
ʌɽɼɽʈɸʃʔʅʆɽ ɻʆʉʋɼɸʈʉʊɺɽʅʅʆɽ ɹʖɼɾɽʊʅʆɽ ʆɹʈɸɿʆɺɸʊɽʃʔʅʆɽ 

ʋʏʈɽɾɼɽʅʀɽ ɺʓʉʐɽɻʆ ʆɹʈɸɿʆɺɸʅʀʗ  

"ʅɸʎʀʆʅɸʃʔʅʓʁ ʀʉʉʃɽɼʆɺɸʊɽʃʔʉʂʀʁ ʋʅʀɺɽʈʉʀʊɽʊ "ʄʕʀ" 

 

 

  ʅʘ ʧʨʘʚʘʭ ʨʫʢʦʧʠʩʠ 

 

 

 

 

 

 

ʂɸɿɽʄʀʈʆɺɸ ʖʃʀʗ ʂʆʅʉʊɸʅʊʀʅʆɺʅɸ 

 

 

 

ʈɸɿʈɸɹʆʊʂɸ ʀ ʀʉʉʃɽɼʆɺɸʅʀɽ ɸʃɻʆʈʀʊʄʆɺ ʋʇʈɸɺʃɽʅʀʗ 

ɺʓʉʆʂʆɺʆʃʔʊʅʓʄʀ ʂɸʉʂɸɼʅʓʄʀ ʇʈɽʆɹʈɸɿʆɺɸʊɽʃʗʄʀ 

 

ʉʧʝʮʠʘʣʴʥʦʩʪʴ 2.4.2 ï ʕʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʝ ʢʦʤʧʣʝʢʩʳ ʠ ʩʠʩʪʝʤʳ  

 

 

 

 

 

ɼʠʩʩʝʨʪʘʮʠʷ ʥʘ ʩʦʠʩʢʘʥʠʝ ʫʯʝʥʦʡ ʩʪʝʧʝʥʠ 

ʢʘʥʜʠʜʘʪʘ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ 

 

 

ʅʘʫʯʥʳʡ ʨʫʢʦʚʦʜʠʪʝʣʴ: 

ʜʦʢʪʦʨ ʪʝʭʥʠʯʝʩʢʠʭ ʥʘʫʢ, ʧʨʦʬʝʩʩʦʨ, 

ɸʥʫʯʠʥ ɸ.ʉ. 

 

 

 

 

ʄʦʩʢʚʘ ï 2023 



2 

 

ʆɻʃɸɺʃɽʅʀɽ 

ɺɺɽɼɽʅʀɽ ................................................................................................................ 4 

ɻʣʘʚʘ 1 ʆʙʟʦʨ ʪʦʧʦʣʦʛʠʡ ʠ ʘʣʛʦʨʠʪʤʦʚ ʫʧʨʘʚʣʝʥʠʷ ɺʳʩʦʢʦʚʦʣʴʪʥʳʭ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʚ ʩʠʩʪʝʤʘʭ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ ʠ ʢʦʤʧʝʥʩʘʮʠʠ ʨʝʘʢʪʠʚʥʦʡ 

ʤʦʱʥʦʩʪʠ .................................................................................................................... 8 

1.1 ʆʙʟʦʨ ʩʫʱʝʩʪʚʫʶʱʠʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʤʥʦʛʦʫʨʦʚʥʝʚʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ 

ʯʘʩʪʦʪʳ ....................................................................................................................... 8 

1.2 ʉʪʘʪʠʯʝʩʢʠʡ ʩʠʥʭʨʦʥʥʳʡ ʧʨʦʜʦʣʴʥʳʡ ʢʦʤʧʝʥʩʘʪʦʨ ʥʘ ʙʘʟʝ ʢʘʩʢʘʜʥʦʛʦ 

ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ........................................................................ 16 

1.3 ɸʥʘʣʠʟ ʤʝʪʦʜʦʚ ʐʀʄ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʯʘʩʪʦʪ r........... 19 

1.4 ʄʝʪʦʜ ʤʛʥʦʚʝʥʥʳʭ ʬʘʟʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ ....................................................... 27 

ɺʳʚʦʜʳ ʧʦ ʛʣʘʚʝ 1 ................................................................................................... 29 

ɻʣʘʚʘ 2 ʈʘʟʨʘʙʦʪʢʘ ʘʣʛʦʨʠʪʤʘ ʐʀʄ ʚ ʚʳʩʦʢʦʚʦʣʴʪʥʦʤ ʇʨʝʦʙʨʘʟʦʚʘʪʝʣʝ 

ʯʘʩʪʦʪʳ ʥʘ ʙʘʟʝ ʥʠʟʢʦʚʦʣʴʪʥʳʭ ʷʯʝʝʢ .................................................................. 31 

2.1 ʈʘʟʨʘʙʦʪʢʘ ʘʣʛʦʨʠʪʤʘ ʐʀʄ ʩ ʯʝʨʝʜʫʶʱʠʡʩʷ ʷʯʝʡʢʦʡ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʯʘʩʪʦʪʳ ........................................................................................ 31 

2.2 ɸʥʘʣʠʟ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʦʚ ʐʀʄ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʢʘʩʢʘʜʥʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʧʨʠ ʰʫʥʪʠʨʦʚʘʥʠʠ ʷʯʝʝʢ ʚʦ ʚʨʝʤʷ ʨʘʙʦʪʳ ............................. 38 

ɺʳʚʦʜʳ ʧʦ ʛʣʘʚʝ 2 ................................................................................................... 47 

ɻʣʘʚʘ 3 ʨʘʟʨʘʙʦʪʢʘ ʙʝʟʪʨʘʥʩʬʦʨʤʘʪʦʨʥʦʛʦ ʩʪʘʪʠʯʝʩʢʦʛʦ ʩʠʥʭʨʦʥʥʦʛʦ 

ʧʨʦʜʦʣʴʥʦʛʦ ʢʦʤʧʝʥʩʘʪʦʨʘ .................................................................................... 48 

3.1 ʆʧʠʩʘʥʠʝ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʩʪʘʪʠʯʝʩʢʦʛʦ ʩʠʥʭʨʦʥʥʦʛʦ ʧʨʦʜʦʣʴʥʦʛʦ 

ʢʦʤʧʝʥʩʘʪʦʨʘ ........................................................................................................... 48 

3.2 ʆʧʠʩʘʥʠʝ ʤʦʜʝʣʠ ʉʉʇʂ ................................................................................... 50 

3.3 ʈʝʛʫʣʠʨʦʚʘʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ ʷʯʝʝʢ ʉʉʇʂ ............................................... 52 



3 

 

3.4 ʇʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʢʦʤʧʦʥʦʚʢʘ ʩʠʣʦʚʦʛʦ ʤʦʜʫʣʷ ʉʉʇʂ ʠ ʝʛʦ ʪʝʧʣʦʚʦʡ 

ʨʘʩʯʝʪ ........................................................................................................................ 58 

3.5 ʈʝʞʠʤʳ ʟʘʧʫʩʢʘ ʠ ʦʩʪʘʥʦʚʘ ʉʉʇʂ ................................................................. 70 

ɺʳʚʦʜʳ ʧʦ ʛʣʘʚʝ 3 ................................................................................................... 77 

ɻʣʘʚʘ 4 ʋʧʨʘʚʣʝʥʠʝ ʘʢʪʠʚʥʳʤ ʚʳʧʨʷʤʠʪʝʣʝʤ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʢʘʩʢʘʜʥʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ....................................................................................................... 78 

4.1 ʉʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ɸɺʅ ................................................................................ 78 

4.2 ɸʣʛʦʨʠʪʤ ʫʧʨʘʚʣʝʥʠʷ ɸɺʅ ʩ ʧʨʝʜʫʧʨʘʚʣʝʥʠʝʤ ............................................ 80 

ɺʳʚʦʜʳ ʧʦ ʛʣʘʚʝ 4 ................................................................................................... 88 

ɻʣʘʚʘ 5 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʝ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʙʦʪʳ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ 

ʚʳʩʦʢʦʚʦʣʴʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ........................................................................ 89 

5.1 ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʣʥʦʡ ʪʨʸʭʬʘʟʥʦʛʦ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ 

ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ ʩ ʚʭʦʜʥʳʤ ʤʥʦʛʦʦʙʤʦʪʦʯʥʳʤ ʚʭʦʜʥʳʤ ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʤ .. 89 

5.2 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʪʨʸʭʬʘʟʥʦʛʦ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩ ʚʭʦʜʥʳʤ ʤʥʦʛʦʦʙʤʦʪʦʯʥʳʤ ʚʭʦʜʥʳʤ ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʤ 103 

ɺʳʚʦʜʳ ʧʦ ʛʣʘʚʝ 5 ................................................................................................. 128 

ɿʘʢʣʶʯʝʥʠʝ ............................................................................................................ 129 

ʉʧʠʩʦʢ ʩʦʢʨʘʱʝʥʠʡ .............................................................................................. 131 

ʉʧʠʩʦʢ ʣʠʪʝʨʘʪʫʨʳ ............................................................................................... 132 

ʇʈʀʃʆɾɽʅʀɽ 1 .................................................................................................. 144 

ʇʈʀʃʆɾɽʅʀɽ 2 .................................................................................................. 145 

ʇʈʀʃʆɾɽʅʀɽ 3 .................................................................................................. 146 

ʇʈʀʃʆɾɽʅʀɽ 4 .................................................................................................. 147 

 



4 

 

ɺɺɽɼɽʅʀɽ 

ɸʢʪʫʘʣʴʥʦʩʪʴ ʠʩʩʣʝʜʦʚʘʥʠʷ. ɺʳʩʦʢʦʚʦʣʴʪʥʳʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ 

ʯʘʩʪʦʪʳ ʚ ʥʘʰʠ ʜʥʠ ʠʤʝʶʪ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ ʚ ʨʘʟʣʠʯʥʳʭ ʦʙʣʘʩʪʷʭ 

ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ, ʛʜʝ ʪʨʝʙʫʝʪʩʷ ʚʳʩʦʢʘʷ ʤʦʱʥʦʩʪʴ ʧʨʠʚʦʜʘ. ʂʨʦʤʝ ʪʦʛʦ, 

ʨʝʰʝʥʠʷ, ʧʨʠʤʝʥʷʝʤʳʝ ʚ ʚʳʩʦʢʦʚʦʣʴʪʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷʭ, ʥʘʭʦʜʷʪ 

ʧʨʠʤʝʥʝʥʠʝ ʚ ʵʣʝʢʪʨʦʵʥʝʨʛʝʪʠʢʝ ʚ ʯʘʩʪʠ ʚʩʪʘʚʦʢ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʠ 

ʧʨʦʜʦʣʴʥʳʭ ʢʦʤʧʝʥʩʘʪʦʨʦʚ. ɺ ʈʦʩʩʠʠ ʝʩʪʴ ʥʝʩʢʦʣʴʢʦ ʧʨʦʠʟʚʦʜʠʪʝʣʝʡ 

ʚʳʩʦʢʦʚʦʣʴʪʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ, ʪʘʢʠʝ ʢʘʢ ʆʆʆ ʅʇʇ çʕʂʈɸè, ɸʆ çʏʕɸɿè, 

ʆʆʆ çʅʇʇ çʀʊ ʉʇʙè ʠ ʜʨʫʛʠʝ, ʢʦʪʦʨʳʝ ʚʳʧʫʩʢʘʶʪ ʠʟʜʝʣʠʷ ʩ ʨʘʟʥʦʡ ʩʪʝʧʝʥʴʶ 

ʣʦʢʘʣʠʟʘʮʠʠ. ʆʜʥʘʢʦ ʨʳʥʦʢ ʥʝ ʥʘʩʳʱʝʥ ʦʩʦʙʝʥʥʦ ʩ ʫʭʦʜʦʤ ʩ ʥʝʛʦ ʚ 2022 ʛʦʜʫ 

ʚʩʝʭ ʦʩʥʦʚʥʳʭ ʟʘʨʫʙʝʞʥʳʭ ʧʦʩʪʘʚʱʠʢʦʚ. ʇʦʵʪʦʤʫ ʨʘʟʚʠʪʠʝ ʪʝʦʨʠʠ 

ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʚʳʩʦʢʦʚʦʣʴʪʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʠ ʧʨʘʢʪʠʯʝʩʢʘʷ ʨʝʘʣʠʟʘʮʠʷ 

ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʜʣʷ ʨʘʟʚʠʪʠʷ ʦʪʝʯʝʩʪʚʝʥʥʦʡ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ. 

ʂʘʩʢʘʜʥʘʷ ʩʭʝʤʘ ʷʚʣʷʝʪʩʷ ʦʜʥʦʡ ʠʟ ʥʘʠʙʦʣʝʝ ʧʝʨʩʧʝʢʪʠʚʥʳʭ ʪʦʧʦʣʦʛʠʡ 

ʜʣʷ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʚʳʩʦʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ (ʚ ʟʘʧʘʜʥʦʡ ʪʝʨʤʠʥʦʣʦʛʠʠ 

ʩʨʝʜʥʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠʣʠ medium voltage). ʆʥʘ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʚʳʩʦʢʦʝ 

ʢʘʯʝʩʪʚʦ ʬʦʨʤʳ ʥʘʧʨʷʞʝʥʠʡ ʠ ʪʦʢʦʚ ʩ ʥʠʟʢʠʤʠ ʧʨʦʠʟʚʦʜʥʳʤʠ ʥʘʧʨʷʞʝʥʠʷ ʚʦ 

ʚʨʝʤʝʥʠ, ʦʙʝʩʧʝʯʠʚʘʷ ʧʨʠ ʵʪʦʤ ʚʳʩʦʢʠʡ ʫʨʦʚʝʥʴ ʥʘʜʝʞʥʦʩʪʠ. 

ɺʦʧʨʦʩʘʤʠ ʫʧʨʘʚʣʝʥʠʷ ʚʳʩʦʢʦʚʦʣʴʪʥʳʤʠ ʢʘʩʢʘʜʥʳʤʠ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷʤʠ ʚ ʥʘʰʝʡ ʩʪʨʘʥʝ ʟʘʥʠʤʘʣʠʩʴ ɸ.ɹ. ɺʠʥʦʛʨʘʜʦʚ, ɺ.ʀ. 

ɺʠʰʥʝʚʩʢʠʡ, ʀ.ʀ. ʀʚʘʥʯʠʥ ʠ ʜʨ. ɺʤʝʩʪʝ ʩ ʪʝʤ, ʨʷʜ ʚʦʧʨʦʩʦʚ ʚ ʯʘʩʪʠ 

ʦʧʪʠʤʠʟʘʮʠʠ ʤʝʪʦʜʦʚ ʰʠʨʦʪʥʦʠʤʧʫʣʴʩʥʦʡ ʤʦʜʫʣʷʮʠʠ, ʨʘʙʦʪʳ ʩ ʘʢʪʠʚʥʳʤʠ 

ʚʳʧʨʷʤʠʪʝʣʷʤʠ ʚ ʥʠʟʢʦʚʦʣʴʪʥʳʭ ʷʯʝʡʢʘʭ ʚʤʝʩʪʦ ʜʠʦʜʥʳʭ ʚʳʧʨʷʤʠʪʝʣʝʡ, 

ʧʨʠʤʝʥʝʥʠʷ ʘʣʛʦʨʠʪʤʦʚ ʤʦʜʫʣʷʮʠʠ ʚ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʭ ʩʪʘʪʠʯʝʩʢʠʭ 

ʢʦʤʧʝʥʩʘʪʦʨʘʭ ʦʩʪʘʶʪʩʷ ʦʪʢʨʳʪʳʤʠ. ʇʦʵʪʦʤʫ ʨʘʟʨʘʙʦʪʢʘ ʘʣʛʦʨʠʪʤʦʚ 

ʫʧʨʘʚʣʝʥʠʷ ʢʘʩʢʘʜʥʳʤ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʤ ʚ ʩʠʩʪʝʤʝ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ ʠ ʜʣʷ 

ʢʦʤʧʝʥʩʘʪʦʨʘ ʨʝʘʢʪʠʚʥʦʡ ʤʦʱʥʦʩʪʠ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ, ʨʝʰʘʝʤʦʡ ʚ 

ʭʦʜʝ ʚʳʧʦʣʥʝʥʠʷ ʜʘʥʥʦʡ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ. 
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ʆʙʲʝʢʪʘʤʠ ʠʩʩʣʝʜʦʚʘʥʠʷ ʷʚʣʷʶʪʩʷ ʤʥʦʛʦʫʨʦʚʥʝʚʳʡ ʢʘʩʢʘʜʥʳʡ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʚʳʩʦʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʚ ʩʠʩʪʝʤʝ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ ʠ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʡ ʢʦʤʧʝʥʩʘʪʦʨ ʨʝʘʢʪʠʚʥʦʡ ʤʦʱʥʦʩʪʠ ʚʳʩʦʢʦʚʦʣʴʪʥʦʡ ʣʠʥʠʠ 

ʵʣʝʢʪʨʦʧʝʨʝʜʘʯ. 

ʇʨʝʜʤʝʪʦʤ ʠʩʩʣʝʜʦʚʘʥʠʷ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ 

ʢʘʩʢʘʜʥʳʤ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʤ ʯʘʩʪʦʪʳ ʥʘ ʙʘʟʝ ʥʠʟʢʦʚʦʣʴʪʥʳʭ ʷʯʝʝʢ ʚ ʩʠʩʪʝʤʝ 

ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ ʠ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʢʦʤʧʝʥʩʘʪʦʨʘ ʨʝʘʢʪʠʚʥʦʡ ʤʦʱʥʦʩʪʠ ʜʣʷ 

ʚʳʩʦʢʦʚʦʣʴʪʥʦʡ ʣʠʥʠʠ ʵʣʝʢʪʨʦʧʝʨʝʜʘʯ. 

ʎʝʣʴʶ ʜʠʩʩʝʨʪʘʮʠʦʥʥʦʡ ʨʘʙʦʪʳ ʚ̫ʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʠ 

ʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʝ ʘʣʛʦʨʠʪʤʦʚ ʩʠʩʪʝʤ ʫʧʨʘʚʣʝʥʠʷ ʤʥʦʛʦʫʨʦʚʥʝʚʳʭ ʢʘʩʢʘʜʥʳʭ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ. 

ɿʘʜʘʯʠ, ʨʝʰʘʝʤʳʝ ʚ ʜʠʩʩʝʨʪʘʮʠʠ.  

1. ʀʩʩʣʝʜʦʚʘʥʠʝ ʩʫʱʝʩʪʚʫʶʱʠʭ ʩʧʦʩʦʙʦʚ ʬʦʨʤʠʨʦʚʘʥʠʷ ʚʳʭʦʜʥʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ʚ ʤʥʦʛʦʫʨʦʚʥʝʚʳʭ ʢʘʩʢʘʜʥʳʭ ʠʥʚʝʨʪʦʨʘʭ.  

2. ʈʘʟʨʘʙʦʪʢʘ ʘʣʛʦʨʠʪʤʘ ʐʀʄ ʩ ʨʘʚʥʦʤʝʨʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ 

ʧʦʪʝʨʴ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ ʠ ʘʜʘʧʪʘʮʠʝʡ ʘʣʛʦʨʠʪʤʘ ʜʣʷ ʩʣʫʯʘʷ ʰʫʥʪʠʨʦʚʘʥʠʷ 

ʷʯʝʝʢ ʩ ʩʦʭʨʘʥʝʥʠʝʤ ʚʝʣʠʯʠʥʳ ʧʦʪʝʨʴ ʚ ʢʘʞʜʦʤ ʩʠʣʦʚʦʤ ʤʦʜʫʣʝ. 

3. ʈʘʟʨʘʙʦʪʢʘ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʘʢʪʠʚʥʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ 

ʥʘʧʨʷʞʝʥʠʷ ʩ ʧʨʝʜʫʧʨʘʚʣʝʥʠʝʤ ʜʣʷ ʨʝʘʣʠʟʘʮʠʷ ʨʝʢʫʧʝʨʘʪʠʚʥʦʛʦ ʨʝʞʠʤʘ 

ʨʘʙʦʪʳ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ. 

4. ʈʘʟʨʘʙʦʪʢʘ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʩʪʘʪʠʯʝʩʢʠʤ ʩʠʥʭʨʦʥʥʳʤ 

ʧʨʦʜʦʣʴʥʳʤ ʢʦʤʧʝʥʩʘʪʦʨʦʤ ʨʝʘʢʪʠʚʥʦʡ ʤʦʱʥʦʩʪʠ ʩ ʫʯʝʪʦʤ ʙʘʣʘʥʩʠʨʦʚʢʠ 

ʥʘʧʨʷʞʝʥʠʡ ʚ ʟʚʝʥʝ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʩʠʣʦʚʳʭ ʷʯʝʝʢ.  

5. ʈʘʟʨʘʙʦʪʢʘ ʘʣʛʦʨʠʪʤʘ ʰʠʨʦʪʥʦ-ʠʤʧʫʣʴʩʥʦʡ ʤʦʜʫʣʷʮʠʠ ʜʣʷ 

ʥʠʟʢʦʚʦʣʴʪʥʳʭ ʷʯʝʝʢ ʩ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦʪʝʨʴ ʤʝʞʜʫ ʩʠʣʦʚʳʤʠ ʤʦʜʫʣʷʤʠ 

ʩ ʫʯʸʪʦʤ ʫʩʣʦʚʠʡ ʦʭʣʘʞʜʝʥʠʷ.  

6. ɸʧʨʦʙʘʮʠʷ ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʤʝʪʦʜʦʚ ʥʘ ʦʙʦʨʫʜʦʚʘʥʠʠ ʚ ʩʦʩʪʘʚʝ 

ʚʳʩʦʢʦʚʦʣʴʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʯʘʩʪʦʪʳ ʩ ʥʦʤʠʥʘʣʴʥʳʤ ʥʘʧʨʷʞʝʥʠʝʤ 10 ʢɺ 

ʠ ʤʦʱʥʦʩʪʴʶ 8 ʄɺʪ. 
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ʅʘʫʯʥʘʷ ʥʦʚʠʟʥʘ ʨʘʙʦʪʳ: 

1. ʈʘʟʨʘʙʦʪʘʥ ʘʣʛʦʨʠʪʤ ʐʀʄ ʜʣʷ ʦʜʥʦʬʘʟʥʦʛʦ ʠ ʪʨʝʭʬʘʟʥʦʛʦ 

ʢʘʩʢʘʜʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ, ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʚʳʩʦʢʫʶ ʧʦʣʦʩʫ ʧʨʦʧʫʩʢʘʥʠʷ 

ʧʦ ʫʧʨʘʚʣʷʶʱʝʤʫ ʩʠʛʥʘʣʫ ʧʨʠ ʨʘʚʥʦʤʝʨʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʧʦʪʝʨʴ ʤʝʞʜʫ 

ʵʣʝʤʝʥʪʘʤʠ ʩʠʣʦʚʳʭ ʥʠʟʢʦʚʦʣʴʪʥʳʭ ʷʯʝʝʢ. 

2. ʇʨʦʠʟʚʝʜʝʥʘ ʘʜʘʧʪʘʮʠʷ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʢ ʰʫʥʪʠʨʦʚʘʥʠʶ 

ʷʯʝʝʢ ʚ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝ ʧʨʠ ʯʘʩʪʠʯʥʳʭ ʦʪʢʘʟʘʭ, ʦʙʝʩʧʝʯʠʚʘʶʱʝʛʦ ʩʦʭʨʘʥʝʥʠʝ 

ʪʝʧʣʦʚʦʛʦ ʨʝʞʠʤʘ ʚ ʩʠʣʦʚʳʭ ʥʠʟʢʦʚʦʣʴʪʥʳʭ ʷʯʝʡʢʘʭ. 

3. ʈʘʟʨʘʙʦʪʘʥʘ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʘʢʪʠʚʥʳʤ ʚʳʧʨʷʤʠʪʝʣʝʤ ʩ 

ʧʨʝʜʫʧʨʘʚʣʝʥʠʝʤ, ʨʝʘʛʠʨʫʶʱʘʷ ʥʘ ʠʟʤʝʥʝʥʠʝ ʥʘʛʨʫʟʢʠ ʚ ʵʣʝʢʪʨʦʧʨʠʚʦʜʝ ʧʨʠ 

ʤʠʥʠʤʘʣʴʥʦʡ ʧʫʣʴʩʘʮʠʠ ʚʭʦʜʥʦʡ ʤʦʱʥʦʩʪʠ ʚʳʧʨʷʤʠʪʝʣʷ. 

4. ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʰʠʨʦʪʥʦ-ʠʤʧʫʣʴʩʥʦʡ ʤʦʜʫʣʷʮʠʠ 

ʘʜʘʧʪʠʨʦʚʘʥ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʧʨʦʜʦʣʴʥʳʤ ʢʦʤʧʝʥʩʘʪʦʨʦʤ ʨʝʘʢʪʠʚʥʦʡ 

ʤʦʱʥʦʩʪʠ ʩ ʬʫʥʢʮʠʝʡ ʙʘʣʘʥʩʠʨʦʚʢʠ ʥʘʧʨʷʞʝʥʠʡ ʟʚʝʥʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ 

ʩʠʣʦʚʳʭ ʥʠʟʢʦʚʦʣʴʪʥʳʭ. 

ʇʨʘʢʪʠʯʝʩʢʘʷ ʟʥʘʯʠʤʦʩʪʴ ʨʘʙʦʪʳ: 

1. ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʫʧʨʘʚʣʝʥʠʷ ʨʝʘʣʠʟʦʚʘʥʳ ʠ ʠʩʧʳʪʘʥʳ ʚ 

ʩʦʩʪʘʚʝ ʚʳʩʦʢʦʚʦʣʴʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʯʘʩʪʦʪʳ ʥʘ 10 ʢɺ/8 ʄɺʪ 

ɺʀɽɻ.435521.1421, ʯʪʦ ʦʪʨʘʞʝʥʦ ʚ ʘʢʪʘʭ ʚʥʝʜʨʝʥʠʷ. 

2. ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʘʣʛʦʨʠʪʤʳ ʫʧʨʘʚʣʝʥʠʷ ʟʘʣʦʞʝʥʳ ʚ ʧʨʦʝʢʪ ʩʝʪʝʚʦʛʦ 

ʩʪʘʪʠʯʝʩʢʦʛʦ ʧʨʦʜʦʣʴʥʦʛʦ ʢʦʤʧʝʥʩʘʪʦʨʘ, ʚʳʧʦʣʥʝʥʥʦʛʦ ʧʦ ʟʘʢʘʟʫ ʇɸʆ 

çʉʠʣʦʚʳʝ ʤʘʰʠʥʳè, ʯʪʦ ʦʪʨʘʞʝʥʦ ʚ ʘʢʪʝ ʚʥʝʜʨʝʥʠʷ. 

3. ʈʘʟʨʘʙʦʪʘʥʥʳʝ ʤʘʪʝʤʘʪʠʯʝʩʢʠʝ ʤʦʜʝʣʠ ʤʦʛʫʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʳ ʚ 

ʫʯʝʙʥʦʤ ʧʨʦʮʝʩʩʝ ʧʨʠ ʯʪʝʥʠʠ ʪʘʢʠʭ ʜʠʩʮʠʧʣʠʥ ʢʘʢ çʉʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ 

ʵʣʝʢʪʨʦʧʨʠʚʦʜʦʚè, çʇʨʦʝʢʪʠʨʦʚʘʥʠʝ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʠʭ ʫʩʪʘʥʦʚʦʢè. 

ʄʝʪʦʜʳ ʠ ʩʨʝʜʩʪʚʘ ʠʩʩʣʝʜʦʚʘʥʠʷ ʙʘʟʠʨʫʶʪʩʷ ʥʘ ʧʨʠʤʝʥʝʥʠʠ, ʪʝʦʨʠʠ 

ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ, ʪʝʦʨʠʠ ʘʚʪʦʤʘʪʠʯʝʩʢʦʛʦ ʫʧʨʘʚʣʝʥʠʷ. ʇʨʠʤʝʥʝʥʦ 

ʢʦʤʧʴʶʪʝʨʥʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ʚʠʟʫʘʣʴʥʳʭ ʩʨʝʜʘʭ. ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʩʠʩʪʝʤʘ 

ʫʧʨʘʚʣʝʥʠʷ ʚʳʩʦʢʦʚʦʣʴʪʥʦʛʦ ʨʝʢʫʧʝʨʘʪʠʚʥʦʛʦ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ ʙʳʣʘ 
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ʠʩʩʣʝʜʦʚʘʥʘ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦ ʥʘ ʩʪʝʥʜʝ ʩ ʚʳʩʦʢʦʚʦʣʴʪʥʳʤ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʤ 

ʯʘʩʪʦʪʳ. 

ʆʙʦʩʥʦʚʘʥʥʦʩʪʴ ʠ ʜʦʩʪʦʚʝʨʥʦʩʪʴ ʥʘʫʯʥʳʭ ʧʦʣʦʞʝʥʠʡ ʠ ʚʳʚʦʜʦʚ 

ʧʦʜʪʚʝʨʞʜʝʥʘ ʨʝʟʫʣʴʪʘʪʘʤʠ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʠʩʩʣʝʜʦʚʘʥʠʡ ʥʘ ʬʠʟʠʯʝʩʢʠʭ ʦʙʲʝʢʪʘʭ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʦʙʦʨʫʜʦʚʘʥʠʷ ʆʆʆ 

çʅʇʌ ɺɽʂʊʆʈè, ʢʦʤʧʘʥʠʠ ʅʀʀʕʊ (ʛ. ɺʦʨʦʥʝʞ), ʆʆʆ çʕʊɿ çɺɽʂʊʆʈè 

(ʛ. ɺʦʪʢʠʥʩʢ). 

ɺʥʝʜʨʝʥʠʝ ʨʝʟʫʣʴʪʘʪʦʚ ʨʘʙʦʪʳ. ʈʘʟʨʘʙʦʪʘʥʘ ʠ ʟʘʧʫʱʝʥʘ ʚ ʧʨʦʠʟʚʦʜʩʪʚʦ 

ʥʘ ʙʘʟʝ ʆʆʆ çʕʊɿ çɺɽʂʊʆʈè ʩʝʨʠʷ ʚʳʩʦʢʦʚʦʣʴʪʥʳʭ ʢʘʩʢʘʜʥʳʭ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʯʘʩʪʦʪʳ, ʧʦʩʪʨʦʝʥʥʳʝ ʧʦ ʩʭʝʤʝ çʤʥʦʛʦʦʙʤʦʪʦʯʥʳʡ 

ʪʨʘʥʩʬʦʨʤʘʪʦʨ ï ʥʠʟʢʦʚʦʣʴʪʥʳʝ ʩʠʣʦʚʳʝ ʷʯʝʡʢʠè ʩ ʧʨʠʤʝʥʝʥʠʝʤ 

ʨʘʟʨʘʙʦʪʘʥʥʳʭ ʘʣʛʦʨʠʪʤʦʚ ʫʧʨʘʚʣʝʥʠʷ, ʯʪʦ ʧʦʜʪʚʝʨʞʜʘʝʪʩʷ ʘʢʪʘʤʠ ʚʥʝʜʨʝʥʠʷ. 

ɸʧʨʦʙʘʮʠʷ ʨʘʙʦʪʳ. ʆʩʥʦʚʥʳʝ ʨʝʟʫʣʴʪʘʪʳ ʨʘʙʦʪʳ ʦʙʩʫʞʜʘʣʠʩʴ ʥʘ 

ʟʘʩʝʜʘʥʠʠ ʢʘʬʝʜʨʳ çɸʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʦʛʦ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘè çʅʀʋ çʄʕʀè, ʥʘ 

ʤʝʞʜʫʥʘʨʦʜʥʳʭ ʢʦʥʬʝʨʝʥʮʠʷʭ IEEE: International Workshop on Electric Drives 

IWED  ʚ 2021-2023 ʛʦʜʘʭ, ʄʦʩʢʚʘ, ʈʦʩʩʠʷ; International Scientific Conference on 

Power and Electrical Engineering of Riga Technical University, RTUCON 2021, 

ʈʠʛʘ, ʃʘʪʚʠʷ; 55rd International Universities Power Engineering Conference, UPEC 

2020, ʊʫʨʠʥ, ʀʪʘʣʠʷ; International Conference on Modern Power Systems 

(MPS) 2021, ʂʣʫʞ-ʅʘʧʦʢʘ, ʈʫʤʳʥʠʷ; International Symposium on Power 

Electronics, Electrical Drives, Automation and Motion, SPEEDAM 2022, ʉʦʨʨʝʥʪʦ, 

ʀʪʘʣʠʷ, ɸʕʇ-2022, ʊʫʣʘ, ʈʦʩʩʠʷ.  

ʇʫʙʣʠʢʘʮʠʠ: ʇʦ ʪʝʤʝ ʜʠʩʩʝʨʪʘʮʠʠ ʦʧʫʙʣʠʢʦʚʘʥʦ 9 ʧʝʯʘʪʥʳʭ ʨʘʙʦʪ, ʠʟ 

ʥʠʭ 6 ʚʢʣʶʯʝʥʳ ʚ ʥʘʫʢʦʤʝʪʨʠʯʝʩʢʠʝ ʙʘʟʳ Scopus ʠ/ʠʣʠ Web of Science ʠ 3 

ʩʪʘʪʴʠ ʚ ʞʫʨʥʘʣʘʭ, ʚʭʦʜʷʱʠʤ ʚ ʧʝʨʝʯʝʥʴ ɺɸʂ ʈʌ.  
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ɻʃɸɺɸ 1 ʆɹɿʆʈ ʊʆʇʆʃʆɻʀʁ ʀ ɸʃɻʆʈʀʊʄʆɺ 

ʋʇʈɸɺʃɽʅʀʗ ɺʓʉʆʂʆɺʆʃʔʊʅʓʍ ʇʈɽʆɹʈɸɿʆɺɸʊɽʃɽʁ 

ɺ ʉʀʉʊɽʄɸʍ ʕʃɽʂʊʈʆʇʈʀɺʆɼɸ ʀ ʂʆʄʇɽʅʉɸʎʀʀ 

ʈɽɸʂʊʀɺʅʆʁ ʄʆʑʅʆʉʊʀ 

1.1 ʆʙʟʦʨ ʩʫʱʝʩʪʚʫʶʱʠʭ ʢʦʥʬʠʛʫʨʘʮʠʡ ʤʥʦʛʦʫʨʦʚʥʝʚʳʭ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʯʘʩʪʦʪʳ  

ɼʣʷ ʤʦʱʥʳʭ ʧʨʠʚʦʜʦʚ (ʥʘʯʠʥʘʷ ʩ 200 ʢɺʪ) ʤʦʞʝʪ ʦʢʘʟʘʪʴʩʷ 

ʨʘʮʠʦʥʘʣʴʥʳʤ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʪʦʧʦʣʦʛʠʡ ʤʥʦʛʦʫʨʦʚʥʝʚʳʭ ʠʥʚʝʨʪʦʨʦʚ, ʪʘʢ ʢʘʢ 

ʥʝ ʩʫʱʝʩʪʚʫʝʪ ʵʬʬʝʢʪʠʚʥʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚʳʭ ʢʦʤʤʫʪʘʮʠʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʩ 

ʚʳʩʦʢʦʡ ʯʘʩʪʦʪʦʡ ʧʝʨʝʢʣʶʯʝʥʠʷ ʜʣʷ ʥʘʧʨʷʞʝʥʠʷ ʚʳʰʝ 1700 ɺ. 

ʄʥʦʛʦʫʨʦʚʥʝʚʳʝ ʠʥʚʝʨʪʦʨʳ [1, 2] ʰʠʨʦʢʦ ʧʨʠʤʝʥʷʶʪʩʷ ʚ ʚʳʩʦʢʦʚʦʣʴʪʥʳʭ 

ʵʣʝʢʪʨʦʧʨʠʚʦʜʘʭ ʠ ʚ ʩʦʩʪʘʚʝ ʦʙʦʨʫʜʦʚʘʥʠʷ ʣʠʥʠʡ ʵʣʝʢʪʨʦʧʝʨʝʜʘʯ. ʆʥʠ ʠʤʝʶʪ 

ʨʷʜ ʧʨʝʠʤʫʱʝʩʪʚ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʪʘʥʜʘʨʪʥʳʤʠ 2-ʫʨʦʚʥʝʚʳʤʠ 

ʠʥʚʝʨʪʦʨʘʤʠ [3, 4], ʪʘʢʠʭ ʢʘʢ ʚʳʩʦʢʦʝ ʢʘʯʝʩʪʚʦ ʬʦʨʤʳ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ 

ʩ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʠʟʢʦʡ ʯʘʩʪʦʪʦʡ ʧʝʨʝʢʣʶʯʝʥʠʷ ʠ ʥʠʟʢʦʝ ʢʦʤʤʫʪʠʨʫʝʤʦʝ 

ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʢʣʶʯʘʭ, ʯʪʦ ʙʣʘʛʦʧʨʠʷʪʥʦ ʩʢʘʟʳʚʘʝʪʩʷ, ʥʘʧʨʠʤʝʨ, ʥʘ ʠʟʦʣʷʮʠʠ 

ʜʚʠʛʘʪʝʣʷ, ʪʘʢ ʢʘʢ ʧʨʦʠʟʚʦʜʥʘʷ ʥʘʧʨʷʞʝʥʠʷ ʚʦ ʚʨʝʤʝʥʠ dv/dt ʦʢʘʟʳʚʘʝʪʩʷ ʚ ʨʘʟʳ 

ʥʠʞʝ, ʯʝʤ ʫ ʜʚʫʭʫʨʦʚʥʝʚʦʡ ʪʦʧʦʣʦʛʠʠ. 

ʉʫʱʝʩʪʚʫʝʪ ʥʝʩʢʦʣʴʢʦ ʦʩʥʦʚʥʳʭ ʪʦʧʦʣʦʛʠʡ ʤʥʦʛʦʫʨʦʚʥʝʚʳʭ ʠʥʚʝʨʪʦʨʦʚ: 

Åʄʥʦʛʦʫʨʦʚʥʝʚʳʡ ʠʥʚʝʨʪʦʨ ʩ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʥʝʡʪʨʘʣʴʥʦʡ ʪʦʯʢʦʡ 

(Neutral Point Clamped ð NPC) [5]; 

Åʄʥʦʛʦʫʨʦʚʥʝʚʳʡ ʠʥʚʝʨʪʦʨ ʩ ʧʣʘʚʘʶʱʠʤ ʢʦʥʜʝʥʩʘʪʦʨʦʤ (Flying 

Capacitor ð FC) [6]; 

Åʂʘʩʢʘʜʥʳʡ ʤʥʦʛʦʫʨʦʚʥʝʚʳʡ ʠʥʚʝʨʪʦʨ [7, 8]. 

ɺ ʠʥʚʝʨʪʦʨʝ NPʉ ʚʭʦʜ ʟʚʝʥʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʨʘʟʜʝʣʷʝʪʩʷ ʥʘ ʥʝʩʢʦʣʴʢʦ 

ʫʨʦʚʥʝʡ ʧʫʪʝʤ ʬʠʢʩʘʮʠʠ ʥʝʡʪʨʘʣʴʥʦʡ ʪʦʯʢʠ ʥʘ ʨʘʟʣʠʯʥʳʭ ʫʨʦʚʥʷʭ 

ʥʘʧʨʷʞʝʥʠʷ. ʀʥʚʝʨʪʦʨ NPC ʤʦʞʝʪ ʠʤʝʪʴ ʨʘʟʣʠʯʥʳʝ ʢʦʥʬʠʛʫʨʘʮʠʠ (ʨʠʩ. 1.1 ʜʣʷ 

ʪʨʝʭʫʨʦʚʥʝʚʦʛʦ ʠʩʧʦʣʥʝʥʠʷ): I-ʪʠʧ, ʚ ʩʭʝʤʝ ʢʦʪʦʨʦʛʦ ʠʩʧʦʣʴʟʫʶʪʩʷ 
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ʬʠʢʩʠʨʫʶʱʠʝ ʜʠʦʜʳ, ʠ T-ʪʠʧ, ʚ ʢʦʪʦʨʦʤ ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʦʤʤʫʪʘʮʠʦʥʥʳʝ 

ʫʩʪʨʦʡʩʪʚʘ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ ʜʣʷ ʩʦʝʜʠʥʝʥʠʷ ʩʨʝʜʥʝʡ ʪʦʯʢʠ ʠʩʪʦʯʥʠʢʘ 

ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʩ ʥʝʡʪʨʘʣʴʥʦʡ ʪʦʯʢʦʡ ʥʘʛʨʫʟʢʠ. ʉʭʝʤʘ ʠʥʚʝʨʪʦʨʘ I-ʪʠʧʘ 

ʦʙʳʯʥʦ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʤʦʱʥʳʭ ʧʨʠʚʦʜʘʭ, ʧʦʩʢʦʣʴʢʫ ʦʥʘ ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ 

ʥʘʧʨʷʞʝʥʠʝ ʚ ʟʚʝʥʝ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩʦ ʩʪʘʥʜʘʨʪʥʳʤ  

2-ʫʨʦʚʥʝʚʳʤ ʠʥʚʝʨʪʦʨʦʤ ʥʘ ʙʘʟʝ ʵʣʝʤʝʥʪʦʚ ʪʘʢʦʛʦ ʞʝ ʢʣʘʩʩʘ. ʉʭʝʤʘ T-ʪʠʧʘ ʚ 

ʦʩʥʦʚʥʦʤ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʪʦʯʥʳʭ ʠ ʚʳʩʦʢʦʵʬʬʝʢʪʠʚʥʳʭ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘʭ, 

ʠʩʪʦʯʥʠʢʘʭ ʙʝʩʧʝʨʝʙʦʡʥʦʛʦ ʧʠʪʘʥʠʷ ʠ ʩʦʣʥʝʯʥʳʭ ʠʥʚʝʨʪʦʨʘʭ, ʛʜʝ ʥʝʦʙʭʦʜʠʤʦ 

ʥʝ ʫʚʝʣʠʯʠʪʴ ʥʘʧʨʷʞʝʥʠʝ, ʘ ʫʤʝʥʴʰʠʪʴ ʛʘʙʘʨʠʪʳ ʩʝʪʝʚʦʛʦ ʬʠʣʴʪʨʘ. ʊʘʢ ʢʣʶʯʠ 

ʤʦʩʪʦʚʦʡ ʯʘʩʪʠ (Q1, Q4) ʜʦʣʞʥʳ ʚʳʜʝʨʞʠʚʘʪʴ ʦʙʱʝʝ ʥʘʧʨʷʞʝʥʠʝ ʚ ʟʚʝʥʝ 

ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ. ʅʦʤʠʥʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʢʣʶʯʝʡ, ʩʦʝʜʠʥʷʶʱʠʭ ʥʝʡʪʨʘʣʠ 

ʠʩʪʦʯʥʠʢʘ ʠ ʥʘʛʨʫʟʢʠ (Q2, Q3), ʦʙʳʯʥʦ ʩʦʩʪʘʚʣʷʝʪ ʧʦʣʦʚʠʥʫ ʥʘʧʨʷʞʝʥʠʷ 

ʢʣʶʯʝʡ ʤʦʩʪʦʚʦʡ ʯʘʩʪʠ. ʀʥʚʝʨʪʦʨʳ NPC ʠʟʚʝʩʪʥʳ ʩʚʦʝʡ ʩʧʦʩʦʙʥʦʩʪʴʶ 

ʬʦʨʤʠʨʦʚʘʪʴ ʥʘʧʨʷʞʝʥʠʝ ʩ ʥʠʟʢʠʤ ʫʨʦʚʥʝʤ ʛʘʨʤʦʥʠʯʝʩʢʠʭ ʠʩʢʘʞʝʥʠʡ, ʦʜʥʘʢʦ 

ʠʭ ʢʦʥʩʪʨʫʢʮʠʷ ʫʩʣʦʞʥʷʝʪʩʷ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʯʠʩʣʘ ʫʨʦʚʥʝʡ ʠʟ-ʟʘ ʨʦʩʪʘ ʯʠʩʣʘ 

ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʢʦʤʧʦʥʝʥʪʦʚ ʩ ʧʦʚʳʰʝʥʠʝʤ ʪʨʝʙʫʝʤʦʛʦ ʚʳʭʦʜʥʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ.  

ɺ ʠʥʚʝʨʪʦʨʘʭ FC ʠʩʧʦʣʴʟʫʶʪʩʷ ʢʦʥʜʝʥʩʘʪʦʨʳ, ʢʦʪʦʨʳʝ ʧʝʨʝʢʣʶʯʘʶʪʩʷ 

ʤʝʞʜʫ ʠʩʪʦʯʥʠʢʦʤ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʠ ʥʘʛʨʫʟʢʦʡ ʜʣʷ ʩʦʟʜʘʥʠʷ ʥʝʩʢʦʣʴʢʠʭ 

ʫʨʦʚʥʝʡ ʥʘʧʨʷʞʝʥʠʷ (ʨʠʩ. 1.2). ʂʦʣʠʯʝʩʪʚʦ ʫʨʦʚʥʝʡ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʦʣʠʯʝʩʪʚʦʤ 

ʠʩʧʦʣʴʟʫʝʤʳʭ ʢʦʥʜʝʥʩʘʪʦʨʦʚ. ʀʥʚʝʨʪʦʨʳ FC ʠʟʚʝʩʪʥʳ ʩʚʦʝʡ ʧʨʦʩʪʦʪʦʡ ʠ 

ʤʘʣʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʢʦʤʧʦʥʝʥʪʦʚ, ʥʦ ʧʨʠ ʫʚʝʣʠʯʝʥʠʠ ʯʠʩʣʘ ʫʨʦʚʥʝʡ ʨʘʩʪʫʪ 

ʧʘʨʘʟʠʪʥʳʝ ʠʥʜʫʢʪʠʚʥʦʩʪʠ, ʢʦʪʦʨʳʝ ʧʨʠʭʦʜʠʪʩʷ ʢʦʤʤʫʪʠʨʦʚʘʪʴ, ʘ ʪʘʢʞʝ 

ʩʫʱʝʩʪʚʝʥʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʨʘʟʤʝʨ ʢʦʥʜʝʥʩʘʪʦʨʥʳʭ ʙʘʪʘʨʝʡ. 

ʇʨʝʦʙʨʘʟʦʚʘʪʝʣʠ NPC ʠ FC ʪʦʧʦʣʦʛʠʠ ʩʦʜʝʨʞʘʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ 

ʩʦʝʜʠʥʝʥʥʳʝ ʢʣʶʯʠ ʩ ʢʦʥʪʫʨʦʤ ʜʣʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ, ʯʪʦʙʳ 

ʫʚʝʣʠʯʠʪʴ ʨʘʙʦʯʝʝ ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʚʳʭʦʜʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. ʆʜʥʘʢʦ ʜʘʥʥʳʝ 

ʨʝʰʝʥʠʷ ʦʛʨʘʥʠʯʝʥʳ 3-  ̫ʠʣʠ 5-  ʁʫʨʦʚʥʷʤʠ. ʇʦʚʳʰʘʷ ʫʨʦʚʝʥʴ, ʥʝʚʦʟʤʦʞʥʦ 

ʫʜʝʨʞʠʚʘʪʴ ʧʘʨʘʟʠʪʥʫʶ ʠʥʜʫʢʪʠʚʥʦʩʪʴ ʤʥʦʛʦʫʨʦʚʥʝʚʦʡ ʚʝʪʚʠ ʥʘ ʥʫʞʥʦʤ 

ʫʨʦʚʥʝ. ɼʣʷ ʜʘʥʥʳʭ ʪʦʧʦʣʦʛʠʡ ʠʥʚʝʨʪʦʨʦʚ ʥʝʦʙʭʦʜʠʤʦ ʨʝʘʣʠʟʦʚʘʪʴ ʘʣʛʦʨʠʪʤʳ 
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ʙʘʣʘʥʩʠʨʦʚʢʠ ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ ʢʦʥʜʝʥʩʘʪʦʨʦʚ ʧʨʦʤʝʞʫʪʦʯʥʦʛʦ ʢʦʥʪʫʨʘ [9], ʯʪʦ 

ʟʘʪʨʫʜʥʠʪʝʣʴʥʦ ʧʨʠ ʤʘʣʳʭ ʟʥʘʯʝʥʠʷʭ ʘʢʪʠʚʥʦʡ ʤʦʱʥʦʩʪʠ, ʝʩʣʠ ʪʘʢʦʡ ʨʝʞʠʤ 

ʚʦʟʥʠʢʘʝʪ.  

ʂʨʦʤʝ ʵʪʦʛʦ ʥʘ ʨʳʥʢʝ ʧʨʝʜʩʪʘʚʣʝʥʳ ʧʨʠʚʦʜʳ ʩ 3-ʫʨʦʚʥʝʚʳʤʠ 

ʠʥʚʝʨʪʦʨʘʤʠ ʥʘ ʙʘʟʝ ʪʘʙʣʝʪʦʯʥʳʭ IGBT ʠ IGCT, ʦʜʥʘʢʦ ʘʣʛʦʨʠʪʤʳ 

ʵʬʬʝʢʪʠʚʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʠʤʠ ʩʣʦʞʥʳ ʠ ʪʨʝʙʫʶʪ ʧʨʠʤʝʥʝʥʠʷ 

ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʭ ʧʨʦʛʨʘʤʤʠʨʫʝʤʳʭ ʣʦʛʠʯʝʩʢʠʭ ʤʘʪʨʠʮ [10] 

ʩʪʦʠʤʦʩʪʴʶ ʚ ʜʝʩʷʪʢʠ ʪʳʩʷʯ ʜʦʣʣʘʨʦʚ ʉʐɸ ʟʘ ʰʪʫʢʫ. 

ʇʨʦʩʪʦʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʩʦʝʜʠʥʝʥʠʝ ʢʣʶʯʝʡ ʩ ʮʝʣʴʶ ʫʚʝʣʠʯʝʥʠʷ 

ʨʘʙʦʯʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʝʵʬʬʝʢʪʠʚʥʦ, ʪʘʢ ʢʘʢ ʠʟ-ʟʘ ʨʘʟʙʨʦʩʘ ʧʘʨʘʤʝʪʨʦʚ ʢʣʶʯʠ 

ʦʪʢʨʳʚʘʶʪʩʷ ʠ ʟʘʢʨʳʚʘʶʪʩʷ ʥʝʦʜʥʦʚʨʝʤʝʥʥʦ, ʪʦ ʝʩʪʴ ʦʜʠʥ ʠʟ ʢʣʶʯʝʡ ʦʩʪʘʥʝʪʩʷ 

ʥʘ ʧʦʣʥʦʝ ʥʘʧʨʷʞʝʥʠʷ, ʚʤʝʩʪʦ ʧʦʣʦʞʝʥʥʳʭ ʜʚʫʭ ʠ ʙʦʣʝʝ, ʯʪʦ ʜʘʝʪ ʥʝ ʚʳʩʦʢʫʶ 

ʥʘʜʝʞʥʦʩʪʴ. 
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Q1 D1

Q3 D3

Q2 D2

Q4 D4

D5

D6

N

C1

C2

N

ʘ)

ʙ)
 

ʈʠʩ.1.1 ʊʦʧʦʣʦʛʠʠ ʪʨʝʭʫʨʦʚʥʝʚʦʛʦ NPC ʠʥʚʝʨʪʦʨʘ. ʘ ð T-ʪʠʧ, ʙ ð I-ʪʠʧ 



11 

 

ʅʘʛʨʫʟʢʘ

Q1 D1

Q3 D3

Q2 D2

Q4 D4

N

C1

C2

C3

 

ʈʠʩ.1.2 ʊʦʧʦʣʦʛʠʷ ʪʨʝʭʫʨʦʚʥʝʚʦʛʦ FC ʠʥʚʝʨʪʦʨʘ 

ʉʭʝʤʘ ʚʳʩʦʢʦʚʦʣʴʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʯʘʩʪʦʪʳ (ɺʇʏ) ʩ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤ ʦʙʲʝʜʠʥʝʥʠʝʤ ʥʠʟʢʦʚʦʣʴʪʥʳʭ ʷʯʝʝʢ ʷʚʣʷʝʪʩʷ ʥʘʠʙʦʣʝʝ 

ʧʝʨʩʧʝʢʪʠʚʥʦʡ (ʩʤ. ʨʠʩ. 1.3). ɺʳʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ 

ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʩʫʤʤʫ ʥʘʧʨʷʞʝʥʠʡ, ʛʝʥʝʨʠʨʫʝʤʳʭ ʢʘʞʜʦʡ ʥʠʟʢʦʚʦʣʴʪʥʦʡ 

ʷʯʝʡʢʦʡ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʬʦʨʤʠʨʦʚʘʪʴ ʥʘʧʨʷʞʝʥʠʝ ʩʪʫʧʝʥʯʘʪʦʡ ʬʦʨʤ rʩ ʥʠʟʢʠʤ 

ʫʨʦʚʥʝʤ ʠʩʢʘʞʝʥʠʡ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 2-ʫʨʦʚʥʝʚʦʡ ʪʦʧʦʣʦʛʠʝʡ. ɼʦʩʪʦʠʥʩʪʚʦʤ 

ʜʘʥʥʦʡ ʪʦʧʦʣʦʛʠʠ ʷʚʣʷʝʪʩʷ ʭʦʨʦʰʠʡ ʛʘʨʤʦʥʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʚʳʭʦʜʥʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ʠ ʪʦʢʦʚ, ʘ ʪʘʢʞʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʭʦʨʦʰʦ ʦʪʨʘʙʦʪʘʥʥʦʡ ʪʝʭʥʦʣʦʛʠʠ 

ʥʠʟʢʦʚʦʣʴʪʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʯʘʩʪʦʪʳ.  

ʐʠʨʦʢʦ ʧʨʝʜʩʪʘʚʣʝʥʥʘʷ ʥʘ ʨʳʥʢʝ ʤʥʦʛʦʫʨʦʚʥʝʚʘʷ ʢʘʩʢʘʜʥʘʷ ʩʪʨʫʢʪʫʨʘ 

ʧʦʟʚʦʣʷʝʪ ʧʦʚʳʰʘʪʴ ʥʘʧʨʷʞʝʥʠʝ ʠ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʤʦʱʥʦʩʪʴ ʧʫʪʝʤ 

ʫʚʝʣʠʯʝʥʠʷ ʯʠʩʣʘ ʩʠʣʦʚʳʭ ʥʠʟʢʦʚʦʣʴʪʥʳʭ ʷʯʝʝʢ. ɼʘʥʥʘʷ ʪʦʧʦʣʦʛʠʷ 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʚʳʩʦʢʫʶ ʥʘʜʝʞʥʦʩʪʴ, ʪʘʢ ʢʘʢ ʚ ʩʣʫʯʘʝ ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʦʜʥʦʡ 

ʷʯʝʡʢʠ ʝʩʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʢʣʶʯʘʪʴ ʝʝ ʠʟ ʨʘʙʦʪʳ, ʥʝ ʧʨʝʨʳʚʘʷ ʨʘʙʦʪʫ ʚʩʝʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. ʊʦʧʦʣʦʛʠʷ ʧʨʠʤʝʥʷʝʪʩʷ ʢʘʢ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ 

ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʝʤ, ʪʘʢ ʠ ʜʣʷ ʢʦʤʧʝʥʩʘʮʠʠ ʨʝʘʢʪʠʚʥʦʡ ʤʦʱʥʦʩʪʠ. 
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ʄʥʦʛʦʦʙʤʦʪʦʯʥʳʡ 

ʪʨʘʥʩʬʦʨʤʘʪʦʨ

ʅʘʛʨʫʟʢʘ

ʉʗ

ɺʝʪʚʴ

ʉʗ

Uɿʇʊ
 

ʘ) ʙ)  

ʈʠʩ.1.3 ʉʪʨʫʢʪʫʨʘ ʢʘʩʢʘʜʥʦʛʦ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤ 

ʦʙʲʝʜʠʥʝʥʠʝʤ ʥʠʟʢʦʚʦʣʴʪʥʳʭ ʷʯʝʝʢ. ʘ ð ʪʦʧʦʣʦʛʠʷ ʩ ʚʭʦʜʥʳʤ ʤʥʦʛʦʦʙʤʦʪʦʯʥʳʤ 

ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʤ ʙ ð ʪʦʧʦʣʦʛʠʷ ʩ ʦʙʱʠʤ ʟʚʝʥʦʤ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ 

ʅʘ ʨʠʩ. 1.3 ʧʦʢʘʟʘʥʘ ʪʦʧʦʣʦʛʠʷ ʢʘʩʢʘʜʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩ ʚʭʦʜʥʳʤ 

ʤʥʦʛʦʦʙʤʦʪʦʯʥʳʤ ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʤ (ʨʠʩ. 1.3ʘ) ʠ ʙʝʩʪʨʘʥʩʬʦʨʤʘʪʦʨʥʘʷ 

ʢʦʥʬʠʛʫʨʘʮʠʷ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩ ʦʙʱʠʤ ʟʚʝʥʦʤ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʷʯʝʝʢ 

(ʨʠʩ. 1.3ʙ).  

