦʥʠʢʘ, ʠ ʦʜʟʠʚʠ ʌʉʇ ʠ ʅʌ ʬʠʣʪʨʘ, ʰʪʦ ʿʝ 

ʠ ʠʟʣʘʟ ʝʩʪʠʤʘʪʦʨʘ. ʆʜʟʠʚʠ ʬʠʣʪʨʘ ʇʆ ʟʘ ʩʚʘʢʫ ʢʘʩʢʘʜʫ ʧʨʠʢʘʟʘʥʠ ʩʫ ʥʘ 
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ʊʘʙʝʣʘ 3.2. ʆʧʩʝʛ ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ ʬʫʥʢʮʠʿʝ ʧʨʝʥʦʩʘ ʝʩʪʠʤʘʪʦʨʘ ὡ ί ʟʘ D = 1,5. 

ʇʘʨʘʤʝʪʘʨ ɺʨʝʜʥʦʩʪʠ ʧʨʠ █╕╤╝╓  Hz ɺʨʝʜʥʦʩʪʠ ʧʨʠ █╕╤╝╓  Hz 

n6 176,4322 8,0173 

n5 156,3842 Ā 103 170,7094 Ā 103 

n4 62,1321 Ā 106 1,6165 Ā 109 

n3 2,1725 Ā 109 336,22 Ā 109 

n2 37,4366 Ā 109 642,1954 Ā 1012 

n1 1,3591 Ā 1012 33,0356 Ā 1015 

n0 1,1362 Ā 1012 449,7787 Ā 1015 

m8 139,6045 Ā 10-3 223,3672 Ā 10-6 

m7 140,6466 4,8296 

m6 64,4777 Ā 103 46,608 Ā 103 

m5 10,1908 Ā 106 73,8382 Ā 106 

m4 705,0544 Ā 106 41,4153 Ā 109 

m3 19,7876 Ā 109 7,6428 Ā 1012 

m2 210,4649 Ā 109 806,7305 Ā 1012 

m1 1,4948 Ā 1012 35,1831 Ā 1015 

m0 1,1362 Ā 1012 449,7787 Ā 1015 

 

 
ʉʣʠʢʘ 3.22. ʀʩʧʠʪʠʚʘˁʝ ʝʩʪʠʤʘʪʦʨʘ: ʘ) ʜʠʥʘʤʠʢʘ ʧʨʦʤʝʥʝ ʩʠʛʥʘʣʘ ʥʘ ʫʣʘʟʫ ʫ ʝʩʪʠʤʘʪʦʨ; ʙ) ʠʟʣʘʟ 

ʬʘʟʥʦʛ ʜʝʪʝʢʪʦʨʘ ȹɗ; ʚ) ʫʣʘʟʥʠ ʩʠʛʥʘʣ ʩʘ ʩʚʠʤ ʜʦʜʘʪʠʤ ʭʘʨʤʦʥʠʮʠʤʘ; ʛ) ʈɾʍ ʩʘ ʚʠʰʠʤ ʭʘʨʤʦʥʠʮʠʤʘ. 
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ʉʣʠʮʠ 3.23ʘ, ʠ ʪʦ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʧʨʝ ʥʘʩʪʘʥʢʘ ʜʠʥʘʤʠʢʝ, ʠ ʪʦʢʦʤ ʧʨʝʣʘʟʥʦʛ ʧʨʦʮʝʩʘ. ʄʦʞʝ 

ʩʝ ʫʦʯʠʪʠ ʜʘ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʥʝ ʧʦʩʪʦʿʠ ʫʪʠʮʘʿ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ, ʘ ʛʦʪʦʚʦ ʥʠ ʦʩʪʘʣʠʭ 

ʩʫʩʝʜʥʠʭ ʭʘʨʤʦʥʠʢʘ. ʋʩʣʝʜ ʢʘʰˁʝˁʘ, ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ ʧʨʦʮʝʩʘ ʧʦʩʪʦʿʠ ʚʝ˂ʝ ʩʣʘʙˀʝˁʝ ʈɾʍ. 

ʊʦʢʦʤ ʧʨʝʣʘʟʥʦʛ ʧʨʦʮʝʩʘ, ʬʘʟʥʘ ʛʨʝʰʢʘ ʫ ʌʉʇ ʿʝ ʟʥʘʪʥʦ ʤʘˁʘ ʦʜ ʛʨʘʥʠʯʥʠʭ ʚʨʝʜʥʦʩʪʠ, ʉʣʠʢʘ 

3.22ʙ, ʰʪʦ ʿʝ ʠ ʦʯʝʢʠʚʘʥʦ ʢʘʢʦ ʿʝ ʝʬʝʢʪʠʚʥʘ ʜʠʥʘʤʠʢʘ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʫ ʛʨʘʥʠʮʘʤʘ 

ʣʠʥʝʘʨʥʦʛ ʨʘʜʘ. ʂʘʰˁʝˁʝ ʫ ʧʨʘ˂ʝˁʫ ʨʘʤʧʝ ʦʜ ʦʢʦ 40 ms ʧʨʠ ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ ʤʦʞʝ ʩʝ ʫʦʯʠʪʠ 

ʥʘ ʉʣʠʮʠ 3.23ʙ. ʆʜ ὸ  1,6 s ʜʦ ὸ  1,65 s, Ὢ  ʨʘʩʪʝ ʩʘ ʜʠʥʘʤʠʢʦʤ ʦʜ 760 Hz/s, ʘ ʈɾʍ 22,5 

ʧʫʪʘ ʚʝ˂ʦʤ, ʰʪʦ ʿʝ ʫʦʯˀʠʚʦ ʩʘ ʉʣʠʢʘ 3.23ʙ, 3.23ʚ. ʠ ʉʣʠʢʝ 3.24ʘ. ʇʦʨʝʜ ʨʝʬʝʨʝʥʪʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʠ ʠʟʣʘʟʘ ʧʦʜʩʠʩʪʝʤʘ ʝʩʪʠʤʘʪʦʨʘ, ʜʦʜʘʪʥʦ ʿ ʝ ʧʨʠʢʘʟʘʥ ʠ ʠʟʣʘʟ ʨʘʥʠʿʝ 

ʠʟʚʝʜʝʥʦʛ ʣʠʥʝʘʨʥʦʛ ʤʦʜʝʣʘ. ɽʬʝʢʪʠʚʥʘ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʿʝ ÄὪ Äὸϳ  (22,5 - 22,5 

Ā 0,8) Ā 760 = 3,42 kHz h ʪʦ ʿʝ ʧʝʪ ʧʫʪ ʚʝ˂ʘ ʜʠʥʘʤʠʢʘ ʧʨʦʤʝʥʘ ʦʜ ʧʨʦʿʝʢʪʦʚʘʥʝ. ʂʘʦ ʧʦʩʣʝʜʠʮʘ 

ʫʟʠʤʘ ʥʝʜʦʟʚʦˀʝʥʝ ʚʨʝʜʥʦʩʪʠ, ʉʣʠʢ 3.22ʙ, ʠ ʈɾʍ ʥʘʧʫʰʪʘ ʦʙʣʘʩʪ ʟʘʢˀʫʯʘʚʘˁʘ. ʊʨʘʿʘˁʝ 

ʧʦʨʝʤʝ˂ʘʿʘ ʿʝ ʩʘʜʘ ʨʝʣʘʪʠʚʥʦ ʢʨʘʪʢʦ, 50 ms, ʧʘ ʩʝ ʌʉʇ ʚʨʘ˂ʘ ʫ ʫʩʪʘˀʝʥʦ ʩʪʘˁʝ 130 ms ʧʦ 

ʟʘʚʨʰʝʪʢʫ ʧʦʨʝʤʝ˂ʘʿʘ. ɼʘʢʣʝ, ʝʩʪʠʤʘʪʦʨ ʦʩʪʘʿʝ ʩʪʘʙʠʣʘʥ ʠ ʧʨʠ ʚʝ˂ʠʤ ʧʦʨʝʤʝ˂ʘʿʠʤʘ ʦʜ  

 

 
ʉʣʠʢʘ 3.23. ʀʩʧʠʪʠʚʘˁʝ ʝʩʪʠʤʘʪʦʨʘ: ʘ) ʠʟʣʘʟʠ ʥʘ ʢʘʩʢʘʜʘʤʘ ʬʠʣʪʨʘ ʇʆ; ʙ) ʩʪʘʪʠʯʢʦ ʠ ʜʠʥʘʤʠʯʢʦ 

ʠʩʧʠʪʠʚʘˁʝ; ʚ) ʛʨʘʥʠʮʘ ʩʪʘʙʠʣʥʦʩʪʠ ʠ ʦʜʩʢʦʯʥʠ ʦʜʟʠʚʠ; ʛ) ʠʩʧʠʪʠʚʘˁʝ ʤʦʜʝʣʘ ʟʘ ʤʘʣʝ ʩʠʛʥʘʣʝ. 
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ʧʨʦʿʝʢʪʦʚʘʥʠʭ, ʘʢʦ ʿʝ ˁʠʭʦʚʦ ʪʨʘʿʘˁʝ ʜʦʚʦˀʥʦ ʢʨʘʪʢʦ ʜʘ ʬʘʟʥʘ ʛʨʝʰʢʘ ʫ ʌʉʇ ʥʝ ʜʦʩʪʠʛʥʝ 

ʛʨʘʥʠʮʫ ʧʨʝʤʘ (3.55). ʋʩʣʝʜ ʫʚʝ˂ʘʥʝ ʬʘʟʥʝ ʛʨʝʰʢʝ ʫ ʌʉʇ, ʣʠʥʝʘʨʥʠ ʤʦʜʝʣ ʩʘʜʘ ʥʝ ʦʧʠʩʫʿʝ 

ʜʦʙʨʦ ʜʠʥʘʤʠʢʫ ʝʩʪʠʤʘʪʦʨʘ ʫʩʣʝʜ ʥʘʧʫʰʪʘˁʘ ʣʠʥʝʘʨʥʦʛ ʨʝʞʠʤʘ ʨʘʜʘ. ʋ ὸ  2,5 s ʠ ὸ  2,7 s 
ʥʘʩʪʘʿʫ ʦʜʩʢʦʯʥʝ ʧʨʦʤʝʥʘ ʫʯʝʩʪʘʥʦʩʪʠ Ὢ  5 Hz, ʪʿ. Ὢ  22,5 Hz, ʉʣʠʢʘ 3.23ʚ. 

ʄʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʝʩʪʠʤʘʪʦʨ ʤʦʞʝ ʜʘ ʠʟʥʝʩʝ ʠ ʦʜʩʢʦʯʥʝ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʘʢʦ ʿʝ 

ʠʥʪʝʥʟʠʪʝʪ ʧʨʦʤʝʥʝ ʜʦʚʦˀʥʦ ʤʘʣʠ, ʪʿ. ʜʘ ʚʘʞʠ (3.55). ʊʘʢʦʹʝ, ʧʨʠ ʥʠʞʠʤ ʧʦʨʝʤʝ˂ʘʿʠʤʘ 

ʣʠʥʝʘʨʥʠ ʤʦʜʝʣ ʟʥʘʯʘʿʥʦ ʙʦˀʝ ʦʧʠʩʫʿʝ ʜʠʥʘʤʠʢʫ ʧʨʝʣʘʟʥʦʛ ʧʨʦʮʝʩʘ ʝʩʪʠʤʘʪʦʨʘ, ʉʣʠʢʘ 3.23ʚ. 

ɼʘ ʙʠ ʩʝ ʜʝʪʘˀʥʠʿʝ ʠʩʧʠʪʘʦ ʣʠʥʝʘʨʥʠ ʤʦʜʝʣ ʦʜ ὸ 2,9 s, ʩʠʛʥʘʣ ʢʦʿʠ ʧʦʩʪʦʿʠ ʥʘ ʫʣʘʟʠʤʘ ʫ 

ʤʦʜʝʣʝ ʿʝ ʩʘʤʦ ʈɾʍ ʙʝʟ ʧʨʠʩʫʩʪʚʘ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ ʠ ʜʨʫʛʠʭ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ, ʉʣʠʢʘ 

3.22ʘ. ʂʘʦ ʨʝʟʫʣʪʘʪ, ʛʨʝʰʢʘ ʧʦ ʬʘʟʠ ʫ ʌʉʇ ʿʝ ʿʝʜʥʘʢʘ ʥʫʣʠ, ʉʣʠʢʘ 3.22ʙ. ʋ ὸ  3 s ʠ ὸ  3,3 s 
ʥʘʩʪʘʿʫ ʪʨʝʥʫʪʥʝ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʠʟʥʦʩʫ Ὢ  1 Hz, ʪʿ. Ὢ  22,5 Hz, ʉʣʠʢʘ 

3.23ʛ. ɽʬʝʢʪʠʚʥʘ ʚʨʝʜʥʦʩʪ ʧʨʦʤʝʥʝ ʫʚʘʞʘʚʘʿʫ˂ʠ ʧʨʝʜʠʢʪʠʚʥʦ ʜʝʣʦʚʘˁʝ ʠʟʥʦʩʠ τȟυ Hz. ʄʦʞʝ 
ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʣʠʥʝʘʨʥʠ ʤʦʜʝʣ ʝʩʪʠʤʘʪʦʨʘ ʚʝʦʤʘ ʜʦʙʨʦ ʧʨʝʜʩʪʘʚˀʘ ʜʠʥʘʤʠʢʫ ʧʦʪʧʫʥʦʛ 

ʤʦʜʝʣʘ ʫ z - ʜʦʤʝʥʫ ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ ʨʝʞʠʤʘ ʠ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʧʨʠ ʤʘʣʠʤ ʧʦʨʝʤʝ˂ʘʿʠʤʘ, 

ʰʪʦ ʫʿʝʜʥʦ ʧʦʪʚʨʹʫʿʝ ʠ ʦʧʨʘʚʜʘʚʘ ʥʘʯʠˁʝʥʝ ʧʨʝʪʧʦʩʪʘʚʢʝ.  

ʊʦʢʦʤ ʩʧʨʦʚʝʜʝʥʠʭ ʪʝʩʪʦʚʘ, ʜʝʚʠʿʘʮʠʿʝ ʫʯʝʩʪʘʥʦʩʪʠ ʥʘ ʠʟʣʘʟʫ ʅʌ ʩʫ ʫ ʞʝˀʝʥʠʤ ʛʨʘʥʠʮʘʤʘ 

ʠʩʧʦʜ 0,3% ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ, ʘ ʦʩʪʚʘʨʝʥʦ ʿʝ ʢʘʰˁʝˁʝ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ ʦʜ 7 ms ʧʨʠ ʚʠʰʠʤ 

ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʠ ʦʢʦ 50 ms ʥʘ ʥʘʿʥʠʞʠʤ ʪʝʩʪʠʨʘʥʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ. ʄʦʞʝ ʩʝ ʨʝ˂ʠ ʜʘ ʿʝ ʠʟ 

 

 
ʉʣʠʢʘ 3.24. ʀʩʧʠʪʠʚʘˁʝ ʝʩʪʠʤʘʪʦʨʘ: ʘ) ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ; ʙ) 

ʧʨʦʤʝʥʘ ʧʘʨʘʤʝʪʨʘ ŰLPF; ʚ) ʧʨʦʤʝʥʘ ʧʘʨʘʤʝʪʨʘ ɓBPF; ʛ) ʧʨʦʤʝʥʘ ʧʘʨʘʤʝʪʨʘ ŬBPF. 
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ʊʘʙʝʣʘ 3.3 ʇʨʦʤʝʥʘ ʧʘʨʘʤʝʪʘʨʘ ʝʩʪʠʤʘʪʦʨʘ ʫ ʬʫʥʢʮʠʿʠ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ fFUND. 

ʇʘʨʘʤʝʪʘʨ eʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ ʇʨʠ █╕╤╝╓  2 Hz ʇʨʠ █╕╤╝╓  Hz 

ɺʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʅʌ ʬʠʣʪʨʘ ŰLPF 54,51 ms 2,18 ms 

ʇʘʨʘʤʝʪʘʨ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ŬBPF 0,000502 0,01241 

ʇʘʨʘʤʝʪʘʨ ʮʝʥʪʨʘʣʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ɓBPF 1,999998 1,979242 

ʇʘʨʘʤʝʪʘʨ ʩʪʨʤʠʥʝ ʬʠʣʪʨʘ ʅʆ r 0,997, ʢʦʥʩʪʘʥʪʥʦ 

ʇʨʠʨʦʜʥʘ ʫʯʝʩʪʘʥʦʩʪ ʌʉʇ ɤn 75 rad/s, ʢʦʥʩʪʘʥʪʥʦ 

ʌʘʢʪʦʨ ʧʨʠʛʫʰʝˁʘ ʌʉʇ ɕ 1, ʢʦʥʩʪʘʥʪʥʦ 

ɹʨʦʿ ʢʘʩʢʘʜʘ ʬʠʣʪʨʘ ʇʆ N 2, ʢʦʥʩʪʘʥʪʥʦ 

 

ʫʛʣʘ ʜʠʟʘʿʥʘ ʨʝʛʫʣʘʪʦʨʘ ʙʨʟʠʥʝ, ʦʩʪʚʘʨʝʥʘ ʜʠʥʘʤʠʢʘ ʝʩʪʠʤʘʪʦʨʘ ʧʨʠʭʚʘʪˀʠʚʘ. ʅʘ ʉʣʠʮʠ 3.22ʙ. 

ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʛʨʝʰʢʘ ʫ ʬʘʟʠ ʥʘ ʠʟʣʘʟʫ ʬʘʟʥʦʛ ʜʝʪʝʢʪʦʨʘ ʫ ʌʉʇ ʪʦʢʦʤ ʮʝʣʦʛ ʪʨʘʿʘˁʘ ʪʝʩʪʘ. 

ʅʘ ʉʣʠʢʘʤʘ 3.24ʘ, 3.24ʙ, 3.24ʚ ʠ 3.24ʛ ʨʝʜʦʤ ʩʫ ʧʨʠʢʘʟʘʥʝ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ Ὢ  ʠ 

ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ ʟʘ ʘʜʘʧʪʘʮʠʿʫ ʫʣʘʟʥʠʭ ʠ ʠʟʣʘʟʥʠʭ IIR ʜʠʛʠʪʘʣʥʠʭ ʬʠʣʪʘʨʘ † , ‍ , ‌  

ʪʦʢʦʤ ʩʚʠʭ ʩʧʨʦʚʝʜʝʥʠʭ ʪʝʩʪʦʚʘ ʫ ʪʨʘʿʘˁʫ ʠʩʧʠʪʠʚʘˁʘ. ʆʧʩʝʟʠ ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ 

ʝʩʪʠʤʘʪʦʨʘ ʫ ʬʫʥʢʮʠʿʠ ʨʘʜʥʠʭ ʨʝʞʠʤʘ ʠʩʪʘʢʥʫʪʠ ʩʫ ʫ ʊʘʙʝʣʠ 3.3. 

ʌʠʣʪʘʨ ʇʆ ʫʚʦʜʠ ʧʦʟʠʪʠʚʥʫ ʧʦʚʨʘʪʥʫ ʩʧʨʝʛʫ ʧʦ ʧʨʦʤʝʥˀʠʚʦʿ ʩʪʘˁʘ ʫ ʩʠʩʪʝʤʫ —  h ʪʦ 

ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ ʥʝʩʪʘʙʠʣʥʦʩʪʠ. ʀʘʢʦ ʩʫ ʝʣʝʤʝʥʪʠ ʝʩʪʠʤʘʪʦʨʘ ʟʘʩʝʙʥʦ ʩʪʘʙʠʣʥʠ, ʪʿ. ʬʫʥʢʮʠʿʘ 

ʧʨʝʥʦʩʘ ʢʨʫʞʥʦʛ ʧʦʿʘʯʘˁʘ ʝʩʪʠʤʘʪʦʨʘ L(s) (ʝʥʛʣ. loop gain transfer function) ʥʝʤʘ ʧʦʣʦʚʝ ʢʦʿʠ 

ʣʝʞʝ ʫ ʣʝʚʦʿ ʧʦʣʫʨʘʚʥʠ (ʃʇʈ) ʢʦʤʧʣʝʢʩʥʦʛ ʘʨʛʫʤʝʥʪʘ ί „ Êʤʦʛʫ˂ʝ ʿʝ ʜʘ ʧʨʠ ʟʘʪʚʘʨʘˁʫ ,‫ 
ʧʦʚʨʘʪʥʝ ʩʧʨʝʛʝ ʧʦ ʬʘʟʠ ʈɾʍ —  ʩʠʩʪʝʤ ʧʦʩʪʘʥʝ ʥʝʩʪʘʙʠʣʘʥ. ʂʦʥʪʠʥʫʘʣʥʠ ʣʠʥʝʘʨʥʠ ʩʠʩʪʝʤ 

ʩʘ ʢʦʥʩʪʘʥʪʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ ʙʠ˂ʝ ʩʪʘʙʠʣʘʥ ʘʢʦ ʠ ʩʘʤʦ ʘʢʦ ʫ ˁʝʤʫ ʠʰʯʝʟʘʚʘ ʧʨʦʤʝʥˀʠʚʘ ʩʪʘˁʘ 

ʧʨʝʣʘʟʥʦʛ ʨʝʞʠʤʘ ʢʘʜʘ ὸO Њ ʠ ʢʘʜʘ ʙʝʟ ʧʨʠʩʫʩʪʚʘ ʧʦʙʫʜʥʦʛ ʩʠʛʥʘʣʘ ʥʘ ʫʣʘʟʫ ʩʠʩʪʝʤʘ ʧʦʯʝʪʥʠ 

ʫʩʣʦʚʠ ʥʝ ʠʟʙʘʮʫʿʫ ʩʠʩʪʝʤ ʠʟ ʩʪʘʙʠʣʥʦʩʪʠ. ʊʘʜʘ ʦʜʟʠʚ ʩʠʩʪʝʤʘ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʜʠʢʪʠʨʘʿʫ 

ʩʘʤʦ ʫʣʘʟʥʝ ʧʨʦʤʝʥˀʠʚʝ ʩʠʩʪʝʤʘ. ɸʢʦ ʿ ʝʜʥʘ ʠʣʠ ʚʠʰʝ ʧʨʦʤʝʥˀʠʚʠʭ ʧʦʩʪʘʿʫ ʢʦʥʩʪʘʥʪʝ 

ʦʛʨʘʥʠʯʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʩʠʩʪʝʤ ʿʝ ʛʨʘʥʠʯʥʦ ʩʪʘʙʠʣʘʥ, ʘ ʘʢʦ ʧʦʧʨʠʤʘʿʫ ʙʝʩʢʦʥʘʯʥʝ ʚʨʝʜʥʦʩʪʠ 

ʩʠʩʪʝʤ ʿʝ ʥʝʩʪʘʙʠʣʘʥ. ɿʘ ʣʠʥʝʘʨʥʠ ʩʠʩʪʝʤ ʧʨʠʢʘʟʘʥ ʥʘ ʉʣʠʮʠ 3.18. ʧʦʪʨʝʙʘʥ ʠ ʜʦʚʦˀʘʥ ʫʩʣʦʚ 

ʟʘ ʩʪʘʙʠʣʥʦʩʪ ʿʝʩʪʝ ʜʘ ʩʚʠ ʧʦʣʦʚʠ ʬʫʥʢʮʠʿʝ ʩʧʨʝʛʥʫʪʦʛ ʧʨʝʥʦʩʘ ʠʤʘʿʫ ʥʝʛʘʪʠʚʥʝ ʨʝʘʣʥʝ ʜʝʣʦʚʝ, 

ʪʿ. ʜʘ ʣʝʞʝ ʫ ʃʇʈ ʠʣʠ ʫʥʫʪʘʨ ʿʝʜʠʥʠʯʥʦʛ ʢʨʫʛʘ z ʨʘʚʥʠ ʫ ʜʠʩʢʨʝʪʥʦʿ ʧʨʝʜʩʪʘʚʠ. ʊʘʜʘ ʝʩʪʠʤʘʪʦʨ 

ʠʤʘ ʩʧʦʩʦʙʥʦʩʪ ʜʘ ʩʝ ʚʨʘʪʠ ʫ ʫʨʘʚʥʦʪʝʞʝʥʦ ʩʪʘˁʝ ʧʦʩʣʝ ʧʨʝʩʪʘʥʢʘ ʜʝʣʦʚʘˁʘ ʧʦʨʝʤʝ˂ʘʿʘ. ʋ 

ʩʣʫʯʘʿʫ ʧʨʠʩʫʩʪʚʘ ʥʫʣʝ ʫ ʜʝʩʥʦʿ ʧʦʣʫʨʘʚʥʠ (ɼʇʈ) ʩʠʩʪʝʤ ʿʝ ʩʪʘʙʠʣʘʥ ʠ ʥʝʤʠʥʠʤʘʣʥʦ ʬʘʟʥʠ ʩʘ 

ʜʦʜʘʪʥʠʤ ʢʘʰˁʝˁʝʤ ʠ ʥʝʞʝˀʝʥʦʤ ʜʠʥʘʤʠʢʦʤ ʚʨʝʤʝʥʩʢʦʛ ʦʜʟʠʚʘ.  

ʋʪʚʨʹʠʚʘˁʝ ʩʪʘʙʠʣʥʦʩʪʠ ʧʦʜʨʘʟʫʤʝʚʘ ʦʜʨʝʹʠʚʘˁʝ ʧʦʣʦʞʘʿʘ ʧʦʣʦʚʘ ʬʫʥʢʮʠʿʝ ʩʧʨʝʛʥʫʪʦʛ 

ʧʨʝʥʦʩʘ ʫ  ̓ʨʘʚʥʠ, ʪʿ. ʢʦʨʝʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʿʝʜʥʘʯʠʥʝ. ɿʘ ʦʚʝ ʧʦʪʨʝʙʝ ʢʦʨʠʩʪʝ ʩʝ ʘʣʛʝʙʘʨʩʢʠ 

ʢʨʠʪʝʨʠʿʫʤʠ ʍʫʨʚʠʮʘ ʠ ʈʘʫʩʘ (ʝʥʛʣ. RouthïHurwitz criterion) ʠ ʬʨʝʢʚʝʥʮʠʿʩʢʠ  ʢʨʠʪʝʨʠʿʫʤʠ 

ʅʠʢʚʠʩʪʘ (ʝʥʛʣ. Nyquist stability criterion), ʄʠʭʘʿʣʦʚʘ (ʝʥʛʣ. Mikhailov stability criterion), ɹʦʜʝʘ 

(ʝʥʛʣ. Bode stability criterion), ʠʪʜ. ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʩʝ ʢʦʨʠʩʪʠʪʝ ʅʠʢʚʠʩʪʦʚ ʠ ɹʦʜʝʦʚ ʢʨʠʪʝʨʠʿʫʤ 

ʩʪʘʙʠʣʥʦʩʪʠ ʟʘʩʥʦʚʘʥʠ ʥʘ ʂʦʰʠʿʝʚʦʿ ʪʝʦʨʝʤʠ ʘʨʛʫʤʝʥʪʘ (ʝʥʛʣ. Cauchy's argument principle).  

ʅʝʢʘ ʿʝ ʜʘʪʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʘ ʬʫʥʢʮʠʿʘ Ὂί ʠ ʥʝʢʘ ʩʝ ʧʦʩʤʘʪʨʘʿʫ ʨʘʚʥʠ ʬʫʥʢʮʠʿʝ Ὂί ʠ 
ʢʦʤʧʣʝʢʩʥʦʛ ʘʨʛʫʤʝʥʪʘ ί. ʅʝʢʘ ʧʦʩʪʦʿʠ ʢʦʥʪʫʨʘ ɻ ʫ ί ï ʨʘʚʥʠ ʢʦʿʫ ʯʠʥʝ ʠʤʘʛʠʥʘʨʥʘ ʦʩa ʠ 

ʧʦʣʫʢʨʫʛ ʙʝʩʢʦʥʘʯʥʦʛ ʧʦʣʫʧʨʝʯʥʠʢʘ, ʢʦʿʘ ʟʘʦʙʠʣʘʟʠ ʩʠʥʛʫʣʘʨʠʪʝʪʝ ʬʫʥʢʮʠʿʝ Ὂί ʠ ʥʘ ʢʦʿʦʿ 
Ὂί ʥʝʤʘ ʥʫʣʝ ʥʠ ʧʦʣʦʚʝ. ʊʘʜʘ ʧʦ ʂʦʰʠʿʝʚʦʿ ʪʝʦʨʝʤʠ ʘʨʛʫʤʝʥʪʘ ʟʘ ʿʝʜʘʥ ʦʙʠʣʘʟʘʢ ʢʦʥʪʫʨʝ ɻ 

ʫ ʨʘʚʥʠ ʘʨʛʫʤʝʥʪʘ ί ʚʨʭ ʚʝʢʪʦʨʘ Ὂί ʫ ʩʚʦʿʦʿ ʨʘʚʥʠ ʥʘʯʠʥʠ ὔ ὖ ʦʙʨʪʘʿʘ ʦʢʦ ʢʦʦʨʜʠʥʘʪʥʦʛ 
ʧʦʯʝʪʢʘ ʫ ʠʩʪʦʤ ʩʤʝʨʫ ʦʙʠʣʘʩʢʘ ʢʦʥʪʫʨʝ ɻ, ʛʜʝ ʿʝ N ʙʨʦʿ ʥʫʣʘ (ʢʦʨʝʥʘ) ʠ P ʙʨʦʿ ʧʦʣʦʚʘ ʬʫʥʢʮʠʿʝ 

Ὂί ʢʦʿʠ ʩʝ ʥʘʣʘʟʝ ʫʥʫʪʘʨ ʢʦʥʪʫʨʝ ɻ. ʇʨʠʨʘʰʪʘʿ ʘʨʛʫʤʝʥʪʘ ʬʫʥʢʮʠʿʝ Ὂί ʜʫʞ ʢʦʥʪʫʨʝ ɻ ʿʝ  
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ɸʢʦ ʿʝ ʩʠʩʪʝʤ Ὂί ʩʪʘʙʠʣʘʥ ʪʘʜʘ ʿʝ ʙʨʦʿ ʥʫʣʘ (ʢʦʨʝʥʘ) ʬʫʥʢʮʠʿʝ Ὂί ʿ ʝʜʥʘʢ ʥʫʣʠ, ὔ π. 
ɿʘ ʨʝʘʣʥʝ ʨʘʮʠʦʥʘʣʥʝ ʬʫʥʢʮʠʿʝ Ὂί, ʩʘ ʿʝʜʥʘʢʠʤ ʧʨʠʨʘʰʪʘʿʝʤ ʘʨʛʫʤʝʥʪʘ ʜʫʞ ʥʝʛʘʪʠʚʥʦʛ ʠ 

ʧʦʟʠʪʠʚʥʦʛ ʜʝʣʘ ʨʝʘʣʥʝ ʦʩʝ, ʫʩʣʦʚ ʩʪʘʙʠʣʥʦʩʪʠ ʩʝ ʤʦʞʝ ʫʧʨʦʩʪʠʪʠ ʢʘʦ  

 

ÁÒÇὊί “ὖȟ   ̈ ́  Њ ‫ πȢ σȢχω  

 

ʇʦʣʘʟʝ˂ʠ ʦʜ (3.79), ʅʠʢʚʠʩʪʦʚ ʢʨʠʪʝʨʠʿʫʤ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʩʝ ʘʥʘʣʠʟʠʨʘ ʩʪʘʙʠʣʥʦʩʪʠ ʩʠʩʪʝʤʘ 

ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ ʥʘ ʦʩʥʦʚʫ ʘʤʧʣʠʪʫʜʥʦ-ʬʘʟʥʝ ʬʨʝʢʚʝʥʪʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʩʠʩʪʝʤʘ ʫ 

ʦʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ, ὒÊʪʿ. ʘʥʘʣʠʟʦʤ ʅʠʢʚʠʩʪʦʚʝ ʢʨʠʚʝ. ɸʢʦ ʩʝ ʧʦʩʤʘʪʨʘ ʚʝʢʪʦʨ Ὂί ,‫ ρ
ὒÊʩʘ ʧʦʯʝʪʢʦʤ ʫ ʢʨʠʪʠʯʥʦʿ ʪʘʯʢʠ ὒ ‫ ρȟÊπ ʫ ὒÊʨʘʚʥʠ, ʪʘʜʘ ʘʢʦ ʿʝ ʩʠʩʪʝʤ ʫ ʦʪʚʦʨʝʥʦʿ ‫ 

ʧʦʚʨʘʪʥʦʿ ʩʧʨʝʟʠ ʩʪʘʙʠʣʘʥ, ʧʦʪʨʝʙʘʥ ʠ ʜʦʚʦˀʘʥ ʫʩʣʦʚ ʟʘ ʩʪʘʙʠʣʥʦʩʪ ʩʠʩʪʝʤʘ ʫ ʟʘʪʚʦʨʝʥʦʿ 

ʩʧʨʝʟʠ ʿʝʩʪʝ ʜʘ ʢʨʠʪʠʯʥʘ ʪʘʯʢʘ ʣʝʞʠ ʚʘʥ ʘʤʧʣʠʪʫʜʥʦ-ʬʘʟʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʩʠʩʪʝʤʘ ὒÊ.[6] ‫ 
ʋʯʝʩʪʘʥʦʩʪ ʧʨʠ ʢʦʿʦʿ ʅʠʢʚʠʩʪʦʚʘ ʢʨʠʚʘ ʩʝʯʝ ʿʝʜʠʥʠʯʥʠ ʢʨʫʛ ʦʜʛʦʚʘʨʘ ʧʨʝʩʝʯʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ‫ 
Ὢ ʩʠʩʪʝʤʘ ὒÊ“ ʧʨʠ ʢʦʿʦʿ ʩʝ ʠʤʘ ʿʝʜʠʥʠʯʥʦ ʧʦʿʘʯʘˁʝ ʠ ʬʘʟʘ ʦʜ ‫ • , ʛʜʝ ʿʝ •  ʧʨʝʪʝʢ 
ʬʘʟʝ. ʋʯʝʩʪʘʥʦʩʪ .ʧʨʠ ʢʦʿʦʿ ʅʠʢʚʠʩʪʦʚʘ ʢʨʠʚʘ ʩʝʯʝ ʨʝʘʣʥʫ ʦʩʫ ʥʘʟʠʚʘ ʩʝ ʧʨʝʪʝʢ ʧʦʿʘʯʘˁʘ ‫ 
ʇʨʝʪʝʮʠ ʧʦʿʘʯʘˁʘ ʠ ʬʘʟʝ ʦʧʠʩʫʿʫ ʨʝʟʝʨʚʫ ʩʪʘʙʠʣʥʦʩʪʠ ʟʘ ʛʨʝʰʢʝ ʫ ʤʦʜʝʣʦʚʘˁʫ ʩʠʩʪʝʤʘ, ʫ ʚʠʜʫ 

ʧʦʿʘʯʘˁʘ ʠ ʪʨʘʥʩʧʦʨʪʥʠʭ ʢʘʰˁʝˁʘ ʨʝʩʧʝʢʪʠʚʥʦ. ʇʦʣʫʧʨʝʯʥʠʢ ʥʘʿʤʘˁʝ ʢʨʫʞʥʠʮʝ ʩʘ ʮʝʥʪʨʦʤ 

ʫ ʢʨʠʪʠʯʥʦʿ ʪʘʯʢʠ ʢʦʿʘ ʜʦʜʠʨʫʿʝ ʅʠʢʚʠʩʪʦʚʫ ʢʦʥʪʫʨʫ ʿʝ ʨʝʟʝʨʚʘ ʩʪʘʙʠʣʥʦʩʪʠ ρὓϳ  ʦʧʠʩʘʥʘ ʩʘ  

 

ὓ ÍÁØ
ρ

ρ ὒÊ‫
σȢψπ 

 

ɹʦʜʝʦʚ ʢʨʠʪʝʨʠʿʫʤ ʿʝ ʠʥʪʝʨʧʨʝʪʘʮʠʿʘ ʅʠʢʚʠʩʪʦʚʦʛ ʢʨʠʪʝʨʠʿʫʤʘ ʠ ʢʦʨʠʩʪʠ ʩʝ ʫ ʜʠʩʝʨʪʘʮʠʿʠ 

ʿʝʨ ʩʫ ʘʥʘʣʠʟʠʨʘʥʠ ʩʠʩʪʝʤʠ ʫ ʦʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ ʩʪʘʙʠʣʥʠ, ʩʘ ʿʝʜʥʦʤ ʧʨʝʩʝʯʥʦʤ ʫʯʝʩʪʘʥʦʰ˂ʫ ʠ 

ʥʝʤʘʿʫ ʠʟʨʘʞʝʥʝ ʨʝʟʦʥʘʥʪʥʝ ʧʦʣʦʚʝ. ʂʘʜʘ ʥʝʢʘ ʦʜ ʥʫʣʘ ʩʠʩʪʝʤʘ ʣʝʞʠ ʫ ɼʇʈ ʦʚʘʿ ʢʨʠʪʝʨʠʿʫʤ ʩʝ 

ʢʦʨʠʩʪʠ ʫʟ ʫʚʘʞʘʚʘˁʝ ʝʬʝʢʪʠʚʥʝ ʧʨʦʤʝʥʝ ʬʘʟʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʩʭʦʜʥʦ ʙʨʦʿʫ ʥʫʣʘ ʫ ɼʇʈ 

(3.79). ɼʘ ʙʠ ʩʠʩʪʝʤ ʙʠʦ ʩʪʘʙʠʣʘʥ ʧʨʝʤʘ ɹʦʜʝʦʚʦʤ ʢʨʠʪʝʨʠʿʫʤʫ, ʧʦʪʨʝʙʘʥ ʫʩʣʦʚ ʿʝ ʜʘ ʧʨʝʪʝʢ 

ʬʘʟʝ ʫ ʧʨʝʩʝʯʥʦʿ ʫʯʝʩʪʘʥʦʩʪʠ ʙʫʜʝ ʚʝ˂ʠ ʦʜ ʥʫʣʝ. ʇʨʝʪʝʢ ʬʘʟʝ ʩʝ ʢʦʨʠʩʪʠ ʠ ʢʘʦ ʢʦʤʧʨʦʤʠʩ 

ʠʟʤʝʹʫ ʩʪʘʙʠʣʥʦʩʪʠ ʠ ʢʚʘʣʠʪʝʪʘ ʚʨʝʤʝʥʩʢʦʛ ʦʜʟʠʚʘ. ɺʝ˂ʠ ʧʨʝʪʝʢ ʬʘʟʝ ʜʦʚʦʜʠ ʜʦ ʚʝ˂ʝ 

ʩʪʘʙʠʣʥʦʩʪʠ ʩʠʩʪʝʤʘ, ʪʿ. ʜʦ ʘʧʝʨʠʦʜʠʯʥʦʛ, ʘʣʠ ʠ ʩʧʦʨʠʿʝʛ ʦʜʟʠʚʘ. ɹʦʜʝʦʚ ʠ ʅʠʢʚʠʩʪʦʚ ʜʠʿʘʛʨʘʤ 

ʝʩʪʠʤʘʪʦʨʘ ʜʘʪʠ ʩʫ ʥʘ ʉʣʠʮʠ 3.25. ʟʘ ʛʨʘʥʠʯʥʝ ʨʘʜʥe ʨʝʞʠʤe, Ὢ  1 Hz ʠ Ὢ  50 Hz. 

