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ɿɸʍɺɸʃʅʀʎɸ 

ʅʘʿʚʝ˂ʫ ʟʘʭʚʘʣʥʦʩʪ ʜʫʛʫʿʝʤ ʩʚʦʤ ʤʝʥʪʦʨʫ, ʨʝʜʦʚʥʦʤ ʧʨʦʬʝʩʦʨʫ ʜʨ ɿʦʨʘʥʫ ʈʘʜʘʢʦʚʠ˂ʫ. 

ʉʚʦʿʠʤ ʥʝʩʝʙʠʯʥʠʤ ʟʘʣʘʛʘˁʝʤ, ʩʚʝʩʨʜʥʦʤ ʧʦʜʨʰʢʦʤ ʠ ʛʦʪʦʚʦ ʨʦʜʠʪʝˀʩʢʠʤ ʧʨʠʪʠʩʢʦʤ 

ʫʯʠʥʠʦ ʿʝ ʜʘ ʥʘ ʜʦʢʪʦʨʩʢʠʤ ʩʪʫʜʠʿʘʤʘ ʠʩʪʨʘʿʝʤ ʜʦ ʢʨʘʿʘ ʠ ʠʟʚʫʢʘʦ ʦʥʦ ʥʘʿʙʦˀʝ ʠʟ ʤʝʥʝ. ɹʝʟ 

ˁʝʛʘ, ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ ʥʝ ʙʠ ʙʠʣʦ. 

ɺʝʣʠʢʫ ʟʘʭʚʘʣʥʦʩʪ ʜʫʛʫʿʝʤ ʯʣʘʥʦʚʠʤʘ ʢʦʤʠʩʠʿʝ ʩʘ ʜʦʢʪʦʨʩʢʦʛ ʠʩʧʠʪʘ, ʧʨʦʬʝʩʦʨʠʤʘ ʜʨ 

ɱʦʚʘʥʫ ʊʨʠʬʫʥʦʚʠ˂ʫ, ʜʨ ɾʝˀʢʫ ɫʫʨʠʰʠ˂ʫ ʠ ʜʨ ɼʨʘʛʘʥʫ ʊʘʩʠ˂ʫ, ʢʘʢʦ ʥʘ ʧʨʠʭʚʘʪʘˁʫ ʪʝʤʝ, 

ʪʘʢʦ ʠ ʥʘ ʠʥʩʧʠʨʘʪʠʚʥʠʤ ʧʠʪʘˁʠʤʘ, ʢʦʥʩʪʨʫʢʪʠʚʥʠʤ ʢʨʠʪʠʢʘʤʘ ʠ ʧʨʝʜʣʦʛʫ ʜʘ ʩʝ 

ʜʠʩʝʨʪʘʮʠʿʘ ʫʥʘʧʨʝʜʠ ʫʢˀʫʯʠʚʘˁʝʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʦʪʚʨʜʝ ʪʝʦʨʠʿʩʢʠʭ ʜʦʧʨʠʥʦʩʘ. 

ʀʩʢʨʝʥʦ ʩʝ ʟʘʭʚʘˀʫʿʝʤ ʠ ʩʚʠʤ ʯʣʘʥʦʚʠʤʘ ʢʦʤʠʩʠʿʝ ʟʘ ʦʮʝʥʫ ʜʠʩʝʨʪʘʮʠʿʝ ʥʘ ʢʦʤʝʥʪʘʨʠʤʘ 

ʢʦʿʠ ʩʫ ʟʥʘʯʘʿʥʦ ʜʦʧʨʠʥʝʣʠ ʥʘ ʧʦʙʦˀʰʘˁʫ ʢʚʘʣʠʪʝʪʘ ʪʝʢʩʪʘ ʜʠʩʝʨʪʘʮʠʿʝ. 

ɺʝʣʠʢʫ ʟʘʭʚʘʣʥʦʩʪ ʠʩʢʘʟʫʿʝʤ ʢʦʣʝʛʠʥʠʮʘʤʘ ʠ ʢʦʣʝʛʘʤʘ ʩʘ ɽʊʌ-ʘ ʥʘ ʩʚʠʤ ʟʘʿʝʜʥʠʯʢʠ 

ʧʨʦʚʝʜʝʥʠʤ ʪʨʝʥʫʮʠʤʘ ʢʘʢʦ ʫ ʃʘʙʦʨʘʪʦʨʠʿʠ 89, ʪʘʢʦ ʠ ʚʘʥ ˁʝ (cast in order of appearance): 

ʋʨʦʰʫ Ăɾʠʢʠñ ʈʘʜʦʤʘʥʫ, ʅʠʢʦʣʠ ɫʦʨʹʝʚʠ˂ʫ, ʄʠʣʠʮʠ ɱʝʚʪʠ˂, ɸʣʝʢʩʘʥʜʨʫ ɱʦʚʘʥʦʚʠ˂ʫ, 

ʄʘʨʢʫ ʅʦʚʢʦʚʠ˂ʫ ʠ ɸʥʘʩʪʘʩʠʿʠ ʇʦʧʦʚʠ˂. ʂʘʜ ʛʦʜ ʙʠʭ ʩʝ ʧʦʞʘʣʠʦ ʥʘ ʢʘʢʘʚ Ăʥʝʨʝʰʠʚ 

ʧʨʦʙʣʝʤñ, ʩʚʘʢʦ ʦʜ ˁʠʭ ʙʠ ʫʚʝʢ ʦʜʚʦʿʠʦ ʚʨʝʤʝʥʘ ʜʘ ʤʝ ʩʘʩʣʫʰʘ (ʠʘʢʦ ʩʝ ʥʠʢʦ ʥʠʿʝ ʙʘʚʠʦ 

ʠʩʪʦʤ ʦʙʣʘʰ˂ʫ ʢʘʦ ʠ ʿʘ) ʠ ʜʘ ʤʝ ʧʦʩʘʚʝʪʫʿʝ ʢʘʢʦ ʜʘ ʩʝ ʪʦ ʥʝʰʪʦ ʥʝʨʝʰʠʚʦ ʠʧʘʢ ʨʝʰʠ. ɹʝʟ 

ʩʚʠʭ ˁʠʭ ʙʠ ʦʚʘ ʜʠʩʝʨʪʘʮʠʿʘ ʠ ʜʘˀʝ ʙʠʣʘ ʤʦʛʫ˂ʘ, ʘʣʠ ʩʚʘʢʘʢʦ ʤʥʦʛʦ ʤʘˁʝ ʟʘʙʘʚʘʥ ʠ ʟʥʘʪʥʦ 

ʤʫʢʦʪʨʧʥʠʿʠ ʧʨʦʮʝʩ. 

ɺʝʣʠʢʦ ʭʚʘʣʘ ɹʨʘʥʠʩʣʘʚʫ Ăɹʫʢʠʿʫñ ɹʫʢʦʨʦʚʠ˂ʫ ʰʪʦ ʤʠ ʿʝ ʫʩʪʫʧʠʦ ʫʨʝʹʘʿ ʙʝʟ ʢʦʿʝʛ ʙʠ 

ʤʝʨʝˁʘ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʤʦʜʝʣʫ ʪʣʘ ʙʠʣʦ ʤʥʦʛʦ 

ʪʝʞʘ ʠ ʢʦʤʧʣʠʢʦʚʘʥʠʿʘ ʟʘ ʠʟʚʦʹʝˁʝ. 

ʅʝʠʟʤʝʨʥʦ ʭʚʘʣʘ ʤʦʿʦʿ ʞʝʥʠ ɸʣʝʢʩʘʥʜʨʠ. ʆʥʘ ʿʝ ʠʤʘʣʘ ʥʘʿʚʠʰʝ ʩʪʨʧˀʝˁʘ ʟʘ ʤʝʥʝ ʠ 

ʧʨʫʞʠʣʘ ʥʘʿʚʠʰʝ ʧʦʜʨʰʢʝ ʠ ˀʫʙʘʚʠ ʩʚʝ ʦʚʝ ʛʦʜʠʥʝ ʢʦʣʠʢʦ ʤʦʿʝ ʜʦʢʪʦʨʩʢʝ ʩʪʫʜʠʿʝ ʪʨʘʿʫ. 

ʍʚʘʣʘ ʤʦʿʠʤ ʨʦʜʠʪʝˀʠʤʘ, ʄʠʣʘʥʫ ʠ ʊʘˁʠ, ʢʦʿʠ ʩʫ ʥʘʣʘʟʠʣʠ ʩʥʘʛʝ ʜʘ ʤʝ ʥʝʫʤʦʨʥʦ, 

ʫʧʨʢʦʩ ʩʚʠʤ ʩʚʦʿʠʤ ʣʠʯʥʠʤ ʠʟʘʟʦʚʠʤʘ, ʥʘ ʩʚʘʢʦʤ ʢʦʨʘʢʫ ʧʦʜʨʞʝ. ɼʠʩʝʨʪʘʮʠʿʘ ʿʝ ʧʦʩʚʝ˂ʝʥʘ 

ˁʠʤʘ. 

ʍʚʘʣʘ ʤʦʿʦʿ ʩʝʩʪʨʠ ʄʠʣʠʮʠ. ʇʦʤʦʛʣʘ ʤʠ ʿʝ ʪʘʢʦ ʰʪʦ ʿʝ ʫʤʝʩʪʦ ʤʝʥʝ ʪʝ ʜʘʚʥʝ 2016. 

ʛʦʜʠʥʝ ʦʪʠʰʣʘ ʫ ʩʪʫʜʝʥʪʩʢʫ ʩʣʫʞʙʫ ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʦʛ ʬʘʢʫʣʪʝʪʘ ʠ ʫʧʠʩʘʣʘ ʤʝ ʥʘ ʜʦʢʪʦʨʩʢʝ 

ʘʢʘʜʝʤʩʢʝ ʩʪʫʜʠʿʝ. ʆʜ ʪʘʜʘ, ʫʨʫʯʠʚʰʠ ʤʠ ʠʥʜʝʢʩ, ʥʠʿʝ ʧʨʝʩʪʘʣʘ ʜʘ ʚʝʨʫʿʝ ʜʘ ˂ʫ ʠʩʪʨʘʿʘʪʠ. 

ʍʚʘʣʘ ʪʝʪʘ ʉʘˁʠ, ʤʘʤʠʥʦʿ ʩʝʩʪʨʠ. ʋʟ ˁʫ ʩʘʤ ʫ ʹʘʯʢʦʤ ʫʟʨʘʩʪʫ ʥʘʫʯʠʦ ʜʘ ʨʝʰʘʚʘʤ 

ʢʦʤʧʣʠʢʦʚʘʥʝ ʟʘʜʘʪʢʝ ʠʟ ʤʘʪʝʤʘʪʠʢʝ. ɹʠ˂ʝ ʜʘ ʿʝ ʢʘʦ ʜʠʧʣʦʤʠʨʘʥʠ ʠʥʞʝˁʝʨ 

ʪʝʣʝʢʦʤʫʥʠʢʘʮʠʿʘ ʩʘ ɽʊʌ-ʘ ʫʪʠʮʘʣʘ ʠ ʥʘ ʤʦʿ ʠʟʙʦʨ ʬʘʢʫʣʪʝʪʘ. ʊʘʢʦʹʝ, ʭʚʘʣʘ ʠ ʙʨʘʪʫ ʦʜ ʪʝʪʢʝ 

ɸʣʝʢʩʠ. ɳʠʭʦʚʘ ʚʝʜʨʠʥʘ ʠ ʚʝʩʝʣʦʩʪ ʢʦʿʝ ʥʝ ʧʦʩʫʩʪʘʿʫ ʧʨʝʜʩʪʘʚˀʘʿʫ ʩʪʘʣʘʥ ʠʟʚʦʨ ʧʦʟʠʪʠʚʥʝ 

ʝʥʝʨʛʠʿʝ. 

ʍʚʘʣʘ ʙʘʢʠ ʠ ʜʝʜʠ. ɹʘʢʘ ɹʦʩʘ ʥʠʿʝ ʧʨʝʩʪʘʿʘʣʘ ʜʘ ʚʝʨʫʿʝ ʫ ʤʝʥʝ ʿʦʰ ʦʜ ʢʘʜ ʤʝ ʿʝ ʢʘʦ 

ʧʝʪʦʛʦʜʠʰˁʘʢʘ ʥʘʫʯʠʣʘ ʜʘ ʯʠʪʘʤ, ʧʠʰʝʤ, ʩʘʙʠʨʘʤ ʠ ʦʜʫʟʠʤʘʤ. ʆʚʦ ʿʝ ʜʘʢʣʝ, ʫ ʥʝʢʫ ʨʫʢʫ, 

ˁʝʥ ʫʩʧʝʭ ʢʦʣʠʢʦ ʠ ʤʦʿ. ɼʝʜʘ ɼʨʘʛʠ, ʙʠʦ ʿʝ ʚʦʿʥʦ ʣʠʮʝ ʠ ʤʘʰʠʥʩʢʠ ʠʥʞʝˁʝʨ ʫ ʊʆʎ-ʫ, 

ʧʝʥʟʠʦʥʠʩʘʦ ʩʝ ʫ ʯʠʥʫ ʧʫʢʦʚʥʠʢʘ. ʀʘʢʦ ʥʠʿʝ ʥʘ ʩʣʠʯʘʥ ʥʘʯʠʥ ʘʢʪʠʚʥʦ ʫʯʝʩʪʚʦʚʘʦ ʫ ʤʦʤ 

ʹʘʯʢʦʤ ʧʨʝʛʘʣʘʰʪʚʫ, ʙʠʦ ʤʠ ʿʝ ʫʟʦʨ ʿʦʰ ʦʜ ʤʘʣʠʭ ʥʦʛʫ, ʚʠʰʝ ʥʝʩʚʝʩʥʦ ʥʝʛʦ ʩʚʝʩʥʦ. ɳʝʛʦʚʘ 

ʧʦʜʨʰʢʘ ʿʝ ʙʠʣʘ ʩʪʘʣʥʘ, ʥʝʧʨʝʢʠʜʥʘ, ʥʝʥʘʤʝʪˀʠʚʘ ʠ ʪʠʭʘ. 

ʍʚʘʣʘ ʠ ʩʚʠʤ ʤʦʿʠʤ ʧʨʠʿʘʪʝˀʠʤʘ, ʥʘ ʦʭʨʘʙʨʠʚʘˁʫ, ʧʦʜʩʪʨʝʢʠʚʘˁʫ ʠ ʞʝˀʘʤʘ ʜʘ ʰʪʦ 

ʧʨʝ ʟʘʚʨʰʠʤ. 

ɿʘʭʚʘʣʠʦ ʙʠʭ ʩʝ ʠ ʧʨʝʪʭʦʜʥʦʿ ʬʠʨʤʠ ʫ ʢʦʿʦʿ ʩʘʤ ʨʘʜʠʦ, UBConnect Int ʜ.ʦ.ʦ. ʠ ʩʚʠʤ 

ʙʠʚʰʠʤ ʢʦʣʝʛʘʤʘ, ʘ ʧʦʩʝʙʥʦ ɼʝʿʘʥʫ ʏʘʢʘʨʝʚʠ˂ʫ, ʪʘʜʘʰˁʝʤ ʜʠʨʝʢʪʦʨʫ, ʢʦʿʠ ʿʝ ʠʤʘʦ 

ʨʘʟʫʤʝʚʘˁʝ ʟʘ ʤʦʿʝ ʦʙʘʚʝʟʝ ʦʢʦ ʜʦʢʪʦʨʘʪʘ ʠ ʧʦʟʠʪʠʚʥʦ ʦʜʛʦʚʦʨʠʦ ʥʘ ʤʦʿʫ ʤʦʣʙʫ ʜʘ ʧʨʝʹʝʤ ʥʘ 



  

iv 

 

ʥʝʧʫʥʦ ʨʘʜʥʦ ʚʨʝʤʝ. ɹʝʟ ʦʚʦʛʘ, ʥʠʩʘʤ ʩʠʛʫʨʘʥ ʜʘ ʙʠʭ ʠʤʘʦ ʰʠʨʠʥʫ ʫ ʧʦʛʣʝʜʫ ʚʨʝʤʝʥʘ ʜʘ ʩʝ 

ʩʢʦʥʮʝʥʪʨʠʰʝʤ ʥʘ ʠʩʪʨʘʞʠʚʘˁʝ ʢʦʿʝ ʿʝ ʨʝʟʫʣʪʦʚʘʣʦ ʜʨʫʛʠʤ ʧʦ ʨʝʜʫ ʥʘʫʯʥʠʤ ʨʘʜʦʤ 

ʦʙʿʘʚˀʝʥʠʤ ʫ ʯʘʩʦʧʠʩʫ ʩʘ ʠʤʧʘʢʪ ʬʘʢʪʦʨʦʤ, ʘ ʢʦʿʠ ʿʝ ʿʝʜʥʘ ʦʜ ʦʢʦʩʥʠʮʘ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ. 

ʅʘʨʦʯʠʪʫ ʟʘʭʚʘʣʥʦʩʪ ʜʫʛʫʿʝʤ ʀʚʘʥʫ ʂʝʩʣʝʨʫ, ʢʦʣʝʛʠ ʠʟ ʬʠʨʤʝ Icentic soft ʜ.ʦ.ʦ. ʫ ʢʦʿʦʿ 

ʩʘʤ ʪʨʝʥʫʪʥʦ ʟʘʧʦʩʣʝʥ. ʅʝʩʝʙʠʯʥʦ ʿʝ ʧʨʠʭʚʘʪʠʦ ʜʘ ʤʠ ʩʪʘʚʠ ʥʘ ʨʘʩʧʦʣʘʛʘˁʝ ʩʚʦʿʝ ʚʨʝʤʝ 

(ʢʘʜʘ ʛʘ ʿʝ ʥʘʿʤʘˁʝ ʠʤʘʦ) ʠ ʩʚʦʿ 3ɼ ʰʪʘʤʧʘʯ. ʉʪʨʧˀʠʚʦ ʿʝ ʧʨʝʤʘ ʤʦʿʠʤ ʮʨʪʝʞʠʤʘ ʧʫʰʪʘʦ ʫ 

ʰʪʘʤʧʫ ʚʠʰʝ ʧʨʦʪʦʪʠʧʦʚʘ ʩʦʥʜʝ ʟʘ ʜʠʨʝʢʪʥʦ ʤʝʨʝˁʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʝʤˀʝ ʠ ʧʝʩʢʘ. 

ɿʘʭʚʘˀʫʿʝʤ ʩʝ ʠ ʄʠʭʘʿʣʫ Ăʄʨʚʠʮʠñ ʄʨʚʦʰʝʚʠ˂ʫ ʠ ɻʣʘʛʦʣ ʠʥʩʪʠʪʫʪʫ. ɹʠʣʠ ʩʫ ʥʝʚʝʨʦʚʘʪʥʦ 

ʧʨʦʬʝʩʠʦʥʘʣʥʠ ʠ ʝʢʩʧʝʜʠʪʠʚʥʠ ʩʘ ʰʪʘʤʧʦʤ ʬʠʥʘʣʥʦʛ ʧʨʦʠʟʚʦʜʘ. 

ɿʘʭʚʘʣʠʦ ʙʠʭ ʩʝ ʿʦʰ ʠ ɿʘʜʫʞʙʠʥʠ ʄʠʦʜʨʘʛ ʂʦʩʪʠ˂. ʈʘʜ ʥʘ ʜʠʩʝʨʪʘʮʠʿʠ ʿʝ ʜʝʣʠʤʠʯʥʦ 

ʨʝʘʣʠʟʦʚʘʥ ʫ ʎʝʥʪʨʫ ʟʘ ʨʘʟʚʦʿ ʩʦʬʪʚʝʨʘ ʫ ʝʣʝʢʪʨʦʝʥʝʨʛʝʪʠʮʠ ʫ ʩʢʣʦʧʫ ʇʘʣʘʪʝ ʅʘʫʢʝ ʫ 

ɹʝʦʛʨʘʜʫ. 
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ʅʘʩʣʦʚ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ: 

ʋʥʘʧʨʝʹʝˁʝ ʤʦʜʝʣʘ ʟʘ ʧʨʦʨʘʯʫʥ ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫʟʝʤˀʠʚʘʯʘ ʫ ʫʩʣʦʚʠʤʘ ʪʣʘ ʩʘ ʪʘʥʢʠʤ 

ʧʦʚʨʰʠʥʩʢʠʤ ʩʣʦʿʝʤ ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 

 

ʉʘʞʝʪʘʢ: ɼʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ ʩʝ ʙʘʚʠ ʫʥʘʧʨʝʹʝˁʠʤʘ ʫ ʦʙʣʘʩʪʠ ʧʨʦʨʘʯʫʥʘ ʢʦʿʠ ʩʝ ʚʨʰʝ ʫ 

ʬʘʟʠ ʧʨʦʿʝʢʪʦʚʘˁʘ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ ʫ ʝʣʝʢʪʨʦʝʥʝʨʛʝʪʩʢʠʤ ʧʦʩʪʨʦʿʝˁʠʤʘ ʠ ʤʨʝʞʠ. 

ʋʩʪʘʥʦʚˀʝʥʦ ʿʝ ʜʘ ʫ ʩʣʫʯʘʿʫ ʪʘʥʢʠʭ ʧʦʚʨʰʠʥʩʢʠʭ ʩʣʦʿʝʚʘ ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ 

ʦʪʧʦʨʥʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ ʩʣʦʿ ʠʩʧʦʜ, ʤʝʪʦʜʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʜʝʙˀʠʥʝ ʠ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ 

ʦʪʧʦʨʥʦʩʪʠ ʛʦʨˁʝʛ ʩʣʦʿʘ ʦʙʿʘʚˀʝʥʝ ʫ ʣʠʪʝʨʘʪʫʨʠ ʧʦʩʝʜʫʿʫ ʥʝʜʦʩʪʘʪʢʝ, ʪʝ ʧʦʩʪʦʿʠ ʧʦʪʨʝʙʘ ʟʘ 

ˁʠʭʦʚʠʤ ʧʦʙʦˀʰʘˁʝʤ. ʊʘʢʦʹʝ, ʟʘ ʩʣʫʯʘʿ ʪʣʘ ʥʘʚʝʜʝʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʫʩʪʘʥʦʚˀʝʥʘ ʿʝ ʠ 

ʥʝʧʨʝʮʠʟʥʦʩʪ ʧʦʩʪʫʧʘʢʘ ʠʟ ʩʪʘʥʜʘʨʜʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʙʘʟʠʨʘʥʠʭ ʥʘ 

ʦʜʨʝʹʠʚʘˁʫ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ. 

ʂʘʦ ʛʣʘʚʥʠ ʜʦʧʨʠʥʦʩʠ ʩʫ ʧʨʫʞʝʥʝ ʜʚʝ ʥʦʚʝ ʤʝʪʦʜʝ, ʧʨʠ ʯʝʤʫ ʩʫ ʟʘ ʿʝʜʥʫ ʩʧʨʦʚʝʜʝʥʠ ʠ 

ʚʝʨʠʬʠʢʘʮʠʦʥʠ ʝʢʩʧʝʨʠʤʝʥʪʠ. 

ʇʨʚʦʤ ʤʝʪʦʜʦʤ ʩʝ ʧʦʙʦˀʰʘʚʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ, ʪʿ. 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʛʦʨˁʝʛ ʠ ʜʦˁʝʛ ʩʣʦʿʘ ʠ ʜʝʙˀʠʥʘ ʛʦʨˁʝʛ ʩʣʦʿʘ. ɿʘʩʥʦʚʘʥʘ ʿʝ ʥʘ 

ʤʝʪʦʜʠ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ, ʧʨʠ ʯʝʤʫ ʩʝ ʫ ʩʚʘʢʦʿ ʠʪʝʨʘʮʠʿʠ ʦʧʪʠʤʠʟʘʮʠʦʥʦʛ 

ʧʦʩʪʫʧʢʘ ʚʨʰʝ ʧʨʦʨʘʯʫʥʠ ʤʝʪʦʜʦʤ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ (ʝʥʛʣ. FEM ï Finite Element Method) 

ʩʘ ʤʦʜʝʣʦʚʘˁʝʤ ʨʝʘʣʥʝ ʛʝʦʤʝʪʨʠʿʝ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʧʨʠ ʤʝʨʝˁʠʤʘ 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʝʤˀʠʰʪʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ. 

ɼʨʫʛʘ ʤʝʪʦʜʘ ʩʝ ʧʨʠʤʝˁʫʿʝ ʟʘ ʧʨʝʮʠʟʥʠʿʝ ʦʜʨʝʹʠʚʘˁʝ ʚʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʧʨʠ 

ʟʘʜʘʪʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʩʪʨʫʿʝ ʢʨʦʟ ʫʟʝʤˀʠʚʘʯ. ʂʨʘʿˁʠ ʨʝʟʫʣʪʘʪ ʿʝ ʧʨʝʜʣʦʛ ʢʦʨʝʢʮʠʿʝ 

ʘʥʘʣʠʪʠʯʢʦʛ ʤʦʜʝʣʘ ʟʘ ʧʨʦʨʘʯʫʥ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠʟ ʩʪʘʥʜʘʨʜʘ, ʯʠʿʘ ʿʝ ʪʘʯʥʦʩʪ ʜʦʙʨʘ ʟʘ 

ʫʦʙʠʯʘʿʝʥʘ ʪʣʘ, ʘʣʠ ʿʝ ʟʘ ʪʣʦ ʩʘ ʪʘʥʢʠʤ ʩʣʦʿʝʤ ʚʠʩʦʢʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʙʠʣʦ ʧʦʪʨʝʙʥʦ 

ʧʦʙʦˀʰʘˁʝ. ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʘ ʿʝ ʪʘʢʦʹʝ ʟʘʩʥʦʚʘʥʘ ʥʘ ʧʨʠʤʝʥʠ FEM ʩʦʬʪʚʝʨʘ, ʢʦʿʦʤ ʿʝ 

ʙʠʣʦ ʤʦʛʫ˂ʝ ʫʟʝʪʠ ʫ ʦʙʟʠʨ ʬʠʟʠʯʢʫ ʨʘʩʧʦʜʝʣʫ ʩʪʨʫʿʝ ʢʚʘʨʘ ʧʨʠ ʟʝʤˀʦʩʧʦʿʥʦʤ ʢʚʘʨʫ. ʇʨʝʜʣʦʛ 

ʢʦʨʝʢʮʠʿʝ ʘʥʘʣʠʪʠʯʢʦʛ ʤʦʜʝʣʘ ʿʝ ʜʘʪ ʥʘ ʦʩʥʦʚʫ ʥʠʟʘ FEM ʩʠʤʫʣʘʮʠʿʘ ʨʝʘʣʥʠʭ ʛʝʦʤʝʪʨʠʿʘ 

ʨʘʟʥʠʭ ʪʠʧʦʚʘ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ, ʢʘʦ ʠ ʛʝʦʤʝʪʨʠʿʝ ʩʪʦʧʘʣʘ ʦʩʦʙʝ ʢʦʿʘ ʜʦʜʠʨʫʿʝ 

ʠʟʣʦʞʝʥʝ ʝʣʝʢʪʨʦʧʨʦʚʦʜʥʝ ʜʝʣʦʚʝ.  

ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʿʝ ʧʨʝʜʣʦʞʝʥ ʧʦʙʦˀʰʘʥʠ ʧʦʩʪʫʧʘʢ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʪʣʘ ʢʦʜ 

ʢʦʛʘ ʧʦʩʪʦʿʠ ʪʘʥʘʢ ʛʦʨˁʠ ʩʣʦʿ ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ. ʇʦʩʪʫʧʘʢ ʿʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ 

ʚʝʨʠʬʠʢʦʚʘʥ ʥʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʿ ʧʦʩʪʘʚʮʠ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ. ʉʪʝʯʝʥʘ ʠʩʢʫʩʪʚʘ ʠ ʨʝʘʣʠʟʘʮʠʿʘ 

ʤʝʪʦʜʝ ʦʪʚʘʨʘʿʫ ʧʨʦʩʪʦʨ ʠ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʪʣʘ ʩʣʦʞʝʥʠʿʠʭ ʩʪʨʫʢʪʫʨʘ. ʌʦʢʫʩ ʫ 

ʜʠʩʝʨʪʘʮʠʿʠ ʿʝ ʥʘ ʜʚʦʩʣʦʿʥʘ ʪʣʘ. ʈʘʟʚʠʿʝʥʘ ʩʦʬʪʚʝʨʩʢʘ ʧʦʜʨʰʢʘ ʠ FEM ʤʦʜʝʣʠ ʦʤʦʛʫ˂ʘʚʘʿʫ 

ʿʝʜʥʦʩʪʘʚʥʦ ʧʨʦʰʠʨʝˁʝ ʠ ʥʘ ʩʣʦʞʝʥʠʿʝ ʩʪʨʫʢʪʫʨʝ.  

ʇʨʠʤʝʥʘ FEM ʤʝʪʦʜʝ ʿʝ ʦʤʦʛʫ˂ʠʣʘ ʧʨʦʜʫʙˀʠʚʘˁʝ ʟʥʘˁʘ, ʦʜʥʦʩʥʦ ʦʜʨʝʹʠʚʘˁʝ 

ʨʘʩʧʦʜʝʣʝ ʩʪʨʫʿʝ ʫ ʦʢʦʣʠʥʠ ʩʪʦʧʘʣʘ, ʰʪʦ ʿʝ ʙʠʪʥʘ ʢʦʤʧʦʥʝʥʪʘ ʧʨʠ ʦʜʨʝʹʠʚʘˁʫ ʥʘʧʦʥʘ 

ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ. ʂʨʘʿˁʠ ʠʩʭʦʜ ʧʦʩʪʫʧʢʘ ʙʘʟʠʨʘʥʦʛ ʥʘ FEM ʧʨʦʨʘʯʫʥʠʤʘ ʿʝ ʧʦʙʦˀʰʘˁʝ 

ʧʦʩʪʫʧʢʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʧʨʠ ʧʨʦʪʠʮʘˁʫ ʩʪʨʫʿʝ ʟʝʤˀʦʩʧʦʿʘ ʢʨʦʟ ʫʟʝʤˀʠʚʘʯ. 

ʇʦʙʦˀʰʘˁʝ ʿʝ ʧʦʩʪʠʛʥʫʪʦ ʟʘ ʩʣʫʯʘʿ ʧʦʚʨʰʠʥʩʢʦʛ ʩʣʦʿʘ ʚʠʩʦʢʝ ʚʨʝʜʥʦʩʪʠ ʩʧʝʮʠʬʠʯʥʝ 

ʦʪʧʦʨʥʦʩʪʠ. 
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Doctoral dissertation title: 

Improvement of the calculation models for the basic grounding system parameters for soil with a 

thin surface layer of high electrical resistivity 

 

Abstract: The doctoral dissertation deals with improvements in the field of calculations performed 

in the design phase of grounding systems in power plants and networks. It has been found that in 

the case of thin surface layers with high electrical resistivity, compared to the layer below, the 

methods for determining the thickness and electrical resistivity of the upper layer published in the 

literature have shortcomings, and that there is a need for their improvement. Also, for the case of 

soil with the characteristics mentioned above, the inaccuracy of the procedures from the standard 

for determining the touch voltage based on determining the foot spread resistance was established. 

Two new methods were provided as main contributions, with verification experiments being 

conducted for one of them. 

The first method improves the determination of the parameters of the two-layer soil model, 

i.e. the resistivity of the upper and lower layers and the thickness of the upper layer. It is based on 

the parameter identification method, where in each iteration of the optimization procedure FEM 

calculations are performed with modeling of the real geometry of the measuring electrodes used in 

soil resistivity measurements using the Wenner method. 

The second method is used to more accurately determine the value of the touch voltage for 

given values of the current through the grounding system. The final result is a proposal for 

correcting the analytical model from the standard for calculating the touch voltage, the accuracy of 

which is good for common soils, but for soils with a thin layer of high electrical resistivity, 

improvement was needed. The proposed method is also based on the application of FEM software, 

which made it possible to consider the physical distribution of the fault current during a ground 

fault. A proposal for correcting the analytical model is given based on a series of FEM simulations 

of real geometries of various types of grounding systems, as well as the geometry of the feet of a 

person touching exposed conductive parts. 

The dissertation proposes an improved procedure for determining soil parameters in which 

there is a thin upper layer of high specific resistance. The procedure has been experimentally 

verified on a laboratory setup of a two-layer soil. The experience gained and the implementation of 

the method open up space for the characterization of soils having more complex structures. The 

focus in the dissertation is on two-layer soils. The developed software support and FEM models 

allow for a simple extension to more complex structures. 

The application of the FEM method has enabled the deepening of knowledge, namely the 

determination of the current distribution in the vicinity of the feet, which is an important component 

in determining the touch and step voltages. The final outcome of the procedure based on FEM 

calculations is an improvement of the procedure for determining the touch voltage when the earth 

fault current flows through the earthing conductor. The improvement was achieved for the case of a 

surface layer with a high resistivity value. 

Keywords: soil parameters, electrical resistivity, Wenner method, two-layer soil, grounding 

systems, grounding resistance, touch voltage, FEM (Finite Element Method) 
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1 ʋɺʆɼ 

1.1 ɿʥʘʯʘʿ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ 

ɽʣʝʢʪʨʦʝʥʝʨʛʝʪʩʢʠ ʩʠʩʪʝʤʠ (ɽɽʉ) ʧʦ ʩʚʦʿʦʿ ʩʣʦʞʝʥʦʩʪʠ ʩʧʘʜʘʿʫ ʤʝʹʫ ʥʘʿʩʣʦʞʝʥʠʿʝ 

ˀʫʜʩʢʝ ʪʚʦʨʝʚʠʥʝ. ɽɽʉ ʩʫ ʫ ʩʘʤʦʤ ʚʨʭʫ ʧʦ ʩʚʦʿʦʿ ʚʘʞʥʦʩʪʠ ʟʘ ʝʥʝʨʛʝʪʠʢʫ ʠ ʝʢʦʥʦʤʠʿʫ ʿʝʜʥʝ 

ʟʝʤˀʝ. 

ʉʫʚʠʰʥʦ ʿʝ ʨʝ˂ʠ ʜʘ ʿʝ ʞʠʚʦʪ ʙʝʟ ʝʣʝʢʪʨʠʯʥʝ ʝʥʝʨʛʠʿʝ ʫ ʜʘʥʘʰˁʝ ʚʨʝʤʝ ʪʝʰʢʦ ʟʘʤʠʩʣʠʚ. 

ʅʘʣʘʟʠʤʦ ʩʝ ʫ ʝʨʠ: ʩʫʧʝʨʨʘʯʫʥʘʨʘ, ʨʘʯʫʥʘʨʘ ʧʨʠʩʫʪʥʠʭ ʛʦʪʦʚʦ ʫ ʩʚʘʢʦʤ ʜʦʤʫ, ʩʥʘʞʥʦʛ 

ʧʦʨʘʩʪʘ ʙʨʦʿʘ ʝʣʝʢʪʨʠʯʥʠʭ ʤʦʪʦʨʥʠʭ ʚʦʟʠʣʘ ʠ ʧʫˁʘʯʘ ʟʘ ʠʩʪʝ, ʤʦʜʝʨʥʠʭ ʩʠʩʪʝʤʘ 

ʪʝʣʝʢʦʤʫʥʠʢʘʮʠʿʘ ʫ ʨʘʩʧʦʥʫ ʦʜ ʊɺ ʪʦʨˁʝʚʘ, ʦʧʪʠʯʢʠʭ ʤʨʝʞʘ, ʙʘʟʥʠʭ ʩʪʘʥʠʮʘ ʟʘ ʤʦʙʠʣʥʫ 

ʪʝʣʝʬʦʥʠʿʫ ʧʝʪʝ ʛʝʥʝʨʘʮʠʿʝ (5G), ʧʘ ʩʚʝ ʜʦ ʧʘʤʝʪʥʠʭ ʤʦʙʠʣʥʠʭ ʫʨʝʹʘʿʘ ʢʦʿʠ ʥʘʤ ʩʪʘʿʫ ʫ ʰʘʢʫ. 

ʋ ʤʝʹʫʚʨʝʤʝʥʫ, ʜʦʰʣʦ ʿʝ ʠ ʜʦ ʝʢʩʧʣʦʟʠʿʝ ʫ ʢʦʨʠʰ˂ʝˁʫ ʚʝʰʪʘʯʢʝ ʠʥʪʝʣʠʛʝʥʮʠʿʝ, ʢʦʿʘ ʩʘ 

ʩʦʙʦʤ ʥʦʩʠ ʟʘʭʪʝʚʝ ʟʘ ʩʚʝ ʚʝ˂ʦʤ ʠʥʬʨʘʩʪʨʫʢʪʫʨʦʤ ʮʝʥʪʘʨʘ ʧʦʜʘʪʘʢʘ, ʪʘʢʦ ʠ ʫ ʧʦʪʨʦʰˁʠ 

ʝʣʝʢʪʨʠʯʥʝ ʝʥʝʨʛʠʿʝ ʧʦʪʨʝʙʥʝ ʜʘ ʪʘʢʚʠ ʮʝʥʪʨʠ ʧʦʜʘʪʘʢʘ ʙʫʜʫ ʩʪʘʣʥʦ ʘʢʪʠʚʥʠ ʠ ʘʜʝʢʚʘʪʥʦ 

ʦʭʣʘʹʝʥʠ. ʇʦʩʪʦʿʠ ʧʨʦʛʥʦʟʘ ʜʘ ʿʝ ʫ ʉʿʝʜʠˁʝʥʠʤ ɸʤʝʨʠʯʢʠʤ ɼʨʞʘʚʘʤʘ ʚʝ˂ ʩʘʜʘ ʧʦʪʨʝʙʥʦ ʜʘ 

ʩʝ ʠʟʛʨʘʜʠ ʜʦʜʘʪʥʠʭ 90 GW ʧʨʦʠʟʚʦʜʥʠʭ ʢʘʧʘʮʠʪʝʪʘ [1]. 

ɽɽʉ ʧʦʩʪʘʿʫ ʩʚʝ ʨʘʰʠʨʝʥʠʿʠ ʠ ʩʚʝ ʢʦʤʧʣʝʢʩʥʠʿʠ, ʰʪʦ ʿʝ ʧʨʘ˂ʝʥʦ ʧʦʚʝ˂ʘʥʠʤ ʟʘʭʪʝʚʠʤʘ 

ʠ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝʤ, ʫʧʨʘʚˀʘˁʝʤ ʠ ʥʘʜʟʦʨʦʤ ʥʘʜ ʦʧʨʝʤʦʤ. ɽʣʝʢʪʨʦʝʥʝʨʛʝʪʠʢʘ ʿʝ ʦʙʣʘʩʪ ʢʦʿʘ 

ʩʧʘʜʘ ʫ ʢʣʘʩʠʯʥʝ ʠʥʞʝˁʝʨʩʢʝ ʜʠʩʮʠʧʣʠʥʝ, ʟʘ ʢʦʿʝ ʩʫ ʨʘʟʚʠʿʘʥʝ ʧʨʦʨʘʯʫʥʩʢʝ ʤʝʪʦʜʝ ʫ ʜʦʙʘ 

ʢʘʜʘ ʥʠʩʫ ʙʠʣʠ ʜʦʩʪʫʧʥʠ ʚʝʣʠʢʠ ʨʘʯʫʥʩʢʠ ʨʝʩʫʨʩʠ. ʊʘʢʚʝ ʤʝʪʦʜʝ, ʨʘʟʚʠʿʝʥʝ ʫ ʧʨʦʰʣʦʩʪʠ, 

ʢʘʨʘʢʪʝʨʠʰʝ ʜʘ ʩʫ ʝʤʧʠʨʠʿʩʢʠ ʧʦʜʝʰʝʥʝ ʠ ʧʨʦʚʝʨʝʥʝ ʥʘ ʫʦʙʠʯʘʿʝʥʝ ʢʦʥʩʪʨʫʢʮʠʿʝ. ʄʦʞʝ ʩʝ 

ʨʝ˂ʠ ʜʘ ʦʚʘʢʚʝ ʤʝʪʦʜʝ ʢʘʨʘʢʪʝʨʠʰʝ ʨʦʙʫʩʥʦʩʪ ʠ ʦʛʨʘʥʠʯʝʥʘ ʧʨʝʮʠʟʥʦʩʪ. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, 

ʩʘʚʨʝʤʝʥʠ ʨʘʯʫʥʘʨʩʢʠ ʨʝʩʫʨʩʠ ʦʤʦʛʫ˂ʘʚʘʿʫ ʪʘʯʥʠʿʝ ʤʝʪʦʜʝ, ʧʦʧʫʪ ʦʥʠʭ ʟʘʩʥʦʚʘʥʠʭ ʥʘ 

ʤʝʪʦʜʠ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ (ʝʥʛʣ. FEM ï Finite Element Method). ɱʝʜʘʥ ʦʜ ʪʨʝʥʫʪʥʦ 

ʥʘʿʩʥʘʞʥʠʿʠʭ ʧʨʘʚʘʮʘ ʨʘʟʚʦʿʘ ʫ ʝʣʝʢʪʨʦʝʥʝʨʛʝʪʠʮʠ ʧʨʝʜʩʪʘʚˀʘ ʧʨʘʚˀʝˁʝ ʪʘʢʦʟʚʘʥʦʛ 

ʜʠʛʠʪʘʣʥʦʛ ʙʣʠʟʘʥʮʘ (ʝʥʛʣ. digital twin), ʪʦ ʿʝʩʪ ʚʝʨʥʝ ʜʠʛʠʪʘʣʥʝ ʨʝʧʣʠʢʝ ʨʝʘʣʥʝ ʦʧʨʝʤʝ. 

ʇʦʨʝʜ ʝʣʝʤʝʥʘʪʘ ʫ ɽɽʉ ʢʦʿʠ ʥʝʧʦʩʨʝʜʥʦ ʩʣʫʞʝ ʟʘ ʧʨʦʠʟʚʦʜˁʫ, ʧʨʝʥʦʩ ʠ ʜʠʩʪʨʠʙʫʮʠʿʫ 

ʝʣʝʢʪʨʠʯʥʝ ʝʥʝʨʛʠʿʝ, ʟʥʘʯʘʿʥʠ ʩʫ ʠ ʫʟʝʤˀʠʚʘʯʢʠ ʩʠʩʪʝʤʠ, ʯʠʿʘ ʿʝ ʛʣʘʚʥʘ ʫʣʦʛʘ ʜʘ ʩʝ ʧʦʩʪʠʛʥʝ 

ʙʝʟʙʝʜʥʦʩʪ ˀʫʜʠ, ʞʠʚʦʪʠˁʘ ʠ ʦʧʨʝʤʝ ʢʘʜʘ ʩʝ ʜʝʩʝ ʟʝʤˀʦʩʧʦʿʥʠ ʢʚʘʨʦʚʠ ʫ ʤʨʝʞʠ, ʢʘʦ ʠ ʜʘ 

ʩʧʨʦʚʝʜʫ ʫ ʟʝʤˀʫ ʩʪʨʫʿʝ ʛʨʦʤʘ, ʘ ʠ ʜʘ ʬʠʢʩʠʨʘʿʫ ʧʦʪʝʥʮʠʿʘʣʝ ʦʜʨʝʹʝʥʠʭ ʪʘʯʘʢʘ ʫ ʩʣʫʯʘʿʫ 

ʨʘʜʥʦʛ ʫʟʝʤˀʝˁʘ. ʋ ɽɽʉ, ʩʪʫʙʦʚʠ ʝʣʝʢʪʨʠʯʥʠʭ ʤʨʝʞʘ ʠ ʤʝʪʘʣʥʠ ʜʝʣʦʚʠ ʦʧʨʝʤʝ ʫ 

ʧʦʩʪʨʦʿʝˁʠʤʘ ʢʦʿʠ ʫ ʧʦʛʦʥʫ ʧʦʜ ʥʦʨʤʘʣʥʠʤ ʫʩʣʦʚʠʤʘ ʥʠʩʫ ʧʦʜ ʥʘʧʦʥʦʤ ʤʦʨʘʿʫ ʜʘ ʩʝ ʫʟʝʤˀʝ 

ʠʟ ʥʝʢʦʣʠʢʦ ʪʝʭʥʠʯʢʠʭ ʠ ʙʝʟʙʝʜʥʦʩʥʠʭ ʨʘʟʣʦʛʘ, ʘ ʢʦʿʠ ʿʦʰ ʦʜ ʟʘʯʝʪʘʢʘ ʝʣʝʢʪʨʦʧʨʝʥʦʩʥʠʭ ʠ 

ʜʠʩʪʨʠʙʫʪʠʚʥʠʭ ʩʠʩʪʝʤʘ ʦʩʪʘʿʫ ʥʝʧʨʦʤʝˁʝʥʠ: 

1. ʦʩʠʛʫʨʘʚʘˁʝ ʙʝʟʙʝʜʥʦʩʪʠ ˀʫʜʠ ʠ ʞʠʚʦʪʠˁʘ ʫ ʠ ʦʢʦ ʫʟʝʤˀʝʥʠʭ ʝʣʝʤʝʥʘʪʘ, ʢʘʢʦ ʫ 

ʧʦʛʦʥʫ ʫ ʥʦʨʤʘʣʥʠʤ ʦʢʦʣʥʦʩʪʠʤʘ ʪʘʢʦ ʠ ʫ ʩʣʫʯʘʿʫ ʢʚʘʨʦʚʘ, 

2. ʦʩʠʛʫʨʘʚʘˁʝ ʧʨʘʚʠʣʥʦʛ ʬʫʥʢʮʠʦʥʠʩʘˁʘ ʠ ʟʘʰʪʠʪʘ ʩʢʫʧʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʫʨʝʹʘʿʘ, 

3. ʩʪʘʙʠʣʠʟʘʮʠʿʘ ʥʘʧʦʥʘ ʪʦʢʦʤ ʪʨʘʥʟʠʿʝʥʪʥʠʭ ʨʝʞʠʤʘ, ʘ ʧʦʩʨʝʜʥʦ ʠ ʩʧʨʝʯʘʚʘˁʝ 

ʩʪʨʫʿʥʠʭ ʧʨʝʩʢʦʢʘ ʪʦʢʦʤ ʪʨʘʥʟʠʿʝʥʘʪʘ, ʠ 

4. ʩʧʨʦʚʦʹʝˁʝ ʩʪʨʫʿʝ ʘʪʤʦʩʬʝʨʩʢʦʛ ʧʨʘʞˁʝˁʘ ʫ ʟʝʤˀ ʫ, ʦʜʥʦʩʥʦ ʩʧʨʝʯʘʚʘˁʝ ˁʝʥʠʭ 

ʨʘʟʦʨʥʠʭ ʜʝʿʩʪʘʚʘ ʢʘʜʘ ʙʠ ʧʨʦʪʝʢʣʘ ʜʨʫʛʠʤ ʧʫʪʝʤ, ʥʘʨʦʯʠʪʦ ʢʦʜ 

ʚʠʩʦʢʦʥʘʧʦʥʩʢʠʭ ʧʦʩʪʨʦʿʝˁʘ. 

ʋʟʝʤˀʘʚʘˁʝ ʥʝʢʦʛ ʝʣʝʤʝʥʪʘ ʩʝ ʚʨʰʠ ʫʢʦʧʘʚʘˁʝʤ ʠʣʠ ʧʦʙʠʿʘˁʝʤ, ʥʘ ʦʜʨʝʹʝʥʫ ʜʫʙʠʥʫ, 

ʤʝʪʘʣʥʠʭ ʧʨʦʚʦʜʥʠʭ ʩʪʨʫʢʪʫʨʘ ʫ ʟʝʤˀʫ, ʥʘʿʯʝʰ˂ʝ ʧʦʮʠʥʢʦʚʘʥʠʭ ʛʚʦʟʜʝʥʠʭ ʪʨʘʢʘ ʠ ʮʝʚʠ, ʘ ʠ 

ʙʘʢʘʨʥʠʭ ʫʞʘʜʠ ʫ ʩʣʫʯʘʿʫ ʚʝ˂ʠʭ ʨʘʟʚʦʜʥʠʭ ʧʦʩʪʨʦʿʝˁʘ. ɹʘʢʘʨʥʘ ʫʞʘʜ ʿʝ ʩʢʫʧˀʘ ʦʜ Fe/Zn 

ʪʨʘʢʘ, ʘʣʠ ʩʝ ʢʦʨʠʩʪʠ ʢʘʜʘ ʿʝ ʥʝʦʧʭʦʜʥʦ ʜʘ ʩʝ ʠʟʙʝʛʥʝ ʢʦʨʦʟʠʿʘ. ʋ ʥʦʚʠʿʝ ʚʨʝʤʝ ʩʝ ʢʦʨʠʩʪʝ ʠ 

ʪʨʘʢʝ ʦʜ ʥʝʨʹʘʿʫ˂ʝʛ ʯʝʣʠʢʘ. ɿʘʪʠʤ, ʧʦʪʨʝʙʥʦ ʿʝ ʜʘ ʧʦʩʪʦʿʠ ʛʘʣʚʘʥʩʢʘ ʚʝʟʘ ʠʟʤʝʹʫ ʝʣʝʤʝʥʪʘ 

ʢʦʿʠ ʩʝ ʫʟʝʤˀʘʚʘ ʠ ʫʢʦʧʘʥʠʭ ʤʝʪʘʣʥʠʭ ʝʣʝʤʝʥʘʪʘ ʢʦʿʠ ʯʠʥʝ ʫʟʝʤˀʠʚʘʯ, ʢʦʿʠ ʩʫ ʪʘʢʦʹʝ ʩʚʠ 
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ʤʝʹʫʩʦʙʥʦ ʛʘʣʚʘʥʩʢʠ ʧʦʚʝʟʘʥʠ ʜʘ ʙʠ ʩʘʯʠˁʘʚʘʣʠ ʿʝʜʠʥʩʪʚʝʥʠ ʫʟʝʤˀʠʚʘʯʢʠ ʩʠʩʪʝʤ. 

ʇʦʚʝʟʠʚʘˁʝ ʫʢʦʧʘʥʠʭ ʤʝʪʘʣʥʠʭ ʝʣʝʤʝʥʘʪʘ ʠʟʚʦʜʠ ʩʝ ʢʘʢʦ ʙʠ ʩʝ ʠʟʿʝʜʥʘʯʠʦ ʧʦʪʝʥʮʠʿʘʣ ʠ 

ʫʚʝ˂ʘʣʘ ʧʦʚʨʰʠʥʘ ʩʘ ʢʦʿʝ ʩʝ ʩʪʨʫʿʘ ʦʜʚʦʜʠ ʫ ʟʝʤˀʫ, ʘ ʩʘʤʠʤ ʪʠʤ ʠ ʫʤʘˁʠʣʘ ʚʨʝʜʥʦʩʪ 

ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ. 

ʋʟʝʤˀʝˁʝ ʤʦʞʝ ʜʘ ʙʫʜʝ ʨʘʜʥʦ ʠ ʟʘʰʪʠʪʥʦ. ʂʦʜ ʨʘʜʥʦʛ ʫʟʝʤˀʝˁʘ, ʫʟʝʤˀʫʿʝ ʩʝ 

ʥʝʫʪʨʘʣʥʘ ʪʘʯʢʘ ʠʣʠ ʭʣʘʜʥʠ ʢʨʘʿʝʚʠ ʥʘʤʦʪʘʿʘ ʥʘʧʦʥʩʢʠʭ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ. ʋʟʝʤˀʠʚʘʯʢʠ 

ʩʠʩʪʝʤʠ ʤʦʨʘʿʫ ʜʘ ʧʨʫʞʝ ʢʦʥʪʘʢʪ ʥʠʩʢʝ ʠʤʧʝʜʘʥʩʝ ʠʟʤʝʹʫ ʥʝʫʪʨʘʣʥʝ ʪʘʯʢʝ ʩʠʩʪʝʤʘ ʠ ʟʝʤˀʝ 

ʢʘʢʦ ʙʠ ʦʧʨʝʤʘ ʧʨʘʚʠʣʥʦ ʬʫʥʢʮʠʦʥʠʩʘʣʘ ʠ ʢʘʢʦ ʙʠ ʩʝ ʟʘʜʨʞʘʣʘ ʩʠʤʝʪʨʠʿʘ ʥʘʧʦʥʘ ʧʨʠ 

ʘʩʠʤʝʪʨʠʯʥʠʤ ʦʧʪʝʨʝ˂ʝˁʠʤʘ. ʂʦʜ ʟʘʰʪʠʪʥʦʛ ʫʟʝʤˀʝˁʘ, ʫʟʝʤˀʫʿʫ ʩʝ ʩʚʠ ʝʣʝʢʪʨʦʧʨʦʚʦʜʥʠ 

ʜʝʣʦʚʠ ʢʦʿʠ ʧʨʠ ʥʦʨʤʘʣʥʠʤ ʨʘʜʥʠʤ ʨʝʞʠʤʠʤʘ ʥʠʩʫ ʧʦʜ ʥʘʧʦʥʦʤ, ʘʣʠ ʫ ʩʣʫʯʘʿʫ ʢʚʘʨʘ ʤʦʛʫ 

ʜʘ ʜʦʹʫ ʥʘ ʦʧʘʩʘʥ ʥʘʧʦʥʩʢʠ ʥʠʚʦ. 

ʂʘʜʘ ʩʝ ʥʘʧʠʰʝ ʜʘ ʩʫ ɽɽʉ ʫʟʝʤˀʝʥʠ, ʧʦʜʨʘʟʫʤʝʚʘ ʩʝ ʜʘ ʿʝ ʥʝʫʪʨʘʣʥʘ ʪʘʯʢʘ ɽɽʉ-ʘ 

ʧʦʚʝʟʘʥʘ ʩʘ ʫʟʝʤˀʠʚʘʯʢʠʤ ʩʠʩʪʝʤʦʤ. ʉʘʤʠʤ ʪʠʤ, ʫ ʟʝʤˀʫ ʤʦʛʫ ʜʘ ʩʝ ʢʦʥʜʫʢʮʠʦʥʦ ʫʪʠʩʥʫ 

ʝʣʝʢʪʨʠʯʥʝ ʩʪʨʫʿʝ. ʊʘʢʦʹʝ, ʤʦʛʫ ʠ ʜʘ ʩʝ ʠʥʜʫʢʫʿʫ. ʆʚʦ ʩʝ ʜʝʰʘʚʘ ʠ ʧʨʠ ʥʦʨʤʘʣʥʠʤ ʨʘʜʥʠʤ 

ʫʩʣʦʚʠʤʘ ʠ ʧʨʠ ʢʚʘʨʦʚʠʤʘ. ɱʘʯʠʥʘ ʩʪʨʫʿʝ ʢʨʦʟ ʟʝʤˀʫ ʧʨʠ ʥʦʨʤʘʣʥʠʤ ʨʘʜʥʠʤ ʫʩʣʦʚʠʤʘ ʠʤʘ 

ʤʘʣʝ ʚʨʝʜʥʦʩʪʠ. ʇʨʠ ʢʚʘʨʦʚʠʤʘ, ʿʘʯʠʥʘ ʩʪʨʫʿʝ ʢʦʿʘ ʪʝʯʝ ʢʨʦʟ ʟʝʤˀʫ ʤʦʞʝ ʜʘ ʙʫʜʝ ʟʥʘʯʘʿʘʥ 

ʜʝʦ ʩʪʨʫʿʝ ʢʚʘʨʘ. ʉʪʨʫʿʘ ʢʚʘʨʘ ʤʦʞʝ ʜʘ ʩʝ ʨʘʩʧʦʜʝʣʠ ʠ ʠʟʤʝʹʫ ʚʠʰʝ ʫʟʝʤˀʠʚʘʯʘ, ʥʘ ʧʨʠʤʝʨ 

ʢʨʦʟ ʫʟʝʤˀʠʚʘʯʝ ʚʠʰʝ ʩʪʫʙʦʚʘ ʜʘʣʝʢʦʚʦʜʘ ʧʦʚʝʟʘʥʠʭ ʟʝʤˀʦʚʦʜʥʠʤ ʫʞʝʪʦʤ. 

ɺʝʣʠʢʝ ʩʪʨʫʿʝ ʢʨʦʟ ʫʟʝʤˀʠʚʘʯ ʥʘʩʪʘʿʫ ʧʨʠ ʢʨʘʪʢʦʤ ʩʧʦʿʫ ʬʘʟʥʠʭ ʧʨʦʚʦʜʥʠʢʘ ʩʘ 

ʜʝʣʦʚʠʤʘ ʦʧʨʝʤʝ ʢʦʠʿ ʫ ʥʦʨʤʘʣʥʦʤ ʨʘʜʫ ʥʠʩʫ ʧʦʜ ʥʘʧʦʥʦʤ (ʠʟʣʦʞʝʥʠ ʝʣʝʢʪʨʦʧʨʦʚʦʜʥʠ 

ʜʝʣʦʚʠ) ʠ ʢʦʿʠ ʩʫ ʩʧʦʿʝʥʠ ʩʘ ʫʟʝʤˀʠʚʘʯʝʤ. ʊʝʭʥʠʢʘ ʨʝʣʝʿʥʝ ʟʘʰʪʠʪʝ ʠʤʘ ʬʫʥʢʮʠʿʫ ʜʘ 

ʠʩʢˀʫʯʠ ʥʘʧʘʿʘˁʝ ʤʝʩʪʘ ʥʘ ʢʦʤʝ ʿʝ ʥʘʩʪʘʦ ʢʨʘʪʘʢ ʩʧʦʿ ʜʘ ʩʝ ʥʝ ʙʠ ʫʛʨʦʟʠʣʘ ʙʝʟʙʝʜʥʦʩʪ ʥʠ 

ˀʫʜʠ ʠ ʞʠʚʦʪʠˁʘ, ʘ ʥʠ ʦʰʪʝʪʠʣʘ ʦʧʨʝʤʘ ʫʩʣʝʜ ʧʨʝʚʝʣʠʢʠʭ ʟʘʛʨʝʚʘˁʘ ʪʦʢʦʤ ʢʨʘʪʢʦʛ ʩʧʦʿʘ. 

ʇʨʠ ʟʝʤˀʦʩʧʦʿʥʠʤ ʢʚʘʨʦʚʠʤʘ, ʢʨʦʟ ʫʟʝʤˀʠʚʘʯ ʧʨʦʪʠʯʝ ʩʪʨʫʿʘ ʢʦʿʘ ʜʦʚʦʜʠ ʜʦ ʧʦʨʘʩʪʘ 

ʧʦʪʝʥʮʠʿʘʣʘ ʫʟʝʤˀʠʚʘʯʘ ʫ ʦʜʥʦʩʫ ʥʘ ʨʝʬʝʨʝʥʪʥʫ ʪʘʯʢʫ. ʇʦʨʘʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʿʝ ʿʝʜʥʘʢ 

ʧʨʦʠʟʚʦʜʫ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ ʠ ʚʨʝʜʥʦʩʪʠ ʿʘʯʠʥʝ ʩʪʨʫʿʝ ʢʦʿʘ ʧʨʦʪʠʯʝ 

ʢʨʦʟ ʫʟʝʤˀʠʚʘʯ. ʇʦʪʝʥʮʠʿʘʣ ʫʟʝʤˀʠʚʘʯʘ ʿʝ, ʜʘʢʣʝ, ʧʦʪʝʥʮʠʿʘʣ ʫʟʝʤˀʠʚʘʯʘ ʫ ʦʜʥʦʩʫ ʥʘ 

Ăʜʘʣʝʢʫñ ʠʣʠ Ăʨʝʬʝʨʝʥʪʥʫñ ʟʝʤˀʫ, ʯʠʿʠ ʧʦʪʝʥʮʠʿʘʣ ʥʝ ʟʘʚʠʩʠ ʦʜ ʩʪʨʫʿʝ ʫʟʝʤˀʠʚʘʯʘ [2]. 

ʉʪʨʫʿʘ ʢʨʦʟ ʩʘʤ ʫʟʝʤˀʠʚʘʯ ʩʝ ʤʦʞʝ ʨʘʟʣʠʢʦʚʘʪʠ ʦʜ ʩʪʨʫʿʝ ʥʘ ʤʝʩʪʫ ʟʝʤˀʦʩʧʦʿʘ ï ʧʦ 

ʧʨʘʚʠʣʫ, ʩʪʨʫʿʘ ʥʘ ʤʝʩʪʫ ʥʘ ʢʦʤʝ ʩʝ ʜʦʛʦʜʠʦ ʩʧʦʿ ʬʘʟʥʠʭ ʧʨʦʚʦʜʥʠʢʘ ʠ ʝʣʝʤʝʥʪʘ ʢʦʿʠ ʿʝ 

ʩʧʦʿʝʥ ʩʘ ʟʝʤˀʦʤ, ʩʝ ʨʘʩʧʦʨʝʹʫʿʝ ʠʟʤʝʹʫ ʤʝʩʪʘ ʢʦʿʝ ʿʝ ʫʟʝʤˀʝʥʦ ʫ ʧʦʩʪʨʦʿʝˁʫ ʠʣʠ ʩʪʫʙʫ, ʠ 

ʦʩʪʘʣʠʭ ʫʟʝʤˀʠʚʘʯʘ ʫ ɽɽʉ. ʉʪʨʫʿʘ ʢʦʿʘ ʧʨʦʪʠʯʝ ʢʨʦʟ ʫʟʝʤˀʠʚʘʯ ʤʦʞʝ ʜʘ ʩʝ ʦʜʚʦʜʠ ʩʘ 

ʫʟʝʤˀʠʚʘʯʘ ʠʣʠ ʜʘ ʩʝ ʧʨʠʭʚʘʪʘ ʠʟ ʟʝʤˀʝ. ʋʩʣʝʜ ʧʨʦʪʠʮʘˁʘ ʩʪʨʫʿʝ ʫʟʝʤˀʠʚʘʯʘ ʢʨʦʟ ʪʣʦ, 

ʜʦʣʘʟʠ ʜʦ ʧʦʨʘʩʪʘ ʧʦʪʝʥʮʠʿʘʣʘ ʪʘʯʘʢʘ ʠ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ, ʪʿ. ʥʘ ʪʘʯʢʘʤʘ ʥʘ ʢʦʿʠʤʘ ʤʦʞʝ ʜʘ ʩʝ 

ʥʘʹʝ ʯʦʚʝʢ. 

ʇʦʪʝʥʮʠʿʘʣʥʘ ʨʘʟʣʠʢʘ ʜʦʜʠʨʘ ʿʝ ʧʦʪʝʥʮʠʿʘʣʥʘ ʨʘʟʣʠʢʘ ʢʦʿʘ ʧʦʩʪʦʿʠ ʠʟʤʝʹʫ ʫʟʝʤˀʝʥʠʭ 

ʫʨʝʹʘʿʘ ʠ ʪʘʯʢʝ ʩʪʘʿʘˁʘ, ʘ ʢʦʿʘ ʤʦʞʝ ʜʘ ʩʝ ʧʨʝʤʦʩʪʠ ʜʦʜʠʨʦʤ [3]. ʇʨʠ ʜʦʜʠʨʫ, ʩʪʨʫʿʥʦ ʢʦʣʦ 

ʢʦʿʝ ʩʝ ʟʘʪʚʘʨʘ ʧʨʝʢʦ ʨʫʢʝ (ʨʫʢʫ) ʠ ʩʪʦʧʘʣʘ ʯʦʚʝʢʘ, ʧʨʠ ʯʝʤʫ ʩʫ ʯʦʚʝʢʦʚʘ ʩʪʦʧʘʣʘ ʫʜʘˀʝʥʘ 

1 m ʦʜ ʫʟʝʤˀʝʥʦʛ ʫʨʝʹʘʿʘ [3]. ʅʘʧʦʥ ʜʦʜʠʨʘ ʿʝ ʜʝʦ ʧʦʪʝʥʮʠʿʘʣʥʝ ʨʘʟʣʠʢʝ ʜʦʜʠʨʘ ʢʦʤʝ ʿʝ 

ʠʟʣʦʞʝʥ ʯʦʚʝʢ ʧʨʠ ʜʦʜʠʨʫ ʠ ʤʘˁʠ ʿʝ ʦʜ ʧʦʪʝʥʮʠʿʘʣʥʝ ʨʘʟʣʠʢʝ ʜʦʜʠʨʘ ʟʘ ʧʘʜ ʥʘʧʦʥʘ ʥʘ 

ʧʨʝʣʘʟʥʦʿ ʦʪʧʦʨʥʦʩʪʠ ʢʦʥʪʘʢʪʘ ʩʪʦʧʘʣʘ-ʪʣʦ [3]. 

ɼʨʫʛʠ ʥʘʧʦʥ ʢʦʤʝ ˀʫʜʠ ʠʣʠ ʞʠʚʦʪʠˁʝ ʤʦʛʫ ʜʘ ʙʫʜʫ ʠʟʣʦʞʝʥʠ ʿʝʩʪʝ ʥʘʧʦʥ ʥʘ ʧʦʚʨʰʠʥʠ 

ʪʣʘ ʠʟʤʝʹʫ ʪʘʯʘʢʘ ʢʦʿʝ ʩʫ ʫʜʘˀʝʥʝ ʟʘ ʨʘʩʪʦʿʘˁʝ ʢʦʨʘʢʘ ʦʜ 1 m.  

ʇʦʪʝʥʮʠʿʘʣʥʘ ʨʘʟʣʠʢʘ ʢʦʨʘʢʘ ʿʝ ʧʦʪʝʥʮʠʿʘʣʥʘ ʨʘʟʣʠʢʘ ʢʦʿʘ ʥʘ ʧʦʚʨʰʠʥʠ ʟʝʤˀʝ ʤʦʞʝ ʜʘ 

ʩʝ ʧʨʝʤʦʩʪʠ ʢʦʨʘʢʦʤ ʜʫʞʠʥʝ 1 m [3]. ʅʘʧʦʥ ʢʦʨʘʢʘ ʿʝ ʜʝʦ ʧʦʪʝʥʮʠʿʘʣʥʝ ʨʘʟʣʠʢʝ ʢʦʨʘʢʘ ʢʦʤʝ 

ʿʝ ʠʟʣʦʞʝʥ ʯʦʚʝʢ ʢʘʜʘ ʧʨʝʢʦʨʘʯʠ ʧʦʪʝʥʮʠʿʘʣʥʫ ʨʘʟʣʠʢʫ ʢʦʨʘʢʘ ʠ ʤʘˁʠ ʿʝ ʦʜ ʧʦʪʝʥʮʠʿʘʣʥʝ 

ʨʘʟʣʠʢʝ ʢʦʨʘʢʘ ʟʘ ʧʘʜʦʚʝ ʥʘʧʦʥʘ ʥʘ ʧʨʝʣʘʟʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ʢʦʥʪʘʢʘʪʘ ʩʪʦʧʘʣʘ-ʪʣʦ [3]. 



ʋʚʦʜ 

  3  

 

ʆʙʨʘʪʠʪʠ ʧʘʞˁʫ ʜʘ ˂ʝ ʫ ʦʚʦʤ ʪʝʢʩʪʫ ʨʘʟʣʠʢʘ ʧʦʪʝʥʮʠʿʘʣʘ ʠʟʤʝʹʫ ʜʚʝ ʪʘʯʢʝ ʠ ʥʘʧʦʥ ʠʟʤʝʹʫ 

ʪʝ ʜʚʝ ʠʩʪʝ ʪʘʯʢʝ ʧʨʝʜʩʪʘʚˀʘʪʠ ʩʠʥʦʥʠʤʝ, ʪʦ ʿʝʩʪ ʠʩʪʝ ʬʠʟʠʯʢʝ ʚʝʣʠʯʠʥʝ.  

ʇʦʩʪʦʿʝ ʩʪʘʥʜʘʨʜʠ ʢʦʿʠ ʜʝʬʠʥʠʰʫ ʢʦʣʠʢʦ ʜʫʛʦ ʯʦʚʝʢ ʤʦʞʝ ʙʠʪʠ ʠʟʣʦʞʝʥ ʦʜʨʝʹʝʥʦʿ 

ʚʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʥʘʧʦʥʘ ʢʦʨʘʢʘ. ɹʝʟʙʝʜʥʦʩʪ ʩʝ ʧʦʩʪʠʞʝ ʢʘʢʦ ʧʨʠʣʘʛʦʹʘʚʘˁʝʤ 

ʢʦʥʩʪʨʫʢʮʠʿʝ ʫʟʝʤˀʠʚʘʯʘ ʫ ʬʘʟʠ ʧʨʦʿʝʢʪʦʚʘˁʘ, ʪʘʢʦ ʠ ʧʦʜʝʰʘʚʘˁʝʤ ʨʝʣʝʿʥʝ ʟʘʰʪʠʪʝ, ʯʠʿʠ ʿʝ 

ʟʘʜʘʪʘʢ ʜʘ ʠʩʢˀʫʯʠ ʫʨʝʹʘʿ ʢʦʿʠ ʿʝ ʫ ʢʚʘʨʫ. 

ʆʩʦʙʘ ʤʦʞʝ ʜʘ ʜʦʜʠʨʥʝ ʫʟʝʤˀʝʥʫ ʩʪʨʫʢʪʫʨʫ ʢʦʿʘ ʩʝ ʥʘʣʘʟʠ ʥʘ ʧʦʪʝʥʮʠʿʘʣʫ ʫʟʝʤˀʠʚʘʯʘ, 

ʢʦʿʠ ʩʝ ʨʘʟʣʠʢʫʿʝ ʦʜ ʧʦʪʝʥʮʠʿʘʣʘ ʪʘʯʢʝ (ʪʘʯʘʢʘ) ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ ʥʘ ʢʦʿʠʤʘ ʧʦʤʝʥʫʪʘ ʦʩʦʙʘ 

ʩʪʦʿʠ. ʈʘʟʣʠʢʘ ʦʚʘ ʜʚʘ ʧʦʪʝʥʮʠʿʘʣʘ ʤʦʞʝ ʜʘ ʧʨʦʫʟʨʦʢʫʿʝ ʧʨʦʪʦʢ ʩʪʨʫʿʝ ʢʨʦʟ ʪʝʣʦ ʦʩʦʙʝ ʠ 

ʥʘʟʠʚʘ ʩʝ ʥʘʧʦʥ ʜʦʜʠʨʘ. ʅʘʧʦʥ ʜʦʜʠʨʘ, ʜʘʢʣʝ, ʟʘʚʠʩʠ ʦʜ ʨʘʩʧʦʨʝʜʘ ʦʧʨʝʤʝ ʫ ʧʦʜʩʪʘʥʠʮʠ, ʛʜʝ 

ʦʧʨʝʤʘ ʪʦʢʦʤ ʪʨʘʿʘˁʘ ʢʚʘʨʘ ʜʦʣʘʟʠ ʥʘ ʥʘʧʦʥ ʥʘ ʢʦʿʝʤ ʩʝ ʥʘʣʘʟʠ ʫʟʝʤˀʠʚʘʯ. 

ʇʦʨʝʜ ʥʘʧʦʥʘ ʜʦʜʠʨʘ, ʜʨʫʛʠ ʥʘʿʟʥʘʯʘʿʥʠʿʠ ʧʘʨʘʤʝʪʘʨ ʟʘ ʫʟʝʤˀʠʚʘʯʢʝ ʩʠʩʪʝʤʝ ʩʘ 

ʩʪʘʥʦʚʠʰʪʘ ʙʝʟʙʝʜʥʦʩʪʠ ʿʝ ʥʘʧʦʥ ʢʦʨʘʢʘ. ʊʦ ʿʝ ʧʦʪʝʥʮʠʿʘʣʥʘ ʨʘʟʣʠʢʘ ʢʦʿʦʿ ʦʩʦʙʘ ʢʦʿʘ ʢʦʨʘʯʘ 

ʫ ʧʦʩʪʨʦʿʝˁʫ ʤʦʞʝ ʜʘ ʙʫʜʝ ʠʟʣʦʞʝʥʘ ʫʩʣʝʜ ʨʘʟʣʠʯʠʪʠʭ ʧʦʪʝʥʮʠʿʘʣʘ ʪʘʯʘʢʘ ʥʘ ʢʦʿʠʤʘ ʦʩʦʙʘ 

ʩʪʦʿʠ, ʪʿ. ʢʦʿʝ ʤʦʞʝ ʜʘ ʧʨʝʤʦʩʪʠ ʢʦʨʘʢʦʤ ʜʫʞʠʥʝ ʦʜ 1 m. 

ʆʜʨʝʹʠʚʘˁʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ, ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʥʘʧʦʥʘ ʢʦʨʘʢʘ 

ʿʘʢʦ ʟʘʚʠʩʠ ʦʜ ʩʪʨʫʢʪʫʨʝ ʪʣʘ, ʦʜʥʦʩʥʦ ʨʘʩʧʦʜʝʣʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ. ʋ 

ʪʦʤ ʩʤʠʩʣʫ, ʦʜ ʠʥʪʝʨʝʩʘ ʩʫ ʤʝʪʦʜʝ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʪʣʘ, ʘ ʦʜʤʘʭ ʟʘʪʠʤ ʠ ʢʘʢʦ ʦʜʨʝʜʠʪʠ 

ʨʘʩʧʦʜʝʣʫ ʧʦʪʝʥʮʠʿʘʣʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʢʦʥʬʠʛʫʨʘʮʠʿʝ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ. 

ʇʦʜ ʤʝʪʦʜʘʤʘ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʪʣʘ ʦʙʫʭʚʘʪʘʿʫ ʩʝ ʤʝʪʦʜʝ ʤʝʨʝˁʘ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 

ʪʣʘ, ʘ ʧʦʪʦʤ ʠ ʦʜʨʝʹʠʚʘˁʘ, ʧʨʝ ʩʚʝʛʘ, ʜʫʙʠʥʩʢʝ ʨʘʩʧʦʜʝʣʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ.  

ʋ ʩʤʠʩʣʫ ʦʩʪʚʘʨʝˁʘ ʙʝʟʙʝʜʥʦʩʪʠ ʯʦʚʝʢʘ, ʪʨʝʙʘ ʨʝ˂ʠ ʜʘ ʿʝʜʥʘ ʦʜ ʤʝʨʘ ʢʦʿʦʤ ʩʝ ʦʥʘ ʤʦʞʝ 

ʧʦʩʪʠ˂ʠ ʿʝ ʥʦʰʝˁʝ ʦʙʫ˂ʝ ʢʦʿʘ ʠʤʘ ʠʟʦʣʘʮʠʦʥʘ ʩʚʦʿʩʪʚʘ, ʢʘʦ ʠ ʥʘʩʠʧʘˁʝ ʪʘʥʢʦʛ ʩʣʦʿʘ 

ʤʘʪʝʨʠʿʘʣʘ ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ (ʢʘʦ ʰʪʦ ʿʝ ʪʫʮʘʥʠʢ) ʥʘ ʧʦʚʨʰ ʪʣʘ, ʯʠʤʝ ʩʝ 

ʧʦʚʝ˂ʘʚʘ ʢʦʥʪʘʢʪʥʘ ʦʪʧʦʨʥʦʩʪ ʠ ʩʤʘˁʫʿʝ ʚʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ. ɿʘ ʦʙʝ ʦʚʝ ʤʝʨʝ 

ʿʝ ʧʦʪʨʝʙʥʦ ʠʤʘʪʠ ʠ ʧʨʦʨʘʯʫʥʩʢʝ ʤʝʪʦʜʝ ʢʦʿʠʤʘ ʩʝ ʢʚʘʥʪʠʬʠʢʫʿʫ ʦʚʠ ʝʬʝʢʪʠ. ʄʝʪʦʜʝ ʟʘ 

ʤʝʨʝˁʝ ʧʨʦʚʦʜʥʦʩʪʠ, ʦʜʥʦʩʥʦ ʠʟʦʣʘʮʠʦʥʠʭ ʩʚʦʿʩʪʘʚʘ ʟʘʰʪʠʪʥʝ ʦʙʫ˂ʝ ʦʧʠʩʘʥʝ ʩʫ ʫ [4]. ʇʨʝʤʘ 

[5], ʜʘ ʙʠ ʦʙʫ˂ʘ ʤʦʛʣʘ ʜʘ ʥʦʩʠ ʦʟʥʘʢʫ EH (ʝʥʛʣ. electrical hazard protection) ʤʦʨʘ ʜʘ ʠʟʜʨʞʠ 

18 kV ʫʯʝʩʪʘʥʦʩʪʠ 60 Hz ʪʦʢʦʤ ʿʝʜʥʦʛ ʤʠʥʫʪʘ ʫ ʩʫʚʠʤ ʫʩʣʦʚʠʤʘ, ʥʝ ʜʦʟʚʦˀʘʚʘʿʫ˂ʠ ʮʫʨʝˁʝ 

ʩʪʨʫʿʝ ʚʝ˂ʝ ʦʜ 1,0 mA. ʅʘʩʫʪʠ ʩʣʦʿ ʤʘʪʝʨʠʿʘʣʘ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʙʠ˂ʝ ʜʝʪʘˀʥʦ 

ʨʘʟʤʦʪʨʝʥ ʫ ʢʘʩʥʠʿʝʤ ʜʝʣʫ ʪʝʢʩʪʘ. 

 

1.2 ʊʝʤʘ ʠʩʪʨʘʞʠʚʘˁʘ 

ɻʣʘʚʥʠ ʧʨʝʜʤʝʪ ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʿʝ ʧʨʦʨʘʯʫʥ ʦʩʥʦʚʥʠʭ ʧʘʨʘʤʝʪʘʨʘ 

ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ ʨʘʜʠ ʧʦʩʪʠʟʘˁʘ ʚʝ˂ʝʛ ʩʪʝʧʝʥʘ ʧʦʫʟʜʘʥʦʩʪʠ ʠ ʦʩʪʚʘʨʠʚʘˁʘ 

ʙʝʟʙʝʜʥʦʩʪʠ ʫʟ ʝʢʦʥʦʤʠʯʥʦʩʪ ʧʨʦʿʝʢʪʦʚʘʥʦʛ ʫʟʝʤˀʠʚʘʯʘ. ʈʘʜ ʩʝ ʜʦʤʠʥʘʥʪʥʦ ʙʘʚʠ ʘʩʧʝʢʪʠʤʘ 

ʫʟʝʤˀʝˁʘ ʫ ʫʩʣʦʚʠʤʘ ʪʣʘ ʩʘ ʪʘʥʢʠʤ ʧʦʚʨʰʠʥʩʢʠʤ ʩʣʦʿʝʤ ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ 

ʦʪʧʦʨʥʦʩʪʠ, ʰʪʦ ʿʝ ʯʝʩʪ ʩʣʫʯʘʿ ʫ ʟʝʤˀʘʤʘ ʉʨʝʜˁʝʛ ʠʩʪʦʢʘ [6]. ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʩʫ ʦʙʨʘʹʠʚʘʥʠ 

ʨʝʟʫʣʪʘʪʠ ʤʝʨʝˁʘ ʢʦʿʠ ʩʫ ʜʦʩʪʫʧʥʠ ʩʘ ʪʝʨʝʥʘ ʧʦʩʪʨʦʿʝˁʘ ʠʟ ʋʿʝʜʠˁʝʥʠʭ ɸʨʘʧʩʢʠʭ ɽʤʠʨʘʪʘ 

(ʋɸɽ). ʈʘʟʤʘʪʨʘˁʘ ʠ ʠʩʪʨʘʞʠʚʘˁʘ ʩʫ ʥʘʿʚʝ˂ʠʤ ʜʝʣʦʤ ʥʘ ʙʘʟʠ ʧʨʠʤʝʥʝ ʩʘʚʨʝʤʝʥʦʛ ʩʦʬʪʚʝʨʘ 

ʥʘ ʙʘʟʠ FEM, ʫʟ ʤʝʨʝˁʘ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʿ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʧʦʩʪʘʚʮʠ. ʈʝʟʫʣʪʘʪʠ ʩʫ 

ʧʦʨʝʹʝʥʠ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʧʨʠʤʝʥʝ ʫʧʨʦʰ˂ʝʥʠʭ ʤʝʪʦʜʘ ʠ ʠʟʨʘʟʘ ʜʦʩʪʫʧʥʠʭ ʫ ʣʠʪʝʨʘʪʫʨʠ. 

ɼʚʝ ʛʣʘʚʥʝ ʪʝʤʝ ʢʦʿʠʤʘ ʩʝ ʙʘʚʠ ʜʦʢʪʦʨʘʪ ʩʫ: 

¶ ʥʦʚʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʧʨʝʮʠʟʥʠʿʝ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʚʠʰʝʩʣʦʿʥʦʛ ʤʦʜʝʣʘ 
ʪʣʘ ʥʘ ʦʩʥʦʚʫ ʨʝʟʫʣʪʘʪʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ (Wenner-ʦʚʦʤ) ʤʝʪʦʜʦʤ ʠ  

¶ ʧʦʚʝ˂ʘˁʝ ʪʘʯʥʦʩʪʠ ʠʟʨʘʯʫʥʘʚʘˁʘ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʫʚʘʞʘʚʘˁʝʤ ʬʠʟʠʯʢʝ ʨʘʩʧʦʜʝʣʝ 
ʩʪʨʫʿʝ ʢʚʘʨʘ. 
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ʅʘ ʨʘʩʧʦʜʝʣʫ ʩʪʨʫʿʝ, ʢʦʿʘ ʩʘ ʫʟʝʤˀʠʚʘʯʘ ʪʝʯʝ ʢʨʦʟ ʦʢʦʣʥʦ ʪʣʦ, ʫʪʠʯʝ ʛʝʦʤʝʪʨʠʿʘ 

ʫʟʝʤˀʠʚʘʯʘ ʠ ʝʣʝʢʪʨʠʯʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʢʦʣʥʦʛ ʪʣʘ. ʆʜ ʨʘʩʧʦʜʝʣʝ ʩʪʨʫʿʝ ʟʘʚʠʩʝ ʦʪʧʦʨʥʦʩʪ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ, ʥʘʧʦʥ ʜʦʜʠʨʘ ʠ ʥʘʧʦʥ ʢʦʨʘʢʘ. ʉʪʨʫʿʘ ʫʟʝʤˀʠʚʘʯʘ ʩʝ ʦʜʨʝʹʫʿʝ ʥʘ 

ʦʩʥʦʚʫ ʤʦʜʝʣʘ ʝʣʝʢʪʨʦʝʥʝʨʛʝʪʩʢʝ ʤʨʝʞʝ, ʤʝʩʪʘ ʠ ʪʠʧʘ ʢʚʘʨʘ ʩʘ ʟʝʤˀʦʤ, ʫʚʘʞʘʚʘʿʫ˂ʠ 

ʨʝʜʫʢʮʠʦʥʝ ʬʘʢʪʦʨʝ ʟʘʰʪʠʪʥʠʭ ʫʞʘʜʠ ʠ ʠʤʧʝʜʘʥʩʫ ʠʟʤʝʹʫ ʥʝʫʪʨʘʣʥʝ ʪʘʯʢʝ ʠ ʫʟʝʤˀʠʚʘʯʘ. 

ʋ ʣʠʪʝʨʘʪʫʨʠ ʿʝ ʜʦʩʪʫʧʘʥ ʥʠʟ ʤʝʪʦʜʘ ʠ ʫʩʚʦʿʝʥʠʭ ʫʧʨʦʰ˂ʝʥʠʭ ʠʟʨʘʟʘ ʢʘʢʦ ʟʘ 

ʦʜʨʝʹʠʚʘˁʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ, ʪʘʢʦ ʠ ʟʘ ʧʨʦʨʘʯʫʥ ʦʪʧʦʨʥʦʩʪʠ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ, ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʥʘʧʦʥʘ ʢʦʨʘʢʘ. ʇʨʝʜʤʝʪ ʠʩʪʨʘʞʠʚʘˁʘ 

ʜʠʩʝʨʪʘʮʠʿʝ ʿʝ ʦʜʨʝʹʠʚʘˁʝ ʠ ʧʨʦʨʘʯʫʥ ʥʘʚʝʜʝʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʟʘ ʩʣʫʯʘʿ ʪʣʘ ʩʘ ʪʘʥʢʠʤ 

ʧʦʚʨʰʠʥʩʢʠʤ ʩʣʦʿʝʤ ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʰʪʦ ʿʝ ʠʜʝʥʪʠʬʠʢʦʚʘʥʦ ʢʘʦ 

ʧʨʦʩʪʦʨ ʟʘ ʜʦʧʨʠʥʦʩ ʜʠʩʝʨʪʘʮʠʿʝ. 

ɽʣʝʢʪʨʠʯʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʪʣʘ ʩʫ ʫʣʘʟʥʠ ʧʦʜʘʪʘʢ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʫʟʝʤˀʠʚʘʯʢʠʭ 

ʩʠʩʪʝʤʘ. ɺʨʰʝ ʩʝ ʤʝʨʝˁʘ, ʘ ʟʘʪʠʤ, ʥʘ ʦʩʥʦʚʫ ʨʝʟʫʣʪʘʪʘ ʩʝ ʠʣʠ ʜʠʨʝʢʪʥʦ ʫʩʚʘʿʘ ʠʟʤʝʨʝʥʘ 

ʚʨʝʜʥʦʩʪ, ʰʪʦ ʿʝ ʠʟʚʦʜˀʠʚʦ ʫʢʦʣʠʢʦ ʩʝ ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʪʣʘ ʥʝ ʤʝˁʘ ʧʦ 

ʜʫʙʠʥʠ, ʠʣʠ ʩʝ ʧʨʠʩʪʫʧʘ ʫʧʦʪʨʝʙʠ ʤʝʪʦʜʘ ʟʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ʢʘʢʦ ʙʠ ʩʝ ʦʜʨʝʜʠʣʠ ʧʘʨʘʤʝʪʨʠ 

ʫʩʚʦʿʝʥʦʛ ʤʦʜʝʣʘ ʪʣʘ. ʋ ʧʨʘʢʩʠ ʩʝ ʥʘʿʯʝʰ˂ʝ ʫʩʚʘʿʘ ʜʚʦʩʣʦʿʥʠ ʤʦʜʝʣ. 

ɿʘ ʠʟʚʦʹʝˁʝ ʫʟʝʤˀʠʚʘʯʘ ʫ ʩʧʝʮʠʬʠʯʥʠʤ ʧʫʩʪʠˁʩʢʠʤ ʫʩʣʦʚʠʤʘ, ʠʜʝʥʪʠʬʠʢʦʚʘʥ ʿʝ 

ʧʨʦʙʣʝʤ ʦʜʨʝʹʠʚʘˁʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʣʘ ʫ ʩʣʫʯʘʿʝʚʠʤʘ ʫ ʢʦʿʠʤʘ ʪʣʦ ʩʘʜʨʞʠ ʪʘʥʘʢ 

ʧʦʚʨʰʠʥʩʢʠ ʩʣʦʿ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ. ʋ ʜʠʩʝʨʪʘʮʠʿʠ ˂ʝ ʩʝ ʠʟʣʦʞʠʪʠ 

ʫ ʯʝʤʫ ʿʝ ʧʨʦʙʣʝʤ ʠ ʢʘʢʦ ʿʝ ʨʝʰʝʥ. 

ɿʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ ʥʘʨʝʜʥʘ ʝʪʘʧʘ ʿʝ ʧʨʦʨʘʯʫʥ ʦʪʧʦʨʥʦʩʪʠ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ. ʋ ʪʨʝʥʫʪʥʦʿ ʧʨʘʢʩʠ ʥʘʿʯʝʰ˂ʝ ʩʝ ʢʦʨʠʩʪʝ ʥʘʤʝʥʩʢʠ ʢʦʤʝʨʮʠʿʘʣʥʠ ʩʦʬʪʚʝʨʠ 

CYMEGrd [7], CDEGS [8], ETAP [9], ʠʪʜ. ɿʘʿʝʜʥʠʯʢʦ ʟʘ ʧʦʤʝʥʫʪʝ ʩʦʬʪʚʝʨʝ ʿʝ ʜʘ ʩʝ ʙʘʟʠʨʘʿʫ 

ʥʘ ʘʥʘʣʠʪʠʯʢʠʤ ʤʝʪʦʜʘʤʘ ʠ ʨʘʯʫʥʩʢʠʤ ʧʨʠʩʪʫʧʠʤʘ ʠʟ ʣʠʪʝʨʘʪʫʨʝ. ɿʘ ʪʠʧʠʯʥʝ ʫʟʝʤˀʠʚʘʯʝ ʫ 

ʣʠʪʝʨʘʪʫʨʠ ʧʦʩʪʦʿʝ ʨʘʟʚʠʿʝʥʠ ʫʧʨʦʰ˂ʝʥʠ ʠʟʨʘʟʠ ʟʘ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʠ ʦʩʪʘʣʝ 

ʧʘʨʘʤʝʪʨʝ ʫʟʝʤˀʠʚʘʯʘ. ʋ ʧʨʦʰʣʦʩʪʠ ʩʫ ʫʧʨʦʰ˂ʝʥʠ ʠʟʨʘʟʠ, ʧʦʛʦʜʥʠ ʟʘ ʙʨʟʝ ʨʫʯʥʝ ʧʨʦʨʘʯʫʥʝ, 

ʨʘʟʚʠʿʘʥʠ ʪʘʢʦ ʰʪʦ ʩʫ ʨʝʘʣʠʟʦʚʘʥʠ ʠ ʧʨʠʤʝˁʠʚʘʥʠ ʥʘʤʝʥʩʢʠ ʩʦʬʪʚʝʨʠ ʢʦʿʠ ʨʝʰʘʚʘʿʫ 

ʿʝʜʥʘʯʠʥʝ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʦʛ ʧʦˀʘ, ʘ ʟʘʪʠʤ ʩʝ ʠʟ ʥʠʟʘ ʧʨʦʨʘʯʫʥʘ ʟʘ ʩʚʘʢʫ ʧʦʿʝʜʠʥʘʯʥʫ 

ʢʦʥʬʠʛʫʨʘʮʠʿʫ ʫʟʝʤˀʠʚʘʯʘ ʦʜʨʝʹʫʿʫ ʢʦʝʬʠʮʠʿʝʥʪʠ ʢʦʿʠ ʬʠʛʫʨʠʰʫ ʫ ʫʧʨʦʰ˂ʝʥʠʤ ʠʟʨʘʟʠʤʘ 

ʪʘʢʦ ʜʘ ʩʝ ʜʦʙʠʿʫ ʰʪʦ ʤʘˁʘ ʦʜʩʪʫʧʘˁʘ ʦʜ ʨʝʟʫʣʪʘʪʘ ʢʦʿʝ ʜʘʿʫ ʧʨʦʨʘʯʫʥʠ ʩʦʬʪʚʝʨʘ ʟʘ 

ʝʣʝʢʪʨʦʤʘʛʥʝʪʥʦ ʧʦˀʝ ʫ ʦʜʥʦʩʫ ʥʘ ʩʣʦʞʝʥʦʩʪ ʜʦʙʠʿʝʥʠʭ ʘʧʨʦʢʩʠʤʘʪʠʚʥʠʭ ʠʟʨʘʟʘ. ʆʚʘʢʘʚ 

ʧʨʠʩʪʫʧ ʿʝ ʙʠʦ ʧʦʪʧʫʥʦ ʧʨʠʤʝʨʝʥ ʪʘʜʘʰˁʝʤ ʨʘʟʚʦʿʫ ʨʘʯʫʥʘʨʩʢʝ ʪʝʭʥʠʢʝ. 

ʂʘʩʥʠʿʝ ʩʫ ʩʝ ʧʦʿʘʚʠʣʠ ʦʧʰʪʠʿʠ ʧʨʦʛʨʘʤʠ (ʥʧʨ. FEMM, ANSYS, COMSOL Multiphysics, 

ʠʪʜ.), ʢʦʿʠ ʩʫ ʥʘ ʙʘʟʠ ʤʝʪʦʜʝ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ (FEM). ʆʥʠ, ʠʟʤʝʹʫ ʦʩʪʘʣʦʛ, ʤʦʛʫ ʜʘ 

ʨʝʰʘʚʘʿʫ ʠ ʧʨʦʙʣʝʤʝ ʦʜʨʝʹʠʚʘˁʘ ʨʘʩʧʦʜʝʣʝ ʩʪʨʫʿʘ ʫ ʪʣʫ ʠ ʧʦʪʝʥʮʠʿʘʣʘ ʪʘʯʘʢʘ ʥʘ ʧʦʚʨʰʠʥʠ ʫ 

ʦʢʦʣʠʥʠ ʫʟʝʤˀʠʚʘʯʘ. ɼʘˀʝ, ʠʤʘʿʫ ʤʦʛʫ˂ʥʦʩʪ ʠ ʩʧʨʝʟʘˁʘ ʿʝʜʥʘʯʠʥʘ ʨʘʟʣʠʯʠʪʠʭ ʬʠʟʠʯʢʠʭ 

ʜʦʤʝʥʘ (multiphysics ʢʦʥʮʝʧʪ). ɼʘʢʣʝ, ʧʦʤʦ˂ʫ ʩʦʬʪʚʝʨʘ ʥʘ ʙʘʟʠ FEM ʤʦʞʝ ʜʘ ʩʝ ʦʜʨʝʜʠ ʠ 

ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ. ʆʚʘʢʚʠ ʩʦʬʪʚʝʨʠ ʠʤʘʿʫ ʚʨʣʦ ʰʠʨʦʢʫ 

ʧʨʠʤʝʥʫ ʠ ʧʦʩʪʘʣʠ ʩʫ ʚʨʣʦ ʨʘʩʧʨʦʩʪʨʘˁʝʥʠ. ʉʘʤʠʤ ʪʠʤ, ʫʩʣʝʜ ʚʝ˂ʝʛ ʪʨʞʠʰʪʘ ʠ ʧʦʩʣʝʜʠʯʥʦ 

ʥʠʞʝ ʮʝʥʝ, ʧʦʩʪʘʣʠ ʩʫ ʠ ʧʨʠʩʪʫʧʘʯʥʠʿʠ ʟʘ ʢʦʨʠʩʥʠʢʝ, ʘ ʥʘʨʦʯʠʪʦ ʫ ʦʜʥʦʩʫ ʥʘ 

ʩʧʝʮʠʿʘʣʠʟʦʚʘʥʝ ʧʨʦʛʨʘʤʝ ʢʦʿʠ ʩʝ ʥʘʤʝʥʩʢʠ ʢʦʨʠʩʪʝ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʫʟʝʤˀʠʚʘʯʘ. ʋʩʣʝʜ 

ʥʘʚʝʜʝʥʝ ʧʦʛʦʜʥʦʩʪʠ ʧʨʠʤʝʥʝ ʩʦʬʪʚʝʨʘ ʥʘ ʙʘʟʠ FEM, ʥʘʿʚʝ˂ʠ ʜʝʦ ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʜʦʢʪʦʨʩʢʦʿ 

ʜʠʩʝʨʪʘʮʠʿʠ ʠʟʚʨʰʝʥ ʿʝ ʧʦʤʦ˂ʫ FEM ʤʝʪʦʜʝ. 

ʋ ʜʝʣʫ ʜʠʩʝʨʪʘʮʠʿʝ ʢʦʿʠ ʿʝ ʨʝʟʫʣʪʦʚʘʦ ʜʦʧʨʠʥʦʩʦʤ ʧʦʚʝ˂ʘˁʘ ʪʘʯʥʦʩʪʠ ʠʟʨʘʯʫʥʘʚʘˁʘ 

ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʧʨʠʤʝʥʦʤ FEM ʩʦʬʪʚʝʨʘ ʠʟʚʨʰʝʥʠ ʩʫ ʧʨʦʨʘʯʫʥʠ ʨʘʩʧʦʜʝʣʝ ʩʪʨʫʿʘ, 

ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ ʠ ʨʘʩʧʦʜʝʣʝ ʧʦʪʝʥʮʠʿʘʣʘ ʥʘ ʧʦʚʨʰʠ ʪʣʘ ʟʘ ʥʠʟ 

ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʫʟʝʤˀʠʚʘʯʘ: ʮʝʚʠ, ʢʦʥʪʫʨʝ ʠ ʮʝʚʠ ʩʘ ʢʦʥʪʫʨʘʤʘ, ʩʘ ʠ ʙʝʟ ʧʨʠʩʫʩʪʚʘ ʜʦʜʘʪʥʦʛ 

ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʧʦʙʦˀʰʘˁʝ ʧʨʝʣʘʟʥʝ ʦʪʧʦʨʥʦʩʪʠ, ʙʝʥʪʦʥʠʪʘ ʠʣʠ GEM (ʝʥʛʣ. ground 

enhancement material). 
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ʉʦʬʪʚʝʨ ʥʘ ʙʘʟʠ FEM ʿʝ ʢʦʨʠʰ˂ʝʥ ʟʘ ʩʠʤʫʣʘʮʠʿʝ ʤʝʨʝˁʘ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 

ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʟʘ ʨʘʟʥʝ ʩʣʫʯʘʿʝʚʝ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ. ʂʘʦ ʥʘʜʦʛʨʘʜˁʘ, ʨʝʘʣʠʟʦʚʘʥʘ ʿʝ 

ʩʦʬʪʚʝʨʩʢʘ ʧʦʜʨʰʢʘ ʫ Matlab-ʫ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ. 

ʄʦʞʝ ʩʝ ʛʝʥʝʨʘʣʥʦ ʨʝ˂ʠ ʜʘ ʿʝ ʪʝʤʘ ʜʠʩʝʨʪʘʮʠʿʝ ʠʩʪʨʘʞʠʚʘˁʝ ʤʦʛʫ˂ʥʦʩʪʠ ʧʦʚʝ˂ʘˁʘ 

ʧʨʝʮʠʟʥʦʩʪʠ ʧʨʦʨʘʯʫʥʘ ʧʘʨʘʤʝʪʘʨʘ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ ʧʨʠʤʝʥʦʤ ʩʘʚʨʝʤʝʥʠʭ FEM 

ʩʦʬʪʚʝʨʩʢʠʭ ʘʣʘʪʘ. 

 

1.3 ʎʠˀʝʚʠ, ʥʘʫʯʥʠ ʜʦʧʨʠʥʦʩʠ ʠ ʧʫʙʣʠʢʘʮʠʿʝ 

ʎʠˀ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ ʿʝ ʜʘ ʫʥʘʧʨʝʜʠ ʪʘʯʥʦʩʪ ʠ ʧʨʝʜʣʦʞʠ ʥʦʚʝ ʤʝʪʦʜʝ ʢʦʿʝ ʩʝ 

ʦʜʥʦʩʝ ʥʘ ʚʘʞʥʝ ʘʩʧʝʢʪʝ ʚʝʟʘʥʝ ʟʘ ʪʘʥʢʝ ʧʦʚʨʰʠʥʩʢʝ ʩʣʦʿʝʚʝ ʪʣʘ ʚʠʩʦʢʝ ʦʪʧʦʨʥʦʩʪʠ. 

ʄʦʪʠʚʘʮʠʿʘ ʟʘ ʠʩʪʨʘʞʠʚʘˁʘ ʩʝ ʿʘʚʠʣʘ ʠʟ ʧʨʘʢʪʠʯʥʠʭ ʠʩʪʨʘʞʠʚʘʯʢʠʭ ʠʩʢʫʩʪʘʚʘ ʫ ʨʝʘʣʠʟʘʮʠʿʠ 

ʩʪʫʜʠʿʝ ʫ ʧʫʩʪʠˁʩʢʠʤ ʧʨʝʜʝʣʠʤʘ ʫ ʋɸɽ. 

ʇʨʚʠ ʜʦʧʨʠʥʦʩ ʿʝ ʧʦʩʪʠʛʥʫʪ ʫ ʮʠˀʫ ʦʜʨʝʹʠʚʘˁʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʣʘ ʫ ʢʦʿʠʤʘ ʧʦʩʪʦʿʝ 

ʪʘʥʢʠ ʧʦʚʨʰʠʥʩʢʠ ʩʣʦʿʝʚʠ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ. ʇʨʠʤʝʨʠ ʪʘʢʚʦʛ ʪʣʘ 

ʩʫ ʩʝ ʧʦʿʘʚʠʣʠ ʥʘ ʧʦʿʝʜʠʥʠʤ ʣʦʢʘʮʠʿʘʤʘ ʫ ʋɸɽ. ʋ ʚʝʟʠ ʩʘ ʪʠʤ ʿʝ ʧʦʩʪʠʛʥʫʪ ʜʦʧʨʠʥʦʩ ʨʘʟʚʦʿʘ 

ʥʦʚʝ ʤʝʪʦʜʝ ʟʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ʨʝʟʫʣʪʘʪʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʢʦʿʘ ʢʘʦ ʨʝʟʫʣʪʘʪ ʜʘʿʝ 

ʪʘʯʥʠʿʝ ʧʘʨʘʤʝʪʨʝ ʟʘ ʜʚʦʩʣʦʿʥʠ ʤʦʜʝʣ ʪʣʘ ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʩʪʦʿʝ˂ʝ ʤʝʪʦʜʝ ʠʟ ʣʠʪʝʨʘʪʫʨʝ. 

ʇʦʚʝ˂ʘˁʝ ʪʘʯʥʦʩʪʠ ʿʝ ʥʘʨʦʯʠʪʦ ʠʟʨʘʞʝʥʦ ʫ ʩʣʫʯʘʿʫ ʪʣʘ ʩʘ ʧʣʠʪʢʠʤ ʧʦʚʨʰʠʥʩʢʠʤ ʩʣʦʿʝʤ 

ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ. 

ɼʨʫʛʠ ʜʦʧʨʠʥʦʩ ʠʤʘ ʰʠʨʫ ʧʨʠʤʝʥʫ, ʦʜʥʦʩʥʦ ʜʦʧʨʠʥʦʩʠ ʪʘʯʥʠʿʝʤ ʠʟʨʘʯʫʥʘʚʘˁʫ ʥʘʧʦʥʘ 

ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ ʫ ʩʣʫʯʘʿʫ ʜʘ ʩʝ ʧʨʠʤʝˁʫʿʝ ʥʘʩʠʧʘˁʝ ʩʣʦʿʘ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʫ 

ʮʠˀʫ ʩʤʘˁʝˁʘ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ. ʅʘʩʠʧʘˁʝ ʥʠʿʝ ʚʝʟʘʥʦ ʟʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʪʣʘ, ʚʝ˂ ʿʝ 

ʫʦʙʠʯʘʿʝʥʘ ʧʨʘʢʩʘ [10], ʿʝʨ ʚʝʰʪʘʯʢʠ ʥʘʩʫʪʠ ʤʘʪʝʨʠʿʘʣ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 

ʜʦʧʨʠʥʦʩʠ ʟʥʘʯʘʿʥʦʤ ʧʦʚʝ˂ʘˁʫ ʢʦʥʪʘʢʪʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʘ ʩʪʦʧʘʣʘ, ʯʠʤʝ ʩʝ ʟʘ ʠʩʪʫ ʜʦʟʚʦˀʝʥʫ 

ʿʘʯʠʥʫ ʩʪʨʫʿʝ ʢʨʦʟ ʪʝʣʦ ʟʥʘʯʘʿʥʦ ʫʚʝ˂ʘʚʘʿʫ ʚʨʝʜʥʦʩʪʠ ʜʦʟʚʦˀʝʥʠʭ ʧʦʪʝʥʮʠʿʘʣʥʠʭ ʨʘʟʣʠʢʘ 

ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʥʘʩʠʧʘˁʝ ʤʦʞʝ ʜʘ ʧʨʝʜʩʪʘʚˀʘ ʜʦʙʨʦ ʪʝʭʥʦ-ʝʢʦʥʦʤʩʢʦ 

ʨʝʰʝˁʝ ʢʘʜʘ ʥʠʿʝ ʤʦʛʫ˂ʝ ʦʩʪʚʘʨʠʪʠ ʙʝʟʙʝʜʘʥ ʜʠʟʘʿʥ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ ʜʨʫʛʠʤ 

ʨʘʩʧʦʣʦʞʠʚʠʤ ʤʝʨʘʤʘ [11]. 

 

1.3.1 ʅʦʚʘ ʤʝʪʦʜʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʝʣʝʢʪʨʠʯʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʣʘ 

ʀʩʧʠʪʠʚʘˁʝʤ ʧʦʩʪʦʿʝ˂ʠʭ ʤʝʪʦʜʘ ʠ ʠʟʨʘʟʘ ʟʘ ʜʚʦʩʣʦʿʥʝ ʤʦʜʝʣʝ ʪʣʘ, ʫʩʪʘʥʦʚˀʝʥʦ ʿʝ ʜʘ ʿʝ 

ʩʪʘʥʜʘʨʜʥʘ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ ʧʦʤʦ˂ʫ ʤʝʨʝˁʘ 

ʠʟʚʨʰʝʥʠʭ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʥʝʧʨʝʮʠʟʥʘ ʫ ʩʣʫʯʘʿʫ ʪʣʘ ʢʦʿʝ ʤʦʞʝ ʜʘ ʩʝ ʤʦʜʝʣʫʿʝ 

ʜʚʦʩʣʦʿʥʠʤ ʤʦʜʝʣʦʤ, ʘ ʠʤʘ ʪʘʥʘʢ ʛʦʨˁʠ ʩʣʦʿ ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ, ʢʦʿʠ ʿʝ ʤʥʦʛʦ 

ʚʝ˂ʠ ʦʜ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʜʦˁʝʛ ʩʣʦʿʘ (ʚʠʩʦʢ ʩʪʝʧʝʥ ʨʝʬʣʝʢʩʠʿʝ). 

ʀʟʚʨʰʝʥʦ ʿʝ ʧʦʙʦˀʰʘˁʝ ʤʝʪʦʜʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ, ʢʦʿʠʤ ʿʝ ʧʦʩʪʠʛʥʫʪʦ 

ʟʥʘʯʘʿʥʦ ʧʦʙʦˀʰʘˁʝ ʦʜʨʝʹʠʚʘˁʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʜʚʦʩʣʦʿʥʠʭ ʤʦʜʝʣʘ ʢʦʿʝ ʦʜʣʠʢʫʿʝ ʚʠʩʦʢ 

ʢʦʝʬʠʮʠʿʝʥʪ ʨʝʬʣʝʢʩʠʿʝ ʠ ʢʦʜ ʢʦʿʠʭ ʿʝ ʛʦʨˁʠ ʩʣʦʿ ʪʘʥʘʢ. ɼʝʪʘˀʠ ʥʦʚʦʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʠ 

ʨʝʟʫʣʪʘʪʠ ʧʨʠʤʝʥʝ ʩʫ ʧʫʙʣʠʢʦʚʘʥʠ ʫ ʨʘʜʦʚʠʤʘ [12] ʠ [13]. 

ʇʨʚʠ ʮʠ ˀʦʩʪʚʘʨʝʥ ʿʝ ʫ ʥʝʢʦʣʠʢʦ ʢʦʨʘʢʘ. 

ʋ ʧʨʚʦʿ ʛʨʫʧʠ ʠʩʪʨʘʞʠʚʘˁʘ ʢʦʨʠʰ˂ʝʥʝ ʩʫ ʢʣʘʩʠʯʥʝ ʘʥʘʣʠʪʠʯʢʝ ʬʦʨʤʫʣʝ ʢʦʿʝ ʧʦʚʝʟʫʿʫ 

ʚʨʝʜʥʦʩʪʠ ʦʪʧʦʨʥʦʩʪʠ ʠʟʤʝʨʝʥʝ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʧʨʠ ʜʝʬʠʥʠʩʘʥʠʤ ʨʘʩʪʦʿʘˁʠʤʘ ʠʟʤʝʹʫ 

ʝʣʝʢʪʨʦʜʘ ʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ. ʋ ʣʠʪʝʨʘʪʫʨʠ [14] ʠ [15] ʩʫ ʧʨʝʜʩʪʘʚˀʝʥʠ ʦʚʘʢʚʠ 

ʧʨʠʩʪʫʧʠ. ʋ ʦʚʦʿ ʬʘʟʠ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʧʨʘʢʪʠʯʥʦ ʨʝʘʣʠʟʦʚʘʥ ʧʦʟʥʘʪ ʧʦʩʪʫʧʘʢ, ʫʟ ʨʘʟʣʠʢʫ ʜʘ 

ʿʝ ʨʘʟʚʠʿʝʥ ʧʨʦʛʨʘʤ ʫ Matlab-ʫ [16], ʢʦʿʠ ʩʝ ʙʘʟʠʨʘ ʥʘ ʧʦʩʪʦʿʝ˂ʝʤ fminsearch solver-ʫ. ʊʝʩʪʦʚʠ 

ʢʦʿʠ ʩʫ ʚʨʰʝʥʠ ʢʦʨʠʩʪʝ˂ʠ FEM ʧʨʦʨʘʯʫʥʝ ʜʘ ʙʠ ʩʝ ʩʠʤʫʣʠʨʘʣʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ 

ʟʘ ʨʘʟʣʠʯʠʪʘ ʜʚʦʩʣʦʿʥʘ ʪʣʘ ʧʦʢʘʟʘʣʠ ʩʫ ʜʘ ʧʦʟʥʘʪʠ ʧʦʩʪʫʧʘʢ ʜʘʿʝ ʚʝʣʠʢʘ ʦʜʩʪʫʧʘˁʘ 
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ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʣʘ ʫ ʦʜʥʦʩʫ ʥʘ ʩʪʚʘʨʥʝ ʫ ʩʣʫʯʘʿʝʚʠʤʘ ʪʣʘ ʩʘ ʚʠʩʦʢʠʤ ʩʪʝʧʝʥʦʤ ʨʝʬʣʝʢʩʠʿʝ ʠ 

ʪʘʥʢʠʤ ʧʦʚʨʰʠʥʩʢʠʤ ʩʣʦʿʝʤ. 

ɿʙʦʛ ʪʦʛʘ ʿʝ ʧʨʦʙʣʝʤʫ ʧʨʠʩʪʫʧˀʝʥʦ ʥʘ ʧʦʪʧʫʥʦ ʥʦʚʠ, ʦʨʠʛʠʥʘʣʥʠ, ʥʘʯʠʥ. ʆʩʥʦʚʥʘ 

ʩʪʨʫʢʪʫʨʘ Matlab ʧʨʦʛʨʘʤʘ ʿʝ ʟʘʜʨʞʘʥʘ, ʘʣʠ ʫʤʝʩʪʦ ʜʘ ʩʝ ʢʦʨʠʩʪʝ ʘʥʘʣʠʪʠʯʢʝ ʬʦʨʤʫʣʝ, 

ʧʦʟʠʚʘʿʫ ʩʝ 3ɼ FEM ʨʘʯʫʥʘʨʩʢʝ ʩʠʤʫʣʘʮʠʿʝ. 

ʋ ʨʘʜʫ ʿʝ ʥʘ ʨʝʧʨʝʟʝʥʪʘʪʠʚʥʠʤ ʧʨʠʤʝʨʠʤʘ ʧʨʠʢʘʟʘʥʘ ʧʨʠʤʝʥʘ ʨʝʘʣʠʟʦʚʘʥʝ ʦʨʠʛʠʥʘʣʥʝ 

ʤʝʪʦʜʝ. ɼʦʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ ʩʫ ʫʧʦʨʝʝ́ʥʠ ʩʘ ʦʥʠʤʘ ʠʟ ʢʦʥʚʝʥʮʠʦʥʘʣʥʠʭ ʤʝʪʦʜʘ ʠ ʠʟʨʘʟʘ ʠʟ 

ʣʠʪʝʨʘʪʫʨʝ. 

ʇʦʩʣʝʜˁʘ ʬʘʟʘ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʙʠʣʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʛ ʪʠʧʘ. ʄʝʪʦʜʘ ʿʝ ʧʨʠʤʝˁʝʥʘ ʥʘ 

ʚʨʝʜʥʦʩʪʠ ʜʦʙʠʿʝʥʝ ʤʝʨʝˁʠʤʘ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʿ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʿ ʧʦʩʪʘʚʮʠ. ʋ ʬʘʟʘʤʘ 

ʠʩʪʨʘʞʠʚʘˁʘ, ʢʦʿʝ ʩʫ ʧʨʝʪʭʦʜʠʣʝ ʦʚʦʿ ʧʦʩʣʝʜˁʦʿ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʿ ʬʘʟʠ, ʢʦʨʠʰ˂ʝʥʝ ʩʫ 3ɼ 

FEM ʨʘʯʫʥʘʨʩʢʝ ʩʠʤʫʣʘʮʠʿʝ ʧʦʤʦ˂ʫ ʩʦʬʪʚʝʨʩʢʦʛ ʧʘʢʝʪʘ COMSOL Multiphysics [17] ʜʘ ʙʠ ʩʝ 

ʩʠʤʫʣʠʨʘʣʘ ʤʝʨʝˁʘ ʟʘ ʨʘʟʣʠʯʠʪʘ ʜʚʦʩʣʦʿʥʘ ʪʣʘ. ʀʘʢʦ ʩʝ ʦʚʝ ʩʠʤʫʣʘʮʠʿʝ ʤʦʛʫ ʩʤʘʪʨʘʪʠ 

ʧʦʫʟʜʘʥʠʤ, ʧʨʠʩʪʫʧʠʣʦ ʩʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʿ ʚʝʨʠʬʠʢʘʮʠʿʠ ʢʘʢʦ ʙʠ ʩʝ ʦʪʢʣʦʥʠʣʝ ʝʚʝʥʪʫʘʣʥʝ 

ʩʫʤˁʝ ʫ ʚʝʨʦʜʦʩʪʦʿʥʦʩʪ 3ɼ FEM ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʤʫʣʘʮʠʿʘ. ʈʘʜ ʫ ʚʝʟʠ ʩʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ 

ʧʦʩʪʘʚʢʦʤ ʿʝ ʜʦʥʝʦ ʤʥʦʰʪʚʦ ʠʟʘʟʦʚʘ, ʪʨʘʿʘʦ ʿʝ ʜʫʛʦ, ʘʣʠ ʿʝ ʧʨʝʜʩʪʘʚˀʘʦ ʠʟʫʟʝʪʥʦ ʠʩʢʫʩʪʚʦ 

ʢʦʿʝ ʿʝ ʜʦʥʝʣʦ ʚʝʣʠʢʝ ʧʨʘʢʪʠʯʥʝ ʫʚʠʜʝ. ɼʝʪʘˀʠ ʩʫ ʧʨʠʢʘʟʘʥʠ ʫ ʜʠʩʝʨʪʘʮʠʿʠ, ʘ ʦʚʘʿ ʜʝʦ 

ʠʩʪʨʘʞʠʚʘˁʘ ʜʦ ʩʘʜʘ ʥʠʿʝ ʦʙʿʘʚˀʝʥ. 

 

1.3.2 ʇʦʙʦˀʰʘˁʝ ʧʨʝʮʠʟʥʦʩʪʠ ʠʟʨʘʯʫʥʘʚʘˁʘ ʥʘʧʦʥʘ ʜʦʜʠʨʘ 

ʇʨʦʚʝʨʘ ʧʦʩʪʦʿʝ˂ʠʭ ʧʦʩʪʫʧʘʢʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʥʘʧʦʥʘ ʜʦʜʠʨʘ 

ʨʝʟʫʣʪʦʚʘʣʘ ʿʝ ʠʜʝʥʪʠʬʠʢʘʮʠʿʦʤ ʩʣʫʯʘʿʝʚʘ ʫ ʢʦʿʠʤʘ ʧʦʩʪʦʿʝ˂ʠ ʧʦʩʪʫʧʮʠ ʜʘʫʿ ʨʝʟʫʣʪʘʪʝ 

ʩʣʘʙʠʿʝ ʪʘʯʥʦʩʪʠ. ʊʘʢʚʠ ʩʣʫʯʘʿʝʚʠ ʩʝ ʦʜʥʦʩʝ ʧʨʝ ʩʚʝʛʘ ʥʘ ʧʨʠʩʫʩʪʚʦ ʥʘʩʫʪʦʛ ʩʣʦʿʘ ʤʘʪʝʨʠʿʘʣʘ 

ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ, ʢʦʿʠ ʩʝ ʥʘʩʠʧʘ ʥʘ ʧʦʚʨʰʠʥʠ ʠʟʥʘʜ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ 

ʢʘʢʦ ʙʠ ʩʝ ʩʤʘˁʠʣʠ ʥʘʧʦʥʠ ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ. ʀʟʚʨʰʝʥʦ ʿʝ ʧʦʙʦˀʰʘˁʝ ʤʝʪʦʜʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ 

ʥʘʧʦʥʘ ʜʦʜʠʨʘ, ʢʦʿʠʤ ʿʝ ʧʦʩʪʠʛʥʫʪʦ ʟʥʘʯʘʿʥʦ ʧʦʙʦˀʰʘˁʝ ʦʜʨʝʹʠʚʘˁʘ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʫ 

ʩʣʫʯʘʿʫ ʥʘʩʠʧʘˁʘ ʩʣʦʿʘ ʤʘʪʝʨʠʿʘʣʘ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ. ʋʢʨʘʪʢʦ, ʧʦʩʪʫʧʘʢ ʢʦʿʠ ʿʝ 

ʜʦʚʝʦ ʜʦ ʦʚʦʛ ʜʦʧʨʠʥʦʩʘ ʿʝ ʩʣʝʜʝ˂ʠ.  

ʅʘ ʧʦʯʝʪʢʫ ʩʫ ʠʩʧʠʪʘʥʝ ʤʦʛʫ˂ʥʦʩʪʠ ʧʨʠʤʝʥʝ FEM ʩʦʬʪʚʝʨʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʦʪʧʦʨʥʦʩʪʠ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ, ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ. ʀʟʚʨʰʝʥ ʿʝ ʥʠʟ 3ɼ FEM ʨʘʯʫʥʘʨʩʢʠʭ 

ʩʠʤʫʣʘʮʠʿʘ ʫ ʩʦʬʪʚʝʨʫ COMSOL Multiphysics. ʋ ʩʢʣʦʧʫ ʧʨʚʝ ʛʨʫʧʝ ʩʠʤʫʣʘʮʠʿʘ, ʠʟʨʘʯʫʥʘʚʘʥʘ 

ʿʝ ʨʘʩʧʦʜʝʣʘ ʩʪʨʫʿʘ ʫ ʪʣʫ ʠ ʧʦʪʝʥʮʠʿʘʣʠ ʪʘʯʘʢʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ. ʇʨʚʦ ʿʝ ʠʟʚʨʰʝʥʘ ʧʨʦʚʝʨʘ 

ʨʝʟʫʣʪʘʪʘ FEM ʤʦʜʝʣʘ ʧʦʨʝʹʝˁʝʤ ʩʘ ʨʝʬʝʨʝʥʪʥʠʤ ʩʣʫʯʘʿʝʤ ʿʝʜʥʦʩʪʘʚʥʦʛ ʢʦʥʪʫʨʥʦʛ 

ʫʟʝʤˀʠʚʘʯʘ ʫ ʭʦʤʦʛʝʥʦʤ ʪʣʫ ʠʟ ʣʠʪʝʨʘʪʫʨʝ. ʇʦʩʣʝ ʦʚʝ ʧʨʦʚʝʨʝ, ʠʟʨʘʯʫʥʘʪʘ ʿʝ ʨʘʩʧʦʜʝʣʘ 

ʩʪʨʫʿʘ ʫ ʪʣʫ ʠ ʧʦʪʝʥʮʠʿʘʣʠ ʪʘʯʘʢʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ ʟʘ ʥʠʟ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ ʢʦʿʠ ʩʝ 

ʫʦʙʠʯʘʿʝʥʦ ʢʦʨʠʩʪʝ ʟʘ ʫʟʝʤˀʘʚʘˁʝ ʤʝʪʘʣʥʠʭ ʩʪʫʙʦʚʘ ʥʘʜʟʝʤʥʠʭ ʚʦʜʦʚʘ: ʮʝʚʘʩʪʠ ʫʟʝʤˀʠʚʘʯʠ 

(ʧʨʝʯʥʠʢʘ 19 mm ʠ ʜʫʞʠʥʘ 3,6 m ʠ 10,8 m), ʢʚʘʜʨʘʪʥʝ ʢʦʥʪʫʨʝ (ʜʠʤʝʥʟʠʿʘ 5 m ʭ 5 m ʧʨʝʩʝʢʘ 

ʪʨʘʢʝ 40 mm ʭ 4 mm), ʢʦʤʙʠʥʘʮʠʿʘ ʥʘʚʝʜʝʥʠʭ ʢʚʘʜʨʘʪʥʠʭ ʢʦʥʪʫʨʘ ʠ ʮʝʚʠ ʜʫʞʠʥʘ 3,6 m 

ʧʦʩʪʘʚˀʝʥʠʭ ʫ ˂ʦʰʢʦʚʠʤʘ ʢʦʥʪʫʨʘ, ʟʘ ʩʣʫʯʘʿʝʚʝ ʩʘ ʠ ʙʝʟ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʧʦʙʦˀʰʘˁʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ, ʦʜʥʦʩʥʦ ʙʝʥʪʦʥʠʪʘ ʠʣʠ GEM. ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʦʨʝʹʝʥʠ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʠʟ 

ʩʪʘʥʜʘʨʜʥʠʭ ʫʧʨʦʰ˂ʝʥʠʭ ʠʟʨʘʟʘ ʠʟ ʣʠʪʝʨʘʪʫʨʝ. ʈʝʘʣʠʟʦʚʘʥʝ ʩʠʤʫʣʘʮʠʿʝ ʠ ʧʦʩʪʠʛʥʫʪʠ 

ʨʝʟʫʣʪʘʪʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʢʦʨʠʩʪʘʥ ʧʨʠʢʘʟ ʤʦʛʫ˂ʥʦʩʪʠ ʧʨʠʤʝʥʝ FEM ʩʦʬʪʚʝʨʘ ʧʨʠ 

ʧʨʦʿʝʢʪʦʚʘˁʫ ʫʟʝʤˀʠʚʘʯʘ, ʢʘʦ ʠ ʧʦʪʝʥʮʠʿʘʣ ʟʘ ʧʦʚʝ˂ʘˁʝ ʪʘʯʥʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ ʫʧʨʦʰ˂ʝˁʘ ʫ 

ʬʦʨʤʫʣʘʤʘ ʠʟ ʩʪʘʥʜʘʨʜʘ ʠ ʢʣʘʩʠʯʥʠʤ ʠʥʞʝˁʝʨʩʢʠʤ ʬʦʨʤʫʣʘʤʘ, ʢʦʿʝ ʯʝʩʪʦ ʢʦʨʠʩʪʝ ʛʨʘʬʠʯʢʠ 

ʠʣʠ ʪʘʙʝʣʘʨʥʦ ʟʘʜʘʪʝ ʢʦʝʬʠʮʠʿʝʥʪʝ. ʈʝʟʫʣʪʘʪʠ ʦʚʦʛ ʜʝʣʘ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ ʩʫ ʦʙʿʘʚˀʝʥʠ 

ʫ [18]. 
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ʅʘʚʝʜʝʥʝ ʩʠʤʫʣʘʮʠʿʝ ʩʫ ʧʨʝʜʩʪʘʚˀʘʣʝ ʜʦʙʘʨ ʪʝʩʪ FEM ʩʦʬʪʚʝʨʘ ʠ ʩʠʤʫʣʘʮʠʿʘ ʠ ʥʘ 

ʦʩʥʦʚʫ ˁʠʭ ʩʝ ʟʘʢˀʫʯʠʣʦ ʜʘ FEM ʨʝʟʫʣʪʘʪʠ ʢʦʨʠʰ˂ʝʥʦʛ COMSOL Multiphysics ʩʦʬʪʚʝʨʘ 

ʧʨʝʜʩʪʘʚˀʘʿʫ ʚʝʨʥʫ ʨʝʧʣʠʢʫ ʨʘʩʧʦʜʝʣʝ ʩʪʨʫʿʘ ʫ ʦʢʦʣʠʥʠ ʫʟʝʤˀʠʚʘʯʘ ʧʦʩʪʘʚˀʝʥʠʭ ʫ ʪʣʦ. 

ʉʣʝʜʠʣʘ ʿʝ ʬʘʟʘ ʠʩʧʠʪʠʚʘˁʘ ʨʘʩʧʦʜʝʣʝ ʩʪʨʫʿʘ, ʘ ʥʘ ʦʩʥʦʚʫ ˁʝ ʠ ʦʪʧʦʨʥʦʩʪʠ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ ʯʦʚʝʢʘ ʢʦʿʠ ʩʪʦʿʠ ʥʘ ʧʦʚʨʰʠ ʪʣʘ. ɺʨʝʜʥʦʩʪ ʦʪʧʦʨʥʦʩʪʠ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ ʫʪʠʯʝ ʥʘ ʥʘʧʦʥ ʜʦʜʠʨʘ ʠ ʿʘʚˀʘ ʩʝ ʢʘʦ ʢʦʤʧʦʥʝʥʪʘ ʫ ʝʢʚʠʚʘʣʝʥʪʥʦʤ 

ʢʦʣʫ ʢʚʘʨʘ ʩʘ ʝʢʚʠʚʘʣʝʥʪʥʠʤ ʊʝʚʝʥʝʥʦʚʠʤ ʛʝʥʝʨʘʪʦʨʦʤ ʠ ʠʤʧʝʜʘʥʩʦʤ ʪʝʣʘ. 3ɼ FEM 

ʨʘʯʫʥʘʨʩʢʝ ʩʠʤʫʣʘʮʠʿʝ ʩʫ ʧʦʢʘʟʘʣʝ ʜʘ ʿʝ ʥʝʦʧʭʦʜʥʦ ʫʚʘʞʠʪʠ ʤʝʹʫʩʦʙʥʠ ʫʪʠʮʘʿ ʩʪʨʫʿʘ ʢʦʿʝ 

ʧʨʦʪʠʯʫ ʢʨʦʟ ʩʚʘʢʦ ʦʜ ʜʚʘ ʩʪʦʧʘʣʘ ʥʘ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʧʘʨʘʣʝʣʥʝ ʚʝʟʝ ʜʚʘ ʩʪʦʧʘʣʘ. 

ʅʘ ʦʩʥʦʚʫ ʪʦʛʘ ʿʝ ʠʟʚʨʰʝʥ ʥʠʟ ʩʠʤʫʣʘʮʠʿʘ ʢʦʿʝ ʩʫ ʜʦʚʝʣʝ ʜʦ ʜʦʧʨʠʥʦʩʘ ʢʦʿʠ ʿʝ ʠʩʢʘʟʘʥ ʢʨʦʟ 

ʥʦʚʝ ʬʦʨʤʫʣʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ, ʢʦʿʘ ʧʨʝʜʩʪʘʚˀʘ ʟʥʘʯʘʿʥʦ 

ʧʦʙʦˀʰʘˁʝ ʪʘʯʥʦʩʪʠ ʠʟʨʘʯʫʥʘʚʘˁʘ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʟʘ ʩʣʫʯʘʿ ʜʘ ʧʦʩʪʦʿʠ ʪʘʥʘʢ ʥʘʩʫʪʠ ʩʣʦʿ 

ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ. 

ɼʝʪʘˀʠ ʠʩʪʨʘʞʠʚʘˁʘ ʢʦʿʘ ʩʫ ʜʦʚʝʣʘ ʜʦ ʿʝʜʥʦʛ ʦʜ ʜʚʘ ʢˀʫʯʥʘ ʜʦʧʨʠʥʦʩʘ ʫ ʜʠʩʝʨʪʘʮʠʿʠ 

ʧʨʠʢʘʟʫʿʫ ʩʝ ʫ ʜʘˀʝʤ ʪʝʢʩʪʫ ʜʠʩʝʨʪʘʮʠʿʝ, ʘ ʦʙʿʘʚˀʝʥʠ ʩʫ ʠ ʫ ʧʫʙʣʠʢʘʮʠʿʠ [19].  

 

1.4 ʉʪʨʫʢʪʫʨʘ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ 

ʋ ʧʨʚʦʤ ʧʦʛʣʘʚˀʫ ʠʟʣʦʞʝʥ ʿʝ ʢʨʘʪʘʢ ʫʚʦʜ ʫ ʜʠʩʝʨʪʘʮʠʿʫ, ʦʜʥʦʩʥʦ ʟʥʘʯʘʿ ʦʙʣʘʩʪʠ, ʰʪʘ 

ʿʝ ʪʝʤʘ ʠʩʪʨʘʞʠʚʘˁʘ, ʢʦʿʠ ʩʫ ʮʠˀʝʚʠ, ʧʦʩʪʘʚˀʝʥʝ ʭʠʧʦʪʝʟʝ ʠ ʧʦʩʪʠʛʥʫʪʠ ʜʦʧʨʠʥʦʩʠ. 

ʋ ʜʨʫʛʦʤ ʧʦʛʣʘʚˀʫ ʿʝ ʜʘʪ ʧʨʝʛʣʝʜ ʣʠʪʝʨʘʪʫʨʝ ʦ ʥʘʫʯʥʦʤ ʠ ʩʪʨʫʯʥʦʤ ʩʪʘˁʫ ʫ ʦʙʣʘʩʪʠ 

ʧʨʦʿʝʢʪʦʚʘˁʘ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ ʫ ʝʣʝʢʪʨʦʝʥʝʨʛʝʪʠʮʠ. ʇʨʝʛʣʝʜ ʿʝ ʧʦʜʝˀʝʥ ʥʘ ʜʚʝ ʪʝʤʝ 

ʢʦʿʝ ʩʫ ʠ ʛʣʘʚʥʠ ʧʨʘʚʮʠ ʠʩʪʨʘʞʠʚʘˁʘ ʢʦʿʠʤʘ ʩʝ ʜʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ ʙʘʚʠ: 

1. ʆʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʤʦʜʝʣʘ ʪʣʘ ʠ 

2. ʇʨʦʨʘʯʫʥ ʥʘʧʦʥʘ ʜʦʜʠʨʘ. 

ʋ ʪʨʝ˂ʝʤ ʧʦʛʣʘʚˀʫ ʧʨʠʢʘʟʫʿʫ ʩʝ ʜʝʪʘˀʠ ʩʦʬʪʚʝʨʩʢʠʭ ʘʣʘʪʘ ʠ ʤʝʪʦʜʘ ʢʦʨʠʰ˂ʝʥʠʭ ʫ 

ʨʘʜʫ: ʤʝʪʦʜʘ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ (ʝʥʛʣ. FEM ï Finite Element Method) ʢʦʨʠʰ˂ʝˁʝʤ 

ʢʦʤʝʨʮʠʿʘʣʥʦ ʜʦʩʪʫʧʥʦʛ ʩʦʬʪʚʝʨʘ COMSOL Multiphysics ʠ ʦʧʪʠʤʠʟʘʮʠʦʥʠ ʘʣʛʦʨʠʪʘʤ 

ʅʝʣʜʝʨ-ʄʠʜ (NealderïMead) ʢʦʨʠʰ˂ʝˁʝʤ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʫ ʚʠʜʫ ʩʦʣʚʝʨʘ fminsearch ʫ 

Matlab-ʫ. 

ʏʝʪʚʨʪʦ ʧʦʛʣʘʚˀʝ ʧʦʩʚʝ˂ʝʥʦ ʿʝ ʥʦʚʦʿ ʤʝʪʦʜʠ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ 

ʟʘ ʩʣʫʯʘʿʝʚʝ ʪʣʘ ʢʦʜ ʢʦʿʠʭ ʪʘʥʘʢ ʛʦʨˁʠ ʩʣʦʿ ʠʤʘ ʤʥʦʛʦ ʚʝ˂ʫ ʚʨʝʜʥʦʩʪ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ 

ʦʪʧʦʨʥʦʩʪʠ ʥʝʛʦ ʜʦˁʠ ʩʣʦʿ. ʆʚʘ ʤʝʪʦʜʘ ʧʨʝʜʩʪʘʚˀʘ ʧʨʚʠ ʜʦʧʨʠʥʦʩ ʜʠʩʝʨʪʘʮʠʿʝ. ʋ ʧʦʛʣʘʚˀʫ 

ʩʫ ʜʘʪʠ ʨʝʟʫʣʪʘʪʠ ʙʨʦʿʥʠʭ ʠʟʨʘʯʫʥʘʚʘˁʘ ʢʦʿʠ ʧʦʢʘʟʫʿʫ ʤʘˁʢʘʚʦʩʪʠ ɺʝʥʝʨʦʚʝ ʤʝʪʦʜʝ ʠ 

ʧʨʘʪʝ˂ʝʛ ʧʦʩʪʫʧʢʘ ʠʟ ʣʠʪʝʨʘʪʫʨʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʨʠʚʠʜʥʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ 

ʦʪʧʦʨʥʦʩʪʠ ʥʘ ʦʩʥʦʚʫ ʠʟʤʝʨʝʥʝ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ. ʇʨʠʢʘʟʘʥʘ ʿʝ ʪʝʦʨʠʿʩʢʘ ʦʩʥʦʚʘ ʠ 

ʦʙʿʘʰˁʝʥ ʨʘʟʣʦʛ ʜʦʙʠʿʘˁʘ ʣʦʰʠʭ ʨʝʟʫʣʪʘʪʘ ʫ ʥʘʚʝʜʝʥʦʤ ʩʣʫʯʘʿʫ. ʉʣʠʯʥʦ ʩʝ ʧʨʠʩʪʫʧʠʣʦ ʠ 

ʰʠʨʦʢʦ ʧʨʠʭʚʘ˂ʝʥʦʿ ɼʘʚʘʣʠʙʠʿʝʚʦʿ ʤʝʪʦʜʠ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʪʣʘ ʥʘ ʦʩʥʦʚʫ ʨʝʟʫʣʪʘʪʘ 

ʠʟʤʝʨʝʥʠʭ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ. ʀʟʨʘʯʫʥʘʚʘˁʘ ʩʫ ʚʨʰʝʥʘ ʟʘ ʩʣʫʯʘʿ ʠʟ ʣʠʪʝʨʘʪʫʨʝ, ʥʘ ʢʦʤʝ ʿʝ 

ʠʟʚʨʰʝʥʘ ʧʨʚʘ ʚʝʨʠʬʠʢʘʮʠʿʘ ʧʨʝʜʣʦʞʝʥʦʛ ʧʦʩʪʫʧʢʘ: ʟʘ ʩʣʫʯʘʿ ʫʦʙʠʯʘʿʝʥʦʛ ʪʣʘ ʠʟ ʣʠʪʝʨʘʪʫʨʝ, 

ʩʘ ʥʠʩʢʦʤ ʚʨʝʜʥʦʰ˂ʫ ʢʦʝʬʠʮʠʿʝʥʪʘ ʨʝʬʣʝʢʩʠʿʝ ʪʣʘ, ʧʦʢʣʘʧʘˁʝ ʨʝʟʫʣʪʘʪʘ ɼʘʚʘʣʠʙʠʿʝʚʝ 

ʤʝʪʦʜʝ ʠ ʧʦʩʪʫʧʢʘ ʨʘʟʚʠʿʝʥʦʛ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʿʝ ʙʠʣʦ ʦʜʣʠʯʥʦ. ɼʘˀʘ ʠʩʪʨʘʞʠʚʘˁʘ ʩʫ ʚʨʰʝʥʘ 

ʥʘ ʩʠʥʪʝʪʠʯʢʠʤ ʧʦʜʘʮʠʤʘ: FEM ʧʨʦʨʘʯʫʥʠʤʘ ʩʫ ʠʟʨʘʯʫʥʘʚʘʥʝ ʚʨʝʜʥʦʩʪʠ ʢʦʿʝ ʙʠ ʩʝ ʟʘ 

ʩʧʝʮʠʬʠʮʠʨʘʥʦ ʜʚʦʩʣʦʿʥʦ ʪʣʦ ʜʦʙʠʣʝ ʤʝʨʝˁʠʤʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ. ɸʥʘʣʠʟʠʨʘʥʘ ʩʫ ʜʚʘ 

ʫʦʙʠʯʘʿʝʥʘ ʩʣʫʯʘʿʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʠ ʜʚʦʩʣʦʿʥʦ ʪʣʦ ʩʘ ʪʘʥʢʠʤ ʛʦʨˁʠʤ ʩʣʦʿʝʤ ʠ ʚʝʣʠʢʠʤ 

ʢʦʝʬʠʮʠʿʝʥʪʦʤ ʨʝʬʣʝʢʩʠʿʝ. ʇʦʩʣʝʜˁʠ ʩʣʫʯʘʿ ʿʝ ʧʦʢʘʟʘʦ ʩʫʧʝʨʠʦʨʥʦʩʪ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʫ 

ʦʜʥʦʩʫ ʥʘ ɼʘʚʘʣʠʙʠʿʝʚ ʧʦʩʪʫʧʘʢ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʪʣʘ. ʋ ʮʠˀʫ ʠʩʧʠʪʠʚʘˁʘ ʧʦʥʘʰʘˁʘ 

ʤʝʪʦʜʝ ʠ ʫ ʫʩʣʦʚʠʤʘ ʨʝʘʣʥʠʭ ʤʝʨʝˁʘ, ʢʦʿʘ ʥʠʢʘʜʘ ʥʝ ʤʦʛʫ ʜʘ ʩʝ ʧʦʢʣʦʧʝ ʩʘ ʤʝʨʝˁʠʤʘ ʠʟ 

ʩʠʥʪʝʪʠʯʢʠʭ ʤʦʜʝʣʘ (ʚʨʝʜʥʦʩʪʠ ʢʦʿʝ ʙʠ ʩʝ ʜʦʙʠʣʝ ʤʝʨʝˁʠʤʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʜʦʙʠʿʝʥʝ ʩʫ 
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ʧʨʝʢʦ ʜʝʪʘˀʥʝ FEM ʩʠʤʫʣʘʮʠʿʝ), ʠʟʚʨʰʝʥʠ ʩʫ ʚʝʨʠʬʠʢʘʮʠʦʥʠ ʝʢʩʧʝʨʠʤʝʥʪʠ ʥʘ ʫʤʘˁʝʥʦʿ 

ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʿ ʧʦʩʪʘʚʮʠ, ʥʘ ʥʘʯʠʥ ʧʨʠʢʘʟʘʥ ʫ ʰʝʩʪʦʤ ʧʦʛʣʘʚˀʫ. 

ʋ ʧʝʪʦʤ ʧʦʛʣʘʚˀʫ ʩʫ ʧʨʠʢʘʟʘʥʠ ʝʢʩʧʝʨʠʤʝʥʪʠ ʢʦʿʠ ʩʫ ʩʣʫʞʠʣʠ ʟʘ ʜʦʜʘʪʥʫ ʧʨʦʚʝʨʫ 

ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ. ʅʘ ʧʦʯʝʪʢʫ ʿʝ ʠʟʚʝʜʝʥʘ 

ʪʝʦʨʠʿʩʢʘ ʘʥʘʣʠʟʘ ʦ ʜʠʤʝʥʟʠʿʘʤʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʤʦʜʝʣʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʢʦʿʝ ʙʠ ʙʠʣʝ 

ʧʦʪʨʝʙʥʝ ʢʘʢʦ ʙʠ ʙʠʦ ʠʟʚʦʜˀʠʚ ʘʜʝʢʚʘʪʘʥ ʝʢʩʧʝʨʠʤʝʥʪ ʥʘ ʦʩʥʦʚʫ ʢʦʛʘ ʩʝ ʤʦʞʝ ʠʟʚʨʰʠʪʠ 

ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʪʣʘ. ʇʦʪʦʤ, ʦʧʠʩʘʥʘ ʿʝ ʨʝʘʣʠʟʦʚʘʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʧʦʩʪʘʚʢʘ, ʤʝʨʥʘ 

ʦʧʨʝʤʘ ʠ ʧʨʠʤʝˁʝʥʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʤʝʪʦʜʝ. ʄʝʨʝˁʘ ʩʫ ʚʨʰʝʥʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʫ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʿ ʧʦʩʫʜʠ ʠʩʧʫˁʝʥʦʿ ʟʝʤˀʦʤ ʠ ʧʝʩʢʦʤ ʢʘʦ ʧʦʿʝʜʠʥʘʯʥʠʤ ʤʝʜʠʿʫʤʠʤʘ, ʢʘʦ ʠ 

ʥʘ ʜʚʦʩʣʦʿʥʦʤ ʤʦʜʝʣʫ ʪʣʘ ʩʘʩʪʘʚˀʝʥʦʤ ʦʜ ʠʩʪʦʛ ʪʦʛ ʧʝʩʢʘ ʠ ʟʝʤˀʝ. ʋ ʧʦʛʣʘʚˀʫ ʩʫ ʦʧʠʩʘʥʠ 

ʠʟʘʟʦʚʠ ʪʦʢʦʤ ʠʟʚʦʹʝˁʘ ʝʢʩʧʝʨʠʤʝʥʘʪʘ ʠ ʥʘʯʠʥ ˁʠʭʦʚʦʛ ʧʨʝʚʘʟʠʣʘʞʝˁʘ. ʇʦʢʘʟʘʣʦ ʩʝ ʜʘ 

ʧʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʘ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʪʣʘ ʜʘʿʝ ʙʦˀʝ ʨʝʟʫʣʪʘʪʝ ʦʜ ʤʝʪʦʜʘ ʠʟ ʣʠʪʝʨʘʪʫʨʝ, 

ʯʠʤʝ ʿʝ ʫʩʧʝʰʥʦ ʠʟʚʝʜʝʥʘ ˁʝʥʘ ʚʝʨʠʬʠʢʘʮʠʿʘ. 

ʐʝʩʪʦ ʧʦʛʣʘʚˀʝ ʧʨʠʢʘʟʫʿʝ ʪʦʢ ʠʩʪʨʘʞʠʚʘˁʘ ʢʦʿʠ ʿʝ ʜʦʚʝʦ ʜʦ ʜʨʫʛʦʛ ʜʦʧʨʠʥʦʩʘ 

ʜʠʩʝʨʪʘʮʠʿʝ. ʇʨʚʦ ʿʝ ʠʟʚʨʰʝʥʘ ʚʝʨʠʬʠʢʘʮʠʿʘ ʥʘ ʨʝʬʝʨʝʥʪʥʦʤ ʩʣʫʯʘʿʫ ʿʝʜʥʦʩʪʘʚʥʦʛ ʢʦʥʪʫʨʥʦʛ 

ʫʟʝʤˀʠʚʘʯʘ ʫ ʭʦʤʦʛʝʥʦʤ ʪʣʫ ʠʟ ʣʠʪʝʨʘʪʫʨʝ. ʊʦʢʦʤ ʜʘˀʝʛ ʠʩʪʨʘʞʠʚʘˁʘ ʨʘʟʣʠʯʠʪʠʭ ʦʙʣʠʢʘ 

ʫʟʝʤˀʠʚʘʯʘ ʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʣʘ ʫʦʯʝʥʦ ʿʝ ʜʘ ʫ ʩʣʫʯʘʿʫ ʪʘʥʢʦʛ ʥʘʩʫʪʦʛ ʩʣʦʿʘ ʚʝʣʠʢʝ 

ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʜʦʣʘʟʠ ʜʦ ʫʪʠʮʘʿʘ ʩʪʨʫʿʘ ʢʦʿʝ ʧʨʦʪʠʯʫ ʢʨʦʟ ʩʚʘʢʦ ʦʜ ʜʚʘ 

ʩʪʦʧʘʣʘ ʥʘ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʧʘʨʘʣʝʣʥʝ ʚʝʟʝ ʜʚʘ ʩʪʦʧʘʣʘ. ʆʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ 

ʩʪʦʧʘʣʘ ʬʠʛʫʨʠʰʝ ʫ ʝʢʚʠʚʘʣʝʥʪʥʦʿ ʰʝʤʠ ʩʘ ʊʝʚʝʥʝʥʦʚʠʤ ʛʝʥʝʨʘʪʦʨʦʤ, ʧʦʤʦ˂ʫ ʢʦʿʝ ʩʝ 

ʠʟʨʘʯʫʥʘʚʘ ʥʘʧʦʥ ʜʦʜʠʨʘ. ʅʘʢʦʥ ʩʧʨʦʚʦʹʝˁʘ ʥʠʟʘ ʩʠʤʫʣʘʮʠʿʘ, ʦʙʨʘʹʝʥʠ ʩʫ ˁʠʭʦʚʠ 

ʨʝʟʫʣʪʘʪʠ. ʂʨʘʿˁʠ ʠʩʭʦʜ ʩʧʨʦʚʝʜʝʥʠʭ ʘʥʘʣʠʟʘ ʠ ʦʙʨʘʜʝ ʧʦʜʘʪʘʢʘ ʿʝ ʫʥʘʧʨʝʹʝˁʝ ʪʘʯʥʦʩʪʠ 

ʦʜʨʝʹʠʚʘˁʘ ʥʘʧʦʥʘ ʜʦʜʠʨʘ, ʦʜʥʦʩʥʦ ʧʦʚʝ˂ʘˁʝ ˁʝʛʦʚʝ ʪʘʯʥʦʩʪʠ ʟʘ ʩʣʫʯʘʿ ʪʘʥʢʦʛ ʥʘʩʫʪʦʛ 

ʩʣʦʿʘ ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʠʤʝʥʫ ʧʦʩʪʦʿʝ˂ʠʭ ʬʦʨʤʫʣʘ 

ʠʟ ʩʪʘʥʜʘʨʜʘ. ʋ ʧʦʛʣʘʚˀʫ ʩʝ ʧʨʠʢʘʟʫʿʝ ʠ ʜʦʜʘʪʥʘ ʘʥʘʣʠʟʘ ʥʘ ʢʦʿʠ ʥʘʯʠʥ ʩʣʦʿ ʩʥʝʛʘ ʫʪʠʯʝ ʥʘ 

ʥʘʧʦʥ ʜʦʜʠʨʘ. 

ʋ ʩʝʜʤʦʤ ʧʦʛʣʘʚˀʫ ʿʝ ʩʫʤʠʨʘʥ ʨʘʜ ʠ ʜʦʧʨʠʥʦʩʠ ʜʠʩʝʨʪʘʮʠʿʝ, ʢʘʦ ʠ ʜʠʩʢʫʩʠʿʘ ʜʘˀʠʭ 

ʥʘʫʯʥʠʭ ʠʩʪʨʘʞʠʚʘˁʘ ʢʦʿʠ ʩʫ ʫ ʚʝʟʠ ʩʘ ʜʦʩʪʠʛʥʫ˂ʠʤʘ ʫ ʜʠʩʝʨʪʘʮʠʿʠ. 
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2 ʇʈɽɻʃɽɼ ʃʀʊɽʈɸʊʋʈɽ 

2.1 ʋʚʦʜʥʘ ʨʘʟʤʘʪʨʘˁʘ 

ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʩʝ ʧʨʠʢʘʟʫʿʝ ʠʩʪʦʨʠʿʘʪ ʨʘʟʚʦʿʘ ʦʙʣʘʩʪʠ ʧʨʦʿʝʢʪʦʚʘˁʘ ʠ ʠʟʚʦʹʝˁʘ 

ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ, ʢʨʦʟ ʧʨʝʛʣʝʜ ʜʦʤʘ˂ʠʭ ʠ ʩʪʨʘʥʠʭ ʩʪʘʥʜʘʨʜʘ ʠ ʥʘʫʯʥʦ-ʩʪʨʫʯʥʝ 

ʣʠʪʝʨʘʪʫʨʝ. ʃʠʪʝʨʘʪʫʨʘ ʿʝ ʩʚʝʩʥʦ ʜʘʪʘ ʫ ʦʙʠʤʫ ʢʦʿʠ ʿʝ ʚʝ˂ʠ ʦʜ ʥʫʞʥʦ ʥʝʦʧʭʦʜʥʦʛ ʜʘ ʙʠ ʩʝ 

ʩʭʚʘʪʠʣʦ ʢʘʢʦ ʿʝ ʥʘʩʪʘʣʘ ʤʦʪʠʚʘʮʠʿʘ ʟʘ ʠʩʪʨʘʞʠʚʘˁʝ ʧʨʠʢʘʟʘʥʦ ʫ ʜʠʩʝʨʪʘʮʠʿʠ. ʊʦ ʿʝ ʫʯʠˁʝʥʦ 

ʥʘ ʦʩʥʦʚʫ ʞʝˀʝ ʜʘ ʩʝ ʦʩʪʘʚʠ ʟʘʧʠʩ ʦ ʩʪʘˁʫ ʦʙʣʘʩʪʠ ʧʨʦʿʝʢʪʦʚʘˁʘ ʠ ʠʟʚʦʹʝˁʘ ʫʟʝʤˀʠʚʘʯʢʠʭ 

ʩʠʩʪʝʤʘ ʠ ʪʦʤʝ ʧʨʠʜʨʫʞʝʥʠʭ ʘʥʘʣʠʟʘ ʠ ʨʘʟʤʘʪʨʘˁʘ, ʢʦʿʠ ʿʝ ʩʘʛʣʝʜʘʥ ʪʦʢʦʤ ʚʠʰʝʛʦʜʠʰˁʠʭ 

ʠʩʪʨʘʞʠʚʘˁʘ, ʧʨʝ ʩʚʝʛʘ ʫ ʧʦʯʝʪʥʠʤ ʬʘʟʘʤʘ ʪʨʘʞʝˁʘ ʦʪʚʦʨʝʥʠʭ ʧʠʪʘˁʘ ʠ ʤʦʛʫ˂ʠʭ ʜʦʧʨʠʥʦʩʘ 

ʜʠʩʝʨʪʘʮʠʿʝ. 

IEEE ʩʪʘʥʜʘʨʜ 80 [10] ʪʨʝʥʫʪʥʦ ʿʝ ʚʘʞʝ˂ʠ ʤʝʹʫʥʘʨʦʜʥʠ ʩʪʘʥʜʘʨʜ ʠ ʦʩʥʦʚʥʠ ʜʦʢʫʤʝʥʪ ʫ 

ʧʦʛʣʝʜʫ ʦʧʰʪʝʧʨʠʭʚʘ˂ʝʥʠʭ ʤʝʪʦʜʦʣʦʛʠʿʘ ʠ ʧʨʠʩʪʫʧʘ ʜʘ ʩʝ ʢʨʦʟ ʧʨʦʿʝʢʪʦʚʘˁʝ ʠ ʠʟʚʦʹʝˁʝ 

ʫʟʝʤˀʝˁʘ ʧʦʜʩʪʘʥʠʮʘ ʟʘ ʥʘʠʟʤʝʥʠʯʥʫ ʩʪʨʫʿʫ, ʙʠʣʦ ʜʘ ʩʝ ʨʘʜʠ ʦ ʧʨʦʠʟʚʦʜʥʠʤ, ʧʨʝʥʦʩʥʠʤ ʠʣʠ 

ʜʠʩʪʨʠʙʫʪʠʚʥʠʤ ʧʦʩʪʨʦʿʝˁʠʤʘ, ʦʩʪʚʘʨʠ ʙʝʟʙʝʜʥʦʩʪ ʧʨʠ ʬʘʟʥʠʤ ʟʝʤˀʦʩʧʦʿʝʚʠʤʘ. ʉʪʘʥʜʘʨʜ, 

ʠʘʢʦ ʿʦʰ ʫʚʝʢ ʚʘʞʝ˂ʠ, ʚʠʰʝ ʥʠʿʝ ʫ ʟʚʘʥʠʯʥʦʤ ʘʢʪʠʚʥʦʤ ʩʪʘʪʫʩʫ, ʚʝ˂ ʩʝ ʚʦʜʠ ʢʘʦ 

Ăʥʝʘʢʪʠʚʘʥ-ʨʝʟʝʨʚʠʩʘʥñ [20], ʿʝʨ ʿʝ ʠʩʪʝʢʣʦ 10 ʛʦʜʠʥʘ ʦʜ ʦʙʿʘʚˀʠʚʘˁʘ ʰʪʦ ʿʝ ʫʦʙʠʯʘʿʝʥ 

ʧʝʨʠʦʜ ʧʦʩʣʝ ʢʦʿʝʛ ʩʝ ʧʨʠʩʪʫʧʘ ʨʝʚʠʟʠʿʠ. ʋ ʪʦʢʫ ʿʝ ʘʢʪʠʚʘʥ ʧʨʦʿʝʢʘʪ P80 [21] ʜʘ ʩʝ ʠʟʨʘʜʠ ʠ 

ʦʙʿʘʚʠ ʥʦʚʘ ʚʝʨʟʠʿʘ ʩʪʘʥʜʘʨʜʘ. 

ɼʘˀʝ, ʿʦʰ ʿʝʜʘʥ ʙʠʪʘʥ ʩʪʘʥʜʘʨʜ ʥʘ ʢʦʿʠ ʩʝ ʜʠʩʝʨʪʘʮʠʿʘ ʥʘʨʦʯʠʪʦ ʦʩʚʨ˂ʝ ʿʝ IEEE 

ʩʪʘʥʜʘʨʜ 81 [22] ʠʟ 2012. ʛʦʜʠʥʝ, ʢʦʿʠ ʩʝ ʧʨʚʝʥʩʪʚʝʥʦ ʙʘʚʠ ʤʝʪʦʜʘʤʘ ʠ ʧʦʩʪʫʧʮʠʤʘ ʟʘ ʤʝʨʝˁʝ 

ʫ ʦʙʣʘʩʪʠ ʫʟʝʤˀʠʚʘʯʘ ʠ ʪʣʘ ʫ ʢʦʿʠ ʩʝ ʫʟʝʤˀʠʚʘʯʠ ʧʦʣʘʞʫ. ʇʨʝʪʭʦʜʥʘ ʚʝʨʟʠʿʘ ʩʪʘʥʜʘʨʜʘ ʿʝ 

ANSI/IEEE ʩʪʘʥʜʘʨʜ 81 [23] ʠʟ 1983. ʛʦʜʠʥʝ. ʋ ʪʦʢʫ ʧʠʩʘˁʘ ʜʠʩʝʨʪʘʮʠʿʝ ʪʦʢʦʤ 2025. ʛʦʜʠʥʝ, 

ʠʟʘʰʣʘ ʿʝ ʥʦʚʘ ʚʝʨʟʠʿʘ ʩʪʘʥʜʘʨʜʘ [24]. ʅʦ, ʩʚʘ ʨʘʟʤʘʪʨʘˁʘ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʪʝʤʝˀʠ˂ʝ ʩʝ ʥʘ 

ʦʩʥʦʚʫ ʚʝʨʟʠʿʝ ʠʟ 2012. ʛʦʜ, ʩ ʦʙʟʠʨʦʤ ʥʘ ʪʦ ʜʘ ʩʫ ʛʣʘʚʥʠ ʜʦʧʨʠʥʦʩʠ ʜʠʩʝʨʪʘʮʠʿʝ ʧʨʦʠʩʪʝʢʣʠ 

ʜʦʢ ʿʝ ʪʘ ʧʨʝʪʭʦʜʥʘ ʚʝʨʟʠʿʘ ʙʠʣʘ ʚʘʞʝ˂ʘ. 

ʋ ʧʦʛʣʝʜʫ ʜʦʤʘ˂ʝ ʩʪʨʫʯʥʝ ʣʠʪʝʨʘʪʫʨʝ, ʚʘˀʘ ʩʧʦʤʝʥʫʪʠ ʧʨʘʚʠʣʥʠʢ [3] ʦ ʪʝʭʥʠʯʢʠʤ 

ʥʦʨʤʘʪʠʚʠʤʘ ʟʘ ʫʟʝʤˀʝˁʝ ʧʦʩʪʨʦʿʝˁʘ. ʇʨʘʚʠʣʥʠʢ ʦʜʨʝʹʫʿʝ ʧʨʘʚʠʣʘ ʠ ʧʨʫʞʘ ʧʨʘʢʪʠʯʥʝ 

ʩʤʝʨʥʠʮʝ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ, ʠʟʨʘʜʫ ʠ ʢʦʥʪʨʦʣʫ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ ʟʘ ʝʣʝʢʪʨʦʝʥʝʨʛʝʪʩʢʘ 

ʧʦʩʪʨʦʿʝˁʘ ʥʘʟʠʚʥʦʛ ʥʘʧʦʥʘ ʧʨʝʢʦ 1000 V. 

ɿʘʰʪʠʪʥʦ ʫʟʝʤˀʝˁʝ ʪʘʢʦʹʝ ʠʤʘ ʢˀʫʯʥʫ ʫʣʦʛʫ ʠ ʧʨʠ ʘʪʤʦʩʬʝʨʩʢʠʤ ʧʨʘʞˁʝˁʠʤʘ, ʢʘʜʘ 

ʩʝ ʩʪʨʫʿʘ ʧʨʠ ʘʪʤʦʩʬʝʨʩʢʦʤ ʧʨʘʞˁʝˁʫ ʢʨʦʟ ʫʟʝʤˀʠʚʘʯ ʩʧʨʦʚʦʜʠ ʫ ʟʝʤˀʫ, ʯʠʤʝ ʩʝ ʙʘʚʠ 

ʩʪʘʥʜʘʨʜ IEC 62305 [25]. ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʥʠʩʫ ʨʘʟʤʘʪʨʘʥʠ ʝʬʝʢʪʠ ʘʪʤʦʩʬʝʨʩʢʠʭ ʧʨʘʞˁʝˁʘ ʥʘ 

ʫʟʝʤˀʠʚʘʯʢʝ ʩʠʩʪʝʤʝ. 

ɺʘˀʘ ʧʦʤʝʥʫʪʠ ʜʘ ʧʦʨʝʜ ʟʘʰʪʠʪʥʠʭ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ, ʯʠʿʘ ʫʣʦʛʘ ʿʝ ʪʘʢʦʨʝ˂ʠ 

ʧʘʩʠʚʥʘ ʩʚʝ ʜʦ ʥʘʩʪʘʥʢʘ ʢʚʘʨʦʚʘ, ʢʘʦ ʜʝʣʦʚʠ ʝʣʝʢʪʨʦʝʥʝʨʛʝʪʩʢʠʭ ʩʠʩʪʝʤʘ ʢʦʿʠ ʩʫ ʫʢʦʧʘʥʠ ʫ 

ʟʝʤˀʫ, ʫ ʧʨʘʢʩʠ ʩʝ ʩʨʝ˂ʫ ʠ ʝʣʝʤʝʥʪʠ ʢʦʿʠ ʘʢʪʠʚʥʦ ʫʯʝʩʪʚʫʿʫ ʢʘʦ ʰʪʦ ʩʫ ʝʣʝʢʪʨʦʜʝ ʟʘ ʧʨʝʥʦʩ 

ʝʣʝʢʪʨʠʯʥʝ ʝʥʝʨʛʠʿʝ ʧʫʪʝʤ ʚʠʩʦʢʦʛ ʥʘʧʦʥʘ ʠ ʿʝʜʥʦʩʤʝʨʥʝ ʩʪʨʫʿʝ (ʝʥʛʣ. HVDC ï high-voltage 

direct current) ï [26], [27] ʠ [28]. ɼʠʩʝʨʪʘʮʠʿʘ ʥʝ ʨʘʟʤʘʪʨʘ HVDC ʫʟʝʤˀʠʚʘʯʝ. 

 

2.1.1 ɼʦʟʚʦˀʝʥʘ (ʙʝʟʙʝʜʥʘ) ʿʘʯʠʥʘ ʩʪʨʫʿʝ ʢʨʦʟ ʪʝʣʦ ʯʦʚʝʢʘ 

ɼʝʿʩʪʚʦ ʢʦʿʝ ʝʣʝʢʪʨʠʯʥʘ ʩʪʨʫʿʘ ʠʤʘ ʥʘ ˀʫʜʩʢʦ ʪʝʣʦ ʟʘʚʠʩʠ ʦʜ ʪʨʘʿʘˁʘ, ʿʘʯʠʥʝ ʠ 

ʬʨʝʢʚʝʥʮʠʿʝ. ʅʘʿʦʧʘʩʥʠʿʝ ʧʦʩʣʝʜʠʮʝ ʧʨʦʪʠʮʘˁʘ ʝʣʝʢʪʨʠʯʥʝ ʩʪʨʫʿʝ ʢʨʦʟ ˀʫʜʩʢʦ ʪʝʣʦ 

ʧʨʝʜʩʪʘʚˀʘ ʚʝʥʪʨʠʢʫʣʘʨʥʘ ʬʠʙʨʠʣʘʮʠʿʘ ʩʨʮʘ. ʆʚʦ ʩʪʘˁʝ ʧʨʦʫʟʨʦʢʫʿʝ ʟʘʩʪʦʿ ʮʠʨʢʫʣʘʮʠʿʝ 

ʢʨʚʠ ʠ ʤʦʞʝ ʜʘ ʙʫʜʝ ʬʘʪʘʣʥʦ. 

ʇʨʝʤʘ ʩʪʘʥʜʘʨʜʫ [10], ʝʬʝʢʪʠ ʧʨʦʪʠʮʘˁʘ ʩʪʨʫʿʝ ʢʨʦʟ ˀʫʜʩʢʦ ʪʝʣʦ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ 

ʿʘʯʠʥʝ, ʤʦʛʫ ʩʝ ʩʫʤʠʨʘʪʠ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 
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¶ 1 mA ï ʧʨʘʛ ʧʝʨʮʝʧʮʠʿʝ, ʦʩʦʙʘ ʠʤʘ ʦʩʝ˂ʘʿ ʙʣʘʛʦʛ ʧʝʮʢʘˁʘ, 

¶ 1ï6 mA ï ʪʟʚ. ʩʪʨʫʿʘ ʧʫʰʪʘˁʘ, ʥʝʧʨʠʿʘʪʥʦ, ʘʣʠ ʠ ʜʘˀʝ ʥʝ ʜʦʣʘʟʠ ʜʦ ʛʨʯʝˁʘ 

ʤʠʰʠ˂ʘ, ʦʩʦʙʘ ʩʘʤʘ ʤʦʞʝ ʜʘ ʧʫʩʪʠ ʨʫʢʦʤ ʜʦʜʠʨʥʫʪʝ ʜʝʣʦʚʝ ʧʦʜ ʥʘʧʦʥʦʤ, 

¶ 9ï25 mA ï ʧʨʘʛ ʙʦʣʥʝ ʩʪʨʫʿʝ, ʤʦʞʝ ʜʘ ʜʦʹʝ ʜʦ ʢʦʥʪʨʘʢʮʠʿʝ ʤʠʰʠ˂ʘ ʠ ʪʝʰʢʦ˂ʝ ʜʘ 

ʦʩʦʙʘ ʩʘʤʘ ʧʫʩʪʠ ʨʫʢʦʤ ʜʦʜʠʨʥʫʪʝ ʜʝʣʦʚʝ ʧʦʜ ʥʘʧʦʥʦʤ, ʤʦʞʝ ʜʘ ʜʦʹʝ ʜʦ 

ʧʨʠʚʨʝʤʝʥʠʭ ʪʝʰʢʦ˂ʘ ʫ ʜʠʩʘˁʫ ʘʢʦ ʠʟʣʦʞʝʥʦʩʪ ʧʦʪʨʘʿʝ ʜʫʞʝ, ʠ 

¶ 60ï100 mA ï ʧʨʘʛ ʧʨʠ ʢʦʿʝʤ ʜʦʣʘʟʠ ʜʦ ʚʝʥʪʨʠʢʫʣʘʨʥʝ ʬʠʙʨʠʣʘʮʠʿʝ ʩʨʮʘ ʠ 

ʧʦʪʨʝʙʥʦ ʿʝ ʜʘ ʩʝ ʥʘ ʠʟʣʦʞʝʥʦʿ ʦʩʦʙʠ, ʥʘʢʦʥ ʦʜʚʘʿʘˁʘ ʦʜ ʠʟʚʦʨʘ ʩʪʨʫʿʝ, ʠʟʚʝʜʝ 

ʢʘʨʜʠʦʧʫʣʤʦʥʘʣʥʘ ʨʝʘʥʠʤʘʮʠʿʘ. 

ɿʘ ʜʝʪʘˀʥʠʿʠ ʧʨʝʛʣʝʜ ʫʪʠʮʘʿʘ ʧʨʦʪʠʮʘˁʘ ʩʪʨʫʿʝ ʢʨʦʟ ˀʫʜʩʢʦ ʪʝʣʦ, ʫʧʫ˂ʫʿʝ ʩʝ ʥʘ IEC 

ʩʪʘʥʜʘʨʜʝ [29] ʠ [30]. 

ɼʘʢʣʝ, ʦʜ ʠʟʫʟʝʪʥʝ ʿʝ ʚʘʞʥʦʩʪʠ ʜʘ ʩʝ ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ ʠ ʠʟʚʦʹʝˁʫ ʫʟʝʤˀʠʚʘʯʘ ʚʦʜʠ 

ʨʘʯʫʥʘ ʜʘ ʚʨʝʜʥʦʩʪʠ ʿʘʯʠʥʘ ʩʪʨʫʿʘ ʢʦʿʝ ʧʨʦʪʠʯʫ ʢʨʦʟ ʪʝʣʦ ʯʦʚʝʢʘ ʢʦʿʠ ʩʝ ʥʘʣʘʟʠ ʫ ʠʣʠ ʦʢʦ 

ʫʟʝʤˀʝʥʝ ʧʦʜʩʪʘʥʠʮʝ ʠʣʠ ʦʙʿʝʢʪʘ ʥʝʠʟʦʩʪʘʚʥʦ ʙʫʜʫ ʠʩʧʦʜ ʪʘʢʦʟʚʘʥʦʛ ʧʨʘʛʘ ʬʠʙʨʠʣʘʮʠʿʝ. 

ʅʘʚʝʜʝʥʠ ʧʨʘʛ ʟʘʚʠʩʠ ʠ ʦʜ ʚʨʝʤʝʥʩʢʦʛ ʪʨʘʿʘˁʘ ʠʟʣʦʞʝʥʦʩʪʠ ʩʪʨʫʿʠ ʢʚʘʨʘ ʠ ʜʘʪ ʿʝ ʧʨʝʢʦ 

ʝʥʝʨʛʠʿʝ. ɽʥʝʨʛʠʿʘ ʢʦʿʫ ʘʧʩʦʨʙʫʿʝ ʪʝʣʦ ʫ ʚʨʝʤʝʥʩʢʦʤ ʦʧʩʝʛʫ ʦʜ 0,03 ʜʦ 3 ʩʝʢʫʥʜʝ ʥʝ ʩʤʝ ʜʘ 

ʙʫʜʝ ʚʝ˂ʘ ʦʜ ʝʤʧʠʨʠʿʩʢʠ ʚʨʝʜʥʦʩʪʠ (ʝʤʧʠʨʠʿʩʢʘ ʢʦʥʩʪʘʥʪʘ) ʢʦʿʫ ʤʦʞʝ ʜʘ ʠʟʜʨʞʠ ʦʜʨʝʹʝʥʠ 

ʧʨʦʮʝʥʘʪ ʧʦʧʫʣʘʮʠʿʝ [10]. ʂʨʠʪʝʨʠʿʫʤ ʿʝ ʜʘ ʿʝ ʚʨʝʜʥʦʩʪ ʝʤʧʠʨʠʿʩʢʝ ʢʦʥʩʪʘʥʪʝ ʚʝ˂ʠ ʦʜ 

ʚʨʝʜʥʦʩʪʠ Ὓ Ὅẗὸ, ʛʜʝ ʿʝ Ὅ ʝʬʝʢʪʠʚʥʘ ʚʨʝʜʥʦʩʪ ʿʘʯʠʥʝ ʩʪʨʫʿʝ ʢʨʦʟ ʪʝʣʦ (ʠʥʜʝʢʩ ĂBñ 

ʧʦʪʠʯʝ ʦʜ ʝʥʛʣʝʩʢʝ ʨʝʯʠ ʟʘ ʪʝʣʦ ï body), ὸ ʿʝ ʚʨʝʤʝ ʧʨʦʪʠʮʘˁʘ ʩʪʨʫʿʝ ʢʨʦʟ ʪʝʣʦ ʫ ʩʝʢʫʥʜʘʤʘ. 

ɹʨʟʦ ʧʨʝʢʠʜʘˁʝ ʩʪʨʫʿʝ ʢʚʘʨʘ ʿʝ ʚʘʞʥʦ ʟʙʦʛ ʩʤʘˁʝˁʘ ʚʝʨʦʚʘʪʥʦ˂ʝ ʜʘ ʦʩʦʙʝ ʙʫʜʫ 

ʠʟʣʦʞʝʥʝ ʦʧʘʩʥʦʩʪʠ ʦʜ ʝʣʝʢʪʨʦʰʦʢʘ, ʘ ʩ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʯʘʢ ʘʢʦ ʜʦ ʠʟʣʦʞʝʥʦʩʪʠ ʥʘʧʦʥʫ 

ʜʦʜʠʨʘ ʠ ʜʦʹʝ, ʚʝ˂ʝ ʩʫ ʰʘʥʩʝ ʟʘ ʧʨʝʞʠʚˀʘʚʘˁʝ ʫʢʦʣʠʢʦ ʿʝ ʪʝʣʦ ʰʪʦ ʢʨʘ˂ʝ ʠʟʣʦʞʝʥʦ. 

ɺʨʝʜʥʦʩʪ ʿʘʯʠʥʝ ʩʪʨʫʿʝ ʟʘ ʢʦʿʫ ʩʝ ʩʤʘʪʨʘ ʜʘ ˀʫʜʩʢʦ ʪʝʣʦ, ʟʘ 99,5% ʧʦʧʫʣʘʮʠʿʝ, ʤʦʞʝ 

ʙʝʟʙʝʜʥʦ ʜʘ ʿʝ ʧʦʜʥʝʩʝ ʠ ʜʘ ʧʨʠʪʦʤ ʥʝ ʜʦʹʝ ʜʦ ʚʝʥʪʨʠʢʫʣʘʨʥʝ ʬʠʙʨʠʣʘʮʠʿʝ ʜʘʪʘ ʿʝ ʩʣʝʜʝ˂ʠʤ 

ʠʟʨʘʟʦʤ ʠʟ [10]: 

 

B

s

k
I

t
= . (2.1) 

 

ʆʯʠʛʣʝʜʥʘ ʿʝ ʚʝʟʘ Ὧ Ὓ. ɼʘˀʝ, ʫʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʥʘʣʘʟʝ ʠʟ ʣʠʪʝʨʘʪʫʨʝ ʮʠʪʠʨʘʥʝ ʫ 

[10] ʜʦʙʠʿʘʿʫ ʩʝ ʠʟʨʘʟʠ ʟʘ ʜʦʟʚʦˀʝʥʫ ʿʘʯʠʥʫ ʩʪʨʫʿʝ ʢʨʦʟ ˀʫʜʩʢʦ ʪʝʣʦ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʪʨʘʿʘˁʘ 

ʠʟʣʦʞʝʥʦʩʪʠ ʟʘ ʜʚʘ ʨʘʟʣʠʯʠʪʘ ʩʣʫʯʘʿʘ ʪʝʣʝʩʥʝ ʤʘʩʝ: 

1) ʟʘ ʪʝʣʝʩʥʫ ʤʘʩʫ 50 kg ï k = 0,116: 

 

0,116
B

s

I
t

= , (2.2) 

 

2) ʟʘ ʪʝʣʝʩʥʫ ʤʘʩʫ 70 kg ï k = 0,157: 

 

0,157
B

s

I
t

= . (2.3) 
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ʅʘʧʦʩʣʝʪʢʫ, ʫ ʩʪʘʥʜʘʨʜʫ ʿʝ ʧʨʝʧʦʨʫʯʝʥʦ ʜʘ ʩʝ ʫʩʚʦʿʠ k = 0,157, ʦʜʥʦʩʥʦ ʬʦʨʤʫʣʘ (2.3) 

ʧʨʦʪʠʮʘˁʘ ʩʪʨʫʿʝ ʢʨʦʟ ʪʝʣʦ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʚʨʝʤʝʥʘ ʪʨʘʿʘˁʘ ʠʟʣʦʞʝʥʦʩʪʠ ʩʪʨʫʿʠ, 

ʦʙʨʘʟʣʘʞʫ˂ʠ ʪʦ ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʜʘ ʩʝ ʤʦʞʝ ʩʤʘʪʨʘʪʠ ʜʘ ʿʝ ʫʥʫʪʘʨ ʧʦʧʫʣʘʮʠʿʝ ʧʨʦʩʝʯʥʘ 

ʪʝʣʝʩʥʘ ʤʘʩʘ 70 kg.  