 ʉʠʣʦʚʘʷ ʷʯʝʡʢʘ ʢʘʩʢʘʜʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩ ʚʭʦʜʥʳʤ 

ʤʥʦʛʦʦʙʤʦʪʦʯʥʳʤ ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʤ [11,12,13,14] (ʨʠʩ. 1.3ʘ) ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ: 

ʫʧʨʘʚʣʷʝʤʳʡ ʠʣʠ ʥʝʫʧʨʘʚʣʷʝʤʳʡ ʚʳʧʨʷʤʠʪʝʣʴ, ʟʚʝʥʦ ʧʦʩʪʦʷʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ 

(ɿʇʊ), ʠʥʚʝʨʪʦʨ ʥʘʧʨʷʞʝʥʠʷ. ɺʭʦʜʥʦʡ ʤʥʦʛʦʦʙʤʦʪʦʯʥʳʡ ʪʨʘʥʩʬʦʨʤʘʪʦʨ ʩ 

ʦʜʥʦʡ ʧʝʨʚʠʯʥʦʡ ʠ ʥʘʙʦʨʦʤ ʚʪʦʨʠʯʥʳʭ ʦʙʤʦʪʦʢ ʚʢʣʶʯʘʝʪʩʷ ʩʦ ʩʪʦʨʦʥʳ 

ʧʠʪʘʶʱʝʡ ʩʝʪʠ ʜʣʷ ʛʘʣʴʚʘʥʠʯʝʩʢʦʡ ʨʘʟʚʷʟʢʠ. ɽʛʦ ʚʪʦʨʠʯʥʳʝ ʦʙʤʦʪʢʠ ʦʙʳʯʥʦ 

ʜʝʣʘʶʪ ʩʦ ʩʜʚʠʛʦʤ, ʯʪʦʙʳ ʫʤʝʥʴʰʠʪʴ ʠʩʢʘʞʝʥʠʷ ʚʭʦʜʥʦʛʦ ʪʦʢʘ ʩʝʪʠ, ʦʜʥʘʢʦ ʵʪʦ 

ʥʝ ʪʨʝʙʫʝʪʩʷ ʧʨʠ ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʢʪʠʚʥʦʛʦ ʚʳʧʨʷʤʣʝʥʠʷ ʚ ʩʠʣʦʚʦʡ ʷʯʝʡʢʝ. 

ʋʨʦʚʝʥʴ ʥʘʧʨʷʞʝʥʠʷ ʚʪʦʨʠʯʥʳʭ ʦʙʤʦʪʦʢ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ, ʧʦʜʢʣʶʯʘʝʤʳʭ ʢ 
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ʚʳʧʨʷʤʠʪʝʣʷʤ ʉʗ, ʚʳʙʠʨʘʝʪʩʷ ʠʩʭʦʜʷ ʠʟ ʨʘʙʦʯʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ɿʇʊ. 

ɺʳʧʨʷʤʠʪʝʣʴ ʉʗ ʤʦʞʝʪ ʙʳʪʴ ʥʝʫʧʨʘʚʣʷʝʤʳʤ (ʥʘ ʜʠʦʜʘʭ) ʠʣʠ ʧʦʣʥʦʩʪʴʶ 

ʫʧʨʘʚʣʷʝʤʳʤ ʘʢʪʠʚʥʳʤ (ʥʘ ʙʘʟʝ IGBT). 

ʂʦʥʬʠʛʫʨʘʮʠʷ ɺʇʏ ʩ ʥʝʫʧʨʘʚʣʷʝʤʳʤ ʚʳʧʨʷʤʠʪʝʣʝʤ (ʢʣʘʩʩʠʯʝʩʢʘʷ 

ʪʨʝʭʬʘʟʥʘʷ ʜʠʦʜʥʘʷ ʤʦʩʪʦʚʘʷ ʩʭʝʤʘ) ʪʨʝʙʫʝʪ ʩʜʚʠʛʘ ʚʪʦʨʠʯʥʳʭ ʦʙʤʦʪʦʢ 

ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ, ʪʘʢ ʢʘʢ ʢʦʵʬʬʠʮʠʝʥʪ ʛʘʨʤʦʥʠʯʝʩʢʠʭ ʠʩʢʘʞʝʥʠʡ ʚʭʦʜʥʦʛʦ 

ʪʦʢʘ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʦʩʥʦʚʥʳʭ ʪʨʝʙʦʚʘʥʠʡ, ʢʦʪʦʨʦʝ ʧʨʝʜʲʷʚʣʷʝʪʩʷ 

ʚʳʩʦʢʦʚʦʣʴʪʥʦʤʫ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʶ. ɺʪʦʨʠʯʥʳʝ ʦʙʤʦʪʢʠ ʤʥʦʛʦʦʙʤʦʪʦʯʥʦʛʦ 

ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ ʧʦʜʢʣʶʯʝʥʳ ʢ ʩʚʦʝʤʫ 6-ʧʫʣʴʩʥʦʤʫ ʚʳʧʨʷʤʠʪʝʣʶ.  ʇʨʠ ʵʪʦʤ 

ʛʘʨʤʦʥʠʢʠ, ʛʝʥʝʨʠʨʫʝʤʳʝ ʦʜʥʠʤ ʚʳʧʨʷʤʠʪʝʣʝʤ, ʢʦʤʧʝʥʩʠʨʫʶʪʩʷ ʜʨʫʛʠʤ 

ʚʳʧʨʷʤʠʪʝʣʝʤ ʟʘ ʩʯʝʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʛʦ ʠʟʤʝʥʝʥʠʷ ʬʘʟ ʚʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ.  

ʄʥʦʛʦʦʙʤʦʪʦʯʥʳʡ ʬʘʟʦʩʜʚʠʛʘʶʱʠʡ ʪʨʘʥʩʬʦʨʤʘʪʦʨ, ʩʦʯʝʪʘʶʱʠʡ ʚ ʩʝʙʝ 

ʩʦʝʜʠʥʝʥʠʝ ʚʪʦʨʠʯʥʳʭ ʦʙʤʦʪʦʢ ʟʚʝʟʜʦʡ, ʪʨʝʫʛʦʣʴʥʠʢʦʤ ʠ ʟʠʛʟʘʛʦʤ, 

ʦʙʝʩʧʝʯʠʚʘʝʪ ʭʦʨʦʰʠʡ ʛʘʨʤʦʥʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʧʦʪʨʝʙʣʷʝʤʳʭ ʪʦʢʦʚ ʜʘʞʝ ʧʨʠ 

ʨʘʙʦʪʝ ʩ ʥʝʫʧʨʘʚʣʷʝʤʳʤʠ ʚʳʧʨʷʤʠʪʝʣʷʤʠ ʚ ʥʠʟʢʦʚʦʣʴʪʥʳʭ ʷʯʝʡʢʘʭ. ʆʜʥʘʢʦ 

ʜʘʥʥʘʷ ʪʦʧʦʣʦʛʠʷ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ ʷʚʣʷʝʪʩʷ ʩʣʦʞʥʦʡ ʢʦʥʩʪʨʫʢʪʠʚʥʦʡ ʯʘʩʪʴʶ 

ʠʩʧʦʣʥʝʥʠʷ ʢʘʩʢʘʜʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ. ʊʘʢʞʝ ʪʦʧʦʣʦʛʠʷ ʩ ʬʘʟʦʩʜʚʠʛʘʶʱʠʤ 

ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʤ ʠ ʩ ʥʝʫʧʨʘʚʣʷʝʤʳʡ ʚʳʧʨʷʤʠʪʝʣʝʤ ʥʝ ʤʦʞʝʪ ʚʦʟʚʨʘʱʘʪʴ 

ʵʥʝʨʛʠʶ ʦʙʨʘʪʥʦ ʚ ʩʝʪʴ, ʝʩʣʠ ʜʚʠʛʘʪʝʣʴ ʧʝʨʝʭʦʜʠʪ ʚ ʨʝʞʠʤ ʛʝʥʝʨʠʨʦʚʘʥʠʷ. ɼʣʷ 

ʧʦʜʜʝʨʞʘʥʠʷ ʜʚʫʥʘʧʨʘʚʣʝʥʥʦʡ ʧʝʨʝʜʘʯʠ ʵʥʝʨʛʠʠ ʥʝʫʧʨʘʚʣʷʝʤʳʝ ʚʳʧʨʷʤʠʪʝʣʠ 

ʤʦʛʫʪ ʙʳʪʴ ʟʘʤʝʥʝʥʳ ʥʘ ʘʢʪʠʚʥʳʝ ʚʳʧʨʷʤʠʪʝʣʴʥʳʝ ʩʭʝʤʳ, ʪʦʛʜʘ ʩʜʚʠʛʘʪʴ ʬʘʟʳ 

ʚʪʦʨʠʯʥʳʭ ʦʙʤʦʪʦʢ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ ʥʝ ʪʨʝʙʫʝʪʩʷ.  

ʉʭʝʤʘ ʉʗ ʩ ʘʢʪʠʚʥʳʤ ʚʳʧʨʷʤʠʪʝʣʝʤ ʥʘʧʨʷʞʝʥʠʷ (ɸɺʅ) ʧʦʢʘʟʘʥʘ ʥʘ 

ʨʠʩ. 1.4 ʅʘʣʠʯʠʝ ɸɺʅ ʚ ʩʭʝʤʝ ʥʝ ʪʨʝʙʫʝʪ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʬʘʟʦʩʜʚʠʛʘʶʱʝʛʦ 

ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ, ʯʪʦ ʫʧʨʦʱʘʝʪ ʦʙʱʫʶ ʢʦʥʩʪʨʫʢʮʠʶ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. ʆʜʥʘʢʦ 

ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʫʩʣʦʞʥʷʝʪʩʷ ʠ ʪʨʝʙʫʝʪʩʷ ʦʪʜʝʣʴʥʳʡ 

ʤʦʜʫʣʴ ʫʧʨʘʚʣʝʥʠʷ ɸɺʅ ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʫʨʦʚʥʷ ɿʇʊ ʚ ʜʦʧʫʩʪʠʤʳʭ ʟʥʘʯʝʥʠʷʭ 

ʚʦ ʚʩʝʭ ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ. ʂʨʦʤʝ ʵʪʦʛʦ, ʪʨʘʥʩʬʦʨʤʘʪʦʨ ʜʦʣʞʝʥ 

ʠʤʝʪʴ ʜʦʩʪʘʪʦʯʥʫʶ ʠʥʜʫʢʪʠʚʥʦʩʪʴ ʨʘʩʩʝʷʥʠʷ, ʯʪʦʙʳ ʥʝ ʫʩʪʘʥʘʚʣʠʚʘʪʴ ʥʘ 

ʢʘʞʜʳʡ ɸɺʅ ʛʨʦʤʦʟʜʢʠʡ ʩʝʪʝʚʦʡ ʬʠʣʴʪʨ. 
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ʅʘʣʠʯʠʝ ʤʦʜʫʣʷ ʙʘʡʧʘʩʘ ʚ ʉʗ ʧʦʚʳʰʘʝʪ ʥʘʜʝʞʥʦʩʪʴ ʚʩʝʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʠ ʜʘʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʢʣʶʯʘʪʴ ʣʶʙʫʶ ʷʯʝʡʢʫ ʩ 

ʥʝʠʩʧʨʘʚʥʦʩʪʴʶ ʠʟ ʨʘʙʦʪʳ. ɺ ʙʘʡʧʘʩʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʩ ʦʙʱʠʤ 

ʵʤʠʪʪʝʨʦʤ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʬʘʟʥʦʤʫ ʪʦʢʫ ʪʝʯʴ ʢʘʢ ʚ ʧʦʣʦʞʠʪʝʣʴʥʦʤ, ʪʘʢ ʠ ʚ 

ʦʪʨʠʮʘʪʝʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʝ. 

 

ʈʠʩ.1.4 ʂʦʥʬʠʛʫʨʘʮʠʷ ʩʠʣʦʚʦʡ ʷʯʝʡʢʠ ʠʩʩʣʝʜʫʝʤʦʛʦ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ 
ʯʘʩʪʦʪʳ 

ɹʝʩʪʨʘʥʩʬʦʨʤʘʪʦʨʥʘʷ ʩʭʝʤʘ ʢʘʩʢʘʜʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ (ʨʠʩ. 1.3ʙ) ʠʣʠ 

ʤʦʜʫʣʴʥʳʡ ʤʥʦʛʦʫʨʦʚʥʝʚʳʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ (Modular Multilevel 

Converter ð ʄʄʉ) ʠʤʝʝʪ ʦʙʱʝʝ ʟʚʝʥʦ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ [15,16,17,18,21] ʠ 

ʧʦʷʚʠʣʩʷ ʥʘ ʨʳʥʢʝ ʜʣʷ ʧʝʨʝʜʘʯʠ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʚ ʚʳʩʦʢʦʚʦʣʴʪʥʳʭ ʣʠʥʠʷʭ. 

ʇʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʄʄʉ ʧʨʠʤʝʥʷʝʪʩʷ ʢʘʢ ʜʣʷ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʧʦʩʪʦʷʥʥʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ʚ ʧʝʨʝʤʝʥʥʦʝ, ʪʘʢ ʠ ʥʘʦʙʦʨʦʪ. ʄʄʉ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʩʦʜʝʨʞʠʪ 

ʥʝʩʢʦʣʴʢʦ ʚʝʪʚʝʡ, ʢʦʥʮʳ ʢʦʪʦʨʳʭ ʦʙʨʘʟʫʶʪ ʚʳʚʦʜʳ ʟʚʝʥʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ, ʘ 

ʢʘʞʜʘʷ ʚʝʪʚʴ ʠʤʝʝʪ ʜʚʘ ʧʣʝʯʘ, ʧʦʜʢʣʶʯʝʥʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʠ ʩʦʝʜʠʥʝʥʥʳʭ 

ʦʙʱʠʤʠ ʚʳʚʦʜʘʤʠ ʚ ʩʨʝʜʥʝʡ ʪʦʯʢʝ ʯʝʨʝʟ ʜʨʦʩʩʝʣʠ ʜʣʷ ʦʛʨʘʥʠʯʝʥʠʷ ʙʨʦʩʢʦʚ 

ʪʦʢʦʚ ʤʝʞʜʫ ʧʣʝʯʘʤʠ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. ʕʪʠ ʦʙʱʠʝ ʚʳʚʦʜʳ ʷʚʣʷʶʪʩʷ ʚʳʚʦʜʘʤʠ 

ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ. ʂʘʞʜʦʝ ʧʣʝʯʦ ʩʦʜʝʨʞʠʪ ʮʝʧʦʯʢʫ ʥʠʟʢʦʚʦʣʴʪʥʳʭ ʷʯʝʝʢ, 

ʩʦʝʜʠʥʝʥʥʳʭ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ. ʆʜʥʦ ʧʣʝʯʦ ʧʦʜʢʣʶʯʘʝʪʩʷ ʢ ʧʦʣʦʞʠʪʝʣʴʥʦʡ 

ʰʠʥʝ, ʘ ʜʨʫʛʦʝ ʢ ʦʪʨʠʮʘʪʝʣʴʥʦʡ.  

ʂʘʞʜʦʝ ʧʣʝʯʦ ʤʦʜʫʣʴʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʤʦʞʝʪ ʩʬʦʨʤʠʨʦʚʘʪʴ 

ʚʳʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʚ ʧʨʝʜʝʣʘʭ ʨʘʟʥʦʩʪʠ ʧʦʪʝʥʮʠʘʣʦʚ ʤʝʞʜʫ ʰʠʥʘʤʠ 

(ʨʠʩ. 1.5). ʇʫʪʝʤ ʢʦʤʙʠʥʠʨʦʚʘʥʠʷ ʫʨʦʚʥʝʡ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʢʘʞʜʦʤ ʧʣʝʯʝ ʤʦʞʥʦ 
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ʧʦʣʫʯʠʪʴ ʨʘʟʣʠʯʥʳʝ ʢʦʤʙʠʥʘʮʠʠ ʥʘʧʨʷʞʝʥʠʡ ʠ ʬʦʨʤʠʨʦʚʘʪʴ ʠʪʦʛʦʚʦʝ 

ʚʳʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʩ ʥʫʞʥʳʤ ʫʨʦʚʥʝʤ ʠ ʬʦʨʤʦʡ ʩʠʛʥʘʣʘ. ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ 

ʥʘʧʨʷʞʝʥʠʝ ʩ ʪʘʢʦʡ ʞʝ ʘʤʧʣʠʪʫʜʦʡ ʢʘʢ ʜʣʷ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩ 

ʤʥʦʛʦʦʙʤʦʪʦʯʥʳʤ ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʤ ʪʨʝʙʫʝʪʩʷ ʙʦʣʴʰʝ ʩʠʣʦʚʳʭ ʷʯʝʝʢ ʚ ʚʝʪʚʠ 

ʚ ʜʚʘ ʨʘʟʘ.  

Uʟʧʪ

Uʟʧʪ

Uɿʧʪ/2

-Uɿʧʪ/2

ʘ)

ʙ)

ʚ)
 

ʈʠʩ.1.5 ʌʦʨʤʠʨʦʚʘʥʠʝ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʤʦʜʫʣʴʥʦʛʦ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ 
ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. ʘ ð ʥʘʧʨʷʞʝʥʠʝ ʤʝʞʜʫ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʰʠʥʦʡ ʠ ʩʨʝʜʥʝʡ ʪʦʯʢʦʡ 

ʙ ð ʥʘʧʨʷʞʝʥʠʝ ʤʝʞʜʫ ʦʪʨʠʮʘʪʝʣʴʥʦʡ ʰʠʥʦʡ ʠ ʩʨʝʜʥʝʡ ʪʦʯʢʦʡ ʚ) ð ʥʘʧʨʷʞʝʥʠʝ ʥʘ 

ʚʳʭʦʜʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ 

ɺ ʦʙʱʝʤ ʩʣʫʯʘʝ ʢʘʞʜʘʷ ʩʠʣʦʚʘʷ ʷʯʝʡʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʣʫʤʦʩʪ 

(ʨʠʩ. 1.6ʘ). ʆʜʥʘʢʦ, ʚ ʥʝʢʦʪʦʨʳʭ ʢʦʥʬʠʛʫʨʘʮʠʷʭ ʤʦʜʫʣʴʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ, 

ʦʩʦʙʝʥʥʦ ʧʨʠ ʚʳʩʦʢʠʭ ʪʨʝʙʦʚʘʥʠʷʭ ʢ ʥʘʜʝʞʥʦʩʪʠ ʠ ʫʩʪʦʡʯʠʚʦʩʪʠ, ʚʦʟʤʦʞʥʘ 

ʨʝʘʣʠʟʘʮʠʷ ʩ ʧʦʣʥʳʤ ʤʦʩʪʦʤ (ʨʠʩ. 1.6ʙ) [22]. ʉʭʝʤʘ ʩ ʧʦʣʥʳʤ ʤʦʩʪʦʤ ʚ 

ʤʦʜʫʣʴʥʦʤ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝ ʧʦʟʚʦʣʷʝʪ ʚ ʩʣʫʯʘʝ ʢʦʨʦʪʢʦʛʦ ʟʘʤʳʢʘʥʠʷ ʩʦ 

ʩʪʦʨʦʥʳ ʟʚʝʥʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʬʦʨʤʠʨʦʚʘʪʴ ʥʘ ʢʘʞʜʦʤ ʧʣʝʯʝ ʜʚʫʭʧʦʣʷʨʥʦʝ 

ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʥʫʣʝʚʦʛʦ ʨʝʟʫʣʴʪʠʨʫʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩʦ 

ʩʪʦʨʦʥʳ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʠʟʦʣʠʨʦʚʘʪʴ ʥʘʛʨʫʟʢʫ ʦʪ ʩʝʪʠ ɿʇʊ.  

ɺ ʥʦʨʤʘʣʴʥʦʤ ʨʝʞʠʤʝ ʨʘʙʦʪʳ ʩʭʝʤʘ ʩ ʧʦʣʥʳʤ ʤʦʩʪʦʤ ʨʘʙʦʪʘʝʪ ʘʥʘʣʦʛʠʯʥʦ 

ʩʭʝʤʝ ʩ ʧʦʣʫʤʦʩʪʦʤ, ʥʦ ʧʦʪʝʨʠ ʤʦʱʥʦʩʪʠ ʫʚʝʣʠʯʠʚʘʶʪʩʷ ʠʟ-ʟʘ ʥʘʣʠʯʠʷ 

ʜʦʧʦʣʥʠʪʝʣʴʥʦʛʦ ʢʣʶʯʘ ʚ ʢʦʥʪʫʨʝ ʧʨʦʪʝʢʘʥʠʷ ʪʦʢʘ ʚ ʷʯʝʡʢʝ. 
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ʙ)ʘ)

ʉɿʇʊʉɿʇʊ

 

ʈʠʩ.1.6 ʂʦʥʬʠʛʫʨʘʮʠʠ ʠʥʚʝʨʪʦʨʥʦʡ ʯʘʩʪʠ ʩʠʣʦʚʦʡ ʷʯʝʡʢʠ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ 
ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʯʘʩʪʦʪʳ. ʘ ð ʧʦʣʫʤʦʩʪ ʙ ð ʧʦʣʥʳʡ ʤʦʩʪ 

ɺ ʦʪʣʠʯʠʝ ʦʪ ʩʭʝʤʳ ʩ ʤʥʦʛʦʦʙʤʦʪʦʯʥʳʤ ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʤ ʥʘʧʨʷʞʝʥʠʷ 

ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʘʭ ɿʇʊ ʢʘʞʜʦʡ ʷʯʝʡʢʠ ʟʘʚʠʩʷʪ ʦʪ ʚʝʣʠʯʠʥʳ ʥʘʧʨʷʞʝʥʠʷ ʦʙʱʝʛʦ 

ɿʇʊ ʠ ʪʦʢʘ, ʧʨʦʪʝʢʘʶʱʝʛʦ ʯʝʨʝʟ ʚʝʪʚʴ. ɺ ʩʭʝʤʝ ʩ ʤʥʦʛʦʦʙʤʦʪʦʯʥʳʤ 

ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʤ ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ ʢʘʞʜʦʡ ʷʯʝʡʢʠ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʥʝʟʘʚʠʩʠʤʦ 

ɸɺʅ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʘʣʛʦʨʠʪʤʳ ʫʧʨʘʚʣʝʥʠʷ ʤʦʜʫʣʴʥʳʤʠ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷʤʠ 

ʜʦʣʞʥʳ ʧʨʝʜʫʩʤʘʪʨʠʚʘʪʴ ʙʘʣʘʥʩʠʨʦʚʢʫ ʥʘʧʨʷʞʝʥʠʡ ʷʯʝʝʢ.  

ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʚ ʩʠʩʪʝʤʝ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ ʥʘ ʙʘʟʝ 

ʤʦʜʫʣʴʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʥʝʦʙʭʦʜʠʤʦ ʜʚʘ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩ ʦʙʱʠʤ ʟʚʝʥʦʤ 

ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ, ʦʜʠʥ ʠʟ ʢʦʪʦʨʳʭ ʙʫʜʝʪ ʚʳʧʦʣʥʷʪʴ ʨʦʣʴ ɸɺʅ ʠ ʧʦʜʢʣʶʯʘʪʴʩʷ 

ʢ ʩʝʪʠ, ʘ ʜʨʫʛʦʡ ʨʦʣʴ ʠʥʚʝʨʪʦʨʘ ʠ ʧʦʜʢʣʶʯʘʪʴʩʷ ʢ ʜʚʠʛʘʪʝʣʶ [19,20]. ɺ ʜʘʥʥʦʡ 

ʩʭʝʤʝ ʝʩʪʴ ʚʦʟʤʦʞʥʦʩʪʴ ʢ ʨʝʢʫʧʝʨʘʮʠʠ ʵʥʝʨʛʠʠ ʚ ʩʝʪʴ.  

1.2 ʉʪʘʪʠʯʝʩʢʠʡ ʩʠʥʭʨʦʥʥʳʡ ʧʨʦʜʦʣʴʥʳʡ ʢʦʤʧʝʥʩʘʪʦʨ ʥʘ ʙʘʟʝ ʢʘʩʢʘʜʥʦʛʦ 

ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ 

ʋʧʨʘʚʣʝʥʠʝ ʧʦʪʦʢʘʤʠ ʤʦʱʥʦʩʪʠ ʚ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʩʝʪʷʭ ʧʦʟʚʦʣʷʝʪ 

ʧʨʝʜʦʪʚʨʘʪʠʪʴ ʧʝʨʝʛʨʫʟʢʠ ʠ ʥʝʜʦʛʨʫʟʢʠ ʧʦʪʨʝʙʠʪʝʣʝʡ, ʘ ʪʘʢʞʝ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ 

ʧʦʪʝʨʠ ʥʘʧʨʷʞʝʥʠʷ ʚ ʣʠʥʠʷʭ. ʂʦʤʧʝʥʩʘʪʦʨʳ ʨʝʘʢʪʠʚʥʦʡ ʤʦʱʥʦʩʪʠ ʨʘʙʦʪʘʶʪ 

ʧʫʪʝʤ ʜʦʙʘʚʣʝʥʠʷ ʝʤʢʦʩʪʥʳʭ ʠʣʠ ʠʥʜʫʢʪʠʚʥʳʭ ʵʣʝʤʝʥʪʦʚ ʚ ʵʣʝʢʪʨʠʯʝʩʢʠʝ 

ʮʝʧʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʙʘʣʘʥʩʠʨʦʚʘʪʴ ʨʝʘʢʪʠʚʥʫʶ ʤʦʱʥʦʩʪʴ, ʧʦʚʳʩʠʪʴ 
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ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʩʠʩʪʝʤʳ, ʦʙʝʩʧʝʯʠʪʴ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʝ ʥʘʛʨʫʟʢʠ ʤʝʞʜʫ 

ʚʝʪʚʷʤʠ ʩʝʪʠ [23,24,25].  

ʂʦʤʧʝʥʩʘʪʦʨ rʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʦʜʦʣʴʥʫʶ (ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʫʶ) ʠ 

ʧʦʧʝʨʝʯʥʫʶ (ʧʘʨʘʣʣʝʣʴʥʫʶ) ʢʦʤʧʝʥʩʘʮʠʶ ʨʝʘʢʪʠʚʥʦʡ ʤʦʱʥʦʩʪʠ. 

ʂʦʤʧʝʥʩʠʨʫʶʱʝʝ ʫʩʪʨʦʡʩʪʚʦ ʚ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʧʦʜʢʣʶʯʘʝʪʩʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ 

ʚ ʩʝʪʴ ʠ ʨʝʛʫʣʠʨʫʝʪ ʦʙʱʝʝ ʨʝʘʢʪʠʚʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʣʠʥʠʠ, ʚʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ 

ʫʩʪʨʦʡʩʪʚʦ ʧʦʜʩʦʝʜʠʥʷʝʪʩʷ ʧʘʨʘʣʣʝʣʴʥʦ ʥʘʛʨʫʟʢʝ, ʠ ʨʝʘʢʪʠʚʥʘʷ ʤʦʱʥʦʩʪʴ 

ʤʦʞʝʪ ʙʳʪʴ ʩʢʦʤʧʝʥʩʠʨʦʚʘʥʘ ʚ ʪʦʯʢʘʭ ʧʦʜʢʣʶʯʝʥʠʷ ʢ ʥʘʛʨʫʟʢʝ.  

ʂʦʤʧʝʥʩʘʪʦʨ ʤʦʞʝʪ ʙʳʪʴ ʝʤʢʦʩʪʥʳʤ ʠ ʠʥʜʫʢʪʠʚʥʳʤ ʵʣʝʤʝʥʪʦʤ, 

ʧʦʜʢʣʶʯʘʝʤʳʤ ʚ ʩʝʪʴ. ʉʠʥʭʨʦʥʥʳʝ ʢʦʤʧʝʥʩʘʪʦʨʳ ʠʩʧʦʣʴʟʫʶʪ ʩʠʥʭʨʦʥʥʳʝ 

ʤʘʰʠʥʳ ʜʣʷ ʢʦʤʧʝʥʩʘʮʠʠ ʢʦʵʬʬʠʮʠʝʥʪʘ ʤʦʱʥʦʩʪʠ ʩʝʪʠ ʠ ʧʦʜʜʝʨʞʘʥʠʷ 

ʥʘʧʨʷʞʝʥʠʷ ʚ ʪʦʯʢʘʭ ʧʦʜʩʦʝʜʠʥʝʥʠʷ ʥʘʛʨʫʟʢʠ. ɺ ʧʝʨʝʚʦʟʙʫʞʜʝʥʥʦʤ ʨʝʞʠʤʝ 

ʨʘʙʦʪʳ ʪʦʢ ʦʧʝʨʝʞʘʝʪ ʥʘʧʨʷʞʝʥʠʝ ʩʝʪʠ, ʪʦ ʝʩʪʴ ̫ ʚʣʷʝʪʩʷ ʧʦ ʦʪʥʦʰʝʥʠʶ ʢ ʵʪʦʤʫ 

ʥʘʧʨʷʞʝʥʠʶ ʝʤʢʦʩʪʥʳʤ, ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʢʦʤʧʝʥʩʘʪʦʨ ʦʪʜʘʝʪ ʚ ʩʝʪʴ ʨʝʘʢʪʠʚʥʫʶ 

ʤʦʱʥʦʩʪʴ. ɺ ʥʝʚʦʟʙʫʞʜʸʥʥʦʤ ʨʝʞʠʤʝ ʪʦʢ ʦʪʩʪʘʝʪ ʦʪ ʥʘʧʨʷʞʝʥʠʷ ʠ ʷʚʣʷʝʪʩʷ 

ʠʥʜʫʢʪʠʚʥʳʤ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʢʦʤʧʝʥʩʘʪʦʨ, ʨʘʙʦʪʘʶʱʠʡ ʧʨʠ ʙʦʣʴʰʠʭ 

ʥʘʛʨʫʟʢʘʭ ʚ ʧʝʨʝʚʦʟʙʫʞʜʝʥʥʦʤ ʨʝʞʠʤʝ ʠ ʧʨʠ ʤʘʣʳʭ ʥʘʛʨʫʟʢʘʭ ʚ 

ʥʝʜʦʚʦʟʙʫʞʜʝʥʥʦʤ ʨʝʞʠʤʝ, ʧʦʟʚʦʣʷʝʪ ʧʦʜʜʝʨʞʠʚʘʪʴ ʥʝʠʟʤʝʥʥʳʤ ʥʘʧʨʷʞʝʥʠʝ 

ʫ ʧʦʪʨʝʙʠʪʝʣʝʡ ʣʠʥʠʠ.  

ʉʠʥʭʨʦʥʥʳʡ ʩʪʘʪʠʯʝʩʢʠʡ ʢʦʤʧʝʥʩʘʪʦʨ (STATCOM) ʧʦʣʫʯʠʣ ʩʚʦʝ 

ʥʘʟʚʘʥʠʝ ʠʟ-ʟʘ ʩʧʦʩʦʙʥʦʩʪʠ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʨʝʘʢʪʠʚʥʫʶ ʤʦʱʥʦʩʪʴ ʚ 

"ʩʠʥʭʨʦʥʥʦʤ" ʨʝʞʠʤʝ ʩ ʥʘʧʨʷʞʝʥʠʝʤ ʩʝʪʠ, ʪʦ ʝʩʪʴ ʚ ʬʘʟʝ ʩ ʩʝʪʴʶ ʥʝ ʠʩʧʦʣʴʟʫ ̫

ʩʠʥʭʨʦʥʥʳʡ ʛʝʥʝʨʘʪʦʨ [26,27,28]. STATCOM ʩʧʦʩʦʙʝʥ ʨʘʙʦʪʘʪʴ ʚ ʨʝʞʠʤʘʭ 

ʧʦʪʨʝʙʣʝʥʠʷ ʠ ʚʳʜʘʯʠ ʨʝʘʢʪʠʚʥʦʡ ʤʦʱʥʦʩʪʠ. ʉʠʥʭʨʦʥʥʳʡ ʩʪʘʪʠʯʝʩʢʠʡ 

ʢʦʤʧʝʥʩʘʪʦʨ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʥʘʧʨʷʞʝʥʠʷ ʩ ɿʇʊ, 

ʧʦʜʢʣʶʯʘʝʤʳʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʠʣʠ ʧʘʨʘʣʣʝʣʴʥʦ ʢ ʩʝʪʠ, ʠʤʠʪʠʨʫʶʱʠʡ 

ʧʦʜʢʣʶʯʝʥʠʝ ʝʤʢʦʩʪʥʦʛʦ ʠ ʠʥʜʫʢʪʠʚʥʦʛʦ ʵʣʝʤʝʥʪʘ ʩ ʧʝʨʝʤʝʥʥʳʤ ʨʝʘʢʪʠʚʥʳʤ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝʤ. ʂʦʤʧʘʥʠʷ SmartValve ʧʨʝʜʣʦʞʠʣʘ ʧʝʨʚʳʡ ʢʦʤʤʝʨʯʝʩʢʠʡ 

ʧʨʦʜʦʣʴʥʳʡ ʢʦʤʧʝʥʩʘʪʦʨ, ʫʩʪʘʥʘʚʣʠʚʘʝʤʳʡ ʚ ʚʳʩʦʢʦʚʦʣʴʪʥʳʝ ʣʠʥʠʠ 

ʵʣʝʢʪʨʦʧʝʨʝʜʘʯ, ʧʦʩʪʨʦʝʥʥʳʡ ʧʦ ʧʨʠʥʮʠʧʫ ʢʘʩʢʘʜʥʦʛʦ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ 
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ʧʨʝʦʙʨʘʟʦʚʘʪʝʣ.̫ ɺ ʦʪʣʠʯʠʝ ʦʪ ʩʭʝʤʳ, ʢʦʛʜʘ ɿʇʊ ʷʯʝʡʢʠ ʧʠʪʘʝʪʩʷ ʦʪ ʦʪʜʝʣʴʥʦʛʦ 

ʠʩʪʦʯʥʠʢʘ ʧʠʪʘʥʠʷ, ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ɿʇʊ ʨʝʛʫʣʠʨʫʝʪʩʷ ʧʨʦʪʝʢʘʶʱʠʤ ʪʦʢʦʤ 

ʯʝʨʝʟ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʠ ʧʦʜʜʝʨʞʘʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ ʥʘ ʟʘʜʘʥʥʦʤ ʫʨʦʚʥʝ 

ʜʦʣʞʥʦ ʫʯʠʪʳʚʘʪʴʩʷ ʚ ʩʠʩʪʝʤʝ ʫʧʨʘʚʣʝʥʠʷ ʢʦʤʧʝʥʩʘʪʦʨʦʤ. STATCOM ʩ 

ʧʨʦʜʦʣʴʥʦʡ ʢʦʤʧʝʥʩʘʮʠʝʡ ʧʦʜʢʣʶʯʘʝʪʩʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚ ʩʝʪʴ ʠ ʚ ʵʪʦʤ 

ʩʣʫʯʘʝ ʥʝ ʪʨʝʙʫʝʪʩʷ ʦʪʜʝʣʴʥʘʷ ʩʠʩʪʝʤʘ ʧʠʪʘʥʠʷ ʜʣʷ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. 

ɹʝʩʪʨʘʥʩʬʦʨʤʘʪʦʨʥʳʝ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʝ ʢʦʤʧʝʥʩʘʪʦʨʳ ʠʤʝʶʪ ʥʝʙʦʣʴʰʫʶ 

ʩʪʦʠʤʦʩʪʴ ʠ ʛʘʙʘʨʠʪ.r ɺ ʨʘʙʦʪʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʘʣʛʦʨʠʪʤʦʚ 

ʫʧʨʘʚʣʝʥʠʷ ʙʝʩʪʨʘʥʩʬʦʨʤʘʪʦʨʦʥʦʛʦ ʩʠʥʭʨʦʥʥʦʛʦ ʩʪʘʪʠʯʝʩʢʦʛʦ ʧʨʦʜʦʣʴʥʦʛʦ 

ʢʦʤʧʝʥʩʘʪʦʨʘ (ʉʉʇʂ). ʅʘ ʨʠʩ. 1.7 ʧʦʢʘʟʘʥʘ ʩʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ 

ʙʝʩʪʨʘʥʩʬʦʨʤʘʪʦʨʦʥʦʛʦ ʉʉʇʂ ʩ N ʷʯʝʡʢʘʤʠ ʚ ʢʘʞʜʦʡ ʚʝʪʚʠ, ʛʜʝ 

ʄ ð ʢʦʣʠʯʝʩʪʚʦ ʚʝʪʚʝʡ. 
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ʈʠʩ.1.7 ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʙʝʩʪʨʘʥʩʬʦʨʤʘʪʦʨʦʥʦʛʦ ʉʉʇʂ (ʉʗ ð ʩʠʣʦʚʦʡ ʷʯʝʡʢʘ, 

Xs ð ʠʥʜʫʢʪʠʚʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʣʠʥʠʠ ʩʝʪʠ, Cʬ ð ʝʤʢʦʩʪʴ ʬʠʣʴʪʨʘ, Lʬ  ð ʠʥʜʫʢʪʠʚʥʦʩʪʴ 

ʫʨʘʚʥʠʪʝʣʴʥʳʭ ʜʨʦʩʩʝʣʝʡ, Rʜ ð ʜʝʤʧʬʠʨʫʶʱʝʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ) 

ʅʘ ʨʠʩ. 1.8 ʧʦʢʘʟʘʥʘ ʧʨʦʜʦʣʴʥʘʷ ʢʦʤʧʝʥʩʘʮʠʷ, ʛʜʝ Rc,Xc ð ʘʢʪʠʚʥʦʝ ʠ 

ʨʝʘʢʪʠʚʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʩʝʪʠ, Uc,Uʧ ð ʥʘʧʨʷʞʝʥʠʝ ʩʝʪʠ ʠ ʧʦʪʨʝʙʠʪʝʣʷ, 

ʢʦʤʧʝʥʩʠʨʫʶʱʝʝ ʫʩʪʨʦʡʩʪʚʦ ʤʝʥʷʝʪ ʥʘʧʨʷʞʝʥʠʝ ʧʦʜʘʚʘʝʤʦʝ ʧʦʪʨʝʙʠʪʝʣʶ Uôʧ.  
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ʈʠʩ.1.8 ʇʨʦʜʦʣʴʥʘʷ ʢʦʤʧʝʥʩʘʮʠʷ ʨʝʘʢʪʠʚʥʦʡ ʤʦʱʥʦʩʪʠ. ʘ ð ʙʝʟ ʢʦʤʧʝʥʩʘʮʠʠ, ʙ ð ʩ 

ʢʦʤʧʝʥʩʘʮʠʝʡ 

 

1.3 ɸʥʘʣʠʟ ʤʝʪʦʜʦʚ ʐʀʄ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʯʘʩʪʦʪʳ 

ɼʣʷ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʢʘʩʢʘʜʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ 

ʚʦʟʤʦʞʥʦʩʪʝʡ ʫʧʨʘʚʣʝʥʠʷ ʷʯʝʡʢʘʤʠ ʜʣʷ ʨʝʘʣʠʟʘʮʠʠ ʪʨʝʙʫʝʤʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘ 

ʚʳʭʦʜʝ ʠʥʚʝʨʪʦʨʘ. ɺ ʦʩʥʦʚʝ ʫʧʨʘʚʣʝʥʠʷ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʤ ʣʝʞʠʪ ʤʝʪʦʜ 

ʰʠʨʦʪʥʦ-ʠʤʧʫʣʴʩʥʦʡ ʤʦʜʫʣʷʮʠʠ (ʐʀʄ), ʧʦʟʚʦʣʷʶʱʠʡ ʬʦʨʤʠʨʦʚʘʪʴ 

ʥʘʧʨʷʞʝʥʠʝ ʩ ʟʘʜʘʥʥʦʡ ʯʘʩʪʦʪʦʡ ʠ ʘʤʧʣʠʪʫʜʦʡ ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʪʨʝʙʫʝʤʦʡ 

ʚʳʭʦʜʥʦʡ ʤʦʤʝʥʪʘ ʠ ʩʢʦʨʦʩʪʠ ʧʨʠʚʦʜʘ. ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʸʥʥʳʤʠ 

ʤʝʪʦʜʘʤʠ ʐʀʄ ʷʚʣʷʶʪʩʷ ʤʝʪʦʜʳ ʥʘ ʦʩʥʦʚʝ ʩʨʘʚʥʝʥʠʷ ʤʦʜʝʣʠʨʫʶʱʝʛʦ ʠ 

ʥʝʩʫʱʝʛʦ (ʦʧʦʨʥʦʛʦ) ʩʠʛʥʘʣʘ ʠ ʤʝʪʦʜ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-ʚʝʢʪʦʨʥʦʛʦ 

ʬʦʨʤʠʨʦʚʘʥʠʷ ʐʀʄ. ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʦʩʥʦʚʥʳʝ ʩʧʦʩʦʙʳ 
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ʬʦʨʤʠʨʦʚʘʥʠʷ ʐʀʄ ʜʣʷ ʪʨʝʭʬʘʟʥʦʛʦ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʢʘʩʢʘʜʥʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʠ ʦʜʥʦʬʘʟʥʦʛʦ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʩʪʘʪʠʯʝʩʢʦʛʦ ʢʦʤʧʝʥʩʘʪʦʨʘ, 

ʧʨʦʠʟʚʝʜʝʥ ʠʭ ʩʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʠ ʨʘʟʨʘʙʦʪʘʥ ʘʣʛʦʨʠʪʤ ʐʀʄ, 

ʫʯʠʪʳʚʘʶʱʠʡ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʪʝʨʴ ʚ ʠʥʚʝʨʪʦʨʝ.  

ʈʘʩʩʤʦʪʨʠʤ ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ, ʩʦʩʪʦʷʱʝʛʦ ʠʟ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʩʦʝʜʠʥʝʥʥʳʭ ʩʠʣʦʚʳʭ ʷʯʝʝʢ. 

ʂʘʞʜʘʷ ʷʯʝʡʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʣʥʳʡ ʅ-ʤʦʩʪ ʨʠʩ. 1.6ʙ. ʅʘʣʠʯʠʝ ʤʦʜʫʣʷ 

ʙʘʡʧʘʩʘ ʚ ʷʯʝʡʢʝ ʧʦʟʚʦʣʷʝʪ ʠʩʢʣʶʯʘʪʴ ʠʟ ʨʘʙʦʪʳ ʥʝʠʩʧʨʘʚʥʫʶ ʷʯʝʡʢʫ ʠ 

ʧʨʦʜʦʣʞʘʪʴ ʜʘʣʴʥʝʡʰʫʶ ʨʘʙʦʪʫ ʙʝʟ ʦʩʪʘʥʦʚʘ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. 

ʈʝʛʫʣʠʨʦʚʘʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ ʚ ʜʘʥʥʦʡ ʛʣʘʚʝ ʥʝ ʨʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʠ ʜʣʷ 

ʫʧʨʦʱʝʥʠʷ ʧʨʠʥʷʪʦ, ʯʪʦ ʠʥʚʝʨʪʦʨ ʩʠʣʦʚʦʡ ʷʯʝʡʢʠ ʧʠʪʘʝʪʩʷ ʦʪ ʠʩʪʦʯʥʠʢʘ 

ʧʦʩʪʦʷʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. 

1.3.1 ʉʠʥʫʩʦʠʜʘʣʴʥʘʷ ʐʀʄ 

ʉʪʨʘʪʝʛʠʷ ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʐʀʄ ʦʩʥʦʚʘʥʘ ʥʘ ʩʨʘʚʥʝʥʠʝ ʤʦʜʫʣʠʨʫʝʤʦʛʦ 

ʩʠʛʥʘʣʘ ʠ ʥʝʩʫʱʝʛʦ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʛʦ ʩʠʛʥʘʣʘ ʪʨʝʫʛʦʣʴʥʦʡ ʬʦʨʤʳ. 

ʇʝʨʝʩʝʯʝʥʠʷ ʵʪʠʭ ʩʠʛʥʘʣʦʚ ʦʧʨʝʜʝʣʷʶʪ ʤʦʤʝʥʪ ʧʝʨʝʢʣʶʯʝʥʠʷ ʢʣʶʯʝʡ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. ʏʘʩʪʦʪʘ ʥʝʩʫʱʝʛʦ ʩʠʛʥʘʣʘ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʟʘʜʘʥʥʦʡ ʯʘʩʪʦʪʝ 

ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʘ ʯʘʩʪʦʪʘ ʦʧʦʨʥʦʛʦ ʩʠʛʥʘʣʘ ʦʧʨʝʜʝʣʠʪʩʷ ʪʨʝʙʦʚʘʥʠʝʤ 

ʢʦʣʠʯʝʩʪʚʘ ʢʦʤʤʫʪʘʮʠʡ ʢʣʶʯʝʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʟʘ ʧʝʨʠʦʜ ʦʩʥʦʚʥʦʡ 

ʛʘʨʤʦʥʠʢʠ ʚʳʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ. ɺ ʢʣʘʩʩʠʯʝʩʢʦʤ ʜʚʫʭʫʨʦʚʥʝʚʦʤ 6-ʢʣʶʯʝʚʦʤ 

ʠʥʚʝʨʪʦʨʝ ʢʘʞʜʦʡ ʩʪʦʡʢʝ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʬʘʟʳ, ʟʘʜʘʝʪʩʷ ʩʚʦʡ ʤʦʜʫʣʠʨʫʝʤʳʡ 

ʠʣʠ ʦʧʦʨʥʳʡ ʩʠʛʥʘʣ  Ὗʟʘʜ. ʂʣʶʯʠ ʚ ʩʪʦʡʢʝ ʨʘʙʦʪʘʶʪ ʢʦʤʧʣʝʤʝʥʪʘʨʥʦ, ʚ ʤʦʤʝʥʪ 

ʩʨʘʚʥʝʥʠʷ ʦʧʦʨʥʦʛʦ ʩʠʛʥʘʣʘ ʠ ʥʝʩʫʱʝʛʦ ʧʨʦʠʩʭʦʜʠʪ ʧʝʨʝʢʣʶʯʝʥʠʝ ʢʣʶʯʝʡ ʚ 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʩʪʦʡʢʝ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʤʝʥʷʝʪʩʷ ʫʨʦʚʝʥʴ ʚʳʭʦʜʥʦʛʦ 

ʩʠʛʥʘʣʘ ʥʘ ʚʳʭʦʜʝ ʩ Ὗʟʧʪ ʥʘ Ὗʟʧʪ ʠʣʠ ʥʘʦʙʦʨʦʪ, ʛʜʝ Ὗʟʧʪ ð ʥʘʧʨʷʞʝʥʠʝ ʟʚʝʥʘ 

ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ (ɿʇʊ) ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. ɺ ʤʥʦʛʦʫʨʦʚʥʝʚʦʤ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝ 

ʯʘʩʪʦʪʳ, ʛʜʝ ʢʘʞʜʘʷ ʷʯʝʡʢʘ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʣʥʳʡ ʤʦʩʪ ʩ ʥʝʟʘʚʠʩʠʤʳʤ 

ɿʇʊ, ʢʦʣʠʯʝʩʪʚʦ ʥʝʩʫʱʠʭ ʩʠʛʥʘʣʦʚ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʯʠʩʣʫ ʷʯʝʝʢ. ʂʘʞʜʳʡ ʅ-
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ʤʦʩʪ ʠʥʚʝʨʪʦʨʘ ʤʦʞʝʪ ʛʝʥʝʨʠʨʦʚʘʪʴ ʥʘ ʚʳʭʦʜʝ ʧʦʣʦʞʠʪʝʣʴʥʦʝ, ʦʪʨʠʮʘʪʝʣʴʥʦʝ 

ʠʣʠ ʥʫʣʝʚʦʝ ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ. ʆʙʱʝʝ ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʚʳʭʦʜʝ ʚʩʝʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʷʚʣʷʝʪʩʷ ʩʫʤʤʦʡ ʥʘʧʨʷʞʝʥʠʷ ʷʯʝʝʢ ʚ ʬʘʟʝ. 

ɼʣʷ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʚʳʩʦʢʦʚʦʣʴʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ, ʧʦʩʪʨʦʝʥʥʦʛʦ 

ʥʘ ʙʘʟʝ ʥʠʟʢʦʚʦʣʴʪʥʳʭ ʷʯʝʝʢ, ʩʫʱʝʩʪʚʫʝʪ ʜʚʘ ʦʩʥʦʚʥʳʭ ʘʣʛʦʨʠʪʤʘ 

ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʐʀʄ. ʈʘʙʦʪʘ ʘʣʛʦʨʠʪʤʦʚ ʙʫʜʝʪ ʨʘʩʩʤʦʪʨʝʥʘ ʥʘ ʧʨʠʤʝʨʝ 

ʦʜʥʦʬʘʟʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ, ʢʦʪʦʨʳʡ ʩʦʜʝʨʞʠʪ 4 ʷʯʝʡʢʠ ʚ ʚʝʪʚʠ. ʐʀʄ ʩʦ 

ʩʤʝʱʝʥʠʝʤ ʧʦ ʫʨʦʚʥʶ (ʚ ʠʥʦʩʪʨʘʥʥʳʭ ʠʩʪʦʯʥʠʢʘʭ Level-Shift PWM (LSPWM)) 

[29, 30], ʚ ʢʦʪʦʨʦʡ ʥʝʩʫʱʠʝ ʩʠʛʥʘʣʳ ʝʜʠʥʠʯʥʦʡ ʘʤʧʣʠʪʫʜʳ ʩʤʝʱʝʥʳ ʧʦ ʫʨʦʚʥʶ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ. ɼʣʷ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩ N ʷʯʝʡʢʘʤʠ ʚ ʢʘʞʜʦʡ ʬʘʟʝ 

(ʚʝʪʚʠ), ʥʝʩʫʱʠʝ ʩʠʛʥʘʣʳ ʣʝʚʦʛʦ ʧʣʝʯʘ ʅ-ʤʦʩʪʘ (ʩʧʣʦʰʥʳʝ ʣʠʥʠʠ ʨʠʩ. 1.9ʘ) 

ʨʘʩʧʦʣʦʞʝʥʳ ʚ ʧʦʣʦʞʠʪʝʣʴʥʦʡ ʦʙʣʘʩʪʠ ʟʘʜʘʥʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ Uʟʘʜ 

ʩʠʤʤʝʪʨʠʯʥʦ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʫʣʷ ʥʝʩʫʱʠʤ ʩʠʛʥʘʣʘʤ ʧʨʘʚʦʛʦ ʧʣʝʯʘ ʅ-ʤʦʩʪʘ 

(ʧʫʥʢʪʠʨʥʳʝ ʣʠʥʠʠ ʨʠʩ. 1.9ʘ). ʉʠʥʫʩʦʠʜʘʣʴʥʦʝ ʟʘʜʘʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ, ʯʴʷ 

ʤʘʢʩʠʤʘʣʴʥʘʷ ʘʤʧʣʠʪʫʜʘ ʚ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʝʜʠʥʠʮʘʭ ʨʘʚʥʘ ʢʦʣʠʯʝʩʪʚʫ 

ʥʠʟʢʦʚʦʣʴʪʥʳʭ ʷʯʝʝʢ, ʩʨʘʚʥʠʚʘʝʪʩʷ ʩʦ ʚʩʝʤʠ ʥʝʩʫʱʠʤʠ ʩʠʛʥʘʣʘʤʠ ʚ ʢʘʞʜʳʡ 

ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ. ʇʨʠ ʵʪʦʤ ʪʦʣʴʢʦ ʦʜʥʘ ʷʯʝʡʢʘ ʨʘʙʦʪʘʝʪ ʚ ʨʝʞʠʤʝ ʐʀʄ. ɺ 

ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʥʘʯʝʥʠʷ ʪʨʝʙʫʝʤʦʛʦ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʝʢʦʪʦʨʳʝ ʷʯʝʡʢʠ 

ʤʦʛʫʪ ʦʢʘʟʘʪʴʩʷ ʥʝʠʩʧʦʣʴʟʫʝʤʳʤʠ. ɼʘʥʥʳʡ ʤʝʪʦʜ ʥʝ ʫʯʠʪʳʚʘʝʪ ʥʠ 

ʨʘʚʥʦʤʝʨʥʦʝ ʧʦʪʨʝʙʣʝʥʠʝ ʵʥʝʨʛʠʠ ʢʘʞʜʦʡ ʷʯʝʡʢʦʡ, ʥʠ ʨʘʚʥʦʤʝʨʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʪʝʨʴ ʢʦʤʤʫʪʠʨʫʶʱʠʭ ʫʩʪʨʦʡʩʪʚ ʠ ʠʭ ʪʝʤʧʝʨʘʪʫʨʫ. ʅʘʧʨʠʤʝʨ, 

ʧʨʠ ʤʝʜʣʝʥʥʦʤ ʠʟʤʝʥʝʥʠʠ ʟʘʜʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʠʣʠ ʧʨʠ ʟʘʜʘʥʠʠ ʥʘʧʨʷʞʝʥʠʷ ʩ 

ʥʠʟʢʦʡ ʘʤʧʣʠʪʫʜʦʡ ʚʦʟʤʦʞʥʦ ʥʝʨʘʚʥʦʤʝʨʥʦʝ ʠʩʧʦʣʴʟʦʚʘʥʠʝ ʷʯʝʝʢ. ɸ ʧʨʠ 

ʟʘʜʘʥʥʦʤ ʬʠʢʩʠʨʦʚʘʥʥʦʤ ʚʝʢʪʦʨʝ ʥʘʧʨʷʞʝʥʠʷ (ʪ. ʝ.  ʧʨʠ ʫʜʝʨʞʘʥʠʠ 

ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʷ ʚ ʦʜʥʦʤ ʧʦʣʦʞʝʥʠʠ) ʦʜʥʠ ʠ ʪʝ ʞʝ ʷʯʝʡʢʠ ʤʦʜʫʣʠʨʫʶʪ 

ʥʘʧʨʷʞʝʥʠʝ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʠʭ ʧʝʨʝʛʨʝʚʫ.  
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ʈʠʩ.1.9 ʋʧʨʘʚʣʝʥʠʝ ʷʯʝʡʢʘʤʠ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʠʥʚʝʨʪʦʨʘ ʩ ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʐʀʄ ʩʦ 
ʩʜʚʠʛʦʤ ʧʦ ʫʨʦʚʥʶ, ʛʜʝ ʢʘʞʜʳʡ ʮʚʝʪ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʝʩʫʱʝʤʫ ʩʠʛʥʘʣʫ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ 

ʷʯʝʡʢʠ 

ʕʪʠ ʥʝʜʦʩʪʘʪʢʠ ʤʦʛʫʪ ʙʳʪʴ ʨʝʰʝʥʳ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʬʘʟʦʩʜʚʠʛʘʶʱʝʡ 

ʐʀʄ (ʚ ʠʥʦʩʪʨʘʥʥʳʭ ʠʩʪʦʯʥʠʢʘʭ Phase-Shifted PWM (PSPWM)), ʧʨʠ ʢʦʪʦʨʦʡ 

ʫʚʝʣʠʯʝʥʘ ʵʬʬʝʢʪʠʚʥʘʷ ʯʘʩʪʦʪʘ ʐʀʄ [31,32,33]. ʂʘʞʜʳʡ ʥʝʩʫʱʠʡ ʩʠʛʥʘʣ 

ʐʀʄ ʠʥʚʝʨʪʦʨʘ ʩʜʚʠʥʫʪ ʥʘ  Ὕʐʀʄ, ʛʜʝ N ð ʯʠʩʣʦ ʷʯʝʝʢ ʚ ʬʘʟʝ, 
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 Ὕʐʀʄ ð ʧʝʨʠʦʜ ʐʀʄ (ʨʠʩ. 1.10). ʆʧʦʨʥʳʝ ʩʠʛʥʘʣʳ ʣʝʚʦʛʦ ʧʣʝʯʘ (ʩʧʣʦʰʥʘʷ 

ʣʠʥʠʷ ʨʠʩ. 1.10ʘ) ʠ ʧʨʘʚʦʛʦ ʧʣʝʯʘ (ʰʪʨʠʭʦʚʘʷ ʣʠʥʠʷ ʨʠʩ. 1.10ʘ) 

ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʷʯʝʡʢʠ ʩʜʚʠʥʫʪʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ ʥʘ  Ὕʐʀʄ. 

ɺʳʭʦʜʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʷʯʝʝʢ ʨʠʩ. 1.10ʙ ʩʜʚʠʥʫʪʳ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛ ʜʨʫʛʘ ʧʦ 

ʬʘʟʝ, ʧʨʠ ʵʪʦʤ ʯʠʩʣʦ ʢʦʤʤʫʪʘʮʠʡ ʠ ʧʨʦʜʦʣʞʠʪʝʣʴʥʦʩʪʴ ʚʢʣʶʯʝʥʠʷ ʢʘʞʜʦʡ 

ʷʯʝʡʢʠ ʟʘ ʧʝʨʠʦʜ ʟʘʜʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʧʨʘʢʪʠʯʝʩʢʠ ʦʜʠʥʘʢʦʚʦ. ʉʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʚʳʧʦʣʥʷʝʪʩʷ ʫʩʣʦʚʠʝ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʨʴ ʤʝʞʜʫ ʷʯʝʡʢʘʤʠ. 

ʆʜʥʘʢʦ ʜʘʥʥʳʡ ʤʝʪʦʜ ʠʤʝʝʪ ʥʝʩʢʦʣʴʢʦ ʦʛʨʘʥʠʯʝʥʠʡ. ɺ ʩʨʘʚʥʝʥʠʠ ʩ ʘʣʛʦʨʠʪʤʦʤ 

LSPWM ʨʠʩ. 1.9ʙ ʧʨʠ ʪʦʡ ʞʝ ʯʘʩʪʦʪʝ ʐʀʄ ʦʧʦʨʥʳʭ ʩʠʛʥʘʣʦʚ 500 ɻʮ 

ʚʦʟʨʘʩʪʘʝʪ ʯʠʩʣʦ ʢʦʤʤʫʪʘʮʠʡ ʢʘʞʜʦʡ ʷʯʝʡʢʠ. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʚʳʩʦʢʦʛʦ 

ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ ʥʝʩʫʱʠʝ ʩʠʛʥʘʣʳ ʐʀʄ ʜʦʣʞʥʳ ʦʙʥʦʚʣʷʪʴʩʷ ʢʘʢ ʤʦʞʥʦ 

ʙʳʩʪʨʝʝ ʜʣʷ ʜʦʩʪʠʞʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʩ ʭʦʨʦʰʠʤ ʨʘʟʨʝʰʝʥʠʝʤ ʧʦ ʚʨʝʤʝʥʠ. 

ʆʛʨʘʥʠʯʝʥʠʝ ʯʘʩʪʦʪʳ ʐʀʄ ʧʦ ʯʠʩʣʫ ʢʦʤʤʫʪʘʮʠʡ ʢʣʶʯʝʡ ʷʯʝʡʢʠ ʧʨʠʚʦʜʠʪ ʢ 

ʟʥʘʯʠʪʝʣʴʥʦʡ ʟʘʜʝʨʞʢʝ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʟʘʜʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ. ɼʨʫʛʘʷ ʩʣʦʞʥʦʩʪʴ 

ʩʚʷʟʘʥʘ ʩ ʦʪʢʘʟʦʤ ʦʜʥʦʡ ʠʟ ʷʯʝʝʢ, ʪʘʢ ʢʘʢ ʧʨʠʭʦʜʠʪʩʷ ʥʘ ʭʦʜʫ ʤʝʥʷʪʴ ʬʘʟʦʚʳʡ 

ʩʜʚʠʛ ʥʝʩʫʱʠʭ ʩʠʛʥʘʣʦʚ ʷʯʝʝʢ ʚʦ ʚʨʝʤʷ ʨʘʙʦʪʳ, ʯʪʦ ʪʨʝʙʫʝʪ ʦʯʝʥʴ ʢʘʯʝʩʪʚʝʥʥʦʡ 

ʩʠʥʭʨʦʥʠʟʘʮʠʠ, ʢʨʦʤʝ ʪʦʛʦ ʯʘʩʪʦʪʳ ʤʦʜʫʣʷʮʠʠ ʚ ʨʘʟʥʳʭ ʬʘʟʘʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ 

ʧʝʨʝʩʪʘʶʪ ʩʦʚʧʘʜʘʪʴ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʧʦʷʚʣʝʥʠʶ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ ʚʳʩʰʠʭ 

ʛʘʨʤʦʥʠʢ ʚ ʪʦʢʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, PSPWM ʠʤʝʝʪ ʧʨʝʠʤʫʱʝʩʪʚʦ ʨʘʚʥʦʤʝʨʥʦʛʦ 

ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʨʴ ʤʝʞʜʫ ʷʯʝʡʢʘʤʠ, ʘ LSPWM ʠʤʝʝʪ ʥʝʩʢʦʣʴʢʦ ʣʫʯʰʠʡ 

ʛʘʨʤʦʥʠʯʝʩʢʠʡ ʩʦʩʪʘʚ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ [34, 35] ʧʨʠ ʪʦʡ ʞʝ ʵʬʬʝʢʪʠʚʥʦʡ 

ʯʘʩʪʦʪʝ ʢʦʤʤʫʪʘʮʠʠ ʪʨʘʥʟʠʩʪʦʨʦʚ. 
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ʈʠʩ.1.10 ʋʧʨʘʚʣʝʥʠʝ ʷʯʝʡʢʘʤʠ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʠʥʚʝʨʪʦʨʘ ʩ ʬʘʟʦʩʜʚʠʛʘʶʱʝʡ ʐʀʄ, ʛʜʝ 
ʢʘʞʜʳʡ ʮʚʝʪ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʝʩʫʱʝʤʫ ʩʠʛʥʘʣʫ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʷʯʝʡʢʠ  

ʆʧʪʠʤʘʣʴʥʳʤ ʷʚʣʷʝʪʩʷ ʢʦʤʙʠʥʘʮʠʷ ʦʧʠʩʘʥʥʳʭ ʚʳʰʝ ʘʣʛʦʨʠʪʤʦʚ ʐʀʄ. 

ɼʣʷ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʤʤʫʪʘʮʠʦʥʥʳʭ ʧʦʪʝʨʴ ʠ ʧʦʪʝʨʴ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʥʝʦʙʭʦʜʠʤʘ ʨʦʪʘʮʠʷ ʷʯʝʝʢ ʚ ʢʦʥʮʝ ʢʘʞʜʦʛʦ ʧʝʨʠʦʜʘ ʤʦʜʫʣʷʮʠʠ 

ʠʣʠ ʧʝʨʠʦʜʘ ʥʝʩʫʱʝʛʦ ʩʠʛʥʘʣʘ [36,37,39]. ʅʘ ʨʠʩ. 1.11 ʧʦʢʘʟʘʥʘ ʨʘʙʦʪʘ 

ʘʣʛʦʨʠʪʤʘ ʥʘ ʦʩʥʦʚʝ LSPWM ʩ ʨʦʪʘʮʠʝʡ ʥʝʩʫʱʝʛʦ ʩʠʛʥʘʣʘ ʷʯʝʡʢʠ ʢʘʞʜʳʡ 

ʧʝʨʠʦʜ ʐʀʄ. ʏʘʩʪʦʪʘ ʥʝʩʫʱʠʭ ʩʠʛʥʘʣʦʚ ʐʀʄ ʨʘʚʥʷʝʪʩʷ 2 ʢɻʮ, ʧʨʠ ʵʪʦʤ 
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ʯʠʩʣʦ ʧʝʨʝʢʣʶʯʝʥʠʡ ʢʘʞʜʦʡ ʷʯʝʡʢʠ ʥʠʞʝ, ʯʝʤ ʜʣʷ ʬʘʟʦʩʜʚʠʛʘʶʱʝʡ ʐʀʄ 

ʨʠʩ. 1.10ʙ.  

0.1 0.102 0.104 0.106 0.108 0.11 0.112 0.114 0.116 0.118 0.12
-4

-2

0

2

4

ɺʨʝʤʷ

ʅ
ʝ
ʩ
ʫ
ʱ
ʠ
ʝ
 
ʠ
 
ʤ
ʦ
ʜ
ʝ
ʣ
ʠ
ʨ
ʫ
ʶ
ʱ
ʠ
ʡ
 

ʩ
ʠ
ʛ
ʥ
ʘ
ʣ

0.1 0.102 0.104 0.106 0.108 0.11 0.112 0.114 0.116 0.118 0.12
-5

-2.5

0

2.5

5

1
0

-1

-1
0
1

-1
0
1

0.1 0.102 0.104 0.106 0.108 0.11 0.112 0.114 0.116 0.118 0.12
-1
0
1

ɺʨʝʤʷ

Uʷʯʝʡʢʠ1

Uʷʯʝʡʢʠ2

Uʷʯʝʡʢʠ3

Uʷʯʝʡʢʠ4

ɺʨʝʤʷ

ʘ)

ʙ)

ʚ)

ɺ
ʳ
ʭ
ʦ
ʜ
ʥ
ʦ
ʝ
 
ʥ
ʘ
ʧ
ʨ
ʷ
ʞ
ʝ
ʥ
ʠ
ʝ

Uʚʳʭ

ɺ
ʳ
ʭ
ʦ
ʜ
ʥ
ʳ
ʝ
 
ʥ
ʘ
ʧ
ʨ
ʷ
ʞ
ʝ
ʥ
ʠ
ʷ
 
ʷ
ʯ
ʝ
ʝ
ʢ

 

ʈʠʩ.1.11 ʋʧʨʘʚʣʝʥʠʝ ʷʯʝʡʢʘʤʠ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʠʥʚʝʨʪʦʨʘ ʩ ʨʦʪʘʮʠʝʡ ʥʝʩʫʱʠʭ ʐʀʄ, ʛʜʝ 
ʢʘʞʜʳʡ ʮʚʝʪ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʥʝʩʫʱʝʤʫ ʩʠʛʥʘʣʫ ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʷʯʝʡʢʠ 

ɼʠʥʘʤʠʯʝʩʢʦʝ ʦʙʥʦʚʣʝʥʠʝ ʥʝʩʫʱʠʭ ʩʠʛʥʘʣʦʚ ʧʨʠʚʦʜʠʪ ʢ 

ʥʝʧʨʝʜʩʢʘʟʫʝʤʳʤ ʧʦʩʣʝʜʩʪʚʠʷʤ ʧʨʠ ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʘʭ ʠ ʧʨʠ ʦʪʢʘʟʝ 

ʦʪʜʝʣʴʥʦʡ ʷʯʝʡʢʠ. ʂʨʦʤʝ ʪʦʛʦ, ʘʣʛʦʨʠʪʤ ʠʤʝʝʪ ʥʝʜʦʩʪʘʪʦʢ (ʜʦʧʦʣʥʠʪʝʣʴʥʦʝ 

ʧʝʨʝʢʣʶʯʝʥʠʝ ʨʘʙʦʯʠʭ ʷʯʝʝʢ), ʯʪʦ ʫʚʝʣʠʯʠʚʘʝʪ ʩʨʝʜʥʠʝ ʧʦʪʝʨʠ 

ʢʦʤʤʫʪʠʨʫʶʱʠʭ ʫʩʪʨʦʡʩʪʚ. ɸʣʛʦʨʠʪʤʳ ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʐʀʄ ʧʨʠʤʝʥʠʤʳ ʢʘʢ 

ʜʣʷ ʪʨʝʭʬʘʟʥʦʛʦ, ʪʘʢ ʠ ʜʣʷ ʦʜʥʦʬʘʟʥʦʛʦ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. 
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1.3.2 ɺʝʢʪʦʨʥʘʷ ʐʀʄ 

ɼʣʷ ʪʨʝʭʬʘʟʥʦʛʦ ʢʘʩʢʘʜʥʦʛʦ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʠʥʚʝʨʪʦʨʘ ʧʦʤʠʤʦ 

ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʐʀʄ ʩʫʱʝʩʪʚʫʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʨʝʘʣʠʟʦʚʘʪʴ ʤʝʪʦʜ ʚʝʢʪʦʨʥʦʡ 

ʐʀʄ.  

ɺʝʢʪʦʨʥʘ ̫ ʐʀʄ ʧʦʟʚʦʣʷʝʪ ʧʦʣʫʯʠʪʴ ʥʘ 15% ʙʦʣʴʰʝ ʚʳʭʦʜʥʦʝ 

ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʝ ʯʝʤ ʩʠʥʫʩʦʠʜʘʣʴʥʳʡ ʐʀʄ ʧʨʠ ʪʦʤ ʞʝ 

ʥʘʧʨʷʞʝʥʠʠ ʟʚʝʥʴʝʚ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ. ʂʣʘʩʩʠʯʝʩʢʠʡ ʘʣʛʦʨʠʪʤ ʚʝʢʪʦʨʥʦʡ 

ʐʀʄ ʜʣʷ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʠʥʚʝʨʪʦʨʘ ʠʤʝʝʪ ʛʝʦʤʝʪʨʠʯʝʩʢʫʶ ʠʥʪʝʨʧʨʝʪʘʮʠʶ, 

ʚʢʣʶʯʘʶʱʫ  ʁʨʘʟʙʠʝʥʠʝ ʧʨʦʩʪʨʘʥʩʪʚʘ ʚʝʢʪʦʨʘ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʪʨʝʫʛʦʣʴʥʠʢʠ, 

ʦʧʨʝʜʝʣʝʥʠʝ ʥʦʤʝʨʘ ʨʘʙʦʪʘʶʱʝʛʦ ʪʨʝʫʛʦʣʴʥʠʢʘ ʠ ʨʘʩʯʝʪ ʩʢʚʘʞʥʦʩʪʝʡ ʚʥʫʪʨʠ 

ʪʨʝʫʛʦʣʴʥʠʢʘ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 1.12.  

ʂʘʞʜʳʡ ʩʝʢʪʦʨ (I VI) ʰʝʩʪʠʫʛʦʣʴʥʠʢʘ ʦʙʨʘʟʫʝʪʩʷ ʙʘʟʦʚʳʤʠ ʚʝʢʪʦʨʘʤʠ 

ʬʘʟ ʠʥʚʝʨʪʦʨʘ, ʢʘʞʜʳʡ ʩʝʢʪʦʨ ʜʣʷ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʜʝʣʠʪʩʷ 

ʝʱʝ ʥʘ ʩʝʢʮʠʠ, ʪʘʢʠʤ ʦʙʨʘʟʦʤ ʦʙʨʘʟʫʷ ʚʩʝʚʦʟʤʦʞʥʳʝ ʢʦʤʙʠʥʘʮʠʠ ʧʨʦʝʢʮʠʡ 

ʚʝʢʪʦʨʘ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ɿʘʜʘʥʥʳʡ ʚʝʢʪʦʨ ʨʝʘʣʠʟʫʝʪʩʷ ʥʘ ʦʩʥʦʚʝ 

ʙʘʟʦʚʳʭ ʚʝʢʪʦʨʦʚ ʠ ʜʣʠʪʝʣʴʥʦʩʪʴʶ ʠʭ ʚʢʣʶʯʝʥʠʷ. ʇʦʤʠʤʦ ʵʪʦʛʦ, ʜʣʷ ʜʘʥʥʦʛʦ 

ʚʠʜʘ ʐʀʄ ʩʫʱʝʩʪʚʫʶʪ ʟʘʢʦʥʳ ʢʦʤʤʫʪʘʮʠʡ ʜʣʷ ʦʧʪʠʤʘʣʴʥʦʛʦ ʘʣʛʦʨʠʪʤʘ 

ʧʝʨʝʢʣʶʯʝʥʠʷ ʙʘʟʦʚʳʭ ʚʝʢʪʦʨʦʚ [42, 43, 44,45,46]. 
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ʈʠʩ.1.12 ɼʠʘʛʨʘʤʤʘ ʚʝʢʪʦʨʦʚ ʥʘʧʨʷʞʝʥʠʡ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʠʥʚʝʨʪʦʨʘ 

ʊʘʢʘʷ ʨʝʘʣʠʟʘʮʠʷ ʦʢʘʟʳʚʘʝʪʩʷ ʦʯʝʥʴ ʨʝʩʫʨʩʦʸʤʢʦʡ, ʥʝʛʠʙʢʦʡ ʠ ʩʣʦʞʥʦʡ 

ʚ ʦʪʣʘʜʢʝ ʠ ʜʦʨʘʙʦʪʢʝ. ʆʜʥʠʤ ʠʟ ʙʦʣʝʝ ʧʨʦʩʪʳʭ, ʠ ʚ ʪʦ ʞʝ ʚʨʝʤʷ ʛʠʙʢʠʤ 

ʘʣʛʦʨʠʪʤʦʤ ʐʀʄ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜ ʨʝʘʣʠʟʘʮʠʠ ʥʝʧʨʝʨʳʚʥʦʡ ʚʝʢʪʦʨʥʦʡ ʐʀʄ 

[47], ʥʘʧʨʠʤʝʨ, ʤʝʪʦʜʦʤ ʤʛʥʦʚʝʥʥʳʭ ʬʘʟʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ. ɺ ʠʪʦʛʝ, 

ʨʘʩʩʯʠʪʘʥʥʳʝ ʟʥʘʯʝʥʠʷ ʩʢʚʘʞʥʦʩʪʝʡ ʫʧʨʘʚʣʝʥʠʷ ʥʘ ʷʯʝʡʢʘʭ ʧʦʣʫʯʘʶʪʩʷ 

ʘʥʘʣʦʛʠʯʥʳ ʢʣʘʩʩʠʯʝʩʢʦʤʫ ʤʝʪʦʜʫ, ʦʜʥʘʢʦ ʤʘʪʝʤʘʪʠʯʝʩʢʠʡ ʧʦʜʭʦʜ ʚ ʜʘʥʥʦʤ 

ʤʝʪʦʜʝ ʧʨʦʱʝ. 

1.4 ʄʝʪʦʜ ʤʛʥʦʚʝʥʥʳʭ ʬʘʟʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ 

ʇʨʠ ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʐʀʄ (ʨʠʩ. 1.13) ʧʦʪʝʥʮʠʘʣʳ ʩʨʝʜʥʠʭ ʪʦʯʝʢ 

ʠʥʚʝʨʪʦʨʘ ű0_ʠʥʚ ʠ ʜʚʠʛʘʪʝʣʷ ű0_ʜʚ ʨʘʚʥʳ, ʘ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʠ ʬʘʟʥʳʝ 

ʥʘʧʨʷʞʝʥʠʷ, ʩʦʟʜʘʚʘʝʤʳʝ ʠʥʚʝʨʪʦʨʦʤ ʠ ʬʘʟʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʜʚʠʛʘʪʝʣʷ ʨʘʚʥʳ, 

ʪ.ʝ. 

 

_ʠʥʚ 0_ʠʥʚ _ʜʚ 0_ʜʚ

_ʠʥʚ 0_ʠʥʚ _ʜʚ 0_ʜʚ

_ʠʥʚ 0_ʠʥʚ _ʜʚ 0_ʜʚ

;

;

.

a ʘ ʘ ʘ

b b b b

c c c c

U = ű ű =U =ű ű

U = ű ű =U =ű ű

U = ű ű =U =ű ű

�½� � � �
�°

� � � ��¾
�°� � � ��¿

 (1.1) 
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ű0_ʠʥʚ

űa

űb

űc

ű0_ʜʚ

ʉʗ

 

ʈʠʩ.1.13 ʇʦʪʝʥʮʠʘʣʳ ʜʚʠʛʘʪʝʣʷ ʠ ʠʥʚʝʨʪʦʨʘ 

ɺ ʚʝʢʪʦʨʥʦʡ ʐʀʄ ʧʦʪʝʥʮʠʘʣʳ ʩʨʝʜʥʠʭ ʪʦʯʝʢ ʥʝ ʨʘʚʥʳ: ʧʦʪʝʥʮʠʘʣ ʦʜʥʦʡ 

ʥʫʣʝʚʦʡ ʪʦʯʢʠ ʧʣʘʚʘʝʪ ʦʪʥʦʩʠʪʝʣʴʥʦ ʜʨʫʛʦʛʦ ʥʘ ʫʪʨʦʝʥʥʦʡ ʯʘʩʪʦʪʝ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʧʝʨʚʦʡ ʛʘʨʤʦʥʠʢʠ. ʇʦʤʠʤʦ ʢʣʘʩʩʠʯʝʩʢʦʡ ʨʝʘʣʠʟʘʮʠʠ ʧʨʝʨʳʚʥʦʡ 

ʚʝʢʪʦʨʥʦʡ ʐʀʄ ʧʨʠ ʧʦʤʦʱʠ ʙʘʟʦʚʳʭ ʚʝʢʪʦʨʦʚ ʩʫʱʝʩʪʚʫʝʪ ʥʝʧʨʝʨʳʚʥʘʷ 

ʚʝʢʪʦʨʥʘʷ ʐʀʄ ʥʘ ʦʩʥʦʚʝ ʥʝʩʫʱʝʛʦ ʩʠʛʥʘʣʘ [48]. ɼʘʥʥʳʡ ʤʝʪʦʜ ʦʩʥʦʚʘʥ ʥʘ 

ʜʦʙʘʚʢʝ ʩʠʛʥʘʣʘ ʥʫʣʝʚʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʢ ʦʧʦʨʥʳʤ ʪʨʝʭʬʘʟʥʳʤ ʩʠʛʥʘʣʘʤ 

ʥʘʧʨʷʞʝʥʠʷ. 

ɿʘʜʘʥʠʝ ʚʝʢʪʦʨʘ ʥʘʧʨʷʞʝʥʠʷ ʩ ʘʤʧʣʠʪʫʜʦʡ Um ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʚ 

ʢʦʦʨʜʠʥʘʪʘʭ ʘ,b,c: 

 

_ʟʘʜ

_ʟʘʜ

_ʟʘʜ

cos( );

3
cos( );

3

4
cos( ).

3

a m

b m

c m

U U

U U

U U

�½
�  � 4�°

�°�S �°� �4 �� �¾
�°

�S �°
� �4 �� �°�¿

 (1.2) 

ʇʨʝʜʩʪʘʚʣʝʥʠʝ ʬʘʟʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʯʝʨʝʟ ʧʦʪʝʥʮʠʘʣ rʬʘʟ, ʧʨʠ ʥʫʣʝʚʦʤ 

ʧʦʪʝʥʮʠʘʣʝ ʚ ʪʦʯʢʝ ʩʦʝʜʠʥʝʥʠʷ ʦʙʤʦʪʦʢ ʜʚʠʛʘʪʝʣʷ ʚ ʟʚʝʟʜʫ (ű0_ʜʚ), ʧʦʣʫʯʠʤ ʠʟ 

ʫʨʘʚʥʝʥʠʝ (1.1): 

 

ʟʘʜ 0_ʜʚ

ʟʘʜ 0_ʜʚ

ʟʘʜ 0_ʜʚ

;

;

.

a_ a a

b_ b b

c_ c c

U

U

U

�½� �M �� �M � �M
�°

� �M �� �M � �M�¾
�°� �M �� �M � �M�¿

 (1.3) 

ɽʩʣʠ ʧʨʠʙʘʚʠʪʴ ʠʣʠ ʚʳʯʝʩʪʴ ʢ ʧʦʪʝʥʮʠʘʣʘʤ ʬʘʟ ʥʝʢʦʪʦʨʳʡ ʧʦʪʝʥʮʠʘʣ, ʪʦ 

ʨʘʟʥʦʩʪʴ ʧʦʪʝʥʮʠʘʣʦʚ ʤʝʞʜʫ ʬʘʟʘʤʠ ʥʝ ʠʟʤʝʥʠʪʩʷ. ʆʙʳʯʥʦ ȹű ʧʨʠʥʠʤʘʶʪ 

ʪʘʢʠʤ, ʯʪʦʙʳ ʧʦʪʝʥʮʠʘʣʳ ʬʘʟ ʙʳʣʠ ʨʝʘʣʠʟʫʝʤʳ, ʪ.ʝ. ʥʘʭʦʜʠʣʠʩʴ ʚ ʜʠʘʧʘʟʦʥʝ 

ʨʝʘʣʠʟʫʝʤʳʭ ʠʥʚʝʨʪʦʨʦʤ ʥʘʧʨʷʞʝʥʠʡ. ʉʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʚʘʨʠʘʥʪʦʚ 
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ʨʘʩʯʝʪʘ ȹű, ʢʘʞʜʳʡ ʠʟ ʢʦʪʦʨʳʭ ʙʫʜʝʪ ʦʧʨʝʜʝʣʷʪʴ ʭʘʨʘʢʪʝʨ ʠʟʤʝʥʝʥʠʷ 

ʧʦʪʝʥʮʠʘʣʘ ʩʨʝʜʥʝʡ ʪʦʯʢʠ ʠʥʚʝʨʪʦʨʘ ʠ ʩʨʝʜʥʝʡ ʪʦʯʢʠ ʥʘʛʨʫʟʢʠ. ɺ ʜʘʥʥʦʡ 

ʨʝʘʣʠʟʘʮʠʠ ʧʨʠʥʷʪ ʤʝʪʦʜ, ʛʜʝ ȹű ʨʘʩʩʯʠʪʳʚʘʝʪʩʷ ʪʘʢʠʤ, ʯʪʦʙʳ ʤʘʢʩʠʤʘʣʴʥʦ 

ʦʪʜʘʣʠʪʴ ʧʦʪʝʥʮʠʘʣʳ ʬʘʟ ʦʪ ʦʛʨʘʥʠʯʝʥʠʷ ʠʥʚʝʨʪʦʨʘ ʧʦ ʚʳʭʦʜʥʦʤʫ 

ʥʘʧʨʷʞʝʥʠʶ. ɼʣʷ ʵʪʦʛʦ ʠʩʧʦʣʴʟʫʶʪʩʷ ʩʣʝʜʫʶʱʠʝ ʬʦʨʤʫʣʳ: 

 

_ɿʘʜ _ɿʘʜ _ɿʘʜ

_ɿʘʜ _ɿʘʜ _ɿʘʜ

_ɿʘʜ

_ɿʘʜ

_ɿʘʜ

min( , , );

max( , , );

;
2

�3 �3 �
 ��

�3 �3 �
 ��

�3 �3 �
 ��

min a b c

max a b c

max min
min

a a a

b b b

c c c

U U U U

U U U U

U U
U

' = + U

' = + U

' = + U

� �½
�°

� �°
�°��

�'�M � �� �� �°
�¾
�°�'�M � 
�°

�'�M � �°
�°�'�M � �¿

 (1.4) 

ʊʘʢʦʡ ʧʦʜʭʦʜ ʬʦʨʤʠʨʫʝʪ ʭʦʨʦʰʦ ʫʟʥʘʚʘʝʤʳʡ ʬʦʨʤʫ ʟʘʜʘʥʠʡ 

ʥʘʧʨʷʞʝʥʠʡ, ʧʦʢʘʟʘʥʥʳʡ ʥʘ ʨʠʩ. 1.14, ʩʦʚʧʘʜʘʶʱʠʡ ʩ ʠʟʚʝʩʪʥʳʤʠ ʘʣʛʦʨʠʪʤʘʤʠ 

ʢʣʘʩʩʠʯʝʩʢʦʡ ʚʝʢʪʦʨʥʦʡ ʐʀʄ. 

ʚʨʝʤʷ (ʩ)

 ɿ
ʘ
ʜ
ʘ
ʥ
ʠ
ʝ
 

ʥ
ʘ
ʧ
ʨ
ʷ
ʞ
ʝ
ʥ
ʠ
ʷ

(ɺ
)

U'ʘ_ɿʘʜ U'b_ɿʘʜ U'c_ɿʘʜ 

 

ʈʠʩ.1.14 ʌʦʨʤʘ ʟʘʜʘʥʠʡ ʥʘʧʨʷʞʝʥʠʡ ʧʦ ʤʝʪʦʜʫ ʤʛʥʦʚʝʥʥʳʭ ʬʘʟʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ  

 

ɺʳʚʦʜʳ ʧʦ ʛʣʘʚʝ 1 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʦʢʘʟʘʥʳ ʩʫʱʝʩʪʚʫʶʱʠʝ ʩʭʝʤʳ ʤʥʦʛʦʫʨʦʚʥʝʚʳʭ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ, ʧʨʠʚʝʜʝʥʳ ʠʭ ʜʦʩʪʦʠʥʩʪʚʘ ʠ ʥʝʜʦʩʪʘʪʢʠ. ʈʘʩʩʤʦʪʨʝʥʦ 

ʧʨʠʤʝʥʝʥʠʝ ʢʘʩʢʘʜʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʚ ʩʠʩʪʝʤʝ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ ʩ 

ʚʦʟʤʦʞʥʦʩʪʴʶ ʨʝʢʫʧʝʨʘʮʠʝʡ ʵʥʝʨʛʠʠ ʚ ʩʝʪʴ. ʂʘʩʢʘʜʥʳʡ ʤʥʦʛʦʫʨʦʚʥʝʚʳʡ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʩ ʚʭʦʜʥʳʤ ʤʥʦʛʦʦʙʤʦʪʦʯʥʳʤ ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʤ ʦʙʣʘʜʘʝʪ 
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ʙʦʣʴʰʝʡ ʥʘʜʝʞʥʦʩʪʴʶ, ʯʝʤ ʩʭʝʤʘ ʩ ʦʙʱʠʤ ʟʚʝʥʦʤ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ, ʪʘʢ ʢʘʢ 

ʩʠʣʦʚʳʝ ʷʯʝʡʢʠ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʟʘʧʠʪʳʚʘʶʪʩʷ ʦʪ ʛʘʣʴʚʘʥʠʯʝʩʢʠ ʨʘʟʚʷʟʘʥʥʳʭ 

ʠʩʪʦʯʥʠʢʦʚ ʧʠʪʘʥʠʷ. ʅʘʣʠʯʠʝ ɸɺʅ ʚ ʩʠʣʦʚʦʡ ʷʯʝʡʢʝ ʧʦʟʚʦʣʷʝʪ ʜʘʥʥʦʡ ʩʭʝʤʝ 

ʛʝʥʝʨʠʨʦʚʘʪʴ ʵʥʝʨʛʠʶ ʚ ʩʝʪʴ. ɼʣʷ ʨʝʘʣʠʟʘʮʠʠ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʜʣʷ 

ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʩʠʥʭʨʦʥʥʦʛʦ ʜʚʠʛʘʪʝʣʷ (ʉɼ) ʚ ʟʘʚʠʩʠʤʦʩʪʠ 

ʦʪ ʪʨʝʙʦʚʘʥʠʡ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʛʦ ʨʝʞʠʤʘ ʦʙʲʝʢʪʘ ʙʳʣʘ ʚʳʙʨʘʥʘ ʩʭʝʤʘ 

ʢʘʩʢʘʜʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩ ʚʭʦʜʥʳʤ ʤʥʦʛʦʦʙʤʦʪʦʯʥʳʤ ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʤ.  

ɺ ʛʣʘʚʝ ʧʦʢʘʟʘʥ ʧʨʠʥʮʠʧ ʨʘʙʦʪʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʢʦʤʧʝʥʩʘʪʦʨʘ 

ʨʝʘʢʪʠʚʥʦʡ ʤʦʱʥʦʩʪʠ ʠ ʚʦʟʤʦʞʥʳʝ ʝʛʦ ʨʝʘʣʠʟʘʮʠʠ. ʀ ʨʝʘʣʠʟʘʮʠʷ 

ʢʦʤʧʝʥʩʘʪʦʨʘ ʨʝʘʢʪʠʚʥʦʡ ʤʦʱʥʦʩʪʠ ʥʘ ʙʘʟʝ ʢʘʩʢʘʜʥʦʛʦ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʨʦʠʟʚʝʜʝʥ ʘʥʘʣʠʟ ʩʫʱʝʩʪʚʫʶʱʠʭ ʘʣʛʦʨʠʪʤʦʚ ʐʀʄ ʜʣʷ 

ʢʘʩʢʘʜʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʯʘʩʪʦʪʳ. 
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2.1 ʈʘʟʨʘʙʦʪʢʘ ʘʣʛʦʨʠʪʤʘ ʐʀʄ ʩ ʯʝʨʝʜʫʶʱʠʡʩʷ ʷʯʝʡʢʦʡ 

ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʯʘʩʪʦʪʳ 

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʐʀʄ ʠʩʧʦʣʴʟʫʝʪ ʤʝʪʦʜ ʤʛʥʦʚʝʥʥʳʭ ʬʘʟʥʳʭ 

ʧʦʪʝʥʮʠʘʣʦʚ ʜʣʷ ʨʘʩʯʸʪʘ ʟʘʜʘʥʠʡ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ʚʳʭʦʜʝ ʠʥʚʝʨʪʦʨʘ. ʂ 

ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʤʫ ʘʣʛʦʨʠʪʤʫ ʐʀʄ ʙʳʣʠ ʚʳʜʚʠʥʫʪʳ ʩʣʝʜʫʶʱʠʝ ʪʨʝʙʦʚʘʥʠʷ: 

�x ʏʘʩʪʦʪʘ ʢʦʤʤʫʪʘʮʠʡ ʠʥʚʝʨʪʦʨʘ ʜʚʠʛʘʪʝʣʷ ʜʦʣʞʥʘ ʙʳʪʴ ʢʘʢ ʤʦʞʥʦ 

ʥʠʞʝ ʜʣʷ ʫʤʝʥʴʰʝʥʠʷ ʧʦʪʝʨʴ ʚ ʠʥʚʝʨʪʦʨʝ; 

�x ɸʣʛʦʨʠʪʤ ʜʦʣʞʝʥ ʫʯʠʪʳʚʘʪʴ ʪʝʢʫʱʝʝ ʥʘʧʨʷʞʝʥʠʝ ʟʚʝʥʘ 

ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʢʘʞʜʦʡ ʷʯʝʡʢʠ, ʢʦʪʦʨʦʝ ʤʦʞʝʪ ʦʪʢʣʦʥʷʪʴʩʷ ʚ 

ʟʥʘʯʠʪʝʣʴʥʳʭ ʧʨʝʜʝʣʘʭ; 

�x ʇʦʪʝʨʠ ʚʦ ʚʩʝʭ ʢʣʶʯʘʭ ʩʠʣʦʚʦʛʦ ʤʦʜʫʣʷ ʠ ʤʝʞʜʫ ʩʠʣʦʚʳʤʠ 

ʤʦʜʫʣʷʤʠ ʜʦʣʞʥʳ ʙʳʪʴ ʧʦ ʚʦʟʤʦʞʥʦʩʪʠ ʦʜʠʥʘʢʦʚʳʤʠ; 

�x ɸʣʛʦʨʠʪʤ ʫʧʨʘʚʣʝʥʠʷ ʜʦʣʞʝʥ ʙʳʪʴ ʜʦʩʪʘʪʦʯʥʦ ʧʨʦʩʪʳʤ ʜʣʷ 

ʨʝʘʣʠʟʘʮʠʠ ʥʘ ʨʘʩʧʨʝʜʝʣʝʥʥʦʡ ʤʠʢʨʦʢʦʥʪʨʦʣʣʝʨʥʦʡ ʩʠʩʪʝʤʝ 

ʩʨʝʜʥʝʡ ʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʩʪʠ (1 ARM ʷʜʨʦ 100ʄɻʮ) ʙʝʟ 

ʥʝʦʙʭʦʜʠʤʦʩʪʠ ʠʩʧʦʣʴʟʦʚʘʥʠʷ FPGA ʠ ʚʳʩʦʢʦʩʢʦʨʦʩʪʥʳʭ ʢʘʥʘʣʦʚ 

ʩʚʷʟʠ. 

ɼʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʨʘʚʥʦʤʝʨʥʳʭ ʧʦʪʝʨʴ ʤʝʞʜʫ ʷʯʝʡʢʘʤʠ ʨʘʟʨʘʙʦʪʘʥʥʳʡ 

ʘʣʛʦʨʠʪʤ ʧʦʩʪʨʦʝʥ ʥʘ ʨʦʪʘʮʠʠ ʩʦʩʪʦʷʥʠʡ ʷʯʝʝʢ. ʇʦʩʣʝ ʨʘʩʯʝʪʘ ʟʘʜʘʥʠʷ 

ʥʘʧʨʷʞʝʥʠʷ ( _ɿʘʜ'aU , _ɿʘʜ'bU , _ɿʘʜ'cU ) ʧʦ ʤʝʪʦʜʫ ʤʛʥʦʚʝʥʥʳʭ ʬʘʟʥʳʭ 

ʧʦʪʝʥʮʠʘʣʦʚ (1.4) ʘʣʛʦʨʠʪʤ ʐʀʄ ʥʘ ʢʘʞʜʦʤ ʧʝʨʠʦʜʝ ʨʘʩʯʝʪʘ ʦʧʨʝʜʝʣʷʝʪ 

ʢʦʣʠʯʝʩʪʚʦ ʷʯʝʝʢ ʚ ʬʘʟʝ (na, nb, nc), ʨʘʙʦʪʘʶʱʠʭ ʥʘ ʧʦʣʥʦʝ ʧʦʣʦʞʠʪʝʣʴʥʦʝ ʠʣʠ 

ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ, ʩʫʤʤʫ ʥʘʧʨʷʞʝʥʠʡ ɿʇʊ ʵʪʠʭ ʷʯʝʝʢ ʥʘ ʚʳʭʦʜʝ  

( ɿʇʊ_ʚʢʣaU�¦ , ɿʇʊ_ʚʢʣbU�¦ , ɿʇʊ_ʚʢʣcU�¦ ) ʥʘ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʤ ʪʘʢʪʝ ʐʀʄ ʠ 

ɻʃɸɺɸ 2 ʈɸɿʈɸɹʆʊʂɸ ɸʃɻʆʈʀʊʄɸ ʐʀʄ ɺ 

ɺʓʉʆʂʆɺʆʃʔʊʅʆʄ ʇʈɽʆɹʈɸɿʆɺɸʊɽʃɽ ʏɸʉʊʆʊʓ ʅɸ 

ɹɸɿɽ ʅʀɿʂʆɺʆʃʔʊʅʓʍ ʗʏɽɽʂ 
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ʩʢʚʘʞʥʦʩʪʴ ʨʘʙʦʪʘʶʱʝʡ ʷʯʝʡʢʠ ʩ ʐʀʄ (ɔa, ɔb, ɔc), ʟʥʘʷ ʝʝ ʥʘʧʨʷʞʝʥʠʝ ʥʘ ɿʇʊ 

( ɿʇʊaU �J, ɿʇʊbU �J, ɿʇʊcU �J): 
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 (2.1) 

ʇʨʝʜʣʘʛʘʝʤʳʡ ʘʣʛʦʨʠʪʤ ʩ ʨʦʪʘʮʠʝʡ ʷʯʝʝʢ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ. 2.1. 

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʧʦʢʘʟʘʥ ʥʘ ʧʨʠʤʝʨʝ ʨʘʙʦʪʳ ʦʜʥʦʡ ʬʘʟʳ ʩ ʚʦʩʴʤʴʶ 

ʷʯʝʡʢʘʤʠ, ʪʘʢ ʢʘʢ ʠʩʩʣʝʜʫʝʤʳʡ ʠʥʚʝʨʪʦʨ ʥʘʧʨʷʞʝʥʠʷ ʩʦʜʝʨʞʠʪ 8 ʷʯʝʝʢ ʚ 

ʢʘʞʜʦʡ ʬʘʟʝ. ɿʘʜʘʥʠʝ ʥʘʧʨʷʞʝʥʠʷ 
ɿʘʜ'U ʤʝʥʷʝʪʩʷ ʤʝʜʣʝʥʥʦ ʚ ʪʝʯʝʥʠʝ 

ʥʝʩʢʦʣʴʢʠʭ ʧʝʨʠʦʜʦʚ ʐʀʄ. ɼʣʷ ʜʘʥʥʦʛʦ ʢʦʥʢʨʝʪʥʦʛʦ ʩʣʫʯʘʷ ʢʦʣʠʯʝʩʪʚʦ ʷʯʝʝʢ 

ʚʢʣʶʯʝʥʥʳʭ ʥʘ ʧʦʣʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʨʘʚʥʦ 3. ʈʝʞʠʤ ʨʘʙʦʪʳ ʷʯʝʡʢʠ ʠʟʤʝʥʷʝʪʩʷ 

ʥʘ ʨʘʙʦʪʫ ʩ ʟʘʜʘʥʠʝʤ ʐʀʄ, ʨʝʞʠʤ ʨʘʙʦʪʳ ʥʘ ʧʦʣʥʦʝ ʧʦʣʦʞʠʪʝʣʴʥʦʝ 

ʥʘʧʨʷʞʝʥʠʝ, ʠ ʥʘ ʥʫʣʝʚʦʝ ʠ ʩʤʝʱʘʝʪʩʷ ʢʘʞʜʳʡ ʧʝʨʠʦʜ ʐʀʄ. ʅʝʩʫʱʠʡ ʩʠʛʥʘʣ 

ʙʳʣ ʠʟʤʝʥʝʥ ʩ ʮʝʥʪʨʠʨʦʚʘʥʥʦʛʦ (ʩʠʤʤʝʪʨʠʯʥʦʛʦ) (ʢʘʢ ʚ ʧ. 1.3.1) ʥʘ ʬʨʦʥʪʦʚʦʡ, 

ʯʪʦ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʪʩʫʪʩʪʚʠʝ ʜʦʧʦʣʥʠʪʝʣʴʥʦʡ ʢʦʤʤʫʪʘʮʠʠ ʧʨʠ ʩʤʝʥʝ ʷʯʝʡʢʠ. ɺ 

ʢʣʘʩʩʠʯʝʩʢʠʭ 6-ʢʣʶʯʝʚʳʭ ʠʥʚʝʨʪʦʨʘʭ ʥʘʧʨʷʞʝʥʠʷ ʮʝʥʪʨʠʨʦʚʘʥʥʳʡ ʥʝʩʫʱʠʡ 

ʩʠʛʥʘʣ ʠʩʧʦʣʴʟʫʝʪʩʷ, ʯʪʦʙʳ ʨʘʟʥʝʩʪʠ ʧʦ ʚʨʝʤʝʥʠ ʤʦʤʝʥʪʳ ʧʝʨʝʢʣʶʯʝʥʠʷ 

ʨʘʟʥʳʭ ʩʪʦʝʢ ʠʥʚʝʨʪʦʨʘ, ʪʘʢ ʢʘʢ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʧʝʨʝʢʣʶʯʝʥʠʝ ʚʣʠʷʝʪ ʠ ʥʘ 

ʫʨʦʚʝʥʴ ʧʦʤʝʭ, ʠ ʥʘ ʧʦʪʨʝʙʣʝʥʠʝ ʪʦʢʘ ʩ ʢʦʥʜʝʥʩʘʪʦʨʘ ʟʚʝʥʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ. 

ɺ ʪʦʧʦʣʦʛʠʠ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʠʥʚʝʨʪʦʨʘ, ʩʦʩʪʦʷʱʝʡ ʠʟ ʥʠʟʢʦʚʦʣʴʪʥʳʭ ʷʯʝʝʢ, 
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ʜʘʥʥʘʷ ʧʨʦʙʣʝʤʘ ʥʝ ʩʪʦʠʪ, ʪʘʢ ʢʘʢ ʷʯʝʡʢʠ ʨʘʙʦʪʘʶʪ ʥʝʟʘʚʠʩʠʤʦ, ʰʠʥʘ 

ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʫ ʢʘʞʜʦʡ ʷʯʝʡʢʠ ʩʚʦʷ.  

ʅʘ ʈʠʩ.2.1 ʧʦʢʘʟʘʥʦ, ʢʘʢ 4-  ̫ ʷʯʝʡʢʘ ʦʪʨʘʙʘʪʳʚʘʝʪ ʩ ʟʘʜʘʥʥʦʡ 

ʩʢʚʘʞʥʦʩʪʴʶ, ʘ ʟʘʪʝʤ 5-  ̫ʠ ʪʘʢ ʜʘʣʝʝ. ʇʨʝʠʤʫʱʝʩʪʚʦʤ ʜʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʐʀʄ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʠʟʚʝʩʪʥʳʤʠ ʤʝʪʦʜʘʤʠ ð ʵʪʦ ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ 

ʧʦʪʝʨʴ ʤʝʞʜʫ ʷʯʝʡʢʘʤʠ, ʪʘʢ ʢʘʢ ʨʘʙʦʯʠʡ ʨʝʞʠʤ ʷʯʝʡʢʠ ʤʝʥʷʝʪʩʷ ʢʘʞʜʳʡ 

ʧʝʨʠʦʜ ʐʀʄ. ɼʨʫʛʘʷ ʦʩʦʙʝʥʥʦʩʪʴ ʜʘʥʥʦʡ ʐʀʄ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʪʦʤ, ʯʪʦ 

ʥʝʩʫʱʘʷ ʯʘʩʪʦʪʘ ʐʀʄ ʚʳʰʝ ʩʨʝʜʥʝʡ ʠʟ-ʟʘ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʩʦʝʜʠʥʝʥʥʳʭ 

ʷʯʝʝʢ, ʯʪʦ ʜʘʝʪ ʧʨʝʠʤʫʱʝʩʪʚʦ ʙʳʩʪʨʦʜʝʡʩʪʚʠʷ ʢʦʥʪʫʨʘ ʫʧʨʘʚʣʝʥʠʷ. ʅʘʧʨʠʤʝʨ, 

ʜʣʷ ʨʘʙʦʪʳ 8 ʷʯʝʝʢ ʚ ʮʝʧʠ ʩʦ ʩʨʝʜʥʝʡ ʯʘʩʪʦʪʦʡ 500 ɻʮ, ʯʘʩʪʦʪʘ ʥʝʩʫʱʝʡ ʐʀʄ 

ʨʘʚʥʘ 4 ʢɻʮ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʩʦʢʨʘʪʠʪʴ ʚʨʝʤʷ ʦʪʢʣʠʢʘ ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ 

ʬʘʟʦʩʜʚʠʛʘʶʱʝʡ ʐʀʄ. 

ɽʩʣʠ ʦʜʥʘ ʠʟ ʷʯʝʝʢ ʚʳʭʦʜʠʪ ʠʟ ʩʪʨʦʷ, ʝʝ ʤʦʞʥʦ ʟʘʰʫʥʪʠʨʦʚʘʪʴ, ʧʨʠ ʵʪʦʤ 

ʤʝʪʦʜ ʐʀʄ ʦʩʪʘʝʪʩʷ ʪʦʪ ʞʝ, ʥʝʩʤʦʪʨʷ ʥʘ ʦʪʢʣʶʯʝʥʠʝ ʦʜʥʦʡ ʷʯʝʡʢʠ (ʨʠʩ. 2.2). 

ʉʨʝʜʥʷʷ ʯʘʩʪʦʪʘ ʐʀʄ ʚʦʟʨʘʩʪʝʪ ʥʘ 14,3% (ʧʨʠ ʩʦʢʨʘʱʝʥʠʠ ʯʠʩʣʘ ʷʯʝʝʢ ʩ 8 ʜʦ 

7), ʯʪʦ ʧʨʠʚʝʜʝʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʢʦʤʤʫʪʘʮʠʦʥʥʳʭ ʧʦʪʝʨʴ ʚ ʷʯʝʡʢʘʭ. ʆʜʥʘʢʦ 

ʧʫʣʴʩʘʮʠʷ ʚ ʪʦʢʝ ʦʩʪʘʝʪʩʷ ʥʘ ʪʦʤ ʞʝ ʫʨʦʚʥʝ, ʘ ʩʘʤ ʧʨʦʮʝʩʩ ʠʩʢʣʶʯʝʥʠʷ 

ʘʚʘʨʠʡʥʦʡ ʷʯʝʡʢʠ ʧʨʦʟʨʘʯʝʥ ʜʣʷ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ, ʢʦʪʦʨʘʷ ʨʝʘʣʠʟʫʝʪ 

ʚʝʢʪʦʨʥʦʝ ʠʣʠ ʩʢʘʣʷʨʥʦʝ ʫʧʨʘʚʣʝʥʠʝ ʜʚʠʛʘʪʝʣʝʤ. 
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8ʷʯʝʡʢʘU
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ʈʠʩ.2.1 ʇʨʝʜʣʘʛʘʝʤʳʡ ʘʣʛʦʨʠʪʤ ʫʧʨʘʚʣʝʥʠʷ ʩ ʨʦʪʘʮʠʝʡ ʨʘʙʦʪʘʶʱʠʭ ʷʯʝʝʢ ʠ ʩ ʬʨʦʥʪʦʚʳʤ 
ʥʝʩʫʱʠʤ ʩʠʛʥʘʣʦʤ  

t

Uʷʯʝʡʢʠ1

Uʷʯʝʡʢʠ2

Uʷʯʝʡʢʠ3

Uʷʯʝʡʢʠ4

Uʷʯʝʡʢʠ5

Uʷʯʝʡʢʠ6

Uʷʯʝʡʢʠ7

Uʷʯʝʡʢʠ8

tʘʚʘʨʠʠ

Uɿʘʜ

 

ʈʠʩ.2.2 ʇʨʝʜʣʘʛʘʝʤʳʡ ʘʣʛʦʨʠʪʤ ʫʧʨʘʚʣʝʥʠʷ ʩ ʨʦʪʘʮʠʝʡ ʨʘʙʦʪʘʶʱʠʭ ʷʯʝʝʢ ʚ ʩʣʫʯʘʝ ʚʳʭʦʜʘ 

ʠʟ ʩʪʨʦʷ ʷʯʝʡʢʠ 6 

ʆʜʥʘʢʦ, ʧʨʝʜʣʘʛʘʝʤʳʡ ʘʣʛʦʨʠʪʤ ʧʝʨʝʢʣʶʯʝʥʠʷ ʠʤʝʝʪ ʥʝʜʦʩʪʘʪʢʠ. ʇʨʠ 

ʧʦʩʪʝʧʝʥʥʦ ʠʟʤʝʥʷʶʱʝʤʩʷ ʟʘʜʘʥʠʠ ʥʘʧʨʷʞʝʥʠʷ ʥʘʩʪʘʸʪ ʤʦʤʝʥʪ, ʢʦʛʜʘ, 

ʥʘʧʨʠʤʝʨ, ʠʟ ʪʨʝʭ ʚʢʣʶʯʝʥʥʳʭ ʥʘ ʧʦʣʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʷʯʝʝʢ ʠ ʦʜʥʦʡ 

ʚʢʣʶʯʝʥʥʦʡ ʩ ʤʘʣʳʤ ʟʥʘʯʝʥʠʝʤ ʩʢʚʘʞʥʦʩʪʠ ʥʫʞʥʦ ʧʝʨʝʡʪʠ ʢ ʜʚʫʤ 

ʚʢʣʶʯʝʥʥʳʤ ʥʘ ʧʦʣʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʷʯʝʡʢʘʤ ʠ ʦʜʥʦʡ ʚʢʣʶʯʝʥʥʦʡ ʩ ʙʦʣʴʰʦʡ 



35 

 

ʩʢʚʘʞʥʦʩʪʴʶ. ʅʘ ʜʘʥʥʦʤ ʧʝʨʠʦʜʝ ʐʀʄ ʧʨʦʠʩʭʦʜʠʪ ʢʦʤʤʫʪʘʮʠʷ ʜʚʫʭ ʷʯʝʝʢ 

ʩʨʘʟʫ (ʨʠʩ. 2.3). ɹʣʝʜʥʦ-ʢʨʘʩʥʳʤ ʮʚʝʪʦʤ ʥʘ ʨʠʩʫʥʢʝ ʦʪʤʝʯʝʥʳ ʤʦʤʝʥʪʳ 

ʠʟʤʝʥʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʨʘʙʦʪʘʶʱʠʭ ʷʯʝʝʢ. ɺ ʵʪʦʪ ʤʦʤʝʥʪ ʦʪʢʣʶʯʘʶʪʩʷ 2 

ʷʯʝʡʢʠ, ʯʪʦ ʩʦʟʜʘʝʪ ʚ ʜʚʘ ʨʘʟʘ ʙʦʣʴʰʝ ʧʫʣʴʩʘʮʠʡ ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ ʜʘʥʥʦʛʦ 

ʧʝʨʠʦʜʘ ʐʀʄ, ʯʝʤ ʚ ʜʨʫʛʠʝ. 

t

4refU
5refU

6refU

7refU

8refU

1refU

2refU
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ʈʠʩ.2.3 ɼʚʝ ʷʯʝʡʢʠ ʧʝʨʝʢʣʶʯʘʶʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦ. ʄʦʤʝʥʪ ʧʝʨʝʢʣʶʯʝʥʠʷ ʚʳʜʝʣʝʥ ʙʣʝʜʥʦ-

ʢʨʘʩʥʳʤ 

ʂʘʞʜʘʷ ʥʠʟʢʦʚʦʣʴʪʥʘʷ ʷʯʝʡʢʘ ʤʦʞʝʪ ʨʝʘʣʠʟʦʚʘʪʴ ʥʫʣʝʚʦʝ ʥʘʧʨʷʞʝʥʠʝ, 

ʠʩʧʦʣʴʟʫʷ ʜʚʘ ʚʦʟʤʦʞʥʳʭ ʢʦʥʪʫʨʘ ʧʨʦʪʝʢʘʥʠʷ ʪʦʢʘ. ʅʘ ʨʠʩ. 2.4a ʧʦʢʘʟʘʥ 

ʩʣʫʯʘʡ, ʢʦʛʜʘ ʚʳʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʷʯʝʡʢʠ ʧʦʣʦʞʠʪʝʣʴʥʦʝ. ʇʝʨʚʳʡ ʚʘʨʠʘʥʪ 

ʨʝʘʣʠʟʘʮʠʠ ʥʫʣʝʚʦʛʦ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʪʨʝʙʫʝʪ ʚʢʣʶʯʝʥʠʷ ʚʝʨʭʥʠʭ 

ʢʣʶʯʝʡ (Q1, Q3), ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.4ʙ. ɺʪʦʨʦʡ ʚʘʨʠʘʥʪ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ. 2.4ʚ, 

ʧʨʠ ʵʪʦʤ ʚʢʣʶʯʘʶʪʩʷ ʥʠʞʥʠʝ ʢʣʶʯʠ (Q2, Q4). ʈʘʟʥʠʮʘ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʧʝʨʝʭʦʜʝ 

ʤʝʞʜʫ ʩʦʩʪʦʷʥʠʷʤʠ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ɺ ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʢʦʤʤʫʪʘʮʠʦʥʥʳʝ 

ʧʦʪʝʨʠ ʚʦʟʥʠʢʘʶʪ ʚ ʧʨʘʚʦʡ ʩʪʦʡʢʝ ʷʯʝʡʢʠ, ʘ ʚʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʢʦʤʤʫʪʘʮʠʦʥʥʳʝ 

ʧʦʪʝʨʠ ʥʘʛʨʝʚʘʶʪ ʣʝʚʫʶ ʩʪʦʡʢʫ. ɼʣʷ ʜʦʩʪʠʞʝʥʠʷ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʧʦʪʝʨʴ ʚʦ ʚʩʝʭ ʢʣʶʯʘʭ ʩʠʣʦʚʦʛʦ ʤʦʜʫʣʷ, ʧʨʠ ʢʘʞʜʦʤ ʧʝʨʝʢʣʶʯʝʥʠʠ ʥʘ ʥʫʣʝʚʦʝ 

ʥʘʧʨʷʞʝʥʠʝ ʩʧʦʩʦʙ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʫʣʝʚʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʚʳʭʦʜʝ ʤʦʜʫʣʷ 

ʤʝʥʷʝʪʩʷ. ʅʘ ʨʠʩ. 2.12 ʧʦʢʘʟʘʥʘ ʨʘʙʦʪʘ ʢʣʶʯʝʡ (Q1, Q3 ɂ ʚʝʨʭʥʠʝ ʢʣʶʯʠ,  
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Q2, Q4 ð ʥʠʞʥʠʝ ʢʣʶʯʠ) ʷʯʝʡʢʠ ʧʨʠ ʧʨʦʠʟʚʦʣʴʥʦʤ ʚʳʭʦʜʥʦʤ ʥʘʧʨʷʞʝʥʠʠ, ʢʘʢ 

ʤʝʥʷʝʪʩʷ ʬʦʨʤʠʨʦʚʘʥʠʝ ʥʫʣʝʚʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʷʯʝʡʢʠ. 

a)

ʚ)

ʙ)

Q1 Q3

Q2 Q4

Q1 Q3

Q2 Q4

Q1 Q3

Q2 Q4

 

ʈʠʩ.2.4 ʌʦʨʤʠʨʦʚʘʥʠʝ ʥʫʣʷ ʥʘ ʚʳʭʦʜʝ ʷʯʝʡʢʝ ʠʥʚʝʨʪʦʨʘ 

Uʷʯʝʡʢʠ

Q1

Q2

Q4

Q3

t  

ʈʠʩ.2.5 ʋʧʨʘʚʣʝʥʠʝ ʢʣʶʯʘʤʠ ʤʦʩʪʘ ʧʨʠ ʨʘʟʣʠʯʥʳʭ ʨʝʞʠʤʘʭ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʫʣʷ (ʤʦʤʝʥʪʳ 

ʩ ʥʫʣʝʚʳʤ ʥʘʧʨʷʞʝʥʠʝʤ ʚʳʜʝʣʝʥʳ ʙʣʝʜʥʦ-ʢʨʘʩʥʳʤ ʮʚʝʪʦʤ) 

ʅʘ ʨʠʩ. 2.6 ʧʦʢʘʟʘʥʘ ʨʘʙʦʪʘ ʠʥʚʝʨʪʦʨʘ ʩ 8 ʷʯʝʡʢʘʤʠ ʚ ʬʘʟʝ, ʛʜʝ ʟʘʜʘʥʠʝ 

ʥʘʧʨʷʞʝʥʠʷ ʧʦ ʬʘʟʝ ʨʘʩʩʯʠʪʘʥʦ ʧʦ ʬʦʨʤʫʣʝ (1.4) ʧʨʠ ʯʘʩʪʦʪʝ ʐʀʄ 4 ʢɻʮ. 

