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ʈɽɿʀʄɽ 

ʋ ʜʠʩʝʨʪʘʮʠʿʠ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʥʦʚʘ ʤʝʪʦʜʘ ʟʘ ʘʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʝ ʇʀɼ  

(ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ-ʠʥʪʝʛʨʘʣʥʦ-ʜʠʬʝʨʝʥʮʠʿʘʣʥʦʛ) ʨʝʛʫʣʘʪʦʨʘ ʟʘʩʥʦʚʘʥʘ ʥʘ ʝʢʩʧʝʨʪ-

ʩʢʦʤ ʟʥʘˁʫ ʠʤʧʣʝʤʝʥʪʠʨʘʥʦʤ ʫ ʨʘʩʧʣʠʥʫʪʠ (ʬʘʟʠ) ʩʠʩʪʝʤ ʟʘʢˀʫʯʠʚʘˁʘ. 

ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʘ ʠʪʝʨʘʪʠʚʥʦ ʧʦʢʫʰʘʚʘ ʜʘ ʧʦʙʦˀʰʘ ʧʝʨʬʦʨʤʘʥʩʝ ʩʠʩʪʝʤʘ ʫ 

ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ. ʂʘʦ ʤʝʨʝ ʧʝʨʬʦʨʤʘʥʩʠ ʧʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʘ ʢʦʨʠʩʪʠ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ 

ʦʜʩʢʦʯʥʦʛ ʦʜʟʠʚʘ (ʚʨʝʤʝ ʫʩʧʦʥʘ, ʧʨʝʩʢʦʢ ʠ ʚʨʝʤʝ ʩʤʠʨʝˁʘ). ʇʘʨʘʤʝʪʨʠ ʇʀɼ ʨʝʛʫʣʘ-

ʪʦʨʘ ʫ ʧʨʚʦʿ ʠʪʝʨʘʮʠʿʠ ʤʦʛʫ ʩʝ ʠʟʨʘʯʫʥʘʪʠ ʥʘ ʦʩʥʦʚʫ ʿʝʜʥʦʩʪʘʚʥʦʛ ʝʢʩʧʝʨʠʤʝʥʪʘ ʫ 

ʦʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ ʠʣʠ ʿʝ ʤʦʛʫ˂ʝ ʢʦʨʠʩʪʠʪʠ ʧʦʩʪʦʿʝ˂ʝ ʧʘʨʘʤʝʪʨʝ. ʋ ʩʚʘʢʦʿ ʫʟʘʩʪʦʧʥʦʿ 

ʠʪʝʨʘʮʠʿʠ ʩʝ ʚʨʰʠ ʧʨʦʨʘʯʫʥ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʦʜʩʢʦʯʥʦʛ ʦʜʟʠʚʘ. ʈʝʣʘʪʠʚʥʝ ʧʨʦʤʝʥʝ 

ʠʟʨʘʞʝʥʝ ʫ ʧʨʦʮʝʥʪʠʤʘ ʚʨʝʜʥʦʩʪʠ ʫ ʧʨʚʦʿ ʠʪʝʨʘʮʠʿʠ ʩʝ ʟʘʪʠʤ ʠʟʨʘʯʫʥʘʚʘʿʫ ʠ ʧʨʝʪʚʘ-

ʨʘʿʫ ʫ ʣʠʥʛʚʠʩʪʠʯʢʝ ʚʨʝʜʥʦʩʪʠ. ʂʦʨʠʩʪʝ˂ʠ ʙʘʟʫ ʦʜ 29 ʧʨʘʚʠʣʘ, ʬʘʟʠ ʝʢʩʧʝʨʪʩʢʠ ʩʠʩʪʝʤ 

ʠʟʨʘʯʫʥʘʚʘ ʬʘʟʠ ʚʨʝʜʥʦʩʪʠ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʥʘʢʦʥ ʜʝʬaʟʠʬʠʢʘʮʠʿʝ ʢʘʦ ʬʘʢʪʦʨʠ ʤʥʦ-

ʞʝˁʘ ʟʘ ʪʨʝʥʫʪʥʝ ʇʀɼ ʧʘʨʘʤʝʪʨʝ. ɼʘ ʙʠ ʩʝ ʧʦʩʪʠʛʘʦ ʙʘʣʘʥʩ ʠʟʤʝʹʫ ʘʛʨʝʩʠʚʥʦʛ ʠ ʨʦ-

ʙʫʩʥʦʛ ʦʜʟʠʚʘ ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ, ʢʘʦ ʠ ʠʟʤʝʹʫ ʩʧʦʨʠʿʝʛ ʠ ʙʨʞʝʛ, ʬʘʟʠ ʝʢʩʧʝʨʪʩʢʠ 

ʩʠʩʪʝʤ ʤʦʞʝ ʜʘ ʨʘʜʠ ʫ ʪʨʠ ʨʘʟʣʠʯʠʪʘ ʨʝʞʠʤʘ ʨʘʜʘ: ʟʘ ʫʙʨʟʘʚʘˁʝ ʩʠʩʪʝʤʘ, ʟʘ ʩʤʘˁʝˁʝ 

ʧʨʝʩʢʦʢʘ ʠ ʟʘ ʫʨʘʚʥʦʪʝʞʝʥʦ ʩʤʘˁʝˁʝ ʚʨʝʤʝʥʘ ʫʩʧʦʥʘ ʠ ʧʨʝʩʢʦʢʘ. 

ɺʝʨʠʬʠʢʘʮʠʿʘ ʨʘʯʫʥʘʨʩʢʠʤ ʩʠʤʫʣʘʮʠʿʘʤʘ ʿʝ ʠʟʚʨʰʝʥʘ ʢʦʨʠʰ˂ʝˁʝʤ ʰʠʨʦʢʦʛ 

ʩʧʝʢʪʨʘ ʨʘʟʣʠʯʠʪʠʭ ʤʦʜʝʣʘ ʧʨʦʮʝʩʘ ʢʦʿʠ ʩʝ ʥʘʿʯʝʰ˂ʝ ʥʘʣʘʟʝ ʫ ʧʨʦʙʣʝʤʠʤʘ ʘʫʪʦʤʘʪʠ-

ʟʘʮʠʿʝ ʩʪʘʤʙʝʥʦ-ʧʦʩʣʦʚʥʠʭ ʦʙʿʝʢʘʪʘ.  

ʂʘʢʦ ʙʠ ʩʝ ʠʟʚʨʰʠʣʘ ʚʝʨʠʬʠʢʘʮʠʿʘ ʫ ʨʝʘʣʥʠʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʫʩʣʦʚʠʤʘ ʧʨʝ-

ʜʣʦʞʝʥʘ ʤʝʪʦʜʘ ʿʝ ʠʤʧʣʝʤʝʥʪʠʨʘʥʘ ʥʘ ʨʝʘʣʥʦʤ ʢʦʥʪʨʦʣʝʨʫ ʢʦʿʠ ʩʝ ʦʙʠʯʥʦ ʢʦʨʠʩʪʠ ʫ 

ʘʫʪʦʤʘʪʠʟʘʮʠʿʠ ʩʪʘʤʙʝʥʦ-ʧʦʩʣʦʚʥʠʭ ʦʙʿʝʢʘʪʘ. ɺʝʨʠʬʠʢʘʮʠʿʘ ʿʝ ʠʟʚʨʰʝʥʘ ʥʘ ʝʢʩʧʝʨʠ-

ʤʝʥʪʘʣʥʦʿ HIL (Hardware-in-loop) ʧʦʩʪʘʚʮʠ ʫ ʦʢʚʠʨʫ ʢʦʿʝ ʿʝ ʥʘ ʧʦʩʝʙʥʦʤ ʢʦʥʪʨʦʣʝʨʫ 

ʨʝʘʣʠʟʦʚʘʥ ʤʦʜʝʣ ʪʦʧʣʦʪʥʝ ʧʦʜʩʪʘʥʠʮʝ ʩʠʩʪʝʤʘ ʜʘˀʠʥʩʢʦʛ ʛʨʝʿʘˁʘ ʢʦʿʠ ʩʝ ʠʟʚʨʰʘʚʘ 

ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ.  

ʂˀʫʯʥʝ ʨʝʯʠ: ʇʀɼ, ʨʘʩʧʣʠʥʫʪʘ (ʬʘʟʠ) ʣʦʛʠʢʘ, ʝʢʩʧʝʨʪʩʢʦ ʟʥʘˁʝ, ʘʫʪʦʤʘʪʩʢʦ ʧʦ-

ʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ, ʩʪʘʤʙʝʥʦ-ʧʦʩʣʦʚʥʠ ʦʙʿʝʢʪʠ, ʤʦʜʝʣ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ 

 



 

 

ABSTRACT 

The dissertation presents a new method for automatic tuning of the PID (proportional- 

integral-differential) controller based on expert knowledge implemented in the fuzzy infer-

ence system. 

The proposed method iteratively tries to improve the performance of the closed-loop 

system. As performance measures, the proposed scheme uses the characteristics of the step 

response (rise time, overshoot, and settling time). PID parameters in the first iteration can be 

calculated based on the basic open-loop step response experiment or it is possible to use 

current parameters. In each successive iteration, step response characteristics are measured. 

Relative changes expressed in the percentage of value in the first iteration are then calculated 

and converted into linguistic values. Using a rule base of 29 fuzzy rules, the fuzzy expert 

system computes fuzzy values that are used after defuzzification as multiplying factors for 

current PID parameters. To achieve a balance between the aggressive and robust closed-loop 

response, as well as between the slower and the faster one, the fuzzy expert system works in 

three operating modes: the one for speeding up the system, the one for reducing the over-

shoot, and the one for a balanced reduction of rise time and overshoot. 

Verification by computer simulations was performed using a wide range of different 

process models that are most often found in problems of automation of residential and com-

mercial buildings. 

To perform the verification in real experimental conditions, the proposed method was 

implemented on a real controller commonly used in the automation of residential and com-

mercial buildings. The verification was performed on an experimental HIL (Hardware-in-

loop) setup, in which a real time model of heating substation of district heating system was 

implemented on a separate controller. 

Keywords: PID, fuzzy logic, expert knowledge, auto-tuning, building automation,  

real-time model, Hardware-in-loop 

 

 



 

 

ɿɸʍɺɸʃʅʀʎɸ 

ɿʘʭʚʘˀʫʿʝʤ ʩʝ ʩʚʦʤ ʤʝʥʪʦʨʫ, ʧʨʦʬ. ʜʨ ɺʝʣʠʤʠʨʫ ʏʦʥʛʨʘʜʮʫ, ʥʘ ʟʥʘˁʫ ʠ ʩʘʚʝʪʠʤʘ 

ʢʦʿʝ ʤʠ ʿʝ ʧʨʝʥʝʦ ʪʦʢʦʤ ʜʦʢʪʦʨʩʢʠʭ ʩʪʫʜʠʿʘ ʠ ʠʟʨʘʜʝ ʜʦʢʪʦʨʩʢʝ ʜʠʩʝʨʪʘʮʠʿʝ.  

ʀʩʪʦ ʪʘʢʦ ʩʝ ʟʘʭʚʘˀʫʿʝʤ ʠ ʩʚʦʤ ʩʘʚʝʪʥʠʢʫ, ʧʨʦʬ. ʜʨ ʌʠʣʠʧʫ ʂʫʣʠ˂ʫ, ʥʘ ʯʠʿʫ  

ʠʥʠʮʠʿʘʪʠʚʫ ʩʘʤ ʠ ʦʩʪʘʦ ʥʘ ʂʘʪʝʜʨʠ ʢʘʦ ʩʘʨʘʜʥʠʢ ʠ ʟʘʧʦʯʝʦ ʜʦʢʪʦʨʩʢʝ ʩʫʜʠʿʝ. 

ɺʝʣʠʢʫ ʟʘʭʚʘʣʥʦʩʪ ʜʫʛʫʿʝʤ ʧʨʦʬ. ʜʨ ɿʦʨʘʥʫ ɱʝʣʠʯʠ˂ʫ ʥʘ ʧʦʜʨʰʮʠ ʠ ʨʘʟʫʤʝʚʘˁʫ 

ʢʘʦ ʠ ʧʦʤʦ˂ʠ ʪʦʢʦʤ ʪʨʘʿʘˁʘ ʜʦʢʪʦʨʩʢʠʭ ʩʪʫʜʠʿʘ. 

ʍʚʘʣʘ ʢʦʣʝʛʘʤʘ ʜʨ ɼʨʘʛʘʥʫ ʄʘʪʠ˂ʫ, ʜʦʮ. ʜʨ ɺʣʘʜʠʤʠʨʫ ɹʫʛʘʨʩʢʦʤ ʠ ʤʨ ʇʝʨʠʮʠ 

ʅʠʢʦʣʠ˂ʫ, ʩʘ ʢʦʿʠʤ ʩʘʤ ʜʝʣʠʦ ʢʘʥʮʝʣʘʨʠʿʫ ʜʫʛʠ ʥʠʟ ʛʦʜʠʥʘ, ʥʘ ʩʘʨʘʜˁʠ ʠ ʚʝʦʤʘ 

ʠʥʩʧʠʨʘʪʠʚʥʠʤ ʨʘʟʛʦʚʦʨʠʤʘ ʠʟ ʢʦʿʠʭ ʩʫ ʩʝ ʨʦʜʠʣʝ ʤʥʦʛʝ ʠʜʝʿʝ. 

ʍʚʘʣʘ ʩʚʠʤ ʢʦʣʝʛʘʤʘ ʩʘ ʂʘʪʝʜʨʝ.  

ɿʘʭʚʘˀʫʿʝʤ ʩʝ ʤʘʤʠ ʠ ʩʝʩʪʨʠ ʢʦʿʝ ʩʫ ʤʝ ʩʚʝʩʨʜʥʦ ʧʦʜʨʞʘʚʘʣʝ ʠ ʙʠʣʝ ʫʟ ʤʝʥʝ ʫ 

ʪʦʢʫ ʤʦʛ ʰʢʦʣʦʚʘˁʘ. 

ʀʧʘʢ, ʥʘʿʚʝ˂ʫ ʟʘʭʚʘʣʥʦʩʪ ʜʫʛʫʿʝʤ ʤʦʿʦʿ ʧʦʨʦʜʠʮʠ, ʩʫʧʨʫʟʠ ɺʘʣʝʥʪʠʥʠ ʠ ʩʠʥʫ ʅʠ-

ʢʦʣʠ ʢʦʿʠ ʩʫ ʙʠʣʠ ʫʟ ʤʝʥʝ ʠ ʧʦʜʨʞʘʚʘʣʠ ʤʝ ʫ ʩʚʘʢʦʤ ʧʦʛʣʝʜʫ.  
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ʋʚʦʜ 

ɼʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ  1 

ʉʚʝ ʘʫʪʦʤʘʪʩʢʝ ʩʠʩʪʝʤʝ ʫʧʨʘʚˀʘˁʘ ʢʘʨʘʢʪʝʨʠʰʝ ʩʧʝʮʠʬʠʯʘʥ ʟʘʢʦʥ ʫʧʨʘʚˀʘˁʘ 

ʠʣʠ ʟʘʢʦʥʠ ʫʧʨʘʚˀʘˁʘ. ɿʘ ʦʩʥʦʚʥʝ ʟʘʢʦʥʝ ʫʧʨʘʚˀʘˁʘ ʝʬʝʢʘʪ ʤʦʞʝ ʣʠʥʝʘʨʥʦ ʟʘʚʠʩʠʪʠ 

ʦʜ ʛʨʝʰʢʝ (ʇ ʟʘʢʦʥ), ʠʥʪʝʛʨʘʣʘ ʛʨʝʰʢʝ (ʀ ʟʘʢʦʥ) ʠʣʠ ʧʨʚʦʛ ʠʟʚʦʜʘ ʛʨʝʰʢʝ ʫ ʚʨʝʤʝʥʫ 

(ɼ ʟʘʢʦʥ). ʂʦʤʙʠʥʦʚʘˁʝʤ ʦʩʥʦʚʥʠʭ ʟʘʢʦʥʘ ʫʧʨʘʚˀʘˁʘ ʜʦʙʠʿʘ ʩʝ ʇʀɼ (ʧʨʦʧʦʨʮʠʦ-

ʥʘʣʥʦ-ʠʥʪʝʛʨʘʣʥʦ-ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ) ʟʘʢʦʥ ʢʦʿʠ ʿʝ ʜʘʥʘʩ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʰ˂ʝʥ ʟʘʢʦʥ 

ʫʧʨʘʚˀʘˁʘ. ʇʀɼ ʨʝʛʫʣʘʪʦʨ ʠʤʘ ʪʨʠ ʧʦʜʝʩʠʚʘ ʧʘʨʘʤʝʪʨʘ, ʧʦ ʿʝʜʘʥ ʟʘ ʩʚʘʢʠ ʟʘʢʦʥ 

ʫʧʨʘʚˀʘˁʘ. ʇʝʨʬʦʨʤʘʥʩʝ ʠ ʨʦʙʫʩʥʦʩʪ ʩʠʩʪʝʤʘ ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ ʫ ʫʩʢʦʿ ʩʫ ʚʝʟʠ ʩʘ 

ʚʨʝʜʥʦʰ˂ʫ ʧʘʨʘʤʝʪʘʨʘ ʨʝʛʫʣʘʪʦʨʘ. ʄʝʹʫʪʠʤ, ʧʦʨʝʜ ʿʝʜʥʦʩʪʘʚʥʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ, 

ʧʦʩʪʘʚˀʘˁʝ ʪʨʠ ʧʦʜʝʩʠʚʘ ʇʀɼ ʧʘʨʘʤʝʪʨʘ ʥʠʿʝ ʣʘʢ ʟʘʜʘʪʘʢ ʠ ʛʦʜʠʥʘʤʘ ʧʨʝʜʩʪʘʚˀʘ 

ʚʝʣʠʢʠ ʠʟʘʟʦʚ ʟʘ ʤʥʦʛʝ ʥʘʫʯʥʠʢʝ ʠ ʠʥʞʝˁʝʨʝ. 

ʋʧʨʢʦʩ ʤʥʦʛʠʤ ʩʦʬʠʩʪʠʮʠʨʘʥʠʤ ʪʝʦʨʠʿʘʤʘ ʠ ʪʝʭʥʠʢʘʤʘ ʫʧʨʘʚˀʘˁʘ ʢʦʿʝ ʩʫ 

ʦʩʤʠʰˀʝʥʝ ʧʦʩʣʝʜˁʠʭ ʜʝʮʝʥʠʿʘ, ʇʀɼ ʨʝʛʫʣʘʪʦʨʠ ʩʫ ʠ ʜʘˀʝ ʥʘʿʧʨʠʭʚʘ˂ʝʥʠʿʠ ʫ ʧʨʘʢ-

ʪʠʯʥʠʤ ʩʣʫʯʘʿʝʚʠʤʘ. ʊʦʤʝ ʜʦʧʨʠʥʦʩʠ ˁʠʭʦʚʘ ʿʝʜʥʦʩʪʘʚʥʦʩʪ ʩʘ ʩʪʘʥʦʚʠʰʪʘ ʪʝʦʨʠʿ-

ʩʢʠʭ ʦʩʥʦʚʘ ʢʘʦ ʠ ʩʘ ʩʪʘʥʦʚʠʰʪʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʥʘ ʨʝʘʣʥʠʤ ʢʦʥʪʨʦʣʝʨʠʤʘ. ʐʪʘ-

ʚʠʰʝ, ʯʝʩʪʦ ʩʫ ʜʦʩʪʫʧʥʠ ʧʦʰʪʦ ʩʫ ʫʛʨʘʹʝʥʠ ʫ ʧʨʦʛʨʘʤʘʙʠʣʥʝ ʣʦʛʠʯʢʝ ʢʦʥʪʨʦʣʝʨʝ ʢʦʿʠ 

ʩʝ ʢʦʨʠʩʪʝ ʫ ʫʧʨʘʚˀʘˁʫ ʤʥʦʛʠʤ ʠʥʜʫʩʪʨʠʿʩʢʠʤ ʧʨʦʮʝʩʠʤʘ ʢʘʦ ʠ ʫ ʘʫʪʦʤʘʪʠʟʘʮʠʿʠ 

ʢʫ˂ʘ, ʩʪʘʤʙʝʥʠʭ ʠ ʧʦʩʣʦʚʥʠʭ ʟʛʨʘʜʘ. ʅʘʞʘʣʦʩʪ, ʫ ʤʥʦʛʠʤ ʫʧʨʘʚˀʘʯʢʠʤ ʢʨʫʛʦʚʠʤʘ 

ʇʀɼ ʨʝʛʫʣʘʪʦʨʠ ʯʝʩʪʦ ʥʠʩʫ ʧʨʘʚʠʣʥʦ ʧʦʜʝʰʝʥʠ ʟʙʦʛ ʚʘʨʠʿʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ ʧʨʦʮʝʩʘ, 

ʧʨʦʤʝʥʘ ʨʘʜʥʠʭ ʫʩʣʦʚʘ ʠʪʜ. 

ʋ ʠʥʞʝˁʝʨʩʢʦʿ ʧʨʘʢʩʠ, ʥʘʢʦʥ ʰʪʦ ʩʝ ʥʝʢʦʤ ʦʜ ʧʦʟʥʘʪʠʭ ʤʝʪʦʜʘ ʦʜʨʝʜʝ ʧʘʨʘʤʝʪʨʠ 

ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ, ʯʝʩʪʦ ʩʝ ʚʨʰʠ ˁʠʭʦʚʘ ʢʦʨʝʢʮʠʿʘ ʫ ʩʢʣʘʜʫ ʩʘ ʩʧʝʮʠʬʠʯʥʠʤ ʟʘʭʪʝʚʠʤʘ 

ʢʦʿʠ ʥʠʩʫ ʝʢʩʧʣʠʮʠʪʥʦ ʤʘʪʝʤʘʪʠʯʢʠ ʜʘʪʠ ʫ ʢʨʠʪʝʨʠʿʫʤʫ ʟʘ ʧʦʜʝʰʘʚʘˁʘ ʠ/ʠʣʠ ʫ ʦʛʨʘ-

ʥʠʯʝˁʠʤʘ. ʆʚʦ ʧʨʝʮʠʟʥʦ ʧʦʜʝʰʘʚʘˁʝ ʩʝ ʧʦʩʪʠʞʝ ʧʨʠʤʝʥʦʤ ʤʘʣʠʭ ʢʦʨʝʢʮʠʿʘ ʧʘʨʘʤʝ-

ʪʘʨʘ ʥʘ ʦʩʥʦʚʫ ʧʨʘʢʪʠʯʥʦʛ ʠʩʢʫʩʪʚʘ. ɼʘ ʙʠ ʩʝ ʩʤʘˁʠʣʦ ʚʨʝʤʝ ʠ ʟʥʘˁʝ ʥʝʦʧʭʦʜʥʦ ʟʘ 

ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʧʦʩʪʦʿʠ ʟʥʘʯʘʿʥʘ ʧʦʪʨʝʙʘ ʟʘ ʘʫʪʦʤʘʪʠʟʘʮʠ-

ʿʦʤ ʦʚʦʛ ʧʦʩʪʫʧʢʘ. ʇʦʩʪʫʧʘʢ ʘʫʪʦʤʘʪʩʢʦʛ ʧʦʜʝʰʘʚʘˁʘ ʫ ʦʚʦʤ ʩʣʫʯʘʿʫ ʩʝ ʦʙʠʯʥʦ 

ʩʘʩʪʦʿʠ ʦʜ ʪʨʠ ʢʦʨʘʢʘ: ʛʝʥʝʨʠʩʘˁʘ ʧʦʨʝʤʝ˂ʘʿʘ ʥʘ ʫʣʘʟʫ ʩʠʩʪʝʤʘ, ʝʚʘʣʫʘʮʠʿʝ ʧʝʨʬʦʨ-

ʤʘʥʩʠ ʦʜʟʠʚʘ ʠ ʧʨʦʨʘʯʫʥʘ ʧʘʨʘʤʝʪʘʨʘ ʨʝʛʫʣʘʪʦʨʘ.  

ɿʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʦʚʘʢʚʠʭ ʨʝʰʝˁʘ ʢʦʿʘ ʫ ʨʘʜʫ ʪʨʝʙʘ ʜʘ ʦʧʦʥʘʰʘʿʫ ʠʩʢʫʩʥʦʛ 

ʠʥʞʝˁʝʨʘ ʧʨʠʣʠʢʦʤ ʨʫʯʥʦʛ ʧʦʜʝʰʘʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʧʦʪʨʝʙʥʦ ʿʝ ʠʤʧʣʝʤʝʥʪʠʨʘʪʠ 

ʝʢʩʧʝʨʪʩʢʦ ʟʥʘˁʝ ʫ ʚʠʜʫ ʩʠʩʪʝʤʘ ʙʘʟʠʨʘʥʦʛ ʥʘ ʨʘʯʫʥʘʨʩʢʦʿ ʠʥʪʝʣʠʛʝʥʮʠʿʠ. ʈʘʩʧʣʠ-

ʥʫʪʘ (ʬʘʟʠ) ʣʦʛʠʢʘ ʿʝ ʧʨʝʧʦʟʥʘʪʘ ʢʘʦ ʦʜʛʦʚʘʨʘʿʫ˂ʠ ʤʝʪʦʜ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʠʩʢʫʩʪʚʘ 

ʦʧʝʨʘʪʝʨʘ ʫ ʧʨʦʿʝʢʪʦʚʘˁʫ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ. ʈʘʩʧʣʠʥʫʪʘ (ʬʘʟʠ) ʣʦʛʠʢʘ ʿʝ ʫʦʧʰʪʝˁʝ 

ʢʣʘʩʠʯʥʝ ʣʦʛʠʢʝ ʫ ʦʢʚʠʨʫ ʢʦʿʝ ʩʝ ʤʦʛʫ ʜʝʬʠʥʠʩʘʪʠ ʠʩʢʘʟʠ ʯʠʿʘ ʠʩʪʠʥʠʪʦʩʥʘ ʚʨʝʜʥʦʩʪ 

ʤʦʞʝ ʧʨʠʧʘʜʘʪʠ ʢʦʥʪʠʥʫʘʣʥʦʤ ʧʨʝʣʘʟʫ ʦʜ ʪʘʯʥʦʛ ʢʘ ʥʝʪʘʯʥʦʤ, ʟʘ ʨʘʟʣʠʢʫ ʦʜ ʢʣʘʩʠʯʥʝ 

ʣʦʛʠʢʝ ʛʜʝ ʠʩʢʘʟʠ ʤʦʛʫ ʠʤʘʪʠ ʚʨʝʜʥʦʩʪʠ ʪʘʯʥʦ ʠ ʥʝʪʘʯʥʦ. ʋ ʣʠʪʝʨʘʪʫʨʠ ʥʘ ʩʨʧʩʢʦʤ 

ʿʝʟʠʢʫ ʩʝ ʯʝʩʪʦ ʫʧʦʪʨʝʙˀʘʚʘ ʪʝʨʤʠʥ ʨʘʩʧʣʠʥʫʪʘ ʣʦʛʠʢʘ. ʄʝʹʫʪʠʤ, ʙʝʟ ʫʪʠʮʘʿʘ ʥʘ ʨʘ-

ʟʫʤʝʚʘˁʝ ʘ ʟʙʦʛ ʿʝʜʥʦʩʪʘʚʥʦʩʪʠ ʢʦʜ ʢʨʝʠʨʘˁʘ ʩʣʦʞʝʥʠʮʘ, ʫ ʥʘʩʪʘʚʢʫ ˂ʝ ʩʝ ʢʦʨʠʩʪʠʪʠ 

ʪʝʨʤʠʥ ʬʘʟʠ ʣʦʛʠʢʘ. 

ʀʘʢʦ ʧʦʩʪʦʿʠ ʤʥʦʛʦ ʢʦʥʚʝʥʮʠʦʥʘʣʥʠʭ ʤʝʪʦʜʘ ʟʘ ʘʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝ-

ʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ, ʫ ʦʢʚʠʨʫ ʜʠʩʝʨʪʘʮʠʿʝ ʘʢʮʝʥʘʪ ˂ʝ ʙʠʪʠ ʥʘ ʧʨʫʞʘˁʫ ʦʩʥʦʚʥʠʭ 

1 ʋʚʦʜ 
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ʠʜʝʿʘ ʦ ʪʦʤʝ ʢʘʢʦ ʧʨʦʿʝʢʪʦʚʘʪʠ ʝʢʩʧʝʨʪʩʢʠ ʩʠʩʪʝʤ ʟʘ ʘʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝ-

ʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʧʨʠʤʝʥʦʤ ʬʘʟʠ ʣʦʛʠʢʝ. 

ɼʠʩʝʨʪʘʮʠʿʫ ʯʠʥʝ ʜʝʚʝʪ ʧʦʛʣʘʚˀʘ, ʧʨʝʛʣʝʜ ʣʠʪʝʨʘʪʫʨʝ ʠ ʧʨʠʣʦʟʠ.  

ʋ ʧʨʚʦʤ ʧʦʛʣʘʚˀʫ ʿʝ ʜʘʪ ʫʚʦʜ ʫ ʜʠʩʝʨʪʘʮʠʿʫ.  

ʋ ʜʨʫʛʦʤ ʧʦʛʣʘʚˀʫ ʩʫ ʦʧʠʩʘʥʝ ʧʦʣʘʟʥʝ ʦʩʥʦʚʝ ʠʩʪʨʘʞʠʚʘˁʘ ʢʘʦ ʰʪʦ ʩʫ ʧʨʝʜʤʝʪ 

ʠ ʮʠˀ ʠʩʪʨʘʞʠʚʘˁʘ ʠ ʧʨʝʛʣʝʜ ʪʨʝʥʫʪʥʦʛ ʩʪʘˁʘ ʫ ʥʘʫʯʥʦʿ ʦʙʣʘʩʪʠ ʦʜ ʠʥʪʝʨʝʩʘ.  

ʋ ʪʨʝ˂ʝʤ ʧʦʛʣʘʚˀʫ ʩʫ ʦʧʠʩʘʥʠ ʦʩʥʦʚʥʠ ʧʨʠʥʮʠʧʠ ʨʝʛʫʣʘʮʠʦʥʠʭ ʢʨʫʛʦʚʘ ʩʘ ʇʀɼ 

ʨʝʛʫʣʘʪʦʨʠʤʘ ʢʘʦ ʠ ʠʩʪʦʨʠʿʩʢʠ ʦʩʚʨʪ ʥʘ ʨʘʟʚʦʿ ʠʩʪʠʭ.  

ʋ ʯʝʪʚʨʪʦʤ ʧʦʛʣʘʚˀʫ ʩʫ ʧʨʝʜʩʪʘʚˀʝʥʝ ʦʩʥʦʚʝ ʬʘʟʠ ʣʦʛʠʢʝ ʢʘʦ ʠ ʦʧʠʩ ʩʪʨʫʢʪʫʨʝ 

ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʰ˂ʝʥʠʭ ʬʘʟʠ ʩʠʩʪʝʤʘ ʟʘʢˀʫʯʠʚʘˁʘ.  

ʇʝʪʦ ʧʦʛʣʘʚˀʝ ʿʝ ʧʦʩʚʝ˂ʝʥʦ ʤʝʪʦʜʘʤʘ ʟʘ ʘʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ 

ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ. 

ʋ ʰʝʩʪʦʤ ʧʦʛʣʘʚˀʫ ʿʝ ʜʘʪ ʦʧʠʩ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʟʘ ʘʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʝ 

ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʟʘʩʥʦʚʘʥʝ ʥʘ ʬʘʟʠ ʝʢʩʧʝʨʪʩʢʦʤ ʩʠʩʪʝʤʫ.  

ʉʝʜʤʦ ʧʦʛʣʘʚˀʝ ʿʝ ʧʦʩʚʝ˂ʝʥʦ ʚʝʨʠʬʠʢʘʮʠʿʠ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʧʨʠʤʝʥʦʤ ʨʘʯʫ-

ʥʘʨʩʢʠʭ ʩʠʤʫʣʘʮʠʿʘ. ʆʧʠʩʘʥʘ ʿʝ ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ ʫ ʩʠʤʫʣʘʮʠʦʥʦʤ ʩʦʬʪʚʝʨʫ ʠ ʜʘʪ ʿʝ 

ʧʨʝʛʣʝʜ ʠ ʘʥʘʣʠʟʘ ʨʝʟʫʣʪʘʪʘ ʜʦʙʠʿʝʥʠʭ ʩʠʤʫʣʘʮʠʿʦʤ ʥʘʜ ʰʠʨʦʢʠʤ ʩʢʫʧʦʤ ʨʘʟʣʠʯʠʪʠʭ 

ʤʦʜʝʣʘ ʧʨʦʮʝʩʘ.  

ʆʩʤʦ ʧʦʛʣʘʚˀʝ ʿʝ ʧʦʩʚʝ˂ʝʥʦ ʚʝʨʠʬʠʢʘʮʠʿʠ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣ-

ʥʠʤ ʫʩʣʦʚʠʤʘ. ʇʨʠʢʘʟʘʥ ʿʝ ʦʧʠʩ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʥʘ ʨʝʘʣʥʦʤ ʢʦʥ-

ʪʨʦʣʝʨʫ ʢʘʦ ʠ ʦʧʠʩ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʦʩʪʘʚʢʝ. ʇʦʪʦʤ ʩʫ ʧʨʠʢʘʟʘʥʠ ʠ ʘʥʘʣʠʟʠʨʘʥʠ ʜʦ-

ʙʠʿʝʥʠ ʨʝʟʫʣʪʘʪʠ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʪʝʩʪʠʨʘˁʝʤ.  

ʋ ʜʝʚʝʪʦʤ ʧʦʛʣʘʚˀʫ ʩʫ ʠʟʣʦʞʝʥʠ ʦʩʥʦʚʥʠ ʟʘʢˀʫʯʮʠ, ʟʘʚʨʰʥʝ ʥʘʧʦʤʝʥʝ ʠ ʧʨʘʚʮʠ 

ʜʘˀʠʭ ʠʩʪʨʘʞʠʚʘˁʘ.  

ʋ ʧʦʩʝʙʥʦʤ ʧʦʛʣʘʚˀʫ ʿʝ ʧʨʠʢʘʟʘʥ ʩʧʠʩʘʢ ʢʦʥʩʫʣʪʦʚʘʥʝ ʣʠʪʝʨʘʪʫʨʝ ʫ ʪʦʢʫ ʠʩʪʨʘ-

ʞʠʚʘˁʘ ʠ ʧʠʩʘˁʘ ʜʠʩʝʨʪʘʮʠʿʝ.  

ʋ ʦʢʚʠʨʫ ʧʨʠʣʦʛʘ ʧʨʠʢʘʟʘʥ ʿʝ ʠʟʚʦʨʥʠ ʢʦʜ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʫ ʩʠʤʫʣʘʮʠʦʥʦʤ 

ʩʦʬʪʚʝʨʫ ʠ ʠʟʚʦʨʥʠ ʢʦʜ ʠʤʧʣʝʤʝʥʪʘʮʠʿʝ ʥʘ ʨʝʘʣʥʦʤ ʢʦʥʪʨʦʣʝʨʫ. ʇʦʨʝʜ ʪʦʛʘ ʿʝ ʜʘʪ ʠ 

ʠʟʚʦʨʥʠ ʢʦʜ ʤʦʜʝʣʘ ʧʨʦʮʝʩʘ ʢʦʿʠ ʩʝ ʠʟʚʨʰʘʚʘ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʥʘ ʢʦʥʪʨʦʣʝʨʫ ʫ 

ʦʢʚʠʨʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʝ ʧʦʩʪʘʚʢʝ. 
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ʋ ʤʥʦʛʠʤ ʫʧʨʘʚˀʘʯʢʠʤ ʢʨʫʛʦʚʠʤʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʠ ʯʝʩʪʦ ʥʠʩʫ ʧʨʘʚʠʣʥʦ ʧʦʜʝ-

ʰʝʥʠ ʟʙʦʛ ʚʘʨʠʿʘʮʠʿʘ ʧʘʨʘʤʝʪʘʨʘ ʧʨʦʮʝʩʘ, ʧʨʦʤʝʥʘ ʨʘʜʥʠʭ ʫʩʣʦʚʘ ʠʣʠ ʫʦʧʰʪʝ ʟʙʦʛ 

ʧʦʛʨʝʰʥʦʛ ʧʦʯʝʪʥʦʛ ʧʦʜʝʰʘʚʘˁʘ ʧʨʠʣʠʢʦʤ ʩʪʘʚˀʘˁʘ ʩʠʩʪʝʤʘ ʫ ʨʘʜ. ʇʦʜʝʰʘʚʘˁʝ ʧʘ-

ʨʘʤʝʪʘʨʘ ʫʧʨʢʦʩ ʤʥʦʛʦʙʨʦʿʥʠʤ ʜʦʩʪʫʧʥʠʤ ʤʝʪʦʜʘʤʘ ʿʝ ʯʝʩʪʦ ʚʝʦʤʘ ʟʘʭʪʝʚʥʦ ʩʘ ʩʪʘʥʦ-

ʚʠʰʪʘ ʧʦʪʨʝʙʥʦʛ ʧʨʝʜʟʥʘˁʘ, ʠʩʢʫʩʪʚʘ ʠ ʫʪʨʦʰʝʥʦʛ ʚʨʝʤʝʥʘ. ɿʙʦʛ ʪʦʛʘ ʧʦʩʪʦʿʠ ʟʥʘ-

ʯʘʿʥʘ ʧʦʪʨʝʙʘ ʟʘ ʤʝʪʦʜʘʤʘ ʟʘ ʘʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʢʦʿʝ ʙʠ ʩʝ ʧʦʢʨʝʪʘʣʝ 

ʥʘ ʟʘʭʪʝʚ ʢʦʨʠʩʥʠʢʘ ʠ ʧʨʠʤʝʥʦʤ ʦʜʨʝʹʝʥʦʛ ʘʣʛʦʨʠʪʤʘ ʠʟʚʨʰʠʣʝ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝ-

ʪʘʨʘ. 

2.1 ʇʨʝʜʤʝʪ ʠ ʮʠˀ ʠʩʪʨʘʞʠʚʘˁʘ 

ʆʩʥʦʚʥʘ ʪʝʤʘ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʠʤʧʣʝʤʝʥʪʠʨʘˁʝ ʠʩʢʫʩʪʚʘ ʦʧʝʨʘʪʝʨʘ ʫ ʧʨʦʮʝʩʫ 

ʧʨʦʿʝʢʪʦʚʘˁʫ ʩʠʩʪʝʤʘ ʫʧʨʘʚˀʘˁʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʇʀɼ ʟʘʢʦʥʫ ʫʧʨʘʚˀʘˁʘ. ʌʘʟʠ ʣʦʛʠʢʘ 

ʢʘʦ ʿʝʜʘʥ ʦʜ ʚʠʜʦʚʘ ʨʘʯʫʥʘʨʩʢʝ ʠʥʪʝʣʠʛʝʥʮʠʿʝ ʿ ʝ ʧʨʝʧʦʟʥʘʪʘ ʢʘʦ ʚʝʦʤʘ ʧʦʛʦʜʥʘ ʫ ʧʨʠ-

ʤʝʥʠ ʠʩʢʫʩʪʚʘ ʦʧʝʨʘʪʝʨʘ ʫ ʧʨʦʿʝʢʪʦʚʘˁʫ ʪʘʢʚʠʭ ʩʠʩʪʝʤʘ. 

ʇʨʝʜʤʝʪ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʧʨʠʤʝʥʘ ʬʘʟʠ ʣʦʛʠʢʝ ʫ ʧʦʩʪʫʧʢʫ ʘʫʪʦʤʘʪʩʢʦʛ ʧʦʜʝʰʘ-

ʚʘʘˁ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ. ʇʨʦʿʝʢʪʦʚʘˁʝ, ʨʝʘʣʠʟʘʮʠʿʘ ʠ ʠʤʧʣʝʤʝʥʪʘʮʠʿʘ ʦʚʠʭ 

ʩʘʤʦʧʦʜʝʰʘʚʘʿʫ˂ʠʭ ʨʝʛʫʣʘʪʦʨʘ ʠʤʘʿʫ ʜʚʘ ʜʦʤʠʥʘʥʪʥʘ ʠʟʘʟʦʚʘ: ʩʠʥʪʝʟʫ ʝʢʩʧʝʨʪʩʢʦʛ 

ʟʥʘˁʘ ʠ ʨʘʟʚʦʿ ʥʘʤʝʥʩʢʦʛ ʩʠʩʪʝʤʘ ʟʘʢˀʫʯʠʚʘˁʘ ʙʘʟʠʨʘʥʦʛ ʥʘ ʬʘʟʠ ʣʦʛʠʮʠ. ʊʘʢʦʹʝ, 

ʧʨʝʜʤʝʪ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʠ ʘʥʘʣʠʟʘ ʤʦʛʫ˂ʥʦʩʪʠ ʧʨʠʤʝʥʝ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʫ ʨʝʘʣʥʠʤ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ ʫʩʣʦʚʠʤʘ ʫ ʧʨʦʙʣʝʤʠʤʘ ʘʫʪʦʤʘʪʠʟʘʮʠʿʝ ʩʪʘʤʙʝʥʦ-ʧʦʩʣʦʚʥʠʭ ʦʙʿʝ-

ʢʘʪʘ. 

ʎʠˀ ʠʩʪʨʘʞʠʚʘˁʘ ʿʝ ʨʘʟʚʠʿʘˁʝ ʥʦʚʝ ʤʝʪʦʜʝ ʟʘ ʘʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝ-

ʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʟʘʩʥʦʚʘʥʝ ʥʘ ʝʢʩʧʝʨʪʩʢʦʤ ʟʥʘˁʫ ʠʥʪʝʛʨʠʩʘʥʦʤ ʫ ʬʘʟʠ ʩʠʩʪʝʤ 

ʟʘʢˀʫʯʠʚʘˁʘ. ʇʨʠʤʘʨʥʠ ʮʠˀ ʤʝʪʦʜʝ ʿʝ ʧʦʙʦˀʰʘʚʘˁʝ ʧʝʨʬʦʨʤʘʥʩʠ ʧʨʦʠʟʚʦˀʥʦʛ 

ʩʠʩʪʝʤʘ ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ ʫʟ ʦʜʨʞʘʚʘˁʝ ʨʦʙʫʩʥʦʩʪʠ ʫ ʧʨʠʭʚʘʪˀʠʚʠʤ ʛʨʘʥʠʮʘʤʘ ʤʠ-

ʥʠʤʠʟʫʿʫ˂ʠ ʧʨʠ ʪʦʤʝ ʫʣʘʛʘˁʝ ʚʨʝʤʝʥʘ, ʪʨʫʜʘ ʠ ʧʦʪʨʝʙʥʦʛ ʟʥʘˁʘ. ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʘ 

˂ʝ ʙʠʪʠ ʚʝʨʠʬʠʢʦʚʘʥʘ ʢʦʨʠʰ˂ʝˁʝʤ ʨʘʯʫʥʘʨʩʢʠʭ ʩʠʤʫʣʘʮʠʿʘ ʥʘ ʰʠʨʦʢʦʤ ʩʢʫʧʫ ʧʨʦ-

ʮʝʩʘ ʢʘʢʦ ʙʠ ʤʦʛʣʘ ʜʘ ʩʝ ʧʦʪʚʨʜʠ ʩʧʦʩʦʙʥʦʩʪ ʛʝʥʝʨʘʣʠʟʘʮʠʿʝ ʧʨʝʜʣʦʞʝʥʦʛ ʨʝʰʝˁʘ. 

ʅʘʢʦʥ ʚʝʨʠʬʠʢʘʮʠʿʝ, ʧʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʘ ˂ʝ ʙʠʪʠ ʠʤʧʣʝʤʝʥʪʠʨʘʥʘ ʥʘ ʨʝʘʣʥʦʤ ʢʦʥʪʨʦ-

ʣʝʨʫ ʢʦʠʿ ʩʝ ʢʦʨʠʩʪʠ ʫ ʘʫʪʦʤʘʪʠʟʘʮʠʿʠ ʩʪʘʤʙʝʥʦ-ʧʦʩʣʦʚʥʠʭ ʦʙʿʝʢʘʪʘ. ʂʘʦ ʢʨʘʿˁʠ ʨʝ-

ʟʫʣʪʘʪ ʩʝ ʦʯʝʢʫʿʝ ʚʝʨʠʬʠʢʘʮʠʿʘ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʠ ʫ ʨʝʘʣʥʠʤ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʤ 

ʫʩʣʦʚʠʤʘ. 

