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ɿʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ 

______  ɺ.ʅ.ʊʠʤʦʬʝʝʚ 
 ʧʦʜʧʠʩʴ      ʠʥʠʮʠʘʣʳ, ʬʘʤʠʣʠʷ  

ç _____è   ________  2017  ʛ. 

 
 

 
 

ɹɸʂɸʃɸɺʈʉʂɸʗ ʈɸɹʆʊɸ 
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         ʈʫʢʦʚʦʜʠʪʝʣʴ       ________        ʜʦʮʝʥʪ, ʢ.ʪ.ʥ.                  ʄ.ʖ.ʍʘʮʘʶʢ 
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ʇʦʜʧʠʩʴ, ʜʘʪʘ        ʜʦʣʞʥʦʩʪʴ, ʫʯʝʥʘʷ ʩʪʝʧʝʥʴ       ʠʥʠʮʠʘʣʳ, ʬʘʤʠʣʠʷ 
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                                                                                ɿʘʚʝʜʫʶʱʠʡ ʢʘʬʝʜʨʦʡ 

                                                                                _______  ____________ 
                                                                                   ʧʦʜʧʠʩʴ     ʠʥʠʮʠʘʣʳ, ʬʘʤʠʣʠʷ 

                                                                                 ç ___ è ______ 20 ___ ʛ 

 
 
 

ɿɸɼɸʅʀɽ 

ʅɸ ɺʓʇʋʉʂʅʋʖ ʂɺɸʃʀʌʀʂɸʎʀʆʅʅʋʖ ʈɸɹʆʊʋ 
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      ʈʫʢʦʚʦʜʠʪʝʣʴ ɺʂʈ        _________________        ʄ.ʖ.ʍʘʮʘʶʢ 
                                                                                   ʧʦʜʧʠʩʴ                                  ʠʥʠʮʠʘʣʳ ʠ ʬʘʤʠʣʠʷ 

 

 

      ɿʘʜʘʥʠʝ ʧʨʠʥʷʣʠ ʢ ʠʩʧʦʣʥʝʥʠʶ   _______ɸ.ʉ.ʏʝʨʢʘʩʦʚ 
                                                                                     ʧʦʜʧʠʩʴ, ʠʥʠʮʠʘʣʳ ʠ ʬʘʤʠʣʠʷ ʩʪʫʜʝʥʪʘ 

_______ɻ.ʉ.ʂʫʨʦʯʢʠʥ 
                                                                                     ʧʦʜʧʠʩʴ, ʠʥʠʮʠʘʣʳ ʠ ʬʘʤʠʣʠʷ ʩʪʫʜʝʥʪʘ 

 

 

                                                                                  ç ___ è __________ 2017 ʛ. 
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ɺɺɽɼɽʅʀɽ 
 

ʀʥʜʫʢʮʠʦʥʥʳʝ ʤʘʛʥʠʪʦʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʝ ʤʘʰʠʥʳ ʩ 
ʞʠʜʢʦʤʝʪʘʣʣʠʯʝʩʢʠʤ ʨʘʙʦʯʠʤ ʪʝʣʦʤ ʥʘʭʦʜʷʪ ʚʩʝ ʙʦʣʝʝ ʰʠʨʦʢʦʝ ʧʨʠʤʝʥʝʥʠʝ 
[1]. 

ʄɻɼ-ʫʩʪʨʦʡʩʪʚʘ ʠʩʧʦʣʴʟʫʶʪʩʷ ʫʞʝ ʜʦʩʪʘʪʦʯʥʦ ʜʘʚʥʦ, ʩ 60-ʭ ʛʦʜʦʚ, ʘ 
ʠʭ ʨʘʟʚʠʪʠʝ ʥʝ ʩʪʦʠʪ ʥʘ ʤʝʩʪʝ.  ʄɻɼ-ʫʩʪʨʦʡʩʪʚʘ, ʠʩʧʦʣʴʟʫʶʱʠʝ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʩʠʣʳ, ʩʧʦʩʦʙʥʳ ʦʩʫʱʝʩʪʚʠʪʴ ʨʘʟʣʠʯʥʳʝ ʚʠʜʳ 
ʤʘʥʠʧʫʣʠʨʦʚʘʥʠʷ ʞʠʜʢʠʤ ʤʝʪʘʣʣʦʤ, ʘ ʪʘʢʞʝ ʧʦʟʚʦʣʷʶʪ ʧʦʚʳʩʠʪʴ 

ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʛʦ ʦʙʦʨʫʜʦʚʘʥʠʷ ʜʣʷ ʦʩʫʱʝʩʪʚʣʝʥʠʷ 
ʨʘʟʣʠʯʥʳʭ ʪʝʭʥʦʣʦʛʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ. ʊʘʢʠʤ ʦʙʨʘʟʦʤ, ʠʟʫʯʝʥʠʝ ʤʝʪʦʜʦʚ 

ʨʘʩʯʝʪʘ ʠ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ ʄɻɼ-ʫʩʪʨʦʡʩʪʚ ʷʚʣʷʝʪʩʷ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ. 
ʅʝ ʤʝʥʝʝ ʘʢʪʫʘʣʴʥʦʡ ʟʘʜʘʯʝʡ ʷʚʣʷʝʪʩʷ ʠʟʫʯʝʥʠʝ ʠʩʪʦʯʥʠʢʦʚ ʧʠʪʘʥʠʷ 

ʄɻɼ-ʤʘʰʠʥ, ʪʘʢ ʢʘʢ ʠʭ ʨʘʙʦʪʘ ʥʘʧʨʷʤʫʶ ʟʘʚʠʩʠʪ ʦʪ ʦʩʥʦʚʥʳʭ ʧʘʨʘʤʝʪʨʦʚ 
ʧʝʨʝʤʝʥʥʦʛʦ ʪʦʢʘ (ʥʘʧʨʷʞʝʥʠʷ ʠ ʯʘʩʪʦʪʳ), ʘ ʪʘʢʞʝ ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ ʝʛʦ 

ʤʦʜʫʣʷʮʠʠ. 
ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ, ʩʫʱʝʩʪʚʫʝʪ ʤʥʦʞʝʩʪʚʦ ʚʠʜʦʚ ʠʥʜʫʢʮʠʦʥʥʳʭ 

ʤʘʰʠʥ ʩ ʞʠʜʢʦʤʝʪʘʣʣʠʯʝʩʢʠʤ ʨʘʙʦʯʠʤ ʪʝʣʦʤ. ʊʘʢʦʚʦʡ ʷʚʣʷʝʪʩʷ 
ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʘʷ ʜʫʛʦʚʘʷ ʄɻɼ-ʤʘʰʠʥʘ, ʧʨʠʤʝʥʷʝʤʘʷ ʜʣʷ ʩʦʟʜʘʥʠʷ 
ʚʦʨʦʥʢʠ ʚ ʞʠʜʢʦʤ ʤʝʪʘʣʣʝ. 

ʆʜʥʠʤ ʠʟ ʥʘʠʙʦʣʝʝ ʚʦʩʪʨʝʙʦʚʘʥʥʳʭ ʩʧʦʩʦʙʦʚ ʠʟʫʯʝʥʠʷ 
ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʨʦʮʝʩʩʦʚ ʚ ʄɻɼ-ʤʘʰʠʥʘʭ ʷʚʣʷʝʪʩʷ ʤʘʪʝʤʘʪʠʯʝʩʢʦʝ 

ʤʦʜʝʣʠʨʦʚʘʥʠʝ,  ʢʦʨʨʝʢʪʥʦʩʪʴ ʨʘʩʯʝʪʦʚ ʢʦʪʦʨʦʛʦ ʤʦʞʥʦ ʜʦʩʪʠʯʴ ʧʫʪʝʤ 
ʩʨʘʚʥʝʥʠʷ ʨʘʟʣʠʯʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʠ ʵʢʩʧʝʨʠʤʝʥʪʘʣʴʥʳʭ 

ʜʘʥʥʳʭ. 
ɺʣʠʷʥʠʝ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʨʘʟʣʠʯʥʳʭ ʚʠʜʦʚ ʠʤʧʫʣʴʩʦʚ ʥʘ ʨʘʙʦʪʫ ʄɻɼ-

ʤʘʰʠʥʳ ʚ ʧʦʣʥʦʡ ʤʝʨʝ ʥʝ ʠʟʫʯʝʥʘ. ʇʦʵʪʦʤʫ ʨʝʟʫʣʴʪʘʪʳ, ʧʦʣʫʯʝʥʥʳʝ ʚ 
ʜʘʥʥʦʡ ʨʘʙʦʪʝ, ʧʦʩʣʫʞʘʪ ʪʦʣʯʢʦʤ ʢ ʜʘʣʴʥʝʡʰʝʤʫ ʠʟʫʯʝʥʠʶ ʧʦʩʪʘʚʣʝʥʥʦʡ 

ʟʘʜʘʯʠ.  
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1 ʆʙʟʦʨ ʧʨʠʤʝʥʝʥʠʷ ʠʥʜʫʢʮʠʦʥʥʳʭ ʤʘʰʠʥ ʚ ʤʝʪʘʣʣʫʨʛʠʠ 
 

1.1 ʇʨʠʥʮʠʧ ʨʘʙʦʪʳ ʠ ʢʦʥʩʪʨʫʢʮʠʠ ʠʥʜʫʢʮʠʦʥʥʳʭ ʤʘʰʠʥ 
 
ʃʠʥʝʡʥʳʝ ʠʥʜʫʢʮʠʦʥʥʳʝ ʤʘʰʠʥʳ ï ʵʪʠʭ ʤʘʰʠʥʘʭ ʪʦʢʠ ʚ ʨʘʙʦʯʝʤ ʪʝʣʝ 

(ʞʠʜʢʠʝ ʤʝʪʘʣʣʳ, ʧʣʘʟʤʘ) ʠʥʜʫʢʪʠʨʫʶʪʩʷ ʧʝʨʝʤʝʥʥʳʤ ʤʘʛʥʠʪʥʳʤ 
ʧʦʣʝʤ, ʵʣʝʢʪʨʠʯʝʩʢʘʷ ʩʚʷʟʴ ʤʝʞʜʫ ʨʘʙʦʯʠʤ ʪʝʣʦʤ ʠ ʚʥʝʰʥʝʡ ʵʣʝʢʪʨʠʯʝʩʢʦʡ 

ʮʝʧʴʶ ʦʪʩʫʪʩʪʚʫʝʪ ʠ ʩʪʝʥʢʠ ʢʘʥʘʣʦʚ ʤʦʛʫʪ ʙʳʪʴ ʥʝʵʣʝʢʪʨʦʧʨʦʚʦʜʷʱʠʤʠ. ʇʦ 
ʧʨʠʥʮʠʧʫ ʜʝʡʩʪʚʠʷ ʠʥʜʫʢʮʠʦʥʥʳʝ ʄɻɼ-ʤʘʰʠʥʳ ʘʥʘʣʦʛʠʯʥʳ ʘʩʠʥʭʨʦʥʥʳʤ 

ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʤʘʰʠʥʘʤ, ʨʘʩʩʤʦʪʨʠʤ ʧʨʠʥʮʠʧ ʜʝʡʩʪʚʠʷ ʠ ʢʦʥʩʪʨʫʢʮʠʶ 
ʘʩʠʥʭʨʦʥʥʦʡ ʜʫʛʦʚʦʡ ʠ ʣʠʥʝʡʥʦʡ ʤʘʰʠʥʳ. 

ʋʩʪʨʦʡʩʪʚʦ ʣʠʥʝʡʥʦʛʦ (ʘ) ʠ ʜʫʛʦʚʦʛʦ (ʙ) ʘʩʠʥʭʨʦʥʥʳʭ ʜʚʠʛʘʪʝʣʝʡ 
ʧʦʢʘʟʘʥʦ ʥʘ ʨʠʩʫʥʢʝ 1.1 ʄʘʛʥʠʪʦʧʨʦʚʦʜ ʩʪʘʪʦʨʘ 1 ʣʠʥʝʡʥʦʛʦ ʜʚʠʛʘʪʝʣʷ 

ʠʤʝʝʪ ʬʦʨʤʫ ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʘ, ʜʫʛʦʚʦʛʦ ʜʚʠʛʘʪʝʣʷ ï ʜʫʛʦʚʦʛʦ ʩʝʢʪʦʨʘ. 
ʈʘʟʥʦʠʤʝʥʥʦʧʦʣʶʩʥʘʷ ʪʨʝʭʬʘʟʥʘʷ ʧʝʨʚʠʯʥʘʷ ʦʙʤʦʪʢʘ 2 ʨʘʟʤʝʱʘʝʪʩʷ ʚ 

ʣʠʥʝʡʥʦʤ ʜʚʠʛʘʪʝʣʝ ʚ ʧʘʟʘʭ ʥʘ ʦʜʥʦʡ ʠʟ ʛʨʘʥʝʡ ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʘ, ʚ ʜʫʛʦʚʦʤ 
ʜʚʠʛʘʪʝʣʝ ï ʚ ʧʘʟʘʭ ʥʘ ʚʥʫʪʨʝʥʥʝʡ (ʠʣʠ ʚʥʝʰʥʝʡ) ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ 

ʧʦʚʝʨʭʥʦʩʪʠ ʜʫʛʦʚʦʛʦ ʩʝʢʪʦʨʘ. ʇʦʜʚʠʞʥʘʷ ʯʘʩʪʴ ʚ ʣʠʥʝʡʥʦʤ ʜʚʠʛʘʪʝʣʝ 
ʧʝʨʝʤʝʱʘʝʪʩʷ ʧʦʩʪʫʧʘʪʝʣʴʥʦ. ɽʝ ʤʘʛʥʠʪʦʧʨʦʚʦʜ 4, ʢʘʢ ʠ ʤʘʛʥʠʪʦʧʨʦʚʦʜ 
ʩʪʘʪʦʨʘ, ʠʤʝʝʪ ʬʦʨʤʫ ʧʘʨʘʣʣʝʣʝʧʠʧʝʜʘ (ʨʠʩʫʥʦʢ 1.1ʘ). ɺ ʧʘʟʘʭ ʥʘ 

ʧʦʚʝʨʭʥʦʩʪʠ ʧʦʜʚʠʞʥʦʛʦ ʤʘʛʥʠʪʦʧʨʦʚʦʜʘ, ʦʙʨʘʱʝʥʥʦʡ ʢ ʩʪʘʪʦʨʫ, 
ʨʘʟʤʝʱʘʝʪʩʷ ʢʦʨʦʪʢʦʟʘʤʢʥʫʪʘʷ ʦʙʤʦʪʢʘ 3. ʇʦʜʚʠʞʥʘʷ ʯʘʩʪʴ ʚ ʜʫʛʦʚʦʤ 

ʜʚʠʛʘʪʝʣʝ ʚʨʘʱʘʝʪʩʷ. ʆʥʘ ʥʘʟʳʚʘʝʪʩʷ, ʢʘʢ ʠ ʚ ʦʙʳʯʥʦʤ ʜʚʠʛʘʪʝʣʝ, ʨʦʪʦʨʦʤ. 
ʈʦʪʦʨ 4 ʠʤʝʝʪ ʬʦʨʤʫ ʧʦʣʦʛʦ ʮʠʣʠʥʜʨʘ (ʨʠʩʫʥʦʢ 1.1ʙ). ɺ ʧʘʟʘʭ ʥʘ ʝʛʦ 

ʥʘʨʫʞʥʦʡ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʟʤʝʱʘʝʪʩʷ ʢʦʨʦʪʢʦʟʘʤʢʥʫʪʘʷ 
ʦʙʤʦʪʢʘ 3 [2]. 

 

 
 

ʈʠʩʫʥʦʢ 1.1 ï ʃʠʥʝʡʥʳʡ (ʘ) ʠ ʜʫʛʦʚʦʡ (ʙ) ʘʩʠʥʭʨʦʥʥʳʝ ʜʚʠʛʘʪʝʣʠ 
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ʂʘʢ ʚ ʣʠʥʝʡʥʦʤ, ʪʘʢ ʠ ʚ ʜʫʛʦʚʦʤ ʜʚʠʛʘʪʝʣʝ ʧʦʜʚʠʞʥʘʷ ʯʘʩʪʴ ʤʦʞʝʪ 
ʙʳʪʴ ʚʳʧʦʣʥʝʥʘ ʤʘʩʩʠʚʥʦʡ ʠʟ ʤʘʛʥʠʪʥʦʛʦ ʤʘʪʝʨʠʘʣʘ. ʇʨʠʯʝʤ ʚ ʵʪʦʤ ʩʣʫʯʘʝ 

ʦʪʧʘʜʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʚ ʢʦʨʦʪʢʦʟʘʤʢʥʫʪʦʡ ʦʙʤʦʪʢʝ, ʘ ʠʥʦʛʜʘ ʚ ʢʘʯʝʩʪʚʝ 
ʨʦʪʦʨʘ ʫʜʘʝʪʩʷ ʠʩʧʦʣʴʟʦʚʘʪʴ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʤʘʩʩʠʚʥʳʝ ʜʝʪʘʣʠ ʨʘʙʦʯʝʡ 
ʤʘʰʠʥʳ [2]. 

ʇʦʧʦʜʨʦʙʥʝʝ ʨʘʩʩʤʦʪʨʠʤ ʜʫʛʦʚʫʶ ʘʩʠʥʭʨʦʥʥʫʶ ʤʘʰʠʥʫ. 
ʆʩʦʙʝʥʥʦʩʪʴʶ ʵʪʦʛʦ ʜʚʠʛʘʪʝʣʷ ʷʚʣʷʝʪʩʷ ʟʘʚʠʩʠʤʦʩʪʴ ʯʘʩʪʦʪʳ ʚʨʘʱʝʥʠʷ 

ʝʛʦ ʨʦʪʦʨʘ 1 ʦʪ ʜʣʠʥʳ ʜʫʛʠ, ʥʘ ʢʦʪʦʨʦʡ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʦʙʤʦʪʢʠ 2 ʩʪʘʪʦʨʘ 3. 
ʇʫʩʪʴ ʦʙʤʦʪʢʠ ʩʪʘʪʦʨʘ ʨʘʩʧʦʣʘʛʘʶʪʩʷ ʥʘ ʜʫʛʝ, ʜʣʠʥʘ ʢʦʪʦʨʦʡ ʩʦʦʪʚʝʪʩʪʚʫʝʪ 

ʮʝʥʪʨʘʣʴʥʦʤʫ ʫʛʣʫ2 pa t=  , ʛʜʝ Ű ï ʜʣʠʥʘ ʧʦʣʶʩʥʦʛʦ ʜʝʣʝʥʠʷ ʠ p ï ʯʠʩʣʦ ʧʘʨ 

ʧʦʣʶʩʦʚ. ʊʦʛʜʘ ʟʘ ʦʜʠʥ ʧʝʨʠʦʜ ʪʦʢʘ ʚʨʘʱʘʶʱʝʝʩʷ ʧʦʣʝ ʩʪʘʪʦʨʘ ʩʦʚʝʨʰʠʪ 

ʧʦʚʦʨʦʪ ʥʘ ʫʛʦʣ 2Űʨ/ʨ = Ŭ/ʨ, ʘ ʚ ʪʝʯʝʥʠʝ ʦʜʥʦʡ ʤʠʥʫʪʳ ʧʦʣʝ ʧʦʚʝʨʥʸʪʩʷ ʥʘ n 
ʦʙʦʨʦʪʦʚ, ʪ.ʝ. ʙʫʜʝʪ ʠʤʝʪʴ ʯʘʩʪʦʪʫ ʚʨʘʱʝʥʠʷ n, ʦʙ/ʤʠʥ (ʬʦʨʤʫʣʘ 1.1). 

ɺʳʙʠʨʘʷ ʨʘʟʣʠʯʥʳʝ Ŭ, ʤʦʞʥʦ ʚʳʧʦʣʥʷʪʴ ʜʫʛʦʚʳʝ ʜʚʠʛʘʪʝʣʠ ʩ ʨʘʟʣʠʯʥʳʤʠ 
ʯʘʩʪʦʪʘʤʠ ʚʨʘʱʝʥʠʷ ʨʦʪʦʨʘ [2]. 
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 ʈʘʟʥʦʚʠʜʥʦʩʪʠ ʠʥʜʫʢʮʠʦʥʥʳʭ ʤʘʛʥʠʪʦʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʠʭ ʤʘʰʠʥ ʩ 
ʞʠʜʢʦʤʝʪʘʣʣʠʯʝʩʢʠʤ ʨʘʙʦʯʠʤ ʪʝʣʦʤ. 

ʇʣʦʩʢʠʝ ʣʠʥʝʡʥʳʝ ʤʘʰʠʥʳ ï ʛʣʘʚʥʝʡʰʠʝ ʵʣʝʤʝʥʪʳ ʢʦʥʩʪʨʫʢʮʠʠ 
ʧʣʦʩʢʠʭ ʣʠʥʝʡʥʳʭ ʤʘʰʠʥ ʫʞʝ ʙʳʣʠ ʨʘʩʩʤʦʪʨʝʥʳ ʚʳʰʝ. ɿʜʝʩʴ ʧʦʜʨʦʙʥʝʝ 

ʦʩʪʘʥʦʚʠʤʩʷ ʥʘ ʦʩʦʙʝʥʥʦʩʪʷʭ ʵʪʠʭ ʤʘʰʠʥ [1]. 
 