 ʄʦʞʝ ʩʝ ʚʠʜʝʪʠ ʜʘ ʅʠʢʚʠʩʪʦʚʘ ʢʨʠʚʘ ʥʝ ʦʙʫʭʚʘʪʘ ʢʨʠʪʠʯʥʫ ʪʘʯʢʫ, ʘ ʜʘ ʧʨʝʪʝʢ ʬʘʟʝ ʠ ʧʨʝʪʝʢ 

ʧʦʿʘʯʘˁʘ ʠʤʘʿʫ ʚʝʣʠʢʝ ʚʨʝʜʥʦʩʪʠ, ʪʿ. ʜʘʪʠ ʜʠʟʘʿʥ ʝʩʪʠʤʘʪʦʨʘ ʿʝ ʩʪʘʙʠʣʘʥ ʩʘ ʚʝʣʠʢʦʤ ʨʝʟʝʨʚʦʤ 

ʩʪʘʙʠʣʥʦʩʪʠ. ʀʧʘʢ, ʥʘ ɹʦʜʝʦʚʦʤ ʜʠʿʘʛʨʘʤʫ, ʉʣʠʢʘ 3.25ʘ. ʤʦʞʝ ʩʝ ʫʦʯʠʪʠ ʧʨʠʩʫʩʪʚʦ ʥʫʣʝ ʫ ɼʇʈ 

ʧʨʠ Ὢ  = 1 Hz. ʀʟ ʪʦʛ ʨʘʟʣʦʛʘ, ʩʧʨʦʚʦʜʠ ʩʝ ʘʥʘʣʠʟʘ ʨʦʙʫʩʥʦʩʪʠ ʩʠʩʪʝʤʘ ʥʘ ʧʨʦʤʝʥʝ 

ʧʘʨʘʤʝʪʘʨʘ ʦʜ ʟʥʘʯʘʿʘ. ʄʘʧʘ ʧʦʣʦʚʘ ʠ ʥʫʣʘ ʫ ʢʦʤʧʣʝʢʩʥʦʿ ʨʘʚʥʠ ʟʘ Ὢ  50 Hz, Ὕ  = 20 ɛs, 

Ὢ  15 Hz,  Ὅ  1, ʜʘʪʘ ʿ ʝ ʥʘ ʉʣʠʮʠ 3.26a. ɼʦʜʘʪʥʦ ʩʫ ʠʩʪʘʢʥʫʪʠ ʧʦʣʦʚʠ ʠ ʥʫʣʝ ʢʦʿʠ 

ʜʦʤʠʥʘʥʪʥʦ ʫʪʠʯʫ ʥʘ ʜʠʥʘʤʠʯʢʠ ʦʜʟʠʚ ʩʠʩʪʝʤʘ ʠ ʢʦʿʠ ʩʝ ʨʘʟʤʘʪʨʘʿʫ ʫ ʥʘʩʪʘʚʢʫ. ʋ ʩʣʠʮʠ ʫʥʫʪʘʨ 

ʉʣʠʢʝ 3.26ʘ. ʜʘʪ ʿʝ ʧʦʤʝʨʘʿ ʧʦʣʦʚʘ ʠ ʥʫʣʘ ʩʘ ʧʨʦʤʝʥʦʤ ʙʨʟʠʥʝ ʠʟʚʨʰʘʚʘˁʘ ʘʣʛʦʨʠʪʤʘ Ὕ  ʫ 

ʦʧʩʝʛʫ ʦʜ 10 kHz ʜʦ 50 kHz. ɿʘ ʧʨʦʨʘʯʫʥ ʧʘʨʘʤʝʪʘʨʘ   ʠ   ʥʠʩʫ ʢʦʨʠʰ˂ʝʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ 

ʚʝ˂ (3.24) ʠ (3.25). ʇʦʤʝʨʘʿ ʧʦʣʦʚʘ ʠ ʥʫʣʘ ʿʝ ʤʘʣʠ ʠ ʦʧʘʜʘ ʧʨʠ ʥʠʞʠʤ Ὢ . Moʞʝ ʩʝ ʨʝ˂ʠ ʜʘ 

ʩʫ ʨʘʥʠʿʝ ʥʘʯʠˁʝʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʫ ʧʦʪʧʦʛʣʘʚˀʫ 3.3. ʦʧʨʘʚʜʘʥʝ. ʊʘʯʥʦʩʪ ʤʦʜʝʣʘ ʤʦʞʝ ʙʠʪʠ 

ʫʛʨʦʞʝʥʘ ʟʘ Ὢ  100 Hz ʧʨʠ Ὕ  200 Õs, ʢʘʦ ʰʪʦ ʿʝ ʫʢʘʟʘʥʦ ʥʘ ʉʣʠʮʠ 3.11. ʟʙʦʛ 

ʜʠʩʪʦʨʟʠʿʘ ʫ ʬʨʝʢʚʝʥʮʠʿʩʢʦʤ ʦʜʟʠʚʫ ʜʠʛʠʪʘʣʥʠʭ ʬʠʣʪʘʨʘ ʫʩʣʝʜ ʙʨʟʠʥʝ ʨʘʜʘ ʘʣʛʦʨʠʪʤʘ. ʊʘʜʘ 

ʩʝ ʧʦʥʘʰʘˁʝ ʧʨʝʜʩʪʘʚˀʝʥʦʛ ʝʩʪʠʤʘʪʦʨʘ ʥʝ ʤʦʞʝ ʛʘʨʘʥʪʦʚʘʪʠ. ɼʘ ʙʠ ʩʝ ʫʤʘˁʠʣʠ ʝʬʝʢʪʠ 

ʚʨʝʤʝʥʩʢʝ ʜʠʩʢʨʝʪʠʟʘʮʠʿʝ ʠ ʫʚʘʞʘʚʘʿʫ˂ʠ ʮʠˀʘʥʫ ʚʨʝʤʝʥʩʢʫ ʩʣʦʞʝʥʦʩʪ ʘʣʛʦʨʠʪʤʘ, ʠʟʘʙʨʘʥʘ ʿʝ 
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ʉʣʠʢʘ 3.25. ʀʩʧʠʪʠʚʘˁʝ ʩʪʘʙʠʣʥʦʩʪʠ: ʘ) ʅʠʢʚʠʩʪʦʚʘ ʢʨʠʚʘ; ʙ) ɹʦʜʝʦʚ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ. 

 

ʙʨʟʠʥʘ ʠʟʚʨʰʘʚʘˁʘ ʘʣʛʦʨʠʪʤʘ ʦʜ 50 kHz. ʆʜʘʙʨʘʥʘ ʫʯʝʩʪʘʥʦʩʪ ʧʨʫʞʘ ʚʝ˂ʫ ʪʘʯʥʦʩʪʠ ʤʝʨʝˁʘ 

ʈɾʍ, ʫʤʘˁʫʿʝ ʢʚʘʥʪʠʟʘʮʠʦʥʠ ʰʫʤ ʢʦʿʠ ʩʝ ʿʘʚˀʘ ʥʘ ʫʣʘʟʫ ʌʉʇ ʠ ʯʠʥʠ ʦʧʨʘʚʜʘʥʠʤ ʨʘʥʠʿʝ 

ʫʚʝʜʝʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʧʨʠ ʜʠʩʢʨʝʪʠʟʘʮʠʿʘʤʘ ʬʠʣʪʘʨʘ. ɼʦʜʘʪʥʦ, ʧʝʨʠʦʜʘ ʠʟʚʨʰʘʚʘˁʘ 

ʘʣʛʦʨʠʪʤʘ ʦʮʝʥʝ ʙʨʟʠʥʝ ʦʜ Ὕ  = 20 ɛs ʧʨʫʞʘ ʦʛʨʦʤʥʫ ʫʥʠʚʝʨʟʘʣʥʦʩʪ ʫ ʧʦʛʣʝʜʫ ʧʨʠʤʝʥʝ, ʢʘʢʦ 

ʥʝ ʧʦʩʪʦʿʝ ʩʫʰʪʠʥʩʢʠ ʫʩʣʦʚʠ ʫ ʧʦʛʣʝʜʫ ʧʨʦʮʝʩʦʨʩʢʝ ʧʣʘʪʬʦʨʤʝ. ʇʦʤʝʨʘʿ ʜʦʤʠʥʘʥʪʥʠʭ ʧʦʣʦʚʘ 

ʫ ʬʫʥʢʮʠʿʠ Ὢ  ʜʘʪ ʿʝ ʥʘ ʉʣʠʮʠ 3.26ʙ. ʟʘ ʜʝʬʠʥʠʩʘʥʝ ʨʘʜʥʝ ʫʩʣʦʚʝ. ʉʪʨʝʣʠʮʝ ʫʢʘʟʫʿʫ ʥʘ 

ʧʦʤʝʨʘʿ ʜʦʤʠʥʘʥʪʥʠʭ ʧʦʣʦʚʘ ʠ ʥʫʣʘ ʝʩʪʠʤʘʪʦʨʘ ʩʘ ʧʦʨʘʩʪʦʤ ʫʯʝʩʪʘʥʦʩʪʠ. ʇʦʣʦʚʠ ʦʩʪʘʿʫ ʫ 

ʃʇʈ, ʧʦʤʝʨʘʿʫ˂ʠ ʩʝ ʜʘˀʝ ʦʜ ʢʦʦʨʜʠʥʘʪʥʦ ʧʦʯʝʪʢʘ ʩʘ ʧʦʨʘʩʪʦʤ ʙʨʟʠʥʝ ɸʄ. ɱʘʯʠʥʘ ʈɾʍ ʦʧʘʜʘ 

ʩʘ ʧʘʜʦʤ ʙʨʟʠʥʝ, ʪʿ. ʫʯʝʩʪʘʥʦʩʪʠ Ὢ , ʠ ὡ Ê‫  ʿ ʝ ʿʝʜʥʘʢʦ ʥʫʣʠ ʟʘ Ὢ  0. ʅʝʢʝ ʥʫʣʝ ʩʝ 

ʥʘʣʘʟʝ ʙʣʠʟʫ ʠʤʘʛʠʥʘʨʥʝ ʦʩʝ ʠ ʩʠʩʪʝʤ ʧʨʠʩʚʘʿʘ ʢʦʤʧʣʝʢʩʥʝ ʥʫʣʝ ʫ ɼʇʈ ʟʘ Ὢ  13 Hz, ʢʘʦ 

ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʉʣʠʮʠ 3.26ʚ. ʉʠʩʪʝʤ ʧʦʩʪʘʿʝ ʥʝʤʠʥʠʤʘʣʥʦ ʬʘʟʥʠ ʠ ʧʦʩʪʦʿʝ ʜʦʜʘʪʥʘ 

ʪʨʘʥʩʧʦʨʪʥʘ ʢʘʰˁʝˁʘ ʫ ʦʜʟʠʚʫ. ʀʘʢʦ ʿʝ ʘʥʘʣʠʪʠʯʢʠ ʤʦʜʝʣ ʩʪʘʙʠʣʘʥ ʠ ʧʨʠ Ὢ  1 mHz, ʛʜʝ 

ʩʫ ʢʦʤʧʣʝʢʩʥʠ ʧʦʣʦʚʠ ʙʣʠʟʫ ʛʨʘʥʠʮʝ ʩʪʘʙʠʣʥʦʩʪʠ, ʢʘʰˁʝˁʝ ʝʩʪʠʤʘʪʦʨʘ ʩʝ ʟʥʘʯʘʿʥʦ ʫʚʝ˂ʘʚʘ, ʘ 

ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʨʝʛʫʣʘʮʠʦʥʠʭ ʧʝʪˀʠ ʩʝ ʧʨʝʤʘ (3.47) ʨʝʜʫʢʫʿʝ ʜʘ ʙʠ ʩʝ ʦʯʫʚʘʣʘ ʩʪʘʙʠʣʥʦʩʪ.  

ʂʦʨʠʩʥʦ ʿʝ ʘʥʘʣʠʟʠʨʘʪʠ ʫʪʠʮʘʿ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʫ ʜʝʣʫ ʥʦʨʤʘʣʠʟʘʮʠʿʝ ʿʘʯʠʥʝ ʈɾʍ, ʪʿ. 

ʛʨʝʰʢʫ ʥʦʨʤʘʣʠʟʘʮʠʿʝ, ʥʘ ʜʠʥʘʤʠʯʢʦ ʧʦʥʘʰʘˁʝ ʝʩʪʠʤʘʪʦʨʘ. ʋʪʠʮʘʿ ʦʜʩʪʫʧʘˁʘ ʫ 

ʥʦʨʤʘʣʠʟʘʮʠʿʠ ʿʘʯʠʥʝ ʈɾʍ ʥʘ ʫʣʘʟʫ ʫ ʌʉʇ ʥʘ ʦʜʟʠʚ ʝʩʪʠʤʘʪʦʨʘ ʜʘʪ ʿʝ ʥʘ ʉʣʠʮʠ 3.26ʚ. ʄʦʞʝ 

ʩʝ ʚʠʜʝʪʠ ʜʘ ʧʦʟʠʪʠʚʥʘ ʛʨʝʰʢʘ ʫ ʢʦʤʧʝʥʟʘʮʠʿʠ ʘʤʧʣʠʪʫʜʝ ʜʦʚʦʜʠ ʜʦ ʠʩʧʦˀʘʚʘˁʘ ʝʬʝʢʪʘ 

ʥʝʤʠʥʠʤʘʣʥʝ ʬʘʟʝ ʥʘ ʥʠʞʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ, ʙʨʟʠʥʘʤʘ, ʠ ʝʬʝʢʪʠʚʥʦʛ ʫʚʝ˂ʘˁʘ ʢʘʰˁʝˁʘ 

ʝʩʪʠʤʘʮʠʿʝ. ʆʚʠ ʝʬʝʢʪʠ ʩʫ ʠʟʨʘʞʝʥʠ ʥʘ ʥʠʞʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ Ὢ , ʘ ʥʘʿʥʠʞʘ ʫʯʝʩʪʘʥʦʩʪ 

ʧʨʠ ʢʦʿʦʿ ˂ʝ ʦʚʘʿ ʬʝʥʦʤʝʥ ʙʠʪʠ ʠʟʨʘʞʝʥ ʟʘʚʠʩʠ ʦʜ ʚʨʝʜʥʦʩʪʠ ʤʘʢʩʠʤʘʣʥʝ ʛʨʝʰʢʝ 

ʥʦʨʤʘʣʠʟʘʮʠʿʝ. ʄʘʢʩʠʤʘʣʥʘ ʧʨʦʤʝʥʘ ʿʘʯʠʥʝ ʈɾʍ ʜʠʢʪʠʨʘ ʦʙʣʘʩʪ ʙʨʟʠʥʘ ʫ ʢʦʿʦʿ ʩʝ ʢʦʤʧʣʝʢʩʥʝ 

ʥʫʣʝ ʤʦʛʫ ʥʘ˂ʠ ʫ ɼʇʈ. ɸʢʦ ʫʣʘʟʥʠ ʩʠʛʥʘʣ ʫ ʌʉʇ ʠʤʘ ʘʤʧʣʠʪʫʜʫ ʯʠʿʘ ʿʝ ʚʨʝʜʥʦʩʪʠ Ὅ  0,5 

ʧʦʩʣʝ ʥʦʨʤʘʣʠʟʘʮʠʿʝ, ʢʦʤʧʣʝʢʩʥʝ ʥʫʣʝ ˂ʝ ʙʠʪʠ ʫ ɼʇʈ ʟʘ Ὢ  5 Hz, ʜʦʢ ʟʘ Ὅ  1,5 
ʢʦʤʧʣʝʢʩʥʝ ʥʫʣʝ ˂ʝ ʙʠʪʠ ʫ ɼʇʈ ʟʘ Ὢ  25 Hz, ʪʿ. ʥʘ ʚʝ˂ʠʤ ʙʨʟʠʥʘʤʘ. ʉʠʩʪʝʤ ˂ʝ ʦʩʪʘʪʠ 

ʩʪʘʙʠʣʘʥ, ʘʣʠ ʦʚʘʿ ʬʝʥʦʤʝʥ ʜʦʚʦʜʠ ʜʦ ʜʦʜʘʪʥʠʭ ʢʘʰˁʝˁʘ ʢʦʿʠ ʩʝ ʤʦʨʘʿʫ ʫʚʘʞʠʪʠ ʧʨʠ ʜʠʟʘʿʥʫ 

sensorless ʧʝʪˀʠ ʟʘ ʜʠʛʠʪʘʣʥʫ ʨʝʛʫʣʘʮʠʿʫ ʙʨʟʠʥʝ ʠ ʩʪʨʫʿʝ, ʈɹ ʠ ʈʉ.  

ʅʘ ʉʣʠʮʠ 3.27ʘ. ʨʘʟʤʘʪʨʘʥ ʿʝ ʩʣʫʯʘʿ ʢʘʜʘ ʥʝ ʙʠ ʚʘʞʠʣʦ ʦʛʨʘʥʠʯʝˁʝ (3.47), ʪʿ. ʢʘʜʘ ʧʨʦʧʫʩʥʠ 

ʦʧʩʝʛ ʈɹ ʥʠʿʝ ʫ ʬʫʥʢʮʠʿʠ Ὢ  ʚʝ˂ ʟʘʩʝʙʥʦ ʜʝʬʠʥʠʩʘʥ ʧʘʨʘʤʝʪʘʨ. ɸʥʘʣʠʟʘ ʿʝ ʩʧʨʦʚʝʜʝʥʘ ʧʨʠ 

ʢʦʥʩʪʘʥʪʥʦʿ Ὢ  25 Hz, ʩʘ ʧʨʦʤʝʥʘʤʘ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ Ὢ  ʦʜ 0,1 Hz ʜʦ 5,5 Hz. 

ʇʨʦʤʝʥʘ ʦʚʘʢʦ ʜʝʬʠʥʠʩʘʥʦʛ ʢʦʥʩʪʘʥʪʥʦʛ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʈɹ ʫʪʠʯʝ ʥʘ ʧʦʣʦʞʘʿ ʥʫʣʘ, ʘ 

ʥʝʟʥʘʪʥʦ ʥʘ ʧʦʣʦʞʘʿ ʧʦʣʦʚʘ ʩʠʩʪʝʤʘ ʫ ʦʢʦʣʠʥʠ ʢʦʦʨʜʠʥʘʪʥʦʛ ʧʦʯʝʪʢʘ. ʅʘ ʉʣʠʮʠ 3.27ʙ. ʿʝ 

ʧʨʠʢʘʟʘʥ ʢʦʤʙʠʥʦʚʘʥʠ ʫʪʠʮʘʿ ʧʨʦʤʝʥʝ Ὅ  ʠ ʧʨʦʠʟʚʦˀʥʦ ʟʘʜʘʪʦʛ Ὢ  ʧʨʠ Ὢ  5 Hz  
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ʉʣʠʢʘ 3.26. ʀʩʧʠʪʠʚʘˁʝ ʨʦʙʫʩʥʦʩʪʠ: a) ʧʦʣʦʞʘʿ ʧʦʣʦʚʘ ʠ ʥʫʣʘ ʫ ̓ - ʨʘʚʥʠ; ʙ) ʧʦʣʦʞʘʿ ʧʦʣʦʚʘ ʠ 

ʥʫʣʘ ʩʘ ʧʨʦʤʝʥʦʤ fFUND; ʚ) ʧʦʥʘʰʘˁʝ ʩʠʩʪʝʤʘ ʥʝʤʠʤʠʥʘʣʥʝ ʬʘʟʝ. 

 

ʥʘ ʧʦʥʘʰʘˁʝ ʩʠʩʪʝʤʘ ʫ ʧʦʛʣʝʜʫ ʥʫʣʘ ʫ ʦʢʦʣʠʥʠ ʠʤʘʛʠʥʘʨʥʝ ʦʩʝ. ʇʦʥʘʰʘˁʝ ʩʠʩʪʝʤʘ ʧʦʩʪʘʿʝ 

ʜʦʩʪʘ ʩʣʦʞʝʥʦ, ʘ ʨʝʟʫʣʪʘʪ ʿʝ ʜʘ ʩʝ ʩʠʩʪʝʤ ʫ ʰʠʨʝʤ ʦʧʩʝʛʫ ʨʘʜʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ Ὢ  ʧʦʥʘʰʘˁʘ 

ʢʘʦ ʥʝʤʠʥʠʤʘʣʥʦ ʬʘʟʥʠ. ɸʢʦ ʿʝ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʧʝʪˀʝ ʈɹ Ὢ  1 Hz, ʧʦʩʪʦʿʠ ʦʧʘʩʥʦʩʪ ʜʘ 

ʧʦʩʪʦʿʝ ʥʫʣʝ ʫ ɼʇʈ ʥʝʟʘʚʠʩʥʦ ʦʜ ʨʘʜʥʝ ʙʨʟʠʥʝ. 

ʋʚʝ˂ʘˁʝʤ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ, ʥʫʣʝ ʘ ʧʦʩʝʙʥʦ ʥʫʣʝ ʩʠʩʪʝʤʘ ʩʝ ʧʦʤʝʨʘʿʫ ʫ ʃʇʈ ʜʘˀʝ ʦʜ 

ʢʦʦʨʜʠʥʘʪʥʦʛ ʧʦʯʝʪʢʘ. ʆʚʦ ʧʨʝʜʩʪʘʚˀʘ ʿʦʰ ʿʝʜʘʥ ʨʘʟʣʦʛ, ʧʦʨʝʜ ʞʝˀʝ ʜʘ ʩʝ ʦʯʫʚʘ ʣʠʥʝʘʨʥʦʩʪ 

ʩʠʩʪʝʤʘ ʫ ʧʦʛʣʝʜʫ ʌʉʇ ʠ ʬʠʣʪʨʘ ʇʆ, ʜʘ ʩʝ ʧʘʨʘʤʝʪʨʠ ʝʩʪʠʤʘʪʦʨʘ ʠ ʥʘʜʨʝʹʝʥʠʭ ʨʝʛʫʣʘʮʠʦʥʠʭ 

ʧʝʪˀʠ ʜʠʟʘʿʥʠʨʘʿʫ ʥʘ ʦʩʥʦʚʫ ʦʛʨʘʥʠʯʝˁʘ (3.47). ʇʨʠʨʦʜʘ ʩʠʩʪʝʤʘ ʩʘ ʥʝʤʠʥʠʤʘʣʥʦʤ ʬʘʟʦʤ, ʪʿ. 

ʢʦʨʝʢʮʠʿʘ ʬʘʟʝ ʩʠʩʪʝʤʘ, ʤʦʞʝ ʩʝ ʦʩʪʚʘʨʠʪʠ ʧʨʠʤʝʥʦʤ ʩʚʝʧʨʦʧʫʩʥʦʛ ʬʠʣʪʨʘ ʿʝʜʠʥʠʯʥʝ 

ʘʤʧʣʠʪʫʜʝ ʛʨʫʧʠʰʫ˂ʠ ʥʫʣʝ ʠʟ ɼʇʈ  ʠ ʧʦʣʦʚʝ ʢʦʿʠ ʩʫ ˁʠʭʦʚʘ ʩʣʠʢʘ ʫ ʃʇʈ. ʆʜʥʦʩʥʦ, 

ʧʨʝʜʩʪʘʚˀʘʝˁʤ ʥʝʤʠʥʠʤʘʣʥʦ ʬʘʟʥʦʛ ʝʩʪʠʤʘʪʦʨʘ ʢʘʦ ʧʨʦʠʟʚʦʜ ʤʠʥʠʤʘʣʥʦʛ ʬʘʟʥʦʛ ʝʩʪʠʤʘʪʦʨʘ 

ʠ ʩʚʝʧʨʦʧʫʩʥʦʛ ʬʠʣʪʨʘ. ʊʘʜʘ ʤʠʥʠʤʘʣʥʦ ʬʘʟʥʠ ʝʩʪʠʤʘʪʦʨ ʟʘʜʦʚʦˀʘʚʘ ʟʘʭʪʝʚʝ ʫ ʧʦʛʣʝʜʫ 

ʘʤʧʣʠʪʫʜʝ ʘ ʩʚʝʧʨʦʧʫʩʥʠ ʬʠʣʪʘʨ ʫ ʧʦʛʣʝʜʫ ʬʘʟʝ. ʆʚʘ ʨʘʟʤʘʪʨʘˁʘ ʥʠʩʫ ʦʙʫʭʚʘ˂ʝʥʘ 

ʜʠʩʝʨʪʘʮʠʿʦʤ ʠ ʙʠ˂ʝ ʿʝʜʘʥ ʦʜ ʧʨʘʚʘʮʘ ʜʘˀʠʭ ʠʩʪʨʘʞʠʚʘˁʘ.  

ʅʘ ʥʠʞʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ Ὢ , ɽʄʉ (2.131) ʦʧʘʜʘ, ʘ ʧʦʩʣʝʜʠʯʥʦ ʠ ʿʘʯʠʥʘ ʈɾʍ. ɼʝʪʝʢʮʠʿʘ 

ʈɾʍ ʿʝ ʚʝʦʤʘ ʟʘʭʪʝʚʥʘ, ʥʝʟʘʚʠʩʥʦ ʜʘ ʣʠ ʩʝ ʢʦʨʠʩʪʝ ʤʝʪʦʜʝ ʫ ʬʨʝʢʚʝʥʮʠʿʩʢʦʤ ʠʣʠ ʚʨʝʤʝʥʩʢʦʤ 

ʜʦʤʝʥʫ, ʧʨʠ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʩʪʘʪʦʨʩʢʝ ʩʪʨʫʿʝ ʠʩʧʦʜ 0,5 Hz, ʧʨʠ ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ, ʰʪʦ ʿʝ ʛʣʘʚʥʠ 

ʥʝʜʦʩʪʘʪʘʢʘ ʫʧʦʪʨʝʙˀʝʥʝ ʘʥʠʟʦʪʨʦʧʠʿʝ. ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʧʨʦʿʝʢʪʦʚʘʥʠ ʝʩʪʠʤʘʪʦʨ ʜʦʙʨʦ ʧʨʘʪʠ 

ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʧʨʠ ʫʙʨʟʘˁʫ, ʢʦʯʝˁʫ, ʦʜʩʢʦʯʥʠʤ ʧʨʦʤʝʥʘʤʘ ʫʯʝʩʪʘʥʦʩʪʠ, ʠʪʜ., 

ʉʣʠʢʘ 3.23. ʆʧʩʝʛ ʨʘʜʥʠʭ ʨʝʞʠʤʘ ʧʨʠ ʢʦʿʠʤʘ ʩʝ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʝʩʪʠʤʘʪʦʨ ʈɾʍ ʿʝ ʜʝʬʠʥʠʩʘʥ 

ʫʯʝʩʪʘʥʦʰ˂ʫ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ Ὢ , ʘ ʥʝ ʙʨʟʠʥʦʤ ʦʙʨʪʘˁʘ ʚʨʘʪʠʣʘ. ʉʪʘʙʠʣʥʘ 

ʦʮʝʥʘ ʙʨʟʠʥʝ ʩʝ ʤʦʞʝ ʦʩʪʚʘʨʠʪʠ ʥʘ ʥʫʣʪʦʿ ʙʨʟʠʥʠ ʘʢʦ ʿʝ ʤʦʤʝʥʪ ʦʧʪʝʨʝ˂ʝˁʘ ʜʦʚʦˀʥʦ ʚʝʣʠʢʠ 

ʪʘʢʦ ʜʘ ʢʣʠʟʘˁʝ ʟʘʜʦʚʦˀʘʚʘ ʫʩʣʦʚ Ὢ Ὢ  Ὢ , ʛʜʝ ʿʝ Ὢ  ʥʘʿʥʠʞʘ ʫʯʝʩʪʘʥʦʩʪʠ 

ʧʨʠ ʢʦʿʦʿ ʩʝ ʈɾʍ ʧʨʝʜʩʪʘʚˀʘ ʩʘ ʤʠʥʠʤʘʣʥʠʤ ʙʨʦʿʝʤ ʢʚʘʥʪʠʟʘʮʠʦʥʠʭ ʥʠʚʦʘ ɸɼ ʢʦʥʚʝʨʪʦʨʘ 

ʢʦʿʠ ʥʝ ʫʛʨʦʞʘʚʘ ʪʘʯʥʦʩʪ ʦʮʝʥʝ ʈɾʍ ʠ ʙʨʟʠʥʝ.  
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                                        ʘ)                                                                                        ʙ) 

ʉʣʠʢʘ 3.27.  ʋʪʠʮʘʿ ʧʨʦʤʝʥʝ ʩʣʦʙʦʜʥʦʛ ʧʘʨʘʤʝʪʨʘ fBWwreg ʧʨʠʢʘʟʘʥʝ ʫ ʼ - ʨʘʚʥʠ: ʘ) ʥʘ ʜʦʤʠʥʘʥʪʥʝ 

ʥʫʣʝ ʠ ʧʦʣʦʚʝ ʝʩʪʠʤʘʪʦʨʘ; ʙ) ʥʘ ʦʧʩʝʛ ʥʝʤʠʥʠʤʘʣʥʦ ʬʘʟʥʦʛ ʧʦʥʘʰʘˁʘ ʝʩʪʠʤʘʪʦʨʘ. 

 

ɼʘ ʙʠ ʤʦʛʣʘ ʜʘ ʩʝ ʛʘʨʘʥʪʫʿʝ ʩʪʘʙʠʣʥʦʩʪ ʝʩʪʠʤʘʪʦʨʘ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʜʘ ʙʨʟʠʥʘ ʧʨʦʤʝʥʝ 

ʫʯʝʩʪʘʥʦʩʪ ʈɾʍ ʙʫʜʝ ʫ ʦʧʩʝʛʫ ʜʦʟʚʦˀʝʥʠʭ ʛʨʘʥʠʮʘ ʦʜʨʝʹʝʥʠʤ ʩʘ (3.55) ʥʝʟʘʚʠʩʥʦ ʦʜ ʧʨʠʨʦʜʝ 

ʧʦʨʝʤʝ˂ʘʿʘ. ʂʨʠʪʝʨʠʿʫʤʠ ʩʪʘʙʠʣʥʦʩʪʠ (ʢ-1) ʠ (ʢ-2) ʩʝ ʠʩʧʫˁʘʚʘʿʫ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ 

ʘʜʘʧʪʠʨʘˁʝʤ ʧʘʨʘʤʝʪʘʨʘ ʝʩʪʠʤʘʪʦʨʘ ʧʨʝʤʘ ʨʘʜʥʦʤ ʨʝʞʠʤʫ, ʫʟ ʦʛʨʘʥʠʯʝˁʝ ʤʘʢʩʠʤʘʣʥʦʛ 

ʦʩʪʚʘʨʠʚʦʛ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʈɹ. ʅʘ ʦʚʘʿ ʥʘʯʠʥ ʿʝ ʩʪʘʙʠʣʥʦʩʪ ʌʉʇ ʠ ʝʩʪʠʤʘʪʦʨʘ ʠʥʭʝʨʝʥʪʥʦ 

ʟʘʜʦʚʦˀʝʥʘ ʫ ʧʨʘʟʥʦʤ ʭʦʜʫ ʠʟ ʫʛʣʘ ʠʥʪʝʨʥʠʭ ʧʦʨʝʤʝ˂ʘʿʘ, ʧʨʦʤʝʥʘ ʧʘʨʘʤʝʪʘʨʘ ʫ ɽʇ, ʠʪʜ. 

ʉʪʘʙʠʣʥʦʩʪ ʤʦʞʝ ʙʠʪʠ ʫʛʨʦʞʝʥʘ ʫ ʧʨʠʩʫʩʪʚʫ ʦʧʪʝʨʝ˂ʝˁʘ, ʢʦʿʝ ʠʤʘ ʩʧʦʩʦʙʥʦʩʪ ʜʘ ʫʟʨʦʢʫʿʝ 

ʜʠʥʘʤʠʢʫ ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʚʘʥ ʛʨʘʥʠʮʘ ʜʝʬʠʥʠʩʘʥʠʭ ʩʘ (3.55).  ɼʠʥʘʤʠʢʘ ʧʨʦʤʝʥʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ ʫ ʧʦʛʣʝʜʫ ʦʚʦʛ ʧʦʨʝʤʝ˂ʘʿʘ ʿʝ ʠʥʪʫʠʪʠʚʥʦ ʦʜʨʝʹʝʥʘ ʦʜʥʦʩʦʤ ὓ ὐϳ, ʛʜʝ ʿʝ 

ὓ  ʤʦʤʝʥʪ ʦʧʪʝʨʝ˂ʝˁʘ ʠ ὐ ʫʢʫʧʥʘ ʠʥʝʨʮʠʿʘ ʤʝʭʘʥʠʯʢʦʛ ʩʠʩʪʝʤʘ. ʀʧʘʢ, ʧʨʦʤʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ 

ʈɾʍ ʢʦʿʝ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʧʨʦʤʝʥʘ ʦʧʪʝʨʝ˂ʝˁʘ ʟʘʚʠʩʝ ʦʜ ʜʠʥʘʤʠʢʝ ʦʧʪʝʨʝ˂ʝˁʘ ʠ ʬʫʥʢʮʠʿʝ 

ʦʩʝʪˀʠʚʦʩʪʠ sensorless ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʙʨʟʠʥʠ, ʪʿ. ʧʦʿʘʯʘˁʘ ʨʝʛʫʣʘʪʦʨʘ ʙʨʟʠʥʝ, 

ʧʘʨʘʤʝʪʘʨʘ ʤʝʭʘʥʠʯʢʦʛ ʩʠʩʪʝʤʘ, ʥʘʧʦʥʩʢʦʛ ʘʢʪʫʘʪʦʨʘ, ʠʪʜ. ʦ ʯʝʤʫ ˂ʝ ʙʠʪʠ ʚʠʰʝ ʨʝʯʠ ʫ 

ʥʘʩʪʘʚʢʫ. ʇʨʝʜʩʪʘʚˀʝʥʘ ʣʠʥʝʘʨʥʘ ʘʥʘʣʠʟʘ ʩʪʘʙʠʣʥʦʩʪʠ ʿʝ ʧʦʪʨʝʙʘʥ, ʘʣʠ ʥʝ ʠ ʜʦʚʦˀʘʥ ʫʩʣʦʚ ʟʘ 

ʛʘʨʘʥʪʦʚʘˁʝ ʩʪʘʙʠʣʥʦʩʪʠ ʝʩʪʠʤʘʪʦʨʘ. ʋʧʦʪʨʝʙʘ ʤʝʪʦʜʘ ʟʘ ʧʦʪʨʝʙʝ ʥʝʣʠʥʝʘʨʥʝ ʘʥʘʣʠʟʝ 

ʩʪʘʙʠʣʥʦʩʪʠ ʝʩʪʠʤʘʪʦʨʘ ʙʠ˂ʝ ʧʨʘʚʘʮ ʜʘˀʝʛ ʠʩʪʨʘʞʠʚʘˁʘ.  