ɸʣʛʦʨʠʪʤ ʫʥʠʚʝʨʩʘʣʝʥ ʠ ʣʝʛʢʦ ʘʜʘʧʪʠʨʫʝʪʩʷ ʧʦʜ ʣʶʙʦʝ ʯʠʩʣʦ ʷʯʝʝʢ. ʊʘʢʞʝ 

ʨʝʟʫʣʴʪʘʪʳ ʥʘ ʨʠʩ. 2.6ʙ ʧʦʢʘʟʳʚʘʶʪ, ʯʪʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʚʳʭʦʜʝ ʷʯʝʝʢ ʧʦʯʪʠ 

ʠʜʝʥʪʠʯʥʳ ʜʨʫʛ ʜʨʫʛʫ ʢʘʢ ʚ ʩʣʫʯʘʝ PSPWM, ʯʘʩʪʦʪʘ ʢʦʤʤʫʪʘʮʠʠ ʷʯʝʝʢ ʧʨʠ 
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PSPWM ʟʘʚʠʩʠʪ ʪʦʣʴʢʦ ʦʪ ʯʘʩʪʦʪʳ ʐʀʄ, ʘ ʜʣʷ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ 

ʯʘʩʪʦʪʘ ʷʯʝʝʢ ʨʘʚʥʘ ʦʪʥʦʰʝʥʠʶ ʯʘʩʪʦʪʳ ʐʀʄ ʠ ʯʠʩʣʫ ʷʯʝʝʢ ʚ ʬʘʟʝ. 
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ʈʠʩ.2.6 ʈʘʙʦʪʘ ʠʥʚʝʨʪʦʨʘ ʩ ʨʘʟʨʘʙʦʪʘʥʥʳʤ ʐʀʄ ʩ ʯʝʨʝʜʫʶʱʠʝʩʷ ʷʯʝʡʢʦʡ 
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2.2 ɸʥʘʣʠʟ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʦʚ ʐʀʄ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʢʘʩʢʘʜʥʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʧʨʠ ʰʫʥʪʠʨʦʚʘʥʠʠ ʷʯʝʝʢ ʚʦ ʚʨʝʤʷ ʨʘʙʦʪʳ 

ʅʘʣʠʯʠʝ ʤʦʜʫʣʷ ʙʘʡʧʘʩ ʚ ʢʦʥʩʪʨʫʢʮʠʠ ʷʯʝʡʢʠ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ 

ʢʘʩʢʘʜʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʧʦʟʚʦʣʷʝʪ ʚ ʩʣʫʯʘʝ ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʷʯʝʡʢʠ 

ʠʩʢʣʶʯʠʪʴ ʝʝ ʠʟ ʨʘʙʦʪʳ, ʥʝ ʧʨʝʨʳʚʘʷ ʨʘʙʦʪʫ ʚʩʝʡ ʩʠʩʪʝʤʳ. ɺ ʤʦʜʫʣʝ ʙʘʡʧʘʩʘ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʦʥʬʠʛʫʨʘʮʠʷ ʩ ʦʙʱʠʤ ʵʤʠʪʪʝʨʦʤ, ʢʦʪʦʨʘʷ ʧʦʟʚʦʣʷʝʪ ʬʘʟʥʦʤʫ 

ʪʦʢʫ ʪʝʯʴ ʢʘʢ ʚ ʧʦʣʦʞʠʪʝʣʴʥʦʤ, ʪʘʢ ʠ ʚ ʦʪʨʠʮʘʪʝʣʴʥʦʤ ʥʘʧʨʘʚʣʝʥʠʝ.  

ʈʘʩʩʤʦʪʨʠʤ ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʝ ʩʫʱʝʩʪʚʫʶʱʠʭ ʘʣʛʦʨʠʪʤʦʚ ʐʀʄ ʧʨʠ 

ʰʫʥʪʠʨʦʚʘʥʠʠ ʷʯʝʝʢ ʚʦ ʚʨʝʤʷ ʨʘʙʦʪʳ. ɺ ʪʨʝʭʬʘʟʥʦʡ ʩʠʩʪʝʤʝ ʚ ʩʣʫʯʘʝ 

ʰʫʥʪʠʨʦʚʘʥʠʷ ʷʯʝʝʢ ʚ ʬʘʟʝ ʥʝʦʙʭʦʜʠʤʦ ʫʯʠʪʳʚʘʪʴ ʩʠʤʤʝʪʨʠʯʥʦʩʪʴ ʪʨʝʭʬʘʟʥʦʡ 

ʩʠʩʪʝʤʳ ʥʘ ʜʚʠʛʘʪʝʣʝ, ʪʦ ʝʩʪʴ ʩʦʭʨʘʥʝʥʠʝ ʫʛʣʘ 120ę ʤʝʞʜʫ ʥʘʧʨʷʞʝʥʠʷʤʠ ʬʘʟ. 

ʅʘʠʙʦʣʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʥʳʤʠ ʩʧʦʩʦʙʘʤʠ ʙʘʣʘʥʩʠʨʦʚʢʠ ʤʝʞʬʘʟʥʳʭ 

ʥʘʧʨʷʞʝʥʠʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʷʚʣʷʝʪʩʷ: ʦʪʩʦʝʜʠʥʝʥʠʝ ʥʝʠʩʧʨʘʚʥʦʡ ʷʯʝʡʢʠ ʦʪ 

ʩʠʩʪʝʤʳ ʧʫʪʝʤ ʰʫʥʪʠʨʦʚʘʥʠʷ, ʘ ʪʘʢʞʝ ʚʳʚʦʜʘ ʠʟ ʵʢʩʧʣʫʘʪʘʮʠʠ ʪʘʢʦʛʦ ʞʝ 

ʢʦʣʠʯʝʩʪʚʘ ʩʠʣʦʚʳʭ ʷʯʝʝʢ ʚ ʢʘʞʜʦʡ ʬʘʟʝ, ʠʣʠ ʩʤʝʱʝʥʠʝ ʥʝʡʪʨʘʣʴʥʦʡ ʪʦʯʢʠ 

ʬʘʟʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʠ ʰʫʥʪʠʨʦʚʘʥʠʝ ʪʦʣʴʢʦ ʦʜʥʦʡ 

ʥʝʠʩʧʨʘʚʥʦʡ ʷʯʝʡʢʠ. ɺʪʦʨʦʡ ʩʧʦʩʦʙ ʧʨʝʜʧʦʯʪʠʪʝʣʴʥʝʝ, ʪʘʢ ʢʘʢ ʧʨʠʚʦʜʠʪ ʢ 

ʤʠʥʠʤʘʣʴʥʦʤʫ ʩʥʠʞʝʥʠʶ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠ ʤʦʱʥʦʩʪʠ. ʉʜʚʠʛ 

ʥʝʡʪʨʘʣʴʥʦʡ ʪʦʯʢʠ ʥʘʧʨʷʞʝʥʠʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʚʦʟʤʦʞʝʥ ʧʦʩʢʦʣʴʢʫ 

ʥʝʡʪʨʘʣʴʥʘʷ ʪʦʯʢʘ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʥʝ ʩʦʝʜʠʥʝʥʘ ʩ ʥʝʡʪʨʘʣʴʥʦʡ ʪʦʯʢʦʡ 

ʜʚʠʛʘʪʝʣʷ (ʨʠʩ. 1.13) [49,50,51]. 

ɼʣʷ ʘʣʛʦʨʠʪʤʘ LSPWM ʢʦʵʬʬʠʮʠʝʥʪ ʤʦʜʫʣʷʮʠʠ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ [52]: 

�� , , , ,0 ( ) / ,A B C A B Cm N n N�� �� �� �� (2.2)��

ʛʜʝ ʢʦʣʠʯʝʩʪʚʦ ʥʝʠʩʧʨʘʚʥʳʭ ʷʯʝʝʢ ʚ ʬʘʟʝ nA,B,C = 0, 1, 2éN, N ð ʦʙʱʝʝ 

ʢʦʣʠʯʝʩʪʚʦ ʷʯʝʝʢ ʚ ʬʘʟʝ. ɺ ʩʣʫʯʘʝ ʚʳʭʦʜʘ ʠʟ ʩʪʨʦʷ ʦʜʥʦʡ ʠʟ ʚʦʩʴʤʠ ʷʯʝʝʢ 

(ʨʠʩ. 2.7a) ʞʝʣʘʝʤʘʷ ʘʤʧʣʠʪʫʜʘ ʟʘʜʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʥʝ ʤʦʞʝʪ ʙʳʪʴ ʨʝʘʣʠʟʦʚʘʥʘ 

ʠʟ-ʟʘ ʦʪʩʫʪʩʪʚʠʷ ʜʦʩʪʫʧʥʳʭ ʥʝʩʫʱʠʭ ʩʠʛʥʘʣʦʚ. 
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ɼʣʷ ʬʘʟʦʩʜʚʠʛʘʶʱʝʡ PSPWM ʠʥʜʝʢʩ ʤʦʜʫʣʷʮʠʠ ʥʘʭʦʜʠʪʩʷ ʚ ʜʠʘʧʘʟʦʥʝ 

ʦʪ 0 ʜʦ 1, ʚ ʩʣʫʯʘʝ ʰʫʥʪʠʨʦʚʘʥʠʷ ʣʶʙʦʡ ʠʟ ʷʯʝʝʢ. ʅʝʜʦʩʪʘʪʢʦʤ ʤʝʪʦʜʘ PSPWM 

ʷʚʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʧʝʨʝʩʯʝʪʘ ʥʝʩʫʱʠʭ ʩʠʛʥʘʣʦʚ ʚ ʩʣʫʯʘʝ ʚʳʭʦʜʘ ʠʟ ʩʪʨʦʷ 

ʦʜʥʦʡ ʠʟ ʷʯʝʝʢ (ʨʠʩ. 2.7ʙ). ɼʠʥʘʤʠʯʝʩʢʠʝ ʦʙʥʦʚʣʝʥʠʷ ʥʝʩʫʱʠʭ ʩʠʛʥʘʣʦʚ 

ʧʨʠʚʦʜʷʪ ʢ ʢʨʘʪʢʦʚʨʝʤʝʥʥʳʤ, ʥʦ ʥʝʧʨʝʜʩʢʘʟʫʝʤʳʤ ʠʩʢʘʞʝʥʠʷʤ ʚʳʭʦʜʥʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ.  
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ʘ) ʙ)  
ʈʠʩ.2.7 ʈʘʙʦʪʘ ʘʣʛʦʨʠʪʤʦʚ ʐʀʄ ʧʨʠ ʰʫʥʪʠʨʦʚʘʥʠʠ ʷʯʝʡʢʠ (ʢʨʘʩʥʘʷ ʣʠʥʠʷðʥʝʩʫʱʠʡ 

ʩʠʛʥʘʣ ʥʝʠʩʧʨʘʚʥʦʡ ʷʯʝʡʢʠ, ʩʠʥʷʷ ʣʠʥʠʷðʥʝʩʫʱʠʝ ʩʠʛʥʘʣʳ ʠʩʧʨʘʚʥʳʭ ʷʯʝʝʢ). 

ʘ ð ʘʣʛʦʨʠʪʤ LSPWM, ʙ ð ʘʣʛʦʨʠʪʤ PSPWM 

ɺ ʩʣʫʯʘʝ ʚʳʭʦʜʘ ʷʯʝʡʢʠ ʠʟ ʩʪʨʦʷ ʤʘʢʩʠʤʘʣʴʥʘʷ ʘʤʧʣʠʪʫʜʘ ʚʝʢʪʦʨʘ ʬʘʟʳ 

ʩʥʠʞʘʝʪʩʷ ʠ ʥʘʨʫʰʘʝʪʩʷ ʩʠʤʤʝʪʨʠʯʥʦʩʪʴ ʤʝʞʜʫ ʣʠʥʝʡʥʳʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ 

(ʨʠʩ. 2.8ʘ). ʅʘ ʨʠʩ. 2.8ʙ ʫʛʣʳ ʤʝʞʜʫ ʬʘʟʥʳʤʠ ʥʘʧʨʷʞʝʥʠʷʤʠ ʠʟʤʝʥʝʥʳ ʪʘʢʠʤ 

ʦʙʨʘʟʦʤ, ʯʪʦʙʳ ʣʠʥʝʡʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʦʩʪʘʚʘʣʠʩʴ ʩʠʤʤʝʪʨʠʯʥʳʤʠ [56]. ʋʛʣʳ 

ʤʝʞʜʫ ʬʘʟʘʤʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʧʫʪʝʤ ʨʝʰʝʥʠʷ ʩʠʩʪʝʤʳ ʥʝʣʠʥʝʡʥʳʭ ʫʨʘʚʥʝʥʠʡ: 

 

2 2 2 2

2 2 2 2

2 cos( ) 2 cos( );

2 cos( ) 2 cos( );

360 ,

A B A B B C B C

B c B c C A C A

U U U U U U U U

U U U U U U U U

�­ �� �� �D � �� �� �E
�°

�� �� �E � �� �� �J�®
�°�D �� �E �� �J � �q�¯

 (2.3) 

ʛʜʝ UA, UB, UC ð ʘʤʧʣʠʪʫʜʳ ʬʘʟʥʳʭ ʥʘʧʨʷʞʝʥʠʡ, Ŭ, ɓ, ɔ ð ʫʛʣʳ ʤʝʞʜʫ 

ʚʝʢʪʦʨʘʤʠ ʬʘʟʥʳʭ ʥʘʧʨʷʞʝʥʠʡ. ʉʤʝʱʝʥʠʝ ʬʘʟ ʦʧʦʨʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʟʘʚʠʩʠʪ ʦʪ 

ʢʦʣʠʯʝʩʪʚʘ ʥʝʠʩʧʨʘʚʥʳʭ ʷʯʝʝʢ ʚ ʢʘʞʜʦʡ ʬʘʟʝ. ʋʛʣʳ ʤʝʞʜʫ ʬʘʟʥʳʤʠ 

ʥʘʧʨʷʞʝʥʠʷʤʠ ʜʦʣʞʥʳ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥʳ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʜʣʷ ʚʩʝʭ ʢʦʤʙʠʥʘʮʠʡ 

ʥʝʠʩʧʨʘʚʥʳʭ ʠ ʠʩʧʨʘʚʥʳʭ ʷʯʝʝʢ, ʯʪʦʙʳ ʩʦʢʨʘʪʠʪʴ ʚʨʝʤʷ ʨʘʩʯʝʪʘ ʧʨʠ ʨʘʙʦʪʝ 

ʠʥʚʝʨʪʦʨʘ. ʅʝʜʦʩʪʘʪʢʦʤ ʵʪʦʡ ʤʝʪʦʜʠʢʠ ʷʚʣʷʝʪʩʷ ʪʦ, ʯʪʦ ʠʥʞʝʢʮʠʷ ʪʨʝʪʴʝʡ 
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ʛʘʨʤʦʥʠʢʠ ʥʝʚʦʟʤʦʞʥʘ, ʪʘʢ ʢʘʢ ʵʪʘ ʩʦʩʪʘʚʣʷʶʱʘ ̫ʚ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʧʦʚʣʠʷʝʪ ʥʘ 

ʣʠʥʝʡʥʦʝ ʥʘʧʨʷʞʝʥʠʝ [53]. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʘʢʩʠʤʘʣʴʥʳʡ ʠʥʜʝʢʩ ʤʦʜʫʣʷʮʠʠ 

ʥʝʜʦʩʪʠʞʠʤ, ʠ ʥʘʧʨʷʞʝʥʠʝ ʟʚʝʥʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʥʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʧʦʣʥʦʩʪʴʶ. 

UCA UAB

UBC

UCA UAB

UBC

A

C B

0

A

C B

0

Ŭ=120Á 

ɓ =120Á 

ɔ =120Á Ŭï? 

ɓ ï? 

ɔ ï?

UCA UAB

UBC

A

C B

0

Ŭï? 

ɓ ï? 

ɔ ï?

a) ʙ)

ʚ)

U0

 

ʈʠʩ.2.8 ɺʝʢʪʦʨʥʘʷ ʜʠʘʛʨʘʤʤʘ ʥʘʧʨʷʞʝʥʠʡ ʪʨʝʭʬʘʟʥʦʛʦ ʠʥʚʝʨʪʦʨʘ ʚ ʩʣʫʯʘʝ ʦʪʢʘʟʘ ʷʯʝʡʢʠ ʚ 

ʬʘʟʝ ɸ. ʘ ð ʙʝʟ ʧʨʠʤʝʥʝʥʠ ̫ʘʣʛʦʨʠʪʤʘ ʥʘ ʙʘʟʝ ʩʜʚʠʛʘ ʥʝʡʪʨʘʣʴʥʦʡ ʪʦʯʢʠ, ʙ ð ʩ 

ʧʨʠʤʝʥʝʥʠʝʤ ʘʣʛʦʨʠʪʤʘ ʥʘ ʙʘʟʝ ʩʜʚʠʛʘ ʥʝʡʪʨʘʣʴʥʦʡ ʪʦʯʢʠ, ʚ ð ʩʜʚʠʛ ʥʝʡʪʨʘʣʠ ʧʨʠ 

ʠʥʞʝʢʮʠʠ ʥʘʧʨʷʞʝʥʠʷ ʥʫʣʝʚʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ 

ɼʨʫʛʦʡ ʤʝʪʦʜ ʙʘʣʘʥʩʠʨʦʚʢʠ ʥʘʧʨʷʞʝʥʠʡ ʦʩʥʦʚʘʥ ʥʘ PSPWM ʩ ʠʥʞʝʢʮʠʝʡ 

ʥʘʧʨʷʞʝʥʠʷ ʥʫʣʝʚʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ [54,55,57]. ɺ ʩʣʫʯʘʝ ʰʫʥʪʠʨʦʚʘʥʠʷ 

ʦʜʥʦʡ ʷʯʝʡʢʠ ʚ ʬʘʟʝ ɸ ʢʦʵʬʬʠʮʠʝʥʪ ʤʦʜʫʣʷʮʠʠ ʚʩʝʭ ʬʘʟ ʜʦʣʞʝʥ ʙʳʪʴ ʫʚʝʣʠʯʝʥ 

ʜʣʷ ʧʦʜʜʝʨʞʘʥʠʷ ʙʘʣʘʥʩʘ ʤʝʞʬʘʟʥʳʭ ʥʘʧʨʷʞʝʥʠʡ (ʨʠʩ. 2.8ʚ). ʌʘʟʥʦʝ 

ʥʘʧʨʷʞʝʥʠʝ ʩ ʜʦʙʘʚʣʝʥʠʝʤ ʩʦʩʪʘʚʣʷʶʱʝʡ ʥʫʣʝʚʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʤʦʞʝʪ 

ʙʳʪʴ ʚʳʨʘʞʝʥʦ ʢʘʢ: 

 

max 0

max 0

max 0

' ( sin( ) sin( );

' ( sin( 120 ) sin( );

' ( sin( 120 ) sin( ),

A A

B B

C C

u k U t U t

u k U t U t

u k U t U t

� �Z �� �Z�­
�° � �Z �� �q �� �Z�®
�° � �Z �� �q �� �Z�¯

 (2.4) 

ʛʜʝ Umax ð ʘʤʧʣʠʪʫʜʘ ʥʘʧʨʷʞʝʥʠʷ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ, U0 ð ʘʤʧʣʠʪʫʜʘ ʚʝʢʪʦʨʘ 

ʥʫʣʝʚʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ: 
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0 max

2

3 1
U U

N
�  � ˜

��
 (2.5) 

ʛʜʝ kA, kB, kC ð ʢʦʵʬʬʠʮʠʝʥʪʳ ʢʦʤʧʝʥʩʘʮʠʠ, ʢʦʪʦʨʳʝ ʨʘʚʥʳ (N-nA,B,C)/ nA,B,C. 

ɽʩʣʠ ʜʚʝ ʬʘʟʳ ʠʤʝʶʪ ʥʝʠʩʧʨʘʚʥʳʝ ʷʯʝʡʢʠ, ʪʦ ʩʣʝʜʫʝʪ ʨʘʩʩʯʠʪʘʪʴ ʜʚʘ 

ʥʘʧʨʷʞʝʥʠʷ ʥʫʣʝʚʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʠ ʠ ʧʨʠʙʘʚʠʪʴ ʢ ʢʘʞʜʦʡ ʬʘʟʝ [52]. ʕʪʦʪ 

ʤʝʪʦʜ ʧʦʟʚʦʣʷʝʪ ʤʘʢʩʠʤʠʟʠʨʦʚʘʪʴ ʜʦʩʪʫʧʥʦʝ ʤʝʞʬʘʟʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʚ ʩʣʫʯʘʝ 

ʥʝʠʩʧʨʘʚʥʦʩʪʠ ʷʯʝʡʢʠ. 

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʐʀʄ ʩ ʯʝʨʝʜʫʶʱʠʝʩʷ ʷʯʝʡʢʦʡ (ʧ.2.1) 

ʘʜʘʧʪʠʨʫʝʪʩʷ ʢ ʰʫʥʪʠʨʦʚʘʥʠʶ ʣʶʙʦʛʦ ʯʠʩʣʘ ʷʯʝʝʢ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 2.2. 

ʆʛʨʘʥʠʯʠʚʘʝʪʩʷ ʪʦʣʴʢʦ ʘʤʧʣʠʪʫʜʘ ʚʝʢʪʦʨʘ ʥʘʧʨʷʞʝʥʠʷ ʟʥʘʯʝʥʠʝʤ: 

 

�� ���� ��
�� ���� ��
�� ���� ��

1 argmax , ,

ɿʇʊ

1

2 argmax , ,

ʬmax ɿʇʊ

1

3 argmax , ,

ɿʇʊ

1

1 0

1
1 0 ,

2 3

1 0

a

a b c

b

a b c

c

a b c

N
N N N

a i

i

N
N N N

b j

j

N
N N N

c k

k

U

U U

U

��

� 

��

� 

��

� 

� § � ·
�� �˜ ��� ¨ � ¸

� ¨ � ¸
� ¨ � ¸

� �� �� �˜ ��� ¨ � ¸
� ¨ � ¸
� ¨ � ¸
� ¨ � ¸�� �� �˜� ¨ � ¸
� © � ¹

�¦

�¦

�¦

 (2.6) 

ʛʜʝ Na, Nb, Nc ð ʢʦʣʠʯʝʩʪʚʦ ʠʩʧʨʘʚʥʳʭ ʷʯʝʝʢ ʚ ʬʘʟʝ A, ɺ ʠ ʉ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, 

Uɿʇʊ a i, Uɿʇʊ b j, Uɿʇʊ c k ð ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ i, j, k-ʦʡ ʷʯʝʡʢʠ ʬʘʟ ɸ, ɺ ʠ ʉ, 

ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. 

ʅʘ ʨʠʩ. 2.9 ʧʦʢʘʟʘʥʘ ʨʘʙʦʪʘ ʘʣʛʦʨʠʪʤʘ ʚ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʝʜʠʥʠʮʘʭ, ʢʦʛʜʘ 

ʥʘʧʨʷʞʝʥʠʝ ʥʘ ɿʇʊ ʷʯʝʡʢʠ ʩʦʩʪʘʚʣʷʝʪ 1, ʘ ʟʘʜʘʥʠʝ ʚʝʢʪʦʨʘ ʥʘʧʨʷʞʝʥʠʷ 

ʩʦʩʪʘʚʣʷʝʪ 8. ʊʦʛʜʘ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 0,08 ʩ, ʢʦʛʜʘ ʰʫʥʪʠʨʫʝʪʩʷ ʦʜʥʘ ʷʯʝʡʢʘ 

ʟʘʜʘʥʥʳʡ ʚʝʢʪʦʨ ʦʩʪʘʝʪʩʷ ʪʝʤ ʞʝ, ʪʘʢ ʢʘʢ ʩʫʤʤʘʨʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʚ ʦʩʪʘʚʰʠʭʩʷ 

ʷʯʝʡʢʘʭ ʭʚʘʪʘʝʪ ʜʣʷ ʝʛʦ ʨʝʘʣʠʟʘʮʠʠ. ɺ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 0,1 ʰʫʥʪʠʨʫʝʪʩʷ ʝʱʝ 

ʜʚʝ ʷʯʝʡʢʠ ʠ ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʘʷ ʘʤʧʣʠʪʫʜʘ ʩʥʠʞʘʝʪʩʷ ʩʦʛʣʘʩʥʦ ʬʦʨʤʫʣʝ 

(2.6). 



42 

 

10
5

-5
0

10
0

ɺʳʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʠʥʚʝʨʪʦʨʘ 

ʃʠʥʝʡʥʦʝ ʥʘʧʨʷʞʝʥʠʝ

 ʊʦʢ ʥʘʛʨʫʟʢʠ

uB uC uA

vAB vBC vCA

ɺʨʝʤʷ (ʩ)
0.06 0.07 0.08 0.09 0.1 0.11 0.12

-10

ʈʘʙʦʪʘʶʪ ʚʩʝ ʷʯʝʡʢʠ ʚ ʬʘʟʝ
ɿʘʰʫʥʪʠʨʦʚʘʥʘ ʦʜʥʘ ʷʯʝʡʢʘ ʚ 

ʬʘʟʝ ɸ

ɿʘʰʫʥʪʠʨʦʚʘʥʦ ʪʨʠ ʷʯʝʡʢʠ ʚ 

ʬʘʟʝ ɸ

iB iC iA

0.5
0

-0.5

1

-1

 

ʈʠʩ.2.9 ʈʘʙʦʪʘ ʘʣʛʦʨʠʪʤʘ ʩ ʯʝʨʝʜʫʶʱʠʡʩʷ ʷʯʝʡʢʦʡ ʚ ʩʣʫʯʘʝ ʚʳʚʦʜʘ ʷʯʝʝʢ ʠʟ ʨʘʙʦʪʳ ʚ 

ʬʘʟʝ  ɸ 

ʅʘ ʨʠʩ. 2.10 ʧʦʢʘʟʘʥʳ ʚʳʭʦʜʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʷʯʝʡʢʘʭ, ʚʠʜʥʦ, ʯʪʦ ʧʨʠ 

ʚʳʭʦʜʝ ʷʯʝʝʢ ʠʟ ʩʪʨʦʷ ʩʨʝʜʥʝʝ ʯʠʩʣʦ ʢʦʤʤʫʪʘʮʠʡ ʦʩʪʘʚʰʠʭʩʷ ʷʯʝʝʢ 

ʫʚʝʣʠʯʠʚʘʝʪʩʷ.  

ɺʨʝʤʷ (ʩ)

output voltage cell1(V)

0.070.06 0.090.08 0.1 0.11 0.12

1

-1
0

ɺʨʝʤʷ (ʩ)
0.070.06 0.090.08 0.1 0.11 0.12

1

-1
0

1

-1
0

1

-1
0

Uʷʯʝʡʢʠ1

Uʷʯʝʡʢʠ2

Uʷʯʝʡʢʠ3

Uʷʯʝʡʢʠ4

Uʷʯʝʡʢʠ5

Uʷʯʝʡʢʠ6

Uʷʯʝʡʢʠ7

Uʷʯʝʡʢʠ8

 

ʈʠʩ.2.10 ɺʳʭʦʜʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʷʯʝʝʢ ʧʨʠ ʨʘʙʦʪʝ ʘʣʛʦʨʠʪʤʘ ʩ ʯʝʨʝʜʫʶʱʠʡʩʷ ʷʯʝʡʢʦʡ ʚ 

ʩʣʫʯʘʝ ʚʳʚʦʜʘ ʷʯʝʝʢ ʠʟ ʨʘʙʦʪʳ ʚ ʬʘʟʝ ɸ 

2.2.2 ʉʪʨʘʪʝʛʠʷ ʤʠʥʠʤʠʟʘʮʠʠ ʢʦʤʤʫʪʘʮʠʦʥʥʳʭ ʧʦʪʝʨʴ ʧʨʠ 

ʥʝʠʩʧʨʘʚʥʦʩʪʷʭ ʷʯʝʝʢ 

ʇʨʝʜʣʘʛʘʝʪʩʷ ʩʣʝʜʫʶʱʘʷ ʤʦʜʠʬʠʢʘʮʠʷ ʘʣʛʦʨʠʪʤʘ ʐʀʄ ʜʣʷ 

ʧʦʜʜʝʨʞʘʥʠʷ ʯʘʩʪʦʪʳ ʢʦʤʤʫʪʘʮʠʠ ʚʩʝʭ ʷʯʝʝʢ ʚ ʩʣʫʯʘʝ ʥʝʠʩʧʨʘʚʥʦʩʪʝʡ. ɺ ʵʪʦʤ 

ʩʣʫʯʘʝ ʧʨʠ ʨʘʩʯʝʪʝ ʟʘʜʘʥʠʡ ʥʘ ʢʘʞʜʫʶ ʷʯʝʡʢʫ ʦʙʭʦʜ ʟʘʰʫʥʪʠʨʦʚʘʥʥʦʡ ʥʝ 
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ʧʨʠʤʝʥʷʝʪʩʷ, ʢʘʢ ʥʘ ʨʠʩ. 2.2. ɽʩʣʠ ʟʘʜʘʥʠʝ ʟʘʰʫʥʪʠʨʦʚʘʥʥʦʡ ̫ ʯʝʡʢʠ ʥʝ ʥʫʣʝʚʦʝ 

ʥʘ ʧʝʨʠʦʜʝ ʐʀʄ, ʪʦʛʜʘ ʚ ʪʝʯʝʥʠʝ ʵʪʦʛʦ ʚʨʝʤʝʥʠ ʚʩʝ ʷʯʝʡʢʠ ʚ ʬʘʟʝ ʩʦʭʨʘʥʷʶʪ 

ʩʚʦʝ ʩʦʩʪʦʷʥʠʝ ʩ ʧʨʝʜʳʜʫʱʝʛʦ ʪʘʢʪʘ (ʚʳʜʝʣʝʥʦ ʞʝʣʪʳʤ ʧʨʷʤʦʫʛʦʣʴʥʠʢʦʤ ʥʘ 

ʨʠʩ. 2.11). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʬʘʟʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʟʘʜʘʥʥʦʛʦ, ʯʪʦ 

ʧʨʠʚʝʜʝʪ ʢ ʠʩʢʘʞʝʥʠʶ ʣʠʥʝʡʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʅʝʦʙʭʦʜʠʤʦ ʜʦʙʘʚʠʪʴ ʨʘʟʥʠʮʫ 

ʤʝʞʜʫ ʟʘʜʘʥʥʳʤ ʥʘʧʨʷʞʝʥʠʝʤ ʠ ʚʳʭʦʜʥʳʤ ʥʘ ʜʘʥʥʦʤ ʧʝʨʠʦʜʝ ʐʀʄ ʢ 

ʟʘʜʘʥʠʷʤ ʥʘʧʨʷʞʝʥʠʷ ʜʨʫʛʠʭ ʬʘʟ, ʪʘʢ ʢʘʢ ʘʥʘʣʦʛʠʯʥʦ ʤʝʪʦʜʫ ʤʛʥʦʚʝʥʥʳʭ 

ʬʘʟʥʳʭ ʧʦʪʝʥʮʠʘʣʦʚ ʧʨʠ ʧʨʠʙʘʚʢʝ/ʚʳʯʠʪʘʥʠʠ ʧʦʪʝʥʮʠʘʣʘ ʢ ʬʘʟʥʳʤ 

ʥʘʧʨʷʞʝʥʠʷʤ ʣʠʥʝʡʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʦʩʪʘʥʝʪʩʷ ʥʝʠʟʤʝʥʥʳʤ (ʧ. 1.4). 

t
Uʷʯʝʡʢʠ1

Uʷʯʝʡʢʠ2

Uʷʯʝʡʢʠ3

Uʷʯʝʡʢʠ4

Uʷʯʝʡʢʠ5

Uʷʯʝʡʢʠ6

Uʷʯʝʡʢʠ7

Uʷʯʝʡʢʠ8

Uʟʘʜ

tʘʚʘʨ
 

ʈʠʩ.2.11 ʇʨʝʜʣʘʛʘʝʤʳʡ ʘʣʛʦʨʠʪʤ ʫʧʨʘʚʣʝʥʠʷ ʐʀʄ ʩ ʯʝʨʝʜʫʶʱʠʡʩʷ ʷʯʝʡʢʦʡ ʩʦ ʩʪʨʘʪʝʛʠʝʡ 

ʤʠʥʠʤʠʟʘʮʠʠ ʢʦʤʤʫʪʘʮʠʦʥʥʳʭ ʧʦʪʝʨʴ ʧʨʠ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʘʚʘʨʠʠ 

ɽʩʣʠ ʟʘʰʫʥʪʠʨʦʚʘʥʥʘʷ ʷʯʝʡʢʘ ʥʘʭʦʜʠʪʩʷ ʚ ʨʝʞʠʤʝ ʨʘʙʦʪʳ ʥʘ ʧʦʣʥʦʝ 

ʧʦʣʦʞʠʪʝʣʴʥʦʝ ʠʣʠ ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ, ʪʦ ʟʘʜʘʥʠʷ ʥʘʧʨʷʞʝʥʠʡ 

ʜʨʫʛʠʭ ʬʘʟ ʜʦʣʞʥ rʙʳʪʴ ʧʝʨʝʩʯʠʪʘʥ rʥʘ ʟʥʘʯʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ ʷʯʝʡʢʠ. 

ɽʩʣʠ ʟʘʰʫʥʪʠʨʦʚʘʥʥʘʷ ʷʯʝʡʢʘ ʜʦʣʞʥʘ ʙʳʪʴ ʚ ʨʝʞʠʤʝ ʨʘʙʦʪʳ ʩʦ ʩʢʚʘʞʥʦʩʪʴʶ, 

ʪʦʛʜʘ ʢ ʟʘʜʘʥʠʷʤ ʥʘʧʨʷʞʝʥʠʡ ʜʨʫʛʠʭ ʬʘʟ ʥʝʦʙʭʦʜʠʤʦ ʜʦʙʘʚʠʪʴ ʟʥʘʯʝʥʠʝ uʢʦʨ: 

 ʢʦʨ ʟʘʜ ɿʇʊ' .
N n

i

i

u u u
��

�  � ��¦  (2.7) 
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ʅʘ ʨʠʩ. 2.12 ʧʦʢʘʟʘʥ ʥʦʨʤʘʣʴʥʳʡ ʨʝʞʠʤ ʨʘʙʦʪʳ ʠʥʚʝʨʪʦʨʘ (ʩʣʝʚʘ) ʠ 

ʥʝʠʩʧʨʘʚʥʳʡ (ʩʧʨʘʚʘ), ʢʦʛʜʘ ʦʜʥʘ ʷʯʝʡʢʘ ʚ ʬʘʟʝ ɸ ʚʳʰʣʘ ʠʟ ʩʪʨʦʷ. ʂʘʢ ʚʠʜʥʦ 

ʠʟ ʨʠʩʫʥʢʘ, ʣʠʥʝʡʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʦʩʪʘʶʪʩʷ ʩʠʥʫʩʦʠʜʘʣʴʥʳʤʠ. ɼʘʥʥʳʡ ʤʝʪʦʜ 

ʠʤʝʝʪ ʦʛʨʘʥʠʯʝʥʠʷ. ɿʥʘʯʝʥʠʷ ʩʢʦʨʨʝʢʪʠʨʦʚʘʥʥʳʭ ʟʘʜʘʥʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʥʝ 

ʜʦʣʞʥ rʧʨʝʚʳʰʘʪʴ ʤʘʢʩʠʤʘʣʴʥʦ ʚʦʟʤʦʞʥʦʛʦ ʨʝʘʣʠʟʫʝʤʦʛʦ ʟʥʘʯʝʥʠʷ (2.6). 

u'aɿʘʜ u'bɿʘʜu'cɿʘʜ 

uab ubc uca 

ɿ
ʘ
ʜ
ʘ
ʥ
ʥ
ʳ
ʝ
 
ʥ
ʘ
ʧ
ʨ
ʷ
ʞ
ʝ
ʥ
ʠ
ʷ

ɺʩʝ ʷʯʝʡʢʠ 

ʨʘʙʦʪʘʶʪ

ʆʜʥʘ ʠʟ ʷʯʝʝʢ 

ʚʳʰʣʘ ʠʟ ʩʪʨʦʷ
 

ʈʠʩ.2.12 ɿʘʜʘʥʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʥʝʧʨʝʨʳʚʥʦʡ ʐʀʄ ʧʨʠ ʨʘʙʦʪʝ ʚʩʝʭ ʷʯʝʝʢ ʠ ʧʨʠ ʚʳʭʦʜʝ ʠʟ 
ʩʪʨʦʷ ʦʜʥʦʡ ʠʟ ʥʠʭ 

ʅʘ ʨʠʩ. 2.13 ʧʦʢʘʟʘʥʘ ʨʘʙʦʪʘ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʘʣʛʦʨʠʪʤʘ 

ʜʣʷ ʚʳʨʘʚʥʠʚʘʥʠʷ ʧʦʪʝʨʴ. ɸʥʘʣʦʛʠʯʥʦ ʨʠʩʫʥʢʫ ʨʠʩ. 2.9 ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 

0,08 ʩ ʚ ʬʘʟʝ ɸ ʰʫʥʪʠʨʫʝʪʩʷ ʦʜʥʘ ʷʯʝʡʢʘ, ʘ ʟʘʪʝʤ ʚ 0,1 ʩ ʰʫʥʪʠʨʫʝʪʩʷ ʝʱʝ ʜʚʝ. 

ʇʦ ʩʨʘʚʥʝʥʠʶ ʩ ʨʝʟʫʣʴʪʘʪʦʤ, ʧʦʣʫʯʠʚʰʠʤʩʷ ʥʘ ʨʠʩ. 2.10, ʢʦʛʜʘ ʘʣʛʦʨʠʪʤ 

ʠʩʢʣʶʯʘʝʪ ʠʟ ʨʘʩʯʝʪʘ ʟʘʰʫʥʪʠʨʦʚʘʥʥʫʶ ʷʯʝʡʢʫ ʥʘ ʨʠʩ. 2.14 ʚʠʜʥʦ, ʯʪʦ ʯʠʩʣʦ 

ʢʦʤʤʫʪʘʮʠʡ ʥʝ ʫʚʝʣʠʯʠʚʘʝʪʩʷ.  
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ʈʠʩ.2.13 ʈʘʙʦʪʘ ʘʣʛʦʨʠʪʤʘ ʩ ʯʝʨʝʜʫʶʱʠʡʩʷ ʷʯʝʡʢʦʡ ʚ ʩʣʫʯʘʝ ʚʳʚʦʜʘ ʷʯʝʝʢ ʠʟ ʨʘʙʦʪʳ ʚ ʬʘʟʝ 

ɸ ʩ ʧʨʠʤʝʥʝʥʠʝʤ ʘʣʛʦʨʠʪʤʘ ʚʳʨʘʚʥʠʚʘʥʠʷ ʧʦʪʝʨʴ ʚ ʦʩʪʘʚʰʠʭʩʷ ʷʯʝʡʢʘʭ 
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ʈʠʩ.2.14 ɺʳʭʦʜʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʷʯʝʝʢ ʧʨʠ ʨʘʙʦʪʝ ʘʣʛʦʨʠʪʤʘ ʩ ʯʝʨʝʜʫʶʱʠʡʩʷ ʷʯʝʡʢʦʡ ʚ 

ʩʣʫʯʘʝ ʚʳʚʦʜʘ ʷʯʝʝʢ ʠʟ ʨʘʙʦʪʳ ʚ ʬʘʟʝ ɸ ʠ ʧʨʠ ʧʨʠʤʝʥʝʥʠʠ ʘʣʛʦʨʠʪʤʘ ʚʳʨʘʚʥʠʚʘʥʠʷ ʧʦʪʝʨʴ 

ʤʝʞʜʫ ʦʩʪʘʚʰʠʤʩʷ ʷʯʝʡʢʘʤʠ 

ɸʣʛʦʨʠʪʤ ʘʜʘʧʪʠʨʫʝʪʩʷ ʢ ʨʘʟʣʠʯʥʳʤ ʚʘʨʠʘʥʪʘʤ ʥʝʠʩʧʨʘʚʥʳʭ ʷʯʝʝʢ ʚ 

ʬʘʟʘʭ. ʕʪʦʪ ʤʝʪʦʜ ʐʀʄ ʧʦʜʭʦʜʠʪ ʜʣʷ ʢʘʩʢʘʜʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʯʘʩʪʦʪʳ ʩ 

ʣʶʙʳʤ ʢʦʣʠʯʝʩʪʚʦʤ ʥʠʟʢʦʚʦʣʴʪʥʳʭ ʷʯʝʝʢ, ʠʩʢʣʶʯʘʷ ʧʝʨʝʛʨʝʚ ʠʟ-ʟʘ ʫʚʝʣʠʯʝʥʠʷ 

ʯʘʩʪʦʪʳ ʢʦʤʤʫʪʘʮʠʠ ʧʨʠ ʚʳʭʦʜʝ ʠʟ ʩʪʨʦʷ ʯʘʩʪʠ ʷʯʝʝʢ. 

ɼʣʷ ʦʮʝʥʢʠ ʧʦʪʝʨʴ ʚ ʠʥʚʝʨʪʦʨʝ, ʩʠʣʦʚʘʷ ʯʘʩʪʴ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʙʳʣʘ 

ʧʨʦʤʦʜʝʣʠʨʦʚʘʥʘ ʚ ʧʨʦʛʨʘʤʤʥʦʡ ʩʨʝʜʝ PSIM. ɼʘʥʥʘʷ ʩʨʝʜʘ ʚʢʣʶʯʘʝʪ ʚ ʩʝʙʷ 

ʪʝʧʣʦʚʦʡ ʤʦʜʫʣʴ, ʢʦʪʦʨʳʡ ʧʦʟʚʦʣʷʝʪ ʨʘʩʩʯʠʪʳʚʘʪʴ ʪʝʧʣʦʚʳʝ ʧʦʪʝʨʠ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ (ʜʠʦʜʦʚ, ʪʨʘʥʟʠʩʪʦʨʦʚ IGBT ʠ MOSFET). ɺ ʨʝʜʘʢʪʦʨʝ 
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ʫʩʪʨʦʡʩʪʚʘ ʤʦʞʥʦ ʚʥʝʩʪʠ ʩʪʘʪʠʯʝʩʢʠʝ ʠ ʜʠʥʘʤʠʯʝʩʢʠʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ 

ʫʩʪʨʦʡʩʪʚʘ (ʪʘʢʠʝ ʢʘʢ ʧʘʜʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʧʨʦʚʦʜʠʤʦʩʪʠ, ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʚ 

ʦʪʢʨʳʪʦʤ ʩʦʩʪʦʷʥʠʠ, ʧʦʪʝʨʠ ʧʨʠ ʚʢʣʶʯʝʥʠʠ ʠ ʦʪʢʣʶʯʝʥʠʠ ʠ ʪ.ʜ.). ʇʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ PSIM ʧʦʣʫʯʘʝʪ ʜʦʩʪʫʧ ʢ ʙʘʟʝ ʜʘʥʥʳʭ ʠ ʥʘ ʦʩʥʦʚʝ ʟʥʘʯʝʥʠʡ 

ʥʘʧʨʷʞʝʥʠʷ, ʪʦʢʘ ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʝʨʝʭʦʜʘ ʨʘʩʩʯʠʪʳʚʘʝʪ ʪʝʧʣʦʚʳʝ ʧʦʪʝʨʠ 

ʧʨʦʚʦʜʠʤʦʩʪʠ ʠ ʢʦʤʤʫʪʘʮʠʦʥʥʳʝ ʧʦʪʝʨʠ. 

ʇʨʦʚʝʨʢʘ ʧʨʦʚʦʜʠʣʘʩʴ ʜʣʷ ʠʩʧʦʣʴʟʫʝʤʦʛʦ ʚ ʢʦʥʩʪʨʫʢʮʠʠ ʷʯʝʡʢʠ ʩʠʣʦʚʦʛʦ 

IGBT-ʤʦʜʫʣ ̫ 2MBI140VXB-170E-50 Fuji Electric. ʅʘ ʨʠʩʫʥʢʘʭ ʨʠʩ. 2.15 ʠ 

ʨʠʩ. 2.16 ʧʦʢʘʟʘʥʳ ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ PSIM ʜʣʷ ʘʣʛʦʨʠʪʤʘ ʙʝʟ ʫʯʝʪʘ 

ʚʳʨʘʚʥʠʚʘʥʠʷ ʧʦʪʝʨʴ ʤʝʞʜʫ ʷʯʝʡʢʘʤʠ ʚ ʬʘʟʘʭ ʚ ʘʚʘʨʠʡʥʳʭ ʨʝʞʠʤʘʭ ʠ ʩ 

ʘʣʛʦʨʠʪʤʦʤ ʚʳʨʘʚʥʠʚʘʥʠʷ ʧʦʪʝʨʴ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʉʠʣʦʚʘʷ ʯʘʩʪʴ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʨʝʘʣʠʟʦʚʘʥʘ ʚ PSIM c RL ʥʘʛʨʫʟʢʦʡ, ʵʢʚʠʚʘʣʝʥʪʥʦʡ 

ʥʦʤʠʥʘʣʴʥʦʡ ʥʘʛʨʫʟʢʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. ʀʥʚʝʨʪʦʨʥʘʷ ʯʘʩʪʴ ʷʯʝʡʢʠ ʧʠʪʘʝʪʩʷ ʦʪ 

ʠʩʪʦʯʥʠʢʘ ʥʘʧʨʷʞʝʥʠʷ ʩ ʬʠʢʩʠʨʦʚʘʥʥʳʤ ʟʥʘʯʝʥʠʝʤ 1020 ɺ. ɸʤʧʣʠʪʫʜʘ 

ʟʘʜʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʚʳʭʦʜʝ ʠʥʚʝʨʪʦʨʘ ʨʘʚʥʦ 4 ʢɺ. ɺ ʬʘʟʝ ɸ ʚ ʤʦʤʝʥʪ 

ʚʨʝʤʝʥʠ 0,1 ʩ ʰʫʥʪʠʨʫʝʪʩʷ ʦʜʥʘ ʷʯʝʡʢʘ, ʘ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 0,3 ʰʫʥʪʠʨʫʶʪʩʷ 

ʝʱʝ ʜʚʝ. ʅʘ ʦʩʮʠʣʣʦʛʨʘʤʤʘʭ ʧʦʢʘʟʘʥʳ ʧʦʪʝʨʠ ʚ ʨʘʙʦʪʘʶʱʝʡ ʷʯʝʡʢʝ. ʇʨʠ 

ʠʩʧʦʣʴʟʦʚʘʥʠʠ ʘʣʛʦʨʠʪʤʘ ʜʣʷ ʚʳʨʘʚʥʠʚʘʥʠʷ ʧʦʪʝʨʴ (ʨʠʩ. 2.16) ʚʠʜʥʦ, ʯʪʦ 

ʧʦʪʝʨʠ ʧʨʠ ʰʫʥʪʠʨʦʚʘʥʠʠ ʦʜʥʦʡ ʷʯʝʡʢʠ ʚ ʬʘʟʝ ʚ ʦʩʪʘʚʰʠʭʩʷ ʷʯʝʡʢʘʭ 

ʩʦʭʨʘʥʷʶʪʩʷ. 
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ʈʠʩ.2.15 ʇʦʪʝʨʠ ʥʘ ʪʨʘʥʟʠʩʪʦʨʘʭ ʠ ʜʠʦʜʘʭ ʦʜʥʦʛʦ IGBT-ʤʦʜʫʣʷ, ʢʦʛʜʘ ʘʣʛʦʨʠʪʤ ʜʣʷ 

ʚʳʨʘʚʥʠʚʘʥʠʷ ʢʦʤʤʫʪʘʮʠʦʥʥʳʭ ʧʦʪʝʨʴ ʚ ʘʚʘʨʠʡʥʳʭ ʨʝʞʠʤʘʭ ʥʝ ʧʨʠʤʝʥʷʝʪʩʷ 

(PʧʨʦʚD ð ʧʦʪʝʨʠ ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ ʜʠʦʜʦʚ, PʧʨʦʚQ ð ʧʦʪʝʨʠ ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ ʥʘ ʢʣʶʯʘʭ, 

PʢʦʤʤD ð ʧʦʪʝʨʠ ʥʘ ʢʦʤʤʫʪʘʮʠʶ ʜʠʦʜʦʚ, PʢʦʤʤQðʧʦʪʝʨʠ ʥʘ ʢʦʤʤʫʪʘʮʠʶ ʚʳʢʣʶʯʘʪʝʣʝʡ, 

Pʩʫʤʤðʩʫʤʤʘʨʥʳʝ ʧʦʪʝʨʠ ʤʦʜʫʣʷ) 



47 

 

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0

200

300

400

ʚʨʝʤʷ (ʩ)

PʧʨʦʚD PʧʨʦʚQ PʩʫʤʤPʢʦʤʤQ PʢʦʤʤD

100

0.0 0.1 0.2 0.3 0.4 0.5 0.6

0

200

300

400

ʚʨʝʤʷ (ʩ)

PʧʨʦʚD PʧʨʦʚQ PʩʫʤʤPʢʦʤʤQ PʢʦʤʤD

100

500

 

ʈʠʩ.2.16 ʇʦʪʝʨʠ ʥʘ ʪʨʘʥʟʠʩʪʦʨʘʭ ʠ ʜʠʦʜʘʭ ʦʜʥʦʛʦ IGBT-ʤʦʜʫʣʷ, ʢʦʛʜʘ ʘʣʛʦʨʠʪʤ ʜʣʷ 

ʚʳʨʘʚʥʠʚʘʥʠʷ ʢʦʤʤʫʪʘʮʠʦʥʥʳʭ ʧʦʪʝʨʴ ʚ ʘʚʘʨʠʡʥʳʭ ʨʝʞʠʤʘʭ ʧʨʠʤʝʥʷʝʪʩʷ (PʧʨʦʚDðʧʦʪʝʨʠ 

ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ ʜʠʦʜʦʚ, PʧʨʦʚQðʧʦʪʝʨʠ ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ ʥʘ ʢʣʶʯʘʭ, PʢʦʤʤDðʧʦʪʝʨʠ ʥʘ 

ʢʦʤʤʫʪʘʮʠʶ ʜʠʦʜʦʚ, PʢʦʤʤQðʧʦʪʝʨʠ ʥʘ ʢʦʤʤʫʪʘʮʠʶ ʚʳʢʣʶʯʘʪʝʣʝʡ, Pʩʫʤʤðʩʫʤʤʘʨʥʳʝ 

ʧʦʪʝʨʠ ʤʦʜʫʣʷ) 

ɺʳʚʦʜʳ ʧʦ ʛʣʘʚʝ 2 

ʇʦʢʘʟʘʥ ʨʘʟʨʘʙʦʪʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʐʀʄ, ʢʦʪʦʨʳʡ ʦʙʝʩʧʝʯʠʚʘʝʪ 

ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʧʦʪʝʨʴ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ ʠʥʚʝʨʪʦʨʥʦʡ ʯʘʩʪʠ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. ʇʨʦʠʟʚʝʜʝʥ ʘʥʘʣʠʟ ʨʘʙʦʪʳ ʘʣʛʦʨʠʪʤʦʚ ʐʀʄ ʚ ʩʣʫʯʘʝ 

ʰʫʥʪʠʨʦʚʘʥʠʷ ʷʯʝʝʢ ʚ ʬʘʟʝ, ʘ ʪʘʢʞʝ ʧʦʢʘʟʘʥʘ ʨʘʙʦʪʘ ʨʘʟʨʘʙʦʪʘʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ 

ʩ ʚʳʭʦʜʦʤ ʷʯʝʝʢ ʠʟ ʩʪʨʦʷ.  

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʐʀʄ ʙʳʣ ʤʦʜʠʬʠʮʠʨʦʚʘʥ ʜʣʷ ʪʨʝʭʬʘʟʥʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʯʘʩʪʦʪʳ ʜʣʷ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʨʴ ʤʝʞʜʫ 

ʬʘʟʘʤʠ, ʚ ʩʣʫʯʘʝ ʝʩʣʠ ʷʯʝʡʢʠ ʰʫʥʪʠʨʫʝʪʩʷ ʚ ʦʜʥʦʡ ʠʟ ʬʘʟ. ʈʝʟʫʣʴʪʘʪʳ, 

ʧʦʢʘʟʳʚʘʶʱʠʝ ʩʦʭʨʘʥʝʥʠʝ ʧʦʪʝʨʴ ʚ ʬʘʟʝ, ʙʳʣʠ ʧʦʣʫʯʝʥʳ ʚ ʧʨʦʛʨʘʤʤʥʦʡ ʩʨʝʜʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ PSIM. 
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3.1 ʆʧʠʩʘʥʠʝ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʩʪʘʪʠʯʝʩʢʦʛʦ ʩʠʥʭʨʦʥʥʦʛʦ ʧʨʦʜʦʣʴʥʦʛʦ 

ʢʦʤʧʝʥʩʘʪʦʨʘ 

ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʛʦ ʩʪʘʪʠʯʝʩʢʦʛʦ ʩʠʥʭʨʦʥʥʦʛʦ 

ʧʨʦʜʦʣʴʥʦʛʦ ʢʦʤʧʝʥʩʘʪʦʨʘ (ʉʉʇʂ) ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 3.1. ɼʘʥʥʦʝ ʨʝʰʝʥʠʝ 

ʧʦʟʚʦʣʷʝʪ ʫʧʨʘʚʣʷʪʴ ʧʦʪʦʢʦʤ ʤʦʱʥʦʩʪʠ ʚ ʩʠʩʪʝʤʝ ʵʣʝʢʪʨʦʧʝʨʝʜʘʯʠ, ʤʝʥʷʷ 

ʧʘʨʘʤʝʪʨʳ ʣʠʥʠʠ ʩ ʧʦʤʦʱʴʶ ʤʦʜʫʣʷ ʚʚʦʜʘ ʠʤʧʝʜʘʥʩʘ [58,59]. ɺ ʢʘʯʝʩʪʚʝ 

ʤʦʜʫʣʷ ʚʚʦʜʘ ʠʤʧʝʜʘʥʩʘ ʠʩʧʦʣʴʟʫʝʪʩʷ ʢʘʩʢʘʜʥʳʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ. 

ʇʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʠʥʪʝʛʨʠʨʫʝʪʩʷ ʚ ʚʳʩʦʢʦʚʦʣʴʪʥʫʶ ʩʝʪʴ ʢʘʢ ʫʧʨʘʚʣʷʝʤʳʡ 

(ʛʠʙʢʠʡ) ʩʝʪʝʚʦʡ ʜʨʦʩʩʝʣʴ ʠʣʠ ʢʦʥʜʝʥʩʘʪʦʨ. ʇʨʠ ʚʳʧʦʣʥʝʥʠʠ ʜʘʥʥʦʡ ʨʘʙʦʪʳ 

ʙʳʣʦ ʦʪʤʝʯʝʥʦ ʩʭʦʜʩʪʚʦ ʨʝʰʝʥʠʷ ʩ ʚʳʩʦʢʦʚʦʣʴʪʥʳʤ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʤ ʯʘʩʪʦʪʳ 

ʚ ʯʘʩʪʠ ʤʦʜʫʣʷʮʠʠ ʥʘʧʨʷʞʝʥʠʡ ʠ ʘʣʛʦʨʠʪʤʳ ʐʀʄ ʙʳʣʠ ʜʦʨʘʙʦʪʘʥʳ ʩ ʫʯʝʪʦʤ 

ʦʩʦʙʝʥʥʦʩʪʝʡ ʜʘʥʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. 