2.1.2 ɸʣʛʦʨʠʪʘʤ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʤʨʝʞʥʦʛ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ 

ʋ [2] ʿʝ ʧʨʠʢʘʟʘʥ ʫʧʨʦʰ˂ʝʥʠ ʘʣʛʦʨʠʪʘʤ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʤʨʝʞʥʦʛ ʫʟʝʤˀʠʚʘʯʢʦʛ 

ʩʠʩʪʝʤʘ. ɸʣʛʦʨʠʪʘʤ ʩʘʜʨʞʠ ʥʝʢʦʣʠʢʦ ʢʦʨʘʢʘ. ʅʘ ʧʦʯʝʪʢʫ ʩʝ ʜʠʤʝʥʟʠʦʥʠʰʝ ʧʨʦʚʦʜʥʠʢ 

ʫʟʝʤˀʠʚʘʯʘ ʪʘʢʦ ʜʘ ʤʦʞʝ ʜʘ ʠʟʜʨʞʠ ʪʦʧʣʦʪʥʠ ʠʤʧʫʣʩ ʧʨʦʫʟʨʦʢʦʚʘʥ ʧʦʣʦʚʠʥʦʤ ʫʢʫʧʥʝ 

ʪʨʦʩʪʨʫʢʝ ʥʫʣʪʝ ʢʦʤʧʦʥʝʥʪʝ ʩʪʨʫʿʝ ʢʚʘʨʘ ʫ ʧʦʩʪʨʦʿʝˁʫ, ʢʦʿʘ ʙʠ ʩʝ ʨʘʯʫʥʘʣʘ ʧʨʝʤʘ [31]. 

ɿʘʪʠʤ, ʩʣʝʜʠ ʜʠʤʝʥʟʠʦʥʠʩʘˁʝ ʧʨʝʤʘ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ ʠ ʚʨʝʜʥʦʩʪʠʤʘ 

ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ. 

ʇʨʝʤʘ ʤʝʹʫʥʘʨʦʜʥʦʤ ʩʪʘʥʜʘʨʜʫ [10], ʥʘ ʉʣ. 2.1 ʧʨʝʜʩʪʘʚˀʝʥ ʿʝ ʙʣʦʢ ʜʠʿʘʛʨʘʤ ʩʣʝʜʘ 

ʢʦʨʘʢʘ ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ. ɼʠʩʝʨʪʘʮʠʿʘ ʩʝ ʙʘʚʠ ʪʝʤʘʤʘ ʢʦʿʝ ʩʝ ʤʦʛʫ 

ʩʚʨʩʪʘʪʠ ʫ: 

1) ʂʦʨʘʢ 1, ʠ ʪʦ ʜʝʦ ʢʦʿʠ ʩʝ ʦʜʥʦʩʠ ʥʘ ʧʦʜʘʪʘʢ ʦ ʩʧʝʮʠʬʠʯʥʦʿ ʝʣʝʢʪʨʠʯʥʦʿ 

ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ ɟ; ʠʩʧʦʩʪʘʚˀʘ ʩʝ ʜʘ ʩʝ ɟ ʧʦ ʧʨʘʚʠʣʫ ʦʜʨʝʹʫʿʝ ʥʘ ʦʩʥʦʚʫ 

ʝʣʝʢʪʨʠʯʥʠʭ ʤʝʨʝˁ ʘ ʥʘ ʪʝʨʝʥʫ; ʥʘʢʦʥ ʦʙʘʚˀʘˁʘ ʤʝʨʝˁʘ, ʧʨʠʤʝˁʫʿʫ ʩʝ ʤʝʪʦʜʝ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʤʦʜʝʣʘ ʪʣʘ (ʭʦʤʦʛʝʥʦ, ʜʚʦʩʣʦʿʥʦ, ʚʠʰʝʩʣʦʿʥʦ, ʠ ʩʣ.) ʠ 

ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʦʜʘʙʨʘʥʦʛ ʤʦʜʝʣʘ ʪʣʘ (ʜʝʙˀʠʥʝ ʩʣʦʿʝʚʘ ʠ ʩʧʝʮʠʬʠʯʥʘ 

ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʩʚʘʢʦʛ ʦʜ ʩʣʦʿʝʚʘ) ʠ  

2) ʂʦʨʘʢ 8, ʠ ʪʦ ʜʝʦ ʢʦʿʠ ʩʝ ʦʜʥʦʩʠ ʥʘ ʦʜʨʝʹʠʚʘˁʝ ʥʘʿʚʠʰʝ ʚʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ 

ʜʦʜʠʨʘ (ʧʦʩʨʝʜʥʦ ʫʢˀʫʯʫʿʝ ʢʦʨʘʢʝ 5-7). 
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ʂʦʨʘʢ 1
ʊʝʨʝʥʩʢʠ ʧʦʜʘʮʠ

A, ɟ 

ʂʦʨʘʢ 2
ɺʝʣʠʯʠʥʘ ʧʨʦʚʦʜʥʠʢʘ

3Io, tc, d 

ʂʦʨʘʢ 3
ʂʨʠʪʝʨʠʿʫʤʠ ʟʘ ʥʘʧʦʥ ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ

ɽʜʦʜʠʨʘ 50 ʠʣʠ 70, ɽʢʦʨʘʢʘ 50 ʠʣʠ 70

ʂʦʨʘʢ 4
ʀʥʠʮʠʿʘʣʥʠ ʧʨʦʿʝʢʘʪ

D, n, LC, LT, h

IGRg < ɽʜʦʜʠʨʘ

ʂʦʨʘʢ 7

Em < ɽʜʦʜʠʨʘ

Es < ɽʢʦʨʘʢʘ

ʂʦʨʘʢ 10

ʂʦʨʘʢ 5
ʆʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʤʨʝʞʥʦʛ ʫʟʝʤˀʠʚʘʯʘ

Rg, LC, LR

ʂʦʨʘʢ 6
ʉʪʨʫʿʘ ʤʨʝʞʥʦʛ ʫʟʝʤˀʠʚʘʯʘ

IG, tf

ʂʦʨʘʢ 8
ʄʘʢʩʠʤʘʣʥʝ ʚʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ

Em, Es, Km, Ks, Ki, Kii, Kh

ʂʦʨʘʢ 9

ɼʝʪʘˀʥʦ ʧʨʦʿʝʢʪʦʚʘˁʝ
ʂʦʨʘʢ 12

ʄʦʜʠʬʠʢʘʮʠʿʘ ʧʨʦʿʝʢʪʘ

D, n, LC, LT, h

ʂʦʨʘʢ 11

ʅɽ

ʅɽ

ʅɽ

ɼɸ

ɼɸ

ɼɸ

 
ʉʣ. 2.1 ï ɹʣʦʢ ʜʠʿʘʛʨʘʤ ʩʝʢʚʝʥʮʝ ʢʦʨʘʢʘ ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ, ʩʣʠʢʘ ʫ ʩʢʣʘʜʫ ʩʘ 

ʢʦʨʘʮʠʤʘ ʠʟ IEEE  ʩʪʘʥʜʘʨʜʘ 80 [10] 
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ɿʥʘʯʝˁʝ ʧʦʿʝʜʠʥʠʭ ʦʟʥʘʢʘ ʩʘ ʩʣʠʢʝ: 

A ʫʢʫʧʥʘ ʧʦʚʨʰʠʥʘ ʫʟʝʤˀʠʚʘʯʢʝ ʤʨʝʞʝ, 

ɟ ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʪʣʘ, 

3Io ʪʨʦʩʪʨʫʢʘ ʚʨʝʜʥʦʩʪ ʥʫʣʪʝ ʢʦʤʧʦʥʝʥʪʝ ʩʪʨʫʿʝ ʢʚʘʨʘ, 

tc ʤʘʢʩʠʤʘʣʥʦ ʚʨʝʤʝ ʨʝʘʛʦʚʘˁʘ ʟʘʰʪʠʪʝ, ʫʢˀʫʯʫʿʫ˂ʠ ʨʝʟʝʨʚʥʫ, 

d ʧʨʝʯʥʠʢ ʫʟʝʤˀʠʚʘʯʢʦʛ ʝʣʝʤʝʥʪʘ (ʪʨʘʢʝ ʠʣʠ ʫʞʝʪʘ), 

ɽʜʦʜʠʨʘ 50 ʠʣʠ 70 ʠʟʙʦʨ ʜʘ ʣʠ ʜʘ ʩʝ ʟʘ ʧʨʦʨʘʯʫʥ ʜʦʟʚʦˀʝʥʦʛ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʢʦʨʠʩʪʠ 

ʤʘʢʩʠʤʘʣʥʘ ʜʦʟʚʦˀʝʥʘ ʿʘʯʠʥʘ ʩʪʨʫʿʝ ʢʨʦʟ ˀʫʜʩʢʦ ʪʝʣʦ ʫ ʩʢʣʘʜʫ 

ʩʘ ʿʝʜʥʘʯʠʥʦʤ (2.2) ʟʘ ʪʝʣʦ ʤʘʩʝ 50 kg ʠʣʠ ʿʝʜʥʘʯʠʥʘ (2.3) ʟʘ ʪʝʣʦ 

ʤʘʩʝ 70 kg, 

ɽʢʦʨʘʢʘ 50 ʠʣʠ 70 ʠʟʙʦʨ ʜʘ ʣʠ ʜʘ ʩʝ ʟʘ ʧʨʦʨʘʯʫʥ ʜʦʟʚʦˀʝʥʦʛ ʥʘʧʦʥʘ ʢʦʨʘʢʘ ʢʦʨʠʩʪʠ 

ʤʘʢʩʠʤʘʣʥʘ ʜʦʟʚʦˀʝʥʘ ʿʘʯʠʥʘ ʩʪʨʫʿʝ ʢʨʦʟ ˀʫʜʩʢʦ ʪʝʣʦ ʫ ʩʢʣʘʜʫ 

ʩʘ ʿʝʜʥʘʯʠʥʦʤ (2.2) ʟʘ ʪʝʣʦ ʤʘʩʝ 50 kg ʠʣʠ ʿʝʜʥʘʯʠʥʘ (2.3) ʟʘ ʪʝʣʦ 

ʤʘʩʝ 70 kg, 

D ʨʘʟʤʘʢ ʠʟʤʝʹʫ ʧʘʨʘʣʝʣʥʠʭ ʧʨʦʚʦʜʥʠʢʘ, 

n ʛʝʦʤʝʪʨʠʿʩʢʠ ʬʘʢʪʦʨ, 

LC ʫʢʫʧʥʘ ʜʫʞʠʥʘ ʤʨʝʞʥʠʭ ʧʨʦʚʦʜʥʠʢʘ, 

LT ʫʢʫʧʥʘ ʝʬʝʢʪʠʚʥʘ ʜʫʞʠʥʘ ʧʨʦʚʦʜʥʠʢʘ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ, 

ʫʢˀʫʯʫʿʫ˂ʠ ʤʨʝʞʫ ʠ ʰʠʧʢʝ, 

h ʜʫʙʠʥʘ ʧʦʣʘʛʘˁʘ ʧʨʦʚʦʜʥʠʢʘ, 

Rg ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ, 

LR ʫʢʫʧʥʘ ʜʫʞʠʥʘ ʫʟʝʤˀʠʚʘʯʢʠʭ ʰʠʧʢʠ, 

IG ʤʘʢʩʠʤʘʣʥʘ ʚʨʝʜʥʦʩʪ ʿʘʯʠʥʝ ʩʪʨʫʿʝ ʫʟʝʤˀʠʚʘʯʢʝ ʤʨʝʞʝ ʢʦʿʘ ʪʝʯʝ 

ʠʟʤʝʹʫ ʫʟʝʤˀʠʚʘʯʘ ʠ ʦʢʦʣʥʝ ʟʝʤˀʝ, 

tf ʚʨʝʤʝ ʪʨʘʿʘˁʘ ʢʚʘʨʘ, 

Em ʥʘʧʦʥ ʜʦʜʠʨʘ ʤʨʝʞʝ ʧʦʩʤʘʪʨʘʥʦ ʫ ʮʝʥʪʨʫ ʫʛʘʦʥʦʛ ʦʢʮʘ ʟʘ 

ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʫ ʤʝʪʦʜʫ, 

Km ʬʘʢʪʦʨ ʨʘʟʤʘʢʘ ʟʘ ʥʘʧʦʥ ʜʦʜʠʨʘ ʤʨʝʞʝ ʟʘ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʫ 

ʤʝʪʦʜʫ, 

Ks ʬʘʢʪʦʨ ʨʘʟʤʘʢʘ ʟʘ ʥʘʧʦʥ ʢʦʨʘʢʘ ʤʨʝʞʝ ʟʘ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʫ 

ʤʝʪʦʜʫ, 

Ki ʢʦʨʝʢʮʠʦʥʠ ʬʘʢʪʦʨ ʟʘ ʛʝʦʤʝʪʨʠʿʫ ʤʨʝʞʝ ʟʘ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʫ 

ʤʝʪʦʜʫ, 

Kii ʢʦʨʝʢʮʠʦʥʠ ʪʝʞʠʥʩʢʠ ʬʘʢʪʦʨ ʢʦʿʠ ʧʦʜʝʰʘʚʘ ʝʬʝʢʪʝ ʫʥʫʪʨʘʰˁʠʭ 

ʧʨʦʚʦʜʥʠʢʘ ʥʘ ʫʛʘʦʥʦ ʦʢʮʝ ʤʨʝʞʝ ʟʘ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʫ ʤʝʪʦʜʫ, ʠ 

Kh ʢʦʨʝʢʮʠʦʥʠ ʪʝʞʠʥʩʢʠ ʬʘʢʪʦʨ ʢʦʿʠ ʥʘʛʣʘʰʘʚʘ ʝʬʝʢʪʝ ʜʫʙʠʥʝ 

ʤʨʝʞʝ ʟʘ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʫ ʤʝʪʦʜʫ. 

 

ʋ ʦʜʝˀʮʠʤʘ ʢʦʿʠ ʩʣʝʜʝ, 2.2 ʠ 2.3, ʩʝ ʜʘʿʝ ʜʝʪʘˀʥʠ ʧʨʝʛʣʝʜ ʣʠʪʝʨʘʪʫʨʝ ʟʘ ʩʚʘʢʠ ʦʜ 

ʥʘʚʝʜʝʥʠʭ ʘʩʧʝʢʘʪʘ, ʦʩʠʤ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʩʪʨʫʿʝ ʢʚʘʨʘ ʢʨʦʟ ʫʟʝʤˀʠʚʘʯ. 
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2.2 ʆʜʨʝʹʠʚʘˁʝ ʝʣʝʢʪʨʠʯʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʣʘ 

ʀʟ ʧʨʝʪʭʦʜʥʠʭ ʠʟʣʘʛʘˁʘ ʿʝ ʿʘʩʥʦ ʜʘ ʩʫ ʦʩʥʦʚʥʝ ʚʨʝʜʥʦʩʪʠ ʚʝʟʘʥʦ ʟʘ ʫʟʝʤˀʠʚʘʯʢʝ 

ʩʠʩʪʝʤʝ, ʢʦʿʝ ʩʫ ʙʠʪʥʝ ʩʘ ʘʩʧʝʢʪʘ ʙʝʟʙʝʜʥʦʩʪʠ ˀʫʜʠ ʠ ʦʧʨʝʤʝ, ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ, ʢʘʦ 

ʠ ʥʘʧʦʥʠ ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ. 

ɼʘ ʙʠ ʤʦʛʘʦ ʜʘ ʩʝ ʧʨʦʿʝʢʪʫʿʝ ʫʟʝʤˀʠʚʘʯʢʠ ʩʠʩʪʝʤ ʢʦʿʠ ʟʘʜʦʚʦˀʘʚʘ ʘʩʧʝʢʪʝ ʙʝʟʙʝʜʥʦʩʪʠ 

ʢʦʿʝ ʧʨʦʧʠʩʫʿʝ ʩʪʘʥʜʘʨʜ, ʧʦʪʨʝʙʥʦ ʿʝ ʧʦʟʥʘʚʘˁʝ ʝʣʝʢʪʨʠʯʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʟʝʤˀʠʰʪʘ ʫ 

ʢʦʿʝ ʩʝ ʧʦʣʘʞʝ, ʧʨʝʚʘʩʭʦʜʥʦ ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ɟ. ʇʦʜʘʮʠ ʠʟ ʤʝʨʝˁʘ 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʝʤˀʠʰʪʘ ʪʘʢʦʹʝ ʩʝ ʢʦʨʠʩʪʝ ʠ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʩʠʩʪʝʤʘ ʢʘʪʦʜʥʝ 

ʟʘʰʪʠʪʝ, ʧʘ ʯʘʢ ʠ ʛʝʦʣʦʰʢʘ ʠʩʧʠʪʠʚʘˁʘ [22]. ʉʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʥʝ ʟʘʚʠʩʠ 

ʩʘʤʦ ʦʜ ʪʠʧʘ ʟʝʤˀʠʰʪʘ, ʚʝ˂ ʩʝ ʤʝˁʘ ʠ ʩʘ ʪʝʤʧʝʨʘʪʫʨʦʤ, ʩʘʜʨʞʘʿʝʤ ʚʣʘʛʝ, ʧʨʠʩʫʩʪʚʦʤ 

ʤʠʥʝʨʘʣʘ ʠ ʢʦʤʧʘʢʪʥʦʰ˂ʫ [22]. ɿʝʤˀʠʰʪʝ ʩʝ ʧʦʥʘʰʘ ʢʘʦ ʝʣʝʢʪʨʦʣʠʪ, ʪʿ. ʤʦʞʝ ʜʘ ʜʦʹʝ ʜʦ 

ʿʝʜʥʦʩʤʝʨʥʠʭ ʩʪʨʫʿʘ ʢʘʦ ʨʝʟʫʣʪʘʪ ʝʣʝʢʪʨʦʭʝʤʠʿʩʢʠʭ ʨʝʘʢʮʠʿʘ ʠʟʤʝʹʫ ʨʘʟʣʠʯʠʪʠʭ ʪʠʧʦʚʘ 

ʟʝʤˀʠʰʪʘ ʠʣʠ ʠʟʤʝʹʫ ʟʝʤˀʠʰʪʘ ʠ ʤʝʪʘʣʘ [23]. ʆʚʝ ʩʪʨʫʿʝ ʤʦʛʫ ʟʥʘʯʘʿʥʦ ʜʘ ʫʪʠʯʫ ʥʘ ʪʘʯʥʦʩʪ 

ʤʝʨʝˁʘ ʢʦʿʘ ʩʝ ʦʙʘʚˀʘʿʫ ʩʘ ʿʝʜʥʦʩʤʝʨʥʦʤ ʤʝʨʥʦʤ ʩʪʨʫʿʦʤ [32]. 

ʋ ʣʠʪʝʨʘʪʫʨʠ ʠ ʧʨʘʢʩʠ ʩʫ ʧʨʠʩʫʪʥʝ ʨʘʟʣʠʯʠʪʝ ʤʝʨʥʝ ʤʝʪʦʜʝ ʢʦʿʝ ˂ʝ ʙʠʪʠ ʦʧʠʩʘʥʝ ʫ 

ʥʘʩʪʘʚʢʫ. ɼʘˀʝ, ʢʘʦ ʥʘʨʝʜʥʠ ʢʦʨʘʢ ʥʘʢʦʥ ʚʨʰʝˁʘ ʤʝʨʝˁʘ ʠ ʧʨʠʢʫʧˀʘˁʘ ʤʝʨʥʠʭ ʨʝʟʫʣʪʘʪʘ, 

ʢʦʨʠʩʪʝ ʩʝ ʤʝʪʦʜʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʝʣʝʢʪʨʠʯʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʣʘ. ʄʝʪʦʜʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ 

ʝʣʝʢʪʨʠʯʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʣʘ ʫ ʩʝʙʠ ʦʙʫʭʚʘʪʘʿʫ ʠ ʧʨʠʩʪʫʧ ʟʘ ʤʦʜʝʣʦʚʘˁʝ ʪʣʘ, ʦʜʥʦʩʥʦ 

ʦʜʘʙʠʨ ʤʦʜʝʣʘ. 

ʅʘ ʢʨʘʿʫ ʦʚʦʛ ʦʜʝˀʢʘ, ʫʢʘʟʘʥʦ ʿʝ ʥʘ ʤʦʜʝʨʥʝ ʤʘʪʝʤʘʪʠʯʢʝ ʠ ʩʦʬʪʚʝʨʩʢʝ ʧʨʠʩʪʫʧʝ ʢʦʿʠ 

ʩʝ ʢʦʨʠʩʪʝ ʢʘʢʦ ʙʠ ʩʝ ʨʝʰʠʦ ʟʘʜʘʪʘʢ ʦʜʨʝʹʠʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʦʜʘʙʨʘʥʦʛ ʤʦʜʝʣʘ ʪʣʘ. 

2.2.1 ʄʝʨʝˁʝ ʝʣʝʢʪʨʠʯʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʣʘ 

ʅʘʿʰʠʨʝ ʢʦʨʠʰ˂ʝʥʠ ʧʨʠʩʪʫʧ ʟʘ ʤʝʨʝˁʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʝʤˀʠʰʪʘ 

ʿʝ ɺʝʥʝʨʦʚʘ ʤʝʪʦʜʘ [22], [32], [33] ʠ [34]. ʋ ʩʪʘʥʜʘʨʜʫ [22] ʩʫ ʥʘʚʝʜʝʥʝ ʠ ʜʨʫʛʝ ʧʦʪʝʥʮʠʿʘʣʥʝ 

ʤʝʪʦʜʝ ʟʘ ʤʝʨʝˁʝ ʦʪʧʦʨʥʦʩʪʠ ʟʝʤˀʠʰʪʘ: ʤʝʪʦʜʘ ʚʘʨʠʿʘʮʠʿʝ ʜʫʙʠʥʝ [35] (ʤʝʪʦʜʘ ʧʦʙʠʿʘˁʘ 

ʰʠʧʢʝ ʦʜʥʦʩʥʦ ʤʝʪʦʜʘ ʤʝʨʝˁʘ ʩʘ ʪʨʠ ʪʘʯʢʝ) ʠ ʐʣʫʤʙʝʨʛʝʨ-ʇʘʣʤʝʨʦʚʘ ʤʝʪʦʜʘ ʥʝʿʝʜʥʘʢʦ 

ʨʘʩʧʦʨʝʹʝʥʝ ʯʝʪʠʨʠ ʪʘʯʢʝ [36]. 

 

2.2.1.1 ɺʝʥʝʨʦʚʘ ʤʝʪʦʜʘ 

ʊʝʦʨʠʿʩʢʫ ʦʩʥʦʚʫ ɺʝʥʝʨʦʚʝ ʤʝʪʦʜʝ ʟʘ ʤʝʨʝˁʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʝʤˀʠʰʪʘ ʌʨʝʥʢ 

ɺʝʥʝʨ ʧʦʩʪʘʚʠʦ ʿʝ ʿʦʰ 1916. ʛʦʜʠʥʝ [33]. ʅʘ ʉʣ. 2.2, ʥʘʮʨʪʘʥʦʿ ʧʨʝʤʘ ʰʝʤʠ ʠʟ ʥʘʚʝʜʝʥʦʛ 

ʥʘʫʯʥʦʛ ʨʘʜʘ, ʧʨʠʢʘʟʘʥʘ ʿʝ ʦʨʠʛʠʥʘʣʥʘ ʤʝʨʥʘ ʧʦʩʪʘʚʢʘ ʢʦʿʘ ʩʝ ʩʫʰʪʠʥʩʢʠ ʥʠʿʝ ʧʨʦʤʝʥʠʣʘ ʜʦ 

ʜʘʥʘʩ: ʯʝʪʠʨʠ ʤʝʨʥʝ ʝʣʝʢʪʨʦʜʝ, ʫʙʦʜʝʥʝ ʢʦʣʠʥʝʘʨʥʦ ʥʘ ʿʝʜʥʘʢʠʤ ʤʝʹʫʩʦʙʥʠʤ ʨʘʩʪʦʿʘˁʠʤʘ 

(a) ʜʦ ʠʩʪʝ ʜʫʙʠʥʝ (b) ʫ ʪʣʦ ʯʠʿʘ ʩʝ ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʤʝʨʠ, ʧʨʠ ʯʝʤʫ ʩʫ ʩʧʦˀʥʝ 

ʝʣʝʢʪʨʦʜʝ ʩʪʨʫʿʥʝ, ʠ ʧʦʚʝʟʘʥʝ ʫ ʢʦʣʦ ʠʟʚʦʨʘ ʤʝʨʥʝ ʩʪʨʫʿʝ, ʘ ʫʥʫʪʨʘʰˁʝ ʝʣʝʢʪʨʦʜʝ 

ʧʦʪʝʥʮʠʿʘʣʥʝ, ʠ ʩʣʫʞʝ ʟʘ ʤʝʨʝˁʝ ʨʘʟʣʠʢʝ ʧʦʪʝʥʮʠʿʘʣʘ ʧʨʠʣʠʢʦʤ ʧʨʦʪʠʮʘˁʘ ʤʝʨʥʝ ʩʪʨʫʿʝ 

ʠʟʤʝʹʫ ʩʪʨʫʿʥʠʭ ʝʣʝʢʪʨʦʜʘ. 

ʄʝʪʦʜʦʤ ʩʝ ʦʜʨʝʹʫʿʝ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ Ra, ʢʦʿʘ ʩʝ ʜʦʙʠʿʘ ʜʝˀʝˁʝʤ ʠʟʤʝʨʝʥʦʛ 

ʥʘʧʦʥʘ ʠʟʤʝʹʫ ʧʦʪʝʥʮʠʿʘʣʥʠʭ ʝʣʝʢʪʨʦʜʘ ʩʘ ʿʘʯʠʥʦʤ ʤʝʨʥʝ ʩʪʨʫʿʝ ʢʦʿʘ ʠʩʪʠʯʝ ʠʟ ʧʨʚʝ ʩʪʨʫʿʥʝ 

ʝʣʝʢʪʨʦʜʝ C1, ʦʜʥʦʩʥʦ ʩʪʨʫʿʝ ʢʦʿʘ ʩʝ ʩʪʠʯʝ ʫ ʜʨʫʛʫ ʩʪʨʫʿʥʫ ʝʣʝʢʪʨʦʜʫ C2. ɿʘ ʤʝʨʝˁʝ ʿʝ 

ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʢʦʨʠʩʪʠ ʥʘʠʟʤʝʥʠʯʥʘ ʩʪʨʫʿʘ ʜʘ ʙʠ ʩʝ ʠʟʙʝʛʣʠ ʧʨʦʙʣʝʤʠ ʩʘ ʧʦʣʘʨʠʟʘʮʠʿʦʤ 

ʟʝʤˀʠʰʪʘ ʦʢʦ ʝʣʝʢʪʨʦʜʘ. ʀʟʤʝʨʝʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʟʘʚʠʩʠ ʦʜ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 

ɟ ʟʝʤˀʠʰʪʘ. 
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a a a
C1 C2P1 P2

b

ɸʤʧʝʨʤʝʪʘʨ

A

ɺʦʣʪʤʝʪʘʨ

ʍʦʤʦʛʝʥʘ ʟʝʤˀʘ ï ́

V

ʀʟʚʦʨ ʤʝʨʥʝ

ʩʪʨʫʿʝ

ʉʘʚʨʝʤʝʥʠ ʤʝʨʥʠ ʠʥʩʪʨʫʤʝʥʪʠ

 

ʉʣ. 2.2 ï ʐʝʤʘ ʟʘ ʤʝʨʝˁʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʝʤˀʠʰʪʘ, ʥʘʮʨʪʘʥʦ ʧʨʝʤʘ ʩʣʠʮʠ ʠʟ [33] 

 

ɸʥʘʣʠʪʠʯʢʠ ʠʟʨʘʟ ʟʘ ʜʦʙʠʿʘˁʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʭʦʤʦʛʝʥʦʛ ʪʣʘ ʫ [33] 

ʠʟʚʝʜʝʥ ʿʝ ʧʨʝʪʧʦʩʪʘʚˀʘʿʫ˂ʠ ʜʘ 4 ʮʠʣʠʥʜʨʠʯʥʝ ʤʝʨʥʝ ʝʣʝʢʪʨʦʜʝ, ʧʦʙʦʜʝʥʝ ʜʦ ʜʫʙʠʥʝ b, ʤʦʛʫ 

ʜʘ ʩʝ ʧʦʩʤʘʪʨʘʿʫ ʢʘʦ ʪʘʯʢʝ ʫ ʪʣʫ ʥʘ ʪʦʿ ʜʫʙʠʥʠ. ʏʠˁʝʥʠʮʘ ʜʘ ʩʝ ʧʦʩʤʘʪʨʘʿʫ ʪʘʯʢʝ ʥʘ 

ʜʫʙʠʥʠ b, ʘ ʥʝ ʩʪʚʘʨʥʠ ʮʠʣʠʥʜʨʠʯʘʥ ʦʙʣʠʢ ʝʣʝʢʪʨʦʜʘ, ʪʘʢʦʹʝ ʿʝ ʧʦʥʦʚˀʝʥʘ ʫ IEEE ʩʪʘʥʜʘʨʜʫ 

81 [22], ʢʦʿʠ ʩʝ ʙʘʚʠ ʤʝʪʦʜʘʤʘ ʟʘ ʤʝʨʝˁʝ ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ. ʇʦʪʦʤ ʿʝ, ʧʦʤʦ˂ʫ ʤʝʪʦʜʝ ʣʠʢʦʚʘ ʠ 

ʤʝʪʦʜʝ ʩʫʧʝʨʧʦʟʠʮʠʿʝ, ʠʟʚʝʜʝʥ ʠʟʨʘʟ ʟʘ ʨʘʟʣʠʢʫ ʧʦʪʝʥʮʠʿʘʣʘ ʠʟʤʝʹʫ ʜʚʝ ʪʘʯʢʝ ʥʘ ʜʫʙʠʥʠ b, 

ʢʦʿʠʤʘ ʩʫ ʘʧʨʦʢʩʠʤʠʨʘʥʝ ʧʦʪʝʥʮʠʿʘʣʥʝ ʝʣʝʢʪʨʦʜʝ. ʆʜʘʪʣʝ ʩʝ ʧʨʠʤʝʥʦʤ ʘʥʘʣʠʪʠʯʢʠʭ ʠʟʨʘʟʘ 

ʠʟʨʘʯʫʥʘʚʘ ʠ ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪʠ ʭʦʤʦʛʝʥʦʛ ʪʣʘ ɟ: 
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ʉʣʝʜʝ˂ʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʿʝ ʜʘ ʩʝ ʩʪʚʘʨʥʝ ʮʠʣʠʥʜʨʠʯʥʝ ʝʣʝʢʪʨʦʜʝ ʧʦʩʤʘʪʨʘʿʫ ʢʘʦ ʪʘʯʢʝ ʥʘ 

ʧʦʚʨʰʠʥʠ ʪʣʘ. ʋʦʙʠʯʘʿʝʥʦ ʿʝ ʜʘ ʩʝ ʩʤʘʪʨʘ ʜʘ ʿʝ b ʜʦʚʦˀʥʦ ʤʘʣʦ ʘʢʦ ʿʝ ʤʘʝˁ ʦʜ 10% ʦʜ ʘ. ʅʘ 

ʦʩʥʦʚʫ ʠʟʨʘʟʘ (2.4) ʿʝʜʥʦʩʪʘʚʥʦ ʿʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʩʝ ʟʘ ʩʣʫʯʘʿ b < 0,1 ʘ  ʧʨʚʦʙʠʪʥʦ ʧʦʩʤʘʪʨʘʥʘ 

ʪʘʯʢʘ ʥʘ ʜʫʙʠʥʠ b ʤʦʞʝ ʧʦʤʝʨʠʪʠ ʥʘ ʧʦʚʨʰ ʪʣʘ. ʀʟʨʘʟ (2.4) ʩʝ ʪʘʜʘ ʩʚʦʜʠ ʥʘ ʠʟʨʘʟ ʫ ʢʦʿʝʤ ɟ 

ʥʝ ʟʘʚʠʩʠ ʦʜ b: 

 

2ʘ aa Rr p= Ö Ö Ö. (2.5) 
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ʋ ʣʠʪʝʨʘʪʫʨʠ [22] ʩʝ ʤʦʞʝ ʥʘ˂ʠ ʜʘ ʥʘ ʤʝʨʝˁʘ ʤʦʛʫ ʥʝʛʘʪʠʚʥʦ ʜʘ ʫʪʠʯʫ ʩʣʝʜʝ˂ʠ 

ʬʘʢʪʦʨʠ: 

1. ʣʦʰ ʢʦʥʪʘʢʪ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ ʠ ʟʝʤˀʠʰʪʘ, 

2. ʧʨʠʩʫʩʪʚʦ ʤʝʪʘʣʥʠʭ ʦʙʿʝʢʘʪʘ ʫʢʦʧʘʥʠʭ ʫ ʟʝʤˀʠʰʪʝ, 

3. ʣʫʪʘʿʫ˂ʝ ʿʝʜʥʦʩʤʝʨʥʝ ʠ ʥʘʠʟʤʝʥʠʯʥʝ ʩʪʨʫʿʝ, ʧʨʝ ʩʚʝʛʘ ʟʙʦʛ ʞʝʣʝʟʥʠʮʝ ʠʣʠ 

ʪʨʘʤʚʘʿʩʢʦʛ ʪʨʘʥʩʧʦʨʪʘ, ʠ 

4. ʦʪʧʦʨʥʦʩʪ ʧʨʦʚʦʜʥʠʢʘ ʢʦʿʠ ʧʦʚʝʟʫʿʫ ʤʝʨʥʠ ʠʥʩʪʨʫʤʝʥʪ ʩʘ ʤʝʨʥʠʤ ʝʣʝʢʪʨʦʜʘʤʘ 

(ʥʘʨʦʯʠʪʦ ʜʦʣʘʟʠ ʜʦ ʠʟʨʘʞʘʿʘ ʟʘ ʚʝ˂ʘ ʨʘʩʪʦʿʘˁʘ ʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ. 

ʋ ʣʠʪʝʨʘʪʫʨʠ ʿʝ ʯʘʢ ʨʘʟʤʘʪʨʘʥ ʫʪʠʮʘʿ ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʥʘ ʤʝʨʝˁʘ ʢʦʿʠ ʿʝ ʠʟʨʘʞʝʥ ʧʨʠ 

ʚʝʣʠʢʠʤ ʤʝʨʥʠʤ ʨʘʩʪʦʿʘˁʠʤʘ [37]. 

ʂʦʜ ʤʝʨʝˁʘ ʢʦʿʘ ʩʝ ʠʟʚʦʜʝ ʟʘ ʩʣʫʯʘʿ ʪʣʘ ʩʘ ʭʦʤʦʛʝʥʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ, ʚʘʨʠʨʘˁʝ 

ʨʘʟʤʘʢʘ ʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ ʥʝ ʧʨʦʠʟʚʦʜʠ ʨʘʟʣʠʢʝ ʫ ʧʦʛʣʝʜʫ ʤʝʨʥʠʭ ʨʝʟʫʣʪʘʪʘ. ʀʟʤʝʨʝʥʘ 

ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ R ˂ʝ ʩʝ ʩʤʘˁʠʚʘʪʠ ʩʘ ʧʦʚʝ˂ʘˁʝʤ ʨʘʩʪʦʿʘˁʘ ʘ, ʘʣʠ ʠʟʨʘʯʫʥʘʪʘ 

ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ɟ ʦʩʪʘʿʝ ʢʦʥʩʪʘʥʪʥʘ ʠ ʦʥʘ ʧʨʝʜʩʪʘʚˀʘ ʩʪʚʘʨʥʫ 

ʩʧʝʮʠʬʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ʭʦʤʦʛʝʥʦʛ ʪʣʘ [34]. ɺʝʥʝʨ ʿʝ, ʜʘʢʣʝ, ʠʟʚʝʦ ʦʚʝ ʠʟʨʘʟʝ ʠʤʘʿʫ˂ʠ ʫ ʚʠʜʫ 

ʭʦʤʦʛʝʥʦ ʪʣʦ. ʊʘʜʘ, ʥʘ ʩʘʤʦʤ ʟʘʯʝʪʢʫ, ʥʠʿʝ ʙʠʣʦ ʠʥʜʝʢʩʘ Ăañ ʟʘ ʠʟʤʝʨʝʥʫ ʦʪʧʦʨʥʦʩʪ (R) ʠ 

ʨʝʟʫʣʪʫʿʫ˂ʫ ʩʧʝʮʠʬʠʯʥʫ ʦʪʧʦʨʥʦʩʪ (ɟ). ʂʘʢʦ ʩʝ ʧʦʯʝʣʦ ʨʘʟʤʠʰˀʘʪʠ ʦ ʪʦʤʝ ʢʘʢʦ ʜʘ ʩʝ 

ʦʜʨʝʜʠ ʧʨʦʤʝʥʘ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʧʦ ʜʫʙʠʥʠ ʟʘ ʥʝʭʦʤʦʛʝʥʦ ʪʣʦ ʫ ʣʠʪʝʨʘʪʫʨʠ 

ʧʦʯʠˁʝ ʜʘ ʩʝ ʩʨʝ˂ʝ ʧʦʿʘʤ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ (Rʘ) ʠ ʧʨʠʚʠʜʥʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 

(ɟʘ) ʛʜʝ ʠʥʜʝʢʩ Ăañ ʧʦʪʠʯʝ ʦʜ ʝʥʛʣʝʩʢʝ ʨʝʯʠ Ăapparentñ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʥʘʛʣʘʰʘʚʘʣʦ ʜʘ ʩʝ 

ʨʘʜʠ ʦ ʦʪʧʦʨʥʦʩʪʠ ʬʠʢʪʠʚʥʦʛ ʭʦʤʦʛʝʥʦʛ ʪʣʘ ʟʘ ʢʦʿʝ ʙʠ ʦʜʥʦʩ ʥʘʧʦʥʘ ʠʟʤʝʹʫ ʫʥʫʪʨʘʰˁʠʭ 

ʝʣʝʢʪʨʦʜʘ ʠ ʤʝʨʥʝ ʩʪʨʫʿʝ ʙʠʦ ʠʩʪʠ ʢʘʦ ʢʦʜ ʩʪʚʘʨʥʦʛ ʥʝʭʦʤʦʛʝʥʦʛ ʪʣʘ. 

ɿʘ ʦʜʨʝʹʠʚʘˁʝ ʚʨʝʜʥʦʩʪʠ ʨʘʩʧʦʜʝʣʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ɟ ʟʘ ʩʣʫʯʘʿ 

ʥʝʭʦʤʦʛʝʥʦʛ ʪʣʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʠʟʚʨʰʠʪʠ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʟʘ ʚʠʰʝ ʨʘʟʣʠʯʠʪʠʭ 

ʨʘʟʤʘʢʘ ʠʟʤʝʹʫ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ. ʄʝʪʦʜʘ ʧʨʝʜʚʠʹʘ ʜʘ ʫ ʪʦʤ ʩʣʫʯʘʿʫ ʤʝʨʝˁʝ ʩʘ ʯʝʪʠʨʠ 

ʝʣʝʢʪʨʦʜʝ ʧʦʥʦʚʠ ʦʜʨʝʹʝʥʠ ʙʨʦʿ ʧʫʪʘ, ʩʚʘʢʠ ʧʫʪ ʩʘ ʫʚʝ˂ʘʥʠʤ ʨʘʩʪʦʿʘˁʝʤ ʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ 

ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʝʪʭʦʜʥʦ ʤʝʨʝˁʝ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʪʨʫʿʘ ʢʦʿʘ ʩʝ ʨʘʩʧʨʦʩʪʠʨʝ ʠʟʤʝʹʫ ʩʪʨʫʿʥʠʭ 

ʝʣʝʢʪʨʦʜʘ ʟʘʭʚʘʪʘ ʩʚʝ ʜʫʙˀʝ ʠ ʜʫʙˀʝ ʩʣʦʿʝʚʝ ʟʝʤˀʠʰʪʘ. ʊʘʜʘ ʥʘ ʧʦʪʝʥʮʠʿʘʣʝ ʪʘʯʘʢʘ ʥʘ 

ʧʦʚʨʰʠʥʠ ʟʝʤˀʠʰʪʘ ʧʦʯʠˁʫ ʚʠʰʝ ʜʘ ʫʪʠʯʫ ʫʩʣʦʚʠ ʠʟ ʜʫʙˀʠʭ ʩʣʦʿʝʚʘ ʟʝʤˀʠʰʪʘ. ɺʨʝʜʥʦʩʪ 

ɟʘ ʜʦʙʠʿʝʥʘ ʤʝʨʝˁʠʤʘ ʧʨʠ ʨʘʟʣʠʯʠʪʠʤ ʨʘʩʪʦʿʘˁʠʤʘ a ʩʝ ʨʘʟʣʠʢʫʿʫ. 

ɹʘʠʰʠʢʠ, ʆʩʪʝʨʙʝʨʛ ʠ ɼʘʚʘʣʠʙʠ ʩʫ 1987. ʛʦʜʠʥʝ ʫ [38] ʧʨʠʢʘʟʘʣʠ ʠʟʚʦʹʝˁʝ 

ʘʥʘʣʠʪʠʯʢʠʭ ʠʟʨʘʟʘ ʢʦʿʠʤʘ ʩʝ ʝʣʝʢʪʨʦʜʝ ʚʠʰʝ ʥʝ ʧʦʩʤʘʪʨʘʿʫ ʢʘʦ ʪʘʯʢʝ ʥʘ ʜʫʙʠʥʠ b ʚʝ˂ 

ʣʠʥʠʿʝ ʜʫʞʠʥʝ l, ʰʪʦ ʿʝ ʟʥʘʯʘʿʥʦ ʧʦʙʦˀʰʘˁʝ ʦʨʠʛʠʥʘʣʥʠʭ ɺʝʥʝʨʦʚʠʭ ʠʟʨʘʟʘ. ʊʦ ʿʝ ʫʯʠˁʝʥʦ 

ʢʘʢʦ ʙʠ ʩʝ ʢʘʩʥʠʿʝ ʪʦʢʦʤ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʤʝʨʝˁʘ ʫ ʦʙʟʠʨ ʫʟʝʣʘ ʩʪʚʘʨʥʘ ʛʝʦʤʝʪʨʠʿʘ ʢʦʿʘ ʫʪʠʯʝ 

ʥʘ ʠʟʤʝʨʝʥʝ ʧʨʠʚʠʜʥʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʘ ʤʝʨʝˁʘ ʢʘʜʘ ʫʩʣʦʚ b Ḻ ʘ ʥʠʿʝ ʧʨʠʤʝˁʠʚ 

[38]: 

 

2

2
2 ln 2

1

ʘ a

l
R

E a
F E

F l

p
r

è ø
é ùÖ Ö
é ù= Ö

+è øé ùÖ + Ö - -é ùé ù+ê úê ú

, (2.6) 

ʛʜʝ ʩʫ: 

24 ( / )E a l= + , (2.7) 

  
21 ( / )F a l= + . (2.8) 
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ʅʘ ʉʣ. 2.3 ʿʝ ʧʨʠʢʘʟʘʥʦ ʧʦʨʝʹʝˁʝ ʛʝʦʤʝʪʨʠʿʩʢʠʭ ʤʫʣʪʠʧʣʠʢʘʪʦʨʘ ʢʦʿʠ ʩʝ ʜʦʙʠʿʘʿʫ ʠʟ 

ʥʘʚʝʜʝʥʠʭ ʠʟʨʘʟʘ. ʇʦʜ ʛʝʦʤʝʪʨʠʿʩʢʠʤ ʤʫʣʪʠʧʣʠʢʘʪʦʨʦʤ ʩʝ ʧʦʜʨʘʟʫʤʝʚʘ ʚʨʝʜʥʦʩʪ ʩʘ ʢʦʿʦʤ ʿʝ 

ʧʦʪʨʝʙʥʦ ʧʦʤʥʦʞʠʪʠ ʠʥʩʪʨʫʤʝʥʪʦʤ ʠʟʤʝʨʝʥʫ ʧʨʠʚʠʜʥʫ ʝʣʝʢʪʨʠʯʥʫ ʦʪʧʦʨʥʦʩʪ Rʘ ʜʘ ʙʠ ʩʝ 

ʜʦʙʠʣʘ ʚʨʝʜʥʦʩʪ ʧʨʠʚʠʜʥʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ɟʘ. ʇʨʠʪʦʤ ʿʝ ʠʥʪʝʨʝʩʘʥʪʥʦ ʜʘ ʩʫ ʘʫʪʦʨʠ 

ʫ ʦʚʦʤ ʨʘʜʫ ʟʘ ʧʦʩʤʘʪʨʘʥʫ ʜʫʞʠʥʫ ʤʝʨʥʝ ʝʣʝʢʪʨʦʜʝ l = 1 m, ʤʦʜʝʣʦʚʘʥʝ ʣʠʥʠʿʦʤ, ʫʟʝʣʠ ʜʘ ʪʘʿ 

ʩʣʫʯʘʿ ʦʜʛʦʚʘʨʘ ʟʘ ʜʫʙʠʥʫ ʪʘʯʘʢʘ b = 0,5 m ʫ ʧʨʝʮʠʟʥʠʿʝʤ ɺʝʥʝʨʦʚʦʤ ʠʟʨʘʟʫ. 

 

ʉʣ. 2.3 ï ʇʦʨʝʹʝˁʝ ʛʝʦʤʝʪʨʠʿʩʢʠʭ ʤʫʣʪʠʧʣʠʢʘʪʦʨʘ (ɟa/Ra), ʧʨʝʤʘ ʩʣʠʮʠ ʠʟ [38] 

ʋ ʣʠʪʝʨʘʪʫʨʠ ʥʦʚʠʿʝʛ ʜʘʪʫʤʘ ʤʦʛʫ ʜʘ ʩʝ ʥʘ́ʫ ʨʝʟʫʣʪʘʪʠ ʠʩʪʨʘʞʠʚʘˁʘ ʟʘ ʤʝʨʝˁʝ 

ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʫʟ ʢʦʨʠʰ˂ʝˁʝ ʜʨʫʛʘʯʠʿʠʭ ʨʘʩʧʦʨʝʜʘ ʝʣʝʢʪʨʦʜʘ ʫ ʦʜʥʦʩʫ ʥʘ ʢʦʣʠʥʝʘʨʥʦ 

ʧʦʙʦʜʝʥʝ ʝʣʝʢʪʨʦʜʝ [39]. 

ɺʝ˂ ʜʫʞʝ ʚʨʝʤʝ, ʢʦʨʠʩʪʝ ʩʝ ʢʦʤʧʘʢʪʥʠ ʥʘʤʝʥʩʢʠ ʫʨʝʹʘʿʠ ʥʘ ʢʦʿʝ ʩʝ ʩʘʤʦ ʧʨʠʢˀʫʯʝ 

ʯʝʪʠʨʠ ʝʣʝʢʪʨʦʜʝ ʠ ʜʠʨʝʢʪʥʦ ʦʯʠʪʘ ʚʨʝʜʥʦʩʪ ɟa, ʥʘ ʦʩʥʦʚʫ ʠʟʤʝʨʝʥʝ ʩʪʨʫʿʝ ʢʨʦʟ ʩʧʦˀʥʝ 

ʩʪʨʫʿʥʝ ʝʣʝʢʪʨʦʜʝ ʠ ʠʟʤʝʨʝʥʦʛ ʥʘʧʦʥʘ ʠʟʤʝʫ́ ʫʥʫʪʨʘʰˁʠʭ ʝʣʝʢʪʨʦʜʘ, ʠʟ ʢʦʿʠʭ ʩʝ ʜʦʙʠʿʘ Ra. 

ʀʥʩʪʨʫʤʝʥʪʠ ʪʦʛ ʪʠʧʘ ʚʨʣʦ ʯʝʩʪʦ ʩʫ ʠʩʧʨʦʛʨʘʤʠʨʘʥʠ ʜʘ ʢʦʨʠʩʪʝ ʠʟʨʘʟ (2.5) ʟʘ ʜʦʙʠʿʘˁʝ ɟa ʠʟ 

Ra ʩʣʘʙʠʿʝ ʧʨʝʮʠʟʥʦʩʪʠ. ʋʧʨʘʚʦ ʿʝʜʘʥ ʪʘʢʘʚ ʠʥʩʪʨʫʤʝʥʪ [40], ʠʩʢʦʨʠʰ˂ʝʥ ʿʝ ʢʘʩʥʠʿʝ ʟʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʫ ʚʝʨʠʬʠʢʘʮʠʿʫ ʫ ʦʢʚʠʨʫ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ. ʆʚʘʢʚʠ ʥʘʤʝʥʩʢʠ ʠʥʩʪʨʫʤʝʥʪʠ, 

ʜʘʢʣʝ, ʜʠʨʝʢʪʥʦ ʧʨʠʢʘʟʫʿʫ ʠʟʨʘʯʫʥʘʪʫ ʚʨʝʜʥʦʩʪ ʟʘ ɟa. 

 

2.2.1.2 ʄʝʪʦʜʘ ʐʣʫʤʙʝʨʛʝʨ-ʇʘʣʤʝʨ 

ʐʣʫʤʙʝʨʛʝʨ-ʇʘʣʤʝʨ ʤʝʨʥʘ ʤʝʪʦʜʘ [36] ʠʟʚʦʜʠ ʩʝ, ʢʘʦ ʠ ɺʝʥʝʨʦʚʘ ʤʝʪʦʜʘ, ʧʦʤʦ˂ʫ 4 

ʝʣʝʢʪʨʦʜʝ ʟʘ ʤʝʨʝˁʝ.  

ʂʦʜ ɺʝʥʝʨʦʚʝ ʤʝʪʦʜʝ ʿʝ ʨʘʩʪʦʿʘˁʝ a ʠʟʤʝʹʫ ʩʚʘʢʝ ʜʚʝ ʩʫʩʝʜʥʝ ʝʣʝʢʪʨʦʜʝ ʠʩʪʦ, ʘ ʤʝʨʝˁʘ 

ʩʝ ʠʟʚʦʜʝ ʟʘ ʚʠʰʝ ʚʨʝʜʥʦʩʪʠ ʨʘʩʪʦʿʘˁʘ a. ʂʦʜ ʐʣʫʤʙʝʨʛʝʨʦʚʝ ʤʝʪʦʜʝ ʫʥʫʪʨʘʰˁʝ 

(ʧʦʪʝʥʮʠʿʘʣʥʝ) ʝʣʝʢʪʨʦʜʝ ʤʦʛʫ ʜʘ ʦʩʪʘʥʫ ʥʘ ʠʩʪʦʤ ʧʦʣʦʞʘʿʫ, ʜʦʢ ʩʝ ʤʝˁʘ ʨʘʩʪʦʿʘˁʝ ʩʪʨʫʿʥʠʭ 

ʝʣʝʢʪʨʦʜʘ. ʅʝʜʦʩʪʘʪʘʢ ɺʝʥʝʨʦʚʝ ʤʝʪʦʜʝ ʿʝ ʪʦ ʜʘ ʩʝ ʥʘʧʦʥ ʠʟʤʝʹʫ ʧʦʪʝʥʮʠʿʘʣʥʠʭ ʝʣʝʢʪʨʦʜʘ 

ʙʨʟʦ ʩʤʘˁʫʿʝ ʢʘʜʘ ʩʝ ʤʝʹʫʩʦʙʥʠ ʨʘʟʤʘʢ ʠʟʤʝʹʫ ʩʚʝ ʯʝʪʠʨʠ ʝʣʝʢʪʨʦʜʝ ʧʦʚʝ˂ʘʚʘ ʜʦ ʨʝʣʘʪʠʚʥʦ 
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ʚʝʣʠʢʠʭ ʚʨʝʜʥʦʩʪʠ [22]. ɼʨʫʛʠ ʥʝʜʦʩʪʘʪʘʢ ʿʝ ʰʪʦ ʩʚʝ ʯʝʪʠʨʠ ʝʣʝʢʪʨʦʜʝ ʪʨʝʙʘ ʜʘ ʩʝ ʧʨʝʤʝʩʪʝ, 

ʰʪʦ ʿʝ ʚʨʝʤʝʥʩʢʠ ʟʘʭʪʝʚʥʦ, ʰʪʦ ʧʦʩʢʫʧˀʫʿʝ ʨʝʘʣʠʟʘʮʠʿʫ ï ʦʚʦ ʿʝ ʝʬʝʢʘʪ ʢʦʿʠ ʿʝ ʩʚʝ 

ʠʟʨʘʞʝʥʠʿʠ ʰʪʦ ʩʫ ʚʝ˂ʘ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ [22]. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʟʘ ʐʣʫʤʙʝʨʛʝʨʦʚʫ 

ʤʝʪʦʜʫ, ʫʥʫʪʨʘʰˁʝ (ʧʦʪʝʥʮʠʿʘʣʥʝ) ʝʣʝʢʪʨʦʜʝ ʤʦʛʫ ʜʘ ʦʩʪʘʥʫ ʥʘ ʠʩʪʦʤ ʧʦʣʦʞʘʿʫ, ʜʦʢ ʩʝ 

ʩʪʨʫʿʥʝ ʝʣʝʢʪʨʦʜʝ ʨʘʟʤʠʯʫ ʩʚʝ ʜʘˀʝ ʟʘ ʥʘʨʝʜʥʘ ʤʝʨʝˁʘ. ʐʣʫʤʙʝʨʛʝʨʦʚʘ ʤʝʪʦʜʘ ʩʝ ʩʪʦʛʘ 

ʩʤʘʪʨʘ ʙʨʞʦʤ. ɱʝʜʥʦ ʜʨʫʛʦ ʧʦʨʝʹʝˁʝ ʠʟʤʝʹʫ ɺʝʥʝʨʦʚʝ ʠ ʐʣʫʤʙʝʨʛʝʨʦʚʝ ʤʝʪʦʜʝ ʜʘʪʦ ʿʝ ʫ 

[27] ʩʘ ʘʩʧʝʢʪʘ ʧʨʦʿʝʢʪʦʚʘˁʘ HVDC ʝʣʝʢʪʨʦʜʝ ʟʘ ʫʟʝʤˀʝˁʝ. 

 

2.2.1.3 ʄʝʪʦʜʘ ʧʦʙʠʿʘˁʘ ʰʠʧʢʝ 

ʄʝʪʦʜʘ ʧʦʙʠʿʘˁʘ ʰʠʧʢʝ [35] ʠʟʚʦʜʠ ʩʝ ʩʘ ʿʝʜʥʦʤ ʛʣʘʚʥʦʤ ʰʠʧʢʦʤ ʢʦʿʘ ʩʝ ʧʦʙʠʿʘ ʩʚʝ 

ʜʫʙˀʝ ʠ ʜʫʙˀʝ ʜʦʢ ʩʝ ʠʟʚʦʜʝ ʤʝʨʝˁʘ. ʇʦʨʝʜ ʛʣʘʚʥʝ, ʧʦʪʨʝʙʥʝ ʩʫ ʿʦʰ ʜʚʝ ʝʣʝʢʪʨʦʜʝ: ʩʪʨʫʿʥʘ ʠ 

ʧʦʪʝʥʮʠʿʘʣʥʘ. ʀʟʤʝʹʫ ʛʣʘʚʥʝ ʠ ʩʪʨʫʿʥʝ ʝʣʝʢʪʨʦʜʝ ʬʦʨʤʠʨʘ ʩʝ ʩʪʨʫʿʥʦ ʝʣʝʢʪʨʠʯʥʦ ʢʦʣʦ ʩʘ 

ʠʟʚʦʨʦʤ ʤʝʨʥʝ ʩʪʨʫʿʝ ʠ ʘʤʧʝʨʤʝʪʨʦʤ, ʘ ʧʨʠʪʦʤ ʩʝ ʤʝʨʠ ʨʘʟʣʠʢʘ ʧʦʪʝʥʮʠʿʘʣʘ ʠʟʤʝʹʫ ʛʣʘʚʥʝ ʠ 

ʧʦʪʝʥʮʠʿʘʣʥʝ, ʟʘ ʢʦʿʫ ʩʝ ʩʤʘʪʨʘ ʜʘ ʿʝ ʫʙʦʜʝʥʘ ʜʦʚʦˀʥʦ ʜʘʣʝʢʦ ʜʘ ʤʦʞʝ ʜʘ ʩʝ ʧʦʩʤʘʪʨʘ ʜʘ ʿʝ ʥʘ 

ʧʦʪʝʥʮʠʿʘʣʫ ʨʝʬʝʨʝʥʪʝ ʟʝʤˀʝ. ɿʘ ʨʘʟʣʠʯʠʪʝ ʜʫʙʠʥʝ ʧʦʙʠʿʘˁʘ ʛʣʘʚʥʝ ʝʣʝʢʪʨʦʜʝ ʨʘʯʫʥʘʿʫ ʩʝ 

ʦʪʧʦʨʥʦʩʪʠ ʢʘʦ ʦʜʥʦʩ ʠʟʤʝʨʝʥʠʭ ʥʘʧʦʥʘ ʠ ʤʝʨʥʝ ʩʪʨʫʿʝ. 

ʇʨʝʜʥʦʩʪʠ ʤʝʪʦʜʝ ʧʦʙʠʿʘˁʘ ʰʠʧʢʝ ʩʫ ʫ ʪʦʤʝ ʰʪʦ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʰʠʧʢʝ 

ʤʦʞʝ ʣʘʢʦ ʪʝʦʨʝʪʩʢʠ ʜʘ ʩʝ ʠʟʨʘʯʫʥʘ ʠ ʰʪʦ ʜʫʙʠʥʘ ʧʦʙʠʿʘˁʘ ʪʦʢʦʤ ʤʝʨʝˁʘ ʪʘʢʦʹʝ ʜʘʿʝ 

ʠʥʬʦʨʤʘʮʠʿʫ ʠ ʦ ʤʝʭʘʥʠʯʢʦʿ ʢʘʨʘʢʪʝʨʠʩʪʠʮʠ ʪʣʘ, ʦʜʥʦʩʥʦ ʦ ʪʦʤʝ ʢʦʣʠʢʦ ʜʫʙʦʢʦ ʰʠʧʢʝ ʟʘ 

ʫʟʝʤˀʝˁʝ ʤʦʛʫ ʙʠʪʠ ʧʦʙʠʿʝʥʝ ʪʦʢʦʤ ʠʥʩʪʘʣʘʮʠʿʝ. ʅʝʜʦʩʪʘʪʘʢ ʿʝ ʪʦ ʰʪʦ ʧʦʙʠʿʘˁʝ ʰʠʧʢʝ ʩʚʝ 

ʜʫʙˀʝ ʫ ʪʣʦ ʤʦʞʝ ʜʘ ʠʟʘʟʦʚʝ ʚʠʙʨʘʮʠʿʝ ʠ ʣʦʰ ʝʣʝʢʪʨʠʯʥʠ ʢʦʥʪʘʢʪ ʩʘ ʦʢʦʣʥʠʤ ʪʣʦʤ [22], ʘ 

ʧʦʩʣʝʜʠʯʥʦ ʠ ʧʦʛʨʝʰʥʦ ʤʝʨʝˁʝ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ. ʄʝʪʦʜʘ ʥʠʿʝ ʘʜʝʢʚʘʪʥʘ ʟʘ 

ʠʩʪʨʘʞʠʚʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʣʘ ʟʘ ʚʝʣʠʢʝ ʧʦʚʨʰʠʥʝ. ʄʝʪʦʜʝ ʤʝʨʝˁʘ ʩʘ ʯʝʪʠʨʠ ʪʘʯʢʝ 

ʥʘʚʝʜʝʥʝ ʠʟʥʘʜ ʩʫ ʧʦʛʦʜʥʠʿʝ. 

ʇʦʨʝʹʝˁʝ ʠʟʤʝʹʫ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʠ ʤʝʪʦʜʦʤ ʧʦʙʠʿʘˁʘ ʰʠʧʢʝ ʟʘ ʜʚʦʩʣʦʿʥʝ ʤʦʜʝʣʝ 

ʪʣʘ ʧʨʠʢʘʟʘʥʦ ʿʝ ʫ [41]. 

 

2.2.2 ʄʦʜʝʣʦʚʘˁʝ ʪʣʘ ʠ ʤʝʪʦʜʝ ʠʥʪʝʨʧʨʝʪʘʮʠʿʘ ʨʝʟʫʣʪʘʪʘ ʤʝʨʝˁʘ 

2.2.2.1 ɼʚʦʩʣʦʿʥʦ ʪʣʦ 

ʊʣʘ ʤʦʛʫ ʜʘ ʩʝ ʦʢʘʨʘʢʪʝʨʠʰʫ ʢʘʦ ʭʦʤʦʛʝʥʘ, ʢʘʜʘ ʩʝ ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ 

ʪʣʘ ʥʝ ʤʝˁʘ ʟʥʘʯʘʿʥʦ ʧʦ ʜʫʙʠʥʠ. ʄʝʹʫʪʠʤ, ʪʣʦ ʫ ʧʨʘʢʩʠ ʤʦʞʝ ʜʘ ʙʫʜʝ ʚʨʣʦ ʥʝʭʦʤʦʛʝʥʦ, ʘʣʠ 

ʿʝ ʟʘ ʧʨʘʢʪʠʯʥʝ ʧʦʪʨʝʙʝ ʥʘʿʯʝʰ˂ʝ ʦʧʨʘʚʜʘʥʦ ʠ ʠʟʚʦʜˀʠʚʦ ʜʘ ʩʝ ʪʣʦ ʤʦʜʝʣʫʿʝ ʢʘʦ ʜʚʦʩʣʦʿʥʦ. 

ɼʚʦʩʣʦʿʥʠ ʤʦʜʝʣ ʪʣʘ ʿʝ ʫ ʧʦʪʧʫʥʦʩʪʠ ʦʧʠʩʘʥ ʩʘ 3 ʧʘʨʘʤʝʪʨʘ: ʩʧʝʮʠʬʠʯʥʦʤ ʦʪʧʦʨʥʦʰ˂ʫ ɟ1 

ʛʦʨˁʝʛ ʩʣʦʿʘ ʢʦʥʘʯʥʝ ʜʫʙʠʥʝ h ʠ ʩʧʝʮʠʬʠʯʥʦʤ ʦʪʧʦʨʥʦʰ˂ʫ ɟ2 ʜʦˁʝʛ ʩʣʦʿʘ ʟʘ ʢʦʿʠ ʩʝ ʩʤʘʪʨʘ 

ʜʘ ʿʝ ʙʝʩʢʦʥʘʯʥʝ ʜʫʙʠʥʝ.  

ɸʣʪʝʨʥʘʪʠʚʥʦ, ʫʤʝʩʪʦ ɟ2 ʫ ʿʝʜʥʘʯʠʥʘʤʘ ʤʦʞʝ ʜʘ ʩʝ ʩʨʝʪʥʝ ʢʦʝʬʠʮʠʿʝʥʪ ʨʝʬʣʝʢʩʠʿʝ K: 
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(2.9) 

 

ʊʣʘ ʤʦʛʫ ʜʘ ʠʤʘʿʫ ʨʘʟʣʠʯʠʪʝ ʪʠʧʦʚʝ ʠʟʨʘʟʠʪʝ ʥʝʭʦʤʦʛʝʥʦʩʪʠ (ʧʦ ʜʫʙʠʥʩʢʦʿ ʢʦʦʨʜʠʥʘʪʠ 

ʧʦ ʭʦʨʠʟʦʥʪʘʣʥʠʤ ʨʘʚʥʠʤʘ ʧʘʨʘʣʝʣʥʠʤ ʩʘ ʧʦʚʨʰʠ ʪʣʘ, ʠʣʠ ʧʦ ʜʫʙʠʥʠ ʠ ʧʦ ʭʦʨʠʟʦʥʪʘʣʘʤʘ). 

ʋ ʧʨʘʢʩʠ ʿʝ ʥʘʿʯʝʰ˂ʠ ʩʣʫʯʘʿ ʧʨʦʤʝʥʝ ʧʦ ʜʫʙʠʥʩʢʦʿ ʢʦʦʨʜʠʥʘʪʠ. ʇʨʝʛʣʝʜ ʣʠʪʝʨʘʪʫʨʝ ʿʝ 

ʫʩʤʝʨʝʥ ʫ ʪʦʤ ʧʨʘʚʮʫ. ɻʣʘʚʥʘ ʨʘʟʤʘʪʨʘˁʘ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʚʝʟʘʥʘ ʩʫ ʟʘ ʜʚʦʩʣʦʿʥʦ ʪʣʦ, ʤʝʹʫʪʠʤ 

ʫʚʘʞʝʥʝ ʩʫ ʠ ʨʝʬʝʨʝʥʮʝ ʫ ʢʦʿʠʤʘ ʩʝ ʦʙʨʘʹʫʿʫ ʚʠʰʝʩʣʦʿʥʠ ʤʦʜʝʣʠ ʪʣʘ, ʢʘʦ ʩʤʝʨʥʠʮʘ ʟʘ ʜʘˀʠ 
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ʠʩʪʨʘʞʠʚʘʯʢʠ ʨʘʜ, ʦʜʥʦʩʥʦ ʧʨʠʤʝʥʫ ʨʘʟʚʠʿʝʥʠʭ ʤʝʪʦʜʘ ʢʦʿʝ ʩʫ ʧʨʠʤʝˁʝʥʝ ʠ ʪʝʩʪʠʨʘʥʝ ʥʘ 

ʜʚʦʩʣʦʿʥʦʤ ʪʣʫ. 

ʋ [42] ʿʝ ʫʢʘʟʘʥʦ ʜʘ, ʠʘʢʦ ʧʦʩʪʦʿʝ ʩʪʘʥʜʘʨʜʠ ʟʘ ʩʧʨʦʚʦʹʝˁʝ ʤʝʨʝˁʘ ʩʧʝʮʠʬʠʯʥʝ 

ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ, ʫ ʣʠʪʝʨʘʪʫʨʠ ʥʝ ʧʦʩʪʦʿʝ ʿʘʩʥʝ ʩʤʝʨʥʠʮʝ ʫ ʧʦʛʣʝʜʫ 

ʧʦʪʨʝʙʥʦʛ ʤʘʢʩʠʤʘʣʥʦʛ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ. ʈʘʜ ʩʝ ʥʝ ʟʘʜʨʞʘʚʘ ʩʘʤʦ ʥʘ ʦʚʦʿ 

ʢʦʥʩʪʘʪʘʮʠʿʠ, ʚʝ˂ ʘʥʘʣʠʟʠʨʘ ʫʪʠʮʘʿ ʦʛʨʘʥʠʯʝʥʦʛ ʨʘʩʪʦʿʘˁʘ ʥʘ ʪʘʯʥʦʩʪ ʦʜʨʝʹʠʚʘˁʘ 

ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʠ ʧʘʨʘʤʝʪʘʨʘ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ. ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ʧʨʠʚʠʜʥʘ 

ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʧʨʝʜʩʪʘʚˀʘ ʪʝʞʠʥʩʢʫ ʢʦʤʙʠʥʘʮʠʿʫ ʦʪʧʦʨʥʦʩʪʠ ʩʣʦʿʝʚʘ ʨʘʟʣʠʯʠʪʠʭ 

ʜʫʙʠʥʘ, ʫʩʣʝʜ ʯʝʛʘ ʥʝ ʧʦʩʪʦʿʠ ʿʝʜʥʦʩʪʘʚʥʘ ʚʝʟʘ ʠʟʤʝʹʫ ʨʘʩʪʦʿʘˁʘ ʝʣʝʢʪʨʦʜʘ ʠ ʜʫʙʠʥʝ 

ʠʩʧʠʪʠʚʘˁʘ. ʇʦʩʝʙʥʦ ʿʝ ʠʩʪʘʢʥʫʪʦ ʜʘ ʦʛʨʘʥʠʯʝʥʦ ʤʘʢʩʠʤʘʣʥʦ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ 

ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ ʧʦʛʨʝʰʥʝ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ, ʧʨʠ ʯʝʤʫ ʩʝ ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ 

ʜʫʙˀʝʛ ʩʣʦʿʘ ʯʝʩʪʦ ʧʦʪʮʝˁʫʿʝ, ʠʘʢʦ ʩʝ ʠʟʤʝʨʝʥʠ ʧʦʜʘʮʠ ʜʦʙʨʦ ʘʧʨʦʢʩʠʤʠʨʘʿʫ. ʅʘ ʦʩʥʦʚʫ 

ʥʫʤʝʨʠʯʢʠʭ ʘʥʘʣʠʟʘ ʿʝʜʥʝ ʫʟʝʤˀʠʚʘʯʢʝ ʤʨʝʞʝ ʜʠʤʝʥʟʠʿʘ 152 m x 152 m ʜʘʪʝ ʩʫ ʠ ʧʨʝʧʦʨʫʢʝ 

ʟʘ ʠʟʙʦʨ ʤʘʢʩʠʤʘʣʥʦʛ ʨʘʩʪʦʿʘˁʘ, ʢʦʿʝ ʪʨʝʙʘ ʜʘ ʙʫʜʝ ʙʘʨ 3 ʧʫʪʘ ʚʝ˂ʝ ʦʜ ʤʘʢʩʠʤʘʣʥʝ ʣʠʥʝʘʨʥʝ 

ʜʠʤʝʥʟʠʿʝ ʫʟʝʤˀʠʚʘʯʢʝ ʤʨʝʞʝ ʨʘʜʠ ʧʦʫʟʜʘʥʝ ʧʨʦʮʝʥʝ ˁʝʥʠʭ ʧʘʨʘʤʝʪʘʨʘ. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʫ 

ʣʠʪʝʨʘʪʫʨʠ ʥʠʿʝ ʧʨʦʥʘʹʝʥʘ ʧʨʝʧʦʨʫʢʘ ʟʘ ʤʠʥʠʤʘʣʥʦ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ. 

ɿʘ ʜʦʙʠʿʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ ʥʘ ʦʩʥʦʚʫ ʤʝʨʝˁʘ ʠʟʚʨʰʝʥʠʭ ɺʝʥʝʨʦʚʦʤ 

ʤʝʪʦʜʦʤ ʙʠʣʦ ʿʝ ʥʝʦʧʭʦʜʥʦ ʨʘʟʚʠʪʠ ʪʘʢʦʟʚʘʥʝ ʤʝʪʦʜʝ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ, ʦʜʥʦʩʥʦ ʤʝʪʦʜʝ 

ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʪʣʘ. ʋ ʜʘˀʝʤ ʪʝʢʩʪʫ ˂ʝ ʩʝ ʢʦʨʠʩʪʠʪʠ ʦʙʘ ʪʝʨʤʠʥʘ, ʘʣʠ ʩʘ ʠʩʪʠʤ ʟʥʘʯʝˁʝʤ: 

ʤʝʪʦʜʝ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʤʝʨʝˁʘ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ, ʦʜʥʦʩʥʦ ʤʝʪʦʜʝ 

ʦʜʨʝʹʠʚʘˁʘ ʝʣʝʢʪʨʠʯʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʟʝʤˀʠʰʪʘ, ʘ ʧʦʥʝʛʜʝ ʯʘʢ ʠ ʤʝʪʦʜʝ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ 

ʪʣʘ. 

ʋ ʠʟʚʝʰʪʘʿʫ ʠʩʪʨʘʞʠʚʘʯʢʦʛ ʧʨʦʿʝʢʪʘ [14], ʿʦʰ ʠʟ 1982. ʛʦʜʠʥʝ, ʠʟʚʝʜʝʥʘ ʿʝ ʬʦʨʤʫʣʘ ʟʘ 

ʧʨʠʚʠʜʥʫ ʩʧʝʮʠʬʠʯʥʫ ʝʣʝʢʪʨʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ɟʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ 

ʦʪʧʦʨʥʦʩʪʠ ʛʦʨˁʝʛ ʩʣʦʿʘ ɟ1, ʨʘʟʤʘʢʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ ʘ, ʜʫʙʠʥʝ ʛʦʨˁʝʛ ʩʣʦʿʘ h ʠ 

ʢʦʝʬʠʮʠʿʝʥʪʘ ʨʝʬʣʝʢʩʠʿʝ ʠʟʤʝʹʫ ʩʣʦʿʝʚʘ K: 
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ʋ ʠʟʨʘʟʫ ʠʟʥʘʜ, ʧʦʿʝʜʠʥʝ ʦʟʥʘʢʝ ʩʫ: 

ʘ ï ʤʝʹʫʩʦʙʥʦ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ ʟʘ ʤʝʨʝˁʝ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ, 

ɟʘ ï ʧʨʠʚʠʜʥʘ ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʠʟʨʘʯʫʥʘʪʘ ʟʘ ʨʘʩʪʦʿʘˁʝ ʘ, 
ɟ1 ï ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʛʦʨˁʝʛ ʩʣʦʿʘ, 

ʂ ï ʢʦʝʬʠʮʠʿʝʥʪ ʨʝʬʣʝʢʩʠʿʝ ʠʟʨʘʯʫʥʘʪ ʧʨʝʢʦ ʿʝʜʥʘʯʠʥʝ (2.9), 

n ï ʨʝʜʥʠ ʙʨʦʿ ʯʣʘʥʘ ʨʝʜʘ, ʠ 

h ï ʜʫʙʠʥʘ ʛʦʨˁʝʛ ʩʣʦʿʘ. 

 

ʅʘ ʬʦʨʤʫʣʫ (2.10) ʫ ʥʘʩʪʘʚʢʫ ʜʠʩʝʨʪʘʮʠʿʝ ʧʦʟʠʚʘ˂ʝ ʩʝ ʧʦʜ ʪʝʨʤʠʥʦʤ ʘʥʘʣʠʪʠʯʢʠ ʤʦʜʝʣ 

ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ. 

ɻʣʘʚʥʦ ʧʦʿʝʜʥʦʩʪʘʚˀʝˁʝ ʢʦʿʝ ʿʝ ʫʧʦʪʨʝʙˀʝʥʦ ʧʨʠ ʠʟʚʦʹʝˁʫ ʬʦʨʤʫʣʝ (2.10) ʿʝ ʜʘ ʩʝ 

ʝʣʝʢʪʨʦʜʝ ʫʤʝʩʪʦ ʨʝʘʣʥʦʛ ʮʠʣʠʥʜʨʠʯʥʦʛ ʦʙʣʠʢʘ ʩʤʘʪʨʘʿʫ ʪʘʯʢʘʤʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ. ʆʚʦ ʿʝ 

ʦʧʨʘʚʜʘʥʦ ʟʘ ʩʣʫʯʘʿʝʚʝ ʢʘʜʘ ʿʝ ʠʩʧʫˁʝʥʦ b Ḻ ʘ. ʇʦʤʝʥʫʪʦ ʧʦʿʝʜʥʦʩʪʘʚˀʝˁʝ ʿʝ ʫʚʝʜʝʥʦ ʜʘ ʙʠ 

ʩʝ ʦʣʘʢʰʘʣʦ ʥʘʣʘʞʝˁʝ ʨʝʰʝˁʘ ʃʘʧʣʘʩʦʚʝ ʿʝʜʥʘʯʠʥʝ ʟʘ ʧʦʪʝʥʮʠʿʘʣʝ ʪʘʯʘʢʘ ʥʘ ʧʦʚʨʰʠʥʠ 

ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ, ʫ ʪʘʯʢʘʤʘ ʧʦʙʘʜʘˁʘ ʩʚʘʢʝ ʦʜ 4 ʤʝʨʥʝ ʝʣʝʢʪʨʦʜʝ ʟʘ ʠʟʚʦʹʝˁʝ ʤʝʨʝˁʘ 

ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ. 
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ʋ ʨʝʬʝʨʝʥʮʠ [43] ʿʝ ʧʨʝʜʣʦʞʝʥʦ ʜʘ ʩʝ ʢʦʨʠʩʪʠ ʢʦʥʘʯʘʥ ʙʨʦʿ ʝʣʝʤʝʥʘʪʘ ʫ ʩʫʤʠ ʫ 

ʿʝʜʥʘʯʠʥʠ (2.10). 

 

2.2.2.2 ɻʨʘʬʠʯʢʘ ʤʝʪʦʜʘ  

ʅʘ ʧʦʯʝʪʢʫ, ʟʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ʤʝʨʝˁʘ ʠ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ 

ʢʦʨʠʰ˂ʝʥʘ ʿʝ ʛʨʘʬʠʯʢʘ ʤʝʪʦʜʘ [44]. ʄʝʪʦʜʫ ʥʝʢʠ ʘʫʪʦʨʠ ʪʘʢʦʹʝ ʥʘʟʠʚʘʿʫ ʤʝʪʦʜʦʤ ʤʘʩʪʝʨ 

ʢʨʠʚʘ [15]. ʄʘʩʪʝʨ ʢʨʠʚʝ, ʧʨʠʢʘʟʘʥʝ ʥʘ ʉʣ. 2.4, ʠʩʮʨʪʘʚʘʿʫ ʩʝ ʢʦʨʠʩʪʝ˂ʠ ʠʟʨʘʟ (2.10). ʄʝʪʦʜʘ 

ʩʝ ʩʘʩʪʦʿʠ ʫ ʪʦʤʝ ʜʘ ʩʝ ʪʝʞʠ ʜʘ ʩʝ ʠʩʮʨʪʘʿʫ ʪʘʯʢʝ ʩʘ ʤʝʨʥʠʤ ʨʝʟʫʣʪʘʪʠʤʘ, ʘ ʟʘʪʠʤ ʚʠʜʠ ʢʦʿʝ ʩʫ 

ʥʘʿʧʨʠʙʣʠʞʥʠʿʝ ʤʘʩʪʝʨ ʢʨʠʚʝ, ʘ ʟʘʪʠʤ ʦʜʨʝʜʝ ʧʘʨʘʤʝʪʨʠ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ ï ɟ1, ɟ2 ʠ h. ʋ 

[10] ʿʝ ʜʝʪʘˀʥʦ ʧʨʠʢʘʟʘʥ ʧʦʩʪʫʧʘʢ ʢʦʨʠʰ˂ʝˁʘ ʤʝʪʦʜʝ. 

 

 

ʉʣ. 2.4 ï ʄʘʩʪʝʨ ʢʨʠʚʝ ʠʩʮʨʪʘʥʝ ʟʘ ʜʚʦʩʣʦʿʥʦ ʪʣʦ, ʟʘ ʰʠʨʦʢ ʩʧʝʢʪʘʨ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʨʝʬʣʝʢʩʠʿʝ K ʠʟʤʝʹʫ 

ʛʦʨˁʝʛ ʩʣʦʿʘ ʠ ʜʦˁʝʛ ʩʣʦʿʘ ʙʝʩʢʦʥʘʯʥʝ ʜʫʙʠʥʝ 

 

2.2.2.3 ʄʝʪʦʜʘ ʦʧʘʜʘʿʫ˂ʝʛ ʛʨʘʜʠʿʝʥʪʘ 

ɼʘʚʘʣʠʙʠʿʘ ʠ ɹʣʘʪʥʝʨ ʩʫ ʫ ʨʘʜʫ [15] ʠʟ 1984. ʛʦʜ. ʧʨʝʜʩʪʘʚʠʣʠ ʤʝʪʦʜʫ ʟʘ 

ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ʤʝʨʝˁʘ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʝʤˀʠʰʪʘ ʥʘ ʦʩʥʦʚʫ ʘʣʛʦʨʠʪʤʘ ʦʧʘʜʘʿʫ˂ʝʛ 

ʛʨʘʜʠʿʝʥʪʘ. ʄʝʪʦʜʘ ʿʝ, ʟʘʭʚʘˀʫʿʫ˂ʠ ʥʘʧʨʝʪʢʫ ʫ ʨʘʯʫʥʘʨʩʢʦʿ ʪʝʭʥʠʮʠ, ʧʦ ʧʨʚʠ ʧʫʪ ʧʨʠʤʝˁʝʥʘ 

ʫ ʚʠʜʫ ʨʘʯʫʥʘʨʩʢʦʛ ʧʨʦʛʨʘʤʘ. ʀʟʣʦʞʝʥʦʤ ʤʝʪʦʜʦʤ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʩʝ ʦʜ ʤʝʨʝˁʘ ʩʧʝʮʠʬʠʯʥʝ 

ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ, ʜʦʙʠʿʝʥʠʭ ʧʨʠʤʝʥʦʤ ɺʝʥʝʨʦʚʝ ʤʝʪʦʜʝ, ʦʜʨʝʹʫʿʫ ʧʘʨʘʤʝʪʨʠ ʟʘ ʜʚʦʩʣʦʿʥʠ 

ʤʦʜʝʣ ʪʣʘ.  

ʋ ʦʩʥʦʚʠ, ʤʝʪʦʜʘ ʤʠʥʠʤʠʟʫʿʝ ʢʨʠʪʝʨʠʿʫʤʩʢʫ ʬʫʥʢʮʠʿʫ ʩʣʝʜʝ˂ʝʛ ʦʙʣʠʢʘ: 
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ʛʜʝ ʩʫ: 

¶ ɟʘ0(ʘʿ) ï ʠʟʤʝʨʝʥʝ ʧʨʠʚʠʜʥʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ, ʢʦʿʝ ʩʝ ʜʦʙʠʿʘʿʫ ʧʨʠʤʝʥʦʤ 

ɺʝʥʝʨʦʚʦʛ ʫʧʨʦʰ˂ʝʥʦʛ (2.5) ʠʣʠ ɺʝʥʝʨʦʚʦʛ ʧʨʝʮʠʟʥʠʿʝʛ ʠʟʨʘʟʘ (2.4) ʥʘ ʠʟʤʝʨʝʥʝ 

ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ, ʠ  

¶ ɟʘ(ʘʿ) ï ʠʟʨʘʯʫʥʘʪʝ ʧʨʠʚʠʜʥʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʧʨʠʤʝʥʦʤ ʠʟʨʘʟʘ (2.10), 

ʟʘ j = 1, é, n, ʛʜʝ ʿʝ n ʙʨʦʿ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ ʟʘ ʢʦʿʝ ʩʫ ʠʟʚʨʰʝʥʘ 

ʤʝʨʝˁʘ. 

ʄʠʥʠʤʠʟʘʮʠʿʘ ʬʫʥʢʮʠʿʝ ʠʟʚʦʜʠ ʩʝ ʘʣʛʦʨʠʪʤʦʤ ʦʧʘʜʘʿʫ˂ʝʛ ʛʨʘʜʠʿʝʥʪʘ, ʫ ʢʦʿʦʿ ʩʝ 

ʢʦʨʠʩʪʝ ʧʘʨʮʠʿʘʣʥʠ ʠʟʚʦʜʠ ʠʟʨʘʟʘ (2.10) ʧʦ ɟ1, h ʠ K. 

ʅʘʚʝʜʝʥʘ ʤʝʪʦʜʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʩʝ ʢʦʨʠʩʪʠ ʫ ʚʝ˂ʠʥʠ ʜʘʥʘʩ ʢʦʤʝʨʮʠʿʘʣʥʦ ʜʦʩʪʫʧʥʠʭ 

ʩʦʬʪʚʝʨʘ ʢʦʿʠ ʠʤʘʿʫ ʤʦʜʫʣʝ ʟʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ʠ ʜʦʙʠʿʘˁʝ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ 

ʠʥʪʝʨʧʨʝʪʘʮʠʿʦʤ ʤʝʨʝˁʘ ʠʟʚʨʰʝʥʠʭ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ. ɱʝʜʥʦʩʪʘʚʥʘ ʿʝ ʠ ʨʦʙʫʩʥʘ. 

ʄʝʹʫʪʠʤ, ʢʘʦ ʰʪʦ ˂ʝ ʩʝ ʧʦʢʘʟʘʪʠ ʫ ʦʜʝˀʢʫ 4.4.3 ʦʚʘ ʤʝʪʦʜʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʜʘʿʝ ʧʨʦʮʝʥʝ 

ʩʣʘʙʠʿʝ ʪʘʯʥʦʩʪʠ ʢʘʜʘ ʩʝ ʧʨʠʤʝˁʫʿʝ ʥʘ ʩʧʝʮʠʬʠʯʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʪʣʘ ʩʘ ʧʣʠʪʢʠʤ ʛʦʨˁʠʤ 

ʩʣʦʿʝʤ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ ʜʦˁʠ ʩʣʦʿ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʤʝʪʦʜʘ ʧʦʩʪʘʿʝ 

ʥʝʧʨʝʮʠʟʥʘ ʟʘ ʚʠʩʦʢ ʥʝʛʘʪʠʚʘʥ ʢʦʝʬʠʮʠʿʝʥʪ ʨʝʬʣʝʢʩʠʿʝ K ʢʦʿʠ ʦʜʣʠʢʫʿʝ ʪʣʦ. ʅʘʚʝʜʝʥʦ 

ʧʨʦʠʩʪʠʯʝ ʠʟ ʜʚʝ ʯʠˁʝʥʠʮʝ: 

¶ ʟʘ ʧʨʦʨʘʯʫʥ ɟʘ
0(ʘʿ) ʢʦʨʠʩʪʝ ʩʝ ɺʝʥʝʨʦʚʠ ʠʟʨʘʟʠ ʟʘʩʥʦʚʘʥʠ ʥʘ ʧʨʝʜʩʪʘʚˀʘˁʫ 

ʝʣʝʢʪʨʦʜʘ ʢʘʦ ʪʘʯʘʢʘ ʥʘ ʜʫʙʠʥʠ b ʫʤʝʩʪʦ ʨʝʘʣʥʦʛ ʦʙʣʠʢʘ, ʰʪʦ ʫʥʦʩʠ 

ʥʝʧʨʝʮʠʟʥʦʩʪ ʤʦʜʝʣʦʚʘˁʘ ʟʘ ʤʘʣʘ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ, ʠ 

¶ ʟʘ ʧʨʦʨʘʯʫʥ ɟʘ(ʘʿ) ʢʦʨʠʩʪʠ ʩʝ ʠʟʨʘʟ (2.10) ʢʦʿʠ ʿʝ ʠʟʚʝʜʝʥʠ ʥʘ ʦʩʥʦʚʫ 

ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʜʘ ʩʫ ʝʣʝʢʪʨʦʜʝ ʨʝʘʣʥʠʭ ʜʠʤʝʥʟʠʿʘ ʘʧʨʦʢʩʠʤʠʨʘʥʝ ʪʘʯʢʘʤʘ ʥʘ 

ʧʦʚʨʰʠʥʠ ʪʣʘ. 

ʇʨʝʚʘʟʠʣʘʞʝˁʝ ʦʚʠʭ ʦʛʨʘʥʠʯʝˁʘ, ʦʜʥʦʩʥʦ ʧʨʠʤʝʥʘ ʤʦʜʝʣʘ ʢʦʿʠ ʧʦʚʝ˂ʘʚʘʿʫ ʧʨʝʮʠʟʥʦʩʪ, 

ʧʨʝʜʩʪʘʚˀʘ ʿʝʜʘʥ ʦʜ ʛʣʘʚʥʠʭ ʮʠˀʝʚʘ ʜʠʩʝʨʪʘʮʠʿʝ. ʂʘʦ ʰʪʦ ˂ʝ ʩʝ ʚʠʜʝʪʠ ʠʟ ʜʘˀʝʛ ʪʝʢʩʪʘ 

ʜʠʩʝʨʪʘʮʠʿʝ, ʪʘʿ ʮʠˀ ʿʝ ʧʦʩʪʠʛʥʫʪ ʠ ʦʩʪʚʘʨʝʥʠ ʜʦʧʨʠʥʦʩʠ ʩʫ ʦʙʿʘʚˀʝʥʠ ʫ [13]. 

 

2.2.2.4 SOIMP ʤʝʪʦʜʘ 

ʄʝʣʠʦʧʫʣʦʩ ʠ ʇʘʨʘʣʝʢʩʦʧʫʣʦʩ ʩʫ 1986. ʫ [45] ʧʨʝʜʩʪʘʚʠʣʠ SOIMP (ʝʥʛʣ. soil 

interpretation measurement program) ï ʤʝʪʦʜʫ ʟʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ʠ ʨʘʯʫʥʘʨʩʢʠ ʧʨʦʛʨʘʤ ʫ 

ʢʦʿʝʤ ʿʝ ʠʤʧʣʝʤʝʥʪʠʨʘʥʘ. ʄʦʪʠʚʘʮʠʿʘ ʟʘ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʙʠʣʘ ʜʘ ʩʝ ʦʩʪʚʘʨʠ ʧʨʝʧʦʟʥʘʚʘˁʝ 

ʣʦʰʠʭ ʤʝʨʥʠʭ ʪʘʯʘʢʘ ʠ ʜʘ ʩʝ ʦʥʝ ʧʨʠʣʠʢʦʤ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʥʘ ʦʩʥʦʚʫ ʩʪʘʪʠʩʪʠʯʢʠʭ 

ʧʘʨʘʤʝʪʘʨʘ ʪʝ ʤʝʨʥʝ ʪʘʯʢʝ ʦʜʙʘʮʝ ʠʣʠ ˁʠʭʦʚ ʟʥʘʯʘʿ ʫʤʘˁʠ. ʋ ʚʝʟʠ ʩʘ ʪʠʤ, ʩʪʚʘʨʥʦ ʪʣʦ ʥʘ 

ʢʦʤʝ ʩʝ ʠʟʚʦʜʝ ʤʝʨʝˁʘ ʛʦʪʦʚʦ ʥʠʢʘʜ ʥʠʿʝ ʠʜʝʘʣʥʦ ʜʚʦʩʣʦʿʥʦ, ʦʜʥʦʩʥʦ ʤʘʪʝʤʘʪʠʯʢʠ ʜʚʦʩʣʦʿʘʥ 

ʤʦʜʝʣ ʪʣʘ ʿʝ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʨʝʘʣʥʝ ʩʠʪʫʘʮʠʿʝ, ʧʘ ʠʟʤʝʨʝʥʝ ʚʨʝʜʥʦʩʪʠ ʤʦʛʫ ʙʠʪʠ ʧʦʩʣʝʜʠʮʘ 

ʩʘʤʝ ʤʝʨʥʝ ʛʨʝʰʢʝ ʠʣʠ ʦʜʩʪʫʧʘˁʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʨʝʘʣʥʦʛ ʪʣʘ ʦʜ ʠʜʝʘʣʠʟʘʮʠʿʝ ʜʚʦʩʣʦʿʥʠʤ 

ʪʣʦʤ. ʅʘʚʝʜʝʥʦ ʠʩʪʨʘʞʠʚʘˁʝ ʿʝ ʦʨʠʿʝʥʪʠʩʘʥʦ ʥʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʩʫʤˁʠʚʠʭ ʚʨʝʜʥʦʩʪʠ, ʢʦʿʝ 

ʩʫ ʜʦʙʠʿʝʥʝ ɺʝʥʝʨʦʚʦʤ, ʐʣʫʤʙʝʨʛʝʨ-ʇʘʣʤʝʨʦʚʦʤ ʠ ʤʝʪʦʜʦʤ ʧʦʙʠʿʘˁʘ ʰʠʧʢʝ, ʯʠʿʠ ʟʥʘʯʘʿ ʫ 

ʤʝʪʦʜʠ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʪʣʘ ʪʨʝʙʘ ʫʤʘˁʠʪʠ ʧʨʠʤʝʥʦʤ ʤʘˁʠʭ ʪʝʞʠʥʩʢʠʭ ʬʘʢʪʦʨʘ. 

ɿʘ ʠʟʨʘʯʫʥʘʚʘˁʝ ʚʨʝʜʥʦʩʪʠ ɟ1, ɟ2 ʠ h ʫ ʤʘʪʝʤʘʪʠʯʢʦʤ ʦʧʪʠʤʠʟʘʮʠʦʥʦʤ ʘʣʛʦʨʠʪʤʫ ʟʘ 

ʨʝʰʘʚʘˁʝ ʠʥʚʝʨʟʥʦʛ ʧʨʦʙʣʝʤʘ, ʥʝ ʢʦʨʠʩʪʝ ʩʝ ʧʨʝʪʭʦʜʥʦ ʥʘʚʝʜʝʥʝ ʿʝʜʥʘʯʠʥʝ, ʢʘʦ ʰʪʦ ʿʝ 

(2.10), ʚʝ˂ ʤʦʜʝʣ ʠʟʥʝʪ ʫ [46]. ʄʦʜʝʣ ʿʝ ʦʩʪʚʘʨʝʥ ʜʝˀʝˁʝʤ ʝʣʝʢʪʨʦʜʘ ʫ ʟʝʤˀʠ ʥʘ ʤʘʣʝ 

ʩʝʛʤʝʥʪʝ, ʟʘ ʢʦʿʝ ʩʝ ʟʘʪʠʤ ʟʘ ʩʚʘʢʠ ʧʦʿʝʜʠʥʘʯʥʠ ʩʝʛʤʝʥʪ ʨʘʯʫʥʘ ʩʦʧʩʪʚʝʥʘ ʦʪʧʦʨʥʦʩʪ ʠ 

ʤʝʹʫʩʦʙʥʝ ʦʪʧʦʨʥʦʩʪʠ ʠʟʤʝʹʫ ʩʚʘʢʘ ʜʚʘ ʩʝʛʤʝʥʪʘ. 

ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʧʨʠʩʪʫʧ ʟʘ ʤʘʪʝʤʘʪʠʯʢʠ ʦʧʪʠʤʠʟʘʮʠʦʥʠ ʘʣʛʦʨʠʪʘʤ ʿʝ ʚʨʣʦ ʩʣʠʯʘʥ 

ʧʨʠʩʪʫʧʫ ʫ ʤʝʪʦʜʠ ʦʧʘʜʘʿʫ˂ʝʛ ʛʨʘʜʠʿʝʥʪʘ. ʎʠˀ ʿʝ ʜʘ ʩʝ ʜʦʙʠʿʫ ʪʘʢʚʠ ʧʘʨʘʤʝʪʨʠ ʜʚʦʩʣʦʿʥʦʛ 
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ʤʦʜʝʣʘ ʪʣʘ, ʯʠʿʠʤ ʩʝ ʫʚʨʰʪʘʚʘˁʝʤ ʫ ʧʨʠʤʝˁʝʥʠ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣ ʜʦʙʠʿʘʿʫ ʠʟʨʘʯʫʥʘʪʝ 

ʧʨʠʚʠʜʥʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʘ ʢʦʿʝ ʚʘʞʠ ʜʘ ʠʤ ʿʝ ʰʪʦ ʤʘˁʘ ʩʫʤʘ ʢʚʘʜʨʘʪʘ ʨʝʣʘʪʠʚʥʠʭ 

ʨʘʟʣʠʢʘ ʦʜ ʩʪʚʘʨʥʠʭ (ʤʝʨʝʥʠʭ) ʧʨʠʚʠʜʥʠʭ ʩʧʝʮʠʬʠʯʥʠʭ ʦʪʧʦʨʥʦʩʪʠ. ʂʦʥʢʨʝʪʥʦ, ʧʨʠʤʝˁʝʥʘ 

ʿʝ ʤʝʪʦʜʘ ʧʦʥʜʝʨʠʩʘʥʠʭ ʥʘʿʤʘˁʠʭ ʢʚʘʜʨʘʪʘ. ʂʨʠʪʝʨʠʿʫʤʩʢʘ ʬʫʥʢʮʠʿʘ ʢʦʿʘ ʩʝ ʤʠʥʠʤʠʟʫʿʝ 

ʛʣʘʩʠ: 
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ʫ ʢʦʿʦʿ ʩʫ: 

 ὲ ï ʫʢʫʧʘʥ ʙʨʦʿ ʤʝʨʝˁʘ, 

 Ὑ ï ʠʟʤʝʨʝʥʘ ʧʨʠʚʠʜʥʘ ʦʪʧʦʨʥʦʩʪ ʟʘ ʤʝʨʝˁʝ i, 

 Ὑ  ï ʧʨʠʚʠʜʥʘ ʦʪʧʦʨʥʦʩʪ ʠʟʨʘʯʫʥʘʪʘ ʠʟ ʤʦʜʝʣʘ ʟʘ ʤʝʨʝˁʝ i, ʠ 

ύ - ʪʝʞʠʥʩʢʠ ʬʘʢʪʦʨ ʢʦʿʠ ʩʝ ʜʦʙʠʿʘ ʢʘʦ ʠʥʚʝʨʟʥʘ ʚʨʝʜʥʦʩʪ Ὑ. 

 

ɿʘ ʦʚʘʿ ʧʦʩʪʫʧʘʢ ʿʝ ʪʘʢʦʹʝ ʧʦʪʨʝʙʥʦ ʧʦʟʥʘʚʘˁʝ ʧʘʨʮʠʿʘʣʥʠʭ ʠʟʚʦʜʘ. ʄʝʹʫʪʠʤ, ʟʘ 

ʨʘʟʣʠʢʫ ʦʜ ʧʨʝʪʭʦʜʥʦ ʧʨʠʢʘʟʘʥʝ ʤʝʪʦʜʝ ʦʧʘʜʘʿʫ˂ʝʛ ʛʨʘʜʠʿʝʥʪʘ, ʨʘʯʫʥʘʿʫ ʩʝ ʧʘʨʮʠʿʘʣʥʠ 

ʠʟʚʦʜʠ ʤʦʜʝʣʦʚʘʥʠʭ ʧʨʠʚʠʜʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ʠʟ ʤʦʜʝʣʘ: 
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ʫʤʝʩʪʦ ʧʘʨʮʠʿʘʣʥʠʭ ʠʟʚʦʜʘ ʤʦʜʝʣʦʚʘʥʠʭ ʧʨʠʚʠʜʥʠʭ ʩʧʝʮʠʬʠʯʥʠʭ ʦʪʧʦʨʥʦʩʪʠ. 

 ɼʘˀʝ, ʥʘʚʝʜʝʥʦ ʿʝ ʜʘ ʿʝ ʢʦʥʚʝʨʛʠʨʘˁʝ ʧʦʩʪʫʧʢʘ ʟʥʘʪʥʦ ʙʨʞʝ ʫʢʦʣʠʢʦ ʩʝ Ri ʠ Rmi ʫ 

ʿʝʜʥʘʯʠʥʠ (2.13) ʟʘʤʝʥʝ ʩʘ logRi ʠ logRmi. 

ʀʩʪʨʘʞʠʚʘˁʘ ʦʙʿʘʚˀʝʥʘ ʫ [45] ʩʫ ʙʘʟʠʨʘʥʘ ʥʘ ʤʝʨʝˁʠʤʘ ʥʘ ʫʤʘˁʝʥʠʤ ʤʦʜʝʣʠʤʘ. 

ʅʘʿʚʝ˂ʝ ʨʝʣʘʪʠʚʥʦ ʦʜʩʪʫʧʘˁʝ ʠʥʪʝʨʧʨʝʪʠʨʘʥʠʭ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʫ ʦʜʥʦʩʫ ʥʘ ʩʪʚʘʨʥʝ 

ʜʦʙʠʿʝʥʦ ʿʝ ʟʘ ʜʫʙʠʥʫ ʛʦʨˁʝʛ ʩʣʦʿʘ. ʆʜʩʪʫʧʘˁʝ ʿʝ ʧʨʘʚʜʘʥʦ ʤʝʨʥʦʤ ʛʨʝʰʢʦʤ, ʥʝʧʨʝʮʠʟʥʠʤ 

ʧʦʟʠʮʠʦʥʠʨʘˁʝʤ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ ʠ ʜʘ ʥʠʿʝ ʠʟʚʨʰʝʥ ʜʦʚʦˀʘʥ ʙʨʦʿ ʤʝʨʝˁʘ. ɼʦʜʘʪʥʠ ʨʘʟʣʦʛ 

ʟʘ ʧʦʿʘʚʫ ʦʜʩʪʫʧʘˁʘ ʩʫ ʣʦʢʘʣʥʝ ʧʨʦʤʝʥʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʝʤˀʠʰʪʘ, 

ʧʦʛʦʪʦʚʫ ʫ ʟʦʥʠ ʦʢʦ ʤʝʩʪʘ ʧʦʙʘʜʘˁʘ ʝʣʝʢʪʨʦʜʘ. ʋ ʪʦʤ ʩʤʠʩʣʫ, ʢʦʥʩʪʘʪʦʚʘʥʦ ʿʝ ʜʘ ʿʝ 

ʦʯʝʢʠʚʘʥʦ ʜʘ ʩʝ ʿʘʚʝ ʣʦʰʘ ʤʝʨʝˁʘ ʠ ʜʘ ʿʝ ʪʝ ʪʘʯʢʝ ʧʦʪʨʝʙʥʦ ʦʜʩʪʨʘʥʠʪʠ ʠʟ ʢʨʠʪʝʨʠʿʫʤʩʢʝ 

ʬʫʥʢʮʠʿʝ. ʀʟʥʝʪ ʿʝ ʧʨʝʜʣʦʛ ʜʘ ʩʝ ʦʥʘ ʫ ʦʢʚʠʨʫ ʤʝʪʦʜʝ ʧʨʝʧʦʟʥʘʿʫ ʠ ʠʟʦʩʪʘʚʝ ʠʟ 

ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ, ʦʜʥʦʩʥʦ ʢʘʢʦ ʜʘ ʩʝ ˁʠʭʦʚ ʟʥʘʯʘʿ ʫʤʘˁʠ ʠʟ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʠ ʪʦ 

ʢʦʨʠʩʪʝ˂ʠ ʪʝʞʠʥʩʢʝ ʬʘʢʪʦʨʝ ʢʦʿʠ ʩʝ ʠʟʿʝʜʥʘʯʘʚʘʿʫ ʩʘ ʠʥʚʝʨʟʥʦʤ ʚʨʝʜʥʦʰ˂ʫ ʩʪʘʥʜʘʨʜʥʝ 

ʜʝʚʠʿʘʮʠʿʝ. 

ʀʘʢʦ ʿʝ ʤʝʪʦʜʘ ʧʦʤʝʥʫʪʘ ʫ ʩʪʘʥʜʘʨʜʠʤʘ [10] ʠ [22] ʠ ʥʘʚʝʜʝʥʘ ʢʘʦ ʨʝʬʝʨʝʥʮʘ ʫ ʦʜʝˀʢʫ 

ʦ ʤʝʪʦʜʘʤʘ ʟʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ, ʠʧʘʢ ʿʝ ʟʘ ʧʨʘʢʪʠʯʥʫ ʫʧʦʪʨʝʙʫ ʧʨʠʤʝˁʝʥʘ ʩʘʤʦ ʤʝʪʦʜʘ 

ʦʧʘʜʘʿʫ˂ʝʛ ʛʨʘʜʠʿʝʥʪʘ. 

 

2.2.2.5 ɺʠʰʝʩʣʦʿʥʠ ʤʦʜʝʣ ʪʣʘ 

ʉʪʨʫʢʪʫʨʘ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ ʤʦʞʝ ʙʠʪʠ ʠ ʩʣʦʞʝʥʠʿʘ ʦʜ 

ʜʚʦʩʣʦʿʥʦʛ. ʇʦʩʪʦʿʝ ʧʨʠʤʝʨʠ ʜʘ ʩʝ ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʧʦ ʜʫʙʠʥʠ ʤʝˁʘ ʢʘʦ ʬʫʥʢʮʠʿʘ 

ʜʫʙʠʥʝ. ʄʘʪʝʤʘʪʠʯʢʘ ʘʥʘʣʠʟʘ ʿʝ ʜʘʪʘ ʫ [44] ʟʘ ʝʢʩʧʦʥʝʥʮʠʿʘʣʥʫ ʧʨʦʤʝʥʫ ʩʧʝʮʠʬʠʯʥʝ 
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ʦʪʧʦʨʥʦʩʪʠ ʩʘ ʜʫʙʠʥʦʤ ʫ ʦʜʥʦʩʫ ʥʘ ʩʧʝʮʠʬʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ɟ0 ʥʘ ʩʘʤʦʿ ʧʦʚʨʰʠʥʠ. ʇʨʠʤʝʨʘ 

ʨʘʜʠ, ʧʨʦʤʝʥʘ ʠʩʫʰʝʥʦʩʪʠ ʦʜʥʦʩʥʦ ʩʘʩʪʘʚʘ ʚʣʘʛʝ ʪʣʘ ʜʦʚʝʰ˂ʝ ʜʦ ʪʘʢʚʝ ʢʦʥʪʠʥʫʘʣʥʝ ʧʨʦʤʝʥʝ 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ. 

ɿʘ ʪʨʦʩʣʦʿʥʠ ʤʦʜʝʣ ʪʣʘ ʚʘʞʠ ʜʘ ʩʝ ʫʚʦʜʝ ʜʚʘ ʩʣʦʿʘ ʢʦʥʘʯʥʠʭ ʜʫʙʠʥʘ, h1 ʠ h2, ʠ 

ʢʦʥʩʪʘʥʪʥʠʭ ʩʧʝʮʠʬʠʯʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʦʪʧʦʨʥʦʩʪʠ, ɟ1 ʠ ɟ2, ʘ ʟʘʪʠʤ ʠʩʧʦʜ ˁʠʭ ʠ ʪʨʝ˂ʠ ʩʣʦʿ 

ʙʝʩʢʦʥʘʯʥʝ ʜʫʙʠʥʝ ʠ ʢʦʥʩʪʘʥʪʥʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ɟ3. ʄʦʛʫ˂ʝ ʿʝ ʠ ʜʘ ʩʝ ʫ 

ʥʝʢʦʤ ʜʫʙʠʥʩʢʦʤ ʩʣʦʿʫ ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʪʣʘ ʤʝˁʘ ʢʦʥʪʠʥʫʘʣʥʦ ʧʦ ʥʝʢʦʤ ʘʥʘʣʠʪʠʯʢʦʤ 

ʠʟʨʘʟʫ. ʋ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ ʨʘʟʤʘʪʨʘˁʝ ʤʦʞʝ ʜʘ ʩʝ ʧʨʦʰʠʨʠ ʥʘ n ʩʣʦʿʝʚʘ.  

ʉʫʥʜʝ ʫ [44], ʘ ʟʘʪʠʤ ʠ ʊʘʢʘʭʘʰʠ ʠ ʂʘʚʘʩʝ ʫ [47], ʧʨʠʢʘʟʘʣʠ ʩʫ ʠʟʚʦʹʝˁʝ ʘʥʘʣʠʪʠʯʢʦʛ 

ʤʘʪʝʤʘʪʠʯʢʦʛ ʤʦʜʝʣʘ ʟʘ ʫʦʧʰʪʝʥʠ ʚʠʰʝʩʣʦʿʥʠ ʤʦʜʝʣ ʪʣʘ, ʘ ʢʦʿʠ ʿʝ ʧʨʠʤʝˁʠʚ ʟʘ 

ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ. ʄʦʜʝʣ ʩʝ ʪʝʤʝˀʠ ʥʘ ʠʟʨʘʯʫʥʘʚʘˁʫ ɹʝʩʝʣʦʚʠʭ 

ʬʫʥʢʮʠʿʘ, ʢʦʿʝ ʩʫ ʨʘʯʫʥʩʢʠ ʟʘʭʪʝʚʥʝ, ʰʪʦ ʧʦʩʝʙʥʦ ʧʨʦʜʫʞʘʚʘ ʨʘʯʫʥʘʨʩʢʦ ʚʨʝʤʝ ʠʟʚʨʰʝˁʘ ʫ 

ʩʣʫʯʘʿʝʚʠʤʘ ʧʨʠʤʝʥʝ ʘʣʛʦʨʠʪʘʤʘ ʫ ʢʦʿʠʤʘ ʩʝ ʢʦʨʠʩʪʝ ʠʪʝʨʘʪʠʚʥʝ ʤʝʪʦʜʝ ʦʜʨʝʹʠʚʘˁʘ 

ʧʘʨʘʤʝʪʘʨʘ. ʆʙʝ ʧʦʤʝʥʫʪʝ ʨʝʬʝʨʝʥʮʝ, [44] ʠ [47] ʩʫ ʨʝʣʘʪʠʚʥʦ ʜʫʛʦ ʧʨʠʩʫʪʥʝ ʫ ʣʠʪʝʨʘʪʫʨʠ ï 

ʨʝʩʧʝʢʪʠʚʥʦ ʩʫ ʠʟ 1986. ʠ 1990. ʛʦʜʠʥʝ. ʆʜ ʪʘʜʘ ʥʠʿʝ ʙʠʣʦ ʜʘˀʠʭ ʬʫʥʜʘʤʝʥʪʘʣʥʠʭ ʧʨʦʤʝʥʘ 

ʰʪʦ ʩʝ ʪʠʯʝ ʤʘʪʝʤʘʪʠʯʢʦʛ ʤʦʜʝʣʘ ʜʚʦʩʣʦʿʥʦʛ ʦʜʥʦʩʥʦ ʚʠʰʝʩʣʦʿʥʦʛ ʪʣʘ ʢʦʜ ʢʦʛʘ ʜʦʣʘʟʠ ʜʦ 

ʧʨʦʤʝʥʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʧʦ ʜʫʙʠʥʩʢʦʿ ʢʦʦʨʜʠʥʘʪʠ. ʇʦʣʘʟʥʘ 

ʧʨʝʪʧʦʩʪʘʚʢʘ ʿʝ ʠʩʪʘ ʢʘʦ ʠ ʢʦʜ ʠʟʚʦʹʝˁʘ ʟʘ ʜʚʦʩʣʦʿʥʦ ʪʣʦ: ʝʣʝʢʪʨʦʜʝ ʩʝ ʧʦʩʤʘʪʨʘʿʫ ʢʘʦ ʪʘʯʢʝ 

ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ ʠ ʨʝʰʘʚʘ ʩʝ ʃʘʧʣʘʩʦʚʘ ʿʝʜʥʘʯʠʥʘ. ʉʚʠ ʜʘˀʠ ʨʘʜʦʚʠ ʧʨʝʜʩʪʘʚˀʘʿʫ 

ʥʘʜʦʛʨʘʜˁʝ ʥʘ ʦʚʫ ʧʦʣʘʟʥʫ ʧʦʩʪʘʚʢʫ. ʈʝʬʝʨʝʥʮʝ ʢʦʿʝ ʩʝ ʪʠʯʫ ʤʝʪʦʜʘ ʚʝʰʪʘʯʢʝ ʠʥʪʝʣʠʛʝʥʮʠʿʝ 

ʩʫ ʩʘʤʦ ʧʨʠʤʝʥʘ ʘʣʛʦʨʠʪʤʘ ʢʦʿʠ ʪʨʘʛʘ ʟʘ ʧʘʨʘʤʝʪʨʠʤʘ ʢʦʿʠ ʟʘʜʦʚʦˀʘʚʘ ʤʘʪʝʤʘʪʠʯʢʝ ʤʦʜʝʣʝ 

ʢʦʿʠ ʩʫ ʠʟʥʝʪʠ ʫ ʥʘʚʝʜʝʥʠʤ ʬʫʥʜʘʤʝʥʪʘʣʥʠʤ ʨʝʬʝʨʝʥʮʘʤʘ. 

ʋʢʦʣʠʢʦ ʧʦʩʪʦʿʠ ʟʥʘʪʥʘ ʥʝʭʦʤʦʛʝʥʦʩʪ ʢʦʿʘ ʦʥʝʤʦʛʫ˂ʘʚʘ ʜʘ ʩʝ ʪʣʦ ʫ ʧʨʘʢʪʠʯʥʠʤ 

ʨʘʟʤʘʪʨʘˁʠʤʘ ʧʦʩʤʘʪʨʘ ʢʘʦ ʭʦʤʦʛʝʥʦ, ʠʣʠ ʯʘʢ ʜʚʦʩʣʦʿʥʦ, ʤʦʞʝ ʩʝ ʫʚʝʩʪʠ ʤʦʜʝʣ ʩʘ ʪʨʠ ʠʣʠ 

ʚʠʰʝ ʩʣʦʿʝʚʘ. ʆʚʘʢʘʚ ʧʨʠʤʝʨ ʤʦʞʝ ʜʘ ʩʝ ʥʘʹʝ ʫ [48], ʛʜʝ ʩʫ ɼʘʚʘʣʠʙʠ ʠ ɹʘʨʙʝʠʪʦ, ʟʘ 2 

ʢʦʥʢʨʝʪʥʘ ʫʟʝʤˀʠʚʘʯʢʘ ʩʠʩʪʝʤʘ ʠʟ ʧʨʘʢʩʝ, ʧʨʠʢʘʟʘʣʠ ʘʥʘʣʠʟʫ ʠ ʧʦʨʝʹʝˁʝ ʤʝʨʝʥʠʭ 

ʚʨʝʜʥʦʩʪʠ ra ʩʘ ʚʨʝʜʥʦʩʪʠʤʘ ʜʦʙʠʿʝʥʠʤ ʢʘʦ ʨʝʟʫʣʪʘʪ ʧʨʠʤʝʥʝ ʨʘʟʣʠʯʠʪʠʭ ʜʚʦʩʣʦʿʥʠʭ ʠ 

ʚʠʰʝʩʣʦʿʥʠʭ ʤʦʜʝʣʘ ʪʣʘ, ʯʠʿʠ ʩʫ ʧʘʨʘʤʝʪʨʠ ʦʜʨʝʹʝʥʠ ʢʨʦʟ ʧʨʦʮʝʩ ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ 

ʧʘʨʘʤʝʪʘʨʘ ʪʣʘ. ʇʦʩʤʘʪʨʘʥʠ ʤʝʨʝʥʠ ʠ ʨʘʯʫʥʘʪʠ ʧʘʨʘʤʝʪʨʠ ʙʠʣʠ ʩʫ ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ 

ʟʝʤˀʠʰʪʘ, ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʠ ʥʘʧʦʥ ʢʦʨʘʢʘ. ɱʝʜʘʥ ʦʜ ʛʣʘʚʥʠʭ ʟʘʢˀʫʯʘʢʘ ʠʟ ʨʘʜʘ ʿʝ 

ʜʘ ʩʝ ʫ ʧʦʩʤʘʪʨʘʥʦʤ ʩʣʫʯʘʿʫ ʥʝ ʤʦʞʝ ʢʦʨʠʩʪʠʪʠ ʭʦʤʦʛʝʥʠ ʤʦʜʝʣ ʪʣʘ. ʄʝʨʝʥʠ ʧʘʨʘʤʝʪʨʠ 

ʫʟʝʤˀʠʚʘʯʘ ʧʦʢʘʟʘʣʠ ʩʫ ʜʦʙʨʦ ʧʦʢʣʘʧʘˁʝ ʩʘ ʦʥʠʤʘ ʢʦʿʠ ʩʝ ʜʦʙʠʿʘʿʫ ʠʟ ʧʨʦʨʘʯʫʥʘ ʫ ʢʦʿʝʤ ʿʝ 

ʧʨʠʤʝˁʝʥ ʜʚʦʩʣʦʿʥʠ ʤʦʜʝʣ ʪʣʘ, ʠʘʢʦ ʩʝ ʤʝʨʥʠ ʨʝʟʫʣʪʘʪʠ ʟʘ ʩʧʝʮʠʬʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ʪʣʘ ra 

ʙʦˀʝ ʧʦʢʣʘʧʘʿʫ ʩʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘʤʘ ʪʣʘ ʩʘ ʚʠʰʝ ʦʜ 2 ʤʦʜʝʣʦʚʘʥʘ ʩʣʦʿʘ. 

ʅʘʭʤʘʥ ʠ ʉʘʣʘʤʦʥ ʩʫ ʫ [49] ʠʟʣʦʞʠʣʠ ʧʦʩʪʫʧʘʢ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʪʣʘ 

ʧʦʣʘʟʝ˂ʠ ʦʜ ʤʝʨʝˁʘ ʧʦʤʦ˂ʫ ʰʠʧʢʝ ʧʦʙʠʿʝʥʝ ʫ ʚʠʰʝʩʣʦʿʥʦ ʪʣʦ.  

 

2.2.2.6 ʄʘʪʝʤʘʪʠʯʢʠ ʠ ʘʣʛʦʨʠʪʤʠ ʤʘʰʠʥʩʢʦʛ ʫʯʝˁʘ 

ʋ ʣʠʪʝʨʘʪʫʨʠ ʧʦʩʪʦʿʠ ʤʥʦʰʪʚʦ ʨʘʜʦʚʘ ʫ ʢʦʿʠʤʘ ʩʝ ʘʥʘʣʠʟʠʨʘʿʫ ʤʘʪʝʤʘʪʠʯʢʠ ʧʦʩʪʫʧʮʠ 

ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʣʘ (ʪʿ. ʟʘ ʪʨʘʞʝˁʝ ʨʝʰʝˁʘ ʠʥʚʝʨʟʥʦʛ ʧʨʦʙʣʝʤʘ ʧʦʪʨʘʛʝ 

ʟʘ ʧʘʨʘʤʝʪʨʠʤʘ ʤʦʜʝʣʘ ʪʣʘ ʢʦʿʠ ʜʘʿʫ ʥʘʿʙʦˀʝ ʧʦʢʣʘʧʘˁʝ ʩʘ ʤʝʨʥʠʤ ʨʝʟʫʣʪʘʪʠʤʘ). 

ɼʝʣ ɸʣʘʤʦ ʿʝ ʫ ʨʘʜʫ [50] 1991. ʛʦʜʠʥʝ ʧʨʝʜʩʪʘʚʠʦ ʤʝʪʦʜʫ ʟʘ ʧʨʦʮʝʥʫ ʧʘʨʘʤʝʪʘʨʘ ʪʣʘ 

ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʢʦʨʠʰ˂ʝˁʝʤ ʪʝʭʥʠʢʝ ʛʨʘʜʠʿʝʥʪʘ ʜʨʫʛʦʛ ʨʝʜʘ. ʂʘʦ ʰʪʦ ʿʝ ʚʝ˂ ʥʘʧʦʤʝʥʫʪʦ, 

ʟʘʿʝʜʥʠʯʢʦ ʟʘ ʩʚʝ ʨʝʬʝʨʝʥʮʝ ʢʦʿʝ ˂ʝ ʙʠʪʠ ʠʟʥʝʪʝ ʫ ʦʚʦʤ ʦʜʝˀʢʫ ʿʝ ʰʪʦ ʢʦʨʠʩʪʝ ʨʘʟʣʠʯʠʪʝ 

ʤʘʪʝʤʘʪʠʯʢʝ ʤʝʪʦʜʝ ʦʧʪʠʤʠʟʘʮʠʿʝ ʧʨʠ ʪʨʘʛʘˁʫ ʟʘ ʧʘʨʘʤʝʪʨʠʤʘ, ʘʣʠ ʜʘ ʩʚʝ ʫ ʩʚʦʿʦʿ ʦʩʥʦʚʠ 

ʠʤʘʿʫ ʠʩʪʠ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣ ʚʠʰʝʩʣʦʿʥʦʛ ʪʣʘ. ɼʝʣ ɸʣʘʤʦ ʿʝ ʜʚʝ ʛʦʜʠʥʝ ʢʘʩʥʠʿʝ ʫ ʨʘʜʫ [51] 

ʠʟʥʝʦ ʘʥʘʣʠʟʫ ʨʘʟʣʠʯʠʪʠʭ ʥʫʤʝʨʠʯʢʠʭ ʧʨʠʩʪʫʧʘ ʟʘ ʚʨʰʝˁʝ ʠʥʪʝʨʧʨʝʪʘʮʠʿʘ ʤʝʨʝˁʘ, ʦʜʥʦʩʥʦ 

ʧʨʝʪʨʘʛʝ ʟʘ ʧʘʨʘʤʝʪʨʠʤʘ, ʘʣʠ ʦʧʝʪ ʢʦʨʠʩʪʝ˂ʠ ʠʩʪʠ ʘʥʘʣʠʪʠʯʢʠ ʤʦʜʝʣ ʪʣʘ ʢʦʿʠ ʿʝ ʠʟʣʦʞʝʥ ʫ 
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ʜʨʫʛʠʤ ʧʨʝʪʭʦʜʥʦ ʮʠʪʠʨʘʥʠʤ ʨʝʬʝʨʝʥʮʘʤʘ. ʉʣʠʯʥʦ ʚʘʞʠ ʟʘ ʨʝʬʝʨʝʥʮʫ [52] ʢʦʿʘ ʿʝ ʥʦʚʠʿʝʛ 

ʜʘʪʫʤʘ (2018. ʛʦʜʠʥʘ), ʫ ʢʦʿʦʿ ʩʫ ʘʫʪʦʨʠ ʧʨʠʤʝˁʠʚʘʣʠ ʂʚʘʟʠ-ɳʫʪʥʦʚʝ ʤʝʪʦʜʝ ʟʘ ʝʩʪʠʤʘʮʠʿʫ 

ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ. 

ʋ ʩʢʦʨʠʿʝ ʚʨʝʤʝ, ʢʘʦ ʠ ʫ ʤʥʦʛʠʤ ʜʨʫʛʠʤ ʜʠʩʮʠʧʣʠʥʘʤʘ, ʢʦʨʠʩʪʠ ʩʝ ʤʘʰʠʥʩʢʦ ʫʯʝˁʝ, ʜʘ 

ʙʠ ʩʝ ʫʙʨʟʘʣʦ ʜʦʙʠʿʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʚʠʰʝʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ ʠʟ ʨʝʟʫʣʪʘʪʘ ʠʟʚʨʰʝʥʠʭ 

ʝʣʝʢʪʨʠʯʥʠʭ ʤʝʨʝˁʘ. 

ʋ [53] ʿʝ ʧʨʠʢʘʟʘʥʦ ʦʜʨʝʹʠʚʘˁ ʝ ʧʘʨʘʤʝʪʘʨʘ ʤʦʜʝʣʘ ʚʠʰʝʩʣʦʿʥʦʛ ʪʣʘ ʢʦʨʠʰ˂ʝˁʝʤ 

ʛʝʥʝʪʩʢʦʛ ʘʣʛʦʨʠʪʤʘ. ʋ [54] ʿʝ ʧʨʠʢʘʟʘʥʘ ʧʨʠʤʝʥʘ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦʛ ʝʚʦʣʫʮʠʦʥʦʛ ʘʣʛʦʨʠʪʤʘ 

ʧʨʠʢʘʟʘʥʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʚʠʰʝʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ. ʋ [55] ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ 

ʧʨʠʤʝʥʘ ʪʟʚ. ʤʝʪʦʜʝ ʢʦʤʧʣʝʢʩʥʦʛ ʣʠʢʘ ʢʦʿʘ ʿʝ ʠʩʢʦʨʠʰ˂ʝʥʘ ʟʘ ʧʨʦʮʝʥʫ ʧʘʨʘʤʝʪʘʨʘ 

ʚʠʰʝʩʣʦʿʥʦʛ ʪʣʘ. ʋ ʨʘʜʫ [56] ʘʫʪʦʨʘ ɱʘʥʛʘ ʠ ɾʫʘ ʤʦʞʝ ʩʝ ʥʘ˂ʠ ʜʦʜʘʪʥʠ ʧʨʠʤʝʨ ʠʩʪʨʘʞʠʚʘˁʘ 

ʫ ʮʠˀʫ ʨʘʟʚʦʿʘ ʧʦʩʪʫʧʘʢʘ ʟʘ ʰʪʦ ʙʨʞʝ ʠʣʠ ʰʪʦ ʪʘʯʥʠʿʝ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ 

ʦʜʥʦʩʥʦ ʚʠʰʝʩʣʦʿʥʦʛ ʟʝʤˀʠʰʪʘ. ʋ ʪʦʤ ʨʘʜʫ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʤʝʪʦʜʘ ʟʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ʠ 

ʜʦʙʠʿʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʚʠʰʝʩʣʦʿʥʦʛ ʪʣʘ ʙʨʟʦʤ ʝʚʘʣʫʘʮʠʿʦʤ ʧʨʠʚʠʜʥʠʭ ʩʧʝʮʠʬʠʯʥʠʭ 

ʦʪʧʦʨʥʦʩʪʠ ʠ ˁʠʭʦʚʠʭ ʠʟʚʦʜʘ.  

ʋ [57] ʧʨʠʢʘʟʘʥʦ ʿʝ ʠʩʧʠʪʠʚʘˁʝ ʠ ʧʦʨʝʹʝˁʝ ʨʘʟʥʠʭ ʤʝʪʦʜʘ ʟʘ ʨʝʰʘʚʘˁʝ ʠʥʚʝʨʟʥʦʛ 

ʦʧʪʠʤʠʟʘʮʠʦʥʦʛ ʧʨʦʙʣʝʤʘ ʪʨʘʛʘˁʘ ʟʘ ʧʘʨʘʤʝʪʨʠʤʘ ʜʚʦʩʣʦʿʥʠʭ ʠ ʪʨʦʩʣʦʿʥʠʭ ʤʦʜʝʣʘ ʪʣʘ. 

ʇʨʠʢʘʟʘʥʝ ʩʫ ʤʝʪʦʜʝ ʛʝʥʝʪʩʢʦʛ ʘʣʛʦʨʠʪʤʘ, ʜʠʬʝʨʝʥʮʠʿʘʣʥʝ ʝʚʦʣʫʮʠʿʝ, ʦʧʪʠʤʠʟʘʮʠʿʘ 

ʧʦʜʫʯʘʚʘˁʝ-ʫʯʝˁʝ, ʚʝʰʪʘʯʢʘ ʧʯʝʣʠˁʘ ʢʦʣʦʥʠʿʘ, ʠʪʜ. 

ʈʝʬʝʨʝʥʮʘ [58] ʧʨʠʢʘʟʫʿʝ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ʠ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʚʠʰʝʩʣʦʿʥʦʛ 

ʤʦʜʝʣʘ ʪʣʘ ʢʦʨʠʩʪʝ˂ʠ ʪʘʢʦʟʚʘʥʝ ʝʣʝʢʪʨʦʩʪʘʪʠʯʢʝ ʣʠʢʦʚʝ. 

ʄʝʹʫʪʠʤ, ʥʠ ʫ ʿʝʜʥʦʤ ʦʜ ʦʚʠʭ ʨʘʜʦʚʘ ʩʝ ʥʝ ʫʟʠʤʘ ʨʝʘʣʥʘ ʛʝʦʤʝʪʨʠʿʘ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ, 

ʚʝ˂ ʩʝ ʠ ʜʘˀʝ ʧʨʠʤʝˁʫʿʫ ʙʘʟʥʠ ʘʥʘʣʠʪʠʯʢʠ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣʠ ʠ ʧʦʿʝʜʥʦʩʪʘʚˀʝˁʘ 

ʧʨʠʤʝˁʝʥʘ ʫ ʬʦʨʤʫʣʘʤʘ ʠʟʚʝʜʝʥʠʤ ʠ ʧʨʝʜʩʪʘʚˀʝʥʠʤ ʫ [14], [15] ʠ [33] ʟʘ ʜʚʦʩʣʦʿʥʦ, 

ʦʜʥʦʩʥʦ [44] ʠ [47] ʟʘ ʚʠʰʝʩʣʦʿʥʦ ʪʣʦ. 

 

2.2.2.7 ʇʨʘʢʪʠʯʥʠ ʧʨʦʙʣʝʤʠ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ 

ʇʦʩʪʦʿʝ ʝʢʩʪʨʝʤʥʠ ʩʣʫʯʘʿʝʚʠ ʪʣʘ ʢʘʜʘ ʩʫ ʧʨʠʤʝʥʝ ʤʝʪʦʜʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʘ ʦʪʝʞʘʥʝ, 

ʦʜʥʦʩʥʦ ʢʦʤʙʠʥʘʮʠʿʦʤ ʧʨʠʤʝʥʝ ɺʝʥʝʨʦʚʝ ʤʝʨʥʝ ʠ ʤʝʪʦʜʝ ʦʧʘʜʘʿʫ˂ʝʛ ʛʨʘʜʠʿʝʥʪʘ ʧʨʘʢʪʠʯʥʦ 

ʥʠʿʝ ʤʦʛʫ˂ʝ ʜʦ˂ʠ ʜʦ ʥʠʚʦʘ ʪʘʯʥʦʩʪʠ ʧʨʦʮʝʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʣʘ ʢʦʿʘ ʩʝ ʧʦʩʪʠʞʝ ʟʘ 

ʫʦʙʠʯʘʿʝʥʝ ʚʨʩʪʝ ʪʣʘ. ʋ ʟʝʤˀʠʰʪʫ ʩʘ ʚʝʦʤʘ ʪʘʥʢʠʤ ʧʦʚʨʰʠʥʩʢʠʤ ʩʣʦʿʝʤ ʢʦʿʠ ʠʤʘ ʟʥʘʪʥʦ 

ʚʝ˂ʫ ʩʧʝʮʠʬʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ʦʜ ʥʠʞʝʛ ʩʣʦʿʘ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʠʟʚʨʰʠʪʠ ʤʝʨʝˁʘ ʟʘ ʚʨʣʦ ʢʨʘʪʢʝ 

ʨʘʟʤʘʢʝ ʘ ʢʦʿʠ ʙʠ ʧʨʠʙʣʠʞʥʦ ʦʜʛʦʚʘʨʘʣʠ ʜʫʙʠʥʠ ʛʦʨˁʝʛ ʩʣʦʿʘ. ʋ ʪʦʤ ʩʣʫʯʘʿʫ ʫʩʣʦʚ bḺʘ 
ʧʦʩʪʘʿʝ ʧʨʘʢʪʠʯʥʦ ʥʝʧʨʠʤʝʥˀʠʚ ʠʟ ʨʘʟʣʦʛʘ ʰʪʦ ʥʠʿʝ ʧʨʘʢʪʠʯʥʦ ʤʦʛʫ˂ʝ ʜʦʚʦˀʥʦ ʩʤʘˁʠʪʠ 

ʜʫʙʠʥʫ ʧʦʙʘʜʘˁʘ ʝʣʝʢʪʨʦʜʘ, ʘ ʜʘ ʦʥʝ ʦʩʪʘʥʫ ʤʝʭʘʥʠʯʢʠ ʠ ʝʣʝʢʪʨʠʯʥʦ ʫ ʜʦʙʨʦʤ ʢʦʥʪʘʢʪʫ ʩʘ 

ʪʣʦʤ ʯʠʿʝ ʩʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʝʨʝ. 

ʇʨʠ ʤʝʨʝˁʫ, ʜʫʙʠʥʘ ʫʙʘʜʘˁʘ ʝʣʝʢʪʨʦʜʘ b ʿʝ ʦʙʠʯʥʦ 20 cm. ɺʝʥʝʨʦʚʘ ʤʝʪʦʜʘ ʠ ʤʝʪʦʜʝ 

ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʪʘʯʥʝ ʩʫ ʟʘ ʩʣʫʯʘʿʝʚʝ ʜʦʚʦˀʥʦ ʚʝʣʠʢʠʭ ʨʘʟʤʘʢʘ ʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ, ʦʜʥʦʩʥʦ 

ʢʘʜʘ ʿʝ b Ḻ ʘ. ʋ ʚʝ˂ʠʥʠ ʧʨʘʢʪʠʯʥʠʭ ʩʣʫʯʘʿʝʚʘ, ʛʜʝ ʿʝ ʦʯʝʢʠʚʘʥʘ ʜʫʙʠʥʘ ʛʦʨˁʝʛ ʩʣʦʿʘ h Ó 1 m, 

ʥʝʤʘ ʧʦʪʨʝʙʝ ʜʘ ʩʝ ʚʨʰʝ ʤʝʨʝˁʘ ʥʘ ʤʘʣʠʤ ʨʘʟʤʘʮʠʤʘ ʘ (ʤʘˁʠʤ ʦʜ 1 m). ʀʧʘʢ, ʫ ʩʣʫʯʘʿʫ 

ʟʝʤˀʠʰʪʘ ʩʘ ʚʝʦʤʘ ʪʘʥʢʠʤ ʧʦʚʨʰʠʥʩʢʠʤ ʩʣʦʿʝʤ ʢʦʿʠ ʠʤʘ ʟʥʘʪʥʦ ʚʝ˂ʫ ʩʧʝʮʠʬʠʯʥʫ 

ʝʣʝʢʪʨʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ʦʜ ʦʥʝ ʥʠʞʝʛ ʩʣʦʿʘ (ʥʘ ʧʨʠʤʝʨ, ʫʩʣʦʚʠ ʧʫʩʪʠˁʩʢʦʛ ʪʣʘ), ʧʦʪʨʝʙʥʘ ʩʫ 

ʤʝʨʝˁʘ ʥʘ ʤʘʣʠʤ ʨʘʟʤʘʮʠʤʘ ʘ. ɸʥʘʣʠʟʠ ʦʚʠʭ ʩʣʫʯʘʿʝʚʘ ʿʝ ʧʦʩʚʝ˂ʝʥ ʥʘʿʚʝ˂ʠ ʜʝʦ ʠʩʪʨʘʞʠʚʘˁʘ 

ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʠ ʫ ʚʝʟʠ ʩʘ ʪʠʤ ʿʝ ʦʩʪʚʘʨʝʥ ʠ ʧʫʙʣʠʢʦʚʘʥ ʜʦʧʨʠʥʦʩ [13]. ʄʦʪʠʚʘʮʠʿʘ ʟʘ 

ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʠʩʢʫʩʪʚʦ ʧʨʠʣʠʢʦʤ ʠʥʪʝʨʧʨʝʪʘʮʠʿʘ ʤʝʨʝˁʘ ʥʘʚʝʜʝʥʠʭ ʫ [6], ʠʟʚʨʰʝʥʠʭ 

ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʥʘ ʥʝʢʠʤ ʦʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʣʦʢʘʮʠʿʘ ʫ ʋɸɽ. ʋ ʥʘʚʝʜʝʥʦʿ ʨʝʬʝʨʝʥʮʠ, 

ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʩʫ ʚʨʰʝʥʝ ʢʦʨʠʰ˂ʝˁʝʤ ʩʦʬʪʚʝʨʘ CYMEGrd [7]. ʇʨʠʪʦʤ ʩʫ ʩʝ ʿʘʚʠʣʝ ʩʣʝʜʝ˂ʝ 

ʪʝʰʢʦ˂ʝ: 
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¶ ʥʝʤʦʛʫ˂ʥʦʩʪʠ ʠʥʿʝʢʪʠʨʘˁʘ ʩʪʨʫʿʝ ʟʘ ʦʜʨʝʹʝʥʘ ʤʝʨʝˁʘ, ʥʘʿʚʝʨʦʚʘʪʥʠʿʝ ʫʩʣʝʜ ʚʨʣʦ 
ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʧʝʩʢʦʚʠʪʦʛ ʛʦʨˁʝʛ ʩʣʦʿʘ ʠʩʧʠʪʠʚʘʥʦʛ ʪʣʘ, ʠ 

¶ ʠʟʨʘʟʠʪʝ ʜʝʚʠʿʘʮʠʿʝ ʧʦʿʝʜʠʥʠʭ ʤʝʨʥʠʭ ʪʘʯʘʢʘ, ʢʦʿʝ ʥʠʩʫ ʫʩʧʝʚʘʣʝ ʜʘ ʩʝ ʫʢʣʦʧʝ ʫ 

ʦʧʰʪʠ ʪʨʝʥʜ ʢʨʠʚʠʭ ʟʘ ʜʚʦʩʣʦʿʥʠ ʤʦʜʝʣ ʪʣʘ. 

 

2.2.3 ɽʢʩʧʝʨʠʤʝʥʪʠ ʩʘ ʫʤʘˁʝʥʠʤ ʤʦʜʝʣʦʤ 

ɿʘ ʤʝʨʝˁʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʫʟʦʨʘʢʘ (ʭʦʤʦʛʝʥʦʛ) ʪʣʘ, ʫ ʣʠʪʝʨʘʪʫʨʠ ʩʫ ʧʨʠʩʫʪʥʝ 

ʤʝʪʦʜʦʣʦʛʠʿʝ ʢʘʦ ʰʪʦ ʿʝ ʦʧʠʩʘʥʦ ʫ [22], ʢʦʿʝ ʩʝ ʧʨʚʝʥʩʪʚʝʥʦ ʦʩʣʘˁʘʿʫ ʥʘ ʦʥʝ ʠʟʥʝʪʝ ʫ 

ʩʪʘʥʜʘʨʜʫ ASTM G57 [59]. ʄʝʨʥʘ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʿʝ ʩʣʠʯʥʘ ʦʥʦʿ ʢʦʿʘ ʿʝ ʥʘʧʨʘʚˀʝʥa ʪʦʢʦʤ 

ʣʘʙʦʨʘʪʦʨʠʿʩʢʠʭ ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʦʢʚʠʨʫ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ (ʩʦʥʜʝ ʩʘ ʘʣʫʤʠʥʠʿʫʤʩʢʠʤ 

ʜʠʩʢʦʚʠʤʘ ʫ ʇʨʠʣʦʛʫ 3). ʈʘʟʣʠʢʘ ʿʝ ʫ ʪʦʤʝ ʰʪʦ ʥʘʧʦʥ ʥʠʿʝ ʤʝʨʝʥ ʠʟʤʝʹʫ ʩʪʨʫʿʥʠʭ ʝʣʝʢʪʨʦʜʘ, 

ʚʝ˂ ʠʟʤʝʹʫ ʜʦʜʘʪʥʠʭ ʧʦʪʝʥʮʠʿʘʣʥʠʭ ʝʣʝʢʪʨʦʜʘ ʢʦʿʝ ʩʫ ʧʦʩʪʘʚˀʝʥʝ ʠʟʤʝʹʫ ʩʪʨʫʿʥʠʭ 

ʝʣʝʢʪʨʦʜʘ. ʉʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʫʟʦʨʢʘ ʪʣʘ ʩʝ ʠʟʨʘʯʫʥʘʚʘ ʧʨʝʤʘ ʠʟʨʘʟʫ 
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ʛʜʝ ʩʫ: 

ɟ ï ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʫʟʦʨʢʘ ʪʣʘ ʫ Ýcm, 

R ï ʠʟʤʝʨʝʥʘ ʦʪʧʦʨʥʦʩʪ ʫ Ý, ʜʦʙʠʿʝʥʘ ʢʘʦ ʦʜʥʦʩ ʠʟʤʝʨʝʥʦʛ ʥʘʧʦʥʘ ʠʟʤʝʹʫ ʫʙʦʜʝʥʠʭ 

ʧʦʪʝʥʮʠʿʘʣʥʠʭ ʝʣʝʢʪʨʦʜʘ ʠ ʤʝʨʥʝ ʩʪʨʫʿʝ, 

a ï ʨʘʩʪʦʿʘˁʝ ʧʦʪʝʥʮʠʿʘʣʥʠʭ ʝʣʝʢʪʨʦʜʘ ʫ cm, ʠ 

A ï ʧʦʚʨʰʠʥʘ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʢʫʪʠʿʝ ʥʦʨʤʘʣʥʦʛ ʥʘ ʪʦʢ ʩʪʨʫʿʝ ʫ cm2. 

 

ɼʘˀʝ, ʫ [60] ʿʝ ʧʨʠʢʘʟʘʥʦ ʤʝʨʝˁʝ ʝʣʝʢʪʨʠʯʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ (ʢʦʤʧʣʝʢʩʥʝ ʠʤʧʝʜʘʥʩʝ) 

ʜʚʘ ʧʨʠʨʦʜʥʘ ʩʠʣʠʢʘʪʥʘ ʧʝʩʢʘ ʟʘ ʨʘʩʧʦʥ ʬʨʝʢʚʝʥʮʠʿʘ ʤʝʨʥʝ ʩʪʨʫʿʝ. ʄʝʨʝˁʘ ʩʫ ʚʨʰʝʥʘ ʫ 

ʢʫʪʠʿʠ ʦʜ ʧʣʝʢʩʠʛʣʘʩʘ ʩʘ ʝʣʝʢʪʨʦʜʘʤʘ ʥʘ ʜʚʝ ʥʘʩʧʨʘʤʥʝ ʩʪʨʘʥʝ. ɽʣʝʢʪʨʦʜʝ ʩʝ ʢʦʨʠʩʪʝ ʠ ʟʘ 

ʠʥʿʝʢʪʠʨʘˁʝ ʤʝʨʥʝ ʩʪʨʫʿʝ ʠ ʜʘ ʤʝʨʠ ʥʘʧʦʥ ʠʟʤʝʹʫ ˁʠʭ (ʬʦʨʤʘ ʢʦʥʜʝʥʟʘʪʦʨʘ ʩʘ ʧʘʨʘʣʝʣʥʠʤ 

ʩʪʨʘʥʘʤʘ). ʇʨʠʪʦʤ, ʝʣʝʢʪʨʦʜʘ ʟʘ ʠʥʿʝʢʪʠʨʘˁʝ ʩʪʨʫʿʝ, ʟʘ ʨʘʟʣʠʢʫ ʦʜ ʥʘʩʧʨʘʤʥʝ ʝʣʝʢʪʨʦʜʝ ʫ 

ʢʦʿʫ ʩʝ ʩʪʨʫʿʘ ʩʪʠʯʝ, ʠʤʘ ʦʢʦ ʩʝʙʝ ʥʘ ʠʩʪʦʤ ʧʦʪʝʥʮʠʿʘʣʫ ʪʘʢʦʟʚʘʥʫ ʟʘʰʪʠʪʥʫ ʝʣʝʢʪʨʦʜʫ (ʝʥʛʣ. 

guard electrode) ʫ ʩʢʣʘʜʫ ʩʘ ʩʪʘʥʜʘʨʜʦʤ [61]. ʆʚʠʤ ʪʝʭʥʠʯʢʠʤ ʨʝʰʝˁʝʤ ʩʝ ʧʦʩʪʠʞʝ ʜʘ 

ʝʣʝʢʪʨʠʯʥʦ ʧʦˀʝ ʙʫʜʝ ʫʥʠʬʦʨʤʥʦ, ʘ ʣʠʥʠʿʝ ʩʪʨʫʿʝ ʧʨʘʚʝ ʠ ʧʘʨʘʣʝʣʥʝ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʥʘ ʫʤʘˁʝʥʦʤ ʤʦʜʝʣʫ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ 

ʠʟʣʦʞʝʥʘ ʩʫ ʫ ʨʘʜʫ [62]. ɹʝʪʦʥʩʢʦ ʜʥʦ ʬʠʢʩʥʝ ʜʝʙˀʠʥʝ ʿʝ ʩʘʯʠˁʘʚʘʣʦ ʜʦˁʠ ʩʣʦʿ, ʜʦʢ ʿʝ 

ʛʦʨˁʠ ʩʣʦʿ ʧʨʝʜʩʪʘʚˀʘʣʘ ʥʘʩʫʪʘ ʪʝʯʥʦʩʪ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʿʝ ʙʠʣʦ ʤʦʛʫ˂ʝ ʿʝʜʥʦʩʪʘʚʥʦ ʚʘʨʠʨʘʪʠ 

ʜʫʙʠʥʫ ʛʦʨˁʝʛ ʩʣʦʿʘ. ʄʝʨʝˁʠʤʘ ʿʝ ʜʦʙʠʿʝʥ ʢʦʝʬʠʮʠʿʝʥʪ ʨʝʬʣʝʢʩʠʿʝ ʦʜ 0,5 ʠʟʤʝʹʫ 

ʧʦʩʤʘʪʨʘʥʠʭ ʩʣʦʿʝʚʘ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʜʦˁʠ ʩʣʦʿ ʩʘʯʠˁʝʥ ʦʜ ʙʝʪʦʥʩʢʦʛ ʜʥʘ ʝʣʝʢʪʨʦʣʠʪʠʯʢʝ 

ʢʘʜʝ ʜʝʙˀʠʥʝ ʦʢʦ 76 cm ʠʤʘʦ ʿʝ ʦʢʦ 3 ʧʫʪʘ ʚʝ˂ʫ ʩʧʝʮʠʬʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ʦʜ ʛʦʨˁʝʛ ʩʣʦʿʘ 

ʩʘʯʠˁʝʥʦʛ ʦʜ ʪʝʯʥʦʩʪʠ. ɸʫʪʦʨʠ ʩʫ ʥʘʚʝʣʠ ʜʘ ʩʫ ʜʫʞʠʥʘ ʠ ʰʠʨʠʥʘ ʙʝʪʦʥʩʢʝ ʢʘʜʝ ʦʢʦ 180 Ĭ 

120 cm, ʢʘʦ ʠ ʜʘ ʩʫ ʜʦ ʦʚʠʭ ʜʠʤʝʥʟʠʿʘ ʜʦʰʣʠ ʪʘʢʦ ʰʪʦ ʿʝ ʦʮʝˁʝʥʦ ʜʘ ʩʝ ʟʘ ʜʚʝ ʣʠʥʠʿʩʢʝ 

ʝʣʝʢʪʨʦʜʝ ʜʫʞʠʥʝ 2,54 cm ʠʤʘ ʜʘ ˁʠʭʦʚʘ ʟʘʿʝʜʥʠʯʢʘ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʠʟʥʦʩʠ 

ʧʦʣʦʚʠʥʫ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʿʝʜʥʝ ʘʢʦ ʠʤ ʩʝ ʤʝʹʫʩʦʙʥʦ ʨʘʩʪʦʿʘˁʝ ʧʦʚʝ˂ʘ ʥʘ 38 cm, 

ʪʿ. ʟʘ ʥʘʚʝʜʝʥʦ ʨʘʩʪʦʿʘˁʝ ʩʝ ʫʟʝʣʦ ʜʘ ʤʦʞʝ ʜʘ ʩʝ ʧʦʩʤʘʪʨʘ ʢʘʦ ʜʘ ʩʫ ʝʣʝʢʪʨʦʜʝ ʙʝʩʢʦʥʘʯʥʦ 

ʫʜʘˀʝʥʝ ʿʝʜʥʘ ʦʜ ʜʨʫʛʝ. ʋ ʨʘʜʫ ʿʝ ʜʘʪ ʛʨʘʬʠʢ ʥʘ ʢʦʿʝʤ ʩʫ ʫʧʦʨʝʹʝʥʝ ʪʝʦʨʠʿʩʢʠ ʧʨʦʨʘʯʫʥʘʪʝ 

ʧʨʠʚʠʜʥʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʩʘ ʦʥʠʤʘ ʠʟʤʝʨʝʥʠʤ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʟʘ 3 ʩʣʫʯʘʿʘ: 
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1) ʩʘ ʛʦʣʠʤ ʫʥʫʪʨʘʰˁʠʤ ʙʦʯʥʠʤ ʟʠʜʦʚʠʤʘ ʙʝʪʦʥʩʢʝ ʝʣʝʢʪʨʦʣʠʪʠʯʢʝ ʢʘʜʝ, 

2) ʩʘ ʫʥʫʪʨʘʰˁʠʤ ʙʦʯʥʠʤ ʟʠʜʦʚʠʤʘ ʙʝʪʦʥʩʢʝ ʝʣʝʢʪʨʦʣʠʪʠʯʢʝ ʢʘʜʝ ʦʙʣʦʞʝʥʠʤ 
ʧʨʦʚʦʜʥʠʤ ʤʘʪʝʨʠʿʘʣʦʤ, ʠ 

3) ʩʘ ʫʥʫʪʨʘʰˁʠʤ ʙʦʯʥʠʤ ʟʠʜʦʚʠʤʘ ʙʝʪʦʥʩʢʝ ʝʣʝʢʪʨʦʣʠʪʠʯʢʝ ʢʘʜʝ ʦʙʣʦʞʝʥʠʤ 
ʜʦʙʨʠʤ ʠʟʦʣʘʪʦʨʦʤ. 

ʇʨʠʤʝ˂ʝʥʦ ʿʝ ʜʘ ʚʨʝʜʥʦʩʪʠ ʧʨʠʚʠʜʥʠʭ ʩʧʝʮʠʬʠʯʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ʠʟ ʧʨʚʦʛ ʩʣʫʯʘʿʘ ʥʝ 

ʦʜʫʜʘʨʘʿʫ ʚʠʰʝ ʦʜ 5% ʦʜ ʪʝʦʨʠʿʩʢʠʭ. ɻʣʘʚʥʠ ʥʝʜʦʩʪʘʪʘʢ ʦʚʘʢʦ ʦʩʪʚʘʨʝʥʦʛ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʛ 

ʤʦʜʝʣʘ ʪʣʘ ʣʝʞʠ ʫ ʯʠˁʝʥʠʮʠ ʜʘ ʩʘ ʧʦʩʤʘʪʨʘʥʦʤ ʩʪʨʫʢʪʫʨʦʤ ʥʠʿʝ ʤʦʛʫ˂ʝ ʜʘ ʩʝ ʜʦʙʠʿʝ ʤʦʜʝʣ 

ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʢʘʢʘʚ ʿʝ ʦʜ ʧʦʩʝʙʥʦʛ ʠʥʪʝʨʝʩʘ ʟʘ ʪʝʤʫ ʠʩʪʨʘʞʠʚʘˁʘ ʜʠʩʝʨʪʘʮʠʿʝ - ʢʦʜ ʢʦʿʝʛ ʿʝ 

ʛʦʨˁʠ ʩʣʦʿ ʚʝ˂ʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʦʜ ʜʦˁʝʛ. 

  

2.2.4 ʇʨʠʤʝʥʘ FEM ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʝʣʝʢʪʨʠʯʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʣʘ 

ʋ ʧʦʩʣʝʜˁʠʭ ʥʝʢʦʣʠʢʦ ʜʝʮʝʥʠʿʘ, ʜʦʰʣʦ ʿʝ ʜʦ ʫʙʨʟʘʥʦʛ ʧʦʚʝ˂ʘˁʘ ʨʘʯʫʥʘʨʩʢʠʭ ʨʝʩʫʨʩʘ, 

ʰʪʦ ʿʝ ʦʤʦʛʫ˂ʠʣʦ ʙʨʟʫ ʠ ʝʬʠʢʘʩʥʫ ʧʨʠʤʝʥʫ ʨʘʟʣʠʯʠʪʠʭ ʥʫʤʝʨʠʯʢʠʭ ʤʝʪʦʜʘ ʠ ʢʦʤʧʣʝʢʩʥʠʭ 

ʤʘʪʝʤʘʪʠʯʢʠʭ ʘʣʛʦʨʠʪʘʤʘ.  

ɼʦʩʪʫʧʥʦʩʪ ʩʦʬʪʚʝʨʘ ʥʘ ʙʘʟʠ FEM ʿʝ ʫʥʝʣʘ ʢʚʘʣʠʪʘʪʠʚʥʫ ʧʨʦʤʝʥʫ ʫ ʧʨʠʩʪʫʧʫ. ɳʝʥʦʤ 

ʧʨʠʤʝʥʦʤ ʘʥʘʣʠʪʠʯʢʝ ʬʦʨʤʝ, ʝʚʝʥʪʫʘʣʥʦ ʧʨʘ˂ʝʥʝ ʛʨʘʬʠʮʠʤʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʫ 

ʠʟʨʘʟʠʤʘ, ʧʨʝʩʪʘʿʫ ʜʘ ʙʫʜʫ ʥʝʤʠʥʦʚʥʦʩʪ. ʂʦʨʘʢ ʜʘˀʝ, ʤʦʜʫʣʠʤʘ ʫ FEM ʩʦʬʪʚʝʨʠʤʘ ʢʦʿʠ 

ʨʝʰʘʚʘʿʫ ʨʘʩʧʦʜʝʣʫ ʩʪʨʫʿʘ ʠ ʧʦʪʝʥʮʠʿʘʣʘ, ʫʟ ʧʨʘʪʝ˂ʫ ʩʦʬʪʚʝʨʩʢʫ ʦʙʨʘʜʫ ʧʦʜʘʪʘʢʘ, ʫʤʘˁʫʿʫ 

ʧʦʪʨʝʙʫ ʠ ʟʥʘʯʘʿ ʥʘʤʝʥʩʢʠ ʧʠʩʘʥʠʭ ʧʨʦʛʨʘʤʘ ʟʘ ʧʨʦʨʘʯʫʥ ʨʘʩʧʦʜʝʣʝ ʩʪʨʫʿʘ ʠ ʧʦʪʝʥʮʠʿʘʣʘ, 

ʢʘʦ ʠ ʚʨʝʜʥʦʩʪʠ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ, ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʥʘʧʦʥʘ ʢʦʨʘʢʘ. 

ʇʨʠʩʪʫʧ ʟʘ ʢʦʨʠʰ˂ʝˁʝ FEM, ʢʘʦ ʰʪʦ ʿʝ ʚʝ˂ ʥʘʚʝʜʝʥʦ, ʢʦʨʠʰ˂ʝʥ ʿʝ ʫ [63] ʠ [64], ʘʣʠ ʟʘ 

ʧʨʦʚʝʨʫ ʪʘʯʥʦʩʪʠ ʜʨʫʛʠʭ ʨʘʟʣʠʯʠʪʠʭ ʥʫʤʝʨʠʯʢʠʭ ʤʝʪʦʜʘ ʟʘ ʧʨʦʮʝʥʫ ʩʪʨʘʪʠʬʠʢʘʮʠʿʝ 

ʟʝʤˀʠʰʪʘ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʤʝʪʦʜʝ ʥʘ ʙʘʟʠ FEM ʢʦʨʠʩʪʝ ʩʝ ʩʘʤʦ ʢʘʦ ʧʦʤʦ˂ʘʥ ʘʣʘʪ ʟʘ ʧʨʦʚʝʨʫ 

ʨʝʟʫʣʪʘʪʘ ʠʟ ʜʨʫʛʠʭ ʘʣʘʪʘ, ʘ ʥʝ ʢʘʦ ʩʘʩʪʘʚʥʠ ʝʣʝʤʝʥʪ ʠʪʝʨʘʪʠʚʥʝ ʤʝʪʦʜʝ ʟʘ ʧʨʦʮʝʥʫ 

ʧʘʨʘʤʝʪʘʨʘ ʢʘʦ ʰʪʦ ˂ʝ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʙʠʪʠ ʩʣʫʯʘʿ. 

ʋ [39] ʿʝ ʘʥʘʣʠʟʠʨʘʥʦ ʢʦʨʠʰ˂ʝˁʝ ɺʝʥʝʨʦʚʝ ʤʝʪʦʜʝ, ʘʣʠ ʩʘ ʨʘʩʧʦʨʝʜʦʤ ʫ ʢʦʿʝʤ 

ʝʣʝʢʪʨʦʜʝ ʥʠʩʫ ʧʦʙʦʜʝʥʝ ʢʦʣʠʥʝʘʨʥʦ. ʈʘʜ ʧʨʠʢʘʟʫʿʝ ʠ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʚʠʰʝʩʣʦʿʥʦʛ 

ʪʣʘ, ʘʣʠ ʩʘ ʘʥʘʣʠʪʠʯʢʠʤ ʠʟʨʘʟʠʤʘ ʢʘʦ ʠʟ [47], ʘʣʠ ʧʨʠʣʘʛʦʹʝʥʠʤ ʟʘ ʥʝʢʦʣʠʥʝʘʨʥʠ ʨʘʩʧʦʨʝʜ 

ʝʣʝʢʪʨʦʜʘ, ʟʘ ʚʝʟʫ ʠʟʤʝʹʫ ʧʘʨʘʤʝʪʘʨʘ ʚʠʰʝʩʣʦʿʥʦʛ ʪʣʘ ʠ ʚʨʝʜʥʦʩʪʠ ra. 

 

2.2.5 ɿʘʢˀʫʯʘʢ ʧʨʝʛʣʝʜʘ ʣʠʪʝʨʘʪʫʨʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʝʣʝʢʪʨʠʯʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʣʘ  

ʉʫʤʘʨʥʦ, ʨʘʜʦʚʠ ʠʟ ʥʘʫʯʥʦ-ʩʪʨʫʯʥʝ ʣʠʪʝʨʘʪʫʨʝ ʤʦʛʫ ʜʘ ʩʝ ʢʣʘʩʠʬʠʢʫʿʫ ʫ ʥʝʢʦʣʠʢʦ 

ʛʨʫʧʘ: 

1. ʤʝʨʥʝ ʤʝʪʦʜʝ ʠ ʨʘʟʚʦʿ ʛʝʦʤʝʪʨʠʿʩʢʦʛ ʢʦʝʬʠʮʠʿʝʥʪʘ ʟʘ ʧʨʦʨʘʯʫʥ ʧʨʠʚʠʜʥʝ 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʧʦʣʘʟʝ˂ʠ ʦʜ ʠʟʤʝʨʝʥʝ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ ʠ ʧʨʘʪʝ˂ʠʭ 

ʛʝʦʤʝʪʨʠʿʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʦʜʘʙʨʘʥʝ ʤʝʨʥʝ ʤʝʪʦʜʝ ï ʢʦʜ ɺʝʥʝʨʦʚʝ ʤʝʪʦʜʝ ʿʝ ʪʦ 

ʟʘʚʠʩʥʦʩʪ ɟʘ(a, b, Rʘ), 

2. ʫʚʘʞʘʚʘˁʝ ʩʧʦˀʘʰˁʠʭ ʫʪʠʮʘʿʘ ʥʘ ʤʝʨʥʝ ʨʝʟʫʣʪʘʪʝ (ʧʨʠʩʫʩʪʚʦ ʫʢʦʧʘʥʠʭ 

ʤʝʪʘʣʥʠʭ ʦʙʿʝʢʘʪʘ, ʠʥʜʫʢʪʠʚʥʦʩʪʠ ʠʪʜ.), 

3. ʨʘʟʚʦʿ ʤʘʪʝʤʘʪʠʯʢʦʛ ʤʦʜʝʣʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʪʣʘ, ʪʿ. ʟʘʚʠʩʥʦʩʪ ɟʘ(ʘ, h, 

ɟ1, ɟ2) ʟʘ ʜʚʦʩʣʦʿʥʠ ʤʦʜʝʣ ʪʣʘ, ʦʜʥʦʩʥʦ ʫ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ ɟʘ(ʘ, h1, h2, é, hn-1, ɟ1, 

ɟ2, é, ɟn) ʟʘ ʚʠʰʝʩʣʦʿʥʠ ʤʦʜʝʣ ʪʣʘ ʩʘ n ʩʣʦʿʝʚʘ, 

4. ʨʘʟʚʦʿ ʤʘʪʝʤʘʪʠʯʢʦʛ ʘʧʘʨʘʪʘ ʦʜʥʦʩʥʦ ʨʘʟʣʠʯʠʪʠʭ ʘʣʛʦʨʠʪʘʤʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ 

ʧʘʨʘʤʝʪʘʨʘ ʦʜʘʙʨʘʥʦʛ ʤʦʜʝʣʘ ï ʨʝʰʘʚʘˁʝ ʧʨʦʙʣʝʤʘ ʠʥʚʝʨʟʥʝ ʦʧʪʠʤʠʟʘʮʠʿʝ ï 
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ʦʜʨʝʹʠʚʘˁʝ h1, h2, é, hn-1, ɟ1, ɟ2, é, ɟn ʠʟ ʚʨʝʜʥʦʩʪʠ ɟʘ ʦʜʨʝʝ́ʥʠʭ ʠʟ ʚʠʰʝ 

ʤʝʨʝˁʘ ʟʘ ʨʘʟʣʠʯʠʪʘ ʨʘʩʪʦʿʘˁʘ ʘ, 

5. ʦʧʪʠʤʠʟʘʮʠʿʘ ʧʦʩʪʦʿʝ˂ʠʭ ʘʣʛʦʨʠʪʘʤʘ ʠ/ʠʣʠ ʫʧʦʪʨʝʙʘ ʩʘʚʨʝʤʝʥʠʭ ʤʝʪʦʜʘ 

ʤʘʰʠʥʩʢʦʛ ʫʯʝˁʘ/ʚʝʰʪʘʯʢʝ ʠʥʪʝʣʠʛʝʥʮʠʿʝ ʟʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ʤʝʨʝˁʘ ʦʜʥʦʩʥʦ 

ʨʝʰʘʚʘˁʝ ʧʨʦʙʣʝʤʘ ʠʥʚʝʨʟʥʝ ʦʧʪʠʤʠʟʘʮʠʿʝ, 

6. ʜʘˀʠ ʨʘʟʚʦʿ ʤʦʜʝʣʘ ʫ ʩʤʠʩʣʫ ʫʢʠʜʘˁʘ ʦʜʨʝʹʝʥʠʭ ʫʧʨʦʰ˂ʝˁʘ ʜʘ ʙʠ, ʦʩʠʤ ʟʘ 

ʩʪʘʥʜʘʨʜʥʝ ʚʨʩʪʝ ʪʣʘ, ʙʠʦ ʧʨʠʤʝˁʠʚ ʥʘ ʧʦʩʝʙʥʝ ʩʣʫʯʘʿʝʚʝ, ʠ 

7. ʧʨʠʤʝʥʘ ʤʝʪʦʜʝ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ (FEM). 

ʀʥʪʝʥʟʠʚʥʘ ʠʩʪʨʘʞʠʚʘˁʘ ʠ ʨʘʟʚʦʿ ʫ ʚʝʟʠ ʩʘ ʪʘʯʢʘʤʘ 1ï4 ʩʧʨʦʚʦʹʝʥʠ ʩʫ ʿʦʰ ʫ 

ʦʩʘʤʜʝʩʝʪʠʤ ʠ ʜʝʚʝʜʝʩʝʪʠʤ ʛʦʜʠʥʘʤʘ ʧʨʦʰʣʦʛ ʚʝʢʘ, ʫʚʦʜʝ˂ʠ ʦʜʨʝʹʝʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʠ 

ʫʚʘʞʘʚʘʿʫ˂ʠ ʦʛʨʘʥʠʯʝˁʘ ʪʦʛ ʚʨʝʤʝʥʘ ʫ ʧʦʛʣʝʜʫ ʨʘʯʫʥʘʨʩʢʠʭ ʨʝʩʫʨʩʘ ʠ ʧʝʨʬʦʨʤʘʥʩʠ 

ʧʦʪʨʝʙʥʠʭ ʟʘ ʝʬʠʢʘʩʥʦ ʥʫʤʝʨʠʯʢʦ ʨʝʰʘʚʘˁʝ. ʋ ʜʘʥʘʰˁʝ ʚʨʝʤʝ, ʬʦʢʫʩ ʥʘʫʯʥʠʭ ʨʘʜʦʚʘ ʫ ʦʚʦʿ 

ʦʙʣʘʩʪʠ ʿʝ ʥʘ ʧʨʠʤʝʥʠ ʟʘʭʪʝʚʥʠʿʠʭ ʥʫʤʝʨʠʯʢʠʭ ʪʝʭʥʠʢʘ ʢʦʿʝ ʥʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʧʨʦʙʣʝʤ ʟʘ 

ʜʦʩʪʫʧʥʝ ʤʥʦʛʦ ʤʦ˂ʥʠʿʝ ʨʘʯʫʥʘʨʝ. ʄʝʹʫʪʠʤ, ʩʘʚʨʝʤʝʥʝ ʥʫʤʝʨʠʯʢʝ ʪʝʭʥʠʢʝ ʠ ʤʝʪʦʜʝ 

ʤʘʰʠʥʩʢʦʛ ʫʯʝˁʘ ʠ ʜʘˀʝ ʩʝ ʧʨʠʤʝˁʫʿʫ ʥʘ ʠʩʪʝ ʫʪʚʨʹʝʥʝ ʙʘʟʠʯʥʝ ʤʘʪʝʤʘʪʠʯʢʝ ʤʦʜʝʣʝ ʪʣʘ. ʉ 

ʪʠʤ ʫ ʚʠʜʫ, ʧʨʠʢʘʟʘʥʠ ʩʫ ʥʘʿʚʝ˂ʠ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠ ʥʝʜʦʩʪʘʮʠ ʫ ʧʦʛʣʝʜʫ ʧʦʩʪʦʿʝ˂ʝ 

ʤʝʪʦʜʦʣʦʛʠʿʝ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʪʣʘ ʫ ʧʦʛʣʝʜʫ ʤʝʪʦʜʘ ʟʘ ʤʝʨʝˁʝ ʠ ʟʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ: 

¶ ʫ ʧʨʘʢʩʠ ʩʝ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʩʪʠ ʫʧʨʦʰ˂ʝʥʠ ɺʝʥʝʨʦʚ ʠʟʨʘʟ ʟʘ ʧʨʠʚʠʜʥʫ ʩʧʝʮʠʬʠʯʥʫ 
ʦʪʧʦʨʥʦʩʪ (2.5), ʢʦʿʠ ʿʝ ʠʟʚʝʜʝʥ ʟʘ: 1) ʪʘʯʢʝ ʥʘ ʜʫʙʠʥʠ b ʫʤʝʩʪʦ ʟʘ ʩʪʚʘʨʘʥ ʦʙʣʠʢ 

ʝʣʝʢʪʨʦʜʘ ʠ ʟʘ 2) ʧʨʝʪʧʦʩʪʘʚˀʝʥʫ ʠʩʧʫˁʝʥʦʩʪ ʫʩʣʦʚʘ b < 0,1a, ʧʘ ʩʝ b ʟʘʥʝʤʘʨʫʿʝ, 

ʠ 

¶ ʫ ʠʪʝʨʘʮʠʿʘʤʘ ʦʧʪʠʤʠʟʘʮʠʦʥʠʭ ʤʝʪʦʜʘ ʧʨʠʚʠʜʥʘ ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʦʜʨʝʹʝʥʘ 

ʠʟ ʠʟʤʝʨʝʥʝ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ ʫ ʧʨʝʪʭʦʜʥʦʿ ʪʘʯʢʠ, ʢʦʨʠʩʪʠ ʟʘ ʫʧʦʨʝʹʠʚʘˁʝ ʩʘ 

ʚʨʝʜʥʦʰ˂ʫ ʢʦʿʘ ʩʝ ʠʟʨʘʯʫʥʘʚʘ ʠʟ ʘʥʘʣʠʪʠʯʢʦʛ ʤʦʜʝʣʘ ʪʣʘ ʧʦʤʦ˂ʫ ʿʝʜʥʘʯʠʥʝ (2.10), 

ʠʟʚʝʜʝʥʝ ʟʘ ʪʘʯʢʝ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ ʫʤʝʩʪʦ ʩʪʚʘʨʥʦʛ ʦʙʣʠʢʘ ʝʣʝʢʪʨʦʜʘ. 

ʉʧʘʿʘˁʝ ʥʘʚʝʜʝʥʘ ʜʚʘ ʥʝʜʦʩʪʘʪʢʘ ʫ ʧʨʘʢʪʠʯʥʦʿ ʫʧʦʪʨʝʙʠ ʧʦʩʪʫʧʢʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʣʘ ʜʦʚʦʜʝ ʜʦ ʥʝʧʨʝʮʠʟʥʦʩʪʠ ʫ ʝʩʪʠʤʘʮʠʿʠ ʟʘ ʪʣʦ ʢʦʿʝ ʠʤʘ ʚʨʣʦ ʧʣʠʪʘʢ ʛʦʨˁʠ 

ʩʣʦʿ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ, ʟʘ ʯʠʿʫ ʙʠ ʜʝʪʝʢʮʠʿʫ ʙʠʣʘ ʧʦʪʨʝʙʥʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ 

ʤʝʪʦʜʦʤ ʥʘ ʤʘʣʠʤ ʨʘʩʪʦʿʘˁʠʤʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ, ʢʘʜʘ ʫʩʣʦʚ b < 0,1a ʥʝ ʚʘʞʠ. ʉʘ ʉʣ. 2.3 ʿʝ 

ʦʯʠʛʣʝʜʥʦ ʜʘ ʟʘ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ ʤʘˁʘ ʦʜ 1 m ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʟʥʘʯʘʿʥʠʭ ʦʜʩʪʫʧʘˁʘ 

ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʦʜʘʙʨʘʥʦʛ ʠʟʨʘʟʘ ʟʘ ʠʟʨʘʯʫʥʘʚʘˁʝ ʧʨʠʚʠʜʥʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ. 

ʇʨʝʛʣʝʜʦʤ ʜʦʩʪʫʧʥʝ ʣʠʪʝʨʘʪʫʨʝ ʥʠʿʝ ʧʨʦʥʘʹʝʥʘ ʥʠʿʝʜʥʘ ʨʝʬʝʨʝʥʮʘ ʫ ʢʦʿʦʿ ʩʝ FEM 

ʥʝʧʦʩʨʝʜʥʦ ʢʦʨʠʩʪʠ ʫ ʦʢʚʠʨʫ ʤʝʪʦʜʝ ʟʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ, ʚʝ˂ ʝʚʝʥʪʫʘʣʥʦ ʢʘʦ ʠʩʧʦʤʦ˂ ʟʘ 

ʧʨʦʚʝʨʫ ʨʝʟʫʣʪʘʪʘ ʥʝʢʝ ʜʨʫʛʝ ʤʝʪʦʜʝ. 

ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʿʝ ʨʘʟʚʠʿʝʥʘ ʠ ʠʟʣʦʞʝʥʘ ʥʦʚʘ ʤʝʪʦʜʘ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʟʝʤˀʠʰʪʘ ʢʦʿʘ 

ʨʝʰʘʚʘ ʥʘʚʝʜʝʥʝ ʠʜʝʥʪʠʬʠʢʦʚʘʥʝ ʥʝʜʦʩʪʘʪʢʝ. 3ɼ FEM ʨʘʯʫʥʘʨʩʢʠʤ ʩʠʤʫʣʘʮʠʿʘʤʘ 

ʧʨʝʚʘʟʠʹʝʥʘ ʩʫ ʦʛʨʘʥʠʯʘʚʘˁʘ ʜʫʙʠʥʝ ʧʦʙʠʿʘˁʘ ʝʣʝʢʪʨʦʜʘ ʢʦʿʘ ʩʫ ʙʠʣʘ ʠʟʘʟʚʘʥʘ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘʤʘ ʫ ʧʨʠʤʝʥʠ ʜʦ ʩʘʜʘ ʧʨʠʤʝˁʠʚʘʥʦʛ ʧʦʩʪʫʧʢʘ ʙʘʟʠʨʘʥʦʛ ʥʘ ɺʝʥʝʨʦʚʦʿ ʤʝʨʥʦʿ 

ʤʝʪʦʜʠ. 