 
 

ʈʠʩʫʥʦʢ 1.2 ï ʇʦʧʝʨʝʯʥʳʡ ʢʨʘʝʚʦʡ ʵʬʬʝʢʪ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʪʦʢʦʚ ʚ 

ʞʠʜʢʦʤ ʤʝʪʘʣʣʝ ʫ ʧʣʦʩʢʠʭ ʠʥʜʫʢʮʠʦʥʥʳʭ ʤʘʰʠʥ ʙʝʟ ʙʦʢʦʚʳʭ ʰʠʥ (ʘ) ʠ ʩ 
ʙʦʢʦʚʳʤʠ ʰʠʥʘʤʠ (ʙ) 

 
ʍʘʨʘʢʪʝʨʥʦʡ ʦʩʦʙʝʥʥʦʩʪʴʶ ʧʣʦʩʢʠʭ ʤʘʰʠʥ ʷʚʣʷʝʪʩʷ ʥʘʣʠʯʠʝ ʫ ʥʠʭ 

ʧʦʧʝʨʝʯʥʦʛʦ ʢʨʘʝʚʦʛʦ ʵʬʬʝʢʪʘ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʚʪʦʨʠʯʥʳʭ ʪʦʢʦʚ. ʅʘ 
ʨʠʩʫʥʢʝ 1.2ʘ ʧʦʢʘʟʘʥ ʚʠʜ ʧʣʦʩʢʦʛʦ ʩʣʦʷ ʞʠʜʢʦʛʦ ʤʝʪʘʣʣʘ ʩʚʝʨʭʫ ʠ 

ʠʟʦʙʨʘʞʝʥʳ ʟʘʤʢʥʫʪʳʝ ʣʠʥʠʠ ʪʦʢʘ ʚ ʞʠʜʢʦʤ ʤʝʪʘʣʣʝ. ʊʘʢ ʢʘʢ ʩʣʦʡ ʤʝʪʘʣʣʘ 
ʠʤʝʝʪ ʢʦʥʝʯʥʫʶ ʰʠʨʠʥʫ2ʘ, ʣʠʥʠʠ ʪʦʢʘ ʫ ʢʨʘʝʚ ʩʣʦʷ ʤʝʪʘʣʣʘ ʦʨʠʝʥʪʠʨʦʚʘʥʳ 

ʚʜʦʣʴ ʦʩʠ ʭ, ʠ ʧʦʵʪʦʤʫ ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ j ʠʤʝʝʪ ʩʦʩʪʘʚʣʷʶʱʠʝ jʭ ʠ 
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jy. ʉʦʩʪʘʚʣʷʶʱʠʝ jy ʧʨʠ ʚʟʘʠʤʦʜʝʡʩʪʚʠʠ ʩ ʤʘʛʥʠʪʥʳʤ ʧʦʣʝʤ, ʣʠʥʠʠ ʢʦʪʦʨʦʛʦ 
ʥʘ ʨʠʩʫʥʢʝ 1.2 ʥʘʧʨʘʚʣʝʥʳ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʧʣʦʩʢʦʩʪʠ ʯʝʨʪʝʞʘ, ʩʦʟʜʘʶʪ 

ʧʦʣʝʟʥʳʡ ʥʘʧʦʨ, ʥʘʧʨʘʚʣʝʥʥʳʡ ʚʜʦʣʴ ʦʩʠ ʭ. ɺ ʪʦ ʞʝ ʚʨʝʤʷ ʩʦʩʪʘʚʣʷʶʱʠʝ 
jʭ ʥʝ ʩʦʟʜʘʶʪ ʧʦʣʝʟʥʦʛʦ ʥʘʧʦʨʘ ʠ ʦʙʫʩʣʦʚʣʠʚʘʶʪ ʪʦʣʴʢʦ ʚʦʟʥʠʢʥʦʚʝʥʠʝ 
ʧʦʧʝʨʝʯʥʳʭ ʫʩʠʣʠʡ. ɺʤʝʩʪʝ ʩ ʪʝʤ ʥʘʣʠʯʠʝ ʩʦʩʪʘʚʣʷʶʱʠʭ jx ʫʚʝʣʠʯʠʚʘʝʪ 

ʩʦʧʨʦʪʠʚʣʝʥʠʝ ʥʠʪʝʡ ʪʦʢʘ, ʯʪʦ ʧʨʠʚʦʜʠʪ ʢ ʫʤʝʥʴʰʝʥʠʶ j, jy ʠ ʧʦʣʝʟʥʦʛʦ 
ʥʘʧʦʨʘ. ʆʜʥʦʚʨʝʤʝʥʥʦ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʘʷ ʚʝʣʠʯʠʥʘ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʧʦʪʝʨʴ ʚ ʞʠʜʢʦʤ ʤʝʪʘʣʣʝ. ɺ ʨʝʟʫʣʴʪʘʪʝ ʚʩʝʛʦ ʵʪʦʛʦ 
ʵʬʬʝʢʪʠʚʥʦʩʪʴ ʤʘʰʠʥʳ ʧʦʥʠʞʘʝʪʩʷ. ɼʣʷ ʙʦʨʴʙʳ ʩ ʚʣʠʷʥʠʝʤ ʧʦʧʝʨʝʯʥʦʛʦ 

ʢʨʘʝʚʦʛʦ ʵʬʬʝʢʪʘ ʚʥʫʪʨʠ ʢʘʥʘʣʘ ʤʦʞʥʦ ʫʩʪʘʥʦʚʠʪʴ ʙʦʢʦʚʳʝ ʰʠʥʳ (ʨʠʩʫʥʦʢ 
1.2ʙ) ʩ ʚʳʩʦʢʦʡ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴʶ ɔ.h ʇʨʠ ɔ=hÐ ʠʭ ʜʝʡʩʪʚʠʝ ʙʳʣʦ ʙʳ 

ʠʜʝʘʣʴʥʳʤ, ʣʠʥʠʠ ʪʦʢʘ ʚʭʦʜʠʣʠ ʙʳ ʚ ʰʠʥʳ ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʠ jx=0. ɺ 
ʜʝʡʩʪʚʠʪʝʣʴʥʦʩʪʠ ʚʩʝʛʜʘ ɔ<hÐ, ʠ ʧʦʵʪʦʤʫ ʫʩʪʘʥʦʚʢʘ ʵʪʠʭ ʰʠʥ ʧʨʠʚʦʜʠʪ 

ʪʦʣʴʢʦ ʢ ʦʛʨʘʥʠʯʝʥʠʶ ʧʦʧʝʨʝʯʥʦʛʦ ʢʨʘʝʚʦʛʦ ʵʬʬʝʢʪʘ. ʋʩʪʘʥʦʚʢʘ ʰʠʥ 
ʚʦʟʤʦʞʥʘ ʪʦʣʴʢʦ ʚ ʩʣʫʯʘʝ ʥʝʘʛʨʝʩʩʠʚʥʳʭ ʞʠʜʢʠʭ ʤʝʪʘʣʣʦʚ ʠ ʧʨʠ ʥʝ ʩʣʠʰʢʦʤ 

ʚʳʩʦʢʠʭ ʪʝʤʧʝʨʘʪʫʨʘʭ. ɺ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʥʘʩʦʩʘʭ ʠ ʛʝʥʝʨʘʪʦʨʘʭ, 
ʨʘʙʦʪʘʶʱʠʭ ʥʘ ʥʘʪʨʠʠ, ʢʘʣʠʠ ʠ ʠʭ ʩʧʣʘʚʘʭ ʧʨʠ ʪʝʤʧʝʨʘʪʫʨʘʭ 400ð800 Áʉ, 

ʧʨʠʤʝʥʷʶʪʩʷ ʥʠʢʝʣʠʨʦʚʘʥʥʳʝ ʤʝʜʥʳʝ ʰʠʥʳ. ɺ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʥʘʩʦʩʘʭ 
ʜʣʷ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʭ ʮʝʣʝʡ ʯʘʩʪʦ ʧʨʠʭʦʜʠʪʩʷ ʠʤʝʪʴ ʜʝʣʦ ʩ ʚʝʩʴʤʘ 
ʘʛʨʝʩʩʠʚʥʳʤʠ ʞʠʜʢʠʤʠ ʤʝʪʘʣʣʘʤʠ (ʘʣʶʤʠʥʠʡ, ʮʠʥʢ, ʠʭ ʩʧʣʘʚʳ, ʩʪʘʣʴ ʠ ʪ. 

ʜ.), ʠ ʚ ʵʪʠʭ ʩʣʫʯʘʷʭ ʧʨʠʤʝʥʝʥʠʝ ʰʠʥ ʥʝʚʦʟʤʦʞʥʦ. ʇʣʦʩʢʠʝ ʤʘʰʠʥʳ ʚʚʠʜʫ 
ʧʨʦʩʪʦʪʳ ʠʭ ʢʦʥʩʪʨʫʢʮʠʠ ʧʦʣʫʯʠʣʠ ʥʘʠʙʦʣʴʰʝʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ. ʀʭ 

ʨʘʟʙʦʨʢʘ ʠ ʩʙʦʨʢʘ ʚʦʟʤʦʞʥʳ ʙʝʟ ʥʘʨʫʰʝʥʠʷ ʮʝʣʦʩʪʥʦʩʪʠ ʪʨʘʢʪʘ ʞʠʜʢʦʛʦ 
ʤʝʪʘʣʣʘ. ɺ ʵʪʠʭ ʤʘʰʠʥʘʭ ʧʨʘʢʪʠʯʝʩʢʠ ʚʦ ʚʩʝʭ ʩʣʫʯʘʷʭ ʦʙʤʦʪʢʫ ʤʦʞʥʦ 

ʨʘʩʧʦʣʘʛʘʪʴ ʥʘ ʦʙʦʠʭ ʩʝʨʜʝʯʥʠʢʘʭ ʠʥʜʫʢʪʦʨʘ, ʯʪʦ ʧʦʟʚʦʣʷʝʪ ʫʚʝʣʠʯʠʪʴ 
ʦʙʱʫʶ ʣʠʥʝʡʥʫʶ ʪʦʢʦʚʫʶ ʥʘʛʨʫʟʢʫ ʤʘʰʠʥʳ ʠ ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ ʫʤʝʥʴʰʠʪʴ ʝʝ 

ʛʘʙʘʨʠʪʳ. ʅʠʞʝ ʜʣʷ ʠʣʣʶʩʪʨʘʮʠʠ ʨʘʩʩʤʘʪʨʠʚʘʶʪʩʷ ʥʝʢʦʪʦʨʳʝ 
ʠʟʛʦʪʦʚʣʝʥʥʳʝ ʤʘʰʠʥʳ [1].  

 

 
1-ʥʠʧʧʝʣʴ ʜʣʷ ʰʣʘʥʛʘ ʚʦʜʷʥʦʛʦ ʦʭʣʘʞʜʝʥʠʷ; 2 ð ʚʳʚʦʜ ʦʙʤʦʪʢʠ; 3 ð ʦʙʤʦʪʢʘ; 

4 ð ʦʛʥʝʫʧʦʨʥʘʷ ʪʨʫʙʘ; 5 ð ʤʘʛʥʠʪʦʧʨʦʚʦʜ; 6 ð ʢʦʨʧʫʩ;7 ð ʟʘʧʦʣʥʠʪʝʣʴ. 

 
ʈʠʩʫʥʦʢ 1.3 ï ʀʥʜʫʢʮʠʦʥʥʳʡ ʥʘʩʦʩ 
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ʀʟʛʦʪʦʚʣʝʥʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʥʘʩʦʩʦʚ ʜʣʷ ʯʝʨʥʳʭ ʤʝʪʘʣʣʦʚ 
ʧʨʝʜʩʪʘʚʣʷʝʪ ʯʨʝʟʚʳʯʘʡʥʦ  ʩʣʦʞʥʫʶ ʟʘʜʘʯʫ, ʪʘʢ ʢʘʢ ʪʝʤʧʝʨʘʪʫʨʘ ʤʝʪʘʣʣʘ 

ʦʯʝʥʴ ʚʳʩʦʢʘ, ʝʛʦ ʵʣʝʢʪʨʦʧʨʦʚʦʜʥʦʩʪʴ ʤʘʣʘ ʠ ʠʤʝʶʪʩʷ  
ʙʦʣʴʰʠʝ ʪʨʫʜʥʦʩʪʠ ʚ ʚʳʧʦʣʥʝʥʠʠ ʥʘʜʝʞʥʳʭ ʚ ʨʘʙʦʪʝ ʢʘʥʘʣʦʚ. ʂ. ʧ. ʜ. ʪʘʢʠʭ 
ʥʘʩʦʩʦʚ ʚʝʩʴʤʘ ʤʘʣ, ʚ ʯʘʩʪʥʦʩʪʠ, ʢ. ʧ. ʜ. ʥʘʩʦʩʘ, ʠʟʦʙʨʘʞʝʥʥʦʛʦ ʥʘ ʨʠʩʫʥʢʝ 

1.3, ʠ ʩʦʩʪʘʚʣʷʝʪ ʤʝʥʝʝ 1%, ɺʧʨʦʯʝʤ, ʢ. ʧ. ʜ. ʥʘʩʦʩʦʚ ʜʣʷ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʠʭ 
ʮʝʣʝʡ ʚ ʙʦʣʴʰʠʥʩʪʚʝ ʩʣʫʯʘʝʚ ʥʝ ʠʤʝʝʪ ʨʝʰʘʶʱʝʛʦ ʟʥʘʯʝʥʠʷ, ʪʘʢ ʢʘʢ ʛʣʘʚʥʳʡ 

ʚʳʠʛʨʳʰ ʟʘʢʣʶʯʘʝʪʩʷ ʚ ʫʩʦʚʝʨʰʝʥʩʪʚʦʚʘʥʠʠ ʪʝʭʥʦʣʦʛʠʠ ʧʨʦʠʟʚʦʜʩʪʚʘ, 
ʫʣʫʯʰʝʥʠʠ ʢʘʯʝʩʪʚʘ ʧʨʦʜʫʢʮʠʠ, ʚʦʟʤʦʞʥʦʩʪʠ ʤʝʭʘʥʠʟʘʮʠʠ ʠ ʘʚʪʦʤʘʪʠʟʘʮʠʠ 

ʧʨʦʠʟʚʦʜʩʪʚʘ ʠ ʫʣʫʯʰʝʥʠʠ ʫʩʣʦʚʠʡ ʪʨʫʜʘ [1]. 
ʀʥʜʫʢʮʠʦʥʥʳʡ ʞʝʣʦʙ ï ʝʩʣʠ ʫ ʧʣʦʩʢʦʛʦ ʠʥʜʫʢʮʠʦʥʥʦʛʦ ʥʘʩʦʩʘ ʫʜʘʣʠʪʴ 

ʚʝʨʭʥʠʡ ʩʝʨʜʝʯʥʠʢ ʩ ʦʙʤʦʪʢʦʡ ʠ ʩʜʝʣʘʪʴ ʢʘʥʘʣ ʦʪʢʨʳʪʳʤ ʩʚʝʨʭʫ, ʪʦ 
ʧʦʣʫʯʠʪʩʷ ʠʥʜʫʢʮʠʦʥʥʳʡ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʡ ʞʝʣʦʙ. ʊʘʢʦʡ ʞʝʣʦʙ ʙʳʣ 

ʧʨʝʜʣʦʞʝʥ ʃ. ɸ. ɺʝʨʪʝ, ʠ ʧʦʜ ʝʛʦ ʨʫʢʦʚʦʜʩʪʚʦʤ ʙʳʣʠ ʧʦʩʪʨʦʝʥʳ ʦʧʳʪʥʳʝ 
ʞʝʣʦʙʘ ʜʣʷ ʯʫʛʫʥʘ ʥʘ ʄʦʩʢʦʚʩʢʦʤ ʘʚʪʦʟʘʚʦʜʝ ʠʤ. ʀ. ɸ. ʃʠʭʘʯʝʚʘ ʠ 

ɽʥʘʢʠʝʚʩʢʦʤ ʤʝʪʘʣʣʫʨʛʠʯʝʩʢʦʤ ʟʘʚʦʜʝ. ɼʣʠʪʝʣʴʥʦ ʜʝʡʩʪʚʫʶʱʠʡ ʦʧʳʪʥʳʡ 
ʞʝʣʦʙ ʜʣʷ ʯʫʛʫʥʘ ʦʪʥʦʩʠʪʝʣʴʥʦ ʥʝʙʦʣʴʰʠʭ ʨʘʟʤʝʨʦʚ ʙʳʣ ʠʟʛʦʪʦʚʣʝʥ ʠ 

ʠʩʩʣʝʜʦʚʘʥ ʚʦ ɺʅʀʀʤʝʪʤʘʰ [1].  
 

 

1- ʩʝʨʜʝʯʥʠʢ; 2 ð ʤʥʦʛʦʬʘʟʥʘʷ ʦʙʤʦʪʢʘ; 3 ðʢʘʥʘʣ; 4 ð ʞʠʜʢʠʡ ʤʝʪʘʣʣ. 

 

ʈʠʩʫʥʦʢ 1.4 ï ʀʥʜʫʢʮʠʦʥʥʳʡ ʞʝʣʦʙ 
 

 ʀʥʜʫʢʮʠʦʥʥʳʡ ʞʝʣʦʙ ʩʧʦʩʦʙʝʥ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʪʴ ʞʠʜʢʠʡ ʤʝʪʘʣʣ 
ʚʚʝʨʭ ʧʦʜ ʥʝʢʦʪʦʨʳʤ ʫʛʣʦʤ ʢ ʛʦʨʠʟʦʥʪʫ. ɺ ʦʧʳʪʥʳʭ ʞʝʣʦʙʘʭ ʜʣʷ ʯʫʛʫʥʘ ʵʪʦʪ 

ʫʛʦʣ ʩʦʩʪʘʚʣʷʣ ʥʝʩʢʦʣʴʢʦ ʛʨʘʜʫʩʦʚ. ʀʟ-ʟʘ ʦʪʩʫʪʩʪʚʠʷ ʚʪʦʨʦʛʦ ʩʝʨʜʝʯʥʠʢʘ 
ʤʘʛʥʠʪʥʘʷ ʠʥʜʫʢʮʠʷ ʞʝʣʦʙʘ ʚ ʟʦʥʝ ʞʠʜʢʦʛʦ ʤʝʪʘʣʣʘ ʷʚʣʷʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ 

ʩʣʘʙʦʡ, ʧʦʵʪʦʤʫ ʝʛʦ ʵʥʝʨʛʝʪʠʯʝʩʢʠʝ ʧʦʢʘʟʘʪʝʣʠ ʥʠʟʢʠ, ʚ ʯʘʩʪʥʦʩʪʠ, ʝʛʦ ʢ. ʧ. 
ʜ. ʧʨʠʙʣʠʟʠʪʝʣʴʥʦ ʥʘ ʧʦʨʷʜʦʢ ʥʠʞʝ, ʯʝʤ ʚ ʠʥʜʫʢʮʠʦʥʥʳʭ ʥʘʩʦʩʘʭ. ʇʦ ʵʪʦʡ 
ʧʨʠʯʠʥʝ ʠʥʜʫʢʮʠʦʥʥʳʡ ʞʝʣʦʙ ʥʝ ʧʝʨʩʧʝʢʪʠʚʝʥ ʜʣʷ ʪʨʘʥʩʧʦʨʪʠʨʦʚʘʥʠʷ 

ʤʝʪʘʣʣʘ ʥʘ ʟʥʘʯʠʪʝʣʴʥʳʝ ʨʘʩʩʪʦʷʥʠʷ, ʥʦ ʦʥ ʤʦʞʝʪ ʥʘʡʪʠ ʧʨʠʤʝʥʝʥʠʝ ʜʣʷ 
ʧʝʨʝʤʝʱʝʥʠʷ ʤʝʪʘʣʣʘ ʥʘ ʨʘʩʩʪʦʷʥʠʷ ʜʦ ʥʝʩʢʦʣʴʢʠʭ ʤʝʪʨʦʚ, ʚ ʦʩʦʙʝʥʥʦʩʪʠ 

ʧʨʠ ʩʦʯʝʪʘʥʠʠ ʩ ʪʦʡ ʠʣʠ ʠʥʦʡ ʝʛʦ ʪʝʭʥʦʣʦʛʠʯʝʩʢʦʡ ʦʙʨʘʙʦʪʢʦʡ [1]. 
ʕʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʧʝʨʝʤʝʰʠʚʘʪʝʣʠ ʞʠʜʢʦʛʦ ʤʝʪʘʣʣʘ ʚ ʧʝʯʘʭ ï ʝʩʣʠ 

ʠʥʜʫʢʪʦʨ ʩ ʦʜʥʠʤ ʩʝʨʜʝʯʥʠʢʦʤ ʧʦʤʝʩʪʠʪʴ ʧʦʜ ʧʦʜʦʤ ʩʪʘʣʝʧʣʘʚʠʣʴʥʦʡ ʧʝʯʠ, 
ʪʦ ʚ ʧʝʯʠ ʚʦʟʥʠʢʥʝʪ ʜʚʠʞʝʥʠʝ ʠ ʧʝʨʝʤʝʰʠʚʘʥʠʝ ʞʠʜʢʦʛʦ ʤʝʪʘʣʣʘ [1]. 
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1-ʙʣʦʢ; 2-ʥʠʰʘ; 3-ʠʥʜʢʪʦʨ; 4- ʧʝʨʝʛʦʨʦʜʢʠ. 