ʂʘʞʜʘʷ ʩʠʣʦʚʘʷ ʷʯʝʡʢʘ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʣʥʳʡ ʅ-

ʤʦʩʪ. ʉʗ ʤʦʛʫʪ ʙʳʪʴ ʩʦʝʜʠʥʝʥʳ ʚ ʤʘʪʨʠʮʫ NʭM, ʛʜʝ N ð ʢʦʣʠʯʝʩʪʚʦ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʧʦʜʢʣʶʯʝʥʥʳʭ ʤʦʜʫʣʝʡ, ʦʙʨʘʟʫʶʱʠʝ ʚʝʪʚʴ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. 

ʂʦʣʠʯʝʩʪʚʦ ʷʯʝʝʢ ʚ ʚʝʪʚʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʝʦʙʭʦʜʠʤʦʡ ʚʝʣʠʯʠʥʦʡ ʜʦʙʘʚʦʯʥʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ ʜʘʥʥʦʛʦ ʫʯʘʩʪʢʘ ʣʠʥʠʠ ʵʣʝʢʪʨʦʧʝʨʝʜʘʯʠ. ɸ M ð ʢʦʣʠʯʝʩʪʚʦ 

ʧʘʨʘʣʣʝʣʴʥʳʭ ʚʝʪʚʝʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ, ʥʝʦʙʭʦʜʠʤʳʭ ʜʣʷ ʫʚʝʣʠʯʝʥʠʷ ʪʦʢʦʚʦʡ 

ʥʘʛʨʫʟʢʠ. ʂʦʤʙʠʥʠʨʫʷ ʥʝʦʙʭʦʜʠʤʦʝ ʢʦʣʠʯʝʩʪʚʦ ʉʗ, ʧʦʷʚʣʷʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ 

ʩʦʙʨʘʪʴ ʢʦʤʧʝʥʩʘʪʦʨ ʜʣʷ ʣʶʙʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʠ ʪʦʢʘ ʩʝʪʠ. 

ʅʘ ʨʠʩ. 3.1 ʧʦʢʘʟʘʥʘ ʦʜʥʦʬʘʟʥʘʷ ʣʠʥʠʷ ʵʣʝʢʪʨʦʧʝʨʝʜʘʯʠ, ʛʜʝ 

Xʩ ð ʠʥʜʫʢʪʠʚʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʣʠʥʠʠ, ʚʢʣʶʯʘʷ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʠʩʪʦʯʥʠʢʘ 

ʧʠʪʘʥʠʷ, U1, U2 ð ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʫʯʘʩʪʢʝ ʣʠʥʠʡ. ɼʦʙʘʚʦʯʥʦʝ ʥʘʧʨʷʞʝʥʠʝ Uʜʦʙ 

ʢʦʤʧʝʥʩʘʪʦʨʘ ʧʦʜʘʝʪʩʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚ ʩʝʪʴ. ʅʘʧʨʷʞʝʥʠʝ, ʦʧʝʨʝʞʘʶʱʝʝ ʠʣʠ 

ɻʃɸɺɸ 3 ʈɸɿʈɸɹʆʊʂɸ ɹɽɿʊʈɸʅʉʌʆʈʄɸʊʆʈʅʆɻʆ 

ʉʊɸʊʀʏɽʉʂʆɻʆ ʉʀʅʍʈʆʅʅʆɻʆ ʇʈʆɼʆʃʔʅʆɻʆ 

ʂʆʄʇɽʅʉɸʊʆʈɸ  
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ʦʪʩʪʘʶʱʝʝ ʦʪ ʪʦʢʘ ʩʝʪʠ, ʠʤʠʪʠʨʫʝʪ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʝ ʧʦʜʩʦʝʜʠʥʝʥʠʝ 

ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠʣʠ ʸʤʢʦʩʪʠ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʨʝʛʫʣʠʨʦʚʘʪʴ ʧʦʪʦʢʠ ʤʦʱʥʦʩʪʠ ʚ 

ʵʥʝʨʛʦʩʠʩʪʝʤʝ. 

iʩʝʪʠ

Xs uʜʦʙ

u1 u2

ɼʊ

ɼʊ

ʉʗN

ʉʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ
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ʈʠʩ.3.1 ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʛʦ ʉʉʇʂ (ʉʗ ð ʩʠʣʦʚʦʡ ʷʯʝʡʢʘ, ɼʊ ð ʜʘʪʯʠʢ 

ʪʦʢʘ, Xs ð ʠʥʜʫʢʪʠʚʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʣʠʥʠʠ ʩʝʪʠ, Cʬðʝʤʢʦʩʪʴ ʬʠʣʴʪʨʘ, 

Lʬ ð ʠʥʜʫʢʪʠʚʥʦʩʪʴ ʫʨʘʚʥʠʪʝʣʴʥʳʭ ʜʨʦʩʩʝʣʝʡ, Rʜðʜʝʤʧʬʠʨʫʶʱʝʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ) 

ʅʘ ʈʠʩ.3.2 ʠʟʦʙʨʘʞʝʥʘ ʩʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʢʦʤʧʝʥʩʘʪʦʨʦʤ. ɺ 

ʧʨʦʩʪʝʡʰʝʤ ʩʣʫʯʘʝ ʦʧʝʨʘʪʦʨ ʟʘʜʘʝʪ ʩʠʩʪʝʤʝ ʫʧʨʘʚʣʝʥʠʷ ʟʘʜʘʥʠʝ ʥʘ ʜʦʙʘʚʦʯʥʦʝ 

ʥʘʧʨʷʞʝʥʠʝ: ʘʤʧʣʠʪʫʜʫ ʠ ʥʘʧʨʘʚʣʝʥʠʝ ʩʜʚʠʛʘ +90Á ʠʣʠ ï90Á ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʦʢʘ 

ʩʝʪʠ. ɼʘʪʯʠʢʦʤ ʪʦʢʘ ʦʧʨʝʜʝʣʷʝʪʩʷ ʤʛʥʦʚʝʥʥʦʝ ʟʥʘʯʝʥʠʝ ʪʦʢʘ ʩʝʪʠ. ʉ ʧʦʤʦʱʴʶ 

ʥʘʙʣʶʜʘʪʝʣʷ, ʨʘʙʦʪʘʶʱʝʛʦ ʧʦ ʧʨʠʥʮʠʧʫ ʨʘʙʦʪʳ ʬʠʣʴʪʨʘ ʘʚʪʦʧʦʜʩʪʨʦʡʢʠ 

ʯʘʩʪʦʪʳ [60], ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʝʢʫʱʠʡ ʫʛʦʣ ʪʦʢʘ ʩʝʪʠ. ɿʥʘʷ ʪʝʢʫʱʠʡ ʪʦʢ ʩʝʪʠ ʠ 

ʟʘʜʘʥʥʳʡ ʩʜʚʠʛ ʥʘʧʨʷʞʝʥʠʷ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʤʛʥʦʚʝʥʥʦʝ ʟʘʜʘʥʠʝ ʥʘʧʨʷʞʝʥʠʷ, 

ʢʦʪʦʨʦʝ ʠʜʝʪ ʥʘ ʤʦʜʫʣʴ ʐʀʄ. ɺ ʩʚʦʶ ʦʯʝʨʝʜʴ ʤʦʜʫʣʴ ʐʀʄ, ʫʯʠʪʳʚʘʷ 

ʘʢʪʫʘʣʴʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʷʯʝʝʢ ʥʘ ɿʇʊ, ʬʦʨʤʠʨʫʝʪ ʩʢʚʘʞʥʦʩʪʠ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ 

ʢʣʶʯʘʤʠ ʉʗ. 
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ʈʠʩ.3.2 ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʛʦ ʉʇʂ (ɼʊ ð ʜʘʪʯʠʢ ʪʦʢʘ, I ð ʪʦʢ 

ʚʝʪʚʠ, ɗI  ð ʫʛʦʣ ʪʦʢʘ ʚʝʪʚʠ, ɗUʜʦʙ  ïʫʛʦʣ ʜʦʙʘʚʦʯʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ŭ  ð ʫʛʦʣ ʩʜʚʠʛʘ ʤʝʞʜʫ 

ʪʦʢʦʤ ʠ ʜʦʙʘʚʦʯʥʳʤ ʥʘʧʨʷʞʝʥʠʝʤ, Uʜʦʙ_max ð ʘʤʧʣʠʪʫʜʘ ʜʦʙʘʚʦʯʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, 

sw1 ï ʧʝʨʝʢʣʶʯʘʪʝʣʴ ʨʝʞʠʤʘ ʨʘʙʦʪʳ, U1-N
ɿʇʊ1-2  ð ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ ʧʦʣʫʤʦʩʪʦʚ ʉʗ, ɔ1-N

1-

2 ð ʩʢʚʘʞʥʦʩʪʠ ʢʣʶʯʝʡ ʉʗ ) 

ɼʣʷ ʨʘʟʨʘʙʦʪʢʠ ʤʘʩʰʪʘʙʠʨʫʝʤʦʛʦ ʤʦʜʫʣʴʥʦʛʦ ʨʝʰʝʥʠʷ ʥʝʦʙʭʦʜʠʤʦ 

ʧʨʝʜʫʩʤʦʪʨʝʪʴ ʨʘʙʦʪʫ ʢʦʤʧʝʥʩʘʪʦʨʘ ʩ ʥʝʩʢʦʣʴʢʠʤʠ ʧʘʨʘʣʣʝʣʴʥʳʤ ʚʝʪʚʷʤʠ. ɺ 

ʵʪʦʤ ʩʣʫʯʘʝ ʚʩʪʘʝʪ ʟʘʜʘʯʘ ʙʘʣʘʥʩʠʨʦʚʢʠ ʪʦʢʦʚ ʤʝʞʜʫ ʥʠʤʠ. 

3.2 ʆʧʠʩʘʥʠʝ ʤʦʜʝʣʠ ʉʉʇʂ 

ʄʦʜʝʣʴ ʉʉʇʂ ʚʳʧʦʣʥʝʥʘ ʚ ʧʘʢʝʪʝ MATLAB Simulink ʠ ʠʩʧʦʣʴʟʫʝʪ 

ʢʦʤʧʦʥʝʥʪʳ SimPowerSystems ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪ. 

ɼʣʷ ʦʧʠʩʘʥʠʷ ʥʘʠʙʦʣʝʝ ʩʣʦʞʥʳʭ ʯʘʩʪʝʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ, ʪʘʢʠʭ ʢʘʢ ʤʦʜʫʣʴ 

ʐʀʄ ʢʘʩʢʘʜʥʦʛʦ ʉʉʇʂ ʠʩʧʦʣʴʟʫʶʪʩʷ ʙʣʦʢʠ MATLAB Simulink S-Function, 

ʥʘʧʠʩʘʥʥʳʝ ʥʘ ʷʟʳʢʝ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʉʠ. 

ʄʘʢʩʠʤʘʣʴʥʦʝ ʜʦʙʘʚʦʯʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʛʦ ʉʉʇʂ 

ʩʦʩʪʘʚʣʷʝʪ 8,5 ʢɺ (ʘʤʧʣʠʪʫʜʥʦʝ ʟʥʘʯʝʥʠʝ). ʅʦʤʠʥʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ 

ʢʘʞʜʦʡ ʷʯʝʡʢʠ ʩʦʩʪʘʚʣʷʝʪ 1000 ɺ, ʚ ʚʝʪʚʠ ʩʦʝʜʠʥʝʥʳ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ 10 ʷʯʝʝʢ 

ʩ ʫʯʸʪʦʤ ʦʜʥʦʡ ʟʘʧʘʩʥʦʡ. ʃʠʥʝʡʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʩʝʪʠ ʩʦʩʪʘʚʣʷʝʪ 330 ʢɺ 

ʜʝʡʩʪʚʫʶʱʝʛʦ ʟʥʘʯʝʥʠʷ ʩ ʯʘʩʪʦʪʦʡ 50 ɻʮ, ʚ ʢʘʯʝʩʪʚʝ ʥʘʛʨʫʟʢʠ ʚ ʤʦʜʝʣʠ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʠʩʪʦʯʥʠʢ ʪʦʢʘ ʩʠʥʬʘʟʥʳʡ ʩ ʠʩʪʦʯʥʠʢʦʤ ʥʘʧʨʷʞʝʥʠʷ ʠ ʩ 

ʜʝʡʩʪʚʫʶʱʠʤ ʟʥʘʯʝʥʠʝʤ 2200 ɸ ʠ ʯʘʩʪʦʪʦʡ 50 ɻʮ. ʏʘʩʪʦʪʘ ʐʀʄ ʩʦʩʪʘʚʣʷʝʪ 

10 ʢɻʮ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʢʘʞʜʘʷ ʷʯʝʡʢʘ ʢʦʤʤʫʪʠʨʫʝʪʩʷ ʩ ʯʘʩʪʦʪʦʡ 1 ʢɻʮ ʧʨʠ 
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ʐʀʄ ʩ ʯʝʨʝʜʫʶʱʠʡʩʷ ʷʯʝʡʢʦʡ (ʧ.2.1). ʊʘʢ ʢʘʢ ʢʦʤʧʝʥʩʘʪʦʨ ʚʢʣʶʯʘʝʪʩʷ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚ ʬʘʟʫ ʣʠʥʠʠ ʵʣʝʢʪʨʦʧʝʨʝʜʘʯʠ, ʙʳʣʘ ʧʨʦʤʦʜʝʣʠʨʦʚʘʥʘ ʦʜʥʘ 

ʬʘʟʘ ʣʠʥʠʠ ʩ ʜʝʡʩʪʚʫʶʱʠʤ ʟʥʘʯʝʥʠʝʤ ʥʘʧʨʷʞʝʥʠʷ 190 ʢɺ. ʌʫʥʢʮʠʦʥʘʣʴʥʘʷ 

ʩʭʝʤʘ ʤʦʜʝʣʠ ʉʇʂ ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 3.3. 
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ʈʠʩ.3.3 ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʙʦʪʳ ʢʦʤʧʝʥʩʘʪʦʨʘ 

ʈʘʙʦʪʘ ʢʦʤʧʝʥʩʘʪʦʨʘ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 3.4. ʈʝʟʫʣʴʪʘʪ ʧʦʢʘʟʘʥ ʜʣʷ ʩʣʫʯʘʷ, 

ʢʦʛʜʘ ʢʦʤʧʝʥʩʘʪʦʨ ʨʘʙʦʪʘʝʪ ʚ ʝʤʢʦʩʪʥʦʤ ʨʝʞʠʤʝ, ʪʦ ʝʩʪʴ ʚʚʦʜʠʤʳʡ ʠʤʧʝʜʘʥʩ 

ʠʤʝʝʪ ʝʤʢʦʩʪʥʦʡ ʭʘʨʘʢʪʝʨ. ʅʘʧʨʷʞʝʥʠʝ ʣʠʥʠʠ ʩʤʝʱʘʝʪʩʷ ʠ ʤʦʱʥʦʩʪʴ ʥʘ ʣʠʥʠʠ 

ʧʨʠʦʙʨʝʪʘʝʪ ʨʝʘʢʪʠʚʥʫʶ ʩʦʩʪʘʚʣʷʶʱʫʶ.  
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ʈʠʩ.3.4 ʈʘʙʦʪʘ ʢʦʤʧʝʥʩʘʪʦʨʘ ʙʝʟ ʨʘʙʦʪʳ ʨʝʛʫʣʷʪʦʨʘ ʥʘʧʨʷʞʝʥʠʡ ɿʇʊ ʚ ʠʜʝʘʣʴʥʦʤ 
ʝʤʢʦʩʪʥʦʤ ʨʝʞʠʤʝ ʨʘʙʦʪʳ (ʉɿʇʊ = 60ʤʌ, fʐʀʄ  = 10 ʢɻʮ). aðʪʦʢ ɿʇʊ ʉʄ1 iɿʇʊ1, 

ʙ ð ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ ʉʄ1 uɿʇʊ1, ʚðʜʦʙʘʚʦʯʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʢʦʤʧʝʥʩʘʪʦʨʘ uʜʦʙ ʠ ʪʦʢ ʩʝʪʠ ic 

ɼʣʷ ʜʘʥʥʦʛʦ ʪʠʧʘ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʭʘʨʘʢʪʝʨʥʦ ʥʘʣʠʯʠʝ ʧʫʣʴʩʘʮʠʡ ʚ 

ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ ʩ ʫʜʚʦʝʥʥʦʡ ʯʘʩʪʦʪʦʡ ʧʨʦʪʝʢʘʶʱʝʛʦ ʪʦʢʘ ʩʝʪʠ (ʨʠʩ. 3.4ʙ), 
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ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦ ʤʦʱʥʦʩʪʠ, ʧʦʪʨʝʙʣʷʝʤʦʡ ʩ ɿʇʊ. ɪʤʢʦʩʪʴ ʟʚʝʥʘ ʧʦʩʪʦʷʥʥʦʛʦ 

ʪʦʢʘ ʦʧʨʝʜʝʣʷʝʪ ʚʝʣʠʯʠʥʫ ʧʝʨʝʤʝʥʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʥʘʧʨʷʞʝʥʠʷ ʟʚʝʥʘ 

ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ. ʏʝʤ ʚʳʰʝ ʟʥʘʯʝʥʠʝ ʸʤʢʦʩʪʠ, ʪʝʤ ʥʠʞʝ ʧʫʣʴʩʘʮʠʷ 

ʥʘʧʨʷʞʝʥʠʷ ʟʚʝʥʘ, ʦʜʥʘʢʦ ʚʳʨʘʩʪʘʶʪ ʛʘʙʘʨʠʪʳ ʠ ʮʝʥʘ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. ɺ 

ʢʘʯʝʩʪʚʝ ʮʝʣʝʚʦʛʦ ʟʥʘʯʝʥʠʷ ʧʫʣʴʩʘʮʠʠ ʥʘʧʨʷʞʝʥʠʷ ʚʳʙʨʘʥ ʨʘʟʤʘʭ ʤʝʞʜʫ 

ʤʠʥʠʤʘʣʴʥʳʤ ʠ ʤʘʢʩʠʤʘʣʴʥʳʤ ʟʥʘʯʝʥʠʝʤ 100 ɺ ʧʨʠ ʧʦʣʥʦʡ ʨʝʘʢʪʠʚʥʦʡ 

ʤʦʱʥʦʩʪʠ, ʬʦʨʤʠʨʫʝʤʦʡ ʢʦʤʧʝʥʩʘʪʦʨʦʤ. ʊʘʢʘʷ ʜʝʚʠʘʮʠʷ ʥʘʧʨʷʞʝʥʠʷ 

ʩʦʩʪʘʚʣʷʝʪ 10% ʦʪ ʥʦʤʠʥʘʣʴʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʟʚʝʥʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʷʯʝʡʢʠ 

ʨʘʚʥʦʛʦ 1000 ɺ. ɼʘʥʥʦʤʫ ʟʥʘʯʝʥʠʶ ʧʨʠ ʯʘʩʪʦʪʝ ʐʀʄ 10 ʢɻʮ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʝʤʢʦʩʪʴ 60 ʤʌ. 

ʅʘ ʨʝʘʣʴʥʦʤ ʦʙʦʨʫʜʦʚʘʥʠʠ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ʢʦʥʜʝʥʩʘʪʦʨʦʚ ʤʦʛʫʪ 

ʦʪʣʠʯʘʪʴʩʷ, ʯʪʦ ʤʦʞʝʪ ʧʨʠʚʝʩʪʠ ʢ ʨʘʩʭʦʞʜʝʥʠʶ ʟʥʘʯʝʥʠʡ ʥʘʧʨʷʞʝʥʠʡ ɿʇʊ 

ʨʘʟʥʳʭ ʷʯʝʝʢ. ʅʘ ʨʠʩ. 3.4 ʧʦʢʘʟʘʥʦ, ʯʪʦ ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ ʥʝ ʩʪʘʙʠʣʴʥʦ 

(ʢʦʥʜʝʥʩʘʪʦʨʳ ʧʦʩʪʝʧʝʥʥʦ ʨʘʟʨʷʞʘʶʪʩʷ ʚʦ ʚʨʝʤʷ ʨʘʙʦʪʳ), ʯʪʦ ʥʝʜʦʧʫʩʪʠʤʦ ʠ 

ʩʚʷʟʘʥʦ ʵʪʦ ʩ ʘʢʪʠʚʥʳʤʠ ʧʦʪʝʨʷʤʠ ʚ ʷʯʝʡʢʝ. ɼʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ ʥʘʧʨʷʞʝʥʠʷ ʥʘ 

ɿʇʊ ʥʝʦʙʭʦʜʠʤʦ ʨʝʘʣʠʟʦʚʘʪʴ ʩʠʩʪʝʤʫ ʫʧʨʘʚʣʝʥʠʷ ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ 

ʥʘʧʨʷʞʝʥʠʷ, ʪʘʢʞʝ ʨʝʛʫʣʷʪʦʨ ʥʝʦʙʭʦʜʠʤ ʜʣʷ ʧʝʨʝʭʦʜʥʳʭ ʨʝʞʠʤʦʚ ʨʘʙʦʪʳ ʩʝʪʠ, 

ʯʪʦʙʳ ʥʝ ʜʦʧʫʩʪʠʪʴ ʨʦʩʪ ʥʘʧʨʷʞʝʥʠʷ ʜʦ ʢʨʠʪʠʯʝʩʢʦʛʦ ʟʥʘʯʝʥʠʷ. 

3.3 ʈʝʛʫʣʠʨʦʚʘʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ ʷʯʝʝʢ ʉʉʇʂ 

3.3.1 ʈʝʛʫʣʷʪʦʨ ʩʨʝʜʥʝʛʦ ʥʘʧʨʷʞʝʥʠʡ ɿʇʊ ʩʦ ʩʤʝʱʝʥʠʝʤ ʬʘʟʳ ʟʘʜʘʥʠʷ  

ʅʘʠʙʦʣʝʝ ʧʦʧʫʣʷʨʥʳʤ ʨʝʰʝʥʠʝʤ ʜʣʷ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ɿʇʊ 

ʷʚʣʷʝʪʩʷ ʩʤʝʱʝʥʠʝ ʟʘʜʘʥʠʷ ʜʦʙʘʚʦʯʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ 

ʧʦʪʨʝʙʣʝʥʠʝ ʠʣʠ ʦʪʜʘʯʫ ʘʢʪʠʚʥʦʡ ʤʦʱʥʦʩʪʠ, ʢʦʪʦʨʦʝ ʦʧʠʩʘʥʦ ʚ [61]. ʊʘʢ ʢʘʢ 

ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ ʥʫʞʥʦ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ ʢʘʞʜʦʡ ʷʯʝʡʢʠ, ʥʘ ʨʝʛʫʣʷʪʦʨ 

ʥʘʧʨʷʞʝʥʠʡ ɿʇʊ ʟʘʚʦʜʠʪʩʷ ʩʨʝʜʥʝʝ ʘʨʠʬʤʝʪʠʯʝʩʢʦʝ ʟʥʘʯʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ 

ʚʩʝʭ ʷʯʝʝʢ. ʈʝʛʫʣʷʪʦʨ ʥʘʧʨʷʞʝʥʠʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʇ-ʨʝʛʫʣʷʪʦʨ. 

ʈʝʟʫʣʴʪʘʪʦʤ ʨʘʙʦʪʳ ʨʝʛʫʣʷʪʦʨʘ ʷʚʣʷʝʪʩʷ ʢʦʨʨʝʢʮʠʷ ʬʘʟʳ ʜʦʙʘʚʦʯʥʦʛʦ 
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ʥʘʧʨʷʞʝʥʠʷ ʉʇʂ. ʉʣʝʜʫʝʪ ʦʪʤʝʪʠʪʴ, ʯʪʦ ʨʘʙʦʪʘ ʨʝʛʫʣʷʪʦʨʘ ʚʣʠʷʝʪ ʥʘ ʚʩʝ 

ʷʯʝʡʢʠ ʩʨʘʟʫ ð ɿʇʊ ʚʩʝʭ ʉʗ ʥʘʯʠʥʘʶʪ ʟʘʨʷʞʘʪʴʩʷ ʣʠʙʦ ʨʘʟʨʷʞʘʪʴʩʷ. 

ʇʦʩʢʦʣʴʢʫ ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ ʢʘʞʜʦʡ ʉʗ ʠʤʝʝʪ ʧʫʣʴʩʠʨʫʶʱʠʡ ʭʘʨʘʢʪʝʨ, 

ʢʘʢ ʙʳʣʦ ʧʦʢʘʟʘʥʦ ʚʳʰʝ, ʥʝʦʙʭʦʜʠʤʦ ʧʨʝʜʫʩʤʦʪʨʝʪʴ ʬʠʣʴʪʨ ʜʣʷ ʩʪʘʙʠʣʠʟʘʮʠʠ 

ʚʳʭʦʜʘ ʨʝʛʫʣʷʪʦʨʘ ʩʨʝʜʥʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ, ʪʦ ʝʩʪʴ ʫʛʣʘ ʩʤʝʱʝʥʠʷ ʟʘʜʘʥʠʷ 

ʥʘʧʨʷʞʝʥʠʷ. ɺ ʢʘʯʝʩʪʚʝ ʬʠʣʴʪʨʘ ʙʳʣ ʧʨʠʤʝʥʝʥ ʬʠʣʴʪʨ ʩʢʦʣʴʟʷʱʝʛʦ ʩʨʝʜʥʝʛʦ 

ʥʘ ʜʚʦʡʥʦʤ ʧʝʨʠʦʜʝ ʦʩʥʦʚʥʦʡ ʛʘʨʤʦʥʠʢʠ. ɼʘʣʝʝ ʜʘʥʥʳʡ ʚʠʜ ʨʝʛʫʣʷʪʦʨʘ ʠʤʝʝʪ 

ʥʘʟʚʘʥʠʝ ʨʝʛʫʣʷʪʦʨʘ ʩʨʝʜʥʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ ʉʗ ʩʦ ʩʤʝʱʝʥʠʝʤ ʬʘʟʳ ʟʘʜʘʥʠʷ. 

ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʉʉʇʂ ʩ ʨʝʛʫʣʷʪʦʨʦʤ ʩʨʝʜʥʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ 

ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ .3.5. 
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ʈʠʩ.3.5 ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʛʦ ʉʉʇʂ ʩ ʨʝʛʫʣʷʪʦʨʦʤ ʩʨʝʜʥʝʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ (ʉʄ ð ʩʠʣʦʚʦʡ ʤʦʜʫʣʴ(ʷʯʝʡʢʘ), ɼʊðʜʘʪʯʠʢ ʪʦʢʘ, Iðʪʦʢ ʚʝʪʚʠ, ɗI ðʫʛʦʣ 

ʪʦʢʘ ʚʝʪʚʠ, ɗUʜʦʙ ðʫʛʦʣ ʜʦʙʘʚʦʯʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, ŭðʫʛʦʣ ʩʜʚʠʛʘ ʤʝʞʜʫ ʪʦʢʦʤ ʠ 

ʜʦʙʘʚʦʯʥʳʤ ʥʘʧʨʷʞʝʥʠʝʤ, Uʜʦʙ_max ðʘʤʧʣʠʪʫʜʘ ʜʦʙʘʚʦʯʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ, 

sw1 ð ʧʝʨʝʢʣʶʯʘʪʝʣʴ ʨʝʞʠʤʘ ʨʘʙʦʪʳ, U1-N
ɿʇʊ1-2  ð ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ ʉ,̫  

ɔ1-N
1-4  ð ʩʢʚʘʞʥʦʩʪʠ ʢʣʶʯʝʡ ʉʗ ) 

ʅʘ ʨʠʩ. 3.6 ʧʦʢʘʟʘʥʘ ʨʘʙʦʪʘ ʨʝʛʫʣʷʪʦʨʘ ɿʇʊ ʩʦ ʩʤʝʱʝʥʠʝʤ ʬʘʟʳ ʟʘʜʘʥʠʷ 

ʥʘʧʨʷʞʝʥʠʷ ʚ ʧʝʨʝʭʦʜʥʦʤ ʨʝʞʠʤʝ ʨʘʙʦʪʳ ʢʦʤʧʝʥʩʘʪʦʨʘ. ɺ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 

0,2 ʩ ʪʦʢ ʣʠʥʠʠ ʧʘʜʘʝʪ ʚ ʜʚʘ ʨʘʟʘ ʠ ʬʘʟʘ ʪʦʢʘ ʩʝʪʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʧʨʷʞʝʥʠʷ 

ʩʝʪʠ ʤʝʥʷʝʪʩʷ ʥʘ 45Á, ʧʨʠ ʵʪʦʤ ʨʝʛʫʣʷʪʦʨ ʦʪʨʘʙʘʪʳʚʘʝʪ ʩʨʝʜʥʝʝ ʥʘʧʨʷʞʝʥʠʝ 

ɿʇʊ ʉʗ. ɺ ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʩʤʝʱʝʥʠʝ ʫʛʣʘ ʟʘʜʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʢʦʤʧʝʥʩʘʪʦʨʘ 
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ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 0,9Á (ʥʠʞʥʷʷ ʦʩʮʠʣʣʦʛʨʘʤʤʘ ʨʠʩ. 3.6ʛ). ʉʨʝʜʥʝʝ ʥʘʧʨʷʞʝʥʠʝ 

ɿʇʊ ʢʦʥʜʝʥʩʘʪʦʨʦʚ ʉʗ Uʩʨɿʇʊ, ʘ ʪʘʢʞʝ ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʚʳʭʦʜʝ ʬʠʣʴʪʨʘ 

ʩʢʦʣʴʟʷʱʝʛʦ ʩʨʝʜʥʝʛʦ Uʩʨɿʇʊʬ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ. 3.7. 
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ʈʠʩ.3.6 ʈʘʙʦʪʘ ʢʦʤʧʝʥʩʘʪʦʨʘ ʩ ʨʝʛʫʣʷʪʦʨʦʤ ʩʨʝʜʥʝʛʦ ʥʘʧʨʷʞʝʥʠʡ ɿʇʊ ʩʦ ʩʤʝʱʝʥʠʝʤ ʬʘʟʳ 
ʚ ʝʤʢʦʩʪʥʦʤ ʨʝʞʠʤʝ ʨʘʙʦʪʳ, ʢʦʛʜʘ ʤʝʥʷʝʪʩʷ ʘʤʧʣʠʪʫʜʘ ʪʦʢʘ ʠ ʬʘʟʘ ʪʦʢʘ (ʉɿʇʊ = 60ʤʌ, 

fʐʀʄ = 10 ʢɻʮ). aðʪʦʢ ɿʇʊ ʉʄ1 iɿʇʊ1, ʙðʥʘʧʨʷʞʝʥʠʝ ɿʇʊ ʉʗ1 uɿʇʊ1, ʚðʜʦʙʘʚʦʯʥʦʝ 

ʥʘʧʨʷʞʝʥʠʝ ʢʦʤʧʝʥʩʘʪʦʨʘ uʜʦʙ ʠ ʪʦʢ ʩʝʪʠ ic, ʛðʩʤʝʱʝʥʠʝ ʟʘʜʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ 
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ʈʠʩ.3.7 ʉʨʝʜʥʝʝ ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ ʧʦʣʫʤʦʩʪʦʚ ʚʩʝʭ ʉʗ ʠ ʚʳʭʦʜ ʬʠʣʴʪʨʘ ʩʢʦʣʴʟʷʱʝʛʦ 

ʩʨʝʜʥʝʛʦ ʧʨʠ ʠʟʤʝʥʝʥʠʠ ʘʤʧʣʠʪʫʜʳ ʪʦʢʘ ʩʝʪʠ 

ɼʘʥʥʳʡ ʩʧʦʩʦʙ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʧʦʜʭʦʜʠʪ ʜʣʷ 

ʫʩʪʘʥʦʚʠʚʰʝʛʦʩʷ ʨʝʞʠʤʘ ʨʘʙʦʪʳ, ʢʦʛʜʘ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʘʭ ʥʝ 

ʩʠʣʴʥʦ ʦʪʣʠʯʘʶʪʩʷ ʜʨʫʛ ʦʪ ʜʨʫʛʘ ʠ ʪʨʝʙʫʝʪʩʷ ʪʦʣʴʢʦ ʢʦʥʪʨʦʣʠʨʦʚʘʪʴ, ʯʪʦʙʳ 

ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʘʭ ʚ ʩʨʝʜʥʝʤ ʥʝ ʨʦʩʣʦ ʠ ʥʝ ʧʘʜʘʣʦ. ɽʩʣʠ ʥʘʧʨʷʞʝʥʠʝ 

ʥʘ ʷʯʝʡʢʝ ʧʦ ʢʘʢʠʤ-ʣʠʙʦ ʧʨʠʯʠʥʘʤ ʩʠʣʴʥʦ ʦʪʣʠʯʘʝʪʩʷ ʦʪ ʜʨʫʛʠʭ, ʪʦ ʵʪʦ ʚʣʠʷʝʪ 

ʥʘ ʩʨʝʜʥʝʝ ʘʨʠʬʤʝʪʠʯʝʩʢʦʝ ʷʯʝʝʢ ʠ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʥʘ ʫʛʦʣ ʥʘ ʚʳʭʦʜʝ 

ʨʝʛʫʣʷʪʦʨʘ ʩʨʝʜʥʝʛʦ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ. ʅʘ ʨʠʩ. 3.8 ʧʦʢʘʟʘʥ ʩʣʫʯʘʡ, ʢʦʛʜʘ 

ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʦʜʥʦʤ ʢʦʥʜʝʥʩʘʪʦʨʝ ʚ ʦʜʥʦʡ ʷʯʝʡʢʝ ʟʘʜʘʥʦ ʥʠʞʝ ʦʪʥʦʩʠʪʝʣʴʥʦ 
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ʦʩʪʘʣʴʥʳʭ. ʇʨʠ ʵʪʦʤ ʩʨʝʜʥʝʝ ʥʘʧʨʷʞʝʥʠʝ ʧʦʜʜʝʨʞʠʚʘʝʪʩʷ ʥʘ ʟʘʜʘʥʥʦʤ ʫʨʦʚʥʝ 

ʟʘ ʩʯʝʪ ʧʦʜʥʷʪʠʷ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ɿʇʊ ʷʯʝʝʢ ʩ ʠʟʥʘʯʘʣʴʥʦ ʦʜʠʥʘʢʦʚʳʤ 

ʥʘʧʨʷʞʝʥʠʝʤ ʥʘ ɿʇʊ. ɼʘʥʥʳʡ ʩʧʦʩʦʙ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʥʝ ʛʘʨʘʥʪʠʨʫʝʪ 

ʩʪʘʙʠʣʠʟʘʮʠʶ ʥʘʧʨʷʞʝʥʠʡ ɿʇʊ ʢʘʞʜʦʡ ʦʪʜʝʣʴʥʦʡ ʷʯʝʡʢʠ. 
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ʈʠʩ.3.8 ʅʘʧʨʷʞʝʥʠʷ ɿʇʊ ʚʩʝʭ ʉʗ ʩ ʨʝʛʫʣʷʪʦʨʦʤ ʚʳʨʘʚʥʠʚʘʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ɿʇʊ ʩʦ 

ʩʤʝʱʝʥʠʝʤ ʟʘʜʘʥʠʷ, ʚ ʩʣʫʯʘʝ ʩʥʠʞʝʥʠʷ ʦʜʥʦʛʦ ʠʟ ʥʘʧʨʷʞʝʥʠʷ ʢʦʥʜʝʥʩʘʪʦʨʦʚ ʚ ʜʚʘ ʨʘʟʘ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʦʩʪʘʣʴʥʳʤʠ ɿʇʊ ʜʚʫʭ ʧʦʣʫʤʦʩʪʦʚ 

3.3.2 ʈʝʛʫʣʷʪʦʨ ʜʣʷ ʚʳʨʘʚʥʠʚʘʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ɿʇʊ ʩ ʢʦʨʨʝʢʮʠʝʡ 

ʩʢʚʘʞʥʦʩʪʠ 

ɼʣʷ ʐʀʄ ʩ ʯʝʨʝʜʫʶʱʠʡʩʷ ʷʯʝʡʢʦʡ, ʢʦʛʜʘ ʩʦ ʩʢʚʘʞʥʦʩʪʴʶ ʨʘʙʦʪʘʝʪ 

ʪʦʣʴʢʦ ʦʜʥʘ ʷʯʝʡʢʘ ʥʘ ʢʘʞʜʦʤ ʧʝʨʠʦʜʝ, ʙʳʣ ʧʨʝʜʣʦʞʝʥ ʘʣʛʦʨʠʪʤ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʢʦʨʨʝʢʮʠʶ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ ʢʘʞʜʦʡ ʷʯʝʡʢʠ. ɽʩʣʠ 

ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʚʳʭʦʜʝ ʷʯʝʡʢʠ ʠ ʪʦʢ ʦʜʥʦʛʦ ʟʥʘʢʘ, ʪʦ ʢʦʥʜʝʥʩʘʪʦʨ ʟʘʨʷʞʘʝʪʩʷ, 

ʝʩʣʠ ʧʨʦʪʠʚʦʧʦʣʦʞʥʦʛʦ, ʪʦ ʨʘʟʨʷʞʘʝʪʩʷ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʜʣʷ ʷʯʝʡʢʠ, 

ʥʘʭʦʜʷʱʝʡʩʷ ʚ ʨʝʞʠʤʝ ʐʀʄ, ʟʥʘʷ ʘʢʪʫʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʥʘ ɿʇʊ, ʤʦʞʥʦ 

ʩʢʘʟʘʪʴ, ʯʪʦ ʥʘ ʜʘʥʥʦʤ ʪʘʢʪʝ ʐʀʄ ʥʫʞʥʦ ʷʯʝʡʢʫ ʨʘʟʨʷʜʠʪʴ ʠʣʠ ʟʘʨʷʜʠʪʴ, 

ʯʪʦʙʳ ʧʨʠʙʣʠʟʠʪʩʷ ʢ ʟʘʜʘʥʥʦʤʫ ʟʥʘʯʝʥʠʶ. ʊʦ ʝʩʪʴ, ʜʦʙʘʚʣʷʷ ʥʝʙʦʣʴʰʫʶ 

ʢʦʨʨʝʢʮʠʶ ʢ ʩʢʚʘʞʥʦʩʪʠ ʷʯʝʡʢʠ, ʥʘʭʦʜʷʱʝʡʩʷ ʚ ʨʝʞʠʤʝ ʐʀʄ, ʠ ʟʥʘʷ 

ʘʢʪʫʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʪʦʢʘ, ʧʨʦʪʝʢʘʶʱʝʛʦ ʯʝʨʝʟ ʷʯʝʡʢʫ, ʤʦʞʥʦ ʩʪʘʙʠʣʠʟʠʨʦʚʘʪʴ 

ʥʘʧʨʷʞʝʥʠʝ ʝʸ ɿʇʊ. ʂʦʨʨʝʢʮʠʷ ʩʢʚʘʞʥʦʩʪʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʟʥʦʩʪʴʶ ʟʘʜʘʥʠʷ 

ʥʘʧʨʷʞʝʥʠʷ Uɿʇʊ_ʟ ʠ ʘʢʪʫʘʣʴʥʳʤ ʬʠʣʴʪʨʦʚʘʥʥʳʤ ʥʘʧʨʷʞʝʥʠʝʤ ʥʘ ɿʇʊ 

Uɿʇʊ_hʠʤ_ʬ ʷʯʝʡʢʠ, ʢʦʪʦʨʘʷ ʨʘʙʦʪʘʝʪ ʩ ʟʘʜʘʥʠʝʤ ʐʀʄ: 
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ʢʦʨ ɿʇʊ_ʟ ɿʇʊ_ʰʠʤ_ʬ( )�' � �r ��U ʢ U U , (3.1) 

ʛʜʝ ȹU ð ʢʦʨʨʝʢʮʠʷ ʟʘʜʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ ʷʯʝʡʢʠ ʨʘʙʦʪʘʶʱʝʡ ʩ ʟʘʜʘʥʠʝʤ 

ʐʀʄ, ʢʢʦʨ ð ʢʦʵʬʬʠʮʠʝʥʪ ʢʦʨʨʝʢʮʠʠ. ɿʥʘʢ ʢʦʨʨʝʢʮʠʠ ʟʘʜʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ, 

ʦʧʨʝʜʝʣʷʪʩʷ ʟʥʘʢʦʤ ʧʨʦʪʝʢʘʥʠʷ ʪʦʢʘ ɿʇʊ, ʪʦʛʜʘ ʩʢʚʘʞʥʦʩʪʴ ʷʯʝʡʢʠ 

ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ: 

 ʰʠʤ ʟʘʜ ɿʇʊ ʟʧʪ_ʰʠʤ( ) /�J � �� �� �'�¦
n

i

i

u U U U . (3.2) 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʨʝʛʫʣʷʪʦʨʘ ʙʳʣ ʨʘʩʩʤʦʪʨʝʥ 

ʧʝʨʝʭʦʜʥʳʡ ʨʝʞʠʤ ʨʘʙʦʪʳ ʘʥʘʣʦʛʠʯʥʳʡ ʨʘʩʩʤʦʪʨʝʥʥʦʤʫ ʥʘ ʜʣʷ ʨʠʩ. 3.6. ʅʘ 

ʨʠʩ. 3.9 ʧʦʢʘʟʘʥ ʨʝʞʠʤ, ʢʦʛʜʘ ʚ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 0,4 ʩ ʪʦʢ ʩʝʪʠ ʧʦʤʝʥʷʣ ʩʚʦʶ 

ʬʘʟʫ ʠ, ʢʘʢ ʩʣʝʜʩʪʚʠʝ, ʠʟʤʝʥʠʣʘʩʴ ʬʘʟʘ ʟʘʜʘʥʠʷ ʚʧʨʳʩʢʠʚʘʝʤʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. 

ʅʘʧʨʷʞʝʥʠʷ ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʘʭ ʚʳʨʘʚʥʠʚʘʶʪʩʷ ʢ ʦʜʥʦʤʫ ʟʥʘʯʝʥʠʶ. 
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ʈʠʩ.3.9 ʈʘʙʦʪʘ ʢʦʤʧʝʥʩʘʪʦʨʘ ʩ ʨʝʛʫʣʷʪʦʨʦʤ ɿʇʊ ʉʗ ʩ ʢʦʨʨʝʢʮʠʝʡ ʩʢʚʘʞʥʦʩʪʠ, ʢʦʛʜʘ 

ʤʝʥʷʝʪʩʷ ʬʘʟʘ ʪʦʢʘ ʩʝʪʠ (ʉɿʇʊ = 60 ʤʌ, fʐʀʄ  = 10 ʢɻʮ). a ð ʪʦʢ ɿʇʊ ʉʗ1 iɿʇʊ1, 

ʙ ð ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ ʉʗ1 uɿʇʊ1, ʚ ð ʜʦʙʘʚʦʯʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʢʦʤʧʝʥʩʘʪʦʨʘ uʜʦʙ ʠ ʪʦʢ ʩʝʪʠ 

ic, ʛ ð ʢʦʨʨʝʢʮʠʷ ʥʘʧʨʷʞʝʥʠʷ ʟʘʜʘʥʠʷ ʷʯʝʡʢʠ 

ʈʝʛʫʣʷʪʦʨ ʥʘʧʨʷʞʝʥʠʷ ʩ ʢʦʨʨʝʢʮʠʝʡ ʩʢʚʘʞʥʦʩʪʠ ʠʥʪʝʛʨʠʨʦʚʘʥ ʚ ʤʦʜʫʣʴ 

ʐʀʄ ʠ ʨʘʙʦʪʘʝʪ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʘʢʪʫʘʣʴʥʳʤ 

ʥʘʧʨʷʞʝʥʠʝʤ ʥʘ ɿʇʊ ʷʯʝʡʢʠ ʠ ʟʘʜʘʥʠʝʤ ʫʤʥʦʞʘʝʪʩʷ ʥʘ ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʳʡ 

ʢʦʵʬʬʠʮʠʝʥʪ ʠ ʵʪʦ ʟʥʘʯʝʥʠʝ ʚ ʟʘʚʠʩʠʤʦʩʪʠ ʦʪ ʟʥʘʢʘ ʪʦʢʘ ʧʨʠʙʘʚʣʷʝʪʩʷ ʠʣʠ 

ʚʳʯʠʪʘʝʪʩʷ ʢ ʪʝʢʫʱʝʤʫ ʟʘʜʘʥʠʶ ʥʘʧʨʷʞʝʥʠʷ ʷʯʝʡʢʠ (ʥʠʞʥʷʷ ʦʩʮʠʣʣʦʛʨʘʤʤʘ 
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ʨʠʩ. 3.9ʛ). ʇʨʠ ʜʘʥʥʦʡ ʥʘʩʪʨʦʡʢʝ ʨʝʛʫʣʷʪʦʨʘ ʥʘʧʨʷʞʝʥʠʷ ʤʘʢʩʠʤʘʣʴʥʘʷ 

ʧʨʠʙʘʚʢʘ ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ ʚʳʨʘʚʥʠʚʘʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 200 ɺ ʚ ʫʩʪʘʥʦʚʠʚʰʝʤʩʷ 

ʨʝʞʠʤʝ, ʘ ʚ ʧʝʨʝʭʦʜʥʦʤ ʜʦʩʪʠʛʘʝʪ 350 ɺ. 

ʈʘʩʩʤʦʪʨʠʤ ʩʠʪʫʘʮʠʶ, ʘʥʘʣʦʛʠʯʥʫʶ ʧʨʝʜʩʪʘʚʣʝʥʥʦʡ ʥʘ ʨʠʩʫʥʢʝ ʨʠʩ. 3.8, 

ʢʦʛʜʘ ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʦʜʥʦʡ ʠʟ ʷʯʝʝʢ ʧʘʜʘʝʪ ʜʚʫʭʢʨʘʪʥʦ ʦʪ ʩʨʝʜʥʝʛʦ ʟʥʘʯʝʥʠʷ 

ʚʩʝʭ ʷʯʝʝʢ ɿʇʊ, ʪʦʛʜʘ ʚ ʦʪʣʠʯʠʝ ʦʪ ʨʝʛʫʣʷʪʦʨʘ ʩʦ ʩʤʝʱʝʥʠʝʤ ʟʘʜʘʥʠʷ ɿʇʊ ʚ 

ʜʘʥʥʦʤ ʩʣʫʯʘʝ ʥʘʧʨʷʞʝʥʠʷ ʚʩʝʭ ʷʯʝʝʢ ʚʳʨʘʚʥʠʚʘʪʁʩʷ (ʨʠʩ. 3.10), ʪʘʢ ʢʘʢ ʚ 

ʜʘʥʥʦʤ ʘʣʛʦʨʠʪʤʝ ʫʯʠʪʳʚʘʶʪʩʷ ʘʢʪʫʘʣʴʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ ʢʦʥʢʨʝʪʥʦʡ 

ʷʯʝʡʢʠ ʜʣʷ ʢʦʨʨʝʢʮʠʠ ʝʝ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ. 
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ʈʠʩ.3.10 ʅʘʧʨʷʞʝʥʠʷ ɿʇʊ ʚʩʝʭ ʉʗ ʩ ʨʝʛʫʣʷʪʦʨʦʤ ʚʳʨʘʚʥʠʚʘʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ɿʇʊ ʩ 

ʢʦʨʨʝʢʮʠʝʡ ʩʢʚʘʞʥʦʩʪʠ, ʚ ʩʣʫʯʘʝ ʩʥʠʞʝʥʠʷ ʦʜʥʦʛʦ ʠʟ ʥʘʧʨʷʞʝʥʠʷ ʢʦʥʜʝʥʩʘʪʦʨʦʚ ʚ ʜʚʘ ʨʘʟʘ 

ʧʦ ʩʨʘʚʥʝʥʠʶ ʩ ʦʩʪʘʣʴʥʳʤʠ ɿʇʊ ʜʚʫʭ ʧʦʣʫʤʦʩʪʦʚ 

ʇʨʠ ʯʘʩʪʦʪʝ ʐʀʄ, ʨʘʚʥʦʡ 5 ʢɻʮ, ʨʘʙʦʪʘ ʢʦʤʧʝʥʩʘʪʦʨʘ ʧʦʢʘʟʘʥʘ ʥʘ 

ʨʠʩ. 3.11. ʅʘʧʨʷʞʝʥʠʝ ʥʘ ɿʇʊ ʧʫʣʴʩʠʨʫʝʪ ʩ ʙʦʣʴʰʝʡ ʘʤʧʣʠʪʫʜʦʡ ʚʚʠʜʫ ʪʦʛʦ, 

ʯʪʦ ʯʘʩʪʦʪʘ ʢʦʨʨʝʢʪʠʨʦʚʢʠ ʥʘʧʨʷʞʝʥʠʷ ʟʘ ʧʝʨʠʦʜ ʪʦʢʘ ʩʝʪʠ ʫʧʘʣʘ ʚ ʜʚʘ ʨʘʟʘ. 

ʇʨʠ ʤʝʥʴʰʝʡ ʯʘʩʪʦʪʝ ʐʀʄ ʧʨʠʙʘʚʢʘ ʥʘʧʨʷʞʝʥʠʷ ʜʣʷ ʚʳʨʘʚʥʠʚʘʥʠʷ ʜʦʩʪʠʛʘʝʪ 

500 ɺ ʦʪ ʤʘʢʩʠʤʫʤʘ ʚʧʨʳʩʢʠʚʘʝʤʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʨʠ ʵʪʦʤ ʧʝʨʝʭʦʜʥʦʡ ʧʨʦʮʝʩʩ 

ʙʦʣʝʝ ʟʘʪʷʥʫʪʳʡ. ʉ ʪʦʯʢʠ ʟʨʝʥʠʷ ʚʳʨʘʚʥʠʚʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ ʣʫʯʰʝ 

ʨʘʙʦʪʘʪʴ ʥʘ ʯʘʩʪʦʪʝ ʐʀʄ 10 ʢɻʮ ʠ ʙʦʣʝʝ.  
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ʈʠʩ.3.11 ʈʘʙʦʪʘ ʢʦʤʧʝʥʩʘʪʦʨʘ ʩ ʨʝʛʫʣʷʪʦʨʦʤ ɿʇʊ ʉʗ ʩ ʢʦʨʨʝʢʮʠʝʡ ʩʢʚʘʞʥʦʩʪʠ, ʢʦʛʜʘ 

ʤʝʥʷʝʪʩʷ ʬʘʟʘ ʪʦʢʘ ʩʝʪʠ (ʉɿʇʊ = 60 ʤʌ, fʐʀʄ  = 5 ʢɻʮ). a ð ʪʦʢ ɿʇʊ ʉʗ1 iɿʇʊ1, 

ʙ ð ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ ʉʗ1 uɿʇʊ1, ʚ ð ʜʦʙʘʚʦʯʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʢʦʤʧʝʥʩʘʪʦʨʘ uʜʦʙ ʠ ʪʦʢ ʩʝʪʠ 

ic, ʛ ð ʢʦʨʨʝʢʮʠʷ ʥʘʧʨʷʞʝʥʠʷ ʟʘʜʘʥʠʷ ʷʯʝʡʢʠ 

3.4 ʇʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʢʦʤʧʦʥʦʚʢʘ ʩʠʣʦʚʦʛʦ ʤʦʜʫʣʷ ʉʉʇʂ ʠ ʝʛʦ ʪʝʧʣʦʚʦʡ 

ʨʘʩʯʝʪ 

ɼʣʷ ʨʘʙʦʪʳ ʨʘʟʨʘʙʘʪʳʚʘʝʤʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʥʘ 2200 ɸ ʥʝʦʙʭʦʜʠʤʦ 

ʚʳʧʦʣʥʷʪʴ ʉʉʇʂ ʚ ʚʠʜʝ ʜʚʫʭ ʧʘʨʘʣʣʝʣʴʥʳʭ ʚʝʪʚʝʡ, ʢʘʢ ʢʘʢ ʧʦʣʫʤʦʩʪʦʚʳʭ 

ʩʠʣʦʚʳʭ ʤʦʜʫʣʝʡ ʥʘ ʪʦʢ 2200 ɸ ʥʝ ʩʫʱʝʩʪʚʫʝʪ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʦʜʥʘ 

ʥʠʟʢʦʚʦʣʴʪʥʘʷ ʩʠʣʦʚʘʷ ʷʯʝʡʢʘ ʙʫʜʝʪ ʨʘʙʦʪʘʪʴ ʩ ʪʦʢʘʤʠ ʜʦ 1100 ɸ. ʉ ʮʝʣʴʶ 

ʦʧʨʝʜʝʣʠʪʴ ʟʥʘʯʝʥʠʝ ʸʤʢʦʩʪʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥʳ ʥʝʩʢʦʣʴʢʦ ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʚ 

ʤʦʜʝʣʠ ʩ ʨʘʟʣʠʯʥʳʤʠ ʝʸ ʟʥʘʯʝʥʠʷʤʠ. ɿʥʘʯʝʥʠʝ ʝʤʢʦʩʪʠ ɿʇʊ ʙʳʣʦ ʚʳʙʨʘʥʦ 

25 ʤʌ, ʪʘʢ ʢʘʢ ʚ ʵʪʦʤ ʩʣʫʯʘʝ ʧʦʣʫʯʘʝʪʩʷ ʤʠʥʠʤʘʣʴʥʳʡ ʦʙʲʸʤ ʠ ʩʪʦʠʤʦʩʪʴ 

ʢʦʥʜʝʥʩʘʪʦʨʦʚ. ʇʨʠ ʵʪʦʤ ʜʣʷ ʩʦʭʨʘʥʝʥʠʷ ʨʘʟʤʘʭʘ ʧʫʣʴʩʘʮʠʡ ʯʘʩʪʦʪʘ ʐʀʄ 

ʙʳʣʘ ʫʚʝʣʠʯʝʥʘ ʜʦ 20 ʢɻʮ. ʈʘʙʦʪʘ ʤʦʜʝʣʠ ʢʦʤʧʝʥʩʘʪʦʨʘ ʜʣʷ ʧʦʜʦʙʨʘʥʥʳʭ 

ʟʥʘʯʝʥʠʡ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 3.12. 



59 

 

 

ʈʠʩ.3.12 ʈʘʙʦʪʘ ʢʦʤʧʝʥʩʘʪʦʨʘ ʩ ʨʝʛʫʣʷʪʦʨʦʤ ɿʇʊ ʉʗ ʩ ʢʦʨʨʝʢʮʠʝʡ ʩʢʚʘʞʥʦʩʪʠ, ʢʦʛʜʘ 

ʤʝʥʷʝʪʩʷ ʬʘʟʘ ʪʦʢʘ ʩʝʪʠ (ʉɿʇʊ = 25 ʤʌ, fʐʀʄ  = 20 ʢɻʮ). a ð ʪʦʢ ɿʇʊ ʉʗ1 iɿʇʊ1, 

ʙ ð ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ ʉʄ1 uɿʇʊ1, ʚ ð ʜʦʙʘʚʦʯʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʢʦʤʧʝʥʩʘʪʦʨʘ uʜʦʙ ʠ ʪʦʢ ʩʝʪʠ 

ic, ʛ ð ʢʦʨʨʝʢʮʠʷ ʥʘʧʨʷʞʝʥʠʷ ʟʘʜʘʥʠʷ ʷʯʝʡʢʠ 

ʈʘʟʨʘʙʦʪʘʥʥʘʷ ʢʦʥʩʪʨʫʢʮʠʷ ʥʠʟʢʦʚʦʣʴʪʥʦʡ ʩʠʣʦʚʦʡ ʷʯʝʡʢʠ ʩʦʜʝʨʞʠʪ 

ʨʘʜʠʘʪʦʨ ʚʦʟʜʫʰʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ ʩ ʨʝʙʨʘʤʠ, ʧʨʦʜʫʚʘʝʤʳʤʠ ʚʝʥʪʠʣʷʪʦʨʘʤʠ. 