 

3.6 ɿʘʢˀʫʯʮʠ ʪʨʝ˂ʝʛ ʧʦʛʣʘʚˀʘ 
 

ʋ ʧʦʛʣʘʚˀʫ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʥʦʚʘ ʠ ʦʨʠʛʠʥʘʣʥʘ ʩʪʨʫʢʪʫʨʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʚʨʘʪʠʣʘ ɸʄ ʥʘ 

ʦʩʥʦʚʫ ʈɾʍ ʢʦʿʠ ʧʦʩʪʦʿʝ ʫ ʣʠʥʠʿʩʢʦʤ ʩʧʝʢʪʨʫ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ. ʇʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ʩʪʨʫʢʪʫʨʘ 

ʟʘʩʥʦʚʘʥʘ ʥʘ ʬʘʟʥʦ ʩʧʨʝʛʥʫʪʦʿ ʧʝʪˀʠ ʠ ʘʜʘʧʪʠʚʥʠʤ ʜʠʛʠʪʘʣʥʠʤ ʬʠʣʪʨʠʤʘ. ʌʘʟʥʦ ʩʧʨʝʛʥʫʪʘ 

ʧʝʪˀʘ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʧʦʪʨʝʙʝ ʦʮʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ. ʅʘ ʫʣʘʟʫ ʝʩʪʠʤʘʪʦʨʘ ʥʘʣʘʟʠ ʩʝ ʘʜʘʧʪʠʚʥʠ 

ʜʠʛʠʪʘʣʥʠ ʬʠʣʪʘʨ ʧʨʦʧʫʩʥʠʢ ʦʧʩʝʛʘ ʫʯʝʩʪʘʥʦʩʪʠ ʢʦʿʠ ʫʚʝ˂ʘʚʘ ʨʦʙʫʩʥʦʩʪ ʌʉʇ. ʅʘ ʠʟʣʘʟʫ ʌʉʇ 

ʥʘʣʘʟʠ ʩʝ ʘʜʘʧʪʠʚʥʠ ʜʠʛʠʪʘʣʥʠ ʥʠʩʢʦ-ʬʨʝʢʚʝʥʪʥʠ ʬʠʣʪʘʨ. ʇʘʨʘʤʝʪʨʠ ʬʠʣʪʨʘ ʇʆ, ʮʝʥʪʨʘʣʥʘ 

ʫʯʝʩʪʘʥʦʩʪ ʠ ʦʧʩʝʛ ʧʫʰʪʘˁʘ, ʠ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʠʟʣʘʟʥʦʛ ʅʌ ʬʠʣʪʨʘ ʩʝ ʘʜʘʧʪʠʨʘʿʫ ʧʨʝʤʘ 

ʪʨʝʥʫʪʥʦʤ ʨʘʜʥʦʤ ʨʝʞʠʤʫ ʫ ʧʦʛʦʥʫ. ʅʌ ʬʠʣʪʘʨ ʘʜʘʧʪʠʨʘ ʮʝʥʪʨʘʣʥʫ ʫʯʝʩʪʘʥʦʩʪ ʬʠʣʪʨʘ ʇʆ, 

ʧʨʝʤʘ ʞʝˀʝʥʦʿ ʜʠʥʘʤʠʮʠ ʪʘʢʦ ʜʘ ʩʝ ʦʙʝʟʙʝʜʠ ʩʪʘʙʠʣʥʦʩʪ ʝʩʪʠʤʘʪʦʨʘ. ʈʦʙʫʩʥʦʩʪ ʌʉʇ ʩʝ 

ʜʦʜʘʪʥʦ ʫʚʝ˂ʘʚʘ ʥʦʨʤʘʣʠʟʘʮʠʿʦʤ ʘʤʧʣʠʪʫʜʝ ʩʠʛʥʘʣʘ ʥʘ ʫʣʘʟʫ ʧʝʪˀʝ ʫ ʬʫʥʢʮʠʿʠ ʪʨʝʥʫʪʥʦʛ 
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ʨʘʜʥʦʛ ʨʝʞʠʤʘ ʫ ʧʦʛʦʥʫ. ʋ ʧʦʛʣʝʜʫ ʩʚʘʢʦʛ ʝʣʝʤʝʥʪʘ ʝʩʪʠʤʘʪʦʨʘ ʧʨʫʞʝʥʘ ʿʝ ʘʨʛʫʤʝʥʪʘʮʠʿʘ ʥʘ 

ʦʩʥʦʚʫ ʢʦʿʝ ʿʝ ʩʧʨʦʚʝʜʝʥ ʦʜʘʙʠʨ ʧʦʛʦʜʥʠʭ ʩʪʨʫʢʪʫʨʘ. 

ʋ ʣʠʪʝʨʘʪʫʨʠ, ʤʝʪʦʜʝ ʟʘʩʥʦʚʘ ʥʘ ʈɾʍ ʩʫ ʜʦʤʠʥʘʥʪʥʦ ʢʦʨʠʰ˂ʝʥʝ  ʟʘ ʧʦʪʨʝʙʝ ʤʦʥʠʪʦʨʠʥʛʘ 

ʠ ʜʠʿʘʛʥʦʩʪʠʢʝ, ʘʜʘʧʪʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʙʝʟ ʜʘˀʝ ʜʠʩʢʫʩʠʿʝ ʫ ʧʨʘʚʮʫ ˁʠʭʦʚʝ ʫʧʦʪʨʝʙʝ ʫʥʫʪʘʨ 

sensorless ʩʠʩʪʝʤʘ ʫʧʨʘʚˀʘˁʘ. ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʿʝ ʦʜʘʙʠʨ ʩʪʨʫʢʪʫʨʝ ʠ ʜʠʟʘʿʥ ʧʘʨʘʤʝʪʘʨʘ 

ʩʪʨʫʢʪʫʨʝ ʩʧʨʦʚʝʜʝʥ ʩʘ ʮʠˀʝʤ ʠʥʪʝʛʨʘʮʠʿʝ ʝʩʪʠʤʘʪʦʨʘ ʫʥʫʪʘʨ ʨʝʛʫʣʘʮʠʦʥʠʭ ʧʝʪˀʠ ʧʦ ʩʪʨʫʿʠ 

ʠ ʙʨʟʠʥʠ. ɼʠʟʘʿʥ ʝʩʪʠʤʘʪʦʨʘ ʿʝ ʩʧʨʦʚʝʜʝʥ ʥʘ ʦʩʥʦʚʫ 4 ʢʨʠʪʝʨʠʿʫʤʘ ʢʦʿʠʤʘ ʩʝ ʦʧʠʩʫʿʝ ʧʦʥʘʰʘˁʝ 

ʠ ʜʚʘ ʢʨʠʪʝʨʠʿʫʤʘ ʩʪʘʙʠʣʥʦʩʪʠ, ʠ ʪʦ ʢʨʠʪʝʨʠʿʫʤʘ ʟʘ ʩʪʘʙʠʣʥʦʩʪ ʌʉʇ ʠ ʢʨʠʪʝʨʠʿʫʤʘ ʟʘ 

ʩʪʘʙʠʣʥʦʩʪ ʬʠʣʪʨʘ ʇʆ ʫʯʝʩʪʘʥʦʩʪʠ. ʂʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ ʧʦ ʢʦʿʠʤʘ ʩʝ ʘʜʘʧʪʠʨʘʿʫ 

ʧʘʨʘʤʝʪʨʠ ʘʜʘʧʪʠʚʥʠʭ ʬʠʣʪʘʨʘ ʩʫ ʜʦʙʠʿʝʥʝ ʠʟ ʢʨʠʪʝʨʠʿʫʤʘ ʧʦʥʘʰʘˁʘ ʢʘʦ ʢʦʤʧʨʦʤʠʩ ʠʟʤʝʹʫ 

ʤʘʢʩʠʤʘʣʥʝ ʜʦʧʫʰʪʝʥʝ ʜʝʚʠʿʘʮʠʿʝ ʦʮʝˁʝʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʫʢʫʧʥʦʛ ʢʘʰˁʝˁʘ ʩʠʩʪʝʤʘ ʟʘ ʦʮʝʥʫ, 

ʘʣʠ ʫʚʘʞʘʚʘʿʫ˂ʠ ʟʘʭʪʝʚʝ ʫ ʧʦʛʣʝʜʫ ʜʠʥʘʤʠʢʝ ʩʠʩʪʝʤʘ ʪʘʢʦ ʜʘ ʩʝ ʦʙʝʟʙʝʜʠ ʩʪʘʙʠʣʥʦʩʪ. ʌʉʇ ʿʝ 

ʜʠʟʘʿʥʠʨʘʥʘ ʧʨʝʤʘ ʜʚʘ ʥʘʚʝʜʝʥʘ ʢʨʠʪʝʨʠʿʫʤʘ ʩʪʘʙʠʣʥʦʩʪʠ. ʆʜʥʦʩʥʦ, ʢʘʦ ʫʩʣʦʚʠ ʟʘ ʜʠʟʘʿʥ ʌʉʇ 

ʧʦʩʪʘʚˀʝʥʠ ʩʫ ʞʝˀʝʥʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʙʨʟʠʥʠ ʠ ʨʝʣʘʪʠʚʥʠ ʦʜʥʦʩ 

ʠʟʤʝʹʫ ʚʨʝʤʝʥʩʢʠʭ ʢʦʥʩʪʘʥʪʠ ʝʣʝʤʝʥʘʪʘ ʝʩʪʠʤʘʪʦʨʘ.  

ʋ ʧʦʛʣʘʚˀʫ ʩʫ ʟʘ ʧʦʪʨʝʙʝ ʘʥʘʣʠʟʝ ʠ ʩʠʥʪʝʟʝ ʝʩʪʠʤʘʪʦʨʘ, ʪʿ. ʟʘ ʧʦʪʨʝʙʝ ʠʩʧʠʪʠʚʘˁʘ ʫ 

ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʠ ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ ʧʨʦʮʝʩʘ, ʠ ʟʘ ʧʦʪʨʝʙʝ ʠʩʧʠʪʠʚʘˁʘ ʩʪʘʙʠʣʥʦʩʪʠ 

ʫʧʦʪʨʝʙˀʝʥʠ ʨʘʟʚʠʿʝʥʠ ʩʠʤʫʣʘʮʠʦʥʠ ʤʦʜʝʣʠ ʫ ʧʨʦʛʨʘʤʩʢʦʤ ʧʘʢʝʪʫ MATLAB ï Simulink. ʇʫʪʝʤ 

ʨʘʟʚʠʿʝʥʠʭ ʤʦʜʝʣʘ ʝʩʪʠʤʘʪʦʨ ʿʝ ʠʩʧʠʪʘʥ ʫ ʮʝʣʦʤ ʦʧʩʝʛʫ ʦʯʝʢʠʚʘʥʠʭ ʨʘʜʥʠʭ ʙʨʟʠʥʘ ʫ ɽʇ, ʙʝʟ 

ʩʣʘʙˀʝˁʘ ʧʦˀʘ. ʇʦʢʘʟʘʥʦ ʿʝ ʫ ʩʠʤʫʣʘʮʠʿʘʤʘ ʜʘ ʧʨʝʜʣʦʞʝʥʠ ʜʠʟʘʿʥ ʧʨʫʞʘ ʟʘʥʝʤʘʨʠʚʫ ʛʨʝʰʢʫ 

ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ, ʤʘˁʫ ʦʜ 0,3% ʫ ʮʝʣʦʤ ʦʧʩʝʛʫ ʨʘʜʥʠʭ ʙʨʟʠʥʘ, ʧʨʠ ʧʨʦʠʟʚʦˀʥʦ ʜʝʬʠʥʠʩʘʥʦʤ 

ʩʘʜʨʞʘʿʫ ʣʠʥʠʿʩʢʦʛ ʩʧʝʢʪʨʘ ʩʪʘʪʦʨʩʢʝ ʩʪʨʫʿʝ. ʂʘʰˁʝˁʝ ʫ ʦʮʝʥʠ ʙʨʟʠʥʝ ʿʝ ʬʫʥʢʮʠʿʘ 

ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ ʠ ʤʝˁʘ ʩʝ ʫ ʦʧʩʝʛʫ ʦʜ 150 ms ʜʦ 7 ms ʢʘʜʘ Ὢ  ʨʘʩʪʝ ʩʘ 

2 Hz ʥʘ 50 Hz ʧʨʠ ʧʘʨʘʤʝʪʨʫ ʅʌ ʬʠʣʪʨʘ ʦʜ D = 0,685. ʇʦʛʦʜʥʠʤ ʦʜʘʙʠʨʦʤ ʧʘʨʘʤʝʪʨʘ D ʿ ʝ 

ʦʙʝʟʙʝʹʝʥʦ ʜʘ ʚʨʝʤʝʥʩʢʠ ʦʜʟʠʚʠ ʝʩʪʠʤʘʪʦʨʘ ʙʫʜʫ ʩʘ ʧʨʠʭʚʘʪˀʠʚʦʤ ʜʠʥʘʤʠʢʦʤ ʠ ʜʘ ʥʝ 

ʫʩʣʦʞˁʘʚʘʿʫ ʟʘʭʪʝʚʝ ʢʦʿʝ ʥʘʜʨʝʹʝʥʠ ʨʝʛʫʣʘʪʦʨʠ ʙʨʟʠʥʝ ʠ ʩʪʨʫʿʝ ʪʨʝʙʘ ʜʘ ʟʘʜʦʚʦˀʝ. ʀʟʚʝʜʝʥ ʿʝ 

ʣʠʥʝʘʨʥʠ ʤʦʜʝʣ ʝʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ ʠ ʧʨʫʞʝʥʘ ʿʝ ʣʠʥʝʘʨʥʘ ʘʥʘʣʠʟʘ ʩʪʘʙʠʣʥʦʩʪʠ. ʆʛʨʘʥʠʯʝˁʘ 

ʫʥʫʪʘʨ ʢʦʿʠʭ ʩʝ ʤʦʞʝ ʛʘʨʘʥʪʦʚʘʪʠ ʣʠʥʝʘʨʥʦ ʧʦʥʘʰʘˁʝ ʝʩʪʠʤʘʪʦʨʘ ʩʫ ʜʝʬʠʥʠʩʘʥʠ. ʅʘ ʦʩʥʦʚʫ 

ʩʧʨʦʚʝʜʝʥʠʭ ʪʝʩʪʦʚʘ, ʩʪʘʙʠʣʥʦʩʪ ʝʩʪʠʤʘʪʦʨʘ ʩʝ ʤʦʞʝ ʛʘʨʘʥʪʦʚʘʪʠ ʫ ʜʝʬʠʥʠʩʘʥʦʤ ʦʧʩʝʛʫ 

ʨʘʜʥʠʭ ʨʝʞʠʤʘ ʧʨʠ ʢʦʿʠʤʘ ʚʘʞʝ ʧʨʝʪʧʦʩʪʘʚʢʝ ʦ ʣʠʥʝʘʨʥʦʩʪʠ. ʆʜʥʦʩʥʦ, ʫ ʦʧʩʝʛʫ ʨʘʜʥʠʭ 

ʫʯʝʩʪʘʥʦʩʪʠ ʦʜ ʥʦʤʠʥʘʣʥʝ ʙʨʟʠʥʝ ʜʦ ʥʘʿʥʠʞʝ ʙʨʟʠʥʝ ʧʨʠ ʢʦʿʦʿ ɸɼ ʢʦʥʚʝʨʪʦʨ ʤʦʞʝ ʜʘ ʜʝʪʝʢʪʫʿʝ 

ʈɾʍ, ʠ ʩʘ ʙʨʟʠʥʘʤʘ ʧʨʦʤʝʥʝ ʈɾʍ ʤʘˁʠʤ ʦʜ 767 Hz/s. ɽʩʪʠʤʘʪʦʨ ʠʤʘ ʚʝʣʠʢʫ ʨʝʟʝʨʚʫ 

ʩʪʘʙʠʣʥʦʩʪʠ ʠ ʨʦʙʫʩʥʦʩʪ ʥʘ ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ. ʋʢʘʟʘʥʦ ʿʝ ʥʘ ʥʝʜʦʩʪʘʪʢʝ ʜʠʟʘʿʥʘ ʢʦʿʠ ʧʦʩʪʦʿʝ 

ʥʘ ʥʠʞʠʤ ʙʨʟʠʥʘʤʘ ʫ ʚʠʜʫ ʥʝʤʠʥʠʤʘʣʥʦ ʬʘʟʥʦʛ ʧʦʥʘʰʘˁʘ. ʅʘ ʦʩʥʦʚʫ ʩʠʤʫʣʘʮʠʿʘ, 

ʧʨʝʜʣʦʞʝʥʠ ʜʠʟʘʿʥ ʫʩʧʝʰʥʦ ʟʘʜʦʚʦˀʘʚʘ ʥʘʚʝʜʝʥʘ 4 ʢʨʠʪʝʨʠʿʫʤʘ ʫ ʧʦʛʣʝʜʫ ʧʦʥʘʰʘˁʘ ʠ 2 

ʢʨʠʪʝʨʠʿʫʤʘ ʫ ʧʦʛʣʝʜʫ ʩʪʘʙʠʣʥʦʩʪʠ. 

ʇʨʠʤʝʥʘ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʥʝ ʟʘʭʪʝʚʘ ʙʠʣʦ ʢʘʢʚʝ ʭʘʨʜʚʝʨʩʢʝ 

ʤʦʜʠʬʠʢʘʮʠʿʝ ʤʘʰʠʥʝ ʠʣʠ ʠʥʚʝʨʪʦʨʘ, ʜʦʜʘʚʘˁʝ ʜʦʜʘʪʥʠʭ ʜʘʚʘʯʘ, ʧʨʦʮʝʩʦʨʘ, ʠ ʩʣʠʯʥʦ. ʊʘʢʦʹʝ, 

ʘʣʛʦʨʠʪʘʤ ʟʘ ʘʜʘʧʪʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʩʪʠʤʘʪʦʨʘ ʥʝ ʢʦʨʠʩʪʠ ʤʘʪʨʠʮʝ ʧʦʜʘʪʘʢʘ ʠʣʠ ʜʦʜʘʪʥʫ 

ʤʝʤʦʨʠʿʫ, ʢʘʦ ʥʠ ʩʣʦʞʝʥʝ ʦʧʪʠʤʠʟʘʮʠʦʥʝ ʬʫʥʢʮʠʿʝ ʢʦʿʝ ʙʠ ʧʦʪʝʥʮʠʿʘʣʥʦ ʦʪʝʞʘʣʝ ʨʝʘʣʠʟʘʮʠʿʫ 

ʘʣʛʦʨʠʪʤʘ ʥʘ ʧʨʦʮʝʩʦʨʫ. ʇʨʝʜʩʪʘʚˀʝʥʠ ʜʠʟʘʿʥ ʥʠʿʝ ʦʛʨʘʥʠʯʝʥ ʟʘ ʥʝʢʫ ʩʧʝʮʠʬʠʯʥʫ ʘʧʣʠʢʘʮʠʿʫ 

ʠ ʤʦʞʝ ʩʝ ʢʦʨʠʩʪʠʪʠ ʟʘ ʩʚʘʢʫ ɸʄ ʢʦʿʘ ʠʤʘ ʩʧʦʩʦʙʥʦʩʪ ʜʘ ʛʝʥʝʨʠʰʝ ʛʣʘʚʥʝ ʨʦʪʦʨʩʢʝ ʞʣʝʙʥʝ 

ʭʘʨʤʦʥʠʢʝ. ʆʚʠ ʩʝʛʤʝʥʪʠ ʘʥʘʣʠʟʝ ʙʠ˂ʝ ʜʝʪʘˀʥʠʿʝ ʚʝʨʠʬʠʢʦʚʘʥʠ ʫ ʧʝʪʦʤ ʧʦʛʣʘʚˀʫ.  
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4 ʉʠʥʪʝʟʘ sensorless ʨʝʛʫʣʘʮʠʦʥʦʛ ʩʠʩʪʝʤʘ 
 

 

 

ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʠʟʚʨʰʝʥʘ ʿʝ ʩʠʥʪʝʟʘ ʜʠʛʠʪʘʣʥʦʛ ʨʝʛʫʣʘʪʦʨʘ ʙʨʟʠʥʝ ʢʦʿʠ ʟʘ ʧʦʪʨʝʙʝ ʨʘʜʘ 

ʢʦʨʠʩʪʠ ʠʟʣʘʟ ʝʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ ʟʘʩʥʦʚʘʥʦʛ ʥʘ ʈɾʍ, ʯʠʿʠ ʿʝ ʜʠʟʘʿʥ ʧʨʝʜʩʪʘʚˀʝʥ ʫ ʧʨʝʪʭʦʜʥʦʤ 

ʧʦʛʣʘʚˀʫ. ʇʦʥʘʰʘˁʝ ʨʝʛʫʣʘʪʦʨʘ ʢʦʿʠ ʩʝ ʦʩʣʘˁʘ ʥʘ ʦʮʝˁʝʥʫ ʚʨʝʜʥʦʩʪ ʙʨʟʠʥʝ ʩʝ ʥʝ ʤʦʞʝ 

ʧʦʨʝʜʠʪʠ ʩʘ ʧʦʥʘʰʘˁʝʤ ʢʦʿʝ ʩʝ ʤʦʞʝ ʜʦʙʠʪʠ ʩʘ ʜʘʚʘʯʝʤ ʧʦʟʠʮʠʿʝ. ʀʧʘʢ, ʤʦʛʫ˂ʝ ʿʝ ʦʩʪʚʘʨʠʪʠ 

ʧʦʫʟʜʘʥ ʨʘʜ ʩʘ ʜʦʙʨʠʤ ʧʦʥʘʰʘˁʝʤ ʠ ʪʦ ʫʧʦʪʨʝʙʦʤ ʿʝʜʥʦʩʪʘʚʥʦʛ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ-ʠʥʪʝʛʨʘʣʥʦʛ 

(ʇʀ) ʨʝʛʫʣʘʪʦʨʘ. ɸʢʦ ʧʦʩʪʦʿʝ ʧʦʪʨʝʙʝ, ʙʦˀʝ ʧʦʥʘʰʘˁʝ ʩʠʩʪʝʤʘ ʩʝ ʤʦʛʫ ʦʩʪʚʘʨʠʪʠ ʫʧʦʪʨʝʙʦʤ 

ʩʣʦʞʝʥʠʿʠʭ ʩʪʨʫʢʪʫʨʘ ʨʝʛʫʣʘʪʦʨʘ. ʋ ʧʨʚʦʤ ʜʝʣʫ ʧʦʛʣʘʚˀʘ ʠʟʚʨʰʝʥ ʿʝ ʦʜʘʙʠʨ ʟʘʢʦʥʘ 

ʫʧʨʘʚˀʘˁʘ ʠ ʩʪʨʫʢʪʫʨʘ ʧʨʠʜʨʫʞʝʥʠʭ ʨʝʛʫʣʘʪʦʨʘ ʩʪʨʫʿʝ ʠ ʙʨʟʠʥʝ. ɿʘʪʠʤ, ʠʟʚʨʰʝʥʘ ʿʝ ʩʠʥʪʝʟʘ 

ʨʝʛʫʣʘʮʠʦʥʠʭ ʧʝʪˀʠ, ʠ ʪʦ ʧʨʚʦ ʫʥʫʪʨʘʰˁʝ ʧʝʪˀʝ ʧʦ ʩʪʨʫʿʠ ʧʘ ʟʘʪʠʤ ʩʧʦˀʘʰˁʝ ʧʦ ʙʨʟʠʥʠ. ʅʘ 

ʦʩʥʦʚʫ ʧʨʝʪʧʦʩʪʘʚʢʠ ʠʟʥʝʪʠʭ ʫ ʧʨʝʪʭʦʜʥʦʤ ʧʦʛʣʘʚˀʫ, ʠʟʚʝʜʝʥ ʿʝ ʣʠʥʝʘʨʥʠ ʤʦʜʝʣ sensorless 

ʩʠʩʪʝʤʘ ʟʘ ʧʦʪʨʝʙʝ ʜʠʟʘʿʥʘ ʨʝʛʫʣʘʪʦʨʘ ʙʨʟʠʥʝ ʠ ʟʘ ʧʦʪʨʝʙʝ ʣʠʥʝʘʨʥʝ ʘʥʘʣʠʟʝ ʩʪʘʙʠʣʥʦʩʪʠ. ɿʘ 

ʠʩʪʝ ʧʦʪʨʝʙʝ, ʧʨʝʜʩʪʘʚˀʝʥ ʿʝ ʣʠʥʝʘʨʥʠ ʠ ʧʦʪʧʫʥʠ ʤʦʜʝʣ ʩʠʩʪʝʤʘ ʨʘʟʚʠʿʝʥʠ ʫ ʧʨʦʛʨʘʤʩʢʦʤ 

ʧʘʢʝʪʫ MATLAB ï Simulink.  ʋʧʦʪʨʝʙʦʤ ʨʘʟʚʠʿʝʥʠʭ ʩʠʤʫʣʘʮʠʦʥʠʭ ʤʦʜʝʣʘ, ʧʨʫʞʝʥʘ ʿʝ ʘʥʘʣʠʟʘ 

ʩʪʘʙʠʣʥʦʩʪʠ ʠ ʨʦʙʫʩʥʦʩʪʠ ʩʠʩʪʝʤʘ ʥʘ ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ. ʅʘ ʢʨʘʿʫ, ʜʝʬʠʥʠʩʘʥʘ ʩʫ 

ʦʛʨʘʥʠʯʝˁʘ ʫ ʧʦʛʣʝʜʫ ʣʠʥʝʘʨʥʦʩʪʠ ʠ ʩʪʘʙʠʣʥʦʩʪʠ ʩʠʩʪʝʤʘ. 

 

4.1 ʋʧʨʘʚˀʘˁʝ ʤʦʤʝʥʪʦʤ ʠ ʙʨʟʠʥʦʤ ʢʦʜ sensorless ʧʦʛʦʥʘ 
 

ʋ ʣʠʪʝʨʘʪʫʨʠ ʧʦʩʪʦʿʠ ʚʝʣʠʢʠ ʙʨʦʿ ʟʘʢʦʥʘ ʫʧʨʘʚˀʘˁʘ ʟʘ ʧʦʪʨʝʙʝ ʨʝʛʫʣʘʮʠʿʝ ʤʦʤʝʥʪʘ, ʙʨʟʠʥʝ 

ʠ ʬʣʫʢʩʘ ɸʄ ʫ ɽʇ. ʆʜ ʤʝʪʦʜʘ ʢʦʿʝ ʧʨʫʞʘʿʫ ʚʠʩʦʢʝ ʧʝʨʬʦʨʤʘʥʩʝ ɽʇ, ʤʦʛʫ ʩʝ ʠʟʜʚʦʿʠʪʠ:  

¶ ɼʠʨʝʢʪʥʘ ʢʦʥʪʨʦʣʘ ʤʦʤʝʥʪʘ ʩʠʣʝ (ʝʥʛʣ. Direct Torque Control ï DTC);  

¶ ʇʨʝʜʠʢʪʠʚʥʦ ʫʧʨʘʚˀʘˁʝ (ʝʥʛʣ. Model predictive control ï MPC); 

¶ ɼʠʨʝʢʪʥʘ ʢʦʥʪʨʦʣʘ ʙʨʟʠʥʝ (ʝʥʛʣ. Direct speed control ï DSC); 

¶ ʋʧʨʘʚˀʘˁʝ ʧʦ ʫʯʝʩʪʘʥʦʩʪʠ (ʝʥʛʣ. Sliding mode control - SMC); 

¶ ʋʧʨʘʚˀʘˁʝ ʘʣʛʦʨʠʪʤʠʤʘ ʨʘʩʧʣʠʥʫʪʝ ʚʝʨʦʚʘʪʥʦ˂ʝ (ʝʥʛʣ. Fuzzy logic control);  

¶ ʋʧʨʘʚˀʘˁʝ ʧʨʠʤʝʥʦʤ ʥʝʫʨʘʣʥʠʭ ʤʨʝʞʘ (ʝʥʛʣ. Aritifical neural network); 

¶ ɺʝʢʪʦʨʩʢʦ ʫʧʨʘʚˀʘˁʝ (ɺʋ, ʝʥʛʣ. Field Oriented Control ï FOC), ʠʪʜ. 

ʄʝʪʦʜʝ ʩʝ ʧʨʠʤʝˁʫʿʫ ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʩʪʨʫʢʪʫʨʘʤʘ ʨʝʛʫʣʘʪʦʨʘ, ʘʣʛʦʨʠʪʤʠʤʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ 

ʧʦʿʘʯʘˁʘ ʨʝʛʫʣʘʪʦʨʘ, ʤʦʜʠʬʠʢʘʮʠʿʘʤʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʜʘ ʣʠ ʩʝ ʦʩʣʘˁʘʿʫ ʥʘ ʨʘʜ ʜʘʚʘʯʘ ʙʨʟʠʥʝ ʠʣʠ 

ʥʘ ʨʘʜ ʝʩʪʠʤʘʪʦʨʩʢʠʭ ʠ ʦʧʩʝʨʚʝʨʩʢʠʭ ʩʪʨʫʢʪʫʨʘ, ʠʪʜ. ɿʘʩʪʫʧˀʝʥʝ ʩʪʨʫʢʪʫʨʝ ʨʝʛʫʣʘʪʦʨʘ ʩʫ: 

¶ ʇʨʦʧʦʨʮʠʦʥʘʣʥʦ ï ʠʥʪʝʛʨʘʣʥʦ - ʜʠʬʝʨʝʥʮʠʿʘʣʥʘ ʩʪʨʫʢʪʫʨʘ ʫ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʠʩʪʝʤʫ;  

¶ ʉʪʨʫʢʪʫʨʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʇʀɼ ʩʪʨʫʢʪʫʨʠ ʫ ʩʠʥʭʨʦʥʦ - ʦʙʨʪʥʦʤ ʩʠʩʪʝʤʫ;  

¶ ʍʠʩʪʝʨʝʟʠʩʥʠ ʨʝʛʫʣʘʪʦʨʠ (ʝʥʛʣ. bang ï bang); 

¶ ʉʪʨʫʢʪʫʨʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʠʥʚʝʨʟʠʿʠ ʜʠʥʘʤʠʢʝ; 

¶ ʇʨʝʜʠʢʪʠʚʥʝ ʩʪʨʫʢʪʫʨʝ 

- ɿʘʩʥʦʚʘʥʝ ʥʘ ʧʨʝʜʝʬʠʥʠʩʘʥʦ ʿʪʨʘʿʝʢʪʦʨʠʿʠ; 

- ɿʘʩʥʦʚʘʥʝ ʥʘ ʦʩʥʦʚʫ ʦʙʿʝʢʪʘ ʫʧʨʘʚˀʘˁʘ (ʝʥʛʣ. Model predictive control);  

- ɼʠʩʢʨʝʪʥʠ ʨʝʛʫʣʘʪʦʨ (ʝʥʛʣ. Dead ï Beat); 

¶ ɸʜʘʧʪʠʚʥʝ ʩʪʨʫʢʪʫʨʝ (ʝʥʛʣ. Adaptive speed controller - ASC), ʠʪʜ. 

ʂʦʜ ʚʠʰʝʬʘʟʥʠʭ ɸʄ ʢʦʨʠʩʪʝ ʩʝ ʩʚʝ ʥʘʚʝʜʝʥʝ ʤʝʪʦʜʝ ʟʘ ʫʧʨʘʚˀʘˁʝ ʠ ʦʮʝʥʫ ʙʨʟʠʥʝ ʢʘʦ ʠ 

ʢʦʜ ʪʨʦʬʘʟʥʠʭ, ʧʦʧʫʪ ʦʧʩʝʨʚʝʨʘ ʧʦʪʧʫʥʦʛ ʨʝʜʘ ʟʘ ʿʝʜʥʦʚʨʝʤʝʥʫ ʦʮʝʥʫ ʙʨʟʠʥʝ ʠ ʩʪʨʫʿʝ ʥʘ 
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ʦʩʥʦʚʫ ʤʝʨʝʥʠʭ ʩʪʨʫʿʘ ʠ ʥʘʧʦʥʘ ʩʪʘʪʦʨʘ [135]. ʂʘʜʘ ʩʝ ʟʘ ʧʦʪʨʝʙʝ ʫʧʨʘʚˀʘˁʘ ʢʦʨʠʩʪʝ ʨʝʰʝˁʘ 

ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʟʘʩʥʦʚʘʥʘ ʥʘ ʤʦʜʝʣʫ ɸʄ ʧʨʝʤʘ ʆʊɽʄ, ʥʝʟʘʚʠʩʥʦ ʦʜ ʦʜʘʙʠʨʘ ɸʄ ʥʝʦʧʭʦʜʥʦ 

ʿʝ ʩʧʨʦʚʝʩʪʠ ʢʦʤʧʝʥʟʘʮʠʿʝ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʠʥʚʝʨʪʦʨʘ ʜʘ ʙʠ ʩʝ ʦʩʪʚʘʨʠʣʦ ʧʨʠʭʚʘʪˀʠʚʦ 

ʧʦʥʘʰʘˁʝ ɽʇ. ʆʧʰʪʘ ʰʝʤʘ ʟʘ sensorless ʫʧʨʘʚˀʘˁʝ ʧʨʦʠʟʚʦˀʥʠʤ ɸʉ ʤʦʪʦʨʦʤ ʢʦʿʘ ʦʙʫʭʚʘʪʘ 

ʥʝʦʧʭʦʜʥʝ ʢʦʤʧʝʥʟʘʮʠʿʝ ʜʘʪʘ ʿʝ ʫ [146]. ʇʦʨʝʜ ʪʦʛʘ ʰʪʦ ʩʫ ʧʝʨʬʦʨʤʘʥʩʝ ʟʥʘʯʘʿʥʦ ʨʝʜʫʢʦʚʘʥʝ 

ʜʘ ʙʠ ʩʝ ʧʦʩʪʠʛʣʘ ʫʥʠʚʝʨʟʘʣʥʦʩʪ, ʤʝʪʦʜʘ ʠʤʘ ʚʝʦʤʘ ʣʦʰʝ ʧʝʨʬʦʨʤʘʥʩʝ ʢʦʜ ɸʄ ʩʘ ʟʘʪʚʦʨʝʥʠʤ 

ʞʣʝʙʦʚʠʤʘ. ʋ ʜʨʫʛʦʤ ʧʦʛʣʘʚˀʫ ʿʝ ʫʢʘʟʘʥʦ ʜʘ ʦʜʘʙʠʨ ʤʦʜʫʣʘʮʠʦʥʝ ʪʝʭʥʠʢʝ ʫʪʠʯʝ ʥʘ ʢʚʘʣʠʪʝʪ 

ʤʦʤʝʥʪʘ ʩʠʣʝ. ʇʦʛʦʜʥʘ ʤʦʜʫʣʘʮʠʿʘ ʩʝ ʤʦʞʝ ʠʩʢʦʨʠʩʪʠʪʠ ʟʘ ʧʦʪʨʝʙʝ sensʦrless ʫʧʨʘʚˀʘˁʘ, 

ʧʦʧʫʪ ʩʠʥʭʨʦʥʠʟʘʮʠʿʝ ʠʤʧʫʣʩʘ ʟʘ ʫʢˀʫʯʝˁʝ ʪʨʘʥʟʠʩʪʦʨʘ ʩʘ ʪʘʣʘʩʥʠʤ ʦʙʣʠʢʦʤ ɽʄʉ [208]. 

ʊʘʜʘ ʿʝ ʚʨʝʜʥʦʩʪ ʠʟʣʘʟʥʦʛ ʤʦʤʝʥʪʘ ʩʠʣʝ ʠʥʭʝʨʝʥʪʥʦ ʫʧʨʘʚˀʘʥʘ ʬʘʟʥʠʤ ʧʦʤʝʨʘˁʝʤ ʩʠʛʥʘʣʘ 

ʢʦʿʠ ʩʝ ʜʦʚʦʜʝ ʥʘ ʠʤʧʫʣʩʥʠ ʧʦʿʘʯʘʚʘʯ ʫ ʠʥʚʝʨʪʦʨʫ.  

ʉʢʘʣʘʨʥʦ ʫʧʨʘʚˀʘˁʝ (ʝʥʛʣ. U/f scalar control) ʠ ʫʧʨʘʚˀʘˁʝ ʢʣʠʟʘˁʝʤ ʠ ʚʨʰʥʦʤ ʚʨʝʜʥʦʰ˂ʫ 

ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ (ʝʥʛʣ. Slip control) ʩʫ ʜʚʘ ʧʨʠʤʘʨʥʘ ʟʘʢʦʥʘ ʫʧʨʘʚˀʘˁʘ ʧʦ ʫʯʝʩʪʘʥʦʩʪʠ ɸʄ [199]. 