 
ʈʠʩʫʥʦʢ 1.5 ï ʄɻɼ-ʧʝʨʝʤʝʰʠʚʘʪʝʣʴ ʧʦʜ ʧʦʜʦʤ ʧʝʯʠ 

 

 ɹʣʘʛʦʜʘʨʷ ʵʪʦʤʫ ʦʙʣʝʛʯʘʝʪʩʷ ʠ ʫʩʠʣʠʚʘʝʪʩʷ ʚʳʜʝʣʝʥʠʝ ʛʘʟʦʚʳʭ 
ʧʫʟʳʨʴʢʦʚ ʠ ʥʝʤʝʪʘʣʣʠʯʝʩʢʠʭ ʚʢʣʶʯʝʥʠʡ, ʜʦʩʪʠʛʘʝʪʩʷ ʨʘʚʥʦʤʝʨʥʦʝ 

ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʣʝʛʠʨʫʶʱʠʭ ʜʦʙʘʚʦʢ ʠ ʠʥʪʝʥʩʠʬʠʢʘʮʠʷ ʬʠʟʠʢʦ-ʭʠʤʠʯʝʩʢʠʭ 
ʧʨʦʮʝʩʩʦʚ ʚ ʞʠʜʢʦʤ ʤʝʪʘʣʣʝ, ʚ ʨʝʟʫʣʴʪʘʪʝ ʯʝʛʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʣʫʯʰʘʝʪʩʷ 

ʢʘʯʝʩʪʚʦ ʤʝʪʘʣʣʘ, ʘ ʪʘʢʞʝ ʫʤʝʥʴʰʘʝʪʩʷ ʚʨʝʤʷ ʧʣʘʚʢʠ. ʇʦ ʵʪʠʤ ʧʨʠʯʠʥʘʤ 
ʧʦʜʦʙʥʳʤʠ ʧʝʨʝʤʝʰʠʚʘʪʝʣʷʤʠ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʦʩʥʘʱʘʶʪʩʷ ʚʩʝ ʤʦʱʥʳʝ 

ʵʣʝʢʪʨʦʧʣʘʚʠʣʴʥʳʝ ʧʝʯʠ ʜʣʷ ʚʳʧʣʘʚʢʠ ʢʘʯʝʩʪʚʝʥʥʳʭ ʩʪʘʣʝʡ. ʊʦʣʱʠʥʘ ʩʣʦʷ 
ʤʝʪʘʣʣʘ ʚ ʪʘʢʠʭ ʧʝʯʘʭ ʜʦʩʪʠʛʘʝʪ 0,5 ï 1,0 ʤ. ʇʦʵʪʦʤʫ ʜʣʷ ʦʛʨʘʥʠʯʝʥʠʷ 

ʧʦʚʝʨʭʥʦʩʪʥʦʛʦ ʵʬʬʝʢʪʘ ʚ ʨʘʩʧʨʝʜʝʣʝʥʠʠ ʪʦʢʦʚ ʠ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʫʩʠʣʠʡ 
ʚ ʞʠʜʢʦʤ ʤʝʪʘʣʣʝ ʠʥʜʫʢʪʦʨʳ ʧʝʨʝʤʝʰʠʚʘʪʝʣʝʡ ʧʠʪʘʶʪʩʷ ʪʦʢʘʤʠ ʩ ʯʘʩʪʦʪʘʤʠ 

0,2 ï 1,5 ɻʮ. ɼʣʷ ʠʭ ʧʠʪʘʥʠʷ ʚ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʠʤʝʥʷʶʪʩʷ ʦʜʥʦʬʘʟʥʳʝ 
ʢʦʣʣʝʢʪʦʨʥʳʝ ʛʝʥʝʨʘʪʦʨʳ ʩ ʥʝʟʘʚʠʩʠʤʳʤ ʚʦʟʙʫʞʜʝʥʠʝʤ, ʢʦʪʦʨʳʝ 

ʠʟʛʦʪʦʚʣʷʶʪʩʷ ʥʘ ʙʘʟʝ ʤʘʰʠʥ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʩ ʰʠʭʪʦʚʘʥʥʳʤʠ ʧʦʣʶʩʘʤʠ ʠ 
ʷʨʤʘʤʠ. ɼʣʷ ʫʤʝʥʴʰʝʥʠʷ ʢʦʣʠʯʝʩʪʚʘ ʪʘʢʠʭ ʛʝʥʝʨʘʪʦʨʦʚ ʚ ʠʥʜʫʢʪʦʨʘʭ 
ʧʝʨʝʤʝʰʠʚʘʪʝʣʝʡ ʧʨʠʤʝʥʷʶʪʩʷ ʜʚʫʭʬʘʟʥʳʝ ʦʙʤʦʪʢʠ. ʀʥʜʫʢʪʦʨʳ ʠʤʝʶʪ 

ʯʠʩʣʦ ʧʦʣʶʩʦʚ 2ʨ=2 ʠ ʜʣʠʥʫ ʜʦ 2 ï 3 ʤ. ɼʣʷ ʣʫʯʰʝʛʦ ʧʨʠʣʝʛʘʥʠʷ ʢ ʧʦʜʫ ʧʝʯʠ 
ʠʥʜʫʢʪʦʨʳ ʜʝʣʘʶʪ ʚʦʛʥʫʪʦʡ ʠʣʠ ʩʪʫʧʝʥʯʘʪʦʡ ʬʦʨʤʳ [1]. 

ʎʠʣʠʥʜʨʠʯʝʩʢʠʝ ʣʠʥʝʡʥʳʝ ʤʘʰʠʥʳ ï ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʤʘʰʠʥʝ 
ʩʦʟʜʘʝʪʩʷ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʙʝʛʫʱʝʝ ʚ ʥʘʧʨʘʚʣʝʥʠʠ ʦʩʠ ʤʘʰʠʥʳ, ʠ ʦʥʘ 

ʨʘʙʦʪʘʝʪ ʧʦ ʪʘʢʦʤʫ ʞʝ ʧʨʠʥʮʠʧʫ, ʢʘʢ ʠ ʧʣʦʩʢʘʷ ʤʘʰʠʥʘ. ɺ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ 
ʤʘhʠʥʝ ʚʪʦʨʠʯʥʳʝ ʪʦʢʠ ʧʨʦʪʝʢʘʶʪ ʚ ʞʠʜʢʦʤ ʤʝʪʘʣʣʝ ʧʦ ʢʦʣʴʮʝʚʠʜʥʳʤ 

ʢʦʥʪʫʨʘʤ, ʧʘʨʘʣʣʝʣʴʥʳʤ ʢʦʣʴʮʝʚʠʜʥʳʤ ʢʘʪʫʰʢʘʤ ʧʝʨʚʠʯʥʦʡ ʦʙʤʦʪʢʠ, ʠ 
ʚʟʘʠʤʦʜʝʡʩʪʚʫʶʪ ʩ ʧʝʨʚʠʯʥʳʤ ʧʦʣʝʤ ʥʘ ʧʨʦʪʷʞʝʥʠʠ ʚʩʝʡ ʦʢʨʫʞʥʦʩʪʠ. 

ʇʦʵʪʦʤʫ ʚʪʦʨʠʯʥʳʡ ʢʨʘʝʚʦʡ ʵʬʬʝʢʪ ʚ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʤʘʰʠʥʘʭ ʦʪʩʫʪʩʪʚʫʝʪ. 
ʂʨʦʤʝ ʪʦʛʦ, ʧʝʨʚʠʯʥʘʷ ʦʙʤʦʪʢʘ ʥʝ ʠʤʝʝʪ ʥʝʘʢʪʠʚʥʳʭ ʣʦʙʦʚʳʭ ʯʘʩʪʝʡ. ʕʪʠ 

ʦʙʩʪʦʷʪʝʣʴʩʪʚʘ ʩʦʩʪʘʚʣʷʶʪ ʛʣʘʚʥʦʝ ʧʨʝʠʤʫʱʝʩʪʚʦ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʤʘʰʠʥ. 
ʆʙʳʯʥʦ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʤʘʰʠʥʳ ʠʤʝʶʪ ʦʙʤʦʪʢʫ ʪʦʣʴʢʦ ʥʘ ʚʥʝʰʥʝʤ 
ʩʝʨʜʝʯʥʠʢʝ, ʪʘʢ ʢʘʢ ʨʘʟʤʝʱʘʪʴ, ʦʭʣʘʞʜʘʪʴ, ʦʙʩʣʫʞʠʚʘʪʴ ʠ ʨʝʤʦʥʪʠʨʦʚʘʪʴ 

ʦʙʤʦʪʢʫ ʥʘ ʚʥʫʪʨʝʥʥʝʤ ʩʝʨʜʝʯʥʠʢʝ ʪʨʫʜʥʦ. ʕʪʦ ʷʚʣʷʝʪʩʷ ʦʧʨʝʜʝʣʝʥʥʳʤ 
ʥʝʜʦʩʪʘʪʢʦʤ ʵʪʠʭ ʤʘʰʠʥ, ʪʘʢ ʢʘʢ ʚʳʟʳʚʘʝʪ ʥʝʦʙʭʦʜʠʤʦʩʪʴ ʫʤʝʥʴʰʘʪʴ 

ʦʙʱʫʶ ʣʠʥʝʡʥʫʶ ʥʘʛʨʫʟʢʫ ʤʘʰʠʥʳ, ʯʪʦ ʚ ʩʚʦʶ ʦʯʝʨʝʜʴ ʧʨʠʚʦʜʠʪ ʢ 
ʫʚʝʣʠʯʝʥʠʶ ʝʝ ʨʘʟʤʝʨʦʚ. ʎʠʣʠʥʜʨʠʯʝʩʢʠʝ ʤʘʰʠʥʳ ʠʤʝʶʪ, ʢʨʦʤʝ ʪʦʛʦ, ʙʦʣʝʝ 
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ʩʣʦʞʥʫʶ ʢʦʥʩʪʨʫʢʮʠʶ, ʠ ʨʘʟʙʦʨʢʘ ʠʟʦʙʨʘʞʝʥʥʦʡ ʥʘ ʨʠʩʫʥʢʝ 1.6 ʤʘʰʠʥʳ ʙʝʟ 
ʥʘʨʫʰʝʥʠʷ ʮʝʣʦʩʪʥʦʩʪʠ ʞʠʜʢʦʤʝʪʘʣʣʠʯʝʩʢʦʛʦ ʪʨʘʢʪʘ ʥʝʚʦʟʤʦʞʥʘ. ɼʣʷ 

ʫʩʪʨʘʥʝʥʠʷ ʵʪʦʛʦ ʥʝʜʦʩʪʘʪʢʘ ʧʨʝʜʣʦʞʝʥʦ ʦʙʨʘʪʥʳʡ ʢʦʥʝʮ ʤʝʪʘʣʣʦʧʨʦʚʦʜʘ 
ʧʨʦʧʫʩʢʘʪʴ ʯʝʨʝʟ ʚʥʫʪʨʝʥʥʠʡ ʩʝʨʜʝʯʥʠʢ (ʨʠʩʫʥʦʢ 1.7), ʦʜʥʘʢʦ ʢʦʥʩʪʨʫʢʮʠʷ 
ʤʘʰʠʥʳ ʧʨʠ ʵʪʦʤ ʝʱʝ ʙʦʣʝʝ ʫʩʣʦʞʥʷʝʪʩʷ. ɽʩʣʠ ʪʝʤʧʝʨʘʪʫʨʘ ʞʠʜʢʦʛʦ 

ʤʝʪʘʣʣʘ ʚʳʰʝ ʪʦʯʢʠ ʂʶʨʠ (ʜʣʷ ʩʪʘʣʠ ʦʢʦʣʦ 760Áʉ), ʪʦ ʥʝʦʙʭʦʜʠʤʦ 
ʦʭʣʘʞʜʝʥʠʝ ʚʥʫʪʨʝʥʥʝʛʦ ʩʝʨʜʝʯʥʠʢʘ, ʯʪʦ ʪʘʢʞʝ ʫʩʣʦʞʥʷʝʪ ʢʦʥʩʪʨʫʢʮʠʶ. 

ʎʠʣʠʥʜʨʠʯʝʩʢʠʝ ʤʘʰʠʥʳ ʚ ʥʘʠʙʦʣʴʰʝʡ ʩʪʝʧʝʥʠ ʧʨʠʛʦʜʥʳ ʧʨʠ ʙʦʣʴʰʠʭ 
ʨʘʩʭʦʜʘʭ ʞʠʜʢʦʛʦ ʤʝʪʘʣʣʘ (ʤʥʦʛʠʝ ʩʦʪʥʠ ʠ ʪʳʩʷʯʠ ʢʫʙʠʯʝʩʢʠʭ ʤʝʪʨʦʚ ʚ ʯʘʩ) 

ʠ ʧʨʠ ʥʘʧʦʨʘʭ ʜʦ 5 ï 10 ʢʛ/ʩʤ
2
. ɺʚʠʜʫ ʙʦʣʝʝ ʩʣʦʞʥʦʡ ʢʦʥʩʪʨʫʢʮʠʠ ʦʥʠ ʚ 

ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ ʧʨʠʤʝʥʷʶʪʩʷ ʨʝʞʝ, ʯʝʤ ʧʣʦʩʢʠʝ ʤʘʰʠʥʳ. ɼʘʥʥʳʝ ʦ 

ʥʝʢʦʪʦʨʳʭ ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʮʠʣʠʥʜʨʠʯʝʩʢʠʭ ʥʘʩʦʩʘʭ ʜʣʷ ʞʠʜʢʠʭ ʤʝʪʘʣʣʦʚ ʠ 
ʠʭ ʧʨʠʤʝʥʝʥʠʡ ʩʦʜʝʨʞʘʪʩʷ ʚ ʨʘʙʦʪʘʭ [1]. 

 

 
 

ʈʠʩʫʥʦʢ 1.6 ï ʎʠʣʠʥʜʨʠʯʝʩʢʘʷ ʣʠʥʝʡʥʘʷ ʠʥʜʫʢʮʠʦʥʥʘʷ 

ʤʘʛʥʠʪʦʛʠʜʨʦʜʠʥʘʤʠʯʝʩʢʘʷ ʤʘʰʠʥʘ 
 

1 ï ʚʥʝʰʥʠʡ ʩʝʨʜʝʯʥʠʢ, ʩʦʩʪʦʷʱʠʡ ʠʟ ʨʷʜʘ (4 ï 8) ʧʘʢʝʪʦʚ, ʥʘʙʨʘʥʥʳʭ 
ʠʟ ʣʠʩʪʦʚʦʡ ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʦʡ ʩʪʘʣʠ; 2 ï ʤʥʦʛʦʬʘʟʥʘʷ ʦʙʤʦʪʢʘ ʠʥʜʫʢʪʦʨʘ, 
ʠʟʛʦʪʦʚʣʝʥʥʘʷ ʠʟ ʢʦʣʴʮʝʚʠʜʥʳʭ ʢʘʪʫʰʝʢ, ʫʣʦʞʝʥʥʳʭ ʚ ʧʘʟʳ ʩʝʨʜʝʯʥʠʢʘ; 3 ï 

ʚʥʫʪʨʝʥʥʠʡ ʩʝʨʜʝʯʥʠʢ, ʥʘʙʨʘʥʥʳʡ ʠ ʩʢʣʝʝʥʥʳʡ ʠʟ ʣʠʩʪʦʚʦʡ 
ʵʣʝʢʪʨʦʪʝʭʥʠʯʝʩʢʦʡ ʩʪʘʣʠ; 4 ï ʢʘʥʘʣ ʢʦʣʴʮʝʚʠʜʥʦʛʦ ʩʝʯʝʥʠʷ ʜʣʷ ʞʠʜʢʦʛʦ 

ʤʝʪʘʣʣʘ, ʦʭʚʘʪʳʚʘʶʱʠʡ ʚʥʫʪʨʝʥʥʠʡ ʩʝʨʜʝʯʥʠʢ [1]. 
 

 
 

ʈʠʩʫʥʦʢ 1.7 ï ʂʦʥʩʪʨʫʢʪʠʚʥʘʷ ʩʭʝʤʘ ʮʠʣʠʥʜʨʠʯʝʩʢʦʡ ʤʘʰʠʥʳ ʩ 

ʦʙʨʘʪʥʳʤ ʤʝʪʘʣʣʦʧʨʦʚʦʜʦʤ, ʨʘʟʤʝʱʝʥʥʳʤ ʚʦ ʚʥʫʪʨʝʥʥʝʤ ʩʝʨʜʝʯʥʠʢʝ 
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ʎʠʣʠʥʜʨʠʯʝʩʢʠʝ ʥʘʩʦʩʳ ʙʝʟ ʚʥʫʪʨʝʥʥʝʛʦ ʩʝʨʜʝʯʥʠʢʘ ï ʮʠʣʠʥʜʨʠʯʝʩʢʘʷ 
ʣʠʥʝʡʥʘʷ ʤʘʰʠʥʘ (ʨʠʩʫʥʦʢ 1.6) ʩʧʦʩʦʙʥʘ ʨʘʙʦʪʘʪʴ ʪʘʢʞʝ ʚ ʩʣʫʯʘʝ, ʝʩʣʠ ʫ ʥʝʝ 

ʫʜʘʣʠʪʴ ʚʥʫʪʨʝʥʥʠʡ ʩʝʨʜʝʯʥʠʢ ʠ ʧʨʠʤʝʥʠʪʴ ʚ ʢʘʯʝʩʪʚʝ ʢʘʥʘʣʘ ʪʨʫʙʢʫ 
ʢʨʫʛʣʦʛʦ ʩʝʯʝʥʠʷ. ʕʬʬʝʢʪʠʚʥʦʩʪʴ ʤʘʰʠʥʳ ʧʨʠ ʵʪʦʤ ʩʥʠʞʘʝʪʩʷ, ʪʘʢ ʢʘʢ 
ʦʩʣʘʙʣʷʝʪʩʷ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʠ, ʢʨʦʤʝ ʪʦʛʦ, ʩʪʘʥʦʚʠʪʩʷ ʚʝʩʴʤʘ 

ʥʝʨʘʚʥʦʤʝʨʥʳʤ ʝʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʝ ʚ ʟʦʥʝ ʞʠʜʢʦʛʦ ʤʝʪʘʣʣʘ. ʆʜʥʘʢʦ ʪʘʢʘʷ 
ʤʘʰʠʥʘ ʚ ʢʦʥʩʪʨʫʢʪʠʚʥʦʤ ʦʪʥʦʰʝʥʠʠ ʦʯʝʥʴ ʧʨʦʩʪʘ ʠ ʧʨʠʚʣʝʢʘʪʝʣʴʥʘ ʪʝʤ, 

ʯʪʦ ʝʝ ʢʘʥʘʣ ʩ ʪʦʯʢʠ ʟʨʝʥʠʷ ʝʛʦ ʠʟʛʦʪʦʚʣʝʥʠʷ ʠ ʥʘʜʝʞʥʦʩʪʠ ʚ ʨʘʙʦʪʝ ʠʤʝʝʪ 
ʥʘʠʙʦʣʝʝ ʚʳʛʦʜʥʫʶ ʬʦʨʤʫ. ʕʪʦ ʦʙʩʪʦʷʪʝʣʴʩʪʚʦ ʩʪʘʥʦʚʠʪʩʷ ʧʦʯʪʠ ʨʝʰʘʶʱʠʤ 

ʚ ʩʣʫʯʘʝ ʘʛʨʝʩʩʠʚʥʳʭ ʞʠʜʢʠʭ ʤʝʪʘʣʣʦʚ, ʢʦʛʜʘ ʢʘʥʘʣ ʥʝʦʙʭʦʜʠʤʦ ʠʟʛʦʪʦʚʣʷʪʴ 
ʠʟ ʢʝʨʘʤʠʯʝʩʢʠʭ ʤʘʪʝʨʠʘʣʦʚ [1]. 