ɼʣʷ ɿʇʊ ʙʳʣʠ ʚʳʙʨʘʥʳ ʢʦʥʜʝʥʩʘʪʦʨʳ 14 MKP ʪʠʧʘ B25680B1188K323 ʩ 

ʥʦʤʠʥʘʣʴʥʳʤ ʥʘʧʨʷʞʝʥʠʝʤ 1320 ɺ ʠ ʝʤʢʦʩʪʴʶ 1800 ʤʢʌ. ʈʘʟʤʝʨ 

ʢʦʥʜʝʥʩʘʪʦʨʦʚ ʦʧʨʝʜʝʣʷʝʪ ʢʦʥʬʠʛʫʨʘʮʠʶ ʥʠʟʢʦʚʦʣʴʪʥʦʡ ʩʠʣʦʚʦʡ ʷʯʝʡʢʠ, 

ʢʦʪʦʨʘʷ ʧʦʢʘʟʘʥʘ ʨʠʩ. 3.13. ʉʦʝʜʠʥʝʥʠʝ ɿʇʊ ʦʙʨʘʟʦʚʘʥʦ ʧʘʨʘʣʣʝʣʴʥʳʤ 

ʩʦʝʜʠʥʝʥʠʝʤ ʢʦʥʜʝʥʩʘʪʦʨʦʚ ʚ ʪʨʠ ʨʷʜʘ ʚ ʰʘʭʤʘʪʥʦʤ ʧʦʨʷʜʢʝ ç5+4+5è ʠ 

ʦʧʨʝʜʝʣʷʝʪ ʨʘʟʤʝʨ ʨʘʜʠʘʪʦʨʘ, ʥʘ ʢʦʪʦʨʦʤ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʩʠʣʦʚʳʝ ʤʦʜʫʣʠ. ɼʚʘ 

ʩʠʣʦʚʳʭ ʤʦʜʫʣ̫ ʫʩʪʘʥʘʚʣʠʚʘʶʪʩʷ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʚʜʦʣʴ ʨʝʙʝʨ ʨʘʜʠʘʪʦʨʘ ʥʘ 

ʤʝʜʥʫʶ ʧʣʘʩʪʠʥʫ ʪʦʣʱʠʥʦʡ 20 ʤʤ, ʢʦʪʦʨʘʷ ʥʝʦʙʭʦʜʠʤʘ ʜʣʷ ʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʪʝʧʣʦʚʳʭ ʧʦʪʝʨʴ ʧʦ ʨʘʜʠʘʪʦʨʫ. ʈʘʜʠʘʪʦʨ ʚʳʧʦʣʥʝʥ ʠʟ ʧʨʦʬʠʣʷ TechnoAl I98T. 

ʆʨʠʝʥʪʘʮʠʷ ʷʯʝʝʢ ʚʝʨʪʠʢʘʣʴʥʘʷ, ʚʝʥʪʠʣʷʪʦʨʳ ʜʫʶʪ ʧʦ ʨʝʙʨʘʤ ʩʥʠʟʫ-ʚʚʝʨʭ.  
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ʈʠʩ.3.13 ʂʦʥʩʪʨʫʢʮʠʷ ʥʠʟʢʦʚʦʣʴʪʥʦʡ ʩʠʣʦʚʦʡ ʷʯʝʡʢʠ 

ɼʣʷ ʚʳʙʦʨʘ ʩʠʣʦʚʳʭ ʤʦʜʫʣʝʡ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʠʩʩʣʝʜʦʚʘʥʠʝ ʪʝʧʣʦʚʳʭ 

ʨʝʞʠʤʦʚ ʨʘʙʦʪʳ ʤʦʜʫʣʝʡ ʚ ʧʨʦʛʨʘʤʤʥʦʡ ʩʨʝʜʝ PSIM. ʉʠʣʦʚʘʷ ʯʘʩʪʴ ʤʦʜʝʣʠ 

ʙʳʣʘ ʧʝʨʝʥʝʩʝʥʘ ʠʟ Matlab Simulink ʚ PSIM ʠ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʜʚʘ 

ʥʝʟʘʚʠʩʠʤʳʭ ʤʦʜʫʣʷ ʥʘ ʨʘʜʠʘʪʦʨʝ, ʪʝʤʧʝʨʘʪʫʨʘ ʢʦʪʦʨʦʛʦ ʬʠʢʩʠʨʦʚʘʥʘ ʥʘ 

ʫʨʦʚʥʝ 80 ÁC. ʄʦʜʫʣʴ ʚʳʧʦʣʥʝʥ ʩ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʥʝʩʸʥʥʦʡ ʪʝʨʤʦʧʘʩʪʦʡ ʠ 

ʧʘʨʘʤʝʪʨʳ ʪʝʧʣʦʚʳʭ ʩʦʧʨʦʪʠʚʣʝʥʠʡ ʜʘʥʳ ʩ ʫʯʸʪʦʤ ʝʸ ʩʦʧʨʦʪʠʚʣʝʥʠʷ. ɼʣʷ 

ʩʦʚʤʝʩʪʠʤʦʩʪʠ ʩ ʤʦʜʫʣʷʤʠ ʙʝʟ ʥʘʥʝʩʸʥʥʦʡ ʪʝʨʤʦʧʘʩʪʳ ʚ ʤʦʜʝʣʠ 

ʧʨʝʜʫʩʤʦʪʨʝʥʦ ʪʝʧʣʦʚʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ, ʥʦ ʜʣʷ ʜʘʥʥʦʛʦ ʨʘʩʯʸʪʘ ʦʥʦ ʨʘʚʥʦ 

ʥʫʣʶ.  

ʉʪʨʫʢʪʫʨʘ ʪʝʧʣʦʚʦʡ ʤʦʜʝʣʠ ʚ PSIM ʧʨʝʜʩʪʘʚʣʝʥʘ ʥʘ ʨʠʩ. 3.14. ʊʝʧʣʦʚʘʷ 

ʤʦʜʝʣʴ ʚʳʧʦʣʥʝʥʘ ʜʣʷ ʩʪʘʪʠʯʝʩʢʦʛʦ ʨʝʞʠʤʘ ʨʘʙʦʪʳ ʠ ʥʝ ʩʦʜʝʨʞʠʪ ʵʣʝʤʝʥʪʳ, 

ʩʧʦʩʦʙʥʳʝ ʥʘʢʘʧʣʠʚʘʪʴ ʪʝʧʣʦ.  

ɺʳʙʦʨ ʩʠʣʦʚʦʛʦ ʤʦʜʫʣʷ ʧʨʦʚʦʜʠʣʩʷ ʜʣʷ ʩʭʝʤʳ ʦʜʥʦʬʘʟʥʦʛʦ ʤʦʩʪʦʚʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩ ʥʘʧʨʷʞʝʥʠʝʤ ɿʇʊ 1000 ɺ, ʪʦʢʦʤ 1100 ɸ ʠ ʜʣʷ ʯʘʩʪʦʪʳ 

ʢʦʤʤʫʪʘʮʠʠ ʢʘʞʜʦʡ ʷʯʝʡʢʠ 2 ʢɻʮ. ʅʘ ʨʠʩʫʥʢʝ ʨʠʩ. 3.15 ʧʦʢʘʟʘʥ ʨʝʟʫʣʴʪʘʪ 
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ʪʝʧʣʦʚʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʚ PSIM ʜʣʷ ʚʳʙʨʘʥʥʦʛʦ ʩʠʣʦʚʦʛʦ ʤʦʜʫʣʷ Infineon 

FF1800R17IP5P, ʧʨʝʜʩʪʘʚʣʷʶʱʠʡ ʩʦʙʦʡ ʧʦʣʫʤʦʩʪ, ʩ ʥʦʤʠʥʘʣʴʥʳʤ ʪʦʢʦʤ 

1800 ɸ. ɼʘʥʥʳʡ ʤʦʜʫʣʴ ʙʳʣ ʚʳʙʨʘʥ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʤʠʥʠʤʘʣʴʥʳʭ ʧʦʪʝʨʴ ʧʦ 

ʩʨʘʚʥʝʥʠʶ ʩ ʜʨʫʛʠʤʠ ʤʦʜʫʣʷʤʠ, ʪʘʢʠʤʠ ʢʘʢ FF1400R17IP4P ʠ ʦʪʝʯʝʩʪʚʝʥʥʳʤ 

ʤʦʜʫʣʝʤ MIXM-HB17FA-1300N Cu. 

           ˾ ͙͊͒͊ͭͦͪ
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ʈʠʩ.3.14 ʉʪʨʫʢʪʫʨʘ ʪʝʧʣʦʚʦʡ ʤʦʜʝʣʠ ʩʠʣʦʚʦʛʦ ʤʦʜʫʣʷ ʚ PSIM (RDðʪʝʧʣʦʚʦʝ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʜʠʦʜʦʚ ʩʠʣʦʚʦʛʦ ʤʦʜʫʣʷ, RQðʪʝʧʣʦʚʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ IGBT-ʪʨʘʥʟʠʩʪʦʨʦʚ 

ʩʠʣʦʚʦʛʦ ʤʦʜʫʣʷ, Rʊʇðʪʝʧʣʦʚʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʪʝʨʤʦʧʘʩʪʳ 

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʐʀʄ ʩ ʯʝʨʝʜʫʶʱʠʡʩʷ ʷʯʝʡʢʦʡ ʦʩʫʱʝʩʪʚʣʷʝʪ 

ʨʘʚʥʦʤʝʨʥʦʝ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʨʴ ʤʝʞʜʫ ʩʪʦʡʢʘʤʠ ʉʗ (ʧ. 2.1). ʅʘ ʈʠʩ.3.15ʛ 

ʚʠʜʥʦ, ʯʪʦ ʩʫʤʤʘʨʥʘʷ ʚʝʣʠʯʠʥʘ ʧʦʪʝʨʴ ʧʨʘʚʦʡ ʠ ʣʝʚʦʡ ʩʪʦʡʢʠ ʨʘʚʥʳ ʠ 

ʩʦʩʪʘʚʣʷʝʪ 2200 ɺʪ.  

ʇʦʪʝʨʠ, ʧʦʣʫʯʝʥʥʳʝ ʚ ʤʦʜʝʣʠ PSIM, ʠʩʧʦʣʴʟʫʶʪʩʷ ʜʣʷ ʦʮʝʥʢʠ 

ʪʝʤʧʝʨʘʪʫʨ ʧʦʜ ʤʦʜʫʣʷʤʠ ʚ ʪʝʧʣʦʚʦʡ ʤʦʜʝʣʠ ʨʘʜʠʘʪʦʨʘ. ɼʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʪʝʧʣʦʚʦʡ ʤʦʜʝʣʠ ʨʘʜʠʘʪʦʨʘ ʙʳʣ ʚʳʙʨʘʥ ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʈʘʜʠʘʪʦʨ 

ʨʘʩʩʯʠʪʘʥ ʥʘ ʫʩʪʘʥʦʚʢʫ ʚʝʥʪʠʣʷʪʦʨʦʚ ʨʘʟʤʝʨʦʤ 120 ʤʤ, ʯʪʦ ʧʨʠ ʰʠʨʠʥʝ 480 ʤʤ 

ʜʘʸʪ 4 ʚʝʥʪʠʣʷʪʦʨʘ ʚ ʨʷʜ. ʉʢʦʨʦʩʪʴ ʧʦʪʦʢʘ ʚʦʟʜʫʭʘ ʦʪ ʩʠʩʪʝʤʳ ʦʭʣʘʞʜʝʥʠʷ 5 

ʤ/ʩ. ʂʦʥʩʪʨʫʢʮʠʷ ʩʠʣʦʚʳʭ ʵʣʝʢʪʨʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ ʩ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤ 

ʦʭʣʘʞʜʝʥʠʝʤ ʩʠʣʦʚʳʭ ʤʦʜʫʣʝʡ ʠʤʝʝʪ ʥʝʜʦʩʪʘʪʦʢ, ʩʚʷʟʘʥʥʳʡ ʩ ʥʝʨʘʚʥʦʤʝʨʥʳʤ 

ʥʘʛʨʝʚʦʤ ʩʠʣʦʚʳʭ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ. ʈʘʜʠʘʪʦʨ ʧʦʜ ʚʪʦʨʳʤ ʤʦʜʫʣʝʤ 

ʦʭʣʘʞʜʘʝʪʩʷ ʙʦʣʝʝ ʪʸʧʣʳʤ ʚʦʟʜʫʭʦʤ, ʠ ʪʝʤʧʝʨʘʪʫʨʘ ʚʪʦʨʦʛʦ ʩʠʣʦʚʦʛʦ ʤʦʜʫʣʷ 

ʧʨʠ ʧʨʦʯʠʭ ʨʘʚʥʳʭ ʫʩʣʦʚʠʷʭ ʧʦ ʫʧʨʘʚʣʝʥʠʶ ʦʢʘʟʳʚʘʝʪʩʷ ʚʳʰʝ. ʈʘʟʥʠʮʘ 

ʪʝʤʧʝʨʘʪʫʨ ʤʝʞʜʫ ʥʠʞʥʠʤ ʠ ʚʝʨʭʥʠʤ ʤʦʜʫʣʝʤ ʩʦʩʪʘʚʣʷʝʪ 10ÁC. 



62 

 

ʚʨʝʤʷ (ʩ)

0

-200

200

400

600

800

1000

PʧʨD PʧʨQ PʢD PʢQ

0

-200

200

400

600

800

1000

PʧʨD_2 PʧʨQ_2 PʢD_2 PʢQ_2

0

-500

500

1000

1500

2000

2500

Pʩʫʤ

0 0.02 0.04 0.06 0.08 0.1

75

80

85

90

95

100

105

TD TD_2 TQ TQ_2

Pʩʫʤ_2

ʘ)

ʙ)

ʚ)

ʛ)

 

ʈʠʩ.3.15 ʄʦʱʥʦʩʪʴ ʧʦʪʝʨ ɹʠ ʪʝʤʧʝʨʘʪʫʨʳ ʪʨʘʥʟʠʩʪʦʨʦʚ ʠ ʜʠʦʜʦʚ IGBT ʤʦʜʫʣʝʡ ʷʯʝʡʢʠ ʩʦ 

ʩʪʘʥʜʘʨʪʥʳʤ ʘʣʛʦʨʠʪʤʦʤ ʐʀʄ ʠ ʦʜʠʥʘʢʦʚʳʤʠ ʧʦʪʝʨʷʤʠ ʚ ʩʠʣʦʚʳʭ ʤʦʜʫʣʷʭ ʘ ð ʧʝʨʚʳʡ 

ʤʦʜʫʣʴ (PʧʨD ð ʧʦʪʝʨʠ ʜʠʦʜʘ ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ, PʧʨQ ð ʧʦʪʝʨʠ ʪʨʘʥʟʠʩʪʦʨʘ ʥʘ 

ʧʨʦʚʦʜʠʤʦʩʪʴ, PʢD ð ʢʦʤʤʫʪʘʮʠʦʥʥʳʝ ʧʦʪʝʨʠ ʜʠʦʜʘ, PʢQ ð ʢʦʤʤʫʪʘʮʠʦʥʥʳʝ ʧʦʪʝʨʠ 

ʪʨʘʟʠʩʪʦʨʘ), ʙ ð ʚʪʦʨʦʡ ʤʦʜʫʣʴ(PʧʨD2 ð ʧʦʪʝʨʠ ʜʠʦʜʘ ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ, PʧʨQ2 ð ʧʦʪʝʨʠ 

ʪʨʘʥʟʠʩʪʦʨʘ ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ, PʢD2 ð ʢʦʤʤʫʪʘʮʠʦʥʥʳʝ ʧʦʪʝʨʠ ʜʠʦʜʘ, 

PʢQ_2 ð ʢʦʤʤʫʪʘʮʠʦʥʥʳʝ ʧʦʪʝʨʠ ʪʨʘʥʟʠʩʪʦʨʘ), ʚ ð ʩʫʤʤʘʨʥʳʝ ʧʦʪʝʨʠ ʤʦʜʫʣʝʡ (Pʩʫʤ, 

Pʩʫʤ_2), ʛ ð TD, TD_2 ð ʪʝʤʧʝʨʘʪʫʨʳ, TQ, TQ_2 ð ʪʝʤʧʝʨʘʫʪʨʳ ʪʨʘʥʟʠʩʪʦʨʦʚ 
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ʈʠʩ.3.16 ʈʝʟʫʣʴʪʘʪʳ ʪʝʧʣʦʚʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʜʠʘʪʦʨʘ ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ 
ʜʚʫʤʷ ʩʠʣʦʚʳʤʠ ʤʦʜʫʣʷʤʠ ʧʨʠ ʨʘʚʥʦʤʝʨʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʧʦʪʝʨʴ 

3.4.2 ɸʣʛʦʨʠʪʤ ʚʳʨʘʚʥʠʚʘʥʠʷ ʪʝʤʧʝʨʘʪʫʨ ʩʠʣʦʚʳʭ ʤʦʜʫʣʝʡ ʷʯʝʡʢʠ 

ʥʠʟʢʦʚʦʣʴʪʥʦʡ ʷʯʝʡʢʠ 

ʉʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʷʯʝʡʢʦʡ ʜʦʣʞʥʘ ʦʙʝʩʧʝʯʠʪʴ ʨʘʚʝʥʩʪʚʦ ʪʝʤʧʝʨʘʪʫʨ 

ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ, ʯʪʦʙʳ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʨʘʙʦʯʝʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʠ ʤʘʢʩʠʤʘʣʴʥʦ 

ʜʦʧʫʩʪʠʤʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ ʧʝʨʝʭʦʜʘ ʙʳʣʘ ʥʘʠʙʦʣʴʰʝʡ. ʇʦʵʪʦʤʫ ʘʣʛʦʨʠʪʤ 

ʐʀʄ ʜʦʣʞʝʥ ʙʳʪʴ ʠʟʤʝʥʝʥ ʩ ʮʝʣʴʶ ʤʠʥʠʤʠʟʘʮʠʠ ʧʦʪʝʨʴ ʥʘ ʧʝʨʝʢʣʶʯʝʥʠʝ ʚ 

ʦʜʥʦʤ ʠʟ ʩʠʣʦʚʳʭ ʤʦʜʫʣʝʡ. ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʘʣʛʦʨʠʪʤ ʐʀʄ ʦʙʝʩʧʝʯʠʚʘʶʪ 

ʨʘʚʥʦʝ ʢʦʣʠʯʝʩʪʚʦ ʢʦʤʤʫʪʘʮʠʡ ʢʣʶʯʝʡ ʷʯʝʡʢʠ ʥʘ ʧʝʨʠʦʜʝ ʐʀʄ. ʕʪʦ ʜʝʣʘʝʪʩʷ 

ʜʣʷ ʦʙʝʩʧʝʯʝʥʠʷ ʨʘʚʥʦʤʝʨʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʨʴ ʤʝʞʜʫ ʵʣʝʤʝʥʪʘʤʠ 

ʷʯʝʡʢʠ. ʆʜʥʘʢʦ, ʝʩʣʠ ʩʠʣʦʚʳʝ ʤʦʜʫʣʠ ʠʤʝʶʪ ʨʘʟʣʠʯʥʳʝ ʫʩʣʦʚʠʷ ʦʭʣʘʞʜʝʥʠʷ 

(ʨʠʩ. 3.16), ʪʦ ʥʝʦʙʭʦʜʠʤ ʘʣʛʦʨʠʪʤ ʫʧʨʘʚʣʝʥʠʷ, ʢʦʪʦʨʳʡ ʙʫʜʝʪ ʨʝʛʫʣʠʨʦʚʘʪʴ 

ʩʦʦʪʥʦʰʝʥʠʝ ʢʦʤʤʫʪʘʮʠʡ ʤʝʞʜʫ ʣʝʚʦʡ ʠ ʧʨʘʚʦʡ ʩʪʦʡʢʦʡ ʧʨʠ ʬʦʨʤʠʨʦʚʘʥʠʠ 

ʥʫʣʝʚʦʛʦ ʚʳʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʷʯʝʡʢʠ. 

ʇʘʜʝʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʜʠʦʜʝ ʤʝʥʴʰʝ, ʯʝʤ ʥʘ ʪʨʘʥʟʠʩʪʦʨʝ ʧʨʠ 

ʦʜʠʥʘʢʦʚʦʤ ʪʦʢʝ. ʆʜʥʘʢʦ ʨʘʟʥʠʮʘ ʥʝ ʪʘʢ ʚʝʣʠʢʘ ʠ ʩʦʩʪʘʚʣʷʝʪ ʦʢʦʣʦ 20 %, ʘ 



64 

 

ʧʦʪʝʨʠ ʧʨʠ ʧʝʨʝʢʣʶʯʝʥʠʠ ʩʨʘʚʥʠʤʳ ʩ ʧʦʪʝʨʷʤʠ ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ ʜʣʷ ʐʀʄ 

2 ʢɻʮ ʧʨʠ ʥʦʤʠʥʘʣʴʥʦʤ ʪʦʢʝ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʦʞʥʦ ʩʢʘʟʘʪʴ, ʯʪʦ ʧʦʪʝʨʠ ʥʘ 

ʧʝʨʝʢʣʶʯʝʥʠʝ ʧʨʝʦʙʣʘʜʘʶʪ ʠ ʦʧʨʝʜʝʣʷʶʪ ʪʝʧʣʦʚʦʝ ʩʦʩʪʦʷʥʠʝ ʩʠʣʦʚʦʛʦ ʤʦʜʫʣʷ 

ʧʨʠ ʚʳʙʦʨʝ ʩʧʦʩʦʙʘ ʧʝʨʝʢʣʶʯʝʥʠʷ ʤʝʞʜʫ ʧʦʣʦʞʠʪʝʣʴʥʳʤ ʠ ʥʫʣʝʚʳʤ 

ʥʘʧʨʷʞʝʥʠʝʤ. ɸʥʘʣʦʛʠʯʥʳʝ ʚʳʚʦʜʳ ʤʦʛʫʪ ʙʳʪʴ ʩʜʝʣʘʥʳ ʜʣʷ ʩʣʫʯʘʷ 

ʧʝʨʝʢʣʶʯʝʥʠʷ ʤʝʞʜʫ ʦʪʨʠʮʘʪʝʣʴʥʳʤ ʠ ʥʫʣʝʚʳʤ ʚʳʭʦʜʥʳʤ ʥʘʧʨʷʞʝʥʠʝʤ ʠ ʜʣʷ 

ʨʘʟʣʠʯʥʳʭ ʥʘʧʨʘʚʣʝʥʠʡ ʧʨʦʪʝʢʘʥʠʷ ʪʦʢʘ. 

ʇʨʠ ʨʘʚʥʦʤʝʨʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʧʝʨʝʢʣʶʯʝʥʠʡ ʧʨʘʚʦʡ ʠ ʣʝʚʦʡ ʩʪʦʡʢʠ 

ʪʦʢʠ ʯʝʨʝʟ ʢʣʶʯʠ ʠ ʜʠʦʜʳ ʩʠʣʦʚʦʛʦ ʤʦʜʫʣʷ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 3.17. 
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ʈʠʩ.3.17 ʊʦʢʠ ʷʯʝʡʢʠ ʧʨʠ ʫʧʨʘʚʣʝʥʠʠ ʩ ʚʳʨʘʚʥʠʚʘʥʠʝʤ ʧʦʪʝʨʴ. ʘ ð ʪʦʢʠ, ʧʨʦʪʝʢʘʶʱʠʝ 

ʯʝʨʝʟ ʪʨʘʥʟʠʩʪʦʨʳ (iQ1, iQ2, iQ3, iQ4), ʙ ð ʪʦʢ ɿʇʊ (iɿʇʊ), ʚ ð ʪʦʢʠ, ʧʨʦʪʝʢʘʶʱʠʝ ʯʝʨʝʟ ʜʠʦʜʳ 

(iD1, iD2, iD3, iD4) 

ʊʝʧʣʦʚʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʨʘʜʠʘʪʦʨʘ ʤʝʞʜʫ ʦʜʥʠʤ ʤʦʜʫʣʝʤ ʠ ʦʢʨʫʞʘʶʱʝʡ 

ʩʨʝʜʦʡ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʧʦ ʧʦʚʳʰʝʥʠʶ ʪʝʤʧʝʨʘʪʫʨʳ ʧʝʨʚʦʛʦ ʤʦʜʫʣʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʟʜʫʭʘ ʠ ʚʝʣʠʯʠʥʝ ʧʦʪʝʨʴ, ʧʨʦʠʟʚʦʜʠʤʳʭ ʢʘʞʜʳʤ 

ʤʦʜʫʣʝʤ: 

 ʨʘʜ1 ʚ

ʨʘʜ-ʚ

70,4 20,0 ʂ
0,023 ,

2200 ɺʪ

�W �� �W ��
� � � 

�'
R

P
 (3.1) 

ʛʜʝ ʨʘʜ1�W  ð ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʜ ʧʝʨʚʳʤ ʤʦʜʫʣʝʤ, ʚ�W ð ʪʝʤʧʝʨʘʪʫʨʘ ʚʦʟʜʫʭʘ 

ʦʢʨʫʞʘʶʱʝʡ ʩʨʝʜʳ, ʠ �'P ð ʧʦʪʝʨʠ ʦʜʥʦʛʦ ʤʦʜʫʣʷ. 
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ɺʦʟʜʫʭ ʥʘʛʨʝʚʘʝʪʩʷ ʧʦʜ ʧʝʨʚʳʤ ʤʦʜʫʣʝʤ ʠ ʧʨʠʨʘʱʝʥʠʝ ʝʛʦ ʪʝʤʧʝʨʘʪʫʨʳ 

ʧʨʠ ʟʘʜʘʥʥʦʤ ʨʘʩʭʦʜʝ ʚʦʟʜʫʭʘ ʤʦʞʥʦ ʦʮʝʥʠʪʴ ʧʫʪʝʤ ʘʥʘʣʠʟʘ ʨʘʟʥʦʩʪʠ 

ʪʝʤʧʝʨʘʪʫʨ ʤʦʜʫʣʝʡ. ʂʦʵʬʬʠʮʠʝʥʪ ʧʦʚʳʰʝʥʠʷ ʪʝʤʧʝʨʘʪʫʨʳ ʚʦʟʜʫʭʘ ʤʦʞʥʦ 

ʨʘʩʩʯʠʪʘʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ:  

 ʨʘʜ2 ʨʘʜ1

ʚ

80,13 70,38 ʂ
0,00443 ,

2200 ɺʪ

�W �� �W ��
� � � 

�'
k

P
 (3.2)  

ʛʜʝ ʨʘʜ2�W  ð ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʜ ʚʪʦʨʳʤ ʤʦʜʫʣʝʤ. 

ɼʣʷ ʧʦʣʫʯʝʥʥʳʭ ʧʦʪʝʨʴ ʚ ʧʝʨʚʦʤ ʤʦʜʫʣʝ 1�' P  ʠ ʚʦ ʚʪʦʨʦʤ ʤʦʜʫʣʝ 2�' P  

ʪʝʤʧʝʨʘʪʫʨʳ ʤʦʜʫʣʝʡ ʤʦʛʫʪ ʙʳʪʴ ʦʮʝʥʝʥʳ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

 
ʨʘʜ1 ʚ ʨʘʜ-ʚ 1

ʨʘʜ2 ʚ ʚ 1 ʨʘʜ-ʚ 2

;

.

�W � �W �� �' �½�°
�¾

�W � �W �� �' �� �'�°�¿

R P

k P R P
 (3.3) 

ʅʘ ʨʠʩ. 3.18 ʧʦʢʘʟʘʥʳ ʪʦʢʠ ʷʯʝʡʢʠ ʜʣʷ ʩʣʫʯʘʷ, ʢʦʛʜʘ ʯʠʩʣʦ ʢʦʤʤʫʪʘʮʠʡ 

ʦʜʥʦʡ ʠʟ ʩʪʦʝʢ ʤʘʢʩʠʤʘʣʴʥʦʝ. ʇʨʠ ʵʪʦʤ ʧʦʪʝʨʠ ʷʯʝʡʢʠ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 3.19. 

ʄʘʢʩʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʦʜʥʦʛʦ ʜʠʦʜʘ ʩʦʩʪʘʚʣʷʝʪ 108 ÁC, ʘ ʪʝʤʧʝʨʘʪʫʨʘ 

ʜʠʦʜʘ ʜʨʫʛʦʛʦ ʩʠʣʦʚʦʛʦ ʤʦʜʫʣʷ ð 95 ÁC. ʆʙʱʠʝ ʧʦʪʝʨʠ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ 

ʩʠʣʦʚʳʭ ʤʦʜʫʣʝʡ ʩʦʩʪʘʚʣʷʶʪ 3200 ʠ 1200 ɺʪ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ.  
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ʈʠʩ.3.18 ʊʦʢʠ ʷʯʝʡʢʠ ʧʨʠ ʫʧʨʘʚʣʝʥʠʠ ʩ ʤʘʢʩʠʤʘʣʴʥʳʤ ʯʠʩʣʦʤ ʢʦʤʤʫʪʘʮʠʡ ʚ ʦʜʥʦʡ ʠʟ 

ʩʪʦʝʢ. ʘ ð ʪʦʢʠ, ʧʨʦʪʝʢʘʶʱʠʝ ʯʝʨʝʟ ʪʨʘʥʟʠʩʪʦʨʳ (iQ1, iQ2, iQ3, iQ4), ʙ ð ʪʦʢ ɿʇʊ 

(iɿʇʊ),  ð ʪʦʢʠ, ʧʨʦʪʝʢʘʶʱʠʝ ʯʝʨʝʟ ʜʠʦʜʳ (iD1, iD2, iD3, iD4) 
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ʈʠʩ.3.19 ʄʦʱʥʦʩʪʴ ʧʦʪʝʨ ɹʠ ʪʝʤʧʝʨʘʪʫʨʳ ʪʨʘʥʟʠʩʪʦʨʦʚ ʠ ʜʠʦʜʦʚ IGBT ʤʦʜʫʣʝʡ ʷʯʝʡʢʠ, 

ʢʦʛʜʘ ʧʨʠʤʝʥʝʥ ʘʣʛʦʨʠʪʤ ʤʠʥʠʤʠʟʘʮʠʠ ʧʦʪʝʨʴ ʚʦ ʚʪʦʨʦʤ ʤʦʜʫʣʝ ʘ ð ʧʝʨʚʳʡ ʤʦʜʫʣʴ (PʧʨD 

ð ʧʦʪʝʨʠ ʜʠʦʜʘ ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ, PʧʨQ ð ʧʦʪʝʨʠ ʪʨʘʥʟʠʩʪʦʨʘ ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ, 

PʢD ð ʢʦʤʤʫʪʘʮʠʦʥʥʳʝ ʧʦʪʝʨʠ ʜʠʦʜʘ, PʢQ ð ʢʦʤʤʫʪʘʮʠʦʥʥʳʝ ʧʦʪʝʨʠ ʪʨʘʟʠʩʪʦʨʘ), 

ʙ ð ʚʪʦʨʦʡ ʤʦʜʫʣʴ(PʧʨD_2 ð ʧʦʪʝʨʠ ʜʠʦʜʘ ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ, PʧʨQ_2 ð ʧʦʪʝʨʠ ʪʨʘʥʟʠʩʪʦʨʘ 

ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ, PʢD_2 ð ʢʦʤʤʫʪʘʮʠʦʥʥʳʝ ʧʦʪʝʨʠ ʜʠʦʜʘ, PʢQ_2 ð ʢʦʤʤʫʪʘʮʠʦʥʥʳʝ ʧʦʪʝʨʠ 

ʪʨʘʥʟʠʩʪʦʨʘ), ʚ ð ʩʫʤʤʘʨʥʳʝ ʧʦʪʝʨʠ ʤʦʜʫʣʝʡ (Pʩʫʤ, Pʩʫʤ_2), ʛ ð TD, TD_2 ð ʪʝʤʧʝʨʘʪʫʨʳ, 

TQ, TQ_2 ð ʪʝʤʧʝʨʘʫʪʨʳ ʪʨʘʥʟʠʩʪʦʨʦʚ 
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ɸʣʛʦʨʠʪʤ ʜʦʣʞʝʥ ʚʳʨʘʚʥʠʚʘʪʴ ʪʝʤʧʝʨʘʪʫʨʳ ʪʦʣʴʢʦ ʧʨʠ ʚʳʩʦʢʠʭ 

ʟʥʘʯʝʥʠʷʭ ʧʨʦʪʝʢʘʶʱʝʛʦ ʪʦʢʘ, ʢʦʛʜʘ ʨʘʟʥʠʮʘ ʤʝʞʜʫ ʬʘʢʪʠʯʝʩʢʦʡ ʪʝʤʧʝʨʘʪʫʨʦʡ 

ʢʨʝʤʥʠʷ ʠ ʤʘʢʩʠʤʘʣʴʥʦ ʜʦʧʫʩʪʠʤʦʡ ʥʝʚʝʣʠʢʘ. ɺ ʦʩʪʘʣʴʥʳʭ ʩʣʫʯʘʷʭ ʪʦʯʥʦʝ 

ʚʳʨʘʚʥʠʚʘʥʠʝ ʥʝ ʪʨʝʙʫʝʪʩʷ. ɼʣʷ ʦʮʝʥʢʠ ʪʝʧʣʦʚʦʛʦ ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʜʠʦʜʘ 

ʩʣʝʜʫʝʪ ʨʘʩʩʤʦʪʨʝʪʴ ʜʚʘ ʘʣʛʦʨʠʪʤʘ ʐʀʄ. ʇʝʨʚʳʡ ʘʣʛʦʨʠʪʤ ʈʠʩ.3.15, ʢʦʛʜʘ 

ʤʘʢʩʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʢʨʝʤʥʠʷ (ʜʠʦʜʘ) 101 ÁC. ʆʙʱʠʝ ʧʦʪʝʨʠ ʜʣʷ ʦʜʥʦʛʦ 

ʤʦʜʫʣʷ ʩʦʩʪʘʚʣʷʶʪ 2200 ɺʪ. ɺʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʠʟ ʈʠʩ.3.19 ʤʘʢʩʠʤʘʣʴʥʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ ʢʨʝʤʥʠʷ ʩʦʩʪʘʚʣʷʝʪ 108 ÁC, ʘ ʪʝʤʧʝʨʘʪʫʨʘ ʜʠʦʜʘ ʜʨʫʛʦʛʦ ʩʠʣʦʚʦʛʦ 

ʤʦʜʫʣʷ ð 95 ÁC. ʆʙʱʠʝ ʧʦʪʝʨʠ ʧʝʨʚʦʛʦ ʠ ʚʪʦʨʦʛʦ ʩʠʣʦʚʳʭ ʤʦʜʫʣʝʡ ʩʦʩʪʘʚʣʷʶʪ 

3200 ʠ 1200 ɺʪ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʊʝʤʧʝʨʘʪʫʨʘ ʨʘʜʠʘʪʦʨʘ ʫʩʪʘʥʦʚʣʝʥʘ 80 ÁC ʜʣʷ 

ʦʙʦʠʭ ʵʢʩʧʝʨʠʤʝʥʪʦʚ. 

ʊʝʤʧʝʨʘʪʫʨʘ ʜʠʦʜʘ ʤʦʞʝʪ ʙʳʪʴ ʦʮʝʥʝʥʘ ʩ ʧʦʤʦʱʴʶ ʦʮʝʥʢʠ ʪʝʧʣʦʚʦʛʦ 

ʩʦʧʨʦʪʠʚʣʝʥʠʷ ʜʠʦʜʘ: 
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R
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 (3.4) 

ʊʝʤʧʝʨʘʪʫʨʳ ʜʠʦʜʦʚ ʤʦʛʫʪ ʙʳʪʴ ʨʘʩʩʯʠʪʘʥʳ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 
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1 ʨʘʜ1 _ʩʨ 1

2 ʨʘʜ2 _ʩʨ 2

;

,
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�¾

�W � �W �� �W �� �' �� �' �°�¿

D D D

D D D
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P P R
 (3.5) 

ʛʜʝ ŰD_ʩʨ ð ʧʨʝʚʳʰʝʥʠʝ ʪʝʤʧʝʨʘʪʫʨʳ ʜʠʦʜʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʨʝʜʥʝʡ ʪʝʤʧʝʨʘʪʫʨ r

ŰD_min ʠ ŰD_max ʠ ʪʝʤʧʝʨʘʪʫʨʦʡ ʨʘʜʠʘʪʦʨʘ.  

ʇʦʜʩʪʘʚʣʷʷ 

 
ʨʘʜ1 ʚ ʨʘʜ-ʚ 1

ʨʘʜ2 ʚ ʚ 1 ʨʘʜ-ʚ 2

;

.
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R P

k P R P
 (3.3)  

ʚ 
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1 ʨʘʜ1 _ʩʨ 1

2 ʨʘʜ2 _ʩʨ 2

;

,

�W � �W �� �W �� �' �� �' �½�°
�¾

�W � �W �� �W �� �' �� �' �°�¿

D D D

D D D

P P R

P P R
 (3.5)  

ʫʯʠʪʳʚʘʷ, ʯʪʦ 

 1 2 2 ,�' �� �' � �'P P P  (3.6) 

ʠ ʪʝʤʧʝʨʘʪʫʨʳ ʜʠʦʜʦʚ ʜʦʣʞʥʳ ʙʳʪʴ ʨʘʚʥʳ ʤʦʞʥʦ ʥʘʡʪʠ ʪʨʝʙʫʝʤʳʝ ʧʦʪʝʨʠ: 
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1

ʨʘʜ-ʚ ʚ

2 1

2 2
2380ɺʪ;

2 2

2 2020ɺʪ.
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 (3.7) 

 

ʇʦʣʫʯʝʥʥʦʝ ʩʦʦʪʥʦʰʝʥʠʝ ʧʦʪʝʨʴ ʤʦʞʝʪ ʙʳʪʴ ʜʦʩʪʠʛʥʫʪʦ, ʢʦʛʜʘ ʯʠʩʣʦ 

ʧʝʨʝʢʣʶʯʝʥʠʡ ʩʧʦʩʦʙʘ ʬʦʨʤʠʨʦʚʘʥʠʷ ʥʫʣʷ ʥʘ ʚʳʭʦʜʝ ʷʯʝʡʢʠ ʦʜʥʦʛʦ ʤʦʜʫʣʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʪʦʨʦʛʦ ʤʦʜʫʣʷ ʩʦʩʪʘʚʣʷʝʪ: 

 
1

1

2380 1200
59 %.

3200 1200

�' �� �' ��
� � � 

�' �� �' ��
min

max min

P P
p

P P
  (3.8) 

ɼʣʷ ʧʨʦʚʝʨʢʠ ʧʨʝʜʣʦʞʝʥʥʦʛʦ ʘʣʛʦʨʠʪʤʘ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ 

ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ ʥʝʨʘʚʥʦʤʝʨʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦʪʝʨʴ, 

ʦʮʝʥʝʥʥʳʤ ʧʦ (3.7). ʈʝʟʫʣʴʪʘʪʳ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 3.20. ʊʝʤʧʝʨʘʪʫʨʘ ʧʦʜ 

ʚʪʦʨʳʤ ʩʠʣʦʚʳʤ ʤʦʜʫʣʝʤ ʩʥʠʟʠʣʘʩʴ ʩ 80,13 ʜʦ 77,82 ʛʨʘʜʫʩʦʚ ʎʝʣʴʩʠʷ. ɿʘʪʝʤ 

ʵʪʠ ʪʝʤʧʝʨʘʪʫʨʳ ʧʦʜ ʩʠʣʦʚʳʤʠ ʤʦʜʫʣʷʤʠ ʙʳʣʠ ʫʩʪʘʥʦʚʣʝʥʳ ʚ PSIM-ʤʦʜʝʣʠ 

ʷʯʝʡʢʠ. ʊʝʤʧʝʨʘʪʫʨʘ ʜʠʦʜʦʚ ʚ ʫʩʪʘʥʦʚʠʚʰʝʤʩʷ ʩʦʩʪʦʷʥʠʠ ʚʳʨʦʚʥʷʣʘʩʴ ʠ 

ʜʦʩʪʠʛʣʘ 98 ʛʨʘʜʫʩʦʚ ʎʝʣʴʩʠʷ (ʨʠʩ. 3.20). ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʤʘʢʩʠʤʘʣʴʥʘʷ 

ʪʝʤʧʝʨʘʪʫʨʘ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʩʥʠʟʠʣʘʩʴ ʥʘ 10 C. 

 

ʈʠʩ.3.20 ʈʝʟʫʣʴʪʘʪʳ ʪʝʧʣʦʚʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʜʠʘʪʦʨʘ ʤʝʪʦʜʦʤ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ 
ʜʚʫʤʷ ʩʠʣʦʚʳʤʠ ʤʦʜʫʣʷʤʠ ʧʨʠ ʨʘʚʥʦʤʝʨʥʦʤ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʧʦʪʝʨʴ 
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ʈʠʩ.3.21 ʄʦʱʥʦʩʪʴ ʧʦʪʝʨ ɹʠ ʪʝʤʧʝʨʘʪʫʨʳ ʪʨʘʥʟʠʩʪʦʨʦʚ ʠ ʜʠʦʜʦʚ IGBT ʤʦʜʫʣʝʡ ʷʯʝʡʢʠ, 

ʢʦʛʜʘ ʧʨʠʤʝʥʝʥ ʘʣʛʦʨʠʪʤ ʩ ʥʝʨʘʚʥʦʤʝʨʥʳʤ ʨʘʩʧʨʝʜʝʣʝʥʠʝʤ ʧʦʪʝʨʴ ʜʣʷ ʚʳʨʘʚʥʠʚʘʥʠʷ 

ʪʝʤʧʝʨʘʪʫʨ ʘ ð ʧʝʨʚʳʡ ʤʦʜʫʣʴ (PʧʨD ð ʧʦʪʝʨʠ ʜʠʦʜʘ ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ, PʧʨQ ð ʧʦʪʝʨʠ 

ʪʨʘʥʟʠʩʪʦʨʘ ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ, PʢD ð ʢʦʤʤʫʪʘʮʠʦʥʥʳʝ ʧʦʪʝʨʠ ʜʠʦʜʘ, PʢQ ð 

ʢʦʤʤʫʪʘʮʠʦʥʥʳʝ ʧʦʪʝʨʠ ʪʨʘʥʟʠʩʪʦʨʘ), ʙ ð ʚʪʦʨʦʡ ʤʦʜʫʣʴ (PʧʨD_2 ð ʧʦʪʝʨʠ ʜʠʦʜʘ ʥʘ 

ʧʨʦʚʦʜʠʤʦʩʪʴ, PʧʨQ_2 ð ʧʦʪʝʨʠ ʪʨʘʥʟʠʩʪʦʨʘ ʥʘ ʧʨʦʚʦʜʠʤʦʩʪʴ, PʢD_2 ð ʢʦʤʤʫʪʘʮʠʦʥʥʳʝ 

ʧʦʪʝʨʠ ʜʠʦʜʘ, PʢQ_2 ð ʢʦʤʤʫʪʘʮʠʦʥʥʳʝ ʧʦʪʝʨʠ ʪʨʘʥʟʠʩʪʦʨʘ), ʚ ð ʩʫʤʤʘʨʥʳʝ ʧʦʪʝʨʠ 

ʤʦʜʫʣʝʡ (Pʩʫʤ, Pʩʫʤ_2), ʛ ð TD, TD_2ðʪʝʤʧʝʨʘʪʫʨʳ, TQ, TQ_2 ð ʪʝʤʧʝʨʘʪʫʨʳ ʪʨʘʥʟʠʩʪʦʨʦʚ 
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ʇʨʝʜʣʘʛʘʝʤʦʝ ʘʣʛʦʨʠʪʤʠʯʝʩʢʦʝ ʨʝʰʝʥʠʝ ʜʣʷ ʥʠʟʢʦʚʦʣʴʪʥʳʭ ʷʯʝʝʢ 

ʚʳʩʦʢʦʚʦʣʴʪʥʳʭ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʯʘʩʪʦʪʳ ʠʣʠ ʩʪʘʪʠʯʝʩʢʠʭ ʢʦʤʧʝʥʩʘʪʦʨʦʚ 

ʧʦʟʚʦʣʷʝʪ ʚʳʨʦʚʥʷʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʧʦʣʫʧʨʦʚʦʜʥʠʢʦʚ ʟʘ ʩʯʝʪ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ 

ʢʦʤʤʫʪʘʮʠʦʥʥʳʭ ʧʦʪʝʨʴ ʤʝʞʜʫ ʩʠʣʦʚʳʤʠ ʤʦʜʫʣʷʤʠ. ʇʨʝʜʣʦʞʝʥʥʦʝ ʨʝʰʝʥʠʝ 

ʥʝ ʪʨʝʙʫʝʪ ʩʧʝʮʠʘʣʴʥʳʭ ʩʨʝʜʩʪʚ ʠʟʤʝʨʝʥʠʡ ʜʣʷ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʧʦʪʝʨʴ ʠ ʧʨʦʩʪʦʝ 

ʚ ʧʣʘʥʝ ʨʝʘʣʠʟʘʮʠʠ. 

3.5 ʈʝʞʠʤʳ ʟʘʧʫʩʢʘ ʠ ʦʩʪʘʥʦʚʘ ʉʉʇʂ 

ʇʠʪʘʥʠʝ ʉʉʇʂ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʦʪ ʜʚʫʭ ʚʠʜʦʚ ʠʩʪʦʯʥʠʢʦʚ. ɻʣʘʚʥʳʡ 

ʢʦʥʪʨʦʣʣʝʨ (ɻʂ), ʫʧʨʘʚʣʷʶʱʠʡ ʧʦ ʦʧʪʠʯʝʩʢʠʤ ʢʘʥʘʣʘʤ ʩʚʷʟʠ ʥʠʟʢʦʚʦʣʴʪʥʳʤʠ 

ʷʯʝʡʢʘʤʠ ʧʦʣʫʯʘʝʪ ʧʠʪʘʥʠʝ ʦʪ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ ʪʦʢʘ (ʊɸ) (ʨʠʩ. 3.22), 

ʥʘʭʦʜʷʱʝʛʦʩʷ ʥʘ ʣʠʥʠʠ ʚʳʩʦʢʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʆʪ ʵʪʦʛʦ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ ʪʦʢʘ 

ʧʨʦʠʩʭʦʜʠʪ ʦʪʙʦʨ ʤʦʱʥʦʩʪʠ ʩ ʧʦʩʣʝʜʫʶʱʠʤ ʥʘʢʦʧʣʝʥʠʝʤ ʚ 

ʩʫʧʝʨʢʦʥʜʝʥʩʘʪʦʨʝ (ʉʂ). ʅʘʢʦʧʣʝʥʠʝ ʵʥʝʨʛʠʠ ʚ ʉʂ ʥʝʦʙʭʦʜʠʤʦ, ʯʪʦʙʳ ʩʜʝʣʘʪʴ 

ʩʠʩʪʝʤʫ ʘʚʪʦʥʦʤʥʦʡ ʥʘ ʚʨʝʤʷ, ʢʦʛʜʘ ʧʨʦʧʘʜʘʝʪ ʥʘʛʨʫʟʢʘ ʠ ʪʦʢ ʚ ʣʠʥʠʠ 

ʩʪʘʥʦʚʠʪʩʷ ʨʘʚʥʳʤ ʥʫʣʶ ʠʣʠ ʦʥ ʩʣʠʰʢʦʤ ʤʘʣ, ʯʪʦʙʳ ʧʦʜʜʝʨʞʠʚʘʪʴ ʨʘʙʦʪʫ 

ʉʉʇʂ. ʂʨʦʤʝ ʪʦʛʦ, ʟʘʧʘʩ ʵʥʝʨʛʠʠ ʙʫʜʝʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ ʜʣʷ ʚʟʚʦʜʘ ʟʘʱʠʪʥʦʛʦ 

ʢʦʥʪʘʢʪʦʨʘ (ʂʄ) ʠ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ʟʘʱʠʪʥʳʤʠ ʪʠʨʠʩʪʦʨʘʤʠ (VS1ïVS4). 

ʂʦʛʜʘ ʛʣʘʚʥʳʡ ʢʦʥʪʨʦʣʣʝʨ ʧʦʣʫʯʘʝʪ ʧʠʪʘʥʠʝ, ʦʥ ʧʨʦʠʟʚʦʜʠʪ ʟʘʨʷʜ ʉʂ. 

ʂʦʛʜʘ ʉʂ ʟʘʨʷʞʝʥ, ʧʨʦʠʟʚʦʜʠʪʩʷ ʦʜʥʦʚʨʝʤʝʥʥʦʝ ʚʢʣʶʯʝʥʠʝ ʚʩʝʭ ʟʘʱʠʪʥʳʭ 

ʪʠʨʠʩʪʦʨʦʚ, ʘ ʧʦʪʦʤ ʨʘʟʤʳʢʘʥʠʝ ʟʘʱʠʪʥʦʛʦ ʢʦʥʪʘʢʪʦʨʘ. ʇʦʩʣʝ ʵʪʦʛʦ ʤʦʞʥʦ 

ʥʘʯʘʪʴ ʟʘʨʷʜ ʩʠʣʦʚʳʭ ʷʯʝʝʢ. ʕʪʦ ʜʝʣʘʝʪʩʷ ʧʫʪʸʤ ʦʪʧʠʨʘʥʠʷ ʟʘʱʠʪʥʳʭ 

ʪʠʨʠʩʪʦʨʦʚ ʩ ʟʘʧʘʟʜʳʚʘʥʠʝʤ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʘʯʘʣʘ ʧʦʣʫʚʦʣʥʳ ʪʦʢʘ ʩʝʪʠ, 

ʠʟʤʝʨʷʶʱʝʛʦʩʷ ɻʂ. ʋʛʦʣ ʦʪʧʠʨʘʥʠʷ ʜʝʣʘʝʪʩʷ ʥʝʙʦʣʴʰʠʤ, ʯʪʦʙʳ ʟʘʨʷʜ 

ʢʦʥʜʝʥʩʘʪʦʨʦʚ ʷʯʝʝʢ ʧʨʦʠʩʭʦʜʠʣ ʟʘ ʚʨʝʤʷ ʥʝ ʙʳʩʪʨʝʝ 5 ʩʝʢʫʥʜ. ɿʘ ʵʪʦ ʚʨʝʤʷ 

ʧʨʦʠʩʭʦʜʠʪ ʚʢʣʶʯʝʥʠʝ ʠʩʪʦʯʥʠʢʘ ʧʠʪʘʥʠʷ ʠ ʟʘʧʠʪʳʚʘʝʪʩʷ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ 

ʥʠʟʢʦʚʦʣʴʪʥʦʡ ʷʯʝʡʢʠ. ɼʘʣʝʝ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʩʠʣʦʚʦʡ ʷʯʝʡʢʠ ʧʦʩʳʣʘʝʪ 

ʩʠʛʥʘʣ ʚ ɻʂ ʧʦ ʦʧʪʠʯʝʩʢʦʤʫ ʠʥʪʝʨʬʝʡʩʫ, ʯʪʦ ʦʥʘ ʚʢʣʶʯʠʣʘʩʴ ʠ ʧʝʨʠʦʜʠʯʝʩʢʠ 

ʦʪʧʨʘʚʣʷʝʪ ʠʥʬʦʨʤʘʮʠʶ ʧʦ ʫʨʦʚʥʶ ʥʘʧʨʷʞʝʥʠʷ ʚ ʩʚʦʸʤ ʟʚʝʥʝ ʧʦʩʪʦʷʥʥʦʛʦ 
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ʪʦʢʘ. ʂʦʛʜʘ ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ ʜʦʩʪʠʛʣʦ ʟʘʜʘʥʥʦʛʦ, ʷʯʝʡʢʘ ʧʝʨʝʭʦʜʠʪ ʚ ʨʝʞʠʤ 

ʩʪʘʙʠʣʠʟʘʮʠʠ ʵʪʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʧʫʪʸʤ ʢʦʤʤʫʪʘʮʠʠ ʩʚʦʠʭ ʩʠʣʦʚʳʭ ʢʣʶʯʝʡ. 
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ʈʠʩ.3.22 ʌʫʥʢʮʠʦʥʘʣʴʥʘʷ ʩʭʝʤʘ ʚʢʣʶʯʝʥʠʷ/ʚʳʢʣʶʯʝʥʠʷ ʉʉʇʂ 
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3.5.2 ʅʦʨʤʘʣʴʥʳʡ ʨʝʞʠʤ ʚʢʣʶʯʝʥʠʷ ʉʉʇʂ 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʧʫʩʢʘ ʉʉʇʂ ʧʨʦʚʦʜʠʣʦʩʴ ʜʣʷ ʩʣʝʜʫʶʱʠʭ ʫʩʣʦʚʠʡ: 

�x ʉʉʇʂ ʠʤʝʝʪ ʦʜʥʫ ʚʝʪʚʴ; 

�x ʅʘʯʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʢʦʥʜʝʥʩʘʪʦʨʘʭ ɿʇʊ 0 ɺ; 

�x ɸʤʧʣʠʪʫʜʘ ʜʦʙʘʚʦʯʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ (ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʚʳʭʦʜʝ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ) ʨʘʚʥʷʝʪʩʷ 10 ʢɺ; 

�x ʅʘʛʨʫʟʢʘ ʩʝʪʠ ʯʠʩʪʦ ʘʢʪʠʚʥʘʷ ʠ ʜʝʡʩʪʚʫʶʱʠʡ ʪʦʢ ʩʝʪʠ 1100 ɸ. 

ʇʦʨʷʜʦʢ ʚʢʣʶʯʝʥʠʷ ʉʉʇʂ ʚ ʩʝʪʴ ʩʣʝʜʫʶʱʠʡ: 

�x ɺ ʧʝʨʚʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʰʫʥʪʠʨʫʶʱʠʡ ʢʦʥʪʘʢʪʦʨ ʟʘʤʢʥʫʪ; 

�x ɺ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 0.01ʩ ʢʦʥʪʘʢʪʦʨ ʨʘʟʤʳʢʘʝʪʩʷ, ʪʦʢ ʥʘʯʠʥʘʝʪ 

ʧʨʦʪʝʢʘʪʴ ʯʝʨʝʟ ʢʦʤʧʝʥʩʘʪʦʨ, ʢʣʶʯʠ ʢʘʞʜʦʛʦ ʉʄ ʨʘʟʦʤʢʥʫʪʳ, ʪʦ 

ʝʩʪʴ ʉʄ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʥʝʫʧʨʘʚʣʷʝʤʳʡ ʚʳʧʨʷʤʠʪʝʣʴ) ʠ ʯʝʨʝʟ 

ʪʠʨʠʩʪʦʨʳ, ʫʛʦʣ ʦʪʧʠʨʘʥʠʷ ʢʦʪʦʨʳʭ ʟʘʜʘʥ 3 ʤʩ ʦʪ ʤʦʤʝʥʪʘ 

ʝʩʪʝʩʪʚʝʥʥʦʛʦ ʦʪʧʠʨʘʥʠʷ; 

�x ɺ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ, ʢʦʛʜʘ ʩʨʝʜʥʝʝ ʬʠʣʴʪʨʦʚʘʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ 

ʚʩʝʭ ʉʄ ʜʦʩʪʠʛʘʝʪ ʟʘʜʘʥʥʦʛʦ ʟʥʘʯʝʥʠʷ 1000 ɺ, ʧʝʨʝʩʪʘʶʪ 

ʧʦʩʪʫʧʘʪʴ ʩʠʛʥʘʣʳ ʥʘ ʦʪʧʠʨʘʥʠʝ ʪʠʨʠʩʪʦʨʦʚ ʠ ʥʘʯʠʥʘʝʪ ʨʘʙʦʪʘʪʴ 

ʢʦʤʧʝʥʩʘʪʦʨ. 

ʇʦʨʷʜʦʢ ʦʪʢʣʶʯʝʥʠʷ ʉʇʂ ʦʪ ʩʝʪʠ, ʩʣʝʜʫʶʱʠʡ: 

�x ɺ ʤʦʤʝʥʪ, ʢʦʛʜʘ ʥʫʞʥʦ ʦʪʢʣʶʯʠʪʴ ʪʠʨʠʩʪʦʨ ʦʪ ʩʝʪʠ ʢʣʶʯʠ ʉʗ 

ʨʘʟʤʳʢʘʶʪʩʷ ʠ ʥʘ ʪʠʨʠʩʪʦʨ ʧʨʠʭʦʜʠʪ ʫʧʨʘʚʣʷʶʱʠʡ ʩʠʛʥʘʣ ʥʘ 

ʦʪʧʠʨʘʥʠʝ. ɽʩʣʠ ʥʘ ʪʠʨʠʩʪʦʨ ʦʪʢʨʦʝʪʩʷ ʥʝ ʩʨʘʟʫ, ʵʪʦ ʤʦʞʝʪ 

ʧʨʠʚʝʩʪʠ ʢ ʥʝʢʦʥʪʨʦʣʠʨʫʝʤʦʤʫ ʟʘʨʷʜʫ ʢʦʥʜʝʥʩʘʪʦʨʦʚ ɿʇʊ ʉʄ. 

ʇʦʵʪʦʤʫ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʉʗ ʢʦʥʪʨʦʣʠʨʫʶʪ ʥʘʧʨʷʞʝʥʠʝ 

ʩʚʦʠʭ ɿʇʊ ʠ ʧʨʠ ʠʭ ʨʦʩʪʝ, ʝʩʣʠ ʪʠʨʠʩʪʦʨ ʦʢʘʟʘʣʩʷ ʥʝʠʩʧʨʘʚʥʳʤ, 

ʟʘʤʳʢʘʶʪ ʩʚʦʡ ʚʳʭʦʜ (ʚʳʜʘʶʪ ʥʫʣʝʚʦʝ ʥʘʧʨʷʞʝʥʠʝ). ʊʘʢʠʤ 

ʦʙʨʘʟʦʤ ʚ ʰʪʘʪʥʦʤ ʨʝʞʠʤʝ ʦʩʫʱʝʩʪʚʣʷʝʪʩʷ ʧʦʩʪʦʷʥʥʳʡ ʢʦʥʪʨʦʣʴ 

ʨʘʙʦʪʦʩʧʦʩʦʙʥʦʩʪʠ ʮʝʧʝʡ ʪʠʨʠʩʪʦʨʦʚ; 
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�x ɺʢʣʶʯʘʝʪʩʷ ʰʫʥʪʠʨʫʶʱʠʡ ʢʦʥʪʘʢʪʦʨ. 