ʆʚʝ ʤʝʪʦʜʝ ʩʝ ʫʛʣʘʚʥʦʤ ʢʦʨʠʩʪʝ ʟʘ ɽʇ ʢʦʿʠ ʨʘʜʝ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʠ ʥʘ ʢʦʥʩʪʘʥʪʥʦʿ ʙʨʟʠʥʠ 

[201]. ʉʢʘʣʘʨʥʦ ʫʧʨʘʚˀʘˁʝ ʿʝ sensorless ʧʨʠʨʦʜʝ ʠ ʥʝ ʟʘʭʪʝʚʘ ʤʝʨʝˁʝ ʙʨʟʠʥʝ, ʧʦ ʮʝʥʫ ʥʠʞʝ 

ʚʨʝʜʥʦʩʪʠ ʠʟʣʘʟʥʦʛ ʤʦʤʝʥʪʘ ʠ ʥʠʞʝ ʝʬʠʢʘʩʥʦʩʪʠ. ʉʢʘʣʘʨʥʦ sensorless ʫʧʨʘʚˀʘˁʝ ʩʝ ʤʦʞʝ 

ʫʥʘʧʨʝʜʠʪʠ ʧʨʠʤʝʥʦʤ ʌʉʇ ʟʘ ʜʝʪʝʢʮʠʿʫ ʙʨʟʠʥʝ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ, ʢʘʜʘ ʩʝ ʦʮʝˁʝʥʘ ʙʨʟʠʥʘ 

ʢʦʨʠʩʪʠ ʟʘ ʧʦʪʨʝʙʝ ʢʦʤʧʝʥʟʘʮʠʿʘ, ʟʘʰʪʠʪʘ, ʠʪʜ. [172]. ʋʧʨʘʚˀʘˁʝ ʢʣʠʟʘˁʝʤ ʟʘʭʪʝʚʘ ʧʦʩʪʦʿʘˁʝ 

ʜʘʚʘʯʘ ʥʘ ʚʨʘʪʠʣʫ, ʘʣʠ ʧʨʫʞʘ ʙʦˀʝ ʧʦʥʘʰʘˁʝ ʫ ʥʘʚʝʜʝʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ. ɿʘ ʧʦʪʨʝʙʝ ̓ensorless 

ʫʧʨʘʚˀʘˁʘ, ʦʮʝʥʘ ʢʣʠʟʘˁʘ ʩʝ ʤʦʞʝ ʩʧʨʦʚʝʩʪʠ ʫʧʦʪʨʝʙʦʤ ʌʉʇ [200]. ʂʣʠʟʘˁʝ ʩʝ ʤʦʞʝ 

ʦʮʝʥʠʪʠ ʜʝʪʝʢʪʦʚʘˁʝʤ ʧʨʦʣʘʩʢʘ ʢʨʦʟ ʥʫʣʫ ʪʘʣʘʩʥʠʭ ʦʙʣʠʢʘ ʩʪʨʫʿʘ ʠ ʥʘʧʦʥʘ ʠ ʧʨʠʤʝʥʦʤ 

ʜʠʛʠʪʘʣʥʠʭ ʬʠʣʪʘʨʘ ʥʘʜ ʤʝʨʝʥʠʤ ʩʠʛʥʘʣʠʤʘ ʟʘ ʧʦʪʨʝʙʝ ʦʜʨʝʹʠʚʘˁʘ ʬʘʟʥʦʛ ʫʛʣʘ [201].  

ʇʨʝʜʠʢʪʠʚʥʦ ʫʧʨʘʚˀʘˁʝ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʿʝʜʥʦʩʪʘʚʥʠʤ ʩʪʨʫʢʪʫʨʘʤʘ ʠ ʧʨʫʞʘ ʙʨʟʝ ʦʜʟʠʚʝ. ʋ 

ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʨʦʤʝʥˀʠʚʝ ʢʦʿʦʤ ʩʝ ʫʧʨʘʚˀʘ ʧʦʩʪʦʿʝ ʤʝʪʦʜʝ ʟʘ ʧʨʝʜʠʢʪʠʚʥʦ ʫʧʨʘʚˀʘˁʝ 

ʩʪʨʫʿʦʤ (ʝʥʛʣ. Model Predictive Current Control), ʠʣʠ ʙʨʟʠʥʦʤ (ʝʥʛʣ. Direct Speed Control - DSC). 

ɿʘ ʧʦʩʪʠʟʘˁʝ ʚʠʩʦʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʧʦʪʨʝʙʥʦ ʿʝ ʠʤʘʪʠ ʩʣʦʞʝʥʝ ʧʨʝʜʠʢʪʠʚʥʝ ʤʦʜʝʣʝ ʢʦʿʠ ʪʘʜʘ 

ʠʟʠʩʢʫʿʫ ʚʝ˂ʠ ʙʨʦʿ ʦʧʝʨʘʮʠʿʘ ʢʦʿʝ ʿʝ ʧʦʪʨʝʙʥʦ ʩʤʝʩʪʠʪʠ ʫ ʿʝʜʥʫ ʧʨʝʢʠʜʥʫ ʨʫʪʠʥʫ. DSC ʩʝ ʯʝʩʪʦ 

ʢʦʨʠʩʪʠ ʧʨʠ ʨʘʜʫ ʥʘ ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ ʢʦʜ sensorless ʫʧʨʘʚˀʘˁʘ ʢʘʜʘ ʦʩʥʦʚʥʠ ʘʣʛʦʨʠʪʤʠ 

ʫʧʨʘʚˀʘˁʘ ʛʫʙʝ ʩʧʦʩʦʙʥʦʩʪ ʨʘʜʘ. ʋʥʫʪʨʘʰˁʘ ʧʝʪˀʘ ʟʘ ʫʧʨʘʚˀʘˁʝ ʤʦʤʝʥʪʦʤ ʩʠʣʝ, ʪʿ. ʩʪʨʫʿʦʤ, 

ʩʝ ʠʩʢˀʫʯʫʿʝ ʠ ʫʚʦʜʠ ʩʝ ʜʠʥʘʤʠʯʢʦ ʦʛʨʘʥʠʯʝˁʝ ʟʘ ʧʦʪʨʝʙʝ ʦʛʨʘʥʠʯʝˁʘ ʠ ʟʘʰʪʠʪʝ ʩʪʨʫʿʘ. ʊʘʜʘ 

ʧʦʩʪʦʿʝ ʩʘʤʦ ʜʚʝ ʘʢʪʠʚʥʝ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ, ʧʦ ʙʨʟʠʥʠ ʠ ʬʣʫʢʩʫ.  

ʈʘʩʧʣʠʥʫʪʘ ʣʦʛʠʢʘ ʿʝ ʧʦʧʫʣʘʨʥʠ ʘʣʛʦʨʠʪʘʤ ʟʘ ʜʠʟʘʿʥ ʨʝʛʫʣʘʪʦʨʘ ʙʨʟʠʥʝ ʟʙʦʛ ʦʩʦʙʠʥʝ 

ʨʝʰʘʚʘˁʘ ʥʝʣʠʥʝʘʨʥʠʭ ʧʨʦʙʣʝʤʘ ʙʝʟ ʟʘʭʪʝʚʘ ʟʘ ʧʦʟʥʘʚʘˁʝʤ ʤʦʜʝʣʘ ʦʙʿʝʢʪʘ ʫʧʨʘʚˀʘˁʘ. ʏʝʩʪʦ 

ʥʘʣʘʟʝ ʠʥʜʫʩʪʨʠʿʩʢʫ ʧʨʠʤʝʥʫ, ʟʘ ʧʦʪʨʝʙʝ ʦʧʪʠʤʠʟʘʮʠʿʝ ʟʘʜʘʪʘʢʘ ʠʣʠ ʢʨʠʪʝʨʠʿʫʤʩʢʠʭ ʬʫʥʢʮʠʿʘ 

ʙʝʟ ʧʦʟʥʘʚʘˁʘ ʤʦʜʝʣʘ, ʧʦʧʫʪ ʫʚʝ˂ʘˁʘ ʝʥʝʨʛʝʪʩʢʝ ʝʬʠʢʘʩʥʦʩʪʠ ʧʦʛʦʥʘ [205]. ʉʣʠʯʥʦ, ʧʨʠʤʝʥʘ 

ʥʝʫʨʘʣʥʠʭ ʤʨʝʞʘ ʦʤʦʛʫ˂ʘʚʘ ʨʝʰʘʚʘˁʝ ʥʠʟʘ ʩʣʦʞʝʥʠʭ ʦʧʪʠʤʠʟʘʮʠʦʥʠʭ ʟʘʜʘʪʘʢʘ, ʧʨʫʞʘʿʫ˂ʠ 

ʘʜʘʧʪʠʚʥʝ ʤʝʪʦʜʝ ʫʧʨʘʚˀʘˁʘ ʟʘ ʥʝʣʠʥʝʘʨʥʝ ʠ ʩʠʩʪʝʤʝ ʩʘ ʥʝʧʦʟʥʘʪʠʤ ʧʘʨʘʤʝʪʨʠʤʘ [206]. ʀʧʘʢ, 

ʥʘʚʝʜʝʥʝ ʤʝʪʦʜʝ ʥʠʩʫ ʛʝʥʝʨʘʣʥʦʛ ʪʠʧʘ, ʧʦʥʘʰʘˁʝ ʘʣʛʦʨʠʪʤʘ ʿʝ ʦʜʨʝʹʝʥʦ ʚʨʝʤʝʥʦʤ ʧʦʪʨʝʙʥʠʤ 

ʜʘ ʩʝ ʩʘʢʫʧʠ ʤʠʥʠʤʘʣʥʘ ʢʦʣʠʯʠʥʘ ʧʦʜʘʪʘʢʘ ʢʦʿʘ ʦʙʝʟʙʝʹʫʿʝ ʨʦʙʫʩʪʘʥ ʨʘʜ ɽʇ ʫ ʧʨʦʤʝʥˀʠʚʦʤ 

ʦʢʨʫʞʝˁʫ. ʅʝʢʘʜʘ ʤʦʛʫ ʧʦʜʨʘʟʫʤʝʚʘʪʠ ʠ ʫʧʦʪʨʝʙʫ ʩʣʦʞʝʥʠʭ ʧʨʦʨʘʯʫʥʘ ʢʦʿʝ ʤʦʛʫ ʦʛʨʘʥʠʯʠʪʠ 

ʧʨʠʤʝʥʫ ʘʣʛʦʨʠʪʤʘ. ɸʜʘʧʪʠʚʥʝ ʩʪʨʫʢʪʫʨʝ ʨʝʛʫʣʘʪʦʨʘ ʦʤʦʛʫ˂ʘʚʘʿʫ ʫʧʨʘʚˀʘˁʝ ʟʘʩʥʦʚʘʥʦ ʥʘ 

ʥʝʣʠʥʝʘʨʥʠʤ ʬʝʥʦʤʝʥʠʤʘ ʫ ɽʄ ʠʣʠ ʠʥʚʝʨʪʦʨʫ, ʥʘ ʨʘʯʫʥ ʩʣʦʞʝʥʠʭ ʘʥʘʣʠʪʠʯʢʠʭ ʤʦʜʝʣʘ ʫ 

ʧʦʟʘʜʠʥʠ. ɿʙʦʛ ʪʦʛʘ ʿʝ ˁʠʭʦʚʘ ʧʨʠʤʝʥʘ ʯʝʩʪʦ ʦʛʨʘʥʠʯʝʥʘ ʫ ʠʥʜʫʩʪʨʠʿʠ.  

DTC ʠʤʘ ʚʝʣʠʢʫ ʧʨʠʤʝʥʫ ʢʦʜ ɽʇ ʩʘ ʠ ʙʝʟ ʜʘʚʘʯʘ ʥʘ ʚʨʘʪʠʣʫ. DTC ʥʝʤʘ ʫʥʫʪʨʘʰˁʫ ʩʪʨʫʿʥʫ 

ʧʝʪˀʫ, ʚʝ˂ ʩʝ ʫʧʨʘʚˀʘˁʝ ʟʘʩʥʠʚʘ ʥʘ ʪʨʝʥʫʪʥʠʤ ʛʨʝʰʢʘʤʘ ʫ ʤʦʤʝʥʪʫ ʩʠʣʝ ʠ ʬʣʫʢʩʫ. ɿʘ ʧʦʪʨʝʙʝ 

ʨʝʛʫʣʘʮʠʿʝ ʤʦʤʝʥʪʘ ʩʠʣʝ ʠ ʬʣʫʢʩʘ ʯʝʩʪʦ ʩʝ ʢʦʨʠʩʪʝ ʭʠʩʪʝʨʝʟʠʩʥʠ ʠʣʠ ʧʨʝʜʠʢʪʠʚʥʠ bang-bang 

ʨʝʛʫʣʘʪʦʨʠ, ʰʪʦ ʦʙʝʟʙʝʹʫʿʝ ʙʨʟʝ ʦʜʟʠʚʝ ʧʦ ʮʝʥʫ ʧʨʦʤʝʥˀʠʚʝ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʢʠʜʘˁʘ, ʘ ʟʘ 

ʨʝʛʫʣʘʮʠʿʫ ʙʨʟʠʥʝ ʇʀ ʩʪʨʫʢʪʫʨʝ ʨʝʛʫʣʘʪʦʨʘ [202]. ʄʘʥʝ DTC ʩʫ ʠʟʨʘʞʝʥʝ ʦʩʮʠʣʘʮʠʿʝ ʤʦʤʝʥʪʘ 

ʩʠʣʝ ʠ ʧʨʦʤʝʥˀʠʚʘ ʫʯʝʩʪʘʥʦʩʪ ʧʨʝʢʠʜʘˁʘ. ʅʘʚʝʜʝʥʠ ʧʨʦʙʣʝʤʠ ʩʝ ʨʝʜʫʢʫʿʫ ʫʧʦʪʨʝʙʦʤ 

ʣʠʥʝʘʨʥʠʭ ʨʝʛʫʣʘʪʦʨʘ ʩʘ SPWM ʠʣʠ SVPWM ʤʦʜʫʣʘʮʠʿʦʤ, ʤʦʜʠʬʠʢʘʮʠʿʘʤʘ ʭʠʩʪʝʨʝʟʠʩʥʦʛ 
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ʨʝʛʫʣʘʪʦʨʘ [203], ʢʦʤʧʝʥʟʘʮʠʿʦʤ ɽʄʉ [204], ʤʝʨʝˁʝʤ ʬʣʫʢʩʘ ʜʦʜʘʚʘˁʝʤ ʤʝʨʥʦʛ ʥʘʤʦʪʘʿʘ 

ʫʥʫʪʘʨ ʥʘʤʦʪʘʿʘ ʩʪʘʪʦʨʘ [207], ʠʪʜ. ɼʠʩʢʨʝʪʥʠ DTC (ʝʥʛʣ. discrete time DTC, DT-DTC) ʩʝ 

ʟʘʩʥʠʚʘ ʥʘ ʫʧʦʪʨʝʙʠ ʣʠʥʝʘʨʥʠʭ ʜʠʩʢʨʝʪʥʠʭ (dead-beat) ʨʝʛʫʣʘʪʦʨʘ ʯʠʤʝ ʩʝ ʧʦʩʪʠʞʝ ʢʦʥʩʪʘʥʪʘ 

ʫʯʝʩʪʘʥʦʩʪ ʧʨʝʢʠʜʘˁʘ [210]. DT-DTC ʤʦʞʝ ʜʘ ʨʘʜʠ ʧʨʠ ʿʘʢʦ ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ ʢʦʜ sensorless 

ʫʧʨʘʚˀʘˁʘ ʰʪʦ ʢʣʘʩʠʯʥʠ DTC ʥʝ ʧʨʫʞʘ. ɼʦʜʘʪʥʦ ʧʨʫʞʘ ʤʘˁʫ ʚʘʣʦʚʠʪʦʩʪ ʩʪʨʫʿʝ ʠ ʤʦʤʝʥʪʘ, 

ʥʠʞʝ ʟʘʭʪʝʚʘʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʦʜʘʙʠʨʘˁʘ ʤʝʨʥʠʭ ʚʝʣʠʯʠʥʘ, ʣʘʢʰʫ ʨʝʘʣʠʟʘʮʠʿʫ ʟʘʰʪʠʪʘ, ʚʝ˂ʝ 

ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʢʠʜʘˁʘ, ʪʿ. ʤʘˁʫ ʘʢʫʩʪʠʯʥʫ ʙʫʢʫ. ʅʝʜʦʩʪʘʮʠ ʩʝ ʦʛʣʝʜʘʿʫ ʫ ʩʣʦʞʝʥʠʿʠʤ 

ʧʨʦʨʘʯʫʥʠʤʘ, ʟʘʭʪʝʚʠʤʘ ʟʘ ʧʦʟʥʘʚʘˁʝʤ ʧʘʨʘʤʝʪʘʨʘ ɸʄ, ʘ ʥʝʢʘʜʘ ʧʦʩʪʦʿʠ ʟʘʭʪʝʚʠ ʥʘ ʚʠʰʠʤ 

ʙʨʟʠʥʘʤʘ ʜʘ ʩʝ ʧʨʝʹʝ ʥʘ ʠʤʧʫʣʩʥʦ ʫʧʨʘʚˀʘˁʝ (ʝʥʛʣ. six ï step) [203]. ʋʥʘʧʨʝʹʝˁʝ DT-DTC ʩʝ 

ʦʛʣʝʜʘ ʫ ʤʦʜʝʣʦʚʘˁʫ ʠ ʢʦʤʧʝʥʟʘʮʠʿʠ ʢʘʰˁʝˁʘ ʫ ʤʦʜʝʣʫ [211]. DT-DTC ʩʝ ʟʘ ʧʦʪʨʝʙʝ sensorless 

ʫʧʨʘʚˀʘˁʘ ʯʝʩʪʦ ʨʝʘʣʠʟʫʿʝ ʫ ʢʦʤʙʠʥʘʮʠʿʠ ʩʘ MRAS ʨʝʰʝˁʠʤʘ. ʊʘʜʘ ʩʫ MRAS ʦʧʩʝʨʚʝʨʠ 

ʧʨʦʰʠʨʝʥʠ ʤʝʭʘʥʠʯʢʠʤ ʤʦʜʝʣʦʤ ɸʄ ʫ ʮʠˀʫ ʫʥʘʧʨʝʹʝˁʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ 

ʧʨʦʮʝʩʘ [210]. ʂʘʦ ʰʪʦ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʦ ʫ ʧʦʪʧʦʛʣʘʚˀʫ 2.4.1, ʪʘʜʘ ʩʝ ʿʝʜʥʦʚʨʝʤʝʥʦ ʚʨʰʠ ʦʮʝʥʘ 

ʠ ʦʪʧʦʨʥʦʩʪʠ ʩʪʘʪʦʨʘ ʠʟ ʛʨʝh ʢʝ ʧʦ ʩʪʨʫʿʠ ʟʘ ʫʚʝ˂ʘˁʝ ʧʝʨʬʦʨʤʘʥʩʠ. ɿʘ ʜʦʜʘʪʥʦ ʫʥʘʧʨʝʹʝˁʝ 

ʧʦʥʘʰʘˁʘ, DTC ʩʝ ʤʦʞʝ ʤʦʜʠʬʠʢʦʚʘʪʠ ʪʘʢʦ ʜʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ɺʋ ʫ ʩʪʘʪʦʨʩʢʦʤ ʢʦʦʨʜʠʥʘʪʥʦʤ 

ʩʠʩʪʝʤʫ [211]. ʅʘʧʦʥʩʢʠ ʚʝʢʪʦʨ ʩʝ ʨʘʯʫʥʘ ʜʠʩʢʨʝʪʥʠʤ ʨʝʛʫʣʘʪʦʨʦʤ ʢʦʨʠʩʪʝ˂ʠ ʧʨʦʨʘʯʫʥʘʪʝ 

ʛʨʝʰʢʝ ʬʣʫʢʩʘ ʠ ʤʦʤʝʥʪʘ ʠʟ ʧʨʝʪʭʦʜʥʠʭ ʮʠʢʣʫʩʘ ʠ ʦʮʝˁʝʥʫ ɽʄʉ ʠʟ ʛʨʝʰʘʢʘ ʧʦ ʬʣʫʢʩʫ ʠ 

ʥʘʧʦʥʫ ʢʦʿʝ ʩʫ ʜʦʩʪʫʧʥʝ ʠʟ ʿʝʜʥʘʯʠʥʘ ʩʪʘˁʘ ɺʋ. ʇʨʠʤʝʥʦʤ ʘʣʪʝʨʥʘʪʠʚʥʠʭ h ʝʤʘ ʟʘ SVPWM ʟʘ 

ʦʜʨʝʹʠʚʘˁʝ ʧʨʝʢʠʜʘʯʢʠʭ ʩʪʘˁʘ ʫʥʘʧʨʝʹʫʿʝ ʩʝ ʧʦʥʘʰʘˁʝ ʪʦʢʦʤ ʧʨʝʣʘʟʥʠʭ ʨʝʞʠʤʘ.  

ʋ ʥʘʩʪʘʚʢʫ ʩʝ ʟʘ ʧʦʪʨʝʙʝ ʫʧʨʘʚˀʘˁʘ ʤʦʤʝʥʪʦʤ ʠ ʬʣʫʢʩʦʤ ʢʦʨʠʩʪʠ ʚʝʢʪʦʨʩʢʦ ʫʧʨʘʚˀʘˁʝ. 

ɺʋ ʩʝ ʠʟʫʯʘʚʘ ʦʜ 1972. ʛʦʜʠʥʝ, ʘ ʜʘʥʘʩ ʩʝ ʩʤʘʪʨʘ ʟʘʢʦʥʦʤ ʫʧʨʘʚˀʘˁʘ ʚʠʩʦʢʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʩʘ 

ʚʝʣʠʢʦʤ ʧʨʠʤʝʥʦʤ ʫ ʠʥʜʫʩʪʨʠʿʠ ʧʨʫʞʘʿʫ˂ʠ ʜʦʙʘʨ ʜʠʥʘʤʠʯʢʠ ʦʜʟʠʚ ʠ ʨʘʩʧʨʝʛʥʫʦ ʫʧʨʘʚˀʘˁʝ 

ʬʣʫʢʩʦʤ ʠ ʤʦʤʝʥʪʦʤ [220]. ɿʘʩʥʠʚʘ ʩʝ ʥʘ ʫʩʤʝʨʘʚʘˁʫ ʬʣʫʢʩʘ ʨʦʪʦʨʘ (ʝʥʛʣ. Rotor Flux Oriented 

Control ï RFOC), ʩʪʘʪʦʨʘ (ʝʥʛʣ. Stator Flux Oriented Control ï SFOC)  ʠʣʠ ʤʝʹʫʩʦʙʥʦʛ ʬʣʫʢʩʘ 

ʫ ʧʨʘʚʮʫ ʿʝʜʥʝ ʦʜ ʦʩʘ ʩʠʥʭʨʦʥʦ-ʦʙʨʪʥʦʛ ʩʠʩʪʝʤʘ [212]. ɺʝʢʪʦʨʠ ʩʪʨʫʿʘ ʠ ʬʣʫʢʩʝʚʘ ʩʝ 

ʧʨʝʜʩʪʘʚˀʘʿʫ ʧʫʪʝʤ ʚʝʢʪʦʨʘ (2.134) ʧʦʜ ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʝ ʨʘʩʧʦʜʝʣʝ ʧʦˀʘ ʫ 

ʟʘʟʦʨʫ ɸʄ. ɸʢʦ ʩʝ d - ʦʩʘ ʦʙʨʪʥʦʛ ʩʠʩʪʝʤʘ ʥʘʣʘʟʠ ʫ ʧʨʘʚʮʫ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ, q ʢʦʤʧʦʥʝʥʪʘ 

ʬʣʫʢʩʘ ʿʝ ʿʝʜʥʘʢʘ ʥʫʣʠ, ʢʘʦ ʥʘ ʉʣʠʮʠ 4.1. ʆʚʘʢʦ ʩʝ ʧʦʩʪʠʞʝ ʜʘ ʿʝʜʥʘ ʢʦʤʧʦʥʝʥʪʘ ʩʪʨʫʿʥʦʛ 

ʚʝʢʪʦʨʘ ʫ ʢʦʤʧʣʝʢʩʥʦʿ ʨʘʚʥʠ ʫʧʨʘʚˀʘ ʬʣʫʢʩʦʤ, ʘ ʜʨʫʛʘ ʢʦʤʧʦʥʝʥʪʘ ʫ ʢʚʘʜʨʘʪʫʨʠ ʤʦʤʝʥʪʦʤ ʠ 

ʪʦ ʧʦ ʣʠʥʝʘʨʥʦʤ ʟʘʢʦʥʫ ʯʠʤʝ ʩʝ ʦʪʢʣʘˁʘʿʫ ʥʝʞʝˀʝʥʝ ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʚʘʨʠʿʘʙʣʠ ʫ ʤʦʜʝʣʫ ɸʄ. 

ʌʣʫʢʩʝʚʠ ʨʦʪʦʨʘ ʩʫ ʧʨʦʤʝʥˀʠʚʝ ʩʪʘˁʘ ʫ ʩʠʩʪʝʤʫ, ʘ ʢʦʤʧʦʥʝʥʪʝ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʫʧʨʘʚˀʘʯʢʝ 

ʧʨʦʤʝʥˀʠʚʝ. ʇʨʠʤʝʥʘ ɺʋ ʟʘʭʪʝʚʘ ʧʦʟʥʘʚʘˁʝ ʧʦʣʦʞʘʿʘ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ ʠ ʧʨʠʩʫʩʪʚʦ 

ʨʝʛʫʣʘʪʦʨʘ ʩʪʨʫʿʝ, ʧʦʧʫʪ ʜʠʩʢʨʝʪʥʦʛ [219] ʠʣʠ ʇʀ ʨʝʛʫʣʘʪʦʨʘ ʫ ʦʙʨʪʥʦʤ ʩʠʩʪʝʤʫ [215] ʚʝʣʠʢʦʛ 

ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʟʘ ʬʦʨʤʠʨʘˁʝ ʄʇʉ ʫ ɸʄ ʞʝˀʝʥʝ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ, ʬʘʟʝ, ʠ ʫʯʝʩʪʘʥʦʩʪʠ.  

ʐʝʤʘ ʟʘ ʩʠʥʪʝʟʫ ʨʝʛʫʣʘʪʦʨʘ ʢʦʜ ɺʋ, ʥʝʟʘʚʠʩʥʦ ʦʜ ʦʜʘʙʠʨʘ ʬʣʫʢʩʘ ʟʘ ʧʦʟʠʮʠʦʥʠʨʘˁʘ d-q 

ʩʠʩʪʝʤʘ, ʧʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ʫ [119]. ʆʜ ʠʥʪʝʨʝʩʘ ʿʝ ʪʦʢʦʤ ʨʘʜʘ ɽʇ ʫʚʝʢ ʠʤʘʪʠ ʥʘ ʨʘʩʧʦʣʘʛʘˁʫ 

ʤʘʢʩʠʤʘʣʥʫ ʚʨʝʜʥʦʩʪ ʤʦʤʝʥʪʘ ʩʠʣʝ. ʆʙʣʘʩʪ ʨʘʜʘ ɸʄ ʩʝ ʧʨʝʤʘ ʝʢʩʧʣʦʘʪʘʮʠʦʥʠʤ ʠ  

 

 
ʉʣʠʢʘ 4.1. ɺʝʢʪʦʨʩʢʦ ʫʧʨʘʚˀʘˁʝ. 
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ʪʨʘʥʟʠʿʝʥʪʥʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʤʦʞʝ ʧʦʜʝʣʠʪʠ ʥʘ ʨʘʜ ʩʘ ʢʦʥʩʪʘʥʪʥʠʤ ʤʦʤʝʥʪʦʤ, ʩʥʘʛʦʤ ʠʣʠ 

ʥʘʧʦʥʦʤ. ɮFOC ʠ RFOC ʧʨʫʞʘʿʫ ʠʩʪʫ ʛʫʩʪʠʥʫ ʤʦʤʝʥʪʘ ʩʠʣʝ ʫ ʥʦʤʠʥʘʣʥʦʤ ʨʝʞʠʤʫ, ʜʦʢ ʥʘ 

ʥʠʞʠʤ ʦʧʪʝʨʝ˂ʝˁʠʤʘ ʚʝ˂ʫ ʛʫʩʪʠʥʫ ʤʦʤʝʥʪʘ ʧʨʫʞʘ SFOC [212]. ʋ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ, SFOC ʥʝ 

ʟʘʭʪʝʚʘ ʧʦʚʨʘʪʥʠ ʧʦʜʘʪʘʢ ʧʦ ʙʨʟʠʥʠ ʟʘ ʫʧʨʘʚˀʘˁʝ ʤʦʤʝʥʪʦʤ, ʛʜʝ ʩʝ ʬʣʫʢʩ ʠ ʤʦʤʝʥʪ ʩʠʣʝ 

ʨʘʯʫʥʘʿʫ ʠʟ ʩʪʘʪʦʨʩʢʠʭ ʚʝʣʠʯʠʥʘ ʧʨʝʤʘ (2.42) [215]. SFOC ʫʚʝʢ ʧʨʫʞʘ ʤʘʢʩʠʤʘʣʥʫ ʚʨʝʜʥʦʩʪ 

ʤʦʤʝʥʪʘ ʩʠʣʝ ʿʝʨ ʥʝ ʟʘʚʠʩʠ ʦʜ ʧʘʨʘʤʝʪʘʨʘ ʤʦʜʝʣʘ ɸʄ, ʘ ʦʮʝˁʝʥʠ ʬʣʫʢʩ ʥʝ ʟʘʚʠʩʠ ʦʜ ʨʘʩʠʧʥʠʭ 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ [214]. RFʆC ʿʝ ʦʩʝʪˀʠʚ ʥʘ ʧʘʨʘʤʝʪʨʝ ʤʦʜʝʣʘ ɸʄ ʰʪʦ ʨʝʟʫʣʪʫʿʝ ʦʩʮʠʣʘʮʠʿʘʤʘ 

ʫ ʦʮʝʥʠ ʧʦʟʠʮʠʿʝ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ [215]. ʇʨʦʙʣʝʤʠ ʩʘ ʩʪʘʙʠʣʥʦʰ˂ʫ ʢʦʜ ɺʋ ʥʘʩʪʘʿʫ ʫʩʣʝʜ 

ʩʧʨʝʛʝ ʠʟʤʝʹʫ ʦʩʘ ʧʨʠ ʣʦʰʝʤ ʧʦʩʪʘʚˀʘˁʫ d-q ʩʠʩʪʝʤʘ ʠ ʧʨʝʜʠʢʪʠʚʥʦʛ ʫʧʨʘʚˀʘˁʘ ʚʝʢʪʦʨʦʤ 

ʩʪʨʫʿʝ ʫʟ ʟʘʥʝʤʘʨʝˁʝ ʨʘʩʠʧʥʠʭ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʢʘʜʘ ʥʘʩʪʘʿʝ ʧʦʟʠʪʠʚʥʘ ʧʦʚʨʘʪʥʘ ʩʧʨʝʛʘ [213].  

ʂʘʜʘ ʙʨʟʠʥʘ ʧʨʝʹʝ ʥʦʤʠʥʘʣʥʫ ʙʨʟʠʥʫ ɸʄ ʫʣʘʟʠ ʫ ʦʙʣʘʩʪ ʩʣʘʙˀʝˁʘ ʧʦˀʘ ʟʘʜʘʚʘˁʝʤ 

ʨʝʬʝʨʝʥʮʝ ʟʘ ʧʦʙʫʜʥʫ ʩʪʨʫʿʫ ʦʙʨʥʫʪʦ ʧʨʦʧʦʨʮʠʦʥʘʣʥʝ ʙʨʟʠʥʠ, ʥʘ ʦʩʥʦʚʫ ʤʦʜʝʣʘ ɸʄ ʧʨʝʤʘ 

ʆʊɽʄ. ɸʢʦ ʩʝ ʪʘʜʘ ʥʝ ʫʚʘʞʝ ʦʛʨʘʥʠʯʝˁʘ ʧʦ ʩʪʨʫʿʠ ʠ ʥʘʧʦʥʫ ʫ ɽʇ, ʥʘʩʪʘʿʝ ʝʬʝʢʪʠʚʥʦ ʫʚʝ˂ʘˁʝ 

ʿʘʯʠʥʝ ʧʦˀʘ ʠ ʩʤʘˁʝˁʝ ʤʦʤʝʥʪʘ ʩʠʣʝ ʢʘʜʘ ʩʝ ʫʧʨʘʚˀʘˁʝʤ ʤʦʨʘ ʢʦʨʠʛʦʚʘʪʠ ʢʨʠʚʘ ʤʘʛʥʝ˂ʝˁʘ 

[119]. ɼʨʫʛʠ ʥʘʯʠʥ ʟʘ ʨʘʜ ʫ ʩʣʘʙˀʝˁʫ ʧʦˀʘ ʿʝ ʧʨʠʤʝʥʘ ʩʧʦˀʘʰˁʝ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ 

ʥʘʧʦʥʫ ʢʦʿʘ ʜʠʥʘʤʠʯʢʠ ʧʦʜʝʰʘʚʘ ʚʨʝʜʥʦʩʪ ʧʦˀʘ ʠ ʫʚʝ˂ʘʚʘ ʚʨʝʜʥʦʩʪ ʤʦʤʝʥʪʘ ʩʠʣʝ. ʀʟʣʘʟʠ 

ʥʘʧʦʥʩʢʝ ʧʝʪˀʝ ʩʫ ʪʘʜʘ ʨʝʬʝʨʝʥʮʝ ʩʪʨʫʿʝ ʧʦ d-q ʦʩʘʤʘ, ʪʿ. ʟʘ ʬʣʫʢʩ ʠ ʤʦʤʝʥʪ ʩʠʣʝ. ɿʘ ʦʚʝ 

ʧʦʪʨʝʙʝ ʩʝ ʯʝʩʪʦ ʢʦʨʠʩʪʠ SVM ʢʘʢʦ ʙʠ ʩʝ ʤʘʢʩʠʤʘʣʥʦ ʠʩʢʦʨʠʩʪʠʦ ʥʘʧʦʥ ʿʝʜʥʦʩʤʝʨʥʦʛ 

ʤʝʹʫʢʦʣʘ ʠ ʜʦʜʘʪʥʦ ʫʚʝ˂ʘʦ ʤʦʤʝʥʪ ʩʠʣʝ [6]. ɼʘʢʣʝ, ʫ ʩʣʘʙˀʝˁʫ ʧʦˀʘ ʜʝʣʦʚʘˁʝʤ ʠʥʚʝʨʪʦʨʘ ʩʝ 

ɽʄʉ ʦʛʨʘʥʠʯʘʚʘ, ʘ ʿʘʯʠʥʘ ʧʦˀʘ ʩʤʘˁʫʿʝ ʜʘ ʙʠ ʩʝ ʦʤʦʛʫ˂ʠʦ ʜʘˀʠ ʧʦʨʘʩʪ ʙʨʟʠʥʝ. ʇʨʠ ʩʤʘˁʝʥʦʿ 

ʨʝʟʝʨʚʠ ʥʘʧʦʥʘ ʟʘ ʧʦʪʨʝʙʝ ʨʝʛʫʣʘʮʠʿʝ ʩʪʨʫʿʝ, ʦʜ ʠʥʪʝʨʝʩʘ ʿʝ ʢʦʨʠʩʪʠʪʠ ʰʝʤʝ ʫʧʨʘʚˀʘˁʘ ʢʦʿʝ 

ʠʤʘʿʫ ʥʘʿʚʝ˂ʫ ʛʫʩʪʠʥʫ ʤʦʤʝʥʪʘ ʩʠʣʝ ʠ ʢʦʥʩʪʘʥʪʥʫ ɽʄʉ ʧʨʠ ʨʘʟʣʠʯʠʪʠʤ ʦʧʪʝʨʝ˂ʝˁʠʤʘ. ʋ 

ʩʣʘʙˀʝˁʫ ʧʦˀʘ ʩʘ ʥʠʞʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʬʣʫʢʩʘ, RFOC ʘʣʛʦʨʠʪʤʠ ʧʦʩʪʘʿʫ ʦʩʝʪˀʠʚʠʿʠ ʥʘ 

ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ. ɻʨʝʰʢʝ ʫ ʦʮʝʥʠ ʦʪʧʦʨʥʦʩʪʠ ʠʣʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʧʨʠ ʨʘʜʘ ʩʘ ʦʧʪʝʨʝ˂ʝˁʝʤ 

ʜʦʚʦʜʝ ʜʦ ʤʘˁʝʛ ʬʣʫʢʩʘ ʠ ʤʦʤʝʥʪʘ ʩʠʣʝ [119]. ʇʦʩʝʙʥʦ ʫʪʠʯʫ ʥʘ ʨʘʜ ʫ ʩʣʘʙˀʝˁʫ ʧʦˀʘ [215], 

ʠ ʫ ʢʨʠʪʠʯʥʦʤ ʩʣʫʯʘʿʫ ʤʦʛʫ ʜʦʚʝʩʪʠ ʜʦ ʛʫʙʠʪʢʘ ʩʪʘʙʠʣʥʦʩʪʠ [212]. ʋʧʦʪʨʝʙʘ SFOC ʫʚʝ˂ʘʚʘ 

ʨʦʙʫʩʥʦʩʪ ʥʘ ʦʜʩʪʫʧʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʠ ʦʙʣʘʩʪ ʨʘʜʥʠʭ ʙʨʟʠʥʘ ʫ ʩʣʘʙˀʝˁʫ ʧʦˀʘ [215]. ʇʫʪʝʤ 

ʩʠʤʫʣʘʮʠʿʘ ʿʝ ʫ ʪʨʝ˂ʝʤ ʧʦʛʣʘʚˀʫ ʧʦʢʘʟʘʥʦ ʜʘ ʝʩʪʠʤʘʪʦʨ ʤʦʞʝ ʜʘ ʨʘʜʠ ʫ ʦʙʣʘʩʪʠ ʩʣʘʙˀʝˁʘ 

ʧʦˀʘ. ʂʘʢʦ ʦʚʘʿ ʨʝʞʠʤ ʨʘʜʘ ʠ ʦʩʝʪˀʠʚʦʩʪ ɺʋ ʥʠʩʫ ʧʨʝʜʤʝʪ ʥʘʫʯʥʝ ʨʘʩʧʨʘʚʝ, ʫ ʥʘʩʪʘʚʢʫ ʩʝ ʙʝʟ 

ʛʫʙʠʪʢʘ ʦʧʰʪʦʩʪʠ ʨʘʟʤʘʪʨʘ RFOC ʫʧʨʘʚˀʘˁʝ ʫ ʦʙʣʘʩʪʠʤʘ ʨʘʜʘ ʜʦ ʥʦʤʠʥʘʣʥʝ ʙʨʟʠʥʝ ɸʄ. 