 

2.3 ʅʘʧʦʥ ʜʦʜʠʨʘ 

ʅʘʿʯʝʰ˂ʠ ʢʚʘʨ ʫ ʝʣʝʢʪʨʦʝʥʝʨʛʝʪʩʢʦ ʿʤʨʝʞʠ ʿʝ ʿʝʜʥʦʬʘʟʥʠ ʢʨʘʪʘʢ ʩʧʦʿ. ɱʝʜʥʦʬʘʟʥʠ 

ʢʨʘʪʘʢ ʩʧʦʿ ʦʙʠʯʥʦ ʟʥʘʯʠ ʢʦʥʪʘʢʪ ʬʘʟʥʦʛ ʧʨʦʚʦʜʥʠʢʘ ʩʘ: 

1. ʤʝʪʘʣʥʠʤ ʜʝʣʦʚʠʤʘ ʦʧʨʝʤʝ ʢʦʿʘ ʫ ʥʦʨʤʘʣʥʦʤ ʧʦʛʦʥʫ ʥʠʿʝ ʧʦʜ ʥʘʧʦʥʦʤ, ʘ ʢʦʿʠ ʩʫ 

ʛʘʣʚʘʥʩʢʠ ʧʦʚʝʟʘʥʠ ʩʘ ʩʠʩʪʝʤʦʤ ʫʟʝʤˀʝˁʘ, ʠʣʠ 

2. ʜʠʨʝʢʪʥʦ ʩʘ ʟʝʤˀʦʤ. 
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ʇʨʝʪʭʦʜʥʦ ʿʝ ʚʝ˂ ʩʧʦʤʝʥʫʪʦ ʜʘ ʩʝ ʧʨʦʚʦʜʥʠʢ ʫʟʝʤˀʠʚʘʯʘ ʪʝʨʤʠʯʢʠ ʜʠʤʝʥʟʠʦʥʠʰʝ 

ʧʨʝʤʘ ʧʦʣʦʚʠʥʠ ʫʢʫʧʥʝ ʪʨʦʩʪʨʫʢʝ ʚʨʝʜʥʦʩʪʠ ʥʫʣʪʝ ʢʦʤʧʦʥʝʥʪʝ ʩʪʨʫʿʝ ʢʚʘʨʘ. ʊʘʢʦʹʝ, ʨʝʯʝʥʦ 

ʿʝ ʠ ʜʘ ʩʪʨʫʿʘ ʢʚʘʨʘ ʩʘʤʦ ʿʝʜʥʠʤ ʜʝʣʦʤ ʩʘ ʫʟʝʤˀʠʚʘʯʘ ʦʪʠʯʝ ʫ ʟʝʤˀʫ ʠʣʠ ʩʝ ʧʨʠʭʚʘʪʘ ʠʟ 

ʟʝʤˀʝ. ɼʨʫʛʠ ʜʝʦ ʤʦʞʝ ʜʘ ʩʝ ʦʜʚʦʜʠ ʟʝʤˀʦʚʦʜʥʠʤ ʫʞʝʪʦʤ, ʢʘʦ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʫ [2]. 

ɼʠʩʝʨʪʘʮʠʿʝ ʩʝ ʥʝ˂ʝ ʙʘʚʠʪʠ ʧʨʦʨʘʯʫʥʦʤ ʩʪʨʫʿʝ ʢʚʘʨʘ ʠ ʦʜʨʝʹʠʚʘˁʝʤ ˁʝʥʝ ʢʦʤʧʦʥʝʥʪʝ ʢʦʿʘ 

ʧʨʦʪʠʯʝ ʢʨʦʟ ʫʟʝʤˀʠʚʘʯ. 

ʊʦʢʦʤ ʪʨʘʿʘˁʘ ʿʝʜʥʦʬʘʟʥʦʛ ʟʝʤˀʦʩʧʦʿʥʦʛ ʢʚʘʨʘ, ʩʪʨʫʿʘ ʠʟ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ 

ʠʩʪʠʯʝ ʫ ʦʢʦʣʥʦ ʪʣʦ. ʇʦʩʣʝʜʠʯʥʦ, ʨʘʩʪʝ ʧʦʪʝʥʮʠʿʘʣ ʫʟʝʤˀʝʥʠʭ ʤʝʪʘʣʥʠʭ ʜʝʣʦʚʘ ʢʦʿʠ 

ʩʘʯʠˁʘʚʘʿʫ ʫʟʝʤˀʠʚʘʯʢʠ ʩʠʩʪʝʤ ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʪʝʥʮʠʿʘʣ ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ. ʅʘʚʝʜʝʥʠ ʧʦʨʘʩʪ 

ʧʦʪʝʥʮʠʿʘʣʘ ʩʝ ʦʟʥʘʯʘʚʘ ʢʘʦ ʥʘʧʦʥ ʫʟʝʤˀʠʚʘʯʘ (ʝʥʛʣ. GPR ï ground potential rise). ʋ 

ʧʨʘʚʠʣʥʠʢʫ [3], ʥʘʧʦʥ ʫʟʝʤˀʠʚʘʯʘ ʜʝʬʠʥʠʰʝ ʩʝ ʢʘʦ ʨʘʟʣʠʢʘ ʧʦʪʝʥʮʠʿʘʣʘ ʫʟʝʤˀʠʚʘʯʘ ʠ 

ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ. ʂʘʦ ʨʝʟʫʣʪʘʪ ʧʨʦʪʠʮʘˁʘ ʩʪʨʫʿʝ ʢʨʦʟ ʪʣʦ ʫ ʦʢʦʣʠʥʠ ʫʟʝʤˀʠʚʘʯʘ ʧʦʚʝ˂ʘʚʘ 

ʩʝ ʠ ʧʦʪʝʥʮʠʿʘʣ ʪʘʯʘʢʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ ʫ ʙʣʠʟʠʥʠ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ. ʄʝʪʘʣʥʠ ʜʝʣʦʚʠ 

ʦʧʨʝʤʝ ʢʦʿʠ ʫ ʥʦʨʤʘʣʥʦʤ ʧʦʛʦʥʫ ʥʠʩʫ ʧʦʜ ʥʘʧʦʥʦʤ, ʘ ʢʦʿʠ ʩʫ ʛʘʣʚʘʥʩʢʠ ʧʦʚʝʟʘʥʠ ʩʘ 

ʩʠʩʪʝʤʦʤ ʫʟʝʤˀʝˁʘ, ʪʦʢʦʤ ʟʝʤˀʦʩʧʦʿʘ ʜʦʣʘʟʝ ʥʘ ʧʦʪʝʥʮʠʿʘʣ ʫʟʝʤˀʠʚʘʯʘ. 

ɲʫʜʠ ʠ ʞʠʚʦʪʠˁʝ ʥʘ ʪʘʿ ʥʘʯʠʥ ʧʦʪʝʥʮʠʿʘʣʥʦ ʙʠʚʘʿʫ ʠʟʣʦʞʝʥʠ ʪʘʢʦʟʚʘʥʠʤ ʥʘʧʦʥʠʤʘ 

ʢʦʨʘʢʘ ʠ ʜʦʜʠʨʘ, ʢʦʿʠ ʟʘʚʠʩʝ ʦʜ ʨʘʩʧʦʜʝʣʝ ʧʦʪʝʥʮʠʿʘʣʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ. 

ʅʘʧʦʥ ʢʦʨʘʢʘ ʟʘʚʠʩʠ ʦʜ ʧʦʪʝʥʮʠʿʘʣʘ ʫ ʪʘʯʢʘʤʘ ʥʘ ʧʦʚʨʰʠ ʪʣʘ ʢʦʿʝ ʩʫ ʤʝʹʫʩʦʙʥʦ 

ʫʜʘˀʝʥʝ ʟʘ ʨʘʩʪʦʿʘˁʝ ʢʦʿʝ ʤʦʞʝ ʜʘ ʩʝ ʧʨʝʤʦʩʪʠ ʢʦʨʘʢʦʤ (ʫʩʚʦʿʝʥʦ ʿʝ 1 m). ʅʘʧʦʥ ʜʦʜʠʨʘ 

ʟʘʚʠʩʠ ʦʜ ʧʦʪʝʥʮʠʿʘʣʘ ʫʟʝʤˀʠʚʘʯʘ ʠ ʧʦʪʝʥʮʠʿʘʣʘ ʪʘʯʘʢʘ ʥʘ ʢʦʿʠʤʘ ʯʦʚʝʢ ʩʪʦʿʠ.  

ʀʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʜʘ ʿʝ ʧʦʪʝʥʮʠʿʘʣ ʥʘ ʧʦʚʨʰʠ ʪʣʘ ʧʨʦʤʝʥˀʠʚ, ʥʘʧʦʥ ʜʦʜʠʨʘ ʠ ʥʘʧʦʥ 

ʢʦʨʘʢʘ ʢʦʿʠ ʦʜ ˁʝʛʘ ʟʘʚʠʩʝ ʩʫ ʧʨʦʤʝʥˀʠʚʠ. ʀʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʜʘ ʯʦʚʝʢ ʤʦʞʝ ʜʘ ʜʦʹʝ ʜʦ 

ʧʦʪʝʥʮʠʿʘʣʘ ʫʟʝʤˀʠʚʘʯʘ ʩʘʤʦ ʘʢʦ ʜʦʜʠʨʫʿʝ ʫʟʝʤˀʝʥʦ ʢʫ˂ʠʰʪʝ ʫʨʝʹʘʿʘ, ʨʘʩʧʦʨʝʜ ʦʧʨʝʤʝ ʫ 

ʝʣʝʢʪʨʦʝʥʝʨʛʝʪʩʢʦʤ ʧʦʩʪʨʦʿʝˁʫ ʫʪʠʯʝ ʥʘ ʚʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʢʦʿʠʤʘ ʤʦʞʝ ʙʠʪʠ 

ʠʟʣʦʞʝʥ ʯʦʚʝʢ. ʅʘʧʦʥʝ ʜʦʜʠʨʘ ʪʨʝʙʘ ʧʨʦʚʝʨʠʪʠ ʟʘ ʧʦʟʠʮʠʿʝ ʢʦʿʝ ʩʫ ʫʜʘˀʝʥʝ 1 m ʦʜ 

ʠʟʣʦʞʝʥʠʭ ʫʟʝʤˀʝʥʠʭ ʤʝʪʘʣʥʠʭ ʜʝʣʦʚʘ, ʢʦʿʠ ʩʫ ʫ ʛʘʣʚʘʥʩʢʦʤ ʩʧʦʿʫ ʩʘ ʩʠʩʪʝʤʦʤ ʫʟʝʤˀʝˁʘ. ʋ 

ʧʨʠʩʪʫʧʠʤʘ ʫ ʣʠʪʝʨʘʪʫʨʠ, ʥʝ ʫʣʘʟʠ ʩʝ ʫ ʨʘʟʤʘʪʨʘˁʝ ʨʘʩʧʦʨʝʜʘ ʦʧʨʝʤʝ ʫ ʧʦʩʪʨʦʿʝˁʫ, ʚʝ˂ ʩʝ 

ʧʨʦʨʘʯʫʥʘʚʘʿʫ ʥʘʧʦʥʠ ʜʦʜʠʨʘ ʟʘ ʧʦʪʝʥʮʠʿʘʣʥʦ ʥʘʿʦʧʘʩʥʠʿʝ ʪʘʯʢʝ, ʦʜʥʦʩʥʦ ʟʘ ʪʘʯʢʝ ʫ ʢʦʿʠʤʘ 

ʩʝ ʿʘʚˀʘ ʥʘʿʚʝ˂ʘ ʚʨʝʜʥʦʩʪ ʨʘʟʣʠʢʝ ʧʦʪʝʥʮʠʿʘʣʘ ʫʟʝʤˀʠʚʘʯʘ ʠ ʧʦʪʝʥʮʠʿʘʣʘ ʪʘʯʢʝ ʥʘ ʧʦʚʨʰʠ 

ʪʣʘ. ɼʘʢʣʝ, ʜʘ ʙʠ ʩʝ ʠʟʨʘʯʫʥʘʣʝ ʚʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʥʘʧʦʥʘ ʢʦʨʘʢʘ, ʧʦʪʨʝʙʥʦ ʿʝ 

ʧʦʟʥʘʚʘʪʠ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ ʠ ʧʦʪʝʥʮʠʿʘʣʝ ʪʘʯʘʢʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ. 

ɼʦʟʚʦˀʝʥʝ ʚʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ ʢʦʨʘʢʘ ʠ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʟʘʚʠʩʝ ʦʜ ʚʨʝʤʝʥʘ ʠʩʢˀʫʯʝˁʘ 

ʢʚʘʨʘ, ʦʜʥʦʩʥʦ ʨʝʘʛʦʚʘˁʘ ʟʘʰʪʠʪʝ, ʘʣʠ ʠ ʦʜ ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ ʠ ʦʧʮʠʦʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʥʘ 

ˁʝʛʦʚʦʿ ʧʦʚʨʰʠʥʠ. 

ʇʨʝʛʣʝʜ ʣʠʪʝʨʘʪʫʨʝ ʚʝʟʘʥʦ ʟʘ ʥʘʧʦʥ ʜʦʜʠʨʘ ˂ʝ ʙʠʪʠ ʩʚʝʦʙʫʭʚʘʪʘʥ, ʿʝʨ ʿʝ ʿʝʜʘʥ ʦʜ ʜʚʘ 

ʛʣʘʚʥʘ ʜʦʧʨʠʥʦʩʘ ʨʘʜʘ, ʧʨʠʢʘʟʘʥ ʫ ʧʦʛʣʘʚˀʫ 5 ʜʠʩʝʨʪʘʮʠʿʝ, ʧʦʙʦˀʰʘˁʝ ʪʘʯʥʦʩʪʠ ʧʦʩʪʦʿʝ˂ʠʭ 

ʧʨʠʙʣʠʞʥʠʭ ʤʝʪʦʜʘ ʟʘ ʧʨʦʨʘʯʫʥ ʥʘʧʦʥʘ ʜʦʜʠʨʘ. ʋ ʦʜʝˀʢʫ 2.3 ʩʝ ʜʠʩʢʫʪʫʿʝ ʦ: ʫʧʨʦʰ˂ʝˁʠʤʘ 

ʚʝʟʘʥʦ ʟʘ ʧʦʩʤʘʪʨʘʥʦ ʝʣʝʢʪʨʠʯʥʦ ʢʦʣʦ ʢʚʘʨʘ ï ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʊʝʚʝʥʝʥʦʚʠʤ ʛʝʥʝʨʘʪʦʨʦʤ, 

ʧʨʦʨʘʯʫʥ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ, ʫʧʨʦʰ˂ʝˁʘ ʚʝʟʘʥʦ ʟʘ ʠʤʧʝʜʘʥʩʫ ˀʫʜʩʢʦʛ 

ʪʝʣʘ, ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ, ʫʚʘʞʘʚʘˁʝ ʦʜʥʦʩʥʦ ʟʘʥʝʤʘʨʠʚʘˁʝ ʢʦʥʪʘʢʪʥʦʛ 

ʦʪʧʦʨʘ. 

 

2.3.1 ɽʣʝʢʪʨʠʯʥʦ ʢʦʣʦ ʢʚʘʨʘ ï ʧʨʠʩʪʫʧ ʠʟ ʩʪʘʥʜʘʨʜʘ 

ʋʧʨʦʰ˂ʝʥʦ ʝʢʚʠʚʘʣʝʥʪʥʦ ʢʦʣʦ ʩʪʨʫʿʝ ʢʚʘʨʘ ʟʘ ʥʘʧʦʥ ʜʦʜʠʨʘ ʧʨʠ ʿʝʜʥʦʬʘʟʥʦʤ ʢʨʘʪʢʦʤ 

ʩʧʦʿʫ ʫ ʩʢʣʘʜʫ ʩʘ ʨʘʟʤʘʪʨʘˁʠʤʘ ʫ [10], [65] ʠ [66] ʧʨʠʢʘʟʘʥʦ ʿʝ ʥʘ ʉʣ. 2.5. 
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Z͙͔ͫͫͭͣ͊

ʇʦʚʨʰʠʥʘ ʪʣʘ

ʋʟʝʤˀʠʚʘʯʢʠ ʩʠʩʪʝʤ

ʊʘʯʢʘ ʜʦʜʠʨʘ

(ʨʫʢʘ)

ʊʘʯʢe ʩʪʘʿʘˁʘ

(ʩʪʦʧʘʣʘ)
U

I͍͊ͪ͊͟

I͔͙͍ͯͣ͊͘͢;͊
I͔ͭ͊͡

Rͭ ͔͊͡

ʈʝʬʝʨʝʥʪʥʘ ʟʝʤˀʘ
 

ʉʣ. 2.5 ï ɽʢʚʠʚʘʣʝʥʪʥʦ ʢʦʣʦ ʢʚʘʨʘ ʟʘ ʥʘʧʦʥ ʜʦʜʠʨʘ ʧʨʠ ʟʝʤˀʦʩʧʦʿʫ 

ʅʘ ʉʣ. 2.5, U ʧʨʝʜʩʪʘʚˀʘ ʫʢʫʧʥʫ ʝʬʝʢʪʠʚʥʫ ʚʨʝʜʥʦʩʪ ʥʘʧʦʥʘ ʫ ʩʪʨʫʿʥʦʤ ʢʦʣʫ ʢʚʘʨʘ 

(ʬʘʟʥʠ ʥʘʧʦʥ). ʋʢʫʧʥʘ ʩʪʨʫʿʘ ʢʚʘʨʘ Iʢʚʘʨʘ ʜʝʣʠ ʩʝ ʥʘ ʩʪʨʫʿʫ ʢʦʿʘ ʠʩʪʠʯʝ ʢʨʦʟ ʫʟʝʤˀʠʚʘʯ 

Iʫʟʝʤˀʠʚʘʯʘ ʠ ʩʪʨʫʫʿ ʢʦʿʘ ʧʨʦʪʠʯʝ ʢʨʦʟ ʪʝʣʦ ʦʩʦʙʝ Iʪʝʣʘ. ʋ ʩʪʘʥʜʘʨʜʫ ʠ ʥʘʚʝʜʝʥʠʤ ʨʝʬʝʨʝʥʮʘʤʘ, 

ʦʙʿʘʰˁʝʥ ʿʝ ʧʨʠʩʪʫʧ ʢʦʿʠ ʩʝ ʙʘʟʠʨʘ ʥʘ ʧʨʠʤʝʥʠ ʊʝʚʝʥʝʥʦʚʦʛ ʛʝʥʝʨʘʪʦʨʘ ʢʦʿʠ ʩʝ ʧʦʚʝʟʫʿʝ 

ʠʟʤʝʹʫ ʪʘʯʘʢʘ ʜʦʜʠʨʘ ʠ ʩʪʘʿʘˁʘ.  

ʅʘ ʉʣ. 2.6 ʧʨʝʜʩʪʘʚˀʝʥʦ ʿʝ ʢʦʣʦ ʢʦʿʝ ʩʣʫʞʠ ʢʘʦ ʤʝʹʫʢʦʨʘʢ ʟʘ ʫʚʦʹʝˁʝ ʝʢʚʠʚʘʣʝʥʪʥʦʛ 

ʊʝʚʝʥʝʥʦʚʦʛ ʛʝʥʝʨʘʪʦʨʘ. ʂʦʣʦ ʧʨʝʜʩʪʘʚˀʘ ʩʠʪʫʘʮʠʿʫ ʢʦʿʘ ʩʝ ʠʤʘ ʟʘ ʚʨʝʤʝ ʪʨʘʿʘˁʘ ʢʚʘʨʘ, ʘ ʙʝʟ 

ʧʨʠʩʫʩʪʚʘ ʦʩʦʙʝ ʢʦʿʘ ʙʠ ʜʦʜʠʨʠʚʘʣʘ ʠʟʣʦʞʝʥʫ ʦʧʨʝʤʫ ʧʦʜ ʥʘʧʦʥʦʤ. ʂʦʣʦ ʧʨʝʜʩʪʘʚˀʘ ʦʥʦ 

ʰʪʦ ʩʝ ʚʠʜʠ ʠʟʤʝʹʫ ʪʘʯʘʢʘ ʜʦʜʠʨʘ ʠ ʩʪʘʿʘˁʘ ʠ ʠʟʤʝʹʫ ˁʠʭ ʧʦʩʪʦʿʠ ʥʘʧʦʥ ʦʪʚʦʨʝʥʝ ʚʝʟʝ Eʜʦʜʠʨʘ 

(ʢʦʿʠ ʩʝ ʫ ʜʦʤʘ˂ʦʿ ʣʠʪʝʨʘʪʫʨʠ ʥʘʟʠʚʘ ʧʦʪʝʥʮʠʿʘʣʥʘ ʨʘʟʣʠʢʘ ʜʦʜʠʨʘ [3]) ʢʦʿʘ ʿʝ ʜʨʫʛʘʯʠʿʘ ʦʜ 

ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʢʦʿʠ ʩʝ ʠʤʘ ʢʘʜʘ ʦʩʦʙʘ ʜʦʜʠʨʥʝ ʠʟʣʦʞʝʥʫ ʦʧʨʝʤʫ ʧʦʜ ʥʘʧʦʥʦʤ, ʯʠʤʝ ʩʝ ʫ 

ʝʣʝʢʪʨʠʯʥʫ ʰʝʤʫ ʠʟʤʝʹʫ ʪʘʯʢʝ ʜʦʜʠʨʘ ʠ ʩʪʘʿʘˁʘ ʚʝʟʫʿʝ ʠʤʧʝʜʘʥʩʘ ʪʝʣʘ ʠʟʣʦʞʝʥʝ ʦʩʦʙʝ. 

 

Z͙͔ͫͫͭͣ͊

ʊʘʯʢʘ ʜʦʜʠʨʘ

ʊʘʯʢʘ ʩʪʘʿʘˁʘ

Rͣ ͔Ώͯͫͦ͋ͤ͊

Rͫ ͭͦͨ͊͊͡/2

~U

Rͯ ͔͙͍ͣ͊͊͘͢;͊

E͙͒ͦ͒ͪ͊

ʅʘʧʦʥ

ʫʟʝʤˀʠʚʘʯʘ

(GPR)

ʇʦʚʨʰʠʥʘ

ʪʣʘ

 

ʉʣ. 2.6 ï ʂʦʣʦ ʢʦʿʝ ʩʝ ʚʠʜʠ ʠʟ ʪʘʯʘʢʘ ʜʦʜʠʨʘ ʠ ʩʪʘʿʘˁʘ, ʥʘʮʨʪʘʥʦ ʧʨʝʤʘ ʩʣʠʮʠ ʠʟ [10] 

ɿʘʪʠʤ, ʢʘʦ ʬʠʥʘʣʥʠ ʢʦʨʘʢ, ʫʚʦʜʠ ʩʝ ʝʢʚʠʚʘʣʝʥʪʠʨʘˁʝ ʢʦʣʘ ʩʘ ʉʣ. 2.6 ʊʝʚʝʥʝʥʦʚʠʤ 

ʛʝʥʝʨʘʪʦʨʦʤ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʉʣ. 2.7. ɽʢʚʠʚʘʣʝʥʪʥʠʤ ʢʦʣʦʤ ʩʝ ʧʨʝʜʚʠʹʘ ʜʘ ʿʝ 

ʝʢʚʠʚʘʣʝʥʪʥʠ ʠʟʚʦʨ ʥʘʧʦʥʘ ʿʝʜʥʘʢ ʥʘʧʦʥʫ ʦʪʚʦʨʝʥʦʛ ʢʦʣʘ, ʦʜʥʦʩʥʦ ʥʘʧʦʥʫ ʠʟʤʝʹʫ ʜʚʝ 

ʥʘʚʝʜʝʥʝ ʪʘʯʢʝ ʟʘ ʩʣʫʯʘʿ ʢʘʜʘ ʥʠʿʝ ʧʨʠʩʫʪʥʘ ʦʩʦʙʘ ʢʦʿʘ ʙʠ ʤʦʛʣʘ ʜʘ ʜʦʹʝ ʫ ʢʦʥʪʘʢʪ ʩʘ 

ʠʟʣʦʞʝʥʠʤ ʝʣʝʢʪʨʦʧʨʦʚʦʜʥʠʤ ʜʝʣʦʚʠʤʘ ʫ ʥʘʚʝʜʝʥʦʿ ʪʘʯʢʠ ʜʦʜʠʨʘ ʠ ʜʘ ʩʪʦʿʠ ʥʘ ʩʪʘʿʥʠʤ 

ʪʘʯʢʘʤʘ. ʅʘʚʝʜʝʥʠ ʥʘʧʦʥ ʦʪʚʦʨʝʥʝ ʚʝʟʝ ʩʝ ʥʘʟʠʚʘ ʧʦʪʝʥʮʠʿʘʣʥʘ ʨʘʟʣʠʢʘ ʜʦʜʠʨʘ ɽʜʦʜʠʨʘ. 

ʇʦʪʝʥʮʠʿʘʣʥʘ ʨʘʟʣʠʢʘ ʜʦʜʠʨʘ ɽʜʦʜʠʨʘ ʿʝʜʥʘʢʘ ʿʝ ʨʘʟʣʠʮʠ ʥʘʧʦʥʘ ʫʟʝʤˀʠʚʘʯʘ ʠ ʧʦʪʝʥʮʠʿʘʣʘ 

ʩʪʘʿʥʝ ʪʘʯʢʝ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ. ʅʘʧʦʥ ʫʟʝʤˀʠʚʘʯʘ ʿʝʜʥʘʢ ʿʝ ʨʘʟʣʠʮʠ ʧʦʪʝʥʮʠʿʘʣʘ ʫʟʝʤˀʠʚʘʯʘ 

ʠ ʧʦʪʝʥʮʠʿʘʣʘ ʫʜʘˀʝʥʝ ʪʘʯʢʝ ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ. 
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ZT

~ET Rͭ ͔͊͡

ʊʘʯʢʘ ʜʦʜʠʨʘ

ʊʘʯʢʘ ʩʪʘʿʘˁʘ

I͔ͭ͊͡

 

ʉʣ. 2.7 ï ɽʢʚʠʚʘʣʝʥʪʘʥ ʊʝʚʝʥʝʥʦʚ ʛʝʥʝʨʘʪʦʨ ʟʘ ʥʘʧʦʥ ʜʦʜʠʨʘ, ʥʘʮʨʪʘʥʦ ʧʨʝʤʘ ʩʣʠʮʠ ʠʟ [10] 

ʆʟʥʘʢʝ ʥʘ ʩʣʠʮʠ ʠʟʥʘʜ ʠʤʘʿʫ ʩʣʝʜʝ˂ʝ ʟʥʘʯʝˁʝ: 

ET ï ʥʘʧʦʥ ʊʝʚʝʥʝʥʦʚʦʛ ʛʝʥʝʨʘʪʦʨʘ, 

ZT ï ʠʤʧʝʜʘʥʩʘ ʊʝʚʝʥʝʥʦʚʦʛ ʛʝʥʝʨʘʪʦʨʘ, 

Rʪʝʣʘ ï ʦʪʧʦʨʥʦʩʪ ʪʝʣʘ ʦʩʦʙʝ (ʫ ʣʠʪʝʨʘʪʫʨʠ ʩʝ ʢʦʨʠʩʪʠ ʠʥʜʝʢʩ ĂBñ ʢʦʿʠ ʧʦʪʠʯʝ ʦʜ ʝʥʛʣ. 

ʨʝʯʠ ʟʘ ʪʝʣʦ ï Ăbodyñ), ʠ 

Iʪʝʣʘ ï ʩʪʨʫʿʘ ʢʨʦʟ ʪʝʣʦ ʦʩʦʙʝ ʠʟʣʦʞʝʥʝ ʥʘʧʦʥʫ ʜʦʜʠʨʘ. 

 

ʉʘ ʉʣ. 2.7 ʿʝ ʿʘʩʥʦ ʜʘ ʠʟʨʘʟ ʟʘ ʩʪʨʫʿʫ ʢʨʦʟ ʪʝʣʦ ʦʩʦʙʝ ʠʟʣʦʞʝʥʝ ʥʘʧʦʥʫ ʜʦʜʠʨʘ ʛʣʘʩʠ: 

 

T
ʪʝʣʘ

T ʪʝʣʘ

E
I

Z R
=

+
 (2.15) 

 

ʅʘʯʠʥ ʥʘ ʢʦʿʠ ʿʝ ʦʙʿʘʰˁʝʥʦ ʦʜʨʝʹʠʚʘˁʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʠʤʧʝʜʘʥʩʝ ʊʝʚʝʥʝʥʦʚʦʛ 

ʛʝʥʝʨʘʪʦʨʘ (ʩʣʠʢʘ 2.6) ʥʠʿʝ ʫʩʢʣʘʹʝʥ ʩʘ ʦʩʥʦʚʥʠʤ ʧʦʩʪʫʣʘʪʠʤʘ ʦʩʥʦʚʘ ʝʣʝʢʪʨʦʪʝʭʥʠʢʝ. 

ʇʨʠʤʝʨʘ ʨʘʜʠ, ʥʠʿʝ ʿʘʩʥʦ ʥʠ ʰʪʘ ʧʨʝʜʩʪʘʚˀʘ ʚʝʣʠʯʠʥʘ Ăʤʝʹʫʩʦʙʥʘ ʦʪʧʦʨʥʦʩʪñ, ʥʠʪʠ ʢʘʢʦ ʩʝ 

ʦʥʘ ʦʜʨʝʫ́ʿʝ. ʊʘʢʦʹʝ, ʥʠʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʦʩʥʦʚʫ ʢʦʿʝʛ ʨʘʟʤʘʪʨʘˁʘ ʩʝ ʟʘʢˀʫʯʫʿʝ ʜʘ Ăʤʝʫ́ʩʦʙʥʘ 

ʦʪʧʦʨʥʦʩʪñ ʤʦʞʝ ʜʘ ʩʝ ʟʘʥʝʤʘʨʠ. ɼʘˀʝ, ʘʢʦ ʩʝ Rʤʝʹʫʩʦʙʥʘ ʟʘʥʝʤʘʨʠ, ʩʘ ʉʣ. 2.6 ʥʠʿʝ ʿʘʩʥʦ ʢʘʢʦ 

ʪʘʯʢʘ ʩʪʘʿʘˁʘ ʜʦʣʘʟʠ ʥʘ ʧʦʪʝʥʮʠʿʘʣ ʢʦʿʠ ʿʝ ʚʠʰʠ ʦʜ ʧʦʪʝʥʮʠʿʘʣʘ ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ. ʂʘʜʘ ʿʝ 

ʢʦʣʦ ʦʪʚʦʨʝʥʦ ʠʟʤʝʹʫ ʪʘʯʢʝ ʩʪʘʿʘˁʘ ʠ ʪʘʯʢʝ ʜʦʜʠʨʘ, ʫ ʪʦʿ ʛʨʘʥʠ ʥʝ ʪʝʯʝ ʩʪʨʫʿʘ ʠ ʪʘʯʢʘ ʩʪʘʿʘˁʘ 

ʧʨʘʢʪʠʯʥʦ ʿʝ ʥʘ ʧʦʪʝʥʮʠʿʘʣʫ ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ. ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʩʝ ʜʘʿʝ ʧʦʪʧʫʥʦ ʜʨʫʛʘʯʠʿʠ 

ʧʨʠʩʪʫʧ, ʢʦʿʠ ʧʨʘʪʠ ʟʘʢʦʥʠʪʦʩʪʠ ʠʟ ʦʩʥʦʚʘ ʝʣʝʢʪʨʦʪʝʭʥʠʢʝ. 

ʇʨʝʤʘ ʚʘʞʝ˂ʝʤ ʧʨʠʩʪʫʧʫ ʫ ʩʪʘʥʜʘʨʜʫ [10], ʟʘ ʚʨʝʜʥʦʩʪ ʥʘʧʦʥʘ ʊʝʚʝʥʝʥʦʚʦʛ ʛʝʥʝʨʘʪʦʨʘ 

ʩʝ ʫʟʠʤʘ ʜʘ ʿʝ ʿʝʜʥʘʢʘ ʚʨʝʜʥʦʩʪʠ ʧʦʪʝʥʮʠʿʘʣʥʝ ʨʘʟʣʠʢʝ ʜʦʜʠʨʘ (Eʜʦʜʠʨʘ), ʿʝʜʥʘʢʝ ʨʘʟʣʠʮʠ 

ʧʦʪʝʥʮʠʿʘʣʘ ʫʟʝʤˀʠʚʘʯʘ ʠ ʧʦʪʝʥʮʠʿʘʣʘ ʪʘʯʢʝ ʥʘ ʧʦʚʨʰʠ ʪʣʘ. ɼʘˀʝ, ʟʘ ʠʤʧʝʜʘʥʩʫ 

ʊʝʚʝʥʝʥʦʚʦʛ ʛʝʥʝʨʘʪʦʨʘ (ZT) ʫʟʠʤʘ ʩʝ ʜʘ ʿʝ ʫ ʧʠʪʘˁʫ ʠʩʢˀʫʯʠʚʦ ʘʢʪʠʚʥʘ ʦʪʧʦʨʥʦʩʪ Rʝʢʚ. ʠ ʜʘ 

ʿʝ ʿʝʜʥʘʢʘ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʜ ʦʙʘ ʩʪʦʧʘʣʘ ʜʦ ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ (ʫʧʨʦʰ˂ʝʥʦ, ʦʚʘ 

ʦʪʧʦʨʥʦʩʪ ʿʝ ʿʝʜʥʘʢʘ ʧʦʣʦʚʠʥʠ ʦʪʧʦʨʥʦʩʪʠ ʿʝʜʥʦʛ ʩʪʦʧʘʣʘ, Rʩʪʦʧʘʣʦ/2).  

ɼʘʢʣʝ, ʠʟʨʘʟ ʟʘ ʧʨʦʨʘʯʫʥ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠʟ ʩʪʘʥʜʘʨʜʘ ʛʣʘʩʠ: 

 

.

ʜʦʜʠʨʘ ʪʝʣʘ

ʜʦʜʠʨʘ

ʪʝʣʘ ʝʢʚ

E R
U

R R

Ö
=

+
. (2.16) 

 

ʉʪʨʦʛʦ ʛʣʝʜʘʥʦ ʩʘ ʉʣ. 2.6, ʝʣʝʢʪʨʦʤʦʪʦʨʥʘ ʩʠʣʘ ʊʝʚʝʥʝʥʦʚʦʛ ʛʝʥʝʨʘʪʦʨʘ ʿʝʜʥʘʢʘ ʿʝ: 
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ʫʟʝʤˀʠʚʘʯʘ

ʊ

ʫʟʝʤˀʠʚʘʯʘ ʩʠʩʪʝʤʘ

U R
ɽ

R Z

Ö
=

+
, (2.17) 

 

ʘ ʠʤʧʝʜʘʥʩʘ ʊʝʚʝʥʝʥʦʚʦʛ ʛʝʥʝʨʘʪʦʨʘ: 

 

/ 2
ʫʟʝʤˀʠʚʘʯʘ ʩʠʩʪʝʤʘ

ʊ ʩʪʦʧʘʣʦ

ʫʟʝʤˀʠʚʘʯʘ ʩʠʩʪʝʤʘ

R Z
Z R

R Z

Ö
= +

+
. (2.18) 

 

ʋʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʜʘ ʿʝ ʠʤʧʝʜʘʥʩʘ ʩʠʩʪʝʤʘ (Zʩʠʩʪʝʤʘ) ʤʥʦʛʦ ʤʘˁʘ ʦʜ ʦʪʧʦʨʥʦʩʪʠ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ, ʿʝʜʥʘʯʠʥʝ (2.17) ʠ (2.18) ʩʚʦʜʝ ʩʝ ʥʘ (2.16). 

ʂʘʦ ʰʪʦ ˂ʝ ʩʝ ʧʦʢʘʟʘʪʠ ʫ ʜʝʣʫ ʨʘʜʘ ʩʘ ʩʠʤʫʣʘʮʠʿʘʤʘ ʠ ˁʝʥʠʤ ʨʝʟʫʣʪʘʪʠʤʘ, ʧʦʪʝʥʮʠʿʘʣ 

ʫʟʝʤˀʠʚʘʯʘ ʩʝ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʙʝʟ ʫʢˀʫʯʠʚʘˁʘ ʫ ʤʦʜʝʣ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ 

ʧʘʨʘʣʝʣʥʝ ʚʝʟʝ ʜʚʘ ʩʪʦʧʘʣʘ, ʚʝ˂ ʩʘʤʦ ʥʘ ʦʩʥʦʚʫ ʩʪʨʫʿʝ ʢʦʿʘ ʧʨʦʪʠʯʝ ʢʨʦʟ ʫʟʝʤˀʠʚʘʯ. ʅʘʧʦʥ 

ʜʦʜʠʨʘ ʩʝ ʫ ʩʣʝʜʝ˂ʝʤ ʢʦʨʘʢʫ ʦʜʨʝʫ́ʿʝ ʠʟ ʨʘʟʜʝʣʥʠʢʘ ʥʘʧʦʥʘ ʥʘ ʧʘʨʘʣʝʣʥʦ ʿʚʝʟʠ ʦʪʧʦʨʥʦʩʪʠ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʜʚʘ ʩʪʦʧʘʣʘ ʜʦ ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ ʠ ʠʤʧʝʜʘʥʩʠ ʪʝʣʘ, ʧʨʠ ʯʝʤʫ ʿʝ ʥʘʧʦʥ ʢʦʿʠ ʩʝ 

ʜʦʚʦʜʠ ʥʘ ʨʘʟʜʝʣʥʠʢ ʿʝʜʥʘʢ ʧʦʪʝʥʮʠʿʘʣʥʦʿ ʨʘʟʣʠʮʠ ʜʦʜʠʨʘ Eʜʦʜʠʨʘ. ʈʝʟʫʣʪʘʪʠ ʢʦʤʧʣʝʢʩʥʠʭ 

ʩʠʤʫʣʘʮʠʿʘ ˂ʝ ʙʠʪʠ ʦʩʥʦʚʘ ʟʘ ʜʠʩʢʫʩʠʿʫ ʠ ʦʧʨʘʚʜʘˁʝ ʟʘ ʦʚʘʢʘʚ ʧʨʠʩʪʫʧ. 

ɿʘ ʠʟʨʘʯʫʥʘʚʘˁʝ ʥʘʚʝʜʝʥʠʭ ʚʨʝʜʥʦʩʪʠ, ʥʘʧʦʥʘ ʫʟʝʤˀʠʚʘʯʘ ʠ ʧʦʪʝʥʮʠʿʘʣʘ ʩʪʘʿʥʝ ʪʘʯʢʝ 

ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ, ʟʘ ʥʝʢʝ ʪʦʧʦʣʦʛʠʿʝ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ ʧʦʩʪʦʿʝ ʘʥʘʣʠʪʠʯʢʝ ʬʦʨʤʫʣʝ ʠʣʠ 

ʛʨʘʬʠʮʠ. ɼʨʫʛʘ ʤʦʛʫ˂ʥʦʩʪ ʟʘ ʠʟʨʘʯʫʥʘʚʘˁʝ ʥʘʧʦʥʘ ʫʟʝʤˀʠʚʘʯʘ ʠ ʧʦʪʝʥʮʠʿʘʣʘ ʩʪʘʿʥʠʭ ʪʘʯʘʢʘ 

ʿʝ ʢʦʨʠʰ˂ʝˁʝ ʩʧʝʮʠʿʘʣʠʟʦʚʘʥʠʭ ʩʦʬʪʚʝʨʘ ʠʣʠ ʦʧʰʪʠʭ FEM ʩʦʬʪʚʝʨʩʢʠʭ ʘʣʘʪʘ. ʇʦʨʘʩʪ 

ʧʦʪʝʥʮʠʿʘʣʘ ʫʟʝʤˀʠʚʘʯʘ ʠ ʧʦʨʘʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʪʘʯʘʢʘ ʥʘ ʧʦʚʨʰʠʥʠ ʟʝʤˀʝ ʧʦʩʣʝʜʠʮʝ ʩʫ 

ʩʪʨʫʿʝ ʢʚʘʨʘ, ʦʜʥʦʩʥʦ ʟʝʤˀʦʩʧʦʿʘ, ʢʦʿʘ ʙʠ ʩʝ ʨʘʯʫʥʘʣʘ ʧʨʝʤʘ ʉʪʘʥʜʘʨʜʫ [31]. 

ʋ [67] ʿʝ ʧʨʠʢʘʟʘʥʦ ʧʦʨʝʹʝˁʝ ʨʝʟʫʣʪʘʪʘ ʧʨʦʨʘʯʫʥʘ ʟʘ ʙʝʟʙʝʜʥʦʩʥʝ ʢʨʠʪʝʨʠʿʫʤʝ ʠʟʤʝʹʫ 

ʜʚʘ ʩʪʘʥʜʘʨʜʘ ï IEEE 80 ʠ IEC 479-1. 

ʇʦʩʤʘʪʨʘʥʦ ʮʝʣʦʢʫʧʥʦ, ʩʪʨʫʿʘ ʢʚʘʨʘ ʩʝ ʦʜ ʤʝʩʪʘ ʢʚʘʨʘ ʚʨʘ˂ʘ ʢʘ ʥʝʫʪʨʘʣʥʦʿ ʪʘʯʢʠ 

ʩʠʩʪʝʤʘ ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ ʠʟʚʦʨ ʩʪʨʫʿʝ. ʈʘʩʧʦʜʝʣʘ ʩʪʨʫʿʝ ʢʚʘʨʘ ʫ ʟʝʤˀʠ ʪʘʜʘ ʟʘʚʠʩʠ ʯʘʢ ʠ ʦʜ 

ʛʝʦʤʝʪʨʠʿʝ ʥʘʜʟʝʤʥʠʭ ʚʦʜʦʚʘ. ʈʘʩʧʦʜʝʣʘ ʩʪʨʫʿʝ ʫ ʟʝʤˀʠ ʫ ʧʨʠʩʫʩʪʚʫ ʥʘʜʟʝʤʥʠʭ ʚʦʜʦʚʘ ʢʨʦʟ 

ʢʦʿʝ ʪʝʢʫ ʥʘʠʟʤʝʥʠʯʥʝ ʩʪʨʫʿʝ ʿʝ ʢʦʤʧʣʝʢʩʘʥ ʧʨʦʙʣʝʤ. ɼʠʩʝʨʪʘʮʠʿʘ ʩʝ ʥʝ˂ʝ ʙʘʚʠʪʠ ʧʦʤʝʥʫʪʠʤ 

ʝʬʝʢʪʦʤ, ʘʣʠ ʩʝ ʯʠʪʘʣʘʮ ʫʧʫ˂ʫʿʝ ʥʘ ʧʦʛʣʘʚˀʝ 3.5 ʫ ʢˁʠʟʠ [68] ʧʨʦʬʝʩʦʨʘ ʄʝʣʠʦʧʫʣʦʩʘ ʫ 

ʢʦʿʝʤ ʩʫ ʜʝʪʘˀʥʦ ʦʙʿʘʰˁʝʥʠ ʝʬʝʢʪʠ ʧʦʚʨʘʪʥʝ ʧʫʪʘˁʝ ʩʪʨʫʿʝ ʢʨʦʟ ʟʝʤˀʫ ʫ ʧʨʠʩʫʩʪʚʫ 

ʥʘʜʟʝʤʥʠʭ ʚʦʜʦʚʘ ʢʨʦʟ ʯʠʿʝ ʧʨʦʚʦʜʥʠʢʝ ʧʨʦʪʠʯʫ ʥʘʠʟʤʝʥʠʯʥʝ ʩʪʨʫʿʝ. ʅʘʠʟʤʝʥʠʯʥʘ ʩʪʨʫʿʘ ʩʝ 

ʥʘ ʢʦʤʧʣʝʢʩʘʥ ʥʘʯʠʥ ʧʨʦʩʪʠʨʝ ʢʨʦʟ ʟʝʤˀʫ. ɿʘ ʧʨʠʩʫʩʪʚʦ ʩʘʤʦ ʿʝʜʥʦʛ ʧʨʦʚʦʜʥʠʢʘ ʠʟʥʘʜ 

ʟʝʤˀʝ, ʢʨʦʟ ʢʦʿʠ ʧʨʦʪʠʯʝ ʥʘʠʟʤʝʥʠʯʥʘ ʩʪʨʫʿʘ, ʧʦʚʨʘʪʥʘ ʩʪʨʫʿʘ ʢʨʦʟ ʟʝʤˀʫ ʿʝ ʨʘʩʧʦʜʝˀʝʥʘ 

ʪʘʢʦ ʜʘ ʿʝ ʛʫʩʪʠʥʘ ʩʪʨʫʿʝ, ʛʣʝʜʘʥʦ ʫ ʨʘʚʥʠ ʫʧʨʘʚʥʫ ʥʘ ʧʨʦʚʦʜʥʠʢ, ʥʘʿʚʝ˂ʘ ʧʨʠ ʧʦʚʨʰʠʥʠ ʪʣʘ, 

ʦʜʤʘʭ ʠʩʧʦʜ ʧʨʦʚʦʜʥʠʢʘ ʠ ʩʤʘˁʫʿʝ ʩʝ ʩʘ ʫʜʘˀʝʥʦʰ˂ʫ ʦʜ ʧʨʦʚʦʜʥʠʢʘ. ʋ ʨʝʬʝʨʝʥʮʠ [68] ʩʫ 

ʜʘʪʠ ʫʧʨʦʰ˂ʝʥʠ ʠʟʨʘʟʠ ʟʘ ʜʚʘ ʧʨʠʙʣʠʞʥʘ ʨʝʰʝˁʘ. ʉʠʪʫʘʮʠʿʘ ʿʝ ʿʦʰ ʢʦʤʧʣʝʢʩʥʠʿʘ ʟʘ 

ʪʨʦʬʘʟʥʠ ʥʘʜʟʝʤʥʠ ʚʦʜ. ɽʬʝʢʘʪ ʧʦʚʨʘʪʥʝ ʩʪʨʫʿʝ ʢʨʦʟ ʟʝʤˀʫ ʫʪʠʯʝ ʥʘ ʫʢʫʧʥʫ ʨʝʘʢʪʘʥʩʫ, ʘ 

ʫʚʘʞʘʚʘ ʩʝ ʢʨʦʟ ʝʢʚʠʚʘʣʝʥʪʥʫ ʜʫʙʠʥʫ ʧʦʚʨʘʪʢʘ, ʦʜʥʦʩʥʦ ʜʫʙʠʥʫ ʫ ʤʝʪʨʠʤʘ ʟʘ ʝʢʚʠʚʘʣʝʥʪʥʠ 

ʧʨʦʚʦʜʥʠʢ ʢʦʿʠ ʟʘʤʝˁʫʿʝ ʟʝʤˀʫ [2] [68]: 
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ʄʝʹʫʪʠʤ, ʦʚʘʿ ʧʘʨʘʤʝʪʘʨ ʠʟʚʝʩʥʦ ʫʪʠʯʝ ʥʘ ʠʥʜʫʢʪʠʚʥʦʩʪ ʧʝʪˀʝ ʢʚʘʨʘ ʫ ʚʠʜʫ ʢʦʥʪʫʨʝ 

ʢʦʿʘ ʩʝ ʩʪʚʘʨʘ ʠʟʤʝʹʫ ʥʘʜʟʝʤʥʦʛ ʚʦʜʘ ʠ ʝʢʚʠʚʘʣʝʥʪʥʦʛ ʧʨʦʚʦʜʥʠʢʘ ʢʨʦʟ ʟʝʤˀʫ, ʘ ʪʠʤʝ ʠ ʥʘ 

ʩʪʨʫʿʫ ʢʚʘʨʘ. ʋ ʣʠʪʝʨʘʪʫʨʠ [2] ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʫʧʨʦʰ˂ʝˁʘ ʠʟ ʢʦʿʠʭ ʩʣʝʜʠ ʜʘ ʩʝ ʟʘ ʤʨʝʞʥʫ 

ʫʯʝʩʪʘʥʦʩʪ ʤʦʞʝ ʟʘʥʝʤʘʨʠʪʠ ʫʪʠʮʘʿ ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ ʥʘ ʨʘʩʧʦʜʝʣʫ ʩʪʨʫʿʘ ʢʨʦʟ ʟʝʤˀʫ. ɼʘʢʣʝ, 

ʫʪʠʮʘʿ ʤʘʛʥʝʪʥʦʛ ʧʦˀʘ ʩʝ ʟʘʥʝʤʘʨʫʿʝ ʧʨʠ ʦʜʨʝʹʠʚʘˁʫ ʨʘʩʧʦʜʝʣʝ ʩʪʨʫʿʝ ʢʚʘʨʘ ʠʟ ʫʟʝʤˀʠʚʘʯʘ 

ʢʨʦʟ ʟʝʤˀʫ, ʘ ʧʦʩʣʝʜʠʯʥʦ ʠ ʥʘ ʩʚʝ ʧʘʨʘʤʝʪʨʝ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ. 

 

2.3.2 ʆʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ 

ʂʘʢʦ ʙʠ ʩʝ ʠʟʨʘʯʫʥʘʦ ʥʘʧʦʥ ʜʦʜʠʨʘ, ʥʝʦʧʭʦʜʥʦ ʿʝ ʧʦʟʥʘʚʘˁʝ ʚʨʝʜʥʦʩʪʠ ʦʪʧʦʨʥʦʩʪʠ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ, ʦʜʥʦʩʥʦ ʥʘʧʦʥʘ ʫʟʝʤˀʠʚʘʯʘ (GPR). ʅʘʧʦʥ ʫʟʝʤˀʠʚʘʯʘ ʿʝʜʥʘʢ ʿʝ 

ʧʨʦʠʟʚʦʜʫ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ ʠ ʩʪʨʫʿʝ ʫʟʝʤˀʠʚʘʯʘ. 

ʆʜ ʯʝʪʨʜʝʩʝʪʠʭ ʠ ʧʝʜʝʩʝʪʠʭ ʛʦʜʠʥʘ ʧʨʦʰʣʦʛ ʚʝʢʘ, ʧʘ ʩʚʝ ʜʦ ʦʩʘʤʜʝʩʝʪʠʭ ʠ ʜʝʚʝʜʝʩʝʪʠʭ, 

ʛʣʘʚʥʠ ʧʨʠʩʪʫʧ ʟʘ ʧʨʦʨʘʯʫʥ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ ʩʘʩʪʦʿʘʦ ʩʝ ʦʜ 

ʪʦʛʘ ʜʘ ʩʝ ʠʟʚʝʜʫ ʘʥʘʣʠʪʠʯʢʠ ʠʟʨʘʟʠ, ʧʨʠ ʯʝʤʫ ʩʝ ʧʦʣʘʟʠʣʦ ʦʜ ʦʩʥʦʚʥʠʭ ʦʙʣʠʢʘ ʝʣʝʢʪʨʦʜʘ ʫ 

ʪʣʫ ʠ ʥʘʧʨʝʜʦʚʘʣʦ ʢʘ ʩʚʝ ʢʦʤʧʣʠʢʦʚʘʥʠʿʠʤ. ʇʨʠʪʦʤ, ʢʦʝʬʠʮʠʿʝʥʪʠ ʢʦʿʠ ʬʠʛʫʨʠʰʫ ʫ 

ʠʟʚʝʜʝʥʠʤ ʘʥʘʣʠʪʠʯʢʠʤ ʠʟʨʘʟʠʤʘ ʝʤʧʠʨʠʿʩʢʠ ʩʫ ʧʦʜʝʰʘʚʘʥʠ ʪʘʢʦ ʜʘ ʜʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ 

ʧʦʤʦ˂ʫ ʬʦʨʤʫʣʝ ʙʫʜʫ ʰʪʦ ʙʣʠʞʝ ʚʨʝʜʥʦʩʪʠʤʘ ʦʜʨʝʹʝʥʠʤ ʜʝʪʘˀʥʠʿʠʤ ʝʣʝʢʪʨʦʤʘʛʥʝʪʩʢʠʤ 

ʧʨʦʨʘʯʫʥʠʤʘ ʧʦʤʦ˂ʫ ʩʦʬʪʚʝʨʘ. ɼʦʜʘʪʥʘ ʤʦʛʫ˂ʥʦʩʪ ʟʘ ʧʦʜʝʰʘʚʘˁʝ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʩʫ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʜʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʥʘ ʩʪʚʘʨʥʠʤ ʫʟʝʤˀʠʚʘʯʢʠʤ ʩʠʩʪʝʤʠʤʘ. 

ɼʘʢʣʝ, ʫ ʧʨʘʢʩʠ ʩʫ ʚʝ˂ ʜʫʞʝ ʚʨʝʤʝ ʧʨʠʩʫʪʥʝ ʿʝʜʥʦʩʪʘʚʥʝ ʬʦʨʤʫʣʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ 

ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʛʝʦʤʝʪʨʠʿʝ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ. ɿʘ ʚʝ˂ʠʥʫ ʩʝ 

ʤʦʛʫ ʥʘ˂ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʠʟʨʘʟʠ ʫ ʩʪʘʥʜʘʨʜʫ [10] ʧʦʯʝʚʰʠ ʦʜ ʿʝʜʥʦʩʪʘʚʥʠʿʠʭ, ʢʘʦ ʰʪʦ ʩʫ 

ʮʝʚ/ʰʠʧʢʘ, ʪʨʘʢʘ, ʢʦʥʪʫʨʘ, ʧʘ ʩʚʝ ʜʦ ʩʣʦʞʝʥʠʿʠʭ ʤʨʝʞʥʠʭ ʫʟʝʤˀʠʚʘʯʘ ʩʘ ʚʝʣʠʢʠʤ ʙʨʦʿʝʤ 

ʪʘʢʦʟʚʘʥʠʭ ʦʢʘʮʘ ʠ ʢʦʿʠ ʧʦʢʨʠʚʘʿʫ ʚʝʣʠʢʝ ʧʦʚʨʰʠʥʝ, ʘ ʢʘʢʚʠ ʩʫ ʫʦʙʠʯʘʿʝʥʠ ʟʘ 

ʝʣʝʢʪʨʦʝʥʝʨʛʝʪʩʢʘ ʧʦʩʪʨʦʿʝˁʘ ʠ ʧʦʜʩʪʘʥʠʮʝ. 

ɼʘˀʝ, ʫ ʣʠʪʝʨʘʪʫʨʠ ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʫʧʨʦʰ˂ʝʥʠ ʠʟʨʘʟʠ ʟʘ ʠʟʨʘʯʫʥʘʚʘˁʝ ʦʪʧʦʨʥʦʩʪʠ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ ʢʘʢʦ ʫ ʭʦʤʦʛʝʥʦʤ, ʪʘʢʦ ʠ ʫ ʜʚʦʩʣʦʿʥʦʤ, ʧʘ ʠ ʫ ʚʠʰʝʩʣʦʿʥʠʤ 

ʤʦʜʝʣʠʤʘ ʪʣʘ. 

ʇʦʩʪʝʧʝʥʦ ʿʝ ʥʘʧʨʘʚˀʝʥ ʧʦʤʝʨʘʿ ʧʘʨʘʜʠʛʤʝ ʦʜ ʜʠʨʝʢʪʥʦʛ ʨʘʟʚʦʿʘ ʘʥʘʣʠʪʠʯʢʠʭ ʠʟʨʘʟʘ ʢʘ 

ʥʫʤʝʨʠʯʢʠʤ ʤʝʪʦʜʘʤʘ ʘ ʧʨʚʝʥʩʪʚʝʥʦ ʤʝʪʦʜʠ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ. ʆʩʚʨʪ ʥʘ ʧʨʠʤʝʥʫ FEM ʟʘ 

ʘʥʘʣʠʟʫ ʙʝʟʙʝʜʥʦʩʪʠ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ, ʦʜʥʦʩʥʦ ʦʜʨʝʹʠʚʘˁʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ 

ʠ ʥʘʧʦʥʘ ʢʦʨʘʢʘ ʙʠ˂ʝ ʜʘʪ ʫ ʦʜʝˀʢʫ 2.3.8. 

 

2.3.2.1 ɸʥʘʣʠʪʠʯʢʠ ʠʟʨʘʟʠ 

ʆʚʜʝ ˂ʝ ʙʠʪʠ ʧʨʠʢʘʟʘʥʝ ʦʩʥʦʚʥʝ ʘʥʘʣʠʪʠʯʢʝ ʬʦʨʤʫʣʝ ʠʟ ʣʠʪʝʨʘʪʫʨʝ ʟʘ ʦʪʧʦʨʥʦʩʪʠ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʙʘʟʠʯʥʠʭ ʫʟʝʤˀʠʚʘʯʢʠʭ ʝʣʝʤʝʥʘʪʘ ʫ ʭʦʤʦʛʝʥʦʤ ʪʣʫ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ 

ʦʪʧʦʨʥʦʩʪʠ ɟ. ʌʦʨʤʫʣʝ ʩʫ ʤʘʭʦʤ ʩʘʢʫʧˀʝʥʝ, ʩʠʩʪʝʤʘʪʠʟʦʚʘʥʝ ʠ ʧʨʝʜʣʦʞʝʥʝ ʫ ʩʪʘʥʜʘʨʜʫ 

[10]. ʉʝʣʝʢʮʠʿʘ ʠʟʨʘʟʘ ʿʝ ʜʘʪʘ ʫ ʩʢʣʘʜʫ ʩʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʫʟʝʤˀʠʚʘʯʢʠʤ ʩʠʩʪʝʤʠʤʘ ʢʦʿʠ 

ʩʫ ʘʥʘʣʠʟʠʨʘʥʠ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʫ ʦʜʝˀʢʫ 6.4. 

ʀʟʨʘʟ ʟʘ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʮʝʚʥʦʛ ʫʟʝʤˀʠʚʘʯʘ ʩʘ ʛʦʨˁʠʤ ʙʘʟʠʩʦʤ ʫ ʚʠʩʠʥʠ 

ʧʦʚʨʰʠʥʝ ʪʣʘ, ʟʘʩʥʦʚʘʥ ʥʘ ʤʝʪʦʜʠ ʩʨʝʜˁʝʛ ʧʦʪʝʥʮʠʿʘʣʘ [69], [70]: 
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ʛʜʝ ʩʫ: 

L ï ʜʫʞʠʥʘ ʮʝʚʠ, ʠ 

d ï ʧʨʝʯʥʠʢ ʮʝʚʠ. 

 

ʀʟʨʘʟ ʟʘ ʿʝʜʥʦʩʪʘʚʘʥ ʧʨʘʚʦʫʛʘʦʥʠ ʢʦʥʪʫʨʥʠ ʫʟʝʤˀʠʚʘʯ ʛʣʘʩʠ [69] [71]: 
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' 2ʝ er r h= Ö Ö, 
(2.22) 

  

0,34 0,25ʝr q p= Ö + Ö, (2.23) 

 

ʛʜʝ ʩʫ: 

 ʘ ï ʜʫʞʠʥʘ ʢʦʥʪʫʨʝ, 

b ï ʰʠʨʠʥʘ ʢʦʥʪʫʨʝ, 

p ï ʜʫʞʠʥʘ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ Fe/Zn ʪʨʘʢʝ, 

q ï ʰʠʨʠʥʘ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ Fe/Zn ʪʨʘʢʝ, 

h ï ʜʫʙʠʥʘ ʫʢʦʧʘʚʘˁʘ ʢʦʥʪʫʨʝ, ʠ 

re ï ʝʢʚʠʚʘʣʝʥʪʘʥ ʧʦʣʫʧʨʝʯʥʠʢ ʧʨʝʩʝʢʘ ʪʨʘʢʝ ʢʦʥʪʫʨʝ. 

 

ʉʚʝʨʘʢʦʚ ʠʟʨʘʟ ʟʘ ʫʟʝʤˀʠʚʘʯʢʫ ʧʨʘʚʦʫʛʘʦʥʫ ʤʨʝʞʫ ʛʣʘʩʠ [10], [72]: 
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, (2.24) 

ʛʜʝ ʩʫ: 

 LT ï ʫʢʫʧʥʘ ʜʫʞʠʥʘ ʩʚʠʭ ʫʢʦʧʘʥʠʭ ʧʨʦʚʦʜʥʠʢʘ ʢʦʿʠ ʩʘʯʠˁʘʚʘʿʫ ʧʨʘʚʦʫʛʘʦʥʫ 

ʫʟʝʤˀʠʚʘʯʢʫ ʤʨʝʞʫ, 

 A ï ʧʦʚʨʰʠʥʘ ʢʦʿʫ ʧʨʘʚʦʫʛʘʦʥʘ ʫʟʝʤˀʠʚʘʯʢʘ ʤʨʝʞʘ ʟʘʭʚʘʪʘ, ʠ 

 h ï ʜʫʙʠʥʘ ʫʢʦʧʘʚʘˁʘ ʧʨʘʚʦʫʛʘʦʥʝ ʫʟʝʤˀʠʚʘʯʢʝ ʤʨʝʞʝ. 

ʉʫʥʜʝ [44] ʠ ʈʠʜʝʥʙʝʨʛ [73] ʠʟʚʝʣʠ ʩʫ ʠʟʨʘʟ ʟʘ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʯʠʪʘʚʦʛ 

ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ ʢʘʜʘ ʩʝ ʠʤʘ ʩʧʦʿ ʫʟʝʤˀʠʚʘʯʢʝ ʤʨʝʞʝ (ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ï 

Rʤʨʝʞa), ʩʚʠʭ ʫʟʝʤˀʠʚʘʯʢʠʭ ʮʝʚʠ (ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ï Rʮʝʚʠ) ʠ ʦʪʧʦʨʥʦʩʪʠ ʢʦʿʘ 

ʫʚʘʞʘʚʘ ʤʝʹʫʩʦʙʥʠ ʫʪʠʮʘʿ ʠʟʤʝʹʫ ʤʨʝʞʝ ʠ ʢʦʣʝʢʮʠʿʝ ʮʝʚʠ (ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ï 

Rʤʝʹʫʩʦʙʥʦ) [10]: 
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ʐʚʘʨʮ [74] je ʟʘʪʠʤ ʠʟʚʝʦ ʬʦʨʤʫʣʝ ʟʘ ʧʦʿʝʜʠʥʘʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʠʟ 

ʛʦʨˁʝʛ ʠʟʨʘʟʘ ʠ ʪʦ: 

- ʟʘ ʧʨʘʚʦʫʛʘʦʥʫ ʤʨʝʞʫ: 
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, (2.26) 

 

- ʟʘ ʢʦʣʝʢʮʠʿʫ ʫʢʦʧʘʥʠʭ ʮʝʚʥʠʭ ʫʟʝʤˀʠʚʘʯʘ: 
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- ʟʘ ʤʝʹʫʩʦʙʥʫ ʦʪʧʦʨʥʦʩʪ ʠʟʤʝʹʫ ʧʨʘʚʦʫʛʘʦʥʝ ʤʨʝʞʝ ʠ ʢʦʣʝʢʮʠʿʝ ʮʝʚʠ 
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ʛʜʝ ʦʟʥʘʢʝ ʫ ʛʦʨˁʝ ʜʚʝ ʬʦʨʤʫʣʝ ʠʟʤʘʿʫ ʩʣʝʜʝ˂ʝ ʟʥʘʯʝˁʝ: 

 LC ï ʫʢʫʧʥʘ ʜʫʞʠʥʘ ʩʚʠʭ ʧʦʚʝʟʘʥʠʭ ʧʨʦʚʦʜʥʠʢʘ, 

aô ï 2ʘ hÖ  ʟʘ ʧʨʦʚʦʜʥʠʢʝ ʫʢʦʧʘʥʝ ʥʘ ʜʫʙʠʥʠ h ʠʣʠ 

aô ï a ʟʘ ʧʨʦʚʦʜʥʠʢʝ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ, 

2a ï ʧʨʝʯʥʠʢ ʧʨʦʚʦʜʥʠʢʘ, 

A ï ʧʦʚʨʰʠʥʘ ʢʦʿʫ ʟʘʫʟʠʤʘ ʧʨʘʚʦʫʛʘʦʥʘ ʤʨʝʞʘ, ʠ 

k1, k2 ï ʢʦʝʬʠʮʠʿʝʥʪʠ ʢʦʿʠ ʩʝ ʦʜʨʝʹʫʿʫ ʩʘ ʛʨʘʬʠʢʘ ʠʟ [74]. 

 

ʋ [75] ʠ [76], ʧʨʦʬ. ʅʘʭʤʘʥ ʠ ʉʘʣʘʤʦʥ, ʠʟʚʝʣʠ ʩʫ ʧʨʦʰʠʨʝˁʝ ʐʚʘʨʮʦʚʠʭ ʘʥʘʣʠʪʠʯʢʠʭ 

ʠʟʨʘʟʘ (2.26)ï(2.28), ʢʘʢʦ ʙʠ ʤʦʛʣʦ ʜʘ ʩʝ ʫʚʘʞʠ ʜʚʦʩʣʦʿʥʦ ʪʣʦ. ʇʨʦʰʠʨʝˁʝ ʿʝ ʠʟʚʝʜʝʥʦ ʥʘ 

ʙʘʟʠ ʧʦʨʝʹʝˁʘ ʨʝʟʫʣʪʘʪʘ ʥʦʚʠʭ ʘʥʘʣʠʪʠʯʢʠʭ ʠʟʨʘʟʘ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʧʨʦʛʨʘʤʘ ʠʟ [77] ʢʦʿʠʤ 

ʤʦʞʝ ʜʘ ʩʝ ʧʨʦʨʘʯʫʥʘ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ ʫ ʜʚʦʩʣʦʿʥʦʤ ʪʣʫ. 

ʋ [78] ʧʨʠʢʘʟʘʥʠ ʩʫ ʜʘˀʠ ʘʥʘʣʠʪʠʯʢʠ ʠʟʨʘʟʠ ʟʘ ʧʨʦʨʘʯʫʥ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ 

ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ ʫ ʿʝʜʥʦʩʣʦʿʥʦʤ, ʜʚʦʩʣʦʿʥʦʤ ʠ ʪʨʦʩʣʦʿʥʦʤ ʪʣʫ. ʇʨʝʜʣʦʞʝʥʠ 

ʘʥʘʣʠʪʠʯʢʠ ʠʟʨʘʟʠ ʠʟʚʝʜʝʥʠ ʩʫ ʥʘ ʙʘʟʠ ʧʦʨʝʹʝˁʘ ʨʝʟʫʣʪʘʪʘ ʠʟ ʥʦʚʠʭ ʠʟʨʘʟʘ ʟʘ ʢʚʘʜʨʘʪʥʝ ʠ 

ʧʨʘʚʦʫʛʘʦʥʝ ʫʟʝʤˀʠʚʘʯʢʝ ʤʨʝʞʝ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʜʦʙʠʿʝʥʠʤ ʧʨʠʤʝʥʦʤ FEM ʩʦʬʪʚʝʨʘ.  

 

2.3.2.2 ʄʝʪʦʜʘ ʧʫʥʢʪʫʘʣʥʠʭ ʝʣʝʢʪʨʦʜʘ 

ʋ ʢˁʠʟʠ ʧʨʦʬʝʩʦʨʘ ɫʫʨʠ˂ʘ [2], ʫ ʧʦʛʣʘʚˀʫ 26 ʢʦʿʝ ʩʝ ʙʘʚʠ ʫʟʝʤˀʝˁʝʤ ʧʦʩʪʨʦʿʝˁʘ, 

ʠʟʤʝʹʫ ʦʩʪʘʣʦʛ, ʧʨʠʢʘʟʘʥ ʿʝ ʤʝʪʦʜ ʧʫʥʢʪʫʘʣʥʠʭ ʝʣʝʢʪʨʦʜʘ ʟʘ ʧʨʦʨʘʯʫʥ ʦʪʧʦʨʥʦʩʪʠ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ ʫ ʭʦʤʦʛʝʥʦʤ ʪʣʫ. ʋ ʤʝʪʦʜʠ ʩʝ, ʥʘ ʧʦʯʝʪʢʫ, 

ʝʣʝʤʝʥʪʘʨʥʘ ʝʣʝʢʪʨʦʜʘ ʧʦʩʤʘʪʨʘ ʢʘʦ ʧʫʥʢʪʫʘʣʥʘ, ʪʿ. ʣʦʧʪʘʩʪʘ ʩʘ ʤʘʣʠʤ ʧʨʝʯʥʠʢʦʤ. ʇʦʪʦʤ ʩʝ 

ʧʦʩʤʘʪʨʘ ʧʦʪʝʥʮʠʿʘʣ ʫ ʥʝʢʦʿ ʪʘʯʢʠ ʫʜʘˀʝʥʦʿ ʟʘ ʦʜʨʝʹʝʥʫ ʨʘʟʜʘˀʠʥʫ ʦʜ ʧʫʥʢʪʫʘʣʥʝ 
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ʝʣʝʢʪʨʦʜʝ, ʘ ʫ ʙʝʩʢʦʥʘʯʥʦ ʧʨʦʪʝʞʫ˂ʦʿ ʭʦʤʦʛʝʥʦʿ ʩʨʝʜʠʥʠ ʩʘ ʧʦʟʥʘʪʦʤ ʩʧʝʮʠʬʠʯʥʦʤ 

ʦʪʧʦʨʥʦʰ˂ʫ. ʆʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʝʣʝʢʪʨʦʜʝ ʩʤʘʪʨʘ ʩʝ ʩʦʧʩʪʚʝʥʦʤ ʦʪʧʦʨʥʦʰ˂ʫ. ʂʘʜʘ 

ʩʝ ʠʤʘʿʫ ʜʚʝ ʧʫʥʢʪʫʘʣʥʝ ʝʣʝʢʪʨʦʜʝ, ʫʚʦʜʠ ʩʝ ʧʦʿʘʤ ʤʝʹʫʩʦʙʥʝ ʦʪʧʦʨʥʦʩʪʠ ʪʝ ʜʚʝ ʝʣʝʢʪʨʦʜʝ, 

ʜʝʬʠʥʠʩʘʥʝ ʢʘʦ ʢʦʣʠʯʥʠʢ ʧʦʪʝʥʮʠʿʘʣʘ, ʢʦʿʠ ʩʪʚʘʨʘ ʧʨʚʘ ʝʣʝʢʪʨʦʜʘ ʥʘ ʤʝʩʪʫ ʜʨʫʛʝ, ʠ ʿʘʯʠʥʝ 

ʩʪʨʫʿʝ ʢʦʿʘ ʩʝ ʦʜʚʦʜʠ ʩʘ ʧʨʚʝ ʝʣʝʢʪʨʦʜʝ. ɽʣʝʢʪʨʦʜʝ ʨʝʘʣʥʦʛ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ ʟʘʢʦʧʘʥʝ 

ʩʫ ʠʩʧʦʜ ʧʦʚʨʰʠʥʝ ʟʝʤˀʝ ʠ ʪʦ ʩʝ ʫʚʘʞʘʚʘ ʧʨʝʢʦ ʪʝʦʨʠʿʝ ʣʠʢʦʚʘ. ʋʚʦʜʝ ʩʝ ʣʠʢʦʚʠ ʟʘ ʨʝʘʣʥʝ 

ʝʣʝʢʪʨʦʜʝ ʠ ʧʦʩʪʘʚˀʝʥʠ ʩʫ ʩʠʤʝʪʨʠʯʥʦ ʨʝʘʣʥʠʤ ʝʣʝʢʪʨʦʜʘʤʘ ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʚʨʰʠʥʫ ʟʝʤˀʝ. 

ʊʘʜʘ, ʟʘ ʚʠʰʝ ʧʫʥʢʪʫʘʣʥʠʭ ʝʣʝʢʪʨʦʜʘ ʫ ʟʝʤˀʠ, ʢʘʜʘ ʩʝ ʩʪʨʫʿʘ ʦʜʚʦʜʠ ʩʘ ʩʚʘʢʝ, ʧʦʪʝʥʮʠʿʘʣ 

ʿʝʜʥʝ ʝʣʝʢʪʨʦʜʝ ʜʦʙʠʿʘ ʩʝ ʢʘʦ ʩʫʤʘ ʧʘʨʮʠʿʘʣʥʠʭ ʧʦʪʝʥʮʠʿʘʣʘ ʢʦʿʠ ʧʦʪʠʯʫ ʦʜ ʩʚʠʭ ʦʩʪʘʣʠʭ 

ʝʣʝʢʪʨʦʜʘ ʠ ʩʚʠʭ ʣʠʢʦʚʘ ʝʣʝʢʪʨʦʜʘ. ʀʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʜʘ ʩʫ ʢʦʜ ʨʝʘʣʥʦʛ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ 

ʩʚʝ ʝʣʝʢʪʨʦʜʝ ʩʧʦʿʝʥʝ, ʟʥʘ ʩʝ ʜʘ ʩʫ ʧʦʪʝʥʮʠʿʘʣʠ ʩʚʠʭ ʝʣʝʢʪʨʦʜʘ ʫ ʦʜʥʦʩʫ ʥʘ ʨʝʬʝʨʝʥʪʥʫ 

ʟʝʤˀʫ ʠʩʪʠ, ʪʘʢʦ ʜʘ ʩʝ ʣʘʢʦ ʜʦʣʘʟʠ ʜʦ ʤʘʪʨʠʯʥʦʛ ʠʟʨʘʟʘ ʫ ʢʦʿʝʤ ʿʝ ʤʘʪʨʠʮʘ ʢʦʣʦʥʘ ʥʘʧʦʥʘ 

ʿʝʜʥʘʢʘ ʧʨʦʠʟʚʦʜʫ ʤʘʪʨʠʮʝ ʩʦʧʩʪʚʝʥʠʭ ʠ ʤʝʹʫʩʦʙʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ʝʣʝʢʪʨʦʜʘ (ʫʚʘʞʘʚʘʿʫ˂ʠ ʠ 

ʣʠʢʦʚʝ) ʠ ʤʘʪʨʠʮʠ ʢʦʣʦʥʝ ʩʪʨʫʿʝ. ʅʘʧʦʩʣʝʪʢʫ ʩʝ ʣʘʢʦ ʠʟʚʣʘʯʠ ʠʟʨʘʟ ʟʘ ʦʪʧʦʨʥʦʩʪ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʯʠʪʘʚʦʛ ʫʟʝʤˀʠʚʘʯʘ, ʘ ʧʦʪʦʤ ʠ ʟʘ ʧʦʪʝʥʮʠʿʘʣʝ ʪʘʯʘʢʘ ʥʘ ʧʦʚʨʰʠʥʠ ʠʟʥʘʜ 

ʫʟʝʤˀʠʚʘʯʘ, ʧʦʥʦʚʦ ʢʘʦ ʩʫʤʝ ʧʘʨʮʠʿʘʣʥʠʭ ʧʦʪʝʥʮʠʿʘʣʘ ʦʜ ʩʚʠʭ ʝʣʝʢʪʨʦʜʘ (ʫʢˀʫʯʫʿʫ˂ʠ ʠ 

ʣʠʢʦʚʝ). ʂʘʜʘ ʩʝ ʠʤʘ ʝʣʝʢʪʨʦʜʘ ʫ ʦʙʣʠʢʫ ʢʨʘʪʢʦʛ ʰʪʘʧʘ, ʦʥ ʩʝ ʝʢʚʠʚʘʣʝʥʪʠʨʘ ʧʫʥʢʪʫʘʣʥʦʤ, 

ʪʿ. ʣʦʧʪʘʩʪʦʤ ʝʣʝʢʪʨʦʜʦʤ ʩʘ ʧʨʦʨʘʯʫʥʘʪʠʤ ʝʢʚʠʚʘʣʝʥʪʥʠʤ ʧʨʝʯʥʠʢʦʤ. 

ʄʝʪʦʜʘ ʣʘʢʦ ʤʦʞʝ ʜʘ ʩʝ ʠʩʧʨʦʛʨʘʤʠʨʘ ʠ ʨʦʙʫʩʥʘ ʿʝ ʠ ʙʨʟʘ, ʤʦʞʝ ʜʘ ʩʝ ʧʨʠʤʝʥʠ ʥʘ 

ʨʘʟʣʠʯʠʪʝ ʛʝʦʤʝʪʨʠʿʝ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ, ʘʣʠ ʿʝ ʥʝʜʦʩʪʘʪʘʢ ʰʪʦ ʿʝ, ʫ ʬʦʨʤʠ ʫ ʢʦʿʦʿ ʿʝ 

ʠʟʣʦʞʝʥʘ, ʧʨʠʤʝˁʠʚʘ ʠʩʢˀʫʯʠʚʦ ʥʘ ʫʟʝʤˀʠʚʘʯʝ ʫ ʭʦʤʦʛʝʥʦʤ ʪʣʫ. ʇʨʦʬʝʩʦʨ ʅʘʭʤʘʥ ʿʝ ʫ 

ʨʘʜʫ [77] ʠʟʣʦʞʠʦ ʘʣʛʦʨʠʪʘʤ ʟʘ ʧʨʦʛʨʘʤ ʢʦʿʠʤ ʿʝ ʤʦʛʫ˂ʝ ʦʜʨʝʜʠʪʠ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ 

ʫʟʝʤˀʠʚʘʯʘ ʩʘʩʪʘʚˀʝʥʦʛ ʦʜ ʧʨʘʚʦʣʠʥʠʿʩʢʠʭ ʝʣʝʤʝʥʘʪʘ ʫ ʜʚʦʩʣʦʿʥʦʤ ʪʣʫ. ʋ ʦʜʥʦʩʫ ʥʘ ʠʟʥʝʪʫ 

ʤʝʪʦʜʫ ʧʫʥʢʪʫʘʣʥʠʭ ʤʝʪʦʜʘ ʟʘ ʫʟʝʤˀʠʚʘʯʝ ʫ ʭʦʤʦʛʝʥʦʤ ʪʣʫ, ʧʨʦʰʠʨʝˁʝ ʥʘ ʜʚʦʩʣʦʿʥʦ ʪʣʦ 

ʠʟʚʝʜʝʥʦ ʿʝ ʩʣʠʯʥʦʤ ʧʨʠʤʝʥʦʤ ʪʝʦʨʠʿʝ ʣʠʢʦʚʘ ʠ ʪʦ ʫʚʦʹʝˁʝʤ ʜʦʜʘʪʥʠʭ ʣʠʢʦʚʘ ʟʘ 

ʧʨʘʚʦʣʠʥʠʿʩʢʝ ʝʣʝʤʝʥʪʝ ʫʟʝʤˀʠʚʘʯʘ, ʧʨʠ ʯʝʤʫ ʩʝ ʜʦʜʘʪʥʠʤ ʣʠʢʦʚʠʤʘ ʫʚʘʞʘʚʘʿʫ ʛʦʨˁʠ ʠ 

ʜʦˁʠ ʩʣʦʿ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ. 

ʆʚʜʝ ʪʘʢʦʹʝ ʚʘˀʘ ʠʩʪʘ˂ʠ ʜʘ ʿʝ ʫ ʧʦʛʣʝʜʫ ʪʝʦʨʠʿʝ ʣʠʢʦʚʘ ʩʣʠʯʘʥ ʙʠʦ ʠ ʧʨʠʩʪʫʧ ʢʦʿʠ ʿʝ 

ʧʨʠʤʝʥʠʦ ɺʝʥʝʨ ʫ ʨʘʟʚʦʿʫ ʩʚʦʿʝ ʤʝʨʥʝ ʤʝʪʦʜʝ ʫ [33] ʢʘʢʦ ʙʠ ʜʦʰʘʦ ʜʦ ʫʧʨʦʰ˂ʝʥʦʛ ʠʟʨʘʟʘ ʟʘ 

ʩʧʝʮʠʬʠʯʥʫ ʝʣʝʢʪʨʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ʭʦʤʦʛʝʥʦʛ ʟʝʤˀʠʰʪʘ. ʅʘʨʘʚʥʦ, ɺʝʥʝʨ ʿʝ ʪʦ ʫʯʠʥʠʦ ʫʟ 

ʦʣʘʢʰʘʚʘʿʫ˂ʫ ʦʢʦʣʥʦʩʪ ʜʘ ʿʝ 4 ʰʪʘʧʥʝ ʝʣʝʢʪʨʦʜʝ ʘʧʨʦʢʩʠʤʠʨʘʦ ʪʘʯʢʘʤʘ ʥʘ ʜʫʙʠʥʠ ʜʦ ʢʦʿʝ ʩʝ 

ʫʙʘʜʘʿʫ ʝʣʝʢʪʨʦʜʝ ʧʨʠʣʠʢʦʤ ʤʝʨʝˁʘ. ʆʜʘʪʣʝ ʩʫ ʨʝʣʘʪʠʚʥʦ ʣʘʢʦ ʧʨʦʠʩʪʝʢʣʠ ʫʧʨʦʰ˂ʝʥʠ 

ʠʟʨʘʟʠ ʟʘ ʩʧʝʮʠʬʠʯʥʫ ʦʪʧʦʨʥʦʩʪ, ʙʝʟ ʜʘ ʩʝ ʤʦʨʘʣʦ ʧʨʠʙʝ˂ʠ ʤʘʪʨʠʯʥʦʤ ʨʘʯʫʥʫ. ɼʘˀʝ, ʠʩʪʦ 

ʚʘʞʠ ʠ ʟʘ ʥʘʫʯʥʠ ʨʘʜ [38] ʛʜʝ ʩʫ ɹʘʠʰʠʢʠ, ʆʩʪʝʨʙʝʨʛ ʠ ɼʘʚʘʣʠʙʠ ʫʚʘʞʠʣʠ ʜʘ ʩʝ ʤʝʨʝˁʝ 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʥʝ ʚʨʰʠ ʪʘʯʢʘʤʘ, ʚʝ˂ ʝʣʝʢʪʨʦʜʘʤʘ 

ʘʧʨʦʢʩʠʤʠʨʘʥʠʤ ʣʠʥʠʿʘʤʘ. 

ɼʘˀʦʤ ʘʧʩʪʨʘʢʮʠʿʦʤ ʤʝʪʦʜʝ ʧʫʥʢʪʫʘʣʥʠʭ ʝʣʝʢʪʨʦʜʘ, ʜʦʰʣʦ ʙʠ ʩʝ ʜʦ ʤʝʪʦʜʝ ʛʨʘʥʠʯʥʠʭ 

ʝʣʝʤʝʥʘʪʘ (ʝʥʛʣ. BEM ï Boundary Element Method). ʋ ʤʝʪʦʜʠ ʛʨʘʥʠʯʥʠʭ ʝʣʝʤʝʥʘʪʘ, ʬʠʟʠʯʢʝ 

ʝʣʝʢʪʨʦʜʝ ʚʠʰʝ ʩʝ ʥʝ ʘʧʨʦʢʩʠʤʠʨʘʿʫ ʧʫʥʢʪʫʘʣʥʠʤ ʦʜʥʦʩʥʦ ʧʨʘʚʦʣʠʥʠʿʩʢʠʤ ʝʣʝʢʪʨʦʜʘʤʘ, ʚʝ˂ 

ʩʝ ʦʙʣʘʩʪ ʧʦʩʤʘʪʨʘˁʘ ʩʫʞʘʚʘ ʪʝʞʝ˂ʠ ʢʘ ʠʥʬʠʥʠʪʝʟʠʤʘʣʥʠʤ (ʘʣʠ ʠ ʜʘˀʝ ʢʦʥʘʯʥʠʤ) 

ʧʦʚʨʰʠʥʠʮʘʤʘ ʥʘ ʛʨʘʥʠʮʘʤʘ, ʦʜʥʦʩʥʦ ʩʧʦˀʘʰˁʠʤ ʧʦʚʨʰʠʥʘʤʘ ʩʚʠʭ ʝʣʝʢʪʨʦʜʘ 

ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ ʩʘ ʢʦʿʠʭ ʩʝ ʠʥʿʝʢʪʠʨʘ ʩʪʨʫʿʘ ʫ ʦʢʦʣʥʦ ʪʣʦ, ʘ ʟʘʪʠʤ ʩʝ ʥʘ ʠʩʪʠ ʥʘʯʠʥ 

ʢʘʦ ʠ ʢʦʜ ʤʝʪʦʜʝ ʧʫʥʢʪʫʘʣʥʠʭ ʝʣʝʢʪʨʦʜʘ ʫʚʘʞʘʚʘʿʫ ˁʠʭʦʚʝ ʩʦʧʩʪʚʝʥʝ ʠ ʤʝʹʫʩʦʙʥʝ 

ʦʪʧʦʨʥʦʩʪʠ ʢʘʢʦ ʙʠ ʩʝ ʜʦʰʣʦ ʜʦ ʦʧʰʪʝʛ ʨʝʰʝˁʘ ʟʘ ʧʦʪʝʥʮʠʿʘʣ ʦʢʦ ʫʟʝʤˀʠʚʘʯʘ. 

 

2.3.2.3 ʄʝʪʦʜʘ ʛʨʘʥʠʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ï BEM 

ɿʘ ʨʘʟʣʠʢʫ ʦʜ FEM, ʛʜʝ ʩʝ ʯʠʪʘʚ 3ɼ ʜʦʤʝʥ ʧʦʩʤʘʪʨʘʥʦʛ ʧʨʦʙʣʝʤʘ ʜʠʩʢʨʝʪʠʟʫʿʝ ʧʦ 

ʟʘʧʨʝʤʠʥʠ, ʢʦʜ BEM (ʪʘʢʦʹʝ ʧʦʟʥʘʪʘ ʠ ʧʦʜ ʥʘʟʠʚʦʤ ʤʝʪʦʜʘ ʤʦʤʝʥʘʪʘ: ʝʥʛʣ. ʄʦʄ ï Method of 

Moments) ʩʝ ʜʠʩʢʨʝʪʠʟʫʿʫ ʛʨʘʥʠʮʝ ʫʥʫʪʘʨ ʜʦʤʝʥʘ, ʦʜʥʦʩʥʦ ʢʘʜʘ ʛʦʜ ʿʝ ʜʦʤʝʥ ʙʝʩʢʦʥʘʯʘʥ, ʥʘ 
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ʛʨʘʥʠʮʠ ʜʦʤʝʥʘ ʤʦʨʘʿʫ ʩʝ ʫʚʝʩʪʠ ʛʨʘʥʠʯʥʠ ʫʩʣʦʚʠ ʢʦʿʠ ʦʛʨʘʥʠʯʘʚʘʿʫ ʜʦʤʝʥ, ʘ ʢʦʿʠ ʥʝ ʙʠ 

ʪʨʝʙʘʣʦ ʜʘ ʟʥʘʯʘʿʥʠʿʝ ʫʪʠʯʫ ʥʘ ʨʝʰʝˁʝ. ʇʨʠʤʝʨʠ ʛʨʘʥʠʯʥʠʭ ʫʩʣʦʚʘ ʩʫ ʅʦʿʤʘʥʦʚ, ɼʠʨʠʭʣʝʦʚ, 

ʈʦʙʠʿʝʚ, ʉʦʤʝʨʬʠʣʜʦʚ ʠ ʩʣʠʯʥʦ. 

ʇʨʚʦ ʩʝ ʜʝʬʠʥʠʰʝ ʛʝʦʤʝʪʨʠʿʘ, ʟʘʪʠʤ ʩʝ ʚʨʰʠ ʧʦʜʝʣʘ (ʜʠʩʢʨʝʪʠʟʘʮʠʿʘ) ʛʨʘʥʠʮʘ ʥʘ 

ʧʦʚʨʰʠʥʩʢʝ ʝʣʝʤʝʥʪʝ ʠ ʥʘ ʢʨʘʿʫ ʩʝ ʧʦʩʪʘʚˀʘʿʫ ʠʥʪʝʛʨʘʣʥʝ ʿʝʜʥʘʯʠʥʝ ʢʦʿʝ ʩʝ ʨʝʰʘʚʘʿʫ ʟʘ 

ʟʘʜʘʪʝ ʛʨʘʥʠʯʥʝ ʫʩʣʦʚʝ. ɿʘʪʠʤ ʩʝ ʬʦʨʤʠʨʘ ʣʠʥʝʘʨʘʥ ʩʠʩʪʝʤ ʿʝʜʥʘʯʠʥʘ, ʢʦʿʠ ʩʝ ʧʦʪʦʤ 

ʤʘʪʨʠʯʥʦ ʨʝʰʘʚʘ. ʇʨʝʜʥʦʩʪ BEM ʿ ʝ ʰʪʦ ʤʦʛʫ ʜʘ ʩʝ ʨʝʰʘʚʘʿʫ ʧʨʦʙʣʝʤʠ ʢʦʜ ʢʦʿʠʭ ʩʝ ʛʨʘʥʠʮʝ 

ʧʦʩʤʘʪʨʘʥʦʛ ʜʦʤʝʥʘ ʥʘʣʘʟʝ ʫ ʙʝʩʢʦʥʘʯʥʦʩʪʠ, ʢʘʦ ʰʪʦ ʩʫ ʫʟʝʤˀʠʚʘʯʠ ʫ ʪʣʫ. 

ʂʘʢʦ ʙʠ ʩʝ ʦʜʨʝʜʠʣʘ ʦʪʧʦʨʥʦʩʪ ʫʟʝʤˀʝˁʘ ʫʟʝʤˀʠʚʘʯʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʠʣʠ ʜʘ ʩʝ ʧʦʟʥʘʿʝ 

ʧʦʪʝʥʮʠʿʘʣ ʧʦʚʨʰʠʥʝ ʫʟʝʤˀʠʚʘʯʘ ʠ ʦʜʨʝʜʠ ʫʢʫʧʥʘ ʩʪʨʫʿʘ ʢʦʿʘ ʩʝ ʩʘ ʧʦʚʨʰʠʥʝ ʫʟʝʤˀʠʚʘʯʘ 

ʦʜʚʦʜʠ ʫ ʦʢʦʣʥʦ ʪʣʦ, ʠʣʠ ʦʙʨʥʫʪʦ. ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʧʨʦʬʝʩʦʨʘ ʂʦʩʪʠ˂ʘ [79] ʧʨʠʢʘʟʘʥʘ ʿʝ 

ʫʧʦʪʨʝʙʘ ʤʝʪʦʜʝ ʛʨʘʥʠʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʦʪʝʥʮʠʿʘʣʘ ʝʢʚʠʧʦʪʝʥʮʠʿʘʣʥʝ 

ʧʦʚʨʰʠʥʝ ʫʟʝʤˀʠʚʘʯʘ. ʇʨʠʤʝʥʘ ʩʝ ʦʜʥʦʩʠʣʘ ʥʘ ʪʝʤʝˀʥʝ ʫʟʝʤˀʠʚʘʯʝ, ʪʿ. ʘʨʤʘʪʫʨʫ ʫ ʙʝʪʦʥʫ 

ʭʦʤʦʛʝʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ, ʫ ʪʣʫ ʭʦʤʦʛʝʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ. 

ʋ [79], ʧʨʚʦ ʿʝ ʩʧʨʦʚʝʜʝʥʦ ʦʜʨʝʹʠʚʘˁʝ ʨʘʩʧʦʜʝʣʝ ʩʚʠʭ (ʠ ʩʣʦʙʦʜʥʠʭ ʠ ʚʝʟʘʥʠʭ) 

ʥʘʝʣʝʢʪʨʠʩʘˁʘ, ʢʘʦ ʠʟʚʦʨʘ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʫ ʧʦʩʤʘʪʨʘʥʦʤ ʩʠʩʪʝʤʫ. ɿʘ ʩʧʦʨʦʧʨʦʤʝʥˀʠʚʝ 

ʩʪʨʫʿʝ ʠ ʭʦʤʦʛʝʥʫ ʩʨʝʜʠʥʫ ʚʘʞʠ ʜʘ ʩʝ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʥʝ ʥʘʣʘʟʝ ʧʦ ʟʘʧʨʝʤʠʥʠ ʧʦʩʤʘʪʨʘʥʦʛ 

ʜʦʤʝʥʘ, ʚʝ˂ ʠʩʢˀʫʯʠʚʦ ʥʘ ʛʨʘʥʠʮʘʤʘ ʫ ʧʦʩʤʘʪʨʘʥʦʤ ʩʠʩʪʝʤʫ: ʥʘ ʩʚʠʤ ʧʦʚʨʰʠʥʘʤʘ ʤʝʪʘʣʥʠʭ 

ʝʣʝʤʝʥʘʪʘ ʫʟʝʤˀʠʚʘʯʘ ʠ ʥʘ ʨʘʟʜʚʦʿʥʠʤ ʧʦʚʨʰʠʥʘʤʘ ʙʝʪʦʥ-ʟʝʤˀʘ. ʄʝʪʦʜʘ ʛʨʘʥʠʯʥʠʭ 

ʝʣʝʤʝʥʘʪʘ ʩʘʩʪʦʿʠ ʩʝ ʦʜ ʧʦʩʪʘʚˀʘˁʘ ʠ ʨʝʰʘʚʘˁʘ ʠʥʪʝʛʨʘʣʥʠʭ ʿʝʜʥʘʯʠʥʘ ʢʦʿʝ ʩʝ ʦʜʥʦʩʝ ʥʘ 

ʛʨʘʥʠʯʥʝ ʫʩʣʦʚʝ. 

ʇʨʚʘ ʿʝʜʥʘʯʠʥʘ ʦʜʥʦʩʠ ʩʝ ʥʘ ʧʦʪʝʥʮʠʿʘʣ ʪʘʯʢʝ ʥʘ ʧʦʚʨʰʠʥʠ ʫʟʝʤˀʠʚʘʯʘ, ʦʜʥʦʩʥʦ 

ʝʢʚʠʧʦʪʝʥʮʠʿʘʣʥʦʩʪ ʯʠʪʘʚʝ ʧʦʚʨʰʠʥʝ ʫʟʝʤˀʠʚʘʯʘ, ʛʜʝ ʧʦʪʝʥʮʠʿʘʣ ʪʘʯʢʝ ʟʘʚʠʩʠ ʦʜ ʩʚʠʭ 

ʧʨʠʩʫʪʥʠʭ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʫ ʩʠʩʪʝʤʫ. ʇʦʪʝʥʮʠʿʘʣ V (ʪʘʯʢʝ ʥʘ ʧʦʚʨʰʠʥʠ) ʫʟʝʤˀʠʚʘʯʘ ʜʦʙʠʿʘ 

ʩʝ ʠʟ ʇʦʘʩʦʥʦʚʝ ʿʝʜʥʘʯʠʥʝ, ʪʿ. ʠʥʪʝʛʨʘˀʝˁʝʤ ʧʦʚʨʰʠʥʩʢʝ ʛʫʩʪʠʥʝ ʪʦʪʘʣʥʠʭ ʥʘʝʣʝʢʪʨʠʩʘˁʘ 

ʜʫʞ ʩʚʠʭ ʧʦʚʨʰʠʥʘ ʫ ʩʠʩʪʝʤʫ ʢʦʿʘ ʧʦʩʝʜʫʿʫ ʥʘʝʣʝʢʪʨʠʩʘˁʘ (ʫʢˀʫʯʫʿʫ˂ʠ ʪʫ ʠ ʧʦʚʨʰʠʥʝ 

ʩʘʤʦʛ ʫʟʝʤˀʠʚʘʯʘ ʠ ʨʘʟʜʚʦʿʥʝ ʧʦʚʨʰʠʥʝ ʙʝʪʦʥ-ʟʝʤˀʘ). 

ɼʨʫʛʘ ʿʝʜʥʘʯʠʥʘ ʦʜʥʦʩʠ ʩʝ ʥʘ ʪʦʪʘʣʥʫ ʧʦʚʨʰʠʥʩʢʫ ʛʫʩʪʠʥʫ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʥʘ 

ʨʘʟʜʚʦʿʥʠʤ ʧʦʚʨʰʠʥʘʤʘ ʙʝʪʦʥ-ʟʝʤˀʘ. ʈʝʰʘʚʘˁʝʤ ʧʦʤʝʥʫʪʝ ʜʚʝ ʿʝʜʥʘʯʠʥʝ, ʦʜʨʝʹʫʿʝ ʩʝ 

ʨʘʩʧʦʜʝʣʘ ʪʦʪʘʣʥʠʭ ʥʘʝʣʝʢʪʨʠʩʘˁʘ ʫ ʩʠʩʪʝʤʫ. 

ʅʘʧʦʩʣʝʪʢʫ, ʩʪʨʫʿʘ I ʢʦʿʘ ʩʝ ʦʜʚʦʜʠ ʩʘ ʯʠʪʘʚʝ ʤʨʝʞʝ ʫʟʝʤˀʠʚʘʯʘ ʠʟʨʘʞʘʚʘ ʩʝ ʧʨʝʢʦ 

ʧʦʜʫʞʥʝ ʩʪʨʫʿʝ, ʦʜʥʦʩʥʦ ʥʦʨʤʘʣʥʝ ʛʫʩʪʠʥʝ ʩʪʨʫʿʝ ʠʥʪʝʛʨʘˀʝʥʝ ʜʫʞ ʮʝʣʝ ʤʨʝʞʝ 

ʮʠʣʠʥʜʨʠʯʥʠʭ ʧʨʦʚʦʜʥʠʢʘ ʫʟʝʤˀʠʚʘʯʘ. 

ʆʪʧʦʨʥʦʩʪ ʫʟʝʤˀʝˁʘ ʫʟʝʤˀʠʚʘʯʘ ʩʝ ʥʘ ʢʨʘʿʫ, ʥʘʢʦʥ ʜʠʩʢʨʝʪʠʟʘʮʠʿʝ ʛʨʘʥʠʮʘ ʠ 

ʨʝʰʘʚʘˁʘ ʤʘʪʨʠʯʥʦʛ ʩʠʩʪʝʤʘ ʿʝʜʥʘʯʠʥʘ, ʜʦʙʠʿʘ ʢʘʦ R = V / I.  

ʄʝʪʦʜʘ ʿʝ ʧʨʠʤʝˁʝʥʘ ʥʘ ʨʘʟʥʝ ʪʝʤʝˀʥʝ ʫʟʝʤˀʠʚʘʯʝ ʠ ʥʘ ʢʨʘʿʫ ʿʝ ʠʟʚʝʜʝʥ ʘʥʘʣʠʪʠʯʢʠ 

ʠʟʨʘʟ ʟʘ ʦʪʧʦʨʥʦʩʪ ʫʟʝʤˀʝˁʘ ʪʝʤʝˀʥʦʛ ʫʟʝʤˀʠʚʘʯʘ, ʢʘʢʘʚ ʿʝ ʧʦʛʦʜʘʥ ʟʘ ʙʨʟʝ ʨʫʯʥʝ 

ʧʨʦʨʘʯʫʥʝ. 

 

2.3.3 ʀʤʧʝʜʘʥʩʘ ʪʝʣʘ 

ʀʤʧʝʜʘʥʩʘ ʪʝʣʘ ʿʝ ʿʝʜʘʥ ʦʜ ʬʘʢʪʦʨʘ ʦʜ ʢʦʿʠʭ ʟʘʚʠʩʠ ʿʘʯʠʥʘ ʩʪʨʫʿʝ ʢʦʿʘ ʧʨʦʪʠʯʝ ʢʨʦʟ 

ʪʝʣʦ ʦʩʦʙʝ ʢʦʿʘ ʿʝ ʠʟʣʦʞʝʥʘ ʥʘʧʦʥʫ ʜʦʜʠʨʘ. ʍʘʤʘʤ ʠ ɹʘʠʰʠʢʠ ʩʫ ʿʦʰ 1983. ʛʦʜʠʥʝ ʫ [80] 

ʜʘʣʠ ʦʧʩʝʛ ʟʘ ʠʤʧʝʜʘʥʩʫ ʪʝʣʘ, ʥʘ ʦʩʥʦʚʫ ʠʟʥʝʪʦʛ ʧʨʝʛʣʝʜʘ ʣʠʪʝʨʘʪʫʨʝ ʜʦʩʪʫʧʥʝ ʫ ʪʦ ʚʨʝʤʝ 

ʚʝʟʘʥʦ ʟʘ ʠʩʪʨʘʞʠʚʘˁʘ ʙʝʟʙʝʜʥʠʭ ʥʘʧʦʥʘ ʟʘ ʩʪʨʫʿʝ ʬʨʝʢʚʝʥʮʠʿʝ 60 Hz. ʌʘʢʪʦʨʠ ʢʦʿʠ ʩʫ ʪʠʤʝ 

ʙʠʣʠ ʦʙʫʭʚʘ˂ʝʥʠ ʩʫ: ʚʨʝʜʥʦʩʪ ʿʘʯʠʥʝ ʩʪʨʫʿʝ ʢʨʦʟ ʪʝʣʦ ʠ ʪʨʘʿʘˁʝ ʠʩʪʝ, ʥʘʧʦʥ ʠ ʬʨʝʢʚʝʥʮʠʿʘ 

ʢʦʿʠʤʘ ʿʝ ʪʝʣʦ ʠʟʣʦʞʝʥʦ, ʧʫʪʘˁʘ ʢʦʿʦʤ ʩʪʨʫʿʘ ʧʨʦʪʠʯʝ ʢʨʦʟ ʪʝʣʦ, ʩʫʚʦ˂ʘ ʢʦʞʝ, ʠʪʜ. ʋ 
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ʩʪʘʥʜʘʨʜʫ [10] ʠʧʘʢ ʩʝ, ʨʘʜʠ ʿʝʜʥʦʩʪʘʚʥʦʩʪʠ, ʟʘ ˀʫʜʩʢʦ ʪʝʣʦ ʫʩʚʘʿʘ ʠ ʟʘ ʧʨʦʨʘʯʫʥ ʥʘʧʦʥʘ 

ʜʦʜʠʨʘ ʧʨʠʤʝˁʫʿʝ ʢʦʥʩʪʘʥʪʥʘ ʚʨʝʜʥʦʩʪ ʦʜ 1000 Ý. 

ʃʠ ʠ ʄʝʣʠʦʧʫʣʦʩ ʩʫ ʫ [81] ʦʙʿʘʚʠʣʠ ʨʘʟʤʘʪʨʘˁʝ ʫʪʠʮʘʿʘ ʥʘʧʦʥʩʢʦ ʟʘʚʠʩʥʝ ʠʤʧʝʜʘʥʩʝ 

ʪʝʣʘ ʠ ʮʠʧʝʣʘ ʥʘ ʥʘʧʦʥʝ ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ.  

ʋ [82] ʿʝ ʧʨʠʢʘʟʘʥ ʫʨʝʹʘʿ ʟʘ ʤʦʥʠʪʦʨʠʥʛ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ ʫ ʧʦʩʪʨʦʿʝˁʫ ʫ ʢʦʿʝʤ 

ʩʫ ʩʪʦʧʘʣʘ ʤʦʜʝʣʦʚʘʥʘ ʢʨʫʞʥʠʤ ʝʣʝʢʪʨʦʜʘʤʘ, ʘ ʪʝʣʦ ʯʦʚʝʢʘ ʦʪʧʦʨʥʠʢʦʤ ʦʜ 1000 Ý. 

 

2.3.4 ʆʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ 

ʉʣʝʜʝ˂ʠ ʬʘʢʪʦʨ ʢʦʿʠ ʫʪʠʯʝ ʥʘ ʥʘʧʦʥ ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ ʿʝ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ 

ʩʪʦʧʘʣʘ. ʇʨʦʠʟʚʦʜ ʦʚʝ ʦʪʧʦʨʥʦʩʪʠ ʠ ʩʪʨʫʿʝ ʢʨʦʟ ʪʝʣʦ ʧʨʝʜʩʪʘʚˀʘ ʧʘʜ ʥʘʧʦʥʘ ʫ ʟʝʤˀʠʰʪʫ 

ʥʝʧʦʩʨʝʜʥʦ ʧʦʨʝʜ ʩʪʦʧʘʣʘ, ʢʨʦʟ ʢʦʿʝ ʩʝ ʨʘʩʧʦʨʝʹʫʿʝ ʩʪʨʫʿʘ ʢʦʿʘ ʧʨʦʪʠʯʝ ʢʨʦʟ ʯʦʚʝʢʘ. ʐʪʦ ʿʝ 

ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ ʚʝ˂ʘ, ʪʦ ʿʝ ʤʘˁʘ ʿʘʯʠʥʘ ʩʪʨʫʿʝ ʢʦʿʘ ʧʦʪʝʯʝ ʢʨʦʟ ʪʝʣʦ, ʘ 

ʩʘʤʠʤ ʪʠʤ ʠ ʤʘˁʘ ʦʧʘʩʥʦʩʪ ʧʦ ʦʩʦʙʫ ʢʦʿʘ ʿʝ ʠʟʣʦʞʝʥʘ ʥʘʧʦʥʫ ʜʦʜʠʨʘ ʦʜʥʦʩʥʦ ʢʦʨʘʢʘ. 

ʌʦʨʤʫʣʘ ʠʟ [10] ʟʘ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ ʫ ʩʣʫʯʘʿʫ ʭʦʤʦʛʝʥʦʛ ʪʣʘ ʛʣʘʩʠ: 

 

4
ʩʪʦʧʘʣʦ

b
R

r
=
Ö

, (2.29) 

 

ʛʜʝ ʩʫ: 

ɟ ï ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʭʦʤʦʛʝʥʦʛ ʟʝʤˀʠʰʪʘ, ʠ 

b ï ʧʦʣʫʧʨʝʯʥʠʢ ʤʝʪʘʣʥʦʛ ʜʠʩʢʘ ʢʦʿʠʤ ʩʝ ʩʪʦʧʘʣʦ ʤʦʜʝʣʫʿʝ, ʫʟʠʤʘ ʩʝ ʜʘ ʿʝ 0,08 m. 

ɺʘˀʘ ʥʘʧʦʤʝʥʫʪʠ ʜʘ ʩʝ, ʧʨʝʤʘ ʤʦʜʝʣʫ ʫ ʨʝʬʝʨʝʥʮʠ [2], ɟ ʫ ʿʝʜʥʘʯʠʥʠ (2.29) ʦʜʥʦʩʠ ʥʘ 

ʩʧʝʮʠʬʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ʧʦʚʨʰʠʥʩʢʦʛ ʩʣʦʿʘ ʟʝʤˀʝ. 

ɼʦʜʘʪʥʦ ʘʧʨʦʢʩʠʤʠʨʘˁʝ ʩʝ ʯʠʥʠ ʫʚʨʰʪʘʚʘˁʝʤ ʚʨʝʜʥʦʩʪʠ b = 0,8 m ʫ (2.29) ʪʝ ʩʝ ʟʘ 

ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʙʘ ʩʪʦʧʘʣʘ ʜʦ ʨʝʬʝʨʝʥʪʝ ʟʝʤˀʝ (ʫ Ý) ʠʤʘ: 

 

/ 2 1,5ʩʪʦʧʘʣʘ ʩʪʦʧʘʣʦR R r= = Ö. (2.30) 

 

ʈʝʯʿʫ, ʫʟʠʤʘ ʩʝ ʜʘ Rʩʪʦʧʘʣʦ/2 ʧʨʝʜʩʪʘʚˀʘ ʠʜʝʘʣʥʫ ʧʘʨʘʣʝʣʥʫ ʚʝʟʫ, ʙʝʟ ʤʝʹʫʩʦʙʥʦʛ 

ʫʪʠʮʘʿʘ, ʟʘ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʟʘ ʜʚʘ ʩʪʦʧʘʣʘ ʯʠʿʝ ʩʫ ʧʦʿʝʜʠʥʘʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ Rʩʪʦʧʘʣʦ. 

ʋ [83] ʠʟ 1987. ʛʦʜ. ʿʝ ʠʟʥʝʪ ʧʨʝʜʣʦʛ ʢʘʢʦ ʜʘ ʩʝ ʧʦʣʘʛʘˁʝʤ ʧʣʘʩʪʠʯʥʦʛ ʬʠʣʤʘ ʠʟʤʝʹʫ 

ʪʣʘ ʠ ʥʘʩʫʪʦʛ ʩʣʦʿʘ ʧʦʚʝ˂ʘ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ ʢʘʦ ʧʨʠʤʝʨ ʢʘʢʦ ʜʘ ʩʝ ʥʘ 

ʝʢʦʥʦʤʠʯʘʥ ʥʘʯʠʥ ʦʣʘʢʰʘ ʧʦʩʪʠʟʘˁʝ ʜʦʟʚʦˀʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ 

ʟʘʭʪʝʚʘʥʠʭ ʩʪʘʥʜʘʨʜʦʤ. 

ʇʨʝʢʦ ʧʦʚʨʰʠʥʝ ʪʣʘ ʩʝ ʫʦʙʠʯʘʿʝʥʦ ʥʘʩʠʧʘ ʩʣʦʿ ʦʜ ʟʜʨʦʙˀʝʥʦʛ ʢʘʤʝʥʘ ʜʝʙˀʠʥʝ 8-15 cm 

ʢʘʢʦ ʙʠ ʩʝ ʦʩʪʚʘʨʠʦ ʦʚʘʿ ʮʠˀ ʫʚʝ˂ʘˁʘ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ. ʄʝʹʫʪʠʤ, ʘʢʦ ʿʝ 

ʩʣʦʿ ʪʘʥʘʢ ʘ ʪʣʦ ʠʩʧʦʜ ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ, ʫʧʠʪʥʦ ʿʝ ʢʦʣʠʢʦ ʩʝ 

ʟʘʧʨʘʚʦ ʫʚʝ˂ʘʚʘ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ. 

 ʀʟʨʘʟ ʠʟ IEEE ʩʪʘʥʜʘʨʜʘ 80 ʟʘ ʦʪʧʦʨʥʦʩʪ ʿʝʜʥʦʛ ʩʪʦʧʘʣʘ ʫ ʧʨʠʩʫʩʪʚʫ ʥʘʩʫʪʦʛ ʩʣʦʿʘ 

[10] (ʨʘʟʚʠʿʝʥ ʫ [84]): 
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ʛʜʝ ʩʫ ʟʥʘʯʝˁʘ ʧʦʿʝʜʠʥʠʭ ʦʟʥʘʢʘ ʩʣʝʜʝ˂ʘ: 

 

Rʩʪʦʧʘʣʦ ï ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʿʝʜʥʦʛ ʩʪʦʧʘʣʘ ʥʘ ʪʘʥʢʦʤ ʩʣʦʿʫ ʧʦʚʨʰʠʥʩʢʠ ʥʘʩʫʪʦʛ 

ʤʘʪʝʨʠʿʘʣʘ, 

Cs ï ʢʦʨʝʢʮʠʦʥʠ ʬʘʢʪʦʨ ʟʘ ʥʘʩʫʪʠ ʩʣʦʿ (ʦʟʥʘʢʘ Ăsñ ʧʦʪʠʯʝ ʦʜ ʝʥʛʣʝʩʢʝ ʨʝʯʠ surface), 

K ï ʬʘʢʪʦʨ ʨʝʬʣʝʢʩʠʿʝ ʠʟʤʝʹʫ ʪʣʘ ʠ ʥʘʩʫʪʦʛ ʩʣʦʿʘ, 

ɟs ï ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʧʦʚʨʰʠʥʩʢʠ ʥʘʩʫʪʦʛ ʤʘʪʝʨʠʿʘʣʘ ʫ Ým, 

ɟ ï ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʪʣʘ ʠʩʧʦʜ ʧʦʚʨʰʠʥʩʢʠ ʥʘʩʫʪʦʛ ʤʘʪʝʨʠʿʘʣʘ ʫ Ým, 

hs ï ʜʝʙˀʠʥʘ ʧʦʚʨʰʠʥʩʢʠ ʥʘʩʫʪʦʛ ʤʘʪʝʨʠʿʘʣʘ ʫ m, 

b ï ʧʦʣʫʧʨʝʯʥʠʢ ʤʝʪʘʣʥʦʛ ʜʠʩʢʘ ʫ m, ʢʦʿʠʤ ʿʝ ʤʦʜʝʣʦʚʘʥʦ ʩʪʦʧʘʣʦ, ʠ  

Ὑ  ï ʦʪʧʦʨʥʦʩʪ ʠʟʤʝʹʫ 2 ʜʠʩʢʘ ʢʦʿʠ ʩʫ ʨʘʟʤʘʢʥʫʪʠ ʿʝʜʘʥ ʦʜ ʜʨʫʛʦʛ ʟʘ ʨʘʟʜʘˀʠʥʫ 

2nhs, ʧʨʠ ʯʝʤʫ ʩʝ ʧʦʩʤʘʪʨʘ ʩʣʫʯʘʿ ʧʨʦʪʠʮʘˁʘ ʩʪʨʫʿʝ ʢʨʦʟ ʚʘˀʘʢ ʢʦʿʠ ʬʦʨʤʠʨʘʿʫ ʝʣʝʢʪʨʦʜʝ 

ʧʦʣʫʧʨʝʯʥʠʢʘ b ʢʦʿʝ ʩʝ ʥʘʣʘʟʝ ʥʘ ʨʘʩʪʦʿʘˁʫ 2nhs, ʧʨʠ ʯʝʤʫ ʿʝ ʟʘʧʨʝʤʠʥʘ ʚʘˀʢʘ ʠʩʧʫˁʝʥʘ 

ʥʘʩʫʪʠʤ ʤʘʪʝʨʠʿʘʣʦʤ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ɟs. 

ʋ ʩʪʘʥʜʘʨʜʫ [10] ʜʘʪ ʿʝ ʫʧʨʦʰ˂ʝʥʠ ʠʟʨʘʟ ʟʘ (2.32) (ʪʘʢʦʹʝ ʠ [84]): 
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ʛʜʝ ʿʝ: 

ɟ ï ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʭʦʤʦʛʝʥʦʛ ʪʣʘ, 

ɟS ï ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʤʘʪʝʨʠʿʘʣʘ ʫʧʦʪʨʝʙˀʝʥʦʛ ʟʘ ʥʘʩʠʧʘˁʝ, ʠ 

hs ï ʜʝʙˀʠʥʘ ʧʦʚʨʰʠʥʩʢʠ ʥʘʩʫʪʦʛ ʤʘʪʝʨʠʿʘʣʘ ʫ m. 

ʊʘʜʘ ʩʝ ʫʟʠʤʘ ʜʘ ʚʘʞʠ ʠ ʫʧʨʦʰ˂ʝʥʘ ʿʝʜʥʘʯʠʥʘ ʠʟ ʩʪʘʥʜʘʨʜʘ [10]: 

 

/ 2 1,5ʩʪʦʧʘʣʦ s sR C r= Ö Ö. (2.35) 

 

ʋ ʨʘʜʫ [85] ʠʟ 1992. ʛʦʜʠʥʝ, ʟʘ ʜʚʘ ʨʘʟʣʠʯʠʪʘ ʤʦʜʝʣʘ, ʠʟʚʝʜʝʥʠ ʩʫ ʢʦʥʘʯʥʠ ʠʟʨʘʟʠ ʟʘ 

ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ ʢʘʜʘ ʩʝ ʠʤʘ ʚʝʰʪʘʯʢʠ ʥʘʩʫʪʠ ʩʣʦʿ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ 

ʦʪʧʦʨʥʦʩʪʠ. ʋ ʨʘʟʤʘʪʨʘˁʝ ʫ ʥʘʚʝʜʝʥʦʿ ʨʝʬʝʨʝʥʮʠ ʜʦʜʘʪʥʦ ʿʝ ʘʥʘʣʠʟʠʨʘʥʦ ʰʪʘ ʩʝ ʜʝʰʘʚʘ ʢʘʜʘ 

ʟʘ ʩʪʘʨʝ ʧʦʜʩʪʘʥʠʮʝ ʜʦʹʝ ʜʦ ʥʘʢʫʧˀʘˁʘ ʟʝʤˀʝ/ʧʝʩʢʘ/ʧʨʘʰʠʥʝ ʥʘ ʜʥʫ ʩʣʦʿʘ ʦʜ ʟʜʨʦʙˀʝʥʦʛ 
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ʢʘʤʝʥʘ ʿʝʨ ʢʠʰʥʠʮʘ ʦʚʝ ʤʘʪʝʨʠʿʘʣʝ ʩʧʠʨʘ ʩʘ ʤʘʪʝʨʠʿʘʣʘ ʦʜ ʢʦʿʝʛ ʿʝ ʥʘʩʫʪʠ ʩʣʦʿ ʠ ʪʘʣʦʞʠ ʠʭ 

ʥʘ ʜʥʫ ʥʘʩʫʪʦʛ ʩʣʦʿʘ, ʰʪʦ ʝʬʝʢʪʠʚʥʦ ʫʤʘˁʫʿʝ ʧʦʟʠʪʠʚʥʝ ʝʬʝʢʪʝ ʪʘʢʚʦʛ ʥʘʩʫʪʦʛ ʩʣʦʿʘ. ɺʝ˂ ʫ 

ʦʚʦʤ ʨʘʜʫ ʩʫ ʧʨʝʧʦʟʥʘʪʠ ʬʘʢʪʦʨʠ ʫʩʣʝʜ ʢʦʿʠʭ ʥʠʿʝ ʫ ʧʦʪʧʫʥʦʩʪʠ ʦʧʨʘʚʜʘʥʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʜʘ 

ʩʫ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ Rʩʪʦʧʘʣʦ/2=1.5·Cs·ɟs. 

ʋʧʠʪʥʦʩʪ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʿʝ ʧʦʩʪʘʚˀʝʥʘ ʥʘ ʦʩʥʦʚʫ ʩʣʝʜʝ˂ʠʭ ʬʘʢʪʦʨʘ: 

1. ʤʝʹʫʩʦʙʥʠ ʫʪʠʮʘʿ ʩʪʨʫʿʝ ʢʨʦʟ ʩʪʦʧʘʣʘ ʥʘ ʦʪʧʦʨʥʦʩʪ ʧʘʨʘʣʝʣʥʝ ʚʝʟʝ ʜʚʘ ʩʪʦʧʘʣʘ, 

2. ʦʛʨʘʥʠʯʝʥʘ (ʢʦʥʘʯʥʘ) ʜʝʙˀʠʥʘ ʥʘʩʫʪʦʛ ʧʦʚʨʰʠʥʩʢʦʛ ʩʣʦʿʘ, ʠ 

3. ʥʘʢʫʧˀʘˁʝ ʟʝʤˀʝ/ʧʝʩʢʘ/ʧʨʘʰʠʥʝ ʫ ʰʫʧˀʠʥʘʤʘ ʠʟʤʝʹʫ ʧʦʿʝʜʠʥʘʯʥʠʭ ʢʦʤʘʜʘ 

ʟʜʨʦʙˀʝʥʦʛ ʢʘʤʝˁʘ ʯʠʤʝ ʩʝ ʝʬʝʢʪʠʚʥʦ ʦʙʘʨʘ ʚʠʩʦʢʘ ʚʨʝʜʥʦʩʪ ʦʪʧʦʨʥʦʩʪʠ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ. 

ʈʘʜ [85], ʢʦʿʠ ʿʝ ʧʨʝʪʭʦʜʠʦ IEEE ʩʪʘʥʜʘʨʜʫ 80 [10] ʫʚʝʦ ʿʝ ʤʦʜʝʣʝ ʟʘ ʫʚʘʞʘʚʘˁʝ ʥʘʩʫʪʦʛ 

ʩʣʦʿʘ ʢʦʿʠʤ ʿʝ ʧʦʢʫʰʘʦ ʜʘ ʨʝʰʠ ʪʘʯʢʫ 3. ʈʘʟʤʘʪʨʘˁʘ ʠ ʨʘʟʚʦʿ ʤʦʜʝʣʘ ʙʠʣʠ ʩʫ ʙʘʟʠʨʘʥʠ ʥʘ 

ʠʟʨʘʟʫ ʠʟ ʧʨʝʪʭʦʜʥʝ ʚʝʨʟʠʿʝ IEEE ʩʪʘʥʜʘʨʜʘ 80 ʠʟ 1986. ʛʦʜ, ʩʣʠʯʥʦʤ ʩʘ (2.32), ʢʦʿʠ ʿʝ ʪʘʢʦʹʝ 

ʙʠʦ ʫ ʬʦʨʤʠ ʙʝʩʢʦʥʘʯʥʦʛ ʨʝʜʘ, ʘʣʠ ʠʟʚʝʜʝʥ ʤʦʜʝʣʦʚʘˁʝʤ ʩʪʦʧʘʣʘ ʢʘʦ ʧʦʣʫʩʬʝʨʥʝ ʝʣʝʢʪʨʦʜʝ 

ʫ ʥʠʚʦʫ ʪʣʘ, ʫʤʝʩʪʦ ʢʘʦ ʜʠʩʢʘ ʫ [10]. ʋ ʥʘʚʝʜʝʥʦʿ ʨʝʬʝʨʝʥʮʠ ʥʘʩʫʪʠ ʩʣʦʿ je ʤʦʜʝʣʦʚʘʥ 

ʜʚʦʿʘʢʦ: 

1) ʥʘʩʫʪʠ ʩʣʦʿ ʤʦʜʝʣʦʚʘʥ ʿʝ ʢʘʦ ʟʘʨʫʙˀʝʥʘ ʢʫʧʘ (ʧʦʣʦʞʝʥʘ ʥʘ ʧʨʠʨʦʜʥʦ ʪʣʦ 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ɟ) ʟʘ ʢʦʿʫ ʚʘʞʠ: ʚʠʩʠʥʘ h ʿʦʿ ʿʝ ʿʝʜʥʘʢʘ ʩʪʚʘʨʥʦʿ ʚʠʩʠʥʠ 

hs ʥʘʩʫʪʦʛ ʩʣʦʿʘ, ʟʘʨʫʙˀʝʥʠ ʚʨʭ ʿʝ ʧʦʣʫʧʨʝʯʥʠʢʘ ʜʠʩʢʘ b ʢʦʿʠʤ ʩʝ ʤʦʜʝʣʫʿʝ 

ʩʪʦʧʘʣʦ, ʠʟʚʦʜʥʠʮʘ ʿʝ ʧʦʜ ʫʛʣʦʤ ɗ1 ʫ ʦʜʥʦʩʫ ʥʘ ʚʠʩʠʥʫ h. ʅʘ ʙʘʟʠ ʠʟʨʘʯʫʥʘʪʠʭ 

ʚʨʝʜʥʦʩʪʠ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʿʝʜʥʦʛ ʩʪʦʧʘʣʘ (ʢʦʨʠʰ˂ʝˁʝʤ ʠʟʨʘʟʘ ʠʟ 

ʧʨʝʪʭʦʜʥʝ ʚʝʨʟʠʿʝ IEEE ʩʪʘʥʜʘʨʜʘ 80 ʠʟ 1986. ʛʦʜ.) ʫʩʧʦʩʪʘʚˀʝʥʘ ʿʝ ʟʘʚʠʩʥʦʩʪ 

ʫʛʣʘ ɗ1 ʦʜ ʦʜʥʦʩʘ h/b ʠ ʦʜʥʦʩʘ ɟs/ɟ. ʋ ʨʘʜʫ ʿʝ ʥʘʚʝʜʝʥʦ ʜʘ ʿʝ ʜʝʚʠʿʘʮʠʿʘ 

ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʿʝʜʥʦʛ ʩʪʦʧʘʣʘ ʫ ʧʨʠʩʫʩʪʚʫ ʥʘʩʫʪʦʛ ʩʣʦʿʘ Rʩʪʦʧʘʣʦ 
(ʨʘʯʫʥʘʪʝ ʧʦ ʠʟʨʘʟʫ ʠʟ IEEE ʩʪʘʥʜʘʨʜʘ 80 ʠʟ 1986. ʛʦʜ. ʢʦʿʠ ʿʝ ʧʨʝʪʭʦʜʠʦ ʠʟʨʘʟʫ 

(2.32)) ʟʘ ʮʝʣʫ ʚʨʝʜʥʦʩʪ ʧʦʩʤʘʪʨʘʥʦʛ ʨʘʩʧʦʥʘ (hs ʫ ʦʧʩʝʛʫ 7,5 ʜʦ 20 cm ʠ ɟs/ɟ ʫ 

ʦʧʩʝʛʫ ʦʜ 2 ʜʦ 200) ʤʘˁʘ ʦʜ 4%. 

2) ʥʘʩʫʪʠ ʩʣʦʿ ʿʝ ʧʦʥʦʚʦ ʤʦʜʝʣʦʚʘʥ ʢʘʦ ʟʘʨʫʙˀʝʥʘ ʢʫʧʘ, ʩ ʪʦʤ ʨʘʟʣʠʢʦʤ ʫ ʦʜʥʦʩʫ ʥʘ 

ʧʨʚʠ ʥʘʚʝʜʝʥʠ ʤʦʜʝʣ ʰʪʦ ʩʝ ʥʝ ʧʦʩʤʘʪʨʘ ʧʨʠʨʦʜʥʦ ʪʣʦ ʠʩʧʦʜ, ʚʝ˂ ʩʣʦʿ 

ʥʘʪʘʣʦʞʝʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʥʘ ʜʥʫ ʠʩʪʝ ʪʝ ʟʘʨʫʙˀʝʥʝ ʢʫʧʝ (ʧʨʝʢʦ ʢʦʿʝʛ ʩʣʦʿʘ ʩʝ 

ʫʚʘʞʘʚʘ ʠ ʧʨʠʨʦʜʥʦ ʪʣʦ ʠʩʧʦʜ) ʩ ʪʠʤ ʰʪʦ ʩʝ ʩʘʜʘ ʟʘ ʫʛʘʦ ʠʟʚʦʜʥʠʮʝ ʫ ʦʜʥʦʩʫ ʥʘ 

ʚʠʩʠʥʫ h ʦʜʨʝʹʫʿʝ ʜʨʫʛʘʯʠʿʠ ʫʛʘʦ ɗ2, ʪʘʢʦʹʝ ʧʦʨʝʹʝˁʝʤ ʩʘ ʠʟʨʘʟʦʤ ʟʘ Rʩʪʦʧʘʣʦ ʠʟ 

ʧʨʝʪʭʦʜʥʝ ʚʝʨʟʠʿʝ IEEE ʩʪʘʥʜʘʨʜʘ 80 ʠʟ 1986. ʛʦʜ, ʢʦʨʝʣʘʮʠʿʦʤ ʩʘ ʠʩʪʠʤ 

ʦʧʩʝʟʠʤʘ ʢʘʦ ʰʪʦ ʩʫ ʢʦʨʠʰ˂ʝʥʠ ʫ ʨʘʯʫʥʩʢʦʤ ʧʦʩʪʫʧʢʫ ʟʘ ʫʩʧʦʩʪʘʚˀʘˁʝ 

ʢʦʨʝʣʘʮʠʿʝ ʟʘ ɗ1, ʘ ʢʘʢʦ ʙʠ ʩʝ ʫʚʘʞʠʣʦ ʩʤʘˁʝˁʝ ʝʬʝʢʪʘ ʥʘʩʫʪʦʛ ʩʣʦʿʘ ʢʘʜʘ ʩʝ ʥʘ 

ʜʥʫ ʥʘʩʫʪʦʛ ʩʣʦʿʘ ʥʘʪʘʣʦʞʝ ʟʝʤˀʘ/ʧʝʩʘʢ/ʧʨʘʰʠʥʘ ʜʝʿʩʪʚʦʤ ʩʧʠʨʘˁʘ ʢʠʰʥʠʮʦʤ. 

ʋ [86] ʿʝ ʩʧʨʦʚʝʜʝʥʘ ʫʧʦʨʝʜʥʘ ʘʥʘʣʠʟʘ ʜʦʩʪʫʧʥʠʭ ʠʟʨʘʟʘ ʟʘ Cs. ɸʫʪʦʨʠ ʩʫ ʧʦʪʦʤ ʠʟʚʝʣʠ 

ʠ ʧʨʝʜʣʦʞʠʣʠ ʜʚʘ ʥʦʚʘ ʫʧʨʦʰ˂ʝʥʘ ʠʟʨʘʟʘ (ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʪʦʛʘ ʜʘ ʣʠ ʿʝ hs ʤʘˁʘ ʠʣʠ ʚʝ˂ʘ ʦʜ 

0,05 m) ʟʘ ʧʨʘʢʪʠʯʥʝ ʦʧʩʝʛʝ ʜʝʙˀʠʥʘ hs ʥʘʩʫʪʦʛ ʧʦʚʨʰʠʥʩʢʦʛ ʩʣʦʿʘ ʠ ʦʜʥʦʩʘ ʩʧʝʮʠʬʠʯʥʠʭ 

ʦʪʧʦʨʥʦʩʪʠ ʧʦʚʨʰʠʥʩʢʦʛ ʩʣʦʿʘ ʠ ʧʨʠʨʦʜʥʦʛ ʪʣʘ ʠʩʧʦʜ ɟs/ɟ. ɼʚʘ ʠʟʨʘʟʘ ʩʫ ʥʘʤʝˁʝʥʘ ʢʘʦ 

ʿʝʜʥʦʩʪʘʚʥʠʿʘ ʘʣʪʝʨʥʘʪʠʚʘ ʟʘ ʧʨʠʤʝʥʫ ʦʜ (2.32) ʩʘ ʮʠʝˀʤ ʜʘ ʜʘʿʫ ʨʝʟʫʣʪʘʪʝ ʰʪʦ ʧʨʠʙʣʠʞʥʠʿʝ 

ʦʥʠʤʘ ʠʟ (2.32) (ʘ ʩʘʤʠʤ ʪʠʤ ʪʘʯʥʠʿʠ ʦʜ ʧʨʝʪʭʦʜʥʦ ʜʦʩʪʫʧʥʠʭ ʠʟʨʘʟʘ ʠʟ ʣʠʪʝʨʘʪʫʨʝ, 

ʫʢˀʫʯʫʿʫ˂ʠ ʪʫ ʠ (2.34)). ʅʦ, ʤʝʹʫʩʦʙʥʠ ʫʪʠʮʘʿ ʩʪʨʫʿʘ ʢʦʿʝ ʦʪʠʯʫ ʩʘ ʦʙʘ ʩʪʦʧʘʣʘ ʥʠ ʫ ʦʚʦʿ 

ʨʝʬʝʨʝʥʮʠ ʥʠʿʝ ʨʘʟʤʘʪʨʘʥ. 

ʋ ʨʘʜʫ [66], ʛʨʫʧʝ ʘʫʪʦʨʘ ʦʢʫʧˀʝʥʠʭ ʦʢʦ ʄʝʣʠʦʧʫʣʦʩʘ, ʧʨʝʜʩʪʘʚˀʝʥ ʿʝ, ʟʘ ʪʦ ʚʨʝʤʝ 

1993. ʛʦʜʠʥʝ ʢʘʜʘ ʿʝ ʨʘʜ ʦʙʿʘʚˀʝʥ, ʥʘʧʨʝʜʥʠ ʨʘʯʫʥʘʨʩʢʠ ʤʦʜʝʣ ʟʘ ʘʥʘʣʠʟʫ ʫʟʝʤˀʠʚʘʯʢʠʭ 

ʩʠʩʪʝʤʘ ʫ ʿʝʜʥʦʩʣʦʿʥʦʤ ʭʦʤʦʛʝʥʦʤ ʠʣʠ ʜʚʦʩʣʦʿʥʦʤ ʪʣʫ, ʦʜʥʦʩʥʦ ʧʨʦʨʘʯʫʥ ʠʤʧʝʜʘʥʩʝ, ʥʘʧʦʥʘ 

ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ, ʧʦʪʝʥʮʠʿʘʣʘ ʪʘʯʘʢʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ, ʪʝ ʨʝʟʫʣʪʘʪʠ ʚʘʣʠʜʠʨʘʥʠ ʩʘ ʩʪʚʘʨʥʠʤ 
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ʤʝʨʥʠʤ ʨʝʟʫʣʪʘʪʠʤʘ. ʋ ʥʘʚʝʜʝʥʦʿ ʨʝʬʝʨʝʥʮʠ ʧʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ʤʝʪʦʜʦʣʦʛʠʿʘ ʟʘʩʥʦʚʘʥʘ ʥʘ 

ʩʣʠʯʥʦʤ ʧʨʠʩʪʫʧʫ ʢʘʦ ʫ [77] ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ ʫ 

ʜʚʦʩʣʦʿʥʦʤ ʪʣʫ. ɸʫʪʦʨʠ ʩʫ ʫ [66] ʥʘʯʠʥʠʣʠ ʧʨʦʰʠʨʝˁʝ ʪʘʢʦ ʜʘ ʤʦʛʫ ʜʘ ʩʝ ʘʥʘʣʠʟʠʨʘʿʫ 

ʤʝʹʫʩʦʙʥʠ ʫʪʠʮʘʿʠ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ ʢʦʿʠ ʥʠʩʫ ʛʘʣʚʘʥʩʢʠ ʩʧʦʿʝʥʠ, ʪʿ. ʠʤʘʿʫ ʨʘʟʣʠʯʠʪʝ 

ʧʦʪʝʥʮʠʿʘʣʝ. ʇʨʦʰʠʨʝˁʝ ʟʘ ʦʜʚʦʿʝʥʝ ʫʟʝʤˀʠʚʘʯʢʝ ʩʠʩʪʝʤʝ ʥʘ ʨʘʟʣʠʯʠʪʠʤ ʧʦʪʝʥʮʠʿʘʣʠʤʘ 

ʦʤʦʛʫ˂ʠʣʦ ʿʝ ʘʫʪʦʨʠʤʘ ʜʘ ʘʥʘʣʠʟʠʨʘʿʫ ʦʪʧʦʨʥʦʩʪ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ ʢʦʿʠʤʘ 

ʩʝ ʤʦʜʝʣʫʿʫ ʩʪʦʧʘʣʘ ʠ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ. ɼʘˀʝ, ʠʩʧʠʪʘʥʦ ʿʝ ʜʘ ʣʠ ʿʝ ʫʧʨʦʰ˂ʝʥʠ 

ʧʦʩʪʫʧʘʢ ʠʟ ʩʪʘʥʜʘʨʜʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʤʝʪʘʣʥʠʭ ʜʠʩʢʦʚʘ ʢʦʿʠʤʘ ʩʫ 

ʤʦʜʝʣʦʚʘʥʘ ʩʪʦʧʘʣʘ ʦʧʨʘʚʜʘʥ ʢʘʜʘ ʫ ʧʦʩʪʨʦʿʝˁʫ ʧʦʩʪʦʿʠ ʩʣʦʿ ʥʘʩʫʪʦʛ ʤʘʪʝʨʠʿʘʣʘ ʚʝʣʠʢʝ 

ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ. ʀʟʨʘʯʫʥʘʪe ʩʫ ʠ ʧʨʠʢʘʟʘʥʝ ʚʨʝʜʥʦʩʪʠ ʨʝʜʫʢʮʠʦʥʠʭ 

ʬʘʢʪʦʨʘ ʢʘʢʦ ʟʘ ʦʜʨʝʹʝʥʝ ʜʝʙˀʠʥʝ ʥʘʩʫʪʦʛ ʩʣʦʿʘ, ʪʘʢʦ ʠ ʟʘ ʨʘʟʥʝ ʢʦʝʬʠʮʠʿʝʥʪʝ ʨʝʬʣʝʢʩʠʿʝ (ʟʘ 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʥʘʩʫʪʦʛ ʩʣʦʿʘ ʠ ʪʣʘ ʠʩʧʦʜ). ʋ ʨʘʜʫ ʿʝ ʟʘʢˀʫʯʝʥʦ ʜʘ ʿʝ IEEE ʩʪʘʥʜʘʨʜ 

80 [10] ʦʜʚʝ˂ ʧʝʩʠʤʠʩʪʠʯʘʥ ʫ ʧʦʛʣʝʜʫ ʨʘʯʫʥʘˁʘ ʨʝʜʫʢʮʠʦʥʠʭ ʬʘʢʪʦʨʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʟʘ 

ʫʚʘʞʘʚʘˁʝ ʩʣʦʿʘ ʥʘʩʫʪʦʛ ʤʘʪʝʨʠʿʘʣʘ ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ. 

ʀʟ ʠʩʪʝ ʛʦʜʠʥʝ ʢʘʦ ʠ ʧʨʝʪʭʦʜʥʘ ʨʝʬʝʨʝʥʮʘ, ʫ ʨʘʜʫ [87] ʪʘʢʦʹʝ ʩʝ ʠʩʪʠʯʝ ʩʫ ʜʘ ʬʦʨʤʫʣʝ 

ʠ ʛʨʘʬʠʮʠ ʠʟ IEEE ʩʪʘʥʜʘʨʜʘ 80 [10], ʢʦʿʝ ʩʝ ʦʜʥʦʩʝ ʥʘ ʧʨʦʨʘʯʫʥ ʨʝʜʫʢʮʠʦʥʠʭ ʬʘʢʪʦʨʘ ʟʘ 

ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ ʟʘ ʩʣʫʯʘʿ ʪʣʘ ʩʘ ʚʝʰʪʘʯʢʠʤ ʥʘʩʫʪʠʤ ʩʣʦʿʝʤ ʚʠʩʦʢʝ 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ, ʢʦʥʟʝʨʚʘʪʠʚʥʝ. ʋ ʨʘʜʫ ʩʫ ʩʧʨʦʚʝʜʝʥʝ ʘʥʘʣʠʟʝ ʩʘ ʜʚʘ ʨʘʟʣʠʯʠʪʘ 

ʤʦʜʝʣʘ ʩʪʦʧʘʣʘ: ʜʠʩʢ ʠ ʧʨʘʚʦʫʛʘʦʥʠʢ. ɼʘʪʠ ʩʫ ʨʝʟʫʣʪʘʪʠ ʧʦʨʝʹʝˁʘ ʩʘ ʩʪʘʥʜʘʨʜʦʤ. 

ʆʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ ʤʦʞʝ ʟʥʘʯʘʿʥʦ ʜʘ ʦʧʘʜʥʝ, ʿʝʨ ʚʣʘʛʘ ʧʨʝʤʦʰ˂ʫʿʝ 

ʧʫʪʘˁʝ ʩʪʨʫʿʥʠʮʘ ʟʘ ʩʪʨʫʿʫ ʢʚʘʨʘ ʠ ʪʠʤʝ ʧʨʘʢʪʠʯʥʦ ʦʙʘʨʘ ʩʧʝʮʠʬʠʯʥʫ ʝʣʝʢʪʨʠʯʥʫ ʦʪʧʦʨʥʦʩʪ 

ʥʘʩʫʪʦʛ ʛʦʨˁʝʛ ʩʣʦʿʘ ʫʢʠʜʘʿʫ˂ʠ ʧʦʟʠʪʠʚʥʝ ʝʬʝʢʪʝ ʦʚʘʢʚʦʛ ʩʣʦʿʘ [88]. 

 

2.3.5 ɸʥʘʣʠʪʠʯʢʠ ʠʟʨʘʟ ʟʘ ʧʨʦʨʘʯʫʥ ʥʘʧʦʥʘ ʜʦʜʠʨʘ 

ɹʝʟʙʝʜʥʦʩʪ ʦʩʦʙʝ ʟʘʚʠʩʠ ʦʜ ʩʧʨʝʯʘʚʘˁʘ ʘʧʩʦʨʧʮʠʿʝ ʢʨʠʪʠʯʥʝ ʢʦʣʠʯʠʥʝ ʝʥʝʨʛʠʿʝ ʫʜʘʨʘ 

ʧʨʝ ʥʝʛʦ ʰʪʦ ʩʝ ʢʚʘʨ ʠʩʢˀʫʯʠ ʠ ʦʪʢʣʦʥʠ ʥʘʧʦʥ ʠʟ ʩʠʩʪʝʤʘ. ʄʘʢʩʠʤʘʣʥʠ ʥʘʧʦʥ ʙʠʣʦ ʢʦʛ ʢʦʣʘ 

ʢʚʘʨʘ ʥʝ ʙʠ ʪʨʝʙʘʣʦ ʜʘ ʧʨʝʹʝ ʛʨʘʥʠʮʝ ʜʝʬʠʥʠʩʘʥʝ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ ʟʘ ʧʦʪʝʥʮʠʿʘʣʥʫ ʨʘʟʣʠʢʫ 

ʜʦʜʠʨʘ: 

( / 2)ʜʦʜʠʨʘ ʪʝʣʘ ʩʪʦʧʘʣʦ ʪʝʣʘɽ R R I= + Ö , (2.36) 

 

ʠʟ ʢʦʿʝʛ ʩʝ ʟʘ ʧʦʩʤʘʪʨʘʥʝ ʪʝʣʝʩʥʝ ʤʘʩʝ 50 ʠ 70 kg ʨʝʜʦʤ ʠʤʘ: 

 

50 0 1,
0,116

(1 0 50 )ʜʦʜʠʨʘ s s

s

ɽ
t

C rÖ= + ÖÖ , (2.37) 

70 0 1,
0,157

(1 0 50 )ʜʦʜʠʨʘ s s

s

ɽ
t

C rÖ= + ÖÖ , 
(2.38) 

 

ʛʜʝ ʩʫ: 

ɽʜʦʜʠʨʘ ï ʧʦʪʝʥʮʠʿʘʣʥʘ ʨʘʟʣʠʢʘ ʜʦʜʠʨʘ, 

Cs ï ʨʝʜʫʢʮʠʦʥʠ ʬʘʢʪʦʨ ʟʘ ʩʧʝʮʠʬʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ʥʘʩʫʪʦʛ ʩʣʦʿʘ, ʢʦʿʠ ʩʝ ʦʜʨʝʹʫʿʝ ʠʟ 

(2.32) ʦʜʥʦʩʥʦ (2.34), 

ɟs ï ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʥʘʩʫʪʦʛ ʩʣʦʿʘ, ʠ  

ts ï ʚʨʝʤʝ ʪʨʘʿʘˁʘ ʩʪʨʫʿʥʦʛ ʫʜʘʨʘ ʫ ʩʝʢʫʥʜʘʤʘ. 
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ʋ ʩʪʘʥʜʘʨʜʠʤʘ IEEE Standard 80 [10] ʠ EN 50522 [89] ʘʥʘʣʠʟʠʨʘʿʫ ʩʝ ʩʮʝʥʘʨʠʿʠ 

ʦʧʘʩʥʦʩʪʠ ʦʜ ʢʚʘʨʘ ʠ ʧʦʩʪʘʚˀʘʿʫ ʛʨʘʥʠʮʝ ʟʘ ʜʦʟʚʦˀʝʥʝ ʚʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʥʘʧʦʥʘ 

ʢʦʨʘʢʘ. ɿʘ ʧʨʦʚʝʨʫ ʩʠʛʫʨʥʦʩʪʠ ʧʦʪʨʝʙʥʦ ʿʝ ʜʘ ʩʝ ʠʟʨʘʯʫʥʘ ʚʨʝʜʥʦʩʪ ʩʪʨʫʿʝ ʢʚʘʨʘ ʢʦʿʫ ʤʝʨʠ 

ʟʘʰʪʠʪʥʠ ʨʝʣʝʿ (ʰʪʦ ʿʝ ʙʠʪʥʦ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʚʨʝʤʝʥʘ ʨʝʘʛʦʚʘˁʘ ʟʘʰʪʠʪʝ) ʠ ʜʘ ʩʝ ʦʜʨʝʜʠ 

ʚʨʝʜʥʦʩʪ ʿʘʯʠʥʝ ʩʪʨʫʿʝ ʢʚʘʨʘ ʢʦʿʘ ʠʩʪʠʯʝ ʢʨʦʟ ʩʠʩʪʝʤ ʫʟʝʤˀʝˁʘ ʥʘ ʤʝʩʪʫ ʢʚʘʨʘ. ʆʚʝ ʜʚʝ 

ʚʨʝʜʥʦʩʪʠ ʿʘʯʠʥʘ ʩʪʨʫʿʘ ʢʨʘʪʢʦʛ ʩʧʦʿʘ ʫ ʟʝʤˀʠ ʤʦʛʫ ʜʘ ʙʫʜʫ ʨʘʟʣʠʯʠʪʝ ʫʢʦʣʠʢʦ ʧʦʩʪʦʿʝ ʜʨʫʛʠ 

ʩʠʩʪʝʤʠ ʫʟʝʤˀʝˁʘ ʥʘ ʜʘʣʝʢʦʚʦʜʫ ʧʦʚʝʟʘʥʠ ʧʨʝʢʦ ʟʘʰʪʠʪʥʦʛ ʧʨʦʚʦʜʥʠʢʘ ʠʣʠ ʦʤʦʪʘʯʘ ʢʘʙʣʘ.  

ʇʨʝʛʣʝʜ ʢʦʤʧʣʝʪʥʦʛ ʧʦʩʪʫʧʢʘ ʧʨʦʚʝʨʝ ʙʝʟʙʝʜʥʦʩʪʠ ʠ ʛʝʥʝʨʠʩʘˁʝ ʿʝʜʥʦʩʪʘʚʥʠʭ 

ʠʥʞʝˁʝʨʩʢʠʭ ʧʨʝʧʦʨʫʢʘ ʫ ʜʘʣʝʢʦʚʦʜʥʠʤ ʩʠʩʪʝʤʠʤʘ ʩʘ ʝʬʠʢʘʩʥʦ ʫʟʝʤˀʝʥʦʤ ʥʝʫʪʨʘʣʥʦʤ 

ʪʘʯʢʦʤ ʦʙʿʘʚˀʝʥ ʿʝ ʫ [90]. 

ʅʘʧʦʥ ʜʦʜʠʨʘ ʟʘʚʠʩʠ ʦʜ ʚʨʝʜʥʦʩʪʠ ʿʘʯʠʥʝ ʢʨʦʟ ʫʟʝʤˀʠʚʘʯ, ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ 

ʫʟʝʤˀʝˁʘ ʠ ʨʘʩʧʦʜʝʣʝ ʩʪʨʫʿʝ ʫ ʟʝʤˀʠʰʪʫ, ʰʪʦ ʫʪʠʯʝ ʥʘ ʧʦʚʨʰʠʥʩʢʠ ʧʦʪʝʥʮʠʿʘʣ (VS ï

ʧʦʪʝʥʮʠʿʘʣ ʩʪʘʿʥʝ ʪʘʯʢʝ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ). ʋʦʙʠʯʘʿʝʥʠ ʧʨʠʩʪʫʧ ʿʝ ʜʘ ʩʝ ʧʦʩʪʘʚʢʘ 

ʧʦʿʝʜʥʦʩʪʘʚʠ ʠ ʜʘ ʩʝ ʧʨʦʙʣʝʤ ʦʜʨʝʹʠʚʘˁʘ ʥʘʧʦʥʘ ʥʘ ˀʫʜʩʢʦʤ ʪʝʣʫ ʧʦʜʝʣʠ ʥʘ ʜʚʘ ʦʜʚʦʿʝʥʘ 

ʧʨʦʨʘʯʫʥʘ. ʇʨʚʦ ʩʝ ʦʜʨʝʹʫʿʝ ʨʘʩʧʦʜʝʣʘ ʧʦʪʝʥʮʠʿʘʣʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ ʢʘʦ ʜʘ ʥʝʤʘ ʧʨʠʩʫʪʥʦʛ 

ˀʫʜʩʢʦʛ ʪʝʣʘ, ʘ ʪʦʢʦʤ ʪʨʘʿʘˁʘ ʠʩʪʠʮʘˁʘ ʩʪʨʫʿʝ ʢʚʘʨʘ ʫ ʪʣʦ. ɿʘʪʠʤ ʩʝ, ʠʟ ʚʨʝʜʥʦʩʪʠ 

ʠʟʨʘʯʫʥʘʪʝ ʨʘʟʣʠʢʝ ʧʦʪʝʥʮʠʿʘʣʘ ʠʟʤʝʹʫ ʩʠʩʪʝʤʘ ʫʟʝʤˀʝˁʘ (GPR = ʚʨʝʜʥʦʩʪ ʿʘʯʠʥʝ ʩʪʨʫʿʝ 

ʫʟʝʤˀʠʚʘʯʘ ʪʦʢʦʤ ʢʚʘʨʘ ʧʦʤʥʦʞʝʥʘ ʩʘ ʦʪʧʦʨʥʦʰ˂ʫ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ) ʠ ʪʘʯʢʝ ʥʘ 

ʧʦʚʨʰʠʥʠ ʪʣʘ ʥʘ ʢʦʿʦʿ ʦʩʦʙʘ ʩʪʦʿʠ (VS), ʠʟʨʘʯʫʥʘʚʘ ʧʦʪʝʥʮʠʿʘʣʥʘ ʨʘʟʣʠʢʘ ʜʦʜʠʨʘ 

(ɽʜʦʜʠʨʘ = GPR ï VS), ʢʘʦ ʥʘʧʦʥ ʥʘ ʨʘʟʜʝʣʥʠʢʫ ʥʘʧʦʥʘ ʩʘʩʪʘʚˀʝʥʦʤ ʦʜ: 

1) ˀʫʜʩʢʦʛ ʪʝʣʘ, ʟʘ ʢʦʿʝ ʩʝ ʧʨʝʤʘ IEEE ʩʪʘʥʜʘʨʜʫ 80 [10] ʫʩʚʘʿʘ ʜʘ ʚʘʞʠ ʜʘ ʿʝ ʦʪʧʦʨʥʦʩʪ 

ʿʝʜʥʘʢʘ Rʪʝʣʘ=1000 Ý ʠ 

2) ʦʪʧʦʨʥʦʩʪʠ ʢʦʘʿ ʩʝ ʩʫʧʨʦʪʩʪʘʚˀʘ ʪʝʯʝˁʫ ʩʪʨʫʿʝ ʢʚʘʨʘ ʦʜ ʩʪʦʧʘʣʘ ʦʩʦʙʝ, ʢʨʦʟ ʪʣʦ, ʜʦ 

ʫʜʘˀʝʥʝ ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ (Rʩʪʦʧʘʣʦ/2, ʧʨʠ ʯʝʤʫ ʿʝ Rʩʪʦʧʘʣʦ ʿʝʜʥʘʢʦ ɟ/(4·b), ʛʜʝ ɟ ʧʨʝʜʩʪʘʚˀʘ 

ʩʧʝʮʠʬʠʯʥʫ ʝʣʝʢʪʨʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ʭʦʤʦʛʝʥʦʛ ʪʣʘ, ʘ b ʧʦʣʫʧʨʝʯʥʠʢ ʩʪʦʧʘʣʘ). 

ɼʘʢʣʝ, ʬʠʥʘʣʥʘ ʬʦʨʤʫʣʘ ʢʦʿʘ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʧʨʦʨʘʯʫʥ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʛʣʘʩʠ: 

 

/ 2

ʜʦʜʠʨʘ ʪʝʣʘ

ʜʦʜʠʨʘ

ʪʝʣʘ ʩʪʦʧʘʣʦ

ɽ R
U

R R

Ö
=

+
. (2.39) 

 

ʆʜʥʦʩʥʦ, ʘʢʦ ʩʝ ʫʚʘʞʠ ʫʧʨʦʰ˂ʝˁʝ ʠ ʿʝʜʥʘʯʠʥʘ (2.30) ʫʚʨʩʪʠ ʫ (2.39) ʪʘʜʘ ʚʘʞʠ: 

 

1,5

ʜʦʜʠʨʘ ʪʝʣʘ

ʜʦʜʠʨʘ

ʪʝʣʘ

ɽ R
U

R r

Ö
=

+ Ö
. (2.40) 

 

ʂʘʜʘ ʩʝ ʠʟʨʘʟ (2.35) ʫʚʨʩʪʠ ʫ ʿʝʜʥʘʯʠʥʫ (2.39), ʜʦʙʠʿʘ ʩʝ ʬʠʥʘʣʥʠ ʠʟʨʘʟ ʟʘ ʧʨʦʨʘʯʫʥ 

ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʫ ʧʨʠʩʫʩʪʚʫ ʥʘʩʫʪʦʛ ʧʦʚʨʰʠʥʩʢʦʛ ʩʣʦʿʘ: 

 

1,5

ʜʦʜʠʨʘ ʪʝʣʘ

ʜʦʜʠʨʘ

ʪʝʣʘ s s

ɽ R
U

R C r

Ö
=

+ Ö Ö
. (2.41) 

 

ʇʨʝʪʭʦʜʥʘ ʤʝʪʦʜʘ ʿʝ ʦʧʨʘʚʜʘʥʘ ʫ ʚʝʣʠʢʦʤ ʙʨʦʿʫ ʩʣʫʯʘʿʝʚʘ, ʘʣʠ ʟʘ ʠʟʚʝʩʥʝ ʩʣʫʯʘʿʝʚʝ 

ʧʨʠʤʝˁʝʥʘ ʫʧʨʦʰ˂ʝˁʘ ʤʦʛʫ ʜʘ ʜʦʚʝʜʫ ʜʦ ʟʥʘʯʘʿʥʝ ʛʨʝʰʢʝ. ʀʜʝʥʪʠʬʠʢʘʮʠʿʘ ʪʠʭ ʩʣʫʯʘʿʝʚʘ ʠ 

ʧʦʙʦˀʰʘˁʝ ʪʘʯʥʦʩʪʠ ʿʝ ʪʝʤʘ ʠ ʛʣʘʚʥʠ ʮʠˀ ʜʠʩʝʨʪʘʮʠʿʝ. ʄʦʛʫ˂ʥʦʩʪ ʟʘ ʪʘʢʦ ʥʝʰʪʦ ʿʝ 
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ʦʪʚʦʨʝʥʘ ʧʦʩʪʦʿʘˁʝʤ FEM ʩʦʬʪʚʝʨʘ ʦʧʰʪʠʿʝ ʥʘʤʝʥʝ, ʢʦʿʠʤʘ ʤʦʛʫ ʜʝʪʘˀʥʦ ʜʘ ʩʝ ʤʦʜʝʣʫʿʫ 

ʨʘʟʣʠʯʠʪʠ ʬʘʢʪʦʨʠ ʢʦʿʠ ʫʪʠʯʫ ʥʘ ʨʘʩʧʦʜʝʣʫ ʩʪʨʫʿʝ ʢʨʦʟ ʪʣʦ ʠ ʧʦʪʝʥʮʠʿʘʣ ʥʘ ʧʦʚʨʰʠ ʪʣʘ. ʋ 

ʜʝʣʫ ʜʠʩʝʨʪʘʮʠʿʝ ʫ ʢʦʤʝ ʩʝ ʧʨʠʢʘʟʫʿʫ ʩʧʨʦʚʝʜʝʥʝ ʩʠʤʫʣʘʮʠʿʝ ʙʠ˂ʝ ʧʦʤʝʥʫʪʘ ʠ ʧʨʚʘ 

ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʧʨʘʚʮʫ ʩʪʨʦʞʝʛ ʬʠʟʠʯʢʦʛ ʤʦʜʝʣʠʨʘˁʘ, ʢʘʦ ʰʪʦ ʿʝ [91]. 

ʋ [82] ʿʝ ʧʨʝʜʩʪʘʚˀʝʥ ʜʘˀʠʥʩʢʠ ʩʠʩʪʝʤ ʟʘ ʧʨʘ˂ʝˁʝ ʩʪʘˁʘ ʩʠʩʪʝʤʘ ʫʟʝʤˀʝˁʘ 

ʪʨʘʥʩʬʦʨʤʘʪʦʨʩʢʝ ʩʪʘʥʠʮʝ. ʆʪʧʦʨʥʦʩʪ ʦʜ 1000 Ý ʢʦʨʠʩʪʠ ʩʝ ʟʘʿʝʜʥʦ ʩʘ ʢʨʫʞʥʠʤ 

ʝʣʝʢʪʨʦʜʘʤʘ ʟʘ ʤʦʜʝʣʠʨʘˁʝ ˀʫʜʩʢʦʛ ʪʝʣʘ. 

ʇʨʘʚʠʣʥʠʢ [3] ʜʘʿʝ ʫʧʨʦʰ˂ʝʥʝ ʠʟʨʘʟʝ ʟʘ ʜʦʟʚʦˀʝʥʝ ʥʘʧʦʥʝ ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ ʫ 

ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʪʨʘʿʘˁʘ ʟʝʤˀʦʩʧʦʿʘ: 

 

Uʜʦʟ. = 1000 V ʟʘ t Ò 0,075 s, (2.42)  

Uʜʦʟ. = 
75

t
 V ʟʘ 0,075 s < t Ò 1,153 s, ʠ  (2.43)  

Uʜʦʟ. = 65 V ʟʘ t > 1,153 s. (2.44)  

 

2.3.6 ʂʦʥʪʘʢʪʥʠ ʦʪʧʦʨ 

ɺʨʣʦ ʙʠʪʘʥ ʘʩʧʝʢʪ ʧʨʠ ʨʘʟʤʘʪʨʘˁʫ ʩʪʨʫʿʝ ʫʟʝʤˀʠʚʘʯʘ, ʚʨʝʜʥʦʩʪʠ ʧʦʪʝʥʮʠʿʘʣʘ 

ʫʟʝʤˀʠʚʘʯʘ, ʘ ʧʦʩʣʝʜʠʯʥʦ ʠ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ, ʘ ʢʦʿʠ ʩʝ ʫ ʧʨʠʭʚʘ˂ʝʥʦʿ ʧʨʦʮʝʜʫʨʠ ʠʟ 

ʩʪʘʥʜʘʨʜʘ [10] ʟʘʥʝʤʘʨʫʿʝ, ʧʨʝʜʩʪʘʚˀʘ ʢʦʥʪʘʢʪʥʠ ʦʪʧʦʨ. ʊʦ ʿʝ ʦʪʧʦʨʥʦʩʪ ʢʦʿʠ ʩʝ ʿʘʚˀʘ ʠʟʤʝʹʫ 

ʫʟʝʤˀʠʚʘʯʘ ʠ ʦʢʦʣʥʦʛ ʪʣʘ, ʢʘʦ ʧʦʩʣʝʜʠʮʘ ʥʝʩʘʚʨʰʝʥʦʛ ʥʘʣʝʛʘˁʘ ʪʣʘ ʥʘ ʤʝʪʘʣʥʝ ʜʝʣʦʚʝ 

ʫʟʝʤˀʠʚʘʯʘ. ʇʨʝʮʠʟʥʠʿʝ, ʢʦʥʪʘʢʪʥʘ ʦʪʧʦʨʥʦʩʪ ʿʝ ʦʪʧʦʨʥʦʩʪ ʠʟʤʝʹʫ ʥʝʩʘʚʨʰʝʥʦʛ ʥʘʣʝʛʘˁʘ 

ʧʨʝʤʘ ʪʣʫ, ʧʘ ʩʝ ʤʦʞʝ ʿʘʚʠʪʠ ʠ ʥʘ ʩʧʦʿʫ ʩʪʦʧʘʣʘ ʠ ʪʣʘ. 

ʂʘʦ ʥʘʯʠʥ ʜʘ ʩʝ ʫʤʘˁʠ ʢʦʥʪʘʢʪʥʠ ʦʪʧʦʨ, ʧʨʝʜʣʦʞʝʥʘ ʿʝ ʫʧʦʪʨʝʙʘ ʜʦʜʘʪʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʫ 

ʢʦʿʝ ʙʠ ʩʝ ʫʨʦʥʠʣʘ ʩʪʨʫʢʪʫʨʘ ʫʟʝʤˀʠʚʘʯʘ ʢʘʢʦ ʙʠ ʩʝ ʧʦʙʦˀʰʘʦ ʢʦʥʪʘʢʪ ʩʘ ʦʢʦʣʥʦʤ ʟʝʤˀʦʤ. 

ʋ ʨʘʜʫ [92] ʧʨʝʟʝʥʪʦʚʘʥʦ je ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʠʩʪʨʘʞʠʚʘˁʝ ʫʧʦʪʨʝʙʝ ʢʘʢʦ ʙʝʥʪʦʥʠʪʘ ʪʘʢʦ ʠ 

ʠʩʧʣʘʢʝ ʦʜ ʙʫʰʦʪʠʥʘ ʢʘʦ ʧʦʪʝʥʮʠʿʘʣʥʠʭ ʜʦʜʘʪʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʠʩʧʫʥʫ ʦʢʦ ʫʟʝʤˀʠʚʘʯʢʠʭ 

ʝʣʝʢʪʨʦʜʘ ʨʘʜʠ ʩʤʘˁʝˁʘ ʢʦʥʪʘʢʪʥʦʛ ʦʪʧʦʨʘ. ʂʘʦ ʛʣʘʚʥʠ ʟʘʢˀʫʯʮʠ ʠʟʥʝʪʠ ʩʫ ʚʠʰʝʩʪʨʫʢʠ 

ʧʦʟʠʪʠʚʥʠ ʫʪʠʮʘʿʠ ʧʨʠʤʝʥʝ ʥʘʚʝʜʝʥʠʭ ʜʦʜʘʪʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʠʩʧʫʥʫ: ʟʥʘʯʘʿʥʦ ʤʘˁʝ 

ʚʨʝʜʥʦʩʪʠ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ, ʚʠʰʝʩʪʨʫʢʦ ʫʤʘˁʝˁʝ ʤʘʢʩʠʤʘʣʥʠʭ 

ʚʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ ʜʦʜʠʨʘ, ʢʘʦ ʠ ʤʘˁʝ ʢʦʣʝʙʘˁʝ ʚʨʝʜʥʦʩʪʠ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ 

ʫʟʝʤˀʠʚʘʯʘ ʫ ʩʫʰʥʠʤ ʧʝʨʠʦʜʠʤʘ. 

ʂʘʦ ʥʘʩʪʘʚʘʢ ʠʩʪʨʘʞʠʚʘˁʘ, ʘʣʠ ʦʚʘʿ ʧʫʪ ʩʘ ʪʝʦʨʠʿʩʢʦʛ ʩʪʘʥʦʚʠʰʪʘ, ʫ ʨʘʜʫ [93] 

ʘʥʘʣʠʟʠʨʘʦ ʩʝ ʫʪʠʮʘʿ ʥʝʩʘʚʨʰʝʥʦʛ ʢʦʥʪʘʢʪʘ ʠʟʤʝʹʫ ʫʟʝʤˀʠʚʘʯʘ ʠ ʦʢʦʣʥʦʛ ʤʝʜʠʿʫʤʘ, ʦʜʥʦʩʥʦ 

ʢʦʥʪʘʢʪʥʝ ʦʪʧʦʨʥʦʩʪʠ ʫʟʝʤˀʠʚʘʯʢʝ ʢʦʥʪʫʨʝ, ʥʘ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ ʫ 

ʜʚʦʩʣʦʿʥʦʤ ʪʣʫ, ʢʘʦ ʠ ʨʘʩʧʦʜʝʣʫ ʧʦʪʝʥʮʠʿʘʣʘ ʫ ʟʝʤˀʠʰʪʫ ʟʘ ʚʨʝʤʝ ʪʨʘʿʘˁʘ ʟʝʤˀʦʩʧʦʿʘ ʠ ʪʦ 

ʧʨʠʤʝʥʦʤ ʤʝʪʦʜʝ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ. ʋ [93], ʥʝʩʘʚʨʰʝʥ ʢʦʥʪʘʢʪ ʿʝ ʫ FEM ʩʦʬʪʚʝʨʫ 

ʤʦʜʝʣʦʚʘʥ ʧʨʠʩʫʩʪʚʦʤ ʚʘʟʜʫʰʥʠʭ ˅ʝʧʦʚʘ ʦʢʦ ʝʣʝʢʪʨʦʜʘ ʫʟʝʤˀʠʚʘʯʢʝ ʢʦʥʪʫʨʝ. 

ʉʚʝʦʙʫʭʚʘʪʥʘ ʘʥʘʣʠʟʘ ʢʦʥʪʘʢʪʥʝ ʦʪʧʦʨʥʦʩʪʠ ʿʝ ʜʘʪʘ ʫ ʜʠʩʝʨʪʘʮʠʿʠ [94], ʫ ʢʦʿʦʿ ʿʝ 

ʦʩʪʚʘʨʝʥ ʜʦʧʨʠʥʦʩ ʫ ʚʠʜʫ ʠʟʚʦʹʝˁʘ ʘʥʘʣʠʪʠʯʢʠʭ ʠʟʨʘʟʘ ʟʘ ʫʚʘʞʘʚʘˁʝ ʢʦʥʪʘʢʪʥʝ ʦʪʧʦʨʥʦʩʪʠ 

ʟʘ ʪʠʧʠʯʥʝ ʫʟʝʤˀʠʚʘʯʢʝ ʩʠʩʪʝʤʝ ʢʦʿʠ ʤʦʛʫ ʜʘ ʩʝ ʩʨʝʪʥʫ ʫ ʧʨʘʢʩʠ ɽɽʉ ʠ ʜʠʩʪʨʠʙʫʮʠʿʘ ʟʘ 

ʜʘʣʝʢʦʚʦʜʥʝ ʩʪʫʙʦʚʝ. 

 

2.3.7 ɽʢʩʧʝʨʠʤʝʥʪʠ ʩʘ ʫʤʘˁʝʥʠʤ ʤʦʜʝʣʠʤʘ 

ʈʝʬʝʨʝʥʮʘ [95] ʧʨʫʞʘ ʥʘʿʦʧʩʝʞʥʠʿʠ ʧʨʝʛʣʝʜ ʠʟʚʦʹʝˁʘ ʝʢʩʧʝʨʠʤʝʥʘʪʘ ʩʘ ʫʤʘˁʝʥʠʤ 

ʤʦʜʝʣʠʤʘ. ʉʧʨʦʚʝʜʝʥʘ ʩʫ ʜʝʪʘˀʥʘ ʨʘʟʤʘʪʨʘˁʘ ʧʦ ʧʠʪʘˁʫ ʦʙʣʠʢʘ ʠ ʚʝʣʠʯʠʥʝ ʝʣʝʢʪʨʦʣʠʪʠʯʢʝ 
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ʢʘʜʝ ʢʘʢʦ ʥʝ ʙʠ ʜʦʣʘʟʠʣʦ ʜʦ ʨʝʤʝ˂ʝˁʘ ʨʘʩʧʦʜʝʣʝ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʧʨʠ ʦʜʚʦʹʝˁʫ ʩʪʨʫʿʝ ʩʘ 

ʫʤʘˁʝʥʠʭ ʤʦʜʝʣʘ ʫʟʝʤˀʠʚʘʯʘ, ʦʜʥʦʩʥʦ ʢʘʢʦ ʙʠ ʨʝʟʫʣʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʤʝʨʝˁʘ 

ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʠ ʧʦʪʝʥʮʠʿʘʣʘ ʥʘ ʧʦʚʨʰʠʥʠ ʝʣʝʢʪʨʦʣʠʪʘ ʟʘ ʫʤʘˁʝʥʝ ʤʦʜʝʣʝ 

ʫʟʝʤˀʠʚʘʯʘ ʫʨʦˁʝʥʝ ʫ ʝʣʝʢʪʨʦʣʠʪ ʰʪʦ ʙʦˀʝ ʦʜʛʦʚʘʨʘʣʠ ʨʘʩʧʦʜʝʣʠ ʧʦˀʘ ʟʘ ʫʟʝʤˀʠʚʘʯʝ 

ʩʪʚʘʨʥʠʭ ʜʠʤʝʥʟʠʿʘ ʫ ʩʪʚʘʨʥʦʤ ʪʣʫ. ʇʨʠ ʩʢʘʣʠʨʘˁʫ ʫʟʝʤˀʠʚʘʯʘ (ʢʦʨʠʰ˂ʝʥʘ ʿʝ ʩʢʘʣʘ 1:100), 

ʥʘʚʝʜʝʥʦ ʿʝ ʜʘ ʥʠʿʝ ʧʦʪʨʝʙʥʦ ʩʢʘʣʠʨʘʪʠ ʧʨʝʯʥʠʢ ʧʨʦʚʦʜʥʠʢʘ ʝʣʝʤʝʥʘʪʘ ʫʟʝʤˀʠʚʘʯʢʦʛ 

ʩʠʩʪʝʤʘ ʥʘ ʠʩʪʠ ʥʘʯʠʥ ʢʘʦ ʦʩʪʘʣʝ ʜʠʤʝʥʟʠʿʝ ʫʟʝʤˀʠʚʘʯʘ. ʋʩʚʦʿʝʥ ʿʝ ʦʙʣʠʢ ʧʦʣʫʩʬʝʨʝ ʟʘ 

ʝʣʝʢʪʨʦʣʠʪʠʯʢʫ ʢʘʜʫ, ʩ ʦʙʟʠʨʦʤ ʥʘ ʤʠʥʠʤʘʣʥʫ ʧʦʪʨʝʙʥʫ ʟʘʧʨʝʤʠʥʫ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʠʩʧʫʥʫ, ʘ ʠ 

ʟʘ ʫʚʘʞʘʚʘˁʝ ʯʠˁʝʥʠʮʝ ʜʘ ʝʢʚʠʧʦʪʝʥʮʠʿʘʣʥʝ ʧʦʚʨʰʠʥʝ ʧʦˀʘ ʧʨʠʣʠʢʦʤ ʦʜʚʦʹʝˁʘ ʩʪʨʫʿʝ ʩʘ 

ʫʤʘˁʝʥʠʭ ʤʦʜʝʣʘ ʫʟʝʤˀʠʚʘʯʘ (ʘ ʠ ʩʪʚʘʨʥʠʭ ʫ ʩʪʚʘʨʥʦʤ ʪʣʫ) ʫ ʭʦʤʦʛʝʥʦʤ ʪʣʫ ʧʦʩʪʘʿʫ 

ʧʦʣʫʩʬʝʨʝ ʰʪʦ ʩʝ ʚʠʰʝ ʫʜʘˀʘʚʘ ʦʜ ʫʟʝʤˀʠʚʘʯʘ. ʊʘʢʦʟʚʘʥʘ ʧʦʚʨʘʪʥʘ ʝʣʝʢʪʨʦʜʘ ʢʦʿʦʤ ʩʝ 

ʤʦʜʝʣʦʚʘʣʘ ʨʝʬʝʨʝʥʪʥʘ ʟʝʤˀʘ ʦʬʦʨʤˀʝʥʘ ʿʝ ʦʜ ʙʘʢʘʨʥʠʭ ʣʠʤʦʚʘ ʩʣʦʞʝʥʠʭ ʫ ʧʦʣʫʩʬʝʨʫ ʢʦʿʘ 

ʿʝ ʧʦʪʦʧˀʝʥʘ ʫ ʙʘʟʝʥ. ɿʘ ʤʦʜʝʣʦʚʘˁʝ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ, ʢʦʨʠʰ˂ʝʥ ʿʝ ʛʝʣ ɸʛʘʨ ʟʘ ʬʦʨʤʠʨʘˁʝ 

ʜʦʝˁʛ ʩʣʦʿʘ, ʯʠʿʘ ʿʝ ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʧʦʜʝʰʘʚʘʥʘ ʜʦʜʘʚʘˁʝʤ ʩʦʣʠ. ɱʝʜʘʥ ʦʜ ʥʘʯʠʥʘ ʟʘ 

ʤʝʨʝˁʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʛʝʣʘ ʙʠʣʘ ʿʝ ʧʨʠʤʝʥʘ ɺʝʥʝʨʦʚʝ ʤʝʪʦʜʝ ʩʘʤʦ ʟʘ ʩʣʦʿ ʛʝʣʘ, ʧʨʝ 

ʜʦʜʘʚʘˁʘ ʩʣʘʥʝ ʚʦʜʝ ʢʘʦ ʛʦʨˁʝʛ ʩʣʦʿʘ. ɸʫʪʦʨʠ ʩʫ ʥʘʚʝʣʠ ʜʘ ʩʫ ʚʘʨʠʨʘˁʝʤ ʜʦʜʘʚʘʥʝ ʩʦʣʠ, 

ʢʘʢʦ ʟʘ ʛʝʣ ʢʘʦ ʜʦˁʠ ʩʣʦʿ ʧʨʠʣʠʢʦʤ ʞʝʣʠʨʘˁʘ, ʪʘʢʦ ʠ ʟʘ ʚʦʜʫ ʢʘʦ ʛʦʨˁʠ ʩʣʦʿ ʫʩʧʝʚʘʣʠ ʜʘ 

ʜʦʙʠʿʫ ʠ ʧʦʟʠʪʠʚʘʥ ʠ ʥʝʛʘʪʠʚʘʥ ʢʦʝʬʠʮʠʿʝʥʪ ʨʝʬʣʝʢʩʠʿʝ (±0,88) ʟʘ ʠʩʪʠ ʨʘʩʧʦʨʝʜ ʤʘʪʝʨʠʿʘʣʘ. 