ɺʠʥʪʦʚʳʝ ʠʥʜʫʢʮʠʦʥʥʳʝ ʄɻɼ-ʤʘʰʠʥʳ ï ʤʦʞʥʦ ʧʨʝʜʩʪʘʚʠʪʴ ʩʝʙʝ, ʯʪʦ 
ʚʠʥʪʦʚʘʷ ʠʥʜʫʢʮʠʦʥʥʘʷ ʤʘʰʠʥʘ ʧʦʣʫʯʘʝʪʩʷ ʠʟ ʥʦʨʤʘʣʴʥʦʛʦ ʘʩʠʥʭʨʦʥʥʦʛʦ 

ʜʚʠʛʘʪʝʣʷ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʨʦʪʦʨ ʜʚʠʛʘʪʝʣʷ ʟʘʢʨʝʧʣʷʝʪʩʷ ʚ ʥʝʧʦʜʚʠʞʥʦʤ 
ʧʦʣʦʞʝʥʠʠ, ʝʛʦ ʟʫʙʮʦʚʳʡ ʩʣʦʡ ʚʤʝʩʪʝ ʩʦ ʚʪʦʨʠʯʥʦʡ ʦʙʤʦʪʢʦʡ ʩʨʝʟʘʝʪʩʷ ʠ 

ʚʟʘʤʝʥ ʝʛʦ ʥʘ ʮʠʣʠʥʜʨʠʯʝʩʢʫʶ ʧʦʚʝʨʭʥʦʩʪʴ ʥʝʧʦʜʚʠʞʥʦʛʦ çʨʦʪʦʨʘè 
ʥʘʤʘʪʳʚʘʝʪʩʷ ʩʧʠʨʘʣʝʚʠʜʥʳʡ, ʠʣʠ ʚʠʥʪʦʚʦʡ, ʢʘʥʘʣ ʩ ʞʠʜʢʠʤ ʤʝʪʘʣʣʦʤ. ʇʨʠ 

ʚʢʣʶʯʝʥʠʠ ʦʙʤʦʪʢʠ ʩʪʘʪʦʨʘ ʚ ʪʨʝʭʬʘʟʥʫʶ ʩʝʪʴ ʚʦʟʥʠʢʘʝʪ ʚʨʘʱʘʶʱʝʝʩʷ 
ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʢʦʪʦʨʦʝ ʠʥʜʫʢʪʠʨʫʝʪ ʚ ʞʠʜʢʦʤ ʤʝʪʘʣʣʝ ʚʪʦʨʠʯʥʳʝ ʪʦʢʠ. ɺ 
ʨʝʟʫʣʴʪʘʪʝ ʤʘʰʠʥʘ ʤʦʞʝʪ ʨʘʙʦʪʘʪʴ ʚ ʜʚʠʛʘʪʝʣʴʥʦʤ (ʥʘʩʦʩʥʦʤ) ʠ 

ʛʝʥʝʨʘʪʦʨʥʦʤ ʨʝʞʠʤʘʭ ʪʦʯʥʦ ʪʘʢ ʞʝ, ʢʘʢ ʥʦʨʤʘʣʴʥʘʷ ʘʩʠʥʭʨʦʥʥʘʷ ʤʘʰʠʥʘ ʠ 
ʣʠʥʝʡʥʳʝ ʧʣʦʩʢʠʝ ʠ ʮʠʣʠʥʜʨʠʯʝʩʢʠʝ ʠʥʜʫʢʮʠʦʥʥʳʝ ʄɻɼ-ʤʘʰʠʥʳ ʩ 

ʞʠʜʢʦʤʝʪʘʣʣʠʯʝʩʢʠʤ ʨʘʙʦʯʠʤ ʪʝʣʦʤ. ʄʘʰʠʥʳ ʨʘʩʩʤʘʪʨʠʚʘʝʤʦʛʦ ʚʠʜʘ 
ʥʘʟʳʚʘʶʪʩʷ ʪʘʢʞʝ ʩʧʠʨʘʣʴʥʳʤʠ. ʅʘ ʨʠʩʫʥʢʝ 1.8 ʚ ʩʭʝʤʘʪʠʯʝʩʢʦʤ ʚʠʜʝ 

ʧʨʝʜʩʪʘʚʣʝʥʘ ʢʦʥʩʪʨʫʢʮʠʷ ʚʠʥʪʦʚʦʡ ʠʥʜʫʢʮʠʦʥʥʦʡ ʤʘʰʠʥʳ. ʄʝʞʜʫ ʢʘʥʘʣʦʤ 
ʠ ʩʝʨʜʝʯʥʠʢʘʤʠ ʨʘʩʧʦʣʦʞʝʥʘ ʪʝʧʣʦʚʘʷ ʠʟʦʣʷʮʠʷ, ʢʦʪʦʨʘʷ ʥʘ ʨʠʩʫʥʢʝ 1.8 ʥʝ 

ʧʦʢʘʟʘʥʘ. ʉʘʤʫʶ ʙʦʣʴʰʫʶ ʪʨʫʜʥʦʩʪʴ ʧʨʝʜʩʪʘʚʣʷʝʪ ʠʟʛʦʪʦʚʣʝʥʠʝ ʢʘʥʘʣʘ 
ʤʘʰʠʥʳ. ʄʝʞʜʫ ʚʠʪʢʘʤʠ ʢʘʥʘʣʘ, ʘ ʪʘʢʞʝ ʤʝʞʜʫ ʞʠʜʢʠʤ ʤʝʪʘʣʣʦʤ ʠ 

ʩʪʝʥʢʘʤʠ ʢʘʥʘʣʘ ʜʦʣʞʝʥ ʩʫʱʝʩʪʚʦʚʘʪʴ ʥʘʜʝʞʥʳʡ ʵʣʝʢʪʨʠʯʝʩʢʠʡ ʢʦʥʪʘʢʪ ʜʣʷ 
ʪʦʛʦ, ʯʪʦʙʳ ʚʪʦʨʠʯʥʳʝ ʪʦʢʠ ʤʦʛʣʠ ʧʨʦʪʝʢʘʪʴ ʚ ʦʩʝʚʦʤ ʥʘʧʨʘʚʣʝʥʠʠ 

ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦ ʯʝʨʝʟ ʚʠʪʢʠ ʢʘʥʘʣʘ. ɺ ʧʨʦʪʠʚʥʦʤ ʩʣʫʯʘʝ ʚʪʦʨʠʯʥʳʝ ʪʦʢʠ 
ʙʫʜʫʪ ʟʘʤʳʢʘʪʴʩʷ ʚ ʧʨʝʜʝʣʘʭ ʢʘʞʜʦʛʦ ʚʠʪʢʘ ʢʘʥʘʣʘ ʧʦ ʦʪʜʝʣʴʥʦʩʪʠ ʠ ʚʚʠʜʫ 
ʥʝʙʦʣʴʰʦʡ ʰʠʨʠʥʳ ʚʠʪʢʘ ʧʨʦʷʚʣʝʥʠʝ ʧʦʧʝʨʝʯʥʦʛʦ ʢʨʘʝʚʦʛʦ ʵʬʬʝʢʪʘ 

(ʨʠʩʫʥʦʢ 1.2ʘ) ʙʫʜʝʪ ʚʝʩʴʤʘ ʩʠʣʴʥʳʤ. ʕʪʦ ʧʨʠʚʝʜʝʪ ʢ ʟʥʘʯʠʪʝʣʴʥʦʤʫ 
ʧʦʥʠʞʝʥʠʶ ʵʬʬʝʢʪʠʚʥʦʩʪʠ ʤʘʰʠʥʳ. ʇʨʠ ʥʘʜʝʞʥʳʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ 

ʢʦʥʪʘʢʪʘʭ ʚʩʝ ʚʠʪʢʠ ʢʘʥʘʣʘ ʚ ʵʣʝʢʪʨʠʯʝʩʢʦʤ ʦʪʥʦʰʝʥʠʠ ʩʦʩʪʘʚʣʷʶʪ ʝʜʠʥʦʝ 
ʮʝʣʦʝ ʠʣʠ ʝʜʠʥʫʶ ʧʨʦʚʦʜʷʱʫʶ ʩʨʝʜʫ, ʙʣʘʛʦʜʘʨʷ ʯʝʤʫ ʚʣʠʷʥʠʝ ʧʦʧʝʨʝʯʥʦʛʦ 

ʢʨʘʝʚʦʛʦ ʵʬʬʝʢʪʘ ʧʨʦʷʚʣʷʝʪʩʷ ʚʦ ʤʥʦʛʦ ʨʘʟ ʩʣʘʙʝʝ. ɺʩʣʝʜʩʪʚʠʝ ʠʟʣʦʞʝʥʥʦʛʦ 
ʢʘʥʘʣ ʚʠʥʪʦʚʦʡ ʤʘʰʠʥʳ ʜʦʣʞʝʥ ʙʳʪʴ ʤʝʪʘʣʣʠʯʝʩʢʠʤ ʠ ʤʘʰʠʥʘ ʤʦʞʝʪ 

ʨʘʙʦʪʘʪʴ ʪʦʣʴʢʦ ʩ ʤʘʣʦʘʛʨʝʩʩʠʚʥʳʤʠ ʞʠʜʢʠʤʠ ʤʝʪʘʣʣʘʤʠ (ʥʘʪʨʠʡ, ʢʘʣʠʡ, 
ʨʪʫʪʴ ʠ ʪ. ʜ.). ʆʙʳʯʥʦ ʢʘʥʘʣʳ ʚʠʥʪʦʚʳʭ ʤʘʰʠʥ ʠʟʛʦʪʦʚʣʷʶʪʩʷ ʠʟ 

ʥʝʨʞʘʚʝʶʱʝʡ ʩʪʘʣʠ ʠ ʩʦʩʪʦʷʪ ʠʟ ʜʚʫʭ ʪʦʥʢʦʩʪʝʥʥʳʭ ʢʦʘʢʩʠʘʣʴʥʦ 
ʨʘʩʧʦʣʦʞʝʥʥʳʭ ʮʠʣʠʥʜʨʦʚ. ʅʘ ʧʦʚʝʨʭʥʦʩʪʠ ʦʜʥʦʛʦ ʠʟ ʮʠʣʠʥʜʨʦʚ ʠʤʝʝʪʩʷ 

ʚʳʪʦʯʝʥʥʘʷ ʥʘ ʪʦʢʘʨʥʦʤ ʩʪʘʥʢʝ ʚʠʥʪʦʚʘʷ ʢʘʥʘʚʢʘ ʠʣʠ ʧʨʠʚʘʨʝʥʥʦʝ ʢ 
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ʮʠʣʠʥʜʨʫ ʚʠʥʪʦʚʦʝ ʨʝʙʨʦ, ʘ ʜʨʫʛʦʡ ʮʠʣʠʥʜʨ ʥʝ ʠʤʝʝʪ ʚʠʥʪʦʚʳʭ ʨʝʙʝʨ ʠ 
ʥʘʜʝʚʘʝʪʩʷ ʩ ʛʦʨʷʯʝʡ ʧʦʩʘʜʢʦʡ ʥʘ ʧʝʨʚʳʡ ʮʠʣʠʥʜʨ. ɺʠʥʪʦʚʳʝ ʤʘʰʠʥʳ 

ʥʘʠʙʦʣʝʝ ʧʨʠʛʦʜʥʳ ʜʣʷ ʨʘʙʦʪʳ ʧʨʠ ʤʘʣʳʭ ʨʘʩʭʦʜʘʭ ʞʠʜʢʦʛʦ ʤʝʪʘʣʣʘ (ʜʦ 
ʥʝʩʢʦʣʴʢʠʭ ʜʝʩʷʪʢʦʚ ʢʫʙʠʯʝʩʢʠʭ ʤʝʪʨʦʚ ʚ ʯʘʩ) ʠ ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʳʩʦʢʠʭ 
ʥʘʧʦʨʘʭ (ʜʦ 20 ï 30 ʢʛ/ʩʤ

2
). ɼʘʥʥʳʝ ʦ ʥʝʢʦʪʦʨʳʭ ʠʟʛʦʪʦʚʣʝʥʥʳʭ ʚʠʥʪʦʚʳʭ 

ʥʘʩʦʩʘʭ ʠ ʠʭ ʦʩʦʙʝʥʥʦʩʪʷʭ ʩʦʜʝʨʞʘʪʩʷ ʚ ʨʘʙʦʪʘʭ [1]. 
 

 
1-ʚʥʝʰʥʠʡ, 2-ʚʥʫʪʨʝʥʥʠʡ ʩʪʘʪʦʨ; 3-ʞʠʜʢʠʡ ʤʝʪʘʣʣ; 4-ʧʣʦʩʢʘʷ ʪʨʫʙʢʘ. 

 
ʈʠʩʫʥʦʢ 1.8 ï ʚʠʥʪʦʚʘʷ ʠʥʜʫʢʮʠʦʥʥʘʷ ʤʘʰʠʥʘ 

 

ɺʠʥʪʦʚʳʝ ʠʥʜʫʢʮʠʦʥʥʳʝ ʤʘʰʠʥʳ ʩ ʚʨʘʱʘʶʱʠʤʠʩʷ ʧʦʣʶʩʘʤʠ ï  
ʢʦʥʩʪʨʫʢʮʠʶ ʠʟʦʙʨʘʞʝʥʥʦʡ ʥʘ ʨʠʩʫʥʢʝ 1.8 ʚʠʥʪʦʚʦʡ ʤʘʰʠʥʳ ʤʦʞʥʦ 

ʚʠʜʦʠʟʤʝʥʠʪʴ ʩʣʝʜʫʶʱʠʤ ʦʙʨʘʟʦʤ: ʚʥʝʰʥʠʡ ʩʝʨʜʝʯʥʠʢ ʠʟʛʦʪʦʚʠʪʴ ʙʝʟ 
ʦʙʤʦʪʢʠ ʠ ʢ ʥʝʤʫ ʧʨʠʢʨʝʧʠʪʴ ʩʧʠʨʘʣʴʥʳʡ ʢʘʥʘʣ ʩ ʞʠʜʢʠʤ ʤʝʪʘʣʣʦʤ, ʘ ʥʘ 

ʚʨʘʱʘʶʱʝʤʩʷ ʨʦʪʦʨʝ ʧʦʤʝʩʪʠʪʴ ʧʦʣʶʩʳ ʚ ʚʠʜʝ ʧʦʩʪʦʷʥʥʳʭ ʤʘʛʥʠʪʦʚ ʠʣʠ ʩ 
ʦʙʤʦʪʢʦʡ ʚʦʟʙʫʞʜʝʥʠʷ, ʢʦʪʦʨʘʷ ʧʠʪʘʝʪʩʷ ʧʦʩʪʦʷʥʥʳʤ ʪʦʢʦʤ. ɽʩʣʠ ʨʦʪʦʨ 

ʪʘʢʦʡ ʤʘʰʠʥʳ ʧʨʠʚʝʩʪʠ ʚʦ ʚʨʘʱʝʥʠʝ ʧʦʩʪʦʨʦʥʥʠʤ ʜʚʠʛʘʪʝʣʝʤ, ʪʦ ʤʘʰʠʥʘ 
ʙʫʜʝʪ ʨʘʙʦʪʘʪʴ ʚ ʢʘʯʝʩʪʚʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʥʘʩʦʩʘ. ʇʨʠ ʵʪʦʤ ʫʛʣʦʚʘʷ 

ʩʢʦʨʦʩʪʴ ʜʚʠʞʝʥʠʷ ʞʠʜʢʦʛʦ ʤʝʪʘʣʣʘ ʙʫʜʝʪ ʤʝʥʴʰʝ ʫʛʣʦʚʦʡ ʩʢʦʨʦʩʪʠ 
ʚʨʘʱʝʥʠʷ ʨʦʪʦʨʘ. ɽʩʣʠ ʞʝ ʧʨʠ ʧʦʤʦʱʠ ʚʥʝʰʥʝʛʦ ʠʩʪʦʯʥʠʢʘ ʛʠʜʨʘʚʣʠʯʝʩʢʦʡ 
ʵʥʝʨʛʠʠ ʧʨʠʚʝʩʪʠ ʞʠʜʢʠʡ ʤʝʪʘʣʣ ʚ ʜʚʠʞʝʥʠʝ ʩʦ ʩʢʦʨʦʩʪʴʶ, ʙʦʣʴʰʝʡ, ʯʝʤ 

ʫʛʣʦʚʘʷ ʩʢʦʨʦʩʪʴ ʨʦʪʦʨʘ, ʪʦ ʥʘ ʚʘʣʫ [1]. 
 

1.2 ɺʦʟʤʦʞʥʦʩʪʠ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 
 

ʈʘʩʯʝʪ ʤʦʜʝʣʠ ʧʨʦʠʟʚʦʜʠʣʩʷ ʚ ʧʘʢʝʪʥʳʭ ʧʨʦʛʨʘʤʤʘʭ ANSYS, ʘ 
ʠʤʝʥʥʦ: ANSYS Mechanical APDL ʠ ANSYS Maxwell. ɺ ʥʘʩʪʦʷʱʝʝ ʚʨʝʤʷ 

ʧʨʦʛʨʘʤʤʘ ANSYS ʧʨʝʜʩʪʘʚʣʷʝʪ  ʩʦʙʦʡ ʤʥʦʛʦʮʝʣʝʚʦʡ ʧʘʢʝʪ ʧʨʦʝʢʪʠʨʦʚʘʥʠʷ 
ʠ ʘʥʘʣʠʟʘ, ʧʨʠʟʥʘʥʥʳʡ ʚʦ ʚʩʝʤ ʤʠʨʝ. ʇʝʨʚʘʷ ʨʝʘʣʠʟʘʮʠʷ ʧʨʦʛʨʘʤʤʳ 

ʟʥʘʯʠʪʝʣʴʥʦ ʦʪʣʠʯʘʣʘʩʴ ʦʪ ʧʦʩʣʝʜʥʠʭ ʝʝ ʚʝʨʩʠʡ ʠ ʢʘʩʘʣʘʩʴ ʪʦʣʴʢʦ ʨʝʰʝʥʠʷ 
ʟʘʜʘʯ ʪʝʧʣʦʧʝʨʝʜʘʯʠ ʠ ʧʨʦʯʥʦʩʪʠ ʚ ʣʠʥʝʡʥʦʡ ʧʦʩʪʘʥʦʚʢʝ. ʂʘʢ ʠ ʙʦʣʴʰʠʥʩʪʚʦ 

ʜʨʫʛʠʭ ʧʨʦʛʨʘʤʤ ʪʦʛʦ ʚʨʝʤʝʥʠ , ʦʥʘ ʨʘʙʦʪʘʣʘ ʚ ʧʘʢʝʪʥʦʤ ʨʝʞʠʤʝ ʠ ʣʠʰʴ ʥʘ 



12 

 

ñʙʦʣʴʰʠʭò ʤʘʰʠʥʘʭ. ɺ ʥʘʯʘʣʝ 70-ʭ ʛʦʜʦʚ ʚ ʧʨʦʛʨʘʤʤʫ ʙʳʣʦ ʚʥʝʩʝʥʦ ʤʥʦʛʦ 
ʠʟʤʝʥʝʥʠʡ ʚ ʩʚʷʟʠ ʩ ʚʥʝʜʨʝʥʠʝʤ ʥʦʚʦʡ ʚʳʯʠʩʣʠʪʝʣʴʥʦʡ ʪʝʭʥʦʣʦʛʠʠ ʠ 

ʨʝʘʣʠʟʘʮʠʝʡ ʟʘʧʨʦʩʦʚ ʧʦʣʴʟʦʚʘʪʝʣʝʡ. ɹʳʣʠ ʜʦʙʘʚʣʝʥʳ ʥʝʣʠʥʝʡʥʦʩʪʠ 
ʨʘʟʣʠʯʥʦʡ ʧʨʠʨʦʜʳ, ʧʦʷʚʠʣʘʩʴ ʚʦʟʤʦʞʥʦʩʪʴ ʠʩʧʦʣʴʟʦʚʘʪʴ ʤʝʪʦʜ ʧʦʜ 
ʢʦʥʩʪʨʫʢʮʠʡ, ʙʳʣʘ ʨʘʩʰʠʨʝʥʘ ʙʠʙʣʠʦʪʝʢʘ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ. ʂʦʤʧʘʥʠʷ 

ʦʙʨʘʪʠʣʘ ʚʥʠʤʘʥʠʝ ʥʘ ʧʦʷʚʠʚʰʠʝʩʷ ʚ ʪʦ ʚʨʝʤʷ ʤʠʥʠ ʢʦʤʧʴʶʪʝʨʳ ʠ 
ʚʝʢʪʦʨʥʳʝ ʛʨʘʬʠʯʝʩʢʠʝ ʪʝʨʤʠʥʘʣʳ. ɺ ʪʝʯʝʥʠʝ ʥʝʩʢʦʣʴʢʠʭ ʣʝʪ ʵʪʠ ʥʦʚʳʝ 

ʘʧʧʘʨʘʪʥʳʝ ʩʨʝʜʩʪʚʘ ʙʳʣʠ ʦʩʚʦʝʥʳ ʧʨʦʛʨʘʤʤʥʳʤʠ ʨʘʟʨʘʙʦʪʢʘʤʠ ʬʠʨʤʳ, 
ʧʦʨʦʜʠʚ ʥʦʚʫʶ ʵʨʫ ʢʦʤʧʴʶʪʝʨʥʦʛʦ ʨʝʰʝʥʠʷ ʠʥʞʝʥʝʨʥʳʭ ʟʘʜʘʯ. ɺ ʢʦʥʮʝ 70-ʭ 

ʩʫʱʝʩʪʚʝʥʥʳʤ ʜʦʧʦʣʥʝʥʠʝʤ ʢ ʧʨʦʛʨʘʤʤʝ ANSYS ʷʚʠʣʩʷ ʠʥʪʝʨʘʢʪʠʚʥʳʡ 
ʨʝʞʠʤ ʨʘʙʦʪʳ. ʕʪʦ ʟʥʘʯʠʪʝʣʴʥʦ ʫʧʨʦʩʪʠʣʦ ʧʨʦʮʝʜʫʨʳ ʩʦʟʜʘʥʠʷ ʢʦʥʝʯʥʦ-

ʵʣʝʤʝʥʪʥʦʡ ʤʦʜʝʣʠ ʠ ʦʮʝʥʢʫ ʨʝʟʫʣʴʪʘʪʦʚ (ʧʨʝ- ʠ ʧʦʩʪ ʧʨʦʮʝʩʩʦʨʥʘʷ 
ʦʙʨʘʙʦʪʢʘ). ʉʪʘʣʦ ʚʦʟʤʦʞʥʳʤ ʠʩʧʦʣʴʟʦʚʘʪʴ ʠʥʪʝʨʘʢʪʠʚʥʫʶ ʛʨʘʬʠʢʫ ʜʣʷ 

ʧʨʦʚʝʨʢʠ ʛʝʦʤʝʪʨʠʠ ʤʦʜʝʣʠ, ʟʘʜʘʥʥʳʭ ʩʚʦʡʩʪʚ ʤʘʪʝʨʠʘʣʘ ʠ ʛʨʘʥʠʯʥʳʭ 
ʫʩʣʦʚʠʡ ʧʝʨʝʜ ʥʘʯʘʣʦʤ ʩʯʝʪʘ. ɻʨʘʬʠʯʝʩʢʘʷ ʠʥʬʦʨʤʘʮʠʷ ʤʦʛʣʘ ʙʳʪʴ ʩʨʘʟʫ ʞʝ 

ʚʳʚʝʜʝʥʘ ʥʘ ʵʢʨʘʥ ʜʣʷ ʠʥʪʝʨʘʢʪʠʚʥʦʛʦ ʢʦʥʪʨʦʣʷ ʨʝʟʫʣʴʪʘʪʦʚ ʨʝʰʝʥʠʷ. 
ʉʝʛʦʜʥʷ ANSYS ï ɻ ʪʦ ʯʨʝʟʚʳʯʘʡʥʦ ʤʦʱʥʘʷ ʠ ʫʜʦʙʥʘʷ ʧʨʦʛʨʘʤʤʘ. ʂʘʞʜʘʷ ʝʝ 

ʚʝʨʩʠʷ ʚʢʣʶʯʘʝʪ ʥʦʚʳʝ ʠ ʨʘʩʰʠʨʷʝʪ ʧʨʝʞʥʠʝ ʚʦʟʤʦʞʥʦʩʪʠ ʧʘʢʝʪʘ, ʯʪʦ ʜʝʣʘʝʪ 
ʧʨʦʛʨʘʤʤʫ ʙʳʩʪʨʦʜʝʡʩʪʚʫʶʱʝʡ, ʙʦʣʝʝ ʛʠʙʢʦʡ ʠ ʫʜʦʙʥʦʡ. ʕʪʠ ʝʝ ʢʘʯʝʩʪʚʘ 
ʧʦʤʦʛʘʶʪ ʧʦʣʴʟʦʚʘʪʝʣʷʤ ʩʧʨʘʚʠʪʴʩʷ ʩ ʥʝʧʨʝʨʳʚʥʦ ʚʦʟʨʘʩʪʘʶʱʠʤʠ 