ʄʦʪʠʚʘʮʠʿʘ ʟʘ ʦʚʦ ʠʩʪʨʘʞʠʚʘˁʝ ʧʨʦʠʟʣʘʟʠ ʠʟ ʩʪʚʘʨʥʠʭ ʧʨʦʙʣʝʤʘ ʩʘ ʢʦʿʠʤʘ ʩʫ ʩʝ 

ʢʘʥʜʠʜʘʪ ʠ ʤʝʥʪʦʨ ʩʫʩʨʝʣʠ ʪʦʢʦʤ ʛʦʜʠʥʘ ʫ ʩʠʩʪʝʤʠʤʘ ʘʫʪʦʤʘʪʩʢʦʛ ʫʧʨʘʚˀʘˁʘ ʫ ʩʪʘ-

ʤʙʝʥʦ-ʧʦʩʣʦʚʥʠʤ ʦʙʿʝʢʪʠʤʘ. 

2.2 ʉʪʘˁʝ ʫ ʥʘʫʯʥʦʿ ʦʙʣʘʩʪʠ 

ʇʨʚʠ ʩʠʩʪʝʤʘʪʩʢʠ ʥʘʯʠʥ ʧʦʜʝʰʘʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʧʨʝʜʣʦʞʠʣʠ 

ʩʫ ʎʠʛʣʝʨ (Ziegler) ʠ ʅʠʢʦʣʩ (Nichols) ʢʨʦʟ ʜʚʘ ʨʘʜʘ [1], [2] ʧʦʯʝʪʢʦʤ 40-ʪʠʭ ʛʦʜʠʥʘ 

ʧʨʦʰʣʦʛ ʚʝʢʘ. ʀʥʩʧʠʨʠʩʘʥʠ ʦʚʠʤ ʨʘʜʦʤ, ʤʥʦʛʠ ʘʫʪʦʨʠ ʩʫ ʧʨʝʜʣʘʛʘʣʠ ʧʦʙʦˀʰʘˁʘ 

2 ʇʦʣʘʟʥʝ ʦʩʥʦʚʝ ʠʩʪʨʘʞʠʚʘˁʘ 
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ʢʘʢʦ ʙʠ ʠʩʧʫʥʠʣʠ ʨʘʟʣʠʯʠʪʝ ʟʘʭʪʝʚʝ ʧʝʨʬʦʨʤʘʥʩʠ ʠʣʠ ʨʦʙʫʩʥʦʩʪʠ [3], [4]. ʆʚʝ ʤʝʪʦʜʝ 

ʩʫ ʜʘʪʝ ʫ ʚʠʜʫ ʿʝʜʥʦʩʪʘʚʥʠʭ ʠʟʨʘʟʘ ʢʦʿʠ ʬʦʨʤʘʣʠʟʫʿʫ ʧʨʝʪʭʦʜʥʦ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ 

ʦʜʨʝʹʝʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʝ ʜʠʥʘʤʠʢʝ ʧʨʦʮʝʩʘ. ʋʧʨʢʦʩ ʩʚʦʿʦʿ ʥʝʩʘʚʨʰʝʥʦʩʪʠ, ʦʨʠʛʠ-

ʥʘʣʥʠ ʎʠʛʣʝʨʦʚ ʠ ʅʠʢʦʣʩʦʚ ʤʝʪʦʜ ʩʝ ʠ ʜʘʥʘʩ ʰʠʨʦʢʦ ʢʦʨʠʩʪʠ ʟʙʦʛ ʩʚʦʿʝ ʿʝʜʥʦʩʪʘʚʥʦ-

ʩʪʠ ʠ ʣʘʢʦ˂ʝ ʫʧʦʪʨʝʙʝ. ʇʦʯʝʪʢʦʤ ʦʚʦʛʘ ʚʝʢʘ, ʚʠʰʝ ʦʜ 60 ʛʦʜʠʥʘ ʢʘʩʥʠʿʝ ʦʜ ʦʨʠʛʠʥʘʣ-

ʥʦʛ ʨʘʜʘ, ʆʩʪʨʝʤ (¡strºm) ʠ ʍeʛʣʫʥʜ (Hªgglund) ʩʫ ʧʨʝʜʣʦʞʠʣʠ ʨʝʚʠʪʘʣʠʟʘʮʠʿʫ ʦʨʠ-

ʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʫ [5], [6] ʫʟ ʟʘʜʨʞʘʚʘˁʝ ʿʝʜʥʦʩʪʘʚʥʦʩʪʠ, ʘʣʠ ʫʟ ʧʦʙʦˀʰʘˁʝ ʧʝʨʬʦʨ-

ʤʘʥʩʠ ʟʘ ʰʠʨʠ ʩʢʫʧ ʨʘʟʣʠʯʠʪʠʭ ʧʨʦʮʝʩʘ. ʅʝʜʫʛʦ ʧʦʪʦʤ, ʐʝʢʘʨʘ ʠ ʄʘʪʘʫʰʝʢ ʩʫ ʫ [7] 

ʪʘʢʦʹʝ ʧʨʝʜʣʦʞʠʣʠ ʨʝʚʠʪʘʣʠʟʘʮʠʿʫ ʦʨʠʛʠʥʘʣʥʝ ʤʝʪʦʜʝ ʎʠʛʣʝʨʘ ʠ ʅʠʢʦʣʩʘ. ʉʚʝʦʙʫ-

ʭʚʘʪʘʥ ʧʨʝʛʣʝʜ ʨʘʟʚʦʿʘ ʪʝʦʨʠʿʝ ʠ ʧʨʘʢʩʝ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥ ʫ [8], ʜʦʢ ʿʝ 

ʨʝʟʠʤʝ ʤʝʪʦʜʘ ʧʦʜʝʰʘʚʘˁʘ ʥʘ ʩʠʩʪʝʤʘʪʩʢʠ ʥʘʯʠʥ ʜʘʪ ʫ [9]. 

ɼʘ ʙʠ ʩʤʘˁʠʣʠ ʚʨʝʤʝ ʠ ʟʥʘˁʝ ʥʝʦʧʭʦʜʥʦ ʟʘ ʧʦʜʝʰʘʚʘˁʝ ʇʀɼ ʧʘʨʘʤʝʪʘʨʘ, ʆʩʪʨʝʤ 

ʠ ʍeʛʣʫʥʜ ʩʫ ʧʨʝʜʣʦʞʠʣʠ ʧʨʚʠ ʤʝʪʦʜ ʘʫʪʦʤʘʪʩʢʦʛ ʧʦʜʝʰʘʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ [10]. ɸʫ-

ʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʿʝ ʦʩʪʚʘʨʝʥʦ ʢʦʤʙʠʥʦʚʘˁʝʤ ʨʝʣʝʿʥʦʛ ʝʢʩʧʝʨʠʤʝʥʪʘ 

ʢʘʦ ʤʝʪʦʜʝ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʜʠʥʘʤʠʢʝ ʧʨʦʮʝʩʘ ʩʘ ʤʝʪʦʜʘʤʘ ʟʘ ʧʨʦʨʘʯʫʥ ʧʘʨʘʤʝʪʘʨʘ 

ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ. ʇʦʩʣʝʜˁʠʭ ʛʦʜʠʥʘ, ʘʫʪʦʨʠ ʩʫ ʧʨʝʜʣʘʛʘʣʠ ʨʘʟʣʠʯʠʪʝ ʧʨʠʩʪʫʧʝ ʘʫʪʦ-

ʤʘʪʩʢʦʤ ʧʦʜʝʰʘʚʘˁʫ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ [11]ï[16]. ʅʘʿʥʦʚʠʿʝ ʧʦʨʝʹʝˁʝ ʤʝ-

ʪʦʜʘ ʘʫʪʦʤʘʪʩʢʦʛ ʧʦʜʝʰʘʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʦ ʫ [17], 

[18]. 

ʅʘʢʦʥ ʰʪʦ ʩʫ ʧʘʨʘʤʝʪʨʠ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʧʦʜʝʰʝʥʠ, ʯʝʩʪʦ ʿʝ ʧʦʪʨʝʙʥʦ ʨʫʯʥʦ ʧʨʝ-

ʮʠʟʥʠʿʝ ʧʦʜʝʩʠʪʠ ʧʘʨʘʤʝʪʨʝ. ʇʦʜʝʰʘʚʘˁʝ ʩʝ ʧʦʩʪʠʞʝ ʧʨʠʤʝʥʦʤ ʤʘʣʠʭ ʢʦʨʝʢʮʠʿʘ ʧʘ-

ʨʘʤʝʪʘʨʘ ʥʘ ʦʩʥʦʚʫ ʧʨʘʢʪʠʯʥʦʛ ʠʩʢʫʩʪʚʘ. ʌʘʟʠ ʣʦʛʠʢʘ ʿʝ ʧʨʝʧʦʟʥʘʪʘ ʢʘʦ ʦʜʛʦʚʘʨʘʿʫ˂ʠ 

ʤʝʪʦʜ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʠʩʢʫʩʪʚʘ ʦʧʝʨʘʪʝʨʘ ʫ ʧʨʦʿʝʢʪʦʚʘˁʫ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ. ɿʘʜʝ 

(Zadeh) ʿʝ 1965. ʛʦʜʠʥʝ ʧʨʝʜʣʦʞʠʦ ʪʝʦʨʠʿʫ ʬʘʟʠ ʩʢʫʧʦʚʘ ʢʘʦ ʧʨʦʰʠʨʝˁʝ ʢʣʘʩʠʯʥʦʛ 

ʧʦʿʤʘ ʩʢʫʧʘ [19]. ʀʥʩʧʠʨʠʩʘʥ ʦʚʠʤ ʨʘʜʦʤ, 1974. ʛʦʜʠʥʝ ʄʘʤʜʘʥʠ (Mamdani) ʿʝ ʧʨʝ-

ʜʣʦʞʠʦ ʧʨʚʫ ʧʨʠʤʝʥʫ ʪʝʦʨʠʿʝ ʬʘʟʠ ʩʢʫʧʦʚʘ ʫ ʫʧʨʘʚˀʘʯʢʦʤ ʘʣʛʦʨʠʪʤʫ ʜʘ ʙʠ ʩʠʥʪʝʪʠ-

ʟʦʚʘʦ ʣʠʥʛʚʠʩʪʠʯʢʠ ʫʧʨʘʚˀʘʯʢʠ ʤʝʭʘʥʠʟʘʤ ʠʩʢʫʩʥʦʛ ʦʧʝʨʘʪʝʨʘ [20]. ʋ ʥʘʨʝʜʥʠʤ ʛʦ-

ʜʠʥʘʤʘ, ʬʘʟʠ ʣʦʛʠʢʘ ʿʝ ʫʩʧʝʰʥʦ ʢʦʨʠʰ˂ʝʥʘ ʩʘ ʚʝʦʤʘ ʟʘʧʘʞʝʥʠʤ ʨʝʟʫʣʪʘʪʠʤʘ ʫ ʨʘʟʣʠ-

ʯʠʪʠʤ ʦʙʣʘʩʪʠʤʘ ʧʦʧʫʪ ʘʫʪʦʤʘʪʠʟʘʮʠʿʝ ʫ ʩʪʘʤʙʝʥʦ-ʧʦʩʣʦʚʥʠʤ ʦʙʿʝʢʪʠʤʘ [21]ï[23], 

ʩʘʦʙʨʘ˂ʘʿʘ [24]ï[26], ʠʥʜʫʩʪʨʠʿʝ [27], [28] ʢʘʦ ʠ ʦʩʪʘʣʠʤ ʠʥʞʝˁʝʨʩʢʠʤ ʧʨʠʤʝʥʘʤʘ 

[29]ï[34]. ʋ [35] ʜʘʪ ʿʝ ʩʘʞʝʪ ʧʨʝʛʣʝʜ ʠʩʪʘʢʥʫʪʠʭ ʨʝʟʫʣʪʘʪʘ ʠʩʪʨʘʞʠʚʘˁʘ ʫʧʨʘʚˀʘʯʢʠʭ 

ʘʣʛʦʨʠʪʘʤʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʢʦʥʮʝʧʪʫ ʬʘʟʠ ʣʦʛʠʢʝ ʢʦʿʠ ʧʦʢʘʟʫʿʝ ʝʚʦʣʫʮʠʿʫ ʦʚʝ ʦʙʣʘʩʪʠ.  

ʎʘʬʝʩʪʘʩ (Tzafestas) ʠ ʇʘʧʘʥʠʢʦʧʦʫʣʦʩ (Papanikopoulos) ʩʫ ʙʠʣʠ ʤʝʹʫ ʧʨʚʠʤʘ 

ʢʦʿʠ ʩʫ ʧʨʝʜʣʦʞʠʣʠ ʧʨʠʩʪʫʧ ʫ ʢʦʤʝ ʩʝ ʧʝʨʬʦʨʤʘʥʩʝ ʩʠʩʪʝʤʘ ʫ ʟʘʪʚʦʨʝʥʦ ʿʩʧʨʝʟʠ ʧʦ-

ʙʦˀʰʘʚʘʿʫ ʙʣʘʛʦʤ ʧʨʦʤʝʥʦʤ ʚʨʝʜʥʦʩʪʠ ʇʀɼ ʧʘʨʘʤʝʪʘʨʘ ʥʘ ʦʩʥʦʚʫ ʬʘʟʠ ʤʘʪʨʠʮʝ ʢʦʿʘ 

ʩʘʜʨʞʠ ʠʩʢʫʩʪʚʦ ʦʧʝʨʘʪʝʨʘ ʫ ʦʙʣʠʢʫ ʢʦʥʜʝʥʟʦʚʘʥʠʭ ʧʨʘʚʠʣʘ [36]. ɸʫʪʦʨʠ ʫ [37]ï[39] 

ʩʫ ʧʨʝʜʣʦʞʠʣʠ ʘʣʛʦʨʠʪʘʤ ʟʘ ʘʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʝ ʟʘʩʥʦʚʘʥ ʥʘ ʤʝʭʘʥʠʟʤʫ ʬʘʟʠ ʟʘ-

ʢˀʫʯʠʚʘˁʘ ʟʘ ʢʦʥʪʠʥʫʠʨʘʥʦ ʧʦʜʝʰʘʚʘˁʝ ʇʀɼ ʧʘʨʘʤʝʪʘʨʘ ʢʦʨʠʩʪʝ˂ʠ ʩʠʛʥʘʣ ʛʨʝʰʢʝ 

ʠ ʠʟʚʦʜ ʩʠʛʥʘʣʘ ʛʨʝʰʢʝ ʩʠʩʪʝʤʘ ʫ ʟʘʪʚʦʨʝʥʦ ʿʩʧʨʝʟʠ ʢʘʦ ʫʣʘʟʝ. ʋ [40] ʘʫʪʦʨʠ ʩʫ ʢʦʨʠ-

ʩʪʠʣʠ ʚʨʝʤʝ ʩʤʠʨʝˁʘ ʫ ʦʜʟʠʚʫ ʥʘ ʦʜʩʢʦʯʥʫ ʧʦʙʫʜʫ ʢʘʦ ʫʣʘʟ ʫ ʬʘʟʠ ʩʠʩʪʝʤ ʟʘʢˀʫʯʠ-

ʚʘˁʘ ʢʦʿʠ ʥʘ ʠʟʣʘʟʫ ʛʝʥʝʨʠʰʝ ʢʦʨʝʢʪʠʚʥʝ ʬʘʢʪʦʨʝ ʟʘ ʩʚʘʢʠ ʦʜ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫ-

ʣʘʪʦʨʘ. ʄʥʦʛʠ ʘʫʪʦʨʠ ʩʫ ʧʨʠʤʝˁʠʚʘʣʠ ʩʣʠʯʥʝ ʧʨʠʥʮʠʧʝ ʠ ʫʚʝʣʠ ʤʘʣʦ ʜʨʫʛʘʯʠʿʝ ʥʘ-

ʯʠʥʝ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʝʢʩʧʝʨʪʩʢʦʛ ʟʥʘˁʘ ʫ ʧʨʦʮʝʩʫ ʧʦʜʝʰʘʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ 

ʨʝʛʫʣʘʪʦʨʘ ʢʦʨʠʰ˂ʝˁʝʤ ʢʦʥʮʝʧʪʘ ʬʘʟʠ ʣʦʛʠʢʝ [41]ï[49]. ʇʦʨʝʹʝˁʝ ʤʝʪʦʜʘ ʘʫʪʦʤʘʪ-

ʩʢʦʛ ʧʦʜʝʰʘʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʬʘʟʠ ʣʦʛʠʮʠ ʿʝ ʧʨʝʜʩʪʘʚ-

ˀʝʥʦ ʫ [50]. 

ʇʦʪʚʨʜʫ ʠʩʧʨʘʚʥʦʩʪʠ ʨʘʟʚʠʿʝʥʠʭ ʫʧʨʘʚˀʘʯʢʠʭ ʘʣʛʦʨʠʪʘʤʘ ʿʝ ʫ ʧʦʪʧʫʥʦʩʪʠ ʤʦ-

ʛʫ˂ʝ ʜʦʙʠʪʠ ʿʝʜʠʥʦ ʢʨʦʟ ˁʠʭʦʚʫ ʧʨʠʤʝʥʫ ʥʘ ʨʝʘʣʥʦʤ ʩʠʩʪʝʤʫ. ʉʘ ʦʙʟʠʨʦʤ ʥʘ ʩʤʘˁʝʥʫ 
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ʨʘʩʧʦʣʦʞʠʚʦʩʪ ʨʝʘʣʥʦʛ ʩʠʩʪʝʤʘ ʢʘʦ ʠ ʤʦʛʫ˂ʥʦʩʪ ʪʝʩʪʠʨʘˁʘ ʥʦʚʠʭ ʘʣʛʦʨʠʪʘʤʘ ʥʘ 

ˁʝʤʫ, ʘʣʪʝʨʥʘʪʠʚʥʦ ʨʝʰʝˁʝ ʿʝ ʨʝʘʣʠʟʘʮʠʿʘ ʤʘʪʝʤʘʪʠʯʢʦʛ ʤʦʜʝʣʘ ʥʝʢʦʛ ʧʦʜʩʠʩʪʝʤʘ ʫ 

ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ. ʋ [51], [52] ʿʝ ʜʘʪ ʜʝʪʘˀʘʥ ʧʨʝʛʣʝʜ ʤʝʪʦʜʘ ʟʘ ʤʦʜʝʣʦʚʘˁʝ ʧʦʜʩʠ-

ʩʪʝʤʘ ʢʦʿʠ ʩʝ ʥʘʿʯʝʰ˂ʝ ʤʦʛʫ ʥʘ˂ʠ ʫ ʩʪʘʤʙʝʥʦ-ʧʦʩʣʦʚʥʠʤ ʦʙʿʝʢʪʠʤʘ. ʂʘʢʦ ʙʠ ʩʝ ʨʝʘʣʠ-

ʟʦʚʘʥ ʤʘʪʝʤʘʪʠʯʢʠ ʤʦʜʝʣ ʠʟʚʨʰʘʚʘʦ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʧʦʪʨʝʙʥʦ ʛʘ ʿʝ ʠʤʧʣʝʤʝʥʪʠ-

ʨʘʪʠ ʥʘ ʧʦʩʝʙʥʦʤ ʢʦʥʪʨʦʣʝʨʫ ʙʘʟʠʨʘʥʦʤ ʥʘ FPGA (Field Programmable Gate Arrays) 

ʪʝʭʥʦʣʦʛʠʿʠ ʢʦʿʠ ʦʤʦʛʫ˂ʘʚʘʿʫ ʧʝʨʬʦʨʤʘʥʩʝ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ [53], [54].  

ʇʨʠʩʪʫʧ ʪʝʩʪʠʨʘˁʫ ʨʝʘʣʠʟʦʚʘʥʦʛ ʫʧʨʘʚˀʘʯʢʦʛ ʘʣʛʦʨʠʪʤʘ ʢʦʿʠ ʩʘʜʨʞʠ ʬʠʟʠʯʢʠ 

ʢʦʥʪʨʦʣʝʨ ʧʦʚʝʟʘʥ ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ ʩʘ ʚʠʨʪʫʝʣʥʠʤ ʧʦʜʩʠʩʪʝʤʦʤ, ʧʨʫʞʘʿʫ˂ʠ ʚʝʨʥʝ 

ʬʠʟʠʯʢʝ ʨʝʧʣʠʢʝ ʨʝʘʣʥʦʛ ʩʠʩʪʝʤʘ, ʫ ʣʠʪʝʨʘʪʫʨʠ ʩʝ ʥʘʣʘʟʠ ʧʦʜ ʥʘʟʠʚʦʤ Hardware-in-

loop (HIL) [55], [56]. ʇʨʝʜʥʦʩʪʠ ʦʚʦʛ ʧʨʠʩʪʫʧʘ ʩʝ ʦʛʣʝʜʘʿʫ ʫ ʩʧʨʝʯʘʚʘˁʫ ʦʰʪʝ˂ʝˁʘ ʥʘ 

ʩʪʚʘʨʥʦʤ ʩʠʩʪʝʤʫ, ʩʤʘˁʝʫˁ ʪʨʦʰʢʦʚʘ ʦʪʢʣʘˁʘˁʘ ʛʨʝʰʘʢʘ ʠ ʩʤʘˁʝʫˁ ʩʚʝʦʙʫʭʚʘʪʥʦʛ 

ʥʘʧʦʨʘ ʧʨʠʣʠʢʦʤ ʪʝʩʪʠʨʘˁʘ [54]. 
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ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ˂ʝ ʙʠʪʠ ʜʘʪʝ ʦʩʥʦʚʝ ʧʦʚʨʘʪʥʝ ʩʧʨʝʛʝ ʠ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʰ˂ʝʥʠʭ 

ʟʘʢʦʥʘ ʫʧʨʘʚˀʘˁʘ ʩʘ ʘʢʮʝʥʪʦʤ ʥʘ ʇʀɼ ʟʘʢʦʥ ʫʧʨʘʚˀʘˁʘ. ʇʀɼ ʟʘʢʦʥ ʫʧʨʘʚˀʘˁʘ ˂ʝ 

ʙʠʪʠ ʨʘʟʤʘʪʨʘʥ ʫ ʢʦʥʪʠʥʫʘʣʥʦʤ ʠ ʜʠʩʢʨʝʪʥʦʤ ʜʦʤʝʥʫ. ɹʠ˂ʝ ʨʘʟʤʦʪʨʝʥʝ ʠ ʨʘʟʣʠʯʠʪʝ 

ʤʦʜʠʬʠʢʘʮʠʿʝ ʢʦʿʝ ʧʦʙʦˀʰʘʚʘʿʫ ʦʩʥʦʚʥʫ ʚʝʨʟʠʿʫ. ʊʘʢʦʹʝ, ʙʠ˂ʝ ʜʘʪ ʠ ʠʩʪʦʨʠʿʩʢʠ ʧʨʝ-

ʛʣʝʜ ʨʘʟʚʦʿʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ.  

3.1 ʇʦʚʨʘʪʥʘ ʩʧʨʝʛʘ 

ʅʘ ʩʣʠʮʠ 3.1 ʧʨʠʢʘʟʘʥ ʿʝ ʙʣʦʢ ʜʠʿʘʛʨʘʤ ʠʟ ʢʦʛʘ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʧʨʠʥʮʠʧ ʨʘʜʘ 

ʩʠʩʪʝʤʘ ʩʘ ʥʝʛʘʪʠʚʥʦʤ ʧʦʚʨʘʪʥʦʤ ʩʧʨʝʛʦʤ. ʋʧʦʨʝʹʠʚʘˁʝʤ ʪʨʝʥʫʪʥʝ ʚʨʝʜʥʦʩʪʠ y ʠ ʟʘ-

ʜʘʪʝ ʚʨʝʜʥʦʩʪʠ r ʜʦʙʠʿʘ ʩʝ ʦʜʩʪʫʧʘˁʝ ʝ, ʦʜʥʦʩʥʦ ʩʠʛʥʘʣ ʛʨʝʰʢʝ. ʈʝʛʫʣʘʪʦʨ ʥʘ ʦʩʥʦʚʫ 

ʦʚʦʛ ʦʜʩʪʫʧʘˁʘ ʛʝʥʝʨʠʰʝ ʫʧʨʘʚˀʘʯʢʠ ʩʠʛʥʘʣ u ʢʦʿʠ ʜʝʣʫʿʝ ʥʘ ʧʨʦʮʝʩ ʫ ʩʤʝʨʫ ʩʤʘˁʝˁʘ 

ʦʚʦʛ ʦʜʩʪʫʧʘˁʘ. ʆʩʥʦʚʥʘ ʧʨʝʜʥʦʩʪ ʧʦʚʨʘʪʥʝ ʩʧʨʝʛʝ ʿʝ ʦʜʨʞʘʚʘˁʝ ʪʨʝʥʫʪʥʝ ʚʨʝʜʥʦʩʪʠ 

ʠʟʣʘʟʘ ʰʪʦ ʧʨʠʙʣʠʞʥʠʿʝ ʟʘʜʘʪʦʿ ʚʨʝʜʥʦʩʪʠ ʙʝʟ ʦʙʟʠʨʘ ʥʘ ʩʧʦˀʥʝ ʧʦʨʝʤʝ˂ʘʿʝ d, n ʠ m 

ʢʘʦ ʠ ʧʨʦʤʝʥʫ ʧʘʨʘʤʝʪʘʨʘ ʧʨʦʮʝʩʘ. ɿʘʪʚʘʨʘˁʝ ʧʦʚʨʘʪʥʝ ʩʧʨʝʛʝ ʧʦʨʝʜ ʩʚʠʭ ʜʦʙʨʠʭ  

ʦʩʦʙʠʥʘ ʠʤʘ ʠ ʿʝʜʘʥ ʥʝʜʦʩʪʘʪʘʢ. ʄʝʨʝˁʝʤ ʠʟʣʘʟʥʦʛ ʩʠʛʥʘʣʘ ʢʦʿʠ ʿʝ ʥʘʿʯʝʰ˂ʝ ʟʘʰʫʤ-

ˀʝʥ ʤʝʨʥʠʤ ʰʫʤʦʤ ʤʦʞʝ ʜʦ˂ʠ ʜʦ ʧʨʦʜʦʨʘ ʪʦʛ ʰʫʤʘ ʫ ʩʠʩʪʝʤ ʰʪʦ ʜʘˀʝ ʫʪʠʯʝ ʥʘ ʢʚʘ-

ʣʠʪʝʪ ʫʧʨʘʚˀʘˁʘ. 

ʇʨʦʮʝʩʈʝʛʫʣʘʪʦʨ
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ʉʣʠʢʘ 3.1 ʉʠʩʪʝʤ ʩʘ ʧʦʚʨʘʪʥʦʤ ʩʧʨʝʛʦʤ 

ʀʜʝʿʘ ʧʦʚʨʘʪʥʝ ʩʧʨʝʛʝ ʦ ʛʝʥʝʨʠʩʘˁʫ ʢʦʨʝʢʪʠʚʥʠʭ ʘʢʮʠʿʘ ʥʘ ʦʩʥʦʚʫ ʨʘʟʣʠʢʝ 

ʠʟʤʝʹʫ ʟʘʜʘʪʝ ʠ ʪʨʝʥʫʪʥʝ ʚʨʝʜʥʦʩʪʠ ʠʟʣʘʟʥʝ ʚʝʣʠʯʠʥʝ ʤʦʞʝ ʩʝ ʧʨʠʤʝʥʠʪʠ ʥʘ ʤʥʦʛʦ 

ʨʘʟʣʠʯʠʪʠʭ ʥʘʯʠʥʘ. ʅʘʿʿʝʜʥʦʩʪʘʚʥʠʿʠ ʿʝ on-off ʟʘʢʦʥ ʫʧʨʘʚˀʘˁʘ ʢʦʿʠ ʩʝ ʤʘʪʝʤʘʪʠʯʢʠ 

ʤʦʞʝ ʧʨʠʢʘʟʘʪʠ ʩʣʝʜʝ˂ʠʤ ʠʟʨʘʟʦʤ 

όὸ
ό Ὡὸ π
ό Ὡὸ π

 (3.1) 

ʛʜʝ ʿʝ e(t) ʩʠʛʥʘʣ ʛʨʝʰʢʝ ʢʦʿʠ ʩʝ ʜʦʙʠʿʘ ʢʘʦ ʨʘʟʣʠʢʘ ʟʘʜʘʪʝ r(t) ʠ ʪʨʝʥʫʪʥʝ ʚʨʝʜʥʦʩʪʠ 

y(t) ʠʟʣʘʟʘ ʩʠʩʪʝʤʘ. ʆʚʘʿ ʟʘʢʦʥ ʫʧʨʘʚˀʘˁʘ ʠʤʧʣʠʮʠʨʘ ʜʘ ʩʝ ʫʚʝʢ ʢʦʨʠʩʪʠ ʤʘʢʩʠʤʘʣʥʘ 

ʢʦʨʝʢʪʠʚʥʘ ʘʢʮʠʿʘ (ʉʣʠʢʘ 3.2 ʧʦʜ 1). ʆʚʘʿ ʟʘʢʦʥ ʫʧʨʘʚˀʘˁʘ ʯʝʩʪʦ ʫʩʧʝʚʘ ʫ ʦʜʨʞʘʚʘˁʫ 

ʠʟʣʘʟʘ ʧʨʦʮʝʩʘ ʙʣʠʟʫ ʟʘʜʘʪʝ ʚʨʝʜʥʦʩʪʠ ʘʣʠ ˂ʝ ʦʙʠʯʥʦ ʨʝʟʫʣʪʠʨʘʪʠ ʦʜʟʠʚʦʤ ʢʦʿʠ ˂ʝ 

ʦʩʮʠʣʠʨʘʪʠ ʦʢʦ ʪʝ ʚʨʝʜʥʦʩʪʠ.  

ʄʦʜʠʬʠʢʘʮʠʿʦʤ ʦʩʥʦʚʥʦʛ ʟʘʢʦʥʘ ʜʦʙʠʿʘʿʫ ʩʝ ʚʝʨʟʠʿʝ ʢʦʿʝ ʫʩʧʝʚʘʿʫ ʜʘ ʜʝʣʦʤ ʤʠ-

ʥʠʤʠʟʫʿʫ ʧʨʦʙʣʝʤ ʘʣʠ ʛʘ ʥʝ ʫʩʧʘʚʘʿʫ ʝʣʠʤʠʥʠʩʘʪʠ. ʄʦʜʠʬʠʢʦʚʘʥʘ ʚʝʨʟʠʿʘ ʢʦʿʘ ʫʚʦʜʠ 

3 ʆʩʥʦʚʝ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ 
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ʿʦʰ ʿʝʜʘʥ ʥʠʚʦ ʫʧʨʘʚˀʘʯʢʝ ʧʨʦʤʝʥˀʠʚʝ ʤʦʞʝ ʩʝ ʚʠʜʝʪʠ ʥʘ ʩʣʠʮʠ 3.2 ʧʦʜ 2. ʄʦʜʠʬʠ-

ʢʦʚʘʥʘ ʚʝʨʟʠʿʘ ʩʘ ʭʠʩʪʝʨʝʟʠʩʦʤ ʢʦʜ ʢʦʿʝ ʫʧʨʘʚˀʘʯʢʘ ʧʨʦʤʝʥˀʠʚʘ ʟʘʚʠʩʠ ʦʜ ʧʨʝʪʭʦʜ-

ʥʠʭ ʚʨʝʜʥʦʩʪʠ ʛʨʝʰʢʝ ʧʨʠʢʘʟʘʥʘ ʿʝ ʥʘ ʩʣʠʮʠ 3.2 ʧʦʜ 3. 

e

u

e

u

e

u1) 2) 3)

 

ʉʣʠʢʘ 3.2 ʊʠʧʦʚʠ on-off ʨʝʛʫʣʘʪʦʨʘ 

3.2 ʇʀɼ ʟʘʢʦʥ ʫʧʨʘʚˀʘˁʘ 

ʈʘʟʣʦʛ ʟʘʰʪʦ on-off ʨʝʛʫʣʘʪʦʨ ʯʝʩʪʦ ʠʟʘʟʠʚʘ ʦʩʮʠʣʘʮʠʿʝ ʿʝ ʪʘʿ ʰʪʦ ʩʠʩʪʝʤ ʧʨʝʪʝ-

ʨʘʥʦ ʨʝʘʛʫʿʝ ʿʝʨ ˂ʝ ʤʘʣʘ ʧʨʦʤʝʥʘ ʫ ʛʨʝʰʮʠ ʫʯʠʥʠʪʠ ʜʘ ʩʝ ʫʧʨʘʚˀʘʯʢʘ ʧʨʦʤʝʥˀʠʚʘ 

ʧʨʦʤʝʥʠ ʫ ʮʝʣʦʤ ʦʧʩʝʛʫ.  

ʆʚʘʿ ʝʬʝʢʘʪ ʩʝ ʠʟʙʝʛʘʚʘ ʢʦʜ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦʛ ʫʧʨʘʚˀʘˁʘ ʛʜʝ ʿʝ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʨʝʛʫʣʘʪʦʨʘ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘ ʩʠʛʥʘʣʫ ʛʨʝʰʢʝ. ʇʨʦʧʦʨʮʠʦʥʘʣʥʠ ʨʝʛʫʣʘʪʦʨ ʫʚʦʜʠ ʧʦʙʦ-

ˀʰʘˁʝ ʢʦʿʝ ʩʝ ʦʛʣʝʜʘ ʫ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦʤ ʧʨʝʥʦʰʝˁʫ ʩʠʛʥʘʣʘ ʛʨʝʰʢʝ ʝ(t) ʥʘ ʠʟʣʘʟ 

u(t), ʧʨʝʤʘ ʠʟʨʘʟʫ 

όὸ ὑὩὸ ό (3.2) 

ʛʜʝ ʿʝ Kp ʧʦʿʘʯʘˁʝ a ub ʿ ʝ ʚʨʝʜʥʦʩʪ ʫʧʨʘʚˀʘˁʘ ʢʘʜ ʿʝ ʩʠʛʥʘʣ ʛʨʝʰʢʝ ʿʝʜʥʘʢ ʥʫʣʠ. ɺʨʝʜ-

ʥʦʩʪ ό ʩʝ ʯʝʩʪʦ ʧʦʩʪʘʚˀʘ ʥʘ ʫʥʘʧʨʝʜ ʟʘʜʘʪʫ ʘʣʠ ʩʝ ʤʦʞʝ ʠ ʧʦʜʝʩʠʪʠ ʪʘʢʦ ʜʘ ʚʨʝʜʥʦʩʪ 

ʛʨʝʰʢʝ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʙʫʜʝ ʿʝʜʥʘʢʘ ʥʫʣʠ ʟʘ ʜʘʪʫ ʨʝʬʝʨʝʥʮʫ. ɿʘ ʜʘʪʫ ʚʨʝʜʥʦʩʪ 

ʩʠʛʥʘʣʘ ʛʨʝʰʢʝ ʚʝʣʠʢʘ ʚʨʝʜʥʦʩʪ ʧʦʿʘʯʘˁʘ ʜʘʿʝ ʚʝʣʠʢʫ ʠ ʙʨʟʫ ʧʨʦʤʝʥʫ ʫ ʦʜʟʠʚʫ 

ʩʠʩʪʝʤʘ ʘʣʠ ʘʢʦ ʿʝ ʧʦʿʘʯʘˁʝ ʧʨʝʚʝʣʠʢʦ, ʩʠʩʪʝʤ ʤʦʞʝ ʧʦʩʪʘʪʠ ʥʝʩʪʘʙʠʣʘʥ. ʇʨʦʧʦʨʮʠ-

ʦʥʘʣʥʠ ʟʘʢʦʥ ʫʧʨʘʚˀʘˁʘ ʠʤʘ ʥʝʜʦʩʪʘʪʘʢ ʜʘ ʩʝ ʛʨʝʰʢʘ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ ʥʝ ʤʦʞʝ 

ʧʦʪʧʫʥʦ ʝʣʠʤʠʥʠʩʘʪʠ. 

ʀʥʪʝʛʨʘʣʥʠ ʟʘʢʦʥ ʫʧʨʘʚˀʘˁʘ ʜʘʿʝ ʩʠʛʥʘʣ ʫʧʨʘʚˀʘˁʘ ʩʨʘʟʤʝʨʘʥ ʘʢʫʤʫʣʠʨʘʥʠʤ 

ʚʨʝʜʥʦʩʪʠʤʘ ʩʠʛʥʘʣʘ ʛʨʝʰʢʝ ʠ ʜʘʪ ʿʝ ʩʣʝʜʝ˂ʠʤ ʠʟʨʘʟʦʤ 

όὸ
ὑ

Ὕ
Ὡ†Ὠ† (3.3) 

ʛʜʝ ʿʝ Ti ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʠʥʪʝʛʨʘˀʝˁʘ. ɱʘʩʥʦ ʿʝ ʜʘ ˂ʝ ʩʝ ʠʟʣʘʟ u(t) ʤʝˁʘʪʠ ʫ ʩʤʝʨʫ 

ʢʦʨʝʢʮʠʿʝ ʦʜʩʪʫʧʘˁʘ ʩʚʝ ʜʦʢ ʪʦ ʦʜʩʪʫʧʘˁʘ ʥʝ ʠʰʯʝʟʥʝ ʿʝʨ ʧʨʦʤʝʥʘ ʠʟʣʘʟʘ ʧʨʝʩʪʘʿʝ 

ʩʘʤʦ ʢʘʜʘ ʫʣʘʟ ʦʜʥʦʩʥʦ ʦʜʩʪʫʧʘˁʝ ʧʦʩʪʘʥʝ ʥʫʣʘ. ʇʨʦʤʝʥʘ ʠʟʣʘʟʘ ʩʠʩʪʝʤʘ ʥʠʿʝ ʚʠʰʝ 

ʪʨʝʥʫʪʥʘ, ʢʘʦ ʢʦʜ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦʛ ʟʘʢʦʥ ʫʧʨʘʚˀʘˁʘ, ʚʝ˂ ʧʦʩʪʫʧʥʘ. ʆʥʘ ʿʝ ʫʪʦʣʠʢʦ 

ʙʨʞʘ, ʫʢʦʣʠʢʦ ʿʝ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ Ti ʤʘʘˁ. 

ɿʙʦʛ ʜʠʥʘʤʠʢʝ ʧʨʦʮʝʩʘ ʧʦʪʨʝʙʥʦ ʿʝ ʥʝʢʦ ʚʨʝʤʝ ʧʨʝ ʥʝʛʦ ʰʪʦ ʧʨʦʤʝʥʘ ʩʠʛʥʘʣʘ 

ʫʧʨʘʚˀʘˁʘ ʙʫʜʝ ʧʨʠʤʝʪʥʘ ʥʘ ʠʟʣʘʟʫ ʩʠʩʪʝʤʘ ʦʜʥʦʩʥʦ ʫʧʨʘʚˀʘʯʢʠ ʩʠʩʪʝʤ ˂ʝ ʢʘʩʥʠʪʠ 

ʫ ʠʩʧʨʘʚˀʘˁʫ ʛʨʝʰʢʝ. ɸʢʮʠʿʘ ʨʝʛʫʣʘʪʦʨʘ ʩʘ ʧʨʦʧʦʨʮʠʦʥʘʣʥʠʤ ʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠʤ 

ʜʝʿʩʪʚʦʤ ʤʦʞʝ ʩʝ ʪʫʤʘʯʠʪʠ ʢʘʦ ʜʘ ʿʝ ʫʧʨʘʚˀʘˁʝ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ ʧʨʝʜʚʠʹʝʥʦʤ 
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ʩʠʛʥʘʣʫ ʛʨʝʰʢʝ. ʇʨʝʜʚʠʹʘˁʝ ʩʝ ʚʨʰʠ ʝʢʩʪʨʘʧʦʣʘʮʠʿʦʤ ʛʨʝʰʢʝ ʪʘʥʛʝʥʪʦʤ ʥʘ ʢʨʠʚʫ 

ʩʠʛʥʘʣʘ ʛʨʝʰʢʝ. ɼʠʬʝʨʝʥʮʠʿʘʣʥʠ ʟʘʢʦʥ ʫʧʨʘʚˀʘˁʘ ʿʝ ʜʘʪ ʠʟʨʘʟʦʤ 

όὸ ὑὝ
ὨὩὸ

Ὠὸ
 (3.4) 

ʛʜʝ ʿʝ Td ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʜʠʬʝʨʝʥʮʠʨʘˁʘ ʠ ʧʨʝʜʩʪʘʚˀʘ ʧʨʠʙʣʠʞʥʦ ʚʨʝʤʝ ʫ ʢʦʿʝʤ 

ʩʝ ʚʨʝʜʥʦʩʪ ʛʨʝʰʢʝ ʧʨʝʜʚʠʹʘ ʫʥʘʧʨʝʜ. 

ʂʦʤʙʠʥʫʿʫ˂ʠ ʧʨʦʧʦʨʮʠʦʥʘʣʥʠ, ʠʥʪʝʛʨʘʣʥʠ ʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ ʟʘʢʦʥ ʫʧʨʘʚˀʘˁʘ, 

ʜʦʙʠʿʘ ʩʝ ʟʘʢʦʥ ʫʧʨʘʚˀʘˁʘ ʢʦʿʠ ʛʣʘʩʠ 

όὸ ὑ Ὡὸ
ρ

Ὕ
Ὡ†Ὠ†Ὕ

ὨὩὸ

Ὠὸ
 (3.5) 

ʉʠʛʥʘʣ ʫʧʨʘʚˀʘˁʘ ʿʝ ʩʪʦʛʘ ʟʙʠʨ ʪʨʠ ʯʣʘʥʘ: ʇ-ʯʣʘʥʘ (ʢʦʿʠ ʿʝ ʧʨʦʧʦʨʮʠʦʥʘʣʘʥ ʩʠʛ-

ʥʘʣʫ ʛʨʝʰʢʝ), ʀ-ʯʣʘʥʘ (ʢʦʿʠ ʿʝ ʧʨʦʧʦʨʮʠʦʥʘʣʘʥ ʠʥʪʝʛʨʘʣʫ ʛʨʝʰʢʝ) ʠ ɼ-ʯʣʘʥʘ (ʢʦʿʠ ʿʝ 

ʧʨʦʧʦʨʮʠʦʥʘʣʘʥ ʠʟʚʦʜʫ ʩʠʛʥʘʣʘ ʛʨʝʰʢʝ). ʆʚʘʿ ʦʙʣʠʢ ʧʦʚʨʘʪʥʝ ʩʧʨʝʛʝ ʥʘʟʠʚʘ ʩʝ  

ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ-ʠʥʪʝʛʨʘʣʥʦ-ʜʠʬʝʨʝʥʮʠʿʘʣʥʠ (ʇʀɼ) ʟʘʢʦʥ ʫʧʨʘʚˀʘˁʘ ʠ ˁʝʛʦʚʦ ʜʝ-

ʣʦʚʘˁʝ ʿʝ ʠʣʫʩʪʨʦʚʘʥʦ ʥʘ ʩʣʠʮʠ 3.3. ʋ ʪʨʝʥʫʪʢʫ t1, ʧʨʦʧʦʨʮʠʦʥʘʣʥʠ ʯʣʘʥ ʟʘʚʠʩʠ ʦʜ 

ʪʨʝʥʫʪʥʝ ʚʨʝʜʥʦʩʪʠ ʛʨʝʰʢʝ. ʀʥʪʝʛʨʘʣʥʠ ʯʣʘʥ ʿ ʝ ʟʘʩʥʦʚʘʥ ʥʘ ʠʥʪʝʛʨʘʣʫ ʛʨʝʰʢʝ ʜʦ ʚʨʝ-

ʤʝʥʘ t1 (ʦʩʝʥʯʝʥʠ ʜʝʦ). ɼʠʬʝʨʝʥʮʠʿʘʣʥʠ ʯʣʘʥ ʧʨʫʞʘ ʧʨʦʮʝʥʫ ʚʨʝʜʥʦʩʪʠ ʛʨʝʰʢʝ ʫ ʪʨʝ-

ʥʫʪʢʫ t1 + Td [8]. 

ʝ

tt1 t1+Td

 

ʉʣʠʢʘ 3.3 ʀʣʫʩʪʨʘʮʠʿʘ ʨʘʜʘ ʇʀɼ ʟʘʢʦʥʘ ʫʧʨʘʚˀʘˁʘ 

ʇʀɼ ʟʘʢʦʥ ʫʧʨʘʚˀʘˁʘ ʜʘʪ ʠʟʨʘʟʦʤ 3.5 ʫ ʢʦʤʧʣʝʢʩʥʦʤ ʜʦʤʝʥʫ ʠʤʘ ʦʙʣʠʢ 

Ὗί ὑ ρ
ρ

ίὝ
ίὝ Ὁί (3.6) 

ʢʦʠʿ ʩʝ ʥʘʟʠʚʘ ʩʪʘʥʜʘʨʜʥʘ ʬʦʨʤʘ.  