ʈʝʟʫʣʪʘʪʠ ʤʝʨʝˁʘ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ, ʧʦʪʝʥʮʠʿʘʣʥʝ ʨʘʟʣʠʢʝ ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ 

ʧʦʨʝʹʝʥʠ ʩʫ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʨʘʯʫʥʘʨʩʢʠʭ ʧʨʦʛʨʘʤʘ. 

ʈʘʜ [88] ʧʨʝʜʩʪʘʚˀʘ ʨʝʟʫʣʪʘʪʝ ʤʝʨʝˁʘ ʧʦʪʝʥʮʠʿʘʣʘ ʪʘʯʘʢʘ ʥʘ ʧʦʚʨʰʠʥʠ ʟʘ ʫʤʘˁʝʥʝ 

ʤʦʜʝʣʝ (ʩʢʘʣʘ 1:20) ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ ʫʨʦˁʝʥʠʭ ʫ ʝʣʝʢʪʨʦʣʠʪʠʯʢʫ ʢʘʜʫ ʧʨʠʙʣʠʞʥʦʛ 

ʦʙʣʠʢʘ ʧʦʣʫʩʬʝʨʝ ʧʨʝʯʥʠʢʘ ʦʢʦ 6 m. ɸʫʪʦʨʠ ʩʫ ʥʘʚʝʣʠ ʜʘ ʿʝ ʝʣʝʢʪʨʦʣʠʪʠʯʢʘ ʢʘʜʘ ʦʬʦʨʤˀʝʥʘ 

ʥʘ ʦʪʚʦʨʝʥʦʤ, ʠʩʢʦʧʘʚʘˁʝʤ ʥʘʚʝʜʝʥʦʛ ʦʙʣʠʢʘ, ʧʦʣʘʛʘˁʝʤ ʚʦʜʦʥʝʧʨʦʧʫʩʥʝ ʧʦʣʠʝʪʠʣʝʥʩʢʝ 

ʬʦʣʠʿʝ ʠ ʠʩʧʫˁʘʚʘˁʝʤ ʩʣʘʥʦʤ ʚʦʜʦʤ. ʉʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʝʣʝʢʪʨʦʣʠʪʘ ʨʘʯʫʥʘʪʘ ʿʝ 

ʘʥʘʣʠʪʠʯʢʠʤ ʠʟʨʘʟʦʤ ʠʟ ʠʟʤʝʨʝʥʝ ʦʪʧʦʨʥʦʩʪʠ ʠʟʤʝʹʫ ʜʚʝ ʫʜʘˀʝʥʝ ʧʦʣʫʩʬʝʨʥʝ ʝʣʝʢʪʨʦʜʝ 

ʫʨʦˁʝʥʝ ʫ ʝʣʝʢʪʨʦʣʠʪ. ʇʨʠ ʤʝʨʝˁʠʤʘ ʧʦʪʝʥʮʠʿʘʣʘ ʥʘ ʧʦʚʨʰʠʥʠ, ʿʝʜʘʥ ʢʨʘʿ ʥʝʫʟʝʤˀʝʥʦʛ 

ʠʟʦʣʘʮʠʦʥʦʛ ʪʨʘʥʩʬʦʨʤʘʪʦʨʘ ʙʠʦ ʙʠ ʫ ʩʧʦʿʫ ʩʘ ʫʨʦˁʝʥʠʤ ʤʦʜʝʣʦʤ ʫʟʝʤˀʠʚʘʯʘ, ʘ ʜʨʫʛʠ ʩʘ 

ʝʣʝʢʪʨʦʜʦʤ ʥʘ ʧʝʨʠʬʝʨʠʿʠ ʝʣʝʢʪʨʦʣʠʪʠʯʢʝ ʢʘʜʝ. 

ʋ ʨʝʬʝʨʝʥʮʠ [62] ʩʫ, ʧʦʨʝʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʥʘ 

ʫʤʘˁʝʥʦʤ ʤʦʜʝʣʫ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ, ʠʟʚʝʜʝʥʘ ʠ ʤʝʨʝˁʘ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʜʨʝʹʝʥʠʭ 

ʪʠʧʦʚʘ ʫʤʘˁʝʥʠʭ ʫʟʝʤˀʠʚʘʯʘ. 

ʋ [83] ʿʝ ʟʘ ʩʢʘʣʠʨʘʥʠ ʤʦʜʝʣ ʢʦʨʠʰ˂ʝʥ ʙʘʟʝʥ ʠʩʧʫˁʝʥ ʚʦʜʦʤ ʫ ʢʦʿʠ ʿʝ ʫʨʘˁʘʥ 

ʧʣʘʩʪʠʯʥʠ ʧʦʢʨʦʚ ʥʘ ʦʜʨʝʹʝʥʫ ʜʫʙʠʥʫ, ʘ ʤʝʪʘʣʥʠ ʜʠʩʢ ʢʦʿʠʤ ʩʝ ʤʦʜʝʣʫʿʝ ʩʪʦʧʘʣʦ ʜʨʞʘʦ ʥʘ 

ʧʦʚʨʰʠʥʠ. ʋ ʨʘʜʫ ʿʝ, ʫʚʘʞʘʚʘʿʫ˂ʠ ʯʠˁʝʥʠʮʫ ʜʘ ʩʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ ʤʝˁʘʿʫ ʫ 

ʪʦʢʫ ʣʝʪˁʝ ʠ ʟʠʤʩʢʝ ʩʝʟʦʥʝ, ʠʩʢʘʟʘʥʦ ʜʘ ʧʨʠ ʧʨʦʿʝʢʪʦʚʘˁʫ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʧʨʦʚʝʨʘ 

ʙʝʟʙʝʜʥʦʩʪʠ ʧʨʠ ʟʝʤˀʦʩʧʦʿʫ ʠʟʚʨʰʠ ʥʘ ʙʘʟʠ ʤʝʨʝˁʘ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ ʠ ʟʘ ʟʠʤʩʢʠ 

ʠ ʟʘ ʣʝʪˁʠ ʧʝʨʠʦʜ. 

ɼʠʩʝʨʪʘʮʠʿʘ ʧʨʦʬʝʩʦʨʘ ʂʦʩʪʠ˂ʘ [79] ʧʨʝʜʩʪʘʚˀʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʤʝʨʝˁʘ ʦʪʧʦʨʥʦʩʪʠ 

ʫʟʝʤˀʝˁʘ ʫʤʘˁʝʥʠʭ ʤʦʜʝʣʘ ʪʝʤʝˀʥʠʭ ʫʟʝʤˀʠʚʘʯʘ ʫ ʝʣʝʢʪʨʦʣʠʪʠʯʢʦʿ ʢʘʜʠ. ʀʟʚʝʜʝʥʦ ʥʘ 

ʩʣʠʯʘʥ ʥʘʯʠʥ, ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʧʨʦʬʝʩʦʨʘ ʊʨʠʬʫʥʦʚʠ˂ʘ [94] ʧʨʠʢʘʟʫʿʝ ʩʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ 

ʦʜʨʝʹʠʚʘˁʝ ʢʦʥʪʘʢʪʥʝ ʦʪʧʦʨʥʦʩʪʠ ʥʘ ʫʤʘˁʝʥʠʤ ʤʦʜʝʣʠʤʘ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ ʫ 

ʝʣʝʢʪʨʦʣʠʪʠʯʢʦʿ ʢʘʜʠ. 

ʈʝʬʝʨʝʥʮʘ [96] ʧʨʠʢʘʟʫʿʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʦʜʨʝʹʠʚʘˁʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ 

ʪʝʤʝˀʥʦʛ ʫʟʝʤˀʠʚʘʯʘ ʟʘ ʚʝʪʨʦʘʛʨʝʛʘʪ ʢʦʨʠʰ˂ʝˁʝʤ ʫʤʘˁʝʥʦʛ ʤʦʜʝʣʘ ʫʨʦˁʝʥʦʛ ʫ 

ʝʣʝʢʪʨʦʣʠʪʠʯʢʫ ʢʘʜʫ, ʘʣʠ ʩʘ ʥʘʚʣʘʞʝʥʠʤ ʧʝʩʢʦʤ ʫʤʝʩʪʦ ʪʝʯʥʦʛ ʝʣʝʢʪʨʦʣʠʪʘ. ʈʝʬʝʨʝʥʮʘ [97] 

ʧʨʝʜʩʪʘʚˀʘ ʩʣʠʯʘʥ ʝʢʩʧʝʨʠʤʝʥʪʘʣʘʥ ʧʨʠʩʪʫʧ ʫ ʢʦʿʝʤ ʿʝ ʩʧʨʦʚʝʜʝʥʘ ʘʥʘʣʠʟʘ ʢʦʨʠʰ˂ʝˁʝʤ 

ʝʣʝʢʪʨʦʣʠʪʠʯʢʝ ʢʘʜʝ ʠ ʟʘʢˀʫʯʝʥ ʠʟʨʘʟʠʪʦ ʥʝʛʘʪʠʚʘʥ ʫʪʠʮʘʿ ʭʠʜʨʦʠʟʦʣʘʮʠʿʝ ʥʘ ʪʝʤʝˀʥʝ 

ʫʟʝʤˀʠʚʘʯʝ ʫ ʧʦʛʣʝʜʫ ʩʚʠʭ ʨʝʣʝʚʘʥʪʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫʟʝʤˀʠʚʘʯʘ. 
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2.3.8 ʇʨʠʤʝʥʘ FEM  ʟʘ ʧʨʦʨʘʯʫʥ ʝʣʝʢʪʨʠʯʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʫʟʝʤˀʠʚʘʯʘ 

ʇʨʠʤʝʥʘ ʤʝʪʦʜʝ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ (FEM) ʥʘ ʧʨʦʨʘʯʫʥ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ 

ʫʟʝʤˀʠʚʘʯʘ ʧʨʚʦ ʩʝ ʩʨʝ˂ʝ ʫ ʨʘʜʦʚʠʤʘ ʰʧʘʥʩʢʠʭ ʘʫʪʦʨʘ [98], [99] ʠ [100]. 

ɱʝʜʥʦ ʦʜ ʛʣʘʚʥʠʭ ʧʠʪʘˁʘ ʿʝ ʢʦʣʠʢʦ ʚʝʣʠʢʠ ʜʦʤʝʥ ʿʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʤʦʜʝʣʫʿʝ ʢʘʢʦ ʙʠ ʩʝ 

ʤʠʥʠʤʠʟʦʚʘʣʘ ʛʨʝʰʢʘ ʢʦʿʘ ʩʝ ʯʠʥʠ ʧʨʠ ʧʨʦʨʘʯʫʥʫ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ, ʢʦʿʘ ʜʠʨʝʢʪʥʦ 

ʫʪʠʯʝ ʥʘ ʥʘʧʦʥ ʫʟʝʤˀʠʚʘʯʘ. ɺʝ˂ʠ ʜʦʤʝʥ ʩʘ ʩʦʙʦʤ ʧʦʚʣʘʯʠ ʚʝ˂ʫ ʪʘʯʥʦʩʪ, ʘʣʠ ʧʨʦʜʫʞʘʚʘ 

ʚʨʝʤʝ ʠʟʚʨʰʝˁʘ FEM ʩʠʤʫʣʘʮʠʿʘ. ʋ ʣʠʪʝʨʘʪʫʨʠ ʩʫ ʧʨʠʩʫʪʥʠ ʧʨʠʩʪʫʧʠ ʫ ʢʦʿʠʤʘ ʩʝ ʢʘʦ 

ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ ʥʘ ʩʧʦˀʘʰˁʠʤ ʛʨʘʥʠʮʘʤʘ FEM ʜʦʤʝʥʘ (ʫʜʘˀʝʥʘ ʟʝʤˀʘ) ʧʦʩʪʘʚˀʘ ʠʣʠ: 

1) ɼʠʨʠʭʣʝʦʚ ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ, ʪʿ. ʚʨʝʜʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʦʜ 0 V, ʠʣʠ  

2) ʅʦʿʤʘʥʦʚ ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ, ʪʿ. ʜʘ ʩʝ ʥʦʨʤʘʣʥʘ ʢʦʤʧʦʥʝʥʪʘ ʛʫʩʪʠʥʝ ʩʪʨʫʿʝ ʠʟʿʝʜʥʘʯʘʚʘ 

ʩʘ ʥʫʣʦʤ (0n JÖ =). 

ʋ ʧʦʛʣʝʜʫ ʟʘʭʪʝʚʘʥʠʭ ʨʘʯʫʥʘʨʩʢʠʭ ʨʝʩʫʨʩʘ ʠ ʚʨʝʤʝʥʘ ʪʨʘʿʘˁʘ ʩʠʤʫʣʘʮʠʿʝ, ʘʣʠ ʠ 

ʪʘʯʥʦʩʪʠ ʨʝʟʫʣʪʘʪʘ, ʙʠʪʥʦ ʿʝ ʢʦʣʠʢʘ ʿʝ ʫʩʚʦʿʝʥʘ ʛʨʘʥʫʣʘʮʠʿʘ, ʪʿ. ʬʠʥʦ˂ʘ ʧʦʜʝʣʝ ʤʦʜʝʣʦʚʘʥʦʛ 

ʜʦʤʝʥʘ ʥʘ ʤʨʝʞʫ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ. ɼʘ ʙʠ FEM ʧʨʦʨʘʯʫʥ ʠʟʥʝʜʨʠʦ ʰʪʦ ʪʘʯʥʠʿʝ ʨʝʰʝˁʝ, 

ʧʦʪʨʝʙʥʦ ʿʝ ʜʘ ʝʣʝʤʝʥʪʠ ʤʨʝʞʝ ʙʫʜʫ ʰʪʦ ʩʠʪʥʠʿʠ ʫ ʦʙʣʘʩʪʠʤʘ ʫ ʢʦʿʠʤʘ ʩʫ ʛʨʘʜʠʿʝʥʪʠ ʧʦˀʘ 

ʥʘʿʚʝ˂ʠ. 

ʇʦʣʘʟʥʠ ʧʦʜʘʪʘʢ ʫ ʨʝʬʝʨʝʥʮʠ [100] ʿʝ ʧʨʦʠʟʚʦˀʘʥ ʧʦʪʝʥʮʠʿʘʣ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ, 

ʦʜʘʢʣʝ ʩʝ ʧʨʠʤʝʥʦʤ FEM ʧʨʚʦ ʠʟʚʦʜʠ ʧʨʦʨʘʯʫʥ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʠ ʜʠʩʠʧʠʨʘʥʝ ʩʥʘʛʝ, ʘ ʥʘ 

ʢʨʘʿʫ ʠ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ ʫ ʭʦʤʦʛʝʥʦʤ ʪʣʫ. ʆʪʧʦʨʥʦʩʪ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʝ ʫ ʥʘʚʝʜʝʥʦʤ ʨʘʜʫ ʨʘʯʫʥʘ ʢʘʦ ʟʙʠʨ ʜʚʘ ʦʪʧʦʨʘ: ʧʨʚʦʛ ʢʦʿʠ ʿʝ ʜʦ ʪʘʯʥʦ 

ʦʜʨʝʹʝʥʦʛ ʧʦʣʫʧʨʝʯʥʠʢʘ d1 ʧʦʣʫʣʦʧʪʘʩʪʦʛ ʜʦʤʝʥʘ ʠ ʜʨʫʛʦʛ ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ ʜʠʩʠʧʘʮʠʿʫ ʩʥʘʛʝ 

ʦʜ ʧʦʣʫʧʨʝʯʥʠʢʘ d1 ʜʦ ʙʝʩʢʦʥʘʯʥʦʩʪʠ. ʉʤʘʪʨʘ ʩʝ ʜʘ ʿʝ d1 ʥʘ ʤʝʩʪʫ ʜʦʚʦˀʥʦ ʜʘʣʝʢʦ ʦʜ 

ʛʝʦʤʝʪʨʠʿʝ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ ʛʜʝ ʝʢʚʠʧʦʪʝʥʮʠʿʘʣʥʘ ʧʦʚʨʰ ʫ ʪʣʫ ʧʦʩʪʘʿʝ ʠʜʝʘʣʥʦ 

ʧʦʣʫʩʬʝʨʥʘ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʪʦ ʿʝ ʧʦʣʫʧʨʝʯʥʠʢ ʛʜʝ ʛʝʦʤʝʪʨʠʿʘ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ 

ʧʨʝʩʪʘʿʝ ʜʘ ʠʤʘ ʫʪʠʮʘʿ ʥʘ ʜʠʩʠʧʘʮʠʿʫ ʩʥʘʛʝ. ɿʘ ʦʚʘʿ ʨʘʜ ʿʝ ʠʥʪʝʨʝʩʘʥʪʥʦ ʪʦ ʰʪʦ ʘʫʪʦʨʠ ʥʠʩʫ 

ʠʤʘʣʠ ʥʘ ʨʘʩʧʦʣʘʛʘˁʫ ʙʝʩʢʦʥʘʯʥʠ ʛʨʘʥʠʯʥʠ ʝʣʝʤʝʥʪ, ʚʝ˂ ʩʫ ʧʨʦʨʘʯʫʥ ʚʨʰʠʣʠ ʥʘ ʛʦʨʝ 

ʦʧʠʩʘʥʠ ʥʘʯʠʥ. ʋ FEM ʘʣʘʪʫ ʢʦʿʠ ʿʝ ʢʦʨʠʰ˂ʝʥ ʫ ʜʠʩʝʨʪʘʮʠʿʠ, ʥʘ ʨʘʩʧʦʣʘʛʘˁʫ ʿʝ ʙʠʦ 

ʙʝʩʢʦʥʘʯʥʠ ʛʨʘʥʠʯʥʠ ʝʣʝʤʝʥʪ, ʯʠʿʝ ˂ʝ ʢʦʨʠʰ˂ʝˁʝ ʙʠʪʠ ʦʧʠʩʘʥʦ ʫ ʜʝʣʫ ʫ ʢʦʤʝ ʩʫ ʧʨʠʢʘʟʘʥʝ 

ʩʠʤʫʣʘʮʠʿʝ ʫ ʦʢʚʠʨʫ ʜʠʩʝʨʪʘʮʠʿʝ. 

ʐʪʦ ʩʝ ʪʠʯʝ ʜʦʤʘ˂ʝ ʣʠʪʝʨʘʪʫʨʝ, ʩʚʘʢʘʢʦ ʩʝ ʠʟʜʚʘʿʘ ʨʘʜ [101] ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘ ʧʦʨʝʹʝˁʝ 

ʧʨʦʨʘʯʫʥʘ ʥʘ ʙʘʟʠ FEM ʩʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʤʝʨʝˁʠʤʘ ʫʤʘˁʝʥʠʭ ʤʦʜʝʣʘ ʤʨʝʞʘʩʪʠʭ 

ʫʟʝʤˀʠʚʘʯʘ ʫ ʝʣʝʢʪʨʦʣʠʪʠʯʢʦʿ ʢʘʜʠ. ʇʨʠʿʘʚˀʝʥʘ ʩʫ ʦʜʣʠʯʥʘ ʧʦʢʣʘʧʘˁʘ, ʯʘʢ ʠ ʟʘ ʤʦʜʝʣʝ ʩʘ 

ʪʘʢʦʟʚʘʥʠʤ ʥʝʭʦʤʦʛʝʥʦʩʪʠʤʘ ʫ ʧʨʦʚʦʜʥʦʿ ʩʨʝʜʠʥʠ ʫ ʚʠʜʫ ʥʝʧʨʦʚʦʜʥʝ ʙʘʨʠʿʝʨʝ ʠ ʦʢʥʘ ʫ 

ʙʣʠʟʠʥʠ ʤʦʜʝʣʦʚʘʥʦʛ ʫʟʝʤˀʠʚʘʯʘ. 

ʋ [78] ʿʝ ʧʨʠʤʝˁʝʥ ʩʦʬʪʚʝʨ ʥʘ ʙʘʟʠ FEM ʟʘ ʧʨʦʨʘʯʫʥ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ 

ʢʚʘʜʨʘʪʥʠʭ ʠ ʧʨʘʚʦʫʛʘʦʥʠʭ ʫʟʝʤˀʠʚʘʯʢʠʭ ʤʨʝʞʘ ʫ ʭʦʤʦʛʝʥʦʤ, ʜʚʦʩʣʦʿʥʦʤ ʠ ʪʨʦʩʣʦʿʥʦʤ ʪʣʫ 

ʩʘ ʮʠˀʝʤ ʠʟʚʦʹʝˁʘ ʠ ʧʨʝʜʣʘʛʘˁʘ ʥʦʚʠʭ ʘʥʘʣʠʪʠʯʢʠʭ ʠʟʨʘʟʘ ʟʘ ʦʚʝ ʪʠʧʦʚʝ ʪʣʘ. ʀʩʪʠ ʘʫʪʦʨʠ 

ʩʫ ʫ [102] ʧʦʤʦ˂ʫ ʩʦʬʪʚʝʨʘ ʥʘ ʙʘʟʠ FEM ʘʥʘʣʠʟʠʨʘʣʠ ʫʪʠʮʘʿ ʣʦʢʘʣʥʠʭ ʥʝʭʦʤʦʛʝʥʦʩʪʠ ʥʘ 

ʧʦʥʘʰʘˁʝ ʫʟʝʤˀʠʚʘʯʢʠʭ ʤʨʝʞʘ ʦʜʥʦʩʥʦ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ, ʧʨʠ ʯʝʤʫ ʩʝ ʧʦʜ ʣʦʢʘʣʥʠʤ 

ʥʝʭʦʤʦʛʝʥʦʩʪʠʤʘ ʧʦʜʨʘʟʫʤʝʚʘ ʧʨʝʢʨʠʚʘˁʝ ʜʝʣʘ ʫʟʝʤˀʠʚʘʯʢʝ ʤʨʝʞʝ ʟʝʤˀʠʰʪʝʤ ʜʨʫʛʘʯʠʿʠʭ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʦʜ ʟʝʤˀʠʰʪʘ ʫ ʢʦʿʝ ʿʝ ʤʨʝʞʘ ʧʦʣʦʞʝʥʘ, ʦʜʥʦʩʥʦ ʢʘʥʘʣʠʤʘ. 

ʈʝʬʝʨʝʥʮʘ [93] ʧʨʝʜʩʪʘʚˀʘ ʟʥʘʯʘʿʘʥ ʠʩʢʦʨʘʢ ʫ ʧʦʛʣʝʜʫ ʧʨʦʰʠʨʝˁʘ ʧʦʩʤʘʪʨʘʥʠʭ 

ʝʬʝʢʘʪʘ ʚʝʟʘʥʠʭ ʟʘ ʫʟʝʤˀʠʚʘʯʢʝ ʩʠʩʪʝʤʝ ʢʦʿʠ ʩʝ ʘʥʘʣʠʟʠʨʘʿʫ ʧʨʠʤʝʥʦʤ FEM. ʀʟʥʝʪʦ ʿʝ 

ʨʘʟʤʘʪʨʘˁʝ ʚʝʟʘʥʦ ʟʘ ʢʦʥʪʘʢʪʥʫ ʦʪʧʦʨʥʦʩʪ. 

ɸʫʪʦʨʠ, ʧʨʦʬ. ʅʘʭʤʘʥ ʠ ʇʘʫʥʦʚʠ˂ ʫ [103] ʧʨʠʢʘʟʘʣʠ ʩʫ ʤʦʛʫ˂ʥʦʩʪʠ FEM ʟʘ ʜʦʙʠʿʘˁʝ 

ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʫʟʝʤˀʠʚʘʯʢʝ ʤʨʝʞʝ ʠ ʪʦ ʫ ʭʦʤʦʛʝʥʦʤ, ʜʚʦʩʣʦʿʥʦʤ ʠ ʪʨʦʩʣʦʿʥʦʤ 

ʤʦʜʝʣʫ ʪʣʘ ʠ ʠʟʚʨʰʠʣʠ ʧʦʨʝʹʝˁʝ ʩʘ ʜʦʩʪʫʧʥʠʤ ʘʥʘʣʠʪʠʯʢʠʤ ʠʟʨʘʟʠʤʘ. 
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ʋ [104] ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʦ ʠʟʚʦʹʝˁʝ ʘʥʘʣʠʪʠʯʢʝ ʬʦʨʤʫʣʝ ʟʘ ʧʦʣʫʩʬʝʨʥʫ ʫʟʝʤˀʠʚʘʯʢʫ 

ʝʣʝʢʪʨʦʜʫ ʥʘ ʚʨʭʫ ʟʘʨʫʙˀʝʥʝ ʢʫʧʝ ʠ ʥʘʢʥʘʜʥʘ ʧʨʠʤʝʥʘ FEM ʨʘʜʠ ʚʝʨʠʬʠʢʘʮʠʿʝ ʠʟʚʝʜʝʥʦʛ 

ʠʟʨʘʟʘ. 

ʀʥʪʝʨʝʩʘʥʪʥʘ ʘʥʘʣʠʟʘ ʤʦʛʫ˂ʥʦʩʪʠ ʧʨʠʤʝʥʝ ʭʠʙʨʠʜʥʝ FEM-BEM ʤʝʪʦʜʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ 

ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ, ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʢʦʨʘʢʘ ʢʦʤʧʣʝʢʩʥʦʛ (ʤʨʝʞʥʦʛ) ʫʟʝʤˀʠʚʘʯʢʦʛ 

ʩʠʩʪʝʤʘ ʫ ʜʚʦʩʣʦʿʥʦʤ ʪʣʫ, ʧʨʠʢʘʟʘʥʘ ʿʝ ʫ ʨʘʜʫ ʊʨʣʝʧʘ ʠ ʦʩʪʘʣʠʭ ʨʝʣʘʪʠʚʥʦ ʥʦʚʠʿʝʛ ʜʘʪʫʤʘ 

[105]. FEM ʿʝ ʠʩʢʦʨʠʰ˂ʝʥ ʟʘ ʜʦʤʝʥ ʥʝʧʦʩʨʝʜʥʦ ʦʢʦ ʫʟʝʤˀʠʚʘʯʘ, ʠ ʫ ˁʝʤʫ ʿʝ ʤʦʜʝʣʦʚʘʥʦ 

ʥʝʭʦʤʦʛʝʥʦ ʟʝʤˀʠʰʪʝ ʫ ʩʤʠʩʣʫ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ, ʘ BEM ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʤʦʜʝʣʦʚʘˁʝ ʜʦʤʝʥʘ ʦʜ 

ʩʧʦˀʘʰˁʠʭ ʛʨʘʥʠʮʘ FEM ʜʦʤʝʥʘ ʜʦ ʙʝʩʢʦʥʘʯʥʦʩʪʠ, ʛʜʝ ʿʝ ʫ BEM ʜʦʤʝʥʫ ʧʨʠʤʝˁʝʥʦ 

ʭʦʤʦʛʝʥʦ ʪʣʦ. 

 

2.3.9 ɿʘʢˀʫʯʘʢ ʧʨʝʛʣʝʜʘ ʣʠʪʝʨʘʪʫʨʝ ʟʘ ʥʘʧʦʥ ʜʦʜʠʨʘ 

ʇʨʠʩʪʫʧ ʟʘ ʧʨʦʨʘʯʫʥ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʫ ʩʪʘʥʜʘʨʜʫ [10] (ʪʘʢʦʹʝ ʠ ʫ [65]) ʢʦʨʠʩʪʠ 

ʝʢʚʠʚʘʣʝʥʪʥʠ ʊʝʚʝʥʝʥʦʚ ʛʝʥʝʨʘʪʦʨ. ʉʤʘʪʨʘ ʩʝ ʜʘ ʿʝ ʦʪʧʦʨʥʦʩʪ ʟʘʤʝʥʩʢʦʛ ʊʝʚʝʥʝʥʦʚʦʛ 

ʛʝʥʝʨʘʪʦʨʘ Rʝʢʚ.  ʿʝʜʥʘʢʘ ʦʪʧʦʨʥʦʩʪʠ Rʩʪʦʧʘʣʦ/2 ʠʟʤʝʹʫ ʜʠʩʢʦʚʘ ʢʦʿʠʤʘ ʩʝ ʤʦʜʝʣʫʿʫ ʩʪʦʧʘʣʘ, ʩ 

ʿʝʜʥʝ ʩʪʨʘʥʝ, ʠ ʫʜʘˀʝʥʝ ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ, ʩ ʜʨʫʛʝ ʩʪʨʘʥʝ. ʇʨʠʪʦʤ, ʫʟʠʤʘ ʩʝ ʜʘ ʿʝ ʦʪʧʦʨʥʦʩʪ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʿʝʜʥʦʛ ʩʪʦʧʘʣʘ (Rʩʪʦʧʘʣʦ) ʿʝʜʥʘʢʘ ʦʪʧʦʨʥʦʩʪʠ ʢʦʿʘ ʩʝ ʩʫʧʨʦʪʩʪʘʚˀʘ ʧʨʦʪʦʢʫ 

ʩʪʨʫʿʝ ʦʜ ʢʨʫʞʥʝ ʤʝʪʘʣʥʝ ʧʣʦʯʝ (ʜʠʩʢʘ) ʥʘ ʧʦʚʨʰʠʥʠ ʟʝʤˀʝ ʜʦ ʫʜʘˀʝʥʝ ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ. 

ʋʢʦʣʠʢʦ ʩʝ ʩʪʨʠʢʪʥʦ ʧʦʩʤʘʪʨʘ ʊʝʚʝʥʝʥʦʚʘ ʪʝʦʨʝʤʘ, ʥʠʿʝ ʪʘʯʥʦ ʜʘ ʿʝ ʝʢʚʠʚʘʣʝʥʪʥʘ 

ʦʪʧʦʨʥʦʩʪ Rʝʢʚ. ʿʝʜʥʘʢʘ ʧʨʝʣʘʟʥʦʿ ʦʪʧʦʨʥʦʩʪʠ ʦʙʘ ʩʪʦʧʘʣʘ Rʩʪʦʧʘʣʦ/2. ʊʝʦʨʝʪʩʢʠ, ʊʝʚʝʥʝʥʦʚʘ 

ʠʤʧʝʜʘʥʩʘ ʿʝ ʿʝʜʥʘʢʘ ʦʪʧʦʨʥʦʩʪʠ ʢʦʿʘ ʩʝ ʠʤʘ ʠʟʤʝʹʫ ʪʘʯʘʢʘ ʩʪʘʿʘˁʘ ʠ ʜʦʜʠʨʘ, ʢʘʦ ʰʪʦ ʿʝ 

ʧʨʝʜʩʪʘʚˀʝʥʦ ʫ [67]. 

ʋ ʝʣʝʢʪʨʠʯʥʦʤ ʢʦʣʫ ʢʚʘʨʘ, ʢʘʜʘ ʿʝ ʦʩʦʙʘ ʠʟʣʦʞʝʥʘ ʥʘʧʦʥʫ ʜʦʜʠʨʘ, ʫʯʝʩʪʚʫʿʫ: 

¶ ʠʤʧʝʜʘʥʩʘ ʩʠʩʪʝʤʘ, 

¶ ʢʦʥʪʘʢʪʥʘ ʦʪʧʦʨʥʦʩʪ ʫ ʪʘʯʢʠ ʜʦʜʠʨʘ, ʪʿ. ʢʦʞʝ ʨʫʢʝ, ʦʜʥʦʩʥʦ ʦʪʧʦʨʥʦʩʪ ʨʫʢʘʚʠʮʘ, 

¶ ʧʨʦʤʝʥˀʠʚʘ ʥʘʧʦʥʩʢʠ ʟʘʚʠʩʥʘ ʠʤʧʝʜʘʥʩʘ ʪʝʣʘ, 

¶ ʦʪʧʦʨʥʦʩʪ ʹʦʥʦʚʘ ʮʠʧʝʣʘ, 

¶ ʢʦʥʪʘʢʪʥʘ ʦʪʧʦʨʥʦʩʪ ʫ ʩʪʘʿʥʠʤ ʪʘʯʢʘʤʘ, ʠ  

¶ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʜ ʪʘʯʘʢʘ ʩʪʘʿʘˁʘ ʜʦ ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ, ʩʘ ʠʣʠ ʙʝʟ 
ʚʝʰʪʘʯʢʠ ʥʘʩʫʪʦʛ ʩʣʦʿʘ. 

ʋ ʣʠʪʝʨʘʪʫʨʠ ʧʦʩʪʦʿʝ ʨʝʬʝʨʝʥʮʝ ʢʦʿʝ ʩʝ ʜʝʪʘˀʥʦ ʙʘʚʝ ʥʘʚʝʜʝʥʠʤ ʝʬʝʢʪʠʤʘ, ʘʣʠ ʩʫ ʟʘ 

ʨʘʟʤʘʪʨʘˁʘ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʧʨʠʤʝˁʝʥʝ ʧʨʝʪʧʦʩʪʘʚʢʝ ʠʟ ʩʪʘʥʜʘʨʜʘ [10] ï ʜʘ ʩʫ ʩʚʠ ʢʦʥʪʘʢʪʠ 

ʠʜʝʘʣʥʠ ʠ ʜʘ ʿʝ ʠʤʧʝʜʘʥʩʘ ʪʝʣʘ ʘʢʪʠʚʥʘ ʦʪʧʦʨʥʦʩʪ ʢʦʥʩʪʘʥʪʥʝ ʚʨʝʜʥʦʩʪʠ 1000 Ý. ʋ 

ʜʠʩʝʨʪʘʮʠʿʠ ʩʝ ʧʦʣʘʟʠ ʦʜ ʪʦʛʘ ʜʘ ʿʝ ʧʦʟʥʘʪʘ ʢʦʤʧʦʥʝʥʪʘ ʩʪʨʫʿʝ ʟʝʤˀʦʩʧʦʿʥʦʛ ʢʚʘʨʘ ʢʦʿʘ 

ʧʨʦʪʠʯʝ ʢʘ ʫʟʝʤˀʠʚʘʯʫ. 

 

2.4 ɿʘʢˀʫʯʘʢ 

ʄʝʪʦʜʝ ʧʨʠʤʝˁʝʥʝ ʫ ʦʙʣʘʩʪʠ ʫʟʝʤˀʝˁʘ ʩʫ ʢʦʥʮʝʧʪʫʘʣʥʦ ʨʘʟʚʠʿʘʥʝ ʩʣʠʯʥʦ ʢʘʦ ʫ 

ʜʨʫʛʠʤ ʦʙʣʘʩʪʠʤʘ ʝʣʝʢʪʨʦʝʥʝʨʛʝʪʠʢʝ. ʈʘʟʣʦʛ ʿʝ ʰʪʦ ʩʝ ʝʣʝʢʪʨʦʝʥʝʨʛʝʪʠʢʘ ʿʘʚʠʣʘ ʤʥʦʛʦ ʧʨʝ 

ʜʨʫʛʠʭ ʦʙʣʘʩʪʠ ʝʣʝʢʪʨʦʪʝʭʥʠʢʝ ʠ ʙʠʣʦ ʿʝ ʥʝʦʧʭʦʜʥʦ ʦʩʪʚʘʨʠʪʠ ʬʫʥʜʘʤʝʥʪʘʣʥʝ ʟʘʭʪʝʚʝ ʟʘ 

ʬʫʥʢʮʠʦʥʘʣʥʦʰ˂ʫ, ʙʝʟʙʝʜʥʦʰ˂ʫ ʠ ʝʢʦʥʦʤʩʢʠ ʩʚʨʩʠʩʭʦʜʥʘ ʨʝʰʝˁʘ. ʋ ʪʠʤ ʧʝʨʠʦʜʠʤʘ ʥʠʩʫ 

ʙʠʣʠ ʜʦʩʪʫʧʥʠ ʩʥʘʞʥʠ ʨʘʯʫʥʘʨʩʢʠ ʨʝʩʫʨʩʠ ʠ ʩʦʬʪʚʝʨʩʢʘ ʧʦʜʨʰʢʘ, ʢʘʦ ʰʪʦ ʧʦʩʪʦʿʝ ʜʘʥʘʩ. 

ɿʙʦʛ ʪʦʛʘ ʿʝ ʙʠʣʦ ʥʝʤʠʥʦʚʥʦ ʪʝʞʠʪʠ ʢʘ ʿʝʜʥʦʩʪʘʚʥʠʤ ʘʥʘʣʠʪʠʯʢʠʤ ʬʦʨʤʫʣʘʤʘ, ʫʟ ʢʦʨʠʰ˂ʝˁʝ 

ʛʨʘʬʠʯʢʠ, ʪʘʙʝʣʘʨʥʦ ʠʣʠ ʘʥʘʣʠʪʠʯʢʠ ʟʘʜʘʪʠʭ ʢʦʨʝʢʮʠʦʥʠʭ ʢʦʝʬʠʮʠʿʝʥʘʪʘ. 
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ʇʦ ʧʨʘʚʠʣʫ, ʧʦʩʤʘʪʨʘʥʠ ʩʫ ʧʨʚʦ ʝʣʝʤʝʥʪʘʨʥʠ ʩʣʫʯʘʿʝʚʠ ʢʦʿʝ ʿʝ ʤʦʛʫ˂ʝ ʨʝʰʠʪʠ 

ʪʝʦʨʠʿʩʢʠ. ɿʘʪʠʤ ʩʫ ʧʨʘʚˀʝʥʠ ʫʧʨʦʰ˂ʝʥʠ ʤʦʜʝʣʠ ʢʦʿʠ ʢʚʘʣʠʪʘʪʠʚʥʦ ʦʧʠʩʫʿʫ ʨʘʟʣʠʢʫ ʠʟʤʝʹʫ 

ʝʣʝʤʝʥʪʘʨʥʦʛ ʠ ʩʪʚʘʨʥʦʛ ʩʣʫʯʘʿʘ; ʧʨʠʤʝʨ: ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʜ ʩʪʦʧʘʣʘ ʜʦ 

ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ ʧʨʠ ʥʘʩʠʧʘˁʫ ʩʣʦʿʘ ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ. ʅʫʤʝʨʠʯʢʦʤ ʠʣʠ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʘʥʘʣʠʟʦʤ ʫʧʨʦʰ˂ʝʥʠʭ ʤʦʜʝʣʘ ʩʝ ʜʦʣʘʟʠ ʜʦ ʫʧʨʦʰ˂ʝʥʠʭ ʠʟʨʘʟʘ ʠ 

ʢʦʨʝʢʮʠʦʥʠʭ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʢʦʿʠ ʬʠʛʫʨʠʰʫ ʫ ʠʩʪʠʤʘ. 

ʋ ʿʝʜʥʦʤ ʧʝʨʠʦʜʫ ʩʫ ʨʘʟʚʠʿʘʥʠ ʧʨʦʛʨʘʤʠ ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘʿʫ ʥʫʤʝʨʠʯʢʫ ʨʘʩʧʦʜʝʣʫ ʩʪʨʫʿʘ 

ʠ ʥʘʧʦʥʘ ʥʘ ʧʦʚʨʰʠ ʟʘ ʥʠʟ ʪʠʧʠʯʥʠʭ ʩʠʪʫʘʮʠʿʘ ʫ ʧʨʘʢʩʠ. 

ʄʦʪʠʚʘʮʠʿʘ ʟʘ ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʩʫ ʧʨʦʠʩʪʝʢʣʘ ʠʟ ʩʪʚʘʨʥʠʭ ʪʝʰʢʦ˂ʘ ʧʨʠ 

ʧʨʦʿʝʢʪʦʚʘˁʫ ʫʟʝʤˀʠʚʘʯʘ ʫ ʫʩʣʦʚʠʤʘ ʩʧʝʮʠʬʠʯʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʣʘ ʫ ʋɸɽ. 

ʀʜʝʥʪʠʬʠʢʦʚʘʥʝ ʩʫ ʩʠʪʫʘʮʠʿʝ ʛʜʝ ʩʝ ʧʨʠʤʝʥʦʤ ʧʦʩʪʦʿʝ˂ʠʭ ʤʝʪʦʜʘ, ʢʦʿʝ ʩʫ ʟʘʩʥʦʚʘʥʝ ʥʘ 

ʫʧʨʦʰ˂ʝˁʠʤʘ ʢʦʿʘ ʩʫ ʧʨʠʭʚʘʪˀʠʚʘ ʟʘ ʫʦʙʠʯʘʿʝʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʪʣʘ, ʩʤʘˁʫʿʝ ʪʘʯʥʦʩʪ 

ʢʣʘʩʠʯʥʠʭ ʧʦʩʪʫʧʘʢʘ ʠ ʬʦʨʤʫʣʘ. 

ʂʘʦ ʰʪʦ ʿʝ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʧʨʠʢʘʟʘʥʦ ʥʘ ʥʠʟʫ ʧʨʠʤʝʨʘ, ʢʘʢʦ ʦʥʠʭ ʛʜʝ ʿʝ ʦʩʪʚʘʨʝʥ 

ʜʦʧʨʠʥʦʩ ʫ ʦʙʣʘʩʪʠ ʫʟʝʤˀʝˁʘ, ʪʘʢʦ ʠ ʦʧʰʪʠʿʠʭ ʧʨʠʤʝʨʘ, ʩʘʚʨʝʤʝʥʠ FEM ʩʦʬʪʚʝʨʠ ʦʧʰʪʝ 

ʥʘʤʝʥʝ ʧʨʝʚʘʟʠʣʘʟʝ ʩʥʘʛʫ ʩʧʝʮʠʿʘʣʠʟʦʚʘʥʠʭ ʧʨʦʛʨʘʤʘ ʙʘʟʠʨʘʥʠʭ ʥʘ ʤʘʪʝʤʘʪʠʯʢʠʤ ʤʦʜʝʣʠʤʘ 

ʟʘ ʨʝʰʘʚʘˁʝ ʧʘʨʪʠʢʫʣʘʨʥʦʛ ʧʨʦʙʣʝʤʘ. ʅʠʿʝ ʧʨʝʪʝʨʘʥʦ ʨʝ˂ʠ ʜʘ FEM ʩʦʬʪʚʝʨʠ ʤʦʛʫ ʜʘ 

ʥʘʧʨʘʚʝ ʚʝʨʥʫ ʜʠʛʠʪʘʣʥʫ ʨʝʧʣʠʢʫ ʙʠʣʦ ʢʘʢʚʝ ʝʣʝʢʪʨʠʯʥʝ ʚʝʟʝ ʩʪʨʫʿʘ ʢʚʘʨʘ / ʫʟʝʤˀʠʚʘʯ / 

ʩʪʦʧʘʣʘ ʤʦʜʝʣʦʚʘʥʘ ʢʘʦ ʤʝʪʘʣʥʠ ʜʠʩʢʦʚʠ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ, ʩʘ ʠʣʠ ʙʝʟ ʦʪʧʦʨʥʦʩʪʠ ʦʙʫ˂ʝ 

ʠʟʤʝʹʫ ʩʪʦʧʘʣʘ ʠ ʪʣʘ / ʠʤʧʝʜʘʥʩʘ ˀʫʜʩʢʦʛ ʪʝʣʘ. ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʩʝ ʟʘ ʩʚʘʢʫ ʦʜ ʩʠʤʫʣʘʮʠʿʘ 

ʠʩʢʘʟʫʿʝ ʨʘʟʣʦʛ ʟʘʰʪʦ ʿʝ ʚʨʰʝʥʘ, ʨʝʟʫʣʪʘʪ ʠ ʟʘʢˀʫʯʘʢ, ʩʘ ʧʨʝʜʣʦʛʦʤ ʜʦʧʨʠʥʦʩʘ ʫ ʧʦʛʣʝʜʫ 

ʧʦʩʪʦʿʝ˂ʝʛ ʨʝʘʣʥʦʛ ʧʨʦʙʣʝʤʘ. 
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3 ʇʈɽɻʃɽɼ ʄɽʊʆɼɸ ɿɸ ɸʅɸʃʀɿʋ ʋɿɽʄɲʀɺɸʏʂʀʍ ʉʀʉʊɽʄɸ 

 

3.1 ʋʚʦʜ 

ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʩʝ ʧʨʠʢʘʟʫʿʫ ʤʝʪʦʜʝ ʢʦʿʝ ʩʫ ʧʨʠʤʝˁʝʥʝ ʪʦʢʦʤ ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʦʢʚʠʨʫ 

ʜʠʩʝʨʪʘʮʠʿʝ. 

ɼʦʤʠʥʘʥʪʥʘ ʤʝʪʦʜʘ ʿʝ ʙʠʣʘ ʢʦʨʠʰ˂ʝˁʝ 3ɼ FEM ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʤʫʣʘʮʠʿʘ. ʉʦʬʪʚʝʨʠʤʘ 

ʙʘʟʠʨʘʥʠʤ ʥʘ FEM ʤʝʪʦʜʠ ʤʦʛʫ˂ʝ ʿʝ ʦʩʪʚʘʨʠʪʠ ʚʝʨʥʫ ʜʠʛʠʪʘʣʥʫ ʨʝʧʣʠʢʫ ʨʝʘʣʥʠʭ ʨʘʩʧʦʜʝʣʘ 

ʩʪʨʫʿʘ ʠ ʥʘʧʦʥʘ ʥʘ ʧʦʚʨʰʠ ʪʣʘ ʟʘ ʩʚʝ ʝʣʝʤʝʥʪʝ ʩʠʩʪʝʤʘ ʫʟʝʤˀʝˁʘ ʟʘ ʢʦʿʠ ʿʝ ʧʦʟʥʘʪʘ ʩʪʨʫʿʘ 

ʫʟʝʤˀʠʚʘʯʘ. ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʩʝ ʢʦʨʠʩʪʠ ʩʦʬʪʚʝʨ COMSOL Multiphysics [17]. ʉʚʝ ʩʠʤʫʣʘʮʠʿʝ 

ʩʫ ʙʘʟʠʨʘʥʝ ʥʘ ʢʦʨʠʰ˂ʝˁʫ COMSOL ʤʦʜʫʣʘ Electrical Currents (ec). ʉʥʘʛʘ ʩʘʚʨʝʤʝʥʦʛ 

ʧʨʠʩʪʫʧʘ ʧʨʝʢʦ FEM ʤʝʪʦʜʝ ʠ ʩʦʬʪʚʝʨʘ ʿʝ ʰʪʦ ʥʝʤʘ ʧʦʪʨʝʙʝ ʟʘ ʙʠʣʦ ʢʘʢʚʠʤ ʫʧʨʦʰ˂ʝˁʝʤ, 

ʰʪʦ ʿʝ ʙʠʣʦ ʥʝʦʧʭʦʜʥʦ ʪʦʢʦʤ ʧʨʦʰʣʦʩʪʠ, ʢʘʜʘ ʩʫ ʨʘʯʫʥʘʨʩʢʠ ʭʘʨʜʚʝʨʩʢʠ ʨʝʩʫʨʩʠ, ʘ ʫ ʚʝʟʠ ʩʘ 

ʪʠʤ ʠ ʤʦʛʫ˂ʝ ʨʘʯʫʥʩʢʝ ʤʝʪʦʜʝ ʢʦʿʝ ʩʫ ʤʦʛʣʝ ʙʠʪʠ ʧʨʠʤʝˁʝʥʝ, ʙʠʣʠ ʦʛʨʘʥʠʯʝʥʠ. FEM  ʤʦʞʝ 

ʜʘ ʩʝ ʧʨʠʤʝˁʫʿʝ ʠ ʟʘ ʤʦʜʝʣʦʚʘˁʝ ʪʟʚ. ʩʧʨʝʛʥʫʪʠʭ ʬʠʟʠʢʘ, ʢʘʦ ʰʪʦ ʿʝ ʥʧʨ. ʩʣʫʯʘʿ ʧʦʩʤʘʪʨʘˁʘ 

ʧʨʦʙʣʝʤʘ ʢʦʜ ʢʦʿʠʭ ʿʝ ʧʨʝʥʦʩ ʪʦʧʣʦʪʝ ʧʦʚʝʟʘʥ ʩʘ ʜʠʥʘʤʠʢʦʤ ʬʣʫʠʜʘ. ʊʦʢʦʤ ʜʦʢʪʦʨʩʢʠʭ 

ʩʪʫʜʠʿʘ, FEM CFD ʤʦʜʫʣ (ʝʥʛʣ. Computational Fluid Dynamics) ʫʧʦʪʨʝʙˀʝʥ ʿʝ ʟʘ ʘʥʘʣʠʟʫ 

ʧʨʦʙʣʝʤʘ ʭʣʘʹʝˁʘ ʪʨʘʥʩʬʦʨʤʘʪʦʨʩʢʦʛ ʢʠʦʩʢʘ ʧʨʠʨʦʜʥʠʤ ʩʪʨʫʿʘˁʝʤ ʚʘʟʜʫʭʘ. ʈʝʟʫʣʪʘʪʠ 

ʠʩʪʨʘʞʠʚʘˁʘ ʩʫ ʦʙʿʘʚˀʝʥʠ ʫ [106]. ɿʘ ʦʚʘʿ ʩʣʫʯʘʿ ʤʘʣʝ ʚʠʩʢʦʟʥʦʩʪʠ ʬʣʫʠʜʘ, ʧʦʩʪʦʿʝ ʚʝʣʠʢʠ 

ʠʟʘʟʦʚʠ ʜʘ ʩʝ ʫʦʧʰʪʝ ʧʦʩʪʠʛʥʝ ʢʦʥʚʝʨʛʝʥʮʠʿʘ, ʘ ʧʦʛʦʪʦʚʫ ʧʦʫʟʜʘʥʠ ʠ ʧʨʝʮʠʟʥʠ ʨʝʟʫʣʪʘʪʠ. ʋ 

ʜʠʩʝʨʪʘʮʠʿʠ, FEM ʿʝ ʧʨʠʤʝˁʝʥ ʥʘ ʨʝʣʘʪʠʚʥʦ ʿʝʜʥʦʩʪʘʚʥʫ ʬʠʟʠʢʫ, ʛʜʝ ʿʝ ʧʨʠʤʝˁʝʥ ʤʝʪʦʜ ʟʘ 

ʧʨʦʨʘʯʫʥ ʫʩʪʘˀʝʥʦʛ ʨʝʞʠʤʘ ʟʘ ʝʣʝʢʪʨʠʯʥʦ ʧʦˀʝ ʫ ʣʠʥʝʘʨʥʦʤ ʜʦʤʝʥʫ. 

ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʿʝ ʧʨʠʤʝˁʝʥʘ ʠ ʤʝʪʦʜʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʛ ʠʩʧʠʪʠʚʘˁʘ ʥʘ ʤʘʣʦʿ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʿ ʧʦʩʪʘʚʮʠ. ʂʦʨʠʰ˂ʝʥʘ ʩʫ ʠ ʪʝʨʝʥʩʢʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʩʘ ʿʝʜʥʝ 

ʦʜ ʣʦʢʘʮʠʿʘ ʫ ʋɸɽ [6] (ʬʦʪʦʛʨʘʬʠʿʝ ʩʫ ʜʘʪʝ ʫ ʇʨʠʣʦʛʫ 2). ɽʢʩʧʝʨʠʤʝʥʪʠ ʫ ʣʘʙʦʨʘʪʦʨʠʿʠ ʩʫ 

ʩʣʫʞʠʣʠ ʢʘʦ ʜʦʜʘʪʥʘ ʧʨʦʚʝʨʘ ʧʨʝʜʣʦʞʝʥʦʛ ʧʦʩʪʫʧʢʘ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʪʣʘ. ʋ ʬʘʟʘʤʘ 

ʧʨʝ ʠʟʚʦʹʝˁʘ ʝʢʩʧʝʨʠʤʝʥʘʪʘ ʚʨʰʝʥʝ ʩʫ ʨʘʯʫʥʘʨʩʢʝ ʩʠʤʫʣʘʮʠʿʝ, ʰʪʦ ʟʥʘʯʠ ʜʘ ʿʝ ʢʦʨʠʰ˂ʝʥʘ 

ʚʝʨʥʘ ʜʠʛʠʪʘʣʥʘ ʨʝʧʣʠʢʘ ʧʦʥʘʰʘˁʘ ʩʠʩʪʝʤʘ. ʀʘʢʦ ʩʝ ʦʚʝ ʩʠʤʫʣʘʮʠʿʝ ʨʝʣʘʪʠʚʥʦ ʿʝʜʥʦʩʪʘʚʥʝ 

ʬʠʟʠʢʝ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ ʫ ʣʠʥʝʘʨʥʦʿ ʩʨʝʜʠʥʠ ʤʦʛʫ ʩʤʘʪʨʘʪʠ ʧʦʫʟʜʘʥʠʤ, ʧʨʠʩʪʫʧʠʣʦ ʩʝ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʿ ʚʝʨʠʬʠʢʘʮʠʿʠ. 

ɼʨʫʛʘ ʤʝʪʦʜʘ, ʢʦʿʘ ʪʘʢʦʹʝ ʧʨʠʧʘʜʘ ʧʨʠʤʝʥʠ ʩʘʚʨʝʤʝʥʠʭ ʩʦʬʪʚʝʨʩʢʠʭ ʤʝʪʦʜʘ ʠ 

ʩʦʬʪʚʝʨʩʢʝ ʧʦʜʨʰʢʝ ʿʝ ʤʝʪʦʜʘ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʬʠʟʠʯʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʪʣʘ ʥʘ ʙʘʟʠ ʧʦʟʥʘʪʠʭ 

ʚʨʝʜʥʦʩʪʠ ʧʦʪʝʥʮʠʿʘʣʘ ʥʘ ʧʦʚʨʰʠ ʪʣʘ. ʂʦʨʠʰ˂ʝʥ ʿʝ ʩʦʬʪʚʝʨʩʢʠ ʧʘʢʝʪ Matlab, ʦʜʥʦʩʥʦ 

ʩʦʣʚʝʨ fminsearch [107]. ʇʦʤʝʥʫʪʠ ʩʦʣʚʝʨ ʿʝ ʧʨʠʤʝˁʝʥ ʫ ʦʢʚʠʨʫ ʨʘʟʚʠʿʝʥʝ ʤʝʪʦʜʝ ʟʘ 

ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ, ʢʦʿʘ ʿʝ ʠʟʣʦʞʝʥʘ ʫ ʧʦʛʣʘʚˀʫ 4. ʇʦʩʣʝʜˁʘ 

ʬʘʟʘ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʨʝʟʫʣʪʦʚʘʣʘ ʢʚʘʣʠʪʘʪʠʚʥʠʤ ʤʝʪʦʜʦʣʦʰʢʠʤ ʜʦʧʨʠʥʦʩʦʤ ʫ ʦʜʥʦʩʫ ʥʘ 

ʬʘʟʝ ʠʩʪʨʘʞʠʚʘˁʘ ʢʦʿʝ ʩʫ ʧʨʝʪʭʦʜʠʣʝ, ʘ ʙʠʣʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʘʥʘʣʠʪʠʯʢʠʤ ʠʟʨʘʟʠʤʘ ʢʦʿʠ 

ʧʦʚʝʟʫʿʫ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʠ ʧʘʨʘʤʝʪʨʝ ʪʣʘ. ʋ ʧʦʩʣʝʜˁʦʿ ʬʘʟʠ, Matlab ʿʝ 

ʩʦʬʪʚʝʨʩʢʠ ʧʦʚʝʟʘʥ ʩʘ FEM ʩʦʬʪʚʝʨʦʤ COMSOL-ʦʤ. 

 

3.2 ʄʝʪʦʜʘ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ï FEM  

ʋ ʧʦʩʣʝʜˁʠʤ ʜʝʮʝʥʠʿʘʤʘ, ʙʨʟ ʨʘʟʚʦʿ ʜʠʛʠʪʘʣʥʠʭ ʨʘʯʫʥʘʨʘ ʫ ʧʦʛʣʝʜʫ ˁʠʭʦʚʠʭ 

ʧʝʨʬʦʨʤʘʥʩʠ ʠ ʤʦʛʫ˂ʥʦʩʪʠ ʩ ʿʝʜʥʝ ʩʪʨʘʥʝ ʠ ˁʠʭʦʚʘ ʩʚʝʧʨʠʩʫʪʥʦʩʪ ʩ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʦʤʦʛʫ˂ʠʣʠ 

ʩʫ ʜʘ ʧʨʠʩʪʫʧʠ ʥʫʤʝʨʠʯʢʦʛ ʨʝʰʘʚʘˁʘ ʧʦʩʪʘʥʫ ʩʚʝ ʨʘʩʧʨʦʩʪʨʘˁʝʥʠʿʠ ʠ ʠʟʫʟʝʪʥʦ 

ʧʨʠʩʪʫʧʘʯʥʠ.  

ɱʝʜʥʘ ʦʜ ʧʨʚʠʭ ʥʫʤʝʨʠʯʢʠʭ ʤʝʪʦʜʘ ʢʦʿʘ ʩʝ ʧʦʿʘʚʠʣʘ ʠ ʧʦʩʪʘʣʘ ʰʠʨʦʢʦ ʨʘʩʧʨʦʩʪʨʘˁʝʥʘ, 

ʘ ʢʦʿʘ ʧʨʠʧʘʜʘ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʤ ʥʫʤʝʨʠʯʢʠʤ ʤʝʪʦʜʘʤʘ ʙʠʣʘ ʿʝ ʤʝʪʦʜʘ ʢʦʥʘʯʥʠʭ ʨʘʟʣʠʢʘ  

(ʝʥʛʣ. FDM ï Finite Difference Method). ʄʝʪʦʜʘ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ (FEM) ʩʝ ʟʘʪʠʤ ʧʦʿʘʚʠʣʘ 
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ʢʘʦ ʤʦ˂ʥʘ ʘʣʪʝʨʥʘʪʠʚʘ ʟʘ ʤʝʪʦʜʫ ʢʦʥʘʯʥʠʭ ʨʘʟʣʠʢʘ. ʄʝʪʦʜʘ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ʩʝ ʫ ʧʦʯʝʪʢʫ 

ʢʦʨʠʩʪʠʣʘ ʧʨʚʝʥʩʪʚʝʥʦ ʟʘ ʘʥʘʣʠʟʫ ʧʨʦʙʣʝʤʘ ʥʘʧʨʝʟʘˁʘ ʟʘ ʧʨʠʤʝʥʝ ʫ ʤʘʰʠʥʩʪʚʫ ʠ ʛʨʘʹʝʚʠʥʠ. 

ʊʘʜʘ ʫ ʧʦʯʝʪʢʫ, ʨʝʰʘʚʘʥʠ ʩʫ ʩʘʤʦ ʧʨʦʙʣʝʤʠ ʢʦʿʝ ʦʜʣʠʢʫʿʝ ʿʝʜʥʦʩʪʘʚʥʘ ʛʝʦʤʝʪʨʠʿʘ ʫ 

ʧʨʠʩʫʩʪʚʫ ʿʝʜʥʦʩʪʘʚʥʠʭ ʛʨʘʥʠʯʥʠʭ ʫʩʣʦʚʘ. ʉ ʦʙʟʠʨʦʤ ʥʘ ʪʦ ʜʘ ʩʝ ʤʝʪʦʜʘ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ 

ʧʦʿʘʚʠʣʘ ʛʦʪʦʚʦ ʫ ʠʩʪʦ ʚʨʝʤʝ ʢʘʜʘ ʩʫ ʩʝ ʜʝʰʘʚʘʣʠ ʟʥʘʯʘʿʥʠ ʧʨʦʙʦʿʠ ʫ ʨʘʯʫʥʘʨʩʢʦʿ ʪʝʭʥʠʮʠ, ʪʦ 

ʿʝ ʠʟʫʟʝʪʥʦ ʧʦʛʦʜʦʚʘʣʦ ʠ ˁʝʥʦʤ ʙʨʟʦʤ ʜʘˀʝʤ ʨʘʟʚʦʿʫ ʠ ʰʠʨʦʢʦʤ ʨʘʩʧʨʦʩʪʨʘˁʠʚʘˁʫ. ʆʜʘʪʣʝ, 

ˁʝʥʘ ʧʨʠʤʝʥʘ ʩʝ ʧʨʦʪʦʢʦʤ ʚʨʝʤʝʥʘ ʰʠʨʠʣʘ ʥʘ ʧʨʦʙʣʝʤʝ ʩʘ ʩʚʝ ʩʣʦʞʝʥʠʿʠʤ ʠ ʩʣʦʞʝʥʠʿʠʤ 

ʛʝʦʤʝʪʨʠʿʘʤʘ ʠ ʛʨʘʥʠʯʥʠʤ ʫʩʣʦʚʠʤʘ ʫ ʩʚʝ ʚʠʰʝ ʠ ʚʠʰʝ ʪʝʭʥʠʯʢʠʭ ʦʙʣʘʩʪʠ ʫ ʢʦʿʠʤʘ 

ʧʨʦʙʣʝʤʠ ʤʦʛʫ ʜʘ ʩʝ ʧʨʝʜʩʪʘʚʝ ʤʘʪʝʤʘʪʠʯʢʠʤ ʤʦʜʝʣʦʤ ʧʨʝʢʦ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʭ ʿʝʜʥʘʯʠʥʘ 

ʢʘʦ ʰʪʦ ʩʫ ʦʙʣʘʩʪʠ ʛʨʘʹʝʚʠʥʘʨʩʪʚʘ, ʤʘʰʠʥʩʪʚʘ, ʬʠʟʠʢʝ, ʝʣʝʢʪʨʦʪʝʭʥʠʢʝ, ʭʝʤʠʿʝ, ʘʢʫʩʪʠʢʝ 

ʠʪʜ. [108]. 

ʈʝʬʝʨʝʥʮʝ [109] ʠ [110] ʫ ʰʠʨʝʤ ʩʤʠʩʣʫ ʨʘʟʤʘʪʨʘʿʫ ʧʨʠʤʝʥʫ FEM ʫ ʝʣʝʢʪʨʦʪʝʭʥʠʮʠ. 

ɿʘ ʩʚʝ 3ɼ FEM ʧʨʦʨʘʯʫʥʝ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʩʝ ʢʦʨʠʩʪʠ ʩʦʬʪʚʝʨ COMSOL Multiphysics [17]. 

ɱʝʜʥʘʯʠʥʝ ʬʠʟʠʢʝ ʢʦʿʝ ʩʝ ʨʝʰʘʚʘʿʫ ʫ ʦʢʚʠʨʫ ʢʦʨʠʰ˂ʝʥʦʛ Electrical Currents (ec) ʤʦʜʫʣʘ ʛʣʘʩʝ: 

 

jJ QÐÖ =, (3.1) 

eJ E Js= + , (3.2) 

E V=-Ð, (3.3) 

 

ʫ ʢʦʿʠʤʘ ʩʫ: 

 

 Jï ʚʝʢʪʦʨ ʛʫʩʪʠʥʝ ʩʪʨʫʿʝ [A/m2], 

ὗï ʠʟʚʦʨʠ ʥʘʝʣʝʢʪʨʠʩʘˁʘ [A/m3], 

ů ï ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʧʨʦʚʦʜʥʦʩʪ ʤʘʪʝʨʠʿʘʣʘ [S/m] ʫʥʫʪʘʨ ʢʦʥʘʯʥʦʛ ʝʣʝʤʝʥʪʘ ʠ 

ʫ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ ʿʝ ʬʫʥʢʮʠʿʘ ʢʦʦʨʜʠʥʘʪʘ (ʟʘ ʩʧʝʮʠʬʠʯʥʫ ʝʣʝʢʪʨʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ʚʘʞʠ 

ɟ = 1/ů), 

 E  ï ʚʝʢʪʦʨ ʿʘʯʠʥʝ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ [V/m] , 

eJ  ï ʚʝʢʪʦʨ ʛʫʩʪʠʥʝ ʧʦʙʫʜʥʠʭ ʩʪʨʫʿʘ  [A/m2], ʠ 

 V ï ʝʣʝʢʪʨʠʯʥʠ ʧʦʪʝʥʮʠʿʘʣ [V] . 

  

ʂʦʥʩʪʠʪʫʪʠʚʥʘ ʨʝʣʘʮʠʿʘ ʿʝ ʦʙʣʠʢʘ: 

 

0 rD Ee e= . (3.4) 

 

ɱʝʜʥʘʯʠʥʘ (3.1) ʧʨʝʜʩʪʘʚˀʘ ʿʝʜʥʘʯʠʥʫ ʢʦʥʪʠʥʫʠʪʝʪʘ ʫ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦʿ ʬʦʨʤʠ. ʇʦ ʦʚʦʿ 

ʬʦʨʤʫʣʠ ʥʝ ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʩʪʚʘʨʘˁʘ ʠʣʠ ʫʥʠʰʪʘʚʘˁʘ ʝʣʝʢʪʨʠʯʥʠʭ ʦʧʪʝʨʝ˂ʝˁʘ, ʪʿ. ʦʚʦ ʿʝ 

ʟʘʢʦʥ ʦʜʨʞʘˁʘ ʝʣʝʢʪʨʠʯʥʠʭ ʦʧʪʝʨʝ˂ʝˁʘ. ʉʫʤʘ ʩʪʨʫʿʘ ʢʦʿʘ ʠʩʪʠʯʝ ʢʨʦʟ ʟʘʪʚʦʨʝʥʫ ʧʦʚʨʰ ʦʢʦ 

ʤʘʣʝ ʟʘʧʨʝʤʠʥʝ ʿʝʜʥʘʢʘ ʿʝ ʩʪʨʫʿʥʦʤ ʦʧʪʝʨʝ˂ʝˁʫ ʫʥʫʪʘʨ ʟʘʪʚʦʨʝʥʝ ʧʦʚʨʰʠ. ɱʝʜʥʘʯʠʥʘ (3.2) 

ʧʨʝʩʪʘʚˀʘ ʆʤʦʚ ʟʘʢʦʥ ʫ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦʿ ʬʦʨʤʠ ʠ ʪʦ ʿʝ ʢʦʥʩʪʠʪʫʪʠʚʥʘ ʨʝʣʘʮʠʿʘ ʟʘ ʚʝʟʫ 

ʠʟʤʝʹʫ ʛʫʩʪʠʥʝ ʩʪʨʫʿʝ ʠ ʿʘʯʠʥʝ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ. ʋ ʢʦʥʩʪʠʪʫʪʠʚʥʦʿ ʨʝʣʘʮʠʿʠ (3.4) ʦʧʠʩʫʿʫ ʩʝ 

ʤʘʢʨʦʩʢʦʧʩʢʘ ʩʚʦʿʩʪʚʘ ʤʝʜʠʿʫʤʘ, ʦʜʥʦʩʥʦ ʧʦʚʝʟʫʿʝ ʿʘʯʠʥʘ ʝʣʝʢʪʨʠʯʥʝ ʠʥʜʫʢʮʠʿʝ ʩʘ ʿʘʯʠʥʦʤ 

ʝʣʝʢʪʨʠʯʥʦʛ ʧʦˀʘ. ʋ ʩʚʠʤ ʨʘʟʤʘʪʨʘˁʠʤʘ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʢʦʨʠʩʪʠʦ ʩʝ ʦʙʣʠʢ ʢʘʦ ʫ (3.4). ɼʘʢʣʝ, 

ʧʨʝʪʧʦʩʪʘʚˀʘ ʩʝ ʣʠʥʝʘʨʘʥ ʤʘʪʝʨʠʿʘʣ ʙʝʟ ʨʝʤʘʥʝʥʪʥʝ ʠʥʜʫʢʮʠʿʝ ʠ ʜʠʝʣʝʢʪʨʠʯʥʠʭ ʛʫʙʠʪʘʢʘ. 

ʈʝʣʘʪʠʚʥʘ ʧʝʨʤʠʪʠʚʥʦʩʪ ‐ ʟʘʜʘʿʝ ʩʝ ʟʘʿʝʜʥʦ ʩʘ ʩʧʝʮʠʬʠʯʥʦʤ ʝʣʝʢʪʨʠʯʥʦʤ ʦʪʧʦʨʥʦʰ˂ʫ 

ʤʘʪʝʨʠʿʘʣʘ ʠ ʫʚʝʢ ʿʝ ʧʦʜʝʰʝʥʘ ʥʘ ʿʝʜʠʥʠʯʥʫ ʚʨʝʜʥʦʩʪ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʫʟʠʤʘ ʩʝ ʜʘ ʿʝ ʪʣʦ ʫ 

ʩʚʠʤ ʨʘʟʤʘʪʨʘˁʠʤʘ ʧʨʦʚʦʜʘʥ ʥʝʜʠʝʣʝʢʪʨʠʯʥʠ ʤʘʪʝʨʠʿʘʣ. 
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COMSOL Multiphysics ʜʝʣʠ ʜʦʤʝʥ ʥʘ ʤʨʝʞʫ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ. ɿʘ ʩʚʘ ʨʘʟʤʘʪʨʘˁʘ ʫ 

ʜʠʩʝʨʪʘʮʠʿʠ ʤʦʜʝʣʦʚʘˁʝ ʿʝ ʫ 3 ʜʠʤʝʥʟʠʿʝ. ʋʦʙʠʯʘʿʝʥʠ ʦʙʣʠʢ ʟʘ ʢʦʥʘʯʥʠ ʝʣʝʤʝʥʪ ʟʘ 

ʤʦʜʝʣʦʚʘˁʝ ʫ 3 ʜʠʤʝʥʟʠʿʝ ʿʝ ʪʝʪʨʘʝʜʘʨ. 

ʅʘ ʩʧʦˀʘʰˁʠʤ ʧʦʚʨʰʠʥʘʤʘ ʠ ʫʥʫʪʘʨ ʩʚʘʢʦʛ ʢʦʥʘʯʥʦʛ ʝʣʝʤʝʥʪʘ (ʪʝʪʨʘʝʜʨʘ), 

ʝʣʝʢʪʨʠʯʥʠ ʧʦʪʝʥʮʠʿʘʣ ʩʝ ʘʧʨʦʢʩʠʤʠʨʘ ʢʘʦ 

 

1

( , , ) ( , , )
N

i i

i

V x y z V N x y z
=

ºä , (3.5) 

 

ʛʜʝ ʩʫ Ni(x,y,z) ʬʫʥʢʮʠʿʝ ʙʘʟʠʩʘ. 

 

ʊʠʧʠʯʥʠ ʛʨʘʥʠʯʥʠ ʫʩʣʦʚʠ ʢʦʿʠ ʤʦʛʫ ʜʘ ʩʝ ʟʘʜʘʿʫ ʥʘ ʧʦʚʨʰʠʥʘʤʘ ʜʦʤʝʥʘ ʟʘ ʧʦʩʤʘʪʨʘʥʫ 

ʬʠʟʠʢʫ ʩʫ: 

1. ʢʦʥʩʪʘʥʪʥʘ ʚʨʝʜʥʦʩʪ (ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ ɼʠʨʠʭʣʝʦʚʦʛ ʪʠʧʘ): V = Vconst, 

2. ʥʦʨʤʘʣʥʘ ʢʦʤʧʦʥʝʥʪʘ ʛʫʩʪʠʥʝ ʩʪʨʫʿʝ (ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ ʅʦʿʤʘʥʦʚʦʛ ʪʠʧʘ): nn J JÖ =. 

ɿʘ 3ɼ FEM ʩʠʤʫʣʘʮʠʿʝ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʢʦʿʝ ʩʫ ʚʨʰʝʥʝ ʫ ʪʦʢʫ ʠʩʪʨʘʞʠʚʘˁʘ 

ʠ ʨʘʟʚʦʿʘ ʥʦʚʝ ʤʝʪʦʜʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ ʟʘ ʩʣʫʯʘʿ ʢʘʜʘ ʩʝ ʠʤʘ 

ʧʣʠʪʘʢ ʧʦʚʨʰʠʥʩʢʠ ʩʣʦʿ ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ: 

¶ ʝʣʝʢʪʨʠʯʥʘ ʠʟʦʣʘʮʠʿʘ: 0n JÖ =ï ʥʘ ʛʦʨˁʦʿ ʧʦʚʨʰʠʥʠ ʜʦʤʝʥʘ, ʢʦʿʘ ʧʨʝʜʩʪʘʚˀʘ 
ʧʦʚʨʰʠʥʫ ʪʣʘ, ʪʿ. ʥʝʤʘ ʧʨʦʪʠʮʘˁʘ ʝʣʝʢʪʨʠʯʥʝ ʩʪʨʫʿʝ ʢʘ ʚʘʟʜʫʭʫ ʠʟʥʘʜ ʪʣʘ (ʢʦʿʠ 

ʥʠʿʝ ʤʦʜʝʣʦʚʘʥ), 

¶ ʧʦʯʝʪʥʝ ʚʨʝʜʥʦʩʪʠ: V = 0 V ï ʟʘ ʧʦʯʝʪʥʫ ʚʨʝʜʥʦʩʪ ʧʦʪʝʥʮʠʿʘʣʘ ʫ ʩʚʠʤ ʪʘʯʢʘʤʘ 

ʤʦʜʝʣʦʚʘʥʦʛ ʜʦʤʝʥʘ ʧʦʩʪʘʚˀʘ ʩʝ ʚʨʝʜʥʦʩʪ ʦʜ 0 ʚʦʣʪʠ, 

¶ ʨʝʬʝʨʝʥʪʥʘ ʟʝʤˀʘ: Vʨʝʬ = 0 V ï ʢʦʥʩʪʘʥʪʥʘ ʚʨʝʜʥʦʩʪ ʥʘ ʩʚʠʤ ʩʧʦˀʘʰˁʠʤ 

ʧʦʚʨʰʠʥʘʤʘ ʜʦʤʝʥʘ (ʦʩʠʤ ʛʦʨˁʝ, ʢʘʦ ʰʪʦ ʿʝ ʚʝ˂ ʧʦʤʝʥʫʪʦ ʠʟʥʘʜ), ʠ 

¶ ʪʝʨʤʠʥʘʣ ʟʘ ʠʥʿʝʢʪʠʨʘˁʝ ʩʪʨʫʿʝ: I0 = 1 A (ʠ I0 = -1 A) ï ʥʘ ʧʦʚʨʰʠʥʘʤʘ ʩʪʨʫʿʥʠʭ 

ʝʣʝʢʪʨʦʜʘ C1 ʠ C2, ʛʜʝ ʿʝ ʥʘ ʧʨʚʦʿ, ʩʘ ʢʦʿʝ ʩʪʨʫʿʘ ʠʩʪʠʯʝ, ʧʦʟʠʪʠʚʥʘ ʚʨʝʜʥʦʩʪ 

ʿʘʯʠʥʝ ʝʣʝʢʪʨʠʯʥʝ ʩʪʨʫʿʝ, ʘ ʥʘ ʜʨʫʛʦʿ, ʫ ʢʦʿʫ ʩʝ ʤʝʨʥʘ ʩʪʨʫʿʘ ʫʣʠʚʘ, ʥʝʛʘʪʠʚʥʘ 

ʚʨʝʜʥʦʩʪ ʿʘʯʠʥʝ ʩʪʨʫʿʝ; ʩʚʝ ʩʠʤʫʣʘʮʠʿʝ ʩʫ ʩʧʨʦʚʦʹʝʥʝ ʫ ʿʝʜʥʦʩʤʝʨʥʦʤ ʨʝʞʠʤʫ. 

ʂʘʜʘ ʩʝ ʟʘʜʘʿʝ ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ ʢʦʿʠ ʩʝ ʪʠʯʝ ʠʥʿʝʢʪʠʨʘˁʘ ʩʪʨʫʿʝ ʫ ʩʦʬʪʚʝʨʫ ʩʝ 

ʦʙʝʣʝʞʘʚʘʿʫ ʩʧʦˀʘʰˁʝ ʧʦʚʨʰʠʥʝ ʩʪʨʫʿʥʠʭ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ ʢʦʿʝ ʩʫ ʫ ʢʦʥʪʘʢʪʫ ʩʘ ʪʣʦʤ. 

ʋʙʘʮʫʿʝ ʩʝ ʟʘʩʝʙʘʥ ʪʝʨʤʠʥʘʣ ʟʘ ʧʨʚʫ ʠ ʜʨʫʛʫ ʩʪʨʫʿʥʫ ʝʣʝʢʪʨʦʜʫ. ʋ ʧʦʩʤʘʪʨʘʥʦʤ ʧʨʦʙʣʝʤʫ 

ʥʝʤʘ ʩʣʦʙʦʜʥʠʭ ʟʘʧʨʝʤʠʥʩʢʠʭ ʠʟʚʦʨʘ (Qj = 0), ʠʥʿʝʢʪʠʨʘˁʝ ʩʪʨʫʿʝ ʟʘʜʘʿʝ ʩʝ ʢʘʦ ʛʨʘʥʠʯʥʠ 

ʫʩʣʦʚ ʥʘ ʯʠʪʘʚʦʿ ʦʙʝʣʝʞʝʥʦʿ ʧʦʚʨʰʠʥʠ ʠ ʫʥʦʩʠ ʫʢʫʧʥʘ ʩʪʨʫʿʘ ʠʥʿʝʢʪʠʨʘˁʘ I0. ɺʝʢʪʦʨ ʛʫʩʪʠʥʝ 

ʩʪʨʫʿʝ ʠʥʠʮʠʿʘʣʥʦ ʥʠʿʝ ʧʦʟʥʘʪ, ʚʝ˂ ʩʦʬʪʚʝʨ ʪʦʢʦʤ ʩʠʤʫʣʘʮʠʿʝ ʘʫʪʦʤʘʪʩʢʠ ʨʘʩʧʦʜʝˀʫʿʝ ʩʪʨʫʿʫ 

ʧʦ ʧʦʚʨʰʠʥʠ ʝʣʝʢʪʨʦʜʝ, ʘʣʠ ʪʘʢʦ ʜʘ ʟʘ ʧʦʚʨʰʠʥʫ ʪʝʨʤʠʥʘʣʘ ʙʫʜʝ ʟʘʜʦʚʦˀʝʥʦ ʜʘ ʠʥʪʝʛʨʘʣ 

ʧʦʚʨʰʠʥʩʢʝ ʛʫʩʪʠʥʝ ʩʪʨʫʿʝ J  ʧʦ ʧʦʚʨʰʠʥʠ ʪʝʨʤʠʥʘʣʘ ʠʟʥʦʩʠ I0. 

ʇʨʠʪʦʤ, ʛʫʩʪʠʥʘ ʩʪʨʫʿʝ ʥʝ˂ʝ ʙʠʪʠ ʫʥʠʬʦʨʤʥʘ, ʚʝ˂ ˂ʝ ʟʘʚʠʩʠʪʠ ʦʜ ʨʘʩʧʦʜʝʣʝ 

ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ, ʛʝʦʤʝʪʨʠʿʝ ʧʦʩʤʘʪʨʘʥʦʛ ʧʨʦʙʣʝʤʘ ʠ ʨʝʟʦʣʫʮʠʿʝ ʤʨʝʞʝ 

ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ. 

ʅʘʧʦʤʝʥʘ: ʟʘ FEM ʤʦʜʝʣʝ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʢʦʿʝ ʩʫ ʜʠʛʠʪʘʣʥʘ ʨʝʧʣʠʢʘ 

ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʤʦʜʝʣʘ ʟʘ ʝʢʩʧʝʨʠʤʝʥʪ ʫ ʧʦʛʣʘʚˀʫ 5, ʛʨʘʥʠʮʝ ʜʦʤʝʥʘ (ʟʠʜʦʚʝ 

ʧʣʘʩʪʠʯʥʦʛ/ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ) ʩʫ ʧʦʩʤʘʪʨʘʥʝ ʢʘʦ ʠʟʦʣʦʚʘʥʝ ʧʦʚʨʰʠ (ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ: 0n JÖ =). 



ʇʨʝʛʣʝʜ ʤʝʪʦʜʘ ʟʘ ʘʥʘʣʠʟʫ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ 
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ɿʘ 3ɼ FEM ʩʠʤʫʣʘʮʠʿʝ ʫ ʢʦʿʠʤʘ ʩʝ ʦʜʨʝʹʫʿʫ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ, 

ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠʣʠ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ, ʨʘʟʣʠʢʘ ʫ ʧʦʛʣʝʜʫ ʧʦʩʪʘʚˀʘˁʘ 

ʛʨʘʥʠʯʥʠʭ ʫʩʣʦʚʘ ʿʝ: 

¶ ʨʝʬʝʨʝʥʪʥʘ ʟʝʤˀʘ ʧʦʩʪʘʚˀʝʥʘ ʿʝ ʥʘ ʩʧʦˀʘʰˁʝ ʧʦʚʨʰʠʥʝ ʪʘʢʦʟʚʘʥʦʛ 

ʙʝʩʢʦʥʘʯʥʦʛ ʜʦʤʝʥʘ ʢʦʿʠ ʿʝ ʥʘʥʝʪ ʢʘʦ ʩʣʦʿ (ˀʫʩʢʘ) ʧʨʝʢʦ ʥʦʨʤʘʣʥʦʛ ʜʦʤʝʥʘ, ʧʨʠ 

ʯʝʤʫ ʿʝ ʥʦʨʤʘʣʥʠ ʜʦʤʝʥ ʤʦʜʝʣʦʚʘʥ ʢʘʦ ʧʦʣʫʣʦʧʪʘ. 

ɹʝʩʢʦʥʘʯʥʠ ʝʣʝʤʝʥʪ, ʦʜʥʦʩʥʦ ʜʦʤʝʥ ʟʘ FEM ʤʦʜʝʣʦʚʘˁʝ ʫʚʝʜʝʥ ʿʝ ʫ ʨʝʬʝʨʝʥʮʠ [111]. 

ʅʘʤʝʨʘ ʠʟʘ ʫʚʦʹʝˁʘ ʙʝʩʢʦʥʘʯʥʦʛ ʝʣʝʤʝʥʪʘ ʙʠʣʦ ʿʝ ʤʦʜʝʣʦʚʘˁʝ ʧʨʦʙʣʝʤʘ ʩʘ ʥʝʦʛʨʘʥʠʯʝʥʠʤ 

ʜʦʤʝʥʠʤʘ. ʇʨʦʩʪʠʨʘˁʝ ʩʪʨʫʿʝ ʢʚʘʨʘ ʦʜ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ ʜʦ ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ ʢʦʿʘ ʩʝ, ʫ 

ʪʝʦʨʠʿʠ, ʥʘʣʘʟʠ ʫ ʙʝʩʢʦʥʘʯʥʦʩʪʠ, ʿʝʜʘʥ ʿʝ ʦʜ ʪʘʢʚʠʭ ʧʨʦʙʣʝʤʘ. ʋ ʥʘʚʝʜʝʥʦʤ ʨʘʜʫ ʩʝ ʫʚʦʜʠ 

ʧʨʠʥʮʠʧ ʤʘʧʠʨʘˁʘ, ʪʿ. ʥʘ ʨʫʙʫ ʢʦʥʘʯʥʦʛ ʜʦʤʝʥʘ ʫʚʦʜʠ ʩʝ ʧʦʿʘʩ ʢʦʥʘʯʥʠʭ ʜʠʤʝʥʟʠʿʘ ʥʘ ʢʦʿʝʤ 

ʿʝ, ʪʘʢʦʨʝ˂ʠ, ʤʘʧʠʨʘʥ ʧʨʝʣʘʟ ʛʝʦʤʝʪʨʠʿʝ ʠ ʿʝʜʥʘʯʠʥʘ ʬʠʟʠʢʝ ʜʦ ʙʝʩʢʦʥʘʯʥʦʩʪʠ, ʰʪʦ ʿʝ 

ʧʦʟʥʘʪʦ ʢʘʦ PML (ʝʥʛʣ. Perfectly Matched Layer). 

ɹʝʩʢʦʥʘʯʥʠ ʜʦʤʝʥ ʿʝ ʧʨʠʤʝˁʝʥ ʟʘ FEM ʤʦʜʝʣʝ ʫ ʧʦʛʣʘʚˀʫ 6 ʫ ʢʦʿʝʤ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʦ 

ʧʦʙʦˀʰʘʚʘˁʝ ʤʝʪʦʜʝ ʟʘ ʧʨʦʨʘʯʫʥ ʥʘʧʦʥʘ ʜʦʜʠʨʘ. ʄʝʹʫʪʠʤ, ʢʘʢʦ ˂ʝ ʙʠʪʠ ʦʙʿʘʰˁʝʥʦ, 

ʙʝʩʢʦʥʘʯʥʠ ʜʦʤʝʥ ʥʠʿʝ ʢʦʨʠʰ˂ʝʥ ʟʘ FEM ʤʦʜʝʣʝ ʫ ʧʦʛʣʘʚˀʫ 4 ʫ ʢʦʿʝʤ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʥʦʚʘ 

ʤʝʪʦʜʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ. 

ʋ FEM ʩʦʬʪʚʝʨʫ COMSOL Multiphysics ʢʦʿʠ ʿʝ ʢʦʨʠʰ˂ʝʥ ʟʘ ʩʚʝ FEM ʩʠʤʫʣʘʮʠʿʝ ʫ ʦʚʦʿ 

ʜʠʩʝʨʪʘʮʠʿʠ ʚʝ˂ ʠʤʘ ʫ ʩʝʙʠ ʛʦʪʦʚ ʝʣʝʤʝʥʪ ʢʦʿʠ ʤʦʞʝ ʜʘ ʩʝ ʧʨʠʤʝˁʫʿʝ ï ʪʟʚ. infinite domain. 

 

3.3 ʅʝʣʜʝʨ-ʄʠʜ ʠ fminsearch ʦʧʪʠʤʠʟʘʮʠʦʥʠ ʘʣʛʦʨʠʪʘʤ 

ɿʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ ʢʦʨʠʰ˂ʝʥ ʿʝ ʩʦʣʚʝʨ fminsearch [107] ʫ 

ʦʢʚʠʨʫ ʩʦʬʪʚʝʨʩʢʦʛ ʧʘʢʝʪʘ Matlab [16].  

ʅʝʣʜʝʨ ʠ ʄʠʜ ʩʫ ʫ [112] ʦʙʿʘʚʠʣʠ ʥʫʤʝʨʠʯʢʫ ʤʝʪʦʜʫ ʦʧʪʠʤʠʟʘʮʠʿʝ ʢʦʿʘ ʿʝ ʜʠʨʝʢʪʥʘ, ʪʿ. 

ʙʝʟ ʠʟʚʦʜʘ, ʢʦʿʘ ʩʝ ʿʦʰ ʥʘʟʠʚʘ ʠ ʩʠʤʧʣʝʢʩ ʤʝʪʦʜʘ. ʄʘʪʝʤʘʪʠʯʢʠ, ʧʦʜ ʧʦʿʤʦʤ ʩʠʤʧʣʝʢʩ ʩʝ 

ʧʦʜʨʘʟʫʤʝʚʘ ʛʝʥʝʨʘʣʠʟʘʮʠʿʘ ʧʦʿʤʘ ʪʨʦʫʛʣʘ, ʦʜʥʦʩʥʦ ʪʝʪʨʘʝʜʨʘ ʜʦ ʪʝʣʘ ʧʨʦʠʟʚʦˀʥʦʛ ʙʨʦʿʘ 

ʪʝʤʝʥʘ (n+1) ʫ ʚʠʰʝʜʠʤʝʥʟʠʦʥʘʣʥʦʤ (n-ʜʠʤʝʥʟʠʦʥʘʣʥʦʤ) ʧʨʦʩʪʦʨʫ. ʄʝʪʦʜʘ ʧʦʨʝʜʠ 

ʚʨʝʜʥʦʩʪʠ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ ʟʘ ʩʚʘ ʪʝʤʝʥʘ ʩʠʤʧʣʝʢʩʘ ʠ ʟʘʪʠʤ ʪʨʘʛʘ ʟʘ ʦʧʪʠʤʘʣʥʠʤ 

ʨʝʰʝˁʝʤ ʟʘʤʝʥʦʤ ʦʥʦʛ ʪʝʤʝʥʘ ʢʦʿʝ ʠʤʘ ʥʘʿʚʠʰʫ ʚʨʝʜʥʦʩʪ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ ʩʚʝ ʜʦʢ ʩʝ 

ʩʠʤʧʣʝʢʩ ʥʝ ʩʢʫʧʠ ʦʢʦ ʧʨʦʩʪʦʨʘ ʫ ʢʦʿʝʤ ʩʝ ʥʘʣʘʟʠ ʤʠʥʠʤʫʤ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ. 

ʉʦʣʚʝʨ, fminsearch, ʟʘʩʥʦʚʘʥ ʿʝ ʥʘ ʤʝʪʦʜʠ [113] ʢʦʿʘ ʿʝ ʜʘˀʘ ʥʘʜʦʛʨʘʜˁʘ ʧʨʝʪʭʦʜʥʦ 

ʥʘʚʝʜʝʥʝ ʨʝʬʝʨʝʥʮʝ. ʋ [113], ʠʟʣʦʞʝʥʘ ʩʫ ʩʚʦʿʩʪʚʘ ʢʦʥʚʝʨʛʝʥʮʠʿʝ ʅʝʣʜʝʨ-ʄʠʜ ʘʣʛʦʨʠʪʤʘ ʟʘ 

ʩʪʨʠʢʪʥʦ ʢʦʥʚʝʢʩʥʝ ʬʫʥʢʮʠʿʝ ʩʘ 1 ʠʣʠ 2 ʜʠʤʝʥʟʠʿʝ. 

ʆʚʘʿ ʩʦʣʚʝʨ ʿʝ ʩʦʬʪʚʝʨʩʢʠ ʨʝʘʣʠʟʦʚʘʥʘ ʤʝʪʦʜʘ ʟʘ ʧʨʦʥʘʣʘʞʝˁʝ ʤʠʥʠʤʫʤʘ ʥʝʦʛʨʘʥʠʯʝʥʝ 

ʤʫʣʪʠʚʘʨʠʿʘʙʠʣʥʝ ʬʫʥʢʮʠʿʝ ʙʝʟ ʨʘʯʫʥʘˁʘ ʠʟʚʦʜʘ. ʉʦʣʚʝʨ ʿʝ ʧʦʛʦʜʘʥ ʟʘ ʨʝʰʘʚʘˁʝ ʧʨʦʙʣʝʤʘ 

ʙʝʟ ʜʠʩʢʦʥʪʠʥʫʠʪʝʪʘ ʫ ʙʣʠʟʠʥʠ ʨʝʰʝˁʘ, ʢʘʦ ʰʪʦ ʿʝ ʩʣʫʯʘʿ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ 

ʚʠʰʝʩʣʦʿʥʦʛ ʪʣʘ. ɱʝʜʘʥ ʦʜ ʨʘʟʣʦʛʘ ʟʘʰʪʦ ʿʝ ʦʚʘʿ ʩʦʣʚʝʨ ʦʜʘʙʨʘʥ ʿʝ ʪʦ ʰʪʦ ʿʝ ʧʨʠʣʠʯʥʦ ʣʘʢʦ ʜʘ 

ʩʝ ʠʩʧʨʘʪʠ ʧʦʥʘʰʘˁʝ ʩʦʣʚʝʨʘ ʪʦʢʦʤ ʧʨʦʮʝʩʘ ʧʨʝʪʨʘʛʝ ʟʘ ʦʧʪʠʤʘʣʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ ʤʦʜʝʣʘ 

ʪʣʘ. ʋ [113], ʟʘ 3 ʛʣʘʚʥʘ ʨʘʟʣʦʛʘ ʟʘʰʪʦ ʿʝ ʅʝʣʜʝʨ-ʄʠʜ ʘʣʛʦʨʠʪʘʤ ʧʦʧʫʣʘʨʘʥ, ʫʧʨʢʦʩ ʧʦʟʥʘʪʠʤ 

ʥʝʝʬʠʢʘʩʥʦʩʪʠʤʘ ʠ ʧʨʦʙʣʝʤʠʤʘ ʩʘ ʢʦʥʚʝʨʛʝʥʮʠʿʦʤ, ʥʘʚʝʜʝʥʦ ʿʝ: 1) ʟʥʘʯʘʿʥʘ ʧʦʙʦˀʰʘˁʘ ʚʝ˂ 

ʪʦʢʦʤ ʧʨʚʠʭ ʥʝʢʦʣʠʢʦ ʠʪʝʨʘʮʠʿʘ, 2) ʧʦʩʪʦʿʝ ʟʥʘʯʘʿʥʝ ʧʨʠʤʝʥʝ ʛʜʝ ʿʝ ʨʘʯʫʥʘʨʩʢʠ Ăʩʢʫʧʘñ ʠʣʠ 

ʚʨʝʤʝʥʩʢʠ ʟʘʭʪʝʚʥʘ ʝʚʘʣʫʘʮʠʿʘ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ, ʘ ʠʟʚʦʜʠ ʥʝ ʤʦʛʫ ʜʘ ʩʝ ʠʟʨʘʯʫʥʘʿʫ, 

ʢʦʜ ʢʦʿʠʭ ʅʝʣʜʝʨ-ʄʠʜ ʠʤʘ ʤʘˁʝ ʧʦʟʠʚʘ ʟʘ ʧʨʦʨʘʯʫʥ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ ʫ ʧʦʨʝʹʝˁʫ ʩʘ 

ʘʣʪʝʨʥʘʪʠʚʥʠʤ ʦʧʪʠʤʠʟʘʮʠʦʥʠʤ ʤʝʪʦʜʘʤʘ ʠ 3) ʿʝʜʥʦʩʪʘʚʥʦʩʪ ï ʢʦʨʘʮʠ ʤʝʪʦʜʝ ʩʫ ʣʘʢʠ ʟʘ 

ʦʙʿʘʰˁʘʚʘˁʝ ʠ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ. 
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ʊʦʢʦʤ ʠʩʪʨʘʞʠʚʘˁʘ ʢʦʿʝ ʿʝ ʩʧʨʦʚʝʜʝʥʦ ʫ ʩʢʣʦʧʫ ʨʘʟʚʦʿʘ ʥʦʚʝ ʤʝʪʦʜʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ 

ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ, fminsearch ʩʝ ʠʩʧʦʩʪʘʚʠʦ ʢʘʦ ʝʬʠʢʘʩʘʥ ʠ ʙʨʟ, 

ʧʨʠʙʣʠʞʘʚʘʿʫ˂ʠ ʩʝ ʪʘʯʥʦʿ ʚʨʝʜʥʦʩʪʠ.  

ʋ Matlab-ʫ ʩʝ fminunc ʧʨʝʧʦʨʫʯʫʿʝ ʟʘ ʧʨʦʙʣʝʤʝ ʢʦʜ ʢʦʿʠʭ ʩʫ ʜʠʤʝʥʟʠʿʝ ʚʝ˂ʝ ʦʜ ʜʚʘ [107] 

[114], ʢʘʦ ʰʪʦ ʚʘʞʠ ʟʘ ʩʣʫʯʘʿ ʦʜʨʝʹʠʚʘˁʘ ʥʝʧʦʟʥʘʪʠʭ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ (ʠʣʠ 

ʚʠʰʝʩʣʦʿʥʦʛ) ʪʣʘ. 

ʆʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ ʿʝ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʠ ʧʨʦʙʣʝʤ ï ʪʨʘʞʝ 

ʩʝ ʦʧʪʠʤʘʣʥʠ ʧʘʨʘʤʝʪʨʠ ɟ1, ɟ2 ʠ h. ɿʘ 3ɼ ʧʨʦʙʣʝʤʝ, ʧʨʚʠ ʢʦʨʘʢ ʫ ʩʦʣʚʝʨʫ fminsearch ʿʝ 

ʢʦʥʩʪʨʫʠʩʘˁʝ, ʫ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʤ ʧʨʦʩʪʦʨʫ ʧʦʯʝʪʥʦʛ ʩʠʤʧʣʝʢʩʘ ʦʙʣʠʢʘ ʪʝʪʨʘʝʜʨʘ. ʆʚʦ ʩʝ 

ʠʟʚʦʜʠ ʪʘʢʦ ʰʪʦ ʩʝ ʟʘ ʠʥʠʮʠʿʘʣʥʝ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ɟ1, ɟ2 ʠ h ʫʟʠʤʘ ʫʨʝʹʝʥʘ ʪʨʦʿʢʘ (ɟ1
0, 

ɟ2
0, h0) ʢʦʿʘ ʿʝ ʜʦʙʠʿʝʥʘ ʠʟ ɺʝʥʝʨʦʚʠʭ ʤʝʨʝˁʘ ʟʘ ʥʘʿʤʘˁʘ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ a. ʀʟ 

ʤʝʨʝˁʘ ʩʝ ʦʜʨʝʹʫʿʝ ʧʨʠʚʠʜʥʘ ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʧʨʝʤʘ ʠʟʨʘʟʫ (2.4), ʘ ʟʘʪʠʤ, 

ʤʝʪʦʜʦʤ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʠʟ [15] ʚʨʝʜʥʦʩʪʠ (ɟ1
0, ɟ2

0, h0). ʆʚʘʢʦ ʜʦʙʠʿʝʥʘ ʠʥʠʮʠʿʘʣʥʘ 

ʧʨʝʪʧʦʩʪʘʚʢʘ ʧʘʨʘʤʝʪʘʨʘ ʢʦʨʠʩʪʠ ʩʝ ʟʘ ʧʦʩʪʘʚˀʘˁʝ ʧʨʚʦʛ ʪʝʤʝʥʘ ʩʠʤʧʣʝʢʩʘ, ʪʿ. ʫ ʦʚʦʤ 

ʩʣʫʯʘʿʫ ʪʝʪʨʘʝʜʨʘ, ʫ 3ɼ ʧʨʦʩʪʦʨʫ. ʇʨʝʦʩʪʘʣʘ 3 ʪʝʤʝʥʘ ʩʝ ʫʩʧʦʩʪʘʚˀʘʿʫ ʪʘʢʦ ʰʪʦ ʩʝ ʫ ʩʤʝʨʫ 

ʩʚʘʢʝ ʦʩʝ ʦʨʪʦʛʦʥʘʣʥʦʛ ʢʦʦʨʜʠʥʘʪʥʦʛ ʩʠʩʪʝʤʘ ʩʚʘʢʠ ʧʘʨʘʤʝʪʘʨ ʧʦʿʝʜʠʥʘʯʥʦ ʫʚʝ˂ʘ ʟʘ +5% ʠ 

ʪʦ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 2. ʪʝʤʝ (ɟ1
0+0,05· ɟ1

0, ɟ2
0, h0), (ɟ1

0, ɟ2
0+ 0,05· ɟ2

0, h0) ʠ (ɟ1
0, ɟ2

0, h0+0,05· 

h0). ʋ ʩʢʣʦʧʫ ʧʨʦʛʨʘʤʩʢʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʟʘ ʥʦʚʫ ʤʝʪʦʜʫ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ 

ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ, ʩʦʣʚʝʨ fminsearch ʧʨʦʩʣʝʹʫʿʝ ʫʨʝʹʝʥʝ ʪʨʦʿʢʝ ʧʘʨʘʤʝʪʘʨʘ ɟ1, ɟ2 ʠ h 

COMSOL-ʫ. ɿʘ ʩʚʘʢʫ ʜʦʙʠʿʝʥʫ ʫʨʝʹʝʥʫ ʪʨʦʿʢʫ ʧʘʨʘʤʝʪʘʨʘ ɟ1, ɟ2 ʠ h COMSOL ʚʨʰʠ 

ʩʠʤʫʣʘʮʠʿʝ ɺʝʥʝʨʦʚʠʭ ʤʝʨʝˁʘ ʟʘ ʩʚʝ ʤʝʹʫʩʦʙʥʝ ʨʘʟʤʘʢʝ ʠʟʤʝʹʫ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ aj, ʛʜʝ ʿʝ 

j=1,é,n. ɿʘ ʧʨʚʫ ʠʪʝʨʘʮʠʿʫ ʩʦʣʚʝʨʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʜʘ ʩʝ COMSOL-ʫ ʧʨʦʩʣʝʜʝ, ʿʝʜʥʦ ʟʘ ʜʨʫʛʠʤ, 

ʩʚʘ 4 ʪʝʤʝʥʘ ʪʝʪʨʘʝʜʨʘ, ʦʜʥʦʩʥʦ ʩʚʝ ʯʝʪʠʨʠ ʧʨʝʪʭʦʜʥʦ ʧʦʙʨʦʿʘʥʝ ʫʨʝʹʝʥʝ ʪʨʦʿʢʝ. 

ʅʘʢʦʥ ʥʘʢʥʘʜʥʝ ʦʙʨʘʜʝ ʨʝʟʫʣʪʘʪʘ COMSOL ʩʠʤʫʣʘʮʠʿʘ, ʜʦʣʘʟʠ ʩʝ ʜʦ ʚʨʝʜʥʦʩʪʠ ʤʝʨʝʥʝ 

ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ Ra
ʨʘʯʫʥʘʪʦ, ʚʨʰʠ ʩʝ, ʠ ʥʘʧʦʩʣʝʪʢʫ ʠʟʨʘʯʫʥʘʚʘ ʚʨʝʜʥʦʩʪ ʢʨʠʪʝʨʠʿʫʤʩʢʝ 

ʬʫʥʢʮʠʿʝ (2.11) ʟʘ ʩʚʘʢʦ ʦʜ ʪʝʤʝʥʘ ʥʘʚʝʜʝʥʦʛ ʪʝʪʨʘʝʜʨʘ. 

ʉʣʝʜʝ˂ʠ ʢʦʨʘʢ, ʦʜʥʦʩʥʦ ʫʣʘʟʘʢ ʫ ʩʣʝʜʝ˂ʫ ʠʪʝʨʘʮʠʿʫ, ʿʝʩʪʝ ʜʘ ʘʣʛʦʨʠʪʘʤ ʧʨʝʪʨʘʛʝ 

ʧʦʩʪʘʚˀʘ ʥʦʚʦ ʪʝʤʝ ʟʘ ʩʠʤʧʣʝʢʩ.  

ʉʚʘʢʘ ʠʪʝʨʘʮʠʿʘ ʩʝ ʜʘʢʣʝ ʟʘʚʨʰʘʚʘ ʩʘ ʥʦʚʠʤ ʩʠʤʧʣʝʢʩʦʤ ʟʘ ʢʦʿʠ ʚʘʞʠ ʜʘ ˂ʝ ˁʝʛʦʚʘ 

ʪʝʤʝʥʘ ʟʘʜʦʚʦˀʘʚʘʪʠ ʦʜʨʝʹʝʥʝ ʫʩʣʦʚʝ ʢʦʿʠ ʜʦʚʦʜʝ ʜʦ ʦʧʘʜʘˁʘ ʬʫʥʢʮʠʿʝ ʯʠʿʘ ʩʝ ʨʝʰʝˁʘ 

ʪʨʘʞʝ, ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʧʨʝʪʭʦʜʥʠʤ ʩʠʤʧʣʝʢʩʦʤ, ʘ ʢʘʢʦ ˂ʝ ʙʠʪʠ ʠʟʣʦʞʝʥʦ ʠʩʧʦʜ. 

ʉʦʣʚʝʨ ʤʝˁʘ ʩʘʤʦ ʪʝʤʝ ʩʘ ʥʘʿʚʝ˂ʦʤ ʚʨʝʜʥʦʰ˂ʫ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ. 

ʆʚʦ ʩʝ ʩʧʨʦʚʦʜʠ ʧʨʝʢʦ ʢʦʨʘʢʘ ʨʝʬʣʝʢʩʠʿʝ, ʢʦʨʘʢʘ ʧʨʦʰʠʨʝˁʘ ʠʣʠ ʢʦʨʘʢʘ ʢʦʥʪʨʘʢʮʠʿʝ ʫ 

ʦʜʥʦʩʫ ʥʘ ʥʘʿʙʦˀʝ ʪʝʤʝ ï ʪʨʦʫʛʘʦ ʜʝʬʠʥʠʩʘʥ ʩʘ 3 ʧʨʝʦʩʪʘʣʘ ʚʨʭʘ. ʇʨʝʢʦ ʥʘʙʨʦʿʘʥʠʭ ʢʦʨʘʢʘ, 

ʠʟʨʘʯʫʥʘʚʘʿʫ ʩʝ ʿʝʜʘʥ (ʘʢʦ ʿʝ ʨʝʬʣʝʢʩʠʿʘ ʫʩʧʝʰʥʘ) ʠʣʠ ʥʘʿʚʠʰʝ ʜʚʘ ʥʦʚʘ ʧʦʪʝʥʮʠʿʘʣʥʘ ʪʝʤʝʥʘ 

ʠ ʚʨʝʜʥʦʩʪʠ ˁʠʭʦʚʠʭ ʢʨʠʪʝʨʠʿʫʤʩʢʠʭ ʬʫʥʢʮʠʿʘ ʫ ʿʝʜʥʦʿ ʠʪʝʨʘʮʠʿʠ ʩʦʣʚʝʨʘ ʠ ʙʠʨʘ ʩʝ ʪʝʤʝ ʩʘ 

ʥʘʿʤʘˁʦʤ ʚʨʝʜʥʦʩʰ˂ʫ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ. ʅʝʣʜʝʨ-ʄʠʜ ʘʣʛʦʨʠʪʘʤ ʿʝ ʫ ʪʦʤ ʧʦʛʣʝʜʫ 

ʰʪʝʜˀʠʚ ï ʪʠʧʠʯʥʦ ʿʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʠʟʚʨʰʠ ʠʟʨʘʯʫʥʘʚʘˁʝ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ ʟʘ ʩʘʤʦ 

ʿʝʜʥʦ ʠʣʠ ʜʚʘ ʪʝʤʝʥʘ. 

ɸʢʦ ʢʨʠʪʝʨʠʿʫʤʩʢʘ ʬʫʥʢʮʠʿʘ ʠʤʘ ʤʘˁʫ ʚʨʝʜʥʦʩʪ ʦʜ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ ʟʘ ʪʝʤʝ ʠʟ 

ʧʨʝʪʭʦʜʥʝ ʠʪʝʨʘʮʠʿʝ ʩʘ ʥʘʿʚʝ˂ʦʤ ʚʨʝʜʥʦʰ˂ʫ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ, ʥʘʚʝʜʝʥʦ ʪʝʤʝ ʧʦʩʪʘʿʝ 

ʥʦʚʦ ʪʝʤʝ ʩʠʤʧʣʝʢʩʘ. ɸʢʦ ʦʚʦ ʥʝ ʫʩʧʝ, ʩʠʤʧʣʝʢʩ ʩʝ ʪʨʘʥʩʬʦʨʤʠʰʝ ʢʦʨʘʢʦʤ ʩʢʫʧˀʘˁʘ ï ʠ 

ʢʨʠʪʝʨʠʿʫʤʩʢʘ ʬʫʥʢʮʠʿʘ ʠʟʨʘʯʫʥʘʚʘ ʩʝ ʟʘ 3 ʥʦʚʘ ʪʝʤʝʥʘ ʢʦʘʿ ʩʝ ʧʦʤʝʨʘʿʫ ʢʘ ʪʝʤʝʥʫ ʪʝʪʨʘʝʜʨʘ 

ʩʘ ʥʘʿʤʘˁʦʤ ʚʨʝʜʥʦʰ˂ʫ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ. ʋ ʥʘʚʝʜʝʥʦʤ ʩʣʫʯʘʿʫ ʩʢʫʧˀʘˁʘ, 

ʠʟʨʘʯʫʥʘʚʘ ʩʝ ʫʢʫʧʥʦ 5 ʪʝʤʝʥʘ ʠ ʚʨʝʜʥʦʩʪʠ ˁʠʭʦʚʠʭ ʢʨʠʪʝʨʠʿʫʤʩʢʠʭ ʬʫʥʢʮʠʿʘ (ʫʢˀʫʯʫʿʫ˂ʠ 

ʘʥʘʣʠʟʫ ʟʘ 2 ʧʨʦʩʧʝʢʪʠʚʥʘ ʪʝʤʝʥʘ ʠʟ ʧʨʝʪʭʦʜʥʠʭ ʧʦʢʫʰʘʿʘ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʢʦʨʘʮʠʤʘ 

ʨʝʬʣʝʢʩʠʿʝ, ʧʨʦʰʠʨʝˁʘ ʠ/ʠʣʠ ʢʦʥʪʨʘʢʮʠʿʝ). ʊʦ ʟʥʘʯʠ ʜʘ ʩʚʘʢʘ ʝʚʘʣʫʘʮʠʿʘ ʥʦʚʦʛ ʩʠʤʧʣʝʢʩʘ 
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ʤʦʞʝ ʜʘ ʫʢˀʫʯʫʿʝ 1, 2 ʠʣʠ 5 ʠʟʨʘʯʫʥʘʚʘˁʘ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ, ʢʘʜʘ ʩʝ ʛʦʚʦʨʠ ʦ 

ʪʨʘʞʝˁʫ ʨʝʰʝˁʘ ʫ ʪʨʦʜʠʤʝʥʟʠʦʥʘʣʥʦʤ ʧʨʦʩʪʦʨʫ. 

ʉʚʘʢʠ ʧʨʦʨʘʯʫʥ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ ʟʘʭʪʝʚʘ FEM ʩʠʤʫʣʘʮʠʿʝ ʟʘ ʩʢʫʧ ʧʘʨʘʤʝʪʘʨʘ 

ɟ1, ɟ2 ʠ h ʠ ʪʦ ʟʘ ʩʚʘʢʠ ʨʘʟʤʘʢ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʫʢʦʣʠʢʦ ʩʫ ʥʘ ʤʝʨʥʦʤ 

ʧʦʣʠʛʦʥʫ ʫ ʿʝʜʥʦʤ ʤʝʨʥʦʤ ʧʨʘʚʮʫ ʠʟʚʨʰʝʥʘ ʤʝʨʝˁʘ ʟʘ n ʨʘʟʣʠʯʠʪʠʭ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ 

ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʜʘ ʩʝ ʠʟʚʨʰʠ ʠʩʪʦ ʪʦʣʠʢʦ FEM ʩʠʤʫʣʘʮʠʿʘ, ʢʘʢʦ ʙʠ ʤʦʛʣʘ ʜʘ 

ʩʝ ʠʟʨʘʯʫʥʘ ʚʨʝʜʥʦʩʪ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ ʟʘ ʩʚʘʢʠ ʪʨʦʯʣʘʥʠ ʩʢʫʧ ʧʘʨʘʤʝʪʘʨʘ ʤʦʜʝʣʘ 

ʜʚʦʩʣʦʿʥʦʛ ʟʝʤˀʠʰʪʘ ʢʦʿʝ ʩʦʣʚʝʨ ʜʘʿʝ ʪʦʢʦʤ ʩʧʨʦʚʦʹʝˁʘ ʠʪʝʨʘʪʠʚʥʦʛ ʧʦʩʪʫʧʢʘ. 

ʉʪʦʛʘ, ʫʢʫʧʥʦ ʧʨʦʨʘʯʫʥʩʢʦ ʚʨʝʤʝ ʟʘ ʧʨʠʙʣʠʞʘʚʘˁʝ ʪʘʯʢʠ ʦʧʪʠʤʘʣʥʦʛ ʨʝʰʝˁʘ ʟʘʚʠʩʠ 

ʦʜ ʝʬʠʢʘʩʥʦʩʪʠ ʛʦʨʝ ʦʧʠʩʘʥʝ ʩʠʤʧʣʝʢʩ ʤʝʪʦʜʝ.  

ʊʦʢʦʤ ʘʥʘʣʠʟʘ ʧʨʝʜʩʪʘʚˀʝʥʠʭ ʫ ʥʘʨʝʜʥʦʤ ʧʦʛʣʘʚˀʫ, ʥʠʿʝ ʙʠʣʦ ʧʨʦʙʣʝʤʘ ʩʘ 

ʢʦʥʚʝʨʛʝʥʮʠʿʦʤ. 

ʊʝʦʨʠʿʩʢʦ ʨʘʟʤʘʪʨʘˁʝ ʩʪʘʙʠʣʥʦʩʪʠ ʟʘ ʅʝʣʜʝʨ-ʄʠʜ ʦʧʪʠʤʠʟʘʮʠʦʥʫ ʤʝʪʦʜʫ ʤʦʞʝ ʩʝ 

ʥʘ˂ʠ ʟʘ ʜʠʤʝʥʟʠʿʝ 1 ʠ 2 ʫ [113] ʠ ʟʘ ʧʨʦʩʪʦʨʝ ʩʘ ʤʘʣʠʤ ʙʨʦʿʝʤ ʜʠʤʝʥʟʠʿʘ (ʜʦ 8 ʜʠʤʝʥʟʠʿʘ) ʫ 

[115]. 

ʇʨʦʮʝʩ ʟʘʤʝʥʝ ʪʝʤʝʥʘ ʩʝ ʧʦʥʘʚˀʘ ʩʚʝ ʜʦʢ ʩʝ fminsearch ʥʝ ʟʘʚʨʰʠ, ʰʪʦ ʟʥʘʯʠ ʜʘ ʩʫ 

ʟʘʜʦʚʦˀʝʥʘ ʦʙʘ ʢʨʠʪʝʨʠʿʫʤʘ ʢʦʥʚʝʨʛʝʥʮʠʿʝ: ʪʦʣʝʨʘʥʮʠʿʘ ʢʦʨʘʢʘ ʿʝ ʟʘʜʦʚʦˀʝʥʘ ʘʢʦ ʿʝ ʧʨʦʤʝʥʘ 

ʨʘʟʣʠʯʠʪʠʭ ʧʘʨʘʤʝʪʘʨʘ ʤʘˁʘ ʦʜ ʥʘʚʝʜʝʥʝ ʚʨʝʜʥʦʩʪʠ, ʘ ʪʦʣʝʨʘʥʮʠʿʘ ʬʫʥʢʮʠʿʝ ʿʝ ʟʘʜʦʚʦˀʝʥʘ 

ʘʢʦ ʿʝ ʮʠˀʥʘ ʬʫʥʢʮʠʿʘ ʤʠʥʠʤʠʟʠʨʘʥʘ ʠʩʧʦʜ ʥʘʚʝʜʝʥʝ ʚʨʝʜʥʦʩʪʠ. 

 

3.4 ʄʝʨʝˁʘ ʥʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʤʦʜʝʣʫ ʠ ʨʝʘʣʥʘ ʪʝʨʝʥʩʢʘ ʤʝʨʝˁʘ 

ʄʝʨʥʠ ʧʦʜʘʮʠ ʩʫ ʜʦʙʠʿʝʥʠ ʥʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʿ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʿ ʧʦʩʪʘʚʮʠ. ʇʦʨʝʜ ˁʠʭ, 

ʧʦʩʪʦʿʘʣʘ ʩʫ ʠ ʤʝʨʝˁʘ ʥʘ ʚʠʰʝ ʣʦʢʘʮʠʿʘ ʫ ʋɸɽ, ʧʨʠ ʯʝʤʫ ʿʝ ʥʘ ʩʚʘʢʦʿ ʠʟʚʝʜʝʥʦ ʚʠʰʝ ʪʠʧʦʚʘ 

ʫʟʝʤˀʠʚʘʯʘ. 

ʋ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʤʦʜʝʣʫ ʿʝ ʢʦʨʠʰ˂ʝʥʘ ʩʪʘʢʣʝʥʘ ʧʦʩʫʜʘ, ʜʠʤʝʥʟʠʿʘ 

81 cm× 31 cm× 26 cm, ʟʘ ʩʤʝʰʪʘʿ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʤʦʜʝʣʘ ʪʣʘ. ʂʦʨʠʰ˂ʝʥʘ 

ʿʝ ʠ ʧʦʤʦ˂ʥʘ ʧʣʘʩʪʠʯʥʘ ʧʦʩʫʜʘ, ʢʦʘʿ ʿʝ ʧʫˁʝʥʘ ʤʘʪʝʨʠʿʘʣʠʤʘ ʢʦʿʠ ʩʠʤʫʣʠʨʘʿʫ ʨʘʟʤʘʪʨʘʥʦ ʪʣʦ, 

ʜʠʤʝʥʟʠʿʘ 38 cm× 28 cm× 10,5 cm. ʋ ʧʦʩʫʜʝ ʩʫ ʩʠʧʘʥʠ ʩʘʤʦ ʟʝʤˀʘ ʠʣʠ ʩʘʤʦ ʧʝʩʘʢ, ʢʘʜʘ ʿʝ 

ʨʘʟʤʘʪʨʘʥ ʫʥʠʬʦʨʤʥʠ ʤʦʜʝʣ ʪʣʘ, ʘ ʟʘʪʠʤ ʠ ʧʝʩʘʢ ʧʨʝʢʦ ʟʝʤˀʝ, ʯʠʤʝ ʿʝ ʦʩʪʚʘʨʝʥ ʜʚʦʩʣʦʿʥʠ 

ʤʦʜʝʣ ʪʣʘ. ɿʘ ʤʝʨʝˁʘ ʿʝ ʢʦʨʠʰ˂ʝʥ ʤʝʨʥʠ ʠʥʩʪʨʫʤʝʥʪ Metrel MI 2124 Smartec Eearth Tester 

[40]. ʄʝˁʘʥʘ ʿʝ ʚʨʩʪʘ ʝʣʝʢʪʨʦʜʘ, ʢʘʢʦ ʙʠ ʩʝ ʩʘʛʣʝʜʘʦ ʦʚʘʿ ʙʠʪʘʥ ʘʩʧʝʢʪ ʫ ʧʨʠʤʝʥʠ 

ʤʝʪʦʜʦʣʦʛʠʿʝ ʠʟ ʜʠʩʝʨʪʘʮʠʿʝ. 
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4 ʄɽʊʆɼɸ ɿɸ ʂɸʈɸʂʊɽʈʀɿɸʎʀɱʋ ʊʃɸ ʂʆʈʀʐɴɽɳɽʄ ʅɽʃɼɽʈ-ʄʀɼ 

ɸʃɻʆʈʀʊʄɸ ʀ FEM  

4.1 ʋʚʦʜ 

ɻʣʘʚʥʘ ʤʦʪʠʚʘʮʠʿʘ ʟʘ ʠʩʪʨʘʞʠʚʘˁʝ, ʢʦʿʝ ʿʝ ʜʦʚʝʣʦ ʜʦ ʜʦʧʨʠʥʦʩʘ ʫ ʚʝʟʠ ʩʘ ʤʝʪʦʜʦʤ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʝ ʧʘʨʘʤʝʪʨʘ ʪʣʘ, ʿʝ ʩʧʦʟʥʘʿʘ ʜʘ ʪʘʯʥʦʩʪ ʧʦʩʪʦʿʝ˂ʠʭ ʤʝʪʦʜʘ ʦʧʘʜʘ ʫ 

ʩʧʝʮʠʬʠʯʥʠʤ ʫʩʣʦʚʠʤʘ ʪʘʥʢʦʛ ʧʦʚʨʰʠʥʩʢʦʛ ʩʣʦʿʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʢʦʜ ʢʦʛʘ ʧʦʚʨʰʠʥʩʢʠ ʩʣʦʿ 

ʠʤʘ ʤʥʦʛʦ ʚʝ˂ʠ ʜʨʫʛʠ ʩʣʦʿ. 

ʋ ʨʝʬʝʨʝʥʮʠ [6] ʿʝ ʧʨʠʢʘʟʘʥ ʧʨʝʛʣʝʜ ʠʥʪʝʥʟʠʚʥʠʭ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʠʩʪʨʘʞʠʚʘˁʘ ʥʘ 

ʧʝʪ ʨʘʟʣʠʯʠʪʠʭ ʣʦʢʘʮʠʿʘ ʫ ʋɸɽ, ʪʦʢʦʤ ʢʦʿʠʭ ʩʫ ʩʝ ʠʩʧʦˀʠʣʠ ʙʨʦʿʥʠ ʧʨʘʢʪʠʯʥʠ ʧʨʦʙʣʝʤʠ ʫ 

ʧʨʠʤʝʥʠ ʤʝʪʦʜʦʣʦʛʠʿʝ ʠʟ ʩʪʘʥʜʘʨʜʘ ʠ ʜʨʫʛʠʭ ʧʦʟʥʘʪʠʭ ʤʝʪʦʜʘ, ʢʦʿʝ ʩʝ ʜʦʙʨʦ ʧʦʢʘʟʫʿʫ ʫ 

ʫʦʙʠʯʘʿʝʥʠʤ ʚʨʩʪʘʤʘ ʪʣʘ. ʈʝʰʘʚʘˁʝ ʫʦʯʝʥʠʭ ʠʟʘʟʦʚʘ ʫ ʦʙʣʘʩʪʠ ʫʟʝʤˀʝˁʘ ʫ ʧʫʩʪʠˁʩʢʠʤ 

ʧʨʝʜʝʣʠʤʘ ɸʨʘʙʠʿʩʢʦʛ ʧʦʣʫʦʩʪʨʚʘ ʿʝ ʜʘʣʘ ʤʦʪʠʚʘʮʠʿʫ ʟʘ ʜʘˀʘ ʠʩʪʨʘʞʠʚʘˁʘ ʠ ʜʦʚʝʣʘ ʜʦ 

ʠʟʨʘʜʝ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ. 

ʀʩʪʨʘʞʠʚʘˁʘ ʠʟ [6] ʩʫ ʦʙʫʭʚʘʪʠʣʘ ʧʝʪ ʨʘʟʣʠʯʠʪʠʭ ʣʦʢʘʮʠʿʘ ʫ ʋɸɽ, ʪʘʢʦ ʜʘ ʩʝ ʠʩʪʨʘʞʝ 

ʪʠʧʠʯʥʠ ʨʝʛʠʦʥʠ ʫ ʦʙʣʘʩʪʠ ʢʦʿʫ ʧʦʢʨʠʚʘ ʨʝʛʠʦʥʘʣʥʘ ʝʣʝʢʪʨʦʜʠʩʪʨʠʙʫʪʠʚʥʘ ʢʦʤʧʘʥʠʿʘ: 

1) ʚʠʩʦʢʝ ʧʝʰʯʘʥʝ ʜʠʥʝ, ʩʘ ʨʘʩʪʨʝʩʠʪʠʤ ʮʨʚʝʥʠʤ ʧʝʩʢʦʤ (ʪʝʰʢʠ ʫʩʣʦʚʠ ʟʘ ʫʟʝʤˀʝˁʝ), 

2) ʤʘˁʝ ʧʝʰʯʘʥʝ ʜʠʥʝ ʩʘ ʨʘʩʪʨʝʩʠʪʠʤ ʙʝʣʠʤ ʧʝʩʢʦʤ (ʪʝʰʢʠ ʜʦ ʫʤʝʨʝʥʠ ʫʩʣʦʚʠ ʟʘ 
ʫʟʝʤˀʝˁʝ), 

3) ʨʘʚʥʘ ʧʫʩʪʠˁʘ ʩʘ ʢʦʤʧʘʢʪʥʠʤ ʙʝʣʠʤ ʧʝʩʢʦʤ (ʫʤʝʨʝʥʠ ʜʦ ʜʦʙʨʠ ʫʩʣʦʚʠ ʟʘ ʫʟʝʤˀʝˁʝ), 

4) ʧʫʩʪʠˁʩʢʠ ʩʪʝʥʦʚʠʪʠ ʧʨʝʜʝʣʠ ʩʘ ʧʨʠʨʦʜʥʠʤ ʦʘʟʘʤʘ ʫ ʦʢʦʣʠʥʠ (ʫʤʝʨʝʥʠ ʜʦ ʜʦʙʨʠ 
ʫʩʣʦʚʠ ʟʘ ʫʟʝʤˀʝˁʝ), ʠ 

5) ʘʛʨʘʨʥʠ ʧʨʝʜʝʣʠ ʫ ʢʦʿʠʤʘ ʧʦʩʪʦʿʝ ʧʦʜʟʝʤʥʝ ʚʦʜʝ (ʜʦʙʨʠ ʫʩʣʦʚʠ ʟʘ ʫʟʝʤˀʝˁʝ). 

ʊʣʦ ʫ ʋɸɽ ʿʝ ʩʧʝʮʠʬʠʯʥʦ, ʧʨʝ ʩʚʝʛʘ ʟʙʦʛ ʧʦʩʪʦʿʘˁʘ ʧʦʚʨʰʠʥʩʢʦʛ ʩʣʦʿʘ ʚʝʣʠʢʝ 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ. ɱʝʜʥʘ ʦʜ ʧʦʩʣʝʜʠʮʘ ʪʘʢʚʦʛ ʪʣʘ ʿʝ ʜʘ ʧʨʘʢʩʘ ʜʘ ʩʝ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ 

ʤʝʪʦʜʦʤ ʠʟʚʦʜʝ ʜʫʞ 6 ʧʨʘʚʘʮʘ ʥʘ ʣʦʢʘʮʠʿʠ ʟʘ ʢʦʿʫ ʩʝ ʚʨʰʠ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʪʣʘ, ʿʝʨ ʠʩʢʫʩʪʚʦ 

ʧʦʢʘʟʫʿʝ ʜʘ ʠʟʚʝʩʪʘʥ ʙʨʦʿ ʤʝʨʝˁʘ ʥʠʿʝ ʚʘʣʠʜʘʥ ʠ ʟʙʦʛ ʪʦʛʘ ʠʭ ʪʨʝʙʘ ʠʩʢˀʫʯʠʪʠ ʠʟ ʤʝʪʦʜʝ ʟʘ 

ʝʩʪʠʤʘʮʠʿʫ ʧʘʨʘʤʝʪʨʘ ʪʣʘ. ʊʦʢʦʤ ʠʩʪʨʘʞʠʚʘˁʘ [6] ʤʝʨʝˁʘ ʩʫ ʚʨʰʝʥʘ ʫ ʚʠʰʝ ʧʨʘʚʘʮʘ (ʜʦ 9 

ʧʨʘʚʘʮʘ ʥʘ ʩʚʘʢʦʿ ʣʦʢʘʮʠʿʠ). ʆʙʿʘʰˁʝʥʦ ʿʝ ʜʘ ʫʧʨʢʦʩ ʧʨʠʤʝʥʝ ʧʦʚʝ˂ʘˁʘ ʧʨʝʯʥʠʢʘ ʪʝʩʪ 

ʝʣʝʢʪʨʦʜʘ ʠ ʩʠʧʘˁʝʤ ʩʣʘʥʝ ʚʦʜʝ ʦʢʦ ʩʪʨʫʿʥʠʭ ʝʣʝʢʪʨʦʜʘ, ʚʝʣʠʢʠ ʙʨʦʿ ʤʝʨʝˁʘ ʥʠʿʝ ʙʠʦ 

ʚʘʣʠʜʘʥ. ʈʝʯʝʥʦ ʿʝ ʜʘ ʫ ʚʝʣʠʢʦʤ ʙʨʦʿʫ ʩʣʫʯʘʿʝʚʘ, ʯʘʢ ʠ ʥʘʢʦʥ ʧʨʝʜʫʟʠʤʘˁʘ ʤʝʨʘ ʟʘ ʩʤʘˁʝˁʝ 

ʢʦʥʪʘʢʪʥʝ ʦʪʧʦʨʥʦʩʪʠ ʠʟʤʝʹʫ ʩʪʨʫʿʥʠʭ ʝʣʝʢʪʨʦʜʘ ʠ ʪʣʘ, ʥʠʿʝ ʙʠʣʦ ʤʦʛʫ˂ʝ ʧʦʩʪʠ˂ʠ ʧʦʪʨʝʙʥʫ 

ʤʝʨʥʫ ʩʪʨʫʿʫ ʢʦʿʘ ʩʝ ʠʥʿʝʢʪʠʨʘ ʫ ʪʣʦ. 

ʋ ʠʜʝʥʪʠʬʠʢʘʮʠʿʠ ʤʝʨʝˁʘ ʢʦʿʘ ʪʨʝʙʘ ʦʜʙʘʮʠʪʠ ʧʨʠ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʠ ʪʣʘ ʢʦʨʠʰ˂ʝʥ ʿʝ ʠ 

ʨʝʟʫʣʪʘʪ CYME ʩʦʬʪʚʝʨʘ, ʢʦʿʠ ʩʠʛʥʘʣʠʟʠʨʘ ʫʧʠʪʥʘ ʤʝʨʝˁʘ. ʅʘ ʢʨʘʿʫ ʩʝ ʧʦʢʘʟʘʣʦ ʜʘ ʩʝ ʟʘ 

ʧʨʚʝ ʜʚʝ ʣʦʢʘʮʠʿʝ ʤʦʨʘʣʦ ʧʨʠʙʝ˂ʠ ʛʨʫʙʠʤ ʠʥʞʝˁʝʨʩʢʠʤ ʘʧʨʦʢʩʠʤʘʮʠʿʘʤʘ ʪʦʢʦʤ ʧʦʩʪʫʧʢʘ 

ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʪʣʘ. 

ʋ ʦʜʥʦʩʫ ʥʘ ʧʦʜʘʪʢʝ ʧʨʠʢʘʟʘʥʝ ʠ ʘʥʘʣʠʟʠʨʘʥʝ ʫ [6], ʙʠʣʘ ʩʫ ʜʦʩʪʫʧʥʘ ʜʦʜʘʪʥʘ ʤʝʨʝˁʘ 

ʩʘ ʨʘʟʣʠʯʠʪʠʭ ʣʦʢʘʮʠʿʘ ʫ ʋɸɽ. ʇʨʠʤʝʨʘ ʨʘʜʠ, ʧʦʨʝʜ ʨʝʟʫʣʪʘʪʘ ʥʘʚʝʜʝʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ 

ʤʝʨʝˁʘ ʥʘ ʧʝʪ ʧʦʣʠʛʦʥʘ ʫ ʪʠʧʠʯʥʠʤ ʨʝʛʠʦʥʠʤʘ, ʙʠʦ ʿʝ ʜʦʩʪʫʧʘʥ ʩʢʫʧ ʠʟʚʝʰʪʘʿʘ ʦ ʛʝʦʣʦʰʢʦʤ 

ʫʟʦʨʢʦʚʘˁʫ ʪʣʘ. ʋʟʦʨʮʠ ʩʫ ʜʦʙʠʿʝʥʠ ʠʟʚʣʘʯʝˁʝʤ ʢʨʦʟ ʧʦʩʪʫʧʘʢ ʙʫʰʝˁʘ ʧʦ ʜʫʙʠʥʠ ʜʦ 20 m. 

ʄʝʩʪʘ ʛʝʦʣʦʰʢʦʛ ʫʟʦʨʢʦʚʘˁʘ ʥʠʩʫ ʚʨʰʝʥʘ ʥʘ ʤʠʢʨʦʣʦʢʘʮʠʿʘʤʘ ʥʘʚʝʜʝʥʠʭ ʧʝʪ ʧʦʣʠʛʦʥʘ, ʚʝ˂ 

ʩʫ ʜʦʙʠʿʝʥʘ ʠʟ ʘʨʭʠʚʝ ʝʣʝʢʪʨʦʜʠʩʪʨʠʩʪʨʠʙʫʪʠʚʥʝ ʢʦʤʧʘʥʠʿʝ. ʇʦʤʦ˂ʫ Google Earth-ʘ ʿʝ 

ʠʟʚʨʰʝʥ ʜʝʪʘˀʥʠ ʧʨʝʛʣʝʜ ʤʠʢʨʦʣʦʢʘʮʠʿʘ ʧʝʪ ʥʘʚʝʜʝʥʠʭ ʧʦʣʠʛʦʥʘ ʠ ʤʠʢʨʦʣʦʢʘʮʠʿʘ ʥʘ ʢʦʿʠʤʘ 

ʩʫ ʚʨʰʝʥʘ ʛʝʦʣʦʰʢʘ ʫʟʦʨʢʦʚʘˁʘ. ʅʘʞʘʣʦʩʪ, ʥʠʿʝ ʙʠʣʦ ʤʦʛʫ˂ʝ ʧʦʫʟʜʘʥʦ ʫʩʪʘʥʦʚʠʪʠ ʜʘ ʩʝ 

ʨʝʟʫʣʪʘʪʠ ʛʝʦʣʦʰʢʠʭ ʫʟʦʨʢʦʚʘˁʘ ʤʦʛʫ ʧʦʫʟʜʘʥʦ ʫʟʝʪʠ ʢʘʦ ʚʘʞʝ˂ʠ ʟʘ ʣʦʢʘʮʠʿʝ ʥʘʚʝʜʝʥʠʭ ʧʝʪ 

ʧʦʣʠʛʦʥʘ. ʈʘʟʣʦʛ ʿʝ ʰʪʦ ʩʫ ʩʫʚʠʰʝ ʫʜʘˀʝʥʝ ʠʣʠ ʧʦʩʪʦʿʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠ ʛʝʦʛʨʘʬʩʢʠ ʤʦʪʠʚʠ, 



ʄʝʪʦʜʘ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʪʣʘ ʢʦʨʠʰ˂ʝˁʝʤ ʅʝʣʜʝʨ-ʄʠʜ ʘʣʛʦʨʠʪʤʘ ʠ FEM 

  54  

 

ʢʘʦ ʰʪʦ ʿʝ ʤʘʩʠʚ ʩʪʝʥʘ ʠʣʠ ʦʘʟʝ. ɼʦʜʘʪʥʘ ʪʝʰʢʦ˂ʘ ʿʝ ʰʪʦ ʠʟʚʝʰʪʘʿʠ ʦ ʛʝʦʣʦʰʢʠʤ 

ʠʩʧʠʪʠʚʘˁʠʤʘ ʥʝ ʩʘʜʨʞʝ ʧʦʜʘʪʘʢ ʦ ʩʧʝʮʠʬʠʯʥʦʿ ʝʣʝʢʪʨʠʯʥʦʿ ʦʪʧʦʨʥʦʩʪʠ ʫʟʦʨʘʢʘ. ʀʟ 

ʥʘʚʝʜʝʥʠʭ ʨʘʟʣʦʛʘ ʩʝ ʦʜʫʩʪʘʣʦ ʦʜ ʧʦʢʫʰʘʿʘ ʜʘ ʩʝ ʠʟ ʜʦʩʪʫʧʥʠʭ ʨʝʟʫʣʪʘʪʘ ʛʝʦʣʦʰʢʠʭ 

ʠʩʧʠʪʠʚʘˁʘ ʜʝʬʠʥʠʰʝ ʧʨʦʤʝʥʘ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʧʦ ʜʫʙʠʥʠ ʪʣʘ ʥʘ 

ʧʦʤʝʥʫʪʠʭ ʧʝʪ ʧʦʣʠʛʦʥʘ. 

ʊʦʢʦʤ ʨʘʜʘ ʥʘ ʠʟʨʘʜʠ ʜʠʩʝʨʪʘʮʠʿʝ ʧʦʥʦʚʦ ʩʫ ʘʥʘʣʠʟʠʨʘʥʠ ʨʝʟʫʣʪʘʪʠ: ʢʘʢʦ ʦʥʠ 

ʧʨʠʢʘʟʘʥʠ ʫ ʩʘʤʦʤ ʨʘʜʫ [6], ʪʘʢʦ ʠ ʦʨʠʛʠʥʘʣʥʘ ʤʝʨʝˁʘ, ʯʠʿʦʤ ʘʥʘʣʠʟʦʤ ʩʝ ʜʦʰʣʦ ʜʦ 

ʨʝʟʫʣʪʘʪʘ ʧʨʝʟʝʥʪʦʚʘʥʠʭ ʫ [6]. ʇʦʪʚʨʹʝʥ ʿʝ ʩʘʜʨʞʘʿ ʫ [6] ʢʦʿʠ ʩʝ ʦʜʥʦʩʠ ʥʘ ʦʧʠʩ ʪʝʰʢʦ˂ʘ 

ʪʦʢʦʤ ʤʝʨʝˁʘ. ʋ ʪʘʙʝʣʠ IV ʫ [6] ʩʫ ʧʨʠʢʘʟʘʥʝ ʚʨʝʜʥʦʩʪʠ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʜʦʙʠʿʝʥʝ ʢʣʘʩʠʯʥʠʤ 

ʧʨʠʩʪʫʧʦʤ (ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʠ CYME ʩʦʬʪʚʝʨ [7]). ʋʟ ʟʘʜʨʞʘʚʘˁʝ ʩʫʤˁʝ ʫ 

ʪʘʯʥʦʩʪ ʧʨʠʤʝˁʝʥʦʛ ʧʦʩʪʫʧʢʘ, ʥʠ ʟʘ ʿʝʜʥʫ ʦʜ ʥʘʚʝʜʝʥʠʭ ʧʝʪ ʣʦʢʘʮʠʿʘ ʧʦʩʪʫʧʘʢ ʥʠ 

ʧʨʠʙʣʠʞʥʦ ʥʠʿʝ ʨʝʟʫʣʪʦʚʘʦ ʟʘʢˀʫʯʢʦʤ ʜʘ ʧʦʩʪʦʿʠ ʪʘʥʘʢ ʛʦʨˁʠ ʩʣʦʿ ʯʠʿʘ ʩʧʝʮʠʬʠʯʥʘ 

ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʠʤʘ ʤʥʦʛʦ ʚʝ˂ʫ ʚʨʝʜʥʦʩʪ ʦʜ ʜʦˁʝʛ ʩʣʦʿʘ. ʅʘʢʥʘʜʥʦʤ ʘʥʘʣʠʟʦʤ 

ʧʨʦʬʠʣʘ ʧʨʦʤʝʥʝ ʧʨʠʚʠʜʥʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʩʘ ʧʨʦʤʝʥʦʤ ʤʝʹʫʩʦʙʥʦʛ ʨʘʩʪʦʿʘˁʘ 

ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ a ʫʩʪʘʥʦʚˀʝʥʦ ʿʝ ʜʘ ʦʜʩʪʫʧʘ ʦʜ ʦʯʝʢʠʚʘʥʦʛ ʧʨʦʬʠʣʘ ʟʘ ʜʚʦʩʣʦʿʥʘ ʪʣʘ. ʆʚʦ 

ʩʘʟʥʘˁʝ ʿʝ ʫʢʘʟʘʣʦ ʜʘ ʜʚʦʩʣʦʿʥʦ ʪʣʦ ʥʝ ʧʨʝʜʩʪʘʚˀʘ ʧʨʘʚʠ ʤʦʜʝʣ ʢʦʿʠʤ ʩʝ ʦʧʠʩʫʿʝ ʪʣʦ. ʊʦʢʦʤ 

ʨʘʜʘ ʥʘ ʜʠʩʝʨʪʘʮʠʿʠ ʩʝ ʨʘʟʤʠʰˀʘʣʦ ʠ ʦ ʧʨʦʤʝʥʠ ʤʦʜʝʣʘ ʪʣʘ (ʜʘ ʩʝ ʫʟʤʝ ʪʨʦʩʣʦʿʥʦ ʪʣʦ, ʠʣʠ 

ʯʘʢ ʜʘ ʩʝ ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʤʝˁʘ ʧʦ ʜʝʬʠʥʠʩʘʥʦʿ ʘʥʘʣʠʪʠʯʢʦʿ ʬʦʨʤʠ ʫ 

ʥʝʢʦʤ ʦʧʩʝʛʫ ʜʫʙʠʥʝ), ʘʣʠ ʩʝ ʦʜʫʩʪʘʣʦ ʦʜ ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʪʦʤ ʩʤʝʨʫ. 

ʅʘʢʦʥ ʩʘʛʣʝʜʘʚʘˁʘ ʥʘʚʝʜʝʥʦʛ, ʦʜʣʫʯʝʥʦ ʿʝ ʜʘ ʩʝ ʝʢʩʧʝʨʠʤʝʥʪ ʠʟʚʝʜʝ ʫ ʣʘʙʦʨʘʪʦʨʠʿʠ, ʥʘ 

ʫʤʘˁʝʥʦʤ ʤʦʜʝʣʫ, ʢʦʜ ʢʦʛʘ ʩʫ ʤʦʛʣʠ ʜʘ ʙʫʜʫ ʢʦʥʪʨʦʣʠʩʘʥʠ ʫʩʣʦʚʠ ʠ ʥʘʧʨʘʚʠ ʜʚʦʩʣʦʿʥʦ ʪʣʦ, 

ʩʘ ʪʘʥʢʠʤ ʧʦʚʨʰʠʥʩʢʠʤ ʩʣʦʿʝʤ ʢʦʿʠ ʠʤʘ ʤʥʦʛʦ ʚʝ˂ʫ ʩʧʝʮʠʬʠʯʥʫ ʝʣʝʢʪʨʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ʦʜ 

ʜʦˁʝʛ ʩʣʦʿʘ. 

ʂʘʦ ʰʪʦ ʿʝ ʨʝʯʝʥʦ ʫ ʧʨʝʪʭʦʜʥʠʤ ʧʦʛʣʘʚˀʠʤʘ ʜʠʩʝʨʪʘʮʠʿʝ, ʨʘʟʚʠʿʝʥʘ ʿʝ ʥʦʚʘ ʤʝʪʦʜʘ ʟʘ 

ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʢʦʿʘ ʢʦʨʠʩʪʠ ʩʧʨʝʛʫ ʩʦʬʪʚʝʨʩʢʠʭ ʧʘʢʝʪʘ MATLAB ʠ 

COMSOL Multiphysics. ʋ MATLAB-ʫ ʿʝ ʛʣʘʚʥʠ ʧʨʦʛʨʘʤ ʢʦʿʠ ʢʦʨʠʩʪʠ ʦʧʪʠʤʠʟʘʮʠʦʥʠ 

ʘʣʛʦʨʠʪʘʤ ʠ ʢʦʿʠ ʧʦʟʠʚʘ 3ɼ FEM ʩʠʤʫʣʘʮʠʿʝ ʢʦʿʝ ʩʝ ʠʟʚʦʜʝ ʫ COMSOL Multiphysics. 

ʆʧʪʠʤʠʟʘʮʠʦʥʠ ʩʦʣʚʝʨ ʠʟ MATLAB-ʘ ʙʘʟʠʨʘʥ ʿʝ ʥʘ ʅʝʣʜʝʨ-ʄʠʜ ʘʣʛʦʨʠʪʤʫ. ʄʝʪʦʜʘ ʢʘʦ 

ʫʣʘʟʥʝ ʧʦʜʘʪʢʝ ʢʦʨʠʩʪʠ ʨʝʟʫʣʪʘʪʝ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ, ʙʠʣʦ ʠʟ ʣʠʪʝʨʘʪʫʨʝ, ʙʠʣʦ ʠʟ 

ʩʪʚʘʨʥʠʭ ʤʝʨʝˁʘ, ʠʣʠ ʩʠʥʪʝʪʠʯʢʝ. 

ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʩʝ ʧʨʠʢʘʟʫʿʫ ʨʝʟʫʣʪʘʪʠ ʧʨʠʤʝʥʝ ʦʨʠʛʠʥʘʣʥʝ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ, ʢʘʦ 

ʜʦʧʨʠʥʦʩʘ ʢʦʿʠ ʿʝ ʦʩʪʚʘʨʝʥ ʠ ʧʫʙʣʠʢʦʚʘʥ ʫ ʤʝʹʫʥʘʨʦʜʥʦʤ ʯʘʩʦʧʠʩʫ Electrical Engineering, 

ʨʝʬʝʨʝʥʮʘ [13]. ʋʧʦʨʝʜʦ ʩʫ ʧʨʠʢʘʟʘʥʠ ʠ ʨʝʟʫʣʪʘʪʠ ʥʘʿʟʥʘʯʘʿʥʠʿʝ (ʦʧʰʪʝʧʨʠʭʚʘ˂ʝʥʝ) ʤʝʪʦʜʝ 

ʠʟ ʣʠʪʝʨʘʪʫʨʝ ʟʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ɺʝʥʝʨʦʚʠʭ ʤʝʨʝˁʘ, ʢʘʢʦ ʙʠ ʩʝ ʩʘʛʣʝʜʘʦ ʝʬʝʢʘʪ ʧʨʠʤʝʥʝ 

ʧʨʝʜʣʦʞʝʥʝ ʥʦʚʝ ʤʝʪʦʜʝ. 

ʋ ʧʦʛʣʘʚˀʫ 5 ʧʨʠʢʘʟʘʥʘ ʿʝ ʠ ʚʝʨʠʬʠʢʘʮʠʿʘ ʧʨʝʜʣʦʞʝʥʝ ʥʦʚʝ ʤʝʪʦʜʝ ʥʘ ʫʤʘˁʝʥʦʤ 

ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʤʦʜʝʣʫ. 

 

4.2 ɺʝʥʝʨʦʚʘ ʤʝʪʦʜʘ 

ɺʝʥʝʨʦʚʘ ʤʝʪʦʜʘ (ʉʣ. 4.1) ʟʘ ʤʝʨʝˁʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ ʧʨʝʪʭʦʜʥʦ ʿʝ ʜʝʪʘˀʥʦ 

ʘʥʘʣʠʟʠʨʘʥʘ ʫ ʦʜʝˀʢʫ 2.2.1.1. 

ʇʨʝʤʘ ɺʝʥʝʨʦʚʦʿ ʤʝʪʦʜʠ, ʤʝʨʝˁʘ ʩʝ ʠʟʚʦʜʝ ʩʘ ʯʝʪʠʨʠ ʮʠʣʠʥʜʨʠʯʥʝ ʝʣʝʢʪʨʦʜʝ 

ʢʦʣʠʥʝʘʨʥʦ ʧʦʙʦʜʝʥʝ ʫ ʟʝʤˀʠʰʪʝ, ʦʜʥʦʩʥʦ ʧʦʨʝʹʘʥʝ ʫ ʣʠʥʠʿʠ ʠ ʪʦ ʥʘ ʿʝʜʥʘʢʠʤ ʨʘʩʪʦʿʘˁʠʤʘ 

a ʠʟʤʝʹʫ ʩʚʘʢʝ ʜʚʝ ʝʣʝʢʪʨʦʜʝ. ʉʧʦˀʘʰˁʝ ʜʚʝ ʝʣʝʢʪʨʦʜʝ ʩʫ ʩʪʨʫʿʥʝ. ʆʥʝ ʩʣʫʞʝ ʟʘ 

ʫʙʨʠʟʛʘʚʘˁʝ ʠʩʧʠʪʥʝ ʩʪʨʫʿʝ ʧʦʟʥʘʪʝ ʿʘʯʠʥʝ. ʋʥʫʪʨʘʰˁʝ ʜʚʝ ʝʣʝʢʪʨʦʜʝ ʟʘ ʧʦʪʝʥʮʠʿʘʣʝ, 

ʦʜʥʦʩʥʦ ʟʘ ʤʝʨʝˁʝ ʨʘʟʣʠʢʝ ʧʦʪʝʥʮʠʿʘʣʘ, ʪʿ. ʥʘʧʦʥʘ. ʉʚʝ 4 ʮʠʣʠʥʜʨʠʯʥʝ ʝʣʝʢʪʨʦʜʝ ʧʦʙʦʜʝʥʝ 

ʩʫ ʜʦ ʜʫʙʠʥʝ b ʫ ʪʣʦ. 
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ʉʣ. 4.1 ï ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ɺʝʥʝʨʦʚʝ ʤʝʪʦʜʝ 

ʋ ɺʝʥʝʨʦʚʦʤ ʨʘʜʫ [33] ʠʟʚʝʜʝʥʠ ʩʫ ʠʟʨʘʟʠ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʨʠʚʠʜʥʝ ʩʧʝʮʠʬʠʯʥʝ 

ʦʪʧʦʨʥʦʩʪʠ (ɟa): ʫʧʨʦʰ˂ʝʥʠ (2.5), ʧʨʠʤʝˁʠʚ ʿʝ ʟʘ ʩʣʫʯʘʿʝʚʝ ʫ ʢʦʿʠʤʘ ʚʘʞʠ b Ḻ a, ʠ 
ʧʨʝʮʠʟʥʠʿʠ (2.4), ʢʦʿʠ ʫʚʘʞʘʚʘ ʠ ʜʫʙʠʥʫ ʫʙʘʜʘˁʘ ʝʣʝʢʪʨʦʜʝ b. ʄʝʹʫʪʠʤ, ʠ ʫ ʧʨʝʮʠʟʥʠʿʝʤ 

ʠʟʨʘʟʫ ʧʨʠʩʫʪʥʘ ʿʝ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʜʘ ʩʫ ʧʨʠ ʠʟʚʦʹʝˁʫ ʝʣʝʢʪʨʦʜʝ ʧʦʩʤʘʪʨʘʥʝ ʢʘʦ ʪʘʯʢʝ ʥʘ 

ʜʫʙʠʥʠ b. 

ʋ ʥʘʚʝʜʝʥʠʤ ʿʝʜʥʘʯʠʥʘʤʘ, ʚʨʰʠ ʩʝ ʘʧʨʦʢʩʠʤʘʮʠʿʘ, ʪʘʢʦ ʰʪʦ ʩʝ ʫʤʝʩʪʦ ʩʪʚʘʨʥʦʛ ʦʙʣʠʢʘ 

ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ ʦʥʝ ʧʦʩʤʘʪʨʘʿʫ ʢʘʦ ʪʘʯʢʝ. ʋ ʿʝʜʥʘʯʠʥʘʤʘ (2.4) ʠ (2.5), ʠʟ ʬʫʥʜʘʤʝʥʪʘʣʥʦʛ 

ɺʝʥʝʨʦʚʦʛ ʨʘʜʘ [33], ʫʟʝʪʦ ʿʝ ʜʘ ʩʝ ʧʦʤʝʥʫʪʝ ʪʘʯʢʝ, ʢʦʿʠʤʘ ʩʝ ʘʧʨʦʢʩʠʤʠʨʘʿʫ ʤʝʨʥʝ ʝʣʝʢʪʨʦʜʝ, 

ʥʘʣʘʟʝ ʥʘ ʜʫʙʠʥʠ b. ʋ ʧʫʙʣʠʢʘʮʠʿʠ [14] ʩʝ ʧʦʣʘʟʠ ʦʜ ʫʧʨʦʰ˂ʝˁʘ ʜʘ ʩʝ ʧʦʤʝʥʫʪʝ ʪʘʯʢʝ ʥʘʣʘʟʝ 

ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ, ʦʜʘʢʣʝ ʩʝ ʜʦʰʣʦ ʜʦ ʠʟʨʘʟʘ (2.10). ʅʘʚʝʜʝʥʘ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʤʦʞʝ ʜʘ ʠʟʘʟʦʚʝ 

ʟʥʘʯʘʿʥʫ ʛʨʝʰʢʫ ʫ ʧʨʦʨʘʯʫʥʫ ʘʢʦ ʫʩʣʦʚ bḺa ʥʠʿʝ ʠʩʧʫˁʝʥ. ʂʘʦ ʰʪʦ ʿʝ ʧʨʝʪʭʦʜʥʦ ʦʙʿʘʰˁʝʥʦ, 

ʫ ʩʣʫʯʘʿʫ ʪʣʘ ʢʦʿʝ ʠʤʘ ʪʘʥʘʢ ʧʦʚʨʰʠʥʩʢʠ ʩʣʦʿ ʚʠʩʦʢʝ ʚʨʝʜʥʦʩʪʠ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 

ʧʦʩʪʦʿʠ ʧʦʪʨʝʙʘ ʜʘ ʩʝ ʠʟʚʨʰʝ ʤʝʨʝˁʘ ʟʘ ʤʘʣʘ ʤʝʹʫʩʦʙʥʘ ʨʘʩʪʦʿʘˁʘ ʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ, ʘ ʢʘʜʘ 

ʿʝ ʪʝʰʢʦ ʧʦʩʪʠ˂ʠ ʧʦʤʝʥʫʪʠ ʫʩʣʦʚ b Ḻ a. ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʩʝ ʢʚʘʥʪʠʬʠʢʫʿʝ ʦʜʩʪʫʧʘˁʝ ʢʦʿʝ 
ʥʘʩʪʘʿʝ ʥʘ ʦʚʘʿ ʥʘʯʠʥ, ʪʿ. ʧʨʠʤʝʥʦʤ ʢʣʘʩʠʯʥʝ ʤʝʪʦʜʝ ʥʘ ʿʝʜʥʦ ʪʘʢʚʦ ʩʧʝʮʠʬʠʯʥʦ ʪʣʦ ʠ 

ʧʨʝʜʣʘʞʝ ʩʝ ʥʦʚʘ ʤʝʪʦʜʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ, ʫ ʢʦʿʦʿ ʩʝ ʫʚʘʞʘʚʘ ʩʪʚʘʨʥʠ, ʮʠʣʠʥʜʨʠʯʘʥ ʦʙʣʠʢ, 

ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ. 

ʉʪʘʥʜʘʨʜʥʘ ʤʝʪʦʜʘ ʠʟ ʣʠʪʝʨʘʪʫʨʝ (ʨʝʬʝʨʝʥʮʝ [14] ʠ [15]) ʟʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ʤʝʨʝˁʘ 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʢʦʨʠʩʪʠ ʘʥʘʣʠʪʠʯʢʠ ʠʟʚʝʜʝʥʫ ʿʝʜʥʘʯʠʥʫ ʟʘ 

ʧʨʦʨʘʯʫʥ ʧʨʠʚʠʜʥʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ɟʘ. ʄʝʪʦʜʘ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ 

ʭʦʨʠʟʦʥʪʘʣʥʦʛ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ. ɺʨʝʜʥʦʩʪ ɟʘ (ʠʟʤʝʨʝʥʦ, ʪʿ. ɟʘ ʤʝʨʝʥʦ) ʜʦʙʠʿʘ ʩʝ ʠʟ Rʘ 

ʧʦʤʦ˂ʫ ʿʝʜʥʘʯʠʥʘ (2.4), ʦʜʥʦʩʥʦ (2.5), ʦʜʥʦʩʥʦ ʛʝʦʤʝʪʨʠʿʩʢʦʛ ʢʦʝʬʠʮʠʿʝʥʪʘ (2.6) ʠʟ [38]. 

ɿʘʚʠʩʥʦʩʪ ɟʘ ʦʜ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʨʘʟʚʠʿʝʥʘ ʿʝ ʧʦʣʘʟʝ˂ʠ ʦʜ ʃʘʧʣʘʩʦʚʝ ʿʝʜʥʘʯʠʥʝ ʠ 

ʧʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ʫ [14] ʫ ʦʙʣʠʢʫ ʨʝʜʘ ʩʘ ʙʝʩʢʦʥʘʯʥʠʤ ʙʨʦʿʝʤ ʯʣʘʥʦʚʘ (2.10). 

ʋ ʠʟʨʘʟʫ (2.10) ʠʟʨʘʞʝʥʘ ʿʝ ʟʘʚʠʩʥʦʩʪ ʧʨʠʚʠʜʥʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ ɟʘ ʦʜ 

ʜʝʙˀʠʥʝ ʛʦʨˁʝʛ ʩʣʦʿʘ ʠ ʩʧʝʮʠʬʠʯʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ʩʣʦʿʝʚʘ ʫ ʜʚʦʩʣʦʿʥʦʤ ʟʝʤˀʠʰʪʫ ʠ 

ʧʨʝʜʩʪʘʚˀʘ ʘʥʘʣʠʪʠʯʢʠ ʤʦʜʝʣ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ. ʇʨʠ ʠʟʚʦʹʝˁʫ ʦʚʦʛ ʠʟʨʘʟʘ ʩʝ ʧʨʠʤʝʥʠʣʘ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʜʘ ʩʝ ʝʣʝʢʪʨʦʜʝ ʧʦʩʤʘʪʨʘʿʫ ʢʘʦ ʪʘʯʢʝ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ ʫʤʝʩʪʦ ʜʘ ʩʝ ʧʦʩʤʘʪʨʘ 

ˁʠʭʦʚ ʩʪʚʘʨʥʠ ʮʠʣʠʥʜʨʠʯʘʥ ʦʙʣʠʢ. ʂʘʦ ʠ ʢʦʜ ʠʟʨʘʟʘ (2.5), ʥʘʚʝʜʝʥʦ ʫʧʨʦʰ˂ʝˁʝ ʿʝ ʦʧʨʘʚʜʘʥʦ 

ʢʘʜʘ ʿʝ b Ḻ a. 

ɼʫʙʠʥʘ b ʫʙʘʜʘˁʘ ʝʣʝʢʪʨʦʜʝ ʤʦʨʘ ʙʠʪʠ ʜʦʚʦˀʥʦ ʚʝʣʠʢʘ ʪʘʢʦ ʜʘ ʦʙʝʟʙʝʜʠ ʤʝʭʘʥʠʯʢʠ 

ʩʪʘʙʠʣʥʦ ʧʦʟʠʮʠʦʥʠʨʘˁʝ ʝʣʝʢʪʨʦʜʝ. ʇʦʨʝʜ ʪʦʛʘ, ʜʫʙʠʥʘ ʫʙʘʜʘˁʘ ʫʪʠʯʝ ʠ ʥʘ ʚʨʝʜʥʦʩʪ 

ʦʪʧʦʨʥʦʩʪʠ ʩʪʨʫʿʥʝ ʝʣʝʢʪʨʦʜʝ, ʧʨʠʢˀʫʯʝʥʝ ʫ ʢʦʣʦ ʩʧʦˀʥʦʛ ʥʘʧʘʿʘˁʘ, ʢʦʿʘ ʪʨʝʙʘ ʜʘ ʙʫʜʝ 

ʜʦʚʦˀʥʦ ʤʘʣʘ ʜʘ ʩʝ ʤʦʞʝ ʦʩʪʚʘʨʠʪʠ ʧʦʪʨʝʙʥʘ ʤʝʨʥʘ ʩʪʨʫʿʘ. ʇʨʠʣʠʢʦʤ ʠʟʚʦʹʝˁʘ ʤʝʨʝˁʘ ʫ 

ʧʨʘʢʩʠ, ʜʫʙʠʥʘ b ʿʝ ʦʙʠʯʥʦ 20 cm. ɼʘʢʣʝ, ɺʝʥʝʨʦʚʘ ʤʝʨʥʘ ʤʝʪʦʜʘ ʠ ʤʝʪʦʜʝ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ 

ʪʘʯʥʝ ʩʫ ʫ ʩʣʫʯʘʿʫ ʜʦʚʦˀʥʦ ʚʝʣʠʢʠʭ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ ʘ. ʋ ʚʝ˂ʠʥʠ ʩʣʫʯʘʿʝʚʘ ʫ 

ʧʨʘʢʩʠ ʥʝʤʘ ʧʦʪʨʝʙʝ ʜʘ ʩʝ ʤʝʨʝˁʘ ʚʨʰʝ ʟʘ ʤʘʣʠ ʨʘʟʤʘʢ ʘ ʠʟʤʝʹʫ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ. ʀʧʘʢ, ʟʘ 
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ʩʣʫʯʘʿ ʢʘʜʘ ʩʝ ʠʤʘ ʟʝʤˀʠʰʪʝ ʩʘ ʚʝʦʤʘ ʪʘʥʢʠʤ ʧʦʚʨʰʠʥʩʢʠʤ ʩʣʦʿʝʤ, ʘ ʢʦʿʠ ʩʝ ʦʜʣʠʢʫʿʝ ʟʥʘʪʥʦ 

ʚʝ˂ʦʤ ʩʧʝʮʠʬʠʯʥʦʤ ʦʪʧʦʨʥʦʰ˂ʫ ʦʜ ʜʦˁʝʛ ʩʣʦʿʘ (ʥʘ ʧʨʠʤʝʨ, ʫʩʣʦʚʠ ʧʫʩʪʠˁʩʢʦʛ ʪʣʘ), 

ʧʦʪʨʝʙʥʘ ʩʫ ʤʝʨʝˁʘ ʟʘ ʤʘʣʘ ʨʘʩʪʦʿʘˁʘ ʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ, ʿʝʨ ʥʘ ʠʟʤʝʨʝʥʝ ʚʨʝʜʥʦʩʪʠ ʧʨʠ 

ʚʝ˂ʠʤ ʨʘʩʪʦʿʘˁʠʤʘ ʜʦʤʠʥʘʥʪʥʦ ʫʪʠʯʝ ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʜʦˁʝʛ ʩʣʦʿʘ, 

ʦʜʥʦʩʥʦ ʤʝʨʝˁʘ ʥʝ ʩʘʜʨʞʝ ʠʥʬʦʨʤʘʮʠʿʫ ʦ ʜʝʙʠˀʥʠ ʠ ʩʧʝʮʠʬʠʯʥʦʿ ʝʣʝʢʪʨʠʯʥʦʿ ʦʪʧʦʨʥʦʩʪʠ 

ʧʣʠʪʢʦʛ ʛʦʨˁʝʛ ʩʣʦʿʘ. 

ɿʘ ʨʘʯʫʥʘʨʩʢʫ ʧʨʠʤʝʥʫ ʿʝʜʥʘʯʠʥʝ (2.10), ʠʩʢʫʩʪʚʝʥʦ ʿʝ ʫʩʪʘʥʦʚˀʝʥʦ ʜʘ ʿʝ ʜʦʚʦˀʥʦ ʜʘ ʩʝ 

ʫʟʤʝ ʧʨʚʠʭ 100 ʯʣʘʥʦʚʘ ʨʝʜʘ, ʪʿ. ʜʘ ʩʝ ʢʦʥʘʯʥʠ ʨʝʜ ʩʘ n = 100 ʧʦʥʘʰʘ ʢʘʦ Ăʙʝʩʢʦʥʘʯʥʠ ʨʝʜñ. 

ʇʦʚʝ˂ʘˁʝʤ ʨʘʟʤʘʢʘ ʝʣʝʢʪʨʦʜʘ a, ʧʨʠʚʠʜʥʘ ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ɟʘ ʤʝˁʘ ʩʝ, ʿʝʨ ʥʘ ˁʫ 

ʩʚʝ ʚʠʰʝ ʫʪʠʯʝ ʦʪʧʦʨʥʦʩʪ ʜʫʙˀʠʭ ʩʣʦʿʝʚʘ ʪʣʘ. ʆʚʦ ʧʨʦʠʟʠʣʘʟʠ ʠʟ ʯʠˁʝʥʠʮʝ ʜʘ ʰʪʦ ʩʫ 

ʫʜʘˀʝʥʠʿʝ ʩʪʨʫʿʥʝ ʝʣʝʢʪʨʦʜʝ, ʪʦ ʩʝ ʠʩʧʠʪʥʘ ʩʪʨʫʿʘ ʰʠʨʠ ʠ ʧʨʦʜʠʨʝ ʫ ʜʫʙˀʝ ʩʣʦʿʝʚʝ ʪʣʘ. ɸʢʦ 

ʩʫ ʤʝʨʝˁʘ ʚʨʰʝʥʘ ʥʘ ʪʣʫ ʯʠʿʘ ʙʠ ʩʪʚʘʨʥʘ ʩʪʨʫʢʪʫʨʘ ʫ ʧʦʪʧʫʥʦʩʪʠ ʦʜʛʦʚʘʨʘʣʘ ʠʜʝʘʣʥʦʤ 

ʜʚʦʩʣʦʿʥʦʤ ʪʣʫ, ʟʘ ʧʨʠʚʠʜʥʫ ʦʪʧʦʨʥʦʩʪ ɟʘ ʙʠ ʚʘʞʠʣʦ ʜʘ ʩʝ ʘʩʠʤʧʪʦʪʩʢʠ ʧʨʠʙʣʠʞʘʚʘ 

ʚʨʝʜʥʦʩʪʠ ʦʪʧʦʨʥʦʩʪʠ ʛʦʨˁʝʛ ʩʣʦʿʘ ɟ1 ʧʨʠ ʤʘʣʠʤ ʤʝʹʫʩʦʙʥʠʤ ʨʘʩʪʦʿʘˁʠʤʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ 

ʘ. ʆʚʦ ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʠʟ ʿʝʜʥʘʯʠʥʝ (2.10). 

ɿʘ ʚʝ˂ʘ ʤʝʹʫʩʦʙʥʘ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ ʘ, ʫʪʠʮʘʿ ʦʪʧʦʨʥʦʩʪʠ ʜʦˁʝʛ ʩʣʦʿʘ ɟ2 ʥʘ ɟʘ 

ʨʘʩʪʝ. ʆʚʦ ʟʥʘʯʠ ʜʘ ʿʝ ʧʦʪʨʝʙʥʦ ʠʟʚʨʰʠʪʠ ʤʝʨʝˁʘ ʟʘ ʚʝʣʠʢʘ ʨʘʩʪʦʿʘˁʘ ʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ. 

ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʧʦʪʨʝʙʥʦ ʿʝ ʜʘ ʩʢʫʧ ʤʝʨʝˁʘ ʪʨʝʙʘ ʜʘ ʧʦʢʨʠʿʝ ʩʣʫʯʘʿʝʚʝ ʫ ʢʦʿʠʤʘ ʩʚʠ 

ʧʘʨʘʤʝʪʨʠ ɟ1, h, ʠ ɟ2 ʫʪʠʯʫ ʥʘ ʚʨʝʜʥʦʩʪʠ Rʘ ʠ ɟʘ. ʅʘ ʧʨʠʤʝʨ, ʘʢʦ ʩʫ ʤʝʨʝˁʘ ʚʨʰʝʥʘ ʩʘʤʦ ʟʘ 

ʩʢʫʧ ʚʨʝʜʥʦʩʪʠ ʚʝʣʠʢʠʭ ʤʝʹʫʩʦʙʥʠʭ ʨʘʩʪʦʿʘˁʘ ʝʣʝʢʪʨʦʜʘ, ʥʫʤʝʨʠʯʢʘ ʦʙʨʘʜʘ ʧʦʜʘʪʘʢʘ ʙʠ 

ʧʨʦʠʟʚʝʣʘ ʜʦʙʨʫ ʧʨʦʮʝʥʫ ʚʨʝʜʥʦʩʪʠ ʟʘ ʩʧʝʮʠʬʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ʜʦˁʝʛ ʩʣʦʿʘ ɟ2, ʘʣʠ 

ʢʨʠʪʝʨʠʿʫʤʩʢʘ ʬʫʥʢʮʠʿʘ ʥʝ ʙʠ ʙʠʣʘ ʦʩʝʪˀʠʚʘ ʥʘ ʧʘʨʘʤʝʪʨʝ ɟ1 ʠ h, ʧʦʩʝʙʥʦ ʘʢʦ ʿʝ ʧʦʯʝʪʥʦ 

ʤʝʹʫʩʦʙʥʦ ʨʘʩʪʦʿʘˁʝ ʘ ʚʝ˂ʝ ʦʜ ʜʫʙʠʥʝ h ʛʦʨˁʝʛ ʩʣʦʿʘ, ʰʪʦ ʟʥʘʯʠ ʜʘ ʥʝ ʙʠ ʙʠʣʦ ʤʦʛʫ˂ʝ ʜʘ ʩʝ 

ʪʘʯʥʦ ʦʜʨʝʜʠ. ʅʫʤʝʨʠʯʢʠ ʧʨʠʤʝʨʠ ʩʫ ʜʘʪʠ ʫ ʦʜʝˀʢʫ 4.4 ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʩʠʤʫʣʘʮʠʿʘ.  

ʋ ʨʝʬʝʨʝʥʮʠ [15] ʩʝ ʟʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ʢʦʨʠʩʪʠ ʤʝʪʦʜʘ ʥʘʿʩʪʨʤʠʿʝʛ ʩʧʫʰʪʘˁʘ, ʦʜʥʦʩʥʦ 

ʦʧʘʜʘʿʫ˂ʝʛ ʛʨʘʜʠʿʝʥʪʘ, ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ.  

ʋ ʥʦʚʦʿ ʤʝʪʦʜʠ ʨʘʟʚʠʿʝʥʦʿ ʫ ʜʠʩʝʨʪʘʮʠʿʠ, ʥʠʿʝ ʢʦʨʠʰ˂ʝʥʘ ʤʝʪʦʜʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʠʟ 

[15], ʚʝ˂ ʤʝʪʦʜʘ ʥʫʤʝʨʠʯʢʝ ʦʧʪʠʤʠʟʘʮʠʿʝ fminsearch ʠʟ MATLAB-ʘ. ʆʥʘ ʩʝ ʢʦʨʠʩʪʠ ʟʘ 

ʤʠʥʠʤʠʟʦʚʘˁʝ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ (4.1) ʢʨʦʟ ʩʚʝ ʘʥʘʣʠʟʝ ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ. 

 

4.3 ʅʦʚʘ ʤʝʪʦʜʘ ʥʘ ʙʘʟʠ ʩʧʨʝʛʝ ʥʫʤʝʨʠʯʢʝ ʦʧʪʠʤʠʟʘʮʠʦʥʝ ʤʝʪʦʜʝ ʠ FEM 

ʩʠʤʫʣʘʮʠʿʘ 

ʋ ʢʣʘʩʠʯʥʦʤ ʧʨʠʩʪʫʧʫ, ʤʝʪʦʜʝ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʚʠʰʝʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ 

ʢʦʨʠʩʪʝ ʘʥʘʣʠʪʠʯʢʝ ʿʝʜʥʘʯʠʥʝ ʟʘ ʧʨʦʨʘʯʫʥ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ ɟa ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʜʝʙˀʠʥʝ 

ʠ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʩʣʦʿʝʚʘ ʫ ʚʠʰʝʩʣʦʿʥʦʤ ʟʝʤˀʠʰʪʫ (ʜʘˀʝ ʨʘʟʤʘʪʨʘˁʝ ˂ʝ ʩʝ 

ʦʜʥʦʩʠʪʠ ʠʩʢˀʫʯʠʚʦ ʥʘ ʜʚʦʩʣʦʿʥʦ ʪʣʦ). ɼʘ ʙʠ ʩʝ ʧʨʝʚʘʟʠʰʣʠ ʧʨʦʙʣʝʤʠ ʠʟʣʦʞʝʥʠ ʫ 

ʧʨʝʪʭʦʜʥʦʤ ʦʜʝˀʢʫ ʢʦʿʠ ʩʝ ʿʘʚˀʘʿʫ ʫ ʩʣʫʯʘʿʫ ʩʧʝʮʠʬʠʯʥʠʭ ʟʝʤˀʠʰʪʘ ʩʘ ʚʝʦʤʘ ʪʘʥʢʠʤ 

ʧʦʚʨʰʠʥʩʢʠʤ ʩʣʦʿʝʤ ʩʘ ʟʥʘʪʥʦ ʚʝ˂ʦʤ ʩʧʝʮʠʬʠʯʥʦʤ ʦʪʧʦʨʥʦʰ˂ʫ ʦʜ ʦʥʝ ʦʜ ʜʦˁʝʛ ʩʣʦʿʘ, 

ʨʘʟʚʠʿʝʥ ʿʝ ʥʦʚʠ ʧʨʠʩʪʫʧ. ʋ ˁʝʤʫ ʩʝ ʫʤʝʩʪʦ ʘʥʘʣʠʪʠʯʢʦʛ ʠʟʨʘʟʘ (2.10), ʚʨʰʝ 3ɼ FEM 

ʩʠʤʫʣʘʮʠʿʝ ʢʦʿʝ ʫʚʘʞʘʚʘʿʫ ʩʪʚʘʨʥʠ ʮʠʣʠʥʜʨʠʯʥʠ ʦʙʣʠʢ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ.  