ʆʜ ʢʦʨʠʩʪʠ ʿʝ ʠʟʚʝʩʪʠ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʿʝʜʥʘʯʠʥʝ ɺʋ, ʪʿ. ʠʟʨʘʟʠʪʠ ʤʦʤʝʥʪ ʩʠʣʝ ʠ ʬʣʫʢʩ 

ɸʄ ʫ ʬʫʥʢʮʠʿʠ ʧʨʦʤʝʥˀʠʚʠʭ ʩʪʘˁʘ, ʨʦʪʦʨʩʢʠʭ ʬʣʫʢʩʝʚʘ, ʠ ʫʧʨʘʚˀʘʯʢʠʭ ʧʨʦʤʝʥˀʠʚʠʭ, 

ʩʪʘʪʦʨʩʢʠʭ ʩʪʨʫʿʘ. ɿʘ ʦʚʝ ʧʦʪʨʝʙʝ ʿʝ ʧʦʪʨʝʙʥʦ ʧʦʣʘʟʝ˂ʠ ʦʜ ʤʘʪʨʠʮʝ ʠʥʜʫʢʪʠʚʥʦʩʪʠ (2.44) 

ʠʟʨʘʟʠʪʠ ʨʦʪʦʨʩʢʝ ʩʪʨʫʿʝ ʫ ʬʫʥʢʮʠʿʠ ʩʪʨʫʿʘ ʩʪʘʪʦʨʘ ʠ ʬʣʫʢʩʝʚʘ ʨʦʪʦʨʘ ʢʘʦ 
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ʂʘʜʘ ʿʝ ʨʦʪʦʨʩʢʠ ʬʣʫʢʩ ʧʦʩʪʘʚˀʝʥ ʧʦ d ʦʩʠ, ʪʘʜʘ ʚʘʞʠ ʜʘ ʿʝ ‪ ‪ , ‪ π. ʋʚʘʞʘʚʘʿʫ˂ʠ 

ʥʘʚʝʜʝʥʦ ʠ (4.1), ʤʦʜʝʣ (2.42) ï (2.45) ʩʝ ʤʦʞʝ ʠʟʨʘʟʠʪʠ ʫ ʬʫʥʢʮʠʿʠ ʨʦʪʦʨʩʢʠʭ ʬʣʫʢʩʝʚʘ ʠ 

ʩʪʨʫʿʘ ʩʪʘʪʦʨʘ. ʋ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ, ʤʦʞʝ ʩʝ ʥʘʧʠʩʘʪʠ ʩʠʩʪʝʤ ʿʝʜʥʘʯʠʥʘ ɺʋ ʢʘʦ  
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ʛʜʝ ʿʝ ὒ  ʝʢʚʠʚʘʣʝʥʪʥʘ ʠʥʜʫʢʪʠʚʥʦʩʪ ʨʘʩʠʧʘˁʘ ɸʄ ʫʚʝʜʝʥʘ ʫ ʧʦʪʧʦʛʣʘʚˀʫ 2.2, ὃ  ʧʦʿʘʯʘˁʝ 

ɺʋ, ‪ ‪ὒ ὒϳ  ʤʝʹʫʩʦʙʥʠ ʬʣʫʢʩ. ɮensorless ɺʋ ʥʘʣʘʟʠ ʰʠʨʦʢʫ ʧʨʠʤʝʥʫ, ʘ ʫ ʧʨʘʢʩʠ ʩʝ 

ʨʝʘʣʠʟʫʿʝ ʩʘ ʨʘʟʣʠʯʠʪʠʤ ʘʣʛʦʨʠʪʤʠʤʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʠ ʧʦʟʠʮʠʿʝ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ. ʂʦʜ ɸʄ 

ʩʘ ʢʘʚʝʟʥʠʤ ʨʦʪʦʨʦʤ ʨʦʪʦʨʩʢʝ ʚʝʣʠʯʠʥʝ ʩʝ ʥʝ ʤʦʛʫ ʤʝʨʠʪʠ, ʧʘ ʩʝ sensorless ʦʜʨʝʹʠʚʘˁʝ 

ʧʦʣʦʞʘʿʘ ʚʝʢʪʦʨʘ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ — ʧʦʩʪʠʞʝ ʧʨʠʤʝʥʦʤ ʜʠʨʝʢʪʥʦʛ ɺʋ. ʆʚʦ ʧʦʜʨʘʟʫʤʝʚʘ 

ʧʨʠʤʝʥʫ ʝʩʪʠʤʘʪʦʨʘ ʩʪʘʪʦʨʩʢʦʛ ʬʣʫʢʩʘ (2.138) [215], ʥʝʩʘʚʨʰʝʥʦʛ ʝʩʪʠʤʘʪʦʨʘ (2.140) [132], 

ʠʣʠ MRAS ʦʧʩʝʨʚʝʨʘ, ʪʿ. ʫʧʦʪʨʝʙʫ ʤʦʜʝʣʘ ɸʄ ʦʧʠʩʘʥʦʛ ʩʠʩʪʝʤʦʤ ʿʝʜʥʘʯʠʥʘ (2.134) ï (2.137). 

ʋ [219] ʿʝ ʜʘʪʦ ʨʝʰʝˁʝ sensorless ɺʋ ʛʜʝ ʩʝ ʧʦʟʠʮʠʿʘ ʬʣʫʢʩʘ ʜʝʪʝʢʪʫʿʝ ʧʨʝʜʠʢʪʠʚʥʠʤ 

ʦʧʩʝʨʚʝʨʦʤ ʬʦʨʤʠʨʘʥʦʛ ʫ ʧʨʦʩʪʦʨʫ ʩʪʘˁʘ ʥʘ ʦʩʥʦʚʫ ʤʦʜʝʣʘ ɸʄ ʩʘ ʩʣʦʙʦʜʥʠʤ ʧʦʩʪʘʚˀʘˁʝʤ 

ʧʦʣʦʚʘ ʩʠʩʪʝʤʘ, ʢʦʿʠ ʩʝ ʦʩʣʘˁʘ ʥʘ ʤʘʪʨʠʮʫ ʧʦʜʘʪʘʢʘ ʯʠʤʝ ʩʝ ʧʦʩʪʠʞʝ ʤʘˁʘ ʦʩʝʪˀʠʚʦʩʪ ʥʘ 

ʧʘʨʘʤʝʪʨʝ. ʂʦʨʠʩʪʠ ʩʝ ʩʪʨʫʿʥʠ ʨʝʛʫʣʘʪʦʨ ʩʘ dead-beat ʩʪʨʫʢʪʫʨʦʤ ʠ ʫ ɽʇ ʩʝ ʤʝʨʠ ʩʘʤʦ ʿʝʜʥʘ 

ʩʪʨʫʿʘ. ʇʦʩʪʦʿʝ ʨʝʰʝˁʘ sensorless ɺʋ ʢʦʿʘ ʩʫ ʧʦʢʘʟʘʣʘ ʧʨʠʭʚʘʪˀʠʚʦ ʧʦʥʘʰʘˁʝ ʠ ʫ ʤʦʪʦʨʥʦʤ 

ʠ ʛʝʥʝʨʘʪʦʨʩʢʦʤ ʨʝʞʠʤʫ ʨʘʜʘ, ʟʘʩʥʦʚʘʥʘ ʥʘ MRAS ʦʧʩʝʨʚʝʨʫ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ [129]. ʋ ʩʚʠʤ 

ʥʘʚʝʜʝʥʠʤ ʩʣʫʯʘʿʝʚʠʤʘ, ʧʦʩʣʝ ʦʮʝʥʝ ʬʣʫʢʩʝʚʘ, ʧʦʣʦʞʘʿ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ ʩʝ ʜʦʙʠʿʘ ʢʘʦ  
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ɼʨʫʛʠ ʥʘʯʠʥ ʿʝ ʢʦʥʮʝʧʪ ʠʥʜʠʨʝʢʪʥʦʛ ɺʋ ʟʘʩʥʦʚʘʥ ʥʘ ʧʦʩʪʦʿʘˁʫ ʜʘʚʘʯʘ ʙʨʟʠʥʝ ʥʘ ʚʨʘʪʠʣʫ 

ɸʄ. ʊʘʜʘ ʩʝ ʤʝʪʦʜʝ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʠ ʬʣʫʢʩʘ ʧʨʝʜʩʪʘʚˀʝʥʝ ʫ ʧʦʪʧʦʛʣʘʚˀʫ 2.4. ʢʦʨʠʩʪʝ 

ʿʝʜʥʦʚʨʝʤʝʥʦ ʩʘ ʜʘʚʘʯʝʤ ʙʨʟʠʥʝ ʫ ʮʠˀʫ ʧʦʩʪʠʟʘˁʘ ʙʦˀʝʛ ʧʦʥʘʰʘˁʘ, ʧʦʧʫʪ MRAS ʦʧʩʝʨʚʝʨʘ 

ʩʘ ʥʝʩʘʚʨʰʝʥʠʤ ʠʥʪʝʛʨʘʪʦʨʦʤ ʬʣʫʢʩʘ [216]. ʂʦʜ ʠʥʜʠʨʝʢʪʥʦʛ ɺʋ,  ʧʦʣʦʞʘʿ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ 

ʩʝ ʜʦʙʠʿʘ ʩʘʙʠʨʘˁʝʤ ʠʟʣʘʟʘ ʜʘʚʘʯʘ ʙʨʟʠʥʝ ‫  ʩʘ ʧʨʝʜʠʢʪʠʚʥʠʤ ʢʣʠʟʘˁʝʤ (4.3) ʫ ʬʫʥʢʮʠʿʠ 

ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ ʠ ʧʘʨʘʤʝʪʘʨʘ ʨʦʪʦʨʘ ʢʘʦ  
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ʀʥʜʠʨʝʢʪʥʦ ɺʋ ʩʝ ʯʝʩʪʦ ʢʦʨʠʩʪʠ ʩʘ ʘʣʛʦʨʠʪʤʠʤʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʢʦʿʠ ʩʝ ʟʘʩʥʠʚʘʿʫ ʥʘ 

ʘʥʠʟʦʪʨʦʧʠʿʘʤʘ. ʊʘʜʘ ʠʟʣʘʟ ʘʣʛʦʨʠʪʤʘ ʤʝˁʘ ʠʟʣʘʟ ʜʘʚʘʯʘ ʫ (4.7). ɮensorless ɺʋ ʟʘʩʥʦʚʘʥʦ ʥʘ 

ʘʥʠʟʦʪʨʦʧʠʿʠ ʟʘʩʠ˂ʝˁʘ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʦ ʫ [217]. ʇʦʟʠʮʠʿʘ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ ʩʝ ʦʮʝˁʫʿʝ ʠʟ 

ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʫ ʩʧʝʢʪʨʫ ʩʪʨʫʿʝ ʫʩʣʝʜ ʟʘʩʠ˂ʝˁʘ ʢʦʿʠ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʜʠʩʪʦʨʟʠʿʘ ɽʄʉ (2.131), 

ʢʘʦ ʰʪʦ ʿʝ ʦʧʠʩʘʥʦ ʫ ʧʦʪʧʦʛʣʘʚˀʫ 2.3. ɸʥʠʟʦʪʨʦʧʠʿʘ ʩʝ ʜʝʪʝʢʪʫʿʝ ʤʝʨʝˁʝʤ ʠ ʩʘʙʠʨʘˁʝʤ ʪʨʠ 

ʬʘʟʥʘ ʥʘʧʦʥʘ. ʈʝʟʫʣʪʫʿʫ˂ʠ ʩʠʛʥʘʣ ʯʠʥʠ ʜʦʤʠʥʘʥʪʥʠ ʪʨʝ˂ʠ ʭʘʨʤʦʥʠʢ ʠ ʈɾʍ. ʋʧʦʪʨʝʙʘ 

ʟʘʩʠ˂ʝˁʘ ʟʘ ʧʦʪʨʝʙʝ e̓nsorless ɺʋ ʩʝ ʤʦʞʝ ʨʝʘʣʠʟʦʚʘʪʠ ʤʝʨʝˁʝʤ ʧʦʪʝʥʮʠʿʘʣʘ ʠʟʦʣʦʚʘʥʦʛ 

ʟʚʝʟʜʠʰʪʘ ɸʄ [119]. ʊʘʜʘ ʿʝ ʧʦʪʨʝʙʥʦ ʦʙʝʟʙʝʜʠʪʠ ʧʨʠʩʪʫʧ ʟʚʝʟʜʠʰʪʫ ʠ ʜʦʜʘʪʥʠ ʜʘʚʘʯ ʥʘʧʦʥʘ 

ʫ ɽʇ. ʀʟʤʝʨʝʥʠ ʥʘʧʦʥ ʠʤʘ ʜʦʤʠʥʘʥʪʥʠ ʪʨʝ˂ʠ ʭʘʨʤʦʥʠʢ, ʘ ʦʮʝʥʘ ʙʨʟʠʥʝ, ʘʣʠ ʠ ʨʘʩʠʧʥʠʭ 

ʬʣʫʢʩʝʚʘ, ʩʝ ʩʧʨʦʚʦʜʠ ʧʨʠʤʝʥʦʤ ʘʣʛʦʨʠʪʤʘ ʟʘ ʜʝʪʝʢʮʠʿʫ ʧʨʦʣʘʩʢʘ ʩʠʛʥʘʣʘ ʢʨʦʟ ʥʫʣʫ. ʀʧʘʢ, ʫ 

ʩʣʫʯʘʿʫ ʟʘʩʠ˂ʝˁʘ ʢʘʜʘ ʿʝ ʪʨʝ˂ʠ ʭʘʨʤʦʥʠʢ ʦʧʠʩʘʥ ʿʝʜʥʦʤ ʬʫʥʢʮʠʿʦʤ, ʧʦʟʠʮʠʿʘ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ 

ʩʝ ʥʝ ʤʦʞʝ ʘʧʩʦʣʫʪʥʦ ʦʜʨʝʜʠʪʠ, ʧʘ ʩʝ ʪʘʜʘ ʬʦʨʤʠʨʘ ʢʦʤʧʦʥʝʥʪʘ ʫ ʢʚʘʜʨʘʪʫʨʠ. 

ʆʩʝʪˀʠʚʦʩʪ ʦʙʘ RFOC ʧʨʠʩʪʫʧʘ ʥʘ ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ ʤʦʜʝʣʘ ɸʄ ʿʝ ʿʘʩʥʦ ʫʦʯˀʠʚʘ ʠʟ 

(4.6) ʠ (4.7). ʋʚʝ˂ʘˁʝ ʨʦʙʫʩʥʦʩʪʠ ʥʘ ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ ʤʦʜʝʣʘ ʠ ʨʘʜ ʥʘ ʥʠʞʠʤ ʙʨʟʠʥʘʤʘ ʢʦʜ 
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sensorless RFOC ʟʘʭʪʝʚʘ ʧʨʠʤʝʥʫ MRAS ʦʧʩʝʨʚʝʨʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ɸʄ ʠ 

ʢʦʤʧʝʥʟʘʮʠʿʫ ʦʜʩʪʫʧʘˁʘ ʝʣʝʢʪʨʠʯʥʠʭ ʠ ʤʝʭʘʥʠʯʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʤʦʜʝʣʘ ɸʄ [218], [215], ʧʦʧʫʪ 

ʝhʤʝ ʩʘ MRAS ʦʧʩʝʨʚʝʨʦʤ ʟʘ ʦʮʝʥʫ ʠ ʢʦʤʧʝʥʟʘʮʠʿʫ ʦʜʩʪʫʧʘˁʘ ʩʪʘʪʦʨʩʢʠʭ ʦʪʧʦʨʥʦʩʪʠ [221]. 

ʋ ʥʘʩʪʘʚʢʫ ʩʝ ʢʦʨʠʩʪʠ ʠʥʜʠʨʝʢʪʥʦ RFOC ʟʘʩʥʦʚʘʥʦ ʥʘ (4.7), ʛʜʝ ʩʝ ʫʤʝʩʪʦ ʠʟʣʘʟʘ ʜʘʚʘʯʘ ʩʘ 

ʧʨʝʜʠʢʪʠʚʥʠʤ ʢʣʠʟʘˁʝʤ ʩʘʙʠʨʘ ʠʟʣʘʟ ʝʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ (3.61) ʠ ʪʦ ʙʝʟ ʢʦʤʧʝʥʟʘʮʠʿʘ.  

 

4.2 ʉʪʨʫʢʪʫʨʘ sensorless ʧʦʛʦʥʘ ʟʘʩʥʦʚʘʥʦʛ ʥʘ ʈɾʍ 
 

ɽʇ ʠʤʘ ʚʠʰʝ ʨʝʛʫʣʘʮʠʦʥʠʭ ʧʝʪˀʠ, ʧʨʠ ʯʝʤʫ ʩʝ ʥʝʢʝ ʠʟʚʨʰʘʚʘʿʫ ʿʝʜʥʦʚʨʝʤʝʥʦ ʜʦʢ ʩʫ ʜʨʫʛʝ 

ʫ ʢʘʩʢʘʜʥʦʿ ʚʝʟʠ ʢʘʜʘ ʠʟʣʘʟ ʿʝʜʥʝ ʧʝʪˀʝ ʧʨʝʜʩʪʘʚˀʘ ʨʝʬʝʨʝʥʮʫ ʥʘʨʝʜʥʦʿ. ɽʢʩʪʝʨʥʝ ʢʦʥʪʨʦʣʥʝ 

ʧʝʪˀʝ ʩʝ ʤʦʛʫ ʨʝʘʣʠʟʦʚʘʪʠ ʢʘʦ ʤʫʣʪʠʚʘʨʠʿʘʙʠʣʥʠ ʩʠʩʪʝʤʠ, ʛʜʝ ʩʫ ʜʠʥʘʤʠʯʢʘ ʧʦʥʘʰʘˁʘ 

ʦʧʠʩʘʥʘ ʤʦʜʝʣʠʤʘ ʫ ʧʨʦʩʪʦʨʫ ʩʪʘˁʘ, ʠʣʠ ʤʦʥʦʚʘʨʠʿʘʙʠʣʥʠ ʩʠʩʪʝʤʠ, ʛʜʝ ʩʝ ʩʠʩʪʝʤʠ ʫʧʨʘʚˀʘˁʘ 

ʤʦʛʫ ʩʤʘʪʨʘʪʠ ʩʢʫʧʦʤ ʥʝʟʘʚʠʩʥʠʭ ʧʝʪˀʠ ʨʝʛʫʣʘʮʠʿʝ. ʋ ʧʨʚʦʤ ʩʣʫʯʘʿʫ ʜʝʬʠʥʠʩʘˁʝ ʨʝʬʝʨʝʥʮʝ 

ʥʠʿʝ ʨʝʟʫʣʪʘʪ ʩʪʨʫʢʪʫʨʝ ʨʝʛʫʣʘʪʦʨʘ ʚʝ˂ ʩʝ ʝʢʩʧʣʠʮʠʪʥʦ ʜʦʙʠʿʘ ʠʟ ʨʝʬʝʨʝʥʮʠ ʥʘʜʨʝʹʝʥʠʭ 

ʩʠʩʪʝʤʘ, ʜʨʫʛʠʭ ʧʨʦʤʝʥˀʠʚʠʭ ʠ ʧʘʨʘʤʝʪʘʨʘ ʩʠʩʪʝʤʘ. ʋ ʥʘʩʪʘʚʢʫ ʩʝ ʢʦʨʠʩʪʠ ʤʦʥʦʚʘʨʠʿʘʙʠʣʥʠ 

ʧʨʠʩʪʫʧ ʫʟ ʧʨʝʪʧʦʩʪʘʚʢʫ ʜʘ ʩʝ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʤʦʛʫ ʜʠʥʘʤʠʯʢʠ ʨʘʩʧʨʝʛʥʫʪʠ.  

ʀʟʣʘʟʠ ʥʘʜʨʝʹʝʥʠʭ ʨʝʛʫʣʘʪʦʨʘ ʧʨʫʞʘʿʫ ʨʝʬʝʨʝʥʮʝ ʟʘ ʫʥʫʪʨʘʰˁʝ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ. 

ʇʨʦʿʝʢʪʦʚʘˁʝ ʩʧʦˀʘʰˁʠʭ ʧʝʪˀʠ ʿʝ ʦʜʨʝʹʝʥʦ ʤʦʜʝʣʦʤ ʫʥʫʪʨʘʰˁʝ ʧʝʪˀʝ, ʢʦʿʘ ʜʠʢʪʠʨʘ ʧʨʝʪʝʢ 

ʩʪʘʙʠʣʥʦʩʪʠ ʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʩʧʦˀʘʰˁʝ. ɼʘʢʣʝ, ʚʘʞʥʦ ʿ ʝ ʫʥʫʪʨʘʰˁʫ ʧʝʪˀʫ ʜʠʟʘʿʥʠʨʘʪʠ ʪʘʢʦ 

ʜʘ ʫʥʦʩʠ ʤʠʥʠʤʘʣʥʦ ʢʘʰˁʝˁʝ ʠ ʤʠʥʠʤʫʤ ʥʝʣʠʥʝʘʨʥʦʩʪʠ. ʄʘˁʝ ʢʘʰˁʝˁʝ ʫʥʫʪʨʘʰˁʝ ʧʝʪˀʝ 

ʜʦʟʚʦˀʘʚʘ ʚʝ˂ʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʩʧʦˀʘʰˁʝ. ʇʦʞʝˀʥʦ ʿʝ ʜʘ  ʙʨʟʠʥʘ ʦʜʘʙʠʨʘˁʘ ʩʧʦˀʘʰˁʝ 

ʧʝʪˀʝ ʙʫʜʝ ʟʥʘʪʥʦ ʩʧʦʨʠʿʘ ʦʜ ʫʥʫʪʨʘʰˁʝ. ʇʦʩʣʝ ʤʦʜʫʣʘʮʠʦʥʦʛ ʩʣʦʿʘ, ʘʢʦ ʧʦʩʪʦʿʠ ʫʥʫʪʨʘʰˁʘ 

ʧʝʪʘˀ, ʦʥʘ ʿ ʝ ʨʝʛʫʣʠʩʘʥʘ ʧʦ ʩʪʨʫʿʠ ʠ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʜʦ ʥʝʢʦʣʠʢʦ ʢʠʣʦʭʝʨʮʘ. ʇʨʦʧʫʩʥʠ ʦʧʩʝʛ 

ʫʥʫʪʨʘʰˁʝ ʧʝʪˀʝ ʤʦʞʝ ʠʤʘʪʠ ʚʨʝʜʥʦʩʪ ʠ ʜʦ ʥʝʢʦʣʠʢʦ ʜʝʩʝʪʠʥʘ ʢʠʣʦʭʝʨʮʘ, ʢʦʜ ʘʫʜʠʦ 

ʧʦʿʘʯʘʚʘʯʘ, ʘʢʦ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʢʠʜʘˁʘ ʠ ʙʨʟʠʥʘ ʩʠʩʪʝʤʩʢʦʛ ʩʘʪʘ ɼʉʇ ʪʦ ʜʦʟʚʦˀʘʚʘ. 

ʉʧʦˀʘʰˁʝ ʧʝʪˀʝ ʩʫ ʧʦ ʧʨʘʚʠʣʫ ʟʥʘʯʘʿʥʦ ʫʞʝʛ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ, ʜʦ 100 Hz ʟʘ ʨʝʛʫʣʘʮʠʿʫ 

ʙʨʟʠʥʝ, 10 Hz ʟʘ ʨʝʛʫʣʘʮʠʿʫ ʧʦʟʠʮʠʿʝ ʚʨʘʪʠʣʘ ʠʣʠ ʥʘʧʦʥʘ ʿʝʜʥʦʩʤʝʨʥʦʛ ʤʝʹʫʢʦʣʘ, ʠʪʜ. ɿʘ 

ʧʦʪʨʝʙʝ ʜʠʟʘʿʥʘ ʩʧʦˀʘʰˁʠʭ ʧʝʪˀʠ, ʫʥʫʪʨʘʰˁʝ ʩʝ ʯʝʩʪʦ ʘʧʨʦʢʩʠʤʠʨʘʿʫ ʢʘʰˁʝˁʝʤ ʧʨʚʦʛ ʨʝʜʘ 

ʩʘ ʘʧʩʦʣʫʪʥʠʤ ʧʦʿʘʯʘˁʝʤ ʧʝʪˀʝ ὑ, ʛʜʝ ʩʝ ʧʘʞˁʘ ʧʨʠʜʘʿʝ ʬʘʟʥʦʤ ʢʘʰˁʝˁʫ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠʤʘ 
ʦʜ ʟʥʘʯʘʿʘ. ɺʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ †  ʤʦʜʝʣʫʿʝ ʢʘʰˁʝˁʝ ʢʦʿʝ ʫʥʦʩʠ ʫʥʫʪʨʘʰˁʘ ʧʝʪˀʘ ʠ 

ʦʜʨʝʹʫʿʝ ʩʝ ʧʨʝʤʘ ʧʨʝʩʝʯʥʦ ʿʫʯʝʩʪʘʥʦʩʪʠ ʩʠʩʪʝʤʘ. ɸʢʦ ʩʝ ʢʦʨʠʩʪʠ ʜʠʩʢʨʝʪʥʠ ʨʝʛʫʣʘʪʦʨ, ʪʘʜʘ 

ʿʝ ʝʢʚʠʚʘʣʝʥʪʥʠ ʩʠʩʪʝʤ ʧʨʝʜʩʪʘʚˀʝʥ ʧʦʿʘʯʘˁʝʤ ὑ ʠ ʜʠʩʢʨʝʪʥʠʤ ʢʘʰˁʝˁʝʤ. ʆʚʘʿ ʩʠʩʪʝʤ ʩʝ 

ʤʦʜʝʣʫʿʝ ʫ ʼ ï ʜʦʤʝʥʫ ʇʘʜʝʦʚʦʤ ʘʧʨʦʢʩʠʤʘʮʠʿʦʤ (2.10), ʛʜʝ ʿʝ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʤʦʜʝʣʘ 

ʦʜʨʝʹʝʥʘ ʦʨʛʘʥʠʟʘʮʠʿʦʤ ʧʨʝʢʠʜʥʝ ʨʫʪʠʥʝ. ɸʧʨʦʢʩʠʤʘʮʠʿʝ ʧʝʪˀʠ ʟʘ ʦʙʘ ʩʣʫʯʘʿʘ ʩʫ ʜʘʪʝ ʨʝʜʦʤ 
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ʋ ɽʇ ʥʠʩʢʠʭ ʩʥʘʛʘ ʢʦʿʠ ʠʤʘʿʫ ʤʦʥʦʬʘʟʥʝ ʠʩʧʨʘʚˀʘʯʢʝ ʩʪʝʧʝʥʝ ʥʘ ʫʣʘʟʫ, ʩʧʦˀʘʰˁʝ 

ʥʘʧʦʥʩʢʝ ʧʝʪˀʝ ʩʫ ʦʙʘʚʝʟʥʝ ʜʘ ʙʠ ʩʝ ʩʤʘˁʠʣʦ ʦʩʮʠʣʦʚʘˁʝ ʥʘʧʦʥʘ ʿʝʜʥʦʩʤʝʨʥʦʛ ʤʝʹʫʢʦʣʘ ʠ 

ʧʨʘʪʝ˂ʝ ʜʠʩʪʦʨʟʠʿʝ ʫʩʣʝʜ ʜʨʫʛʦʛ ʭʘʨʤʦʥʠʢʘ ʩʥʘʛʝ, ʟʘ ʩʤʘˁʝˁʝ ʛʫʙʠʪʘʢʘ ʩʥʘʛʝ ʫ ʪʨʦʬʘʟʥʦʤ ɽʇ, 

ʟʘ ʧʦʪʨʝʙʝ ʩʣʘʙˀʝˁʘ ʧʦˀʘ, ʠʪʜ. ʇʨʦʧʫʩʥʠ ʦʧʩʝʛ ʩʧʦˀʘh ˁʝ ʥʘʧʦʥʩʢʝ ʧʝʪˀʝ ʿʝ ʪʘʜʘ ʥʝʢʦʣʠʢʦ 

ʍʝʨʮʘ, ʧʘ ʿʝ ʩʠʥʪʝʟʘ ʦʚʠʭ ʧʝʪˀʠ ʨʝʣʘʪʠʚʥʦ ʿʝʜʥʦʩʪʘʚʥʘ. ʋ ʥʘʩʪʘʚʢʫ ʩʝ ʢʦʨʠʩʪʠ ʉɸʈ ʩʘ 

ʫʥʫʪʨʘʰˁʦʤ ʧʝʪˀʦʤ ʟʘ ʨʝʛʫʣʘʮʠʿʫ ʩʪʨʫʿʝ ʠ ʩʧʦˀʘʰˁʦʤ ʟʘ ʨʝʛʫʣʘʮʠʿʫ ʙʨʟʠʥʝ. ʅʘ ʧʦʯʝʪʢʫ 

ʧʦʛʣʘʚˀʘ ʿʝ ʫʢʘʟʘʥʦ ʜʘ ʩʝ ʟʘ ʦʚʝ ʧʦʪʨʝʙʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʨʘʟʣʠʯʠʪʝ ʩʪʨʫʢʪʫʨʝ ʨʝʛʫʣʘʪʦʨʘ. 

ʍʠʩʪʝʨʝʟʠʩʥʘ ʨʝʛʫʣʘʮʠʿʘ ʧʦʜʨʘʟʫʤʝʚʘ ʧʨʠʩʫʩʪʚʦ ʿʝʜʥʦʛ ʭʠʩʪʝʨʝʟʠʩʥʦʛ ʢʦʤʧʘʨʘʪʦʨʘ ʧʦ 

ʬʘʟʠ. ɼʦʟʚʦˀʝʥʘ ʛʨʝʰʢʘ ʫ ʧʨʘ˂ʝˁʫ ʪʨʘʿʝʢʪʦʨʠʿʝ ʩʪʨʫʿʝ ʦʜʨʝʹʝʥʘ ʿʝ ʰʠʨʠʥʦʤ ʭʠʩʪʝʨʝʟʠʩʥʦʛ 



126 

 

ʢʦʤʧʘʨʘʪʦʨʘ. ʆʚʘʿ ʢʦʥʮʝʧʪ ʨʝʛʫʣʘʮʠʿʝ ʜʘʿʝ ʚʝʦʤʘ ʙʨʟ ʦʜʟʠʚ ʙʝʟ ʛʨʝʰʢʝ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʠ 

ʥʝʦʩʝʪˀʠʚ ʿʝ ʥʘ ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ ɸʄ. ʅʝʜʦʩʪʘʮʠ ʩʫ ʧʨʦʤʝʥˀʠʚʘ ʫʯʝʩʪʘʥʦʩʪ ʧʨʝʢʠʜʘˁʘ, 

ʥʝʦʜʨʝʹʝʥʘ ʩʥʘʛʘ ʛʫʙʠʪʘʢʘ ʧʦ ʪʨʘʥʟʠʩʪʦʨʫ ʰʪʦ ʦʪʝʞʘʚʘ ʜʠʟʘʿʥ ʭʣʘʜˁʘʢʘ, ʧʨʠʩʫʩʪʚʦ ʚʠʩʦʢʦ-

ʬʨʝʢʚʝʥʪʥʦʛ ʰʫʤʘ, ʫʚʝ˂ʘˁʝ ʙʫʢʝ ʠ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʭ ʩʤʝʪˁʠ, ʠʪʜ. ʍʠʩʪʝʨʝʟʠʩʥʠ ʨʝʛʫʣʘʪʦʨ 

(ʝʥʛʣ. bang-bang) ʿ ʝ ʥʝʣʠʥʝʘʨʘʥ, ʥʝ ʟʘʭʪʝʚʘ ʤʦʜʫʣʘʪʦʨ, ʥʝʤʘ ʢʘʰˁʝˁʝ ʫ ʨʝʘʢʮʠʿʠ ʥʘ ʫʣʘʟʥʫ 

ʥʘʧʦʥʩʢʫ ʨʝʬʝʨʝʥʮʫ ʠ ʦʛʨʘʥʠʯʘʚʘ ʫʧʨʘʚˀʘˁʝ ʥʘ ʰʠʨʠʥʫ ʭʠʩʪʝʨʝʟʠʩʘ [222]. ʂʦʥʩʪʘʥʪʥʘ 

ʫʯʝʩʪʘʥʦʩʪ ʧʨʝʢʠʜʘˁʘ ʩʘ ʤʘʢʩʠʤʘʣʥʠʤ ʧʨʦʧʫʩʥʠʤ ʦʧʩʝʛʦʤ ʩʝ ʧʦʩʪʠʞʝ ʜʠʛʠʪʘʣʥʦ ʥʘ FPGA 

ʧʣʘʪʬʦʨʤʠ, ʿʝʜʥʦʚʨʝʤʝʥʦʤ ʨʝʛʫʣʘʮʠʿʦʤ ʩʪʨʫʿʝ ʠ ʫʯʝʩʪʘʥʦʩʪʠ ʨʘʜʘ ʭʠʩʪʝʨʝʟʠʩʘ [20], [202]. 

ɼʘ ʙʠ ʩʠʩʪʝʤ ʠʤʘʦ ʩʧʦʩʦʙʥʦʩʪ ʜʘ ʧʦʪʠʩʥʝ ʧʦʨʝʤʝ˂ʘʿ, ʧʦʪʨʝʙʥʦ ʿʝ ʜʘ ʫ ʩʚʦʤ ʤʦʜʝʣʫ ʩʘʜʨʞʠ 

ʜʠʥʘʤʠʢʫ ʧʦʨʝʤʝ˂ʘʿʘ (ʝʥʛʣ. Internal model principle ï Wonham 1979. ʛʦʜʠʥʘ). ʇʀ ʨʝʛʫʣʘʪʦʨ 

ʫʥʦʩʠ ʫ ʩʠʩʪʝʤ ʜʠʥʘʤʠʢʫ ʦʙʣʠʢʘ ρὪϳ. ʇʨʠ ʤʘʣʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʬʫʥʢʮʠʿʘ ʢʨʫʞʥʦʛ ʧʦʿʘʯʘˁʘ 

ʩʠʩʪʝʤʘ ὒί ʠʤʘ ʚʝʣʠʢʝ ʚʨʝʜʥʦʩʪʠ, ʘ ʬʫʥʢʮʠʿʘ ʦʩʝʪˀʠʚʦʩʪʠ ʩʠʩʪʝʤʘ ʥʘ ʧʦʨʝʤʝ˂ʘʿʝ 
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ʪʝʞʠ ʥʫʣʠ. ʇʀ ʨʝʛʫʣʘʪʦʨ ʩʤʘˁʫʿʝ ʛʨʝʰʢʫ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʢʦʿʝ ʩʫ ʜʦʩʪʘ 

ʤʘˁʝ ʦʜ ʧʨʝʩʝʯʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʬʫʥʢʮʠʿʝ Ὓί, ʧʨʫʞʘ ʚʝʣʠʢʦ ʩʣʘʙˀʝˁʝ ʟʘ ʥʠʩʢʦ-ʬʨʝʢʚʝʥʪʥʝ 

ʧʦʨʝʤʝ˂ʘʿʝ ʠ ʧʦʪʠʩʢʫʿʝ ʧʦʨʝʤʝ˂ʘʿʝ ʢʦʿʠ ʩʫ ʢʦʥʩʪʘʥʪʥʠ ʫ ʚʨʝʤʝʥʫ (ʝʥʛʣ. constant distrubance 

rejection). ʅʘ ʥʠʞʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʠʥʚʝʨʪʦʚʘʥʘ ʥʫʣʘ ʠʥʪʝʛʨʘʣʠ ʩʠʛʥʘʣ ʛʨʝʰʢʝ ʛʜʝ ʿʝ ʙʨʟʠʥʘ 

ʘʢʫʤʫʣʘʮʠʿʝ ʦʜʨʝʹʝˁʘ ʀ ʜʝʿʩʪʚʦʤ, ʧʨʠ ʯʝʤʫ ʿʝ ʮʝʣʦʤ ʦʧʩʝʛʫ ʫʯʝʩʪʘʥʦʩʪʠ ʬʘʟʥʦ ʢʘʰˁʝˁʝ 

ʢʦʥʩʪʘʥʪʥʦ. ʉʘ ʧʦʨʘʩʪʦʤ ʫʯʝʩʪʘʥʦʩʪʠ ʧʦʨʝʤʝ˂ʘʿʘ, ʥʘʩʪʘʿʝ ʬʘʟʥʠ ʧʦʤʝʨʘʿ ʠ ʜʦʣʘʟʠ ʜʦ ʛʨʝʰʢʝ ʫ 

ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ. ʇʀ ʨʝʛʫʣʘʪʦʨ ʫ ʩʪʘʮʠʦʥʘʨʥʦʤ ʩʠʩʪʝʤʫ ʤʦʞʝ ʜʘ ʧʨʘʪʠ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʫ 

ʨʝʬʝʨʝʥʮʫ ʩʘ ʛʨʝʰʢʦʤ ʩʨʘʟʤʝʨʥʦʤ ʧʨʦʧʫʩʥʦʤ ʦʧʩʝʛʫ ʬʫʥʢʮʠʿʝ ὛÊʇʨʘ˂ʝˁʝ ʙʝʟ ʛʨʝʰʢʝ .‫ 

ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʝ ʩʪʨʫʿʝ ʧʨʦʠʟʚʦˀʥʝ ʫʯʝʩʪʘʥʦʩʪʠ ʟʘʭʪʝʚʘ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʦʜ 10 ʜʦ 20 ʧʫʪʘ 

ʚʝ˂ʠ ʦʜ ʧʦʩʤʘʪʨʘʥʝ ʫʯʝʩʪʘʥʦʩʪʠ [224]. ʋʿʝʜʥʦ, ʨʝʛʫʣʘʪʦʨ ʤʦʨʘ ʜʘ ʦʙʝʟʙʝʜʠ ʜʘ ʿʝ ʧʨʦʧʫʩʥʠ 

ʦʧʩʝʛ ʟʥʘʪʥʦ ʤʘˁʠ ʦʜ ʅʠʢʚʠʩʪʦʚʝ ʫʯʝʩʪʘʥʦʩʪʠ, Ὢ ςϳ, ʠ ʜʘ ʩʫ ʧʦʣʦʚʠ ʬʫʥʢʮʠʿʝ ʩʧʨʝʛʥʫʪʦʛ 

ʧʨʝʥʦʩʘ ʥʘ ʟʥʘʪʥʦ ʤʘˁʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʦʜ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʢʠʜʘˁʘ ʠʥʚʝʨʪʦʨʘ Ὢ  ʜʘ ʙʠ ʩʝ 

ʠʟʙʝʛʣʦ ʧʦʿʘʯʘˁʝ PWM ʭʘʨʤʦʥʠʢʘ ʢʦʿʠ ʫʪʠʯʫ ʥʘ ʨʘʜ PWM ʤʦʜʫʣʘʪʦʨʘ. ʆʙʠʯʥʦ, ʩʠʩʪʝʤ ʫ 

ʦʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ ʪʨʝʙʘ ʜʘ ʟʘʜʦʚʦˀʠ ʫʩʣʦʚ Ὢ ρπϳ Ὢ Ὢ φϳ [20]. ɺʝ˂ʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ 

ʟʘʭʪʝʚʘ ʚʝ˂ʫ ʫʯʝʩʪʘʥʦʩʪ ʧʨʝʢʠʜʘˁʘ, ʦʛʨʘʥʠʯʝʥʫ ʛʫʙʠʮʠʤʘ. ɻʨʝʰʢʘ ʩʝ ʩʤʘˁʫʿʝ ʠ ʜʦʜʘʚʘˁʝʤ 

ʧʨʝʜʠʢʪʠʚʥʦʛ ʜʝʿʩʪʚʘ ʰʪʦ ʩʤʘˁʫʿʝ ʧʦʫʟʜʘʥʦʩʪ ʠ ʫʚʝ˂ʘʚʘ ʩʣʦʞʝʥʦʩʪ ʨʝʰʝˁʘ [223].  