ʇʘʨʘʣʝʣʥʘ ʬʦʨʤʘ ʿʝ ʜʘʪʘ ʠʟʨʘʟʦʤ 

Ὗί Ὧ
Ὧ

ί
ίὯ Ὁί (3.7) 

ʛʜʝ ʿʝ kp=Kp, ki=Kp/Ti, ʘ kd=KpTd. ʆʚʘʢʚʘ ʨʝʧʨʝʟʝʥʪʘʮʠʿʘ ʠʤʘ ʧʨʝʜʥʦʩʪ ʿʝʨ ʿʝ ʤʦʛʫ˂ʝ ʜʦ-

ʙʠʪʠ ʯʠʩʪʦ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ, ʠʥʪʝʛʨʘʣʥʦ ʠʣʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦ ʜʝʿʩʪʚʦ ʢʦʥʘʯʥʠʤ ʚʨʝʜ-

ʥʦʩʪʠʤʘ ʧʘʨʘʤʝʪʘʨʘ. ʄʝʹʫʪʠʤ, ʧʘʨʘʤʝʪʨʠ ʥʝʤʘʿʫ ʬʠʟʠʯʢʫ ʨʝʧʨʝʟʝʥʪʘʮʠʿʫ ʢʘʦ ʢʦʜ ʩʪʘ-

ʥʜʘʨʜʥʝ ʬʦʨʤʝ. 
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3.3 ʄʦʜʠʬʠʢʦʚʘʥʠ ʇʀɼ 

ʇʀɼ ʨʝʛʫʣʘʪʦʨ ʢʦʿʠ ʩʝ ʟʘʧʨʘʚʦ ʢʦʨʠʩʪʠ ʫ ʧʨʘʢʩʠ ʩʘʜʨʞʠ ʥʝʢʦʣʠʢʦ ʤʦʜʠʬʠʢʘʮʠʿʘ 

ʢʦʿʝ ʩʫ ʫʩʣʦʚˀʝʥʝ ʧʨʘʢʪʠʯʥʠʤ ʧʨʦʙʣʝʤʠʤʘ. ʋ ʥʘʩʪʘʚʢʫ ʩʫ ʜʘʪʠ ʥʘʿʯʝʰ˂ʠ ʧʨʦʙʣʝʤʠ ʠ 

ʤʦʜʠʬʠʢʘʮʠʿʝ ʢʦʿʝ ʠʭ ʫʩʧʝʰʥʦ ʨʝʰʘʚʘʿʫ.  

3.3.1 ʌʠʣʪʨʠʨʘˁʝ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦʛ ʜʝʿʩʪʚʘ 

ʅʝʜʦʩʪʘʪʘʢ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦʛ ʜʝʿʩʪʚʘ ʿʝ ʪʦ ʰʪʦ ʠʜʝʘʣʘʥ ʠʟʚʦʜ ʠʤʘ ʚʝʦʤʘ ʚʠʩʦʢʦ 

ʧʦʿʘʯʘˁʝ ʟʘ ʚʠʩʦʢʦʬʨʝʢʚʝʥʪʥʝ ʩʠʛʥʘʣʝ. ʊʦ ʟʥʘʯʠ ʜʘ ˂ʝ ʰʫʤ ʤʝʨʝˁʘ ʚʠʩʦʢʝ ʬʨʝʢʚʝʥ-

ʮʠʿʝ ʛʝʥʝʨʠʩʘʪʠ ʚʝʣʠʢʝ ʚʘʨʠʿʘʮʠʿʝ ʩʠʛʥʘʣʘ ʫʧʨʘʚˀʘˁʘ. ɽʬʝʢʘʪ ʰʫʤʘ ʤʝʨʝˁʘ ʤʦʞʝ ʩʝ 

ʫ ʠʟʚʝʩʥʦʿ ʤʝʨʠ ʩʤʘˁʠʪʠ ʧʨʠʤʝʥʦʤ ʥʠʩʢʦʧʨʦʧʫʩʥʦʛ ʬʠʣʪʝʨʘ ʫ ʦʢʚʠʨʫ ʜʠʬʝʨʝʥʮʠʿʘʣ-

ʥʦʛ ʜʝʿʩʪʚʘ ʜʘʪʦʛ ʠʟʨʘʟʦʤ 

Ὗί ὑ
ίὝ

ρ ί
Ὕ
ὔ

Ὁί (3.8) 

ʀʜʝʘʣʥʠ ʠʟʚʦʜ ʩʝ ʬʠʣʪʨʠʨʘ ʩʠʩʪʝʤʦʤ ʧʨʚʦʛ ʨʝʜʘ ʩʘ ʚʨʝʤʝʥʩʢʦʤ ʢʦʥʩʪʘʥʪʦʤ Td/N. ʆʚʘ 

ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʜʝʣʫʿʝ ʢʘʦ ʠʟʚʦʜ ʟʘ ʥʠʩʢʦʬʨʝʢʚʝʥʪʥʝ ʢʦʤʧʦʥʝʥʪʝ ʩʠʛʥʘʣʘ, ʜʦʢ ʩʝ ʰʫʤ 

ʤʝʨʝˁʘ ʚʠʩʦʢʠʭ ʬʨʝʢʚʝʥʮʠʿʘ ʧʦʿʘʯʘʚʘ ʥʘʿʚʠʰʝ ʟʘ ʬʘʢʪʦʨ KN. ʊʠʧʠʯʥʝ ʚʨʝʜʥʦʩʪʠ N ʩʫ 

ʦʜ 2 ʜʦ 20 ψ.  

ɿʘʢʦʥ ʫʧʨʘʚˀʘˁʘ ʫ ʢʦʤʧʣʝʢʩʥʦʤ ʜʦʤʝʥʫ ʧʨʠʢʘʟʘʥ ʫ ʠʟʨʘʟʫ 3.6 ʢʘʜʘ ʩʝ ʧʨʠʤʝʥʠ 

ʬʠʣʪʨʠʨʘˁʝ ʧʦʩʪʘʿʝ 

Ὗί ὑ ρ
ρ

ίὝ

ίὝ

ρ ί
Ὕ
ὔ

Ὁί (3.9) 

3.3.2 ʇʀɼ ʩʘ ʜʚʘ ʩʪʝʧʝʥʘ ʩʣʦʙʦʜʝ 

ʋʧʨʘʚˀʘʯʢʠ ʩʠʩʪʝʤʠ ʪʨʝʙʘ ʜʘ ʟʘʜʦʚʦˀʝ ʨʘʟʣʠʯʠʪʝ ʟʘʭʪʝʚʝ ʦʜʥʦʩʥʦ ʜʘ ʠʤʘʿʫ ʦʜʛʦ-

ʚʘʨʘʿʫ˂ʠ ʦʜʟʠʚ ʥʘ ʧʨʦʤʝʥʫ ʟʘʜʘʪʝ ʚʨʝʜʥʦʩʪʠ ʢʘʦ ʠ ʜʘ ʠʤʘʿʫ ʝʣʠʤʠʥʘʮʠʿʫ ʧʦʨʝʤʝ˂ʘʿʘ ʠ 

ʧʦʪʠʩʢʠʚʘˁʝ ʰʫʤʘ ʤʝʨʝˁʘ. ʈʝʛʫʣʘʪʦʨʠ ʢʦʿʠ ʫʧʨʘʚˀʘʯʢʠ ʩʠʛʥʘʣ ʜʦʙʠʿʘʿʫ ʩʘʤʦ ʥʘ 

ʦʩʥʦʚʫ ʩʠʛʥʘʣʘ ʛʨʝʰʢʝ, ʧʦʢʫʰʘʚʘʿʫ˂ʠ ʜʘ ʥʘ ʪʘʿ ʥʘʯʠʥ ʟʘʜʦʚʦˀʝ ʩʚʝ ʧʦʤʝʥʫʪʝ ʟʘʭʪʝʚʝ, 

ʥʘʟʠʚʘʿʫ ʩʝ ʨʝʛʫʣʘʪʦʨʠʤʘ ʩʘ ʿʝʜʥʠʤ ʩʪʝʧʝʥʦʤ ʩʣʦʙʦʜʝ (ʉʣʠʢʘ 3.1). ʂʘʢʦ ʙʠ ʩʝ ʤʦʛʣʦ 

ʫʪʠʮʘʪʠ ʧʦʩʝʙʥʦ ʥʘ ʦʜʟʠʚ ʩʠʩʪʝʤʘ ʥʘ ʧʨʦʤʝʥʫ ʟʘʜʘʪʝ ʚʨʝʜʥʦʩʪʠ ʘ ʧʦʩʝʙʥʦ ʥʘ ʦʜʟʠʚ ʥʘ 

ʧʦʨʝʤʝ˂ʘʿ ʧʦʪʨʝʙʥʦ ʿʝ ʤʦʜʠʬʠʢʦʚʘʪʠ ʩʪʘʥʜʘʨʜʥʫ ʫʧʨʘʚˀʘʯʢʫ ʩʪʨʫʢʪʫʨʫ.  

ʄʦʜʠʬʠʢʦʚʘʥʘ ʚʝʨʟʠʿʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʩʘ ʜʚʘ ʩʪʝʧʝʥ ʩʣʦʙʦʜʝ ʿʝ ʧʨʚʠ ʧʫʪ ʫʚʝʜʝʥʘ 

ʫ [57]. ɿʘ ʩʠʩʪʝʤ ʩʝ ʢʘʞʝ ʜʘ ʠʤʘ ʜʚʘ ʩʪʝʧʝʥʘ ʩʣʦʙʦʜʝ ʿʝʨ ʿʝ ʧʫʪʘˁʘ ʩʠʛʥʘʣʘ ʦʜ ʟʘʜʘʪʝ 

ʚʨʝʜʥʦʩʪʠ ʜʦ ʫʧʨʘʚˀʘʯʢʦʛ ʩʠʛʥʘʣʘ ʨʘʟʣʠʯʠʪʘ ʦʜ ʧʫʪʘˁʝ ʩʠʛʥʘʣʘ ʦʜ ʤʝʨʝʥʝ ʚʨʝʜʥʦʩʪʠ 

ʜʦ ʫʧʨʘʚˀʘʯʢʦʛ ʩʠʛʥʘʣʘ.  

ʇʦʩʪʦʿʠ ʤʥʦʛʦ ʤʦʛʫ˂ʠʭ ʢʦʥʬʠʛʫʨʘʮʠʿʘ ʩʠʩʪʝʤʘ ʩʘ ʜʚʘ ʩʪʝʧʝʥʘ ʩʣʦʙʦʜʝ ʘ ʿʝʜʘʥ ʦʜ 

ˁʠʭ ʿʝ ʜʘʪ ʠʟʨʘʟʦʤ 

όὸ ὑ Ὡ ὸ
ρ

Ὕ
Ὡ†Ὠ†Ὕ

ὨὩ ὸ

Äὸ
 (3.10) 

ʛʜʝ ʿʝ ʛʨʝʰʢʘ ʫ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦʤ ʯʣʘʥʫ  

Ὡ ὸ ὦὶὸ ώὸ (3.11) 
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ʘ ʛʨʝʰʢʘ ʫ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦʤ ʯʣʘʥʫ  

Ὡ ὸ ὧὶὸ ώὸ (3.12) 

ʜʦʢ ʿʝ ʛʨʝʰʢʘ ʫ ʠʥʪʝʛʨʘʣʥʦʤ ʯʣʘʥʫ ʧʨʘʚʠ ʩʠʛʥʘʣ ʛʨʝʰʢʝ  

Ὡὸ ὶὸ ώὸ (3.13) 

ʢʘʢʦ ʙʠ ʩʝ ʠʟʙʝʛʣʘ ʛʨʝʰʢʘ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ.  

ʇʘʨʘʤʝʪʨʠ b ʠ c ʩʝ ʥʘʟʠʚʘʿʫ ʪʝʞʠʥʩʢʠ ʬʘʢʪʦʨʠ ʟʘʜʘʪʝ ʚʨʝʜʥʦʩʪʠ. ʆʥʠ ʥʝʤʘʿʫ ʫʪʠ-

ʮʘʿʘ ʥʘ ʦʜʟʠʚ ʩʠʩʪʝʤʘ ʥʘ ʧʦʨʝʤʝ˂ʘʿ, ʘʣʠ ʠʤʘʿʫ ʟʥʘʯʘʿʘʥ ʫʪʠʮʘʿ ʥʘ ʦʜʟʠʚ ʩʠʩʪʝʤʘ ʥʘ 

ʧʨʦʤʝʥʝ ʟʘʜʘʪʝ ʚʨʝʜʥʦʩʪʠ. ɿʘ ʚʨʝʜʥʦʩʪ ʪʝʞʠʥʩʢʦʛ ʬʘʢʪʦʨʘ ὧ ʩʝ ʦʙʠʯʥʦ ʫʩʚʘʿʘ ʥʫʣʘ 

ʦʩʠʤ ʢʘʜ ʿʝ ʧʨʦʤʝʥʘ ʟʘʜʘʪʝ ʚʨʝʜʥʦʩʪʠ ʛʣʘʪʢʘ ʦʜʥʦʩʥʦ ʧʦʩʪʝʧʝʥʘ. ʊʝʞʠʥʩʢʠ ʬʘʢʪʦʨ b 

ʩʝ ʙʠʨʘ ʥʘ ʦʩʥʦʚʫ ʧʨʦʮʝˁʝʥʠʭ ʚʨʝʤʝʥʩʢʠʭ ʢʦʥʩʪʘʥʪʠ ʩʠʩʪʝʤʘ ʢʦʿʠʤ ʩʝ ʫʧʨʘʚˀʘ [6]. 

ʇʀɼ ʟʘʢʦʥʘ ʫʧʨʘʚˀʘˁʘ ʩʘ ʜʚʘ ʩʪʝʧʝʥʘ ʩʣʦʙʦʜʝ ʫ ʢʦʤʧʣʝʢʩʥʦʤ ʜʦʤʝʥʫ ʘʢʦ ʩʝ 

ʫʩʚʦʿʠ ʟʘ c ʚʨʝʜʥʦʩʪ ʥʫʣʘ ʿʝ ʜʘʪ ʠʟʨʘʟʦʤ 

Ὗί ὑ ὦὙί ὣί
ρ

ίὝ
Ὑί ὣί ίὝὣί

ὑ ὦ
ρ

ίὝ
Ὑί ὑ ρ

ρ

ίὝ
ίὝ ὣί 

(3.14) 

ʇʨʝʪʭʦʜʥʠ ʠʟʨʘʟ ʩʝ ʤʦʞʝ ʧʨʝʜʩʪʘʚʠʪʠ ʩʪʨʫʢʪʫʨʥʠʤ ʙʣʦʢ ʜʠʿʘʛʨʘʤʦʤ ʧʨʝʜʩʪʘʚˀʝ-

ʥʠʤ ʥʘ ʩʣʠʮʠ 3.4 ʛʜʝ ʚʘʞʠ 

Ὃ ί ὑ ὦ
ρ

ίὝ
 (3.15) 

ʦʜʥʦʩʥʦ 

Ὃ ὑ ρ
ρ

ίὝ
ίὝ  (3.16) 

Proces

-
+

r yu
Gr

Gy

ʇʨʦʮʝʩ

ʇʀɼ ʩʘ ʜʚʘ ʩʪʝʧʝʥʘ ʩʣʦʙʦʜʝ

 

ʉʣʠʢʘ 3.4 ʉʠʩʪʝʤ ʩʘ ʜʚʘ ʩʪʝʧʝʥʘ ʩʣʦʙʦʜʝ 

3.3.3 ʇʀɼ ʩʘ anti-windup ʜʝʿʩʪʚʦʤ  

ʉʚʠ ʘʢʪʫʘʪʦʨʠ ʠʤʘʿʫ ʦʛʨʘʥʠʯʝˁʘ ʧʦʧʫʪ ʚʝʥʪʠʣʘ ʢʦʿʠ ʥʝ ʤʦʞʝ ʜʘ ʙʫʜʝ ʚʠʰʝ ʦʜ 

ʧʦʪʧʫʥʦ ʟʘʪʚʦʨʝʥʦʛ ʠʣʠ ʧʦʪʧʫʥʦ ʦʪʚʦʨʝʥʦʛ ʠʣʠ ʤʦʪʦʨʘ ʢʦʿʠ ʥʝ ʤʦʞʝ ʜʘ ʠʤʘ ʚʝ˂ʫ 

ʙʨʟʠʥʫ ʦʜ ʥʦʤʠʥʘʣʥʝ. ʂʦʜ ʧʨʦʮʝʩʘ ʢʦʿʠʤ ʩʝ ʫʧʨʘʚˀʘ ʧʦʤʦ˂ʫ ʨʝʛʫʣʘʪʦʨʘ ʢʦʿʠ ʠʤʘ 

ʠʥʪʝʛʨʘʣʥʦ ʜʝʿʩʪʚʦ ʤʦʞʝ ʩʝ ʜʝʩʠʪʠ ʜʘ ʩʠʛʥʘʣ ʫʧʨʘʚˀʘˁʘ ʩʪʠʛʥʝ ʜʦ ʛʨʘʥʠʮʝ ʘʢʪʫʘʪʦʨʘ. 

ʉʠʛʥʘʣ ʛʨʝʰʢʝ ˂ʝ ʥʘʩʪʘʚʠʪʠ ʜʘ ʩʝ ʠʥʪʝʛʨʘʣʠ ʠ ʩʘ ʜʘˀʠʤ ʧʦʨʘʩʪʦʤ ʜʦ˂ʠ ˂ʝ ʜʦ ʝʬʝʢʪʘ 
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integrator windup. ɼʘˀʘ ʧʨʦʤʝʥʘ ʛʨʝʰʢʝ ʥʘ ʥʝʢʦ ʚʨʝʤʝ ʥʝ˂ʝ ʧʨʘʚʠʣʥʦ ʫʪʠʮʘʪʠ ʥʘ ʩʠʛ-

ʥʘʣ ʫʧʨʘʚˀʘˁʘ ʩʚʝ ʜʦʢ ʛʨʝʰʢʘ ʥʝ ʧʨʦʤʝʥʠ ʟʥʘʢ ʠ ʜʦʢ ʩʝ ʥʝ ʧʦʥʠʰʪʠ ʧʨʝʙʘʯʘʿ ʩʠʛʥʘʣ 

ʫʧʨʘʚˀʘˁʘ ʧʨʝʢʦ ʦʧʩʝʛʘ ʘʢʪʫʘʪʦʨʘ. 

ʅʘ ʩʣʠʮʠ 3.5 ʧʨʠʢʘʟʘʥ ʿʝ ʙʣʦʢ ʜʠʿʘʛʨʘʤ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʩʘ anti-windup ʜʝʿʩʪʚʦʤ. 

ʉʠʩʪʝʤ ʠʤʘ ʜʦʜʘʪʥʫ ʧʦʚʨʘʪʥʫ ʩʧʨʝʛʫ ʫ ʚʠʜʫ ʤʝʨʝˁʘ ʩʪʚʘʨʥʦʛ ʠʟʣʘʟʘ ʘʢʪʫʘʪʦʨʘ ʠʣʠ 

ʠʟʣʘʟʘ ʤʘʪʝʤʘʪʠʯʢʦʛ ʤʦʜʝʣʘ ʘʢʪʫʘʪʦʨʘ ʩʘ ʦʛʨʘʥʠʯʝˁʠʤʘ. ʅʘ ʦʚʘʿ ʥʘʯʠʥ ʩʝ ʬʦʨʤʠʨʘ 

ʩʠʛʥʘʣ ʛʨʝʰʢʝ es ʢʘʦ ʨʘʟʣʠʢʘ ʠʟʤʝʹʫ ʩʠʛʥʘʣʘ ʫʧʨʘʚˀʘˁʘ ur ʠ ʠʟʣʘʟʘ ʠʟ ʤʦʜʝʣʘ ʘʢʪʫʘ-

ʪʦʨʘ u. ʉʠʛʥʘʣ es ʩʝ ʜʦʚʦʜʠ ʥʘ ʫʣʘʟ ʠʥʪʝʛʨʘʪʦʨʘ ʧʨʝʢʦ ʧʦʿʘʯʘˁʘ 1/Tt. ʉʠʛʥʘʣ es ʿʝ ʥʫʣʘ 

ʢʘʜʘ ʿʝ ʩʠʛʥʘʣ ʫʧʨʘʚˀʘˁʘ ʫ ʛʨʘʥʠʮʘʤʘ ʤʦʜʝʣʘ ʘʢʪʫʘʪʦʨʘ ʠ ʥʝ˂ʝ ʠʤʘʪʠ ʥʠʢʘʢʚʦʛ ʫʪʠ-

ʮʘʿʘ ʥʘ ʥʦʨʤʘʣʘʥ ʨʘʜ ʨʝʛʫʣʘʪʦʨʘ. ʂʘʜʘ ʩʠʛʥʘʣ ʫʧʨʘʚˀʘˁʘ ʧʨʝʢʦʨʘʯʠ ʛʨʘʥʠʮʝ ʤʦʜʝʣʘ 

ʘʢʪʫʘʪʦʨʘ, ʩʠʛʥʘʣ es ˂ʝ ʫʟʝʪʠ ʚʨʝʜʥʦʩʪ ʪʦʛ ʧʨʝʢʦʨʘʯʝˁʘ. ɼʦʙʠʿʝʥʘ ʚʨʝʜʥʦʩʪ ˂ʝ ʙʠʪʠ 

ʠʩʢʦʨʠʰ˂ʝʥʘ ʢʘʢʦ ʙʠ ʩʝ ʢʦʨʠʛʦʚʘʦ ʠʥʪʝʛʨʘʣʥʠ ʯʣʘʥ ʠ ʩʧʨʝʯʠʦ ʝʬʝʢʘʪ integrator 

windup. ʆʜʥʦʩʥʦ, ʩʠʛʥʘʣ ʫʧʨʘʚˀʘˁʘ ˂ʝ ʙʠʪʠ ʦʛʨʘʥʠʯʝʥ ʥʘ ʚʨʝʜʥʦʩʪʠ ʦʛʨʘʥʠʯʝˁʘ ʤʦ-

ʜʝʣʘ ʘʢʪʫʘʪʦʨʘ. ɺʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ Tt ʪʨʝʙʘ ʜʘ ʙʫʜʝ ʚʝ˂ʘ ʦʜ Td ʘ ʤʘˁʘ ʦʜ Ti ʦʜʥʦʩʥʦ 

ʧʨʝʜʣʘʞʝ ʩʝ ʚʨʝʜʥʦʩʪ ὝὝ [8]. 

+
+

e ur

ʄʦʜʝʣ ʘʢʪʫʘʪʦʨʘ

+
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u

+

+
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ʉʣʠʢʘ 3.5 ʇʀɼ ʩʘ anti-windup ʜʝʿʩʪʚʦʤ 

3.4 ɼʠʩʢʨʝʪʥʠ ʇʀɼ  

ɿʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʥʘ ʜʠʛʠʪʘʣʥʦʤ ʨʘʯʫʥʘʨʫ ʟʘʢʦʥʘ ʫʧʨʘʚˀʘˁʘ ʜʝʬʠʥʠʩʘʥʦʛ ʫ 

ʢʦʥʪʠʥʫʘʣʥʦʤ ʜʦʤʝʥʫ, ʢʘʦ ʰʪʦ ʿʝ ʇʀɼ ʨʝʛʫʣʘʪʦʨ, ʧʦʪʨʝʙʥʦ ʿʝ ʘʧʨʦʢʩʠʤʠʨʘʪʠ ʠʟʚʦʜ ʠ 

ʠʥʪʝʛʨʘʣ ʢʦʿʠ ʩʝ ʧʦʿʘʚˀʫʿʫ ʫ ʟʘʢʦʥʫ ʫʧʨʘʚˀʘˁʘ.  

ʇʦʣʘʟʝ˂ʠ ʦʜ ʪʦʛʘ ʜʘ ʿʝ T ʚʨʝʤʝ ʦʜʘʙʠʨʘˁʘ ʧʦʩʪʦʿʠ ʥʝʢʦʣʠʢʦ ʤʦʛʫ˂ʠʭ ʤʝʪʦʜʘ 

ʘʧʨʦʢʩʠʤʘʮʠʿʝ [58]. ɱʝʜʥʘ ʦʜ ʤʝʪʦʜʘ ʿʝ ʜʠʬʝʨʝʥʮʠʨʘˁʝ ʫʥʘʟʘʜ (backward difference) 

ʢʦʜ ʢʦʿʝ ʩʝ ʠʟʚʦʜ ʘʧʨʦʢʩʠʤʠʨʘ ʨʘʟʣʠʢʦʤ ʠʟʤʝʹʫ ʦʜʙʠʨʢʘ ʫ ʪʨʝʥʫʪʢʫ kT ʠ ʦʜʙʠʨʢʘ ʫ 

ʧʨʝʪʭʦʜʥʦʤ ʪʨʝʥʫʪʢʫ (k-1)T 

Ὠώὸ

Ὠὸ

ώὯὝ ώὯὝ Ὕ

Ὕ
 (3.17) 

ʉʘ ʜʨʫʛʝ ʩʪʨʘʥʝ ʢʦʜ ʤʝʪʦʜʝ ʜʠʬʝʨʝʥʮʠʨʘˁʘ ʫʥʘʧʨʝʜ (forward difference) ʠʟʚʦʜ ʩʝ 

ʘʧʨʦʢʩʠʤʠʨʘ ʨʘʟʣʠʢʦʤ ʠʟʤʝʹʫ ʦʜʙʠʨʢʘ ʫ ʪʨʝʥʫʮʠʤʘ (k+1)T ʠ kT 

Ὠώὸ

Ὠὸ

ώὯὝ Ὕ ώὯὝ

Ὕ
 (3.18) 
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ʋʢʦʣʠʢʦ ʿʝ ʩʠʩʪʝʤ ʟʘʜʘʪ ʫ ʢʦʤʧʣʝʢʩʥʦʤ ʜʦʤʝʥʫ, ʪʘʜʘ ʩʝ ʤʦʞʝ ʜʠʨʝʢʪʥʦ ʫʚʝʩʪʠ 

ʩʤʝʥʘ ʢʦʤʧʣʝʢʩʥʝ ʧʨʦʤʝʥˀʠʚʝ ί [59] ʥʘ ʥʝʢʠ ʦʜ ʩʣʝʜʝ˂ʠʭ ʥʘʯʠʥʘ 

¶ ɼʠʬʝʨʝʥʮʠʨʘˁʝ ʫʥʘʟʘʜ (backward difference) 

ί
ᾀ ρ

ᾀὝ
 (3.19) 

¶ ɼʠʬʝʨʝʥʮʠʨʘˁʝ ʫʥʘʧʨʝʜ (forward difference) 

ί
ᾀ ρ

Ὕ
 (3.20) 

¶ ʎʝʥʪʨʘʣʥʘ ʨʘʟʣʠʢʘ ʠʣʠ ʊʫʩʠʪʠʥʦʚʘ ʤʝʪʦʜʘ 

ί
ς

Ὕ

ᾀ ρ

ᾀ ρ
 (3.21) 

ɻʝʥʝʨʘʣʥʦ ʧʦʩʪʦʿʝ ʤʘʣʝ ʨʘʟʣʠʢʝ ʠʟʤʝʹʫ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʟʘ ʤʘʣʝ ʚʨʝʜʥʦʩʪʠ ʧʝʨʠʦʜʝ 

ʦʜʘʙʠʨʘˁʘ T ʩʚʝ ʜʦʢ ʿ ʝ ʜʦʙʠʿʝʥʠ ʜʠʩʢʨʝʪʥʠ ʩʠʩʪʝʤ ʩʪʘʙʠʣʘʥ. ɿʙʦʛ ʧʨʘʢʪʠʯʥʠʭ ʨʘʟʣʦʛʘ 

ʢʘʢʦ ʙʠ ʩʝ ʤʦʛʣʦ ʠʩʢˀʫʯʠʪʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦ ʜʝʿʩʪʚʦ ʢʦʜ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʥʘʿʙʦˀʠ 

ʠʟʙʦʨ ʟʘ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʿʝ ʤʝʪʦʜʘ ʜʠʬʝʨʝʥʮʠʨʘˁʘ ʫʥʘʟʘʜ ʢʦʿʘ ʜʘʿʝ ʩʪʘʙʠʣʘʥ ʩʠʩʪʝʤ ʟʘ 

Td=0 ʟʘ ʨʘʟʣʠʢʫ ʦʜ ʧʨʝʦʩʪʘʣʝ ʜʚʝ ʤʝʪʦʜʝ [8]. 

ʂʦʨʠʰ˂ʝˁʝʤ ʤʝʪʦʜʝ ʘʧʨʦʢʩʠʤʘʮʠʿʝ ʫʥʘʟʘʜ, ʜʠʩʢʨʝʪʠʟʦʚʘʥʘ ʚʝʨʟʠʿʘ ʇʀɼ ʟʘʢʦʥʘ 

ʫʧʨʘʚˀʘˁʘ ʫ ʠʟʨʘʟʫ 3.9, ʧʦʩʪʘʿʝ 

Ὗᾀ ὑ ρ
Ὕ

ρ ᾀ Ὕ

Ὕ ρ ᾀ

Ὕ
Ὁᾀ (3.22) 

ʦʜʥʦʩʥʦ 

Ὗᾀ ρ ᾀ ὑ ρ ᾀ Ὁᾀ
ὑὝ

Ὕ
Ὁᾀ

ὑὝ

Ὕ
ρ ᾀ Ὁᾀ (3.23) 

ʇʦʩʣʝʜˁʠ ʠʟʨʘʟ ʩʝ ʤʦʞʝ ʟʘʧʠʩʘʪʠ ʫ ʦʙʣʠʢʫ ʜʠʬʝʨʝʥʮʥʝ ʿʝʜʥʘʯʠʥʝ ʢʦʿʘ ʧʨʝʜ-

ʩʪʘʚˀʘ ʠʥʢʨʝʤʝʥʪʘʣʥʠ ʇʀɼ ʟʘʢʦʥ ʫʧʨʘʚˀʘˁʘ 

όὯ όὯ ρ ὑ ὩὯ ὩὯ ρ
ὑὝ

Ὕ
ὩὯ

ὑὝ

Ὕ
ὩὯ ςὩὯ ρ ὩὯ ς  

(3.24) 

ɼʠʩʢʨʝʪʠʟʦʚʘʥʘ ʚʝʨʟʠʿʘ ʟʘʢʦʥʘ ʫʧʨʘʚˀʘˁʘ ʩʘ ʜʚʘ ʩʪʝʧʝʥʘ ʩʣʦʙʦʜʝ ʧʨʠʢʘʟʘʥʦʛ ʫ 

ʠʟʨʘʟʫ 3.14 ʩʝ ʜʦʙʠʿʘ ʥʘ ʠʩʪʠ ʥʘʯʠʥ ʠ ʛʣʘʩʠ 

όὯ όὯ ρ ὑ ὦὶὯ ώὯ ὦὶὯ ρ ώὯ ρ
ὑὝ

Ὕ
ὶὯ ώὯ

ὑὝ

Ὕ
ώὯ ςώὯ ρ ώὯ ς  

(3.25) 

3.5 ʀʩʪʦʨʠʿʩʢʠ ʧʨʝʛʣʝʜ ʨʘʟʚʦʿʘ 

ʊʝʭʥʦʣʦʛʠʿʘ ʢʦʿʘ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʨʝʛʫʣʘʪʦʨʘ ʩʝ ʧʨʠʨʦʜʥʦ ʟʥʘʯʘʿʥʦ 

ʧʨʦʤʝʥʠʣʘ ʪʦʢʦʤ ʛʦʜʠʥʘ. ʇʨʚʠ ʨʝʛʫʣʘʪʦʨʠ ʩʫ ʙʠʣʠ ʤʝʭʘʥʠʯʢʠ ʫʨʝʹʘʿʠ ʧʦʧʫʪ ʮʝʥʪʨʠ-

ʬʫʛʘʣʥʠʭ ʨʝʛʫʣʘʪʦʨʘ ʢʦʿʠ ʩʫ ʩʝ ʢʦʨʠʩʪʠʣʠ ʧʨʚʝʥʩʪʚʝʥʦ ʟʘ ʫʧʨʘʚˀʘˁʝ ʤʣʠʥʦʚʠʤʘ ʧʦ-

ʛʦˁʝʥʠʭ ʚʝʪʨʦʤ ʠ ʧʘʨʥʠʤ ʤʘʰʠʥʘʤʘ. ʄʝʨʝˁʝ ʫʛʘʦʥʝ ʙʨʟʠʥʝ ʿʝ ʢʦʤʙʠʥʦʚʘʥʦ ʩʘ 
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ʘʢʪʫʘʪʦʨʦʤ ʧʦʧʫʪ ʚʝʥʪʠʣʘ. ʋ ʛʦʜʠʥʘʤʘ ʢʦʿʝ ʩʫ ʩʣʝʜʠʣʝ ʥʘʯʠˁʝʥʘ ʩʫ ʤʥʦʛʘ ʫʥʘʧʨʝʹʝˁʘ 

ʦʚʦʛ ʩʠʩʪʝʤʘ ʧʦʧʫʪ ʠʥʪʝʛʨʘʣʥʝ ʘʢʮʠʿʝ ʢʦʿʘ ʿʝ ʦʤʦʛʫ˂ʘʚʘʣʘ ʥʫʣʪʫ ʛʨʝʰʢʫ ʫ ʫʩʪʘˀʝʥʦʤ 

ʩʪʘˁʫ [60]. 

ʈʘʟʚʦʿ ʨʝʛʫʣʘʪʦʨʘ ʿʝ ʙʠʦ ʫʩʢʦ ʧʦʚʝʟʘʥ ʩʘ ʨʘʟʚʦʿʝʤ ʩʝʥʟʦʨʘ ʠ ʘʢʪʫʘʪʦʨʘ ʩʚʝ ʜʦ ʧʦ-

ʯʝʪʢʘ ʧʨʦʰʣʦʛ ʚʝʢʘ ʢʘʜʘ ʿʝ ʜʦʰʣʦ ʜʦ ʟʥʘʯʘʿʥʠʭ ʧʨʦʤʝʥʘ ʫ ʚʝʟʠ ʩʘ ʨʘʟʚʦʿʝʤ ʫʧʨʘʚˀʘˁʘ 

ʠʥʜʫʩʪʨʠʿʩʢʠʤ ʧʨʦʮʝʩʠʤʘ. ʊʘʜʘʰˁʝ ʚʝʣʠʢʝ ʢʦʤʧʘʥʠʿʝ ʟʘ ʧʨʦʠʟʚʦʜˁʫ ʤʝʨʥʦ-ʨʝʛʫʣʘ-

ʮʠʦʥʝ ʦʧʨʝʤʝ ʩʫ ʥʝʟʘʚʠʩʥʦ ʨʘʜʠʣʝ ʥʘ ʫʥʘʧʨʝʹʝˁʫ ʩʚʦʿʠʭ ʨʝʛʫʣʘʪʦʨʘ ʥʘ ʦʩʥʦʚʫ ʨʝʘʣ-

ʥʠʭ ʧʨʦʙʣʝʤʘ ʢʦʿʠ ʩʫ ʩʝ ʿʘʚˀʘʣʠ ʧʨʠʣʠʢʦʤ ʠʤʧʣʝʤʝʥʪʘʮʠʿʠ ʠʩʪʠʭ. ɿʘʪʠʤ ʩʫ ʨʘʟʜʚʦ-

ʿʝʥʝ ʬʫʥʢʮʠʿʝ ʩʝʥʟʦʨʘ, ʨʝʛʫʣʘʪʦʨʘ ʠ ʘʢʪʫʘʪʦʨʘ. ʀʥʪʝʛʨʘʣʥʘ ʘʢʮʠʿʘ ʥʘʟʚʘʥʘ ʿʝ ʘʫʪʦʤʘʪ-

ʩʢʠʤ ʨʝʩʝʪʦʚʘˁʝʤ ʿʝʨ ʿʝ ʟʘʤʝʥʠʣʘ ʨʫʯʥʦ ʨʝʩʝʪʦʚʘˁʝ ʢʦʿʝ ʿʝ ʢʦʨʠʰ˂ʝʥʦ ʫ ʧʨʦʧʦʨʮʠʦ-

ʥʘʣʥʠʤ ʨʝʛʫʣʘʪʦʨʠʤʘ ʜʘ ʙʠ ʩʝ ʜʦʙʠʣʘ ʠʩʧʨʘʚʥʘ ʚʨʝʜʥʦʩʪ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ. ʈʘʟʤʘ-

ʪʨʘʥʦ ʿʝ ʫʚʦʹʝˁʝ ʜʝʿʩʪʚʘ ʢʦʿʝ ʙʠ ʙʠʣʦ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ ʠʟʚʦʜʫ ʩʠʛʥʘʣʘ ʛʨʝʰʢʝ ʢʦʿʝ ʙʠ 

ʦʤʦʛʫ˂ʠʣʦ ʘʛʨʝʩʠʚʥʠʿʝ ʫʧʨʘʚˀʘˁʝ. ʇʨʝʥʦʩ ʤʝʨʥʠʭ ʩʠʛʥʘʣʘ ʢʘʦ ʠ ʧʨʝʥʦʩ ʠ ʧʨʦʨʘʯʫʥ 

ʫʧʨʘʚˀʘʯʢʠʭ ʩʠʛʥʘʣʘ ʚʨʰʝʥ ʿʝ ʧʥʝʫʤʘʪʩʢʠ. ɺʝʣʠʢʠ ʥʘʧʨʝʜʘʢ ʩʝ ʜʝʩʠʦ ʢʘʜʘ ʿʝ ʧʨʠʪʠ-

ʩʘʢ ʫ ʮʝʚʠʤʘ ʟʘ ʧʨʝʥʦʩ ʩʪʘʥʜʘʨʜʠʟʦʚʘʥ ʥʘ 3-15 PSI (pound per square inch). ʆʚʦ ʿʝ  

ʦʤʦʛʫ˂ʠʣʦ ʢʦʤʙʠʥʦʚʘˁʝ ʩʝʥʟʦʨʘ, ʨʝʛʫʣʘʪʦʨʘ ʠ ʘʢʪʫʘʪʦʨʘ ʨʘʟʣʠʯʠʪʠʭ ʧʨʦʠʟʚʦʹʘʯʘ. ʊʘ-

ʢʦʹʝ ʿʝ ʦʤʦʛʫ˂ʠʣʦ ʜʘ ʩʝ ʢʦʥʪʨʦʣʝʨʠ ʢʦʥʮʝʥʪʨʠʰʫ ʫ ʦʜʚʦʿʝʥʝ ʢʦʥʪʨʦʣʥʝ ʩʦʙʝ ʢʦʿʝ ʩʫ 

ʙʠʣʝ ʩʤʝʰʪʝʥʝ ʜʘʣʝʢʦ ʦʜ ʩʝʥʟʦʨʘ ʠ ʘʢʪʫʘʪʦʨʘ [8].  

ʄʥʦʛʘ ʧʨʘʢʪʠʯʥʦ ʢʦʨʠʩʥʘ ʫʥʘʧʨʝʹʝˁʘ ʨʝʛʫʣʘʪʦʨʘ ʧʨʚʦ ʩʫ ʩʝ ʧʦʿʘʚʠʣʘ ʢʘʦ ʧʦʩʝʙʥʝ 

ʭʘʨʜʚʝʨʩʢʝ ʬʫʥʢʮʠʿʝ. ʆʥʝ ʥʠʩʫ ʙʠʣʝ ʠʟʨʘʞʝʥʝ ʫ ʤʘʪʝʤʘʪʠʯʢʦʤ ʦʙʣʠʢʫ. ʄʘʪʝʤʘʪʠʯʢʘ 

ʘʥʘʣʠʟʘ ʧʘʨʥʝ ʤʘʰʠʥʝ ʩʘ ʨʝʛʫʣʘʪʦʨʦʤ ʿʝ ʧʨʚʠ ʧʫʪ ʦʙʿʘʚˀʝʥʘ ʫ [61] ʠ ʧʦʨʝʜ ʦʩʪʘʣʦʛ ʿʝ 

ʧʦʢʘʟʘʣʘ ʨʘʟʣʠʢʫ ʠʟʤʝʹʫ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦʛ ʠ ʠʥʪʝʛʨʘʣʥʦʛ ʫʧʨʘʚˀʘˁʘ. ʋ [62] ʿʝ ʧʨʝʜ-

ʩʪʘʚˀʝʥʘ ʚʝʦʤʘ ʿʘʩʥʘ ʘʥʘʣʠʪʠʯʢʘ ʘʥʘʣʠʟʘ ʫʧʨʘʚˀʘʯʢʦʛ ʟʘʢʦʥʘ ʟʘ ʘʫʪʦʤʘʪʩʢʦ ʫʧʨʘʚ-

ˀʘˁʝ ʙʨʦʜʦʤ ʩʘʩʪʘʚˀʝʥʦʛ ʦʜ ʪʨʠ ʜʝʿʩʪʘʚʘ ʢʦʿʝ ʿʝ ʢʘʩʥʠʿʝ ʧʦʩʪʘʣʦ ʧʦʟʥʘʪʦ ʢʘʦ ʇʀɼ 

ʟʘʢʦʥ ʫʧʨʘʚˀʘˁʘ.  

ʂʦʤʧʘʥʠʿʘ Taylor Instrument Company ʿʝ 1939. ʛʦʜʠʥʝ ʧʨʝʜʩʪʘʚʠʣʘ ʧʦʪʧʫʥʦ ʨʝʜʠ-

ʟʘʿʥʠʨʘʥʫ ʚʝʨʟʠʿʫ ʩʚʦʛ ʧʥʝʫʤʘʪʩʢʦʛ ʢʦʥʪʨʦʣʝʨʘ ʢʦʿʠ ʿʝ ʧʦʨʝʜ ʜʦ ʪʘʜʘ ʩʪʘʥʜʘʨʜʥʦʛ ʧʨʦ-

ʧʦʨʮʠʦʥʘʣʥʦʛ ʠ ʠʥʪʝʛʨʘʣʥʦʛ ʜʝʿʩʪʚʘ, ʦʙʝʟʙʝʜʠʦ ʠ ʜʠʬʝʨʝʥʮʠʿʘʣʥʦ ʜʝʿʩʪʚʦ. ʆʚʦ ʿʝ ʙʠʦ 

ʧʨʚʠ ʢʦʤʝʨʮʠʿʘʣʥʠ ʇʀɼ ʨʝʛʫʣʘʪʦʨ ʩʘ ʩʚʘ ʪʨʠ ʜʝʿʩʪʚʘ ʢʦʿʘ ʩʫ ʩʝ ʤʦʛʣʘ ʥʝʟʘʚʠʩʥʦ ʧʦ-

ʜʝʰʘʚʘʪʠ ʫ ʧʫʥʦʤ ʦʧʩʝʛʫ ʚʨʝʜʥʦʩʪʠ [63]. ʇʨʠʤʝʨ ʿʝʜʥʦʛ ʪʘʢʚʦʛ ʫʨʝʹʘʿʘ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ 

ʩʣʠʮʠ 3.6. ʄʦʛʫ˂ʥʦʩʪ ʧʦʜʝʰʘʚʘˁʘ ʩʚʘ ʪʨʠ ʧʘʨʘʤʝʪʨʘ ʟʘ ʨʘʟʣʠʢʫ ʦʜ ʜʦ ʪʘʜʘ ʚʝ˂ ʧʨʝʧʦ-

ʜʝʰʝʥʠʭ ʫʙʨʟʦ ʿʝ ʧʦʩʪʘʦ ʧʨʦʙʣʝʤ. ʅʠʿʝ ʧʦʩʪʦʿʘʦ ʤʝʪʦʜ ʠʟʙʦʨʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʚʨʝʜʥʦ-

ʩʪʠ ʟʘ ʩʚʘʢʠ ʦʜ ʪʨʠ ʜʝʿʩʪʚʘ ʨʝʛʫʣʘʪʦʨʘ. ʋ ʦʢʚʠʨʫ ʧʦʤʝʥʫʪʝ ʢʦʤʧʘʥʠʿʝ ʩʧʨʦʚʝʜʝʥʘ ʩʫ 

ʦʧʩʝʞʥʘ ʠʩʪʨʘʞʠʚʘˁʘ ʫ ʧʦʢʫʰʘʿʫ ʜʘ ʩʝ ʦʩʤʠʩʣʠ ʥʘʯʠʥ ʟʘ ʠʟʙʦʨ ʦʧʪʠʤʘʣʥʠʭ ʧʘʨʘʤʝ-

ʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ. ʀʩʭʦʜ ʦʚʦʛ ʠʩʪʨʘʞʠʚʘˁʘ ʩʫ ʜʚʘ ʨʘʜʘ [1], [2] ʫ ʢʦʿʠʤʘ ʩʫ ʎʠʛʣʝʨ 

ʠ ʅʠʢʦʣʩ ʧʦʢʘʟʘʣʠ ʢʘʢʦ ʩʝ ʦʧʪʠʤʘʣʥʠ ʧʘʨʘʤʝʪʨʠ ʨʝʛʫʣʘʪʦʨʘ ʤʦʛʫ ʧʦʜʝʩʠʪʠ ʥʘ ʦʩʥʦʚʫ 

ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʠʭ ʪʝʩʪʦʚʘ ʫ ʦʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ ʘ ʟʘʪʠʤ ʠ ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ. 