ʋ ʤʝʪʦʜʠ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʠʟ [15], ɟʘ
ʨʘʯʫʥʘʪʦ ʨʘʯʫʥʘ ʩʝ ʧʦʤʦ˂ʫ ʿʝʜʥʘʯʠʥʝ (2.10) ʠ ʫ ʩʚʘʢʦʿ 

ʠʪʝʨʘʮʠʿʠ ʚʨʘ˂ʘ ʩʝ ʢʘʦ ʫʣʘʟ ʫ ʢʨʠʪʝʨʠʿʫʤʩʢʫ ʬʫʥʢʮʠʿʫ (2.11). ʋ ʤʝʪʦʜʠ ʠʟ ʦʚʦʛ ʧʦʛʣʘʚˀʘ 

ʩʧʨʦʚʦʜʠ ʩʝ ʠʪʝʨʘʪʠʚʥʠ ʧʦʩʪʫʧʘʢ ʫ ʢʦʿʝʤ ʩʝ ʢʨʠʪʝʨʠʿʫʤʩʢʦʿ ʬʫʥʢʮʠʿʠ ʢʘʦ ʚʨʝʜʥʦʩʪ ʚʨʘ˂ʘ 

ʨʘʯʫʥʘʪʘ ʧʨʠʚʠʜʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ (Ra
ʨʘʯʫʥʘʪʦ). ʇʨʠʚʠʜʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ 

Ra
ʨʘʯʫʥʘʪʦ ʩʝ ʜʦʙʠʿʘ ʦʙʨʘʜʦʤ ʨʝʟʫʣʪʘʪʘ ʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ. FEM ʩʠʤʫʣʘʮʠʿʝ ɺʝʥʝʨʦʚʠʭ 

ʤʝʨʝˁʘ ʩʝ ʚʨʰʝ ʟʘ ʨʘʟʤʘʢʝ ʝʣʝʢʪʨʦʜʘ aj , ʛʜʝ ʿʝ j = 1, é ,n. ʇʨʝʣʘʩʢʦʤ ʩʘ ɟʘ
ʨʘʯʫʥʘʪʦ ʥʘ Ra

ʨʘʯʫʥʘʪʦ 

ʤʝˁʘ ʩʝ ʠ ʢʨʠʪʝʨʠʿʫʤʩʢʘ ʬʫʥʢʮʠʿʘ ʢʦʿʘ ʩʘʜʘ ʠʤʘ ʦʙʣʠʢ: 
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2

1 2

1

( ) ( )
( , , )

( )

ʤʝʨʝʥʦ ʨʘʯʫʥʘʪʦn
a j a j

ʤʝʨʝʥʦ
j a j

R a R a
F h

R a
r r

=

è ø-
= é ù

é ùê ú
ä . (4.1) 

 

ʋ ʥʦʚʦʿ ʤʝʪʦʜʠ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ, ʚʨʝʜʥʦʩʪ ʢʦʿʘ ʩʝ ʚʨʘ˂ʘ ʢʘʦ ʫʣʘʟ ʫ ʢʨʠʪʝʨʠʿʫʤʩʢʫ 

ʬʫʥʢʮʠʿʫ ʿʝ ʦʪʧʦʨʥʦʩʪ Ra
ʨʘʯʫʥʘʪʦ. ʅʘʚʝʜʝʥʘ ʦʪʧʦʨʥʦʩʪ ʩʝ ʜʦʙʠʿʘ ʥʘʢʥʘʜʥʦʤ ʦʙʨʘʜʦʤ ʨʝʟʫʣʪʘʪʘ 

ʠʟ ʥʠʟʘ (1, é , n) FEM ʩʠʤʫʣʘʮʠʿʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ, ʟʘ ʤʝʹʫʩʦʙʥʝ ʨʘʟʤʘʢʝ ʤʝʨʥʠʭ 

ʝʣʝʢʪʨʦʜʘ aj, ʛʜʝ ʿʝ j = 1, é ,n. 

ʅʘ ʦʚʘʿ ʥʘʯʠʥ, ʢʦʨʠʰ˂ʝˁʝʤ Ra ʫʤʝʩʪʦ ɟa ʫ ʢʨʠʪʝʨʠʿʫʤʩʢʦʿ ʬʫʥʢʮʠʿʠ, ʟʘʦʙʠʣʘʟʠ ʩʝ 

ʠʟʨʘʯʫʥʘʚʘˁʝ ɟa ʠʟ Ra ʟʘʿʝʜʥʦ ʩʘ ʩʚʠʤ ʠʥʭʝʨʝʥʪʥʠʤ ʧʦʿʝʜʥʦʩʪʘʚˀʝˁʠʤʘ ʠ ʧʦʩʣʝʜʠʯʥʦʤ 

ʩʣʘʙʠʿʦʤ ʪʘʯʥʦʰ˂ʫ.  

ʅʘ ʦʚʘʿ ʥʘʯʠʥ ʩʝ ʠʟʙʝʛʘʚʘ ʜʘ ʫ ʦʧʪʠʤʠʟʘʮʠʦʥʠ ʘʣʛʦʨʠʪʘʤ ʫʣʘʟʠ ɟʘ ʨʘʯʫʥʘʪʦ ʥʘ ʦʩʥʦʚʫ 

ʘʥʘʣʠʪʠʯʢʝ ʬʦʨʤʫʣʝ ʩʘ ʩʚʠʤ ʥʘʚʝʜʝʥʠʤ ʧʨʠʧʘʜʘʿʫ˂ʠʤ ʫʧʨʦʰ˂ʝˁʠʤʘ. ʋʤʝʩʪʦ ʪʦʛʘ, ʢʦʨʠʩʪʠ 

ʩʝ Ra
ʨʘʯʫʥʘʪʦ ʢʦʿʝ ʩʝ ʜʦʙʠʿʘ ʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʫ ʢʦʿʠʤʘ ʩʝ 

ʫʚʘʞʘʚʘ ʩʪʚʘʨʥʘ ʮʠʣʠʥʜʨʠʯʥʘ ʛʝʦʤʝʪʨʠʿʘ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ.  

3ɼ FEM ʤʦʜʝʣ ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʩʪʚʘʨʥʠ ʦʙʣʠʢ ʝʣʝʢʪʨʦʜʘ ʠ ʚʨʰʠ ʢʦʨʝʣʘʮʠʿʫ ʦʜʥʦʩʘ 

ʥʘʧʦʥʘ ʠʟʤʝʹʫ ʧʦʪʝʥʮʠʿʘʣʥʠʭ ʝʣʝʢʪʨʦʜʘ ʠ ʩʪʨʫʿʝ ʠʥʿʝʢʪʠʨʘʥʝ ʢʨʦʟ ʩʪʨʫʿʥʝ ʝʣʝʢʪʨʦʜʝ 

(Ra
ʤʝʨʝʥʦ) ʩʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʪʣʘ. 

ɸʣʛʦʨʠʪʘʤ ʟʘ ʩʧʨʦʚʦʹʝˁʝ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʜʘʪ ʿʝ ʜʠʿʘʛʨʘʤʦʤ ʥʘ ʉʣ. 4.2. 
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ʋʣʘʟ: ʩʪʨʫʿʘ Iʤʝʨʝˁʘ ʠ ʤʝʨʝˁʝ ʥʘʧʦʥʘ 

UP1-P2
ʤʝʨʝʥʦ

(aj)  ɿʘ ʤʝʹʫʩʦʙʥʘ 

ʨʘʩʪʦʿʘˁʘ aj (j=1,é,n) ʠʟʤʝʹʫ 

ʝʣʝʢʪʨʦʜʘ

ʇʨʠʚʠʜʥʘ ʦʪʧʦʨʥʦʩʪ

Ra
ʤʝʨʝʥʦ

(aj)=UP1 ï P2
ʤʝʨʝʥʦ

(aj) / Iʤʝʨʝˁʘ (j=1,é,n)

ʀʟʨʘʯʫʥʘʚʘˁʝ ʧʨʠʚʠʜʥʠʭ ʩʧʝʮʠʬʠʯʥʠʭ ʦʪʧʦʨʥʦʩʪʠ  

ɟa
ʤʝʨʝʥʦ

(aj) ʠʟ ʧʨʠʚʠʜʥʠʭ ʦʪʧʦʨʥʦʩʪʠ Ra
ʤʝʨʝʥʦ

(aj), 

ʢʦʨʠʰ˂ʝˁʝʤ ʿʝʜʥʘʯʠʥʘ (2.4), (2.5) ʠʣʠ 

ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʠʟ [38] (j=1,é,n)

ʆʜʨʝʹʠʚʘˁʝ ʧʦʯʝʪʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ɟ1
0
, ɟ2

0
 ʠ h

0
 ʜʚʦʩʣʦʿʥʦʛ 

ʪʣʘ ʢʦʨʠʰ˂ʝˁʝʤ ʤʝʪʦʜʝ ʠʟ [15] ʠ fminsearch ʩʦʣʚʝʨʘ ʟʘ 

ʤʠʥʠʤʠʟʦʚʘˁʝ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ (2.11)

ʂʦʥʩʪʨʫʢʮʠʿʘ ʧʦʯʝʪʥʦʛ 3ɼ ʩʠʤʧʣʝʢʩʘ (ʪʝʪʨʘʝʜʨʘ) ʩʘ 4 

ʪʝʤʝʥʘ:

1. (ɟ1
0
, ɟ2

0
, h

0
),

2. (ɟ1
1
, ɟ2

1
, h

1
)=(ɟ1

0
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0
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0
, h

0
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2
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2
, h

2
)=(ɟ1

0
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0
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0
, h

0
) ʠ

4. (ɟ1
3
, ɟ2

3
, h

3
)=(ɟ1

0
, ɟ2

0
, h

0
+0.05·h

0
)

ʉʠʤʫʣʘʮʠʿʝ ʫ COMSOL Multiphysics ʟʘ ʩʚʘ 4 ʪʝʤʝʥʘ

ʇʦʩʪʧʨʦʮʝʩʠʥʛ ʨʝʟʫʣʪʘʪʘ ʠʟ COMSOL Multiphysics: 

Ra
ʨʘʯʫʥʘʪʦ

(aj) (j=1,é,n) ʟʘ ʩʚʘʢʦ ʦʜ 4 ʪʝʤʝʥʘ

ɽʚʘʣʫʘʮʠʿʘ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ (4.1) ʟʘ ʩʚʘʢʦ ʪʝʤʝ

ʧʦʯʝʪʥʦʛ 3ɼ ʩʠʤʧʣʝʢʩʘ

ɿʘʤʝʥʘ ʪʝʤʝʥʘ ʢʦʿʝ ʠʤʘ ʥʘʿʚʝ˂ʫ ʚʨʝʜʥʦʩʪ ʢʨʠʪʝʨʠʿʫʤʩʢʝ 

ʬʫʥʢʮʠʿʝ ʥʦʚʠʤ ʪʝʤʝʥʦʤ (ɟ1
i+1

, ɟ2
i+1

, h
i+1

) ʠʟʨʘʯʫʥʘʪʠʤ 

ʢʦʨʠʰ˂ʝˁʝʤ ʤʝʪʦʜʝ ʩʠʤʧʣʝʢʩʘ 

ʂʦʥʚʝʨʛʝʥʮʠʿʘ?

ʅʝ

ʉʠʤʫʣʘʮʠʿʝ ʫ COMSOL 

Multiphysics ʟʘ ʥʦʚʦ ʪʝʤʝ

ʇʦʩʪʧʨʦʮʝʩʠʥʛ ʨʝʟʫʣʪʘʪʘ 

ʠʟ COMSOL Multiphysics: 

Ra
ʨʘʯʫʥʘʪʦ

(aj) 

(j=1, é, n) ʟʘ ʥʦʚʦ ʪʝʤʝ

ɽʚʘʣʫʘʮʠʿʘ 

ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ 

(4.1) ʟʘ ʥʦʚʦ ʪʝʤʝ

 ʂʦʥʘʯʘʥ 

ʨʝʟʫʣʪʘʪ:

ɟ1, ɟ2 ʠ h

ɼʘ

 

ʉʣ. 4.2 ï ɼʠʿʘʛʨʘʤ ʪʦʢʘ ʟʘ ʨʘʟʚʠʿʝʥʫ ʤʝʪʦʜʫ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ 
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4.3.1 ʀʤʧʣʝʤʝʥʪʘʮʠʿʘ ʫ COMSOL Multiphysics 

3ɼ ʤʦʜʝʣ ʟʘ ʩʠʤʫʣʘʮʠʿʫ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʦʬʦʨʤˀʝʥ ʿʝ ʫ FEM ʩʦʬʪʚʝʨʫ 

COMSOL Multiphysics v6.0 [17]. ʋ ʜʘˀʝʤ ʪʦʢʫ ʪʝʢʩʪʘ ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ, ʪʝʨʤʠʥ FEM 

ʢʦʨʠʩʪʠ˂ʝ ʩʝ ʥʘʠʟʤʝʥʠʯʥʦ ʩʘ COMSOL Multiphysics (ʠʣʠ ʧʦʥʝʛʜʝ ʩʘʤʦ COMSOL). ʆʧʠʩ FEM 

ʤʦʜʝʣʦʚʘˁʘ ʫ ʦʚʦʤ ʦʜʝˀʢʫ ʥʘʧʠʩʘʥ ʿʝ ʫ ʩʢʣʘʜʫ ʩʘ ʪʝʨʤʠʥʦʣʦʛʠʿʦʤ ʠʟ ʛʨʘʬʠʯʢʦʛ ʢʦʨʠʩʥʠʯʢʦʛ 

ʠʥʪʝʨʬʝʿʩʘ COMSOL Multiphysics ʩʦʬʪʚʝʨʘ. 

 

4.3.1.1 ɻʝʦʤʝʪʨʠʿʘ ʜʦʤʝʥʘ 

ɿʝʤˀʠʰʪʝ ʦʢʦ ʝʣʝʢʪʨʦʜʘ ʿʝ ʤʦʜʝʣʦʚʘʥʦ ʿʝ ʢʘʦ ʢʚʘʜʘʨ. ɼʠʤʝʥʟʠʿʝ ʢʚʘʜʨʘ ʫʩʚʦʿʝʥʝ ʩʫ ʢʘʦ 

ʧʨʦʤʝʥˀʠʚʝ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʤʝʹʫʩʦʙʥʦʛ ʨʘʟʤʘʢʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

1) ʟʘ a Ò 2 m: 16 m × 16 m × 10 m, 

2) ʟʘ 2 m < a Ò 3 m: 48 m × 48 m × 30 m, ʠ 

3) ʟʘ a > 3 m: 240 m × 240 m × 150 m. 

ɼʠʤʝʥʟʠʿʝ ʢʚʘʜʨʘ ʧʨʝʜʩʪʘʚˀʝʥʝ ʩʫ ʫ ʬʦʨʤʘʪʫ: ʜʫʞʠʥʘ × ʰʠʨʠʥʘ × ʚʠʩʠʥʘ, ʛʜʝ ʿʝ 

ʜʫʞʠʥʘ ʫ ʧʨʘʚʮʫ ʫ ʢʦʿʝʤ ʩʫ ʧʦʙʦʜʝʥʝ ʯʝʪʠʨʠ ʤʝʨʥʝ ʝʣʝʢʪʨʦʜʝ. ɼʠʤʝʥʟʠʿʝ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ 

ʤʝʹʫʩʦʙʥʦʛ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ ʝʤʧʠʨʠʿʩʢʠ ʩʫ ʧʦʜʝʰʝʥʝ. ɹʠʣʦ ʿʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ 

ʦʩʪʚʘʨʠ ʢʦʤʧʨʦʤʠʩ ʢʘʢʦ ʙʠ ʩʝ ʩ ʿʝʜʥʝ ʩʪʨʘʥʝ ʜʦʙʠʣʠ ʨʝʟʫʣʪʘʪʠ ʦʯʠʪʘʚʘˁʘ ʥʘʧʦʥʘ ʠʟʤʝʹʫ 

ʧʦʪʝʥʮʠʿʘʣʥʠʭ ʝʣʝʢʪʨʦʜʘ P1 ʠ P2 ʙʣʠʩʢʠ ʨʝʟʫʣʪʘʪʠʤʘ ʟʘ ʙʝʩʢʦʥʘʯʥʦ ʟʝʤˀʠʰʪʝ (ʦʜʥʦʩʥʦ ʰʪʦ 

ʚʝ˂ʠ ʜʦʤʝʥ), ʘ ʩ ʜʨʫʛʝ ʩʪʨʘʥʝ ʢʘʢʦ ʙʠ ʩʝ ʜʠʤʝʥʟʠʿʝ ʜʦʤʝʥʘ ʦʜʨʞʘʣʝ ʰʪʦ ʿʝ ʤʦʛʫ˂ʝ ʤʘˁʠʤ 

ʨʘʜʠ ʩʤʘˁʝˁʘ ʙʨʦʿʘ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ʫ ʤʨʝʞʠ ʠ ʩʢʨʘʪʠʣʦ ʚʨʝʤʝ ʩʠʤʫʣʘʮʠʿʝ. 

ɿʘ ʢʦʣʠʥʝʘʨʥʫ ʢʦʥʬʠʛʫʨʘʮʠʿʫ ʝʣʝʢʪʨʦʜʘ, ʜʦʤʝʥ ʦʙʣʠʢʘ ʢʚʘʜʨʘ ʧʨʝʪʧʦʩʪʘʚˀʝʥ ʿʝ ʢʘʦ 

ʧʨʠʢʣʘʜʥʠʿʘ ʦʧʮʠʿʘ ʫ ʩʤʠʩʣʫ ʤʦʜʝʣʦʚʘˁʘ ʥʝʛʦ ʧʦʣʫʩʬʝʨʘ ʩʘ ʜʦʤʝʥʦʤ ʪʘʢʦʟʚʘʥʦʛ 

ʙʝʩʢʦʥʘʯʥʦʛ ʩʣʦʿʘ ʥʘ ˀʫʩʮʠ ʧʦʣʫʩʬʝʨʝ. ʇʦʣʫʩʬʝʨʘ ʩʘ ʜʦʜʘʪʥʦʤ ˀʫʩʢʦʤ ʙʝʩʢʦʥʘʯʥʦʛ ʜʦʤʝʥʘ 

ʢʦʿʘ ʤʦʞʝ ʜʘ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʨʘʟʤʘʪʨʘˁʝ ʫʜʘˀʝʥʝ ʨʝʬʝʨʝʥʪʝ ʟʝʤˀʝ ʠʧʘʢ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʠ 

ʢʦʨʠʰ˂ʝʥʘ ʟʘ FEM ʤʦʜʝʣʦʚʘˁʝ ʫ ʧʦʛʣʘʚˀʫ 6.2. 

ʂʚʘʜʘʨ ʿʝ ʧʦʜʝˀʝʥ ʥʘ ʛʦʨˁʠ ʩʣʦʿ ʜʫʙʠʥʝ h ʠ ʜʦˁʠ ʩʣʦʿ. ɽʣʝʢʪʨʦʜʝ ʩʫ ʤʦʜʝʣʦʚʘʥʝ ʢʘʦ 

ʮʠʣʠʥʜʨʠ ʜʫʞʠʥʝ b = 0,2 m ʠ ʧʦʣʫʧʨʝʯʥʠʢʘ r = 0,01 m. ɿʙʦʛ ʩʠʤʝʪʨʠʿʝ, ʠʩʢʦʨʠʰ˂ʝʥʘ ʿʝ 

ʤʦʛʫ˂ʥʦʩʪ ʜʘ ʩʝ ʠʟʦʩʪʘʚʠ ʧʦʣʦʚʠʥʘ ʦʧʠʩʘʥʦʛ ʢʚʘʜʨʘ ʯʠʤʝ ʩʝ ʜʦʜʘʪʥʦ ʰʪʝʜʝ ʧʦʪʨʝʙʥʠ 

ʨʘʯʫʥʘʨʩʢʠ ʨʝʩʫʨʩʠ ʠ ʚʨʝʤʝ. ʄʦʜʝʣʦʚʘʥʘ ʛʝʦʤʝʪʨʠʿʘ, ʥʘʢʦʥ ʧʦʤʝʥʫʪʦʛ ʠʟʦʩʪʘʚˀʘˁʘ 

ʧʦʣʦʚʠʥʝ ʢʚʘʜʨʘ, ʧʨʠʢʘʟʘʥʘ ʥʘ ʉʣ. 4.3. ʅʘ ʩʣʠʮʠ ʿʝ ʛʦʨˁʠ ʩʣʦʿ ʜʫʙʠʥʝ h = 1 m. ʊʘʢʦʹʝ, 

ʚʠʜˀʠʚʝ ʩʫ ʠ ʧʦʣʦʚʠʥʝ 4 ʮʠʣʠʥʜʨʠʯʥʝ ʝʣʝʢʪʨʦʜʝ ʜʫʞʠʥʝ b = 0,2 m ʥʘ ʧʦʚʨʰʠʥʠ. 

 

ʉʣ. 4.3 ï ɻʝʦʤʝʪʨʠʿʘ ʜʦʤʝʥʘ FEM  ʤʦʜʝʣʘ ʟʘ ʩʣʫʯʘʿ a = 2 m: ʜʠʤʝʥʟʠʿʝ ʢʚʘʜʨʘ 8 m × 16 m × 10 m 
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ʇʦʨʝʜ ʧʦʪʨʝʙʝ ʟʘ ʧʦʚʝ˂ʘˁʝʤ ʚʝʣʠʯʠʥʝ ʜʦʤʝʥʘ ʦʙʣʠʢʘ ʢʚʘʜʨʘ ʩʘ ʧʦʚʝ˂ʘˁʝʤ ʨʘʩʪʦʿʘˁʘ 

ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ a, ʧʦʪʨʝʙʥʦ ʿʝ ʠ ʜʘ ʚʠʩʠʥʘ ʢʚʘʜʨʘ ʙʫʜʝ ʟʥʘʪʥʦ ʚʝ˂ʘ ʦʜ ʧʨʝʪʧʦʩʪʘʚˀʝʥʝ 

ʜʫʙʠʥʝ ʛʦʨˁʝʛ ʩʣʦʿʘ. ʋ ʩʫʧʨʦʪʥʦʤ, ʩʦʣʚʝʨ fminsearch ʤʦʛʘʦ ʙʠ, ʫ ʩʢʣʦʧʫ ʚʘʨʠʨʘˁʘ 

ʧʘʨʘʤʝʪʘʨʘ ʤʦʜʝʣʘ (ɟ1, ɟ2, h), ʜʘ ʧʦʢʫʰʘ ʜʘ ʧʦʚʝ˂ʘ h ʠ ʧʨʝʢʦ ʚʠʩʠʥʝ ʢʚʘʜʨʘ, ʰʪʦ ʙʠ ʜʦʚʝʣʦ ʜʦ 

ʛʨʝʰʢʝ ʫ FEM ʩʠʤʫʣʘʮʠʿʘʤʘ. 

 

4.3.1.2 ʌʦʨʤʫʣʘʮʠʿʘ ʛʨʘʥʠʯʥʠʭ ʫʩʣʦʚʘ 

ʋ COMSOL-ʫ, ʢʦʨʠʰ˂ʝʥ ʿʝ ʤʦʜʫʣ ʬʠʟʠʢʝ Electric Currents ʟʘ 3ɼ ʩʠʤʫʣʘʮʠʿʫ ʤʝʨʝˁʘ 

ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ. ʈʝʞʠʤ ʨʘʜʘ COMSOL ʩʦʬʪʚʝʨʘ ʧʦʜʨʘʟʫʤʝʚʘ: 

¶ Current conservation ï ʫʩʣʦʚ ʜʘ ʥʝʤʘ ʥʝʩʪʘʿʘˁʘ ʩʪʨʫʿʝ ʧʦ ʟʘʧʨʝʤʠʥʠ ʠ ʥʘ 

ʛʨʘʥʠʮʘʤʘ ʤʦʜʝʣʦʚʘʥʦʛ ʜʦʤʝʥʘ ʠ 

¶ Electric insulation ï ʫʩʣʦʚ ʜʘ ʩʫ ʩʚʝ ʩʧʦˀʘʰˁʝ ʛʨʘʥʠʮʝ ʤʦʜʝʣʦʚʘʥʦʛ ʜʦʤʝʥʘ 

ʠʜʝʘʣʥʦ ʠʟʦʣʦʚʘʥʝ, ʦʜʥʦʩʥʦ 0n JÖ = (ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ ʅʦʿʤʘʥʦʚʦʛ ʪʠʧʘ). 

ʈʫʯʥʦ ʿʝ ʧʦʩʪʘʚˀʝʥ ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ Ground ʟʘ ʩʚʝ ʩʧʦˀʘʰˁʝ ʧʦʚʨʰʠʥʝ ʤʦʜʝʣʦʚʘʥʦʛ 

ʜʦʤʝʥʘ, ʦʩʠʤ ʟʘ ʛʦʨˁʫ (ʧʦʚʨʰʠʥʘ ʪʣʘ) ʠ ʦʩʠʤ ʟʘ ʧʦʚʨʰʠʥʫ ʜʫʞ ʢʦʿʝ ʿʝ ʧʦʯʝʪʥʠ ʢʚʘʜʘʨ 

ʧʨʝʧʦʣʦʚˀʝʥ ʨʘʜʠ ʢʦʨʠʰ˂ʝˁʘ ʦʩʦʙʠʥʝ ʩʠʤʝʪʨʠʿʝ. ʊʠʤʝ ʩʝ ʧʦʜʨʘʟʫʤʝʚʘʥʠ ʫʩʣʦʚ ʝʣʝʢʪʨʠʯʥʝ 

ʠʟʦʣʘʮʠʿʝ ʧʨʝʧʠʩʫʿʝ. ʅʘʚʝʜʝʥʝ ʩʧʦˀʘʰˁʝ ʧʦʚʨʰʠʥʝ ʪʘʜʘ, ʜʘʢʣʝ, ʠʤʘʿʫ ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ 

ɼʠʨʠʭʣʝʦʚʦʛ ʪʠʧʘ: ʝʣʝʢʪʨʠʯʥʠ ʧʦʪʝʥʮʠʿʘʣ ʧʦʜʝʰʝʥ ʿʝ ʜʘ ʙʫʜʝ ʿʝʜʥʘʢ ʧʦʪʝʥʮʠʿʘʣʫ 

ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ, ʪʿ. V = 0 V. 

ɿʘ ʩʪʨʫʿʥʝ ʝʣʝʢʪʨʦʜʝ C1 ʠ C2 ʠ ʟʘ ʥʘʧʦʥʩʢʝ ʝʣʝʢʪʨʦʜʝ P1 ʠ P2 ʨʫʯʥʦ ʿʝ ʧʦʜʝʰʝʥ 

ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ ʝʢʚʠʧʦʪʝʥʮʠʿʘʣʥʦʩʪʠ. ʉʪʨʫʿʘ ʩʝ ʫʙʨʠʟʛʘʚʘ ʢʨʦʟ ʪʝʨʤʠʥʘʣ ʜʝʬʠʥʠʩʘʥ 

ʧʦʚʨʰʠʥʘʤʘ ʩʪʨʫʿʥʝ ʝʣʝʢʪʨʦʜʝ C1 ʠ ʩʪʠʯʝ ʩʝ ʫ ʪʝʨʤʠʥʘʣ ʜʝʬʠʥʠʩʘʥ ʧʦʚʨʰʠʥʘʤʘ ʩʪʨʫʿʥʝ 

ʝʣʝʢʪʨʦʜʝ C2. ɿʘ ʩʚʝ FEM ʩʠʤʫʣʘʮʠʿʝ ʢʦʨʠʰ˂ʝʥʘ ʿʝ ʤʝʨʥʘ ʩʪʨʫʿʘ ʦʜ 1 A (ʫ ʧʨʝʧʦʣʦʚˀʝʥʠ 

ʜʦʤʝʥ ʩʝ ʥʘ ʪʝʨʤʠʥʘʣʫ C1 ʫʙʨʠʟʛʘʚʘ 0,5 A ʠ ʩʪʠʯʝ 0,5 A ʥʘ ʪʝʨʤʠʥʘʣʫ C2). ɺʨʝʜʥʦʩʪ 

ʝʣʝʢʪʨʠʯʥʦʛ ʧʦʪʝʥʮʠʿʘʣʘ ʥʘ ʧʦʯʝʪʢʫ ʩʠʤʫʣʘʮʠʿʝ ʧʦʩʪʘʚˀʝʥʘ ʿʝ ʥʘ 0 V ʫ ʩʚʠʤ ʪʘʯʢʘʤʘ 

ʤʦʜʝʣʦʚʘʥʦʛ ʜʦʤʝʥʘ. 

 

4.3.1.3 ʌʠʟʠʯʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʤʘʪʝʨʠʿʘʣʘ 

ʀ ʩʪʨʫʿʥʝ ʠ ʧʦʪʝʥʮʠʿʘʣʥʝ ʝʣʝʢʪʨʦʜʝ ʠʤʘʿʫ ʜʦʙʨʫ ʧʨʦʚʦʜʥʦʩʪ ʠ ʩʪʦʛʘ ʩʫ ʤʦʜʝʣʦʚʘʥʝ ʢʘʦ 

ʰʫʧˀʝ, ʩʘ ʠʩʪʦʤ ʚʨʝʜʥʦʰ˂ʫ ʧʦʪʝʥʮʠʿʘʣʘ ʜʫʞ ʮʝʣʝ ʧʦʚʨʰʠʥʝ ʢʦʿʘ ʿʝ ʫ ʢʦʥʪʘʢʪʫ ʩʘ ʦʩʪʘʪʢʦʤ 

ʜʦʤʝʥʘ. ɼʨʫʛʠʤ ʨʝʯʠʥʘ, ʥʠʿʝ ʠʤ ʜʦʜʝˀʝʥʦ ʥʠʢʘʢʚʦ ʩʚʦʿʩʪʚʦ ʤʘʪʝʨʠʿʘʣʘ. 

ʉʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʘ ʛʦʨˁʠ ʠ ʜʦˁʠ ʩʣʦʿ, ɟ1 ʠ ɟ2, ʜʦʜʝˀʝʥʝ ʩʫ ʢʘʦ ʧʘʨʘʤʝʪʨʠ 

ʤʘʪʝʨʠʿʘʣʘ ʛʦʨˁʝʤ ʠ ʜʦˁʝʤ ʩʣʦʿʫ, ʨʝʩʧʝʢʪʠʚʥʦ. ʇʘʨʘʤʝʪʨʠ ɟ1 ʠ ɟ2, ʟʘʿʝʜʥʦ ʩʘ ʧʘʨʘʤʝʪʨʦʤ ʟʘ 

ʜʫʙʠʥʫ ʛʦʨˁʝʛ ʩʣʦʿʘ h, ʤʝˁʘʿʫ ʩʝ ʟʘ ʩʚʘʢʫ ʥʘʨʝʜʥʫ ʠʪʝʨʘʮʠʿʫ ʫ ʢʦʿʦʿ ʩʦʣʚʝʨ fminsearch ʧʦʟʠʚʘ 

COMSOL ʜʘ ʠʟʚʨʰʠ ʥʘʨʝʜʥʠ ʩʢʫʧ ʩʠʤʫʣʘʮʠʿʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ. 

 

4.3.1.4 ʄʨʝʞʘ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ 

ʏʠʪʘʚ ʤʦʜʝʣʦʚʘʥʠ ʜʦʤʝʥ ʿʝ ʧʦʜʝˀʝʥ ʥʘ ʤʨʝʞʫ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ (ʪʟʚ. mesh) ʟʘ ʢʦʿʫ 

FEM ʩʦʬʪʚʝʨ ʘʫʪʦʤʘʪʩʢʠ ʧʦʩʪʘʚˀʘ ʠ ʿʝʜʥʘʯʠʥʝ ʟʘʜʘʪʝ ʬʠʟʠʢʝ. ɿʘ ʤʝʪʦʜʫ ʧʨʝʜʣʦʞʝʥʫ ʦʚʜʝ, 

ʢʦʨʠʰ˂ʝʥʘ ʩʫ ʩʪʘʥʜʘʨʜʥʘ COMSOL Multiphysics ʧʦʜʝʰʘʚʘˁʘ ʟʘ ʬʦʨʤʠʨʘˁʝ ʤʨʝʞʝ 

ʪʝʪʨʘʝʜʘʨʩʢʠʭ ʝʣʝʤʝʥʘʪʘ ʫʟ ʩʪʘʚˀʝʥʫ ʚʝʣʠʯʠʥʫ extremely fine.  

ʄʨʝʞʘ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ʩʝ ʨʘʟʣʠʢʫʿʝ ʟʘ ʨʘʟʣʠʯʠʪʝ ʨʘʟʤʘʢʝ ʝʣʝʢʪʨʦʜʘ ʠ ʜʝʙˀʠʥʝ 

ʛʦʨˁʝʛ ʩʣʦʿʘ. ɿʙʦʛ ʧʨʠʤʝˁʝʥʝ ʠʪʝʨʘʪʠʚʥʝ ʧʨʦʮʝʜʫʨʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ɟ1, ɟ2 ʠ h, 

ʧʦʪʨʝʙʥʦ ʿʝ ʜʘ ʩʝ ʠʟʥʦʚʘ ʦʬʦʨʤʠ ʤʨʝʞʘ ʟʘ ʯʠʪʘʚ ʤʦʜʝʣʦʚʘʥʠ ʜʦʤʝʥ ʠ ʪʦ ʟʘ ʩʚʘʢʫ ʠʪʝʨʘʮʠʿʫ, 

ʦʜʥʦʩʥʦ ʧʦʟʠʚ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ. ʈʘʟʣʦʛ ʿʝ ʧʨʝ ʩʚʝʛʘ ʧʘʨʘʤʝʪʘʨ h ʢʦʿʠ ʩʝ ʠʟ ʠʪʝʨʘʮʠʿʫ 
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ʫ ʠʪʝʨʘʮʠʿʫ ʤʝˁʘ ʢʘʢʦ ʜʠʢʪʠʨʘ ʩʦʣʚʝʨ fminsearch. ʆʬʦʨʤˀʝʥʘ ʤʨʝʞʘ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ 

ʦʢʦ ʝʣʝʢʪʨʦʜʝ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʉʣ. 4.4.  

ʀʟʙʦʨ ʦʧʮʠʿʝ extremely fine ʟʘ ʚʝʣʠʯʠʥʫ ʤʨʝʞʝ ʜʦʚʦʜʠ ʜʦ ʝʣʝʤʝʥʘʪʘ ʚʝʣʠʯʠʥʝ ʩʘ 

ʤʠʥʠʤʘʣʥʠʤ ʠ ʤʘʢʩʠʤʘʣʥʠʤ ʜʠʤʝʥʟʠʿʘʤʘ ʫ ʦʧʩʝʛʫ 0,0032ï0,32 m ʟʘ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ 

ʝʣʝʢʪʨʦʜʘ ʜʦ ʠ ʫʢˀʫʯʫʿʫ˂ʠ 3 m, ʩʘ ʫʢʫʧʥʠʤ ʙʨʦʿʝʤ ʦʜ ʦʢʦ 8,2 Ĭ 105 ʝʣʝʤʝʥʘʪʘ ʟʘ ʤʨʝʞʫ ʢʦʿʘ 

˂ʝ ʙʠʪʠ ʦʙʝʣʝʞʝʥʘ ʩʘ Ă1Xñ. ɿʘ ʚʝ˂ʘ ʤʝʨʥʘ ʨʘʩʪʦʿʘˁʘ, ʜʠʤʝʥʟʠʿʝ ʝʣʝʤʝʥʘʪʘ ʤʨʝʞʝ ʩʫ ʫ ʦʧʩʝʛʫ 

0,048ï4,8 m, ʩʘ ʦʢʦ 4,8 × 106 ʝʣʝʤʝʥʘʪʘ ʤʨʝʞʝ.  

ʊʝʩʪ ʥʝʟʘʚʠʩʥʦʩʪʠ ʤʨʝʞʝ ʿʝ ʠʟʚʨʰʝʥ ʥʘ ʫʦʙʠʯʘʿʝʥʠ ʥʘʯʠʥ: ʠʟʚʨʰʝʥʦ ʿʝ ʨʫʯʥʦ 

ʧʦʜʝʰʘʚʘˁʝ ʠ ʩʤʘˁʝʥʝ ʤʠʥʠʤʘʣʥʝ ʠ ʤʘʢʩʠʤʘʣʥʝ ʜʠʤʝʥʟʠʿʝ ʢʦʿʫ ʪʝʪʨʘʝʜʘʨʩʢʠ ʝʣʝʤʝʥʪʠ ʤʦʛʫ 

ʜʘ ʠʤʘʿʫ ʠ ʘʥʘʣʠʟʠʨʘʥ ʫʪʠʮʘʿ ʥʘ ʨʝʟʫʣʪʘʪ. 

ɿʘ ʟʝʤˀʠʰʪʝ ʠʟ ʦʜʝˀʢʘ 4.4.3 (ɟ1 = 5000 Ým, ɟ2 = 100 Ým, h = 0,5 m) ʨʫʯʥʦ ʿʝ ʩʤʘˁʝʥʘ 

ʤʘʢʩʠʤʘʣʥʘ ʜʠʤʝʥʟʠʿʘ ʟʘ ʝʣʝʤʝʥʪʝ ʤʨʝʞʝ ʥʘ 0,16 m ʟʘ ʤʝʨʥʘ ʨʘʩʪʦʿʘˁʘ ʜʦ 3 m (ʫʢˀʫʯʫʿʫ˂ʠ ʠ 

3 m), ʦʜʥʦʩʥʦ ʩʤʘˁʝʥʘ ʥʘ 2,4 m ʟʘ ʚʝ˂a ʨʘʩʪʦʿʘˁʘ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʤʘʢʩʠʤʘʣʥʘ ʜʠʤʝʥʟʠʿʘ ʟʘ 

ʝʣʝʤʝʥʪʝ ʩʤʘˁʝʥʘ ʿʝ ʥʘ ʧʦʣʘ ʜʘ ʙʠ ʩʝ ʜʦʙʠʣʘ ʛʫʰ˂ʘ ʤʨʝʞʘ Ă2Xñ. ʋʢʫʧʘʥ ʙʨʦʿ ʝʣʝʤʝʥʘʪʘ 

ʤʨʝʞʝ ʧʦʚʝ˂ʘʥ ʿʝ ʥʘ ʦʢʦ 5,5 Ĭ 106 ʟʘ ʤʝʨʥʘ ʨʘʩʪʦʿʘˁʘ ʜʦ 3 m (ʫʢˀʫʯʫʿʫ˂ʠ ʠ 3 m), ʠ ʦʢʦ 

9,1 × 106 ʟʘ ʚʝ˂ʘ ʨʘʩʪʦʿʘˁʘ. ʅʘʿʚʝ˂ʝ ʦʜʩʪʫʧʘˁʝ ʟʘ Ra (ʠʟ ʊʘʙ. 4.5) ʠʟʤʝʹʫ ʤʨʝʞʝ Ă1Xñ ʠ ʤʨʝʞʝ 

Ă2Xñ ʙʠʣʦ ʿʝ ʟʘ ʨʘʟʤʘʢ ʝʣʝʢʪʨʦʜʘ a = 5 m ʠ ʠʟʥʦʩʠʣʦ ʿʝ 0,67%. 

 
ʉʣ. 4.4 ï ʋʚʝ˂ʘʥ ʜʝʪʘˀ ʤʨʝʞʝ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ʦʢʦ ʤʝʨʥʝ ʝʣʝʢʪʨʦʜʝ 

4.3.2 ʇʦʚʝʟʠʚʘˁʝ ʩʦʬʪʚʝʨʘ Matlab ʠ COMSOL Multiphysics  

ɿʘ ʧʦʚʝʟʠʚʘˁʝ ʩʦʬʪʚʝʨʘ Matlab ʠ COMSOL Multiphysics ʠʩʢʦʨʠʰ˂ʝʥ ʿʝ ʤʦʜʫʣ LiveLink 

for Matlab [116]. ʅʘʚʝʜʝʥʠ ʤʦʜʫʣ ʩʣʫʞʠ ʢʘʦ ʠʥʪʝʨʬʝʿʩ ʠʟʤʝʹʫ 2 ʩʦʬʪʚʝʨʘ. ʇʦʤʦ˂ʫ ˁʝʛʘ ʿʝ 

ʙʠʣʦ ʤʦʛʫ˂ʝ ʜʘ ʩʝ ʠʟ Matlab-ʘ ʫ COMSOL Multiphysics ʧʨʦʩʣʝʹʫʿʫ: 

¶ ʧʘʨʘʤʝʪʨʠ ʛʝʦʤʝʪʨʠʿʝ ʤʦʜʝʣʘ (ʜʠʤʝʥʟʠʿʝ ʜʦʤʝʥʘ, ʜʫʙʠʥʘ ʛʦʨˁʝʛ ʩʣʦʿʘ h 

ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ, ʜʫʙʠʥʘ ʫʙʘʜʘˁʘ b ʠ ʨʘʟʤʘʢ a ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ), 

¶ ʧʘʨʘʤʝʪʨʠ ʤʘʪʝʨʠʿʘʣʘ (ɟ1 ʠ ɟ2), ʠ 

¶ ʧʘʨʘʤʝʪʨʠ ʟʘ ʢʦʥʪʨʦʣʫ ʚʝʣʠʯʠʥʝ ʬʦʨʤʠʨʘˁʘ ʤʨʝʞʝ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ. 

ɼʘˀʝ, ʙʠʣʦ ʿʝ ʤʦʛʫ˂ʝ ʠ ʜʘ ʩʝ ʠʟ Matlab-ʘ ʫʧʨʘʚˀʘ ʩʣʝʜʦʤ ʢʦʨʘʢʘ ʫ COMSOL 

Multiphysics: 
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¶ ʠʥʠʮʠʨʘˁʝ ʬʦʨʤʠʨʘˁʘ ʛʝʦʤʝʪʨʠʿʝ ʥʘ ʦʩʥʦʚʫ ʟʘʜʘʪʠʭ ʧʘʨʘʤʝʪʘʨʘ ʛʝʦʤʝʪʨʠʿʝ 
ʤʦʜʝʣʘ, 

¶ ʠʥʠʮʠʨʘˁʝ ʬʦʨʤʠʨʘˁʘ ʤʨʝʞʝ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ʥʘ ʦʩʥʦʚʫ ʧʘʨʘʤʝʪʘʨʘ ʟʘ 
ʢʦʥʪʨʦʣʫ ʚʝʣʠʯʠʥʝ ʤʨʝʞʝ, 

¶ ʟʘʧʦʯʠˁʘˁʝ ʩʠʤʫʣʘʮʠʿʘ, ʠ 

¶ ʧʨʝʫʟʠʤʘˁʝ ʧʨʦʨʘʯʫʥʘʪʠʭ ʧʦʪʝʥʮʠʿʘʣʘ UP1 ʠ UP2 ʠ ʤʝʨʥʝ ʩʪʨʫʿʝ Iʤʝʨʝˁʘ ʨʘʜʠ 

ʥʘʢʥʘʜʥʝ ʦʙʨʘʜʝ ʠ ʦʜʨʝʹʠʚʘˁʘ Ra
ʨʘʯʫʥʘʪʦ ʟʘ ʩʠʤʫʣʠʨʘʥʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ 

ʤʝʪʦʜʦʤ ʟʘ ʩʚʘ ʟʘʜʘʪʘ ʨʘʩʪʦʿʘˁʘ ʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ. 

 

4.4 ʇʦʨʝʹʝˁʝ ʤʝʪʦʜʘ 

ʋ ʦʚʦʤ ʦʜʝˀʢʫ ʩʫ, ʥʘ ʥʠʟʫ ʧʨʠʤʝʨʘ, ʧʨʠʢʘʟʘʥʠ ʨʝʟʫʣʪʘʪʠ ʧʨʠʤʝʥʝ ʦʙʝ ʤʝʪʦʜʝ ʦʧʠʩʘʥʝ ʫ 

ʧʨʝʪʭʦʜʥʦʤ ʪʝʢʩʪʫ:  

1) ʩʪʘʥʜʘʨʜʥʠ ʧʨʠʩʪʫʧ, ʟʘʩʥʦʚʘʥ ʥʘ ʧʨʠʙʣʠʞʥʠʤ ʘʥʘʣʠʪʠʯʢʠʤ ʠʟʨʘʟʠʤʘ, ʠ  

2) ʧʨʠʤʝʥʘ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ, ʢʦʨʠʰ˂ʝˁʝʤ FEM ʧʨʦʨʘʯʫʥʘ ʠ ʠʪʝʨʘʪʠʚʥʦʛ ʩʦʣʚʝʨʘ.  

ʇʨʠʤʝʨʠ ʩʫ ʙʠʨʘʥʠ ʪʘʢʦ ʜʘ ʩʝ ʦʨʠʛʠʥʘʣʥʠ ʧʨʠʩʪʫʧ ʫʧʦʨʝʜʠ ʩʘ ʩʪʘʥʜʘʨʜʥʠʤ ʧʨʠʩʪʫʧʦʤ. 

ʀʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʥʘʚʝʜʝʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʫ ʩʪʘʥʜʘʨʜʥʦʤ ʧʨʠʩʪʫʧʫ, ʦʯʝʢʠʚʘʣʦ ʩʝ ʜʘ ˂ʝ 

ʦʨʠʛʠʥʘʣʥʘ ʤʝʪʦʜʘ ʟʘʜʨʞʘʪʠ ʩʚʦʿʫ ʪʘʯʥʦʩʪ ʠ ʟʘ ʜʚʦʩʣʦʿʥʘ ʪʣʘ ʩʘ ʪʘʥʢʠʤ ʛʦʨˁʠʤ ʩʣʦʿʝʤ 

ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ ʜʦˁʠ ʩʣʦʿ. ɿʘ ʪʘʿ ʩʣʫʯʘʿ ʿʝ ʦʯʝʢʠʚʘʥʦ 

ʜʘ ʩʪʘʥʜʘʨʜʥʘ ʤʝʪʦʜʘ ʥʝ ʟʘʜʨʞʘʚʘ ʪʘʯʥʦʩʪ ʢʦʿʫ ʧʦʩʪʠʞʝ ʟʘ ʫʦʙʠʯʘʿʝʥʦ ʜʚʦʩʣʦʿʥʦ ʪʣʦ. ɱʦʰ 

ʿʝʜʥʦ ʚʘʞʥʦ ʧʠʪʘˁʝ ʟʘ ʠʩʪʨʘʞʠʚʘˁʝ ʩʫ ʧʦʪʨʝʙʥʠ ʨʘʟʤʘʮʠ ʝʣʝʢʪʨʦʜʘ ʘ ʟʘ ʢʦʿʝ ʪʨʝʙʘ ʠʟʚʨʰʠʪʠ 

ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʜʘ ʙʠ ʩʝ ʜʦʙʠʦ ʩʢʫʧ ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʿʝ ʧʦʪʨʝʙʘʥ ʟʘ ʧʨʝʮʠʟʥʦ 

ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ. 

ɿʘ ʢʚʘʥʪʠʬʠʢʘʮʠʿʫ ʫʢʫʧʥʦʛ ʧʦʢʣʘʧʘˁʘ ʤʦʜʝʣʘ ʯʠʿʠ ʩʫ ʧʘʨʘʤʝʪʨʠ ʜʦʙʠʿʝʥʠ ʢʘʦ ʨʝʟʫʣʪʘʪ 

ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ, ʩ ʿʝʜʥʝ ʩʪʨʘʥʝ, ʠ ʤʝʨʝʥʠʭ ʚʨʝʜʥʦʩʪʠ, ʩ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʧʦʨʝʜ ʧʨʦʮʝʥʪʫʘʣʥʠʭ 

ʦʜʩʪʫʧʘˁʘ ʟʘ ɟ1, ɟ2 ʠ h, ʢʘʦ ʛʣʘʚʥʦʛ ʨʝʟʫʣʪʘʪʘ, ʢʦʨʠʩʪʠ ʩʝ ʠ ʠʟʨʘʟ ʟʘ ʧʨʦʮʝʥʪʫʘʣʥʫ ʚʨʝʜʥʦʩʪ 

ʢʦʨʝʥʘ ʩʨʝʜˁʝ ʚʨʝʜʥʦʩʪʠ ʢʚʘʜʨʘʪʘ ʨʝʣʘʪʠʚʥʠʭ ʦʜʩʪʫʧʘˁʘ Ra, ʜʘʪʘ ʠʟʨʘʟʦʤ (4.2). 
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ʇʨʚʠ ʪʝʩʪ ʿʝ ʫʨʘʹʝʥ ʟʘ ʩʣʫʯʘʿ ʤʝʨʝˁʘ ʠʟ [15], ʛʜʝ ʟʝʤˀʠʰʪʝ ʠʤʘ ʫʦʙʠʯʘʿʝʥʘ ʩʚʦʿʩʪʚʘ. 

ʇʦʰʪʦ ʩʫ ʫ ʨʝʬʝʨʝʥʮʠ [15] ʜʘʪʝ ʩʘʤʦ ʚʨʝʜʥʦʩʪʠ ʧʨʠʚʠʜʥʠʭ ʩʧʝʮʠʬʠʯʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ɟʘ, 

ʠʟʤʝʨʝʥʝ ʚʨʝʜʥʦʩʪʠ ʧʨʠʚʠʜʥʠʭ ʦʪʧʦʨʥʦʩʪʠ Rʘ ʧʦʪʨʝʙʥʝ ʟʘ ʧʨʠʤʝʥʫ ʤʝʪʦʜʝ ʨʘʟʚʠʿʝʥʝ ʫ ʦʚʦʤ 

ʧʦʛʣʘʚˀʫ ʠʟʨʘʯʫʥʘʚʘʿʫ ʩʝ ʧʦʤʦ˂ʫ ʿʝʜʥʘʯʠʥʝ (2.5). ʆʚʦ ʿʝ ʦʧʨʘʚʜʘʥʦ ʟʘ ʟʝʤˀʠʰʪʝ ʩʘ 

ʥʦʨʤʘʣʥʠʤ ʩʚʦʿʩʪʚʠʤʘ, ʢʘʦ ʰʪʦ ʿʝ ʜʠʩʢʫʪʦʚʘʥʦ ʫ ʦʜʝˀʢʫ 4.2. ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʨʝʜʩʪʘʚˀʝʥʠ ʫ 

ʊʘʙ. 4.1, ʠʟ ʢʦʿʠʭ ʩʝ ʚʠʜʠ ʜʘ ʩʫ ʨʝʟʫʣʪʘʪʠ ʧʨʠʤʝʥʝ ʩʪʘʥʜʘʨʜʥʝ ʠ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʩʣʠʯʥʠ.  

ʉʠʥʪʝʪʠʯʢʠ ʧʘʨʘʤʝʪʨʠ ʩʫ ʦʜʘʙʨʘʥʠ ʧʘʨʘʤʝʪʨʠ ʟʘ ʜʚʘ ʠʣʫʩʪʨʘʪʠʚʥʘ ʧʨʠʤʝʨʘ ʜʚʦʩʣʦʿʥʦʛ 

ʤʦʜʝʣʘ ʪʣʘ: 

1. ɟ1=400 Ým, ɟ2=100 Ým ʠ h=2,5 m, ʠ 

2. ɟ1=5000 Ým, ɟ2=100 Ým ʠ h=0,5 m. 

ʇʨʚʠ ʧʨʠʤʝʨ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʿʝ ʩʘ ʧʘʨʘʤʝʪʨʠʤʘ ʢʦʿʠ ʦʜʛʦʚʘʨʘʿʫ ʪʣʫ ʩʘ ʫʦʙʠʯʘʿʝʥʦʤ 

ʜʫʙʠʥʦʤ ʛʦʨˁʝʛ ʩʣʦʿʘ ʠ ʥʠʩʢʦʤ ʚʨʝʜʥʦʰ˂ʫ ʢʦʝʬʠʮʠʿʝʥʪʘ ʨʝʬʣʝʢʩʠʿʝ, ʟʘ ʢʦʿʠ ʢʣʘʩʠʯʥʘ 

ʤʝʪʦʜʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʜʘʿʝ ʜʦʙʘʨ ʨʝʟʫʣʪʘʪ. 
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ɼʨʫʛʠ ʪʠʧ ʪʣʘ ʿʝ ʩʘ ʧʣʠʪʢʠʤ ʛʦʨˁʠʤ ʩʣʦʿʝʤ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ 

ʜʦˁʠ ʩʣʦʿ, ʦʜʥʦʩʥʦ ʚʨʝʜʥʦʩʪ ʢʦʝʬʠʮʠʿʝʥʪʘ ʨʝʬʣʝʢʩʠʿʝ ʿʝ ʚʨʣʦ ʚʠʩʦʢʘ (-0,961) ʧʦ ʘʧʩʦʣʫʪʥʦʿ 

ʚʨʝʜʥʦʩʪʠ. 

ɿʘʪʠʤ, ʠʟʚʨʰʝʥʘ ʿʝ ʩʠʤʫʣʘʮʠʿʘ ʩʢʫʧʘ ɺʝʥʝʨʦʚʠʭ ʤʝʨʝˁʘ ʧʦʤʦ˂ʫ FEM-ʘ ʟʘ ʤʦʜʝʣʝ ʪʣʘ ʩʘ 

ʪʘʢʦ ʦʜʘʙʨʘʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ. ɼʦʙʠʿʝʥʝ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ Rʘ ʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ ʟʘʪʠʤ ʩʫ 

ʢʦʨʠʰ˂ʝʥʝ ʢʘʦ ʫʣʘʟʥʠ ʧʦʜʘʮʠ ʟʘ ʢʣʘʩʠʯʥʫ ʠ ʦʨʠʛʠʥʘʣʥʫ ʤʝʪʦʜʫ. 

ʇʦʩʣʝʜˁʘ ʛʨʫʧʘ ʨʝʟʫʣʪʘʪʘ ʿʝ ʜʘʪʘ ʟʘ ʧʦʜʘʪʢʝ ʦ ʤʝʨʝˁʠʤʘ ʢʦʿʘ ʩʫ ʦʙʿʘʚˀʝʥʘ ʫ ʨʘʜʫ [6], ʘ 

ʠʟʚʨʰʝʥʘ ʩʫ ʥʘ ʿʝʜʥʦʤ ʦʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʧʦʣʠʛʦʥʘ ʫ ʋɸɽ. 

 

4.4.1 ɼʚʦʩʣʦʿʥʦ ʪʣʦ ʠʟ ʣʠʪʝʨʘʪʫʨʝ 

ʀʟ ʊʘʙ. 4.1 ʩʝ ʚʠʜʠ ʜʘ ʩʫ ʦʜʩʪʫʧʘˁʘ ʦʜ ʤʝʨʝˁʘ ʠʟ [15] (RMSErrRa (%)) ʥʝʰʪʦ ʤʘˁʘ ʢʘʜʘ 

ʩʝ ʢʦʨʠʩʪʠ ʤʝʪʦʜʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʢʦʿʘ ʿʝ ʧʨʝʜʣʦʞʝʥʘ ʫ ʜʠʩʝʨʪʘʮʠʿʠ. ʋ ʊʘʙ. 4.2 ʧʨʠʢʘʟʘʥʝ ʩʫ 

ʠʟʤʝʨʝʥʝ ʠ ʠʟʨʘʯʫʥʘʪʝ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ Rʘ, ʟʘ ʩʚʘʢʦ ʦʜ ʤʝʹʫʩʦʙʥʠʭ ʨʘʩʪʦʿʘˁʘ ʘ ʠʟʤʝʹʫ 

ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ. ʀʟʨʘʯʫʥʘʪʝ ʚʨʝʜʥʦʩʪʠ ʧʨʠʚʠʜʥʠʭ ʦʪʧʦʨʥʦʩʪʠ Rʘ ʫ ʊʘʙ. 4.2 ʜʦʙʠʿʘʿʫ ʩʝ:  

1) ʧʨʚʦ ʩʝ ʦʜʨʝʜʝ ʚʨʝʜʥʦʩʪʠ ʧʨʠʚʠʜʥʠʭ ʩʧʝʮʠʬʠʯʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ɟʘ ʢʦʨʠʰ˂ʝˁʝʤ 

ʿʝʜʥʘʯʠʥʝ (2.10) ʥʘ ʠʥʪʝʨʧʨʝʪʠʨʘʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ ʦʜʨʝʹʝʥʠʤ ʤʝʪʦʜʦʤ ʠʟ [15] 

(2. ʢʦʣʦʥʘ ʠʟ ʊʘʙ. 4.1), ʧʦʩʣʝ ʯʝʛʘ ʩʝ ʦʜʨʝʜʝ ʚʨʝʜʥʦʩʪʠ ʧʨʠʚʠʜʥʠʭ ʦʪʧʦʨʥʦʩʪʠ Rʘ 

ʧʦʤʦ˂ʫ ʿʝʜʥʘʯʠʥʝ (2.5), ʠʣʠ 

2) ʦʨʠʛʠʥʘʣʥʦʤ ʤʝʪʦʜʦʤ (3. ʢʦʣʦʥʘ ʠʟ ʊʘʙ. 4.1). 

 

ʊʘʙʝʣʘ 4.1 ï ʇʦʨʝʹʝˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ ʜʦʙʠʿʝʥʠʭ ʧʦʤʦ˂ʫ ʩʪʘʥʜʘʨʜʥʝ ʤʝʪʦʜʝ ʠʟ 

ʣʠʪʝʨʘʪʫʨʝ ʠ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ  

 ʈʝʟʫʣʪʘʪʠ ʠʟ ʨʝʬʝʨʝʥʮʝ 

[15], ʧʨʠʤʝʥʘ 

ʩʪʘʥʜʘʨʜʥʝ ʤʝʪʦʜʝ  

ʆʜʨʝʹʠʚʘˁʝ 

ʧʘʨʘʤʝʪʘʨʘ ʧʨʠʤʝʥʦʤ 

ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ 

ʆʜʩʪʫʧʘˁʝ [%] 

ɟ1 [Wm] 383,5 375,7 -2,02 

ɟ2 [Wm] 147,7 145,8 -1,26 

h [m] 2,563 2,677 4,48 

RMSErrRa [%]  3,6305 3,521 -3,02 

 

ʊʘʙʝʣʘ 4.2 ï ʀʟʨʘʯʫʥʘʪʝ ʠ ʠʟʤʝʨʝʥʝ ʚʨʝʜʥʦʩʪʠ ʧʨʠʚʠʜʥʠʭ ʦʪʧʦʨʥʦʩʪʠ Rʘ [Ý] ʟʘ ʩʣʫʯʘʿ ʟʝʤˀʠʰʪʘ ʠʟ 

ʨʝʬʝʨʝʥʮʝ [15] 

a 

[m] 

Rʘ [Ý] 

ʤʝʨʝʥʦ, 

ʨʝʬʝʨʝʥʮʘ 

[15] 

Rʘ [Ý] ʨʘʯʫʥʘʪʦ 

ʧʦʤʦ˂ʫ ʤʝʪʦʜʝ 

ʠʟ ʨʝʬʝʨʝʥʮʝ 

[15] 

ʆʜʩʪʫʧʘˁʝ 

ʦʜ ʤʝʨʝʥʦʛ 

[%] 

Rʘ [Ý] 

ʨʘʯʫʥʘʪʦ 

ʧʦʤʦ˂ʫ 

ʦʨʠʛʠʥʘʣʥʝ 

ʤʝʪʦʜʝ  

ʆʜʩʪʫʧʘˁʝ 

ʨʘʯʫʥʘʪʦʛ ʦʜ 

ʤʝʨʝʥʦʛ [%] 

2,5 20,372 20,845 2,32 20,589 1,06 

5 7,799 7,445 -4,54 7,502 -3,81 

7,5 3,862 3,978 3,00 3,997 3,49 

10 2,578 2,674 3,72 2,671 3,58 

12,5 2,139 2,031 -5,04 2,017 -5,70 

15 1,613 1,648 2,20 1,629 1,02 
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4.4.2 ʉʠʥʪʝʪʠʯʢʦ ʜʚʦʩʣʦʿʥʦ ʪʣʦ ʩʘ ʤʘʣʦʤ ʚʨʝʜʥʦʰ˂ʫ ʢʦʝʬʠʮʠʿʝʥʪʘ ʨʝʬʣʝʢʩʠʿʝ 

ɺʨʝʜʥʦʩʪʠ ʧʨʠʚʠʜʥʠʭ ʦʪʧʦʨʥʦʩʪʠ Rʘ, ʜʦʙʠʿʝʥʝ ʩʫ FEM ʩʠʤʫʣʘʮʠʿʘʤʘ ʟʘ ʜʚʦʩʣʦʿʥʦ ʪʣʦ 

ʩʘ ʧʘʨʘʤʝʪʨʠʤʘ: 

- ɟ1=400 Ým,  

- ɟ2=100 Ým ʠ  

- h=2,5 m. 

ɼʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʧʨʠʢʘʟʘʥʝ ʩʫ ʫ ʊʘʙ. 4.3. ʆʚʘ ʪʘʙʝʣʘ ʪʘʢʦʹʝ ʧʨʠʢʘʟʫʿʝ ʚʨʝʜʥʦʩʪʠ 

ʠʟʨʘʯʫʥʘʪʠʭ ʧʨʠʚʠʜʥʠʭ ʩʧʝʮʠʬʠʯʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ɟʘ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʢʘʦ ʫʣʘʟʥʠ ʧʦʜʘʮʠ ʟʘ 

ʧʦʩʪʫʧʘʢ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʠʟ ʣʠʪʝʨʘʪʫʨʝ ʢʦʿʠ ˂ʝ ʩʝ ʧʦʨʝʜʠʪʠ ʩʘ ʦʨʠʛʠʥʘʣʥʦʤ ʤʝʪʦʜʦʤ. ʋ 

ʥʘʚʝʜʝʥʦʿ ʪʘʙʝʣʠ, ʚʨʝʜʥʦʩʪʠ ɟʘ ʠʟʨʘʯʫʥʘʪʝ ʩʫ ʠʟ Ra ʢʦʨʠʰ˂ʝˁʝʤ ʛʝʦʤʝʪʨʠʿʩʢʠʭ 

ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʜʦʩʪʫʧʥʠʭ ʠʟ ʣʠʪʝʨʘʪʫʨʝ: 1) ɺʝʥʝʨʦʚ ʫʧʨʦʰ˂ʝʥʠ ʠʟʨʘʟ (2.5), 2) ɺʝʥʝʨʦʚ 

ʧʨʝʮʠʟʥʠʿʠ ʠʟʨʘʟ (2.4) ʠ ʠʟʨʘʟ ʦʜ ɹʘʠʰʠʢʠʿʘ, ʆʩʪʝʨʙʝʨʛʘ ʠ ɼʘʚʘʣʠʙʠʿʘ (ɹ.ʆ.ɼ.) ʟʘ ʫʚʘʞʘʚʘˁʝ 

ʮʠʣʠʥʜʨʠʯʥʠʭ ʝʣʝʢʪʨʦʜʘ ʥʘ ʤʘʣʠʤ ʨʘʩʪʦʿʘˁʠʤʘ ʠʟ [38]. 

ʇʘʨʘʤʝʪʨʠ ʪʣʘ ʩʫ ʦʜʨʝʹʝʥʠ: 1) ʧʦʩʪʫʧʢʦʤ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʠʟ ʣʠʪʝʨʘʪʫʨʝ, ʧʨʠ ʯʝʤʫ ʿʝ 

ʢʦʨʠʰ˂ʝʥʘ ʅʝʣʜʝʨ-ʄʠʜʦʚʘ ʥʫʤʝʨʠʯʢʘ ʤʝʪʦʜʘ ʫʤʝʩʪʦ ʤʝʪʦʜʝ ʦʧʪʠʤʠʟʘʮʠʿʝ ʠʟ [15] ʠ 2) 

ʦʨʠʛʠʥʘʣʥʦʤ ʤʝʪʦʜʦʤ. ʈʝʟʫʣʪʘʪʠ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʩʫ ʧʨʠʢʘʟʘʥʠ ʫ ʊʘʙ. 4.4.  

ʇʨʦʨʘʯʫʥʩʢʦ ʚʨʝʤʝ ʟʘ ʜʦʙʠʿʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʟʝʤˀʠʰʪʘ ʦʨʠʛʠʥʘʣʥʦʤ ʤʝʪʦʜʦʤ 

(ʧʦʩʣʝʜˁʝ ʜʚʝ ʢʦʣʦʥʝ) ʫ ʊʘʙ. 4.4 ʠʟʥʦʩʠʣʦ ʿʝ 8 ʠ 10 ʯʘʩʦʚʘ, ʨʝʩʧʝʢʪʠʚʥʦ. ʇʦʢʣʘʧʘˁʝ 

ʠʟʨʘʯʫʥʘʪʠʭ ʚʨʝʜʥʦʩʪʠ ɟʘ, ʜʦʙʠʿʝʥʠʭ ʢʦʨʠʰ˂ʝˁʝʤ ʧʨʦʮʝˁʝʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ɟ1, ɟ2 ʠ h, ʩʘ ɟʘ 

ʜʦʙʠʿʝʥʠʤ ʠʟ Rʘ ʛʝʥʝʨʠʩʘʥʠʭ FEM ʩʠʤʫʣʘʮʠʿʘʤʘ ʠʟ ʊʘʙ. 4.3 (ʦʚʝ ʚʨʝʜʥʦʩʪʠ ɟʘ ʩʫ ʦʟʥʘʯʝʥʝ 

ʢʘʦ Ăʤʝʨʝʥʝñ) ʧʨʠʢʘʟʘʥʝ ʩʫ ʥʘ ʉʣ. 4.5. ʇʨʠʢʘʟʘʥʝ ʩʫ ʢʨʠʚʝ ɟʘ ʧʨʠʚʠʜʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ʢʦʿʝ ʩʝ 

ʜʦʙʠʿʘʿʫ ʢʘʦ ʨʝʟʫʣʪʘʪʠ ʩʪʘʥʜʘʨʜʥʝ ʤʝʪʦʜʝ ʠʟ ʣʠʪʝʨʘʪʫʨʝ. ʂʨʠʚʝ ʩʫ ʥʘʮʨʪʘʥʝ ʢʦʨʠʩʪʝ˂ʠ ʠʟʨʘʟ 

(2.10). 

 

ʊʘʙʝʣʘ 4.3 ï ʉʠʥʪʝʪʠʯʢʦ ʪʣʦ ʫʦʙʠʯʘʿʝʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ: ɟ1=400 Ým, ɟ2=100 Ým, h=2,5 m 

a 

[m] 

ʉʠʥʪʝʪʠʯʢʦ ʪʣʦ 

ʧʨʠʚʠʜʥʝ 

ʦʪʧʦʨʥʦʩʪʠ Ra [Ý] 

ʛʝʥʝʨʠʩʘʥʝ ʠʟ FEM 

ʩʠʤʫʣʘʮʠʿʘ 

ʇʨʠʚʠʜʥʝ ʩʧʝʮ. ʦʪʧ. ɟa [Ým],  

ʠʟʨʘʯʫʥʘʪʝ ʠʟ Ra ʢʦʨʠʰ˂ʝˁʝʤ: 

ɺʝʥʝʨʦʚ 

ʫʧʨʦʰ˂ʝʥ 

ʠʟʨʘʟ (2.5) 

ɺʝʥʝʨʦʚ 

ʧʨʝʮʠʟʥʠʿʠ 

ʠʟʨʘʟ (2.4) 

ʀʟʨʘʟ ʦʜ 

ɹ.ʆ.ɼ. 

[38] 

0,5 115,04 361,41 442,57 391,92 

1 60,375 379,35 404,34 387,95 

2 27,169 341,42 347,30 343,40 

3 15,248 287,41 289,63 288,15 

4 9,3246 234,35 235,37 234,69 

5 6,1577 193,45 193,99 193,63 

6 4,3652 164,57 164,88 164,67 

7 3,2978 145,04 145,25 145,11 

8 2,6264 132,02 132,16 132,07 

9 2,178 123,16 123,27 123,20 

10 1,866 117,23 117,31 117,25 
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ʊʘʙʝʣʘ 4.4 ï ʇʘʨʘʤʝʪʨʠ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʦʜʨʝʹʝʥʠ ʥʘ ʦʩʥʦʚʫ ʫʣʘʟʥʠʭ ʧʦʜʘʪʘʢʘ ʠʟ ʊʘʙ. 4.3 

ʉʚʘ ʨʘʩʪʦʿʘˁʘ 

ʠʟ ʊʘʙ. 4.3 

ʄʝʪʦʜʘ ʠʟ ʣʠʪʝʨʘʪʫʨʝ ʆʨʠʛʠʥʘʣʥʘ ʤʝʪʦʜʘ 

ɺʝʥʝʨʦʚ 

ʫʧʨʦʰ˂ʝʥʠ 

ʠʟʨʘʟ (2.5), 

ʉʣ. 4.5(ʘ) 

ɺʝʥʝʨʦʚ 

ʫʧʨʦʰ˂ʝʥʠ ʠʟʨʘʟ 

(2.5), ʨʘʩʪʦʿʘˁʝ 

0,5 m ʠʟʦʩʪʘʚˀʝʥʦ 

ʉʣ. 4.5(ʙ) 

ɺʝʥʝʨʦʚ 

ʧʨʝʮʠʟʥʠʿʠ 

ʠʟʨʘʟ (2.4), 

ʉʣ. 4.5(ʚ) 

ʀʟʨʘʟ ʦʜ 

ɹ.ʆ.ɼ. 

[38], 

ʉʣ. 4.5(ʛ) 

ʉʚʘ 

ʨʘʩʪʦʿʘˁʘ 

ʠʟ ʊʘʙ. 4.3 

ʈʘʩʪʦʿʘˁʝ 

0,5 m 

ʠʟʦʩʪʘʚˀʝʥʦ, 

ʉʣ. 4.6 

ɟ1 [Ým] 377,58 389,01 422,33 394,63 399,99 400,03 

ɟ2 [Ým] 96,85 98,87 103,2 99,51 100,01 99,97 

h [m] 2,65 2,55 2,36 2,52 2,5002 2,5005 

ʆʜʩʪʫʧʘˁʝ ʦʜ ʩʠʥʪʝʪʠʯʢʦʛ ʤʦʜʝʣʘ ʪʣʘ (ɟ1=400 Ým, ɟ2=100 Ým, h=2,5 m) 

ȹɟ1 [%] -5,6 -2,75 5,58 -1,34 -0,004% 0,0073 

ȹɟ2 [%] -3,15 -1,13 3,2 -0,49 0,011% -0,027 

ȹh [%] 5,83 2,15 -5,77 0,89 0,0082% 0,019 

RMSErrRa [%] 1,68 0,26 2,03 0,26 0,012 0,016 

ʀʟ ʊʘʙ. 4.4 ʩʝ ʚʠʜʠ ʜʘ ʤʝʪʦʜʘ ʧʨʝʜʣʦʞʝʥʘ ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʜʦʚʦʜʠ ʜʦ ʙʦˀʝʛ (ʛʦʪʦʚʦ 

ʩʘʚʨʰʝʥʦʛ) ʧʦʢʣʘʧʘˁʘ ʧʨʦʮʝˁʝʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʪʣʘ, ʜʦʢ ʩʫ ʟʘ ʢʣʘʩʠʯʥʫ ʤʝʪʦʜʫ ʧʨʠʤʝʪʥʘ 

ʦʜʩʪʫʧʘˁʘ (ʫ ʩʣʫʯʘʿʫ ʬʦʨʤʫʣʝ ʩʘ ʧʦʙʦˀʰʘʥʠʤ ʛʝʦʤʝʪʨʠʿʩʢʠʤ ʢʦʝʬʠʮʠʿʝʥʪʠʤʘ ʠʟ [38]: 

-1,34% ʟʘ ɟ1, -0,49% ʟʘ ɟ2 ʠ 0,89% ʟʘ h). 

 

(ʘ) (ʙ) 

 

(ʚ) (ʛ) 

ʉʣ. 4.5 ï ʈʝʟʫʣʪʘʪʠ ʦʜʨʝʹʠʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʤʝʪʦʜʦʤ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʠʟ ʣʠʪʝʨʘʪʫʨʝ ʥʘ 

ʦʩʥʦʚʫ ɟʘ ʠʟ ʊʘʙ. 4.3 
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ʉʣ. 4.6 ï ʇʦʨʝʹʝˁʝ ɟʘ  ʟʘ ʜʚʦʩʣʦʿʥʝ ʤʦʜʝʣʝ ʪʣʘ ʩʘ ʉʣ. 4.5 ʠ ʜʚʦʩʣʦʿʥʠ ʤʦʜʝʣ ʢʘʦ ʨʝʟʫʣʪʘʪ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ 

ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ, ʧʨʠʢʘʟʘʥʦ ʟʘ ʤʝʨʥʘ ʨʘʩʪʦʿʘˁʘ ʘ Ò 4 m 

ʀʟ ʊʘʙ. 4.4, ʢʘʦ ʠ ʩʘ ʉʣ. 4.5(ʘ) ʠ ʉʣ. 4.5(ʙ), ʤʦʞʝ ʜʘ ʩʝ ʟʘʢˀʫʯʠ ʜʘ ʿʝ ʠʟʦʩʪʘʚˀʘˁʝʤ 

ʤʝʨʥʦʛ ʨʝʟʫʣʪʘʪʘ ʟʘ ʨʘʟʤʘʢ ʝʣʝʢʪʨʦʜʘ ʘ = 0,5 m ʧʦʩʪʠʛʥʫʪʘ ʙʦˀʘ ʧʨʦʮʝʥʘ ʧʘʨʘʤʝʪʘʨʘ 

ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʟʘ ʠʩʪʠ ʩʪʘʥʜʘʨʜʥʠ ʧʨʠʩʪʫʧ, ʘ ʢʦʨʠʰ˂ʝˁʝʤ ʫʧʨʦʰ˂ʝʥʝ ɺʝʥʝʨʦʚʝ ʬʦʨʤʫʣʝ 

(2.5). ʈʝʯʝʥʦ ʿʝ ʫ ʩʢʣʘʜʫ ʩʘ ʟʘʢˀʫʯʮʠʤʘ ʠʟ [38] ʜʘ ʿʝ ɺʝʥʝʨʦʚ ʫʧʨʦʰ˂ʝʥʠ ʠʟʨʘʟ (2.5) ʩʣʘʙʠʿʝ 

ʪʘʯʥʦʩʪʠ ʢʘʜʘ ʥʠʿʝ ʧʨʠʤʝˁʠʚ ʫʩʣʦʚ bḺʘ. ʉʚʝ ʘʥʘʣʠʟʝ ʩʫ ʨʘʹʝʥʝ ʟʘ b = 20 cm. 

ɼʘʢʣʝ, ʤʝʪʦʜʘ ʥʫʤʝʨʠʯʢʝ ʦʧʪʠʤʠʟʘʮʠʿʝ fminsearch ʫʢˀʫʯʫʿʝ ʤʝʨʥʫ ʪʘʯʢʫ ɟʘ ʩʣʘʙʠʿʝ 

ʪʘʯʥʦʩʪʠ ʥʘ ʘ = 0,5 m ʫ ʢʨʠʪʝʨʠʿʫʤʩʢʫ ʬʫʥʢʮʠʿʫ ʠ ʧʨʠʨʦʜʥʦ ʜʘʿʝ ʣʦʰʠʿʫ ʧʨʦʮʝʥʫ ʧʘʨʘʤʝʪʘʨʘ 

ʟʝʤˀʠʰʪʘ. ʇʨʝʮʠʟʥʠʿʘ ɺʝʥʝʨʦʚʘ ʬʦʨʤʫʣʘ (2.4) ʪʘʢʦʹʝ ʜʘʿʝ ʣʦʰʫ ʧʨʦʮʝʥʫ ɟʘ ʟʘ ʨʘʟʤʘʢ 

ʝʣʝʢʪʨʦʜʘ ʘ = 0,5 m, ʢʘʦ ʰʪʦ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʥʘ ʉʣ. 4.5(ʚ). ʋʧʦʪʨʝʙʘ ʛʝʦʤʝʪʨʠʿʩʢʦʛ 

ʢʦʝʬʠʮʠʿʝʥʪʘ ʠʟ [38] ʨʝʰʠʣʘ ʿʝ ʧʨʦʙʣʝʤ ʦʜʨʝʹʠʚʘˁʘ ɟʘ ʟʘ ʤʘʣʠ ʨʘʟʤʘʢ ʝʣʝʢʪʨʦʜʘ ʘ = 0,5 m. 

ʂʘʦ ʰʪʦ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʫ ʊʘʙ. 4.4, ʦʨʠʛʠʥʘʣʥʘ ʤʝʪʦʜʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʪʣʘ ʜʘʿʝ 

ʥʘʿʙʦˀʝ ʧʦʢʣʘʧʘˁʝ ʝʩʪʠʤʠʨʘʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʩʘ ʫʣʘʟʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ, ʘ ʥʝʰʪʦ ʙʦˀʝ ʢʘʜʘ ʿʝ 

ʨʘʟʤʘʢ ʘ = 0,5 m ʫʢˀʫʯʝʥ ʫ ʩʢʫʧ ʧʦʜʘʪʘʢʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ï RMSErrRa ʿʝ 

0,012% ʟʘ ʩʣʫʯʘʿ ʩʘ ʩʚʠʤ ʨʘʟʤʘʮʠʤʘ, ʠ 0,016% ʘʢʦ ʿʝ ʨʘʟʤʘʢ ʘ = 0,5 m ʠʟʦʩʪʘʚˀʝʥ. 

ɺʝ˂ ʠ ʨʝʟʫʣʪʘʪʠ ʧʨʠʢʘʟʘʥʠ ʫ ʜʝʣʫ ʪʝʢʩʪʘ ʠʟʥʘʜ ʤʦʛʫ ʜʘ ʩʝ ʧʦʩʤʘʪʨʘʿʫ ʢʘʦ ʜʦʢʘʟ ʦ 

ʜʦʙʨʦʤ ʬʫʥʢʮʠʦʥʠʩʘˁʫ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ, ˁʝʥʝ ʩʫʧʝʨʠʦʨʥʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ ʢʣʘʩʠʯʥʫ 

ʤʝʪʦʜʫ ʫ ʧʦʛʣʝʜʫ ʧʦʢʣʘʧʘˁʘ ʨʝʟʫʣʪʘʪʘ. ʋ ʥʘʨʝʜʥʦʤ ʧʦʛʣʘʚˀʫ, ʟʘ ʩʣʫʯʘʿ ʩʪʨʫʢʪʫʨʝ ʪʣʘ ʢʦʿʝ ʿʝ 

ʠ ʛʣʘʚʥʘ ʪʝʤʘ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ, ʧʦʤʝʥʫʪʠ ʟʘʢˀʫʯʘʢ ʙʠ˂ʝ ʿʦʰ ʠʟʨʘʞʝʥʠʿʠ. 

 

4.4.3 ʉʠʥʪʝʪʠʯʢʦ ʜʚʦʩʣʦʿʥʦ ʪʣʦ ʩʘ ʪʘʥʢʠʤ ʩʣʦʿʝʤ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 

ɺʨʝʜʥʦʩʪʠ ʧʨʠʚʠʜʥʠʭ ʦʪʧʦʨʥʦʩʪʠ Ra ʜʦʙʠʿʝʥʝ ʩʫ FEM ʩʠʤʫʣʘʮʠʿʘʤʘ ɺʝʥʝʨʦʚʠʭ 

ʤʝʨʝˁʘ ʟʘ ʜʚʦʩʣʦʿʥʦ ʪʣʦ ʩʘ ʧʘʨʘʤʝʪʨʠʤʘ: 

- ɟ1 = 5000 Ým,  

- ɟ2 = 100 Ým ʠ  

- h = 0,5 m.  

ɼʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ ʧʨʠʢʘʟʘʥʝ ʩʫ ʫ ʊʘʙ. 4.5. ʆʚʘ ʪʘʙʝʣʘ ʪʘʢʦʹʝ ʧʨʠʢʘʟʫʿʝ ʚʨʝʜʥʦʩʪʠ 

ʠʟʨʘʯʫʥʘʪʠʭ ʧʨʠʚʠʜʥʠʭ ʩʧʝʮʠʬʠʯʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ɟʘ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʢʘʦ ʫʣʘʟʥʠ ʧʦʜʘʮʠ ʟʘ 

ʧʦʩʪʫʧʘʢ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʠʟ ʣʠʪʝʨʘʪʫʨʝ ʢʦʿʠ ˂ʝ ʩʝ ʧʦʨʝʜʠʪʠ ʩʘ ʦʨʠʛʠʥʘʣʥʦʤ ʤʝʪʦʜʦʤ. ʂʘʦ ʠ 

ʟʘ ʧʨʝʪʭʦʜʥʠ ʪʠʧ ʪʣʘ ʠʟ ʦʜʝˀʢʘ ʠʟʥʘʜ, ʚʨʝʜʥʦʩʪʠ ɟʘ ʫ ʪʘʙʝʣʠ ʠʟʨʘʯʫʥʘʪʝ ʩʫ ʠʟ Rʘ 
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ʢʦʨʠʰ˂ʝˁʝʤ ʛʝʦʤʝʪʨʠʿʩʢʠʭ ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʜʦʩʪʫʧʥʠʭ ʠʟ ʣʠʪʝʨʘʪʫʨʝ: 1) ɺʝʥʝʨʦʚ ʫʧʨʦʰ˂ʝʥʠ 

ʠʟʨʘʟ (2.5), 2) ɺʝʥʝʨʦʚ ʧʨʝʮʠʟʥʠʿʠ ʠʟʨʘʟ (2.4) ʠ ʠʟʨʘʟ ʦʜ ɹ.ʆ.ɼ. ʟʘ ʫʚʘʞʘʚʘˁʝ ʮʠʣʠʥʜʨʠʯʥʠʭ 

ʝʣʝʢʪʨʦʜʘ ʥʘ ʤʘʣʠʤ ʨʘʩʪʦʿʘˁʠʤʘ ʠʟ [38]. 

 

4.4.3.1 ʉʚʘ ʨʘʩʪʦʿʘˁʘ ʫʢˀʫʯʝʥʘ ʫ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ 

ʇʘʨʘʤʝʪʨʠ ʪʣʘ ʜʦʙʠʿʝʥʠ ʧʦʩʪʫʧʮʠʤʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʧʨʠʢʘʟʘʥʠ ʩʫ ʫ ʊʘʙ. 4.6. ʉʣʘʛʘˁʝ 

ʠʟʨʘʯʫʥʘʪʠʭ ʚʨʝʜʥʦʩʪʠ ʧʨʠʚʠʜʥʠʭ ʩʧʝʮʠʬʠʯʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ɟʘ, ʜʦʙʠʿʝʥʠʭ ʩʘ ʧʨʦʮʝˁʝʥʠʤ 

ʧʘʨʘʤʝʪʨʠʤʘ ɟ1, ɟ2, ʠ h, ʩʘ ʚʨʝʜʥʦʩʪʠʤʘ ʧʨʠʚʠʜʥʠʭ ʩʧʝʮʠʬʠʯʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ɟʘ ʜʦʙʠʿʝʥʠʤ 

ʧʨʝʢʦ ʬʦʨʤʫʣʘ ʠʟ ʧʨʠʚʠʜʥʠʭ ʦʪʧʦʨʥʦʩʪʠ Ra ʛʝʥʝʨʠʩʘʥʠʭ ʫ ʧʦʯʝʪʥʠʤ, ʦʜʚʦʿʝʥʠʤ FEM 

ʩʠʤʫʣʘʮʠʿʘʤʘ, ʧʨʠʢʘʟʘʥʦ ʿʝ ʥʘ ʉʣ. 4.7. ʆʚʜʝ ʚʘˀʘ ʥʘʧʦʤʝʥʫʪʠ ʜʘ ʩʫ ʧʨʠʢʘʟʘʥʝ ʩʘʤʦ ʢʨʠʚʝ 

ʧʨʠʚʠʜʥʠʭ ʩʧʝʮʠʬʠʯʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ɟʘ ʜʦʙʠʿʝʥʠʭ ʢʘʦ ʨʝʟʫʣʪʘʪ ʧʨʠʤʝʥʝ ʤʝʪʦʜʝ 

ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʠʟ ʣʠʪʝʨʘʪʫʨʝ. ɺʨʝʤʝ ʧʨʦʨʘʯʫʥʘ ʟʘ ʧʨʠʤʝʥʫ ʤʝʪʦʜʝ ʦʜʨʝʹʠʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ 

ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʧʨʝʜʣʦʞʝʥʝ ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʠʟʥʦʩʠʣʦ ʿʝ ʧʨʠʙʣʠʞʥʦ 114 ʩʘʪʠ. 

ɺʨʝʜʥʦʩʪ RMSErrRa ʧʨʠ ʧʨʠʤʝʥʠ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʠʟʥʦʩʠ 0,085%. 

ʊʘʙʝʣʘ 4.5 ï ʉʠʥʪʝʪʠʯʢʦ ʪʣʦ ʩʘ ʪʘʥʢʠʤ ʛʦʨˁʠʤ ʩʣʦʿʝʤ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ: ɟ1=5000 Ým, 

ɟ2=100 Ým ʠ h=0,5 m 

a 

[m] 

ʉʠʥʪʝʪʠʯʢʦ ʪʣʦ 

ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ 

Ra [Ý] ʛʝʥʝʨʠʩʘʥʝ ʠʟ 

FEM ʩʠʤʫʣʘʮʠʿʘ 

ʇʨʠʚʠʜʥʝ ʩʧʝʮ. ʦʪʧ. ɟa ʠʟʨʘʯʫʥʘʪʝ ʠʟ Ra 

ʢʦʨʠʰ˂ʝˁʝʤ: 

ɺʝʥʝʨʦʚ 

ʫʧʨʦʰ˂ʝʥ 

ʠʟʨʘʟ (2.5) 

ɺʝʥʝʨʦʚ 

ʧʨʝʮʠʟʥʠʿʠ 

ʠʟʨʘʟ (2.5) 

ʀʟʨʘʟ ʦʜ 

ɹ.ʆ.ɼ. [38] 

0,25 2150,16 3377,46 5280,88 4318,34 

0,5 917,22 2881,52 3528,55 3124,71 

0,75 392,46 1849,43 2056,67 1922,50 

1 172,49 1083,78 1155,18 1108,35 

2 13,76 172,956 175,94 173,96 

3 5,77 108,687 109,53 108,97 

4 4,1 103,067 103,52 103,22 

5 3,24 101,923 102,21 102,02 

6 2,69 101,344 101,54 101,41 

7 2,3 101,160 101,3 101,21 

8 2,003 100,685 100,8 100,72 

9 1,78 100,590 100,68 100,62 

10 1,60 100,661 100,73 100,68 

 
ʊʘʙʝʣʘ 4.6 ï ʇʘʨʘʤʝʪʨʠ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʦʜʨʝʹʝʥʠ ʥʘ ʦʩʥʦʚʫ ʫʣʘʟʥʠʭ ʧʦʜʘʪʘʢʘ ʠʟ ʊʘʙ. 4.5 

ʉʚʘ ʨʘʩʪʦʿʘˁʘ 

ʠʟ ʊʘʙ. 4.5 

ʄʝʪʦʜʘ ʠʟ ʣʠʪʝʨʘʪʫʨʝ ʆʨʠʛʠʥʘʣʥʘ 

ʤʝʪʦʜʘ, 

ʉʣ. 4.8 ɺʝʥʝʨʦʚ 

ʫʧʨʦʰ˂ʝʥʠ 

ʠʟʨʘʟ (2.5), 

ʉʣ. 4.7(ʘ) 

ɺʝʥʝʨʦʚ 

ʧʨʝʮʠʟʥʠʿʠ 

ʠʟʨʘʟ (2.4), 

ʉʣ. 4.7(ʙ) 

ʀʟʨʘʟ ʦʜ ɹ.ʆ.ɼ. [38], 

ʉʣ. 4.7(ʚ) 

ɟ1 [Ým] 3856,01 5456,94 4603,63 5002,49 

ɟ2 [Ým] 99,36 100,72 100,14 100,01 

h [m] 0,515 0,468 0,488 0,5 

ʆʜʩʪʫʧʘˁʝ ʦʜ ʩʠʥʪʝʪʠʯʢʦʛ ʤʦʜʝʣʘ ʪʣʘ (ɟ1=5000 Ým, ɟ2=100 Ým, h=0,5 m) 

ȹɟ1 [%] -22,89 9,14 -7,93 0,05 

ȹɟ2 [%] -0,64 0,72 0,14 0,014 

ȹh [%] 2,99 -6,34 -2,36 0 

RMSErrRa [%] 11,3 7,55 1,11 0,085 
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ʆʨʠʛʠʥʘʣʥʘ ʤʝʪʦʜʘ ʠ ʟʘ ʦʚʘʿ ʩʣʫʯʘʿ ʩʠʥʪʝʪʠʯʢʦʛ ʪʣʘ ʜʦʚʦʜʠ ʜʦ ʦʜʣʠʯʥʦʛ ʧʦʢʣʘʧʘˁʘ 

ʧʨʦʮʝˁʝʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʟʝʤˀʠʰʪʘ, ʜʦʢ ʩʫ ʦʜʩʪʫʧʘˁʘ ʟʘ ʢʣʘʩʠʯʥʫ ʤʝʪʦʜʫ ʟʥʘʯʘʿʥʘ (ʚʠʜʝʪʠ 

ʊʘʙ. 4.6 ʠʟʥʘʜ): ʫ ʩʣʫʯʘʿʫ ʧʦʙʦˀʰʘʥʝ ʬʦʨʤʫʣʝ ʩʘ ʢʦʝʬʠʮʠʿʝʥʪʠʤʘ ʠʟ [38]: -7,93% ʟʘ ɟ1, 0,14% 

ʟʘ ɟ2 ʠ -2,36% ʟʘ h. 

 
(ʘ) (ʙ) 

 

(ʚ) 

ʉʣ. 4.7 ï ʈʝʟʫʣʪʘʪʠ ʦʜʨʝʹʠʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʤʝʪʦʜʦʤ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʠʟ ʣʠʪʝʨʘʪʫʨʝ ʥʘ 

ʦʩʥʦʚʫ ɟʘ ʠʟ ʊʘʙ. 4.5 

 
ʉʣ. 4.8 ï ʇʦʨʝʹʝˁʝ ɟʘ  ʟʘ ʜʚʦʩʣʦʿʥʝ ʤʦʜʝʣʝ ʪʣʘ ʩʘ ʉʣ. 4.7 ʠ ʜʚʦʩʣʦʿʥʠ ʤʦʜʝʣ ʢʘʦ ʨʝʟʫʣʪʘʪ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ 

ʦʨʠʛʠʥʘʣʥʦʤ ʤʝʪʦʜʦʤ, ʧʨʠʢʘʟʘʥʦ ʟʘ ʤʝʨʥʘ ʨʘʩʪʦʿʘˁʘ ʘ Ò 3 m 
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ʇʨʦʨʘʯʫʥʩʢʦ ʚʨʝʤʝ ʿʝ ʧʦʚʝ˂ʘʥʦ ʟʘ ʦʚʦ ʝʢʩʪʨʝʤʥʦ ʪʣʦ ʠʟ ʜʚʘ ʨʘʟʣʦʛʘ: 

1) ʢʨʠʪʝʨʠʿʫʤʩʢʘ ʬʫʥʢʮʠʿʘ ʿʝ ʤʘˁʝ ʦʩʝʪˀʠʚʘ ʥʘ ʧʨʦʤʝʥʫ ʧʨʦʮʝˁʝʥʠʭ ʧʘʨʘʤʝʪʘʨʘ. ʅʘ 
ʧʨʠʤʝʨ, ʠʥʬʦʨʤʘʮʠʿʝ ʟʘ ʨʘʟʣʠʢʦʚʘˁʝ ʫʪʠʮʘʿʘ ɟ1 ʠ h ʤʦʛʫ ʩʝ ʜʦʙʠʪʠ ʩʘʤʦ ʠʟ ʤʝʨʝˁʘ ʥʘ 

ʤʘʣʠʤ ʨʘʩʪʦʿʘˁʠʤʘ ʘ. ɸʢʦ ʧʦʩʪʦʿʠ ʤʘʣʠ ʙʨʦʿ ʪʘʢʚʠʭ ʪʘʯʘʢʘ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʫʢʫʧʥʠʤ 

ʙʨʦʿʝʤ ʤʝʨʥʠʭ ʪʘʯʘʢʘ, ʦʚʘ ʠʥʬʦʨʤʘʮʠʿʘ ʩʝ ʛʫʙʠ ʧʨʠʣʠʢʦʤ ʧʨʠʤʝʥʝ ʢʨʠʪʝʨʠʿʫʤʩʢʝ 

ʬʫʥʢʮʠʿʝ. ʇʦʨʝʜ ʪʦʛʘ, ʫ ʟʦʥʠ ʚʝ˂ʠʭ ʤʝʨʥʠʭ ʨʘʩʪʦʿʘˁʘ a, ʢʨʠʚʘ ʟʘ ɟʘ ʿʝ Ăʩʧˀʦʰʪʝʥʘñ 

(ʚʠʜʝʪʠ ʉʣ. 4.7). ʊʦ ʟʥʘʯʠ ʜʘ ʫ ʦʚʦʿ ʟʦʥʠ ʧʦʩʪʦʿʝ ʪʘʯʢʝ ʢʦʿʝ ʩʝ ʧʨʘʢʪʠʯʥʦ ʧʦʥʘʚˀʘʿʫ ʠ 

ʢʦʿʝ ʩʘʤʠʤ ʪʠʤ ʥʝ ʜʦʥʦʩʝ ʜʦʜʘʪʥʝ ʠʥʬʦʨʤʘʮʠʿʝ, ʧʘ ʯʘʢ ʠ ʧʨʠʛʫʰʫʿʫ ʫʪʠʮʘʿ ʪʘʯʘʢʘ 

ʢʦʿʝ ʥʦʩʝ ʠʥʬʦʨʤʘʮʠʿʫ, ʠ 

 

2) ʙʨʦʿ ʝʣʝʤʝʥʘʪʘ ʫ ʤʨʝʞʠ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ʫ FEM ʤʦʜʝʣʫ ʫ ʦʙʣʘʩʪʠ ʛʦʨˁʝʛ ʩʣʦʿʘ 

ʪʣʘ ʨʘʩʪʝ ʩʘ ʩʤʘˁʝˁʝʤ ʜʫʙʠʥʝ h ʛʦʨˁʝʛ ʩʣʦʿʘ, ʿʝʨ ʤʘʢʩʠʤʘʣʥʘ ʜʠʤʝʥʟʠʿʘ ʝʣʝʤʝʥʘʪʘ 

ʤʨʝʞʝ ʟʘ ʛʦʨˁʠ ʩʣʦʿ ʧʦʩʣʝʜʠʯʥʦ ʤʦʨʘ ʜʘ ʩʝ ʩʤʘˁʠ ʯʘʢ ʠ ʟʘ ʧʦʜʨʫʯʿʘ ʛʦʨˁʝʛ ʩʣʦʿʘ 

ʫʜʘˀʝʥʘ ʦʜ ʝʣʝʢʪʨʦʜʘ. ʇʦʚʝ˂ʘˁʝ ʙʨʦʿʘ ʝʣʝʤʝʥʘʪʘ ʤʨʝʞʝ ʫ ʛʦʨˁʝʤ ʩʣʦʿʫ ʧʦʚʝ˂ʘʚʘ ʠ 

ʚʨʝʤʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʠʟʚʨʰʝ FEM ʩʠʤʫʣʘʮʠʿʝ. 

 

4.4.3.2 ʋʢʣʦˁʝʥʘ ʨʘʩʪʦʿʘˁʘ ʘ < 1 m ʠʟ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ 

ʇʘʨʘʤʝʪʨʠ ʪʣʘ ʜʦʙʠʿʝʥʠ ʧʦʩʪʫʧʮʠʤʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʧʨʠ ʢʦʨʠʰ˂ʝˁʫ ʨʝʜʫʢʦʚʘʥʦʛ 

ʩʢʫʧʘ ʫʣʘʟʥʠʭ ʚʨʝʜʥʦʩʪʠ, ʦʜʥʦʩʥʦ ʢʘʜʘ ʩʝ ʠʟʦʩʪʘʚʝ ʤʝʨʝˁʘ ʟʘ ʨʘʟʤʘʢʝ ʝʣʝʢʪʨʦʜʘ ʠʩʧʦʜ ʘ=1 m 

ʠʟ ʊʘʙ. 4.5, ʧʨʠʢʘʟʘʥʠ ʩʫ ʫ ʊʘʙ. 4.7. ʉʣʘʛʘˁʝ ʠʟʨʘʯʫʥʘʪʠʭ ʚʨʝʜʥʦʩʪʠ ʧʨʠʚʠʜʥʠʭ ʩʧʝʮʠʬʠʯʥʠʭ 

ʦʪʧʦʨʥʦʩʪʠ ɟʘ, ʜʦʙʠʿʝʥʠʭ ʩʘ ʧʨʦʮʝˁʝʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ ɟ1, ɟ2, ʠ h, ʩʘ ʚʨʝʜʥʦʩʪʠʤʘ ʧʨʠʚʠʜʥʠʭ 

ʩʧʝʮʠʬʠʯʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ɟʘ ʜʦʙʠʿʝʥʠʤ ʧʨʝʢʦ ʬʦʨʤʫʣʘ ʠʟ ʧʨʠʚʠʜʥʠʭ ʦʪʧʦʨʥʦʩʪʠ Ra 

ʛʝʥʝʨʠʩʘʥʠʭ ʫ ʧʦʯʝʪʥʠʤ, ʦʜʚʦʿʝʥʠʤ FEM ʩʠʤʫʣʘʮʠʿʘʤʘ ʠʟ ʊʘʙ. 4.5 (ʦʚʝ ʚʨʝʜʥʦʩʪʠ ɟʘ 

ʦʟʥʘʯʝʥʝ ʩʫ ʢʘʦ Ăʠʟʤʝʨʝʥʝñ) ʧʨʠʢʘʟʘʥʦ ʿʝ ʥʘ ʉʣ. 4.9. ʀ ʦʚʜʝ ʚʘʞʠ ʥʘʧʦʤʝʥʘ ʜʘ ʩʫ ʧʨʠʢʘʟʘʥʝ 

ʩʘʤʦ ʢʨʠʚʝ ʧʨʠʚʠʜʥʠʭ ʩʧʝʮʠʬʠʯʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ɟʘ ʜʦʙʠʿʝʥʠʭ ʢʘʦ ʨʝʟʫʣʪʘʪ ʧʨʠʤʝʥʝ ʤʝʪʦʜʝ 

ʘʥʘʣʠʪʠʯʢʝ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ. 

 
ʊʘʙʝʣʘ 4.7 ï ʇʘʨʘʤʝʪʨʠ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʦʜʨʝʹʝʥʠ ʥʘ ʦʩʥʦʚʫ ʫʣʘʟʥʠʭ ʧʦʜʘʪʘʢʘ ʧʨʝʜʩʪʘʚˀʝʥʠʭ ʫ ʊʘʙ. 4.5 

ʢʘʜʘ ʩʝ ʠʟʦʩʪʘʚʝ FEM  ʩʠʤʫʣʠʨʘʥʘ ɺʝʥʝʨʦʚʘ ʤʝʨʝˁʘ ʟʘ ʨʘʟʤʘʢʝ ʝʣʝʢʪʨʦʜʘ ʠʩʧʦʜ ʘ=1 m 

ʈʘʩʪʦʿʘˁʘ 

a < 1 m 

ʠʟʦʩʪʘʚˀʝʥʘ 

ʄʝʪʦʜʘ ʠʟ ʣʠʪʝʨʘʪʫʨʝ ʆʨʠʛʠʥʘʣʥʘ 

ʤʝʪʦʜʘ  

ɺʝʥʝʨʦʚ 

ʫʧʨʦʰ˂ʝʥʠ 

ʠʟʨʘʟ (2.5), 

ʉʣ. 4.9(ʘ) 

ɺʝʥʝʨʦʚ 

ʧʨʝʮʠʟʥʠʿʠ 

ʠʟʨʘʟ (2.4), 

ʉʣ. 4.9(ʙ) 

ɻʝʦʤ. ʢʦʝʬ. ʠʟ 

[38],  

ʉʣ. 4.9 (ʚ) 

ʈʘʩʪʦʿʘˁʘ 

a < 1 m 

ʠʟʦʩʪʘʚˀʝʥʘ, 

ʉʣ. 4.10 

ɟ1 [Ým] 4441,55 4831,88 4577,02 4955,7751 

ɟ2 [Ým] 100,02 100,25 100,1 100,1341 

h [m] 0,491 0,488 0,49 0,501 

ʆʜʩʪʫʧʘˁʝ ʦʜ ʩʠʥʪʝʪʠʯʢʦʛ ʤʦʜʝʣʘ ʪʣʘ (ɟ1=5000 Ým, ɟ2=100 Ým, h=0,5 m) 

ȹɟ1 [%] -11,17 -3,36 -8,46 -0,88 

ȹɟ2 [%] 0,02 0,25 0,097 0,13 

ȹh [%] -1,88 -2,42 -2,09 0,28 

RMSErrRa [%] 0,33 0,57 0,27 0,14 
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(ʘ) (ʙ) 

 

(ʚ) 

ʉʣ. 4.9 ï ʈʝʟʫʣʪʘʪʠ ʦʜʨʝʹʠʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʤʝʪʦʜʦʤ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʠʟ ʣʠʪʝʨʘʪʫʨʝ ʥʘ 

ʦʩʥʦʚʫ ɟʘ ʠʟ ʊʘʙ. 4.5 ʫʟ ʠʟʦʩʪʘʚˀʘˁʝ ʨʘʟʤʘʢʘ ʝʣʝʢʪʨʦʜʘ ʠʩʧʦʜ 1 m 

 

 

ʉʣ. 4.10 ï ʇʦʨʝʹʝˁʝ ɟʘ  ʟʘ ʜʚʦʩʣʦʿʥʝ ʤʦʜʝʣʝ ʪʣʘ ʩʘ ʉʣ. 4.9 ʠ ʜʚʦʩʣʦʿʥʠ ʤʦʜʝʣ ʢʘʦ ʨʝʟʫʣʪʘʪ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ 

ʦʨʠʛʠʥʘʣʥʦʤ ʤʝʪʦʜʦʤ, ʧʨʠʢʘʟʘʥʦ ʟʘ ʤʝʨʥʘ ʨʘʩʪʦʿʘˁʘ ʘ Ò 3 m 
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ɺʨʝʜʥʦʩʪ RMSErrRa ʧʨʠ ʧʨʠʤʝʥʠ ʤʝʪʦʜʝ ʧʨʝʜʣʦʞʝʥʝ ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʟʘ ʦʚʘʿ ʩʤʘˁʝʥʠ 

ʙʨʦʿ ʨʘʟʤʘʢʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ ʠʟʥʦʩʠ 0,14%. 

ʈʝʟʫʣʪʘʪʠ ʧʦʢʘʟʫʿʫ ʩʫʧʝʨʠʦʨʥʦʩʪ ʫ ʪʘʯʥʦʩʪʠ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʧʨʠ 

ʧʨʦʮʝʥʠ ʧʘʨʘʤʝʪʘʨʘ ʝʢʩʪʨʝʤʥʦʛ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ (ʪʘʥʘʢ ʛʦʨˁʠ ʩʣʦʿ ʚʠʩʦʢʝ ʚʨʝʜʥʦʩʪʠ 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʚʨʝʜʥʦʰ˂ʫ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʜʦˁʝʛ ʩʣʦʿʘ) ʫ 

ʦʜʥʦʩʫ ʥʘ ʩʪʘʥʜʘʨʜʥʫ ʤʝʪʦʜʫ. 

 

4.4.4 ɼʠʩʢʫʩʠʿʘ ʫʪʠʮʘʿʘ ʜʫʙʠʥʝ ʝʣʝʢʪʨʦʜʘ ʥʘ ʤʝʪʦʜʫ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʠʟ ʣʠʪʝʨʘʪʫʨʝ 

ɼʘ ʙʠ ʩʝ ʠʩʧʠʪʘʦ ʫʪʠʮʘʿ ʜʫʙʠʥʝ ʫʙʘʜʘˁʘ ʝʣʝʢʪʨʦʜʘ b, ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʟʝʤˀʠʰʪʘ 

ʢʦʨʠʰ˂ʝˁʝʤ ʘʥʘʣʠʪʠʯʢʦʛ ʧʨʠʩʪʫʧʘ ʧʦʥʦʚˀʝʥʘ ʿʝ ʟʘ ʿʦʰ ʪʨʠ ʜʫʙʠʥʝ ʫʙʘʜʘˁʘ:  

- 10 cm ï ʧʨʘʢʪʠʯʥʦ ʠʟʚʦʜˀʠʚʦ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ,  

- 5 cm ï ʥʘ ʠʚʠʮʠ ʧʨʘʢʪʠʯʥʝ ʠʟʚʦʜˀʠʚʦʩʪʠ ʠ 

- 1 cm ï ʛʦʪʦʚʦ ʥʝʤʦʛʫ˂ʝ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʧʨʠ ʤʝʨʝˁʠʤʘ ʥʘ ʪʝʨʝʥʫ 

ʀʩʧʠʪʠʚʘˁʝ ʿʝ ʩʧʨʦʚʝʜʝʥʦ ʪʘʢʦ ʰʪʦ ʩʫ ʧʦʥʦʚˀʝʥʝ FEM ʩʠʤʫʣʘʮʠʿʝ ɺʝʥʝʨʦʚʠʭ ʤʝʨʝˁʘ 

ʟʘ ʩʠʥʪʝʪʠʯʢʠ ʪʠʧ ʟʝʤˀʠʰʪʘ ʩʘ ʧʣʠʪʢʠʤ ʛʦʨˁʠʤ ʩʣʦʿʝʤ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʠʟ 

ʧʨʝʪʭʦʜʥʦʛ ʦʜʝˀʢʘ (ɟ1=5000 Ým, ɟ2=100 Ým, h=0,5 m). FEM ʩʠʤʫʣʘʮʠʿʝ ʩʫ ʠʟʚʨʰʝʥʝ ʟʘ ʩʚʝ 

ʪʨʠ ʥʘʚʝʜʝʥʝ ʜʫʙʠʥʝ ʫʙʘʜʘˁʘ ʝʣʝʢʪʨʦʜʘ b (1, 5, 10 cm).  

ʊʘʙ. 4.8 ʧʨʠʢʘʟʫʿʝ ʧʨʦʮʝˁʝʥʝ ʚʨʝʜʥʦʩʪʠ ɟ1, ɟ2 ʠ h, ʜʦʙʠʿʝʥʝ ʠʜʝʥʪʠʯʥʠʤ ʧʦʩʪʫʧʢʦʤ ʢʘʦ 

ʫ ʦʜʝˀʮʠʤʘ 4.4.2 ʠ 4.4.3. 

 
ʊʘʙʝʣʘ 4.8 ï ʋʪʠʮʘʿ ʜʫʙʠʥʝ ʫʙʘʜʘˁʘ ʝʣʝʢʪʨʦʜʘ b ʥʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ 

ʢʦʨʠʰ˂ʝˁʝʤ ʤʝʪʦʜʝ ʠʟ ʣʠʪʝʨʘʪʫʨʝ 

ʉʚʘ ʨʘʩʪʦʿʘˁʘ 

ʄʝʪʦʜʘ ʠʟ ʣʠʪʝʨʘʪʫʨʝ 

ɺʝʥʝʨʦʚ ʫʧʨʦʰ˂ʝʥʠ 

ʠʟʨʘʟ (2.5) 
ɺʝʥʝʨʦʚ ʧʨʝʮʠʟʥʠʿʠ 

ʠʟʨʘʟ (2.4) 
ʀʟʨʘʟ ʦʜ 

ɹ.ʆ.ɼ. [38] 

ɟ1 [Wm] 

b=20cm 3856,01 5456,94 4603,63 

b=10cm 4611,82 5306,2 4873,44 

b=5cm 4902,89 5115,82 4976,50 

b=1cm 5009,97 5019,11 5013,02 

ɟ2 [Wm] 

b=20cm 99,36 100,72 100,14 

b=10cm 99,61 100,2 99,85 

b=5cm 99,42 99,6 99,48 

b=1cm 98,45 98,46 98,45 

h [m] 

b=20cm 0,52 0,47 0,49 

b=10cm 0,51 0,48 0,50 

b=5cm 0,50 0,49 0,50 

b=1cm 0,50 0,50 0,50 

 

4.4.5 ʇʫʩʪʠˁʩʢʦ ʪʣʦ ʠʟ ʣʠʪʝʨʘʪʫʨʝ 

ʋ ʨʘʜʫ [6] ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʧʨʠʤʝʥʘ ʜʦʜʘʪʠʭ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʠʩʧʫʥʫ ʦʢʦ ʫʟʝʤˀʠʚʘʯʘ ʠ 

ʦʩʪʚʘʨʠʚʘˁʝ ʙʦˀʝʛ ʢʦʥʪʘʢʪʘ ʩʘ ʦʢʦʣʥʠʤ ʪʣʦʤ ʫ ʫʩʣʦʚʠʤʘ ʧʫʩʪʠˁʩʢʦʛ ʟʝʤˀʠʰʪʘ. ʄʝʨʝˁʘ 

ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʩʫ ʠʟʚʨʰʝʥʘ ʥʘ ʥʝʢʦʣʠʢʦ ʣʦʢʘʮʠʿʘ ʫ ʋɸɽ ʩʘ ʟʝʤˀʠʰʪʠʤʘ ʪʠʧʠʯʥʠʤ ʟʘ 

ʠʩʧʠʪʠʚʘʥʫ ʪʝʨʠʪʦʨʠʿʫ. ɿʘ ʧʨʠʤʝʥʫ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʫʟʝʪʠ ʩʫ ʨʝʟʫʣʪʘʪʠ ʤʝʨʝˁʘ 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ ʥʘ ʣʦʢʘʮʠʿʠ ɸʣ ʍʘʿʝʨ [6]. 
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ʊʘʙ. 4.9 ʧʨʠʢʘʟʫʿʝ ʨʝʟʫʣʪʘʪʝ ɺʝʥʝʨʦʚʠʭ ʤʝʨʝˁʘ ʥʘ ʣʦʢʘʮʠʿʠ ɸʣ ʍʘʿʝʨ ʟʘ ʿʝʜʘʥ ʤʝʨʥʠ 

ʧʨʘʚʘʮ (ʚʠʜʝʪʠ ʉʣ. 6.3), ʩʘ ʥʘʿʚʝ˂ʦʤ ʦʪʧʦʨʥʦʰ˂ʫ ʟʝʤˀʠʰʪʘ. ʇʨʠʚʠʜʥʘ ʦʪʧʦʨʥʦʩʪ ɟa, ʢʦʿʘ ʩʝ 

ʢʦʨʠʩʪʠ ʢʘʦ ʫʣʘʟʥʠ ʧʦʜʘʪʘʢ ʟʘ ʩʪʘʥʜʘʨʜʥʫ ʤʝʪʦʜʫ ʠʟ ʣʠʪʝʨʘʪʫʨʝ, ʠʟʨʘʯʫʥʘʪʘ ʿʝ ʢʦʨʠʰ˂ʝˁʝʤ 

ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʝ ʬʦʨʤʫʣʝ (2.5). ɼʫʙʠʥʘ ʧʦʩʪʘʚˀʘˁʘ ʝʣʝʢʪʨʦʜʘ b ʫʚʝʢ ʿʝ ʙʠʣʘ ʤʥʦʛʦ ʤʘˁʘ ʦʜ 

ʨʘʟʤʘʢʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ, ʪʿ. ʢʨʠʪʝʨʠʿʫʤ b < 0,1a ʿʝ ʙʠʦ ʠʩʧʫˁʝʥ ʟʘ ʩʚʘ ʤʝʨʥʘ ʨʘʩʪʦʿʘˁʘ, ʪʝ 

ʿʝ ʫʧʦʪʨʝʙʘ ʫʧʨʦʰ˂ʝʥʦʛ ɺʝʥʝʨʦʚʦʛ ʠʟʨʘʟʘ ʦʧʨʘʚʜʘʥʘ.  

ʊʘʙʝʣʘ 4.9 ï ʄʝʨʝˁʘ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʥʘ ʣʦʢʘʮʠʿʠ ɸʣ ʍʘʿʝʨ 

 a [m]  b [m] Ra
ʤʝʨʝʥʘ

 [Ý]  ɟa
ʤʝʨʝʥʘ [Wm], 

ɺʝʥʝʨʦʚ 

ʫʧʨʦʰ˂ʝʥʠ 

ʠʟʨʘʟ (2.5) 

1 0,05 697 4379,38 

3 0,15 75 1413,72 

5 0,2 41 1288,05 

7,5 0,2 21 989,60 

10 0,2 21 1319,47 

12,5 0,2 14 1099,56 

15 0,2 10 942,48 

ʇʨʦʮʝˁʝʥʠ ʧʘʨʘʤʝʪʨʠ ʜʚʦʩʣʦʿʥʦʛ ʟʝʤˀʠʰʪʘ ʩʫ ʧʨʠʢʘʟʘʥʠ ʫ ʊʘʙ. 4.10. ʈʝʟʫʣʪʘʪʠ 

ʩʪʘʥʜʘʨʜʥʦʛ ʧʨʠʩʪʫʧʘ ʠ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʩʫ ʩʣʠʯʥʠ. ʊʦ ʿʝ ʠ ʦʯʝʢʠʚʘʥʦ, ʿʝʨ ɸʣ ʍʘʿʝʨ ʠʧʘʢ 

ʥʠʿʝ ʩʣʫʯʘʿ ʝʢʩʪʨʝʤʥʦʛ ʟʝʤˀʠʰʪʘ, ʩʘ ʪʘʥʢʠʤ ʩʣʦʿʝʤ ʟʝʤˀʠʰʪʘ ʚʠʩʦʢʝ ʦʪʧʦʨʥʦʩʪʠ. ʉʣʘʛʘˁʝ 

ɟa ʜʦʙʠʿʝʥʠʭ ʤʝʨʝˁʠʤʘ ʠ ʠʟʨʘʯʫʥʘʪʠʭ ʤʝʪʦʜʦʤ ʧʨʝʜʣʦʞʝʥʦʤ ʫ ʨʘʜʫ ʠ ʩʪʘʥʜʘʨʜʥʦʤ ʤʝʪʦʜʦʤ 

ʧʨʠʢʘʟʘʥʦ ʿʝ ʥʘ ʉʣ. 4.11.ʊʨʝʙʘ ʥʘʧʦʤʝʥʫʪʠ ʜʘ ʩʫ ʧʨʦʮʝˁʝʥʠ ʧʘʨʘʤʝʪʨʠ, ʢʦʿʠ ʩʫ 

ʧʨʝʜʩʪʘʚˀʝʥʠ ʫ [6] (ɟ1 = 1541 Ým, ɟ2 = 918 Ým, h = 3 m), ʜʦʙʠʿʝʥʠ ʧʦʤʦ˂ʫ ʩʦʬʪʚʝʨʘ CYME 

[7], ʧʨʠ ʯʝʤʫ ʿʝ CYME ʠʩʢˀʫʯʠʦ ʠʟ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʪʘʯʢʫ ɟa
ʤʝʨʝʥʘ ʟʘ a = 1 m, ʪʿ. ʩʦʬʪʚʝʨ ʿʫ ʿʝ 

ʦʜʙʘʮʠʦ ʢʘʦ ʧʦʛʨʝʰʥʦ ʤʝʨʝˁʝ. ʂʘʜʘ ʩʝ ʤʝʨʝˁʝ ʟʘ a = 1 m ʫʢʣʦʥʠ ʠʟ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ, 

ʢʦʨʠʰ˂ʝˁʝʤ ʩʪʘʥʜʘʨʜʥʦʛ ʧʨʠʩʪʫʧʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʜʦʙʠʿʝʥʝ ʩʫ ʩʣʠʯʥʝ ʚʨʝʜʥʦʩʪʠ 

ɟ1 = 1653,36 Ým, ɟ2 = 1000,41 Ým, h = 2,285 m. ʈʝʟʫʣʪʘʪʠ ʠ ʧʦʨʝʹʝˁʝ ʧʨʠʢʘʟʘʥʠ ʩʫ ʫ 

ʊʘʙ. 4.11. 

ʊʘʙʝʣʘ 4.10 ï ʇʦʨʝʹʝˁʝ ʤʝʪʦʜʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʟʘ ʣʦʢʘʮʠʿʫ ɸʣ ʍʘʿʝʨ 

ʀʥʪʝʨʧʨʝʪʘʮʠʿʘ ʩʘ ʫʢˀʫʯʝʥʠʤ ʩʚʠʤ ʨʘʩʪʦʿʘˁʠʤʘ ʠʟ ʊʘʙ. 4.9 

 ʉʪʘʥʜʘʨʜʥʘ ʤʝʪʦʜʘ, ɺʝʥʝʨʦʚ 

ʫʧʨʦʰ˂ʝʥʠ ʠʟʨʘʟ (2.5) 

ʆʨʠʛʠʥʘʣʥʘ 

ʤʝʪʦʜʘ 

ʆʜʩʪʫʧʘˁʝ (%) 

ɟ1 [Ým] 6105,56 6180 1,2 

ɟ2 [Ým] 1060,02 1059,7 -0,03 

h [m] 0,89 0,89 0,23 

RMSErrRa [%] 10,39 10,39 -0,074 

 
ʊʘʙʝʣʘ 4.11 ï ʇʦʨʝʹʝˁʝ ʧʨʦʮʝʥʝ ʧʘʨʘʤʝʪʘʨʘ ʟʘ ʣʦʢʘʮʠʿʫ ɸʣ ʍʘʿʝʨ ʟʘ CYME ʨʝʟʫʣʪʘʪ ʠʟ [6] ʠ ʩʪʘʥʜʘʨʜʥʫ 

ʤʝʪʦʜʫ 

ʈʘʩʪʦʿʘˁʝ ʘ = 1 m ʫʢʣʦˁʝʥʦ ʠʟ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ 

 CYME ʨʝʟʫʣʪʘʪ ʠʟ 

[6] 

ʉʪʘʥʜʘʨʜʥʘ 

ʤʝʪʦʜʘ 

ʆʜʩʪʫʧʘˁʝ (%) 

ɟ1 [Ým] 1541 1653,36 7,29 

ɟ2 [Ým] 918 1000,41 8,98 

h [m] 3 2,28 -23,8 

RMSErrRa [%] 11,18 10,52 -5,96 
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(ʘ) 

 

(ʙ) 

ʉʣ. 4.11 ï ʇʦʨʝʹʝˁʝ ʝʩʪʠʤʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʟʘ: (ʘ) ʩʪʘʥʜʘʨʜʥʫ ʠ ʦʨʠʛʠʥʘʣʥʫ ʤʝʪʦʜʫ ʟʘ ʩʚʘ 

ʨʘʩʪʦʿʘˁʘ ʠ (ʙ) ʟʘ CYME ʠʟ [6] ʠ ʩʪʘʥʜʘʨʜʥʫ ʤʝʪʦʜʫ, ʦʙʝ ʙʝʟ ʨʘʩʪʦʿʘˁʘ ʘ = 1 m 

 

4.5 ɼʠʩʢʫʩʠʿʘ ʨʝʟʫʣʪʘʪʘ 

4.5.1 ʅʫʤʝʨʠʯʢʘ ʨʘʟʤʘʪʨʘˁʘ 

ʉʦʣʚʝʨ fminsearch ʿʝ ʫ ʩʚʠʤ ʧʦʩʤʘʪʨʘʥʠʤ ʩʣʫʯʘʿʝʚʠʤʘ ʢʦʥʚʝʨʛʠʨʘʦ ʢʘ ʜʦʙʨʦʤ ʨʝʰʝˁʫ. 

MATLAB fminsearch ʩʦʣʚʝʨ ʨʘʜʠ ʩʪʘʙʠʣʥʦ, ʘ ʚʨʝʤʝ ʨʝʰʘʚʘˁʘ ʿʝ ʫʚʝʢ ʙʠʣʦ ʤʘˁʝ ʦʜ 1 ʩʝʢʫʥʜʝ 

ʢʘʜʘ ʩʝ ʢʦʨʠʩʪʠ ʬʦʨʤʫʣʘ (2.10) ʠ ʘʥʘʣʠʪʠʯʢʘ ʤʝʪʦʜʘ.  
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ɱʝʜʠʥʠ ʧʨʦʙʣʝʤʠ ʢʦʿʠ ʩʫ ʧʨʠʤʝ˂ʝʥʠ ʩʘ ʦʚʠʤ ʩʦʣʚʝʨʦʤ ʠ ʘʥʘʣʠʪʠʯʢʦʤ ʤʝʪʦʜʦʤ ʙʠʣʠ ʩʫ 

ʢʘʜʘ ʿʝ ʧʦʯʝʪʥʦ ʧʨʝʪʧʦʩʪʘʚˀʝʥʠ ʬʘʢʪʦʨ ʨʝʬʣʝʢʩʠʿʝ K ʩʫʧʨʦʪʥʦʛ ʟʥʘʢʘ ʦʜ ʩʪʚʘʨʥʦʛ. ʈʝʰʝˁʝ 

ʦʚʦʛ ʧʨʦʙʣʝʤʘ ʿʝ ʧʨʦʥʘʹʝʥʦ ʥʘ ʙʘʟʠ ʩʣʝʜʝ˂ʝ ʯʠˁʝʥʠʮʝ: ʘʢʦ ʿʝ ʚʨʝʜʥʦʩʪ ʟʘ ɟa
ʤʝʨʝʥʘ ʟʘ ʥʘʿʤʘˁʝ 

ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ a1 ʚʝ˂ʘ ʦʜ ɟa
ʤʝʨʝʥʘ ʟʘ ʥʘʿʚʝ˂ʝ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ an, 

ɟ1 > ɟ2 ʠ ʬʘʢʪʦʨ ʨʝʬʣʝʢʩʠʿʝ ʿʝ ʥʝʛʘʪʠʚʘʥ. ʋ ʩʫʧʨʦʪʥʦʤ ʚʘʞʠ ʦʙʨʥʫʪʦ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʜʦʣʘʟʠ 

ʜʦ ʪʘʯʥʦʛ ʟʥʘʢʘ ʟʘ ʠʥʠʮʠʿʘʣʥʫ ʚʨʝʜʥʦʩʪ ʬʘʢʪʦʨʘ ʨʝʬʣʝʢʩʠʿʝ.  

ʈʘʯʫʥʩʢʦ ʚʨʝʤʝ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʟʥʘʯʘʿʥʦ ʩʝ ʧʦʚʝ˂ʘʚʘ ʫ ʦʜʥʦʩʫ ʥʘ ʘʥʘʣʠʪʠʯʢʫ 

ʤʝʪʦʜʫ ʟʙʦʛ ʚʝʣʠʢʦʛ ʙʨʦʿʘ 3ɼ FEM ʩʠʤʫʣʘʮʠʿʘ (ʙʨʦʿ ʤʝʨʝˁʘ, ʪʿ. ʤʝʹʫʩʦʙʥʠʭ ʨʘʩʪʦʿʘˁʘ 

ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ, ʧʦʤʥʦʞʝʥ ʙʨʦʿʝʤ ʠʪʝʨʘʮʠʿʘ ʩʦʣʚʝʨʘ). ʄʘʢʩʠʤʘʣʥʦ ʨʘʯʫʥʩʢʦ ʚʨʝʤʝ ʟʘ 

ʩʣʫʯʘʿ ʝʢʩʪʨʝʤʥʦʛ ʪʣʘ ʨʘʩʪʝ ʥʘ ʦʢʦ 114 ʩʘʪʠ. 

ʇʨʦʨʘʯʫʥʠ ʟʘʩʥʦʚʘʥʠ ʥʘ ʤʝʪʦʜʠ ʛʨʘʥʠʯʥʠʭ ʝʣʝʤʝʥʘʪʘ (BEM), ʫʤʝʩʪʦ FEM, ʢʘʢʦ ʿʝ 

ʧʨʝʜʣʦʞʝʥʦ ʫ [117], ʤʦʛʣʦ ʙʠ ʜʘ ʜʦʚʝʜʝ ʜʦ ʩʤʘˁʝˁʘ ʨʘʯʫʥʩʢʦʛ ʚʨʝʤʝʥʘ. ʀʩʪʨʘʞʠʚʘˁʝ 

ʜʨʫʛʠʭ ʤʝʪʦʜʘ ʦʧʪʠʤʠʟʘʮʠʿʝ, ʫʤʝʩʪʦ MATLAB ʩʦʣʚʝʨʘ fminsearch, ʠ ʧʨʠʤʝʥʘ ʝʬʠʢʘʩʥʠʿʠʭ 

ʘʣʛʦʨʠʪʘʤʘ ʪʘʢʦʹʝ ʿʝ ʦʧʮʠʿʘ ʟʘ ʩʢʨʘ˂ʠʚʘˁʝ ʧʨʦʨʘʯʫʥʘ, ʘʣʠ ʪʘ ʤʦʛʫ˂ʥʦʩʪ ʠʤʘ ʚʠʰʝ ʪʝʦʨʝʪʩʢʠ 

ʟʥʘʯʘʿ.  

ʀʥʠʮʠʿʘʣʥʘ ʧʨʝʪʧʦʩʪʘʚʢʘ ʟʘ ʧʘʨʘʤʝʪʨʝ ɟ1
0, ɟ2

0, h0 ʜʦʙʠʿʘ ʩʝ ʢʦʨʠʰ˂ʝˁʝʤ ʢʣʘʩʠʯʥʝ 

ʤʝʪʦʜʝ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʥʘ ʦʩʥʦʚʫ ʿʝʜʥʘʯʠʥʝ (2.10) ʠ ʧʨʠʣʠʯʥʦ ʿʝ ʜʦʙʨʘ. ʅʝ ʦʯʝʢʫʿʝ ʩʝ ʜʘ 

ʜʝʿʩʪʚʦʤ ʥʘ ʧʦʯʝʪʥʝ ʧʨʝʪʧʦʩʪʘʚʢʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʤʦʞʝ ʜʘ ʩʝ ʩʢʨʘʪʠ ʚʨʝʤʝ 

ʠʟʨʘʯʫʥʘʚʘˁʘ. ʊʦʢʦʤ ʚʨʰʝʥʠʭ ʪʝʩʪʦʚʘ ʥʠʿʝ ʧʨʠʤʝ˂ʝʥʦ ʜʘ ʧʦʯʝʪʥʘ ʧʨʝʪʧʦʩʪʘʚʢʘ ʟʥʘʯʘʿʥʦ 

ʫʪʠʯʝ ʥʘ ʢʦʥʘʯʥʠ ʨʝʟʫʣʪʘʪ.  

ʇʨʠʤʝ˂ʝʥʦ ʿʝ ʜʘ ʿʝ ʨʘʯʫʥʩʢʦ ʚʨʝʤʝ ʫ ʦʙʣʘʩʪʠ ʢʘʜ ʩʝ ʧʘʨʘʤʝʪʨʠ ʧʨʠʙʣʠʞʝ ʢʦʥʘʯʥʦʤ 

ʨʝʟʫʣʪʘʪʫ ʜʦʤʠʥʘʥʪʥʦ. ʅʘ ʧʨʠʤʝʨ, ʫ ʩʣʫʯʘʿʫ ʪʨʘʿʘˁʘ ʦʜ 114 ʩʘʪʠ, ʦʢʦ 54 ʩʘʪʘ ʙʠʣʦ ʿʝ 

ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʦʜʩʪʫʧʘˁʘ ʟʘ ʩʚʝ ʠʟʨʘʯʫʥʘʪʝ ʚʨʝʜʥʦʩʪʠ ʦʜ ʠʟʤʝʨʝʥʠʭ ʩʤʘˁʝ ʠʩʧʦʜ 1%. 

ʇʨʝʦʩʪʘʣʠʭ 60 ʩʘʪʠ ʙʠʣʦ ʿʝ ʟʘ ʢʦʥʘʯʥʫ ʢʦʥʚʝʨʛʝʥʮʠʿʫ. ɼʘʢʣʝ, ʪʘʯʥʦʩʪ ʦʜ 1% ʿʝ ʤʦʛʣʘ ʙʠʪʠ 

ʧʦʩʪʠʛʥʫʪʘ ʧʦʩʣʝ 54 ʩʘʪʘ. 

 

4.5.2 ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʨʘʟʣʠʯʠʪʠʭ ʪʠʧʦʚʘ ʟʝʤˀʠʰʪʘ 

ʈʝʟʫʣʪʘʪʠ ʧʨʝʜʩʪʘʚˀʝʥʠ ʫ ʦʜʝˀʢʫ 4.4.1 ʧʦʢʘʟʫʿʫ ʜʘ ʢʣʘʩʠʯʘʥ ʧʨʠʩʪʫʧ ʜʘʿʝ ʜʦʙʨʫ 

ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʟʘ ʩʪʚʘʨʥʦ ʪʣʦ ʠʟ ʨʝʬʝʨʝʥʮʝ [15] ʢʦʿʝ ʤʦʞʝ ʜʘ ʩʝ ʦʢʘʨʘʢʪʝʨʠʰʝ ʠ ʤʦʜʝʣʫʿʝ 

ʢʘʦ ʜʚʦʩʣʦʿʥʦ. ʆʚʘʿ ʩʣʫʯʘʿ ʧʦʩʣʫʞʠʦ ʿʝ ʠ ʢʘʦ ʠʥʠʮʠʿʘʣʥʘ ʚʘʣʠʜʘʮʠʿʘ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ. 

ɺʨʝʜʥʦʩʪʠ RMSErrRa ʟʘ ʠʟʨʘʯʫʥʘʪʝ ʠ ʠʟʤʝʨʝʥʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʩʪʚʘʨʥʦ ʪʣʦ ʠʟ [15] ʩʫ ʩʣʠʯʥʝ ʟʘ 

ʤʝʪʦʜʫ ʠʟ ʣʠʪʝʨʘʪʫʨʝ ï 3,63% ʠ ʦʨʠʛʠʥʘʣʥʫ ʤʝʪʦʜʫ ï 3,52% (ʚʠʜʝʪʠ ʊʘʙ. 4.1). ʆʨʠʛʠʥʘʣʥʘ 

ʤʝʪʦʜʘ, ʜʘʢʣʝ, ʧʨʫʞʘ ʟʘ ʦʢʦ 3% ʙʦˀʝ ʧʦʢʣʘʧʘˁʝ ʠʟʨʘʯʫʥʘʪʠʭ ʩʘ ʠʟʤʝʨʝʥʠʤ ʪʘʯʢʘʤʘ. 

ɿʘ ʩʣʫʯʘʿ ʩʠʥʪʝʪʠʯʢʦʛ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ, ʠʟ ʦʜʝˀʢʘ 4.4.2, ʩʘ ʫʦʙʠʯʘʿʝʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ 

(ɟ1=400 Ým, ɟ2=100 Ým, h=2,5 m), ʧʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʘ ʜʦʚʦʜʠ ʜʦ ʠʜʝʘʣʥʦʛ ʧʦʢʣʘʧʘˁʘ 

ʝʩʪʠʤʠʨʘʥʠʭ ʠ ʩʪʚʘʨʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʩʠʥʪʝʪʠʯʢʦʛ ʪʣʘ. ʆʜʩʪʫʧʘˁʝ ʧʨʦʮʝˁʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ɟ1, 

ɟ2 ʠ h ʿʝ ʤʘˁʝ ʦʜ 0,011%. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ ʢʣʘʩʠʯʥʠ ʧʨʠʩʪʫʧ ʜʘʿʝ ʦʜʩʪʫʧʘˁʝ ʟʘ ɟ1 ʤʘˁʝ ʦʜ 

5,58% ʢʘʜʘ ʩʝ ʢʘʦ ʫʣʘʟʥʠ ʧʦʜʘʮʠ ʢʦʨʠʩʪʝ ɟʘ
ʤʝʨʝʥʘ ʜʦʙʠʿʝʥʘ ʠʟ Rʘ

ʤʝʨʝʥʘ ʢʦʨʠʰ˂ʝˁʝʤ ɺʝʥʝʨʦʚʦʛ 

ʧʨʝʮʠʟʥʠʿʝʛ ʠʟʨʘʟʘ (2.4) ʠ ʦʜʩʪʫʧʘˁʝ ʟʘ ɟ1 ʤʘˁʝ ʦʜ 1,34% ʢʘʜʘ ʩʝ ʢʦʨʠʩʪʝ ɟʘ
ʤʝʨʝʥʘ ʜʦʙʠʿʝʥʘ ʠʟ 

Rʘ
ʤʝʨʝʥʘ ʢʦʨʠʰ˂ʝˁʝʤ ʠʟʨʘʟʘ ʦʜ ɹʘʠʰʠʢʠʿʘ, ʆʩʪʝʨʙʝʨʛʘ ʠ ɼʘʚʘʣʠʙʠʿʘ ʠʟ [38] (ʚʠʜʝʪʠ ʊʘʙ. 4.4). 

ʋ ʩʣʫʯʘʿʫ ʩʠʥʪʝʪʠʯʢʦʛ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ, ʠʟ ʦʜʝˀʢʘ 4.4.3 ʩʘ ʝʢʩʪʨʝʤʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ 

(ɟ1=5000 Ým, ɟ2=100 Ým, h=0,5 m), ʦʜʩʪʫʧʘˁʝ ʟʘ ɟ1 ʜʦʙʠʿʝʥʦ ʢʣʘʩʠʯʥʠʤ ʧʨʠʩʪʫʧʦʤ ʿʝ ʚʝ˂ʝ. 

ʆʜʩʪʫʧʘˁʝ ʠʟʥʦʩʠ 9,14% ʢʘʜʘ ʩʝ ʢʦʨʠʩʪʝ ɟʘ
ʤʝʨʝʥʘ ʜʦʙʠʿʝʥʘ ʠʟ Rʘ

ʤʝʨʝʥʘ ʢʦʨʠʰ˂ʝˁʝʤ ɺʝʥʝʨʦʚʦʛ 

ʧʨʝʮʠʟʥʠʿʝʛ ʠʟʨʘʟʘ (2.4), ʦʜʥʦʩʥʦ 7,93% ʢʘʜʘ ʩʝ ʢʦʨʠʩʪʠ ʠʟʨʘʟ ʦʜ ɹ.ʆ.ɼ. ʠʟ [38] (ʚʠʜʝʪʠ ʊʘʙ. 

4.6). ʅʘʚʝʜʝʥʦ ʚʘʞʠ ʘʢʦ ʩʝ ʫ ʠʥʪʝʨʧʨʝʪʘʮʠʿʠ ʫʟʠʤʘʿʫ ʫ ʦʙʟʠʨ ʩʚʘ ʤʝʨʥʘ ʨʘʩʪʦʿʘˁʘ ʠʟ ʊʘʙ. 4.5. 

ʆʜʩʪʫʧʘˁʘ ʩʫ ʥʝʰʪʦ ʜʨʫʛʘʯʠʿʘ ʘʢʦ ʩʝ ʧʦʩʤʘʪʨʘʿʫ˂ʠ ʊʘʙ. 4.5 ʫʢʣʦʥʝ ʤʝʨʥʠ ʨʝʟʫʣʪʘʪʠ ʟʘ 

ʨʘʩʪʦʿʘˁʘ ʤʘˁʘ ʦʜ 1 m (ʚʠʜʝʪʠ ʊʘʙ. 4.7). ʊʘʜʘ je ʦʜʩʪʫʧʘˁʝ ʟʘ ɟ1 ʜʦʙʠʿʝʥʦ ʢʣʘʩʠʯʥʠʤ 

ʧʨʠʩʪʫʧʦʤ ʤʘˁʝ ʘʢʦ ʩʝ ʢʦʨʠʩʪʝ ɟʘ
ʤʝʨʝʥʘ ʠʟ ɺʝʥʝʨʦʚʦʛ ʧʨʝʮʠʟʥʠʿʝʛ ʠʟʨʘʟʘ (2.4) ï 3,36%. 
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ʆʜʩʪʫʧʘˁʝ, ʫ ʦʜʥʦʩʫ ʥʘ ʩʣʫʯʘʿ ʩʘ ʩʚʠʤ ʤʝʨʝˁʠʤʘ ʫʟʝʪʠʤ ʫ ʦʙʟʠʨ, ʟʘ ʢʦʨʠʰ˂ʝˁʝ ʧʦʙʦˀʰʘʥʝ 

ʬʦʨʤʫʣʘ ʠʟ [38] ʚʝ˂ʝ ʿʝ ï 8,46%. ʆʚʦ ʧʦʥʘʰʘˁʝ ʿʝ ʦʯʝʢʠʚʘʥʦ: ʫʢʣʘˁʘˁʝ ʤʝʨʥʠʭ ʨʝʟʫʣʪʘʪʠ ʟʘ 

ʨʘʩʪʦʿʘˁʘ ʤʘˁʘ ʦʜ 1 m ʠʟ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʫʢʠʜʘ ʧʦʟʠʪʠʚʥʝ ʝʬʝʢʪʝ ʢʦʿʝ ʩʘ ʩʦʙʦʤ ʜʦʥʦʩʠ 

ʧʦʩʤʘʪʨʘˁʝ ʝʣʝʢʪʨʦʜʘ ʢʘʦ ʜʘ ʠʤʘʿʫ ʜʫʞʠʥʫ ʫ ʠʟʨʘʟʠʤʘ ʫ [38]. ʅʘʩʫʧʨʦʪ, ʦʧʝʪ ʢʘʦ ʰʪʦ ʩʝ 

ʤʦʛʣʦ ʧʨʝʪʧʦʩʪʘʚʠʪʠ, ʫʢʣʘˁʘˁʝ ʨʝʟʫʣʪʘʪʘ ʤʝʨʝˁʘ ʟʘ ʨʘʩʪʦʿʘˁʘ ʤʘˁʘ ʦʜ 1 m ʧʦʚʝ˂ʘʚʘ 

ʩʚʝʫʢʫʧʥʫ ʪʘʯʥʦʩʪ, ʿʝʨ ʧʨʠʤʝʥʘ ʠʟʨʘʟʘ (2.4) ʫʥʦʩʠ ʚʝʣʠʢʫ ʥʝʪʘʯʥʦʩʪ ʫ ʧʦʩʪʫʧʘʢ. ʆʨʠʛʠʥʘʣʥʘ 

ʤʝʪʦʜʘ ʜʦʚʦʜʠ ʜʦ ʦʜʣʠʯʥʠʭ ʨʝʟʫʣʪʘʪʘ ʥʝʚʝʟʘʥʦ ʟʘ ʩʢʫʧ ʢʦʨʠʰ˂ʝʥʠʭ ʨʘʩʪʦʿʘˁʘ ʫʢˀʫʯʝʥʠʭ ʫ 

ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ. ʄʘʢʩʠʤʘʣʥʦ ʦʜʩʪʫʧʘˁʝ ʧʨʦʮʝˁʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ɟ1, ɟ2 ʠ h ʠʟʥʦʩʠ 0,05% ʟʘ 

ʫʟʝʪʘ ʫ ʦʙʟʠʨ ʩʚʘ ʨʘʩʪʦʿʘˁʘ (ʚʠʜʝʪʠ ʊʘʙ. 4.6), ʦʜʥʦʩʥʦ ʤʘʢʩʠʤʘʣʥʦ ʦʜʩʪʫʧʘˁʝ ʤʘˁʝ ʿʝ ʦʜ 

0,884% ʟʘ ʠʩʢˀʫʯʝʥʘ ʨʘʩʪʦʿʘˁʘ ʘ < 1 m ʠʟ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ (ʚʠʜʝʪʠ ʊʘʙ. 4.7). ʉʚʠ ʥʘʚʝʜʝʥʠ 

ʨʝʟʫʣʪʘʪʠ ʚʘʞʝ ʟʘ ʜʫʙʠʥʫ ʫʙʘʜʘˁʘ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ b = 20 cm ʟʘ ʦʙʘ ʩʣʫʯʘʿʘ ʩʠʥʪʝʪʠʯʢʠʭ 

ʜʚʦʩʣʦʿʥʠʭ ʪʣʘ (ʠ ʊʘʙ. 4.3 ʠ ʊʘʙ. 4.5) ʢʦʿʘ ʩʫ ʦʬʦʨʤˀʝʥʘ ʠʥʠʮʠʿʘʣʥʠʤ FEM ʩʠʤʫʣʘʮʠʿʘʤʘ. 

ʀʟ FEM ʩʠʤʫʣʘʮʠʿʘ ɺʝʥʝʨʦʚʠʭ ʤʝʨʝˁʘ, ʫ ʦʜʝˀʢʫ 4.4.4, ʘʥʘʣʠʟʠʨʘʥ ʿʝ ʫʪʠʮʘʿ 

ʩʤʘˁʠʚʘˁʘ ʜʫʙʠʥʝ ʫʙʘʜʘˁʘ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ b ʥʘ ʪʘʯʥʦʩʪ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʩʠʥʪʝʪʠʯʢʦʛ 

ʟʝʤˀʠʰʪʘ ʠʟ ʦʜʝˀʢʘ 4.4.3 ʩʪʘʥʜʘʨʜʥʦʤ ʤʝʪʦʜʦʤ ʠʟ ʣʠʪʝʨʘʪʫʨʝ. ʉʤʘˁʠʚʘˁʝʤ ʜʫʙʠʥʝ 

ʫʙʘʜʘˁʘ ʝʣʝʢʪʨʦʜʘ, ʨʝʘʣʘʥ ʩʣʫʯʘʿ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ, ʛʜʝ ʩʫ ʝʣʝʢʪʨʦʜʝ ʜʫʛʘʯʢʠ 

ʮʠʣʠʥʜʨʠ ʫ ʟʝʤˀʠ, ʩʚʝ ʚʠʰʝ ʩʝ ʧʨʠʙʣʠʞʘʚʘ ʪʝʦʨʠʿʩʢʦʤ ʩʣʫʯʘʿʫ, ʛʜʝ ʩʝ ʝʣʝʢʪʨʦʜʝ ʩʤʘʪʨʘʿʫ 

ʪʘʯʢʘʤʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ, ʰʪʦ ʿʝ ʦʩʥʦʚʥʘ ʧʨʝʪʧʦʩʪʘʚʢʘ ʠʟʘ ʠʟʚʦʹʝˁʘ ʿʝʜʥʘʯʠʥʝ (2.10) ʫ [14]. 

ʉʘʤʠʤ ʪʠʤ ʘʥʘʣʠʪʠʯʢʘ ʤʝʪʦʜʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʢʘʦ ʨʝʟʫʣʪʘʪ ʜʘʿʝ ʩʚʝ ʪʘʯʥʠʿʝ ʧʘʨʘʤʝʪʨʝ 

ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ, ʪʿ. ʩʚʝ ʙʣʠʞʝ ʧʘʨʘʤʝʪʨʠʤʘ ʩʠʥʪʝʪʠʯʢʦʛ ʤʦʜʝʣʘ. ɿʘʢˀʫʯʘʢ ʚʘʞʠ 

ʥʝʟʘʚʠʩʥʦ ʦʜ ʬʦʨʤʫʣʝ ʢʦʿʘ ʩʝ ʢʦʨʠʩʪʠ ʜʘ ʩʝ ʠʟ Rʘ
ʤʝʨʝʥʘ ʜʦʙʠʿʝ ɟʘ

ʤʝʨʝʥʘ. ɿʘ ʩʣʫʯʘʿ b = 1 cm, 

ʧʨʠʤʝʥʘ ʩʪʘʥʜʘʨʜʥʦʛ ʧʨʠʩʪʫʧʘ ʜʘʿʝ ʥʘʿʙʦˀʫ ʧʨʦʮʝʥʫ ʧʘʨʘʤʝʪʘʨʘ ʢʘʜʘ ʩʝ ʛʦʚʦʨʠ ʦ 

ʩʪʘʥʜʘʨʜʥʦʿ ʘʥʘʣʠʪʠʯʢʦʿ ʤʝʪʦʜʠ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ, ʘʣʠ ʪʘʢʦ ʤʘʣʘ ʜʫʙʠʥʘ ʫʙʘʜʘˁʘ ʤʝʨʥʠʭ 

ʝʣʝʢʪʨʦʜʘ ʧʦʚʝʟʘʥʘ ʿʝ ʩʘ ʠʟʨʘʞʝʥʠʤ ʧʨʘʢʪʠʯʥʠʤ ʧʨʦʙʣʝʤʠʤʘ ʤʝʭʘʥʠʯʢʝ ʩʪʘʙʠʣʥʦʩʪʠ, 

ʢʦʥʪʘʢʪʥʝ ʦʪʧʦʨʥʦʩʪʠ ʠ ʜʦʚʦˀʥʦ ʥʠʩʢʦʤ ʦʪʧʦʨʥʦʰ˂ʫ ʜʘ ʙʠ ʤʦʛʣʦ ʜʘ ʩʝ ʫʩʧʦʩʪʘʚʠ ʩʪʨʫʿʘ 

ʠʟʤʝʹʫ ʩʪʨʫʿʥʠʭ ʝʣʝʢʪʨʦʜʘ S1 ʠ S2. ʆʚʠʤ ʿʝ ʠʟʚʨʰʝʥʘ ʢʚʘʥʪʠʬʠʢʘʮʠʿʘ ʠ ʧʦʪʚʨʹʝʥʘ ʩʫʤˁʘ 

ʠʟʣʦʞʝʥʘ ʫ ʫʚʦʜʥʦʤ ʜʝʣʫ ʜʠʩʝʨʪʘʮʠʿʝ ʚʝʟʘʥʘ ʟʘ ʧʨʠʤʝʥʫ ʢʣʘʩʠʯʥʠʭ ʤʝʪʦʜʘ ʟʘ ʩʣʫʯʘʿ 

ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʩʘ ʪʘʥʢʠʤ ʧʦʚʨʰʠʥʩʢʠʤ ʩʣʦʿʝʤ ʯʠʿʘ ʿʝ ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ 

ʤʥʦʛʦ ʤʘˁʘ ʦʜ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʜʦˁʝʛ ʩʣʦʿʘ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʦʚʠʤ ʩʝ 

ʧʦʢʘʟʫʿʝ ʜʘ ʿʝ ʪʨʘʞʝˁʝ ʥʦʚʦʛ ʧʨʠʩʪʫʧʘ, ʢʦʿʝ ʿʝ ʨʝʟʫʣʪʦʚʘʣʦ ʨʘʟʚʦʿʝʤ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʫ 

ʜʠʩʝʨʪʘʮʠʿʠ, ʙʠʣʦ ʧʦʪʨʝʙʥʦ. 

ʅʘʞʘʣʦʩʪ, ʥʘ ʣʦʢʘʮʠʿʠ ɸʣ ʍʘʿʝʨ ʥʠʩʫ ʠʟʚʝʜʝʥʘ ʤʝʨʝˁʘ ʟʘ ʨʘʩʪʦʿʘˁʘ ʤʘˁʘ ʦʜ 1 m. 

ʀʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʜʘ ʩʣʝʜʝ˂ʝ ʤʝʨʥʦ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ ʠʟʥʦʩʠ 3 m, ʿʘʩʥʦ ʿʝ ʜʘ ʠʟʦʩʪʘʿʝ 

ʠʥʬʦʨʤʘʮʠʿʘ ʢʘʢʦ ʩʝ ʧʨʦʬʠʣ ʧʨʠʚʠʜʥʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʤʝˁʘ ʧʦ ʜʫʙʠʥʠ ʫ ʨʘʩʧʦʥʫ 

0-3 m, ʰʪʦ ʿʝ ʦʜ ʚʝʣʠʢʦʛ ʠʥʪʝʨʝʩʘ ʟʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ʧʨʠʤʝʥʦʤ ʥʦʚʝ ʤʝʪʦʜʝ. ʉʣʝʜʝ˂ʘ ʚʝʣʠʢʘ 

ʪʝʰʢʦ˂ʘ ʿʝ ʰʪʦ ʠʟʤʝʹʫ 1 m ʠ 3 m ʥʝʤʘ ʤʝʨʥʠʭ ʪʘʯʘʢʘ, ʟʙʦʛ ʯʝʛʘ ʤʝʨʥʘ ʛʨʝʰʢʘ ʫ ʥʝʢʦʤ ʦʜ ʜʚʘ 

ʤʝʨʝˁʘ ʜʦʚʦʜʠ ʜʦ ʟʥʘʯʘʿʥʝ ʛʨʝʰʢʝ. ʀʟ ʊʘʙ. 4.10 ʠ ʊʘʙ. 4.11, ʢʘʦ ʠ ʩʘ ʉʣ. 4.11, ʦʯʠʛʣʝʜʥʦ ʿʝ 

ʢʦʣʠʢʦ ʦʜʙʘʮʠʚʘˁʝ ʩʘʤʦ ʿʝʜʥʦʛ ʤʝʨʝˁʘ ʤʦʞʝ ʟʥʘʯʘʿʥʦ ʜʘ ʧʨʦʤʝʥʠ ʧʨʦʮʝʥʫ ʧʘʨʘʤʝʪʘʨʘ. 

ʇʨʠʤʝʥʘ ʥʦʚʝ ʤʝʪʦʜʝ ʥʘ ʠʜʝʘʣʥʦ ʜʚʦʩʣʦʿʥʦ ʟʝʤˀʠʰʪʝ, ʫ ʦʜʝˀʢʫ 4.4.3, ʜʦʚʦʜʠ ʜʦ ʦʜʣʠʯʥʦʛ 

ʩʣʘʛʘˁʘ ʠʟʨʘʯʫʥʘʪʠʭ ʠ ʠʟʤʝʨʝʥʠʭ ʚʨʝʜʥʦʩʪʠ (RMSErrRa = 0,0846%). ʋ ʩʣʫʯʘʿʫ ʩʪʚʘʨʥʦʛ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʛ ʟʝʤˀʠʰʪʘ ʚʠʩʦʢʝ ʦʪʧʦʨʥʦʩʪʠ ʥʘ ʣʦʢʘʮʠʿʠ ɸʣ ʍʘʿʝʨ, ʟʝʤˀʠʰʪʝ ʩʚʘʢʘʢʦ, ʟʘ 

ʨʘʟʣʠʢʫ ʦʜ ʩʠʥʪʝʪʠʯʢʦʛ ʪʣʘ, ʥʠʿʝ ʠʜʝʘʣʥʦ ʜʚʦʩʣʦʿʥʦ, ʰʪʦ ʟʥʘʯʠ ʜʘ ʩʝ ʦʯʝʢʫʿʝ ʜʘ ʚʨʝʜʥʦʩʪʠ Ra 

ʜʦʙʠʿʝʥʝ ʢʦʨʠʰ˂ʝˁʝʤ ʧʨʦʮʝˁʝʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʥʝ ʤʦʛʫ ʪʘʢʦ ʜʦʙʨʦ ʜʘ ʩʝ 

ʧʦʢʣʦʧʝ ʩʘ ʚʨʝʜʥʦʩʪʠʤʘ Ra ʠʟ ʪʝʨʝʥʩʢʠʭ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ. 

 

4.6 ɿʘʢˀʫʯʘʢ 

ʇʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ʥʦʚʘ ʤʝʪʦʜʘ ʟʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ɺʝʥʝʨʦʚʠʭ ʤʝʨʝˁʘ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ 

ʜʚʦʩʣʦʿʥʝ ʩʪʨʫʢʪʫʨʝ ʟʝʤˀʠʰʪʘ, ʢʦʿʘ ʩʝ ʧʨʝʧʦʨʫʯʫʿʝ ʟʘ ʧʨʠʤʝʥʫ ʫ ʩʣʫʯʘʿʫ ʪʘʥʢʦʛ ʛʦʨˁʝʛ ʩʣʦʿʘ 
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ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ, ʢʘʢʘʚ ʩʝ ʿʘʚˀʘ ʫ ʫʩʣʦʚʠʤʘ ʧʫʩʪʠˁʩʢʦʛ ʟʝʤˀʠʰʪʘ ʦʜʥʦʩʥʦ 

ʧʝʩʢʦʚʠʪʠʭ ʧʦʚʨʰʠʥʘ.  

ʅʘʚʝʜʝʥʘ ʧʨʝʧʦʨʫʢʘ ʟʘʩʥʠʚʘ ʩʝ ʥʘ ʨʝʟʫʣʪʘʪʠʤʘ ʜʦʙʠʿʝʥʠʤ ʟʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʩʣʫʯʘʿʝʚʝ 

ʟʝʤˀʠʰʪʘ ʢʦʿʘ ʤʦʛʫ ʜʘ ʩʝ ʦʢʘʨʘʢʪʝʨʠʰʫ ʢʘʦ ʜʚʦʩʣʦʿʥʘ ʠ ʪʦ: 

1. ʫʦʙʠʯʘʿʝʥʠ ʪʠʧ ʟʝʤˀʠʰʪʘ ʠʟ ʣʠʪʝʨʘʪʫʨʝ, 

2. ʩʠʥʪʝʪʠʯʢʠ ʪʠʧ ʟʝʤˀʠʰʪʘ ʩʘ ʫʦʙʠʯʘʿʝʥʠʤ ʧʘʨʘʤʝʪʨʠʤʘ,  

3. ʩʠʥʪʝʪʠʯʢʠ ʪʠʧ ʟʝʤˀʠʰʪʘ ʩʘ ʧʣʠʪʢʠʤ ʛʦʨˁʠʤ ʩʣʦʿʝʤ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ 

ʦʪʧʦʨʥʦʩʪʠ, ʠ  

4. ʧʫʩʪʠˁʩʢʦ ʟʝʤˀʠʰʪʝ ʠʟ ʨʝʬʝʨʝʥʮʝ [6]. 

ʆʨʠʛʠʥʘʣʥʘ ʤʝʪʦʜʘ ʩʝ ʦʩʣʘˁʘ ʥʘ ʪʘʯʥʝ ʧʨʦʨʘʯʫʥʝ ʥʘ ʦʩʥʦʚʫ FEM, ʫʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ 

ʩʪʚʘʨʥʝ ʦʙʣʠʢʝ ʝʣʝʢʪʨʦʜʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʧʨʝʚʘʟʠʣʘʟʝ ʧʨʦʙʣʝʤʠ ʪʘʯʥʦʩʪʠ ʢʣʘʩʠʯʥʠʭ 

ʘʥʘʣʠʪʠʯʢʠʭ ʿʝʜʥʘʯʠʥʘ ʫ ʟʝʤˀʠʰʪʫ ʩʘ ʪʘʥʢʠʤ ʩʣʦʿʝʤ ʚʠʩʦʢʝ ʦʪʧʦʨʥʦʩʪʠ. ʇʨʝʜʩʪʘʚˀʝʥʠ 

ʨʝʟʫʣʪʘʪʠ, ʜʦʙʠʿʝʥʠ ʠʟʦʩʪʘʚˀʘˁʝʤ ʤʝʨʝˁʘ ʥʘʯʠˁʝʥʠʭ ʩʘ ʢʨʘʪʢʠʤ ʨʘʟʤʘʮʠʤʘ ʠʟʤʝʹʫ 

ʝʣʝʢʪʨʦʜʘ, ʧʦʢʘʟʫʿʫ ʜʘ ʧʨʝʜʣʦʞʝʥʘ ʥʦʚʘ ʤʝʪʦʜʘ ʜʘʿʝ ʪʘʯʥʝ ʨʝʟʫʣʪʘʪʝ ʠ ʙʝʟ ʤʝʨʥʠʭ ʨʝʟʫʣʪʘʪʘ 

ʟʘ ʤʘʣʝ ʨʘʟʤʘʢʝ. ʆʚʘʿ ʟʘʢˀʫʯʘʢ ʚʘʞʠ ʟʘ ʠʜʝʘʣʠʟʦʚʘʥʦ ʪʣʦ, ʢʘʢʚʦ ʿʝ ʩʠʥʪʝʪʠʯʢʦ ʪʣʦ ʫ ʦʜʝˀʢʫ 

4.4.3. ɸʥʘʣʠʟʝ ʫ 4.4.5 ʩʫ ʧʦʢʘʟʘʣʝ ʠʟʘʟʦʚʝ ʢʦʿʝ ʫʥʦʩʝ ʨʝʘʣʥʠ ʪʝʨʝʥʩʢʠ ʫʩʣʦʚʠ ʫ ʧʫʩʪʠˁʩʢʠʤ 

ʧʨʝʜʝʣʠʤʘ ʫ ʋɸɽ. ʂʘʢʦ ʙʠ ʩʝ ʫʤʘˁʠʦ ʫʪʠʮʘʿ ʤʝʨʥʝ ʛʨʝʰʢʝ, ʧʨʝʧʦʨʫʢʘ ʿʝ ʜʘ ʩʝ ʟʘ ʪʘʢʚʦ ʪʣʦ 

ʠʟʚʝʜʝ ʚʠʰʝ ʤʝʨʝˁʘ ʟʘ ʤʘˁʘ ʨʘʩʪʦʿʘˁʘ a. 

ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʢʘʦ ʰʪʦ ʿʝ ʠ ʦʯʝʢʠʚʘʥʦ, ʫʢˀʫʯʠʚʘˁʝ FEM ʧʨʦʨʘʯʫʥʘ ʫ ʠʪʝʨʘʪʠʚʥʠ 

ʧʦʩʪʫʧʘʢ ʜʦʚʦʜʠ ʜʦ ʟʥʘʯʘʿʥʦʛ ʧʦʚʝ˂ʘˁʘ ʚʨʝʤʝʥʘ ʨʘʯʫʥʘˁʘ ʫ ʦʜʥʦʩʫ ʥʘ ʩʣʫʯʘʿ ʢʘʜʘ ʩʝ ʢʦʨʠʩʪʝ 

ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʝ ʘʥʘʣʠʪʠʯʢʝ ʿʝʜʥʘʯʠʥʝ ʫ ʩʪʘʥʜʘʨʜʥʠʤ ʤʝʪʦʜʘʤʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ. ɺʨʝʤʝʥʘ 

ʨʘʯʫʥʘˁʘ ʩʫ ʦʢʦ 8 ʩʘʪʠ ʟʘ ʟʝʤˀʠʰʪʝ ʩʘ ʫʦʙʠʯʘʿʝʥʠʤ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʠ ʦʢʦ 114 ʩʘʪʠ 

(ʦʙʨʘʜʘ ʧʦʜʘʪʘʢʘ ʤʝʨʝˁʘ ʟʘ ʤʝʹʫʩʦʙʥʝ ʨʘʟʤʘʢʝ ʝʣʝʢʪʨʦʜʘ a ʫ ʦʧʩʝʛʫ ʦʜ 0,25 ʜʦ 10 m) ʟʘ 

ʟʝʤˀʠʰʪʝ ʩʘ ʧʣʠʪʢʠʤ ʛʦʨˁʠʤ ʩʣʦʿʝʤ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʜʦˁʠʤ 

ʩʣʦʿʝʤ.  

ʀʟ ʠʟʥʝʪʝ ʜʠʩʢʫʩʠʿʝ ʨʝʟʫʣʪʘʪʘ ʫ ʦʜʝˀʢʫ 4.5, ʤʦʞʝ ʩʝ ʚʠʜʝʪʠ ʜʘ ʧʨʠʤʝʥʘ ʦʨʠʛʠʥʘʣʥʝ 

ʤʝʪʦʜʝ ʜʦʚʦʜʠ ʜʦ ʚʝʣʠʢʦʛ ʧʦʚʝ˂ʘˁʘ ʪʘʯʥʦʩʪʠ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʤʝʪʦʜʫ ʠʟ ʣʠʪʝʨʘʪʫʨʝ ʟʘ ʩʣʫʯʘʿʝʚʝ ʪʣʘ ʩʘ ʪʘʥʢʠʤ ʛʦʨˁʠʤ ʩʣʦʿʝʤ ʢʦʿʠ ʠʤʘ ʤʥʦʛʦ ʚʝ˂ʫ 

ʩʧʝʮʠʬʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ʦʜ ʜʦˁʝʛ ʩʣʦʿʘ. ʀʟ ʪʦʛ ʨʘʟʣʦʛʘ ʥʦʚʫ ʤʝʪʦʜʫ, ʫ ʦʙʣʠʢʫ ʧʨʠʤʝˁʝʥʦʤ ʫ 

ʜʠʩʝʨʪʘʮʠʿʠ, ʤʦʛʫ˂ʝ ʿʝ ʠ ʪʨʝʙʘ ʢʦʨʠʩʪʠʪʠ ʩʘʤʦ ʢʘʜʘ ʩʝ ʦʯʝʢʫʿʫ ʟʝʤˀʠʰʪʘ ʩʘ ʪʘʥʢʠʤ ʩʣʦʿʝʤ 

ʚʠʩʦʢʝ ʦʪʧʦʨʥʦʩʪʠ. ɿʘ ʦʩʪʘʣʝ ʩʪʨʫʢʪʫʨʝ ʟʝʤˀʠʰʪʘ ʿʝ ʜʦʚʦˀʥʦ ʜʘ ʩʝ ʧʨʠʤʝʥʝ ʩʪʘʥʜʘʨʜʥʝ 

ʤʝʪʦʜʝ ʠʟ ʣʠʪʝʨʘʪʫʨʝ. 

ʄʝʪʦʜʫ ʿʝ ʤʦʛʫ˂ʝ ʧʨʠʣʠʯʥʦ ʣʘʢʦ ʧʨʦʰʠʨʠʪʠ ʠ ʥʘ ʜʨʫʛʝ ʚʨʩʪʝ ʪʣʘ, ʥʘ ʧʨʠʤʝʨ ʪʨʦʩʣʦʿʥʦ 

ʠʣʠ ʪʣʦ ʫ ʢʦʤʝ ʩʝ ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʤʝˁʘ ʧʦ ʜʫʙʠʥʠ ʥʝʢʦʛ ʩʣʦʿʘ. ʅʘ 

ʢʦʤʧʣʝʢʩʥʠʿʝ ʦʙʣʠʢʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʣʘ ʿʝ ʧʦʪʨʝʙʥʦ ʧʨʝ˂ʠ ʫʢʦʣʠʢʦ ʩʝ ʫʦʯʝ ʚʝʣʠʢʘ 

ʦʜʩʪʫʧʘˁʘ ʚʨʝʜʥʦʩʪʠ RMSErrRa. 
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5 ɽʂʉʇɽʈʀʄɽʅʊɸʃʅɸ ɺɽʈʀʌʀʂɸʎʀɱɸ ʅʆɺɽ ʄɽʊʆɼɽ ɿɸ 
ʂɸʈɸʂʊɽʈʀɿɸʎʀɱʋ ʊʃɸ 

5.1 ʋʚʦʜ 

ʋ ʧʦʛʣʘʚˀʫ 4 ʿʝ ʠʟʥʝʪʘ ʥʦʚʘ ʤʝʪʦʜʘ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʟʝʤˀʠʰʪʘ. ʆʚʦ ʧʦʛʣʘʚˀʝ ʩʝ 

ʙʘʚʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʧʨʦʚʝʨʦʤ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʢʦʨʠʩʪʝ˂ʠ ʫʤʘˁʝʥʠ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠ 

ʤʦʜʝʣ. ʀʟʘʟʦʚ ʢʦʿʠ ʩʝ ʧʦʿʘʚʠʦ ʥʘ ʧʦʯʝʪʢʫ ʿʝ ʜʘ ʩʝ ʫ ʧʨʠʧʨʝʤʥʦʿ ʬʘʟʠ ʝʢʩʧʝʨʠʤʝʥʘʪʘ ʩʘʛʣʝʜʘ 

ʫʪʠʮʘʿ ʜʠʤʝʥʟʠʿʘ ʤʦʜʝʣʘ ʫ ʦʜʥʦʩʫ ʥʘ ʜʠʤʝʥʟʠʿʝ ʩʪʚʘʨʥʠʭ ʤʝʨʥʠʭ ʨʘʩʪʦʿʘˁʘ ʫ ʪʝʨʝʥʩʢʦʿ 

ʧʨʠʤʝʥʠ ɺʝʥʝʨʦʚʝ ʤʝʪʦʜʝ. ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʩʝ ʧʨʠʢʘʟʫʿʫ ʪʝ ʘʥʘʣʠʟʝ, ʢʦʿʝ ʫʢˀʫʯʫʿʫ ʠ 

ʩʣʦʞʝʥʠʿʝ FEM ʩʠʤʫʣʘʮʠʿʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʦʩʪʘʚʢʝ. ʀʟʚʨʰʝʥ ʿʝ ʥʠʟ ʝʢʩʧʝʨʠʤʝʥʘʪʘ ʫ 

ʧʨʦʩʪʦʨʠʿʠ 89 ʥʘ ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʦʤ ʬʘʢʫʣʪʝʪʫ ʋʥʠʚʝʨʟʠʪʝʪʘ ʫ ɹʝʦʛʨʘʜʫ. 

ʂʦʨʠʰ˂ʝʥʝ ʩʫ ʩʪʘʢʣʝʥʘ ʠ ʧʣʘʩʪʠʯʥʘ ʧʦʩʫʜʘ ʟʘ ʩʤʝʰʪʘʿ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʤʦʜʝʣʘ ʪʣʘ. ʉʪʘʢʣʝʥʘ ʧʦʩʫʜʘ ʿʝ ʜʠʤʝʥʟʠʿʘ 81 cm × 31 cm × 26 cm. ɼʝʦ 

ʧʣʘʩʪʠʯʥʝ ʧʦʩʫʜʝ ʢʦʿʠ ʩʝ ʧʫʥʠ ʪʣʦʤ ʿʝ ʜʠʤʝʥʟʠʿʘ 38 cm × 28 cm × 10,5 cm. ɿʘ ʤʦʜʝʣʝ ʪʣʘ ʩʫ 

ʢʦʨʠʰ˂ʝʥʠ ʧʦʿʝʜʠʥʘʯʥʦ ʟʝʤˀʘ ʠ ʧʝʩʘʢ ʢʘʦ ʭʦʤʦʛʝʥʠ ʤʦʜʝʣʠ ʪʣʘ, ʘ ʟʘʪʠʤ ʠ ʟʝʤˀʘ ʠ ʧʝʩʘʢ 

ʟʘʿʝʜʥʦ ʯʠʤʝ ʿʝ ʦʩʪʚʘʨʝʥ ʜʚʦʩʣʦʿʥʠ ʤʦʜʝʣ ʪʣʘ. ʀʟʚʨʰʝʥʘ ʩʫ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ, ʥʘ 

ʦʩʥʦʚʫ ʢʦʿʠʭ ʩʫ ʩʧʨʦʚʦʹʝʥʠ ʧʦʩʪʫʧʮʠ ʚʝʨʠʬʠʢʘʮʠʿʝ ʥʦʚʝ ʤʝʪʦʜʝ. 

ʅʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʤʦʜʝʣʫ ʩʫ ʚʨʰʝʥʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʧʦʤʦ˂ʫ ʯʝʪʠʨʠ 

ʝʣʝʢʪʨʦʜʝ. ʉʫʰʪʠʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʨʦʚʝʨʝ ʥʦʚʝ ʤʝʪʦʜʝ, ʧʨʝʜʣʦʞʝʥʝ ʫ ʧʦʛʣʘʚˀʫ 4, ʿʝ ʜʘ 

ʩʝ ʚʨʝʜʥʦʩʪ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ Rʘ (ʿʝʜʥʘʢʝ ʢʦʣʠʯʥʠʢʫ ʥʘʧʦʥʘ ʠʟʤʝʨʝʥʦʛ ʠʟʤʝʹʫ 

ʧʦʪʝʥʮʠʿʘʣʥʠʭ ʝʣʝʢʪʨʦʜʘ ʠ ʩʪʨʫʿʝ ʢʦʿʘ ʪʝʯʝ ʠʟʤʝʹʫ ʩʪʨʫʿʥʠʭ ʝʣʝʢʪʨʦʜʘ) ʜʦʙʠʿʝ ʤʝʨʝˁʠʤʘ, ʘ 

ʥʝ ʢʦʨʠʰ˂ʝˁʝʤ FEM ʩʠʤʫʣʘʮʠʿʘ. ʈʘʟʤʘʪʨʘˁʘ ʫ ʧʦʛʣʘʚˀʫ 4. ʩʫ ʩʝ ʦʜʥʦʩʠʣʘ ʥʘ ʩʠʥʪʝʪʠʯʢʘ 

ʪʣʘ, ʦʜʥʦʩʥʦ ʚʨʝʜʥʦʩʪʠ Rʘ ʩʫ ʦʜʨʝʹʠʚʘʥʝ ʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ, ʢʦʿʝ ʩʫ ʦʧʨʘʚʜʘʥʦ ʩʤʘʪʨʘʥʝ ʢʘʦ 

ʚʝʨʥʘ ʜʠʛʠʪʘʣʥʘ ʨʝʧʣʠʢʘ ʨʝʘʣʥʠʭ ʨʘʩʧʦʜʝʣʘ ʩʪʨʫʿʘ ʠ ʥʘʧʦʥʘ. 

ɺʝʨʠʬʠʢʘʮʠʿʘ ʩʝ ʩʧʨʦʚʦʜʠ ʫ ʜʚʘ ʢʦʨʘʢʘ: 

¶ ʇʦʨʝʹʝˁʝ ʨʝʟʫʣʪʘʪʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʧʦʤʦ˂ʫ ʯʝʪʠʨʠ ʝʣʝʢʪʨʦʜʝ ʠ 
ʨʝʟʫʣʪʘʪʘ FEM ʩʠʤʫʣʘʮʠʿʘ. ʇʦʨʝʹʝˁʝ ʩʝ ʚʨʰʠ ʟʘ ʧʦʩʫʜʝ ʠʩʧʫˁʝʥʝ ʭʦʤʦʛʝʥʠʤ ʠ 

ʥʝʭʦʤʦʛʝʥʠʤ ʜʚʦʩʣʦʿʥʠʤ ʪʣʦʤ. 

¶ ʇʨʠʤʝʥʘ ʥʦʚʝ ʤʝʪʦʜʝ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʿ 
ʧʦʩʪʘʚʮʠ ʠ ˁʝʥʦ ʧʦʨʝʹʝˁʝ ʩʘ ʜʫʙʠʥʦʤ ʠ ʩʧʝʮʠʬʠʯʥʦʤ ʦʪʧʦʨʥʦʰ˂ʫ ʛʦʨˁʝʛ ʠ 

ʜʦˁʝʛ ʩʣʦʿʘ. 