ʅʘ ʨʠʩ. 3.23 ʧʦʢʘʟʘʥ ʧʨʦʮʝʩʩ ʚʢʣʶʯʝʥʠʷ ʠ ʦʪʢʣʶʯʝʥʠʷ ʉʇʂ. ʅʘ ʨʠʩʫʥʢʝ 

ʨʠʩ. 3.24 ʧʦʢʘʟʘʥʘ ʨʘʙʦʪʘ ʚʝʨʭʥʠʭ ʪʠʨʠʩʪʦʨʦʚ ʧʨʠ ʚʢʣʶʯʝʥʠʠ ʠ ʦʪʢʣʶʯʝʥʠʠ 

ʉʉʇʂ ʦʪ ʩʝʪʠ. 
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ʈʠʩ.3.23 ʇʫʩʢ ʠ ʦʩʪʘʥʦʚ ʉʉʇʂ. a ð ʪʦʢ ɿʇʊ ʉʄ, ʙ ð ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ (ʩʠʥʷʷ ʢʨʠʚʘʷ) ʠ 

ʩʨʝʜʥʝʝ ʬʠʣʴʪʨʦʚʘʥʥʦʝ ʟʥʘʯʝʥʠʝ ʚʩʝʭ ʥʘʧʨʷʞʝʥʠʡ ɿʇʊ ʉʄ, ʪʦʢ, ʧʨʦʭʦʜʷʱʠʡ ʯʝʨʝʟ 

ʢʦʤʧʝʥʩʘʪʦʨ (ʟʝʣʝʥʘʷ ʢʨʠʚʘʷ), ʚ ð ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʚʳʭʦʜʝ ʢʦʤʧʝʥʩʘʪʦʨʘ ʠ ʪʦʢ ʚʝʪʚʠ 
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ʈʠʩ.3.24 ʈʘʙʦʪʘ ʚʝʨʭʥʠʭ ʪʠʨʠʩʪʦʨʦʚ ʧʨʠ ʧʫʩʢʝ ʠ ʦʩʪʘʥʦʚʝ ʉʉʇʂ. a ð ʪʦʢʠ ʯʝʨʝʟ 

ʪʠʨʠʩʪʦʨʳ, ʙ ð ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʪʠʨʠʩʪʦʨʘʭ 

3.5.3 ʈʘʙʦʪʘ ʉʉʇʂ ʧʨʠ ʂɿ ʚ ʩʝʪʠ 

ʀʥʜʫʢʪʠʚʥʦʩʪʴ ʩʝʪʠ 0,0332 ɻʥ. 
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ʇʦʨʷʜʦʢ ʫʧʨʘʚʣʝʥʠʷ ʉʉʇʂ ʚ ʩʣʫʯʘʝ ʂɿ ʚ ʩʝʪʠ: 

�x ʂʘʢ ʪʦʣʴʢʦ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʜʝʪʝʢʪʠʨʫʝʪ ʂɿ ʚ ʩʝʪʠ, ʢʣʶʯʠ 

ʉʉʇʂ ʨʘʟʤʳʢʘʶʪʩʷ, ʘ ʥʘ ʪʠʨʠʩʪʦʨʳ ʧʨʠʭʦʜʠʪ ʩʠʛʥʘʣ ʥʘ 

ʦʪʧʠʨʘʥʠʝ ʠ ʥʘ ʰʫʥʪʠʨʫʶʱʠʡ ʢʦʥʪʘʢʪʦʨ ʪʦʞʝ; 

�x ʊʘʢ ʰʫʥʪʠʨʫʶʱʠʡ ʢʦʥʪʘʢʪʦʨ ʥʘ ʨʝʘʣʴʥʦʤ ʦʙʲʝʢʪʝ ʠʤʝʝʪ ʟʘʜʝʨʞʢʫ 

ʥʘ ʩʨʘʙʘʪʳʚʘʥʠʝ (ʚ ʤʦʜʝʣʠ ʵʪʦ 28 ʤʩ) ʚʝʩʴ ʪʦʢ ʂɿ ʟʘ ʵʪʦ ʚʨʝʤʷ 

ʪʝʯʝʪ ʯʝʨʝʟ ʪʠʨʠʩʪʦʨʳ. 

ɸʤʧʣʠʪʫʜʘ ʪʦʢʘ ʂɿ ʚ ʧʝʨʚʳʡ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʘʚʘʨʠʷ 

ʟʘʚʠʩʠʪ ʦʪ ʥʘʯʘʣʴʥʳʭ ʫʩʣʦʚʠʡ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʂɿ. ʅʘ ʨʠʩ. 3.25 ʠ ʨʠʩ. 3.26 

ʧʦʢʘʟʘʥʘ ʨʘʙʦʪʘ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʥʠʞʥʠʭ ʠ ʚʝʨʭʥʠʭ ʪʠʨʠʩʪʦʨʦʚ ʚʝʪʚʠ ʚ ʤʦʤʝʥʪ 

ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʂɿ 0,165 ʩ, ʘ ʥʘ ʨʠʩ. 3.27 ʠ ʨʠʩ. 3.28 ʚ ʤʦʤʝʥʪ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʂɿ 

1,5 ʩ. ɺʦ ʚʪʦʨʦʤ ʩʣʫʯʘʝ ʧʦʢʘʟʘʥ ʭʫʜʰʠʡ ʩʣʫʯʘʡ, ʢʦʛʜʘ ʯʝʨʝʟ ʪʠʨʠʩʪʦʨʳ ʪʦʢ 

ʜʦʩʪʠʛʘʝʪ ʘʤʧʣʠʪʫʜʳ 37 ʢɸ.  
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ʈʠʩ.3.25 ʈʘʙʦʪʘ ʉʉʇʂ ʚ ʤʦʤʝʥʪ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʂɿ 1,65 ʩ. a ð ʪʦʢ ɿʇʊ ʉʄ,  

ʙ ð ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ (ʩʠʥʷʷ ʢʨʠʚʘʷ) ʠ ʩʨʝʜʥʝʝ ʬʠʣʴʪʨʦʚʘʥʥʦʝ ʟʥʘʯʝʥʠʝ ʚʩʝʭ ʥʘʧʨʷʞʝʥʠʡ 

ɿʇʊ ʉʄ (ʦʨʘʥʞʝʚʘʷ), ʪʦʢ, ʧʨʦʭʦʜʷʱʠʡ ʯʝʨʝʟ ʢʦʤʧʝʥʩʘʪʦʨ (ʟʝʣʝʥʘʷ ʢʨʠʚʘʷ),  

ʚ ð ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʚʳʭʦʜʝ ʢʦʤʧʝʥʩʘʪʦʨʘ ʠ ʪʦʢ ʚʝʪʚʠ 
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ʈʠʩ.3.26 ʈʘʙʦʪʘ ʚʝʨʭʥʠʭ ʪʠʨʠʩʪʦʨʦʚ ʧʨʠ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʂɿ ʚ 0,165 ʩ. a ð ʪʦʢʠ ʯʝʨʝʟ 

ʪʠʨʠʩʪʦʨʳ, ʙ ð ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʪʠʨʠʩʪʦʨʳ 
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ʈʠʩ.3.27 ʈʘʙʦʪʘ ʉʉʇʂ ʚ ʤʦʤʝʥʪ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʂɿ 1,6 ʩ. a ð ʪʦʢ ɿʇʊ ʉʄ, ʙ ð ʥʘʧʨʷʞʝʥʠʷ 

ɿʇʊ (ʩʠʥʷʷ ʢʨʠʚʘʷ) ʠ ʩʨʝʜʥʝʝ ʬʠʣʴʪʨʦʚʘʥʥʦʝ ʟʥʘʯʝʥʠʝ ʚʩʝʭ ʥʘʧʨʷʞʝʥʠʡ ɿʇʊ ʉʄ 

(ʦʨʘʥʞʝʚʘʷ), ʪʦʢ, ʧʨʦʭʦʜʷʱʠʡ ʯʝʨʝʟ ʢʦʤʧʝʥʩʘʪʦʨ (ʞʝʣʪʘʷ ʢʨʠʚʘʷ), ʚ ð ʥʘʧʨʷʞʝʥʠʝ ʥʘ 

ʚʳʭʦʜʝ ʢʦʤʧʝʥʩʘʪʦʨʘ ʠ ʪʦʢ ʚʝʪʚʠ 
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ʈʠʩ.3.28 ʈʘʙʦʪʘ ʚʝʨʭʥʠʭ ʪʠʨʠʩʪʦʨʦʚ ʧʨʠ ʚʦʟʥʠʢʥʦʚʝʥʠʠ ʂɿ ʚ 0,15 ʩ. a ð ʪʦʢʠ ʯʝʨʝʟ 

ʪʠʨʠʩʪʦʨʳ, ʙ ð ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʪʠʨʠʩʪʦʨʳ 

ɼʣʷ ʭʫʜʰʝʛʦ ʩʣʫʯʘʷ (ʨʠʩ. 3.28) ʜʣʷ ʪʠʨʠʩʪʦʨʦʚ ʚ ʤʦʤʝʥʪ ʚʦʟʥʠʢʥʦʚʝʥʠʷ 

ʂɿ ʤʦʞʥʦ ʧʦʩʪʨʦʠʪʴ ʪʝʧʣʦʚʫ  ʁʤʦʜʝʣʴ ʚ PSIM, ʨʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 

ʢʦʪʦʨʦʡ ʧʨʝʜʩʪʘʚʣʝʥʳ ʥʘ ʨʠʩ. 3.29 ʜʣʷ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʚʳʙʨʘʥʥʦʛʦ ʪʠʨʠʩʪʦʨʘ 

5STP 27N8500. ʄʘʢʩʠʤʘʣʴʥʘʷ ʪʝʤʧʝʨʘʪʫʨʘ ʪʠʨʠʩʪʦʨʘ ʜʦʩʪʠʛʘʝʪ 345Áʉ. ʉ 

ʤʦʤʝʥʪʘ ʚʦʟʥʠʢʥʦʚʝʥʠʷ ʂɿ ʪʝʤʧʝʨʘʪʫʨʘ ʪʠʨʠʩʪʦʨʘ ʦʧʫʩʢʘʝʪʩʷ ʜʦ ʟʥʘʯʝʥʠʷ 

125Áʉ ʟʘ 0,5 ʩ. 

ʘ)

ʙ)

ʚ)

ʚʨʝʤʷ (ʩ)
 

ʈʠʩ.3.29 ʊʝʧʣʦʚʦʡ ʨʘʩʯʝʪ ʚ PSIM ʜʣʷ ʪʠʨʠʩʪʦʨʘ 5STP 27N8500. a ð ʪʦʢ ʯʝʨʝʟ ʪʠʨʠʩʪʦʨ 

(I(D1)), ʙ ð ʧʦʪʝʨʠ ʪʠʨʠʩʪʦʨʘ (D1_Pcond), ʚ ð ʪʝʤʧʝʨʘʪʫʨʘ ʪʠʨʠʩʪʦʨʘ (D1_Tj) 
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ɺʳʚʦʜʳ ʧʦ ʛʣʘʚʝ 3 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʦʢʘʟʘʥʦ ʧʦʩʪʨʦʝʥʠʝ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʉʉʇʂ ʠ 

ʧʨʠʥʮʠʧ ʝʛʦ ʨʘʙʦʪʳ ʥʘ ʙʘʟʝ ʢʘʩʢʘʜʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʯʘʩʪʦʪʳ. ʆʙʦʟʥʘʯʝʥʘ 

ʧʨʦʙʣʝʤʘ ʙʘʣʘʥʩʠʨʦʚʢʠ ʥʘʧʨʷʞʝʥʠʡ ʥʘ ɿʇʊ ʩʠʣʦʚʳʭ ʷʯʝʝʢ ʠ ʧʨʠʚʝʜʝʥʳ ʝʝ 

ʨʝʰʝʥʠʷ. ɹʘʣʘʥʩʠʨʦʚʢʘ ʥʘʧʨʷʞʝʥʠʷ ʩ ʢʦʨʨʝʢʮʠʝʡ ʩʢʚʘʞʥʦʩʪʠ ʚʳʨʘʚʥʠʚʘʝʪ 

ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ ʦʪʥʦʩʠʪʝʣʴʥʦ ʩʨʝʜʥʝʛʦ ʟʘʜʘʥʥʦʛʦ.  

ɺ ʛʣʘʚʝ ʧʦʢʘʟʘʥʘ ʧʨʝʜʚʘʨʠʪʝʣʴʥʘʷ ʢʦʤʧʦʥʦʚʢʘ ʩʠʣʦʚʦʡ ʷʯʝʡʢʠ ʩ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʳʤ ʦʭʣʘʞʜʝʥʠʝʤ ʩʠʣʦʚʳʭ ʤʦʜʫʣʝʡ, ʧʨʠ ʢʦʪʦʨʦʡ ʤʦʜʫʣʠ 

ʥʘʭʦʜʷʪʩʷ ʚ ʥʝʨʘʚʥʳʭ ʪʝʧʣʦʚʳʭ ʫʩʣʦʚʠʷʭ. ʇʨʝʜʣʦʞʝʥʥʦʝ ʨʝʰʝʥʠʝ ʧʦʟʚʦʣʷʝʪ 

ʚʳʨʦʚʥʷʪʴ ʪʝʤʧʝʨʘʪʫʨʫ ʵʣʝʤʝʥʪʦʚ ʟʘ ʩʯʝʪ ʧʝʨʝʨʘʩʧʨʝʜʝʣʝʥʠʷ ʢʦʤʤʫʪʘʮʠʦʥʥʳʭ 

ʧʦʪʝʨʴ ʤʝʞʜʫ ʩʠʣʦʚʳʤʠ ʤʦʜʫʣʷʤʠ. ɺ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʫʜʘʣʦʩʴ 

ʩʥʠʟʠʪʴ ʤʘʢʩʠʤʘʣʴʥʫʶ ʪʝʤʧʝʨʘʪʫʨʫ ʧʝʨʝʭʦʜʘ ʥʘ 10 ʛʨʘʜʫʩʦʚ ʧʦ ʎʝʣʴʩʠʶ, ʯʪʦ 

ʜʘʝʪ ʧʦʚʳʰʝʥʠʝ ʥʘʜʝʞʥʦʩʪʠ ʚ ʫʩʣʦʚʠʷʭ ʤʘʢʩʠʤʘʣʴʥʳʭ ʥʘʛʨʫʟʦʢ. 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʪʘʢʞʝ ʨʘʩʩʤʦʪʨʝʥʳ ʨʝʞʠʤʳ ʧʫʩʢʘ ʠ ʦʩʪʘʥʦʚʘ ʉʉʇʂ ʠ ʝʛʦ 

ʨʘʙʦʪʘ ʚ ʩʣʫʯʘʝ ʂɿ. 
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4.1 ʉʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ɸɺʅ  

ɼʣʷ ʪʦʧʦʣʦʛʠʠ ʩ ʚʭʦʜʥʳʤ ʤʥʦʛʦʦʙʤʦʪʦʯʥʳʤ ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʤ ʚʳʚʦʜʳ 

ʚʪʦʨʠʯʥʦʡ ʦʙʤʦʪʢʠ ɸɺʉ ʧʦʜʩʦʝʜʠʥʷʪʩʷ ʢ ʘʢʪʠʚʥʦʤʫ ʚʳʧʨʷʤʠʪʝʣʶ ʥʘʧʨʷʞʝʥʠʷ 

(ɸɺʅ). ɸɺʅ ʚʳʧʦʣʥʝʥ ʧʦ ʩʭʝʤʝ ʩ ʪʨʝʤʷ ʧʦʣʫʤʦʩʪʘʤʠ (ʨʠʩ. 4.1): 

 

Cɿʇʊ

ɸɺʅ ɿʇʊ

a
b
c

 

ʈʠʩ.4.1 ʉʭʝʤʘ ʘʢʪʠʚʥʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ ʥʘʧʨʷʞʝʥʠʷ 

ʅʘʣʠʯʠʝ ʤʦʜʫʣʷ ɸɺʅ ʧʦʟʚʦʣʷʝʪ ʨʝʛʫʣʠʨʦʚʘʪʴ ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ ʠ 

ʚʦʟʚʨʘʱʘʪʴ ʵʣʝʢʪʨʦʵʥʝʨʛʠʶ ʚ ʩʝʪʴ ʚ ʛʝʥʝʨʘʪʦʨʥʦʤ ʨʝʞʠʤʝ ʨʘʙʦʪʳ 

ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ [62,65]. ɼʣʷ ʜʘʥʥʦʡ ʪʦʧʦʣʦʛʠʠ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʭʘʨʘʢʪʝʨʥʦ 

ʥʘʣʠʯʠʝ ʧʫʣʴʩʘʮʠʡ ʚ ʢʦʥʪʫʨʝ ɿʇʊ. ʇʫʣʴʩʘʮʠʠ ʚʳʟʚʘʥ r ʥʝʨʘʚʥʦʤʝʨʥʳʤ 

ʧʦʪʨʝʙʣʝʥʠʝʤ ʤʦʱʥʦʩʪʠ ʩ ʢʘʞʜʦʡ ʷʯʝʡʢʠ ʥʘ ʧʝʨʠʦʜʝ ʪʦʢʘ. ʇʨʝʦʙʨʘʟʦʚʘʪʝʣʴ 

ʧʠʪʘʝʪ ʦʜʥʦʬʘʟʥʫʶ ʥʘʛʨʫʟʢʫ ʦʪ ʢʘʞʜʦʛʦ ʤʦʩʪʦʚʦʛʦ ʠʥʚʝʨʪʦʨʘ; ʩʣʝʜʦʚʘʪʝʣʴʥʦ, 

ʧʦʪʦʢ ʤʦʱʥʦʩʪʠ ʠʤʝʝʪ ʩʠʥʫʩʦʠʜʘʣʴʥʫʶ ʬʦʨʤʫ ʩ ʯʘʩʪʦʪʦʡ, ʚ ʜʚʘ ʨʘʟʘ 

ʧʨʝʚʳʰʘʶʱʝʡ ʦʩʥʦʚʥʫʶ ʯʘʩʪʦʪʫ ʚ ʥʘʛʨʫʟʢʝ (ʜʚʠʛʘʪʝʣʝ). ʉʤʝʱʝʥʠʝ ʥʫʣʷ 

ʩʠʥʫʩʘ ʤʦʱʥʦʩʪʠ ʨʘʚʥʦ ʩʨʝʜʥʝʡ ʧʦʪʨʝʙʣʷʝʤʦʡ ʘʢʪʠʚʥʦʡ ʵʥʝʨʛʠʠ, ʘ ʚʝʣʠʯʠʥʘ 

ʘʤʧʣʠʪʫʜʳ ʟʘʚʠʩʠʪ ʦʪ ʢʦʵʬʬʠʮʠʝʥʪʘ ʤʦʱʥʦʩʪʠ ʜʚʠʛʘʪʝʣʷ ʠ ʨʘʚʥʘ ʧʠʢʦʚʦʡ 

ʤʛʥʦʚʝʥʥʦʡ ʤʦʱʥʦʩʪʠ.  

ʉʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʘʢʪʠʚʥʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ ʧʦʩʪʨʦʝʥʘ ʥʘ ʙʘʟʝ 

ʢʣʘʩʩʠʯʝʩʢʦʡ ʚʝʢʪʦʨʥʦʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʩ ʐʀʄ ʜʣʷ ʩʠʥʭʨʦʥʥʦʛʦ 

ɻʃɸɺɸ 4 ʋʇʈɸɺʃɽʅʀɽ ɸʂʊʀɺʅʓʄ ɺʓʇʈʗʄʀʊɽʃɽʄ 

ʄʅʆɻʆʋʈʆɺʅɽɺʆɻʆ ʂɸʉʂɸɼʅʆɻʆ ʇʈɽʆɹʈɸɿʆɺɸʊɽʃʗ 
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ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʷ [66,67,68,69]. ʕʪʦ ʦʜʥʘ ʠʟ ʚʦʟʤʦʞʥʳʭ ʩʭʝʤ ʧʦʩʪʨʦʝʥʠʷ 

ʘʣʛʦʨʠʪʤʦʚ ʘʢʪʠʚʥʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ. ɺ ʪʘʢʦʤ ʩʧʦʩʦʙʝ ʫʧʨʘʚʣʝʥʠʷ ʩʝʪʴ 

ʧʨʠʥʠʤʘʝʪʩʷ ʟʘ ʩʠʥʭʨʦʥʥʳʡ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʴ ʙʝʩʢʦʥʝʯʥʦʡ ʤʦʱʥʦʩʪʠ, 

ʨʘʙʦʪʘʶʱʠʡ ʥʘ ʬʠʢʩʠʨʦʚʘʥʥʦʡ ʯʘʩʪʦʪʝ ʚʨʘʱʝʥʠʷ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʯʘʩʪʦʪʝ 

ʪʦʢʘ ʦʢʦʣʦ 50 ɻʮ. ʇʨʠ ʵʪʦʤ ʩʪʨʫʢʪʫʨʘ ʚʝʢʪʦʨʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʧʦʣʥʦʩʪʴʶ 

ʩʦʭʨʘʥʷʝʪʩʷ ʙʝʟ ʠʟʤʝʥʝʥʠʡ. ʊʘʢ ʢʘʢ ʫ ʪʘʢʦʛʦ ʚʠʨʪʫʘʣʴʥʦʛʦ ʜʚʠʛʘʪʝʣʷ ʥʝʪ 

ʜʘʪʯʠʢʘ ʧʦʣʦʞʝʥʠʷ, ʪʦ ʚʝʢʪʦʨʥʘʷ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʜʝʣʘʝʪʩʷ ʙʝʟʜʘʪʯʠʢʦʚʦʡ 

(ʩ ʥʘʙʣʶʜʘʪʝʣʝʤ).  

ʅʘ ʨʠʩ. 4.2 ʧʦʢʘʟʘʥʘ ʩʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʚʝʢʪʦʨʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ, 

ʨʝʘʣʠʟʦʚʘʥʥʘʷ ʚ ʘʢʪʠʚʥʦʤ ʚʳʧʨʷʤʠʪʝʣʝ. ɿʘʜʘʥʠʝ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ Uɿʇʊ_ʟ 

ʧʦʩʪʫʧʘʝʪ ʚʤʝʩʪʝ ʩ ʦʙʨʘʪʥʦʡ ʩʚʷʟʴʶ Uɿʇʊ (ʪʝʢʫʱʠʤ ʥʘʧʨʷʞʝʥʠʝʤ ɿʇʊ) ʥʘ ʇʀ-

ʨʝʛʫʣʷʪʦʨ ʥʘʧʨʷʞʝʥʠʷ (ʈʅ) ɿʇʊ Uɿʇʊ. ɽʛʦ ʚʳʭʦʜʦʤ ʷʚʣʷʝʪʩʷ ʟʘʜʘʥʠʝ ʪʦʢʘ id_ʟ, 

ʧʨʦʧʦʨʮʠʦʥʘʣʴʥʦʝ ʧʦʪʨʝʙʣʷʝʤʦʡ ʘʢʪʠʚʥʦʡ ʤʦʱʥʦʩʪʠ ʩʦ ʩʪʦʨʦʥʳ ʩʝʪʠ. 

ʆʪʨʠʮʘʪʝʣʴʥʳʡ ʪʦʢ id ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʤʦʱʥʦʩʪʠ, ʧʝʨʝʜʘʚʘʝʤʦʡ ʚ ʩʝʪʴ, ʪ.ʝ. 

ʵʥʝʨʛʠʷ ʧʦʪʨʝʙʣʷʝʪʩʷ ʩʦ ʟʚʝʥʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʠ ʥʘʦʙʦʨʦʪ. ʊʦʢ ʧʦ ʦʩʠ iq 

ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʨʝʘʢʪʠʚʥʦʡ ʤʦʱʥʦʩʪʠ. ʈʝʛʫʣʷʪʦʨʳ ʪʦʢʦʚ ʬʦʨʤʠʨʫʶʪ ʟʘʜʘʥʠʷ 

ʥʘʧʨʷʞʝʥʠʡ ud_ʟ, uq_ʟ ʚ ʦʩʷʭ dq, ʢʦʪʦʨʳʝ ʧʨʝʦʙʨʘʟʫʶʪʩʷ ʚ ʟʘʜʘʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʚ 

ʥʝʧʦʜʚʠʞʥʦʡ ʩʠʩʪʝʤʝ ʢʦʦʨʜʠʥʘʪ Ŭɓ ʠ ʟʘʪʝʤ ʚ ʟʘʜʘʥʠʷ ʥʘʧʨʷʞʝʥʠʡ ʪʨʝʭʬʘʟʥʦʡ 

ʩʠʩʪʝʤʳ ʢʦʦʨʜʠʥʘʪ, ʢʦʪʦʨʳʝ ʨʝʘʣʠʟʫʶʪʩʷ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʦ-

ʚʝʢʪʦʨʥʦʡ ʐʀʄ. ɼʣʷ ʨʘʩʯʝʪʘ ʩʢʚʘʞʥʦʩʪʠ ʙʣʦʢ ʐʀʄ ʠʩʧʦʣʴʟʫʝʪ ʬʘʢʪʠʯʝʩʢʦʝ 

ʥʘʧʨʷʞʝʥʠʝ ʥʘ ɿʇʊ.  

ʋʛʦʣ ʥʘʧʨʷʞʝʥʠʷ ʩʝʪʠ ɗ, ʢʦʪʦʨʳʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʢʦʦʨʜʠʥʘʪʥʳʭ 

ʧʨʝʦʙʨʘʟʦʚʘʥʠʷʭ, ʦʧʨʝʜʝʣʷʝʪʩʷ ʥʘʙʣʶʜʘʪʝʣʝʤ. ʕʪʦʪ ʥʘʙʣʶʜʘʪʝʣʴ ʨʝʘʣʠʟʦʚʘʥ 

ʧʦ ʪʦʤʫ ʞʝ ʧʨʠʥʮʠʧʫ, ʯʪʦ ʠ ʥʘʙʣʶʜʘʪʝʣʠ ʧʨʦʪʠʚʦ-ʕɼʉ ʥʘ ʦʩʥʦʚʝ ʩʢʦʣʴʟʷʱʝʛʦ 

ʨʝʞʠʤʘ ʜʣʷ ʤʘʰʠʥ ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ [48, 63], ʥʦ ʥʘʩʪʨʦʝʥ ʥʘ ʧʘʨʘʤʝʪʨʳ 

ʚʪʦʨʠʯʥʳʭ ʦʙʤʦʪʦʢ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ. ɺʳʯʠʩʣʝʥʥʳʡ ʫʛʦʣ ʧʦʤʦʛʘʝʪ ʧʦʣʫʯʠʪʴ 

ʬʘʢʪʠʯʝʩʢʠʝ ʪʦʢʠ ʩʝʪʠ ʚ ʦʩʷʭ dq, ʠʩʧʦʣʴʟʫʝʤʳʝ ʜʣʷ ʪʝʢʫʱʝʛʦ ʨʝʛʫʣʠʨʦʚʘʥʠʷ. 

ʅʘʙʣʶʜʘʪʝʣʴ ʦʩʥʦʚʘʥ ʥʘ ʤʘʪʝʤʘʪʠʯʝʩʢʦʡ ʤʦʜʝʣʠ ʬʘʟ ʜʚʠʛʘʪʝʣʷ ʜʣʷ 

ʥʘʭʦʞʜʝʥʠʷ ʩʦʩʪʘʚʣʷʶʱʠʭ ʚʨʘʱʘʶʱʝʡʩʷ ʕɼʉ. ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʷ, 
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ʦʧʠʩʳʚʘʶʱʘʷ ʨʘʙʦʪʫ ʥʘʙʣʶʜʘʪʝʣʷ, ʚʳʚʦʜʠʪʩʷ ʠʟ ʫʨʘʚʥʝʥʠʡ ʨʘʚʥʦʚʝʩʠʷ 

ʩʪʘʪʦʨʥʦʡ ʮʝʧʠ ʚ ʦʩʷʭ Ŭ,ɓ: 

 

s
s s S S s

s

s s S S s

di
u i R L e

dt

di
u i R L e

dt

�D
�D �D �D

�E
�E �E �D

�­ � �� ���°�°
�®
�° � �� ��
�°�¯

 (4.1) 

ʛʜʝ usŬ, usɓ ð ʥʘʧʨʷʞʝʥʠʝ ɸɺʅ ʧʦ ʦʩʠ Ŭ,ɓ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ, isŬ, isɓ ð ʪʦʢʠ ɸɺʅ 

ʧʦ ʦʩʠ Ŭ,ɓ, R2  ð ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʚʪʦʨʠʯʥʳʭ ʦʙʤʦʪʦʢ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ, 

L2 ð ʠʥʜʫʢʪʠʚʥʦʩʪʴ ʚʪʦʨʠʯʥʳʡ ʦʙʤʦʪʦʢ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ, esŬ=esinɗ ʠ esɓ=ecosɗ 

ʧʨʦʝʢʮʠʷ ʕɼʉ ʥʘ ʦʩʠ Ŭ,ɓ. ʉʦʦʪʚʝʪʩʪʚʝʥʥʦ, ʦʮʝʥʠʚ ʕɼʉ ʧʦ ʢʘʞʜʦʡ ʦʩʠ ʤʦʞʥʦ 

ʨʘʩʩʯʠʪʘʪʴ ʫʛʦʣ ʚʝʢʪʦʨʘ ʕɼʉ. 

bɔ

abc

Ŭɓ ai

bi

ci

dq 

Ŭɓ 

 Ŭi

 ɓi

ʅʘʙʣʶʜʘʪʝʣʴ
ɗ 

ʟ_ɿʇʊU ʈʅ
ʟ_di

di

dʈʊ

ʟ_du

dq 

Ŭɓ 
qʈʊ

ʟ_qu

-

qi

0= ʟ_qi

-
SPWM

aɔ

cɔabc

Ŭɓ 
-

ʟ_Ŭu

ʟ_ɓu
ɿʇʊU

ɿʇʊU

 

ʈʠʩ.4.2  ʉʪʨʫʢʪʫʨʘ ʚʝʢʪʦʨʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʘʢʪʠʚʥʳʤ ʚʳʧʨʷʤʠʪʝʣʝʤ 

4.2 ɸʣʛʦʨʠʪʤ ʫʧʨʘʚʣʝʥʠʷ ɸɺʅ ʩ ʧʨʝʜʫʧʨʘʚʣʝʥʠʝʤ 

ʇʫʣʴʩʘʮʠʠ ʤʦʱʥʦʩʪʠ ʧʦʪʨʝʙʣʷʝʤʦʡ ʩʦ ʟʚʝʥʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʚʳʟʳʚʘʶʪ 

ʧʫʣʴʩʘʮʠʠ ʚ ʥʘʧʨʷʞʝʥʠʠ ɿʇʊ ʘʢʪʠʚʥʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ. ɺʦʟʤʦʞʥʦ ʜʚʘ ʩʧʦʩʦʙʘ 

ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ: 

1. ʇʳʪʘʪʴʩʷ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʘʢʪʠʚʥʳʤ ʚʳʧʨʷʤʠʪʝʣʝʤ ʚʩʝ ʧʫʣʴʩʘʮʠʠ 

ʧʦʪʨʝʙʣʝʥʠʷ ʤʦʱʥʦʩʪʠ ʪʘʢ, ʯʪʦʙʳ ʥʘʧʨʷʞʝʥʠʝ ʥʘ ɿʇʊ ʙʳʣʦ ʢʘʢ 

ʤʦʞʥʦ ʙʦʣʝʝ ʩʪʘʙʠʣʴʥʳʤ. 
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2. ʉʦʟʜʘʚʘʪʴ ʘʢʪʠʚʥʳʤ ʚʳʧʨʷʤʠʪʝʣʝʤ ʩʨʝʜʥʶʶ ʥʘ ʧʝʨʠʦʜʝ ʦʩʥʦʚʥʦʡ 

ʛʘʨʤʦʥʠʢʠ ʤʦʱʥʦʩʪʴ, ʥʝ ʧʳʪʘʷʩʴ ʩʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʧʫʣʴʩʘʮʠʠ ʥʘ 

ʫʜʚʦʝʥʥʦʡ ʯʘʩʪʦʪʝ ʚʨʘʱʝʥʠʷ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʷ.  

ʈʘʩʩʤʦʪʨʠʤ ʧʝʨʚʳʡ ʩʧʦʩʦʙ ʫʧʨʘʚʣʝʥʠʷ, ʢʦʛʜʘ ʨʝʛʫʣʷʪʦʨ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ 

(ʨʠʩ. 4.2) ʥʘʩʪʨʦʝʥ ʥʘ ʤʘʢʩʠʤʘʣʴʥʫʶ ʩʪʘʙʠʣʠʟʘʮʠ ʁ ʥʘʧʨʷʞʝʥʠʷ ʚ ʟʚʝʥʝ 

ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ. ɽʩʣʠ ʧʨʠʥʷʪʴ ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ ʟʘ ʧʦʩʪʦʷʥʥʥʫʶ ʚʝʣʠʯʠʥʫ ʠ 

ʪʦ, ʯʪʦ ʜʚʠʛʘʪʝʣʴ ʨʘʙʦʪʘʝʪ ʩ ʯʘʩʪʦʪʦʡ fʜʚ, ʩʦʦʪʚʝʪʩʪʚʫʶʱʝʡ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ ɤ, 

ʩ ʢʦʵʬʬʠʮʠʝʥʪʦʤ ʤʦʱʥʦʩʪʠ cos(ű) ʠ ʯʘʩʪʦʪʦʡ ʩʝʪʠ fʩ, ʪʦʛʜʘ ʤʛʥʦʚʝʥʥʘʷ 

ʤʦʱʥʦʩʪʴ, ʧʦʪʨʝʙʣʷʝʤʘʷ ʷʯʝʡʢʦʡ ʠʟ ʩʝʪʠ pʷʯʝʡʢʠ ʨʘʚʥʘ: 

 �� �� �� ��ʜʚ
ʷʯʝʡʢʠ ʜʚ ʜʚ ʜʚcos 2 cos 2 ,� �S �S �� �M

U
p f t I f t

N
  (4.2) 

ʛʜʝ Uʜʚ ð ʘʤʧʣʠʪʫʜʘ ʬʘʟʥʦʛʦ ʥʘʧʨʷʞʝʥʠ ̫ʜʚʠʛʘʪʝʣʷ, Iʜʚ ð ʘʤʧʣʠʪʫʜʘ ʪʦʢʘ ʬʘʟʳ 

ʜʬʠʛʘʪʝʣʷ, N ð ʢʦʣʠʯʝʩʪʚʦ ʷʯʝʝʢ ʚ ʬʘʟʝ, t ð ʚʨʝʤʷ. ʊʦʛʜʘ ʤʛʥʦʚʝʥʥʘʷ 

ʧʦʪʨʝʙʣʷʝʤʘʷ ʤʦʱʥʦʩʪʴ ʠʟ ʩʝʪʠ ʧʨʠ ʢʦʵʬʬʠʮʠʝʥʪʝ ʤʦʱʥʦʩʪʠ, ʨʘʚʥʦʤ ʝʜʠʥʠʮʝ, 

ʤʦʞʝʪ ʙʳʪʴ ʚʳʨʘʞʝʥʘ ʢʘʢ: 

 

�� ��2
ʩʝʪʠ c c c

2 2
c c c c c c c c

cos 2

2 2 3
cos 2 cos 2 ,

3 3 2

� �� �� � �S ��

� S � S�§ �· �§ �·�� �S �� �� �S �� � �¨ �¸ �¨ �¸
�© �¹ �© �¹

a a b b c cp u i u i u i U I f t

U I f t U I f t U I
 (4.3) 

ʛʜʝ Uc ʠ Ic ð ʘʤʧʣʠʪʫʜʳ ʥʘʧʨʷʞʝʥʠʷ ʠ ʪʦʢʘ ʩʝʪʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ. ʇʨʝʜʧʦʣʘʛʘʷ, 

ʯʪʦ pʷʯʝʡʢʠ ʨʘʚʥʘ pʩʝʪʠ, ʤʦʞʥʦ ʚʳʨʘʟʠʪʴ Ic: 

 �� �� �� ��ʜʚ
c ʜʚ ʜʚ ʜʚ

ʩ

2
cos 2 cos 2 .

3
� �S �S �� �M

U
I f t I f t

U N
 (4.4) 

ʄʛʥʦʚʝʥʥʳʝ ʬʘʟʥʳʝ ʪʦʢʠ ʩʝʪʠ ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʘʢ: 

 

�� ��
ʩ

ʩ

ʩ

ʩ

ʩ

ʩ

cos 2 ;

2
cos 2 ;

3

2
cos 2 .

3

�½
�°�  � S
�°
�°�S� § � ·� �S �� �¾� ¨ � ¸

� © � ¹�°
�°�S� § � ·� �S �� �°� ¨ � ¸

� © � ¹�¿

a

b

c

i I f t

i I f t

i I f t

  (4.5) 

ʊʦʛʜʘ ʤʛʥʦʚʝʥʥʳʝ ʪʦʢʠ ʬʘʟʳ ʦʧʨʝʜʝʣʷʶʪʩʷ ʢʘʢ: 
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ʩ

ʩ

ʜʚ ʜʚ
ʜʚ ʩ

c

ʜʚ ʜʚ
ʜʚ

c

ʜʚ ʜʚ
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c

1
(1 cos(4 ))cos(2 );

3

1 2
(1 cos(4 ))cos(2 );

3 3

1 2
(1 cos(4 ))cos(2 ).

3 3

�½
� �˜ �� �S �S �°

�°
�°�S �°� �˜ �� �S �S �� �¾
�°
�°�S

� �˜ �� �S �S �� �°
�°�¿

a

b

c

U I
i f t f t

U N

U I
i f t f t

U N

U I
i f t f t

U N

 (4.6) 

ʀʟ ʧʦʣʫʯʝʥʥʦʡ ʬʦʨʤʫʣʳ ʤʦʞʥʦ ʩʜʝʣʘʪʴ ʚʳʚʦʜ, ʦʩʥʦʚʥʳʝ ʯʘʩʪʦʳ 

ʥʘʛʨʫʟʢʠ ʠ ʩʝʪʠ ʥʘʢʣʘʜʳʚʘʶʪʩʷ ʜʨʫʛ ʥʘ ʜʨʫʛʘ, ʪʝʤ ʩʘʤʳʤ ʠʩʢʘʞʘʷ ʬʦʨʤʫ ʪʦʢʦʚ 

ʩʝʪʠ. ɼʣʷ ʧʨʠʤʝʨʘ ʨʘʩʩʤʦʪʨʠʤ ʥʝʢʦʪʦʨʳʡ ʨʝʞʠʤ ʨʘʙʦʪʳ ʧʨʠʚʦʜʘ, ʧʦʢʘʟʘʥʥʳʡ 

ʚ ʪʘʙʣʠʮʝ 4.1. ɼʣʷ ʚʳʭʦʜʥʦʡ ʯʘʩʪʦʪʳ ʜʚʠʛʘʪʝʣʷ, ʨʘʚʥʦʡ 40 ɻʮ, ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ 

ʫʨʘʚʥʝʥʠʷ (4.6)  

ʬʦʨʤʳ ʩʠʛʥʘʣʦʚ ʬʘʟʥʦʛʦ ʪʦʢʘ ʩʝʪʠ ʠʟʦʙʨʘʞʝʥʳ ʥʘ ʈʠʩ.4.3. ʇʫʣʴʩʘʮʠʠ ʬʘʟʥʦʛʦ 

ʪʦʢʘ ʜʦʩʪʠʛʘʶʪ ʫʜʚʦʝʥʥʦʛʦ ʥʦʤʠʥʘʣʴʥʦʛʦ ʟʥʘʯʝʥʠʷ. ʊʘʢʞʝ ʬʦʨʤʳ ʪʦʢʦʚ ʠʤʝʶʪ 

ʥʝʩʠʥʫʩʦʠʜʘʣʴʥʫʶ ʬʦʨʤʫ, ʯʪʦ ʫʭʫʜʰʘʝʪ ʪʝʤʧʝʨʘʪʫʨʥʳʡ ʨʝʞʠʤ ʬʘʟʥʳʭ 

ʦʙʤʦʪʦʢ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ.  

ʊʘʙʣʠʮʘ 4.1ðʇʘʨʘʤʝʪʨʳ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʷ 

ʇʘʨʘʤʝʪʨ ʆʙʦʟʥʘʯʝʥʠʝ ɿʥʘʯʝʥʠʝ ʈʘʟʤʝʨʥʦʩʪʴ 

ʃʠʥʝʡʥʦʝ ʥʘʧʨʷʞʝʥʠʝ 

ʜʚʠʛʘʪʝʣʷ (ʜʝʡʩʪʚʫʶʱʝʝ) 
Uʜʚ 10 ʢɺ 

ʊʦʢ ʜʚʠʛʘʪʝʣʷ 

(ʜʝʡʩʪʚʫʶʱʠʡ) 
Iʜʚ 527 A 

ʅʘʧʨʷʞʝʥʠʝ ʚʪʦʨʠʯʥʦʡ 

ʦʙʤʦʪʢʠ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ 
Uʩ 650 ɺ 

ʂʦʣʠʯʝʩʪʚʦ ʷʯʝʝʢ ʚ ʬʘʟʝ N 8  

ʏʘʩʪʦʪʘ ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʷ fʜʚ 40 ɻʮ 

ʏʘʩʪʦʪʘ ʩʝʪʠ fʩ 50 ɻʮ 
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ʈʠʩ.4.3 ʌʦʨʤʘ ʬʘʟʥʳʭ ʪʦʢʦʚ, ʧʦʣʫʯʝʥʥʳʭ ʧʦ ʬʦʨʤʫʣʝ (4.6) 

ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʝʩʣʠ ʧʳʪʘʪʴʩʷ ʩʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʧʫʣʴʩʘʮʠʠ, ʪʦ ʵʪʦ 

ʚʳʟʦʚʝʪ ʩʦʦʪʚʝʪʩʪʚʫʶʱʠʝ ʧʫʣʴʩʘʮʠʠ ʬʘʟʥʦʛʦ ʪʦʢʘ ʚ ʘʢʪʠʚʥʦʤ ʚʳʧʨʷʤʠʪʝʣʝ. 

ʕʪʠ ʧʫʣʴʩʘʮʠʠ ʙʫʜʫʪ ʦʪ ʥʫʣʷ ʜʦ ʫʜʚʦʝʥʥʦʛʦ ʥʦʤʠʥʘʣʴʥʦʛʦ ʪʦʢʘ, ʧʨʠʯʝʤ ʩ 

ʯʘʩʪʦʪʦʡ 100ɻʮ. ʊʘʢ ʢʘʢ ʯʘʩʪʦʪʘ ʩʝʪʠ 50ɻʮ, ʵʪʦ ʧʨʠʚʝʜʝʪ ʢ ʪʦʤʫ, ʯʪʦ ʧʠʢʠ 

ʧʦʪʨʝʙʣʝʥʠʷ ʤʦʱʥʦʩʪʠ ʧʨʠʜʫʪʩʷ ʥʘ ʤʘʢʩʠʤʫʤ ʦʜʥʦʛʦ ʠʟ ʪʦʢʦʚ ʬʘʟ ʩʝʪʠ, ʠ ʪʦʢʠ 

ʬʘʟ ʩʪʘʥʫʪ ʥʝ ʪʦʣʴʢʦ ʤʦʜʫʣʠʨʦʚʘʥʥʳʤʠ, ʥʦ ʠ ʥʝʩʠʤʤʝʪʨʠʯʥʳʤʠ. 

ɽʩʣʠ ʞʝ ʥʝ ʧʳʪʘʪʴʩʷ ʩʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʢʦʣʝʙʘʥʠʷ, ʪʦ ʥʘ ʥʠʟʢʠʭ ʯʘʩʪʦʪʘʭ 

ʚʨʘʱʝʥʠʷ ʜʚʠʛʘʪʝʣʷ, ʥʘʧʨʠʤʝʨ, 10ɻʮ, ʢʦʣʝʙʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ ʤʦʛʫʪ ʩʪʘʪʴ 

ʥʝʧʨʠʝʤʣʝʤʦ ʙʦʣʴʰʠʤʠ. 

ʊʘʢ ʢʘʢ ʧʦʪʨʝʙʣʝʥʠʝ ʤʦʱʥʦʩʪʠ ʩ ʷʯʝʡʢʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʨʘʙʦʪʦʡ 

ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʷ ʠ ʠʥʚʝʨʪʦʨʘ ʠ ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʨʘʙʦʪʳ ʩʘʤʦʛʦ ʘʢʪʠʚʥʦʛʦ 

ʚʳʧʨʷʤʠʪʝʣʷ, ʤʦʞʥʦ ʫʧʨʦʩʪʠʪʴ ʤʦʜʝʣʴ (ʧʘʨʘʤʝʪʨʳ ʤʦʜʝʣʠ ʩʦʦʪʚʝʪʚʫʶʪ 

ʪʘʙʣʠʮʝ 4.1) ʜʦ ʦʜʥʦʛʦ ʘʢʪʠʚʥʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ ʜʣʷ ʙʦʣʝʝ ʧʦʜʨʦʙʥʦʛʦ 

ʠʩʩʣʝʜʦʚʘʥʠʷ ʝʛʦ ʨʘʙʦʪʳ. ʊʦʢ ʧʦʪʨʝʙʣʝʥʠʷ ʧʦ ʟʚʝʥʫ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʤʦʞʝʪ 

ʙʳʪʴ ʠʤʠʪʠʨʦʚʘʥ ʩʜʚʠʥʫʪʳʤ ʩʠʥʫʩʦʠʜʘʣʴʥʳʤ ʩʠʛʥʘʣʦʤ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ 

ʨʠʩ. 4.4. ɺ ʜʘʥʥʦʤ ʩʣʫʯʝ ʧʦʢʘʟʘʥʘ ʥʘʩʪʨʦʡʢʘ ʨʝʛʫʣʷʪʦʘ, ʧʨʠ ʢʦʪʦʨʦʤ ɸɺʅ 

ʧʳʪʘʝʪʩʷ ʢʦʤʧʝʥʩʠʨʦʚʘʪʴ ʚʩʝ ʧʫʣʴʩʘʮʠʠ ʧʦʪʨʝʙʣʷʝʤʦʡ ʤʦʱʥʦʩʪʠ, ʯʪʦʙʳ 

ʥʘʧʨʷʞʝʥʠʝ ʚ ʟʚʝʥʝ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʙʳʣʦ ʤʘʢʩʠʤʘʣʴʥʦ ʩʪʘʙʠʣʴʥʳʤ ʠ ʙʣʠʟʢʦ 

ʢ ʟʘʜʘʥʠʶ 1040 ɺ. ʌʦʨʤʘ ʪʦʢʦʚ, ʧʦʣʫʯʝʥʥʦʡ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʙʣʠʟʢʘ ʢ ʪʦʡ, 

ʯʪʦ ʧʦʣʫʯʝʥʘ ʧʨʠ ʨʘʩʯʝʪʝ ʧʦ ʬʦʨʤʫʣʝ ʨʠʩ. 4.3. 
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ʈʠʩ.4.4  ʈʘʙʦʪʘ ɸɺʅ ʧʨʠ ʙʳʩʪʨʦʡ ʥʘʩʪʨʦʡʢʝ ʨʝʛʫʣʷʪʦʨʘ ʥʘʧʨʷʞʝʥʠʷ ʘ ð ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ 

ʷʯʝʡʢʠ, ʙ ð ʪʦʢ ɿʇʊ ʷʯʝʡʢʠ, ʚ ð ʪʦʢʠ ʧʦ ʦʩʠ dq ɸɺʅ, ʛ ð ʪʦʢʠ ɸɺʅ 

ɼʣʷ ʦʮʝʥʢʠ ʧʦʚʝʜʝʥʠʷ ʩʠʩʪʝʤʳ ʩ ʤʝʜʣʝʥʥʳʤ ʇʀ-ʨʝʛʫʣʷʪʦʨʦʤ 

ʥʘʧʨʷʞʝʥʠʷ ʙʳʣʦ ʧʨʦʚʝʜʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, ʨʝʟʫʣʴʪʘʪʳ ʢʦʪʦʨʦʛʦ ʧʦʢʘʟʘʥʳ ʥʘ 

ʨʠʩ. 4.5. ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʪʦʢ id ʙʣʠʞʝ ʢ ʧʦʩʪʦʷʥʥʦʤʫ ʟʥʘʯʝʥʠʶ, ʠ ʦʥ ʧʨʘʢʪʠʯʝʩʢʠ 

ʥʝ ʟʘʚʠʩʠʪ ʦʪ ʧʫʣʴʩʘʮʠʡ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ. ɼʣʷ ʵʪʦʛʦ ʫʩʪʘʥʦʚʠʚʰʝʛʦʩʷ ʨʝʞʠʤʘ 

ʨʘʙʦʪʳ ʬʘʟʥʳʝ ʪʦʢʠ ɸɺʅ ʷʚʣʷʶʪʩʷ ʩʠʥʫʩʦʠʜʘʣʴʥʳʤʠ, ʥʦ ʪʘʢʘʷ ʥʘʩʪʨʦʡʢʘ 

ʥʝʧʨʠʝʤʣʝʤʘ ʜʣʷ ʤʛʥʦʚʝʥʥʦʛʦ ʠʟʤʝʥʝʥʠʷ ʥʘʛʨʫʟʢʠ ʠʣʠ ʠʟʤʝʥʝʥʠʷ ʟʘʜʘʥʠʷ 

ʩʢʦʨʦʩʪʠ, ʠʣʠ ʤʦʤʝʥʪʘ. 
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ʈʠʩ.4.5  ʈʘʙʦʪʘ ɸɺʅ ʧʨʠ ʤʝʜʣʝʥʥʦʡ ʥʘʩʪʨʦʡʢʝ ʨʝʛʫʣʷʪʦʨʘ ʥʘʧʨʷʞʝʥʠʷ, ʘ ð ʥʘʧʨʷʞʝʥʠʝ 

ɿʇʊ ʷʯʝʡʢʠ, ʙ ð ʪʦʢ ɿʇʊ ʷʯʝʡʢʠ, ʚ ð ʪʦʢʠ ʧʦ ʦʩʠ dq ɸɺʅ , ʛð ʪʦʢʠ ɸɺʅ 

ʅʘ ʨʠʩ. 4.6 ʧʦʢʘʟʘʥ ʨʝʞʠʤ, ʢʦʛʜʘ ʥʘʛʨʫʟʢʘ ʠʟʤʝʥʷʝʪʩʷ ʤʛʥʦʚʝʥʥʦ ʦʪ 

ʥʦʤʠʥʘʣʘ ʜʦ ʥʫʣʷ. ɺ ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 0,25 ʩ ʧʦʪʨʝʙʣʷʝʤʘʷ ʤʦʱʥʦʩʪʴ ʩʥʠʞʘʝʪʩʷ 

ʜʦ ʥʫʣʷ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʚʝʣʠʯʝʥʠʶ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ. ʇʨʝʚʳʰʝʥʠʝ 

ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ ʚ ʜʘʥʥʦʤ ʢʦʥʢʨʝʪʥʦʤ ʩʣʫʯʘʝ ʜʦʩʪʠʛʣʦ 1500 ɺ, ʯʪʦ ʤʦʞʝʪ 

ʚʳʟʚʘʪʴ ʚʳʭʦʜ ʠʟ ʩʪʨʦʷ ʩʠʣʦʚʳʭ ʢʦʤʤʫʪʘʮʠʦʥʥʳʭ ʫʩʪʨʦʡʩʪʚ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, 

ʦʙʝ ʥʘʩʪʨʦʡʢʠ ʨʝʛʫʣʷʪʦʨʘ ʥʝ ʧʦʜʭʦʜʷʪ ʜʣʷ ɸɺʅ ʚʳʩʦʢʦʚʦʣʴʪʥʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʯʘʩʪʦʪʳ. 
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ʈʠʩ.4.6  ʈʘʙʦʪʘ ɸɺʅ ʧʨʠ ʤʝʜʣʝʥʥʦʡ ʥʘʩʪʨʦʡʢʝ ʨʝʛʫʣʷʪʦʨʘ ʥʘʧʨʷʞʝʥʠʷ ʠ ʧʨʠ ʩʙʨʦʩʝ 

ʥʘʛʨʫʟʢʠ, ʘ ð ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ ʷʯʝʡʢʠ, ʙ ð ʪʦʢ ɿʇʊ ʷʯʝʡʢʠ, ʚ ð ʪʦʢʠ ʧʦ ʦʩʠ dq ɸɺʅ,  

ʛ ð ʪʦʢʠ ɸɺʅ 

ɼʣʷ ʢʦʤʧʝʥʩʘʮʠʠ ʢʦʣʝʙʘʥʠʡ ʥʘʧʨʷʞʝʥʠʷ ʟʚʝʥʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʚ 

ʧʝʨʝʭʦʜʥʳʭ ʨʝʞʠʤʘʭ ʩ ʤʝʜʣʝʥʥʳʤ ʇʀ-ʨʝʛʫʣʷʪʦʨʦʤ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ 

ʥʝʦʙʭʦʜʠʤʦ ʫʧʨʘʚʣʝʥʠʝ ʩ ʧʨʝʜʫʧʨʘʚʣʝʥʠʝʤ. ʋʧʨʘʚʣʝʥʠʝ ʩ ʧʨʝʜʫʧʨʘʚʣʝʥʠʝʤ 

ʠʩʧʦʣʴʟʫʝʪʩʷ ʚ ʧʨʦʤʳʰʣʝʥʥʦʩʪʠ ʢʘʢ ʚ ʢʘʯʝʩʪʚʝ ʦʩʥʦʚʥʦʛʦ ʤʝʪʦʜʘ ʫʧʨʘʚʣʝʥʠʷ, 

ʪʘʢ ʠ ʜʣʷ ʦʪʢʘʟʦʫʩʪʦʡʯʠʚʦʡ ʨʘʙʦʪʳ [70,71,72]. ɽʛʦ ʤʦʞʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʚ 

ʨʘʟʣʠʯʥʳʭ ʧʨʦʮʝʩʩʘʭ ʜʣʷ ʦʙʝʩʧʝʯʠʚʘʥʠʷ ʙʳʩʪʨʦʡ ʜʠʥʘʤʠʯʝʩʢʦʡ ʨʝʘʢʮʠʠ. 

ʉʪʨʫʢʪʫʨʘ ʫʧʨʘʚʣʝʥʠʷ ɸɺʅ ʨʠʩ. 4.2 ʜʦʧʦʣʥʷʝʪʩʷ ʙʣʦʢʦʤ ʧʨʝʜʫʧʨʘʚʣʝʥʠʷ 

ʨʠʩ. 4.7. ɹʣʦʢ ʧʨʝʜʫʧʨʘʚʣʝʥʠʷ ʧʦʢʘʟʘʥ ʧʫʥʢʪʠʨʥʳʤ ʧʨʷʤʦʫʛʦʣʴʥʠʢʦʤ ʠ ʤʦʞʝʪ 

ʙʳʪʴ ʧʦʜʢʣʶʯʝʥ ʢ ʦʩʥʦʚʥʦʡ ʩʪʨʫʢʪʫʨʝ ʫʧʨʘʚʣʝʥʠʷ ʩ ʧʦʤʦʱʴʶ ʧʝʨʝʢʣʶʯʘʪʝʣʷ 

Qʇʋ.  
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ʈʠʩ.4.7  ʉʪʨʫʢʪʫʨʘ ʚʝʢʪʦʨʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʘʢʪʠʚʥʳʤ ʚʳʧʨʷʤʠʪʝʣʝʤ ʩ ʧʨʝʜʫʧʨʘʚʣʝʥʠʝʤ 

ɹʣʦʢ ʧʨʝʜʫʧʨʘʚʣʝʥʠʷ ʬʦʨʤʠʨʫʝʪ ʥʝʦʙʭʦʜʠʤʳʡ ʪʦʢ ʧʦ ʦʩʠ d ʘʢʪʠʚʥʦʛʦ 

ʚʳʧʨʷʤʠʪʝʣʷ ʚʦ ʚʩʝʭ ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ. ɿʥʘʷ ʧʦʪʨʝʙʣʷʝʤʫʶ 

ʤʦʱʥʦʩʪʴ ʜʚʠʛʘʪʝʣʷ, ʤʦʞʥʦ ʨʘʩʩʯʠʪʘʪʴ, ʧʦʪʨʝʙʣʷʝʤʫʶ ʤʦʱʥʦʩʪʴ ʷʯʝʡʢʠ, ʘ 

ʩʣʝʜʦʚʘʪʝʣʴʥʦ ʥʝʦʙʭʦʜʠʤʳʡ ʪʦʢ ʧʦ ʦʩʠ d ʘʢʪʠʚʥʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ, 

ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʥʝʦʙʭʦʜʠʤʫʶ ʧʦʪʨʝʙʣʷʝʤʫʶ ʤʦʱʥʦʩʪʴ ʷʯʝʡʢʠ. 