ʇʦʯʝʚʰʠ ʦʜ 50-ʠʭ ʛʦʜʠʥʘ ʧʨʦʰʣʦʛ ʚʝʢʘ ʧʦʩʪʘʣʝ ʩʫ ʜʦʩʪʫʧʥʝ ʝʣʝʢʪʨʦʥʩʢʝ ʚʝʨʟʠʿʝ 

ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʨʝʘʣʠʟʦʚʘʥʠʭ ʢʦʨʠʰ˂ʝˁʝʤ ʿʝʜʥʦʩʪʘʚʥʠʭ ʘʥʘʣʦʛʥʠʭ ʨʘʯʫʥʘʨʘ ʟʘʩʥʦ-

ʚʘʥʠʭ ʥʘ ʦʧʝʨʘʮʠʦʥʠʤ ʧʦʿʘʯʘʚʘʯʠʤʘ. ʇʨʝʥʦʩ ʩʠʛʥʘʣʘ ʿʝ ʪʘʢʦʹʝ ʩʪʘʥʜʘʨʜʠʟʦʚʘʥ ʠ ʪʦ ʫ 

ʚʠʜʫ ʩʪʨʫʿʥʦʛ ʩʠʛʥʘʣʘ ʫ ʦʧʩʝʛʫ 4-20mA ʢʦʿʠ ʧʦʛʦʜʫʿʝ ʧʨʦʮʝʩʫ ʥʘʢʥʘʜʥʝ ʜʠʿʘʛʥʦʩʪʠʢʝ 

[8], [64]. 

ʋ ʧʨʚʠʤ ʫʧʨʘʚˀʘʯʢʠʤ ʩʠʩʪʝʤʠʤʘ ʟʘʩʥʦʚʘʥʠʤ ʥʘ ʨʘʯʫʥʘʨʫ, 60-ʠʭ ʛʦʜʠʥʘ ʧʨʦʰʣʦʛ 

ʚʝʢʘ, ʜʠʛʠʪʘʣʥʠ ʨʘʯʫʥʘʨʠ ʩʫ ʜʘʚʘʣʠ ʟʘʜʘʪʝ ʚʨʝʜʥʦʩʪʠ ʟʘ ʘʥʘʣʦʛʥʝ ʨʝʛʫʣʘʪʦʨʝ. ʇʦʿʘʚʘ 

ʤʠʢʨʦʧʨʦʮʝʩʦʨʘ ʩʨʝʜʠʥʦʤ 70-ʠʭ ʛʦʜʠʥʘ ʧʨʦʰʣʦʛ ʚʝʢʘ ʦʤʦʛʫ˂ʠʣʘ ʿʝ ʢʦʨʠʰ˂ʝˁʝ ʜʠʛʠ-

ʪʘʣʥʦʛ ʫʧʨʘʚˀʘˁʘ ʟʘ ʢʦʥʪʨʦʣʝʨʝ ʩʘ ʿʝʜʥʠʤ ʫʧʨʘʚˀʘʯʢʠʤ ʢʨʫʛʦʤ. ʊʦ ʿʝ ʜʦʚʝʣʦ ʜʦ ʨʘʟ-

ʚʦʿʘ ʜʠʩʪʨʠʙʫʠʨʘʥʠʭ ʫʧʨʘʚˀʘʯʢʠʭ ʩʠʩʪʝʤʘ ʟʘ ʫʧʨʘʚˀʘˁʝ ʧʨʦʮʝʩʠʤʘ ʛʜʝ ʿʝ ʇʀɼ ʨʝʛʫ-

ʣʘʪʦʨ ʙʠʦ ʢˀʫʯʥʠ ʝʣʝʤʝʥʪ. ʂʘʢʦ ʩʝ ʨʘʯʫʥʘʨʩʢʘ ʩʥʘʛʘ ʤʠʢʨʦʧʨʦʮʝʩʦʨʘ ʧʦʚʝ˂ʘʚʘʣʘ 
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ʙʠʣʦ ʿʝ ʤʦʛʫ˂ʝ ʫʚʝʩʪʠ ʧʦʜʝʰʘʚʘˁʝ, ʧʨʠʣʘʛʦʹʘʚʘˁʝ ʠ ʜʠʿʘʛʥʦʩʪʠʢʫ ʫ ʢʦʥʪʨʦʣʝʨʝ ʩʘ 

ʿʝʜʥʠʤ ʫʧʨʘʚˀʘʯʢʠʤ ʢʨʫʛʦʤ [63], [64]. 

 

ʉʣʠʢʘ 3.6 ʇʨʚʠ ʨʝʛʫʣʘʪʦʨ ʩʘ ʩʚʘ ʪʨʠ ʜʝʿʩʪʚʘ (ʧʨʝʫʟʝʪʦ ʠʟ [65])  

ʋ ʧʦʩʣʝʜˁʝ ʚʨʝʤʝ ʇʀɼ ʨʝʛʫʣʘʪʦʨʠ ʩʝ ʤʦʛʫ ʥʘ˂ʠ ʫ ʤʥʦʛʠʤ ʦʙʣʠʮʠʤʘ. ʇʦʩʪʦʿʝ 

ʥʘʤʝʥʩʢʠ ʢʦʥʪʨʦʣʝʨʠ ʢʦʿʠ ʤʦʛʫ ʜʘ ʨʝʛʫʣʠʰʫ ʿʝʜʘʥ ʠʣʠ ʥʝʢʦʣʠʢʦ ʢʨʫʛʦʚʘ ʜʦʢ ʩʝ ʇʀɼ 

ʨʝʛʫʣʘʪʦʨ ʢʘʦ ʧʦʩʝʙʘʥ ʙʣʦʢ ʤʦʞʝ ʥʘ˂ʠ ʫ ʧʨʦʛʨʘʤʘʙʠʣʥʠʤ ʣʦʛʠʯʢʠʤ ʢʦʥʪʨʦʣʝʨʠʤʘ. 
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ʌʘʟʠ ʩʠʩʪʝʤ ʿʝ ʙʠʣʦ ʢʦʿʠ ʩʪʘʪʠʯʢʠ ʠʣʠ ʜʠʥʘʤʠʯʢʠ ʩʠʩʪʝʤ ʢʦʿʠ ʢʦʨʠʩʪʠ ʬʘʟʠ ʣʦ-

ʛʠʢʫ ʠ ʦʜʛʦʚʘʨʘʿʫ˂ʫ ʤʘʪʝʤʘʪʠʯʢʫ ʧʦʜʨʰʢʫ (ʪʝʦʨʠʿʘ ʬʘʟʠ ʩʢʫʧʦʚʘ, ʬʘʟʠ ʧʨʘʚʠʣʘ ʠ ʬʘʟʠ 

ʟʘʢˀʫʯʠʚʘˁʝ). ʆʚʘʢʦ ʰʠʨʦʢʘ ʜʝʬʠʥʠʮʠʿʘ ʦʙʫʭʚʘʪʘ ʬʘʟʠ ʩʠʩʪʝʤʝ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʝ ʫ 

ʨʘʟʣʠʯʠʪʠʤ ʧʦʜʨʫʯʿʠʤʘ ʠ ʟʘ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʥʘʟʠʚʠ: ʬʘʟʠ ʝʢʩʧʝʨʪʩʢʠ ʩʠʩʪʝʤ (fuzzy 

expert system), ʬʘʟʠ ʨʝʛʫʣʘʪʦʨ (fuzzy logic controller, FLC), ʬʘʟʠ ʤʦʜʝʣ (fuzzy model) ʠ 

ʩʠʩʪʝʤ ʬʘʟʠ ʧʨʘʚʠʣʘ (fuzzy rule based system). ʌʘʟʠ ʩʠʩʪʝʤ ʧʨʘʪʠ ʯʦʚʝʢʦʚ ʥʘʯʠʥ 

ʨʘʟʤʠʰˀʘˁʘ, ʪʘʢʦ ʜʘ ʿʝ ʩʪʘʣʥʦ ʧʨʠʩʫʪʥʘ ʬʠʟʠʯʢʘ ʠʥʪʝʨʧʨʝʪʘʮʠʿʘ ʨʝʜʦʩʣʝʜʘ ʠ ʥʘʯʠʥʘ 

ʜʦʥʦʰʝˁʘ ʦʜʣʫʢʘ. ʉʚʘʢʠ ʢʦʨʘʢ ʫ ʘʣʛʦʨʠʪʤʫ ʠ ʩʚʘʢʠ ʧʘʨʘʤʝʪʘʨ ʬʘʟʠ ʩʠʩʪʝʤʘ ʠʤʘ ʿʘʩʥʫ 

ʬʠʟʠʯʢʫ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ. ɺʘʞʥʫ ʧʨʝʜʥʦʩʪ ʬʘʟʠ ʩʠʩʪʝʤʘ ʧʨʝʜʩʪʘʚˀʘ ʠ ʯʠˁʝʥʠʮʘ ʜʘ ʩʝ 

ʙʝʟ ʦʙʟʠʨʘ ʥʘ ʩʣʦʞʝʥʦʩʪ ʩʠʩʪʝʤʘ ʤʦʞʝ ʨʘʟʚʠʪʠ ʘʣʛʦʨʠʪʘʤ ʙʝʟ ʧʦʩʪʦʿʘˁʘ ʙʠʣʦ ʢʘʢʚʦʛ 

ʤʦʜʝʣʘ ʬʠʟʠʯʢʦʛ ʩʠʩʪʝʤʘ [66]ï[73].  

ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʙʠ˂ʝ ʜʘʪ ʧʨʝʛʣʝʜ ʦʩʥʦʚʥʠʭ ʧʦʿʤʦʚʘ ʠʟ ʪʝʦʨʠʿʝ ʬʘʟʠ ʩʢʫʧʦʚʘ. 

ʉʪʨʫʢʪʫʨʘ ʦʩʥʦʚʥʦʛ ʬʘʟʠ ʩʠʩʪʝʤʘ ˂ʝ ʙʠʪʠ ʨʘʟʣʦʞʝʥʘ ʥʘ ʜʝʣʦʚʝ ʧʦʯʝʚʰʠ ʦʜ ʬʘʟʠʬʠ-

ʢʘʮʠʿʝ ʧʨʝʢʦ ʙʘʟʝ ʧʨʘʚʠʣʘ ʠ ʤʝʭʘʥʠʟʤʘ ʟʘʢˀʫʯʠʚʘˁʘ ʧʘ ʩʚʝ ʜʦ ʜʝʬʘʟʠʬʠʢʘʮʠʿʝ. ʉʚʘʢʠ 

ʜʝʦ ˂ʝ ʙʠʪʠ ʧʦʩʝʙʥʦ ʨʘʟʤʘʪʨʘʥ ʢʘʦ ʫʚʦʜ ʫ ʙʦˀʝ ʨʘʟʫʤʝʚʘˁʝ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʘʟʠ 

ʝʢʩʧʝʨʪʩʢʦʛ ʩʠʩʪʝʤʘ ʟʘ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ. 

4.1 ʆʩʥʦʚʝ ʬʘʟʠ ʣʦʛʠʢʝ 

ʌʘʟʠ (ʨʘʩʧʣʠʥʫʪʘ) ʣʦʛʠʢʘ ʿʝ ʧʨʦʰʠʨʝˁʝ ʢʣʘʩʠʯʥʝ ʣʦʛʠʢʝ ʫ ʦʢʚʠʨʫ ʢʦʿʝ ʩʝ ʤʦʛʫ 

ʜʝʬʠʥʠʩʘʪʠ ʠʩʢʘʟʠ ʯʠʿʘ ʠʩʪʠʥʠʪʦʩʥʘ ʚʨʝʜʥʦʩʪ ʤʦʞʝ ʧʨʠʧʘʜʘʪʠ ʢʦʥʪʠʥʫʘʣʥʦʤ ʧʨʝʣʘʟʫ 

ʦʜ ʪʘʯʥʦʛ ʢʘ ʥʝʪʘʯʥʦʤ. ʂʦʥʮʝʧʪ ʬʘʟʠ ʣʦʛʠʢʝ ʫʚʝʦ ʿʝ ɿʘʜʝ 1965. ʛʦʜʠʥʝ [19].  

ʂʦʥʢʨʝʪʥʠʿʝ ʨʝʯʝʥʦ, ʦʥʦ ʰʪʦ ʿʝ ʮʝʥʪʨʘʣʥʦ ʟʘ ʬʘʟʠ ʣʦʛʠʢʫ ʿʝ ʜʘ ʟʘ ʨʘʟʣʠʢʫ ʦʜ ʢʣʘ-

ʩʠʯʥʠʭ ʣʦʛʠʯʢʠʭ ʩʠʩʪʝʤʘ ʠʤʘ ʟʘ ʮʠˀ ʤʦʜʝʣʠʨʘˁʝ ʥʝʧʨʝʮʠʟʥʠʭ ʥʘʯʠʥʘ ʨʘʩʫʹʠʚʘˁʘ 

ʢʦʿʠ ʠʛʨʘʿʫ ʩʫʰʪʠʥʩʢʫ ʫʣʦʛʫ ʫ ˀʫʜʩʢʦʿ ʩʧʦʩʦʙʥʦʩʪʠ ʜʘ ʜʦʥʦʩʠ ʨʘʮʠʦʥʘʣʥʝ ʦʜʣʫʢʝ ʫ 

ʦʢʨʫʞʝˁʫ ʥʝʠʟʚʝʩʥʦʩʪʠ ʠ ʥʝʧʨʝʮʠʟʥʦʩʪʠ [74]. 

4.1.1 ʌʘʟʠ ʩʢʫʧʦʚʠ 

ʋ ʢʣʘʩʠʯʥʦʿ ʪʝʦʨʠʿʠ ʩʢʫʧʦʚʘ ʢʦʿʫ ʿʝ ʫʪʝʤʝˀʠʦ ʥʝʤʘʯʢʠ ʤʘʪʝʤʘʪʠʯʘʨ ʂʘʥʪʦʨ 

(Georg Cantor) ʩʢʫʧ ʧʨʝʜʩʪʘʚˀʘ ʢʦʣʝʢʮʠʿʫ ʦʙʿʝʢʘʪʘ ʢʦʿʠ ʜʝʣʝ ʥʝʢʫ ʟʘʿʝʜʥʠʯʢʫ ʦʩʦʙʠʥʫ 

[71]. ʇʨʠʧʘʜʥʦʩʪ ʦʙʿʝʢʪʘ ʢʣʘʩʠʯʥʦʤ ʩʢʫʧʫ ʝʛʟʘʢʪʥʦ ʿʝ ʦʜʨʝʹʝʥʘ, ʦʜʥʦʩʥʦ ʠʣʠ ʿʝ ʦʙʿʝ-

ʢʘʪ ʫʥʫʪʘʨ ʩʢʫʧʘ ʠʣʠ ʿʝ ʠʟʚʘʥ ˁʝʛʘ. ɸʢʦ ʩʝ ʧʨʠʧʘʜʥʦʩʪ ʦʙʿʝʢʪʘ ʩʢʫʧʫ ʞʝʣʠ ʠʟʨʘʟʠʪʠ 

ʬʫʥʢʮʠʿʩʢʠ, ʪʘʜʘ ʬʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ ɛɸ(x) ʦʙʿʝʢʪʘ x ʩʢʫʧʫ ɸ ʠʤʘ ʩʘʤʦ ʜʚʝ ʚʨʝʜʥʦ-

ʩʪʠ ʠ ʜʝʬʠʥʠʩʘʥʘ ʿʝ 

‘ ὼ
ρȟὼɴ ὃ
πȟὼɵ ὃ

 (4.1) 

ʇʦʜʝʣʘ ʦʙʿʝʢʘʪʘ ʥʘ ʩʢʫʧʦʚʝ ʩʪʨʦʛʦʤ ʜʝʬʠʥʠʮʠʿʦʤ ʧʨʠʧʘʜʥʦʩʪʠ ʥʠʿʝ ʫʚʝʢ ʧʨʠʢʣʘʜʥʘ 

ʿʝʨ ʧʦʥʝʢʘʜ ʥʠʿʝ ʤʦʛʫ˂ʝ ʦʜʨʝʜʠʪʠ ʟʘʜʦʚʦˀʘʚʘʿʫ˂ʫ ʛʨʘʥʠʮʫ ʠʟʤʝʹʫ ʦʙʿʝʢʘʪʘ.  

ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʢʣʘʩʠʯʥʦʛ ʧʨʠʩʪʫʧʘ, ʪʝʦʨʠʿʘ ʬʘʟʠ ʩʢʫʧʦʚʘ ʜʦʧʫʰʪʘ ʜʝʣʠʤʠʯʥʫ ʠʣʠ 

ʧʨʦʮʝʥʪʫʘʣʥʫ ʧʨʠʧʘʜʥʦʩʪ ʝʣʝʤʝʥʪʘ ʩʢʫʧʫ, ʘ ʚʨʝʜʥʦʩʪʠ ʬʫʥʢʮʠʿʝ ʧʨʠʧʘʜʥʦʩʪʠ ʩʝ ʥʘ-

ʣʘʟʝ ʫ ʦʧʩʝʛʫ ʦʜ 0 ʜʦ 1. ɻʜʝ 0 ʦʟʥʘʯʘʚʘ ʜʘ ʿʝ ʚʨʝʜʥʦʩʪ ʧʦʪʧʫʥʦ ʠʟʚʘʥ ʩʢʫʧʘ, ʘ 1 ʜʘ ʿʝ 

4 ʆʩʥʦʚʝ ʬʘʟʠ ʩʠʩʪʝʤʘ 
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ʧʦʪʧʫʥʦ ʫʥʫʪʘʨ ʩʢʫʧʘ ʜʦʢ ʙʠʣʦ ʢʦʿʘ ʚʨʝʜʥʦʩʪ ʠʟʤʝʹʫ ʦʟʥʘʯʘʚʘ ʜʝʣʠʤʠʯʥʫ ʧʨʠʧʘʜʥʦʩʪ 

ʩʢʫʧʫ.  

ʊʝʦʨʠʿʘ ʬʘʟʠ ʩʢʫʧʦʚʘ ʫʚʦʜʠ ʢʦʥʪʠʥʫʘʣʥʫ ʬʫʥʢʮʠʿʫ ʧʨʠʧʘʜʥʦʩʪʠ µɸ(x). ʆʚʘ ʬʫʥʢ-

ʮʠʿʘ ʧʦʢʘʟʫʿʝ ʢʦʣʠʢʦ x ɴ  X ʠʩʧʫˁʘʚʘ ʫʩʣʦʚ ʧʨʠʧʘʜʥʦʩʪʠ ʩʢʫʧʫ ɸ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʚʨʝʜ-

ʥʦʩʪʠ x. ʌʦʨʤʘʣʥʦ, ʬʘʟʠ ʩʢʫʧ ɸ ʩʝ ʜʝʬʠʥʠʰʝ ʢʘʦ ʩʢʫʧ ʫʨʝʹʝʥʠʭ ʧʘʨʦʚʘ 

ὃ ὼȟ‘ ὼ ȿὼɴ ὢ (4.2) 

ʛʜʝ ʿʝ x ʯʣʘʥ ʩʢʫʧʘ ɸ, ɛɸ(x) ʧʨʝʜʩʪʘʚˀʘ ʬʫʥʢʮʠʿʫ ʧʨʠʧʘʜʥʦʩʪʠ ʝʣʝʤʝʥʪʘ x ʬʘʟʠ ʩʢʫʧʫ 

ɸ. ʅʘ ʦʚʘʿ ʥʘʯʠʥ ʩʝ ʫʚʦʜʠ ʥʝʦʜʨʝʹʝʥʦʩʪ ʢʦʿʘ ʧʦʪʠʯʝ ʦʜ ʦʩʦʙʠʥʝ ˀʫʜʠ ʜʘ ʩʪʚʘʨʠ ʥʝ 

ʧʦʩʤʘʪʨʘʿʫ ʥʘ ʜʠʩʢʨʝʪʘʥ ʥʘʯʠʥ. ɻʨʘʬʠʯʢʘ ʨʝʧʨʝʟʝʥʪʘʮʠʿʘ ʧʨʠʤʝʨʘ ʢʣʘʩʠʯʥʦʛ ʠ ʬʘʟʠ 

ʩʢʫʧʘ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 4.1 ʛʜʝ ʿʝ ʮʨʥʦʤ ʙʦʿʦʤ ʦʟʥʘʯʝʥʘ ʧʨʠʧʘʜʥʦʩʪ ʩʢʫʧʫ. 

 

ʉʣʠʢʘ 4.1 ɻʨʘʬʠʯʢʘ ʨʝʧʨʝʟʝʥʪʘʮʠʿʘ ʩʢʫʧʦʚʘ 

ʂʘʦ ʪʠʧʠʯʘʥ ʧʨʠʤʝʨ ʯʝʩʪʦ ʩʝ ʥʘʚʦʜʠ ʧʨʦʙʣʝʤ ʤʘʪʝʤʘʪʠʯʢʦʛ ʦʧʠʩʘ ˀʫʜʩʢʝ ʧʝʨ-

ʮʝʧʮʠʿʝ ʪʝʤʧʝʨʘʪʫʨʝ ʦʢʦʣʠʥʝ ʛʜʝ ʩʝ ʧʦ ʚʨʝʜʥʦʩʪʠ ʚʨʣʦ ʙʣʠʩʢʝ ʚʝʣʠʯʠʥʝ ʤʦʛʫ ʥʘ˂ʠ ʫ 

ʨʘʟʣʠʯʠʪʠʤ ʩʢʫʧʦʚʠʤʘ. ʊʘʢʦ ʥʘ ʧʨʠʤʝʨ ʫ ʩʢʫʧ toplo ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʪʦʛʘ ʢʘʢʦ ʢʦ ʧʝʨ-

ʮʠʧʠʨʘ ʪʦʧʣʦʪʫ ʤʦʛʫ ʩʝ ʩʤʝʩʪʠʪʠ ʨʘʟʥʝ ʚʨʝʜʥʦʩʪʠ ʘʣʠ ʘʢʦ ʿʝ 22 °C ʜʦˁʘ ʛʨʘʥʠʮʘ ʦʚʦʛ 

ʩʢʫʧʘ ʦʥʜʘ ʿʝ ʚʨʝʜʥʦʩʪ 21,9 °C ʚʝ˂ ʫ ʜʨʫʛʦʤ ʩʢʫʧʫ ʥʧʨ. hladno. ʇʨʠʧʘʜʥʦʩʪ ʩʢʫʧʫ toplo 

ʩʝ ʤʦʞʝ ʟʘʧʠʩʘʪʠ ʢʘʦ 

‘ ὼ
ρȟᾀὥ ὼ ςςÁὅ
πȟᾀὥ ὼ ςςÁὅ

 (4.3) 

ʀʩʪʠ ʩʢʫʧ ʙʠ ʩʝ ʤʦʛʘʦ ʜʝʬʠʥʠʩʘʪʠ ʢʘʦ ʬʘʟʠ ʩʢʫʧ ʦʧʠʩʘʥ ʩʣʝʜʝ˂ʦʤ ʬʫʥʢʮʠʿʦʤ 

ʧʨʠʧʘʜʥʦʩʪʠ 

‘ ὼ
ρ ὼ ςφÁ#

ὼ ρψȾψ ρψÁ# ὼ ςφÁ#
π ὼ ρψÁ#

 (4.4) 

ʢʦʿʠ ʥʠʿʝ ʿʝʜʠʥʩʪʚʝʥ ʚʝ˂ ʿʝ ʜʘʪ ʩʘʤʦ ʢʘʦ ʧʨʠʤʝʨ ʿʝʨ ʩʚʝ ʟʘʚʠʩʠ ʦʜ ʠʥʪʫʠʮʠʿʝ ʦʥʦʛʘ ʢʦ 

ʛʘ ʬʦʨʤʠʨʘ. ʆʚʘʢʚʘ ʜʝʬʠʥʠʮʠʿʘ ʤʥʦʛʦ ʿʝ ʙʣʠʞʘ ʥʘʯʠʥʫ ʥʘ ʢʦʿʠ ʯʦʚʝʢ ʜʦʞʠʚˀʘʚʘ ʠ 

ʦʧʠʩʫʿʝ ʦʩʝ˂ʘʿ ʪʦʧʣʦʪʝ. ʋʧʦʨʝʜʥʠ ʧʨʠʢʘʟ ʧʨʠʧʘʜʥʦʩʪʠ ʩʢʫʧʘ toplo ʫ ʢʣʘʩʠʯʥʦʿ ʠ ʬʘʟʠ 

ʪʝʦʨʠʿʠ ʿʝ ʜʘʪʘ ʥʘ ʩʣʠʮʠ 4.2. 

 

ʉʣʠʢʘ 4.2 ʌʫʥʢʮʠʿʝ ʧʨʠʧʘʜʥʦʩʪʠ ʢʣʘʩʠʯʥʦʛ ʩʢʫʧʘ (ʣʝʚʦ) ʠ ʬʘʟʠ ʩʢʫʧʘ (ʜʝʩʥʦ) 
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4.1.2 ʌʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ 

ʉʚʠ ʯʣʘʥʦʚʠ ʬʘʟʠ ʩʢʫʧʘ ʠʤʘʿʫ ʦʜʨʝʹʝʥʫ (ʩʪʝʧʝʥʘʩʪʫ ʠʣʠ ʧʨʦʮʝʥʪʫʘʣʥʫ) ʧʨʠʧʘʜ-

ʥʦʩʪ ʪʦʤ ʩʢʫʧʫ. ʂʦʣʠʢʘ ʿʝ ʧʨʠʧʘʜʥʦʩʪ ʠ ʢʦʤ ʩʢʫʧʫ ʧʨʠʧʘʜʘ ʥʝʢʘ ʧʨʦʤʝʥˀʠʚʘ ʦʜʨʝʹʫʿʝ 

ʫʧʨʘʚʦ ʬʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ.  

ɹʨʦʿ ʬʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ ʠ ˁʠʭʦʚ ʦʙʣʠʢ, ʟʘ ʩʚʘʢʫ ʫʣʘʟʥʫ ʠʣʠ ʠʟʣʘʟʥʫ ʧʨʦʤʝʥ-

ˀʠʚʫ ʬʘʟʠ ʩʠʩʪʝʤʘ, ʤʦʛʫ ʙʠʪʠ ʨʘʟʣʠʯʠʪʠ. ɺʝ˂ʠ ʙʨʦʿ ʬʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ ʤʦʞʝ ʧʦ-

ʙʦˀʰʘʪʠ ʢʚʘʣʠʪʝʪ ʫʧʨʘʚˀʘˁʘ ʘʣʠ ʠʩʪʦʚʨʝʤʝʥʦ ʟʘʭʪʝʚʘ ʠ ʧʦʚʝ˂ʘˁʝ ʩʣʦʞʝʥʦʩʪʠ. 

ʀʟʣʘʟʥʝ ʧʨʦʤʝʥˀʠʚʝ ʬʘʟʠ ʩʠʩʪʝʤʘ ʦʙʠʯʥʦ ʟʘʭʪʝʚʘʿʫ ʚʝ˂ʫ ʨʝʟʦʣʫʮʠʿʫ ʦʜ ʦʩʪʘʣʠʭ ʧʨʦ-

ʤʝʥˀʠʚʠʭ. ɺʝ˂ʘ ʨʝʟʦʣʫʮʠʿʘ ʧʦʜʨʘʟʫʤʝʚʘ ʚʝ˂ʠ ʙʨʦʿ ʬʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ, ʢʘʦ ʠ ʙʦˀʫ 

ʜʠʩʢʨʝʪʠʟʘʮʠʿʫ ʦʙʣʘʩʪʠ ʜʝʬʠʥʠʩʘʥʦʩʪʠ. ʇʨʠʣʠʢʦʤ ʧʨʦʿʝʢʪʦʚʘˁʘ ʬʘʟʠ ʩʠʩʪʝʤʘ ʩʝ ʥʘʿ-

ʚʠʰʝ ʧʨʠʤʝˁʫʿʝ ʠʥʪʫʠʮʠʿʘ ʠ ʠʩʢʫʩʪʚʦ. ʀʩʢʫʩʪʚʝʥʦ ʿʝ ʧʦʟʥʘʪʦ ʜʘ ʠʟʚʝʩʥʠʭ ʧʨʝʢʣʘʧʘˁʘ 

ʪʨʝʙʘ ʜʘ ʙʫʜʝ ʢʘʢʦ ʩʠʩʪʝʤ ʥʝ ʙʠ ʫʰʘʦ ʫ ʥʝʜʝʬʠʥʠʩʘʥʦ ʩʪʘˁʝ. ʆʜʥʦʩ ʧʨʝʢʣʘʧʘˁʘ ʬʫʥʢ-

ʮʠʿʘ ʿʝ ʠʩʢʫʩʪʚʝʥʘ ʧʨʦʮʝʥʘ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʧʦʟʥʘʚʘˁʘ ʩʠʩʪʝʤʘ ʫ ʜʦʤʝʥʫ ʧʨʦʙʣʝʤʘ.  

ʌʫʥʢʮʠʿʝ ʧʨʠʧʘʜʥʦʩʪʠ ʩʘ ʣʠʥʝʘʨʥʦʤ ʜʝʦ ʧʦ ʜʝʦ ʢʘʨʘʢʪʝʨʠʩʪʠʢʦʤ ʩʝ ʯʝʰ˂ʝ ʢʦʨʠ-

ʩʪʝ ʥʝʛʦ ʥʝʣʠʥʝʘʨʥʝ. ɱʝʜʘʥ ʦʜ ʨʘʟʣʦʛʘ ʿʝ ʿʝʜʥʦʩʪʘʚʥʦʩʪ ʦʚʠʭ ʬʫʥʢʮʠʿʘ ʢʦʿʘ ʯʝʩʪʦ ʦʤʦ-

ʛʫʫ˂ʿʝ ʫʥʘʧʨʝʜ ʣʘʢʰʝ ʧʨʝʜʚʠʹʘˁʝ ʠʟʣʘʟʘ ʩʠʩʪʝʤʘ. ɼʨʫʛʠ ʨʘʟʣʦʛ ʿʝ ʪʘʿ ʰʪʦ ʥʝʣʠʥʝʘʨ-

ʥʦʩʪ ʢʦʿʫ ʫʚʦʜʝ ʬʘʟʠ ʩʢʫʧʦʚʠ ʚʠʰʝʛ ʨʝʜʘ ʘ ʢʦʿʘ ʟʘʭʪʝʚʘ ʚʝ˂ʫ ʧʦʪʨʦʰˁʫ ʨʝʩʫʨʩʘ, ʥʠʿʝ 

ʜʠʨʝʢʪʥʦ ʧʨʦʧʦʨʮʠʦʥʘʣʥʘ ʢʚʘʣʠʪʝʪʫ ʠʟʣʘʟʘ ʬʘʟʠ ʤʦʜʝʣʘ. ʄʝʹʫʪʠʤ, ʧʨʦʙʣʝʤ ʠʟʙʦʨʘ 

ʬʫʥʢʮʠʿʝ ʧʨʠʧʘʜʥʦʩʪʠ ʿʦʰ ʥʠʿʝ ʪʝʦʨʠʿʩʢʠ ʨʝʰʝʥ. ʈʘʟʣʠʯʠʪʠ ʠʩʪʨʘʞʠʚʘʯʠ ʙʠʨʘʿʫ 

ʙʨʦʿʥʝ ʦʙʣʠʢʝ ʫ ʨʘʟʣʠʯʠʪʠʤ ʧʨʦʙʣʝʤʠʤʘ ʧʨʠʤʝʥʝ [68]. 

ʊʨʦʫʛʘʦʥʘ ʬʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ ʿʝ ʜʝʦ ʧʦ ʜʝʦ ʣʠʥʝʘʨʥʘ ʠ ʢʦʥʪʠʥʫʘʣʥʘ ʬʫʥʢʮʠʿʘ 

ʢʦʿʘ ʿʝ ʜʝʬʠʥʠʩʘʥʘ ʩʘ ʪʨʠ ʧʘʨʘʤʝʪʨʘ a, b ʠ c ʫʟ ʫʩʣʦʚ aÒbÒc. ʇʘʨʘʤʝʪʨʠ a, b ʠ c ʧʨʝʜ-

ʩʪʘʚˀʘʿʫ ʪʝʤʝʥʘ ʪʨʦʫʛʣʘ ʦʜʥʦʩʥʦ a ʠ c ʧʘʨʘʤʝʪʨʠ ʦʜʨʝʹʫʿʫ ʧʦʜʥʦʞʿʝ ʘ ʧʘʨʘʤʝʪʘʨ b ʚʨʭ 

ʪʨʦʫʛʣʘ. ʉʪʝʧʝʥ ʧʨʠʧʘʜʥʦʩʪʠ ʬʘʟʠ ʩʢʫʧʫ ʢʦʿʠ ʿʝ ʦʧʠʩʘʥ ʩʘ ʪʨʦʫʛʘʦʥʦʤ ʬʫʥʢʮʠʿʦʤ ʧʨʠ-

ʧʘʜʥʦʩʪʠ [71], [75] ʩʝ ʫ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ ʜʦʙʠʿʘ ʧʦ ʠʟʨʘʟʫ 

‘ὼȠὥȟὦȟὧ

ừ
Ử
Ừ

Ử
ứ
πȟ ὼ ὥ
ὼ ὥ

ὦ ὥ
ȟὥ ὼ ὦ

ὧ ὼ

ὧ ὦ
ȟ ὦ ὼ ὧ

πȟ ὧ ὼ

 (4.5) 

ʠʣʠ ʫ ʝʢʩʧʣʠʮʠʪʥʦʤ ʦʙʣʠʢʫ ʧʦ ʠʟʨʘʟʫ 

‘ὼȠὥȟὦȟὧ άὥὼάὭὲ
ὼ ὥ

ὦ ὥ
ȟ
ὧ ὼ

ὧ ὦ
ȟπ (4.6) 

ʇʨʠʤʝʨ ʪʨʦʫʛʘʦʥʝ ʬʫʥʢʮʠʿʝ ʧʨʠʧʘʜʥʦʩʪʠ ʩʘ ʧʘʨʘʤʝʪʨʠʤʘ a=1, b=6 ʠ c=8 ʧʨʠʢʘʟʘʥ ʿʝ 

ʥʘ ʩʣʠʮʠ 4.3. 

 

ʉʣʠʢʘ 4.3 ʇʨʠʤʝʨ ʪʨʦʫʛʘʦʥʝ ʬʫʥʢʮʠʿʝ ʧʨʠʧʘʜʥʦʩʪʠ 
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ʊʨʘʧʝʟʦʠʜʥʘ ʬʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ ʿʝ ʜʝʦ ʧʦ ʜʝʦ ʣʠʥʝʘʨʥʘ ʠ ʢʦʥʪʠʥʫʘʣʥʘ ʬʫʥʢ-

ʮʠʿʘ ʢʦʿʘ ʿʝ ʜʝʬʠʥʠʩʘʥʘ ʩʘ ʯʝʪʠʨʠ ʧʘʨʘʤʝʪʨʘ a, b, c ʠ d ʫʟ ʫʩʣʦʚ aÒbÒcÒd. ʇʘʨʘʤʝʪʨʠ ὥ 
ʠ Ὠ ʦʜʨʝʹʫʿʫ ʧʦʜʥʦʞʿʝ ʘ ʧʘʨʘʤʝʪʘʨ b ʠ c ʚʨʭ ʪʨʘʧʝʟʘ. ʋ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ ʩʪʝʧʝʥ ʧʨʠ-

ʧʘʜʥʦʩʪʠ ʬʘʟʠ ʩʢʫʧʫ ʢʦʿʠ ʿʝ ʦʧʠʩʘʥ ʩʘ ʪʨʘʧʝʟʦʠʜʥʦʤ ʬʫʥʢʮʠʿʦʤ ʧʨʠʧʘʜʥʦʩʪʠ [71], [75] 

ʩʝ ʨʘʯʫʥʘ ʧʦ ʠʟʨʘʟʫ  

‘ὼȠὥȟὦȟὧȟὨ

ừ
ỬỬ
Ừ

ỬỬ
ứ
πȟ ὼ ὥ
ὼ ὥ

ὦ ὥ
ȟὥ ὼ ὦ

ρ ὦ ὼ ὧ
Ὠ ὼ

Ὠ ὧ
ȟὧ ὼ Ὠ

πȟ Ὠ ὼ

 (4.7) 

ʠʣʠ ʫ ʝʢʩʧʣʠʮʠʪʥʦʤ ʦʙʣʠʢʫ ʧʦ ʠʟʨʘʟʫ 

‘ὼȠὥȟὦȟὧȟὨ άὥὼάὭὲ
ὼ ὥ

ὦ ὥ
ȟρȟ
Ὠ ὼ

Ὠ ὧ
ȟπ (4.8) 

ʇʨʠʤʝʨ ʪʨʘʧʝʟʦʠʜʥʝ ʬʫʥʢʮʠʿʝ ʧʨʠʧʘʜʥʦʩʪʠ ʩʘ ʧʘʨʘʤʝʪʨʠʤʘ a=1, b=3, c=6 ʠ d=8 ʿʝ 

ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 4.4. 

 

ʉʣʠʢʘ 4.4 ʇʨʠʤʝʨ ʪʨʘʧʝʟʦʠʜʥʝ ʬʫʥʢʮʠʿʝ ʧʨʠʧʘʜʥʦʩʪʠ 

ɻʘʫʩʦʚʘ ʬʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ ʿʝ ʥʝʣʠʥʝʘʨʥʘ ʢʦʥʪʠʥʫʘʣʥʘ ʬʫʥʢʮʠʿʘ ʢʦʿʘ ʿʝ ʜʝʬʠ-

ʥʠʩʘʥʘ ʩʘ ʜʚʘ ʧʘʨʘʤʝʪʨʘ „ ʠ ὧ. ʋ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ ʩʪʝʧʝʥ ʧʨʠʧʘʜʥʦʩʪʠ ʬʘʟʠ ʩʢʫʧʫ ʢʦʿʠ 
ʿʝ ʦʧʠʩʘʥ ʩʘ ɻʘʫʩʦʚʦʤ ʬʫʥʢʮʠʿʦʤ ʧʨʠʧʘʜʥʦʩʪʠ [75] ʩʝ ʨʘʯʫʥʘ ʧʦ ʠʟʨʘʟʫ  

‘ὼȠ„ȟὧ Ὡ  (4.9) 

ʇʘʨʘʤʝʪʘʨ  ̀ʧʨʝʜʩʪʘʚˀʘ ʰʠʨʠʥʫ ʘ ʧʘʨʘʤʝʪʘʨ c ʧʦʣʦʞʘʿ ʚʨʭʘ. ʅʘ ʩʣʠʮʠ 4.5 ʿ ʝ ʧʨʠʢʘʟʘʥ 

ʧʨʠʤʝʨ ɻʘʫʩʦʚʝ ʬʫʥʢʮʠʿʝ ʧʨʠʧʘʜʥʦʩʪʠ ʩʘ ʧʘʨʘʤʝʪʨʠʤʘ ů =1 ʠ c=5. 

 

ʉʣʠʢʘ 4.5 ʇʨʠʤʝʨ ɻʘʫʩʦʚʝ ʬʫʥʢʮʠʿʝ ʧʨʠʧʘʜʥʦʩʪʠ 
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ɿʚʦʥʘʩʪʘ ʬʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ ʿʝ ʥʝʣʠʥʝʘʨʥʘ ʢʦʥʪʠʥʫʘʣʥʘ ʬʫʥʢʮʠʿʘ ʢʦʿʘ ʿʝ ʜʝ-

ʬʠʥʠʩʘʥʘ ʩʘ ʪʨʠ ʧʘʨʘʤʝʪʨʘ a, b ʠ c ʫʟ ʫʩʣʦʚ ʜʘ ʿʝ b>0. ʌʫʥʢʮʠʿʘ ʿʝ ʜʦʙʠʿʝʥʘ ʜʠʨʝʢʪʥʠʤ 

ʫʦʧʰʪʝˁʝʤ ʂʦʰʠʿʝʚʝ ʜʠʩʪʨʠʙʫʮʠʿʝ ʢʦʨʠʰ˂ʝʥʝ ʫ ʪʝʦʨʠʿʠ ʚʝʨʦʚʘʪʥʦ˂ʝ ʧʘ ʩʝ ʤʦʞʝ ʠ 

ʥʘʟʚʘʪʠ ʂʦʰʠʿʝʚʦʤ ʬʫʥʢʮʠʿʦʤ ʧʨʠʧʘʜʥʦʩʪʠ. ʋ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ ʩʪʝʧʝʥ ʧʨʠʧʘʜʥʦʩʪʠ 

ʬʘʟʠ ʩʢʫʧʫ ʢʦʿʠ ʿʝ ʦʧʠʩʘʥ ʩʘ ʟʚʦʥʘʩʪʦʤ ʬʫʥʢʮʠʿʦʤ ʧʨʠʧʘʜʥʦʩʪʠ [75] ʩʝ ʨʘʯʫʥʘ ʧʦ 

ʠʟʨʘʟʫ 

‘ὼȠὥȟὦȟὧ
ρ

ρ
ὼ ὧ
ὥ

 (4.10) 

ʇʨʠʤʝʨ ʟʚʦʥʘʩʪʝ ʬʫʥʢʮʠʿʝ ʧʨʠʧʘʜʥʦʩʪʠ ʩʘ ʧʘʨʘʤʝʪʨʠʤʘ a=2, b=4 ʠ c=5 ʩʝ ʤʦʞʝ ʚʠ-

ʜʝʪʠ ʥʘ ʩʣʠʮʠ 4.6. 

 

ʉʣʠʢʘ 4.6 ʇʨʠʤʝʨ ʟʚʦʥʘʩʪʝ ʬʫʥʢʮʠʿʝ ʧʨʠʧʘʜʥʦʩʪʠ 

ɻʘʫʩʦʚʘ ʠ ʟʚʦʥʘʩʪʘ ʬʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ ʥʠʩʫ ʫ ʤʦʛʫ˂ʥʦʩʪʠ ʜʘ ʩʧʝʮʠʬʠʮʠʨʘʿʫ 

ʘʩʠʤʝʪʨʠʯʥʦʩʪ ʢʦʿʘ ʿʝ ʚʘʞʥʘ ʫ ʦʜʨʝʹʝʥʠʤ ʧʨʠʤʝʥʘʤʘ. ɿʘʪʦ ʩʝ ʜʝʬʠʥʠʰʝ ʩʠʛʤʦʠʜʘʣʥʘ 

ʬʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ ʢʦʨʠʩʪʝ˂ʠ ʜʚʘ ʧʘʨʘʤʝʪʨʘ ὥ ʠ ὧ. ʋ ʦʧʰʪʝʤ ʩʣʫʯʘʿʫ ʩʪʝʧʝʥ ʧʨʠ-
ʧʘʜʥʦʩʪʠ ʬʘʟʠ ʩʢʫʧʫ ʢʦʿʠ ʿʝ ʦʧʠʩʘʥ ʩʘ ʩʠʛʤʦʠʜʘʣʥʦʤ ʬʫʥʢʮʠʿʦʤ ʧʨʠʧʘʜʥʦʩʪʠ [75] ʩʝ 

ʨʘʯʫʥʘ ʧʦ ʠʟʨʘʟʫ 

‘ὼȠὥȟὧ
ρ

ρ ̆
 (4.11) 

ʇʨʠʤʝʨ ʩʠʛʤʦʠʜʘʣʥʝ ʬʫʥʢʮʠʿʝ ʧʨʠʧʘʜʥʦʩʪʠ ʩʘ ʧʘʨʘʤʝʪʨʠʤʘ a=2 ʠ c=5 ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ 

ʥʘ ʩʣʠʮʠ 4.7. 