ɺʝ˂ ʠ ʧʨʚʠ ʢʦʨʘʢ ʚʝʨʠʬʠʢʘʮʠʿʝ ʿʝ ʜʦʚʦˀʘʥ ʜʦʢʘʟ ʜʘ FEM ʩʠʤʫʣʘʮʠʿʝ ʧʨʝʜʩʪʘʚˀʘʿʫ 

ʚʝʨʥʫ ʜʠʛʠʪʘʣʥʫ ʨʝʧʣʠʢʫ ʢʦʿʦʤ ʩʝ ʜʦʣʘʟʠ ʜʦ ʨʝʘʣʥʝ ʨʘʩʧʦʜʝʣʝ ʩʪʨʫʿʘ ʠ ʥʘʧʦʥʘ. ʅʘ ʦʩʥʦʚʫ 

ʪʦʛʘ ʧʨʦʠʩʪʠʯʝ ʜʘ ʩʫ ʚʝʨʦʜʦʩʪʦʿʥʝ ʩʚʝ ʧʨʝʪʭʦʜʥʝ ʘʥʘʣʠʟʝ ʠʟʚʨʰʝʥʝ ʪʦʢʦʤ ʨʘʟʚʦʿʘ ʤʝʪʦʜʝ ʟʘ 

ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ, ʘ ʢʦʿʝ ʩʫ ʙʠʣʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʨʝʟʫʣʪʘʪʠʤʘ 

FEM ʩʠʤʫʣʘʮʠʿʘ.  

ɼʨʫʛʠ ʢʦʨʘʢ ʚʝʨʠʬʠʢʘʮʠʿʝ ʿʝ ʧʦʨʝʹʝˁʝ ʨʝʟʫʣʪʘʪʘ ʥʦʚʝ ʤʝʪʦʜʝ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ 

ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʫ ʦʢʚʠʨʫ ʢʦʿʝ ʩʝ ʚʨʰʝ FEM ʩʠʤʫʣʘʮʠʿʝ. ʅʦʚʘ ʤʝʪʦʜʘ ʩʝ ʧʨʠʤʝˁʫʿʝ ʥʘ ʤʦʜʝʣʝ 

ʪʣʘ ʫ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʿ ʧʦʩʪʘʚʮʠ ʩʘ ʧʣʘʩʪʠʯʥʦʤ ʠ ʩʪʘʢʣʝʥʦʤ ʧʦʩʫʜʦʤ. ʊʠʤʝ ʿʝ ʠʟʚʝʜʝʥʘ 

ʧʦʫʟʜʘʥʘ ʚʝʨʠʬʠʢʘʮʠʿʘ ʢʦʤʧʣʝʪʥʝ ʤʝʪʦʜʝ ʧʨʝʜʣʦʞʝʥʝ ʫ ʜʠʩʝʨʪʘʮʠʿʠ.  

ʉʪʘʢʣʝʥʘ ʧʦʩʫʜʘ ʿʝ ʧʨʚʦ ʠʩʧʫˁʝʥʘ ʟʝʤˀʦʤ, ʦʜʥʦʩʥʦ ʭʦʤʦʛʝʥʠʤ ʤʘʪʝʨʠʿʘʣʦʤ ʟʘ ʢʦʿʠ ʿʝ, 

ʢʘʢʦ ˂ʝ ʙʠʪʠ ʧʨʠʢʘʟʘʥʦ, ʠʟʤʝʨʝʥʘ ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ 73,4 ɋm. ɿʘʪʠʤ, ʫ 

ʦʜʚʦʿʝʥʠʤ ʤʝʨʝˁʠʤʘ ʫ ʧʣʘʩʪʠʯʥʦʿ ʧʦʩʫʜʠ, ʠʟʤʝʨʝʥʘ ʿʝ ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʧʝʩʢʘ ʢʘʦ 

ʭʦʤʦʛʝʥʦʛ ʤʘʪʝʨʠʿʘʣʘ: 1677,2 ɋm. ɿʘʪʠʤ ʿʝ ʧʝʩʘʢ ʧʨʝʙʘʯʝʥ ʧʨʝʢʦ ʟʝʤˀʝ ʫ ʩʪʘʢʣʝʥʫ ʧʦʩʫʜʫ, 

ʢʘʢʦ ʙʠ ʩʝ ˁʠʤʝ ʦʬʦʨʤʠʦ ʛʦʨˁʠ ʩʣʦʿ ʥʦʚʦʛ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ. ʆʚʘʿ ʢʦʨʘʢ ʿʝ ʩʧʨʦʚʝʜʝʥ 

ʧʘʞˀʠʚʦ, ʪʘʢʦ ʜʘ ʩʝ ʟʝʤˀʘ ʥʝ ʩʘʙʠʿʘ ʠ ʜʘ ʧʝʩʘʢ ʟʘʜʨʞʠ ʢʦʥʟʠʩʪʝʥʮʠʿʫ ʢʘʢʚʫ ʿʝ ʠʤʘʦ ʫ 

ʧʣʘʩʪʠʯʥʦʿ ʧʦʩʫʜʠ. ʅʘʚʝʜʝʥʠ ʧʦʩʪʫʧʘʢ ʩʝ ʧʦʢʘʟʘʦ ʢʘʦ ʙʠʪʘʥ, ʿʝʨ ʿʝ ʪʦʢʦʤ ʦʜʨʝʹʝʥʦʛ ʙʨʦʿʘ 
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ʧʦʢʫʰʘʿʘ ʤʝʨʝˁʘ ʧʨʠʤʝ˂ʝʥʘ ʦʯʝʢʠʚʘʥʘ ʟʥʘʯʘʿʥʘ ʟʘʚʠʩʥʦʩʪ ʠʟʤʝʨʝʥʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 

ʦʜ ʩʘʙʠʿʘˁʘ ʤʝʜʠʿʫʤʘ. 

ʇʨʝ ʨʝʘʣʠʟʘʮʠʿʝ ʥʘʚʝʜʝʥʦʛ ʧʦʩʪʫʧʢʘ ʢʦʨʠʰ˂ʝˁʝʤ ʜʚʝ ʧʦʩʫʜʝ, ʜʦʩʪʘ ʚʨʝʤʝʥʘ ʿʝ 

ʫʪʨʦʰʝʥʦ ʥʘ ʜʨʫʛʘʯʠʿʠ ʧʨʠʩʪʫʧ, ʤʝʨʝˁʝʤ ʥʘ ʥʘʧʨʘʚˀʝʥʦʤ ʧʣʘʩʪʠʯʥʦʤ ʮʠʣʠʥʜʨʠʯʥʦʤ ʩʫʜʫ 

ʩʘ ʘʣʫʤʠʥʠʿʫʤʩʢʠʤ ʜʠʩʢʦʚʠʤʘ ʢʦʜ ʙʘʟʠʩʘ, ʩʣʠʯʥʦ ʢʘʦ ʫ [96]. ɼʦʢʫʤʝʥʪʘʮʠʿʝ ʨʘʜʠ, ʫ ʇʨʠʣʦʛʫ 

3 ʿʝ ʧʨʠʢʘʟʘʥʘ ʪʘ ʬʘʟʘ ʠʩʪʨʘʞʠʚʘˁʘ, ʢʦʿʘ ʩʝ ʥʘ ʢʨʘʿʫ ʠʩʧʦʩʪʘʚʠʣʘ ʢʘʦ ʥʝʧʨʠʢʣʘʜʥʘ. 

 

5.1.1 ʄʠʥʠʤʘʣʥʝ ʜʠʤʝʥʟʠʿʝ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʤʦʜʝʣʘ 

ʇʨʚʦ ʧʠʪʘˁʝ ʢʦʿʝ ʩʝ ʧʦʩʪʘʚʠʣʦ ʧʨʠ ʦʩʤʠʰˀʘʚʘˁʫ ʢʦʥʮʝʧʪʘ ʝʢʩʧʝʨʠʤʝʥʪʘ ʿʝ ʙʠʣʦ 

ʢʦʣʠʢʝ ʩʫ ʤʠʥʠʤʘʣʥʝ ʜʠʤʝʥʟʠʿʝ ʤʦʜʝʣʘ, ʦʜʥʦʩʥʦ ʧʦʩʫʜʝ ʠʩʧʫˁʝʥʝ ʜʚʦʩʣʦʿʥʠʤ ʪʣʦʤ, ʥʘ 

ʢʦʿʝʤ ʤʦʛʫ ʜʘ ʩʝ ʠʟʚʝʜʫ ʤʝʨʝˁʘ ʥʘ ʦʩʥʦʚʫ ʢʦʿʠʭ ʤʦʞʝ ʜʘ ʩʝ ʠʟʚʝʜʝ ʚʘˀʘʥʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʘ ʫ 

ʧʦʛʣʝʜʫ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʟʝʤˀʠʰʪʘ. ʆʚʦ ʿʝ ʧʠʪʘˁʝ ʦʜ ʩʫʰʪʠʥʩʢʦʛ ʧʨʘʢʪʠʯʥʦʛ ʟʥʘʯʘʿʘ, 

ʿʝʨ ʦʣʘʢʰʘʚʘ ʠ ʧʦʿʝʬʪʠˁʫʿʝ ʝʢʩʧʝʨʠʤʝʥʪʝ. ɼʝʪʘˀʥʝ ʘʥʘʣʠʟʝ, ʧʨʠʢʘʟʘʥʝ ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ, 

ʧʦʢʘʟʫʿʫ ʜʘ ʧʦʩʪʦʿʠ ʩʢʘʣʘʙʠʣʥʦʩʪ ʫ ʧʦʛʣʝʜʫ ʜʠʤʝʥʟʠʿʘ, ʥʘ ʦʩʥʦʚʫ ʯʝʛʘ ʿʝ ʫʩʧʦʩʪʘʚˀʝʥ 

ʫʤʘˁʝʥʠ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠ ʤʦʜʝʣ. ʇʨʚʦ ʩʫ ʦʜʨʝʹʝʥʝ ʧʦʪʨʝʙʥʝ ʜʠʤʝʥʟʠʿʝ ʟʘ ʤʦʜʝʣ ʜʚʦʩʣʦʿʥʦʛ 

ʪʣʘ, ʟʘ ʢʦʿʝ ʩʝ ʜʦʙʠʿʘ ʠʩʪʠ ʨʝʟʫʣʪʘʪ ʢʘʦ ʜʘ ʩʫ ʦʙʝ ʭʦʨʠʟʦʥʪʘʣʥʝ ʜʠʤʝʥʟʠʿʝ ʪʣʘ ʙʝʩʢʦʥʘʯʥʝ. 

ʂʘʦ ʰʪʦ ˂ʝ ʩʝ ʚʠʜʝʪʠ, ʭʦʨʠʟʦʥʪʘʣʥʝ ʜʠʤʝʥʟʠʿʝ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʪʨʝʙʘ ʜʘ ʙʫʜʫ 

3,25 × 1,25 × 1 m. ɿʘʪʠʤ ʩʫ, ʜʘˀʠʤ ʩʢʘʣʠʨʘˁʝʤ, ʪʿ. ʫʤʘˁʝˁʝʤ ʦʚʦʛ ʤʦʜʝʣʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ, 

ʦʜʨʝʹʝʥʝ ʜʠʤʝʥʟʠʿʝ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʤʦʜʝʣʘ. 

ʈʠʛʦʨʦʟʥʦʩʪ ʜʦʢʘʟʘ ʢʦʥʮʝʧʪʘ ʿʝ ʟʘʭʪʝʚʘʣʘ ʜʘ ʩʝ ʠʟʚʨʰʠ ʥʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ ʧʦʤʦ˂ʫ 

ʢʦʿʠʭ ʩʝ ʜʦʰʣʦ ʜʦ ʤʠʥʠʤʘʣʥʦ ʧʦʪʨʝʙʥʠʭ ʭʦʨʠʟʦʥʪʘʣʥʠʭ ʜʠʤʝʥʟʠʿʘ ʤʦʜʝʣʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ, 

ʢʘʦ ʠ ʜʘ ʩʝ ʜʦʢʘʞʝ ʩʢʘʣʘʙʠʣʥʦʩʪ. 

ʀʩʪʨʘʞʠʚʘʯʢʦ ʠʩʢʫʩʪʚʦ, ʧʦʛʦʪʦʚʫ ʫ ʩʣʫʯʘʿʫ ʜʘ ʦʥʦ ʦʙʫʭʚʘʪʘ ʠ ʝʢʩʧʝʨʠʤʝʥʪʝ, ʧʦʢʘʟʫʿʝ 

ʜʘ ʿʝ ʧʨʚʦ ʧʦʪʨʝʙʥʦ ʨʘʟʚʠʪʠ ʠ ʧʨʦʚʝʨʠʪʠ ʤʝʪʦʜʦʣʦʛʠʿʫ ʟʘ ʿʝʜʥʦʩʪʘʚʥʠʿʝ ʩʣʫʯʘʿʝʚʝ, ʯʘʢ ʠ ʥʘ 

ʝʣʝʤʝʥʪʘʨʥʝ, ʢʘʢʦ ʙʠ ʩʝ ʦʪʢʣʦʥʠʣʝ ʩʚʝ, ʪʘʢʦʟʚʘʥʝ, ʜʝʯʠʿʝ ʙʦʣʝʩʪʠ ʧʦʩʪʫʧʢʘ. ʊʘʢʦ ʿʝ 

ʧʦʩʪʫʧˀʝʥʦ ʠ ʪʦʢʦʤ ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʜʠʩʝʨʪʘʮʠʿʠ, ʢʘʢʦ ʪʦʢʦʤ ʝʢʩʧʝʨʠʤʝʥʘʪʘ, ʪʘʢʦ ʠ ʪʦʢʦʤ 

ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʤʫʣʘʮʠʿʘ. 

 

5.1.2 ʉʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʠ ʜʫʙʠʥʝ ʩʣʦʿʝʚʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ 

ʊʦʢʦʤ ʝʢʩʧʝʨʠʤʝʥʘʪʘ, ʧʨʚʦ ʩʫ ʠʟʚʨʰʝʥʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʥʘ ʫʤʘˁʝʥʦʤ 

ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʤʦʜʝʣʫ ʭʦʤʦʛʝʥʦʛ ʪʣʘ ʠ ʥʘ ʪʘʢʚʦʤ ʿʝʜʥʦʩʪʘʚʥʠʿʝʤ ʩʣʫʯʘʿʫ, ʩʘ ʤʘˁʝ 

ʧʘʨʘʤʝʪʘʨʘ ʢʦʿʠ ʫʪʠʯʫ ʥʘ ʨʝʟʫʣʪʘʪʝ, ʠʟʚʨʰʝʥʦ ʿʝ ʧʦʨʝʹʝˁʝ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ FEM ʩʠʤʫʣʘʮʠʿʘ 

ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʫʤʘˁʝʥʦʛ ʤʦʜʝʣʘ. ʅʘʢʦʥ ʩʪʝʯʝʥʦʛ ʠʩʢʫʩʪʚʘ ʩʘ ʭʦʤʦʛʝʥʠʤ ʪʣʦʤ, ʠʟʚʨʰʝʥʘ ʩʫ 

ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʠ ʧʨʠʤʝˁʝʥʘ ʨʘʟʚʠʿʝʥʘ ʤʝʪʦʜʘ ʦʜʨʝʹʠʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ 

ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ, ʘ ʟʘ ʧʦʟʥʘʪʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʠ ʜʫʙʠʥʝ ʛʦʨˁʝʛ ʠ ʜʦˁʝʛ ʩʣʦʿʘ. 

ʉʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʛʦʨˁʝʛ ʠ ʜʦˁʝʛ ʩʣʦʿʘ ʩʫ ʜʦʙʠʿʝʥʝ ʠʟ ʦʛʣʝʜʘ ʩʘ ʭʦʤʦʛʝʥʠʤ ʪʣʦʤ, 

ʧʦʩʝʙʥʦ ʟʘ ʟʝʤˀʫ, ʧʦʩʝʙʥʦ ʟʘ ʧʝʩʘʢ, ʘ ʜʫʙʠʥʝ ʩʣʦʿʝʚʘ ʿʝʜʥʦʩʪʘʚʥʠʤ ʤʝʨʝˁʝʤ ʫ ʩʪʘʢʣʝʥʦʿ 

ʧʦʩʫʜʠ. ʈʝʟʫʣʪʘʪʠ ʧʨʠʤʝʥʝ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʪʣʘ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʫ 

ʧʦʩʪʘʚʢʫ ʧʦʪʚʨʜʠʣʠ ʩʫ ʜʘ ʦʨʠʛʠʥʘʣʥʘ ʤʝʪʦʜʘ ʢʘʦ ʨʝʟʫʣʪʘʪ ʜʘʿʝ ʜʦʙʨʝ ʧʨʦʮʝʥʝ ʧʘʨʘʤʝʪʘʨʘ ʟʘ 

ʩʣʫʯʘʿ ʪʣʘ ʢʦʿʝ ʢʘʨʘʢʪʝʨʠʰʝ ʚʠʩʦʢʘ ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʪʘʥʢʦʛ ʛʦʨˁʝʛ ʩʣʦʿʘ ʫ ʦʜʥʦʩʫ ʥʘ 

ʜʦˁʠ ʩʣʦʿ. 

ʂʨʦʟ ʩʣʫʯʘʿ ʫʤʘˁʝʥʦʛ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʤʦʜʝʣʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ, ʢʦʿʠ ʦʜʛʦʚʘʨʘ ʨʝʘʣʥʦʤ 

ʩʣʫʯʘʿʫ ʜʘ ʿʝ ʚʨʣʦ ʧʣʠʪʘʢ ʛʦʨˁʠ ʩʣʦʿ ʩʘ ʩʧʝʮʠʬʠʯʥʦʤ ʦʪʧʦʨʥʦʰ˂ʫ ʤʥʦʛʦ ʚʝ˂ʦʤ ʦʜ 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʜʦˁʝʛ ʩʣʦʿʘ, ʙʠ˂ʝ ʧʨʠʢʘʟʘʥʘ ʚʘˀʘʥʦʩʪ ʥʦʚʝ ʤʝʪʦʜʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ 

ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ, ʧʨʝʜʣʦʞʝʥʝ ʫ ʧʦʛʣʘʚˀʫ 4. 

ʋ ʥʘʩʪʘʚʢʫ ʦʚʦʛ ʦʜʝˀʢʘ ʩʝ ʧʨʠʢʘʟʫʿʝ ʩʣʝʜʝ˂ʠ ʩʘʜʨʞʘʿ: 
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¶ ʫ ʦʜʝˀʢʫ 5.2 ʩʝ ʧʦʢʘʟʫʿʝ ʜʘ FEM ʩʠʤʫʣʘʮʠʿʝ, ʫ ʩʢʣʦʧʫ ʥʦʚʝ ʤʝʪʦʜʝ ʟʘ 

ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʪʣʘ, ʩʘ ʫʤʘˁʝʥʠʤ ʜʠʤʝʥʟʠʿʘʤʘ ʜʦʤʝʥʘ ʤʦʜʝʣʘ, ʜʘʿʫ ʠʩʪʝ 

ʨʝʟʫʣʪʘʪʝ ʫ ʧʦʛʣʝʜʫ ʝʩʪʠʤʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʪʣʘ ʢʘʦ ʠ FEM ʩʠʤʫʣʘʮʠʿʝ ʩʘ 

ʤʦʜʝʣʠʤʘ ʢʦʿʝ ʢʦʨʠʩʪʝ ʨʝʘʣʥʝ ʥʝʩʢʘʣʠʨʘʥʝ ʜʠʤʝʥʟʠʿʝ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ, 

¶ ʫ ʦʜʝˀʢʫ 5.3, ʥʘ ʙʘʟʠ ʘʥʘʣʠʟʝ ʥʠʟʘ FEM ʩʠʤʫʣʘʮʠʿʘ ʟʘ ʨʘʟʣʠʯʠʪʝ ʜʠʤʝʥʟʠʿʝ 

ʫʤʘˁʝʥʦʛ ʤʦʜʝʣʘ, ʨʘʟʤʘʪʨʘʿʫ ʩʝ ʚʨʝʜʥʦʩʪʠ ʬʠʢʩʥʠʭ ʚʝʣʠʯʠʥʘ ʜʦʤʝʥʘ ʢʦʿʝ ʪʨʝʙʘ 

ʜʘ ʩʝ ʫʩʚʦʿʝ ʜʘ ʩʝ ʥʝ ʙʠ ʫʤʘˁʠʣʘ ʧʨʝʮʠʟʥʦʩʪ ʤʦʜʝʣʘ ʠ ʪʘʯʥʦʩʪ ʧʨʦʨʘʯʫʥʘ ʢʦʿʘ ʿʝ 

ʧʨʠʢʘʟʘʥʘ ʟʘ ʨʝʟʫʣʪʘʪʝ ʫ ʧʦʛʣʘʚˀʫ 4, 

¶ ʫ ʦʜʝˀʢʫ 5.4 ʜʝʪʘˀʥʦ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠ ʤʦʜʝʣ ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ 

ʧʦʩʪʘʚʢʘ ʢʦʿʘ ʿʝ ʫʧʦʪʨʝʙˀʝʥʘ ʟʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʫ ʚʝʨʠʬʠʢʘʮʠʿʫ ʧʨʝʜʣʦʞʝʥʝ 

ʤʝʪʦʜʝ; ʨʝʘʣʠʟʦʚʘʥʠ ʤʦʜʝʣ ʿʝ ʤʘˁʠ ʦʜ ʤʦʜʝʣʘ ʟʘ ʢʦʿʠ ʩʝ ʨʝʟʫʣʪʘʪʠ ʤʝʨʝˁʘ ʥʝ ʙʠ 

ʤʥʦʛʦ ʨʘʟʣʠʢʦʚʘʣʠ ʦʜ ʨʝʟʫʣʪʘʪʘ ʤʝʨʝˁʘ ʥʘ ʙʝʩʢʦʥʘʯʥʤ ʪʣʫ; ʪʦ ʥʝ ʧʨʝʜʩʪʘʚˀʘ 

ʤʘˁʢʘʚʦʩʪ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʛ ʧʦʩʪʫʧʢʘ, ʿʝʨ ʩʫ FEM ʧʨʦʨʘʯʫʥʠ ʫ ʦʢʚʠʨʫ 

ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʚʨʰʝʥʠ ʟʘ ʩʪʚʘʨʥʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʫ ʛʝʦʤʝʪʨʠʿʫ, 

¶ ʫ ʦʜʝˀʮʠʤʘ 5.5 ʠ 5.6 ʧʨʠʢʘʟʫʿʫ ʩʝ ʤʝʨʝˁʘ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʿ ʧʦʩʪʘʚʮʠ ʟʘ 

ʭʦʤʦʛʝʥʦ ʪʣʦ ʠ ʜʚʦʩʣʦʿʥʦ ʪʣʦ, ʨʝʩʧʝʢʪʠʚʥʦ, ʢʘʦ ʠ ʨʝʟʫʣʪʘʪʠ ʧʨʠʤʝʥʝ ʦʨʠʛʠʥʘʣʥʝ 

ʤʝʪʦʜʝ ʟʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ʠʟʤʝʨʝʥʠʭ ʚʨʝʜʥʦʩʪʠ, ʠ  

¶ ʥʘʧʦʩʣʝʪʢʫ, ʫ ʦʜʝˀʢʫ 5.7 ʜʠʩʢʫʪʦʚʘʥʠ ʩʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠ ʨʝʟʫʣʪʘʪʠ, 

ʜʦʤʠʥʘʥʪʥʦ ʫ ʩʚʝʪʣʫ ʪʘʯʥʦʩʪʠ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ, ʧʨʘʢʪʠʯʥʝ ʧʦʪʨʝʙʝ ʠ 

ʫʧʦʪʨʝʙˀʠʚʦʩʪʠ. 

 

5.2 ʉʢʘʣʠʨʘˁʝ ʜʠʤʝʥʟʠʿʘ ʫʤʘˁʝʥʦʛ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʛ ʤʦʜʝʣʘ 

FEM ʩʠʤʫʣʘʮʠʿʝ ʩʫ ʧʨʠʤʝˁʝʥʝ ʥʘ ʨʘʟʣʠʯʠʪʝ ʜʠʤʝʥʟʠʿʝ ʜʦʤʝʥʘ ʪʣʘ ʥʘ ʢʦʿʝʤ ʩʝ 

ʧʨʠʤʝˁʫʿʫ ɺʝʥʝʨʦʚʘ ʤʝʨʝˁʘ ʠ ʜʘˀʝ ʥʫʤʝʨʠʯʢʝ ʤʝʪʦʜʝ. ʂʘʦ ʠ ʢʦʜ ʩʚʠʭ ʫʤʘˁʝʥʠʭ ʤʦʜʝʣʘ 

ʢʦʿʠ ʩʝ ʧʨʠʤʝˁʫʿʫ ʫ ʠʩʪʨʘʞʠʚʘˁʠʤʘ ʫ ʨʘʟʣʠʯʠʪʠʤ ʦʙʣʘʩʪʠʤʘ ʪʝʭʥʠʢʝ, ʥʝʦʧʭʦʜʥʦ ʿʝ 

ʩʘʛʣʝʜʘʪʠ ʩʚʝ ʝʬʝʢʪʝ ʫʤʘˁʝˁʘ ʫ ʦʜʥʦʩʫ ʥʘ ʨʝʘʣʥʫ ʩʠʪʫʘʮʠʿʫ ʥʘ ʪʝʨʝʥʫ, ʠ ʥʘ ʢʨʘʿʫ ʦʜʨʝʜʠʪʠ 

ʜʦ ʢʦʿʠʭ ʛʨʘʥʠʮʘ, ʠ ʥʘ ʢʦʿʠ ʥʘʯʠʥ ʩʝ ʤʦʞʝ ʠʟʚʨʰʠʪʠ ʩʢʘʣʠʨʘˁʝ ʩʪʚʘʨʥʦʛ ʩʠʩʪʝʤʘ ʠ ʥʘ ʪʘʿ 

ʥʘʯʠʥ ʜʝʬʠʥʠʩʘˁʝ ʫʤʘˁʝʥʦʛ ʤʦʜʝʣʘ, ʧʨʠ ʯʝʤʫ ʩʝ ʤʦʨʘ ʟʘʜʨʞʘʪʠ ʘʜʝʢʚʘʪʥʘ ʪʘʯʥʦʩʪ. ʀʘʢʦ ʿʝ 

ʿʘʩʥʦ, ʧʦʥʘʚˀʘ ʩʝ ʜʘ ʬʦʨʤʠʨʘˁʝ ʫʤʘˁʝʥʦʛ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʤʦʜʝʣʘ ʦʤʦʛʫ˂ʘʚʘ ʣʘʢʰʝ, ʙʨʞʝ ʠ 

ʿʝʬʪʠʥʠʿʝ ʠʟʚʦʹʝˁʝ ʝʢʩʧʝʨʠʤʝʥʪʘ ʦʜ ʪʝʨʝʥʩʢʠʭ ʤʝʨʝˁʘ. ʀʟʚʦʹʝˁʝ ʝʢʩʧʝʨʠʤʝʥʘʪʘ ʥʘ 

ʩʪʚʘʨʥʦʤ ʪʣʫ ʙʠ ʟʘʭʪʝʚʘʣʦ ʘʥʛʘʞʦʚʘˁʝ ʛʨʘʹʝʚʠʥʩʢʦʛ ʧʨʘʚʥʦʛ ʣʠʮʘ. ʊʦ ʿʝ ʿʝʜʘʥ ʦʜ ʨʘʟʣʦʛʘ 

ʟʘʰʪʦ ʩʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʘ ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʧʨʝʜʤʝʪʥʦʤ ʩʣʫʯʘʿʫ ʧʨʝʜʩʪʘʚˀʘʣʘ 

ʥʘʿʙʦˀʫ ʢʦʤʧʨʦʤʠʩʥʫ ʦʧʮʠʿʫ. 

ʀʩʧʠʪʠʚʘˁʝ ʤʦʛʫ˂ʥʦʩʪʠ ʩʢʘʣʠʨʘˁʘ ʠ ʧʨʠʤʝʥʝ ʨʘʟʣʠʯʠʪʠʭ ʜʠʤʝʥʟʠʿʘ ʤʦʜʝʣʘ ʠʟʚʨʰʝʥʦ 

ʿʝ ʟʘ ʩʠʥʪʝʪʠʯʢʠ ʤʦʜʝʣ ʪʣʘ ʦʧʠʩʘʥ ʫ ʧʦʛʣʘʚˀʫ 4 ï ʜʚʦʩʣʦʿʥʦ ʪʣʦ ʩʘ ʧʣʠʪʢʠʤ ʧʦʚʨʰʠʥʩʢʠʤ 

ʩʣʦʿʝʤ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʠʟ ʦʜʝˀʢʘ 4.4.3. ʋʟʝʪʠ ʩʫ ʠʩʪʠ ʧʘʨʘʤʝʪʨʠ ʪʣʘ ʫ 

ʧʦʛʣʝʜʫ ʩʧʝʮʠʬʠʯʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ʠ ʜʫʙʠʥʝ ʛʦʨˁʝʛ ʩʣʦʿʘ: r1=5000 Wm, r2=100 Wm ʠ 

h = 0,5 m.  

ʂʘʦ ʰʪʦ ʿʝ ʨʝʯʝʥʦ ʫ ʧʦʛʣʘʚˀʫ 4, ʟʘ FEM ʩʠʤʫʣʘʮʠʿʝ, ʫ ʦʢʚʠʨʫ ʠʪʝʨʘʪʠʚʥʦʛ ʧʦʩʪʫʧʢʘ 

ʥʦʚʦʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʪʣʘ, ʢʦʨʠʰ˂ʝʥʝ ʩʫ ʩʣʝʜʝ˂ʝ ʜʠʤʝʥʟʠʿʝ ʜʦʤʝʥʘ 

ʤʦʜʝʣʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ: 

1) ʟʘ a Ò 2 m: 16 m × 16 × 10 m, 

2) ʟʘ 2 m < a Ò 3 m: 48 m × 48 m Ĭ 30 m, ʠ 

3) ʟʘ a > 3 m: 240 m × 240 m × 150 m. 

ɼʘʢʣʝ, ʥʠʩʫ ʢʦʨʠʰ˂ʝʥʝ ʬʠʢʩʠʨʘʥʝ ʜʠʤʝʥʟʠʿʝ ʜʦʤʝʥʘ FEM ʤʦʜʝʣʘ ʟʘ ʩʚʘ ʤʝʨʥʘ 

ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ, ʚʝ˂ ʩʫ ʜʠʤʝʥʟʠʿʝ ʜʦʤʝʥʘ ʧʨʠʣʘʛʦʹʘʚʘʥʝ ʧʦʿʝʜʠʥʘʯʥʠʤ ʤʝʨʥʠʤ 
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ʨʘʩʪʦʿʘˁʠʤʘ ʫ ʩʚʘʢʦʿ ʦʜ ʠʪʝʨʘʮʠʿʘ ʥʦʚʝ ʤʝʪʦʜʝ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʚʝ˂ʠ ʨʘʟʤʘʢ ʠʟʤʝʹʫ 

ʝʣʝʢʪʨʦʜʘ ʧʦʚʣʘʯʠʦ ʿʝ ʟʘ ʩʦʙʦʤ ʚʝ˂ʝ ʜʠʤʝʥʟʠʿʝ ʜʦʤʝʥʘ. ɼʫʞʠʥʝ ʝʣʝʢʪʨʦʜʘ ʦʙʣʠʢʘ ʮʠʣʠʥʜʨʘ 

(ʪʿ. ʜʫʙʠʥʝ ʫʙʘʜʘˁʘ ʫ ʪʣʦ) ʫ ʧʦʛʣʘʚˀʫ 4 ʙʠʣʝ ʩʫ 20 cm. ʂʦʨʘʢ ʢʦʿʠ ʩʣʝʜʠ ʫ ʦʚʦʤ ʦʜʝˀʢʫ ʿʝ ʜʘ 

ʩʝ ʦʜʨʝʜʝ ʘʜʝʢʚʘʪʥʝ ʜʠʤʝʥʟʠʿʝ ʫʤʘˁʝʥʦʛ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʤʦʜʝʣʘ. ɺʨʰʝʥʝ ʩʫ 3ɼ FEM 

ʨʘʯʫʥʘʨʩʢʝ ʩʠʤʫʣʘʮʠʿʝ ʩʘ ʩʢʘʣʠʨʘʥʠʤ ʫʤʘˁʝʥʠʤ ʤʦʜʝʣʦʤ, ʠ ʧʦʩʤʘʪʨʘʥʦ ʜʘ ʣʠ ʩʝ ʜʦʙʠʿʘʿʫ 

ʧʘʨʘʤʝʪʨʠ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ ʙʣʠʩʢʠ ʧʘʨʘʤʝʪʨʠʤʘ ʜʦʙʠʿʝʥʠʤ ʧʨʠʤʝʥʦʤ ʦʨʠʛʠʥʘʣʥʝ 

ʤʝʪʦʜʝ ʢʘʦ ʠ ʢʦʜ ʧʨʠʤʝʥʝ ʫ ʧʦʛʣʘʚˀʫ 4. ɿʘ ʧʦʯʝʪʘʢ, ʜʦʤʝʥ ʠ ʤʝʹʫʩʦʙʥʘ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ 

ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ ʩʤʘˁʝʥʘ ʩʫ ʜʝʩʝʪ ʧʫʪʘ ʪʘʢʦ ʜʘ ʙʫʜʫ: 

1) ʟʘ a Ò 0,2 m: 1,6 m × 1,6 m × 1 m, 

2) ʟʘ 0,2 m < a Ò 0,3 m: 4,8 m × 4,8 m Ĭ 3 m, ʠ 

3) ʟʘ a > 0,3 m: 24 m × 24 m × 15 m. 

ʊʘʢʦʹʝ, ʧʨʠʣʘʛʦʹʝʥʘ ʿʝ ʠ ʚʝʣʠʯʠʥʘ ʝʣʝʢʪʨʦʜʘ, ʦʜʥʦʩʥʦ ʜʫʙʠʥʘ ʫʙʘʜʘˁʘ ʧʦʜʝʰʝʥʘ ʿʝ ʥʘ 

b = 2 cm, ʢʘʦ ʠ ʧʦʣʫʧʨʝʯʥʠʢ ʝʣʝʢʪʨʦʜʘ r. ɼʘˀʝ, ʧʨʠʤʝˁʝʥʘ ʿʝ ʠʩʪʘ ʧʨʝʜʥʦʩʪ ʩʠʤʝʪʨʠʿʝ ʠ 

ʜʦʤʝʥ FEM ʤʦʜʝʣʘ ʧʨʝʧʦʣʦʚˀʝʥ ʢʘʦ ʫ ʧʦʛʣʘʚˀʫ 4: ʜʦʤʝʥ FEM ʤʦʜʝʣʘ ʿʝ ʧʨʝʧʦʣʦʚˀʝʥ ʜʫʞ 

ʨʘʚʥʠ ʫ ʢʦʿʦʿ ʩʫ ʤʝʨʥʝ ʝʣʝʢʪʨʦʜʝ, ʟʘ ʜʦʤʝʥ 24 m × 24 m Ĭ 15 m, ʜʠʤʝʥʟʠʿʝ FEM ʤʦʜʝʣʘ ʩʫ 

12 m × 24 m Ĭ 15 m). ɱʘʯʠʥʘ ʤʝʨʥʝ ʩʪʨʫʿʝ ʥʠʿʝ ʩʢʘʣʠʨʘʥʘ, ʦʜʥʦʩʥʦ ʠʟʥʦʩʠ 1 A. 

ʈʝʟʫʣʪʘʪʠ ʩʠʤʫʣʘʮʠʿʘ ʩʫ ʧʨʠʢʘʟʘʥʠ ʫ ʊʘʙ. 5.1. ʀʟ ʪʘʙʝʣʝ ʩʝ ʚʠʜʠ ʜʘ ʩʫ ʧʨʠʚʠʜʥʝ 

ʦʪʧʦʨʥʦʩʪʠ ʠʟ ʫʤʘˁʝʥʦʛ ʤʦʜʝʣʘ (Ra
FEM_1:10) 10 ʧʫʪʘ ʚʝ˂ʝ ʦʜ ʤʦʜʝʣʘ ʩʘ ʨʝʘʣʥʠʤ ʜʠʤʝʥʟʠʿʘʤʘ, 

ʰʪʦ ʿʝ ʠ ʦʯʝʢʠʚʘʥʦ, ʩ ʦʙʟʠʨʦʤ ʥʘ ʪʦ ʜʘ ʿʝ ʤʦʜʝʣ ʢʦʤʧʣʝʪʥʦ ʩʢʘʣʠʨʘʥ. ʆʪʧʦʨʥʦʩʪ ʿʝ ʩʨʘʟʤʝʨʥʘ 

ʩʧʝʮʠʬʠʯʥʦʿ ʦʪʧʦʨʥʦʩʪʠ, ʧʦʤʥʦʞʝʥʦʿ ʩʘ ʜʫʞʠʥʦʤ ʧʫʪʘˁʝ ʩʪʨʫʿʝ ʠ ʧʦʜʝˀʝʥʦʿ ʩʘ ʧʦʚʨʰʠʥʦʤ 

ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʢʨʦʟ ʢʦʿʠ ʧʨʦʪʠʯʝ ʩʪʨʫʿʘ. ʂʘʢʦ ʩʫ ʩʚʝ ʣʠʥʝʘʨʥʝ ʜʠʤʝʥʟʠʿʝ ʫʤʘˁʝʥʝ 10 

ʧʫʪʘ, ʪʿ. ʜʫʞʠʥʘ 10 ʧʫʪʘ ʠ ʧʦʚʨʰʠʥʘ 100 ʧʫʪʘ, ʟʘ ʥʝʧʨʦʤʝˁʝʥʫ ʩʧʝʮʠʬʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ˂ʝ ʩʝ 

ʜʦʙʠʪʠ 10 ʧʫʪʘ ʚʝ˂ʘ ʦʪʧʦʨʥʦʩʪ. 

ʈʝʟʫʣʪʘʪ ʪʦʛʘ ʿʝ ʜʘ ʩʫ ʝʩʪʠʤʠʨʘʥʝ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʪʣʘ, ʜʦʙʠʿʝʥʝ ʧʨʠʤʝʥʦʤ 

ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʥʘ ʩʠʥʪʝʪʠʯʢʦʤ ʪʣʫ, ʠʩʪʝ ʠ ʢʘʜʘ ʩʝ ʤʝʪʦʜʘ ʧʨʠʤʝʥʠ ʥʘ ʤʦʜʝʣ ʩʘ ʨʝʘʣʥʠʤ 

ʜʠʤʝʥʟʠʿʘʤʘ, ʘ ʠ ʥʘ ʤʦʜʝʣ ʩʢʘʣʠʨʘʥ ʥʘ 10 %. ʇʦʢʘʟʘʣʦ ʩʝ ʜʘ ʥʠ ʧʦʩʪʘʚˀʝʥʠ ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ 

V = 0 V ʥʠʿʝ ʜʦʚʝʦ ʜʦ ʪʦʛʘ ʜʘ ʩʝ ʧʨʦʤʝʥʝ ʝʩʪʠʤʠʨʘʥʝ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʪʣʘ. 

ʅʘ ʦʚʘʿ ʥʘʯʠʥ ʿʝ ʜʦʢʘʟʘʥʦ ʜʘ ʿʝ ʤʦʛʫ˂ʝ ʧʨʠʤʝʥʠʪʠ ʩʢʘʣʠʨʘˁʝ ʜʠʤʝʥʟʠʿʘ ʜʦʤʝʥʘ FEM 

ʤʦʜʝʣʘ ʟʘ ʩʠʤʫʣʘʮʠʿʝ ɺʝʥʝʨʦʚʠʭ ʤʝʨʝˁʘ ʥʘ ʤʦʜʝʣʫ ʫʤʘˁʝʥʠʭ ʜʠʤʝʥʟʠʿʘ, ʢʘʢʦ ʪʣʘ ʪʘʢʦ ʠ 

ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ, ʦʜʥʦʩʥʦ ʜʘ ʥʦʚʘ ʤʝʪʦʜʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʤʦʞʝ ʜʘ ʩʝ ʧʨʠʤʝʥʠ ʥʘ 

ʩʢʘʣʠʨʘʥʝ, ʪʿ. ʫʤʘˁʝʥʝ ʣʘʙʦʨʘʪʦʨʠʿʩʢʝ ʤʦʜʝʣʝ ʪʣʘ. 

 

5.3 ʆʜʘʙʠʨ ʥʦʚʠʭ ʬʠʢʩʥʠʭ ʜʠʤʝʥʟʠʿʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʤʦʜʝʣʘ 

5.3.1 ʆʜʙʘʮʠʚʘˁʝ ʚʝ˂ʠʭ ʤʝʨʥʠʭ ʨʘʩʪʦʿʘˁʘ 

ʋ ʧʨʝʪʭʦʜʥʦʤ ʦʜʝˀʢʫ ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ ʩʝ, ʙʝʟ ʛʫʙʠʪʢʘ ʪʘʯʥʦʩʪʠ, ʤʦʛʫ ʧʨʠʤʝʥʠʪʠ 

ʩʢʘʣʠʨʘʥʝ, ʪʿ. ʫʤʘˁʝʥʝ ʜʠʤʝʥʟʠʿʝ ʤʦʜʝʣʘ. 

ʉʣʝʜʝ˂ʠ ʢʦʨʘʢ ʿʝ ʘʥʘʣʠʟʘ ʤʦʛʫ˂ʥʦʩʪʠ ʜʘ ʩʝ ʩʘ ʚʘʨʠʿʘʙʠʣʥʠʭ ʜʠʤʝʥʟʠʿʘ ʠʟ ʧʨʝʪʭʦʜʥʦʛ 

ʦʜʝˀʢʘ ʧʨʝʹʝ ʥʘ ʬʠʢʩʥʝ ʜʠʤʝʥʟʠʿʝ ʜʦʤʝʥʘ FEM ʤʦʜʝʣʘ ʢʦʿʝ ˂ʝ ʩʝ ʢʦʨʠʩʪʠʪʠ ʟʘ FEM 

ʩʠʤʫʣʘʮʠʿʝ ʫ ʩʢʣʦʧʫ ʥʦʚʝ ʤʝʪʦʜʝ ʥʝʟʘʚʠʩʥʦ ʦʜ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ. ʊʦ ʿʝ ʥʝʦʧʭʦʜʥʦ 

ʿʝʨ ʩʫ ʜʠʤʝʥʟʠʿʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʛ ʤʦʜʝʣʘ ʠʟ ʣʘʙʦʨʘʪʦʨʠʿʩʢʝ ʧʦʩʪʘʚʢʝ ʬʠʢʩʥʝ. ɼʘʢʣʝ, 

ʧʦʪʨʝʙʥʦ ʿʝ ʧʨʦʚʝʨʠʪʠ ʜʘ ʣʠ ʩʝ ʠ ʬʠʢʩʠʨʘˁʝʤ ʜʠʤʝʥʟʠʿʘʤʘ ʜʦʤʝʥʘ ʫ FEM ʩʠʤʫʣʘʮʠʿʘʤʘ 

ʜʦʙʠʿʘʿʫ ʠʩʪʠ ʨʝʟʫʣʪʘʪʠ. 

ʉ ʦʙʟʠʨʦʤ ʥʘ ʪʦ ʜʘ ʥʘʿʚʝ˂ʘ ʣʠʥʝʘʨʥʘ ʜʠʤʝʥʟʠʿʘ ʦʜ 24 m ʫ ʩʢʘʣʠʨʘʥʦʤ ʤʦʜʝʣʫ, ʰʪʦ 

ʦʜʛʦʚʘʨʘ ʜʠʤʝʥʟʠʿʠ 240 m ʫ ʩʣʫʯʘʿʫ ʧʦʩʤʘʪʨʘʥʠʭ ʨʝʘʣʥʠʭ ʜʠʤʝʥʟʠʿʘ, ʥʝ ʙʠ ʙʠʣʘ 

ʧʨʠʭʚʘʪˀʠʚʘ ʟʘ ʜʠʤʝʥʟʠʿʝ ʤʦʜʝʣʘ ʟʘ ʝʢʩʧʝʨʠʤʝʥʪ, ʧʨʠʩʪʫʧˀʝʥʦ ʿʝ ʜʦʜʘʪʥʠʤ FEM 

ʩʠʤʫʣʘʮʠʿʘʤʘ ʢʘʢʦ ʙʠ ʩʝ ʠʩʪʨʘʞʠʣʦ ʢʘʢʦ ʦʜʘʙʠʨ ʬʠʢʩʥʠʭ ʜʠʤʝʥʟʠʿʘ ʠ ʩʤʘˁʝˁʝ ʜʦʤʝʥʘ 
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ʢʦʨʠʰ˂ʝʥʦʛ ʫ FEM ʩʠʤʫʣʘʮʠʿʘʤʘ ʫʪʠʯʝ ʥʘ ʪʘʯʥʦʩʪ ʤʝʪʦʜʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ 

ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ. ʈʝʟʫʣʪʘʪ ʦʚʠʭ ʘʥʘʣʠʟʘ ʿʝ ʟʘʧʨʘʚʦ ʜʝʬʠʥʠʩʘˁʝ ʦʧʪʠʤʘʣʥʝ ʚʝʣʠʯʠʥʝ 

ʩʪʘʢʣʝʥʝ ʧʦʩʫʜʝ. 

 

ʊʘʙʝʣʘ 5.1 ï ʇʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ ʠʟ FEM  ʩʠʤʫʣʘʮʠʿʘ ʟʘ ʤʦʜʝʣ 10 ʧʫʪʘ ʤʘˁʠ ʦʜ ʤʦʜʝʣʘ ʩʘ ʨʝʘʣʥʠʤ 

ʜʠʤʝʥʟʠʿʘʤʘ 

ɼʠʤʝʥʟʠʿʝ ʧʨʚʦʙʠʪʥʦʛ ʤʦʜʝʣʘ ʫʤʘˁʝʥʝ 10 ʧʫʪʘ: 

ʜʦʤʝʥʘ, ʜʫʙʠʥʝ ʛʦʨˁʝʛ ʩʣʦʿʘ, ʝʣʝʢʪʨʦʜʘ, ʨʘʩʪʦʿʘˁʘ ʠ 

ʜʫʙʠʥʝ ʫʙʘʜʘˁʘ ʠʩʪʠʭ 

ʈʝʟʫʣʪʘʪʠ FEM 

ʩʠʤʫʣʘʮʠʿʘ ʠʟ ʧʦʛʣʘʚˀʘ 

4 (ʊʘʙ. 4.5) 

r 

[cm] 

h 

[cm]  

ɼʫʞʠʥʘ ʠ 

ʰʠʨʠʥʘ 

ʜʦʤʝʥʘ 

[m] 

ɼʫʙʠʥʘ 

ʜʦʤʝʥʘ 

[m] 

a [m] Ra
FEM_1:10 

[Ý] 

Ra
FEM [Ý] 

0,1 5 1,6 1 0,025 21497,30 2150,16 

1,6 1 0,05 9172,26 917,22 

1,6 1 0,075 3925,70 392,46 

1,6 1 0,1 1724,72 172,49 

1,6 1 0,2 137,60 13,76 

4,8 3 0,3 57,66 5,77 

24 15 0,4 41,01 4,10 

24 15 0,5 32,44 3,24 

24 15 0,6 26,89 2,69 

24 15 0,7 22,92 2,30 

24 15 0,8 20,01 2,00 

24 15 0,9 17,75 1,78 

24 15 1 15,99 1,60 

 

ʀʟ ʪʝʢʩʪʘ ʠʟʥʘʜ, ʘ ʠ ʊʘʙ. 5.1, ʚʠʜʠ ʩʝ ʜʘ ʩʝ ʜʠʤʝʥʟʠʿʝ FEM ʤʦʜʝʣʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ 

ʤʦʜʝʣʘ 4,8 m × 4,8 m × 3 m ʢʦʨʠʩʪʝ ʟʘ ʩʠʤʫʣʘʮʠʿʝ ɺʝʥʝʨʦʚʠʭ ʤʝʨʝˁʘ ʟʘ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ 

ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ ʤʘˁʘ ʠʣʠ ʿʝʜʥʘʢʘ 0,3 m. ʈʝʘʣʥʦ ʿʝ ʦʯʝʢʠʚʘʪʠ ʜʘ ʩʝ ʥʝ˂ʝ ʥʘʧʨʘʚʠʪʠ ʚʝʣʠʢʘ 

ʛʨʝʰʢʘ ʘʢʦ ʩʝ ʟʘ ʧʨʚʘ ʜʚʘ ʩʣʝʜʝ˂ʘ ʤʝʹʫʩʦʙʥʘ ʨʘʩʪʦʿʘˁʘ a = 0,4 m ʠ 0,5 m, ʟʘʜʨʞʠ ʚʝʣʠʯʠʥʘ 

ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʤʦʜʝʣʘ 4,8 m × 4,8 m × 3 m. ʇʦʜ ʪʦʤ ʧʨʝʪʧʦʩʪʘʚʢʦʤ, ʝʢʩʧʝʨʠʤʝʥʪ ʥʘ 

ʫʤʘˁʝʥʦʤ ʤʦʜʝʣʫ ʪʠʤʝ ʙʠ ʙʠʦ ʦʛʨʘʥʠʯʝʥ ʥʘ ʤʝʹʫʩʦʙʥʘ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ ʘ 

ʦʜ 0,025 m ʜʦ 0,5 m. ʆʚʘʿ ʦʧʩʝʛ ʤʝʨʥʠʭ ʨʘʩʪʦʿʘˁʘ ʙʠ ʦʜʛʦʚʘʨʘʦ ʩʣʫʯʘʿʫ ʩʪʚʘʨʥʠʭ 

ʥʝʩʢʘʣʠʨʘʥʠʭ ʤʝʨʥʠʭ ʨʘʩʪʦʿʘˁʘ ʦʜ 25 cm ʜʦ 5 m. ʂʘʦ ʰʪʦ ʿʝ ʧʨʝʪʭʦʜʥʦ ʦʙʿʘʰˁʝʥʦ ʫ 

ʧʦʛʣʘʚˀʫ 4, ʨʘʩʪʦʿʘˁʘ ʚʝ˂ʘ ʦʜ 0,5 m ʥʠʩʫ ʦʜ ʠʥʪʝʨʝʩʘ, ʿʝʨ ʿʝ ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʙʨʦʿʯʘʥʠʤ 

ʚʨʝʜʥʦʩʪʠʤʘ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʟʝʤˀʠʰʪʘ ʩʘ ʧʣʠʪʢʠʤ ʛʦʨˁʠʤ ʩʣʦʿʝʤ ʩʘʜʨʞʘʥʘ ʫ 

ʧʣʠ˂ʠʤ ʩʣʦʿʝʚʠʤʘ ʪʣʘ, ʘ ʩʘʤʠʤ ʪʠʤ ʩʝ ʠ ʧʨʝʮʠʟʥʠʿʝ ʦʜʨʝʹʫʿʝ ʠʟ ʤʘˁʠʭ ʤʝʹʫʩʦʙʥʠʭ ʨʘʩʪʦʿʘˁʘ 

ʠʟʤʝʹʫ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ. 

ʉ ʦʙʟʠʨʦʤ ʥʘ ʪʦ ʜʘ ʩʫ ʛʦʨʝ ʥʘʚʝʜʝʥʝ ʜʠʤʝʥʟʠʿʝ 4,8 m × 4,8 m × 3 m ʠ ʜʘˀʝ ʧʨʝʚʝʣʠʢʝ ʟʘ 

ʠʟʚʦʹʝˁʝ ʫ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠʤ ʫʩʣʦʚʠʤʘ, ʘ ʥʘʨʦʯʠʪʦ ʠʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʢʦʣʠʯʠʥʫ ʟʝʤˀʝ ʠ ʧʝʩʢʘ 

ʢʦʿʘ ʙʠ ʙʠʣʘ ʧʦʪʨʝʙʥʘ ʜʘ ʩʝ ʠʩʧʫʥʠ ʪʘ ʟʘʧʨʝʤʠʥʘ, ʧʨʠʩʪʫʧˀʝʥʦ ʿʝ ʥʠʟʫ ʜʦʜʘʪʥʠʭ FEM 

ʩʠʤʫʣʘʮʠʿʘ ʢʘʢʦ ʙʠ ʩʝ ʠʩʪʨʘʞʠʣʘ ʜʘˀʘ ʤʦʛʫ˂ʥʦʩʪ ʩʤʘˁʝˁʘ ʤʦʜʝʣʘ. ʋ ʜʦʜʘʪʥʠʤ FEM 

ʩʠʤʫʣʘʮʠʿʘʤʘ ʫʟʠʤʘ ʩʝ ʧʦ ʿʝʜʘʥ ʩʢʫʧ ʜʠʤʝʥʟʠʿʘ (ʜʫʞʠʥʘ Ĭ ʰʠʨʠʥʘ Ĭ ʜʫʙʠʥʘ) ʜʦʤʝʥʘ ʠ ʟʘʪʠʤ 

ʩʝ ʟʘ ˁʝʛʘ ʩʧʨʦʚʦʜʝ FEM ʩʠʤʫʣʘʮʠʿʝ ɺʝʥʝʨʦʚʠʭ ʤʝʨʝˁʘ ʟʘ ʩʚʘ ʤʝʹʫʩʦʙʥʘ ʨʘʩʪʦʿʘˁʘ ʘ ʦʜ 

0,025 m ʜʦ 0,5 m. 
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5.3.2 FEM  ʩʠʤʫʣʘʮʠʿʝ ʟʘ ʩʢʫʧ ʤʝʨʥʠʭ ʨʘʩʪʦʿʘˁʘ ʜʦ 0,5 m 

ʇʨʚʦ ʩʫ ʨʘʹʝʥʝ FEM ʩʠʤʫʣʘʮʠʿʝ ʟʘ ʨʘʩʪʦʿʘˁʘ ʘ ʦʜ 0,1 m ʜʦ 0,5 m ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ. 

ʅʘʚʝʜʝʥʘ ʨʘʩʪʦʿʘˁʘ ʙʠ ʦʜʛʦʚʘʨʘʣʘ ʤʝʹʫʩʦʙʥʠʤ ʨʘʩʪʦʿʘˁʠʤʘ ʦʜ 1 m ʜʦ 5 m ʟʘ ʩʪʚʘʨʥʫ 

ʪʝʨʝʥʩʢʫ ʧʨʠʤʝʥʫ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ. ʈʘʩʪʦʿʘˁʘ ʤʘˁʘ ʦʜ 0,1 m (1 m ʫ ʩʪʚʘʨʥʦʿ 

ʧʨʠʤʝʥʠ) ʠʩʧʨʚʘ ʥʠʩʫ ʨʘʟʤʘʪʨʘʥʘ, ʿʝʨ ʿʝ ʠʟ ʧʨʝʪʭʦʜʥʠʭ ʩʠʤʫʣʘʮʠʿʘ ʙʠʣʦ ʿʘʩʥʦ ʜʘ ʜʠʤʝʥʟʠʿʝ 

ʜʦʤʝʥʘ, ʢʦʿʝ ʠʟʥʦʩʝ 4,8 m × 4,8 m × 3 m, ʜʦʚʦˀʥʦ ʚʝʣʠʢʝ ʜʘ ʨʝʟʫʣʪʘʪʠ ʩʠʤʫʣʘʮʠʿʘ ʙʫʜʫ 

ʧʨʝʮʠʟʥʠ ʟʘ ʪʘ ʤʝʹʫʩʦʙʥʘ ʨʘʩʪʦʿʘˁʘ. 

5.3.2.1 ɸʥʘʣʠʟʘ ʬʠʢʩʥʠʭ ʜʠʤʝʥʟʠʿʘ 4 m × 2 m × 0,5 m 

ʇʨʚʦʙʠʪʥʘ ʠʜʝʿʘ ʟʘ ʝʢʩʧʝʨʠʤʝʥʪ ʿʝ ʙʠʣʘ ʜʘ ʩʝ ʠʩʢʦʧʘ ʨʫʧʘ ʫ ʟʝʤˀʠ ʢʦʿʘ ʙʠ ʧʦʩʣʫʞʠʣʘ 

ʢʘʦ ʝʣʝʢʪʨʦʣʠʪʠʯʢʘ ʢʘʜʘ ʫ ʢʦʿʦʿ ʙʠ ʩʝ ʥʘʧʨʘʚʠʦ ʜʚʦʩʣʦʿʘʥ ʤʦʜʝʣ ʪʣʘ. ʇʨʚʦ ʩʫ ʨʘʟʤʘʪʨʘʥʝ 

ʜʠʤʝʥʟʠʿʝ 4 m × 2 m × 0,5 m, ʫʤʘˁʝʥʝ ʫ ʦʜʥʦʩʫ ʥʘ 4,8 m × 4,8 m × 3 m ʠ ʪʦ ʥʘʨʦʯʠʪʦ ʫ 

ʧʦʛʣʝʜʫ ʜʫʙʠʥʝ. 

ʇʨʠʤʝʨ ʨʝʟʫʣʪʘʪʘ FEM ʩʠʤʫʣʠʨʘʥʠʭ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʟʘ ʜʚʦʩʣʦʿʥʦ ʪʣʦ ʩʘ 

ʧʘʨʘʤʝʪʨʠʤʘ r1=5000 Wm, r2=100 Wm ʠ h = 0,5 m ʩʚʠʭ ʤʝʨʥʠʭ ʨʘʩʪʦʿʘˁʘ ʦʜ 0,1 m ʜʦ 0,5 m ʟʘ 

ʜʠʤʝʥʟʠʿʝ ʜʦʤʝʥʘ 4 m × m 2 m × 0,5 m ʧʨʠʢʘʟʘʥ ʿʝ ʫ ʊʘʙ. 5.2. ʋ ʪʘʙʝʣʠ ʩʫ ʧʨʠʢʘʟʘʥʘ 

ʦʜʩʪʫʧʘˁʘ ʨʝʟʫʣʪʫʿʫ˂ʝ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ ʫ ʦʜʥʦʩʫ ʥʘ ʚʨʝʜʥʦʩʪʠ ʜʦʙʠʿʝʥʝ ʧʨʠʤʝʥʦʤ FEM 

ʤʦʜʝʣʘ ʩʘ ʜʠʤʝʥʟʠʿʘʤʘ ʜʦʤʝʥʘ ʢʦʿʝ ʟʘʚʠʩʝ ʦʜ ʤʝʨʥʠʭ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ (ʊʘʙ. 5.1). 

ʊʘʙʝʣʘ 5.2 ï ʇʦʨʝʹʝˁʝ ʧʨʠʚʠʜʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ʠʟ FEM ʤʦʜʝʣʘ ʩʘ ʚʘʨʠʿʘʙʠʣʥʠʤ ʠ ʬʠʢʩʥʠʤ ʜʠʤʝʥʟʠʿʘʤʘ 

ʜʦʤʝʥʘ  

r1=5000 Wm, r2=100 Wm ʠ h = 0,05 m 

ʇʦʜʘʮʠ ʠʟ ʊʘʙ. 5.1, ʜʠʤʝʥʟʠʿʝ 

ʜʦʤʝʥʘ ʢʦʿʝ ʟʘʚʠʩʝ ʦʜ ʤʝʨʥʦʛ 

ʨʘʩʪʦʿʘˁʘ ʘ 

ʌʠʢʩʠʨʘʥʝ 

ʜʠʤʝʥʟʠʿʝ ʜʦʤʝʥʘ 

4 m × 2 m × 0,5 m ʆʜʩʪʫʧʘˁʝ [%] 

ɼʫʞ. 

[m] 

ɼʫʙ. 

[m] 

a 

[m] 

Ra
FEM_1:10 

[Ý] 

Ra
FEM_4m×2m×0,5m 

[Ý] 

1,6 1 0,1 1724,72 1724,16 -0,033 

1,6 1 0,2 137,60 136,37 -0,897 

4,8 3 0,3 57,66 50,81 -11,87 

24 15 0,4 41,01 31,13 -24,08 

24 15 0,5 32,44 20,46 -36,92 

 

ʂʘʦ ʰʪʦ ʿʝ ʠ ʦʯʝʢʠʚʘʥʦ, ʠʜʫ˂ʠ ʦʜ ʤʘˁʠʭ ʤʝʨʥʠʭ ʨʘʩʪʦʿʘˁʘ ʢʘ ʚʝ˂ʠʤ, ʧʨʦʮʝʥʪʫʘʣʥʦ 

ʦʜʩʪʫʧʘˁʝ ʚʠʜʥʦ ʨʘʩʪʝ. ʅʘʿʚʝ˂ʝ ʧʨʦʮʝʥʪʫʘʣʥʦ ʦʜʩʪʫʧʘˁʝ ʠʟʥʦʩʠ -36,9% ʠ ʠʤʘ ʩʝ ʟʘ ʤʝʨʥʦ 

ʨʘʩʪʦʿʘˁʝ ʘ = 0,5 m. 

 

5.3.2.2 ɸʥʘʣʠʟʘ ʥʠʟʘ ʜʦʜʘʪʥʠʭ ʬʠʢʩʥʠʭ ʜʠʤʝʥʟʠʿʘ ʟʘ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ ʫ ʦʧʩʝʛʫ 
0,1 ʜʦ 0,5 m 

ʅʠʟ ʜʦʜʘʪʥʠʭ ʬʠʢʩʥʠʭ ʜʠʤʝʥʟʠʿʘ ʿʝ ʜʝʬʠʥʠʩʘʥ ʪʘʢʦ ʰʪʦ ʩʫ ʧʨʝ ʜʝʬʠʥʠʩʘˁʘ ʩʚʘʢʝ 

ʩʣʝʜʝ˂ʝ ʬʠʢʩʥʝ ʢʦʤʙʠʥʘʮʠʿʝ ʜʠʤʝʥʟʠʿʘ ʧʦʩʤʘʪʨʘʥʠ ʨʝʟʫʣʪʘʪʠ ʧʨʝʪʭʦʜʥʠʭ ʩʠʤʫʣʘʮʠʿʘ. 

ɼʦʜʘʪʥʝ FEM ʩʠʤʫʣʘʮʠʿʝ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʠʟʚʨʰʝʥʝ ʩʫ ʚʘʨʠʨʘʿʫ˂ʠ ʬʠʢʩʥʝ 

ʜʠʤʝʥʟʠʿʝ ʜʦʤʝʥʘ ʢʘʦ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʫ ʊʘʙ. 5.3 ʠ ʪʦ ʫʚʝʢ ʟʘ ʠʩʪʠ ʩʢʫʧ ʤʝʨʥʠʭ ʨʘʩʪʦʿʘˁʘ 

0,1 m ʜʦ 0,5 m ʟʘ ʩʚʘʢʫ ʦʜ ʦʜʘʙʨʘʥʠʭ ʢʦʤʙʠʥʘʮʠʿʘ. ɿʘ ʩʚʘʢʠ ʧʨʠʤʝʨ ʬʠʢʩʠʨʘʥʠʭ ʜʠʤʝʥʟʠʿʘ 

ʜʦʤʝʥʘ ʟʘ FEM ʤʦʜʝʣ ʟʝʤˀʠʰʪʘ ʠʟ ʊʘʙ. 5.3, ʢʘʦ ʠ ʢʦʜ ʬʠʢʩʠʨʘʥʦʛ ʜʦʤʝʥʘ ʟʘ ʢʦʿʠ ʩʫ ʜʘʪʠ 

ʨʝʟʫʣʪʘʪʠ ʫ ʊʘʙ. 5.2. ʅʘ ʪʘʿ ʥʘʯʠʥ ʤʦʛʫ ʜʘ ʩʝ ʧʨʘʪʝ ʧʨʦʮʝʥʪʫʘʣʥʘ ʦʜʩʪʫʧʘˁʘ ʦʜ ʨʝʬʝʨʝʥʪʥʠʭ 

ʚʨʝʜʥʦʩʪʠ ʠʟ ʊʘʙ. 5.1. 

ʅʘʿʚʝ˂ʘ ʦʜʩʪʫʧʘˁʘ, ʧʦʩʤʘʪʨʘʿʫ˂ʠ ʯʠʪʘʚ ʦʧʩʝʛ ʤʝʹʫʩʦʙʥʠʭ ʨʘʩʪʦʿʘˁʘ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ 

ʦʜ 0,1 m ʜʦ 0,5 m ʫʚʝʢ ʙʠ ʩʝ ʿʘʚˀʘʣʘ ʧʨʠ ʘ = 0,5 m, ʰʪʦ ʿʝ ʠ ʦʯʝʢʠʚʘʥʦ, ʿʝʨ ʩʝ ʪʘʜʘ ʝʣʝʢʪʨʦʜʝ 
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ʧʨʠʙʣʠʞʘʚʘʿʫ ʛʨʘʥʠʮʘʤʘ ʦʛʨʘʥʠʯʝʥʦʛ ʜʦʤʝʥʘ ʤʦʜʝʣʘ ʪʝ ʩʝ ʩʚʝ ʚʠʰʝ ʛʫʙʠ ʧʦʢʣʘʧʘˁʝ ʠ 

ʧʨʘʢʪʠʯʥʦ ʩʝ ʦʜʩʝʮʘ ʜʝʦ ʢʦʜ ʢʦʛʘ ʿʝ ʧʨʦʪʠʮʘʣʘ ʩʪʨʫʿʘ ʢʨʦʟ ʪʣʦ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʩʘ ʦʚʘʢʦ 

ʬʠʢʩʠʨʘʥʠʤ ʜʠʤʝʥʟʠʿʘʤʘ ʜʦʤʝʥʘ, ʤʝʨʥʘ ʩʪʨʫʿʘ ʢʦʿʘ ʩʝ ʠʩʧʫʰʪʘ ʩʘ ʿʝʜʥʝ ʠ ʩʪʠʯʝ ʫ ʜʨʫʛʫ 

ʢʨʘʿˁʫ ʤʝʨʥʫ ʝʣʝʢʪʨʦʜʫ ʥʝ ʤʦʞʝ ʜʦʚʦˀʥʦ ʜʘ ʩʝ ʨʘʰʠʨʠ ʫ ʧʦʩʤʘʪʨʘʥʦʤ ʫʤʘˁʝʥʦʤ ʠ 

ʦʛʨʘʥʠʯʝʥʦʤ FEM ʤʦʜʝʣʫ ʪʣʘ ʥʘ ʠʩʪʠ ʥʘʯʠʥ ʢʘʢʦ ʙʠ ʤʦʛʣʘ ʠ ʫ ʩʪʚʘʨʥʦʤ, ʥʝʦʛʨʘʥʠʯʝʥʦʤ, 

ʪʣʫ. 

ʊʘʙʝʣʘ 5.3 ï ɼʠʤʝʥʟʠʿʝ ʜʦʤʝʥʘ ʟʘ ʜʦʜʘʪʥʝ FEM  ʩʠʤʫʣʘʮʠʿʝ 

ʌʠʢʩʥʝ 

ʜʠʤʝʥʟʠʿʝ 

ʜʦʤʝʥʘ [m] 

ʅʘʿʚʝ˂ʘ ʦʜʩʪʫʧʘˁʘ [%]  

(ȹRʘ
FEM ʟʘ ʘ = 0,5 m) 

4 × 2 × 0,5 -36,92 

4,5 × 2 × 0,5 -37,07 

4 × 2,5 × 0,5 -36,92 

4 × 2 × 1 -8,04 

4,5 × 2 × 1 -10,13 

4 × 2,5 × 1 -8,03 

4 × 2 × 1,5 -4,05 

4,5 × 2 × 1,5 -7,32 

4 × 2,5 × 1,5 -4,01 

4 × 2 × 2 -3,42 

4,5 × 2 × 2 -7 

4 × 2,5 × 2 -3,29 

 

ʅʘʿʤʘˁʘ ʧʦʩʪʠʛʥʫʪʘ ʚʨʝʜʥʦʩʪ ʦʜʩʪʫʧʘˁʘ Rʘ
FEM ʟʘ ʤʝʹʫʩʦʙʥʘ ʨʘʩʪʦʿʘˁʘ ʝʣʝʢʪʨʦʜʘ ʦʜ 

0,5 m ʧʦʩʪʠʞʝ ʩʝ ʢʘʜʘ ʩʝ ʟʘ ʬʠʢʩʥʝ ʜʠʤʝʥʟʠʿʝ ʜʦʤʝʥʘ ʫʟʤʝ 4 m × 2,5 m × 2 m: -3,29 %. 

 

5.3.2.3 ɽʬʝʢʘʪ ʩʤʘˁʝˁʘ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ ʫ ʦʧʩʝʛʫ 0,025 m ʜʦ 0,4 m ʥʘ ʨʝʟʫʣʪʘʪʝ 

ʢʦʤʧʣʝʪʥʝ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʪʣʘ 

ʂʘʢʦ ʜʠʤʝʥʟʠʿʝ 4 m × 2,5 m × 2 m ʠ ʜʘˀʝ ʥʠʩʫ ʧʨʠʭʚʘʪˀʠʚʝ ʟʘ ʫʩʚʘʿʘˁʝ ʟʘ ʠʟʚʝʜʙʫ ʫ 

ʣʘʙʦʨʘʪʦʨʠʿʩʢʠʤ ʫʩʣʦʚʠʤʘ, ʧʨʠʩʪʫʧʠʣʦ ʩʝ ʿʦʰ ʿʝʜʥʦʤ ʥʠʟʫ FEM ʩʠʤʫʣʘʮʠʿʘ, ʦʚʘʿ ʧʫʪ 

ʫʟʠʤʘʿʫ˂ʠ ʜʨʫʛʫ ʤʝʪʨʠʢʫ ʫ ʦʙʟʠʨ. ʋʟʝʪʘ ʩʫ ʤʝʹʫʩʦʙʥʘ ʨʘʩʪʦʿʘˁʘ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ ʠ ʤʘˁʘ ʦʜ 

0,1 m, ʪʿ. ʫʢˀʫʯʫʿʫ˂ʠ ʠ 0,025 m, 0,05 m, 0,075 m. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʦʜʙʘʯʝʥʦ ʿʝ ʨʘʩʪʦʿʘˁʝ ʦʜ 

0,5 m, ʟʘ ʢʦʿʝ ʿʝ ʠʟ ʧʨʠʢʘʟʘʥʦʛ ʦʯʠʛʣʝʜʥʦ ʜʘ ʩʫ ʧʨʦʮʝʥʪʫʘʣʥʘ ʦʜʩʪʫʧʘˁʘ ʦʜ ʨʝʬʝʨʝʥʪʥʝ 

ʚʨʝʜʥʦʩʪʠ ʠʟ ʊʘʙ. 5.1 ʧʨʠ ʦʚʦʤ ʨʘʩʪʦʿʘˁʫ ʥʘʿʚʝ˂ʘ ʟʘ ʤʘ ʢʦʿʫ ʢʦʤʙʠʥʘʮʠʿʫ ʜʠʤʝʥʟʠʿʘ 

ʧʦʜʝʰʝʥʠʭ ʬʠʢʩʥʠʭ ʜʠʤʝʥʟʠʿʘ ʤʦʜʝʣʘ. 

ɿʘ ʩʚʘʢʫ ʥʦʚʫ ʢʦʤʙʠʥʘʮʠʿʫ ʠʩʧʠʪʠʚʘʥʠʭ ʬʠʢʩʥʠʭ ʜʠʤʝʥʟʠʿʘ FEM ʤʦʜʝʣʘ, ʠʟʚʨʰʝʥʘ ʿʝ 

ʧʨʠʤʝʥʘ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʠʟ ʧʦʛʣʘʚˀʘ 4 ʠ ʧʦʩʤʘʪʨʘʥʦ ʿʝ ʧʦʢʣʘʧʘˁʝ ʝʩʪʠʤʠʨʘʥʠʭ ʠ 

ʩʪʚʘʨʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʣʘ. ʋ ʊʘʙ. 5.4 ʩʫ ʧʨʠʢʘʟʘʥʠ ʨʝʟʫʣʪʘʪʠ. 

ʋ ʊʘʙ. 5.4, ʧʨʠʢʘʟʘʥʘ ʩʫ ʦʜʩʪʫʧʘˁʘ ʧʨʠʚʠʜʥʠʭ ʦʪʧʦʨʥʦʩʪʠ Ra
FEM_4m×2m×0,5m ʦʜ 

ʨʝʬʝʨʝʥʪʥʠʭ Ra
FEM_1:10. ʈʝʬʝʨʝʥʪʥʝ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ Ra

FEM_1:10 ʠʟ ʊʘʙ. 5.1 ʜʦʙʠʿʝʥʝ ʩʫ, 

ʢʘʦ ʰʪʦ ʿʝ ʚʝ˂ ʨʝʯʝʥʦ, ʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ ʩʘ ʩʠʥʪʝʪʠʯʢʠʤ ʤʦʜʝʣʦʤ ʪʣʘ r1=5000 Wm, 

r2=100 Wm ʠ h = 0,5 m, ʫʟ ʧʨʠʤʝʥʫ FEM ʤʦʜʝʣʘ ʩʘ ʚʘʨʠʿʘʙʠʣʥʠʤ ʜʠʤʝʥʟʠʿʘʤʘ ʜʦʤʝʥʘ. 

ʇʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ Ra
FEM_4m×2m×0,5m ʜʦʙʠʿʘʿʫ ʩʝ ʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ, ʫ ʢʦʿʠʤʘ ʩʫ ʟʘ 

ʜʚʦʩʣʦʿʥʠ ʤʦʜʝʣ ʪʣʘ ʧʦʜʝʰʝʥʠ ʧʘʨʘʤʝʪʨʠ ʢʦʿʠ ʩʫ ʝʩʪʠʤʠʨʘʥʠ ʧʨʠʤʝʥʦʤ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ 

ʟʘ FEM ʤʦʜʝʣ ʬʠʢʩʥʠʭ ʜʠʤʝʥʟʠʿʘ (4 m × 2 m × 0,5 m). ʂʘʦ ʛʣʘʚʥʘ ʤʝʨʘ ʧʦʢʣʘʧʘˁʘ ʨʝʟʫʣʪʘʪʘ 
ʝʩʪʠʤʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʠʟ ʥʦʚʝ ʤʝʪʦʜʝ ʩʘ ʨʝʬʝʨʝʥʪʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʛʣʝʜʘ ʩʝ ʢʦʨʝʥ ʩʫʤʝ 

ʢʚʘʜʨʘʪʘ ʨʝʣʘʪʠʚʥʠʭ ʦʜʩʪʫʧʘˁʘ ʟʘ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ. 



ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʚʝʨʠʬʠʢʘʮʠʿʘ ʥʦʚʝ ʤʝʪʦʜʝ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʪʣʘ 

  84  

 

ʊʘʙʝʣʘ 5.4 ï ʇʨʠʤʝʥʘ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʩʘ ʬʠʢʩʠʨʘʥʠʤ ʜʠʤʝʥʟʠʿʘʤʘ FEM  ʤʦʜʝʣʘ 

4 m × 2 m × 0,5 m ʥʘ ʨʝʬʝʨʝʥʪʥʠ ʩʠʥʪʝʪʠʯʢʠ ʤʦʜʝʣ ʪʣʘ 

 

ʉʢʘʣʠʨʘʥʠ 

ʩʠʥʪʝʪʠʯʢʠ 

ʤʦʜʝʣ ʪʣʘ 

ɽʩʪʠʤʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ 

ʧʨʠʤʝʥʦʤ ʦʨʠʛʠʥʘʣʥʝ 

ʤʝʪʦʜʝ, ʢʦʨʠʩʪʝ˂ʠ FEM 

ʤʦʜʝʣ ʩʘ ʬʠʢʩʠʨʘʥʠʤ 

ʜʠʤʝʥʟʠʿʘʤʘ 

4 m × 2 m × 0,5 m 

ʆʜʩʪʫʧʘˁʝ [%] 

r1 [Ým] 5000 5267,65 5,35 

r2 [Ým] 100 121,66 21,66 

h [m] 0,05 0,047 -6 

a [m] 

Ra
FEM_1:10 [ɋ] 

(ʨʝʬʝʨʝʥʪʥʝ 

ʚʨʝʜʥʦʩʪʠ ʠʟ ʊʘʙ. 5.1) 

Ra
FEM_4m×2m×0,5m [ɋ] (ʠʟ FEM 

ʩʠʤʫʣʘʮʠʿʘ ʟʘ ʧʘʨʘʤʝʪʨʝ 

ʠʟʥʘʜ) 

ʆʜʩʪʫʧʘˁʝ 

Ra
FEM_4m×2m×0,5m 

ʦʜ Ra
FEM_1:10 [%] 

0,025 21497,3 21645,67 0,69 

0,05 9172,26 9376,82 2,23 

0,075 3925,7 3891,57 -0,87 

0,1 1724,72 1662,55 -3,6 

0,2 137,60 142,42 3,5 

0,3 57,66 60,45 4,84 

0,4 41,01 37,80 -7,81 

RMSErrRa [%] 4,07 

 
ʊʘʙʝʣʘ 5.5 ï ʇʦʨʝʹʝˁʝ ʩʫʤʝ ʢʚʘʜʨʘʪʘ ʦʜʩʪʫʧʘˁʘ Ra

FEM ʥʘʢʦʥ ʧʨʠʤʝʥʝ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʟʘ ʨʘʟʣʠʯʠʪʝ 

ʬʠʢʩʥʝ ʜʠʤʝʥʟʠʿʝ ʜʦʤʝʥʘ FEM  ʤʦʜʝʣʘ 

r1=5000 Wm, r2=100 Wm ʠ h = 0,05 m 

ʌʠʢʩʥʝ ʜʠʤʝʥʟʠʿʝ 

ʜʦʤʝʥʘ [m] 

RMSErrRa [%] ʈʘʯʫʥʩʢʦ ʚʨʝʤʝ 

ʧʨʠʤʝʥʝ ʦʨʠʛʠʥʘʣʥʝ 

ʤʝʪʦʜʝ 

4 × 2 × 0,5 4,07 4h 19m 

4 × 2 × 1 1,17 5h 8m 

4 × 2 × 1,5 1,1 7h 31m 

3,5 × 1,75 × 0,5 4,07 4h 3m 

3,5 × 1,75 × 1 1,2 5h 6m 

3,5 × 1,75 × 1,5 1,11 7h 21m 

3,5 × 1 × 0,5 4,09 3h 5m 

3,5 × 1 × 1 1,28 4h 5m 

3,5 × 1 × 1,5 1,18 4h 38m 

3,5 × 1,25 × 0,5 4,08 3h 18m 

3,5 × 1,25 × 1 1,22 4h 15m 

3,5 × 1,25 × 1,5 1,13 4h 13m 

3,25 × 1,25 × 0,5 4,08 2h 46m 

3,25 × 1,25 × 1 1,24 4h 58m 

3,25 × 1,25 × 1,5 1,14 5h 23m 

3 × 1 × 0,5 4,11 2h 13m 

3 × 1 × 1 1,35 *  

3 × 1 × 1,5 1,25 4h 

*ʉʠʤʫʣʘʮʠʿʘ ʿʝ ʙʠʣʘ ʧʘʫʟʠʨʘʥʘ ʧʨʝʢʦ ʥʦ˂ʠ, ʘ ʥʘʩʪʘʚˀʝʥʦ ʤʝʨʝˁʝ ʚʨʝʤʝʥʘ, ʟʙʦʛ ʯʝʛʘ ʥʝ 

ʧʦʩʪʦʿʠ ʧʦʜʘʪʘʢ 
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ʉʣʠʯʥʦ ʢʘʦ ʰʪʦ ʿʝ ʫ ʊʘʙ. 5.4 ʧʨʠʢʘʟʘʥʦ ʟʘ ʜʠʤʝʥʟʠʿʝ ʤʦʜʝʣʘ 4 m × 2 m × 0,5 m, ʫʯʠˁʝʥʦ 

ʿʝ ʟʘ ʜʘˀʝ ʢʦʤʙʠʥʘʮʠʿʝ ʬʠʢʩʥʠʭ ʜʠʤʝʥʟʠʿʘ ʤʦʜʝʣʘ ʧʦʙʨʦʿʘʥʝ ʫ ʊʘʙ. 5.5. ʀʟ ʊʘʙ. 5.5 ʤʦʞʝ ʜʘ 

ʩʝ ʟʘʢˀʫʯʠ ʩʣʝʜʝ˂ʝ: 

¶ ʩʘ ʩʤʘˁʝˁʝʤ ʬʠʢʩʥʝ ʜʠʤʝʥʟʠʿʝ ʜʦʤʝʥʘ ʢʦʨʠʰ˂ʝʥʠʭ FEM ʤʦʜʝʣʘ, ʩʚʝ ʿʝ ʤʘˁʝ 

ʧʦʢʣʘʧʘˁʝ ʚʨʝʜʥʦʩʪʠ Ra
FEM ʩʘ ʚʨʝʜʥʦʩʪʠʤʘ ʠʟ ʊʘʙ. 5.1, 

¶ ʦʜ ʩʚʝ ʪʨʠ ʜʠʤʝʥʟʠʿʝ, ʥʘʿʚʝ˂ʠ ʫʪʠʮʘʿ ʥʘ ʪʘʯʥʦʩʪ ʟʘ ʧʦʩʤʘʪʨʘʥʠ ʩʢʫʧ ʜʠʤʝʥʟʠʿʘ ʠʤʘ 
ʜʫʙʠʥʘ (ʧʦʚʝ˂ʘˁʝ ʜʫʙʠʥʝ ʜʦʚʦʜʠ ʜʦ ʙʦˀʝʛ ʧʦʢʣʘʧʘˁʘ) ʠ 

¶ ʩʤʘˁʠʚʘˁʝʤ ʜʠʤʝʥʟʠʿʘ ʤʦʜʝʣʘ, ʦʯʝʢʠʚʘʥʦ ʩʤʘˁʫʿʝ ʩʝ ʠ ʚʨʝʤʝ ʧʦʪʨʝʙʥʦ ʜʘ ʥʦʚʘ 
ʤʝʪʦʜa ʠʩʢʦʥʚʝʨʛʠʨʘ ʢʘ ʨʝʰʝˁʫ. 

 

5.3.2.4 ɸʥʘʣʠʟʘ ʬʠʢʩʥʠʭ ʜʠʤʝʥʟʠʿʘ 3,25 m × 1,25 m × 1 m 

ʂʦʥʘʯʥʦ ʩʫ ʦʜʘʙʨʘʥʝ ʜʠʤʝʥʟʠʿʝ ʜʦʤʝʥʘ 3,25 m × 1,25 m × 1 m ʟʘ ʢʦʿʝ ʩʝ ʠʤʘ ʦʜʩʪʫʧʘˁʝ 

1,24 (ʧʦʜʝʙˀʘʥʦ ʫ ʊʘʙ. 5.5). ʆʚʝ ʜʠʤʝʥʟʠʿʝ ʩʫ ʦʜʘʙʨʘʥʝ ʢʘʦ ʢʦʤʧʨʦʤʠʩ ʫ ʧʦʛʣʝʜʫ ʩʤʘˁʠʚʘˁʘ 

ʜʠʤʝʥʟʠʿʘ ʨʘʜʠ ʣʘʢʰʝʛ ʦʩʪʚʘʨʠʚʘˁʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʦʩʪʘʚʢʝ, ʩ ʿʝʜʥʝ ʩʪʨʘʥʝ, ʠ 

ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʝ ʪʘʯʥʦʩʪʠ, ʩ ʜʨʫʛʝ ʩʪʨʘʥʝ. 

ʋ ʊʘʙ. 5.6 ʩʫ ʜʘʪʠ ʜʝʪʘˀʥʠ ʨʝʟʫʣʪʘʪʠ ʟʘ ʦʜʘʙʨʘʥʝ ʜʠʤʝʥʟʠʿʝ (3,25 m × 1,25 m × 1 m), 

ʘʥʘʣʦʛʥʦ ʢʘʦ ʫ ʊʘʙ. 5.4 (ʟʘ ʜʠʤʝʥʟʠʿʝ 4 m× 2 m × 0,5 m). 

ɺʨʝʜʥʦʩʪ Ra
FEM_3,25m×1,25m×1m ʧʨʝʜʩʪʘʚˀʘ ʤʝʹʫʨʝʟʫʣʪʘʪ, ʦʜʥʦʩʥʦ ʛʣʘʚʠ ʢʨʠʪʝʨʠʿʫʤ ʿʝ 

ʧʦʢʣʘʧʘˁʝ ʝʩʪʠʤʠʨʘʥʠʭ ʠ ʩʪʚʘʨʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʩʠʥʪʝʪʠʯʢʦʛ ʪʣʘ r1, r2 ʠ h. 

 

ʊʘʙʝʣʘ 5.6 ï ʇʨʠʤʝʥʘ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʩʘ ʬʠʢʩʠʨʘʥʠʤ ʜʠʤʝʥʟʠʿʘʤʘ FEM  ʤʦʜʝʣʘ 

3,25 m × 1,25 m × 1 m ʥʘ ʨʝʬʝʨʝʥʪʥʠ ʩʠʥʪʝʪʠʯʢʠ ʤʦʜʝʣ ʪʣʘ 

 

ʉʢʘʣʠʨʘʥʠ 

ʩʠʥʪʝʪʠʯʢʠ 

ʤʦʜʝʣ ʪʣʘ 

ɽʩʪʠʤʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ 

ʧʨʠʤʝʥʦʤ ʦʨʠʛʠʥʘʣʥʝ 

ʤʝʪʦʜʝ, ʢʦʨʠʩʪʝ˂ʠ FEM 

ʤʦʜʝʣ ʩʘ ʬʠʢʩʠʨʘʥʠʤ 

ʜʠʤʝʥʟʠʿʘʤʘ 

3,25 m × 1,25 m × 1 m 

ʆʜʩʪʫʧʘˁʝ [%] 

r1 [Ým] 5000 5107,33 2,15 

r2 [Ým] 100 104,38 4,38 

h [m] 0,05 0,0484 -3,2 

a [m] 

Ra
FEM_1:10 [ɋ] 

(ʨʝʬʝʨʝʥʪʥʝ 

ʚʨʝʜʥʦʩʪʠ ʠʟ 

ʊʘʙ. 5.1) 

Ra
FEM_3,25m×1,25m×1m [ɋ] (ʠʟ 

FEM ʩʠʤʫʣʘʮʠʿʘ ʟʘ 

ʧʘʨʘʤʝʪʨʝ ʠʟʥʘʜ) 

ʆʜʩʪʫʧʘˁʘ 

Ra
FEM_3,25m×1,25m×1m 

ʦʜ Ra
FEM_1:10 [%] 

0,025 21497,3 21171,94 -1,51 

0,05 9172,26 9342,61 1,86 

0,075 3925,7 3947,31 0,55 

0,1 1724,72 1705,69 -1,1 

0,2 137,6 137,51 -0,07 

0,3 57,66 58,45 1,37 

0,4 41,01 40,48 -1,28 

RMSErrRa [%]  1,24 
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5.3.3 ʆʜʘʙʨʘʥʝ ʬʠʥʘʣʥʝ ʬʠʢʩʥʝ ʜʠʤʝʥʟʠʿʝ 

ʇʦʢʘʟʘʥʦ ʿʝ ʜʘ ˂ʝ ʩʝ ʟʘ ʜʠʤʝʥʟʠʿʝ ʜʦʤʝʥʘ 3,25 m × 1,25 m × 1 m ʚʨʝʜʥʦʩʪʠ ʧʨʠʚʠʜʥʠʭ 

ʦʪʧʦʨʥʦʩʪʠ (ʠ ʠʟʨʘʯʫʥʘʪʝ ʠ ʠʟʤʝʨʝʥʝ ʟʘ ʪʣʦ r1=5000 Wm, r2=100 Wm ʠ h = 0,5 m) ʫ 

ʧʨʠʤʝʪʥʦʿ ʤʝʨʠ ʨʘʟʣʠʢʦʚʘʪʠ ʦʜ ʚʨʝʜʥʦʩʪʠ ʢʦʿʝ ʧʦʩʪʦʿʝ ʢʦʜ ʥʝʦʛʨʘʥʠʯʝʥʦʛ ʪʣʘ. ʇʨʠ 

ʩʠʤʫʣʘʮʠʿʘʤʘ ʛʝʥʝʨʘʣʥʦ ʥʝ ʧʦʩʪʦʿʝ ʦʛʨʘʥʠʯʝˁʘ ʫ ʧʦʛʣʝʜʫ ʜʦʤʝʥʘ, ʘʣʠ ʩʫ ʜʠʤʝʥʟʠʿʝ ʛʣʘʚʥʠ 

ʦʛʨʘʥʠʯʘʚʘʿʫ˂ʠ ʬʘʢʪʦʨ ʢʦʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʛ ʤʦʜʝʣʘ.  

ʇʨʠ ʨʘʟʤʘʪʨʘˁʫ ʚʝʣʠʯʠʥʝ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʤʦʜʝʣʘ ʪʨʝʙʘ ʠʤʘʪʠ ʿʦʰ ʿʝʜʥʫ ʚʘʞʥʫ 

ʯʠˁʝʥʠʮʫ. ʈʘʟʣʠʢʘ ʫ ʨʘʩʧʦʜʝʣʠ ʩʪʨʫʿʘ ʫ ʥʝʦʛʨʘʥʠʯʝʥʦʤ ʠ ʦʛʨʘʥʠʯʝʥʦʤ ʜʦʤʝʥʫ ʧʦʩʪʦʿʠ, ʘʣʠ 

ʟʘʧʨʘʚʦ ʠ ʥʠʿʝ ʙʠʪʥʘ ʫ ʩʤʠʩʣʫ ʜʦʢʘʟʘ ʢʚʘʣʠʪʝʪʘ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʟʘ ʝʩʪʠʤʘʮʠʿʫ 

ʧʘʨʘʤʝʪʘʨʘ. ɼʦʤʝʥʠ FEM ʤʦʜʝʣʘ ʢʦʿʠ ʩʝ ʧʦʟʠʚʘʿʫ ʠʟ ʨʘʟʚʠʿʝʥʦʛ Matlab ʧʨʦʛʨʘʤʘ ʩʫ ʫ ʩʣʫʯʘʿʫ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʨʦʚʝʨʝ ʧʨʠʣʘʛʦʹʘʚʘʥʠ ʩʪʚʘʨʥʠʤ ʪʦʧʦʣʦʛʠʿʘʤʘ ʢʦʿʝ ʩʫ ʨʝʘʣʠʟʦʚʘʥʝ ʫ 

ʣʘʙʦʨʘʪʦʨʠʿʠ (ʛʨʘʥʠʮʝ ʟʘ ʤʦʜʝʣ ʪʣʘ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ, ʦʜʥʦʩʥʦ ʧʣʘʩʪʠʯʥʦʿ ʢʫʪʠʿʠ, ʫ FEM 

ʤʦʜʝʣʠʤʘ ʠʤʘʿʫ ʜʦʜʝˀʝʥ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ ï ʧʦʜʝʰʝʥʦ ʿʝ ʜʘ ʩʝ ʧʦʥʘʰʘʿʫ ʢʘʦ 

ʥʝʧʨʦʚʦʜʥʝ, ʦʜʥʦʩʥʦ ʢʘʦ ʠʟʦʣʘʪʦʨ), ʪʘʢʦ ʜʘ ʿʝ ʨʘʟʣʠʢʘ ʨʘʩʧʦʜʝʣʝ ʩʪʨʫʿʝ ʫ ʥʝʦʛʨʘʥʠʯʝʥʦʤ ʠ 

ʦʛʨʘʥʠʯʝʥʦʤ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʜʦʤʝʥʫ ʥʝʙʠʪʥʘ. ɼʘʢʣʝ, ʥʘʛʣʘʰʘʚʘ ʩʝ ʿʦʰ ʿʝʜʥʦʤ ʜʘ FEM 

ʤʦʜʝʣʠ, ʢʦʿʠ ʩʝ ʧʦʟʠʚʘʿʫ ʠʟ Matlab ʧʨʦʛʨʘʤʘ, ʧʨʝʜʩʪʘʚˀʘʿʫ ʚʝʨʥʫ ʜʠʛʠʪʘʣʥʫ ʨʝʧʣʠʢʫ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʦʩʪʘʚʢ. ʇʨʝʪʭʦʜʥʠ ʠʩʢʘʟ ʩʝ ʦʜʥʦʩʠ ʥʘ ʦʧʰʪʝ ʜʠʤʝʥʟʠʿʝ ʣʘʙʦʨʘʪʦʨʠʿʩʢʝ 

ʧʦʩʪʘʚʢʝ, ʯʠʿʝ ʩʫ ʜʠʤʝʥʟʠʿʝ ʤʘˁʝ ʦʜ ʦʥʠʭ ʟʘ ʢʦʿʝ ʙʠ ʩʝ ʜʦʙʠʣʠ ʩʣʠʯʥʠ ʨʝʟʫʣʪʘʪʠ ʢʘʦ ʟʘ 

ʙʝʩʢʦʥʘʯʥʦ ʜʚʦʩʣʦʿʥʦ ʪʣʦ. ɼʠʛʠʪʘʣʥʦʤ ʨʝʧʣʠʢʦʤ ʥʠʩʫ ʦʙʫʭʚʘ˂ʝʥʝ ʥʝʭʦʤʦʛʝʥʦʩʪʠ ʜʝʙˀʠʥʝ 

ʩʣʦʿʝʚʘ, ʰʪʦ ʢʚʘʣʠʪʘʪʠʚʥʦ ʦʜʛʦʚʘʨʘ ʠ ʥʝʩʘʚʨʰʝʥʦʩʪʠʤʘ ʨʝʘʣʥʦʛ ʜʚʦʩʣʦʿʥʦʛ ʙʝʩʢʦʥʘʯʥʦʛ ʪʣʘ. 

ɽʢʩʧʝʨʠʤʝʥʪʠ ʢʦʿʠ ʩʫ ʩʧʨʦʚʝʜʝʥʠ ʟʘ ʪʝʩʪʠʨʘˁʝ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʠʟʚʨʰʝʥʠ ʩʫ ʫʧʨʘʚʦ ʟʙʦʛ 

ʪʦʛʘ, ʜʘ ʩʝ ʩʪʝʢʥʝ ʠʩʢʫʩʪʚʦ ʧʦʥʘʰʘˁʘ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʫ ʫʩʣʦʚʠʤʘ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʛʦʨˁʝʛ 

ʠ ʜʦˁʝʛ ʩʣʦʿʘ. 

ʊʨʫʜ ʠ ʚʝʣʠʢʦ ʚʨʝʤʝ ʠʟʚʨʰʝˁʘ ʩʠʤʫʣʘʮʠʿʘ ʦʧʠʩʘʥʠʭ ʫ ʧʨʝʪʭʦʜʥʠʤ ʦʜʝˀʮʠʤʘ ʫ 

ʧʦʛʣʘʚˀʫ ʙʠʦ ʿʝ ʧʦʪʨʝʙʘʥ ʜʘ ʙʠ ʩʝ ʩʘʛʣʝʜʘʣʠ ʨʝʣʝʚʘʥʪʥʠ ʫʪʠʮʘʿʠ, ʢʦʿʠ ʩʫ ʥʘ ʢʨʘʿʫ ʜʦʚʝʣʠ ʜʦ 

ʦʜʣʫʢʝ ʜʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠ ʤʦʜʝʣ ʙʫʜʝ ʜʠʤʝʥʟʠʿʘ ʢʦʿʝ ʦʜʛʦʚʘʨʘʿʫ ʜʦʤʝʥʫ 

0,8 m × 0,3 m × 0,25 m. ʀʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʜʘ ʩʫ FEM ʧʨʦʨʘʯʫʥʠ ʫ ʦʢʚʠʨʫ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ 

ʚʨʰʝʥʠ ʟʘ ʩʪʚʘʨʥʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʫ ʛʝʦʤʝʪʨʠʿʫ, ʥʠʩʫ ʧʦʩʪʦʿʘʣʘ ʦʛʨʘʥʠʯʝˁʘ ʫ ʧʦʛʣʝʜʫ 

ʥʫʤʝʨʠʢʝ. ʅʘʚʝʜʝʥʝ ʜʠʤʝʥʟʠʿʝ 0,8 m × 0,3 m × 0,25 m ʩʫ ʫʩʚʦʿʝʥʝ ʧʨʝʚʘʩʭʦʜʥʦ ʥʘ ʦʩʥʦʚʫ 

ʠʥʞʝˁʝʨʩʢʦʛ ʦʩʝ˂ʘʿʘ ʟʘ ʩʢʣʘʜʥʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʫ ʧʦʩʪʘʚʢʫ, ʯʠʿʝ ʩʫ ʜʠʤʝʥʟʠʿʝ ʧʦʛʦʜʥʝ ʟʘ 

ʨʝʘʣʠʟʘʮʠʿʫ ʠ ʤʘʥʠʧʫʣʘʮʠʿʝ ʤʘʪʝʨʠʿʘʣʠʤʘ ʪʦʢʦʤ ʝʢʩʧʝʨʠʤʝʥʘʪʘ.  

 

5.4 ʃʘʙʦʨʘʪʦʨʠʿʩʢʠ ʤʦʜʝʣ ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʧʦʩʪʘʚʢʘ 

5.4.1 ɼʦʤʝʥ 

5.4.1.1 ʉʪʘʢʣʝʥʠ ʩʫʜ 

ɿʘ ʜʦʤʝʥ ʿʝ ʫ ʩʪʘʢʣʘʨʩʢʦʿ ʨʘʜˁʠ ʥʘʤʝʥʩʢʠ ʠʟʨʘʹʝʥ ʩʪʘʢʣʝʥʠ ʩʫʜ ʦʙʣʠʢʘ ʢʚʘʜʨʘ ʩʧʦˀʥʠʭ 

ʜʠʤʝʥʟʠʿʘ 0,81 m × 0,31 m × 0,26 m ʣʝʧˀʝˁʝʤ ʩʪʨʘʥʘ ʦʜ ʩʪʘʢʣʘ ʜʝʙˀʠʥʝ 6 mm. ʉʫʜ ʿʝ ʙʝʟ 

ʛʦʨˁʝ ʩʪʨʘʥʝ (ʧʦʢʣʦʧʮʘ). ʋʥʫʪʨʘʰˁʝ ʜʠʤʝʥʟʠʿʝ ʩʫʜʘ ʠʟʥʦʩʝ 0,8 m × 0,3 m × 0,25 m. ʋ ʜʘˀʠʤ 

ʨʘʟʤʘʪʨʘˁʠʤʘ ʩʝ ʩʤʘʪʨʘ ʜʘ ʿʝ ʦʩʪʚʘʨʝʥ ʠʜʝʘʣʘʥ ʦʙʣʠʢ ʢʚʘʜʨʘ. ʉʪʘʢʣʝʥʠ ʩʫʜ ʩʘ ʜʠʤʝʥʟʠʿʘʤʘ ʿʝ 

ʧʨʠʢʘʟʘʥ ʥʘ ʉʣ. 5.1, ʉʣ. 5.2 ʠ ʉʣ. 5.3. 

 

5.4.1.2 ʇʣʘʩʪʠʯʥʠ ʩʫʜ 

ɿʘ ʧʦʤʦ˂ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ, ʢʦʨʠʰ˂ʝʥ ʿʝ ʧʣʘʩʪʠʯʥʠ ʩʫʜ. 

ʋʥʫʪʨʘʰˁʝ ʜʠʤʝʥʟʠʿʝ ʩʫʜʘ ʩʫ 38 cm × 28 cm × 10,5 cm. ʆʚʘʿ ʩʫʜ ʿʝ ʢʦʨʠʰ˂ʝʥ ʜʘ ʟʘ ʤʝʨʝˁʝ 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʧʝʩʢʘ, ʢʘʦ ʭʦʤʦʛʝʥʦʛ ʤʦʜʝʣʘ ʪʣʘ, ʘ ʧʨʝ ʥʝʛʦ ʰʪʦ ʩʝ ʧʝʩʘʢ ʥʘʥʝʦ 

ʧʨʝʢʦ ʟʝʤˀʝ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ. ʇʣʘʩʪʠʯʥʠ ʩʫʜ ʧʨʠʢʘʟʘʥ ʿʝ ʫ ʢʘʩʥʠʿʝʤ ʜʝʣʫ ʪʝʢʩʪʘ, ʥʘ 

ʉʣ. 5.15. 
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ʉʣ. 5.1 ï ɼʫʞʠʥʘ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ ï 81 cm 

 
ʉʣ. 5.2 ï ʐʠʨʠʥʘ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ ï 31 cm 

 
ʉʣ. 5.3 ï ɺʠʩʠʥʘ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ ï 26 cm 
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5.4.1.3 ɽʢʚʠʚʘʣʝʥʪʥʠ FEM ʤʦʜʝʣ 

ʇʨʠʣʠʢʦʤ FEM ʤʦʜʝʣʦʚʘˁʘ, ʫ ʩʚʨʭʫ ʜʠʨʝʢʪʥʦʛ ʧʦʨʝʹʝˁʘ ʨʝʟʫʣʪʘʪʘ ʠʟ FEM ʩʘ 

ʠʟʤʝʨʝʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʫ ʩʪʘʢʣʝʥʦʤ/ʧʣʘʩʪʠʯʥʦʤ ʩʫʜʫ, ʜʠʤʝʥʟʠʿʝ ʟʘ FEM ʤʦʜʝʣ 

ʠʟʿʝʜʥʘʯʘʚʘʿʫ ʩʝ ʩʘ ʜʠʤʝʥʟʠʿʘʤʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʤʦʜʝʣʘ.  

ʋ ʧʨʝʪʭʦʜʥʠʤ FEM ʤʦʜʝʣʠʤʘ (ʢʦʿʠ ʩʝ ʧʦʥʘʰʘʿʫ ʢʘʦ ʙʝʩʢʦʥʘʯʥʦ ʪʣʦ) ʧʦʩʪʘʚˀʝʥ ʿʝ 

ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ Ground ʟʘ ʩʚʝ ʩʧʦˀʘʰˁʝ ʧʦʚʨʰʠʥʝ ʤʦʜʝʣʦʚʘʥʦʛ ʜʦʤʝʥʘ, ʦʩʠʤ ʟʘ ʛʦʨˁʫ 

(ʧʦʚʨʰʠʥʘ ʪʣʘ). ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʪʦʛʘ, ʟʘ FEM ʤʦʜʝʣ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʫ 

ʧʦʩʪʘʚʢʫ, ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ ʿʝ ʜʘ ʩʚʝ ʧʦʚʨʰʠʥʝ ʛʨʘʥʠʮʘ ʜʦʤʝʥʘ ʦʙʣʠʢʘ ʢʚʘʜʨʘ ʠʤʘʿʫ 

ʠʟʦʣʘʮʠʦʥʘ ʩʚʦʿʩʪʚʘ ( 0n JÖ =). 

 

5.4.2 ɿʝʤˀʘ 

ɿʝʤˀʘ, ʦʜʥʦʩʥʦ ʪʟʚ. ʧʨʦʬʠ ʩʫʧʩʪʨʘʪ ʥʝʤʘʯʢʦʛ ʧʨʦʠʟʚʦʹʘʯʘ Gramoflor ʥʘʙʘʚˀʝʥʘ ʿʝ ʠʟ 

ʧʦˀʦʧʨʠʚʨʝʜʥʝ ʘʧʦʪʝʢʝ. ʉʘʩʪʘʚ ʧʨʝʤʘ ʧʦʜʘʮʠʤʘ ʥʘ ʧʘʢʦʚʘˁʫ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʉʣ. 5.4. 

ɿʝʤˀʘ ʿʝ ʫ ʩʪʘʢʣʝʥʠ ʩʫʜ ʥʘʥʦʰʝʥʘ ʣʦʧʘʪʠʮʦʤ ʩʣʦʿ ʧʦ ʩʣʦʿ, ʧʨʠ ʯʝʤʫ ʿʝ ʠʟʤʝʹʫ 

ʥʘʥʦʰʝˁʘ ʩʚʘʢʦʛ ʥʘʨʝʜʥʦʛ ʩʣʦʿʘ ʙʣʘʛʦ ʥʘʙʠʿʘʥʘ ʨʫʢʦʤ. ʅʘʙʠʿʘˁʝ ʩʚʘʢʦʛ ʥʘʥʝʪʦʛ ʩʣʦʿʘ ʿʝ 

ʫʯʠˁʝʥʦ ʜʘ ʙʠ ʩʝ ʨʘʟʙʠʣʝ ʛʨʫʜʚʠʮʝ ʠ ʩʤʘˁʠʣʘ ʨʘʩʪʨʝʩʠʪʦʩʪ, ʠ ʥʘ ʢʨʘʿʫ ʧʦʩʪʠʛʣʘ 

ʫʥʠʬʦʨʤʥʦʩʪ, ʜʘʢʣʝ ʰʪʦ ʧʨʠʙʣʠʞʥʠʿʝ ʧʨʝʜʩʪʘʚʠ ʢʘʢʚʘ ʩʝ ʦʩʪʚʘʨʫʿʝ ʫ FEM ʤʦʜʝʣʫ. 

ʅʘ ʉʣ. 5.5 ʿʝ ʧʨʠʢʘʟʘʥʦ ʨʫʯʥʦ ʥʘʙʠʿʘˁʝ ʟʝʤˀʝ ʠʟʤʝʹʫ 2 ʥʘʥʦʰʝˁʘ ʣʦʧʘʪʠʮʦʤ, ʘ ʥʘ ʉʣ. 

5.6 ʢʦʥʘʯʥʠ ʠʟʛʣʝʜ ʤʦʜʝʣʘ ʭʦʤʦʛʝʥʦʛ ʟʝʤˀʠʰʪʘ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ ʥʘʢʦʥ ʧʨʚʦʛ ʧʫˁʝˁʘ 

ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ.  

ɼʘʪʫʤ ʧʨʚʦʛ ʧʫˁʝˁʘ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ ʿʝ ʙʠʦ 10.9.2024. ʢʘʜʘ ʿʝ ʠ ʬʘʙʨʠʯʢʦ ʧʘʢʦʚʘˁʝ 

ʟʝʤˀʝ ʦʪʚʦʨʝʥʦ. ʆʚʜʝ ʩʝ ʥʘʛʣʘʰʘʚʘ ʜʘ ʩʝ ʨʘʜʠ ʦ ʧʨʚʦʤ ʧʫˁʝˁʫ, ʿʝʨ ʿʝ ʧʨʝ ʬʠʥʘʣʥʦʛ ʤʝʨʝˁʘ 

ʟʘ ʜʚʦʩʣʦʿʥʦ ʪʣʦ ʟʝʤˀʘ ʠʟʤʝʰʘʥʘ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ ʠ ʫʯʠˁʝʥʘ ʨʘʩʪʨʝʩʠʪʠʿʦʤ. ɼʘˀʝ, ʥʘʚʦʜʠ 

ʩʝ ʜʘʪʫʤ, ʿʝʨ ʿʝ ʦʯʝʢʠʚʘʥʦ ʜʘ ˂ʝ ʟʝʤˀʘ, ʢʘʢʦ ʚʨʝʤʝ ʧʨʦʪʠʯʝ, ʩʧʦʥʪʘʥʦ ʜʘ ʛʫʙʠ ʚʣʘʞʥʦʩʪ ʫʩʣʝʜ 

ʠʩʧʘʨʘʚʘˁʘ, ʘ ʩʘʤʠʤ ʪʠʤ ʠ ʜʘ ʩʝ ʤʝˁʘ ˁʝʥʘ ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ. ɼʘ ʙʠ ʩʝ ʩʧʨʝʯʠʣʦ 

ʠʥʪʝʥʟʠʚʥʦ ʠʩʫʰʠʚʘˁʝ, ʩʪʘʢʣʝʥʠ ʩʫʜ ʿʝ ʧʦʢʣʘʧʘʥ ʜʘʥʠʤʘ ʢʘʜʘ ʩʝ ʥʠʩʫ ʚʨʰʠʣʘ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʤʝʨʝˁʘ. ʄʝʹʫʪʠʤ, ʚʘˀʘ ʠʧʘʢ ʨʝ˂ʠ ʜʘ ʿʝ ʦʯʝʢʠʚʘʥʦ ʜʘ ʫʢʦʣʠʢʦ ʩʝ ʤʝʨʝˁʘ 

ʧʦʥʦʚʝ ʩʘ ʨʘʟʤʘʢʦʤ ʚʝ˂ʠʤ ʦʜ ʥʝʢʦʣʠʢʦ ʜʘʥʘ, ʜʘ ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʙʣʘʛʦʛ ʦʜʩʪʫʧʘˁʘ ʨʝʟʫʣʪʘʪʘ 

ʪʘʢʦ ʠʟʚʝʜʝʥʠʭ ʤʝʨʝˁʘ ʫʩʣʝʜ ʫʪʠʮʘʿʘ ʧʨʦʤʝʥʝ ʚʣʘʞʥʦʩʪʠ. ʆ ʥʘʚʝʜʝʥʠʤ ʯʠˁʝʥʠʮʘʤʘ ʩʝ 

ʚʦʜʠʣʦ ʨʘʯʫʥʘ ʪʦʢʦʤ ʘʥʘʣʠʟʝ ʨʝʟʫʣʪʘʪʘ. 

 

5.4.3 ʇʝʩʘʢ 

ʂʘʢʦ ʙʠ ʩʝ ʥʘʧʨʘʚʠʦ ʤʦʜʝʣ ʜʚʦʩʣʦʿʥʦʛ ʟʝʤˀʠʰʪʘ, ʫʟʝʪ ʿʝ ʧʝʩʘʢ ʠʟ ʥʘʧʫʰʪʝʥʝ 

ʰˀʫʥʢʘʨʝ ʥʘ ʨʫʙʫ ʩʘʚʩʢʦʛ ʢʝʿʘ, ʥʝʰʪʦ ʠʟʚʘʥ ɹʣʦʢʘ 45 ʥʘ ʅʦʚʦʤ ɹʝʦʛʨʘʜʫ. ʇʝʩʘʢ ʿʝ ʫ 

ʩʪʘʢʣʝʥʠ ʩʫʜ ʙʠʦ ʥʘʥʝʪ ʢʘʦ ʜʦʜʘʪʥʠ, ʛʦʨˁʠ ʩʣʦʿ, ʥʘʢʦʥ ʤʝʨʝˁʘ ʫ ʧʣʘʩʪʠʯʥʦʿ ʧʦʩʫʜʠ ʠ 

ʩʠʤʫʣʘʮʠʿʝ ʩʘ ʧʝʩʢʦʤ ʢʘʦ ʭʦʤʦʛʝʥʠʤ ʪʣʦʤ. 
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ʉʣ. 5.4 ï ʇʦʜʘʮʠ ʩʘ ˅ʘʢʘ ʦ ʭʝʤʠʿʩʢʦʤ ʩʘʩʪʘʚʫ ʟʝʤˀʝ  

 

ʉʣ. 5.5 ï ʅʘʙʠʿʘˁʝ ʟʝʤˀʝ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ ʠʟʤʝʹʫ 2 ʥʘʥʦʰʝˁʘ ʣʦʧʘʪʠʮʦʤ 

 

ʉʣ. 5.6 ï ʂʨʘʿˁʠ ʠʟʛʣʝʜ ʥʘʙʠʿʝʥʦʛ ʭʦʤʦʛʝʥʦʛ ʩʣʦʿʘ ʟʝʤˀʝ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ ʥʘʢʦʥ ʧʨʚʦʛ ʧʫˁʝˁʘ 
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5.4.4 ʄʝʨʥʠ ʠʥʩʪʨʫʤʝʥʪ 

ɿʘ ʩʚʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʢʦʨʠʰ˂ʝʥ ʿʝ 

ʠʥʩʪʨʫʤʝʥʪ Metrel MI 2124 Smartec Eearth Tester. ʀʥʩʪʨʫʤʝʥʪ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʉʣ. 5.7. 

ɼʝʪʘˀʥʝ ʪʝʭʥʠʯʢʝ ʩʧʝʮʠʬʠʢʘʮʠʿʝ ʠʥʩʪʨʫʤʝʥʪʘ ʜʘʪʝ ʩʫ ʫ ʨʝʬʝʨʝʥʮʠ [40]. 

 

ʉʣ. 5.7 ï ʄʝʨʥʠ ʠʥʩʪʨʫʤʝʥʪ Metrel MI 2124 Smartec Eearth Tester 

ʅʘ ʉʣ. 5.8 ʿʝ ʧʨʠʢʘʟʘʥʘ ʰʝʤʘ ʧʦʚʝʟʠʚʘˁʘ ʤʝʨʥʦʛ ʠʥʩʪʨʫʤʝʥʪʘ ʟʘ ʠʟʚʦʹʝˁʝ ʤʝʨʝˁʘ 

ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʩʘ ʯʝʪʠʨʠ ʝʣʝʢʪʨʦʜʝ: 

¶ ʩʪʨʫʿʥʝ ʝʣʝʢʪʨʦʜʝ: E ʮʨʥʘ ʠ H ʧʣʘʚʘ, 

¶ ʧʦʪʝʥʮʠʿʘʣʥʝ ʝʣʝʢʪʨʦʜʝ: ES ʟʝʣʝʥʘ ʠ S ʮʨʚʝʥʘ. 

MI 2124 Earth Tester

C1 C2P1 P2

a a ab

E ES S H

 

ʉʣ. 5.8 ï ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʧʦʚʝʟʠʚʘˁʘ ʤʝʨʥʦʛ ʠʥʩʪʨʫʤʝʥʪʘ ʟʘ ʠʟʚʦʹʝˁʝ 4-ʞʠʯʥʦʛ ʤʝʨʝˁʘ 

ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ, ʥʘʮʨʪʘʥʦ ʧʨʝʤʘ ʩʣʠʮʠ ʠʟ 

ʫʧʫʪʩʪʚʘ [40] 

 

ʐʝʤʘ ʿʝ ʥʘʮʨʪʘʥʘ ʧʨʝʤʘ ʩʣʠʮʠ ʠʟ ʫʧʫʪʩʪʚʘ ʟʘ ʢʦʨʠʰ˂ʝˁʝ ʤʝʨʥʦʛ ʠʥʩʪʨʫʤʝʥʪʘ [40]. 
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ɼʘˀʝ, ʤʝʨʥʠ ʠʥʩʪʨʫʤʝʥʪ ʢʘʦ ʨʝʟʫʣʪʘʪ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʥʘ ʜʠʩʧʣʝʿʫ 

ʧʨʠʢʘʟʫʿʝ ʠʟʤʝʨʝʥʫ ʧʨʠʚʠʜʥʫ ʩʧʝʮʠʬʠʯʥʫ ʦʪʧʦʨʥʦʩʪ. ʀʟʤʝʨʝʥʘ ʧʨʠʚʠʜʥʘ ʩʧʝʮʠʬʠʯʥʘ 

ʦʪʧʦʨʥʦʩʪ ʢʦʿʫ ʠʥʩʪʨʫʤʝʥʪ ʧʨʠʢʘʟʫʿʝ ʩʝ ʠʟʨʘʯʫʥʘʚʘ ʢʦʨʠʰ˂ʝˁʝʤ ʫʧʨʦʰ˂ʝʥʝ ɺʝʥʝʨʦʚʝ 

ʬʦʨʤʫʣʝ (2.5) [40]. 

ʋ ʤʝʨʥʠ ʠʥʩʪʨʫʤʝʥʪ ʩʝ ʫʥʦʩʠ ʤʝʹʫʩʦʙʥʦ ʨʘʩʪʦʿʘˁʝ ʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ. ʈʘʩʧʦʥ 

ʤʝʹʫʩʦʙʥʠʭ ʨʘʩʪʦʿʘˁʘ ʘ ʢʦʿʠ ʠʥʩʪʨʫʤʝʥʪ ʤʦʞʝ ʜʘ ʧʨʠʭʚʘʪʠ ʿʝ 1ï30 m, ʩʘ ʢʦʨʘʢʦʤ ʦʜ 1 m. 

ʄʝʨʥʠ ʠʥʩʪʨʫʤʝʥʪ ʠʟʤʝʨʝʥʠ ʥʘʧʦʥ ʠʟʤʝʹʫ ʧʦʪʝʥʮʠʿʘʣʥʠʭ ʝʣʝʢʪʨʦʜʘ ʜʝʣʠ ʩʘ ʧʦʟʥʘʪʦʤ 

ʚʨʝʜʥʦʰ˂ʫ ʤʝʨʥʝ ʩʪʨʫʿʝ ʢʦʿʘ ʧʨʦʪʠʯʝ ʠʟʤʝʹʫ ʩʪʨʫʿʥʠʭ ʝʣʝʢʪʨʦʜʘ ʠ ʥʘ ʪʘʿ ʥʘʯʠʥ ʨʘʯʫʥʘ 

ʧʨʠʚʠʜʥʫ ʦʪʧʦʨʥʦʩʪ Ra. ɿʘʪʠʤ, ʥʘ ʜʠʩʧʣʝʿʫ ʢʘʦ ʨʝʟʫʣʪʘʪ ʧʨʠʢʘʟʫʿʝ ʚʨʝʜʥʦʩʪ ʧʨʠʚʠʜʥʝ 

ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ɟa, ʢʦʿʫ ʨʘʯʫʥʘ ʪʘʢʦ ʰʪʦ ʚʨʝʜʥʦʩʪ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ 

Ra ʧʦʤʥʦʞʠ ʩʘ 2ˊʘ, ʛʜʝ ʿʝ ʟʘ ʘ ʧʨʝʪʭʦʜʥʦ ʟʘʜʘʪʘ ʚʨʝʜʥʦʩʪ ʠʟ ʥʘʚʝʜʝʥʦʛ ʨʘʩʧʦʥʘ. ʀʥʩʪʨʫʤʝʥʪ, 

ʢʘʦ ʰʪʦ ʿʝ ʧʨʝʪʭʦʜʥʦ ʥʘʧʦʤʝʥʫʪʦ, ʢʦʨʠʩʪʠ ʫʧʨʦʰ˂ʝʥʫ ɺʝʥʝʨʦʚʫ ʿʝʜʥʘʯʠʥʫ (2.5) [40]. 

ɼʘ ʙʠ ʩʝ ʧʦʤʝʥʫʪʠ ʨʘʩʧʦʥ (1ï30 m) ʤʝʹʫʩʦʙʥʠʭ ʨʘʩʪʦʿʘˁʘ ʝʣʝʢʪʨʦʜʘ, ʢʦʿʠ ʤʦʞʝ ʜʘ ʩʝ 

ʟʘʜʘ, ʧʨʠʣʘʛʦʜʠʦ ʤʝʨʥʠʤ ʨʘʩʪʦʿʘˁʠʤʘ ʝʣʝʢʪʨʦʜʘ ʟʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ, ʢʦʿʘ ʩʫ 

ʠʟʚʨʰʝʥʘ ʥʘ ʫʤʘˁʝʥʠʤ ʤʦʜʝʣʠʤʘ, ʧʨʠʙʝʛʣʦ ʩʝ ʧʨʝʨʘʯʫʥʘʚʘˁʫ. ʈʘʜʠ ʿʝʜʥʦʩʪʘʚʥʦʩʪʠ 

ʧʨʝʨʘʯʫʥʘʚʘˁʘ, ʫ ʤʝʨʥʦʤ ʠʥʩʪʨʫʤʝʥʪʫ ʿʝ ʧʦʜʝʰʝʥʦ ʤʝʹʫʩʦʙʥʦ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ 

ʘʠʥʩʪʨ. = 1 m ʢʦʿʝ ʿʝ ʢʦʨʠʰ˂ʝʥʦ ʧʨʠʣʠʢʦʤ ʩʚʠʭ ʤʝʨʝˁʘ.  

ʄʝʹʫʩʦʙʥʘ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ ʢʦʿʘ ʩʫ ʦʜʘʙʨʘʥʘ ʟʘ ʠʟʚʦʹʝˁʝ ʤʝʨʝˁʘ ʫ 

ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ (ʘʩʪʚʘʨʥʦ_ʩʫʜ) ʙʠʣʘ ʩʫ: 2,5, 5, 7,5, 10, 12,5, 15, 17,5 ʠ 20 cm. 

ʅʘʢʦʥ ʤʝʨʝˁʘ, ʧʨʠʚʠʜʥʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ɟʘ
ʤʝʨʝʥʦ_ʠʥʩʪʨ., ʢʦʿʝ ʙʠ 

ʠʥʩʪʨʫʤʝʥʪ ʧʨʠʢʘʟʠʚʘʦ ʥʘ ʩʚʦʤ ʜʠʩʧʣʝʿʫ ʢʘʦ ʤʝʨʥʠ ʨʝʟʫʣʪʘʪ, ʙʠʣʝ ʙʠ ʜʝˀʝʥʝ ʩʘ 2· ·́ʘʠʥʩʪʨ., 

ʦʜʥʦʩʥʦ ʩʘ 2ˊ (ʿʝʨ ʿʝ ʧʨʝʪʭʦʜʥʦ ʧʦʜʝʰʝʥʦ ʘʠʥʩʪʨ. = 1 m). ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʠʟʨʘʯʫʥʘʚʘʣʘ ʩʪʚʘʨʥʘ 

ʠʟʤʝʨʝʥʘ ʚʨʝʜʥʦʩʪ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ Ra
ʤʝʨʝʥʦ.  

 

5.4.5 ʄʝʨʥʝ ʝʣʝʢʪʨʦʜʝ 

ʂʘʦ ʝʣʝʢʪʨʦʜʝ, ʢʦʨʠʰ˂ʝʥʝ ʩʫ ʘʣʫʤʠʥʠʿʫʤʩʢʝ ʧʦʧ-ʥʠʪʥʝ 4ʭ12 ʛʜʝ ʿʝ ʜʦˁʠ ʠʟʜʫʞʝʥʠ ʜʝʦ 

ʜʫʞʠʥʝ 2,7 cm ʠ ʧʨʝʯʥʠʢʘ 2 mm ʧʦʙʘʜʘʥ ʫ ʟʝʤˀʫ, ʦʜʥʦʩʥʦ ʧʝʩʘʢ. ʇʨʠʢʘʟʘʥʝ ʩʫ ʥʘ ʉʣ. 5.9. 

 

ʉʣ. 5.9 ï ʇʦʧ-ʥʠʪʥʝ 4ʭ12 ʢʦʨʠʰ˂ʝʥʝ ʢʘʦ ʝʣʝʢʪʨʦʜʝ ʟʘ ʤʝʨʝˁʘ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ɺʝʥʝʨʦʚʦʤ 

ʤʝʪʦʜʦʤ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʤʦʜʝʣʫ ʪʣʘ 

ɼʦʜʘʪʥʦ, ʢʦʨʠʰ˂ʝʥʝ ʩʫ ʠ ʘʣʫʤʠʥʠʿʫʤʩʢʝ ʤʝʨʥʝ ʝʣʝʢʪʨʦʜʝ ʢʦʿʝ ʜʦʣʘʟʝ ʫʟ ʠʥʩʪʨʫʤʝʥʪ. 

ʇʨʠʢʘʟʘʥʝ ʩʫ ʥʘ ʉʣ. 5.10. 
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ʉʣ. 5.10 ï ɸʣʫʤʠʥʠʿʫʤʩʢʝ ʤʝʨʥʝ ʝʣʝʢʪʨʦʜʝ ʢʦʿʝ ʜʦʣʘʟʝ ʫʟ ʠʥʩʪʨʫʤʝʥʪ 

 
ʉʣ. 5.11 ï ʇʦʛʣʝʜ ʦʜʦʟʛʦ ʥʘ ʝʣʝʢʪʨʦʜʝ ʫʙʦʜʝʥʝ ʫʟ ʧʦʜʫʞʥʫ ʩʪʨʘʥʫ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ ʫ ʭʦʤʦʛʝʥʦ ʪʣʦ (ʘ = 5 cm) 

 
ʉʣ. 5.12 ï ʇʦʛʣʝʜ ʩʘ ʩʪʨʘʥʝ ʥʘ ʝʣʝʢʪʨʦʜʝ ʫʙʦʜʝʥʝ ʩʘ ʨʘʟʤʘʢʦʤ ʘ = 5 cm ʫʟ ʧʦʜʫʞʥʫ ʩʪʨʘʥʫ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ ʫ 

ʭʦʤʦʛʝʥʦ ʪʣʦ 
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5.5 ʍʦʤʦʛʝʥʦ ʪʣʦ 

5.5.1 ʄʝʨʝˁʝ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ 

ʄʝʨʝˁʘ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʿ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʿ ʧʦʩʪʘʚʮʠ, ʢʦʿʘ ʩʫ ʧʨʠʢʘʟʘʥʘ ʫ ʦʚʦʤ 

ʦʜʝˀʢʫ, ʠʟʚʨʰʝʥʘ ʩʫ 14.10.2024. ʀʟʚʨʰʝʥʘ ʩʫ ʤʝʨʝˁʘ ʠ ʩʘ ʦʙʝ ʧʦʜʫʞʥʝ ʩʪʨʘʥʝ ʩʪʘʢʣʝʥʦʛ 

ʩʫʜʘ. ɽʣʝʢʪʨʦʜʝ ʩʫ ʧʦʙʘʜʘʥʝ ʰʪʦ ʿʝ ʙʣʠʞʝ ʤʦʛʫ˂ʝ ʧʦʜʫʞʥʦʿ ʩʪʨʘʥʠ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ. ʂʘʦ 

ʝʣʝʢʪʨʦʜʝ ʩʫ ʢʦʨʠʰ˂ʝʥʝ ʩʘʤʦ ʧʦʧ-ʥʠʪʥʝ. 

ʈʝʟʫʣʪʘʪʠ ʤʝʨʝˁʘ ʩʫ ʧʨʝʜʩʪʘʚˀʝʥʠ ʫ ʊʘʙ. 5.7. ʊʦʢʦʤ ʩʚʠʭ ʤʝʨʝˁʘ, ʥʘ ʠʥʩʪʨʫʤʝʥʪʫ ʿʝ 

ʙʠʣʘ ʧʦʜʝʰʝʥʘ ʚʨʝʜʥʦʩʪ ʘʠʥʩʪʨ = 1 m. ʄʝʨʝˁʘ ʟʘ ɟʘ
ʤʝʨʝʥʦ_ʠʥʩʪʨ. ʩʫ ʧʨʠʢʘʟʘʥʘ ʫ ʪʨʠ ʢʦʣʦʥʝ, ʿʝʨ ʿʝ 

ʤʝʨʝˁʝ ʟʘ ʩʚʘʢʦ ʤʝʹʫʩʦʙʥʦ ʨʘʩʪʦʿʘˁʝ ʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ ʧʦʥʦʚˀʝʥʦ 3 ʧʫʪʘ ʤʝʨʥʠʤ 

ʠʥʩʪʨʫʤʝʥʪʦʤ, ʘ ʙʝʟ ʚʘʹʝˁʘ ʝʣʝʢʪʨʦʜʘ. ʅʘ ʉʣ. 5.11 ʠ ʉʣ. 5.12 ʩʫ ʧʨʠʢʘʟʘʥʝ ʤʝʨʥʝ ʝʣʝʢʪʨʦʜʝ 

ʧʦʙʦʜʝʥʝ ʥʘ ʤʝʹʫʩʦʙʥʦ ʨʘʩʪʦʿʘˁʝ ʘ = 5 cm ʫ ʭʦʤʦʛʝʥʦ ʪʣʦ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ. ʂʘʦ ʰʪʦ ʿʝ 

ʧʨʝʪʭʦʜʥʦ ʦʙʿʘʰˁʝʥʦ, ʟʙʦʛ ʦʛʨʘʥʠʯʝˁʘ ʫ ʧʦʛʣʝʜʫ ʨʘʩʪʦʿʘˁʘ ʟʘ ʢʦʿʘ ʠʥʩʪʨʫʤʝʥʪ ʤʦʞʝ ʜʘ ʩʝ 

ʧʦʜʝʩʠ ʜʘ ʤʝʨʠ, ʧʨʚʦ ʩʝ Ra
ʤʝʨʝʥʦ ʨʘʯʫʥʘ ʢʘʦ ɟʘ

ʤʝʨʝʥʦ_ʠʥʩʪʨ./2ˊ, ʛʜʝ ʩʝ ʟʘ ɟʘ
ʤʝʨʝʥʦ_ʠʥʩʪʨ. ʫʟʠʤʘ 

ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ ʠʟ ʪʨʠ ʤʝʨʝˁʘ. 

ʂʦʥʘʯʥʝ ʚʨʝʜʥʦʩʪʠ ʟʘ Ra
ʤʝʨʝʥʦ ʜʦʙʠʿʘʿʫ ʩʝ ʨʘʯʫʥʘˁʝʤ ʩʨʝʜˁʝ ʚʨʝʜʥʦʩʪʠ ʠʟʤʝʹʫ ʤʝʨʝˁʘ 

ʠʟʚʨʰʝʥʠʭ ʟʘ ʝʣʝʢʪʨʦʜʝ ʫʙʘʜʘʥʝ ʫʟ ʜʚʝ ʧʦʜʫʞʥʝ ʩʪʨʘʥʝ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ.  

ʊʘʙʝʣʘ 5.7 ï ʈʝʟʫʣʪʘʪʠ ʤʝʨʝˁʘ ʧʦʨʝʜ ʦʙʝ ʜʫʞʝ ʩʪʨʘʥʠʮʝ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ 

ʘʩʪʚʘʨʥʦ_ʩʫʜ [m] 
ɟʘ
ʤʝʨʝʥʦ_ʠʥʩʪʨ. [Ým] (ʟʘ ʧʦʜʝʰʝʥʦ ʘʠʥʩʪʨ. =  1 m) 

Ra
ʤʝʨʝʥʦ [ɋ]  

1 2 3 ʉʨʝʜˁʘ ʚʨʝʜʥʦʩʪ 

ɽʣʝʢʪʨʦʜʝ ʫʙʘʜʘʥʝ ʫʟ ʧʨʚʫ ʧʦʜʫʞʥʫ ʩʪʨʘʥʫ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ 

0,025 1418 1436 1392 1415,33   225,26 

0,05 1151 1139 1129 1139,67 181,38 

0,075 862 851 842 851,67 135,55 

0,1 750 747 745 747,33 118,94 

0,125 674 671 668 671 106,79 

0,15 662 659 657 659,33 104,94 

0,175 701 699 697 699 111,25 

0,2 740 740 736 738,67 117,56 

ɽʣʝʢʪʨʦʜʝ ʫʙʘʜʘʥʝ ʫʟ ʜʨʫʛʫ ʧʦʜʫʞʥʫ ʩʪʨʘʥʫ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ 

0,025 1328 1329 1320 1325,67 210,99 

0,05 1103 1102 1094 1099,67 175,02 

0,075 815 812 809 812 129,23 

0,1 697 695 694 695,33 110,67 

0,125 654 654 653 653,67 104,03 

0,15 675 672 671 672,67 107,06 

0,175 696 694 695 695 110,61 

0,2 753 752 750 751,67 119,63 

 

5.5.2 ʆʜʨʝʹʠʚʘˁʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʝʤˀʝ 

5.5.2.1 FEM ʩʠʤʫʣʘʮʠʿʝ 

ʀʟʚʨʰʝʥʝ ʩʫ FEM ʩʠʤʫʣʘʮʠʿʝ ʩʘ ʠʩʪʦʚʝʪʥʠʤ ʜʠʤʝʥʟʠʿʘʤʘ ʭʦʤʦʛʝʥʦʛ ʩʣʦʿʘ ʟʝʤˀʝ ʠ 

ʝʣʝʢʪʨʦʜʘ ʠ ʨʘʟʤʘʢʘ ʠʩʪʠʭ ʢʘʦ ʟʘ ʩʪʘʢʣʝʥʠ ʩʫʜ. ʍʦʤʦʛʝʥʦ ʪʣʦ ʦʙʣʠʢʘ ʢʚʘʜʨʘ ʠʤʘ ʜʠʤʝʥʟʠʿʝ 

0,795 m × 0,295 m × 0,175 m ʫʥʫʪʘʨ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ. ʇʨʚʠ ʥʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ ʟʘ ʩʚʘ 
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ʧʦʩʤʘʪʨʘʥʘ ʨʘʩʪʦʿʘˁʘ a ʠʟʚʝʜʝʥ ʿʝ ʩʘ ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʜʘ ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʟʝʤˀʝ, ʦʜ ʢʦʿʝ 

ʿʝ ʩʘʯʠˁʝʥ ʭʦʤʦʛʝʥʠ ʩʣʦʿ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ, ʠʟʥʦʩʠ ɟFEM = 100 Ým. 

ʋ ʊʘʙ. 5.8 ʩʫ ʧʨʠʢʘʟʘʥʝ ʨʝʟʫʣʪʫʿʫ˂ʝ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ ʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ (Ra
FEM) ʠ 

ʧʦʨʝʹʝˁʝ ʩʘ ʠʟʤʝʨʝʥʠʤ (Ra
ʤʝʨʝʥʦ). ʀʟʤʝʨʝʥʝ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ ʜʦʙʠʿʘʿʫ ʩʝ ʢʘʦ ʩʨʝʜˁʝ 

ʚʨʝʜʥʦʩʪʠ ʦʜ ʠʟʤʝʨʝʥʠʭ ʟʘ ʤʝʨʝˁʘ ʜʫʞ ʧʨʚʝ ʠ ʜʨʫʛʝ ʧʦʜʫʞʥʝ ʩʪʨʘʥʝ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ ʠʟ ʊʘʙ. 

5.7, ʟʘ ʨʝʩʧʝʢʪʠʚʥʘ ʨʘʩʪʦʿʘˁʘ a. 

 

5.5.2.2 ʌʠʪʦʚʘˁʝ 

ʇʦʩʤʘʪʨʘʥʠ ʩʣʫʯʘʿ ʩʘ ʭʦʤʦʛʝʥʠʤ ʟʝʤˀʠʰʪʝʤ ʿʝ ʣʠʥʝʘʨʘʥ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʚʘʞʠ 

ʣʠʥʝʘʨʥʘ ʟʘʚʠʩʥʦʩʪ ʠʟʤʝʹʫ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ Ra ʠ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ ɟ. 

ʅʘʚʝʜʝʥʦ ʿʝ ʧʦʪʚʨʹʝʥʦ ʜʦʜʘʪʥʠʤ FEM ʩʠʤʫʣʘʮʠʿʘʤʘ ʯʠʿʠ ʩʝ ʨʝʟʫʣʪʘʪʠ ʦʚʜʝ ʥʝ˂ʝ ʥʘʚʦʜʠʪʠ. 

ʇʦʩʣʝʜʠʯʥʦ, ʤʦʛʫ˂ʝ ʿʝ ʚʘʨʠʨʘʪʠ ʩʧʝʮʠʬʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ɟʬʠʪ. ʠ ʥʘ ʦʩʥʦʚʫ ʦʜʥʦʩʘ ʩʘ ʧʦʯʝʪʥʦʤ 

ʩʧʝʮʠʬʠʯʥʦʤ ʦʪʧʦʨʥʦʰ˂ʫ (ɟFEM = 100 Ým) ʠʟʨʘʯʫʥʘʪʠ ʥʦʚʝ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ (Ra
ʬʠʪ.) ʠʟ 

ʧʨʝʪʭʦʜʥʠʭ (Ra
FEM), ʙʝʟ ʧʦʪʨʝʙʝ ʟʘ ʩʧʨʦʚʦʹʝˁʝʤ ʥʦʚʦʛ ʥʠʟʘ FEM ʩʠʤʫʣʘʮʠʿʘ ʟʘ ɟʬʠʪ.. ʉʘʤʠʤ 

ʪʠʤ, ʤʦʛʫ˂ʝ ʿʝ ʜʘ ʩʝ ʚʨʣʦ ʝʬʠʢʘʩʥʦ ʧʨʠʤʝʥʠ ʥʝʢʘ ʦʜ ʤʘʪʝʤʘʪʠʯʢʠʭ ʦʧʪʠʤʠʟʘʮʠʦʥʠʭ ʤʝʪʦʜʘ 

ʢʘʢʦ ʙʠ ʩʝ ʤʠʥʠʤʠʟʘʮʠʿʦʤ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ (ʪʿ. ʬʠʪʦʚʘˁʝʤ) ʦʜʨʝʜʠʣʘ ʩʧʝʮʠʬʠʯʥʘ 

ʦʪʧʦʨʥʦʩʪ ʟʝʤˀʝ ɟʬʠʪ. ʟʘ ʢʦʿʫ ʩʝ ʦʩʪʚʘʨʫʿʫ ʥʘʿʙʦˀʘ ʧʦʢʣʘʧʘˁʘ ʠʟʨʘʯʫʥʘʪʠʭ ʩʘ ʠʟʤʝʨʝʥʠʤ 

ʧʨʠʚʠʜʥʠʤ ʦʪʧʦʨʥʦʩʪʠʤʘ. ɿʘ ʚʨʝʜʥʦʩʪ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ, ʢʦʿʘ ʩʝ ʤʠʥʠʤʠʟʫʿʝ, ʫʟʝʪʘ ʿʝ 

ʧʨʦʮʝʥʪʫʘʣʥʘ ʚʨʝʜʥʦʩʪ ʢʦʨʝʥʘ ʩʨʝʜˁʝ ʚʨʝʜʥʦʩʪʠ ʢʚʘʜʨʘʪʘ ʨʝʣʘʪʠʚʥʠʭ ʦʜʩʪʫʧʘˁʘ (4.2). 

ʀʩʢʦʨʠʰ˂ʝʥ ʿʝ ʩʦʣʚʝʨ ʫ Excel-ʫ GRG nonlinear [118].  

ʇʨʠʤʝʥʦʤ ʦʧʠʩʘʥʦʛ ʧʦʩʪʫʧʢʘ, ʜʦʙʠʿʝʥʘ ʿʝ ʚʨʝʜʥʦʩʪ ɟFEM_ʬʠʪ. = 55,23 Ým. ʀʟ ʊʘʙ. 5.8 ʩʝ 

ʚʠʜʠ ʜʘ ʿʝ ʥʘʿʚʝ˂ʝ ʧʨʦʮʝʥʪʫʘʣʥʦ ʦʜʩʪʫʧʘˁʝ ʫ ʦʜʥʦʩʫ ʥʘ ʤʝʨʝʥʝ ʚʨʝʜʥʦʩʪʠ ʦʢʦ -10%, ʟʘ 

ʘ = 5 cm, ʘ ʧʨʦʮʝʥʪʫʘʣʥʘ ʚʨʝʜʥʦʩʪ ʢʦʨʝʥʘ ʩʨʝʜˁʝ ʚʨʝʜʥʦʩʪʠ ʢʚʘʜʨʘʪʘ ʨʝʣʘʪʠʚʥʠʭ ʦʜʩʪʫʧʘˁʘ 

RMSErrRa ʠʟʥʦʩʠ 5,17%, ʰʪʦ ʿʝ ʧʨʠʭʚʘʪˀʠʚʦ, ʠʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʜʘ ʟʝʤˀʘ ʥʠʿʝ ʠʜʝʘʣʥʦ 

ʢʦʤʧʘʢʪʥʘ.  

ʅʘ ʉʣ. 5.13 ʩʫ ʧʨʠʢʘʟʘʥʝ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ ʠʟ ʊʘʙ. 5.8. 

ʊʘʙʝʣʘ 5.8 ï ʇʦʨʝʹʝˁʝ ʤʝʨʝʥʠʭ ʧʨʠʚʠʜʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ʩʘ ʧʨʠʚʠʜʥʠʤ ʦʪʧʦʨʥʦʩʪʠʤʘ ʠʟ FEM  ʩʠʤʫʣʘʮʠʿʘ  

a [m] Ra
ʤʝʨʝʥʦ Ra

FEM [ɋ] 

(ɟFEM = 100 ɋm) 

Ra
ʬʠʪ. [ɋ] 

(ɟʬʠʪ. = 55,23 ɋm) 

ʆʜʩʪʫʧʘˁʝ Ra
FEM_ʬʠʪ. 

ʦʜ Ra
ʤʝʨʝʥʦ [%] 

0,025 218,12 419,03 231,42 6,10 

0,05 178,20 290,16 160,25 -10,08 

0,075 132,39 226,21 124,93 -5,64 

0,1 114,80 199,50 110,18 -4,03 

0,125 105,41 192,24 106,17 0,71 

0,15 106,00 196,11 108,30 2,18 

0,175 110,93 206,94 114,29 3,02 

0,2 118,60 222,54 122,90 3,63 

RMSErrRa [%]  5,17 

 

ʂʘʦ ʰʪʦ ʿʝ ʧʨʝʪʭʦʜʥʦ ʦʙʿʘʰˁʝʥʦ ʫ ʦʚʦʤ ʦʜʝˀʢʫ, ʚʨʝʜʥʦʩʪ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 

ʭʦʤʦʛʝʥʝ ʟʝʤˀʝ ʦʜ 55,23 Ým ʜʦʙʠʿʝʥʘ ʿʝ ʬʠʪʦʚʘˁʝʤ. ʂʘʜʘ ʩʝ ʦʚʘ ʚʨʝʜʥʦʩʪ ʫʥʝʩʝ ʟʘ 

ʩʧʝʮʠʬʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ʟʝʤˀʝ ʫ FEM ʤʦʜʝʣ ʢʦʿʠ ʧʦ ʜʠʤʝʥʟʠʿʘʤʘ ʦʜʛʦʚʘʨʘ ʛʦʨʝ ʥʘʚʝʜʝʥʦʿ 

ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʿ ʧʦʩʪʘʚʮʠ, ʜʦʙʠʿʘʿʫ ʩʝ ʨʝʟʫʣʪʘʪʠ ʟʘ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ (ʟʝʣʝʥʘ ʢʨʠʚʘ ʥʘ 

ʩʣʠʮʠ ʉʣ. 5.13) ʢʦʿʝ ʩʝ ʜʦʙʨʦ ʧʦʢʣʘʧʘʿʫ ʩʘ ʚʨʝʜʥʦʩʪʠʤʘ ʧʨʠʚʠʜʥʠʭ ʦʪʧʦʨʥʦʩʪʠ (ʥʘʨʘʥ˅ʘʩʪʘ 

ʢʨʠʚʘ ʥʘ ʩʣʠʮʠ ʉʣ. 5.13) ʠʟʤʝʨʝʥʠʤ ʥʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʤʦʜʝʣʫ ʩʘ ʉʣ. 5.14. 
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ʉʣ. 5.13 ï ʇʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ: (ʘ) ʠʟʤʝʨʝʥo ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ, (ʙ) ʠʟ FEM  ʟʘ ɟ = 100 ɋm ʠ (ʚ) ʥʘʢʦʥ 

ʬʠʪʦʚʘˁʘ FEM  ʨʝʟʫʣʪʘʪʘ, ʟʘ ʧʨʦʨʘʯʫʥʘʪʦ ɟʬʠʪ. = 55,23 ɋm 

 

 
ʉʣ. 5.14 ï ʄʝʨʝˁʝ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʜʫʞ ʧʨʚʝ ʧʦʜʫʞʥʝ ʩʪʨʘʥʝ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ ʟʘ ʤʝʹʫʩʦʙʥʦ ʨʘʩʪʦʿʘˁʝ 

ʝʣʝʢʪʨʦʜʘ ʘ = 20 cm 

 

ɽʣʝʢʪʨʦʜʝ ʩʫ ʫʙʘʜʘʥʝ ʫ ʟʝʤˀʫ ʫʟ ʟʠʜ ʩʪʘʢʣʝʥʦʛ ʩʫʜʝ ʯʠʤʝ ʩʝ ʢʦʨʠʩʪʠ ʦʜʣʠʢʘ ʩʠʤʝʪʨʠʿʝ. 

ʆʚʦ ʿʝ ʧʨʝʪʭʦʜʥʦ ʦʙʿʘʰˁʝʥʦ ʫ ʦʜʝˀʢʫ 4.3.1.1, ʛʜʝ ʿʝ ʟʘ ʛʝʦʤʝʪʨʠʿʫ FEM ʤʦʜʝʣʘ, ʥʘ ʦʩʥʦʚʫ 

ʩʠʤʝʪʨʠʿʝ, ʠʩʢʦʨʠʰ˂ʝʥʘ ʤʦʛʫ˂ʥʦʩʪ ʜʘ ʩʝ ʠʟʦʩʪʘʚʠ ʧʦʣʦʚʠʥʘ ʦʧʠʩʘʥʦʛ ʢʚʘʜʨʘ ʯʠʤʝ ʩʫ ʩʝ 
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ʰʪʝʜʝʣʠ ʧʦʪʨʝʙʥʠ ʨʘʯʫʥʘʨʩʢʠ ʨʝʩʫʨʩʠ ʠ ʚʨʝʤʝ ʟʘ ʠʟʚʦʹʝˁʝ FEM ʩʠʤʫʣʘʮʠʿʘ. ʀʩʪʠ ʝʬʝʢʘʪ ʿʝ 

ʙʠʣʦ ʤʦʛʫ˂ʝ ʧʨʠʤʝʥʠʪʠ ʠ ʥʘ ʬʠʟʠʯʢʦʤ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʤʦʜʝʣʫ, ʩ ʦʙʟʠʨʦʤ ʥʘ ʪʦ ʜʘ ʩʫ 

ʟʠʜʦʚʠ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ ʥʝʧʨʦʚʦʜʥʠ, ʪʝ ʩʝ ʦʩʪʚʘʨʠʚʘʦ ʝʬʝʢʘʪ ʢʘʦ ʜʘ ʿʝ ʩʫʜ ʫ ʢʦʿʝʤ ʩʫ ʚʨʰʝʥʘ 

ʤʝʨʝˁʘ ʜʫʧʣʦ ʰʠʨʠ. 

 

5.5.2.3 ɿʘʢˀʫʯʘʢ ʟʘ ʝʢʩʧʝʨʠʤʝʥʪʝ ʟʘ ʭʦʤʦʛʝʥʦ ʪʣʦ 

ɻʣʘʚʥʠ ʨʝʟʫʣʪʘʪ, ʫ ʩʤʠʩʣʫ ʜʦʢʘʟʘ ʨʠʛʦʨʦʟʥʦʩʪʠ ʧʦʩʪʫʧʢʘ ʩʫ ʚʨʝʜʥʦʩʪʠ ʥʘʚʝʜʝʥʝ ʫ ʊʘʙ. 

5.8, ʛʜʝ ʩʝ ʚʠʜʠ ʜʘ ʿʝ ʥʘʿʚʝ˂ʝ ʧʨʦʮʝʥʪʫʘʣʥʦ ʦʜʩʪʫʧʘˁʝ ʫ ʦʜʥʦʩʫ ʥʘ ʤʝʨʝʥʝ ʚʨʝʜʥʦʩʪʠ ʦʢʦ 

10%, ʟʘ ʘ = 5 cm, ʘ RMSErrRa ʠʟʥʦʩʠ 5,17%, ʰʪʦ ʿʝ ʜʦʙʨʦ, ʠʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʜʘ ʪʣʦ, ʥʘ ʢʦʤʝ ʩʫ 

ʚʨʰʝʥʘ ʤʝʨʝˁʘ, ʥʠʿʝ ʠʜʝʘʣʥʦ ʢʦʤʧʘʢʪʥʦ. ʋ ʧʨʠʤʝˁʝʥʦʤ ʧʦʩʪʫʧʢʫ ʙʘʟʠʨʘʥʦʤ ʥʘ FEM 

ʩʠʤʫʣʘʮʠʿʘʤʘ, ʪʣʦ ʩʝ ʧʦʩʤʘʪʨʘ ʢʘʦ ʜʘ ʠʤʘ ʠʜʝʘʣʥʘ ʭʦʤʦʛʝʥʘ ʩʚʦʿʩʪʚʘ. 

ʅʘʢʦʥ ʠʥʠʮʠʿʘʣʥʝ ʧʨʦʚʝʨʝ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʫ ʩʘ ʭʦʤʦʛʝʥʠʤ ʪʣʦʤ, ʧʨʠʩʪʫʧʠʣʦ ʩʝ 

ʠʩʧʠʪʠʚʘˁʠʤʘ ʥʘ ʜʚʦʩʣʦʿʥʦʤ ʪʣʫ, ʢʦʿʘ ʩʝ ʧʨʠʢʘʟʫʿʫ ʫ ʥʘʨʝʜʥʦʤ ʦʜʝˀʢʫ 5.6. 

 

5.6 ɼʚʦʩʣʦʿʥʦ ʪʣʦ 

ʇʦʜʩʝʪʠʤʦ ʩʝ ʜʘ ʿʝ ʦʨʠʛʠʥʘʣʥʘ ʤʝʪʦʜʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ 

ʧʨʠʤʝˁʝʥʘ ʥʘ ʩʧʝʮʠʬʠʯʘʥ ʥʘʯʠʥ. FEM ʩʠʤʫʣʘʮʠʿʝ, ʢʦʿʝ ʩʝ ʧʦʢʨʝ˂ʫ ʫ ʩʚʘʢʦʤ ʢʦʨʘʢʫ 

ʠʪʝʨʘʪʠʚʥʦʛ ʧʨʦʮʝʩʘ ʫ ʧʨʦʛʨʘʤʫ ʥʘʧʠʩʘʥʦʤ ʫ Matlab-ʫ, ʠʟʚʦʜʝ ʩʝ ʟʘ ʛʝʦʤʝʪʨʠʿʫ 

ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʛ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʛ ʤʦʜʝʣʘ. ʊʘ ʛʝʦʤʝʪʨʠʿʘ ʦʙʫʭʚʘʪʘ ʩʪʘʢʣʝʥʠ ʩʫʜ, ʜʠʤʝʥʟʠʿʝ 

ʟʝʤˀʠʰʪʘ ʫ ˁʝʤʫ, ʢʘʦ ʠ ʜʠʤʝʥʟʠʿʝ ʢʦʨʠʰ˂ʝʥʠʭ ʝʣʝʢʪʨʦʜʘ. 

ʂʘʦ ʧʨʚʠ ʢʦʨʘʢ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʚʘʣʠʜʘʮʠʿʝ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʟʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ 

ʙʠʣʦ ʿʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʠʟʤʝʨʠ ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʧʦʿʝʜʠʥʘʯʥʠʭ ʤʝʜʠʿʫʤʘ, 

ʟʝʤˀʝ ʠ ʧʝʩʢʘ. ʇʨʠʤʝˁʫʿʝ ʩʝ ʤʝʪʦʜʘ ʦʧʠʩʘʥʘ ʫ ʦʜʝˀʢʫ 5.5.2.2, ʢʦʿʦʤ ʩʝ ʠʟ ʤʝʨʝˁʘ ʦʙʘʚˀʝʥʠʭ 

14.10.2024. ʜʦʰʣʦ ʜʦ ʚʨʝʜʥʦʩʪʠ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʘ ʟʝʤˀʫ ʦʜ 

ɟ = 55,23 Ým. 

ʅʘʢʦʥ ʥʘʩʠʧʘˁʘ ʩʣʦʿʘ ʧʝʩʢʘ ʧʨʝʢʦ ʩʣʦʿʘ ʟʝʤˀʝ, ʿʝʜʥʦʩʪʘʚʥʦ ʩʝ ʠʟʤʝʨʠ ʚʠʩʠʥʘ ʩʚʘʢʦʛ ʦʜ 

ʧʦʿʝʜʠʥʘʯʥʠʭ ʩʣʦʿʝʚʘ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ. ʅʘ ʪʘʿ ʥʘʯʠʥ ʩʝ ʜʦʣʘʟʠ ʜʦ ʛʝʦʤʝʪʨʠʿʝ ʢʦʿʘ ʩʝ 

ʤʦʜʝʣʫʿʝ ʫ FEM ʩʦʬʪʚʝʨʫ. ʇʨʠʤʝˁʝʥʠ ʦʨʠʛʠʥʘʣʥʠ ʧʦʩʪʫʧʘʢ ʝʩʪʠʤʠʨʘ ʩʧʝʮʠʬʠʯʥʫ 

ʝʣʝʢʪʨʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ʛʦʨˁʝʛ ʠ ʜʦˁʝʛ ʩʣʦʿʘ, ʢʘʦ ʠ ʜʫʙʠʥʫ ʛʦʨˁʝʛ ʩʣʦʿʘ. ʆʚʝ ʚʨʝʜʥʦʩʪʠ ʩʝ 

ʧʦʨʝʜʝ ʩʘ ʚʨʝʜʥʦʩʪʠʤʘ ʩʧʝʮʠʬʠʯʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ʜʦʙʠʿʝʥʠʭ ʠʟ ʤʝʨʝˁʘ ʟʘ 

ʧʦʿʝʜʠʥʘʯʥʝ ʤʘʪʝʨʠʿʘʣʝ (ʟʝʤˀʝ ʠ ʧʝʩʢʘ), ʢʘʦ ʠ ʠʟʤʝʨʝʥʝ ʜʝʙˀʠʥʝ ʛʦʨˁʝʛ ʩʣʦʿʘ. ʆʚʠʤ 

ʧʦʨʝʹʝˁʝʤ ʩʝ ʢʚʘʥʪʠʬʠʢʫʿʝ ʪʘʯʥʦʩʪ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʫ ʦʜʥʦʩʫ ʥʘ ʤʝʨʝˁʘ ʩʧʨʦʚʝʜʝʥʘ ʟʘ 

ʜʚʦʩʣʦʿʥʦ ʥʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʤʦʜʝʣʫ. 

ʇʝʩʘʢ ʿʝ ʥʘʚʣʘʞʝʥ ʜʦʜʘʚʘˁʝʤ ʦʜʨʝʹʝʥʝ ʢʦʣʠʯʠʥʝ ʚʦʜʝ ʜʘ ʙʠ ʩʝ ʠʟʙʝʛʣʠ ʧʨʦʙʣʝʤʠ 

ʩʢʦʧʯʘʥʠ ʩʘ ʤʝʨʝˁʝʤ ʠʟʫʟʝʪʥʦ ʚʝʣʠʢʠʭ ʚʨʝʜʥʦʩʪʠ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʩʫʚʦʛ ʧʝʩʢʘ. ʋ 

ʇʨʠʣʦʛʫ 3 ʦ ʧʦʢʫʰʘʿʫ ʫʧʦʪʨʝʙʝ ʩʦʥʜʝ ʟʘ ʜʠʨʝʢʪʥʦ ʤʝʨʝˁʝ ʩʫ ʥʘʚʝʜʝʥʠ ʧʨʦʙʣʝʤʠ ʜʝʪʘˀʥʠʿʝ 

ʦʙʿʘʰˁʝʥʠ. 

ɺʣʘʞʥʦʩʪ ʟʝʤˀʝ ʥʠʿʝ ʧʦʜʝʰʘʚʘʥʘ ʥʘ ʦʚʘʿ ʥʘʯʠʥ, ʿʝʨ ʿʝ ʚʝ˂ ʩʘʤʘ ʧʦ ʩʝʙʠ ʩʘʜʨʞʘʣʘ 

ʦʜʨʝʹʝʥʠ ʩʘʜʨʞʘʿ ʚʣʘʛʝ, ʰʪʦ ʿʝ ʨʝʟʫʣʪʦʚʘʣʦ ʜʘ ʩʝ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʩʧʨʦʚʝʜʫ ʥʘ 

ʭʦʤʦʛʝʥʦʤ ʩʣʦʿʫ ʟʝʤˀʝ ʙʝʟ ʥʘʨʦʯʠʪʠʭ ʧʦʪʝʰʢʦ˂ʘ. 

ʅʘʧʦʩʣʝʪʢʫ, ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʟʘʪʠʤ ʩʫ ʠʟʚʨʰʝʥʘ ʫ ʠʩʪʦʤ ʜʘʥʫ (8.5.2025.) ʫ 

ʨʦʢʫ ʦʜ ʥʝʢʦʣʠʢʦ ʩʘʪʠ, ʢʘʢʦ ʩʝ ʠʩʧʘʨʘʚʘˁʝʤ ʥʝ ʙʠ ʧʨʦʤʝʥʠʣʘ ʢʦʣʠʯʠʥʘ ʚʣʘʞʥʦʩʪʠ ʥʠ ʧʝʩʢʘ 

ʥʠ ʟʝʤˀʝ. ʇʨʚʦ ʠʟʚʨʰʝʥʘ ʤʝʨʝˁʘ ʟʘ ʧʦʿʝʜʠʥʘʯʥʝ ʤʝʜʠʿʫʤʝ: ʥʘʚʣʘʞʝʥʦʛ ʨʘʩʪʨʝʩʠʪʦʛ ʧʝʩʢʘ ʫ 

ʧʣʘʩʪʠʯʥʦʿ ʢʫʪʠʿʠ, ʧʘ ʨʘʩʪʨʝʩʠʪʝ ʟʝʤˀʝ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ, ʘ ʥʘ ʢʨʘʿʫ ʠ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ 

ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ: ʨʘʩʪʨʝʩʠʪʝ ʟʝʤˀʝ (ʜʦˁʠ ʩʣʦʿ) ʠ ʚʣʘʞʥʦʛ ʨʘʩʪʨʝʩʠʪʦʛ ʧʝʩʢʘ (ʛʦʨˁʠ ʩʣʦʿ). 
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ʋ ʪʘʙʝʣʘʤʘ ʧʨʠʢʘʟʘʥʠʤ ʫ ʥʘʩʪʘʚʢʫ (ʦʜ ʊʘʙ. 5.9 ʜʦ ʊʘʙ. 5.13), ʧʦʿʝʜʠʥʝ ʦʟʥʘʢʝ ʠʤʘʿʫ 

ʩʣʝʜʝ˂ʝ ʟʥʘʯʝˁʝ: 

 

ʘʩʪʚʨʘʥʦ_ʩʫʜ ʭʦʨʠʟʦʥʪʘʣʥʠ ʨʘʟʤʘʮʠ ʫ cm ʠʟʤʝʹʫ 2 ʩʫʩʝʜʥʝ ʤʝʨʥʝ ʝʣʝʢʪʨʦʜʝ, 

ʙʠʣʝ ʦʥʝ ʧʦʧ-ʥʠʪʥʝ ʠʣʠ ʧʨʘʚʝ ʘʣʫʤʠʥʠʿʫʤʩʢʝ ʝʣʝʢʪʨʦʜʝ ʠʟ 

ʧʘʢʦʚʘˁʘ ʤʝʨʥʦʛ ʠʥʩʪʨʫʤʝʥʪʘ, 

ɟʘ
ʤʝʨʝʥʦ_ʠʥʩʪʨ. ʠʟʤʝʨʝʥʝ ʧʨʠʚʠʜʥʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʢʦʿʝ ʩʝ ʧʨʠʢʘʟʫʿʫ ʥʘ 

ʜʠʩʧʣʝʿʫ ʠʥʩʪʨʫʤʝʥʪʘ ʟʘ ʤʝʨʝˁʝ ʩʘ ʚʨʝʜʥʦʰ˂ʫ ʨʘʩʪʦʿʘˁʘ 

(ʧʘʨʘʤʝʪʘʨ ʢʦʿʠ ʩʝ ʧʨʝʢʦ ʪʘʩʪʘʪʫʨʝ ʫʥʦʩʠ ʫ ʠʥʩʪʨʫʤʝʥʪ) 

ʧʦʜʝʰʝʥʦʤ ʥʘ ʘʠʥʩʪʨ. = 1 m, 

Ra
ʤʝʨʝʥʦ ʩʪʚʘʨʥʘ ʠʟʤʝʨʝʥʘ ʧʨʠʚʠʜʥʘ ʦʪʧʦʨʥʦʩʪ, ʠʥʩʪʨʫʤʝʥʪ ʿʝ ʜʦʙʠʿʘ 

ʜʝˀʝˁʝʤ ʠʟʤʝʨʝʥʦʛ ʥʘʧʦʥʘ ʠʟʤʝʹʫ ʧʦʪʝʥʮʠʿʘʣʥʠʭ ʝʣʝʢʪʨʦʜʘ ʩʘ 

ʧʦʟʥʘʪʦʤ ʚʨʝʜʥʦʰ˂ʫ ʩʪʨʫʿʝ ʢʨʦʟ ʩʪʨʫʿʥʝ ʝʣʝʢʪʨʦʜʝ; ʧʦʩʪʦʿʠ 

ʩʣʝʜʝ˂ʘ ʚʝʟʘ ʠʟʤʝʹʫ Ra
ʤʝʨʝʥʦ ʠ ɟʘ

ʤʝʨʝʥʦ_ʠʥʩʪʨ.: 

Ra
ʤʝʨʝʥʦ = ɟʘ

ʤʝʨʝʥʦ_ʠʥʩʪʨ./2ˊ ʘʠʥʩʪʨ. , ʦʜʥʦʩʥʦ Ra
ʤʝʨʝʥʦ = ɟʘ

ʤʝʨʝʥʦ_ʠʥʩʪʨ./2ˊ 

(ʿʝʨ ʿʝ ʘʠʥʩʪʨ. = 1 m), 

Ra
FEM_ʬʠʪ. ʧʨʠʚʠʜʥʘ ʦʪʧʦʨʥʦʩʪ ʢʦʿʘ ʩʝ ʜʦʙʠʿʘ ʢʘʦ ʨʝʟʫʣʪʘʪ ʠʟ FEM 

ʩʠʤʫʣʘʮʠʿʘ ʠ ʪʦ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: ʫ FEM ʩʦʬʪʚʝʨʫ ʧʦʜʝʩʠ ʩʝ 

ʛʝʦʤʝʪʨʠʿʘ ʤʦʜʝʣʘ ʜʘ ʧʦ ʩʚʝʤʫ ʦʜʛʦʚʘʨʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʿ 

ʧʦʩʪʘʚʮʠ ʧʨʠʢʘʟʘʥʦʿ ʥʘ ʩʣʠʢʘʤʘ ʉʣ. 5.15 ʠ ʉʣ. 5.17, ʨʝʩʧʝʢʪʠʚʥʦ, 

ʘ ʟʘʪʠʤ ʩʧʨʦʚʝʜʝ ʦʨʠʛʠʥʘʣʥʘ ʤʝʪʦʜʘ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʩʧʝʮʠʬʠʯʥʝ 

ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʛʦʨˁʝʛ ʠ ʜʦˁʝʛ ʪʣʘ, ʢʘʦ ʠ ʜʝʙˀʠʥʝ 

ʛʦʨˁʝʛ ʩʣʦʿʘ. 

 

5.6.1 ʆʜʨʝʹʠʚʘˁʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʧʝʩʢʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ 

ɿʘ ʦʜʨʝʹʠʚʘˁʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʚʣʘʞʥʦʛ ʨʘʩʪʨʝʩʠʪʦʛ ʧʝʩʢʘ, ʠʟʚʨʰʝʥʘ ʩʫ 

ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʫ ʢʫʪʠʿʠ ʠʩʧʫˁʝʥʦʿ ʧʝʩʢʦʤ ʢʘʦ ʥʘ ʉʣ. 5.15, ʛʜʝ ʩʫ ʧʦʧ ʥʠʪʥʝ 

ʢʦʨʠʰ˂ʝʥʝ ʢʘʦ ʝʣʝʢʪʨʦʜʝ, ʠ ʉʣ. 5.17, ʛʜʝ ʩʫ ʟʘ ʤʝʨʝˁʘ ʧʨʠʤʝˁʝʥʝ ʧʨʘʚʝ ʘʣʫʤʠʥʠʿʫʤʩʢʝ 

ʝʣʝʢʪʨʦʜʝ ʢʦʿʝ ʜʦʣʘʟʝ ʫ ʧʘʢʦʚʘˁʫ ʫʟ ʤʝʨʥʠ ʠʥʩʪʨʫʤʝʥʪ.  

ɼʠʤʝʥʟʠʿʝ ʜʝʣʘ ʢʫʪʠʿʝ, ʢʦʿʠ ʿʝ ʠʩʧʫˁʝʥ ʧʝʩʢʦʤ, ʩʫ 38 cm × 28 cm × 10,5 cm (ʜʫʞʠʥʘ Ĭ 

ʰʠʨʠʥʘ Ĭ ʚʠʩʠʥʘ). ʄʝʨʥʠ ʨʝʟʫʣʪʘʪʠ ʠ ʧʨʦʨʘʯʫʥ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʧʝʩʢʘ ʟʘ 

ʦʙʘ ʩʣʫʯʘʿʘ, ʢʦʿʠ ʦʜʛʦʚʘʨʘʿʫ ʩʣʫʯʘʿʝʚʠʤʘ ʧʨʠʢʘʟʘʥʠʤ ʥʘ ʉʣ. 5.15 ʠ ʉʣ. 5.17, ʜʘʪʠ ʩʫ ʫ ʊʘʙ. 5.9 

ʠ ʊʘʙ. 5.10, ʨʝʩʧʝʢʪʠʚʥʦ. ɻʝʦʤʝʪʨʠʿʝ ʤʦʜʝʣʘ ʟʘ FEM ʩʠʤʫʣʘʮʠʿʝ (ʠʟʚʝʜʝʥʠ ʫ ʩʦʬʪʚʝʨʫ 

COMSOL Multiphysics), ʜʘʪʠ ʩʫ ʥʘ ʉʣ. 5.16 ʠ ʉʣ. 5.18, ʨʝʩʧʝʢʪʠʚʥʦ. ʇʦʩʪʫʧʘʢ ʿʝ ʠʜʝʥʪʠʯʘʥ 

ʧʦʩʪʫʧʢʫ ʧʨʠʢʘʟʘʥʦʤ ʫ ʧʦʛʣʘʚˀʠʤʘ 5.5.2.1 ʠ 5.5.2.2. ɼʠʤʝʥʟʠʿʝ ʤʦʜʝʣʘ ʟʘ FEM ʩʫ ʫ ʩʢʣʘʜʫ ʩʘ 

ʜʠʤʝʥʟʠʿʘʤʘ ʜʝʣʘ ʢʫʪʠʿʝ ʠʩʧʫˁʝʥʦʛ ʧʝʩʢʦʤ. 
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ʉʣ. 5.15 ï ʄʝʨʝˁʝ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʪʨʝʩʠʪʦʛ ʧʝʩʢʘ ʫ ʧʣʘʩʪʠʯʥʦʿ ʢʫʪʠʿʠ, 

ʢʦʨʠʰ˂ʝˁʝʤ ʧʦʧ-ʥʠʪʥʠ ʢʘʦ ʝʣʝʢʪʨʦʜʘ, ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ a = 10 cm 

 

 

ʉʣ. 5.16 ï ʄʦʜʝʣ ʫ COMSOL-ʫ ʟʘ ʩʠʤʫʣʘʮʠʿʫ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 

ʨʘʩʪʨʝʩʠʪʦʛ ʧʝʩʢʘ ʫ ʧʣʘʩʪʠʯʥʦʿ ʢʫʪʠʿʠ, ʜʠʤʝʥʟʠʿʝ ʝʣʝʢʪʨʦʜʘ ʦʜʛʦʚʘʨʘʿʫ ʧʦʧ-ʥʠʪʥʘʤʘ, ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ 

ʝʣʝʢʪʨʦʜʘ a = 10 cm 

 
ʊʘʙʝʣʘ 5.9 ï ʈʝʟʫʣʪʘʪʠ ʤʝʨʝˁʘ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʚʣʘʞʥʦʛ ʨʘʩʪʨʝʩʠʪʦʛ ʧʝʩʢʘ ʫ ʧʣʘʩʪʠʯʥʦʿ ʢʫʪʠʿʠ, 

ʤʝʨʝʥʦ ʧʦʧ-ʥʠʪʥʘʤʘ 

ʘʩʫʜ 

[cm]  

ɟʘ
ʤʝʨʝʥʦ_ʠʥʩʪʨ. [kÝm] (ʟʘ 

ʧʦʜʝʰʝʥʦ ʘʠʥʩʪʨ. = 1 m) 

Ra
ʤʝʨʝʥʦ 

[ɋ] 

Ra
FEM_ʬʠʪ. [ɋ] 

(ʟʘ ɟFEM_ʬʠʪ. = 

1672,15 Ým) 

ʆʜʩʪʫʧ. 

[%]  

1 2 3 

ʉʨʝʜˁʘ 

ʚʨʝʜʥʦʩʪ 

5 35,9 35,5 35,7 35,7 5681,83 5776,17 1,66 

6,67 35,3 35,2 35,2 35,23 5607,56 5667,78 1,07 

8,33 36,9 36,9 36,8 36,8 5867,51 5976,96 1,87 

10 43,1 43,4 43,6 43,37 6902,02 6562,77 -4,92 
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ʉʣ. 5.17 ï ʄʝʨʝˁʝ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʪʨʝʩʠʪʦʛ ʧʝʩʢʘ ʫ ʧʣʘʩʪʠʯʥʦʿ ʢʫʪʠʿʠ, 

ʢʦʨʠʰ˂ʝˁʝʤ ʚʝʣʠʢʠʭ ʝʣʝʢʪʨʦʜʘ, ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ a = 10 cm 

 

ʉʣ. 5.18 ï ʄʦʜʝʣ ʫ COMSOL-ʫ ʟʘ ʩʠʤʫʣʘʮʠʿʫ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 

ʨʘʩʪʨʝʩʠʪʦʛ ʧʝʩʢʘ ʫ ʧʣʘʩʪʠʯʥʦʿ ʢʫʪʠʿʠ, ʜʠʤʝʥʟʠʿʝ ʝʣʝʢʪʨʦʜʘ ʦʜʛʦʚʘʨʘʿʫ ʧʨʘʚʠʤ ʝʣʝʢʪʨʦʜʘʤʘ 

ʠʥʩʪʨʫʤʝʥʪʘ, ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ a = 10 cm 

 
ʊʘʙʝʣʘ 5.10 ï ʈʝʟʫʣʪʘʪʠ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʪʨʝʩʠʪʦʛ ʧʝʩʢʘ ʫ 

ʧʣʘʩʪʠʯʥʦʿ ʢʫʪʠʿʠ, ʢʦʨʠʰ˂ʝˁʝʤ ʚʝʣʠʢʠʭ ʝʣʝʢʪʨʦʜʘ 

ʘʩʫʜ 

[cm] 

ɟʘ
ʤʝʨʝʥʦ_ʠʥʩʪʨ. [kÝm] (ʟʘ 

ʧʦʜʝʰʝʥʦ ʘʠʥʩʪʨ. = 1 m) 

Ra
ʤʝʨʝʥʦ 

[ɋ]  

Ra
FEM_ʬʠʪ. [ɋ] 

(ʟʘ ɟFEM_ʬʠʪ. = 

1682,32 Ým) 

ʆʜʩʪʫʧ. 

[%] 1 2 3 

ʉʨʝʜˁʘ 

ʚʨʝʜʥʦʩʪ 

5 24,8 24,6 24,6 24,67 3925,82 4364,64 11,18 

6,67 33,6 33,4 33,4 33,47 5326,38 4905,57 -7,9 

8,33 35,6 35,5 35,5 35,53 5655,31 5572,51 -1,46 

10 41,5 41,5 41,5 41,5 6604,93 6350,18 -3,86 
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ɿʘ ʧʝʩʘʢ ʩʫ ʠʟʚʨʰʝʥʘ ʜʚʘ ʩʢʫʧʘ ʤʝʨʝˁʘ, ʢʘʢʦ ʿʝ ʦʧʠʩʘʥʦ ʫ ʪʝʢʩʪʫ ʠʟʥʘʜ, ʩʘ ʤʘʣʠʤ 

ʝʣʝʢʪʨʦʜʘʤʘ (ʪʿ. ʧʦʧ-ʥʠʪʥʘʤʘ) ʠ ʚʝʣʠʢʠʤ ʝʣʝʢʪʨʦʜʘʤʘ (ʠʟ ʢʦʤʧʣʝʪʘ ʤʝʨʥʦʛ ʠʥʩʪʨʫʤʝʥʪʘ). 