ɿʘʪʦ ʩʝ ʫ ɽʇ ʢʦʨʠʩʪʝ ʇʀ ʨʝʛʫʣʘʪʦʨʠ ʫ ʩʠʥʭʨʦʥʦ-ʦʙʨʪʥʦʤ ʩʠʩʪʝʤʫ. ʇʨʠʤʝʥʦʤ ʂʣʘʨʢʠʥʝ ʠ 

ʇʘʨʢʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʤʝʨʝʥʝ ʚʝʣʠʯʠʥʝ ʩʝ ʩʚʦʜʝ ʥʘ ʜʠʥʘʤʠʢʫ ʿʝʜʥʦʩʤʝʨʥʠʭ, ʛʜʝ ʇʀ 

ʨʝʛʫʣʘʪʦʨ ʧʨʫʞʘ ʨʘʜ ʙʝʟ ʛʨʝʰʢʝ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ, ʠʣʠ ʩʝ ʇʀ ʨʝʛʫʣʘʪʦʨ ʪʨʘʥʩʬʦʨʤʠʰʝ ʠʟ 

ʩʪʘʮʠʦʥʘʨʥʦʛ ʫ ʦʙʨʪʥʠ ʩʠʩʪʝʤ. ʊʘʜʘ, ʇ ʜʝʿʩʪʚʦ ʦʩʪʘʿʝ ʠʥʚʘʨʠʿʘʥʪʥʦ, ʘ ʝʢʚʠʚʘʣʝʥʪ ʀ ʜʝʿʩʪʚʘ ʿʝ 

ʨʝʟʦʥʘʥʪʥʠ ʬʠʣʪʘʨ ʇʆ ʫʯʝʩʪʘʥʦʩʪʠ ʜʨʫʛʦʛ ʨʝʜʘ ʯʠʿʘ ʿʝ ʨʝʟʦʥʘʥʪʥʘ ʫʯʝʩʪʘʥʦʩʪ ʿʝʜʥʘʢʘ 

ʫʯʝʩʪʘʥʦʩʪʠ ʨʦʪʘʮʠʿʝ ʦʙʨʪʥʦʛ ʩʠʩʪʝʤʘ. ʊʨʘʿʘˁʝ ʚʨʝʤʝʥʩʢʦʛ ʦʜʟʠʚʘ, ʩʝʣʝʢʪʠʚʥʦʩʪ ʬʠʣʪʨʘ ʠ 

ʧʨʝʪʝʢ ʬʘʟʝ ʜʝʬʠʥʠʰʝ ʀ ʜʝʿʩʪʚʦ. ʆʜʘʙʠʨʦʤ ʇ ʜʝʿʩʪʚʘ ʙʠʨʘ ʩʝ ʞʝˀʝʥʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʩʠʩʪʝʤʘ, 

ʛʜʝ ʚʘʞʝ ʠʩʪʠ ʫʩʣʦʚʠ ʢʘʦ ʟʘ ʩʪʘʮʠʦʥʘʨʥʠ ʇʀ ʨʝʛʫʣʘʪʦʨ. ʆʚʘ ʩʪʨʫʢʪʫʨʘ ʦʪʢʣʘˁʘ ʧʨʦʙʣʝʤʝ ʢʦʿʝ 

ʧʨʦʫʟʨʦʢʫʿʝ ʥʝʩʠʤʝʪʨʠʯʥʦ ʦʧʪʝʨʝ˂ʝˁʝ, ʘ ʧʦ ʧʦʪʨʝʙʠ ʩʝ ʤʦʞʝ ʥʘʧʨʘʚʠʪʠ ʚʠʰʝ ʨʝʟʦʥʘʥʪʥʠʭ 

ʨʝʛʫʣʘʪʦʨʘ ʫ ʧʘʨʘʣʝʣʠ ʟʘ ʧʦʪʨʝʙʝ ʢʦʤʧʝʥʟʘʮʠʿʝ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ.  

ʂʦʜ ɺʋ, ʙʨʟʠʥʘ ʦʜʟʠʚʘ ʿʝ ʦʛʨʘʥʠʯʝʥʘ ʇʀ ʨʝʛʫʣʘʪʦʨʠʤʘ ʟʘ ʨʝʛʫʣʘʮʠʿʫ ʬʣʫʢʩʘ ʠ ʤʦʤʝʥʪʘ. 

ʇʨʝʜʠʢʪʠʚʥʝ ʩʪʨʫʢʪʫʨʝ ʨʝʛʫʣʘʪʦʨʘ ʧʨʫʞʘʿʫ ʚʝ˂ʠ ʢʚʘʣʠʪʝʪ ʦʜʟʠʚʘ ʧʨʝʜʚʠʹʘˁʝʤ ʧʦʥʘʰʘˁʘ 

ʦʙʿʝʢʪʘ ʫʧʨʘʚˀʘˁʘ ὡ ᾀ ʥʘ ʦʩʥʦʚʫ ʤʘʪʝʤʘʪʠʯʢʠʭ ʤʦʜʝʣʘ ʠ ʦʧʪʠʤʠʟʘʮʠʿʦʤ ʩʪʨʫʢʪʫʨʝ ʠ 

ʧʦʿʘʯʘˁʘ ʨʝʛʫʣʘʪʦʨʘ ʧʨʝʤʘ ʦʙʿʝʢʪʫ ʫʧʨʘʚˀʘˁʘ. ʆʜ ʚʝʣʠʢʝ ʩʫ ʢʦʨʠʩʪʠ ʢʦʜ ʥʝʣʠʥʝʘʨʥʠʭ ʩʠʩʪʝʤʘ. 

ʇʨʝʜʠʢʪʠʚʥʘ ʨʝʛʫʣʘʮʠʿʘ ʥʘ ʦʩʥʦʚʫ ʦʙʿʝʢʪʘ ʫʧʨʘʚˀʘˁʘ ʤʦʞʝ ʙʠʪʠ ʢʦʥʪʠʥʫʘʣʥʘ ʠʣʠ ʜʠʩʢʨʝʪʥʘ. 

ʋ ʜʠʩʢʨʝʪʥʠʤ ʩʠʩʪʝʤʠʤʘ ʩʝ ʢʦʨʠʩʪʠ ʜʠʩʢʨʝʪʥʠ ʧʨʝʜʠʢʪʠʚʥʠ ʨʝʛʫʣʘʪʦʨ (ʝʥʛʣ. Dead-beat) ʢʦʿʠ 

ʧʦʪʠʯʝ ʦʜ ʢʦʥʮʝʧʪʘ ʠʥʚʝʨʟʠʿʝ ʜʠʥʘʤʠʢʝ (ʝʥʛʣ. internal model control ï IMC), ʥʘ ʤʘʪʝʤʘʪʠʯʢʦʤ 
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ʤʦʜʝʣʫ ʦʙʿʝʢʪʘ ʫʧʨʘʚˀʘˁʘ. ɼʠʩʢʨʝʪʥʠ ʨʝʛʫʣʘʪʦʨ ʧʨʫʞʘ ʫʧʨʘʚˀʘʯʢʠ ʩʠʛʥʘʣ ʢʦʿʠ ʧʦʩʪʠʞʝ 

ʧʨʝʜʝʬʠʥʠʩʘʥʫ ʨʝʬʝʨʝʥʮʫ ʫ ʥʘʿʤʘˁʝʤ ʙʨʦʿʫ ʧʝʨʠʦʜʘ ʨʝʛʫʣʘʮʠʿʝ kT, ʛʜʝ ʿʝ k ʙʨʦʿ ʚʝ˂ʠ ʠʣʠ 

ʿʝʜʥʘʢ ʙʨʦʿʫ ʧʦʣʦʚʘ ʦʙʿʝʢʪʘ ʫʧʨʘʚˀʘˁʘ ὡ ᾀ. ʇʦʩʪʦʿʠ ʩʣʠʯʥʦʩʪ ʩʘ ʨʝʛʫʣʘʪʦʨʠʤʘ ʟʘʩʥʦʚʘʥʠʤ 

ʥʘ ʠʥʚʝʨʟʠʿʠ ʜʠʥʘʤʠʢʝ ʢʦʿʠ ʩʝ ʜʠʟʘʿʥʠʨʘʿʫ ʫ ʜʠʩʢʨʝʪʥʦʤ ʜʦʤʝʥʫ, ʧʨʠ ʯʝʤʫ dead-beat ʫʢˀʫʯʫʿʝ 

ʠ ʧʨʝʜʠʢʪʠʚʥʦʩʪ ʟʘʜʘʪʦʛ ʥʘʧʦʥʘ, ʢʘʦ ʰʪʦ ʿʝ ʩʣʫʯʘʿ ʢʦʜ ʤʨʝʞʥʠʭ ʠʥʚʝʨʪʦʨʘ [6], [20]. ɼʠʟʘʿʥ 

ʜʠʩʢʨʝʪʥʦʛ ʨʝʛʫʣʘʪʦʨʘ ʟʘʧʦʯʠˁʝ ʦʜ ʤʦʜʝʣʦʚʘˁʘ ʤʦʜʫʣʘʪʦʨʘ ʠ ʦʙʿʝʢʪʘ ʫʧʨʘʚˀʘˁʘ 

ʨʘʩʧʠʩʠʚʘˁʝʤ ʜʠʬʝʨʝʥʮʥʠʭ ʿʝʜʥʘʯʠʥʘ. ʅʘ ʥʠʚʦʫ ʩʚʘʢʝ ʧʨʝʢʠʜʥʝ ʨʫʪʠʥʝ ʨʘʯʫʥʘ ʩʝ ʫʧʨʘʚˀʘˁʝ 

ʢʦʿʝ ʛʨʝʰʢʫ ʩʚʦʜʠ ʥʘ ʥʫʣʫ ʪʦʢʦʤ kT ʧʝʨʠʦʜʘ. ʇʨʝʜʠʢʮʠʿʘ ʥʘʩʪʘʿʝ ʫ ʚʠʜʫ ʚʨʝʜʥʦʩʪʠ ʩʪʨʫʿʝ ʢʦʿʘ 

ʦʪʢʣʘˁʘ ʧʦʩʪʦʿʝ˂ʫ ʛʨʝʰʢʫ ʥʘ ʢʨʘʿʫ ʥʘʨʝʜʥʝ ʧʝʨʠʦʜʝ. ʉʠʥʪʝʟʘ ʜʠʩʢʨʝʪʥʦʛ ʨʝʛʫʣʘʪʦʨ ʠʤʘ ʟʘ ʮʠˀ 

ʜʘ ʧʨʫʞʠ ʟʘʢʦʥ ʫʧʨʘʚˀʘˁʘ ʢʦʿʠ ʦʙʝʟʙʝʹʫʿʝ ʜʘ ʩʝ ʩʚʠ ʧʦʣʦʚʠ ʩʠʩʪʝʤʘ ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ ʥʘʣʘʟʝ 

ʫ ʢʦʦʨʜʠʥʘʪʥʦʤ ʧʦʯʝʪʢʫ ʠ ʜʘ ʩʝ ʩʠʩʪʝʤ ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʢʘʰˁʝˁʝʤ 

ʿʝʜʠʥʠʯʥʦʛ ʧʦʿʘʯʘˁʘ. ʊʘʜʘ ʩʫ ʬʫʥʢʮʠʿʝ ʧʨʝʥʦʩʘ ʨʝʛʫʣʘʪʦʨʘ ʠ ʩʠʩʪʝʤʘ ʜʘʪʝ ʨʝʜʦʤ  

 

ὅ ᾀ
ρ

ὡ ᾀ

ᾀ

ρ ᾀ
   Ƞ  ὡ ᾀ ᾀ  Ȣ τȢρπ 

 

ʇʨʝʜʠʢʪʠʚʥʠ ʨʝʛʫʣʘʪʦʨ ʥʘʣʘʟʠ ʰʠʨʦʢʫ ʧʨʠʤʝʥʫ ʫ sensorless ɽʇ [225]. ʄʘʥʝ ʨʝʛʫʣʘʪʦʨʘ ʩʫ 

ʚʝ˂ʘ ʦʩʝʪˀʠʚʦʩʪʠ ʥʘ ʧʘʨʘʤʝʪʨʝ ʤʦʜʝʣʘ, hʫʤʦʚʝ ʫ ʤʝʨʝˁʠʤʘ. ʆʚʝ ʤʘʥʝ ʤʦʛʫ ʜʦʚʝʩʪʠ ʜʦ ʩʣʘʙʦ 

ʧʨʠʛʫʰʝʥʠʭ ʧʦʣʦʚʘ ʠ ʫʛʨʦʟʠʪʠ ʩʪʘʙʠʣʥʦʩʪ ʩʠʩʪʝʤʘ. ʋ ʧʦʨʝʹʝˁʫ ʩʘ ʇʀ ʨʝʛʫʣʘʪʦʨʦʤ ʥʝ ʤʦʞʝ 

ʜʘ ʢʦʤʧʝʥʟʫʿʝ ʝʬʝʢʪʝ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ ʠ ʟʘʭʪʝʚʘ ʟʘʩʝʙʥʫ ʢʦʤʧʝʥʟʘʮʠʿʫ. ʋʥʘʧʨʝʹʝˁʝ ʨʦʙʫʩʥʦʩʪʠ 

ʥʘ ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ ʠ ʙʦˀʠ ʜʠʥʘʤʠʯʢʠ ʦʜʟʠʚ ʧʦʩʪʠʞʝ ʩʝ ʤʝʨʝˁʝʤ ʠʣʠ ʦʮʝʥʦʤ ɽʄʉ ʥʘ 

ʦʩʥʦʚʫ ʧʨʝʪʭʦʜʥʠʭ ʦʜʙʠʨʘʢʘ, ʠ ʧʨʠʤʝʥʦʤ ʿʦʰ ʿʝʜʥʦʛ ʨʝʛʫʣʘʪʦʨʘ ʫ ʧʘʨʘʣʝʣʠ. ʀʧʘʢ, ʠ ʫ ʦʜʩʫʩʪʚʫ 

ʜʦʜʘʪʥʦʛ ʨʝʛʫʣʘʪʦʨʘ ʧʨʫʞʘ ʙʦˀʠ ʜʠʥʘʤʠʯʢʠ ʦʜʟʠʚ ʦʜ ʇʀ ʨʝʛʫʣʘʪʦʨʘ [20]. ʂʘʦ ʠ ʇʀ ʨʝʛʫʣʘʪʦʨ, 

ʢʦʨʠʩʪʠ ʩʝ ʠ ʟʘ ʨʝʛʫʣʘʮʠʿʫ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʫ ʩʪʨʫʿʠ. ɼʠʩʢʨʝʪʥʠ ʨʝʛʫʣʘʪʦʨ ʧʨʫʞʘ ʥʫʣʪʫ 

ʛʨʝʰʢʫ ʫʩʪʘˀʝʥʦʛ ʩʪʘˁʘ, ʜʦʙʨʫ ʦʪʧʦʨʥʦʩʪ ʥʘ ʧʨʦʤʝʥʝ ʦʧʪʝʨʝ˂ʝˁʘ, ʚʝʣʠʢʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ, 

ʤʠʥʠʤʘʣʥʦ ʚʨʝʤʝ ʫʩʧʦʥʘ, ʦʜʟʠʚ ʙʝʟ ʧʨʝʩʢʦʢʘ, ʤʘʣʫ ʚʨʝʤʝʥʩʢʫ ʩʣʦʞʝʥʦʩʪ ʘʣʛʦʨʠʪʤʘ, ʤʘʣʫ 

ʚʘʣʦʚʠʪʦʩʪ ʩʪʨʫʿʝ, ʤʦʤʝʥʪʘ ʩʠʣʝ, ʠ ʪʦ ʩʘ ʤʘˁʠʤ ʫʯʝʩʪʘʥʦʩʪʠʤʘ ʧʨʝʢʠʜʘˁʘ.  

ʈʘʟʤʘʪʨʘʥʘ ʩʪʨʫʢʪʫʨʘ sensorless ɽʇ ʟʘʩʥʦʚʘʥʦʛ ʥʘ ʈɾʍ ʩʘ ʠʥʜʠʨʝʢʪʥʠʤ ʚʝʢʪʦʨʩʢʠʤ 

ʫʧʨʘʚˀʘˁʝʤ ʫ ʢʦʦʨʜʠʥʘʪʥʦʤ ʩʠʩʪʝʤʫ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ ʜʘʪʘ ʿʝ ʥʘ ʉʣʠʮʠ 4.2. ɿʘ ʨʝʛʫʣʘʪʦʨ 

ʙʨʟʠʥʝ ʢʦʨʠʩʪʠ ʩʝ ʇʀ ʩʪʨʫʢʪʫʨʘ, ʢʦʿʘ ʠʤʘ ʰʠʨʦʢʫ ʧʨʠʤʝʥʫ ʫ ʧʨʘʩʢʠ ʟʘ ʦʚʝ ʧʦʪʨʝʙʝ [223], [224], 

[227], [228], ʠ ʪʦ ʩʝ ʠʥʢʨʝʤʝʥʪʘʣʥʠ ʇʀ ʨʝʛʫʣʘʪʦʨ ʩʘ ʇ ʜʝʿʩʪʚʦʤ ʧʦʩʪʘʚˀʝʥʠʤ ʫ ʣʦʢʘʣʥʫ ʛʨʘʥʫ. 

ʆʚʘ ʩʪʨʫʢʪʫʨʘ ʦʪʢʣʘˁʘ ʥʫʣʫ ʫ ʙʨʦʿʠʦʮʫ ʬʫʥʢʮʠʿʝ ʩʧʨʝʛʥʫʪʦʛ ʧʨʝʥʦʩʘ ʠ ʦʧʘʩʥʦʩʪ ʦʜ ʥʘʚʠʿʘˁʘ 

ʠʥʪʝʛʨʘʪʦʨʘ ʠ ʫʣʘʩʢʘ ʫ ʥʝʣʠʥʝʘʨʥʠ ʨʝʞʠʤ ʨʘʜʘ ʫʩʣʝʜ ʜʝʣʦʚʘˁʘ ʚʝ˂ʠʭ ʫʧʨʘʚˀʘʯʢʠʭ ʩʠʛʥʘʣʘ 

[56]. ɿʘ ʨʝʛʫʣʘʪʦʨ ʩʪʨʫʿʝ ʢʦʨʠʩʪʠ ʩʝ ʩʪʨʫʢʪʫʨʘ ʟʘʩʥʦʚʘʥʘ ʥʘ ʠʥʚʝʨʟʠʿʠ ʜʠʥʘʤʠʢʝ ʢʦʿʘ ʧʨʫʞʘ 

ʨʘʩʧʨʝʛʥʫʪʦ ʫʧʨʘʚˀʘˁʝ ʬʣʫʢʩʦʤ ʠ ʤʦʤʝʥʪʦʤ ʩʠʣʝ. ʉʘʚʨʰʝʥʠ Dead-Beat ʨʝʛʫʣʘʪʦʨ ʿʝ 

 

 
ʉʣʠʢʘ 4.2. ʉʪʨʫʢʪʫʨʘ sensorless ʩʠʩʪʝʤʘ ʫʧʨʘʚˀʘˁʘ ʧʦ ʩʪʨʫʿʠ ʠ ʙʨʟʠʥʠ ʟʘʩʥʦʚʘʥʦʛ ʥʘ ʈɾʍ. 
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ʥʝʤʦʛʫ˂ʝ ʥʘʧʨʘʚʠʪʠ ʫʩʣʝʜ ʩʠʩʪʝʤʩʢʠʭ ʦʛʨʘʥʠʯʝˁʘ ʘʢʪʫʘʪʦʨʘ ʥʘʧʦʥʘ ʫ ʧʦʛʣʝʜʫ ʤʘʢʩʠʤʘʣʥʝ 

ʜʦʟʚʦˀʝʥʝ ʫʧʨʘʚˀʘʯʢʝ ʚʘʨʠʿʘʙʣʝ. ɿʘʪʦ ʩʝ ʢʦʨʠʩʪʠ ʩʪʨʫʢʪʫʨʘ ʢʦʿʘ ʦʙʝʟʙʝʹʫʿʝ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʫ 

ʧʨʦʤʝʥʫ ʫʧʨʘʚˀʘʯʢʦʛ ʥʘʧʦʥʘ ʠ ʧʨʠʛʫʰʝʥʝ ʧʦʣʦʚʝ ʬʫʥʢʮʠʿʝ ʩʧʨʝʛʥʫʪʦʛ ʧʨʝʥʦʩʘ, ʪʿ. ᾀ ‏  

(ʝʥʛʣ. Dahlin) [6]. ɿʘ ʧʦʪʨʝʙʝ ʨʝʛʫʣʘʮʠʿʝ ʩʪʨʫʿʝ ʤʝʨʝ ʩʝ ʠ ʧʨʝʢʦʤʝʨʥʦ ʦʜʘʙʠʨʘʿʫ ʜʚʝ ʩʪʨʫʿʝ 

ʧʨʝʤʘ ʟʘʢˀʫʯʮʠʤʘ ʠʟ ʜʨʫʛʦʛ ʧʦʛʣʘʚˀʘ. ʊʨʝ˂ʘ ʩʪʨʫʿʘ ʩʝ ʨʘʯʫʥʘ ʠʟ ʜʚʝ ʤʝʨʝʥʝ ʩʪʨʫʿʝ. ʉʪʨʫʿʝ ʫ 

ʢʚʘʜʨʘʪʫʨʠ ʟʘ ʧʦʪʨʝʙʝ ɺʋ ʩʝ ʜʦʙʠʿʘʿʫ ʧʫʪʝʤ ʂʣʘʨʢʠʥʝ ʠ ʇʘʨʢʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ. ʈʝʬʝʨʝʥʮʘ 

ʩʪʨʫʿʝ Ὥ  ʿ ʝ ʨʝʟʫʣʪʘʪ ʨʝʬʝʨʝʥʮʝ ʬʣʫʢʩʘ, ʘ ʨʝʬʝʨʝʥʮʘ Ὥ  ʧʦʩʣʝʜʠʮʘ ʠʟʣʘʟʘ ʨʝʛʫʣʘʪʦʨʘ 

ʙʨʟʠʥʝ. ɽʩʪʠʤʘʪʦʨ ʙʨʟʠʥʝ ʢʦʨʠʩʪʠ ʩʘʤʦ ʿʝʜʥʫ ʦʜ ʤʝʨʝʥʠʭ ʩʪʨʫʿʘ. ʆʮʝˁʝʥʘ ʙʨʟʠʥʘ ʩʝ ʢʦʨʠʩʪʠ 

ʢʘʦ ʩʠʛʥʘʣ ʫ ʧʦʚʨʘʪʥʦʿ ʛʨʘʥʠ ʟʘ ʧʦʪʨʝʙʝ ɺʋ ʠ ʼʝnsorless ʨʝʛʫʣʘʮʠʿʝ ʙʨʟʠʥʝ. ʇʦʟʠʮʠʿʘ ʨʦʪʦʨʩʢʦʛ 

ʬʣʫʢʩʘ ʩʝ ʠʟʨʘʯʫʥʘʚʘ ʩʘʙʠʨʘˁʝʤ ʠʟʣʘʟʘ ʝʩʪʠʤʘʪʦʨʘ ʢʣʠʟʘˁʘ ʠ ʦʮʝˁʝʥʝ ʧʦʟʠʮʠʿʝ ʚʨʘʪʠʣʘ 

ʝʩʪʠʤʘʪʦʨʦʤ ʙʨʟʠʥʝ [195]. ʈʝʟʫʣʪʘʪ ɺʋ, ʫʛʘʦ — , ʢʦʨʠʩʪʠ ʩʝ ʟʘ ʧʦʪʨʝʙʝ ʨʝʛʫʣʘʮʠʿʝ ʩʪʨʫʿʝ, 

ʂʣʘʨʢʠʥʝ ʠ ʇʘʨʢʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ, ʠʥʠʮʠʿʘʣʠʟʘʮʠʿʝ ʌʉʇ, a ʫʯʝʩʪʘʥʦʩʪ ʦʙʨʪʥʦʛ ʩʠʩʪʝʤʘ 

Ὢ  ʠ ʚʨʰʥʘ ʚʨʝʜʥʦʩʪ ʚʝʢʪʦʨʘ ʩʪʨʫʿʝ Ὅ ʟʘ ʘʜʘʧʪʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʝʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ.  

 

4.3 ʉʠʥʪʝʟʘ ʜʠʛʠʪʘʣʥʦʛ ʨʝʛʫʣʘʪʦʨʘ ʩʪʨʫʿʝ 
 

ʉʠʥʪʝʟʘ ʨʝʛʫʣʘʪʦʨʘ ʩʪʨʫʿʝ ʫ z ï ʜʦʤʝʥʫ, ʟʘʩʥʦʚʘʥʦʛ ʥʘ ʠʥʚʝʨʟʠʿʠ ʜʠʥʘʤʠʢʝ ʫ d-q ʩʠʥʭʨʦʥʦ-

ʦʙʨʪʥʦʤ ʩʠʩʪʝʤʫ ʢʦʿʠ ʧʨʫʞʘ ʨʘʩʧʨʝʛʥʫʪʦ ʫʧʨʘʚˀʘˁʝ ʬʣʫʢʩʦʤ ʠ ʤʦʤʝʥʪʦʤ, ʜʘʪʘ ʿʝ ʫ ʥʘʩʪʘʚʢʫ. 

ʉʠʥʪʝʟʘ ʨʝʛʫʣʘʪʦʨʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʤʦʜʝʣʫ ɸʄ ʫ ʧʦʿʘʩʫ ʦʩʥʦʚʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʫ Ŭ ï ɓ ʩʠʩʪʝʤʫ 

(2.36) ï (2.39) ʠ ʫʚʘʞʘʚʘˁʫ ʝʬʝʢʘʪʘ ʜʠʛʠʪʘʣʥʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ (2.9). ʈʝʘʣʠʟʦʚʘʥʘ ʦʨʛʘʥʠʟʘʮʠʿʘ 

ʧʨʝʢʠʜʥʝ ʨʫʪʠʥʝ ʿʝ ʧʨʠʢʘʟʘʥʘ ʥʘ ʉʣʠʮʠ 4.3. ʈʫʪʠʥʘ ʿʝ ʥʘʯʠˁʝʥʘ ʿʝ ʩʘ ʥʘʧʨʝʜʥʦʤ ʦʨʛʘʥʠʟʘʮʠʿʦʤ 

ʠ ʜʚʦʩʪʨʫʢʦʤ ʧʨʦʤʝʥʦʤ ʧʘʩʠʚʥʦʛ ʨʝʛʠʩʪʨʘ ʧʦ ʧʝʨʠʦʜʠ ʧʨʝʢʠʜʘˁʘ ʯʠʤʝ ʩʫ ʩʤʘˁʝʥʘ ʢʘʰˁʝˁʘ 

ʫʩʣʝʜ ʧʨʦʨʘʯʫʥʘ, ʤʦʜʫʣʘʮʠʿʝ ʠ ʧʨʝʢʦʤʝʨʥʦʛ ʦʜʘʙʠʨʘˁʘ, ʢʘʦ ʰʪʦ ʿʝ ʦʙʿʘʰˁʝʥʦ ʫ ʧʦʪʧʦʛʣʘʚˀʫ 

2.1. ʊʘʜʘ ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ ʦʜʘʙʠʨ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʢʠʜʘˁʘ ʟʥʘʪʥʦ ʫʪʠʯʝ ʥʘ ʧʦʥʘʰʘˁʝ ɽʇ. 

ʋʯʝʩʪʘʥʦʩʪ ʧʨʝʢʠʜʘˁʘ ʠʥʚʝʨʪʦʨʘ ʜʝʬʠʥʠʰʝ ʥʘʿʚʠʰʘ ʫʯʝʩʪʘʥʦʩʪ ʨʝʛʫʣʠʩʘʥʦʛ ʩʠʛʥʘʣʘ ʠ 

ʧʦʞʝˀʥʦ ʿʝ ʜʘ ʦʜʥʦʩ ʪʝ ʫʯʝʩʪʘʥʦʩʪʠ ʠ ʫʯʝʩʪʘʥʦʩʪʠ ʧʨʝʢʠʜʘˁʘ ʙʫʜʝ ʰʪʦ ʤʘˁʘ ʢʘʢʦ ʙʠ ʩʝ 

ʩʤʘˁʠʣʘ ʢʘʰˁʝˁʘ ʠ ʦʙʝʟʙʝʜʠʦ ʙʦˀʠ ʜʠʥʘʤʠʯʢʠ ʦʜʟʠʚ. ʇʦ ʧʨʘʚʠʣʫ ʿʝ ʫʯʝʩʪʘʥʦʩʪ ʧʨʝʢʠʜʘˁʘ 

ʦʛʨʘʥʠʯʝʥʘ ʛʫʙʠʮʠʤʘ ʩʥʘʛʝ ʠ/ʠʣʠ ʦʛʨʘʥʠʯʝˁʠʤʘ ʧʨʦʮʝʩʦʨʘ ʫ ʚʠʜʫ ʙʨʟʠʥʝ ʩʠʩʪʝʤʩʢʦʛ ʩʘʪʘ. ʀʟ 

ʧʨʘʢʪʠʯʥʠʭ ʨʘʟʣʦʛʘ ʦʨʛʘʥʠʟʘʮʠʿʝ ʨʫʪʠʥʝ ʦʜʘʙʨʘʥʘ ʿ ʝ ʫʯʝʩʪʘʥʦʩʪ ʦʜ Ὢ  12,5 kHz. 

ʋʯʝʩʪʘʥʦʩʪ ʠʟʚʨʰʘʚʘˁʘ ʨʝʛʫʣʘʮʠʿʝ ʿ ʝ Ὢ  25 kHz, ʟʙʦʛ ʜʚʦʩʪʨʫʢʝ ʘʜʘʧʪʘʮʠʿʝ ʨʝʛʠʩʪʘʨʘ ʟʘ 

ʫʧʨʘʚˀʘˁʝ, ʜʦʢ ʿʝ ʧʨʝʤʘ ʧʦʪʧʦʛʣʘʚˀʫ 3.5. ʫʯʝʩʪʘʥʦʩʪʠ ʠʟʚʨʰʘʚʘˁʘ ʘʣʛʦʨʠʪʤʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ 

Ὢ  50 kHz. ʆʜʘʙʨʘʥʘ ʿʝ ʙʨʟʠʥʘ ʩʠʩʪʝʤʩʢʦʛ ʩʘʪʘ ɼʉʇ ʦʜ Ὢ  100 MHz, ʢʦʿʫ ʧʨʫʞʘ ʥʘʿʚʝ˂ʠ 

ʙʨʦʿ ʤʦʜʝʨʥʠʭ ɼʉʇ ʜʦʩʪʫʧʥʠʭ ʥʘ ʪʨʞʠʰʪʫ. ʉʣʘʙˀʝˁʝ PWM ʭʘʨʤʦʥʠʢʘ ʟʘ ʧʦʪʨʝʙʝ ʨʝʛʫʣʘʮʠʿʝ 

ʩʪʨʫʿʝ ʿʝ ʠʟʚʨʰʥʦ ʧʨʠʤʝʥʦʤ ʧʨʝʢʦʤʝʨʥʦʛ ʦʜʘʙʠʨʘˁʘ ʩʘ 32 ʦʜʙʠʨʢʘ ʧʦ ʧʝʨʠʦʜʠ ʧʨʝʢʠʜʘˁʘ, ʩʘ 

ʫʯʝʩʪʘʥʦʰ˂ʫ ʦʜʘʙʠʨʘˁʘ ʤʝʨʝʥʠʭ ʩʪʨʫʿʘ ʦʜ Ὢ  400 kHz. ʇʨʠʤʝʥʘ ʧʨʝʢʦʤʝʨʥʦʛ ʦʜʘʙʠʨʘˁʘ 

ʥʝ ʫʪʠʯʝ ʥʘ ʨʘʜ ʝʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ, ʢʘʢʦ ʩʫ ʈɾʍ ʜʘʣʝʢʦ ʦʜ PWM ʭʘʨʤʦʥʠʢʘ ʫ ʩʧʝʢʪʨʫ ʩʪʨʫʿʝ.  