ʟʘʧʨʦʩʘʤʠ ʩʦʚʨʝʤʝʥʥʦʛʦ ʧʨʦʤʳʰʣʝʥʥʦʛʦ ʧʨʦʠʟʚʦʜʩʪʚʘ. ɺʦʟʤʦʞʥʦʩʪʠ 
ʧʨʦʛʨʘʤʤʳ ANSYS Maxwell ï ʵʪʦ ʩʦʚʨʝʤʝʥʥʦʝ, ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʦʝ 

ʧʨʦʛʨʘʤʤʥʦʝ ʦʙʝʩʧʝʯʝʥʠʝ ʜʣʷ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʜʚʫʤʝʨʥʳʭ ʠ ʪʨʝʭʤʝʨʥʳʭ 
ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ, ʠʩʧʦʣʴʟʫʝʤʦʝ ʜʣʷ ʘʥʘʣʠʟʘ ʤʦʜʝʣʝʡ ʜʚʠʛʘʪʝʣʝʡ, 

ʜʘʪʯʠʢʦʚ, ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʚ ʠ ʤʥʦʛʠʭ ʜʨʫʛʠʭ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʠ 
ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ ʨʘʟʣʠʯʥʦʛʦ ʧʨʠʤʝʥʝʥʠʷ. ʅʘ ʜʘʥʥʳʡ ʤʦʤʝʥʪ 

ʵʪʦ ʧʨʠʦʨʠʪʝʪʥʳʡ ʧʨʦʜʫʢʪ ʬʠʨʤʳ ANSYS. ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʦʩʥʦʚʘ ANSYS 
Maxwell ï ʤʝʪʦʜ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʟʘʜʘʯʘ ʢʦʪʦʨʦʛʦ ʟʘʢʣʶʯʘʝʪʩʷ ʚ 

ʥʘʭʦʞʜʝʥʠʠ ʝʜʠʥʩʪʚʝʥʥʦ ʚʦʟʤʦʞʥʦʛʦ ʨʘʩʧʨʝʜʝʣʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 
ʧʦʣʷ ʚ ʟʘʜʘʥʥʦʡ ʨʘʩʯʸʪʥʦʡ ʦʙʣʘʩʪʠ ʧʨʠ ʫʢʘʟʘʥʥʳʭ ʛʨʘʥʠʯʥʳʭ ʫʩʣʦʚʠʷʭ ʠ 

ʚʦʟʙʫʞʜʝʥʠʠ. ANSYS Maxwell ʩʪʨʝʤʠʪʝʣʴʥʦ ʨʘʟʚʠʚʘʝʪʩʷ, 
ʚʳʩʦʢʦʧʨʦʠʟʚʦʜʠʪʝʣʴʥʳʝ ʨʝʰʘʪʝʣʠ ʩ ʚʳʩʦʢʦʡ ʪʦʯʥʦʩʪʴʶ ʠ ʤʘʢʩʠʤʘʣʴʥʦʡ 
ʩʢʦʨʦʩʪʴʶ ʨʘʩʩʯʠʪʳʚʘʶʪ ʩʪʘʪʠʯʝʩʢʠʝ, ʛʘʨʤʦʥʠʯʝʩʢʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʠ 

ʵʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʣʷ, ʘ ʪʘʢʞʝ ʧʝʨʝʭʦʜʥʳʝ ʧʨʦʮʝʩʩʳ ʚ ʧʦʣʝʚʳʭ ʟʘʜʘʯʘʭ. 
ʇʦʣʴʟʦʚʘʪʝʣʶ ʧʨʝʜʦʩʪʘʚʣʷʝʪʩʷ ʦʛʨʦʤʥʳʡ ʠʥʩʪʨʫʤʝʥʪʘʨʠʡ ʠ ʩʦʚʨʝʤʝʥʥʳʡ 

ʧʦʩʪʧʨʦʮʝʩʩʦʨ ʜʣʷ ʨʘʩʯʸʪʘ ʠ ʦʧʪʠʤʠʟʘʮʠʠ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʫʩʪʨʦʡʩʪʚ 
ʦʩʥʦʚʘʥʥʦʤ ʥʘ ʘʥʘʣʠʟʝ ʚʠʨʪʫʘʣʴʥʦʡ ʤʦʜʝʣʠ. ANSYS Maxwell ʧʨʠʤʝʥʷʝʪʩʷ 

ʜʣʷ ʨʘʟʨʘʙʦʪʢʠ ʨʘʟʣʠʯʥʳʭ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʫʟʣʦʚ ʚ 
ʵʣʝʢʪʨʦʤʘʰʠʥʦʩʪʨʦʝʥʠʠ, ʘʚʪʦʤʦʙʠʣʴʥʦʡ, ʦʙʦʨʦʥʥʦʡ, ʘʚʠʘʢʦʩʤʠʯʝʩʢʦʡ 

ʦʪʨʘʩʣʠ. ʈʘʙʦʪʘ ʩ ʚʠʨʪʫʘʣʴʥʳʤʠ ʤʦʜʝʣʷʤʠ, ʚʟʘʤʝʥ ʜʦʨʦʛʦʩʪʦʷʱʠʭ ʥʘʪʫʨʥʳʭ 
ʵʢʩʧʝʨʠʤʝʥʪʦʚ ʠʤʝʝʪ ʯʝʪʢʫʶ ʵʢʦʥʦʤʠʯʝʩʢʫʶ ʦʙʦʩʥʦʚʘʥʥʦʩʪʴ [5]. 

-  ʕʣʝʢʪʨʦʤʝʭʘʥʠʢʘ: ʜʚʠʛʘʪʝʣʠ ʠ ʛʝʥʝʨʘʪʦʨʳ, ʧʦʩʪʫʧʘʪʝʣʴʥʳʝ ʠ 
ʚʨʘʱʘʶʱʠʝʩʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʳ, ʨʝʣʝ, ʤʠʢʨʦ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʝ ʫʩʪʨʦʡʩʪʚʘ 

ʄʕʄʉ. 
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-  ʕʣʝʢʪʨʦʤʘʛʥʝʪʠʟʤ: ʢʘʪʫʰʢʠ ʠʥʜʫʢʪʠʚʥʦʩʪʠ, ʧʦʩʪʦʷʥʥʳʝ ʤʘʛʥʠʪʳ, 
ʜʘʪʯʠʢʠ, ʢʘʙʝʣʠ. 

-  ʉʠʣʦʚʘʷ ʵʣʝʢʪʨʦʥʠʢʘ: ʪʨʘʥʩʬʦʨʤʘʪʦʨʥʘʷ ʪʝʭʥʠʢʘ, ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ, 
ʪʦʢʦʥʝʩʫʱʘʷ ʦʰʠʥʦʚʢʘ, IGBT ʪʨʘʥʟʠʩʪʦʨʳ ʠ ʤʥʦʛʠʝ ʜʨʫʛʠʝ ʫʩʪʨʦʡʩʪʚʘ. 

-  ʇʦʚʝʜʝʥʠʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʦʣʝʡ: ʠʟʫʯʝʥʠʝ ʵʢʨʘʥʠʨʦʚʘʥʠʷ, 

ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʝ ʟʘʜʘʯʠ, ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʘʷ ʩʦʚʤʝʩʪʠʤʦʩʪʴ, 
ʧʦʣʫʧʨʦʚʦʜʥʠʢʠ, ʙʝʩʧʨʦʚʦʜʥʘʷ ʧʝʨʝʜʘʯʘ ʵʥʝʨʛʠʠ. 

-  ʄʝʞʜʠʩʮʠʧʣʠʥʘʨʥʳʝ ʟʘʜʘʯʠ: ʤʘʛʥʠʪʥʦʝ ʧʝʨʝʤʝʰʠʚʘʥʠʝ, 
ʠʥʜʫʢʮʠʦʥʥʳʡ ʥʘʛʨʝʚ, ʘʥʘʣʠʟ ʚʠʙʨʘʮʠʠ ʠ ʘʢʫʩʪʠʢʠ ʚ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʰʠʥʘʭ 

[5]. 
ANSYS Maxwell ʦʩʥʘʱʸʥ ʚʩʪʨʦʝʥʥʳʤ ʛʨʘʬʠʯʝʩʢʠʤ ʨʝʜʘʢʪʦʨʦʤ, 

ʬʫʥʢʮʠʦʥʘʣ ʢʦʪʦʨʦʛʦ ʚ ʧʦʣʥʦʡ ʤʝʨʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʧʦʪʨʝʙʥʦʩʪʠ ʧʦʣʴʟʦʚʘʪʝʣʷ 
ʥʘ ʵʪʘʧʝ ʧʦʜʛʦʪʦʚʢʠ ʤʦʜʝʣʠ ʜʣʷ ʨʘʩʯʸʪʘ: 

-  ʀʤʧʦʨʪ ʛʝʦʤʝʪʨʠʯʝʩʢʦʡ CAD-ʤʦʜʝʣʠ ʠʟ ʚʩʝʭ ʩʦʚʨʝʤʝʥʥʳʭ ʧʘʢʝʪʦʚ 
ʪʨʝʭʤʝʨʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ. ɹʦʣʝʝ ʧʦʜʨʦʙʥʦ ʦ ʠʤʧʦʨʪʝ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ 

ʤʦʜʝʣʝʡ ʤʦʞʥʦ ʫʟʥʘʪʴ ʚ ʦʧʠʩʘʥʠʠ ʣʠʮʝʥʟʠʠ ANSYS Alinks for MCAD; 
-  ʈʘʙʦʪʘ ʩ ʙʦʣʴʰʠʤʠ ʩʙʦʨʢʘʤʠ; 

-  ɹʘʟʘ ʧʨʠʤʠʪʠʚʦʚ: ʧʨʷʤʦʫʛʦʣʴʥʠʢ, ʦʢʨʫʞʥʦʩʪʴ, ʧʘʨʘʣʣʝʣʝʧʠʧʝʜ, 
ʮʠʣʠʥʜʨ, ʢʦʥʫʩ, ʩʬʝʨʘ, ʪʦʨ; 

-  ɺʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʤʦʜʝʣʝʡ ʩʚʝʨʭʫ-ʚʥʠʟ 

(ʦʧʝʨʘʮʠʠ ʩ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ ʧʨʠʤʠʪʠʚʘʤʠ) ʠ ʩʥʠʟʫ-ʚʚʝʨʭ (ʪʦʯʢʠ, ʣʠʥʠʠ, 
ʧʦʚʝʨʭʥʦʩʪʠ, ʦʙʲʝʤʳ); 

-  ʆʧʝʨʘʮʠʠ ʥʘʜ ʛʝʦʤʝʪʨʠʯʝʩʢʠʤʠ ʦʙʲʝʢʪʘʤʠ (ʩʣʦʞʝʥʠʝ, ʚʳʯʠʪʘʥʠʝ, 
ʧʝʨʝʩʝʯʝʥʠʝ ʠ ʪ.ʜ.); 

-  ɺʦʟʤʦʞʥʦʩʪʴ ʩʣʠʷʥʠʷ ʥʝʩʢʦʣʴʢʠʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ ʚ ʦʜʠʥ; 
-  ʇʘʨʘʤʝʪʨʠʯʝʩʢʦʝ ʟʘʜʘʥʠʝ ʛʝʦʤʝʪʨʠʠ; 

-  ʇʨʦʚʝʨʢʘ ʥʘ ʥʘʣʠʯʠʝ ʤʘʣʳʭ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ, ʩʠʥʛʫʣʷʨʥʦʩʪʝʡ 
ʠ ʤʥʦʛʦʛʦ ʜʨʫʛʦʛʦ ʩ ʚʦʟʤʦʞʥʦʩʪʴʶ ʚʠʟʫʘʣʴʥʦʛʦ ʢʦʥʪʨʦʣʷ; 

-  ʀʥʩʪʨʫʤʝʥʪʳ ʠʟʤʝʨʝʥʠʷ ʛʝʦʤʝʪʨʠʯʝʩʢʠʭ ʦʙʲʝʢʪʦʚ: ʟʘʧʨʦʩ ʦʙʲʝʤʘ, 
ʧʣʦʱʘʜʠ ʧʦʚʝʨʭʥʦʩʪʠ, ʜʣʠʥʳ ʣʠʥʠʠ ʠ ʜʨ. ʜʘʥʥʳʭ; 

-  ANSYS Maxwell ʠʤʝʝʪ ʥʘʙʦʨ ʧʨʠʤʠʪʠʚʦʚ, ʢʦʪʦʨʳʡ ʠʩʧʦʣʴʟʫʝʪʩʷ ʜʣʷ 
ʫʧʨʦʱʝʥʠʷ ʩʦʟʜʘʥʠʷ ʠ ʧʘʨʘʤʝʪʨʠʟʘʮʠʠ ʤʦʜʝʣʝʡ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʰʠʥ ʠ 
ʪʨʘʥʩʬʦʨʤʘʪʦʨʦʚ: ʵʣʝʤʝʥʪʳ ʩʪʘʪʦʨʦʚ, ʨʦʪʦʨʦʚ, ʤʘʛʥʠʪʦʧʨʦʚʦʜʦʚ, ʵʣʝʤʝʥʪʳ 

ʦʙʤʦʪʦʢ, ʢʦʨʧʫʩʘ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʰʠʥ; 
-  ɸʜʘʧʪʠʚʥʳʡ ʩʝʪʦʯʥʳʡ ʛʝʥʝʨʘʪʦʨ ʩ ʘʚʪʦʤʘʪʠʯʝʩʢʠʤ ʢʦʥʪʨʦʣʝʤ ʦʰʠʙʢʠ 

ʚʳʯʠʩʣʝʥʠʡ; 
-  ʇʦʣʥʦʩʪʴʶ ʘʚʪʦʤʘʪʠʟʠʨʦʚʘʥʥʘʷ ʧʨʦʮʝʜʫʨʘ ʨʘʟʙʠʝʥʠʷ ʥʘ ʪʝʪʨʘʵʜʨʳ 

ʪʚʝʨʜʳʭ ʪʝʣ ʧʨʦʠʟʚʦʣʴʥʦʡ ʛʝʦʤʝʪʨʠʠ; 
-  ʉʛʫʱʝʥʠʝ ʩʝʪʢʠ (ʜʚʫʭ ʠ ʪʨʝʭʤʝʨʥʦʝ) ʥʘ ʫʞʝ ʠʤʝʶʱʝʤʩʷ ʨʘʟʙʠʝʥʠʠ. 

-  ʇʦʩʪʨʦʝʥʠʝ ʥʝʨʝʛʫʣʷʨʥʳʭ ʩʝʪʦʢ ʩ ʨʘʟʙʠʝʥʠʝʤ ʧʨʠʛʨʘʥʠʯʥʳʭ ʦʙʣʘʩʪʝʡ 
çʨʝʛʫʣʷʨʥʳʤʠ ʩʣʦʷʤʠè; 

-  ʇʝʨʝʩʪʨʦʡʢʘ ʩʝʪʢʠ ʚ ʩʦʦʪʚʝʪʩʪʚʠʠ ʩ ʧʦʣʫʯʝʥʥʳʤʠ ʚ ʨʝʟʫʣʴʪʘʪʝ ʨʘʩʯʝʪʘ 
ʫʟʣʦʚʳʤʠ ʧʝʨʝʤʝʱʝʥʠʷʤʠ; 

-  ʀʤʧʦʨʪ ʩʝʪʦʯʥʦʡ ʤʦʜʝʣʠ ʠʟ ʜʨʫʛʠʭ ʧʨʦʝʢʪʦʚ; 

http://cae-expert.ru/product/ansys-alinks-mcad
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-  ʅʘʣʠʯʠʝ ʚʩʧʦʤʦʛʘʪʝʣʴʥʳʭ ʩʝʪʦʯʥʳʭ ʦʧʝʨʘʮʠʡ ʜʣʷ ʢʦʥʪʨʦʣʷ 
ʜʠʩʢʨʝʪʠʟʘʮʠʠ ʤʦʜʝʣʠ; 

-  ʉʪʨʫʢʪʫʨʠʨʦʚʘʥʥʳʝ ʩʝʪʦʯʥʳʝ ʤʦʜʝʣʠ ʜʣʷ ʟʘʜʘʯ ʤʦʜʝʣʠʨʦʚʘʥʠʷ 
ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʰʠʥ [5]. 

ANSYS Maxwell ʧʦʜʜʝʨʞʠʚʘʝʪ ʩʣʝʜʫʶʱʠʝ ʪʠʧʳ ʟʘʜʘʯ ʚ ʣʠʥʝʡʥʳʭ ʠ 

ʥʝʣʠʥʝʡʥʳʭ ʩʨʝʜʘʭ, ʧʣʦʩʢʦʧʘʨʘʣʣʝʣʴʥʳʭ, ʦʩʝʩʠʤʤʝʪʨʠʯʥʳʭ, ʪʨʝʭʤʝʨʥʳʭ 
ʧʦʩʪʘʥʦʚʢʘʭ: 

-  ʄʘʛʥʠʪʦʩʪʘʪʠʢʘ. ʄʘʛʥʠʪʥʳʝ ʧʦʣʷ, ʚʳʟʚʘʥʥʳʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ 
ʧʣʦʪʥʦʩʪʠ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʚ ʧʨʦʚʦʜʥʠʢʘʭ, ʧʦʩʪʦʷʥʥʳʤʠ ʤʘʛʥʠʪʘʤʠ, ʘ 

ʪʘʢʞʝ ʟʘʜʘʯʠ ʩ ʚʥʝʰʥʠʤʠ ʧʦʩʪʦʷʥʥʳʤʠ ʤʘʛʥʠʪʥʳʤʠ ʧʦʣʷʤʠ. ʈʘʩʧʨʝʜʝʣʝʥʠʝ 
ʤʘʛʥʠʪʥʦʡ ʠʥʜʫʢʮʠʠ ʚ ʤʘʛʥʠʪʥʦʡ ʩʠʩʪʝʤʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʘ; 

-  ɻʘʨʤʦʥʠʯʝʩʢʠʝ ʧʦʣʷ. ʋʩʪʘʥʦʚʠʚʰʠʝʩʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʧʦʣʷ ʩ 
ʠʥʜʫʮʠʨʦʚʘʥʥʳʤʠ ʚʠʭʨʝʚʳʤʠ ʪʦʢʘʤʠ ʚ ʧʨʦʚʦʜʷʱʠʭ ʯʘʩʪʷʭ ʤʦʜʝʣʠ, 

ʚʳʟʚʘʥʥʳʝ ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ ʧʝʨʝʤʝʥʥʳʭ ʪʦʢʦʚ ʚ ʧʨʦʚʦʜʥʠʢʘʭ (ʦʜʠʥʘʢʦʚʦʡ 
ʯʘʩʪʦʪʳ, ʨʘʟʥʳʭ ʧʦ ʬʘʟʘʤ). ʀʩʪʦʯʥʠʢʦʤ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʤʦʞʝʪ ʙʳʪʴ 

ʚʥʝʰʥʝʝ ʧʝʨʝʤʝʥʥʦʝ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʧʦʣʝ. ʈʝʰʝʥʠʝ ʛʘʨʤʦʥʠʯʝʩʢʦʡ 
ʤʘʛʥʠʪʥʦʡ ʟʘʜʘʯʠ - ʵʪʦ ʧʦʣʥʦʝ ʚʦʣʥʦʚʦʝ ʨʝʰʝʥʠʝ, ʚʢʣʶʯʘʶʱʝʝ ʵʬʬʝʢʪʳ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʚʦʣʥʦʚʦʛʦ ʠʟʣʫʯʝʥʠʷ. ʕʪʦʪ ʪʠʧ ʨʝʰʝʥʠʷ ʧʨʠʤʝʥʷʝʪʩʷ ʜʣʷ 
ʨʝʰʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʟʘʜʘʯ, ʛʜʝ ʟʥʘʯʠʪʝʣʴʥʳʡ ʚʢʣʘʜ ʚ ʨʘʙʦʪʫ ʤʦʜʝʣʠ 
ʚʥʦʩʷʪ ʧʦʚʝʨʭʥʦʩʪʥʳʡ ʵʬʬʝʢʪ ʠʥʜʫʮʠʨʦʚʘʥʥʳʭ ʪʦʢʦʚ ʠ ʵʬʬʝʢʪ ʙʣʠʟʦʩʪʠ [5]. 

ʅʝʩʪʘʮʠʦʥʘʨʥʦʝ ʤʘʛʥʠʪʥʦʝ ʧʦʣʝ. ʈʘʩʩʤʘʪʨʠʚʘʝʪʩʷ ʧʝʨʝʭʦʜʥʳʡ ʧʨʦʮʝʩʩ 
ʚ ʵʣʝʢʪʨʦʤʝʭʘʥʠʯʝʩʢʠʭ ʩʠʩʪʝʤʘʭ, ʚʳʟʚʘʥʥʳʡ ʧʦʩʪʦʷʥʥʳʤʠ ʤʘʛʥʠʪʘʤʠ ʠ 

ʪʦʢʦʧʨʦʚʦʜʷʱʠʤʠ ʦʙʤʦʪʢʘʤʠ, ʟʘʧʠʪʘʥʥʳʤʠ ʠʩʪʦʯʥʠʢʘʤʠ ʥʘʧʨʷʞʝʥʠʷ ʠʣʠ 
ʪʦʢʘ ʩ ʧʨʦʠʟʚʦʣʴʥʳʤ ʠʟʤʝʥʝʥʠʝʤ ʚʦ ʚʨʝʤʝʥʠ. ʆʙʤʦʪʢʠ ʤʦʛʫʪ ʙʳʪʴ 

ʧʦʜʢʣʶʯʝʥʳ ʢ ʵʣʝʢʪʨʠʯʝʩʢʠʤ ʮʝʧʷʤ ʫʧʨʘʚʣʝʥʠʷ ANSYS Maxwell Circuit 
Editor ʠʣʠ ANSYS Simplorer. ɺ ʵʪʦʤ ʪʠʧʝ ʨʝʰʝʥʠʷ ʚʦʟʤʦʞʥʦ ʨʘʩʩʤʘʪʨʠʚʘʪʴ 

ʵʬʬʝʢʪʳ ʚʨʘʱʘʪʝʣʴʥʦʛʦ ʠʣʠ ʧʦʩʪʫʧʘʪʝʣʴʥʦʛʦ ʜʚʠʞʝʥʠʷ ʵʣʝʤʝʥʪʦʚ ʤʦʜʝʣʠ ʚ 
ʤʘʛʥʠʪʥʦʤ ʧʦʣʝ ʩ ʫʯʝʪʦʤ ʥʘʚʝʜʸʥʥʳʭ ʚʠʭʨʝʚʳʭ ʪʦʢʦʚ [4]. 

ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʜʚʠʛʘʪʝʣʷ ʚ ANSYS Maxwell. 
ʕʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʣʷ. ʄʦʛʫʪ ʦʪʥʦʩʠʪʴʩʷ ʢ ʦʜʥʦʡ ʠʟ ʪʨʝʭ ʢʘʪʝʛʦʨʠʡ: 

- ʕʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʝ ʧʦʣʷ ʚ ʜʠʵʣʝʢʪʨʠʢʘʭ, ʚʳʟʚʘʥʥʳʝ ʥʘʧʨʷʞʝʥʠʷʤʠ ʠ 
ʟʘʨʷʜʘʤʠ; 

- ʕʣʝʢʪʨʠʯʝʩʢʠʝ ʧʦʣʷ ʚ ʧʨʦʚʦʜʥʠʢʘʭ, ʦʧʠʩʳʚʘʝʤʳʝ ʧʨʦʩʪʨʘʥʩʪʚʝʥʥʳʤ 
ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝʤ ʥʘʧʨʷʞʝʥʠʷ, ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʠ ʧʣʦʪʥʦʩʪʠ 
ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ; 

- ʂʦʤʙʠʥʘʮʠʷ ʧʨʝʜʳʜʫʱʠʭ ʜʚʫʭ ʚʘʨʠʘʥʪʦʚ ʩ ʨʝʰʝʥʠʷʤʠ ʧʦ ʧʦʣʶ ʚ 
ʧʨʦʚʦʜʥʠʢʘʭ, ʢʘʢ ʥʘʯʘʣʴʥʳʝ ʫʩʣʦʚʠʷ ʜʣʷ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʡ ʟʘʜʘʯʠ [3]. 

ɺʩʝ ʨʘʩʯʸʪʥʳʝ ʤʦʜʫʣʠ ANSYS ʠʥʪʝʛʨʠʨʦʚʘʥʳ ʚ ʝʜʠʥʫʶ ʨʘʩʯʸʪʥʫʶ 
ʧʣʘʪʬʦʨʤʫ ANSYS Workbench ʜʣʷ ʙʦʣʝʝ ʧʨʦʩʪʦʛʦ ʦʙʤʝʥʘ ʜʘʥʥʳʤʠ ʤʝʞʜʫ 

ʥʠʤʠ ʧʨʠ ʨʝʰʝʥʠʠ ʤʝʞʜʠʩʮʠʧʣʠʥʘʨʥʳʭ ʟʘʜʘʯ. ʈʝʟʫʣʴʪʘʪʳ 
ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ ʠʟ ANSYS Maxwell ʤʦʛʫʪ ʠʩʧʦʣʴʟʦʚʘʪʴʩʷ 

ʢʘʢ ʠʩʭʦʜʥʳʝ ʜʘʥʥʳʝ ʜʣʷ ʟʘʜʘʯ: 

http://cae-expert.ru/product/ansys-simplorer
http://cae-expert.ru/discipline/mezhdisciplinarnyy-analiz
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-  ANSYS Maxwell ï ANSYS Mechanical (Thermal, Transient Thermal, 
Static Structural) ʜʣʷ ʨʝʰʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ï ʪʝʧʣʦʚʦʡ, ʧʨʦʯʥʦʩʪʥʦʡ 

ʟʘʜʘʯʠ; 
-  ANSYS Maxwell ï ANSYS Mechanical ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ ʚʠʙʨʘʮʠʠ ʠ 

ʘʢʫʩʪʠʢʠ ʚ ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʤʘʰʠʥʘʭ; 

-  ANSYS Maxwell ï ANSYS Fluent, ANSYS IcePak ʜʣʷ ʨʝʰʝʥʠʷ 
ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ï ʪʝʧʣʦʚʦʡ ʟʘʜʘʯʠ; 

-  ANSYS Maxwell ï ANSYS Fluent MHD ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯ 
ʤʘʛʥʠʪʦʛʠʜʨʦʜʠʥʘʤʠʢʠ [5].  

 
1.3 ʄʦʜʫʣʷʮʠʷ ʥʘʧʨʷʞʝʥʠʷ 

 
ʄɻɼ-ʚʨʘʱʘʪʝʣʴ ʧʦ ʧʨʠʥʮʠʧʫ ʜʝʡʩʪʚʠʷ ʧʦʭʦʞ ʥʘ ʘʩʠʥʭʨʦʥʥʳʡ 

ʜʚʠʛʘʪʝʣʴ, ʩʣʝʜʦʚʘʪʝʣʴʥʦ, ʧʨʠ ʧʦʤʦʱʠ ʨʝʛʫʣʠʨʦʚʢʠ ʯʘʩʪʦʪʳ ʧʠʪʘʶʱʝʛʦ 
ʥʘʧʨʷʞʝʥʠʷ ʠʥʜʫʢʪʦʨʘ, ʤʦʞʥʦ ʨʝʛʫʣʠʨʦʚʘʪʴ ʯʘʩʪʦʪʫ ʚʨʘʱʝʥʠʷ ʧʦʣʷ 

ʠʥʜʫʢʪʦʨʘ, ʯʪʦ ʧʨʠʚʝʜʝʪ ʢ ʠʟʤʝʥʝʥʠʶ ʩʢʦʨʦʩʪʠ ʚʨʘʱʝʥʠʷ ʤʝʪʘʣʣʘ ʚ 
ʟʘʛʨʫʟʯʠʢʝ. 

ʉʫʱʝʩʪʚʫʝʪ ʜʚʘ ʦʩʥʦʚʥʳʭ ʪʠʧʘ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʝʡ ʯʘʩʪʦʪʳ: ʩ 
ʥʝʧʦʩʨʝʜʩʪʚʝʥʥʦʡ ʩʚʷʟʴʶ ʠ ʩ ʧʨʦʤʝʞʫʪʦʯʥʳʤ ʢʦʥʪʫʨʦʤ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ. ɺ 
ʧʝʨʚʦʤ ʩʣʫʯʘʝ ʚʳʭʦʜʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʬʦʨʤʳ ʬʦʨʤʠʨʫʝʪʩʷ ʠʟ 

ʫʯʘʩʪʢʦʚ ʩʠʥʫʩʦʠʜ ʧʨʝʦʙʨʘʟʫʝʤʦʛʦ ʚʭʦʜʥʦʛʦ ʥʘʧʨʷʞʝʥʠʷ. ʇʨʠ ʵʪʦʤ 
ʤʘʢʩʠʤʘʣʴʥʦʝ ʟʥʘʯʝʥʠʝ ʚʳʭʦʜʥʦʡ ʯʘʩʪʦʪʳ ʧʨʠʥʮʠʧʠʘʣʴʥʦ ʥʝ ʤʦʞʝʪ ʙʳʪʴ 

ʨʘʚʥʳʤ ʯʘʩʪʦʪʝ ʧʠʪʘʶʱʝʡ ʩʝʪʠ. ʏʘʩʪʦʪʘ ʥʘ ʚʳʭʦʜʝ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʵʪʦʛʦ 
ʪʠʧʘ ʦʙʳʯʥʦ ʣʝʞʠʪ ʚ ʜʠʘʧʘʟʦʥʝ ʦʪ 0 ʜʦ 25 ï 33 ɻʮ. ʅʦ ʥʘʠʙʦʣʴʰʝʝ 

ʨʘʩʧʨʦʩʪʨʘʥʝʥʠʝ ʧʦʣʫʯʠʣʠ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʠ ʯʘʩʪʦʪʳ ʩ ʧʨʦʤʝʞʫʪʦʯʥʳʤ 
ʢʦʥʪʫʨʦʤ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ, ʚʳʧʦʣʥʝʥʥʳʝ ʥʘ ʙʘʟʝ ʠʥʚʝʨʪʦʨʦʚ ʥʘʧʨʷʞʝʥʠʷ. 

ʉʪʨʫʢʪʫʨʥʘʷ ʩʭʝʤʘ ʪʘʢʦʛʦ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʧʨʠʚʝʜʝʥʘ ʥʘ ʨʠʩʫʥʢʝ 1.9 [6]. 
 

 
 

ʈʠʩʫʥʦʢ 1.9 ï ʉʪʨʫʢʪʫʨʥʘʷ cxʝʤʘ ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʯʘʩʪʦʪʳ ʩ 

ʧʨʦʤʝʞʫʪʦʯʥʳʤ ʢʦʥʪʫʨʦʤ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ 
 

ʇʝʨʝʤʝʥʥʦʝ ʥʘʧʨʷʞʝʥʠʝ ʩʝʪʠ ʧʨʝʦʙʨʘʟʫʝʪʩʷ ʩ ʧʦʤʦʱʴʶ ʜʠʦʜʥʦʛʦ 
ʚʳʧʨʷʤʠʪʝʣʷ, ʘ ʟʘʪʝʤ ʩʛʣʘʞʠʚʘʝʪʩʷ ʚ ʧʨʦʤʝʞʫʪʦʯʥʦʡ ʮʝʧʠ ʠʥʜʫʢʪʠʚʥʦ-

ʝʤʢʦʩʪʥʳʤ ʬʠʣʴʪʨʦʤ. ʀ, ʥʘʢʦʥʝʮ, ʠʥʚʝʨʪʦʨ, ʚʳʭʦʜʥʦʡ ʢʘʩʢʘʜ ʢʦʪʦʨʦʛʦ 
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ʦʙʳʯʥʦ ʚʳʧʦʣʥʷʝʪʩʷ ʥʘ ʦʩʥʦʚʝ IGBT-ʤʦʜʫʣʝʡ, ʦʩʫʱʝʩʪʚʣʷʝʪ ʦʙʨʘʪʥʦʝ 
ʧʨʝʦʙʨʘʟʦʚʘʥʠʝ ʠʟ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʚ ʧʝʨʝʤʝʥʥʳʡ, ʦʙʝʩʧʝʯʠʚʘʷ 

ʬʦʨʤʠʨʦʚʘʥʠʝ ʚʳʭʦʜʥʦʛʦ ʩʠʛʥʘʣʘ ʩ ʥʝʦʙʭʦʜʠʤʳʤʠ ʟʥʘʯʝʥʠʷʤʠ ʥʘʧʨʷʞʝʥʠʷ 
ʠ ʯʘʩʪʦʪʳ. ʅʘʠʙʦʣʝʝ ʯʘʩʪʦ ʚ ʠʥʚʝʨʪʦʨʘʭ ʧʨʠʤʝʥʷʝʪʩʷ ʤʝʪʦʜ ʚʳʩʦʢʦʯʘʩʪʦʪʥʦʡ 
ʰʠʨʦʪʥʦ-ʠʤʧʫʣʴʩʥʦʡ ʤʦʜʫʣʷʮʠʠ (ʐʀʄ). ɺ ʵʪʦʤ ʩʣʫʯʘʝ ʚʳʭʦʜʥʦʡ ʩʠʛʥʘʣ 

ʧʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʧʨʝʜʩʪʘʚʣʷʝʪ ʩʦʙʦʡ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʩʪʴ ʠʤʧʫʣʴʩʦʚ 
ʥʘʧʨʷʞʝʥʠʷ ʧʦʩʪʦʷʥʥʦʡ ʘʤʧʣʠʪʫʜʳ ʠ ʠʟʤʝʥʷʶʱʝʡʩʷ ʜʣʠʪʝʣʴʥʦʩʪʠ, ʢʦʪʦʨʘʷ 

ʥʘ ʠʥʜʫʢʪʠʚʥʦʡ ʥʘʛʨʫʟʢʝ, ʢʘʢʦʚʦʡ ʷʚʣʷʝʪʩʷ ʦʙʤʦʪʢʘ ʩʪʘʪʦʨʘ, ʬʦʨʤʠʨʫʝʪ ʪʦʢʠ 
ʩʠʥʫʩʦʠʜʘʣʴʥʦʡ ʬʦʨʤʳ [6]. 

ɺʦʟʤʦʞʥʳʡ ʜʠʘʧʘʟʦʥ ʨʝʛʫʣʠʨʦʚʘʥʠʷ ʯʘʩʪʦʪʳ ð ʦʪ 0 ʜʦ ʥʝʩʢʦʣʴʢʠʭ 
ʪʳʩʷʯ ʛʝʨʮ [6]. 

 

 
 

ʈʠʩʫʥʦʢ 1.10 ï ɺʳʭʦʜʥʦʡ ʩʠʛʥʘʣ ʧʝʨʝʦʙʨʘʟʦʚʘʪʝʣʷ ʯʘʩʪʦʪʳ 
 

1.4 ɺʳʚʦʜʳ ʧʦ ʧʝʨʚʦʡ ʛʣʘʚʝ 

 
ʀʟ ʰʠʨʦʢʦʛʦ ʚʳʙʦʨʘ ʄɻɼ-ʤʘʰʠʥ ʥʘʠʙʦʣʝʝ ʦʧʪʠʤʘʣʴʥʳʤ ʚʘʨʠʘʥʪʦʤ 

ʜʣʷ ʠʟʫʯʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʨʦʮʝʩʩʦʚ ʩʣʫʞʠʪ ʜʫʛʦʚʘʷ ʠʥʜʫʢʮʠʦʥʥʘʷ 
ʤʘʰʠʥʘ ʩ ʞʠʜʢʦʤʝʪʘʣʣʠʯʝʩʢʠʤ ʨʘʙʦʯʠʤ ʪʝʣʦʤ. ɽʝ ʢʦʥʩʪʨʫʢʮʠʷ ʜʘʝʪ 

ʚʦʟʤʦʞʥʦʩʪʴ ʩʦʟʜʘʪʴ ʚʨʘʱʘʶʱʝʝʩʷ ʜʚʠʞʝʥʠʝ ʚ ʤʝʪʘʣʣʝ, ʘ ʠʤʝʥʥʦ ʚʦʨʦʥʢʫ. 
ʉʨʝʜʠ ʙʦʣʴʰʦʛʦ ʢʦʣʠʯʝʩʪʚʘ ʨʘʟʣʠʯʥʦʛʦ ʧʨʦʛʨʘʤʤʥʦʛʦ ʦʙʝʩʧʝʯʝʥʠʷ ʇʆ 

ʢʦʤʧʘʥʠʠ ANSYS Maxwell 3D ʧʦʟʚʦʣʷʝʪ ʜʦʩʪʠʯʴ ʚʳʩʦʢʠʭ ʨʝʟʫʣʴʪʘʪʦʚ ʧʨʠ 
ʜʦʩʪʘʪʦʯʥʦ ʜʦʩʪʫʧʥʦʤ ʠʥʪʝʨʬʝʡʩʝ ʜʣʷ ʧʦʣʴʟʦʚʘʪʝʣʷ.  ʀʩʧʦʣʴʟʦʚʘʥʠʝ 

ʩʦʚʨʝʤʝʥʥʳʭ ʤʝʪʦʜʦʚ ʤʘʪʝʤʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʦʩʥʦʚʘʥʥʳʭ ʥʘ 
ʤʝʪʦʜʝ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ, ʠʤʝʝʪ ʚʦʟʤʦʞʥʦʩʪʴ ʜʘʣʴʥʝʡʰʝʛʦ ʠʟʫʯʝʥʠʷ 

ʨʘʟʣʠʯʥʦʛʦ ʨʦʜʘ ʧʨʦʮʝʩʩʦʚ, ʧʫʪʝʤ ʠʥʪʝʛʨʘʮʠʠ ʧʦʣʫʯʝʥʥʳʭ ʜʘʥʥʳʭ ʚ ʜʨʫʛʠʝ 
ʧʘʢʝʪʳ ANSYS.  

ʇʨʠʤʝʥʝʥʠʝ ʰʠʨʦʪʥʦ-ʠʤʧʫʣʴʩʥʦʡ ʤʦʜʫʣʷʮʠʠ ʧʦʟʚʦʣʷʝʪ ʨʝʛʫʣʠʨʦʚʘʪʴ 

ʯʘʩʪʦʪʫ ʧʠʪʘʶʱʝʛʦ ʥʘʧʨʷʞʝʥʠʷ, ʯʪʦ ʜʦʩʪʘʪʦʯʥʦ ʘʢʪʫʘʣʴʥʦ ʧʨʠ 
ʨʝʛʫʣʠʨʦʚʘʥʠʠ ʯʘʩʪʦʪʳ ʚʨʘʱʝʥʠʷ ʨʘʙʦʯʝʛʦ ʪʝʣʘ ʄɻɼ-ʤʘʰʠʥ.  
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2 ʄʘʪʝʤʘʪʠʯʝʩʢʦʝ ʤʦʜʝʣʠʨʦʚʘʥʠʝ  
 

2.1 ʄʘʪʝʤʘʪʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʳʭ ʧʨʦʮʝʩʩʦʚ 
 

 ʈʝʰʝʥʠʝ ʧʦʩʪʘʚʣʝʥʥʦʡ ʟʘʜʘʯʠ ʤʦʞʥʦ ʧʨʦʚʝʩʪʠ ʠʩʧʦʣʴʟʫʷ 

ʘʥʘʣʠʪʠʯʝʩʢʠʡ ʤʝʪʦʜ ʠ  ʯʠʩʣʝʥʥʳʡ ʤʝʪʦʜ. ʊʘʢ ʢʘʢ ʘʥʘʣʠʪʠʯʝʩʢʠʡ ʤʝʪʦʜ 
ʧʦʜʨʘʟʫʤʝʚʘʝʪ ʜʦʩʪʘʪʦʯʥʦ ʙʦʣʴʰʦʝ ʢʦʣʠʯʝʩʪʚʦ ʚʨʝʤʝʥʠ ʥʘ ʨʝʰʝʥʠʝ ʟʘʜʘʯʠ, 

ʥʝʜʦʩʪʘʪʦʯʥʫʶ ʪʦʯʥʦʩʪʴ ʚʳʯʠʩʣʝʥʠʡ, ʘ ʪʘʢʞʝ ʧʨʦʛʨʘʤʤʥʳʝ ʧʘʢʝʪʳ ANSYS 
Mechanical APDL ʠ Maxwell 3D, ʚ ʢʦʪʦʨʳʭ ʧʨʦʠʟʚʦʜʠʣʦʩʴ ʤʦʜʝʣʠʨʦʚʘʥʠʝ, 

ʨʘʙʦʪʘʶʪ ʥʘ ʤʝʪʦʜʝ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ (FEM ï finite elements method), ʙʳʣʦ 
ʚʳʙʨʘʥʦ ʠʩʧʦʣʴʟʦʚʘʪʴ ʯʠʩʣʝʥʥʳʡ ʤʝʪʦʜ ʧʨʦʚʝʜʝʥʠʷ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ 

ʘʥʘʣʠʟʘ. 
 

 
 

ʈʠʩʫʥʦʢ 2.1 ï ʄʝʪʦʜʳ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʘʥʘʣʠʟʘ 

 
ʄʝʪʦʜ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʷʚʣʷʝʪʩʷ ʦʜʥʠʤ ʠʟ ʤʥʦʛʠʭ ʧʨʠʥʷʪʳʭ 

ʤʝʪʦʜʦʚ ʯʠʩʣʝʥʥʦʛʦ ʨʝʰʝʥʠʷ ʩʣʦʞʥʳʭ ʧʦʣʝʡ, ʛʜʝ ʘʥʘʣʠʪʠʯʝʩʢʠʝ ʨʝʰʝʥʠʷ 
ʥʝʜʦʩʪʘʪʦʯʥʳ. ʂʦʥʝʯʥʳʝ ʵʣʝʤʝʥʪʳ ʜʦʢʘʟʘʣʠ, ʯʪʦ ʷʚʣʷʶʪʩʷ ʦʯʝʥʴ ʥʘʜʝʞʥʳʤ 
ʩʨʝʜʩʪʚʦʤ ʜʣʷ ʦʙʱʝʛʦ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʘʥʘʣʠʟʘ [3]. 

ʂʦʥʝʯʥʳʡ ʵʣʝʤʝʥʪ ʷʚʣʷʝʪʩʷ ʤʝʪʦʜʦʤ ʨʝʰʝʥʠʷ ʧʨʠ ʢʦʪʦʨʦʤ ʨʝʰʝʥʠʝ 
ʯʠʩʣʝʥʥʦ ʧʦʣʫʯʘʶʪ ʠʟ ʧʨʦʠʟʚʦʣʴʥʦʡ ʛʝʦʤʝʪʨʠʠ. ɺ Maxwell3D ʦʩʥʦʚʥʦʡ 

ʝʜʠʥʠʮʝʡ ʢʦʥʝʯʥʦʛʦ ʵʣʝʤʝʥʪʘ ʷʚʣʷʝʪʩʷ ʪʝʪʨʘʵʜʨ (ʯʝʪʳʨʝʭʩʪʦʨʦʥʥʷʷ 
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ʧʠʨʘʤʠʜʘ). ʕʪʠ ʵʣʝʤʝʥʪʳ ʦʙʲʝʜʠʥʝʥʳ ʚ ʪʘʢ ʥʘʟʳʚʘʝʤʫʶ ʩʝʪʢʫ ʢʦʥʝʯʥʳʭ 
ʵʣʝʤʝʥʪʦʚ [3]. 