ʈʘʟʣʦʛ ʿʝ ʰʪʦ ʩʫ ʧʦʩʪʦʿʘʣʝ ʪʝʰʢʦ˂ʝ ʢʘʜʘ ʩʫ ʟʘʧʦʯʝʪʘ ʤʝʨʝˁʘ ʩʘ ʧʝʩʢʦʤ, ʧʦʩʣʝ ʯʝʛʘ ʿʝ 

ʠʟʚʨʰʝʥʦ ʠʟʚʝʩʥʦ ʚʣʘʞʝˁʝ ʧʝʩʢʘ. ʌʠʪʦʚʘʥʝ ʚʨʝʜʥʦʩʪʠ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʚʣʘʞʥʦʛ 

ʨʘʩʪʨʝʩʠʪʦʛ ʧʝʩʢʘ ʩʫ ʧʨʠʢʘʟʘʥʝ ʫ ʊʘʙ. 5.9 (1672,15 Ým) ʠ ʊʘʙ. 5.10 (1682,32 Ým), ʧʘ ʿʝ ʢʘʦ 

ʢʦʥʘʯʥʘ ʚʨʝʜʥʦʩʪ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʚʣʘʞʥʦʛ ʨʘʩʪʨʝʩʠʪʦʛ ʧʝʩʢʘ ʫʟʝʪʘ ʩʨʝʜˁʘ ʚʨʝʜʥʦʩʪ 

ï 1677,24 Ým. 

 

5.6.2 ʆʜʨʝʹʠʚʘˁʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʝʤˀʝ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ 

ʅʘʢʦʥ ʤʝʨʝˁʘ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʚʣʘʞʥʦʛ ʨʘʩʪʨʝʩʠʪʦʛ ʧʝʩʢʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ, 

ʠʟʚʨʰʝʥʘ ʩʫ ʤʝʨʝˁʘ ʟʘ ʨʘʩʪʨʝʩʠʪʫ ʟʝʤˀʫ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ, ʢʘʦ ʥʘ ʉʣ. 5.19. ʄʝʨʥʠ ʨʝʟʫʣʪʘʪʠ 

ʠ ʧʨʦʨʘʯʫʥ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʝʤˀʝ ʜʘʪʠ ʩʫ ʫ ʊʘʙ. 5.11. ʄʦʜʝʣ 

ʠʩʢʦʨʠʰ˂ʝʥ ʟʘ FEM ʩʠʤʫʣʘʮʠʿʝ (ʠʟʚʝʜʝʥ ʫ ʩʦʬʪʚʝʨʫ COMSOL Multiphysics), ʜʘʪ ʿʝ ʥʘ ʉʣ. 

5.20. 

ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʧʝʩʢʘ, ʟʘ ʟʝʤˀʫ ʩʫ ʠʟʚʝʜʝʥʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʩʘʤʦ ʩʘ 

ʧʦʧ-ʥʠʪʥʘʤʘ. ʈʘʟʣʦʛ ʿʝ ʰʪʦ ʩʝ ʪʦʢʦʤ ʤʝʨʝˁʘ ʩʘ ʟʝʤˀʦʤ ʥʠʩʫ ʿʘʚˀʘʣʝ ʥʠʢʘʢʚʝ ʪʝʰʢʦ˂ʝ, ʟʘ 

ʨʘʟʣʠʢʫ ʦʜ ʤʝʨʝˁʘ ʥʘ ʧʝʩʢʫ. ʇʦʩʣʝ ʤʝʨʝˁʘ ʩʘ ʚʝʣʠʢʠʤ ʝʣʝʢʪʨʦʜʘʤʘ ʙʠ ʦʩʪʘʣʝ ʨʫʧʝ ʢʦʿʝ ʙʠ 

ʧʨʘʚʠʣʝ ʥʝʧʦʪʨʝʙʘʥ ʫʪʠʮʘʿ ʥʘ ʨʝʟʫʣʪʘʪʝ ʝʢʩʧʝʨʠʤʝʥʘʪʘ ʥʘ ʜʚʦʩʣʦʿʥʦʤ ʪʣʫ, ʢʦʿʠ ʩʫ ʩʝ 

ʥʘʜʦʚʝʟʘʣʠ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʝʤˀʝ. 

ʆʚʜʝ ʚʘˀʘ ʧʨʠʤʝʪʠʪʠ ʜʘ ʿʝ ʚʨʝʜʥʦʩʪ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʝʤˀʝ (73,43 Ým), 

ʦʜʨʝʹʝʥʘ ʬʠʪʦʚʘˁʝʤ, ʚʝ˂ʘ ʦʜ ʚʨʝʜʥʦʩʪʠ ʨʝʬʝʨʠʩʘʥʝ ʫ ʧʨʝʪʭʦʜʥʦʤ ʦʜʝˀʢʫ (55,23 ɋm), ʰʪʦ 

ʥʝ ʠʟʥʝʥʘʹʫʿʝ, ʿʝʨ ʿʝ ʠʟʚʝʩʥʦ ʜʦʰʣʦ ʠʩʫʰʠʚʘˁʘ ʟʝʤˀʝ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ ʫ ʧʝʨʠʦʜʫ ʠʟʤʝʹʫ 

ʜʚʘ ʝʢʩʧʝʨʠʤʝʥʪʘ (ʦʜ 14.10.2024. ʜʦ 8.5.2025.), ʘ ʫʧʨʢʦʩ ʜʨʞʘˁʫ ʩʫʜʘ ʧʦʢʣʦʧˀʝʥʠʤ ʠʟʤʝʹʫ 

ʝʢʩʧʝʨʠʤʝʥʘʪʘ. ɿʥʘʯʘʿʥʠʿʠ ʨʘʟʣʦʛ ʟʘ ʨʘʟʣʠʢʫ ʫ ʚʨʝʜʥʦʩʪʠ ʝʩʪʠʤʠʨʘʥʝ ʩʧʝʮʠʬʠʯʥʝ 

ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʝʤˀʝ ʿʝ ʨʘʟʣʠʯʠʪʘ ʨʘʩʪʨʝʩʠʪʦʩʪ ʟʝʤˀʝ: ʫ ʝʢʩʧʝʨʠʤʝʥʪʫ 8.5.2025. 

ʢʦʨʠʰ˂ʝʥʘ ʿʝ ʨʘʩʪʨʝʩʠʪʘ ʟʝʤˀʘ, ʘ ʫ ʝʢʩʧʝʨʠʤʝʥʪʫ 14.10.2024. ʥʘʙʠʿʝʥʘ ʟʝʤˀʘ. 

 

 

ʉʣ. 5.19 ï ʄʝʨʝˁʝ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʪʨʝʩʠʪʝ ʟʝʤˀʝ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ, 

ʢʦʨʠʰ˂ʝˁʝʤ ʧʦʧ-ʥʠʪʥʠ ʢʘʦ ʝʣʝʢʪʨʦʜʘ, ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ a = 5 cm 
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ʉʣ. 5.20 ï ʄʦʜʝʣ ʫ COMSOL-ʫ ʟʘ ʩʠʤʫʣʘʮʠʿʝ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʨʘʩʪʨʝʩʠʪʝ ʟʝʤˀʝ ʫ ʩʪʘʢʣʝʥʦʤ 

ʩʫʜʫ, ʤʦʜʝʣʦʚʘʥʝ ʝʣʝʢʪʨʦʜʝ ʧʦ ʜʠʤʝʥʟʠʿʘʤʘ ʦʜʛʦʚʘʨʘʿʫ ʧʦʧ-ʥʠʪʥʘʤʘ, ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ 

a = 2,5 cm 

 

ʊʘʙʝʣʘ 5.11 ï ʈʝʟʫʣʪʘʪʠ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʪʨʝʩʠʪʝ ʟʝʤˀʝ ʫ 

ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ, ʢʦʨʠʰ˂ʝˁʝʤ ʧʦʧ-ʥʠʪʥʠ ʢʘʦ ʝʣʝʢʪʨʦʜʘ 

ʘʩʫʜ 

[cm] 

ɟʘ
ʤʝʨʝʥʦ_ʠʥʩʪʨ. [kÝm] (ʟʘ 

ʧʦʜʝʰʝʥʦ ʘʠʥʩʪʨ. = 1 m) 

Ra
ʤʝʨʝʥʦ [ɋ] Ra

FEM_ʬʠʪ. 

[ɋ] (ʟʘ 

ɟFEM_ʬʠʪ. = 

73,43 Ým) 

ʆʜʩʪʫʧ. 

[%] 

1 2 3 ʉʨʝʜˁʘ 

ʚʨʝʜʥʦʩʪ 

2,5 4,1 3,95 3,96 4,003 637,15 605,26 -5,005 

5 2,63 2,53 2,51 2,557 406,91 418,96 2,96 

20 2,28 2,26 2,26 2,267 360,75 366,8 1,68 

 

5.6.3 ʄʝʨʝˁʝ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʥʘ ʜʚʦʩʣʦʿʥʦʤ ʪʣʫ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ 

ɿʝʤˀʘ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ ʢʘʦ ʧʦʿʝʜʠʥʘʯʥʠ ʤʝʜʠʿʫʤ, ʥʘʢʦʥ ʠʟʚʨʰʝʥʠʭ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ 

ʤʝʪʦʜʦʤ ʦʧʠʩʘʥʠʭ ʫ ʧʨʝʪʭʦʜʥʦʤ ʦʜʝˀʢʫ 5.6.2, ʥʠʿʝ ʥʠ ʥʘ ʢʦʿʠ ʥʘʯʠʥ ʜʘˀʝ ʤʝʭʘʥʠʯʢʠ 

ʤʘʥʠʧʫʣʠʩʘʥʘ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʨʘʩʪʨʝʩʠʪʘ ʟʝʤˀʘ ʦʩʪʘʣʘ ʿʝ ʫ ʥʝʠʟʤʝˁʝʥʦʤ ʤʝʭʘʥʠʯʢʦʤ 

ʩʪʘˁʫ. ʇʦʩʤʘʪʨʘʥʦ ʩʘ ʩʪʘʥʦʚʠʰʪʘ ʩʘʩʪʘʚʘ, ʪʿ. ʫ ʧʦʛʣʝʜʫ ʚʣʘʞʥʦʩʪʠ, ʪʘʢʦʹʝ ʿʝ ʦʩʪʘʣʘ 

ʥʝʠʟʤʝˁʝʥʘ, ʿʝʨ ʩʫ ʩʚʘ ʤʝʨʝˁʘ ʠʟʚʨʰʝʥʘ ʫ ʠʩʪʦʤ ʜʘʥʫ, ʫ ʨʦʢʫ ʦʜ ʥʝʢʦʣʠʢʦ ʩʘʪʠ. 

ʇʝʩʘʢ ʿʝ ʠʟ ʧʣʘʩʪʠʯʥʝ ʢʫʪʠʿʝ, ʫ ʢʦʿʦʿ ʩʫ ʚʨʰʝʥʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʫ ʮʠˀʫ 

ʦʜʨʝʹʠʚʘˁʘ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʧʝʩʢʘ, ʧʦʣʘʢʦ, ʜʝʦ ʧʦ ʜʝʦ, ʥʘʩʠʧʘʥ ʧʨʝʢʦ 

ʟʝʤˀʝ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ. ʅʘ ʉʣ. 5.21 ʿʝ ʧʨʠʢʘʟʘʥʘ ʧʨʚʘ ʬʘʟʘ ʧʨʠʧʨʝʤʝ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ. 

ʅʘ ʢʨʘʿʫ, ʧʦ ʟʘʚʨʰʝʪʢʫ ʥʘʩʠʧʘˁʘ, ʧʝʩʘʢ ʿʝ ʙʣʘʛʦ ʧʨʦʤʝʰʘʥ ʠ ʠʟʫʟʝʪʥʦ ʙʣʘʛʦ ʫʪʘʧʢʘʥ ʢʘʢʦ ʙʠ 

ʩʝ ʫ ʤʝʭʘʥʠʯʢʦʤ ʧʦʛʣʝʜʫ ʧʦʩʪʠʛʣʘ ʢʦʥʟʠʩʪʝʥʮʠʿʘ ʢʦʿʘ ʿʝ ʰʪʦ ʧʨʠʙʣʠʞʥʠʿʘ ʦʥʦʿ ʢʦʿʘ ʩʝ ʠʤʘʣʘ 

ʧʨʠʣʠʢʦʤ ʚʨʰʝˁʘ ʤʝʨʝˁʘ ʫ ʧʣʘʩʪʠʯʥʦʿ ʢʫʪʠʿʠ. ʇʨʠʪʦʤ, ʤʦʨʘʣʦ ʩʝ ʚʦʜʠʪʠ ʨʘʯʫʥʘ ʠ ʜʘ ʩʝ 

ʧʝʩʘʢ ʥʝ ʩʘʙʠʿʘ ʤʥʦʛʦ, ʿʝʨ ʙʠ ʪʦ ʧʨʦʤʝʥʠʣʦ ʩʪʘˁʝ ʩʘʙʠʿʝʥʦʩʪʠ ʟʝʤˀʝ ʠʩʧʦʜ, ʢʘʦ ʜʦˁʝʛ ʩʣʦʿʘ, 

ʘ ʧʦʩʣʝʜʠʯʥʦ ʠ ʧʨʦʚʦʜʥʦʩʪʠ ʟʝʤˀʝ. 

ʅʘ ʉʣ. 5.22 ʿʝ ʜʘʪ ʠʟʛʣʝʜ ʢʦʤʧʣʝʪʥʦ ʧʨʠʧʨʝʤˀʝʥʦʛ ʤʦʜʝʣʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ, ʘ ʧʨʝ 

ʧʦʯʝʪʢʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ. ʋ ʊʘʙ. 5.12 ʜʘʪʠ ʩʫ ʨʝʟʫʣʪʘʪʠ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ 

ʤʝʪʦʜʦʤ ʥʘ ʧʨʠʢʘʟʘʥʦʤ ʜʚʦʩʣʦʿʥʦʤ ʤʦʜʝʣʫ ʪʣʘ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ.  
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ʉʣ. 5.21 ï ʇʦʯʝʪʘʢ ʧʨʠʧʨʝʤʝ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ, ʥʘʢʦʥ ʰʪʦ ʿʝ ʧʝʩʘʢ ʠʟ ʧʣʘʩʪʠʯʥʝ ʢʫʪʠʿʝ ʧʨʝʙʘʯʝʥ 

ʧʨʝʢʦ ʟʝʤˀʝ ʫ ʩʪʘʢʣʝʥʠ ʩʫʜ 

 

ʉʣ. 5.22 ï ʀʟʛʣʝʜ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʦʩʪʘʚʢʝ ʜʚʦʩʣʦʿʥʦʛ ʤʦʜʝʣʘ ʪʣʘ ʥʝʧʦʩʨʝʜʥʦ ʧʨʝ ʧʦʯʝʪʢʘ ʤʝʨʝˁʘ 

ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ 

 
ʉʣ. 5.23 ï ʄʦʜʝʣ ʫ COMSOL-ʫ ʟʘ ʩʠʤʫʣʘʮʠʿʫ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʧʦʤʦ˂ʫ FEM  ʟʘ ʜʚʦʩʣʦʿʥʠ ʤʦʜʝʣ 

ʪʣʘ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ, ʝʣʝʢʪʨʦʜʝ ʧʦ ʜʠʤʝʥʟʠʿʘʤʘ ʦʜʛʦʚʘʨʘʿʫ ʧʦʧ-ʥʠʪʥʘʤʘ, ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ 

a = 5 cm 
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ʊʘʙʝʣʘ 5.12 ï ʈʝʟʫʣʪʘʪʠ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ, ʟʘ ʝʣʝʢʪʨʦʜʝ 

(ʧʦʧ-ʥʠʪʥʝ) ʫʙʘʜʘʥʝ ʜʫʞ ʧʨʚʝ ʧʦʜʫʞʥʝ ʩʪʨʘʥʝ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ 

aʩʫʜ [cm] 

ɟʘ
ʤʝʨʝʥʦ_ʠʥʩʪʨ.(ʟʘ ʘʠʥʩʪʨ. = 1 m) [kÝm] Ra

ʤʝʨʝʥʦ [kɋ] 

1 2 3 ʉʨʝʜˁʘ ʚʨʝʜʥʦʩʪ 

2,5 89 88,9 88,9 88,93 14,15 

5 32 31,6 31,5 31,7 5,04 

7,5 13,76 13,8 13,87 13,81 2,2 

10 5,77 5,79 5,81 5,79 0,92 

12,5 2,91 2,92 2,92 2,92 0,46 

15 2,38 2,42 2,42 2,41 0,38 

17,5 2,13 2,14 2,15 2,14 0,34 

20 2,07 2,08 2,08 2,08 0,33 

 

ʉʢʫʧ ʤʝʨʝˁʘ ʿʝ ʧʦʥʦʚˀʝʥ, ʩʘ ʝʣʝʢʪʨʦʜʘʤʘ ʧʦʙʘʜʘʥʠʤ ʠ ʩʘ ʜʨʫʛʝ ʧʦʜʫʞʥʝ ʩʪʨʘʥʝ 

ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ. ʅʘ ʪʘʿ ʥʘʯʠʥ, ʠʤʘʦ ʩʝ ʿʦʰ ʿʝʜʘʥ ʩʢʫʧ ʨʝʟʫʣʪʘʪʘ ʤʝʨʝˁʘ ʟʘ ʠʩʪʘ ʤʝʨʥʘ 

ʨʘʩʪʦʿʘˁʘ, ʧʨʠʢʘʟʘʥ ʫ ʊʘʙ. 5.13. ʆʜʨʝʹʠʚʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʪʣʘ ʿʝ ʚʨʰʝʥʦ ʥʘ ʙʘʟʠ ʩʨʝʜˁʝ 

ʚʨʝʜʥʦʩʪʠ ʨʝʟʫʣʪʘʪʘ ʤʝʨʝˁʘ ʩʘ ʜʚʝ ʩʪʨʘʥʝ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ. 

 
ʊʘʙʝʣʘ 5.13 ï ʈʝʟʫʣʪʘʪʠ ʧʦʥʦʚˀʝʥʠʭ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ, 

ʟʘ ʝʣʝʢʪʨʦʜʝ (ʧʦʧ-ʥʠʪʥʝ) ʫʙʘʜʘʥʝ ʜʫʞ ʜʨʫʛʝ ʧʦʜʫʞʥʝ ʩʪʨʘʥʝ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ, ʪʿ. ʫʟ ʩʫʧʨʦʪʥʠ ʟʠʜ 

aʩʫʜ [cm] 

ɟʘ
ʤʝʨʝʥʦ_ʠʥʩʪʨ.(ʟʘ ʘʠʥʩʪʨ. = 1 m) [kÝm] Ra

ʤʝʨʝʥʦ [kɋ] 

1 2 3 ʉʨʝʜˁʘ ʚʨʝʜʥʦʩʪ 

2,5 56,5 56,7 57,1 56,767 9,035 

5 37,4 37,2 37,3 37,300 5,936 

7,5 17,15 17,37 17,44 17,320 2,757 

10 6,81 6,85 6,86 6,840 1,089 

12,5 3,91 3,91 3,92 3,913 0,623 

15 2,57 2,56 2,57 2,567 0,408 

17,5 2,2 2,2 2,2 2,200 0,350 

20 2,1 2,1 2,09 2,097 0,334 

 

5.6.4 ʇʨʠʤʝʥʘ ʤʝʪʦʜʘ ʟʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ʨʝʟʫʣʪʘʪʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ 

ʉʘʜʘ ˂ʝ ʙʠʪʠ ʧʨʠʢʘʟʘʥʘ ʧʨʠʤʝʥʘ ʠ ʨʝʟʫʣʪʘʪʠ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʨʘʟʚʠʿʝʥʝ ʪʦʢʦʤ ʠʟʨʘʜʝ 

ʜʠʩʝʨʪʘʮʠʿʝ. 

ɺʝʨʠʬʠʢʘʮʠʿʘ ʤʝʪʦʜʝ ʩʝ ʚʨʰʠ ʥʘ ʙʘʟʠ ʤʝʨʝˁʘ ʥʘ ʜʚʦʩʣʦʿʥʦʤ ʪʣʫ ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʿ 

ʧʦʩʪʘʚʮʠ ʢʦʿʠ ʩʫ ʦʧʠʩʘʥʠ ʫ ʧʨʝʪʭʦʜʥʦʤ ʦʜʝˀʢʫ. ʂʘʦ ʢʨʠʪʝʨʠʿʫʤ ʩʣʘʛʘˁʘ ʨʝʟʫʣʪʘʪʘ ʤʝʨʝˁʘ ʠ 

ʨʝʟʫʣʪʘʪʘ ʧʨʠʤʝʥʝ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ˂ʝ ʩʝ ʧʦʨʝʜʠʪʠ ʠʟʤʝʨʝʥʝ 

ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʜʚʦʩʣʦʿʥʦʤ ʤʦʜʝʣʫ ʪʣʘ (Ra
ʤʝʨʝʥʦ), ʢʦʿʝ ʩʝ ʜʦʙʠʿʘʿʫ 

ʜʝˀʝˁʝʤ (ʩʘ 2ˊ) ʚʨʝʜʥʦʩʪʠ ʩʧʝʮʠʬʠʯʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʦʪʧʦʨʥʦʩʪʠ, ʢʦʿʝ ʧʦʢʘʟʫʿʝ ʤʝʨʥʠ 

ʠʥʩʪʨʫʤʝʥʪ ʧʨʠ ʚʨʝʜʥʦʩʪʠ ʘ, ʫʥʝʪʦʿ ʢʘʦ ʫʣʘʟʥʠ ʧʘʨʘʤʝʪʘʨ ʧʨʝʢʦ ʪʘʩʪʘʪʫʨʝ ʠʥʩʪʨʫʤʝʥʪʘ 

ʘʠʥʩʪʨ. = 1 m. ɼʝʪʘˀʥʦ ʦʙʿʘʰˁʝˁʝ ʫ ʚʝʟʠ ʩʘ ʪʠʤ ʿʝ ʜʘʪʦ ʫ ʦʜʝˀʢʫ 5.4.4. 

ʋ ʪʘʙʝʣʘʤʘ, ʚʨʝʜʥʦʩʪʠ ʧʨʠʚʠʜʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ʠʟ ʧʨʝʪʧʦʩʣʝʜˁʝ ʢʦʣʦʥʝ Ra
ʥʦʚʘ_ʤʝʪʦʜʘ 

ʜʦʙʠʿʝʥʝ ʩʫ ʧʨʠʤʝʥʦʤ ʨʘʟʚʠʿʝʥʝ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʪʣʘ. ɻʝʦʤʝʪʨʠʿʘ 

ʤʦʜʝʣʘ ʫ FEM ʩʦʬʪʚʝʨʫ COMSOL Multiphysics ʜʘʪʘ ʿʝ ʥʘ ʉʣ. 5.23. Matlab ʫ ʩʚʘʢʦʿ ʠʪʝʨʘʮʠʿʠ, 

ʦʜʥʦʩʥʦ ʢʦʨʘʢʫ ʠʟʨʘʯʫʥʘʚʘˁʘ ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʝ ʟʘ ʩʚʘʢʦ ʪʝʤʝ ʩʠʤʧʣʝʢʩʘ ʫʥʫʪʘʨ 

ʠʪʝʨʘʮʠʿʝ, ʦʚʦʤ FEM ʤʦʜʝʣʫ ʧʨʦʩʣʝʹʫʿʝ ʩʢʫʧ ʦʜ ʪʨʠ ʧʘʨʘʤʝʪʨʘ ʢʦʿʠ ʩʝ ʪʦʢʦʤ ʠʪʝʨʘʮʠʿʘ 

ʚʘʨʠʨʘʿʫ: ɟ1, ɟ2 ʠ h. ɿʘʪʠʤ ʩʝ ʠʟʚʨʰʘʚʘʿʫ FEM ʩʠʤʫʣʘʮʠʿʝ ʠ ʨʝʟʫʣʪʘʪʠ ʚʨʘ˂ʘʿʫ ʫ Matlab 

ʧʨʦʛʨʘʤ. 
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ʂʦʥʘʯʥʠ ʨʝʟʫʣʪʘʪʠ ʝʩʪʠʤʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ ʧʨʦʨʘʯʫʥʩʢʠʭ ʜʚʦʩʣʦʿʥʠʭ ʤʦʜʝʣʘ ʪʣʘ ʪʘʢʦʹʝ 

ʩʫ ʫʥʝʪʠ ʫ ʪʘʙʝʣʝ. 

 

5.6.4.1 ʇʦʨʝʹʝˁʝ ʧʨʠʚʠʜʥʠʭ ʦʪʧʦʨʥʦʩʪʠ 

ʀʟ ʊʘʙ. 5.14 ʩʝ ʚʠʜʠ ʜʘ ʩʝ ʧʨʠ ʧʨʠʤʝʥʠ ʥʦʚʝ ʤʝʪʦʜʝ ʥʘʿʚʝ˂ʝ ʧʦʿʝʜʠʥʘʯʥʦ ʦʜʩʪʫʧʘˁʝ 

ʿʘʚˀʘ ʧʨʠ ʘ = 12,5 cm, ʢʘʜʘ ʠʟʥʦʩʠ ʦʜ ʦʢʦ 8,5%. ʄʦʛʫ˂ʝ ʿʝ ʜʘ ʿʝ ʦʚʘʿ ʨʝʟʫʣʪʘʪ ʧʦʩʣʝʜʠʮʘ 

ʛʨʝʰʢʝ ʧʨʠ ʤʝʨʝˁʫ (ʥʘ ʧʨʠʤʝʨ ʫʩʣʝʜ ʚʘʟʜʫʰʥʦʛ ˅ʝʧʘ ʫ ʦʢʦʣʠʥʠ ʥʘʧʦʥʩʢʝ ʤʝʨʥʝ ʝʣʝʢʪʨʦʜʝ). 

ʇʦʪʝʰʢʦ˂ʝ ʧʨʠ ʤʝʨʝˁʫ ʙʠ˂ʝ ʢʦʤʝʥʪʘʨʠʩʘʥʝ ʫ ʟʘʢˀʫʯʥʦʤ ʦʜʝˀʢʫ 5.7. ɺʨʝʜʥʦʩʪ RMSErrRa 

ʧʨʠ ʧʨʠʤʝʥʠ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʠʟʥʦʩʠ 4,62 %. 

 

ʊʘʙʝʣʘ 5.14 ï ʇʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ: ʧʦʨʝʹʝˁʝ ʠʟʤʝʨʝʥʠʭ ʜʫʞ ʧʨʚʝ ʧʦʜʫʞʥʝ ʩʪʨʘʥʝ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ ʠ 

ʜʦʙʠʿʝʥʠʭ ʧʨʠʤʝʥʦʤ ʤʝʪʦʜʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ 

aʩʫʜ 

[cm] 

Ra
ʤʝʨʝʥʦ [kɋ] 

(ʊʘʙ. 5.12)  

Ra
FEM [kɋ] 

ɟ1 = 1677,2 Ým 

ɟ2 =  73,4 Ým 

h = 4,5 cm 

Ra
ʥʦʚʘ_ʤʝʪʦʜʘ [kɋ] 

ɟ1 = 2164,85 Ým 

ɟ2 = 65,5 Ým 

h = 4,14 cm 

2,5 14,15 11,20 14,112 

5 5,05 4,68 5,262 

7,5 2,20 2,01 2,039 

10 0,92 0,97 0,903 

12,5 0,46 0,57 0,504 

15 0,38 0,43 0,369 

17,5 0,34 0,38 0,332 

20 0,33 0,38 0,334 

    ʆʜʩʪʫʧʘˁʘ ʦʜ Ra
ʤʝʨʝʥʦ ʠʟ ʜʨʫʛʝ ʢʦʣʦʥʝ [%] 

2,5 / -20,854 -0,3 

5 / -7,148 4,31 

7,5 / -8,766 -7,24 

10 / 5,063 -1,99 

12,5 / 23,222 8,54 

15 / 11,519 -3,78 

17,5 / 12,810 -2,56 

20 / 16,483 1,21 

    RMSErrRa [%] 

/ 14,56 4,62 
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ʊʘʙʝʣʘ 5.15 ï ʇʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ: ʧʦʨʝʹʝˁʝ ʠʟʤʝʨʝʥʠʭ ʜʫʞ ʜʨʫʛʝ ʧʦʜʫʞʥʝ ʩʪʨʘʥʝ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ ʠ 

ʜʦʙʠʿʝʥʠʭ ʧʨʠʤʝʥʦʤ ʤʝʪʦʜʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ 

aʩʫʜ 

[cm] 

Ra
ʤʝʨʝʥʦ [kɋ] 

(ʊʘʙ. 5.13) 

Ra
FEM [kɋ] 

ɟ1 = 1677,2 Ým 

ɟ2 =  73,4 Ým 

h = 4,5 cm 

Ra
ʥʦʚʘ_ʤʝʪʦʜʘ [kɋ] 

ɟ1 = 1356,1 Ým 

ɟ2 = 51,9 Ým 

h = 5,4 cm 

2,5 9,03 11,20 10,29 

5 5,94 4,68 4,87 

7,5 2,76 2,01 2,31 

10 1,09 0,97 1,16 

12,5 0,62 0,57 0,65 

15 0,41 0,43 0,43 

17,5 0,35 0,38 0,35 

20 0,33 0,38 0,32 

    ʆʜʩʪʫʧʘˁʘ ʦʜ Ra
ʤʝʨʝʥʦ ʠʟ ʜʨʫʛʝ ʢʦʣʦʥʝ [%] 

2,5 / 23,99 13,9 

5 / -21,09 -18,02 

7,5 / -27,26 -16,13 

10 / -11,06 6,78 

12,5 / -8,16 4,97 

15 / 4,57 6,15 

17,5 / 9,73 -1,56 

20 / 15,37 -5,03 

    RMSErrRa [%] 

/ 16,97 10,7 

 

ʀʟ ʊʘʙ. 5.15 ʚʠʜʠ ʩʝ ʜʘ ʥʘʿʚʝ˂ʘ ʦʜʩʪʫʧʘˁʘ ʟʘ ʥʦʚʫ ʤʝʪʦʜʫ ʠʟʥʦʩʝ -18 % ʠ -16,1 % ʠ ʪʦ ʟʘ 

ʤʝʨʥʘ ʨʘʩʪʦʿʘˁʘ 5 ʠ 7,5 cm. ʇʨʠʤʝʥʦʤ ʥʦʚʝ ʤʝʪʦʜʝ ʩʝ ʠʤʘ ʛʨʝʰʢʘ RMSErrRa 10,7 %. 
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ʊʘʙʝʣʘ 5.16 ï ʇʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ: ʧʦʨʝʹʝˁʝ ʫʩʨʝʜˁʝʥʠʭ ʠʟʤʝʨʝʥʠʭ ʜʫʞ ʧʨʚʝ ʠ ʜʨʫʛʝ ʧʦʜʫʞʥʝ ʩʪʨʘʥʝ 

ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ ʠ ʜʦʙʠʿʝʥʠʭ ʧʨʠʤʝʥʦʤ ʤʝʪʦʜʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ 

aʩʫʜ 

[cm] 

Ra
ʤʝʨʝʥʦ [kɋ] 

(ʩʨʝʜˁʝ 

ʚʨʝʜʥʦʩʪʠ ʠʟ ʊʘʙ. 

5.12 ʠ ʊʘʙ. 5.13) 

Ra
FEM [kɋ] 

ɟ1 = 1677,2 Ým 

ɟ2 =  73,4 Ým 

h = 4,5 cm 

Ra
ʥʦʚʘ_ʤʝʪʦʜʘ [kɋ] 

ɟ1 = 1729,5 Ým 

ɟ2 = 59,9 Ým 

h = 4,69 cm 

2,5 11,59 11,20 12,317 

5 5,49 4,68 5,199 

7,5 2,48 2,01 2,227 

10 1,01 0,97 1,043 

12,5 0,54 0,57 0,577 

15 0,40 0,43 0,398 

17,5 0,35 0,38 0,337 

20 0,33 0,38 0,327 

    ʆʜʩʪʫʧʘˁʘ ʦʜ Ra
ʤʝʨʝʥʦ ʠʟ ʜʨʫʛʝ ʢʦʣʦʥʝ [%] 

2,5 / -3,38 6,24 

5 / -14,68 -5,31 

7,5 / -19,05 -10,09 

10 / -3,67 3,81 

12,5 / 5,24 6,15 

15 / 7,93 0,58 

17,5 / 11,25 -2,34 

20 / 15,92 -1,53 

    RMSErrRa [%] 

/ 11,59 5,36 

 

ʂʦʤʝʥʪʘʨ: ʦʜʩʪʫʧʘˁʘ ʚʨʝʜʥʦʩʪʠ Ra
FEM ʜʦʙʠʿʝʥʠʭ FEM ʩʠʤʫʣʘʮʠʿʦʤ ʟʘ ʚʨʝʜʥʦʩʪʠ  

ɟ1 = 1677,2 Ým ʠ ɟ2 =  73,4 Ým ʦʜʨʝʹʝʥʝ ʠʟ ʝʢʩʧʝʨʠʤʝʥʘʪʘ ʩʘ ʭʦʤʦʛʝʥʠʤ ʧʝʩʢʦʤ ʠ ʟʝʤˀʦʤ, ʠ 

ʚʨʝʜʥʦʩʪʠ h = 4,5 cm ʫʩʚʦʿʝʥʝ ʥʘ ʦʩʥʦʚʫ ʤʝˁʘ ʤʝʪʨʦʤ, ʚʝ˂ʝ ʩʫ ʦʜ ʦʜʩʪʫʧʘˁʘ ʜʦʙʠʿʝʥʠʭ 

ʧʨʠʤʝʥʦʤ ʥʦʚʝ ʤʝʪʦʜʝ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʫ ʧʦʩʪʘʚʢʫ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ. 

ɺʝʨʦʚʘʪʥʠ ʨʘʟʣʦʛ ʟʘ ʦʚʘʿ, ʥʘ ʧʨʚʠ ʧʦʛʣʝʜ ʥʝʦʯʝʢʠʚʘʥʠ ʨʝʟʫʣʪʘʪ, ʿʝ ʧʨʦʤʝʥˀʠʚʘ ʜʫʙʠʥʘ 

ʩʣʦʿʝʚʘ ʧʦʩʤʘʪʨʘʥʦ ʧʦ ʭʦʨʠʟʦʥʪʘʣʥʦʤ ʧʦʧʨʝʯʥʦʤ ʧʨʝʩʝʢʫ. 
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5.6.4.2 ʇʦʨʝʹʝˁʝ ʝʩʪʠʤʠʨʘʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʤʦʜʝʣʘ ʪʣʘ 

ʋ ʥʘʨʝʜʥʠʤ ʪʘʙʝʣʘʤʘ ʫʧʦʨʝʹʝʥʠ ʩʫ ʥʘʿʚʘʞʥʠʿʠ ʨʝʟʫʣʪʘʪʠ ʤʝʪʦʜʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ 

ʧʘʨʘʤʝʪʘʨʘ ʪʣʘ: ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʛʦʨˁʝʛ ʠ ʜʦˁʝʛ ʩʣʦʿʘ, ʠ ʜʫʙʠʥʘ ʛʦʨˁʝʛ 

ʩʣʦʿʘ. 

ʊʘʙʝʣʘ 5.17 ï ʇʦʨʝʹʝˁʝ ʜʦʙʠʿʝʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʠʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʠ ʪʝʦʨʠʿʩʢʝ ʘʥʘʣʠʟʝ, ʟʘ 

ʤʝʨʝˁʘ ʥʘ ʜʚʦʩʣʦʿʥʦʤ ʤʦʜʝʣʫ ʜʫʞ ʧʨʚʝ ʧʦʜʫʞʥʝ ʩʪʨʘʥʝ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ 

 ʈʝʬʝʨʝʥʪʥʝ ʚʨʝʜʥʦʩʪʠ ï ʜʦʙʠʿʝʥʝ 

ʠʟ ʤʝʨʝˁʘ ʥʘ ʭʦʤʦʛʝʥʦʤ ʪʣʫ 

(ʦʜʝˀʮʠ 5.6.1 ʠ 5.6.2) ʠ ʜʫʙʠʥʘ 

ʛʦʨˁʝʛ ʩʣʦʿʘ ʠʟʤʝʨʝʥʘ ʤʝʪʨʦʤ  

ʆʨʠʛʠʥʘʣʥʘ 

ʤʝʪʦʜʘ 

ɟ1 [Ým] (ʧʝʩʘʢ) 1677,2 2164,85 

ɟ2 [Ým] (ʟʝʤˀʘ) 73,4 65,5 

h [cm] 4,5 4,14 

 ʆʜʩʪʫʧʘˁʘ [%] 

ȹɟ1 [Ým] (ʧʝʩʘʢ) / 29,1 

ȹɟ2 [Ým] (ʟʝʤˀʘ) / -10,8 

ȹh [cm] / -8 

 

ʊʘʙʝʣʘ 5.18 ï ʇʦʨʝʹʝˁʝ ʜʦʙʠʿʝʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʠʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʠ ʪʝʦʨʠʿʩʢʝ ʘʥʘʣʠʟʝ, ʟʘ 

ʤʝʨʝˁʘ ʥʘ ʜʚʦʩʣʦʿʥʦʤ ʤʦʜʝʣʫ ʜʫʞ ʜʨʫʛʝ (ʥʘʩʧʨʘʤʥʝ) ʧʦʜʫʞʥʝ ʩʪʨʘʥʝ ʩʪʘʢʣʝʥʦʛ ʩʫʜʘ 

 ʈʝʬʝʨʝʥʪʥʝ ʚʨʝʜʥʦʩʪʠ ï ʜʦʙʠʿʝʥʝ 

ʠʟ ʤʝʨʝˁʘ ʥʘ ʭʦʤʦʛʝʥʦʤ ʪʣʫ 

(ʦʜʝˀʮʠ 5.6.1 ʠ 5.6.2) ʠ ʜʫʙʠʥʘ 

ʛʦʨˁʝʛ ʩʣʦʿʘ ʠʟʤʝʨʝʥʘ ʤʝʪʨʦʤ  

ʆʨʠʛʠʥʘʣʥʘ 

ʤʝʪʦʜʘ 

ɟ1 [Ým] (ʧʝʩʘʢ) 1677,2 1356,1 

ɟ2 [Ým] (ʟʝʤˀʘ) 73,4 51,9 

h [cm] 4,5 5,4 

 ʆʜʩʪʫʧʘˁʘ [%] 

ȹɟ1 [%] (ʧʝʩʘʢ) / -19,1 

ȹɟ2 [%] (ʟʝʤˀʘ) / -29,3 

ȹh [%] / 20 

 

ʊʘʙʝʣʘ 5.19 ï ʇʦʨʝʹʝˁʝ ʜʦʙʠʿʝʥʠʭ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʠʟ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʠ ʪʝʦʨʠʿʩʢʝ ʘʥʘʣʠʟʝ, ʟʘ 

ʫʩʨʝʜˁʝʥʝ ʚʨʝʜʥʦʩʪʠ ʨʝʟʫʣʪʘʪʘ ʤʝʨʝˁʘ ʥʘ ʜʚʦʩʣʦʿʥʦʤ ʤʦʜʝʣʫ ʜʫʞ ʧʨʚʝ ʠ ʜʨʫʛʝ ʧʦʜʫʞʥʝ ʩʪʨʘʥʝ ʩʪʘʢʣʝʥʦʛ 

ʩʫʜʘ 

 ʈʝʬʝʨʝʥʪʥʝ ʚʨʝʜʥʦʩʪʠ ï ʜʦʙʠʿʝʥʝ 

ʠʟ ʤʝʨʝˁʘ ʥʘ ʭʦʤʦʛʝʥʦʤ ʪʣʫ 

(ʦʜʝˀʮʠ 5.6.1 ʠ 5.6.2) ʠ ʜʫʙʠʥʘ 

ʛʦʨˁʝʛ ʩʣʦʿʘ ʠʟʤʝʨʝʥʘ ʤʝʪʨʦʤ 

ʆʨʠʛʠʥʘʣʥʘ 

ʤʝʪʦʜʘ 

ɟ1 [Ým] (ʧʝʩʘʢ) 1677,2 1729,5 

ɟ2 [Ým] (ʟʝʤˀʘ) 73,4 59,9 

h [cm] 4,5 4,69 

 ʆʜʩʪʫʧʘˁʘ [%] 

ȹɟ1 [%] (ʧʝʩʘʢ) / 3,12 

ȹɟ2 [%] (ʟʝʤˀʘ) / -18,4 

ȹh [%] / 4,22 
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5.6.4.3 ʆʜʩʪʫʧʘˁʘ ʨʝʟʫʣʪʘʪʘ ʧʨʠʤʝʥʝ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʠ ʩʘʛʣʝʜʘʚʘˁʝ ʤʦʛʫ˂ʠʭ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʨʘʟʣʦʛʘ ʟʘ ʦʜʩʪʫʧʘˁʘ 

ʉʫʧʝʨʠʦʨʥʦʩʪ ʫ ʪʘʯʥʦʩʪʠ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʨʘʟʚʠʿʝʥʝ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʧʨʠ ʧʨʦʮʝʥʠ 

ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʩʘ ʪʘʥʢʠʤ ʛʦʨˁʠʤ ʩʣʦʿʝʤ ʚʠʩʦʢʝ ʚʨʝʜʥʦʩʪʠ ʩʧʝʮʠʬʠʯʥʝ 

ʦʪʧʦʨʥʦʩʪʠ ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʚʨʝʜʥʦʰ˂ʫ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʜʦˁʝʛ ʩʣʦʿʘ, ʫ ʦʜʥʦʩʫ ʥʘ 

ʘʥʘʣʠʪʠʯʢʠʭ ʤʦʜʝʣʘ, ʧʨʠʢʘʟʘʥʘ ʿʝ ʫ ʦʜʝˀʢʫ 4.4.3 ʥʘ ʧʨʠʤʝʨʫ ʩʠʥʪʝʪʠʯʢʦʛ ʪʣʘ. 

ʀʟ ʝʢʩʧʝʨʠʤʝʥʪʘ ʩʝ ʤʦʞʝ ʚʝʨʠʬʠʢʦʚʘʪʠ ʦʨʠʛʠʥʘʣʥʘ ʤʝʪʦʜʘ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ. 

ʈʝʟʫʣʪʘʪʠ ʠʟ ʊʘʙ. 5.19 ʧʦʢʘʟʫʿʫ ʜʘ ʝʩʪʠʤʠʨʘʥʝ ʚʨʝʜʥʦʩʪʠ ʧʘʨʘʤʝʪʘʨʘ ʜʦʙʠʿʝʥʠʭ ʧʨʠʤʝʥʦʤ 

ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ (ɟ1 = 1729,5 Ým, ɟ2 = 59,9 Ým ʠ h = 4,69 cm) ʫ ʦʜʥʦʩʫ ʥʘ ʩʪʚʘʨʥʝ 

ʧʘʨʘʤʝʪʨʝ (ɟ1 = 1677,2 Ým, ɟ2 = 73,4 Ým ʠ h = 4,5 cm) ʦʜʩʪʫʧʘʿʫ ʟʘ Dɟ1 = 3,12 %, Dɟ2 = -

18,4 % ʠ Dh = 4,22 %. 

 

5.7 ɿʘʢˀʫʯʘʢ 

ʅʘ ʦʩʥʦʚʫ ʠʩʢʫʩʪʚʘ ʪʦʢʦʤ ʠʟʚʦʹʝˁʘ ʝʢʩʧʝʨʠʤʝʥʘʪʘ ʤʦʛʫ ʩʝ ʥʘʚʝʩʪʠ ʬʘʢʪʦʨʠ ʢʦʿʠ ʫʪʠʯʫ 

ʥʘ ʚʨʝʜʥʦʩʪʠ ʜʦʙʠʿʝʥʝ ʤʝʨʝˁʠʤʘ, ʘ ʢʦʿʝ ʩʝ ʟʘʪʠʤ ʢʦʨʠʩʪʝ ʢʘʦ ʨʝʬʝʨʝʥʪʥʝ ʟʘ ʚʘʣʠʜʘʮʠʿʫ 

ʧʨʝʜʣʦʞʝʥʝ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ. 

¶ ʢʦʥʪʘʢʪʥʝ ʦʪʧʦʨʥʦʩʪʠ ʝʣʝʢʪʨʦʜʘ ʫ ʜʦʜʠʨʫ ʩʘ ʧʝʩʢʦʤ (ʥʠʿʝ ʚʘʨʠʨʘʥʘ ʜʫʞʠʥʘ 

ʫʙʘʜʘˁʘ ʝʣʝʢʪʨʦʜʘ, ʥʠʪʠ ʚʘʨʠʨʘʥʘ ʜʫʙʠʥʘ ʛʦʨˁʝʛ ʩʣʦʿʘ ʦʜ ʧʝʩʢʘ; ʧʦʧ-ʥʠʪʥʝ ʩʫ 

ʫʚʝʢ ʫʙʘʜʘʥʝ ʟʘ ʩʚʦʿʫ ʯʠʪʘʚʫ ʜʫʞʠʥʫ ʦʜ 2,7 cm; ʥʦ, ʜʫʞʠʥʘ ʝʣʝʢʪʨʦʜʘ ʫ ʦʜʥʦʩʫ 

ʥʘ ʜʝʙˀʠʥʫ ʛʦʨˁʝʛ ʩʣʦʿʘ ʩʚʘʢʘʢʦ ʙʠ ʫʪʠʮʘʣʘ ʥʘ ʤʝʨʝˁʘ ʠ ʪʦ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

ʰʪʦ ʙʠ ʝʣʝʢʪʨʦʜʝ ʙʠʣʝ ʜʫʞʝ ʫ ʦʜʥʦʩʫ ʥʘ ʛʦʨˁʠ ʩʣʦʿ, ʪʦ ʙʠ ʤʝʨʥʘ ʩʪʨʫʿʘ ʩʚʝ ʚʠʰʝ 

ʧʨʦʜʠʨʘʣʘ ʫ ʜʦˁʠ ʩʣʦʿ ʥʠʞʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʟʝʤˀʝ ʠ 

ʧʦʩʣʝʜʠʯʥʦ ʙʠ ʩʝ ʜʦʙʠʿʘʣʝ ʤʘˁʝ ʚʨʝʜʥʦʩʪʠ ʠʟʤʝʨʝʥʠʭ ʧʨʠʚʠʜʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ʫ 

ʦʜʥʦʩʫ ʥʘ ʩʣʫʯʘʿ ʢʘʜʘ ʙʠ ʝʣʝʢʪʨʦʜʝ ʙʠʣʝ ʢʨʘ˂ʝ ʫ ʦʜʥʦʩʫ ʥʘ ʜʝʙˀʠʥʫ ʛʦʨˁʝʛ 

ʩʣʦʿʘ; ʪʦ ʥʝ ʙʠ ʫʪʠʮʘʣʦ ʥʘ ʤʝʪʦʜʫ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ, ʿʝʨ ʩʝ ʫ FEM ʤʦʜʝʣʫ ʢʦʨʠʩʪʠ 

ʩʪʚʘʨʥʘ ʜʫʙʠʥʘ ʫʙʘʜʘˁʘ ʝʣʝʢʪʨʦʜʘ), 

¶ ʥʝʧʨʝʮʠʟʥʦʩʪʠʤʘ ʫ ʩʪʨʫʢʪʫʨʠ ʤʦʜʝʣʘ, ʪʿ. ʤʦʜʝʣ ʥʠʿʝ ʠʜʝʘʣʥʦ ʥʘʧʨʘʚˀʝʥ: ʩʣʦʿ ʦʜ 

ʧʝʩʢʘ ʥʠʿʝ ʠʜʝʘʣʘʥ ʭʦʨʠʟʦʥʪʘʣʘʥ ʢʚʘʜʘʨ ʥʘʜ ʠʜʝʘʣʥʠʤ ʭʦʨʠʟʦʥʪʘʣʥʠʤ ʢʚʘʜʨʦʤ 

ʦʜ ʟʝʤˀʝ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ (ʚʠʜʝʪʠ ʩʣʠʢʫ ʉʣ. 5.22), 

¶ ʧʦʪʝʥʮʠʿʘʣʥʠʭ ʥʝʭʦʤʦʛʝʥʦʩʪʠ ʫ ʧʦʛʣʝʜʫ ʤʝʭʘʥʠʯʢʝ ʩʘʙʠʿʝʥʦʩʪʠ, ʢʘʢʦ ʧʝʩʢʘ, 
ʪʘʢʦ ʠ ʟʝʤˀʝ ʠʩʧʦʜ ʧʝʩʢʘ, ʘ ʧʦʩʣʝʜʠʯʥʦ ʠ ʘʥʠʟʦʪʨʦʧʥʦʩʪʠ ʫ ʧʦʛʣʝʜʫ ʩʧʝʮʠʬʠʯʥʝ 

ʦʪʧʦʨʥʦʩʪʠ, 

¶ ʧʦʪʝʥʮʠʿʘʣʥʠʭ ʣʦʢʘʣʥʠʭ ʥʝʩʘʚʨʰʝʥʦʩʪʠ ʫ ʧʝʩʢʫ ʢʦʿʝ ʦʩʪʘʿʫ ʥʘʢʦʥ ʧʦʙʘʜʘˁʘ 
ʝʣʝʢʪʨʦʜʘ ʟʘ ʿʝʜʥʦ ʤʝʹʫʩʦʙʥʦ ʨʘʩʪʦʿʘˁʝ, ʧʘ ʩʝ ʧʦʪʦʤ ʠʟʚʘʜʝ ʠ ʧʦʙʦʜʫ ʟʘ ʥʘʨʝʜʥʦ 

ʤʝʹʫʩʦʙʥʦ ʨʘʩʪʦʿʘˁʝ (ʫ ʩʚʠʤ ʦʜʝˀʮʠʤʘ, ʤʝʨʝˁʘ ʩʫ ʚʨʰʝʥʘ ʫʚʝʢ ʦʜ ʤʘˁʠʭ ʢʘ 

ʚʝ˂ʠʤ ʤʝʹʫʩʦʙʥʠʤ ʨʘʩʪʦʿʘˁʠʤʘ ʠʟʤʝʹʫ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ) ʠ 

¶ ʧʦʪʝʥʮʠʿʘʣʥʦ ʣʦʰ ʫʛʘʦ ʧʨʠʣʠʢʦʤ ʫʙʘʜʘˁʘ ʝʣʝʢʪʨʦʜʘ, ʦʜʥʦʩʥʦ ʧʦʤʝʨʘˁʝ 

ʝʣʝʢʪʨʦʜʘ ʫʩʣʝʜ ʧʦʚʣʘʯʝˁʘ ʤʝʨʥʠʤ ʢʘʙʣʦʚʠʤʘ ʥʘʢʦʥ ʫʙʘʜʘˁʘ, ʰʪʦ ʩʝ ʧʨʠ 

ʠʟʚʦʹʝˁʫ ʥʝʢʠʭ ʦʜ ʤʝʨʝˁʘ ʥʠʿʝ ʤʦʛʣʦ ʠʟʙʝ˂ʠ, ʿʝʨ ʝʣʝʢʪʨʦʜʝ ʥʠʩʫ ʤʦʛʣʝ ʙʠʪʠ 

ʫʙʦʜʝʥʝ ʯʚʨʩʪʦ ʠ ʩʪʘʙʠʣʥʦ ʫ ʨʘʩʪʨʝʩʠʪ ʧʝʩʘʢ, ʚʝ˂ ʙʠ ʩʝ ʙʣʘʛʦ ʧʦʤʝʨʠʣʝ, ʪʘʢʦ ʜʘ 

ʥʠʩʫ ʩʚʝ ʝʣʝʢʪʨʦʜʝ ʟʘ ʩʚʘ ʤʝʨʝˁʘ ʙʠʣʝ ʥʠ ʠʜʝʘʣʥʦ ʚʝʨʪʠʢʘʣʥʝ ʥʠ ʫ ʠʜʝʘʣʥʦʤ 

ʢʦʥʪʘʢʪʫ ʩʘ ʧʝʩʢʦʤ 

ʄʝʨʥʝ ʚʨʝʜʥʦʩʪʠ ʩʘ ʜʫʞ ʿʝʜʥʝ ʠ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʫʩʨʝʜˁʝʥʝ ʩʫ, ʢʘʦ ʥʘʯʠʥ ʜʘ ʩʝ ʙʘʨ ʥʝʢʝ 

ʦʜ ʧʦʤʝʥʫʪʠʭ ʤʦʛʫ˂ʠʭ ʧʦʪʝʰʢʦ˂ʘ ʫʙʣʘʞʝ. 

ʅʘ ʦʩʥʦʚʫ ʠʟʣʦʞʝʥʦʛ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʧʨʦʚʝʨʘ ʥʘ ʫʤʘˁʝʥʦʤ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʤʦʜʝʣʫ 

ʩʝ ʤʦʞʝ ʦʢʘʨʘʢʪʝʨʠʩʘʪʠ ʢʘʦ ʫʩʧʝʰʥʘ. ʇʦʜʩʝʪʠʤʦ ʜʘ ʿʝ ʤʝʪʦʜʘ ʟʘʧʨʘʚʦ ʜʦʢʘʟʘʥʘ ʫ ʦʜʝˀʢʫ 4.5, 
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ʫ ʜʝʣʫ ʢʦʿʠ ʩʝ ʦʜʥʦʩʠ ʥʘ ʩʠʥʪʝʪʠʯʢʘ ʪʣʘ. ʋ ʪʠʤ ʘʥʘʣʠʟʘʤʘ ʚʨʝʜʥʦʩʪʠ ʢʦʿʝ ʩʝ ʜʦʙʠʿʘʿʫ 

ʤʝʨʝˁʠʤʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʩʫ ʜʦʙʠʿʝʥʝ ʧʦʤʦ˂ʫ FEM ʩʠʤʫʣʘʮʠʿʘ, ʢʦʿʝ ʧʨʝʜʩʪʘʚˀʘʿʫ ʚʝʨʥʠ 

ʜʠʛʠʪʘʣʥʫ ʩʣʠʢʫ (ʜʠʛʠʪʘʣʥʠ ʙʣʠʟʘʥʘʮ) ʩʪʚʘʨʥʦʛ ʩʠʩʪʝʤʘ. FEM ʩʠʤʫʣʘʮʠʿʝ ʥʝ ʦʧʠʩʫʿʫ 

ʧʨʘʢʪʠʯʥʝ ʘʩʧʝʢʪʝ ʢʘʜ ʩʝ ʦʨʠʛʠʥʘʣʥʘ ʤʝʪʦʜʘ ʧʨʠʤʝˁʫʿʝ ʥʘ ʤʝʨʝˁʘ ʥʘ ʬʠʟʠʯʢʦʤ ʪʣʫ. 

ɽʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʧʨʦʚʝʨʘ ʥʘ ʫʤʘˁʝʥʦʤ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʤʦʜʝʣʫ ʿʝ ʦʤʦʛʫ˂ʠʣʘ ʜʘ ʩʝ ʩʘʛʣʝʜʘʿʫ 

ʥʝʢʠ ʦʜ ʠʟʘʟʦʚʘ ʢʦʿʠ ʩʝ ʧʦʿʘʚˀʫʿʫ ʪʦʢʦʤ ʨʝʘʣʥʠʭ ʤʝʨʝˁʘ. 
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6 ʇʆɹʆɲʐɸɳɽ ʄɽʊʆɼɽ ɿɸ ʀɿʈɸʏʋʅɸɺɸɳɽ ʅɸʇʆʅɸ ɼʆɼʀʈɸ 
ʇʈʀʄɽʅʆʄ FEM  

6.1 ʋʚʦʜ 

ɱʝʜʥʦ ʦʜ ʧʠʪʘˁʘ ʢʦʿʘ ʩʫ ʩʝ ʦʪʚʦʨʠʣʘ ʪʦʢʦʤ ʠʩʪʨʘʞʠʚʘˁʘ ʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʤʝʨʝˁʘ 

ʥʘ ʧʦʣʠʛʦʥʠʤʘ ʩʘ ʧʫʩʪʠˁʩʢʠʤ ʪʠʧʦʚʠʤʘ ʪʣʘ ʫ ʋɸɽ [6], ʢʘʦ ʠ ʪʦʢʦʤ ʬʦʨʤʠʨʘˁʘ ʪʝʭʥʠʯʢʠʭ 

ʧʨʝʧʦʨʫʢʘ ʟʘ ʫʟʝʤˀʠʚʘʯʢʝ ʩʠʩʪʝʤʝ ʢʦʿʝ ʩʫ ʩʣʝʜʠʣʝ [90], ʿʝ ʥʘʯʠʥ ʦʜʨʝʹʠʚʘˁʘ ʥʘʧʦʥʘ ʜʦʜʠʨʘ. 

ʇʦʢʘʟʘʣʦ ʩʝ ʜʘ ʫʧʨʦʰ˂ʝˁʘ ʢʦʿʘ ʩʝ ʧʨʠʤʝˁʫʿʫ ʫ ʧʦʩʪʫʧʢʫ ʫ ʤʝʹʫʥʘʨʦʜʥʠʤ ʩʪʘʥʜʘʨʜʠʤʘ 

ʜʦʚʦʜʝ ʜʦ ʧʨʠʤʝʪʥʦʛ ʛʫʙʠʪʢʘ ʪʘʯʥʦʩʪʠ ʠʟʨʘʯʫʥʘʪʦʛ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʫ ʩʣʫʯʘʿʫ ʜʘ ʧʦʩʪʦʿʠ ʪʘʥʘʢ 

ʛʦʨˁʠ ʩʣʦʿ ʯʠʿʘ ʿʝ ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʤʥʦʛʦ ʚʝ˂ʘ ʦʜ ʚʨʝʜʥʦʩʪʠ ʟʘ ʪʣʦ ʠʩʧʦʜ 

ʛʦʨˁʝʛ ʩʣʦʿʘ.  

ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʩʝ ʧʨʠʢʘʟʫʿʝ ʦʩʪʚʘʨʝʥʠ ʜʦʧʨʠʥʦʩ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʫ 

ʥʘʚʝʜʝʥʦʤ ʩʣʫʯʘʿʫ ʪʘʥʢʦʛ ʧʦʚʨʰʠʥʩʢʦʛ ʩʣʦʿʘ ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ. 

ɼʦʧʨʠʥʦʩ ʠʤʘ ʰʠʨʠ ʟʥʘʯʘʿ, ʦʜʥʦʩʥʦ ʟʘ ʙʠʣʦ ʢʘʢʚʦ ʪʣʦ, ʟʘ ʩʚʝ ʩʣʫʯʘʿʝʚʝ ʢʘʜʘ ʩʝ ʥʘ ʧʦʚʨʰ 

ʥʘʩʠʧʘ ʜʦʜʘʪʥʠ ʧʦʚʨʰʠʥʩʢʠ ʤʘʪʝʨʠʿʘʣʘ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ. ʆʚʦ ʿʝ ʤʝʨʘ ʢʦʿʦʤ ʩʝ 

ʥʘ ʝʢʦʥʦʤʠʯʘʥ ʥʘʯʠʥ ʤʦʞʝ ʨʝʘʣʠʟʦʚʘʪʠ ʩʠʩʪʝʤ ʫʟʝʤˀʝˁʘ ʢʦʿʠ ʠʩʧʫˁʘʚʘ ʟʘʭʪʝʚʝ ʙʝʟʙʝʜʥʦʩʪʠ 

ʦʜ ʩʪʨʫʿʥʦʛ ʫʜʘʨʘ. ɸʥʘʣʠʟʝ ʠ ʫʥʘʧʨʝʹʝˁʝ ʩʫ ʠʟʚʨʰʝʥʠ ʢʦʨʠʰ˂ʝˁʝʤ ʤʝʪʦʜʝ ʢʦʥʘʯʥʠʭ 

ʝʣʝʤʝʥʘʪʘ (FEM). ɱʦʰ ʿʝʜʥʦʤ ʩʝ ʧʦʢʘʟʘʣʘ ʩʥʘʛʘ ʦʚʦʛ ʧʨʠʩʪʫʧʘ, ʢʦʿʠʤ ʩʝ ʦʩʪʚʘʨʠʣʘ ʚʝʨʥʘ 

ʜʠʛʠʪʘʣʥʘ ʨʝʧʣʠʢʘ ʩʠʩʪʝʤʘ ʢʦʿʠ ʯʠʥʝ ʫʟʝʤˀʠʚʘʯ, ʩʪʨʫʿʘ ʫʟʝʤˀʠʚʘʯʘ, ʪʣʦ, ʩʪʦʧʘʣʘ ʯʦʚʝʢʘ, 

ˀʫʜʩʢʦ ʪʝʣʦ. 

ʇʨʦʨʘʯʫʥʠ ʢʦʨʠʰ˂ʝˁʝʤ FEM-ʘ ʩʫ ʠʟʚʝʜʝʥʠ ʟʘ ʥʠʟ ʩʠʩʪʝʤʘ ʫʟʝʤˀʝˁʘ ʢʦʿʠ ʩʝ 

ʧʨʠʤʝˁʫʿʫ ʫ ʧʨʘʢʩʠ ʟʘ ʜʠʩʪʨʠʙʫʪʠʚʥʝ ʥʘʜʟʝʤʥʝ ʚʦʜʦʚʝ.  

ʋ ʦʜʝˀʢʫ 2.3 ʜʘʪ ʿʝ ʧʨʝʛʣʝʜ ʣʠʪʝʨʘʪʫʨʝ ʫ ʚʝʟʠ ʩʘ ʤʝʪʦʜʘʤʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʥʘʧʦʥʘ 

ʜʦʜʠʨʘ. ʋ ʜʝʣʫ ʜʠʩʝʨʪʘʮʠʿʝ ʫ ʢʦʤʝ ʩʝ ʜʘʿʝ ʧʨʝʛʣʝʜ ʣʠʪʝʨʘʪʫʨʝ, ʪʘʯʥʠʿʝ ʫ ʦʜʝˀʢʫ 2.3.1, 

ʜʝʪʘˀʥʠʿʝ ʿʝ ʧʨʠʢʘʟʘʥ ʧʨʠʩʪʫʧ ʫ IEEE ʩʪʘʥʜʘʨʜʫ 80 [10] ʠ ʥʘʿʟʥʘʯʘʿʥʠʿʝ ʘʥʘʣʠʪʠʯʢʝ ʬʦʨʤʫʣʝ 

ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʫ ʩʪʘʥʜʘʨʜʥʦʿ ʠʥʞʝˁʝʨʩʢʦʿ ʧʨʘʢʩʠ. 

ʉʚʝ ʜʘˀʝ ʘʥʘʣʠʟʝ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʩʝ ʟʘʩʥʠʚʘʿʫ ʥʘ ʩʣʝʜʝ˂ʝ ʜʚʝ ʫʩʚʦʿʝʥʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ: 

1) ʠʤʧʝʜʘʥʩʘ ʪʝʣʘ ʫʟʠʤʘ ʩʝ ʜʘ ʿʝ ʢʦʥʩʪʘʥʪʥʘ ʠ ʠʟʥʦʩʠ 1000 Ý ʠ 

2) ʟʘʥʝʤʘʨʝʥʠ ʩʫ ʢʦʥʪʘʢʪʥʠ ʦʪʧʦʨʠ ʠʟʤʝʹʫ ʫʟʝʤˀʠʚʘʯʘ ʠ ʪʣʘ, ʠʟʤʝʹʫ ʨʫʢʫ ʠ 
ʤʝʩʪʘ ʜʦʜʠʨʘ, ʠ ʠʟʤʝʹʫ ʩʪʦʧʘʣʘ ʠ ʩʪʘʿʥʠʭ ʪʘʯʘʢʘ. 

ʋ ʤʦʜʝʣ ʥʠʿʝ ʫʢˀʫʯʝʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʦʙʫ˂ʝ. 

ʌʦʢʫʩ ʫ ʘʥʘʣʠʟʠ ʿʝ ʨʘʩʧʦʜʝʣʘ ʩʪʨʫʿʝ ʫ ʦʢʦʣʠʥʠ ʫʟʝʤˀʠʚʘʯʘ ʠ ʫ ʦʢʦʣʠʥʠ ʩʪʦʧʘʣʘ, 

ʦʜʥʦʩʥʦ ˁʠʭʦʚ ʧʦʩʣʝʜʠʯʥʠ ʫʪʠʮʘʿ ʥʘ ʥʘʧʦʥ ʜʦʜʠʨʘ. ɼʘʢʣʝ, ʨʝʰʘʚʘˁʝ ʨʘʩʧʦʜʝʣʝ ʩʪʨʫʿʝ ʫ 

ʜʠʩʝʨʪʘʮʠʿʠ ʨʝʰʘʚʘ ʿʝʜʥʦ ʚʘʞʥʦ ʪʝʭʥʠʯʢʦ ʧʠʪʘˁʝ ʫ ʚʝʟʠ ʩʘ ʥʘʧʦʥʦʤ ʜʦʜʠʨʘ. ʇʨʠʪʦʤ, 

ʚʨʝʜʥʦʩʪʠ ʠʤʧʝʜʘʥʩʝ ʪʝʣʘ, ʢʦʥʪʘʢʪʥʠʭ ʦʪʧʦʨʥʦʩʪʠ ʠ ʦʪʧʦʨʥʦʩʪʠ ʦʙʫ˂ʝ ʬʠʢʩʠʨʘʥʠ ʩʫ ʠ 

ʪʨʝʪʠʨʘʥʠ ʥʘ ʧʨʝʪʭʦʜʥʦ ʠʟʣʦʞʝʥʠ ʥʘʯʠʥ. ɳʠʭʦʚ ʫʪʠʮʘʿ ʿʝ ʧʦʩʝʙʥʘ ʪʝʤʘ, ʢʦʿʘ ʿʝʩʪʝ ʦʜ 

ʠʥʪʝʨʝʩʘ ʟʘ ʥʘʧʦʥ ʜʦʜʠʨʘ, ʘʣʠ ʧʨʝʚʘʟʠʣʘʟʠ ʦʢʚʠʨʝ ʜʠʩʝʨʪʘʮʠʿʝ. 

ʋ ʧʦʛʣʘʚˀʫ ʿʝ ʠʩʧʠʪʘʥʘ ʪʘʯʥʦʩʪ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʝ ʤʝʪʦʜʝ, ʪʿ. ʧʨʠʩʪʫʧʘ ʫ ʢʦʿʝʤ ʿʝ ʛʣʘʚʥʘ 

ʧʨʝʪʧʦʩʪʘʚʢʘ ʜʘ ʿʝ Rʝʢʚ. ʿʝʜʥʘʢʦ ʩʘ Rʩʪʦʧʘʣʦ/2. ʈʝʟʫʣʪʘʪʠ ʠʟ ʥʘʚʝʜʝʥʝ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʝ ʤʝʪʦʜʝ 

ʙʠ˂ʝ ʫʧʦʨʝʹʝʥʠ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʜʝʪʘˀʥʦʛ ʬʠʟʠʯʢʦʛ ʤʦʜʝʣʘ, ʧʨʠʢʘʟʘʥʦʛ ʥʘ ʧʨʠʤʝʨʫ 

ʿʝʜʥʦʩʪʘʚʥʝ ʰʠʧʢʝ ʟʘ ʫʟʝʤˀʝˁʝ ʫ ʦʜʝˀʢʫ 6.2. ʂʘʦ ʰʪʦ ˂ʝ ʩʝ ʚʠʜʝʪʠ, ʨʝʟʫʣʪʘʪʠ ʧʨʠʤʝʥʝ FEM 

ʩʦʬʪʚʝʨʩʢʦʛ ʘʣʘʪʘ ʟʘ ʨʝʰʘʚʘˁʝ ʿʝʜʥʘʯʠʥʘ ʢʦʿʝ ʦʜʛʦʚʘʨʘʿʫ ʜʝʪʘˀʥʦʤ ʬʠʟʠʯʢʦʤ ʤʦʜʝʣʫ 

ʧʦʪʚʨʹʫʿʫ ʜʘ ʿʝ ʧʨʠʤʝʥʘ ʤʝʪʦʜʘ ʠʟ [10] ʠ [65] ʧʨʠʭʚʘʪˀʠʚʘ ʫ ʧʨʘʢʩʠ. ʆʚʦ ʿʝ ʛʝʥʝʨʘʣʥʦ ʫ 

ʩʢʣʘʜʫ ʩʘ ʜʠʩʢʫʩʠʿʦʤ ʠʟ [67], ʛʜʝ ʩʝ ʥʘʚʦʜʠ ʜʘ ʿʝ ʟʘ ʚʝ˂ʠʥʫ ʨʝʘʣʥʠʭ ʩʠʩʪʝʤʘ ʫʟʝʤˀʝˁʘ 

ʛʨʝʰʢʘ ʫʟʨʦʢʦʚʘʥʘ ʛʦʨʝ ʧʦʤʝʥʫʪʠʤ ʧʦʿʝʜʥʦʩʪʘʚˀʝˁʝʤ ʤʘˁʘ ʦʜ 2%. ɸʥʘʣʠʟʝ ʫ ʦʚʦʤ 

ʧʦʛʣʘʚˀʫ ʧʦʢʘʟʘʣʝ ʩʫ ʜʘ ʛʣʘʚʥʘ ʨʘʯʫʥʩʢʘ ʛʨʝʰʢʘ ʥʘʩʪʘʿʝ ʫʩʣʝʜ ʟʘʥʝʤʘʨʠʚʘˁʘ ʤʝʹʫʩʦʙʥʝ 

ʦʪʧʦʨʥʦʩʪʠ ʠʟʤʝʹʫ ʜʚʘ ʩʪʦʧʘʣʘ. 
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ʀʟʚʨʰʝʥʝ ʩʫ ʘʥʘʣʠʟʝ ʥʘ ʥʠʟʫ ʨʝʘʣʥʠʭ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ, ʧʨʝʜʩʪʘʚˀʝʥʠʭ ʫ ʦʜʝˀʢʫ 

6.4. ʇʨʝ ʦʚʠʭ ʘʥʘʣʠʟʘ, ʠʟʚʨʰʝʥ ʿʝ ʧʨʦʨʘʯʫʥ ʢʘʢʦ ʙʠ ʩʝ ʨʝʟʫʣʪʘʪʠ ʧʨʠʩʪʫʧʘ ʩʘ ʧʨʠʤʝʥʦʤ FEM 

ʩʦʬʪʚʝʨʩʢʦʛ ʘʣʘʪʘ ʧʨʦʚʝʨʠʣʠ ʧʦʨʝʹʝˁʝʤ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʟʘ ʩʣʫʯʘʿ ʢʦʿʠ ʿʝ ʨʘʟʤʦʪʨʝʥ ʫ 

ʨʝʬʝʨʝʥʮʠ [91]. 

 

6.2 ɼʝʪʘˀʘʥ ʬʠʟʠʯʢʠ ʤʦʜʝʣ ʟʘ ʥʘʧʦʥ ʜʦʜʠʨʘ ʫ FEM  

ʇʨʚʠ ʤʦʜʝʣ ʟʘ ʧʨʠʤʝʥʫ ʫ FEM ʩʦʬʪʚʝʨʫ ʿʝ ʨʝʘʣʠʟʦʚʘʥ ʟʘ ʩʣʫʯʘʿ ʮʠʣʠʥʜʨʠʯʥʝ ʝʣʝʢʪʨʦʜʝ 

ʟʘ ʫʟʝʤˀʝˁʝ ʢʦʿʘ ʿʝ ʧʦʙʦʜʝʥʘ ʫ ʭʦʤʦʛʝʥʦ ʪʣʦ, ʫ ʩʣʦʿ ʜʦʜʘʪʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʧʦʙʦˀʰʘʚʘˁʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ (GEM), ʫʟ ʧʨʠʩʫʩʪʚʦ ʜʦʜʘʪʥʦʛ ʧʦʚʨʰʠʥʩʢʠ ʥʘʩʫʪʦʛ ʤʘʪʝʨʠʿʘʣʘ ʚʠʩʦʢʝ 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ. ʉʢʠʮʘ ʤʦʜʝʣʘ (ʤʦʜʝʣ ʢʦʿʠ ʥʠʿʝ ʫ ʨʘʟʤʝʨʠ) ʿʝ ʧʨʠʢʘʟʘʥʘ ʉʣ. 6.1. 

ʉʚʠ FEM ʤʦʜʝʣʠ ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʠʟʨʘʹʝʥʠ ʩʫ ʢʘʦ 3ɼ ʤʦʜʝʣʠ ʫ ʩʦʬʪʚʝʨʫ COMSOL 

Multiphysics [17]. 

 

Ăʅʦʨʤʘʣʥʠñ ʜʦʤʝʥ

Ăɹʝʩʢʦʥʘʯʥʠñ ʜʦʤʝʥ

I͍͊ͪ͊͟  = 1000 A

RB  = 1000 ʍ

ʊʘʯʢʘ ʜʦʜʠʨʘ

ʊʘʯʢʝ ʩʪʘʿʘˁʘ

(ʩʪʦʧʘʣʘ)

ɹʘʢʘʨʥʘ ʧʣʦʯʘ

ʋʟʝʤˀʠʚʘʯʢʘ ʮʝʚ ʩʘ 

ʜʦʜʘʪʥʠʤ ʤʘʪʝʨʠʿʘʣʦʤ 

(GEM)

ʈʝʬʝʨʝʥʪʥʘ 

ʟʝʤˀʘ (G = 0 V)

ʅʘʩʫʪʠ ʩʣʦʿ ï ́s

ʍʦʤʦʛʝʥʘ ʟʝʤˀʘ ï ́

 

ʉʣ. 6.1 ï ʐʝʤʘʪʩʢʠ ʧʨʠʢʘʟ ʬʠʟʠʯʢʦʛ ʤʦʜʝʣʘ ʟʘ ʧʨʦʨʘʯʫʥ ʥʘʧʦʥʘ ʜʦʜʠʨʘ 

ʉʪʨʫʿʘ ʿʘʯʠʥʝ 1000 ɸ ʢʦʿʘ ʧʨʦʪʠʯʝ ʢʨʦʟ ʟʝʤˀʦʚʦʜ ʜʦʚʦʜʠ ʩʝ ʜʦ ʪʘʯʢʝ ʜʦʜʠʨʘ, ʛʜʝ ʩʝ 

ʜʝʣʠ ʥʘ ʜʚʝ ʢʦʤʧʦʥʝʥʪʝ. 

ʇʨʚʘ ʢʦʤʧʦʥʝʥʪʘ ʩʪʨʫʿʝ ʢʚʘʨʘ ï Iʫʟʝʤˀʠʚʘʯʘ ï ʩʧʫʰʪʘ ʩʝ ʦʜ ʪʘʯʢʝ ʜʦʜʠʨʘ ʛʘʣʚʘʥʩʢʦʤ ʚʝʟʦʤ 

ʜʦ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ, ʘ ʥʘʜʘˀʝ ʧʨʝʢʦ ʧʦʚʨʰʠʥʝ ʝʣʝʢʪʨʦʜʘ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ (ʫ 

ʦʚʦʤ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʦʤ ʩʣʫʯʘʿʫ ʫʟʝʤˀʠʚʘʯʢʝ ʮʝʚʠ) ʫʙʨʠʟʛʘʚʘ ʫ ʦʢʦʣʥʦ ʟʝʤˀʠʰʪʝ. ʎʝʚʠ, ʢʘʦ 
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ʠ ʩʚʠ ʜʨʫʛʠ ʪʠʧʦʚʠ ʩʠʩʪʝʤʘ ʫʟʝʤˀʝˁʘ ʫ ʜʠʩʝʨʪʘʮʠʿʠ, ʫ FEM ʤʦʜʝʣʫ ʨʝʘʣʠʟʦʚʘʥʠ ʩʫ ʢʘʦ 

ʰʫʧˀʠ. ʉʧʦˀʘʰˁʘ ʧʦʚʨʰ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ ʫ ʜʦʜʠʨʫ ʩʘ ʦʢʦʣʥʠʤ ʪʣʦʤ ʿʝ 

ʝʢʚʠʧʦʪʝʥʮʠʿʘʣʥʘ ʠ ʧʨʝʜʩʪʘʚˀʘ ʪʝʨʤʠʥʘʣ ʟʘ ʠʥʿʝʢʪʠʨʘˁʝ ʩʪʨʫʿʝ Iʫʟʝʤˀʠʚʘʯʘ ʫ ʪʣʦ. 

ɼʨʫʛʘ ʢʦʤʧʦʥʝʥʪʘ ʩʪʨʫʿʝ ʢʚʘʨʘ ï Iʪʝʣʘ ï ʫʙʨʠʟʛʘʚʘ ʩʝ ʫ ʪʘʯʢʠ ʜʦʜʠʨʘ ʫ ʪʝʣʦ ʦʩʦʙʝ ʢʦʿʘ 

ʜʦʜʠʨʫʿʝ ʠʟʣʦʞʝʥʠ ʝʣʝʢʪʨʦʧʨʦʚʦʜʥʠ ʜʝʦ ʦʧʨʝʤʝ. ɲʫʜʩʢʦ ʪʝʣʦ ʿʝ ʫ FEM ʩʦʬʪʚʝʨʫ 

ʤʦʜʝʣʦʚʘʥʦ ʢʘʦ ʢʦʮʢʘ ʣʠʥʝʘʨʥʠʭ ʜʠʤʝʥʟʠʿʘ 1 m ʠ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʦʜ 

1000 ɋm. ɼʨʫʛʘ ʢʦʤʧʦʥʝʥʪʘ ʩʪʨʫʿʝ ʢʚʘʨʘ ʜʘʢʣʝ ʪʝʯʝ ʦʜ ʪʘʯʢʝ ʜʦʜʠʨʘ, ʫʣʘʟʠ ʫ ʢʦʮʢʫ ʢʦʿʦʤ ʿʝ 

ʤʦʜʝʣʦʚʘʥʦ ˀʫʜʩʢʦ ʪʝʣʦ ʧʨʝʢʦ ʛʦʨˁʝ ʧʦʚʨʰʠʥʝ ʢʦʮʢʝ ʠ ʪʝʯʝ ʥʘʥʠʞʝ. ʀʩʧʦʜ ʢʦʮʢʝ ʩʝ ʥʘʣʘʟʠ 

ʙʘʢʘʨʥʘ ʧʣʦʯʘ ʜʠʤʝʥʟʠʿʘ 1 m × 1 m × 0,05 m. ʅʘ ʛʦʨˁʦʿ ʧʦʚʨʰʠ ʿʝ ʟʘʜʘʪ ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ 

ʪʝʨʤʠʥʘʣʘ ʟʘ ʠʥʿʝʢʪʠʨʘˁʝ ʩʪʨʫʿʝ. ʅʘʢʦʥ ʧʦʩʪʘʚˀʘˁʘ ʙʘʢʘʨʥʝ ʧʣʦʯʝ ʠʩʧʦʜ ʢʦʮʢʝ, ʟʘ 

ʧʨʝʪʭʦʜʥʦ ʦʧʠʩʘʥʠ ʟʘʜʘʪʠ ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ ʥʘ ʛʦʨˁʦʿ ʧʦʚʨʰʠ, ʦʙʝʟʙʝʹʝʥʦ ʿʝ ʜʘ ʨʘʩʧʦʜʝʣʘ 

ʩʪʨʫʿʝ ʧʦ ʩʚʘʢʦʤ ʦʜ ʭʦʨʠʟʦʥʪʘʣʥʠʭ ʧʨʝʩʝʢʘ ʢʦʮʢʝ ʙʫʜʝ ʫʥʠʬʦʨʤʥʘ. ɼʘˀʝ, ʙʘʢʘʨʥʘ ʧʣʦʯʘ 

ʣʝʞʠ ʥʘ ʜʚʘ ʤʝʪʘʣʥʘ ʜʠʩʢʘ ʧʦʣʫʧʨʝʯʥʠʢʘ b = 8 cm ʠ ʚʠʩʠʥʝ 5 cm. ʆʩʦʚʠʥʝ ʦʚʠʭ ʜʠʩʢʦʚʘ ʩʫ 

ʧʦʩʪʘʚˀʝʥʝ ʥʘ ʤʝʹʫʩʦʙʥʦ ʨʘʩʪʦʿʘˁʝ ʦʜ 30 cm, ʜʘ ʙʠ ʩʝ ʤʦʜʝʣʦʚʘʣʦ ʥʦʨʤʘʣʥʦ ʧʨʦʩʝʯʥʦ 

ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʩʪʦʧʘʣʘ. ʂʦʤʧʦʥʝʥʪʘ ʩʪʨʫʿʝ ʢʚʘʨʘ ʢʨʦʟ ʪʝʣʦ, ʥʘʢʦʥ ʰʪʦ ʧʨʦʹʝ ʢʨʦʟ ʢʦʮʢʫ, 

ʪʝʯʝ ʠʟ ʙʘʢʘʨʥʝ ʧʣʦʯʝ ʧʨʝʢʦ ʜʚʘ ʧʦʤʝʥʫʪʘ ʮʠʣʠʥʜʨʘ, ʢʦʿʠʤʘ ʩʝ ʤʦʜʝʣʫʿʫ ʩʪʦʧʘʣʘ ʦʩʦʙʝ, ʫ 

ʧʦʚʨʰʠʥʩʢʠ ʤʘʪʝʨʠʿʘʣ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʠ ʦʜʘʪʣʝ ʫ ʦʢʦʣʥʦ 

ʟʝʤˀʠʰʪʝ. ʇʘʜ ʧʦʪʝʥʮʠʿʘʣʘ ʥʘ ʙʘʢʘʨʥʦʿ ʧʣʦʯʠ ʠ ʜʚʘ ʮʠʣʠʥʜʨʘ ʿʝ ʟʘʥʝʤʘʨˀʠʚ ʟʙʦʛ ʚʝʣʠʢʝ 

ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʧʨʦʚʦʜʥʦʩʪʠ ʙʘʢʨʘ. 

ɼʚʝ ʢʦʤʧʦʥʝʥʪʝ ʩʪʨʫʿʝ, ʦʧʠʩʘʥʝ ʫ ʪʝʢʩʪʫ ʠʟʥʘʜ, ʟʘʪʠʤ ʪʝʢʫ ʢʨʦʟ ʧʨʚʠ ʜʝʦ ʥʦʨʤʘʣʥʦʛ 

ʜʦʤʝʥʘ (ʤʦʜʝʣʦʚʘʥ ʢʘʦ ʧʦʣʫʣʦʧʪʘ ʧʦʣʫʧʨʝʯʥʠʢʘ 30 m), ʘ ʟʘʪʠʤ ʠ ʢʨʦʟ ʪʘʢʦʟʚʘʥʠ ʙʝʩʢʦʥʘʯʘʥ 

ʜʦʤʝʥ (ʦʤʦʪʘʯ, ʦʜʥʦʩʥʦ ˀʫʩʢʘ, ʜʝʙˀʠʥʝ 10 m ʦʢʦ ʥʦʨʤʘʣʥʦʛ ʜʦʤʝʥʘ). ɹʝʩʢʦʥʘʯʘʥ ʜʦʤʝʥ 

ʩʣʫʞʠ ʟʘ ʠʤʠʪʘʮʠʿʫ ʙʝʩʢʦʥʘʯʥʦʛ ʧʨʦʩʪʠʨʘˁʘ ʪʣʘ/ʜʦʤʝʥʘ. 

ʇʨʝʤʘ ʘʥʘʣʠʪʠʯʢʦʿ ʬʦʨʤʫʣʠ ʟʘ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʧʦʣʫʣʦʧʪʘʩʪʝ ʝʣʝʢʪʨʦʜʝ 

ʫʢʦʧʘʥʝ ʫ ʪʣʦ (ʪʘʢʦ ʜʘ ʨʘʚʥʘ ʧʦʚʨʰʠʥʘ ʧʦʣʫʣʦʧʪʝ ʙʫʜʝ ʧʦʨʘʚʥʘʪʘ ʩʘ ʥʠʚʦʦʤ ʦʢʦʣʥʦʛ ʪʣʘ), 

ʙʠʣʦ ʙʠ ʧʦʪʨʝʙʥʦ ʜʘ ʧʦʣʫʣʦʧʪʘʩʪʠ ʜʦʤʝʥ ʢʦʿʠʤ ʩʝ ʤʦʜʝʣʫʿʝ ʪʣʦ ʦʢʦ ʝʣʝʢʪʨʦʜʝ ʙʫʜʝ ʥʘʿʤʘˁʝ 

50 ʧʫʪʘ ʚʝ˂ʠ ʦʜ ʧʦʣʫʧʨʝʯʥʠʢʘ ʧʦʣʫʣʦʧʪʘʩʪʝ ʝʣʝʢʪʨʦʜʝ ʜʘ ʙʠ ʩʝ ʜʦʩʪʠʛʘʦ ʧʘʜ ʥʘʧʦʥʘ ʢʦʿʠ 

ʠʟʥʦʩʠ 98% [119] ʦʜ ʧʫʥʝ ʨʘʟʣʠʢʝ ʥʘʧʦʥʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʝ ʠ ʙʝʩʢʦʥʘʯʥʦ ʫʜʘˀʝʥʝ ʪʘʯʢʝ ʪʣʘ 

(ʪʿ. ʜʘ ʩʝ ʛʨʝʰʢʘ ʫʩʣʝʜ ʦʛʨʘʥʠʯʝˁʘ ʜʦʤʝʥʘ ʧʨʠ ʦʜʨʝʹʠʚʘˁʫ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ 

ʧʦʣʫʣʦʧʪʘʩʪʝ ʝʣʝʢʪʨʦʜʝ ʩʤʘˁʠ ʥʘ 2%). ʇʨʠʤʝʥʘ ʙʝʩʢʦʥʘʯʥʦʛ ʜʦʤʝʥʘ ʟʘ ʤʦʜʝʣʦʚʘˁʝ ʫ FEM 

ʩʦʬʪʚʝʨʫ ʜʦʚʦʜʠ ʜʦ ʤʦʛʫ˂ʥʦʩʪʠ ʜʘ ʩʝ ʧʦʣʫʣʦʧʪʘ ʢʦʿʘ ʧʨʝʜʩʪʘʚˀʘ ʪʣʦ ʩʤʘˁʠ. ʅʘʿʛʦʨʠ ʦʜʥʦʩ 

ʜʠʤʝʥʟʠʿʘ ʤʦʜʝʣʦʚʘʥʦʛ ʪʣʘ ʠ ʩʠʩʪʝʤʘ ʫʟʝʤˀʝˁʘ ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʿʝ ʟʘ ʮʝʚ ʜʫʞʠʥʝ 10,8 m 

(ʚʠʜʝʪʠ ʦʜʝˀʘʢ 6.4). ʀʧʘʢ, ʩʘ ʥʦʨʤʘʣʥʠʤ ʧʦʣʫʣʦʧʪʘʩʪʠʤ ʜʦʤʝʥʦʤ ʧʦʣʫʧʨʝʯʥʠʢʘ 30 m ʠ 

ʙʝʩʢʦʥʘʯʥʠʤ ʜʦʤʝʥʦʤ ʫ ʚʠʜʫ ˀʫʩʢʝ, ʦʜʥʦʩʥʦ ʦʙʣʦʛʝ, ʜʝʙˀʠʥʝ 10 m ʦʢʦ ʥʦʨʤʘʣʥʦʛ ʜʦʤʝʥʘ, 

ʜʦʙʠʿʝʥʠ ʩʫ ʩʣʠʯʥʠ ʨʝʟʫʣʪʘʪʠ: ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ ʠ ʧʦʪʝʥʮʠʿʘʣʥʠ ʥʘʧʦʥ 

ʜʦʜʠʨʘ ʧʦʚʝ˂ʘʚʘʿʫ ʩʝ ʟʘ ʤʘˁʝ ʦʜ 0,1% ʟʘ ʩʣʫʯʘʿ ʢʘʜʘ ʩʝ ʥʦʨʤʘʣʥʠ ʧʦʣʫʣʦʧʪʘʩʪʠ ʜʦʤʝʥ ʧʦʚʝ˂ʘ 

ʜʦ ʧʦʣʫʧʨʝʯʥʠʢʘ 40 m, ʫʟ ʟʘʜʨʞʘʚʘˁʝ ʜʝʙˀʠʥʝ ˀʫʩʢʝ ʙʝʩʢʦʥʘʯʥʦʛ ʜʦʤʝʥʘ ʥʘ 10 m. 

ʅʘʧʦʥ ʜʦʜʠʨʘ ʩʝ ʜʦʙʠʿʘ ʢʘʦ ʨʘʟʣʠʢʘ ʧʦʪʝʥʮʠʿʘʣʘ ʫʟʝʤˀʠʚʘʯʘ ʠ ʙʘʢʘʨʥʝ ʧʣʦʯʝ ʠʩʧʦʜ 

ʢʦʮʢʝ ʢʦʿʦʤ ʩʝ ʤʦʜʝʣʫʿʝ ʪʝʣʦ, ʥʘ ʢʦʿʝ ʩʫ ʧʦʚʝʟʘʥʝ ʜʚʝ ʧʘʨʘʣʝʣʥʝ ʝʣʝʢʪʨʦʜʝ ʢʦʿʝ ʩʝ ʦʩʣʘˁʘʿʫ 

ʥʘ ʧʦʚʨʰʠʥʫ ʪʣʘ, ʘ ʢʦʿʠʤʘ ʩʝ ʤʦʜʝʣʫʿʫ ʩʪʦʧʘʣʘ ʦʩʦʙʝ. ʆʙʘ ʩʪʦʧʘʣʘ ʩʝ ʥʘʣʘʟʝ ʥʘ ʠʩʪʦʤ 

ʨʘʩʪʦʿʘˁʫ ʦʜ ʦʩʝ ʫʟʝʤˀʠʚʘʯʘ, ʢʦʿʠ ʿʝ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʮʠʣʠʥʜʨʠʯʥʘ ʝʣʝʢʪʨʦʜʘ, ʧʨʠ ʯʝʤʫ ʿʝ 

ʩʨʝʜʠʥʘ ʠʟʤʝʹʫ ʦʩʝ ʮʠʣʠʥʜʨʠʯʥʦ ʤʦʜʝʣʦʚʘʥʠʭ ʩʪʦʧʘʣʘ ʫʜʘˀʝʥʘ ʪʘʯʥʦ 1 m ʦʜ ʦʩʝ 

ʮʠʣʠʥʜʨʠʯʥʝ ʝʣʝʢʪʨʦʜʝ. 

ʄʦʜʝʣ ʠʟʨʘʹʝʥ ʥʘ ʦʧʠʩʘʥʠ ʥʘʯʠʥ ʦʤʦʛʫ˂ʘʚʘ ʜʘ ʩʝ ʦʜʨʝʜʝ ʩʚʝ ʧʫʪʘˁʝ ʩʪʨʫʿʝ ʢʚʘʨʘ ʫ ʪʦʢʫ 

ʪʨʘʿʘˁʘ ʟʝʤˀʦʩʧʦʿʘ ʠ ʧʨʠʩʫʩʪʚʫ ʦʩʦʙʝ ʢʦʿʘ ʜʦʜʠʨʫʿʝ ʢʫ˂ʠʰʪʝ ʫʟʝʤˀʝʥʦʛ ʜʝʣʘ ʦʧʨʝʤʝ, ʟʙʦʛ 

ʯʝʛʘ ʫ ʪʘʯʢʠ ʜʦʜʠʨʘ ʜʦʣʘʟʠ ʥʘ ʧʦʪʝʥʮʠʿʘʣ ʫʟʝʤˀʠʚʘʯʘ. 

ɿʘ ʧʦʨʝʹʝˁʘ ʩʘ ʢʣʘʩʠʯʥʦʤ ʠʥʞʝˁʝʨʩʢʦʤ ʤʝʪʦʜʦʤ, ʦʜ ʠʥʪʝʨʝʩʘ ʿʝ ʜʘ ʩʝ ʦʜʨʝʜʠ 

ʧʦʪʝʥʮʠʿʘʣʥʘ ʨʘʟʣʠʢʘ ʜʦʜʠʨʘ ï ʥʘʧʦʥ ʠʟʤʝʹʫ ʪʘʯʢʝ ʜʦʜʠʨʘ ʠ ʪʘʯʢʝ ʩʪʘʿʘˁʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ 

ʘʢʦ ʩʝ ʫʢʣʦʥʠ ʦʩʦʙʘ ʢʦʿʘ ʿʝ ʧʦʜ ʜʝʿʩʪʚʦʤ ʥʘʧʦʥʘ ʜʦʜʠʨʘ. ɼʘʢʣʝ, ʠʟ ʤʦʜʝʣʘ ʠʩʢˀʫʯʫʿʫ ʩʣʝʜʝ˂ʠ 
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ʝʣʝʤʝʥʪʠ: ʢʦʮʢʘ ʢʦʿʦʤ ʩʝ ʤʦʜʝʣʫʿʝ ʪʝʣʦ ʦʩʦʙʝ, ʙʘʢʘʨʥʘ ʧʣʦʯʘ ʠ ʮʠʣʠʥʜʨʠʯʥʝ ʝʣʝʢʪʨʦʜʝ ʦʜ 

ʙʘʢʨʘ. ɼʨʫʛʠʤ ʨʝʯʠʤʘ, ʪʘʯʢʘ ʜʦʜʠʨʘ ʟʘ ʫʙʨʠʟʛʘʚʘˁʝ ʩʪʨʫʿʝ ʢʚʘʨʘ ʩʘ ʉʣ. 6.1 ʫ ʩʧʦʿʫ ʿʝ 

ʠʩʢˀʫʯʠʚʦ ʩʘ ʫʟʝʤˀʠʚʘʯʢʠʤ ʩʠʩʪʝʤʦʤ. ɹʠʣʦ ʿʝ ʧʠʪʘˁʝ ʢʦʿʘ ʿʝʜʠʥʩʪʚʝʥʘ ʪʘʯʢʘ ʜʘ ʩʝ ʫʩʚʦʿʠ ʟʘ 

ʪʘʯʢʫ ʩʪʘʿʘˁʘ ʟʘ ʧʨʦʨʘʯʫʥ ʧʦʪʝʥʮʠʿʘʣʥʝ ʨʘʟʣʠʢʝ ʜʦʜʠʨʘ, ʘ ʢʘʜʘ ʦʩʦʙʘ (ʘ ʥʠ ˁʝʥʘ ʩʪʦʧʘʣʘ) 

ʥʠʿʝ ʧʨʠʩʫʪʥʘ. ʋʢʦʣʠʢʦ ʙʠ ʩʝ ʫʩʚʦʿʠʣʘ ʪʘʯʢʘ ʥʘ ʤʝʩʪʫ ʛʜʝ ʿʝ ʙʠʣʦ ʩʨʝʜʠʰʪʝ ʿʝʜʥʦʛ ʩʪʦʧʘʣʘ, 

ʧʨʘʚʠ ʩʝ ʠʟʚʝʩʥʘ ʛʨʝʰʢʘ ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʪʝʥʮʠʿʘʣ ʪʘʯʢʝ ʛʜʝ ʿʝ ʙʠʣʦ ʜʨʫʛʦ ʩʪʦʧʘʣʦ. ʉʪʦʛʘ ʿʝ 

ʦʜʣʫʯʝʥʘ ʜʘ ʿʝʜʠʥʩʪʚʝʥʘ ʪʘʯʢʘ ʧʨʝʤʘ ʢʦʿʦʿ ʩʝ ʨʘʯʫʥʘ ʧʦʪʝʥʮʠʿʘʣʥʘ ʨʘʟʣʠʢʘ ʜʦʜʠʨʘ ʙʫʜʝ ʥʘ 

ʧʦʣʘ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʦʩʦʚʠʥʘ ʮʠʣʠʥʜʨʘ ʢʦʿʠʤʘ ʩʝ ʤʦʜʝʣʫʿʫ ʩʪʦʧʘʣʘ. ʀʟ ʩʠʤʫʣʘʮʠʿʝ ʙʝʟ 

ʦʩʦʙʝ (ʢʦʮʢʝ) ʦʜʨʝʹʠʚʘʥʘ ʿʝ ʨʘʟʣʠʢʘ ʧʦʪʝʥʮʠʿʘʣʘ ʠʟʤʝʹʫ ʩʠʩʪʝʤʘ ʫʟʝʤˀʝˁʘ ʠ ʦʜʘʙʨʘʥʝ ʪʘʯʢʝ 

ʩʪʘʿʘˁʘ. ʆʚʦʤ ʪʘʯʢʦʤ ʩʝ ʘʧʨʦʢʩʠʤʠʨʘ ʿʝʜʠʥʩʪʚʝʥʘ ʩʪʘʿʥʘ ʪʘʯʢʘ ʧʨʝʤʘ ʢʦʿʦʿ ʩʝ ʧʨʦʮʝˁʫʿʝ 

ʧʦʪʝʥʮʠʿʘʣʥʘ ʨʘʟʣʠʢʘ ʜʦʜʠʨʘ, ʦʜʥʦʩʥʦ ʫʛʨʦʞʝʥʦʩʪ ʯʦʚʝʢʘ ʢʘʜʘ ʙʠ ʜʦʜʠʨʥʫʦ ʠʟʣʦʞʝʥʠ 

ʝʣʝʢʪʨʦʧʨʦʚʦʜʥʠ ʜʝʦ. 

ɿʘ ʠʟʚʨʰʘʚʘˁʝ ʩʠʤʫʣʘʮʠʿʘ ʫ FEM ʩʦʬʪʚʝʨʫ ʢʦʨʠʰ˂ʝʥ ʿʝ ʚʨʝʤʝʥʩʢʠ ʥʝʟʘʚʠʩʘʥ 

(ʩʪʘʮʠʦʥʘʨʥʠ) ʤʦʜʝʣ, ʪʿ. ʩʪʨʫʿʘ ʢʦʿʘ ʩʝ ʫʙʨʠʟʛʘʚʘ ʧʨʝʢʦ ʪʘʯʢʝ ʜʦʜʠʨʘ ʫ ʩʠʤʫʣʘʮʠʿʘʤʘ ʿʝ 

ʿʝʜʥʦʩʤʝʨʥʘ ʠ ʢʦʥʩʪʘʥʪʥʝ ʚʨʝʜʥʦʩʪʠ ʿʘʯʠʥʝ. ʈʝʞʠʤ ʨʘʜʘ COMSOL ʩʦʬʪʚʝʨʘ ʧʦʜʨʘʟʫʤʝʚʘ 

Current conservation ï ʫʩʣʦʚ ʜʘ ʥʝʤʘ ʥʝʩʪʘʿʘˁʘ ʩʪʨʫʿʝ ʧʦ ʟʘʧʨʝʤʠʥʠ ʠ ʥʘ ʛʨʘʥʠʮʘʤʘ 

ʤʦʜʝʣʦʚʘʥʦʛ ʜʦʤʝʥʘ. ɻʨʘʥʠʯʥʠ ʠ ʧʦʯʝʪʥʠ ʫʩʣʦʚʠ ʩʫ ʧʦʩʪʘʚˀʝʥʠ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

1. Ground (ʥʫʣʪʠ ʧʦʪʝʥʮʠʿʘʣ ʥʘ ʧʦʚʨʰʠʥʠ) ʿʝ ʦʜʘʙʨʘʥ ʢʘʦ ʛʨʘʥʠʯʥʠ ʫʩʣʦʚ ʟʘ ʩʚʝ 

ʩʧʦˀʘʰˁʝ ʧʦʚʨʰʠʥʝ ʧʦʣʫʣʦʧʪʘʩʪʦʛ ʜʦʤʝʥʘ, ʦʩʠʤ ʟʘ ʛʦʨˁʫ ʧʣʘʥʘʨʥʫ ʧʦʚʨʰʠʥʫ. 

2. ɽʣʝʢʪʨʠʯʥʘ ʠʟʦʣʘʮʠʿʘ ʿʝ ʦʜʘʙʨʘʥʘ ʟʘ ʛʦʨˁʫ ʧʣʘʥʘʨʥʫ ʧʦʚʨʰʠʥʫ ʜʦʤʝʥʘ (ʛʨʘʥʠʮʘ 
ʠʟʤʝʹʫ ʪʣʘ ʠ ʚʘʟʜʫʭʘ), ʟʘ ʙʦʯʥʝ ʩʪʨʘʥʝ ʢʦʮʢʝ ʠ ʙʘʢʘʨʥʝ ʧʣʦʯʝ ʢʦʿʠʤʘ ʩʝ ʤʦʜʝʣʫʿʝ ʪʝʣʦ 

ʦʩʦʙʝ, ʢʘʦ ʠ ʟʘ ʙʦʯʥʝ ʧʦʚʨʰʠʥʝ ʮʠʣʠʥʜʘʨʘ ʢʦʿʠʤʘ ʩʝ ʤʦʜʝʣʫʿʫ ʩʪʦʧʘʣʘ ʦʩʦʙʝ. 

3. ʇʦʯʝʪʥʘ ʚʨʝʜʥʦʩʪ ʝʣʝʢʪʨʠʯʥʦʛ ʧʦʪʝʥʮʠʿʘʣʘ ʿʝ ʥʫʣʘ ʟʘ ʮʝʦ ʜʦʤʝʥ. 

 

ʀʟ ʩʠʤʫʣʘʮʠʿʘ ʠʟʚʨʰʝʥʠʭ ʫ FEM ʩʦʬʪʚʝʨʫ, ʟʘ ʩʣʫʯʘʿʝʚʝ ʢʘʜʘ ʩʝ ʫʢʣʦʥʠ ʠʤʧʝʜʘʥʩʘ ʪʝʣʘ 

ʦʩʦʙʝ (RB) ʠʟ ʤʦʜʝʣʘ, ʠʟʨʘʯʫʥʘʚʘ ʩʝ ʧʦʪʝʥʮʠʿʘʣʥʘ ʨʘʟʣʠʢʘ ʜʦʜʠʨʘ (ɽʜʦʜʠʨʘ). ʀʟ FEM 

ʩʠʤʫʣʘʮʠʿʘ ʩʘ ʧʨʠʩʫʪʥʦʤ ʠʤʧʝʜʘʥʩʦʤ ʪʝʣʘ ʦʩʦʙʝ, ʢʦʿʘ ʦʩʪʚʘʨʫʿʝ ʠʥʜʠʨʝʢʪʘʥ ʜʦʜʠʨ, ʜʦʙʠʿʘʿʫ 

ʩʝ ʚʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ ʜʦʜʠʨʘ (Uʜʦʜʠʨʘ). 

ʄʦʜʝʣ ʩʠʩʪʝʤʘ ʧʨʝʢʦ ʿʝʜʥʦʩʪʘʚʥʝ ʟʘʤʝʥʩʢʝ ʰʝʤʝ ʩʝ ʬʦʨʤʠʨʘ ʢʘʦ ʨʝʜʥʘ ʚʝʟʘ 

ʊʝʚʝʥʝʥʦʚʦʛ ʛʝʥʝʨʘʪʦʨʘ, ʯʠʿʘ ʿʝ ʚʨʝʜʥʦʩʪ ʝʣʝʢʪʨʦʤʦʪʦʨʥʝ ʩʠʣʝ ɽʜʦʜʠʨʘ, ʘ ʝʢʚʠʚʘʣʝʥʪʥʘ 

ʦʪʧʦʨʥʦʩʪ Rʝʢʚ. ʢʦʘʿ ʩʝ ʚʝʟʫʿʝ ʥʘ ʨʝʜ ʩʘ ʦʪʧʦʨʥʦʰ˂ʫ Rʪʝʣʘ. ʆʜʘʪʣʝ ʩʝ ʜʦʙʠʿʘ ʝʢʚʠʚʘʣʝʥʪʥʘ 

ʦʪʧʦʨʥʦʩʪ Rʝʢʚ.: 
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ʛʜʝ ʩʫ ɽʜʦʜʠʨʘ ʠ Uʜʦʜʠʨʘ ʜʦʙʠʿʝʥʝ FEM ʩʠʤʫʣʘʮʠʿʘʤʘ. 

 

6.3 ɺʘʣʠʜʘʮʠʿʘ FEM  ʧʨʠʩʪʫʧʘ ʟʘ ʨʘʯʫʥʘˁʝ ʥʘʧʦʥʘ ʜʦʜʠʨʘ 

6.3.1 ʈʘʟʤʘʪʨʘʥʠ ʩʣʫʯʘʿ 

ɿʘ ʚʘʣʠʜʘʮʠʿʫ ʧʨʠʩʪʫʧʘ ʫ ʢʦʿʝʤ ʩʝ ʥʘʧʦʥ ʜʦʜʠʨʘ ʦʜʨʝʹʫʿʝ ʢʦʨʠʰ˂ʝˁʝʤ ʜʝʪʘˀʥʦʛ 

ʬʠʟʠʯʢʦʛ ʤʦʜʝʣʘ ʫ FEM ʩʦʬʪʚʝʨʫ, ʦʙʿʘʰˁʝʥʦʤ ʫ ʦʜʝˀʢʫ 6.2, ʧʨʠʩʪʫʧ ʿʝ ʧʨʠʤʝˁʝʥ ʥʘ ʩʣʫʯʘʿ 

ʠʟ [91], ʧʨʠʢʘʟʘʥ ʥʘ ʉʣ. 6.2. ɺʝʣʠʯʠʥʘ ʫʟʝʤˀʠʚʘʯʢʝ ʢʦʥʪʫʨʝ ʿʝ 20 m × 20 m, ʘ ʧʦʣʫʧʨʝʯʥʠʢ 

ʝʣʝʢʪʨʦʜʘ ʦʜ ʢʦʿʠʭ ʿʝ ʩʘʯʠˁʝʥʘ ʢʦʥʪʫʨʘ ʠʟʥʦʩʠ 6 mm. ʂʦʥʪʫʨʘ ʿʝ ʟʘʢʦʧʘʥʘ ʥʘ ʜʫʙʠʥʠ ʦʜ 

0,5 m ʫ ʭʦʤʦʛʝʥʦ ʪʣʦ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 100 Ým. ʇʦʨʝʜ ʝʣʝʢʪʨʦʜʘ ʫʟʝʤˀʠʚʘʯʢʝ 

ʢʦʥʪʫʨʝ, ʧʨʠʩʫʪʥʝ ʩʫ ʠ ʝʣʝʢʪʨʦʜʝ ʢʚʘʜʨʠ ʢʦʿʠʤʘ ʩʝ ʤʦʜʝʣʫʿʫ ʩʪʦʧʘʣʘ ʠ ʫʢʦʧʘʥʝ ʩʫ ʜʦ ʜʫʙʠʥʝ 

10 mm. 
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ʉʣ. 6.2 ï ʇʦʛʣʝʜ ʦʜʦʟʛʦ ʥʘ ʫʟʝʤˀʠʚʘʯʢʫ ʢʦʥʪʫʨʫ ʠ ʝʣʝʢʪʨʦʜʝ ʢʦʿʠʤʘ ʩʝ ʤʦʜʝʣʫʿʫ ʩʪʦʧʘʣʘ, ʥʘʮʨʪʘʥʦ ʧʨʝʤʘ 

ʩʣʠʮʠ ʠʟ [19] ʠ [91] 

ʇʦʨʝʜ ʥʘʚʝʜʝʥʦʛ ʭʦʤʦʛʝʥʦʛ ʪʣʘ, ʨʘʟʤʘʪʨʘʿʫ ʩʝ ʿʦʰ ʜʚʘ ʩʣʫʯʘʿʘ ʜʚʦʩʣʦʿʥʦʛ ʟʝʤˀʠʰʪʘ. ɿʘ 

ʜʚʦʩʣʦʿʥʘ ʪʣʘ, ʜʫʙʠʥʘ ʛʦʨˁʝʛ ʩʣʦʿʘ ʿʝ h = 0,6 m. ʆʪʧʦʨʥʦʩʪ ʪʝʣʘ, ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ 

ʛʦʨˁʝʛ ʩʣʦʿʘ ʠ ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʜʦˁʝʛ ʩʣʦʿʘ ʪʣʘ,  ʫ ʧʨʚʦʤ ʩʣʫʯʘʿʫ ʩʫ 1000 Ý, 100 Ým ʠ 

10000 Ým, ʘ ʫ ʜʨʫʛʦʤ 500 Ý, 500 Ým ʠ 10000 Ým. 

ɿʘ ʥʘʚʝʜʝʥʝ ʩʣʫʯʘʿʝʚʝ ʟʘ ʚʘʣʠʜʘʮʠʿʫ ʩʘ ʜʚʦʩʣʦʿʥʠʤ ʪʣʦʤ, ʠʟʨʘʯʫʥʘʪʠ ʩʫ ʝʢʚʠʚʘʣʝʥʪʥʠ 

ʦʪʧʦʨʠ (Rʝʢʚ.), ʦʜʨʝʹʝʥʠ ʧʨʝʤʘ ʤʝʪʦʜʦʣʦʛʠʿʠ ʠʟ [91], ʠ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ 

ʧʨʝʤʘ ʨʝʬʝʨʝʥʪʥʦʿ ʟʝʤˀʠ (Rʩʪʦʧʘʣʦ/2), ʦʜʨʝʹʝʥʠ ʢʘʦ ʧʦʣʦʚʠʥʘ ʚʨʝʜʥʦʩʪʠ ʦʪʧʦʨʥʦʩʪʠ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʿʝʜʥʦʛ ʩʪʦʧʘʣʘ ʦʜʨʝʹʝʥʘ ʧʨʝʤʘ FEM ʤʦʜʝʣʫ ʢʦʿʠ ʩʘʜʨʞʠ ʩʘʤʦ ʜʠʩʢ ʩʪʦʧʘʣʘ, 

ʢʘʢʦ ʿʝ ʦʧʠʩʘʥʦ ʫ ʧʦʛʣʘʚˀʫ 6.4.4.3. ɿʘ ʭʦʤʦʛʝʥʦ ʪʣʦ ʩʫ ʧʨʠʢʘʟʘʥʠ ʨʝʟʫʣʪʘʪʠ ʠʟʨʘʯʫʥʘʚʘˁʘ 

ʧʦʪʝʥʮʠʿʘʣʥʝ ʨʘʟʣʠʢʝ ʜʦʜʠʨʘ ʠ ʥʘʧʦʥʘ ʜʦʜʠʨʘ, ʟʘ ʩʣʫʯʘʿ ʤʝʪʦʜʝ ʠʟ [91], ʧʨʝʫʟʝʪʠ ʠʟ ʪʦʛ ʨʘʜʘ, 

ʢʘʦ ʠ ʚʨʝʜʥʦʩʪʠ ʜʦʙʠʿʝʥʝ ʧʨʠʤʝʥʦʤ ʢʦʤʧʣʝʪʥʦʛ FEM ʤʦʜʝʣʘ. 

 

6.3.2 FEM ʤʦʜʝʣ ʟʘ ʨʘʟʤʘʪʨʘʥʠ ʩʣʫʯʘʿ 

ʇʨʦʚʦʜʥʠʮʠ ʢʦʿʠ ʬʦʨʤʠʨʘʿʫ ʫʟʝʤˀʠʚʘʯʢʫ ʢʦʥʪʫʨʫ ʫ [91] ʩʫ ʢʨʫʞʥʦʛ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ 

ʩʘ ʧʦʣʫʧʨʝʯʥʠʢʦʤ ʦʜ 6 mm. ʋʩʣʝʜ ʪʝʰʢʦ˂ʘ ʫ ʬʦʨʤʠʨʘˁʫ ʩʧʦʿʝʚʘ ʢʨʫʞʥʠʭ ʧʨʦʚʦʜʥʠʢʘ 

ʩʫʩʝʜʥʠʭ ʩʪʨʘʥʠʮʘ ʢʦʥʪʫʨʝ, ʫ FEM ʤʦʜʝʣʫ ʿʝ ʩʧʝʮʠʬʠʮʠʨʘʥʦ ʜʘ ʩʫ ʩʪʨʘʥʠʮʝ ʢʦʥʪʫʨʝ 

ʬʦʨʤʠʨʘʥe ʧʨʦʚʦʜʥʠʮʠʤʘ ʢʚʘʜʨʘʪʥʦʛ ʧʨʝʩʝʢʘ 9,5 mm × 9,5 mm, ʯʠʿʠ ʿʝ ʝʢʚʠʚʘʣʝʥʪʥʠ ʦʙʠʤ 

ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʿʝʜʥʘʢ ʦʙʠʤʫ ʩʪʚʘʨʥʦʛ ʢʨʫʞʥʦʛ ʧʨʦʚʦʜʥʠʢʘ ʧʦʣʫʧʨʝʯʥʠʢʘ 6 mm.    

ʆʢʦʣʥʦ ʪʣʦ ʿʝ ʤʦʜʝʣʦʚʘʥʦ ʧʦʣʫʣʦʧʪʦʤ ʧʦʣʫʧʨʝʯʥʠʢʘ 60 m, ʠʩʧʫˁʝʥʦʤ ʤʘʪʝʨʠʿʘʣʦʤ 

ʠʩʪʠʭ ʝʣʝʢʪʨʠʯʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʢʘʦ ʫ ʧʨʠʤʝʨʫ ʫ ʨʝʬʝʨʝʥʮʠ [91]. ʆʢʦ ʦʚʝ ʧʦʣʫʣʦʧʪʝ ʩʝ 

ʜʦʜʘʿʝ Ăʙʝʩʢʦʥʘʯʥʠñ ʝʣʝʤʝʥʪ, ʫ ʦʙʣʠʢʫ ˀʫʩʢʝ, ʦʜʥʦʩʥʦ ʦʙʣʦʛʝ, ʩʘ ʝʣʝʢʪʨʠʯʥʠʤ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʠʩʪʠʤ ʢʘʦ ʢʦʜ ʧʦʣʫʣʦʧʪʝ. ɼʝʙˀʠʥʘ ʙʝʩʢʦʥʘʯʥʦʛ ʝʣʝʤʝʥʪʘ ʿʝ ʢʦʥʘʯʥʘ - ʫ 

ʦʚʦʤ ʩʣʫʯʘʿʫ ʩʝ ʨʘʜʠ ʦ ʩʣʦʿʫ ʜʝʙˀʠʥʝ 20 m, ʧʨʠ ʯʝʤʫ ʩʫ ʫʥʫʪʨʘʰˁʠ ʧʦʣʫʧʨʝʯʥʠʢ 60 m ʠ 

ʩʧʦˀʘʰˁʠ 80 m. 

ɽʣʝʢʪʨʦʜʝ ʢʦʿʠʤʘ ʩʝ ʤʦʜʝʣʫʿʫ ʩʪʦʧʘʣʘ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʩʫ ʢʚʘʜʨʠ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ 

25 cm × 10 cm, ʢʦʿʠ ʩʫ ʫʢʦʧʘʥʠ 10 mm ʫ ʪʣʦ. ʋ ʧʦʛʣʝʜʫ ʝʣʝʢʪʨʦʜʘ ʢʦʿʠʤʘ ʩʝ ʤʦʜʝʣʫʿʫ 

ʩʪʦʧʘʣʘ, ʦʚʘʢʦ ʦʧʠʩʘʥ ʬʠʟʠʯʢʠ ʤʦʜʝʣ ʨʘʟʣʠʢʫʿʝ ʩʝ ʦʜ ʦʥʦʛ ʫ ʦʩʪʘʪʢʫ ʦʚʦʛ ʧʦʛʣʘʚˀʘ, ʧʦʰʪʦ ʿʝ 

ʟʙʦʛ ʚʘʣʠʜʘʮʠʿʝ ʧʨʠʣʘʛʦʹʝʥ ʤʦʜʝʣʫ ʢʦʿʠ ʿʝ ʠʟʣʦʞʝʥ ʫ [91]. 

ʇʦʜʝʣʘ ʥʘ ʤʨʝʞʫ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ (mesh) ʫʥʫʪʘʨ ʤʦʜʝʣʘ ʥʘʿʬʠʥʠʿʘ ʿʝ (ʢʦʥʘʯʥʠ 

ʝʣʝʤʝʥʪʠ ʣʠʥʝʘʨʥʠʭ ʜʠʤʝʥʟʠʿʘ ʠʟʤʝʹʫ 10 mm ʠ 100 mm) ʦʢʦ ʧʨʦʚʦʜʥʠʢʘ ʢʦʥʪʫʨʝ ʟʘ 

ʫʟʝʤˀʝˁʝ ʠ ʝʣʝʢʪʨʦʜʘ ʢʦʿʠʤ ʩʝ ʤʦʜʝʣʫʿʫ ʩʪʦʧʘʣʘ. ʇʦʩʪʝʧʝʥʦ ʧʦʩʪʘʿʝ ʛʨʫʙˀʘ (ʩʘ 
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ʤʘʢʩʠʤʘʣʥʦʤ ʣʠʥʝʘʨʥʦʤ ʜʠʤʝʥʟʠʿʦʤ ʜʦ 5,6 m) ʢʘʢʦ ʩʝ ʧʨʠʙʣʠʞʘʚʘ ʩʧʦˀʥʠʤ ʛʨʘʥʠʮʘʤʘ 

ʜʦʤʝʥʘ. 

ɿʘ ʧʨʦʨʘʯʫʥ ʧʦʪʝʥʮʠʿʘʣʥʝ ʨʘʟʣʠʢʝ ʜʦʜʠʨʘ ʧʦʩʤʘʪʨʘ ʩʝ ʩʨʝʜˁʘ ʪʘʯʢʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ 

ʠʟʤʝʹʫ ʜʚʝ ʝʣʝʢʪʨʦʜʝ ʢʦʿʠʤʘ ʩʝ ʤʦʜʝʣʫʿʫ ʩʪʦʧʘʣʘ. ʋ [91] ʥʠʿʝ ʧʨʝʮʠʟʠʨʘʥʘ ʪʘʯʢʘ ʧʨʝʤʘ ʢʦʿʦʿ 

ʩʝ ʦʜʨʝʹʫʿʝ ʧʦʪʝʥʮʠʿʘʣʥʘ ʨʘʟʣʠʢʘ ʜʦʜʠʨʘ, ʩ ʦʙʟʠʨʦʤ ʥʘ ʪʦ ʜʘ ʧʦʩʪʦʿʝ ʜʚʝ ʝʣʝʢʪʨʦʜʝ ʢʦʿʠʤʘ ʩʝ 

ʤʦʜʝʣʫʿʫ ʩʪʦʧʘʣʘ, ʘ ʢʦʿʝ ʩʫ ʫʜʘˀʝʥʝ 30 cm, ʦʜʥʦʩʥʦ Ăʩʪʦʿʝñ ʥʘ ʨʘʟʣʠʯʠʪʠʤ ʧʦʪʝʥʮʠʿʘʣʠʤʘ ʥʘ 

ʧʦʚʨʰʠʥʠ ʪʣʘ. ɸʢʦ ʠʟʨʘʯʫʥʘʪʘ ʚʨʝʜʥʦʩʪ ʫ [91] ʥʠʿʝ ʟʘ ʪʘʯʢʫ ʩʪʘʿʘˁʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ ʥʘ ʧʦʣʘ 

ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʮʝʥʪʘʨʘ ʜʚʝ ʝʣʝʢʪʨʦʜʝ ʢʦʿʠʤʘ ʩʝ ʤʦʜʝʣʫʿʫ ʩʪʦʧʘʣʘ, ʦʥʜʘ ʧʦʩʪʦʿʠ ʤʘʣʦ 

ʩʠʩʪʝʤʘʪʩʢʦ ʦʜʩʪʫʧʘˁʝ ʨʝʟʫʣʪʘʪʘ ʜʦʙʠʿʝʥʠʭ ʢʦʨʠʰ˂ʝˁʝʤ FEM ʩʦʬʪʚʝʨʘ. 

ɿʘ ʨʘʟʤʘʪʨʘʥʠ ʩʣʫʯʘʿ ʥʠʿʝ ʪʨʝʪʠʨʘʥʘ ʪʨʘʥʟʠʿʝʥʪʥʘ ʦʪʧʦʨʥʦʩʪ ʫʟʝʤˀʠʚʘʯʘ. 

 

6.3.3 ʇʦʨʝʹʝˁʝ ʨʝʟʫʣʪʘʪʘ 

ʋ ʊʘʙ. 6.1. ʩʫ ʜʘʪʠ ʨʝʟʫʣʪʘʪʠ ʜʦʙʠʿʝʥʠ ʧʨʠʤʝʥʦʤ ʩʦʧʩʪʚʝʥʦʛ ʧʨʦʛʨʘʤʘ ʘʫʪʦʨʘ ʠʟ ʨʘʜʘ 

[91]. ɺʨʝʜʥʦʩʪʠ ʩʫ ʫʧʦʨʝʹʝʥʝ ʩʘ ʚʨʝʜʥʦʩʪʠʤʘ ʜʦʙʠʿʝʥʠʤ FEM ʤʦʜʝʣʦʤ. 

ɺʨʝʜʥʦʩʪ Iʪʝʣʘ ʫ ʪʘʙʝʣʠ ʧʨʝʜʩʪʘʚˀʘ ʜʝʦ ʩʪʨʫʿʝ ʢʚʘʨʘ ʢʦʿʘ ʪʝʯʝ ʢʨʦʟ ʪʝʣʦ. 

ʊʘʙʝʣʘ 6.1 ï ʇʦʨʝʹʝˁʝ ʨʝʟʫʣʪʘʪʘ ʟʘ ʭʦʤʦʛʝʥʦ ʟʝʤʠˀʰʪʝ ʩʘ ʩʧʝʮʠʬʠʯʥʦʤ ʦʪʧʦʨʥʦʰ˂ʫ ʦʜ 100 Wm 

 ʅʘʧʦʥ ʫʟʝʤˀʠʚʘʯʘ [V]  ɽʜʦʜʠʨʘ [V]  Uʜʦʜʠʨʘ [V]  Iʪʝʣʘ [A]  

ʈʝʟʫʣʪʘʪʠ ʠʟ [91] 2961 784,87 679,93 0,68 

FEM ʧʨʠʩʪʫʧ 2962 777,9 679,39 0,68 

ʆʜʩʪʫʧʘˁʝ [%] 0,0338 -0,888 -0,0794 0 

 

ʈʝʟʫʣʪʘʪʠ ʟʘ ʥʘʧʦʥ ʫʟʝʤˀʠʚʘʯʘ, ʧʦʪʝʥʮʠʿʘʣʥʫ ʨʘʟʣʠʢʫ ʜʦʜʠʨʘ ɽʜʦʜʠʨʘ ʠ ʥʘʧʦʥ ʜʦʜʠʨʘ 

Uʜʦʜʠʨʘ ʠʟ ʊʘʙ. 6.1 ʧʦʢʘʟʫʿʫ ʩʫ ʚʨʝʜʥʦʩʪʠ ʜʦʙʠʿʝʥʝ ʧʨʠʤʝʥʦʤ FEM ʤʦʜʝʣʘ ʚʨʣʦ ʙʣʠʩʢʝ 

ʚʨʝʜʥʦʩʪʠʤʘ ʧʨʠʢʘʟʘʥʠʤ ʫ [91]. ʇʨʠʢʘʟʘʥʦ ʜʦʙʨʦ ʧʦʜʫʜʘʨʘˁʝ ʜʚʘ ʧʨʠʩʪʫʧʘ ʤʦʞʝ ʜʘ ʩʝ 

ʧʨʠʭʚʘʪʠ ʢʘʦ ʧʨʦʚʝʨʘ ʠ ʚʘʣʠʜʘʮʠʿʘ FEM ʬʠʟʠʯʢʦʛ ʤʦʜʝʣʘ. 

ʅʘʚʝʜʝʥʠ FEM ʬʠʟʠʯʢʠ ʤʦʜʝʣ ʙʠ˂ʝ ʧʨʠʤʝˁʝʥ ʜʘˀʝ ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʟʘ ʘʥʘʣʠʟʫ 

ʨʘʟʣʠʯʠʪʠʭ ʩʣʫʯʘʿʝʚʘ ʠ ʢʦʥʬʠʛʫʨʘʮʠʿʘ. ʀʩʧʠʪʘ˂ʝ ʩʝ ʧʦʢʣʘʧʘˁʝ ʨʝʟʫʣʪʘʪʘ FEM ʬʠʟʠʯʢʠ 

ʤʦʜʝʣ ʠ ʨʝʟʫʣʪʘʪʘ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʦʛ ʤʦʜʝʣʘ ʠʟ ʚʘʞʝ˂ʠʭ ʩʪʘʥʜʘʨʜʘ [10] ʠ [89]. 

ʋ ʊʘʙ. 6.2 ʩʫ ʧʨʠʢʘʟʘʥʝ ʚʨʝʜʥʦʩʪʠ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ Rʝʢʚ. ʦʜʨʝʹʝʥʝ 

ʧʨʝʤʘ ʤʝʪʦʜʦʣʦʛʠʿʠ ʠʟ [91], ʢʘʦ ʠ ʚʨʝʜʥʦʩʪ ʠʟʨʘʯʫʥʘʪʘ ʥʘ ʦʩʥʦʚʫ ʟʘʩʝʙʥʠʭ FEM ʩʠʤʫʣʘʮʠʿʘ, 

ʪʘʢʦ ʰʪʦ ʿʝ ʚʨʝʜʥʦʩʪ Rʩʪʦʧʘʣʦ, ʜʦʙʠʿʝʥʘ ʟʘʩʝʙʥʠʤ FEM ʩʠʤʫʣʘʮʠʿʘʤʘ ʫ ʢʦʿʠʤʘ ʩʝ ʤʦʜʝʣʫʿʝ 

ʩʘʤʦ ʿʝʜʥʦ ʩʪʦʧʘʣʦ, ʧʦʜʝˀʝʥʘ ʩʘ 2. ʇʨʝʣʘʟʥʝ ʦʪʧʦʨʥʦʩʪʠ ʩʪʦʧʘʣʘ Rʩʪʦʧʘʣʦ ʨʘʯʫʥʘʪʝ ʩʫ ʢʘʦ 

ʦʜʥʦʩ ʧʦʪʝʥʮʠʿʘʣʘ ʝʣʝʢʪʨʦʜʘ (ʢʦʿʠʤʘ ʩʝ ʤʦʜʝʣʫʿʫ ʩʪʦʧʘʣʘ) ʠ ʩʪʨʫʿʝ ʫʙʨʠʟʛʘʥʝ ʢʨʦʟ ˁʠʭ ʫ ʪʣʦ. 

ʋ ʪʠʤ ʩʠʤʫʣʘʮʠʿʘʤʘ ʥʠʿʝ ʧʨʠʩʫʪʥʘ ʫʟʝʤˀʠʚʘʯʢʘ ʢʦʥʪʫʨʘ ʠ ʝʣʝʢʪʨʦʜʝ ʩʫ ʧʦʤʝʨʝʥʝ ʥʘ 

ʩʨʝʜʠʥʫ ʛʦʨˁʝ ʧʦʚʨʰʠʥʝ ʜʦʤʝʥʘ. ʀʟʚʨʰʝʥʘ ʩʫ ʧʦʨʝʹʝˁʘ ʟʘ ʪʨʠ ʪʠʧʘ: 

1. ʪʠʧ 1 ï ʭʦʤʦʛʝʥʦ ʪʣʦ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 100 Wm, 

2. ʪʠʧ 2 ï ʜʚʦʩʣʦʿʥʦ ʪʣʦ ʩʘ ʛʦʨˁʠʤ ʩʣʦʿʝʤ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 100 

Wm, ʜʫʙʠʥʝ 0,6 m ʠ ʜʦˁʠʤ ʩʣʦʿʝʤ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 10000 Wm, ʠ 

3. ʪʠʧ 3 ï ʜʚʦʩʣʦʿʥʦ ʪʣʦ ʩʘ ʛʦʨˁʠʤ ʩʣʦʿʝʤ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 500 

Wm, ʜʫʙʠʥʝ 0,6 m ʠ ʜʦˁʠʤ ʩʣʦʿʝʤ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 10000 Wm. 

ʉʣʫʯʘʿʝʚʠ ʠʟ [91] ʥʘʚʝʜʝʥʠ ʠʟʥʘʜ ʠʩʢʦʨʠʰ˂ʝʥʠ ʩʫ ʟʘ ʚʘʣʠʜʘʮʠʿʫ FEM ʤʦʜʝʣʘ, ʠʘʢʦ ʩʝ 

ʨʘʜʠ ʦ ʜʚʦʩʣʦʿʥʠʤ ʤʦʜʝʣʠʤʘ ʪʣʘ ʢʦʜ ʢʦʿʠʭ ʿʝ ʛʦʨˁʠ ʩʣʦʿ ʤʘˁʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʦʜ 

ʜʦˁʝʛ ʩʣʦʿʘ, ʰʪʦ ʿʝ ʦʙʨʥʫʪʦ ʫ ʦʜʥʦʩʫ ʥʘ ʩʣʫʯʘʿʝʚʝ ʢʦʿʠ ʩʝ ʘʥʘʣʠʟʠʨʘʿʫ ʫ ʜʠʩʝʨʪʘʮʠʿʠ. ʅʦ, 

ʧʦʩʣʫʞʠʣʠ ʩʫ ʜʘ ʧʨʠʢʘʞʫ ʜʘ ʿʝ FEM ʤʦʜʝʣ ʦʜʛʦʚʘʨʘʿʫ˂ ʠ ʧʨʠʤʝˁʠʚ ʟʘ ʧʦʩʤʘʪʨʘʥʝ ʧʨʦʙʣʝʤʝ 
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ʦʜʨʝʹʠʚʘˁʘ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ ʫ ʩʣʫʯʘʿʝʚʠʤʘ 

ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ. 

ʊʘʙʝʣʘ 6.2 ï ʇʦʨʝʹʝˁʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʙʘ ʩʪʦʧʘʣʘ ʟʘ: (1) ï ʧʨʚʠ ʪʠʧ ʪʣʘ, (2) ï ʜʨʫʛʠ ʪʠʧ ʪʣʘ ʠ 

(3) ï ʪʨʝ˂ʠ ʪʠʧ ʪʣʘ 

 Rʝʢʚ. (1) Rʩʪʦʧʘʣʦ/2 (1) Rʝʢʚ. (2) Rʩʪʦʧʘʣʦ/2 (2) Rʝʢʚ. (3) Rʩʪʦʧʘʣʦ/2 (3)  

ʈʝʟʫʣʪʘʪʠ ʠʟ [91] 154,33 155 160,09 265,13 784,2 1087,5 

FEM ʧʨʠʩʪʫʧ 145 151,6 151,24 250,14 751,9 1046,9 

ʆʜʩʪʫʧʘˁʝ [%] -6,05 -2,19 5,53 5,65 4,12 3,74 

 

6.4 ʇʦʨʝʹʝˁʝ FEM  ʤʝʪʦʜʝ ʠ ʤʝʪʦʜʝ ʠʟ ʩʪʘʥʜʘʨʜʘ ʥʘ ʥʠʟʫ ʨʘʟʣʠʯʠʪʠʭ 

ʫʟʝʤˀʠʚʘʯʘ 

6.4.1 ʊʦʧʦʣʦʛʠʿʝ ʨʘʟʤʘʪʨʘʥʠʭ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ 

ɸʥʘʣʠʟʠʨʘʥʠ ʩʫ ʨʝʘʣʥʠ ʩʠʩʪʝʤʠ ʫʟʝʤˀʝˁʘ ʢʦʿʠ ʩʫ ʠʤʧʣʝʤʝʥʪʠʨʘʥʠ ʥʘ ʧʝʪ ʣʦʢʘʮʠʿʘ ʟʘ 

ʪʝʩʪʠʨʘˁʝ ʫ ʋɸɽ [6] ï ʙʘʢʘʨʥʝ ʰʠʧʢʝ ʧʨʝʯʥʠʢʘ 19 mm ʜʫʞʠʥʝ 3,6 ʠ 10,8 m, ʩʘ ʤʘʪʝʨʠʿʘʣʦʤ 

ʟʘ ʧʦʙʦˀʰʘʚʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ (GEM) ʠʣʠ ʙʝʥʪʦʥʠʪʦʤ ʧʨʝʯʥʠʢʘ 160 ʠ 320 mm ʦʢʦ ʰʠʧʢʠ, 

ʟʘʪʠʤ ʢʦʥʪʫʨʘ ʟʘ ʫʟʝʤˀʝˁʝ ʜʠʤʝʥʟʠʿʘ 5 m × 5 m ʩʘ ʙʘʢʘʨʥʦʤ ʪʨʘʢʦʤ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ 

40 mm × 4 mm ʠ ʢʦʤʙʠʥʘʮʠʿʦʤ ʢʦʥʪʫʨʝ ʠ ʰʠʧʢʠ ʥʘ ʩʚʘʢʦʤ ʫʛʣʫ. ʉʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 

ʜʦʜʘʪʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʧʦʙʦˀʰʘʚʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ (GEM) ʠ ʙʝʥʪʦʥʠʪʘ ʢʦʨʠʰ˂ʝʥʠʭ ʫ [6] 

ʩʫ 0,2 Ým ʠ 2,5 Ým, ʨʝʩʧʝʢʪʠʚʥʦ. ʅʘ ʉʣ. 6.3 ʩʫ ʧʨʠʢʘʟʘʥʝ ʢʦʥʬʠʛʫʨʘʮʠʿʝ ʥʘʚʝʜʝʥʠʭ 

ʘʥʘʣʠʟʠʨʘʥʠʭ ʫʟʝʤˀʠʚʘʯʘ ʠ ˁʠʭʦʚʘ ʜʠʩʧʦʟʠʮʠʿʘ ʥʘ ʣʦʢʘʮʠʿʘʤʘ ʟʘ ʪʝʩʪʠʨʘˁʝ.  
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ʉʣ. 6.3 ï ʊʦʧʦʣʦʛʠʿʘ ʟʘ 11 ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʪʝʨʝʥʩʢʠʭ ʫʟʝʤˀʠʚʘʯʢʠʭ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ɸ-K ʠ 9 ʤʝʨʥʠʭ 

ʣʠʥʠʿʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ ʟʘ ʩʚʘʢʫ ʦʜ ʠʩʧʠʪʥʠʭ ʣʦʢʘʮʠʿʘ, ʥʘʮʨʪʘʥʦ ʧʨʝʤʘ ʩʣʠʮʠ ʠʟ [6] 
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ʋʟʝʤˀʠʚʘʯʢʝ ʢʦʥʬʠʛʫʨʘʮʠʿʝ ʩʫ: 

 

A ʫʟʝʤˀʠʚʘʯʢʘ ʰʠʧʢʘ ʜʫʞʠʥʝ 3,6 m ʠ ʧʨʝʯʥʠʢʘ 19 mm ʫʥʫʪʘʨ 

ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʧʦʙʦˀʰʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ (GEM) ʧʨʝʯʥʠʢʘ 320 mm 

B ʫʟʝʤˀʠʚʘʯʢʘ ʰʠʧʢʘ ʜʫʞʠʥʝ 3,6 m ʠ ʧʨʝʯʥʠʢʘ 19 mm ʫʥʫʪʘʨ 

ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʧʦʙʦˀʰʘʚʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʨʝʯʥʠʢʘ 160 mm 

C ʫʟʝʤˀʠʚʘʯʢʘ ʰʠʧʢʘ ʜʫʞʠʥʝ 10,8 m ʠ ʧʨʝʯʥʠʢʘ 19 mm ʫʥʫʪʘʨ 

ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʧʦʙʦˀʰʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ (GEM) ʧʨʝʯʥʠʢʘ 160 mm 

D ʫʟʝʤˀʠʚʘʯʢʘ ʢʦʥʪʫʨʘ 5 m × 5 m ʥʘʧʨʘʚˀʝʥʘ ʦʜ ʙʘʢʘʨʥʝ ʪʨʘʢʝ 

ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ 40 mm × 4 mm, ʫʢʦʧʘʥʘ ʥʘ ʜʫʙʠʥʫ 0,6 m ʠʩʧʦʜ 

ʧʦʚʨʰʠʥʝ ʪʣʘ 

E ʫʟʝʤˀʠʚʘʯʢʘ ʢʦʥʪʫʨʘ 5 m × 5 m ʥʘʧʨʘʚˀʝʥʘ ʦʜ ʙʘʢʘʨʥʝ ʪʨʘʢʝ 

ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ 40 mm × 4 mm, ʫʢʦʧʘʥʘ ʥʘ ʜʫʙʠʥʫ 0,6 m ʠʩʧʦʜ 

ʧʦʚʨʰʠʥʝ ʪʣʘ ʩʘ ʜʦʜʘʪʠʤ ʰʠʧʢʘʤʘ ʜʫʞʠʥʝ 3,6 m ʠ ʧʨʝʯʥʠʢʘ 19 mm 

ʥʘ ʩʚʘʢʦʤ ʫʛʣʫ ʢʦʥʪʫʨʝ 

F  ʫʟʝʤˀʠʚʘʯʢʘ ʢʦʥʪʫʨʘ 5 m × 5 m ʥʘʧʨʘʚˀʝʥʘ ʦʜ ʙʘʢʘʨʥʝ ʪʨʘʢʝ 

ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ 40 mm × 4 mm, ʫʢʦʧʘʥʘ ʥʘ ʜʫʙʠʥʫ 0,6 m ʠʩʧʦʜ 

ʧʦʚʨʰʠʥʝ ʪʣʘ, ʧʦʩʪʘʚˀʝʥʘ ʫʥʫʪʘʨ ʩʣʦʿʘ ʙʝʥʪʦʥʠʪʘ ʧʦʧʨʝʯʥʦʛ 

ʧʨʝʩʝʢʘ ʰʠʨʠʥʝ 300 mm ʠ ʚʠʩʠʥʝ 100 mm ʦʢʦ ʩʚʘʢʝ ʪʨʘʢʝ ʢʦʥʪʫʨʝ 

G ʫʟʝʤˀʠʚʘʯʢʘ ʢʦʥʪʫʨʘ 5 m × 5 m ʥʘʧʨʘʚˀʝʥʘ ʦʜ ʙʘʢʘʨʥʝ ʪʨʘʢʝ 

ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ 40 mm × 4 mm, ʫʢʦʧʘʥʘ ʥʘ ʜʫʙʠʥʫ 0,6 m ʠʩʧʦʜ 

ʧʦʚʨʰʠʥʝ ʪʣʘ, ʧʦʩʪʘʚˀʝʥʘ ʫʥʫʪʘʨ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʧʦʙʦˀʰʘˁʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ (GEM) ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʰʠʨʠʥʝ 300 mm ʠ ʚʠʩʠʥʝ 

100 mm ʦʢʦ ʩʚʘʢʝ ʪʨʘʢʝ ʢʦʥʪʫʨʝ 

H ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʠʩʪʘ ʢʘʦ G, ʩʘʤʦ ʿʝ ʜʨʫʛʠ ʧʨʦʠʟʚʦʹʘʯ ʤʘʪʝʨʠʿʘʣʘ ʟʘ 

ʧʦʙʦˀʰʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ (GEM), ʧʘ ʿʝ ʟʘʪʦ ʠʟʦʩʪʘʚˀʝʥ ʠʟ ʜʘˀʠʭ 

ʨʘʟʤʘʪʨʘˁʘ 

I  ʫʟʝʤˀʠʚʘʯʢʘ ʰʠʧʢʘ ʜʫʞʠʥʝ 3,6 m ʠ ʧʨʝʯʥʠʢʘ 19 mm ʫʥʫʪʘʨ 

ʙʝʥʪʦʥʠʪʘ ʧʨʝʯʥʠʢʘ 320 mm 

J ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʠʩʪʘ ʢʘʦ ɸ, ʩʘʤʦ ʿʝ ʫʤʝʩʪʦ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʧʦʙʦˀʰʘˁʝ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ (GEM) ʟʘ ʠʩʧʫʥʫ ʫʧʦʪʨʝʙˀʝʥ ʙʝʥʪʦʥʠʪ, ʠʟʦʩʪʘʚˀʝʥ 

ʠʟ ʜʘˀʠʭ ʨʘʟʤʘʪʨʘˁʘ 

K ʫʟʝʤˀʠʚʘʯʢʘ ʰʠʧʢʘ ʜʫʞʠʥʝ 10,8 m ʠ ʧʨʝʯʥʠʢʘ 19 mm ʫʥʫʪʘʨ 

ʙʝʥʪʦʥʠʪʘ ʧʨʝʯʥʠʢʘ 160 mm 

 

ʋ ʩʣʫʯʘʿʫ ʢʦʥʪʫʨʘ ʟʘ ʫʟʝʤˀʝˁʝ, ʟʘ ʧʨʦʩʧʝʢʪʠʚʥʫ ʪʘʯʢʫ ʩʪʘʿʘˁʘ ʟʘ ʢʦʿʫ ʩʝ ʨʘʯʫʥʘ 

ʧʦʪʝʥʮʠʿʘʣʥʘ ʨʘʟʣʠʢʘ ʜʦʜʠʨʘ ʫʟʝʪʘ ʿʝ ʪʘʯʢʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ ʪʘʯʥʦ ʠʟʥʘʜ ʮʝʥʪʨʘ ʧʝʪˀʝ. 

ɼʨʫʛʘ ʢʨʠʪʠʯʥʘ ʪʘʯʢʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ, ʠʤʘʿʫ˂ʠ ʥʘ ʫʤʫ ʥʘʧʦʥ ʜʦʜʠʨ, ʥʘʣʘʟʠ ʩʝ 

ʫʜʘˀʝʥʘ 1 m ʜʠʿʘʛʦʥʘʣʥʦ ʢʘ ʩʧʦˀʘ ʦʜ ʪʘʯʢʝ ʢʦʿʘ ʿʝ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ ʥʝʧʦʩʨʝʜʥʦ ʠʟʥʘʜ ʫʛʣʘ 

ʢʦʥʪʫʨʝ. ʆʚʘ ʪʘʯʢʘ, ʠʘʢʦ ʢʨʠʪʠʯʥʠʿʘ, ʥʠʿʝ ʫʟʝʪʘ ʫ ʦʙʟʠʨ, ʧʦʜ ʧʨʝʪʧʦʩʪʘʚʢʦʤ ʜʘ ʿʝ ʚʝ˂ʠʥʘ 

ʪʨʘʥʩʬʦʨʤʘʪʦʨʩʢʠʭ ʩʪʘʥʠʮʘ ʦʛʨʘʹʝʥʘ ʥʘ ʥʘʯʠʥ ʢʦʿʠ ʩʧʨʝʯʘʚʘ ʩʠʪʫʘʮʠʿʝ ʫ ʢʦʿʠʤʘ ʿʝ ʤʦʛʫ˂ʝ ʜʘ 

ʦʩʦʙʘ ʩʪʦʿʠ ʚʘʥ ʤʨʝʞʝ ʠ ʜʦʜʠʨʥʝ ʠʟʣʦʞʝʥʠ ʧʨʦʚʦʜʥʠ ʜʝʦ ʧʦʚʝʟʘʥ ʩʘ ʩʠʩʪʝʤʦʤ ʫʟʝʤˀʝˁʘ, ʢʘʦ 

ʰʪʦ ʿʝ ʥʘʚʝʜʝʥʦ ʫ ʩʪʘʥʜʘʨʜʫ [10]. 
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6.4.2 FEM  ʤʦʜʝʣʦʚʘˁʝ ʠ ʩʠʤʫʣʘʮʠʿʝ 

ɿʘ ʧʦʨʝʹʝˁʝ ʨʝʟʫʣʪʘʪʘ ʤʝʪʦʜʝ ʠʟ ʩʪʘʥʜʘʨʜʘ ʠ FEM ʤʝʪʦʜʝ ʫ ʦʚʦʤ ʦʜʝˀʢʫ, ʫʟʝʤˀʠʚʘʯʢʠ 

ʩʠʩʪʝʤʠ ʧʦʣʦʞʝʥʠ ʩʫ ʫ ʭʦʤʦʛʝʥʦ ʪʣʦ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ɟ = 250 Ým, ʩʘ ʜʦʜʘʪʥʦ 

ʥʘʩʫʪʠʤ ʧʦʚʨʰʠʥʩʢʠʤ ʤʘʪʝʨʠʿʘʣʦʤ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʦʜ ɟs = 2000 Ým ʠ 

ʨʘʟʣʠʯʠʪʠʭ ʜʝʙˀʠʥʘ ï 6, 12 ʠ 20 cm. ʇʦʚʨʰʠʥʩʢʠ ʛʦʨˁʠ ʩʣʦʿ ʜʦʜʘʪʦʛ ʤʘʪʝʨʠʿʘʣʘ ʚʠʩʦʢʝ 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʫ FEM ʤʦʜʝʣʠʤʘ ʥʘʥʝʪ ʿʝ ʫ ʦʙʣʠʢʫ ʜʠʩʢʘ ʚʠʩʠʥʘ 6, 12 ʠ 20 cm. 

ʇʦʣʫʧʨʝʯʥʠʢ ʪʘʢʚʦʛ ʜʠʩʢʘ ʛʦʨˁʝʛ ʩʣʦʿʘ ʧʦʜʝʰʝʥ ʿʝ ʜʘ ʙʫʜʝ 1,5 m ʟʘ FEM ʩʠʤʫʣʘʮʠʿʝ ʫ 

ʢʦʿʠʤʘ ʿʝ ʫʟʝʤˀʠʚʘʯ ʫ ʦʙʣʠʢʫ ʰʠʧʢʝ ʠ 5,6 m ʟʘ FEM ʩʠʤʫʣʘʮʠʿʝ ʫ ʢʦʿʠʤʘ ʿʝ ʫʟʝʤˀʠʚʘʯ ʫ 

ʦʙʣʠʢʫ ʫʟʝʤˀʠʚʘʯʢʝ ʢʦʥʪʫʨʝ. 

ʋ ʩʠʤʫʣʘʮʠʿʘʤʘ ʩʫ ʢʦʨʠʰ˂ʝʥʝ ʪʦʧʣʦʛʠʿʝ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ ʠʜʝʥʪʠʯʥʝ ʦʥʠʤʘ ʢʦʿʝ 

ʩʫ ʨʝʘʣʠʟʦʚʘʥʝ ʥʘ ʧʝʪ ʠʩʧʠʪʥʠʭ ʧʦʣʠʛʦʥʘ ʫ ʋɸɽ (ʉʣ. 6.3). 

ʋ ʩʪʘʥʜʘʨʜʫ [10] ʩʝ ʢʦʜ ʠʟʨʘʯʫʥʘʚʘˁʘ ʨʝʜʫʢʮʠʦʥʦʛ ʬʘʢʪʦʨʘ Cs ʩʤʘʪʨʘ ʜʘ ʩʝ 

ʧʦʚʨʰʠʥʩʢʠ ʩʣʦʿ ʜʦʜʘʪʦʛ ʤʘʪʝʨʠʿʘʣʘ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʧʨʦʩʪʠʨʝ ʙʝʩʢʦʥʘʯʥʦ ʫ 

ʭʦʨʠʟʦʥʪʘʣʥʦʤ ʧʨʘʚʮʫ. ʀʧʘʢ, ʫ 3ɼ FEM ʨʘʯʫʥʘʨʩʢʠʤ ʩʠʤʫʣʘʮʠʿʘʤʘ ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ, 

ʧʨʠʤʝˁʝʥʘ ʿʝ ʢʦʥʘʯʥʘ ʜʠʤʝʥʟʠʿʘ, ʢʘʢʦ ʿʝ ʦʧʠʩʘʥʦ ʫ ʧʘʩʫʩʫ ʠʟʥʘʜ. ʆʚʦ ʿʝ ʫʯʠˁʝʥʦ ʧʨʝ ʩʚʝʛʘ 

ʨʘʜʠ ʫʰʪʝʜʝ ʨʘʯʫʥʘʨʩʢʠʭ ʨʝʩʫʨʩʘ ʠ ʚʨʝʤʝʥʘ ʧʦʪʨʝʙʥʦʛ ʟʘ ʩʠʤʫʣʘʮʠʿʫ, ʧʦʰʪʦ ʚʝʣʠʢʦ 

ʧʨʦʩʪʠʨʘˁʝ ʠʟʫʟʝʪʥʦ ʪʘʥʢʝ ʛʝʦʤʝʪʨʠʿʝ (ʫ ʧʦʨʝʹʝˁʫ ʩʘ ʦʩʪʘʪʢʦʤ ʤʦʜʝʣʘ) ʧʨʦʫʟʨʦʢʫʿʝ ʚʝʣʠʢʠ 

ʙʨʦʿ ʝʣʝʤʝʥʘʪʘ ʤʨʝʞʝ ʫ ʪʦʤ ʜʝʣʫ ʜʦʤʝʥʘ. ʉ ʜʨʫʛʝ ʩʪʨʘʥʝ, ʩʠʪʫʘʮʠʿʘ ʢʘʜʘ ʩʝ ʜʠʤʝʥʟʠʿʝ 

ʜʦʜʘʪʦʛ ʤʘʪʝʨʠʿʘʣʘ ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʜʨʞʝ ʢʦʥʘʯʥʠʤ ʙʦˀʝ ʦʜʛʦʚʘʨʘ ʨʝʘʣʥʦʤ 

ʩʮʝʥʘʨʠʿʫ, ʛʜʝ ʩʝ ʧʦʚʨʰʠʥʩʢʠ ʤʘʪʝʨʠʿʘʣ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʜʦʜʘʿʝ ʩʘʤʦ ʫ ʟʦʥʠ 

ʙʣʠʟʫ (1 m) ʠʟʣʦʞʝʥʠʭ ʤʝʪʘʣʥʠʭ ʜʝʣʦʚʘ ʠʣʠ ʫ ʟʦʥʠ ʩʧʦˀʥʦʛ ʦʙʠʤʘ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ. 

 

6.4.3 ʄʨʝʞʘ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ  

6.4.3.1 ʌʦʨʤʠʨʘˁʝ ʤʨʝʞʝ 

ʋ ʥʝʧʦʩʨʝʜʥʦʿ ʦʙʣʘʩʪʠ ʦʢʦ ʫʟʝʤˀʠʚʘʯʢʠʭ ʰʠʧʢʠ ʠ ʢʦʥʪʫʨʘ, ʧʦʜʝʣʘ ʥʘ ʤʨʝʞʫ ʢʦʥʘʯʥʠʭ 

ʝʣʝʤʝʥʘʪʘ ʠʟʚʨʰʝʥʘ ʿʝ ʬʠʥʠʿʝ. ʇʦʜ ʬʠʥʠʿʦʤ ʧʦʜʝʣʦʤ ʩʝ ʦʚʜʝ ʧʦʜʨʘʟʫʤʝʚʘ ʜʘ ʩʫ ʤʘʢʩʠʤʘʣʥʝ 

ʣʠʥʝʘʨʥʝ ʜʠʤʝʥʟʠʿʝ ʧʦʿʝʜʠʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ʤʨʝʞʝ (ʪʝʪʨʘʝʜʘʨʘ) ʫ ʨʘʩʧʦʥʫ ʦʜ 0,01 m ʜʦ 

0,1 m. ʆʙʣʘʩʪ ʦʚʘʢʦ ʠʟʚʨʰʝʥʝ ʬʠʥʠʿʝ ʧʦʜʝʣʝ ʦʤʝʹʝʥʘ ʿʝ ʫʥʫʪʘʨ ʤʘˁʝ ʧʦʣʫʣʦʧʪʝ 

ʧʦʣʫʧʨʝʯʥʠʢʘ 5 m ʟʘ ʩʚʝ FEM ʤʦʜʝʣʝ ʫʟʝʤˀʠʚʘʯʢʠʭ ʢʦʥʬʠʛʫʨʘʮʠʿʘ, ʦʩʠʤ ʟʘ ʰʠʧʢʫ ʜʫʞʠʥʝ 

10,8 m, ʢʘʜʘ ʧʦʤʝʥʫʪʠ ʧʦʣʫʧʨʝʯʥʠʢ ʠʟʥʦʩʠ 11,5 m. ʆʚʘʢʦ ʜʦʜʘʪʘ ʦʙʣʘʩʪ ʟʘ ʛʫʰ˂ʫ ʨʘʩʧʦʜʝʣʫ 

ʩʠʪʥʠʿʠʭ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ʥʘʧʨʘʚˀʝʥʘ ʿʝ ʟʙʦʛ ʪʦʛʘ ʰʪʦ ʩʫ ʛʨʘʜʠʿʝʥʪʠ ʧʦʪʝʥʮʠʿʘʣʘ ʠ 

ʛʫʩʪʠʥʝ ʩʪʨʫʿʝ ʚʝ˂ʠ ʫ ʙʣʠʟʠʥʠ ʝʣʝʢʪʨʦʜʘ ʫʟʝʤˀʠʚʘʯʢʦʛ ʩʠʩʪʝʤʘ ʠ ʟʘʭʪʝʚʘʿʫ ʧʨʝʮʠʟʥʠʿʫ 

ʛʨʘʥʫʣʘʮʠʿʫ ʤʨʝʞʝ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ. 

ɿʘ ʦʩʪʘʪʘʢ ʜʦʤʝʥʘ ʟʘ ʤʦʜʝʣ ʫ FEM ʩʦʬʪʚʝʨʫ ʿʝ ʠʟʚʨʰʝʥʘ ʛʨʫʙˀʘ ʧʦʜʝʣʘ ʥʘ ʤʨʝʞʫ 

ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ. ʄʘʢʩʠʤʘʣʥʝ ʣʠʥʝʘʨʥʝ ʜʠʤʝʥʟʠʿʝ ʧʦʿʝʜʠʥʘʯʥʠʭ ʪʝʪʨʘʝʜʘʨʩʢʠʭ 

ʝʣʝʤʝʥʘʪʘ ʠʟʥʦʩʠʣʝ ʩʫ 0,8 m. ɿʘʭʚʘˀʫʿʫ˂ʠ ʧʦʩʪʦʿʘˁʫ ʩʠʤʝʪʨʠʿʝ ʫ ʦʧʠʩʘʥʦʤ ʤʦʜʝʣʫ, ʘ ʨʘʜʠ 

ʫʰʪʝʜʝ ʨʘʯʫʥʘʨʩʢʠʭ ʨʝʩʫʨʩʘ ʠ ʩʤʘˁʝˁʘ ʪʨʘʿʘˁʘ ʚʨʝʤʝʥʘ ʧʦʪʨʝʙʥʠʭ ʟʘ ʠʟʚʨʰʝˁʝ FEM 

ʩʠʤʫʣʘʮʠʿʘ, ʤʦʜʝʣ ʿʝ ʩʤʘˁʝʥ ʥʘ ʿʝʜʥʫ ʯʝʪʚʨʪʠʥʫ ʧʦʯʝʪʥʝ ʚʝʣʠʯʠʥʝ. ɿʘ ʦʜʨʝʹʝʥʝ ʩʣʫʯʘʿʝʚʝ 

ʧʦʪʝʥʮʠʿʘʣʥʦ ʿʝ ʤʦʛʫ˂ʝ ʜʘ ʩʝ, ʟʘʭʚʘˀʫʿʫ˂ʠ ʩʠʤʝʪʨʠʿʠ, ʤʦʜʝʣ ʩʤʘˁʠ ʥʘ ʿʝʜʥʫ ʦʩʤʠʥʫ ʧʦʯʝʪʥʝ 

ʚʝʣʠʯʠʥʝ, ʥʘ ʩʣʠʯʘʥ ʥʘʯʠʥ ʰʪʦ ʿʝ ʪʦ ʫʯʠˁʝʥʦ ʫ [93] ʠ [94]. ʄʝʹʫʪʠʤ, ʟʘ ʨʘʟʤʘʪʨʘˁʘ 

ʧʨʘʚʦʫʛʘʦʥʠʭ ʢʦʥʪʫʨʘ ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʩʤʘˁʝˁʝ ʜʦʤʝʥʘ ʥʘ ʿʝʜʥʫ ʦʩʤʠʥʫ ʥʘ ʦʩʥʦʚʫ 

ʩʠʤʝʪʨʠʿʝ ʥʠʿʝ ʙʠʣʦ ʧʨʠʤʝˁʠʚʘʥʦ. 

ʋʢʫʧʘʥ ʙʨʦʿ ʝʣʝʤʝʥʘʪʘ ʫ ʤʨʝʞʠ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ʟʘ FEM ʤʦʜʝʣʝ ʦʧʠʩʘʥʠʭ 

ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʫʟʝʤˀʠʚʘʯʘ ʿʝ ʦʢʦ 2,9 × 106 ʟʘ ʰʠʧʢʝ ʜʫʞʠʥʝ 3,6 m, ʟʘʪʠʤ ʦʢʦ 4,7 × 106 ʟʘ 

ʰʠʧʢʝ ʜʫʞʠʥʝ 10,8 m ʠ 3,9 × 106 ʟʘ ʢʦʥʪʫʨʝ.  

ʅʘ ʉʣ. 6.4 ʧʨʠʢʘʟʘʥ ʿʝ ʠʟʛʣʝʜ ʯʠʪʘʚʦʛ ʜʦʤʝʥʘ ʤʦʜʝʣʘ ʫ FEM ʩʦʬʪʚʝʨʫ ʥʘʢʦʥ ʧʦʜʝʣʝ ʥʘ 

ʤʨʝʞʫ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ. ʄʨʝʞʘ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ʥʘ ʩʣʠʮʠ, ʘ ʧʨʝ ʧʦʜʝʣʝ ʜʦʤʝʥʘ ʥʘ 

ʯʝʪʚʨʪʠʥʫ ʰʪʦ ʦʤʦʛʫ˂ʘʚʘ ʩʠʤʝʪʨʠʿʘ, ʦʜʛʦʚʘʨʘ ʧʦʢʫʰʘʿʫ ʜʘ ʩʝ ʥʘʩʫʪʠ ʧʦʚʨʰʠʥʩʢʠ ʩʣʦʿ 
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ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʧʨʦʩʪʠʨʝ ʯʠʪʘʚʦʤ ʛʦʨˁʦʤ ʧʦʚʨʰʠʥʦʤ. ʆʜ ʪʘʢʚʦʛ ʤʦʜʝʣʘ ʩʝ 

ʥʘʧʦʩʣʝʪʢʫ ʦʜʫʩʪʘʣʦ ʫʩʣʝʜ ʣʦʰʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʠ ʥʘʧʦʩʣʝʪʢʫ ʿʝ ʫʩʚʦʿʝʥ ʠ ʢʦʨʠʰ˂ʝʥ ʤʦʜʝʣ 

ʢʘʦ ʥʘ ʉʣ. 6.5. ʅʘ ʩʣʠʮʠ ʿʝ ʧʨʠʢʘʟʘʥ ʬʠʥʘʣʥʠ ʤʦʜʝʣ, ʢʦʜ ʢʦʿʝʛ ʩʝ ʢʦʨʠʩʪʠ ʩʘʤʦ ʯʝʪʚʨʪʠʥʘ 

ʜʦʤʝʥʘ ʟʘʭʚʘˀʫʿʫ˂ʠ ʩʠʤʝʪʨʠʿʠ, ʩʘ ʚʠʜˀʠʚʠʤ ʥʘʩʫʪʠʤ ʩʣʦʿʝʤ. 

 

ʉʣ. 6.4 ï ʄʨʝʞʘ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ʤʦʜʝʣʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʢʝ 

ʝʣʝʢʪʨʦʜʝ: (1) ʧʦʣʦʞʘʿ ʮʝʚʥʝ ʝʣʝʢʪʨʦʜʝ, (2) ʦʙʣʘʩʪ ʬʠʥʠʿʝ ʨʘʩʧʦʜʝʣʝ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ, (3) ʦʩʪʘʪʘʢ 

ʥʦʨʤʘʣʥʦʛ ʜʦʤʝʥʘ ʠ (4) ʙʝʩʢʦʥʘʯʥʠ ʜʦʤʝʥ 

 

 
 

ʉʣ. 6.5 ï ʌʠʥʘʣʥʠ ʠʟʛʣʝʜ ʤʦʜʝʣʘ ʟʘ FEM  ʩʠʤʫʣʘʮʠʿʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʮʝʚʥʝ ʝʣʝʢʪʨʦʜʝ: (1) 

ʮʝʚʥʠ ʫʟʝʤˀʠʚʘʯ, (2) GEM ʦʢʦ ʮʝʚʠ, (3) ʥʘʩʫʪʠ ʩʣʦʿ, (4) ʦʙʣʘʩʪ ʬʠʥʠʿʝ ʨʘʩʧʦʜʝʣʝ ʤʨʝʞʝ ʢʦʥʘʯʥʠʭ 

ʝʣʝʤʝʥʘʪʘ, (5) ʦʩʪʘʪʘʢ ʥʦʨʤʘʣʥʦʛ ʜʦʤʝʥʘ ʠ (6) ʙʝʩʢʦʥʘʯʥʠ ʜʦʤʝʥ  
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6.4.3.2 ʊʝʩʪ ʥʝʟʘʚʠʩʥʦʩʪʠ ʨʝʟʫʣʪʘʪʘ ʦʜ ʚʝʣʠʯʠʥʝ ʤʨʝʞʝ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ 

ʊʝʩʪ ʥʝʟʘʚʠʩʥʦʩʪʠ ʨʝʟʫʣʪʘʪʘ ʦʜ ʚʝʣʠʯʠʥʝ ʤʨʝʞʝ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ʠʟʚʝʜʝʥ ʿʝ ʟʘ 

ʢʦʥʬʠʛʫʨʘʮʠʿʫ D (ʢʦʥʪʫʨʘ 5 m × 5 m, ʚʠʜʝʪʠ ʉʣ. 6.3 ʠ ʊʘʙ. 6.7). ʄʨʝʞʘ ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ 

ʟʘ ʦʙʣʘʩʪ ʥʝʧʦʩʨʝʜʥʦ ʦʢʦ ʢʦʥʪʫʨʝ ʟʘ ʫʟʝʤˀʝˁʝ (ʫʥʫʪʘʨ ʧʦʣʫʣʦʧʪʝ ʧʦʣʫʧʨʝʯʥʠʢʘ 5 m) 

ʫʤʘˁʝʥʘ ʿʝ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: ʠ ʤʠʥʠʤʘʣʥʘ ʠ ʤʘʢʩʠʤʘʣʥʘ ʣʠʥʝʘʨʥʘ ʜʠʤʝʥʟʠʿʘ ʟʘ ʧʦʿʝʜʠʥʘʯʥʝ 

ʝʣʝʤʝʥʪʝ ʤʨʝʞʝ (ʪʝʪʨʘʝʜʨʝ) ʩʤʘˁʝʥʘ ʿʝ ʟʘ ʦʢʦ 40ï50%. ɻʦʨˁʘ ʛʨʘʥʠʮʘ ʟʘ ʤʘʢʩʠʤʘʣʥʝ 

ʣʠʥʝʘʨʥʝ ʜʠʤʝʥʟʠʿʝ ʝʣʝʤʝʥʘʪʘ ʤʨʝʞʝ ʟʘ ʦʩʪʘʪʘʢ ʜʦʤʝʥʘ ʩʤʘˁʝʥʘ ʿʝ ʟʘ 20% ʧʦʰʪʦ ʠʤʘ ʤʘˁʠ 

ʫʪʠʮʘʿ ʥʘ ʚʨʝʜʥʦʩʪʠ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʢʦʥʪʫʨʝ ʠ ʧʦʪʝʥʮʠʿʘʣʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ 

ʠʟʥʘʜ ʠʩʪʝ. ʈʝʟʫʣʪʘʪʠ ʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ ʩʘ ʪʘʢʦ ʩʤʘˁʝʥʦʤ ʚʝʣʠʯʠʥʦʤ ʝʣʝʤʝʥʘʪʘ ʤʨʝʞʝ 

ʢʦʥʘʯʥʠʭ ʝʣʝʤʝʥʘʪʘ ʨʘʟʣʠʢʫʿʫ ʩʝ ʦʜ ʨʝʟʫʣʪʘʪʘ ʧʨʝʜʩʪʘʚˀʝʥʠʭ ʫ ʊʘʙ. 6.7 ʟʘ ʤʘˁʝ ʦʜ 0,195%. 

 

6.4.4 ʈʝʟʫʣʪʘʪʠ ʠ ʜʠʩʢʫʩʠʿʘ 

ɿʘ ʦʜʨʝʹʠʚʘˁʝ ʝʢʚʠʚʘʣʝʥʪʥʝ ʊʝʚʝʥʝʥʦʚʝ ʦʪʧʦʨʥʦʩʪʠ (Rʝʢʚ.) ʢʦʨʠʰ˂ʝʥʝ ʩʫ ʨʘʟʣʠʯʠʪʝ 

ʦʧʮʠʿʝ. ʋ ʊʘʙ. 6.3 ʧʨʠʢʘʟʘʥʠ ʩʫ ʨʝʟʫʣʪʘʪʠ ʧʨʦʨʘʯʫʥʘ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʜʚʘ ʩʪʦʧʘʣʘ 

ʜʦ ʫʜʘˀʝʥʝ ʟʝʤˀʝ Rʝʢʚ. = Rʦʙʘ_ʩʪʦʧʘʣʘ. ɼʦʙʠʿʝʥʠ ʩʫ ʠʟ FEM ʩʠʤʫʣʘʮʠʿʝ, ʢʘʜʘ ʥʠʿʝ ʧʨʠʩʫʪʘʥ 

ʩʠʩʪʝʤ ʫʟʝʤˀʝˁʘ. ʄʝʪʦʜʘ ʧʨʦʨʘʯʫʥʘ ʠʟ ʩʪʘʥʜʘʨʜʘ [10] ʟʘʩʥʦʚʘʥʘ ʿʝ ʥʘ ʘʥʘʣʠʪʠʯʢʦʿ ʬʦʨʤʫʣʠ. 

ʋ ʥʘʚʝʜʝʥʦʿ ʬʦʨʤʫʣʠ ʩʝ ʫʟʠʤʘ ʜʘ ʿʝ ʩʪʦʧʘʣʦ ʤʦʜʝʣʦʚʘʥʦ ʤʝʪʘʣʥʠʤ ʜʠʩʢʦʤ ʧʦʣʫʧʨʝʯʥʠʢʘ 

b = 8 cm ʢʦʿʠ ʿʝ ʧʦʣʦʞʝʥ ʥʘ ʧʦʚʨʰʠʥʫ ʭʦʤʦʛʝʥʦʛ ʪʣʘ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ r (ʠʟʨʘʟ (2.29)).  

6.4.4.1 ʆʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʙʘ ʩʪʦʧʘʣʘ ʫ ʧʨʠʩʫʩʪʚʫ ʥʘʩʫʪʦʛ ʩʣʦʿʘ 

ʋ ʊʘʙ. 6.3, ʟʘ ʬʘʢʪʦʨ Cs, ʢʦʿʠʤ ʩʝ ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʜʦʜʘʪʥʦ ʥʘʩʫʪʠ ʧʦʚʨʰʠʥʩʢʠ ʩʣʦʿ 

ʜʫʙʠʥʝ hS ʠ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ɟs, ʢʦʨʠʩʪʠ ʩʝ ʠʟʨʘʟ (2.25). ʆʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʜ 

ʦʙʘ ʩʪʦʧʘʣʘ ʜʦ ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ Rʩʪʦʧʘʣa ʜʦʙʠʿʘ ʩʝ ʠʟ 3ɼ FEM ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʤʫʣʘʮʠʿʘ ʫ 

ʢʦʿʠʤʘ ʩʫ ʫ ʤʦʜʝʣʫ ʧʨʠʩʫʪʥʘ ʩʘʤʦ ʜʚʘ ʤʝʪʘʣʥʘ ʜʠʩʢʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ. ʂʘʦ ʰʪʦ ʿʝ ʨʝʯʝʥʦ, 

ʨʘʟʤʘʪʨʘ ʩʝ ʩʣʫʯʘʿ ʪʣʘ ɟS = 2000 Ým ʠ ɟ = 250 Ým. 

 
ʊʘʙʝʣʘ 6.3 ï ʆʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʙʘ ʩʪʦʧʘʣʘ ʫ ʧʨʠʩʫʩʪʚʫ ʥʘʩʫʪʦʛ ʩʣʦʿʘ 

hS [cm] 1,5·Cs·ɟs (ʩʪʘʥʜʘʨʜ [10]) [Ý] Rʩʪʦʧʘʣa (FEM) [Ý] 

6 1875 1969,66 

12 2284,09 2494,98 

20 2517,86 2833,26 

 

ʀʟ ʊʘʙ. 6.3 ʩʝ ʚʠʜʠ ʜʘ ʩʫ ʚʨʝʜʥʦʩʪʠ ʜʦʙʠʿʝʥʝ ʢʦʨʠʰ˂ʝˁʝʤ FEM ʩʠʤʫʣʘʮʠʿʘ ʚʝ˂ʝ ʦʜ 

ʚʨʝʜʥʦʩʪʠ ʜʦʙʠʿʝʥʠʭ ʘʥʘʣʠʪʠʯʢʦʤ ʤʝʪʦʜʦʤ ʠʟ ʩʪʘʥʜʘʨʜʘ. ɼʚʘ ʩʫ ʨʘʟʣʦʛʘ ʟʘ ʦʚʦ ʥʝʩʣʘʛʘˁʝ: 

1) ʫ ʩʪʘʥʜʘʨʜʠʤʘ ʩʝ ʥʝ ʫʟʠʤʘ ʫ ʦʙʟʠʨ ʤʝʹʫʩʦʙʥʠ ʫʪʠʮʘʿ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ 
ʩʪʦʧʘʣʘ ʠ  

2) ʬʦʨʤʫʣʘ ʟʘ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʤʝʪʘʣʥʦʛ ʜʠʩʢʘ ʢʦʿʠ ʣʝʞʠ ʥʘ ʧʦʚʨʰʠʥʠ 

ʟʝʤˀʝ ʧʨʝʤʘ ʫʜʘˀʝʥʦʿ ʟʝʤˀʠ ʥʠʿʝ ʘʧʩʦʣʫʪʥʦ ʪʘʯʥʘ ʠ ʫʢˀʫʯʫʿʝ ʦʜʨʝʹʝʥʫ ʛʨʝʰʢʫ 

(ʚʠʜʝʪʠ [68] ʠ [87]). 

ʋ ʦʜʝˀʢʫ 6.5 ʙʠ˂ʝ ʩʧʨʦʚʝʜʝʥʘ ʜʝʪʘˀʥʘ ʘʥʘʣʠʟʘ ʠ ʙʠ˂ʝ ʧʨʝʜʣʦʞʝʥʝ ʢʦʨʝʢʮʠʿʝ ʟʘ ʬʘʢʪʦʨ 

Cs ʠʟ ʩʪʘʥʜʘʨʜʘ [10]. 