 

ʉʣʠʢʘ 4.7 ʇʨʠʤʝʨ ʩʠʛʤʦʠʜʘʣʥʝ ʬʫʥʢʮʠʿʝ ʧʨʠʧʘʜʥʦʩʪʠ 

ʅʘ ʦʚʘʿ ʥʘʯʠʥ ʩʝ ʜʦʙʠʿʘ ʩʠʛʤʦʠʜʘʣʥʘ ʦʪʚʦʨʝʥʘ ʬʫʥʢʮʠʿʘ ʘ ʟʘʪʚʦʨʝʥʘ ʩʠʛʤʦʠʜʘʣʥʘ 

ʬʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ ʩʝ ʜʦʙʠʿʘ ʘʧʩʦʣʫʪʥʦʤ ʨʘʟʣʠʢʦʤ ʠʣʠ ʧʨʦʠʟʚʦʜʦʤ ʜʚʝ ʩʠʛʤʦʠ-

ʜʘʣʥʝ ʬʫʥʢʮʠʿʝ. ʇʨʠʤʝʨ ʟʘʪʚʦʨʝʥʝ ʩʠʛʤʦʠʜʘʣʥʝ ʬʫʥʢʮʠʿʝ ʧʨʠʧʘʜʥʦʩʪʠ ʜʦʙʠʿʝʥʝ ʢʘʦ 

ʨʘʟʣʠʢʘ ʜʚʝ ʩʠʛʤʦʠʜʘʣʥʝ ʬʫʥʢʮʠʿʝ ʩʘ ʧʘʨʘʤʝʪʨʠʤʘ a=2 ʠ c=5 ʦʜʥʦʩʥʦ a=2 ʠ c=-5 ʿʝ 

ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 4.8. 
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ʉʣʠʢʘ 4.8 ʇʨʠʤʝʨ ʟʘʪʚʦʨʝʥʝ ʩʠʛʤʦʠʜʘʣʥʝ ʬʫʥʢʮʠʿʝ ʧʨʠʧʘʜʥʦʩʪʠ 

4.1.3 ʌʘʟʠ ʦʧʝʨʘʮʠʿʝ 

ʌʘʟʠ ʩʢʫʧ ʿʝ ʫʦʧʰʪʝˁʝ ʢʣʘʩʠʯʥʦʛ ʩʢʫʧʘ, ʩʪʦʛʘ ʩʝ ʦʧʝʨʘʮʠʿʝ ʤʦʛʫ ʠʟʚʝʩʪʠ ʢʘʦ ʧʨʦ-

ʰʠʨʝˁʘ ʦʜʛʦʚʘʨʘʿʫ˂ʠʭ ʦʧʝʨʘʮʠʿʘ ʩʘ ʢʣʘʩʠʯʥʠʤ ʩʢʫʧʦʚʠʤʘ. ʅʘʿʟʥʘʯʘʿʥʠʿʝ ʦʧʝʨʘʮʠʿʝ ʩʫ 

ʿʝʜʥʘʢʦʩʪ, ʢʦʤʧʣʝʤʝʥʪ, ʧʨʝʩʝʢ ʠ ʫʥʠʿʘ ʠ ʦʚʜʝ ʩʫ ʜʘʪʝ ʢʘʦ ʰʪʦ ʩʫ ʜʝʬʠʥʠʩʘʥʝ ʫ [19]. 

ɿʘ ʬʘʟʠ ʩʢʫʧʦʚʝ A ʠ B ʢʘʞʝ ʩʝ ʜʘ ʩʫ ʿʝʜʥʘʢʠ ʘʢʦ ʠ ʩʘʤʦ ʘʢʦ ʿʝ µὃ(ὼ) = µὄ(ὼ) ʟʘ ʩʚʝ 
ʝʣʝʤʝʥʪʝ x ʠʟ ʩʢʫʧʘ X ʥʘʜ ʢʦʿʠʤ ʩʫ ʜʝʬʠʥʠʩʘʥʠ ʬʘʟʠ ʩʢʫʧʦʚʠ A ʠ B.  

ʌʘʟʠ ʩʢʫʧ A ʿʝ ʧʦʜʩʢʫʧ ʬʘʟʠ ʩʢʫʧʘ B (ὃ Ṓ B) ʘʢʦ ʠ ʩʘʤʦ ʘʢʦ ʿʝ mA(x) Ò mB(x) ʟʘ 

ʩʚʝ ʝʣʝʤʝʥʪʝ x ʠʟ ʩʢʫʧʘ X.  

ʌʘʟʠ ʩʢʫʧ A' ʿʝ ʢʦʤʧʣʝʤʝʥʪ ʬʘʟʠ ʩʢʫʧʘ A ʘʢʦ ʚʘʞʠ µὃ'(ὼ) = 1 ī µὃ(ὼ). 

ʋʥʠʿʘ ʬʘʟʠ ʩʢʫʧʦʚʘ A ʠ B (A ᷾  B) ʧʨʝʜʩʪʘʚˀʘ ʥʘʿʤʘˁʠ ʬʘʟʠ ʩʢʫʧ ʢʦʿʠ ʠʩʪʦʚʨʝʤʝʥʦ 

ʩʘʜʨʞʠ ʩʚʝ ʝʣʝʤʝʥʪʝ ʠʟ ʬʘʟʠ ʩʢʫʧʘ ɸ ʠ ʩʚʝ ʝʣʝʤʝʥʪʝ ʠʟ ʬʘʟʠ ʩʢʫʧʘ B. ʌʫʥʢʮʠʿʘ ʧʨʠ-

ʧʘʜʥʦʩʪʠ ʫʥʠʿʝ A ᷾ B ʿʝ ʦʙʣʠʢʘ 

‘᷾ ὼ  άὥὼ‘ ὼȟ‘ ὼ ȟᶅὼ ɴ  ὢ (4.12) 

ʇʨʝʩʝʢ ʬʘʟʠ ʩʢʫʧʦʚʘ A ʠ B (A ᷊ B) ʜʝʬʠʥʠʰʝ ʩʝ ʢʘʦ ʥʘʿʚʝ˂ʠ ʬʘʟʠ ʩʢʫʧ ʢʦʿʠ ʿʝ 

ʠʩʪʦʚʨʝʤʝʥʦ ʧʦʜʩʢʫʧ ʬʘʟʠ ʩʢʫʧʘ A ʠ ʬʘʟʠ ʩʢʫʧʘ B. ʌʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ ʧʨʝʩʝʢʘ  

A ᷊ B ʿʝ ʦʙʣʠʢʘ  

‘᷊ ὼ  άὭὲ‘ ὼȟ‘ ὼ ȟᶅὼ ɴ  ὢ (4.13) 

ɻʨʘʬʠʯʢʠ ʧʨʠʢʘʟ ʦʧʝʨʘʮʠʿʘ ʫʥʠʿʝ, ʧʨʝʩʝʢʘ ʠ ʢʦʤʧʣʝʤʝʥʪʘ ʿʝ ʜʘʪ ʥʘ ʩʣʠʮʠ 4.9. 

1 1 1

ʉ
ʪ
ʝ
ʧ
ʝ
ʥ
 
ʧ
ʨ
ʠ
ʧ
ʘ
ʜ
ʥ
ʦ
ʩ
ʪ
ʠ

ʉ
ʪ
ʝ
ʧ
ʝ
ʥ
 
ʧ
ʨ
ʠ
ʧ
ʘ
ʜ
ʥ
ʦ
ʩ
ʪ
ʠ

ʉ
ʪ
ʝ
ʧ
ʝ
ʥ
 
ʧ
ʨ
ʠ
ʧ
ʘ
ʜ
ʥ
ʦ
ʩ
ʪ
ʠ

ʈʝʘʣʥʝ ʚʨʝʜʥʦʩʪʠ ʈʝʘʣʥʝ ʚʨʝʜʥʦʩʪʠ ʈʝʘʣʥʝ ʚʨʝʜʥʦʩʪʠ
0 00

 

ʉʣʠʢʘ 4.9 ɻʨʘʬʠʯʢʠ ʧʨʠʢʘʟ ʦʧʝʨʘʮʠʿʘ ʥʘʜ ʬʘʟʠ ʩʢʫʧʦʚʠʤʘ 

4.1.4 ʃʠʥʛʚʠʩʪʠʯʢʝ ʧʨʦʤʝʥˀʠʚʝ 

ɿʘʜʝ ʿʝ ʧʨʝʜʣʦʞʠʦ ʢʦʥʮʝʧʪ ʣʠʥʛʚʠʩʪʠʯʢʝ ʧʨʦʤʝʥˀʠʚʝ ʢʨʦʟ ʪʨʠʣʦʛʠʿʫ ʨʘʜʦʚʘ 

[76]ï[78] ʠ ʜʝʬʠʥʠʩʘʦ ʿʝ ʢʘʦ ʧʨʦʤʝʥˀʠʚʫ ʯʠʿʝ ʩʫ ʜʦʟʚʦˀʝʥʝ ʚʨʝʜʥʦʩʪʠ ʨʝʯʠ ʧʨʠʨʦʜ-

ʥʦʛ ʿʝʟʠʢʘ. ʃʠʥʛʚʠʩʪʠʯʢʠ ʠʟʨʘʟʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʚʝʟʫ ʠʟʤʝʹʫ ʥʫʤʝʨʠʯʢʦʛ ʧʨʝʜʩʪʘʚˀʘˁʘ 

ʠʥʬʦʨʤʘʮʠʿʘ ʠ ʯʦʚʝʢʦʚʦʛ ʥʘʯʠʥʘ ʨʘʟʤʠʰˀʘˁʘ.  
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ʅʘ ʧʨʠʤʝʨ, ʘʢʦ ʬʠʟʠʯʢʘ ʧʨʦʤʝʥˀʠʚʘ Ăʚʨʝʤʝ ʫʩʧʦʥʘñ ʫ ʦʜʩʢʦʯʥʦʤ ʦʜʟʠʚʫ ʩʠʩʪʝʤʘ 

ʤʦʞʝ ʜʘ ʠʤʘ ʚʨʝʜʥʦʩʪʠ: Ăʚʝʦʤʘ ʤʘʣʠñ, Ăʤʘʣʠñ, Ăʩʨʝʜˁʠñ, Ăʚʝʣʠʢʠñ ʠ Ăʚʝʦʤʘ ʚʝʣʠʢʠñ, 

ʦʥʜʘ ʿʝ Ăʚʨʝʤʝ ʫʩʧʦʥʘò ʣʠʥʛʚʠʩʪʠʯʢʘ ʧʨʦʤʝʥˀʠʚʘ ʘ Ăʤʘʣʠò, Ăʩʨʝʜˁʠò ʠ Ăʚʝʣʠʢʠò ʩʫ 

ʦʩʥʦʚʥʝ ʣʠʥʛʚʠʩʪʠʯʢʝ ʚʨʝʜʥʦʩʪʠ. ʀʩʧʨʝʜ ʦʚʠʭ ʣʠʥʛʚʠʩʪʠʯʢʠʭ ʚʨʝʜʥʦʩʪʠ ʯʝʩʪʦ ʩʝ ʜʦ-

ʜʘʿʫ ʤʦʜʠʬʠʢʘʪʦʨʠ ʢʘʦ ʰʪʦ ʿʝ ʫ ʦʚʦʤ ʧʨʠʤʝʨʫ Ăʚʝʦʤʘò, ʜʘ ʙʠ ʩʝ ʙʦˀʝ ʦʧʠʩʘʣʘ ʦʩʥʦʚʥʘ 

ʣʠʥʛʚʠʩʪʠʯʢʘ ʚʨʝʜʥʦʩʪ. ʃʠʥʛʚʠʩʪʠʯʢʠ ʤʦʜʠʬʠʢʘʪʦʨʠ ʪʘʢʦ ʚʨʰʝ ʠ ʤʦʜʠʬʠʢʘʮʠʿʫ 

ʬʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ ʘ ʤʘʪʝʤʘʪʠʯʢʠ ʩʝ ʜʝʬʠʥʠʰʫ ʫ ʟʘʚʠʩʥʦʩʪʠ ʦʜ ʫʧʦʪʨʝʙʝ ʠ ʥʘ-

ʤʝʥʝ. 

ʃʠʥʛʚʠʩʪʠʯʢʘ ʧʨʦʤʝʥˀʠʚʘ ʿʝ ʜʝʬʠʥʠʩʘʥʘ ʫʨʝʹʝʥʦʤ ʧʝʪʦʨʢʦʤ (x, Tx, U, G, Mx) 

[66], ʢʦʿʘ ʩʘʜʨʞʠ 

¶ x ʥʘʟʠʚ ʣʠʥʛʚʠʩʪʠʯʢʝ ʧʨʦʤʝʥˀʠʚʝ  

¶ Tx ʩʢʫʧ ʣʠʥʛʚʠʩʪʠʯʢʠʭ ʚʨʝʜʥʦʩʪʠ (ʪʝʨʤʠʥʘ, ʠʟʨʘʟʘ) ʢʦʿʝ ʤʦʞʝ ʧʦʧʨʠ-

ʤʠʪʠ ʣʠʥʛʚʠʩʪʠʯʢʘ ʧʨʦʤʝʥˀʠʚʘ x  

¶ U ʿʝ ʩʪʚʘʨʥʘ ʬʠʟʠʯʢʘ ʚʝʣʠʯʠʥʘ ʫ ʢʦʿʦʿ ʝʣʝʤʝʥʪʠ ʠʟ Tx ʧʦʧʨʠʤʘʿʫ ʥʫʤʝ-

ʨʠʯʢʝ ʚʨʝʜʥʦʩʪʠ 

¶ G ʿʝ ʩʢʫʧ ʩʠʥʪʘʢʩʥʠʭ ʧʨʘʚʠʣʘ ʢʦʿʠ ʛʝʥʝʨʠʰʫ ʩʢʫʧ Tx ʠʟ ʩʢʫʧʘ ʦʩʥʦʚʥʠʭ 

ʪʝʨʤʠʥʘ  

¶ Mx ʿ ʝ ʩʝʤʘʥʪʠʯʢʘ ʬʫʥʢʮʠʿʘ ʢʦʿʘ ʜʘʿʝ ʢʚʘʥʪʠʪʘʪʠʚʥʦ ʟʥʘʯʝˁʝ ʣʠʥʛʚʠʩʪʠʯ-

ʢʠʤ ʠʟʨʘʟʠʤʘ ʦʜʥʦʩʥʦ "x Í ʊ ʧʨʠʜʨʫʞʫʿʝ ʬʘʟʠ ʧʦʜʩʢʫʧ ʦʜ U. 

4.2 ʉʪʨʫʢʪʫʨʘ ʬʘʟʠ ʩʠʩʪʝʤʘ 

ʌʘʟʠ ʩʠʩʪʝʤʠ ʢʦʿʠ ʩʝ ʨʘʟʤʘʪʨʘʿʫ ʫ ʦʚʦʿ ʜʠʩʝʨʪʘʮʠʿʠ ʠʤʘʿʫ n ʫʣʘʟʘ xi  ɴXi , ʛʜʝ ʿʝ  

i= 1, 2, ... , n ʘ Xi ʿʝ ʜʦʤʝʥ ʟʘ xi ʠ m ʠʟʣʘʟʘ yj  ɴYj , ʛʜʝ ʿʝ j= 1, 2, ... , m ʘ Yj ʿʝ ʜʦʤʝʥ ʟʘ yj. 

ʌʘʟʠ ʩʠʩʪʝʤ ʢʦʿʠ ʿʝ ʙʘʟʠʨʘʥ ʥʘ ʄʘʤʜʘʥʠ ʤʝʭʘʥʠʟʤʫ ʟʘʢˀʫʯʠʚʘˁʘ [20], [79], [80] ʠʤʘ 

ʩʪʨʫʢʪʫʨʫ ʧʨʠʢʘʟʘʥʫ ʥʘ ʩʣʠʮʠ 4.10. 

x
ʌʘʟʠʬʠʢʘʮʠʿʘ

ʄʝʭʘʥʠʟʘʤ 

ʟʘʢˀʫʯʠʚʘˁʘ
ɼʝʬʘʟʠʬʠʢʘʮʠʿʘ

ɹʘʟʘ ʧʨʘʚʠʣʘ

y

 

ʉʣʠʢʘ 4.10 ʉʪʨʫʢʪʫʨʘ ʬʘʟʠ ʩʠʩʪʝʤʘ 

ʋʣʘʟʠ x ʠ ʠʟʣʘʟʠ y ʠʤʘʿʫ ʨʝʘʣʥʝ ʚʨʝʜʥʦʩʪʠ. ɹʣʦʢ ʬʘʟʠʬʠʢʘʮʠʿʘ ʧʨʝʪʚʘʨʘ ʨʝʘʣʥʝ 

(ʥʫʤʝʨʠʯʢʝ) ʚʨʝʜʥʦʩʪʠ ʫʣʘʟʘ ʫ ʬʘʟʠ ʚʨʝʜʥʦʩʪʠ. ʄʝʭʘʥʠʟʘʤ ʟʘʢˀʫʯʠʚʘˁʘ ʢʦʨʠʩʪʠ ʧʨʘ-

ʚʠʣʘ ʫ ʙʘʟʠ ʧʨʘʚʠʣʘ ʟʘ ʧʨʝʪʚʘʨʘˁʝ ʦʚʠʭ ʬʘʟʠ ʚʨʝʜʥʦʩʪʠ ʫ ʠʟʣʘʟʥʝ ʬʘʟʠ ʚʨʝʜʥʦʩʪʠ. 

ɹʣʦʢ ʜʝʬʘʟʠʬʠʢʘʮʠʿʘ ʧʨʝʪʚʘʨʘ ʨʝʟʫʣʪʘʪ ʟʘʢˀʫʯʠʚʘˁʘ ʫ ʨʝʘʣʥʝ (ʥʫʤʝʨʠʯʢʝ) ʚʨʝʜʥʦʩʪʠ 

ʟʘ ʩʚʘʢʠ ʦʜ ʠʟʣʘʟʘ. 

4.2.1 ʌʘʟʠʬʠʢʘʮʠʿʘ 

ʌʘʟʠʬʠʢʘʮʠʿʘ (fuzzification) ʿ ʝ ʧʨʦʮʝʩ ʧʨʝʪʚʘʨʘˁʘ ʪʨʝʥʫʪʥʝ ʚʨʝʜʥʦʩʪʠ ʫʣʘʟʥʝ ʧʨʦ-

ʤʝʥˀʠʚʝ ʫ ʬʘʟʠ ʩʢʫʧ ʩʘ ʦʜʨʝʹʝʥʠʤ ʩʪʝʧʝʥʦʤ ʧʨʠʧʘʜʥʦʩʪʠ ʧʦʤʦ˂ʫ ʬʫʥʢʮʠʿʝ ʧʨʠʧʘʜ-

ʥʦʩʪʠ ʜʘ ʙʠ ʿʝ ʥʘʯʠʥʠʦ ʢʦʤʧʘʪʠʙʠʣʥʦʤ ʩʘ ʬʘʟʠ ʧʨʝʜʩʪʘʚʦʤ ʧʨʦʤʝʥˀʠʚʝ ʫ ʙʘʟʠ ʧʨʘ-

ʚʠʣʘ. 
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ʌʘʟʠʬʠʢʘʮʠʿʘ ʧʨʝʜʩʪʘʚˀʘ ʧʨʝʩʣʠʢʘʚʘˁʝ ʥʫʤʝʨʠʯʢʠʭ ʚʨʝʜʥʦʩʪʠ ʫʣʘʟʘ x ʫ ʬʘʟʠ 

ʩʢʫʧ 

Ὂȡὢᴼὢ  (4.14) 

ʛʜʝ ʩʫ ʩʘ XFUZ ʧʨʝʜʩʪʘʚˀʝʥʠ ʩʚʠ ʬʘʟʠ ʩʢʫʧʦʚʠ ʢʦʿʠ ʩʝ ʤʦʛʫ ʜʝʬʠʥʠʩʘʪʠ ʥʘʜ ʜʦʤʝʥʦʤ 
X. ʇʨʠʜʨʫʞʠʚʘˁʝ ʬʘʟʠ ʩʢʫʧʘ Ai

FUZ ʧʨʦʤʝʥˀʠʚʦʿ xi ʤʦʞʝ ʩʝ ʧʨʝʜʩʪʘʚʠʪʠ ʨʝʣʘʮʠʿʦʤ 

Ὂὼ ὃ  (4.15) 

ʇʦʩʝʙʘʥ ʦʙʣʠʢ ʬʘʟʠʬʠʢʘʮʠʿʝ ʧʨʝʜʩʪʘʚˀʘ ñʩʠʥʛʣʪʦʥò (singleton) ʬʘʟʠʬʠʢʘʮʠʿʘ 

[81]. ʇʨʦʠʟʚʦʜ ʦʚʦʛ ʧʨʝʩʣʠʢʘʚʘˁʘ ʿʝ ʩʢʫʧ Ai
FUZ ʯʠʿʘ ʬʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ ʫʟʠʤʘ ʩʘʤʦ 

ʿʝʜʥʫ ʜʠʩʢʨʝʪʥʫ ʚʨʝʜʥʦʩʪ 

‘ ὥ
ρ ὥ ὼ
π ὥ ὼ

 (4.16) 

4.2.2 ɹʘʟʘ ʧʨʘʚʠʣʘ 

ɹʘʟʘ ʟʥʘˁʘ ʩʘʜʨʞʠ ʙʘʟʫ ʧʦʜʘʪʘʢʘ ʠ ʩʢʫʧ ʬʘʟʠ AKO-ONDA ʧʨʘʚʠʣʘ. ɹʘʟʘ ʧʦʜʘʪʘʢʘ 

ʿʝ ʜʝʢʣʘʨʘʪʠʚʥʠ ʜʝʦ ʙʘʟʝ ʟʥʘˁʘ ʢʦʿʠ ʦʧʠʩʫʿʝ ʜʝʬʠʥʠʮʠʿʫ ʦʙʿʝʢʘʪʘ (ʯʠˁʝʥʠʮʘ, ʧʦʿʤʦʚʘ) 

ʠ ʜʝʬʠʥʠʮʠʿʫ ʬʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʝ ʫ ʬʘʟʠ ʧʨʘʚʠʣʠʤʘ. ʌʘʟʠ ʧʨʘʚʠʣʘ 

ʩʫ ʧʨʦʮʝʜʫʨʘʣʥʠ ʜʝʦ ʙʘʟʝ ʟʥʘˁʘ ʢʦʿʠ ʩʘʜʨʞʠ ʠʥʬʦʨʤʘʮʠʿʝ ʦ ʪʦʤʝ ʢʘʢʦ ʩʝ ʦʚʠ ʦʙʿʝʢʪʠ 

ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʟʘ ʬʦʨʤʠʨʘˁʝ ʟʘʢˀʫʯʘʢʘ [82]. 

ʇʨʠ ʨʘʟʚʦʿʫ ʙʘʟʝ ʧʨʘʚʠʣʘ ʩʝ ʤʦʨʘ ʚʦʜʠʪʠ ʨʘʯʫʥʘ ʦ ʪʦʤʝ ʜʘ ʧʨʘʚʠʣʘ ʥʝ ʙʫʜʫ ʢʦʥ-

ʪʨʘʜʠʢʪʦʨʥʘ. ɺʝʣʠʢʠ ʙʨʦʿ ʧʨʘʚʠʣʘ ʟʥʘʪʥʦ ʫʩʣʦʞˁʘʚʘ ʩʪʨʫʢʪʫʨʫ ʬʘʟʠ ʩʠʩʪʝʤʘ. ɿʙʦʛ 

ʪʦʛʘ ʿʝ ʧʦʪʨʝʙʥʦ ʟʘʜʨʞʘʪʠ ʩʘʤʦ ʨʝʣʝʚʘʥʪʥʘ ʠ ʟʥʘʯʘʿʥʘ ʧʨʘʚʠʣʘ. ɹʘʟʫ ʧʨʘʚʠʣʘ ʪʨʝʙʘ 

ʨʝʜʫʢʦʚʘʪʠ ʥʘ ʥʘʿʤʘˁʫ ʤʦʛʫ˂ʫ ʤʝʨʫ ʫʟ ʤʠʥʠʤʘʣʘʥ ʛʫʙʠʪʘʢ ʢʦʨʠʩʥʠʭ ʠʥʬʦʨʤʘʮʠʿʘ. 

ʇʨʘʚʠʣʘ ʩʝ ʬʦʨʤʠʨʘʿʫ ʜʘ ʙʠ ʩʝ ʠʟʨʘʟʠʣʘ ʧʦʩʣʝʜʠʮʘ ʢʦʿʫ ʧʨʦʠʟʚʦʜʝ ʪʨʝʥʫʪʥʝ ʚʨʝʜ-

ʥʦʩʪʠ ʫʣʘʟʥʠʭ ʧʨʦʤʝʥˀʠʚʠʭ. ʆʚʘ ʧʨʘʚʠʣʘ ʠʤʘʿʫ ʦʙʣʠʢ AKO-ONDA ʠ ʫ ʦʧʰʪʝʤ ʬʦʨ-

ʤʘʪʫ ʩʫ ʜʘʪʘ ʢʘʦ AKO <ʧʨʝʤʠʩʘ> ONDA <ʧʦʩʣʝʜʠʮʘ>. 

ʋ ʩʢʣʘʜʫ ʩʘ ʪʠʤ ʤʦʞʝ ʩʝ ʬʦʨʤʠʨʘʪʠ ʩʣʝʜʝ˂ʘ ʧʨʘʚʠʣʘ ʢʘʦ ʧʨʠʤʝʨ: 

1. AKO A JE A1 I AKO B JE B1 ONDA C JE C1 

2. AKO A JE A2 I AKO B JE B2 ONDA C JE C2 

ʇʨʠ ʯʝʤʫ ʩʫ A1 ʠ A2 ʚʨʝʜʥʦʩʪʠ ʣʠʥʛʚʠʩʪʠʯʢʝ ʧʨʦʤʝʥˀʠʚʝ A, ʘ B1 ʠ B2 ʚʨʝʜʥʦʩʪʠ 

ʣʠʥʛʚʠʩʪʠʯʢʝ ʧʨʦʤʝʥˀʠʚʝ B, ʜʦʢ ʩʫ C1 ʠ C2 ʚʨʝʜʥʦʩʪʠ ʣʠʥʛʚʠʩʪʠʯʢʝ ʧʨʦʤʝʥˀʠʚʝ C.  

ʆʯʠʛʣʝʜʥʦ ʿʝ ʜʘ ʦʚʘ ʧʨʘʚʠʣʘ ʥʝ ʤʦʛʫ ʜʘ ʙʫʜʫ ʩʘʩʚʠʤ ʧʨʝʮʠʟʥʘ. ʊʦ ʿʝ ʟʘʪʦ ʰʪʦ 

ʧʨʦʤʝʥˀʠʚʝ ʫʟʠʤʘʿʫ ʣʠʥʛʚʠʩʪʠʯʢʝ ʚʨʝʜʥʦʩʪʠ ʠ ʪʦ ʠʟ ʦʛʨʘʥʠʯʝʥʦʛ ʩʢʫʧʘ ʧʘ ʩʘʤʠʤ ʪʠʤ 

ʿʝ ʠ ʩʢʫʧ ʧʨʘʚʠʣʘ ʦʛʨʘʥʠʯʝʥ. 

4.2.3 ɸʧʨʦʢʩʠʤʘʪʠʚʥʦ ʟʘʢˀʫʯʠʚʘˁʝ 

ɸʧʨʦʢʩʠʤʘʪʠʚʥʦ ʟʘʢˀʫʯʠʚʘˁʝ ʿʝ ʧʦʩʪʫʧʘʢ ʟʘʢˀʫʯʠʚʘˁʘ ʢʦʿʠ ʩʝ ʢʦʨʠʩʪʠ ʟʘ ʠʟʚʦ-

ʹʝˁʝ ʟʘʢˀʫʯʘʢʘ ʠʟ ʩʢʫʧʘ ʥʝʿʘʩʥʠʭ ʧʨʘʚʠʣʘ AKO-ONDA ʠ ʿʝʜʥʝ ʠʣʠ ʚʠʰʝ ʧʨʝʤʠʩʘ. ʊʦ 

ʿʝ ʛʝʥʝʨʘʣʠʟʘʮʠʿʘ ʢʣʘʩʠʯʥʦʛ ʨʝʟʦʥʦʚʘˁʘ ʩʘ ʪʠʧʠʯʥʠʤ ʪʨʘʜʠʮʠʦʥʘʣʥʠʤ ʧʨʘʚʠʣʠʤʘ ʟʘ-

ʢˀʫʯʠʚʘˁʘ ʢʘʦ ʰʪʦ ʩʫ ʤʦʜʫʩ ʧʦʥʝʥʩ (modus ponens), ʤʦʜʫʩ ʪʦʣʣʝʥʩ (modus tollens) ʠ 

ʭʠʧʦʪʝʪʠʯʢʠ ʩʠʣʦʛʠʟʘʤ. ʅʘ ʦʩʥʦʚʫ ʧʦʟʥʘʪʝ ʯʠˁʝʥʠʮʝ A ʠ ʧʨʘʚʠʣʘ AŸB (ʘʢʦ A ʦʥʜʘ 

B), ʧʦʢʘʟʫʿʝ ʩʝ ʜʘ ʚʘʞʠ ʟʘʢˀʫʯʘʢ B [82].  



ʆʩʥʦʚʝ ʬʘʟʠ ʩʠʩʪʝʤʘ 

ɼʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ  23 

ɸʧʨʦʢʩʠʤʘʪʠʚʥʦ ʟʘʢˀʫʯʠʚʘˁʝ ʿʝ ʬʦʨʤʘ ʬʘʟʠ ʣʦʛʠʢʝ ʢʦʿʘ ʩʘʜʨʞʠ ʩʢʫʧ ʧʨʘʚʠʣʘ 

ʟʘʢˀʫʯʠʚʘˁʘ ʯʠʿʝ ʩʫ ʧʨʝʤʠʩʝ ʬʘʟʠ ʧʨʦʧʦʟʠʮʠʿʝ. ʊʦ ʿʝ ʦʙʣʠʢ ʟʘʢˀʫʯʠʚʘˁʘ ʢʦʿʠ ʥʫʜʠ 

ʧʫʥʦ ʧʨʠʨʦʜʥʠʿʠ ʦʢʚʠʨ ʟʘ ˀʫʜʩʢʦ ʨʝʟʦʥʦʚʘˁʝ ʦʜ ʪʨʘʜʠʮʠʦʥʘʣʥʝ ʣʦʛʠʢʝ.  

ʄʝʭʘʥʠʟʘʤ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦʛ ʟʘʢˀʫʯʠʚʘˁʘ ʦʙʨʘʹʫʿʝ ʬʘʟʠ ʚʨʝʜʥʦʩʪʠ ʫ ʧʨʦʮʝʩʫ 

ʢʦʿʠ ʩʝ ʩʘʩʪʦʿʠ ʦʜ ʪʨʠ ʬʘʟʝ: ʠʤʧʣʠʢʘʮʠʿʘ (ʘʢʪʠʚʘʮʠʿʘ), ʘʛʨʝʛʘʮʠʿʘ ʠ ʘʢʫʤʫʣʘʮʠʿʘ. ʅʘ 

ʩʣʠʮʠ 4.11 ʿ ʝ ʜʘʪ ʛʨʘʬʠʯʢʠ ʧʨʠʢʘʟ ʧʨʦʮʝʜʫʨʝ ʄʘʤʜʘʥʠ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦʛ ʟʘʢˀʫʯʠʚʘˁʘ 

[82]. 
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ʉʣʠʢʘ 4.11 ɻʨʘʬʠʯʢʠ ʧʨʠʢʘʟ ʄʘʤʜʘʥʠ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦʛ ʟʘʢˀʫʯʠʚʘˁʘ 

ɸʢʪʠʚʘʮʠʿʘ ʿʝ ʧʦʩʪʫʧʘʢ ʢʦʿʠʤ ʩʝ ʥʘ ʦʩʥʦʚʫ ʩʪʝʧʝʥʘ ʧʨʠʧʘʜʥʦʩʪʠ ʧʨʦʤʝʥˀʠʚʠʭ 

ʫʣʘʟʥʠʤ ʬʘʟʠ ʩʢʫʧʦʚʠʤʘ (ʚʨʝʜʥʦʩʪʠ ʜʦʙʠʿʝʥʝ ʬʘʟʠʬʠʢʘʮʠʿʦʤ) ʨʘʯʫʥʘ ʩʪʝʧʝʥ ʘʢʪʠʚʘ-

ʮʠʿʝ ʩʚʘʢʦʛ ʧʦʿʝʜʠʥʘʯʥʦʛ ʧʨʘʚʠʣʘ. ɸʢʪʠʚʘʮʠʿʘ ʥʘ ʪʘʿ ʥʘʯʠʥ ʦʜʣʫʯʫʿʝ ʢʦʣʠʢʦ ˂ʝ ʧʦʿʝ-

ʜʠʥʠ ʠʟʣʘʟʥʠ ʬʘʟʠ ʩʢʫʧʦʚʠ ʫʯʝʩʪʚʦʚʘʪʠ ʫ ʥʘʨʝʜʥʦʤ ʢʦʨʘʢʫ ʠʤʧʣʠʢʘʮʠʿʝ. ʆʥʘ ʿʝ  

ʫʿʝʜʥʦ ʠ ʤʝʨʘ ʢʦʣʠʢʦ ʩʚʝʫʢʫʧʥʦ ʫʣʘʟʥʝ ʧʨʦʤʝʥˀʠʚʝ ʧʨʠʧʘʜʘʿʫ ʫʣʘʟʥʠʤ ʬʘʟʠ ʩʢʫʧʦ-

ʚʠʤʘ ʢʦʿʠ ʫʯʝʩʪʚʫʿʫ ʫ ʜʘʪʦʤ ʧʨʘʚʠʣʫ. ʂʦʜ ʧʨʘʚʠʣʘ ʀ (AND) ʪʠʧʘ ʩʝ ʥʘʿʯʝʰ˂ʝ ʘʢʪʠʚʘ-

ʮʠʿʘ ʧʨʘʚʠʣʘ ʨʘʯʫʥʘ ʤʝʪʦʜʦʤ ʤʠʥʠʤʫʤʘ ʦʜʥʦʩʥʦ ʢʘʦ ʥʘʿʤʘˁʠ ʩʪʝʧʝʥ ʧʨʠʧʘʜʥʦʩʪʠ ʦʜ 

ʩʚʠʭ ʬʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ ʢʦʿʝ ʫʯʝʩʪʚʫʿʫ ʫ ʪʦʤ ʧʨʘʚʠʣʫ. ʇʦʩʪʦʿʠ ʠ ʤʝʪʦʜʘ ʧʨʦʠʟʚʦʜʘ 

ʢʘʜʘ ʩʝ ʘʢʪʠʚʘʮʠʿʘ ʧʨʘʚʠʣʘ ʨʘʯʫʥʘ ʢʘʦ ʧʨʦʠʟʚʦʜ ʩʚʠʭ ʩʪʝʧʝʥʘ ʧʨʠʧʘʜʥʦʩʪʠ ʩʚʠʭ ʬʫʥʢ-

ʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ ʢʦʿʝ ʫʯʝʩʪʚʫʿʫ ʫ ʪʦʤ ʧʨʘʚʠʣʫ. ʂʦʜ ʧʨʘʚʠʣʘ ʀʃʀ (OR) ʪʠʧʘ ʩʝ ʥʘʿ-

ʯʝʰ˂ʝ ʘʢʪʠʚʘʮʠʿʘ ʧʨʘʚʠʣʘ ʨʘʯʫʥʘ ʤʝʪʦʜʦʤ ʤʘʢʩʠʤʫʤʘ ʦʜʥʦʩʥʦ ʢʘʦ ʥʘʿʚʝ˂ʠ ʩʪʝʧʝʥ 

ʧʨʠʧʘʜʥʦʩʪʠ ʦʜ ʩʚʠʭ ʬʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ ʢʦʿʝ ʫʯʝʩʪʚʫʿʫ ʫ ʪʦʤ ʧʨʘʚʠʣʫ. ʇʦʩʪʦʿʠ ʠ 

ʤʝʪʦʜʘ ʘʣʛʝʙʘʨʩʢʝ ʩʫʤʝ ʢʘʜʘ ʩʝ ʘʢʪʠʚʘʮʠʿʘ ʧʨʘʚʠʣʘ ʨʘʯʫʥʘ ʢʘʦ ʨʘʟʣʠʢʘ ʟʙʠʨʘ ʠ ʧʨʦʠʟ-

ʚʦʜʘ ʩʚʠʭ ʩʪʝʧʝʥʘ ʧʨʠʧʘʜʥʦʩʪʠ ʩʚʠʭ ʬʫʥʢʮʠʿʘ ʧʨʠʧʘʜʥʦʩʪʠ ʢʦʿʝ ʫʯʝʩʪʚʫʿʫ ʫ ʪʦʤ ʧʨʘ-

ʚʠʣʫ. ʅʘ ʩʣʠʮʠ 4.11 ʿʝ ʨʝʟʫʣʪʘʪ ʘʢʪʠʚʘʮʠʿʝ ʟʘ ʩʚʘʢʠ ʬʘʟʠ ʩʢʫʧ ʫʣʘʟʥʝ ʧʨʦʤʝʥˀʠʚʝ 

ʧʨʝʜʩʪʘʚˀʝʥ ʭʦʨʠʟʦʥʪʘʣʥʦʤ ʠʩʧʨʝʢʠʜʘʥʦʤ ʣʠʥʠʿʦʤ ʟʘ ʩʚʘʢʦ ʧʨʘʚʠʣʦ. 

ʀʤʧʣʠʢʘʮʠʿʘ ʿʝ ʧʦʩʪʫʧʘʢ ʫ ʦʢʚʠʨʫ ʢʦʿʝʛ ʩʝ ʥʘ ʦʩʥʦʚʫ ʚʨʝʜʥʦʩʪʠ ʜʦʙʠʿʝʥʠʭ ʘʢʪʠ-

ʚʘʮʠʿʦʤ ʬʦʨʤʠʨʘ ʠʟʣʘʟʥʠ ʬʘʟʠ ʩʢʫʧ ʟʘ ʩʚʘʢʫ ʠʟʣʘʟʥʫ ʧʨʦʤʝʥˀʠʚʫ ʩʚʘʢʦʛ ʧʨʘʚʠʣʘ. 

ʅʘʿʯʝʰ˂ʝ ʢʦʨʠʰ˂ʝʥʠ ʤʝʪʦʜ ʠʤʧʣʠʢʘʮʠʿʝ ʿʝ ʤʝʪʦʜ ʤʠʥʠʤʫʤʘ ʢʦʿʠ ʦʜʩʝʮʘ ʚʨʭ ʠʟʣʘʟʥʦʛ 

ʬʘʟʠ ʩʢʫʧʘ ʥʘ ʚʨʝʜʥʦʩʪ ʜʦʙʠʿʝʥʫ ʘʢʪʠʚʘʮʠʿʦʤ. ɼʨʫʛʘ ʰʠʨʦʢʦ ʧʨʠʤʝˁʠʚʘʥʘ ʤʝʪʦʜʘ 

ʠʤʧʣʠʢʘʮʠʿʝ ʿʝ ʤʝʪʦʜʘ ʧʨʦʠʟʚʦʜʘ ʢʦʿʘ ʬʘʟʠ ʩʢʫʧ ʤʥʦʞʠ ʩʘ ʚʨʝʜʥʦ˂ʫ ʜʦʙʠʿʝʥʦʤ ʘʢʪʠ-

ʚʘʮʠʿʦʤ ʦʜʥʦʩʥʦ ʩʚʝ ʚʨʝʜʥʦʩʪʠ ʩʪʝʧʝʥʘ ʧʨʠʧʘʜʥʦʩʪʠ ʩʝ ʤʥʦʞʝ ʜʦʙʠʿʝʥʦʤ ʚʨʝʜʥʦʰ˂ʫ 

(ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ ʩʤʘˁʝˁʝ). ʅʘ ʩʣʠʮʠ 4.11 ʨʝʟʫʣʪʘʪ ʠʤʧʣʠʢʘʮʠʿʝ (MIN ʤʝʪʦʜ) ʟʘ 

ʩʚʘʢʦ ʧʨʘʚʠʣʦ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥ ʢʘʦ ʦʩʝʥʯʝʥʠ ʜʝʦ ʬʘʟʠ ʩʢʫʧʘ ʠʟʣʘʟʥʝ ʧʨʦʤʝʥˀʠʚʝ. 

ɸʛʨʝʛʘʮʠʿʘ ʿ ʝ ʧʦʩʪʫʧʘʢ ʫ ʦʢʚʠʨʫ ʢʦʿʝʛ ʩʝ ʥʘ ʦʩʥʦʚʫ ʩʚʠʭ ʬʘʟʠ ʧʨʦʤʝʥˀʠʚʠʭ ʜʦʙʠ-

ʿʝʥʠʭ ʧʦʩʪʫʧʢʦʤ ʠʤʧʣʠʢʘʮʠʿʝ, ʢʦʿʠʭ ʠʤʘ ʦʥʦʣʠʢʦ ʢʦʣʠʢʦ ʠʤʘ ʘʢʪʠʚʥʠʭ ʧʨʘʚʠʣʘ, 
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ʬʦʨʤʠʨʘ ʢʦʥʘʯʥʘ ʠʟʣʘʟʥʘ ʬʘʟʠ ʧʨʦʤʝʥˀʠʚʘ. ʉʚʠ ʘʢʪʠʚʥʠ ʟʘʢˀʫʯʮʠ ʩʝ ʫ ʪʦʤ ʩʤʠʩʣʫ 

ʘʢʫʤʫʣʠʨʘʿʫ ʥʘ ʨʘʟʣʠʯʠʪʝ ʥʘʯʠʥʝ. ʅʘʿʯʝʰ˂ʝ ʢʦʨʠʰ˂ʝʥʝ ʤʝʪʦʜʝ ʘʛʨʝʛʘʮʠʿʝ ʩʫ ʤʝʪʦʜʘ 

ʤʘʢʩʠʤʫʤʘ, ʤʝʪʦʜʘ ʩʫʤʝ ʠ ʧʨʦʙʘʙʠʣʠʩʪʠʯʢʦ ʀʃʀ. ʄʝʪʦʜʘ ʘʛʨʝʛʘʮʠʿʝ ʩʝ ʯʝʩʪʦ ʢʦʤʙʠ-

ʥʫʿʝ ʩʘ ʤʝʪʦʜʦʤ ʠʤʧʣʠʢʘʮʠʿʝ ʧʘ ʩʫ ʪʘʢʦ ʧʦʟʥʘʪʠ ʪʠʧʦʚʠ ʤʝʭʘʥʠʟʘʤʘ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦʛ 

ʟʘʢˀʫʯʠʚʘˁʘ ʢʘʦ ʰʪʦ ʩʫ MIN-ʄɸX (ʤʝʪʦʜʘ ʤʠʥʠʤʫʤʘ ʫ ʧʦʩʪʫʧʢʫ ʠʤʧʣʠʢʘʮʠʿʝ ʠ ʤʝ-

ʪʦʜʘ ʤʘʢʩʠʤʫʤʘ ʫ ʧʦʩʪʫʧʢʫ ʘʛʨʝʛʘʮʠʿʝ) ʠʣʠ PROD-SUM (ʤʝʪʦʜ ʧʨʦʠʟʚʦʜʘ ʫ ʧʦʩʪʫʧʢʫ 

ʠʤʧʣʠʢʘʮʠʿʝ ʠ ʤʝʪʦʜʘ ʩʫʤʝ ʫ ʧʦʩʪʫʧʢʫ ʘʛʨʝʛʘʮʠʿʝ). ʅʘ ʩʣʠʮʠ 4.11 ʿʝ ʨʝʟʫʣʪʘʪ ʘʛʨʝʛʘ-

ʮʠʿʝ (MAX ʤʝʪʦʜ) ʧʨʠʢʘʟʘʥ ʫ ʜʦˁʝʤ ʜʝʩʥʦʤ ʫʛʣʫ.  