ʆʜʥʦʩʪʦʨʦʥʥʠʝ ʪʝʪʨʘʵʜʨʳ ʣʫʯʰʝ ʚʩʝʛʦ ʧʦʜʭʦʜʷʪ ʜʣʷ ʢʚʘʜʨʘʪʠʯʥʦʡ 
ʠʥʪʝʨʧʦʣʷʮʠʠ 2-ʛʦ ʧʦʨʷʜʢʘ, ʪʘʢ ʢʘʢ ʠʩʧʦʣʴʟʫʝʪʩʷ ʤʝʞʜʫ ʫʟʣʘʤʠ. ʏʘʱʝ ʚʩʝʛʦ 
ʪʨʝʙʫʝʪʩʷ ʦʪʥʦʩʠʪʝʣʴʥʦ ʦʜʥʦʨʦʜʥʘʷ, ʞʝʣʘʪʝʣʴʥʦ, ʨʘʚʥʦʩʪʦʨʦʥʥʷʷ ʩʝʪʢʘ. 

ʇʦʵʪʦʤʫ, ʞʝʣʘʝʤʦʝ ʧʦʣʝ ʚ ʢʘʞʜʦʤ ʵʣʝʤʝʥʪʝ ʘʧʧʨʦʢʩʠʤʠʨʫʝʪʩʷ 
ʢʚʘʜʨʘʪʠʯʥʳʤ ʧʦʨʷʜʢʦʤ ʧʦʣʠʥʦʤʘ (ʙʘʟʠʩʥʘʷ ʬʫʥʢʮʠʷ), ʬʦʨʤʫʣʘ (2.1): 

 

( , , ) 0 1 2 3 4 5 6

7 2 8 2 9 2.

xH x y z a a x a y a z a xy a yz a xz

a x a y a z

= + + + + + + +

+ + +
  

(2.1) 

 
ʏʪʦʙʳ ʧʦʣʫʯʠʪʴ ʙʘʟʠʩʥʳʝ ʬʫʥʢʮʠʠ, ʚʝʣʠʯʠʥʳ ʧʦʣʝʡ ʚʳʯʠʩʣʷʶʪʩʷ ʜʣʷ 

10 ʫʟʣʦʚʳʝ ʟʥʘʯʝʥʠʡ, ʚ ʚʝʨʰʠʥʘʭ ʠ ʧʦ ʢʨʘʷʤ. ɺʩʝ ʦʩʪʘʣʴʥʳʝ ʚʝʣʠʯʠʥʳ 
ʦʧʨʝʜʝʣʷʶʪʩʷ ʠʟ ʨʝʰʝʥʠʷ ʧʦʣʷ ʯʘʩʪʠʯʥʦ ʠʣʠ ʚʦ ʚʩʝʭ ʧʨʦʩʪʨʘʥʩʪʚʘʭ ʨʝʰʝʥʠʡ. 

ʂʦʤʧʦʥʝʥʪʳ ʧʦʣʷ, ʢʦʪʦʨʳʝ ʷʚʣʷʶʪʩʷ ʢʘʩʘʪʝʣʴʥʳʤʠ ʢ ʢʨʘʷʤ ʵʣʝʤʝʥʪʘ, 
ʷʚʥʦ ʩʦʭʨʘʥʷʶʪʩʷ ʚ ʚʝʨʰʠʥʘʭ [3]. 

ʂʦʤʧʦʥʝʥʪʳ ʪʘʥʛʝʥʮʠʘʣʴʥʦʛʦ ʧʦʣʷ ʥʘ ʛʨʘʥʷʭ ʵʣʝʤʝʥʪʘ ʠ ʥʦʨʤʘʣʴ ʢ 
ʢʨʘʶ ʷʚʥʦ ʩʦʭʨʘʥʷʝʪʩʷ ʚ ʩʝʨʝʜʠʥʝ ʚʳʙʨʘʥʥʳʭ ʨʝʙʝʨ [3]. 

ɿʥʘʯʝʥʠʷ ʚʝʢʪʦʨʥʦʛʦ ʧʦʣʷ ʯʠʩʣʝʥʥʦʡ ʪʦʯʢʝ ʠʥʪʝʨʧʦʣʠʨʫʝʪʩʷ ʠʟ 
ʫʟʣʦʚʳʭ ʟʥʘʯʝʥʠʡ [3]. 

 

 
 

ʈʠʩʫʥʦʢ 2.2 ï ʂʦʤʧʦʥʝʥʪʳ ʧʦʣʷ 
 
ʂʘʢ ʪʦʣʴʢʦ ʪʝʪʨʘʵʜʨʳ ʙʫʜʫʪ ʟʘʜʘʥʳ, ʢʦʥʝʯʥʳʝ ʵʣʝʤʝʥʪʳ ʧʦʤʝʱʘʶʪʩʷ ʚ 

ʙʦʣʴʰʦʝ, ʩʣʦʞʥʦʝ ʤʘʪʨʠʯʥʦʝ ʫʨʘʚʥʝʥʠʝ, ʬʦʨʤʫʣʘ (2.2): 
 
[ ][ ] [ ].S H J=   (2.2)
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ʊʝʧʝʨʴ ʜʘʥʥʫʶ ʟʘʜʘʯʫ ʤʦʞʥʦ ʨʝʰʠʪʴ ʩ ʠʩʧʦʣʴʟʦʚʘʥʠʝʤ ʩʪʘʥʜʘʨʪʥʳʭ 
ʤʝʪʦʜʦʚ ʨʝʰʝʥʠʷ ʤʘʪʨʠʮ, ʪʘʢʠʭ ʢʘʢ: 

- ʄʝʪʦʜ ʧʦʩʣʝʜʦʚʘʪʝʣʴʥʦʛʦ ʠʩʢʣʶʯʝʥʠʷ ʧʝʨʝʤʝʥʥʳʭ ɻʘʫʩʩʘ (ʧʨʷʤʦʝ 
ʨʝʰʝʥʠʝ) [7]. 

- ʅʝʧʦʣʥʳʡ ʤʝʪʦʜ ʛʨʘʜʠʝʥʪʥʦʛʦ ʨʘʟʣʦʞʝʥʠʷ ʍʦʣʝʮʢʦʛʦ (ʠʪʝʨʘʪʠʚʥʳʡ 
ʨʝʰʘʪʝʣʴ ICCG) [8]. 

ʇʨʷʤʦʝ ʨʝʰʝʥʠʝ ʠʩʧʦʣʴʟʫʝʪʩʷ ʨʝʰʘʪʝʣʝʤ ʧʦ ʫʤʦʣʯʘʥʠʶ ʠ, ʢʘʢ 

ʧʨʘʚʠʣʦ, ʵʪʦ ʣʫʯʰʠʡ ʤʝʪʦʜ [3]. 
ʉʠʩʪʝʤʘ ʫʨʘʚʥʝʥʠʡ, ʦʧʠʩʳʚʘʶʱʠʭ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʧʦʣʝ, ʟʘʧʠʩʘʥʥʘʷ 

ʦʪʥʦʩʠʪʝʣʴʥʦ ʚʝʢʪʦʨʥʦʛʦ ʠ ʩʢʘʣʷʨʥʦʛʦ ʧʦʪʝʥʮʠʘʣʦʚ (ʬʦʨʤʫʣʳ 2.3 ʠ 2.4), ʠ 

ʫʨʘʚʥʝʥʠʝ ʥʝʧʨʝʨʳʚʥʦʩʪʠ (ʬʦʨʤʫʣʘ 2.5) ʠʤʝʶʪ ʚʠʜ: 
 

2
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2
( ) ,a a a a a

A
A A

t t
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µ µ
Ð -Ð Ð + - =-

µ µ
  (2.3) 
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t

r
d

µ
Ð =-

µ
  (2.5) 

 
ʛʜʝ A ï ʚʝʢʪʦʨʥʳʡ ʧʦʪʝʥʮʠʘʣ; 

 ű ï ʩʢʘʣʷʨʥʳʡ ʧʦʪʝʥʮʠʘʣ ʥʝʧʦʜʚʠʞʥʳʭ ʟʘʨʷʜʦʚ; 
 ŭ ï ʚʝʢʪʦʨ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ; 

 Ůa ï ʘʙʩʦʣʶʪʥʘʷ ʜʠʵʣʝʢʪʨʠʯʝʩʢʘʷ ʧʨʦʥʠʮʘʝʤʦʩʪʴ; 
 ɟq ï ʧʣʦʪʥʦʩʪʴ ʩʚʦʙʦʜʥʳʭ ʟʘʨʷʜʦʚ; 

 t ï ʚʨʝʤʷ. 
ɺʭʦʜʷʱʠʡ ʚ ʫʨʘʚʥʝʥʠʷ (ʬʦʨʤʫʣʳ 2.3 ʠ 2.5) ʚʝʢʪʦʨ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ 

ʠʤʝʝʪ ʚʠʜ (ʬʦʨʤʫʣʘ 2.6): 
 

( ( )),
A

v A
t

d
d g j

d
= -Ð - + ³ Ð³  (2.6) 

 
ʛʜʝ v ï ʚʝʢʪʦʨ ʩʢʦʨʦʩʪʠ. 

ʇʨʝʥʝʙʨʝʛʘʷ ʪʦʢʘʤʠ ʩʤʝʱʝʥʠʷ, ʘ ʪʘʢʞʝ ʥʘʢʣʘʜʳʚʘʷ ʢʫʣʦʥʦʚʩʢʫʶ 

ʢʘʣʠʙʨʦʚʢʫ (0ɸÐ = ) ʠ ʫʯʠʪʳʚʘʷ ʦʪʩʫʪʩʪʚʠʝ ʚ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʩʚʦʙʦʜʥʳʭ 

ʵʣʝʢʪʨʠʯʝʩʢʠʭ ʟʘʨʷʜʦʚ (ɟ
q
=0 ʠ ű=0), ʫʨʘʚʥʝʥʠʷ (2.3 ï 2.5) ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ 

ʩʣʝʜʫʶʱʝʤ ʚʠʜʝ: 
 

2 ;aA m dÐ =-   (2.7) 

  

0.dÐ =   (2.8) 
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ʇʨʠ ʵʪʦʤ ʚʝʢʪʦʨ ʧʣʦʪʥʦʩʪʠ ʪʦʢʘ ʧʨʠʥʠʤʘʝʪ ʩʣʝʜʫʶʱʠʡ ʚʠʜ: 
 

( ( · )).
A

v A
t

d
d g

d
= - + Ð   (2.9) 

 
ɸʥʘʣʠʟ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʚ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʩʚʦʜʠʪʩʷ ʢ 

ʨʝʰʝʥʠʶ ʩʠʩʪʝʤʳ ʫʨʘʚʥʝʥʠʡ (2.7 ï 2.9) ʚ 3D ʧʦʩʪʘʥʦʚʢʝ ʦʪʥʦʩʠʪʝʣʴʥʦ ʪʨʝʭ 

ʢʦʤʧʦʥʝʥʪ ʚʝʢʪʦʨʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ [4]. 
ʉ ʫʯʝʪʦʤ ʧʨʠʥʷʪʳʭ ʜʦʧʫʱʝʥʠʡ, ʫʨʘʚʥʝʥʠʷ ʤʦʞʥʦ ʟʘʧʠʩʘʪʴ ʚ 

ʢʦʤʧʣʝʢʩʥʦʤ ʚʠʜʝ: 
 

2 ;aA m dÐ =-   (2.10) 

  

0;dÐ =   (2.11) 

  

,j Ad g w=-   (2.12) 

 

ʛʜʝ ɤ=2́f ï ʮʠʢʣʠʯʝʩʢʘʷ ʯʘʩʪʦʪʘ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. 

ʏʪʦʙʳ ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʝ ʧʦʣʝ ʚ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʦʧʨʝʜʝʣʷʣʦʩʴ 
ʦʜʥʦʟʥʘʯʥʦ, ʩʠʩʪʝʤʫ ʫʨʘʚʥʝʥʠʡ ʜʦʧʦʣʥʷʝʪʩʷ (2.10 ï 2.12) ʛʨʘʥʠʯʥʳʤʠ 

ʫʩʣʦʚʠʷʤʠ [4]. 
ʉʯʠʪʘʷ, ʯʪʦ ʨʘʩʯʝʪʥʫʶ ʦʙʣʘʩʪʴ ʦʢʨʫʞʘʝʪ ʩʨʝʜʘ ʩ ʠʜʝʘʣʴʥʳʤʠ 

ʤʘʛʥʠʪʥʳʤʠ ʩʚʦʡʩʪʚʘʤʠ (ɛ=Ð), ʥʘ ʛʨʘʥʠʮʘʭ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ ʙʫʜʫʪ 
ʚʳʧʦʣʥʷʪʴʩʷ ʫʩʣʦʚʠʷ: 

ʜʣʷ ʢʘʩʘʪʝʣʴʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʚʝʢʪʦʨʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ: 
 

0;
A

n

tµ =
µ

  (2.13) 

 

ʜʣʷ ʥʦʨʤʘʣʴʥʦʡ ʩʦʩʪʘʚʣʷʶʱʝʡ ʚʝʢʪʦʨʥʦʛʦ ʧʦʪʝʥʮʠʘʣʘ: 
 

0,nA =   (2.14) 

 

ʛʜʝ n ï ʥʦʨʤʘʣʴ ʢ ʧʦʚʝʨʭʥʦʩʪʠ ʨʘʩʯʝʪʥʦʡ ʦʙʣʘʩʪʠ [4]. 
ɽʩʪʴ ʰʝʩʪʴ ʨʘʟʥʳʭ ʨʝʰʘʪʝʣʝʡ. ʕʪʦ: 

- ʄʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʡ; 

- ɺʠʭʨʝʚʦʛʦ ʪʦʢʘ; 

- ʇʝʨʝʭʦʜʥʦ-ʤʘʛʥʠʪʥʳʡ; 

- ʕʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʡ; 

- ʇʨʦʚʦʜʠʤʦʩʪʠ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ; 

- ʇʝʨʝʭʦʜʥʦ-ʵʣʝʢʪʨʠʯʝʩʢʠʡ [4]. 
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ʇʦʩʣʝʜʥʠʝ ʨʝʰʘʪʝʣʠ  (ʧʝʨʝʭʦʜʥʦ-ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʡ ʠ  ʧʨʦʚʦʜʠʤʦʩʪʠ 
ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ) ʦʙʲʝʜʠʥʝʥʳ ʚʤʝʩʪʝ, ʪʘʢ ʢʘʢ ʚʳʯʠʩʣʝʥʠʷ ʜʣʷ ʥʠʭ 

ʧʨʦʠʟʚʦʜʷʪʩʷ ʚ ʨʘʟʣʠʯʥʳʭ ʧʨʦʩʪʨʘʥʩʪʚʘʭ ʨʝʰʝʥʠʡ (ʧʨʦʚʦʜʠʤʦʩʪʴ 
ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʚ ʧʨʦʚʦʜʥʠʢʘʭ, ʘ ʵʣʝʢʪʨʦʩʪʘʪʠʢʘ ʚ ʠʟʦʣʷʪʦʨʘʭ). ʅʦ ʨʝʰʝʥʠʝ 
ʦʪ ʨʝʰʘʪʝʣʷ ʧʨʦʚʦʜʠʤʦʩʪʠ ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ ʤʦʞʝʪ ʙʳʪʴ ʠʩʧʦʣʴʟʦʚʘʥʦ ʚ 

ʢʘʯʝʩʪʚʝ ʠʩʪʦʯʥʠʢʘ ʜʘʥʥʳʭ ʜʣʷ ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʦʛʦ ʨʝʰʘʪʝʣʷ [3]. 
ʈʝʰʘʪʝʣʠ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʠʡ, ʚʠʭʨʝʚʦʛʦ ʪʦʢʘ, ʵʣʝʢʪʨʦʩʪʘʪʠʯʝʩʢʠʡ ʠ 

ʧʦʩʪʦʷʥʥʦʛʦ ʪʦʢʘ (ʢʘʞʜʳʡ ʨʝʰʘʪʝʣʴ, ʟʘ ʠʩʢʣʶʯʝʥʠʝʤ ʨʝʰʘʪʝʣʝʡ ʧʝʨʝʭʦʜʥʳʭ 
ʧʨʦʮʝʩʩʦʚ) ʚʳʧʦʣʥʷʶʪ ʧʦʩʪʨʦʝʥʠʝ ʘʜʘʧʪʠʚʥʦʡ ʩʝʪʢʠ ʜʣʷ ʨʝʰʝʥʠʷ ʟʘʜʘʯʠ. 

ʕʪʦ ʦʟʥʘʯʘʝʪ, ʯʪʦ ʩʝʪʢʘ ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʨʘʟʫʤʥʦ ʫʣʫʯʰʘʝʪʩʷ ʦʪ ʦʜʥʦʛʦ 
ʘʜʘʧʪʠʚʥʦʛʦ ʧʝʨʝʭʦʜʘ ʢ ʜʨʫʛʦʤʫ [3].  

ɼʘʥʥʳʝ ʨʝʰʘʪʝʣʠ ʧʨʝʜʥʘʟʥʘʯʝʥʳ ʜʣʷ ʨʝʰʝʥʠʷ ʫʨʘʚʥʝʥʠʡ ʄʘʢʩʚʝʣʣʘ ʚ 
ʨʘʤʢʘʭ ʪʠʧʘ ʢʦʥʢʨʝʪʥʦʡ ʟʘʜʘʯʠ [3]. 

ɼʣʷ ʢʘʞʜʦʛʦ ʨʝʰʘʪʝʣʷ ʩʫʱʝʩʪʚʫʝʪ ʥʝʢʦʪʦʨʦʝ ʬʫʥʜʘʤʝʥʪʘʣʴʥʦʝ 
ʦʧʨʝʜʝʣʷʶʱʝʝ ʫʨʘʚʥʝʥʠʝ, ʢʦʪʦʨʦʝ ʦʙʝʩʧʝʯʠʚʘʝʪ ʦʮʝʥʢʫ ʦʰʠʙʦʢ ʜʣʷ 

ʚʳʯʠʩʣʝʥʠʷ ʧʦʣʝʡ. ɺ ʩʣʫʯʘʝ ʤʘʛʥʠʪʦʩʪʘʪʠʯʝʩʢʦʛʦ ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʵʪʠʤ 
ʦʧʨʝʜʝʣʷʶʱʠʤ ʫʨʘʚʥʝʥʠʝʤ ʷʚʣʷʝʪʩʷ ʥʝʤʦʥʦʧʦʣʴʥʦʝ ʫʨʘʚʥʝʥʠʝ, ʚ ʢʦʪʦʨʦʤ 

ʛʦʚʦʨʠʪʩʷ: 
 

0.ɺÐ =  
 

(2.15)

ʂʦʛʜʘ ʧʦʣʝʚʦʝ ʨʝʰʝʥʠʝ ʚʦʟʚʨʘʱʘʝʪʩʷ ʢ ʵʪʦʤʫ ʫʨʘʚʥʝʥʠʶ, ʤʳ ʧʦʣʫʯʘʝʤ 
ʯʣʝʥ ʦʰʠʙʢʠ: 

 

.solutionɺ errÐ =   
 

(2.16) 

ʕʥʝʨʛʠʷ, ʩʦʟʜʘʚʘʝʤʘʷ ʧʦ ʜʘʥʥʳʤ ʫʩʣʦʚʠʷʤ ʦʰʠʙʢʠ (ʵʪʠ ʦʰʠʙʢʠ 

ʜʝʡʩʪʚʫʶʪ ʚ ʥʝʢʦʪʦʨʦʤ ʩʤʳʩʣʝ, ʢʘʢ ʠʩʪʦʯʥʠʢʠ ʵʥʝʨʛʠʠ), ʚʳʯʠʩʣʷʝʪʩʷ ʚʦ ʚʩʝʤ 
ʦʙʲʝʤʝ ʚʳʯʠʩʣʝʥʠʷ ʧʦʣʷ. ɿʘʪʝʤ ʵʪʦ ʩʨʘʚʥʠʚʘʝʪʩʷ ʩ ʩʫʤʤʘʨʥʦʡ ʵʥʝʨʛʠʝʡ, 
ʨʘʩʩʯʠʪʘʥʥʦʡ ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʧʨʦʮʝʥʪʥʦʛʦ ʯʠʩʣʘ ʵʥʝʨʛʠʠ ʦʰʠʙʢʠ: 

 

·100%
errorenergy

percent errorenergy
total energy
=  . 