 

6.4.4.2 ʅʘʧʦʥʠ ʜʦʜʠʨʘ ʨʘʟʤʘʪʨʘʥʠʭ ʪʦʧʦʣʦʛʠʿʘ 

ʋ ʊʘʙ. 6.4 ʜʦ ʊʘʙ. 6.12 ʧʨʠʢʘʟʘʥʘ ʩʫ ʧʦʨʝʹʝˁʘ ʨʝʟʫʣʪʘʪʘ ʧʨʦʨʘʯʫʥʘ ʥʘʧʦʥʘ ʜʦʜʠʨʘ 

ʧʨʠʤʝʥʦʤ FEM ʧʨʠʩʪʫʧʘ ʠ ʤʝʪʦʜʝ ʠʟ ʩʪʘʥʜʘʨʜʘ. ʋ ʩʚʠʤ ʩʠʤʫʣʘʮʠʿʘʤʘ ʩʪʨʫʿʘ ʢʦʿʘ ʧʨʦʪʠʯʝ 

ʢʨʦʟ ʟʝʤˀʦʚʦʜ, ʦʜʥʦʩʥʦ ʠʥʿʝʢʪʠʨʘ ʩʝ ʫ ʪʘʯʢʫ ʜʦʜʠʨʘ ʠ ʨʘʩʧʦʜʝˀʫʿʝ ʠʟʤʝʹʫ ʫʟʝʤˀʠʚʘʯʘ ʠ 

ʩʪʦʧʘʣʘ, ʜʦʜʠʨʘ (ʉʣ. 6.1) ʠʟʥʦʩʠ 1000 ɸ. ʉʠʤʙʦʣʠ ʫ ʪʘʙʝʣʘʤʘ ʠʤʘʿʫ ʩʣʝʜʝ˂ʝ ʟʥʘʯʝˁʝ: 
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hS ʜʫʙʠʥʘ ʜʦʜʘʪʦʛ ʧʦʚʨʰʠʥʩʢʦʛ ʩʣʦʿʘ ʤʘʪʝʨʠʿʘʣʘ ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ 

ʦʪʧʦʨʥʦʩʪʠ 

Rʫʟʝʤˀ.
FEM ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ, ʨʝʟʫʣʪʘʪ ʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ 

VS
FEM ʧʦʪʝʥʮʠʿʘʣ ʪʘʯʢʝ ʩʪʘʿʘˁʘ ʥʘ ʧʦʚʨʰʠʥʠ, ʨʝʟʫʣʪʘʪ ʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ 

ɽʜʦʜʠʨʘ
FEM ʧʦʪʝʥʮʠʿʘʣʥʘ ʨʘʟʣʠʢʘ ʜʦʜʠʨʘ ʟʘ ʪʘʯʢʫ ʩʪʘʿʘˁʘ ʥʘ ʧʦʚʨʰʠʥʠ, 

ʨʝʟʫʣʪʘʪ ʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ ʫ ʢʦʿʠʤʘ ʥʠʿʝ ʧʨʠʩʫʪʥʘ ʦʩʦʙʘ ʠʟʣʦʞʝʥʘ 

ʥʘʧʦʥʫ ʜʦʜʠʨʘ 

Uʜʦʜʠʨʘ
FEM ʥʘʧʦʥ ʜʦʜʠʨʘ ʟʘ ʪʘʯʢʫ ʩʪʘʿʘˁʘ ʥʘ ʧʦʚʨʰʠʥʠ ʥʘ ʧʦʚʨʰʠʥʠ, ʨʝʟʫʣʪʘʪ 

ʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ ʫ ʢʦʿʠʤʘ ʿʝ ʧʨʠʩʫʪʥʘ ʦʩʦʙʘ ʠʟʣʦʞʝʥʘ ʥʘʧʦʥʫ 

ʜʦʜʠʨʘ 

Uʜʦʜʠʨʘ
ʩʪʜ1 ʥʘʧʦʥ ʜʦʜʠʨʘ ʟʘ ʪʘʯʢʫ ʩʪʘʿʘˁʘ ʥʘ ʧʦʚʨʰʠʥʠ, ʥʘ ʦʩʥʦʚʫ ʬʦʨʤʫʣʝ 

(2.41) ʠʟ ʩʪʘʥʜʘʨʜʘ, ʫ ʢʦʿʦʿ ʩʝ ʟʘ ʧʦʪʝʥʮʠʿʘʣʥʫ ʨʘʟʣʠʢʫ ʜʦʜʠʨʘ 

ʫʚʨʰʪʘʚʘ ɽʜʦʜʠʨʘ
FEM, ʘ ʟʘ 1,5ĿCS·ɟS ʫʚʨʰʪʘʚʘ ʩʝ ʚʨʝʜʥʦʩʪ ʠʟ ʊʘʙ. 6.3 

ʟʘ ʦʜʛʦʚʘʨʘʿʫ˂ʫ ʜʫʙʠʥʫ ʩʣʦʿʘ ʥʘʩʠʧʘˁʘ 

ŭ1 ʧʨʦʮʝʥʪʫʘʣʥʦ ʦʜʩʪʫʧʘˁʝ Uʜʦʜʠʨʘ
ʩʪʜ1 ʦʜ Uʜʦʜʠʨʘ

FEM 

Uʜʦʜʠʨʘ
ʩʪʜ2 ʥʘʧʦʥ ʜʦʜʠʨʘ ʟʘ ʪʘʯʢʫ ʩʪʘʿʘˁʘ ʥʘ ʧʦʚʨʰʠʥʠ, ʥʘ ʦʩʥʦʚʫ ʬʦʨʤʫʣʝ 

(2.39) ʠʟ ʩʪʘʥʜʘʨʜʘ, ʫ ʢʦʿʦʿ ʩʝ ʟʘ ʧʦʪʝʥʮʠʿʘʣʥʫ ʨʘʟʣʠʢʫ ʜʦʜʠʨʘ 

ʫʚʨʰʪʘʚʘ ɽʜʦʜʠʨʘ
FEM, ʘ ʟʘ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʙʘ ʩʪʦʧʘʣʘ 

ʫʚʨʰʪʘʚʘ ʩʝ ʚʨʝʜʥʦʩʪ Rʦʙʘ_ʩʪʦʧʘʣʘ (FEM) ʠʟ ʊʘʙ. 6.3 ʟʘ ʦʜʛʦʚʘʨʘʿʫ˂ʫ 

ʜʫʙʠʥʫ ʩʣʦʿʘ ʥʘʩʠʧʘˁʘ 

ŭ2 ʧʨʦʮʝʥʪʫʘʣʥʦ ʦʜʩʪʫʧʘˁʝ Uʜʦʜʠʨʘ
ʩʪʜ2 ʦʜ Uʜʦʜʠʨʘ

FEM 

 

ʊʘʙʝʣʘ 6.4 ï ʂʦʥʬʠʛʫʨʘʮʠʿʘ ɸ: ʫʟʝʤˀʠʚʘʯʢʘ ʰʠʧʢʘ ʜʫʞʠʥʝ 3,6 m ʠ ʧʨʝʯʥʠʢʘ 19 mm ʫʥʫʪʘʨ ʤʘʪʝʨʠʿʘʣʘ 

ʟʘ ʧʦʙʦˀʰʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ (GEM) ʧʨʝʯʥʠʢʘ 320 mm 

hS 

[cm] 

Rʫʟʝʤˀ.
FEM 

[Ý] 

VS
FEM 

[V]  

ɽʜʦʜ.
FEM 

[V]  

Uʜʦʜ.
FEM 

[V]  

Uʜʦʜ.
ʩʪʜ1 

[V]  
ŭ1 [%] 

Uʜʦʜ.
ʩʪʜ2 

[V]  
ŭ2 [%] 

6 37,678 20556,3 17121,6 5813 5955,3 2,448 5765,5 -0,818 

12 37,649 20575,4 17073,6 4920,4 5198,9 5,659 4885,2 -0,717 

20 37,618 20621,9 16996,3 4462,8 4831,4 8,26 4433,9 -0,648 

 

ʊʘʙʝʣʘ 6.5 ï ʂʦʥʬʠʛʫʨʘʮʠʿʘ B: ʫʟʝʤˀʠʚʘʯʢʘ ʰʠʧʢʘ ʜʫʞʠʥʝ 3,6 m ʠ ʧʨʝʯʥʠʢʘ 19 mm ʫʥʫʪʘʨ ʤʘʪʝʨʠʿʘʣʘ 

ʟʘ ʧʦʙʦˀʰʘʚʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʨʝʯʥʠʢʘ 160 mm 

hS 

[cm] 

Rʫʟʝʤˀ.
FEM 

[Ý] 

VS
FEM 

[V]  

ɽʜʦʜ.
FEM 

[V]  

Uʜʦʜ.
FEM 

[V]  

Uʜʦʜ.
ʩʪʜ1 

[V]  
ŭ1 [%] 

Uʜʦʜ.
ʩʪʜ2 

[V]  
ŭ2 [%] 

6 45,339 20885,3 24453,4 8268,9 8505,5 2,861 8234,4 -0,418 

12 45,301 20903,2 24398,1 7003,3 7429,2 6,082 6980,9 -0,319 

20 45,264 20948,4 24316 6359,6 6912,2 8,688 6343,4 -0,255 
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ʊʘʙʝʣʘ 6.6 ï ʂʦʥʬʠʛʫʨʘʮʠʿʘ C: ʫʟʝʤˀʠʚʘʯʢʘ ʰʠʧʢʘ ʜʫʞʠʥʝ 10,8 m ʠ ʧʨʝʯʥʠʢʘ 19 mm ʫʥʫʪʘʨ ʤʘʪʝʨʠʿʘʣʘ 

ʟʘ ʧʦʙʦˀʰʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ (GEM) ʧʨʝʯʥʠʢʘ 160 mm 

hS 

[cm] 

Rʫʟʝʤˀ.
FEM 

[Ý] 

VS
FEM 

[V]  

ɽʜʦʜ.
FEM 

[V]  

Uʜʦʜ.
FEM 

[V]  

Uʜʦʜ.
ʩʪʜ1 

[V]  
ŭ1 [%] 

Uʜʦʜ.
ʩʪʜ2 

[V]  
ŭ2 [%] 

6 19,23 10744,3 8485,5 2879,7 2951,5 2,493 2857,4 -0,774 

12 19,226 10753,7 8472,6 2440,5 2579,9 5,71 2424,2 -0,668 

20 19,223 10772,2 8450,8 2215,5 2402,2 8,428 2204,6 -0,493 

 

ʊʘʙʝʣʘ 6.7 ï ʂʦʥʬʠʛʫʨʘʮʠʿʘ D: ʫʟʝʤˀʠʚʘʯʢʘ ʢʦʥʪʫʨʘ 5 m × 5 m ʥʘʧʨʘʚˀʝʥʘ ʦʜ ʙʘʢʘʨʥʝ ʪʨʘʢʝ ʧʦʧʨʝʯʥʦʛ 

ʧʨʝʩʝʢʘ 40 mm × 4 mm, ʫʢʦʧʘʥʘ ʥʘ ʜʫʙʠʥʫ 0,6 m ʠʩʧʦʜ ʧʦʚʨʰʠʥʝ ʪʣʘ 

hS 

[cm] 

Rʫʟʝʤˀ.
FEM 

[Ý] 

VS
FEM 

[V]  

ɽʜʦʜ.
FEM 

[V]  

Uʜʦʜ.
FEM 

[V]  

Uʜʦʜ.
ʩʪʜ1 

[V]  
ŭ1 [%] 

Uʜʦʜ.
ʩʪʜ2 

[V]  
ŭ2 [%] 

6 22,194 13686 8508,4 2864,6 2959,5 3,313 2865,1 0,02 

12 22,175 13692,5 8482,1 2426,6 2582,8 6,438 2426,9 0,016 

20 22,15 13709 8441,1 2197,9 2399,5 9,17 2202,1 0,188 

 
ʊʘʙʝʣʘ 6.8 ï ʂʦʥʬʠʛʫʨʘʮʠʿʘ E: ʫʟʝʤˀʠʚʘʯʢʘ ʢʦʥʪʫʨʘ 5 m × 5 m ʥʘʧʨʘʚˀʝʥʘ ʦʜ ʙʘʢʘʨʥʝ ʪʨʘʢʝ ʧʦʧʨʝʯʥʦʛ 

ʧʨʝʩʝʢʘ 40 mm × 4 mm, ʫʢʦʧʘʥʘ ʥʘ ʜʫʙʠʥʫ 0,6 m ʠʩʧʦʜ ʧʦʚʨʰʠʥʝ ʪʣʘ ʩʘ ʜʦʜʘʪʠʤ ʰʠʧʢʘʤʘ ʜʫʞʠʥʝ 3,6 m ʠ 

ʧʨʝʯʥʠʢʘ 19 mm ʥʘ ʩʚʘʢʦʤ ʫʛʣʫ ʢʦʥʪʫʨʝ 

hS 

[cm] 

Rʫʟʝʤˀ.
FEM 

[Ý] 

VS
FEM 

[V]  

ɽʜʦʜ.
FEM 

[V]  

Uʜʦʜ.
FEM 

[V]  

Uʜʦʜ.
ʩʪʜ1 

[V]  
ŭ1 [%] 

Uʜʦʜ.
ʩʪʜ2 

[V]  
ŭ2 [%] 

6 14,651 10339,9 4310,9 1454,9 1499,4 3,062 1451,6 -0,223 

12 14,64 10340 4299,8 1232,9 1309,3 6,197 1230,3 -0,211 

20 14,626 10344,2 4281,8 1114,2 1217,2 9,24 1117 0,251 

 

ʊʘʙʝʣʘ 6.9 ï ʂʦʥʬʠʛʫʨʘʮʠʿʘ F: ʫʟʝʤˀʠʚʘʯʢʘ ʢʦʥʪʫʨʘ 5 m × 5 m ʥʘʧʨʘʚˀʝʥʘ ʦʜ ʙʘʢʘʨʥʝ ʪʨʘʢʝ ʧʦʧʨʝʯʥʦʛ 

ʧʨʝʩʝʢʘ 40 mm × 4 mm, ʫʢʦʧʘʥʘ ʥʘ ʜʫʙʠʥʫ 0,6 m ʠʩʧʦʜ ʧʦʚʨʰʠʥʝ ʪʣʘ, ʧʦʩʪʘʚˀʝʥʘ ʫʥʫʪʘʨ ʩʣʦʿʘ ʙʝʥʪʦʥʠʪʘ 

ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʰʠʨʠʥʝ 300 mm ʠ ʚʠʩʠʥʝ 100 mm ʦʢʦ ʩʚʘʢʝ ʪʨʘʢʝ ʢʦʥʪʫʨʝ 

hS 

[cm] 

Rʫʟʝʤˀ.
FEM 

[Ý] 

VS
FEM 

[V]  

ɽʜʦʜ.
FEM 

[V]  

Uʜʦʜ.
FEM 

[V]  

Uʜʦʜ.
ʩʪʜ1 

[V]  
ŭ1 [%] 

Uʜʦʜ.
ʩʪʜ2 

[V]  
ŭ2 [%] 

6 17,59 13536 4054,1 1364,7 1410,1 3,328 1365,2 0,035 

12 17,571 13542,6 4028,9 1150,2 1226,8 6,66 1152,8 0,224 

20 17,548 13559 3989 1037,8 1133,9 9,259 1040,6 0,269 

 

ʊʘʙʝʣʘ 6.10 ï ʂʦʥʬʠʛʫʨʘʮʠʿʘ G: ʫʟʝʤˀʠʚʘʯʢʘ ʢʦʥʪʫʨʘ 5 m × 5 m ʥʘʧʨʘʚˀʝʥʘ ʦʜ ʙʘʢʘʨʥʝ ʪʨʘʢʝ ʧʦʧʨʝʯʥʦʛ 

ʧʨʝʩʝʢʘ 40 mm × 4 mm, ʫʢʦʧʘʥʘ ʥʘ ʜʫʙʠʥʫ 0,6 m ʠʩʧʦʜ ʧʦʚʨʰʠʥʝ ʪʣʘ, ʧʦʩʪʘʚˀʝʥʘ ʫʥʫʪʘʨ ʩʣʦʿʘ GEM 

ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ ʰʠʨʠʥʝ 300 mm ʠ ʚʠʩʠʥʝ 100 mm ʦʢʦ ʩʚʘʢʝ ʪʨʘʢʝ ʢʦʥʪʫʨʝ 

hS 

[cm] 

Rʫʟʝʤˀ.
FEM 

[Ý] 

VS
FEM 

[V]  

ɽʜʦʜ.
FEM 

[V]  

Uʜʦʜ.
FEM 

[V]  

Uʜʦʜ.
ʩʪʜ1 

[V]  
ŭ1 [%] 

Uʜʦʜ.
ʩʪʜ2 

[V]  
ŭ2 [%] 

6 17,524 13528,7 3995,6 1345,8 1389,8 3,267 1345,5 -0,025 

12 17,506 13535,3 3970,4 1133,2 1209 6,684 1136 0,247 

20 17,482 13551,8 3930,6 1022,4 1117,3 9,284 1025,4 0,292 

 



ʇʦʙʦˀʰʘˁʝ ʤʝʪʦʜʝ ʟʘ ʠʟʨʘʯʫʥʘʚʘˁʝ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʧʨʠʤʝʥʦʤ FEM 

  123  

 

ʊʘʙʝʣʘ 6.11 ï ʂʦʥʬʠʛʫʨʘʮʠʿʘ J: ʫʟʝʤˀʠʚʘʯʢʘ ʰʠʧʢʘ ʜʫʞʠʥʝ 3,6 m ʠ ʧʨʝʯʥʠʢʘ 19 mm ʫʥʫʪʘʨ ʙʝʥʪʦʥʠʪʘ 

ʧʨʝʯʥʠʢʘ 320 mm 

hS 

[cm] 

Rʫʟʝʤˀ.
FEM 

[Ý] 

VS
FEM 

[V]  

ɽʜʦʜ.
FEM 

[V]  

Uʜʦʜ.
FEM 

[V]  

Uʜʦʜ.
ʩʪʜ1 

[V]  
ŭ1 [%] 

Uʜʦʜ.
ʩʪʜ2 

[V]  
ŭ2 [%] 

6 37,994 20582,4 17411,4 5915,4 6056,1 2,379 5863,1 -0,884 

12 37,965 20601,3 17363,5 4999,4 5287,2 5,756 4968,1 -0,626 

20 37,934 20647,5 17286,3 4541 4913,9 8,21 4509,5 -0,694 

 
ʊʘʙʝʣʘ 6.12 ï ʂʦʥʬʠʛʫʨʘʮʠʿʘ K: ʫʟʝʤˀʠʚʘʯʢʘ ʰʠʧʢʘ ʜʫʞʠʥʝ 10,8 m ʠ ʧʨʝʯʥʠʢʘ 19 mm ʫʥʫʪʘʨ ʙʝʥʪʦʥʠʪʘ 

ʧʨʝʯʥʠʢʘ 160 mm 

hS 

[cm] 

Rʫʟʝʤˀ.
FEM 

[Ý] 

VS
FEM 

[V]  

ɽʜʦʜ.
FEM 

[V]  

Uʜʦʜ.
FEM 

[V]  

Uʜʦʜ.
ʩʪʜ1 

[V]  
ŭ1 [%] 

Uʜʦʜ.
ʩʪʜ2 

[V]  
ŭ2 [%] 

6 19,306 10748,6 8557 2903,9 2976,3 2,495 2881,5 -0,772 

12 19,302 10757,9 8544,1 2460,3 2601,7 5,747 2444,7 -0,633 

20 19,299 10776,3 8522,4 2233,2 2422,6 8,483 2223,3 -0,443 

 

ʀʟ ʊʘʙ. 6.4 ʜʦ ʊʘʙ. 6.12 ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʜʘ ʿʝ ʧʦʩʪʫʧʘʢ ʟʘ ʧʨʦʨʘʯʫʥ ʥʘʧʦʥʘ ʜʦʜʠʨʘ 

Uʜʦʜʠʨʘ
ʩʪʜ1 ʠʟ IEEE ʩʪʘʥʜʘʨʜʘ 80 [10] ʢʦʥʟʝʨʚʘʪʠʚʥʠʿʠ (ʚʨʝʜʥʦʩʪʠ Uʜʦʜʠʨʘ ʩʫ ʚʝ˂ʝ) ʫ ʧʦʨʝʹʝˁʫ 

ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʜʦʙʠʿʝʥʠʤ ʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ. 

ʅʘʢʦʥ ʰʪʦ ʫ ʠʟʨʘʟ ʟʘ ʥʘʧʦʥ ʜʦʜʠʨʘ ʩʘ ʝʢʚʠʚʘʣʝʥʪʥʦʤ ʦʪʧʦʨʥʦʰ˂ʫ ʊʝʚʝʥʝʥʦʚʦʛ 

ʛʝʥʝʨʘʪʦʨʘ ʠʟʨʘʞʝʥʦʤ ʧʨʝʢʦ 1,5ĿCS·ɟS ï Uʜʦʜʠʨʘ
ʩʪʜ1 ʥʘ ʦʩʥʦʚʫ ʿʝʜʥʘʯʠʥʝ (2.41) ï ʫʚʨʩʪʠ 

ʚʨʝʜʥʦʩʪ ʟʘ Rʦʙʘ_ʩʪʦʧʘʣʘ ʜʦʙʠʿʝʥʘ ʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ ï Uʜʦʜʠʨʘ
ʩʪʜ2 ʥʘ ʦʩʥʦʚʫ ʿʝʜʥʘʯʠʥʝ (2.39) ï 

ʧʨʦʮʝʥʪʫʘʣʥʘ ʦʜʩʪʫʧʘˁʘ ʤʝʪʦʜʝ ʠʟ ʩʪʘʥʜʘʨʜʘ (ŭ2) ʧʘʜʘʿʫ ʠʩʧʦʜ ʿʝʜʥʦʛ ʧʨʦʮʝʥʪʘ. ɼʘʢʣʝ, 

ʠʩʧʦʩʪʘʚˀʘ ʩʝ ʜʘ ʢˀʫʯʥʠ ʫʪʠʮʘʿ ʥʘ ʥʘʧʦʥ ʜʦʜʠʨʘ ʠʤʘ ʝʢʚʠʚʘʣʝʥʪʥʘ ʦʪʧʦʨʥʦʩʪ 

ʊʝʚʝʥʝʥʦʚʦʛ ʛʝʥʝʨʘʪʦʨʘ. ɿʙʦʛ ʪʦʛʘ ʿʝ ʠʟʚʨʰʝʥʦ ʜʘˀʝ ʧʨʦʫʯʘʚʘˁʝ ʦʪʧʦʨʥʦʩʪʠ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʙʘ ʩʪʦʧʘʣʘ ʜʦ ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ. 

ʊʘʙ. 6.4 ʜʦ ʊʘʙ. 6.12 ʩʘʜʨʞʝ ʜʨʫʛʝ ʟʘʥʠʤˀʠʚʝ ʨʝʟʫʣʪʘʪʝ ʟʘ ʨʘʟʣʠʯʠʪʝ ʫʟʝʤˀʠʚʘʯʢʝ 

ʩʠʩʪʝʤʝ. ʅʘ ʧʨʠʤʝʨ, ʢʦʥʪʫʨʘ ʟʘ ʫʟʝʤˀʝˁʝ ʩʘ ʰʠʧʢʘʤʘ ʥʘ ʩʚʘʢʦʤ ʫʛʣʫ (ʢʦʥʬʠʛʫʨʘʮʠʿʘ ɽ ʠʟ 

ʊʘʙ. 6.8) ʠʤʘ ʚʝ˂ʫ ʚʨʝʜʥʦʩʪ ʟʘ ʥʘʧʦʥ ʜʦʜʠʨʘ ʥʝʛʦ ʢʦʥʪʫʨʘ ʟʘ ʫʟʝʤˀʝˁʝ ʫʥʫʪʘʨ ʙʝʥʪʦʥʠʪʘ ʠ 

ʜʦʜʘʪʥʦʛ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʧʦʙʦˀʰʘʚʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ (GEM) (ʢʦʥʬʠʛʫʨʘʮʠʿʘ F ʠʟ ʊʘʙ. 6.9 ʠ 

ʢʦʥʬʠʛʫʨʘʮʠʿʘ G ʠʟ ʊʘʙ. 6.10), ʰʪʦ ʠʣʫʩʪʨʫʿʝ ʧʦʟʠʪʠʚʘʥ ʫʪʠʮʘʿ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʠʩʧʫʥʫ, ʥʝ ʩʘʤʦ 

ʥʘ ʢʦʥʪʘʢʪʥʝ ʠ ʫʢʫʧʥʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʠʩʪʝʤʘ ʫʟʝʤˀʝˁʘ, ʚʝ˂ ʠ ʥʘ ʥʘʧʦʥʝ 

ʜʦʜʠʨʘ. ʆʚʠʤ ʩʝ ʧʦʪʚʨʹʫʿʝ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʠʟʚʝʜʝʥ ʟʘʢˀʫʯʘʢ ʠʟ ʨʝʬʝʨʝʥʮʝ [92] ʜʘ ʫʧʦʪʨʝʙʘ 

ʜʦʜʘʪʥʠʭ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʧʦʙʦˀʰʘʚʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʜʦʚʦʜʠ ʜʦ ʟʥʘʯʘʿʥʦʛ ʩʤʘˁʝˁʘ 

ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ ʠ ʥʘʧʦʥʘ ʜʦʜʠʨʘ. ʈʝʟʫʣʪʘʪ ʧʨʠʢʘʟʘʥ ʫ ʦʚʦʤ ʧʦʛʣʘʚˀʫ 

ʧʦʪʠʯʝ ʦʜ ʨʘʟʣʠʯʠʪʝ ʨʘʩʧʦʜʝʣʝ ʩʪʨʫʿʘ ʫ ʦʢʦʣʠʥʠ ʫʟʝʤˀʠʚʘʯʘ, ʥʘ ʢʦʿʫ ʫʪʠʯʝ ʧʦʚʝ˂ʘˁʝ ʜʦʙʨʦ 

ʧʨʦʚʦʜʥʦʛ ʜʝʣʘ (ʢʘʦ ʨʝʟʫʣʪʘʪ ʧʦʩʪʘʚˀʘˁʘ GEM-ʘ), ʰʪʦ ʫʪʠʯʝ ʥʘ VS
FEM, ʢʘʦ ʠ GPR ʠ 

ɽʜʦʜʠʨʘ. = GPR - VS
FEM. ʆʚʘʿ ʪʝʭʥʠʯʢʠ ʘʩʧʝʢʪ ʠ ʫʪʠʮʘʿ ʢʦʥʪʘʢʪʥʝ ʦʪʧʦʨʥʦʩʪʠ ʤʦʛʫ ʩʝ 

ʧʦʩʤʘʪʨʘʪʠ ʢʘʦ ʨʘʩʧʨʝʛʥʫʪʠ. 

 

6.4.4.3 ʄʝʹʫʩʦʙʥʠ ʫʪʠʮʘʿ ʩʪʦʧʘʣʘ ʥʘ ʟʘʿʝʜʥʠʯʢʫ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ 

ʀʟʚʨʰʝʥʦ ʿʝ ʧʦʨʝʹʝˁʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ ʜʦ ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ ʟʘ 

ʦʩʦʙʫ ʯʠʿʘ ʩʫ ʩʪʦʧʘʣʘ ʥʘ ʚʝʰʪʘʯʢʠ ʥʘʩʫʪʦʤ ʩʣʦʿʫ ʜʝʙˀʠʥʝ hS ʠ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ɟS, ʘ 

ʢʦʿʘ ʩʝ ʜʦʙʠʿʘʿʫ ʢʘʦ ʨʝʟʫʣʪʘʪʠ ʧʨʠʤʝʥʦʤ FEM ʠ ʧʨʠʩʪʫʧʘ ʠʟ ʩʪʘʥʜʘʨʜʘ.  

ʂʘʢʦ ʙʠ ʤʦʛʘʦ ʜʘˀʝ ʜʘ ʩʝ ʘʥʘʣʠʟʠʨʘ ʫʪʠʮʘʿ ʿʝʜʥʦʛ ʩʪʦʧʘʣʘ ʥʘ ʜʨʫʛʦ, ʠʟʚʨʰʝʥ ʿʝ ʿʦʰ 

ʿʝʜʘʥ ʥʠʟ ʩʠʤʫʣʘʮʠʿʘ, ʠʟ ʢʦʿʠʭ ʩʝ ʦʜʨʝʹʠʚʘʣʘ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʿʝʜʥʦʛ ʤʝʪʘʣʥʦʛ 
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ʜʠʩʢʘ, ʢʦʿʠʤ ʩʝ ʤʦʜʝʣʫʿʝ ʿʝʜʥʦ ʩʪʦʧʘʣʦ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ. ɼʦʙʠʿʝʥʘ ʚʨʝʜʥʦʩʪ, ʫ ʪʘʙʝʣʠ 

ʦʟʥʘʯʝʥʘ ʢʘʦ Rʩʪʦʧʘʣʦ
FEM, ʜʝʣʠ ʩʝ ʩʘ 2. ʅʘ ʪʘʿ ʥʘʯʠʥ, ʤʦʞʝ ʩʝ ʠʟʚʫ˂ʠ ʢʚʘʥʪʠʪʘʪʠʚʥʠ ʝʬʝʢʘʪ 

ʤʝʹʫʩʦʙʥʦʛ ʫʪʠʮʘʿʘ ʩʪʨʫʿʘ ʩʪʦʧʘʣʘ. 

ʈʝʟʫʣʪʘʪʠ ʧʦʨʝʹʝˁʘ ʩʫ ʧʨʠʢʘʟʘʥʠ ʫ ʊʘʙ. 6.13, ʛʜʝ ʧʦʿʝʜʠʥʝ ʦʟʥʘʢʝ ʠʤʘʿʫ ʩʣʝʜʝ˂ʘ 

ʟʥʘʯʝˁʘ: 

hS ʜʫʙʠʥʘ ʜʦʜʘʪʥʦ ʥʘʩʫʪʦʛ ʧʦʚʨʰʠʥʩʢʦʛ ʩʣʦʿʘ ʤʘʪʝʨʠʿʘʣʘ ʚʝʣʠʢʝ 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 

Rʦʙʘ_ʩʪʦʧʘʣʘ
FEM ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʙʘ ʩʪʦʧʘʣʘ ʜʦ ʨʝʬʝʨʝʥʪʝ ʟʝʤˀʝ, 

ʨʝʟʫʣʪʘʪ ʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ ʫ ʢʦʿʠ ʿʝ ʫʢˀʫʯʝʥ ʫʪʠʮʘʿ ʙʣʠʟʠʥʝ 

ʩʪʦʧʘʣʘ ʿʝʜʥʦʛ ʥʘ ʜʨʫʛʦ 

1,5·Cs·ɟs ʧʨʠʩʪʫʧ ʫʚʘʞʘʚʘˁʘ ʥʘʩʫʪʦʛ ʩʣʦʿʘ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʙʘ 

ʩʪʦʧʘʣʘ ʜʦ ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ ʠʟ ʩʪʘʥʜʘʨʜʘ [10] ʧʨʝʤʘ ʠʟʨʘʟʫ 

(2.35), ʛʜʝ ʿʝ ʬʘʢʪʦʨ CS ʠʟʨʘʯʫʥʘʪ ʧʨʝʢʦ ʠʟʨʘʟʘ (2.34) 

ŭ1 ʧʨʦʮʝʥʪʫʘʣʥʦ ʦʜʩʪʫʧʘˁʝ 1,5ĿCs·ɟs ʦʜ Rʦʙʘ_ʩʪʦʧʘʣʘ
FEM 

Rʩʪʦʧʘʣʦ
FEM ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʘʤʦ ʿʝʜʥʦʛ ʩʪʦʧʘʣʘ ʜʦ ʨʝʬʝʨʝʥʪʝ 

ʟʝʤˀʝ, ʨʝʟʫʣʪʘʪ ʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ ʩʘ ʧʨʠʩʫʪʥʠʤ ʩʘʤʦ ʿʝʜʥʠʤ 

ʤʝʪʘʣʥʠʤ ʜʠʩʢʦʤ ʢʦʿʠʤ ʩʝ ʘʧʨʦʢʩʠʤʠʨʘ ʩʪʦʧʘʣʦ 

Rʩʪʦʧʘʣʦ
FEM/2 ʧʦʣʦʚʠʥʘ ʚʨʝʜʥʦʩʪʠ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʘʤʦ ʿʝʜʥʦʛ 

ʩʪʦʧʘʣʘ ʜʦ ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ ʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ (Rʩʪʦʧʘʣʦ
FEM) 

(ʥʠʿʝ ʫʢˀʫʯʝʥ ʫʪʠʮʘʿ ʙʣʠʟʠʥʝ ʩʪʦʧʘʣʘ ʿʝʜʥʦʛ ʥʘ ʜʨʫʛʦ) 

ŭ2 ʧʨʦʮʝʥʪʫʘʣʥʦ ʦʜʩʪʫʧʘˁʝ 1,5·Cs·ɟs ʦʜ Rʩʪʦʧʘʣʦ
FEM/2 

 
ʊʘʙʝʣʘ 6.13 ï ʇʦʨʝʹʝˁʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʙʘ ʩʪʦʧʘʣʘ, ʢʦʿʘ ʩʝ ʜʦʙʠʿʘ ʢʘʦ ʨʝʟʫʣʪʘʪ ʠʟ FEM 

ʩʠʤʫʣʘʮʠʿʘ, ʩʘ 1,5ĿCs·ɟs 

hs 

[cm] 

Rʦʙʘ_ʩʪʦʧʘʣʘ
FEM 

[Ý] 

1,5·Cs·ɟs 

[Ý] 

ŭ1 [%] Rʩʪʦʧʘʣʦ
FEM 

[Ý] 

Rʩʪʦʧʘʣʦ
FEM/2 

[Ý] 

ŭ2 [%] 

6 1969,7 1875 -4,806 3784,1 1892,1 -0,901 

12 2495 2284,1 -8,453 4755,7 2377,8 -3,942 

20 2833,3 2517,9 -11,132 5267 2633,5 -4,391 

 

ʀʟ ʪʘʙʝʣʝ ʩʝ ʚʠʜʠ ʜʘ ʦʜʩʪʫʧʘˁʝ Rʩʪʦʧʘʣʦ/2, ʜʦʙʠʿʝʥʦʛ ʠʟ FEM, ʦʜ 1,5ĿCs·ɟs ʨʘʩʪʝ ʩʘ 

ʧʦʚʝ˂ʘˁʝʤ ʜʫʙʠʥʝ ʧʦʚʨʰʠʥʩʢʦʛ ʩʣʦʿʘ.  

ɿʘʢˀʫʯʘʢ ʿʝ ʜʘ ʦʜʩʪʫʧʘˁʝ Rʩʪʦʧʘʣʦ/2 (ʢʦʿʝ ʿʝ ʠʟʨʘʯʫʥʘʪʦ ʢʦʨʠʰ˂ʝˁʝʤ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʝ 

ʿʝʜʥʘʯʠʥʝ (2.35) ʠʟ ʩʪʘʥʜʘʨʜʘ [10]) ʦʜ ʚʨʝʜʥʦʩʪʠ ʜʦʙʠʿʝʥʝ ʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ ʧʦʪʠʯʝ ʠʟ 

ʩʣʝʜʝ˂ʘ ʜʚʘ ʨʘʟʣʦʛʘ: 

1. ʯʠˁʝʥʠʮʝ ʜʘ ʩʝ ʧʨʠ ʧʨʦʨʘʯʫʥʫ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʿʝʜʥʦʛ ʩʪʦʧʘʣʘ ʜʦ 
ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ ʟʘ ʫʚʘʞʘʚʘˁʝ ʥʘʩʫʪʦʛ ʩʣʦʿʘ ʢʦʨʠʩʪʠ ʘʧʨʦʢʩʠʤʘʪʠʚʥʘ ʬʦʨʤʫʣʘ 

(2.34) ʠʟ [10] (ʚʠʜʝʪʠ [66], [86], [87]) ʠ 

2. ʟʘʥʝʤʘʨʠʚʘˁʘ ʤʝʹʫʩʦʙʥʦʛ ʫʪʠʮʘʿʘ ʢʦʿʝ ʩʪʦʧʘʣʘ ʠʤʘʿʫ ʿʝʜʥʦ ʥʘ ʜʨʫʛʦ. 

 

6.5 ʋʥʘʧʨʝʹʝˁʝ ʬʦʨʤʫʣʝ ʟʘ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ ʜʦ ʨʝʬʝʨʝʥʪʥʝ 

ʟʝʤˀʝ 

ʈʝʟʫʣʪʘʪʠ ʠʟ ʧʦʛʣʘʚˀʘ 6.4, ʩʘ ʥʘʿʫʧʝʯʘʪˀʠʚʠʿʠʤ ʨʝʟʫʣʪʘʪʠʤʘ ʧʨʠʢʘʟʘʥʠʤ ʫ  
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ʊʘʙ. 6.13, ʿʘʩʥʦ ʧʦʢʘʟʫʿʫ ʜʘ ʧʦʩʪʦʿʠ ʧʦʪʨʝʙʘ ʜʘ ʩʝ ʧʦʙʦˀʰʘ ʿʝʜʥʘʯʠʥʘ ʟʘ ʧʨʦʨʘʯʫʥ 

ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʜ ʜʚʘ ʩʪʦʧʘʣʘ ʜʦ ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ. ɿʙʦʛ ʪʦʛʘ ʿʝ ʠʟʚʨʰʝʥ ʥʠʟ 

ʜʦʜʘʪʥʠʭ FEM ʩʠʤʫʣʘʮʠʿʘ ʢʦʿʝ ʩʫ ʥʘʢʦʥ ʪʦʛʘ ʠʩʢʦʨʠʰ˂ʝʥʝ ʟʘ ʨʘʟʚʦʿ ʧʦʙʦˀʰʘʥʠʭ ʿʝʜʥʘʯʠʥʘ. 

ʋ ʥʦʚʠʤ ʩʠʤʫʣʘʮʠʿʘʤʘ, ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʜʦˁʝʛ ʩʣʦʿʘ ʦʜʨʞʘʚʘ ʩʝ ʢʦʥʩʪʘʥʪʥʦʤ ʥʘ 

ʚʨʝʜʥʦʩʪʠ r = 100 Ým, ʜʦʢ ʩʝ ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʛʦʨˁʝʛ ʥʘʩʫʪʦʛ ʩʣʦʿʘ rS ʚʘʨʠʨʘ ʫ 

ʨʘʩʧʦʥʫ ʦʜ 400 ʜʦ 2000 Ým. ɼʫʙʠʥʘ ʛʦʨˁʝʛ ʩʣʦʿʘ hS ʚʘʨʠʨʘ ʩʝ ʦʜ 6 ʜʦ 20 cm.  

ʅʘ ʉʣ. 6.6 ʩʫ ʧʨʠʢʘʟʘʥʝ ʢʨʠʚʝ ʢʦʿʝ ʩʝ ʜʦʙʠʿʘʿʫ ʢʘʦ ʦʜʥʦʩ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʙʘ 

ʩʪʦʧʘʣʘ ʜʦ ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ: 

1) ʜʦʙʠʿʝʥʠʭ ʠʟ FEM (Rʦʙʘ_ʩʪʦʧʘʣʘ
FEM) ʠ  

2) ʜʦʙʠʿʝʥʠʭ ʤʝʪʦʜʦʤ ʠʟ ʩʪʘʥʜʘʨʜʘ [10] (Rʦʙʘ_ʩʪʦʧʘʣʘ
IEEE) ʧʨʠʤʝʥʦʤ ʠʟʨʘʟʘ (2.34) ʠ 

(2.35). 

ʋ ʮʠˀʫ ʧʨʦʫʯʘʚʘˁʘ ʟʘʢˀʫʯʝʥʠʭ ʨʘʟʣʦʛʘ ʟʘ ʦʜʩʪʫʧʘˁʝ ʦʪʧʦʨʥʦʩʪʠ Rʦʙʘ_ʩʪʦʧʘʣʘ
IEEE ʦʜ 

ʦʪʧʦʨʥʦʩʪʠ ʦʙʘ ʩʪʦʧʘʣʘ ʙʝʟ ʫʚʘʞʝʥʦʛ ʤʝʹʫʩʦʙʥʦʛ ʫʪʠʮʘʿʘ, ʠʟʚʨʰʝʥʘ ʿʝ ʛʨʫʧʘ FEM 

ʩʠʤʫʣʘʮʠʿʘ ʟʘ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʘʤʦ ʿʝʜʥʦʛ ʩʪʦʧʘʣʘ (Rʩʪʦʧʘʣʦ
FEM), ʦʜʥʦʩʥʦ ʜʠʩʢʘ, ʟʘ 

ʢʦʤʧʣʝʪʘʥ ʦʧʩʝʛ ʛʦʨʝ ʥʘʚʝʜʝʥʠʭ ʚʘʨʠʨʘʥʠʭ ʧʘʨʘʤʝʪʘʨʘ. ɿʘʪʠʤ, ʜʦʙʠʿʝʥʝ ʚʨʝʜʥʦʩʪʠ 

ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʟʘ ʩʘʤʦ ʿʝʜʥʦ ʩʪʦʧʘʣʦ ʠʟ FEM ʩʠʤʫʣʘʮʠʿʘ ʧʦʜʝˀʝʥʝ ʩʫ ʩʘ 2 

(Rʩʪʦʧʘʣʦ
FEM/2) ʢʘʢʦ ʙʠ ʩʝ ʜʦʙʠʣʝ ʚʨʝʜʥʦʩʪʠ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʙʘ ʩʪʦʧʘʣʘ ʫ ʢʦʿʠʤʘ 

ʥʠʿʝ ʫʚʘʞʝʥ ʤʝʹʫʩʦʙʥʠ ʫʪʠʮʘʿ ʿʝʜʥʦʛ ʩʪʦʧʘʣʘ ʥʘ ʜʨʫʛʦ.  

ʅʘ ʉʣ. 6.7 ʩʫ ʧʨʠʢʘʟʘʥʝ ʢʨʠʚʝ ʢʦʿʝ ʩʝ ʜʦʙʠʿʘʿʫ ʢʘʦ ʦʜʥʦʩ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʙʘ 

ʩʪʦʧʘʣʘ ʜʦ ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ: 

1) ʜʦʙʠʿʝʥʠʭ ʠʟ FEM ʟʘ ʩʘʤʦ ʿʝʜʥʦ ʩʪʦʧʘʣʦ ʧʘ ʧʦʜʝˀʝʥʠʭ ʩʘ 2 (Rʩʪʦʧʘʣʦ
FEM/2) ʠ  

2) ʜʦʙʠʿʝʥʠʭ ʤʝʪʦʜʦʤ ʠʟ ʩʪʘʥʜʘʨʜʘ [10] (Rʦʙʘ_ʩʪʦʧʘʣʘ
IEEE) ʧʨʠʤʝʥʦʤ ʠʟʨʘʟʘ (2.34) ʠ 

(2.35).  

ʉʣʠʢʘ ʠʣʫʩʪʨʫʿʝ ʥʝʧʨʝʮʠʟʥʦʩʪ ʧʨʠʙʣʠʞʥʝ ʿʝʜʥʘʯʠʥʝ ʟʘ ʬʘʢʪʦʨ CS, ʢʦʿʘ ʿʝ ʟʘʩʥʦʚʘʥʘ ʥʘ 

ʤʦʜʝʣʫ ʩʘ ʿʝʜʥʠʤ ʩʪʦʧʘʣʦʤ. ʋ ʩʪʘʥʜʘʨʜʫ [10] ʿʝ ʥʘʚʝʜʝʥʦ ʜʘ ʿʝ ʿʝʜʥʘʯʠʥʘ ʟʘ ʬʘʢʪʦʨ CS ʫʥʫʪʘʨ 

5% ʚʨʝʜʥʦʩʪʠ ʜʦʙʠʿʝʥʠʭ ʘʥʘʣʠʪʠʯʢʦʤ ʤʝʪʦʜʦʤ ʟʘ ʜʝʙˀʠʥʫ ʛʦʨˁʝʛ ʩʣʦʿʘ ʫ ʨʘʩʧʦʥʫ ʦʜ 8 ʜʦ 

15 cm. ʈʝʯʝʥʦ ʿʝ ʫ ʩʢʣʘʜʫ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʧʨʠʢʘʟʘʥʠʤ ʥʘ ʉʣ. 6.7.  
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ʉʣ. 6.6 ï ʆʜʥʦʩ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʙʘ ʩʪʦʧʘʣʘ ʠʟ FEM  (ʩʘ ʫʚʘʞʝʥʠʤ ʤʝʹʫʩʦʙʥʠʤ ʫʪʠʮʘʿʝʤ 

ʿʝʜʥʦʛ ʩʪʦʧʘʣʘ ʥʘ ʜʨʫʛʦ) ʠ ʠʟ ʩʪʘʥʜʘʨʜʘ 

 

ʉʣ. 6.7 ï ʆʜʥʦʩ ʧʦʣʦʚʠʥʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʿʝʜʥʦʛ ʩʪʦʧʘʣʘ ʠʟ FEM  (ʙʝʟ ʤʝʹʫʩʦʙʥʦʛ ʫʪʠʮʘʿʘ 

ʿʝʜʥʦʛ ʩʪʦʧʘʣʘ ʥʘ ʜʨʫʛʦ) ʠ ʦʙʘ ʩʪʦʧʘʣʘ ʠʟ ʩʪʘʥʜʘʨʜʘ 

 

ʅʘ ʉʣ. 6.8 ʧʨʠʢʘʟʘʥ ʿʝ ʦʜʥʦʩ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ: 

h
S 
= 20 cm 

 
h

S 
= 18 cm 

 

h
S 
= 6 cm 

 

h
S 
= 9 cm 

C  

 

 

h
S 
= 12 cm 

 

h
S 
= 15 cm 

C  

 

 

h
S 
= 20 cm 

h
S 
= 18 cm 

h
S 
= 6 cm 

h
S 
= 9 cm 

h
S 
= 12 cm 

h
S 
= 15 cm 
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1) ʜʦʙʠʿʝʥʠʭ ʠʟ FEM ʟʘ ʦʙʘ ʩʪʦʧʘʣʘ (Rʦʙʘ_ʩʪʦʧʘʣʘ
FEM) ʠ  

2) ʜʦʙʠʿʝʥʠʭ ʠʟ FEM ʟʘ ʩʘʤʦ ʿʝʜʥʦ ʩʪʦʧʘʣʦ ʧʘ ʧʦʜʝˀʝʥʠʭ ʩʘ 2 (Rʩʪʦʧʘʣʦ
FEM/2). 

ʇʨʠʢʘʟʘʥʠ ʦʜʥʦʩ, ʢʦʿʠ ʥʠʿʝ ʿʝʜʥʘʢ ʿʝʜʠʥʠʯʥʦʿ ʚʨʝʜʥʦʩʪʠ, ʜʠʨʝʢʪʥʘ ʿʝ ʧʦʩʣʝʜʠʮʘ 

ʟʘʥʝʤʘʨʝˁʘ ʤʝʹʫʩʦʙʥʦʛ ʫʪʠʮʘʿʘ ʩʪʦʧʘʣʘ ʿʝʜʥʦʛ ʥʘ ʜʨʫʛʦ. 

 

 

ʉʣ. 6.8 ï ʆʜʥʦʩ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʙʘ ʩʪʦʧʘʣʘ ʠʟ FEM  ʠ ʧʦʣʦʚʠʥʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ 

ʿʝʜʥʦʛ ʩʪʦʧʘʣʘ ʠʟ FEM  (ʢʚʘʥʪʠʬʠʢʘʮʠʿʘ ʤʝʹʫʩʦʙʥʦʛ ʫʪʠʮʘʿʘ ʩʪʦʧʘʣʘ) 

 

ɱʝʜʘʥ ʦʜ ʜʚʘ ʛʣʘʚʥʘ ʜʦʧʨʠʥʦʩʘ ʜʠʩʝʨʪʘʮʠʿʝ, ʦʙʿʘʚˀʝʥ ʫ ʨʝʥʦʤʠʨʘʥʦʤ ʤʝʹʫʥʘʨʦʜʥʦʤ 

ʯʘʩʦʧʠʩʫ, ʩʘʩʪʦʿʠ ʩʝ ʫ ʬʦʨʤʠʨʘˁʫ ʢʦʨʝʢʮʠʦʥʝ ʬʫʥʢʮʠʿʝ C, ʪʘʢʚʝ ʜʘ ˁʝʥ ʧʨʦʠʟʚʦʜ ʩʘ 

Rʦʙʘ_ʩʪʦʧʘʣʘ
IEEE ʙʫʜʝ ʙʣʠʟʘʢ ʚʨʝʜʥʦʩʪʠ Rʦʙʘ_ʩʪʦʧʘʣʘ

FEM (ʜʘʢʣʝ, Rʦʙʘ_ʩʪʦʧʘʣʘ
FEM å C Rʦʙʘ_ʩʪʦʧʘʣʘ

IEEE) 

ʦʙʿʘʚˀʝʥ ʿʝ ʫ ʨʝʬʝʨʝʥʮʠ [19]. ʉʚʝ ʘʥʘʣʠʟʝ ʩʫ ʨʘʹʝʥʝ ʟʘ ʫʜʘˀʝʥʦʩʪ ʩʪʦʧʘʣʘ ʦʜ 30 cm, ʢʘʦ 

ʚʨʝʜʥʦʩʪ ʢʦʿʘ ʿʝ ʧʨʠʙʣʠʞʥʦ ʧʨʦʮʝˁʝʥʘ ʟʘ ʯʦʚʝʢʘ ʢʦʿʠ ʥʦʨʤʘʣʥʦ ʩʪʦʿʠ. ɽʬʝʢʘʪ ʤʝʹʫʩʦʙʥʦʛ 

ʫʪʠʮʘʿʘ ʩʪʦʧʘʣʘ ʙʠ ʙʠʦ ʚʝ˂ʠ, ʦʜʥʦʩʥʦ ʢʦʨʝʢʮʠʦʥʘ ʚʨʝʜʥʦʩʪ ʚʝ˂ʘ, ʟʘ ʤʘˁʘ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ 

ʩʪʦʧʘʣʘ. ʇʨʠʤʝʥʦʤ ʧʦʩʪʫʧʢʘ ʠʟ ʜʠʩʝʨʪʘʮʠʿʝ ʤʦʛʣʦ ʙʠ ʜʘ ʩʝ ʜʦʹʝ ʜʦ ʢʦʨʝʢʮʠʦʥʠʭ 

ʢʦʝʬʠʮʠʿʝʥʘʪʘ ʟʘ ʙʠʣʦ ʢʦʿʝ ʨʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʩʪʦʧʘʣʘ. 

ʇʦʩʤʘʪʨʘʿʫ˂ʠ ʉʣ. 6.6, ʤʦʞʝ ʩʝ ʚʠʜʝʪʠ ʜʘ ʬʫʥʢʮʠʿʘ C ʟʘ ʩʚʘʢʫ ʜʫʙʠʥʫ ʧʦʚʨʰʠʥʩʢʦʛ 

ʥʘʩʫʪʦʛ ʩʣʦʿʘ ʠʤʘ ʦʙʣʠʢ: 

 
3 4

1 2

sC

C C C e

r

r

å õ
- Ö -æ ö
ç ÷= - Ö . (6.2) 

 

ʇʨʚʠ ʢʦʨʘʢ ʿʝʩʪʝ ʦʜʨʝʹʠʚʘˁʝ ʢʦʝʬʠʮʠʿʝʥʘʪʘ C1, C2 ʠ C3 ʟʘ ʩʚʘʢʫ ʦʜ ʜʝʙˀʠʥʘ ʛʦʨˁʝʛ 

ʩʣʦʿʘ. ʂʦʝʬʠʮʠʿʝʥʪʠ ʩʫ ʦʜʨʝʹʝʥʠ ʤʠʥʠʤʠʟʘʮʠʿʦʤ ʟʙʠʨʘ ʢʚʘʜʨʘʪʥʠʭ ʦʜʩʪʫʧʘˁʘ ʚʨʝʜʥʦʩʪʠ 

ʜʦʙʠʿʝʥʠʭ ʧʦʤʦ˂ʫ ʿʝʜʥʘʯʠʥʝ (6.2) ʦʜ ʚʨʝʜʥʦʩʪʠ ʧʨʠʢʘʟʘʥʠʭ ʥʘ ʉʣ. 6.6. ʄʠʥʠʤʠʟʘʮʠʿʘ ʿʝ 

ʠʟʚʨʰʝʥʘ ʫ Microsoft Excel-ʫ ʢʦʨʠʰ˂ʝˁʝʤ ʘʣʛʦʨʠʪʤʘ Generalized Reduced Gradient (GRG) 

h
S 
= 20 cm 

h
S 
= 18 cm 

h
S 
= 6 cm 

h
S 
= 9 cm 

h
S 
= 12 cm 

h
S 
= 15 cm 
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Nonlinear [118]. ʇʨʦʤʝʥʘ ʩʚʘʢʦʛ ʦʜ ʢʦʝʬʠʮʠʿʝʥʘʪʘ C1, C2 ʠ C3 ʩʘ ʧʨʦʤʝʥʦʤ ʜʝʙˀʠʥʝ 

ʧʨʠʢʘʟʘʥʘ ʿʝ ʥʘ  ʉʣ. 6.9. 

 

 
ʉʣ. 6.9 ï ɺʨʝʜʥʦʩʪ ʢʦʝʬʠʮʠʿʝʥʘʪʘ C1, C2 ʠ C3 ʫ ʿʝʜʥʘʯʠʥʠ (6.2), ʦʜʨʝʹʝʥʠʭ ʦʙʨʘʜʦʤ ʢʨʠʚʠʭ ʩʘ ʉʣ. 6.6 

 

ʉʘ ʉʣ. 6.9, ʤʦʞʝ ʩʝ ʚʠʜʝʪʠ ʜʘ C1, C2, C3 ʟʘʚʠʩʝ ʦʜ ʜʫʙʠʥʝ ʧʦʚʨʰʠʥʩʢʦʛ ʥʘʩʫʪʦʛ ʩʣʦʿʘ ʥʘ 

ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ: 

 

 ( )13 0,06

1 11 12
SC h

C C C e
- Ö -

= - Ö  (6.3) 

 ( )23 0,06

2 21 22
SC h

C C C e
- Ö -

= - Ö  (6.4) 

 ( )33 0,06

3 31 32
SC h

C C C e
- Ö -

= - Ö  (6.5) 

 

ʈʝʟʫʣʪʘʪʠ ʬʠʪʦʚʘˁʘ (ʪʘʢʦʹʝ ʧʦʤʦ˂ʫ ʘʣʛʦʨʠʪʤʘ Generalized Reduced Gradient (GRG) 

Nonlinear ʫ Microsoft Excel-ʫ) ʧʨʝʜʩʪʘʚˀʝʥʠ ʩʫ ʫ ʊʘʙ. 6.14. 

 
ʊʘʙʝʣʘ 6.14 ï ʌʠʪʦʚʘʥʠ ʢʦʝʬʠʮʠʿʝʥʪʠ ʟʘ ʫʚʨʰʪʘʚʘˁʝ ʫ ʬʦʨʤʫʣʝ (6.3), (6.4) ʠ (6.5) 

i Ci1 Ci2 Ci3 

1 1,1373 0,13251 10,09401 

2 -0,03345 0,0646 13,57495 

3 0,20742 0,01239 4,68036 

 

ɿʘʤʝʥʦʤ (6.3), (6.4) ʠ (6.5) ʫ (6.2) ʜʦʣʘʟʠ ʩʝ ʜʦ: 

C  

C  

C  
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ʦʜʥʦʩʥʦ ʥʘʢʦʥ ʢʦʨʝʢʮʠʿʝ ʚʨʝʜʥʦʩʪʠ Rʦʙʘ_ʩʪʦʧʘʣʘ
IEEE ʥʘ C Rʦʙʘ_ʩʪʦʧʘʣʘ

IEEE (ʛʜʝ ʩʝ 

ʢʦʝʬʠʮʠʿʝʥʪ/ʬʫʥʢʮʠʿʘ C ʠʟʨʘʯʫʥʘʚʘ ʢʦʨʠʰ˂ʝˁʝʤ ʿʝʜʥʘʯʠʥʝ (6.6)), ʨʝʟʫʣʪʘʪʠ ʧʦʩʪʘʿʫ ʚʨʣʦ 

ʙʣʠʩʢʠ ʨʝʬʝʨʝʥʪʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ Rʦʙʘ_ʩʪʦʧʘʣʘ
FEM. ʈʝʟʫʣʪʘʪ ʧʨʠʤʝʥʝ ʢʦʨʝʢʮʠʦʥʦʛ 

ʢʦʝʬʠʮʠʿʝʥʪʘ, ʦʜʥʦʩʥʦ ʬʫʥʢʮʠʿʝ C ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʉʣ. 6.10. 

 

 
ʉʣ. 6.10 ï ɼʦʩʪʠʛʥʫʪʦ ʧʦʢʣʘʧʘˁʝ ʥʘʢʦʥ ʫʚʦʹʝˁʘ ʢʦʨʝʢʮʠʦʥʦʛ ʢʦʝʬʠʮʠʿʝʥʪʘ ʫ ʬʦʨʤʫʣʫ ʠʟ ʩʪʘʥʜʘʨʜʘ ʠ 

ʚʨʝʜʥʦʩʪʠ ʜʦʙʠʿʝʥʝ ʠʟ ʨʝʬʝʨʝʥʪʥʝ FEM  ʩʠʤʫʣʘʮʠʿʝ 

 

6.6 ʋʪʠʮʘʿ ʩʥʝʛʘ 

ʇʨʠʤʝʥʘ ʦʧʰʪʝʛ FEM ʘʣʘʪʘ ʧʨʝʜʩʪʘʚˀʘ ʣʘʢʦ ʧʨʠʤʝˁʠʚʫ, ʧʦʫʟʜʘʥʫ ʠ ʧʨʝʮʠʟʥʫ 

ʘʣʪʝʨʥʘʪʠʚʫ ʟʘ ʘʥʘʣʠʟʫ ʩʠʩʪʝʤʘ ʫʟʝʤˀʝˁʘ ʫ ʩʣʦʞʝʥʠʿʝʤ ʪʣʫ, ʥʘ ʧʨʠʤʝʨ ʫ ʪʨʦʩʣʦʿʥʦʤ 

ʟʝʤˀʠʰʪʫ.  

ʆʚʜʝ ʩʫ ʧʨʠʢʘʟʘʥʠ ʟʘʥʠʤˀʠʚʠ ʨʝʟʫʣʪʘʪʠ FEM ʧʨʦʨʘʯʫʥʘ ʟʘ ʪʨʦʩʣʦʿʥʦ ʟʝʤˀʠʰʪʝ ʢʦʜ 

ʢʦʿʝʛ ʿʝ ʧʦʚʨʰʠʥʩʢʠ (ʛʦʨˁʠ) ʩʣʦʿ ʩʥʝʛ, ʢʦʿʠ ʧʨʝʢʨʠʚʘ ʥʘʩʫʪʠ ʧʦʚʨʰʠʥʩʢʠ ʩʣʦʿ ʟʝʤˀʝ. 

ʇʦʩʪʦʿʠ ʥʝʢʦʣʠʢʦ ʩʪʫʜʠʿʘ ʠ ʧʫʙʣʠʢʘʮʠʿʘ ʦ ʦʪʧʦʨʥʦʩʪʠ ʩʥʝʛʘ, ʢʘʦ ʰʪʦ ʩʫ [120] ʠ [121]. 

ʆʪʧʦʨʥʦʩʪ ʩʥʝʛʘ ʟʘʚʠʩʠ ʦʜ ʤʥʦʛʠʭ ʬʘʢʪʦʨʘ ʠ ʢʨʝ˂ʝ ʩʝ ʫ ʚʝʦʤʘ ʰʠʨʦʢʠʤ ʛʨʘʥʠʮʘʤʘ (ʦʜ 

ʥʝʢʦʣʠʢʦ ʜʝʩʝʪʥʘ Ým ʯʘʢ ʜʦ 105 Ým). 

ʋ ʩʠʤʫʣʘʮʠʿʘʤʘ ʿʝ ʘʥʘʣʠʟʠʨʘʥ ʥʘʿʛʦʨʠ ʩʮʝʥʘʨʠʦ ʟʘ ʥʘʧʦʥ ʜʦʜʠʨʘ, ʛʜʝ ʦʪʦʧˀʝʥʠ ʩʥʝʛ 

ʜʝʣʫʿʝ ʢʘʦ ʛʦʨˁʠ ʩʣʦʿ ʥʠʩʢʝ ʦʪʧʦʨʥʦʩʪʠ ʩʘ ʚʨʝʜʥʦʩʪʠʤʘ ʫ ʨʘʩʧʦʥʫ ʦʜ 60 ʜʦ 2600 Ým (ʧʨʝʤʘ 

ʪʘʙʝʣʠ 2 ʥʘ ʩʪʨʘʥʠ 133 ʫ [121]). ʆʚʜʝ ʿʝ ʟʘ FEM ʩʠʤʫʣʘʮʠʿʝ ʫʩʚʦʿʝʥʘ ʚʨʝʜʥʦʩʪ 100 Wm 

h
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= 20 cm 

h
S 
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h
S 
= 6 cm 

h
S 
= 9 cm 

h
S 
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h
S 
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ʩʧʝʮʠʬʠʯʥʫ ʝʣʝʢʪʨʠʯʥʫ ʦʪʧʦʨʥʦʩʪ ʨʘʩʢʚʘʰʝʥʦʛ ʩʥʝʛʘ. ʈʘʟʤʘʪʨʘʿʫ ʩʝ ʜʚʝ ʜʝʙˀʠʥʝ: 20 ʠ 

50 cm. 

ʇʦʩʤʘʪʨʘ ʩʝ ʢʦʥʪʫʨʘ ʟʘ ʫʟʝʤˀʝˁʝ 5 m × 5 m ʦʜ ʙʘʢʘʨʥʝ ʪʨʘʢʝ ʧʦʧʨʝʯʥʦʛ ʧʨʝʩʝʢʘ 

40 mm × 4 mm, ʦʜʥʦʩʥʦ ʢʦʥʬʠʛʫʨʘʮʠʿʘ D (ʟʘ ʢʦʿʫ ʩʫ ʨʝʟʫʣʪʘʪʠ ʟʘ ʧʨʝʪʭʦʜʥʫ ʘʥʘʣʠʟʫ ʥʘʧʦʥʘ 

ʜʦʜʠʨʘ ʧʨʠʢʘʟʘʥʠ ʫ ʊʘʙ. 6.7). ʂʦʥʪʫʨʘ ʿʝ ʟʘʢʦʧʘʥʘ ʥʘ 0,6 m ʠʩʧʦʜ ʧʦʚʨʰʠʥʝ ʟʝʤˀʝ ʫ 

ʭʦʤʦʛʝʥʦʤ ʪʣʫ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 250 Ým, ʧʨʠ ʯʝʤʫ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ ʠʟʥʘʜ 

ʫʟʝʤˀʠʚʘʯʘ, ʘ ʠʩʧʦʜ ʩʥʝʞʥʦʛ ʧʦʢʨʠʚʘʯʘ, ʧʦʩʪʦʿʠ ʜʦʜʘʪʠ ʧʦʚʨʰʠʥʩʢʠ ʤʘʪʝʨʠʿʘʣ ʚʠʩʦʢʝ 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 2000 Ým ʨʘʟʣʠʯʠʪʠʭ ʜʝʙˀʠʥʘ (6, 12 ʠ 20 cm). 

ʈʝʟʫʣʪʘʪʠ ʫ ʊʘʙ. 6.15 ʧʦʢʘʟʫʿʫ ʜʘ ʧʦʿʘʚʘ ʦʪʦʧˀʝʥʦʛ ʩʥʝʛʘ ʥʘ ʚʨʭʫ ʜʦʜʘʪʥʦʛ 

ʧʦʚʨʰʠʥʩʢʦʛ ʤʘʪʝʨʠʿʘʣʘ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʝʣʠʤʠʥʠʰʝ ʧʦʟʠʪʠʚʥʝ ʝʬʝʢʪʝ 

ʜʦʜʘʚʘˁʘ ʤʘʪʝʨʠʿʘʣʘ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʥʘ ʧʦʚʨʰʠʥʫ ʪʣʘ ʠʟʥʘʜ ʫʟʝʤˀʠʚʘʯʘ. 

ʈʝʟʫʣʪʘʪʠ ʩʫ ʧʨʠʢʘʟʘʥʠ ʟʘ ʩʣʫʯʘʿ ʜʘ ʿʝ ʥʘʩʫʪʠ ʩʣʦʿ ʦʙʣʠʢʘ ʜʠʩʢʘ ʧʦʣʫʧʨʝʯʥʠʢʘ 5.6 m, ʰʪʦ 

ʟʥʘʯʠ ʜʘ ʧʨʝʣʘʟʠ ʠʚʠʮʝ ʢʚʘʜʨʘʪʥʝ ʢʦʥʪʫʨʝ ʫʟʝʤˀʠʚʘʯʘ ʩʪʨʘʥʠʮʝ 5 m. ʇʦʣʫʧʨʝʯʠʢ ʥʘʩʫʪʦʛ 

ʩʣʦʿʘ ʩʥʝʛʘ ʿʝ 40 m, ʢʦʣʠʢʦ ʠʟʥʦʩʠ ʠ ʧʦʣʫʧʨʝʯʥʠʢ ʜʦʤʝʥʘ.ʈʘʟʣʦʛ ʿʝ ʪʘʿ ʰʪʦ ʦʪʘʧʘˁʝ ʩʥʝʛʘ 

ʦʤʦʛʫ˂ʘʚʘ ʩʪʨʫʿʠ ʢʚʘʨʘ, ʢʦʿʘ ʧʨʦʣʘʟʠ ʢʨʦʟ ʪʝʣʦ ʦʩʦʙʝ ʢʦʿʘ ʦʩʪʚʘʨʫʿʝ ʠʥʜʠʨʝʢʪʥʠ ʢʦʥʪʘʢʪ, ʜʘ 

ʟʘʦʙʠʹʝ ʜʦʜʘʪʠ ʧʦʚʨʰʠʥʩʢʠ ʤʘʪʝʨʠʿʘʣ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ. ʇʦʩʣʝʜʠʯʥʦ, ʩʤʘˁʫʿʝ 

ʩʝ  ʧʘʜ ʥʘʧʦʥʘ ʥʘ ʤʘʪʝʨʠʿʘʣʫ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ ʠʟʥʘʜ 

ʫʟʝʤˀʠʚʘʯʘ ʠ ʧʦʚʝ˂ʘʚʘ ʩʝ ʥʘʧʦʥ ʜʦʜʠʨʘ. ʀʥʪʝʨʝʩʘʥʪʥʦ ʿʝ ʧʨʠʤʝʪʠʪʠ ʜʘ ʨʘʩʧʦʜʝʣʘ ʩʪʨʫʿʝ ʫ 

ʧʦʩʤʘʪʨʘʥʦʤ ʤʦʜʝʣʫ ʜʦʚʦʜʠ ʜʦ ʧʦʚʝ˂ʘˁʘ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʩʘ ʧʦʚʝ˂ʘˁʝʤ ʜʝʙˀʠʥʝ ʥʘʩʫʪʦʛ 

ʩʣʦʿʘ. 

 
ʊʘʙʝʣʘ 6.15 ï ʅʘʧʦʥʠ ʜʦʜʠʨʘ ʟʘ ʩʣʫʯʘʿ ʧʦʩʪʦʿʘˁʘ ʩʥʝʞʥʦʛ ʧʦʢʨʠʚʘʯʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ, ʧʨʝʢʦ ʜʦʜʘʪʦʛ 

ʩʣʦʿʘ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 

hs [cm] Uʜʦʜʠʨʘ
FEM [V], 

ʙʝʟ ʩʥʝʛʘ 

Uʜʦʜʠʨʘ
FEM [V], 

ʩʥʝʞʥʠ 

ʧʦʢʨʠʚʘʯ 

h = 20 cm 

Uʜʦʜʠʨʘ
FEM [V],  

ʩʥʝʞʥʠ ʧʦʢʨʠʚʘʯ 

h = 50cm 

6 2864,6 6254,4 6660 

12 2426,6 6348,3 6757,7 

20 2197,9 6401,4 6765,5 

 

6.7 ɿʘʢˀʫʯʘʢ 

 ʋ ʧʦʛʣʘʚˀʫ ʿʝ ʧʨʠʢʘʟʘʥ ʜʝʪʘˀʘʥ ʬʠʟʠʯʢʠ ʤʦʜʝʣ ʠ ʨʝʟʫʣʪʘʪʠ FEM ʧʨʦʨʘʯʫʥʘ ʟʘ ʥʘʧʦʥ 

ʜʦʜʠʨʘ, ʟʘ ʨʘʟʣʠʯʠʪʝ ʪʦʧʦʣʦʛʠʿʝ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ ʢʦʿʝ ʦʙʫʭʚʘʪʘʿʫ ʮʝʚʠ, ʢʦʥʪʫʨʝ, 

ʢʦʥʪʫʨʫ ʩʘ ʮʝʚʠʤʘ, ʠ ʪʦ ʩʘ ʠ ʙʝʟ ʜʦʜʘʪʦʛ ʤʘʪʝʨʠʿʘʣʘ ʟʘ ʧʦʙʦˀʰʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʫ ʚʠʜʫ 

GEM ʠ ʙʝʥʪʦʥʠʪʘ. 

ʈʝʟʫʣʪʘʪʠ ʩʫ ʫʧʦʨʝʹʝʥʠ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʜʦʙʠʿʝʥʠʤ ʧʨʠʤʝʥʦʤ ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʦʛ ʤʝʪʦʜʘ 

ʠʟ ʩʪʘʥʜʘʨʜʘ [10] ʢʘʢʦ ʙʠ ʩʝ ʧʨʦʮʝʥʠʣʘ ʪʘʯʥʦʩʪ ʧʦʩʪʫʧʢʘ ʠʟ ʥʘʚʝʜʝʥʦʛ ʩʪʘʥʜʘʨʜʘ. ʀʟ 

ʨʝʟʫʣʪʘʪʘ ʧʨʠʢʘʟʘʥʠʭ ʫ 6.4, ʘ ʢʦʿʠ ʩʝ ʦʜʥʦʩʝ ʥʘ ʫʟʝʤˀʠʚʘʯʝ ʩʘ ʪʘʥʢʠʤ ʥʘʩʫʪʠʤ ʩʣʦʿʝʤ ʯʠʿʘ ʿʝ 

ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʤʥʦʛʦ ʚʝ˂ʘ ʦʜ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ ʥʘ ʢʦʿʝ ʿʝ ʥʘʩʫʪ 

ʩʣʦʿ, ʟʘʢˀʫʯʫʿʝ ʩʝ ʜʘ ʤʦʞʝ ʜʘ ʩʝ ʟʘʥʝʤʘʨʠ ʤʝʹʫʩʦʙʥʠ ʫʪʠʮʘʿ ʩʪʨʫʿʘ ʢʦʿʝ ʠʩʪʦʚʨʝʤʝʥʦ ʦʪʠʯʫ: 

1) ʩʘ ʫʟʝʤˀʠʚʘʯʘ ʠ 2) ʩʘ ʩʪʦʧʘʣʘ ʦʩʦʙʝ ʢʦʿʘ ʩʝ ʥʘʣʘʟʠ ʧʦʜ ʜʝʿʩʪʚʦʤ ʥʘʧʦʥʘ ʜʦʜʠʨʘ. ʊʦ ʟʥʘʯʠ 

ʜʘ ʩʝ ʨʘʩʧʦʜʝʣʘ ʦʚʠʭ ʩʪʨʫʿʘ ʤʦʞʝ ʜʦʙʠʪʠ ʠʟ ʤʦʜʝʣʘ ʢʦʿʫ ʦʙʫʭʚʘʪʘ ʩʘʤʦ ʫʟʝʤˀʠʚʘʯ, ʦʜʥʦʩʥʦ 

ʩʘʤʦ ʩʪʦʧʘʣʘ, ʦʜʥʦʩʥʦ ʜʘ ʦʜʨʝʹʠʚʘˁʝ ʦʚʠʭ ʦʪʧʦʨʥʦʩʪʠ ʤʦʞʝ ʜʘ ʩʝ ʚʨʰʠ ʨʘʩʧʨʝʛʥʫʪʦ. 

ʇʦʢʘʟʘʣʦ ʩʝ ʜʘ ʚʨʝʜʥʦʩʪʠ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʜʦʙʠʿʝʥʝ ʧʨʠʤʝʥʦʤ ʧʦʩʪʫʧʢʘ ʠʟ ʩʪʘʥʜʘʨʜʘ 

ʦʜʩʪʫʧʘʿʫ ʦʜ ʨʝʬʝʨʝʥʪʥʠʭ ʨʝʟʫʣʪʘʪʘ ʢʦʿʠ ʩʝ ʜʦʙʠʿʘʿʫ ʧʨʠʤʝʥʦʤ ʜʝʪʘˀʥʦʛ ʬʠʟʠʯʢʦʛ ʤʦʜʝʣʘ 

ʠʤʧʣʝʤʝʥʪʠʨʘʥʦʛ ʫ FEM ʩʦʬʪʚʝʨʫ. ʆʜʩʪʫʧʘˁʝ ʧʦʪʠʯʝ ʦʜ ʛʨʝʰʢʝ ʫ ʧʨʦʨʘʯʫʥʫ ʦʪʧʦʨʥʦʩʪʠ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʠʟʤʝʹʫ ʩʪʦʧʘʣʘ ʠ ʫʜʘˀʝʥʝ ʟʝʤˀʝ. ʅʘ ʉʣ. 6.8 ʩʝ ʚʠʜʠ ʜʘ ʦʜʩʪʫʧʘˁʝ ʫʩʣʝʜ 
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ʟʘʥʝʤʘʨʝˁʘ ʤʝʹʫʩʦʙʥʦʛ ʫʪʠʮʘʿʘ ʩʪʦʧʘʣʘ ʤʦʞʝ ʜʘ ʠʟʥʦʩʠ ʦʢʦ 9,5% ʟʘ ʩʣʫʯʘʿ ʢʘʜʘ ʩʝ ʠʤʘ 

ʥʘʩʫʪʠ ʧʦʚʨʰʠʥʩʢʠ ʩʣʦʿ ʜʝʙˀʠʥʝ 20 cm ʠ ʯʠʿʘ ʿʝ ʩʧʝʮʠʬʠʯʥʘ ʦʪʧʦʨʥʦʩʪ 4 ʧʫʪʘ ʚʝ˂ʘ ʦʜ 

ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʭʦʤʦʛʝʥʦʛ ʪʣʘ ʫ ʢʦʿʝ ʿʝ ʧʦʣʦʞʝʥ ʫʟʝʤˀʠʚʘʯʢʠ ʩʠʩʪʝʤ. ʉʘ ʉʣ. 6.6 

ʤʦʞʝ ʜʘ ʩʝ ʚʠʜʠ ʜʘ ʫʢʫʧʥʦ ʦʜʩʪʫʧʘˁʝ ʟʘ ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʙʘ ʩʪʦʧʘʣʘ ʜʦ 

ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ ʟʘ ʠʩʪʠ ʩʣʫʯʘʿ ʠʟʥʦʩʠ ʦʢʦ 15%. 

ʅʘ ʦʩʥʦʚʫ ʙʨʦʿʥʠʭ FEM ʧʨʦʨʘʯʫʥʘ, ʥʘʢʥʘʜʥʝ ʦʙʨʘʜʝ ʠ ʬʠʪʦʚʘˁʘ ʧʦʜʘʪʘʢʘ, ʫ ʧʦʛʣʘʚˀʫ 

ʿʝ ʧʨʝʜʣʦʞʝʥʘ ʢʦʨʝʢʮʠʿʘ ʿʝʜʥʘʯʠʥʝ ʟʘ ʧʨʦʨʘʯʫʥ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʜ ʦʙʘ ʩʪʦʧʘʣʘ ʜʦ 

ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ ʫ ʧʨʠʩʫʩʪʚʫ ʥʘʩʫʪʦʛ ʧʦʚʨʰʠʥʩʢʦʛ ʩʣʦʿʘ. ʅʘʚʝʜʝʥʘ ʢʦʨʝʢʮʠʿʘ ʿʝ ʿʝʜʘʥ ʦʜ 

ʜʚʘ ʛʣʘʚʥʘ ʜʦʧʨʠʥʦʩʘ ʜʠʩʝʨʪʘʮʠʿʝ. ʂʦʨʝʢʮʠʿʦʤ ʩʝ ʧʨʘʢʪʠʯʥʦ ʧʦʚʝ˂ʘʚʘ ʪʘʯʥʦʩʪ 

ʧʦʿʝʜʥʦʩʪʘʚˀʝʥʦʛ ʧʦʩʪʫʧʢʘ ʠʟ ʩʪʘʥʜʘʨʜʘ, ʫʟ ʤʠʥʠʤʘʣʥʦ ʧʨʦʰʠʨʝˁʝ. ɼʦʚʦˀʥʦ ʿʝ ʜʘ ʩʝ 

ʧʨʠʤʝʥʠ ʘʥʘʣʠʪʠʯʢʠ ʠʟʨʘʟ ʟʘ ʢʦʨʝʢʮʠʿʫ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʦʙʘ ʩʪʦʧʘʣʘ ʜʦ 

ʨʝʬʝʨʝʥʪʥʝ ʟʝʤˀʝ ʢʦʿʠʤ ʩʝ ʫʚʘʞʘʚʘ ʤʝʹʫʩʦʙʥʠ ʫʪʠʮʘʿ ʫ ʧʨʠʩʫʩʪʚʫ ʥʘʩʫʪʦʛ ʩʣʦʿʘ. 
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7 ɿɸʂɲʋʏɸʂ 

ʀʥʠʮʠʿʘʣʥʘ ʤʦʪʠʚʘʮʠʿʘ ʟʘ ʠʩʪʨʘʞʠʚʘˁʘ, ʢʦʿʘ ʩʫ ʨʝʟʫʣʪʦʚʘʣʘ ʦʚʦʤ ʜʦʢʪʦʨʩʢʦʤ 

ʜʠʩʝʨʪʘʮʠʿʦʤ, ʥʘʩʪʘʣʘ ʿʝ ʥʘ ʦʩʥʦʚʫ ʠʟʘʟʦʚʘ ʢʦʿʠ ʩʝ ʿʘʚˀʘʿʫ ʫ ʩʧʝʮʠʬʠʯʥʠʤ ʧʫʩʪʠˁʩʢʠʭ 

ʧʨʝʜʝʣʠʤʘ ʫ ʟʝʤˀʘʤʘ ʉʨʝʜˁʝʛ ʠʩʪʦʢʘ. ʋ ʨʝʬʝʨʝʥʮʠ [6] ʿʝ ʧʨʠʢʘʟʘʥ ʧʨʝʛʣʝʜ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʠʩʪʨʘʞʠʚʘˁʘ ʥʘ ʧʝʪ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʭ ʣʦʢʘʮʠʿʘ ʫ ʋɸɽ. ʅʘʿʚʝ˂ʠ ʠʟʘʟʦʚʠ 

ʩʝ ʿʘʚˀʘʿʫ ʢʘʜʘ ʿʝ ʪʣʦ ʪʘʢʚʦ ʜʘ ʧʦʩʪʦʿʠ ʧʣʠʪʘʢ ʧʦʚʨʰʠʥʩʢʠ ʩʣʦʿ ʯʠʿʘ ʿʝ ʩʧʝʮʠʬʠʯʥʘ 

ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ʚʝ˂ʘ ʥʝʛʦ ʟʘ ʩʣʦʿ ʪʣʘ ʠʩʧʦʜ. 

ʇʨʚʠ ʧʨʦʙʣʝʤ ʢʦʜ ʪʘʢʚʦʛ ʪʣʘ ʿʝ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ, ʦʜʥʦʩʥʦ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ 

ʦʜʘʙʨʘʥʦʛ ʤʦʜʝʣʘ. ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʩʝ ʚʨʰʠ ʥʘ ʙʘʟʠ ʤʝʨʝˁʘ ʧʨʠʚʠʜʥʠʭ ʝʣʝʢʪʨʠʯʥʠʭ 

ʦʪʧʦʨʥʦʩʪʠ Ra ʧʦʤʦ˂ʫ ʤʝʨʝˁʘ ʩʪʨʫʿʝ ʠ ʥʘʧʦʥʘ. ʋ ʩʪʘʥʜʘʨʜʠʤʘ ʠ ʧʨʘʢʩʠ ʩʝ ʜʦʤʠʥʘʥʪʥʦ 

ʧʨʠʤʝˁʫʿʝ ɺʝʥʝʨʦʚʘ ʤʝʨʥʘ ʤʝʪʦʜʘ, ʧʘ ʩʫ ʠ ʘʥʘʣʠʟʝ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʙʠʣʝ ʢʦʥʮʝʥʪʨʠʩʘʥʝ ʥʘ 

ʠʩʪʫ. ʋ ʤʝʪʦʜʠ ʩʝ ʢʦʨʠʩʪʝ ʜʚʝ ʩʧʦˀʥʝ ʩʪʨʫʿʥʝ ʝʣʝʢʪʨʦʜʝ, ʢʨʦʟ ʢʦʿʝ ʩʝ ʠʥʿʝʢʪʠʨʘ ʩʪʨʫʿʘ, ʠ ʜʚʝ 

ʫʥʫʪʨʘʰˁʝ ʥʘʧʦʥʩʢʝ ʝʣʝʢʪʨʦʜʝ ʢʦʿʠʤʘ ʩʝ ʤʝʨʠ ʥʘʧʦʥ ʥʘ ʧʦʚʨʰʠ ʪʣʘ. ʈʘʩʪʦʿʘˁʝ ʠʟʤʝʹʫ ʩʚʘʢʝ 

ʜʚʝ ʩʫʩʝʜʥʝ ʝʣʝʢʪʨʦʜʘ ʿʝ ʿʝʜʥʘʢʦ ʠ ʠʟʥʦʩʠ ʘ. ɽʣʝʢʪʨʦʜʝ ʩʝ ʫʙʘʜʘʿʫ ʥʘ ʜʫʙʠʥʫ b. ʀʟ ʠʟʤʝʨʝʥʠʭ 

ʚʨʝʜʥʦʩʪʠ Ra ʧʨʠʤʝʥʦʤ ʘʥʘʣʠʪʠʯʢʝ ʬʦʨʤʫʣʝ, ʜʦʙʠʿʘ ʩʝ ʧʨʠʚʠʜʥʘ ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ 

ʦʪʧʦʨʥʦʩʪ ɟa. 

ɼʘ ʙʠ ʩʝ ʠʟ ʤʝʨʝˁʘ ʜʦʙʠʣʦ ʜʦʚʦˀʥʦ ʠʥʬʦʨʤʘʮʠʿʘ ʦ ʛʦʨˁʝʤ ʠ ʜʦˁʝʤ ʩʣʦʿʫ ʟʝʤˀʠʰʪʘ 

(ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ ʦʪʧʦʨʥʦʩʪ ɟ1 ʠ ʜʫʙʠʥʘ ʛʦʨˁʝʛ ʩʣʦʿʘ h, ʩʧʝʮʠʬʠʯʥʘ ʝʣʝʢʪʨʠʯʥʘ 

ʦʪʧʦʨʥʦʩʪ ʜʦˁʝʛ ʩʣʦʿʘ ɟ2) ʧʦʪʨʝʙʥʦ ʿʝ ʩʧʨʦʚʝʩʪʠ ʘʜʝʢʚʘʪʘʥ ʥʠʟ ʤʝʨʝˁʘ ʟʘ ʨʘʟʣʠʯʠʪʘ 

ʨʘʩʪʦʿʘˁʘ ʘ. ʆʜ ʠʥʪʝʨʝʩʘ ʟʘ ʨʘʟʤʘʪʨʘʥʫ ʢʣʘʩʫ ʧʨʦʙʣʝʤʘ (ʤʘʣʦ h, ɟ1 >> ɟ2 ), ʤʝʨʝˁʘ ʿʝ 

ʧʦʪʨʝʙʥʦ ʠʟʚʨʰʠʪʠ ʟʘ ʤʘʣʘ ʨʘʩʪʦʿʘˁʘ ʘ. 

ɸʥʘʣʠʪʠʯʢʠ ʠʟʨʘʟʠ ʫ ʩʢʣʦʧʫ ɺʝʥʝʨʦʚʝ ʤʝʪʦʜʝ ʟʘ ʤʝʨʝˁʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ 

ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ ʟʘʩʥʦʚʘʥʠ ʩʫ ʥʘ ʘʧʨʦʢʩʠʤʘʮʠʿʠ ʘ >> b. ʅʘʚʝʜʝʥʠ ʫʩʣʦʚ ʜʘ ʩʫ ʤʝʨʥʘ ʨʘʩʪʦʿʘˁʘ 

ʤʥʦʛʦ ʚʝ˂ʘ ʦʜ ʜʫʙʠʥʝ ʫʙʘʜʘˁʘ ʝʣʝʢʪʨʦʜʘ ʿʝ ʪʝʰʢʦ ʦʩʪʚʘʨʠʪʠ ʟʘ ʤʘˁʘ ʨʘʩʪʦʿʘˁʘ ʘ, ʘ ʟʘ ʚʝʦʤʘ 

ʤʘʣʘ ʨʘʩʪʦʿʘˁʘ ʪʦ ʿʝ ʧʨʘʢʪʠʯʥʦ ʥʝʤʦʛʫ˂ʝ. ʇʦʨʝʜ ʦʚʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ, ʘʥʘʣʠʪʠʯʢʠ ʤʦʜʝʣ 

ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʨʘʟʚʠʿʝʥ ʿʝ ʧʦʣʘʟʝ˂ʠ ʦʜ ʧʨʝʜʩʪʘʚʝ ʝʣʝʢʪʨʦʜʘ ʢʘʦ ʪʘʯʘʢʘ ʥʘ ʧʦʚʨʰʠʥʠ ʪʣʘ, 

ʦʜʥʦʩʥʦ ʟʘʥʝʤʘʨʫʿʫ˂ʠ ʬʠʟʠʯʢʝ ʜʠʤʝʥʟʠʿʝ ʝʣʝʢʪʨʦʜʘ. ɹʠʣʦ ʿʝ ʧʦʢʫʰʘʿʘ ʜʘ ʩʝ ʫʩʧʦʩʪʘʚʝ ʙʦˀʝ 

ʘʥʘʣʠʪʠʯʢʝ ʚʝʟʝ ɟa(Ra). ɱʝʜʥʘʯʠʥʝ ʙʘʟʠʨʘʥʝ ʥʘ ʧʦʩʤʘʪʨʘˁʫ ʝʣʝʢʪʨʦʜʘ ʢʘʦ ʣʠʥʠʿʘ ʩʘ ʜʫʞʠʥʦʤ 

b ʢʦʿʘ ʦʜʛʦʚʘʨʘ ʫʙʦʜʝʥʦʤ ʜʝʣʫ ʝʣʝʢʪʨʦʜʝ, ʫʤʝʩʪʦ ʢʘʦ ʪʘʯʘʢʘ ʥʘ ʜʫʙʠʥʠ b, ʜʦʚʝʣʦ ʿʝ ʜʦ 

ʟʥʘʯʘʿʥʦʛ ʧʦʙʦˀʰʘˁʘ ʦʨʠʛʠʥʘʣʥʠʭ ɺʝʥʝʨʦʚʠʭ ʠʟʨʘʟʘ. ʀʧʘʢ, ʫ ʘʥʘʣʠʪʠʯʢʦʤ ʤʦʜʝʣʫ ʟʘ 

ʜʚʦʩʣʦʿʥʦ ʪʣʦ ʟʘʜʨʞʘʥʘ ʿʝ ʧʨʝʜʩʪʘʚʘ ʝʣʝʢʪʨʦʜʘ ʢʘʦ ʪʘʯʘʢʘ. ʊʫ ʿʝ ʧʨʦʥʘʹʝʥ ʧʨʦʩʪʦʨ ʟʘ 

ʘʥʘʣʠʟʫ, ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʩʣʫʯʘʿʝʚʘ ʢʘʜʘ ʩʝ ʩʤʘˁʫʿʝ ʪʘʯʥʦʩʪ ʧʦʩʪʦʿʝ˂ʠʭ ʘʥʘʣʠʪʠʯʢʠʭ ʤʝʪʦʜʘ 

ʠ ʠʟʣʦʞʝʥ ʧʨʝʜʣʦʛ ʤʝʪʦʜʝ ʢʦʿʦʤ ʩʝ ʨʝʰʘʚʘ ʧʨʦʙʣʝʤ ʛʫʙʠʪʢʘ ʪʘʯʥʦʩʪʠ ʧʦʩʪʦʿʝ˂ʠʭ ʤʝʪʦʜʘ. 

ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʿʝ, ʢʘʦ ʧʨʚʠ ʦʜ ʜʚʘ ʛʣʘʚʥʘ ʜʦʧʨʠʥʦʩʘ, ʨʘʟʚʠʿʝʥʘ ʠ ʠʟʣʦʞʝʥʘ ʦʨʠʛʠʥʘʣʥʘ 

ʤʝʪʦʜʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʝ ʨʝʟʫʣʪʘʪʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ. ʅʘʧʠʩʘʥ ʿʝ ʧʨʦʛʨʘʤ ʫ Matlab-ʫ 

ʢʦʿʠ ʢʦʨʠʩʪʠ ʩʦʣʚʝʨ ʥʘ ʙʘʟʠ ʅʝʣʜʝʨ-ʄʠʜ ʘʣʛʦʨʠʪʤʘ, ʢʦʿʠʤ ʩʝ ʤʠʥʠʤʠʟʠʨʘ ʢʨʠʪʝʨʠʿʫʤʩʢʘ 

ʬʫʥʢʮʠʿʘ ʫ ʢʦʿʦʿ ʬʠʛʫʨʠʰʫ ʠʟʤʝʨʝʥʝ ʠ ʨʘʯʫʥʘʪʝ ʧʨʠʚʠʜʥʝ ʦʪʧʦʨʥʦʩʪʠ. ʈʘʯʫʥʘʪʝ ʧʨʠʚʠʜʥʝ 

ʦʪʧʦʨʥʦʩʪʠ ʩʝ ʜʦʙʠʿʘʿʫ ʧʨʠʤʝʥʦʤ 3ɼ FEM ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʤʫʣʘʮʠʿʘ. ɼʘʢʣʝ, Matlab ʧʨʦʛʨʘʤ 

ʟʘ ʠʪʝʨʘʮʠʿʝ ʩʦʣʚʝʨʘ ʧʦʟʠʚʘ 3ɼ FEM ʨʘʯʫʥʘʨʩʢʝ ʩʠʤʫʣʘʮʠʿʝ, ʢʦʿʝ ʫʚʘʞʘʚʘʿʫ ʪʘʯʘʥ ʦʙʣʠʢ ʠ 

ʧʦʟʠʮʠʿʫ ʩʪʨʫʿʥʠʭ ʠ ʥʘʧʦʥʩʢʠʭ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ. 

ʄʝʪʦʜʘ ʿʝ ʦʧʰʪʘ ʠ ʧʨʠʤʝʥˀʠʚʘ ʥʘ ʩʚʝ ʪʠʧʦʚʝ ʚʠʰʝʩʣʦʿʥʠʭ ʭʦʨʠʟʦʥʪʘʣʥʠʭ ʤʦʜʝʣʘ ʪʣʘ. 

ɺʝʨʠʬʠʢʘʮʠʿʘ ʿʝ ʠʟʚʨʰʝʥʘ ʟʘ ʜʚʦʩʣʦʿʥʘ ʪʣʘ. 

ʇʨʚʦ ʿʝ ʠʟʚʨʰʝʥʘ ʪʝʦʨʠʿʩʢʘ ʚʝʨʠʬʠʢʘʮʠʿʘ ʤʝʪʦʜʝ ʥʘ ʜʚʦʩʣʦʿʥʦʤ ʤʦʜʝʣʫ ʪʣʘ ʠʟ 

ʣʠʪʝʨʘʪʫʨʝ. ɿʘʪʠʤ ʿʝ ʠʟʚʨʰʝʥʘ ʧʨʠʤʝʥʘ ʥʘ ʜʚʘ ʩʠʥʪʝʪʠʯʢʘ ʪʣʘ, ʛʜʝ ʿʝ ʧʨʠʤʝʥʘ ʦʨʠʛʠʥʘʣʥʦʛ 

ʧʨʠʩʪʫʧʘ ʠ ʤʝʪʦʜʝ ʧʦʢʘʟʘʣʘ ʙʦˀʝ ʨʝʟʫʣʪʘʪʝ ʫ ʦʜʥʦʩʫ ʥʘ ʘʥʘʣʠʪʠʯʢʝ ʤʝʪʦʜʝ ʠʟ ʣʠʪʝʨʘʪʫʨʝ. 

ɼʦʜʘʪʥʦ, ʫʧʦʨʝʹʝʥʠ ʩʫ ʨʝʟʫʣʪʘʪʠ ʦʨʠʛʠʥʘʣʥʝ ʠ ʤʝʪʦʜʝ ʠʟ ʣʠʪʝʨʘʪʫʨʝ ʥʘ ʪʝʨʝʥʩʢʘ ʤʝʨʝˁʘ ʥʘ 

ʧʫʩʪʠˁʩʢʦʿ ʪʝʨʝʥʩʢʦʿ ʣʦʢʘʮʠʿʠ ʫ ʋɸɽ. 
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ʊʝʩʪ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʥʘ ʜʚʘ ʩʠʥʪʝʪʠʯʢʘ ʪʣʘ ʿʝ ʧʨʝʜʩʪʘʚˀʘʦ ʚʝʨʠʬʠʢʘʮʠʿʫ 

ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ. ʈʝʟʫʣʪʘʪ ˁʝʥʝ ʧʨʠʤʝʥʝ ʿʝ ʜʘ ʩʝ ʝʩʪʠʤʠʨʘʥʠ ʧʘʨʘʤʝʪʨʠ ʪʣʘ ʨʘʟʣʠʢʫʿʫ ʦʜ 

ʧʘʨʘʤʝʪʘʨʘ ʩʠʥʪʝʪʠʯʢʦʛ ʪʣʘ ʟʘ ʤʘˁʝ ʦʜ 0,1 %. ʆʚʘʢʚʘ ʚʠʩʦʢʘ ʪʘʯʥʦʩʪ ʥʝ ʠʟʥʝʥʘʹʫʿʝ, ʿʝʨ ʿʝ 

ʧʦʩʤʘʪʨʘʥʦ ʩʠʥʪʝʪʠʯʢʦ ʪʣʦ, ʩʘ ʠʜʝʘʣʥʠʤ ʭʦʤʦʛʝʥʠʤ ʩʚʦʿʩʪʚʠʤʘ ʧʦʿʝʜʠʥʘʯʥʠʭ ʩʣʦʿʝʚʘ. ʊʦ ʫ 

ʧʨʘʢʩʠ ʥʠʢʘʜʘ ʥʠʿʝ ʩʣʫʯʘʿ, ʟʙʦʛ ʯʝʛʘ ʿʝ, ʫʧʨʢʦʩ ʧʦʩʪʠʛʥʫʪʦʿ ʚʝʨʠʬʠʢʘʮʠʿʠ ʥʘ ʩʠʥʪʝʪʠʯʢʦʤ 

ʪʣʫ, ʠʟʚʨʰʝʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʘ ʧʨʦʚʝʨʘ ʥʘ ʫʤʘˁʝʥʦʤ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ 

ʤʦʜʝʣʫ. 

ʋ ʧʨʚʦʿ ʬʘʟʠ ʠʩʪʨʘʞʠʚʘˁʘ ʨʘʟʤʘʪʨʘʥʘ ʿʝ ʤʦʛʫ˂ʥʦʩʪ ʩʢʘʣʠʨʘˁʘ ʨʝʘʣʥʦʛ ʪʣʘ ʩʘ ʨʝʘʣʥʠʤ 

ʝʣʝʢʪʨʦʜʘʤʘ ʢʦʿʝ ʩʝ ʠʩʧʦʨʫʯʫʿʫ ʩʘ ʤʝʨʥʠʤ ʠʥʩʪʨʫʤʝʥʪʦʤ ʥʘʤʝˁʝʥʠʤ ʟʘ ʩʧʨʦʚʦʹʝˁʝ 

ɺʝʥʝʨʦʚʝ ʤʝʪʦʜʝ. ʇʨʚʦ ʿʝ ʧʦʢʘʟʘʥʦ ʜʘ ʙʠ ʠʜʝʥʪʠʯʥʦ ʩʢʘʣʠʨʘˁʝ ʩʚʠʭ ʝʣʝʤʝʥʘʪʘ ʟʘ ɺʝʥʝʨʦʚʫ 

ʤʝʪʦʜʫ ʜʦʚʝʣʦ ʜʦ ʧʦʪʧʫʥʦ ʠʩʪʠʭ ʨʝʟʫʣʪʘʪʘ, ʢʘʢʦ ʧʨʠʤʝʥʦʤ ʘʥʘʣʠʪʠʯʢʝ ʤʝʪʦʜʝ, ʪʘʢʦ ʠ 

ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ. ʀʧʘʢ, ʧʨʠʥʮʠʧ ʠʜʝʥʪʠʯʥʦʛ ʩʢʘʣʠʨʘˁʘ ʥʠʿʝ ʤʦʛʘʦ ʜʘ ʜʦʚʝʜʝ ʜʦ ʧʦʛʦʜʥʠʭ 

ʜʠʤʝʥʟʠʿʘ ʟʘ ʣʘʙʦʨʘʪʦʨʠʿʩʢʠ ʤʦʜʝʣ, ʰʪʦ ʫʢˀʫʯʫʿʝ ʠ ʚʝʣʠʯʠʥʫ ʤʝʨʥʠʭ ʝʣʝʢʪʨʦʜʘ. ʇʨʦʙʣʝʤ ʿʝ 

ʧʨʝʚʘʟʠʹʝʥ ʪʠʤʝ ʜʘ ʿʝ ʜʝʬʠʥʠʩʘʥ ʤʦʜʝʣ ʢʦʿʠ ʥʠʿʝ ʧʦʪʧʫʥʦ ʩʢʘʣʠʨʘʥ, ʘʣʠ ʿʝ FEM ʤʦʜʝʣ 

ʧʨʠʣʘʛʦʹʝʥ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʫʩʣʦʚʠʤʘ ʫ ʥʘʧʨʘʚˀʝʥʦʿ ʩʪʘʢʣʝʥʦʿ ʧʦʩʫʜʠ. ʈʝʟʫʣʪʘʪʠ ʧʨʠʤʝʥʝ 

ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʩʫ ʫʧʦʨʝʹʝʥʠ ʩʘ ʨʝʟʫʣʪʘʪʠʤʘ ʤʝʨʝˁʘ ʥʘ ʬʦʨʤʠʨʘʥʦʤ ʜʚʦʩʣʦʿʥʦʤ ʪʣʫ ʫ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʿ ʩʪʘʢʣʝʥʦʿ ʧʦʩʫʜʠ. ʇʨʝ ʚʨʰʝˁʘ ʦʚʠʭ ʤʝʨʝˁʘ, ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʩʫ ʦʜʨʝʹʝʥʝ 

ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʧʦʿʝʜʠʥʘʯʥʠʭ ʤʝʜʠʿʫʤʘ, ʟʝʤˀʝ ʠ ʧʝʩʢʘ, ʦʜ ʢʦʿʠʭ ʿʝ ʧʦʪʦʤ 

ʩʘʯʠˁʝʥ ʜʚʦʩʣʦʿʥʠ ʤʦʜʝʣ ʪʣʘ ʫ ʩʪʘʢʣʝʥʦʤ ʩʫʜʫ, ʧʨʠ ʯʝʤʫ ʩʫ ʜʝʙˀʠʥʝ ʩʣʦʿʝʚʘ ʠʟʤʝʨʝʥʝ 

ʤʝʪʨʦʤ. 

ʀʥʪʝʨʝʩʘʥʪʥʦ ʿʝ ʧʦʤʝʥʫʪʠ ʜʘ ʿʝ ʠʜʝʥʪʠʬʠʢʘʮʠʿʘ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ 

ʧʦʿʝʜʠʥʘʯʥʠʭ ʤʝʜʠʿʘ ʠʟʚʝʜʝʥʘ ʢʦʨʠʰ˂ʝˁʝʤ ʩʫʰʪʠʥʩʢʠ ʠʩʪʦʛ ʧʨʠʥʮʠʧʘ ʤʠʥʠʤʠʟʘʮʠʿʝ 

ʢʨʠʪʝʨʠʿʫʤʩʢʝ ʬʫʥʢʮʠʿʘ ʠ ʢʦʨʠʰ˂ʝˁʘ FEM ʤʦʜʝʣʘ ʝʣʝʢʪʨʦʜʘ ʠ ʭʦʤʦʛʝʥʦʛ ʪʣʘ ʫ ʧʦʩʫʜʠ. 

ɼʝʪʘˀʥʠ ʦʧʠʩ ʧʦʩʪʫʧʢʘ ʟʘ ʭʦʤʦʛʝʥʦ ʪʣʦ ʧʨʠʢʘʟʘʥ ʿʝ ʫ ʜʠʩʝʨʪʘʮʠʿʠ. ʀʟ ˁʝʛʘ ʩʝ ʚʠʜʠ ʜʘ ʿʝ 

ʟʘʭʚʘˀʫʿʫ˂ʠ ʯʠˁʝʥʠʮʠ ʜʘ ʩʫ ʫ ʭʦʤʦʛʝʥʦʤ ʪʣʫ ʧʦʪʝʥʮʠʿʘʣʠ ʩʨʘʟʤʝʨʥʠ ʩʧʝʮʠʬʠʯʥʦʿ 

ʝʣʝʢʪʨʠʯʥʦʿ ʦʪʧʦʨʥʦʩʪʠ ʤʦʛʫ˂ʝ ʧʦʩʪʘʚʠʪʠ ʤʘʪʝʤʘʪʠʯʢʠ ʧʦʩʪʫʧʘʢ ʫ ʢʦʤʝ ʿʝ ʧʦʪʨʝʙʥʦ 

ʠʟʚʨʰʠʪʠ ʩʘʤʦ ʿʝʜʥʫ FEM ʩʠʤʫʣʘʮʠʿʫ, ʫʟ ʿʝʜʥʦʩʪʨʫʢʫ ʧʨʠʤʝʥʫ ʝʣʝʤʝʥʪʘʨʥʝ ʤʝʪʦʜʝ ʫ Excel-

ʫ.  

ʋ ʝʢʩʧʝʨʠʤʝʥʪʫ ʥʠʩʫ ʧʨʠʤʝˁʝʥʠ ʝʣʝʢʪʨʦʣʠʪʠ ʠʣʠ ʞʝʣʘʪʠʥʦʟʥʠ ʤʘʪʝʨʠʿʘʣʠ ʢʘʦ ʰʪʦ ʿʝ 

ʫʦʙʠʯʘʿʝʥʦ ʟʘ ʝʢʩʧʝʨʠʤʝʥʪʝ ʩʘ ʫʤʘˁʝʥʠʤ ʤʦʜʝʣʠʤʘ ʫ ʦʙʣʘʩʪʠ ʫʟʝʤˀʠʚʘʯʘ. ʅʘʚʝʜʝʥʠ 

ʤʘʪʝʨʠʿʘʣʠ ʩʫ ʙʣʠʞʠ ʪʝʦʨʠʿʩʢʠʤ, ʤʝʭʘʥʠʯʢʠ ʠʟʦʪʨʦʧʥʠʤ, ʭʦʤʦʛʝʥʠʤ ʩʨʝʜʠʥʘʤʘ. ʉʘʤʠʤ ʪʠʤ, 

ʝʢʩʧʝʨʠʤʝʥʪ ʿʝ ʪʘʢʦʹʝ ʫ ʤʘʣʦʤ ʧʨʠʢʘʟʘʦ ʧʦʪʝʰʢʦ˂ʝ ʢʘʢʚʝ ʩʝ ʠʤʘʿʫ ʧʨʠ ʩʪʚʘʨʥʠʤ ʪʝʨʝʥʩʢʠʤ 

ʤʝʨʝˁʠʤʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ, ʘ ʥʘʨʦʯʠʪʦ ʠʤʘʿʫ˂ʠ ʫ ʚʠʜʫ ʜʘ ʩʫ ʩʝ ʢʦʨʠʩʪʠʣʠ ʧʨʘʚʘ ʟʝʤˀʘ ʠ 

ʧʝʩʘʢ, ʢʦʿʝ ʦʜʣʠʢʫʿʫ ʠʩʫʰʠʚʘˁʝ ʚʣʘʛʝ, ʨʘʟʥʦʚʨʩʥʝ ʤʠʢʨʦ ʥʝʭʦʤʦʛʝʥʦʩʪʠ, ʢʦʥʪʘʢʪʥʠ ʦʪʧʦʨʠ 

ʩʘ ʤʝʨʥʠʤ ʝʣʝʢʪʨʦʜʘʤʘ, ʠʪʜ. 

ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʘ ʟʘʭʪʝʚʘ ʢʦʤʧʣʝʢʩʥʝ ʧʨʦʨʘʯʫʥʝ, ʰʪʦ ʢʘʦ ʧʦʩʣʝʜʠʮʫ ʠʤʘ ʜʫʛʘ 

ʚʨʝʤʝʥʘ ʠʟʚʨʰʝˁʘ ʧʨʦʨʘʯʫʥʘ (ʥʘʿʜʫʞʝ ʚʨʝʤʝ ʢʦʿʝ ʿʝ ʙʠʣʦ ʧʦʪʨʝʙʥʦ ʤʝʹʫ ʚʝ˂ʠʤ ʙʨʦʿʝʤ 

ʩʠʤʫʣʘʮʠʿʘ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʿʝ ʠʟʥʦʩʠʣʦ 114 ʩʘʪʠ). ʋ ʪʦʤ ʩʤʠʩʣʫ, ʦʨʠʛʠʥʘʣʥʘ ʤʝʪʦʜʘ 

ʧʨʝʜʩʪʘʚˀʘ ʦʧʮʠʿʫ ʦʜ ʠʥʪʝʨʝʩʘ ʩʘʤʦ ʫ ʩʣʫʯʘʿʝʚʠʤʘ ʢʘʜʘ ʘʥʘʣʠʪʠʯʢʝ ʤʝʪʦʜʝ ʥʝ ʦʙʝʟʙʝʹʫʿʫ 

ʘʜʝʢʚʘʪʥʫ ʪʘʯʥʦʩʪ, ʰʪʦ ʿʝ ʩʣʫʯʘʿ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʩʘ ʚʠʩʦʢʦʤ ʩʧʝʮʠʬʠʯʥʦʤ ʦʪʧʦʨʥʦʰ˂ʫ 

ʧʣʠʪʢʦʛ ʛʦʨˁʝʛ ʩʣʦʿʘ. ʊʨʝʙʘ ʧʨʠʤʝʪʠʪʠ ʜʘ ʜʫʛʦ ʚʨʝʤʝ ʠʟʨʘʯʫʥʘʚʘˁʘ ʨʝʟʫʣʪʘʪʘ ʟʘʚʠʩʠ ʦʜ 

ʪʨʘʿʘˁʘ ʧʦʿʝʜʠʥʘʯʥʠʭ FEM ʩʠʤʫʣʘʮʠʿʘ, ʘʣʠ ʧʨʚʝʥʩʪʚʝʥʦ ʦʜ ʚʝʣʠʢʦʛ ʙʨʦʿʘ ʠʪʝʨʘʮʠʿʘ ʫ 

ʦʧʪʠʤʠʟʘʮʠʦʥʦʤ ʘʣʛʦʨʠʪʤʫ, ʧʨʠ ʯʝʤʫ ʩʝ ʫ ʩʚʘʢʦʿ ʠʪʝʨʘʮʠʿʠ ʚʨʰʠ ʙʘʨ ʦʥʦʣʠʢʦ FEM 

ʩʠʤʫʣʘʮʠʿʘ ʢʦʣʠʢʦ ʠʤʘ ʤʝʹʫʩʦʙʥʠʭ ʨʘʩʪʦʿʘˁʘ ʝʣʝʢʪʨʦʜʘ ʟʘ ʤʝʨʝˁʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ. 

ɱʝʜʥʘ ʦʜ ʨʝʘʣʥʠʭ ʤʦʛʫ˂ʥʦʩʪʠ ʟʘ ʩʢʨʘ˂ʝˁʝ ʚʨʝʤʝʥʘ ʧʦʪʨʝʙʥʦʛ ʟʘ ʧʨʦʨʘʯʫʥ, ʢʦʿʘ ʢʦʿʘ ʿʝ 

ʠʥʠʮʠʿʘʣʥʦ ʙʠʣʘ ʧʣʘʥʠʨʘʥʘ ʫ ʬʘʟʠ ʧʨʠʿʘʚʝ ʪʝʤʝ ʜʠʩʝʨʪʘʮʠʿʝ, ʿʝ ʜʘ ʩʝ FEM ʩʠʤʫʣʘʮʠʿʝ ʚʨʰʝ 

ʩʘʤʦ ʟʘ ʤʘˁʘ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ. ɿʘ ʚʝ˂ʘ ʨʘʩʪʦʿʘˁʘ ʢʦʨʠʩʪʠʣʠ ʙʠ ʩʝ ʧʨʦʨʘʯʫʥʠ 

ʧʦʤʦ˂ʫ ʧʦʩʪʦʿʝ˂ʠʭ ʘʥʘʣʠʪʠʯʢʠʭ ʠʟʨʘʟʘ, ʿʝʨ ʩʫ ʟʘ ʚʝ˂ʘ ʨʘʩʪʦʿʘˁʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ 

ʘʥʘʣʠʪʠʯʢʠ ʠʟʨʘʟʠ ʠʦʥʘʢʦ ʜʦʚʦˀʥʦ ʪʘʯʥʠ. ʉʢʨʘ˂ʝˁʝ ʚʨʝʤʝʥʘ ʧʨʦʨʘʯʫʥʘ, ʫʟ ʟʘʜʨʞʘʚʘˁʝ 

ʪʘʯʥʦʩʪʠ, ʿʝ ʥʝʰʪʦ ʰʪʦ ʿʝ ʚʠʰʝ ʪʝʭʥʠʯʢʘ ʩʪʚʘʨ, ʙʠʪʥʘ ʟʘ ʠʥʪʝʥʟʠʚʥʫ ʧʨʠʤʝʥʫ ʤʝʪʦʜʝ ʠ 
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ʨʘʟʚʠʿʝʥʦʛ ʘʣʘʪʘ. ʆʥʘ ʥʠʿʝ ʨʝʘʣʠʟʦʚʘʥʘ, ʿʝʨ ʿʝ ʬʦʢʫʩ ʥʘʢʦʥ ʧʨʠʭʚʘʪʘˁʘ ʪʝʤʝ ʙʠʦ ʥʘ ʜʦʜʘʪʥʦʿ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʿ ʧʨʦʚʝʨʠ. 

ʉʣʝʜʝ˂ʘ ʪʝʤʘ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʪʘʢʦʹʝ ʧʨʦʠʩʪʝʢʣʘ ʠʟ ʩʫʦʯʘʚʘˁʘ ʩʘ ʠʟʘʟʦʚʠʤʘ ʫ ʦʙʣʘʩʪʠ 

ʫʟʝʤˀʝˁʘ ʠ ʦʩʪʚʘʨʝˁʘ ʙʝʟʙʝʜʥʦʩʪʠ ʧʨʠ ʟʝʤˀʦʩʧʦʿʫ, ʥʘ ʪʝʨʝʥʠʤʘ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠʤ ʟʘ 

ʧʫʩʪʠˁʩʢʝ ʧʨʝʜʝʣʝ ʥʘ ɸʨʘʙʠʿʩʢʦʤ ʧʦʣʫʦʩʪʨʚʫ. ʀʜʝʥʪʠʬʠʢʦʚʘʥʦ ʿʝ ʜʘ ʪʘʯʥʦʩʪ ʧʦʩʪʦʿʝ˂ʠʭ 

ʬʦʨʤʫʣʘ ʟʘ ʠʟʨʘʯʫʥʘʚʘˁʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ ʦʧʘʜʘ ʢʘʜʘ ʥʘ ʧʦʚʨʰʠ ʧʦʩʪʦʿʠ 

ʪʘʥʘʢ ʩʣʦʿ ʚʠʩʦʢʝ ʩʧʝʮʠʬʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ. ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʿʝ ʧʨʝʜʣʦʞʝʥʘ ʧʦʙʦˀʰʘʥʘ 

ʬʦʨʤʫʣʘ ʟʘ ʠʟʨʘʯʫʥʘʚʘˁʝ ʥʘʧʦʥʘ ʜʦʜʠʨʘ, ʢʦʿʘ ʿʝ ʨʘʟʚʠʿʝʥʘ ʥʘ ʦʩʥʦʚʫ ʦʜʨʝʹʝʥʝ ʬʠʟʠʯʢʝ 

ʨʘʩʧʦʜʝʣʝ ʩʪʨʫʿʘ ʫ ʦʢʦʣʠʥʠ ʜʚʘ ʩʪʦʧʘʣʘ (ʢʦʨʠʰ˂ʝˁʝʤ FEM ʩʦʬʪʚʝʨʘ) ʯʠʿʝ ʦʪʧʦʨʥʦʩʪʠ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʟʙʦʛ ʤʝʹʫʩʦʙʥʦʛ ʫʪʠʮʘʿʘ ʥʝ ʯʠʥʝ ʠʜʝʘʣʥʫ ʧʘʨʘʣʝʣʥʫ ʚʝʟʫ. ʆʙʨʘʜʦʤ ʨʝʟʫʣʪʘʪʘ 

FEM ʩʠʤʫʣʘʮʠʿʘ ʦʜʨʝʹʝʥʠ ʩʫ ʢʦʝʬʠʮʠʿʝʥʪʠ, ʯʠʿʠʤ ʩʝ ʫʚʦʹʝˁʝʤ ʫ ʩʪʘʥʜʘʨʜʥʝ ʬʦʨʤʫʣʝ ʟʘ 

ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ ʟʥʘʯʘʿʥʦ ʧʦʙʦˀʰʘʚʘ ˁʠʭʦʚʘ ʪʘʯʥʦʩʪ. ʇʨʠʤʝˁʝʥʠ FEM 

ʤʦʜʝʣ ʧʨʝʜʩʪʘʚˀʘ ʚʝʨʥʫ ʜʠʛʠʪʘʣʥʫ ʨʝʧʣʠʢʫ ʨʝʘʣʥʦʛ ʩʠʩʪʝʤʘ, ʫʟʝʤˀʠʚʘʯʘ, ʨʘʩʧʦʜʝʣʝ 

ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ, ʠʤʧʝʜʘʥʩʝ ʪʝʣʘ ʠ ʜʚʘ ʧʘʨʘʣʝʣʥʘ ʩʪʦʧʘʣʘ. ʈʝʟʫʣʪʘʪʠ 

ʩʫ ʧʦʢʘʟʘʣʠ ʜʘ ʩʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʤʦʞʝ ʧʨʠʤʝʥʠʪʠ ʊʝʚʝʥʝʥʦʚʘ ʪʝʦʨʝʤʘ, ʫ ʢʦʿʦʿ 

ʿʝ ʊʝʚʝʥʝʥʦʚʘ ʝʣʝʢʪʨʦʤʦʪʦʨʥʘ ʩʠʣʘ ʿʝʜʥʘʢʘ ʨʘʟʣʠʮʠ ʧʦʪʝʥʮʠʿʘʣʘ ʫʟʝʤˀʠʚʘʯʘ (GPR) ʠ 

ʧʦʪʝʥʮʠʿʘʣʘ ʪʘʯʢʝ ʩʪʘʿʘˁʘ ʥʘ ʧʦʚʨʰʠʥʠ VS
FEM (ɽʜʦʜʠʨʘ = GPR - VS

FEM), ʘ ʝʢʚʠʚʘʣʝʥʪʥʘ 

ʊʝʚʝʥʝʥʦʚʘ ʦʪʧʦʨʥʦʩʪ ʿʝʜʥʘʢʘ ʧʘʨʘʣʝʣʥʦʿ ʚʝʟʠ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʜʚʘ ʩʪʦʧʘʣʘ. 

ʅʘʧʨʘʚˀʝʥ ʿʝ 3ɼ ʤʦʜʝʣ ʫ FEM ʩʦʬʪʚʝʨʫ ʢʦʿʠ ʦʙʫʭʚʘʪʘ ʩʚʝ ʝʣʝʤʝʥʪʝ (ʫʟʝʤˀʠʚʘʯ, 

ʠʤʧʝʜʘʥʩʝ ʪʝʣʘ ʠ ʜʚʘ ʧʘʨʘʣʝʣʥʘ ʩʪʦʧʘʣʘ), ʧʨʠ ʯʝʤʫ ʿʝ ʢʘʦ ʧʦʟʥʘʪʘ ʟʘʜʘʪʘ ʚʨʝʜʥʦʩʪ ʩʪʨʫʿʝ 

ʢʚʘʨʘ ʢʦʿʘ ʧʨʦʪʠʯʝ ʦʜ ʟʝʤˀʦʚʦʜʥʦʛ ʧʨʦʚʦʜʥʠʢʘ ʢʘ ʫʟʝʤˀʠʚʘʯʫ. ʆʜʨʝʹʠʚʘˁʝ ʩʪʨʫʿʝ ʢʚʘʨʘ ʿʝ 

ʧʦʩʝʙʥʘ ʪʝʤʘ ʠ ʥʠʿʝ ʧʨʝʜʤʝʪ ʜʠʩʝʨʪʘʮʠʿʝ. FEM ʤʦʜʝʣ ʿʝ ʚʘʣʠʜʠʨʘʥ ʥʘ ʩʣʫʯʘʿʝʚʠʤʘ ʠʟ 

ʣʠʪʝʨʘʪʫʨʝ. ɼʘˀʝ, ʧʦʤʦ˂ʫ ʥʘʧʨʘʚˀʝʥʦʛ FEM ʤʦʜʝʣʘ ʨʘʟʤʘʪʨʘʥʠ ʩʫ ʧʘʨʘʤʝʪʨʠ, ʦʪʧʦʨʥʦʩʪ 

ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʫʟʝʤˀʠʚʘʯʘ, ʦʪʧʦʨʥʦʩʪ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ ʠ ʥʘʧʦʥ ʜʦʜʠʨʘ, ʟʘ 9 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʫʟʝʤˀʠʚʘʯʢʠʭ ʩʠʩʪʝʤʘ ʠʟ ʣʠʪʝʨʘʪʫʨʝ. ʇʦʤʝʥʫʪʠ ʫʟʝʤˀʠʚʘʯʢʠ ʩʠʩʪʝʤʠ ʩʫ 

ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʠ ʟʘ ʫʟʝʤˀʘʚʘˁʝ ʤʝʪʘʣʥʠʭ ʜʠʩʪʨʠʙʫʪʠʚʥʠʭ ʥʘʜʟʝʤʥʠʭ ʚʦʜʦʚʘ. ʋ ʧʠʪʘˁʫ ʩʫ 

ʮʝʚʘʩʪʠ ʫʟʝʤˀʠʚʘʯʠ (ʧʨʝʯʥʠʢʘ 19 mm ʠ ʜʫʞʠʥʘ 3,6 ʠ 10,8 m), ʢʚʘʜʨʘʪʥʝ ʢʦʥʪʫʨʝ (ʜʠʤʝʥʟʠʿʘ 

5 m ʭ 5 m ʧʨʝʩʝʢʘ ʪʨʘʢʝ 40 mm ʭ 4 mm), ʢʦʤʙʠʥʘʮʠʿʘ ʥʘʚʝʜʝʥʠʭ ʢʚʘʜʨʘʪʥʠʭ ʢʦʥʪʫʨʘ ʠ ʮʝʚʠ 

ʜʫʞʠʥʘ 3,6 m ʧʦʩʪʘʚˀʝʥʠʭ ʫ ˂ʦʰʢʦʚʠʤʘ ʢʦʥʪʫʨʘ, ʟʘ ʩʣʫʯʘʿʝʚʝ ʩʘ ʠ ʙʝʟ ʤʘʪʝʨʠʿʘʣʘ ʟʘ 

ʧʦʙʦˀʰʘˁʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ, ʦʜʥʦʩʥʦ ʙʝʥʪʦʥʠʪʘ ʠʣʠ ʪʘʢʦʟʚʘʥʦʛ GEM. 

ɸʥʘʣʠʟʝ ʨʝʟʫʣʪʘʪʘ FEM ʩʠʤʫʣʘʮʠʿʘ ʩʫ ʧʦʢʘʟʘʣʝ ʜʘ ʤʦʞʝ ʜʘ ʩʝ ʟʘʥʝʤʘʨʠ ʤʝʹʫʩʦʙʘʥ 

ʫʪʠʮʘʿ ʩʪʨʫʿʘ ʢʦʿʝ ʠʩʪʦʚʨʝʤʝʥʦ ʦʪʠʯʫ: 1) ʩʘ ʫʟʝʤˀʠʚʘʯʘ ʠ 2) ʩʘ ʩʪʦʧʘʣʘ ʦʩʦʙʝ ʢʦʿʘ ʩʝ ʥʘʣʘʟʠ 

ʧʦʜ ʜʝʿʩʪʚʦʤ ʥʘʧʦʥʘ ʜʦʜʠʨʘ. ʊʦ ʟʥʘʯʠ ʜʘ ʩʝ ʨʘʩʧʦʜʝʣʘ ʦʚʠʭ ʩʪʨʫʿʘ ʤʦʞʝ ʜʦʙʠʪʠ ʠʟ ʤʦʜʝʣʘ 

ʢʦʿʫ ʦʙʫʭʚʘʪʘ ʩʘʤʦ ʫʟʝʤˀʠʚʘʯ, ʦʜʥʦʩʥʦ ʩʘʤʦ ʩʪʦʧʘʣʘ, ʦʜʥʦʩʥʦ ʜʘ ʦʜʨʝʹʠʚʘˁʝ ʦʚʠʭ 

ʦʪʧʦʨʥʦʩʪʠ ʤʦʞʝ ʜʘ ʩʝ ʚʨʰʠ ʨʘʩʧʨʝʛʥʫʪʦ. 

ɼʠʩʝʨʪʘʮʠʿʘ ʿʝ ʜʘʣʘ ʿʘʩʘʥ ʜʦʧʨʠʥʦʩ ʟʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʫ ʪʣʘ ʫ ʩʧʝʮʠʬʠʯʥʠʤ ʧʫʩʪʠˁʩʢʠʤ 

ʫʩʣʦʚʠʤʘ ʥʘ ɸʨʘʙʠʿʩʢʦʤ ʧʦʣʫʦʩʪʨʚʫ. ɸʥʘʣʠʟʝ ʩʝ ʟʘʩʥʠʚʘʿʫ ʥʘ ʧʨʠʤʝʥʠ ʥʘʧʨʝʜʥʠʭ 

ʩʦʬʪʚʝʨʩʢʠʭ ʤʝʪʦʜʘ ʠ ʘʣʘʪʘ ï ʢʦʨʠʰ˂ʝʥ ʿʝ ʧʨʦʛʨʘʤ ʫ Matlab-ʫ ʢʦʿʠ ʢʦʨʠʩʪʠ ʩʦʣʚʝʨ ʥʘ ʙʘʟʠ 

ʅʝʣʜʝʨ-ʄʠʜ ʘʣʛʦʨʠʪʤʘ, ʧʨʠ ʯʝʤʫ ʘʣʛʦʨʠʪʘʤ ʧʨʦʛʨʘʤʘ ʧʦʟʠʚʘ ʠ ʘʢʪʠʚʠʨʘ 3ɼ FEM ʨʘʯʫʥʘʨʩʢʝ 

ʩʠʤʫʣʘʮʠʿʝ, ʯʠʿʠ ʩʝ ʨʝʟʫʣʪʘʪʠ ʚʨʘ˂ʘʿʫ ʠ ʜʘˀʝ ʦʙʨʘʹʫʿʫ ʫ ʧʨʦʛʨʘʤʫ ʫ Matlab-ʫ. ɼʨʫʛʠ ʿʘʩʘʥ 

ʜʦʧʨʠʥʦʩ ʿʝ ʥʦʚʘ ʬʦʨʤʫʣʘ ʟʘ ʠʟʨʘʯʫʥʘʚʘˁʝ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ, ʫʟ 

ʫʚʘʞʘʚʘˁʝ ʤʝʹʫʩʦʙʥʦʛ ʫʪʠʮʘʿʘ, ʟʘ ʩʣʫʯʘʿ ʢʘʜʘ ʧʦʩʪʦʿʠ ʪʘʥʘʢ ʧʦʚʨʰʠʥʩʢʠ ʩʣʦʿ ʚʝʣʠʢʝ 

ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ. 

ʀʥʪʝʨʝʩʘʥʪʥʘ ʪʝʤʘ ʟʘ ʠʩʪʨʘʞʠʚʘˁʝ ʿʝ ʜʘ ʩʝ ʩʘʛʣʝʜʘ ʢʘʢʦ ʧʦʩʪʠʛʥʫʪʘ ʧʘʨʮʠʿʘʣʥʘ 

ʧʦʙʦˀʰʘˁʘ ʢʫʤʫʣʘʪʠʚʥʦ ʫʪʠʯʫ ʥʘ ʠʟʨʘʯʫʥʘʚʘˁʘ ʤʘʢʨʦʩʢʦʧʩʢʠʭ ʧʘʨʘʤʝʪʘʨʘ ʫʟʝʤˀʠʚʘʯʘ ï

ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ, ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʥʘʧʦʥʘ ʢʦʨʘʢʘ. ʂʚʘʥʪʠʬʠʢʘʮʠʿʘ ʧʨʘʢʪʠʯʥʦʛ 

ʟʥʘʯʘʿʘ ʠʩʪʨʘʞʠʚʘˁʘ ʠ ʧʦʩʪʠʛʥʫʪʠʭ ʧʘʨʮʠʿʘʣʥʠʭ ʜʦʧʨʠʥʦʩʘ, ʦʜʥʦʩʥʦ ˁʠʭʦʚ ʫʪʠʮʘʿ ʥʘ 

ʨʝʟʫʣʪʘʪʝ ʧʨʦʨʘʯʫʥʘ ʩʫʰʪʠʥʩʢʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʫʟʝʤˀʠʚʘʯʘ ʙʠ ʩʝ ʜʦʙʠʦ ʧʦʨʝʹʝˁʝʤ 

ʨʝʟʫʣʪʘʪʘ ʜʦʙʠʿʝʥʠʭ ʧʨʠʤʝʥʦʤ ʧʦʩʪʠʛʥʫʪʠʭ ʧʘʨʮʠʿʘʣʥʠʭ ʜʦʧʨʠʥʦʩʘ ʠ ʨʝʟʫʣʪʘʪʘ ʧʨʠʤʝʥʝ 

ʧʦʩʪʦʿʝ˂ʠʭ ʘʥʘʣʠʪʠʯʢʠʭ ʤʝʪʦʜʘ.  
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ʉʫʤʘʨʥʦ, ʜʠʩʝʨʪʘʮʠʿʘ ʿʝ ʙʠʣʘ ʤʦʪʠʚʠʩʘʥʘ ʪʝʭʥʠʯʢʠʤ ʘʩʧʝʢʪʠʤʘ ʫ ʦʙʣʘʩʪʠ ʫʟʝʤˀʝˁʘ ʫ 

ʩʧʝʮʠʬʠʯʥʠʤ ʪʝʨʝʥʩʢʠʤ ʫʩʣʦʚʠʤʘ ʥʘ ɸʨʘʙʠʿʩʢʦʤ ʧʦʣʫʦʩʪʨʚʫ, ʟʘ ʢʦʿʝ ʩʫ ʠʟʚʨʰʝʥʘ ʤʝʨʝˁʘ ʥʘ 

5 ʣʦʢʘʮʠʿʘ ʩʘ 11 ʨʘʟʣʠʯʠʪʠʭ ʪʠʧʦʚʘ ʫʟʝʤˀʠʚʘʯʘ ʫ ʋɸɽ. ʇʨʝʧʦʟʥʘʪʦ ʿʝ ʜʘ ʧʨʠʤʝʥʦʤ 

ʥʘʧʨʝʜʥʠʭ ʩʦʬʪʚʝʨʩʢʠʭ ʤʝʪʦʜʘ ʠ ʘʣʘʪʘ, ʩʧʨʝʟʘˁʝʤ ʩʦʬʪʚʝʨʘ Matlab ʠ COMSOL Multiphysics, 

ʤʦʞʝ ʜʘ ʩʝ ʧʨʝʚʘʟʠʹʝ ʧʨʠʩʫʪʥʘ ʛʨʝʰʢʘ ʫ ʧʨʦʨʘʯʫʥʫ ʢʦʿʘ ʩʝ ʿʘʚˀʘ ʟʘ ʩʧʝʮʠʬʠʯʥʝ ʩʣʫʯʘʿʝ ʪʣʘ 

ʘʢʦ ʩʝ ʧʨʠʤʝˁʫʿʫ ʢʣʘʩʠʯʥʝ ʘʥʘʣʠʪʠʯʢʝ ʬʦʨʤʝ. ʀʜʝʿʘ ʿʝ ʨʝʘʣʠʟʦʚʘʥʘ, ʧʨʦʛʨʘʤʩʢʘ ʧʦʜʨʰʢʘ 

ʦʩʪʚʘʨʝʥʘ ʠ ʧʨʠʤʝˁʝʥ ʥʠʟ ʪʝʩʪʦʚʘ ʚʘʣʠʜʘʮʠʿʝ ʤʝʪʦʜʝ ʟʘ ʝʩʪʠʤʘʮʠʿʫ ʧʘʨʘʤʝʪʘʨʘ ʤʦʜʝʣʘ ʪʣʘ. 

ʊʝʩʪʦʚʠ ʩʫ ʙʠʣʠ ʨʝʘʣʠʟʦʚʘʥʠ ʥʘ ʙʘʟʠ ʧʦʜʘʪʘʢʘ ʠʟ ʣʠʪʝʨʘʪʫʨʝ, ʩʠʥʪʝʪʠʯʢʦʛ ʪʣʘ, ʢʘʦ ʠ 

ʝʢʩʧʝʨʠʤʝʥʘʪʘ ʥʘ ʫʤʘˁʝʥʦʤ ʣʘʙʦʨʘʪʦʨʠʿʩʢʦʤ ʤʦʜʝʣʫ, ʢʘʦ ʧʦʩʣʝʜˁʦʿ ʬʘʟʠ ʠʩʪʨʘʞʠʚʘˁʘ. 

ʈʘʟʚʠʿʝʥʠ ʩʦʬʪʚʝʨʩʢʠ ʘʣʘʪʠ ʩʫ ʧʨʠʤʝˁʝʥʠ ʢʘʢʦ ʙʠ ʩʝ ʧʦʩʪʠʛʣʘ ʧʦʙʦˀʰʘˁʘ ʫ ʧʦʛʣʝʜʫ 

ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʝ ʧʘʨʘʤʝʪʘʨʘ ʪʣʘ ʠ ʦʜʨʝʹʠʚʘˁʘ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ. ʊʘʢʦʹʝ, 

ʧʨʠʤʝʥʦʤ ʩʦʬʪʚʝʨʘ COMSOL Multiphysics ʠʩʧʠʪʘʥʘ ʿʝ ʪʘʯʥʦʩʪ ʩʪʘʥʜʘʨʜʥʦʛ ʧʨʠʩʪʫʧʘ ʧʨʝʢʦ 

ʊʝʚʝʥʝʥʦʚʝ ʪʝʦʨʝʤʝ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʥʘʧʦʥʘ ʜʦʜʠʨʘ. ʊʦʢʦʤ ʪʝ ʘʥʘʣʠʟʝ ʿʝ 

ʜʝʬʠʥʠʩʘʥ ʠʟʨʘʟ ʟʘ ʧʨʦʨʘʯʫʥ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʩʪʦʧʘʣʘ, ʢʦʿʠ ʫʚʘʞʘʚʘ ˁʠʭʦʚ 

ʤʝʹʫʩʦʙʥʠ ʫʪʠʮʘʿ, ʠ ʜʘʿʝ ʪʘʯʥʠʿʝ ʨʝʟʫʣʪʘʪʝ ʦʜ ʬʦʨʤʫʣʘ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʫ ʩʪʘʥʜʘʨʜʠʤʘ. 

ʇʦʚʝ˂ʘʥʘ ʪʘʯʥʦʩʪ ʥʦʚʠʭ ʠʟʨʘʟʘ ʫ ʦʜʥʦʩʫ ʥʘ ʧʦʩʪʦʿʝ˂ʝ ʩʝ ʿʘʚˀʘ ʢʦʜ ʪʘʥʢʦʛ ʧʦʚʨʰʠʥʩʢʦʛ ʩʣʦʿʘ 

ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ. 



ʈʝʬʝʨʝʥʮʝ 

  136  

 

8 ʈɽʌɽʈɽʅʎɽ 

 

[1]  E. Schmidt, ĂThe AI Revolution Is Underhyped (TED Talk),ñ Apr. 2025. [ʅʘ ʤʨʝʞʠ]. 

Available: https://www.ted.com/talks/eric_schmidt_the_ai_revolution_is_underhyped. 

[ʇʦʩʣʝʜˁʠ ʧʨʠʩʪʫʧ 6. ʜʝʮʝʤʙʘʨ 2025.]. 

[2]  ʄ. ɫʫʨʠ˂, ɺʠʩʦʢʦʥʘʧʥʦʩʢʘ ʧʦʩʪʨʦʿʝˁʘ, ɹʝʦʛʨʘʜ: ɹʝʦʧʨʝʩ, 2009.  

[3]  Ăʇʈɸɺʀʃʅʀʂ ʆ ʊɽʍʅʀʏʂʀʄ ʅʆʈʄɸʊʀɺʀʄɸ ɿɸ ʋɿɽʄɲɽɳɸ 

ɽʃɽʂʊʈʆɽʅɽʈɻɽʊʉʂʀʍ ʇʆʉʊʈʆɱɽɳɸ ʅɸɿʀɺʅʆɻ ʅɸʇʆʅɸ ʀɿʅɸɼ 1000 V,ñ 

ʉʣʫʞʙʝʥʠ ʣʠʩʪ ʉʈɱ 61/95, pp. 30-39, 1995.  

[4]  ñStandard Test Methods for Foot Protection,ò ASTM F2412-05, 2005.  

[5]  ĂPerformance Requirements for Protective Footwear,ñ ASTM F2413-18, 2018.  

[6]  Z. R. Radakovic, M. V. Jovanovic, V. M. Milosevic and N. M. Ilic, "Application of Earthing 

Backfill Materials in Desert Soil Conditions," IEEE Transactions on Industry Applications 

(Special Issue on Grounding Systems), vol. 51, no. 6, pp. 5288-5297, 

https://doi.org/10.1109/TIA.2015.2424688, November-December 2015.  

[7]  CYMEGrd software, CYME, Saint-Bruno, QC, Canada, Dec. 2000..  

[8]  "CDEGS," SES & technologies ltd., [Online]. Available: 

https://www.sestech.com/Product/Package/CDEGS. [Accessed 31 3 2026]. 

[9]  "ETAP," Operation Technology, Inc., [Online]. Available: https://etap.com/. [Accessed 31 3 

2026]. 

[10]  ĂIEEE Guide for Safety in AC Substation Grounding,ñ IEEE Std 80-2013, May 2015.  

[11]  Azordegan, E. et al., ĂTesting and application of crushed aggregate for use as a resistive 

substation surface layer, Technical Report PES-TR-107,ñ IEEE Power & Energy Society. 

[12]  ʉ. ʉʪʘʥʠʰʠ˂ ʠ ɿ. ʈʘʜʘʢʦʚʠ˂, Ăʇʨʠʤʝʥʘ ɺʝʥʝʨʦʚʝ ʤʝʪʦʜʝ ʥʘ ʪʣʦ ʩʘ ʪʘʥʢʠʤ 

ʧʦʚʨʰʠʥʢʩʠʤ ʩʣʦʿʝʤ ʚʝʣʠʢʝ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ,ñ ʫ XII ʩʘʚʝʪʦʚʘˁʝ ʦ 

ʝʣʝʢʪʨʦʜʠʩʪʨʠʙʫʪʠʚʥʠʤ ʤʨʝʞʘʤʘ ʩʘ ʨʝʛʠʦʥʘʣʥʠʤ ʫʯʝʰ˂ʝʤ, CIRED, ɺʨˁʘʯʢʘ ɹʘˁʘ, 

2021.  

[13]  S. M. Staniġiĺ and Z. R. Radakoviĺ, "Method for characterization of soil electrical resistivity 

based on Wenner measurements by means of NelderïMead algorithm and FEM calculations," 

Electrical Engineering, vol. 105, pp. 4427-4441, Aug. Aug. 2023.  

[14]  F. Dawalibi, ĂTransmission Line Grounding,ñ EPRI Research Project 1494-1, Final Report 

EL 2699, Oct. 1982.  

[15]  F. Dawalibi and C. J. Blattner, "Earth Resistivity Measurement Interpretation Techniques," 

IEEE Trans. Power App. Syst., Vols. PAS-103, no. 2, pp. 374-382, 

https://doi.org/10.1109/TPAS.1984.318254, Feb. 1984.  

[16]  MATLAB. (2022). (R2022b). Natick, Massachusetts: The MathWorks Inc..  

[17]  "COMSOL Multiphysics® v. 6.0," COMSOL AB, Stockholm, Sweden, [Online]. Available: 

www.comsol.com. 

[18]  ʉ. ʉʪʘʥʠʰʠ˂ ʠ ɿ. ʈʘʜʘʢʦʚʠ˂, Ăʇʨʠʤʝʥʘ ʤʦʜʝʨʥʠʭ FEM ʩʦʬʪʚʝʨʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʦʪʧʦʨʘ 

ʫʟʝʤˀʝˁʘ, ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʥʘʧʦʥʘ ʢʦʨʘʢʘ,ñ ʫ X ʿʫʙʠʣʘʨʥʦ ʩʘʚʝʪʦʚʘˁʝ ʦ 

ʝʣʝʢʪʨʦʜʠʩʪʨʠʙʫʪʠʚʥʠʤ ʤʨʝʞʘʤʘ ʩʘ ʨʝʛʠʦʥʘʣʥʠʤ ʫʯʝʰ˂ʝʤ, CIRED, ɺʨˁʘʯʢʘ ɹʘˁʘ, 

2016.  

[19]  S. Stanisic and Z. Radakovic, "Calculation of Touch Voltage Based on Physical Distribution 

of Earth Fault Current," IEEE Transactions on Power Delivery, vol. 32, no. 5, pp. 2246-2254, 

https://doi.org/10.1109/TPWRD.2016.2618062, October 2017.  

[20]  ĂIEEE Standards Association,ñ [ʅʘ ʤʨʝʞʠ]. Available: 

https://standards.ieee.org/ieee/80/4089/. [ʇʦʩʣʝʜˁʠ ʧʨʠʩʪʫʧ 13. ɼʝʮ. 2025.]. 



ʈʝʬʝʨʝʥʮʝ 

  137  

 

[21]  ĂIEEE Standards Association,ñ [ʅʘ ʤʨʝʞʠ]. Available: 

https://standards.ieee.org/ieee/80/12145/. [ʇʦʩʣʝʜˁʠ ʧʨʠʩʪʫʧ 13. ɼʝʮ. 2025.]. 

[22]  ĂIEEE Guide for Measuring Earth Resistivity, Ground Impedance, and Earth Surface 

Potentials of a Grounding System,ñ IEEE Std 81-2012, Dec. 2012.  

[23]  "IEEE Guide for Measuring Earth Resistivity, Ground Impedance, and Earth Surface 

Potentials of a Ground System," ANSI/IEEE Std 81-1983, 1983.  

[24]  ĂIEEE Guide for Measuring Earth Resistivity, Ground Impedance, and Earth Surface 

Potentials of a Grounding System,ñ IEEE 81-2025, 2025.  

[25]  ĂProtection against lightning,ñ IEC 62305, 2010.  

[26]  W. Ruan, J. Ma, F. P. Dawalibi and R. D. Southey, "Performance of HVDC ground electrode 

in various soil structures," in Proc. 2002 Int. Conf. Power Syst. Technol., Kunming, China, 

Oct. 13-17, 2002.  

[27]  W. Ruan, R. D. Southey, S. Fortin and F. P. Dawalibi, "Effective Sounding Depths for HVDC 

Grounding Electrode Design: Wenner versus Schlumberger Methods," in 2005 IEEE/PES 

Transm. Distrib. Conf. Expo. Asia and Pacific, Dalian, China, Aug. 18-18, 2005.  

[28]  T. N. Giao and M. P. Sarma, "Effect of a Two-Layer Earth on the Electric Field Near HVDC 

Ground Electrodes," IEEE Trans. Power App. Syst., Vols. PAS-91, no. 6, pp. 2356-2365, 

https://doi.org/10.1109/TPAS.1972.293392, Nov. 1972.  

[29]  ĂEffects of current passing through human body - Part I: General apects,ñ IEC 60479-1, 1994.  

[30]  ĂEffect of current passing through human body - Part II: Special aspects,ñ IEC 60479-2, 1987.  

[31]  ĂShort-circuit currents in three-phase a.c. systems - Part 0: Calculation of currents,ñ IEC 

Standard 60909-0:2001, July 2001.  

[32]  "Standard Test Method for Field Measurement of Soil Resistivity Using the Wenner Four-

Electrode Method," ASTM G57 95a, Jun 1995.  

[33]  F. Wenner, ĂA Method of Measuring Earth Resistivity,ñ Bul. Bur. Standards, ʪ. Scientific 

Paper 12, ʙʨ. S-258, pp. 469-478, https://doi.org/10.6028/bulletin.282, 1916.  

[34]  W. M. Telford, L. P. Geldart ʠ R. E. Sheriff, Applied Geophysics, Cambridge University 

Press, 1990.  

[35]  C. J. Blattner, ĂStudy of driven ground rods and four point soil resistivity data,ñ IEEE 

Transactions on Power Apparatus and Systems, ʪ. PAS 101, ʙʨ. 8, pp. 2837-2850, Aug. 

1982.  

[36]  L. S. Palmer, "Examples of geoelectric surveys," IEE, vol. 106, no. 27, pp. 231-241, 

https://doi.org/10.1049/pi-a.1959.0081, Jun. 1959.  

[37]  J. Ma and F. P. Dawalibi, "Influence of inductive coupling between leads on resistivity 

measurements in multilayer soils," IEEE Transactions on Power Delivery, vol. 13, no. 4, pp. 

999-1004, Oct. 1998.  

[38]  R. S. Baishiki, C. K. Osterberg and F. Dawalibi, "Earth Resistivity Measurements using 

Cylindrical Electrodes at short Spacings," IEEE Trans. Power Del., vol. 2, no. 1, pp. 64-71, 

https://doi.org/10.1109/TPWRD.1987.4308074, Jan. 1987.  

[39]  O. Ramos-Leaños, F. A. Uribe, A. Valcárcel, A. Hajiaboli, S. Franiatte and F. P. Dawalibi, 

"Nonlinear Electrode Arrangements for Multilayer Soil Resistivity Measurements," IEEE 

Trans. Electromagn. Compat., vol. 62, no. 5, pp. 2148-2155, 

https://doi.org/10.1109/TEMC.2020.2970149, Oct. 2020.  

[40]  Earth Tester MI 2124 User Manual, Version 2.0, Horjul: METREL, 2000.  

[41]  C. J. Blattner, "Analysis of Soil Resistivity Test Methods in Two-Layer Earth," IEEE 

Transactions on Power Apparatus and Systems, Vols. PAS-1041, no. 12, pp. 3603-3608, 

December 1985.  



ʈʝʬʝʨʝʥʮʝ 

  138  

 

[42]  R. D. Southey and F. P. Dawalibi, "Improving the Reliability of Power Systems With More 

Accurate Grounding System Resistance Estimates," in International Conference on Power 

System Technology Proceedings, Kunming, China, 2002.  

[43]  H. R. Seedher and J. K. Arora, "Estimation of two layer soil parameters using finite Wenner 

resistivity expressions," IEEE Trans. Power Del., vol. 7, no. 3, pp. 1213-1217, 

https://doi.org/10.1109/61.141833, Jul. 1992.  

[44]  E. D. Sunde, Earth conduction effects in transmission systems, New York: Dover 

Publications, Inc., 1986.  

[45]  A. P. Meliopulos and A. D. Papalexopoulos, "Interpretation of Soil Resistivity Measurements: 

Experience with the Model SOMIP," IEEE Trans. Power Del., vol. 1, no. 4, pp. 142-151, Oct. 

1986.  

[46]  A. P. Meliopoulos, R. P. Webb and E. B. Joy, "Analysis of Grounding Systems," IEEE Trans. 

Power App. Syst., Vols. PAS-100, no. 3, pp. 1039-1048, Mar. 1981.  

[47]  T. Takahashi and T. Kawase, "Analysis of apparent resistivity in a multi-layer earth 

structure," IEEE Transactions on Power Delivery, vol. 5, no. 2, pp. 604-612, 

https://doi.org/10.1109/61.53062, April 1990.  

[48]  F. Dawalibi and N. Barbeito, "Measurements and computations of the performance of 

grounding systems buried in multilayer soils," IEEE Transactions on Power Delivery, vol. 6, 

no. 4, pp. 1483-1490, https://doi.org/10.1109/61.97681, Oct. 1991.  

[49]  J. Nahman and D. Salamon, "A practical method for the interpretation of earth resistivity data 

obtained from driven rod tests," IEEE Trans. Power Del., vol. 3, no. 4, pp. 1375-1379, 

https://doi.org/10.1109/61.193934, Oct. 1988.  

[50]  J. L. del Alamo, "A second order gradient technique for an improved estimation of soil 

parameters in a two-layer earth," IEEE Transactions on Power Delivery, vol. 6, no. 3, pp. 

1166-1170, July 1991.  

[51]  J. L. del Alamo, "A comparison among eight different techniques to achieve an optimum 

estimation of electrical grounding parameters in two-layered earth," IEEE Trans. Power Del., 

vol. 8, no. 4, pp. 1890-1899, https://doi.org/10.1109/61.248299, Oct. 1993.  

[52]  R. Batista, M. R. de Ara¼jo ʠ R. R. Saldanha, ĂParameter estimation of a two-layer soil model 

using Quasi-Newton methods,ñ ʫ 2018 Simposio Brasileiro de Sistemas Eletricos (SBSE), 

Niteroi, 2018.  

[53]  W. P. Calixto, L. M. Neto, M. Wu, K. Yamanaka and E. P. Moreira, "Parameters Estimation 

of a Horizontal Multilayer Soil Using Genetic Algorithm," IEEE Transactions on Power 

Delivery, vol. 25, no. 3, pp. 1250 - 1257, July 2010.  

[54]  W. R. Pereira, M. G. Soares and L. M. Neto, "Horizontal Multilayer Soil Parameter 

Estimation Through Differential Evolution," IEEE Transactions on Power Delivery, vol. 31, 

no. 2, pp. 622-629, April 2016.  

[55]  B. Zhang, X. Cui, L. Li and J. He, "Parameter estimation of horizontal multilayer earth by 

complex image method," IEEE Transactions on Power Delivery, vol. 20, no. 2, pp. 1394-

1401, April 2005.  

[56]  J. Yang and J. Zou, "Parameter Estimation of a Horizontally Multilayered Soil With a Fast 

Evaluation of the Apparent Resistivity and its Derivatives," IEEE Access, vol. 8, pp. 2169-

3536, 16 March 2020.  

[57]  M. Jesenik, M. Mernik, M. Ļrepinġek and M. Trlep, "Searching for soil modelsô parameters 

using metaheuristics," Applied Soft Computing, vol. 69, pp. 131-148, 

https://doi.org/10.1016/j.asoc.2018.04.045, Aug. 2018.  

[58]  P. J. Lagace, M. H. Vuong, M. Lefebvre and J. Fortin, "Multilayer resistivity interpretation 

and error estimation using electrostatic images," IEEE Trans. Power Del., vol. 21, no. 4, pp. 



ʈʝʬʝʨʝʥʮʝ 

  139  

 

1954-1960, Oct. 2006.  

[59]  "Standard Test Method for Measurement of Soil Resistivity Using the Wenner FourElectrode 

Method," ASTM G57-20, Dec. 2020.  

[60]  Z. G. Datsios, P. N. Mikropoulos and I. Karakousis, "Laboratory Measurement of the Low-

Frequency Electrical Properties of Sand," in 34th International Conference on Lightning 

Protection, Rzeszow, Poland, 2018, https://doi.org/10.1109/ICLP.2018.8503351.  

[61]  "Standard Test Methods for AC Loss Characteristics and Permittivity (Dielectric Constant) of 

Solid Electrical Insulation," ASTM D150-11, Aug. 2011.  

[62]  D. Mukhedkar, Y. Gervais and J. P. DeJean, "Modelling of a Grounding Electrode," IEEE 

Transactions on Power Apparatus and Systems, Vols. PAS-92, no. 1, pp. 295-297, Jan. 1973.  

[63]  M. Jesenik, A. Hamler and M. Trlep, "Analyzing of a Soil Model using the Finite Element 

Method for Simulation of Soil Resistivity Measurement," IEEE Trans. Magn., vol. 57, no. 7, 

pp. 1-4, https://doi.org/10.1109/TMAG.2021.3075580, Jul. 2021.  

[64]  M. Jesenik and M. Trlep, "Testing of multi layered soil models based on data obtained from 

Finite Element Models with known soil structures using metaheuristics for parametersô 

determination," Appl. Soft Comput., vol. 95, p. https://doi.org/10.1016/j.asoc.2020.106541, 

Oct. 2020.  

[65]  M. Mitolo, Electrical Safety of Low-Voltage Systems, McGraw Hill, 2009.  

[66]  A. P. S. Meliopoulos, F. Xia, E. B. Joy and G. J. Cokkinides, "An advanced computer model 

for grounding system analysis," IEEE Trans. Power Del., vol. 8, no. 1, pp. 13-23, Jan. 1993.  

[67]  C. S. Lee and A. P. S. Meliopoulos, "A Comparison of IEC 479-1 and IEEE Std 80 on 

Grounding Safety Criteria," Proc. Natl. Sci. Counc. ROC(A), vol. 23, no. 5, pp. 612-621, 

1999.  

[68]  A. P. S. Meliopoulos, Power System Grounding and Transients: An Introduction, New York: 

Marcel Dekker, Inc., 1988.  

[69]  ʄ. ɹ. ʂʦʩʪʠ˂, ʊʝʦʨʠʿʘ ʠ ʧʨʘʢʩʘ ʧʨʦʿʝʢʪʦʚʘˁʘ ʝʣʝʢʪʨʠʯʥʠʭ ʠʥʩʪʘʣʘʮʠʿʘ, ʜʨʫʛʦ 

ʧʨʦʰʠʨʝʥʦ ʠʟʜʘˁʝ, ɹʝʦʛʨʘʜ: ɸʢʘʜʝʤʩʢʘ ʤʠʩʘʦ, 2005.  

[70]  H. B. Dwight, "Calculation of Resistances to Ground," Transactions of the American Institute 

of Electrical Engineers, vol. 55, no. 12, pp. 1319-1328, Dec. 1936.  

[71]  ʄ. ʂʦʩʪʠ˂, Ăɱʝʜʥʘ ʥʦʚʘ ʬʦʨʤʫʣʘ ʟʘ ʠʟʨʘʯʫʥʘʚʘˁʝ ʧʨʝʣʘʟʥʝ ʦʪʧʦʨʥʦʩʪʠ ʪʨʘʢʘʩʪʠʭ 

ʫʟʝʤˀʠʚʘʯʘ ʧʦʚʝʟʘʥʠʭ ʫ ʢʦʥʪʫʨʫ ʧʨʘʚʦʫʛʘʦʥʦʛ ʦʙʣʠʢʘ,ñ ʅʘʫʯʥʦ - ʪʝʭʥʠʯʢʠ ʧʨʝʛʣʝʜ, ʪ. 

XXXIII, ʙʨ. 7, 1983.  

[72]  J. G. Sverak, "Sizing of ground conductors against fusing," IEEE Transactions on Power 

Apparatus and Systems, Vols. PAS-100, no. 1, pp. 51-59, Jan. 1981.  

[73]  R. Rüdenberg, "Grounding principles and practicesðPart 1, Fundamental considerations on 

grounding currents," Electrical Engineering, vol. 64, no. 1, pp. 1-13, Jan. 1945.  

[74]  S. J. Schwarz, "Analytical expression for resistance of grounding systems," AIEE 

Transactions on Power Apparatus and Systems, vol. 73, no. 13, pp. 1011-1016, Aug. 1954.  

[75]  J. Nahman and D. Salamon, "Analytical expressions for the resistance of grounding grids in 

nonuniform soil," IEEE Transactions on Power Apparatus and Systems, Vols. PAS-103, no. 

4, pp. 880-885, Apr. 1984.  

[76]  J. Nahman and D. Salamon, "Analytical expressions for the resistance of rodbeds and of 

combined grounding system in nonuniform soil," IEEE Transactions on Power Delivery, 

Vols. PWRD-1, no. 3, pp. 90-96, July 1986.  

[77]  J. Nahman, "Digital Calculation of Earthing Systems in Nonuniform Soil," Archiv für 

Elektrotechnik, vol. 62, pp. 19-24, 1980.  

[78]  J. Nahman and I. Paunovic, "Resistance to earth of earthing grids buried in multi-layer soil," 



ʈʝʬʝʨʝʥʮʝ 

  140  

 

Electrical Engineering, vol. 88, pp. 281-287, https://doi.org/10.1007/s00202-004-0282-y, 

2006.  

[79]  ʄ. ʂʦʩʪʠ˂, Ăɱʝʜʥʘ ʥʦʚʘ ʤʝʪʦʜʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʝʣʝʢʪʨʠʯʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʫʟʝʤˀʠʚʘʯʘ 

ʠ ˁʝʥʘ ʧʨʠʤʝʥʘ ʥʘ ʪʝʤʝˀʥʝ ʫʟʝʤˀʠʚʘʯʝ,ñ ɼʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ, ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʠ 

ʬʘʢʫʣʪʝʪ, ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ, 1988. 

[80]  M. S. Hammam and R. S. Baishiki, "A Range of Body Impedance Values for Low Voltage, 

Low Source Impedance Systems of 60 Hz," IEEE Transactions on Power Apparatus and 

Systems, Vols. PAS-102, no. 5, pp. 1097-1105, https://doi.org/10.1109/TPAS.1983.318050, 

May 1983.  

[81]  C. H. Lee and P. S. Meliopoulos, "Safety Assessment of AC Grounding Systems Based on 

Voltage-Dependent Body Resistance," IEEE Transactions on Industry Applications, vol. 51, 

no. 6, pp. 5204-5211, https://doi.org/10.1109/TIA.2015.2412511, Nov.-Dec. 2015.  

[82]  X. Long, M. Dong, W. Xu and Y. W. Li, "Online monitoring of substation grounding grid 

conditions using touch and step voltage sensors," in 2013 IEEE Power & Energy Society 

General Meeting, Vancouver, BC, 2013.  

[83]  B. Thapar and Z. A. Alaywan, "Increasing of ground resistance of human foot in substations' 

yards," IEEE Transactions on Power Delivery, vol. 4, no. 3, pp. 1695-1700, 

https://doi.org/10.1109/61.32661, Jul 1989.  

[84]  B. Thapar, V. Gerez and H. Kejriwal, "Reduction factor for the ground resistance of the foot 

in substation yards," IEEE Transactions on Power Delivery, vol. 9, no. 1, pp. 360-368, Jan. 

1994.  

[85]  B. Thapar, V. Gerez, A. Balakrishnan and D. A. Blank, "Finite expression and models for 

footing resistance in substations," IEEE Transactions on Power Delivery, vol. 7, no. 1, pp. 

219-224, https://doi.org/10.1109/61.108911, Jan 1992.  

[86]  H. R. Seedheer and J. K. Arora, "A comparative study of expressions for reduction factor for 

ground resistance of foot," IEEE Transactions on Power Delivery, vol. 18, no. 3, pp. 849-851, 

July 2003.  

[87]  B. Thapar, V. Gerez and P. Emmanuel, "Ground resistance of the foot in substation yards," 

IEEE Trans. Power. Del., vol. 8, no. 1, pp. 1-6, Jan. 1993.  

[88]  H. R. Armstrong and L. J. Simpkin, "Grounding Electrode Potential Gradients from Model 

Tests," Transactions of the American Institute of Electrical Engineers. Part III: Power 

Apparatus and Systems, vol. 79, no. 3, pp. 618-622, Apr. 1960.  

[89]  ĂEarthing of power installations exceeding 1kV a.c.,ñ British standard EN 50522:2010, Jul. 

2012.  

[90]  Z. Radakovic, N. Paunovic, V. Milosevic and M. Jovanovic, "Generating simple-to-apply 

comprehensive engineering recommendation for earthing safety in systems with solidly 

earthed neutral," IET Generation, Transmission & Distribution, vol. 9, no. 16, pp. 2517-2525, 

https://doi.org/10.1049/iet-gtd.2014.0853, Dec. 2015.  

[91]  F. P. Dawalibi, R. D. Southey and R. S. Baishiki, "Validity of conventional approaches for 

calculating body currents resulting from electric shocks," IEEE Trans. Power Del., vol. 5, no. 

2, pp. 613-626, https://doi.org/10.1109/61.53063, April 1990.  

[92]  M. B. Kostiĺ, Z. R. Radakoviĺ, N. S. Radovanoviĺ and M. R. Tomaġeviĺ-Ļanoviĺ, 

"Improvement of electrical properties of grounding loops by using bentonite and waste 

drilling mud," IEE Proceedings - Generation, Transmission and Distribution, vol. 146, no. 1, 

pp. 1-6, https://doi.org/10.1049/ip-gtd:19990057, Jan. 1999.  

[93]  J. Trifunoviĺ and M. Kostiĺ, "Analysis of influence of imperfect contact between grounding 

electrodes and surrounding soil on electrical properties of grounding loops," Electrical 

Engineering, vol. 96, no. 3, pp. 255-265, https://doi.org/10.1007/s00202-013-0291-9, Sep. 



ʈʝʬʝʨʝʥʮʝ 

  141  

 

2014.  

[94]  ɱ. ʊʨʠʬʫʥʦʚʠ˂, Ăʄʝʪʦʜʦʣʦʛʠʿʘ ʟʘ ʫʚʘʞʘʚʘˁʝ ʥʝʩʘʚʨʰʝʥʦʛ ʢʦʥʪʘʢʪʘ ʠʟʤʝʹʫ ʝʣʝʢʪʨʦʜʘ ʠ 

ʪʣʘ ʧʨʠ ʧʨʦʨʘʯʫʥʫ ʦʪʧʦʨʥʦʩʪʠ ʨʘʩʧʨʦʩʪʠʨʘˁʘ ʢʦʥʪʫʨʥʠʭ ʫʟʝʤˀʠʚʘʯʘ,ñ ɼʦʢʪʦʨʩʢʘ 

ʜʠʩʝʨʪʘʮʠʿʘ, ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʠ ʬʘʢʫʣʪʝʪ, ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ, 2015. 

[95]  "Substation grounding scale model tests," EPRI EL-3099, May 1983.  

[96]  ɸ. ʄ. ʇʝʪʨʦʚʠ˂, Ăʆʧʪʠʤʘʣʥʦ ʧʣʘʥʠʨʘˁʝ ʝʣʝʢʪʨʦʝʥʝʨʛʝʪʩʢʝ ʠʥʬʨʘʩʪʨʫʢʪʫʨʝ 

ʚʝʪʨʦʝʣʝʢʪʨʘʥʘ ʚʝʣʠʢʠʭ ʩʥʘʛʘ,ñ ɼʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ, ɽʣʝʢʪʨʦʪʝʭʥʠʯʢʠ ʬʘʢʫʣʪʝʪ, 

ʋʥʠʚʝʨʟʠʪʝʪ ʫ ɹʝʦʛʨʘʜʫ, 2022. 

[97]  ɸ. ɫʦʨʹʝʚʠ˂, ɱ. ʂʫʰʠ˂ ʠ ɾ. ɫʫʨʠʰʠ˂, Ăɽʬʝʢʪʠ ʭʠʜʨʦʠʟʦʣʘʮʠʿʝ ʪʝʤʝˀʘ ʥʘ 

ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʪʝʤʝˀʥʠʭ ʫʟʝʤˀʠʚʘʯʘ,ñ ʫ 32. ʩʘʚʝʪʦʚʘˁʝ ʟʘ ʚʝʣʠʢʝ ʝʣʝʢʪʨʠʯʥʝ ʤʨʝʞʝ 

- CIGRE, ɿʣʘʪʠʙʦʨ, 2015.  

[98]  J. A. Güemes, F. Rodriguez, J. M. Ruiz and F. E. Hernando, "Determination of the ground 

resistance and distribution of potentials in grounding grids using FEM," RE&PQJ, vol. 1, no. 

1, pp. 360-363, https://doi.org/10.24084/repqj01.382, April 2003.  

[99]  J. A. Güemes and F. E. Hernando, "Method for calculating the ground resistance of grounding 

grids using FEM," IEEE Trans. Power Del., vol. 19, no. 2, pp. 595-600, 

https://doi.org/10.1109/TPWRD.2004.824761, Apr. 2004.  

[100]  J. A. Güemes-Alonso, F. E. Hernando-Fernández, F. Rodríguez-Bona and J. M. Ruiz-Moll, 

"A practical approach for determining the ground resistance of grounding grids," IEEE 

Transactions on Power Delivery, vol. 21, no. 3, pp. 1261-1266, 

https://doi.org/10.1109/TPWRD.2006.874121, Jul. 2006.  

[101]  I. Paunoviĺ i J. Nahman, ĂPrimena metode konaļnih elemenata u analizi sloģenih 

uzemljivaļkih sistema,ñ ELEKTROPRIVREDA, t. 3, pp. 92-100, 2004..  

[102]  J. Nahman and I. Paunovic, "Effects of the local soil nonuniformity upon performances of 

ground grids," IEEE Transactions on Power Delivery, vol. 22, pp. 2180-2184, Oct. 2007.  

[103]  J. Nahman ʠ I. Paunovic, ĂMesh voltages at earthing grids buried in multi-layer soil,ñ 

Electrical Power Systems Research, ʪ. 80, pp. 556-561, 

https://doi.org/10.1016/j.epsr.2009.10.017, 2010.  

[104]  D. Vuļkoviĺ, D. Jovanoviĺ, N. Cvetkoviĺ, D. Tasiĺ and K. Kasaġ-Laģetiĺ, "An Approximate 

Model for Determining the Resistance of a Hemispherical Ground Electrode Placed on a Non-

Homogeneous Truncated Cone," Acta Polytechnica Hungarica, vol. 20, no. 6, pp. 119-133, 

Nov. 2023.  

[105]  M. Trlep, A. Hamler, M. Jesenik and B. Ġtumberger, "The FEM-BEM Analisys of Complex 

Grounding Systems," IEEE Transactions on Magnetics, vol. 39, no. 3, pp. 1155-1158, 2003.  

[106]  S. Staniġiĺ, M. Jevtiĺ, B. Das and Z. Radakoviĺ, "Fem CFD analysis of air flow in kiosk 

substation with the oil immersed distribution transformer," Facta universitatis: Electronics 

and Energetics, vol. 31, no. 3, pp. 421-433, Sep. 2018.  

[107]  MathWorks, Ăfminsearch,ñ [ʅʘ ʤʨʝʞʠ]. Available: 

https://www.mathworks.com/help/matlab/ref/fminsearch.html. [ʇʦʩʣʝʜˁʠ ʧʨʠʩʪʫʧ 30. 12. 

2025.]. 

[108]  O. C. Zienkiewicz, R. L. Taylor and J. Z. Zhu, The Finite Element Method: Its Basis and 

Fundamentals, 6th ed., New York: Elsevier Butterworth-Heinemann, 2005.  

[109]  J. Jin, The Finite Element Method in Electromagnetics, 2nd Edition, New York: John Wiley 

& Sons, Inc., 2002.  

[110]  P. P. Silvester ʠ R. L. Ferrari, Finite elements for electrical engineers, Cambridge: Cambridge 

University Press, 1996.  

[111]  O. C. Zienkiewicz, C. Emson and P. Bettess, "A novel boundary infinite element," 

International Journal for Numerical Methods in Engineering, vol. 19, pp. 393-404, 



ʈʝʬʝʨʝʥʮʝ 

  142  

 

https://doi.org/10.1002/nme.1620190307, Mar. 1983.  

[112]  J. A. Nelder ʠ R. Mead, ĂA simplex method for function minimization,ñ Comput. J., ʪ. 7, ʙʨ. 

4, pp. 308-313, https://doi.org/10.1093/comjnl/7.4.308, Jan. 1965.  

[113]  J. C. Lagarias, M. H. Reeds, M. H. Wright and P. E. Wright, "Convergence Properties of the 

Nelder-Mead Simplex Method in Low Dimensions," SIAM J. Optim., vol. 9, no. 1, pp. 112-

147, https://doi.org/10.1137/S1052623496303470, 1998.  

[114]  MathWorks, Ăfminunc,ñ [ʅʘ ʤʨʝʞʠ]. Available: 

https://www.mathworks.com/help/optim/ug/fminunc.html. [ʇʦʩʣʝʜˁʠ ʧʨʠʩʪʫʧ 13. 2. 2026.]. 

[115]  A. Gal§ntai, ĂA. Convergence of the Nelder-Mead method,ñ Numerical Algorithms 90, pp. 

1043-1072, https://doi.org/10.1007/s11075-021-01221-7, 2022.  

[116]  COMSOL, "LiveLinkÊ for MATLAB®," COMSOL AB, [Online]. Available: 

https://www.comsol.com/livelink-for-matlab. [Accessed 15. 2. 2026.]. 

[117]  I. Colominas, F. Navarrina ʠ M. Casteleiro, ĂNumerical Simulation of Transferred Potentials 

in Earthing Grids Considering Layered Soil Models,ñ IEEE Trans. Power Del., ʪ. 22, ʙʨ. 3, 

pp. 1514-1522, https://doi.org/10.1109/TPWRD.2007.899282, Jul. 2007.  

[118]  Microsoft, ĂDefine and solve a problem by using Solver,ñ [ʅʘ ʤʨʝʞʠ]. Available: 

https://support.microsoft.com/en-us/office/define-and-solve-a-problem-by-using-solver-

5d1a388f-079d-43ac-a7eb-f63e45925040. [ʇʦʩʣʝʜˁʠ ʧʨʠʩʪʫʧ 4. ʜʝʮʝʤʙʘʨ 2026.]. 

[119]  ɹ. ɼ. ʇʦʧʦʚʠ˂, Ă6.3.1. ʇʦʣʫʣʦʧʪʘʩʪ ʫʟʝʤˀʠʚʘʯ,ñ ʫ ɽʣʝʢʪʨʦʤʘʛʥʝʪʠʢʘ, ʯʝʪʚʨʪʦ 

ʠʟʜʘˁʝ, ɹʝʦʛʨʘʜ, ɻʨʘʹʝʚʠʥʩʢʘ ʢˁʠʛʘ, 1990., pp. 173-174. 

[120]  M. Farzaneh, I. Fofana and H. Hemmatjou, "Electrical properties of snow [relevant to power 

transmission insulation]," in The 17th Annual Meeting of the IEEE Lasers and Electro-Optics 

Society, 2004. LEOS 2004., Boulder, CO, USA, October 2004.  

[121]  D. A. Moldestadt and S. Løset, "Factors affecting ski base sliding friction on snow," in Snow 

engineering: Recent advances and developments, Proceedings of the 4th international 

conference on snow engineering, Trondheim, Norway, 2000.  

 

 

  



ʇʨʠʣʦʟʠ 

  143  

 

9 ʇʈʀʃʆɿʀ 

ʇʨʠʣʦʛ 1. ʂʦʥʬʠʛʫʨʘʮʠʿʝ ʨʘʯʫʥʘʨʘ 

ʄʝʪʦʜʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʚʦʩʣʦʿʥʦʛ ʪʣʘ ʫʩʧʝʰʥʦ ʿʝ ʧʨʠʤʝˁʝʥʘ ʟʘ ʩʚʝ 

ʧʨʦʨʘʯʫʥʝ ʧʨʠʢʘʟʘʥʝ ʫ ʜʠʩʝʨʪʘʮʠʿʠ ʫ ʧʦʛʣʘʚˀʠʤʘ 4 ʠ 5 ʢʦʨʠʰ˂ʝˁʝʤ ʩʣʝʜʝ˂ʝ ʢʦʥʬʠʛʫʨʘʮʠʿʝ 

ʜʝʩʢʪʦʧ ʨʘʯʫʥʘʨʘ: 

¶ ʇʨʦʮʝʩʦʨ: AMD Ryzen 5 2600 Six-Core Processor (3.40 GHz) (6 ʿʝʟʛʘʨʘ, 12 ʥʠʪʠ)  

¶ ʄʝʤʦʨʠʿʘ: 2 Ĭ Kingston 8 GB DDR4 SDRAM 1333.3 MHz 

(DDR4-2666 / PC4-21300) 

ɿʘ ʧʨʝʮʠʟʥʠʿʠ ʧʨʦʨʘʯʫʥ ʥʘʧʦʥʘ ʜʦʜʠʨʘ ʠ ʩʚʝ FEM ʩʠʤʫʣʘʮʠʿʝ ʠʟ ʧʦʛʣʘʚˀʘ 6 ʢʦʨʠʰ˂ʝʥ 

ʿʝ ʣʘʧʪʦʧ ʨʘʯʫʥʘʨ ʩʘ ʩʣʝʜʝ˂ʦʤ ʢʦʥʬʠʛʫʨʘʮʠʿʦʤ: 

¶ ʇʨʦʮʝʩʦʨ: IntelCore i5 3230M 

¶ ʄʝʤʦʨʠʿʘ: 12 GB 
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ʇʨʠʣʦʛ 2. ʌʦʪʦʛʨʘʬʠʿʝ ʠʟ ʠʟʚʝʰʪʘʿʘ ʤʝʨʝˁʘ ʥʘ ʣʦʢʘʮʠʿʠ ɸʣ ʍʘʿʝʨ 

ɿʘ ʤʝʨʝˁʘ ʩʧʝʮʠʬʠʯʥʝ ʝʣʝʢʪʨʠʯʥʝ ʦʪʧʦʨʥʦʩʪʠ ʪʣʘ ɺʝʥʝʨʦʚʦʤ ʤʝʪʦʜʦʤ ʥʘ ʣʦʢʘʮʠʿʠ ɸʣ 

ʍʘʿʝʨ ʢʦʨʠʰ˂ʝʥ ʿʝ ʠʥʩʪʨʫʤʝʥʪ MEGGER Digital earth tester DET5/4R. 
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