4.2.4 ɼʝʬʘʟʠʬʠʢʘʮʠʿʘ 

ɼʝʬʘʟʠʬʠʢʘʮʠʿʘ ʧʨʝʜʩʪʘʚˀʘ ʧʨʦʮʝʩ ʩʫʧʨʦʪʘʥ ʧʨʦʮʝʩʫ ʬʘʟʠʬʠʢʘʮʠʿʝ ʢʦʿʠ ʪʨʝʙʘ 

ʜʘ ʧʨʝʪʚʦʨʠ ʨʝʟʫʣʪʘʪ ʘʛʨʝʛʘʮʠʿʝ ʫ ʩʠʛʥʘʣ ʢʦʿʠ ʿʝ ʨʘʟʫʤˀʠʚ ʜʨʫʛʦʤ ʩʠʩʪʝʤʫ. ʀʟʣʘʟ ʬʘʟʠ 

ʩʠʩʪʝʤʘ ʤʦʨʘ ʜʘ ʠʤʘ ʿʝʜʥʫ ʿʝʜʠʥʩʪʚʝʥʫ ʚʨʝʜʥʦʩʪ, ʥʘʿʯʝʰ˂ʝ ʧʨʝʜʩʪʘʚˀʝʥʫ ʨʝʘʣʥʠʤ 

ʙʨʦʿʝʤ. ʄʝʪʦʜʝ ʢʦʿʝ ʩʝ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʩʪʝ ʟʘ ʜʝʬʘʟʠʬʠʢʘʮʠʿʫ ʩʫ ʮʝʥʪʘʨ ʤʘʩʝ (ʛʨʘʚʠʪʘ-

ʮʠʿʝ, ʧʦʚʨʰʠ), ʙʠʩʝʢʮʠʿʝ ʦʙʣʘʩʪʠ, ʥʘʿʤʘˁʝ ʠ ʥʘʿʚʝ˂ʝ ʚʨʝʜʥʦʩʪʠ ʤʘʢʩʠʤʫʤʘ ʠ ʩʨʝʜʠʥʝ 

ʤʘʢʩʠʤʫʤʘ [83]. ʅʘ ʩʣʠʮʠ 4.12 ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʛʨʘʬʠʯʢʠ ʧʨʠʢʘʟ ʤʝʪʦʜʘ ʜʝʬʘʟʠʬʠʢʘ-

ʮʠʿʝ ʥʘʜ ʠʩʪʠʤ ʨʝʟʫʣʪʘʪʦʤ ʘʛʨʝʛʘʮʠʿʝ. 

 

ʉʣʠʢʘ 4.12 ɻʨʘʬʠʯʢʠ ʧʨʠʢʘʟ ʤʝʪʦʜʘ ʜʝʬʘʟʠʬʠʢʘʮʠʿʝ 

ʂʨʠʪʝʨʠʿʫʤ ʮʝʥʪʨʘ ʧʦʚʨʰʠ (Center Of Area/Gravity, COA/COG) ʿʝ ʥʘʿʧʦʟʥʘʪʠʿʠ ʠ 

ʥʘʿʯʝʰ˂ʠ ʜʝʬʘʟʠʬʠʢʘʮʠʦʥʠ ʤʝʪʦʜ ʢʦʿʠ ʫ ʜʠʩʢʨʝʪʥʦʤ ʦʙʣʠʢʫ ʛʣʘʩʠ  

ό
В ‘ὼὼ

В ‘ὼ
 (4.17) 

ʛʜʝ xi ʧʨʝʜʩʪʘʚˀʘ ʪʘʯʢʫ ʫ ʜʠʩʢʨʝʪʥʦʤ ʩʢʫʧʫ, ʘ ɛ(ui) ʧʨʝʜʩʪʘʚˀʘ ʚʨʝʜʥʦʩʪ ʧʨʠʧʘʜʥʦʩʪʠ 
ʬʘʟʠ ʩʢʫʧʫ. ɿʘ ʢʦʥʪʠʥʫʘʣʘʥ ʩʣʫʯʘʿ ʪʨʝʙʘ ʫʤʝʩʪʦ ʩʫʤʝ ʢʦʨʠʩʪʠʪʠ ʠʥʪʝʛʨʘʣ. ʊʦ ʿʝ ʯʝʩʪʦ 

ʢʦʨʠʰ˂ʝʥʘ ʤʝʪʦʜʘ ʠʘʢʦ ʿʝ ˁʝʥʘ ʨʘʯʫʥʩʢʘ ʩʣʦʞʝʥʦʩʪ ʨʝʣʘʪʠʚʥʦ ʚʠʩʦʢʘ. ʎʝʥʪʘʨ ʤʘʩʝ ʿʝ 

ʪʘʯʢʘ ʥʘ ʘʧʩʮʠʩʠ ʦʢʦ ʢʦʿʝ ʙʠ ʦʚʘʿ ʦʙʣʠʢ ʙʠʦ ʫ ʨʘʚʥʦʪʝʞʠ ʧʦʜ ʫʩʣʦʚʦʤ ʜʘ ʪʫ ʧʦʚʨʰʠʥʫ 

ʧʦʩʤʘʪʨʘʤʦ ʢʘʦ ʨʘʚʘʥ ʿʝʜʥʘʢʝ ʛʫʩʪʠʥʝ. 

ʂʨʠʪʝʨʠʿʫʤ ʙʠʩʝʢʮʠʿʝ ʦʙʣʘʩʪʠ (Bisection Of Area, BOA) ʜʘʿʝ ʪʘʯʢʫ ʢʦʿʘ ʜʝʣʠ 

ʠʟʣʘʟʥʫ ʦʙʣʘʩʪ ʥʘ ʜʚʘ ʜʝʣʘ ʿʝʜʥʘʢʠʭ ʧʦʚʨʰʠʥʘ ʠ ʫ ʢʦʥʪʠʥʫʘʣʥʦʤ ʩʣʫʯʘʿʫ ʛʣʘʩʠ 

ό ὼȿ ‘ ὼὨὼ ‘ ὼὨὼ (4.18) 

ʛʜʝ x ʧʨʝʜʩʪʘʚˀʘ ʪʘʯʢʫ ʠʟ ʩʢʫʧʘ, ɛc(x) ˁʝʛʦʚʫ ʚʨʝʜʥʦʩʪ ʧʨʠʧʘʜʥʦʩʪʠ, ʘ Ŭ=min{ x| x Cɴ}  
ʠ ɓ=max{ x| x Cɴ}. Min ʿʝ ʢʨʘʿˁʝ ʣʝʚʘ ʚʨʝʜʥʦʩʪ ʩʢʫʧʘ, ʘ max ʿʝ ʢʨʘʿˁʝ ʜʝʩʥʘ ʚʨʝʜʥʦʩʪ 

ʩʢʫʧʘ. ʈʘʯʫʥʘˁʝ ʿʝ ʜʦʩʪʘ ʩʣʦʞʝʥʦ ʠ ʤʦʞʝ ʙʠʪʠ ʜʚʦʩʤʠʩʣʝʥʦ. ɸʢʦ ʬʘʟʠ ʩʢʫʧ ʩʘʜʨʞʠ 
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ʥʘ ʧʨʠʤʝʨ ʜʚʘ ʩʠʥʛʣʪʦʥʘ ʙʠʣʦ ʢʦʿʘ ʪʘʯʢʘ ʠʟʤʝʹʫ ˁʠʭ ʜʝʣʠ ʠʥʪʝʨʚʘʣ ʥʘ ʜʚʘ ʜʝʣʘ. ʊʘʢʦ 

ʩʝ ʧʨʝʤʘ ʪʦʤʝ ʤʦʞʝ ʨʝ˂ʠ ʜʘ ʫ ʜʠʩʢʨʝʪʥʦʤ ʩʣʫʯʘʿʫ ʥʠʿʝ ʜʝʬʠʥʠʩʘʥʘ. 

ʂʨʠʪʝʨʠʿʫʤ ʥʘʿʤʘˁʝ ʚʨʝʜʥʦʩʪʠ ʤʘʢʩʠʤʫʤʘ (First Of Maximum, LOM) ʜʘʿʝ ʥʘʿʤʘˁʫ 

(ʧʨʚʫ) ʪʘʯʢʫ ʫ ʢʦʿʦʿ ʨʝʟʫʣʪʘʪ ʘʛʨʝʛʘʮʠʿʝ ʜʦʩʪʠʞʝ ʤʘʢʩʠʤʘʣʥʫ ʚʨʝʜʥʦʩʪ. ʂʨʠʪʝʨʠʿʫʤ 

ʥʘʿʚʝ˂ʝ ʚʨʝʜʥʦʩʪʠ ʤʘʢʩʠʤʫʤʘ (Last Of Maximum, LOM) ʜʘʿʝ ʥʘʿʚʝ˂ʫ (ʧʦʩʣʝʜˁʫ) ʪʘʯʢʫ 

ʫ ʢʦʿʦʿ ʨʝʟʫʣʪʘʪ ʘʛʨʝʛʘʮʠʿʝ ʜʦʩʪʠʞʝ ʤʘʢʩʠʤʘʣʥʫ ʚʨʝʜʥʦʩʪ. ʂʨʠʪʝʨʠʿʫʤ ʩʨʝʜʠʥʝ ʤʘʢ-

ʩʠʤʫʤʘ (Middle Of Maximum, ʄʆʄ) ʜʘʿʝ ʩʨʝʜˁʫ ʪʘʯʢʫ ʫ ʢʦʿʦʿ ʤʦʛʫ˂ʥʦʩʪ ʨʘʩʧʦʜʝʣʝ 

ʨʝʟʫʣʪʘʪʘ ʘʛʨʝʛʘʮʠʿʝ ʜʦʩʪʠʞʝ ʤʘʢʩʠʤʘʣʥʫ ʚʨʝʜʥʦʩʪ. ɸʢʦ ʨʝʟʫʣʪʘʪ ʘʛʨʝʛʘʮʠʿʝ ʠʤʘ ʿʝ-

ʜʠʥʩʪʚʝʥ ʤʘʢʩʠʤʫʤ ʦʥʜʘ ˂ʝ ʦʚʝ ʪʨʠ ʤʝʪʦʜʝ ʚʨʘʪʠʪʠ ʠʩʪʫ ʚʨʝʜʥʦʩʪ. ʆʚʝ ʤʝʪʦʜʝ ʩʫ ʥʝ-

ʦʩʝʪˀʠʚʝ ʥʘ ʦʙʣʠʢ ʬʘʟʠ ʩʢʫʧʘ ʠ ˁʠʭʦʚʦ ʨʘʯʫʥʘˁʝ ʿʝ ʚʝʦʤʘ ʿʝʜʥʦʩʪʘʚʥʦ. 

4.3 ʉʫʛʝʥʦ ʬʘʟʠ ʩʠʩʪʝʤ ʟʘʢˀʫʯʠʚʘˁʘ 

ɸʣʪʝʨʥʘʪʠʚʥʠ ʪʠʧ ʬʘʟʠ ʩʠʩʪʝʤʘ, ʧʦʟʥʘʪ ʢʘʦ ʉʫʛʝʥʦ (ʊʘʢʘʛʠ-ʉʫʛʝʥʦ-ʂʘʥʛ) ʬʘʟʠ 

ʩʠʩʪʝʤ ʧʨʝʜʣʦʞʝʥ ʿʝ ʫ [84], [85] ʫ ʥʘʩʪʦʿʘˁʫ ʜʘ ʩʝ ʨʘʟʚʠʿʝ ʩʠʩʪʝʤʘʪʩʢʠ ʧʨʠʩʪʫʧ ʘʧʨʦʢ-

ʩʠʤʘʮʠʿʠ ʥʝʣʠʥʝʘʨʥʠʭ ʬʫʥʢʮʠʿʘ. ʋʤʝʩʪʦ ʬʘʟʠ ʩʢʫʧʘ ʫ ʟʘʢˀʫʯʢʫ ʢʦʜ ʉʫʛʝʥʦ ʪʠʧʘ ʬʘʟʠ 

ʟʘʢˀʫʯʠʚʘˁʘ ʩʝ ʥʘʣʘʟʠ ʣʠʥʝʘʨʥʘ ʬʫʥʢʮʠʿʘ ʠʟʤʝʹʫ ʫʣʘʟʘ ʠ ʠʟʣʘʟʘ.  

ʇʨʠʤʝʨ ʨʘʜʘ ʉʫʛʝʥʦ ʬʘʟʠ ʩʠʩʪʝʤ ˂ʝ ʙʠʪʠ ʜʘʪ ʢʨʦʟ ʙʘʟʫ ʧʨʘʚʠʣʘ: 

1. AKO A JE A1 I AKO B JE B1 ONDA y=f1(a, b) 

2. AKO A JE A2 I AKO B JE B2 ONDA y=f2(a, b) 

ʇʨʠ ʯʝʤʫ ʩʝ A1 ʠ A2 ʚʨʝʜʥʦʩʪʠ ʣʠʥʛʚʠʩʪʠʯʢʝ ʧʨʦʤʝʥˀʠʚʝ A, ʘ B1 ʠ B2 ʚʨʝʜʥʦʩʪʠ ʣʠʥ-

ʛʚʠʩʪʠʯʢʝ ʧʨʦʤʝʥˀʠʚʝ B ʜʦʢ ʿʝ f ʬʫʥʢʮʠʿʘ ʟʘʚʠʩʥʦʩʪʠ ʠʟʣʘʟʘ ʦʜ ʫʣʘʟʘ. ʂʘʜʘ ʩʫ ʣʠʥʝ-

ʘʨʥʠ ʢʦʝʬʠʮʠʿʝʥʪʠ ʫ ʬʫʥʢʮʠʿʠ f ʿ ʝʜʥʘʢʠ ʥʫʣʠ ʪʦ ʩʝ ʤʦʞʝ ʧʦʩʤʘʪʨʘʪʠ ʢʘʦ ʧʦʩʝʙʘʥ ʩʣʫ-

ʯʘʿ ʄʘʤʜʘʥʠ ʬʘʟʠ ʩʠʩʪʝʤʘ, ʛʜʝ ʿʝ ʧʦʩʣʝʜʠʮʘ ʩʚʘʢʦʛ ʧʨʘʚʠʣʘ ʩʧʝʮʠʬʠʮʠʨʘʥʘ ʬʘʟʠ 

ʩʠʥʛʣʪʦʥʦʤ (singleton) [86]. 

ɻʨʘʬʠʯʢʠ ʧʨʠʢʘʟ ʉʫʛʝʥʦ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦʛ ʟʘʢˀʫʯʠʚʘˁʘ ʿʝ ʜʘʪ ʥʘ ʩʣʠʮʠ 4.13. 

ʀʟʣʘʟʥʘ ʚʨʝʜʥʦʩʪ ʩʝ ʜʦʙʠʿʘ ʧʦʥʜʝʨʠʩʘʥʠʤ ʧʨʦʩʝʢʦʤ ʥʫʤʝʨʠʯʢʠʭ ʨʝʟʫʣʪʘʪʘ ʬʘʟʠ ʧʨʘ-

ʚʠʣʘ. ʅʘ ʦʚʘʿ ʥʘʯʠʥ ʩʝ ʠʟʙʝʛʘʚʘ ʜʫʛʦʪʨʘʿʥʘ ʧʨʦʮʝʜʫʨʘ ʜʝʬʘʟʠʬʠʢʘʮʠʿʝ ʢʦʜ ʄʘʤʜʘʥʠ 

ʟʘʢˀʫʯʠʚʘˁʘ [82]. 
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ʉʣʠʢʘ 4.13 ɻʨʘʬʠʯʢʠ ʧʨʠʢʘʟ ʉʫʛʝʥʦ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦʛ ʟʘʢˀʫʯʠʚʘˁʘ 

ɱʝʜʥʦʩʪʘʚʥʠʿʠ ʥʘʯʠʥ ʜʦʙʠʿʘˁʘ ʠʟʣʘʟʘ ʢʦʜ ʉʫʛʝʥʦ ʬʘʟʠ ʩʠʩʪʝʤʘ ʦʤʦʛʫ˂ʫʿʝ ʣʘʢʰʫ 

ʠʤʧʣʝʤʝʥʪʘʮʠʿʫ ʥʘ ʢʦʥʪʨʦʣʝʨʠʤʘ ʫ ʧʨʘʢʪʠʯʥʠʤ ʧʨʠʤʝʥʘʤʘ. ʋʟ ʤʘˁʫ ʧʦʪʨʦʰˁʫ ʨʝ-

ʩʫʨʩʘ ʧʨʠʣʠʢʦʤ ʠʟʚʨʰʘʚʘˁʘ ʦʥ ʦʤʦʛʫ˂ʫʿʝ ʠ ʙʨʞʝ ʠʟʚʨʰʘʚʘˁʝ, ʰʪʦ ʧʦʛʦʜʫʿʝ ʟʘʭʪʝʚ-

ʥʠʤ ʧʨʠʤʝʥʘʤʘ. 
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ʅʘʿʙʦˀʠ ʥʘʯʠʥ ʧʦʜʝʰʘʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʟʘ ʧʦʩʪʠʟʘˁʝ ʦʧʪʠʤʘʣ-

ʥʠʭ ʧʝʨʬʦʨʤʘʥʩʠ ʿʝ ʠ ʜʘˀʝ ʦʪʚʦʨʝʥʦ ʧʠʪʘˁʝ ʠʘʢʦ ʿʝ ʇʀɼ ʟʘʢʦʥ ʫʧʨʘʚˀʘˁʘ ʫʩʚʦʿʝʥ 

ʢʘʦ ʩʪʘʥʜʘʨʜ ʟʘ ʫʧʨʘʚˀʘˁʝ ʧʨʦʮʝʩʠʤʘ ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ. 

ʀʟʙʦʨ ʤʝʪʦʜʝ ʟʘ ʧʦʜʝʰʘʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʟʘʚʠʩʠ ʦʜ ʥʠʟʘ ʬʘʢʪʦʨʘ, ʫʢˀʫʯʫʿʫ˂ʠ ʜʠ-

ʥʘʤʠʯʢʦ ʧʦʥʘʰʘˁʝ ʫʧʨʘʚˀʘʥʦʛ ʧʨʦʮʝʩʘ, ʧʝʨʬʦʨʤʘʥʩʠ ʢʦʿʝ ʩʝ ʦʯʝʢʫʿʫ, ʢʘʦ ʠ ʜʦʩʪʫʧ-

ʥʦʛ ʚʨʝʤʝʥʘ ʠ ʧʨʝʜʟʥʘˁʘ ʟʘ ʧʨʠʤʝʥʫ ʤʝʪʦʜʝ. ʂʘʢʦ ʙʠ ʩʝ ʩʤʘˁʠʣʦ ʚʨʝʤʝ ʠ ʟʥʘˁʝ ʥʝʦʧ-

ʭʦʜʥʦ ʟʘ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʨʘʟʚʠʿʝʥʝ ʩʫ ʤʝʪʦʜʝ ʘʫʪʦʤʘʪʩʢʦʛ 

ʧʦʜʝʰʘʚʘˁʘ. 

ɸʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʿʝ ʧʨʦʮʝʜʫʨʘ ʟʘ ʘʫʪʦʤʘʪʩʢʠ 

ʧʨʦʨʘʯʫʥ ʧʘʨʘʤʝʪʘʨʘ, ʙʝʟ ʠʢʘʢʚʝ ʠʥʪʝʨʘʢʮʠʿʝ ʢʦʨʠʩʥʠʢʘ, ʢʦʿʘ ʩʝ ʧʦʢʨʝ˂ʝ ʥʘ ʟʘʭʪʝʚ. 

ʅʘʢʦʥ ʟʘʚʨʰʝʪʢʘ ʧʨʦʮʝʜʫʨʝ ʨʝʛʫʣʘʪʦʨ ʥʘʩʪʘʚˀʘ ʜʘ ʨʘʜʠ ʩʘ ʥʦʚʠʤ ʧʘʨʘʤʝʪʨʠʤʘ ʜʦ 

ʩʣʝʜʝ˂ʝʛ ʝʚʝʥʪʫʘʣʥʦʛ ʧʦʥʦʚʥʦʛ ʧʦʢʨʝʪʘˁʘ. ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʢʦʥʪʠʥʫʠʨʘʥʝ ʘʜʘʧʪʘʮʠʿʝ ʫ 

ʦʢʚʠʨʫ ʢʦʿʝ ʩʝ ʨʘʜʠ ʢʦʥʪʠʥʫʠʨʘʥ ʧʨʦʨʘʯʫʥ ʥʦʚʠʭ ʧʘʨʘʤʝʪʘʨʘ ʙʝʟ ʠʥʪʝʨʘʢʮʠʿʝ ʩʘ ʢʦ-

ʨʠʩʥʠʢʦʤ. ʄʝʹʫʪʠʤ, ʦʚʘ ʜʚʘ ʪʝʨʤʠʥʘ ʩʝ ʯʝʩʪʦ ʢʦʨʠʩʪʝ ʥʘʠʟʤʝʥʠʯʥʦ ʿʝʨ ʩʝ ʠ ʫ ʦʢʚʠʨʫ 

ʧʨʦʮʝʩʘ ʘʜʘʧʪʘʮʠʿʝ ʠ ʘʫʪʦʤʘʪʩʢʦʛ ʧʦʜʝʰʘʚʘˁʘ ʧʘʨʘʤʝʪʨʠ ʨʝʛʫʣʘʪʦʨʘ ʜʦʙʠʿʘʿʫ ʘʫʪʦ-

ʤʘʪʩʢʠ [8], [87]ï[89]. 

ʊʝʭʥʠʢʝ ʟʘ ʘʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʝ ʩʫ ʧʨʦʠʩʪʝʢʣʝ ʠʟ ʠʩʪʨʘʞʠʚʘˁʘ ʘʜʘʧʪʠʚʥʦʛ 

ʫʧʨʘʚˀʘˁʘ. ɸʜʘʧʪʘʮʠʿʘ ʿʝ ʧʨʚʦʙʠʪʥʦ ʨʘʟʚʠʿʝʥʘ ʟʘ ʧʨʦʮʝʩʝ ʩʘ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘʤʘ ʢʦʿʝ 

ʩʫ ʩʝ ʤʝˁʘʣʝ ʪʦʢʦʤ ʚʨʝʤʝʥʘ ʠʣʠ ʩʘ ʫʩʣʦʚʠʤʘ ʨʘʜʘ. ʀʩʪʨʘʞʠʚʘˁʝ ʦʧʰʪʠʭ ʧʨʠʩʪʫʧʘ 

ʘʜʘʧʪʠʚʥʦʤ ʫʧʨʘʚˀʘˁʫ ʿʝ ʟʘʧʦʯʝʪʦ ʫ [90] ʜʦʢ ʿʝ ʫ [91] ʧʨʝʜʣʦʞʝʥ ʥʦʚʠ ʧʨʠʩʪʫʧ ʦʚʦʿ 

ʦʙʣʘʩʪʠ ʫ ʚʠʜʫ ʩʘʤʦʧʦʜʝʰʘʚʘʿʫ˂ʠʭ ʨʝʛʫʣʘʪʦʨʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʪʝʦʨʠʿʠ ʦʧʪʠʤʘʣʥʦʛ 

ʫʧʨʘʚˀʘˁʘ ʧʨʠʤʝˁʝʥʦ ʿʥʘ ʦʧʰʪʠ ʣʠʥʝʘʨʥʠ ʤʦʜʝʣ ʩʠʩʪʝʤʘ n-ʪʦʛ ʨʝʜʘ. ʇʨʘʢʪʠʯʥʦ ʩʚʝ 

ʘʜʘʧʪʠʚʥʝ ʪʝʭʥʠʢʝ ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʟʘ ʘʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʝ. 

ʀʥʪʝʥʟʠʚʥʠʿʠ ʨʘʟʚʦʿ ʤʝʪʦʜʘ ʟʘ ʘʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʝ ʟʘʧʦʯʝʪ ʿʝ ʩʘ ʠʩʪʨʘʞʠʚʘ-

ˁʝʤ [10] ʫ ʢʦʿʝʤ ʿʝ ʧʨʝʜʩʪʘʚˀʝʥʘ ʤʝʪʦʜʘ ʟʘʩʥʦʚʘʥʘ ʥʘ ʨʝʣʝʿʥʦʤ ʝʢʩʧʝʨʠʤʝʥʪʫ ʢʦʿʠ ʩʝ 

ʚʝʦʤʘ ʣʘʢʦ ʤʦʛʘʦ ʠʤʧʣʝʤʝʥʪʠʨʘʪʠ ʥʘ ʢʦʤʝʨʮʠʿʘʣʥʠʤ ʢʦʥʪʨʦʣʝʨʠʤʘ. ʅʘʢʦʥ ʪʦʛʘ ʩʫ 

ʧʨʝʜʣʦʞʝʥʘ ʤʥʦʛʘ ʫʥʘʧʨʝʹʝˁʘ ʨʝʣʝʿʥʦʛ ʝʢʩʧʝʨʠʤʝʥʪʘ ʠ ʫʦʧʰʪʝ ʤʝʪʦʜʘ ʟʘ ʘʫʪʦʤʘʪʩʢʦ 

ʧʦʜʝʰʘʚʘˁʝ ʰʪʦ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʫ ʫʧʦʨʝʜʥʦʿ ʘʥʘʣʠʟʠ ʧʨʝʜʩʪʘʚˀʝʥʦ ʿʫ [18]. 

ʋʦʧʰʪʝʥʦ, ʧʨʠʩʪʫʧʠ ʘʫʪʦʤʘʪʩʢʦʤ ʧʦʜʝʰʘʚʘˁʫ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʩʝ 

ʤʦʛʫ ʧʦʜʝʣʠʪʠ ʫ ʧʨʠʩʪʫʧʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʤʦʜʝʣʫ ʠ ʧʨʠʩʪʫʧʝ ʟʘʩʥʦʚʘʥʠ ʥʘ ʠʥʪʫʠʪʠʚʥʠʤ 

ʧʨʘʚʠʣʠʤʘ. ʋ ʧʨʠʩʪʫʧʠʤʘ ʟʘʩʥʦʚʘʥʠʤ ʥʘ ʤʦʜʝʣʠʤʘ, ʤʦʜʝʣ ʧʨʦʮʝʩʘ ʩʝ ʠʟʚʦʜʠ ʝʢʩʧʣʠ-

ʮʠʪʥʦ ʘ ʧʨʦʨʘʯʫʥ ʧʘʨʘʤʝʪʘʨʘ ʩʝ ʟʘʩʥʠʚʘ ʥʘ ʠʟʚʝʜʝʥʦʤ ʤʦʜʝʣʫ ʢʦʨʠʩʪʝ˂ʠ ʿʝʜʥʫ ʦʜ 

ʜʦʩʪʫʧʥʠʭ ʤʝʪʦʜʘ. ʋ ʧʨʠʩʪʫʧʠʤʘ ʟʘʩʥʦʚʘʥʠʤ ʥʘ ʧʨʘʚʠʣʠʤʘ, ʧʦʜʝʰʘʚʘˁʝ ʩʝ ʦʩʣʘˁʘ ʥʘ 

ʝʢʩʧʝʨʪʩʢʠ ʩʠʩʪʝʤ ʢʦʿʠ ʘʫʪʦʤʘʪʠʟʫʿʝ ʧʨʦʮʝʜʫʨʫ ʩʘ ʧʨʘʚʠʣʠʤʘ ʢʦʿʘ ʠʩʢʫʩʥʠ ʠʥʞʝˁʝʨ 

ʢʦʨʠʩʪʠ ʟʘ ʨʫʯʥʦ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʨʝʛʫʣʘʪʦʨʘ [8]. 

ʋ ʦʚʦʤ ʧʦʛʣʘʚˀʫ ʙʠ˂ʝ ʜʘʪ ʧʨʝʛʣʝʜ ʤʝʨʘ ʟʘ ʝʚʘʣʫʘʮʠʿʫ ʧʝʨʬʦʨʤʘʥʩʠ ʠ ʨʦʙʫʩʥʦʩʪʠ 

ʩʠʩʪʝʤʘ. ɿʘʪʠʤ ˂ʝ ʙʠʪʠ ʜʘʪ ʧʨʝʛʣʝʜ ʤʝʪʦʜʘ ʙʘʟʠʨʘʥʠʭ ʥʘ ʤʦʜʝʣʫ ʦʜ ʠʥʪʝʨʝʩʘ ʟʘ ʜʠʩʝʨ-

ʪʘʮʠʿʫ ʫ ʧʦʩʪʫʧʢʫ ʘʫʪʦʤʘʪʩʢʦʛ ʧʦʜʝʰʘʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ. ʇʦʨʝʜ ʤʝ-

ʪʦʜʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʤʦʜʝʣʫ ʙʠ˂ʝ ʜʘʪʘ ʠ ʦʩʥʦʚʥʘ ʠʜʝʿʘ ʤʝʪʦʜʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʠʥʪʫʠʪʠʚ-

ʥʠʤ ʧʨʘʚʠʣʠʤʘ ʩʘ ʧʦʩʝʙʥʠʤ ʦʩʚʨʪʦʤ ʥʘ ʢʦʨʠʰ˂ʝˁʝ ʬʘʟʠ ʣʦʛʠʢʝ ʫ ʘʫʪʦʤʘʪʠʟʘʮʠʿʠ 

ʧʦʩʪʫʧʢʘ ʧʦʜʝʰʘʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʨʝʛʫʣʘʪʦʨʘ. 

5 ɸʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ 
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5.1 ʇʝʨʬʦʨʤʘʥʩʝ ʠ ʨʦʙʫʩʥʦʩʪ 

ʇʦʩʪʦʿʝ ʨʘʟʣʠʯʠʪʠ ʢʚʘʥʪʠʪʘʪʠʚʥʠ ʧʦʢʘʟʘʪʝˀʠ ʧʝʨʬʦʨʤʘʥʩʠ ʠ ʨʦʙʫʩʥʦʩʪʠ 

ʩʠʩʪʝʤʘ. ʊʠ ʧʦʢʘʟʘʪʝˀʠ ʦʤʦʛʫ˂ʘʚʘʿʫ ʦʮʝʥʫ ʢʚʘʣʠʪʝʪʘ ʨʝʰʝˁʘ ʢʘʦ ʠ ʫʧʦʨʝʜʥʫ ʘʥʘʣʠʟʫ 

ʨʘʟʣʠʯʠʪʠʭ ʨʝʰʝˁʘ.  

5.1.1 ʄʝʨʝ ʧʝʨʬʦʨʤʘʥʩʠ 

ʇʝʨʬʦʨʤʘʥʩʝ ʩʠʩʪʝʤʘ ʫʧʨʘʚˀʘˁʘ ʩʝ ʫʦʙʠʯʘʿʝʥʦ ʚʨʝʜʥʫʿʫ ʥʘ ʦʩʥʦʚʫ ʢʘʨʘʢʪʝʨʠ-

ʩʪʠʢʘ ʧʨʝʣʘʟʥʦʛ ʨʝʞʠʤʘ ʥʘʢʦʥ ʧʦʙʫʜʝ. ʇʦʙʫʜʘ ʿʝ ʥʘʿʯʝʰ˂ʝ ʫ ʚʠʜʫ ʿʝʜʠʥʠʯʥʦʛ ʦʜʩʢʦʯ-

ʥʦʛ ʩʠʛʥʘʣʘ ʢʦʿʠ ʩʝ ʧʨʠʤʝˁʫʿʝ ʢʘʦ ʨʝʬʝʨʝʥʮʘ ʠʣʠ ʢʘʦ ʧʦʨʝʤʝ˂ʘʿ. 

ʅʘ ʦʜʟʠʚʫ ʩʠʩʪʝʤʘ ʥʘ ʧʦʙʫʜʫ ʫ ʚʠʜʫ ʦʜʩʢʦʯʥʦʛ ʩʠʛʥʘʣʘ, ʢʦʿʠ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ ʩʣʠʮʠ 

5.1, ʦʟʥʘʯʝʥʝ ʩʫ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʪʘʯʢʝ ʥʘ ʦʩʥʦʚʫ ʢʦʿʠ ʩʝ ʤʦʛʫ ʜʝʬʠʥʠʩʘʪʠ ʤʝʨʝ ʧʝʨ-

ʬʦʨʤʘʥʩʠ, ʢʦʿʝ ˂ʝ ʙʠʪʠ ʜʘʪʝ ʫ ʥʘʩʪʘʚʢʫ. 
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ʉʣʠʢʘ 5.1 ʇʝʨʬʦʨʤʘʥʩʝ ʩʠʩʪʝʤʘ ʥʘ ʦʜʩʢʦʯʥʦʤ ʦʜʟʠʚʫ ʥʘ ʧʦʙʫʜʫ 

ɺʨʝʤʝ ʫʩʧʦʥʘ tr ʩʝ ʜʝʬʠʥʠʰʝ ʢʘʦ ʚʨʝʤʝ ʢʦʿʝ ʿʝ ʧʦʪʨʝʙʥʦ ʜʘ ʩʝ ʚʨʝʜʥʦʩʪ ʠʟʣʘʟʘ y(t) 

ʧʨʦʤʝʥʠ ʦʜ 10 % ʜʦ 90 % ʚʨʝʜʥʦʩʪʠ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ yss. ɺʨʝʤʝ tmax ʩʝ ʜʝʬʠʥʠʰʝ 

ʢʘʦ ʪʨʝʥʫʪʘʢ ʢʘʜʘ ʠʟʣʘʟ y(t) ʜʦʩʪʠʛʥʝ ʩʚʦʿʫ ʤʘʢʩʠʤʘʣʥʫ ʚʨʝʜʥʦʩʪ ymax. ʇʨʝʩʢʦʢ o% ʩʝ 

ʜʝʬʠʥʠʰʝ ʫ ʧʨʦʮʝʥʪʠʤʘ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ 

έϷ
ώ ώ

ώ
ρππ Ϸ (5.1) 

ɺʨʝʤʝ ʩʤʠʨʝˁʘ ts ʿʝ ʚʨʝʤʝ ʧʦʪʨʝʙʥʦ ʜʘ ʘʤʧʣʠʪʫʜʘ ʠʟʣʘʟʘ y(t) ʫʹʝ ʫ ʧʦʿʘʩ yss±ŭyss. ɿʘ ŭ 

ʩʝ ʥʘʿʯʝʰ˂ʝ ʫʩʚʘʿʘ 2 % ili 5 %. 

ʅʘ ʦʜʟʠʚʫ ʩʠʩʪʝʤʘ ʥʘ ʧʦʨʝʤʝ˂ʘʿ ʫ ʚʠʜʫ ʦʜʩʢʦʯʥʦʛ ʩʠʛʥʘʣʘ ʢʦʿʠ ʿʝ ʧʨʠʢʘʟʘʥ ʥʘ 

ʩʣʠʮʠ 5.2 ʩʫ ʦʟʥʘʯʝʥʝ ʢʘʨʘʢʪʝʨʠʩʪʠʯʥʝ ʪʘʯʢʝ ʥʘ ʦʩʥʦʚʫ ʢʦʿʠ ʩʝ ʤʦʛʫ ʜʝʬʠʥʠʩʘʪʠ ʤʝʨʝ 

ʧʝʨʬʦʨʤʘʥʩʠ ʜʘʪʝ ʫ ʥʘʩʪʘʚʢʫ. 

ɺʨʝʤʝ tmax_d ʩʝ ʜʝʬʠʥʠʰʝ ʢʘʦ ʪʨʝʥʫʪʘʢ ʢʘʜʘ ʠʟʣʘʟ y(t) ʜʦʩʪʠʞʝ ʩʚʦʿʫ ʤʘʢʩʠʤʘʣʥʫ 

ʚʨʝʜʥʦʩʪ ymax_d. ɺʨʝʤʝ ʩʤʠʨʝˁʘ ts_d ʿʝ ʚʨʝʤʝ ʧʦʪʨʝʙʥʦ ʜʘ ʘʤʧʣʠʪʫʜʘ ʠʟʣʘʟʘ y(t) ʫʹʝ ʫ 

ʧʦʿʘʩ 0Ñŭymax_d ʧʨʠ ʯʝʤʫ ʩʝ ʟʘ ŭ ʥʘʿʯʝʰ˂ʝ ʫʩʚʘʿʘ 2 % ili 5 %. 
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ts_d

tmax_d

y(t)

+ŭymax_d 

-ŭymax_d  

ymax_d

t
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ʉʣʠʢʘ 5.2 ʇʝʨʬʦʨʤʘʥʩʝ ʩʠʩʪʝʤʘ ʥʘ ʦʜʩʢʦʯʥʦʤ ʦʜʟʠʚʫ ʥʘ ʧʦʨʝʤʝ˂ʘʿ 

ʇʦʨʝʜ ʥʘʙʨʦʿʘʥʠʭ ʤʝʨʘ ʧʝʨʬʦʨʤʘʥʩʠ ʢʦʿʠ ʩʝ ʜʝʬʠʥʠʰʫ ʥʘ ʦʩʥʦʚʫ ʠʟʣʘʟʘ ʩʠʩʪʝʤʘ 

ʧʦʩʪʦʿʝ ʤʝʨʝ ʢʦʿʝ ʩʝ ʜʝʬʠʥʠʰʫ ʥʘ ʦʩʥʦʚʫ ʩʠʛʥʘʣʘ ʛʨʝʰʢʝ ʧʦʧʫʪ ʠʥʪʝʛʨʘʣʥʠʭ ʤʝʨʘ 

ʧʝʨʬʦʨʤʘʥʩʠ. ɱʝʜʘʥ ʦʜ ʥʘʿʯʝʰ˂ʝ ʢʦʨʠʰ˂ʝʥʠʭ ʿʝ ʠʥʪʝʛʨʘʣ ʘʧʩʦʣʫʪʥʝ ʛʨʝʰʢʝ IAE 

(Integral of absolute error) ʢʦʿʠ ʿʝ ʜʘʪ ʠʟʨʘʟʦʤ 

ὍὃὉ ȿὩὸȿὨὸ (5.2) 

ʛʜʝ ʿʝ e(t)=r (t)-y(t) ʩʠʛʥʘʣ ʛʨʝʰʢʝ ʢʦʿʘ ʧʨʝʜʩʪʘʚˀʘ ʨʘʟʣʠʢʫ ʠʟʤʝʹʫ ʟʘʜʘʪʝ ʚʨʝʜʥʦʩʪʠ 

r(t) ʠ ʪʨʝʥʫʪʥʝ ʠʟʣʘʟʥʝ ʚʨʝʜʥʦʩʪʠ ʩʠʩʪʝʤʘ y(t). ʀʥʪʝʛʨʘʣ ʘʧʩʦʣʫʪʥʝ ʛʨʝʰʢʝ ʩʝ ʜʝʬʠ-

ʥʠʰʝ ʥʘ ʠʩʪʠ ʥʘʯʠʥ ʠ ʥʘ ʦʜʟʠʚʫ ʥʘ ʨʝʬʝʨʝʥʮʫ ʢʘʦ ʠ ʥʘ ʦʜʟʠʚʫ ʥʘ ʧʦʨʝʤʝ˂ʘʿ. ʂʦʜ 

ʦʜʟʠʚʘ ʥʘ ʧʦʨʝʤʝ˂ʘʿ ʜʦʜʘʿʝ ʩʝ ʠʥʜʝʢʩ d ʦʜʥʦʩʥʦ ʦʟʥʘʯʘʚʘ ʩʝ ʩʘ IAEd. 

5.1.2 ʄʝʨʝ ʨʦʙʫʩʥʦʩʪʠ 

ʉʠʩʪʝʤ ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ ʪʨʝʙʘ ʜʘ ʠʤʘ ʚʠʩʦʢ ʥʠʚʦ ʨʦʙʫʩʥʦʩʪʠ ʦʜʥʦʩʥʦ ʜʘ ʫʩʣʝʜ 

ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ ʧʨʦʮʝʩʘ, ʛʨʝʰʢʝ ʤʦʜʝʣʦʚʘˁʘ ʠ ʤʘʣʠʭ ʥʝʣʠʥʝʘʨʥʦʩʪʠ ʦʜʨʞʠ ʩʪʘ-

ʙʠʣʥʦʩʪ ʠ ʦʙʝʟʙʝʜʠ ʘʜʝʢʚʘʪʥʦ ʧʨʘ˂ʝˁʝ ʨʝʬʝʨʝʥʮʝ ʠ ʧʦʪʠʩʢʠʚʘˁʝ ʧʦʨʝʤʝ˂ʘʿʘ.  

ʂʘʦ ʢʚʘʥʪʠʪʘʪʠʚʥʘ ʤʝʨʘ ʨʦʙʫʩʥʦʩʪʠ ʩʠʩʪʝʤʘ ʥʘʿʯʝʰ˂ʝ ʩʝ ʢʦʨʠʩʪʠ ʤʘʢʩʠʤʘʣʥʘ  

ʦʩʝʪˀʠʚʦʩʪ Ms ʢʦʿʘ ʿʝ ʜʝʬʠʥʠʩʘʥʘ ʠʟʨʘʟʦʤ 

ὓ ÍÁØ
ρ

ρ ὡ Ὦ‫
 (5.3) 

ʛʜʝ ʿʝ W(jɤ) ʬʫʥʢʮʠʿʘ ʧʦʚʨʘʪʥʦʛ ʧʨʝʥʦʩʘ a ɤs ʫʯʝʩʪʘʥʦʩʪ ʥʘ ʢʦʿʦʿ ʩʝ ʧʦʩʪʠʞʝ ʤʘʢʩʠ-

ʤʘʣʥʘ ʚʨʝʜʥʦʩʪ [92].  

ɺʨʝʜʥʦʩʪ Ms ʩʝ ʤʦʞʝ ʪʫʤʘʯʠʪʠ ʢʘʦ ʠʥʚʝʨʟʥʘ ʚʨʝʜʥʦʩʪ ʥʘʿʢʨʘ˂ʝ ʫʜʘˀʝʥʦʩʪʠ 

ʠʟʤʝʹʫ ʢʨʠʪʠʯʥʝ ʪʘʯʢʝ -1 ʠ ʅʠʢʚʠʩʪʦʚʝ ʢʨʠʚʝ ʬʫʥʢʮʠʿʝ ʧʦʚʨʘʪʥʦʛ ʧʨʝʥʦʩʘ. ɻʨʘʬʠʯʢʘ 

ʨʝʧʨʝʟʝʥʪʘʮʠʿʘ ʤʘʢʩʠʤʘʣʥʝ ʦʩʝʪˀʠʚʦʩʪʠ ʧʨʝʜʩʪʘʚˀʝʥʘ ʿʝ ʢʨʫʞʥʠʮʦʤ ʩʘ ʮʝʥʪʨʦʤ ʫ 

ʢʨʠʪʠʯʥʦʿ ʪʘʯʢʠ ʩʘ ʧʦʣʫʧʨʝʯʥʠʢʦʤ 1/Ms ʠ ʤʦʞʝ ʚʠʜʝʪʠ ʥʘ ʩʣʠʮʠ 5.3. 

ɸʣʪʝʨʥʘʪʠʚʥʦ ʢʘʦ ʤʝʨʝ ʨʦʙʫʩʥʦʩʪʠ ʤʦʛʫ ʩʝ ʢʦʨʠʩʪʠʪʠ ʧʨʝʪʝʢ ʧʦʿʘʯʘˁʘ ʠ ʧʨʝʪʝʢ 

ʬʘʟʝ. ʇʨʝʪʝʢ ʧʦʿʘʯʘˁʘ ʩʝ ʜʝʬʠʥʠʰʝ 

Ὠ
ρ

ȿὡ Ὦ‫ ȿ
  (5.4) 

ʛʜʝ ʿʝ ɤ́ ʫʯʝʩʪʘʥʦʩʪ ʫ ʢʦʿʦʿ ʅʠʢʚʠʩʪʦʚʘ ʢʨʠʚʘ ʩʝʯʝ ʥʝʛʘʪʠʚʥʠ ʜʝʦ ʨʝʘʣʥʝ ʦʩʝ. ʇʨʝʪʝʢ 

ʬʘʟʝ ʩʝ ʜʝʬʠʥʠʰʝ 
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‰ ʌ ὃὶὫὡὮ‫   (5.5) 

ʛʜʝ ʿʝ ɤpf ʫʯʝʩʪʘʥʦʩʪ ʫ ʢʦʿʦʿ ʤʦʜʫʦ ʬʫʥʢʮʠʿʝ ʧʦʚʨʘʪʥʦʛ ʧʨʝʥʦʩʘ ʧʦʩʪʠʞʝ ʚʨʝʜʥʦʩʪ ʿʝ-

ʜʘʥ ʦʜʥʦʩʥʦ ʛʜʝ ʅʠʢʚʠʩʪʦʚʘ ʢʨʠʚʘ ʩʝʯʝ ʿʝʜʠʥʠʯʥʫ ʢʨʫʞʥʠʮʫ ʩʘ ʮʝʥʪʨʦʤ ʫ ʢʦʦʨʜʠʥʘʪ-

ʥʦʤ ʧʦʯʝʪʢʫ. ɻʨʘʬʠʯʢʘ ʨʝʧʨʝʟʝʥʪʘʮʠʿʘ ʧʨʝʪʝʢʘ ʧʦʿʘʯʘˁʘ ʠ ʧʨʝʪʝʢʘ ʬʘʟʝ ʩʝ ʤʦʞʝ ʚʠ-

ʜʝʪʠ ʥʘ ʩʣʠʮʠ 5.3. 