ʈʫʪʠʥʘ ʿʝ ʧʦʜʝʰʝʥʘ ʫ ʧʨʦʛʨʘʤʩʢʦʤ ʿʝʟʠʢʫ ʉ ʫ ʠʥʪʝʛʨʠʩʘʥʦʤ ʦʢʨʫʞʝˁʫ ʟʘ ʨʘʟʚʦʿ, ʢʦʤʧʘʿʣʠʨʘˁʝ 

ʠ ʠʩʧʠʪʠʚʘˁʝ ʩʦʬʪʚʝʨʘ Code Composer Studio. ʂʦʨʠʩʪʠ ʩʝ ʪʨʦʫʛʘʦʥʠ PWM ʥʦʩʠʣʘʮ 

ʫʯʝʩʪʘʥʦʩʪʠ 12,5 kHz, ʧʦʜʝʰʝʥ ʧʫʪʝʤ ʚʨʝʤʝʥʩʢʠʭ ʙʨʦʿʘʯʘ ʫ ʝPWM ʧʝʨʠʬʝʨʠʿʠ. ʋ ʩʚʘʢʦʿ ʥʫʣʠ 

ʠ ʤʘʢʩʠʤʫʤʫ ʥʦʩʠʦʮʘ ʥʘʩʪʘʿʝ ʧʨʦʤʝʥʝ ʩʪʘˁʘ ʫ ʨʝʛʠʩʪʨʠʤʘ ʟʘ ʘʢʫʤʫʣʘʮʠʿʫ ʨʝʟʫʣʪʘʪʘ ʘʣʛʦʨʠʪʤʘ 

ʫʧʨʘʚˀʘˁʘ. ʉʘ PWM ʥʦʩʠʦʮʝʤ ʟʘ ʧʦʪʨʝʙʝ ʜʠʛʠʪʘʣʥʝ ʤʦʜʫʣʘʮʠʿʝ ʩʠʥʭʨʦʥʠʟʦʚʘʥ ʿʝ ʥʦʩʠʣʘʮ ʟʘ 

ʧʦʪʨʝʙʝ ʨʘʜʘ ɸɼ ʢʦʥʚʝʨʪʦʨʘ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠ ʦʜ 400 kHz. ʇʨʠ ʩʚʘʢʦʤ ʧʨʦʣʘʩʢʫ ʢʨʦʟ ʥʫʣʫ ʦʚʦʛ 

ʥʦʩʠʦʮʘ, ʩʠʛʥʘʣʠʟʠʨʘ ʩʝ ʧʦʯʝʪʘʢ ʢʦʥʚʝʨʟʠʿʝ ɸɼ ʢʦʥʚʝʨʪʦʨʫ (ʝʥʛʣ. Start of Conversion - SOC) ʠ 

ʠʟʚʨʰʘʚʘ ʩʝ ʩʫʢʮʝʩʠʚʥʘ ɸɼ ʢʦʥʚʝʨʟʠʿʘ ʩʠʛʥʘʣʘ ʧʨʠʢʫʧˀʝʥʠʭ ʩʘ ʩʪʨʫʿʥʠʭ ʜʘʚʘʯʘ ʟʘ ʤʝʨʝˁʝ ʜʚʝ 

ʬʘʟʥʝ ʩʪʨʫʿʝ. ʅʘ ʢʨʘʿʫ ʢʦʥʚʝʨʟʠʿʝ ʥʘʩʪʘʿʝ ʧʨʝʢʠʜ (ʝʥʛʣ. End of Conversion - EOC) ʢʦʿʠ ʧʦʢʨʝ˂ʝ 

ʨʘʜ DMA ʧʝʨʠʬʝʨʠʿʝ. ʇʨʝʤʘ ʧʦʪʧʦʛʣʘʚˀʫ 2.1. ʧʨʦʮʝʩ ʢʦʥʚʝʨʟʠʿʝ ʪʨʘʿʝ 1,54 ɛs ʩʘ 16-ʙʠʪʥʦʤ, ʘ 

0,77 ɛs ʩʘ 12-ʙʠʪʥʦʤ ʨʝʟʦʣʫʮʠʿʦʤ, ʉʣʠʢʘ 4.4. ɱʝʜʘʥ ʪʨʘʥʩʬʝʨ ʧʦʜʘʪʘʢʘ ʢʨʦʟ DMA ʦʙʫʭʚʘʪʘ 

ʧʦʚʦʨʢʫ ʦʜ 8 ʦʜʙʠʨʘʢʘ (ʝʥʛʣ. Burst), ʉʣʠʢʘ 4.3. ʈʝʜʦʩʣʝʜ ʜʦʛʘʹʘʿʘ ʠ ʧʦʟʠʚʘˁʘ ʧʨʠ ʧʨʝʥʦʩʫ 

ʧʦʩʣʝʜˁʝʛ ʦʜʙʠʨʢʘ ʦʜ 8 ʫʢʫʧʥʦ ʫ ʿʝʜʥʦʤ ʪʨʘʥʩʬʝʨʫ ʿʝ ʜʘʪ ʥʘ ʉʣʠʮʠ 4.4. ʇʨʝʛʣʝʜ ʙʠʪʥʠʭ 

ʩʠʩʪʝʤʩʢʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʜʘʪ ʿʝ ʫ ʊʘʙʝʣʠ 4.1. 
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ʉʣʠʢʘ 4.3 ʆʨʛʘʥʠʟʘʮʠʿʘ ʧʨʝʢʠʜʥʝ ʨʫʪʠʥʝ. 

 

ʊʘʙʝʣʘ 4.1. ʋʯʝʩʪʘʥʦʩʪʠ ʨʘʜʘ ʤʦʜʫʣʘ ʫ ʧʨʝʢʠʜʥʦʿ ʨʫʪʠʥʠ. 

ʇʘʨʘʤʝʪʘʨ ʩʠʩʪʝʤʘ ʉʠʤʙʦʣ ɺʨʝʜʥʦʩʪ 

ʋʯʝʩʪʘʥʦʩʪ ʩʠʩʪʝʤʩʢʦʛ ʩʘʪʘ ɼʉʇ Ὢ  100 MHz 

ʋʯʝʩʪʘʥʦʩʪ ʦʜʘʙʠʨʘˁʘ Ὢ  400 kHz 

ʋʯʝʩʪʘʥʦʩʪ ʨʘʜʘ ʝʩʪʠʤʘʪʦʨʘ ʈɾʍ Ὢ  50 kHz 

ʋʯʝʩʪʘʥʦʩʪ ʠʟʚʨʰʘʚʘˁʘ ʨʝʛʫʣʘʮʠʿʝ Ὢ  25 kHz 

ʋʯʝʩʪʘʥʦʩʪ ʧʨʝʢʠʜʘˁʘ Ὢ  12,5 kHz 

 

ʇʦ ʟʘʚʨʰʝʥʦʤ ʪʨʘʥʩʬʝʨʫ, DMA  ʧʦʢʨʝ˂ʝ ʠʟʚʨʰʘʚʘˁʝ ʘʣʛʦʨʠʪʤʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ. ʇʨʠ 

ʩʚʘʢʦʤ ʜʨʫʛʦʤ ʠʟʚʨʰʘʚʘˁʫ ʘʣʛʦʨʠʪʤʘ ʦʮʝʥʝ ʠʟʚʨʰʘʚʘ ʩʝ ʠ ʘʣʛʦʨʠʪʘʤ ʨʝʛʫʣʘʮʠʿʝ ʢʦʿʠ ʢʦʨʠʩʪʠ 

ʫʩʨʝʜˁʝʥʫ ʚʨʝʜʥʦʩʪ ʩʪʨʫʿʝ ʥʘ ʥʠʚʦʫ ʧʦʩʣʝʜˁʝ 4 ʧʝʨʠʦʜʝ ʨʘʜʘ ʝʩʪʠʤʘʪʦʨʘ. ɽʩʪʠʤʘʪʦʨ ʙʨʟʠʥʝ 

ʥʝ ʢʦʨʠʩʪʠ ʫʩʨʝʜˁʝʥʫ ʚʨʝʜʥʦʩʪ ʩʪʨʫʿʝ ʟʘ ʧʦʪʨʝʙʝ ʦʮʝʥʝ ʙʨʟʠʥʝ. ʋʢʫʧʥʦ ʢʘʰˁʝˁʝ ʦʜ ʪʨʝʥʫʪʢʘ 

ʧʦʢʨʝʪʘˁʘ ɸɼ ʢʦʥʚʝʨʪʦʨʘ, ʜʦ ʪʨʝʥʫʪʢʘ ʢʘʜʘ ʿʝ ʨʝʟʫʣʪʘʪ ʢʦʥʚʝʨʟʠʿʝ ʩʧʨʝʤʘʥ ʜʘ ʩʝ ʠʟ ʨʝʛʠʩʪʘʨʘ  

 

 
                                              ʘ)                                                                            ʙ) 

ʉʣʠʢʘ 4.4. ʈʝʜʦʩʣʝʜ ʧʨʝʢʠʜʘ ʧʨʠ ʧʦʩʣʝʜˁʝʤ ʦʜʙʠʨʢʫ ʫ DMA ʪʨʘʥʩʬʝʨʫ ʩʘ: ʘ) 12 ʙʠʪʘ; ʙ) 16 ʙʠʪʘ. 
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DMA ʧʝʨʠʬʝʨʠʿʝ ʠʩʢʦʨʠʩʪʠ ʟʘ ʧʦʪʨʝʙʝ ʨʘʜʘ ʘʣʛʦʨʠʪʤʘ ʠʟʥʦʩʠ 1,7 ɛs ʠʣʠ 0,9 ɛs ʢʘʜʘ ɸɼ 

ʢʦʥʚʝʨʪʦʨ ʢʦʨʠʩʪʠ 16 ʠʣʠ 12 ʙʠʪʘ ʟʘ ʧʦʪʨʝʙʝ ʢʦʥʚʝʨʟʠʿʝ, ʨʝʩʧʝʢʪʠʚʥʦ. ɸɼ ʢʦʥʚʝʨʪʦʨ ʿʝ 

ʧʦʜʝʰʝʥ ʟʘ ʨʘʜ ʩʘ 16-ʙʠʪʘ ʜʘ ʙʠ ʩʝ ʧʨʫʞʠʣʘ ʙʦˀʘ ʧʨʝʜʩʪʘʚʘ ʈɾʍ. ɼʘʢʣʝ, ʜʦʟʚʦˀʝʥʦ ʚʨʝʤʝ ʟʘ 

ʠʟʚʨʰʘʚʘˁʝ ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʠ ʨʝʛʫʣʘʮʠʿʝ ʿʝ ʧʨʠʙʣʠʞʥʦ 18,3 ɛs.  ʇʨʝʢʦʤʝʨʥʦ 

ʦʜʘʙʠʨʘˁʝ ʩʘ 32 ʦʜʙʠʨʢʘ ʧʦ ʧʝʨʠʦʜʠ ʧʨʝʢʠʜʘˁʘ ʫʥʦʩʠ ʩʨʝʜˁʝ ʢʘʰˁʝˁʝ ʦʜ ̨‏ ˱ Ὕ ςϳ, ʘ 
ʫʩʨʝʜˁʝʥʘ ʚʨʝʜʥʦʩʪ ʩʝ ʧʨʦʩʣʝʹʫʿʝ ʘʣʛʦʨʠʪʤʫ ʟʘ ʨʝʛʫʣʘʮʠʿʫ ʫ ʧʘʨʥʠʤ ʯʝʪʚʨʪʠʥʘʤʘ ʧʝʨʠʦʜʝ 

Ὕ , ʢʘʦ ʥʘ ʉʣʠʮʠ 4.3. ʆʚʦ ʟʥʘʯʠ ʜʘ ʧʦʩʪʦʿʠ ʠʥʭʝʨʝʥʪʥʦ ʢʘʰˁʝˁʝ ʦʜ ̱‏ Ὕ τϳ, ʦʜ 
ʦʜʘʙʠʨʘˁʘ ʧʦʩʣʝʜˁʝʛ ʦʜʙʠʨʢʘ ʫ ʪʨʘʥʩʬʝʨʫ ʜʦ ʪʨʝʥʫʪʢʘ ʧʨʠʤʝʥʝ ʥʦʚʝ ʚʨʝʜʥʦʩʪʠ ʠʥʜʝʢʩʘ 

ʤʦʜʫʣʘʮʠʿʝ. ʂʘʰˁʝˁʝ ʫʩʣʝʜ ɼɸ ʢʦʥʚʝʨʟʠʿʝ ʿʝ ‏ Ὕ τϳ ʧʨʝʤʘ (2.10). ʋʢʫʧʥʦ ʢʘʰˁʝˁʝ 

ʫʩʣʝʜ ʜʠʛʠʪʘʣʥʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʠʟʥʦʩʠ 
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ʋ ʥʘʩʪʘʚʢʫ ʿʝ ʜʘʪʘ ʩʠʥʪʝʟʘ ʨʝʛʫʣʘʪʦʨʘ ʩʪʨʫʿʝ ʫ ʮʠʫˀ ʨʘʟʤʘʪʨʘˁʘ ʫʪʠʮʘʿʘ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ 

ʧʦ ʩʪʨʫʿʠ ʥʘ ʨʘʜ ʝʩʪʠʤʘʪʦʨʘ ʙʨʟʠʥʝ ʠ sensorless ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʙʨʟʠʥʠ. ɼʝʪʘˀʥʠʿʝ 

ʠʩʧʠʪʠʚʘˁʝ ʨʝʛʫʣʘʪʦʨʘ ʩʪʨʫʿʝ ʿʝ ʠʟʦʩʪʘʚˀʝʥʦ ʢʘʢʦ ʿʝ ʘʥʘʣʠʟʘ ʩʧʨʦʚʝʜʝʥʘ ʫ [196], [240]. ɼʘ ʙʠ 

ʩʝ ʬʦʨʤʠʨʘʣʘ ʩʪʨʫʢʪʫʨʘ ʜʠʩʢʨʝʪʥʦʛ ʨʝʛʫʣʘʪʦʨʘ, ʧʦʪʨʝʙʥʦ ʿ ʝ ʠʟʚʝʩʪʠ ʠʤʧʫʣʩʥʫ ʬʫʥʢʮʠʿʫ 

ʧʨʝʥʦʩʘ ɸʄ ʧʦʣʘʟʝ˂ʠ ʦʜ (2.36) ï (2.39) ʠ ʉʣʠʢʝ 4.3. ʈʝʰʘʚʘˁʝʤ ʜʠʬʝʨʝʥʮʠʿʘʣʥʝ ʿʝʜʥʘʯʠʥʝ 

(2.36), ʠ ʧʨʝʣʘʩʢʦʤ ʫ ʜʠʩʢʨʝʪʥʠ ʜʦʤʝʥ, ʜʦʙʠʿʘ ʩʝ ʿʝʜʥʘʯʠʥʘ  

 

Ὥ ὭὩ
 ό Ὡ 

Ὑ
ρ  Ὡ

 
ὫὭ Ὣ ό Ὡ  ȟ τȢρς 

 

ʛʜʝ je Ὥ Ὥ ÊὭ ʦʜʙʠʨʘʢ ʩʪʨʫʿʝ, ό ʥʘʧʦʥ ʫʧʨʘʚˀʘˁʘ ʠ Ὡ ʥʘʧʦʥ ɽʄʉ ʫ ʪʨʝʥʫʪʢʫ ὲὝ. 

ʇʘʨʘʤʝʪʨʠ Ὣ ʠ Ὣ ʦʧʠʩʫʿʫ ʜʠʥʘʤʠʢʫ ʧʨʦʤʝʥʝ ʫʟʣʘʟʥʝ ʠ ʩʠʣʘʟʥʝ ʠʚʠʮʝ ʩʪʨʫʿʝ ʪʦʢʦʤ ʧʝʨʠʦʜʝ 

ʨʝʛʫʣʘʮʠʿʝ Ὕ  ʠ ʟʘʚʠʩʝ ʦʜ ʧʘʨʘʤʝʪʘʨʘ ʤʦʜʝʣʘ ɸʄ, ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʨʘʩʠʧʘˁʘ ὒ , ʦʪʧʦʨʥʦʩʪʠ 

ʩʪʘʪʦʨʘ Ὑ. ɽʄʉ ʿʝ ʩʧʦʨʦʧʨʦʤʝʥˀʠʚʘ, ʫ ʬʫʥʢʮʠʿʠ ʙʨʟʠʥʝ ʠ ʬʣʫʢʩʘ, ʧʘ ʩʝ ʥʘ ʥʠʚʦʫ ʧʝʨʠʦʜʝ 

Ὕ  ʧʦʩʤʘʪʨʘ ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ. ʋʛʘʦʥʘ ʫʯʝʩʪʘʥʦʩʪ ʿ ‫ ʝ ʨʝʟʫʣʪʘʪ ɺʋ, ʬʫʥʢʮʠʿʘ ʧʦʟʠʮʠʿʝ 

ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ, ʠ ʤʝˁʘ ʩʝ ʫ ʩʫʢʮʝʩʠʚʥʠʤ ʧʝʨʠʦʜʘʤʘ ʨʝʛʫʣʘʮʠʿʝ. ʇʦʣʘʟʝ˂ʠ ʦʜ (4.12) ʠ 

ʧʨʝʣʘʩʢʦʤ ʫ ʩʠʥʭʨʦʥʦ-ʦʙʨʪʥʠ ʢʦʦʨʜʠʥʘʪʥʠ ʩʠʩʪʝʤ ʫʛʘʦʥʝ ʙʨʟʠʥʝ — ,‫ — ‫Ὕ , 

ʨʘʟʤʘʪʨʘˁʝʤ ʦʜʟʠʚʘ ʩʪʨʫʿʝ ʥʘ ʥʠʚʦʫ ʿʝʜʥʝ ʧʝʨʠʦʜʝ Ὕ  ʜʦʙʠʿʘ ʩʝ 

 

Ὥ  Ὡ Ὣ Ὥ Ὣ ό  Ὡ Ὡ Ȣ τȢρσ 

 

ʇʨʝʣʘʩʢʦʤ ʫ z ʜʦʤʝʥ, ʜʦʙʠʿʘ ʩʝ ʠʟʨʘʟ ʟʘ ʩʪʨʫʿʫ ʫ ʬʫʥʢʮʠʿʠ ʧʨʠʤʝˁʝʥʦʛ ʥʘʧʦʥʘ ʠ ɽʄʉ,  

 

Ὥ ᾀ
Ὣ  όᶻ ᾀ

ᾀ Ὡ Ὣ 
  
Ὣ Ὡ Ὡ ᾀ

ᾀ Ὡ Ὣ 
ὡ ᾀόᶻ ᾀ ὡ ᾀὩ ᾀȟ τȢρτ 

 

ʛʜʝ ʿʝ ʦʜʟʠʚ ʦʙʿʝʢʪʘ ʫʧʨʘʚˀʘˁʘ ʥʘ ʜʝʿʩʪʚʦ ʨʝʬʝʨʝʥʮʝ ʦʧʠʩʘʥ ʬʫʥʢʮʠʿʦʤ ὡ ᾀ ʫʟ ʥʘʧʦʥ 
όᶻ ᾀ ό ᾀ Êό ᾀ, ʘ ʥʘ ʜʝʿʩʪʚʦ ʧʦʨʝʤʝ˂ʘʿʘ ʫ ʚʠʜʫ ɽʄʉ ʬʫʥʢʮʠʿʦʤ ὡ ᾀ ʫʟ ʥʘʧʦʥ 

Ὡ ᾀ Ὡ ᾀ ÊὩ ᾀ. ʌʫʥʢʮʠʿʘ ʧʨʝʥʦʩʘ ὡ ᾀ ʦʜʛʦʚʘʨʘ ʬʫʥʢʮʠʿʠ ʧʨʝʥʦʩʘ ʢʦʿʘ ʚʘʞʠ ʟʘ 

ʥʘʧʦʥʝ ʢʦʿʠ ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʤʨʪʚʦʛ ʚʨʝʤʝʥʘ. ʌʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʦʚʝ ʬʫʥʢʮʠʿʝ ʿʝ ʟʘʨʘʚˁʝʥ ʜʦ 

ʅʠʢʚʠʩʪʦʚʝ ʫʯʝʩʪʘʥʦʩʪʠ, ʦʜʥʦʩʥʦ ʥʝ ʫʥʦʩʠ ʩʣʘʙˀʝˁʝ ʥʘ ʥʝʞʝˀʝʥʠʤ ʢʦʤʧʦʥʝʥʪʘʤʘ ʫ ʩʧʝʢʪʨʫ. 
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ʇʨʦʤʝʥˀʠʚʝ ʩʪʘˁʘ ʠ ʫʧʨʘʚˀʘʯʢʝ ʧʨʦʤʝʥˀʠʚʝ ʩʫ ʢʦʤʧʣʝʢʩʥʠ ʚʝʢʪʦʨʠ ʧʨʝʤʘ ʧʦʪʧʦʛʣʘʚˀʫ 2.2. 

ʀʤʘʛʠʥʘʨʥʘ ʿʝʜʠʥʠʮʘ ʦʟʥʘʯʘʚʘ ʩʧʨʝʛʫ ʠʟʤʝʹʫ ʦʩʘ d ʠ q, ʦʜʥʦʩʥʦ, ʩʚʘʢʘ ʦʜ ʩʪʨʫʿʘ ʫ ʢʚʘʜʨʘʪʫʨʠ 

ʿʝ ʦʜʨʝʹʝʥʘ ʩʘ ʦʙʘ ʥʘʧʦʥʘ Ὥ Ὢόᶻȟόᶻ, Ὥ Ὢόᶻȟόᶻ. ʄʦʞʝ ʩʝ ʧʦʢʘʟʘʪʠ ʜʘ ʧʨʝʢʠʜʥʘ ʨʫʪʠʥʘ 

ʙʝʟ ʥʘʧʨʝʜʥʝ ʦʨʛʘʥʠʟʘʮʠʿʝ ʠ ʩʘ ʿʝʜʥʠʤ ʘʜʘʧʪʠʨʘˁʝʤ ʨʝʛʠʩʪʘʨʘ ʟʘ ʫʧʨʘʚˀʘˁʝ ʧʦ ʧʝʨʠʦʜʠ 

ʧʨʝʢʠʜʘˁʘ ʨʝʟʫʣʪʫʿʝ ʠʤʧʫʣʩʥʦʤ ʬʫʥʢʮʠʿʦʤ ʧʨʝʥʦʩʘ  

 

Ὥ ᾀ
Ὣ όᶻ ᾀ

ᾀ Ὡ  ᾀ Ὡ Ὣ

ὫὩ  Ὡ ᾀ

Ὣ ᾀ Ὡ Ὣ
 ȟ τȢρυ 

 

ʛʜʝ ʩʝ ʿʘʩʥʦ ʤʦʞʝ ʫʦʯʠʪʠ ʫʚʝ˂ʘˁʝ ʢʘʰˁʝˁʘ ʠ ʥʠʞʝ ʧʝʨʬʦʨʤʘʥʩʝ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ. ʇʦʣʘʟʝ˂ʠ 

ʦʜ (4.14) ʠ ʧʨʠʤʝʥʦʤ ʠʥʚʝʨʟʠʿʝ ʜʠʥʘʤʠʢʝ, ʩʪʨʫʢʪʫʨʘ ʜʠʩʢʨʝʪʥʦʛ ʨʝʛʫʣʘʪʦʨʘ ʿʝ  

 

ὡ ᾀ
‌

ρ ᾀ
ὡ ᾀ

ρ

ᾀ

 ‌

Ὣ
Ͻ
ᾀὩ  Ὣ

ᾀ  ρ
 ȟ τȢρφ 

 

ʛʜʝ ʩʝ ʧʦʿʘʯʘˁʝʤ ʠʥʪʝʛʨʘʪʦʨʘ ‌  ʧʦʩʪʠʞʝ ʞʝˀʝʥʠ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʩʠʩʪʝʤʘ. ʋʚʝʜʝʥʘ 

ʜʦʜʘʪʥʘ ʢʘʰˁʝˁʘ ʧʦʥʠʰʪʘʚʘʿʫ ʧʨʝʜʠʢʪʠʚʥʫ ʧʦʟʘʜʠʥʫ ʫʧʨʘʚˀʘˁʘ ʯʠʤʝ ʩʝ ʧʦʩʪʠʞʝ ʢʘʫʟʘʣʥʦʩʪ. 

ʀʤʘʛʠʥʘʨʥʝ ʢʦʤʧʦʥʝʥʪʝ ʫ ʩʪʨʫʢʪʫʨʠ ʨʝʛʫʣʘʪʦʨʘ ʧʨʫʞʘʿʫ ʨʘʩʧʨʝʛʥʫʪʦ ʫʧʨʘʚˀʘˁʝ ʧʦ ʩʪʨʫʿʘʤʘ 

ʫ ʢʚʘʜʨʘʪʫʨʠ, ʪʿ. ʧʦ ʬʣʫʢʩʫ ʠ ʤʦʤʝʥʪʫ ʩʠʣʝ. ɸʢʦ ʿʝ ʠʥʢʨʝʤʝʥʪ ʫʛʣʘ ʚʝʢʪʦʨʩʢʦʛ ʫʧʨʘʚˀʘˁʘ ʜʘʪ 

ʢʘʦ ῳ— ‫Ὕ , ʪʘʜʘ ʩʝ ʥʘʧʦʥʩʢʠ ʩʠʛʥʘʣʠ ʟʘ ʫʧʨʘʚˀʘˁʝ ʦʜʨʝʹʫʿʫ ʧʫʪʝʤ ʠʟʨʘʟʘ 

 

όᶻρ ᾀ
‌

Ὣ ῳὭÃÏÓῳ— ὫῳὭᾀ ῳὭÓÉÎῳ—  ȟ τȢρχ 

όᶻρ ᾀ
‌

Ὣ ῳὭÓÉÎῳ— ὫῳὭᾀ ῳὭÃÏÓῳ—  Ȣ τȢρψ 

 

ɸʢʦ ʩʝ ʟʘʥʝʤʘʨʠ ʧʦʩʪʦʿʘˁʝ ʘʥʘʣʦʛʥʦʛ ʢʦʣʘ ʟʘ ʤʝʨʝˁʝ ʩʪʨʫʿʝ, ʤʦʜʝʣ ʧʦʚʨʘʪʥʝ ʛʨʘʥʝ ʯʠʥʠ 

ʤʦʜʝʣ ʧʨʝʢʦʤʝʨʥʦʛ ʦʜʘʙʠʨʘˁʘ. ʇʦʚʨʘʪʥʠ ʩʠʛʥʘʣ ʩʪʨʫʿʝ Ὥ  ʩʝ ʢʦʨʠʩʪʠ ʫ ʪʨʝʥʫʪʢʫ  ὲ ρὝ  

ʠ ʧʨʝʜʩʪʘʚˀʘ ʩʨʝʜˁʫ ʚʨʝʜʥʦʩʪ ʧʦʚʨʘʪʥʠʭ ʩʠʛʥʘʣʘ ʪʦʢʦʤ ʧʦʩʣʝʜˁʝʛ PWM ʧʝʨʠʦʜʘ. ʇʨʝʤʘ (2.3), 

ʦʚʘ ʘʢʮʠʿʘ ʩʝ ʤʦʜʝʣʫʿʝ ʢʘʦ FIR ʬʠʣʪʘʨ ʪʝʦʨʠʿʩʢʠ ʙʝʩʢʦʥʘʯʥʦʛ ʩʣʘʙˀʝˁʘ ʥʘ ʫʯʝʩʪʘʥʦʩʪʠʤʘ 

ὲὪ , ʜʦʢ ʿʝ ʟʙʦʛ ʢʦʥʘʯʥʝ ʜʫʞʠʥʝ ʜʠʛʠʪʘʣʥʝ ʨʝʯʠ ʩʣʘʙˀʝˁʝ ʫ ʧʨʘʢʩʠ ʦʛʨʘʥʠʯʝʥʦ ʥʘ -90dB. 

ʌʠʣʪʘʨ (2.3) ʟʘʭʪʝʚʘ ʜʠʟʘʿʥ ʨʝʛʫʣʘʪʦʨʘ ʩʘ ʜʚʘ ʚʨʝʤʝʥʘ ʦʜʘʙʠʨʘˁʘ, ʫʧʦʪʨʝʙʦʤ ʤʦʜʠʬʠʢʦʚʘʥʝ z 

ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ. ʀʧʘʢ, ʘʢʦ ʩʝ ʧʨʝʪʧʦʩʪʘʚʠ ʜʘ ʿʝ ʧʨʦʤʝʥʘ ʩʪʨʫʿʝ ʣʠʥʝʘʨʥʘ ʪʦʢʦʤ ʩʚʘʢʦʛ ʧʝʨʠʦʜʘ 

Ὕ , ʧʦʚʨʘʪʥʘ ʩʪʨʫʿʘ ʩʝ ʤʦʞʝ ʠʟʨʘʯʫʥʘʪʠ ʠʟ ʪʨʝʥʫʪʥʠʭ ʚʨʝʜʥʦʩʪʠ ʩʪʨʫʿʘ ʫ ʪʨʝʥʫʮʠʤʘ 

ʦʜʘʙʠʨʘˁʘ ʫ ʜʚʘ ʩʫʩʝʜʥʘ ʧʝʨʠʦʜʘ [6]. ʆʚʦ ʩʝ ʫ z ʜʦʤʝʥʫ ʤʦʞʝ ʠʟʨʘʟʠʪʠ ʬʫʥʢʮʠʿʦʤ ʧʨʝʥʦʩʘ  

 

ὡ ᾀ
Ὥ ᾀ

Ὥᾀ

ᾀ ςᾀ ρ

τ

ᾀ ςᾀ ρ

τᾀ
Ȣ τȢρω 

 

ʌʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚʠ ʬʫʥʢʮʠʿʘ ὡ ᾀ ʠ ὡ ᾀ ʩʝ ʧʦʢʣʘʧʘʿʫ ʫ ʜʝʣʫ ʩʧʝʢʪʨʘ ʦʜ 0 ʜʦ 

Ὢ Ⱦς, ʜʦʢ ʠʟʥʘʜ ʥʘʚʝʜʝʥʦʛ ʜʝʣʘ ʩʧʝʢʪʨʘ ʜʦʣʘʟʠ ʜʦ ʨʘʟʣʠʢʘ ʫ ʬʨʝʢʚʝʥʮʠʿʩʢʠʤ ʦʜʟʠʚʠʤʘ [6]. 

ɺʠʰʠ ʜʝʦ ʩʧʝʢʪʨʘ ʩʝ ʩʣʘʙʠ ʫʣʘʟʥʠʤ ʘʥʘʣʦʛʥʠʤ ʬʠʣʪʨʠʤʘ, ʪʘʢʦ ʜʘ ʫʚʝʜʝʥʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʥʝ 

ʫʪʠʯʝ ʥʘ ʩʠʥʪʝʟʫ ʨʝʛʫʣʘʪʦʨʘ. ʋʚʘʞʘʚʘʿʫ˂ʠ ʬʫʥʢʮʠʿʝ ʧʨʝʥʦʩʘ (4.14), (4.16) ʠ (4.19) ʤʦʞʝ ʩʝ 

ʬʦʨʤʠʨʘʪʠ ʨʝʛʫʣʘʮʠʦʥʠ ʩʠʩʪʝʤ ʧʨʝʜʩʪʘʚˀʝʥ ʥʘ ʉʣʠʮʠ 4.5, ʩʘ ʬʫʥʢʮʠʿʦʤ ʩʧʨʝʛʥʫʪʦʛ ʧʨʝʥʦʩʘ  
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ὡ ᾀ
ὡ ᾀ ὡ ᾀ

ρ  ὡ ᾀὡ ᾀ ὡ ᾀ

τ ‌ ᾀ 

τᾀ ᾀ ‌ τ ς‌ ᾀ ‌
Ȣ τȢςπ 

 

ʇʘʨʘʤʝʪʘʨ ‌  ʜʝʬʠʥʠʰʝ ʧʨʝʩʝʯʥʫ ʫʯʝʩʪʘʥʦʩʪ ʬʫʥʢʮʠʿʝ ʦʪʚʦʨʝʥʦʛ ʧʨʝʥʦʩʘ ʩʠʩʪʝʤʘ ʘ 

ˁʝʛʦʚʠʤ ʦʜʘʙʠʨʦʤ ʩʝ ʧʦʩʪʠʞʝ ʢʦʤʧʨʦʤʠʩ ʠʟʤʝʹʫ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʠ ʨʝʟʝʨʚʝ ʩʪʘʙʠʣʥʦʩʪʠ [6], 

[240]. ʈɾʍ ʠ ʠʥʪʝʨʤʦʜʫʣʘʮʠʦʥʠ ʭʘʨʤʦʥʠʮʠ ʩʝ ʥʘʣʘʟʝ ʫʥʫʪʘʨ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʩʪʨʫʿʥʝ ʧʝʪˀʝ, 

ʘ ʧʨʠ ʤʘʣʠʤ ʙʨʟʠʥʘʤʘ ʪʘʢʦʹʝ ʠ ʫʥʫʪʘʨ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʙʨʟʠʥʠ, ʢʦʿʝ ʪʘʜʘ ʫʪʠʯʫ ʥʘ ʿʘʯʠʥʫ 

ʠ ʬʘʟʫ ʭʘʨʤʦʥʠʢʘ. ʆʚʦ ʜʦʚʦʜʠ ʜʦ ʥʝʧʦʚʦˀʥʠʭ ʫʩʣʦʚʘ ʟʘ ʝʩʪʠʤʘʪʦʨ ʠ ʦʩʮʠʣʘʮʠʿʘ ʫʛʣʘ ʬʣʫʢʩʘ 

ʫʥʫʪʘʨ ɺʋ. ʆʚʠ ʬʝʥʦʤʝʥʠ ʥʠʩʫ ʤʦʜʝʣʦʚʘʥʠ ʫ ʪʨʝ˂ʝʤ ʧʦʛʣʘʚˀʫ ʠ ʙʠ˂ʝ ʦʙʣʘʩʪ ʜʘˀʝʛ 

ʠʩʪʨʘʞʠʚʘˁʘ. ɼʘ ʙʠ ʩʝ ʩʤʘˁʠʣʠ ʥʘʚʝʜʝʥʠ ʝʬʝʢʪʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʩʪʨʫʿʠ 

ʿʝ ʦʛʨʘʥʠʯʝʥ ʦʜʘʙʠʨʦʤ ‌ πȟρ. ʆʚʦ ʨʝʟʫʣʪʫʿʝ ʦʜʟʠʚʦʤ ʙʝʟ ʧʨʝʙʘʯʘʿʘ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʦʜ 

400 Hz ʠ ʨʝʟʝʨʚʦʤ ʩʪʘʙʠʣʥʦʩʪʠ ʦʜ 0,8736 [6]. 

ʋ ɽʇ ʨʝʛʫʣʘʪʦʨʠ ʩʪʨʫʿʝ ʧʦʥʠʰʪʘʚʘʿʫ ʛʨʝʰʢʝ ʫ ʪʘʣʘʩʥʠʤ ʦʙʣʠʮʠʤʘ ʩʪʨʫʿʘ ʩʪʘʪʦʨʘ ʢʦʿʝ 

ʥʘʩʪʘʿʫ ʫʩʣʝʜ ʧʨʦʤʝʥʝ ʨʝʬʝʨʝʥʮʝ, ʦʧʪʝʨʝ˂ʝˁʘ, ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʠʥʚʝʨʪʦʨʘ ʠʣʠ ʤʘʰʠʥʝ, ʪʿ. 

ɽʄʉ. ʆʪʧʦʨʥʦʩʪ ʩʠʩʪʝʤʘ ʥʘ ʧʦʨʝʤʝ˂ʘʿʝ ʩʝ ʦʧʠʩʫʿʝ ʘʜʤʠʪʘʥʩʦʤ ʠʟʣʘʟʘ ὙÊʌʫʥʢʮʠʿʘ ὙÊ .‫‫ 
ʜʝʬʠʥʠʰʝ ʤʘʢʩʠʤʘʣʥʫ ʚʨʝʜʥʦʩʪ ʧʨʦʤʝʥʝ ʠʟʣʘʟʥʝ ʚʝʣʠʯʠʥʝ ʠ ʚʨʝʤʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʠʟʣʘʟʥʘ 

ʚʝʣʠʯʠʥʘ ʚʨʘʪʠ ʫ ʧʦʯʝʪʥʦ ʩʪʘˁʝ ʢʘʜʘ ʩʝ ʝʢʩʪʝʨʥʠ ʧʦʨʝʤʝ˂ʘʿ ʤʝˁʘ ʫ ʜʝʬʠʥʠʩʘʥʠʤ ʛʨʘʥʠʮʘʤʘ. 

ʦʧʠʩʘʥʦʤ ʢʦʣʠʯʥʠʢʦʤ ʩʪʨʫʿʥʝ ʛʨʝʰʢʝ ʠ ʥʘʧʦʥʩʢʦʛ ʧʦʨʝʤʝ˂ʘʿʘ. ʆʜ ʠʥʪʝʨʝʩʘ ʿʝ ʜʘ ὙÊʠʤʘ ‫ 
ʤʘʣʫ ʚʨʝʜʥʦʩʪ ʫ ʮʝʣʦʤ ʦʧʩʝʛʫ ʫʯʝʩʪʘʥʦʩʪʠ ʫ ʢʦʿʠʤʘ ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʧʦʨʝʤʝ˂ʘʿʘ. ʆʧʠʩʘʥʘ ʿ ʝ 

ʢʦʣʠʯʥʠʢʦʤ ʩʪʨʫʿʥʝ ʛʨʝʰʢʝ ʠ ʥʘʧʦʥʩʢʦʛ ʧʦʨʝʤʝ˂ʘʿʘ ʢʘʦ  

 

Ὑᾀ
ὡὖ
ὍὙὉὋᾀὡ ᾀ

ρ  ὡ ᾀὡὍὙὉὋᾀ ὡὖ
ὍὙὉὋᾀ

τȢςρ 

 

ʅʘ ʬʫʥʢʮʠʿʫ Ὑᾀ ʩʝ ʫʪʠʯʝ ʧʨʦʤʝʥʦʤ ʩʪʨʫʢʪʫʨʝ ʠʣʠ ʧʦʿʘʯʘˁʘ ʨʝʛʫʣʘʪʦʨʘ, ʧʦʧʫʪ ʜʦʜʘʚʘˁʘ 

ʚʠʨʪʫʝʣʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʠ ʧʨʠʤʝʥʝ ʧʦʚʨʘʪʥʝ ʛʨʘʥʝ ʩʘ ʘʢʪʠʚʥʦʤ ʦʪʧʦʨʥʦʰ˂ʫ [6]. ʌʫʥʢʮʠʿʘ 

ʧʨʝʥʦʩʘ (4.21) ʠʤʘ ʬʨʝʢʚʝʥʮʠʿʩʢʠ ʦʜʟʠʚ ʬʠʣʪʨʘ ʅʆ. ɿʘ ʜʠʨʝʢʪʥʠ ʩʠʩʪʝʤ ʥʘʧʦʥʘ (4.21) ʠʤʘ 

ʚʨʝʜʥʦʩʪ ʿʝʜʥʘʢʫ ʥʫʣʠ ʠ ɽʄʉ ʥʝ ʜʦʚʦʜʠ ʜʦ ʛʨʝʰʢʝ ʫ ʩʪʨʫʿʠ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ, ʪʿ. ʨʝʛʫʣʘʪʦʨ 

ʠʤʘ ʩʧʦʩʦʙʥʦʩʪ ʜʘ ʢʦʤʧʝʥʟʫʿʝ ʫʪʠʮʘʿʝ ɽʄʉ. ɿʘ ʠʥʚʝʨʟʥʝ ʢʦʤʧʦʥʝʥʪʝ ʥʘʧʦʥʘ, ʚʨʝʜʥʦʩʪ 

ʘʜʤʠʪʘʥʩʝ ʠʟʥʦʩʠ ‫ Ὑ‫ϳ , ʛʜʝ ʿʝ ʧʨʦʠʟʚʦˀʥʘ ʫʯʝʩʪʘʥʦʩʪ ʫ ʩʧʝʢʪʨʫ, Ὑ ʩʫʤʘ ʨʝʘʣʥʠʭ ‫ 
ʠ ʚʠʨʪʫʝʣʥʠʭ ʦʪʧʦʨʥʦʩʪʠ, ʘ ‫  [rad/s] ʧʨʝʩʝʯʥʘ ʫʯʝʩʪʘʥʦʩʪ ʬʫʥʢʮʠʿʝ ʦʪʚʦʨʝʥʦʛ ʧʨʝʥʦʩʘ 

ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʩʪʨʫʿʠ. ʇʦʪʠʩʢʠʚʘˁʝ ʧʦʨʝʤʝ˂ʘʿʘ ʟʘʚʠʩʠ ʦʜ ʥʠʩʢʦ-ʬʨʝʢʚʝʥʪʥʦʛ ʧʦʿʘʯʘˁʘ 

ʢʦʿʝ ʧʦʩʪʠʞʝ ʩʠʩʪʝʤ ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ.   