ʇʦʪʨʝʙʣʷʝʤʘʷ ʤʦʱʥʦʩʪʴ ʜʚʠʛʘʪʝʣʷ ʦʧʨʝʜʝʣʷʝʪʩʷ ʢʘʢ: 

 ʜʚ ʜʚ ʜʚ ʜʚ ʜʚ ʜʚ ʜʚ.� �� ��a a b b c cp u i u i u i  (4.7) 

ʇʦʣʫʯʝʥʥʘʷ ʤʦʱʥʦʩʪʴ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʪʨʝʭʬʘʟʥʦʡ ʩʠʩʪʝʤʝ ʠ ʜʦʣʞʥʘ ʙʳʪʴ 

ʧʝʨʝʩʯʠʪʘʥʘ ʜʣʷ ʜʚʫʭʬʘʟʥʦʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ʤʦʱʥʦʩʪʴʶ ɸɺʅ: 

 ɸɺʅ .�  � �d d q qp u i u i   (4.8) 

ʉ ʫʯʝʪʦʤ ʢʦʵʬʬʠʮʠʝʥʪʘ ʵʢʚʠʚʘʣʝʥʪʥʦʡ ʤʦʱʥʦʩʪʠ 2/3 ʠ ʢʦʣʠʯʝʩʪʚʘ 

ʥʠʟʢʦʚʦʣʴʪʥʳʭ ʷʯʝʝʢ ʚ ʢʘʞʜʦʡ ʬʘʟʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ Nʧʨ ʨʝʟʫʣʴʪʠʨʫʶʱʝʝ 

ʫʨʘʚʥʝʥʠʝ ʦʧʦʨʥʦʛʦ ʪʦʢʘ ʧʦ ʦʩʠ d ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: 

 ʜʚ
ʇʋ

ʧʨ ʩ

2
,

3
� d

p
i

N U
  (4.9) 

ʩ ʫʯʝʪʦʤ ʪʦʛʦ, ʯʪʦ ʪʦʢ ʧʦ ʦʩʠ q ʨʘʚʝʥ ʥʫʣʶ. 

ɼʣʷ ʫʧʨʦʱʸʥʥʦʡ ʤʦʜʝʣʠ ʪʦʢ idʇʋ ʚ ʩʣʫʯʘʝ ʩʙʨʦʩʘ ʥʘʛʨʫʟʢʠ ʙʫʜʝʪ 

ʵʢʚʠʚʘʣʝʥʪʝʥ ʩʨʝʜʥʝʡ ʤʦʱʥʦʩʪʠ ʥʘʛʨʫʟʢʠ, ʢʦʪʦʨʘʷ ʤʝʥʷʝʪʩʷ ʩʢʘʯʢʦʤ ʜʦ ʥʫʣʷ. 

ʈʝʟʫʣʴʪʘʪ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʢʘʟʘʥ ʥʘ ʨʠʩ. 4.8. 
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ʈʠʩ.4.8  ʈʘʙʦʪʘ ɸɺʅ ʧʨʠ ʤʝʜʣʝʥʥʦʡ ʥʘʩʪʨʦʡʢʝ ʨʝʛʫʣʷʪʦʨʘ ʥʘʧʨʷʞʝʥʠʷ ʩ ʧʨʝʜʫʧʨʘʚʣʝʥʠʝʤ 

ʠ ʧʨʠ ʩʙʨʦʩʝ ʥʘʛʨʫʟʢʠ, ʘ ð ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ ʷʯʝʡʢʠ, ʙ ð ʪʦʢ ɿʇʊ ʷʯʝʡʢʠ, ʚ ð ʪʦʢʠ ʧʦ ʦʩʠ 

dq ɸɺʅ, ʛ ð ʪʦʢʠ ɸɺʅ 

ɺʳʚʦʜʳ ʧʦ ʛʣʘʚʝ 4 

ɺ ʜʘʥʥʦʡ ʛʣʘʚʝ ʧʦʢʘʟʘʥ ʧʨʠʥʮʠʧ ʧʦʩʪʨʦʝʥʠʷ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ ɸɺʅ ʠ 

ʧʦʢʘʟʘʥʳ ʥʝʜʦʩʪʘʪʢʠ ʪʨʘʜʠʮʠʦʥʥʳʭ ʧʦʜʭʦʜʦʚ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʚ 

ʟʚʝʥʝ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ. ɺ ʧʝʨʝʭʦʜʥʳʭ ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ ɸɺʅ ʙʳʣʦ ʧʨʝʜʣʦʞʝʥʦ 

ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʨʝʜʫʧʨʘʚʣʝʥʠʝ, ʦʩʥʦʚʘʥʥʦʝ ʥʘ ʚʳʯʠʩʣʝʥʠʠ ʟʘʜʘʥʠʷ ʪʦʢʘ ʧʦ ʦʩʠ 

d ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʤʛʥʦʚʝʥʥʦʡ ʤʦʱʥʦʩʪʠ, ʧʦʪʨʝʙʣʷʝʤʦʡ ʜʚʠʛʘʪʝʣʝʤ. 

ʇʨʝʜʣʘʛʘʝʤʘʷ ʩʠʩʪʝʤʘ ʫʧʨʘʚʣʝʥʠʷ ʦʙʝʩʧʝʯʠʚʘʝʪ ʩʪʘʙʠʣʴʥʦʩʪʴ ʨʝʛʫʣʠʨʦʚʘʥʠʷ 

ʥʘʧʨʷʞʝʥʠʷ ʚ ʟʚʝʥʝ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʚ ʫʩʪʘʥʦʚʠʚʰʝʤʩʷ ʨʝʞʠʤʝ ʠ ʧʨʠ 

ʧʝʨʝʭʦʜʥʳʭ ʧʨʦʮʝʩʩʘʭ, ʚʳʟʚʘʥʥʳʭ ʠʟʤʝʥʝʥʠʝʤ ʥʘʛʨʫʟʢʠ ʠ ʠʟʤʝʥʝʥʠʝʤ 

ʟʘʜʘʥʠʷ. ʇʨʝʜʣʦʞʝʥʥʦʝ ʨʝʰʝʥʠʝ ʙʳʣʦ ʧʨʦʚʝʨʝʥʦ ʤʦʜʝʣʠʨʦʚʘʥʠʝʤ.  
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5.1 ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ ʧʦʣʥʦʡ ʪʨʸʭʬʘʟʥʦʛʦ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ 

ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ ʩ ʚʭʦʜʥʳʤ ʤʥʦʛʦʦʙʤʦʪʦʯʥʳʤ ʚʭʦʜʥʳʤ ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʤ 

ʎʝʣʴʶ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʧʦʜʪʚʝʨʞʜʝʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ 

ʬʫʥʢʮʠʦʥʠʨʦʚʘʥʠʷ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʯʘʩʪʦʪʳ ʟʘʜʘʥʥʦʡ ʪʦʧʦʣʦʛʠʠ ʩ ʪʦʯʢʠ 

ʟʨʝʥʠʷ ʢʘʯʝʩʪʚʘ ʧʨʝʦʙʨʘʟʦʚʘʥʠʷ ʵʥʝʨʛʠʠ: ʥʘʣʠʯʠʝ ʠʣʠ ʦʪʩʫʪʩʪʚʠʝ ʧʫʣʴʩʘʮʠʡ 

ʪʦʢʘ ʠ ʥʘʧʨʷʞʝʥʠʷ ʚ ʨʘʟʣʠʯʥʳʭ ʮʝʧʷʭ, ʘ ʪʘʢʞʝ ʦʧʨʝʜʝʣʝʥʠʝ, ʷʚʣʷʶʪʩʷ ʣʠ ʦʥʠ 

ʜʦʧʫʩʪʠʤʳʤʠ. ʊʘʢʞʝ ʮʝʣʴʶ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʷʚʣʷʝʪʩʷ ʨʘʟʨʘʙʦʪʢʘ ʠ ʦʪʣʘʜʢʘ 

ʘʣʛʦʨʠʪʤʦʚ ʫʧʨʘʚʣʝʥʠʷ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʤ ʯʘʩʪʦʪʳ. 

ʄʦʜʝʣʴ ʚʳʧʦʣʥʝʥʘ ʚ ʧʘʢʝʪʝ MATLAB  Simulink ʠ ʠʩʧʦʣʴʟʫʝʪ ʢʦʤʧʦʥʝʥʪʳ 

SimPowerSystems ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʢʦʤʧʦʥʝʥʪʦʚ, ʪʘʢʠʭ ʢʘʢ 

ʪʨʘʥʟʠʩʪʦʨʳ, ʜʠʦʜʳ, ʪʨʘʥʩʬʦʨʤʘʪʦʨʳ ʠ ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣʠ. 

ɼʣʷ ʦʧʠʩʘʥʠʷ ʥʘʠʙʦʣʝʝ ʩʣʦʞʥʳʭ ʯʘʩʪʝʡ ʩʠʩʪʝʤʳ ʫʧʨʘʚʣʝʥʠʷ, ʪʘʢʠʭ ʢʘʢ 

ʤʦʜʫʣʴ ʐʀʄ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ ʠʥʚʝʨʪʦʨʘ ʠʩʧʦʣʴʟʫʶʪʩʷ ʙʣʦʢʠ MATLAB  

Simulink S-Function, ʥʘʧʠʩʘʥʥʳʝ ʥʘ ʷʟʳʢʝ ʧʨʦʛʨʘʤʤʠʨʦʚʘʥʠʷ ʉʠ. ɼʣʷ 

ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʪʝʧʣʦʚʳʭ ʨʝʞʠʤʦʚ ʨʘʙʦʪʳ ʩʠʣʦʚʳʭ ʤʦʜʫʣʝʡ ʢʦʤʧʝʥʩʘʪʦʨʘ 

ʠʩʧʦʣʴʟʦʚʘʣʘʩʴ ʧʨʦʛʨʘʤʤʥʘʷ ʩʨʝʜʘ PSIM.  

ʆʩʥʦʚʥʳʝ ʢʦʤʧʦʥʝʥʪʳ ʤʦʜʝʣʠ ʠ ʠʭ ʯʠʩʣʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ ʧʨʝʜʩʪʘʚʣʝʥʳ 

ʚ ʪʘʙʣʠʮʝ 5.1. 

ʊʘʙʣʠʮʘ 5.1 ð ʂʦʤʧʦʥʝʥʪʳ ʤʦʜʝʣʠ ʚʳʩʦʢʦʚʦʣʴʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ 

ʯʘʩʪʦʪʳ ʠ ʠʭ ʯʠʩʣʝʥʥʳʝ ʧʘʨʘʤʝʪʨʳ 

ʕʣʝʢʪʨʦʜʚʠʛʘʪʝʣʴ ʉʊɼ-8000/10000-ʋʍʃ4 

ʏʠʩʣʦ ʬʘʟ 3 

ʄʦʤʝʥʪ ʠʥʝʨʮʠʠ J, ʢʛ/ʤ2 148 

 

ɻʃɸɺɸ 5 ʕʂʉʇɽʈʀʄɽʅʊɸʃʔʅʓɽ ʀʉʉʃɽɼʆɺɸʅʀʗ 

ʈɸɹʆʊʓ ʄʅʆɻʆʋʈʆɺʅɽɺʆɻʆ ɺʓʉʆʂʆɺʆʃʔʊʅʆɻʆ 

ʇʈɽʆɹʈɸɿʆɺɸʊɽʃʗ 
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ʇʨʦʜʦʣʞʝʥʠʝ ʪʘʙʣʠʮʳ 5.1 

ʂʦʥʩʪʘʥʪʘ ʕɼʉ: ʦʪʥʦʰʝʥʠʝ 

ʥʦʤʠʥʘʣʴʥʦʛʦ ʤʦʤʝʥʪʘ ʢ 

ʘʤʧʣʠʪʫʜʥʦʤʫ ʪʦʢʫ ʧʦ ʦʩʠ q 

36,9 

ʉʦʧʨʦʪʠʚʣʝʥʠʝ ʩʪʘʪʦʨʘ R1, ʆʤ 0,0588 

ʀʥʜʫʢʪʠʚʥʦʩʪʴ ʨʘʩʩʝʷʥʠʷ ʩʪʘʪʦʨʘ L1, 

ɻʥ 
0,0038 

ʅʦʤʠʥʘʣʴʥʘʷ ʩʢʦʨʦʩʪʴ, ʦʙ/ʤʠʥ 3000 

ʅʦʤʠʥʘʣʴʥʘʷ ʯʘʩʪʦʪʘ, ɻʮ 50 

ʅʦʤʠʥʘʣʴʥʘʷ ʤʦʱʥʦʩʪʴ, ʄɺʪ 8 

ʊʨʘʥʩʬʦʨʤʘʪʦʨ 

ɺʭʦʜʥʦʝ ʥʦʤʠʥʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ 

ʣʠʥʝʡʥʦʝ ʜʝʡʩʪʚʫʶʱʝʝ, ɺ  
10000 

ɺʳʭʦʜʥʦʝ ʥʦʤʠʥʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ 

ʣʠʥʝʡʥʦʝ ʜʝʡʩʪʚʫʶʱʝʝ, ɺ 
650 

ʏʠʩʣʦ ʚʳʭʦʜʥʳʭ ʦʙʤʦʪʦʢ  24 

ʀʥʜʫʢʪʠʚʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 

ʨʘʩʩʝʷʥʠʷ ʚʳʭʦʜʥʦʡ ʦʙʤʦʪʢʠ, ʤɻʥ 
0,09 

ʀʥʜʫʢʪʠʚʥʦʝ ʩʦʧʨʦʪʠʚʣʝʥʠʝ 

ʨʘʩʩʝʠʚʘʥʠʷ ʚʭʦʜʥʦʡ ʦʙʤʦʪʢʠ, ʤɻʥ 
1,108 

ʏʘʩʪʦʪʘ ʧʠʪʘʶʱʝʡ ʩʝʪʠ, ɻʮ 50 

ʇʘʨʘʟʠʪʥʳʝ ʝʤʢʦʩʪʠ 

ɽʤʢʦʩʪʴ ʦʙʤʦʪʢʠ ʉʆ (ʤʝʞʚʠʪʢʦʚʘʷ), 

ʧʌ 
175 

ɽʤʢʦʩʪʴ ʤʝʞʜʫ ʦʙʤʦʪʢʦʡ ʉʆ ʠ ʦʜʥʦʡ 

ʦʙʤʦʪʢʦʡ ɺʆ, ʧʌ 
160 

ɽʤʢʦʩʪʴ ʦʜʥʦʡ ʦʙʤʦʪʢʠ ɺʆ 

(ʤʝʞʚʠʪʢʦʚʘʷ), ʧʌ 
7522 
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ʇʨʦʜʦʣʞʝʥʠʝ ʪʘʙʣʠʮʳ 5.1 

ʉʠʣʦʚʘʷ ̫ʯʝʡʢʘ 

ʏʘʩʪʦʪʘ ʐʀʄ ʘʢʪʠʚʥʦʛʦ 

ʚʳʧʨʷʤʠʪʝʣʷ, ʢɻʮ 
8 

ʏʘʩʪʦʪʘ ʐʀʄ ʦʜʥʦʡ ʷʯʝʡʢʠ 

ʠʥʚʝʨʪʦʨʘ, ɻʮ 
500 

ʄʝʨʪʚʦʝ ʚʨʝʤʷ ʘʢʪʠʚʥʦʛʦ 

ʚʳʧʨʷʤʠʪʝʣʷ, ʤʢʩ 
6 

ʄʝʨʪʚʦʝ ʚʨʝʤʷ ʠʥʚʝʨʪʦʨʘ ʷʯʝʡʢʠ, ʤʢʩ 6 

ʅʦʤʠʥʘʣʴʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ, ɺ 1020 

ɽʤʢʦʩʪʴ ʟʚʝʥʘ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ, ʤʌ 12 

5.1.2 ʅʦʤʠʥʘʣʴʥʳʡ ʫʩʪʘʥʦʚʠʚʰʠʡʩʷ ʨʝʞʠʤ ʨʘʙʦʪʳ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ 

ʏʘʩʪʦʪʘ ʚʨʘʱʝʥʠʷ ʨʦʪʦʨʘ ʟʘʜʘʥʘ 314 ʨʘʜ/ʩ, ʤʦʤʝʥʪ 2,54Ŀ104 ʅĿʤ, ʯʪʦ 

ʩʦʩʪʘʚʣʷʝʪ 8 ʄɺʪ ʤʦʱʥʦʩʪʠ ʥʘ ʚʘʣʫ. ʅʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʚ ʤʦʜʝʣʠ ʫʩʪʘʥʦʚʣʝʥʳ 

ʨʘʚʥʳʤʠ ʫʩʪʘʥʦʚʠʚʰʝʤʫʩʷ ʨʝʞʠʤʫ, ʯʪʦʙʳ ʥʝ ʦʞʠʜʘʪʴ ʦʢʦʥʯʘʥʠʷ ʧʝʨʝʭʦʜʥʳʭ 

ʧʨʦʮʝʩʩʦʚ. ɸ ʠʤʝʥʥʦ, ʧʨʦʠʥʠʮʠʘʣʠʟʠʨʦʚʘʥʘ ʯʘʩʪʦʪʘ ʚʨʘʱʝʥʠʷ ʨʦʪʦʨʘ, ʥʘʛʨʫʟʢʘ 

ʥʘ ʚʘʣʫ, ʚʳʭʦʜ ʨʝʛʫʣʷʪʦʨʘ ʩʢʦʨʦʩʪʠ. 

ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʦʢʘʟʘʥʳ ʧʨʠ ʧʨʝʜʚʘʨʠʪʝʣʴʥʦ ʥʘʩʪʨʦʝʥʥʳʭ 

ʨʝʛʫʣʷʪʦʨʘʭ ʚʝʢʪʦʨʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ʜʚʠʛʘʪʝʣʷ ʠ ɸɺʅ. 

ʅʘ ʨʠʩ. 5.1 ʧʦʢʘʟʘʥʳ ʥʘʧʨʷʞʝʥʠʷ ʠ ʪʦʢʠ ʠʩʪʦʯʥʠʢʘ ʧʠʪʘʥʠʷ (ʧʝʨʚʠʯʥʦʡ 

ʦʙʤʦʪʢʠ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ). ʅʘ ʦʩʮʠʣʣʦʛʨʘʤʤʝ ʪʦʢʦʚ ʚʠʜʥʦ ʚʣʠʷʥʠʝ çʤʝʨʪʚʦʛʦè 

ʚʨʝʤʝʥʠ ɸɺʅ ʥʘ ʬʦʨʤʫ ʪʦʢʦʚ ʩʝʪʠ. 
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ʈʠʩ.5.1 ʃʠʥʝʡʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʠ ʪʦʢʠ ʩʝʪʠ ʧʨʠ ʥʦʤʠʥʘʣʴʥʦʤ ʨʝʞʠʤʝ ʨʘʙʦʪʳ 
ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ  

ʉʦʛʣʘʩʥʦ ɻʆʉʊ 32144 çʅʦʨʤʳ ʂʘʯʝʩʪʚʘ ʕʣʝʢʪʨʠʯʝʩʢʦʡ ʕʥʝʨʛʠʠ ʚ 

ʉʠʩʪʝʤʘʭ ʕʣʝʢʪʨʦʩʥʘʙʞʝʥʠʷ ʆʙʱʝʛʦ ʅʘʟʥʘʯʝʥʠʷè ʩʫʤʤʘʨʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ 

ʠʩʢʘʞʝʥʠʷ ʩʠʥʫʩʦʠʜʘʣʴʥʦʩʪʠ ʢʨʠʚʦʡ (THD) ʥʘʧʨʷʞʝʥʠʷ ʚ ʪʦʯʢʘʭ 

ʧʨʠʩʦʝʜʠʥʝʥʠʷ ʢ ʧʠʪʘʶʱʝʡ ʩʝʪʠ ʠ ʥʘ ʚʳʭʦʜʝ ʇʏ ʥʝ ʜʦʣʞʝʥ ʧʨʝʚʳʰʘʪʴ 5%. ɺ 

ʪʘʙʣʠʮʝ 5.2. ʧʦʢʘʟʘʥʳ ʟʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ n-ʦʡ ʛʘʨʤʦʥʠʯʝʩʢʦʡ 

ʩʦʩʪʘʚʣʷʶʱʝʡ ð Ku(n), ʧʦʣʫʯʠʚʰʠʝʩʷ ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʜʣʷ ʣʠʥʝʡʥʦʛʦ 

ʥʘʧʨʷʞʝʥʠʷ ʩʝʪʠ ʨʠʩ.5.1ʙ ʩ ʧʦʤʦʱʴʶ ʙʣʦʢʘ çFFT Analysisè. ʉʠʛʥʘʣ ʨʘʟʣʦʞʝʥ 

ʥʘ ʛʘʨʤʦʥʠʯʝʩʢʠʝ ʩʦʩʪʘʚʣʷʶʱʠʝ ʜʦ ʯʘʩʪʦʪʳ 2 ʢɻʮ (40-ʦʡ ʛʘʨʤʦʥʠʢʠ) (ʪ.ʢ 

ʩʦʛʣʘʩʥʦ ɻʆʉʊ 32144 ʥʦʨʤʠʨʫʝʪʩʷ ʜʦ 40-ʦʡ ʛʘʨʤʦʥʠʢʠ). ɺ ʪʘʙʣʠʮʝ 5.2 

ʧʦʢʘʟʘʥʳ ʟʥʘʯʝʥʠʷ ʜʣʷ ʛʘʨʤʦʥʠʯʝʩʢʠʭ ʩʦʩʪʘʚʣʷʶʱʠʭ ʪʦʢʘ ʩʝʪʠ ʜʦ 40-ʦʡ 

ʛʘʨʤʦʥʠʢʠ. 
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ʊʘʙʣʠʮʘ 5.2 ð ɿʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ n-ʦʡ ʛʘʨʤʦʥʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ 

ʣʠʥʝʡʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩʝʪʠ  

Ku(n) 
ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ Ku(n) ʧʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

Ku(2) 0,0205% 

Ku(3) 0,0005% 

Ku(4) 0,028% 

Ku(5) 0,098% 

Ku(6) 0,0014% 

Ku(7) 0,0897% 

Ku(8-40) <0,091% 

ʉʫʤʤʘʨʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʠʩʢʘʞʝʥʠʷ 

ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʢʨʠʚʦʡ 
0,26% 

ʈʝʟʫʣʴʪʘʪʳ ʨʘʩʯʝʪʘ ʩʫʤʤʘʨʥʦʛʦ ʢʦʵʬʬʠʮʠʝʥʪ ʠʩʢʘʞʝʥʠʷ ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ 

ʢʨʠʚʦʡ ʚ MATLAB  ʜʣʷ ʣʠʥʝʡʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩʝʪʠ ʥʝ ʧʨʝʚʳʰʘʝʪ 5%, ʯʪʦ 

ʩʦʦʪʚʝʪʩʪʚʫʝʪ ɻʆʉʊ. 

ʅʘ ʨʠʩ. 5.2 ʧʦʢʘʟʘʥʘ ʨʘʙʦʪʘ ɸɺʅ. ʂʦʣʝʙʘʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ɿʇʊ ʥʘʭʦʜʷʪʩʷ 

ʚ ʜʠʘʧʘʟʦʥʝ 100 ɺ. ʊʦʢʠ ɸɺʅ ʠʤʝʶʪ ʩʠʥʫʩʦʠʜʘʣʴʥʫʶ ʬʦʨʤʫ ʠ ʨʘʟʤʘʭ 

ʧʫʣʴʩʘʮʠʡ ʪʦʢʘ ʜʦʩʪʠʛʘʝʪ 150 ɸ. 
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ʈʠʩ.5.2 ʈʘʙʦʪʘ ɸɺʅ ʚ ʫʩʪʘʥʦʚʠʚʰʠʤʩʷ ʨʝʞʠʤʝ ʨʘʙʦʪʳ ʵʣʝʢʪʨʦʧʨʠʚʦʜʘ 
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ʅʘ ʨʠʩ. 5.3 ʧʦʢʘʟʘʥʳ ʚʳʭʦʜʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʢʘʞʜʦʡ ʷʯʝʡʢʠ ʬʘʟʳ ɸ. 

ʂʘʞʜʘʷ ʷʯʝʡʢʘ ʢʦʤʤʫʪʠʨʫʝʪʩʷ ʥʘ ʧʝʨʠʦʜʝ ʪʦʢʘ 10 ʨʘʟ, ʯʪʦ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʯʘʩʪʦʪʝ ʢʦʤʤʫʪʘʮʠʠ ʩʠʣʦʚʦʛʦ ʤʦʜʫʣʷ 500ɻʮ. 
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ʈʠʩ.5.3 ɺʳʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʷʯʝʝʢ ʬʘʟʳ ɸ 
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ʈʠʩ.5.4 ɺʳʭʦʜʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʠ ʪʦʢʠ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʧʨʠ ʨʘʙʦʪʝ ʚ ʥʦʤʠʥʘʣʴʥʦʤ ʨʝʞʠʤʝ 
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ʅʘʧʨʷʞʝʥʠʝ, ʧʦʢʘʟʘʥʥʦʝ ʥʘ ʨʠʩ. 5.4ʘ ʠʤʝʝʪ ʚ ʥʝʢʦʪʦʨʳʝ ʤʦʤʝʥʪʳ 

ʚʨʝʤʝʥʠ ʚʳʙʨʦʩʳ (ʚʳʜʝʣʝʥʦ ʢʨʘʩʥʳʤʠ ʦʚʘʣʘʤʠ). ʕʪʦʪ ʚʳʙʨʦʩ ʥʝ ʷʚʣʷʝʪʩʷ 

ʩʙʦʝʤ ʘʣʛʦʨʠʪʤʘ ʢʦʤʤʫʪʘʮʠʠ ʷʯʝʝʢ, ʘ ʷʚʣʷʝʪʩʷ ʧʨʦʷʚʣʝʥʠʝʤ ʤʸʨʪʚʦʛʦ ʚʨʝʤʝʥʠ 

ʠʥʚʝʨʪʦʨʘ, ʩʦʚʧʘʚʰʠʤ ʩ ʤʦʤʝʥʪʦʤ ʩʤʝʥʳ ʢʦʣʠʯʝʩʪʚʘ ʷʯʝʝʢ, ʧʦʢʘʟʘʥʥʦʤ ʠ 

ʦʧʠʩʘʥʥʦʤ ʚ ʧ. 2.1 (ʨʠʩ. 2.3).  

ɸʥʘʣʦʛʠʯʥʦ, ʢʘʢ ʜʣʷ ʣʠʥʝʡʥʳʭ ʥʘʧʨʷʞʝʥʠʡ ʩʝʪʠ ʙʳʣʘ ʧʦʣʫʯʝʥʘ ʨʠʩ. 5.3 

ʜʣʷ ʣʠʥʝʡʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ʚʳʭʦʜʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʯʘʩʪʦʪʳ. 

ʊʘʙʣʠʮʘ 5.3 ð ɿʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ n-ʦʡ ʛʘʨʤʦʥʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ 

ʣʠʥʝʡʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩʝʪʠ 

Ku(n) 
ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ Ku(n) ʧʨʠ 

ʤʦʜʝʣʠʨʦʚʘʥʠʠ 

Ku(2) 0,023% 

Ku(3) 0,238% 

Ku(4) 0,0215% 

Ku(5) 0,069% 

Ku(6) 0,034% 

Ku(7) 0,26% 

Ku(8-40) <0,63% 

ʉʫʤʤʘʨʥʳʡ ʢʦʵʬʬʠʮʠʝʥʪ ʠʩʢʘʞʝʥʠʷ 

ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʢʨʠʚʦʡ 
1,64% 

 

4.1.2 ʀʩʩʣʝʜʦʚʘʥʠʝ ʚʣʠʷʥʠʷ ʩʜʚʠʛʦʚ ʪʘʡʤʝʨʦʚ ʐʀʄ ɸɺʅ 

ɼʣʷ ʫʧʨʘʚʣʝʥʠʷ ʘʢʪʠʚʥʳʤ ʚʳʧʨʷʤʠʪʝʣʝʤ ʥʘʧʨʷʞʝʥʠʷ (ɸɺʅ) 

ʠʩʧʦʣʴʟʫʝʪʩʷ 12-ʩʝʢʪʦʨʥʘʷ ʐʀʄ (DPWM), ʧʨʠ ʤʦʜʝʣʠʨʦʚʘʥʠʠ ʚʩʝ ʪʘʡʤʝʨʳ 

ʐʀʄ ʙʳʣʠ ʩʠʥʭʨʦʥʥʳ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ.5.5 ʩʧʣʦʰʥʦʡ ʣʠʥʠʝʡ. ɽʩʣʠ ʫʯʝʩʪʴ, 

ʯʪʦ ʚʩʝ ɸɺʅ ʧʦʜʩʦʝʜʠʥʝʥʳ ʢ ʦʙʱʝʡ ʩʝʪʠ, ʚ ʢʦʪʦʨʫʶ ʜʦʙʘʚʣʷʶʪ ʕɼʉ ʦʪ ʩʚʦʝʛʦ 

ʐʀʄ, ʪʦ ʩʜʚʠʛʘʷ ʪʘʡʤʝʨʳ ʐʀʄ ʤʦʞʥʦ ʚʣʠʷʪʴ ʥʘ ʧʫʣʴʩʘʮʠʠ ʪʦʢʘ ʠ 

ʥʘʧʨʷʞʝʥʠʷ ʩʝʪʠ. ɽʩʣʠ ʢʘʞʜʳʡ ʪʘʡʤʝʨ ʐʀʄ ʘʢʪʠʚʥʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ ʩʜʚʠʥʫʪʴ 

ʥʘ ʟʥʘʯʝʥʠʝ ʨʘʚʥʦʝ 1/8 ʦʪ ʧʝʨʠʦʜʘ ʐʀʄ ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʘʡʤʝʨʘ ʧʨʝʜʳʜʫʱʝʡ 

ʷʯʝʡʢʠ ʚ ʬʘʟʝ, ʢʘʢ ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩ.5.5 ʧʫʥʢʪʠʨʥʦʡ ʣʠʥʝʡ, ʪʦ ʧʫʣʴʩʘʮʠʠ ʪʦʢʦʚ ʠ 

ʥʘʧʨʷʞʝʥʠʷ ʩʝʪʠ ʩʥʠʟʷʪʩʷ ʨʠʩ.5.6. ʇʨʠ ʵʪʦʤ ʪʦʢʠ ɸɺʅ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ.5.7. 

ʈʘʟʤʘʭ ʧʫʣʴʩʘʮʠʠ ʪʦʢʘ ʩʝʪʠ ʧʨʠ ʩʠʥʭʨʦʥʥʦʡ ʨʘʙʦʪʝ ʪʘʡʤʝʨʦʚ ɸɺʅ ʩʦʩʪʘʚʣʷʝʪ 
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100 ɸ, ʘ ʨʘʟʤʘʭ ʧʫʣʴʩʘʮʠʠ ʪʦʢʘ ʥʘ ʚʭʦʜʝ ɸɺʅ 80 ɸ. ʇʨʠ ʩʜʚʠʥʫʪʳʭ ʪʘʡʤʝʨʘʭ 

ʐʀʄ ɸɺʅ ʨʘʟʤʘʭ ʧʫʣʴʩʘʮʠʠ ʪʦʢʘ ʩʝʪʠ ʩʦʩʪʘʚʣʷʝʪ 15 ɸ ʧʨʠ ʪʦʢʝ ʥʘ ʚʭʦʜʝ 

 ɸɺʅ ð 200 ɸ. ʀʟ ʧʦʣʫʯʝʥʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʚʠʜʥʦ, ʯʪʦ ʧʨʠ ʩʤʝʱʝʥʠʠ ʪʘʡʤʝʨʦʚ 

ʐʀʄ ɸɺʅ ʧʫʣʴʩʘʮʠʠ ʩʝʪʠ ʩʥʠʞʘʶʪʩʷ, ʘ ʧʫʣʴʩʘʮʠʠ ʪʦʢʘ ɸɺʅ ʫʚʝʣʠʯʠʚʘʶʪʩʷ. 

ʊʘʡʤʝʨɸɺʅ1

t

t

t

t

ʊʘʡʤʝʨɸɺʅ2

1/8Tʐʀʄ

2/8Tʐʀʄ

7/8Tʐʀʄ

Tʐʀʄ

ʊʘʡʤʝʨɸɺʅ3

ʊʘʡʤʝʨɸɺʅ8

 

ʈʠʩ.5.5 ʊʘʡʤʝʨʳ ʐʀʄ ɸɺʅ 

-1000

-500

0

500

1000

0.25 0.255 0.26 0.265 0.27 0.275 0.28 0.285 0.29 0.295 0.3
-2

-1

0

1

2 104 ʃʠʥʝʡʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʩʝʪʠ

ʚʨʝʤʷ (ʩ)

ʘ)

ʙ)

ʊʦʢʠ ʩʝʪʠ

 

ʈʠʩ.5.6 ʃʠʥʝʡʥʳʝ ʥʘʧʨʷʞʝʥʠʷ ʠ ʪʦʢʠ ʩʝʪʠ ʧʨʠ ʥʦʤʠʥʘʣʴʥʦʤ ʨʝʞʠʤʝ ʨʘʙʦʪʳ 
ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʧʨʠ ʩʜʚʠʛʝ ʪʘʡʤʝʨʦʚ ʐʀʄ ɸɺʅ ʥʘ 1/8Tʐʀʄ 
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ʈʠʩ.5.7 ʊʦʢʠ ɸɺʅ ʷʯʝʡʢʠ ʧʨʠ ʥʘʣʠʯʠʠ ʩʜʚʠʛʘ ʪʘʡʤʝʨʦʚ ɸɺʅ 1/8Tʐʀʄ 

ɼʣʷ ʩʨʘʚʥʝʥʠʷ ʚ ʪʘʙʣʠʮʝ 5.4 ʧʨʝʜʩʪʘʚʣʝʥʳ ʢʦʵʬʬʠʮʠʝʥʪʳ ʛʘʨʤʦʥʠʯʝʩʢʠʭ 

ʩʦʩʪʘʚʣʷʶʱʠʭ ʜʣʷ ʣʠʥʝʡʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩʝʪʠ ʧʨʠ ʩʠʥʭʨʦʥʥʳʭ ʨʠʩ. 5.1ʙ ʠ 

ʩʜʚʠʥʫʪʳʭ ʪʘʡʤʝʨʘʭ ʐʀʄ ɸɺʅ ʨʠʩ. 5.7ʙ.  

ʊʘʙʣʠʮʘ 5.4 ð ɿʥʘʯʝʥʠʷ ʢʦʵʬʬʠʮʠʝʥʪʦʚ n-ʦʡ ʛʘʨʤʦʥʠʯʝʩʢʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ 

ʣʠʥʝʡʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ ʩʝʪʠ 

Ku(n) 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ  

Ku(n) ʧʨʠ ʩʜʚʠʥʫʪʳʭ 

ʪʘʡʤʝʨʘʭ ʐʀʄ ɸɺʅ 

ʈʝʟʫʣʴʪʘʪʳ ʠʟʤʝʨʝʥʠʷ  

Ku(n) ʧʨʠ ʩʠʥʭʨʦʥʥʳʭ 

ʪʘʡʤʝʨʘʭ ʐʀʄ ɸɺʅ 

Ku(2) 0.024% 0.0205% 

Ku(3) 0.0004% 0.0005% 

Ku(4) 0.0026% 0.028% 

Ku(5) 0.056% 0.098% 

Ku(6) 0.0015% 0.0014% 

Ku(7) 0.046% 0.0897% 

Ku(8-40) <0.096% <0.091% 

ʉʫʤʤʘʨʥʳʡ 

ʢʦʵʬʬʠʮʠʝʥʪ 

ʠʩʢʘʞʝʥʠʷ 

ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʢʨʠʚʦʡ 

0.2% 0.26% 

 

ʊʘʢʞʝ ʚ ʧʦʣʥʦʡ ʤʦʜʝʣʠ ʢʘʩʢʘʜʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʚ MATLAB  Simulink 

ʙʳʣʘ ʧʨʦʤʦʜʝʣʠʨʦʚʘʥʘ ʨʘʙʦʪʘ ɸɺʅ ʧʨʠ ʨʘʟʥʳʭ ʚʠʜʘʭ ʐʀʄ. ɹʳʣʠ ʪʘʢʞʝ 

ʦʮʝʥʝʥʳ ʜʠʥʘʤʠʯʝʩʢʠʝ ʧʦʪʝʨʠ ʚ ʦʪʥʦʩʠʪʝʣʴʥʳʭ ʝʜʠʥʠʮʘʭ. ʇʦʪʝʨʠ 

ʦʧʨʝʜʝʣʷʶʪʩʷ ʫʧʨʦʱʝʥʥʦ, ʢʘʢ ʢʦʣʠʯʝʩʪʚʦ ʧʦʪʝʨʴ ʟʘ ʦʜʠʥ ʘʤʧʝʨ ʪʦʢʘ, 
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ʧʨʦʭʦʜʷʱʝʛʦ ʯʝʨʝʟ ʢʣʶʯ ʚʦ ʚʨʝʤʷ ʢʦʤʤʫʪʘʮʠʠ. ʏʘʩʪʦʪʘ ʐʀʄ ʘʢʪʠʚʥʦʛʦ 

ʚʳʧʨʷʤʠʪʝʣʷ 8 ʢɻʮ. ʈʝʟʫʣʴʪʘʪʳ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʧʨʠʚʝʜʝʥʳ ʚ ʪʘʙʣʠʮʝ 5.5. 

ʊʘʙʣʠʮʘ 5.5 ð ʉʨʘʚʥʠʪʝʣʴʥʳʡ ʘʥʘʣʠʟ ʨʘʟʥʳʭ ʤʝʪʦʜʦʚ ʐʀʄ ɸɺʅ 

ʊʠʧ ʐʀʄ THD ɸɺʅ 
ɼʠʥʘʤʠʯʝʩʢʠʝ 

ʧʦʪʝʨʠ ʤʦʜʫʣʷ 

ɼʠʥʘʤʠʯʝʩʢʠʝ 

ʧʦʪʝʨʠ 

ʚʝʨʭʥʠʭ/ʥʠʞʥʠʭ 

ʢʣʶʯʝʡ 

SVPWM 6,61% 1,6 1,4/0,2 

DPMW 6-

ʩʝʢʪʦʨʥʘʷ 
9,21% 0,8 1,4/0,2 

DPMW 12-

ʩʝʢʪʦʨʥʘʷ 
10,44% 0,7 0,72/0,68 

 

ɹʳʣʦ ʧʨʠʥʷʪʦ ʨʝʰʝʥʠʝ ʠʩʧʦʣʴʟʦʚʘʪʴ ʜʣʷ ʫʧʨʘʚʣʝʥʠʷ ɸɺʅ 12 ʩʝʢʪʦʨʥʫʶ 

ʐʀʄ, ʯʪʦʙʳ ʦʙʝʩʧʝʯʠʪʴ ʪʨʝʙʫʝʤʫʶ ʚʳʭʦʜʥʫʶ ʤʦʱʥʦʩʪʴ. 

5.1.3 ʀʩʩʣʝʜʦʚʘʥʠʝ ʨʘʙʦʪʳ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʧʨʠ ʰʫʥʪʠʨʦʚʘʥʠʠ ʩʠʣʦʚʳʭ 

ʷʯʝʝʢ 

ɼʣʷ ʠʩʩʣʝʜʦʚʘʥʠʷ ʨʘʙʦʪʳ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʚ ʩʣʫʯʘʝ ʰʫʥʪʠʨʦʚʘʥʠʷ ʦʜʥʦʡ 

ʠʟ ʷʯʝʝʢ ʚ ʬʘʟʝ ʨʘʩʩʤʘʪʨʠʚʘʣʩʷ ʥʦʤʠʥʘʣʴʥʳʡ ʨʝʞʠʤ ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʷ. ɺ 

ʤʦʤʝʥʪ ʚʨʝʤʝʥʠ 0,5 ʩ ʦʜʥʘ ʠʟ ʷʯʝʝʢ ʚ ʬʘʟʝ ɸ ʰʫʥʪʠʨʫʝʪʩʷ, ʨʘʙʦʪʘ ɸɺʅ 

ʟʘʰʫʥʪʠʨʦʚʘʥʥʦʡ ʷʯʝʡʢʠ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 5.8. ʀʟ ʧʦʣʫʯʝʥʥʦʡ ʦʩʮʠʣʣʦʛʨʘʤʤʳ 

ʚʠʜʥʦ, ʯʪʦ ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ ʜʦʩʪʠʛʘʝʪ ʟʥʘʯʝʥʠʡ, ʧʨʠʚʦʜʷʱʠʭ ʚʳʭʦʜ ʠʭ ʩʪʨʦʷ 

ʩʠʣʦʚʦʛʦ ʤʦʜʫʣʷ ɸɺʅ. ʅʘ ʨʝʘʣʴʥʦʤ ʦʙʲʝʢʪʝ ʜʣʷ ʢʘʞʜʦʡ ʷʯʝʡʢʠ ʧʨʝʜʫʩʤʦʪʨʝʥʳ 

ʙʘʣʣʘʩʪʥʳʝ ʨʝʟʠʩʪʦʨʳ ʜʣʷ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ɿʇʊ ʚ ʘʚʘʨʠʡʥʳʭ 

ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ. ʈʘʙʦʪʘ ɸɺʅ ʩʦʩʝʜʥʝʡ ʩ ʰʫʥʪʠʨʫʶʱʝʡ ʷʯʝʡʢʦʡ ʧʦʢʘʟʘʥʘ ʥʘ 

ʨʠʩ. 5.9. ɺ ʤʦʤʝʥʪ ʰʫʥʪʠʨʦʚʘʥʠʷ ʝʩʪʴ ʧʨʦʩʘʜʢʘ ʥʘʧʨʷʞʝʥʠʷ ʥʘ ɿʇʊ, ʧʨʠ ʵʪʦʤ 

ʩʨʘʙʘʪʳʚʘʶʪ ʨʝʛʫʣʷʪʦʨʳ ɸɺʅ ʠ ʚʳʨʘʚʥʠʚʘʶʪ ʥʘʧʨʷʞʝʥʠʝ. 
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ʈʠʩ.5.8 ʈʘʙʦʪʘ ɸɺʅ ʟʘʰʫʥʪʠʨʦʚʘʥʥʦʡ ʷʯʝʡʢʠ 
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ʈʠʩ.5.9 ʈʘʙʦʪʘ ɸɺʅ ʨʘʙʦʯʝʡ ʷʯʝʡʢʠ ʚ ʩʣʫʯʘʝ ʰʫʥʪʠʨʦʚʘʥʠʷ ʷʯʝʡʢʠ ʚ ʬʘʟʝ 
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ʅʘʧʨʷʞʝʥʠʷ ʠ ʪʦʢʠ ʜʚʠʛʘʪʝʣʷ ʧʦʢʘʟʘʥʳ ʥʘ ʨʠʩ. 5.10. ʈʝʟʫʣʴʪʘʪʳ ʧʦʢʘʟʘʥʳ 

ʜʣʷ ʘʣʛʦʨʠʪʤʘ ʐʀʄ ʙʝʟ ʫʯʝʪʘ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʧʦʪʝʨʴ ʤʝʞʜʫ ʬʘʟʘʤʠ (ʨʠʩ. 2.2), 

ʪʘʢ ʢʘʢ ʚ ʜʘʣʴʥʝʡʰʠʤ ʧʨʠ ʠʩʩʣʝʜʦʚʘʥʠʠ ʨʘʙʦʪʳ ʇʏ ʥʘ ʩʪʝʥʜʝ ʙʳʣ ʧʨʠʤʝʥʝʥ 

ʠʤʝʥʥʦ ʵʪʦʪ ʘʣʛʦʨʠʪʤ. 
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4

ʌʘʟʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʚʳʭʦʜʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ (ɺ)

ʃʠʥʝʡʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʥʘ ʚʳʭʦʜʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ (ɺ)

ʊʦʢʠ ʜʚʠʛʘʪʝʣʷ (ɸ)

ʘ)

ʙ)

ʚʨʝʤʷ (ʩ)
ʚ)

 

ʈʠʩ.5.10 ʈʘʙʦʪʘ ʷʯʝʡʢʠ ʧʨʠ ʦʜʥʦʡ ʟʘʰʫʥʪʠʨʦʚʘʥʥʦʡ ʷʯʝʡʢʠ ʚ ʬʘʟʝ 

5.1.4 ʈʝʢʫʧʝʨʘʪʠʚʥʳʝ ʨʝʞʠʤʳ ʨʘʙʦʪʳ ʜʚʠʛʘʪʝʣʷ 

ʈʘʟʨʘʙʦʪʘʥʥʳʡ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʜʦʣʞʝʥ ʦʙʝʩʧʝʯʠʚʘʪʴ 1,5 ʢʨʘʪʥʫʶ 

ʧʝʨʝʛʨʫʟʦʯʥʫʶ ʩʧʦʩʦʙʥʦʩʪʴ. ɺʳʭʦʜ ʨʝʛʫʣʷʪʦʨʘ ʩʢʦʨʦʩʪʠ ʚʝʢʪʦʨʥʦʡ ʩʠʩʪʝʤʳ 

ʫʧʨʘʚʣʝʥʠʷ ʜʚʠʛʘʪʝʣʝʤ, ʪʦ ʝʩʪʴ ʟʘʜʘʥʠʝ ʥʘ ʪʦʢ ʧʦ ʦʩʠ q ʦʛʨʘʥʠʯʝʥʦ ʟʥʘʯʝʥʠʝʤ, 
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ʢʦʪʦʨʦʝ ʩʦʦʪʚʝʪʩʪʚʫʝʪ ʧʝʨʝʛʨʫʟʦʯʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ. ʄʦʱʥʦʩʪʴ 

ʇʏ ʥʝ ʜʦʣʞʥʘ ʧʨʝʚʳʰʘʪʴ 12 ʄɺʪ. ʊʦʢ ʜʚʠʛʘʪʝʣʷ ʧʦ ʦʩʠ q ʩʠʤʤʝʪʨʠʯʥʦ 

ʦʛʨʘʥʠʯʝʥ +/ï 1035 ɸ.  

ʇʨʠ ʩʠʤʤʝʪʨʠʯʥʦʡ ʥʘʩʪʨʦʡʢʝ ʙʣʦʢʘ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʚʳʭʦʜʝ ʨʝʛʫʣʷʪʦʨʘ 

ʩʢʦʨʦʩʪʠ ʜʚʠʛʘʪʝʣʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʫʣʷ, ʨʘʙʦʪʘ ʉʋ ɸɺʅ ʚ ʤʦʤʝʥʪ ʥʘʯʘʣʘ 

ʪʦʨʤʦʞʝʥʠʷ ʜʚʠʛʘʪʝʣʷ 0,3 ʩ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 5.11. ʈʘʙʦʪʘ ʨʝʛʫʣʷʪʦʨ ʪʦʢʘ d 

ʘʢʪʠʚʥʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 5.11ʙ, ʚʳʭʦʜ ʨʝʛʫʣʷʪʦʨʘ ʥʘʧʨʷʞʝʥʠʷ 

ɿʇʊ, ʪʦ ʝʩʪʴ ʟʘʜʘʥʠʝ ʥʘ ʪʦʢ d (ʨʠʩ. 4.7)  ʦʛʨʘʥʠʯʝʥʦ ʟʥʘʯʝʥʠʝʤ 1000 ɸ, ʠʩʭʦʜʷ 

ʠʟ ʧʝʨʝʛʨʫʟʦʯʥʦʡ ʩʧʦʩʦʙʥʦʩʪʠ ʢʘʞʜʦʡ ʷʯʝʡʢʠ. ɺ ʧʝʨʝʭʦʜʥʳʭ ʨʝʞʠʤʘʭ ʨʘʙʦʪʳ 

ʟʘʜʘʥʠʝ ʪʦʢʘ ʧʦ ʦʩʠ d ɸɺʅ ʷʯʝʡʢʠ ʦʧʨʝʜʝʣʷʝʪʩʷ ʪʦʢʦʤ ʧʨʝʜʫʧʨʘʚʣʝʥʠʷ, 

ʢʦʪʦʨʳʡ ʧʨʦʧʦʨʮʠʦʥʘʣʝʥ ʪʦʢʫ ʧʦ ʦʩʠ q ʜʚʠʛʘʪʝʣʷ. ɺʳʭʦʜ ʨʝʛʫʣʷʪʦʨʘ ʪʦʢʘ 

ʚʝʢʪʦʨʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ ɸɺʅ ʧʦ ʦʩʠ d ud ʧʦʧʘʜʘʝʪ ʚ ʦʛʨʘʥʠʯʝʥʠʝ ud_min 

(ʨʠʩ. 5.11ʚ), ʦʛʨʘʥʠʯʝʥʠʝ ʚʳʭʦʜʘ ʨʝʛʫʣʷʪʦʨʘ ʪʦʢʘ ʢʘʞʜʦʡ ʷʯʝʡʢʠ ʦʧʨʝʜʝʣʷʝʪʩʷ 

ʢʘʢ  Ὗ̝ ˜Ⱦ˟Ѝσ. ʇʨʠ ʜʘʥʥʳʭ ʥʘʩʪʨʦʡʢʘʭ ʨʝʛʫʣʷʪʦʨʦʚ ʚʝʢʪʦʨʥʦʛʦ ʫʧʨʘʚʣʝʥʠʷ 

ʜʚʠʛʘʪʝʣʷ ʠ ɸɺʅ ʨʝʛʫʣʷʪʦʨ ʥʘʧʨʷʞʝʥʠʝ ɸɺʅ ʥʝ ʦʪʨʘʙʘʪʳʚʘʝʪ ʟʘʜʘʥʠʝ, ʯʪʦ 

ʧʨʠʚʦʜʠʪ ʢ ʩʢʘʯʢʘʤ ʪʦʢʘ ɸɺʅ (ʨʠʩ. 5.11ʛ). ʀʩʭʦʜʷ ʠʟ ʨʝʟʫʣʴʪʘʪʦʚ, ʧʨʠʚʝʜʝʥʥʳʭ 

ʥʘ ʨʠʩ. 5.11, ʦʪʨʠʮʘʪʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʚʳʭʦʜʘ ʨʝʛʫʣʷʪʦʨʘ ʩʢʦʨʦʩʪʠ, ʧʦʜʙʠʨʘʣʘʩʴ 

ʠʟ ʫʩʣʦʚʠʷ, ʯʪʦʙʳ ʚ ʛʝʥʝʨʘʪʦʨʥʦʤ ʨʝʞʠʤʝ ʚʳʭʦʜ ʨʝʛʫʣʷʪʦʨʘ ʪʦʢʘ ʧʦ ʦʩʠ d 

ʘʢʪʠʚʥʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ ʥʝ ʫʧʠʨʘʣʩʷ ʚ ʦʛʨʘʥʠʯʝʥʠʝ.  

 ʇʨʠ ʦʛʨʘʥʠʯʝʥʠʠ ʚʳʭʦʜʘ ʨʝʛʫʣʷʪʦʨʘ ʩʢʦʨʦʩʪʠ ʜʚʠʛʘʪʝʣʷ +1035, ï400 ɸ 

ʨʘʙʦʪʘ ʘʢʪʠʚʥʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ ʧʦʢʘʟʘʥʘ ʥʘ ʨʠʩ. 5.12. ʇʨʠ ʵʪʦʤ ʜʚʠʛʘʪʝʣʴ 

ʪʦʨʤʦʟʠʪ ʩ ʥʦʤʠʥʘʣʴʥʦʡ ʩʢʦʨʦʩʪʠ ʨʘʙʦʪʳ ʟʘ 1,2 ʩ. 
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ʈʠʩ.5.11 ʈʘʙʦʪʘ ʘʢʪʠʚʥʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ ʧʝʨʚʦʡ ʷʯʝʡʢʠ ʬʘʟʳ ɸ ʧʨʠ ʪʦʨʤʦʞʝʥʠʠ ʩ 
ʩʠʤʤʝʪʨʠʯʥʦʡ ʥʘʩʪʨʦʡʢʦʡ ʙʣʦʢʘ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʚʳʭʦʜʝ ʨʝʛʫʣʷʪʦʨʘ ʩʢʦʨʦʩʪʠ ʠ ʩ ʙʣʦʢʦʤ 

ʧʨʝʜʫʧʨʘʚʣʝʥʠʷ: ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ. ʘ ð ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ ʷʯʝʡʢʠ, ʙ ð ʪʦʢ ʧʦ ʦʩʠ d ɸɺʅ  

ʚ ð ʥʘʧʨʷʞʝʥʠʝ ʧʦ ʦʩʠ d ɸɺʅ, ʛ ð ʪʦʢʠ ɸɺʅ 
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ʈʠʩ.5.12 ʈʘʙʦʪʘ ʘʢʪʠʚʥʦʛʦ ʚʳʧʨʷʤʠʪʝʣʷ ʧʝʨʚʦʡ ʷʯʝʡʢʠ ʬʘʟʳ ɸ ʧʨʠ ʪʦʨʤʦʞʝʥʠʠ ʜʚʠʛʘʪʝʣʷ ʩ 
ʥʝʩʠʤʤʝʪʨʠʯʥʦʡ ʥʘʩʪʨʦʡʢʦʡ ʙʣʦʢʘ ʦʛʨʘʥʠʯʝʥʠʷ ʥʘ ʚʳʭʦʜʝ ʨʝʛʫʣʷʪʦʨʘ ʩʢʦʨʦʩʪʠ ʠ ʩ ʙʣʦʢʦʤ 

ʧʨʝʜʧʨʘʚʣʝʥʠʷ: ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ. ʘ ð ʥʘʧʨʷʞʝʥʠʝ ɿʇʊ ʷʯʝʡʢʠ, ʙ ð ʪʦʢ ʧʦ ʦʩʠ d ɸɺʅ  

ʚ ð ʥʘʧʨʷʞʝʥʠʝ ʧʦ ʦʩʠ d ɸɺʅ, ʛ ð ʪʦʢʠ ɸɺʅ 

5.2 ʕʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʝ ʠʩʩʣʝʜʦʚʘʥʠʝ ʪʨʸʭʬʘʟʥʦʛʦ ʤʥʦʛʦʫʨʦʚʥʝʚʦʛʦ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʩ ʚʭʦʜʥʳʤ ʤʥʦʛʦʦʙʤʦʪʦʯʥʳʤ ʚʭʦʜʥʳʤ ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʤ 

5.2.1 ʆʧʠʩʘʥʠʝ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʦʡ ʫʩʪʘʥʦʚʢʠ 

ʎʝʣʴʶ ʧʨʦʚʝʜʝʥʠʷ ʠʩʧʳʪʘʥʠʡ ʷʚʣʷʝʪʩʷ ʧʨʦʚʝʨʢʘ ʩʦʦʪʚʝʪʩʪʚʠʷ 

ʪʝʭʥʠʯʝʩʢʠʭ ʭʘʨʘʢʪʝʨʠʩʪʠʢ ʠ ʚʳʧʦʣʥʝʥʠʷ ʪʨʝʙʦʚʘʥʠʡ ʪʝʭʥʠʯʝʩʢʦʛʦ ʟʘʜʘʥʠʷ ʥʘ 

ʠʟʜʝʣʠʝ ʯʘʩʪʦʪʥʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣ ̫ 10 ʢɺ/8 ʄɺʪ. ʌʫʥʢʮʠʦʥʘʣʴʥʘʷ ʩʭʝʤʘ 

ʠʟʜʝʣʠʷ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩ. 5.13. ʇʨʝʦʙʨʘʟʦʚʘʪʝʣʴ ʧʨʝʜʥʘʟʥʘʯʝʥ ʜʣʷ ʯʘʩʪʦʪʥʦʛʦ 

ʧʫʩʢʘ ʠ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʚʳʩʦʢʦʚʦʣʴʪʥʦʛʦ ʩʠʥʭʨʦʥʥʦʛʦ 

ʵʣʝʢʪʨʦʜʚʠʛʘʪʝʣ ̫(ʉɼ), ʦʙʝʩʧʝʯʠʚʘʶʱʠʡ ʨʘʙʦʪʫ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ 
























































