Im { W(jɤ)}

-1

Re{ W(jɤ)}1/Ms ɤs

ɤpf

ɤ́  

űpf

1/d

 

ʉʣʠʢʘ 5.3 ɻʨʘʬʠʯʢʘ ʨʝʧʨʝʟʝʥʪʘʮʠʿʘ ʤʝʨʘ ʨʦʙʫʩʥʦʩʪʠ 

5.2 ʄʝʪʦʜʝ ʙʘʟʠʨʘʥʝ ʥʘ ʤʦʜʝʣʫ 

ɸʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʝ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʤʦʞʝ ʩʝ ʧʦʩʪʠ˂ʠ ʘʫʪʦʤʘʪʠʟʘʮʠʿʦʤ ʧʨʦ-

ʮʝʜʫʨʝ ʫ ʦʢʚʠʨʫ ʢʦʿʝ ʩʝ ʢʦʨʠʩʪʠ ʤʝʪʦʜʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʜʠʥʘʤʠʢʝ ʧʨʦʮʝʩʘ ʫ ʢʦʤʙʠʥʘ-

ʮʠʿʠ ʩʘ ʤʝʪʦʜʘʤʘ ʟʘ ʧʨʦʨʘʯʫʥ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ.  

ɼʘ ʙʠ ʩʝ ʫʪʚʨʜʠʣʘ ʜʠʥʘʤʠʢʘ, ʧʨʦʮʝʩʘ ʧʨʦʮʝʩ ʩʝ ʤʦʨʘ ʧʦʙʫʜʠʪʠ ʦʜʩʢʦʯʥʦʤ, ʠʤʧʫʣ-

ʩʥʦʤ ʠʣʠ ʩʠʥʫʩʦʠʜʥʦʤ ʧʦʙʫʜʦʤ. ʅʘ ʦʩʥʦʚʫ ʦʜʟʠʚʘ ʦʜʨʝʹʫʿʝ ʩʝ ʤʦʜʝʣ ʧʨʦʮʝʩʘ ʠʣʠ ʿʝʜ-

ʥʦʩʪʘʚʥʘ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʧʨʦʮʝʩʘ. ʅʘ ʦʩʥʦʚʫ ʠʜʝʥʪʠʬʠʢʦʚʘʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʨʦ-

ʮʝʩʘ ʧʨʠʩʪʫʧʘ ʩʝ ʧʨʦʨʘʯʫʥʫ ʧʘʨʘʤʝʪʘʨʘ ʢʦʨʠʰ˂ʝˁʝʤ ʥʝʢʝ ʦʜ ʜʦʩʪʫʧʥʠʭ ʤʝʪʦʜʘ.  

5.2.1 ʀʜʝʥʪʠʬʠʢʘʮʠʿʘ ʧʨʦʮʝʩʘ 

ʀʜʝʥʪʠʬʠʢʘʮʠʿʘ ʧʨʦʮʝʩʘ ʫ ʧʦʩʪʫʧʢʫ ʘʫʪʦʤʘʪʩʢʦʛ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ 

ʨʝʛʫʣʘʪʦʨʘ ʥʘʿʯʝʰ˂ʝ ʩʝ ʠʟʚʦʜʠ ʠʟ ʫʣʘʟʥʦ/ʠʟʣʘʟʥʠʭ ʧʦʜʘʪʘʢʘ ʜʦʙʠʿʝʥʠʭ ʠʟʚʦʹʝˁʝʤ 

ʝʢʩʧʝʨʠʤʝʥʪʘ ʥʘʜ ʧʨʦʮʝʩʦʤ ʦʜʥʦʩʥʦ ʥʘʤʝʨʥʠʤ ʩʪʠʤʫʣʠʩʘˁʝʤ ʧʨʦʮʝʩʘ ʫ ʚʠʜʫ 

ʦʜʩʢʦʯʥʝ ʠʤʧʫʣʩʥʝ ʠʣʠ ʧʨʦʩʪʦʧʝʨʠʦʜʠʯʥʝ ʧʦʙʫʜʝ. 

ʅʘʿʯʝʰ˂ʝ ʢʦʨʠʰ˂ʝʥ ʥʘʯʠʥ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʨʦʮʝʩʘ ʿʝ ʘʧʨʦʢʩʠʤʘʮʠʿʘ ʜʠʥʘ-

ʤʠʢʝ ʿʝʜʥʦʩʪʘʚʥʠʤ ʤʦʜʝʣʦʤ, ʥʘʿʯʝʰ˂ʝ ʧʨʚʦʛ ʨʝʜʘ, ʯʠʿʠ ʩʝ ʧʘʨʘʤʝʪʨʠ ʤʦʛʫ ʣʘʢʦ ʝʢʩʧʝ-

ʨʠʤʝʥʪʘʣʥʦ ʦʜʨʝʜʠʪʠ.  

ɼʨʫʛʠ ʧʨʠʩʪʫʧ ʿʝ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʧʨʦʮʝʩʘ ʟʘʩʥʦʚʘʥʘ ʥʘ ʥʝʢʦʣʠʢʦ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ 

ʢʦʿʝ ʩʫ ʠʟʘʙʨʘʥʝ ʪʘʢʦ ʜʘ ʠʤʘʿʫ ʜʦʙʨʫ ʬʠʟʠʯʢʫ ʠʥʪʝʨʧʨʝʪʘʮʠʿʫ ʠ ʜʘ ʩʝ ʠʩʪʦʚʨʝʤʝʥʦ 

ʤʦʛʫ ʣʘʢʦ ʦʜʨʝʜʠʪʠ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʘʥ ʥʘʯʠʥ. 

ʋ ʩʪʫʜʠʿʠ [93] ʿʝ ʜʘʪ ʧʨʝʛʣʝʜ ʨʘʟʚʦʿʘ ʤʝʪʦʜʘ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʧʨʦʮʝʩʘ ʥʘ ʚʝʦʤʘ 

ʢʦʥʮʠʟʘʥ ʥʘʯʠʥ. 
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5.2.1.1 ɸʧʨʦʢʩʠʤʘʮʠʿʘ ʤʦʜʝʣʦʤ 

ɿʘ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʜʠʥʘʤʠʢʝ ʧʨʦʮʝʩʘ ʩʝ ʤʦʛʫ ʢʦʨʠʩʪʠʪʠ ʨʘʟʣʠʯʠʪʠ ʣʠʥʝʘʨʥʠ ʤʦ-

ʜʝʣʠ ʥʠʞʝʛ ʨʝʜʘ ʩʘ ʚʨʝʤʝʥʩʢʠʤ ʢʘʰˁʝˁʝʤ [94]. 

ʅʘʿʯʝʰ˂ʝ ʢʦʨʠʰ˂ʝʥ ʤʦʜʝʣ ʟʘ ʘʧʨʦʢʩʠʤʘʮʠʿʫ ʧʨʦʮʝʩʘ ʿʝ ʤʦʜʝʣ ʦʧʠʩʘʥ ʧʨʦʮʝʩʦʤ 

ʧʨʚʦʛ ʨʝʜʘ ʩʘ ʚʨʝʤʝʥʩʢʠʤ ʢʘʰˁʝˁʝʤ (FOPTD - First-Order Process With Time Delay) 

ʢʦʿʠ ʠʤʘ ʩʣʝʜʝ˂ʫ ʬʫʥʢʮʠʿʫ ʧʨʝʥʦʩʘ 

Ὃί
ὑ

ρ ίὝ
Ὡ  (5.6) 

ʛʜʝ ʿʝ K ʩʪʘʪʠʯʢʦ ʧʦʿʘʯʘˁʝ, T ʿʝ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʘ L ʿʝ ʚʨʝʤʝʥʩʢʦ ʢʘʰˁʝˁʝ.  

ʇʦʩʪʦʿʝ ʧʨʦʮʝʩʠ ʩʘ ʜʠʥʘʤʠʢʦʤ ʢʦʿʘ ʩʘʜʨʞʠ ʠʥʪʝʛʨʘʪʦʨ ʠʣʠ ʚʝʦʤʘ ʚʝʣʠʢʫ ʚʨʝʤʝʥ-

ʩʢʫ ʢʦʥʩʪʘʥʪʫ ʘ ʢʦʿʠ ʥʝ˂ʝ ʜʦʩʪʠ˂ʠ ʫʩʪʘˀʝʥʦ ʩʪʘˁʝ ʫ ʫʩʣʦʚʠʤʘ ʦʪʚʦʨʝʥʝ ʩʧʨʝʛʝ. ʂʦʤ-

ʙʠʥʘʮʠʿʦʤ ʠʥʪʝʛʨʘʪʦʨʘ ʠ ʚʨʝʤʝʥʩʢʦʛ ʢʘʰˁʝˁʘ ʜʦʙʠʿʘ ʩʝ ʤʦʜʝʣ ʦʧʠʩʘʥ ʠʥʪʝʛʨʘʣʥʠʤ 

ʧʨʦʮʝʩʦʤ ʧʨʚʦʛ ʨʝʜʘ ʩʘ ʚʨʝʤʝʥʩʢʠʤ ʢʘʰˁʝˁʝʤ (FOIPTD - First-Order Integral Process 

With a Time Delay) ʩʘ ʬʫʥʢʮʠʿʦʤ ʧʨʝʥʦʩʘ 

Ὃί
ὑ

ί
Ὡ  (5.7) 

ʛʜʝ ʿʝ Kv ʙʨʟʠʥʩʢʘ ʢʦʥʩʪʘʥʪʘ, ʘ L ʚʨʝʤʝʥʩʢʦ ʢʘʰˁʝˁʝ. 

ɱʝʜʥʦʩʪʘʚʘʥ ʤʦʜʝʣ ʧʨʦʮʝʩʘ ʩʝ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʠʟ ʦʜʩʢʦʯʥʦʛ ʦʜʟʠʚʘ ʫ ʦʪʚʦʨʝʥʦʿ 

ʩʧʨʝʟʠ. ʇʨʝ ʧʦʯʝʪʢʘ ʝʢʩʧʝʨʠʤʝʥʪʘ ʧʨʦʮʝʩ ʤʦʨʘ ʙʠʪʠ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ. ɸʤʧʣʠʪʫʜʘ 

ʧʨʦʤʝʥʝ ʪʨʝʙʘ ʜʘ ʙʫʜʝ ʜʦʚʦˀʥʦ ʚʝʣʠʢʘ ʪʘʢʦ ʜʘ ʿʝ ʦʜʟʠʚ ʣʘʢʦ ʚʠʜˀʠʚ ʠʟʥʘʜ ʰʫʤʘ ʤʝ-

ʨʝˁʘ, ʦʜʥʦʩʥʦ ʜʘ ʙʫʜʝ ʰʪʦ ʿʝ ʤʦʛʫ˂ʝ ʤʘˁʘ ʜʘ ʩʝ ʧʨʦʮʝʩ ʥʝ ʙʠ ʧʦʨʝʤʝʪʠʦ ʚʠʰʝ ʥʝʛʦ 

ʰʪʦ ʿʝ ʧʦʪʨʝʙʥʦ. ʊʨʘʿʘˁʝ ʝʢʩʧʝʨʠʤʝʥʪʘ ʿʝ ʦʥʦʣʠʢʦ ʢʦʣʠʢʦ ʿʝ ʧʦʪʨʝʙʥʦ ʜʘ ʧʨʦʮʝʩ ʧʦ-

ʥʦʚʦ ʫʹʝ ʫ ʫʩʪʘˀʝʥʦ ʩʪʘˁʝ. 

ɱʝʜʥʘ ʦʜ ʤʝʪʦʜʘ ʟʘ ʦʜʨʝʹʠʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʤʦʜʝʣʘ ʿʝ ʤʝʪʦʜʘ ʪʘʥʛʝʥʪʝ [95]. ʄʝʪʦʜʘ 

ʿʝ ʙʘʟʠʨʘʥʘ ʥʘ ʢʦʥʩʪʨʫʢʮʠʿʠ ʪʘʥʛʝʥʪʝ ʥʘ ʦʜʟʠʚʫ ʩʠʩʪʝʤʘ ʫ ʪʘʯʢʠ ʧʨʝʛʠʙʘ ʦʜʥʦʩʥʦ ʫ 

ʪʘʯʢʠ ʫ ʢʦʿʦʿ ˂ʝ ʠʟʚʦʜ ʠʤʘʪʠ ʥʘʿʚʝ˂ʫ ʚʨʝʜʥʦʩʪ, ʰʪʦ ʿʝ ʠʣʫʩʪʨʦʚʘʥʦ ʥʘ ʩʣʠʮʠ 5.4.  
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ʉʣʠʢʘ 5.4 ʄʝʪʦʜʘ ʪʘʥʛʝʥʪʝ 

ʉʪʘʪʠʯʢʦ ʧʦʿʘʯʘˁʝ ʧʨʦʮʝʩʘ K ʩʝ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʢʘʦ ʦʜʥʦʩ ʧʨʦʤʝʥʝ ʚʨʝʜʥʦʩʪʠ 

ʠʟʣʘʟʘ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ KA ʠ ʧʨʦʤʝʥʝ ʚʨʝʜʥʦʩʪʠ ʫʣʘʟʘ A. ʊʘʜʘ ʩʝ ʧʨʦʮʝˁʝʥʦ ʚʨʝʤʝ 

ʢʘʰˁʝˁʘ L ʦʜʨʝʹʫʿʝ ʢʘʦ ʚʨʝʤʝʥʩʢʠ ʠʥʪʝʨʚʘʣ ʠʟʤʝʹʫ ʧʨʦʤʝʥʝ ʫʣʘʟʘ ʠ ʧʨʝʩʝʢʘ ʪʘʥʛʝʥʪʝ 

ʩʘ ʚʨʝʤʝʥʩʢʦʤ ʦʩʦʤ. ɺʨʝʜʥʦʩʪ T+L ʿʝ ʦʜʨʝʹʝʥʘ ʢʘʦ ʚʨʝʤʝʥʩʢʠ ʠʥʪʝʨʚʘʣ ʠʟʤʝʹʫ ʧʨʦ-

ʤʝʥʝ ʫʣʘʟʘ ʠ ʧʨʝʩʝʢʘ ʪʘʥʛʝʥʪʝ ʩʘ ʧʨʘʚʦʤ ʢʦʿʘ ʦʟʥʘʯʘʚʘ ʚʨʝʜʥʦʩʪ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ 
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ʠʟʣʘʟʘ ʩʠʩʪʝʤʘ. ʀʟ ʦʚʝ ʚʨʝʜʥʦʩʪʠ ʩʝ ʟʘʪʠʤ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ Ὕ ʤʦʞʝ ʚʝʦʤʘ ʣʘʢʦ 

ʦʜʨʝʜʠʪʠ. 

ʄʝʪʦʜʘ ʩʝ ʤʦʞʝ ʧʨʠʤʝʥʠʪʠ ʠ ʥʘ ʦʜʟʠʚʫ ʩʠʩʪʝʤʘ ʢʦʿʠ ʠʤʘ ʠʥʪʝʛʨʘʪʦʨ ʘ ʢʦʿʠ ʩʝ ʫ 

ʪʦʤ ʩʣʫʯʘʿʫ ʘʧʨʦʢʩʠʤʠʨʘ ʩʘ FOIPTD ʤʦʜʝʣʦʤ. ʅʘ ʠʩʪʠ ʥʘʯʠʥ ʩʝ ʢʦʥʩʪʨʫʠʰʝ ʪʘʥʛʝʥʪʘ 

ʥʘ ʦʜʟʠʚʫ ʩʠʩʪʝʤʘ ʫ ʪʘʯʢʠ ʧʨʝʛʠʙʘ ʦʜʥʦʩʥʦ ʫ ʪʘʯʢʠ ʫ ʢʦʿʦʿ ˂ʝ ʠʟʚʦʜ ʠʤʘʪʠ ʥʘʿʚʝ˂ʫ 

ʚʨʝʜʥʦʩʪ ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʥʘ ʩʣʠʮʠ 5.5. ʆʚʜʝ ʿʝ ʙʠʪʥʦ ʜʘ ʩʝ ʪʘ ʥʘʿʚʝ˂ʘ ʚʨʝʜʥʦʩʪ ʥʘʛʠʙʘ 

ʫʩʚʦʿʠ ʢʘʦ ʧʘʨʘʤʝʪʘʨ Kv. ʇʨʦʮʝˁʝʥʦ ʚʨʝʤʝ ʢʘʰˁʝˁʘ L ʦʜʨʝʹʫʿʝ ʢʘʦ ʚʨʝʤʝʥʩʢʠ ʠʥʪʝʨ-

ʚʘʣ ʠʟʤʝʹʫ ʧʨʦʤʝʥʝ ʫʣʘʟʘ ʠ ʧʨʝʩʝʢʘ ʪʘʥʛʝʥʪʝ ʩʘ ʚʨʝʤʝʥʩʢʦʤ ʦʩʦʤ. ɼʦʢ ʩʝ ʧʘʨʘʤʝʪʘʨ a 

ʦʜʨʝʹʫʿʝ ʫ ʧʨʝʩʝʢʫ ʪʘʥʛʝʥʪʝ ʩʘ ώ ʦʩʦʤ. 

y

tL

Kv

ʘ

 

ʉʣʠʢʘ 5.5 ʄʝʪʦʜʘ ʪʘʥʛʝʥʪʝ ʟʘ ʧʨʦʮʝʩʝ ʩʘ ʠʥʪʝʛʨʘʪʦʨʦʤ 

ɻʣʘʚʥʠ ʥʝʜʦʩʪʘʪʘʢ ʦʚʝ ʤʝʪʦʜʝ ʿʝ ʪʘʿ ʰʪʦ ʩʝ ʦʩʣʘˁʘ ʥʘ ʿʝʜʥʫ ʪʘʯʢʫ ʫ ʦʜʟʠʚʫ ʩʠʩʪʝʤʘ 

(ʪʘʯʢʫ ʧʨʝʛʠʙʘ) ʠ ʰʪʦ ʿʝ ʚʝʦʤʘ ʦʩʝʪˀʠʚʘ ʥʘ ʰʫʤ ʤʝʨʝˁʘ ʠ ʤʦʞʝ ʠʟʘʟʚʘʪʠ ʚʝʣʠʢʝ ʛʨʝ-

ʰʢʝ ʫ ʧʨʦʮʝʥʠ ʪʘʯʢʝ ʧʨʝʛʠʙʘ ʠ ʧʨʚʦʛ ʠʟʚʦʜʘ ʫ ʪʦʿ ʪʘʯʢʠ. 

ʄʝʪʦʜʘ ʢʦʿʘ ʿʝ ʤʘˁʝ ʦʩʝʪˀʠʚʘ ʥʘ ʰʫʤ ʤʝʨʝˁʘ ʿʝ ʤʝʪʦʜʘ ʧʦʚʨʰʠʥʝ [95], ʢʦʿʘ ʩʝ 

ʟʘʩʥʠʚʘ ʥʘ ʦʜʨʝʹʠʚʘˁʫ ʧʦʚʨʰʠʥʘ A0 ʠ A1 ʧʨʠʢʘʟʘʥʠʭ ʥʘ ʩʣʠʮʠ 5.6.  
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ʉʣʠʢʘ 5.6 ʄʝʪʦʜʘ ʧʦʚʨʰʠʥʘ 

ʋʟʠʤʘʿʫ˂ʠ ʫ ʦʙʟʠʨ ʜʘ ʩʝ ʩʪʘʪʠʯʢʦ ʧʦʿʘʯʘˁʝ K ʦʜʨʝʹʫʿʝ ʥʘ ʠʩʪʠ ʥʘʯʠʥ ʢʘʦ ʫ ʧʨʝʪ-

ʭʦʜʥʦʿ ʤʝʪʦʜʠ a ʜʘ ʩʝ ʜʠʥʘʤʠʢʘ ʧʨʦʮʝʩʘ ʘʧʨʦʢʩʠʤʠʨʘ ʧʦʤʦ˂ʫ FOPTD ʤʦʜʝʣʘ ʯʠʿʠ ʿʝ 

ʦʜʟʠʚ ʥʘ ʦʜʩʢʦʯʥʫ ʧʦʙʫʜʫ ʜʘʪ ʠʟʨʘʟʦʤ 
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ώὸ ὑ ὑὩ ὸ ὒ (5.8) 

ʧʦʚʨʰʠʥʝ ʩʝ ʤʦʛʫ ʠʟʨʘʟʠʪʠ ʢʘʦ 

ὃ ὑ ώὸ Ὠὸὑ Ὠὸ ὑὩ Ὠὸὑὒ ὑὝ ὑὒ Ὕ (5.9) 

ὃ ώὸὨὸ ὑ ὑὩ Ὠὸὑὒ Ὕ ὑὝὩ  (5.10) 

ʠʟ ʯʝʛʘ ʥʘ ʢʨʘʿʫ ʩʣʝʜʝ ʠʟʨʘʟʠ 

ὒ Ὕ
ὃ

ὑ
 (5.11) 

Ὕ
ὃ

ὑ
Ὡ (5.12) 

ʅʝʜʦʩʪʘʪʘʢ ʤʝʪʦʜʝ ʿʝ ʰʪʦ ʩʝ ʧʦʚʨʰʠʥʘ A1 ʥʝ ʤʦʞʝ ʠʟʨʘʯʫʥʘʪʠ ʜʦʢ ʩʝ ʥʝ ʦʜʨʝʜʠ 

ʧʦʚʨʰʠʥʘ A0 ʠ ʰʪʦ ʩʝ ʥʝ ʤʦʞʝ ʧʨʠʤʝʥʠʪʠ ʥʘ ʧʨʦʮʝʩʫ ʩʘ ʠʥʪʝʛʨʘʪʦʨʦʤ ʯʠʿʠ ʦʜʟʠʚ ʥʝ 

ʢʦʥʚʝʨʛʠʨʘ ʢʘ ʥʝʢʦʿ ʩʪʘʣʥʦʿ ʚʨʝʜʥʦʩʪʠ. 

ʋ ʩʪʫʜʠʿʠ [96] ʿ ʝ ʧʦʢʘʟʘʥʦ ʜʘ ʩʝ ʧʨʠʤʝʥʦʤ ʤʝʪʦʜʝ ʧʦʚʨʰʠʥʘ ʫ ʧʨʦʮʝʩʫ ʠʜʝʥʪʠʬʠ-

ʢʘʮʠʿʝ ʧʦʩʪʠʞʫ ʛʝʥʝʨʘʣʥʦ ʙʦˀʝ ʧʝʨʬʦʨʤʘʥʩʝ ʩʠʩʪʝʤʘ ʢʦʨʠʩʪʝ˂ʠ ʠʩʪʝ ʤʝʪʦʜʝ ʧʦʜʝʰʘ-

ʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ. 

5.2.1.2 ʂʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʫ ʬʨʝʢʚʝʥʮʠʿʩʢʦʤ ʜʦʤʝʥʫ 

ɼʨʫʛʠ ʥʘʯʠʥ ʟʘ ʠʜʝʥʪʠʬʠʢʘʮʠʿʫ ʿʝ ʢʘʨʘʢʪʝʨʠʟʘʮʠʿʘ ʫ ʬʨʝʢʚʝʥʮʠʿʩʢʦʤ ʜʦʤʝʥʫ. ʅʘ 

ʦʚʘʿ ʥʘʯʠʥ ʩʝ ʥʝ ʦʜʨʝʹʫʿʝ ʝʢʩʧʣʠʮʠʪʘʥ ʤʦʜʝʣ ʥʝʛʦ ʩʝ ʧʨʦʮʝʩ ʢʘʨʘʢʪʝʨʠʰʝ ʧʦʤʦ˂ʫ ʧʘ-

ʨʘʤʝʪʨʘ ʢʦʿʠ ʧʨʝʜʩʪʘʚˀʘʿʫ ʿʝʜʥʫ ʪʘʯʢʫ ʥʘ ʅʠʢʚʠʩʪʦʚʦʤ ʜʠʿʘʛʨʘʤʫ. 

ʆʚʘ ʤʝʪʦʜʘ ʿʝ ʧʨʚʦ ʧʨʝʜʣʦʞʝʥʘ ʫ [1] ʠ ʙʘʟʠʨʘʥʘ ʿʝ ʥʘ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦʤ ʦʜʨʝʹʠ-

ʚʘˁʫ ʪʘʯʢʝ ʛʨʘʥʠʯʥʝ ʩʪʘʙʠʣʥʦʩʪʠ. ʆʚʘ ʪʘʯʢʘ ʩʝ ʤʦʞʝ ʦʜʨʝʜʠʪʠ ʧʦʚʝ˂ʘˁʝʤ ʧʨʦʧʦʨʮʠ-

ʦʥʘʣʥʦʛ ʧʦʿʘʯʘˁʘ ʨʝʛʫʣʘʪʦʨʘ ʩʚʝ ʜʦʢ ʧʨʦʮʝʩ ʥʝ ʧʦʩʪʘʥʝ ʛʨʘʥʠʯʥʦ ʩʪʘʙʠʣʘʥ. ʇʦʿʘʯʘˁʝ 

ʨʝʛʫʣʘʪʦʨʘ ʫ ʦʚʦʿ ʪʘʯʢʠ ʥʘʟʠʚʘ ʩʝ ʢʨʠʪʠʯʥʦ ʧʦʿʘʯʘˁʝ Ku ʘ ʧʦʿʘʯʘˁʝ ʧʝʨʠʦʜʘ ʦʩʮʠʣʦ-

ʚʘˁʘ ʩʝ ʥʘʟʠʚʘ ʢʨʠʪʠʯʥʘ ʧʝʨʠʦʜʘ Tu. ʅʝʜʦʩʪʘʪʘʢ ʤʝʪʦʜʝ ʿʝ ʪʦ ʰʪʦ ʩʝ ʧʨʦʮʝʩ ʜʦʚʦʜʠ ʜʦ 

ʛʨʘʥʠʮʝ ʩʪʘʙʠʣʥʦʩʪʠ, ʰʪʦ ʤʦʞʝ ʜʦʚʝʩʪʠ ʜʦ ʦʧʘʩʥʠʭ ʩʠʪʫʘʮʠʿʘ ʫ ʧʨʘʢʩʠ. 

ʆʚʘʿ ʧʨʠʩʪʫʧ ʥʠʿʝ ʧʦʛʦʜʘʥ ʟʘ ʘʫʪʦʤʘʪʩʢʫ ʧʨʦʮʝʜʫʨʫ ʿʝʨ ʥʝ ʧʦʩʪʦʿʠ ʢʦʥʪʨʦʣʘ ʥʘʜ 

ʘʤʧʣʠʪʫʜʦʤ ʦʩʮʠʣʘʮʠʿʘ. ʂʘʦ ʫʥʘʧʨʝʹʝˁʝ ʧʨʝʜʣʦʞʝʥ ʿʝ ʨʝʣʝʿʥʠ ʝʢʩʧʝʨʠʤʝʥʪ [10] ʢʦ-

ʿʠʤ ʩʝ ʛʝʥʝʨʠʰʝ ʧʨʘʚʦʫʛʣʠ ʫʣʘʟʥʠ ʩʠʛʥʘʣ ʥʘ ʫʣʘʟʫ ʧʨʦʮʝʩʘ ʢʦʿʠ ʦʩʮʠʣʫʿʝ ʩʘ ʩʫʧʨʦʪʥʦʤ 

ʬʘʟʦʤ ʰʪʦ ʟʥʘʯʠ ʜʘ ʿʝ ʧʝʨʠʦʜʘ ʦʩʮʠʣʦʚʘˁʘ ʢʨʠʪʠʯʥʘ ʧʝʨʠʦʜʘ Tu. ʂʨʠʪʠʯʥʦ ʧʦʿʘʯʘˁʝ 

ʩʝ ʦʜʨʝʫ́ʿʝ ʠʟ ʠʟʨʘʟʘ 

ὑ
τ

“ὃ
 (5.13) 

ʛʜʝ ʿʝ ʩʘ h ʦʟʥʘʯʝʥʘ ʘʤʧʣʠʪʫʜʘ ʧʨʘʚʦʫʛʘʦʥʦʛ ʩʠʛʥʘʣʘ ʥʘ ʫʣʘʟʫ ʘ ʩʘ A ʦʟʥʘʯʝʥʘ ʘʤʧʣʠ-

ʪʫʜʘ ʦʩʮʠʣʘʮʠʿʘ ʦʩʥʦʚʥʦʛ ʭʘʨʤʦʥʠʢʘ ʥʘ ʠʟʣʘʟʫ. 

ʈʝʣʝʿʥʠ ʝʢʩʧʝʨʠʤʝʥʪ ʿʝ ʥʘʢʦʥ ʪʦʛʘ ʜʦʞʠʚʝʦ ʤʥʦʛʘ ʫʥʘʧʨʝʹʝˁʘ ʫ ʚʠʜʫ ʜʦʜʘʚʘˁʘ 

ʭʠʩʪʝʨʝʟʠʩʘ ʠ ʘʩʠʤʝʪʨʠʯʥʦʩʪʠ ʦʙʣʠʢʘ ʰʪʦ ʩʝ ʤʦʞʝ ʚʠʜʝʪʠ ʫ [97] ʛʜʝ ʿʝ ʧʨʠʢʘʟʘʥ ʪʦʢ 

ʨʘʟʚʦʿʘ ʥʘ ʚʝʦʤʘ ʿʘʩʘʥ ʥʘʯʠʥ. ɱʝʜʥʦ ʦʜ ʫʥʘʧʨʝʹʝˁʘ ʿʝ ʠ ʤʦʛʫ˂ʥʦʩʪ ʦʜʨʝʹʠʚʘˁʘ ʧʘʨʘ-

ʤʝʪʘʨʘ FOPTD ʤʦʜʝʣʘ ʠʟ ʨʝʣʝʿʥʦʛ ʝʢʩʧʝʨʠʤʝʥʪʘ ʯʠʤʝ ʩʝ ʧʦʩʪʠʞʝ ʿʦʰ ʚʝ˂ʘ 
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ʫʧʦʪʨʝʙˀʠʚʦʩʪ [98]. ʋ [99] ʿʝ ʧʨʝʜʣʦʞʝʥʘ ʧʨʦʮʝʜʫʨʘ ʙʝʟ ʧʨʝʢʠʜʘˁʘ ʧʦʚʨʘʪʥʝ ʩʧʨʝʛʝ 

ʩʘ ʨʝʛʫʣʘʪʦʨʦʤ, ʢʦʨʠʰ˂ʝˁʝʤ ʜʚʘ ʬʠʣʪʝʨʘ ʫ ʢʘʩʢʘʜʠ. 

ʇʦʨʝʜ ʚʨʝʜʥʦʩʪʠ ʢʨʠʪʠʯʥʦʛ ʧʦʿʘʯʘˁʘ ʠ ʢʨʠʪʠʯʥʝ ʫʯʝʩʪʘʣʦʩʪʠ ʫ [100] ʿʝ ʧʨʝʜʣʦ-

ʞʝʥʦ ʦʜʨʝʹʠʚʘˁʝ ʠ ʫʛʣʘ ʪʘʥʛʝʥʪʝ ʠ ʩʪʘʪʠʯʥʦʛ ʧʦʿʘʯʘˁʘ ʩʠʩʪʝʤʘ ʢʘʦ ʜʦʜʘʪʥʝ ʢʘʨʘʢʪʝ-

ʨʠʟʘʮʠʿʝ ʧʨʦʮʝʩʘ. ɺʨʝʜʥʦʩʪʠ ʦʚʠʭ ʧʘʨʘʤʝʪʘʨʘ ʩʝ ʤʦʛʫ ʦʜʨʝʜʠʪʠ ʠʟ ʧʨʦʮʝˁʝʥʝ ʃʘʧʣʘ-

ʩʦʚʝ ʪʨʘʥʩʬʦʨʤʘʮʠʿʝ ʦʜʩʢʦʯʥʦʛ ʦʜʟʠʚʘ ʩʠʩʪʝʤʘ, ʰʪʦ ʿʝ ʧʨʠʢʘʟʘʥʦ ʫ ʦʢʚʠʨʫ ʩʪʫʜʠʿʝ 

ʦʙʿʘʚˀʝʥʝ ʫ [101]. 

5.2.2 ʄʝʪʦʜʝ ʧʦʜʝʰʘʚʘˁʘ 

ʅʘ ʦʩʥʦʚʫ ʝʢʩʧʝʨʠʤʝʥʪʘʣʥʦ ʦʜʨʝʹʝʥʠʭ ʢʘʨʘʢʪʝʨʠʩʪʠʢʘ ʧʨʦʮʝʩʘ, ʧʘʨʘʤʝʪʨʠ ʇʀɼ 

ʨʝʛʫʣʘʪʦʨʘ ʩʝ ʤʦʛʫ ʦʜʨʝʜʠʪʠ ʧʨʠʤʝʥʦʤ ʿʝʜʥʝ ʦʜ ʜʦʩʪʫʧʥʠʭ ʤʝʪʦʜʘ ʧʦʜʝʰʘʚʘˁʘ. ʊʦ-

ʢʦʤ ʛʦʜʠʥʘ ʨʘʟʚʦʿʘ ʧʦʯʝʚʰʠ ʦʜ ʧʨʚʝ ʟʘʙʝʣʝʞʝʥʝ ʤʝʪʦʜʝ [1] ʚʝʣʠʢʠ ʙʨʦʿ ʧʨʘʚʠʣʘ ʟʘ 

ʧʦʜʝʰʘʚʘˁʝ ʿʝ ʦʩʤʠʰˀʝʥ ʥʘʢʦʥ ʪʦʛʘ. ʇʨʝʛʣʝʜ ʤʝʪʦʜʘ ʟʘ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʿʝ ʥʘ 

ʚʝʦʤʘ ʢʦʥʮʠʟʘʥ ʥʘʯʠʥ ʧʨʝʜʩʪʘʚˀʝʥ ʫ [9] ʜʦʢ ˂ʝ ʫ ʥʘʩʪʘʚʢʫ ʙʠʪʠ ʧʨʠʢʘʟʘʥʝ ʤʝʪʦʜʝ ʢʦʿʝ 

ʩʫ ʦʜ ʠʥʪʝʨʝʩʘ ʟʘ ʜʠʩʝʨʪʘʮʠʿʫ. 

5.2.2.1 ʎʠʛʣʝʨ-ʅʠʢʦʣʩʦʚʘ ʤʝʪʦʜʘ 

ʎʠʛʣʝʨ-ʅʠʢʦʣʩʦʚʘ ʤʝʪʦʜʘ [1], [2] ʿʝ ʧʨʚʘ ʦʙʿʘʚˀʝʥʘ ʤʝʪʦʜʘ ʟʘ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘ-

ʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ. ʄʝʹʫ ʥʘʿʟʘʩʪʫʧˀʝʥʠʿʠʤ ʿʝ ʤʝʪʦʜʘʤʘ ʢʦʿʝ ʩʝ ʧʨʠʤʝˁʫʿʫ ʫ 

ʧʨʘʢʩʠ ʧʘ ʿʝ ʫʩʚʦʿʝʥʘ ʢʘʦ ʿʝʜʥʘ ʦʜ ʤʝʪʦʜʘ ʢʦʨʠʰ˂ʝʥʠʭ ʫ ʠʩʪʨʘʞʠʚʘˁʫ. 

ʂˀʫʯʥʠ ʢʨʠʪʝʨʠʿʫʤ ʢʦʠʿ ʿʝ ʧʨʠʤʝˁʝʥ ʠ ʫʩʚʦʿʝʥ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʨʝʛʫʣʘʪʦʨʘ ʿʝ 

ʧʨʠʛʫʰʝˁʝ ʘʤʧʣʠʪʫʜʝ ʦʜʟʠʚʘ ʟʘ ʯʝʪʚʨʪʠʥʫ ʫ ʦʜʥʦʩʫ ʥʘ ʧʨʝʪʭʦʜʥʫ ʚʨʝʜʥʦʩʪ. ʈʘʜʠ ʿʝʜ-

ʥʦʩʪʘʚʥʦʩʪʠ, ʎʠʛʣʝʨ-ʅʠʢʦʣʩ ʤʝʪʦʜʘ ˂ʝ ʫ ʦʩʪʘʪʢʫ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ ʙʠʪʠ ʦʟʥʘʯʝʥʘ ʢʘʦ 

ʎ-ʅ ʤʝʪʦʜʘ. 

ɿʘ ʩʪʘʙʠʣʥʝ ʧʨʦʮʝʩʝ ʧʘʨʘʤʝʪʨʠ ʩʝ ʤʦʛʫ ʜʦʙʠʪʠ ʠʟ ʩʣʝʜʝ˂ʠʭ ʠʟʨʘʟʘ 

ὑ
ρȟς

ὑ

Ὕ

ὒ
 (5.14) 

Ὕ ςὒ (5.15) 

Ὕ
ὒ

ς
 (5.16) 

ɿʘ ʧʨʦʮʝʩʝ ʩʘ ʠʥʪʝʛʨʘʪʦʨʦʤ ʧʨʝʪʭʦʜʥʝ ʿʝʜʥʘʯʠʥʝ 5.14-5.16 ʩʝ ʤʦʛʫ ʠʟʨʘʟʠʪʠ ʢʘʦ 

ὑ
ρȟς

ὒὑ
 (5.17) 

Ὕ ςὒ (5.18) 

Ὕ
ὒ

ς
 (5.19) 

5.2.2.2 ʆʩʪʨʝʤ-ʍʝʛʣʫʥʜʦʚʘ ʤʝʪʦʜʘ 

ʆʩʪʨʝʤ-ʍʝʛʣʫʥʜʦʚʘ ʤʝʪʦʜʘ [6] ʿʝ ʿʝʜʥʘ ʦʜ ʧʦʩʣʝʜˁʝ ʦʙʿʘʚˀʝʥʠʭ ʤʝʪʦʜʘ ʟʘ ʧʦʜʝ-

ʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʢʦʿʘ ʧʦʩʪʠʞʝ ʚʝʦʤʘ ʜʦʙʨʝ ʨʝʟʫʣʪʘʪʝ ʥʘʜ ʰʠʨʦʢʠʤ 

ʩʢʫʧʦʤ ʧʨʦʮʝʩʘ. ɿʘʜʨʞʘʣʘ ʿʝ ʠʩʪʫ ʿʝʜʥʦʩʪʘʚʥʦʩʪ ʢʘʦ ʜʨʫʛʝ ʤʝʪʦʜʝ ʩʣʠʯʥʝ ʎʠʛʣʝʨ-ʅʠ-

ʢʦʣʩʦʚʦʿ ʤʝʪʦʜʠ ʫʟ ʧʦʙʦˀʰʘˁʝ ʧʝʨʬʦʨʤʘʥʩʠ ʧʘ ʿʝ ʫʩʚʦʿʝʥʘ ʢʘʦ ʿʝʜʥʘ ʦʜ ʤʝʪʦʜʘ ʢʦ-

ʨʠʰ˂ʝʥʠʭ ʫ ʠʩʪʨʘʞʠʚʘˁʫ. 

ʆʩʪʨʝʤ ʠ ʍeʛʣʫʥʜ ʩʫ ʢʦʨʠʩʪʠʣʠ ʠʩʪʝ ʦʧʰʪʝ ʠʜʝʿʝ ʫʩʚʘʿʘʿʫ˂ʠ ʢʨʠʪʝʨʠʿʫʤ ʤʘʢʩʠ-

ʤʠʟʠʨʘˁʘ ʠʥʪʝʛʨʘʣʥʦʛ ʧʦʿʘʯʘˁʘ ʫʟ ʦʛʨʘʥʠʯʝˁʝ ʤʘʢʩʠʤʘʣʥʝ ʦʩʝʪˀʠʚʦʩʪʠ. ʆʚʘʿ ʤʝʪʦʜ 
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ʿʝ ʧʨʚʠ ʧʫʪ ʢʦʨʠʰ˂ʝʥ ʫ [5] ʟʘ ʇʀ ʨʝʛʫʣʘʪʦʨ ʘ ʠʩʪʠ ʧʨʠʩʪʫʧ ʿʝ ʩʘ ʜʦʜʘʪʥʠʤ ʦʛʨʘʥʠʯʝ-

ˁʠʤʘ ʢʘʩʥʠʿʝ ʢʦʨʠʰ˂ʝʥ ʫ [6] ʟʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨ. ʈʘʜʠ ʿʝʜʥʦʩʪʘʚʥʦʩʪʠ, ʆʩʪʨʝʤ-ʍʝʛʣʫʥ-

ʜʦʚʘ ʤʝʪʦʜʘ ˂ʝ ʫ ʦʩʪʘʪʢʫ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ ʙʠʪʠ ʦʟʥʘʯʝʥʘ ʢʘʦ ʆ-ʍ ʤʝʪʦʜʘ. ɿʘ ʩʪʘʙʠʣʥʝ 

ʧʨʦʮʝʩʝ ʇʀɼ ʧʘʨʘʤʝʪʨʠ ʩʝ ʤʦʛʫ ʠʟʨʘʟʠʪʠ ʧʨʠʤʝʥʦʤ ʩʣʝʜʝ˂ʠʭ ʠʟʨʘʟʘ 

ὑ
ρ

ὑ
πȟς πȟτυ

Ὕ

ὒ
 (5.20) 

Ὕ
πȟτὒ πȟψὝ

ὒ πȟρὝ
ὒ (5.21) 

Ὕ
πȟυὒὝ

πȟσὒ Ὕ
 (5.22) 

ɿʘ ʠʥʪʝʛʨʘʣʥʝ ʧʨʦʮʝʩʝ ʠʟʨʘʟʠ 5.20-5.22 ʩʝ ʤʦʛʫ ʥʘʧʠʩʘʪʠ ʢʘʦ 

ὑ
πȟτυ

ὑ
 (5.23) 

Ὕ ψ, (5.24) 

4
ὒ

ς
 (5.25) 

5.3 ʄʝʪʦʜʝ ʙʘʟʠʨʘʥʝ ʥʘ ʧʨʘʚʠʣʠʤʘ 

ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʧʨʠʩʪʫʧʘ ʟʘʩʥʦʚʘʥʠʭ ʥʘ ʤʦʜʝʣʫ, ʫ ʧʨʠʩʪʫʧʠʤʘ ʟʘʩʥʦʚʘʥʠʤ ʥʘ ʧʨʘ-

ʚʠʣʠʤʘ, ʝʢʩʧʣʠʮʠʪʘʥ ʤʦʜʝʣ ʥʠʿʝ ʥʝʦʧʭʦʜʘʥ, ʥʝʛʦ ʩʝ ʧʦʜʝʰʘʚʘˁʝ ʟʘʩʥʠʚʘ ʥʘ ʧʨʘʚʠ-

ʣʠʤʘ ʩʣʠʯʥʠʤ ʦʥʠʤʘ ʢʦʿʘ ʠʩʢʫʩʥʠ ʠʥʞʝˁʝʨ ʢʦʨʠʩʪʠ ʢʘʜʘ ʨʫʯʥʦ ʧʦʜʝʰʘʚʘ ʨʝʛʫʣʘʪʦʨ. 

ɸʫʪʦʤʘʪʠʟʘʮʠʿʦʤ ʦʚʦʛ ʧʦʩʪʫʧʢʘ ʢʨʦʟ ʫʚʦʹʝˁʝ ʝʢʩʧʝʨʪʩʢʦʛ ʩʠʩʪʝʤʘ ʠʟʚʦʜʝ ʩʝ ʤʝʪʦʜʝ 

ʟʘ ʘʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʢʦʿʝ ʥʠʩʫ ʟʘʩʥʦʚʘʥʝ ʥʘ ʤʦʜʝʣʫ 

ʧʨʦʮʝʩʘ ʥʝʛʦ ʥʘ ʠʥʪʫʠʪʠʚʥʠʤ ʧʨʘʚʠʣʠʤʘ. 