ʉʠʥʪʝʟʘ ʨʝʛʫʣʘʪʦʨʘ ʙʨʟʠʥʝ ʿʝ ʩʧʨʦʚʝʜʝʥʘ ʫ  ̓ï ʜʦʤʝʥʫ, ʧʦʜ ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʜʘ ʿʝ ʧʝʨʠʦʜʘ 

ʠʟʚʨʰʘʚʘˁʘ ʘʣʛʦʨʠʪʤʘ ʟʥʘʯʘʿʥʦ ʚʝ˂ʘ ʦʜ ʦʯʝʢʠʚʘʥʦʛ ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ  

 

 
ʉʣʠʢʘ 4.5. ɹʣʦʢ ʜʠʿʘʛʨʘʤ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʩʪʨʫʿʠ. 
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ʙʨʟʠʥʠ. ɼʘʢʣʝ, ʧʦʪʨʝʙʥʦ ʿʝ ʠʟʚʝʩʪʠ ʤʦʜʝʣ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʩʪʨʫʿʠ ʫ  ̓- ʜʦʤʝʥʫ. ɼʘ ʙʠ ʩʝ 

ʘʜʝʢʚʘʪʥʦ ʫʚʘʞʠʣʠ ʜʠʛʠʪʘʣʥʠ ʝʬʝʢʪʠ ʤʦʜʫʣʘʮʠʿʝ (ZOH) ʦʚʦ ʩʝ ʧʦʩʪʠʞʝ, ʧʨʝʤʘ ʪʨʝ˂ʝʤ 

ʧʦʛʣʘʚˀʫ, ʧʨʠʤʝʥʦʤ ʠʥʚʝʨʟʥʝ ʙʠʣʠʥʝʘʨʥʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʰʪʦ ʨʝʟʫʣʪʫʿʝ ʬʫʥʢʮʠʿʦʤ ʧʨʝʥʦʩʘ 
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ɿʘ ʧʦʪʨʝʙʝ ʩʠʥʪʝʟʝ ʥʘʜʨʝʹʝʥʝ sensorless ʨʝʛʫʣʘʮʠʿʝ ʧʦ ʙʨʟʠʥʠ ʨʘʟʚʠʿʝʥ ʿʝ ʩʠʤʫʣʘʮʠʦʥʠ 

ʤʦʜʝʣ ʧʝʪˀʝ ʧʦ ʩʪʨʫʿʠ ʩʘ ɺʋ ʫ ʧʨʦʛʨʘʤʩʢʦʤ ʧʘʢʝʪʫ MATLAB ï Simulink. ʋ ʥʘʩʪʘʚʢʫ ʿʝ ʜʘʪʦ 

ʠʩʧʠʪʠʚʘˁʝ ʤʦʜʝʣʘ ʫʥʫʪʨʘʰˁʝ ʧʝʪˀʝ ʫ ʮʠˀʫ ʧʦʩʪʠʟʘˁʘ ʚʘʣʠʜʥʝ ʧʣʘʪʬʦʨʤʝ ʟʘ ʠʩʧʠʪʠʚʘˁʝ 

sensorless ʘʣʛʦʨʠʪʤʘ. ʉʠʤʫʣʘʮʠʦʥʠ ʤʦʜʝʣ ɸʄ ʫ ʧʦʿʘʩʫ ʦʩʥʦʚʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʜʘʪ ʿʝ ʥʘ ʉʣʠʮʠ 

4.6. ʄʦʜʝʣ ʫ ʼ - ʜʦʤʝʥʫ ʫ Ŭ ï ɓ ʢʦʦʨʜʠʥʘʪʥʦʤ ʩʠʩʪʝʤʫ ʯʠʥʝ ʿʝʜʥʘʯʠʥʝ ʥʘʧʦʥʩʢʝ ʨʘʚʥʦʪʝʞʝ 

ʩʪʘʪʦʨʘ ʠ ʨʦʪʦʨʘ, ʤʘʪʨʠʮʘ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠ ʤʦʜʝʣ ʤʝʭʘʥʠʯʢʦʛ ʧʦʜʩʠʩʪʝʤʘ ʜʘʪʠ ʩʘ (2.36) - 

(2.39). ʇʘʨʘʤʝʪʨʠ ʤʦʜʝʣʘ ʦʜʨʝʹʝʥʠ ʩʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʠʩʧʠʪʠʚʘˁʝʤ ʘʩʠʥʭʨʦʥʝ ʤʘʰʠʥʝ 

Sever 2.ZK100L-4 ʢʦʨʠʰ˂ʝʥʝ ʟʘ ʧʦʪʨʝʙʝ ʚʝʨʠʬʠʢʘʮʠʿʝ ʨʘʜʘ ʝʩʪʠʤʘʪʦʨʘ ʟʘ ʦʮʝʥʫ ʙʨʟʠʥʝ ʠ 

sensorless ʘʣʛʦʨʠʪʤʘ ʫʧʨʘʚˀʘˁʘ ʫ ʥʘʨʝʜʥʦʤ ʧʦʛʣʘʚˀʫ. ʋ ʊʘʙʝʣʠ 4.2. ʜʘʪʠ ʩʫ ʧʘʨʘʤʝʪʨʠ ʧʦ ʬʘʟʠ 

ɸʄ ʢʦʿʘ ʿʝ ʚʝʟʘʥʘ ʫ ʟʚʝʟʜʫ ʜʦʙʠʿʝʥʠ ʧʫʪʝʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʠʩʧʠʪʠʚʘˁʘ ʠ ʪʝʭʥʠʯʢʝ 

ʜʦʢʫʤʝʥʪʘʮʠʿʝ ʫ ʧʝʪʦʤ ʧʦʛʣʘʚˀʫ. ʈʝʟʫʣʪʘʪʠ ʠʩʧʠʪʠʚʘˁʘ ʤʦʜʝʣʘ ɸʄ ʩʘ ʥʘʧʦʥʦʤ ʥʦʤʠʥʘʣʥʝ 

ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ ʠ ʫʯʝʩʪʘʥʦʩʪʠ ʜʘʪʠ ʩʫ ʥʘ ʉʣʠʮʠ 4.7. ʅʘʧʦʥ ʿʝ ʧʨʠʤʝˁʝʥ ʫ ὸ  0. ɸʄ ʩʝ 
ʦʜʩʢʦʯʥʦ ʪʝʨʝʪʠ ʩʠʤʫʣʠʨʘˁʝʤ ʦʧʪʝʨʝ˂ʝˁʘ ʦʜ 0,25Āὓ  ʫ ὸ  1 ̓, 0,25Āὓ  ʫ ὸ  2 ̓, 
0,5Āὓ  ʫ ὸ  3 ̓ ʢʘʦ ʥʘ ʉʣʠʮʠ 4.7ʚ. ʇʨʠ ʩʚʘʢʦʤ ʧʨʝʣʘʟʥʦʤ ʧʨʦʮʝʩʫ ʤʦʞʝ ʩʝ ʫʦʯʠʪʠ ʦʯʝʢʠʚʘʥʘ 

ʭʘʨʤʦʥʠʿʩʢʘ ʧʨʠʨʦʜʘ ʦʜʟʠʚʘ, ʠʥʭʝʨʝʥʪʥʦ ʦʜʨʝʹʝʥʘ ʤʦʜʝʣʦʤ ɸʄ. ʋ ʧʨʘʟʥʦʤ ʭʦʜʫ ʤʦʞʝ ʩʝ 

ʚʠʜʝʪʠ ʜʘ ʤʦʜʝʣ ʠʤʘ ʙʨʟʠʥʫ ʧʨʠʙʣʠʞʥʦ ʿʝʜʥʘʢʫ ʩʠʥʭʨʦʥʦʿ ʫʤʘˁʝʥʫ ʟʘ ʚʨʝʜʥʦʩʪ ʦʧʪʝʨʝ˂ʝˁʘ 

ʫʩʣʝʜ ʪʨʝˁʘ, ʉʣʠʢʘ 4.7ʘ. ʇʨʠ ʩʠʤʫʣʠʨʘˁʫ ʦʧʪʝʨʝ˂ʝˁʘ ʤʦʤʝʥʪ ʩʠʣʝ ʨʘʩʪʝ, ʘ ʙʨʟʠʥʘ ʦʧʘʜʘ ʩʘ 

 

 
ʉʣʠʢʘ 4.6. ʄʦʜʝʣ ɸʄ ʫ ʧʦʿʘʩʫ ʦʩʥʦʚʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʫ Ŭ ï ɓ ʢʦʦʨʜʠʥʘʪʥʦʤ ʩʠʩʪʝʤʫ. 
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ʦʩʮʠʣʘʪʦʨʦʤ ʜʠʥʘʤʠʢʦʤ. ʇʨʠ ʥʦʤʠʥʘʣʥʦʤ ʦʧʪʝʨʝ˂ʝˁʫ ʫ ὸ  3 ̓, ʤʦʜʝʣ ʨʝʟʫʣʪʫʿʝ ʥʦʤʠʥʘʣʥʦʤ 
ʙʨʟʠʥʦʤ ʦʜ 1440 ʦʙʨ/ʤʠʥ, ʠ ʥʦʤʠʥʘʣʥʠʤ ʢʣʠʟʘˁʝʤ. ʄʦʞʝ ʩʝ ʫʦʯʠʪʠ ʧʦʨʘʩʪ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ Ὥ 
ʧʨʠ ʧʦʨʘʩʪʫ ʩʠʤʫʣʠʨʘʥʦʛ ʦʧʪʝʨʝ˂ʝˁʘ ʥʘ ʉʣʠʮʠ 4.7ʛ, ʢʦʿʘ ʿʝ ʟʘ ʧʦʪʨʝʙʝ ʦʚʦʛ ʠʩʧʠʪʠʚʘˁʘ 

ʧʨʝʜʩʪʘʚˀʝʥʘ ʫ abc ʩʠʩʪʝʤʫ. ʇʨʠ ʥʦʤʠʥʘʣʥʦʤ ʦʧʪʝʨʝ˂ʝˁʫ, ʩʪʨʫʿʘ ʠ ʤʦʤʝʥʪ ʩʠʣʝ ʩʫ 

ʥʦʤʠʥʘʣʥʠʭ ʚʨʝʜʥʦʩʪʠ ʜʘʪʠʭ ʫ ʊʘʙʝʣʠ 4.2. ʋ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʩʪʨʫʿʘ ʠʤʘ ʩʘʤʦ ʧʨʚʠ ʭʘʨʤʦʥʠʢ, 

ʘ ʠʟʣʘʟʥʠ ʤʦʤʝʥʪ ʩʠʣʝ ʿʝ ʙʝʟ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ, ʢʘʢʦ ʿʝ ʥʘʯʠˁʝʥʠ ʤʦʜʝʣ ʟʘʩʥʦʚʘʥ ʥʘ ʧʦʿʘʩʫ 

ʦʩʥʦʚʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ. ɿʘʢˀʫʯʫʿʝ ʩʝ ʥʘʧʨʘʚˀʝʥʠ ʤʦʜʝʣ ʢʦʨʝʢʪʥʦ ʦʧʠʩʫʿʝ ʧʦʥʘʰʘˁʝ ɸʄ. 

ʋ ʮʠˀʫ ʧʦʫʟʜʘʥʠʿʝʛ ʠʩʧʠʪʠʚʘˁʘ ʝʩʪʠʤʘʪʦʨʘ ʫʥʫʪʘʨ sensorless ʨʝʛʫʣʘʮʠʦʥʦʛ ʩʠʩʪʝʤʘ, ʤʦʜʝʣ 

ɸʄ ʿʝ ʥʘʜʦʛʨʘʹʝʥ ʫʚʘʞʘʚʘʿʫ˂ʠ ʨʝʟʫʣʪʘʪʝ ʘʥʘʣʠʟʝ ʝʣʝʢʪʨʦʤʘʛʝʥʪʩʢʠʭ ʧʦʿʘʚʘ ʫ ʧʦʪʧʦʛʣʘʚˀʫ 2.3. 

ʩʫʤʠʨʘʥʝ ʫ ʊʘʙʝʣʠ 2.1. ɺʠʰʠ ʭʘʨʤʦʥʠʮʠ ʜʦ ʨʝʜʘ 31. ʩʫ ʜʦʜʘʪʠ ʠʟʣʘʟʥʠʤ ʩʪʨʫʿʘʤʘ ʤʦʜʝʣʘ, Ὥ ʠ 
Ὥ, ʢʘʦ ʥʘ ʉʣʠʮʠ 4.8, ʛʜʝ ʿʝ ʟʙʦʛ ʚʝʣʠʯʠʥʝ ʤʦʜʝʣʘ, ʧʨʠʢʘʟʘʥʦ ʜʦʜʘʚʘˁʝ 4 ʦʜ ʫʢʫʧʥʦ 16 ʚʠʰʠʭ 

ʭʘʨʤʦʥʠʢʘ. ʋʯʝʩʪʘʥʦʩʪʠ ʭʘʨʤʦʥʠʢʘ ʩʫ ʟʘʜʘʪʝ ʢʘʦ Ὢ ὺὪ , ʛʜʝ ʿʝ ὺ  3, 5, 7,é, 31 ʨʝʜ 

ʜʦʜʘʪʠʭ ʭʘʨʤʦʥʠʢʘ, ʜʦʢ ʿʝ ʫʯʝʩʪʘʥʦʩʪ ʈɾʍ ʦʧʠʩʘʥʘ ʩʘ (2.145). ʆʚʘʢʦ ʩʝ ʧʨʠ ʧʨʦʤʝʥʘʤʘ 

ʤʝʭʘʥʠʯʢʝ ʙʨʟʠʥʝ, ʫʯʝʩʪʘʥʦʩʪʠ ʩʚʠʭ ʭʘʨʤʦʥʠʢʘ ʤʝˁʘʿʫ ʧʦ ʠʩʪʦʿ ʜʠʥʘʤʠʮʠ, ʘ ʫʯʝʩʪʘʥʦʩʪʠ ʈɾʍ 

ʿʝ ʬʫʥʢʮʠʿʘ ʙʨʟʠʥʝ ʠ ʦʧʪʝʨʝ˂ʝˁʘ. ʀʩʧʠʪʠʚʘˁʝʤ ɸʄ ʠ ʧʨʠʤʝʥʦʤ FFT ʘʣʛʦʨʠʪʤʘ, ʦʧʠʩʘʥʦʛ ʫ 

ʧʦʪʧʦʛʣʘʚˀʫ 2.4.2, ʦʜʨʝʹʝʥʝ ʩʫ ʥʦʨʤʘʣʠʟʦʚʘʥʝ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʿʝʜʠʥʠʯʥʫ ʚʨʰʥʫ ʚʨʝʜʥʦʩʪ ʩʪʘʪʦʨʩʢʝ ʩʪʨʫʿʝ ʠ ʩʫʤʠʨʘʥʝ ʫ ʊʘʙʝʣʠ 4.3. ʆʚʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʩʝ 

ʤʥʦʞʝ ʦʩʥʦʚʥʠ ʪʘʣʘʩʥʠ ʦʙʣʠʮʠ ʫ ʤʦʜʝʣʫ ʥʘ ʉʣʠʮʠ 4.8, ʦʟʥʘʯʝʥʦ ʩʘ Ăgain_rsh,ñ Ăgain_7h,ñ ʠʪʜ.  

ɿʙʠʨ ʩʚʠʭ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʩʝ ʤʥʦʞʠ ʚʨʰʥʦʤ ʚʨʝʜʥʦʰ˂ʫ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ. 

ʈʝʟʫʣʪʘʪ ʿʝ ʩʪʨʫʿʘ ʢʦʿʘ ʤʦʜʝʣʫʿʝ ʧʨʦʩʪʦʨʥʝ ʭʘʨʤʦʥʠʢʝ (2.132) ʫʩʣʝʜ ɽʄʉ (2.131). ʆʚʘ ʩʪʨʫʿʘ ʩʝ 

ʧʦʪʦʤ ʜʦʜʘʿʝ ʥʘ ʦʙʝ ʩʪʨʫʿʝ ʥʘ ʠʟʣʘʟʫ ʤʦʜʝʣʘ ɸʄ ʫ ʧʦʿʘʩʫ ʦʩʥʦʚʥʠʭ ʫʯʝʩʪʘʥʦʩʪʠ ʢʘʦ ʥʘ ʉʣʠʮʠ 

4.8, ʘ ʨʝʟʫʣʪʘʪ ʩʝ ʢʦʨʠʩʪʠ ʢʘʦ ʩʠʤʫʣʠʨʘʥʠ ʠʟʣʘʟ ʩʘ ʜʘʚʘʯʘ ʩʪʨʫʿʝ ʫ ɽʇ. ʅʘ ʉʣʠʮʠ 4.9. ʿʝ ʜʘʪ 

ʤʦʜʝʣ ʧʨʦʮʝʩʘ ʦʙʨʘʜʝ ʤʝʨʝʥʦʛ ʩʠʛʥʘʣʘ ʩʪʨʫʿʝ ʜʦ ʪʨʝʥʫʪʢʘ ʢʘʜʘ ʿʝ ʩʠʛʥʘʣ ʩʧʨʝʤʘʥ ʟʘ ʘʣʛʦʨʠʪʘʤ 

ʫʧʨʘʚˀʘˁʘ. ɿʙʦʛ ʧʨʝʛʣʝʜʥʦʩʪʠ, ʜʘʪ ʿʝ ʤʦʜʝʣ ʧʦ ʿʝʜʥʦʿ ʬʘʟʠ ʩʪʨʫʿʝ Ὥ, ʢʘʢʦ ʿʝ ʠʜʝʥʪʠʯʘʥ ʠ ʟʘ 
ʜʨʫʛʫ ʬʘʟʫ. ʉʘ ʣʝʚʝ ʩʪʨʘʥʝ ʤʦʞʝ ʩʝ ʫʦʯʠʪʠ ʫʣʘʟʥʠ ʩʠʛʥʘʣ ʫ ʦʚʘʿ ʜʝʦ ʤʦʜʝʣʘ, ʩʠʛʥʘʣ ʩʪʨʫʿʝ ʩʘ 

ʜʦʜʘʪʠʤ ʚʠʰʠʤ ʭʘʨʤʦʥʠʮʠʤʘ. ʆʚʘʿ ʩʠʛʥʘʣ ʩʝ ʧʨʦʧʫʰʪʘ ʢʨʦʟ ʅʌ ʬʠʣʪʘʨ ʧʨʦʪʠʚ ʣʘʞʥʠʭ 

ʣʠʢʦʚʘ, ʢʦʿʠ ʧʦʩʪʦʿʠ ʥʘ ʫʣʘʟʠʤʘ ʫ ɸɼ ʢʦʥʚʝʨʪʦʨ ʚʨʝʤʝʥʩʢʝ ʢʦʥʩʪʘʥʪʝ 8 ɛ̓ , ʠ ʤʦʜʝʣ ʧʨʝʢʦʤʝʨʥʦʛ 

ʦʜʘʙʠʨʘˁʘ (2.3). ʀʟ ʨʘʥʠʿʝ ʥʘʚʝʜʝʥʠʭ ʨʘʟʣʦʛʘ ʩʘʜʘ ʥʠʿʝ ʜʘʪ ʤʦʜʝʣ PWM ʭʘʨʤʦʥʠʢʘ, ʪʘʢʦ ʜʘ  

 

ʊʘʙʝʣʘ 4.2. ʇʘʨʘʤʝʪʨʠ ʟʘʤʝʥʩʢʝ ʰʝʤʝ ʘʩʠʥʭʨʦʥʝ ʤʘʰʠʥʝ Sever 2.ZK100L-4. 

ʇʘʨʘʤʝʪʨʠ ʩʠʩʪʝʤʘ ʉʠʤʙʦʣ ɺʨʝʜʥʦʩʪ 

ʆʪʧʦʨʥʦʩʪ ʩʪʘʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ Ὑ 4,6508037 ɋ 

ʆʪʧʦʨʥʦʩʪ ʨʦʪʦʨʩʢʦʛ ʥʘʤʦʪʘʿʘ Ὑ  3,26 ɋ 

ʀʥʜʫʢʪʠʚʥʦʩʪ ʨʘʩʠʧʘˁʘ ʩʪʘʪʦʨʘ ὒ  13,729694 mH 

ʀʥʜʫʢʪʠʚʥʦʩʪ ʨʘʩʠʧʘˁʘ ʩʪʘʪʦʨʘ ὒ  13,729694 mH 

ʀʥʜʫʢʪʠʚʥʦʩʪ ʤʘʛʥʝ˂ʝˁʘ ὒ  272,767 mH 

ɹʨʦʿ ʧʘʨʠ ʧʦʣʦʚʘ ὴ 2 

ɹʨʦʿ ʨʦʪʦʨʩʢʠʭ ʰʠʧʢʠ ὔ  44 

ʄʦʤʝʥʪ ʠʥʝʨʮʠʿʝ ʤʦʪʦʨʘ ὐ  0,0054 kgm2 

ʂʦʝʬʠʮʠʿʝʥʪ ʪʨʝˁʘ      B 0,00316 Nm/(rad/s) 

ʅʦʤʠʥʘʣʥʘ ʩʪʨʫʿʘ ʧʦ q ʦʩʠ ʤʦʤʝʥʪʘ ʩʠʣʝ Ὅ  6,597 A 

ʅʦʤʠʥʘʣʥʘ ʩʪʨʫʿʘ ʧʦ d ʦʩʠ ʬʣʫʢʩʘ Ὅ  2,915 A 

ʅʦʤʠʥʘʣʥʠ ʤʦʤʝʥʪ ʩʠʣʝ ὓ  15 Nm 

ʅʦʤʠʥʘʣʥʠ ʥʘʧʦʥ ʠ ʫʯʝʩʪʘʥʦʩʪ Ὗ ȟὪ  3x380V, 50 Hz 

ʅʦʤʠʥʘʣʥʘ ʙʨʟʠʥʘ ὲ  1400 ʦʙʨ/ʤʠʥ 

ʅʦʤʠʥʘʣʥʘ ʩʪʨʫʿʘ Ὥ  5,1 A 
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ʉʣʠʢʘ 4.7. ʀʩʧʠʪʠʚʘˁʝ ʤʦʜʝʣʘ ʘʩʠʥʭʨʦʥʝ ʤʘʰʠʥʝ. 

 

ʘʥʘʣʦʛʥʠ ʠ ʜʠʛʠʪʘʣʥʠ ʬʠʣʪʘʨ ʠʤʘʿʫ ʟʘ ʮʠˀ ʜʘ ʤʦʜʝʣʫʿʫ ʢʘʰˁʝˁʘ ʫ ʩʠʩʪʝʤʫ. ʀʟʣʘʟ ʅʌ ʬʠʣʪʨʘ 

ʩʝ ʧʦʩʣʝ ʦʜʘʙʠʨʘˁʘ ʢʦʨʠʩʪʠ ʟʘ ʧʦʪʨʝʙʝ ʨʘʜʘ ʝʩʪʠʤʘʪʦʨʘ. ʀʟʣʘʟʠ ʧʦ ʦʙʝ ʬʘʟʝ ʧʦʩʣʝ ʧʨʝʢʦʤʝʨʥʦʛ 

ʦʜʘʙʠʨʘˁʘ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʧʦʪʨʝʙʝ ʇʘʨʢʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʠ ʢʘʦ ʫʣʘʟʠ ʫ ʨʝʛʫʣʘʪʦʨʝ ʩʪʨʫʿʝ ʧʦ d 

ʠ q ʦʩʠ, ʪʿ. ʢʘʦ ʩʪʨʫʿʝ ʫ ʧʦʚʨʘʪʥʦʿ ʛʨʘʥʠ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʜʘʪʝ ʥʘ ʉʣʠʮʠ 4.10. ʋ ʤʦʜʝʣʠʤʘ 

ʧʨʠʢʘʟʘʥʠʤ ʥʘ ʉʣʠʢʘʤʘ 4.8. ʠ 4.9, ʥʘʧʨʘʚˀʝʥ ʿʝ ʥʠʟ ʘʧʨʦʢʩʠʤʘʮʠʿʘ. ʀʧʘʢ ʧʦʢʘʟʘʣʦ ʩʝ ʜʘ ʤʦʜʝʣʠ 

ʟʥʘʯʘʿʥʦ ʜʦʧʨʠʥʦʩʝ ʠʩʧʠʪʠʚʘˁʫ ʨʦʙʫʩʥʦʩʪʠ ʨʘʜʘ ʝʩʪʠʤʘʪʦʨʘ ʠ sensorless ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ.  

ʄʦʜʝʣ ʨʝʛʫʣʘʪʦʨʘ ʩʪʨʫʿʝ ʫ z ï ʜʦʤʝʥʫ (4.16) ʜʘʪ ʿʝ ʥʘ ʉʣʠʮʠ 4.10. ʋ ʦʢʚʠʨʫ ʦʚʦʛ ʤʦʜʝʣʘ ʩʝ 

ʨʘʯʫʥʘ ʚʨʰʥʘ ʚʨʝʜʥʦʩʪ ʠʟ ʦʜʟʠʚʘ ʩʪʨʫʿʘ, ʘ ʫʯʝʩʪʘʥʦʩʪ ʧʨʚʦʛ ʭʘʨʤʦʥʠʢʘ Ὢ  ʥʘ ʦʩʥʦʚʫ ʫʛʣʘ 

ʧʦʟʠʮʠʿʝ ʨʦʪʦʨʩʢʦʛ ʬʣʫʢʩʘ ʠʟ ɺʋ. ʆʚʠ ʧʘʨʘʤʝʪʨʠ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʘʜʘʧʪʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ 

ʝʩʪʠʤʘʪʦʨʘ ʈɾʍ ʢʘʦ ʠ ʟʘ ʧʨʦʤʝʥʫ ʫʯʝʩʪʘʥʦʩʪʠ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʫ ʤʦʜʝʣʫ ʜʘʪʦʤ ʥʘ ʉʣʠʮʠ 4.8. 

 

ʊʘʙʝʣʘ 4.3. ʅʦʨʤʘʣʠʟʦʚʘʥʝ ʚʨʰʥʝ ʚʨʝʜʥʦʩʪʠ ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ ʩʪʨʫʿʝ ʩʪʘʪʦʨʘ. 

ʈʝʜ ʭʘʨʥʤʦʥʠʢʘ ɺʨʝʜʥʦʩʪ  ʈʝʜ ʭʘʨʥʤʦʥʠʢʘ ɺʨʝʜʥʦʩʪ  

ʈɾʍ 0,0192 2. 0,0093 

3. 0,0183 5. 0,0121 

7. 0,0107 9. 0,0055 

11. 0,0049 13. 0,0038 

15. 0,0016 17. 0,0025 

21. 0,0016 23. 0,0023 

25. 0,0017 27. 0,0019 

29. 0,0016 31. 0,0013 
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ʉʣʠʢʘ 4.8. ɼʦʜʘʚʘˁʝ ʚʠʰʠʭ ʧʨʦʩʪʦʨʥʠʭ ʭʘʨʤʦʥʠʢʘ ʫ ʬʫʥʢʮʠʿʠ ʙʨʟʠʥʝ ʠ ʦʧʪʝʨʝ˂ʝˁʘ. 

 

ʂʘʢʦ ʿʝ ɸʄ ʤʦʜʝʣʠʨʘʥʘ ʫ  ̓ï ʜʦʤʝʥʫ, ʜʠʛʠʪʘʣʥʠ ʤʦʜʫʣʘʪʦʨ ʿʝ ʤʦʜʝʣʠʨʘʥ ʧʨʠʤʝʥʦʤ ʇʘʜʝʦʚʝ 

ʘʧʨʦʢʩʠʤʘʮʠʿʝ (2.10) ʩʘ ʩʨʝʜˁʠʤ ʢʘʰˁʝˁʝʤ ʧʨʝʢʠʜʥʝ ʨʫʪʠʥʝ ʥʘ ʉʣʠʮʠ 4.3. ʜʘʪʠʤ ʩʘ (4.11). 

ʂʦʥʘʯʥʦ, ʥʘ ʦʩʥʦʚʫ ʤʦʜʝʣʘ ɸʄ ʥʘ ʉʣʠʮʠ 4.6, ʨʘʟʚʠʿʝʥʠ ʩʫ ʩʠʤʫʣʘʮʠʦʥʠ ʤʦʜʝʣʠ ʫ z ï ʜʦʤʝʥʫ 

ʟʘ ʜʠʨʝʢʪʥʦ ʠ ʠʥʜʠʨʝʢʪʥʦ ɺʋ ʧʨʠʢʘʟʘʥʠ ʥʘ ʉʣʠʮʠ 4.11. ʋʣʘʟʠ ʫ ʤʦʜʝʣ ʩʫ ʬʣʫʢʩʝʚʠ, ʟʘʜʘʪʠ 

ʥʘʧʦʥʠ, ʤʝʨʝʥʘ ʙʨʟʠʥʘ ʠ ʨʝʬʝʨʝʥʮʝ ʩʪʨʫʿʘ. ʄʦʜʝʣ ʜʠʨʝʢʪʥʦʛ ɺʋ ʨʝʘʣʠʟʦʚʘʥ ʿʝ ʩʘ ʥʝʩʘʚʨʰʝʥʠʤ 

ʠʥʪʝʛʨʘʪʦʨʦʤ ʬʣʫʢʩʘ ʠ ʢʦʨʠʰ˂ʝʥ ʿʝ ʪʦʢʦʤ ʧʦʯʝʪʥʠʭ ʠʩʧʠʪʠʚʘˁʘ. ʉʘʜʘ ʩʝ ʢʦʨʠʩʪʠ ʤʦʜʝʣ 

ʠʥʜʠʨʝʢʪʥʦʛ ɺʋ. ʋ ɽʇ ʨʝʬʝʨʝʥʮʘ ʬʣʫʢʩʘ ʩʝ ʧʦʩʪʘʚˀʘ ʪʘʢʦ ʜʘ ʩʝ ʦʩʪʚʘʨʠ ʤʠʥʠʤʘʣʥʘ ʩʪʨʫʿʘ 

ʩʪʘʪʦʨʘ, ʤʘʢʩʠʤʘʣʥʘ ʝʬʠʢʘʩʥʦʩʪ, ʩʣʘʙˀʝˁʝ ʧʦˀʘ, ʠʪʜ. ʋ ʥʘʩʪʘʚʢʫ ʩʝ ʩʤʘʪʨʘ ʜʘ ʿʝ ʨʝʬʝʨʝʥʮʘ 

ʬʣʫʢʩʘ ʥʘ ʥʦʤʠʥʘʣʥʦʿ ʚʨʝʜʥʦʩʪʠ ʦʩʠʤ ʘʢʦ ʜʨʫʛʘʯʠʿʝ ʥʠʿʝ ʝʢʩʧʣʠʮʠʪʥʦ ʥʘʛʣʘʰʝʥʦ. ʋ ʥʘʩʪʘʚʢʫ 

ʿʝ ʠʩʧʠʪʘʥ ʨʘʜ ʨʝʛʫʣʘʪʦʨʘ ʩʪʨʫʿʝ ʠ ɺʋ. ʅʘ ʉʣʠʮʠ 4.12ʘ. ʧʨʠʢʘʟʘʥ ʿʝ ʠʟʣʘʟ ʤʦʜʝʣʘ ʢʦʣʘ ʟʘ ʤʝʨʝˁʝ 

ʩʪʨʫʿʝ ʉʣʠʮʠ 4.9. ʋ ʪʘʣʘʩʥʦʤ ʦʙʣʠʢʫ ʩʪʨʫʿʝ ʧʦʩʪʦʿʝ ʜʦʜʘʪʠ ʚʠʰʠ ʭʘʨʤʦʥʠʮʠ ʤʦʜʝʣʦʤ ʥʘ ʉʣʠʮʠ 

4.8. ʆʜʟʠʚʠ ʩʪʨʫʿʘ ʧʦ d ʠ q ʦʩʠ ʧʨʠ ʫʟʘʩʪʦʧʥʠʤ ʦʜʩʢʦʯʥʠʤ ʧʨʦʤʝʥʘʤʘ ʨʝʬʝʨʝʥʮʠ ʧʨʠʢʘʟʘʥʠ ʩʫ 

ʥʘ ʉʣʠʮʠ 4.12ʙ. ʋ ὸ  0,25 ʼ ʜʝʰʘʚʘ ʩʝ ʦʜʩʢʦʯʥʘ ʧʨʦʤʝʥʘ ʫ ʨʝʬʝʨʝʥʮʠ ʩʪʨʫʿʝ Ὥ ʩʘ 1,1 ɸ ʥʘ 2,9 
ɸ, ʘ ʫ ὸ  0,45 ʼ ʜʝʰʘʚʘ ʩʝ ʦʜʩʢʦʯʥʘ ʧʨʦʤʝʥʘ ʫ ʨʝʬʝʨʝʥʮʠ ʩʪʨʫʿʝ Ὥ ʩʘ 4 ɸ ʥʘ 0,5 ɸ. ʆʜʟʠʚʠ 

ʩʪʨʫʿʘ ʠʤʘʿʫ ʞʝˀʝʥʠ ʧʨʦʧʫʩʥʠ ʦʧʩʝʛ ʙʝʟ ʧʨʝʙʘʯʘʿʘ ʠ ʥʝ ʧʦʩʪʦʿʠ ʩʧʨʝʛʘ ʠʟʤʝʹʫ ʦʩʘ. ʆʩʮʠʣʘʮʠʿʝ 

ʢʦʿʝ ʧʦʩʪʦʿʝ ʫ ʩʪʨʫʿʘʤʘ ʩʫ ʧʦʩʣʝʜʠʮʘ ʜʦʜʘʚʘˁʘ ʚʠʰʠʭ ʭʘʨʤʦʥʠʢʘ ʠ ʥʠʞʝʛ ʧʨʦʿʝʢʪʦʚʘʥʦʛ 

ʧʨʦʧʫʩʥʦʛ ʦʧʩʝʛʘ ʧʝʪˀʝ.  

ʅʘ ʉʣʠʮʠ 4.13. ʿʝ ʜʘʪʦ ʠʩʧʠʪʠʚʘˁʝ ʨʝʛʫʣʘʮʠʦʥʝ ʧʝʪˀʝ ʧʦ ʩʪʨʫʿʠ ʠ ʚʝʢʪʦʨʩʢʦʛ ʫʧʨʘʚˀʘˁʘ ʫ 

ʨʝʞʠʤʫ ʧʨʘʟʥʦʛ ʭʦʜʘ. ʋ ʧʝʨʠʦʜʫ ʪʨʘʿʘˁʘ ʩʠʤʫʣʘʮʠʿʝ ʦʜ  ὸ  0 ̓ ʜʦ ὸ  1 ̓ ʨʝʛʫʣʘʮʠʿʘ ʩʪʨʫʿʝ ʩʝ 
ʠʟʚʨʰʘʚʘ ʫ ʧʨʦʠʟʚʦˀʥʦ ʦʜʘʙʨʘʥʦʤ ʢʦʦʨʜʠʥʘʪʥʦʤ ʩʠʩʪʝʤʫ. ʆʜʥʦʩʥʦ, ʥʝ ʢʦʨʠʩʪʠ ʩʝ ʠʟʣʘʟ ɺʋ ʟʘ  

  

 
ʉʣʠʢʘ 4.9.ʄʦʜʝʣ ʧʨʝʢʦʤʝʨʥʦʛ ʦʜʘʙʠʨʘˁʘ ʠ ʇʘʨʢʦʚʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʘ. 








































































































