 

(2.17) 

 

ʕʪʦ ʯʠʩʣʦ ʚʦʟʚʨʘʱʘʝʪʩʷ ʧʨʠ ʢʘʞʜʦʤ ʘʜʘʧʪʠʚʥʦʤ ʧʨʦʭʦʜʝ ʚʤʝʩʪʝ ʩ 

ʧʦʣʥʳʤ ʟʥʘʯʝʥʠʝʤ ʵʥʝʨʛʠʠ. ʕʪʠ ʜʚʘ ʯʠʩʣʘ ʦʙʝʩʧʝʯʠʚʘʶʪ ʪʨʝʙʫʝʤʫʶ ʤʝʨʫ 
ʩʭʦʜʠʤʦʩʪʠ ʨʝʰʝʥʠʷ [3].  
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2.2 ʄʦʜʝʣʠʨʦʚʘʥʠʝ ʚ ANSYS Maxwell-3D 
 

ʀʩʭʦʜʥʳʝ ʜʘʥʥʳʝ: 
 

 
 

ʈʠʩʫʥʦʢ 2.3 ï ʀʟʦʙʨʘʞʝʥʠʝ ʤʦʜʝʣʠ ʩ ʚʭʦʜʥʳʤʠ ʧʘʨʘʤʝʪʨʘʤʠ 
 

ʊʘʙʣʠʮʘ 2.1 ï ʆʩʥʦʚʥʳʝ ʧʘʨʘʤʝʪʨʳ Maxwell 
 

ʏʘʩʪʴ ʇʝʨʝʤʝʥʥʘʷ ɿʥʘʯʝʥʠʝ, ʤʤ ʇʦʷʩʥʝʥʠʷ 

ʂʦʨʧʫʩ r_korpus 70 ʨʘʜʠʫʩ ʟʘʛʨʫʟʯʠʢʘ 

 z_korpus 177 ʚʳʩʦʪʘ ʟʘʛʨʫʟʯʠʢʘ 

 w_kan 50 ʪʦʣʱʠʥʘ ʢʘʥʘʣʘ 

 l_kan 70 ʜʣʠʥʘ ʢʘʥʘʣʘ 

 w_bak 210 ʪʦʣʱʠʥʘ ʙʘʢʘ 

 l_bak 105 ʜʣʠʥʘ ʙʘʢʘ 

 w_korpus 5 ʪʦʣʱʠʥʘ ʩʪʝʥʦʢ ʢʦʨʧʫʩʘ 

ʄʘʛʥʠʪʦʧʨʦʚʦʜ z_mg 70 ʚʳʩʦʪʘ ʤʘʛʥʠʪʦʧʨʦʚʦʜʘ 

 R_mg_ext 165 ʚʥʝʰʥʠʡ ʨʘʜʠʫʩ 

 R_mg_in 95 ʚʥʫʪʨʝʥʥʠʡ ʨʘʜʠʫʩ 

 l_zub 46 ʜʣʠʥʘ ʟʫʙʘ 

 fi 30 ʫʛʦʣ ʧʦʚʦʨʦʪʘ 

 z_mg_plus 5 ʪʦʣʱʠʥʘ ʜʦʧʦʣʥʠʪʝʣʴʥʳʭ 

ʟʘʞʠʤʥʳʭ ʣʠʩʪʦʚ 

ʂʘʪʫʰʢʘ w_coil 25 ʛʣʫʙʠʥʘ ʢʘʪʫʰʢʠ 

 del_coil 2 ʪʦʣʱʠʥʘ ʟʘʟʦʨʘ 

 z_coil 160 ʚʳʩʦʪʘ ʢʘʪʫʰʢʠ 

 w_coil_ext 120 ʪʦʣʱʠʥʘ ʢʘʪʫʰʢʠ 

 l_coil 38 ʜʣʠʥʘ ʯʘʩʪʠ ʚʠʪʢʘ ʢʘʪʫʰʢʠ 

ʄʝʪʘʣʣ z_korpusĀ0.6 106,2 ʚʳʩʦʪʘ ʤʝʪʘʣʣʘ 

 



 

23 

 

ɻʝʦʤʝʪʨʠʯʝʩʢʘʷ ʤʦʜʝʣʴ ï ʚ ʦʩʥʦʚʝ ʪʝʭʥʦʣʦʛʠʠ ʪʚʝʨʜʦʪʝʣʴʥʦʛʦ 
ʤʦʜʝʣʠʨʦʚʘʥʠʷ, ʠʩʧʦʣʴʟʫʝʤʦʡ ʚ Maxwell, ʣʝʞʠʪ ʛʨʘʬʠʯʝʩʢʠʡ ʨʝʜʘʢʪʦʨ ACIS, 

ʙʣʘʛʦʜʘʨʷ ʢʦʪʦʨʦʤʫ ʧʦʣʴʟʦʚʘʪʝʣʠ ʤʦʛʫʪ ʩʦʟʜʘʚʘʪʴ ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʫʶʱʠʝ 
ʧʨʠʤʠʪʠʚʳ ʠ ʦʧʝʨʘʮʠʠ ʥʘʜ ʥʠʤʠ. ʂʦ ʚʩʝʤʫ ʧʨʦʯʝʤʫ, Maxwell 3D ʧʦʟʚʦʣʷʝʪ 
ʠʩʧʦʣʴʟʦʚʘʪʴ ʧʦʩʪʨʦʝʥʠʝ ʢʨʠʚʳʭ ʧʦʚʝʨʭʥʦʩʪʝʡ, ʯʪʦ ʩʫʱʝʩʪʚʝʥʥʦ ʫʧʨʦʱʘʝʪ ʠ 

ʫʩʢʦʨʷʝʪ ʨʘʙʦʪʫ.  
ɼʣʷ ʧʦʩʪʨʦʝʥʠʷ ʤʦʜʝʣʠ ʠʩʧʦʣʴʟʦʚʘʣʠʩʴ ʧʨʦʩʪʳʝ ʪʨʝʭʤʝʨʥʳʝ ʬʠʛʫʨʳ, 

ʥʘʜ ʢʦʪʦʨʳʤʠ ʙʳʣʠ ʧʨʦʚʝʜʝʥ ʨʷʜ ʛʨʘʬʠʯʝʩʢʠʭ ʦʧʝʨʘʮʠʡ (ʦʙʲʝʜʠʥʝʥʠʝ 
ʦʙʲʝʤʦʚ, ʚʳʯʠʪʘʥʠʝ ʦʙʲʝʤʦʚ, ʧʦʚʦʨʦʪ ʠ ʪ.ʜ.). 

 

 
 

ʈʠʩʫʥʦʢ 2.4 ï ɺʥʝʰʥʠʡ ʚʠʜ ʛʝʦʤʝʪʨʠʠ ʤʦʜʝʣʠ ʚ Maxwell 

 
ʄʦʜʝʣʴ ʩʝʪʢʠ ï ʩʝʪʢʘ ʩʪʨʦʠʪʩʷ ʘʚʪʦʤʘʪʠʯʝʩʢʠ ʠ ʘʜʘʧʪʠʚʥʦ, ʧʨʠ 

ʩʦʙʣʶʜʝʥʠʠ ʚʩʝʭ ʫʩʣʦʚʠʡ, ʢʦʪʦʨʳʝ ʤʦʞʥʦ ʫʚʠʜʝʪʴ ʚ ʨʘʟʜʝʣʝ ʧʨʦʚʝʨʢʠ 
(validation check). 

 

 
 

ʈʠʩʫʥʦʢ 2.5 ï ʕʪʘʧʳ ʧʦʩʪʨʦʝʥʠʷ ʩʝʪʢʠ ʤʦʜʝʣʠ 
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ʅʘ ʨʠʩʫʥʢʝ 2.5 ʷʚʥʦ ʧʨʦʩʣʝʞʠʚʘʝʪʩʷ, ʢʘʢ ʫʚʝʣʠʯʠʚʘʝʪʩʷ ʢʦʣʠʯʝʩʪʚʦ 
ʢʦʥʝʯʥʳʭ ʵʣʝʤʝʥʪʦʚ ʩ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʝʡ. ʊʘʢʞʝ ʩʝʪʢʘ ʘʜʘʧʪʠʚʥʦ ʩʛʫʱʘʝʪʩʷ ʚ 

ʪʫ ʦʙʣʘʩʪʴ, ʛʜʝ ʪʨʝʙʫʝʪʩʷ ʧʨʦʚʝʩʪʠ ʙʦʣʴʰʝʝ ʢʦʣʠʯʝʩʪʚʦ ʚʳʯʠʩʣʝʥʠʡ, ʯʪʦ 
ʩʫʱʝʩʪʚʝʥʥʦ ʦʙʣʝʛʯʘʝʪ ʨʘʙʦʪʫ ʩ ʩʝʪʢʦʡ. ɼʘʥʥʘʷ ʩʝʪʢʘ ʧʦʟʚʦʣʷʝʪ ʩʥʠʟʠʪʴ 
ʧʨʦʮʝʥʪ ʦʰʠʙʢʠ ʚ ʚʳʯʠʩʣʝʥʠʷʭ ʠ ʧʨʠʚʝʩʪʠ ʨʝʟʫʣʴʪʘʪʳ ʢ ʤʘʢʩʠʤʘʣʴʥʦ 

ʨʝʘʣʠʩʪʠʯʥʦʤʫ ʨʝʟʫʣʴʪʘʪʫ.  
ɿʘʜʘʥʠʝ ʪʦʢʘ ʠ ʥʘʛʨʫʟʢʠ ï ʏʪʦʙʳ ʟʘʜʘʪʴ ʪʦʢ ʚ ʢʘʪʫʰʢʘʭ ʠʩʧʦʣʴʟʫʝʪʩʷ 

ʄɼʉ, ʜʣʷ ʧʨʦʚʦʜʘ ʟʘʜʘʥʥʦʛʦ ʩʝʯʝʥʠʷ (ʬʦʨʫʤʘ 2.18):  
 

6 550·3,5·10 ·10 2000IF wI w Sd -= = = = ɸ.  (2.18) 

 
ɼʣʷ ʟʘʜʘʥʠʷ ʥʘʧʨʘʚʣʝʥʠʷ ʪʦʢʘ ʚ ʩʠʩʪʝʤʝ ʙʳʣʠ ʚʟʷʪʳ ʢʨʘʡʥʠʝ ʩʝʯʝʥʠʷ 

ʢʘʪʫʰʝʢ (ʚʳʜʝʣʝʥʳ ʥʘ ʨʠʩʫʥʢʝ 2.6). ɿʘʪʝʤ, ʚʳʜʝʣʠʚ ʜʘʥʥʳʝ ʩʝʯʝʥʠʷ, ʚ ʥʠʭ 
ʙʳʣʦ ʫʩʪʘʥʦʚʣʝʥʦ ʥʘʧʨʘʚʣʝʥʠʝ ʠ ʩʠʣʘ ʪʦʢʘ, ʪʨʝʙʫʝʤʳʝ ʧʦ ʫʩʣʦʚʠʶ ʟʘʜʘʯʠ. 

 

 
 

ʈʠʩʫʥʦʢ 2.6 ï ʇʦʩʪʨʦʝʥʠʝ ʧʣʦʩʢʦʩʪʝʡ ʥʘʚʝʜʝʥʠʷ ʪʦʢʘ 
 

ʉ ʧʦʤʦʱʴʶ ʧʦʩʪʨʦʝʥʠʷ ʤʘʪʨʠʮʳ ʪʦʢʦʚ, ʪʦʢʠ ʙʳʣʠ ʦʙʲʝʜʠʥʝʥʳ ʚ 
ʟʚʝʟʜʫ, ʩ ʧʦʜʢʣʶʯʝʥʠʝʤ AxBzCy ʧʨʠ ʯʘʩʪʦʪʝ f=50 ɻʮ. 

 

 
 

ʈʠʩʫʥʦʢ 2.7 ï ɿʘʜʘʥʠʝ ʤʘʪʨʠʮ ʪʦʢʦʚ 
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ɸʥʘʣʠʟ ʨʝʟʫʣʴʪʘʪʦʚ ï ʜʣʷ ʧʦʣʫʯʝʥʠʷ ʢʦʥʝʯʥʳʭ ʨʝʟʫʣʴʪʘʪʦʚ ʨʝʰʘʪʝʣʴ 
ʫʩʪʘʥʦʚʠʣ ʩʝʤʴ ʠʪʝʨʘʮʠʡ, ʧʨʠ ʢʦʪʦʨʳʭ ʢʦʥʝʯʥʦʝ ʯʠʩʣʦ ʵʣʝʤʝʥʪʦʚ ʩʝʪʢʠ 

ʩʦʩʪʘʚʠʣʦ 69867, ʠ ʧʨʦʮʝʥʪʦʤ ʵʥʝʨʛʝʪʠʯʝʩʢʦʡ ʦʰʠʙʢʠ err=0,71%, ʯʪʦ 
ʜʦʧʫʩʪʠʤʦ ʜʣʷ ʨʘʩʯʝʪʦʚ. ɺʨʝʤʷ ʨʘʩʯʝʪʘ ʩʦʩʪʘʚʠʣʦ 19 ʤʠʥʫʪ 35 ʩʝʢʫʥʜ. ʕʪʦ 
ʚʳʟʚʘʥʦ ʪʝʤ, ʯʪʦ ʩʝʪʢʘ ʧʨʠ ʢʘʞʜʦʡ ʠʪʝʨʘʮʠʠ ʦʙʨʘʟʫʝʪ ʦʙʣʘʩʪʴ ʩʛʫʱʝʥʠʷ, ʛʜʝ 

ʢʦʣʠʯʝʩʪʚʦ ʵʣʝʤʝʥʪʦʚ ʫʚʝʣʠʯʠʚʘʝʪʩʷ. ʇʦʣʫʯʠʚ ʨʘʟʥʠʮʫ ʤʝʞʜʫ ʜʚʫʤʷ 
ʨʝʰʝʥʠʷʤʠ, ʧʨʦʛʨʘʤʤʘ ʦʮʝʥʠʚʘʝʪ ʨʘʟʥʠʮʫ ʚ ʟʥʘʯʝʥʠʷʭ, ʠ ʪʝʤ ʩʘʤʳʤ 

ʧʦʣʫʯʘʝʪ ʧʨʦʮʝʥʪ ʦʰʠʙʢʠ. ʄʝʞʜʫ ʧʝʨʚʦʡ ʠ ʚʪʦʨʦʡ ʠʪʝʨʘʮʠʝʡ ʨʘʟʥʠʮʘ ʚ 
ʨʝʟʫʣʴʪʘʪʘʭ ʩʦʩʪʘʚʣʷʝʪ 32,5% ʧʦʛʨʝʰʥʦʩʪʠ, ʥʦ ʩʣʝʜʦʤ, ʤʝʞʜʫ ʚʪʦʨʦʡ ʠ 

ʪʨʝʪʴʝʡ ï ʫʞʝ 7,44%.  
 

 
 

ʈʠʩʫʥʦʢ 2.8 ï ʇʨʦʚʝʜʝʥʠʝ ʨʘʩʯʝʪʘ ʟʘʜʘʯʠ ʠ ʚʳʯʠʩʣʝʥʠʷ ʧʦʛʨʝʰʥʦʩʪʠ 
 

ɼʠʬʬʝʨʝʥʮʠʘʣʴʥʳʝ ʭʘʨʘʢʪʝʨʠʩʪʠʢʠ ï ʧʣʦʪʥʦʩʪʴ ʪʦʢʘ ŭ, ʧʦʢʘʟʘʥʦ ʥʘ 
ʨʠʩʫʥʢʘʭ 2.9 ʠ 2.17. ʇʣʦʪʥʦʩʪʴ ʪʦʢʘ ʵʪʦ ʚʝʣʠʯʠʥʘ ʨʘʚʥʘʷ ʪʦʢʫ ʧʨʦʭʦʜʷʱʝʤʫ 

ʯʝʨʝʟ ʧʦʚʝʨʭʥʦʩʪʴ. ʆʥʘ ʩʦʩʨʝʜʦʪʦʯʝʥʘ ʛʣʘʚʥʳʤ ʦʙʨʘʟʦʤ ʚ ʢʘʪʫʰʢʘʭ ʠ 
ʨʘʙʦʯʝʤ ʪʝʣʝ, ʠ ʨʘʚʥʘ ŭ=0 õ 3,27Ŀ10

6
 ɸ/ʤ

2
. 
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ʈʠʩʫʥʦʢ 2.9 ï ʇʣʦʪʥʦʩʪʴ ʪʦʢʘ 
 

ʅʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ (ʨʠʩʫʥʦʢ 2.10 ). ʅʘʧʨʷʞʝʥʥʦʩʪʴ 
ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ ʩʦʩʨʝʜʦʪʦʯʝʥʘ ʥʘ ʧʦʚʝʨʭʥʦʩʪʠ ʛʘʣʣʠʷ, ʠ, 

ʧʝʨʧʝʥʜʠʢʫʣʷʨʥʦ ʥʘʚʦʜʠʪʩʷ ʚ ʢʦʨʧʫʩʝ. ɽʸ ʟʥʘʯʝʥʠʝ ʚ Maxwell 3D E=0õ33,1 
ɺ/ʤ. ɼʘʥʥʳʝ Mechanical APDL E=0õ29,3 ɺ/ʤ.  

 

 
 

ʈʠʩʫʥʦʢ 2.10 ï ʅʘʧʨʷʞʝʥʥʦʩʪʴ ʵʣʝʢʪʨʠʯʝʩʢʦʛʦ ʧʦʣʷ 

 
ʄʘʛʥʠʪʥʘʷ ʠʥʜʫʢʮʠʷ (ʨʠʩʫʥʦʢ 2.11 ʠ 2.18), ʷʚʣʷʝʪʩʷ ʚʝʢʪʦʨʥʦʡ 

ʚʝʣʠʯʠʥʦʡ. ʆʧʨʝʜʝʣʷʝʪ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ, ʪ.ʝ. ʩʧʦʩʦʙʥʦʩʪʴ ʝʛʦ 
ʧʨʦʠʟʚʦʜʠʪʴ ʨʘʙʦʪʫ. ʇʦ ʨʝʟʫʣʴʪʘʪʘʤ ʨʘʩʯʝʪʘ Maxwell 3D, ʤʘʛʥʠʪʥʘʷ 

ʠʥʜʫʢʮʠʷ, ʩʢʦʥʮʝʥʪʨʠʨʦʚʘʥʥʘʷ ʚʥʫʪʨʠ ʤʘʛʥʠʪʦʧʨʦʚʦʜʘ, ʠʤʝʝʪ ʟʥʘʯʝʥʠʷ 
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B=8,14Ŀ10
-3
 ʊʣ (ʩʠʥʠʡ)õ1,1 ʊʣ (ʢʨʘʩʥʳʡ). ʈʝʟʫʣʴʪʘʪʳ Mechanical APDL B= ʦʪ 

1,56Ŀ10
-3
õ1,66 ʊʣ. 

 

 
 

ʈʠʩʫʥʦʢ 2.11 ï ʄʘʛʥʠʪʥʘʷ ʠʥʜʫʢʮʠʷ 

 
ʅʘʧʨʷʞʸʥʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣ ̫ (ʨʠʩʫʥʢʠ 2.12 ʠ 2.19) ï 

ʅʘʧʨʷʞʝʥʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ ʫʯʠʪʳʚʘʝʪ ʚʣʠʷʥʠʝ ʩʠʣʳ ʪʦʢʘ ʠ ʬʦʨʤʳ 
ʧʨʦʚʦʜʥʠʢʦʚ ʥʘ ʠʥʪʝʥʩʠʚʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʆʥʘ ʥʘʛʣʷʜʥʦ 

ʠʣʣʶʩʪʨʠʨʫʝʪ ʜʚʠʞʝʥʠʝ ʙʝʛʫʱʝʛʦ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ. ʉʢʦʥʮʝʥʪʨʠʨʦʚʘʥʘ ʚʥʝ 
ʤʘʛʥʠʪʦʧʨʦʚʦʜʘ, ʠ ʠʟʤʝʥʷʝʪ ʩʚʦʠ ʟʥʘʯʝʥʠʷ ʦʪ ʤʠʥʠʤʘʣʴʥʦʛʦ H=0,27 ɸ/ʤ ʜʦ 

H=147000 ɸ/ʤ (ʩʠʥʠʡ ʠ ʢʨʘʩʥʳʡ, ʩʦʦʪʚʝʪʩʪʚʝʥʥʦ). ʈʝʟʫʣʴʪʘʪʳ Mechanical 
APDL H=0,43õ121757 ɸ/ʤ. 

 

 
 

ʈʠʩʫʥʦʢ 2.12 ï ʅʘʧʨʷʞʝʥʥʦʩʪʴ ʤʘʛʥʠʪʥʦʛʦ ʧʦʣʷ 
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ʕʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʩʠʣʳ (ʨʠʩʫʥʢʠ 2.13 ʠ 2.20) ʩʦʟʜʘʶʪ ʚʨʘʱʘʪʝʣʴʥʦʝ 
ʜʚʠʞʝʥʠʝ ʨʘʙʦʯʝʛʦ ʪʝʣʘ. ɺ Maxwell 3D ʠʤʝʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʨʘʩʩʯʠʪʘʪʴ 

ʦʙʲʝʤʥʫʶ ʧʣʦʪʥʦʩʪʴ ʩʠʣ, ɽʸ ʟʥʘʯʝʥʠʝ ʚʘʨʴʠʨʫʶʪʩʷ DC_Force=0,39õ5,08Ŀ10
4
 

ʅ/ʤ
3
. ɺ Mechanical APDL ʠʤʝʝʪʩʷ ʚʦʟʤʦʞʥʦʩʪʴ ʧʦʩʯʠʪʘʪʴ ʟʥʘʯʝʥʠʝ ʠʤʝʥʥʦ 

ʵʣʝʢʪʨʦʤʘʛʥʠʪʥʦʡ ʩʠʣʳ, (ʩʠʣʫ ʃʦʨʝʥʮʘ ) , ʚʚʠʜʫ ʦʪʩʫʪʩʪʚʠʷ ʨʘʩʯʝʪʘ ʩʢʦʨʦʩʪʠ 

ʜʚʠʞʝʥʠʷ ʯʘʩʪʠʮʳ, ʧʨʠʙʣʠʟʠʪʝʣʴʥʦʝ ʟʥʘʯʝʥʠʝ Fmag=0õ0,065 ʅ/ʤ
3
. 

 

 
 

ʈʠʩʫʥʦʢ 2.13 ï ʕʣʝʢʪʨʦʤʘʛʥʠʪʥʳʝ ʩʠʣʳ 
 

ɼʞʦʫʣʝʚʦ ʪʝʧʣʦ (ʨʠʩʫʥʢʠ 2.14 ʠ 2.21) ï ʨʘʙʦʪʘ, ʧʨʠ ʧʝʨʝʤʝʱʝʥʠʠ ʵʪʠʭ 
ʯʘʩʪʠʮ, ʯʪʦ ʧʦ ʬʘʢʪʫ, ʷʚʣʝʪʩʷ ʪʝʧʣʦʚʳʤʠ ʧʦʪʝʨʷʤʠ ʚ ʨʘʙʦʯʝʤ ʪʝʣʝ. ɿʥʘʯʝʥʠʝ 

ʜʘʥʥʦʡ ʚʝʣʠʯʠʥʳ, ʪʘʢʞʝ ʧʨʠʙʣʠʟʠʪʝʣʴʥʦʝ, ʚ Mechanical APDL ï Power-
Loss=0õ217,9 ʢɺ/ʤ

3
 , ʘ ʚ Maxwell 3D ï Ohmic-Loss=7,4õ190,5 ʢɺ/ʤ

3
. 