ʈʫʯʥʦ ʧʦʜʝʰʘʚʘˁʝ ʿʝ ʢʦʨʠʰ˂ʝʥʦ ʧʨʝ ʥʝʛʦ ʰʪʦ ʩʫ ʙʠʣʝ ʜʦʩʪʫʧʥʝ ʙʠʣʦ ʢʘʢʚʝ ʩʠʩʪʝ-

ʤʘʪʩʢʝ ʤʝʪʦʜʝ ʧʦʜʝʰʘʚʘˁʘ. ʂʘʩʥʠʿʝ ʿʝ ʧʦʩʪʘʣʦ ʥʝʦʧʭʦʜʥʘ ʜʦʧʫʥʘ ʢʣʘʩʠʯʥʠʤ ʤʝʪʦ-

ʜʘʤʘ ʢʦʿʝ ʥʠʩʫ ʫʚʝʢ ʛʘʨʘʥʪʦʚʘʣʝ ʧʨʝʜʚʠʹʝʥʝ ʧʝʨʬʦʨʤʘʥʩʝ ʧʘ ʿʝ ʯʝʩʪʦ ʙʠʣʦ ʧʦʪʨʝʙʥʦ 

ʧʨʠʤʝʥʠʪʠ ʥʘʢʥʘʜʥʦ ʧʨʝʮʠʟʥʦ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʜʘ ʙʠ ʩʝ ʜʦʙʠʣʝ ʙʦˀʝ ʧʝʨʬʦʨ-

ʤʘʥʩʝ. ʈʫʯʥʦ ʧʦʜʝʰʘʚʘˁʝ ʩʝ ʦʙʠʯʥʦ ʨʘʜʠ ʢʨʦʟ ʝʢʩʧʝʨʠʤʝʥʪʝ ʩʘ ʩʠʩʪʝʤʦʤ ʫ ʟʘʪʚʦʨʝʥʦʿ 

ʩʧʨʝʟʠ. ʇʦʩʤʘʪʨʘ ʩʝ ʦʜʟʠʚ ʩʠʩʪʝʤʘ ʧʘ ʩʝ ʥʘ ʦʩʥʦʚʫ ʧʨʦʮʝʥʝ ʤʦʜʠʬʠʢʫʿʫ ʧʘʨʘʤʝʪʨʠ 

ʨʝʛʫʣʘʪʦʨʘ.  

ʄʦʜʠʬʠʢʘʮʠʿʝ ʩʫ ʟʘʩʥʦʚʘʥʝ ʥʘ ʩʤʝʨʥʠʮʘʤʘ ʫ ʚʠʜʫ ʿʝʜʥʦʩʪʘʚʥʠʭ ʧʨʘʚʠʣʘ [8]. ʇʨʘ-

ʚʠʣʘ ʩʝ ʜʦʙʠʿʘʿʫ ʦʧʩʝʞʥʠʤ ʝʢʩʧʝʨʠʤʝʥʪʠʩʘˁʝʤ ʠ ʢʘʦ ʧʨʠʤʝʨ ʩʫ ʜʘʪʘ: 

¶ ʇʦʚʝ˂ʘˁʝ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦʛ ʧʦʿʘʯʘˁʘ ʥʘʨʫʰʘʚʘ ʩʪʘʙʠʣʥʦʩʪ 

¶ ɻʨʝʰʢʘ ʩʝ ʙʨʞʝ ʩʤʘˁʫʿʝ ʘʢʦ ʩʝ ʚʨʝʤʝʥʩʢʘ ʢʦʥʩʪʘʥʪʘ ʠʥʪʝʛʨʘˀʝˁʘ 

ʩʤʘˁʠ 

¶ ʉʤʘˁʝˁʝ ʚʨʝʤʝʥʩʢʝ ʢʦʥʩʪʘʥʪʝ ʠʥʪʝʛʨʘˀʝˁʘ ʩʤʘˁʫʿʝ ʩʪʘʙʠʣʥʦʩʪ 

¶ ʇʦʚʝ˂ʘˁʝ ʚʨʝʤʝʥʩʢʝ ʢʦʥʩʪʘʥʪʝ ʜʠʬʝʨʝʥʮʠʨʘˁʘ ʧʦʙʦˀʰʘʚʘ ʩʪʘʙʠʣʥʦʩʪ 

ʂʘʢʦ ʙʠ ʩʝ ʣʘʢʰʝ ʬʦʨʤʘʣʠʟʦʚʘʣʘ ʧʨʘʚʠʣʘ ʠ ʩʪʝʢʣʘ ʠʥʪʫʠʮʠʿʘ ʦ ʧʦʥʘʰʘˁʫ ʧʨʦʮʝʩʘ 

ʬʦʨʤʠʨʘʿʫ ʩʝ ʤʘʧʝ ʧʦʜʝʰʘʚʘˁʘ. ʄʘʧʝ ʧʦʜʝʰʘʚʘˁʘ ʩʫ ʤʘʪʨʠʮʝ ʦʜʟʠʚʘ ʩʠʩʪʝʤʘ ʫ ʚʨʝ-

ʤʝʥʩʢʦʤ ʠʣʠ ʬʨʝʢʚʝʥʮʠʿʩʢʦʤ ʜʦʤʝʥʫ ʢʦʿʝ ʦʜʛʦʚʘʨʘʿʫ ʩʠʩʪʝʤʘʪʩʢʠʤ ʚʘʨʠʿʘʮʠʿʘʤʘ ʫ 

ʇʀɼ ʧʘʨʘʤʝʪʨʠʤʘ ʯʠʿʘ ʿʝ ʩʫʰʪʠʥʩʢʘ ʬʫʥʢʮʠʿʘ ʜʘ ʧʨʫʞʝ ʫʚʠʜ ʫ ʪʦ ʢʘʢʦ ʧʨʦʤʝʥʝ ʫ 

ʧʘʨʘʤʝʪʨʠʤʘ ʨʝʛʫʣʘʪʦʨʘ ʫʪʠʯʫ ʥʘ ʧʦʥʘʰʘˁʝ ʩʠʩʪʝʤʘ ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ [8].  



ɸʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ 

ɼʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ  35 

ʇʨʠʤʝʨ ʤʘʧʝ ʧʦʜʝʰʘʚʘˁʘ ʩʘ ʦʜʟʠʚʠʤʘ ʥʘ ʿʝʜʠʥʠʯʥʠ ʦʜʩʢʦʯʥʠ ʧʦʨʝʤʝ˂ʘʿ ʟʘ ʧʨʦ-

ʮʝʩ ʩʘ ʬʫʥʢʮʠʿʦʤ ʧʨʝʥʦʩʘ Ὃί  ʿʝ ʜʘʪʘ ʥʘ ʩʣʠʮʠ 5.7. ʅʘ ʩʣʠʮʠ ʿʝ ʠʣʫʩʪʨʦʚʘʥʦ 

ʢʘʢʦ ʟʘ ʧʦʜʝʰʝʥʫ ʚʨʝʜʥʦʩʪ Td =0,7 ʧʨʦʤʝʥʘ ʧʦʿʘʯʘˁʘ Kp ʠ ʚʨʝʤʝʥʩʢʝ ʢʦʥʩʪʘʥʪʝ ʠʥʪʝ-

ʛʨʘˀʝˁʘ Ti ʫʪʠʯʝ ʥʘ ʦʜʟʠʚ ʥʘ ʧʦʨʝʤʝ˂ʘʿ. ʄʦʞʝ ʩʝ ʟʘʢˀʫʯʠʪʠ ʜʘ ʩʘ ʧʦʚʝ˂ʘˁʝʤ Kp ʜʦ-

ʣʘʟʠ ʜʦ ʩʤʘˁʝˁʘ ʤʘʢʩʠʤʘʣʥʝ ʚʨʝʜʥʦʩʪʠ ʘʣʠ ʧʦʚʝ˂ʘˁʘ ʦʩʮʠʣʘʮʠʿʘ. ʊʘʢʦʹʝ ʩʘ ʧʦʚʝ˂ʘ-

ˁʝʤ Ti ʜʦʣʘʟʠ ʜʦ ʩʤʘˁʝˁʘ ʦʩʮʠʣʘʮʠʿʘ ʫʟ ʟʘʜʨʞʘʚʘˁʝ ʤʘʢʩʠʤʘʣʥʝ ʚʨʝʜʥʦʩʪʠ ʠ ʩʤʘ-

ˁʝˁʘ ʚʨʝʤʝʥʘ ʩʤʠʨʝˁʘ. 

 

ʉʣʠʢʘ 5.7 ʇʨʠʤʝʨ ʤʘʧʝ ʧʦʜʝʰʘʚʘˁʘ 

5.3.1 ʄʝʪʦʜʝ ʟʘʩʥʦʚʘʥʝ ʥʘ ʬʘʟʠ ʣʦʛʠʮʠ 

ɺʝ˂ʠʥʘ ʨʝʛʫʣʘʪʦʨʘ ʫ ʨʘʜʫ ʜʘʥʘʩ ʿʝ ʧʨʦʿʝʢʪʦʚʘʥʘ ʢʦʨʠʰ˂ʝˁʝʤ ʢʦʥʚʝʥʮʠʦʥʘʣʥʠʭ 

ʤʝʪʦʜʘ. ʄʝʹʫʪʠʤ, ʧʦʩʪʦʿʝ ʤʥʦʛʝ ʩʠʪʫʘʮʠʿʝ ʫ ʢʦʿʠʤʘ ʦʚʠ ʨʝʛʫʣʘʪʦʨʠ ʥʠʩʫ ʧʨʘʚʠʣʥʦ 

ʧʦʜʝʰʝʥʠ ʘ ʜʦʩʪʫʧʥʦ ʿʝ ʭʝʫʨʠʩʪʠʯʢʦ ʟʥʘˁʝ ʦ ʪʦʤʝ ʢʘʢʦ ʠʭ ʧʦʜʝʩʠʪʠ ʜʦʢ ʩʫ ʫ ʥʦʨʤʘʣ-

ʥʦʤ ʨʘʜʫ. ʊʘʜʘ ʧʦʩʪʦʿʠ ʤʦʛʫ˂ʥʦʩʪ ʜʘ ʩʝ ʢʦʨʠʩʪʝ ʤʝʪʦʜʝ ʬʘʟʠ ʣʦʛʠʢʝ ʫ ʝʢʩʧʝʨʪʩʢʦʤ 

ʩʠʩʪʝʤʫ ʢʦʿʠ ʤʦʞʝ ʜʘ ʚʦʜʠ ʧʨʦʮʝʩ ʧʦʜʝʰʘʚʘˁʘ ʢʦʥʚʝʥʮʠʦʥʘʣʥʠʭ ʨʝʛʫʣʘʪʦʨʘ [67].  

ʂʦʥʚʝʥʮʠʦʥʘʣʥʠ ʬʘʟʠ ʨʝʛʫʣʘʪʦʨʠ ʢʦʿʠ ʛʝʥʝʨʠʰʫ ʫʧʨʘʚˀʘʯʢʫ ʘʢʮʠʿʫ ʥʘ ʦʩʥʦʚʫ 

ʩʠʥʪʝʪʠʟʦʚʘʥʦʛ ʣʠʥʛʚʠʩʪʠʯʢʦʛ ʫʧʨʘʚˀʘʯʢʦʛ ʤʝʭʘʥʠʟʤʘ ʠʩʢʫʩʥʦʛ ʦʧʝʨʘʪʝʨʘ ʩʝ ʧʨʚʠ 

ʧʫʪ ʧʦʤʠˁʫ ʫ [20]. ʄʝʹʫʪʠʤ, ʬʘʟʠ ʝʢʩʧʝʨʪʩʢʠ ʩʠʩʪʝʤ ʠʘʢʦ ʜʝʣʠ ʜʦʩʪʘ ʪʦʛʘ ʩʘ ʬʘʟʠ 

ʢʦʥʪʨʦʣʝʨʦʤ ʠʤʘ ʜʦʩʪʘ ʩʧʝʮʠʬʠʯʥʦʩʪʠ. ɱʝʜʥʘ ʦʜ ʩʧʝʮʠʬʠʯʥʦʩʪʠ ʿʝ ʠʟʣʘʟ ʢʦʿʠ ʥʠʿʝ 

ʜʠʨʝʢʪʥʠ ʫʧʨʘʚˀʘʯʢʠ ʫʣʘʟ ʫ ʧʨʦʮʝʩ ʚʝ˂ ʠʟʣʘʟ ʢʦʿʠ ʜʠʢʪʠʨʘ ʧʨʦʤʝʥʝ ʧʘʨʘʤʝʪʘʨʘ ʨʝʛʫ-

ʣʘʪʦʨʘ. ɽʢʩʧʝʨʪʩʢʠ ʩʠʩʪʝʤ ʢʘʦ ʪʘʢʘʚ ʥʘʩʪʦʿʠ ʜʘ ʧʦʩʤʘʪʨʘ ʪʨʝʥʫʪʥʦ ʧʦʥʘʰʘˁʝ ʫʧʨʘʚ-

ˀʘʯʢʦʛ ʩʠʩʪʝʤʘ ʠ ʤʦʜʠʬʠʢʫʿʝ ʧʘʨʘʤʝʪʨʝ ʨʝʛʫʣʘʪʦʨʘ ʢʘʢʦ ʙʠ ʧʦʙʦˀʰʘʦ ʧʝʨʬʦʨʤʘʥʩʝ. 

ʆʚʘ ʠʜʝʿʘ ʿʝ ʧʦʯʝʣʘ ʜʘ ʩʝ ʧʨʠʤʝˁʫʿʝ ʧʦʯʝʚʰʠ ʦʜ [36] ʧʘ ʟʘʪʠʤ ʢʨʦʟ ʥʠʟ ʨʘʜʦʚʘ [39]ï

[48] 

ʇʨʠʥʮʠʧʠʿʝʣʥʘ ʰʝʤʘ ʘʫʪʦʤʘʪʩʢʦʛ ʧʦʜʝʰʘʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʫʧʦ-

ʪʨʝʙʦʤ ʬʘʟʠ ʝʢʩʧʝʨʪʩʢʦʛ ʩʠʩʪʝʤʘ ʢʦʿʘ ʩʝ ʿʘʚˀʘ ʫ ʜʦʩʪʫʧʥʦʿ ʣʠʪʝʨʘʪʫʨʠ ʿʝ ʦʙʣʠʢʘ ʧʨʠ-

ʢʘʟʘʥʦʛ ʥʘ ʩʣʠʮʠ 5.8. ɹʣʦʢ ʟʘ ʘʥʘʣʠʟʫ ʧʦʥʘʰʘˁʘ ʥʘʩʪʦʿʠ ʜʘ ʦʢʘʨʘʢʪʝʨʠʰʝ ʪʨʝʥʫʪʥʦ 



ɸʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ 

ɼʦʢʪʦʨʩʢʘ ʜʠʩʝʨʪʘʮʠʿʘ  36 

ʧʦʥʘʰʘˁʝ ʧʨʦʮʝʩʘ ʥʘ ʥʘʯʠʥ ʢʦʿʠ ˂ʝ ʙʠʪʠ ʢʦʨʠʩʪʘʥ ʙʣʦʢʫ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʨʝʛʫʣʘʪʦʨʘ. 

ʎʝʣʦʢʫʧʥʠ ʝʢʩʧʝʨʪʩʢʠ ʩʠʩʪʝʤ ʤʦʞʝ ʙʠʪʠ ʠʤʧʣʝʤʝʥʪʠʨʘʥ ʢʘʦ ʬʘʟʠ ʩʠʩʪʝʤ ʩʘ ʿʝʜʥʦ-

ʩʪʘʚʥʠʤ ʧʨʘʚʠʣʠʤʘ ʛʜʝ ʧʨʝʤʠʩʝ ʧʨʘʚʠʣʘ ʯʠʥʝ ʜʝʦ ʧʨʝʧʦʟʥʘʚʘˁʘ ʧʦʥʘʰʘˁʘ, ʘ ʧʦʩʣʝ-

ʜʠʮʝ ʬʦʨʤʠʨʘʿʫ ʙʣʦʢ ʟʘ ʧʨʦʿʝʢʪʦʚʘˁʝ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ [67]. 

ʇʨʦʮʝʩʇʀɼ ʨʝʛʫʣʪʦʨ

ɸʥʘʣʠʟʘ ʧʦʥʘʰʘˁʘ 

ʧʨʦʮʝʩʘ

ʇʨʦʿʝʢʪʦʚʘˁʝ 

ʨʝʛʫʣʪʦʨʘ

r y

ʂʦʨʠʩʥʠʯʢʠ 

ʟʘʭʪʝʚʠ 

u

ɽʢʩʧʝʨʪʩʢʠ ʩʠʩʪʝʤ

 

ʉʣʠʢʘ 5.8 ʇʨʠʥʮʠʧʠʿʝʣʥʘ ʰʝʤʘ ʘʫʪʦʤʘʪʩʢʦʛ ʧʦʜʝʰʘʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ 

ʂʘʥʜʠʜʘʪʠ ʟʘ ʧʨʘʚʠʣʘ ʟʘ ʪʘʢʘʚ ʬʘʟʠ ʩʠʩʪʝʤ ʤʦʛʫ ʫʢˀʫʯʠʚʘʪʠ ʩʣʝʜʝ˂ʝ: 

¶ ɸʢʦ ʿʝ ʦʜʛʦʚʦʨ ʦʩʮʠʣʘʪʦʨʘʥ ʦʥʜʘ ʪʨʝʙʘ ʧʦʚʝ˂ʘʪʠ ʚʨʝʜʥʦʩʪ ʜʠʬʝʨʝʥʮʠ-

ʿʘʣʥʦʛ ʜʝʿʩʪʚʘ 

¶ ɸʢʦ ʿʝ ʚʨʝʤʝ ʫʩʧʦʥʘ ʤʘʣʦ ʦʥʜʘ ʪʨʝʙʘ ʧʦʚʝ˂ʘʪʠ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ ʧʦʿʘ-

ʯʘˁʝ 

¶ ɸʢʦ ʿʝ ʧʨʝʩʢʦʢ ʚʝʣʠʢ ʦʥʜʘ ʪʨʝʙʘ ʩʤʘˁʠʪʝ ʧʨʦʧʦʨʮʠʦʥʘʣʥʦ ʧʦʿʘʯʘˁʝ 

ɼʦʢ ʠʟʛʣʝʜʘ ʜʘ ʪʘʢʚʘ ʧʨʘʚʠʣʘ ʥʫʜʝ ʚʝʦʤʘ ʿʝʜʥʦʩʪʘʚʥʦ ʨʝʰʝˁʝ ʟʘ ʧʨʦʙʣʝʤ ʘʫʪʦ-

ʤʘʪʩʢʦʛ ʧʦʜʝʰʘʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ, ʥʠʿʝ ʫʚʝʢ ʣʘʢʦ ʠʟʤʝʨʠʪʠ ʢʦʣʠʯʠʥʝ 

ʢʦʿʝ ʩʫ ʥʘʚʝʜʝʥʝ ʫ ʛʦʨˁʠʤ ʧʨʝʪʧʦʩʪʘʚʢʘʤʘ. ʅʘ ʧʨʠʤʝʨ, ʢʘʢʦ ʧʨʝʮʠʟʥʦ ʢʚʘʥʪʠʬʠʢʫʿʝʤʦ 

Ăʤʘʣʦñ ʚʨʝʤʝ ʫʩʧʦʥʘ? ʂʘʢʦ ʠʟʤʝʨʠʪʠ ʩʪʝʧʝʥ ʦʩʮʠʣʘʪʦʨʥʦʛ ʧʦʥʘʰʘˁʘ? ʂʘʢʦ ʠʟʨʘʯʫ-

ʥʘʪʠ ʧʨʝʩʢʦʢ ʫ ʨʝʘʣʥʦʤ ʚʨʝʤʝʥʫ ʢʘʜʘ ʥʝ ʤʦʞʝ ʜʘ ʩʝ ʛʘʨʘʥʪʫʿʝ ʜʘ ˂ʝ ʩʠʩʪʝʤ ʠʤʘʪʠ ʥʫʣʪʫ 

ʛʨʝʰʢʫ ʫ ʫʩʪʘˀʝʥʦʤ ʩʪʘˁʫ?  

ʋ ʧʦʩʪʫʧʢʫ ʘʫʪʦʤʘʪʩʢʦʛ ʧʦʜʝʰʘʚʘˁʘ ʩʠʩʪʝʤ ʛʝʥʝʨʠʰʝ ʩʢʫʧ ʨʝʬʝʨʝʥʪʥʠʭ ʧʦʙʫʜʘ 

(ʥʧʨ. ʦʜʩʢʦʯʥʘ) ʠ ʧʦʩʤʘʪʨʘ ʠ ʘʥʘʣʠʟʠʨʘ ʦʜʟʠʚ ʩʠʩʪʝʤʘ ʥʘ ʧʦʙʫʜʫ ʜʘ ʙʠ ʦʜʨʝʜʠʦ ʚʨʝʜ-

ʥʦʩʪʠ ʧʨʝʤʠʩʘ ʛʦʨˁʠʭ ʧʨʘʚʠʣʘ. ɿʘʪʠʤ ʩʝ ʧʨʠʤʝˁʫʿʝ ʤʝʭʘʥʠʟʘʤ ʘʧʨʦʢʩʠʤʘʪʠʚʥʦʛ ʟʘ-

ʢˀʫʯʠʚʘˁʘ ʥʘ ʦʩʥʦʚʫ ʙʘʟʝ ʧʨʘʚʠʣʘ ʠ ʧʨʦʨʘʯʫʥʘʿʫ ʩʝ ʥʦʚʠ ʧʘʨʘʤʝʪʨʠ. ʋʧʨʘʚˀʘʯʢʠ 

ʩʠʩʪʝʤ ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ ʩʝ ʩʪʘʚˀʘ ʫ ʨʘʜ ʩʘ ʦʚʠʤ ʥʦʚʠʤ ʧʘʨʘʤʝʪʨʠʤʘ. 

ʇʨʠʤʘʨʥʘ ʧʨʝʜʥʦʩʪ ʦʚʦʛ ʧʨʠʩʪʫʧʘ ʫ ʘʫʪʦʤʘʪʩʢʦʤ ʧʦʜʝʰʘʚʘˁʫ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ 

ʨʝʛʫʣʘʪʦʨʘ ʿʝ ʪʦ ʰʪʦ ʩʝ ʚʝʦʤʘ ʙʨʟʦ ʤʦʞʝ ʧʨʦʿʝʢʪʦʚʘʪʠ ʩʠʩʪʝʤ ʩʘ ʦʩʥʦʚʥʠʤ ʩʢʫʧʦʤ 

ʧʨʘʚʠʣʘ ʘʣʠ ʩʘ ʦʛʨʘʥʠʯʝʥʦʤ ʧʨʠʤʝʥʦʤ ʫ ʧʨʘʢʩʠ. ʄʝʹʫʪʠʤ, ʧʨʦʿʝʢʪʦʚʘˁʝ ʝʢʩʧʝʨʪʩʢʦʛ 

ʩʠʩʪʝʤʘ ʢʦʿʠ ˂ʝ ʤʦ˂ʠ ʜʘ ʩʝ ʢʦʨʠʩʪʠ ʥʘʜ ʰʠʨʦʢʠʤ ʩʢʫʧʦʤ ʨʘʟʣʠʯʠʪʠʭ ʩʠʩʪʝʤʘ  

ʧʨʝʜʩʪʘʚˀʘ ʚʝʣʠʢʠ ʠʟʘʟʦʚ ʢʦʿʠ ʿʝ ʠ ʧʨʝʜʤʝʪ ʦʚʝ ʜʠʩʝʨʪʘʮʠʿʝ. 
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ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʘ ʟʘ ʘʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʿʝ 

ʟʘʩʥʦʚʘʥʘ ʥʘ ʩʪʘʚʦʚʠʤʘ ʠ ʠʜʝʿʘʤʘ ʠʟʥʝʪʠʤ ʫ ʧʦʛʣʘʚˀʫ 5.3.1. ɿʘ ʨʘʟʣʠʢʫ ʦʜ ʜʨʫʛʠʭ 

ʧʨʝʪʭʦʜʥʦ ʧʦʤʝʥʫʪʠʭ ʤʝʪʦʜʘ [37]ï[39] ʢʦʿʝ ʢʦʨʠʩʪʝ ʩʠʛʥʘʣ ʛʨʝʰʢʝ ʠ ʧʨʚʠ ʠʟʚʦʜ ʩʠʛ-

ʥʘʣʘ ʛʨʝʰʢʝ, ʧʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʘ ʢʦʨʠʩʪʠ ʚʨʝʤʝ ʫʩʧʦʥʘ, ʧʨʝʩʢʦʢ ʠ ʚʨʝʤʝ ʩʤʠʨʝˁʘ ʢʘʦ 

ʫʣʘʟ ʫ ʬʘʟʠ ʝʢʩʧʝʨʪʩʢʠ ʩʠʩʪʝʤ. ʇʦʨʝʜ ʪʦʛʘ, ʧʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʘ ʬʫʥʢʮʠʦʥʠʰʝ ʢʘʦ ʢʣʘ-

ʩʠʯʥʘ ʤʝʪʦʜʘ ʘʫʪʦʤʘʪʩʢʦʛ ʧʦʜʝʰʘʚʘˁʘ ʠ ʥʝ˂ʝ ʙʠʪʠ ʥʘʤʝˁʝʥʘ ʟʘ ʢʦʥʪʠʥʫʠʨʘʥʦ ʧʨʠʣʘ-

ʛʦʹʘʚʘˁʝ ʟʘ ʨʘʟʣʠʢʫ ʦʜ ʚʝ˂ʠʥʝ ʤʝʪʦʜʘ ʢʦʿʝ ʢʦʨʠʩʪʝ ʢʦʥʮʝʧʪ ʬʘʟʠ ʣʦʛʠʢʝ. ʅʘ ʢʨʘʿʫ, 

ʧʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʘ ʦʤʦʛʫ˂ʘʚʘ ʧʨʦʤʝʥʫ ʨʝʞʠʤʘ ʨʘʜʘ h ʪʦ ʿʝ ʠʟʜʚʘʿʘ ʦʜ ʩʣʠʯʥʠʭ ʤʝʪʦʜʘ 

ʟʘ ʧʦʜʝʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ [39]ï[48]. ʀʟʙʦʨ ʨʝʞʠʤʘ ʨʘʜʘ ʧʦʜʠʞʝ ʫʧʦʪʨʝʙˀʠʚʦʩʪ ʧʨʝ-

ʜʣʦʞʝʥʝ ʤʝʪʦʜʝ ʥʘ ʚʠʰʠ ʥʠʚʦ ʦʤʦʛʫ˂ʘʚʘʿʫ˂ʠ ʧʦʩʪʘʚˀʘˁʝ ʮʠˀʝʚʘ ʫ ʧʨʦʮʝʜʫʨʠ ʧʦʜʝ-

ʰʘʚʘˁʘ ʧʘʨʘʤʝʪʘʨʘ. 

ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʘ ʿʝ ʫ ʥʝʠʟʤʝˁʝʥʦʤ ʦʙʣʠʢʫ ʦʙʿʘʚˀʝʥʘ ʫ [102] ʠ ʫ ʦʚʦʤ 

ʧʦʛʣʘʚˀʫ ˂ ʝ ʙʠʪʠ ʨʘʟʣʦʞʝʥʘ ʥʘ ʜʝʣʦʚʝ ʦʜ ʢʦʿʠʭ ˂ʝ ʩʚʘʢʠ ʙʠʪʠ ʜʝʪʘˀʥʦ ʦʧʠʩʘʥ. ʇʦʪʦʤ 

˂ʝ ʙʠʪʠ ʜʘʪ ʦʧʠʩ ʧʨʦʮʝʜʫʨʝ ʨʘʜʘ. 

6.1 ʉʪʨʫʢʪʫʨʘ ʤʝʪʦʜʝ 

ɹʣʦʢ ʜʠʿʘʛʨʘʤ ʧʨʝʜʣʦʞʝʥʦʛ ʬʘʟʠ ʝʢʩʧʝʨʪʩʢʦʛ ʩʠʩʪʝʤʘ (ʌɽʉ) ʟʘ ʘʫʪʦʤʘʪʩʢʦ ʧʦʜʝ-

ʰʘʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ ʇʀɼ ʨʝʛʫʣʘʪʦʨʘ ʧʨʠʢʘʟʘʥ ʿʝ ʥʘ ʩʣʠʮʠ 6.1. ʉʘʩʪʦʿʠ ʩʝ ʦʜ ʜʝʣʘ ʟʘ 

ʧʨʦʨʘʯʫʥ ʧʝʨʬʦʨʤʘʥʩʠ, ʜʝʣʘ ʟʘ ʧʦʨʝʹʝˁʝ, ʬʘʟʠ ʩʠʩʪʝʤʘ ʟʘʢˀʫʯʠʚʘˁʘ ʠ ʜʝʣʘ ʟʘ ʧʨʦ-

ʨʘʯʫʥ ʧʘʨʘʤʝʪʘʨʘ. 

ʇʨʦʮʝʩʇʀɼ ʨʝʛʫʣʘʪʦʨ

ʌʘʟʠ ʩʠʩʪʝʤ 

ʟʘʢˀʫʯʠʚʘˁʘ

ʇʨʦʨʘʯʫʥ 

ʧʝʨʬʦʨʤʘʥʩʠ

Kp_multp Ti_multp Td_multp

tr_%-rat

ts_%-rat

-

+r

ʌʘʟʠ ʝʢʩʧʝʨʪʩʢʠ ʩʠʩʪʝʤ 

ye u

o%-rat
ʇʦʨʝʹʝˁʝ

o

tr

ts

ʇʨʦʨʘʯʫʥ 

ʧʘʨʘʤʝʪʘʨʘ

Kp Ti Td

 

ʉʣʠʢʘ 6.1 ɹʣʦʢ ʜʠʿʘʛʨʘʤ ʧʨʝʜʣʦʞʝʥʝ ʤʝʪʦʜʝ 

ɻʣʘʚʥʘ ʩʚʨʭʘ ʜʝʣʘ ʟʘ ʧʨʦʨʘʯʫʥ ʧʝʨʬʦʨʤʘʥʩʠ ʿʝ ʧʨʦʨʘʯʫʥ ʧʝʨʬʦʨʤʘʥʩʠ ʦʜʩʢʦʯʥʦʛ 

ʦʜʟʠʚʘ ʩʠʩʪʝʤʘ ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ ʥʘ ʦʩʥʦʚʫ ʪʨʝʥʫʪʥʝ ʚʨʝʜʥʦʩʪʠ y ʠ ʟʘʜʘʪʝ ʚʨʝʜʥʦʩʪʠ 

r. ʇʝʨʬʦʨʤʘʥʩʝ ʦʜʟʠʚʘ ʩʠʩʪʝʤʘ ʫ ʟʘʪʚʦʨʝʥʦʿ ʩʧʨʝʟʠ ʩʫ ʝʚʘʣʫʠʨʘʥʝ ʢʦʨʠʰ˂ʝˁʝʤ ʚʨʝ-

ʤʝʥʘ ʫʩʧʦʥʘ tr, ʧʨʝʩʢʦʢʘ o ʠ ʚʨʝʤʝʥʘ ʩʤʠʨʝˁʘ ts. ʋ ʙʣʦʢʫ ʟʘ ʧʦʨʝʹʝˁʝ ʩʝ ʫʧʦʨʝʹʫʿʫ 

6 ʇʨʝʜʣʦʞʝʥʘ ʤʝʪʦʜʘ ʟʘ ʘʫʪʦʤʘʪʩʢʦ ʧʦʜʝʰʘ-

ʚʘˁʝ ʧʘʨʘʤʝʪʘʨʘ 
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ʪʨʝʥʫʪʥʝ ʚʨʝʜʥʦʩʪʠ ʧʝʨʬʦʨʤʘʥʩʠ ʩʘ ʨʝʬʝʨʝʥʪʥʠʤ ʚʨʝʜʥʦʩʪʠʤʘ ʢʦʿʝ ʩʫ ʩʘʯʫʚʘʥʝ ʫ 

ʧʨʚʦʿ ʠʪʝʨʘʮʠʿʠ. ʂʘʦ ʠʟʣʘʟ ʩʝ ʜʦʙʠʿʘ ʧʨʦʮʝʥʪʫʘʣʥʠ ʢʦʣʠʯʥʠʢ ʚʨʝʤʝʥʘ ʫʩʧʦʥʘ ts, ʧʨʝ-

ʩʢʦʢʘ o%-rat ʠ ʚʨʝʤʝʥʘ ʩʤʠʨʝˁʘ ts_%-rat, ʢʦʿʠ ʩʝ ʤʦʛʫ ʠʟʨʘʟʠʪʠ ʥʘ ʩʣʝʜʝ˂ʠ ʥʘʯʠʥ 

ὸͅϷ
ὸ

ὸͅ  
ρππ Ϸ (6.1) 

έͅϷ
έ

έͅ  
ρππ Ϸ (6.2) 

ὸͅϷ
ὸ

ὸͅ  
ρππ Ϸ (6.3) 

ʌʘʟʠ ʩʠʩʪʝʤ ʟʘʢˀʫʯʠʚʘˁʘ ʥʘ ʦʩʥʦʚʫ ʧʨʦʮʝʥʪʫʘʣʥʠʭ ʢʦʣʠʯʥʠʢʘ ʜʘʿʝ ʤʥʦʞʠʪʝˀʝ 

ʇʀɼ ʧʘʨʘʤʝʪʘʨʘ Kp_multp, Ti_multp ʠ Td_multp ʢʦʨʠʩʪʝ˂ʠ ʝʢʩʧʝʨʪʩʢʦ ʟʥʘˁʝ ʫ ʦʢʚʠʨʫ ʙʘʟʝ 

ʧʨʘʚʠʣʘ ʠ ʤʝʭʘʥʠʟʤʘ ʬʘʟʠ ʟʘʢˀʫʯʠʚʘˁʘ. ɼʝʦ ʟʘ ʧʨʦʨʘʯʫʥ ʧʘʨʘʤʝʪʘʨʘ ʠʟʨʘʯʫʥʘʚʘ ʥʦʚʝ 

ʇʀɼ ʧʘʨʘʤʝʪʨʝ Kp, Ti ʠ Td ʢʦʨʠʩʪʝ˂ʠ ʤʥʦʞʠʪʝˀʝ ʜʦʙʠʿʝʥʝ ʫ ʧʨʝʪʭʦʜʥʦʤ ʜʝʣʫ ʠ ʪʨʝ-

ʥʫʪʥʫ ʚʨʝʜʥʦʩʪ ʇʀɼ ʧʘʨʘʤʝʪʘʨʘ, ʧʨʝʤʘ ʩʣʝʜʝ˂ʠʤ ʠʟʨʘʟʠʤʘ 

ὑ ὑ ὑὑͺ  (6.4) 

Ὕ Ὕ ὝὝͅ  (6.5) 

Ὕ Ὕ ὝὝͺ  (6.6) 

6.2 ʉʢʫʧ ʧʨʦʮʝʩʘ ʟʘʜʘʪʠʭ ʬʫʥʢʮʠʿʘʤʘ ʧʨʝʥʦʩʘ 

ʉʢʫʧ ʩʝ ʩʘʩʪʦʿʠ ʦʜ 133 ʧʨʦʮʝʩʘ ʯʠʿʝ ʩʫ ʬʫʥʢʮʠʿʝ ʧʨʝʥʦʩʘ ʜʘʪʝ ʫ ʠʟʨʘʟʠʤʘ 6.7ï6.15. 

ʉʢʫʧ ʧʨʦʮʝʩʘ ʿʝ ʨʘʟʤʘʪʨʘʥ ʫ [6] ʠ ʦʚʜʝ ʩʝ ʢʦʨʠʩʪʠ ʧʨʘʢʪʠʯʥʦ ʥʝʧʨʦʤʝˁʝʥ. ʉʢʫʧ ˂ʝ 

ʙʠʪʠ ʢʦʨʠʰ˂ʝʥ ʟʘ ʜʦʙʠʿʘˁʝ ʝʢʩʧʝʨʪʩʢʦʛ ʟʥʘˁʘ ʢʘʦ ʠ ʟʘ ʪʝʩʪʠʨʘˁʝ ʢʦʥʘʯʥʠʭ ʨʝʰʝˁʘ. 

ʉʢʫʧ ʫʢˀʫʯʫʿʝ ʧʨʦʮʝʩʝ ʩʘ ʚʝʣʠʢʠʤ ʚʨʝʤʝʥʩʢʠʤ ʢʦʥʩʪʘʥʪʘʤʘ, ʚʝʣʠʢʠʤ ʚʨʝʤʝʥʩʢʠʤ 

ʢʘʰˁʝˁʠʤʘ ʢʘʦ ʠ ʧʨʦʮʝʩʝ ʩʘ ʠʥʪʝʛʨʘʪʦʨʦʤ.  

Ὃ ί
Ὡ

ρ ίὝ
ȟὝ  πȟπςȠπȟπυȠ πȟρȠ πȟςȠ πȟσȠ πȟυȠ πȟχȠ ρȠ ρȟσȠ ρȟυȠ ςȠ τȠ φȠ 

 ψȠ ρπȠςπȠ υπȠ ρππȠ ςππȠ υππȠ ρπππ 

(6.7) 

Ὃ ί
Ὡ

ρ ίὝ
ȟὝ  πȟπρȠπȟπςȠπȟπυȠπȟρȠπȟςȠπȟσȠπȟυȠπȟχȠρȠρȟσȠρȟυȠ 

ςȠ φȠψȠρπȠςπȠυπȠρππȠςππȠυππ 

(6.8) 

Ὃ ί
ρ

ρ ί ρ ίὝ
ȟὝ πȟππυȠ πȟπρȠπȟπςȠπȟπυȠπȟρȠπȟςȠπȟυȠςȠυȠρπ (6.9) 

Ὃ ί
ρ

ρ ί
ȟὲ σȠ τȠ υȠ φȠ χȠ ψ (6.10) 

Ὃ ί
ρ

ρ ί ρ Ὕίρ Ὕί ρ Ὕί
ȟὝ πȟρȠπȟςȠπȟσȠ 

πȟτȠπȟυȠπȟφȠπȟχȠπȟψȠπȟω 

(6.11) 

Ὃ ί
Ὡ

ίρ Ὕί
ȟὝ πȟπρȠπȟπςȠπȟπυȠπȟρȠπȟσȠπȟυȠπȟχȠπȟωȠρȟπ Ὕ ὒ ρ (6.12) 

Ὃ ί
Ὡ

ρ ίὝρ ίὝ
ȟὒ πȟπρȠπȟπςȠπȟπυȠπȟρȠπȟσȠπȟυȠπȟχȠπȟωȠρȟπ  (6.13) 
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Ὕ ρȠςȠυȠρπ Ὕ ὒ ρ 

Ὃ ί
ρ ‌ί

ρ ί
ȟ‌ πȟρȠπȟςȠπȟσȠπȟτȠπȟυȠπȟφȠπȟχȠπȟψȠπȟωȠρȟπȠρȟρ (6.14) 

Ὃ ί
ρ

ρ ί ίὝ ρȟτίὝρ
ȟὝ πȟρȠπȟςȠπȟσȠ πȟτȠπȟυȠπȟφȠ 

πȟχȠπȟψȠπȟωȠρȟπ 

(6.15) 

6.3 ʉʠʥʪʝʟʘ ʝʢʩʧʝʨʪʩʢʦʛ ʟʥʘˁʘ 

ʇʦʩʤʘʪʨʘʥʦ ʿʝ ʩʘʤʦ ʥʝʢʦʣʠʢʦ ʧʨʦʮʝʩʘ ʠʟ ʩʢʫʧʘ ʧʨʦʮʝʩʘ ʩʘ ʬʫʥʢʮʠʿʘʤʘ ʧʨʝʥʦʩʘ 

ʜʘʪʠʭ ʫ ʠʟʨʘʟʠʤʘ 6.7-6.15 ʢʘʢʦ ʙʠ ʩʝ ʫʙʨʟʘʣʘ ʩʠʥʪʝʟʘ ʝʢʩʧʝʨʪʩʢʦʛ ʟʥʘˁʘ ʙʝʟ ʛʫʙˀʝˁʘ 

ʦʧʰʪʦʩʪʠ. ʉʚʘʢʠ ʦʜʘʙʨʘʥʠ ʧʨʦʮʝʩ ʧʨʝʜʩʪʘʚˀʘ ʿʝʜʥʫ ʦʜ ʯʝʪʠʨʠ ʫʦʯʝʥʝ ʛʨʫʧʝ ʫ ʩʢʫʧʫ 

ʧʨʦʮʝʩʘ. ʇʨʦʮʝʩʠ ʩʘ ʠʥʪʝʛʨʘʪʦʨʦʤ ʩʫ ʢʣʘʩʠʬʠʢʦʚʘʥʠ ʫ ʧʨʚʫ ʛʨʫʧʫ ʢʦʿʫ ʧʨʝʜʩʪʘʚˀʘ 

ʧʨʦʮʝʩ G6 ʦʧʠʩʘʥ ʠʟʨʘʟʦʤ 6.12 ʩʘ ʧʘʨʘʤʝʪʨʦʤ L=0,5. ʇʨʦʮʝʩ G5 ʜʘʪ ʠʟʨʘʟʦʤ 6.11 ʩʘ 

ʧʘʨʘʤʝʪʨʦʤ Ŭ=0,5 ʧʨʝʜʩʪʘʚˀʘ ʜʨʫʛʫ ʛʨʫʧʫ ʧʨʦʮʝʩʘ ʢʦʜ ʢʦʠʿʭ ʿʝ ʚʨʝʜʥʦʩʪ ʚʨʝʤʝʥʩʢʝ 

ʢʦʥʩʪʘʥʪʝ ʜʦʤʠʥʘʥʪʥʝ ʫ ʦʜʥʦʩʫ ʥʘ ʚʨʝʜʥʦʩʪ ʚʨʝʤʝʥʩʢʦʛ ʢʘʰˁʝˁʘ. ʊʨʝ˂ʘ ʛʨʫʧʘ ʫʢˀʫ-

ʯʫʿʝ ʧʨʦʮʝʩʝ ʫʨʘʚʥʦʪʝʞʝʥʠʭ ʚʨʝʜʥʦʩʪʠ ʚʨʝʤʝʥʩʢʝ ʢʦʥʩʪʘʥʪʝ ʠ ʚʨʝʤʝʥʩʢʦʛ ʢʘʰˁʝˁʘ 

ʧʨʝʜʩʪʘʚˀʝʥʝ ʧʨʦʮʝʩʦʤ G4 ʢʦʿʠ ʿʝ ʦʧʠʩʘʥ ʠʟʨʘʟʦʤ 6.10 ʩʘ ʧʘʨʘʤʝʪʨʦʤ n=4. ʇʨʦʮʝʩ G2 

ʦʧʠʩʘʥ ʠʟʨʘʟʦʤ 6.8 ʩʘ ʧʘʨʘʤʝʪʨʦʤ T=0,05 ʧʨʝʜʩʪʘʚˀʘ ʧʦʩʣʝʜˁʫ ʛʨʫʧʫ ʧʨʦʮʝʩʘ ʢʦʜ 

ʢʦʠʿʭ ʿʝ ʚʨʝʜʥʦʩʪ ʚʨʝʤʝʥʩʢʦʛ ʢʘʰˁʝˁʘ ʜʦʤʠʥʘʥʪʥʘ ʫ ʦʜʥʦʩʫ ʥʘ ʚʨʝʜʥʦʩʪ ʚʨʝʤʝʥʩʢʝ 

ʢʦʥʩʪʘʥʪʝ. 

ʄʘʧʝ ʧʦʜʝʰʘʚʘˁʘ, ʦʧʠʩʘʥʝ ʫ ʧʦʛʣʘʚˀʫ 5.3, ʩʫ ʢʨʝʠʨʘʥʝ ʟʘ ʩʚʘ ʯʝʪʠʨʠ ʧʨʦʮʝʩʘ ʜʦʢ 

ʝʿ ʢʘʦ ʧʨʠʤʝʨ, ʤʘʧʘ ʧʦʜʝʰʘʚʘˁʘ ʟʘ ʧʨʦʮʝʩ G4 ʦʧʠʩʘʥ ʠʟʨʘʟʦʤ 6.9 ʩʘ ʧʘʨʘʤʝʪʨʦʤ n=4 

ʧʨʠʢʘʟʘʥʘ ʥʘ ʩʣʠʮʠ 6.2.  

 

ʉʣʠʢʘ 6.2 ʄʘʧʘ ʧʦʜʝʰʘʚʘˁʘ ʟʘ ʧʨʦʮʝʩ G4 (6.10) ʩʘ ʧʘʨʘʤʝʪʨʦʤ n=4 

(ʧʣʘʚʘ ʧʫʥʘ Td=0,2; ʮʨʚʝʥʘ ʪʘʯʢʘʩʪʘ Td=0,7; ʮʨʥʘ ʠʩʧʨʝʢʠʜʘʥʘ Td=1,1) 
















































































































































































